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Abstract  

A robust and trustworthy rainfall projection over the Indian landmass is vital for 

devising climate adaptation strategies. However, past studies show large inter-model spread in 

Indian Summer monsoon (ISM) rainfall projections thus calling for more detailed 

investigations on the underlying process. In the present study, we investigate this aspect using 

Coupled Model Intercomparison Project Phase 6 (CMIP6) model projections (Shared 

Socioeconomic Pathways, SSP5-8.5) and historical simulations. The Multi-Model Ensemble 

mean (MME) results show intensification of ISM rainfall at the end of the 21st century with 

ISM rainfall increasing by 1.6 ± 0.8 mm/day under SSP5-8.5 scenario. A moisture budget 

analysis for the MME further infers that the thermodynamic effect (TH) due to global warming 

plays a dominant role in enhancing ISM rainfall in the projections, with its dynamic counterpart 

(DY) assuming an additional contribution. It is also revealed that both DY and TH terms 

contribute to the model’s uncertainty in ISM rainfall, but with DY dominating over the other 

this time. The model’s uncertainty in DY and ISM rainfall changes is linked to inter-model 

spread in interhemispheric thermal contrast which in-turn depends on the diversity in 

Equilibrium Climate Sensitivity (ECS) and Global Mean Temperature (GMT) among the 

models. Intriguingly, when we remove the inter-model diversity in ECS through a GMT scaling, 

an Atlantic meridional surface temperature gradient, involving both land and ocean, emerges 

as a crucial driver in controlling the uncertainty in both DY and ISM rainfall changes, and 

drives large-scale monsoon circulation changes over African and the Indian subcontinents.     

Keywords: ISM future projection uncertainty; GMT; ECS; DY; TH; moisture budget; 

interhemispheric thermal contrast; Atlantic meridional surface temperature gradient 
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 1. Introduction 

South Asian Summer Monsoon system provides freshwater resources for the most 

densely populated regions of South Asia and hence considered to be a crucial component of the 

Global Monsoon system (e.g., Webster et al 1998; Wang and Ding 2006). In particular, the 

vagaries of Indian Summer Monsoon (ISM) rainfall at different time scales have a significant 

influence on the well-being of the Indian people by dominantly contributing to the mean annual 

precipitation over the Indian land mass. In this context, the aberrations in ISM rainfall 

behaviour with frequently occurring rainfall extremes make the Indian subcontinent highly 

vulnerable to the ongoing climate change (IPCC 2021). Thus, assessing the response of ISM 

rainfall and narrowing its uncertainties in global warming projections is crucial for devising 

future strategies, planning and adaptation measures, but remains a challenging scientific task 

(Douville et al 2021; Jin et al 2020; Rajesh and Goswami 2022). 

Climate change future projections are subject to large uncertainty (e.g., Hawkins and 

Sutton 2009; Lehner et al 2020). There are three sources of uncertainties. First one is related to 

the uncertainty from internal variability arising due to the chaotic nature of the climate system. 

Second one is model uncertainty based on the premise that the climate response changes from 

model to model due to differences in spatial resolution, parameterized/missing processes 

among the models. Third one is scenario uncertainty due to the unknown future greenhouse gas 

emissions and the associated uncertainty in radiative forcing. The focus here is on the model 

uncertainty as it is the dominant factor in the highest scenario and in all the long-term future 

projections (Zhou et al 2020; Lehner et al 2020).  

The recent Intergovernmental Panel on Climate Change Assessment Report (IPCC 

2021; Douville et al 2021) inferred that the ISM rainfall is projected to intensify at the end of 

the 21st century. However, there exist large model-dependent uncertainties in the ISM rainfall 

projections as manifested by substantial inter-model spread among the state-of-the-art climate 
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model projections (e.g., Douville et al 2021; Jin et al 2020; Rajesh and Goswami 2022). In 

other words, the climate models show notable disagreements in rainfall projections (for 

magnitude of rainfall changes), which persist from Coupled Model Intercomparison Project 

phase 3 (CMIP3) to CMIP6 (e.g., IPCC 2001, 2007, 2013, 2021; Li et al 2017; Chen et al 2020; 

Rajesh and Goswami 2022). Furthermore, this model uncertainty is not decreasing from one 

CMIP exercise to the next, despite some model improvements.  

As expected from the Clausius-Clapeyron relationship, the global warming leads to 

enhanced evaporation due to increased water vapor and moisture content in the atmosphere, 

thus increasing ISM rainfall (e.g., May 2002; 2011; Ueda et al 2006; Cherchi et al 2011; Endo 

and Kitoh 2014; Kitoh et al 2013; Menon et al 2013; Ma and Yu 2014; Sharmila et al 2015; 

Sooraj et al 2015; Kulkarni et al 2020; Douville et al 2021). But some of these studies also 

reported a weakening of the monsoon circulation, thus complicating the rainfall responses and 

leading to the well-known “monsoon paradox” (e.g., Ma and Yu 2014).  

Some studies have examined the processes contributing to this model’s uncertainty in 

rainfall projections by splitting the rainfall change into two components: thermodynamic 

response associated with moisture change and dynamic response associated with monsoon 

circulation change (e.g., Seager et al 2010; Huang et a 2013; Endo and Kitoh 2014; Sooraj et 

al 2015; Li et al 2017; Chen et al 2020; Long and Li 2021). It is subsequently inferred from 

these previous studies that while the thermodynamic processes are responsible for the future 

rainfall intensification, the dynamic component tends to offset this rainfall increase owing to a 

slowdown of the monsoon circulation (Chen and Zhou 2015), at least at mid-tropospheric levels 

(Ma and Yu 2014). Moreover, the dynamic component exhibits a huge inter-model spread in 

contrast with its thermodynamic counterpart and, accordingly, it is suggested that the 

uncertainty in rainfall projections arise due to the dynamic component (e.g., Ma and Yu 2014; 

Sooraj et al 2015; Chen and Zhou 2015; Li et al 2017; Chen et al 2020).  
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The peculiar Sea Surface Temperature (SST) Indo-Pacific warming patterns are also 

proposed as another key factor that contributes to the uncertainty in ISM rainfall projections 

(Chen and Zhou 2015; Xie et al 2015; Long et al 2016). According to Chen and Zhou (2015), 

these Indo-Pacific warming patterns modulate both the zonal tropospheric temperature gradient 

over the ISM region and the interhemispheric moisture transport, thus explaining the inter-

model spread of projected ISM rainfall. Other studies have attributed the ISM rainfall 

projection uncertainty to the inter-model difference in land-sea thermal contrast and associated 

low-level monsoon circulation (Ma and Yu 2014; Endo et al 2018; Wang et al 2020; Jin et al 

2020).  

In particular, the aforementioned weakening of the monsoon circulation is found to be 

associated with various factors. Firstly, the reduction in meridional land–sea thermal contrast 

in the upper troposphere is shown to be slowing down the mean monsoon circulation (Ueda et 

al 2006; Sun et al 2010; Dai et al 2013; Wu et al 2023; Luo et al 2024). Second, another 

proposed mechanism, the warm-get-wetter effect (Huang 2014), links central to eastern Pacific 

SST warming and associated local rainfall changes with a modulation of the Indo-Pacific 

Walker circulation causing the weakened monsoon circulation (May, 2004, 2011; Li et al 2022); 

in other words, the projections that produce an El-Nino like warming pattern in the Pacific 

mean-state promote reduced ISM rainfall by teleconnections similar to the ENSO-ISM rainfall 

relationships at the interannual time scale (Guilbert et al 2023). Third, Ma et al (2012), Ma and 

Yu (2014) and Ma et al. (2018) have later suggested a Mean Advection of Stratification Change 

(MASC) mechanism through which the enhanced atmospheric static stability under 

anthropogenic forcing promotes cooling/heating in the convective ascending/subsidence 

regions, thus weakening the mean atmospheric circulation. According to them, the MASC 

weakens the upper tropospheric circulation while the enhanced surface land-sea contrast 
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strengthens the lower-level winds thus leading to another “monsoon paradox” and large 

compensating effects occur between these two features.  

In summary, the sum of several important opposing effects, both dynamic and 

thermodynamic eventually dictates the future rainfall response, thus adding large complexity 

to estimate the future ISM characteristics with fidelity, which gets further translated into large 

inter-model diversity in future ISM projections.  

In this study, we incorporated multiple diagnostics to analyse the projected changes in 

ISM rainfall and the associated uncertainties using CMIP6 models. The following points 

underpins our study: (1) To disentangle the main physical processes associated with the ÍSM 

rainfall changes in future projections, (2) To unravel the sources of uncertainty in the projected 

ISM rainfall, (3) To bring out the main physical factors contributing to the uncertainty in 

projected ISM rainfall in CMIP6 models.  

Section 2 provides the data and methodology as used in the study. Section 3 describes 

the future changes in ISM characteristics. Section 4 examines the origin of uncertainty in future 

ISM rainfall projections. Finally, it ends with a comprehensive summary in Section 5.  

 

2. Data and Methods 

2.1 CMIP6 simulations 

This study is based on historical and highest emission Shared Socioeconomic Pathways 

(SSP5-8.5, simply SSP585) scenario experiments from 30 coupled models contributing to 

CMIP6 (Eyring et al. 2016; O’Neill et al. 2016). See Table 1 for a general overview of the 

model datasets. The historical runs of CMIP6 models are forced with the natural and 

anthropogenic forcings (Eyring et al. 2016), while the SSP585 scenario depicts the highest 

emission scenario where the radiative forcing reaches 8.5 W/m2 by 2100 (O'Neill et al. 2016). 

Here we have used the first available ensemble member (i.e., either r1i1p1f1 or r1i1p1f2) from 
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each model. In other words, we used one member simulation for each model in contrast to 

multi-member averaging under the assumption that the inter-model spread is largely driven by 

changes in the forced response of the models rather than internal variability when the focus is 

on the mean-state and long-term changes of the monsoons (Guilbert et al 2023, 2024).  

We used the monthly mean outputs from CMIP6 archives as obtained for various 

atmospheric variables: rainfall (P), surface temperature (TS), mean sea-level pressure (MSLP), 

specific humidity and horizontal winds (U and V). The monthly mean datasets from all CMIP6 

models are bilinearly interpolated into a 1° × 1° grid for ease of comparison. Our analysis 

focuses on the period 1979–2013 for the historical simulations and the period 2065-2099 for 

the SSP scenario, and the diagnostics are performed mainly for the boreal summer season (June 

to September, JJAS) period, using both the historical and SSP simulations. The 1979–2013 

mean in historical simulations defines the present-day reference climatology, while the 2065–

2099 mean in SSP585 defines the climatology at the end of 21st century and their difference 

represents the future change. Note that the datasets (i.e., data from historical and SSP 

separately) are not linearly detrended before estimating the future change. Also, note that the 

aforementioned choices of SSP585 and the long-term future changes (i.e., end of 21st century 

changes), are made as it may reveal more clearly the model uncertainty as already stated in the 

Introduction (Lehner et al 2020). Finally, in order to point out the systematic errors in CMIP6 

simulations as relevant to the rainfall in and around ISM region, we have also used a global 

monthly mean precipitation dataset with a horizontal resolution of 2.5°×2.5° (here interpolated 

to 1° × 1° grid), as obtained from the Global Precipitation Climatology Project (GPCP) monthly 

precipitation analysis for the period from 1979 to 2013 (Adler et al. 2018).  

 

2.2 Definition of key climate and ISM indices  
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The study also used various climate indices as defined over specific regions for 

illustrating and interpreting the results. Firstly, it used the ISM rainfall index as rainfall 

averaged over the region between 8°N to 22°N and 70°E to 85°E (i.e., containing both land and 

ocean grid points). Secondly, it used a global interhemispheric surface skin temperature (TS) 

gradient with respect to the latitude 25°N (here after referred as IHTG) as our main focus is on 

the boreal summer season. To be precise, it is defined as the difference between TS averaged 

over the region to the north (i.e., over 25°N to 90°N and 0° to 360°E) and south (i.e., over 60°S 

to 25°N and 0° to 360°E) of 25°N. Besides these, the study has also used other temperature and 

monsoon dynamic based indices. First one is the meridional TS gradient signature over the 

Atlantic sector (AMTG), defined as North Atlantic TS over 40°W-10°W, 25°N-65°N minus 

South Atlantic TS over 40°W-10°W, 25°S-5°N. The justification for using these global and 

regional temperature indices will become clear as we proceed further (see Section 4). Note also 

that slight changes in the definition of these indices do not change the main results and 

inferences.  

 Secondly, to assess the dynamical characteristics of ISM, we used three indices. First 

one is the low-level zonal wind (at 850-hPa) averaged over the Arabian Sea domain (10°N–

20°N, 55°E–65°E) reflecting the intensity and core of low-level westerlies (i.e., low-level jet, 

LLJ core or simply NLLJ, Wilson et al 2018). For a better illustration of the response of the 

ISM low-level circulation under the climate change forcing, we also used another zonal wind 

(at 850-hPa) index as averaged over a domain south of the LLJ position (i.e., SLLJ over Eq–

10°N, 55°E–65°E). Next, for monitoring the changes in the strength of the upper tropospheric 

circulation, i.e., Tropical Easterly Jet (TEJ), we used a zonal wind index at 200hPa averaged 

over its core intensity region (40°E-100°E, 10°S-20°N, Abish et al 2013). These indices are 

further tabulated in Table 2 for easy reference.  
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2.3 Equilibrium Climate Sensitivity (ECS) 

The ECS measures the eventual long-term global mean temperature or global mean 

warming rate in response to doubled CO2 concentration relative to the pre-industrial period 

(Meehl et al 2020). The ECS values for all models (except for 4 models: FIO-ESM2, IITM-

ESM, NorESM2- MM and EC-Earth3-CC) are derived from the Table 2 in Meehl et al (2020), 

as calculated by them using CMIP6 models based on its availability until march 2020. While 

the ECS for FIO-ESM2-0 is derived from Table B2 of Williamson et al (2024), the values for 

other three models are taken from the Supplementary excel data of Hausfather et al (2022). As 

per the studies, the ECS is computed by regressing the net top-of-atmosphere radiance against 

the global mean surface air temperature changes in the first 150 years of the CO2 quadruples 

experiment (Gregory et al 2004; Forster et al 2013; Meehl et al 2020; Chen et al 2022). 

 

2.4 Moisture budget analysis  

To further understand the changes and uncertainty in the ISM rainfall projections, the 

moisture budget analysis and its decomposition is incorporated, following formulations from 

earlier studies (Chou et al 2009; Endo and Kitoh 2014; Sooraj et al 2015; 2016; Chen et al 

2020). 

The vertically integrated anomalous moisture equation is written as  

𝑃′ = 𝐸′ − 𝜕𝑡〈𝑞〉′ − 〈𝑢ℎ⃗⃗⃗⃗ ∙ ∇𝑞〉′ − 〈𝑞∇ ∙ 𝑢ℎ⃗⃗⃗⃗ 〉′ + 𝑅𝐸𝑆 (1) 

where the angle brackets indicate vertical integration through the entire troposphere, the primes 

denote the anomalous future changes relative to the reference climatology from historical 

simulation (i.e., histclim) and ∇ is the horizontal gradient operator. The variable 𝑞 denotes 

specific humidity, while 𝑢ℎ⃗⃗⃗⃗  denote horizontal wind. The terms 𝐸 and 𝑃 are evaporation and 

rainfall, respectively. While the term −〈𝑢ℎ⃗⃗⃗⃗ ∙ ∇𝑞〉′ represents horizontal moisture advection, 

〈𝑞∇ ∙ 𝑢ℎ⃗⃗⃗⃗ 〉′ stands for moisture convergence. Final term on the right-hand side is residual (RES). 
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The RES term accounts for contributions from non-linear interaction between anomalous 

circulation and moisture, and is assumed to be small (Zhang and Li 2022; Chen et al 2024a). 

Note also that the daily transient eddies terms and their contributions are not investigated in 

this study considering their negligible contributions to the long-term budget changes (Zhang 

and Li 2022 and the references therein). The time derivative of specific humidity, 𝜕𝑡〈𝑞〉′, is also 

ignored here considering the longer seasonal mean time scale. Earlier studies noted that the 

regional mean horizontal moisture advection is often negligibly small compared to other 

moisture budget terms, at least for ISM (e.g., Jin et al 2020). With all these assumptions, the 

Eq. (1) can be further approximated as following: 

𝑃′ = 𝐸′ − 〈𝑞∇ ∙ 𝑢ℎ⃗⃗⃗⃗ 〉′ + 𝑅𝐸𝑆 (2) 

The moisture convergence can be further decomposed as follows: 

−〈𝑞 ∙ 𝐷〉′ = −〈𝑞ℎ𝑖𝑠𝑡𝑐𝑙𝑖𝑚 ∙ 𝐷′〉 − 〈𝑞′ ∙ 𝐷ℎ𝑖𝑠𝑡𝑐𝑙𝑖𝑚〉                            (3) 

In Eq. (3), 𝐷′ represents future change in divergence (∇ ∙ 𝑢ℎ⃗⃗⃗⃗ ), and, accordingly, the two terms 

on the right-hand side represent the dynamic and thermodynamic components, respectively. 

While the dynamic contributions (DY) are related to the future changes in atmospheric 

circulation, the thermodynamic contributions (TH) are related to the changes in moisture 

content.  

Finally, the results are mostly presented using Multi-Model-Ensemble (MME) mean of 

30 models and illustrated using several ways. The usually well-known statistics such as inter-

model Standard Deviation (SD) and Signal to Noise Ratio (SNR) are used to measure the source 

of model uncertainty in future projections. SNR is the normalised future change signal with 

inter-model SD. Then, standard scatter plots and correlation/regression analysis are also 

conducted to detect the relationships between the aforementioned climate indices and to 

decipher the dominant spatial pattern of model’s uncertainty in future rainfall projections across 

the various models, respectively. Finally, the statistical significance of the correlation 
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coefficients was determined based on a two tailed Student's t-test (Storch and Zwiers, 2002), 

assuming that the model realisations are independent.  

 

3. Future changes in ISM rainfall during the twenty-first century 

Figures 1a, c show future changes of boreal summer rainfall and low-level circulation 

over the Indian sector based on the MME of 30 CMIP6 models (see Section 2). The rainfall 

pattern across the Indian domain shows a tilted dipole structure with significant rainfall 

enhancement (suppression) over the ISM (southeastern Indian Ocean) region. Similar 

asymmetric rainfall structure is noted in earlier CMIP based studies as well (e.g., Srivastava 

and DelSole 2014; Sooraj et al 2015; Sharmila et al 2015). In particular, according to Srivastava 

and DelSole (2014), the dominant mode associated with future ISM change reveals a dipole 

pattern as demonstrated by applying discriminant analysis to future rainfall changes over South 

Asian Summer monsoon region. While the enhanced rainfall signature extends over a big 

region covering the Indian Ocean North of the Equator, the rainfall decrease is mainly confined 

to the Inter-Tropical Convergence Zone (ITCZ) over Indian Ocean (i.e., over southeastern 

equatorial region). The noted rainfall intensification over the southwest Arabian Sea suggests 

anomalous westward extension of rainfall in the future projections. These signatures imply non-

uniform future response in the multiple regional heat sources or local rainfall maxima, centred 

over the Indo-Bay of Bengal, the tropical western Pacific and the eastern equatorial Indian 

Ocean.  

However, there is uncertainty for the rainfall projections across the Indian monsoon 

domain. In particular, it shows large inter-model SD over many regions across India even 

exceeding the rainfall changes, thus leaving low SNR values (≤ 1) (see Fig 1a-b). Figure 1d 

further exemplifies the large inter-model spread over ISM region with a wide range of future 

rainfall responses (ranging from 0.2 mm/day to 4 mm/day). Recently, Guilbert et al (2024) 
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inferred that the magnitude of model uncertainty (e.g., inter-model SD) is larger than the future 

rainfall changes in most of the tropical regions. According to them, in particular, there is large 

uncertainty in future rainfall projections over Sahelian and Indian monsoon regions consistent 

with previous studies as well (Monerie et al 2017; Zhang and Li 2022).  

Figure 1a further shows anomalously strong low-level westerlies to the north of 10°N 

while there are pronounced easterly anomalies along the equator. The strong westerlies imply 

the future intensification in LLJ core (as defined over the Arabian Sea, 10°N–20°N and 55°E–

65°E following Wilson et al. 2017, see Section 2 for more details), as demonstrated in Figure 

2a across all the models. On the other hand, prominent anomalous easterlies along the equator 

suggests the weakening of climatological westerly flow between equator to 10°N (Kitoh et al. 

1997; Ashrit et al. 2005; Sooraj et al 2015; Chen et al 2024a): i.e., weakening of low-level 

westerly component over the Arabian Sea region to south of the LLJ core (Eq–10°N, 55°E–

65°E, see Section 2 for more details), as further exemplified in Figure 2b across the models. 

This north-south dipole low-level wind signature further point toward the poleward shift in LLJ 

in future projections (e.g., Sandeep and AjayaMohan 2015, Chen et al 2024a). Figure 2a 

furthermore illustrate that this poleward shift is consistent across all the models, on similar lines 

with the aforementioned asymmetrical rainfall changes in Figure 1a, i.e., decrease (increase) of 

rainfall over south-east Indian Ocean (ISM) regions, thus inferring that the monsoon 

circulations are fundamentally coupled with the regional convection shifts (e.g., Back and 

Bretherton 2006; Ma et al 2018). A recent study using CMIP6 projections (Chen et al 2024a) 

also showed poleward shift in zonally averaged overturning Hadley circulation which they 

attributed to the future enhancements in ISM rainfall.  

We next performed a moisture budget analysis to gain further understanding on 

projected ISM rainfall changes and to quantify the relative contributions of DY and TH terms 

to the projected ISM rainfall changes based on its decomposition in Equation 3. The DY and 
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TH components for the MME are displayed as a box-whisker in Figure 3a along with other 

terms (PR, E and residual), as averaged over ISM region. All the budget terms (except for 

residual) show positive contribution to the ISM rainfall change though the contribution from 

evaporation is relatively minor, while the impact due to residual term is negligible thus 

increasing confidence in the moisture budget estimates in Figure 3a. 

It is well-known that the TH component robustly contributes to the ISM rainfall 

intensification following the Clausius-Clapeyron equation as the atmospheric moisture content 

increases under a warming climate (Held and Soden 2006; Cherchi et al 2011; Li and Ting 

2017; Jiang et al 2023). Consistent with this, the results from MME show that the enhanced 

ISM rainfall is primarily contributed by the increase in TH term (Fig 3a). Recent CMIP based 

studies also found similar inferences on global and regional monsoon rainfall projections as 

dominated by the increase of moisture (TH, e.g., Endo and Kitoh 2014; Chen and Zhou 2015; 

Sooraj et al 2015; Chen et al 2020). Interestingly, our results show additional positive 

contribution from DY (albeit a secondary role) as well, thus implying that both the DY and TH 

components are contributing to the future ISM rainfall increase. This is further revealed if one 

sees the wetting and drying tendency at the individual model level. To be precise, while the TH 

component promotes ISM rainfall intensification in most models (with an exception in only 

one model), approximately, two thirds of model projections (22 out of 30) show wetting effect 

due to DY. The distinct wetting response by dynamical component can be further elucidated by 

the enhanced circulation response in the future as shown in Figure 2a for the NLLJ (i.e., low-

level zonal wind averaged over Arabian Sea, 10°N–20°N, 55°E–65°E as defined in Section 2). 

As demonstrated in Figure 2a, most of the CMIP6 models show enhanced low-level westerlies 

over the Arabian Sea in future projections and hence accounting for enhanced low-level 

convergence as associated with the DY component. Ma and Yu (2014) also inferred that the 

strengthening of low-level circulation and increase in moisture have both contributed to the 
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intensification of ISM rainfall in previous CMIP’s models. According to them, the upper-level 

circulation shows weakening in the future in contrast to the lower wind response, thus 

illustrating the paradoxical behaviour between upper and lower-level monsoon circulations, as 

further shown in Figure 2a. However, there is large inter-model spread both in lower and upper 

tropospheric circulations coinciding with the larger uncertainty in DY component. Interestingly, 

these two contrasted signatures at low- and upper-levels (e.g., strengthening and weakening) 

are further found to be significantly coupled across the models (showing a correlation of 0.33 

significant at the 95% confidence level, see Fig. 2b). 

Considering the poleward shift in LLJ as found to be intrinsically coupled to local 

convection patterns and as manifested in the dominant dipole rainfall mode over South Asian 

monsoon region, we did similar moisture budget (using Eq. 3, see Fig. 3b) over south-east 

Indian Ocean region (20°S-Equator, 70°E-100°E) to account for the suppression of rainfall over 

this region and a better understanding of the underlying ISM dynamics. The MME results show 

that similar to ISM domain, the contributions from evaporation and residual terms are relatively 

minor. The DY term predominantly contributes to cause the local dryness thus accounting for 

the future reduction in rainfall over south-east Indian Ocean region. There is contribution from 

TH as well though, but it is modest compared to DY. It is important to note that the south-east 

Indian Ocean being a regional primary convection centre (i.e., ITCZ associated) is 

climatologically an ascending region (Sooraj et al 2015) and hence the contributions of DY to 

total future rainfall changes must be strongly negative to produce rainfall suppression over there 

as conspicuously observed from Figure 3b as well. This explains the predominant role of DY 

term (relative to TH) in causing rainfall suppression over south-east Indian Ocean region which 

is further consistent with the aforementioned weakening of low-level westerlies over the 

Arabian Sea region (i.e., SLLJ, see Fig. 2a), thus partially explaining the dipole rainfall pattern 

over South Asian monsoon region by the northward shift of the LLJ. Interestingly, both 
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evaporation and residual terms show a wetting effect over south-east Indian Ocean region, thus 

modestly counteracting the combined drying effect due to DY and TH terms.  

Earlier investigations on ISM rainfall using CMIP5 future projections inferred that the 

effect of DY is to completely offset the dominant wetting effect by its thermodynamic 

counterpart as manifested by all models consistently showing compensation between dynamic 

and thermodynamic effects (Endo and Kitoh 2014; Chen and Zhou 2015; Sooraj et al 2015). In 

contrast, as per our results, the DY component in most of the CMIP6 models shows enhancing 

effect thus promoting ISM rainfall. However, a point to be noted is that some of the CMIP6 

models still exhibit counterbalancing behaviour in DY component (i.e., DY counteracting the 

dominant wetting) as obvious from Figure 2a and 3a. This implies that the effect of DY (i.e., 

drying and wetting changes) varies widely across the CMIP6 projections and hence the 

behaviour of DY has drastically changed from its predecessor generation of CMIP (i.e., CMIP5 

models showing predominantly and uniformly drying DY effect; Chen and Zhou 2015; Sooraj 

et al 2015). This non-uniform behaviour in DY term (unlike TH) across the CMIP6 models is 

further translated into relatively larger inter-model spread which needs further exploration to 

decipher the underlying process as done in the following sections.   

  

4. Driving factors of model’s uncertainty in future ISM rainfall projections 

4.1 Interpreting ISM rainfall uncertainty using dynamic (DY) and thermodynamic (TH) 

components   

Here firstly, we assess in more details the inter-model spread in moisture budget terms 

to gain further insights on the projected uncertainty in ISM rainfall. Firstly, the DH component 

exhibits the highest inter-model spread among the moisture budget terms with evaporation 

showing relatively smaller inter-model SD (see Table 3). The residuals also show moderately 

high spread, but less to the spread of both DY and TH, suggesting that their contributions to the 
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ISM rainfall uncertainty are not the driving factors to first order. Furthermore, regarding the 

residuals in the atmospheric moisture budget, Paula and Kummerow (2014) noted that 

balancing moisture budgets is a challenging task, in particular, at regional scales.  

Based on SNR, the TH component displays the largest ratio (1.9) comparable to the 

SNR estimates from the ISM rainfall projections (see Table 3). In contrast, the uncertainty in 

DY component is exemplified by the lowest SNR value (less than 1) compared to other 

dominant budget components. The contrasting SNR statistics between the DY and TH 

components in-turn imply relatively higher model consistency for the later one in causing the 

ISM rainfall intensification in the future.  

Inter-model correlation is then performed to have further insights on the above diverse 

behaviour across the models and to account for the uncertainty in ISM rainfall. Figure 4a shows 

the inter-model relationship between ISM rainfall change and DY, whereas a similar plot is 

shown in Figure 4b by replacing the dynamic with its thermodynamic counterpart (TH). The 

DY component demonstrates a significantly high correlation coefficient (0.81, see Fig 4a) with 

the ISM rainfall change, inferring that the inter-model diversity in the DY component definitely 

dominates the inter-model spread in ISM rainfall change and hence drives its uncertainty. 

However, one cannot also rule out a secondary, but still significant, role from the 

thermodynamic component (with a significant correlation value of 0.50 at 95% level of 

significance, see Fig 4b) in contributing to uncertainty in ISM rainfall change. So, it is inferred 

that both the DY and TH components jointly account for the uncertainty in ISM rainfall 

projections, but this uncertainty is largely dominated by DY.  

 

4.2 Underlying physical mechanisms 

It is previously inferred that the inter-model spread in the global warming levels (i.e., 

global mean temperature, GMT) partially accounts for the above highlighted projected 
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uncertainties (Chen and Zhou 2015; Chen et al 2020). As an illustration, it is very common to 

express rainfall changes per °C of global warming in past monsoon or tropical studies (e.g., 

Held and Soden 2006; Chou et al 2009; Chou et al 2012; Cherchi et al 2011; Huang 2014; Chen 

and Zhou 2015; Zhang and Li 2022; Jiang et al 2023; Guilbert et al 2024) based on a 

hypothetical Clausius-Clapeyron scaling (i.e., scaling by GMT) and the increase of precipitable 

water associated with a warmer tropical atmosphere. Is this scaling framework valid for the 

ISM rainfall changes?  

So, as a next step, we explore the association of DY and TH components over ISM 

region (along with ISM rainfall) to the future change in GMT, thus demonstrating their eventual 

partial sensitivity to global warming levels (Fig 5a-c). A significant linear relationship is 

manifested between GMT and DY (r=0.3, significant at 95% confidence level) thus dominantly 

explaining the relationship of GMT with ISM rainfall (r=0.4, Fig 5a-b). In contrast and contrary 

to the expected Clausius-Clapeyron scaling, TH shows only a weak and insignificant sensitivity 

to GMT (Fig 5c) challenging the validity of the Clausius-Clapeyron scaling for the ISM region. 

Additional analysis reveals that the inter-model diversity in GMT is further strongly and 

significantly linked to the global mean warming rate under a long-term equilibrium climate 

response (figure not shown, with a highly significant correlation coefficient of 0.88), as usually 

called in the literature as ECS (equilibrium climate sensitivity, see Section 2 for more details). 

Stated differently, and as expected, the models with a higher ECS tend to show a greater GMT 

in the SSP585 projections.     

Considering the close association between GMT and ECS, it makes sense to further 

analyse the association between ECS and the dominant moisture budget terms (Fig 6). 

Interestingly, both DY and ISM rainfall components are more strongly and significantly 

associated with ECS (r=0.47 for ISM rainfall and r=0.37 for DY, both significant at 95% 

confidence level, see Fig 6a-b), while the TH term is now nearly insensitive to ECS with a 
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weaker association (r=0.07) than the one found with GMT. The implication is that the GMT 

through inter-model spread in ECS partially contributes to the projected uncertainty in DY term 

which in turn partially accounts for the model’s uncertainty in ISM rainfall. These results 

assume significance as CMIP6 models are known to differ more in their ECS than their CMIP5 

counterparts (Forster et al 2021; Hausfather et al 2022).  

Now a question arises: through what physical process the ECS (or GMT) is linked to 

uncertainty in ISM rainfall across the models since Clausius-Clapeyron scaling is no longer the 

dominant factor? To explore this aspect, we carried out the inter-model correlation analysis 

between TS changes and the ISM averaged rainfall changes (see Fig 7a). Note that for ease in 

interpretation, assuming that ISM rainfall and dynamic changes may be more influenced by 

temperature gradients and/or local convective instability, the GMT change is subtracted from 

the TS change at every grid point for each model before doing the inter-model correlation 

analysis displayed in Figure 7a. Note also that we did similar correlation analysis using DY and 

TH components averaged over ISM region and the results for DY term are similar to those with 

ISM rainfall changes, consistent with previous results (figures for both are not shown here for 

brevity).   

Figure 7a shows a well-defined global interhemispheric contrast in TS with anomalous 

future warming (cooling) north (south) of 25°N. There are prominent “regional” meridional TS 

gradient signatures across the Atlantic region as well and we will revisit this regional aspect 

later. The interhemispheric TS gradient (IHTG, defined in Section 2 as the difference between 

TS zonally averaged between 25°N to 90°N and 60°S to 25°N) is subsequently found to be 

strongly sensitive to ECS (r=0.63, see Fig 6d) and hence to GMT (r=0.5, significant at 95% 

level of significance, figure not shown) as well. Moreover, the IHTG is found to be significantly 

correlated with ISM rainfall changes (r=0.51, significant at 95% level of significance, Fig. S1) 

as well as with DY (r=0.4, significant at 95% level of significance) and TH (r=0.33, significant 
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at 95% level of significance) components. This in conjunction with the aforementioned 

significant association of DY and ISM rainfall with both ECS and GMT (see Fig 6a-b), gives 

an interpretation that the sensitivity of ISM rainfall to the inter-model spread in ECS (or GMT) 

can be mainly explained through the contributions from the DY. Furthermore, the contribution 

from the DY component is possibly linked to the IHTG, which increases with GMT and ECS 

across the models. This IHTG is usually interpreted as a proxy for inter-hemispheric energy 

transports in the atmosphere and a large-scale factor controlling the ITCZ migration towards 

the warmer hemisphere as achieved through the interhemispheric energy transport (e.g., 

Schneider et al 2014; Byrne et al 2018; Biasutti et al 2018). In other words, the monsoon rainfall 

and its associated circulation changes under anthropogenic CO2 forcing is basically driven by 

interhemispheric thermal contrast (IHTG) due to the interhemispheric radiative imbalance 

between the two hemispheres, thus causing a migration of ITCZ toward the hemisphere with 

the greater heating. Recently, Guilbert et al (2024) invoked a similar mechanism to account for 

the inter-model spread in Sahel rainfall projections. According to them, the modulation of IHTG 

across the models leads to changing latitudinal positions of ITCZ and, consequently, varying 

Sahel rainfall intensity. The importance of IHTG onto Global Monsoon model’s uncertainty is 

further demonstrated in a recent study focusing on atmospheric energy transport (Chen et al 

2024b). These results connecting the in-phase association between interhemispheric transport 

and the ISM rainfall are also in line with the driving role of the “direct radiative forcing” 

through enhanced low-level monsoon circulation (Li and Tung 2017; Endo et al 2018). 

However, the GMT and ECS through the global IHTG is not expected to fully account 

for the larger inter-model spread in rainfall projections, as Fig S1a implies that only ~30% 

(r=0.5) of the inter-model spread in ISM rainfall projection is explained by the global IHTG. 

This suggests that other factors are also at play to determine the ISM rainfall uncertainty as 

investigated next.  
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To completely ascertain this aspect, we further carried out an inter-model correlation 

analysis, similar to Figure 7a, but after applying the scaling method using GMT (i.e., both the 

ISM rainfall and TS changes are divided by GMT for each model before performing the 

correlation analysis). Incorporating GMT scaling to account for the large variation of (global) 

GMT across the models (see Fig 7b), revealed an interestingly different regional picture. The 

correlations across the globe have now completely disappeared, with no clear interhemispheric 

TS signatures unlike in Figure 7a. Additionally, there is almost no significant TS signatures 

over the tropics, in particular over subtropical Arid (i.e. to the west of ISM region), west Pacific, 

and equatorial Pacific domains. Interestingly, Figure 7b shows a prominent exception over 

north and south Atlantic regions, which further exhibits a well-defined meridional TS gradient 

signature across Atlantic, thus revealing a significant association with the inter-model spread 

in ISM rainfall change, even after scaling with GMT. Note that these signatures were robust in 

Figure 7a as well. Hence the meridional TS gradient signature over Atlantic (AMTG, as defined 

in Section 2 as North Atlantic TS over 40°W-10°W, 25°N-65°N minus South Atlantic TS over 

40°W-10°W, 25°S-5°N) may be an emerging factor accounting for the uncertainty in ISM 

rainfall in addition to ECS (or GMT), which may be consistent with many past studies linking 

the interannual variability of ISM rainfall with SST variations in the Atlantic sectors, especially 

in the context of global warming (e.g., Liu et al 2014; Vital et al 2020; Yang and Huang 2021; 

Zhang and Li 2022; Sooraj et al 2023; Terray et al 2023).   

In light of the above hypothesis, we further carried out new analyses based on Atlantic 

TS indices. The scaled Atlantic Meridional TS gradient (AMTG) changes show a prominent 

correlation with the inter-model spread of scaled ISM rainfall change as well as with the DY 

component (see Fig 8a-b, r=0.4, significant at 95% confidence level), with north Atlantic 

(r=0.4, not shown) region contributing more to the uncertainties in the ISM rainfall projections 
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than its southern counterpart (r=-0.26). In contrast, the TH term does not show any significant 

association with AMTG (see Fig 8c).   

Figure 9a further shows that models with an enhanced AMTG in the future projection 

leads to strengthening of subtropical highs in southern Atlantic region with opposite signature 

in the north Atlantic as expected from an enhanced inter-hemispheric transport associated with 

a (regional) energy imbalance. At regional level, one can also see well defined MSLP gradients 

and associated low-level atmospheric flow in particular over the Afro-Asian sector (see Fig 9a). 

This is further manifested in the intensification of lows extending from the Sahara to the 

Arabian Peninsula, as consistent with a westward shift of the monsoon circulation (Terray et al 

2018; Sooraj et al 2019, 2020). Associated with this strengthened large-scale subtropical low, 

there is a significant intensification of winds coming from the Gulf of Guinea in agreement 

with geostrophic balance. The winds, reinforced by the low, then interact with the ISM 

circulation through the Somali jet off the African coast (Fig 9a). The strong convergence of 

surface winds over the northeastern Arabian Sea also increases the moisture flux towards the 

western Indian Ocean and western India. In consonance with this, there is an intensification of 

the African (Sahelian) and Indian monsoons as demonstrated in Figure 9b with enhanced 

rainfall concentrated in between 10°N and 20°N. In particular for the ISM, there is increase in 

rainfall over the western Arabian Sea (i.e., on the windward side of the Ghats) and along the 

southern part of Indo-Gangetic plains. Hence, a larger projected increase of AMTG brings a 

stronger low-level cross equatorial moisture transport thus leading to increase in Sahelian-

Indian monsoon rainfall in the future. More precisely, there is a southwest-northeast contrast in 

rainfall over ISM region and a northward shift of the ITCZ over Africa for Sahelian monsoon. 

Interestingly, a dipole signature in rainfall (as noted earlier) is manifested here as well, though 

less pronounced, implying that the AMTG is able to partially explain the future rainfall spread 

not only over ISM region but also over the neighbouring south-east Indian Ocean.   
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Importantly, the aforementioned atmospheric signatures (as seen in Fig 9a) are broadly 

similar to those associated with the ISM rainfall future changes itself as illustrated in Fig 9c. In 

particular, it shows the strengthening of southern hemispheric subtropical highs across the 

Atlantic region and a gigantic low extending from Sahara to the Arabian Peninsula, with an 

associated rainfall change involving the intensification of ITCZ over a broad region 

encompassing the African and Indian continents.  

Otherwise, one can also note some obvious differences between the anomalous 

circulation responses in Fig. 9c (as connected to ISM rainfall intensification) and Fig. 9a (as 

associated with the enhanced AMTG), especially over the Indian Ocean. Although both figures 

show anomalous anticyclonic easterlies over north-west Pacific which also promotes 

convergence of low-level circulation to Indian landmass, these are slightly more pronounced in 

Fig. 9c than in Fig. 9a. The other notable difference includes, while Fig 9a show the gigantic 

low extending all the way from Sahara to Arabian region, it is considerably weaker and 

somewhat restricted to Arabia in Fig 9c.  

 

5. Summary and concluding remarks   

In the backdrop of the earlier studies suggesting large inter-model spread in ISM rainfall 

projections under high-emission scenarios (e.g., Sooraj et al 2015; 2016; IPCC 2013, 2021), 

the current study analyzed the CMIP6 projections (SSP585) to bring more clarity on two 

aspects: (a). what are the main physical processes associated with the ÍSM rainfall 

enhancements in future projections using the last generation of CMIP models; (b) what are the 

sources of uncertainty in the projected ISM rainfall thus enabling us to unravel the underlying 

factors. 

Firstly, the insights from moisture budget analyses, based on the MME, show that both 

the TH and DY components are instrumental in enhancing ISM rainfall in the SSP585 
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projections, with the former one assuming a dominant role. The dominating role of TH follows 

the Clausius-Clapeyron equation with the increased water-holding capacity of the atmosphere 

under global warming (Held and Soden 2006; Cherchi et al 2011; Li and Ting 2017; Jiang et al 

2023). However, an important inference from this study is that both the TH and DY components 

show complementary effects in CMIP6 MME projections thus eventually contributing to the 

ISM rainfall enhancements which is in contrast with the pronounced offsetting behaviour in its 

earlier versions (i.e., CMIP5   MME). In other words, the dominant drying effect of DY term, 

as observed across the CMIP5 models (Chen and Zhou 2015; Sooraj et al 2015, 2016), has 

transitioned to prominent wetting effect in CMIP6 MME. However, the drying and wetting 

changes due to DY term is not uniform across the CMIP6 models thus explaining its large inter-

model spread. It is further inferred that the DY component dominantly account for the model’s 

uncertainty ISM rainfall projections with a secondary contribution from the TH. Coinciding 

with this, there is a large inter-model spread both in lower and upper tropospheric circulations, 

with both the low and upper-level signatures (i.e., strengthening and weakening) demonstrating 

strong coupling across the models.  

The second part of our study illustrated the possible drivers of model’s uncertainty in 

future ISM rainfall projections. Previous studies on the ISM rainfall projections are primarily 

focussed on the inter-model spread in the global warming rate (i.e., global mean temperature, 

GMT) thus partially accounting for the projected uncertainties (Chen and Zhou 2015; Chen et 

al 2020). The current study also confirms the same, the interhemispheric TS contrast (IHTG), 

as found to be linked physically to GMT and ECS, is one of the important sources of uncertainty 

in the future ISM rainfall projections. The DY component is in-turn found to be significantly 

associate with both ECS and GMT, implying strong sensitivity of DY term to ECS, i.e., models 

with a higher ECS (or GMT) incline to project a stronger DY. Thus, it is inferred that the inter-

model spread in DY term account for the ISM rainfall uncertainty as partially driven by IHTG 
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through the interhemispheric energy transport which controls the migration of ITCZ towards 

the warmer hemisphere as demonstrated in several studies (e.g., Schneider et al 2014; Byrne et 

al. 2018; Biasutti et al 2018). However, surprisingly, TH shows no sensitivity to GMT which 

looks counter-intuitive as contradicting the expected hypothetical Clausius-Clapeyron scaling 

(e.g., Held and Soden 2006; Chou et al 2009; Chou et al 2012; Cherchi et al 2011; Huang 2014; 

Chen and Zhou 2015; Jiang et al 2023).  

Considering the prominent inter-model diversity in ECS (Forster et al 2021; Hausfather 

et al 2022), we further incorporated the GMT scaling to account for the large variation of GMT 

across the models. Interestingly, by applying the GMT scaling, it reveals an entirely different 

picture with no clear interhemispheric TS signatures (IHTG). Instead, the inter-model spread 

in DY and ISM rainfall changes are prominently driven by meridional TS signatures over the 

Atlantic (AMTG) thus bringing the importance of divergent Atlantic warming pattern across 

the models as an emerging factor accounting for the projected uncertainty in ISM rainfall. The 

interpretation is that a larger projected increase of AMTG leads to a stronger low-level cross 

equatorial moisture transport through intensification of regional Low extending from the 

Sahara to Arabian Peninsula thus increasing the Sahelian-Indian monsoon rainfall in the future 

projections which follows the inferences drawn in earlier studies as well (e.g., Liu et al 2014; 

Vital et al 2020; Yang and Huang 2021; Zhang and Li 2022; Sooraj et al 2023; Terray et al 

2023). 

The state-of-the-art coupled models are known to suffer from systematic biases over the 

tropics in particular over the ISM regions and Atlantic Ocean (e.g., Sperber et al 2013; Richter   

et al 2014; Sooraj et al 2015, 2016; Terray et al 2018, 2023; Choudhury et al 2021; Rajendran 

et al 2022; Zhang and Li 2022). So, these biases may have large implications in truly 

representing the monsoon characteristics in future projections and hence may also play a role 

in determining the projected rainfall uncertainty. One of the prominent systematic errors in 
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CMIP5 and CMIP6 simulations as relevant to ISM is the prominent dry bias which remains 

still unresolved (e.g., Sperber et al 2013; Sooraj et al 2015, 2016; Terray et al 2018; Choudhury 

et al 2021; Rajendran et al 2022). Furthermore, the systematic rainfall errors from the CMIP6 

models show wet biases over southwest Arabian Sea (see Fig 10), thus demonstrating a 

systematic dry-wet pattern (i.e., dry bias over Indian landmass and wet bias over Oceanic 

regions to the south of it), which persists in many climate models and are coupled to Indian 

Ocean SST biases (Bollasina and Ming 2013; Prodhomme et al 2014; Annamalai et al 2017; 

Terray et al 2021). Recently, Choudhury et al (2021) also inferred similar dry-wet pattern while 

assessing the fidelity of CMIP6 models in representing ISM rainfall climatology (using its 

historical simulations) which they attributed to the persistent simulation of the continental ITCZ 

to a southward location (at 12°N) by most of the CMIP6 models. Earlier we noted anomalous 

westward extension of rainfall in the future projections as characterised by rainfall 

intensification over the southwest Arabian Sea, intriguingly coinciding with the same region 

showing a prominent wet bias in current climate models, as stated above. These results raise 

relevant questions on the mutual linkages between future rainfall changes (Fig 1a) and coupled 

biases (Fig 10c) which needs to be further explored in order to reduce the model’s uncertainties. 

However, the detailed role of coupled model biases on ISM rainfall future projections is beyond 

the scope of this study. Our future works will be focused in this direction to apply observational 

constraints on future ISM rainfall projections. 
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Main Figures  

Fig 1:) Future change in JJAS Climatology of (a) rainfall for MME of 30 models with over 
laying wind at 850hPa level. Historical simulations are for 1979-2013 and high emission 
scenario SSP585 are for 2065-2099. Difference between future and historical (i.e., future minus 
historical) represents the future change. Dotted region in (a) represents where the future 
changes exceed well above the signal to noise ratio (SNR). SNR is defined as (see Section 2) 
the MME divided by its inter-model standard deviation (SD). In (b), inter-model SD in future 
rainfall change. In (c), same as (a), but the dotted regions represent significant future change 
based on 90% level of significance using a two-tailed Student’s t-test. The units are mm/day 
for rainfall and m/s for wind. In (d), future change in rainfall as averaged over Indian region 
containing both land and ocean grid points (i.e., ISM rainfall over 70°E-85°E, 8°N-22°N, in 
mm/day) for all 30 models.  
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Fig 2: In (a), future change in atmospheric circulation indices (see Table 2) for all 30 models. 
Here, NLLJ index refers to 850hPa zonal wind as averaged over Arabian region (over 55°E-
65°E, 10°N-20°N), while SLLJ index denotes 850hPa zonal wind averaged over 55°E-65°E, 
Eq-10°N. TEJ index stands for 200 hPa zonal wind as averaged over 40°E-100°E, 10°S-20°N. 
In (b), scatter plot between NLLJ and TEJ. Units are in m/s.  
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Fig 3: (a) Box and whisker plots showing the future changes in moisture budget terms (using 
Equations (2 and 3)) as averaged over the ISM domain (70°E-85°E, 8°N-22°N). The whiskers 
outside the box represents the inter-model spread, while the boxes indicate the interquartile 
range with the mean (MME) represented by the horizontal line inside the box. 𝑃′ stands for 
ISM rainfall changes, 𝐸′ is for evaporation changes, 𝐷𝑌′ is for changes in dynamic component, 
𝑇𝐻′ is for changes in thermodynamic component and 𝑅𝐸𝑆′ represent the Residual changes as 
calculated based on moisture budget over ISM region. In (b), same as (a), but for the changes 
in moisture budget terms over the south-east Indian Ocean region (20°S-Equator, 70°E-100°E). 
Units are in mm/day for all the budget terms.   
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Fig 4: a) Scatter plots between ISM rainfall change (over 70°E-85°E, 8°N-22°N, mm/day) 
and Dynamic component (DY averaged over ISM region, mm/day), using all 30 models. In 
(b), same as (a), but between ISM rainfall change (over 70°E-85°E, 8°N-22°N, mm/day) and 
Thermodynamic component (TH averaged over ISM region).  
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Fig 5: In (a): scatter plot between future changes in Global Mean Temperature (GMT, °C) 
change and ISM rainfall (i.e., over 70°E-85°E, 8°N-22°N, mm/day). In (b), same as (a), but 
between GMT change and Dynamic component (DY averaged over ISM region, mm/day). In 
(c), same as (a), but between GMT change and Thermodynamic component (TH averaged 
over ISM region, mm/day).  
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Fig 6: In (a): scatter plot between Equilibrium Climate Sensitivity (ECS, °C) and ISM rainfall 
change (i.e., over 70°E-85°E, 8°N-22°N, mm/day). In (b), same as (a), but between ECS and 
Dynamic component (DY over ISM, mm/day). In (c), same as (a), but between ECS and 
Thermodynamic component (TH over ISM, mm/day). In (d), scatter plot between ECS (°C) 
and IHTG (interhemispheric TS gradient, °C). As per Section 2, the IHTG is defined as the 
difference between TS averaged over the region to the north (i.e., over 25°N to 90°N and 0° 
to 360°E) and south (i.e., over 60°S to 25°N and 0° to 360°E) of 25°N. Note that in (d), the 
GMT is subtracted from the TS change at every grid point for each model subtracted at every 
grid point for each model before computing the IHTG.  

 

 

Fig 7: In (a), inter-model correlation analysis between future ISM rainfall Index and TS future 
change. Correlations significant at the 90% confidence level are marked with dots. Note that in 
(a), the GMT change is subtracted from the TS change at every grid point for each model before 
doing the inter-model correlation analysis.  In (b), same as (a), but after scaling by GMT, i.e., 
both ISM rainfall index and TS changes are scaled using GMT changes (divided by GMT) of 
each model.  
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Figure 8: In (a), scatter plot but between the future changes in Atlantic Meridional Temperature 
Gradient (AMTG) Index and ISM rainfall. In (b), same as (a), but between AMTG and DY 
component. In (c), same as (b), but DY is replaced with TH. Atlantic meridional TS gradient 
(AMTG) is defined as North Atlantic TS over 40°W-10°W, 25°N-65°N minus South Atlantic 
TS over 40°W-10°W, 25°S-5°N. DY and TH are averaged over ISM region (i.e. over 70°E-
85°E, 8°N-22°N ). Note that all the variables are scaled by GMT (divided by GMT) of each 
model before the calculation.  
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Figure 9: In (a), inter-model regression between future change in AMTG and future changes 
in MSLP (hPa/Deg C) and 850hPa wind (m/s/Deg C) at every grid point. In (b), inter-model 
regression between future change in AMTG and future change in rainfall at every grid point.  
In (c), inter-model regression between future change in ISM rainfall index (i.e., over 70°E-
85°E, 8°N-22°N, mm/day/Deg C) and future changes in MSLP (hPa/ mm/day) and 850hPa 
wind (m/s/mm/day). Note that all the variables in all the panels are scaled by GMT of each 
model before doing the regression analysis. Also dotted regions in all the panels indicate 
regressions (for MSLP and rainfall) which are statistically significant at 90% level.  
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Fig 10: (a) JJAS climatological map of rainfall using GPCP dataset for the JJAS period (i.e., 
for the period of 1979-2013). In (b), same as (a), but using JJAS Climatology of rainfall using 
MME of 30 CMIP6 models (for the same period of 1979-2013). In (c), bias (relative to 
GPCP) in rainfall climatology for CMIP6 MME.   
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Tables: 

Table 1. A list of the CMIP6 models utilized in the study.  

Sr. No. Model Name Institute Country Resolution 

1. ACCESS-CM2 Commonwealth Scientific 
and Industrial Research 
Organization 

Australia 250 km 

2. ACCESS-ESM1-5 Commonwealth Scientific 
and Industrial Research 
Organization 

Australia 250 km 

3. BCC-CSM2-MR Beijing Climate Center China 100 km 
4. CAMS-CSM1-0 Chinese Academy of 

Meteorological Sciences 
China 100 km 

5. CanESM5 Canadian Centre for Climate 
Modelling and Analysis 

Canada 100 km 

6. CMCC-CM2-SR5 Fondazione Centro Euro-
Mediterraneo sui 
Cambiamenti Climatici 

Italy 100 km 

7. CMCC-ESM2 Fondazione Centro Euro-
Mediterraneo sui 
Cambiamenti Climatici 

Italy 100 km 

8. CNRM-CM6-1 National Center for 
Meteorological Research, 
Météo-France and CNRS 
laboratory 

France 100 km 

9. CNRM-CM6-1-HR National Center for 
Meteorological Research, 
Météo-France and CNRS 
laboratory 

France 25 km 

10. EC-Earth3 Swedish Meteorological and 
Hydrological Institute/SMHI 

Sweden 100 km 

11. EC-Earth3-CC Swedish Meteorological and 
Hydrological Institute/SMHI 

Sweden 100 km 

12. EC-Earth3-Veg-LR Swedish Meteorological and 
Hydrological Institute/SMHI 

Sweden 100 km 

13. FGOALS-f3-L Chinese Academy of Sciences China 100 km 

14. FGOALS-g3 Chinese Academy of Sciences China 100 km 

15. FIO-ESM-2-0 First Institute of 
Oceanography, State Oceanic 
Administration 

China 100 km 
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16. GFDL-ESM4 National Oceanic and 
Atmospheric Administration, 
Geophysical Fluid Dynamics 
Laboratory 

United 
States 

50 km 

17. GISS-E2-1-G Goddard Institute for Space 
Studies 

United 
States 

250 km 

18. GISS-E2-1-H Goddard Institute for Space 
Studies 

United 
States 

250 km 

19. IITM-ESM Centre for Climate Change 
Research, Indian Institute of 
Tropical Meteorology 

India 250 km 

20. INM-CM5-0 Institute for Numerical 
Mathematics, Russian 
Academy of Science 

Russia 100 km 

21. IPSL-CM6A-LR Institute Pierre Simon 
Laplace 

France 100 km 

22. KACE-1-0-G National Institute of 
Meteorological 
Sciences/Korea 
Meteorological 
Administration 

Korea 250 km 

23. MCM-UA-1-0 Department of Geosciences, 
University of Arizona 

United 
States 

250 km 

24. MIROC6 Japan Agency for Marine-
Earth Science and Technology 

Japan 100 km 

25. MPI-ESM1-2-LR Max Planck Institute for 
Meteorology 

Germany 250 km 

26. MRI-ESM2-0 Meteorological Research 
Institute 

Japan 100 km 

27. NESM3 Nanjing University of 
Information Science and 
Technology 

China 100 km 

28. NorESM2-LM Norwegian Meteorological 
Institute 

Norway 100 km 

29. NorESM2-MM Norwegian Meteorological 
Institute 

Norway 100 km 

30. TaiESM1 Research Center for 
Environmental Changes, 
Academia Sinica 

Taiwan 100 km 
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Table 2: Definition of the indices used in the present study. The angle brackets are for spatial 
averaging of the corresponding variables over the relevant domains    

Sr. 
No. 

Indices used Variables and Domains used for averaging 

1. Interhemispheric TS 
gradient (IHTG) 

TS [25°N-90°N, 0° to 360°E] minus TS [60°S-90°N, 0° to 
360°E] 

2. Atlantic Meridional TS 
Gradient (AMTG) 

TS [40°W-10°W, 25°N-65°N] minus 
TS [40°W-10°W, 25°S-5°N] 

3. Low-Level Jet (NLLJ) Zonal wind at 850 hPa [10°N–20°N, 55°E–65°E] 
4. South of the LLJ core 

position (SLLJ) 
Zonal wind at 850 hPa [0°–10°N, 55°E–65°E] 

5. Tropical Easterly Jet 
(TEJ) 

Zonal wind at 200hPa [40°E-100°E, 10°S-20°N] 

 

 

Table 3: Intermodel standard deviation (SD, in mm/day) and Signal-to-Noise ratio (SNR) for 
the future change in moisture budget components averaged over ISM region (70°E-85°E, 
8°N-22°N).  

 

 

 

  

 

 

 

 

 

Moisture 
Budget terms 

𝑃′  𝐸′ 𝐷𝑌′ 𝑇𝐻′ 𝑅𝐸𝑆′ 

SD 0.820 0.153 0.539 0.517 0.411 
SNR 1.878 1.295 0.706 1.862 -0.006 
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