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Fig.  1. Panel  a: Bathymetry adopted for the low-resolution oceanic grid. The configurations of the main near-surface

currents  are depicted. AC,  BC and AgC refer to the Angola,  Benguela and Agulhas currents, respectively. Panel  b:

Bathymetry for the high-resolution oceanic grid. The SETA, ABA1 and ABA2 regions, as defined in Section  4.2, are

depicted. Panels c and d: Horizontal resolution, in km, of the low- and high-resolution unstructured oceanic grids used

in the LR and HR configurations, respectively (see Section 2 for details about the construction of these grids).
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with a further strengthening of southerly winds. The seasonal ACT and the intensified winds coincide
with the northward migration of the rainband away from the equator onto the West African continent,
with intense precipitation reaching as far north as 15� N in boreal summer. The SST in this region
attains the maximum values in austral spring, when the ITCZ is closest to the equator.

In this context, [15] proposed that the annual cycle in the eastern equatorial Atlantic is set by
continental monsoons, while local air–sea interactions only have a secondary influence. In contrast
with this, [51] suggested that ocean–atmosphere interactions play an important role in the march of
the seasonal cycle in the region. They hypothesized that the ACT intensifies the southerly winds in
the Gulf of Guinea and these push the rainband further north over the land. Supporting this point
of view, more recent studies have found that meridional SST and sea-level pressure (SLP) gradients
are closely related to meridional winds over the Gulf of Guinea [52–54]. While it is widely accepted
that the impact of the continental West African summer Monsoon (WAM) on ocean surface winds
contributes to a lowering of the SST, the importance of the SST cooling for the development of the
monsoonal winds, and subsequently the precipitation, is still debated. For instance, ref. [55] suggested
that the generation of the ACT is not very important for the development of the WAM, although this
has an impact on its strength.

Figure 2. Cont.
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seasonal cycle of EEA zonal winds. The semiannual cycle 
in zonal wind is poorly represented in all simulations, as 
they miss the strengthening of the zonal winds in October 
and November.

The impact of SST outside the equatorial Atlantic on the 
surface winds is estimated by comparing the meanSST and 
eqmeanSST runs (blue and black lines, Fig. 4). The EEA 
surface zonal winds have a similar seasonal evolution in 
EEA in both runs, with the largest difference during Febru-
ary to May. The annual cycle of meridional winds in the 
EEA is quite similar in both runs, while in the WEA the 
seasonal cycle is stronger in the eqmeanSST run. In sum-
mary, local SST have a large impact on the seasonal cycle 
of surface zonal and meridional winds in the WEA and on 

meridional winds in the EEA, while remote SST have only 
a secondary role.

Our model (climSST run) captures the seasonal cycle of 
the precipitation in the west and eastern tropical Atlantic, but 
it shows some discrepancies to the observations: in the east 
and the west the maximum during the boreal summer mon-
soonal season occurs later and is displaced south (Fig. 5c, 
d), which is a common issue in other AGCMs (Mohino et al. 
2011). The phasing of the precipitation in the WEA region 
is weaker and not well captured in the run with the SSTs set 
to their annual mean globally (meanSST run) (Fig. 5e); over 
the EEA the ITCZ is constrained to a narrow band north 
of the equator, and it does not migrate northward during 
boreal summer as in observations (Fig. 5f). Moreover, the 
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2.  Inter-annual Variability 
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tropical Atlantic with high SST anomalies in the eastern equatorial Atlantic and the Gulf of Guinea (GG). The pronounced
warm event that occurred in 1984 raised attention to this phenomenon and its impacts on rainfall over the adjacent continents
(Carton & Huang, 1994; Philander, 1986). By comparing SST variability in the tropical Pacific and Atlantic Ocean, both from
observations and in the framework of a simple dynamical model, Zebiak (1993) concluded that there exists an Atlantic equato-
rial coupled mode with dynamics similar to the ENSO, though more heavily damped. To characterize SST variability in the
eastern equatorial Atlantic he defined the now regularly used ATL3 index as the SST anomaly averaged over the region 20!W
to 0!E and 3!S to 3!N (indicated by the blue box in Figure 1a).

Since the early 2000s, an increasing number of studies have addressed modes of SST variability in the equatorial Atlantic.
Focusing on the interaction between climate variability modes in the tropical Atlantic, Servain, Wainer, Ayina, and Roquet
(2000) referred to the variability as the “Atlantic Equatorial Mode,” and defined it from an EOF analysis of simulated monthly
thermocline depth anomalies for the time period 1979–1993. Revisiting the study by Servain et al. (2000) for the time period
1949–2000, Murtugudde, Ballabrera-Poy, Beauchamp, and Busalacchi (2001) referred to the El Niño-like mode as the “Zonal
mode,” emphasizing its east–west orientation. Ruiz-Barradas, Carton, and Nigam (2000) performed a rotated principal compo-
nent analysis of SST, heat content, wind stress, and diabatic heating for the time period 1958–1993. The second mode of this
analysis, which they termed “Atlantic Niño mode,” was related to SST and heat content anomalies in the eastern equatorial
basin and wind stress anomalies to the west of it. Stressing the location of the highest SST variability, the mode has also been
called the “Equatorial cold tongue mode” (Haarsma & Hazeleger, 2007). Caniaux et al. (2011) defined indices for the extent,
intensity, onset, and decay of the Atlantic cold tongue to characterize its variability, based on the surface area where SST is
lower than 25 !C. Based on a Rotated-EOF analysis of observed SST anomalies for 1950–1998, Huang, Schopf, and Shukla
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since in our opinion issues of data quality are of more
concern.

3. Coupled variability in the equatorial Atlantic
and its relation to the annual cycle

Are positive ocean–atmosphere feedbacks, similar to
those known to be crucial to ENSO variability in the
Pacific Ocean, active in the equatorial Atlantic, that is,
is the Bjerknes feedback active? In this section we ad-
dress this question by analyzing the three elements of
the Bjerknes feedback in the observations: the coupling
between 1) SST and zonal wind stress, 2) zonal wind
stress and ocean dynamics, and 3) ocean dynamics and
SST. Following this, the coupled interactions are esti-
mated for each calendar month, to help explain the
tight phase locking of the variability to the annual cycle.

a. The mean Bjerknes feedback

The first element of the Bjerknes feedback loop is
the strong relationship between eastern Pacific SSTA
and central Pacific surface zonal winds. In the Atlantic
it has been also long recognized that eastern Atlantic
SSTA and western Atlantic winds are related (Servain
et al. 1982; Hirst and Hastenrath 1983; Zebiak 1993).
The regression of monthly anomalies of Atlantic3 (3°S–
3°N, 20°W–0°) SSTA onto surface zonal winds shows
the typical ENSO-like pattern, with westerly winds to
the west of the positive SSTA and easterly anomalies to
the east (Fig. 1a). Regression values indicate that a 1°C
change in SST corresponds to maximum westerly wind
anomaly of between 0.6–0.8 m s!1 (Fig. 1a), or 0.55
m s!1 when averaged over the western Atlantic (3°S–
3°N, 40°–20°W) region (Table 1). In the Pacific, an
equivalent SST change would result in maximum west-
erly anomalies between 1.2 and 1.4 m s!1 (not shown)
or 0.84 m s!1 for the Niño-4 region (Table 1). In the
Atlantic, this relationship explains a little more than
10% of the variability, whereas in the Pacific explained
variances approach 20%. These results suggest that the
coupling between eastern basin SST and western-
central basin surface wind anomalies is weaker and less
dominant in the Atlantic than in the Pacific. An analy-
sis of NCEP surface stress data produces essentially the
same result, except explained variances are higher in
both basins (Table 1). As discussed further below, these
differences between the Pacific and the Atlantic are
likely due to the lack of a permanent western basin
warm pool in the Atlantic.

The second element of the Bjerknes feedback is the
link between western Pacific surface winds and varia-
tions in eastern Pacific thermocline depth. The regres-
sion of western Atlantic zonal surface stress onto sea
level anomalies (SLAs) indicates that westerly wind

anomalies correspond to an increase in SLA and HC in
the eastern equatorial Atlantic and a decrease in SLA
and HC in the western Atlantic particularly off the
equator (Fig. 1b). This pattern closely resembles that of

FIG. 1. (a) Regression between Atlantic3 (black box) averaged
SSTAs and 10-m zonal wind speed. (b) Regression between WAtl
(black box, 3°S–3°N, 40°–20°W) zonal wind stress anomalies and
SLAs. (c) Regression between SLAs and SSTAs. Explained vari-
ance is overlaid with a contour interval of 0.1, except in (c) where
the interval is 0.2. SST data are from HadISST, sea level data are
from satellite measurements, 10-m winds are from COADS, and
surface stress are from the NCEP–NCAR reanalysis. The period
considered in (a) and (c) is 1993–2002, and in (b) it is 1950–97.
Explained variances greater than 0.08, 0.28, and 0.36 are signifi-
cant at the 95% level in (a), (b), and (c), respectively.
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considered in (a) and (c) is 1993–2002, and in (b) it is 1950–97.
Explained variances greater than 0.08, 0.28, and 0.36 are signifi-
cant at the 95% level in (a), (b), and (c), respectively.
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Mechanism of the Atlantic Niño/Niña: 
Bjerknes Feedback  

(Keenlyside and Latif 2007)	

Sea Surface Temperature 

Surface Wind Thermocline 



We conclude that there is one mode of boreal summer SST variability on interannual time scales in the southeastern
tropical Atlantic that we will refer to it as Atlantic Niño. The two centers of variability in the cold tongue region and off
Angola are closely connected, even though warm and cold events can also develop independently due to the influence of local
forcing (described in more detail in the following subsection). The Atlantic Niño mode is robustly linked to opposite signed
SST anomalies in the southwestern subtropical basin, a relation that has been described as the SAOD. It is also interacting
with the AMM, which is more active on longer time scales, peaking during boreal spring and controlled by thermodynamic
feedbacks, through cross-equatorial wind stress anomalies. For the remaining of this paper, we will focus on the Atlantic Niño
mode. Its forcing mechanisms, impacts, and long period modulations will be discussed in the following sections.

2.3 | Generation mechanisms

Various mechanisms have been discussed for the generation of Atlantic Niño and Niña events. They are schematically summa-
rized in Figure 2. Given its similarity to ENSO in the Pacific, an involvement of coupled air–sea feedbacks, namely the
Bjerknes feedback (Bjerknes, 1969), appears likely. Keenlyside and Latif (2007) conducted an observation based regression
analysis for both the equatorial Atlantic and Pacific to investigate the three components of the Bjerknes feedback, that is, forc-
ing of western basin wind anomalies by SST anomalies in the east, forcing of thermocline depth (or heat content) anomalies in
the east by the wind anomalies in the west, and forcing of eastern basin SST anomalies by local thermocline depth anomalies.
They concluded that all three components are active in the Atlantic, albeit weaker than in the Pacific. Deppenmeier, Haarsma,
and Hazeleger (2016) arrived at similar results based on reanalysis datasets that they compared to CMIP5 model output. Using
the Bjerknes stability index (Jin, Kim, & Bejarano, 2006), Lübbecke and McPhaden (2013) attributed the stronger damping of
the Atlantic Niño mode to a weaker thermocline feedback. In Figure 1b, the wind stress anomalies associated with the first
EOF of the interannual SST anomalies are shown, illustrating the weakening of the trade winds for the warm phase of the
Atlantic Niño.

The second component of the Bjerknes feedback, that is, the forcing of heat content anomalies in the east by wind stress
anomalies in the western tropical Atlantic involves the eastward propagation of equatorial Kelvin waves. When these waves
reach the eastern boundary, they are partially reflected into westward propagating Rossby waves and partially transmitted
along the African coast as coastally trapped waves (Polo, Lazar, Rodriguez-Fonseca, & Arnault, 2008). When the southward
propagating waves reach the Angola-Benguela Front at about 17!S where the thermocline outcrops, they can cause pro-
nounced SST anomalies, the so called Benguela Niños (Bachelery, Illig, & Dadou, 2015; Florenchie et al., 2003, 2004; Lüb-
becke et al., 2010; Rouault, Illig, Bartholomae, Reason, & Bentamy, 2007). Local wind forcing can also contribute to these
events (Richter et al., 2010).

Richter et al. (2013) noted that some Atlantic Niño events cannot be explained by wind stress variations consistent with
the Bjerknes feedback. Typically, a warm SST anomaly in the eastern equatorial Atlantic would be associated with a weaken-
ing of the trade winds in the western basin, but some warm events occur when the winds are actually anomalously strong.
Richter et al. (2013) called these events “non-canonical” and suggested that they might be driven by meridional advection of
temperature anomalies from north of the equator. Another explanation for non-canonical events involves the reflection of
Rossby waves at the western boundary (Burmeister, Brandt, & Lübbecke, 2016; Foltz & McPhaden, 2010b; Lübbecke &

Equatorial Deep Jets
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Africa
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FIGURE 2 Schematic diagram of the
different mechanisms suggested to generate
Atlantic Niño events: (a) the Bjerknes
feedback including a weakening of the
trade winds and adjustments of the
thermocline slope via the propagation of
equatorial Kelvin waves; (b) meridional
advection of temperature anomalies;
(c) Rossby wave reflection; (d) equatorial
deep jets; and (e) net surface heat flux
anomalies
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Other Possible Mechanisms of the Atlantic Niño/Niña 

(a)  Bjerknes Feedback (Keenlyside and Latif, 2007) 
(b)  Meridional advection of the SST anomaly from off-equator (Richter et al., 2013) 
(c)  Rossby wave reflection at the western boundary (Burmeister et al., 2016)  
(d)  Energy propagation from equatorial deep jets (Brandt et al., 2011) 
(e)  Driven by net heat flux anomaly (Nnamchi et al., 2015) 

Lübbecke et al. (2018)	
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Niño mode via anomalous tropical wind power: stronger SAA activity in February leads to an earlier
onset and further amplification of the ACT in summer (Atlantic Niña condition) and weaker SAA
delays the development of the ACT summer, resulting in Atlantic Niño. This connection between the
SAA and Atlantic Niño Mode can demonstrate a relationship between Atlantic Niño Mode and the
Benguela Niño Mode since the Benguela upwelling system is maintained by the Benguela low-level
jet associated with the SAA (e.g., [86–88]). These nonlocal features for the Atlantic Niño modes are
not found in the El Niño modes in the tropical Pacific. The discussion of the association between the
Atlantic Niño mode and the Benguela Niño mode will be later in the text.

One of the largest impacts of the Atlantic Niño Mode is exerted on the Intertropical Convergence
Zone (ITCZ). In summer, when the Atlantic Niño mode usually reaches its peak, the climatological ITCZ
is sitting in the north of the equator due to the West African Monsoon (WAM). At basin-scale, the WAM
is driven by the land–ocean temperature contrast between the African Continent and the South Atlantic
Ocean. However, at a regional scale, this climatological large-scale temperature gradient is changed by
a well-developed ACT, and the magnitude of the ACT anomalies contributes to the location of the ITCZ
and intensity of the WAM (e.g., [51,53,54]). Over the ACT, cumulus convection is inhibited because
of reduced atmospheric instability due to the colder SST (about 24 �C), according to the relationship
between tropical marine precipitation and underlying SST (e.g., [89–91]). The climatological land–sea
contrast is modified by the Atlantic Niño mode as shown in Figure 6. The precipitation associated with
the ITCZ is correlated positively to a large extent with the Atlantic Niño mode. Not only the equatorial
Atlantic, but also the western coastal African and South American countries are influenced by the
AZM [22]: north of the equator (5–10� N), a negative correlation of precipitation is found, indicating
that the ITCZ is displaced southward following the Atlantic Niño/Niña. The wind stress is also well
correlated to the AZM: the wind stress converges over the Atlantic 3 region (20� W–0�, [85]) and a
westerly (easterly) anomaly is detected over the western equatorial Atlantic (Gulf of Guinea) showing
the resemblance of the first element of BF (Figure 5a). Additionally, the WAM is weakened, reinforced
by the Atlantic Niño/Niña over the Gulf of Guinea to the coastal region.

Figure 6. Correlation map between PC1 score and precipitation (color, GPCP, 1979–2015) and wind
stress (vector, ERA-Interim, 1979–2011) in June. The gray dots denote 95% significance level.

4.3. Atlantic Meridional Mode

The Atlantic Meridional Model (AMM), the second fundamental mode of the tropical Atlantic
variability, is captured as the second EOF of the monthly SST anomalies, as shown in Figure 7a.
The AMM has an interhemispheric dipole structure (e.g., [21,82]) opposite to the AZM, which has an
L-shaped peak in the Gulf of Guinea, as seen in Figure 2a. The AMM appears frequently in boreal
spring (April to May) as shown by the PC of 2nd EOF mode in Figure 7b. The main mechanism for

Cabos et al. (2019)	
Correlation between wind stress/precipitation 
and PC1 score of SST 	

Precipitation variability in the western coastal Africa is highly affected by the SST 
variability in equatorial-southeastern Atlantic (e.g., Lutz et al., 2015)	
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(Box 1 and Fig. 1D). Models appear able to cap-
ture this Atlantic response (56, 57), but there is
uncertainty as to the relative role of the tropical
and extratropical processes. This is because the
weakened northeasterly trades can be caused by
the anomalous Walker and local Hadley cells
(58), a Gill-type response to Amazonian heating
(59) (Box 1), or a tropospheric temperature warm-
ing in response to El Niño (24, 60).
In turn, NTA anomalous warming has been

suggested to affect ENSO. An NTA warming in
boreal spring excites an atmospheric Rossby
wave that propagates westward, causing north-
easterly wind anomalies over the subtropical
northeastern Pacific (8) (Fig. 2A). This can gen-
erate cold SST and low rainfall anomalies in

subsequent seasons, inducing a low-level anti-
cyclone further to the west (Fig. 2B). The as-
sociated easterly wind anomalies in the western
equatorial Pacific might, in turn, initiate a
La Niña (Fig. 2C). An atmospheric Kelvin wave
response to the NTA warming can also induce
easterly anomalies through the Indian Ocean
(61) (Fig. 2, A and B). This NTA forcing tends
to favor the CP type of ENSO (8, 10), consistent
with an extratropical Pacific forcing of CP ENSO
events (62).
Another center of interbasin interactions is

the equatorial Atlantic (black box in Fig. 2B),
where the Atlantic Niño dominates (63). ENSO’s
influence on the equatorial Atlantic is not robust,
however, with only a weak concurrent corre-

lation between ENSO and the equatorial At-
lantic SST (55, 64). During El Niño, a weakening
Walker circulation and the associated easterly
wind anomalies along the equator in the Atlantic
(Fig. 1B) tend to generate cold anomalies through
the Bjerknes positive feedback (65). However,
this cooling may be offset either by troposphe-
ric warming in response to El Niño (66) and/
or by oceanic downwelling Kelvin waves in-
duced by a meridional SST gradient due to
warming in the NTA propagating into the region
(67). These competing effects may contribute to
a weak influence of ENSO on equatorial Atlantic
SST and to the concurrent weak relationship
between ENSO in the Pacific and the equato-
rial Atlantic SST.
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Fig. 2. Tropical Atlantic influence on the Pacific. (A) Observed 1980–2005
SST and 850-hPa wind anomalies in MAM(0) regressed onto a basin-wide
SST index over the tropical Atlantic (10°S to 20°N and 60°W to 10°E, pink
box) in MAMJJA(0). This basin-wide index is selected to jointly capture the
NTA [black box in (A)] and Atlantic Niño [black box in (B)] indices. The linear
relation to the DJF(0) Nino3.4 index was removed before the regression. NTA
warming in MAM(0) generates a low-level cyclone over the eastern Pacific
and Central America and easterly winds over the western equatorial Pacific
through atmospheric Rossby and Kelvin wave responses. (B) In JJA(0),

warming in the equatorial Atlantic induces anomalous Walker circulation,
leading to anomalous easterlies in the central and western Pacific. (C) DJF(1),
following the warming in the tropical Atlantic, cold anomalies develop in the
central and eastern Pacific during DJF(1). (D to F) Same as in (A) to (C), but for
a five-member ensemble mean from pacemaker experiments performed
over the period from 1980 to 2005, in which full coupling is permitted
everywhere except in the tropical Atlantic (30°S to 30°N), where SSTs are
nudged to observations (70). In (A) to (F), the number 1 and arrow in the white
box at the top right of each panel indicate the scale of the vector length.
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Atlantic Niño influences the tropical Pacific variability via modulation of Walker Circulation	
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is shown in Fig. 1a, while the normalized ECs, which 
describe the time variability of the leading spatial modes, 
are shown in Fig. 1b. The squared covariance fraction for 
the leading mode is 66% and the correlation coefficient of 
the two ECs is 0.72, indicating strong coupling of SST and 
winds in this region.

The leading mode of covariability in the tropical Atlan-
tic is the AMM (Fig. 1a). There is a strong interhemispheric 

asymmetry in SSTA spatial loading, with positive values 
in the northern hemisphere (NH) and lower magnitude 
negative values in the southern hemisphere (SH), which is 
consistent with previous results (e.g., Chiang and Vimont 
2004). From approximately 25°N to 5°N, strong south-
westerly wind anomalies are co-located with the strongest 
SSTAs, centered at about 20°W. There are also cross-equa-
torial winds that begin as southeasterly flow just south of 

Table 1   The modeling center, country, model abbreviation, and number of ensemble members for each CMIP5 model used in this analysis

Modeling center CMIP5 model abbreviations Number of runs

Centre for Australian Weather and Climate Research, Australia ACCESS1-0 1

ACCESS1-3 2

College of Global Change and Earth System Science, China BNU-ESM 1

Centre for Meteorological Research, France CNRM-CM5 10

Geophysical Fluid Dynamics Laboratory, USA GFDL-ESM2G 1

GFDL-ESM2 M 1

Institute for Numerical Mathematics, Russia INM-CM4 1

Institute Pierre Simon Laplace, France IPSL-CM5A-LR 6

IPSL-CM5A-MR 3

IPSL-CM5B-LR 1

University of Tokyo/NIES/JAMSTEC, Japan MIROC5 5

Max Planck Institute for Meteorology, Germany MPI-ESM-LR 3

MPI-ESM-P 2

Meteorological Research Institute, Japan MRI-CGCM3 5

MRI-ESM1 1

Norwegian Climate Centre, Norway NorESM1-M 3

NorESM1-ME 1

(a) (b)

(c)

Fig. 1   a The observed leading maximum covariance analysis (MCA) 
mode of SSTA (shading, °C) and 10-m wind anomalies (arrows, 
m/s). b The corresponding left and right normalized expansion coef-
ficients (EC). The first number in the brackets is the squared covari-

ance fraction for the leading MCA mode; the second number is the 
correlation between the two ECs. c Month-to-month variance of the 
wind EC (red) and SST EC (blue)

Other tropical Atlantic modes: 
Atlantic Meridional Mode (AMM) 

Maximum Co-variance Analysis (MCA) Analysis between SST and 10m wind provides 
Atlantic Meridional Mode (AMM) (Chiang and Vimont, 2004)  
(EOF 2nd mode of SST variability also gives this mode) 

Amaya et al. (2017)	

Mechanism of the AMM: 
WES (Wind-Evaporation-SST) Feedback  

Inter-hemispheric SST anomaly pattern drives 
the surface wind anomaly due to the SLP 
gradient 
 
In the southern (northern) hemisphere, the anti-
cyclonic winds are enhanced (suppressed) by 
this anomaly 
 
Acceleration (deceleration) of surface wind 
enhances (suppresses) the evaporation release 
 
Enhanced (suppressed) evaporation induces 
cooling (warming) SST => the initial anomaly 
of SST is strengthened/maintained   



Other tropical Atlantic modes: 
Benguela Niño/Niña 

Rouault et al. (2017): TRMM/TMI SST anomaly from monthly climatology 



[7] Here the anomaly is shown at depths at which it was
most intense at intervals before it reached the coast. It can
be traced back to a longitude of 30!W, just south of the
equator, where it was found at the beginning of January
1984. At this time it extended poleward to 4!S and had a
maximum thermal divergence from the mean of 3!C. Two
weeks later it was found between 20! and 10!W and 8 days
later its core had moved to 5!E. By the end of January it had
reached the coast and had started its advance poleward. Two
aspects of the propagation stand out: first, that the temper-
ature of its core remained largely undiminished between
2!–3!C; second, that its progress eastward was about
150 km/day (1.7 m/s) and remained entirely zonal until it
reached the coast of Africa. Such a propagation rate agrees
with the theoretical phase speed of an equatorial internal
Kelvin wave. The period from inception till the anomaly
breached off south-eastern Africa was 2 months; it then
lasted for six months. The portrayals in Figure 3 show that
the thermal anomaly moved from 100 m to lesser depths as
it progressed east and then southwards. Figure 4 illustrates
the subsurface propagation of temperature anomalies along
the coast of Africa in March 1984. The 1995 event reveals a
very similar sequence.

[8] It is clear that the anomaly started off in the western
equatorial Atlantic at the bottom of the mixed layer. In its
zonal progression it consistently moved into shallower
water until it was located at about 45 m depth on reaching
the coast of Africa near the equator. Its core then stayed at
depth on moving poleward along the coast until it reached a
latitude of 15!S where it outcropped as the Benguela Niño
of 1984 (Figure 4). In comparing the track of this anomaly
with the depth of the thermocline in the equatorial Atlantic
it becomes clear that the core of the anomaly followed the
thermocline closely, consistently lying at the depth of the
23!C isotherm. The observed hydrographic data show that
the thermocline lies between the 25! to 18!C isotherms in
the equatorial Atlantic and that it shallows from 120 to 40 m
in going from west to east, nearly identical to that simulated
by the model. The model temperature anomalies track the
shoaling thermocline across the equatorial Atlantic.
[9] These temperature anomalies are therefore associated

with displacements of the thermocline in the west-central
equatorial Atlantic. They could come about as a result of the
sudden modification of the tradewinds [Carton and Huang,
1994]. We have scrutinized the records and found that
changes of between 25 to 50% in the average windstress
for this region are responsible for creating the required
thermocline displacements. Both 1984 and 1995 Benguela
Niños were preceded by such a relaxation of zonal wind
stress. Figure 5 represents the correlation between OI-SST
anomalies averaged over the ABA and zonal wind stress
anomalies calculated at each point over the central Atlantic
with a time lag such that the correlation between the two
fields is maximised. It reveals the existence of a specific

Figure 3. Following the simulated 1984 anomaly back to
its source. The upper panels show the anomalies at different
depths from the Gulf of Guinea polewards on 03/30/1984;
the lower panels the movement across the equatorial South
Atlantic. Note the dates and the depths represented in each
panel.

Figure 5. Maximised correlation between OISST anoma-
lies averaged over the ABA and ERS zonal wind anomalies
over the South Atlantic for the period 1992 to 2000.

Figure 4. Vertical section showing the meridional distribution of model monthly mean temperature anomalies along the
coast of south-western Africa in March 1984.
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Florenchie et al. (2003): 
Wind anomaly over the central-western equatorial Atlantic 
⇒  Thermocline (subsurface) anomaly in the equator 
⇒  Travel eastward and southward Kelvin waves 
⇒  The anomaly outcrops in the southeastern Atlantic 
(supported by Rouault et al., 2017; Imbol Koungue et al., 2019; 
Bachèlery et al., 2019) 	

Equatorial/Coastal 
Kelvin Waves 	

[13] The simulated ABA SST anomalies are significantly
correlated (at the 1% level) with indices of equatorial and
along‐shore wind stress anomalies. We define the equatorial
index (EQA) as the zonal wind stress anomaly averaged
over (40°W–10°W, 2°S–2°N) and the coastal index (AB2)
as the meridional wind stress anomaly averaged over (8°E −

coast, 30°S − equator). Using unfiltered weekly mean data,
we find a correlation of −0.39 between ABA SST and AB2
wind stress when the latter leads by 1 week. When ABA
instead of AB2 wind stress is used, the correlation reduces
to −0.285 (1 week lag), indicating that anomalies equator-
ward of 15°S play a greater role than those directly over the

Figure 2. (a) Horizontal maps of simulated anomalous SST (shading; K; land areas indicate ground temperature), surface
wind stress (arrows; N m−2*100), and SLP (contours; 0.25 hPa interval) composited on the ABA SST index. Only events
with standard deviations greater than 2 are selected. Dashed contour lines indicate negative values. (b and c) Regression
coefficients obtained by regressing the normalized ABA index of daily mean SST tendency on SST tendency itself (shading;
K/day) and surface winds (vectors; m/s). The left column shows CFES, the right column satellite observations. Regression is
shown for time lags from −1 to +1 days, as indicated in the upper left.

RICHTER ET AL.: TRIGGERING OF BENGUELA NIÑOS L20604L20604
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Richter et al. (2010): 

Before the warm event, the subtropical anti-cyclone is spun down and 
the coastal northerly wind is weakened  
⇒  Modulation in upwelling and local circulation 

On the other hand, the westerly anomaly is also over the equatorial 
Atlantic 
⇒  Favorable condition for generating Kelvin waves  
(also Atlantic Niño) 

The subtropical anti-cyclone is important to the two modes 
(e.g., Lübbecke et al., 2010; Keenlyside et al., to be submitted)	

Sources of the Benguela Niño/Niña 
Remote vs Local 



Impacts of the Benguela Niño/Niña 

[9] Figures 3a, 3d, 3g, and 3j show the spatial extent of
the SST anomalies for late austral summer (FMA) for the
four recent events of 1984, 1986, 1995 and 2001. To be
discussed later are the other panels showing regional pre-
cipitation and moisture flux anomaly for these events. 1995
is the most extreme event in terms of SST. There is a general
pattern of maximum warming near 17!S and anomalies
extend northwest into the tropical SE Atlantic. Although
the maximum warming tends to occur in late austral
summer, there are slight differences in the timing of onset
and duration of each event. During the 1984 event, positive
SST anomalies of up to 1.5!C started to develop in February
along the coast between 10!S and 20!S despite wind
anomalies being favorable to upwelling [Shannon et al.,
1986] thus reducing the surface expression of the warm
event. In March, anomalies reached a maximum of about
4!C near 17!S while in April, SST anomalies began to
decrease slowly and to move equatorward along the coast of
Angola. Along the Namibian coast, SSTA of up to 2!C
continued until September in a large area extending from the
equator to about 18!S.
[10] The 1986 event started relatively late (February).

Surface warming of 1–1.5!C occurred along the Angolan
coast in February and became more confined to the southern
Angolan coast and intensified to 2–2.5!C in March. By
April, the warming had spread to the northern Namibian
coast, but was more confined to the coast than previously,
with maximum anomalies of over 3!C. However, the
demise of the event was rapid with little evidence of a
coastal warming during the following month. In December
1994 and January 1995, positive anomalies of about 1.5!C

appeared off the coast of Angola from 2!S to 18!S. They
intensified southward in February to reach values of about
2.5!C between 10!S and 20!S and, by March, formed an
intense warm pool between 12 and 20!S with a maximum of
about 5!C near 17!S. During the same month, SST reached
over 30!C between 5!S and 15!S along the Angolan coast.
SST anomalies were still strong in April (>3!C) but
decreased the following month. Surface winds were not
favorable to upwelling and may have contributed to the
intensity of the SST. For the 2001 event, warming off the
Angolan coast began in January before progressing south
and intensifying in February. Maximum anomalies of up to
3!C were observed near 17!S in March. During April and
May, the warmer water spread over a greater area but
decreased in magnitude with the event ending in July.

3.2. Precipitation Rate

[11] Figure 2 suggests that the warm events are associated
with above average rainfall in the Angolan/Namibian
coastal region. The spatial extent of the FMA precipitation
anomalies derived for the four events can be seen in Figures
3c, 3f, 3i, and 3l. Due to strong precipitation gradients in
Southern Africa and surrounding oceans, this figure plots
the FMA precipitation anomalies divided by the FMA
standard deviation at each grid point. Monthly precipitation
anomalies during the recent warm events seem to have
persisted from November 1983 to March 1984, February to
April 1986, December 1994 to March 1995 and March to
April 2001. Figure 3 suggests that there is a relatively
homogeneous rainfall response (at least in the western
Angolan/Namibian region) to the warm events in which
seasonal anomalies of up to 2 standard deviation occur near
the SST anomalies and neighboring land areas. This finding
is consistent with the earlier work by Hirst and Hastenrath
[1983] and Nicholson and Entekhabi [1987].
[12] Of course the rainfall in Southern Africa is highly

dependent on the general circulation and rainfall anomalies
do not necessarily appear for each month of the warm event.
While increased rainfall in the Angolan/Namibian coastal
region is a common feature for each case shown in Figure 3,
the magnitude of the anomaly and their spatial distribution
further inland over Southern Africa varies between events.
To understand these rainfall impacts better, the integrated
tropospheric moisture flux is examined below to see where
the precipitation anomalies may originate from.

3.3. Moisture Flux

[13] Figures 3b, 3e, 3h, and 3k shows the anomaly from
the mean FMA moisture flux integrated from the surface to
the 300 hPa level. This is to be examined with Figure 1, the
mean FMA integrated moisture flux. Figure 3 indicates that
for each event there is also a significant feature imposed on
the mean easterly moisture flux in the Angolan/Namibian
region. The largest precipitation anomalies in western
Angola/Namibia occur for those events for which this
circulation feature is anticyclonic, thereby enhancing the
flow over the warmest SST off the Angolan coast, and
linked across low latitude southern Africa to enhanced
inflow from the tropical South West Indian Ocean (1984,
1986). On the other hand, for the 1995 and 2001 events, the
local circulation anomaly was cyclonic and there was a
reduced moisture flux from the western Indian Ocean.

Figure 3. Left: mean FMA SST anomalies for 1984 (a);
1986(d) 1995(g) and 2001 ( j) contour at 0.5!C, 1.5!C and
2.5!C. Middle: mean FMA integrated moisture from the
surface to 300 hPa flux anomalies for 1984 (b), 1986 (e)
1995 (h) and 2001 (k) in g/kg.m/s. Right: mean FMA rain
rate normalized anomalies for 1984 (c), 1986(f) 1995 (i) and
2001 (l).
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[9] Figures 3a, 3d, 3g, and 3j show the spatial extent of
the SST anomalies for late austral summer (FMA) for the
four recent events of 1984, 1986, 1995 and 2001. To be
discussed later are the other panels showing regional pre-
cipitation and moisture flux anomaly for these events. 1995
is the most extreme event in terms of SST. There is a general
pattern of maximum warming near 17!S and anomalies
extend northwest into the tropical SE Atlantic. Although
the maximum warming tends to occur in late austral
summer, there are slight differences in the timing of onset
and duration of each event. During the 1984 event, positive
SST anomalies of up to 1.5!C started to develop in February
along the coast between 10!S and 20!S despite wind
anomalies being favorable to upwelling [Shannon et al.,
1986] thus reducing the surface expression of the warm
event. In March, anomalies reached a maximum of about
4!C near 17!S while in April, SST anomalies began to
decrease slowly and to move equatorward along the coast of
Angola. Along the Namibian coast, SSTA of up to 2!C
continued until September in a large area extending from the
equator to about 18!S.
[10] The 1986 event started relatively late (February).

Surface warming of 1–1.5!C occurred along the Angolan
coast in February and became more confined to the southern
Angolan coast and intensified to 2–2.5!C in March. By
April, the warming had spread to the northern Namibian
coast, but was more confined to the coast than previously,
with maximum anomalies of over 3!C. However, the
demise of the event was rapid with little evidence of a
coastal warming during the following month. In December
1994 and January 1995, positive anomalies of about 1.5!C

appeared off the coast of Angola from 2!S to 18!S. They
intensified southward in February to reach values of about
2.5!C between 10!S and 20!S and, by March, formed an
intense warm pool between 12 and 20!S with a maximum of
about 5!C near 17!S. During the same month, SST reached
over 30!C between 5!S and 15!S along the Angolan coast.
SST anomalies were still strong in April (>3!C) but
decreased the following month. Surface winds were not
favorable to upwelling and may have contributed to the
intensity of the SST. For the 2001 event, warming off the
Angolan coast began in January before progressing south
and intensifying in February. Maximum anomalies of up to
3!C were observed near 17!S in March. During April and
May, the warmer water spread over a greater area but
decreased in magnitude with the event ending in July.

3.2. Precipitation Rate

[11] Figure 2 suggests that the warm events are associated
with above average rainfall in the Angolan/Namibian
coastal region. The spatial extent of the FMA precipitation
anomalies derived for the four events can be seen in Figures
3c, 3f, 3i, and 3l. Due to strong precipitation gradients in
Southern Africa and surrounding oceans, this figure plots
the FMA precipitation anomalies divided by the FMA
standard deviation at each grid point. Monthly precipitation
anomalies during the recent warm events seem to have
persisted from November 1983 to March 1984, February to
April 1986, December 1994 to March 1995 and March to
April 2001. Figure 3 suggests that there is a relatively
homogeneous rainfall response (at least in the western
Angolan/Namibian region) to the warm events in which
seasonal anomalies of up to 2 standard deviation occur near
the SST anomalies and neighboring land areas. This finding
is consistent with the earlier work by Hirst and Hastenrath
[1983] and Nicholson and Entekhabi [1987].
[12] Of course the rainfall in Southern Africa is highly

dependent on the general circulation and rainfall anomalies
do not necessarily appear for each month of the warm event.
While increased rainfall in the Angolan/Namibian coastal
region is a common feature for each case shown in Figure 3,
the magnitude of the anomaly and their spatial distribution
further inland over Southern Africa varies between events.
To understand these rainfall impacts better, the integrated
tropospheric moisture flux is examined below to see where
the precipitation anomalies may originate from.

3.3. Moisture Flux

[13] Figures 3b, 3e, 3h, and 3k shows the anomaly from
the mean FMA moisture flux integrated from the surface to
the 300 hPa level. This is to be examined with Figure 1, the
mean FMA integrated moisture flux. Figure 3 indicates that
for each event there is also a significant feature imposed on
the mean easterly moisture flux in the Angolan/Namibian
region. The largest precipitation anomalies in western
Angola/Namibia occur for those events for which this
circulation feature is anticyclonic, thereby enhancing the
flow over the warmest SST off the Angolan coast, and
linked across low latitude southern Africa to enhanced
inflow from the tropical South West Indian Ocean (1984,
1986). On the other hand, for the 1995 and 2001 events, the
local circulation anomaly was cyclonic and there was a
reduced moisture flux from the western Indian Ocean.

Figure 3. Left: mean FMA SST anomalies for 1984 (a);
1986(d) 1995(g) and 2001 ( j) contour at 0.5!C, 1.5!C and
2.5!C. Middle: mean FMA integrated moisture from the
surface to 300 hPa flux anomalies for 1984 (b), 1986 (e)
1995 (h) and 2001 (k) in g/kg.m/s. Right: mean FMA rain
rate normalized anomalies for 1984 (c), 1986(f) 1995 (i) and
2001 (l).
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[9] Figures 3a, 3d, 3g, and 3j show the spatial extent of
the SST anomalies for late austral summer (FMA) for the
four recent events of 1984, 1986, 1995 and 2001. To be
discussed later are the other panels showing regional pre-
cipitation and moisture flux anomaly for these events. 1995
is the most extreme event in terms of SST. There is a general
pattern of maximum warming near 17!S and anomalies
extend northwest into the tropical SE Atlantic. Although
the maximum warming tends to occur in late austral
summer, there are slight differences in the timing of onset
and duration of each event. During the 1984 event, positive
SST anomalies of up to 1.5!C started to develop in February
along the coast between 10!S and 20!S despite wind
anomalies being favorable to upwelling [Shannon et al.,
1986] thus reducing the surface expression of the warm
event. In March, anomalies reached a maximum of about
4!C near 17!S while in April, SST anomalies began to
decrease slowly and to move equatorward along the coast of
Angola. Along the Namibian coast, SSTA of up to 2!C
continued until September in a large area extending from the
equator to about 18!S.
[10] The 1986 event started relatively late (February).

Surface warming of 1–1.5!C occurred along the Angolan
coast in February and became more confined to the southern
Angolan coast and intensified to 2–2.5!C in March. By
April, the warming had spread to the northern Namibian
coast, but was more confined to the coast than previously,
with maximum anomalies of over 3!C. However, the
demise of the event was rapid with little evidence of a
coastal warming during the following month. In December
1994 and January 1995, positive anomalies of about 1.5!C

appeared off the coast of Angola from 2!S to 18!S. They
intensified southward in February to reach values of about
2.5!C between 10!S and 20!S and, by March, formed an
intense warm pool between 12 and 20!S with a maximum of
about 5!C near 17!S. During the same month, SST reached
over 30!C between 5!S and 15!S along the Angolan coast.
SST anomalies were still strong in April (>3!C) but
decreased the following month. Surface winds were not
favorable to upwelling and may have contributed to the
intensity of the SST. For the 2001 event, warming off the
Angolan coast began in January before progressing south
and intensifying in February. Maximum anomalies of up to
3!C were observed near 17!S in March. During April and
May, the warmer water spread over a greater area but
decreased in magnitude with the event ending in July.

3.2. Precipitation Rate

[11] Figure 2 suggests that the warm events are associated
with above average rainfall in the Angolan/Namibian
coastal region. The spatial extent of the FMA precipitation
anomalies derived for the four events can be seen in Figures
3c, 3f, 3i, and 3l. Due to strong precipitation gradients in
Southern Africa and surrounding oceans, this figure plots
the FMA precipitation anomalies divided by the FMA
standard deviation at each grid point. Monthly precipitation
anomalies during the recent warm events seem to have
persisted from November 1983 to March 1984, February to
April 1986, December 1994 to March 1995 and March to
April 2001. Figure 3 suggests that there is a relatively
homogeneous rainfall response (at least in the western
Angolan/Namibian region) to the warm events in which
seasonal anomalies of up to 2 standard deviation occur near
the SST anomalies and neighboring land areas. This finding
is consistent with the earlier work by Hirst and Hastenrath
[1983] and Nicholson and Entekhabi [1987].
[12] Of course the rainfall in Southern Africa is highly

dependent on the general circulation and rainfall anomalies
do not necessarily appear for each month of the warm event.
While increased rainfall in the Angolan/Namibian coastal
region is a common feature for each case shown in Figure 3,
the magnitude of the anomaly and their spatial distribution
further inland over Southern Africa varies between events.
To understand these rainfall impacts better, the integrated
tropospheric moisture flux is examined below to see where
the precipitation anomalies may originate from.

3.3. Moisture Flux

[13] Figures 3b, 3e, 3h, and 3k shows the anomaly from
the mean FMA moisture flux integrated from the surface to
the 300 hPa level. This is to be examined with Figure 1, the
mean FMA integrated moisture flux. Figure 3 indicates that
for each event there is also a significant feature imposed on
the mean easterly moisture flux in the Angolan/Namibian
region. The largest precipitation anomalies in western
Angola/Namibia occur for those events for which this
circulation feature is anticyclonic, thereby enhancing the
flow over the warmest SST off the Angolan coast, and
linked across low latitude southern Africa to enhanced
inflow from the tropical South West Indian Ocean (1984,
1986). On the other hand, for the 1995 and 2001 events, the
local circulation anomaly was cyclonic and there was a
reduced moisture flux from the western Indian Ocean.

Figure 3. Left: mean FMA SST anomalies for 1984 (a);
1986(d) 1995(g) and 2001 ( j) contour at 0.5!C, 1.5!C and
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[9] Figures 3a, 3d, 3g, and 3j show the spatial extent of
the SST anomalies for late austral summer (FMA) for the
four recent events of 1984, 1986, 1995 and 2001. To be
discussed later are the other panels showing regional pre-
cipitation and moisture flux anomaly for these events. 1995
is the most extreme event in terms of SST. There is a general
pattern of maximum warming near 17!S and anomalies
extend northwest into the tropical SE Atlantic. Although
the maximum warming tends to occur in late austral
summer, there are slight differences in the timing of onset
and duration of each event. During the 1984 event, positive
SST anomalies of up to 1.5!C started to develop in February
along the coast between 10!S and 20!S despite wind
anomalies being favorable to upwelling [Shannon et al.,
1986] thus reducing the surface expression of the warm
event. In March, anomalies reached a maximum of about
4!C near 17!S while in April, SST anomalies began to
decrease slowly and to move equatorward along the coast of
Angola. Along the Namibian coast, SSTA of up to 2!C
continued until September in a large area extending from the
equator to about 18!S.
[10] The 1986 event started relatively late (February).

Surface warming of 1–1.5!C occurred along the Angolan
coast in February and became more confined to the southern
Angolan coast and intensified to 2–2.5!C in March. By
April, the warming had spread to the northern Namibian
coast, but was more confined to the coast than previously,
with maximum anomalies of over 3!C. However, the
demise of the event was rapid with little evidence of a
coastal warming during the following month. In December
1994 and January 1995, positive anomalies of about 1.5!C

appeared off the coast of Angola from 2!S to 18!S. They
intensified southward in February to reach values of about
2.5!C between 10!S and 20!S and, by March, formed an
intense warm pool between 12 and 20!S with a maximum of
about 5!C near 17!S. During the same month, SST reached
over 30!C between 5!S and 15!S along the Angolan coast.
SST anomalies were still strong in April (>3!C) but
decreased the following month. Surface winds were not
favorable to upwelling and may have contributed to the
intensity of the SST. For the 2001 event, warming off the
Angolan coast began in January before progressing south
and intensifying in February. Maximum anomalies of up to
3!C were observed near 17!S in March. During April and
May, the warmer water spread over a greater area but
decreased in magnitude with the event ending in July.

3.2. Precipitation Rate

[11] Figure 2 suggests that the warm events are associated
with above average rainfall in the Angolan/Namibian
coastal region. The spatial extent of the FMA precipitation
anomalies derived for the four events can be seen in Figures
3c, 3f, 3i, and 3l. Due to strong precipitation gradients in
Southern Africa and surrounding oceans, this figure plots
the FMA precipitation anomalies divided by the FMA
standard deviation at each grid point. Monthly precipitation
anomalies during the recent warm events seem to have
persisted from November 1983 to March 1984, February to
April 1986, December 1994 to March 1995 and March to
April 2001. Figure 3 suggests that there is a relatively
homogeneous rainfall response (at least in the western
Angolan/Namibian region) to the warm events in which
seasonal anomalies of up to 2 standard deviation occur near
the SST anomalies and neighboring land areas. This finding
is consistent with the earlier work by Hirst and Hastenrath
[1983] and Nicholson and Entekhabi [1987].
[12] Of course the rainfall in Southern Africa is highly

dependent on the general circulation and rainfall anomalies
do not necessarily appear for each month of the warm event.
While increased rainfall in the Angolan/Namibian coastal
region is a common feature for each case shown in Figure 3,
the magnitude of the anomaly and their spatial distribution
further inland over Southern Africa varies between events.
To understand these rainfall impacts better, the integrated
tropospheric moisture flux is examined below to see where
the precipitation anomalies may originate from.

3.3. Moisture Flux

[13] Figures 3b, 3e, 3h, and 3k shows the anomaly from
the mean FMA moisture flux integrated from the surface to
the 300 hPa level. This is to be examined with Figure 1, the
mean FMA integrated moisture flux. Figure 3 indicates that
for each event there is also a significant feature imposed on
the mean easterly moisture flux in the Angolan/Namibian
region. The largest precipitation anomalies in western
Angola/Namibia occur for those events for which this
circulation feature is anticyclonic, thereby enhancing the
flow over the warmest SST off the Angolan coast, and
linked across low latitude southern Africa to enhanced
inflow from the tropical South West Indian Ocean (1984,
1986). On the other hand, for the 1995 and 2001 events, the
local circulation anomaly was cyclonic and there was a
reduced moisture flux from the western Indian Ocean.

Figure 3. Left: mean FMA SST anomalies for 1984 (a);
1986(d) 1995(g) and 2001 ( j) contour at 0.5!C, 1.5!C and
2.5!C. Middle: mean FMA integrated moisture from the
surface to 300 hPa flux anomalies for 1984 (b), 1986 (e)
1995 (h) and 2001 (k) in g/kg.m/s. Right: mean FMA rain
rate normalized anomalies for 1984 (c), 1986(f) 1995 (i) and
2001 (l).
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Rouault et al. (2003) 

Figure 4. 
March-April anomalies between CAM_NINA and CAM_CTL of (a) total precipitation, (b) vertical-integrated moisture flux 
(c) low-level cloud fraction and its divergence, (d) SLP wind stress for ERA5 reanalysis. Dots denote the significance level of 
90%. Vectors show only the anomalies with the significance level of 90%. 
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NINA(+ composite Benguela Niña  
SST anomaly) 



3. Challenging of model simulation for  
Tropical Atlantic Climate and variability  



and insufficient upwelling (Richter & Xie, 2008) likely contribute to the diminished role of ocean dynamical processes in
these models (Deppenmeier et al., 2016; Dippe et al., 2017).

The simulation of Atlantic Niño variability is improved in the more recent CMIP5 models. In particular, models that simu-
late a more realistic mean state also simulate a leading mode of variability in boreal summer that closely matches the observed
pattern (Figure 1) with a similar explained variance (Richter et al., 2014). In models with larger errors, the Atlantic Niño may
appear as the second mode of variability explaining less variance than observed. The variability tends to peak in July and
August (i.e., approximately 1–2 months later than observed), and also the relation to westerly wind anomalies in boreal spring
is mostly inconsistent with observations. In models, wind in the western Atlantic tends to precede SST anomalies in the east
by 2–3 months, while in observations the lag is typically only 1 month. These differences are probably related to the delay in
the northward shift of the Atlantic ITCZ in climate models and in the onset of the equatorial cold tongue.

Seasonal prediction of equatorial Atlantic variability continues to pose a challenge. An earlier intercomparison study by
Stockdale, Balmaseda, and Vidard (2006) found that dynamical prediction models struggled to match persistence forecasts
and were often outperformed by statistical models. A recent study by Richter, Doi, Behera, and Keenlyside (2017) suggests
that the situation has not changed fundamentally over the intervening decade. Skillful seasonal dynamical prediction relies on
knowledge of the initial state, deterministic evolution of this initial state on seasonal time scales (i.e., the existence of a pre-
dictable signal), and a numerical model that can adequately represent the relevant dynamics. Most GCMs suffer from severe
mean state biases in the tropical Atlantic and it may therefore seem obvious that these biases are a major reason for the poor
prediction skill in the equatorial Atlantic. No study to date, however, has conclusively shown this and it is therefore possible
that the poor prediction skill of current models is due to insufficient knowledge of the initial state or inherent predictability
limits. The inherent predictability depends, to a large extent, on the strength of coupled air–sea feedbacks (in particular, the
Bjerknes feedback) governing the evolution of the system on seasonal timescales. Several observational and modeling studies
suggest that the Bjerknes feedback is active in the equatorial Atlantic but significantly weaker than in the Pacific
(Deppenmeier et al., 2016; Jansen et al., 2009; Keenlyside & Latif, 2007; Lübbecke & McPhaden, 2013). In this context it is
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reproduce the climate and variability in the tropical Atlantic?   

Lübbecke et al. (2018) 

Most of the models suffer from tropical Atlantic warm bias syndrome  
Westerly bias over the equatorial Atlantic prevent the ACT from developing and warm SST bias is enhanced 
(e.g., Richter et al., 2012, 2014, 2015) 
 
Other sources of bias…. 
1.  Model resolution (Harass et al., 2015; de la Vara et al., under revision) 
2.  Model parameterization (Hazeleger and Haarsma, 2005) 
3.  Teleconnection from Southern Ocean (e.g., Mechoso et al., 2016) 
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Fig. 2  SST error (K) with respect to the HadISST data at lead-time of 
1 month (first column), 2 months (second column), 3 months (third 
column) and averaged over lead-time 4–6 months (fourth column), 
for a long-term non initialised simulation averaged over M

ay, June 
and July (fifth column). Each row shows a different model: ECM

W
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(first row), EC-Earth (second row), CNRM
 (third row), Cerfacs 

(fourth row) and NorCPM
 (fifth row) for February starts. Dots indi-

cate grid-points where all members and years agree on the bias sign 
for that particular lead-time
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Fig. 9  The impact of replac-
ing the wind stress on SST (K) 
averaged over May, June and 
July in the sensitivity experi-
ments TAU30 (left), TAUEQ 
(middle) and TAUBE (right) 
compared to the CTRL experi-
ment for February starts (lead 
time 4–6 months)

Table 4  SST bias in CTRL and 
sensitivity experiments TAU30, 
TAUEQ and TAUBE in May–
June–July for February starts 
over the ATL3 and Benguela 
boxes

For sensitivity experiments, the SST bias percentage reduction is indicated in brackets. The last column is 
the sum of the percentage bias reduction in the TAUEQ and TAUBE experiments

SST error in 
CTRL (K)

TAU30 TAUEQ TAUBE TAUEQ + TAUBE 
(%)

ATL3
 EC-Earth 1.3 0.0 (99%) 0.1 (91%) – –
 CNRM 1.7 − 0.3 (116%) 0.1 (91%) 1.6 (7%) 98
 Cerfacs 2.1 0.8 (60%) 1.0 (54%) 2.1 (− 1%) 53
 IPSL 0.6 0.1 (83%) − 0.1 (111%) 0.4 (27%) 138
 NorCPM 1.3 0.6 (53%) 0.7 (48%) 1.1 (14%) 62

Benguela (32 S–20 S, 12 E–18 E)
 EC-Earth 0.2 0.4 (− 81%) 0.2 (22%) – –
 CNRM 3.4 0.8 (75%) 2.0 (41%) 2.0 (42%) 83
 Cerfacs 2.2 0.5 (77%) 0.6 (74%) 2.5 (− 14%) 60
 IPSL 1.6 1.0 (38%) 1.8 (− 12%) 1.0 (37%) 25
 NorCPM 2.6 0.7 (75%) 2.3 (11%) 0.8 (70%) 82

EC-Earth 

CNRM 

CERFACS 

IPSL 

NorCPM 

SST bias in MJJ 

Coordinate experiment study (Voldoire et al., 2019) 
 
 
All the models exhibit common warm SST bias in the 
equatorial and southeast tropical Atlantic 
 
 
How extent the wind stress error (e.g., Richter et al., 
2012, 2014, 2015) is responsible for the warm SST bias? 
 
⇒  Replacing the modeled wind stress by observed 

wind stress   
⇒  Ocean is driven by the observed wind stress 
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EC-Earth 

CNRM 

CERFACS 

IPSL 

NorCPM 

SST bias in MJJ 
Improvement by  
replaced wind stress 

Voldoire et al. (2019) 

Replacement of equatorial wind stress is 
successfully to reduce the warm bias, in some 
models, not only equator, also Angola-
Benguela region (EC-Earth, CNRM. 
CERFACS) 
=> Kelvin waves impacts remotely the 
southeastern tropical Atlantic 
 
Other models only improve the equator 
⇒  Local process is more responsible for the 
Bias in the Angola-Benguela region (e.g., 
Koseki et al., 2018)  
 
 
Bjerknes Feedback is also improved by 
replacement of wind stress 
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Figure 4. 
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the simulations. 
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Figure 4. 
Hovmöller plot of annual cycle of standard deviation of SST for the observation (OISST, 1982-2010) and 
the simulations. 

NorESM: Summer peak is one-month delay. After the summer 
peak, variability remains strong. Overestimated. 
 
UCLA: Best one. Summer peak in one-month delay. 
 
CNRM: Underestimated. Very weak summer peak. 
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Anomaly coupling improves the Bjerknes 
Feedback in all models (its seasonality as 
well): better tropical dynamics of air-sea 
interaction   
 
Only CNRM shows the better variability by 
bias correction 
 
 
1.  Bjerknes Feedback is not so responsible 

for the equatorial Atlantic variability? 

2.  Other factor is more important? 

Sea Surface Temperature 

Surface Wind 

Sea Surface Temperature 

Surface Wind Thermocline 
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Importance of the SAA in the tropical Atlantic Variability: 
Regional Coupled Model approach (Keenlyside et al., to be submitted) 

Correlation with the observed SST (HadISST2) for 1980-2000 

Ocean Model: Global 
Atmospheric Model: Regional 
 
North Atlantic: South Atlantic Anti-Cyclone 
is prescribed by reanalysis (= realistic variability  
in the anti-cyclone) 
 
Africa: (large part of) South Atlantic  
Anti-Cyclone depends on model dynamics.  
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Summary 

✓  In the tropical Atlantic Ocean, there are several remarkable modes of variability observed: 
     Atlantic Niño/Niña, Atlantic Meridional Mode, Benguela Niño/Niña,…. 
 
✓  Their mechanisms are also various: Bejrknes Feedback, WES Feedback, Kelvin waves,… 

✓  For Atlantic Niño/Niña, other mechanisms are also possible in individual cases 
 
✓  South Atlantic Anti-Cyclone might be a key to connect Atlantic and Benguela Niño 

✓  Those mode influence regional and basin scales 

✓  State-of-the-art models suffer from the warm bias in the tropical Atlantic and variability is 
also biased 

✓  How to improve the model performance: high resolution, parameterization, flux 
correction… 

  	


