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Abstract 21 

Recently, the North Tropical Atlantic (NTA) Sea Surface Temperature (SST) anomalies 22 

emerge as a key-driver in the biennial transitions of El Niño Southern Oscillation (ENSO) and 23 

by extension of the whole ENSO-South Asian Summer Monsoon (SASM) system. In this 24 

context, we utilized a suite of Coupled Model Intercomparison Project Phase 6 (CMIP6) 25 

models with the Shared Socioeconomic Pathways (SSP2-4.5 and SSP5-8.5) and historical 26 

simulations to investigate whether the ENSO-SASM teleconnections as well as its biennial 27 

signature undergoes significant modulations in the future warming climate as mediated through 28 

the NTA SSTs. 29 

Our results reveal a pronounced increase in NTA variability under greenhouse warming, 30 

associated with an enhanced two-way teleconnection between NTA and ENSO, while the 31 

increase of ENSO variability is more modest. There is an exaggerated signature for the previous 32 

ENSO SSTs impacting boreal spring NTA SSTs, compared to a modest enhancement in NTA 33 

forcing on the following ENSO state. However, intriguingly, this later signature of NTA 34 

damping the ENSO variability seems to strengthen steadily from the historical simulation to 35 

the SSP5-8.5, implying an enhanced NTA forcing and biennial rhythm in future projections. In 36 

consonance with this emerging NTA signal, there is a significant increase in the variability of 37 

SASM rainfall by 21st century, together with a modest strengthening of the ENSO-SASM 38 

relationships in the future warming scenarios. We also noted consistent future strengthening of 39 

a biennial signature in the ENSO-SASM teleconnection. It is further inferred that the Pacific 40 

equatorial zonal SST gradient in conjunction with the NTA relative warming act as important 41 

sources for the future intensification of this biennial signal in ENSO variability and for the 42 

inter-model spread in the projections. In contrast to this, the future intensification in SASM 43 

rainfall variability and its biennial signature are not uniquely driven by these factors.   44 

Keywords: SASM; NTA; NTA-ENSO-SASM teleconnections; biennial signature; CMIP6 45 

future projections  46 
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1. Introduction 47 

The South Asian Summer Monsoon (SASM) is a large-scale phenomenon involving 48 

significant ocean-atmospheric interactions and teleconnections. The SASM rainfall governs the 49 

Indian agricultural production and the country's economy by accounting for about 80% of 50 

India's annual precipitation (Parthasarathy et al. 1994; Katzenberger et al. 2021). Accordingly, 51 

the socio-economic well-being of the Indian population is crucially linked to the SASM rainfall 52 

variability at different time scales, with the large abnormal behaviour in SASM rainfall often 53 

leading to disastrous impacts on many spheres of national activities over this subcontinent, i.e., 54 

adversely impacting its agrarian-based economy, health, and food security. The SASM shows 55 

a strong sensitivity to Green House Gas (GHG) induced global warming (Kitoh et al. 2013; 56 

Sharmila et al. 2015; Sooraj et al. 2015; Chen et al. 2020). As per the recent Intergovernmental 57 

Panel on Climate Change Sixth Assessment Report (IPCC AR6), the SASM rainfall is projected 58 

to intensify significantly at the end of 21st century, but with enhanced interannual variability 59 

implying more floods and droughts in the future (Douville et al. 2021; Katzenberger et al. 60 

2021). Given the complex spatio-temporal characteristics of SASM, the unprecedented 61 

enhancement of GHG emissions in the future period could further exacerbate the SASM 62 

response at the regional scale. Thus, a robust understanding and projection of the SASM 63 

variability are imperative for making detailed management strategies and policies in the future, 64 

leading to sustainable developments, and ensuring food and energy security over the SASM 65 

region. To achieve this goal, reliable future projections (i.e., at the end of the century) of SASM 66 

variability in addition to mean-state changes are crucial.  67 

The SASM interannual variability is influenced by several remote ocean-atmospheric 68 

coupled phenomena, including the El Niño Southern Oscillation (ENSO; e.g., Webster et al. 69 

1998), Indian Ocean Dipole (IOD; e.g., Saji et al. 1999), Atlantic Zonal Mode (AZM; e.g., 70 

Sabeerali et al. 2019), and North Tropical Atlantic (NTA; Sooraj et al. 2023). In addition to 71 

these dominant modes of tropical Sea Surface Temperature (SST) variability, SST variations in 72 

the extratropical Pacific (Chattopadhyay et al. 2015) and North Atlantic can also affect SASM 73 

interannual variability (e.g., Rajeevan and Sridhar 2008). Thus, the fate of SASM interannual 74 

variability at the end of the century consequently relies on the response of these SST modes of 75 

climate variability to different future warming scenarios.  76 

The impact of AZM on SASM is well illustrated by several studies, thus suggesting it 77 

as an additional driver of SASM variability, beyond ENSO and IOD (e.g., Kucharski et al. 78 
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2009; Wang et al. 2009; Sabeerali et al. 2019). However, recent studies showed a weaker AZM-79 

SASM association in the recent period, as AZM and SASM interact with ENSO in a complex 80 

manner (Ding et al. 2012; Terray et al. 2023; Sooraj et al. 2023). Furthermore, the AZM-SASM 81 

association is projected to weaken in future projections using the latest Coupled Model 82 

Intercomparison Project phase 6 (CMIP6) models (Sabeerali et al. 2022). 83 

Recently, there is a growing recognition for the role of NTA (Northern lobe of Atlantic 84 

Meridional Mode, AMM; e.g., Chiang and Vimont 2004; Yang et al. 2018, 2021; Cabos et al. 85 

2019) as a key driver of the ENSO biennial system (Ham et al. 2013a, b; Wang et al. 2017). 86 

The NTA SST anomalies generally peak in boreal spring (March to May, MAM) and are 87 

dominantly forced by ENSO and the North Atlantic Oscillation (NAO), with a surface wind-88 

evaporation feedback contributing to their further development (e.g., Yang et al. 2018, 2021). 89 

The NTA SST as enforced by ENSO can in-turn fasten the demise of ENSO events in the 90 

following year through its capacitor effect, thus acting as a key driver of ENSO biennial rhythm 91 

(Wang et al. 2017). Consequently, NTA SSTs emerged as an important driver of the whole 92 

ENSO-SASM system during recent decades (Yang and Huang 2021; Terray et al. 2023; Sooraj 93 

et al. 2023). 94 

Moreover, Sooraj et al. (2023) have recently demonstrated that the NTA has a 95 

significant influence on the SASM variability. They illustrated the key role of NTA SSTs in the 96 

reversal of the ENSO conditions through the capacitor effect, but also in modulating the 97 

interannual variability of SASM as mediated by ENSO. Further, their coupled sensitivity 98 

experiments revealed the asymmetric response in the simulated NTA-ENSO-SASM 99 

association as the cold NTA perturbations (imposed on strong La Niña initial conditions) show 100 

a significantly stronger anomalous boreal summer SASM rainfall response than the warm NTA 101 

perturbation experiments (using strong El Niño initial conditions).  102 

In light of the above, it thus transpires that the NTA SSTs are an important driver of the 103 

whole ENSO-SASM system. However, one can envisage the following unresolved questions. 104 

Whether the recent NTA-SASM association through ENSO is reinforced by anthropogenic 105 

forcing or by natural variability? As the NTA impact on SASM is mainly mediated through 106 

ENSO, does it mean that the role of NTA will also be weaker if the ENSO-SASM weakens in 107 

the future projections (Goswami and An 2023)? On the other way around, if the ENSO-SASM 108 

relationship is stronger in the future projections, will that be partly attributable to NTA mean 109 

state and variability changes? Finally, whether the biennial rhythm of ENSO-SASM 110 
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teleconnections can undergo significant modifications in the future projections as modulated 111 

through NTA?  112 

A comprehensive analysis addressing the above questions is missing so far to the best 113 

of our knowledge, thus defining the focus of the present study. Such an investigation assumes 114 

further significance in the backdrop of the projected weakening of AZM-SASM association in 115 

future warming projections (Sabeerali et al. 2022). Moreover, as the NTA SST is modulating 116 

the ENSO-SASM association non-linearly (Sooraj et al. 2023) and as the NTA and ENSO 117 

variabilities are projected to increase in the future (e.g., Cai et al. 2018, 2021; Fredriksen et al. 118 

2020; Yang et al. 2021), a comprehensive evaluation of the NTA-ENSO-SASM teleconnections 119 

in a future warming scenario is warranted. These considerations lead to the present study 120 

focusing on the NTA-ENSO-SASM teleconnection in future scenarios using a consortium of 121 

CMIP6 coupled models.  122 

The manuscript is arranged in the following way. Section 2 outlines the observed and 123 

CMIP6 datasets, and the methodology adopted. The NTA variability and its associated 124 

teleconnection with SASM and ENSO in recent observations and historical simulations are 125 

described in Sections 3 and 4, respectively. Sections 5 and 6 detail the projected changes in 126 

NTA-ENSO-SASM teleconnection in the future. Section 7 explores the plausible origin of the 127 

stronger projected biennial signature of the NTA-ENSO-SASM system. Section 8 contains the 128 

summary and concluding remarks.  129 

2. Data and methods 130 

2.1 CMIP6 simulations 131 

The study used the historical and Shared Socioeconomic Pathways (SSPs) scenario 132 

climate experiments from 30 coupled models contributing to CMIP6 (Eyring et al. 2016; 133 

O’Neill et al. 2016). For SSPs, we considered SSP2-4.5 (a medium-forcing scenario, “middle‐134 

of‐the‐road” pathway) and SSP5-8.5 (a highest-forcing scenario, “high-end-of-the-road” 135 

pathway). Table 1 provides a general overview of the model datasets. The historical runs of 136 

CMIP6 models are forced with the natural and anthropogenic forcings (Eyring et al. 2016), 137 

while the SSP2-4.5 (SSP5-8.5) scenario depicts the medium (highest) emission scenario where 138 

the radiative forcing reaches 4.5 W/m2 (8.5 W/m2) by the end of the 21st century (O'Neill et al. 139 

2016). Note that these two SSPs will be hereafter simply referred to as SSP245 and SSP585, 140 

wherever appropriate. Note also that we have restricted our analysis to the first available 141 

ensemble member (i.e., either r1i1p1f1 or r1i1p1f2) from each model.  142 
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2.2 Observational Data 143 

We used monthly SST reanalysis from Hadley Centre Sea Ice and Sea Surface 144 

Temperature dataset version 1.1 (HadISST v1.1, Rayner et al. 2003) from 1948 to 2020.  145 

Secondly, we used a global monthly mean precipitation dataset with a horizontal resolution of 146 

2.5°×2.5°, as obtained from the Global Precipitation Climatology Project (GPCP) monthly 147 

precipitation analysis for the period from 1979 to 2020 (Adler et al. 2018). Additionally, we 148 

used the gridded high resolution (0.25° × 0.25°) regional precipitation dataset from the India 149 

Meteorological Department (IMD; Pai et al. 2014) as available for the period from 1948 to 150 

2020.  151 

2.3 Methodology 152 

We used the same length of time period (42 years) for both the observations (1979–153 

2020) and CMIP6 model simulations for the analysis. While the historical simulations used the 154 

period of 1973–2014, the SSP scenarios used the period 2058-2099. The monthly datasets from 155 

both the observation and CMIP6 models are bilinearly interpolated into a 1° × 1° grid for ease 156 

of comparison. Also, all datasets (as applied to the historical and SSPs separately) are linearly 157 

detrended, and the climatological mean is removed prior to the analysis as our focus is on 158 

interannual variability.  159 

2.3.1 NTA, Niño3.4 and SASM indices  160 

To identify the NTA variability in the observation and the CMIP6 models (for both the 161 

historical and future simulations), Empirical Orthogonal Function (EOF) analysis is carried out 162 

on the linearly detrended boreal spring (MAM season) SST anomalies over the NTA region (0° 163 

to 30°N and 70°W to 10°W). A basin-wide mode consistently emerges as the first mode of EOF 164 

analysis (EOF1) in both historical and SSPs (see Fig. 3b-d), similar to the observed results in 165 

Figure 3a (Sooraj et al. 2023). Thus, in order to define warm (cold) NTA events, we have used 166 

a NTA index based on the first Principal Component (PC1, as corresponding to EOF1) time 167 

series, for both the historical and SSPs. Then, in the historical simulations, warm (cold) NTA 168 

events are identified based on the threshold of 1 Standard Deviation (i.e., SD at interannual 169 

time scale), as calculated for the MAM season. Next, the Niño3.4 index is defined as the area 170 

average of SST anomalies over the 5°S to 5°N and 170°W to 120°W to identify the El Niño 171 

(La Niña) events which are greater than or equal to 1 SD (less than or equal to -1 SD), as 172 

corresponding to the boreal winter period [December to February]. It is important to note that 173 

the same SST thresholds, as used to identify the NTA and ENSO events in the historical 174 
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simulations, are retained for the identification of events in the future simulations (SSPs) in 175 

order to depict accurately the changes of variability and teleconnections. Finally, the SASM 176 

rainfall time series is defined as rainfall anomalies averaged over the Indian land points 177 

between 10°N to 30°N and 70°E to 95°E and for the boreal summer (June to September, JJAS).  178 

While identifying events in selected CMIP6 models (see Section 2.3.2 for the details 179 

on the model selection), it is also ensured that the identified ENSO events develop in JJAS(0) 180 

following the NTA events in MAM(0) thus attaining the ENSO peak in the subsequent boreal 181 

winter season [D(0)JF(1)]. It is found that most of these selected NTA events are in-turn 182 

induced by the previous ENSO during D(-1)JF(0) (figure not shown), as consistent with the 183 

observed biennial nature of ENSO. Note that hereafter “1” refers to the following year, while 184 

“-1” represent the preceding year of current year 0 during which NTA events emerge in MAM 185 

season.  186 

In order to ascertain the inter-model spread in ENSO variance, we have also performed 187 

EOF analysis over the Pacific region (110°E-70°W, 30°S-30°N) for all the 30 models with an 188 

intention to see their ability in capturing the ENSO variance and pattern (as explained by the 189 

dominant EOF mode, EOF1) during boreal winter period [December to February]. Our results 190 

show that all the 30 models show fidelity in capturing the dominant ENSO variance statistics 191 

(Figure not shown).  192 

It is well-known that the ENSO is the main driver of NTA (Yang et al. 2018, 2021; 193 

Terray et al. 2023; Sooraj et al. 2023). But the precursory nature of NTA in hastening the ENSO 194 

transition is emerging during the recent decades taking the form of a biennial rhythm involving 195 

both ENSO and NTA (see Introduction and Section 3). This justifies our above choice of 196 

defining composites using the above identified co-occurring NTA-ENSO events with an 197 

intention to better characterize the modulations of this biennial NTA-ENSO rhythm in the 198 

projections. The observed composite analysis focussing on such co-occurring NTA-ENSO 199 

events is documented in Sooraj et al. (2023) and hence the same analysis is not repeated here 200 

for brevity, and we will focus mainly on the changes of the composites across future scenarios.    201 

2.3.2 Models Selection Procedure 202 

Analyses of current generation of coupled models as participated in CMIP6 show 203 

improved performance in simulating the observed SASM rainfall climatology and variability 204 

compared to the previous generation of models from CMIP3 to CMIP5 (Rajendran et al. 2022; 205 

Choudhury et al. 2021; Guilbert et al. 2023). However, the current CMIP6 coupled models still 206 
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show prominent biases in simulating the observed climate statistics (both mean and variability). 207 

So before analysing the future projections from CMIP6, a detailed evaluation on the fidelity of 208 

the current state-of-the-art coupled models to capture the present-day climatology and 209 

variability aspects of the NTA-SASM system is attempted here using all 30 CMIP6 models 210 

thus facilitating us to select a set of models showing better agreement with observations. In this 211 

direction, we implemented Taylor diagrams (Taylor 2001) to assess the performance of the 212 

CMIP6 models (see Fig. 1a-c) in replicating the present-day climate statistics for the NTA SST 213 

and SASM rainfall. Note here that the reference climate statistics of the NTA SSTs are derived 214 

from the HadISST, while the observed rainfall statistics are estimated from the GPCP rainfall 215 

dataset. Fig. 1 obviously shows large inter-model spread in climate statistics for both the NTA 216 

SST and Indian land rainfall. Considering this large spread, optimally best models are selected 217 

based on the following criteria:  218 

1. Pattern Correlation Coefficient (PCC) for the EOF1 of SST (as described earlier) of 219 

the boreal spring season (MAM) over the NTA region, against the corresponding 220 

HadISST observation, is greater than or equal to 0.5 (based on Fig. 1a)  221 

2. The PCC for mean summer monsoon rainfall over the Indian land points, against 222 

the corresponding GPCP observation, is greater than or equal to 0.5 (based on Fig. 223 

1b) 224 

3. The PCC for the interannual variability in summer monsoon rainfall over Indian 225 

land points, versus the equivalent GPCP observation, is more than 0.7 (based on 226 

Fig. 1c)  227 

4. The spatial standard deviation ratio is between 0.75 and 1.20. Here note that the 228 

standard deviation for each model is averaged spatially for the above 3 criteria (i.e., 229 

EOF1 in SST, mean and variability in rainfall) and subsequently expressed as ratio 230 

between the model and observed standard deviation estimates.   231 

We identified 11 CMIP6 models (as highlighted in bold, see Table 1) for the assessment 232 

of the NTA-ENSO-SASM teleconnection, that adequately replicate both the observed NTA 233 

SST variability and climatology/variability of SASM rainfall during the recent decades. In 234 

other words, they show improved skill in reproducing the dominant EOF pattern of SST over 235 

NTA (Yang et al. 2021) and in replicating the JJAS mean rainfall climatology across the Indian 236 

landmass along with its interannual variability (Choudhury et al. 2021; Rajendran et al. 2022. 237 

Note that, the model NESM3 exhibits an unrealistic out-of-phase relationship between NTA 238 

SST and SASM rainfall in future simulations (both in SSP425 and SSP585, figure not shown) 239 
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though it realistically captured the observed in-phase relationship in the historical simulations 240 

and consequently we have removed it from the selected list of the “best” models. Accordingly, 241 

there are 10 selected models (highlighted in bold, see Table 1), as subsequently employed it for 242 

deeper analysis on future projections on NTA-ENSO-SASM. However, we will also verify our 243 

main results using all 30 CMIP6 models (see Table 1) in order to test the robustness of our 244 

results and, thus, strengthen our conclusions. The results based on the 10 selected models will 245 

be referred to as hist_10m, while those using 30 models are referred simply as historical, 246 

wherever appropriate. Similar conventions are applicable for the future simulations as well 247 

(i.e., ssp245_10m, ssp585_10m, ssp245 and ssp585). Also, the multi-model ensemble means 248 

(MME) of 10 selected and all 30 CMIP6 models are referred, respectively, as MME10 and 249 

MME30, wherever appropriate.   250 

2.3.3 Statistical Significance 251 

In order to assess the statistical significance of the future change in different climate 252 

statistics (i.e., mean, variability etc.) compared to the historical simulations, bootstrap (more 253 

precisely resampling tests without replacement) tests are performed (Noreen 1989; Terray et 254 

al. 2003). The procedure allows for testing the null hypothesis that two samples (here historical 255 

simulations and projections) are drawn from the same (finite) population. The difference in 256 

statistics between the two groups of samples is used to assess their chance of occurrences under 257 

the null hypothesis based on randomization tests with 10000 shuffles in a finite-population 258 

framework, which follows the methodology described in Terray et al. (2003).  259 

Similar bootstrapping procedures, as described above, are additionally employed to 260 

assess the statistical significance of the future changes in the NTA-ENSO composites (i.e., the 261 

difference in the composites between future and historical). Finally, a similar bootstrap test is 262 

further performed to assess the statistical significance of the correlation maps (Noreen 1989). 263 

3. Emerging NTA-ENSO-SASM teleconnection in recent decades 264 

As the NTA has a profound impact on SASM through ENSO during recent decades 265 

(following the prelude), one will be curious to ascertain how this strengthened teleconnection 266 

emerges in the backdrop of the global warming and also the relative warming of the NTA 267 

compared to the whole Tropics in observations.  268 

Figure 2a shows the 21-year sliding correlation analysis between pre-monsoon [e.g., 269 

MAM(0), as noted earlier “0” refers to the current year] NTA SST anomalies and boreal 270 
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summer SASM rainfall [e.g., JJAS(0)] from 1948 to 2020 (blue line in Fig. 2a). A weak positive 271 

association between NTA SST and SASM rainfall is observed until 1995, growing stronger in 272 

the following years thus attaining significance in the 2000s. Coinciding with this, the 21-year 273 

sliding correlations between the MAM(0) NTA SST and JJAS(0) ENSO indices (see green line 274 

in Fig. 2a) are also steadily increasing in amplitude after the 1995s. This stronger positive 275 

association between NTA and SASM rainfall and the reverse NTA-ENSO association 276 

conspicuously suggest stronger and significant teleconnection pathways linking NTA to SASM 277 

as mediated by ENSO consistent with the results of Yang and Huang (2021) and Sooraj et al. 278 

(2023). Figure 2a (red line in Fig. 2a) further reveals that the inverse association between ENSO 279 

and SASM has also strengthened after 2000, thus indicating a renewal of the ENSO-SASM 280 

teleconnection. According to Yang and Huang (2021), this indicates a new interdecadal 281 

transition in the ENSO-SASM system. This also suggests the hypothesis that the enhanced 282 

NTA impact on ENSO variability after 1995s (green line in Fig. 2a) may be one of the reasons 283 

of the observed recovery of the ENSO-SASM relationship in the 21st century (red line in Fig. 284 

2a). 285 

A 21-year moving average as applied to the time series of NTA SST anomalies further 286 

demonstrates that the NTA experienced pronounced warming after 1995, while below-normal 287 

SST anomalies dominate before (Fig. 2b). Moreover, the tropical SST anomalies, as averaged 288 

over 30°S to 30°N and 180°W to 180°E (black line in Fig. 2b), show that the entire Tropics are 289 

warming at a slower rate compared to the NTA warming, during the recent decades (i.e., after 290 

2000) suggesting that the NTA is very susceptible to anthropogenic changes. Sooraj et al. 291 

(2023) also recently made a similar inference that the NTA is warming faster than other tropical 292 

oceans (i.e., tropical Pacific and Indian oceans). Park et al. (2022) also observed this 293 

pronounced NTA warming after 1995 and suggested that this warmer NTA basic state created 294 

conditions favourable for NTA to efficiently impact the ENSO transitions in the recent decades 295 

(Wang et al. 2017) coinciding with the above results.  296 

Given this emerging teleconnection between NTA, SASM and ENSO and its possible 297 

link to the relative warming of the NTA compared to the whole Tropics in the recent decades 298 

(Fig. 2), we explore in the next Sections how these teleconnections evolve in future warming 299 

scenarios using CMIP6 coupled models.  300 

  301 
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4. NTA-ENSO-SASM teleconnection in the historical simulations of CMIP6 302 

 Before proceeding with a deeper analysis using only selected models, we performed 303 

here a correlation analysis between different indices (e.g., Niño3.4, NTA and SASM as defined 304 

in Section 2) using observational datasets and historical simulations from all 30 CMIP6 models 305 

to assess the performance and spread of the CMIP6 models in simulating the ENSO, NTA and 306 

SASM system and validate our model selection procedure (Fig. 1d). Note that the selected 10 307 

models are highlighted in gray shading in Figure 1d for easy interpretation.  308 

Previous studies have shown that there are strong two-way interactions between the 309 

NTA and ENSO (e.g., Cai et al. 2019; Terray et al. 2023; Sooraj et al. 2023). As demonstrated 310 

by Fig. 1d, the previous ENSO state (during the preceding boreal winter) enforces the NTA 311 

SSTs as revealed by the observed positive association between Niño3.4 SST [D(-1)JF(0)] and 312 

NTA PC1 [MAM(0)] indices, thus coinciding with earlier studies (Jiang and Li 2019; Park and 313 

Li 2019; Terray et al. 2023; Sooraj et al. 2023, see red bar in Fig. 1d). All the 30 coupled models 314 

(in particular the selected 10 models) realistically simulate this lag relationship of NTA 315 

MAM(0) SST anomalies to the previous ENSO state (i.e., ENSO impacting NTA) and many 316 

models obviously exaggerate this ENSO forcing on the NTA.  317 

The ENSO induced NTA SST anomalies can in-turn impact the ENSO transition 318 

through its capacitor effect thus maintaining the ENSO biennial rhythm (e.g., Ham et al. 2013a, 319 

b; Wang et al. 2017; Park et al. 2022, 2023; Sooraj et al. 2023). This is manifested by an inverse 320 

relationship between the NTA PC1 index [MAM(0)] and the Niño3.4 SST index [D(0)JF(1)] 321 

in both observations and CMIP6 models (green bars in Fig. 1d). But only 19 (out of 30) CMIP6 322 

models are able to capture realistically this NTA impact on the following ENSO with rest of 323 

the models fail to achieve it. Recently, Park et al. (2022) has also noted that the strength of 324 

NTA impact on ENSO varies widely across the CMIP5 models. In summary, the current models 325 

overemphasize the ENSO forcing on NTA rather than the reverse. This is attributed to the 326 

intensity of the climatological subtropical North Pacific high as according to Park et al. (2022) 327 

the NTA triggering on ENSO is proportional to the strength of the Pacific subtropical high in 328 

the models. Note that this may also be partly associated with the bias in tropical Atlantic mean 329 

state according to Terray et al. (2023). 330 

  Next, we examined a similar correlation analysis between JJAS(0) Niño3.4 SST and 331 

SASM rainfall, as it is crucial to validate the observed inverse association between ENSO and 332 

SASM rainfall in the CMIP6 historical simulations. All 30 CMIP6 models exhibit an inverse 333 
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relationship between Niño3.4 SST and SASM rainfall though with a large inter-model spread 334 

in amplitude (see blue bars in Fig. 1d). Then we looked for the lagged association between the 335 

NTA PC1 and the SASM rainfall indices which as per the observation shows a positive 336 

relationship, thus suggesting the strengthening (weakening) of SASM rainfall during the 337 

positive (negative) NTA events (Sooraj et al. 2023, see violet bars in Fig. 1d). Interestingly, all 338 

the selected models are able to capture this observed positive association between NTA SST 339 

and SASM rainfall though some of it are slightly underestimating it. But, more importantly, 340 

rest of the models (i.e., 17 models out of 20) simulate mostly inverse associations (contrary to 341 

the observed association) and are thus unable to replicate the observed interannual relationship, 342 

a feature which validate our selection procedure. 343 

During boreal spring, the observed dominant EOF pattern in SST shows significant 344 

anomalous large-scale warming (or cooling) over the NTA region (i.e., maximum warming 345 

occurring over the regions 10°N to 25°N) with SST anomalies of opposite polarity to its 346 

northwest (Fig. 3a). Figure 3b shows the MME in dominant EOF SST patterns for the selected 347 

10 CMIP6 models (i.e., MME10) in historical simulation. The selected models demonstrate 348 

similar observed anomalous large-scale SST patterns over NTA region (with a pattern 349 

correlation of 0.84 for MME10) but with a weaker amplitude (Fig. 3b). Thus, the leading EOF 350 

mode of spring NTA SST anomalies as simulated by the selected models is well consistent with 351 

the observed features. Interestingly, the weaker coherency and amplitude of the NTA anomalies 352 

despite of the stronger ENSO forcing in the models may also partly explain the subsequent 353 

reduced NTA forcing on ENSO in the models (as illustrated in Fig. 1d) in addition to the 354 

potential role of the subtropical North Pacific high (Park et al. 2022). 355 

Next, to envisage the associated pattern of rainfall over the SASM region (in particular 356 

over Indian landmass), regression analysis is further carried out between the NTA PC1 index 357 

and JJAS averaged rainfall in observations and simulations. The MME of the selected models 358 

(MME10) shows significant positive rainfall anomalies over Peninsular India extending to 359 

central India similar to the observation (Fig. 3e and 3f). In a broader sense, we find that our 360 

selected models are able to replicate the observed positive linkage between NTA SST and 361 

SASM rainfall (with a pattern correlation 0.64 for MME10). 362 

To sum up, the selected models in their historical simulations share many features with 363 

those in observations and thus are capable of reproducing the observed relationships during 364 

recent decades (e.g., Fig. 1d).    365 
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5. Increased NTA-ENSO association in the future global warming scenario 366 

Similar to the historical period, we then performed the EOF analysis on the linearly 367 

detrended boreal spring season NTA SST anomalies (see Section 2), over the future period from 368 

2058 to 2099 for the selected 10 CMIP6 models using their SSP245 and SSP585 scenarios. We 369 

show the dominant EOF SST patterns of the MME of the 10 selected models (MME10) in 370 

Figures 3c-d. The MME10 projects a notable increase in NTA anomalies in the future warming 371 

climate, in particular for the SSP585 scenario, as compared to the historical period (compare 372 

Fig. 3b with Fig. 3c and 3d), yet the explained variance by the first EOF is still lower than in 373 

observations even for the SSP585 scenario. However, these variances described by the first 374 

EOF mode also show a clear increase from historical to both SSPs (see Fig. 4a and the figure 375 

caption for more details). The MME10 (MME30) show an ensemble mean increase of 8% 376 

(4.45%) in ssp245_10m (ssp245), while it is 9.5% (4.3%) for ssp585_10m (ssp585). The 377 

ensemble mean increases for the explained variances (for both MME10 and MME30) are 378 

further statistically significant according to a bootstrap test (see Figs. 4c, S1a). Similar 379 

significantly projected ensemble mean increase is obvious in NTA SD as well (based on 380 

bootstrap test, see Figs. 4b-d, S1b). So, the increase in the NTA EOF variance and the NTA SD 381 

is not only observed for the selected models, but also for all the 30 models, hence implying that 382 

NTA variability show a general increase in the future scenarios irrespective of model selection 383 

or choice of the NTA index (see Fig. S1a, b; Yang et al. 2021).  384 

As the NTA variability is prominently linked to ENSO variation in the models (Fig. 1d), 385 

it prompted us to examine the ENSO SD signature in the future warming scenarios (see Fig. 386 

5a). As per our analysis, the MME10 (MME30) of Niño3.4 SD is 1.05 (1.15), 1.21 (1.22), and 387 

1.24 (1.23) °C, as observed in the hist_10m (historical), ssp245_10m (ssp245), and 388 

ssp585_10m (ssp585), respectively (Fig. 5a). Comparing these values to the historical period, 389 

we observe a percentage increase of 15% (5.6%) and 18% (6.8%) in the MME10 (MME30) 390 

for ssp245_10m (ssp245) and ssp585_10m (ssp585), respectively. Importantly, these ensemble 391 

mean projected increases are also statistically significant according to a bootstrap test (see Figs. 392 

5c, S1c). These results suggest that the ENSO variability also increases slightly in a warming 393 

climate, though a recent study indicated a lack of consensus within CMIP6 models on the 394 

change in variance and spectra of ENSO (Fredriksen et al. 2020). However, this increase is 395 

obviously less marked than in our NTA index highlighting the need of further analyses on the 396 

role of NTA in future NTA-ENSO-SASM teleconnections. 397 
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Given this systematic and significant increase of NTA SST variability in the future 398 

simulations, it is intuitive to first examine the status of NTA-ENSO association in the future 399 

climate. This is done in Figure 6a through the lead-lag correlations between the NTA PC1 index 400 

and monthly time series Niño3.4 SST for observation, historical (blue line), SSP245 (red line) 401 

and SSP585 (orange line) scenarios. Note, both for historical and SSPs, the correlations are 402 

computed for each selected model and presented finally as an ensemble mean (MME10). The 403 

observed lead-lag relationship is reproduced in the historical scenario with maximum positive 404 

correlation one year before the NTA index and then gradually weakening in the early boreal 405 

spring of year 0, reversed in sign during the pre-monsoon season of year 0 and, thus, eventually 406 

attaining significant negative correlation values in boreal summer of year 0 and the subsequent 407 

seasons. Basically, similar to observation, the selected CMIP6 models also illustrate that the 408 

NTA events are dominantly forced by previous ENSO state (during year -1) which in-turn may 409 

play a role in transitions from El Niño to La Niña states as the NTA events in the boreal spring 410 

season [MAM(0)] are inversely and significantly associated with subsequent ENSO 411 

[D(0)JF(1)] events in the CMIP6 models. This further coincides with recent studies showing 412 

the precursory nature of NTA SSTs (Ham et al. 2013a, b; Wang et al. 2017; Ma et al. 2020; 413 

Sooraj et al. 2023). However, while the selected models show an exaggerated ENSO influence 414 

on NTA (in year -1), they also underestimate the possible negative feedback of NTA SSTs on 415 

the ENSO transition (in year 0) compared to observations, even in the scenario with higher 416 

radiative forcing. This may be a manifestation of complex NTA-ENSO teleconnection biases 417 

as inherent in the current state-of-the-art coupled models, which manifest itself as ENSO events 418 

persisting far inside year (1) compared to observations in state-of-the art coupled models 419 

(Terray et al. 2023). However, this negative feedback seems to strengthen steadily from the 420 

historical simulation to the SSP585, thus implying that the feedback of NTA onto ENSO 421 

transition is also in line with the strength of the anthropogenic forcing as already suggested 422 

from observation in Section 3. 423 

For deeper understanding of this enhanced NTA-ENSO relationship in the future 424 

scenarios, in particular the NTA connection to ENSO during year 0, Figure S2 shows box 425 

whisker plots illustrating the evolutions across the scenarios for the total number of NTA events 426 

[during MAM(0)] and also those preceding the ENSO events [during D(0)JF(1)]. First, a 427 

projected increase in the frequency of NTA events is found consistently across the scenarios in 428 

all selected 10 models (Fig. S2a), with statistically significant projected increase for the 429 

MME10 (see Fig. S2c). The MME10 shows accordingly a relative increase of 18.23% 430 
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(20.12%) in ssp245_10m (ssp585_10m) scenarios, as further consistent with the findings 431 

presented in Yang et al. (2021). Furthermore, Figure S2b and d demonstrate that, both in the 432 

historical and future simulations, many NTA events occurred prior to ENSO events and this 433 

behaviour is again better defined in the scenarios, suggesting the key role of NTA SSTs in the 434 

future of the biennial ENSO-SASM system. Quantitively for the MME10, the number of NTA 435 

events leading to ENSO events is projected to increase approximately by 38% (44%) in 436 

ssp245_10m (ssp585_10m), respectively. The results complement those from Yang et al. 437 

(2021), using CMIP6 scenarios, showing an increase of NTA events as driven by the previous 438 

ENSO state. All together, these results imply that the two-way mutual association between NTA 439 

and ENSO is significantly and robustly enhanced in the future global warming scenarios 440 

(SSPs).  441 

As illustrated above, the NTA SST anomaly injects a biennial rhythm in the ENSO 442 

system and is a key driver of ENSO biennial variability. To pursue this aspect, we performed 443 

further analysis to quantify better the future changes in this biennial signature as shown in 444 

Figure 7. The biennial signal in NTA-ENSO association is derived based on their mutual 445 

associations and is computed as difference in correlation coefficients measuring the ENSO 446 

impact on NTA and vice-versa. More precisely, the ENSO impact on NTA (i.e., ENSO_NTA) 447 

is calculated as correlation values between Niño3.4 index in D(-1)JF(0) and NTA index in 448 

MAM(0), while the NTA impact on ENSO (i.e., NTA_ENSO) is based on the correlation values 449 

between NTA index in MAM(0) and Niño3.4 index during D(0)JF(1) for each model. Next, the 450 

difference in these correlations is obtained for each model (i.e., ENSO-NTA-ENSO as 451 

indicated in the figure caption) and, finally, plotted as an ensemble mean (see Fig. 7a for 452 

MME30 and see Fig. 7c for MME10) and is used as a proxy for the amplitude of the biennial 453 

cycle in the system as driven by NTA SST anomalies. In observation, both forcings (ENSO to 454 

NTA and conversely see Fig. 7a, c) contribute symmetrically to maintain the ENSO biennial 455 

variability. However, such symmetric oscillatory behaviour is not well conspicuous in the 456 

CMIP6 models (i.e., for its historical simulation): while both the MME30 and MME10 457 

overestimate the ENSO impact on NTA, it shows severe underestimation on the other way 458 

around (Fig. 7a, c) consistent with Figure 6. Accordingly, the biennial ENSO signature is 459 

underestimated in historical simulations for both the MME10 and MME30, with the selected 460 

models (MME10) coming closer to the reality.  461 

It further reveals that the selected 10 models (MME10 compared to MME30) show an 462 

enhanced association of NTA MAM(0) SST anomalies to the previous ENSO state [D(-1)JF(0)] 463 
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with a reduced inter-model spread in both SSPs, thus implying ENSO impacting NTA (i.e., 464 

ENSO_NTA) more strongly in the future projections, relative to the historical period (see Fig. 465 

7a, c). Interestingly, this ENSO forcing is not stronger in the highest scenario for both MME10 466 

and MME30, but in the medium scenario. The 10 selected models also exhibit a stronger and 467 

more robust negative correlations between MAM(0) NTA and D(0)JF(1) ENSO indices as 468 

compared to the 30 models suggesting a steady increase of the negative feedback of NTA to 469 

ENSO (i.e., NTA_ENSO) from the historical to the future period, irrespective of the scenario. 470 

Moreover, this negative NTA forcing on ENSO increases steadily from the historical simulation 471 

to the stronger scenario unlike the reverse ENSO forcing on NTA (ENSO_NTA) for both 472 

MME10 and MME30. However, this NTA forcing (i.e., NTA_ENSO) is still much weaker than 473 

in current observations, even in the strongest scenario and especially for MME30. 474 

 As a consequence of these different changes in the SSPs, the ENSO-NTA-ENSO 475 

statistics also increase from the historical simulation to the stronger scenario for both MME30 476 

and MME10, highlighting the key driver role of NTA forcing in this enhanced biennial rhythm 477 

of the NTA-ENSO system in the projections irrespective of the strength of the ENSO forcing 478 

alone (Fig. 7a, c). 479 

6. Consequence of enhanced NTA-ENSO association on the SASM variability   480 

6.1 Increased SASM variability 481 

In the context of enhanced NTA-ENSO association in the future scenarios as described 482 

above, firstly, we analysed the future change in the SD of SASM rainfall. Figure 5b displays 483 

box and whisker plots illustrating the SD of SASM rainfall. In the historical period, the SASM 484 

rainfall SD ranges from 0.2 to 1.3 mm/day for all the 30 models whereas the selected models 485 

show relatively reduced inter-model spread (0.6 to 0.8 mm/day) thus closely resembling the 486 

observational estimates (e.g., 0.55 mm/day from GPCP). Recently, Choudhury et al. (2021) 487 

and Rajendran et al. (2022) made extensive studies to assess the SASM characteristic in 488 

historical simulations of CMIP6 models. According to Rajendran et al. (2022), the SASM 489 

variability has systematically improved from previous CMIP generations to CMIP6, as the 490 

SASM rainfall SD is underestimated by the previous generations of CMIP models.  491 

Figure 5b further show that the MME10 (MME30) of SASM rainfall SD is 0.75 (0.78), 492 

0.81 (0.85), and 0.88 (0.87) mm/day in hist_10m (historical), ssp245_10m (ssp245), and 493 

ssp585_10m (ssp585), respectively. And the future change in rainfall SD with respect to the 494 

historical period indicates a percentage increase in the MME10 (MME30) by 8.57% (9%) and 495 



17 
 

18.07% (11.53%) in ssp245_10m (ssp245) and ssp585_10m (ssp585), respectively. The 496 

ensemble mean changes (MME10 and MME30) are further found to be statistically significant 497 

(see Figs. 5d, S1d). This increased rainfall variability in the 21st century is further consistent 498 

with the findings in Katzenberger et al. (2021).  499 

6.2 Changes in ENSO-SASM teleconnection 500 

As a first step to assess the impact of the enhanced NTA-ENSO association (see 501 

previous section) on SASM variability, we examine the lead-lag correlation between the 502 

monthly Niño3.4 SST and SASM average rainfall time series for observation and then 503 

compared it with historical, SSP245 and SSP585 using selected 10 CMIP6 models (Fig. 6b). 504 

The MME10 in both historical and SSPs show two lead-lag correlation peaks of opposite 505 

polarity as in observations. Firstly, there is maximum positive correlation in the historical 506 

simulation that happens one year before the SASM. The correlations reverse its polarity 507 

(positive to negative) during the boreal spring year of 0 and become statistically significant 508 

during the JJAS(0) season (e.g., Pandey et al. 2020; Terray et al. 2021; Choudhury et al. 2021). 509 

However, both the correlation peaks are much weaker compared to the observation while the 510 

correlation values during JJAS of year 0 are much closer to the reality. Furthermore, the peak 511 

during year -1 is much broader in observations compared to the simulations, which suggest that 512 

the simulation of ENSO transitions is problematic in many models (Terray et al. 2021, 2023). 513 

Overall, the simulation of these lead-lag correlations remains a challenge for the current models 514 

and the results are much less realistic as compared to the NTA-ENSO lead-lag correlations 515 

(e.g., compare Fig. 6a and 6b). In the case of SSP simulations, both the lead and lag correlation 516 

peaks are slightly higher in amplitude than in the historical simulation, while the simultaneous 517 

correlations during JJAS are almost the same in the historical simulations and the SSPs. This 518 

is consistent with the enhanced biennial ENSO anomalies induced by the NTA forcing as 519 

documented in the previous section. 520 

Secondly, we obtain the ensemble mean biennial signal in ENSO-SASM system (see 521 

Fig. 7b, d), in a similar way as done for the ENSO-NTA system in the previous section, e.g., as 522 

difference in correlation coefficients considering the mutual interaction between SASM and 523 

ENSO (i.e., ENSO_SASM minus SASM_ENSO, see figure caption for details). The 524 

observation shows that the SASM rainfall in JJAS(0) correlate negatively and strongly (-0.5) 525 

with the following ENSO during D(0)JF(1), which is in contrast with its counterpart (e.g., 526 

ENSO_SASM), thus the former one (SASM_ENSO) contributing dominantly to the biennial 527 
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statistic of the ENSO-SASM system in observations (i.e., see ENSO_SASM_ENSO statistic 528 

in Fig. 7b, d). In the case of CMIP6 models (i.e., for its historical period) both the MME30 and 529 

MME10 underestimate the mutual ENSO-SASM interactions (Fig. 7b, d), which is further 530 

reflected in the biennial ENSO signature showing underestimation in ENSO-SASM-ENSO 531 

statistic as consistent with Figure 6b. 532 

As for the projections, the biennial rhythm in the ENSO-SASM system is greatly 533 

enhanced in SSP585 (relative to historical, Fig. 7b, d) for both MME10 and MME30, with an 534 

intermediate response in SSP245. Interestingly, the ENSO forcing preceding the SASM (i.e., 535 

ENSO_SASM) contributes dominantly to this increased biennial variability of the ENSO-536 

SASM system in the SSPs (see Fig. 7b, d), as the SASM_ENSO statistic stays constant in the 537 

historical and SSP simulations despite its greater amplitude (see Fig. 7b, d), while the 538 

ENSO_SASM statistic increases steadily in the scenarios as compared to the historical 539 

simulation for both MME10 and MME30. This is fully consistent with the driver role of NTA 540 

forcing in biennial ENSO variations (Fig. 7a, c) and the emergence of a NTA forcing on SASM 541 

as mediated by ENSO in the SSPs.           542 

6.3 Emergence of the NTA forcing in SASM rainfall variability 543 

We further implemented the regression analysis between the NTA PC1 index 544 

[MAM(0)] and the SASM rainfall anomalies of the boreal summer season [JJAS(0)] at every 545 

grid point over the Indian subcontinent for the future period (2058-2099) in order to get a border 546 

perspective on the NTA-SASM teleconnection (see Fig. 3g-h) in the future warming world. 547 

The MME10 regressions of SASM rainfall onto the NTA PC1 index from 2058-2099 in the 548 

two SSPs show more or less the same anomalous pattern over the Indian subcontinent, but with 549 

both SSPs showing more intense and widespread positive rainfall anomalies in the southern 550 

Peninsula. The comparison with the historical simulation further illustrates a possible 551 

strengthening of the NTA-SASM relationship (Fig. 3g and 3h) in the future warming scenarios, 552 

despite that the rainfall anomalies in both the historical and SSP simulations have a reduced 553 

amplitude compared to the observations (Fig. 3e-h), which is consistent with the biennial 554 

ENSO biases illustrated in Fig. 7a, c. 555 

In order to get a better understanding of the emerging NTA forcing on the changes in 556 

SASM variability, we also performed an in-depth composite analysis focussing on NTA-557 

ENSO-SASM associations in the future climate projections based on co-occurring NTA and 558 

ENSO events as identified in each selected model (see section 2). These model-based 559 
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composites are further used to compute the ensemble-average (MME10 mean) across the 560 

selected models. More precisely, we constructed two types of NTA-ENSO composites for each 561 

model before calculating their MME averages: one for El Niño events preceded by cold-NTA 562 

events (referred as CNTA_ElNino) and one for La Niña events preceded by warm-NTA events 563 

(referred as WNTA_LaNina). Next, we will describe the results from these two composites, as 564 

composite differences (i.e., CNTA_ElNino minus WNTA_LaNina) in both the historical and 565 

SSP simulations in order to save place and increase the robustness of the results, leaving the 566 

analysis of asymmetric features to another study. 567 

 Figure 8 shows the composite differences (as stated above) mean in SST (in panels a, 568 

c) and rainfall (in panels b, d) during the boreal spring and summer season [i.e., MAM(0) and 569 

JJAS(0)] as computed for the MME10, using the historical simulations. Similar SST and 570 

rainfall composite differences are plotted using the SSP245 (see panels e-h) and SSP585 571 

scenarios (see panels i-l). Figure 9a-f depict similar seasonal evolutions for the mean sea level 572 

pressure (MSLP) and wind at 850hPa, as done for the composite differences using the historical 573 

(see panels a, d), SSP245 (see panels b, e) and SSP585 simulations (see panels c, f). Finally, 574 

Figure 9g-i shows composite differences for the velocity potential and divergent wind vector 575 

at 850hPa for JJAS(0), using the historical, SSP245 and SSP585 simulations, respectively. Note 576 

that the projected future changes (in SSPs as compared to historical) in large-scale features are 577 

further tested for statistical significance as shown in Figure S3. 578 

Figure 8a-d depicts robust (e.g. across the selected models) cold SST anomalies over 579 

the NTA domain during boreal spring [MAM(0)] with additional SST signature over the north 580 

Pacific. As elaborated in recent studies (e.g., Jiang and Li 2019; Park and Li 2019; Terray et al. 581 

2023; Sooraj et al. 2023), the MME10 shows emergence of cold SST anomalies over NTA 582 

during the boreal winter of year -1 as often induced by the previous La Niña state (figure not 583 

shown). The cold NTA SST anomalies during boreal spring are further significantly enhanced 584 

in both future scenarios and found to persist even during boreal summer for SSP585 (see Figs. 585 

8e-l and see S3a-h for significance in future changes). Both in historical (Fig. 8a-d) and future 586 

simulations (Fig. 8e-l), the boreal spring cold NTA SST anomalies are further accompanied by 587 

significantly suppressed rainfall over the tropical Atlantic north of the Equator indicating a 588 

southward shift of the Intertropical Tropical Convergent Zone (ITCZ) which assumes 589 

significantly stronger values in the future simulations, see Figs. 8 e-l and S3a-h. Interestingly, 590 

the MME10 for the historical period clearly depicted the observed dipole rainfall structure with 591 

suppressed (enhanced) rainfall anomalies north (south) of the equator during boreal spring, as 592 
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described in Sooraj et al. (2023), with the future simulations (in particular SSP585) showing 593 

the increased magnitude of future response. In fact, this meridional dipole rainfall structure in 594 

boreal spring is more prominent and distinct in future simulations than in historical simulations. 595 

There is an associated anomalous anticyclonic circulation over the NTA region (during boreal 596 

spring, see Fig. 9) in the form of northeasterly winds emanating from the Azores high, thus 597 

triggering cold NTA anomalies through wind–evaporation–SST feedback (WES; e.g., Amaya 598 

et al. 2017; Yang et al. 2018). These coupled evolutions of SST, rainfall and circulation 599 

anomalies over the Tropics and the with strengthening of their signatures in the future 600 

simulations suggest a more active WES feedback (Yang et al. 2021; Sooraj et al. 2023) in the 601 

future climate. In agreement with this hypothesis, Yang et al. (2021), while analysing the NTA 602 

variability in CMIP6 future projections inferred that the modulation of Atlantic trade winds 603 

may further strengthen the local ocean-atmosphere coupling in a future warming climate 604 

through changes in oceanic mixed layer depth.  605 

Next, there are distinct extra-tropical circulation features (in the form of wave trains 606 

extending to mid-latitudes) over the North Pacific suggesting also ENSO teleconnections in all 607 

simulations. Furthermore, these anomalous circulation features show consistent strengthening 608 

in the projections (see Fig. 9a-f) and, as shown by recent studies, they play vital roles in the 609 

ENSO transitions through two pathways (e.g., Terray et al. 2023; Sooraj et al. 2023). Firstly, 610 

the anomalous extra-tropical circulation over the North Pacific may create El Niño favouring 611 

southerly/southwesterly wind anomalies over the subtropical North Pacific during MAM(0) to 612 

JJAS(0) period playing both an important local role in ENSO transition and remotely forcing 613 

the NTA (e.g., Boschat et al. 2013; Jiang and Li 2019). Secondly, the suppressed convection 614 

over NTA generates an anomalous east–west overturning circulation (see Fig. 9g-i), thus 615 

promoting westerlies over the western Pacific which in-turn further contributes to the El Niño 616 

warming conditions (Jiang and Li 2019, 2021; Sooraj et al. 2023).  617 

For the boreal summer period during JJAS(0), the composite differences 618 

(CNTA_ElNino minus WNTA_LaNina composites) show large-scale dryness over the Indian 619 

subcontinent (Fig. 8b,d,f,h,j,l) extending to Bay of Bengal and maritime continent in both the 620 

historical and future simulations. Consistent with Fig. 3f-h, these negative rainfall anomalies 621 

are amplified in future simulations, especially in SSP585 (Fig. S3h). Further, the rainfall 622 

anomalies averaged over the Indian land region (10°N to 30°N and 70°E to 95°E) in the 623 

MME10 composite differences show values of -5.6 mm/day, -6.3 mm/day, and -6.41 mm/day 624 

for historical, SSP245, and SSP585, respectively. In terms of percentage future rainfall change 625 
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with respect to the historical period, it indicates an increase of 12.5% and 14.5%, in SSP245 626 

and SSP585, respectively. The composites also show an anomalous increase in the MSLP to 627 

the west of the India with a consistent weakening of the continental monsoon trough which 628 

further coincides with anomalously weakened low-level westerlies (Fig. 9d-f). Further 629 

corroborating this weakening large-scale signal, there is strengthened low-level divergence 630 

(convergence) over the Indian region (tropical Pacific) in the SSP245 and SSP585 scenarios 631 

(Fig. 9g-i).  632 

All these results illustrate a significant modification in low-level monsoon flow and in 633 

the associated large-scale rainfall signatures in future scenarios, thus confirming noticeable 634 

changes in the NTA-ENSO-SASM teleconnection in the future climate, partly induced by an 635 

enhanced NTA forcing on the ENSO-SASM system as demonstrated in the previous sections. 636 

In the next section, we investigate if the emergence of this NTA forcing is related to specific 637 

SST mean-state changes, especially an enhanced warming of the NTA relative to the Tropics 638 

in the two scenarios. 639 

7. Possible origin of stronger biennial variability in NTA-ENSO-SASM system in the 640 

future projections  641 

Figure 10a-b further explores the origin of the enhanced biennial signatures of the NTA-642 

ENSO-SASM system in the scenarios by conducting inter-model correlation analysis between 643 

the future SST mean-state changes and the future change in biennial signatures in ENSO-NTA 644 

(i.e., recall the ENSO-NTA-ENSO static as used in Fig. 7a, c), using all 30 CMIP6 models. 645 

Note that for the future SST changes, we have removed the averaged mean over the tropics 646 

(30°S to 30°N) at every grid point in each model before performing the correlation analysis 647 

across the 30 CMIP6 models. For further ease in interpretations, we conducted similar analysis 648 

but replacing the biennial signatures with the interannual variability (SD) in ENSO (Fig. 10c-649 

d) and SASM (Fig. 10e-f).  650 

Figure 10a-b basically shows the existence of strong and significant linear relationship 651 

between the future change in biennial signature for the ENSO-NTA system (i.e., ENSO-NTA-652 

ENSO static) and the future SST change over the Tropics. There are significant correlation 653 

signatures extending from North-eastern Pacific to equatorial Pacific with additional signatures 654 

over NTA and North-western Pacific. In the equatorial Pacific, there is a clear and consistent 655 

weakening of the equatorial SST gradient in both scenarios, but this modulation is not stronger 656 

in the SSP585 scenario. Importantly, this highest emission scenario also shows a well-defined 657 
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interhemispheric differential warming pattern, which is much less obvious in SSP245. These 658 

different mean-state changes are also linearly associated with an enhanced ENSO variability 659 

across the models, as further reflected in Figure 10c-d, thus exemplifying the prominent 660 

common drivers for enhancing the ENSO variability and the biennial signature in the NTA-661 

ENSO system under global warming scenarios. First, the reduced Pacific equatorial SST 662 

gradient in the future scenarios means that the eastern equatorial Pacific warms faster than the 663 

west Pacific, which is usually associated with reduced upwelling in the eastern Pacific and a 664 

flattened thermocline in the equatorial Pacific and it has been suggested that these mean state 665 

changes may enhance ENSO variability. As an illustration, Zheng et al. (2016) suggested that 666 

such modulation of the Pacific equatorial SST gradient is a major source of ENSO amplitude 667 

changes in the coupled models as the ENSO amplitude may increase when the barrier to deep 668 

convection is reduced in the eastern equatorial Pacific. Obviously, such Pacific equatorial mean 669 

state changes may also be an important driver of the enhanced biennial signature of the ENSO-670 

NTA system (Fig. 10a, b) as this may result in an enhanced ENSO-NTA teleconnections in the 671 

projections (Fig. 7a, c). Importantly, beside the role of the Pacific equatorial SST gradient, 672 

Figure 10a-d highlight the potential role of NTA relative warming in enhancing both the ENSO 673 

variability and the biennial variations of the NTA-ENSO system, which is consistent with its 674 

emerging role in the recent observed period as documented in Section 3. If we interpret this 675 

relative NTA SST warming as a proxy for convective instability, this may suggest that NTA 676 

events may exert a larger forcing outside the NTA region, especially in the Eastern Pacific and 677 

remote regions as India. 678 

Earlier studies have indicated that the boreal winter-to-spring SST anomalies over the 679 

Indian Ocean (i.e., Indian Ocean Basin-wide, IOB mode) can also influence the ENSO events 680 

and also contributes greatly to its biennial rhythm in observations as NTA (e.g., Meehl et al. 681 

2003; Xie et al. 2009; Terray et al. 2016; Yang et al. 2023). Intriguingly, in both Figure 10a-b 682 

and 10c-d, there is no warming or cooling signature over the Indian Ocean thus ruling out the 683 

role of Indian Ocean and its relative mean-state warming as a driver of ENSO amplitude 684 

changes or even for modulating the ENSO biennial rhythm in the future climate projections. 685 

This is in strike contrast to the significant role of the NTA relative warming in both ENSO 686 

variability and the NTA-ENSO system shown in Figure 10a-d. However, the SST mean-state 687 

changes of the tropical Indian Ocean emerge as a major source of amplitude SASM rainfall 688 

changes, which may be understood as the Indian Ocean is the major source of water vapor to 689 

feed the Indian monsoon (e.g., Levine and Turner 2012; Ratna et al. 2016), while both the 690 
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modulation of the equatorial Pacific SST gradient and the relative NTA warming seem to play 691 

minor roles on SASM rainfall amplitude changes in sharp contrast to ENSO variability (Fig. 692 

10e-f). 693 

Thus, both the modulation of the Pacific equatorial SST gradient and the NTA relative 694 

warming play an important role in contributing to the ENSO variability and its biennial 695 

characteristics under future projections (in both SSPs, see Fig. 10a-d), which may further 696 

change the characteristics of the ENSO-SASM teleconnections (Fig. 7), but this is not sufficient 697 

by itself to emerge as main drivers of SASM variability changes across the scenarios, which is 698 

also governed by other factors such as the Indian Ocean variability or the zonal SST contrast 699 

in the Indo-Pacific ocean (e.g., Chen 2003).   700 

8. Discussion and Summary 701 

The NTA SST mode during boreal spring plays an important role in influencing ENSO 702 

and its biennial time scale according to the recent observational and modeling studies (Ham et 703 

al. 2013a, b; Wang et al. 2017; Sooraj et al. 2023). This recent growing recognition of NTA 704 

SSTs in the ENSO transitions brings the former one to the fore as an emerging driver of the 705 

ENSO-SASM system through a positive mutual association between ENSO, SASM rainfall 706 

and pre-monsoon NTA SST anomalies as distinctly demonstrated in model sensitivity 707 

experiments (Terray et al. 2023; Sooraj et al. 2023). Observational evidence further suggests a 708 

strengthening of the relationship between SASM rainfall and the NTA SST in recent decades 709 

due to an increased NTA-ENSO association (Fig. 2a). Moreover, the future climate projections 710 

from CMIP6 indicate an increase in NTA SST and SASM rainfall variabilities (Yang et al. 711 

2021; Douville et al. 2021; Katzenberger et al. 2021), while it shows a significant weakening 712 

of the AZM-SASM association in future warming projections (Sabeerali et al. 2022). In the 713 

backdrop of these results, the current study attempted to bring more clarity on whether the 714 

ENSO-SASM association as mediated through NTA SSTs undergoes significant modulations 715 

in the future warming climate. 716 

Firstly, we analyzed the fidelity of the current state-of-the-art coupled models to capture 717 

the present-day climatology and variability aspects of the NTA-SASM system using 30 CMIP6 718 

models. Only 10 CMIP6 models (out of 30) adequately captured statistics of the NTA-SASM 719 

system in the historical simulation, though all the 30 models realistically simulated the ENSO 720 

variability statistics. Therefore, we used mainly these 10 CMIP6 models to study the NTA-721 
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ENSO-SASM teleconnection in future simulations (SSP245and SSP585), but some of the 722 

important results are also checked using all the 30 models.  723 

All the 30 CMIP6 models (and in particular the 10 selected models) show significant 724 

enhanced NTA and ENSO variabilities under greenhouse induced global warming scenarios, 725 

especially for NTA (see Figs. 4b, d, 5a, c). Interestingly, the increased NTA variability in both 726 

SSPs (both in 30 and selected 10 models) shows also a better inter-model agreement, in contrast 727 

to the larger inter-model spread for the change in Niño3.4 variability, as consistent with 728 

Fredriksen et al. (2020). But on the other hand, it is also encouraging to note that there is a 729 

reduced inter-model spread in the selected models (relative to the 30 models see Figs. 4b, d, 730 

5a, c) for both the ENSO and NTA variability thus emphasising the importance to carefully 731 

evaluate the CMIP6 models’ skill in realistically representing the observed ENSO and NTA 732 

variability (Fredriksen et al. 2020). This further justifies our selection of models thus enabling 733 

us to observationally constrain the future projected changes of ENSO and NTA variability.  734 

Consistent with recent observations, our results further show a strengthening of the 735 

NTA-ENSO teleconnection in both future scenarios with enhanced NTA forcing onto ENSO in 736 

future projections (see Figs. 6a, 7a, c). In consonance with this emerging NTA signature, there 737 

is future strengthening of the biennial signature as associated with the NTA-ENSO and ENSO-738 

SASM teleconnections (see Fig. 7). Note that this is in sharp contrast to the projected 739 

significant weakening of the AZM-SASM as noted recently (Sabeerali et al. 2022). This brings 740 

up the significance of NTA relative warming to account for the future strengthening of the 741 

biennial signature in ENSO variability (see Fig. 10a-d), with the zonal SST gradients in the 742 

equatorial Pacific playing an additional role. Interestingly, the future increase in SASM rainfall 743 

variability and its enhanced biennial signature are not distinctively driven by these factors (Fig. 744 

10 e, f), which partially coincides with the known fact that the SASM rainfall variability is also 745 

governed by the moisture variability over the Indian Ocean (e.g., Levine and Turner 2012; 746 

Ratna et al. 2016).  747 

In contrast with the projected enhancements in biennial signature of ENSO-SASM 748 

teleconnection, our results show only a modest strengthening of the ENSO-SASM relationships 749 

in the future warming scenarios (in both SSPs, see Fig. 6b). Earlier studies have also 750 

hypothesized either weakening or strengthening of the ENSO-SASM relationship in the future 751 

climate projections under CMIP5 and CMIP6 (Li and Ting 2015; Azad and Rajeevan 2016; 752 

Roy et al. 2019; Lee and Bodoi 2021; Goswami and An 2023). For example, a recent study 753 
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using CMIP6 future projections show no robust change in ENSO-SASM relationship during 754 

the 21st century, while their results based on the large-ensemble archives from MPI-ESM reveal 755 

significant strengthening of the ENSO-SASM relationship in response to GHG forcing (Lee 756 

and Bodoi 2021). This is further contrasted with a weakening of the ENSO-SASM 757 

teleconnection in idealized climate warming simulations (Goswami and An 2023). These 758 

contradictory results on the future changes in ENSO-SASM relationship probably suggest that 759 

the SASM variability is not uniquely driven by ENSO, which further coincides with our results. 760 

Interpreted differently, this stresses the need to take into account the role of Indian Ocean 761 

variability for the future projection of SASM variability and, by extension, all the tropical inter-762 

basin interactions for assessing the future changes of the ENSO-SASM system under a 763 

warming world (Cai et al. 2019). In line of this argument, recently Yang et al. (2023) has 764 

showed the synergistic effect of the IOB (Xie et al. 2009) and NTA events on the ENSO 765 

transitions. We already started investigating this aspect using CMIP6 projections and the results 766 

will be documented in an accompanying study.     767 

An aspect which must also deserve greater attention from the scientific community is 768 

the prominent teleconnection biases in the current state-of-the-art coupled models as 769 

manifested with reduced negative feedback (as compared to the observed feedback) of Atlantic 770 

and Indian oceans onto ENSO in the current models (see Terray et al. 2021, 2023). The results 771 

from this study are consistent with this assertion (see Figs. 6a, 7a, c) as they illustrate a severe 772 

underestimation of the NTA impact on ENSO transitions (in year 0) in the historical period. 773 

This has implications in our confidence of future changes of the whole ENSO-SASM system 774 

based on CMIP6 models, as the feedback of NTA onto ENSO transition is probably severely 775 

underestimated in the projections as well (see Fig. 7a, c).   776 

It is well known that state-of-the-art coupled models suffer from persistent and 777 

systematic errors, in particular over the tropical Atlantic (Wang et al. 2014; Cabos et al. 2019). 778 

Furthermore, these biases have large implications in truly representing the mutual NTA-ENSO 779 

associations (e.g., Cai et al. 2019; Cabos et al. 2019), thus in-turn impacting the ENSO 780 

variability characteristics both in the historical and future projections. The specific role of the 781 

coupled model biases on future projections is beyond the scope of this study, but needs to be 782 

explored as it can modulate the future changes in the NTA-ENSO-SASM teleconnections and 783 

its associated biennial variabilities as simulated by climate models, thus leading to uncertainties 784 

and a large inter-model spread in the climate projections. Our future works will be focused in 785 

this direction. 786 
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Figures: 975 

 976 

Fig. 1: (a) Taylor diagram showing the skill of 30 CMIP6 Models in reproducing the spatial 977 
pattern of EOF1 of NTA SSTA, for MAM season (see Section 2 for more details). In (b), same 978 
as a), but for the JJAS climatology of rainfall over Indian landmass (i.e., South Asian Summer 979 
Monsoon, SASM region over 10°N to 30°N and 70°E to 95°E). In (c), same as a), but for the 980 
interannual variability of rainfall over Indian Landmass during JJAS period. In (d), correlation 981 
between various indices as done for the historical period: Niño3.4 during D(-1)JF(0) and NTA 982 
during MAM(0) [red bars], NTA during MAM(0) and Niño3.4 during D(0)JF(1) [green bars], 983 
SASM during JJAS(0) and Niño3.4 during JJAS(0) [blue bars], NTA during MAM(0) and 984 
SASM during JJAS(0) [purple bar]. The selected models are highlighted in gray color. See 985 
Section 2 for more details on NTA, Niño3.4 and SASM indices. The observed analysis used 986 
GPCP and HadISST datasets. 987 
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 989 

Fig. 2: In (a), 21-year running correlation between various indices during the observed period 990 
1948–2020. The sliding correlation between SASM rainfall index (for JJAS season) and NTA 991 
PC1 index (for MAM) is shown in blue line, while the correlation between NTA PC1 index 992 
and ENSO SST index during JJAS is in green line. Similar sliding correlation between ENSO 993 
SST index and SASM rainfall is shown in red line. In (b), 21-year running average of NTA 994 
SST anomalies averaged over the region 0° to 30°N and 70°W to 10°W (blue and red bars) and 995 
Tropical Ocean SST anomalies as averaged over 30°S to 30°N and 180°W to 180°E (solid 996 
black line). See section 2 for the definitions of the NTA, ENSO (Niño3.4) and SASM indices. 997 
Here we used the observed data for the period from 1948 to 2020 in order to depict the long-998 
term changes in NTA-ENSO-SASM association. Accordingly, in (a), we used IMD dataset as 999 
GPCP is available from 1979 onwards. Importantly, note that the anomalies in Fig. 2b are not 1000 
detrended unlike in rest of the figures. The 90% confidence level (CL) based on the bootstrap 1001 
test is marked in (a). 1002 

  1003 



35 
 

 1004 

Fig. 3: In (a), spatial regression between the NTA PC1 index and the boreal spring (MAM) 1005 
SST anomalies over the NTA region, using observation (HadISST). In (b), (c) and (d), same as 1006 
(a), but based on ensemble mean (MME10) using historical, SSP245 and SSP585 scenarios. In 1007 
(e), spatial regression of JJAS rainfall anomalies onto NTA PC1 index for observation (GPCP). 1008 
In (f), (g) and (h), same as (e), but for the MME10 using historical, SSP245 and SSP585 1009 
scenarios. Note that for both historical and SSPs, the spatial regressions are computed for each 1010 
selected model and the ensemble mean (MME10) is finally shown. The stippling in figures (a) 1011 
and (e) indicate that the SST and rainfall anomalies are significant above 90% confidence level 1012 
following the bootstrap method, while the stippling in figures (b) to (d) and (f) to (h) indicates 1013 
that the multi-model mean is greater than or equal to 1 Standard Deviation (SD).  1014 
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 1016 

Fig. 4: In a) Box and whisker plots illustrating the NTA variance (%) explained by the first 1017 
mode of EOF analysis applied to the boreal spring (for MAM season) SST anomalies over the 1018 
NTA domain using historical, SSP245 and SSP585 scenarios. In (b), same as (a) but for the 1019 
NTA SST variability (SD, °C). In (a) and (b), the statistics are computed for all the 30 (refer to 1020 
historical, ssp245 and ssp585) and selected 10 (refer to hist_10m, ssp245_10m and 1021 
ssp585_10m) CMIP6 models. The whiskers outside the box represent the total inter-model 1022 
range, while the boxes indicate the interquartile model spread with the median represented by 1023 
the line inside the box. The MME of 10 selected and 30 CMIP6 models (referred in the main 1024 
text as MME10 and MME30, respectively) is shown by white circles with a black border. In 1025 
(c), the histograms of 10,000 realizations of the bootstrap method for NTA EOF variance using 1026 
the historical (for the period 1973 to 2014, blue), SSP245 (for the period 2058 to 2099, red) 1027 
and SSP585 (for the period 2058 to 2099, magenta) scenarios, as done with selected 10 CMIP6 1028 
models. In (d), same as (c), but for NTA SST SD. In (c-d), the blue lines indicate the mean 1029 
value of the 10,000 realizations as computed for the historical period. The red (magenta) lines 1030 
represent the similar means as computed using SSP245 (SSP585) scenarios, for the future 1031 
period. The gray coloured regions correspond to 1 SD of the 10,000 realizations. The p-values 1032 
(p1 is for ssp585_10m and p2 is for ssp245_10m) based on bootstrap tests are indicated 1033 
(Noreen 1989; Terray et al. 2003, see Section 2 for details).  1034 
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 1036 

Fig. 5: In (a) and (c), same as Figures 4a and 4c, but for box and whisker plots illustrating the 1037 
Niño3.4 variability (SD, °C) during boreal winter (December to February). In (b) and (d), same 1038 
as Figures 4b and 4d, but for the SASM rainfall SD (mm/day) during the JJAS period.  1039 
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 1041 

 1042 

Fig. 6: Lead-Lag association (a) between NTA and ENSO indices and (b) between ENSO and 1043 
SASM rainfall indices, as depicted using observation, historical, SSP245 and SSP585 1044 
scenarios. For both historical and SSPs, the correlations are computed for each selected model 1045 
and the ensemble mean (MME10) is finally shown. In (a) Lead-lag correlation between the 1046 
NTA SST Index (based on the normalized PC1 index for MAM season) and monthly Niño3.4 1047 
SST Index, starting from the beginning of the previous year (i.e., year−1) to the end of the 1048 
following year (i.e., year 1). In (b), same as (a), but for the lead-lag correlation between the 1049 
SASM rainfall index (based on the normalized SASM rainfall index for JJAS season) and 1050 
monthly Niño3.4 SST Index. The 90% confidence level (CL) based on the bootstrap test is 1051 
marked in (a-b). The observed analysis used GPCP and HadISST datasets. 1052 
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 1054 

Fig. 7: The correlation between various indices, as presented in (a) considering the mutual 1055 
NTA-ENSO interactions, as calculated using each of the 30 models and, finally, plotted as an 1056 
ensemble mean (MME30). Here, ENSO_NTA refers to correlation between Niño3.4 during D(-1057 
1)JF(0) and NTA during MAM(0), while NTA_ENSO represents the correlation between NTA 1058 
during MAM(0) and Niño3.4 during D(0)JF(1). The difference in correlation between 1059 
ENSO_NTA and NTA_ENSO characterizes the biennial signal in ENSO-NTA teleconnection 1060 
(denoted as ENSO-NTA-ESNO statistic). In (b), same as (a), but considering the mutual 1061 
ENSO-SASM interactions. Here the ENSO_SASM statistic refers to the correlation value 1062 
between Niño3.4 during D(-1)JF(0) and SASM in JJAS(0), while the SASM_ENSO statistic 1063 
represents the converse relationship, i.e., the correlation value between SASM in JJAS(0) and 1064 
Niño3.4 during D(0)JF(1). The ENSO_SASM_ENSO statistic is the difference between 1065 
ENSO_SASM and SASM_ENSO, and characterizes the biennial signal in ENSO-SASM 1066 
teleconnection. In c) and d) is same as a) and b) but for selected 10 CMIP6 models (MME10). 1067 
The observed analysis used GPCP and HadISST datasets. 1068 
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 1070 

Fig. 8: Composite difference map in SST and rainfall anomalies as computed for MME10 using 1071 
historical, SSP245 and SSP585 simulations, for the MAM(0) and JJAS(0) seasons. In (a) and 1072 
(c), the difference between CNTA_ElNino and WNTA_LaNina composites for SST anomalies, 1073 
using historical simulations. In (b) and (d), same as (a) and (c), but for anomalous rainfall. In 1074 
(e-h), same as (a-d), but for SSP245. In (i-l), same as (a-d), but for SSP585. The stippling in 1075 
(a) to (l) represents regions where the composite difference is statistically significant above 1076 
95% confidence level as calculated using the bootstrap test. 1077 
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 1078 

Fig. 9: Composite difference map in MSLP, 850 hPa wind (in vector) and velocity potential 1079 
anomalies as computed for MME10 using historical, SSP245 and SSP585 simulations. In (a) 1080 
and (d), the difference between CNTA_ElNino and WNTA_LaNina composites for MSLP and 1081 
850 hPa wind anomalies, using historical simulations as computed for the MAM(0) and 1082 
JJAS(0) seasons. In (b) and (e), same as (a) and (d), but for SSP245. In (c) and (f), same as (a) 1083 
and (d), but for SSP585 simulations. Composite difference map in Velocity Potential anomalies 1084 
(𝑠ℎ𝑎𝑑𝑖𝑛𝑔, × 106 𝑚2 𝑠−1) and Divergent wind vector (𝑚 𝑠−1) at 850hPa for JJAS(0), using 1085 
(g) historical, (h) SSP245 and (i) SSP585 simulations.  1086 
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 1088 

Fig. 10: In (a), Inter-model correlation between the future change in SST under SSP245 and 1089 
future change in biennial signatures for ENSO-NTA under SSP245 (i.e., refer to ENSO-NTA-1090 
ENSO statistic as used in Fig. 7a, c) using all 30 CMIP6 models. In (b), same as (a), but for 1091 
SSP585. In (c) and (d), same as (a) and (b), but for the inter-model correlation between the 1092 
future change in SST and future change in SD for ENSO index. In (e) and (f), same as (a) and 1093 
(b), but for the inter-model correlation between the future change in SST and future change in 1094 
SD for SASM rainfall index. Note that for future SST change, the relative difference in annual 1095 
mean SST is used here after removing the zonal mean over the tropics (i.e., between 30°S to 1096 
30°N). See Section 2 for the definitions of the NTA, ENSO (Niño3.4) and SASM indices. Also, 1097 
see Figure 7 captions for more details on ENSO-NTA-ENSO statistics defining the future 1098 
change in biennial signature in the ENSO-NTA system. Black hatch indicates the correlation 1099 
values are significantly above 90% using the bootstrap test. 1100 



Table1. A list of the CMIP6 models utilized in the study. The names of selected models are 
highlighted in bold. 

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 

Table



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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