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[1] The relative importance of remote and local influences
in the development of Benguela Niños is examined using
observations and a coupled general circulation model
capable of simulating interannual variability in the tropical
Atlantic. While previous studies have emphasized the role
of equatorially excited Kelvin waves, the present study
finds that meridional wind anomalies along the southwest
African coast contribute substantially. Both observations
and model output indicate that sea‐surface temperatures
along the southwest African coast respond rapidly to
changes in meridional wind stress. These wind anomalies
form part of a basin‐scale weakening of the subtropical
anticyclone that extends to the equator. As the weakening
begins three months before the peak of the event it might
have some predictive potential. Results also indicate that
the close correlation between Benguela and Atlantic Niños
in observations might result from the large spatially
coherent wind stress anomalies associated with the
weakened anticyclone. Citation: Richter, I., S. K. Behera,
Y. Masumoto, B. Taguchi, N. Komori, and T. Yamagata
(2010), On the triggering of Benguela Niños: Remote equatorial
versus local influences, Geophys. Res. Lett., 37, L20604,
doi:10.1029/2010GL044461.

1. Introduction

[2] Sea surface temperatures (SSTs) along the coast of
southwestern Africa undergo fluctuations on interannual to
decadal time scales. Because of their similarity with SST
fluctuations along the South American coast associated with
El Niño/Southern Oscillation and due to their location in the
Angola/Benguela upwelling region, warm events have been
termed Benguela Niños [Shannon et al., 1986]. They are
marked by a reduction in upwelling and the poleward intru-
sion of warm equatorial waters, which leads to a decrease
in biological productivity and can have severe consequences
for local fisheries but also influences precipitation over
southwest Africa [Shannon et al., 1986; Reason and Rouault,
2006]. Skillful prediction of these events is thus of great
importance.
[3] The study of Shannon et al. [1986] found that changes

in local along‐shore winds cannot explain SST variations in

the Angola/Benguela area (ABA; here defined as the region
25°S–15°S, 8°E‐coast). Instead they suggested that wind
stress anomalies to the north, and possibly in the equatorial
Atlantic, are the dominant factor. While two recent studies
by Polo et al. [2008a, 2008b] point out that the influence of
Kelvin waves might not reach further poleward than 12°S
and thus not affect the ABA, most other studies have made
the case for remote equatorial influences on the ABA
[Florenchie et al., 2003, 2004; Grodsky et al., 2006; Huang
and Hu, 2007; Rouault et al., 2007]. More specifically, these
latter studies hypothesize that zonal wind stress anomalies in
the equatorial Atlantic trigger Kelvin waves that propagate
along the equator and subsequently along the southwest
African coast where they induce downwelling anomalies.
Such a mechanism was first proposed to explain the annual
cycle in the Gulf of Guinea [Moore et al., 1978] and the
Angola Dome [Yamagata and Iizuka, 1995]. The remote
forcing mechanism could allow prediction of Benguela Niños
by monitoring equatorial conditions but, due to the small
basin size, lead times might be rather short, depending on
which modes are involved. Observed phase speeds typically
range between 1.5–2 m/s [e.g., Polo et al., 2008a], suggestive
of the second baroclinic mode. This wouldmean that a Kelvin
wave excited in the central equatorial Atlantic would reach
the ABA in about 30–40 days.
[4] Where and how Benguela Niños are forced, has

important implications for their prediction. If the forcing
region lies in the equatorial Atlantic, then observations like
those from the Prediction and Research Moored Array in the
Tropical Atlantic (PIRATA) [Servain et al., 1998; Bourlès
et al., 2008] can supply valuable information. If, on the
other hand, these events arise from local wind stress anomalies,
monitoring and prediction efforts should focus on oceanic and
atmospheric conditions along the southwest African coast.
[5] The present study aims to clarify the factors contrib-

uting to the evolution of Benguela Niños. Using a coupled
general circulation model (GCM) described in section 2, we
will show in section 3 that, in the context of the model
simulation, wind stress anomalies along the southwest
African coast play a crucial role in the development of these
events. We will further show that the along‐shore wind
anomalies form part of a basin‐scale weakening of the sub-
tropical anticyclone. These model results are also backed up
by the observations presented in section 3. The implications
of our results are given in section 4.

2. Model Experiment and Observational
Data Sets

[6] In this study we partly rely on output from a coupled
GCM (CGCM), which has the advantage of providing a
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long‐term record of SST and surface winds, for which the
satellite observation period is short. The model used in this
study is the CGCM for the Earth Simulator (CFES), which
consists of the atmospheric GCM for the Earth Simulator
(AFES3) [Kuwano‐Yoshida et al., 2010; Enomoto et al.,
2008; Ohfuchi et al., 2004] and the Coupled Ocean‐Sea
Ice Model for the Earth Simulator (OIFES) [Komori et al.,
2005]. AFES3 is based on the Center for Climate System
Research (CCSR)/National Institute for Environmental
Studies (NIES) AGCM 5.4.02 [Numaguti et al., 1997],
while OIFES is based on the Modular Ocean Model version
3 (MOM3) [Gnanadesikan et al., 2006]. Further details of
CFES are given by Nonaka et al. [2009] and Komori et al.
[2008]. The CFES integration analyzed in this study was run
at a resolution of T119 (∼1°) and 48 s‐levels in the atmo-
sphere, and 0.5° and 54 vertical levels in the ocean. The
model was integrated for 120 years of which the last 96 are
analyzed here.
[7] CFES achieves a rather realistic simulation of the

tropical Atlantic where many state‐of‐the‐art CGCMs still
suffer serious biases [Davey et al., 2002; Richter and Xie,
2008]. In the climatological mean, CFES SST biases
along the equatorial Atlantic are typically less than 1.5 K
(not shown). While CFES’ SSTs in the ABA are up to 3.5 K
warmer than observed, it compares more favorably with
observations than AR4 models and also manages to capture
the seasonal cycle (see Figure S1a in Text S1 of the
auxiliary material).1 Mean depth and seasonal cycle of the
15°C isotherm are also well captured (Figure S1b in Text S1
of the auxiliary material). In terms of tropical Atlantic var-
iability, CFES simulates Atlantic and Benguela Niños (as
well as their Niña counterparts) with realistic amplitude
and frequency. The model also reproduces, with the excep-
tion of a spurious peak in June, the observed seasonal phase
locking, namely a major peak in boreal spring and a minor
peak in boreal fall (Figure S2 in Text S1 of the auxiliary
material). CFES’ relatively successful simulation of tropi-
cal Atlantic variability makes it a useful tool to study the
evolution of Benguela Niños and Niñas though here the
focus will be on the former.
[8] On the observational side, we use satellite observa-

tions of AVHRR SST and QuikSCAT surface winds at
0.25° resolution, and AVISO sea surface height (SSH) at
1/3° resolution for the period 1993–2008. We supplement
these observational data with reanalysis data from the
European Center for Medium Range Weather Forecasting
(ECMWF) ERA40 (period 1958–2001 inclusive; regridded
to 2.5°) and the Simple Ocean Assimilation (SODA; Carton
et al. [2000]; period 1958–2007 inclusive; regridded to 2°).

3. Results

[9] To track the evolution of Benguela Niños we plot
composited monthly anomalies as longitude‐time sections
along the equator, averaged between 2°S–2°N (Figure 1a),
and latitude‐time sections along the southwest African
coast (Figure 1b), where only ocean points between the
coast and 4° offshore are selected. The spatial and temporal
resolutions are chosen to show the general sequence of
events rather than to track the propagation of Kelvin waves,

which will be examined later in this section. Compositing
is performed by selecting the 13 events for which AB1
SST anomalies exceed 2 standard deviations. Latitude‐time
sections of anomalous upper ocean heat content (integrated
from 0 to150m depth) andmeridional wind stress (Figure 1b)
indicate that there is a high degree of correspondence
between these two fields along the southwestern African
coast. Positive heat content anomalies appear 7 months
before the peak of the composite event and are accompanied
by northerly (downwelling favorable) wind stress anomalies.
In the central and eastern equatorial Atlantic, on the other
hand, positive heat content anomalies develop 1–2 months
later and thus appear to be dynamically unrelated to the onset
of the Benguela Niño. Subsequently, the equatorial warm
anomalies appear to propagate eastward and southward
toward the ABA and likely strengthen the event. Note,
however, that the most pronounced heat and westerly wind
anomalies on the equator develop one month after the peak
of the event.
[10] The same analysis performed on 50 years of SODA

reanalysis yields rather similar results (Figure S3 in Text S1
of the auxiliary material) though, in the developing stage,
the equatorial influence appears more prominent. A westerly
wind anomaly develops over the eastern equatorial Atlantic
about 8 months before the peak of the event and is
accompanied by a southward propagating heat content
anomaly. While the propagation speed of approximately
0.3 m/s appears too slow for the first few Kelvin modes it is
evident that these heat content anomalies contribute to the
subsequent development of the event in the SODA com-
posites. Despite these differences with CFES results in the
pre‐onset phase, the rapid development that starts 3 months
prior to the peak is very similar to the CFES composite
(Figures 1a and 1b) and displays the same close correspon-
dence between northerly wind and heat content anomalies.
[11] To examine the basin‐wide changes associated with

warm events we plot horizontal maps of SST, surface wind
stress, and sea level pressure (SLP) anomalies (Figure 2a),
composited in the same way as above. Three months before
the peak of the composite event, both the equatorial east-
erlies and the along‐shore southerly winds are noticeably
weakened and this is accompanied by a decrease in SLP
south of 20°S. SST anomalies are confined to the Namibian
coast at 20°S and do not exceed 1 K. Two months later,
wind stress anomalies cover the whole South Atlantic basin
and show a weakening of the southeast trade winds, the
equatorial easterlies, and the along‐shore winds. The con-
comitant SLP anomalies suggest a basin‐scale weakening of
the subtropical anticyclone, with the surface wind anomalies
roughly aligned with the isobars. SST anomalies around
20°S have spread further westward and reach almost 2 K at
the coast. During the peak month, when the SST anomaly in
the ABA matures, the equatorial cold tongue region also
experiences significant warming, suggestive of an incipient
Atlantic Niño. This is consistent with the tendency of
Atlantic Niños to follow Benguela Niños.
[12] The ERA 40 reanalysis reveals a similar evolution of

SST and surface wind anomalies (Figure S4 in Text S1 of
the auxiliary material) although the weakening of the sub-
tropical anticyclone is less organized than in the simulation,
possibly due to the shorter analysis period (1958–2001) and
inconsistencies among assimilated fields.1Auxiliary materials are available in the HTML. doi:10.1029/

2010GL044461.
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Figure 1. Time sections of (a) CFES composites of upper ocean heat content (shading; J/m*E14) and zonal wind stress
(contours; N m−2*100; interval 0.1) along the equator, (b) CFES composites of upper ocean heat content (shading;
J/m*E14) and meridional wind stress (contours; N m−2*100; interval 0.2) along the southwest African coast, (c) AVHRR
SST (shading; K) and AVISO sea surface height (contours; cm; interval 2) along the equator, and (d) AVHRR SST
(shading; K) and AVISO sea surface height (con‐tours; cm; interval 2) along the southwest African coast. The compo-
sites in Figures 1a and 1b are based on events for which the ABA SST anomaly exceeds +2 standard deviations. The
abscissa for Figures 1a and 1b indicates the month relative to the peak of the composite event. The AVHRR and AVISO
satellite observations are for year 1994/1995.
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[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.
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ABA. For the equatorial wind stress, the correlation is
+0.311 but in this case the SSTs lead by 2 weeks. This
might suggest that the EQA anomalies are a result of the
equatorial Atlantic warming that typically follows Benguela
Niños.
[14] For the satellite observations, the correlation between

ABA SST and AB2 meridional wind stress is only −0.24
(when wind stress leads by one 1 week), which is significant
at the 10% level. Other correlations are lower and not sig-
nificant even at the 10% level. The reduced significance
is likely due to the fact that the observation period is brief
(9 years for QuikSCAT) and does not feature any pro-
nounced events.
[15] We further examine the satellite observations and

CFES simulation by regressing daily ABA SST tendency
onto surface winds and SST tendency itself and plot the
regression coefficients in Figures 2b and 2c. The results
reveal that SST tendency along the southwestern African
coast is highly sensitive to local wind stress anomalies on
synoptic time scales in both CFES and observations.
Figures 2b and 2c also illustrate that the surface wind
anomalies implicated in the ABA SST changes are well
aligned with the local coastline and thus very effective in
reducing coastal upwelling. The large‐scale pattern of wind
stress anomalies, which extends far off‐shore, is again
suggestive of a weakened subtropical anticyclone as in
Figure 2a, while the accompanying positive SST trends
might be due to latent heat flux reduction. The results of the
regression analysis are further supported by latitude time
sections of daily mean SST and meridional wind stress
anomalies (Figure S5 in Text S1 of the auxiliary material).
[16] We conclude our analysis with an examination of the

1995 Benguela Niño, which is the strongest event during the
satellite observation period. Figure 1c (1d) shows daily
longitude‐time (latitude‐time) sections of AVHRR SST and
AVISO SSH anomalies (SSHA), where the latter are inter-
polated from weekly means. Positive SST anomalies around
16°S develop as early as October 1994 when SSH anomalies
are still negative. In early February there is a sharp increase
in SST that occurs almost simultaneously from 30°S to the
equator. This is accompanied by positive SSHA at some
latitudes but there is no indication of Kelvin wave propa-
gation. Rather SSHA are organized in horizontal bands
around 18°S, 12°S, and 7°S and thus appear to be stationary.
Another, less pronounced, event in 2004 (not shown) fea-
tures better evidence for Kelvin wave propagation but even
there SSTA precede the advent of SSH anomalies.

4. Conclusions

[17] In the present study we have evaluated the relative
importance of equatorial and along‐shore wind anomalies in
the development of Benguela Niños. Evidence based on
both CGCM simulation results and observations indicates a
crucial role for along‐shore wind anomalies. These wind
anomalies are part of a basin‐scale weakening of the South
Atlantic high that commences several months before SST
anomalies peak. The large spatial coherence of this pattern
can explain the observed high correlation between Benguela
and Atlantic Niños (which is reproduced in the CGCM). The
strong influence of along‐shore winds is also apparent in a
regression analysis of daily means for both model output
and observations. SSTs respond to individual wind anomalies

within a few days, and are particularly sensitive around
20°S. At first, it might seem that these synoptic time‐scale
fluctuations are not relevant to Benguela Niños (or their
Benguela Niña counterparts), which develop over several
months. The frequency and intensity of these wind anoma-
lies, however, are subject to low‐frequency modulation
associated with changes in the strength of the subtropical
high. It is this low‐frequency modulation, which plays a
crucial part in the development of Benguela Niños. This is
analogous to Pacific Niños, which preferentially develop
when westerly wind anomalies become more frequent and
intense. Local air‐sea interaction might further enhance the
impact of individual along‐shore wind bursts.
[18] Satellite observations of SST and SSH for the 1995

Benguela Niño show no evidence of a significant Kelvin
wave influence. SSHA along the southwest African coast
appear to be stationary rather than propagating poleward.
Furthermore, SSHA are negative during the onset phase and
do not become positive until the event matures.
[19] Our results concerning the weakening of the anticy-

clone are, in some sense, consistent with a study by Trzaska
et al. [2007]. Using an AGCM coupled to a slab‐ocean
model, they found a quasi‐biennial oscillation that involved
weakening of the anticyclone and successive warming in the
ABA and equatorial region. Their results, as well as ours,
suggest that interannual variability in the South and Equa-
torial Atlantic can be excited by basin‐scale changes in the
subtropical high. Oceanic processes are, of course, neces-
sary to achieve amplification of the signal in the upwelling
regions.
[20] The role of the anticyclone has also been discussed in

a recent study by Lubbecke et al. [2010]. Their study,
however, emphasizes the equatorial influence of the anti-
cyclone and invokes the Kelvin wave mechanism to explain
the high correlation between Atlantic and Benguela Niños.
The present study, in contrast, highlights the importance of
local winds in the development of Benguela Niños and
explains the correlation to Atlantic Niños with the large‐
scale weakening of the anticyclone that affects both areas
simultaneously. While our results do not rule out an
important role for Kelvin waves in the evolution of Atlantic
warm events, the large spatial coherence of the wind stress
forcing and the comparative smallness of the basin render
their detection a challenge. This might not bode well for the
potential utility of Kelvin wave signals in the prediction of
Benguela Niños. However, the weakening of the subtropical
high that precedes Atlantic warm events might offer hope
for seasonal predictions as it develops 2–3 months ahead of
Benguela Niños and 5–6 months ahead of Atlantic Niños.
This underscores the importance of monitoring wind
anomalies in the South Atlantic and particular along the
southwest African coast. Continued monitoring in the latter
region, would also allow to further clarify the influence of
along‐shore winds. Regarding the causes for the weakened
subtropical high, some studies have indicated that condi-
tions on the adjacent continents exert an important influence
on the strength of the subtropical high [e.g., Seager et al.,
2003; Richter et al., 2008]. Additionally, the position of
the Atlantic ITCZ as well as remote influences from the
Pacific and Indian Oceans are likely to contribute to the
low‐frequency modulation of the subtropical high. Further
investigation is needed to evaluate the relative importance of
these factors. The sensitivity of the coastal region to local
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wind anomalies also opens up the possibility of a novel
mode of air‐sea interaction, which could not exist if Ben-
guela Niños were purely remotely forced. This is the topic
of current research efforts.
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