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Abstract

Future changes in the southeastern tropical Atlantic interannual sea surface temperature (SST) variability in response to
increasing greenhouse gas concentrations are investigated utilizing the global climate model FOCI. In that model, the Coastal
Angola Benguela Area (CABA) is among the regions of the tropical Atlantic that exhibits the largest surface warming. Under
the worst-case scenario of the Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5), the SST variability in the CABA decreases
by about 19% in 2070-2099 relative to 1981-2010 during the model’s peak interannual variability season May—June—July
(MIJJ). The weakening of the MJJ interannual temperature variability spans the upper 40 m of the ocean along the Angolan
and Namibian coasts. The reduction in variability appears to be related to a diminished surface-layer temperature response to
thermocline-depth variations, i.e., a weaker thermocline feedback, which is linked to changes in the mean vertical tempera-
ture gradient. Despite improvements made by embedding a high-resolution nest in the ocean a significant SST bias remains,

which might have implications for the results.

1 Introduction

Tropical Atlantic sea surface temperatures (SSTs) are
marked by a strong seasonal cycle with warmest SSTs
in March-April-May (MAM) and coldest SSTs in
July—August—September (JAS). Variations in the ampli-
tude and phase of the seasonal cycle give rise to SST vari-
ability on various timescales, from subseasonal to decadal
(Bachelery et al. 2020; Imbol Koungue and Brandt 2021;
Prigent et al. 2020a). On interannual time scales, extreme
warm and cold events, termed Benguela Nifios and Nifias
(Shannon et al. 1986), occur off the coasts of Angola and
Namibia, in particular in the Coastal Angola Benguela Area
(CABA; 10° S-20° S, within 2° off the coast, Illig et al.
2020). These events are characterized by large deviations
(> 3°C) from the climatology and occur irregularly every
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few years. They typically peak in MAM and last a few
months, and significantly impact the regional climate (Rou-
ault et al. 2003; Hansingo and Reason 2009; Imbol Koungue
et al. 2019; Koseki and Imbol Koungue 2020), as well as
marine ecosystems and fisheries (Bachelery et al. 2016a;
Binet et al. 2001; Gammelsrgd et al. 1998).

Benguela Nifios and Nifias are mainly driven by two forc-
ing mechanisms: (1) remote equatorial and (2) local atmos-
pheric forcing. The remote equatorial forcing is associated
with fluctuations of the trade winds over the western and
central equatorial Atlantic, triggering equatorial Kelvin
waves (EKWs, Illig et al. 2004). Anomalously weak (strong)
equatorial wind stress force downwelling (upwelling) EKWs.
EKWs propagate eastward along the equator (Polo et al.
2008), and at the West African coast part of their energy
is transmitted poleward as coastal trapped waves (CTWs,
Clarke 1983; Illig et al. 2018a, b). Downwelling (upwelling)
CTWs can trigger warm (cold) events in the CABA by deep-
ening (shoaling) the thermocline (Bachelery et al. 2016b,
2020; Illig et al. 2004; Imbol Koungue et al. 2017, 2019;
Liibbecke et al. 2010; Imbol Koungue and Brandt 2021),
generating a subsurface temperature anomaly that will influ-
ence the mixed layer through climatological upwelling and
vertical mixing. CTWs may also affect the near-coastal strat-
ification, ocean currents and biogeochemistry (Florenchie
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et al. 2003; Liibbecke et al. 2010; Bachelery et al. 2016a,
2020; Rouault 2012; Rouault et al. 2018). The local atmos-
pheric forcing includes alongshore wind modulations related
to the position and strength of the South Atlantic anticyclone
(Richter et al. 2010). These alongshore wind anomalies also
trigger CTWs at the eastern boundary of the tropical Atlan-
tic and modify the local currents (Junker et al. 2017). For
instance, Liibbecke et al. (2019) showed that the 2016 warm
event occurring in the southeastern tropical Atlantic was
mainly generated by the reduction of the alongshore winds
and associated local upwelling combined with other local
processes such as anomalous heat fluxes, freshwater input
and meridional advection.

It has been shown that the SST anomalies along the
Angolan and Namibian coasts are physically connected
to the SST anomalies at the equator (Hu and Huang 2007;
Liibbecke et al. 2010; Illig et al. 2020; Li et al. 2023). Hu
and Huang (2007) argued that the coastal warming in the
Angola Benguela area (ABA, 8° E-coast, 20° S—10° S)
induces low-level wind convergence over the basin, which
is likely to generate westerly surface-wind anomalies along
the equator one to two months later, while Liibbecke et al.
(2010) emphasized the oceanic connection via the EKWs
and CTWs.

The tropical Atlantic Ocean SST also exhibits a marked
multidecadal variability, hindering the detection of anthro-
pogenic influences. Tokinaga and Xie (2011) reported
a decrease of the interannual variability of the equatorial
Atlantic zonal SST gradient of 48 + 13% in root-mean-
square variance for 1960-1999. This weakening of the
Atlantic Nifilo mode over the period 1960-1999 was asso-
ciated with an enhanced warming trend of the SST in the
eastern equatorial Atlantic. More recently, Prigent et al.
(2020b) using satellite and reanalysis data found that rela-
tive to the period 1982-1999, the eastern equatorial Atlan-
tic interannual SST variability as measured by the standard
deviation in May—June—July (MJJ) during 2000-2017 has
decreased by about 30%. Consistent with the strong connec-
tion between the equatorial Atlantic and the ABA, Prigent
et al. (2020a) reported a similar reduction of the MAM inter-
annual SST variability in the ABA from 1.08 + 0.13 °C dur-
ing 1982-1999 to 0.75 + 0.11 °C during 2000-2017.

The reduction in equatorial and southeastern tropical
Atlantic SST variability over the previous decades raises
the question whether this trend will continue under ongoing
global warming. For the equatorial Atlantic, this question
has been addressed by a few recent publications (Worou
et al. 2022; Crespo et al. 2022; Yang et al. 2022). These
studies found a further decrease in eastern equatorial Atlan-
tic SST variability due to a weaker Bjerknes feedback and a
more stable atmosphere. However, they have not addressed
the future changes in the southeastern tropical Atlantic inter-
annual SST variability, which is the topic of this study.
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Also, as the tropical Atlantic can be expected to continue
to warm during this century due to increasing atmospheric
greenhouse gas (GHG) concentrations (Bakun et al. 2015),
the question arises if the interannual SST variability in the
southeastern tropical Atlantic will also change in the future,
and if so, how is it going to change. The answer to this ques-
tion might be ambiguous considered the major events in the
equatorial and eastern tropical Atlantic that occurred dur-
ing recent few years (Richter et al. 2022; Li et al. 2023;
Imbol Koungue et al. 2021; Brandt et al. 2023). In this study,
we address the question of the future SST variability in the
southeastern tropical Atlantic by utilizing the global climate
model Flexible Ocean and Climate Infrastructure (FOCI,
Matthes et al. 2020) that has an embedded high-resolution
nest in the tropical and South Atlantic Ocean (Schwarz-
kopf et al. 2019). Embedding a high-resolution nest helps
to reduce the warm SST bias in the southeastern tropical
Atlantic Ocean, yet a significant bias remains and might
impact the results. We compare an ensemble of four histori-
cal simulations with an ensemble of six future simulations
forced by the Shared Socioeconomic Pathway 5-8.5 (SSP5-
8.5, O’Neill et al. 2016) scenario.

This paper is organized as follows. The data and meth-
ods as well as the FOCIT and its validation are described in
Sect. 2. Future changes in interannual SST and upper-ocean
temperature variability in the southeastern tropical Atlantic
are presented in Sect. 3, and the underlying mechanisms are
analyzed in Sect. 4. The influences of mean-state changes on
the interannual variability are discussed in Sect. 5. Section 6
provides a summary and a discussion of the main findings.

2 Data, methodology and model
verification

2.1 Data
2.1.1 Observational and reanalysis datasets

For model validation, we use the SST from the fifth gen-
eration of the European Centre for Medium-range Weather
Forecast (ECMWF) atmospheric reanalysis (ERAS; Hers-
bach et al. 2020), with 0.25° X 0.25° horizontal resolution
available for the time period January 1940 onwards. We
also use the SST from the Hadley Centre Sea Ice SST data
set Version 1.1 (HadISST; Rayner et al. 2003), with 1°x 1°
horizontal resolution that is available from January 1870
onwards. The Ocean Reanalysis System Version 5 (ORA-
S5; Zuo et al. 2019) from the ECMWF available with
0.25°x0.25° horizontal resolution and spanning the period
January 1958 onwards is used for ocean temperature and
SST. Rainfall data are taken from the Global Precipitation
Climatology Project Version 2.3 (GPCP; Adler et al., 2018)
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available from January 1979 to the present with 2.5°x2.5°
horizontal resolution.

2.1.2 CMIP6 models

Output from fifteen models participating in the Coupled
Model Intercomparison Project Phase 6 (CMIP6; Eyring
et al. 2015; Table S1) are used to compare the performance
of the FOCI in simulating the tropical Atlantic SST mean-
state, seasonal cycle and interannual variability. The corre-
sponding preindustrial control runs are used to estimate the
range of internal multidecadal SST variability. Prior to all
analysis, the data from the CMIP6 models were interpolated
onto a 1°x 1° horizontal grid using Climate Data Operator
(CDO:; Schulzweida 2022).

2.1.3 Model description and experiments

The FOCI is composed of the atmospheric model
ECHAMG6.3 (Stevens et al. 2013) coupled to the NEMO3.6
(Madec 2016) ocean model using the OASIS3-MCT coupler
(Valcke 2013). The atmospheric component is the T63L.95
setting of ECHAMG6 with approximately 1.8°x 1.8° hori-
zontal resolution, 95 vertical hybrid sigma-pressure levels
and the top at 0.01 hPa. The ocean model configuration is
NEMO-ORCAO5 (Biastoch et al. 2008) with a horizontal

Table 1 Simulations with the FOCI model used in this study

resolution of 0.5°x0.5° and 46 z-levels in the vertical of
which 14 levels are located in the upper 200 m. A high-
resolution ocean nest with enhanced horizontal resolution of
1/10° and the same z-levels, as that used in the host model,
is embedded in the tropical and South Atlantic as well as
the western Indian Ocean (70°W to 70° E, 63° S to 9° N;
Figure S1) via a two-way nesting approach (INALT10X;
Schwarzkopf et al. 2019). In this approach, the nest receives
boundary conditions from the host model and feeds informa-
tion back. The nest enables, for example, enhanced represen-
tation of equatorial Kelvin and coastal trapped waves. The
ocean temperature at the uppermost model level, located at
approximately 3 m depth, is used as the SST.

The experiments used in this study are listed in Table 1.
Six out of the ten model runs employing the high-resolu-
tion ocean nest include interactive atmospheric chemistry.
The chemistry module is the Model for Ozone and Related
Chemical Tracers (MOZART?3, Kinnison et al. 2007) that is
implemented in ECHAM6 (ECHAM6-HAMMOZ; Schultz
et al. 2018). The simulations with and without interactive
chemistry yield very similar results with respect to the
tropical Atlantic climatology and variability and are used
together in one ensemble. Temporal variations in solar
radiation follow the CMIP6 recommendations provided by
the SOLARIS-HEPPA project (Matthes et al. 2017). The
future-scenario ensemble of FOCI (FOCI PROJ NEST

Run Time period

Configuration

FOCI HIST NO-NEST ensemble

FOCI1.7-SW060 1950-2013
FOCI1.4-SW054 1954-2013
FOCI1.4-SW064 1952-2013
FOCI1.4-SW065 1950-2013
FOCI HIST NEST ensemble

FOCI1.13-11005 1951-2013
FOCI1.14-11006 1951-2013
FOCI1.14-11007 1951-2013
FOCI171-JHO15 1850-2013
FOCI PROJ NEST ensemble

FOCI1.14-11010 2014-2099
FOCI1.14-11011 2014-2099
FOCI1.14-SW128 2014-2099
FOCI1.14-JH027 2011-2099
FOCI1.14-JHO037 2011-2099
FOCI1.14-JH039 2000-2099
Pre-Industrial control run

FOCI1.3-SW038 1850-3349

T631.95, Historical

T63L95 + MOZART3, Historical
T63L95 + MOZART3, Historical
T63L.95+MOZART3, Historical

T63L95 +MOZART3 +INALT10X, Historical
T63L95 +MOZART3 +INALT10X, Historical
T63L95 +MOZART3 +INALT10X, Historical
T63L95 +INALT10X, Historical

T63L95 + MOZART3 +INALT10X, SSP5-8.5
T63L95 + MOZART3 +INALT10X, SSP5-8.5
T63L95 + MOZART3 +INALT10X, SSP5-8.5
T63L95 +INALT10X, SSP5-8.5
T63L95 +INALT10X, SSP5-8.5
T63L95 +INALT10X, SSP5-8.5

T63L95, preindustrial control run under 1850 climate conditions, ini-
tialized from an ocean at rest and PHC2.1 climatology (Steele et al.
2001) for temperature and salinity

MOZART3 denotes interactive atmospheric chemistry. INALT10X indicates the use of the oceanic nest with a resolution of 1/10°. SSP5-8.5

indicates that the run is forced by the SSP5-8.5 scenario
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hereafter) employs the scenario SSP5-8.5, representing
the high end of the range of the future scenarios that can
be considered as a worst-case scenario with a very strong
increase of atmospheric GHG concentrations (O’Neill et al.
2016). For instance, the CO,-concentration at the end of the
simulations in 2100 amounts to 1135 ppm. More informa-
tion on the FOCI configuration can be found in Matthes
et al. (2020). The results from FOCI PROJ NEST are com-
pared to two historical ensembles: FOCI HIST NEST and
FOCT HIST NO-NEST both composed of four historical
simulations employing observed external forcing for their
respective periods (Table 1). Finally, the last 1000 years of
a 1500-year long preindustrial control integration of FOCI
performed without the ocean nest are used to estimate the
internal multidecadal SST variability trends. The preindus-
trial control run is initialized with the PHC2.1 climatology
(Steele et al. 2001) for temperature and salinity. A com-
parison between the historical FOCI ensembles, the CMIP6
ensemble and observations is given in Sect. 2.3.

2.2 Methodology
2.2.1 Definition of anomalies

To quantify the future changes in interannual SST variabil-
ity, we compare the output of the future ensemble with that
from the historical ensemble using two 30-year periods: (1)
a reference period from January 1981 to December 2010 and
(2) a future period from January 2070 to December 2099.
Prior to all analysis, the linear trend estimated separately
over each period was removed. Monthly-mean anomalies are
computed by subtracting the climatological monthly-mean
seasonal cycle derived separately for the two 30-year peri-
ods. The level of interannual variability is expressed by the
standard deviation (o).

2.2.2 Definition of the index regions

In this study we use the CABA region (Illig et al. 2020, blue
box on Figure S1), which is a 2° fringe along the South-
west African coast from 20° S to 10° S. The CABA region
is chosen instead of the often-used ABA because most of
the interannual SST variability is occurring close the coast
(Fig. 2). The CABA index is used to quantify the interannual
SST variability associated with Benguela Nifios and Nifias.

2.2.3 Thermocline and mixed layer depth definitions

The depth of the thermocline is defined as the depth of the
maximum vertical temperature gradient. SSH anomalies
(SSHa) are used as a proxy for thermocline depth variations
to investigate the thermocline feedback as in previous studies
(e.g.; Keenlyside and Latif 2007; Imbol Koungue and Brandt
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2021). The mixed layer depth (MLD) is defined as the ocean
depth at which the density has increased by 0.01 kg m~ rela-
tive to the near-surface value at 10 m depth.

2.2.4 Brunt-Vaisala frequency calculation

To determine the stratification of the water column, the
squared Brunt-Viisild frequency (N?) is used and expressed
in terms of the vertical profiles of temperature and salinity
(Maes and O’Kane 2014):

22

27,5 = 8% O _ (98 = n2 2
NAT.S) = =2 <ga 5 8P aZ)—NT(T,SHNS(T,S)

where:

2 _ a7
Nu(T,S) = goza—Z

N(T,S) = NX(T,S) — NXT.,S)

a=—p_1@
oT
dp
_ -19P
B=p 35

N% is the thermal and Ng the salinity contribution, f the
haline contraction coefficient, « the thermal expansion coef-
ficient, g gravity, p density, T temperature, S salinity and z
depth.

2.2.5 Significance of the changes

The statistical significance of the differences between the
two ensembles is assessed by a two-tailed Student’s t test at
the 95% confidence level.

2.3 Model validation and comparison

A common and longstanding problem in climate models is
the warm SST bias along the Southwest African coast and
over the eastern and central equatorial Atlantic (e.g.; Davey
et al. 2002; Richter 2015; Farneti et al. 2022). In observa-
tions, the warm poleward flowing Angola Current meets the
cold equatorward flowing Benguela Current at about 16° S
creating a sharp thermal front, the so-called Angola-Ben-
guela Front (ABF green line, Fig. 1a). However, in climate
models the ABF tends to be located too far south between
18° S and 19° S (Fig. 1b, c¢). The ensemble-mean SST biases
in the CMIP6 (Fig. 1d), FOCI HIST NO-NEST (Fig. le)
and FOCI HIST NEST (Fig. 1f) ensembles have been cal-
culated relative to HadISST over the period 1981-2010.
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a) HadISST b)  FOCI HIST NO-NEST FOCI HIST NEST
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20°S 20°S 20°S
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Climatological SST (°C)
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0.0 15 3.0 4.5

SST bias (°C)

Fig.1 Simulation of SST. a Mean SST from HadISST over the
period 1981-2010. b Same as a but for the FOCI HIST NO-NEST
ensemble mean. ¢ Same as a but for the FOCI HIST NEST ensem-
ble mean. d CMIP6 ensemble mean minus HadISST (1981-2010), e
FOCI HIST NO-NEST ensemble mean minus HadISST (1981-2010).

Compared to the CMIP6 ensemble mean (Fig. 1d), the
FOCI HIST NO-NEST ensemble has a smaller SST bias
in the CABA (Fig. le), with SST biases of 3.40 °C for the
CMIP6 ensemble mean and of 3.23 °C for the FOCI HIST
NO-NEST ensemble mean. Using the high-resolution nest in
FOCI HIST NEST considerably reduces the SST bias in the
CABA to 2.07 °C (Fig. 1f). This agrees with the findings of
de la Vara et al. (2020) that a sole refinement of the oceanic
grid reduces the warm bias further in comparison to only

f FOCI HIST NEST ensemble mean minus HadISST (1981-2010).
The position of the maximum meridional SST gradient as a measure
of the ABF is indicated by the green line in a—c. In d—f, the ensemble
means and HadISST were bi-linearly interpolated onto a regular 1° by
1° grid

increasing the atmospheric resolution in a coupled model.
Yet considerable SST biases remain in the southeastern trop-
ical Atlantic, especially in the eastern equatorial Atlantic off
the South African coast, exceeding that in CMIP6 models
(Fig. 1f). The remaining SST biases could be due to too
coarse atmospheric resolution (approximately 1.8°x 1.8°),
causing flawed near-coastal low-level winds and wind-stress
curl (HarlaB et al. 2018; de la Vara et al. 2020; Kurian et al.
2021), underestimation of low-level marine stratus clouds
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a) ERA5 1981-2010
5

b) FOCI HIST NO-NEST 1981-2010
S

C) FOCI HIST NEST 1981-2010
S

a \‘J’_’;\s‘s \[~ 2 \/—N
0° 2 i\ 0° i\j_g\ 0° 2 {\
_] 1
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SST variability (°C)
d) Std. CABA SSTa (°C)
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Fig.2 a Standard deviation of the SSTa over the southeastern tropical
Atlantic (5° W-20° E, 30° S-5° N) calculated from ERAS. b, ¢ Same
as a but from the FOCI HIST NO-NEST and FOCI HIST NEST
ensemble means, respectively. The CABA region is denoted by the

(Wahl et al. 2011), misrepresentation of surface evapora-
tion (Hourdin et al. 2015), and too weak oceanic upwelling
(Small et al. 2015).

Temperature biases are not restricted to the surface. The
ensemble-mean upper 200 m temperature distributions along
the Southwest African coast from FOCI HIST NO-NEST
and FOCI HIST NEST are compared to ORA-S5 over the
period 1981-2010 (Figure S2). The FOCI HIST NO-NEST
(Figure S2b) and FOCI HIST NEST (Figure S2c) ensemble
means feature a warm temperature bias in the upper 50 m
depth relative to ORA-S5 (Figure S2a). In comparison to
the FOCI HIST NO-NEST ensemble mean (Figure S2d),
the temperature bias in the FOCI HIST NEST (Figure S2e)
ensemble mean is smaller with temperature biases of 2.39°C
and 1.04°C in the upper 50 m and from 0° S to 27° S (green
boxes in Figures S2d, e), respectively. The FOCI HIST NO-
NEST and FOCI HIST NEST ensemble means exhibit a too
shallow (deep) mean thermocline in MJJ from about 5° S
to 27° S (0° to 5° S). Relative to ORA-S5, in FOCI HIST
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blue box. d Seasonal cycle of the standard deviation of the CABA-
averaged SSTa plotted as a function of the calendar month during
1981-2010 for ERAS5 (red), the FOCI HIST NEST (blue), FOCI
HIST NO NEST (orange) and the CMIP6 ensemble means (grey)

NEST and FOCI HIST NO-NEST the CABA-averaged mean
thermocline in MJJ is 30 m too shallow.

Next, the southeastern tropical Atlantic interannual SST
variability is examined by means of the standard deviation of
the SSTa for all calendar months over the period 1981-2010
for ERAS (Fig. 2a), FOCI HIST NO-NEST (Fig. 2b) and
FOCI HIST NEST (Fig. 2c). ERAS depicts high interannual
SST variability in the CABA (denoted by the blue box). Both
FOCT historical ensemble means depict too high interannual
SST variability, particularly south of 20° S, which could be
the result of the too shallow thermocline (Figure S2). In the
CABA, the interannual SST variability is better captured by
the FOCI HIST NEST ensemble than the FOCI HIST NO-
NEST ensemble.

State-of-the-art coupled models underestimate and
misrepresent the seasonality of the interannual SST vari-
ability in the southeastern tropical (Richter and Tokinaga
2020). Figure 2d shows that in ERAS, the peak variabil-
ity in the CABA occurs in April whereas the CMIP6 and
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FOCI ensembles fail to simulate a realistic seasonality of
the CABA-averaged interannual SST variability. A lag of
two to three months in the peak of the CABA-averaged SST
variability is common in the coupled models (Richter and
Tokinaga 2020). In the FOCI HIST NEST (FOCI HIST NO-
NEST) ensemble mean, the peak of the interannual SST
variability in the CABA is in June (August) (Fig. 2d). Thus,
the enhanced oceanic horizontal resolution has significantly
improved the seasonality of the interannual SST variability
in the southeastern tropical Atlantic, with the FOCI HIST
NEST ensemble mean representing a major advance upon
the CMIP6 ensemble in the CABA (Fig. 2d).

The FOCT historical ensemble means of the upper 200 m
temperature variability, defined as the standard deviation of
the monthly mean temperature anomalies, along the South-
west African coast are compared to ORA-S5 over the period
1981-2010 (Figure S3). Relative to ORA-S5 (Figure S3a), in
FOCI HIST NO-NEST (Figure S3b) and FOCI HIST NEST
(Figure S3c) the temperature variability is overestimated by
0.31 °C and 0.12 °C, respectively, (underestimated by 0.10
°C and 0.03 °C, respectively) from 25 to 70 m depth (in the
upper 15 m) and from 0° to 15° S (Figures S3d, e). South
of 15° S the upper 50 m depth temperature variability is
overestimated by 0.2 °C for both FOCT historical ensemble
means. This overestimation is likely due to the too shallow
thermocline. The FOCI HIST NEST ensemble better rep-
resents the temperature variability in the upper 50 m depth
along the Southwest African coast from 0° S to 15° S than
the FOCI HIST NO-NEST ensemble. The nested version
is therefore used in the following to study future changes
in the variability, keeping in mind that the results might be
impacted by the remaining biases.

3 SST variability changes

In response to the rising atmospheric GHG concentra-
tions, the tropical Atlantic Ocean in the FOCI PROJ NEST
ensemble exhibits a basin-wide SST warming that is strong-
est in the CABA (Fig. 3). Relative to 1981-2010 (Fig. 3a),
the CABA-averaged annual mean (MJJ) SST is projected
to increase by 3.09 °C (2.54 °C) by 2070-2099 (Fig. 3c,
d). We note that the SST seasonal cycle over the period
1981-2010 in the CABA is in phase with that derived
from ERAS, but with too warm SSTs throughout the year
(Fig. 3d). In addition to the strong surface warming, there is
a shift of the annual minimum CABA SST from August dur-
ing 1981-2010 to July in 2070-2099, which may also have
implications for the variability of local marine ecosystems.

We now investigate how the interannual variability in
MJJ, the peak-variability season in the FOCI, is changing
under the warmer background mean state. The interannual
SST variability in MJJ experiences a clear reduction from

1981-2010 (Fig. 4a) to 2070-2099 (Fig. 4b). The differ-
ence between the two periods exhibits the largest decline in
the SSTa standard deviation of about 0.25 °C in the CABA
(Figs. 4c, d). When considering all calendar months, the
standard deviation of the CABA-averaged SSTa amounts to
0.80 % 0.03 °C during 1981-2010 and 0.66 + 0.02 °C during
2070-2099, corresponding to a reduction of 17.5%. In MJJ,
the standard deviation of the CABA-averaged SSTa amounts
to 0.98 + 0.08 °C during 1981-2010 and 0.79 + 0.03 °C in
2070-2099, corresponding to a reduction of 19.4%. We note
that the phase of the interannual SST variability in CABA
is not changing from 1981-2010 to 2070-2099 (Fig. 4d).
Changes in interannual temperature variability are not
restricted to the surface (Fig. 5). The MJJ interannual tem-
perature variability is projected to change in the upper 200 m
along the Southwest African coast. During 1981-2010,
strong interannual variability (o> 1.2°C) is simulated near
the mean thermocline, reaching the mixed layer and surface
along the Southwest African coast between 10° S and 20° S
(Fig. 5a). During 2070-2099 (Fig. 5b) and along the South-
west African coast, the interannual variability is weakened
(6<0.15°C) in the upper 35 m but increased (¢ >0.15°C)
between 35 and 55 m in the latitude range 0°-15° S (Fig. 5c).

4 Mechanisms reducing the SST variability

In this section, we explore the mechanisms behind the weak-
ening interannual SST variability off Angola and Namibia.

4.1 Role of remote and local atmospheric processes

In order to assess the role of remote and local wind stress
variations for the interannual SST variability in the south-
eastern tropical Atlantic, we consider the regression of
tropical Atlantic wind stress anomalies on CABA-averaged
SSTa (Fig. 6). Relative to 1981-2010, the link between
western/central equatorial zonal wind stress in April-May-
June (AMJ) and Southwest African coastal SSTs in MJJ is
slightly less important during 2070-2099 (Fig. 6a, b). We
introduced one-month lag between the zonal wind stress
anomalies and the CABA SSTa to consider the propagation
time of the EKWs and subsequent CTWs. The reduction in
the AMJ zonal wind stress sensitivity to CABA-averaged
SSTs in MJJ is observed mainly south of the equator (~5°
S). Further, there is a slightly strengthened in-phase link
between CABA-averaged SSTa and (1) the near-coastal
meridional wind stress anomalies (Fig. 6¢, d) and (2) near-
costal wind-stress curl anomalies (Fig. 6e, ). We note that
the variance explained by the CABA SST variations is small
in the meridional wind stress (R><0.2). This suggests a
somewhat stronger role of the local wind stress fluctuations
in driving interannual SST variability in the CABA through
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Fig.3 Scenario-forced SST response in the FOCI model. a FOCI
HIST NEST ensemble-mean annual mean (MJJ) SST during 1981-
2010 in color (contours). b Same as a but for the FOCI PROJ NEST
ensemble mean and the period 2070-2099 with blue contours for the
MIJJ mean. ¢ Difference b minus a for all calendar month (MJJ) in
color (black contours). d CABA-averaged SST climatology plotted as

upwelling and/or surface heat fluxes anomalies, while the
role of the zonal equatorial wind stress is almost unchanged
or slightly reduced.

4.2 Role of the meridional advection

Anomalous advection along the Southwest African coast
by ocean currents can also contribute to the development
of Benguela Nifios (Bachelery et al. 2016b; Rouault 2012).
For example, during the 2001 Benguela Nifio (Rouault et al.
2007) and the 2016 warm event (Liibbecke et al. 2019) the
meridional advection played an important role. To assess the
role of the meridional advection, we consider the regression
of the tropical Atlantic Ocean current anomalies in the upper
50 m on the CABA-averaged SSTa in MJJ (Fig. 7).

During 1981-2010 (Fig. 7a), we observe a strengthening
of the South Equatorial undercurrent (SEUC) at 5° S and
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a function of the calendar month for ERAS for the period 1981-2010
(red line), FOCI HIST NEST for the period 1981-2010 (black line)
and FOCI PROJ NEST for the period 2070-2099 (blue line). Shad-
ings represent the FOCI ensemble spreads defined as + 1 standard
deviation of each ensemble

from 5° W to 10° E and of the southward flowing Angola
current (AC) along the Angolan coast during a warm event
in the CABA in MJJ. This indicates an enhancement of the
meridional advection of warm tropical waters towards the
CABA during a warm event. Relative to 1981-2010, during
2070-2099 (Fig. 7b) we observe a similar pattern however
with a stronger signal of the SEUC and of the AC along the
Southwest African coast (Fig. 7c). This highlights a future
more important role of the meridional advection in driving
interannual SST variability in MJJ in the CABA.

4.3 Role of the thermocline feedback

Surface—subsurface coupling plays an important role in
driving interannual SST variability in the CABA (Imbol
Koungue et al. 2017; Bachelery et al. 2020). To examine the
coupling between SSTa and thermocline-depth variations,
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Fig.4 Scenario-forced response in the FOCI model. a FOCI HIST
NEST ensemble-mean standard deviation of the MJJ-averaged SSTa
during 1981-2010. The blue box indicates the CABA region. b Same
as (a) but for the FOCI PROJ NEST ensemble mean and the period
2070-2099. ¢ Difference of the ensemble-mean standard deviation of
the MJJ-averaged SSTa, 2070-2099 (b) minus 1981-2010 (a). Black
dots indicate that the difference between the two periods is significant

termed thermocline feedback, we pointwise regressed
the MJJ SSTa on the MJJ SSHa (Fig. 8). The latter serve
here as a proxy for thermocline-depth variations. Dur-
ing 1981-2010, large regression coefficients are observed
along the Southwest African coast from 10° S to 25° S with
explained variances exceeding 0.6 (Fig. 8a). We observe a
similar pattern during 2070-2099 but with smaller regres-
sion coefficients and explained variances (Fig. 8b). The
smaller regression coefficients illustrate a weaker SST sen-
sitivity to thermocline perturbations in MJJ (Fig. 8c). In the
CABA, the thermocline feedback estimated in this manner
has reduced by 24.9%, from 35.02 + 3.91 °C-m™' during
1981-2010 to 26.28 + 2.60 °C-m™" during 2070-2099.

We next examine the regressions of the upper 200 m
temperature anomalies upon the SSHa along the South-
west African coast in MJJ (Fig. 9). The SSHa are used

at the 95% level of a two-tailed Student’s t-test. d Standard devia-
tion of the CABA-averaged SSTa plotted as a function of the calen-
dar month for the FOCI ensemble means for the periods 1981-2010
(black line) and 2070-2099 (blue line). The red line is the standard
deviation of the CABA-averaged ERAS SSTa. The black and blue
shadings represent the FOCI ensemble spread defined as + 1 standard
deviation of each ensemble

here again as a proxy for the thermocline-depth varia-
tions and the depth of the maximum vertical temperature
gradient for the mean thermocline depth (Sect. 2.2.3).
During 1981-2010, the co-variability between tempera-
ture and SSHa (Fig. 9a) is strong within about + 20 m
of the mean thermocline (black bold line). Along the
Southwest African coast, large regression coefficients
are found at the base of the mixed layer in the region 0°
S-17° S and towards the surface in the region 17° S-23° S.
During 2070-2099 (Fig. 9b), the temperature sensitivity
to thermocline-depth variations has weakened between
the thermocline and the base of the mixed layer along
the Southwest African coast (Fig. 9c).This suggests a
reduction of the effectiveness of the thermocline feed-
back during 2070-2999 relative to 1981-2010. The tem-
perature sensitivity to thermocline-depth variations has
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Fig.5 Changes in interannual
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increased during 2070-2099 between 35 and 50 m depth
and from 0° to 7° S (Fig. 9¢). Furthermore, the increased
(decreased) temperature sensitivity to thermocline vari-
ations is co-located with the increased (decreased) inter-
annual temperature variability (Fig. 9c; thin black con-
tours). Bachelery et al. (2020), using model experiments,
showed that equatorially forced CTWs explains up to 70%
of the 0-200 m integrated temperature fluctuations in
the ABA, highlighting the importance of thermocline-
depth variations in driving temperature variability along
the Southwest African coast. Our analysis suggests that
the reduction of the interannual upper-ocean tempera-
ture variability along the Southwest African coast dur-
ing 2070-2099 relative to 1981-2010 is mainly driven
dynamically by the reduced SST/upper-ocean temperature
sensitivity to thermocline-depth variations.
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5 Influence of mean-state changes

To obtain more insight into reasons behind the changes in
the thermocline feedback, we next examine the mean-state
changes in MJJ along the Southwest African coast. Fig-
ure 10a, b depict the warming pattern in the upper 200 m
during 2070-2099 relative to 1981-2010. The mean states
in the upper 200 m for 1981-2010 and 2070-2099 are
given in Figures S4 and S5, respectively. Largest warming
in excess of 2.5°C occurs in the upper 50 m between 0°
S and 15° S along the Southwest African coast, thereby
decreasing (increasing) the magnitude of the vertical
temperature gradient (dT/dz) near the surface (below the
mixed layer depth; Fig. 10c, d). The changes in dT/dz
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match the changes in the thermocline feedback (Fig. 9c)

and temperature variability (Fig. 5c).

Along the Southwest African coast, the ocean in the upper
25 m is becoming fresher in MJJ (Fig. 10e, f). The surface

0.0 12

(10—8 N.m—3.=c—1)

freshening likely results from the increased precipitation
over the eastern tropical Atlantic during 2070-2099 relative
to 1981-2010 (Fig. 11). In addition, the FOCI PROJ NEST
ensemble mean depicts a decrease of the easterlies over the
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Fig.7 Ensemble-mean upper 50 m current anomalies regression to
CABA-averaged SSTa in M1J for a FOCI HIST NEST during 1981-
2010 and b FOCI HIST PROJ during 2070-2099. The shading is
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Fig.8 Pointwise ensemble-mean regression coefficients of the SSTa
on the SSHa in MJJ during a 1981-2010, b 2070-2099, and c their
differences. Black contours in a and b indicate where the explained

equatorial Atlantic (Fig. 11c). These results are consistent with
Park and Latif (2020), who used the Kiel Climate Model, a
predecessor of the FOCI system, with a coarse-resolution
ocean model (2°%0.5° in the equatorial oceans) coupled to
ECHAMS at two different resolutions (T42L.31 and T255L.62).
The temperature changes (Fig. 10a, b) act to increase the
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variance (R?) is 0.4, 0.6 and 0.8. Black dots indicate that the ensem-
ble-mean change is statistically significant at the 95% level according
to a two-tailed Student’s t-test

stratification (Fig. 10g, h) through an increase of the thermal
stratification (N2, Figure S6) at and below the thermocline
along the Southwest African coast between 0° and 10° S. This
tends to increase the interannual temperature variability there
(Fig. 5¢). Yang et al. (2022) showed that the CMIP6 models
that projected an increase of the vertical temperature gradient
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at the thermocline level in the eastern equatorial Atlantic had
their SST sensitivity to SSH variations reduced (their Fig. 3b).
Their findings are consistent with what we observe in the
FOCI along the Southwest African coast (Fig. 8). The salinity
changes (Fig. 10e, f) further act to increase the near-surface
stratification (Fig. 10g, h), which is seen in the salinity stratifi-
cation (Ng) near the surface along the Southwest African coast
from 0° S and 17° S (Figure S7). The increase in near-surface
stratification favors a weaker thermocline feedback and thus
reduced SST variability in the CABA, as a subsurface tem-
perature anomaly would be communicated to the surface less
efficiently.

~10 -15 =20 -25
Latitude (°)

Change in thermocline feedback in MJJ (°C:m

6 Summary and discussion

In this study, we compare two ensembles of simulations
performed with the global climate model FOCI, which
employs a high-resolution nest in its oceanic component, to
investigate potential future changes in southeastern tropical
Atlantic interannual SST variability. One ensemble consists
of a set of historical simulations, the other of a set of global
warming simulations forced by the SSP5-8.5 scenario.

We find that relative to 1981-2010, the CABA-averaged
interannual SST variability in MJJ weakens by 19.4%,
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Fig. 10 Upper-ocean mean-state
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from 0.98 + 0.08 °C during 1981-2010, to 0.79 + 0.03
°C in 2070-2099. Further, the interannual temperature
variability reduces in the upper 35 m along the Southwest
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African coast between 0° and 20° S while the variability
increases between 35 and 50 m depth (Fig. 5).

Benguela Nifios and Nifias are known to affect the climate
of the surrounding continents, for instance the precipitation
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Fig. 12 Precipitation sensitivity to southeastern tropical Atlantic
SST variability. a Linear regression of the detrended GPCP precipi-
tation anomalies upon CABA-averaged detrended ERAS SSTa over
the period 1981-2010. b Same as a, but for the FOCI HIST NEST
ensemble mean. ¢ Same as b but for the FOCI PROJ NEST ensemble

(Hirst and Hastenrath 1983; Rouault et al. 2003).The pre-
cipitation regressions upon the CABA-averaged SSTa, which
are influenced by Benguela Nifios and Nifias, are shown for
the reanalysis datasets and FOCI ensemble means in Fig. 12.
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contours in (a-c) represent the explained variance. Black dots indicate
that the ensemble-mean change is statistically significant at the 95%
level

Over the period 1981-2010, the reanalysis datasets depict
positive regressions over the equatorial Atlantic from 40°
W to 15° E (Fig. 12a). The FOCI HIST NEST ensemble
mean also depicts positive regressions over the equatorial
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Atlantic (Fig. 12b). However, less variance is explained
(black contours) and the regressions are mainly restricted to
the eastern equatorial Atlantic (20°W-10°E). The precipi-
tation sensitivity to CABA-averaged SSTa in FOCI PROJ
NEST increases near the Angolan and Namibian coasts and
decreases in the eastern equatorial Atlantic in 2070-2099
relative to 1981-2020 (Fig. 12c, d), but the regressions
explain less variance in the CABA.

Both remote equatorial and local atmospheric forcing
drive the interannual SST variability in the CABA (Liib-
becke et al. 2010; Richter et al. 2010). The link between
the western/central equatorial Atlantic zonal wind stress and
CABA SSTs has slightly weakened in 2070-2099 relative to
1981-2010. On the other hand, the impact of the local along-
shore wind stress on CABA SSTs has slightly increased.
The influence of the meridional advection is also found to
increase during 2070-2099 relative to 1981-2010. Thus,
the local atmospheric wind-stress forcing and meridional
advection become more important drivers of the interan-
nual SST variability in the CABA under strongly increased
GHG concentrations. These results suggest a continuation
of the trend towards more locally forced Benguela Nifio and
Nifia events that was described for the period 2000-2017 by
Prigent et al. (2020a).

Regarding the local thermodynamic processes over the
CABA, the net heat-flux damping as well as the cloud cover-
SST feedback explain only little variance and do not exhibit
large changes in the FOCI ensembles (not shown). Thus,
it is unlikely that they have significantly contributed to the
weakened interannual SST variability in the model.

The reduced interannual SST/upper-ocean temperature
variability off the coasts of Angola and Namibia during
2070-2099 relative to 1981-2010 goes along with a reduced

SST/upper-ocean temperature sensitivity to thermocline-
depth variations, i.e. a weaker thermocline feedback (Figs. 8,
9). The CABA experiences the strongest GHG-forced SST
warming over the tropical Atlantic Ocean. Moreover, the
subsurface temperatures in the upper 50 m from 0° S to 15°
S also exhibit a substantial warming leading to a modified
vertical temperature gradient (Fig. 10), which matches the
changes in thermocline feedback (Fig. 9) and temperature
variability (Fig. 5). In addition, the upper 25 m over the
eastern equatorial Atlantic and Southwest African coast
exhibit a strong freshening (Fig. 10) that likely is the result
of enhanced precipitation (Fig. 11), which leads to an
increase of the near-surface stratification. The increase of
the near-surface stratification due to surface warming and
freshening supports weaker surface/subsurface coupling or
thermocline feedback. Further, the temperature changes at
the thermocline level could also reduce the SST sensitivity
to thermocline variations as shown by Yang et al. (2022) for
the eastern equatorial Atlantic. Yet, more investigations are
needed to determine the effect of vertical temperature gra-
dient changes on the SST variability in the tropical oceans.
For the tropical Pacific, Xiang et al. (2012) have suggested
that a weak upper-ocean stratification decreases the ther-
mocline-subsurface temperature feedback thereby decreas-
ing El Nifio/Southern Oscillation variability. Koyama et al.
(2018) have related high thermal stratification to weaker
ENSO amplitude which is consistent with the findings for
the tropical Atlantic.

The 31-year running mean of the CABA-averaged SST
in MJJ shows a warming trend throughout the twenty-first
century (Fig. 13), while the corresponding 31-year running
standard deviation of the SSTa (Fig. 13) display a downward
trend. Over the 90-year period 1980-2069, the linear trend
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Fig. 13 CABA-averaged SST and SST variability in MJJ in the FOCI.
31-year running mean SST (red dashed line) and 31-year running
standard deviation of the SSTa (blue line) for the CABA region. The
shadings represent the ensemble spread defined as + 1 standard devia-
tion of the ensemble at each timestep. The SSTa are computed using
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in the interannual SST variability in MJJ amounts to — 0.022
°C/decade in the CABA region (Fig. 13). However, the lin-
ear trend is superimposed by a pronounced multidecadal
variability, as shown by selected 30-year trends (Fig. 13).
Consistent with this, a marked decadal-to-multidecadal vari-
ability has been documented in the observational record.
For example, after a decadal decline of the interannual SST
variability over the tropical Atlantic Ocean a resurgence of
variability was observed with the 2020 and 2021 Atlantic
Nifios (Richter et al. 2022; Li et al. 2023) and 2019 Benguela
Nifio event (Imbol Koungue et al. 2021).

In order to evaluate the significance of the GHG-forced
trends, we use the internal variability estimated from the pre-
industrial control runs of the FOCI model and of the CMIP6
models. We note that the control run of FOCI was conducted
with a model version without the high-resolution nest in the
tropical and South Atlantic. Distributions of 90-year and
30-year trends in CABA-averaged MJJ-SST variability were
computed from the FOCI (Fig. 14) and the CMIP6 control
runs (Figure S8). The trends derived from the FOCI PROJ
NEST ensemble are within the range of the trends simulated
in the preindustrial control runs, suggesting that the trends
in the externally forced simulations could be due to internal
variability. Further, we seperately compare the distributions
of 90-year and 30-year trends in MJJ-SST variability when
their 90-year and 30-year trends in MJJ-SST are positive or
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Fig. 14 Multidecadal CABA-averaged SST variability trend distribu-
tions in MJJ. a Distribution of 90-year CABA-averaged SST-variabil-
ity trends when the 90-year CABA-averaged SST trends are positive
(red) and negative (blue) calculated from the preindustrial control run
with the FOCI (without the nest). b Same as a but for 30-year trends.

= = -0.061 °C-decade™?*

negative to the corresponding MJJ-SST variability trends
(Fig. 14). This comparison indicates that in a warming
(cooling) MJJ-SST mean-state, the MJJ-SST variability is
weakened (enhanced) in the FOCI and CMIP6 preindustrial
control runs. Even though the long-term internal variabil-
ity is large, the interannual SST variability depends on the
mean state. Thus, it may be expected that the interannual
SST variability in the CABA region will decrease in a warm-
ing climate.

The high level of internal variability in the FOCI and
in the CMIP6 models suggests that observed multidecadal
trends of the interannual SST variability in the southeastern
tropical Atlantic cannot easily be linked to external forcing.
For example, the reduction of the observed interannual SST
variability in the ABA reported by Prigent et al. (2020a),
comparing the periods 1982—-1999 and 2000-2017, could
be still due to internal variability.

Finally, we note some caveats about the FOCI. Despite
reduced SST biases and improved representation of the sea-
sonality of the SST variability due to the high-resolution
nest in the ocean, severe mean-state and variability biases
remain. For example, there is still a cold temperature bias in
the western equatorial Atlantic (not shown) or a southward
bias in the location of the ABF in the southeastern tropical
Atlantic. This may be the result of a too coarse atmospheric
resolution leading to a poor representation of the near-coastal
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The vertical lines are the multidecadal trends from the FOCI ensem-
bles shown in Fig. 13. + 26 and + ¢ denote the two and one standard
deviations of the multidecadal trend distributions, respectively. Nor-
mal distributions are defined using the mean and standard deviation
of each distribution (black, red and blue curves)
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and equatorial surface winds (Richter 2015; Milinski et al.
2016; HarlaB et al. 2018). Nevertheless, the SST bias in the
nested version of FOCI is smaller than the averaged bias of
the CMIP6 models analyzed here. This, however, does not
imply that the real world will respond in the same way as
suggested by the FOCI. A better understanding of the pro-
cesses in the southeastern tropical Atlantic, which determine
the mean state, seasonal cycle and interannual variability of
the SST and upper-ocean temperature is required to further
reduce model biases and in turn uncertainty regarding the
externally forced climate response over the region.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00382-023-07007-y.
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