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Abstract 40 

This study quantifies the impacts of the Atlantic Meridional Overturning Circulation (AMOC) 41 

on the El Niño–Southern Oscillation (ENSO) under anthropogenic warming by comparing 42 

climate change model simulations with declining and fixed strengths of the overturning. After 43 

the 1980s, a weakened AMOC is shown to reduce the strength of the annual cycle of sea 44 

surface temperature (SST) in the eastern equatorial Pacific and induce anomalous cross-45 

equatorial northerly winds there, which strengthens ENSO variability by about 11%. An 46 

analysis of the Bjerknes stability index reveals that this intensification of ENSO results 47 

mainly from enhanced Ekman upwelling feedback due to amplified atmospheric wind 48 

response to SST anomalies and oceanic upwelling response to equatorial wind stress 49 

anomalies. The weakened AMOC also promotes the occurrence of Central Pacific El Niño 50 

events and reduces ENSO skewness. These AMOC impacts on ENSO magnitude and 51 

complexity throughout the twenty-first century are however smaller than ENSO variations 52 

expected from internal climate variability.  53 

 54 

Plain Language Summary 55 

Here, we use climate model simulations to study how changes in the Atlantic Meridional 56 

Overturning Circulation (AMOC) influence the El Niño–Southern Oscillation (ENSO) in a 57 

warming climate. We find that the overturning circulation slowdown caused by global 58 

warming can strengthen the ENSO variability by about 11% over 1981–2100 by reducing the 59 

annual cycle of sea surface temperature and cross-equatorial winds in the eastern equatorial 60 

Pacific. The detailed physical mechanism explaining this ENSO intensification involves 61 

changes in ocean-atmosphere feedback. We also find that the declining AMOC makes El 62 

Niño events with the Central Pacific temperature pattern more frequent. The above effects of 63 

the AMOC on ENSO are however smaller than differences expected from model internal 64 

climate variability. 65 
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1. Introduction 80 

The Atlantic Meridional Overturning Circulation (AMOC) plays a crucial role in Earth’s 81 

climate (Bryden & Imawaki 2001; Liu et al. 2017). This ocean circulation system has been 82 

observed to slow down over the past two decades as measured by the RAPID array at 26.5
o
N 83 

in the North Atlantic (Frajka-Williams 2015; Smeed et al. 2018); however, given the 84 

relatively short observational period, this AMOC slowdown can be part of natural climate 85 

variability (Robert et al. 2014). According to some proxy reconstructions, the AMOC 86 

slowdown might have started as early as in the middle-to-late twentieth century (Rahmstorf 87 

et al. 2015; Thornalley et al. 2018; Caesar et al. 2018, 2021); this conclusion however has 88 

been debated (Kilbourne et al. 2022). During the twenty-first century, the AMOC is 89 

projected to continue to decline as summarized by the Fifth Assessment Report of the 90 

Intergovernmental Panel on Climate Change (IPCC AR5). For example, under the RCP8.5 91 

(Representative Concentration Pathway 8.5) global warming scenario, the AMOC strength 92 

will decrease by 12–54% by 2100. In the recent IPCC AR6, the AMOC also shows a 93 

comparable decline by 2100 under a similar climate scenario of the SSP585 (an updated 94 

version of RCP8.5 but now based on Shared Socioeconomic Pathways, c.f., Weijer et al. 95 

2020), although the newer models put the starting time of the AMOC decline by about one 96 

decade later due to a stronger anthropogenic aerosol forcing used (Menary et al. 2020; 97 

Hassan et al. 2021). 98 

The AMOC slowdown has been shown to impact the global and regional climate (Liu et 99 

al. 2020; Ren & Liu 2021; Li & Liu 2022). For example, in the absence of anthropogenic 100 

global warming, a weakened AMOC can remotely cause a meridionally asymmetric change 101 

in the mean state in the eastern equatorial Pacific through atmospheric teleconnections and 102 

local coupled air–sea feedback (Dong & Sutton 2002; Zhang & Delworth 2005), featuring a 103 

substantial weakening of sea surface temperature (SST) annual cycle there (Timmermann et 104 

al. 2007a) and a reduction in mean cross-equatorial winds (Hu & Fedorov 2018). These 105 

changes in the mean state lead in turn to an eastward shift of El Niño–Southern Oscillation 106 

(ENSO) SST anomalies, a longer and more regular ENSO period (Willianson et al. 2018) and 107 

an increase in the magnitude of ENSO variability (Timmermann et al. 2007a; Dong & Sutton 108 

2007). Yet a recent study (Orihuela-Pinto et al. 2022) argued that a collapsed AMOC acts to 109 

decrease, instead of increase, the ENSO variability.    110 

Most of the above insights of AMOC impacts however are obtained from classical 111 

freshwater hosing experiments causing a slowdown or a full collapse of the AMOC. To the 112 

best of our knowledge, the impacts of projected AMOC slowdown have not been explicitly 113 

assessed in the context of anthropogenic warming via fully coupled climate model 114 

experiments. Also, it is well recognized that climate model projections of ENSO intensity 115 

have large uncertainties (Collins et al. 2010; Stevenson 2012; Cai et al. 2015, 2022) because 116 

ENSO is controlled by a delicate balance of amplifying and damping feedback, which is 117 

modified by climate change simultaneously (Fedorov & Philander 2000, 2001; Collins et al. 118 

2010; Zheng et al. 2016; Hu & Fedorov 2018; Fedorov et al. 2020). So far, efforts to 119 

understand ENSO projections have mainly focused on local processes in the tropic Pacific, 120 

whilst remote effects such as those from the future AMOC slowdown have received less 121 
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attention. Therefore, it remains unclear how and to what extent the projected AMOC 122 

slowdown can affect future ENSO variability during the twenty-first century, which is the 123 

focus of the current study. 124 

   125 

2. Data and Methods 126 

2.1. Observations 127 

We use four monthly-reconstructed SST datasets to assess historical ENSO variability 128 

during 1861–1980. These datasets are COBE-SST2 on a one-degree grid (Hirahara et al. 129 

2014), ERSST.v4 (Huang et al. 2015; Liu et al. 2015) and ERSSTv5 (Huang et al. 2017) on a 130 

two-degree grid and KAPLAN EXTENDED v2 on a five-degree grid (Kaplan et al. 1998). 131 

We compute the mean over these four SST datasets as well as one standard deviation. For 132 

each dataset, we calculate the Niño 3.4 ENSO index by averaging the detrended SST 133 

anomalies over the Niño 3.4 area (5
o
N–5

o
S, 170

o
W–120

o
W). The mean of the Niño 3.4 index 134 

depicts a significant ENSO period at 2-4 years during 1861–1980 (Figure 1c).    135 

 136 

2.2. Climate model simulations 137 

We employ a broadly used climate model, the Community Climate System Model 138 

version 4 (CCSM4) with the standard 1-degree atmospheric resolution (Deser et al. 2012), 139 

which captures well the 2-4 year periodicity of ENSO, even though with a larger amplitude 140 

(Figure 1c), as well as an annual cycle of SST in the eastern equatorial Pacific similar to the 141 

observations (Figure S1). We use five ensemble members of CCSM4 historical and RCP8.5 142 

simulations from 1861 to 2100. Consistent with most of IPCC AR5 model results, CCSM4 143 

simulates a relatively steady AMOC in the early and middle twentieth century (Figure 1a), 144 

which is likely due to the compensation between the warming effect of rising greenhouse 145 

gases and the cooling effect of growing aerosols at that time (Delworth & Dixon 2006). The 146 

model AMOC weakens after the 1980s when aerosol emissions began to decline over North 147 

America and Europe while greenhouse gas concentrations continued to rise. 148 

Utilizing CCSM4 historical and RCP8.5 simulations, we conduct a parallel sensitivity 149 

experiment with corresponding five ensemble members, which is branched from the year 150 

1980 of the historical simulation and driven by the same historical and RCP8.5 forcings 151 

except that a small amount of freshwater is gradually removed from the surface in the 152 

subpolar North Atlantic and uniformly redistributed over rest of the global ocean (details are 153 

provided in Liu et al. 2020). This experimental setup helps maintain a constant AMOC 154 

strength throughout the twenty-first century even under anthropogenic warming (Figure 1a). 155 

The AMOC strength is defined as the maximum of the annual mean stream function below 156 

500 m in the North Atlantic. For brevity, we denote the historical simulation over 1861–1980 157 

as “HIST”, and the historical plus RCP8.5 simulation over 1981–2100 as “RCP85” since 158 

most of this period falls under the RCP8.5 scenario. We denote the sensitivity experiment for 159 

years 1981–2100 as “RCP85_fxAMOC”, so that the difference between RCP85 and 160 

RCP85_fxAMOC shows the climate impacts of the AMOC slowdown under the chosen 161 

global warming scenario. We also test the significance of the difference between these two 162 

sets of simulations relative to internal climate variability (Zheng et al. 2019) at 95% 163 
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confidence level based on the Student’s t-test between the RCP85 and RCP85_fxAMOC 164 

ensembles. This internal climate variability manifests in the inter-member difference within 165 

each ensemble. Accordingly, for each of the HIST, RCP85 and RCP85_fxAMOC simulations, 166 

we calculate the ensemble mean over five members and the ensemble spread as one standard 167 

deviation among ensemble members. 168 

  169 

3. Results 170 

We firstly explore the mean-state change in the tropical Pacific between the RCP85 171 

and HIST simulations. The ensemble mean result shows an enhanced equatorial SST 172 

warming relative to the subtropics during the twenty-first century (Figure 2a). The equatorial 173 

enhanced response (Knutson & Manabe 1995; Meehl et al. 2000) to anthropogenic forcing is 174 

associated with changes in surface latent heat fluxes due to wind speed change, shortwave 175 

cloud radiation and ocean mixing (Liu et al. 2005). A warming maximum emerges at the 176 

eastern tropical Pacific and a warming minimum emerges to the south of the equator, 177 

accompanied by reduced equatorial easterlies but intensified southeast trade winds off the 178 

equator (Figure 2a), which points to the role of the wind–evaporation–SST feedback in 179 

shaping this pattern (Xie & Philander 1994; Xie et al. 2010). The interplay of different 180 

mechanisms that lead to the development of this pattern on different timescales and across 181 

different models has been discussed in Heede et al. (2020, 2021) and Heede & Fedorov (2021, 182 

2023). The warming maximum and minimum would reach even greater amplitudes without 183 

AMOC slowdown (Figure 2b). This is because a weaker Atlantic overturning induces cooling 184 

and warming SST anomalies to the north and south of around 3
o
S, respectively, in the eastern 185 

and central Pacific, along with anomalous cross-equatorial northerly winds (Figure 2c).  186 

Changes in ENSO are tired to the resulting change in the mean state of the tropical 187 

Pacific (Fedorov & Philander 2000, 2001; An & Jin 2000; Jin et al. 2006; Fedorov et al. 188 

2020). The ensemble mean of ENSO variability peaks at 4, 3.64 and 3.87 years in the HIST, 189 

RCP85 and RCP85_fxAMOC simulations, respectively, meaning that the projected 190 

anthropogenic warming shortens future ENSO period while the AMOC slowdown can make 191 

the ENSO period even shorter.  On the other hand, the ensemble-mean magnitude of ENSO 192 

variability decreases over the
 
twenty-first century under the RCP8.5 scenario, and such 193 

decrease might be even larger without the projected AMOC slowdown (Figure 1b). This 194 

result suggests that, relative to the simulated future state with reduced ENSO variability, a 195 

weakened AMOC under global warming acts to amplify ENSO variability, which is 196 

consistent with the findings of Timmermann et al. (2007a) and Dong & Sutton (2007) but is 197 

different from the study of Orihuela-Pinto et al. (2022). 198 

Despite the ensemble-mean result showing ENSO intensification, this AMOC impact 199 

is not statistically significant relative to internal climate variability, i.e., the inter-member 200 

difference within either ensemble. Taking the 4-year period ENSO variance for example, the 201 

variance significantly (p=0.00) decreases by -47.2 ± 13.8% from the HIST to RCP85 202 

simulation but insignificantly (p=0.39) increases by 10.6 ± 40.5% from the RCP85_fxAMOC 203 

to RCP85 simulation. The latter means that the inter-member difference within the ensembles 204 

of either simulation is greater than the ensemble-mean difference between the two global 205 
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warming simulations. In other words, ENSO variance may actually decrease between a few 206 

of the ensemble members from the RCP85_fxAMOC and RCP85 simulations, respectively. 207 

To investigate the physical mechanisms of the AMOC on modulating future ENSO, 208 

we first examine the changes in the SST annual cycle in the eastern equatorial Pacific among 209 

the ensemble means of the HIST, RCP85 and RCP85_fxAMOC simulations. The difference 210 

between the RCP85 and HIST simulations reveals a general reduction of the SST annual 211 

cycle during the twenty-first century, though it also illustrates some anomalous semi-annual 212 

signals (Figure 2d). The difference between the RCP85_fxAMOC and HIST simulations 213 

shows a similar pattern of reduced SST annual cycle but with smaller magnitude of the 214 

reduction (Figure 2e), meaning that a weakened AMOC indeed acts to further reduce the SST 215 

annual cycle in the eastern equatorial Pacific relative to the simulated future state with an 216 

already weakened annual cycle (Figure 2f). This result is consistent with those from 217 

Timmermann et al. (2007a) and Dong & Sutton (2007), suggesting that a weakened annual 218 

cycle can lead to intensification of the ENSO amplitude and vice versa via the frequency 219 

entrainment mechanism (Chang et al. 1994; Liu 2002; Timmermann et al. 2007b). We also 220 

find that the anomalous cross-equatorial northerly winds are especially strong in May-June 221 

(Figure 2f), which indicates that a simple reduction in the mean (background) cross-222 

equatorial winds (Hu & Fedorov 2018; Zhao & Fedorov 2020) can provide a sufficient 223 

explanation of ENSO changes in the context of an AMOC slowdown under the background 224 

of anthropogenic warming. 225 

We further probe the physical mechanisms by which a weakened AMOC modifies 226 

ENSO by utilizing the Bjerknes (BJ) stability index (Jin et al. 2006; Manucharyan & Fedorov 227 

2014; Zhu et al. 2017; Lu et al. 2016, 2019; Zhao & Fedorov 2020), which allows us to 228 

evaluate quantitatively the role of ocean–atmosphere feedback and damping effects. The 229 

linear equation for temperature anomalies (𝑇 ) averaged within the mixed layer (i.e., the 230 

upper 50 m) in the tropical central and eastern equatorial Pacific (5
o
S–5

o
N, 180

o
E–80

o
W) can 231 

be written as: 𝜕𝑇 𝜕𝑡 = 𝐵𝐽 ∗ 𝑇 +⋯, where the omitted terms  describe the term proportional 232 

to the thermocline depth in the eastern Pacific and the system’s noise, and  233 

𝐵𝐽 = −𝛼 − 𝛼 + 𝜇 𝛽 −𝑇 + 𝜇 𝛽 −𝑇 + 𝜇 𝛽 𝑎    (1) 234 

                                 TD    MA            ZA                EK                   TH 235 

From Eq. (1), the BJ index is a sum of five feedback terms: (i) the net surface heat flux 236 

feedback, or thermodynamic damping (TD), (ii) the mean advection feedback (MA), (iii) the 237 

zonal advection feedback (ZA), (iv): the Ekman upwelling feedback (EK) and (v) the 238 

thermocline feedback (TH). Terms (i) and (ii) describe negative feedback processes that 239 

damp SST anomalies. Term (iii), (v) and (iv) denote positive feedback processes that 240 

intensify SST anomalies. Together they represent the combined effects of the background 241 

state, including the mean zonal and vertical ocean temperature gradients and vertical ocean 242 

velocity (𝑇 ,  𝑇 ,  𝑤), atmospheric (wind stress) response to SST anomalies (𝜇𝑎), and oceanic 243 

response to equatorial wind stress anomalies (𝛽𝑢, 𝛽𝑤 and 𝛽ℎ) for thermocline slope, upwelling 244 

and zonal currents on the growth of ENSO SST anomalies. aℎ denotes the sensitivity between 245 
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ocean subsurface temperature and sea level anomalies. H1 denotes an effective depth for 246 

vertical advection. 247 

We find that, consistent with the weakened ENSO variability from the HIST to RCP85 248 

simulation, the total BJ index on average reduces by 51.6%. This reduction in the BJ index 249 

can be mostly attributed to stronger negative feedback, including the thermodynamic 250 

damping and mean advection feedback (Figure 3a,b). Moreover, if the AMOC stayed 251 

constant after the 1980s, the total BJ index would on average increase by 16.9%, which is 252 

consistent with the strengthening of ENSO variability from the RCP85_fxAMOC to RCP85 253 

simulation. This relative increase in the BJ index is mainly caused by stronger positive 254 

Ekman upwelling feedback (Figure 3a,b), which results from enhanced atmospheric wind 255 

stress response to SST anomalies (𝜇𝑎) and enhanced oceanic upwelling response to equatorial 256 

wind stress anomalies (𝛽𝑤) (Figure 3c). Note that while 𝛽ℎ and 𝜇𝑎 have comparable 257 

percentage increases, the contribution from the thermocline feedback is small compared to 258 

that from the Ekman upwelling feedback. 259 

Next, we investigate the impacts of AMOC slowdown on ENSO diversity, focusing on 260 

events characterized by the Eastern Pacific (EP) or Central Pacific (CP) patterns with 261 

maximum SST anomalies developing in the eastern and central Pacific, respectively (Yu & 262 

Kao 2007; Ashok et al. 2007; Kao & Yu 2009; Takahashi et al. 2011; Capotondi et al. 2015; 263 

Santoso et al. 2019). To determine the type of particular El Niño events, we follow Takahashi 264 

et al. (2011) and firstly compute empirical orthogonal functions (EOFs) for the detrended 265 

monthly SST anomalies (relative to the SST climatology of the base period for each 266 

observation or model simulation) for the observations and for the HIST, RCP85 and 267 

RCP85_fxAMOC simulations over a domain bounded by 10°S–10°N and the Pacific lateral 268 

boundaries. We focus on the first two principal components (PC1 and PC2), which are 269 

normalized by the standard deviation for the base period and smoothed with a 1-2-1 filter. 270 

The dimensional spatial SST patterns of EOF1 and EOF2 are then obtained by linearly 271 

regressing SST anomalies onto PC1 and PC2 (Figure S2).  272 

Next, following Takahashi et al. (2011), we calculate the E and C indices for ENSO as  273 

𝐸   =    (2) 274 

𝐶   =    (3) 275 

These two indices describe the strength of EP and CP El Niño events, respectively.  We 276 

linearly regress SST anomalies onto the E and C indices to obtain the dimensional spatial 277 

SST patterns corresponding to EP and CP El Niño events (Figure 4). The ensemble mean of 278 

observations for years 1861–1980 displays an EP pattern with maximum SST anomalies in 279 

the eastern equatorial Pacific and along the coast of Peru (Figure 4a) and a CP pattern with 280 

maximum SST anomalies over the central equatorial Pacific (Figure 4b). CCSM4 captures 281 

the general features of both EP and CP patterns seen in the observations during this period 282 

except with slightly large amplitudes of the EP pattern (Figure 4c) and a more westward 283 

maximum in the CP pattern (Figure 4d), which is similar to other climate model simulations 284 
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(Yu & Kim 2010; Kim & Yu 2012). During the
 
twenty-first century, the SST anomaly 285 

maximum is projected to weaken for the EP pattern (Figure 4e) and to move westward for the 286 

CP pattern (Figure 4f) under the RCP8.5 scenario. Without the AMOC slowdown, the SST 287 

anomaly maximum would reduce even more for EP events (Figure 4g) and shift even more 288 

westward for CP events (Figure 4h). 289 

We further employ the EP and CP indices to assess the frequency of El Niño events of 290 

different types. We define an EP or CP warm event when the corresponding averaged 291 

October–March index exceeds one standard deviation (Orihuela-Pinto et al. 2022). 292 

Observations show more CP than EP events (about three fifths versus two fifths of the total 293 

number of warm events) between 1861 and 1980; the HIST simulation exhibits generally 294 

similar percentages of CP and EP events (Figure 4i). Since the 1980s, the RCP85 simulation 295 

suggests that CP El Niño events are more frequent than the EP events. If the AMOC did not 296 

weaken, the proportion of CP to EP ENSO events would on average further increase by 11.0% 297 

over 1981–2100 (Figure 4i), which is consistent with the result from Orihuela-Pinto et al. 298 

(2022). However, this AMOC impact of shifting El Niño events toward the CP type is 299 

statistically insignificant (p=0.29) relative to internal climate variability. 300 

 301 

4. Conclusion and discussions 302 

In this study, we isolate and quantify the AMOC impacts on ENSO in a warming 303 

climate using CCSM4 simulations. We find that the weakened AMOC causes a reduction in 304 

the SST annual cycle in the eastern equatorial Pacific and anomalous cross-equatorial 305 

northerly winds there, which leads to an increase in ENSO variance by around 11% between 306 

1981 and 2100 relative to the simulated ENSO weakening induced by anthropogenic 307 

warming. We further analyze the Bjerknes stability index and find that this ENSO 308 

intensification induced by the AMOC slowdown can be primarily attributed to the enhanced 309 

Ekman upwelling feedback related to amplified atmospheric response to SST anomalies as 310 

well as oceanic upwelling response to equatorial wind stress anomalies. We also find that the 311 

weakened AMOC modulates ENSO complexity by increasing the ratio of CP to EP events by 312 

approximately 11%. Nevertheless, both AMOC effects on ENSO magnitude and type are 313 

relatively small when compared to ENSO variations driven by internal climate variability. 314 

It is noteworthy that the AMOC impacts on ENSO presented in our study are 315 

considered in the context of anthropogenic warming over the twenty-first century during 316 

which the AMOC will slow down but remain active, which are thus different from the 317 

impacts of a collapsed AMOC that is often considered in the paleoclimate context using 318 

idealized strong freshwater hosing experiments (Timmermann et al. 2007a; Dong & Sutton 319 

2007; Orihuela-Pinto et al. 2022). It also merits attention that, compared to the AMOC 320 

modest impact on ENSO induced SST variance (Figure S3g), the weakened overturning has a 321 

greater impact on interannual SST skewness and hence ENSO asymmetry (Figure S3h). Over 322 

1981–2100, the weakened AMOC generally reduces the ENSO skewness by decreasing 323 

positive SST skewness in the eastern Pacific and at the same time increasing negative 324 

skewness in the western Pacific. The maximum change in skewness can exceed 30% of its 325 

historical values (Figure S3b, h).          326 
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We note that the simulated AMOC-induced changes in ENSO variability and the role 327 

of ocean–atmosphere feedback are opposite in our study and that of Orihuela-Pinto et al. 328 

(2022), which may reflect the delicate balance of amplifying and damping feedback in 329 

different model simulations. We also find significant differences in the AMOC-induced mean 330 

state changes in zonal winds and thermocline along the equatorial Pacific (Figure S4) 331 

between our study and Orihuela-Pinto et al. (2022), which to some extent reflects the model 332 

uncertainty as reported in Timmermann et al. (2007a). Additionally, a recent study by Lee et 333 

al. (2021) has suggested that large (≥50) ensembles are needed to robustly capture the 334 

baseline ENSO characteristics and physical processes. Given the large uncertainties in the 335 

IPCC AR5 model projections of ENSO intensity and the need of large ensembles, it would be 336 

important to apply the current framework to the state-of-art IPCC AR6 model large ensemble 337 

simulations to further tackle this scientific question. 338 

 339 
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Figures 535 

 536 

537 

Figure 1. (a) AMOC strength in the HIST simulation for years 1861–1980 (black), RCP85 538 

simulation for 1981–2100 (blue), and RCP85_fxAMOC simulation for 1981–2100 (red). 539 

AMOC strength is defined as the maximum of the annual mean stream function below 500 m 540 

in the North Atlantic. (b) Power spectra of the Niño 3.4 indices in the HIST (black), RCP85 541 

(blue) and RCP85_fxAMOC (red) simulations and associated 95% confidence limits 542 

(dashed/dotted curves). (c) Power spectra of the Niño 3.4 indices in the HIST (black) and 543 

observations (green) over 1861–1980. In all cases solid lines denote ensemble-mean results, 544 

and light color shading indicates ensemble spread. 545 
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   546 

Figure 2. (a-c) Ensemble-mean differences of annual mean SST (color shading, in 
o
C) and 547 

surface wind stress (vectors, in N/m
2
) between (a) the RCP85 and HIST simulations, (b) 548 

RCP85_fxAMOC and HIST simulations, and (c) RCP85 and RCP85_fxAMOC simulations. 549 

(d-f)  Hovmöller diagrams showing ensemble-mean differences for the annual cycle of SST 550 

(color shading, in 
o
C) in the tropical Pacific (5

o
S-5

o
N) between (d) RCP85 and HIST 551 

simulations, (e) RCP85_fxAMOC and HIST simulations, and (f) RCP85 and 552 

RCP85_fxAMOC simulations.  The annual cycle of SST from the HIST simulation (contours 553 

in 
o
C with a contour interval of 0.2

o
C; positive solid, negative dashed and zero contours 554 

thickened) is overlaid in panels (d) and (e). The ensemble-mean difference for the annual 555 

cycle of surface wind stress (vectors, in N/m
2
) between RCP85 and RCP85_fxAMOC 556 

simulations is superposed in panel (f). Note the anomalous northerly winds during May-June 557 

in panel (f). Stippling in panels (c)-(f) indicate where SST differences are statistically 558 

significant at a 95% confidence level based on Student’s t-test. 559 
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 560 

Figure 3. (a) The BJ index for the HIST (green), RCP85 (purple) and RCP85_fxAMOC 561 

(yellow) simulations. MA, TD, ZA, TH, and EK represent the mean advection, thermal 562 

damping, zonal advection, thermocline, and Ekman feedback, respectively. The panel shows 563 

the ensemble-mean result. (b) Similar to panel (a) but for changes between simulations 564 

(RCP85 – HIST, blue; RCP85_fxAMOC – HIST, orange; RCP85 – RCP85_fxAMOC, gray). 565 

(c) Similar to panel (b) but for changes in percentage of different regression coefficients and 566 

mean temperature gradients relative to HIST.  567 
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 568 

Figure 4. (a,c,e,g) Linear regression of SST anomalies (color shading, in °C) onto the E-569 

index for (a) observations, (c) the HIST simulation for years 1861–1980, and (e) RCP85 and 570 

(g) RCP85_fxAMOC simulations, both for years 1981–2100. The panels show ensemble-571 

mean results. (b,d,f,h) As in the left panels but for the SST regression onto the C-index. (i) 572 

The fraction of EP and CP El Niño events in the observations (gray), in the HIST simulation 573 

(green) for 1861–1980, and in the RCP85 (purple) and RCP85_fxAMOC (yellow) 574 

simulations for 1981–2100. Bars denote one standard deviation.   575 


