
1. Introduction
The eastern equatorial Atlantic features high interannual sea surface temperature (SST) variability that strongly 
impacts the climate on the surrounding continents (Folland et al., 1986; Hirst and Hastenrath, 1983; Nobre & 
Shukla, 1996). Interannual SST variability is dominated by the Atlantic Niño mode (Lübbecke et al., 2018). The 
Atlantic Niño mode has its center of action in the eastern equatorial Atlantic in the ATL3 region (Zebiak, 1993; 
green box Figure 1a; 20˚W–0˚, 3˚S–3˚N) and preferentially peaks in boreal summer (June-July-August, JJA) 
when the Atlantic cold tongue develops (Figure 1b). Coupled ocean-atmosphere interactions, such as for El Niño/
Southern Oscillation (ENSO) in the Pacific Ocean, are at the heart of the Atlantic Niño mechanisms (Keenlyside 
& Latif, 2007; Servain et al., 1982). During an Atlantic Niño event, warm SST anomalies (SSTA) develop in the 
ATL3 region which decrease the east-west SST gradient leading to anomalous westerlies that depress the ther-
mocline in the east, favoring a warming there.

In the past, the variability of the Atlantic Niño mode has undergone multidecadal changes. Over the period 
1960–1999, Tokinaga and Xie (2011) showed a reduction of 48% of the interannual variability of the zonal equa-
torial Atlantic SST gradient in root-mean-square variance. Further, Prigent et al. (2020) and Silva et al. (2021) 
while comparing the periods 1982–1999 to 2000–2017 and 1980–1999 to 2000–2010, respectively, reported a 
reduction of boreal summer SST variability of about 30%. Yet, recent studies show a resurgence of the eastern 
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equatorial Atlantic interannual SST variability, with strong Atlantic Niños in 2019 (Richter et al., 2022) and 2021 
(Li et al., 2023).

The future behavior of the Atlantic Niño mode under increasing greenhouse gas concentrations gained focus in 
recent years. Projections using climate models participating in the Coupled Model Intercomparison Project Phases 
5 (CMIP5) and 6 (CMIP6), point toward a future weakening of the Atlantic Niño mode (Crespo et al., 2022; 
Worou et al., 2022; Yang et al., 2022). Yang et al. (2022) showed that the reduced SST variability in JJA was 
attributed to: a reduced equatorial zonal wind sensitivity to zonal SST gradient, due to a more stable equatorial 
Atlantic atmosphere; and reduced SST sensitivity to thermocline depth anomalies, due to a deepened thermocline 
in the eastern equatorial Atlantic. While there is a large model agreement toward a weakening of the ATL3 inter-
annual SST variability, there is a substantial uncertainty on the magnitude of this change (Crespo et al., 2022). 
To our knowledge, no attempt has been made to quantify the sources of this large uncertainty. Identifying the 
contribution of the different sources (model, internal variability and scenario uncertainties) is necessary to make 
progress in reducing the uncertainty on future projections.

Persistent biases in the tropical Atlantic mean-state within coupled model simulations are examined as another 
potential source of uncertainty for future projections of the Atlantic Niño variability. The tropical Atlantic 
mean-state suffers from a large warm bias (Davey et al., 2002; Farneti et al., 2022; Imbol Nkwinkwa et al., 2021; 
Richter & Tokinaga, 2020), particularly in the east, due to too weak easterly winds, leading to the misrepresenta-
tion of the equatorial Atlantic zonal SST gradient (∇W−ESST, Figure 1c) and excessively deep thermocline in 
the east (Richter & Xie, 2008). Yet, a few CMIP models can simulate a positive zonal equatorial SST gradient 
in JJA, although generally too weak in comparison to observations (Figure 1c). The main goals of this study are 

Figure 1. (a) Standard deviation of the SSTA in JJA from HadI-SST over the tropical Atlantic (40˚W–20˚E; 30˚S–10˚N) and during the period 1981–2005. (b) 
Climatological HadI-SST in JJA over the tropical Atlantic and during the period 1981–2005. The green and blue boxes denote the ATL3 (20˚W–0˚; 3˚S–3˚N) and the 
ATL4 (40˚W–20˚W; 3˚S–3˚N) regions, respectively. (c) Zonal equatorial SST gradient in JJA, defined as the difference between the ATL4 mean SST and the ATL3 
mean SST during the period 1981–2005. CMIP5 (CMIP6) models are represented by orange (green) bars and HadI-SST by a blue bar.
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threefold: (a) investigate the consistency of the projections of the Atlantic Niño variability in the CMIP models; 
(b) quantify the sources of uncertainties in Atlantic Niño variability projections for the twenty-first century 
following the methodology outlined by Beobide-Arsuaga et al. (2021) for ENSO variability projections; (c) assess 
the link between the mean-state biases and uncertainties on the Atlantic Niño variability projections.

2. Data and Methods
2.1. Model Data

In this study we use monthly mean data from the CMIP5 and CMIP6 models and from the variants r1i1p1 and 
r1p1i1f1, respectively. In total, we analyze the SST (variable name: tos) from 49 climate models, 22 from CMIP5 
and 27 from CMIP6. Models' historical runs and future projections under three different scenarios, namely the 
Representative Concentration Pathways (RCP2.6, RCP4.5, and RCP8.5) for CMIP5 and Shared Socioeconomic 
Pathways (SSP1-2.6, SSP2-4.5, and SSP5-8.5; O’Neill et  al.,  2016) for CMIP6 are examined. While CMIP5 
models are forced with historical forcing up to 2005, CMIP6 models are forced by historical forcing up to 2014. 
Here, for both ensembles, we define a consistent historical period from 1900 to 2005 and projection period from 
2005 to 2099. CMIP models' outputs were bi-linearly interpolated on a common 1° by 1° horizontal grid. When 
analyzing the Bjerknes feedback (see Text S2 in Supporting Information S1), we consider the SST, the zonal wind 
speed at 10 m (Uwind, variable name: uas) and the sea surface height (SSH, variable name: zos) from 16 and 18 
CMIP5 and CMIP6 models, respectively, under scenarios RCP2.6/SSP1-2.6, RCP4.5/SSP2-4.5, RCP8.5/SSP5-
8.5 and the idealized abrupt4 × CO2 experiment. The lists of the models used and the different variables available 
can be found in Tables S1 and S2 in Supporting Information S1 for the CMIP5 and CMIP6 models, respectively.

2.2. Observational Data Sets and Reanalysis Products

In order to analyze the interannual SST variability over the historical period the following data sets with monthly 
resolution were used: the Hadley Centre Sea Ice and Sea Surface Temperature version 1.1 (HadI-SST, Rayner 
et al., 2003) available at 1° by 1° horizontal resolution and spanning the period 1870/01 onwards; the Ocean 
Reanalysis System version 5 (ORA-S5, Zuo et al., 2019) available at 0.25° by 0.25° horizontal resolution and 
spanning the period 1958/01 onwards; and the European Centre for Medium-range Weather Forecast Re-analysis 
5 (ERA5) product (Hersbach et  al.,  2020) available at 0.25° by 0.25° horizontal resolution and spanning the 
period 1940/01 onwards.

2.3. Atlantic Niño Variability

The Atlantic Niño variability, X, is calculated as the 31-year running standard deviation of the JJA-averaged 
SSTA over the ATL3 region. The choice of the ATL3 region was made given that most CMIP5 and CMIP6 
models show high interannual SST variability in this region (Figures S1 and S2 in Supporting Information S1, 
respectively). SSTAs are calculated over each 31-year running window as follows: (a) the ATL3-averaged SSTs 
are linearly detrended and (b) the ATL3 SSTA are obtained by subtracting the climatological monthly mean 
seasonal cycle to each running window.

2.4. Sub-Ensembles Definition

Five different sub-ensembles are defined to investigate future projections in the Atlantic Niño variability: (a) the 
49 CMIP models; (b) the 22 CMIP5 models; (c) the 27 CMIP6 models; (d) the 32 CMIP models simulating a 
negative zonal SST gradient in the equatorial Atlantic (∇W−ESST < 0, Figure 1c); and (e) the 17 CMIP models 
simulating a positive zonal SST gradient in the equatorial Atlantic (∇W−ESST > 0, Figure 1c).

2.5. Sources of Uncertainty

The uncertainty analysis is similar to the one proposed in Beobide-Arsuaga et al.  (2021) for ENSO, which is 
based on the studies of Hawkins and Sutton (2009) and Reintges et al. (2017). Hawkins and Sutton (2009) showed 
that the total uncertainty on climate predictions can be divided in three sources: internal variability (I), model 
(M) and scenario (S) uncertainties. The detailed method to derive these uncertainties can be found in Text S1 

 19448007, 2023, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
105000 by H

G
F G

E
O

M
A

R
 H

elm
holtz C

entre of O
cean, W

iley O
nline L

ibrary on [05/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

PRIGENT ET AL.

10.1029/2023GL105000

4 of 10

in Supporting Information S1 but a summary is provided as follows. From a second order polynomial fit of X, 
Xf (s,m,t), we derive the long-term Atlantic Niño variability change, xf, relative to the period 1981–2005. Using 
xf we can define the time-dependent inter-model uncertainty M(t). It corresponds to the spread between models' 
projections which are then averaged over the three scenarios:

𝑀𝑀(𝑡𝑡) =
1

𝑁𝑁𝑠𝑠

⋅

∑

𝑠𝑠

var𝑚𝑚(𝑥𝑥𝑓𝑓 (𝑠𝑠𝑠 𝑚𝑚𝑠 𝑡𝑡)) (1)

The scenario uncertainty, S(t), is also time-dependent and can be defined by averaging xf over all models for each 
scenario and by computing the spread among the three of them:

𝑆𝑆(𝑡𝑡) = var𝑠𝑠

(

1

𝑁𝑁𝑚𝑚

∑

𝑚𝑚

𝑥𝑥𝑓𝑓 (𝑠𝑠𝑠 𝑚𝑚𝑠 𝑡𝑡)

)

 (2)

Next, the internal variability, 𝐴𝐴 I  , is estimated by taking the spread of each model's internal variability, 
𝐴𝐴 𝐴𝐴(𝑠𝑠𝑠 𝑠𝑠𝑠 𝑠𝑠) = 𝑋𝑋(𝑠𝑠𝑠 𝑠𝑠𝑠 𝑠𝑠) −𝑋𝑋𝑓𝑓 (𝑠𝑠𝑠 𝑠𝑠𝑠 𝑠𝑠) , over time and then averaging over all models and scenarios:

𝐼𝐼 =
1

𝑁𝑁𝑠𝑠

⋅

∑

𝑠𝑠

1

𝑁𝑁𝑚𝑚

⋅

∑

𝑚𝑚

var𝑡𝑡(𝜀𝜀(𝑠𝑠𝑠 𝑚𝑚𝑠 𝑡𝑡)) (3)

It follows that the total uncertainty, T(t), is given by:

𝑇𝑇 (𝑡𝑡) = 𝑀𝑀(𝑡𝑡) + 𝑆𝑆(𝑡𝑡) + 𝐼𝐼 (4)

3. Global Warming Signal of the Atlantic Niño Variability and Its Uncertainties
The global warming signal of the Atlantic Niño variability (xf(s,m,t), see Text S1 in Supporting Information S1) 
is shown in Figure 2 for the different sub-ensembles. Unlike Beobide-Arsuaga et al. (2021), where a disagree-
ment in ENSO variability projections was observed, there is a large agreement toward a reduction of the Atlantic 
Niño variability, consistent with previous findings (Crespo et al., 2022; Worou et al., 2022; Yang et al., 2022). 
In the following, we discuss the changes in the Atlantic Niño variability in boreal summer and their ranges at 
the end of the twenty-first century relative to 1981–2005 in function of the sub-ensembles. Out of 49 CMIP5 
and CMIP6 simulations, 39, 36, and 38 (∼80%, ∼73% and ∼78%) show a reduction of the variability of the 
Atlantic Niño (Figure 2a) for the scenarios RCP2.6/SSP1-2.6, RCP4.5/SSP2-4.5, and RCP8.5/SSP5-8.5, respec-
tively. Changes in the scenario mean of the Atlantic Niño variability are: −0.06 ± 0.09˚C, −0.07 ± 0.11˚C, and 
−0.08 ± 0.12˚C with ranges going from −0.25˚C to 0.18˚C, from −0.40˚C to 0.15˚C and from −0.50˚C to 0.23˚C 
for RCP2.6/SSP1-2.6, RCP4.5/SSP2-4.5, and RCP8.5/SSP5-8.5. When considering only the CMIP5 models 
(Figure 2b): 15, 15, and 16 out of the 22 models show a decrease of the Atlantic Niño variability for the RCP2.6, 
RCP4.5 and RCP8.5 scenarios, respectively. The change in the Atlantic Niño variability for the CMIP5 models 
is −0.05 ± 0.11˚C, −0.06 ± 0.12˚C, and −0.08 ± 0.15˚C with ranges going from −0.25˚C to 0.18˚C, −0.40˚C 
to 0.13˚C, and from −0.50˚C to 0.23˚C for RCP2.6, RCP4.5, and RCP8.5, respectively. For the CMIP6 models 
(Figure 2c): 24, 21 and 22 out of the 27 CMIP6 models show a reduction of the Atlantic Niño variability for the 
scenarios SSP1-2.6, SSP2-4.5 and SSP5-8.5, respectively. Changes in the scenario mean of the Atlantic Niño 
variability for the CMIP6 models are: −0.08 ± 0.07˚C, −0.08 ± 0.10˚C, and −0.08 ± 0.10˚C with ranges going 
from −0.25˚C to 0.02˚C, from −0.26˚C to 0.15˚C, and from −0.24˚C to 0.14˚C for SSP1-2.6, SSP2-4.5, and 
SSP5-8.5, respectively. When considering the CMIP models with a negative zonal SST gradient in 1981–2005 
(∇W−ESST < 0, Figure 2d), 24, 20, and 23 of the 32 models show a decrease of the Atlantic Niño variability for 
the scenarios RCP2.6/SSP1-2.6, RCP4.5/SSP2-4.5, and RCP8.5/SSP5-8.5, respectively. Changes in the scenario 
mean of the Atlantic Niño variability for the ∇W−ESST < 0 sub-ensemble are −0.04 ± 0.08˚C, −0.04 ± 0.10˚C 
and −0.06 ± 0.11˚C with ranges going from −0.22˚C to 0.19˚C, from −0.36˚C to 0.14˚C, and from −0.34˚C to 
0.21˚C for the scenarios RCP2.6/SSP1-2.6, RCP4.5/SSP2-4.5, and RCP8.5/SSP5-8.5, respectively. Finally, when 
considering the ∇W−ESST > 0 sub-ensemble, 15, 16, and 15 out of the 17 models project a reduction of the Atlan-
tic Niño variability (Figure 2e) for the scenarios RCP2.6/SSP1-2.6, RCP4.5/SSP2-4.5, and RCP8.5/SSP5-8.5, 
respectively. Changes in the scenario mean of the Atlantic Niño variability for the ∇W−ESST > 0 sub-ensemble are 
−0.10 ± 0.08˚C, −0.12 ± 0.09˚C, and −0.11 ± 0.13˚C with ranges going from −0.25˚C to 0.05˚C, from −0.31˚C 
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Figure 2.
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to 0.01˚C and from −0.50˚C to 0.14˚C for the scenarios RCP2.6/SSP1-2.6, RCP4.5/SSP2-4.5 and RCP8.5/SSP5-
8.5, respectively. Figure 2f summarizes scenario means of the Atlantic Niño variability change at the end of the 
twenty-first century for each sub-ensemble. For all sub-ensembles and scenarios, the Atlantic Niño variability 
is decreasing at the end of the twenty-first century. According to a Student's t-test the future changes in Atlantic 
Niño variability for the CMIP5 and the ∇W−ESST < 0 sub-ensembles are not significant at the 95% level. Whereas 
the projected reduction in Atlantic Niño variability for the CMIP6 and the ∇W−ESST > 0 sub-ensembles are 
significant at the 95% level.

We next identify and quantify the main sources of uncertainty in the Atlantic Niño variability projections 
(Figure 3, Text S1 in Supporting Information S1). When considering all CMIP models, the total uncertainty 
increases from 0.0023˚C 2 in 2005 to 0.0144˚C 2 at the end of the twenty-first century. In the first four decades, the 
main source of uncertainty is the internal variability (Figures 3a and 3b; blue) which corresponds to 97% of the 
total uncertainty in 2005. After 2045, the model uncertainty (Figures 3a and 3b; gray) becomes the main source 
of uncertainty. At the end of the projection, the model uncertainty corresponds to 84% of the total uncertainty. 
The scenario uncertainty (Figures 3a and 3b; purple) remains low until the end of the projection as it represents 
less than 1% of the total uncertainty.

We repeat the uncertainty analysis for the different sub-ensembles separately (Figure 3c). From 2005 (not shown) 
to 2085 (Figure 3c) sub-ensembles show that the total uncertainty (T(t)) increases from 0.0025˚C 2 to 0.02˚C 2 
(CMIP5), from 0.0021˚C 2 to 0.0102˚C 2 (CMIP6), from 0.0019˚C 2 to 0.0123˚C 2 (∇W−ESST  <  0) and from 
0.0028˚C 2 to 0.0138˚C 2 (∇W−ESST > 0), respectively. Model uncertainty is the largest contributor to the total 
uncertainty at the end of the twenty-first century as it represents 87%, 79%, 84%, and 79% of the total uncertainty 
for CMIP5, CMIP6, ∇W−ESST  <  0 and ∇W−ESST  >  0 sub-ensembles, respectively. This indicates that some 
improvements have been made from CMIP5 to CMIP6 and that reducing the model uncertainty is essential to 
increase the confidence in future projections of Atlantic Niño variability. The signal-to-noise ratio (SNR) at the 
end of the twenty-first century (Figure 3d) does not exceed the value of unity for any sub-ensemble, which indi-
cates that a global warming signal in Atlantic Niño variability cannot be detected with high statistical significance 
using this method. Yet, the CMIP6 and ∇W−ESST > 0 sub-ensembles show a greater SNR with ratios of 0.47 and 
0.58 at the end of the twenty-first century, respectively.

Finally, the low scenario uncertainty S(t) is further investigated by examining the change in standard deviation 
of the JJA-averaged SSTA as well as the Bjerknes feedback (See Text S2 in Supporting Information S1) for 
the CMIP models and for each scenario (Figure  4). The CMIP ensemble mean displays a gradual reduction 
of the equatorial Atlantic interannual SST variability in JJA as the strength of the emission scenario increases 
(Figures 2f and 4a–4d), consistent with previous results (Crespo et al., 2022; Yang et al., 2022).

The three components of the Bjerknes feedback were evaluated for each scenario in order to understand the 
changes in interannual SST variability (Figures 4e–4g and Figures S5–S7 in Supporting Information S1, respec-
tively). Consistent with the gradual reduction of the interannual SST variability in the ATL3 region as a function 
of the emission scenario, we observe a gradual decrease of the first and third Bjerknes feedback components 
(Figures 4e and 4g; Figures S5 and S7 in Supporting Information S1). No consistent changes are observed for 
the second Bjerknes feedback component (Figure 4f; Figure S6 in Supporting Information S1). This result agrees 
with Crespo et al. (2022) and Yang et al. (2022) who concluded that the projected change in Atlantic Niño varia-
bility is mainly linked to a reduction of the first and third Bjerknes feedback components.

4. Summary and Discussion
The global warming signal in the projected Atlantic Niño variability and corresponding uncertainties have been 
assessed employing CMIP5 and CMIP6 models and using a similar method as in Beobide-Arsuaga et al. (2021) 
for ENSO. The five sub-ensembles analyzed agree on a future reduction of the Atlantic Niño variability, 

Figure 2. Global warming signal of the Atlantic Niño variability in JJA for the period 2005 to 2085 (xf, see Text S1 in Supporting Information S1), estimated by 
subtracting the historical long-term trend (1981–2005) to the projected long-term trend (2005–2085). Each dashed line represents one simulation. The dashed orange, 
blue and red lines are the individual simulations forced by the scenarios RCP2.6/SSP1-2.6, RCP4.5/SSP2-4.5, and RCP8.5/SSP5-8.5, respectively. The thick orange, 
blue and red lines are the scenario means. The black line is the mean over all simulations and scenarios. All models, CMIP5 models, CMIP6 models, models with a 
negative and with a positive zonal equatorial SST gradient in JJA over the period 1981–2005 are considered in (a–e) respectively. (f) Bar plot showing the Atlantic Niño 
variability change at the end of the projected long-term trend (2085) in function of the sub-ensemble and of the scenario. The black bar represents the scenario mean.
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consistent with previous studies (Crespo et al., 2022; Worou et al., 2022; Yang et al., 2022). Projected changes 
in Atlantic Niño variability range from 0.23˚C to −0.50˚C with the mean global warming signal averaged over 
all models and scenarios of −0.07 ± 0.10˚C. This is in contrast to ENSO projections, whose ensemble mean 
variability change was found to be close to zero (Beobide-Arsuaga et al., 2021). Furthermore, the ∇W−ESST > 0 
sub-ensemble displays the strongest decrease in the Atlantic Niño variability with an ensemble mean reduction 
of −0.11 ± 0.08˚C. This indicates that models with a realistic zonal SST gradient simulate a stronger decrease of 
the eastern equatorial Atlantic interannual SST variability.

Despite the large model consensus toward a decline of the Atlantic Niño mode over the twenty-first century, large 
uncertainties remain. When considering all CMIP models, the total uncertainty increases from 0.0023˚C 2 in 2005 
to 0.0144˚C 2 in 2085 (Figure 3a). The resurgence of tropical Atlantic interannual SST variability observed in the 

Figure 3. (a) Uncertainty of the Atlantic Niño variability for the period 2005 to 2085 for all 49 CMIP5 and CMIP6 models together divided into model (gray), internal 
variability (blue) and scenario uncertainty (purple). (b) Relative uncertainty for the period 2005–2085. Solid vertical black lines indicate where model uncertainty 
becomes larger than internal variability uncertainty, year 2045. (c) Total (black), model (gray), internal variability (blue) and scenario (purple) uncertainty at the end 
of the projection, year 2085 for: all 49 models, 22 CMIP5 models, 27 CMIP6 models, 32 (17) CMIP models with a negative (positive) zonal equatorial SST gradient in 
JJA during 1981–2005. (d) Signal-to-noise ratio (SNR), see Equation 9 in Text S1 of the Supporting Information S1, for: all models (red), CMIP5 (orange) and CMIP6 
models (green), CMIP models with a negative (positive) JJA SST gradient during 1981–2005 in gray (blue). The red horizontal line indicates that the SNR is = 1.
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last years could be due to internal variability, whose uncertainty dominates until 2045 in CMIP models. There-
after, model uncertainty is the largest contributor on the projection of the variability of the Atlantic Niño mode, 
explaining about 80% of the total uncertainty at the end of the twenty-first century. The large model uncertainty 
(i.e., intermodel discrepancies in the Atlantic Niño variability change) can be related to the different SST biases 
and thermocline feedback change shown by models (Crespo et al., 2022). When considering the sub-ensembles, 
the CMIP6 ensemble has a smaller total uncertainty in 2085 compared to the CMIP5 ensemble because of its 
reduced model uncertainty (Figure 3). The opposite result was found for ENSO amplitude projections, and it 
was linked to the larger scenario uncertainty in the CMIP6 ensemble compared to CMIP5 (Beobide-Arsuaga 
et al., 2021). The comparison of the uncertainty on the projection of the Atlantic Niño variability between the 

Figure 4. Projected SST variability change and Bjerknes feedback in JJA. (a–c) Change in the ensemble mean standard deviation of the JJA-averaged SSTA over the 
period 2075–2099 relative to the historical period 1981–2005 for the scenarios RCP2.6/SSP1-2.6, RCP4.5/SSP2-4.5 RCP8.5/SSP5-8.5. (d) Same as (a–c) but for the 
ensemble mean standard deviation of the SSTA for the abrupt4 × CO2 experiment over a 25-year period after a 100-year spin-up. (e) ATL4 zonal wind anomalies 
sensitivity to ATL3 SSTA in JJA for each scenario. (f) ATL3 SSH anomalies sensitivity to ATL4 zonal wind anomalies in JJA for each scenario. (g) ATL3 SSTA 
sensitivity to ATL3 SSH anomalies in JJA for each scenario. Ensemble means are composed of 34 models, 16 CMIP5 and 18 CMIP6 models (Tables S1 and S2 in 
Supporting Information S1), for which the variables tos, uas, and zos are available for each scenario.
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sub-ensembles ∇W−ESST > 0 and ∇W−ESST < 0 reveals that CMIP models with a more realistic zonal equato-
rial Atlantic SST gradient depict larger total uncertainty. This difference in total uncertainty is explained by 
larger model uncertainty and internal variability in the ∇W−ESST > 0 sub-ensemble. We note that the number 
of members in the two sub-ensembles is different and that it might influence the result. Nonetheless, this result 
suggests that simulating a more realistic zonal equatorial Atlantic SST gradient in the CMIP models is not suffi-
cient to considerably reduce the large uncertainty on future Atlantic Niño variability projections.

The low scenario uncertainty (S(t) < 1%, Figure 3) in the Atlantic Niño variability projection was also investi-
gated. In contrast to projected ENSO variability, all scenario means (RCP2.6/SSP1-2.6, RCP4.5/SSP2-4.5, and 
RCP8.5/SSP5-8.5) agree on a decrease in the Atlantic Niño variability. In the case of ENSO variability projec-
tions, Beobide-Arsuaga et al.  (2021) found a slight increase or no change for the scenarios RCP8.5/SSP5-8.5 
and RCP4.5/SSP2-4.5, respectively. When considering all CMIP models, the response of the interannual SST 
variability in JJA to stronger emission scenarios is consistent: stronger emission scenarios result in stronger 
reduction of the interannual SST variability (Figures 2f and 4). Yet, when considering the sub-ensembles CMIP6 
and ∇W−ESST > 0, the reduction in the Atlantic Niño variability is larger for the scenario RCP4.5/SSP2-4.5 than 
for RCP8.5/SSP5-8.5.

Future changes in equatorial Atlantic interannual SST variability could also arise from tropical basin interac-
tions. ENSO and the Indian Ocean Dipole (IOD) are suggested to influence the equatorial Atlantic variability 
at different time scales (Chang et al., 2006; Latif and Gröztner, 2000; Zhang & Han, 2021). For this purpose, 
cross-correlations between SSTA averaged in ATL3 and NINO3.4 and in ATL3 and the IOD index were computed 
from HadI-SST and CMIP models for the historical (1981–2005) and future projections (2075–2099) for each 
scenario, and they are shown in Figure S8 in Supporting Information  S1. Over the historical period, and in 
contrast to HadI-SST, CMIP models exhibit a wide range of interactions between the equatorial Atlantic, Pacific 
and Indian variabilities, indicating a poor representation of tropical basin interactions by CMIP models. As a 
result, future projections of these interactions are largely uncertain (Figure S8 in Supporting Information S1). An 
improved understanding and simulation of tropical basin interactions in CMIP models will help assessing their 
future behavior, potential impact on equatorial Atlantic variability, and in further reducing the uncertainty on 
Atlantic Nino variability projections.

Data Availability Statement
The CMIP6 data can be found at https://esgf-data.dkrz.de/search/cmip6-dkrz/. The CMIP5 data is publicly availa-
ble at https://esgf-data.dkrz.de/search/cmip5-dkrz/. The ERA5 data used in this study can be found at https://cds.
climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthly-means?tab=form. The ORA-S5 
data is available at https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-oras5?tab=form. The HadI-SST 
is publicly available at https://www.metoffice.gov.uk/hadobs/hadisst/.
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