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Abstract. The southeastern tropical Atlantic (SETA) coastal
region sustains highly productive fisheries and marine
ecosystems, thus having immeasurable socio-economic im-
portance for southwestern African coastal countries. It is
characterized by high sea surface temperature (SST) variabil-
ity and significant freshwater input from land mainly due to
Congo River discharge. In this study, using high-resolution
ocean model sensitivity experiments, we show that the pres-
ence of low-salinity waters from the river discharge increases
the mean state SST in the SETA coastal fringe by about
0.26 °C on average and by up to 0.9 °C from south of the
Congo River to the Angola—Benguela Front (ABF). North
of the Congo River up to about 4° S, this input significantly
reduces the mean state SST by more than 1 °C. We demon-
strate that the impact of river discharge on SST is associated
with a halosteric effect, which modifies the sea surface height
gradient and alters geostrophic currents, producing a south-
ward coastal geostrophic flow, with an onshore geostrophic
component to the south of the Congo River. Hence, advec-
tive warming and downwelling are generated south of the
river mouth. Furthermore, the southward advection gener-
ated by the low-salinity waters pushes the ABF further south.
Concomitantly north of the Congo’s mouth, the sea surface
height gradient generates a northward geostrophic coastal
current with an offshore geostrophic component, which is
associated with advective cooling and upwelling north of
6° S. These results draw attention to the freshwater impact on
SSTs and ocean surface dynamics, especially in the projected
climate change scenario of continuously increasing land-to-
ocean discharge.

1 Introduction

The southeastern tropical Atlantic (SETA; Fig. 1) is an east-
ern boundary upwelling region that features high biological
productivity encompassing the tropical Angolan and north-
ern and southern Benguela upwelling systems (Jarre et al.,
2015). This area sustains productive marine ecosystems and
fisheries, with high socio-economic and food security im-
portance for southwestern African coastal countries (FAO,
2022; Kirkman et al., 2016; Sowman and Cardoso, 2010).
Within the SETA, the thermal Angola—Benguela Front (ABF,
Fig. 1a), which is characterized by the convergence of trop-
ical warm waters from the north and cool subtropical wa-
ters from the south, is located at around 17-18° S, where the
southward Angola Current (AC) encounters the northward
Benguela Coastal Current (BCC) (Koseki et al., 2019). Due
to the strong meridional sea surface temperature (SST) gradi-
ent in the ABF, its migration to the north and south is decisive
for SST changes off Angola and plays a major role in deter-
mining seasonal and interannual SST variability in the region
(Lubbecke et al., 2010).

The source of riverine freshwater input in the SETA in-
volves the outflow of three southwestern African coastal
rivers (Fig. 1): the Congo River, with its mouth at 6.0°S,
12.4° E; the Cuanza River at 9.3° S, 13.2° E; and the Kunene
River at 17.3°S, 11.8° E. The major input comes by far from
the Congo River, which is the second-largest river system in
the world and has a mean flow rate of about 40000 m> s~!
(Dai and Trenberth, 2002; Campbell, 2005). The Congo
River discharge (CRD) peaks during November—January, has
a secondary maximum in April-May and minima during
March and August (Fig. S1 in the Supplement). The dis-
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charge seasonality is governed by the precipitation over the
Congo River basin, which is mainly related to the movement
of the Intertropical Convergence Zone (ITCZ) (Sori et al.,
2017; Munzimi et al., 2019). The CRD is the greatest con-
tributor to the sea surface salinity (SSS) mean state and vari-
ability in the eastern tropical Atlantic (Martins and Stammer,
2022; Chao et al., 2015; Denamiel et al., 2013; Hopkins et
al., 2013; Materia et al., 2012). Recently, both the CRD and
the SSS in the area were linked to the occurrence of the In-
dian Ocean Dipole (IOD), with positive IOD events leading
to increased moisture convergence over the Congo Basin and
subsequently enhanced CRD (Jarugula and McPhaden, 2023;
McPhaden et al., 2024). The Congo River plume and the low
SSS signal spread usually westward, driven mainly by zonal
advection (Houndegnonto et al., 2021; Martins and Stammer,
2022). From February to April, however, the plume reaches
its seasonal southernmost extension up to 12°S, controlled
by the meridional advection of the Angola Current (Kopte
et al., 2017; Awo et al., 2022; Martins and Stammer, 2022).
In some specific years, the low SSS signal can reach as far
south as 18° S (Aroucha et al., 2024; McPhaden et al., 2024,
Gammelsrgd et al., 1998).

River-related low SSS has been associated with increased
SST in the eastern tropical Atlantic. Materia et al. (2012)
used observations to correlate freshwater discharge and SST
increase in the Gulf of Guinea via mixed layer shoaling,
while Martins and Stammer (2022) showed that the low-
SSS waters associated with CRD strongly increase stratifica-
tion in the region. Moreover, it has been recently shown that
freshwater input also contributes to boosting strong anoma-
lously warm coastal events off the Angola coast, the so-
called Benguela Nifios (Shannon et al., 1986; Florenchie et
al., 2004), via reduced turbulent heat loss due to increased
stratification (Liibbecke et al., 2019; Aroucha et al., 2024).
The intensification of these extreme coastal events through
the CRD is also linked to the occurrence of IOD events
(McPhaden et al., 2024). One of the main conditions for
the low SSS influence on these events is that the freshwater
plume from the CRD is advected to the Angolan—Namibian
coasts, much further south than climatologically expected
(Awo et al., 2022). These studies are based on the mecha-
nism of the low-salinity shoaling in the mixed layer, which
generates barrier layers between the density-stratified mixed
layer and the temperature-stratified isothermal layer. The bar-
rier layer presence weakens the vertical temperature gradient
between the fresh mixed layer and the waters below it, re-
ducing the impact of vertical mixing and turbulent heat loss,
which then contributes to increasing SSTs.

On the other hand, the modelling study by White and
Toumi (2014) did not find a substantial influence of the bar-
rier layer generation on increasing the SST mean state off
the Congo River mouth. Using different simulations with
and without the river presence, the authors showed that al-
though the CRD generates barrier layers up to 6 m thick, the
shoaling of the mixed layer is such that the penetration of
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the solar shortwave radiation is not trapped within this layer.
Hence, the cooling effect from the reduced shortwave ab-
sorption exceeds the warming impact of the reduced verti-
cal mixing (White and Toumi, 2014). However, their simula-
tions showed a significant coastal warming impact from the
CRD south of the river mouth (Fig. 5 in White and Toumi,
2014). At the same time, model simulations have shown
that freshwater input and variability can indeed increase the
mean state SST in other tropical regions. Zhang and Busalac-
chi (2009) pointed to the increase in positive SST anomalies
due to amplified freshwater fluxes in the Tropical Pacific,
while Topé et al. (2023) showed a similar effect in the Gulf
of Guinea due to the presence of the Niger River. It has been
demonstrated that the Niger River creates an additional on-
shore geostrophic flow in the Gulf of Guinea to the west of
the river mouth. However, changes in upwelling due to the
Niger presence were not significant since the river-induced
reduced mixed layer depth (MLD) compensated for this on-
shore flow intensification (Alory et al., 2021). Additionally,
recent climate projections have identified changes in the on-
shore geostrophic flow as a key factor controlling long-term
trends in eastern boundary upwelling systems (Jing et al.,
2023), highlighting the potential influence of the CRD on the
future dynamics of the SETA upwelling system.

Overall, it is clear that river plumes affect not only
the SST mean state but also its variability in tropical re-
gions. For the SETA, specifically, they can amplify extreme
warm events, impacting fisheries, marine ecosystems, and
the socio-economics of African countries. Hence, it is cru-
cial to better recognize the mechanisms by which freshwater
input influences SST changes. This comprehension becomes
even more important in view of future warming scenarios,
which show amplified river runoff around the world (Miiller
et al., 2024; Aloysius and Saiers, 2017). In the present study,
we aim to understand the impact of the freshwater input in
particular on the mean state SST, focusing on the SETA re-
gion. For this, we use three sensitive experiments from a
nested ocean general circulation model: a control experiment
with an interannual varying freshwater discharge from land
to ocean (CTRL), a sensitivity experiment with a climatolog-
ical freshwater runoff (CLIMA), and one with no runoff at all
(NORIV). More details are given in Sect. 2.

This paper is organized as follows: in Sect. 2 we present
the model configuration, the experiments, the datasets, and
the methods for upwelling indices, advection term, and bar-
rier layer calculation; in Sect. 3 we compare the model output
against observational datasets and describe the differences
between the experiments and the mechanisms responsible for
these differences; and in Sect. 4 we discuss our main findings
and present concluding remarks.
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2 Model, datasets, and methods
2.1 INALT20

In this study we used the INALT20 model configuration
(Schwarzkopf et al., 2019), which is based on the Nucleus for
European Modelling of the Ocean (NEMO) v3.6 ocean gen-
eral circulation model (Madec and the NEMO team, 2016). It
consists of a high-resolution (1/20°) nest covering the South
Atlantic and the West Indian oceans (63°S—-10°N, 70° W—
70°E; Fig. 2 in Schwarzkopf et al., 2019) embedded into
the coarser-resolution (1/4°) global host grid ORCAO025 via
a two-way nesting approach, allowing the host to provide
boundary conditions to the nest as well as receiving informa-
tion from the nest. INALT20 has a vertical grid consisting of
46 z levels, with 6 m resolution near the surface and 14 levels
in the upper 200 m. Although the uppermost level represents
a 6 m thick layer with horizontal velocities, temperature, and
salinity defined at its centre (~ 3 m depth), we consider those
surface values. More details on INALT20 can be found in
Schwarzkopf et al. (2019). The model is forced at the sur-
face with momentum, heat, and freshwater fluxes from the
atmospheric product JRAS55-do (Tsujino et al., 2018). It has
been recently shown that the use of JRAS55-do as the forcing
product performs better in the Benguela upwelling region in
comparison to other datasets (Small et al., 2024).

2.1.1 Model experiments

The study is based on three simulations that only differ in
their prescribed river runoff. In the reference (control) simu-
lation (CTRL) an interannually varying daily runoff forcing
from JRA55-do (Tsujino et al., 2018) is applied. This simula-
tion has been previously used and described also by Schmidt
et al. (2021), Biastoch et al. (2021) (therein referred to as
INALT20-JRA-long), and Riihs et al. (2022) (SIMjra). The
sensitivity experiment CLIMA is forced with a monthly cli-
matology of the years 2000 to 2019 built from the JRA55-
do runoff. In the second sensitivity experiment (NORIV), no
runoff forcing was applied. For CLIMA and CTRL, vertical
mixing is enhanced where runoff enters the ocean. The hind-
cast simulation from 1958 to 2019 (CTRL) is preceded by a
30-year-long spin-up integration initialized with temperature
and salinity data from the World Ocean Atlas (WOA) (Huang
etal., 2021; Levitus et al., 1998). CLIMA and NORIV branch
off from CTRL in 2000, spanning from the period from
2000-2018. We analyse 5 d averaged output data, except for
sea surface height (SSH) and freshwater runoff, for which
daily outputs are used. Modelled SSH fields are detrended by
removing the global average at each location and time slice.

2.2 Observational and reanalysis datasets

To assess the model performance in representing the mean
state and variability of key variables, we compared CTRL
outputs against a variety of datasets ranging from satellite
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and reanalysis products to in situ measurements. The datasets
are described below. We used monthly averages of all these
products for the time period from 2000-2018 to have a con-
sistent comparison with the corresponding model output. Ex-
ceptions are mentioned below. Finally, all gridded datasets
were interpolated onto the INALT20 1/20° spatial grid. In-
terannual variability is calculated as the monthly standard de-
viation of the variable anomalies.

A blend of satellite and in situ measurements of SST was
obtained from the high-resolution National Oceanic and At-
mospheric Administration (NOAA) Optimum Interpolation
SST (OISST) (Huang et al., 2021; Reynolds et al., 2007).
The data have 1/4° spatial resolution and is available from
1981 to the present day at the National Centers for Environ-
mental Information.

For salinity, we took SSS v03.21 measurements from
the European Space Agency Sea Surface Salinity Climate
Change Initiative (ESA CCI) (Boutin et al., 2021). It con-
sists of composites of bias-corrected SSS from the satellite
missions Soil Moisture and Ocean Salinity (SMOS; 2010-
2019), NASA Aquarius (2012-2015), and Soil Moisture Ac-
tive Passive (SMAP; 2015—present), with the data available
from 2010 to 2018.

SST and SSS as well as zonal and meridional ocean ve-
locities were obtained also from the GLORYS12 reanalysis
product (Lellouche et al., 2021). It is based on the NEMO
with atmospheric forcing by ERA-Interim and ERAS with
assimilated in situ profiles of temperature and salinity from
the CORAv4.1 database. It has a 1/12° horizontal resolution
and 50 vertical levels and covers the period from 1993 to the
present. The product is distributed by the EU Copernicus Ma-
rine Service (CMEMS). Although GLORYS12 is forced by
climatological river runoff, it has shown good performance in
the SETA region in reproducing the temperature and salin-
ity mean state and variability at both the surface and depth
(Aroucha et al., 2024).

To validate the freshwater input data from the model, we
use CRD data at Kinshasa—Brazzaville station, Republic of
Congo, from the ORE-HYBAM observatory. Daily values
are available from 1947 to 2023.

Finally, we used current velocity measurements from 45 to
500 m depth from a moored acoustic Doppler current profiler
(ADCP) off Angola at 10°50’ S, 13°E, 77 km away from the
coast (Kopte et al., 2017). The data are available from 2014
to 2021. Alongshore and cross-shore velocities were de-
rived by rotating 34° anticlockwise from the north. To com-
plement the mooring measurements at the surface, we ob-
tained monthly total current velocities from the GlobCurrent
dataset (Rio et al., 2014), which consists of zonal and merid-
ional velocities at the surface and 15 m depth from combined
CMEMS satellite geostrophic currents and modelled Ekman
currents. This dataset is available at 0.25° resolution from
1993-2022 and is also distributed by the CMEMS.
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2.3 Mixed layer depth, isothermal layer depth, and
barrier layer thickness definitions

The isothermal layer depth (ILD) is here defined by a 0.2 °C
threshold referenced to the temperature value at 3 m depth
(first vertical level of the model), T3 ,, while the mixed layer
depth (MLD) is the depth at which the potential density (op)
referenced to its value at 3 m depth (03,) is increased by an
amount equivalent to a 0.2 °C temperature change at the local
salinity (Aoy) as follows:

ILD = depth where [T = T3, — 0.2°C], €))]
MLD = depth where [0) = 03m + Aoy], (2)
Aog = 00 (T3m —0.2°C, S3m, Po) — 00 (T3m, S3m» Po),  (3)

where S3, and Py are salinity and pressure at 3m depth
and the ocean surface, respectively. The barrier layer thick-
ness (BLT) is the difference between the ILD and MLD:
BLT=ILD—MLD. These fields were calculated based on 5d
averaged temperature and salinity vertical profiles, and these
definitions, which ensure that salinity changes at the surface
are particularly considered for shoaling the mixed layer and
generating barrier layers, have been extensively used during
the last few years (e.g. Aroucha et al., 2024; Gévaudan et
al., 2021; Saha et al., 2021). In addition, the squared Brunt—
Viisild frequency (N?) fields were obtained by averaging
from surface to 50 m depth the N2 at each depth level calcu-
lated from the monthly temperature and salinity vertical pro-
files since the MLD in this region is usually shallower than
50 m (Korner et al., 2023; Aroucha et al., 2024).

2.4 Horizontal advection

To investigate whether SST differences between the simu-
lations stem from changes in surface dynamics and conse-
quently surface advection, we calculated the surface horizon-
tal advection as

Adv=—v x VT, 4

where v and VT are the 5 d averaged surface horizontal cur-
rent vector and temperature gradient, respectively. Advec-
tion was calculated individually for each experiment, where
v and VT were both taken from the same experiment (e.g.
Advermma = —venma - VTcniva). Values within 20 km off
the coast were neglected due to the large calculation errors
close to the coast.

2.5 Upwelling indices

Following Alory et al. (2021) and Marchesiello and
Estrade (2010), we define dynamical upwelling indices to
evaluate the freshwater input impact on the competing ef-
fects of geostrophic flow and Ekman transport on coastal
upwelling. The effect of convergence/divergence of the
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geostrophic flow at the coast on vertical velocities is de-
scribed by the geostrophic coastal upwelling index (GCUI):
—ug-MLD

2L,

GCUI = &)

where L, represents the cross-shore width where upwelling
occurs, here defined as 50 km (see Fig. 5), ug is the cross-
shore surface geostrophic current (defined below) averaged
within the L, and MLD is the mixed layer depth. Defining
L, as 50km fits to the width of the minimum cross-shore
temperature gradient in this area, which is located at the shelf
break (Korner et al., 2023) and is close to the Rossby radius
of deformation in the region (Chelton et al., 1998).

The Ekman coastal upwelling index (ECUI) is a function
of Ly, the alongshore wind stress, t,, averaged within L,;

the water density, p; and the Coriolis parameter, f, and is
defined as follows:

—T,
pfLu’

The ECUI represents the vertical velocities due to the conver-
gence/divergence of the Ekman transport at the coast. Pos-
itive (negative) values of both GCUI and ECUI represent
upward (downward) vertical velocities, indicating upwelling
(downwelling). The total upwelling is represented by the sum
of both indices.

The surface cross-shore (u#g) and alongshore (vg)
geostrophic currents were calculated from the sea surface
height (SSH) fields based on the following equations:

ECUI =

(6)

g 0SSH
vG = F Tox (N
dSSH
uG = —§ oy (®)

where g is the gravitational acceleration, here taken as
9.8ms~2, and f is the Coriolis parameter. Both the
geostrophic currents and the upwelling indices were cal-
culated based on 5d data averages and by considering the
alongshore wind stress, SSH, MLD, and p individually for
each model experiment.

3 Results
3.1 Model validation

Figure la shows the CTRL mean SST for 2000-2018 in
the SETA compared to the mean SST for the same period
for both OISST and GLORYS12. Overall, the SST spatial
mean state from CTRL compares well to the mean SST of
both products (Fig. 1a), although CTRL overestimates the
SST in almost the whole SETA (Fig. 1b and c). The high-
est and most considerable biases are within the ABF and the
coastal upwelling regions (i.e. from 15 to 30°S). In CTRL,
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the ABF is located too far south, creating a warm bias at 17—
18°S of around 2.5 and 2.0 °C compared to OISST (Fig. 1b)
and GLORYS12 (Fig. 1c), respectively. In the Benguela up-
welling region (~ 19-30°S), the coastal warm biases to both
products are of similar spatial pattern and magnitude.

In the coastal Angola—Benguela area (CABA; 10-20°S,
200km away from coast), CTRL depicts well the SST
anomalies as presented by the satellite and the reanalysis
product (Fig. 1d), although they are underestimated in spe-
cific years — especially during Benguela Nifio events (e.g.
2001 and 2011). In fact, the SST variability from CTRL is
lower within the whole SETA region (Fig. S4a—c) relative to
both products, mainly in the CABA and ABF regions. The
highest SST variability in the model simulation is restricted
to a thin coastal band, while the OISST and GLORYS12
highest variabilities are observed from 8°E to the coast
(Fig. S4a—c). Regarding the SST seasonality, CTRL nicely
agrees with both OISST and GLORYS12 products (Fig. 1e).
As previously mentioned, a warm bias is indeed present in
the CABA, being stronger when compared to the satellite
product than the reanalysis. It is noteworthy that for both
CABA SST interannual variability and seasonality, there is
no substantial difference between CTRL and CLIMA (blue
lines mostly overlap green lines in Fig. S2a-b). The rea-
sons for this are further discussed. However, in the seasonal
climatologies, a constant offset of ~ 0.3 °C is observed be-
tween the simulations with (CTRL and CLIMA) and without
(NORIV) freshwater input at the coastal Angola—Benguela
region (Fig. S2b), already indicating that this input could cre-
ate an SST mean state difference.

For the model validation with respect to SSS (Fig. 2), we
focus on two different regions: the previously cited CABA
region (where the highest SST variability is present in the
SETA, i.e. the region where Benguela Nifios occur) and the
Congo River mouth area (CRMA; solid black contour in
Fig. 2b, 2-10° S, 200 km away from coast), which represents
the area of major freshwater input to the SETA. Overall, the
SSS mean state from CTRL compares well against both ESA
CCI and GLORYS12 products with the lowest salinity values
present within the CRMA as a response to the CRD. How-
ever, there are SSS biases when comparing CTRL to both
products. North of 10°S and compared to ESA CCI, CTRL
slightly overestimates the offshore SSS up to ~5°S, while
close to the coast it presents salinity values more than 1.0
lower than observed with satellites (Fig. 2b). North of 5°S
CTRL presents a fresh bias in relation to ESA CCI, both at
the coast and offshore (Fig. 2b). The fresh bias at the coast of
CTRL compared to ESA CCI occurs from October to May in
particular (Fig. 2g). On the other hand, when comparing the
simulated SSS north of 10° S to the GLORYS12 product, the
model simulation shows mean coastal SSS values exceed-
ing those of the reanalysis product by more than 1.5, while
there is a fresh bias west of 12°E (Fig. 1c). At the coast,
CTRL presents higher SSS values than GLORYS12 mainly
from June to September (Fig. 2g). Besides the observed dif-
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ferences, the SSS seasonal cycles at the CRMA are similar
within the three products, with the lowest (highest) salinity
values coinciding with the season of highest (lowest) CRD —
i.e. austral summer (winter) (Fig. 2g).

Regarding the CABA region, both ESA CCI and GLO-
RYS12 present similar SSS mean values and spatial patterns.
When comparing these products to CTRL, we see a salty bias
ranging from 0.1 to 0.7 extending from 10°S further south
(Fig. 2b, ¢). It is an indication that the CRD freshwater in-
fluence on the SSS in CTRL is restricted to further north
than what is observed in satellite and reanalysis products.
The difference is even higher from September to Novem-
ber (Fig. 2e). As a consequence, the CTRL output presents
a higher (lower) SSS variability north (south) of 10°S in
comparison to both products (Fig. S4d—f). The CTRL SSS
variability is especially weaker in the CABA (Figs. 2d and
S4d-f) when compared to both reanalysis and satellite, which
could partly explain the same area of weaker CTRL SST vari-
ability in comparison to the standard deviations of OISST
and GLORYS SST’s (Fig. S4a—c) since SSS has been shown
to influence extreme warm events in the CABA (Liibbecke
et al., 2019; Aroucha et al., 2024). Finally, it is important to
highlight that CTRL and CLIMA, similarly to what was ob-
served for SST, show very similar SSS anomalies and sea-
sonal climatologies, especially in the CABA (Fig. S3a—d,
blue and green lines overlapping).

In terms of freshwater input, it is central to bear in mind
that the model freshwater input considers not just the fresh-
water from the Congo River, but all freshwater input from
land to the ocean given by JRAS55-do. To check how much
of this input can be attributed to the CRD, we averaged the
CTRL freshwater input for a coastal box at the Congo mouth
and compared it to the discharge at the Kinshasa—Brazzaville
station, which represents 98 % of the total CRD (Alsdorf et
al., 2016) (Fig. S1). In terms of magnitude, the seasonality of
both freshwater inputs is similar (Fig. S1e). The seasonal cli-
matology of the CTRL input compares well with the in situ
station from December to April in particular, while from June
to October it shows lower freshwater input into the ocean
(Fig. Sle). Although the seasonality is well represented by
CTRL, the interannual variability of the freshwater input is
not as highly correlated to the Kinshasa—Brazzaville station
(i.e.r =0.46; Fig. S1d). Similar discrepancies were observed
in the study by Chandanpurkar et al. (2022).

Furthermore, the alongshore and cross-shore current ve-
locities from CTRL were checked against the 11° S mooring
measurements taken in the CABA (Fig. S5). The mooring
velocities were complemented at the surface with data from
GlobCurrent (see Sect. 2.2). In general, the Angola Current
is underestimated by CTRL throughout the year, especially
from January to May (Angola Current core is located around
30-70m depth) (Fig. S5b, d). Further, the model presents a
much stronger northward surface coastal jet than what is ob-
served at the mooring position. Since advection plays a ma-
jor role in the SSS distribution in the region, it is likely that a
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Figure 1. Comparison of simulated SST against observations and reanalysis. (a) Mean SST from CTRL (shading), OISST (solid contours),
and GLORYS (dashed contours) averaged from 2000-2018. Contour interval is 1 °C. (b) Difference between CTRL and OISST mean SST.
The dashed black contour indicates the coastal Angola—Benguela area (CABA, 10-20° S, 200 km away from coast). (¢) Difference between
CTRL and GLORYS mean SSTs. (d) SST anomalies averaged for CABA shown for CTRL (in blue) and datasets (GLORYS in brown and
OISST in grey). (e) Same as (d) but for the monthly climatologies. Shading indicates monthly standard deviations.

stronger (weaker) than observed northward (southward) cur-
rent traps the low SSS further north in CTRL. This would ex-
plain the previously identified increased (reduced) SSS vari-
ability north (south) of 10° S (Fig. S4d—f). It would also mean
that the freshwater transport to south of 12°S is nearly ab-
sent in the model experiments. Still, at the surface, CTRL
seems to well represent the seasonality of the GlobCurrent
velocities at the mooring position, with a stronger southward
(northward) current from January to February (March to Au-
gust) and September to October (November to December)
(Fig. S5b, d).

Overall, we believe that CTRL represents the major as-
pects of the mean state and seasonality of the variables dis-
cussed here. Moreover, the initial analysis of NORIV already
points out the impact of freshwater input on both SST and
SSS. Still, it seems that in the simulations no significant dif-
ferences result from interannual vs. climatological land-to-
ocean discharges, indicating an insignificant impact of the
interannual freshwater input variability on the variables anal-
ysed here. In the following, we analyse the differences be-
tween the three experiments.

3.2 Impacts of freshwater input
3.2.1 Differences between the experiments

To understand whether the freshwater input into the ocean
impacts the SST near the southwestern African coast, we
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first look at the mean SST differences between the three ex-
periments (Fig. S6). The freshwater presence significantly
affects the SST mean state in the coastal SETA region re-
gardless of using an interannual (CTRL) or climatological
(CLIMA) runoff (Fig. S6a, b); similar SST differences be-
tween these two experiments with discharge and the one
without (NORIV) are observed in terms of not only the spa-
tial pattern but also the magnitude of those differences. At
the same time, no significant mean SST difference was ob-
served between CTRL and CLIMA experiments (Fig. S6c),
as also seen in Fig. S2a-b. Additionally, CTRL and CLIMA
did not significantly differ in the mean SSS fields (Fig. S6f).
Regarding SST variability, our experiments show no signif-
icant influence of freshwater input on monthly standard de-
viations of SST anomalies (Fig. S7). We thus conclude that
the presence of a land-to-ocean discharge alone generates the
observed SST differences, with no further impact of an inter-
annual varying discharge. Hence, in the following, we focus
on the effects of the climatological freshwater runoff pres-
ence on the SST mean state in the SETA.

Figure 3 depicts the mean state difference between
CLIMA and NORIV for SST, SSS, SSH, ocean currents,
and horizontal advection (Adv). The freshwater input signif-
icantly warms the southwestern Africa coastal fringe, south
of the Congo River mouth. By including the discharge, the
mean SST is increased by up to 0.9 °C near the coast at
about 13°S, and 0.26 °C on average in the CABA (Fig. 3a—
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d). With freshwater input, strong warming is also observed
at the Kunene River mouth (Fig. 3c). This pattern of posi-
tive SST differences is observed along the whole coast, from
the Congo River mouth at ~ 6° S extending to ~ 28° S. Con-
comitantly, freshwater discharge generates a significant cool-
ing north of the Congo River (i.e. change in SST of up to
—1.9°C at 6°5), with a maximum negative SST difference
from ~ 6 to ~4° S (Fig. 3a).

In order to understand this difference in SST, we inves-
tigate the dynamic effects of the river presence. A land-to-
ocean discharge significantly reduces the SSS in the whole
SETA up to ~ 15°S (Fig. 3e—g). The magnitude of freshen-
ing is stronger at the Congo’s mouth, where differences reach
—6 and decrease towards the south (note that colour scale
limits change from Fig. 3e—g). Although different rivers flow
into the Atlantic at the southwestern African coast, the dis-
charge rate from the Congo River is by far the largest and
completely dominates the SSS differences observed between
the model simulations. Still, a lower-magnitude SSS reduc-
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tion is also observed at the Kunene River mouth (Fig. 3g).
The mean low-SSS plume from the Congo River spreads to-
wards the west-northwest, consistent with the main direction
of the CRD dispersion shown in previous studies (Houndeg-
nonto et al., 2021; Awo et al., 2022; Martins and Stammer,
2022). From 17° S to the south, however, an overall increase
in SSS is noted when including the discharge in the exper-
iments. Even though the magnitude of the SSS increase is
only ~5 % of the SSS decrease further north, it is still sig-
nificant (Fig. 3g-h). An SSS decrease due to the freshwa-
ter presence is accompanied by a similar pattern of increas-
ing SSH (Fig. 3i-1). This inverse relation is a consequence
of the halosteric effect in the water volume, i.e. an expan-
sion (contraction) of a water volume via the density reduc-
tion (increase) owing to the lower (higher) salinities. The
SSH increase patterns in the SETA coincide with not only
the strong changes in SSS due to the CRD but also the re-
gions at the coast, where the model’s freshwater input into
the ocean takes place (Fig. S1). Differences in SSH reach
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up to 7 cm at the Congo’s mouth (i.e. ~ 6°S; Fig. 3i) and are
~ 10 times smaller at Kunene River mouth, although they are
still significant (Fig. 3k).

As a consequence of the changes in SSH, the freshwa-
ter input changes the dynamics of the coastal SETA. The
red (black) arrows depicted in Fig. 3i-l represent the dif-
ference between CLIMA and NORIV in the geostrophic
(total) currents. By including the land-to-ocean discharge,
a strong coastal southward jet is generated at the south-
western African coast south of 6°S. This current is mainly
geostrophic and follows the SSH gradients to ~ 17° S. South
of this latitude the ageostrophic component is stronger, but
geostrophy still seems to play a role in the southward cur-
rent (Fig. 31). In contrast, north of the Congo’s mouth we
observe a northwestward geostrophic current, also following
the northernmost extension of the high-SSH dome generated
by the low-SSS plume (Fig. 3i), flowing parallel to the coast-
line. Acting on the strong mean state meridional temperature
gradient present in the region (Fig. 1a), these shifts in the sur-
face coastal currents lead to changes in horizontal tempera-
ture advection. The differences in horizontal temperature ad-
vection (Fig. 3m—p) closely resemble those in SST (Fig. 3a-
d). Except for the coastal stripe from 6 to 11° S, freshwater-
induced horizontal advection appears to be responsible for
the increased coastal SST in CLIMA. The relative effects
of changes in surface currents and in the surface horizontal
temperature gradients present in the area (Fig. 1a) are inves-
tigated further in the next section.

Finally, by calculating the BLT and the squared Brunt—
Viisili frequency, N2, we also assess the freshwater input
impacts on the mean stratification and stability of the wa-
ter column. BLT and N? differences among the experiments
(Fig. S8) show extremely similar patterns to the ones ob-
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served in SSS (Fig. 3e-h), with a significant negative (pos-
itive) SSS difference implying a significant positive (nega-
tive) difference in both BLT and N averaged from surface to
50 m. It represents an increase in the water column stratifica-
tion and a generation of barrier layers at the Congo plume via
freshwater discharge in the SETA. Along with at the Congo
River plume, a similar response to the freshening is observed
at the Kunene River mouth, but with a smaller magnitude
(i.e. BLT larger than 8 m at 6° S and ~ 3 m at 17° S). Further,
the barrier layer induced by a freshwater input does not fully
correspond with the region of increased SST. It is expected
that a combination of stronger stratification with a weaker
vertical temperature gradient within the BLs could isolate
the surface from the deeper water column layers, reducing
the mixing and contributing to an SST increase. However,
it has been shown that this might not always be the case in
the SETA due to the counteracting effect of solar radiation
penetrating through the very shallow mixed layer (White and
Toumi, 2014). However, at the Kunene River mouth the pat-
tern of lower SSS and thick barrier layer seems to boost the
SST differences, creating an area of higher SST differences
at 17°S (Fig. 3c).

Overall, we find that including a freshwater discharge in
the experiments leads to significant changes in the dynamic
and thermodynamic mean state of the SETA. These effects
are characterized by the CRD freshwater input reducing the
SSS followed by a halosteric increase in SSH, thereby gener-
ating poleward coastal currents south of the river mouth and
equatorward coastal currents north of it, advecting warmer
waters to further south and cooler waters to the north of the
Congo’s mouth. Although the observed differences south of
the area of the major Congo influence (i.e. south of 13°S)
are small when compared to the river’s mouth region (i.e.
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~6°8), they are still significant. Albeit small, the change
in the 2000-2018 mean state indicates that the effects pre-
sented above are constantly and continuously present. In fact,
the isotherms’ outcropping latitudes are shifted towards the
south in CLIMA compared to NORIV (Fig. S8) as a con-
sequence of this mean state change. Likely due to the con-
stant southward coastal jet, the presence of a freshwater dis-
charge moves the isotherm’s position further south. There-
fore, the position of the ABF, a front of strong temperature
gradient, is also pushed towards the south in the experiment
with the freshwater input present. This shift in the ABF lo-
cation might have substantial impacts on the environmental
conditions around this region, which is further discussed in
Sect. 4. In the following section, we detail the warming from
advection in the CABA.

3.2.2 Advection warming the coastal Angola—Benguela
area

In this section, we disentangle the cascade of events de-
scribed in Sect. 3.2.1 by showing the role of the freshwater-
induced dynamical change in increasing the SST at the south-
western African coast. Figure 4 statistically shows the SSH
response to the SSS change, the horizontal advection re-
sponse to the SSH change, and the SST response to the ad-
vection change from the CRMA region to the CABA. Each
point corresponds to one of the 228 analysed months, indi-
cating significant correlations throughout the year and repre-
senting mean state permanent responses.

The difference in SSH in the CRMA is strongly and in-
versely correlated to the SSS change in the same region (r =
—0.82, p < 0.05; Fig. 4a), highlighting the crucial role of the
halosteric effect in increasing the SSH at the Congo’s mouth.
At the same time, a positive and significant correlation is
observed between a CRMA SSH change and the horizon-
tal advection in the CABA (Fig. 4b). A 5 cm increase in SSH
implies a ~ 6 W m~?2 increase in horizontal temperature ad-
vection in the CABA. Finally, differences in both horizontal
temperature advection and SST in the SETA coastal area are
also positively and significantly correlated (Fig. 4c), indicat-
ing that the stronger advection in CLIMA leads to increased
SST compared to NORIV.

To investigate if the causes of the horizontal tempera-
ture advection differences observed between the model ex-
periments stem from changes in the surface currents or
from shifts in the horizontal temperature gradients, we cal-
culated the terms by only varying one of these parame-
ters and then compared the results. Figure S9a depicts to-
tal horizontal temperature advection differences [(—vcrLva -
VTcrima) — (—vNoriv - VINoriv)] similar to Fig. 3m-p,
Fig. S9b shows the effect by only changing the tem-
perature gradient (i.e. [(—vNorrv - VIcLiMA) — (—UNORIV -
VTnoriv)]), and Fig. S9c displays the influence related to
changes only in the horizontal velocity (i.e. [(—vcLIMA -
V1Inor1v) — (—vNORIY - VINoRIV)]). From Fig. S9 we can
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see that by changing only the horizontal velocity in the cal-
culation (Fig. S9c), we generate a spatial pattern and mag-
nitude that mostly resembles the total advection difference
(Fig. S9a). The dynamical effect on the advection term gen-
erates a similar warming (cooling) signal by the freshwater
presence south (north) of the Congo’s mouth (i.e. ~6°5).
The difference pattern resulting from only changing the cur-
rent also depicts a stronger advection extending to ~28°S
even though the mean state current change at this location is
considerably weaker than the strength of this shift at around
6°S (Fig. 3i). The maximum positive difference in Fig. S9c
is located in the ABF region (i.e. 15-18°S), supporting the
argument that the stronger southward current created by the
freshwater input from land pushes the ABF further to the
south (Fig. S8).

Finally, it is likely that, by changing the geostrophic dy-
namics at the southwestern African coast, a freshwater dis-
charge can shift the surface waters distribution in the SETA.
For instance, an increased southward transport in the CLIMA
experiment implies that warmer and saltier tropical waters
push cooler and fresher subtropical waters to further south
with the freshwater input. This can be seen by not only the
isotherm’s outcropping position southward shift in Fig. S8
but also the increase in SSS south of 17°S (i.e. a region
which is usually not reached by Congo River waters) (Fig. 3).
Indeed, both temperature and salinity horizontal gradients
present in the SETA (see Figs. la and 2a) are important to
these southward shifts; however, the strongest differences be-
tween the experiments are only significant due to a dynam-
ical change in the surface geostrophic currents. Besides the
advective effects in the CABA, it is still unclear, however,
from which mechanisms the freshwater input can generate
the coastal warming from 6 to 11°S. In addition, we won-
der whether a shift in the surface geostrophic currents might
also impact the local geostrophic upwelling. In Sect. 3.2.3
we attempt to answer these questions.

3.2.3 Changes in upwelling

In the previous sections, we show that the presence of a land-
to-ocean freshwater discharge leads to an intensification of
the surface geostrophic currents in the SETA dominantly in
alongshore direction, especially close to the Congo River
mouth. The strengthening of the geostrophic dynamics in this
region by the freshwater input also generates cross-shore cur-
rents. Offshore geostrophic flows (Fig. 3i, j) favour coastal
upwelling, while onshore flows are related to downwelling.
In fact, it has been recently shown that an additional onshore
geostrophic flow is generated by the Niger River presence in
the Gulf of Guinea to the west of the river mouth even though
no significant impact on upwelling was attributed to this on-
shore geostrophic flow (Alory et al., 2021). To investigate if
this is also the case along the southwestern African coast, we
calculate dynamical upwelling indices for the CLIMA and
NORIV experiments.
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Figure 5 shows the mean state differences between
CLIMA and NORIV in the calculated upwelling indices.
No changes between the experiments were found for ECUIs
(Fig. 5b, green lines) along the southwestern African coast.
This result was expected since both experiments are based on
an ocean-only model with the same atmospheric wind forc-
ing. Overall, the ECUI dominates the total upwelling inten-
sity along the southwestern African coast, especially in the
Benguela upwelling system, south of 17°S (Fig. 5b). In this
area, the GCUI is much weaker and close to zero from ~ 28
to 23° S. It is widely known that wind-driven upwelling dom-
inates this eastern boundary system (e.g. Bordbar et al., 2021;
Brandt et al., 2024; Fennel, 1999). North of 17° S, ECUI still
dominates but to a lesser extent. An onshore geostrophic flow
counteracts the wind-driven upwelling from 17 to 6°S (i.e.
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negative values for GCUI). It has recently been shown that
at this location, in the Angolan upwelling system, upwelling
and high productivity are not governed by the wind forcing
but were shown to be mixing-driven and related to the pas-
sage of coastally trapped waves (Brandt et al., 2024; Korner
et al., 2024). Still, from 30 to 10° S no large differences were
observed between the upwelling indices from the different
simulations.

However, from 10°S to further north, and especially
around the Congo river mouth, strong and significant dif-
ferences in the GCUI are found between the experiments.
From the NORIV experiment, the coastal geostrophic up-
welling is nearly absent around the area of Congo River in-
fluence (Fig. 5b). On the other hand, by including land-to-
ocean freshwater input, an offshore (onshore) geostrophic
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flow resulting from the low-salinity water discharge gener-
ates coastal divergence (convergence) from 6 to 4°S (8 to
6°S) (Fig. 5a, b). The resulting upwelling (downwelling)
corresponds to reduced (increased) SST in CLIMA when
compared to NORIV (Fig. 3a). Thus, the freshwater-induced
downwelling might explain the warming signal from 6 to
10°S, which is not explained by the strengthened coastal
southward advection.

4 Conclusions and discussion

In this study, we have shown the effects and mechanisms of
the freshwater input presence on the mean state SST in the
southwestern African coastal region. To do that, we focused
on comparing two model experiments: one with climatolog-
ical freshwater discharge (CLIMA) and one without any dis-
charge from land to ocean (NORIV). The processes are sum-
marized in Fig. 6. Including a land-to-ocean freshwater dis-
charge results in a strong reduction in SSS near the coast,
which generates a halosteric effect in the water column, in-
creasing the SSH and creating a geostrophic surface circu-
lation. The halosteric SSH increase as a result of the CRD
creates a primary alongshore SSH gradient that is in balance
with a cross-shore geostrophic current, which, in turn, gener-
ates a secondary cross-shore SSH gradient (Fig. 6). While
the primary alongshore gradient is associated with cross-
shore geostrophic currents, upwelling north of the Congo
River mouth and downwelling south of it, the secondary gra-
dient drives the alongshore geostrophic current related to
the alongshore advection that reduces and increases the SST
north and south of 6° S, respectively (Fig. 6). While this ad-
vective signal can propagate southward (Fig. 6) due to the
coastally trapped wave adjustment and affect regions further
south, in the north it must be limited to the region close to
the Congo River mouth as there is no equatorward wave
propagation. It is also in agreement with the fact that the
SSH maximum is at the coast south of the river’s mouth and
moves away from the coast north of it (Fig. 3). In summary,
the halosteric increase in SSH at the Congo’s mouth pro-
duces a southward coastal geostrophic flow, with an onshore
geostrophic component south of 6°S. The generated south-
ward coastal jet advects warmer waters further south, from
~10 to ~25°S. Concomitantly, the onshore geostrophic
components significantly reduce the upwelling from 6 to
10°S. North of 6°S the opposite occurs. The halosteric in-
crease in SSH generates a northward geostrophic current at
the coast which advects cooler waters to the north at the same
time that the offshore component of this geostrophic flow is
associated with a significant increase in upwelling from 6
to 4°8S. Hence, the climatological freshwater discharge si-
multaneously generated downwelling and advection that in-
creases the mean state SST south of the River mouth; and up-
welling and cooling from advection, reducing the SST mean
state north of it. Furthermore, the southward advection likely
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pushes the Angola—Benguela Front further south. Overall, it
seems that changes in stratification did not play a major role
in altering the surface temperatures, especially at the Congo
River mouth. In the following, we discuss the main findings
and caveats of our study.

The CTRL mean SST presented a warm bias when com-
pared to satellite and reanalysis products. The warm SST bias
is indeed an established and long-standing issue in both cli-
mate and regional ocean model simulations along the east-
ern boundary upwelling systems (e.g. Farneti et al., 2022;
Small et al., 2024). Weak upwelling velocities and equator-
ward surface flow, poor representation of clouds, and model
spatial resolution have been discussed as some of the causes
of these errors (e.g. Richter, 2015; Bonino et al., 2019; Small
et al., 2024). Within the SETA, the Benguela upwelling sys-
tem appears to be even more challenging to simulate, likely
due to the convergence of significantly distinct water masses,
the unique spatial structure of the wind field, and its influ-
ence on the dynamics of these coastal waters (Bonino et
al., 2019; Kurian et al., 2021). For instance, the ABF lo-
cation and the strength of the Angola Current have been
pointed out as major causes of warm biases in general cir-
culation models (Koseki et al., 2018). At the same time, De
La Vara et al. (2020) showed that the warm bias in the re-
gion is decreased by increasing the oceanic model resolu-
tion. Furthermore, Small et al. (2024) recently showed that
using the higher-resolution JRAS55-do as atmospheric forcing
in an ocean model also contributes to reducing the SST bias
in the Benguela upwelling region since it can better repre-
sent the alongshore winds and its associated downwind sur-
face currents in comparison to the lower-resolution CORE
even though a substantial bias relative to observations re-
mains. Finally, the direct comparison between CTRL and the
satellite product could present some caveats since in this case
we are comparing measurements at different depths (satellite
skin layer temperature vs. 3 m depth as the first level in the
model).

Simultaneously, there are also difficulties in well repre-
senting SSS fields, especially near the coast and close to river
mouths, due to its high variability, strong vertical gradients,
and low sampling rates in those regions (Boutin et al., 2021;
Martins and Stammer, 2022; Nyadjro et al., 2022). However,
both ESA CCI and GLORYS12 products have been used and
validated in the southwestern African coastal region against
independent in situ measurements (Tchipalanga et al., 2018;
Martins and Stammer, 2022; Aroucha et al., 2024). Over-
all, they seem to perform well, with the larger uncertain-
ties located at the Congo mouth as expected (Martins and
Stammer, 2022). In this study, the highest differences be-
tween the model SSS and both the satellite and reanalysis
products were also found in the SETA coastal region. As
previously mentioned for temperature, the ESA CCI satel-
lite measurement of skin layer salinity can also likely differ
from the 3 m depth first level of CTRL, considered here to be
the surface. Further, in regions of strong vertical stratifica-
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Figure 6. Schematic summarizing the processes related to the freshwater input effect on mean state SST at the southwestern African coast.
The halosteric effect generates the primary alongshore pressure gradient, producing cross-shore geostrophic currents associated with up-
welling (downwelling) north (south) of the Congo’s mouth, which creates a secondary cross-shore pressure gradient. The secondary gradient
drives the alongshore flow responsible for the advection. This signal propagates southward due to coastally trapped wave adjustment, while
in the north it is restricted to a region close to river’s mouth since there is no equatorward wave propagation. H (L) indicates a high-pressure

(low-pressure) area.

tion such as river mouths, the depth level difference between
products creates even larger SSS biases, as shown in the Gulf
of Guinea by Nyadjro et al. (2022). Furthermore, the uncer-
tainty in JRA55-do CRD is not well defined and might be
substantial. Large discrepancies between this reanalysis forc-
ing and the Brazzaville-Kinshasa gauge measurements have
been attributed to the Congo Basin complex hydrology and
the lack of field observations of climate variables in the re-
gion (Chandanpurkar et al., 2022; Hua et al., 2019). Hence,
discrepancies between model and satellite SSS data within
this region could be mainly related to the fidelity of these
estimates (Chandanpurkar et al., 2022).

Additionally, the SSS variability in the coastal SETA is
determined by not only freshwater input from the CRD but
also the subsequent horizontal advection of the low-SSS wa-
ter by surface currents, with the river plume usually spread-
ing west-northwestward, while some fractions of it are also
advected southward along the coast (Houndegnonto et al.,
2021; Awo et al., 2022; Ngakala et al., 2023). This south-
ward alongshore advection is subject to interannual variabil-
ity mainly driven by the Angola Current and the propagation
of coastally trapped waves (Awo et al., 2022; Martins and
Stammer, 2022). Therefore, the SSS differences between the
model simulation and the analysed datasets are also likely
explained by shifts in the freshwater input and more impor-
tantly by the surface circulation difference between the three
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products. In the latter case, the CTRL low SSS from the CRD
is confined to further north (i.e. to ~ 10° S) than what is ob-
served for both ESA CCI and GLORYS (Fig. 2).

Regarding SST variability, patterns of SST anomalies
standard deviations from CTRL resemble those in observa-
tions (Fig. 2c). Besides the reduced amplitude for extreme
events in CTRL, the interannual anomalies are overall well
represented. The reason for the reduced SST variability in
the model simulation remains uncertain (Fig. S4b—c). Re-
cently, Prigent and Farneti (2024) showed that using JRAS55-
do atmospheric forcing improved the SST variability simu-
lation in eastern boundary upwelling systems, including the
CABA (see their Fig. 10), when compared to the use of
CORE-II forcing. Hence, it is believed that the cause of the
variability underestimation in our case is not in the atmo-
spheric forcing. One possible explanation, for SSS as well,
could be an overly weak southward current in CTRL. Sim-
ilar to the SSS variability, extreme events of SST in the re-
gion are also forced by coastally trapped wave propagation
and a southward advection mechanism related to equatorial
and local dynamics, usually peaking in boreal spring (e.g.
Aroucha et al., 2024; Bachelery et al., 2020; Imbol Koungue
et al., 2019; Rouault et al., 2007, 2018; Florenchie et al.,
2004). Therefore, a weaker representation of the Angola Cur-
rent might generate reduced SST anomalies during extreme
events. In fact, Benguela Nifios, for which southward advec-
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tion played an important forcing role, such as in 2001 and
2011 (Rouault et al., 2007, 2018), were shown to have re-
duced SST anomalies in CTRL (Fig. 1c). At the same time,
the January—May alongshore southward current is underesti-
mated by the model in relation to the mooring measurements
(Fig. S5). This fact also implies the reduced SSS variability
in the CABA in CTRL, which is another likely reason for the
underestimated CTRL SST variability, since low-SSS waters
have been linked to extreme positive SST events in the region
(Aroucha et al., 2024; Liibbecke et al., 2019).

In this study, we focused on the climatological runoff im-
pact on the SST mean state (i.e. CLIMA vs. NORIV) since
no significant differences in the SST means were observed
between the simulations with climatological vs. interannu-
ally varying runoff (i.e. CTRL vs. CLIMA; Fig. S6). This
does not necessarily imply, however, that an interannually
varying runoff does not influence the SST variability in the
region. It has been recently shown through observational
datasets that a freshwater input in the Angola—Benguela area
(ABA; 10-20°S, 8°E to the coast) could indeed boost ex-
treme warm events in this area through increasing stratifi-
cation and reducing vertical mixing (Aroucha et al., 2024;
Liibbecke et al., 2019). For this, a combination of anoma-
lously high CRD with stronger southward advection and the
passage of a coastally trapped wave is required to bring the
low-SSS waters close to the ABF region (Martins and Stam-
mer, 2022). In the 19 simulated years (2000-2018), how-
ever, the southernmost extension of a coastal SSS difference
between CTRL and CLIMA was ~14°S (—0.1 in Decem-
ber 2010, not shown), which is still too far north for the
expected influence to take place. Hence, from the experi-
ments analysed here, not much can be said regarding CRD
anomalies influencing SST variability in the ABA. Neverthe-
less, relevant outcomes regarding the freshwater influence on
the SST mean state in the SETA can be concluded from the
present study.

During the last few years, modelling studies have been ad-
dressing the processes by which a freshwater discharge could
impact SSTs. The main argument is that increasing the input
of low-salinity waters into the ocean would increase SSTs by
strengthening the stratification and inhibiting the upwelling
of cold waters (e.g. Topé et al., 2023; Zhang and Busalac-
chi, 2009). On the other hand, at the Congo River mouth,
the work from White and Toumi (2014) pointed to no sig-
nificant influence of an increased stratification by freshwa-
ter in warming the sea surface. Instead, they showed that
the mixed layer shoaling due to the Congo discharge gen-
erated a considerable heat loss to beneath this thin layer,
which then exceeded the reduced vertical mixing impact even
though barrier layers were formed (White and Toumi, 2014).
In fact, this latter result agrees with what we find in this study.
In spite of the significant barrier layer difference between
CLIMA and NORIV at the river plume, the barrier layer
generation area differs from the observed spatial warming
pattern (solely concentrated at the coast, south of 6°S). We
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hypothesize that this is due to the same argument presented
by White and Toumi (2014), i.e. the surface heat loss due
to the very shallow MLD at the river mouth. Additionally,
their simulations demonstrated a significant coastal warm-
ing impact south of 6° S (White and Toumi, 2014). Although
the authors did not explore this further, they suggested that
a change in ocean dynamics due to the river’s presence is
responsible for the observed coastal warming pattern. Here
we dig into this mechanism, showing that indeed the coastal
warming was a consequence of modified ocean dynamics via
a change in geostrophic currents. Furthermore, we show that
those changes in SST are restricted to the coast since the
geostrophic current strengthening reflects the location of the
coastal freshwater input.

It has been long known that river discharges can impact
oceanic SSH (e.g. Meade and Emery, 1971; Piecuch et al.,
2018; Chandanpurkar et al., 2022). To the best of our knowl-
edge, however, this is the first study to report that a halosteric
change in SSH and its gradients due to a freshwater discharge
can impact the mean state coastal SST at an eastern bound-
ary upwelling system via a change in geostrophic currents,
subsequently altered horizontal temperature advection, and
upwelling. The lateral salinity-generated pressure gradient at
river plumes can induce surface geostrophic flows project-
ing at the coast (Fong and Geyer, 2002). Alory et al. (2021)
found an additional onshore geostrophic flow in the Gulf of
Guinea due to the Niger River input, also pointing to the pos-
sibility of a similar effect next to other large river plumes.
The authors, however, observed that, with the river presence,
the MLD was reduced and compensated for the increase in
the onshore geostrophic flow without having an overall sig-
nificant impact on the coastal geostrophic upwelling (Alory
et al., 2021). Here we show that the Congo River can not
only change the surface geostrophic flow but also limit up-
welling to the south of its estuary by this generated onshore
geostrophic current, at the same time that it can induce up-
welling north of the river plume via an offshore component
of this geostrophic flow (Fig. 5) as the changes in the MLD
are here less significant than the changes in the coastal cur-
rent. This work highlights the importance of properly under-
standing the impact of high freshwater input in ocean mixing
and stratification as well as in the coastal dynamics. The re-
sults presented here might become even more relevant in the
future when considering recent studies showing upwelling
shifts at the southwestern African coast due to wind-related
geostrophic deviations in climate change scenarios (Ayissi et
al., 2024; Jing et al., 2023). The role of geostrophic flows
in eastern boundary upwelling systems mean state and long-
term changes is more prominent in the Atlantic basin when
compared to the Pacific (Jing et al., 2023). In addition, Jing
et al. (2023) recall an ongoing discussion of the interaction
between upwelling and other greenhouse warming-related
processes (e.g. stratification and mesoscale activity) in these
regions. As river runoffs are expected to be amplified in
the future (Miiller et al., 2024; Aloysius and Saiers, 2017),
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halosteric-related shifts in geostrophic flows can appear as
an additional mechanism in this debate.

Furthermore, as we show that the freshwater presence
pushes the ABF southward, we wonder if the future runoff
amplification could also contribute to the recently observed
trend of warming off the Angolan coast, where fresher and
warmer tropical waters are moving poleward due to an An-
gola Current intensification (Roch et al., 2021; Tomety et al.,
2024). Finally, the mechanism shown here could also play a
role in Benguela Nifio events in this area. Most of the ad-
vective warming from the southward geostrophic current is
located within the CABA, where these events occur. Hence,
in years of increased freshwater discharge, these warming
events could be boosted by different mechanisms: the re-
duced vertical mixing via increased stratification (Aroucha
et al., 2024) and the strengthening of the southward advec-
tion and downwelling due to the halosteric SSH increase, as
shown in this work.

Code and data availability. The data and scripts that sup-
port the findings of this study are available through
GEOMAR at https://hdl.handle.net/20.500.12085/
2b927bcd-afab-4bc6-ba97-634d09435daa (Aroucha and
Schwarzkopf, 2024). Experiments identifiers are INALT20.L46-
KFS104 (CTRL), INALT20.L46-KFS111 (CLIMA), and
INALT20.L46-KFS106 (NORIV). Other datasets used in this
work are publicly available under the following links: OISST
(https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html,
Huang et al, 2021; Reynolds et al., 2007), GLORYSI12
(https://data.marine.copernicus.eu/product/GLOBAL _

MULTIYEAR_PHY_001_030/download, Lellouche et al.,

2021), ESA CCI (https://data.ceda.ac.uk/neodc/esacci/sea_
surface_salinity/data/v03.21/30days, Boutin et al., 2021),
Congo River discharge (https://hybam.obs-mip.fr/data/,

SO-HYBAM, 2024), Current velocities from mooring data
(https://doi.org/10.1594/PANGAEA.870917 (Krahmann, 2017),
https://doi.org/10.1594/PANGAEA.909911 (Brandt and Krah-
mann, 2019), https://doi.org/10.1594/PANGAEA.909913 (Dengler
and Krahmann, 2019), https://doi.org/10.1594/PANGAEA.939249
(Hummels et al., 2021), https://doi.org/10.1594/PANGAEA.962193
(Brandt et al, 2023)), and GlobCurrent data (https:
//data.marine.copernicus.eu/product/ MULTIOBS_GLO_PHY _
MYNRT_015_003/download?dataset=cmems_obs_mob_glo_
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