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Abstract
This paper presents a comprehensive analysis of the extreme Atlantic and Benguela Niño events that occurred during the 
boreal spring–summer of 2021. We conducted sensitivity experiments with a regional ocean–atmosphere coupled model 
of the tropical Atlantic to investigate the phenology of these interannual events, unravel their triggering mechanisms, and 
quantify the contributions of local and remote processes. The results revealed that both the 2021 Atlantic and Benguela 
Niños were triggered by anomalous atmospheric fluxes at the model southern boundary (32° S), leading to a significant 
and persistent weakening of the South Atlantic Anticyclone. The associated poleward anomalous coastal wind off Africa 
reduced coastal upwelling and evaporation south of 15° S, initiating the Benguela Niño. Then, the relaxation of the equatorial 
trade winds forced a downwelling equatorial Kelvin wave, which warmed the eastern equatorial region, marking the onset 
of the Atlantic Niño. The equatorial event reached full maturity in July 2021 through ENSO-like air-sea interactions in the 
equatorial basin, enhanced by the atmospheric connection associated with low-level winds converging toward the distant 
coastal warming. While air–sea interactions in the tropical Atlantic acted as a negative feedback for the coastal warming, 
the ocean connection with the equatorial variability through the propagation of equatorially-forced downwelling coastal 
waves intensified the coastal warming, peaking end of May 2021. Overall, this research provides valuable insights into the 
complex dynamics of Atlantic and Benguela Niños, emphasizing the interconnectedness between these two systems. This 
has important implications for improving Earth system models which currently struggle to simulate these extreme events.
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Regional-coupled-modelling
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model
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SLA	� Sea Level interannual Anomaly
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SST	� Sea Surface Temperature
SSTA	� Sea Surface Temperature Anomaly
SSS	� Sea Surface Salinity
STD	� STandard Deviation
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WRF	� Weather Research and Forecast model
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1  Introduction

The tropical Atlantic is a region influenced by strong 
ocean–atmosphere interactions that constrain its seasonal 
cycle and interannual variability. Among the most promi-
nent features are the interannual Atlantic Niño (Carton and 
Huang 1994; Ruiz‐Barradas et al. 2000; Servain et al. 2000; 
Lübbecke et al. 2018) and Benguela Niño events (Shannon 
et al. 1986; Florenchie et al. 2003; Imbol Koungue et al. 
2019), which are characterized by anomalous warming of 
the Sea Surface Temperature (SST) in the eastern-equa-
torial (ATL3: [20° W–0° E; 3°S–3° N], Zebiak 1993) and 
southeastern Atlantic (CABA: [2°–width coastal fringe, 10° 
S–20° S], Illig et al. 2020) regions, respectively (see Fig. 1 
for the boxes). In the eastern equatorial basin, Atlantic Niños 
are synchronized with the seasonal cycle, mostly apparent in 
the formation and the expansion of the cold tongue (Zebiak 

1993; Burls et al. 2011; Keenlyside and Latif 2007). Mean-
while along the coasts of Angola and Namibia, Benguela 
Niños typically occur during the warm season, particularly 
in March/April/May before the onset of seasonal maxima 
(Florenchie et al. 2003, 2004). The spatial characteristics of 
these events during the boreal summer of 2021 are shown 
in Fig. 1a using satellite SST data. During the development 
and peak phases of the events, SST anomalies reached values 
of about 1.6 °C in both the equatorial and coastal sectors. 
These anomalous conditions can lead to a number of cli-
matic and environmental impacts, including changes in rain-
fall patterns over the African continent (Hirst and Hastenrath 
1983; Rouault et al. 2003, 2009; Mohino et al. 2011; Brandt 
et al. 2011; Lutz et al. 2015) as well as changes in the ocean 
productivity and fish stocks in the Angolan and Benguela 
upwelling systems (Gammelsrød et al. 1998; Binet et al. 
2001; Boyer et al. 2001).

Although Atlantic Niños and Benguela Niños are similar 
in their characteristics, they are also inextricably linked by 
their forcing mechanisms. Both events are connected via an 
ocean connection associated with the equatorial dynamics 
(Hu and Huang 2007; Lübbecke et al. 2010; Illig et al. 2020). 
The modulation of the trade winds in the western part of the 
equatorial basin triggers Equatorial Kelvin Waves (EKWs), 
which propagate along the equatorial waveguide (Illig et al. 
2004). During their propagation, the EKWs induce signifi-
cant changes in the vertical and horizontal currents, resulting 
in significant temperature anomalies within the first 100 m 
of the eastern equatorial basin and potentially leading to the 
development of an Atlantic Niño event (Illig et al. 2006; 
Foltz and McPhaden 2010; Burmeister et al. 2016; Mar-
tín‐Rey and Lazar 2019; Song and Aiki 2023). Once they 
reach the African continent, part of their energy is transmit-
ted along the West African coast and propagates poleward as 
Coastal Trapped Waves (CTWs). Similar to EKWs, CTWs 
are associated with temperature anomalies along the west 
coast of Africa, which can give rise to a Benguela Niño 
event (Florenchie et al. 2004; Rouault et al. 2007, 2018; 
Imbol Koungue et al. 2017, 2019; Bachèlery et al. 2020). 
Notably, the westerly wind anomalies that trigger the initial 
EKWs at the origin of the Atlantic Niño development can 
be associated with cold conditions in the Pacific in the pre-
ceding spring, as was the case for the 1996 Atlantic Niño 
(Handoh and Bigg 2000; Illig et al. 2006). Cold conditions 
in the Pacific may foster a change in the Walker circulation 
over the Pacific-Atlantic, ultimately leading to anomalous 
wind events in the west-equatorial basin and consequently 
forcing downwelling EKWs, consistent with Colberg et al. 
(2004) and Münnich and Neelin (2005).

While it has been accepted that the ocean wave dynam-
ics is detrimental to the generation of Benguela Niño events 
(Imbol Koungue et al. 2017, 2019; Bachèlery et al. 2016, 
2020; Martín-Rey et al. 2018; Illig et al. 2020; Song et al. 

Fig. 1   Observed interannual SST anomalies (SSTA, °C) calculated 
over the period 2012–2021 from weekly OISST observations (Huang 
et al. 2021). a Map of the tropical Pacific-Atlantic with dashed rec-
tangles delineating our regional tropical Atlantic Ocean (CROCO, 
green) and Atmosphere (WRF, orange) model domains. Within our 
model grids, the SSTA is averaged over the peak phase of the 2021 
Atlantic and Benguela Niño events (June–July 2021), while outside 
the tropical Atlantic sector, previous SSTA conditions are averaged 
in May 2021. b Time series of the eastern equatorial (ATL3 box, [20° 
W–0° E; 3° S–3° N], red) and coastal (CABA box, average within 
a 2°-wide coastal band from 20° to 10° S, blue) SSTA for the years 
2020 and 2021. The peaks of the 2021 Atlantic and Benguela Niños 
are highlighted with dotted vertical lines. The shaded cyan area repre-
sents the period during which we conducted our forced and coupled 
sensitivity experiments. The figure has been realized using the Ferret 
program (http://​ferret.​pmel.​noaa.​gov/​Ferret/)

http://ferret.pmel.noaa.gov/Ferret/
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2023), several studies have also pointed to the direct influ-
ence of the local atmospheric forcing (Junker et al. 2015; 
Richter et al. 2010). Among them, Richter et al. (2010) sug-
gest that SST anomalies in the CABA are not only preceded 
by westerly surface wind anomalies at the equator, but also 
by northerly wind stress anomalies off the African coast. 
Off the coasts, alongshore wind anomalies can trigger SST 
anomalies through local processes: locally forced CTWs, 
evaporation, and changes in the upwelling intensity. This 
atmospheric forcing plays a role in modulating the timing 
and the amplitude of the Benguela Niño events, either if it 
is in phase or out of phase with the oceanic wave dynamics 
(Bachèlery et al. 2016). Interestingly, Sea-Level Pressure 
(SLP) analyses show that a weakening of the South Atlantic 
Anticyclone (SAA) during the development phase of the 
Atlantic and Benguela Niños can trigger a weakening of the 
wind stress off the coast of Angola and in the west-equatorial 
Atlantic (Richter et al. 2010; Lübbecke et al. 2010, 2014). 
According to this paradigm, both the local atmospheric and 
the oceanic remote forcing are then related to the SAA forc-
ing (Shannon and Nelson 1996; Hu and Huang 2007; Lüb-
becke et al. 2010).

The close relationship between Atlantic Niño and Ben-
guela Niño events remains an active area of research. In 
particular, the question of how Atlantic Niños and Ben-
guela Niños interact and whether they are part of a single 
mode of variability of the tropical Atlantic is still being 
debated among researchers. One intriguing aspect is their 
respective timing. While both events are dynamically con-
nected by wind anomalies in the east-equatorial Atlantic 
that drive the propagation of EKW and subsequent CTW, 
Benguela Niños tend to occur about 1–3 months before 
Atlantic Niños (Hu and Huang 2007; Lübbecke et al. 2010; 
Polo et al. 2008; Illig et al. 2020). Motivated by the expla-
nation of this inconsistent delay, two studies have brought 
to light another level of connection between the variability 
in the two regions. Hu and Huang (2007) suggested that 
the east-equatorial and southeastern warm events inter-
act with each other through both, oceanic wave dynamics 
and large-scale atmospheric wind response: the warming 
initiated in the CABA triggers air–sea interactions that 
enhance the westerly wind anomalies in the equatorial 
Atlantic, which then causes the Atlantic Niño event. In 
return, the SST anomalies in the cold tongue weaken the 
SST anomalies off the Angolan coast by modifying the 
direction of the alongshore winds. The evolution and the 
complex interplay between the two events has been further 
highlighted by a recent study by Illig et al. (2020). Using 
idealized forced ocean model experiments, the authors 
demonstrate that the timing of the coastal event is directly 
related to the amplitude of the Atlantic Niño. The warm-
ing in the east-equatorial sector induces the development 
of a convergent circulation over the cold tongue, which 

amplifies the upwelling-favorable coastal winds off the 
African coast and provoke the early demise of the warm 
SST anomalies there. The results of Illig et al. (2020) 
imply that the SST variability in the cold tongue, in phase 
with its seasonal cycle, may influence the local forcing 
along the coast of southwestern Africa through ocean‐
atmosphere coupling in the equatorial band, which in turn 
controls the magnitude and timing of the coastal events. 
However, this link could not be tested because it requires 
the use of ocean–atmosphere coupled model simulations 
in which ocean conditions can affect surface momentum 
and heat fluxes.

In this context, the 2021 Atlantic and Benguela Niño 
events are of particular interest. These events followed 
exactly the sequence described in Illig et al. (2020), with 
the Benguela warm event peaking in May, 2 months before 
the anomaly reaches in full values in the eastern-equatorial 
sector (Fig. 1b). It is interesting to note that the events of 
2021 developed during moderate La Niña conditions, as 
shown in Fig. 1a, a warmer than usual North tropical Atlan-
tic (WMO No. 1300 2022). This may have created the right 
conditions for the development of the wind anomalies in the 
west-equatorial Atlantic and thus triggered the Atlantic Niño 
events, as suggested in Illig et al. (2006). The aim of this 
study is to go beyond the limitations of Illig et al. (2020) by 
developing regional coupled ocean–atmosphere simulations 
of the South tropical Atlantic. We will base our study on 
the 2021 case, as it provides the right benchmark to investi-
gate the oceanic and atmospheric linkages between the two 
events. Our objectives are to describe the phenology of these 
interannual events, unravel their triggering mechanisms, and 
quantify the contributions of local and remote processes. 
The results will contribute to a better understanding of the 
ocean–atmosphere interactions between tropical and south-
east Atlantic variability, and in particular to assess whether 
Benguela Niños can influence the westerly wind anomalies 
in the equatorial Atlantic and support the development of 
Atlantic Niños as suggested by Hu and Huang (2007).

The paper is organized as follows: In Sect. 2, we introduce 
the tropical Atlantic regional ocean–atmosphere coupled 
model configurations and present the forced and coupled 
experiments conducted. A validation exercise of the model 
components in forced and coupled contexts is provided in 
the Supplementary Material. Section 3 analyzes the 2021 
Atlantic and Benguela Niño events and the observed basin-
scale anomalous conditions. Sensitivity experiments in a 
forced context allow to quantify the atmospheric response 
associated with the SSTA from that associated with the 
atmospheric fluxes entering and exiting the tropical Atlan-
tic. In Sect. 4, we use coupled simulations to investigate the 
triggering mechanism and examine the air–sea interactions 
at work during the extreme events. Section 5 provides a dis-
cussion, followed by concluding remarks.
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2 � Tropical Atlantic Ocean atmosphere 
coupled model simulations, interannual 
anomalies, and key regions

2.1 � The coupled model components

CROCO ocean component the Coastal and Regional Ocean 
COmmunity model (CROCO; Shchepetkin and McWil-
liams 2005; Penven et al. 2006; Debreu et al. 2012) tropi-
cal Atlantic Ocean model configuration is similar to that 
developed in Illig et al. (2020), except that it is based on 
version 1.2 of CROCO. We use a third-order upstream 
biased scheme for momentum and tracer advection 
(Shchepetkin and McWilliams 1998). The subgrid vertical 
mixing is parameterized using a K-profile boundary layer 
parameterization scheme (Large et al. 1994) and defines 
the mixed layer depth. The domain extends from the east 
coast of South America to the west coast of Africa, from 
30° S to 10° N at a resolution of 1/12° (Fig. 1), with 37 
terrain‐following vertical levels stretched near the sur-
face. The bathymetry is derived from the GEBCO_08 30″ 
elevation database (http://​www.​gebco.​net) and the north-
ern/southern open lateral boundary conditions are from 
the CARS2009 climatology (Dunn 2009; Ridgway et al. 
2002). Because river discharges are not explicitly consid-
ered, the model Sea Surface Salinity (SSS) is restored to 
the CARS2009 monthly climatological SSS with increased 
restoration coefficients in the coastal areas. The model 
time step is 900 s.

For all the simulations performed, we store daily aver-
ages of the CROCO 2D-surface state variables (tempera-
ture, currents, and sea-level), while the 3D-variables and 
surface momentum/heat/freshwater flux are averaged every 
3 days.

The WRF atmospheric component The atmospheric 
component is the Weather Research and Forecast (WRF) 
model version 4.1.3 (Skamarock et al. 2008, http://​www2.​
mmm.​ucar.​edu/​wrf/​users), implemented in a 1/4° spatial 
configuration encompassing the ocean domain from 63.5 
W to 18.5° E and from 32.08° S to 12.02° N to avoid the 
effect of WRF’s sponge (Fig. 1). The vertical grid has 50 
terrain-following levels, with a surface and upper stretch 
factors of 1.3 and 1.1, respectively. The model configu-
ration was set-up with the following parameterizations: 
the WRF single-moment 6-class microphysics scheme 
(Hong and Lim 2006) modified to take into account the 
droplet concentration (Jousse et al. 2016); the new God-
dard scheme for shortwave and longwave radiations (Chou 
and Suarez 1999); the Mellor–Yamada–Nakanishi–Niino 
(MYNN2.5) planetary boundary layer scheme (Nakani-
shi and Niino 2004); the Noah land–surface model; and 
the Mellor–Yamada–Nakanishi–Niino—Eddy–Diffusiv-

ity–Mass–Flux surface layer scheme (Nakanishi and Niino 
2009; Olson et al. 2019). Cumulus are parameterized using 
the new simplified Arakawa-Schubert convection scheme 
from NCEP (Han and Pan 2011; Lim et al. 2014). 3-h 
ERA5 data (Hersbach et al. 2020) are used to initialize the 
model and to force it at the lateral open boundaries. The 
model time step is 90 s.

For all the simulations carried-out with WRF, the associa-
tion with the XIOS library allows for saving hourly means of 
2D fields (10 m-winds, precipitations, and heat/water surface 
fluxes) and daily means of 3D fields (winds).

The ocean–atmosphere coupling The Ocean Atmosphere 
Sea Ice Soil coupler version 4.0-MCT (OASIS-MCT, Craig 
et al. 2017) is used to exchange and regrid fields between 
CROCO and WRF on an hourly basis. In all our CROCO-
WRF simulations, CROCO sends its SST to WRF, while 
WRF sends the surface wind-stress, the solar and net heat 
fluxes, and the evaporation-minus-precipitation field to 
CROCO. All exchanged fields are stored on both CROCO 
and WRF grids.

For the purpose of this study, we have added new fea-
tures to the coupling strategy developed in CROCO. We 
have implemented the possibility to use coupling masks 
which allow to select the geographical regions in which the 
CROCO model is forced and/or coupled to WRF and allow 
to dissociate the dynamical (wind stress) or thermosaline 
(heat/freshwater fluxes) couplings. We can thus perform 
forced simulations in which a forced CROCO model sends 
its SST to WRF and in the meantime retrieve the atmos-
pheric response from the coupler exchanged fields which are 
not used by CROCO (Sect. 2.2). We can also run fully cou-
pled simulations in which we can keep the restoration of the 
observed SSS (Sect. 2.3). Ultimately, these developments 
will allow us to decouple regions where ocean waves are 
remotely forced (western equatorial Atlantic) from regions 
where ocean–atmosphere interactions appear to be critical 
for the timing of coastal events (eastern equatorial Atlantic 
and west African coastal band, see Illig et al. 2020).

2.2 � CROCO‑WRF Forced Simulations

First, a realistic interannual ocean simulation (CROCOINTER, 
see Table 1) is run with the CROCO ocean model alone. 
Momentum, heat, and freshwater forcing fluxes are cal-
culated using the COARE 3.0 bulk formulas (Fairall et al. 
1996) using the atmospheric surface fields from the 3-h 
ERA5 reanalysis. To minimize biases in the mean state, the 
10 m winds and the short- and long-wave radiations were 
previously corrected using the methodology developed to 
create the DRAKKAR Forcing Set v5.2 (DFS5.2, Dussin 
et al. 2016): To correct for the weak gyre circulation, the 
mean state of the surface winds was adjusted to relate to 
the 2000–2008 QuikSCAT mean wind amplitude (CERSAT 

http://www.gebco.net
http://www2.mmm.ucar.edu/wrf/users
http://www2.mmm.ucar.edu/wrf/users
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2002). To improve the mean cloud cover representation, the 
solar radiation is reduced and the incoming longwave radia-
tion is increased using rectification coefficients estimated 
using DFS5.2 fields as our reference. Note that, since our 
configuration had already been implemented with a restora-
tion to the observed SSS, we have not corrected the precipi-
tation field. The model reaches a statistical equilibrium after 
5 years of spin-up, which is performed by forcing the model 
from 2007 to 2011, starting from initial conditions derived 
from CARS2009 data. The CROCOINTER simulation is then 
run over the 10-year period spanning from 2012 to 2021.

To smooth the intrinsic nonlinearities of CROCO in 
2021, we spawn CROCOINTER into 5 ensemble simulations 
(CROCOINTER-2020, see Table 1). To do this, the model tem-
perature is noised on January 1, 2020 using normally dis-
tributed random values with a 10−2 °C STD (as in Illig et al. 
2020). These simulations spread-out throughout the year 
2020 (see Fig. S2a, d in the Supplementary Material). The 
5 ensemble simulations are continued throughout the year 
2021, during which their hourly SSTs serve as WRF surface 
boundary conditions, thus forming 5 atmospheric ensemble 
simulations in which the Atmospheric Boundary Conditions 
(ABCs) include interannual forcing (see Sect. 2.1). These 
interannual forced ocean–atmosphere ensemble simulations 
are called F INTER (Table 1) and their ensemble mean will 
allow for the analysis of both the ocean dynamics and its 
atmospheric response (Sect. 3.1).

To estimate the 2021 interannual ocean and atmospheric 
anomalies of F INTER, we have designed a climatological 
experiment ( FCLIM, see Table 1) that provides the mean 
state from which the anomalies deviate. In FCLIM, CROCO 
is forced by the 2012–2021 monthly climatological surface 
forcings estimated from CROCOINTER, and at WRF lateral 
open boundaries, the interannual variability has also been 
filtered out. It is worth mentioning that the diurnal cycle is 
preserved in both the ocean and the atmospheric forcing. To 
ensure sufficient energy input into the coupled system, the 
intraseasonal fluctuations of the fluxes entering and exiting 

the WRF domain are conserved in WRF ABCs. Notably, 
F

CLIM is derived from a 10-year long CROCO run forced 
by monthly climatological fields (CROCOCLIM, see Table 1) 
and consists of 5 ensemble simulations in which CROCO 
SST forces WRF.

In the Supplementary Material, we compare the outputs 
of CROCOINTER, FCLIM, and F INTER with available obser-
vations, focusing on the quantities that control the ocean 
dynamics in the eastern equatorial sector and along the coast 
of southwestern Africa. Despite a slightly too diffuse ther-
mocline, the forced ocean model has a realistic mean state 
that controls the modal structures and characteristics of the 
equatorial and coastal waves (see Supplementary Material 
S2). The associated WRF momentum and heat fluxes are in 
fair agreement with the ERA5 fields, but the surface solar 
radiation is underestimated. The interannual variability of 
SST, sea level, and surface winds is in very good agreement 
with remotely sensed observations, but with a notable reduc-
tion in the amplitude of the 2021 Atlantic Niño event (see 
Supplementary Material S3).

F
INTER is then declined into 2 sensitivity experiments 

(Table 1). First, FMEM differs from FCLIM by its initial con-
ditions on January 1, 2021, which come from F INTER. The 
difference between FMEM and FCLIM allows to isolate the 
dynamics associated with the long-term ocean memory 
associated with the free propagating waves forced before 
2021 (Sect. 4.2). In the FCLIM-O sensitivity experiment, 
CROCO surface forcing is climatological, while WRF ABCs 
are interannual. Compared to F INTER and FCLIM, this experi-
ment will allow to disentangle the atmospheric response to 
the surface warming associated with the 2021 Atlantic and 
Benguela Niños from the effects of the interannual atmos-
pheric forcing of the ABCs. This will be done in Sect. 3.

2.3 � CROCO‑WRF coupled simulations

We run a set of fully coupled CROCO-WRF simulations 
(Table 2), that will be analyzed in Sect. 4. Similar to the 

Table 1   Set of forced model experiments: Name of the experiment, 
design of the forced experiment (CROCO only or CROCO forcing 
WRF), period of the simulations, origin of CROCO restart, CROCO 

surface forcing (include or not interannual frequencies), WRF Atmos-
pheric Boundary Conditions (ABCs, include or not interannual fre-
quencies), and number of ensemble simulations

NAME Design Period Restart CROCO surface forcing WRF ABCs Ens. Sim

CROCOINTER CROCO only 2012–2021 CARS2009 Interannual N/A 1
↪ Spawn CROCOINTER-2020 2020 CROCOINTER Interannual N/A 5
CROCOCLIM CROCO only 2012–2021 CARS2009 Climatological N/A 1
↪ Spawn CROCOCLIM−2020 2020 CROCOCLIM Climatological N/A 5
F

INTER CROCO →
SST

 WRF 2021 CROCOINTER-2020 Interannual Interannual 5
F

CLIM-O CROCO →
SST

 WRF 2021 CROCOCLIM−2020 Climatological Interannual 5
F

MEM CROCO →
SST

 WRF 2021 CROCOINTER-2020 Climatological Interannual 5
F

CLIM CROCO →
SST

 WRF 2021 CROCOCLIM−2020 Climatological No interannual 5
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forced experiments ( F  ), the coupled simulations ( C ) 
consist of 5 ensemble simulations that are spawned from 
CROCOINTER or CROCOCLIM on January 1, 2020 and are 
coupled with WRF only during the year 2021.

We first performed an interannual control run experiment 
( CCR, see Table 2), which starts from the same initial condi-
tion as F INTER and in which the ABCs are interannual. The 
anomalies are estimated relative to a climatological sensitiv-
ity experiment ( CCLIM) that resembles FCLIM except that it is 
fully coupled in 2021.

We have examined the mean state and the interannual 
variability in the coupled context (see the Supplementary 
Materials). The results show that it takes less than 3 months 
for CROCO to adjust to the WRF air–sea fluxes, i.e. before 
the onset of the 2021 Atlantic and Benguela Niños. CCLIM 
equatorial thermocline is too deep and diffuse compared to 
the forced simulations, resulting in a reduced Bjerknes feed-
back and smaller SST anomalies in the eastern equatorial 
Atlantic. Despite this amplitude bias, the coupled model is 
able to simulate the 2021 Atlantic Niño with a timing in rela-
tively good agreement with the observations. The observed 
features of the 2021 Benguela Niño are also realistically 
captured by the coupled model, with magnitude and timing 
in agreement with the observations.

The overall good agreement between our key simula-
tions and the observations implies that the equatorial and 
coastal ocean dynamics are adequately simulated by our 
model configuration. We thus performed sensitivity exper-
iments on the origin of the triggering of the 2021 Atlantic 
and Benguela Niño events. Using interannual initial con-
ditions from F INTER and ABCs in which the interannual 
variability has been removed, CMEM (Table 2) allows us to 
test whether the triggering of the warm events is related 
to external conditions or, on the contrary, comes from the 
long-term ocean memory contained in the initial condi-
tions, which may contain some variability that can later 
be amplified by the ocean–atmosphere coupling. The CNW 
solution allows to examine the role of any forcing com-
ing from the Pacific basin, while CSOUTH focuses on the 
effects of the atmospheric southern boundary fluxes. In C

SOUTH_noBÑ, the atmospheric model cannot see the interan-
nual SST anomalies along the African coast, south of 9° S, 
which allows to test the effects of coastal SST anomalies 
on the equatorial dynamics. These simulations are further 
detailed and analyzed in Sect. 4.

2.4 � Interannual anomalies and key regions

Interannual variability is estimated as in Bachèlery et al. 
(2016). First, monthly anomalies are computed by estimating 
monthly means and subtracting the monthly climatological 
mean state. Subseasonal fluctuations are then removed using 
a 1–2-1 running weighted average and finally the time series 
are reinterpolated to their original temporal resolution using 
cubic splines.

For the long CROCOINTER simulation, the time series 
are first linearly detrended and the monthly anomalies are 
estimated relative to the 2012–2021 monthly climatology. 
For the 2021 forced (family F  , see Table 1) and coupled 
(family C , see Table 2) simulation sets, the climatological 
mean state is estimated using the sensitivity climatological 
simulations FCLIM and CCLIM, respectively. Ocean atmos-
phere climatological model forcings are calculated over the 
period 2012–2021. The choice of this 10-year long period 
is a compromise between (1) the need to estimate a robust 
mean state that is not overly biased by exceptionally warm or 
cold years, and (2) the constraint that this mean state must be 
short enough to accurately represent the recent period over 
which the 2021 events developed and not average interdec-
adal variability over too long a period.

In the following, we will mainly analyze the interannual 
variability of the ocean (temperature, sea-level, mixed-layer 
depth) and the atmosphere (surface wind and wind-stress, 
and SLP) in 2021. We will focus on the dynamics along 
the equatorial waveguide (within the 3° S-3° N equatorial 
band) and in the ATL3 box ([20° W-0° E; 3° S-3° N], Zebiak 
(1993), see Fig. 1) and in the 2°-width coastal margin along 
West Africa and in the CABA box (20° S-10° S, Illig et al. 
(2020), see Fig. 1).

Table 2   Set of coupled model experiments: Name of the experiment, design of the coupled experiment, period of the simulations, origin of 
CROCO restart, area of forcing/coupling, and WRF Atmospheric Boundary Conditions (ABCs, include or not interannual frequencies)

NAME Design Period Restart CROCO forcing/coupling area WRF ABCs

C
CR CROCO ⇋ WRF 2021 CROCOINTER-2020 Coupled everywhere Interannual

C
MEM CROCO ⇋ WRF 2021 CROCOINTER-2020 Coupled everywhere No interannual

C
NW CROCO ⇋ WRF 2021 CROCOINTER-2020 Coupled everywhere Interannual NW

C
SOUTH CROCO ⇋ WRF 2021 CROCOINTER-2020 Coupled everywhere Interannual SOUTH

C
SOUTH_noBÑ CROCO ⇋ WRF 2021 CROCOINTER-2020

C
CLIM SST in the Benguela,

coupled elsewhere
Interannual SOUTH

C
CLIM CROCO ⇋ WRF 2021 CROCOCLIM−2020 Coupled everywhere No interannual
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3 � Forced dynamics of the 2021 Atlantic 
and Benguela Niño events

In this section, we describe the ocean dynamics at the ori-
gin of the interannual anomalies observed in the tropical 
Atlantic in 2021, and the associated atmospheric response. 
Our analyses are based on the ensemble mean of the real-
istic and sensitivity experiments carried out in a forced 
context and described in Sect. 2.2 (Table 1).

3.1 � The realistic forced experiment

Figure 2 shows the anomalous surface and subsurface con-
ditions during the 2021 Atlantic and Benguela Niño events 
as simulated by F INTER. Figure 2a, c focuses on the equa-
torial region, while Fig. 2b, d concentrates on the coastal 
band off West Africa. The forced model realistically simu-
lates the observed features of these extreme events (see 
Fig. S5 in the Supplementary Materials) and both events 
show consistent signals in terms of wind stress, SLA, and 
temperature anomalies.

The Western-Central Equatorial Atlantic (WCEA) 
experiences a relaxation of the trade winds, starting in 
April 2021, which persists after October 2021 (Fig. 2a). 
The maximum zonal wind stress anomalies occur in June 
2021 (+ 1.7 × 10–2 N/m2 in WCEA) and force eastward-
propagating downwelling EKW. The latter imprint the sea 
level and the thermocline depth in the eastern basin, with 
an SLA rise of 3.9 cm and a deepening of the thermocline 
of more than 5 m in ATL3 (Fig. 2c). The positive SLA 
anomalies reach the African boundary by the end of May 
2021. The associated changes in the vertical and horizontal 
currents induce temperature anomalies that are maximum 
in mid-June in the vicinity of the thermocline (+ 1.7 °C at 
45 m depth, see Fig. 2c), where the vertical temperature 
gradients are maximum. In ATL3, the SST anomalies lag 
behind the subsurface anomalies by 3 weeks. They peak in 
early July 2021 (+ 0.9 °C), when the thermocline and the 
mixed layer are close together. The SST anomalies persist 
throughout the boreal summer and fall (Fig. 2a), associ-
ated with negative net surface heat flux anomalies (not 
shown). This warming can be qualified as a strong Atlantic 
Niño because the SSTA averaged in ATL3 exceeds 1.5 
times the standard deviation of the CROCOINTER SSTA 
(STD = 0.31 °C) for 3 consecutive months (June–August). 
From June onwards, an anomalous converging circulation 
develops over the warm event (Hu and Huang 2007; Illig 
et al. 2020), with westerly wind stress anomalies in the 
far eastern basin.

Along the coast of West Africa, the 2021 Benguela Niño 
event begins before the onset of the Atlantic Niño. Positive 

SSTA starts as early as January 2021 in the Angola Ben-
guela Frontal Zone and in March 2021 along the coast 
of South Africa (Fig. 2b). The warming then intensifies 
and spreads along the coast of Namibia, concomitant 
with strong poleward wind stress anomalies favorable for 
anomalous downwelling conditions and reduced evapo-
ration. South of 15° S, the maximum warming exceeds 
2.5 °C at 17.5° S in early May, accompanied by positive 
SLA greater than 3 cm. In the CABA domain (Fig. 2d), 
the thermocline is shallower than in the equatorial region 
(~ 25 m depth) and is closer to the base of the mixed layer. 
As a result, the surface warming from March to August 
is simultaneous and as intense as the subsurface warm-
ing. It peaks in mid-May 2021 (+ 1.75 °C), 6 days before 
the SLA maximum (+ 3.6 cm). In the northern half of the 
coastal region, the warming is slightly less intense and 
peaks later, in June 2021. It is accompanied by a coherent 
coastal SLA rise of more than 4 cm. North of the Congo 
estuary, the SLA exceeds 6 cm and its timing is consistent 
with the arrival of the downwelling EKW at the Gabonese 
coast. Notably, the anomalous surface wind circulation 
north of 15° S is contrasting from the southern half of 
the domain, characterized by moderate equatorward wind 
stress anomalies. Following Imbol Koungue et al. (2019), 
this warm event can be qualified as an extreme Benguela 
Niño because the 1°-wide coastal SSTA exceeds the 
2012–2021 standard deviation of the CROCOINTER SSTA 
from April to July 2021 in their three coastal domains 
(southern Angola (10° S–15° S, STD = 0.44 °C), Angola 
Benguela Front (15° S–19° S, STD = 0.55 °C), and north-
ern Namibia (19° S-24° S, STD = 0.42 °C)).

The overall sequence remains in good agreement with 
the dynamics described in Illig et al. (2020). The coastal 
event starts and peaks before the equatorial warming. In the 
equatorial band, the sequence of interannual anomalies is 
consistent with the propagation of wind-driven equatorial 
downwelling waves forced by a relaxation of the trade winds 
in the WCEA. They imprint the sea level and the SST in 
the east and reach the African boundary by the end of May 
2021. Along the African coast, the warming is associated 
with both local and remote forcing. South of 15° S, south-
ward coastal wind anomalies reduce the coastal upwelling 
and the evaporation, while in the northern coastal region, 
equatorially forced CTWs induce warm SSTA, despite the 
equatorward upwelling-favorable coastal winds.

3.2 � The basin‑scale atmospheric conditions

We further examine the anomalous atmospheric circu-
lation that leads to the warm events. Figure 3 shows the 
map of ERA5 interannual anomalies of SLP (colors) and 
10‐m winds (arrows) in March and May 2021. The full 
series of maps from February to July 2021 is shown in the 
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Supplementary Material (Fig. S6). Prior to the development 
of the Atlantic Niño event, the SLP is significantly weaker 
than the normal conditions, with negative SLP anomalies 
extending throughout our model domain, from 35–40° S 

to 20° N. Important negative SLP anomalies are observed 
south of 20° S and extend to the coast of Africa. Maximum 
values are located east of the core of the SAA at ~ 28° S. 
The strength of the SAA is weakened, and its position is 

Fig. 2   The 2021 Atlantic and Benguela Niño events simulated by 
the ensemble mean of our realistic forced experiment F INTER (see 
Table  1). a Hovmøller plot of CROCO SSTA (shading, °C), SLA 
(contours, cm), and WRF surface wind stress anomaly response 
(arrows, with colors representing the zonal amplitude, N/m2) aver-
aged within the 3° S–3° N equatorial band. b Same as panel a, but 
for the 2°-wide fringe along the African coast, with arrow colors indi-
cating the meridional wind-stress amplitude. c Equatorial temperature 
anomalies averaged in the ATL3 box as a function of depth and time. 

Exaggerated free surface variations denote the evolution of the SLA 
(SLA (in m) is multiplied by a factor of 500). The SLA peak is high-
lighted with a vertical line. The dashed line indicated the position of 
the mixed-layer depth. The thick black (thin dashed grey) line shows 
F

INTER ( FCLIM) thermocline position. d Same as c, but for the coastal 
interannual anomalies averaged in the CABA box. Interannual anom-
alies are computed relative to the forced climatological simulation F
CLIM. The figure has been realized using the Ferret program (http://​
ferret.​pmel.​noaa.​gov/​Ferret/)

http://ferret.pmel.noaa.gov/Ferret/
http://ferret.pmel.noaa.gov/Ferret/
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closer to the coast of South-Africa, as shown by the SLP 
isobars (plain contours) compared to the normal conditions 
(dashed contours). This pattern is quite stable: it develops 
in March 2021 and persists until June 2021. The associated 
surface atmospheric circulation is dominated by anomalous 
geostrophic motions, portraying strong cyclonic anomalous 

winds near the core of the SAA and affecting the coastal 
winds off southwest Africa. Off Angola, Namibia, and South 
Africa, northerly wind anomalies induce the early coastal 
warming starting in January in the Angola Benguela Fron-
tal Zone and in March 2021 off the south African coast 
(Fig. 2b), presumably through local processes (downwelling 
and reduced evaporation). From February to April 2021, in 
the equatorial band, WCEA surface wind stress anomalies 
are northwestward and the relaxation of the trade winds does 
not develop until in May 2021. A few weeks later, positive 
SSTA develops in the east‐equatorial Atlantic, associated 
with the remotely forced downwelling EKW (Fig. 2a). The 
subsequent downwelling CTWs can then trigger the coastal 
warming north of 16° S and can amplify the warming in the 
southern coastal domain.

These large-scale atmospheric conditions are consist-
ent with the sequence proposed by Illig et al. (2020), but 
the relationship between the relaxation of the WCEA trade 
winds and the position and intensity of the SAA is not 
straightforward in Fig. 3, as compared to Illig et al. (2020) 
(their Fig. 13). The weakening of the SLP south of 20° S is 
indeed well established since March 2021 (Fig. 3a), while 
the eastward equatorial zonal wind stress anomalies are 
observed only since May 2021 (Fig. 3b). Before that, the 
northwesterly WCEA wind anomalies seem to be driven by 
the positive SSTA in the north tropical Atlantic (WMO-No 
1300 2022). Thus, the triggering of the 2021 Atlantic Niño 
requires further investigation.

3.3 � The atmospheric response to boundary‑forcing 
and SST

As a preliminary analysis, we performed a forced sensitiv-
ity experiment ( FCLIM-O, see Table 1) in which the CROCO 
surface forcing is climatological, while the WRF ABCs 
remain interannual. Assuming some linearity, the difference 
between FCLIM-O and FCLIM (Fig. 4ab) shows the atmos-
pheric response only to the interannual atmospheric fluxes 
at WRF ABCs, while the difference between F INTER and 
F

CLIM-O (Fig. 4c, d) results only from the surface warm-
ing associated with the 2021 Atlantic and Benguela Niños 
simulated by F INTER. In the equatorial band, the results 
show that both the boundary and SSTA forcings contribute 
to the relaxation of the trade winds in the WCEA (Fig. 4a, 
c). The atmospheric boundary forcing, presumably from the 
west (63.5° W), drives equatorial positive zonal wind stress 
anomalies from April 2021 to October 2021, confined to the 
WCEA (Fig. 4a). The SSTA forcing also triggers positive 
zonal wind stress anomalies starting in the eastern basin 
as early as January 2021 and slowly spreading westward to 
occupy the entire equatorial band by April 2021 (Fig. 4c). In 
May and June 2021, there is a noticeable increase in the wind 
stress anomalies in the west, likely due to the modification 

Fig. 3   Basin-scale atmospheric conditions in the tropical Atlantic in a 
March 2021 and b May 2021. Sea Level Pressure (SLP, colors, hPa) 
and 10‐m winds (arrows, m/s) interannual anomalies. SLP is shown 
in solid contours, with the maximum SLP of the South Atlantic Anti-
cyclone (SAA, 1020.2 hPa) marked with a cross, as compared to the 
normal conditions [dashed contours, with a dot indicating the max-
imum SLP of the SAA (1021.4 hPa)]. The rectangle delineates our 
WRF atmospheric model domain. The full series of maps from Feb-
ruary to July 2021 is shown in Fig. S6 of the Supplementary Mate-
rial. The figure has been realized using the Ferret program (http://​fer-
ret.​pmel.​noaa.​gov/​Ferret/)

http://ferret.pmel.noaa.gov/Ferret/
http://ferret.pmel.noaa.gov/Ferret/
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of the Atlantic Walker circulation associated with the 2021 
Atlantic Niño. From June onwards, anomalous ascending 
motions associated with the eastern equatorial warm event 
trigger a converging surface anomalous circulation, associ-
ated with negative zonal wind stress anomalies in the far 
eastern basin.

The analysis of the sensitivity experiments along the Afri-
can coast further shows that from January to August 2021, 
the poleward coastal wind stress anomalies south of 15° S 

(Fig. 2b) that initiate the 2021 Benguela Niño are controlled 
by the interannual fluxes prescribed at the atmospheric 
model boundaries (Fig. 4b), most likely from the south (32° 
S). In contrast, in the northern coastal region, ABCs drives 
wind stress anomalies with the opposite direction, favorable 
to cold conditions. Meanwhile, the warm SSTA in the tropi-
cal Atlantic triggers equatorward coastal wind stress anoma-
lies starting south of 15° S in January–February 2021 and 
extending over all of West Africa from April 2021 (Fig. 4d). 

Fig. 4   Atmospheric response in the equatorial and coastal bands. a, b 
Effect of the Atmospheric Boundary Conditions: same as Fig. 2a, b, 
but for the differences between FCLIM-O and FCLIM. SSTA and SLA 
differences are zero because the ocean components of FCLIM and 
F

CLIM-O are identical (see Table  1). c, d Effect of the SSTA: same 

as Fig.  2a, b, but for the differences between F INTER and FCLIM-O. 
Colored contours correspond to F INTER SSTA shown in Fig.  2a, b. 
The figure has been realized using the Ferret program (http://​ferret.​
pmel.​noaa.​gov/​Ferret/)

http://ferret.pmel.noaa.gov/Ferret/
http://ferret.pmel.noaa.gov/Ferret/
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This anomalous circulation is concomitant with a deeper 
and more unstable Marine Atmospheric Boundary Layer 
(MABL) associated with the warmer coastal margin in F
INTER. In the CABA region and on average between April and 
July 2021, the MABL in F INTER is indeed 50 m higher than 
in FCLIM-O, and local anomalies of + 100 m are exceeded 
north of 10° S in May–June 2021. The coastal northerly 
wind stress anomalies correspond to enhanced coastal mean 
surface winds, which in turn can favor increased upwelling 
and evaporation, i.e. a negative feedback. This anomalous 
circulation is later reinforced by the air–sea interaction in 
the Gulf of Guinea, i.e. by the equatorward coastal winds 
associated with the southeastern branch of the converging 
circulation that develops over the equatorial warming (Illig 
et al. 2020).

The 2021 Benguela Niño appears to be initiated by the 
atmospheric circulation south of 30° S, but so far it is not 
clear which process initiates the wind anomalies that lead 
to the equatorial warming via downwelling EKW propaga-
tion. From the results in Fig. 4a and Fig. 4c, we conclude 
that both the atmospheric fluxes at the WRF boundaries and 
the SSTA contribute to the relaxation of the equatorial trade 
winds. However, at this stage it is not possible to disentangle 
the atmospheric response to the eastern equatorial Atlantic 
SSTA from that associated with the coastal warming. This 
needs to be addressed in a coupled context, which is done in 
the following section.

4 � On the triggering of the 2021 Atlantic 
and Benguela Niño events

In this section, we focus on the causes that led to the devel-
opment of the 2021 Atlantic and Benguela Niño events. This 
is done in a coupled context, and we analyze the ensemble 
mean of the experiments described in Sect. 2.3 (Table 2). 
The coupled control run experiment ( CCR) provides a bench-
mark for the analysis of the sensitivity experiments designed 
to assess the contribution of the long-term memory of the 
ocean, the atmospheric fluxes from the Pacific and from the 
South, and the air–sea interactions within the tropical Atlan-
tic to the phenology of the 2021 extreme events.

4.1 � The coupled control run experiment

Figure 5 shows the CCR 2021 anomalous conditions at the 
air–sea interface and in the subsurface, similar to Fig. 2. 
The coupled model manages to simulate the salient fea-
tures of the 2021 Atlantic and Benguela Niño events, 
with a timing in good agreement with the observations 
(see Sect. S3 and Fig. S5 in the Supplementary Mate-
rials) and the interannual forced experiment (Fig.  2), 
except for the surface signature of the Atlantic Niño. In 

the equatorial Atlantic, the year 2021 begins with mod-
erately cold surface conditions that slowly warm during 
the first 3 months (Fig. 5a). In April, the relaxation of 
the trade winds forces a downwelling EKW, which is eas-
ily detected by its SLA imprint (red arrow in Fig. 5a). It 
crosses the basin in 1.5 months (~ 1.7 m/s) and reaches the 
eastern boundary on May 27, at the same time as in the 
forced experiment (Fig. 2a). Along its path, it deepens the 
thermocline and induces temperature anomalies that are 
amplified by the reflected westward-propagating equato-
rial downwelling Rossby wave (red arrow in Fig. 5a). In 
the eastern equatorial Atlantic (ATL3 region), the warm-
ing reaches its pinnacle in early June 2021 (+ 1.86 °C at 
65 m), near the thermocline (Fig. 5c). However, the ther-
mocline in the coupled simulation is significantly deeper 
than in the forced simulations (+ 20 m in May–June 2021 
in ATL3). Despite the deeper mixed layer, the subsurface 
anomalies, which are slightly larger in CCR than in F INTER, 
have more difficulty reaching the surface and they also 
take slightly more time to imprint the SST (36 days) than 
in the forced run (24 days). A reduced surface warming 
is also detrimental in terms of the atmospheric response 
and the intensity of the Bjerknes positive feedback. As a 
result, compared to F INTER, the amplitude of the maximum 
zonal wind stress anomalies in the WCEA (+ 0.81 × 10–2 
N/m2) is reached one month earlier (on May 8), and the 
maximum SSTA in ATL3 barely exceeds 0.5 °C on July 
11. Equatorial stratification is also weaker in CCR than in F
INTER (see Sect. S2 in the Supplementary Materials), favor-
ing low-order baroclinic modes and vertical mixing. This 
explains the amplitude and vertical extent of the subsur-
face warming and the associated SLA fluctuations: despite 
the reduced momentum forcing, both remain in the same 
order of magnitude as in F INTER (Fig. 2c). It is important 
to recall here that the WRF ABCs are identical in CCR 
and in F INTER, highlighting the importance of the air–sea 
interactions when analyzing the difference between CCR 
and F INTER. In particular, from July onwards, the surface 
wind-stress anomalies are much smaller in CCR as com-
pared to F INTER (Fig. 5a), and the converging circulation 
barely forms over the warm equatorial event. This impacts 
the coastal dynamics off West Africa, in particular north 
of 15° S. There, the ocean connection to the equatorial 
variability remains strong, showing a coherent southward-
propagating coastal SLA with an amplitude greater than 
5 cm (Fig. 5b). However, as in the equatorial band, the 
deeper (+ 25 m in the coastal band between 0° N and 10° 
S) and less stratified thermocline prevents a strong surface 
signature (SSTA < 0.7 °C), despite a slightly more intense 
subsurface warming in CCR (> 2 °C at 40 m in early June 
2021) than in F INTER. The associated equatorward wind 
anomalies are consequently reduced and delayed into the 
boreal summer. In the southern half of the coastal domain, 
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the coastal warming is stronger and delayed by one month 
than in F INTER (Fig. 2b): on average in the coastal fringe 
from 20° S to 30° S, the SSTA maximum exceed 1.3 °C in 
the end of June 2021, while in F INTER it is less than 0.9 °C 
at the end of May 2021. This may be due to the modal con-
tribution of the equatorial forcing, with the deeper strati-
fication favoring less-dissipative low-order modes, prone 
to a stronger and more distant connection with the warm 

equatorial variability (Illig and Bachèlery 2019). South of 
15° S, the poleward surface stress anomalies in CCR are in 
very good agreement with the forced experiment (Fig. 5b), 
with a somewhat slightly smaller amplitude. This can be 
attributed to the increased negative feedback associated 
with the increased coastal surface warming and the deeper 
overlying MABL in CCR. Consistent with the observations 
(see Fig. S5b in the Supplementary Materials), the overall 

Fig. 5   Results of the control-run coupled experiment CCR. Same as 
Fig.  2, but for the ensemble mean of CCR simulations. Interannual 
anomalies are estimated relative to the coupled climatological simula-
tion CCLIM. In the upper panels, red arrows show the equatorial (panel 

a) and coastal (panel b) wave propagations described in Sect.  4.1. 
The figure has been realized using the Ferret program (http://​ferret.​
pmel.​noaa.​gov/​Ferret/)

http://ferret.pmel.noaa.gov/Ferret/
http://ferret.pmel.noaa.gov/Ferret/
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coastal pattern of North/South remotely/locally-forced 
positive coastal SLA slightly reveals the banana-shaped 
pattern described in Bachèlery et al. (2020).

In conclusion, the coupled model captures the variabil-
ity associated with the 2021 Atlantic and Benguela Niño 
events, especially in the subsurface. However, the reduced 
SSTA signature north of 15° S, mainly due to the biases in 
the mean state of the coupled simulations, will affect the 
air–sea interactions. This has to be taken into account when 
analyzing the coupled sensitivity experiments.

4.2 � External or internal triggering

In this section, we analyze the effects of the long-term ocean 
memory associated with free propagating waves forced 
before 2021. We want to test whether the seeds of the 2021 
tropical Atlantic warming were planted before 2021 and are 
then amplified by the ocean–atmosphere coupling. To test 
this hypothesis, we performed a sensitivity experiment, C
MEM (Table 2), in which the coupled model is initiated with 
the same ocean and atmosphere conditions as in CCR. Con-
trary to CCR, there is no interannual external forcing in CMEM 
because the interannual fluxes have been filtered-out at WRF 
ABCs. The results shown in Fig. 6 need to be compared with 
our coupled control experiment ( CCR, see Fig. 5).

The 2021 interannual variability in CMEM is character-
ized by a downwelling EKW propagation that crosses the 
basin in January 2021 that can be seen on the clear eastward-
propagating pattern in the positive SLA larger than 1 cm (see 
dashed arrow in Fig. 6a). This wave most likely originates 
from the reflection of an equatorial downwelling Rossby 
wave at the Brazilian coast. It warms the January moderately 
cold surface conditions and in March the equatorial Atlantic 
shows neutral conditions. This wave reaches the coast of 
Gabon in early February 2021, where a part of its energy is 
transferred back towards the center of the basin as a west-
ward-propagating equatorial Rossby wave. A significant part 
of the downwelling wave energy is transmitted along the 
coast of West Africa as a downwelling CTW, imprinting the 
coastal SLA up to the Namibian coasts in March–April 2021 
(dashed arrow in Fig. 6b). Along the way, these waves trig-
ger moderate positive temperature anomalies in the eastern 
equatorial sector and along the African coast in the vicinity 
of the thermocline (Fig. 6c, d). In the ATL3 (CABA) region, 
the subsurface temperature anomalies do not exceed 1 °C 
(0.5 °C) in February (March–April) 2021. These anomalies 
are significantly smaller than those associated with the 2021 
Atlantic and Benguela Niños in CCR (Fig. 5c, d) and they do 
not spread to the surface layer, generating no further air–sea 
interactions. Note that we do indeed obtain a quasi-identi-
cal sequence of interannual fluctuations for the forced twin 
experiment ( FMEM, see Table 1), in which CROCO is forced 
with climatological surface fluxes (not shown). Moreover, 

the timing of CMEM free propagations is not consistent with 
the observed interannual events (Fig. 5) as they affect the 
temperature and the SLA in the late boreal winter, i.e. more 
than 3 months before the actual peaks of the 2021 Atlantic 
and Benguela Niños.

In conclusion, the pre-2021 ocean variability is not the 
main cause of the development of the 2021 tropical Atlan-
tic extreme events. However, it most likely has contributed 
to the preconditioning of the ocean with a warming of the 
surface layer during the first trimester of 2021, allowing 
neutral conditions to be reached in March. Note that we do 
not investigate the potential role of the Congo runoff on the 
dynamics of the 2021 extreme events, although it has been 
suggested to play a significant role in the development of 
the 2016 Benguela Niño (Lübbecke et al. 2019). In fact, the 
monthly flow of the Congo-Oubangui River in 2021 did not 
present any significant changes compared to the climatology, 
showing a near-to-below average (WMO No-1300 2022). 
Note also that CCR captures the salient features of the 2021 
interannual tropical Atlantic variability without interannual 
ocean boundary conditions (Sect. 2.1), which eliminates this 
forcing as a potential trigger for the 2021 interannual vari-
ability. Consequently, the external forcing prescribed at the 
atmospheric model boundaries must be the trigger for the 
2021 Atlantic and Benguela Niño events. In the following 
sections, we disentangle the effects of the Pacific inflows 
from the southern forcing.

4.3 � Influence of the Pacific Ocean

In this section, we focus on some potential atmospheric 
external forcings that could have triggered the changes in 
the position and intensity of the SAA in 2021. Of particular 
interest are the fluxes coming from the equatorial Pacific 
Ocean. Indeed, in 2021 the Pacific experienced moderate-
strength La Ninã conditions early in the year, which evolved 
into an ENSO-neutral state in June-July, and then returned 
back to a stronger La Niña situation from October onwards 
(WMO No-1300 2022; Li et al. 2022). As shown in Fig. 1, 
the eastern equatorial Pacific was colder than normal at the 
onset of the 2021 Atlantic Niño, which may have favored 
subsidence over the South American continent and triggered 
eastward surface wind anomalies in the western equatorial 
Atlantic, as was the case for the 1996 Atlantic Niño (Handoh 
and Bigg 2000; Illig et al. 2006). Positive SSTA were also 
observed in the eastern tropical North Atlantic in the first 
trimester of 2021 (WMO No-1300 2022), which also have 
the potential to influence the surface wind circulation in the 
WCEA (Illig and Dewitte 2006).

As shown in the ERA5 dataset (Fig. 7b), there was indeed 
an easterly wind flow in the spring of 2021 that entered the 
western boundary of our coupled model (at 62° W), which 
was confined to the equatorial waveguide ([5° S–5° N]) 
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between the ground and 500 hPa. It started in April 2021 
and lasted throughout the fall of 2021, with a maximum 
of 3 m/s in June 2021 (not shown). And we showed in 
Sect. 3.3 that the atmospheric response to the WRF ABCs 
has the potential to produce a relaxation of the Atlantic 
trade winds up to 0° W (Fig. 4a). At the northern boundary 
(12° N), a southward inflow occurred from March to May 

2021, confined to the upper layers above 500 hPa. To assess 
the effects of this external forcing coming from the north 
and the west on the coupled interannual variability of the 
tropical Atlantic, we designed a sensitivity experiment CNW 
(Table 2), in which the interannual variability of the WRF 
ABCs is restricted to the northwestern quadrant, from 15° 
S to 5° W (see the green boundary in Fig. 7c). Note that, to 

Fig. 6   Coupled response associated with the long-term ocean 
memory. Same as Fig.  5, but for the ensemble mean of the CMEM 
simulations over the period Sep 2020-Jun 2021. The year 2020 has 
been grayed-out because it consists of the anomalies of the ensem-
ble mean of the CROCOINTER-2020 forced simulations (relative to 
CROCOCLIM−2020, see Table  1). In the upper panels, red dashed 

arrows show the equatorial (panel a) and coastal (panel b) wave prop-
agations described in Sect. 4.2. In the lower panels, the vertical red 
dotted lines indicate the maximum SLA in CCR (from Fig. 5c, d). The 
figure has been realized using the Ferret program (http://​ferret.​pmel.​
noaa.​gov/​Ferret/)

http://ferret.pmel.noaa.gov/Ferret/
http://ferret.pmel.noaa.gov/Ferret/
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reduce spurious wind gradients, a gradual (linear) transition 
zone of 5° width is appended to the south and east between 
the region where interannual ABCs are prescribed and the 
region where filtered fluxes are imposed. The interannual 
variability simulated by CNW is shown in Fig. 8. Surpris-
ingly, the results reveal that the interannual variability in C
NW shares more similarity with CMEM free wave propagations 
(Fig. 6) than with our most realistic coupled simulation, CCR 
(Fig. 5). The SLA fluctuations indeed portray a downwelling 
EKW propagation that crosses the basin very early in the 
year (Fig. 8a). Upon arrival at the African coast at the end 
of February 2021, it excites a poleward coastal propagation 
that propagates up to the South-African coasts (Fig. 8b). 
Compared to the CMEM experiment, the downwelling waves 
in CNW are more energetic, boosted by the inflow prescribed 
at the northwestern atmospheric boundaries. In the equato-
rial region, the SLA associated with the January–February 
downwelling wave exceeds 3.5 cm at the coast of Gabon, 
and it is even possible to follow its subsequent reflections 
into equatorial Rossby and then Kelvin waves (see dashed 
arrows in Fig. 8a). It is also nice to see the associated CTW 
propagation in the Fall of 2021 (Fig. 8b). However, the equa-
torial waves have a very limited signature in terms of SSTA 
(Fig. 8c) and remain free equatorial propagations. Along the 
African coast, the CNW CTW is also more energetic than in 

C
MEM (Fig. 8b) and, south of 10° S, the associated tempera-

ture anomalies imprint on the SSTA in the Boreal Spring of 
2021 (Fig. 8d). However, the timing of the CNW waves is not 
consistent with the CCR 2021 dynamics. The CNW subsur-
face equatorial warming in ATL3 peaks in February 2021, 
3 months before the observed 2021 Atlantic Niño, and the 
coastal warming in CABA is also 2 months too early com-
pared to in CCR.

In conclusion, the inflow from the Pacific Ocean and 
the North tropical Atlantic does not succeed in triggering 
the 2021 Atlantic and Benguela Niño events. However, its 
coupled response, together with the wave sequence initiated 
before 2021, have definitely contributed to the warming of 
the equatorial thermocline layers from January to March 
2021. In the following section, we examine the effects of the 
atmospheric fluxes entering and exiting the tropical Atlantic 
from the South (32° S).

4.4 � Forcing from the South

At the southern boundary of our model domain in May 
2021 (Fig. 7e), strong winds blew southward, confined 
near the African coast and extending from the sea surface 
up to the top of the troposphere. Concurring with Fig. 3, 
the southward anomalous winds started in March 2021 

Fig. 7   ERA5 atmospheric 
anomalous conditions at the 
boundaries of the WRF domain 
in May 2021. Anomalies 
are computed relative to the 
2012–2021 monthly climatol-
ogy. Upper (a) and lower (e) 
panels show the interannual 
meridional velocity anomalies 
(m/s) from 1000 to 200hPA. 
Positive values indicate a north-
ward flow. Similarly, the left 
(b) and right (d) panels show 
the zonal velocity anomalies 
(m/s) with positive values for an 
eastward flow. The middle panel 
(c) shows ERA5 10 m-wind 
anomalies (arrows, m/s) over-
laying F INTER SST anomalies 
(shading, °C). Green, orange, 
blue contours refer to specific 
forcing regions of CNW, CSOUTH, 
and CSOUTH_noBÑ coupled sen-
sitivity experiments described 
in Sect. 2.3 (see Table 2) and 
analyzed in Sect. 4. The figure 
has been realized using the Fer-
ret program (http://​ferret.​pmel.​
noaa.​gov/​Ferret/)

http://ferret.pmel.noaa.gov/Ferret/
http://ferret.pmel.noaa.gov/Ferret/
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and disappeared in July 2021, with a maximum surface 
wind outflow (> 1 m/s) in June 2021. On the western edge 
of the South Atlantic, counterbalancing northerly winds 
form the western side of a long-lasting anomalous low-
pressure system (see Figs. 3 and 7e). Results from the 
forced sensitivity experiments already suggested that this 
atmospheric circulation is detrimental to the dynamics 

of the 2021 coastal warming south of 16° S (Sect. 3.3). 
However, we now ask whether the atmospheric conditions 
south of 30° S may have had an impact on the equatorial 
variability leading up to the triggering of the 2021 Atlantic 
Niño event. To test this hypothesis, we conducted a sensi-
tivity experiment, CSOUTH (Table 2), in which the interan-
nual variability of the WRF ABCs is restricted south of 

Fig. 8   Coupled response associated with northwestern atmospheric 
fluxes. Same as Fig. 5, but for the ensemble mean of the CNW simu-
lations. In the lower panels, the red vertical dotted lines indicate the 
maximum SLA in CCR (from Fig. 5). In the upper panels, red dashed 
arrows show the equatorial (panel a) and coastal (panel b) wave 

propagations described in Sect. 4.3. In the lower panels, the vertical 
red dotted lines indicate the maximum SLA in CCR (from Fig. 5). The 
figure has been realized using the Ferret program (http://​ferret.​pmel.​
noaa.​gov/​Ferret/)

http://ferret.pmel.noaa.gov/Ferret/
http://ferret.pmel.noaa.gov/Ferret/
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15° S (see the orange boundary lines Fig. 7c). Similar to 
C

NW, the [15° S-10° S] region serves as a linear transition 
zone between the southern region where the interannual 
variability is prescribed, and the northern region where 
the ABCs have been filtered. CSOUTH interannual fluctua-
tions shown in Fig. 9 can be compared to our coupled 
control simulation ( CCR, see Fig. 5). Results show that 
the 2021 interannual variability in CSOUTH resembles that 

of CCR, both in the equatorial sector and along the West 
African coast, but with significantly reduced amplitude 
(Fig. 9ab). As indicated by the red arrows from CCR, the 
timing of the equatorial and coastal CSOUTH SLA propaga-
tions is in phase with the control run propagations. This 
confirms that the anomalous ABCs south of the tropical 
Atlantic (32° S) not only trigger the reduction in the SAA 
amplitude that, to a large extend, controlled the timing and 

Fig. 9   Coupled response associated with southern atmospheric 
fluxes. Same as Fig.  8, but for the ensemble mean of the CSOUTH 
simulations. In the upper panels, red dashed arrows show the equato-
rial (panel a) and coastal (panel b) wave propagations described in 

Sect.  4.3. In the lower panels, the vertical red dotted lines indicate 
the maximum SLA in CCR (from Fig. 5). The figure has been realized 
using the Ferret program (http://​ferret.​pmel.​noaa.​gov/​Ferret/)

http://ferret.pmel.noaa.gov/Ferret/
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amplitude of the 2021 Benguela Niño, but also drive the 
relaxation of the equatorial trade at the origin of the 2021 
Atlantic Niño.

A closer look at the differences between CSOUTH (Fig. 9) 
and CCR (Fig. 5) reveals that the 2021 Atlantic Niño vari-
ability of the sensitivity experiment is ~ 50–80% that of 
the control run. For instance, CSOUTH ( CCR) maximum 
anomaly in ATL3 (Fig. 9c) is 2.2 cm (3.6 cm) for the SLA, 
1.2 °C (1.9 °C) for the subsurface temperature, and 0.4 °C 
(0.5 °C) for the SST. In May 2021, the maximum CSOUTH 
zonal wind stress anomaly in the WCEA (+ 0.40 × 10–2 N/
m2) is slightly less than half that of CCR (+ 0.81 × 10–2 N/
m2). CSOUTH equatorial variability is thus missing a source 
of interannual variability, which most likely ought to come 
from the suppressed interannual inflows at the northwestern 
boundary (Sect. 4.3). Along the equator, the zonal extent of 
the interannual changes in the Atlantic Walker cell actually 
extends westward beyond the position of our WRF western 
boundary, up to 80° W (Illig et al. 2006). In this context, the 
filtered CSOUTH climatological conditions at the northwestern 
atmospheric boundary can be viewed as a wall in terms of 
interannual variability, preventing the full development of 
the air–sea interactions in the equatorial Atlantic and lead-
ing to a weakened EKW in April–May 2021 (Fig. 9a). As a 
consequence, the ocean coastal connection with the equato-
rial variability is also weakened in CSOUTH compared to CCR, 
which in turn explains the reduced interannual variability 
along the West African coast (Fig. 9b). In CABA (Fig. 9d), 
the averaged CSOUTH ( CCR) maximum SLA, subsurface tem-
perature, and SST anomalies are 2.8 cm, 1.1 °C, and 0.94 °C 
(5.0 cm, 1.8 °C, and 1.5 °C), respectively. Notably, the 
weaker coastal SSTA in CSOUTH compared to CCR leads to a 
shallower overlying MABL resulting in 15% stronger south-
ward coastal wind stress within the [20° S-30° S] region in 
January-June 2021, minimizing the differences between C
SOUTH and CCR.

The results of the CSOUTH experiment revealed that the 2021 
Atlantic Niño was triggered by the variability in the southern 
basin. However, the design of the CSOUTH experiment does 
not allow to disentangle the effect of the atmospheric fluxes 
prescribed at the southern boundary (32° S) from that of the 
positive coastal SSTA associated with the Benguela Niño in 
shaping the equatorial variability in 2021. We now ask whether 
there is an atmospheric connection linking the Benguela Niño 
variability to the strength of the SAA and, in turn, to the Atlan-
tic Niño variability, as proposed by Hu and Huang (2007). 
To quantify the impact of the coastal SSTA on the coupled 
equatorial dynamics, we created a sensitivity experiment, C
SOUTH_noBÑ (Tab.2). CSOUTH_noBÑ shares the same ABCs as C
SOUTH, but in this experiment, WRF cannot see the interannual 
SST anomalies along the West African coast. Technically, the 
CROCO SST in the Southeast Atlantic ([5° W-20E; 30° S-9° 
S], see blue rectangle in Fig. 7c) is replaced by the hourly 

SST of the CCLIM ensemble mean when it is sent to WRF by 
the coupler. To smooth-out artificial SST gradients, a 4°-wide 
linear transition zone between the prescribed climatological 
SSTs and the actual CSOUTH_noBÑ SSTs simulated by CROCO 
is appended to the climatological SST domain. The difference 
between CSOUTH (Fig. 9) and CSOUTH_noBÑ (Fig. 10) allows to 
quantify the effect of the southeastern SSTA on the equato-
rial variability. As expected, concealing the positive coastal 
SSTA from WRF yields to a lower overlaying MABL, which 
locally weakens the coupling with the equatorward coastal 
tropospheric winds. Similar to Fig. 4d, the difference between 
C

SOUTH and in CSOUTH_noBÑ portrays equatorward coastal wind 
stress anomalies over the CSOUTH positive SSTA (Fig. 10b). 
Interestingly, the southeastern coastal SSTA not only affects 
the local coastal atmospheric circulation, but also gives rise 
to a basin-wide weakening of the trade winds (Fig. 10d). In 
agreement with Hu and Huang (2007), the positive coastal 
SSTA triggers an anomalous low local SLP, which drives a 
converging lower-atmospheric circulation in the Southeast 
Ocean, producing westerly anomalies along the equator. As a 
result, the equatorial anomalies are much smaller in CSOUTH_

noBÑ than in CSOUTH (Fig. 10a). In May 2021, the CSOUTH_noBÑ 
maximum zonal wind stress anomaly is weaker in the WCEA 
(+ 0.32 × 10–2 N/m2) than in CSOUTH (+ 0.4 × 10–2 N/m2). In 
ATL3, the maximum CSOUTH_noBÑ ( CSOUTH) anomaly is 1.6 cm 
(2.2 cm) for the SLA, 0.95 °C (1.2 °C) for the subsurface tem-
perature, and 0.3 °C (0.4 °C) for the SST (Fig. 10ac).

In conclusion, our results reveal that the 2021 Atlantic 
and Benguela Niño events were both triggered by the atmos-
pheric boundary fluxes at the southern boundary of our 
coupled domain (~ 32° S). Local air–sea interactions yield 
a positive feedback in the equatorial band (Bjerknes feed-
back) and a negative feedback along the coast through the 
deepening of the coastal MABL. Furthermore, ~ 1/3rd of the 
amplitude of the CSOUTH equatorial variability can be attrib-
uted to the basin-wide atmospheric connection associated 
with the warm Benguela Niño coastal SSTA. The differences 
between CSOUTH and CCR showed that the amplitude of the 
2021 Benguela Niño was in turn largely (40–50%) driven by 
the oceanic connection with the propagation of equatorially-
forced CTW propagations, and thus also associated with the 
strength of the Atlantic Niño. Finally, the coastal variability 
is also shaped by the atmospheric teleconnection through 
the converging low-level atmospheric circulation associated 
with the equatorial warming.

5 � Discussion and conclusions

In this paper, we analyzed the extreme Atlantic 
and Benguela Niño events that occurred during the 
boreal spring–summer of 2021. Based on observed 
detrended SSTA (OI-SST, Huang et  al. 2021) in the 
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eastern-equatorial Atlantic (ATL3) and along the Ango-
lan/Namibian coasts (CABA), the 2021 Atlantic Niño set 
a new record as the warmest equatorial event since 1982, 
while the 2021 Benguela Niño ranked as the 6th warmest 
coastal event and was associated with the weakest boreal 
summer primary production since 2002 (Körner et  al. 
2023). Our objectives were to analyze the phenology of 

these interannual events, the air–sea interactions at work, 
and the oceanic and atmospheric connections between the 
equatorial and the coastal warmings. To this end, we con-
ducted no less than 10 complementary sensitivity experi-
ments with a regional ocean–atmosphere coupled model. 
Forced and coupled ensemble simulations enabled us to 
identify the triggering mechanism of the 2021 events and 

Fig. 10   Coupled response associated with southeastern Atlantic SST 
interannual anomalies. a, c Same as Fig.  8ac, but for the ensemble 
mean of the CSOUTH_noBÑ simulations. b Same as Fig. 4d, but for the 
difference between CSOUTH and CSOUTH_noBÑ interannual anomalies. 
Colored contours correspond to CSOUTH SSTA shown in Fig.  8b. d 

May 2021 SLP (colors, hPa) and 10m wind (arrows, m/s) interannual 
anomaly difference between CSOUTH and CSOUTH_noBÑ. The figure has 
been realized using the Ferret program (http://​ferret.​pmel.​noaa.​gov/​
Ferret/)

http://ferret.pmel.noaa.gov/Ferret/
http://ferret.pmel.noaa.gov/Ferret/
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to quantify the roles played by both local and remote pro-
cesses behind the equatorial and coastal warm events.

Our results revealed that the 2021 Atlantic and Benguela 
Niño events were both triggered by anomalous atmospheric 
fluxes at the southern boundary of our coupled model 
domain, at ~ 32° S, leading to a significant weakening of the 
SAA. The associated poleward anomalous low-level coastal 
winds began as early as February 2021, and led, through 
local processes (reduced upwelling and evaporation), to 
a warmer-than-normal coastal margin south of 16° S, off 
Angola, Namibia, and South Africa, marking the onset of the 
2021 Benguela Niño. The weakening of the SAA was quite 
persistent, and it was not until April 2021 that the equato-
rial trade winds were affected. A relaxation of the WCEA 
zonal winds triggered the propagation of an initial down-
welling EKW that crossed the equatorial basin in April–May 
2021. Along its path, this wave deepened the thermocline 
and induced temperature anomalies in the eastern equatorial 
basin. This was the catalyst for the development of the 2021 
Atlantic Niño. Classically, the full maturation of the equato-
rial event was driven by ENSO-like air–sea interactions in 
the equatorial basin: a positive feedback such that the warm 
eastern SSTA enhanced the westerly wind stress anomalies 
in the WCEA by modifying the Atlantic Walker cell (Bjerk-
nes feedback). The warming in the eastern equatorial Atlan-
tic peaked in mid-July 2021, with observed ATL3 SSTA 
exceeding 1.1 °C. Furthermore, upon reaching the Gabo-
nese coast, the EKW excited a downwelling CTW, which 
propagated southward along West Africa in May–June 2021 
(Fig. 11a). This CTW warmed the northern coastal margin 
(north of 16° S) and further reinforced the locally-forced 
warm conditions already established in the southern coastal 
region. In the CABA region, the observed warming exceeded 
1.4 °C in late May 2021. Thus, the 2021 Benguela Niño 
was driven by the combined effects of surface wind anoma-
lies and the propagation of the equatorially-forced CTW, 
which resulted in a banana-shaped pattern as described in 
Bachèlery et al. (2020). This sequence is consistent with 
the recent analyses by Li et al. (2023) of the 2019 and 2021 
Atlantic Niño events.

Although our coupled simulations exhibited an exces-
sively deep thermocline that prevented a realistic warming 
of the equatorial SST and most likely underestimated air–sea 
interaction associated with the Atlantic Niño warming, our 
study successfully unraveled the multiple factors that con-
tributed to the remarkable strength of this particular warm 
event. Firstly, the long-term oceanic memory, associated 
with free-propagating downwelling equatorial waves forced 
prior to 2021, warmed the slightly colder-than-usual sur-
face layer in the vicinity of the equatorial waveguide dur-
ing the first trimester of 2021. This allowed neutral condi-
tions to be reached in March 2021 − just before the onset 
of the equatorial event − facilitating the positive feedback 

between positive SSTA in the Gulf of Guinea and trade wind 
relaxation in the WCEA (Fig. 11b). Additionally, while the 
colder than normal equatorial Pacific in 2021 may not have 
directly initiated the tropical Atlantic warming, it provided 
favorable conditions for the event to develop by facilitating 
the weakening of the Atlantic Walker cell thanks to anoma-
lous inflows from the Pacific (Handoh and Bigg 2000; Illig 
et al. 2006). In fact, Li et al. (2023) quantified that 6% of 
the ATL3 anomalies during the period 2019–2021 can be 
explained by ENSO conditions. Concomitantly, the early 
development of the Benguela Niño south of 16° S induced 
a low coastal SLP, which drove low-level converging winds 
into the southeastern coastal ocean (see Fig. 11d; Hu and 
Huang 2007; Li et al. 2023). The resulting northwesterly 
inflow extended up to the equatorial band and contributed 
by 1/3rd of the relaxation of the trade winds in April 2021. 
Finally, the timing of the triggering mechanism holds sig-
nificant importance for the development of an Atlantic 
Niño. Indeed, the interannual equatorial ocean variability 
is phase-locked to the May–June-July season, characterized 
by a shallow thermocline and effective subsurface/surface 
coupling, enabling a strong Bjerknes feedback (Keenlyside 
and Latif 2007; Illig et al. 2020). In this context, the persis-
tence of the intense anomalous coastal atmospheric outflow 
at 32° S, from February to June 2021, played a crucial role 
in the triggering of the equatorial event. Li et al. (2023) also 
emphasized the significant influence of interdecadal-trend 
components on the extreme magnitude 2021 Atlantic Niño 
event.

The coastal warming observed in 2021 was also one 
of the strongest Benguela Niño events observed since the 
satellite era. Our findings showed that its intensity can be 
attributed to two key mechanisms. Firstly, the external forc-
ing at the southern boundary exhibited notable strength and 
persistence. It induced a substantial warming of the entire 
coastal margin from 16° S to the southern tip of Africa as 
early as February 2021. Secondly, because the amplitude 
of the coastal warming is directly related to the strength 
of the Atlantic Niño through the oceanic wave connection 
(Fig. 11a), the strong EKW associated with the strong Atlan-
tic Niño gave way to a strong downwelling CTW, amplifying 
the event by approximately 40–50% in May–June 2021. It is 
worth noting that the local and remote air–sea interactions 
within the tropical Atlantic predominantly consist of nega-
tive feedback mechanisms for the maturation of the coastal 
warming. On one hand, the development of the anomalous 
converging circulation over the equatorial warming drives 
equatorward upwelling-favorable coastal winds north of 
16° S (see Fig. 11c; Illig et al. 2020). On the other hand, 
the positive coastal SSTA also leads to intensified equator-
ward upwelling-favorable surface winds through the desta-
bilization and deepening of the coastal MABL (Fig. 11e). 
However, it is important to acknowledge that both of these 
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processes may be underestimated in our coupled simulations 
due to the bias in the mean thermocline depth.

Overall, our case study highlights the intricate inter-
play between the ocean wave dynamics, and the local and 
distant air–sea interactions (Fig. 11), shedding light on 
the complex mechanisms that control the amplitude and 
timing of the Atlantic and Benguela Niño events. It also 
reveals the high degree of interconnectedness between 
the two distant systems. Indeed, we have shown that the 
Atlantic Niño dynamics affects the interannual coastal 

variability, both through the equatorial/coastal oceanic 
wave connection (Fig. 11a) and through changes in the 
low-level coastal atmospheric circulation (Fig. 11c), as 
suggested by Illig et al. (2020). In turn, the SSTA associ-
ated with the Benguela Niño, although acting as a negative 
feedback for the coastal warming (Fig. 11e), positively 
influences the equatorial variability through the atmos-
pheric teleconnection associated with the low coastal SLP 
and the associated low-level anomalous winds blowing 
towards the coastal warm event (Fig. 11d), as suggested 

Fig. 11   Schematic of the 5 connection processes at work during 
the 2021 Atlantic and Benguela Niño events. a Oceanic connection 
between the equatorial dynamics and the coastal variability through 
long-wave propagations. b Positive atmospheric feedback associ-
ated with the equatorial warming: Development of an anomalous 
converging circulation towards the equatorial warming, whose west-
ern branch strengthens the trade wind relaxation in the WCEA. c 
Negative atmospheric feedback between Atlantic Niño and coastal 
warming: The southeastern branch of the anomalous equatorial con-

vergence drives equatorward upwelling-favorable coastal winds. d) 
Positive atmospheric feedback between the Benguela Niño SSTA 
and the equatorial wind forcing: The wind convergence towards the 
coastal warming weakens the trade winds up to the equatorial band. 
e Local negative atmospheric feedback associated with the coastal 
warming: Coupling between the high-altitude equatorward winds 
through the deepening of the coastal Marine Atmospheric Boundary 
Layer (MABL). The figure has been realized using Microsoft Power-
Point (https://​produ​cts.​office.​com/​fr/​power​point)

https://products.office.com/fr/powerpoint
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by Hu and Huang (2007). Adding the fact that the 2021 
Atlantic and Benguela Niño events share the same external 
triggering mechanism, our results strongly suggest that 
these two interannual modes of variability are part of a 
unified mode of variability in the tropical Atlantic. How-
ever, both systems are based on different mean states that 
undergo distinct seasonal modulations, which also controls 
the surface expression of the variability. They are also vul-
nerable to different external forcings, which explains why 
Atlantic Niño events can occur independently of Benguela 
Niño events, and vice versa.

Our research contributes to a deeper understanding of 
the broader climate dynamics in the tropical Atlantic and 
to improving Earth system models, which currently strug-
gle to simulate these extreme events. This knowledge can 
also ultimately enhance our ability to predict and manage 
the impacts of such extreme events on local ecosystems, 
fisheries, and socioeconomic activities along the affected 
coastlines. It underscores the importance of continued 
research in this field to support informed decision-making 
and safeguard the resilience of coastal communities in the 
face of climate change.
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