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The Atlantic Niño is one of the most important tropical patterns of interannual 15	

climate variability, with major regional and global impacts. How global 16	

warming will influence the Atlantic Niño has been hardly explored, because of 17	

large climate model errors. We show for the first time that the state-of-the-art 18	

climate models robustly predict that equatorial Atlantic Niño variability will 19	

weaken in response to global warming. This is primarily because subsurface 20	

and surface temperature variations decouple as the upper equatorial Atlantic 21	

Ocean warms. The weakening is predicted by most (>80%) models following 22	

the highest emission scenarios in the Coupled Model Intercomparison Project 23	

Phases 5 and 6 considered here. These indicate a reduction in variability by 24	

the end of the century of 12-17%, and as much as 25% when accounting for 25	

model errors. Weaker Atlantic Niño variability will have major consequences 26	

for global climate and the skill of seasonal predictions. 27	

 28	

The Atlantic Niño phenomenon exhibits many similarities to the stronger El 29	

Niño/Southern Oscillation1,2 (ENSO) in the Pacific. The eastern equatorial Atlantic is 30	

anomalously warm, surface trade winds relax and rainfall shifts equatorward during 31	

positive Atlantic Niño3-5 events. The sea surface temperature (SST) anomalies in the 32	

equatorial cold tongue can reach 1.5ºC and thermocline (20ºC isotherm) depth 33	

anomalies can exceed 30 m in boreal summer when the events peak. Opposite 34	

conditions are found during negative events. Coupled ocean-atmosphere 35	

interactions—Bjerknes positive and delayed negative feedbacks—similar to those in 36	

the Pacific can explain most Atlantic Nino variability, but other mechanisms can 37	

contribute substantially to equatorial SST anomalies6. The Atlantic Niño has 38	



significant impacts on the climate7-9 and marine biogeochemistry10,11 in the tropical 39	

Atlantic sector, on ENSO12-16, and extra-tropical climate17-20. 40	

Recent studies have shown a weakening of the Atlantic Niño variability in the 41	

last decades21-23. The changes in eastern equatorial Atlantic SST variability have 42	

been attributed to the combined effect of a weakening of the Bjerknes feedback24 43	

(BF) and increased heat flux damping22,23, and to a basin-wide warming related to 44	

climate change24. These studies used observational and reanalysis datasets to 45	

investigate changes in the SST variability during the historical period.  46	

Extensive analysis of the projections from the Coupled Model 47	

Intercomparison Project (CMIP) indicate that ENSO events will become stronger 48	

under global warming, but large uncertainties exist25-29. Large climate model biases in 49	

the tropical Atlantic sector30-33 have discouraged the climate community from carrying 50	

out similar in-depth assessment of climate change in the area. However, we will 51	

show that such biases do not preclude a more robust assessment of global warming 52	

impacts on Atlantic Niño variability than has been achieved in the Pacific. 53	

 54	

Weakened variability of the equatorial Atlantic SST 55	

To investigate how the SST variability in the eastern equatorial Atlantic will change 56	

under global warming, we use historical simulations and the future highest emission 57	

scenario simulations from the CMIP534 and CMIP635 archive. The comparison 58	

between the historical (1950-99) and future scenario (2050-99) periods in the CMIP 59	

models shows that the SST variability in the eastern equatorial Atlantic sector in 60	

June-July-August (JJA) is reduced in the majority of the CMIP models (33 out of 40) 61	

(Fig. 1a and Table 1). The multi-model ensemble mean of CMIP5 (CMIP6) shows a 62	

reduction of the SST variability of 12% (17%) in the future scenario simulation with 63	

respect to the historical simulation (Table 1). The surface zonal winds in the western 64	

Atlantic sector also show a reduced future variability in May-June-July (MJJ) season 65	

in the CMIP5 and CMIP6 models with only 3 out of 40 models presenting an 66	

increased variability (Fig. 1d, Table 1). The ensemble mean of the standard deviation 67	

of the MJJ zonal wind anomalies (UAS hereafter) is reduced by 13% in CMIP5 and 68	

by 17% in CMIP6, which corresponds very well to the amplitude of the reduction in 69	

JJA SST variability (Table 1). The reduction of the zonal surface winds in the western 70	

equatorial Atlantic is consistent with a more stratified atmosphere in a future warmer 71	

climate36. 72	

 73	



Table 1. List of CMIP5 and CMIP6 models used in this study (first column). Standard 74	

deviation of the JJA ATL3-averaged SST anomalies and the MJJ ATL4-averaged 75	

UAS anomalies (second column) in brackets, during 1950-1999 and 2050-2099. The 76	

reduction is relative to the 1950-1999 period. ENS is the multi-model ensemble mean 77	

of the CMIP5 and CMIP6. JJA ATL3-averaged SST change (fourth column), defined 78	

as the difference of the 2050-2099 mean minus the 1950-1999 mean.  79	

 80	

 81	

The reduction of the standard deviation in both SST and UAS is more pronounced 82	

and localized in the ensemble mean of CMIP6 (Fig. 1c and f) than in CMIP5 (Fig 1b 83	

and e). The weakening of the standard deviation of the MJJ zonal winds in the 84	

western equatorial Atlantic is followed by a weakening of the eastern equatorial 85	

Atlantic JJA SST variability in both CMIP5 (Fig. 1b and e) and CMIP6 (Fig. 1c and f) 86	

ensemble means, suggesting that the reduced wind variability may be the cause of 87	



the reduced SST variability. However, the linear regression between the two 88	

variables explains only 32% of the variance (Fig. S1). Consequently, there are other 89	

mechanisms that play an important role in the reduction of the standard deviation of 90	

the SST in the eastern equatorial Atlantic. 91	

 92	

 93	

Figure 1. Weakening of the eastern equatorial Atlantic SST variability. (a) Scatter plot of 94	

the JJA average standard deviation of the SSTa for the historical period (1950-99) in the x 95	

axis against the standard deviation of SSTa for the scenario period (2050-99) in the y axis. 96	

The black line represents the no-change line and is added for easier interpretation. Difference 97	

between the means of the 2050-2099 and the 1950-1999 periods standard deviation of the 98	

SST anomalies for the ensemble mean of CMIP5 (b) and CMIP6 (c) models, along the 99	

equator and averaged between 3˚S and 3˚N. Same as (b) and (c) for the surface zonal wind 100	

anomalies of the CMIP5 (e) and CMIP6 (f) models, along the equator and averaged between 101	

3˚S and 3˚N. (d) Scatter plot of the MJJ average standard deviation of the UASa for the 102	

historical period (1950-99) in the x axis against the standard deviation of UASa for the 103	

scenario period (2050-99) in the y axis. The black line represents the no-change line and is 104	

added for easier interpretation. The blue (red) numbers correspond to the CMIP6 (CMIP5) 105	

models listed in Table 1. The blue (red) circle shows the ensemble mean of CMIP6 (CMIP5) 106	

models. 107	



 108	

Weakened ocean-atmosphere coupling  109	

We explore the relative importance of the dynamical and thermodynamical 110	

drivers of the future changes in the SST, through the BF components and the net 111	

heat flux damping (Methods). The basin-wide weakening of the SST variability and 112	

winds in the future scenario simulation might be related to a weakening of the BF. 113	

The changes in variability in CMIP5 and CMIP6 are rather similar and therefore, we 114	

will consider all CMIP models together in this section.  115	

Both ensemble means of CMIP5 and CMIP6 models show a small change of 116	

the first component of the BF (i.e. the linear regression of MJJ ATL4 zonal winds 117	

anomalies on the JJA ATL3 SSTa). A majority of the CMIP models agrees on a 118	

decrease of the 1st component of the BF; 29 out of 40 models (Fig. 2a). The second 119	

component of the BF, the thermocline slope response to western equatorial wind 120	

anomalies, shows a small reduction for CMIP models (Fig. 2b). The change in the 121	

second BF component shows less inter-model agreement than the first component of 122	

the BF with 26 out of 40 CMIP models showing a decrease of the second component 123	

of the BF. The third component of the BF, that accounts for the local response of 124	

SSTa to thermocline depth anomalies in the ATL3 region, shows the most consistent 125	

changes; with 31 out of 40 CMIP models showing a reduction of the third BF 126	

component. Both the CMIP5 and the CMIP6 multi-model ensemble means show a 127	

reduction in the strength of this relation in the future climate simulations (Fig. 2f).  128	

The change of the third BF component between historical and future 129	

simulations is strongly related to the change in ATL3 JJA SST variability between the 130	

two periods, with a explained variance of 61% when considering all CMIP models 131	

(Fig. 2f). Contrastingly, the changes in components one and two of the BF explain 132	

only little variance of the change in SST variability, namely 19% and 18%, 133	

respectively. Therefore, the reduced sensitivity of SST to local changes in 134	

thermocline depth dominates the reduction of SST variability in the eastern equatorial 135	

Atlantic in the future scenario. However, the majority of the CMIP models largely 136	

underestimates the strength of this part of the feedback (Fig. 2c), a flaw already 137	

present in CMIP5 models37 that still persists in the latest CMIP6 generation. 138	

Therefore, the CMIP models might underestimate the future reduction of SST 139	

variability. 140	



 141	

 142	

Figure 2. Dynamical drivers of the weakening of the SST variability. Changes between 143	

the historical and future scenario in the strength of the Bjerknes feedback (BF) components. 144	

(a) 1
st
 component of the BF is the linear regression of ATL4 MJJ UAS anomalies against the 145	

JJA ATL3 SSTa. (b) 2
nd

 component of the BF as the linear regression of ATL4 JJA UAS 146	

anomalies on the thermocline slope depth anomalies (aka z20 in Atl3 minus z20 in Atl4). (c) 147	

3
rd

 component of BF computed as the linear regression of ATL3 JJA SSTa onto the JJA ATL3 148	

Z20 anomalies. The blue and red dots are the ensemble mean of the CMIP6 and CMIP5 149	

ensemble, respectively. Linear regression between the change in JJA SSTa variance and the 150	

change in BF components (d, e, f). The change here is defined as the difference of the mean 151	

of the scenario period (2050-99) minus the mean of the historical period (1950-99). The 152	

vertical grey lines represent an estimation of the three components of the BF (a, b and c) from 153	

observation and reanalysis datasets.  154	

 155	

Future mean changes of the tropical Atlantic SST 156	

The strength of the 3rd component of Bjerknes Feedback is linked to the 157	

strength of climatological upwelling and vertical temperature stratification38. In 158	

particular, a weaker feedback can result from the weaker upwelling of relatively 159	

warmer subsurface waters. Despite a large intermodel spread, the SST change 160	

between historical and future scenario simulations shows a robust warming of the 161	

equatorial Atlantic cold tongue consistent with weakening of this component of the 162	



BF (Table 1). The future scenario simulations of CMIP5 and CMIP6 models present a 163	

warming of the JJA season in the eastern equatorial Atlantic of 2.54 ± 0.79ºC and 164	

2.70 ± 0.58ºC, respectively. The multimodel ensemble mean of the CMIP5 and 165	

CMIP6 models show a warming of 2ºC to 3ºC in the tropical Atlantic sector between 166	

the historical and the future scenario simulation (Fig. 3a,b). The spatial patterns of 167	

the future warming rate in the multimodel ensemble mean of both CMIPs are rather 168	

similar and show a strong zonally homogeneous warming along the equatorial band. 169	

The surface trade winds are projected to weaken in most of the tropical Atlantic in 170	

CMIP5, coinciding with the warming pattern. In the CMIP6 ensemble mean, the 171	

weakening of the surface trade winds is confined to the eastern equatorial Atlantic 172	

and north of 10ºN (Fig. 3a,b). Weaker equatorial trade winds will weaken equatorial 173	

upwelling, and thereby contribute to a weaker 3rd component of the BF.  174	

The vertical section of the difference between future scenario and historical of 175	

the equatorial Atlantic ocean temperature clearly shows a stronger warming of the 176	

upper ocean, going from the surface down to about 50 meters in the eastern 177	

equatorial Atlantic, and 70 meters in the western equatorial Atlantic in the CMIP5 178	

ensemble mean (Fig. 3c). The warming in the eastern equatorial Atlantic is even 179	

more pronounced in the CMIP6 ensemble mean (Fig. 3d). The warming of the upper 180	

levels is rather zonally homogeneous in both CMIP5 and CMIP6. However, this is not 181	

the case for the deeper levels where the eastern equatorial Atlantic is warming faster 182	

than the western side of the basin; this warming pattern could be related to changes 183	

in oceanic circulation associated with the subtropical cells and AMOC39. The strong 184	

warming of the upper levels in the ensemble mean of both CMIP generations leads 185	

to a deeper thermocline in the future scenario (Fig. 3c,d). As the thermocline gets 186	

deeper the coupling between the thermocline and the SST gets weaker, because the 187	

stratification at the base of the mixed layer becomes weaker. In other words, the 188	

variability in the SST is less sensitive to the variability of the thermocline, in 189	

agreement with the previously shown weakening of the third component of the 190	

Bjerknes feedback (Fig. 2c). 191	

 192	



193	

Figure 3. Mean state changes in the equatorial Atlantic. (Top row) Difference between 194	

future scenario and historical simulations of SST (in shading) and zonal surface winds (in 195	

contours) for the multi-model ensemble means of (a) CMIP5 and (b) CMIP6. The dashed 196	

(solid) contours show negative (positive) zonal winds which implies a strengthening 197	

(weakening) of the prevalent trade winds. The units are ºC and m/s/ for SST and for zonal 198	

winds, respectively. (Bottom row) Vertical section of the difference in ocean temperature 199	

between future scenario and historical simulations for (c) CMIP5 and (d) CMIP6 multi-model 200	

ensemble means for June-July-August average. The blue solid (dashed) line represents the 201	

depth of the 20ºC isotherm, for the climatological mean of the historical (future scenario) 202	

period. The temperature has been latitudinally averaged from 3ºS to 3ºN. The periods taken 203	

for the historical and the scenario simulations are 1950-99 and 2050-99, respectively. 204	

 205	

Impact of model biases 206	

Coupled general circulation models show large biases in the tropical Atlantic 207	

region30-33,40,41, and in particular, a warm SST bias in JJA in the eastern equatorial 208	

Atlantic, where projected changes in SST variability are largest. We explore to what 209	

extent our findings are affected by the model biases in the region. We find that the 210	



models with smaller bias have a stronger reduction of the SST variability (Fig. 4a), a 211	

stronger reduction of the third component of the Bjerknes feedback (i.e. the 212	

thermocline feedback) (Fig. 4b) and a larger SST change between future scenario 213	

and historical (Fig. 4c). This is consistent with a previous study using different 214	

versions of the same climate model42. Therefore, biases in the models seem to 215	

suppress the reduction of the SST variability in a future warmer climate through a 216	

reduction of the weakening of the thermocline feedback. In light of these 217	

relationships, the reduction of future SST variability might indeed be larger than 218	

shown in this study if the models were unbiased and the reduction of the thermocline 219	

feedback would be better captured. 220	

The reduction of the SST variability could also be affected by changes in the 221	

thermodynamical coupling between the ocean and the atmosphere. However, we 222	

find that in the CMIP models the thermodynamical mechanism is not relevant for 223	

explaining the change in the SST variance between the future climate and the 224	

historical climate periods (Fig. S3). 225	



 226	

Figure 4. Impact of model biases. (a) Scatter plot of the JJA ATL3-averaged SST bias and 227	

SST variability change. The SST bias is estimated as the difference between model SST and 228	

HadI-SST over the period 1950-1999. (b) Scatter plot of JJA ATL3-averaged SST bias and 229	

BF3 change. (c) Scatter plot of JJA ATL3-averaged SST bias and mean SST change. (d) 230	

Scatter plot of JJA ATL3-averaged mean SST change and BF3 change. The change here is 231	

defined as the difference of the mean of the scenario period (2050-99) minus the mean of the 232	

historical period (1950-99). 233	

 234	

 235	

Concluding remarks 236	

We show that the eastern equatorial Atlantic SST variability is projected to 237	

weaken in a future warmer climate when comparing historical and future scenario 238	

simulations of the CMIP5 and CMIP6 models. The projected future weakening of the 239	



SST variability in the CMIP models is strongly related to changes in the Bjerknes 240	

feedback. Particularly, the weakening of the third component of the Bjerknes 241	

feedback, the so-called thermocline feedback, explains up to 61% of the change in 242	

the SST variance. We find that in a warmer future climate the upper-layer of the 243	

ocean will become deeper and equatorial trade winds weaken. This together leads to 244	

a weakening of the thermocline feedback, because the thermocline decouples from 245	

the SST variability. This mechanism is remarkably different to the driving 246	

mechanisms of climate change in the equatorial Pacific, where the changes in the 247	

zonal SST gradient under greenhouse forcing are most relevant43-45. However, in 248	

contrast to our findings in the Atlantic, the models in the Pacific show little agreement 249	

on the sign of the change in SST gradient45. 250	

 251	

The future weakening of the SST could be interpreted as an amplification of 252	

the already observed weakening in the recent decades that has been attributed to a 253	

weakening of the Bjerknes feedback and a stronger thermal damping21-23. The role of 254	

the Bjerknes feedback in the CMIP models is key for the weakening in SST 255	

variability. However, the CMIP models do not show any significant relationship 256	

between changes in the heat fluxes and changes in the SST variability. Furthermore, 257	

the biases present in the CMIP models affect the amplitude of the SST variability. 258	

The weakening of the SST variability in the future is stronger in the models with less 259	

SST biases. Reducing the biases in the models should increase the reliability of the 260	

climate projections in the tropical Atlantic sector and greatly improve our assessment 261	

of climate change in the region. 262	

 263	

Methods 264	

 265	

Data. We use monthly mean model outputs obtained from the two latest CMIP 266	

international exercises: CMIP534 and CMIP635. We use the following fields from the 267	

CMIP models: sea surface temperature (SST), zonal surface wind anomalies 268	

(UASa), surface heat fluxes and the ocean potential temperature to derive the depth 269	

of the 20ºC isotherm depth to use it as a proxy of the thermocline depth (z20 270	

hereafter). In addition, we use the SST from the Optimum Interpolation SST analysis 271	

version 2 (OI-SST46) available at 1˚ by 1˚ horizontal resolution for the period 1981/12 272	

to 2019/12; the temperature from Ocean Reanalysis System Version 4 (ORA-S447) 273	

from the European Centre for Medium-range Weather forecast (ECMWF) available at 274	



1˚ by 1˚ horizontal resolution for the period 1958/01 to 2017/12; and the zonal wind 275	

speed from ECMWF Re-Analysis (ERA)-interim48 available at 0.5˚ by 0.5˚ horizontal 276	

resolution for the period 1979/01 to 2018/12 were used to estimate the three 277	

components of the Bjerknes feedback over the period 1982/01-2017/12. We 278	

investigate future climate changes in the equatorial Atlantic using the highest 279	

emissions future scenarios, rcp85 and ssp585, for CMIP5 and CMIP6, respectively. 280	

The climate models used in this study are listed in Table 1. All model data has been 281	

interpolated to a common horizontal 1ºx1º grid. 282	

Statistical metrics. We use the standard deviation of the June-July-August (JJA) 283	

SST anomalies (SSTa) and the May-June-July (MJJ) zonal surface wind anomalies 284	

(UASa) as metrics to investigate the changes in variability between the simulated 285	

historical and future climate periods. The season JJA (MJJ) is chosen for the SST 286	

(UAS) variability as it is the season of largest SST (UAS) variability in CMIP5 and 287	

CMIP6 models. For this analysis we use the 50-yr periods January 1950 to 288	

December 1999 and January 2050 to December 2099 for the historical and scenario 289	

simulations, respectively. We calculate the monthly anomalies by subtracting the 290	

seasonal cycle evaluated on each time period. We remove all linear trends prior to 291	

this analysis.  292	

Quantification of dynamical ocean-atmosphere feedbacks. We compute the 293	

three components of the Bjerknes feedback that involve SST, thermocline depth and 294	

zonal surface winds to explore the potential dynamical drivers of the future changes 295	

in the SST variability49. The three components of the Bjerknes feedback are 296	

estimated through linear regression of (1) western equatorial Atlantic (3ºS-3ºN, 297	

40ºW-20º; ATL4) zonal wind stress anomalies upon eastern equatorial Atlantic (3ºS-298	

3ºN, 20ºW-0ºN; ATL3), (2) equatorial thermocline slope anomalies regressed onto 299	

ATL4 zonal wind stress anomalies and (3) SSTa in ATL3 upon thermocline depth 300	

anomalies in ATL3. The equatorial thermocline slope is computed as the difference 301	

between the mean z20 in ATL3 and ATL4. 302	
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Supplementary material 528	

 529	

 530	

Figure S1. Linear regression between the change of the ATL3-averaged JJA SST variability 531	

and the change in ATL4-averaged MJJ uas variability. The change is defined as the 532	

difference of the mean of the scenario period (2050-99) minus the mean of the historical 533	

period (1950-99). CMIP6 (CMIP5) models are presented with blue (red) numbers and the 534	

ensemble mean with a circle of the corresponding colour. 535	

 536	

 537	

Figure S2. (a) Scatter plot of the ATL3 averaged JJA thermal damping for the historical 538	

period (1950-99) in the x axis against the ATL3 averaged JJA thermal damping for the 539	



scenario period (2050-99) in the y axis. Transparent numbers denote the models which 540	

exhibit a non significant linear regression for either the historical or future period. The blue 541	

and dots represent the ensemble mean of the CMP6 and CMIP5 ensembles, respectively. 542	

The black line represents the no-change line and is added for easier interpretation.  543	

 544	
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