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Abstract

We investigate how the atmosphere is affected by the cold sea surface tempera-

ture (SST) anomalies of the Benguela Niñas using reanalysis data and a high-

resolution atmospheric model. A composite analysis of reanalysis data based

on five Benguela Niña events (5 years out of 39 years for 1979–2017) reveals
that the rainfall along the Angolan coast is reduced significantly and other

anomalies of precipitation are detected over the African continent and

equatorial Atlantic. Those anomalies can be explained by the anomalies of

vertically-integrated moisture flux (VIMF) and its divergence and convergence.

Additionally, the Namibian low-level cloud and sea level pressure (SLP) are

enhanced around the ABFZ by the Benguela Niñas. A simulation of the model

forced by the cold SST anomalies of the Benguela Niñas reproduces the reduc-

tion (enhancement) of rainfall and VIMF divergent (convergent) anomaly over

the Angolan coastal region (Gulf of Guinea). However, the other anomalies

over the African continent are not significant. It is suggested that the effects of

the Benguela Niñas are limited along southwestern coast of Africa. Composite

analysis of reanalyses of rainfall anomalies associated with Benguela Niña

events shows pattern over the other regions which might be induced by larger-

scale atmospheric anomaly. This large-scale atmospheric anomaly can be

linked with the South Atlantic Anticyclone and/or forced by the tele-

connection from the tropical Pacific, for instance. The increment of the

Namibian low-level cloud and SLP is simulated by the numerical experiments

consistently. The low-level cloud becomes more frequent between 950 and

900 hPa and the radiative cooling by longwave radiation is reinforced during

the Benguela Niñas events. In contrast, the cloud formation around 850 hPa is

reduced and radiative cooling is weakened. It is indicated that this change in

the cooling rate possibly induces the strengthening in the inversion layer over

the cold SST anomalies.

1 | INTRODUCTION

The Angola-Benguela Frontal Zone (ABFZ) is one of
remarkable characteristics in the Tropical and south

Atlantic Ocean dividing the tropical warm water associ-
ated with the warm poleward-flowing Angola Current
(e.g., Kopte et al., 2017) and subtropical cold water due to
the equatorward-flowing Benguela current and coastal
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upwelling system (e.g., Mohrholz et al., 2004; Junker
et al., 2015; Tchipalanga et al., 2018; Vizy et al., 2018;
Koseki et al., 2019; Siegfried et al., 2019). In particular,
the ABFZ plays a vital role for the regional/local marine
ecosystem and fishery resources (e.g., Auel and
Verheye, 2007; Chavez and Messié, 2009; Jarre
et al., 2015) providing the enriched nutrient from the
sub-surface ocean to the ocean surface. Such eastern
boundary ocean front system/coastal upwelling is
observed ubiquitously in the global ocean, for instance,
Senegal-Mauritania (North Atlantic), off California
(North Pacific), and Ningaloo coast (South Indian
Ocean).

Another characteristic of the ABFZ are its inter-
annual variability in sea surface temperature (SST), so-
called Benguela Niño/Niña (e.g., Imbol Koungue
et al., 2017, 2019; Rouault et al., 2018). The peak of the
amplitude of a Benguela Niño/Niña event occurs usually
during February–April (e.g., Cabos et al., 2019; Imbol
Koungue et al., 2019). Its horizontal distribution is, in
general, limited only in the Angolan and Namibian coast.
Many previous studies have shown a tight connection
between Benguela Niños/Niñas and Atlantic Niños/
Niñas, which are more widely-spreading SST anomalies
in the tropical Atlantic Ocean, well-known as Atlantic
zonal mode (e.g., Lübbecke et al., 2010; Jouanno
et al., 2017; Dippe et al., 2018; Cabos et al., 2019). For
instance, Lübbecke et al. (2010) suggested that the Ben-
guela modes lead the Atlantic modes by approximately
3 months and those two modes seem to be bridged by the
Southern Atlantic Anticyclone (SAA). Additionally, these
zonal wind stress anomalies induce the downwelling/
upwelling anomalies and the resulting Bjerknes Feed-
back (e.g., Bjerknes, 1969; Keenlyside and Latif, 2007;
Cabos et al., 2019) enhances the SST anomalies of the
Atlantic Niño/Niña in boreal summer in the equatorial
Atlantic. On the other hand, the downwelling/upwelling
anomalies travel eastward and southward via equatorial
and coastal Kelvin waves and the anomalies outcrop in
the ABFZ resulting in the Benguela Niño/Niña
(e.g., Imbol Koungue et al., 2017, 2019; Illig et al., 2018;
Bachelèlery et al., 2019). Apart from these remote dynam-
ics of the Benguela Niño/Niña via the SAA, the Benguela
mode can be also generated locally by the SAA variability
(e.g., Richter et al., 2010). Over the ABFZ, the low-level
jet associated with the SAA is prevailing (e.g., Lima
et al., 2019) and responsible for the generation and main-
tenance of the Benguela coastal upwelling system. Col-
berg and Reason (2006) showed that the location and
intensity of the ABFZ are quite sensitive to the local wind
stress.

Such variability observed in the ABFZ region influ-
ences vitally the local and regional atmosphere. Using
observational data, Rouault et al. (2003) have shown
that the extreme warm events in the ABFZ induce the
enhanced precipitation along the African coast. The
warm events reinforce the local evaporation and
cumulus convection resulting in the active precipita-
tion over the coastal southwestern Africa. Hanshingo
and Reason (2009) using idealized numerical simula-
tions, also suggested that the warm SST anomalies
modulate the moisture flux at lower troposphere and
influence the rainfall activity over southwestern
Africa. Apart from the local impact of the Benguela
variability, Manhique et al. (2015) suggested that the
positive SST anomalies occurring off Angola/northern
Namibia fuels the moisture to eastern South Africa
through the anomalous moisture flux at lower tropo-
sphere and contributes to enhance the meso-scale con-
vective rainfall in January 2013. However, most of the
studies focusing on the impacts of the Benguela vari-
ability on the regional atmospheric circulation have
been performed only in the case of Benguela Niño. To
our knowledge, there is no study investigating the
atmospheric signature of the Benguela Niña in this
region. Lutz et al. (2015) have performed a canonical
correlation analysis based on the Atlantic Niño and
Niña cases. They suggested that it is of importance to
investigate how the cold SST anomalies affect the
regional climate since the economy and society of
western Africa highly depend on the rain-fed agricul-
ture. The cold SST anomalies can reduce the rainfall
activity inducing possibly the disastrous drought in
western Africa. Therefore, in this study, we explore the
impacts of the extreme cold SST events occurring in
boreal spring (March–April) in the ABFZ on the
regional climate using high-resolution reanalysis data
and an Atmospheric General Circulation Model
(AGCM). Especially, it will be investigated in what
spatial scale the local SST anomaly influences the
atmosphere.

The rest of this paper is structured as follows.
Section 2 gives the details of data, model and method-
ology of analyses and simulation employed in this
study. In Section 3, we will show the climatological
aspects of reanalyses and model simulation. Section 4
provides the results of composite analysis of
reanalysis data based on extreme cases of the Ben-
guela Niñas. In Section 5, the results of simulations of
the high-resolution atmospheric model will be given.
Finally, in Section 6, we will summarize this study
with discussions.
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2 | DATA, MODEL, AND
METHODOLOGY

In this study, we use the reanalysis data of ERA-Interim
(Dee et al., 2011) and ERA5 (Copernicus Climate Change
Service, 2017) to investigate the atmospheric responses to
the Benguela Niñas in March and April. Both data have a
horizontal resolution of 0.25� covering 39 years from
1979 to 2017, but the ERA-Interim is interpolated grid
from original 0.75� at the European Centre for Medium-
Range Weather Forcasts website (https://www.ecmwf.
int/en/forecasts/datasets/reanalysis-datasets/era-
interim). Using those reanalysis data, a composite analy-
sis is carried out based on the Benguela Niña events.
Many of previous studies have detected the Benguela
Niño/Niña events (e.g., Florenchie et al., 2003; Rouault
et al., 2007). Recently, Imbol Koungue et al. (2019)
defined the Benguela Niños/Niñas comprehensively
using a combination of observational and satellite data.
According to Imbol Koungue et al. (2019), the extreme
Benguela Niñas in boreal spring (February–April) have
occurred in 1982, 1985, 1992, and 1997 from 1958 to 2015
period. In this study, the relatively strong cold event in
1983 (see fig. 3 in Imbol Koungue et al., 2019) is also con-
sidered and the composite analysis based on five strong
Benguela Niña events is performed for ERA-Interim and
ERA5 reanalyses. To have more robust results, we use
the two different reanalysis data set in this study.

Figure 1 gives the composite of SST anomalies of the
five Benguela Niña events in March–April obtained from
ERA-Interim (hereafter, composite anomaly) and defined
as anomaly from March to April mean climatology
(we have confirmed that the SST anomaly due to the
Benguela Niñas is quite similar between ERA-Interim

and ERA5, not shown). This method will be performed
for each variable. The strong cold SST anomaly is con-
fined in the ABFZ with amplitude of about −2.4 K. More-
over, the cold anomalies spread over the South Atlantic
and Agulhas Retroflection Current as well. In particular,
the anomaly in the South Atlantic seems to be related to
the SAA variability (it will be shown later). In March–
April, the SST anomaly is much weaker in the equatorial
Atlantic indicating that the Benguela Niño/Niña leads
the equatorial Atlantic Niño/Niña by a few months
(e.g., Lübbecke et al., 2010; Cabos et al., 2019; Imbol
Koungue et al., 2019; Keenlyside et al., 2020). In the
global scale, there is no outstanding SST anomalies
observed in this composite analysis in March–April
except for the narrow band of warm SST along the Peru-
vian coast and the moderate warm SST anomalies in the
tropical Pacific (even though they are not statistically sig-
nificant at 90%) in Figure 1. This warm SST anomaly in
the tropical Pacific is residual of the warm SST anomaly
in January (up to 2 K) indicating the possibility of inter-
basin teleconnection between two basins (e.g., Cai
et al., 2019). But, the teleconnection between the Pacific
and Atlantic basin is beyond the scope of this study.

Because the Benguela Niñas tends to be connected
with the SAA and equatorial Atlantic variabilities
(e.g., Lübbecke et al., 2010; Lutz et al., 2015; Cabos
et al., 2019), the results of composite analysis with
reanalyses can be also influenced by those variabilities.
In order to subtract the ‘pure’ impacts of the Benguela
Niñas on the atmosphere, a numerical simulation is also
carried out in a similar way to Hanshingo and Rea-
son (2009). The Community Atmospheric Model version
5.0 (CAM5, Neale et al., 2010) coupled with the Commu-
nity Land Model (CLM) with high-resolution

FIGURE 1 Composited March–
April SST anomalies of ERA-interim

in the five events defined in Imbol

Koungue et al. (2019) for 1982, 1983,

1985, 1992, and 1997. Black dots

denote the significance level of 90%
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configuration is employed for the numerical simulations.
CAM5 in this study has a spatial resolution of
0.23� × 0.31� with 30 vertical layers. Initialized by clima-
tological state and forced by climatological SST obtained
from Hadley Centre Sea Ice and Sea Surface Temperature
(HadISST, Rayner et al., 2003) data set, 1-year spin-up is
conducted. After the spin-up, two different semi-idealized
experiments are demonstrated. One is control run (CTL)
and integrated for 4 months (January–April) forced by
the climatological SST obtained from HadISST. Other is
Benguela Niña run (NINA) implemented for 4 months
and forced by climatological SST with the composited
SST anomaly of the Benguela Niña SST from ERA-
Interim in the ABFZ. The SST composite anomalies are
estimated from January to April for the selected event
year (Figure 4). Note that any positive SST anomalies for
the SST boundary condition are set to zero because this
study focuses on the cold SST events. But, the warm SST
anomalies are only seen in January composite around the
ABFZ. Both simulations contain 30 ensemble members
fluctuated by O (10−10) of atmospheric temperature noise
in the initial condition of one-year spin-up. In this study,
all of the statistical significance for anomaly fields is
based on Student's t-test methodology.

3 | CLIMATOLOGY

Figure 2 summarizes the March–April climatology of
ERA-Interim and CAM_CTL ensemble mean for differ-
ent parameters. In March–April as shown in Figure 2a,
the tropical rainband associated with the Inter-tropical
Convergence Zone (ITCZ) is located at the equator and
south of the equator. Over the African continent, the
intense precipitation concentrates over the Congo Basin
spreading to the Mozambique Channel and Madagascar.
Along the Angolan and Namibian coastline, there is a
transition zone from rainy to arid regions (in particular,
April is the rainy season in Angola). Off Angola-Namibia
coastal zone, the precipitation is largely suppressed, asso-
ciated with the cold SST due to the Benguela upwelling
and the subsidence due to the SAA system. This distribu-
tion of climatological precipitation can be characterized
by the vertically-integrated moisture flux (VIMF) from
the surface to the top of atmosphere of the system and its
divergence in Figure 2c. Over the tropical and south
Atlantic, a basin-scale anti-clockwise circulation of VIMF
is dominant. Moreover, the ITCZ and vigorous terrestrial
rainfall are well consistent with the VIMF convergence
and subtropical ocean is with the divergence. Conversely,
less precipitation over the subtropical Atlantic is associ-
ated with the VIMF divergence. While the subtropical
Atlantic is covered by frequent maritime low-level cloud

(e.g., Richter and Mechoso, 2004; Potter et al., 2017), the
equator is almost low-level cloud free in Figure 2e. Such
low-level cloud deck is indicative for inhibition of cumu-
lus convection, underlying cool SST and the SAA shown
in Figure 2g. We have also browsed images (https://isccp.
giss.nasa.gov/)) of the observed data of low-level cloud
amount of the International Satellite Cloud Climatology
Project (ISCCP, Schiffer and Rossow, 1983, not shown).
We have found that ERA-interim and ERA5 represent
the distribution and amount of low-level cloud over the
southeastern Atlantic well. The SAA is centred around
0�E and 33�S and the intense south-easterly is prevailing
along the Angolan-Namibian coast (e.g., Lima
et al., 2019). Although the precipitation in the ITCZ and
over the Congo Basin is over- and underestimated respec-
tively, the simulated precipitation and VIMF in
CAM_CTL agree very well with the ERA-Interim
(Figure 2b,d). The distribution of the low-level cloud in
CAM_CTL also captures the Namibian cloud deck con-
sistently (Figure 2f). In Figure 2h, the location of the core
of the SAA and the associated coastal low-level jet are
also simulated quite reasonably. Especially, the wind
stress over the ABFZ simulated by the high resolution
CAM5 is highly realistic while the low resolution of
CAM4 shows the erroneous wind stress over the ABFZ,
which is one of causes for the warm SST biases in earth
system models (Xu et al., 2014; Koseki et al., 2018; Vol-
doire et al., 2019). Figure S1 summarizes the climatology
of ERA5 for 1979–2017 and there is a good agreement
with ERA-Interim and CAM_CTL.

4 | COMPOSITE ANALYSIS OF
ERA-INTERIM AND ERA5

In this section, we investigate how the regional atmo-
sphere can be influenced by the Benguela Niñas in
March–April based on composite analysis of ERA-
Interim and ERA5. The aforementioned climatological
features are modified by the Benguela Niñas shown in
Figure 3. The precipitation is significantly suppressed
around the coasts of Angola and Namibia in Figure 3a,
which is opposite to the cases of Benguela Niños
(e.g., Rouault et al., 2003). While it is expected that such
negative anomaly of coastal precipitation is induced by
the cold SST events according to Lutz et al. (2015), there
are other anomalies of the precipitation found over/
around the African continent: the precipitation is
enhanced to some extent over the Congo Basin and
suppressed around the East African Great Lakes (Lakes
Victoria, Malawi, and Tanganyika) with some signifi-
cance. The other positive anomaly of the rainfall with
significance is found off eastern South Africa around
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30�E–40�E and 40�S–35�S. Moreover, the rainfall associ-
ated with the ITCZ is also modulated in the composite of
the strong Benguela Niñas indicating a meridional
change in the ITCZ. Those precipitation anomalies have

a good agreement with the anomalies of VIMF and its
divergence as shown in Figure 3c. Interestingly, an anti-
clockwise VIMF anomaly is detected over the ABFZ and
the moisture seems to be removed effectively over the

(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIGURE 2 (Left) March–April climatology of ERA-interim for 1979–2016 and (right) 30 ensemble means of CAM_CTL for (first row)

precipitation, (second row) vertically-integrated moisture flux (arrows) and its divergence (colour), (third row) low-level cloud fraction and

(fourth row) sea-level pressure (colour) and wind stress (arrows), respectively
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Angolan coastal region resulting in the VIMF divergence
anomaly there. This anti-clockwise VIMF anomaly,
inversely, seems to bring more moisture (via Namibia
and Botswana) toward eastern South Africa where the

convergence is enhanced and the precipitation is ampli-
fied at the coast (Figure 3a). A similar remote impact of
the Benguela variability on eastern South Africa has been
discussed in Manhique et al. (2015). However, in their

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

FIGURE 3 Composited

March–April anomalies of (left)

ERA-interim (right) ERA5 in the

five events of the Benguela Niñas

for (top) total precipitation,

(middle) vertically-integrated

moisture flux and its divergence,

and (bottom) low-level cloud. The

dots denote the significance level

of 90% and arrows in Figure 3c,d

show only significance anomalies

with 90%. For (top) sea level

pressure and (bottom) wind stress.

The dots denote the significance

level of 90% and arrows in

Figure 3i,j show only significance

anomalies with 90%
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case of the Benguela Niño (warm SST) event in January
2013, the eastward VIMF anomaly flows through a differ-
ent pathway over Angola, Zambia, Zimbabwe, and
Mozambique toward eastern South Africa corresponding
to the cyclonic anomaly of VIMF over the ABFZ (see fig.
6 of Manhique et al., 2015). To the north of the ABFZ, a
cyclonic anomaly of VIMF is found over the Congo
Basin. The north branch of the cyclonic flow can trans-
port more moisture from the equatorial Atlantic to the
Congo Basin and consequently, the VIMF convergence is
enhanced. The convergence is attributable for the
enhanced precipitation over the Congo Basin (Figure 3a).
To the east of the Congo Basin, the divergence anomaly
of VIMF is found and consistent with the dry anomaly
around the east African Great Lakes (Figure 3a). How-
ever, the divergence anomaly here seems to be more rele-
vant to the VIMF anti-cyclonic anomaly over the
Mozambique Channel and Madagascar (even though the
composite SST anomalies in the Indian Ocean is quite
small in Figure 1). In the warm SST case, the cyclonic
anomaly of the moisture flux at 850 hPa is induced
around Madagascar (see Figure 4 in Hanshingo and
Reason, 2009). With the numerical experiments, we will
also investigate if such convergence and divergence
anomalies far from around the ABFZ can be induced by
the Benguela Niñas in the next section.

The marine low-level cloud forms more frequently
(up to 0.17) around the ABFZ shown in Figure 3e. As the
VIMF anomaly indicates, the Benguela Niña can gener-
ate anti-cyclonic circulation locally over the ABFZ. In

addition, the cold SST anomaly is favourable condition
for the marine low-level cloud formation as well. These
situations can be explainable for the frequent cloud for-
mation. The enhancement of low cloud formation
extends widely to the central part of the South Atlantic
Ocean (around 0�E). We will survey how important the
localized cold SST in the ABFZ is for the low-level cloud
formation in the next section. The SAA is centred at 0�E
and 35�S (Figure 2g) and is excited in the case of Ben-
guela Niñas (Figure 3g) by 1.0 hPa. As suggested by previ-
ous studies (e.g., Lübbecke et al., 2010; Richter
et al., 2010; Cabos et al., 2019), the Benguela variability is
connected well with the SAA variability. Interestingly,
the SLP seems to be reinforced locally over the ABFZ
with a smaller amplitude (about 0.5 hPa, Figure 3g). This
local high-pressure anomaly can be explainable for the
anti-clockwise anomaly of VIMF and the more frequent
low-level cloud in Figure 3c,e. In the case of the Benguela
Niñas, the southeasterly anomaly tends to be reinforced
and in particular, the coastal low-level jet (e.g., Lima
et al., 2019) is enhanced in Figure 3i. The enhanced
coastal low-level jet could be a cause to amplify the
coastal upwelling resulting in the Benguela Niñas. How-
ever, the wind stress does not show the local anti-
cyclonic flow around the ABFZ clearly while the wind
stress anomaly is anti-cyclonic around Madagascar,
which is consistent with the VIMF anomaly in Figure 3c.

In principle, the patterns of the atmospheric variable
anomalies of ERA5 are quite similar to those of the ERA-
Interim. Inversely, the reduction of Angolan precipitation

FIGURE 4 SST anomalies in

the ABFZ added on the SST

boundary condition for CAM_NINA
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is more constrained around the coastal area and dry
anomaly over the ocean is extended more equatorward
from the western African coast in Figure 3b. The
enhancement in precipitation over the Congo Basin is
slightly less in ERA5 than in ERA-Interim (Figure 3a,b),
but relatively more significant. Although the dry anomaly
around the East African Great Lakes are smaller in ERA5
than in ERA-Interim, these patterns of rainfall anomaly
over the African Continent are quite similar to those in
ERA-Interim. The ITCZ anomaly is also approximately
identical even though the negative anomaly is larger. In
addition, the other anomalies of precipitation are also in
agreement for instance, enhancement off eastern
South Africa, the Congo Basin, and to the south and west
of Madagascar. Figure S1 gives the composite anomaly
for the extreme Benguela Niña years of the observed pre-
cipitation of the Global Precipitation Climatology Project
(GPCP, Adler et al., 2003). The observed anomalies of
precipitation are approximately identical with those in
reanalysis, in ERA5: the reduced precipitation along
Angola, ITCZ and around the East African Great Lakes
and enhanced rainfall over the Congo Basin and off east
South Africa are well consistent between GPCP and
ERA5. The VIMF and its divergence anomalies around
the African Continent are also approximately identical
between two reanalysis products in Figure 3c,d. The
Namibian low cloud deck is also enhanced locally around
the ABFZ, but its amplitude is relatively modest in ERA5
(up to 0.09, Figure 3f). The amplified SAA and high-
pressure anomaly around the ABFZ in ERA5 are approxi-
mately equal to those in ERA-Interim (Figure 3g,h). The
significant wind stress anomaly in ERA5 is also quite
similar to that in ERA-Interim in Figure 3i,j indicating a
relationship between Benguela Niña and enhanced SAA.

5 | SEMI-IDEALIZED
SIMULATION OF HIGH-
RESOLUTION CAM5

In the preceding section, the composite analysis suggests
that the Benguela Niñas influence the regional atmo-
sphere in an opposite way to the Benguela Niños
(e.g., Rouault et al., 2003; Hanshingo and Reason, 2009).
However, the composite anomalies based on the
Benguela Niña events would be contaminated by other
factors such as enhanced SAA. In this section, by semi-
idealized experiments of a high resolution AGCM, we
investigate the atmospheric responses to the localized
SST cold anomaly. Aforementioned in Section 3, the sim-
ulation of CAM5_CTL is capable to reproduce the clima-
tology realistically in this region (Figure 2).

Figure 5 summarizes the anomalies of atmospheric
variables between CAM_NINA and CAM_CTL. As seen
in ERA-Interim and ERA5, the localized cold SST anom-
aly suppresses the precipitation along the Angolan coast
in CAM5 simulation (Figure 5a). Its equatorward exten-
sion seems to be more similar to that in ERA5
(Figure 3b). In contrast, the precipitation is enhanced
over the Gulf of Guinea with statistical significance,
which can be seen in ERA-Interim and ERA5 in
Figure 3a,b (even though those anomalies are not statisti-
cally significant). Over the African Continent
(in particular, the Congo Basin and East African Great
Lakes), there is no significant reduction and enhance-
ment of the precipitation and the anomalies are not as
organized as ERA-Interim and ERA5. This indicates that
the localized cold SST anomaly is not a main source for
the anomalies of precipitation over the African Conti-
nent. Even though the positive rainfall anomaly is
detected off eastern South Africa, its amplitude is rela-
tively less. The anomaly in the ITCZ is quite noisy and
differs largely from those in ERA-Interim and ERA5.
Corresponding to the rainfall anomalies along Angolan
coast, the VIMF divergence is enhanced (Figure 5b). To
the north of the ABFZ, there is an anti-cyclonic anomaly
of VIMF, which is similar to those in the reanalyses
(Figure 3c,d). The VIMF divergence anomaly is also
attributed to the anomalous flow of the northwestward
VIMF between 5�S and the equator. This northwestward
anomaly of the VIMF forms the VIMF convergence
anomaly over the Gulf of Guinea and consequently, the
precipitation is enhanced there (Figure 5a). Inversely, the
VIMF anomaly is not significant over the African Conti-
nent compared to ERA-Interim and ERA5. Whereas the
westerly anomaly of VIMF is observed over eastern
South Africa to southern Madagascar, this anomaly
appears not to be connected with the anti-cyclonic VIMF
anomaly over the ABFZ.

Interestingly, the Namibian low-level cloud is more
frequent in the case of Benguela Niñas in CAM5 simula-
tion (Figure 5c). Its enhancement spreads only locally
around the ABFZ, but its amplitude is up to 0.12 and
comparable with those in ERA-interim and ERA5
(Figure 3e,f). The enhanced formation of low-level cloud
can be linked with the positive anomaly of SLP around
the ABFZ in CAM_NINA as shown in Figure 5d (its
amplitude is up to 0.5 hPa, which is approximately identi-
cal with those in ERA-Interim and ERA5 as shown in
Figure. 3g,h). This high-pressure anomaly generates the
wind stress anomaly around the ABFZ: North of the
ABFZ, the anomaly is southerly or southeasterly diver-
gent flow and the background southerly surface wind is
strengthened. South of the ABFZ, the wind stress
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anomaly is northerly along the coast, which might tend
to diminish the coastal low-level jet. These results suggest
that the local cold SST anomalies associated with the
Benguela Niña tends to enhance the contrast between
the tropical Atlantic (ITCZ and vigorous precipitation
around the equator) and subtropical South Atlantic (high
pressure, less precipitation, and low-level cloud deck)
South Atlantic, at least, along the west African coast. This
change in low-level cloud formation can be also discussed
more insightfully by low-level atmospheric static stabil-
ity, Γ, (e.g., Klein and Hartman, 1993) determined by,

Γ=θ700hPa−θ1,000hPa

where θ is the potential temperature at 700 and
1,000 hPa. Note that in this study we use the potential
temperature at 690 and 992 hPa instead, which are the
pressure levels of the default configuration of CAM5.
Figure 6 gives the ensemble mean static stability in
CAM_CTL and its difference between CAM_NINA and

CAM_CTL. CAM_CTL is able to represent the strong sta-
bility in the subtropical Atlantic well (Figure 6a), which
is a good agreement with Klein and Hartmann (1993).
Benguela Niña event strengthens the static stability
locally by about 2 K as shown in Figure 6b. Klein and
Hartmann (1993) regressed the cloud amount on the sta-
bility and found the value of 5.70 (% per K; see fig. 13 of
Klein and Hartmann, 1993). Our results show that the
static stability becomes stronger by 2 K and low-level
cloud formation is more frequent by 0.12 (equal to 12%),
meaning that the enhanced cloud formation is linked
tightly to the reinforced stability in agreement with Klein
and Hartmann (1993) even though they estimated it by
annual mean value.

Another important aspect of low-cloud-covered atmo-
sphere is inversion layer (e.g., Hess, 2004) and it is of
interest to see how the Benguela Niña event modulates
it. Figures 7a–c illustrate the vertical profiles of tempera-
ture, cloud fraction, and heating rate due to longwave
radiation in CAM_CTL averaged over 16�S–11�S and

(a) (b)

(c) (d)

FIGURE 5 March–April anomalies between CAM_NINA and CAM_CTL of (a) total precipitation, (b) vertical-integrated moisture flux

(arrows) and its divergence (colour), (c) low-level cloud fraction, (d) sea level pressure (colour) and wind stress (arrows). Dots denote the

significance level of 90%. Vectors show only the anomalies with the significance level of 90%
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(a) (b)

FIGURE 6 (a) March–April ensemble mean low-level static stability of CAM_CTL and (b) its anomaly between CAM_NINA and

CAM_CTL. Dots denote the significance level of 90%

(a) (b) (c)

(d) (e) (f)

FIGURE 7 (a–c) Thirty
ensemble mean of vertical profiles of

temperature, cloud fraction, and

heating due to longwave radiation in

CAM_CTL averaged over 5�E–10�E
and 16�S–11�S. (d–f) 30 ensemble

mean difference (black) of vertical

profiles of temperature, cloud

fraction, and heating due to

longwave radiation between

CAM_NINA and CAM_CTL. Grey

lines denote each resampled

15 ensemble mean difference. The

resampling is repeated 200 times by

Monte Carlo method
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5�E–10�E. The mean vertical profile of temperature
shows a weak inversion layer (about 2 K difference)
between 925 and 850 hPa (Figure 7a). The subsidence
associated with the high-pressure system (through adia-
batic heating) also contributes to form the inversion layer
which can inhibit the atmospheric convection or block
atmospheric flow. Consequently, the precipitation is
suppressed (see Figure 2b). Around the inversion layer,
cloud formation is more frequent (maximum at 900 hPa
shown in Figure 7b), suggesting that it is cloud-topped
boundary layer from the surface to about 900 hPa over
the ABFZ. This low-level cloud induces radiative cooling
due to longwave around the cloud top (e.g., Nicholls,
1984; Koračin et al., 2005; Koseki et al., 2012;
Wood, 2012; Kato et al., 2018) as seen in Figure 7c. With
the presence of cold SST anomalies in the ABFZ, the
inversion layer is strengthened by cooling below 900 hPa
and warming around 850 hPa in Figure 7d (Note that the
grey lines in Figure 7d–f are differences between ran-
domly selected 15 ensemble members and this procedure
is repeated 200 times). While the surface cooling is
related to less sensible heat flux (see the next section),
the cooling around 950–900 hPa and warming at 850 hPa
can be attributed to the modulation of cloud formation as
seen in Figure 7e,f: the low cloud is enhanced between
950 and 900 hPa and slightly infrequent above 900 up to
800 hPa. The heating rate due to longwave radiation
decreases and increases correspondingly. The vertical dis-
tribution of this modulation in longwave radiative
heating is approximately consistent with that of tempera-
ture (Figure 7d).

6 | DISCUSSION AND
CONCLUDING REMARKS

This study has investigated how the Benguela Niña SST
anomalies influence the atmosphere with state-of-the-art
reanalysis data and high-resolution AGCM model focus-
ing on extreme cases of Benguela Niñas in March–April
(Imbol Koungue et al., 2019). The composite analysis
shows that the Benguela Niñas suppress the precipitation
along Angolan coast, which is an opposite impact to the
Benguela Niños (e.g., Rouault et al., 2003; Hanshingo and
Reason, 2009). Not only such local rainfall, but also
remote rainfall anomaly can be seen in the composite
analysis: enhanced rainfall over the Congo Basin, Gulf of
Guinea and off eastern South Africa and suppressed in
the ITCZ and over East African Great Lakes. Those pre-
cipitation anomalies are explainable by the VIMF diver-
gence and convergence. In particular, the anti-cyclonic
VIMF anomalous flow and its divergence causes the
rainfall along Angolan coast to be reduced. The

semi-idealized simulation of CAM5 (CAM_NINA) also
shows the reduction of coastal precipitation and anti-
clockwise VIMF anomalous circulation over the ABFZ.
In addition, the southeasterly VIMF anomaly contributes
to the VIMF divergence along Angolan coast. The
enhancement of rainfall over the Gulf of Guinea seems to
be induced by the southeasterly VIMF and its conver-
gence. However, other anomalies of precipitation are very
noisy and VIMF anomaly is not significant over the Afri-
can Continent in the CAM_NINA simulation.

In the composite analysis of ERA-Interim and ERA5,
the atmospheric circulation can be affected by other fac-
tors such as the residual warm SST anomaly in the tropi-
cal Pacific and the strengthened SAA (Figure 1 and
Figure 3g,h). For example, the ITCZ anomaly over the
western equatorial Atlantic is more directly linked with
the SAA anomaly through modification in the equatorial
trade wind as there is a high correlation between the
SAA and equatorial Atlantic variability (e.g., Lübbecke
et al., 2010; Richter et al., 2010). This study suggests that
the remote impacts of the Benguela variability, which
Manhique et al. (2015) presented, might need additional
atmospheric anomalous circulation and the influences of
Benguela variability is restricted locally over the western
African coastal region.

Both composite analyses and simulations showed that
the formation of the Namibian low-level cloud is
enhanced by the Benguela Niñas. Its amplifying rate
agrees well with the one observed by Klein and
Hartmann (1993). This increment of low-level cloud can
be explained by the facilitated saturation associated with
the surface cooling (e.g., Tokinaga and Xie, 2009). As
Figure 8 shows, the latent and sensible heat fluxes are
reduced significantly around the ABFZ (Figure 8ab) by
the Benguela Niñas. In particular, the reduced sensible
heat can cool the atmospheric boundary layer down and
this situation is favourable for more condensation
resulting in more frequent cloud fraction. Conversely, to
the north of the ABFZ, the both of the fluxes are
enhanced. This amplification of heat flux is induced by
the stronger surface wind to the north of the ABFZ as
shown in Figure 5d. This stronger southerly wind is in a
good agreement with the enhanced SLP meridional gra-
dient shown in Figure 8c. This relation between surface
wind and SLP gradient invokes us the pressure adjust-
ment mechanism by Lindzen and Nigam (1987). It is also
a novel indication that the Benguela variability drives the
surface wind via the pressure gradient mechanism. It will
be interesting, as a future work, to perform similar simu-
lations in the case of Benguela Niño to see how the situa-
tion is different. Moreover, this accelerated surface winds
create the convergence over the Gulf of Guinea and
enhanced precipitation there (Figure 6a,b). Even though
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the composite analysis of ERA-Interim and ERA5 also
shows the enhanced precipitation over the Gulf of
Guinea, the signal is not significant in the composite
analysis. Possible reasons for this are because (1) there
are only five cases in the composite analysis (30 ensemble
members for CAM5 simulation) and (2) the precipitation
variability over the Gulf of Guinea would be contami-
nated by the ITCZ anomaly and/or larger-scale atmo-
spheric circulation anomaly in the composite analysis.
Interestingly, the Benguela Niña strengthens the inver-
sion layer between 950 and 850 hPa in the lower tropo-
sphere modulating the vertical profile of cloud formation.
The low-level cloud tends to be more frequent in the
slightly lower level (950–900 hPa) and infrequent in the
upper level (850 hPa) as shown in Figure 7e. This vertical
shift of cloud induces the increase and decrease of
longwave radiative cooling in the lower and upper level
respectively and consequently, the inversion layer
becomes more stable. The vertical turbulent mixing is
less effective over the cooler SST (e.g., Wallace
et al., 1989; Tokinaga et al., 2006) and the atmospheric
boundary layer tends to be shallow. A similar situation
can explain the shallower cloud-topped boundary layer
over the Benguela Niñas in our simulations and the
heating distribution can be also shifted.

This study provides a first look at the impacts of the
Benguela Niñas on the atmosphere and our results are
novel because we suggest that the Benguela Niñas acti-
vate the low-level cloud formation for the first time. On
the other hand, there are still some shortcomings of this

study and necessary of further investigation: our model
has a coarse vertical resolution and might be insufficient
to explore the cloud-topped boundary layer. We will need
a simulation with denser vertical layer in the lower tropo-
sphere. The higher local SLP induces a stronger subsi-
dence and this also modifies the heating in the lower
troposphere. Therefore, a further quantification will be
necessary with a heat budget analysis to discuss the mod-
ulation in the inversion layer. Moreover, the Benguela
Niñas tend to decelerate the coastal low-level jet to the
south of the ABFZ. This reduction could weaken the
coastal upwelling and, in that case, the Benguela Niñas
could be decayed. This means that there might be a nega-
tive feedback in the Benguela Niña, which might be a
counterevidence against previous studies suggesting the
coastal Bjerknes Feedback (e.g., Kataoka et al., 2013).
However, this speculation can be elucidated by an
approach of coupled and ocean modellings in the future.
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