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Abstract The dominant interannual SST variability in the eastern equatorial7

Atlantic referred to as the Atlantic Zonal Mode (AZM), which peaks in boreal8

summer impacts global weather patterns. The cold (warm) phase of this ocean-9

atmospheric coupled phenomenon enhances (weakens) the intensity of the Indian10

summer monsoon rainfall (ISMR). Observational studies show a strengthening11

relationship between AZM and ISMR in recent decades, providing a predictive12

signal for the ISMR. However, a suite of Coupled Model Intercomparison Project13

Phase 6 (CMIP6) model simulations in the highest emission scenario (SSP58.5)14

show a weakening relationship between ISMR and AZM in the future (2050-2099).15

The strengthening of atmospheric thermal stability over the tropical Atlantic in the16

warming scenario weakens the associated convection over the eastern equatorial17

Atlantic in response to the warm phase of AZM. This leads to weakening velocity18

potential response over the Indian subcontinent, resulting in a weak AZM-ISMR19

relationship. There is no convincing evidence to indicate that either the tropical20

Atlantic SST bias or the AZM-ISMR teleconnection bias plays a crucial role in the21

potential weakening of this relationship. These results imply that ISMR prediction22

will become more challenging in a warming scenario as one of the major external23

boundary forces that influence monsoon weakens.24

Keywords Indian Summer Monsoon · Atlantic Zonal Mode · AZM-Monsoon25

Teleconnection · CMIP6 Models · Global Warming26
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1 Introduction27

India receives ∼80% of its annual rainfall during boreal summer months. A large28

majority of people in an agrarian-based society like India depend on the seasonal29

rainfall. The year to year variability of the seasonal quantum of rainfall is signifi-30

cant as the country’s economy and gross domestic product (GDP) are dependent31

on the amount of rainfall received during this period (Gadgil and Gadgil, 2006).32

This year to year variability (also known as interannual variability (IAV)) in the In-33

dian summer monsoon rainfall (ISMR) is partly controlled by slowly varying modes34

of variability in the tropical ocean (Ajayamohan and Goswami, 2000; Goswami and35

Ajayamohan, 2001; Krishnamurthy and Shukla, 2007). The El Niño-Southern Os-36

cillation (ENSO) in the tropical Pacific (Rasmusson and Wallace, 1983; Shukla,37

1987; Philander, 1990), the Indian Ocean Dipole (IOD) in the tropical Indian38

Ocean (Saji et al, 1999; Ashok et al, 2001) and the Atlantic Zonal Mode (AZM)39

in the tropical Atlantic (Kucharski et al, 2008; Losada et al, 2010; Kucharski and40

Joshi, 2017; Sabeerali et al, 2018, 2019) are the major SST modes of variabilities41

that influences the IAV of ISMR. In addition to these tropical SST variabilities,42

the SST variations in extra-tropical Pacific and Atlantic Ocean also affects the IAV43

of ISMR (Chattopadhyay et al, 2015). The seasonal mean ISMR forecasts conse-44

quently rely on the skillful prediction of these interannual modes in the tropical45

ocean and its associated teleconnection.46

Recently, Sabeerali et al (2018) show that the prediction skill of ISMR improves47

significantly by correcting the biases in the simulation of tropical Atlantic Zonal48

Mode (also known as the Atlantic Niño) variability in a coupled model (NCEP-49

CFSv2). Further, observations indicate that the teleconnection between AZM and50

ISMR strengthens in recent decades (Sabeerali et al, 2019). Both these studies51

highlight the significance of a realistic simulation of tropical Atlantic variability52

for the skillful prediction of ISMR. Considering the importance of these teleconnec-53

tions in predicting ISMR in the present (historical) scenario, it will be intriguing54
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to see how these variabilities change in a warming scenario. The future changes55

in the ENSO-ISMR teleconnection and IOD-ISMR teleconnections are explored in56

previous studies (Li and Ting, 2015; Azad and Rajeevan, 2016; Yeh et al, 2018;57

Roy et al, 2019; Zheng et al, 2013). However, little attention has been paid to the58

AZM-ISMR teleconnection and its changes in the future. Here, we analyze the59

AZM-ISMR teleconnection in the future scenario using a suite of CMIP6 coupled60

models that realistically simulates this association in the historical simulations.61

The AZM is primarily driven by the Bjerknes feedback mechanism (Bjerknes,62

1969) akin to the dynamics responsible for the evolution of ENSO in the tropical63

Pacific (Zebiak, 1993; Carton and Huang, 1994; Keenlyside and Latif, 2007; Ding64

et al, 2010; Foltz and McPhaden, 2010; Lübbecke et al, 2010). The SST variability65

over the eastern equatorial Atlantic exerts a profound impact on the Indian sum-66

mer monsoon (Kucharski et al, 2008; Pottapinjara et al, 2014, 2016; Kucharski67

and Joshi, 2017; Sabeerali et al, 2018, 2019). A cold (warm) phase of AZM con-68

tributes to enhanced (reduced) rainfall over central India and the Western Ghats.69

Sabeerali et al (2019) attributed the strengthening of AZM-ISMR teleconnection70

in recent decades to the increase in the interannual variability of eastern tropical71

Atlantic SST. The AZM is also found to influence the characteristics of ENSO in72

the Pacific (Jansen et al, 2009; Wang et al, 2009; Rodŕıguez-Fonseca et al, 2009;73

Ding et al, 2012; Keenlyside et al, 2013; Ham et al, 2013; Yang et al, 2018). A few74

CMIP5 models show a weakening of the AZM-Pacific Ocean teleconnection under75

global warming (Jia et al, 2019). They attributed the AZM-ENSO weakening to76

the increase in the thermal stability of the atmosphere in the warming scenario.77

Here, we examine the AZM-ISMR relationship in a warming scenario by analyzing78

the state-of-the-art coupled climate model outputs from the CMIP6 archive.79

In general, the coupled models show a large bias in simulating and predicting80

the AZM and its associated teleconnection (Stockdale et al, 2006; Kucharski and81

Joshi, 2017; Sabeerali et al, 2018). Kucharski and Joshi (2017) show that about half82

of the CMIP5 models analyzed (16 out of 32 models) fail to capture the observed83
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AZM-monsoon teleconnection. The large eastern equatorial Atlantic warm SST84

bias in coupled models limit the proper simulation of interannual variability of SST85

(Richter and Xie, 2008; Wahl et al, 2011; Wang et al, 2014; Ding et al, 2015a,b).86

This SST bias is closely related to the boreal spring tropical Atlantic westerly87

wind stress and associated deepening of thermocline in eastern equatorial Atlantic88

(Chang et al, 2007; Richter and Xie, 2008; Tozuka et al, 2011). A significant89

improvement in the mean SST bias is not evident in the CMIP5 models (Richter90

et al, 2014). To a certain extent, the AZM prediction skill in coupled models can91

be improved by correcting these mean SST biases (Ding et al, 2015b). The latest92

version of coupled models in the Coupled Model Intercomparison Project Phase 693

(CMIP6) offers new opportunities for a more detailed evaluation of AZM and its94

associated teleconnection in both historical and future simulations.95

As mentioned above, the long-term observational datasets show a strengthen-96

ing relationship between AZM and monsoon in recent decades (Sabeerali et al,97

2019). The AZM-ISMR teleconnection provides an additional source of memory98

for monsoon prediction, a season in advance. The correct representation of AZM99

and its teleconnection with ISMR in coupled models markedly improves the predic-100

tion skill of ISMR (Sabeerali et al, 2018). Hence, how the AZM-ISMR relationship101

change in future warming scenario is not only a scientific problem but also very rel-102

evant for the operational forecasting of monsoon rainfall over India. This study is103

organized as follows. In section 2, a brief introduction of CMIP6 model experiments104

and the data used in this study is enlisted, followed by the methodology used. The105

simulation of AZM and its associated teleconnection with ISMR in the historical106

simulations is described in Section 3. Section 4 details the projected changes in107

AZM-ISMR teleconnection in the future. The underlying dynamics causing these108

changes are also discussed. A brief summary and concluding remarks are provided109

in Section 5.110
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2 Data and Methods111

2.1 CMIP6 data112

In this study, we use the monthly outputs of historical simulations for the period113

1965-2014 to represent the present-day climate. For the future climate (2050-2099),114

Shared Socioeconomic Pathways (SSPs) scenario SSP5-8.5 simulations are used.115

One ensemble member (r1i1p1f1) from 23 models (see Table 1) from the CMIP6116

archive (Eyring et al, 2016; O’Neill et al, 2016, 2017) is used for the analysis. In117

the historical simulations, models are forced with time-dependent observations to118

simulate the climate of the period 1850-2014 (Eyring et al, 2016). The SSP5-8.5119

represents the highest emission scenario (comparable to business as usual RCP8.5120

scenario of CMIP5) where the radiative forcing reaches 8.5Wm−2 by the end of121

the century (2100) (O’Neill et al, 2016).122

All the model data is regridded to a common 1◦ × 1◦ regular grid for ease of123

comparison. The observed monthly SST data originates from the Hadley Centre124

(HadISST; Rayner et al, 2003) and the gridded high resolution (0.25◦ × 0.25◦)125

precipitation datasets are from the India Meteorological Department (IMD; Pai126

et al, 2014).127

2.2 AZM indices128

We define the AZM index as the average seasonal mean (June through August)129

SST anomalies over the eastern equatorial Atlantic Ocean (5◦S-3◦N, 20◦W-10◦E).130

A cold (warm) phase of AZM is the year when the normalized AZM index ex-131

ceeds one negative (positive) standard deviation. Prior to the analysis, we re-132

move the ENSO influence from all the variables following the methodology de-133

scribed in previous studies (Pottapinjara et al, 2016; Sabeerali et al, 2018). For134



AZM-Monsoon Teleconnection in future climate 7

instance, the ENSO free component of boreal summer monsoon rainfall anomalies135

(RAINFALLres(t)) is defined as follows136

RAINFALLres(t) = RAINFALL(t)− aNINO34(t)(pres)− bNINO34res(t)(prev)(1)

Where the RAINFALL(t) represents the raw total rainfall anomalies, which137

include all the variabilities arising from ENSO, IOD, and AZM, etc. The constant a138

is defined as the slope of regression fit between rainfall and NINO3.4 index in the139

present monsoon season. The constant b is defined as the least square regression140

fit between the rainfall and residual of NINO3.4 index in the previous monsoon141

season which is not correlated with the NINO3.4 index in the present monsoon142

season. The last term in the equation represents the influence of ENSO of the143

previous monsoon season on rainfall which is not related to ENSO of the present144

season.145

Here, NINO34res(t)(prev) = NINO34(t)(prev)− cNINO34(t)(pres).146

The constant c is defined as the slop of the least square regression fit between147

NINO3.4 index in the present and previous monsoon season.148

2.3 Sign-dependent area average149

This study follows a sign dependent area-average of regression and correlation co-150

efficient following Jia et al (2019). This method considers only the statistically151

significant regression or correlation coefficient grid points and discards the coeffi-152

cients at other grid points. To check whether the retained values are positive or153

negative, we first take an area-average of all significant values in the domain of in-154

terest. If this area-average value is positive (negative), we repeat the area-averaging155

by considering only significant positive (negative) coefficients over the region of156
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interest. If there is no statistically significant correlation/regression coefficient in157

an area of interest, we set zero as the average of that region.158

3 AZM-monsoon teleconnection in CMIP6 historical simulations159

The AZM-ISMR relationship from the 23 CMIP6 models is analyzed to identify160

models that realistically simulate observed teleconnection. To assess the perfor-161

mance of models in simulating the AZM-monsoon relationship, a correlation anal-162

ysis is conducted between the boreal summer central Indian rainfall anomalies and163

the tropical Atlantic SST anomalies (Figure 1). Observations show an inverse rela-164

tionship between central Indian rainfall and SST anomalies over eastern equatorial165

Atlantic (Figure 1 and Figure 2a) consistent with the previous studies (Kucharski166

et al, 2008; Pottapinjara et al, 2016; Sabeerali et al, 2018, 2019). Out of 23 CMIP6167

models analyzed, a total of 12 models simulate the observed inverse relationship,168

although the magnitude of correlation values is weak (Figure 1). We term these 12169

models as ’good’ models and use these model outputs for further analysis and pro-170

jections in this study. Six models show a positive correlation, whereas five models171

show no significant relationship between ISMR and AZM (Figure 1). For compari-172

son, we term these six models as ’weak’ models (weak in the sense that the models173

which simulate opposite teleconnection between AZM and ISMR compared to ob-174

servations). A spatial correlation analysis shows that 12 ’good’ models mimic the175

observed inverse relationship between AZM and ISMR, although the magnitude of176

the simulated correlation is less (Figure 2a-b). The 6 ’weak’ models simulate a pos-177

itive correlation which means that these models simulate an in-phase relationship178

between AZM and ISMR (Figure 2c).179

To visualize how the pattern of rainfall anomalies over the Indian continent cor-180

relate with AZM, a spatial correlation analysis between AZM index and seasonal181

mean rainfall is carried out. The multimodel mean of 12 ’good’ models shows neg-182

ative correlation values over central India and western Ghats as in observations183
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(Figure 2d-e). As expected, the ’weak’ models show positive correlation values184

over central India (Figure 2f). In summary, we find that few models in the CMIP6185

archive simulate an opposite phase relationship between AZM and ISMR when186

compared to observations. The dynamics behind the odd behaviour of these few187

models will be evaluated in a separate study.188

The spatial correlation pattern of AZM index and SST anomalies simulated189

by the selected CMIP6 models is shown in Figure 3. Observations show a peak190

correlation near the eastern equatorial Atlantic (Figure 3a). While the models191

show a similar pattern, SST anomalies are weak and more confined to the equator192

in the simulations compared to observations (Figure 3). There is no significant193

difference between ’good’ and ’weak’ models with regard to SST anomalies.194

4 Weakening of AZM-ISMR relationship in future global warming195

scenario196

In this section, we investigate the changes in the AZM-ISMR teleconnection be-197

tween the present and future climate. A regression analysis is conducted between198

the AZM indices with the boreal summer (JJAS) rainfall anomalies (after remov-199

ing ENSO influence) at every grid points over the Indian subcontinent for each200

period. An average (sign dependent area averaging discussed in section 2) regres-201

sion value over central India represents the response of ISMR to the AZM. All the202

12 ’good’ models show a weakening of the AZM-ISMR relationship in the future203

warming scenario (Figure 4a). The sign of relationship has changed from negative204

to positive in the future climate in 7 models (Figure 4a). The spatial pattern of the205

AZM-ISMR relationship shows an inverse relationship between AZM and rainfall206

over central India and the Western Ghats in the present climate (Figure 4b). How-207

ever, the pattern changes significantly towards the end of the 21st century with208

patches of positive and negative correlation coefficients (Figure 4c). In particu-209

lar, north-west India shows an increase (decrease) in ISMR in response to warm210
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(cold) phases of AZM in the future scenario in sharp contrast to the present cli-211

mate. Besides, some parts of south-east central India and western Ghats show a212

decrease (increase) in seasonal rainfall in response to warm (cold) phases of AZM213

in a warming scenario (Figure 4c). This implies that in the future climate, the214

seasonal prediction of ISMR will be more challenging as the memory from the215

eastern equatorial Atlantic forcing weakens.216

As mentioned earlier, observational studies indicate a robust AZM-ISMR re-217

lationship in recent decades due to the increase in the tropical Atlantic SST vari-218

ability (e.g. Sabeerali et al, 2019). The interesting aspect coming out from the219

CMIP6 simulations is that the AZM-ISMR teleconnection in the future climate220

is not in line with the present climate and observations (Figure 4). However, the221

AZM variability in the future period (2050-2099) when compared with the present222

(1965-2014), as assessed from the 12 ’good’ models do not show a marked difference223

(Figure 5a,b). The intermodel relationship between AZM amplitude change and224

the changes in rainfall response over central India displays a near-zero correlation225

(Figure 5c). Hence, there is no evidence to attribute the changes in AZM-ISMR226

teleconnection to the eastern equatorial Atlantic SST variability in the SSP5-8.5227

simulations. In the following sections, we explore the factors responsible for the228

weakening of AZM-monsoon teleconnection in the future climate.229

4.1 Role of model biases to the weakening of AZM-ISMR relationship in future230

climate231

The CMIP6 models also display biases like the CMIP5 models (e.g. Kucharski232

and Joshi, 2017; Richter et al, 2014) in simulating the tropical Atlantic mean SST233

variability and AZM-ISMR teleconnection. Most models show a warm SST bias234

over the eastern tropical Atlantic (figure not shown) and a weak AZM-ISMR tele-235

connection compared to observations (Figure 1). Although the 12 selected models236

capture the sign of the relationship between AZM and ISMR, the magnitude of the237
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correlation varies from model to model indicating a bias. The question is whether238

these biases have any impact/role on the future projection of the AZM-ISMR re-239

lationship. The changes (HIST vs SSP5-8.5 simulations) in central India rainfall240

response and the biases in the eastern equatorial Atlantic mean SST do not show241

any significant relation (r=0.17; Figure 6a). Similarly, the changes in central India242

rainfall response and biases in the AZM-ISMR teleconnection also do not show243

any significant relationship (r=0.08; Figure 6b). This implies that there is no clear244

evidence to suggest either the SST bias over the tropical Atlantic or the bias of the245

AZM-ISMR teleconnection itself plays a dominant role in the future weakening of246

AZM-ISMR teleconnection.247

4.2 Underlying mechanism driving the weak AZM-monsoon teleconnection in248

future climate249

Previous studies discuss the detailed physical mechanism through which the AZM250

influences Indian summer monsoon (Kucharski et al, 2008; Pottapinjara et al, 2014;251

Sabeerali et al, 2018, 2019). The Gill-Matsuno type response of the atmosphere252

(Gill, 1980) to the eastern equatorial Atlantic SST anomalies leads to eastward253

propagating atmospheric Kelvin waves to the Indian Ocean and westward prop-254

agating Rossby waves to the North America and East Pacific. The atmospheric255

Kelvin waves reduce (enhance) the meridional gradient in upper tropospheric tem-256

perature over the monsoon domain during warm (cold) AZM phases. As a result of257

the meridional upper tropospheric temperature gradient changes over the monsoon258

domain, the large-scale winds and moisture transport to the Indian subcontinent259

weakens (enhances). This leads to weakening (strengthening) of the monsoon rain-260

fall during warm (cold) AZM phases. The warm (cold) SST anomalies associated261

with AZM induce an enhanced (decreased) convection over the eastern tropical At-262

lantic region. As a response of this, an upper-level divergence (convergence) over263

tropical Atlantic region and a compensating upper-level convergence (divergence)264
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in the tropical west/central Pacific region is evident during the warm (cold) phase265

of AZM (Sabeerali et al, 2019). The strength of the AZM-ISMR teleconnection266

depends on the strength of the tropical Atlantic convection response to the under-267

lying SST anomalies, manifested in a maximum rising motion at around 600hPa268

(see Jia et al, 2019).269

The response of tropical Atlantic convection to the underlying SST anoma-270

lies can be shown by regressing the AZM index onto atmospheric vertical velocity271

and flow vectors (Figure 7b-c). In both the present and future climate, the re-272

sponse of equatorial Atlantic convection to the underlying SST anomalies shows273

ascending motion in the eastern tropical Atlantic and descending motion in the274

central/western Pacific during the positive/warm phase of AZM (Figure 7b-c).275

The multimodel mean of 12 ’good’ models shows a reduction of eastern equatorial276

Atlantic vertical velocity response in the future climate (Figures 7c). Further for277

the sake of clarity, we regressed the 600 hPa vertical velocity (maximum vertical278

velocity occurs at around 600 hPa) onto the AZM index, and the resultant regres-279

sion coefficient averaged over the eastern equatorial Atlantic Ocean is shown in280

Figure 7a. The 600 hPa vertical velocity response to AZM over the eastern equa-281

torial Atlantic Ocean displays a weaker response in future climate in all 12 ’good’282

models (Figure 7a).283

The thermal structure of the atmosphere is of utmost importance in deter-284

mining convection over a region. In the atmosphere, thermal stability refers to285

the ability to resist vertical motion/convection. The mean vertical thermal profile286

of troposphere shows a decrease in atmospheric temperature with height. In the287

warming scenario, the mid-troposphere warm faster than the near-surface levels288

due to the diabatic heating anomalies (Figure 8a) consistent with previous studies289

(Allen and Sherwood, 2008; Jia et al, 2019). This means that the thermal contrast290

between upper and lower troposphere decreases in future climate. The negative291

vertical temperature gradient over the eastern tropical Atlantic reduces in the292

SSP5-8.5 simulations (Figure 8b). Here, a negative vertical gradient is defined as293
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the difference between the atmospheric temperature at 600 hPa and 925 hPa. The294

term ’negative’ vertical gradient is used to compensate for the decrease in atmo-295

spheric temperature with altitude. The reduction of negative vertical temperature296

gradient implies an increase in the atmospheric stability and its ability to resist297

vertical motion/convection in a warming scenario. All the 12 ’good’ models show298

a weakening of the negative vertical temperature gradient (positive values in the299

X-axis of Figure 8b) in SSP5-8.5 simulations. The damping effect of increasing at-300

mospheric stability dominates the SST changes in the eastern equatorial Atlantic301

in the future. As a result, the atmospheric convection over the eastern equatorial302

Atlantic reduces in the future climate.303

The weakening of equatorial Atlantic convection influences the circulation pat-304

tern over the Indian subcontinent during boreal summer. The present climate305

shows an upper-level convergence over the equatorial Atlantic and an upper-level306

divergence over the Indian subcontinent in response to the cold phase of AZM307

(Figure 9a). Note that the pattern reverses in a warm AZM phase. This result308

is consistent with previous observational results (Kucharski et al, 2008; Sabeerali309

et al, 2018, 2019). The strengthening of atmospheric thermal stability over the310

tropical Atlantic and the associated changes in convection leads to the weakening311

of velocity potential response over the Indian subcontinent in a warming scenario312

(Figure 9b).313

During boreal summer, the low-level winds are westerlies, and the upper-level314

winds are easterlies over the Indian subcontinent indicating a baroclinic verti-315

cal structure (e.g. Goswami and Ajayamohan, 2001). The warm (cold) phases of316

AZM shows an anticyclonic (cyclonic) low-level wind response over central India in317

HIST simulations. However, the low-level wind response weakens in the SSP5-8.5318

simulations (Figure 10b), entailing the weakening of AZM-ISMR teleconnection319

in the future climate. The changes in ISMR response and changes in the nega-320

tive vertical temperature gradient over the equatorial Atlantic correlate very well321

(Figure 8b). Jia et al (2019) also find a weakening of vertical velocity response322
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caused by the enhanced atmospheric stability in the future climate over eastern323

equatorial Atlantic in CMIP5 simulations. These results give an inkling that the324

recent strengthening of AZM-ISMR teleconnection in the observational data is not325

an after-effect of greenhouse warming, but instead, it is induced by the increase326

in Atlantic SST variability, as shown in Sabeerali et al (2019). In other words,327

the changes in eastern equatorial SST variability dominates over the atmospheric328

thermal stability change in determining convection over there in the recent obser-329

vational period. However, the increase in atmospheric thermal stability dominates330

the eastern equatorial SST variability in the future climate.331

5 Conclusion332

The Atlantic Zonal Mode (AZM) is a dominant mode of interannual climate vari-333

ability in the tropical Atlantic Ocean that emerges from the air-sea coupled inter-334

action similar to ENSO in the Pacific. The AZM peaks during the boreal summer335

season, and it impacts the global weather pattern in different ways. An inverse336

relationship between the ISMR and the eastern equatorial Atlantic SST variabil-337

ity is evident. Observational studies indicate a strengthening relationship between338

ISMR and AZM in recent decades due to an increased interannual SST variabil-339

ity in the tropical Atlantic. The enhanced AZM-ISMR relationship provides an340

additional parameter for predicting seasonal mean monsoon in advance. In that341

respect, the impact of AZM-ISMR response in a warming scenario assumes signif-342

icance. Here, we study the AZM-ISMR relationship in the future climate using a343

suite of CMIP6 coupled model simulations.344

In this study, first, we analyze the simulation of AZM-ISMR teleconnection345

in a suite of 23 CMIP6 coupled models. Most CMIP6 models show systematic346

bias in simulating the AZM-ISMR teleconnection compared to observations. Out347

of 23 models analyzed, only 12 models capture the correct sign of AZM-ISMR348

teleconnection. The rest of the models either capture an opposite teleconnection or349
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no significant relationship. Here, these 12 models are used to study the AZM-ISMR350

teleconnection in the future climate. All these 12 models show a weakening of AZM-351

ISMR teleconnection in the SSP5-8.5 (the highest emission scenario) simulations.352

Most CMIP6 models show a warm SST bias over the eastern tropical Atlantic.353

Although the selected 12 models capture the correct sign of the relationship be-354

tween ISMR and AZM, biases in simulating the teleconnection’s strength vary355

from model to model. Almost all models underestimate the strength of this rela-356

tionship. The study finds no clear evidence to suggest either the tropical Atlantic357

SST bias or the bias of the AZM-ISMR teleconnection itself is responsible for the358

future weakening of AZM-ISMR teleconnection.359

The atmospheric thermal structure has a crucial role in determining the con-360

vective responses over the eastern equatorial Atlantic. The mid-troposphere warms361

faster than the near-surface levels in the future climate in the selected models. It362

indicates an increase in the thermal stability of the atmosphere in the warming363

scenario. The increase in atmospheric thermal stability over the tropical Atlantic364

weakens the convective responses over the eastern equatorial Atlantic in response365

to warm phases of AZM. This lead to a reduction in the upper-level velocity po-366

tential and low-level wind response over the Indian subcontinent resulting in weak367

AZM-ISMR teleconnection. The changes (HIST vs SSP5-8.5) in ISMR response368

and atmospheric thermal stability changes over the eastern equatorial Atlantic369

show a strong correlation. However, there is no clear evidence to connect the370

changes in tropical Atlantic SST variability to the weakening of AZM-ISMR tele-371

connection in SSP5-8.5 scenario.372

This analysis demonstrates that the damping effect of increasing atmospheric373

thermal stability dominates over the SST variability changes over the tropical At-374

lantic in a warming scenario. However, the recent strengthening of AZM-ISMR375

teleconnection seen in the observational data is caused by increased tropical At-376

lantic SST variability; not by greenhouse warming. The take-home point from this377

study is that, if greenhouse warming continuously increases at the current rate,378
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the future prediction of ISMR will be more challenging as the memory from the379

tropical Atlantic Ocean weakens.380
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Losada T, Rodŕıguez-Fonseca B, Polo I, Janicot S, Gervois S, Chauvin F, Ruti P466

(2010) Tropical response to the Atlantic Equatorial mode: AGCM multimodel467

approach. Clim Dynam 35(1):45–52, DOI 10.1007/s00382-009-0624-6468
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Table 1: Details of CMIP6 models used in this study.

Model Institution Resolution

ACCES-CM2 Commonwealth Scientific and Industrial

Research Organisation-ARCCSS (CSIRO-ARCCSS) 250 km

ACCESS-ESM1-5 Commonwealth Scientific and Industrial

Research Organisation (CSIRO) 250 km

BCC-CSM2-MR Beijing Climate Center (BCC) 100 km

CAMS-CSM1-0 Chinese Academy of Meteorological Sciences (CAMS) 100 km

CanESM5 Canadian Centre for Climate Modelling and Analysis (CCCma) 500 km

CESM2 National Center for Atmospheric Research (NCAR) 100 km

CESM2-WACCM National Center for Atmospheric Research (NCAR) 100 km

EC-Earth3 A European community Earth-System Models (EC-Earth-Consortium) 100 km

EC-Earth3-Veg A European community Earth-System Models (EC-Earth-Consortium) 100 km

FGOALS-g3 Institute of Atmospheric Physics, Chinese Academy of Sciences (CAS) 250 km

FGOALS-f3-L Institute of Atmospheric Physics, Chinese Academy of Science (CAS) 100 km

GFDL-ESM4 Geophysical Fluid Dynamics Laboratory (NOAA GFDL) 100 km

INM-CM4-8 MARCHUK Institute of Numerical Mathematics

of the Russian Academy of Sciences (INM) 100 km

INM-CM5-0 MARCHUK Institute of Numerical Mathematics

of the Russian Academy of Sciences (INM) 100 km

IPSL-CM6A-LR Institute Pierre-Simon Laplace (IPSL) 250 km

KACE-1-0-G National Institute of Meteorological Sciences,

Korea Meteorological Administration (NIMS-KMA) 250 km

MIROC6 Model for Interdisciplinary Research on Climate (MIROC) 250 km

MPI-ESM1-2-LR The Max Planck Institute for Meteorology (MPI-M) 250 km

MPI-ESM1-2-HR The Max Planck Institute for Meteorology (MPI-M) 100 km

MRI-ESM2-0 Meteorological Research Institute (MRI) 100 km

Continued on next page



24 C. T. Sabeerali et al.

Table 1 – continued from previous page

Model Institution Resolution

NESM3 Nanjing University of Information Science and Technology (NUIST) 250 km

NorESM2-LM Norwegian Climate Centre (NCC) 250 km

NorESM2-MM Norwegian Climate Centre (NCC) 100 km
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Fig. 1: AZM-ISMR teleconnection in the historical simulations (1965-2014) of CMIP6
coupled models. Bars indicate the area-average (sign dependent area averaging discussed in
section 2) of statistically significant correlation value in observations and CMIP6 models. Corre-
lation analysis is carried out between boreal summer central India rainfall anomalies (average of
rainfall anomalies over the core monsoon domain (18◦N-28◦N, 65◦E-88◦E)) and SST anomalies
(after removing ENSO influence) at all grid points over the tropical Atlantic (5◦S-3◦N, 20◦W-
10◦E). Models that fail to produce any significant correlations are set to be zero. The blue bars
represent models that simulate the correct sign of AZM-ISMR teleconnection when compared to
observations. Red bars denote models that simulate opposite teleconnection.
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Fig. 2: The multimodel mean of AZM-ISMR teleconnection in the historical simula-
tions (1965-2014) of CMIP6 coupled models. Spatial correlation between the boreal summer
central India rainfall anomalies (average of rainfall anomalies over the core monsoon domain) and
the SST anomalies (after removing ENSO influence) over the tropical Atlantic. (a) Observations
(b) multi-model mean of 12 ’good’ models (c) multi-model mean of six ’weak’ models. (d)-(f) is
the same as (a)-(c), but represents the spatial map of correlation between the AZM index and
the rainfall anomalies. In observations (panel (a) and (d)) correlation values greater than 95%
confidence levels are stippled. Stippling in panel (b), (c), (e), and (f) denotes that the multimodel
mean exceeds 1 standard deviation.
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Fig. 3: Spatial correlation between the AZM index and the boreal summer (JJA) SST anomalies
over the tropical Atlantic (a) Observations (b) multi-model mean of 12 ’good’ models (c) multi-
model mean of 6 ’weak’ models. Correlation values greater than 95% confidence levels are stippled in
panel (a). In (b) and (c) stippling denotes that the multimodel mean exceeds 1 standard deviation.
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Fig. 4: The weakening of AZM-ISMR relationship in a warming scenario. Comparison
of central Indian rainfall anomalies due to AZM (ENSO free component of rainfall anomalies)
over the historical (blue bars; 1965-2014) and future (red bars; 2050-2099) in the 12 ’good’ model
simulations. The multimodel mean of the regression coefficients over the Indian subcontinent in (b)
historical and (c) future simulations. Stippling in (b) and (c) denotes that the multimodel mean
exceeds 1 standard deviation. The regression analysis is carried out between the AZM index and
the boreal summer rainfall anomalies (after removing ENSO influence).



AZM-Monsoon Teleconnection in future climate 29

Fig. 5: Impact of AZM amplitude change on the rainfall response over India from the
selected 12 CMIP6 models. Spatial correlation between the AZM index and JJA SST anomalies
(a) historical (b) SSP5-8.5 simulations. Stippling in (a) and (b) denotes that the multimodel mean
exceeds 1 standard deviation. (c) Intermodel relationship between AZM amplitude change (future-
historical; X-Axis) and the changes in rainfall response over central India (future-historical; Y-axis).
The black solid line represent the linear trend line. The correlation coefficient between changes in
AZM amplitude and the changes in rainfall response over central India is also given in the top right
corner. For a better comparison, the changes are scaled by the increase in global-mean temperature
over the historical and future period. The AZM amplitude is computed by area-averaging the
regressed SST anomalies (onto AZM index) in the eastern equatorial Atlantic (5◦S-3◦N, 20◦W-
10◦E). Similarly, the rainfall response over central India is obtained by area-averaging the regressed
rainfall anomalies (onto AZM index).
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Fig. 6: Impact of model biases on the projection of rainfall responses over India. Inter-
model relationship between the (a) mean SST (0C) bias in the eastern equatorial Atlantic (5◦S-3◦N,
20◦W-10◦E) and the changes (future-historical) in rainfall (mm/day) response over central India
(b) biases in simulating AZM-ISMR teleconnection and the changes (future-historical) in rainfall
response over central India. The rainfall response over central India is obtained by area-averaging
the regressed rainfall anomalies onto AZM indices. The mean Atlantic SST bias in each model is ob-
tained by the difference of climatological mean SST over the eastern equatorial Atlantic during the
historical period between model and observations. Similarly, the biases in simulating AZM-ISMR
teleconnection are obtained by taking the difference of rainfall response over central India during
the historical period between model and observations. The solid lines in (a) and (b) represents the
trend line and correlation coefficients are denoted in the top right corner of each panel.
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Fig. 7: Future weakening of the convective response to the AZM over the eastern
equatorial Atlantic. (a) The 600 hPa vertical velocity (Pa S−1) response to the AZM averaged
over the eastern equatorial Atlantic (5◦S-3◦N, 20◦W-10◦E) in historical (blue bars) and future
(red bars) simulations. Multimodel mean of the regression coefficients of the equatorial (5◦S-5◦N)
atmospheric vertical velocity and the flow vectors (ms−1) onto the AZM index in (b) historical
(c) future period. Shading represents multi-model mean exceeding 1 standard deviation in (b) and
(c).
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Fig. 8: Impact of increased atmospheric thermal stability on the projected weakening
of AZM-ISMR relationship in future. The difference of JJA mean air temperature (0C) be-
tween the future and historical period (SSP5-8.5-historical) over the equatorial Atlantic (averaged
over 5◦S-5◦N). Intermodel relationship between the changes (future-historical) in boreal summer
atmospheric stratification (X-Axis; units: 0C/0C) and the rainfall response over central India (Y-
axis; units: mmday−1/0C). The black solid line represent the linear trend line. The atmospheric
stratification is defined as the difference between the atmospheric temperature at 600 hPa and 925
hPa averaged over the eastern equatorial Atlantic. The changes in both panels are scaled by the
increase in global-mean temperature.
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Fig. 9:The weakening of velocity potential response over India in the warming scenario.
The multimodel mean of the regression coefficients of 200 hPa velocity potential (contour) and
divergent wind (vector) in (a) historical (b) SSP5-8.5 simulations. Negative (positive) contour
indicates the upper-level divergence (convergence). Shading represents multimodel means above
1 standard deviation. The regression analysis is carried out between the parameters (200 hPa
velocity potential and divergent winds) and the AZM index (multiplied by -1; units: 106 m2s−1

per standard deviation of the regression index).



34 C. T. Sabeerali et al.

Fig. 10: The weakening of low-level wind response over central India in the warming
scenario. The multimodel mean of the regression coefficients of mean low-level (850 hPa) wind
anomalies in (a) historical and (b) SSP5-8.5 simulations. The regression analysis is carried out
between 850 hPa wind anomalies and the AZM index (multiplied by -1; units: ms−1 per standard
deviation of the regression index).



Figures

Figure 1

AZM-ISMR teleconnection in the historical simulations (1965-2014) of CMIP6 coupled models. Bars
indicate the area-average (sign dependent area averaging discussed in section 2) of statistically signi cant
correlation value in observations and CMIP6 models. Correlation analysis is carried out between boreal
summer central India rainfall anomalies (average of rainfall anomalies over the core monsoon domain
(18oN-28oN, 65oE-88oE)) and SST anomalies (after removing ENSO in�uence) at all grid points over the
tropical Atlantic (5oS-3oN, 20oW- 10oE). Models that fail to produce any signi cant correlations are set to
be zero. The blue bars represent models that simulate the correct sign of AZM-ISMR teleconnection when
compared to observations. Red bars denote models that simulate opposite teleconnection.



Figure 2

The multimodel mean of AZM-ISMR teleconnection in the historical simulations (1965-2014) of CMIP6
coupled models. Spatial correlation between the boreal summer central India rainfall anomalies (average
of rainfall anomalies over the core monsoon domain) and the SST anomalies (after removing ENSO
in�uence) over the tropical Atlantic. (a) Observations (b) multi-model mean of 12 'good' models (c) multi-
model mean of six 'weak' models. (d)-(f) is the same as (a)-(c), but represents the spatial map of
correlation between the AZM index and the rainfall anomalies. In observations (panel (a) and (d))
correlation values greater than 95% con� dence levels are stippled. Stippling in panel (b), (c), (e), and (f)
denotes that the multimodel mean exceeds 1 standard deviation.



Figure 3

Spatial correlation between the AZM index and the boreal summer (JJA) SST anomalies over the tropical
Atlantic (a) Observations (b) multi-model mean of 12 'good' models (c) multimodel mean of 6 'weak'
models. Correlation values greater than 95% con �dence levels are stippled in panel (a). In (b) and (c)
stippling denotes that the multimodel mean exceeds 1 standard deviation.



Figure 4

The weakening of AZM-ISMR relationship in a warming scenario. Comparison of central Indian rainfall
anomalies due to AZM (ENSO free component of rainfall anomalies) over the historical (blue bars; 1965-
2014) and future (red bars; 2050-2099) in the 12 'good' model simulations. The multimodel mean of the
regression coe�cients over the Indian subcontinent in (b) historical and (c) future simulations. Stippling
in (b) and (c) denotes that the multimodel mean exceeds 1 standard deviation. The regression analysis is
carried out between the AZM index and the boreal summer rainfall anomalies (after removing ENSO
in�uence).



Figure 5

Impact of AZM amplitude change on the rainfall response over India from the selected 12 CMIP6 models.
Spatial correlation between the AZM index and JJA SST anomalies (a) historical (b) SSP5-8.5
simulations. Stippling in (a) and (b) denotes that the multimodel mean exceeds 1 standard deviation. (c)
Intermodel relationship between AZM amplitude change (future historical; X-Axis) and the changes in
rainfall response over central India (future-historical; Y-axis). The black solid line represent the linear trend
line. The correlation coe�cient between changes in AZM amplitude and the changes in rainfall response
over central India is also given in the top right corner. For a better comparison, the changes are scaled by
the increase in global-mean temperature over the historical and future period. The AZM amplitude is
computed by area-averaging the regressed SST anomalies (onto AZM index) in the eastern equatorial



Atlantic (5oS-3oN, 20oW- 10oE). Similarly, the rainfall response over central India is obtained by area-
averaging the regressed rainfall anomalies (onto AZM index).

Figure 6

Impact of model biases on the projection of rainfall responses over India. Intermodel relationship
between the (a) mean SST (0C) bias in the eastern equatorial Atlantic (5oS-3oN, 20oW-10oE) and the
changes (future-historical) in rainfall (mm/day) response over central India (b) biases in simulating AZM-
ISMR teleconnection and the changes (future-historical) in rainfall response over central India. The
rainfall response over central India is obtained by area-averaging the regressed rainfall anomalies onto
AZM indices. The mean Atlantic SST bias in each model is obtained by the difference of climatological
mean SST over the eastern equatorial Atlantic during the historical period between model and
observations. Similarly, the biases in simulating AZM-ISMR teleconnection are obtained by taking the
difference of rainfall response over central India during the historical period between model and
observations. The solid lines in (a) and (b) represents the trend line and correlation coe�cients are
denoted in the top right corner of each panel.



Figure 7

Future weakening of the convective response to the AZM over the eastern equatorial Atlantic. (a) The 600
hPa vertical velocity (Pa So1) response to the AZM averaged over the eastern equatorial Atlantic (5oS-
3oN, 20oW-10oE) in historical (blue bars) and future (red bars) simulations. Multimodel mean of the
regression coe�cients of the equatorial (5oS-5oN) atmospheric vertical velocity and the ow vectors



(mso1) onto the AZM index in (b) historical (c) future period. Shading represents multi-model mean
exceeding 1 standard deviation in (b) and (c).

Figure 8

Impact of increased atmospheric thermal stability on the projected weakening of AZM-ISMR relationship
in future. The difference of JJA mean air temperature (0C) between the future and historical period
(SSP5-8.5-historical) over the equatorial Atlantic (averaged over 5oS-5oN). Intermodel relationship
between the changes (future-historical) in boreal summer atmospheric strati cation (X-Axis; units: 0C=0C)
and the rainfall response over central India (Yaxis; units: mmdayo1=0C). The black solid line represent the
linear trend line. The atmospheric strati cation is de ned as the difference between the atmospheric
temperature at 600 hPa and 925 hPa averaged over the eastern equatorial Atlantic. The changes in both
panels are scaled by the increase in global-mean temperature.



Figure 9

The weakening of velocity potential response over India in the warming scenario. The multimodel mean
of the regression coe�cients of 200 hPa velocity potential (contour) and divergent wind (vector) in (a)
historical (b) SSP5-8.5 simulations. Negative (positive) contour indicates the upper-level divergence
(convergence). Shading represents multimodel means above 1 standard deviation. The regression
analysis is carried out between the parameters (200 hPa velocity potential and divergent winds) and the
AZM index (multiplied by -1; units: 106 m2so1 per standard deviation of the regression index).



Figure 10

The weakening of low-level wind response over central India in the warming scenario. The multimodel
mean of the regression coe�cients of mean low-level (850 hPa) wind anomalies in (a) historical and (b)
SSP5-8.5 simulations. The regression analysis is carried out between 850 hPa wind anomalies and the
AZM index (multiplied by -1; units: mso1 per standard deviation of the regression index).
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