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Abstract

The Southeastern Tropical Atlantic (SETA) is an eastern boundary upwelling region and one of the most
productive marine ecosystems in the world, characterized by the convergence of warm tropical waters from
the north and cool subtropical waters from the south. The temperature front resulting from this convergence
is the so-called Angola-Benguela Front (ABF). The ABF meridional migration is decisive for sea surface
temperature (SST) changes off Angola, and plays a major role in determining seasonal and interannual SST
variability in the region. SST interannual variability within the SETA is dominated by Benguela Nifios
(Ninés), which are extreme warm (cold) events that usually peak from March to May. These acute events can
have severe consequences for local communities due to their impact on rainfall, flooding, and fisheries. This
thesis highlights the role of the previously overlooked mechanism of freshwater input, mainly from the Congo
River, for both the SST mean-state and interannual variability in the SETA. To achieve this, a diverse array
of datasets is utilized, including satellite measurements, ship-based in-situ observations, reanalysis products,
and model simulation outputs.

Comparing high-resolution model simulations with and without a land-to-ocean runoff, it is shown that
the presence of low salinity waters from the Congo discharge increases the mean state SST in the SETA
coastal fringe by about 0.3°C on average and by up to 0.9°C from south of the Congo River mouth to the ABF.
North of the River mouth up to about 4°S, this input significantly reduces the mean state SST by more than
1°C. This impact of river discharge on SST is linked to a halosteric effect, which modifies the sea surface
height gradient and alters geostrophic currents, producing a southward (northward) coastal geostrophic flow,
with an onshore (offshore) geostrophic component, hence, generating advective warming (cooling) and
downwelling (upwelling) to the south (north) of the Congo River mouth. It also then contributes to pushing
the ABF further south.

In addition, from both observations and reanalysis products, it is observed that anomalous freshwater
input, mainly from the Congo River, can boost Benguela Nifio/Nifia events by altering the water column’s
stratification and vertical temperature gradient, consequently changing the turbulent heat loss magnitude.
Anomalously high (low) salinity waters within the SETA are linked to the occurrence of positive (negative)
Indian Ocean Dipole events via precipitation over the Congo basin and enhanced (reduced) river discharge,
acting to amplify warm (cold) extreme events in the region through changes in turbulent heat fluxes, which
is of great importance for local SSTs. From in-situ measurements of microstructure shear, dissipation rates of
turbulent kinetic energy, and subsequently turbulent heat fluxes were estimated within the SETA coastal
region. Low salinity waters during the warm 1995 Benguela Nifio generated nearly 3 times less turbulent
mixing when compared to the turbulent heat loss during the cold, high-salinity, 1997 Benguela Nifia event.
Salt advection variability, i.e. one of the dominant terms in the local mixed-layer salt balance, and its relation
to wind stress variations and coastal dynamics, was shown to be crucial for the changes in the subsurface

mixing term during these events.



Overall, the thesis draws attention to the impacts of the up-until-now unnoticed mechanism of
freshwater input on SSTs and coastal ocean surface dynamics in the SETA. These results are crucial for the
southwestern African coastal countries and local communities since the region sustains large marine
ecosystems and highly productive fisheries, vital for socio-economic stability and food security. It also
challenges the scientific community's understanding of these mechanisms in the projected climate change

scenario of continuously increasing land-to-ocean discharge.



Zusammenfassung

Der suidostliche tropische Atlantik (SETA) ist eine Region mit Auftriebsgebiet am 4stlichen Rand und
ist eines der produktivsten marinen Okosysteme der Welt, das durch die Konvergenz von warmem tropischen
Wasser aus dem Norden und kiihlem subtropischen Wasser aus dem Suiden charakterisiert ist. Die aus dieser
Konvergenz resultierende Temperaturfront ist die sogenannte Angola-Benguela-Front (ABF). Die
meridionale Verlagerung der ABF ist entscheidend fur Veranderungen der Meeresoberflachentemperatur
(SST) vor Angola und spielt eine maBgebliche Rolle fiir die saisonale und interannuelle SST-Variabilitét in
der Region. Die interannuelle SST-Variabilitat innerhalb des SETA wird von Benguela-Nifios (Nifias)
dominiert, bei denen es sich um extreme Warm- (Kalt-)Ereignisse handelt, die Ublicherweise zwischen Mérz
und Mai ihren Hohepunkt erreichen. Diese extremen Ereignisse kénnen aufgrund ihrer Auswirkungen auf
Niederschlage, Uberschwemmungen und Fischerei schwerwiegende Folgen fir die lokale Bevélkerung
haben. Diese Arbeit befasst sich mit der Rolle des bisher vernachldssigten Mechanismus, der den
SliRwassereintrags — vor allem aus dem Kongo — mit sowohl der mittleren SST als auch der interannuellen
Variabilitdt im SETA verbindet. Dafir wird eine Vielzahl von Datensdtzen genutzt, darunter
Satellitenmessungen, schiffsgestiitzte In-situ-Beobachtungen, Reanalyseprodukte und
Modellsimulationsergebnisse.

Der Vergleich von hochauflosenden Modellsimulationen mit und ohne Frischwasserabfluss vom Land
in den Ozean zeigt, dass das Vorhandensein von Wasser mit niedrigem Salzgehalt aus dem Kongo-Abfluss
die mittlere SST im kiistennahen Bereich im SETA im Mittel um etwa 0,3°C und stdlich der Miindung des
Kongo bis zur ABF um bis zu 0,9°C erhoht. Nérdlich der Kongo-Flussmindung bis etwa 4°S verringert dieser
Eintrag die mittlere SST um mehr als 1°C. Diese Auswirkung des Flusseintrags auf die SST steht im
Zusammenhang mit dem halosterischen Effekt, der den Meeresspiegelgradienten veréndert und
geostrophische Stromungen modifiziert, indem eine sudwarts (nordwérts) gerichtete kiistennahe
geostrophische Strémung mit einer landwaértigen (seewartigen) geostrophischen Komponente erzeugt wird,
was zu advektiver Erwarmung (Abkihlung) und Absinken (Aufsteigen) sudlich (nérdlich) der Kongo-
Flussmiindung fuhrt. Dies tragt auch zu einer Verlagerung der ABF nach Siiden bei.

Dariiber hinaus wird anhand von Beobachtungsdaten und Reanalyseprodukten festgestellt, dass
anomaler SuRwassereintrag, hauptsachlich aus dem Kongo, Benguela-Nifio/Nifia-Ereignisse verstarken kann,
indem er die Schichtung der Wassersdule und den vertikalen Temperaturgradienten veréndert und dadurch
die Starke des turbulenten Wéarmeverlusts beeinflusst. Anomal salzreiches (salzarmes) Wasser im SETA ist
mit dem Auftreten positiver (negativer) Indischer-Ozean-Dipol-Ereignisse verbunden, die durch Niederschlag
tber dem Kongo-Becken und verstarke (verminderte) Abflussmenge ausgelést werden und die warmen
(kalten) Extremereignisse in der Region durch Verénderungen der turbulenten Warmeflisse verstarken, was
von grofRer Bedeutung fiir die lokale SST ist. Anhand von In-situ-Messungen der Mikrostrukturscherung
wurden die Dissipationsraten der turbulenten kinetischen Energie und anschlieend die turbulenten

Warmeflisse in der kistennahen Region im SETA abgeschétzt. Salzarmes Wasser fihrte wéhrend des



warmen Benguela-Nifios 1995 zu fast dreimal geringerer turbulenter Durchmischung verglichen mit dem
turbulenten Wéarmeverlust wéhrend des kalten, salzreichen Benguela-Nifia-Ereignisses 1997. Die Variabilitat
der Salzadvektion — einer der dominierenden Terme in der lokalen Salzbilanz der Vermischungsschicht —und
deren Beziehung zu Anderungen in der Windschubspannung und Kiistendynamik erweisen sich als
entscheidend fur die Veranderungen des Vermischungsterms unterhalb der Meeresoberflache wahrend dieser
Ereignisse.

Insgesamt lenkt die Arbeit die Aufmerksamkeit auf die Auswirkungen des bisher unbeachteten
Mechanismus, der den SuBwassereintrag mit der SST und der kistennahen Oberflachendynamik im SETA
verbindet. Diese Ergebnisse sind von grof3er Bedeutung fur die sudwestafrikanischen Kistenlander und die
lokale Bevolkerung, da die Region groRe marine Okosysteme und sehr produktive Fischereien beherbergt,
die flr soziotkonomische Stabilitat und Ernéhrungssicherheit entscheidend sind. Zudem wird das Verstandnis
dieser Mechanismen hinterfragt in Hinblick auf Klimawandelszenarios, die einen zunehmenden

SuBwasserabfluss vom Land in den Ozean prognostizieren.
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Chapter 1

Introduction

Tropical oceans are key drivers of global climate variability and predictability across a wide range of
time scales. They are crucial in redistributing the excess heat stored from the strong solar radiation, to which
the tropics are subjected, to higher latitudes. The regional contrast of absorbed solar radiation drives the heat
transport via both oceanic and atmospheric dynamics. Additionally, ocean-atmosphere processes and
feedbacks within these regions are directly associated with local weather variations and global climate shifts.
The most vital oceanic parameter to understand these mechanisms is Sea Surface Temperature (SST), which
influences not only heat, gas, momentum, and moisture fluxes between ocean and atmosphere, but also affects
atmospheric pressure fields, wind direction, wind curl, and intensity.

A good example of SST changes’ impacts on a global scale is the El Nino Southern Oscillation
(ENSO), which is the dominant mode of interannual climate variability (Philander, 1990), characterized by
years of extremely anomalous SST in the Central to Eastern Equatorial Pacific Ocean, influencing the climate
around the world (e.g. Alizadeh, 2024; Cai et al., 2020; Bove et al., 1998; Ropelewski & Halpert, 1987).
Similarly, El Nifio-like events have been described in the Southeastern Tropical Atlantic (SETA) restricted
to the region off Angola, the so-called Benguela Nifios/Nifias (Shannon et al., 1986). These events of
anomalous SST in the SETA can impact both the marine ecosystem and rainfall along the Southwestern
African coast (e.g. Lutz et al., 2015; Rouault et al., 2003; Boyer, 2001; Gammelsrgd et al., 1998). The SETA
is an eastern boundary upwelling region characterized by high biological productivity. It sustains rich marine
ecosystems and fisheries, playing a key role in socio-economics and food security of southwestern African
coastal countries (FAO, 2022; Kirkman et al., 2016; Jarre et al., 2015; Sowman and Cardoso, 2010).

This tropical region has a high freshwater influx from the presence of the Congo River mouth at 6°S,
and from minor rivers further south, being also influenced by precipitation from the Intertropical Convergence
Zone (ITCZ). The Congo River, which is the second-largest river system in the world, dominates by far the
freshwater input in the SETA, with a mean flow rate of about 40 000 m® s ! (Dai and Trenberth, 2002;
Campbell, 2005). It has long been shown that freshwater input can impact surface ocean temperatures (e.g.
Vialard & Delecluse, 1998; Zhang & Busalacchi, 2009; Mignot et al., 2012; Hernandez et al., 2016; Echols
& Riser, 2020; Gévaudan et al., 2021; Ma et al., 2023). Even though some studies attempted to understand
the effect on SST of this high freshwater input in the SETA (Sena Martins & Stammer, 2022; White & Toumi,
2014; Materia et al., 2012), the importance of this forcing for the overall SST mean state and variability within
this region remains partially unexplored and not fully elucidated.

The focus of this thesis is to disentangle and quantify the impact of the freshwater input on both the
mean state and variability of SST in the SETA. For this, a wide range of datasets is used in the analysis,

including in-situ measurements, satellite observations, reanalysis products, and model simulations. In this
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chapter, the mean state, seasonality, and interannual variability of SST within the SETA are introduced in
section 1.1, while the mechanisms by which a freshwater input could impact ocean temperatures at the surface

are presented in section 1.2, Section 1.3 is dedicated to the motivation, goals, and outline of this thesis.

1.1 Southeastern Tropical Atlantic

1.1.1 Mean State

The Southeastern Tropical Atlantic (SETA) is situated on the west coast of Africa, in the Southern
Hemisphere, a region encompassing the Tropical Angolan Upwelling System (TAUS), from 6°S to 17°S, and
the Benguela Upwelling System (BUS) south of the Angola-Benguela Front (ABF, Figure 1.1a) (Kdrner et
al., 2024), which is one of the most productive marine ecosystems in the world (Bakun et al., 2015). The
SETA depicts a strong meridional SST gradient, characterized by the confluence of warm tropical waters
from the north with cold subtropical waters from the south, which marks the position of the ABF (Figure
1.1a). The coastal southward transport of tropical waters is done by the Angola Current (AC), which has its
core situated at around 50m depth and an estimated mean transport of 0.32+0.05 Sv (1 Sv = 10°® m® s?) at
11°S (Tchipalanga et al., 2018; Kopte et al., 2017). The AC is influenced by the southward propagation of
Coastally Trapped Waves (CTWSs), which originates at the equator (Bachélery et al., 2016; Kopte et al., 2017;
Tchipalanga et al., 2018) and connects the equatorial Atlantic to the two upwelling regions (i.e. TAUS and
BUS). This current is a continuation of the Gabon-Congo Undercurrent (GCUC), which is supplied by
remnants of the Equatorial Undercurrent (EUC) and the equator extension of both Guiana Current and Guiana
Undercurrent (Brandt et al., 2024). On the other hand, the Benguela Coastal Current (BCC) (Figure 1.1a), i.e.
the coastal branch of the Benguela Current (BC), flows north/northwestward, bringing cold subtropical waters
to the ABF (Siegfried et al., 2019). The BC is the wind-driven eastern boundary current part of the South
Atlantic subtropical gyre (Peterson & Stramma, 1991).

The sea surface salinity (SSS) within the SETA is characterized by low-salinity waters at its
northernmost part (Figure 1.1b), mainly due to the freshwater input dominated by the Congo River outflow
at 6°S (Houdengnoto et al., 2021). Precipitation also plays a role in these low-salinity waters, especially in
austral summer, when the ITCZ is located south of the equator. The meridional SSS pattern is created by the
low-salinity waters in the north, followed by a salinity maximum until around 17°S, where south of it the SSS
declines again (Figure 1.1b). In terms of wind, the SETA is subject to southeasterly/southerly winds, driven
by the South Atlantic Anticyclone (SAA) (Figure 1.1b). Strong winds prevail in the BUS until around 17°S,
generating an offshore Ekman transport favoring coastal upwelling within the BUS, and start to weaken at
the Angolan coast, north of the ABF. A remarkable zonal wind gradient is also observed within the SETA,
especially at the BUS, with offshore winds weaker than at the coast. This zonal wind gradient creates a quasi-
permanent cyclonic wind stress curl, which also contributes to the upwelling via Ekman pumping (Figure
1.1c). Additionally, the cyclonic wind stress curl supports the southward advection of tropical waters via the
AC, and modulates the AC core position and strength (Fennel et al., 2012; Junker et al., 2015; Tchipalanga et
al., 2018).
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Figure 1.1. Mean background conditions for the Southeastern Tropical Atlantic. SST (°C, contours) and schematic of
coastal circulation superimposed (a), SSS (psu, contours) and wind stress (N m2, arrows) (b), and wind stress curl (N m-
8, shading) and chlorophyll concentration (mg m, contours) (c). SST from OISST, 1982-2022, SSS from GLORYS12,
1993-2019, wind stress and curl from ERAS5, 1993-2019, and primary productivity from Global Ocean Colour, 1997-
2020. Solid (dashed) arrows in (a) indicate surface (subsurface) currents. GCUC: Gabon-Congo Undercurrent, AC:
Angola Current, BCC: Benguela Coastal Current, PUC: Poleward Undercurrent, ABF: Angola-Benguela Front.

Due to the upwelling of nutrient-rich waters to the surface, the BUS is described as a high-
productivity coastal system. South of 17°S, the high chlorophyll concentration is located exactly where the
cyclonic wind stress curl dominates (Figure 1.1c), corresponding to the upwelling region. Concomitantly, the
high productivity at TAUS, north of 17°S, is not wind-driven. Instead, it is determined by the combined effect
of a CTW propagation and tidal mixing on the shelf break (Korner et al., 2024). Finally, Congo River plume
is also responsible for bringing nutrients to offshore regions, such as iron (Fe) and silica (Si), influencing
phytoplankton communities and consequently productivity levels north of TAUS (Figure 1.1) (Hatin et al.,
2017; Vieira et al., 2020). These highly productive locations support fisheries and marine ecosystems of great
economic importance for African countries (FAO, 2022; Kirkman et al., 2016; Sowman and Cardoso, 2010).
Overall, the freshwater input, propagating waves, and coastal circulation in the SETA are also subject to

strong seasonality. These seasonal differences will be detailed in the next section.

1.1.2 Seasonality

The SETA undergoes pronounced seasonal cycles (Brandt et al., 2023), with the warmest SSTs
observed in February-March-April (FMA), and the coolest in July-August-September (JAS). In BUS, SST
seasonality is driven by the weakening (strengthening) of the southerly winds during FMA (JAS), which shifts
upwelling intensities and consequently SST’s during the year, and are associated to seasonal variations in the
position of the SAA (Brandt et al., 2023; Veitch et al., 2009). Conversely, within TAUS, these seasonal SST
changes are unrelated to wind shifts, since the winds are relatively weak throughout the whole year (Brandt
et al., 2023). Instead, they are connected to the propagation of equatorially forced Kelvin Waves (EKWs)
that, when reaching the west African coast, partially transfer their energy to generate southward propagating

CTWs (Clarke, 1983). The signature of such waves can be seen from the seasonal cycle of sea surface height
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(SSH) (Figure 1.2a), and their propagation impacts the SST seasonality by moving the thermocline upward
or downward (Rouault, 2012; Ostrowski et al., 2009). Downwelling (upwelling) waves are associated with
an increase (decrease) in SSH, downward (upward) movement of the thermocline, and warmer (cooler) SSTs.
CTWs in TAUS, however, present a semi-annual cycle, with the occurrence of two upwelling (peaking in
July and December), and two downwelling (peaking in February and October) waves during a year (Figure
1.2a) (Polo et al., 2008; Ostrowski et al., 2009; Rouault, 2012; Tchipalanga et al., 2018), and their propagation
alone cannot explain either the annual cycle observed in SSTs or the zonal SST gradient from the coast to
offshore (Brandt et al., 2023; Koérner et al., 2023). Indeed, surface heat fluxes and turbulent mixing have also
been pointed to controlling SST seasonal changes in this region (Kérner et al., 2023; Scannell & McPhaden,
2018).

Equator: EKW |SETA: CTW

A

(cm) Mooring: Alongshore
10 (== F s
B 0.08
sor r
5
- 0.04
= 100 - i
0 £ 000 ©
§ E
150
5 - —0.04
200 - -0.08
-10
Jan Felb M’ar A['Jr M’ay Ju’n Jl.lll Atng Stlep Oct Nov Dec
20°W  0° 10°S 20°S

East South
—_— —

Figure 1.2. (a) Hovmoller diagram of the mean annual cycle of SSH anomaly showing the propagation of upwelling
(UW, blue) and downwelling (DW, red) Kelvin waves (EKW) from west to east along the equator, and coastally trapped
waves (CTW) propagating southward along the eastern boundary. The vertical black line separates the region of eastward
propagation along the equator to the left and the region of southward propagation along the coast to the right. Adapted
from Tchipalanga et al. (2018). (b) Alongshore current velocity mean annual cycle (rotated by -34° with respect to true
north) recorded by the moored ADCP located at 10°50°S, 13°00’E combined to surface velocities from
GLOBCURRENT.

Additionally, the passage of CTWs is closely linked to the seasonal variability of the AC (Kopte et
al., 2018; Tchipalanga et al., 2018; Bachélery et al., 2016a) (Figure 1.2b). Indeed, the observed reduced
(enhanced) poleward flow agrees well with the passage of upwelling (downwelling) CTWSs (Tchipalanga et
al., 2018; Kopte et al., 2017; Rouault, 2012; Ostrowski et al., 2009), with southward maximum velocities
occurring in February-March and September-October (Figure 1.2). The seasonality of the AC also controls
the freshwater input in TAUS via meridional advection, and consequently the SSS seasonal cycle within
TAUS (Brandt et al., 2023; Awo et al., 2022) (Figure 1.3).
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Figure 1.3. (a) Seasonal cycle of precipitation rate (red curve; m3s) and Congo runoff (blue curve; m3) integrated
over the Congo mouth (5°E-13°S, 3°S-9°S). From Houdengnoto et al. (2021). (b) Hovméller diagram of seasonal cycle
of Mixed Layer Salinity (MLS, shading) and mixed layer depth (MLD, in m), averaged for 1° off the coast. (c) Same as
(b) but for meridional salt advection. (d) same as (b) but for the sum of vertical advection and diffusion. (b,c,d) adapted
from Awo et al. (2022).

Freshwater input in the region is dominated by the Congo River, with a maximum discharge of above
50 m3s? in December-January (Figure 1.3a) (Martins & Stammer, 2022; Houdengnoto et al., 2021). From
January to April, due to the southernmost position of the ITCZ in austral summer/autumn (Munzimi et al.,
2019; Sori et al., 2017), the precipitation over the Congo mouth region also strongly contributes to increasing
the freshwater input in these months, even though the magnitude is still smaller compared to the Congo
discharge (Figure 1.3a). This freshwater then reduces the SSS around 6°S and is transported southward
alongshore the west coast of Africa via the AC, with lower SSS at TAUS peaking in phase with the
strengthening of the AC (Awo et al., 2022). Climatologically, the southernmost position of these low SSS
waters from the Congo plume is around 12°S-13°S in February-March. This transport leads to a shoaling of
the mixed layer (Figure 1.3) and consequently stronger stratification of low SSS waters above a maximum
subsurface salinity in the region, which then favours the subsurface advection and turbulent mixing, creating
an upward salt flux that counteracts the surface freshening (Brandt et al., 2023; Awo et al., 2022). Bearing in
mind the importance of the changes in propagating waves, coastal currents, and winds to the overall picture
of the SETA, the impacts of such changes on the SST interannual variability, mainly by triggering extreme
warm and cold events off Angola, as well the overlooked freshwater input variability as a possible forcing

mechanism for such events, are explored in the next section.

1.1.3 Interannual Variability

SST interannual variability in the SETA is strongest off Angola in a region termed Angola-Benguela
Area (ABA, 8°E to coast, 10°S-20°S) (Figure 1.4) (Lubbecke et al., 2010; Florenchie et al., 2003, 2004). This
region is used for defining the Benguela Nifio and Nifia events, which are extreme coastal episodes of
anomalously warm and cold SSTs, respectively (e.g. Imbol Koungue et al., 2019; Florenchie et al., 2003;

Shannon et al., 1986). These events modulate the SST variability on interannual timescales in the region, and
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they usually peak from March to May (Figure 1.4b), when SSTs in the region are climatologically higher
(Brandt et al., 2023; Imbol Koungue et al., 2019; Liibbecke et al., 2010). Such extreme events impact marine
ecosystems and fisheries in the region (Blamey et al., 2015; Boyer & Hampton, 2001; Gammelsrgd et al.,
1998), as well as modulate the upward supply of nutrients (Bachélery et al., 2016b), also having consequences
for rainfall and flooding in coastal Africa (Koseki & Imbol Koungue, 2020; Lutz et al., 2015; Hansingo &
Reason, 2009; Rouault et al., 2003). This year-to-year variability is mainly forced remotely, via the eastward
propagation of EKWSs, generated by strong wind anomalies in the western equatorial Atlantic, that propagate
southward as CTWs when reaching the African coast (Figure 1.4). These waves vertically displace the
thermocline, affecting the local stratification, alongshore currents, and biogeochemical conditions (Imbol
Koungue et al., 2017; Bachélery et al., 2016b; Rouault, 2012). It has been shown that 70% and 50% of SSH
and SST interannual variability in the ABA, respectively, are remotely forced via wave propagation
(Bachélery et al., 2020). Local forcing, however, can also trigger such acute SST anomalies, especially due
to local wind variability, associated with changes in position and strength of the SAA (lllig et al., 2020;
Libbecke et al., 2019; Richter et al., 2010; Polo et al., 2008; Hu & Huang, 2007) (Figure 1.5). These local
wind changes modulate the intensity of upwelling, the surface heat fluxes, and the structure of the coastal
currents, impacting the meridional transport of warm tropical waters during Benguela Nifio events (Lubbecke
etal., 2019; Junker et al., 2015; Fennel et al., 2012). In some years, both local and remote forcing mechanisms
played an important role in triggering such extreme episodes (e.g. Imbol Koungue et al., 2021). However, in
the last decades, local forcing seems to play an increasingly important role in starting these events (Prigent et
al., 2020). Therefore, improving the understanding of how local dynamics can affect Benguela Nifios and
Nifias becomes of great importance.

ABA (8°E to coast, 10°S-20°S)

STDSST, [*C]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1:1 1.2
‘ T T T T T
5°N T T T T T NF—-——
9 &,,_':K'\_,o-ﬁ"} 14
— a0
05
o 12 %—\Y 'Qn\ EaNetd
oS
‘\“' 1
o, -
5°S| a\_\ Q
b 3
04 . 05 £09
2
10°S |- '_m
7
04
a 0.8
15°S |- =
. 0 - %)
Os '
’Losfﬂwm % % Y:
g . \ Namibial
0,
| A — s ' ' L I, 0.6

2 §O°W 35°W  30°W  25°W  20°W  15°W  10°W 5°W 0° 5°E 10°E 15°E 20°E
B

0.5

J FMAMUJJASOND

Figure 1.4. (a) SST anomalies standard deviation. White curved lines represent a schematic of propagating waves. White
line at 0°E separates the SETA from the Tropical South Atlantic. EKW: Equatorial Kelvin Wave; CTW: Coastally
Trapped Wave; ABA: Angola-Benguela Area, 8°E to coast, 10°S-20°S. (b) Standard deviation of ABA-averaged SST
anomalies as a function of calendar month. SST data from OISST (1982-2022).

Libbecke et al. (2019) showed that the 2016 warm event predominantly resulted from the

combination of local processes related to the weakening of the southerly winds. These local mechanisms are



shown in Figure 1.5. Additionally, the authors considered, for the first time, a possible impact of increased
freshwater input from both an anomalously high Congo River discharge and extreme precipitation in
amplifying such warm events, by increasing stratification and reducing mixing of surface and subsurface
waters. In fact, anomalous shifts in SSS have been observed during such extreme events (e.g. Gammelsrad et
al., 1998), with negative anomalies of SSS reaching as far as 18°S. Recently, Sena Martins & Stammer (2022)
showed via satellite data years of low SSS waters intrusion into the ABA, also reaching around 16°S. Even
though they could not find a significant correlation between river discharge and the occurrence of extreme
events, they evidenced a strong influence of this freshwater input in increasing the stratification within the
region of highest SST variability (Sena Martins & Stammer, 2022). Still, the effect of freshwater input and
SSS changes in forcing Benguela Nifio and Nifia events remains an overlooked mechanism
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Figure 1.5. Schematic summarizing the processes that contributed to the warm event in early 2016. From Liibbecke et
al. (2019).

Finally, interbasin interactions between Benguela Nifio events and other climate variability modes
remain poorly documented and are not yet fully understood in the existing literature. It has been shown that
ENSO exerts influence on southern BUS with an 8-month lag by shifting the position of the SAA and
consequently generating anomalous winds that lead to changes in upwelling intensity (Rouault & Tomety,
2022; Blamey et al., 2015; Tim et al., 2015). During an El Nifio, anomalously weak upwelling favorable
winds are observed, contributing to warming the southern BUS, while in a La Nind, stronger-than-normal
southeasterly winds cool the southern BUS SSTs. Effects of ENSO at northern BUS are weaker and oppose
the ones in the southern BUS, with EI Nifio contributing to cooling northern BUS (Rouault & Tomety, 2022).
In addition, Atlantic and Benguela Nifio events present a strong correlation, with Benguela Nifios tending to
precede equatorial events by 1-3 months. This relation is also explained by changes in the SAA, emphasizing
the role of local forcing in the phenology of such coastal mode of variability (Illig et al., 2020; Lubbecke et
al., 2010; Polo et al., 2008; Hu & Huang, 2007). However, there is still debate whether Atlantic and Benguela
Nifios should be treated separately or as one variability mode, since their variabilities are strongly connected
via remote forcing of propagating EKWs and CTWs (e.g. Bacheélery et al., 2020; Imbol Koungue et al., 2017,
2019; Libbecke et al., 2010). Furthermore, Indian Ocean Dipole (IOD) related convection over Africa has



been shown to weaken Atlantic equatorial winds, and thereby trigger Atlantic Nifio episodes (Fan et al., 2023;
Zhang & Han, 2021), at the same time that the 10D relates to SSS variability in the SETA via the Congo
basin hydrology (Jarugula & McPhaden, 2023). Further research is needed to explore the connections between
ENSO, 10D, and Atlantic/Benguela Nifio events, as these interactions may contribute to improved

predictability of extreme Atlantic climate events.

1.2 Effects of Freshwater Input

Freshwater input into the ocean and the consequent changes in SSS have been extensively
demonstrated to impact oceanic SST (e.g. Gévaudan et al., 2021; Echols & Riser, 2020; Balaguru et al., 20123;
Foltz & McPhaden, 2009; Zhang & Busalacchi, 2009). This impact is often associated with the generation of
barrier layers (BL) between a density-stratified mixed layer (ML) and a temperature-stratified isothermal
layer (IL), which reduces the vertical mixing of subsurface cooler waters with the warm waters at the surface,
hence increasing SST (e.g. Balaguru et al., 2012a; Foltz & McPhaden, 2009). However, BL generation and
ML shoaling can also generate cooling signatures in SST (Echols & Riser, 2020; Behara & Vinayachandran,
2016). At the same time, freshwater lenses can modify geostrophic flows due to changes in SSH and pressure
gradients via the halosteric effect (Alory et al., 2021; Durand et al., 2019), which could, consequently, affect
surface heat advection and SSTs. In this section, the two main mechanisms (i.e. halosteric effect and BL
generation) by which a freshwater input can impact SST are detailed. Here, the focus is mostly on the plume-
related processes, since the freshwater input in this region is dominated by the Congo discharge (see Section
1.1.2).

1.2.1 River Plumes, Pressure Gradients and Coastal Dynamics

Freshwater discharge from rivers carries more than one-third of the precipitation over land into the
ocean (Trenberth et al., 2007), with approximately 40% of the freshwater entering the oceans being
transported by the world's ten largest rivers (Dagg et al., 2004). They concentrate large freshwater input into
the ocean through narrow outlets along the coast, exerting a profound influence on coastal and shelf regions
via substantial interactions between river-borne low-salinity waters and oceanic high-salinity ones (Horner-
Devine et al., 2015). River plumes are multiscale flow structures, generated by the flow of buoyant river water
into the coastal ocean, and spanning a range of sizes and shapes, which depends mostly on the rate of
discharge, tidal amplitude, coastline, bathymetry, ambient currents, wind stress and Earth’s rotation (Horner-
Devine et al., 2015; Hopkins et al., 2013).

The Congo River plume can be classified as a surface-advected plume, with the lighter water
spreading over the salty ocean, not influenced by bottom stress, and being deflected by the Coriolis force,
generating an anticyclonic cyclostrophic plume (Yankovsky & Chapman, 1997; Fong & Geyer, 2002). It
extends between 400 and 1000km northwestward (from September to January) and southwestward (from
January to April), with its spreading determined by changes in wind stress, wind-driven currents, freshwater
discharge, and coastal currents (Houdengnoto et al., 2021; Hopkins et al., 2013). Denamiel et al. (2013) and

Vic et al. (2014) argue that this dominant northwestward spreading is primarily related to the unique



geomorphology of the Congo estuary. Once offshore, the plume salinity gradually increases mainly due to
vertical turbulent salinity fluxes, which mix the surface low-density waters with salty subsurface waters, and

is considered to be dominant over horizontal turbulent fluxes (Horner-Devine et al., 2015).

" § :9 B Equator "
plume E o - 8
z ,,/ \\\ U
\
( L
“ 4
-l oY
River/ (-}:-»' ) ®
estuary @
. River
outiflow
Mid-field plume: ®
bulge o K
\ s ®
e
o \‘
(L }
Far field S ’,
castalcworent | | 4 TGS
Southern Hemisphere Pole

Figure 1.6. (a) Schematic representation of the prototypical large-scale plume comprising all dynamical regions. Adapted
from Horner-Devine et al. (2015). (b) Pressure gradients and balance of geostrophic currents at the coast subjected to a
river outflow. H: high-pressure area; L: low-pressure area. Dashed (solid) contours represent primary (secondary)
pressure systems and associated geostrophic currents. Both schematics attempt to depict a theoretical scenario for the
Congo River plume. In the Southern Hemisphere, the flow is deflected to the left by the Coriolis effect.

The Congo River plume can also be classified by its morphology as a prototypical large-scale plume,
which is characterized by a relatively high discharge and narrow mouth, with its dynamics strongly influenced
by the Coriolis effect (Horner-Devine et al., 2015) (Figure 1.6a). This type of plume evolves a freshwater
bulge in the vicinity of the river mouth, an anticyclonic circulation around this bulge, and a coastal current
extension in the direction of the propagating CTWs (i.e. southward, in this case) (Figure 1.6a) (Chao, 1988;
Fong & Geyer, 2002; Horner-Devine et al., 2015). The bulge is a continuously growing subtidal feature,
which accumulates 25% to 75% of the river’s freshwater discharge, and reduces the transport of freshwater
away from the river mouth region into the coastal current (Fong & Geyer 2002; Horner-Devine et al., 2015).
Horner-Devine et al. (2015) divided a prototypical large-scale plume in different fields (Figure 1.6a): the
liftoff point, where the upper layer of the plume loses contact with the bottom and becomes surface-advected,
the near-field, where the river momentum still exceeds the plume buoyancy; the mid-field, where the
inflowing river waters transits from the inertial near-field forces into a geostrophic or wind-dominated plume,
and the momentum balance is dominated by Coriolis force, centripetal acceleration, and pressure gradients;
and a far field region, where the initial momentum from the river discharge is lost and the plume dynamics
are mainly driven by Earth’s rotation, buoyancy and wind stress. If winds and local currents are not strong
enough to force the plume offshore, a geostrophic coastal current propagating in the direction of a CTW is

generated on the far-field plume (Horner-Devine et al., 2015) (Figure 1.6a). Overall, an alongshore wind,



associated with an offshore Ekman transport flow, weakens these alongshore currents and transport (Fong &
Geyer, 2001).

The existence of the plume bulge and its associated anticyclonic circulation and coastal alongshore
transport imply a freshwater input effect in triggering this geostrophic balance. Geostrophic balance describes
a steady state when the horizontal current velocity is only governed by the balance between the pressure
gradient and the Coriolis force (i.e. geostrophic flow), and, by neglecting friction effects in the momentum

equation, the geostrophic balance equations read (Stewart, 2008):
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where u, and v, are the zonal and meridional geostrophic flows, respectively, fis the Coriolis parameter, p
is a reference density, and p is the pressure. Since the Coriolis parameter is only dependent on the latitudinal
position, the riverine input could only affect such currents by changing the horizontal pressure gradients.
Indeed, the outflow from rivers creates a light and fresh parcel of water surrounded by salty oceanic water.
The low density associated with this freshwater leads to a volume expansion of the water column, increasing
the sea level (Durand et al., 2019). This expansion due to salinity changes is known as the halosteric effect.

The halosteric effect involves changes in SSH and pressure gradients. The river plume bulge
represents a high-pressure area of increased SSH and reduced SSS. This higher SSH creates a primary
meridional pressure gradient from the bulge to both north and south (Figure 1.6b). By adding the Coriolis
effect, which deflects the flow to the left in the Southern Hemisphere, a primary zonal geostrophic flow
balances the meridional pressure gradient, with an onshore (offshore) flow south (north) of the plume’s bulge,
leading to coastal downwelling (upwelling) (Figure 1.6b). Further, the generated zonal flow produces
secondary zonal pressure gradients that, in turn, are balanced by a secondary northward (southward)
alongshore geostrophic flow, north (south) of the bulge (Figure 1.6b). Both upwelling and downwelling
processes, as well as the generated meridional alongshore geostrophic flows, could impact SSTs by moving
colder and warmers waters to the surface or subsurface, respectively, and by bringing different temperature
waters to north and south, especially in a region with a strong alongshore meridional temperature gradient
such as the SETA (Figure 1.1a).

Additionally, river discharge waters do not necessarily have the same temperature as the ambient
ocean water. Hence, one might argue the existence of a river-plume related thermosteric effect, adding to the
halosteric one. However, the magnitude of such small temperature differences' effects on density is very small
when compared to the large salinity shifts influencing the density fields (Durand et al., 2019). Furthermore,
river outflows also involve a mass contribution to the overall SSH change. Nevertheless, it has been shown
that this mass contribution is significant for changing SSH on a global scale, but not regionally, where the

halosteric effect is believed to be more important (Durand et al., 2019).
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Fong & Geyer (2002) pointed out that lateral pressure gradients related to salinity changes at river
plumes can induce surface geostrophic flows projecting at the coast. Similarly, Alory et al (2021) and Topé
et al. (2023) demonstrated an additional onshore geostrophic flow generated by the Niger River in Gulf of
Guinea, discussing as well the possibility of such effect next to other river plumes. For the Congo River
specifically, White & Toumi (2014) observed an annual southward coastal SST increase from 6°S due to the
river’s presence, mentioning that this SST warming could be caused by changes in surface coastal currents.
To comprehend if this mechanism is actually true for the Congo’s case is fundamental to understanding the
mean-state SST in the SETA, especially considering the future projections of amplified river discharges in

the warming scenario (Miller et al., 2024; Aloysius and Saiers, 2017).

1.2.2 Mixed Layer and Barrier Layers

Freshwater input affects ocean stratification and can therefore significantly impact SST. Oceanic
waters are far from being uniform and homogeneous fluids. The different characteristics in these waters shape
the global ocean picture. Oceans are vertically stratified, separating layers of lower-density waters at the
surface above layers of increasing density with depth. In most regions, the density structure is defined by the
vertical temperature structure (Talley et al., 2011; Stewart, 2008). The surface layers are usually warmer and
less dense than at subsurface due to the increased solar heat and incoming radiation. This is the case especially
in the tropical region, where the incidence of solar heating is even stronger. However, salinity changes at the
surface also control density shifts, impacting the vertical ocean stratification, especially in regions with high
freshwater input, either from rivers or precipitation (e.g. de Boyer Montégut et al., 2007). Overall,
understanding stratification changes in the ocean column is crucial, since they can modulate the vertical
exchange of heat, oxygen, carbon, and nutrients, influencing biological productivity and fisheries (Li et al.,
2020; Llort et al., 2019; DeVries et al., 2017; Keeling et al., 2010). Throughout this thesis, the focus is on the
stratification changes and their impacts within the top layers of the ocean. The upper boundary ocean layer,
connecting the ocean’s surface with the atmosphere, is the so-called mixed layer (ML).

The ML is characterized by being the upper layer of the ocean, presenting well-mixed waters with
temperature, salinity, and density nearly vertically uniform embedded in the surface layer, and ranging from
the ocean’s surface to the ML base, where the almost absent vertical density gradient starts to surge (Figure
1.7a). Mixing within the ML results mainly from atmospheric wind forcing, via interaction between the wind
stress and the oceans’ surface, where friction from this interaction generates turbulence and mixes the upper
ocean layer (e.g. Talley et al., 2011; Stewart, 2008). Changes in water buoyancy can also induce mixing
within the ML, resulting from changes in latent heat fluxes and evaporation, which increase the surface layer
density (e.g. Talley et al., 2011; Stewart, 2008). In general, MLs are shallower in tropical regions (i.e. 5m —
40m deep or even shallower) due to the increased solar radiation and heat transfer into the ocean, which
generates stronger vertical temperature gradients (e.g. de Boyer Montégut et al., 2004). However, defining
the mixed-layer depth (MLD) is quite challenging and can be done by a variety of approaches (Holte & Talley,
2009; de Boyer Montégut et al., 2004). For example, Holte & Talley (2009) developed a hybrid method to

assess the most adequate MLD definitions applied to in-situ profiles of temperature and salinity, including
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definitions based on density, salinity, or temperature thresholds and gradients, extreme values, and statistical
fits within the vertical profiles. Most importantly, in regions subject to high freshwater input and SSS changes,
applying a salt-density-based criterion (e.g. threshold of 0.125 kg/m? increase) is crucial for well-representing
the ML (de Boyer Montégut et al., 2007). By using this criterion, the MLD can actually be separated from the
isothermal layer depth (ILD) definition, and the impacts of this difference can be assessed (e.g. Saha et al.,
2021; Gévaudan et al., 2021) (Figure 1.7). Here, the MLD is always defined based on the vertical density

field, and the definition for each study is described in the respective chapter.
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Figure 1.7. A schematic view of a river-induced barrier layers: the mixed layer (MLD) is shallowed, whilst the top of
the isothermal layer (ILD) remains constant. If MLD = ILD, there is no barrier layer. Horizontal lines depict the bottom
of the density and temperature mixed layers. Quantitative values and profile shapes are for illustration only. In this case,
surface temperature does not change in (b) because here the net warming effect of barrier layer generation is zero (White
& Toumi, 2014). Modified from White & Toumi (2014).

Similar to the MLD, the ILD is also the upper layer of the ocean characterized by uniform and
homogeneous properties, with almost no vertical gradients in temperature. However, ILDs are defined solely
based on a temperature criterion, not accounting for salt-density-related changes in the upper meters of the
ocean. They mark the depth of the top of the thermocline (i.e. where ocean temperature starts to strongly
decrease with depth), and are traditionally defined by the threshold of 0.2°C decrease in the vertical
temperature profile (e.g. de Boyer Montégut et al., 2004). In many regions of the ocean, especially in the
subtropics — which are not usually subjected to strong SSS variability, ILD and MLD are the same, indicating
a dominance of temperature over salinity in the density field (de Boyer Montégut et al., 2007) (Figure 1.7a).
However, freshwater input from both river discharge and precipitation creates a shallower ML, constrained
to density changes, that is situated within the ILD (Figure 1.7b). In such cases of the MLD, homogeneous in
density, being shallower than the ILD, homogeneous in temperature, a barrier layer (BL) is created, increasing
subsurface stratification, and acting as a barrier for the vertical mixing with the colder thermocline waters
below (Figure 1.7b). The BL mechanisms is likely one of the most important by which salinity plays a direct
role in air-sea interaction and coupling (Balaguru et al., 2012a). The difference between the MLD and the
ILD is defined as the barrier layer thickness (BLT), i.e. BLT = ILD — MLD (Figure 1.7b).
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The impact of freshwater input-induced BLs on SSTs in tropical regions has been extensively
assessed in the last years in all ocean basins. BL generation and influence on SST variability have been linked
to: the Amazon river discharge (Saha et al., 2021; Gévaudan et al., 2021; Balaguru et al., 2012a; de Boyer
Montégut et al., 2007); the Congo river outflow (Sena Martins & Stammer, 2022; White & Toumi, 2014);
several rivers and precipitation in the Bay of Bengal and Arabian Sea (Echols & Riser, 2020; Behara &
Vinayachandran, 2016; Vinayachandran et al., 2015); the discharge of the Changjiang river in the East China
Sea (Kako et al., 2016); the Niger river in Gulf of Guinea (Topé et al., 2023); and precipitation in the tropical
North Atlantic within the ITCZ (Foltz & McPhaden, 2009). BL dynamics can also affect atmospheric
responses, such as precipitation rates (e.g. Gévaudan et al., 2021; Vinayachandran et al., 2015; Balaguru et
al., 2012a), and intensification of Tropical Cyclones (Balaguru et al., 2012b), as well as affect main SST
variability modes such as the El Nifio Southern Oscillation (ENSO) (Guan et al., 2025; Liu et al., 2022; Zheng
& Zhang, 2012; Zhang & Busalacchi, 2009).

Freshwater input into the ocean triggers the formation of BL due to the freshening of the surface
waters, then creating a shallow ML defined by the reduced density in the uppermost ocean layer (Figure 1.7).
By reducing the vertical mixing of the surface layers with colder thermocline waters, at the same time that
reduces the vertical temperature gradient between the ML and waters immediately below its base — since both
water parcels are within the IL, BLs can contribute to warming the SSTs. Analysis of the BLT impacts on
SSTs is usually performed via a mixed-layer heat budget, focusing on the vertical turbulent heat flux term.
SST cooling (warming) is associated with stronger (weaker) vertical heat flux at the base of the ML when the
BL is thin (thick) and the vertical temperature gradient at the ML base is strong (weak) (Saha et al., 2021;
Gévaudan et al., 2021; Echols & Riser, 2020; Kako et al., 2016; Balaguru et al., 2012b; Foltz & McPhaden,
2009). In fact, turbulent fluxes calculation is proportional to stratification, given by the Brunt-Vaisala
frequency (N?), and to the vertical temperature gradient, both factors affected by the presence of a BL (see
more on these equations in Chapter 5, Eq. 5.1). Recently, turbulent mixing is being pointed as an important
factor in modulating Pacific SSTs and in the development of ENSO (Guan et al., 2025; Liu et al., 2025;
Tozuka, 2025).

BLs and freshwater input are usually related to an SST warming. However, cooling effects are also
associated with such processes. By isolating the ML from mixing below its base, BL generation can lead to a
vertical temperature inversion, with surface layers being cooler than the waters immediately below the ML,
especially in regions with very shallow MLDs (e.g. Echols & Riser, 2020; Kako et al., 2016; Vinayachandran
et al. 2015). A thinner ML is more sensitive to atmospheric changes, predominantly during seasons of strong
wind activity, and the freshwater contribution to shoaling such layers even more favors a strong interaction
with surface winds, and as a consequence, to the increase in latent heat loss at the ocean’s surface (Gévaudan
et al.,, 2021; Behara & Vinayachandran, 2016). Additionally, very shallow MLs reduce the shortwave
radiation (SWR) absorption within this layer, and the SWR is lost for depths below the ML base (Gévaudan
etal., 2021; Echols & Riser, 2020; White & Toumi, 2014). The overall impact of BLs on SST variability is a

balance between both warming and cooling effects presented above, also being subject to seasonality and
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regional processes. Hence, the need to understand and evaluate such effects, particularly for each region,
proves to be essential.

Within the SETA, freshwater input effects on SSS and SST, particularly from the Congo River
discharge (CRD), have also been examined. Materia et al. (2012) correlated CRD to SST anomalies in the
Gulf of Guinea, with long-lasting and strong anomalies in SSTs in the event of increased freshwater flow,
while recently, Sena Martins & Stammer (2022) showed a strong increase in stratification linked to the CRD
that could likely impact SSTs. Finally, White & Toumi (2014) performed a modelling study depicting that
the Congo presence and its discharge led to an ML shoaling by up to 7m, creating BLs up to 6m thick at the
river mouth. Concomitantly, they observed temperature inversions of up to 0.5K, with warmer waters below
the ML (White & Toumi, 2014). The authors argue that the strong shoaling of the ML reduces the absorption
of the solar SWR, which is no longer trapped within this layer. The cooling effect from the reduced SWR
absorption balances the warming impact of the reduced vertical mixing from the BL generation (i.e, net flux
change of 5.5 W/m? out of the ML at its base), hence the overall effect of the CRD on SST is not substantial
(White & Toumi, 2014). Lastly, White & Toumi (2014) tested via sensitivity experiments the effects of
doubling the CRD, and increasing the Congo River temperature by 3K. Their results showed no substantial
differences by applying these constraints, suggesting that SST changes related to CRD are more dependent
on environmental conditions (e.g., surface fluxes, wind stress, current velocities, background stratification)
than on the river temperature or discharge rate (White & Toumi, 2014). The authors, however, focus their
whole analysis on the region immediately at the Congo mouth, not extending the discussion to the upwelling
region. The impact of the CRD and freshwater input in generating BLs and affecting SST off Angola and

Namibia, and consequently the extreme Benguela Nifio and Nifia events, remains uncertain.

1.3 Motivations, Goals and Outline

1.3.1 Motivation and Goals

Freshwater input and variability have been shown to increase the mean state SST in other tropical
regions, either via precipitation (Zhang and Busalacchi, 2009) or river discharges (Topé et al., 2023), and to
impact geostrophic circulation in a tropical region (Alory et al., 2021). Also, a closer look into those
mechanisms is crucial in view of the future scenario of amplified river runoff and changes in geostrophic flow
in eastern boundary upwelling systems due to climate warming (Muller et al., 2024; Jing et al., 2023; Aloysius
and Saiers, 2017).

Additionally, the Benguela Nifios and Nifias underlying mechanisms, their forcings and impacts have
been investigated in detail over the last years (e.g. Imbol Koungue & Brandt, 2021; Bachélery et al., 2020;
Imbol Koungue et al., 2019, 2017; Libbecke et al., 2019; Rouault et al., 2018, 2007, 2003; Bachélery et al.,
2016a; Florenchie et al. 2003, 2004; Gammelsragd et al., 1998; Shannon et al., 1986). Even though these events
are mainly forced remotely (~71%) (Bachelery et al., 2020; Libbecke et al., 2010), local forcing has been
playing an increasingly important role in triggering these events in the last decades (Imbol Koungue et al.,
2021; Lubbecke et al., 2019; Prigent et al., 2020; Richter et al., 2010). More recently, Libbecke et al. (2019)
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suggested freshwater input from precipitation and from the Congo River discharge as a possible new source
and up-until-now unnoticed mechanism of local forcing that could amplify such events. This effect, however,
remains poorly understood.

Furthermore, both climate and regional ocean model simulations struggle in well representing eastern
boundary upwelling systems, which usually present a warm SST bias (e.g. Farneti et al., 2022; Small et al.,
2024). The BUS, south of the SETA, is known to be even more difficult to simulate (Bonino et al., 2019;
Kurian et al., 2021). Indeed, the strength of the Angola Current and the location of the ABF in the SETA are
pointed out as key sources of such biases in general Earth system models (Koseki et al., 2018). Finally, even
though the role of freshwater input in the SETA SST has been investigated, it has not been fully elucidated
by both modelling and observational studies (Sena Martins & Stammer, 2022; Newinger and Toumi, 2015;
White and Toumi, 2014; Materia et al., 2012).

Therefore, the comprehension of the mechanisms by which freshwater input influences the mean state
and variability within the SETA is greatly important for both the socio-economics and ecosystem management
within the local African communities, and for supporting the forecast of such extremes, assessing potential
future changes, and contributing to improving ocean general circulation models. To do so, the following
research questions will be addressed in this thesis:

Does the freshwater input in the SETA impact the mean-state SST? What are the mechanisms

involved in this influence?

o What is the impact of the freshwater outflow on the SST variability within the SETA? Does it
amplify or counteract the extreme warm and cold events in this region? Can this contribution

be quantified?

¢ \What are the mechanisms responsible for such an impact on SST variability?

o Do other ocean basins influence the freshwater input variability in the SETA? Can a connection
be established between Benguela Nifio and Nifia events and SST variability modes from other

oceans?

1.3.2 Outline

Aiming to answer those questions, Chapter 2 details and discusses the different model simulations,
the in-situ measurements and observational datasets, and the reanalysis products used in this work. Chapter 3
presents how the SST mean state and the regional coastal dynamics within the SETA are affected by the
freshwater inflow, especially from the Congo River. For that, the focus is on two model simulations that only
differ in the prescribed freshwater input: in one, this input is set to zero, in the other, a climatological discharge

is prescribed. Then, the observed differences between the two experiments are compared, and the mechanism
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responsible for such changes is discussed. In Chapter 4, the focus is on the most extreme Benguela Nifio event
in the satellite era, the 1995 Benguela Nifio, to understand the mechanism by which freshwater input and
anomalies of SSS can impact this mode of SST variability. Based mainly on reanalysis products, the
importance of coastal current anomalies for the SSS variability off Angola, and therefore, for the freshwater
input impact on these extreme events, is highlighted. Chapter 5 deepens the discussion by extending this
analysis to other events, and further examining the extremely cold Benguela Nifias. Such impacts are
quantified in terms of turbulent heat fluxes from subsurface to surface layers, exploring an extensive dataset
obtained from different research cruises. Chapter 6 links the positive 10D event in 1994 to the 1995 Benguela
Nifio through a land and atmosphere bridge via the Congo River basin hydrology. A potential new source of
prediction for Benguela Nifios and Nifias and their amplification of extreme SSTs is statistically shown.
Finally, Chapter 7 gives a summary of the research outcomes, answering the above-raised questions and
discussing the perspectives and outlook of this work.
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Chapter 2

Datasets

In this thesis, a broad range of datasets is used, exploring their advantages in each specific study and
discussing the impact of their caveats on the observed results. To address the questions raised in Chapter 1,
the first focus is on model simulations and experiments from a model configuration based on a state-of-the-
art modelling framework (in Chapter 3). Further, reanalysis datasets and observations, such as satellite (in
Chapters 4 and 6) and in-situ measurements from research cruises (in Chapter 5), are explored. Below, the
importance and concerns regarding the scientific use of such different datasets are discussed, and details on
the data utilized to achieve the obtained results are given.

2.1 Model simulations

Ocean modeling is a crucial instrument in understanding and predicting oceanic processes, having
also significant implications for climate science, marine ecosystems, coastal management, disaster mitigation,
and ocean policy and management. In addition, they are an increasingly valuable tool in interpreting what is
seen from observations (Fox-Kemper et al., 2019). Further, ocean models can mimic observations with the
advantage of increasing both spatial and temporal resolution, allowing the understanding, for example, of
small and mesoscale processes and long-term ocean variability. Even though models can expand the reach of
observations and contribute to the improvement of observational plans, they rely on the fidelity of their
underlying parametrizations, assumptions, and uncertainties (Fox-Kemper et al., 2019).

Although ocean circulation models have evolved over the past decades (Fox-Kemper et al., 2019),
challenges are long-lasting. A critical part of the overall Earth system modelling is understanding and well-
representing the ocean circulation (Chassignet et al., 2019), since this circulation is crucial, for instance, in
redistributing the thermal energy stored in the ocean system. Indeed, the oceanic equations of motion have
long been known (e.g. Laplace et al., 1829; Navier, 1822; Stokes, 1845), along with the intricacies of seawater
thermodynamics (IOC et al., 2010). The computational and storage requirements to discretize the equation of
thermodynamics, however, are beyond the current computational capacity, even with the use of
supercomputers (Fox-Kemper et al., 2019). Therefore, approximations and different model parametrizations
are explored to improve the state-of-the-art ocean circulation models. Different mixing parametrization
schemes, for example, are currently being tested to improve the representation of Tropical Atlantic mixing
processes in such models (Bastin et al., 2025; Mrozowska et al., 2024). Hence, understanding the model
limitations and caveats is crucial when analyzing model outputs.

One well-known and established issue in both climate and regional ocean model simulations in
eastern boundary upwelling systems is the warm SST bias, with models overestimating the mean SSTs within
these regions (e.g. Small et al., 2024; Farneti et al., 2022). Several processes were discussed as possible

sources of these discrepancies, such as mixing representation, weak upwelling velocities and equatorward
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surface flow, poor depiction of clouds, etc. (e.g. Bastin et al., 2025; Small et al., 2024; Bonino et al., 2019;
Richter, 2015). Simulation of the BUS was pointed to be even more challenging to be performed, likely due
to the encounter of significantly distinct water masses, the unique spatial structure of the wind field, its
influence on the dynamics of these coastal waters, and the representation of the Angola Current (Kurian et
al., 2021; Bonino et al., 2019; Koseki et al., 2018). Increasing spatial resolution for both the oceanic model
and atmospheric forcing may somewhat alleviate the biases, since the use of higher resolution can better
picture wind-related processes (Small et al., 2024; De La Vara et al., 2020).

Furthermore, the representation of SSS fields and freshwater runoff input into ocean models also
poses a big challenge for the modelling community. Ocean salinity in coastal regions near river mouths is
highly variable and associated with a strong vertical stratification, which adds complexity to a flawless
representation by such models (Martins and Stammer, 2022; Nyadjro et al., 2022; Boutin et al., 2021).
Additionally, salinity fields and their discrepancies to the observations are dependent on estimates of
freshwater runoff, mainly from reanalysis, which are used as atmospheric forcing and traditionally have been
very idealized (Chandanpurkar et al., 2022; Fox-Kemper et al., 2019). For the Congo River, specifically, the
complexity of the Congo Basin hydrology and the lack of field observations were pointed out as the main
reasons for such differences between the observed river discharges and those taken from reanalysis products
(Chandanpurkar et al., 2022; Hua et al., 2019). One possible solution to improve such runoffs is the direct
implementation of parametrizations for physical processes in estuarine box models (Verri et al., 2020; Sun et
al., 2017).

Even though there are caveats and challenges in modelling the ocean system, they continue to further
progress (Fox-Kemper et al., 2019). It is expected that a future increase in model resolution, the use of new
parametrizations, and increasing coupling to other system models will improve the perspective of advanced
ocean modelling. For instance, the specificity of river plumes, especially their associated strong density
gradients, both vertically and horizontally, requires dedicated effort to work out novel turbulent closure
models (Durand et al., 2019). The continuous use of the ocean observing systems is a crucial constraint for
such improvements (Fox-Kemper et al., 2019). In the following, the ocean model, configuration, and

experiments used in Chapter 3 of the present thesis are detailed.

2.1.1 INALT20 model experiments

A great advantage of using model experiments is the possibility of designing simulations to answer a
specific scientific hypothesis. Here, to address the question of whether freshwater input might affect the SST
mean-state within the SETA, the INALT20 model configuration (Schwarzkopf et al., 2019) was used.
INALT20 is based on the Nucleus for European Modelling of the Ocean (NEMO) v3.6 ocean general
circulation model, the state-of-the-art model framework (Madec and the NEMO team, 2016), and is part of
the INALT family, which is a set of global ocean model configurations, initially developed to better
understand the Agulhas Current system in a high spatial resolution (Figure 2.1). The INALT family

configuration is the successor of the INALTO1 high-resolution, which has been widely used to understand the
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ocean-atmosphere dynamics associated with the Agulhas Currents, as well as impacts on the Atlantic (Malan
etal., 2018; Ruhs et al., 2017; Biastoch et al., 2015; Libbecke et al., 2015; Durgadoo et al., 2013).

INALT20 consists of a regionally confined high-resolution grid (i.e. nest) combined with a global
coarser grid (i.e. host, ORCAQ025, 1/4° horizontal resolution) (Barnier et al., 2006), via a two-way interaction,
where both the host and the nest provide boundary conditions to each other. The high-resolution INALT20
(1/20°) covers the South Atlantic and the West Indian oceans (63°S — 10°N, 70°W — 70°E) (Figure 2.1), and
has a vertical grid with 46 z levels, with 6m resolution at the surface to 250m in the deepest layers. This
vertical resolution not only resolves the first baroclinic mode, therefore representing the major baroclinic
currents (Stewart et al., 2017), but also has been shown as an appropriate choice for model configurations up
to 1/20° resolution (e.g. Boning et al., 2016; Behrens et al., 2017).

Surface atmospheric (i.e. momentum, heat, and freshwater fluxes) and runoff forcing in INALT20 is
done with the JRA55-do atmospheric reanalysis (Tsujino et al., 2018), which has been shown to improve
model representation within the BUS and other eastern boundary upwelling systems, when compared to a
coarser atmospheric forcing (Small et al., 2024; Prigent & Farneti, 2024), even though discrepancies in the
runoff between JRA55-do and the measured discharge from river gauges have also been observed
(Chandanpurkar et al., 2022). Additionally, enhanced vertical mixing over the upper 10m is applied, and SSS
restoring is suppressed at locations where freshwater discharge enters the ocean (Schwarzkopf et al., 2019).
Further details of the INALT family or the INALT20 configuration can be found in Schwarzkopf et al. (2019).

Below, the model experiments here performed are detailed.

80°N

40°N

Oo

40°S

100°W 0° 100°E
ORCAO025 - INALT20/60 0 1 2 3 4 5 6 8 10 12 14 16 18 20 22 24 26 28
ORCAO5 - INALT10  ESSSEEREETTTI T U] T U] TT TR

km

Figure 2.1. Grid sizes in the INALT family: shown is the zonal grid length (in km) for the global ORCAQ25 grid with
the embedded INALT20 (outer black box), INALT20r (inner black box) and INALT60 (blue box) grids (upper scale),
as well as for ORCAO5 with the embedded INALT10x (white dashed box, same as INALT20) and INALT10 with its
southern boundary shifted north (lower scale). From Schwarzkopf et al. (2019).

Three model experiments were developed by using the INALT20 configuration, which only differ in
their prescribed river runoff. 5-daily averages as output data are analyzed for most of the variables, except for
SSH and runoff, for which daily outputs are examined. The global SSH average at each location and time

slice was removed to detrend the modelled SSH fields. The experiments are the following:
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o CTRL.: is the reference (control) simulation, with prescribed interannually varying daily runoff
forcing from JRA55-do. This simulation is compared to observational datasets to ensure the
INALT?20 performance in representing the general characteristics of the SETA. This simulation
has been described and utilized in recent works (e.g. Ruhs et al., 2022; Schmidt et al., 2021,
Biastoch et al., 2021). A 30-year-long spin-up integration initialized with temperature and salinity
data from the World Ocean Atlas (WOA) (Huang et al., 2021; Levitus et al., 1998) precedes this
hindcast simulation, which spans from 1958 to 2019.

e CLIMA: sensitivity experiment forced with a monthly climatological runoff also built from
JRA55-do. Branch off from CTRL in the year 2000. For both CLIMA and CTRL, vertical mixing
is enhanced where the land-to-ocean discharge occurs.

o NORIV: sensitivity experiment forced without any runoff forcing. Branch off from CTRL also
in the year 2000.

The idea of performing three model simulations for the purpose of this study was to investigate not
only how a climatological runoff forcing would impact the mean-state SST in the region, but also to check if
the interannual variability of this land-to-ocean discharge would impact the SST variability within the SETA.
By comparing CLIMA and CTRL to NORIV, one is able to observe how the ocean variables from the
simulations with the presence of a climatological or interannually varying runoff differ from a situation in
which the freshwater input would not exist. In the end, the focus of the model-based discussion is mostly on
CLIMA and NORIV, and the consequent effects on the mean state SST, even though all three simulations
were analyzed throughout the study (see Chapter 3 for more details). In the next section, the importance of

using observational datasets is discussed, and the details of the datasets used in this thesis are presented.

2.2 Observational datasets

In-situ ocean measurements are fundamental to oceanographic research, providing direct information
to understand the physical, chemical, biological, and geological phenomena within this dynamic environment.
Unlike numerical ocean models, observations represent the “ground-truth” of the climate system, while also
serving as benchmarks for model validation. Ocean observing systems have been developed in the last
decades (e.g. Foltz et al., 2025; Hassoun et al., 2024), contributing to the observing, analyzing, and forecasting
of the ocean across coastal and open oceans, from shallow to deep layers. They provide immense societal and
scientific value by supplying the data required for such advancements. However, deficiencies as part of such
systems are still observed, especially in near-coastal regions and subsurface oceans (Foltz et al., 2025). In
addition, observational datasets are subject to uncertainties arising from instrumentation limitations, indirect
measurement assumptions, and sparse sampling, which the latter leads to gaps in spatial and temporal
resolution, and thus requires robust statistical approaches. The largest source of error in oceanographic

understanding is likely the insufficient number of observations (Stewart, 2008). In the last decades, an effort
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to overcome this lack of sampling has also been made by the use of satellite measurements, and reanalysis
products (e.g. Lellouche et al., 2021; Hersbach et al., 2020; Reynolds et al., 2007). In Sections 2.2.1 and 2.2.2,
details on the in-situ measurements and satellite products, respectively, used in the scope of this thesis are

given. Reanalysis products are explored in Section 2.3.

2.2.1 In-situ measurements

Throughout this thesis, an extensive number of in-situ measurements, mainly from ship cruises, were
utilized. Figure 2.2 depicts the location and the time-period at which the majority of these measurements were
taken. The only data described in this section that was not collected by cruises is the Congo River discharge
(CRD) data, taken from the Brazzaville-Kinshasha gauge station, situated 500km upstream of the River mouth
and indicated by the green diamond in Figure 2.2a., which represents 98% of the total CRD (Alsdorf et al.,
2016). River discharge rates are estimated either directly via Acoustic Doppler Current Profiles (ADCP)
current meters, or via a combination of water level measurements and a rating curve, which relates water level

to flow rate. Here, CRD estimates from 1947 to 2019 were used.
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Figure 2.2. Summary of in-situ measurements used. (a) Location of Nansen Program’s CTD profiles (purple circles),
ship section with CTD and MSS profiles (orange circles), mooring (yellow star), and Congo discharge’ Brazzaville
station (green diamond). Shading is bathymetry from GEBCO. (b) Number of cruise profiles taken in each year. Blue
(grey) bars are Nansen Program’s CTD profiles during February-March-April (July-August-September). Orange bars
are MSS profiles at ship’s section, and yellow line indicates mooring’s years here used.

The great majority of the hydrographic measurements used here were obtained from Conductivity-
Temperature-Depth (CTD) profiles from the Nansen Programm of the Food and Agriculture Organization of
the United Nations (FAO), where several research cruises were conducted on board the Research Vessel Dr.
Fridtjof Nansen (Tchipalanga et al., 2018). This Programm marked the start of a new era in the Angolan
coastal ocean monitoring, and from 1995 to 2014 covered the entire extent of the Angolan continental shelf
(Tchipalanga et al., 2018) (Figure 2.2). More than 8000 profiles on Angolan coast were collected in these 20
years, with the surveys being carried out twice a year, once in FMA and once in JAS (Tchipalanga et al.,

2018). Overall, CTD sensors can obtain information on temperature, conductivity, and pressure in the water
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column. While they directly measure temperature, both conductivity and pressure measurements are
converted to salinity and depth, respectively, via mathematical formulas. The location of the CTDs and the
number of profiles per year and season are depicted in Figure 2.2.

Additionally, profiles from both CTD and Microstructure Sonds (MSS) obtained during 6 research
cruise campaigns in the last decade were also explored here. Every campaign profiled the water column within
the same ship section, depicted in Figure 2.2a. The MSS was equipped with 2-3 airfoils shear sensors, which
measure the microstructure shear, and the profiles were obtained by a loosely free-falling tethered probe with
a falling speed of 0.5-0.6 m/s (Kdrner et al., 2023). By assuming isotropy, the microstructure shear is then
used to estimate turbulent kinetic energy (TKE). From TKE, eddy diffusivity is calculated, which is a crucial
variable in estimating mixing processes and turbulent fluxes within the water column. The ship section from
the different cruises were taken in: July 2013 (MQ98 cruise); October 2015 (M120); October 2016 (M131);
June 2018 (M148), September 2019 (M158) and April 2022 (M181) (Figure 2.2b). Overall, 707 MSS profiles
were obtained. Figure 2.2b also shows the number of MSS profiles for each year.

Finally, current velocity measurements were obtained from a mooring located off Angola at 13°00’E,
10°50°S (Kopte et al., 2017). The mooring is installed at the continental slope at about 1200m depth. At 500m
on the mooring cable, an upward-looking 75-kHz Long Ranger ADCP is mounted to record flow velocities
(especially the Angola Current) up to 45m below the sea surface. Flow velocities are estimated by analyzing
the Doppler shift bounced back by the particles from the sound waves transmitted signal, i.e. the difference
in frequency between the sound waves transmitted and received. With a vertical resolution of 16-m bin size,
the mooring data is available since July 2013 to today (Imbol Koungue et al., 2024). However, only the

measurements from 2013 to 2019 are used (period indicated by the yellow line in Figure 2.2b).

2.2.2 Satellite products

Remote sensing from satellites orbiting the Earth provides significantly more information than would
be possible to obtain from the Earth’s surface (Stewart, 2008), and they have been used to observe the ocean
since the 1970s. In June 1978, the world's first oceanographic satellite was launched into orbit, the Seasat
(Stewart, 1988), which strongly led to the improvement of techniques for evaluating the accuracy of remote
ocean measurements and contributed to a better understanding of the system (Stewart, 1988). Since the late
1990s, more satellite datasets have become available, providing additional information to the ocean’s
perspective of supporting life abundance and regulating the climate (Reynolds et al., 2007). Different satellites
equipped with various instruments can measure a broad range of variables at the ocean’s surface, including
SST, SSS, SSH (from which geostrophic velocities can be obtained), waves, chlorophyll concentration, wind,
and other atmospheric components, such as precipitation. Such measurements allow an extensive global and
spatial coverage of the surface of the ocean, and are also extensively combined with in-situ measurements or
model outputs to create new datasets (Table 2.1).

SST can be obtained from satellite either via: spectroradiometers, which measure both the wavelength
and amplitude of the light emitted from the surface of the oceans, land, and atmosphere; infrared radiometers,

which evaluate the radiation reflected by oceans’ surface; and microwave radiometers, which measures the
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energy emitted at millimeter-to-centimeter wavelengths. Spectroradiometers are also used for chlorophyll
concentration and sea-ice cover, for example, while microwaves are able to obtain information about
atmospheric components, such as atmospheric water content and precipitation, as well as SSS. Rain rates are
also taken from satellite scatterometers, a radar sensor that measures the scattering effect at Earth’s surface,
and are also used for wind-component products. Finally, wind speeds and SSH are also obtained from satellite
altimeters, which calculate the time for a short electromagnetic pulse sent from the satellite to reach the surface
and return.

During the last decade, a special focus on monitoring SSS has emerged (Boutin et al., 2021). Since
2010, three main satellite missions have been dedicated to observing SSS based on microwave radiometry
(SMOS, Agquarius, and SMAP) (Boutin et al., 2021; Durand et al., 2019). The most recent Soil Moisture
Active Passive (SMAP) satellite mission from NASA, with coastal measurements as close as 40km from the
coast, allowed the scientific community to move forward to an unprecedented monitoring of global and
coastal SSS (Boutin et al., 2021; Durand et al., 2019). The European Space Agency (ESA) funded program
(Climate Change Initiative, CCI) combined these measurements, aiming to generate 16 years (2010-2025) of
improved calibrated global SSS fields. Here, this dataset is explored from 2010-2020 (Table 2.1). Such
advancements in estimating SSS fields are crucial in improving the performance of global ocean models and
in refining the accuracy of reanalysis products, since salinity measurements, especially close to the coast and
river mouths — with high uncertainty due to salinity variability and vertical gradients, are currently sparse both
spatially and temporally (Jarugula et al., 2025; Nyadjro et al., 2022; Sena Martins & Stammer, 2022; Boutin
etal., 2021).

Table 2.1. Datasets used and their sources. SST: sea surface temperature, SSS: sea surface salinity, T: temperature, S:
salinity, E: evaporation, P: precipitation, LWR: Longwave radiation, SWR: Shortwave radiation, LHF: latent heat flux,
SHF: sensible heat flux. U and V are the zonal and meridional current velocity components, respectively. U-wind and
V-wind are the zonal and meridional wind components, respectively

Type Product Resolution Time Variables Reference
Satellite ESA-CCI 0.25 x 0.25 2010-2020 SSS Boutin et al. (2021)
Satellite + Huang et al. (2021);
In-situ OI-SST 0.25 x 0.25 1982-2022 SST Reynolds et al, (2007)
Salt:':ft‘:l *  JAMSAT  0.0375x0.0375 1983-2020 P University of Reading
Satellite + gpcp 25%25 1979-2021 P Adler et al. (2003)
In-situ
Satellite + . . )
In-situ + Near-SLllr.face 0.25 x 0.25 1993-2022 U,V Lumpkin & Garzoli (2011);
. velocities Perez et al. (2019);
Reanalysis
Satellite + . . Atlas et al. (2011);
Reanalysis CCMP 0.25 x 0.25 1993-2019 U-wind, V-wind Mears et al. (2022)
satellite +  opcurrent  0.25x0.25 1993-2022 U, v Rio et al. (2014)
Reanalysis
Reanalysis GLORYS12 0.083 x 0.083 1993-2020 T,S U,V Lellouche et al. (2021)
LWR, SWR, LHF,
Reanalysis ERA5 0.25x0.25 1987-2021 SHF, U-wind, V-wind, Hersbach et al. (2020)

E, P
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Table 2.1 gives details on the satellite and the combined datasets, as well as the reanalysis products,
used throughout this thesis. A brief description of the products which include satellite measurements is here
provided: The Daily Optimum Interpolation Sea Surface Temperature (OISST) incorporates observations
from different platforms (satellites, ships, buoys and Argo floats) into a regular global grid, creating a spatially
complete map of SST by interpolating these datasets; the Tropical Applications of Meteorology using
SATellite data and ground-based observations (TAMSAT) merges satellite and gauge measurements to
produce daily rainfall estimates for the African continent; similarly, the Global Precipitation Climatology
Project (GPCP) integrates satellite measurements and gauge analysis over land to provide global monthly
precipitation data; The Cross-Calibrated Multi-Platform (CCMP) combines wind retrievals from multiple
types of satellites to a background reanalysis field from ERAS; the near-surface velocities product synthetizes
geostrophic velocities from satellite altimetry, surface drifter velocities data and Ekman velocities from
reanalysis winds, to provide global daily maps of 15m depth current velocities; finally, the GlobCurrent obtain
the total velocity fields by combining satellite geostrophic surface currents to modelled Ekman currents at the
surface and 15m depth from ERAS5 wind stress. Further information on the reanalysis products is given in the

next section.

2.3 Reanalysis products

Ocean reanalysis products are developed via a combination of numerical ocean modelling, processing
observations from satellite and in-situ instruments, and data assimilation. They aim at providing the most
accurate oceans’ past state with a coherent and continuous four-dimensional grid (latitude, longitude, depth,
time). These datasets have a wide application in both ocean and atmospheric sciences, being used to asses
changes in observing systems, assimilation capabilities and forecast errors (Hersbach et al., 2020). Even
though they are extremely valuable tools, reanalysis problems are also associated with systematic biases and
uncertainties coming from the model simulations and the sparse observations (Lellouche et al., 2021;
Hersbach et al., 2020). Temporal consistency and accuracy of the climate reanalysis products can be affected
by the interaction between model biases and an evolving observing system (Hersbach et al., 2020).

The uncertainty and biases associated with reanalysis products have become less troublesome in the
last decades, especially with the development of satellite altimetry in the 1990s and the rise of
supercomputers, which allowed the development of models with higher resolution, introducing more of the
ocean physics, and resolving the first Rossby radius of deformation (Barnier et al., 2006). The Argo network
development since 2000 has made possible the correction of biases in the upper 2000m, for example.
However, Lellouche et al. (2021) pointed out that the onset of the Argo could also introduce spurious ocean
trends and variabilities, not necessarily associated with what is observed in reality. Another known issue
within such reanalysis is the non-closure of energy budgets and their evolution over time, which needs to be
better understood and might improve future products (Lellouche et al., 2021; Hersbhach et al., 2020).
Nevertheless, continuous observing systems are necessary for improving reanalysis datasets.

In this thesis, two reanalysis datasets (Table 2.1) are used: the atmospheric European Centre for
Medium-Range Weather Forecasts (ECMWF) Reanalysis v5 (ERA5, Hersbach et al., 2020); and the Global
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Ocean Eddy-resolving Reanalysis (GLORYS12, Lellouche et al., 2021). ERAGS is the fifth generation of the
ECMWF atmospheric reanalysis of the global climate, providing global hourly estimates of a large number
of atmospheric, land, and oceanic climate variables. The assimilation incorporates data from satellites, and
in-situ observations from weather stations, moorings, ground-based radar, gauge measurements, etc.
GLORYS12 has 50 vertical levels, is based on the ocean model Nucleus for European Modelling of the Ocean
(NEMO), and has the atmospheric forcing from ERA5. Assimilated observations include satellite SST and
altimetry, and in-situ temperature and salinity profiles. Only climatological monthly mean river runoff is
incorporated into GLORYS12, however, the effects of interannual variations are included through data
assimilation. It is available from 1993 to today, and data from 1993 to 2020 is used in the analysis. This ocean
reanalysis was compared to the independent in-situ measurements from both the Nansen Program CTDs and
the 13°00°E, 10°50’S mooring, showing a good performance in well representing the temperature, salinity,
and current velocities in the coastal SETA (see more in Chapter 4). More details from these products is shown
in Table 2.1.
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Chapter 3

River discharge impacts coastal Southeastern
Tropical Atlantic sea surface temperature and
circulation: a model-based analysis

In this chapter, the impacts of the freshwater input, dominated by the Congo River discharge, on the
mean state SST and coastal dynamics of the SETA are explored. The analysis is based on the INALT20
simulations, presented in Chapter 2. First, a comparison between the simulated fields from the INALT20
experiments with observational and reanalysis datasets is performed. Then, the observed differences between
the experiments with and without a land-to-ocean runoff are discussed. Finally, the mechanism by which the
River’s presence affects the mean state SST, SSS, SSH, and current velocity patterns is highlighted.

The manuscript was published in Ocean Science in March 2025.

Citation: Aroucha, L. C., Lubbecke, J. F., Brandt, P., Schwarzkopf, F. U., and Biastoch, A.: River
discharge impacts coastal southeastern tropical Atlantic sea surface temperature and circulation: a model-
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3.1 Abstract

The Southeastern Tropical Atlantic (SETA) coastal region sustains highly productive fisheries and
marine ecosystems, thus having immeasurable socio-economic importance for southwestern African coastal
countries. It is characterized by high sea surface temperature (SST) variability 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 presence 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 demonstrate 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 southward coastal geostrophic flow, with an onshore geostrophic component to the
south of the Congo River. Hence, advective warming and downwelling are generated south of the river mouth.
Furthermore, the southward advection generated 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.

3.2 Introduction

The Southeastern Tropical Atlantic (SETA, Fig. 3.1) is an eastern boundary upwelling region that
features high biological productivity encompassing the tropical Angolan, and northern and southern Benguela
upwelling systems (Jarre et al., 2015). This area sustains productive marine ecosystems and fisheries, with
high socio-economic and food security importance for southwestern African coastal countries (FAO, 2020;
Kirkman et al., 2016; Sowman and Cardoso, 2010). Within the SETA, the thermal Angola-Benguela front
(ABF, Fig. 3.1a), which is characterized by the convergence of tropical warm waters from the north and cool
subtropical waters from the south, is located at around 17°S-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) gradient in the ABF, its migration to the north and south is decisive for SST
changes off Angola, and plays a major role in determining seasonal and interannual SST variability in the
region (Libbecke et al., 2010).

The source of riverine freshwater input in the SETA involves the outflow of three southwestern
African coastal rivers (Fig. 3.1): the Congo River, with its mouth at 12.4°E, 6.0°S; the Cuanza River at 13.2°E,
9.3°S; and the Kunene River at 11.8°E, 17.3°S. 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 40.000 m3s* (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. 3.7). The discharge seasonality is

governed by the precipitation over the Congo River basin which is mainly related to the movement of the
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Intertropical Convergence Zone (ITCZ) (Sori et al., 2017; Munzimi et al., 2019). The CRD is the greatest
contributor to the sea surface salinity (SSS) mean state and variability 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 Indian Ocean Dipole
(10D) with positive 10D 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; Gammelsrgad 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 stratification in the region. Moreover, it has been recently shown that
freshwater input also contributes to boosting strong anomalously 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 (Llbbecke et al., 2019; Aroucha et al., 2024). The intensification of these
extreme coastal events through the CRD is also linked to the occurrence of 10D 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 mechanism of the low salinity shoaling the mixed layer,
which generates barrier layers between the density-stratified mixed layer and the temperature-stratified
isothermal layer. The barrier layer presence weakens the vertical temperature gradient between the fresh
mixed layer and the waters below it, reducing 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 barrier layer generation on increasing the SST mean state off the Congo River mouth. By
using different simulations with and without the river presence, the authors showed that although the CRD
generates barrier layers up to 6m thick, the shoaling of the mixed layer is such that the penetration of the solar
shortwave radiation is not trapped within this layer. Hence, the cooling effect from the reduced shortwave
absorption exceeds the warming impact of the reduced vertical mixing (White and Toumi, 2014). However,
their simulations 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 Busalacchi (2009)
pointed to the increase of 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 onshore geostrophic flow in the Gulf of
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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 MLD compensated for this onshore flow intensification (Alory et
al., 2021). Additionally, recent climate projections have identified changes in the onshore 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 regions. For the SETA, specifically, they can amplify extreme warm events, impacting fisheries,
marine ecosystems, and the socio-economics of African countries. Hence, it is crucial 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 (Muller
et al., 2024; Aloysius and Saiers, 2017). In the present study, we aim to understand the impact of the
freshwater input especially on the mean state SST, focusing on the SETA region. 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 climatological
freshwater runoff (CLIMA); and one with no runoff at all (NORIV). More details are given in Sect. 3.3.
This paper is organized as follows: in Sect. 3.3 we present the model configuration, the experiments,
the datasets, and the methods for upwelling indices, advection term, and barrier layer calculation; in Sect. 3.4
we compare the model output against observational datasets, describe the differences between the experiments
and the mechanisms responsible for these differences; in Sect. 3.5 we discuss our main findings and present

concluding remarks.

3.3 Model, datasets and methods
3.3.1 INALTZ20

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 general 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 (70°W — 70°E, 63°S — 10°N, Fig. 2 in Schwarzkopf et al., 2019), embedded into the coarser
resolution (1/4°) global host grid ORCAQ25 via a two-way nesting approach, allowing the host to provide
boundary conditions to the nest as well as receiving information 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 as surface values. More details on INALT20 can be found in
Schwarzkopf et al. (2019). The model is forced at the surface with momentum, heat and freshwater fluxes
from the atmospheric product JRA55-do (Tsujino et al., 2018). It has been recently shown that the use of
JRA55-do as the forcing product performs better in the Benguela upwelling region in comparison to other
datasets (Small et al., 2024).
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3.3.2 Model experiments

The study is based on three simulations that only differ in their prescribed river runoff. In the reference
(control) simulation (CTRL) an interannually varying daily runoff forcing from JRA55-do (Tsujino et al.,
2018) is applied. This simulation 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 climatology of the years 2000 to 2019 built from the
JRAS5-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 hindcast 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 et al., 2021; Levitus et al., 1998). CLIMA and NORIV branch
off from CTRL in 2000, spanning from the period 2000-2018. We analyze 5 day-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.

3.3.3 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 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 consistent comparison with the corresponding model output. Exceptions are
mentioned below. Finally, all gridded datasets were interpolated onto the INALT20 1/20° spatial grid.
Interannual variability is calculated as the monthly standard deviation of the variable anomalies.

A blend of satellite and in situ measurements of SST was obtained from the high-resolution National
Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation SST (OISST) (Huang et al., 2021;
Reynolds et al., 2007). The data has ¥4° spatial resolution and is available from 1981 to the present day at the
National Center for Environmental Information.

For salinity, we took SSS v03.21 measurements from the European Space Agency Sea Surface
Salinity Climate Change Initiative (ESACCI) (Boutin et al., 2021). It consists 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 Active Passive (SMAP, 2015-present), with the data available from 2010 to
2018.

SST and SSS as well as zonal and meridional ocean velocities 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 Marine Service (CMEMS). Although GLORYS12
is forced by climatological river runoff, it has shown good performance in the SETA region in reproducing

the temperature and salinity mean state and variability both at the surface and at depth (Aroucha et al., 2024).
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To validate the freshwater input data from the model, we use CRD data at Kinshasha-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 45m to 500m depth from a moored ADCP off
Angola at 13°E, 10°50’S, 77 km away from the coast (Kopte et al., 2017). The data is available from 2014 to
2021. Alongshore and cross-shore velocities were derived by rotating 34° anticlockwise from the north. To
complement the mooring measurements at the surface, we obtained monthly total current velocities from the
GLOBCURRENT dataset (Rio et al., 2014), which consists of zonal and meridional velocities at the surface
and 15m 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.

3.3.4 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 3m depth (first vertical level of the model), T5,,, while the mixed layer depth (MLD) is the depth at
where the potential density (o,) referenced to its value at 3 m depth (o3,,), is increased by an amount

equivalent to a 0.2°C temperature change at the local salinity (Aay), as follows:

ILD = depth where [T = T, — 0.22C] (3.2
MLD = depth where [0, = 03, + Aoy] (3.2)
Aoy = 0o(T3m — 0.2°C, S3m, Po) — 09(Tam) S3m, Po)  (33)

where S3,,, and P, are salinity and pressure at 3m depth and the ocean surface, respectively. The barrier layer
thickness (BLT) is the difference between the ILD and MLD: BLT = ILD — MLD. These fields were
calculated based on 5-day-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 years (e.g. Aroucha et al., 2024;
Gévaudan et al., 2021; Saha et al., 2021). In addition, the squared Brunt-Véiséla frequency (N?) fields were
obtained by averaging from surface to 50m depth the N? at each depth level calculated from the monthly
temperature and salinity vertical profiles, since the MLD in this region is usually shallower than 50m (Kdrner
et al., 2023; Aroucha et al., 2024).

3.3.5 Horizontal advection

To investigate whether SST differences between the simulations stem from changes in surface

dynamics and consequently surface advection, we calculated the surface horizontal advection as:

Adv=—v-VT (34)
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where v and VT are the 5-day-averaged surface horizontal current vector and temperature gradient,
respectively. Advection was calculated individually for each experiment, where v and VT were both taken
from the same experiment (e.9. Advcrima = —Verma * VTcnima). Values within 20km off the coast were

neglected due to the large calculation errors close to the coast.

3.3.6 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 effects of geostrophic flow and Ekman
transport on coastal upwelling. The effect of convergence/divergence of the geostrophic flow at the coast on

vertical velocities is described by the Geostrophic Coastal Upwelling Index (GCUI):

GCUI = M2 55
2L

u

where L,, represents the cross-shore width where upwelling occurs, here defined as 50km (see Fig. 3.5), u;
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 (Kérner 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 L,, the alongshore wind stress, t,,

averaged within L,,, the water density, p, and the Coriolis parameter, f, and is defined as follows:

_Ta

ECUI =
cu pPfLy

(3.6)

The ECUI represents the vertical velocities due to the convergence/divergence of the Ekman transport at the
coast. Positive (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) and alongshore (v) geostrophic currents were calculated from the sea

surface height (SSH) fields based on the following equations:

- g 0SSH 37
U = g 0SSH (3.8)
G f oy '

where g is the gravitational acceleration, here taken as 9.8 m/s? and f is the Coriolis parameter. Both the
geostrophic currents and the upwelling indices were calculated based on 5-day data averages and by

considering the alongshore wind stress, SSH, MLD and p individually for each model experiment.
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3.4 Results
3.4.1 Model validation

Figure 3.1a 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. 3.1a), although CTRL overestimates the SST in almost the whole
SETA (Fig. 3.1b and 3.1c). The highest and most considerable biases are within the ABF and the coastal
upwelling regions (i.e. from 15°S to 30°S). In CTRL, the ABF is located too far south, creating a warm bias
at 17°S — 18°S of around 2.5°C and 2.0°C compared to OISST (Fig. 3.1b) and GLORYS12 (Fig. 3.1c),
respectively. In the Benguela upwelling region (~19°S — 30°S), the coastal warm biases to both products are

of similar spatial pattern and magnitude.

CTRL vs OISST vs GLORYS " CTRL - OISST " CTRL - GLORYS

I 1
1g |
& 5 |
1§ g
2 & 22 I
12 "
Im 20 I
| 25/ 18 ; I
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 Jan Feb Mar Apr May jun Jul Aug Sep Oct Nov Dec|
I —— CTRL —— GLORYS —— OISST I

Figure 3.1. 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. Black dashed contour indicates coastal Angola-Benguela area (CABA,
10°5-20°S, 200km away from coast). (c) Difference between CTRL and GLORYS mean SST. (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. Shadings indicate monthly standard deviations.

In the coastal Angola-Benguela area (CABA;10°S-20°S, 200km away from coast), CTRL depicts
well the SST anomalies as presented by the satellite and the reanalysis product (Fig. 3.1d), although they are
underestimated in specific 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. 3.10a-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. 3.10a-c). Regarding the SST seasonality, CTRL nicely agrees with both OISST and GLORYS12
products (Fig. 3.1e). 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
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lines mostly overlap green lines in Fig. 3.8a-b). The reasons for this will be further discussed. However, in
the seasonal climatologies, a constant offset of ~0.3°C is observed between the simulations with (CTRL and
CLIMA) and without freshwater input (NORIV) at the coastal Angola-Benguela region (Fig. 3.8b), already
indicating that this input could create an SST mean state difference.

For the model validation with respect to SSS (Fig. 3.2) 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. 3.2b, 2°S-10°S,
200km 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 ESACCI and GLORYS12 products with the lowest
salinity values present within the CRMA, as a response to the CRD. However, there are SSS biases when
comparing CTRL to both products. North of 10°S and compared to ESACCI, 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. 3.2b). North of 5°S CTRL presents a fresh bias in relation to ESACCI, both at
the coast and offshore (Fig. 3.2b). The fresh bias at the coast of CTRL compared to ESACCI occurs especially
from October to May (Fig. 3.2g). 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 exceeding those of the reanalysis
product by more than 1.5, while there is a fresh bias west of 12°E (Fig. 3.2c). At the coast, CTRL presents
higher SSS values than GLORYS12 mainly from June to September (Fig. 3.2g). Besides the observed
differences, 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. 3.29).

Regarding the CABA region, both ESACCI and GLORYS12 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 from
10°S extending further south (Fig. 3.2b, c). It is an indication that the CRD freshwater influence 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 November (Fig. 3.2e). As a consequence, the CTRL output presents a higher
(lower) SSS variability north (south) of 10°S in comparison to both products (Fig. 3.10d-f). The CTRL SSS
variability is especially weaker in the CABA (Fig. 3.2d and Fig. 3.10d-f) when compared to both reanalysis
and satellite, which could partly explain the same area of weaker CTRL SST variability in comparison to the
standard deviations of OISST and GLORYS SST’s (Fig. 3.10a-c), since SSS has been shown to influence
extreme warm events in the CABA (Libbecke et al., 2019; Aroucha et al., 2024). Finally, it is important to
highlight that CTRL and CLIMA, similarly to what was observed for SST, show very similar SSS anomalies
and seasonal climatologies, especially in the CABA (Fig.3.9a-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 freshwater from the Congo River, but all freshwater input from land to the ocean, given by JRA55-
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 Kinshasha-Brazzaville station,
which represents 98% of the total CRD (Alsdorf et al., 2016) (Fig. 3.7). In terms of magnitude, the seasonality
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of both freshwater inputs is similar (Fig. 3.7¢). The seasonal climatology of the CTRL input compares well
with the in situ station especially from December to April, while from June to October it shows lower
freshwater input into the ocean (Fig. 3.7e). Although the seasonality is well represented by CTRL, the
interannual variability of the freshwater input is not as highly correlated to the Kinshasha-Brazzaville station

(i.e. r = 0.46; Fig. 3.7d). Similar discrepancies were observed in the study by Chandanpurkar et al. (2022).
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Figure 3.2. Comparison of simulated SSS against observations and reanalysis. (a) Mean SSS from CTRL (shading),
ESACCI (solid contours), and GLORY'S (dashed contours; contour interval is 1 ). Both CTRL and GLORY'S averaged
from 2000-2018, while ESACCI averaged from 2010-2018. (b) Difference between CTRL and ESACCI mean SSS from
2010-2018. Black dashed contour indicates coastal Angola-Benguela area (CABA, 10°S — 20°S, 200km away from
coast). Black solid contour shows Congo River Mouth area (CRMA, 2°S-10°S, 200km away from coast). (c) Difference
CTRL and GLORYS mean SSS from 2000-2018. (d) SSS anomalies averaged for CABA for the CTRL, in blue, and
datasets (GLORYS in brown and ESACCI in grey). (e) Same as (d) but for the seasonal climatologies. Shadings indicate
monthly standard deviations. (f) and (g) same as (d) and (e) but for CRMA.

Furthermore, the alongshore and cross-shore current velocities from CTRL were checked against the
11°S mooring measurements taken in the CABA (Fig. 3.11). The mooring velocities were complemented at
the surface with data from GLOBCURRENT (see Sect. 3.3.3). In general, the Angola Current is
underestimated by CTRL throughout the year, especially from January to May (Angola Current core located
around 30-70 m depth) (Fig. 3.11b, d). Further, the model presents a much stronger northward surface coastal
jet than what is observed at the mooring position. Since advection plays a major role in the SSS distribution
in the region, it is likely that a stronger (weaker) than observed northward (southward) current traps the low
SSS further north in CTRL. This would explain the increased (reduced) SSS variability north (south) of 10°S
previously identified (Fig. 3.10d-f). It would also mean that the freshwater transport to south of 12°S is nearly
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absent 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 August) and September to October (November to December) (Fig. 3.11b,d).
Overall, we believe that CTRL represents the major aspects of the mean state and seasonality of the
variables discussed 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 differences result from
interannual vs. climatological land to ocean discharges, indicating an insignificant impact of the interannual
freshwater input variability on the variables analyzed here. In the following, we will analyze the differences

between the three experiments.

3.4.2 Impacts of freshwater input
3.4.2.1  Differences between the experiments

To understand whether the freshwater input into the ocean impacts the SST near the southwestern
African coast, we first look at the mean SST differences between the three experiments (Fig. 3.12). The
freshwater presence significantly affects the SST mean state in the coastal SETA region, regardless of using
an interannual (CTRL) or climatological (CLIMA) runoff (Figs. 3.12a, b); similar SST differences between
these two experiments with discharge and the one without (NORIV) are observed not only in terms of the
spatial pattern but also in the magnitude of those differences. At the same time, no significant mean SST
difference was observed between CTRL and CLIMA experiments (Fig. 3.12c), as also seen in Fig. 3.8a-b.
Additionally, CTRL and CLIMA did not significantly differ in the mean SSS fields (Fig. 3.12f). Regarding
SST variability, our experiments show no significant influence of freshwater input on monthly standard
deviations of SST anomalies (Fig. 3.13). We thus conclude that the presence of a land to ocean discharge
alone generates the observed SST differences, with no further impact of an interannual varying discharge.
Hence, in the following, we will focus on the effects of the climatological freshwater runoff presence on the
SST mean state in the SETA.
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Figure 3.3. Differences between CLIMA and NORIV mean states (CLIMA-NORIV) for SST (a-d); SSS(e-h); SSH(i-);
Horizontal Advection (m-p). Stippled grey areas indicate where the difference is not significant in a 95% confidence
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Figure 3.3 depicts the mean state difference between CLIMA and NORIV for SST, SSS, SSH, ocean
currents, and horizontal advection (Adv). The freshwater input significantly 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.3.3a-d). With freshwater
input, strong warming is also observed at the Kunene River mouth (Fig. 3.3c). This pattern of positive SST
differences is observed along the whole coast, from the Congo River mouth at ~6°S extending to ~28°S.
Concomitantly, freshwater discharge generates a significant cooling north of the Congo River (i.e. decrease
in SST of up to -1.9°C at 6°S), with a maximum of negative SST difference from ~6°S to ~4°S (Fig. 3.3a).

In order to understand this difference in SST, we investigate 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. 3.3e-g). The
magnitude of freshening is stronger at the Congo's mouth where differences reach -6 and decreases towards
the south (note that colorscale limits change from Fig. 3.3e to Fig. 3.3g). Although different rivers flow into
the Atlantic at the southwestern African coast, the discharge 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 reduction is also observed at the Kunene River mouth (Fig.3.3g). The mean low SSS plume
from the Congo River spreads towards the west-northwest, consistent with the main direction of the CRD
dispersion shown in previous studies (Houndegnonto 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 experiments. Even though the magnitude of the SSS increase is only ~5% of the SSS decrease further
north, it is still significant (Fig. 3.3g-h). An SSS decrease due to the freshwater presence is accompanied by
a similar pattern of increasing SSH (Fig. 3.3i-1). This inverse relation is a consequence of the halosteric effect
in the water volume, i.e. an expansion (contraction) of a water volume via the density reduction (increase)
owing to the lower (higher) salinities. The SSH increase patterns in the SETA coincide not only with the
strong changes in SSS due to the CRD, but also with the regions at the coast, where the model’s freshwater
input into the ocean takes place (Fig. 3.7). Differences in SSH reach up to 7cm at the Congo’s mouth (i.e.
~6°S, Fig. 3.3i), and are ~10 times smaller at Kunene River mouth, although still significant (Fig. 3.3k).

As a consequence of the changes in SSH, the freshwater input changes the dynamics of the coastal
SETA. The red (black) arrows depicted in Fig. 3.3i-I represent the difference 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 southwestern African coast from 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 current (Fig. 3.31). 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. 3.3i), flowing parallel to the coastline. Acting on the strong mean state
meridional temperature gradient present in the region (Fig. 3.1a), these shifts in the surface coastal currents
lead to changes in horizontal temperature advection. The differences in horizontal temperature advection (Fig.
3.3m-p) closely resemble those in SST (Fig. 3.3a-d). Except for the coastal stripe from 6°S to 11°S, freshwater-

induced horizontal advection appears to be responsible for the increased coastal SST in CLIMA. The relative
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effects of changes in surface currents and in the surface horizontal temperature gradients present in the area
(Fig. 3.1a) will be investigated further in the next section.

Finally, by calculating the BLT and the squared Brunt-Vdisala frequency, N?, we also assess the
freshwater input impacts on the mean stratification and stability of the water column. BLT and N? differences
among the experiments (Fig. 3.14) show extremely similar patterns to the ones observed in SSS (Fig. 3.3e-
h), with a significant negative (positive) SSS difference implying a significant positive (negative) difference
in both BLT and N2 averaged from surface to 50m. It represents an increase in the water column stratification
and a generation of barrier layers at the Congo plume via freshwater discharge in the SETA. As well as at the
Congo River plume, a similar response to the freshening is observed at Kunene River mouth, but with smaller
magnitude (i.e. BLT larger than 8m at 6°S, and ~3m 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 pattern of lower SSS and thick barrier layer seems to boost the SST differences, creating an area
of higher SST differences at 17°S (Fig. 3.3c).

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 generating 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. ~6°S), they are still significant. Albeit small, the change in the 2000-2018 mean
state indicates that the effects presented above are constantly and continuously present. In fact, the isotherms’
outcropping latitudes are shifted towards the south in CLIMA compared to NORIV (Fig. 3.14) as a
consequence of this mean state change. Likely due to the constant southward coastal jet, the presence of a
freshwater discharge moves the isotherm's position further south. Therefore, 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 location might have substantial impacts on the environmental conditions around
this region, which will be further discussed in Sect. 3.5. In the following section, we detail the warming from
advection in the CABA.

3.4.2.2  Advection warming the coastal Angola-Benguela area

In this section, we disentangle the cascade of events described in Sect. 3.4.2.1 by showing the role of
the freshwater-induced dynamical change in increasing the SST at the southwestern African coast. Figure 3.4
statistically shows the SSH response to the SSS change, the horizontal advection response to the SSH change,

and the SST response to the advection change, from the CRMA region to the CABA. Each point corresponds
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to one of the 228 analyzed months, indicating significant correlations throughout the year, and representing
mean state permanent responses.

The difference in SSH in the CRMA is strongly and inversely correlated to the SSS change in the
same region (r = -0.82, p < 0.05, Fig. 3.4a), 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 horizontal advection in the CABA (Fig. 3.4b). A 5¢cm increase in SSH implies a
~6 W/m? increase in horizontal temperature advection in the CABA. Finally, differences in both horizontal
temperature advection and SST in the SETA coastal area are also positively and significantly correlated (Fig.
3.4¢), indicating that the stronger advection in CLIMA leads to increased SST compared to NORIV.

To investigate if the causes of the horizontal temperature advection differences observed between the
model experiments stem from changes in the surface currents or from shifts in the horizontal temperature
gradients, we calculated the terms by only varying one of these parameters, and then compared the results.
Figure 3.15a depicts total horizontal temperature advection differences [(—vcrima * VTcrima) - (=Vnoriv
VTnoriv)1, Similar to Fig. 3.3m-p; Fig. 3.15b shows the effect by only changing the temperature gradient (i.e.
[(—vnoriv * VTcrima) - (—Vnoriv * Vvoriv)]); @and Fig. 3.15c¢ displays the influence related to changes only
in the horizontal velocity (i.e. [(—vcrima * VInoriv) - (—Vnoriv * VNoriv)])- From Fig 3.15 we can see that
by changing only the horizontal velocity in the calculation (Fig. 3.15c), we generate a spatial pattern and
magnitude that mostly resembles the total advection difference (Fig. 3.15a). The dynamical effect on the
advection term generates a similar warming (cooling) signal by the freshwater presence south (north) of the
Congo's mouth (i.e. ~6°S). The difference pattern resulting from only changing the current 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. 3.3i). The maximum positive difference
in Fig. 3.15c is located in the ABF region (i.e. 15°S — 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. 3.14).
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Figure 3.4. Ocean response to land to ocean discharge. (a) Linear regression of monthly SSS differences upon monthly
SSH differences (CLIMA — NORIV) averaged for CRMA. (b) Linear regression of monthly SSH differences upon
monthly advection differences (CLIMA — NORIV) averaged for CRMA and CABA, respectively. (c) Linear regression
of monthly advection differences upon monthly SST differences (CLIMA — NORIV) averaged for CABA area. CRMA
and CABA are defined in Fig. 3.2.
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Finally, it is likely that, by changing the geostrophic dynamics at the southwestern African coast, a
freshwater discharge 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 not only by the
isotherm'’s outcropping position southward shift in Fig. 3.14 but also by the increase in SSS south of 17°S (i.e.
a region which is usually not reached by Congo River waters) (Fig. 3.3). Indeed, both temperature and salinity
horizontal gradients present in the SETA (see Figs. 3.1a and 3.2a) are important to these southward shifts,
however, the strongest differences between the experiments are only significant due to a dynamical 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°S to 11°S. In addition,
we wonder whether a shift in the surface geostrophic currents might also impact the local geostrophic
upwelling. In Sect. 3.4.2.3 we attempt to answer these questions.

3.4.2.3  Changes in upwelling

In the previous sections, we have shown 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 generates also cross-shore currents. Offshore geostrophic flows (Fig. 3.3i,j) favor 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 onshore
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.

Figure 3.5 shows the mean state differences between CLIMA and NORIV in the calculated upwelling
indices. No changes between the experiments were found for ECUIs (Fig. 3.5b, 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 forcing. Overall, the ECUI dominates the total upwelling intensity
along the southwestern African coast, especially in the Benguela Upwelling system, south of 17°S (Fig. 3.5b).
In this area, the GCUI is much weaker and close to zero from ~28°S to 23°S. It is widely known that wind-
driven upwelling dominates 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°S to 6°S (i.e. negative values for GCUI). It has been recently
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 passage of coastally
trapped waves (Brandt et al., 2024; Korner et al., 2024). Still, from 30°S to 10°S no large differences were

observed between the upwelling indices from the different simulations.
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Figure 3.5. Freshwater input impact on upwelling. (a) Difference between CLIMA and NORIV for the mean Geostrophic
Coastal Upwelling Index (GCUI). Coastal mask in (a) represents 50km away from coast, indicating the region where
upwelling occurs (i.e. Ly, Egs. 5, 6). (b) Mean upwelling indices averaged for coastal mask depicted in (a). Solid (dashed)
lines indicate CLIMA (NORIV) indices. GCUI, ECUI and the sum of the indices are represented by blue, green and
black lines, respectively. The pointed line in 6°S indicates the position of Congo River mouth. Positive (negative) values
in both (2) and (b) represent upwelling (downwelling).

However, from 10°S to further north, and especially around the Congo river mouth, strong and
significant differences in the GCUI are found between the experiments. From the NORIV experiment, the
coastal geostrophic upwelling is nearly absent around the area of Congo River influence (Fig. 3.5b). On the
other hand, by including land to ocean freshwater input, an offshore (onshore) geostrophic flow resulting from
the low salinity water discharge generates coastal divergence (convergence) from 6°S to 4°S (8°S to 6°S) (Fig.
3.5 a,b). The resulting upwelling (downwelling) corresponds to reduced (increased) SST in CLIMA, when
compared to NORIV (Fig. 3.3a). Thus, the freshwater-induced downwelling might explain the warming signal

from 6°S to 10°S, not explained by the strengthened coastal southward advection.

3.5 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 climatological freshwater discharge (CLIMA); and one without any discharge from
land to ocean (NORIV). The processes are summarized in Fig. 3.6. Including a land to ocean freshwater
discharge results in a strong reduction in SSS near the coast which generates a halosteric effect in the water
column, increasing the SSH, and creating a geostrophic surface circulation. 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, generates a secondary cross-shore SSH gradient (Fig. 3.6). 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 gradient drives the alongshore geostrophic current related
to the alongshore advection that reduces and increases the SST north and south of 6°S, respectively (Fig. 3.6).

While this advective signal can propagate southward (Fig. 3.6) due to the coastally trapped wave adjustment
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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. 3.3). In summary, the
halosteric increase in SSH at the Congo’s mouth produces a southward coastal geostrophic flow, with an
onshore geostrophic component south of 6°S. The generated southward coastal jet advects warmer waters
further south, from ~10°S to ~25°S. Concomitantly, the onshore geostrophic components significantly reduce
the upwelling from 6°S to 10°S. North of 6°S the opposite occurs. The halosteric increase 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°S
to 4°S. Hence, the climatological freshwater discharge simultaneously generated downwelling and advection
that increases the mean state SST south of the River mouth; and upwelling and cooling from advection,
reducing the SST mean state north of it. Furthermore, the southward advection likely 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 will discuss the

main findings and caveats of our study.
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Figure 3.6. Schematic summarizing the processes related to the freshwater input effect on mean state SST at the
southwestern African coast. Halosteric effect generating primary alongshore pressure gradient, producing cross-shore
geostrophic currents associated with upwelling (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 region close to river’s mouth since there is no equatorward wave propagation. H (L) indicates high (low) pressure
area.
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The CTRL mean SST presented a warm bias when compared to satellite and reanalysis products. The
warm SST bias is indeed an established and longstanding issue in both climate and regional ocean model
simulations along the eastern boundary upwelling systems (e.g. Farneti et al., 2022; Small et al., 2024). Weak
upwelling velocities and equatorward 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 system 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 influence on the dynamics of these coastal waters (Bonino et al., 2019; Kurian et al.,
2021). For instance, the ABF location and the strength of the Angola Current have been pointed out as major
causes of warm biases in general circulation models (Koseki et al., 2018). At the same time, De La Vara et
al. (2020) showed that the warm bias in the region is decreased by increasing the oceanic model resolution.
Furthermore, Small et al. (2024) recently showed that using the higher resolution JRA55-do as atmospheric
forcing in an ocean model also contributes to reducing the SST bias in the Benguela upwelling region, since
it can better represent the alongshore winds and its associated downwind surface currents in comparison to
the lower resolution CORE, even though a substantial bias relative to observations remains. 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 3m depth as 1% level from the
model).

Simultaneously, there are also difficulties in well representing 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 ESACCI 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). Overall, they seem to perform well, with the larger uncertainties located at the Congo mouth, as
expected (Martins and Stammer, 2022). In this study, the highest differences between the model SSS and both
the satellite and reanalysis products were also found in the SETA coastal region. As previously mentioned for
temperature, the ESACCI satellite measurement of skin layer salinity can also likely differ from the 3m depth
1% level of CTRL, considered here as the surface. Further, in regions of strong vertical stratification 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 uncertainty of JRA55-do CRD is not well defined
and might be substantial. Large discrepancies between this reanalysis forcing 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 region (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 not only by freshwater input from
the CRD, but also by the subsequent horizontal advection of the low SSS water by surface currents, with the

river plume usually spreading west-northwestward, while some fractions of it being also advected southward
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along the coast (Houndegnonto et al., 2021; Awo et al., 2022; Ngakala et al., 2023). This southward
alongshore advection is subject to interannual variability 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 analyzed datasets are also likely explained by shifts in the
freshwater input and more importantly by the surface circulation difference between the three 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 observed
for both ESACCI and GLORYS (Fig. 3.2).

Regarding SST variability, patterns of SST anomalies standard deviations from CTRL resemble those
in observations (Fig. 3.2c). 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. 3.10b-c). Recently, Prigent and Farneti (2024) showed that using JRA55-do
atmospheric forcing improved the SST variability simulation 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 atmospheric forcing. One possible
explanation, as well as for SSS, could be a too weak southward current in CTRL. Similar to the SSS
variability, extreme events of SST in the region 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 Current might generate reduced
SST anomalies during extreme events. In fact, Benguela Nifios for which southward advection played an
important forcing role, such as 2001 and 2011 (Rouault et al., 2007, 2018), were shown to have reduced SST
anomalies in CTRL (Fig. 3.1c). At the same time, the January-May alongshore southward current is
underestimated by the model in relation to the mooring measurements (Fig. 3.11). This fact also implies the
reduced SSS variability in the CABA in CTRL, 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; Libbecke et al., 2019).

In this study, we focused on the climatological runoff impact 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. interannually varying runoff (i.e. CTRL vs. CLIMA, Fig. 3.12). 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 ABA could indeed boost
extreme warm events in this area through increasing stratification and reducing vertical mixing (Aroucha et
al., 2024; Libbecke et al., 2019). For this, a combination of anomalously 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 Stammer, 2022). In the 19 simulated years (2000-2018), however, the southernmost
extension of a coastal SSS difference between CTRL and CLIMA was ~14°S (-0.1 in December 2010, not
shown), still too far north for the expected influence to take place. Hence, from the experiments analyzed

here, not much can be said regarding CRD anomalies influencing SST variability in the ABA. Nevertheless,
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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, modeling studies have been addressing 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 Busalacchi, 2009). On the other hand, at the Congo River mouth, the work
from White and Toumi (2014) pointed to no significant influence of an increased stratification by freshwater
in warming the sea surface. Instead, they showed that the mixed layer shoaling due to the Congo discharge
generated 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 found 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 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 warming 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 dug
into this mechanism, showing that indeed the coastal warming was a consequence of modified ocean
dynamics via a change in geostrophic currents. Furthermore, we showed that those changes in SST are
restricted to the coast since the geostrophic current strengthening reflects the location of the coastal freshwater
input.

It is 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 knowledge, 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 boundary 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 projecting 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 River Niger input,
also pointing to the possibility 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, not having an overall significant 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
upwelling to the south of its estuary by this generated onshore geostrophic current, at the same time that it
can induce upwelling north of the river plume via an offshore component of this geostrophic flow (Fig. 3.5),
as the changes in the MLD are here less significant than the changes in the coastal current. This work
highlights the importance of properly understanding the impact of high freshwater input in ocean mixing and
stratification, as well as in the coastal dynamics. The results presented here might become even more relevant

in the future when considering recent studies showing upwelling shifts at the southwestern African coast due

45



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, mesoscale activity) in these regions. As river runoffs are expected to be amplified
in the future (Muller et al., 2024; Aloysius and Saiers, 2017), halosteric-related shifts in geostrophic flows
can appear as an additional mechanism in this debate.

Furthermore, as we showed 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 Angola 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 advective 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 reduced vertical mixing via
increased stratification (Aroucha et al., 2024), and the strengthening of the southward advection and
downwelling due to the halosteric SSH increase, as shown in this work.
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Figure 3.7. Freshwater input from CTRL (blue) vs Congo River discharge from Kinshasha-Brazzaville station (orange).
(a) Freshwater input from CTRL run. Blue box (5°S — 7°S, 11°E — 13°E) in (a) represents the area where CTRL freshwater
input was averaged. Orange diamond shows location of Kinshasha-Brazzaville station. (b) and (c) same as (a). Note that
colorbar scales change from (a)-(b). (d) Daily anomalies of both box-averaged CTRL freshwater input and ORE-
HYBAM river discharge. (e) Seasonal climatology from 2000-2018 of both products. Shading in () indicates monthly
standard deviations.
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Figure 3.10. Comparison of simulated SST variability against observations and reanalysis. (a) Mean SST anomalies
monthly standard deviation (STD) from CTRL (shading), OISST (solid contours), and GLORY'S (dashed contours) from
2000-2018. (b) Mean difference in SST anomalies STD between CTRL and OISST. (c) Same as (b) but difference
between CTRL and GLORYS12. (d) Same as (a) but for CTRL SSS anomalies STD, compared to ESACCI (solid
contours, from 2010-2018) and GLORYS12 (dashed contours, 2000-2018). (e) Same as (b) but for ESACCI SSS and
anomalies from 2010-2018 (f) Same as (c) but for SSS.

48



50

100

Depth{m]

150

200

Mooring: Cross-shore

(@)

LY
CTRL: Cross-shore
(@

[ms™]

[ms]

100

150 4

200

50

100 4

150 1

200 1

(b)

(d)

Mooring: Alongshore

R af

CTRL: Alongshore

[ms™]

[ms™]

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 3.11. Cross-shore (a, ¢) and along-shore (b, d) current velocity climatology (rotated by -34° with respect to true
north) recorded by the moored ADCP located at 10°50°S, 13°00’E combined to surface velocities from
GLOBCURRENT (a, b); and taken from CTRL run (c, d) at nearest grid position from mooring location and -34°
rotation. Climatologies were calculated over the period 2014 — 2018.

CTRL - NORIV CLIMA - NORIV CTRL - CLIMA

geg {iiiiiiiiiiiiiiy
10°54::
15°S

20°S1::

25°51:

[ 5°E 10°E 15°E  20°E 0° 5°E 15°E  20°E  0° 5°E 10°E  15°E  20°E

CTRL - NORIV

10°E
CTRL - CLIMA

CLIMA - NORIV

[ 5°E 10°E  15°E  20°E

0° 5°E

10°E  15°E  20°E 0°

Figure 3.12. Mean state difference between runs. (a) Mean SST CTRL — Mean SST NORIV. (b) Mean SST CLIMA —
Mean SST NORIV. (c) Mean SST CTRL — Mean SST CLIMA. (d), (e), (f) same as (a), (b), (c), respectively, but for
SSS. Stippled grey areas indicate where difference is not significant in a 95% confidence level.

49



o° STD: CTRL - NORIV STD: CLIMA - NORIV STD: CTRL - CLIMA

0.35
5°S 1 0.25
— 0.15
005 _
15°S g.
-0.05
ks -0.15
25°S - -0.25
-0.35
30°S

0° 5°E  10°E 15°E 20°E

Figure 3.13. Monthly SST anomalies standard deviation (STD) mean difference between runs. (a) Mean SST anomalies
STD CTRL — Mean SST anomalies STD NORIV (b) Mean SST anomalies STD CLIMA — Mean SST anomalies STD
NORIV. (c) Mean SST anomalies STD CTRL — Mean SST anomalies STD CLIMA. Stippled grey areas indicate where
difference is not significant in a 95% confidence level.

7.5 = 1.2
3°G 5.5 N 0.9 n
35 = 06 o
1.5 m & 03 =
5°S £ 0.0 x
-15= -035
. -3.5 —0.6 !
7°S 1 -5.5 (e) §f-0.9 &
-7.5 -1.2
2.5 0.60
? 0.45 m
15 SR N 030 o
05 m sl ihiates cuanza (1015 ™
E [P 0.00 X
—0.5w=l fies e —-0.15 ™
-15 =§Qk.\\“ Lol ol EEE |
i o e e -0.45 &
g LiiiiitS T e
2.5 : . - 0.060
TR 0.045 ™
15 e 0030 ©
05 = ' 0.015 ':
-0.5 & X 0.000 X
9 T -0.015 &
-1.5 [dEE : —0.030 o,
—25 L— = —0.045
2.5 - e 0.060
21°S 0.045 m
e 0030 ©
i 05 mf : it 0.015 7
23°S _OSE:::: 0.000 ,’_‘,
: ’ S -0.015 ¢
25°S ) B2 L —0.030 o,
i s ; i - B | —-0.045
4°E 6°E 8°E 10°E 12°E 4°E 6°E 8°E 10°E 12°E 14°E 16°E

14°E 16°F

Figure 3.14. Difference between CLIMA and NORIV mean states (CLIMA-NORIV) for BLT (a-d); N? averaged from
surface to 50m depth (e-h). Stippled grey areas indicate where difference is not significant in a 95% confidence level.

Black (grey) lines from e-h depicts isotherms from CLIMA (NORIV) run. Note that colorscales change for a (e) in
relation to b-d (f-h).
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Chapter 4

The Influence of Freshwater Input on the Evolution
of the 1995 Benguela Nino

In Chapter 3, it was shown that river discharge plays an important role in changing the SST mean state
in the SETA. The exact role of such input to the dominant SST variability mode within this region, i.e.
Benguela Nifios, remains uncertain. To address this question, the satellite-era's most extreme warm event off
Angola, the 1995 Benguela Nifio, is explored in Chapter 4. Here, the up-until-now unnoticed effect of
anomalous freshwater input acting as a local forcing during this event is analyzed. Based on the available
reanalysis and satellite products, also including in-situ datasets obtained during several research cruises within
this area, the chapter presents the first research work to ever focus and further discuss the negative SSS
anomaly propagation to the Angola-Benguela area and its role in amplifying a Benguela Nifio event, even
though other papers have mentioned the possibility of this impact (e.g. Libbecke et al., 2019). From now on,
the focus of this thesis is to unravel the impacts of freshwater input on the SST variability in the Southeastern

Tropical Atlantic.
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4.1 Abstract

Benguela Nifio events are characterized by strong warm sea surface temperature (SST) anomalies off
the Angolan and Namibian coasts. In 1995, the strongest event in the satellite era took place, impacting fish
availability in both Angolan and Namibian waters. In this study, we use direct observations, satellite data, and
reanalysis products to investigate the impact that the up-until-now unnoticed mechanism of freshwater input
from Congo River discharge (CRD) and precipitation had on the evolution of the 1995 Benguela Nifio. In the
onset phase of the event, anomalous rainfall in November/December 1994 at around 6°S, combined with a
high CRD, generated a low salinity plume. The plume was advected into the Angola-Namibia region in the
following February/March 1995 by an anomalously strong poleward surface current generated by the
relaxation of the southerly winds and shifts in the coastal wind stress curl. The presence of this low surface
salinity anomaly of about -2 psu increased ocean stability by generating barrier layers, thereby reducing the
turbulent heat loss, since turbulent mixing acted on a weak vertical temperature gradient. A mixed layer heat
budget analysis demonstrates that southward advection of Angolan waters drove the warming at the onset,
while reduced mixing played the main role at the event’s peak. We conclude that a freshwater input
contributed to the SST increase in this exceptionally strong event and suggest that this input can influence the
SST variability in Angola-Namibia waters through a combination of high CRD, precipitation, and the

presence of a strong poleward surface current.

4.2 Plain Language Summary

Benguela Nifio events are characterized by excessive warming of the sea surface temperature off the
Angolan and Namibian coasts. One of the strongest-ever recorded warm events dates back to 1995, impacting
fish availability in both Angolan and Namibian waters. In our research, we investigate if freshwater from rain
and from the Congo River could have impacted the evolution of this 1995 Benguela Nifio. In the event's early
stage, high precipitation and river discharge generated a low salinity pool at the Congo River mouth, which
in February/March 1995 was taken to the south by an exceptionally strong surface current, generated by
changes in wind strength and direction at the African coast. This low sea surface salinity in a shallow layer in
the upper meters of the ocean increased the ocean’s stability. As the stabilized waters diminished the usual
mixing from the depths below which cools down the surface waters, it contributed to an increase in warming
in the surface layer of the ocean. We conclude that the warming of the surface waters in the region was indeed
influenced by the combination of high precipitation and high Congo River discharge with a strong surface

current towards the south.

4.3 Introduction

Benguela Nifios are El Nifio-like events in the southeastern tropical Atlantic Ocean (Fig. 4.1)
characterized by strong warm anomalies, particularly off the Angolan coast (Shannon et al., 1986; Florenchie
etal., 2004). These events modulate the sea surface temperature (SST) at interannual time scales in this region

and usually peak in boreal spring, from March to May, when the SSTs in the region are climatologically high
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(Brandt et al., 2023; Imbol Koungue et al., 2019; Libbecke et al., 2010). At the same time, the Angola-
Benguela front, i.e. a thermal front located usually at 17°S due to the confluence of northern tropical warm
waters and southern colder waters from the Benguela Current, is located furthest south (Llbbecke et al.,
2010). During the strong warm event, positive SST anomalies can reach up to 3°C in the Angola Benguela
area (ABA, defined as 8°S — 20°S, 8°E to the coast, Fig. 4.1) consequently impacting the biology and ocean-
atmosphere processes at the southwestern African coast. In fact, it has been shown that these events not only
influence marine ecosystems and fisheries in the region (Blamey et al., 2015; Binet et al., 2001; Boyer &
Hampton, 2001; Gammelsrgd et al., 1998), modulating the upward supply of nutrients (Bachélery et al.,
2016b) but have also consequences for rainfall and flooding in coastal Africa (Rouault et al., 2003; Hansingo
& Reason, 2009; Lutz et al., 2015). Hence, understanding the development of these warm events is of great
socioeconomic importance for local communities.

Benguela Nifios have been shown to be triggered mainly remotely. The relaxation of the trade winds
in the western equatorial Atlantic generates eastward propagating downwelling equatorial Kelvin waves
followed by coastally trapped waves (CTWSs) propagating southward when reaching the African coast
(Florenchie et al. 2004; Libbecke et al. 2010; Bachelery et al. 2016a; Imbol Kounge et al. 2017; Rouault et
al., 2018). The propagation of these CTWs is also responsible for controlling the variability and seasonality
of the Angola Current (Bachélery et al., 2016a; Kopte et al., 2017). The Angola Current is a geostrophic
poleward undercurrent usually situated below the equatorward coastal jet (Fennel et al., 2012; Tchipalanga et
al., 2018), restricted to the upper 120m of the water column and with its core at around 50m depth.
(Tchipalanga et al., 2018; Kopte et al., 2017). This poleward current is situated closer to the sea surface
seaward of the coastal jet (Fennel et al., 2012). The passage of a downwelling (upwelling) CTW in austral
summer (winter) enhances (weakens) the Angola current (Tchipalanga et al., 2018), with the downwelling
waves deepening the thermocline, resulting in a high SST anomaly. Bachélery et al. (2020) showed that 71%
of both Benguela Nifios and Nifias (i.e. the counterpart of Benguela Nifio events, where SST is anomalously
cold in ABA) events are forced remotely at the equator.

Local forcing, however, also plays an important role in generating and modulating these coastal warm
anomalies due to local wind fluctuations (Polo et al., 2008; Hu and Huang, 2007; Illig et al., 2020) in
association with shifts in the position and strength of the South Atlantic Anticyclone (Richter et al., 2010) by
modulating upwelling intensity and consequently SST at western coastal Africa. In addition, local wind
forcing plays a major role in determining the structure and variability of the eastern boundary circulation in
this area (Fennel et al., 2012; Junker et al., 2015), which are usually impacted by the southerly winds related
to the atmospheric Benguela low-level coastal jet (Patricola & Chang, 2017). Imbol Koungue et al. (2021)
showed that a combination of both local and remote forcing was important in triggering the 2019 Benguela
Nifio, and Llbbecke et al. (2019) suggested that local wind forcing in combination with anomalous high
freshwater input into the ocean due to both local precipitation and Congo River discharge (CRD) impacted
the generation of the 2016 warm event in the southeastern tropical Atlantic.

The role of freshwater input in the development of warm events is through the generation of barrier

layers (Figs. 4.1Db, c). The presence of barrier layers increases ocean stability and stratification, hence reducing
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the mixing and entrainment of cool subsurface waters into the mixed layer, thereby leading to an SST increase.
In fact, in the Pacific, it has long been shown that freshwater input can impact surface warming by the
generation of these barrier layers associated with a decrease in entrainment cooling (Vialard & Delecluse
1998). For the eastern tropical Atlantic, Materia et al. (2012) showed the effect of Congo River freshwater
discharge on warm events occurring in the Gulf of Guinea, while White and Toumi (2014) quantified the
formation of barrier layer up to 6m thick in model simulations due to a mixed layer shoaling by the CRD.
However, the role of freshwater input for SST variability in the southeastern tropical Atlantic has not been
fully elucidated by modeling studies (White & Toumi, 2014). More recently, Sena Martins and Stammer
(2022), despite not being able to find a significant correlation between the river plume patterns and the
occurrence of a Benguela Nifio, showed evidence for a strong influence of the CRD low-salinity layer in
increasing stratification in the region

The 1995 Benguela Nifio was the strongest event ever recorded in the satellite era (Imbol Koungue
etal., 2019) evidencing SST anomalies averaged for February-March-April up to 3°C in the region (Fig. 4.1a).
It was first described by Gammelsrad et al. (1998) and was associated with high mortality and southward
displacement of fish from Angolan to Namibian waters, also economically impacting these countries. The
eastward propagation of an equatorial Kelvin wave followed by a southward CTW along the African coast
was shown through forced ocean simulations at the onset of the event (Imbol Koungue et al., 2019), and was
associated with a 0.73°C increase in the peak of SST anomalies (Imbol Koungue & Brandt, 2021). On the
other hand, no clear evidence of a Kelvin wave influence was detected from satellite observations, with the
sea surface height anomalies appearing to be stationary and not propagating along the southwestern African
coast (Richter et al., 2010). In fact, the role of remote forcing via the propagation of a Kelvin wave was not
the most pronounced in the 1995 Benguela Nifio in comparison with other warm event years (e.g. 1984,
2010/2011; see Fig. 6 from Imbol Koungue et al., 2019). More recently, Song et al. (2023) when simulating
Benguela Nifio/Nifia events with a single-layer ocean linear model excluding the local forcings (e.g.
precipitation and freshwater advection) did not find a clear energy route of equatorial waves (i.e. remote
forcing) triggering the 1995 extreme warm event. The authors suggested that the coastal SST anomaly might
have been forced locally for this year (Song et al., 2023). Finally, in Gammelsragd et al. (1998), Conductivity-
Temperature-Depth (CTD) profiles identified the presence of a freshwater plume of low salinity at 18°S in
March 1995, much further south than climatologically expected (i.e. maximum southward displacement
extending only to around 12°S in February-March-April; Awo et al., 2022). At the same time, similar CTD
profiles showed the occurrence of barrier layers at 9°S (see Fig. 2b from Gammelsrgd et al., 1998). Although
Gammelsrad et al. (1998) associated the Benguela Nifio event with these strong negative salinity anomalies
on the Angolan coast, the study did not mention the barrier layers presence or possible impacts on this event.
Overall, it seems that both remote and local forcing played a role in the generation of this event.

The aim of this paper is to evaluate the impact of the high freshwater input followed by the strong
low salinity signal in the 1995 Benguela Nifio event. We intend to depict and discuss an up-until-now
unnoticed effect of the increased stratification through the presence of barrier layers in the strongest warm

event ever recorded in the southeastern tropical Atlantic. We also use a mixed layer heat budget analysis to
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discuss the oceanic and atmospheric processes responsible for the high SST signal. For that, we use satellite
data and reanalysis products, comparing them to diverse in-situ measurements, including CTD profiles and
sections from different cruises, and a mooring situated in the region. The paper is divided as follows: in section
4.4 we introduce the different datasets used and the methods for defining the barrier layer and the mixed layer
heat budget terms. In section 4.5 we describe not only the processes that led to a high freshwater input in the
ABA at the onset of the event, and the impacts of this input on the water column stratification, but also the
different processes related to the heat budget terms that were responsible for the warming during the event.

In section 4.6, we discuss the results and future perspectives, and end with concluding remarks.
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Figure 4.1. (a) Detrended monthly SST anomalies from OISST for February-March-April 1995. White contours are
anomaly isotherms 1°C apart from each other. Blue diamond represents Congo River Brazzaville station. Contours
indicate ABA (8°S — 20°S, 8°E to the coast, black) and coastal box 1 (8°S — 20°S, 1° away from the coast, blue). Red
squares indicate the location of CTD profiles depicted in (b, ¢). CTD profiles from Nansen Programme (b) on 16th March
1995 at 10.74°S and 13.5°E and (c) on 27th March 1995 at 10.76°S and 13.2°E. Red, blue, and black solid lines in (b, c)
represent potential temperature (8), salinity (S), and density (o) profiles, respectively. MLD = Mixed Layer Depth, ILD
= Isothermal Layer Depth, BLT = Barrier Layer Thickness.

4.4 Data and Methods

4.4.1 Datasets

SST monthly averages were obtained from the high-resolution NOAA Optimum Interpolation SST
(OISST), with 0.25° spatial resolution, which consists of a blend of satellite and in-situ measurements
(Reynolds et al., 2007; Huang et al., 2021). OISST data is available at National Centers for Environmental
Information (www.ncei.noaa.gov) from 1981 to the present day.

We use monthly averages of the 6-hourly wind vectors from the Cross-Calibrated Multi-Platform
(CCMP) (Atlas et al., 2011; Mears et al., 2022). CCMP combines a background field from European Centre
for Medium-Range Weather Forecasts (ECMWF) reanalysis 5 (ERA5, Herbach et al., 2020) with 10-m wind
retrievals over the ocean from different types of satellites. CCMP data is available from 1993-2019, with a
0.25° x 0.25° spatial resolution, at the Remote Sensing Systems platform (www.remss.com). We calculate

wind stress by applying the bulk formula 7 = p, x cp x Uy, X g, With p, = 1.22 kg m2and ¢, = 0.0013.
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Monthly surface heat fluxes, i.e. Shortwave Radiation (SWR), Longwave Radiation (LWR), Latent
Heat Flux (LHF), and Sensible Heat Flux (SHF) were used from the ERA5 reanalysis (Hersbach et al., 2020).
This data is available at 0.25° horizontal resolution from 1940 to present days and is distributed by the
Copernicus Climate Change Service via https://cds.climate.copernicus.eu/.

Furthermore, for the freshwater input data, monthly Congo River discharge measurements were
obtained from SO-HYBAM (http://www.ore-hybam.org/) at Brazzaville Station, Republic of Congo,
available from 1947 to 2019. Monthly means of precipitation from merged satellite and surface rain gauge
observations, with 2.5° x 2.5° spatial resolution, were taken from the Global Precipitation Climatology Project
(GPCP) (Adler et al., 2003). Data is accessible from 1979 to 2020 at https://psl.noaa.gov.

Finally, monthly means of potential temperature, salinity, zonal and meridional currents from the
Global Mercator Ocean Reanalysis product (GLORYS12) (Lellouche et al., 2021) were used in order to
calculate the Mixed Layer Depth (MLD), Isothermal Layer Depth (ILD), and consequently Barrier Layer
Thickness (BLT). The Brunt-Vaisala frequency (N?) calculations were also based on this product as well as
the Mixed Layer Heat Budget analysis described in section 4.4.2.2. The product has a 1/12° spatial resolution
and 50 vertical levels, with 1m vertical resolution in the first levels, increasing with depth, and data available
from 1993 — 2019. This dataset is distributed by the EU Copernicus Marine Service Information
(http://marine.copernicus.eu/).

Since GLORYS12 and CCMP products are limited to the time period 1993 — 2019, only these 27
years were used for all above-cited datasets. Detrended anomalies for each dataset were calculated by
removing within the same period monthly climatologies and trends from the data. In order to evaluate how
well GLORYS12 represents the main processes occurring in ABA, in-situ measurements were compared to
this reanalysis product. The assessment and validation of the GLORYS12 product against in-situ
measurements are provided in Supporting Information Text S1. Text S1 also describes the observational

datasets used to perform this analysis.

4.4.2 Methods
4.4.2.1  Barrier Layer Thickness

In this study, we define the Mixed Layer Depth (MLD) as the depth at which potential density (a,)
is increased by Aoy relative to its own value at a reference depth, as follows (de Boyer Montégut et al., 2004;
de Boyer Montégut et al., 2007; Mignot et al., 2012; White & Toumi, 2014; Gévaudan et al., 2021; Saha et
al., 2021):

MLD: depth where 05 = 0y5q + Adg (4.1)
Aoy = 0y (Trfd — 0.2°C, Srfd! Py) - 0g (Trfd’ Srfd’ Py) (4.2)

where rfd represents the surface level of the GLORYS12 reanalysis (i.e. ~0.5m) as the reference

depth. Ao, represents the potential density change equivalent to a 0.2°C temperature decrease at the local
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salinity. P, is the pressure at the ocean surface, and T;.s4 and S,.s4are respectively the temperature and salinity

at the reference depth. At the same time, ILD is defined by a 0.2°C threshold, where:

ILD: depthwhere T = T,pq — 0.2°C (4.3)

Finally, the Barrier Layer Thickness (BLT) definition is the difference between the ILD and the MLD:
BLT = ILD — MLD  (44)

Additionally, for the identification of the stability and stratification of the water column within the
1995 event, the Brunt-Vaiséla frequency N2 was also obtained at each depth by using the same GLORYS12
product. Then, N2 was averaged from the MLD until 50m, since the MLD in this region is climatologically
shallower than 50m (not shown). Both anomalies of BLT and N2 were calculated by removing the climatology
within the 1993-2019 period.

44.22  Mixed Layer Heat Budget

In order to assess the processes driving the temperature change during the 1995 Benguela Nifio,
reanalysis, and satellite products were used to perform a mixed layer heat budget analysis. Here we use an
approach similar to several previous papers (e.g. Stevenson & Niiler, 1983; Moisan & Niiler, 1998; Foltz et
al., 2003, 2020; Echols and Riser, 2020; Kdrner et al., 2023). The equation used here is as follows:

Ay VT + ety (4.5)
Jat pcph

where dt= 1 month; T = Ty, which is the temperature averaged for the mixed layer; v represents the
horizontal currents averaged for the mixed layer h = MLD; p is the seawater density, taken here as 1025
kg/m?3; ¢, is specific heat capacity taken as 4000 J/kg °C. From left to right each term denotes respectively:
Mixed layer temperature tendency, temperature horizontal advection within the mixed layer, net surface flux
corrected for the SWR that penetrates into the mixed layer, and residual. The residual contains the terms not
represented in the equation, such as turbulent heat loss (i.e. heat loss at the base of the mixed layer due to
turbulent mixing), entrainment, and the vertical temperature velocity covariance (Korner et al. 2023;
Hummels et al., 2014; Foltz et al. 2003). Actually, the temperature/velocity covariance is considerably smaller
than the other contributions and is usually neglected in the ML heat budget analysis (Foltz et al., 2003;
Hummels et al., 2014; Koérner et al., 2023). In addition, the residual includes the contribution of processes
unresolved by the spatial and temporal scales of the data used here, and the uncertainty arising from the data.
The net surface heat flux term (g,,.¢) consists of the sum of q,;¢, LWR, LHF, and SHF, where q,;, represents

the amount of shortwave radiation absorbed within the mixed layer. Here, q,;.is defined based on Foltz et al.

(2020) where: qgps = SWR (1 — 0.47e_h/15), considering an albedo rate of 6% where h is the MLD in
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meters. All heat fluxes used here were obtained from the ERA5 reanalysis dataset and interpolated into the
GLORYS12 grid.

4.5 Results

4.5.1 Low-salinity plume propagation
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Figure 4.2. Detrended monthly anomalies from January to April 1995 for SST (a), SSS (b), BLT (c), N? (d). Black
contours indicate coastal box 1 region (8°S — 20°S, 1° away from coast). Blue diamond represents Congo River
Brazzaville station. SST from OISST. SSS from GLORYS12, BLT and N2 calculated from GLORYS12 dataset.

The 1995 Benguela Nifio event started to develop in February when positive SST anomalies of 2°C
averaged for the ABA coastal region (i.e. coastal box 1) were observed (Figs. 4.2a, 4.3a). The event peaked
one month later, in March, when the ocean surface temperature was up to at least 4°C warmer than climatology
close to the Angola-Benguela front (Fig. 4.2a). One characteristic of this event was that the positive SST
anomalies were not restricted to the ABA, but reached south of 20°S extending also to the northern Namibian
upwelling region around 23°S (Fig. 4.2a, also Gammelsrgd et al., 1998). In fact, a similar pattern was observed
during the 2010/2011 Benguela Nifio event, when the strong poleward subsurface Angola current advected
warm waters as far as 25°S (Rouault et al., 2018). In April, warmer waters remained in the region until the
demise of the event in May. Concurrently, at the onset of the event in February 1995, a low-salinity plume
with negative sea surface salinity (SSS) anomalies of up to -3 psu was present in the area, apparently advected
poleward from the north (Fig. 4.2b). This poleward propagation of the low-salinity is consistent with the local
current speed and will be addressed in section 4.5.2. At the peak of the event in March 1995, this freshwater
plume was observed at around 18°S, much further south than climatologically expected. In February and
March, low-salinity waters in the region, mainly generated by the outflow of the Congo River (blue diamond
in Fig. 4.2), are expected to have their maximum southward extension until 12°S (Awo et al., 2022). The mean

observed SSS anomaly for the coastal box 1 (8°S — 20°S, 1° wide band along the coast) was almost -2 psu at
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the onset of the 1995 event in February, and remained strong in March (Fig. 4.3d). The freshwater influence
was initially restricted to the coastal area off Angola, but expanded further offshore in March. In April, the
low-salinity pattern started to vanish and the anomalies at the coastal box were within the limit of the standard
deviation for this month (Figs 4.2b and 4.3d). Figures 4.3a and 4.3c show that both signals of low SSS and
high SST anomalies from the coast to 1° degree offshore are the strongest ones detected for the analyzed
period. Negative anomalies of SSS at the coast also peaked at the beginning of 2016 (Fig. 4.3c) during the
2016 warm event. Indeed, Lubbecke et al. (2019) showed that a high freshwater input into the region might

also have influenced the SST warming during this event.
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Figure 4.3. Detrended monthly anomalies of SST (a), SSS (c), BLT (e) and N? (g) averaged for coastal box 1 region (8°S
— 20°S, 1° away from coast) from 1993-2019. Yellow shading indicates the period from August 1994 to July 1995. (b)
SST climatology (shown from August to July, in blue) calculated over 1993-2019 and monthly values (in red) from
August 1994 to July 1995 averaged in the coastal box 1. (d, f, h) same as (b) but for SSS, BLT, and N2, respectively.
Intervals in Figs. (b, d, f, h) depict monthly standard deviation. SST from OISST. SSS from GLORYS12, BLT, and N?
calculated from GLORYS12 dataset. Black stars in (b), (d), (f) and (h) indicate significant differences from monthly
climatologies of each respective month at a 90% confidence level according to the Student’s t test.

Low surface salinities can lead to the formation of barrier layers and enhance the upper ocean
stratification. Concomitant patterns of positive BLT and N2 anomalies were observed close to the coast at the
beginning of the event, reaching further south and spreading offshore in March (Figs. 4.2c and 4.2d). BLT
anomalies of up to 15m indicate strong anomalous stratification of the water column, which is also reflected
in its stability indicated by the Brunt-Vaisala frequency positive anomaly. The barrier layer presence could
also be observed in the CTD profiles taken from the Nansen Programme in 1995 (Figs. 4.1b and 4.1c). The
vertical profiles (Figs. 4.1b and 4.1c) show a significant change within 10 days, which is an indication of the
importance of submonthly processes acting in the region (Goubanova et al., 2013; Bacheélery et al., 2016a).
However, from the vertical profiles of temperature, salinity, and density (not shown) we can see that the
presence of the barrier layer on the coast of Angola is persistent from the onset (February 1995) to the demise

of the event (April 1995). High stratification was likewise observed during the 2016 warm event (Figs. 4.3e,
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4.3g, and in Libbecke et al., 2019). Freshwater input at the ocean surface creates a shallow mixed layer,
where the most pronounced salinity and density gradients are located above the highest temperature gradient
(Figs. 4.1b and 4.1c). The difference between the depth of these two gradients creates a more stratified water
column, isolating the surface layer from the cooling from below induced by mixing and entrainment, which

can favor surface warming.
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Figure 4.4. Detrended monthly anomalies from September 1994 to March 1995 for precipitation (a). Black thick contours
indicate coastal box 2 region (2°S — 15°S, 2° away from coast). Brown contour denotes coastline. Blue diamond
represents Congo River Brazzaville station. Detrended monthly anomalies of precipitation averaged for coastal box 2
region (b) and Congo River discharge (d) from 1993-2019. Yellow shading indicates the period from August 1994 to
July 1995. (c) Precipitation climatology (shown from August to July, in blue) calculated from 1993-2019 and monthly
values (in red) from August 1994 to July 1995 averaged in the coastal box 2. (e) same as (c) but for Congo River
discharge. Intervals in Figs. (c, €) depict monthly standard deviation. Black stars in (c) and (e) indicate significant
differences from monthly climatologies of each respective month at a 90% confidence level according to the Student’s
t test.

In order to understand the origin of the low salinity plume, we analyzed two possible sources of
freshwater input in the region during the event. Precipitation anomalies of up to 5 mm/day were observed
prior to the 1995 Benguela Nifio event, in November/December 1994, in the proximities of the Congo River
mouth around 5°S, north of the ABA (Fig. 4.4a). The positive anomalies 2-3 months prior to the event were
the strongest ones recorded in the time series and were high above the monthly climatological mean and
standard deviation (Figs. 4.4b-c). This order of magnitude in precipitation anomalies was not seen in any
other year during the 27 years analyzed period. Freshwater input averaged for the coastal box 2 region of
around 3 mm/day higher than the climatology was also found in March 1995 (Figs. 4.4a, c). This could already

be a response to the surface warming initiated in February 1995, which brings even more non-saline water to

61



the region via enhanced precipitation, indicating a positive feedback of freshwater input during the event.
Regarding the CRD, the data indicate that only in December 1994 the river outflow was higher than
climatologically expected, although the difference is not significant (Fig. 4.4e). It also reflects the increased
precipitation over land, upstream in the Congo river, from September to November/1994 (Fig. 4.4a). The
magnitude of the positive anomaly in the river discharge compared to other years was not exceptional (Fig.
4.4d). However, one can still observe that an anomalous freshwater input from the Congo was present in
December 1994, 2 months prior to the onset of the 1995 Benguela Nifio.

We conclude that both anomalously high precipitation and Congo River discharge 2-3 months prior
to the onset of the 1995 Benguela Nifio were main contributors as freshwater sources to the event. Both
sources also contributed to the 2016 warm event (Lubbecke et al., 2019). Since the stronger precipitation
anomalies in 1994/1995 were located close to the Congo River mouth, one can also conclude that the
anomalously high freshwater input in ABA came from the north and was advected southward. However,
indicating which freshwater source was the most significant in impacting the warming is beyond the scope of
this study. Overall, it was shown that due to both an above-average precipitation and CRD, a freshwater plume
was generated and could propagate southward towards the ABA, generating stability and stratification of the
water column concomitant with the warm anomalies during the 1995 Benguela Nifio. The processes and
dynamics that allowed the southward freshwater propagation to occur will be discussed in the next section.

4.5.2 Role of Alongshore Current and Wind Forcing

a)

Dec/94 Jan/95 Feb/95 ~ Mar/95 0.4
eridional| |! eridional| (¢ ’
\Velocity \Velocity
5°S 1 4% TN o E
: 4 02 =
S €
i 7“~‘| \\\ 8
10°S 1< 723NN ©
VRS 2
- F7 o 8
15°S | ¥ >
3 g ©
a4 c
K% ¢ — 0.2 %
> e .4 mis -02 ©
20°S i L =
: % =
25°S s U Rt soax U W o4
8°E 13°E 8°E 13°E 8°E 13°E 8°E 13°E
. b C)
g oz %
© 0.2
Z o1 =
o
> = > ¥
.®@ 0 T2 0
gE | SE e
= '0'1{ Meridional Velocity - - I Climatology
o) 02 Q .02 Meridional Velocity ——95BN
5 -
R I S S VRSP, WK N, PR S, G S
= \09 \Q% \ojb 'LQQ '196 ’LQQ q/QQ p&\ %0\ ’19\ q9\ q{Q’\, ?_\\q %GQ O(’\ \;5\ 000 §’§ ((ep @’bk vgﬁ ‘@A 3\@ N

Figure 4.5. Detrended monthly anomalies from December 1994 to March 1995 for mixed layer meridional velocity (a).
Arrows indicate the current anomaly direction. Black contours indicate coastal box 1 region. Blue diamond represents
Congo River Brazzaville station. Detrended monthly anomalies of mixed layer meridional velocity averaged for coastal
box 1 region from 1993-2019 (b). Yellow shading indicates the period from August 1994 to July 1995. Mixed layer
meridional velocity climatology (shown from August to July, in blue) calculated from 1993-2019 and monthly values
(in red) from August 1994 to July 1995 averaged in the coastal box 1 (c). Intervals in Fig. (c) depict monthly standard
deviation. Black stars in (c) indicate significant differences from monthly climatologies of each respective month at a
90% confidence level according to the Student’s t test.
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In the southeastern tropical Atlantic, low-salinity waters, mainly from the CRD, and their southward
propagation are usually restricted to 12°S (Awo et al., 2022). However, as shown in the previous section,
during the 1995 Benguela Nifio the freshwater plume was advected further south in February and March, until
around 18°S. In order to investigate what might have caused this anomalous poleward transport during the
warm event, we analyzed the mixed layer meridional current anomalies from the GLORYS reanalysis
product. From January 1995, a southward current anomaly at around 3°S and 2° offshore of the coast started
to develop (Fig. 4.5a). In February 1995, this negative current anomaly was even stronger (i.e. about -0.4 m/s)
and was shifted closer to the coast (Fig. 4.5a). In March 1995, the southward anomaly weakened and was
again moving offshore. The really strong negative signal observed in February 1995 is even more clearly
visible when averaging the current anomalies for the coastal box 1 (Figs. 4.5b and 4.5c). From the analyzed
period, this month had by far the strongest southward current observed at the mixed layer. February 1995 was
also the month with the fastest southward advection of the low salinity plume. The -1 psu signal at 10°S in
January 1995 to 18°S in February 1995 (see Fig. 4.2b) propagated southward with a roughly estimated speed
of about 0.37m/s. This estimate agrees in magnitude with the mixed layer current anomaly strength. In
addition, the meridional velocity anomalies started to develop in December/January 1995 close to the Congo
River mouth concomitantly with the strong precipitation observed in December in the same region.
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Figure 4.6. Depth-time Hovmdller diagram of climatology (calculated from 1993 to 2019, and shown between November
and April) (a), monthly detrended anomalies (b), and absolute values (c) of coastal Angolan meridional current (v)
averaged from 8°S to 13°S, 1° away from the coast (b, c) are shown from November 1994 to April 1995. The black line
represents the density ocean mixed layer thickness obtained directly from GLORYS12 reanalysis, defined by sigma
theta, and also averaged for the same area. Magenta contour depicts -0.1m/s isoline.

It is known that the Angola Current has its core at subsurface (Tchipalanga et al., 2018; Kopte et al.,
2017). 1t might be argued that this current could not be driving the southward transport of the low-salinity
signal in the 1995 Benguela Nifio, since the freshwater input generated a very shallow mixed layer and hence
a surface current would be needed to carry the low-salinity plume. This raises the question of the mechanism

behind the southward transport of the freshwater plume.
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In order to tackle this question, we analyzed both GLORY S12 velocities at depth and wind data from
CCMP. From the vertical structure of the meridional current during the 1995 Benguela Nifio (Fig. 4.6), we
could see an anomalously strong surface poleward current at the coast. While the Angola Current core from
the GLORYS12 reanalysis is climatologically situated at 10-20m depth in February (Fig. 4.6a), during
February 1995, the strongest southward anomalies were found especially at the surface (Fig. 4.6b). Note that
during this event, not only the position of this highest poleward velocities was lifted upward but also the
current strength was higher. Both of these features can only be reached by strong shifts in the wind field in
the same period since local wind stress and wind stress curl are the main drivers of the strengthening and

uplifting of the Angola Current (Fennel et al., 2012; Tchipalanga et al., 2018).
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Figure 4.7. Detrended monthly meridional wind-stress anomalies (a) and wind-stress curl anomalies from December
1994 to March 1995 (b). Arrows indicate the direction of the wind stress anomaly. Blue diamond represents Congo River
Brazzaville station. Positive values in (b) indicate weakening of the wind stress curl.

Overall, in the region, southerly winds that strengthen seaward are observed, leading to a negative
(cyclonic) wind stress curl close to the coast (e.g. Libbecke et al., 2019). However, during the 1995 event,
we could observe changes in both wind stress and wind stress curl (Fig. 4.7). From December 1994 to January
1995, the meridional wind stress weakened (Fig. 4.7a) around 5°S-7°S, concomitant with the onset of the
poleward current anomaly development (Fig. 4.5a). In February 1995, the wind stress was even weaker
offshore, and the weakening extended to the whole region, exactly at the time when the poleward current
anomaly was strongest. Concomitantly, a strong weakening (strengthening) of the wind stress curl, indicated
by positive (negative) anomalies in Figure 4.7b, was observed throughout the African coast (offshore). These
shifts in the curl were most pronounced in February 1995 from 7°S to 13°S, indicating stronger than normal
winds at the coast in this latitudinal band. Consequently, reduced (enhanced) coastal (offshore) wind stress
curl was generated. Fennel et al. (2012) showed that under this scenario, with a diminished wind stress curl

at the coast, the equatorward coastal jet weakens and the undercurrent (i.e. the Angola Current) is able to
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reach the surface, which explains the anomalously strong surface poleward current at the coast observed
during the 1995 event.

4.5.3 Processes driving the warming

The combination of a high CRD and precipitation concomitant with the strong southward Angola
Current and its uplifted core to the surface were shown to be the main drivers of the anomalous high freshwater
input into the Angolan coast during the 1995 Benguela Nifio. Now, we investigate what processes led to the
surface warming by performing a mixed layer heat budget analysis (see section 4.4.2.2) for the coastal region
off Angola during this anomalous event. We first describe the mechanisms responsible for the climatological

heat budget, and then discuss the anomalies during the 1995 event.
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Figure 4.8. Monthly climatology (blue) of the terms from mixed layer heat budget equation averaged for coastal box 1
from 1993-2019 depicted from August to July for a) Temperature tendency; b) Net surface heat flux; ¢) Horizontal
advection; d) Residual; e) Temperature gradient (i.e. difference between ML temperature and temperature at the base of
ML). Intervals indicate monthly standard deviation. a-e) In red are monthly values from August 1994 to July 1995 of
the parameters mentioned above, respectively. f) Climatological contribution of each calculated term for coastal box 1
mixed layer temperature between 1993-2019. g) Detrended monthly anomalies of the terms from mixed layer heat budget
equation averaged for coastal box 1 from November 1994 to May 1995 coastal box. Black stars in (a-e) indicate
significant differences from monthly climatologies of each respective month at a 90% confidence level according to the
Student’s t test. Yellow shading in (a-e) indicates the period from January to May 1995.

The monthly climatology of each term with its monthly standard deviation is shown in Figures 4.8a-

e. Figure 4.8f depicts the contribution of each term to the climatological surface warming (positive) and
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cooling (negative). As recently shown by Kdrner et al. (2023), the mixed layer heat content in this region is
climatologically dominated by the surface heat fluxes and turbulent heat loss at the base of the mixed layer,
here included in the residual term. The highest (lowest) temperatures are observed in austral summer (winter)
when the net surface heat fluxes warming the ocean’s upper layer are strongest (weakest) (Fig. 4.8f). In
addition, the residual term is a cooling term throughout the year. Further, the mean horizontal advection plays
a cooling role, especially during austral winter (Fig. 4.8f), when the Angola-Benguela front is located furthest
north. Still, the temperature gradient and currents are stronger in the meridional direction suggesting that the
meridional advection plays a more prominent role in this term than the zonal. In fact, the October peak in
warming due to advection (Fig. 4.8f) is sustained by the southward Angola Current bringing warm equatorial
waters further south (Korner et al., 2023).

Figure 4.8g depicts the anomalies of each term of the heat budget equation during the 1995 Benguela
Nifio, while Figures 4.8a-e show anomalies significantly different in relation to the monthly climatology (i.e.
black stars). During the event’s development and demise significant shifts in the ML temperature for the
coastal area were observed at its onset in February, at its peak in March 1995, and at its demise in May 1995
(Fig. 4.8a). Within this period we can as well observe the reduced temperature gradient between the ML and
its base (Fig. 4.8¢). During February and March, for instance, the ML temperature gradient is almost 3 times
weaker than climatologically. Hence, we focus on explaining the anomalies within these months (i.e. yellow
shading in Figs. 4.8a-e). In February 1995, the advection term was the only contributor to the warming of the
mixed layer off Angola, concomitant with the strong anomalous poleward surface current in this month (Fig.
4.5¢), bringing warm waters further south. Even though the net heat flux average for the coastal box 1
indicates a net cooling during this month (Fig. 4.8g), from the spatial anomalies (Fig. 4.16b) we can see a
positive anomaly from 8°S to 13°S, which might also have contributed to warming the waters further advected
southward. In addition, positive residual anomalies are present at the coast during February (Fig. 4.16d), from
the River mouth until 15°S. The net residual cooling in February appears to be counteracting the advection
warming, although the residual shift in this month is not significant (Fig. 4.8d). On the other hand, in March
1995 during the peak of the event, the advection term stood for only 8% of the sum of the anomalous warming
terms at the coast off Angola (Fig. 4.8g), contributing mostly to the warming offshore of the box (Fig. 4.16c¢).
The main contributor to warming up the mixed layer at the coastal region in March was by far the residual
term (i.e. 92%, Fig. 4.89). Noteworthy, the residual spatial positive anomalies during March agree well with
the SSS and BLT anomalies up to 18°S (Fig. 4.16 and Fig. 4.2b,c). The same is observed for the following
April. The significantly reduced ML temperature gradient within these months indicates the location of the
mixed layer base within the isothermal layer (Fig. 4.1b,c), which leads to reduced turbulent heat loss at the
base of the ML, since the turbulent mixing acts on a weak vertical temperature gradient (White & Toumi,
2014). Consequently, strong positive residual anomalies are observed in March and April. In fact, turbulent
heat loss, here included in the residual term, is a crucial mechanism in this region not only for the cooling
especially near the coast but also for an upward salt flux, bringing the more saline subsurface water towards
the surface (Awo et al., 2022; Koérner et al., 2023). The high residual anomaly maintained the surface warming

during March 1995, counteracting the surface cooling in the same month due to surface heat fluxes. This
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damping term in the heat fluxes was mainly due to a significant latent heat loss in March 1995 (Figure 4.14).
In April 1995 the high positive anomaly in the residual term (i.e. possibly related to the remaining stability
due to the lower surface salinity during this month) was counteracted by surface heat fluxes and the northward
advection of cool waters from the south, which contributed to the demise the event. The residual term will
also be discussed in the next section.

Overall, when considering the mean interannual anomalies for each term (Fig. 4.15) we find that the
1995 Benguela Nifio event stands out especially in terms of advection, residual, and ML temperature gradient
anomalies. The advection anomaly in February 1995 was in fact the highest positive advection anomaly
observed in the 27 years analyzed period (Fig. 4.15a). The advection term has acted as the main factor to
initially warm the surface waters by bringing warmer equatorial waters to the ABA. The extremely strong
poleward current might also have contributed to taking this warming further south than 20°S. At the same
time, one of the strongest residual anomalies was also seen during the 1995 event, together with the most
negative anomaly in the ML temperature gradient for almost 3 decades (Fig. 4.15d-e). In fact, Figure 4.15e
shows that this gradient was also extremely reduced during the 2016 warming event, which was also likely to
have been influenced by an anomalous freshwater input (Libbecke et al., 2019). Indeed, the ML temperature
gradient anomaly time-series agrees quite well with both the N2 and BLT anomaly time-series (i.e. r = -0.41,
r = -0.53, respectively) as well as with the SSS anomalies (i.e. r = 0.48). Hence, our results suggest that the
combination of the initial strong advection by the poleward current at the surface, and subsequently less
turbulent mixing due to higher water column stability resulted in the strongest Benguela Nifio event ever

recorded in the satellite era.

4.6 Summary and Discussion

In this study, we described the strong 1995 Benguela Nifio and investigated the role of anomalous
freshwater input into the ABA (8°S — 20°S, 8°E to the coast) during this event. We analyzed the impact of this
low-salinity anomaly on the temperature change within the mixed layer at the onset of the warming,
highlighting the importance of the dynamical mechanism that allowed the freshwater plume to be advected
from north of Angola to the ABA.

The 1995 Benguela Nifio developed in February 1995 and peaked in the following March with
averaged SST anomalies of up to 2.5°C in the ABA coastal region (8°S — 20°S, 1° away from the coast).
Simultaneously, an anomalous low-salinity plume was present in the region, shoaling the mixed layer and
generating higher water column stratification and stability due to barrier layer anomalies of up to 15m. A
large barrier layer contributes to the surface warming by inhibiting the cooling from below due to entrainment
and mixing. The strong freshwater input resulted from a combination of the anomalous high CRD and
precipitation in the months prior to the event and was advected from around 2°-5°S to 18°S, much further
south than climatologically expected (Awo et al., 2022). This low-salinity plume advection was only possible
due to a concomitant surfacing and strengthening of the Angola Current, which occurred due to a weakening

of the coastal wind stress curl and wind stress during the event, allowing the current core to be present at the
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coast and to move from subsurface to the surface. This anomalous poleward transport partially explaining the
intensity of the 1995 event was also suggested by Rouault (2012).

In addition to this, a CTW might also have played a role in strengthening the southward current. A
previous study recorded the presence of an intraseasonal downwelling CTW in March 1995, 2 weeks before
the peak of the event, with an amplitude of almost 3 cm (Imbol Koungue & Brandt, 2021). Furthermore, a
much higher than usual Angola Current transport of 11 Sv from January to March 1995 was reported during
the 1995 Benguela Nifio (Mercier et al., 2003). Moreover, Sena Martins and Stammer (2022) recently stated
that the causes of low-salinities anomalies spreading southward in this area were a higher CRD combined
with the occurrence of the CTW between February and March. Hence, since the Angola Current variability
is highly controlled by the passage of these waves (Bachélery et al., 2016a; Kopte et al., 2017; Tchipalanga
et al., 2018), we suggest that this CTW might also have contributed to the strong southward current transport.
It appears that during the 1995 event, the combination of relaxed southerly winds offshore and the weakening
of the wind stress curl at the coast, uplifting the Angola Current core to the surface, with the apparent presence
of the CTW and an above climatology freshwater input in the region were the mechanisms that allowed low-
salinity anomalies to reach the ABA.

The mixed layer heat budget analysis approach has been widely used to identify sources of surface
warming in the tropical Atlantic, both from observational datasets (e.g. Foltz et al., 2003; Hummels et al.,
2014, Foltz et al., 2020; Hummels et al., 2020; Korner et al., 2023), and reanalysis product (Ma et al., 2023).
Our analysis showed that anomalous advection was responsible for the warming at the onset of the event, in
February, while the residual term was the main contributor during the peak of the event in March. In this
study, the residual term includes the effect of turbulent mixing, processes not represented by the temporal and
spatial scale of the dataset here used, and errors of the other terms. The errors in this region are likely
influenced by uncertainties arising from the SWR in the net surface heat fluxes (Korner et al., 2023) due to
poor representation of shallow clouds (Huang et al., 2007). Additionally, sub-monthly variability within the
Angolan coast (Goubanova et al., 2013; Bachelery et al., 2016a) is likely to contribute to the residual term.
However, the residual of the ML heat budget in this region can be assumed to be largely explained by the
turbulent mixing at the base of the ML, especially in shallow regions close to the coast (Kdrner et al., 2023).
The energy source of the turbulent mixing is the interaction of internal waves with the continental slope (Zeng
etal., 2021). Zeng et al. (2021) find that the mixing is essentially more effective when stratification is weaker.
The stratification in the ABA region is connected to freshwater fluxes, surface heat fluxes, and the passage of
CTWs (Awo et al. 2022, Zeng et al., 2021; Korner et al., 2023). The freshwater plume present in coastal
waters during the 1995 Benguela Nifio influences turbulent mixing at the base of the mixed layer in two ways.
Firstly, the available energy for mixing acts on a stronger stratification decreasing the eddy diffusivity (White
& Toumi, 2014; Zeng et al. 2021, Korner et al. 2023). Secondly, in the presence of high freshwater input and
the consequent barrier layer formation, the temperature gradient between the mixed layer and the water below
it (i.e. Ty, — T—p) is close to zero (e.g. Echols & Riser, 2020), as the mixed layer base resides within the
isothermal layer. Thus, the turbulent mixing acts on a weak vertical temperature gradient (White & Toumi,

2014). Hence, the anomalously high freshwater during early 1995 reduces the turbulent heat loss. The barrier
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layer presence and higher water column stability impact were observed especially in March 1995. It is also
likely that this impact remained important in April 1995 since an anomaly in the residual term was still high
in this month. Overall, we showed that an anomalous freshwater input in the ABA can indeed significantly
contribute to the surface warming during a Benguela Nifio, and should also be taken into account as a local
forcing for these events. We also observed that this influence strongly depends on the advection of the
freshwater to the south and thus on shifts in the wind field.

The influence of freshwater input in the generation of barrier layers in the southeastern tropical
Atlantic that increased ocean stratification and stability has been discussed in previous studies (Materia et al.,
2012; White & Toumi, 2014; Libbecke et al., 2019; Sena Martins & Stammer, 2022). Salinity shifts impacting
surface warming in the tropical Atlantic via barrier layer formation and stratification have also been recently
assessed (Gévaudan et al., 2021). There is, however, no consensus on the importance of barrier layers
generating surface warming in the Equatorial and tropical Atlantic. While Pailler et al. (1999) and Foltz &
McPhaden (2009) indicated strong warming related to barrier layers, Balaguru et al. (2012), Hernandez et al.
(2016), and Gévaudan et al. (2021) found no significant relationship between these variables based on models.
It was seen that salinity stratification can indeed play a major role in stabilizing surface layers of the ocean,
leading to the upper-layer warming (Maes & O’Kane, 2014). However, it is hard to establish a direct
correlation on interannual timescales also for the southeastern tropical Atlantic (White & Toumi, 2014; Sena
Martins and Stammer, 2022), due to different processes affecting and changing the SST. When referring to
Benguela Nifios, it seems even more difficult, since the freshwater input does not seem to trigger these events,
which are caused either remotely by the propagation of an equatorial Kelvin wave followed by a CTW at the
African coast due to equatorial wind shifts, or by local atmospheric and wind changes (Florenchie et al., 2003;
Richter et al., 2010; Rouault et al., 2018; Imbol Koungue et al., 2019). Still, such unique freshwater
propagation as in this specific 1995 event indeed contributed to the surface warming.

In relation to Benguela Nifias, we believe that a lower freshwater input would not be an important
factor in intensifying these cooling events. Climatologically, the low salinity plume is not usually spread over
the whole ABA (Awo et al., 2022). Hence, in anomalous years of lower precipitation/river discharge, no
significant change in the stratification off Angola would be observed. High freshwater input could, however,
be a factor counteracting a cooling event. In these cases, the SST change during a Benguela Nifia would be
decreased, since the cooling event would be counteracted by the warming due to lower SSS and higher
stratification. Still, this is very speculative and overall we believe that a freshwater input would not impact a
Benguela Nifia event the same way as it could do with the Benguela Nifios.

Some open questions remain and should be approached in future studies. First, it is still unclear which
mechanism is the most prominent driver in generating the negative salinity anomalies in ABA. We wonder if
a high anomalous freshwater input would be enough to generate such anomalies, or if this freshwater plume
presence in the Angolan-Nambian coast is only possible combined with a stronger Angola Current core at the
surface. It is likely that in years of strong poleward Angola Current, freshwater especially from the CRD
might be brought to the ABA. However, is it uncertain if solely the freshwater transport could generate

stratification anomalies or if an anomalous freshwater input is also required. Further, White & Toumi (2014)
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when evaluating the impact of the amount of freshwater input from the Congo River on the spatial distribution
of SST, did not find any significant changes between the control and the double CRD simulations. They
suggested that the location of temperature changes is more dependent on environmental conditions than on
the magnitude of the freshwater input (White & Toumi, 2014). In addition, the most important freshwater
source to generate such salinity anomalies could not be clearly distinguished in our study between an
anomalous CRD or precipitation. Different model simulations and experiments with climatological and
reference river runoff and precipitation, like the works from Zhang & Busalacchi (2009) and White & Toumi
(2014) could provide these answers. Furthermore, besides the 1995 Benguela Nifio and the 2016 warming
event, we highlight that the freshwater might also impact other events (e.g. 2001 Benguela Nifio) as shown
by the time series anomalies in Figure 3. Thus, the general influence of the freshwater input on the SST
variability in the southeastern tropical Atlantic is still not well defined. Still, we could conclude from the
present analysis that the freshwater input into the ABA related to the strength of the Angola Current is an
active local forcing player in the intensification of Benguela Nifios.
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4.7 Supplementary Material

Introduction

Text S1 compares the GLORYS reanalysis product against in-situ measurements from CTD cruise
sections, CTD profiles from Nansen Programme, mooring observations, and drogued drifters. Figure 4.9
indicates the location of in-situ measurements obtained from different cruises. Figures 4.10, 4.11, 4.12 and
4.13 show the GLORYSS reanalysis product capacity in reproducing these observations (temperature, salinity,
current velocity) taken at the locations indicated in Figure 4.9. Figures 4.14, 4.15, and 4.16 add to the
discussion on the Mixed Layer Temperature Change, depicting respectively the climatological surface heat
fluxes in comparison with the 1995 Benguela Nifio event, and the interannual anomalies of each term of the

Mixed Layer Heat Budget equation.

Text S1: Comparison of GLORY'S reanalysis with in-situ measurements

In order to evaluate GLORY'S capacity in reproducing the main processes occurring in ABA, in-situ
measurements were compared to this reanalysis product. CTD sections of temperature and salinity at around
11°S (Fig. 4.9) from five different cruises were compared to the daily GLORY'S reanalysis (Fig. 4.10). The
sections were taken from: 21-23 July 2013 (M098); 28-31 October 2015 (M120); 27-28 October 2016
(M131); 16-19 June 2018 (M148) and 23-24 September 2019 (M158). The GLORYS product was
interpolated into a 1/100° grid and the same positions of the cruise sections were selected in the reanalysis
product. The daily GLORYS was then averaged for the corresponding days of each cruise section. While the
agreement is in general high, a discrepancy between the compared datasets was observed within the M131
section, taken in October 2016, with the reanalysis underestimating the salinity values in the upper 30m of
the water column (Fig. 4.10). This is likely related to the fact that GLORYS12 uses a climatological CRD
input which might overestimate (underestimate) salinity values in years of anomalously high (low) CRD. In
fact, one of the highest negative anomalies recorded from 1993-2019 in the CRD (Fig.4.4d) was in
September/October 2016 which could explain the difference observed between the M131 section and the
reanalysis. Overall, the reanalysis product can quite well reproduce the observed temperature and salinity
profiles for almost all sections (Fig. 4.10).

In addition, flow velocities were obtained from a moored current meter off Angola at 13°00’E,
10°50’S (Kopte et al., 2017). The mooring records current velocities up to 45m below the sea surface since
July 2013 with an upward-looking 75-kHz Long Ranger acoustic Doppler current profiler (ADCP). The
mooring location is indicated in Figure 4.9. The almost 10-year long dataset allows a climatological

comparison of the velocities against the GLORY'S reanalysis product currents (Fig. 4.11). The GLORYS grid
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point nearest to the mooring position was selected and both zonal and meridional currents from the mooring
and GLORYS product were rotated by -34° against the North in order to derive cross-shore and alongshore
velocities regarding the orientation from the Angolan coast. In terms of magnitude, one can see that the
alongshore component is much stronger than the cross-shore, being, therefore, more easily reproduced by
GLORYS (Fig. 4.11). In addition, the upper 200m alternating poleward (Angola Current — AC) and
equatorward flow (Kopte et al., 2017; Tchipalanga et al., 2018) could also be seen in both datasets, even
though the mooring measurements are limited to below 45m. Signals of the two seasonal peaks (i.e. February-
March and October) in the strength of the AC could as well be observed in the mooring data and in the
reanalysis. One feature that GLORYS is not able to reproduce well is the equatorward flow between 100-
300m from April to June. However, this might be irrelevant to this study since we are focusing mostly on the
shallower currents, and in periods from January to March. Overall, the reanalysis product seems to reproduce
quite well both cross-shore and alongshore currents, especially the latter, in terms of magnitude and
seasonality.

Concomitantly, we used monthly averages of daily 15-m current, with 0.25° x 0.25° spatial resolution,
consisting of estimates from a synthesis product of in-situ drogued drifter velocities measurements, satellite-
derived Ekman velocities, and geostrophic velocities from sea level anomalies (Lumpkin & Garzoli, 2011;
Perez et al., 2019). This dataset is available from 1993 to 2021. The mixed layer current speed from the
GLORYS product (Fig. 4.5) also agrees well with the 15-m current measurements (Fig. 4.12) in terms of
magnitude and current direction.

Finally, more than 8000 CTD profiles collected along the entire Angolan coast from the Nansen
Programme (Tchipalanga et al., 2018) and taken between March 1995 and March 2014 were used to validate
the GLORY'S temperature and salinity datasets in the region. Each profile was limited to 230m depth and the
GLORYS product was interpolated again into an even 1/100° horizontal grid, and later into an even 1 m depth
vertical grid. Each CTD position was then selected for the reanalysis product and both datasets were compared
(Fig. 4.13). The Taylor diagram shows good correlations between GLORYS and CTD profiles for both
temperature (i.e. 0.96) and salinity (i.e. 0.68) and also close values for Root-Mean Squared Difference
(RMSD) and Standard Deviations (Fig. 4.13). Therefore, through comparison with different in-situ
measurements, we conclude that the GLORYS12 product provides a quite good representation of the

temperature, salinity, and current velocities observed for the Angola-Benguela region.
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Figure 4.9. Location of CTD profiles, Cruises Sections, and 11°S mooring.
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Figure 4.12. Detrended monthly anomalies from December 1994 to March 1995 for meridional velocity (a). Arrows
indicate the current anomaly direction. Black contours indicate coastal box 1 region. Blue diamond represents Congo
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Student’s t test.
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Figure 4.15. Detrended monthly anomalies (a - d) of the mixed layer heat budget equation terms averaged for coastal
box 1 region (8°S — 20°S, 1° away from coast). Same for (e) but for mixed layer temperature vertical gradient. Anomalies
are based on GLORYS12 and ERAS datasets and calculated over the period 1993 — 2019.
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Figure 4.16. Detrended monthly anomalies from January to May 1995 for mixed layer heat budget terms. (a) temperature
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Chapter 5

Turbulent Heat Flux Responses to Sea Surface

Salinity Variability during Benguela Nifos and Ninas

In Chapter 4 we showed that sea surface salinity changes can be associated with amplification of
Benguela Nifio events via reducing the vertical temperature gradient and increasing stratification. In Chapter
5, we extend this discussion to the extremely cold Benguela Nifia events, quantifying in terms of turbulent
heat fluxes the importance of the sea surface salinity variations and consequently the upper ocean stratification
changes to the overall anomalous sea surface temperatures. We show that salt advection at the surface drives
the boreal spring stratification variability, rather than the propagating coastally trapped waves, and that
anomalous salt advection is an important factor in boosting these coastal events of extreme sea surface

temperatures.
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5.1 Abstract

Benguela Nifio and Nifia events are episodes of extreme warming and cooling off Angola with
impacts on fisheries, ecosystems, and rainfall patterns over southwest Africa. They are typically forced
remotely by variations in equatorial wind. We use an extensive in-situ dataset to show that sea surface salinity
(SSS) changes act as a local forcing that amplifies these extreme warm and cold events by altering the water
column stratification and consequently the impact of subsurface mixing. The mixed layer turbulent heat loss
during an extreme warm episode with unusually low SSS in 1995 is nearly 3x lower than during a cold event
with an anomalously high SSS in 1997. In addition, we demonstrate that interannual turbulent heat flux
variability in early boreal spring off Angola is mainly driven by salt advection fluctuations, and that this
turbulent mixing is a significant contributor to altering mixed layer temperatures and restoring mixed layer

salinities.

5.2 Plain Language Summary

Benguela Nifio and Nifia events are periods in which the ocean off the coast of Angola becomes
unusually warm or cold. These events are often triggered by wind changes at the equator and can affect fish
populations, marine life, and rainfall in southwestern Africa. Using observational data, we find that changes
in ocean salinity also play a key role in making these warm and cold events even stronger. When the ocean
surface is less salty, it creates a separate layer that traps heat near the surface, amplifying the warm events.
On the other hand, when the ocean is saltier, heat escapes more easily from the surface to deeper layers,
making cold events even colder. In fact, during an extreme warm event with low salinity, the ocean surface
layer loses three times less heat than during a cold event with high salinity. We also show that in early spring,
year-to-year changes in surface salinity are the main driver of heat exchange between the ocean surface and

subsurface layers. This mixing process significantly impacts ocean surface temperatures and salinities.

5.3 Introduction

Benguela Nifios and Nifias are events of extremely warm and cold sea surface temperatures (SST),
respectively, in the coastal region off Angola, usually peaking from February to May, governing the SST
interannual variability in the region (Florenchie et al., 2003, 2004; Imbol Koungue et al., 2019; Imbol
Koungue & Brandt, 2021; Liibbecke et al., 2010; Shannon et al., 1986). These events significantly impact the
southeastern tropical Atlantic productivity, fisheries, and ecosystem management (Binet et al. 2001; Boyer &
Hampton, 2001; Gammelsrad et al., 1998; Imbol Koungue et al., 2024; Jarre et al., 2015), as well as rainfall
regimes and flooding in coastal Africa (Koseki & Imbol Koungue, 2020; Lutz et al., 2015; Rouault et al.,
2003). Their forcing mechanism is mainly remotely via the relaxation or strengthening of the equatorial trade
winds and the resulting eastward propagation of equatorial Kelvin waves, which then propagate southward as
coastally trapped waves (CTWs) when reaching the African continent (e.g. Bachélery et al., 2020; Libbecke

et al., 2010). However, in the last decades, local forcing (e.g. changes in meridional winds associated with
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shifts in the South Atlantic Anticyclone) seems to play an increasingly important role in triggering these
events (Imbol Koungue et al., 2021; Libbecke et al., 2019; Prigent et al., 2020; Richter et al., 2010).

More recently, it has been shown that extreme warm events in the region can additionally be boosted
by unusually low sea surface salinity (SSS) in the Angola-Benguela area (ABA, 10°S — 20°S, 10°E to the
coast), which strengthens the water column stratification, generates barrier layers, and likely reduces the
surface cooling via turbulent mixing (Aroucha et al., 2024; Lubbecke et al., 2019; McPhaden et al., 2024).
The Congo River is the primary source of low salinity anomalies, connecting the Indian Ocean Dipole to
Benguela Nifio events through increased precipitation over the African continent and subsequent higher river
discharge (Jarugula & McPhaden, 2023; McPhaden et al., 2024). Turbulent mixing is indeed of major
importance for cooling the SST and for the upward salt flux in this area (Awo et al., 2022; Korner et al.,
2023), with the mixing strength depending mainly on the local background stratification (Zeng et al., 2021).
Here we aim to quantify for the first time the magnitude of the SSS changes' impact on the turbulent heat
fluxes and the subsequent impact on SST within the months of its maximum variability. We further discuss
and analyze the hypothesis presented by McPhaden et al. (2024) of enhanced turbulent fluxes cooling the SST
during a Benguela Nifia event linked to anomalously low freshwater input. For that, we focus on the satellite-
era most extreme Benguela Nifio and Nifia in 1995 and 1997, respectively (Figure 5.1 and Figure 5.4), but
also discuss other similar events. By exploring these mechanisms, we attempt to show that the dynamics of
freshwater input in the region are of major importance for understanding the local surface temperature
variability, and potentially for improving Benguela Nifio and Nifia events prediction, which still poses a

challenge (Bachélery et al., 2025).

5.4 Data and Methods

5.4.1 Datasets

We use an extensive dataset of in-situ hydrographic measurements from the Nansen Programm of the
Food and Agriculture Organization of the United Nations (FAO), where several research cruises were
conducted on board the R/V Dr. Fridtjof Nansen (Tchipalanga et al., 2018). The cruises occurred twice a year,
approximately during austral autumn (February — April, FMA) and austral winter (June-September, JAS)
(Figure 5.5). Here, we use more than 5000 Conductivity-Temperature-Depth (CTD) profiles taken in the ABA
(Figure 5.1) from 1995 to 2014 (Figure 5.5).

To estimate the turbulent heat fluxes (J;,), i.e. the mixed-layer (ML) turbulent heat loss, we use ocean
turbulence data collected in Angolan waters during seven research cruises on board of R/\V Meteor from 2013
to 2022 (Korner et al., 2023, 2024). This data was measured using a free-falling microstructure profiler
equipped with two to three airfoil shear sensors from which the dissipation rates of turbulent kinetic energy
(TKE, €) were estimated. For more details, check Hummels et al. (2013, 2014) and Korner et al. (2023, 2024).

Monthly temperature, salinity, and ocean currents were obtained from the Global Ocean Eddy-resolving
Reanalysis (GLORYS12, Lellouche et al., 2021), which has a horizontal resolution of 1/12° and 22 levels in
the upper 100m. GLORYS12 is available from 1993 to 2021 and shows good agreement with the in-situ
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temperature and salinity measurements from the Nansen Programme (Figure S2) and the velocity data from
a moored acoustic Doppler current profiler (ADCP) off Angola (Aroucha et al., 2024).

Finally, monthly surface rates of evaporation and precipitation, shortwave radiation (SWR),
longwave radiation (LWR), latent heat flux (LHF), sensible heat flux (SHF), and 10-m wind components
were retrieved from the European Center for Medium-Range Weather Forecasts (ECMWF) reanalysis 5
(ERAS5, Hersbach et al., 2020). ERAS has a ¥° resolution, and is available from 1940 onwards. In the present

study, we focus on the 20-year measurement period of the Nansen Programme, i.e., 1995 to 2014.

5.4.2 Methodology
5.4.2.1  Definitions

The mixed layer depth (MLD) is defined here as the depth at which the density is increased by
0.125kg/m? compared to the surface value, following Korner et al. (2024). The same criteria was applied to
the CTD data and the vertical density profiles derived from GLORYS12 temperature and salinity fields.
Thermocline depth is taken as the depth of the 26 kg/m?® isopycnal, which represents the permanent
thermocline depth in the region, that moves vertically with the passage of CTWSs (Brandt et al., 2023; Kopte
etal., 2017; Tchipalanga et al., 2018).

Following Imbol Koungue et al. (2017, 2019) we characterize an event as a Benguela Nifio or Nifia
when detrended monthly anomalies of ABA-averaged SST exceed + 1 STD for at least three consecutive
months. When one of these months additionally features detrended monthly anomalies of ABA-averaged sea
surface salinity (SSS) exceeding + 1 STD, the event is also termed “fresh” or “salty”. Based on this definition,
we find 2 concomitant fresh and warm events (i.e. 1995, 2001) and 3 salty and cold events (i.e. 1997, 2010,
2012) between 1995 and 2014 (Figure 5.4).

5422 Turbulent heat fluxes calculation and error estimates

ML turbulent heat loss (/) is estimated via a combination of the CTD profiles from the Nansen
Programme with the microstructure shear measurements. This estimation is based on the previous works of
Hummels et al. (2013, 2014), where a detailed description can be found.

Turbulent heat fluxes are calculated via the following equation:

_ oT
]h - —,DCpr 9z (5.1)
where p is the seawater density and c,, is the specific heat capacity. % is the vertical temperature gradient and

K, represents the eddy diffusivity of mass, which is calculated following Osborn (1980): K, = T'¢ N2 T
represents the mixing efficiency and is set as 0.2, based on Gregg et al. (2018). From the CTD profiles within

the ABA, we calculate the Brunt-Vaisala frequency, N2, and ‘;—Z. Vertical measurements in the upper 3m were

discarded. To determine individually each profile’s J;, we converted the vertical coordinate from depth to
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distance to MLD (i.e. MLD +AZ) by binning each profile into a grid with 5m vertical resolution.
Measurements within the ML and 5m below it were disregarded to avoid ship turbulent effects, and because
the mixing efficiency is unknown in weakly stratified waters (Gregg et al. 2018). Measurements were then

averaged for each respective depth bin. From the binned profiles of ¢ and N2, we estimate K,,, followed by

the estimation of the J, also considering the binned profiles of Z—:. Similarly, turbulent salt fluxes (J5) were

calculated via J; = K, % (5.2), where the vertical salinity gradient (%) was also taken from the CTD profiles.

From the shear sensors’ measurements, we estimated € by using the variance method assuming
isotropy, as in Hummels et al. (2013, 2014), and Kdrner et al. (2023). ¢ from the 2-3 shear foils were averaged
individually for each profile. Even though the microstructure measurements from the research cruises do not
overlap temporally with the Nansen Programm campaigns, it is still reasonable to assume constant values of
¢ for the 1995-2014 period, since mixing in this region is driven mostly by internal tides and the tidal energy
available is nearly constant throughout the year (Kérner et al., 2023; Zeng et al., 2021). Indeed, from the
analyzed microstructure measurements, we observed that TKE rates are rather similar in the region, and are
not influenced by seasonal changes in stratification (not shown). The mean ¢ is thus assumed to be only a
function of bathymetry (Korner et al., 2023, Figure 5.6). Hence, we separated both microstructure and CTD
profiles in three subregions, following Korner et al. (2023): shallow waters (i.e. depth < 75m); shelf break
(i.e. 175m >= depth >=75m); deep waters (depth > 175m) (Figure 5.6). After estimating J, and J individually
for each profile, we calculated a weighted mean for the ABA, considering that shallow waters cover 4% of
the region, while shelf break and deep waters represent 7% and 89%, respectively.

Finally, to compensate for the uneven number of CTD profiles taken in each season (i.e. FMA, JAS),
we initially calculated the anomaly for each profile by subtracting the monthly climatological mean. Then,
we added the seasonal climatology for each profile individually. Finally, we averaged the profiles for each
year’s season to get a mean seasonal profile for each of the 20 years analyzed.

Errors in J, and J calculations are estimated based on the 95% confidence limits (CL95), following
5 0T

Hummels et al. (2013, 2014). For N~-, e and g.we convert the standard error (SE) to CL95 via CL95 =

X +1.96 SE, where x is the monthly average of the term x. CL95 for K, ], and / are derived via Gaussian

error propagation. Finally, for &, CL95 is obtained via boostrapping.

5.4.2.3  Mixed layer heat and salt budgets

To relate the changes in SST and SSS to changes in turbulent heat fluxes, we performed both an ML

heat and salt budget analysis. For the ML heat budget, we used
oT _
pCp hE = —pchv.VT + qpe; + resy (5.3)

where T (in °C) and v (in m/s) are the ML temperature and horizontal currents, respectively, and h (in meters)

is the MLD. p represents the seawater density, here assumed as 1027 kg/m?® and c,, is specific heat capacity
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taken as 4000 J/kg °C. gne; (in W/m?) is the sum of LWR, SHF, LHF and SWR absorbed within the ML,
defined by considering an albedo rate of 6% as in Aroucha et al. (2024) and Foltz et al. (2020). resy is the
heat budget residual, which includes the turbulent heat fluxes, vertical temperature covariance and advection,
data uncertainty, and processes in temporal and spatial scales smaller than the dataset scales here used. Each
term represents, from left to right: temperature tendency, horizontal advection, net surface heat flux, and
residual.

For the ML salt balance, we consider the following:

% =-v.VS +%(E —P) +resg (5.4)

where S (in psu) is the ML salinity (MLS), P and E are the precipitation and evaporation rates (m day '),
respectively. ress is the salt budget residual, which includes vertical advection, salinity covariance, turbulent
salinity flux, data uncertainty, and computational errors. Each term represents, from left to right: salt tendency,
horizontal advection, local freshwater forcing, and residual. Both heat and salt budgets were estimated for
every grid point and then averaged for the ABA. J, and J are not included in the calculation of resy and

resg, respectively.

5.5 The contrasting 1995 and 1997 extreme events

The 1995 (1997) Benguela Nifio (Nifia) events have been extensively documented and discussed in
the literature (e.g. Aroucha et al. (2024); Bachelery et al. (2020); Florenchie et al. (2003, 2004); Gammelsrad
et al. (1998); Imbol Koungue et al. (2019); Imbol Koungue & Brandt (2021); McPhaden et al. (2024)). They
were predominantly remotely triggered via a relaxation (strengthening) of the equatorial trade winds and the
subsequent propagation of equatorial Kelvin waves and CTWs. For the 1995 event, local meridional wind
fluctuations also played a role (e.g. Richter et al., 2010). The events reached their peak in March (April) with
an ABA-averaged FMA mean of +2.5 °C (-2.0°C) (Figure 5.1a, d and Figure 5.4a).

Strikingly, these events oppose each other in terms of SSS (Fig. 5.1b,e) and coastal meridional
current anomalies at the surface (Fig. 5.1c,f). During the 1995 (1997) Benguela Nifio (Nifia), a plume of
negative (positive) SSS anomalies is present in the region with an ABA-averaged FMA mean of -0.67 (+0.61).
At the same time, there is an anomalous southward (northward) coastal current. The coastal current changes
are likely related to CTW propagation (Bachelery et al., 2016; Kopte et al., 2017) as indicated by the
thermocline depth anomalies (Fig 5.1c,f) and shifts in the local wind stress and wind stress curl (Aroucha et
al., 2024; Fennel et al., 2012; Junker et al., 2015, Fig. 5.7). Since salt advection is one of the dominant terms
in altering the MLS during boreal late-winter and early-spring (Awo et al., 2022), the surface current
anomalies likely drove the unusual SSS fields in the region throughout these months (see also Section 5.7).
One effect of the opposite SSS anomalies is evident in the MLD (Figure 5.1c,f), with an apparent ML shoaling
(deepening) compared to the FMA climatology during FMA 1995 (1997). This is already an indication of
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increased (reduced) stratification during such events. Therefore, we further examine the impact of these

contrasting SSS anomalies on both the stratification and turbulent heat flux during each event.
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Figure 5.1. Mean February-March-April (FMA) anomalies of SST (a,d), SSS (b,e), and meridional currents (c,f) from
GLORYS12 during 1995 Benguela Nifio (a-c) and 1997 Benguela Nifa (d-f). The dashed black box indicates Angola-
Benguela Area (ABA, 10°S-20°S, 10°E to coast). Black (red) lines in (c) and (f) show calculated mixed layer
(thermocline) depths. Dotted (solid) lines in (c) and (f) indicate FMA mean climatological (FMA 1995 in (c) and FMA
1997 in (d)) values.

5.6 Turbulent heat fluxes

Calculated from 5.1, the mean ABA FMA turbulent heat loss immediately below the ML was
approximately three times stronger during the 1997 Benguela Nifia in comparison to the 1995 Benguela Nifio
(-120.0 [-227.5, -51.3] W/m? in 1997 vs -41.2 [-77.2, -16.3] W/m? in 1995) (Figure 5.2d). When averaging
from 2m to 15m below the ML, a similar 3-fold factor in magnitude is observed (-62.3 [-109.5, -32.2] W/m?
in 1997 vs -22.3 [-38.6, -11.0] W/m?in 1995) (Figure 5.8a). In both years, J;, was also significantly different
from the FMA climatology, especially during FMA 1995. This result indicates that the ML cooling efficiency
was much stronger (weaker) during the Benguela Nifia (Nifio) months with anomalously high (low) SSS.
These differences in J, can not be related to an increased/decreased vertical temperature gradient (Figure
5.2a), which shows only slight differences between years at 10m below the ML. Instead, it reflects the
different K, between these years (Figure 5.2c), explained here exclusively by the strong stratification
differences (Figure 5.2b), as dissipation rates were assumed constant within the respective years. The mean
FMA 1997 N2 profile characterizes a weak water column stability (unusually reduced stratification down to
30m below the ML), which results in an elevated J;,,. The opposite is true for the mean FMA 1995, when the
N2 peaks at 2.5m below the ML, being three times stronger than the FMA climatology and more than 4 times

in comparison to 1997 (Figure 5.2b).
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Zeng et al. (2021) showed that the cooling strength of the turbulent heat flux in the Angolan upwelling
region depends mainly on the background stratification on which the tidal energy acts. Indeed, our results
indicate that, when assuming the tidally driven dissipation rates as constant throughout the year, the different
water column stratification creates hugely contrasting magnitudes of j, in 1995 and 1997 (Figure 5.2). The
same effect is also observed in other years of concomitant anomalous SSS and SST. In FMA 2001, during a
weaker Benguela Nifio event compared to 1995, but also characterized by unusually low SSS in the ABA
(Figure 5.4), the increased stratification stands out, and resulted in reduced J;, (i.e. the second lowest mixing
rate below the ML in the 20-years analyzed) (Figure 5.8 and 5.9). On the other hand, in similar Benguela
Nifia months coinciding with anomalous positive SSS but smaller in magnitude, ], is also increased due to
reduced water column stability, especially in 2010 (Figure 5.8 and 5.9). It seems likely that the main driver
of these stratification changes is the varying SSS, as the vertical temperature gradients are similar. However,
since the passage of CTWs triggering the episodes of extreme SSTSs in the region is also related to a vertical
displacement of the thermocline (e.g. Brandt et al., 2023; Figure 5.1), also impacting the water column
stratification, we further investigate what drives the stratification and the consequent turbulent heat flux
variability in the ABA.
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Figure 5.2. Averaged profiles of the turbulent heat flux terms. (a) vertical temperature gradient (°C/m). (b) Squared
Brunt-Visila frequency (s2). (c) Eddy diffusivity (m?/s). (d) Turbulent heat flux (W/m?). Grey, red, and blue lines
indicate FMA climatological, 1995, and 1997 means, respectively. Shaded areas represent 95% confidence level.

5.7 Salt advection as the main driver of turbulent heat flux
variability

The seasonal cycle of J,, off Angola is connected to seasonal variations in stratification, meaning that
rather constant mixing by internal tides will be more efficient during the weaker stratification season, i.e.
boreal summer (Koérner et al., 2023). Indeed, Figure S5 shows that j,, averaged from 2m to 15m below the
ML is higher during JAS than FMA, while its variability is more than two times lower (Figure 5.8). Since
Benguela Nifio/Nifia events occur mainly from February to April, we here focus on explaining the j,
variability during FMA. These months also feature maximum SSS variability off Angola, linked to the timing
of higher freshwater input by the Congo River north of the ABA (Jarugula & McPhaden, 2023; McPhaden et
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al., 2024) and increased southward advection of low salinity waters, which climatologically reach as far south
as 12°S (Awo et al., 2022; Houdengnoto et al., 2021). This southward advection is likely related to a stronger
and shallower Angola Current during these months (Kopte et al. 2017; Tchipalanga et al. 2018). At the same
time, the passage of CTWs in the region also occurs in boreal spring months. Therefore, the two main
mechanisms that would influence the stratification variability within these months, and consequently J,, are:
the passage of a CTW and/or changes in ABA SSS.

A ML salt budget analysis shows that anomalous salt advection, i.e. the second term in 5.4, is one of
the main drivers of MLS interannual variability in the ABA during FMA (Figure 5.10b). The salinity
advection variability itself is dominated by changes in the horizontal salinity gradient, with anomalous
currents playing an apparent secondary role (Fig. 5.11). Vertical salinity flux across the base of the salt-
stratified ML is as well as an important term for interannual ML salinity changes (J; in Figures 5.12b),
representing ~58% of the MLS rate of change, and explaining a great part of the calculated ress FMA
variability (r = 0.71, Figure 5.10b). In fact, during fresh (salty) events, due to stronger (weaker) vertical
salinity gradients, the Js is higher (lower), acting to restore the MLS (Figures 5.12 and 5.13). Still, the
anomalous salt advection explains more than 86% of MLS interannual changes (i.e. r=0.93). Hence, we focus
on analyzing how the FMA mean J,, correlates with both thermocline and salt advection anomalies.

Anomalies of salt advection are significantly and highly correlated to turbulent heat flux changes in
the ABA (r=-0.73, p-value <0.05), and explain more than half of the mean FMA J,, variability (53%) (Figure
5.3a,b). In fact, the year with the most negative (positive) salt advection anomaly is 1995 (1997). At the same
time, even though thermocline depth anomalies also significantly correlate with J, (r = 0.62, p-value < 0.05)
(Figure 5.3c,d), they explain only 38% of its FMA variability in the ABA. Furthermore, we performed the
same correlation analysis for ABA-averaged FMA mean MLD, Isothermal Layer Depth (ILD), and Barrier
Layer Thickness (BLT, i.e. BLT = ILD — MLD) anomalies using the Nansen Programme CTD profiles.
Similarly, J;, variability is more closely related to changes in MLD rather than in ILD (i.e. r = -0.69 and -0.41,
respectively, not shown), agreeing with a ML shoaling (deepening) when there is a negative (positive) SSS
anomaly, instead of a downward (upward) movement of the thermocline related to the passage of a
downwelling (upwelling) CTW. The correlation is even stronger with the BLT anomalies (r = 0.77, not
shown), with a thicker (thinner) barrier layer representing stronger (weaker) stratification and consequently
less (more) turbulent heat flux, as shown in Aroucha et al. (2024) and McPhaden et al. (2024). Therefore, we
can conclude that the anomalous salt advection into ABA is likely the main driver of the FMA stratification
variability at the ML base, which results in anomalous j; off Angola, with the propagating CTWSs playing a
secondary role in stratification changes.

It has been suggested that turbulent mixing across the base of the ML is an imperative cooling term
for SST in this region (Korner et al. 2023). However, its representation in a ML heat budget assessment from
observational products is challenging due to its complex calculation, dependent on TKE measurements and
eddy dissipation rate estimations. Turbulent heat fluxes are then usually represented by the residual term in
such budgets (e.g. Aroucha et al., 2024; Imbol Koungue et al., 2024; Kérner et al., 2023). Here, by estimating

J, based on in-situ CTD profiles and microstructure measurements, we can compare how well the ML heat
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budget residual (resy) represents both the magnitude and variability of the turbulent heat fluxes, highlighting
the importance of this mixing term for the overall ML temperature changes. Indeed, Figures 5.3e,f show that
Ji explains 69% of the resy interannual variability, which is a crucial term for the ML heat budget (Figure
5.10a). In terms of magnitude, FMA J, anomalies represent 82% and 55% of the FMA residual anomaly in
1995 and 1997, respectively (Figure 5.10a).
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Figure 5.3. (a, ¢, e) Scatter diagram and linear regression fit between ABA FMA mean turbulent heat fluxes and: ABA
FMA mean ML salt advection anomalies (a); ABA FMA mean thermocline depth anomalies (¢); ABA FMA mean ML
heat budget residual (e). (b, d, f) Time series of ABA FMA mean turbulent heat fluxes (black) and: ABA FMA mean
ML salt advection anomalies (b); ABA FMA mean thermocline depth anomalies (d); ABA FMA mean ML heat budget
residual (f). Red (blue) dots in (a, ¢, €) and dashed lines in (b, d, f) indicate 1995 (1997). Linear least squares regression
fit equations are shown in (a), (c), and (e). Correlation coefficients are shown in (b), (d), and (f). Shaded areas represent
95% confidence level (for variables on right axis taken from SE).

5.8 Summary and Discussion

This study demonstrates the role of SSS anomalies in amplifying a Benguela Nifio/Nifia by modifying
the water column stratification and consequently the efficiency of ocean mixing. It also confirms the
hypothesis from McPhaden et al. (2024) that this effect is likewise acting during extreme cold and salty
episodes. By quantifying, for the first time, the turbulent heat fluxes during these extreme warm and cold
events, we highlight the role of the SSS change forcing mechanism, showing its key importance in driving

turbulent heat loss variability during boreal spring months.
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We emphasize that the stratification changes and the subsequent changes in the mixed layer heat loss
in the ABA are more strongly associated with ML salt advection anomalies than with the vertical displacement
of the thermocline. CTW propagation, however, can also impact the salt advection, since the variability of the
Angola current is influenced by these coastal propagating waves (Bachélery et al., 2016; Tchipalanga et al.,
2018). Martins and Stammer (2022) actually suggested the need for a combined propagating CTW with an
increased Congo River freshwater discharge for the low-salinity plume to reach far enough south to impact
the ABA.

The effects of stratification changes, barrier layer formation, and subsurface mixing on extreme warm
and cold events, also related to the El Nifio Southern Oscillation in the tropical Pacific, have recently garnered
increasing attention in the scientific community (Guan et al., 2025; Liu et al., 2025; Tozuka, 2025). Such
impacts on extreme episodes are even more crucial to comprehend in a region with high mixing rates and
freshwater input variability like off Angola. Furthermore, regions off the Congo mouth have been pointed out
as hotspot areas for Benguela Nifio/Nifia predictability (Bachelery et al., 2025), highlighting the importance
of further understanding the impact of SSS variability in boosting SST anomalies. In conclusion, our study
quantitatively supports the importance of this mechanism, highlighting at the same time the crucial role of
stratification changes in driving turbulent heat loss variability during extreme events.
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5.9 Supplementary Material
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Figure 5.4. Time series of ABA averaged detrended SST (a) and SSS (b) anomalies from GLORYS12. Dashed lines
indicate £1STD, and their values are shown on the right side of each line. The horizontal solid black line shows the 20-
year period of the Nansen Program. Yellow shading indicates FMA months of events with concomitant SST and SSS
anomalies extremes (i.e. warm and fresh: 1995, 2001; cold and salty: 1997, 2010, 2012).
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Figure 5.9. Averaged profiles of the turbulent heat flux terms. (a) vertical temperature gradient (°C/m). (b) Squared
brunt-Viiséla frequency (s?). (c) Eddy diffusivity (m?/s). (d) Turbulent heat flux (W/m?). Red and blue lines indicate
FMA warm and fresh, and cold and salty event years, respectively. Grey lines represent other years. 2001 and 2010 are
shown as dotted lines, while 2012 is shown as a dashed line.
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Figure 5.10. ABA averaged FMA mean anomalies of the mixed layer heat (a) and salt (b) budget terms calculated from
1993-2020 from ERA5 and GLORYS12. Heat (salt) budget residual is represented by orange (grey) line in the upper
(lower) plot. The estimated turbulent heat (Jn) and salt fluxes (Js) (black line in (a) and (b), respectively) are not included
in the calculation of heat (resn) and salt residual (ress) terms (see 5.1 and 5.2).
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Figure 5.11. (a, ¢) Scatter diagram and linear regression fit between ABA FMA ML salt advection anomalies and: ABA
FMA ML salt advection anomalies by only varying horizontal salinity gradient (a); ABA FMA ML salt advection
anomalies by only varying horizontal velocities (c). (b, d) Time series of ABA FMA ML salt advection anomalies (solid
green) and: ABA FMA ML salt advection anomalies by only varying horizontal salinity gradient (dashed brown) (b);
ABA FMA ML salt advection anomalies by only varying horizontal velocities (pointed brown) (d). Red (blue) dots in
(a, ¢) and dashed lines in (b, d) indicate 1995 (1997). Correlation coefficients are shown in (b) and (d). Shaded areas
represent 95% confidence level (taken from SE).
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Figure 5.12. Averaged profiles of the turbulent salt flux terms. (a) vertical salinity gradient (psu/m). (b) turbulent salt
flux (psu/m? s1). Grey, green, and magenta lines indicate FMA climatological, 1995, and 1997 means, respectively.
Shaded areas represent 95% confidence level.
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Figure 5.13. Averaged profiles of the turbulent salt flux terms. (a) vertical salinity gradient (psu/m). (b) Turbulent salt
flux (psu/m s1). Green and magenta lines indicate FMA warm and fresh, and cold and salty event years, respectively.
Grey lines represent other years. 2001 and 2010 are shown as dotted lines, while 2012 is shown as a dashed line.
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Chapter 6

The Indian Ocean Dipole intensifies Benguela Nifo

through Congo River discharge

The following chapter highlights the connection between the 10D, the strongest SST variability mode
in the Indian Ocean, to Benguela Nifio events, via atmospheric changes over the Congo River’s basin, which
lead to increased discharge in the Southeastern Tropical Atlantic. The mechanism and events presented in
Chapters 4 and 5 are explored, indicating a land bridge between the two different ocean basins. Here a
potential new source of predictability for Benguela Nifios is suggested, since 10D events lag Benguela Nifios
by 3-4 months.

The manuscript was published in Communications Earth & Environment in December 2024.

Citation: McPhaden, M.J., Jarugula, S., Aroucha, L.C., & Liibbecke, J. Indian Ocean Dipole intensifies
Benguela Nifio through Congo River discharge. Communications Earth & Environment 5, 779,
https://doi.org/10.1038/s43247-024-01955-, 2024.
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6.1 Abstract

Benguela Nifios are episodes of unusual El Nifio-like warming in the upwelling zone off the coast of
southwest Africa, with consequential impacts on marine ecosystems, coastal fisheries and regional weather.
The strongest Benguela Nifio in the past 40 years occurred in February—April 1995 with local sea surface
temperature anomalies up to 4 °C off the coast of Angola and Namibia. Here, we show that a strong Indian
Ocean Dipole in September—November 1994 helped boost the amplitude of the 1995 Benguela Nifio through
a land bridge involving Congo River discharge. We use atmospheric, oceanic, and hydrological data to
demonstrate the sequential linkage between Indian Ocean Dipole development, unusually high rainfall in the
Congo River basin, high Congo River discharge, low salinity near the Congo River mouth, and southward
advection of this low salinity water into the Benguela upwelling region. The low salinity water isolated the
surface mixed layer from the thermocline, which limited vertical mixing with colder subsurface waters and
led to enhanced sea surface temperature warming. We also discuss how other Indian Ocean Dipole events
may have similarly affected subsequent Benguela Nifios and the possibility that Indian Ocean Dipole impacts

on Benguela Nifios may become more prominent in the future.

6.2 Introduction

Benguela Nifios are episodes of unusual warming that develop every few years in the upwelling zone
off the coast of southwest Africa with consequential impacts on regional marine ecosystems, coastal fisheries
and weather variability (Boyer et al., 2001; Rouault et al., 2003; Libbecke et al., 2018; lllig et al., 2020).
These events typically occur in late boreal winter-early spring (February—April) and are generated through
wind-forced dynamical processes originating in the Atlantic basin involving either a weakening of the trade
winds along the equator (Florenchie et al., 2004; Libbecke et al., 2010; Imbol Koungue et al., 2017) a local
weakening of the alongshore winds off of west Africa (Richter et al., 2010; Libbecke et al., 2019), or a
combination of the two (Imbol Koungue & Brandt, 2021; Imbol Koungue et al., 2019). The strongest
Benguela Nifio in the past 40 years occurred in February—April 1995 (Gammelsred et al., 1998; Aroucha et
al., 2024), with temperature anomalies in early 1995 reaching 2 °C above normal on average off the coast of
Angola and Namibia and up to 4 °C in localized areas (Fig. 6.1a, d). This extreme warming was associated
with increased mortality and southward migration of fish stocks such as sardines, horse mackerel, and kob
off the coast of Angola (Gammelsrad et al., 1998).

While dynamical processes internal to the Atlantic basin generate Benguela Nifios, it has recently
been argued that the extraordinary warming in early 1995 was boosted by southward advection of unusually
high freshwater discharge from the Congo River and precipitation over the western African coast (Aroucha
et al., 2024). Anomalous alongshore flow advected Congo River discharge southward to the Benguela
upwelling region where it led to the formation of shallow freshwater mixed layers above thick salt stratified
barrier layers that limited vertical turbulent mixing with colder thermocline waters below. The reduction in

vertical mixing then caused SSTs to sharply rise in the surface mixed layer (Aroucha et al., 2024).
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Figure 6.1. Indian Ocean Dipole and Benguela Nifio Indices. Monthly sea surface temperature (SST) anomaly (shading,
°C) in (a) March 1995 and (b) October 1994 relative to a monthly climatology for 1991-2020. Wind anomalies from the
European Centre for Medium-Range Weather Forecasts Reanalysis v5 (ERADb) relative to a 1987-2020 climatology
(vectors, in m s—1) are overplotted. ¢ Monthly Dipole Mode Index (DMI, °C) and (d) Benguela Nino Index (BNI, °C)
estimated from SST for 1982—2021 with the 1994 and 1995 events outlined in yellow shading. Horizontal dashed lines
are drawn for £1 standard deviation which is often used as a threshold for defining significant events. e The DMI and
BNI during January 1994—June 1995 with +1 monthly standard deviation (shaded area) computed based on the period
1991-2020. The monthly time series in (e) are slightly smoothed with a 1-2-1 digital filter for clarity. BNI is calculated
as the SST anomaly over the Angola-Benguela Area (10°S-20°S, 8°E-14°E; yellow box in a). The DMI is calculated as
the SST anomaly difference between the eastern (10°S—0°N, 90°E-110°E) and western (10°S-10°N, 50°E-70°E)
equatorial Indian Ocean (yellow boxes in b).

Why the Congo River discharge was high in early 1995 is an open question. Here, we will identify
the cause of that high discharge as an Indian Ocean Dipole (IOD) event, one of the strongest of the past 40
years, that occurred in late 1994 (Fig. 6.1b, c). The 10D (Saji et al., 1999; Webster et al., 1999), which is
similar to the Pacific El Nifio that develops every few years through coupled ocean-atmosphere interactions
involving surface wind and sea surface temperature (SST) variations, is a major source of year-to-year
variability in Congo River basin rainfall (Moihamette et al., 2022; Jarugula & McPhaden, 2023), and Congo
River discharge (Jarugula & McPhaden, 2023). It has further been shown, by highlighting two recent extreme
IOD events of opposite sign in 2016 and 2019 and by analyzing historical data over the last 4060 years, that
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there is a direct link between the 10D, Congo River rainfall, Congo River discharge, and eastern tropical
Atlantic sea surface salinity (SSS) (Jarugula & McPhaden, 2023). There is a delay of several months between
the peak of an 10D event, which typically occurs in boreal fall (September—November), and the peak eastern
tropical Atlantic SSS anomaly because of intrinsic lags between changes in Indian Ocean SSTs, changes in
atmospheric circulation and rainfall, Congo river basin hydrology, and river discharge.

We will demonstrate that linkages previously described (Jarugula & McPhaden, 2023), involving
oceanic, atmospheric, and hydrological processes connecting the Indian and Atlantic Oceans, were clearly at
work in late 1994 to early 1995. We will also show that the resultant eastern tropical Atlantic SSS anomalies
that were generated in early 1995 by the 1994 10D event are the same as those identified as having intensified
the 1995 Benguela Nifio (Aroucha et al., 2024). Finally, we will argue that the IOD may have been a factor
in amplifying other Benguela Nifio events through its impacts on eastern tropical Atlantic salinity such as in
early 2016 (Libbecke et al., 2019), a moderate amplitude Benguela Nifio that was preceded by a moderate
IOD event in late 2015 (Utari et al., 2019).

6.3 Results and Discussion

6.3.1 Development of the 1994 Indian Ocean Dipole
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Figure 6.2. Congo basin rainfall, Congo River discharge, and sea surface salinity near the Congo River mouth from July
1994 to April 1995. Monthly mean values of (a) Tropical Applications of Meteorology using SATellite (TAMSAT)
rainfall (mm day™') and (b) Global Precipitation Climatology Project (GPCP) rainfall (mm day ') averaged over the
Congo bhasin, ¢ Congo River discharge (m®s™') measured at the Kinshasa-Brazzaville station (yellow dot in e-g) and (d)
Global Ocean Eddy resolving Reanalysis (GLORY S12) sea surface salinity (SSS; pss) averaged over coastal ocean near
the Congo River mouth (4°S-8°S, 8°E-14°E; black box marked in g) during June 1994 to March 1995 (red lines).
Monthly climatologies (black dotted lines) and +1 standard deviation (gray shading) are shown in (a—d). Spatial
distribution of monthly rainfall anomalies (mm day™') over Congo basin in October 1994 from (e) TAMSAT and (f)
GPCP. g Spatial map of monthly GLORYS12 reanalysis SSS anomaly (pss) in January 1995. The anomalies are
estimated using monthly climatology during the period 1983-2020 for TAMSAT and GPCP rainfall, 1950-2019 for
Congo River discharge and 1994-2020 for reanalysis SSS.
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As is typical of most 10D events, the 1994 10D began to develop in boreal spring, peaked in
September to November, and then rapidly decayed by early 1995 (Fig. 6.1). During the peak phase in October
1994, rainfall was anomalously high in the Congo River basin (Fig. 6.2a, b) with a broad consistency in the
spatial structure of rainfall within the basin exhibited by two different rainfall products (Fig. 6.2e, f). This
rainfall was associated with a low-level wind convergence mainly driven by strong easterly wind anomalies
from the western Indian Ocean (Fig. 6.3). We can quantify the relationship of the large-scale wind field to
Congo River basin rainfall through an analysis of the column integrated moisture budget (see “Data and
Methods™), which indicates that the excess of precipitation over evaporation in the Congo River basin in
October 1994 was the result of moisture convergence into the region with little contribution from changes in
the column integrated moisture content (Fig. 6.4a—c). Moreover, focusing on October, which is typically in
the peak season of 10D development, a decomposition of the moisture balance into contributions related to
dynamic changes in atmosphere circulation vs thermodynamic contributions related to changes in atmospheric
humidity (see “Data and Methods™) indicates that in general it is predominantly changes in atmospheric
circulation that control the moisture convergence and rainfall in the Congo River basin rather than changes in
humidity (Fig. 6.4d).
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Figure 6.3. Anomalous low-level winds and rainfall around Africa in October 1994. Global Precipitation Climatology
Project (GPCP) precipitation anomalies (shading, mm day ') are overplotted on 850 mb wind anomalies relative to a
1987-2020 climatology (vectors, in ms™' ) based on the European Centre for Medium-Range Weather Forecasts
Reanalysis v5 (ERADS).

6.3.1 Effects on Congo discharge and coastal zone salinity

Congo River discharge measured at the Kinshasa-Brazzaville station, about 500 km upstream of the
river mouth, provides an estimate of the outflow for over 98% of the Congo River Basin (Alsdorf et al., 2016).
Peak Congo River discharge occurs typically during December—January and was significantly higher than
normal during November 1994 to January 1995 (by ~1 standard deviation) following the peak 10D and
associated Congo basin rainfall anomaly (Fig. 6.2c). The delay of a few months from the peak Dipole Mode
Index (DMI) results from the time it takes for the atmospheric circulation to adjust to coupled ocean-

atmosphere interactions in the Indian Ocean, for the circulation to converge the moisture over the Congo
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basin, and for the tributaries of the Congo River to funnel the runoff to the river mouth (Jarugula & McPhaden,
2023). SSS began to drop in the coastal zone of the eastern tropical Atlantic as the anomalously large volume
of Congo River water was discharged into the eastern Atlantic (Figs. 6.2c, d and 6.5). SSS anomalies lag
Congo River discharge anomalies by about 1 month (Fig. 6.5) and the peak DMI by 3-5 months (Fig. 6.9),
consistent with previous analysis (Jarugula & McPhaden, 2023). Thus, the largest SSS anomalies near the
mouth of the Congo occurred from December 1994 to February 1995 (Figs. 6.2d, g and 6.6b, ¢). There was a
small contribution of local freshwater forcing to the accumulation of low salinity water near the Congo River
mouth in November and December 1994 (Fig. 6.5) because this is the time of year when the Intertropical
Convergence Zone is shifted to the south of the equator in the eastern tropical Atlantic (Alsdorf et al., 2016).
However, that contribution, even though enhanced relative to normal years (Fig. 6.5), was small relative to

Congo River discharge.
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Figure 6.4. Atmospheric moisture budget anomalies for the Congo River basin. October 1994 anomalies relative to a
1987-2020 climatology for (a) Evaporation minus precipitation (E — P), b column integrated moisture time tendency
(0g/0t) and (c) moisture divergence flux (V.(qV)) based on the European Centre for Medium-Range Weather Forecasts
Reanalysis v5 (ERA5). The Congo River basin is outlined in each panel. d Detrended monthly anomalies for October
precipitation (black), moisture divergence (DIV; blue), and dynamic (DYN; red) and thermodynamic (TD; green)
components of moisture divergence averaged over the Congo basin based on the ERAS5 reanalysis, with October 1994
and October 2015 marked by a dashed line. Correlation coefficients between DIV, DYN, TD, and the corresponding
precipitation anomaly are indicated in parentheses. Standard deviations of DIV, DYN, and TD for October 1987-2020
are 0.33, 0.30, and 0.14, respectively. The correlations and standard deviations indicate the dominance of year-to-year
variations in atmospheric circulation in determining the moisture divergence and rainfall over the Congo basin. All units
in mm day—1.

6.3.1 Impact of freshwater on 1995 Benguela Nifio development

The anomalous surface freshwater pool near the Congo River mouth was very thin, only 5-15 m deep
(Aroucha et al., 2024). Once established in January 1995, the freshwater pool was advected southward to the
Angola-Benguela Area (ABA, defined as 10°-20°S, 8°E-14°E) by very strong surface southward flows near
the African coast most notably in February 1995 (Fig. 6.6c, €). This anomalous southward flow resulted from
a downwelling coastal Kelvin wave remotely forced by weakening of the easterly trade winds near the equator

(Imbol Koungue & Brandt, 2021) reinforced by a weakening of the alongshore local winds that also favored
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anomalous southward flow (Aroucha et al., 2024; Fennel et al., 2012). Some freshwater was advected offshore
via eddies generated by the plume itself (Palma & Matano, 2017; Vic et al., 2014) (Fig. 6.6d) but the bulk
remained trapped to the coast of Angola and Namibia resulting in thin (5-15 m deep) surface mixed layers
resting above thick salt-stratified barrier layers (Fig. 6.7) (Aroucha et al., 2024). These barrier layers were
thickest in March—April 1995 coincident with the highest SSTs during the event. The strong shallow vertical
density stratification due to low surface salinities limited vertical turbulent mixing with colder thermocline
water below, which amplified warm mixed-layer temperature anomalies as shown in the surface layer
temperature balance analysis conducted by Aroucha et al. (2024). Local precipitation contributed to some
surface freshening in the ABA particularly in March 1995 as coastal SSTs reached their peak, resulting in
anomalous deep convection and rainfall over the warm SSTs (Fig. 6.6e) (Aroucha et al., 2024). Overall
however, the largest source of freshening in the ABA in early 1995 was by far southward advection of Congo
River discharge (Fig. 6.5).
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Figure 6.5. Congo River discharge is the dominant source of freshwater in the area surrounding the Congo River mouth
in late 1994-early 1995. Monthly anomaly time series of sea surface salinity (SSS), evaporation minus precipitation (E
— P) and river discharge per unit area (—R, with the negative sign to indicate a freshening effect on SSS) near the mouth
of the Congo River (the oceanic area within 4°S-8°S, 8°E-14°E highlighted in the lower left inset) for July 1994—June
1995. E — P based on the European Centre for Medium-Range Weather Forecasts Reanalysis v5 (ERA5) and SSS is
from the Global Ocean Eddy-resolving Reanalysis (GLORYS12). For reference, —P (which dominates E — P) is also
plotted. Anomalies are computed relative to a 1994-2020 climatology with £1 standard deviation for each term (shading)
estimated from these anomalies. The standard deviation for —P is not shown for clarity; it is nearly equivalent to the
standard deviation of E — P. Consistent with Aroucha et al. (2024), Congo River discharge is larger in magnitude than E
— P and —P in the vicinity of the Congo River mouth in late 1994-early 1995 and primarily responsible for the observed
drop in SSS at that time.

In summary, as previously reported (Aroucha et al., 2024), the amplitude of the extraordinarily strong
Benguela Nifio in early 1995 (Fig. 6.1e) was boosted by anomalously high freshwater discharge from the
Congo River that was advected southward in early 1995 (Fig. 6.6). The precise mechanism by which Congo
River discharge amplified ABA warm SST anomalies was through the formation of thin, salt-stratified mixed
layers overlying thick barrier layers that limited vertical mixing with colder temperatures in the thermocline
(Fig. 6.7) (Aroucha et al., 2024). The results of this study identify the ultimate cause of the anomalously high
Congo River discharge as the 1994 Indian Ocean Dipole which peaked several months before the onset of the
1995 Benguela Nifio (Fig. 6.1e). The 10D altered the atmospheric circulation to enhance moisture

convergence and rainfall over the Congo River basin in late 1994 (Figs. 6.3, 6.4). Rain water runoff was then
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shunted by the Congo River into the eastern tropical Atlantic where it significantly lowered coastal salinity
(Fig. 6.2), after which this fresh water mass was swept southward into the ABA. We emphasize that based on
the evidence we have presented, the 1994 10D helped to boost the amplitude of the 1995 Benguela Nifio, but
was not the ultimate cause for it. Warm anomalies were already developing in the ABA in January 1995 (Fig.

6.1e) before the major southward pulse of Congo River discharge in February 1995 (Fig. 6.6c,e).
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Figure 6.6. Surface salinity, surface currents, and mixed-layer salt balance in the eastern tropical Atlantic in late 1994-
early 1995. Spatial maps of monthly Global Ocean Eddy-resolving Reanalysis (GLORYS12) SSS anomaly (pss; color)
overlaid by surface velocity vector anomalies during (a) October 1994 (b) January 1995 (c) February 1995 and (d) March
1995 off the southwest coast of Africa. The Angola-Benguela Area (ABA; 10°S-20°S, 8°E-14°E) is indicated by the
black box. Monthly anomalies are constructed relative to a 1994-2020 climatology. A reference vector of 0.2 m s-1 is
shown in the bottom right. e Salt balance averaged over the ABA based on (6.1) in “Data and Methods”, showing the
time tendency for SSS anomalies (black curve), the anomalous local freshwater forcing term related to evaporation minus
precipitation (E — P, red curve) and horizontal advection (green curve). Also shown is the residual (light blue curve)
which includes terms that cannot be explicitly computed, such as vertical advection, entrainment, and diffusion, plus any
computational errors. The £1 standard deviation for each term (shading) is computed from monthly anomalies over the
period 1994-2020. The large negative value of advection in February 1995 is mostly due to freshwater advection from
the north. The large positive residual in February—April 1995 is consistent with an upward flux of high salinity water
across the base of the salt-stratified mixed layer due to turbulent vertical mixing. Since there is no vertical temperature
gradient at the base of the mixed layer (Fig. 6.7) this vertical mixing does not also lead to an upward flux of cold
thermocline water (Aroucha et al., 2024).

Most previous wind-forced ocean model simulations of the 1995 Benguela Nifio have tended to
underestimate the amplitude of the event compared with observations (lllig et al., 2020; Florenchie et al.,
2004; Lubbecke et al., 2010; Imbol Koungue et al., 2019). In every case, these modeling studies failed to
include the effect of Congo River discharge on barrier layer formation and the mixed layer heat balance. Our
analysis suggests that including anomalous Congo River discharge in model simulations of Benguela Nifios
may help to reconcile this discrepancy. A previous idealized modeling study has suggested that Congo River
discharge had little impact on SST in the region to the north of the ABA (Martins & Stammer, 2022).

However, no similar modeling studies have been conducted in the ABA during the developing phase of
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Benguela Nifios. Such studies would be a valuable contribution to further quantify the effects of barrier layer
formation on Benguela Nifio amplitudes in general and for the 1995 Benguela Nifio in particular.
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Figure 6.7. Vertical hydrographic structure in the Angola-Benguela Area. Monthly averaged vertical profiles of
temperature (red), salinity (blue), and potential density (black) in the Angola Benguela Area (ABA; 10°S-20°S, 8°E—
14°E) for January-May 1995 from the Global Ocean Eddy-resolving Reanalysis (GLORYS12). The mixed layer depth
(MLD) and isothermal layer depth (ILD) for each month are indicated by horizontal blue and red lines, respectively. The
barrier layer is defined as the region between these two layers.

6.3.2 Indian Ocean Dipole effects on other Benguela Nifos

The series of inter-basin events described in this paper appear to happen coincidentally, so one might
not expect a systematic relationship between the 10D and Benguela Nifios. There are, however, other
Benguela Nifios that appear to have been influenced by the 10D in a similar fashion, one of which occurred
in 2016. This Benguela Nifio was weaker than the 1995 event but as in 1995, enhanced freshwater input to
the region from Congo River discharge helped to boost its amplitude (Lubbecke et al., 2019) . This event was
preceded in the boreal fall of 2015 by a moderate amplitude 10D event (Fig. 6.1c,d) (Utari et al., 2019) that
altered the atmospheric circulation around Africa to converge moisture over the Congo River basin (Fig.
6.4d). While the various rainfall estimates (TAMSAT, GPCP, ERADS) are less in agreement on the overall
magnitude of the Congo River basin rainfall anomaly in late 2015 (cf. Figs. 6.4d and 6.10a, b), there were
regions in the basin that experienced excess rainfall (Fig. 6.10e, f) and these regions likely contributed to the
substantial increase in Congo River discharge in late 2015-early 2016 (Fig. 6.11c). Similar to what happened
in early 1995, this river discharge and its southward advection along the coast of Angola and Namibia (Fig.
6.11) contributed to the formation of thin surface mixed layers, thick subsurface barrier layers and warmer
coastal SSTs (Llbbecke et al., 2019).

Previous research based on satellite observations has suggested that the salinity impacts of anomalous
Congo River discharge on Benguela Nifio development would only rarely occur and be difficult to observe
(Martins & Stammer, 2022). However, recognizing the IOD’s impact on Congo River discharge (Jarugula &
McPhaden, 2023) facilitates identification of such events. Over the 40 year-long (1982-2021) DMI and
Benguela Nifio time series (Fig. 6.1), the events discussed in this article, namely 1994-95 and 2015-16,
clearly stand out. However, there are other related events as well that appear in the record. For example, there

was also a strong negative 10D event in late 1996 that was followed by a Benguela Nifia in early 1997.We
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hypothesize that the mechanisms by which a positive 10D amplifies a Benguela Nifio work equivalently but
in an opposite sense for negative 10D events and Benguela Nifias like in 1996-97. For such events, reduced
Congo River discharge would lead to elevated SSS and the absence of barrier layers in the ABA, facilitating
enhanced vertical mixing and lower SSTs.

We also note that for the period 1993-2020, there is an inverse relationship between monthly SSS
from the GLORYS12 reanalysis and the monthly BNI (Fig. 6.8) with a zero-lag crosscorrelation of —0.41
(significantly nonzero with 90% confidence). A regression fit to the data suggests that a 1 pss freshening of
surface salinity would be associated with a 1 °C increase in Benguela Nifio SST, while a 1 pss increase in
salinity would be associated with anomalous surface cooling of 1 °C. The years 1995 and 2016 (Benguela
Nifios following positive 10D events) and 1997 (a Benguela Nifia following a negative 10D event) stand out
in the BNI and SSS scatterplot (Fig. 6.8). Correlation does not imply causality and there is ambiguity about
cause and effect with BNI and SSS most highly correlated at zero lag. Rainfall does increase slightly in March
1995 associated with higher SSTs in the ABA as noted above (Fig. 6.5), but in general local rainfall is a small
contributor to SSS variability during the development of Benguela Nifios. The variations in mixed layer salt
storage are more affected by horizontal advection and vertical exchanges (Fig. 6.6e). That suggests that low
SSS is leading to higher SSTs more than the other way around. As evident from Fig. 6.7, advection of low
salinity from the Congo discharge causes the mixed layer to shoal to only 5 m depth in February—March 1995.
With such low heat capacity, the shallow mixed layer responds within a few days to heat exchanges across
the air-sea interface. For example, a 20 W m—2 surface heat flux into a 5 m deep mixed layer would warm
the mixed layer by about 1 °C in 10 days. Thus, a monthly time average does not resolve the detailed SST
adjustment to surface heat flux trapped in such a shallow layer, which would explain the zero-lag correlation.
Thus, we conclude that salinity changing the depth of the mixed layer so as to trap heat and raise SST is a
more plausible first-order explanation for the SSS/BNI relationship than enhanced rainfall linked to unusually

warm SST causing the salinity to drop.

3 3 T T T T T T T
(a) - (b) 14
2 1995 2- ~ —
. 2
Jos 2
G 1 . . G 1y 1 2
= 2016 . . et £
= . L = o
@ o - * 3 LI
= £
G * e g0 o [
H . Pl g o
=-1 = -1 =
. —1-0.5 %
2 . 2 [ =
BNI=-1.03 x $55+0.08 1997 CC: -0.41 -1
-3 ! . L L 3 1 | 1 I 1 1 1 1 I 1 1 1
-1 0.5 0 0.5 1 2y A & & A R T R S I
March SSS Anomaly (pss) \é? ‘9% 's'fj) \‘f’ '90? \q@ 'ﬁp '159 ﬂsigl ’Ld’ qSPu '59‘9 '15550 'ISP ’lod? qup [ S S S I

Figure 6.8. Low surface salinity in the Angola-Benguela Area is associated with stronger Benguela Nifios. a Scatter
diagram and linear regression fit between the BNI and ABA SSS in March when Benguela Nifios and Nifas typically
peak from the GLORYS12 reanalysis for the period 1993-2019. The years 1995 and 2016 (Benguela Nifios following
positive 10D events) and 1997 (Benguela Nifia following a negative 10D event) are highlighted. b Time series of March
BNI and SSS values with 1995, 1997, and 2016 indicated by vertical lines. The crosscorrelation (CC) of the two time
series shown in the lower right of panel (b) is —0.41, which is significantly nonzero with 90% confidence. The linear
least squares regression fit equation is shown in (a).

It is interesting to note that associated with the easterly wind anomalies in the Indian Ocean linked to
the development of the 10D in October 1994, there are low-level westerly wind anomalies evident in the
equatorial Atlantic (Figs. 6.1b and 6.3). That is also true for the 2019 IOD (Jarugula & McPhaden, 2023).
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These low-level westerly anomalies in the Atlantic are consistent with the atmospheric mass and moisture
balance that require inflow to supply ascending air in the convective center over the Congo basin. Thus, it
may be more than coincidence that the IOD is sometimes followed by a Benguela Nifio event, in that the 10D-
driven rainfall over the Congo may also result in low-level westerly wind anomalies along the equator in the
Atlantic that contribute to the initiation of a subsequent Benguela Nifio. Indeed, it has been noted that the
IOD-related convection over Africa can weaken the Atlantic trade winds near the equator, thereby triggering
Atlantic Nifio events (Zhang & Han, 2021; Fan & Meng, 2023). Weakened trade winds constitute remote
forcing for Benguela Nifos, which is why Atlantic Nifios and Benguela Nifios often occur together in the
same year (lllig et al., 2020; Libbecke et al., 2010). Our study has focused on Indian Ocean forcing of the
Atlantic via a land bridge involving Congo River discharge. However, it is very plausible that 10D forcing of
the Atlantic may occur simultaneously through both land and atmospheric bridges, a hypothesis that warrants
further testing in a modeling framework that can incorporate both pathways.

6.4 Conclusion

Given the substantial environmental and economic impacts of Benguela Nifios, there is tremendous
societal value in developing skillful prediction models for these events. However, seasonal forecast skill for
Atlantic SSTs in general and Benguela Nifios in particular is limited to a few months at most (Li et al., 2020,
2023; Oettli et al., 2021). This study suggests one potential new source of predictability for Benguela Nifios,
namely the 10D through both a land bridge involving the Congo River basin hydrology and possibly an
atmospheric route involving convection over Africa. There is predictability built into the phase lags between
10D development, atmospheric circulation changes, Congo basin rainfall, Congo River discharge, and eastern
tropical Atlantic SSS, with SSS lagging the DMI by 3-5 months (Figure 6.9). Thus, for a Benguela Nifio that
develops early in the calendar year following an 10D event, we might anticipate that its amplitude and impacts
will be more pronounced than they would have otherwise been had there been no antecedent IOD. We can
moreover gauge the likelihood for such an amplification by monitoring Congo River basin rainfall, river
discharge, and eastern tropical Atlantic surface salinity anomalies. Ensuring that these processes are properly
represented in Benguela Nifio forecast models should be a priority.

Finally, there is a diversity of 10D events in terms of their amplitude, spatial structure, and temporal
evolution (Cai et al., 2021). It has been suggested from climate model simulations under high greenhouse gas
emission scenarios that the frequency of extreme 10D events, like the 1994 event which boosted the amplitude
of the 1995 Benguela Nifio, will increase by almost a factor of three over the course of the twenty-first century
(Cai etal., 2014). This represents an increase from one extreme 10D event every 17 years during the twentieth
century to one extreme event every 6 years by the end of the 21st century. If this increase in frequency is
realized, it is likely that future 10D events will exert much more influence than today on Benguela Nifio
development through both the land bridge which has been the focus of this study, and possibly also through
an atmospheric bridge as suggested in Zhang & Han (2021) and Fan & Meng (2023).
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6.5 Data and Methods

6.5.1 Data sources and Indices

We used monthly mean SST data from the high-resolution NOAA Optimum Interpolation SST
(OISST) data set, consisting of blended satellite and in-situ measurements from 1981 to present, with spatial
resolution of 0.25° (Huang et al., 2021; Reynolds et al., 2007).

We define the Dipole Mode Index (DMI), a measure of 10D strength, as the SST anomaly difference
between the eastern (90°E-110°E, 10°S-0°N) and western (50°E-70°E, 10°S-10°N) equatorial Indian ocean.
We define the Benguela Nifio Index (BNI) as the average of SST anomalies in the ABA (10°S-20°S, 8°E-
14°E). Anomalies are based on a 30-year climatology for 1991-2020. A long-term linear trend has been
removed from the BNI time series.

IOD events occur with both positive and negative polarity. Positive events like 1995 (DMI > 1
standard deviation) are associated with unusually cold SSTs in the eastern Indian Ocean, unusually warm
SSTs in the western Indian Ocean, and anomalous easterly surface winds (Fig. 6.1b). Negative events (DMI
< —1 standard deviation) are associated with anomalies of opposite sign. Similarly, there is a cold counterpart
to Benguela Nifios (BNI> 1 standard deviation), referred to as Benguela Nifas (BNI <—1 standard deviation),
that occur when SSTs in the ABA are significantly colder than climatology.

Congo River discharge is based on daily data measured at Kinshasa-Brazzaville station 500 km
upstream from the river mouth, for January 1954 to February 2020, available from the Global Runoff Data
Centre. We use two different monthly rainfall data sets, one of which is from the Global Precipitation
Climatology Project (GPCP) at 0.5° spatial resolution from 1979 to 2021 (Adler et al., 2003). The second is
the Tropical Applications of Meteorology using SATellite (TAMSAT) data, available from the University of
Reading for 1983-2020, which are based on ground-based observations at 0.0375° spatial resolution from
land areas only. Comparison of these two data sets (Jarugula & McPhaden, 2023) indicates that they provide
complementary and consistent views of rainfall variability in the region.

Monthly temperature, salinity, ocean currents, sea level, and mixed layer depth are taken from the
Global Ocean Eddy-resolving Reanalysis (GLORYS12) (Lellouche et al., 2021), with 1/12° horizontal
resolution and 50 vertical levels, of which 22 are in the upper 100 m. The reanalysis is based on the Nucleus
for European Modelling of the Ocean (NEMO) with atmospheric forcing by the European Centre for Medium-
Range Weather Forecasts (ECMWEF) Interim Reanalysis (ERA-Interim) and the ECMWF Reanalysis vb
(ERAD5) in recent years. Assimilated observations include Reynolds 0.25° AVHRR only SST, delayed mode
sea level anomaly from all altimetric satellites, in situ temperature/salinity profiles from Copernicus Marine
CORAv4.1 database, and IFREMER/CERSAT sea ice concentration. GLORYS12 only incorporates
climatological monthly mean river runoff but the effects of interannual variations in runoff are included
though data assimilation in the model. The reanalysis is available from 1993 onward and we use output for
the period 1993-2020.

Temperature and salinity data in upper 200 m of the reanalysis product in the southeastern tropical

Atlantic were previously validated against independent in-situ measurements from the Nansen Programme
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(Aroucha et al., 2024), which comprises more than 8000 Conductivity-Depth-Temperature (CTD) profiles
taken off the Angola and Namibia coasts from 1994-2014 (Tchipalanga et al., 2018). Although the
GLORYSI12 reanalysis is forced with climatological river runoff, validation against the CTD profiles showed
correlation and root-mean square deviation of 0.68 (0.96) and 0.55 pss (1.3 °C), respectively, for the salinity
(temperature) values in the coastal zone (Aroucha et al., 2024).

Monthly specific humidity, atmospheric winds at several pressure levels ranging from 1000 — 1 hPa,
surface rate of evaporation, surface rate of precipitation, and the vertically integrated atmospheric moisture
budget terms at 0.25° spatial resolution during 1987-2021 are obtained from the ERA5 (Hersbach et al., 2023;
Mayer et al., 2021).

6.5.2 Ocean mixed layer balance

We use a mixed-layer salt balance equation in the ABA to relate the change in mixed-layer salinity
to local surface forcing and horizontal advection. This equation can be written as:

% = —U.VS + FW;oy + Res. (6.1)

where % is the time rate of mixed layer salinity (S). Horizontal advection is the first term on the right side of

the equation, with u as the horizontal vector velocity in the mixed layer and VS is the two-dimensional

horizontal salinity gradient. The local freshwater forcing term is computed using:
So
FWforc e (E—P) @62

where E is the rate of evaporation (in m day?), P is the rate of precipitation (in m day'), S, is the surface
salinity (in pss) and h is the mixed layer depth (in m). The residual term (Res) includes terms that cannot be

explicitly computed (such as vertical advection, entrainment, and diffusion) and any computational errors.

6.5.3 Atmospheric moisture budget

We use ERA5 monthly evaporation and precipitation, monthly sea surface salinity, horizontal
velocities, and mixed layer depth from the GLORYS12 reanalysis to estimate terms in (6.1). E — P estimates
in this calculation are essentially the same when the ERA5 precipitation is replaced by GPCP precipitation.

The atmospheric moisture budget equation can be written as:

1 ps 10 rps
E-P = gv. ot qVdp + gafpt qdp (6.3)

where P and E are rates of precipitation and evaporation (in kgm= s 7!), g is acceleration due to gravity (m?

s 1), qis specific humidity (kg/kg), v is the horizontal wind vector (m/s), ps is surface pressure 1000 hPa and
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pt is pressure at the uppermost level of the atmosphere, chosen to be 100 hPa. The first and second terms on
the right-hand side of the equation denote the divergence field of moisture flux and the moisture tendency,
respectively. In order to determine the relative contribution of dynamic and thermodynamic processes to the
moisture divergence term, we decompose the wind and specific humidity as V=V + V'and q = q+ ¢/,
where V, g are the climatological means over the period 1987-2020 and V', q'are the deviations from the 34-
year climatology (Seager et al., 2010; Wang et al., 2017). Moisture divergence can then be written as the sum

of dynamic (DYN), thermodynamic (TD) and transient eddy (TE) components estimated using:

_ l PS —yys
DYN = gV. fpt qV'dp (6.4)

_ 1 PsS 7
TD = gV. fpt q'Vdp (6.5)

_ l PS  _iyyr
TE = gV. ot 4'V'dp (66)

All units in kg m™2s 1, We find that the TE component is negligible compared to the DYN and TD components
of moisture divergence as the deviations of g and V from the climatology are quite small. Thus, we do not

consider it further in our analysis.

Open research. All the datasets are freely available in the public domain. OISST data are available at National

Centers for Environmental Information (www.ncei.noaa.gov). Daily in situ measurements of river discharge

measured at Kinshasa-Brazzaville station were obtained from the Global Runoff Data Centre
(https://www.bafg.de/GRDC/EN/Home/homepage_node.html).  TAMSAT data are available at
https://www.tamsat.org.uk/ and GPCP data are available at (https://data.nasa.gov/dataset/GPCPPrecipitation-
Level-3-Monthly-0-5-Degree-V3-2/2kyxn57r/data). The GLORYS12 reanalysis is distributed by the EU

Copernicus Marine Service Information (http://marine.copernicus.eu/) and monthly ERA5 data can be

accessed at https:// www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5. We use basic statistics

packages and plotting methods in MATLAB and Python for the analysis. We do not use any specific code for

data processing. The codes used in this study are available upon request to the second author S.J.

Acknowledgements. The authors wish to thank three anonymous reviewers for their thoughtful and
constructive comments on an earlier version of this manuscript. M.J.M. is funded by NOAA. L.C.A. is funded
by the German Academic Exchange Service Doctoral Research Grant (57552340). Part of this research was
carried out by S.J. at the Jet Propulsion Laboratory, California Institute of Technology, under a contract with
the National Aeronautics and Space Administration (80NMO0018D0004). PMEL contribution no. 5661.
M.J.M. conceived of the study and wrote the first draft. S.J. and L.C.A. contributed analyses and graphics.
All authors (M.J.M, S.J., L.C.A,, and J.F.L.) contributed to the interpretation of the results and to writing and

editing the final manuscript. The authors declare no competing interests.

106


http://www.ncei.noaa.gov/
https://www.bafg.de/GRDC/EN/Home/homepage_node.html
https://www.tamsat.org.uk/
https://data.nasa.gov/dataset/GPCPPrecipitation-Level-3-Monthly-0-5-Degree-V3-2/2kyxn57r/data
https://data.nasa.gov/dataset/GPCPPrecipitation-Level-3-Monthly-0-5-Degree-V3-2/2kyxn57r/data
http://marine.copernicus.eu/
http://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5

6.6 Supplementary Material
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Figure 6.9. Relationship between Indian Ocean Dipole and sea surface salinity near the mouth of the Congo River. (a)
Cross-correlation of the Dipole Mode Index (DMI) and Global Ocean Eddy-resolving Reanalysis (GLORYS12) sea
surface salinity (SSS; pss) anomalies in the Congo River discharge region (4°S-8°S, 8°E-14°E) as a function of target
(or start) month for the DMI (y-axis) and SSS at lead times of 0-12 months (x-axis). Purple (red) values indicate negative
(positive) cross-correlation. Cross-correlation coefficients significant at a 90% confidence level are marked with a black
cross. (b) an illustration of the relationship between DMI and SSS showing the time series of October DMI (blue line)
and the following January SSS anomalies (red line). The October DMI time series is shifted 3 months forward to align
with January SSS anomalies; the year on the x-axis refers to the year of the SSS anomalies (e.g., January 1995 SSS
anomalies plotted with corresponding October 1994 DMI). The cross-correlation (CC) between the two time series is
shown in the lower right.
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Figure 6.10. Congo basin rainfall, Congo River discharge, and sea surface salinity near the Congo River mouth from
June 1994 to April 1995 and from June 2015 to April 2016. Monthly mean values of a) Tropical Applications of
Meteorology using SATellite (TAMSAT) rainfall (mm day™?) and (b) Global Precipitation Climatology Project (GPCP)
rainfall (mm day™?) averaged over the Congo basin, (c) Congo River discharge (m®s™') measured at the Kinshasa-
Brazzaville station (yellow dot in panels e-g) and (d) Global Ocean Eddy-resolving Reanalysis (GLORY S12) sea surface
salinity (SSS; pss) averaged over coastal ocean close to the Congo River mouth (4°S-8°S, 8°E-14°E; black box marked
in g) during June 1994 to April 1995 (red lines) and June 2015 to April 2016 (blue lines). Monthly climatologies (black
dotted lines) and +1 standard deviation (gray shading) are shown in panels (a-d). Spatial distribution of monthly rainfall
anomalies (mm day*) over Congo basin in October 2015 from (e) TAMSAT and (f) GPCP. (g) Spatial map of monthly
GLORYS12 reanalysis SSS anomaly (pss) in January 2016. The anomalies are estimated using a monthly climatology
based on the period 1983-2020 for TAMSAT and GPCP rainfall, 1950-2019 for Congo River discharge and 1994-2020
for reanalysis SSS.
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Figure 6.11. Sea surface salinity (shading, pss) and surface currents (vectors) in the eastern tropical Atlantic for the 1995
and 2016 Benguela Nifios. Global Ocean Eddy-resolving Reanalysis (GLORYS12) sea surface salinity (SSS; pss) for
(a) December 1994-January 1995, (b) Mar-April 1995, (c) December 2015-January 2016 and (d) March-April 2016. The
box indicates the Angola-Benguela Area. The yellow circle indicates the location of the Kinshasa—Brazzaville station.
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Chapter 7

Summary, Discussion and Outlook

7.1 Summary

The present thesis aimed to understand the impact of freshwater input on both mean-state and
interannual variability of SST in the Southeastern Tropical Atlantic. To this end, a broad range of datasets
were used, from in-situ data to modelling experiments, exploring the different mechanisms responsible for
such influence. First, based on model simulations, an evaluation of how the presence of a land-to-ocean
freshwater discharge, mainly from the Congo River, affects the mean-state SST and the coastal dynamics of
the SETA was performed (Chapter 3). Further, the focus was on understanding the influence of freshwater
input variability on the extreme warm and cold events off Angola, which modulates SST variability in this
region. To do that, reanalysis data and observations, such as satellite products and in-situ measurements were
analyzed, attempting to answer how the waters subject to the anomalously high freshwater input from the
Congo River were transported to the Angola-Benguela Area during the satellite-era's most extreme warm
event in the region, the 1995 Benguela Nifio, and also by which mechanism these anomalously low SSS
waters amplified the surface warming from this acute episode (Chapter 4). Furthermore, this analysis was
extended to other similar and contrasting events, such as the 1997 Benguela Nifia. By leveraging extensive
in-situ measurements from previous research cruises, the contribution of the anomalous SSS waters to changes
in water column stratification and their subsequent impact on turbulent heat fluxes was quantified, indicating
how much of the turbulent flux variability is explained by anomalous salt advection at the oceans’ surface
(Chapter 5). Finally, the connection between the 10D and Benguela Nifios via the Congo River basin
hydrology was explored, pointing also to a possible new source of predictability for the southeastern tropical
Atlantic warm events (Chapter 6). Below, the answers to the main questions addressed within this thesis,

raised in Chapter 1, are summarized.

e Does the freshwater input in the SETA impact the mean-state SST? What are the mechanisms
involved in this influence?
In Chapter 3, the impact of land-to-ocean outflow, primarily from the Congo River, on the SETA
coastal dynamics and SST mean-state was evaluated (Aroucha et al., 2025). From sensitivity
experiments performed with a high-resolution ocean model (INALT20, 1/20° resolution), the
differences between the 19-years long (2000-2018) simulations with a climatological discharge
(CLIMA) and without any discharge (NORIV) were assessed. By including freshwater, the mean-

state SETA coastal region is significantly warmed on average by 0.26°C, up to 0.9°C in the region of
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the ABF (Figure 3.3). At the same time, a cooling signature of up to -1.9°C in the coastal region north
of the Congo River’s mouth was generated by the presence of a river outflow. The effects of
freshwater input on SST are explained by coastal dynamics changes associated with such discharges
(Figure 3.6). Initially, freshwater discharge reduces the SSS around the River’s mouth, with
differences reaching -6 psu, accompanied by a similar spatial pattern of SSH increase up to 7cm
(Figure 3.3). This SSS and SSH relation is explained by the halosteric effect, i.e. a volumetric
expansion of the water column due to a reduction in SSS and consequently, in density. The surface
signature of this expansion generates meridional pressure gradients, where pressure within the River’s
plume is higher than both north and south of it. This primary meridional pressure gradient is
associated with a geostrophic flow moving from high to low pressure and deflecting to the left due to
the Coriolis effect (Figure 3.6). The primary cross-shore geostrophic currents generate upwelling
north of 6°S and downwelling south of it (Figure 3.5). Concomitantly, this cross-shore flow creates a
secondary zonal pressure gradient north and south of the River’s mouth, which is then balanced by
an alongshore geostrophic current, flowing northward and southward north and south of 6°S,
respectively. This secondary geostrophic flow advects warmer tropical waters further south (Figure
3.3 and 3.4). At the same time, the strengthening of this southward coastal flow likely contributes to
shifting the ABF position further south (Figure 3.14). Finally, even though a ML shoaling and a BL
generation by including freshwater discharge into the ocean were observed, the region where BLs
were formed does not correspond to the location of the SST changes (Figure 3.14). One explanation
might be the counteracting cooling effect of a very shallow ML, at which the penetrating solar
radiation is lost to the layers below the ML (White & Toumi, 2014). Hence, the final effects of
freshwater input on the SST mean-state in the SETA are a result of the combination of changes in
upwelling, downwelling, and coastal advection by geostrophic currents, north and south of the

Congo’s mouth.

What is the impact of the freshwater outflow on the SST variability within the SETA? Does it
amplify or counteract the extreme warm and cold events in this region? Can this contribution
be quantified?

In Chapters 4 and 5, the impact of freshwater input and the resulting changes in SSS off Angola-
Namibia during extreme warm and cold events, the Benguela Nifios and Nifias, respectively, that
influence SST variability in this region, were evaluated from observational and reanalysis data
(Aroucha et al., 2024; Aroucha et al., submitted). It was demonstrated that a combination of higher
(lower) than normal CRD, weakened (strengthened) southerly winds, and anomalously strong (weak)
southward coastal currents contributed to decreasing (increasing) SSS in the ABA during the 1995
(1997) Benguela Nifio (Nifia) event (Figures 4.4, 4.5, 4.6, 5.1). The propagation of downwelling
(upwelling) CTWs may have also supported salt advection shifts at the ocean surface (Figure 5.1).
Salt advection, along with turbulent salt fluxes, primarily drives SSS changes during FMA, with

horizontal salinity gradients playing a seemingly dominant role in salt advection over changes in
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coastal currents, though both factors are important (Figure 5.11). The quantification of the freshwater
input's impact on SST was attempted by calculating the residual term from a mixed-layer heat budget
analysis (Chapter 4) and by estimating the turbulent heat flux and its variability's relationship with
SSS changes (Chapter 5). During the peak of the 1995 Benguela Nifio in March 1995, the residual
accounted for 92% of the total warming terms in the heat budget (Figure 4.8). This residual is known
to be a key factor in overall SST variations in the region (Kérner et al., 2023). In fact, turbulent heat
flux variability in FMA accounts for 85% of this residual within the ABA (Figure 5.3), and during
the extremely warm 1995 event, turbulent heat fluxes below the ML were three times lower than
during the 1997 Benguela Nifia, with higher-salinity waters being advected into the region. Overall,
variations in SSS in the ABA caused by both anomalous Congo outflow and shifts in alongshore
currents were demonstrated to be an overlooked local forcing that amplifies the extreme SST events
off Angola.

What are the mechanisms responsible for such an impact on SST variability?

The mechanism by which a freshwater input impacts the SST variability within the SETA was
explored in Chapters 4 to 6 with reanalysis and observational data, as well as in-situ measurements
(Aroucha et al., 2024, submitted; McPhaden et al., 2024). The increased or decreased Congo
discharge combined with changes in the alongshore currents in the SETA can generate negative and
positive SSS anomalies within the ABA, respectively. This change in SSS is associated with a shift
in vertical stratification in the water column, with a lower-than-normal SSS shoaling the MLD and
increasing the water column stability (Figures 4.1, 4.2, 4.3, 5.2, 6.7). Conversely, a higher-than-
normal SSS deepens the MLD and reduces the stratification and the stability between ocean layers
(Figure 5.2). In addition, the MLD shoaling associated with a freshening in SSS can create a BL with
the ML situated within the IL, weakening at the same time the vertical temperature gradient between
ML temperatures and temperature below its base. The BLs reduce the vertical mixing between surface
and thermocline waters, hence contributing to increasing the SST. The effect of BLs generation in
reducing the vertical temperature gradient was also observed during the 1995 warm event (Figure
4.8, 5.2). However, it seems that changing this vertical gradient played a secondary role in the
turbulent fluxes, with the stratification changes dominating the variability of the effects of mixing
(Figure 5.2). Further, stratification variability is strongly correlated with SSS changes rather than a
thermocline vertical displacement consequence of propagating CTWSs (i.e. r = -0.73 vs r = 0.62)
(Figure 5.3). An increase in turbulent heat fluxes was observed in years of climatologically higher
SSS due to a weaker stratification (Figure 5.3). Finally, the conclusion is that the change in the
vertical stratification of the water column, mainly associated with SSS shifts, is the main mechanism
by which a freshwater input can impact SST variability within the ABA, via reducing the turbulent
heat fluxes from mixing by a factor of up to 3-fold (Figure 5.2). It is suggested from a regression fit
to the data that a 1 psu reduction (increase) of SSS would be associated with a 1°C warming (cooling)

in Benguela Nifio SSTs.
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Do other ocean basins influence the freshwater input variability in the SETA? Can a connection
be established between Benguela Nifio and Nifia events and SST variability modes from other
oceans?

In Chapter 6, observational and reanalysis data are explored to understand the interbasin connection
between the September-October 1994 positive 10D event and the 1995 Benguela Nifio peaking in
March (McPhaden et al., 2024). It is shown that the 1994 10D, with anomalously warm SSTs in the
western Indian Ocean and cooler-than-normal SSTs at the eastern part, generated a low-level wind
and moisture convergence over the Congo River basin, which led to increased precipitation in this
region (Figures 6.3 and 6.4). This intensified precipitation was then translated into an anomalously
high freshwater input into the SETA via an increased CRD. A similar picture was observed for the
2015 10D and the 2016 warm event in the ABA. From this, it is suggested that the 10D development
is one potential new source of predictability for amplified Benguela Nifios through both a land bridge
involving the Congo River basin hydrology and an atmospheric route involving convection over
Africa, with the 10D lagging Benguela Nifios by 3-5 months (Figure 6.9). Moreover, the likelihood
of such boosting can be gauged by an extensive monitoring of rainfall over the Congo River basin,
the CRD, and the SETA SSS anomalies. The SST variability teleconnection between the Indian and
the Atlantic Oceans was assessed here via a local forcing effect on the development of Benguela
Nifios. However, this connection might be even stronger when considering that 10D events have been
linked to weakening of the equatorial trade winds in the Atlantic, and the subsequent propagation of
EKWs (Fei & Meng, 2023; Zhang & Han, 2021). Hence, the IOD might contribute to the development
of Benguela Nifio events by impacting both the local forcing of changing the CRD and the consequent
turbulent heat fluxes in the ABA, and the remote forcing by triggering EKWs, which propagates to
the ABA as CTWs.

7.2 Discussion and Outlook

Overall, the importance of the Congo River discharge and freshwater input for both mean-state and

interannual variability of SST within the ABA is demonstrated throughout this thesis. Further, the impacts of
this input on coastal salinity, stratification, and dynamics within the SETA are discussed, highlighting their
role in changing SST, especially off Angola. The up-until-now unnoticed mechanism of freshwater input as
a local forcing for Benguela Nifio and Nifia events is brought to light, pointing out its interbasin connection
to the 10D and possibly contributing to improving the forecast of these extreme events in the SETA. In this
section, the main findings of this thesis are further discussed, at the same time that the potential future works

that could investigate the caveats of this study are explored.
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On the contribution of Coastally Trapped Waves propagation, Congo River discharge anomalies, and

wind variations for salt advection anomalies into the ABA

The crucial role of the salt advection term in developing the SSS anomalies in the ABA, and
consequently triggering the impact of freshwater input on SST variability within the Benguela Nifio and Nifia
extreme events, was demonstrated in Chapters 4, 5, and 6 (Aroucha et al., 2024, submitted; McPhaden et al.,
2024). This term is proportional to both surface salinity horizontal gradients and the strength of the surface
current (i.e. the AC). It appears that the variability of salt advection into the ABA in FMA is strongly related
to changes in the horizontal SSS gradient rather than with anomalous alongshore surface currents, even though
the latter seems to also exert a significant influence on such advection (Figure 5.11, Aroucha et al. submitted).
In fact, Sena Martins & Stammer (2022) argue for the contribution of both terms, stating that the advection
of low-salinity waters into the ABA is only possible when there is a combination of stronger-than-normal
CRD and CTW propagation impacting the alongshore currents. The two most extreme events that were
extensively analyzed in this thesis, both of them with profound salt advection anomalies at the surface,
occurred under the remote influence of a propagating CTW. Imbol Koungue & Brandt (2021) showed from
observations that two weeks before the peak of both the 1995 warm and the 1997 cold event, a downwelling
wave with a 2.9 cm amplitude and an upwelling wave with a -1.5 cm, respectively, were present in the region.

Indeed, it has been previously shown that the AC variability is directly linked to the passage of
southward propagating CTWs (Tchipalanga et al., 2018; Kopte et al., 2017; Bachelery et al., 2016a; Rouault,
2012). The passage of a downwelling (upwelling) CTW deepens (shoals) the thermocline and increases
(decreases) the poleward flow, which leads to a stronger (weaker) seasonal leakage of Angolan tropical waters
into the ABF (Rouault, 2012). Additionally, wind stress and its curl modulate the AC core position and
strength (Junker et al., 2015; Fennel et al., 2012), and during the above-cited extreme events, shifts in both
wind stress and curl were observed (Figures 4.7 and 5.7). Fennel et al. (2012) argue that the role of CTWSs
versus the effect of Ekman pumping driven by the wind curl is crucial for shaping the coastal current system.
Furthermore, the increased CRD could also contribute to increasing the geostrophic component of the AC via
the same mechanism discussed in Section 1.2.1 and in Chapter 3 (Aroucha et al., 2025), even though the
halosteric effect on SSH anomalies appears to be of much smaller magnitude than the SSH signature of a
propagating wave.

Therefore, separating the direct effects from a propagating CTW, from wind changes, and CRD on
the strength of the alongshore coastal currents is a challenging task. Future work could explore the different
contributions of each of these factors to the overall change in surface currents. With that, one could understand
whether the remote forcing from EKWs overlaps with the local forcing from the changes in wind and
freshwater input in triggering and amplifying Benguela Nifio events, comprehending if the low-SSS waters
inflow into the ABA should be treated uniquely as a local forcing or as another consequence of the remote

equatorial trigger.
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On the limitations and potential improvements of model, reanalysis, and satellite datasets

Ocean surface salinity measurements by the SMAP and SMOS satellite missions to an accuracy of
0.2 psu provided a more consistent and uniform sampling of SSS as compared to the observing platforms
during the last decade (Jarugula et al., 2025). Still, even though both satellite missions increased the
observation resolution to approximately 40km away from the coast, systematic errors remain in such products,
especially in the regions with high SSS variability, strong vertical gradients, and low sampling rates as regions
affected by river discharge (Martins and Stammer, 2022; Nyadjro et al., 2022; Boutin et al., 2021).
Additionally, SSS satellite measurements only started in 2010 (Boutin et al., 2021), leaving a substantial gap
in observational salinity measurements from the start of the altimetry era (i.e. from 1993). Hence, the use of
salinity datasets from reanalysis implies both a temporal and spatial limitation, especially when focusing on
coastal regions and in years before the SSS satellite era. Further, only a few episodes of strong SSS anomalies
were observed in the ABA since 1993 (e.g. 1995, 1997, 2001, 2016, Figure 5.4). Therefore, the establishment
of significant statistical correlations between SSS changes and SST extreme events in the ABA remains
difficult and not robust, especially considering the wide range of forcing mechanisms that can trigger
Benguela Nifios. To overcome this, the analysis focused on exploring only the few Benguela Nifio and Nifia
events occurring concomitantly with SSS anomalies. There is an uprising need to improve such ocean salinity
measurements to allow higher-confidence analysis of SSS changes impacting oceanic SST.

From the modelling sensitivity experiments presented in Chapter 3, it was expected to observe
impacts on SST and on its variability from using an interannually varying river discharge in CTRL when
compared to the climatological runoff from CLIMA. However, some model limitations and the complexity
of the SETA dynamics could explain why these differences were not observed. It is known that representing
the SETA eastern boundary upwelling system is a challenging task. The struggle lies in the systematically
observed SST bias when compared to observations, which likely comes from the poor representation of
upwelling velocities and equatorward surface flow, shallow clouds and shortwave radiation, the convergence
of distinct water masses, and the unique structure of the wind field (Small et al., 2024; Kurian et al., 2021;
Bonino et al., 2019; Koseki et al., 2018; Richter, 2015; Huang et al., 2007). In addition, the mean-state and
the variability of the MLD, a crucial term to understand the freshwater input impacts on SST, are commonly
not well-depicted in climate models (Fox-Kemper et al., 2023; Treguier et al., 2023).

Specifically, for the INALT20 CTRL and CLIMA experiments, low-SSS were hardly ever inflowing
into the ABA, contradicting, for instance, observations of extreme negative SSS anomalies in the region
during 2016 (McPhaden et al., 2024; Liibbecke et al., 2019). It was shown that the alongshore southward
current is underestimated from January to May in CTRL when compared to mooring measurements (Figure
3.11), and the stronger northward jet depicted by CTRL did not allow the southward transport of low-SSS
waters. Further, the Congo plume spreading is directly related to the geomorphology and the coastline
bathymetry of the River’s estuary (Vic et al., 2014; Denamiel et al., 2013), and a poor model representation
of these geological aspects might also impact the unobserved differences. Finally, and likely most importantly,

the JRA55-do atmospheric forcing, even though its use has been linked to a reduction in the warm bias in the
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SETA when compared to using coarser resolution atmospheric reanalysis (Prigent & Farneti, 2024), presents
a substantial uncertainty in depicting the CRD, mainly due to the complex hydrology of the River’s basin
(Chandanpurkar et al., 2022; Hua et al., 2019). The observed discrepancies when comparing the atmospheric
forcing CRD to the Kinshasha-Brazzaville measurements, both seasonally and interannually (Aroucha et al.,
2025, Figure 3.7), might lead to strong SSS biases (Chandanpurkar et al., 2022). Therefore, it is believed that
the uncertainty involved in the discharge from the atmospheric reanalysis added to the complexity of the
coastal currents system within the SETA could likely not well represent the expected differences of using

either a climatological or interannual varying runoff in the model simulations.

On the impact of Congo River discharge on the SETA SST in a warming climate

Runoff (FUTURE-PRESENT)

+ Low agreement
in the sign of change

Figure 7.1. Multi-model ensemble means differences in runoff (10° km® yr™') between FUTURE (2015-2050) and
PRESENT (1950-2014). The crosses indicate that at least 3 out of 18 GCMs disagree in terms of the sign of change.
From: Muller et al. (2024).

Land-to-ocean discharge, especially from the Congo River, has been shown to be able to impact the
coastal dynamics and mean-state SST in the SETA, and also to push the ABF further south. At a time when
the latest climate projections suggest a significant change in the global water cycle and the consequent
increase in the Congo river discharge in the future warming scenario (Figure 7.1) (Mdiller et al., 2024;
Aloysius and Saiers, 2017), the impact of the Congo discharge to the SETA dynamics are also expected to be
stronger. An increase in the Congo discharge due to global warming could lead to an enhanced southward
geostrophic current, shifting the SST mean-state in the ABA to even more tropical conditions. In fact, a recent
trend of warming off Angola, with warmer and fresher tropical waters moving poleward via an intensification
of the AC has been recently observed (Tomety et al., 2024; Roch et al., 2021). Whether this trend already
reflects the increase in freshwater discharge remains uncertain. Additionally, the intensification in discharge
rates from the Congo could also increase the likelihood of amplified Benguela Nifio events due to a more
usual presence of low SSS in the ABA region. Additionally, it is also expected an increase in the 10D events

frequency by a factor of 3 under high greenhouse gas emission scenarios over the twenty-first century (Cai et
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al., 2014). With this, future 10D events will likely influence Benguela Nifio events even more via the increase
in precipitation over the Congo Basin.

Finally, climate change will also likely impact upwelling at the southwestern African coast due to
wind-related geostrophic changes (Ayissi et al., 2024; Jing et al., 2023). Considering the prominent role of
geostrophic flows in the Atlantic eastern boundary upwelling system mean-state and long-term changes (Jing
et al., 2023), understanding potential sources that could shift these geostrophic currents within the SETA is
of major importance. An enhanced Congo discharge might increase both the water column stratification off
Angola and the southward geostrophic flow component. This could then lead to more extreme Benguela Nifio
events, and an even stronger shift of the BUS to tropical conditions. Monitoring how the processes and
mechanisms related to freshwater input in the SETA will change with climate warming is crucial for an

improved comprehension of the expected dynamical changes within the region in a warmer world.

On the Indian Ocean teleconnection potentially improving the predictability of Benguela Nifios

Benguela Nifios and Nifias play a substantial role in coastal oxygen availability, fish habitat, and
marine ecosystem management and resources for western African countries (e.g. Bachelery et al., 2016b;
Blamey et al., 2015; Rouault, 2012). Hence, improving the forecast of these events would be of great benefit
to the local ecosystem and management strategies. Along with Atlantic Nifios, the predictability of these
events has been only partially successful through dynamic forecasting systems, leading to a growing
consensus that these events are inherently unpredictable (Keenlyside et al., 2020; Dippe et al., 2018; Richter
et al., 2018). More recently, Bachélery et al. (2025) demonstrated by using a deep learning approach with a
convolutional neural network architecture that Atlantic and Benguela Nifio can be predicted up to 3-4 months
in advance, with forecast skill correlation of around 0.9 for the first lead month. The authors highlight the
central south tropical basin, i.e. the location of the SAA, as a hotspot region for the prediction of these events,
and that understanding the dynamics and variability of this South Atlantic high-pressure system might play a
key role in improving the accuracy of such forecasts (Bachélery et al., 2025). In addition, they also observed
a hotspot forecast area for the 2001 and 2016 warm events near the Congo mouth (Bachélery et al., 2025),
indicating that the Congo plume dynamics might also impact the forecast of such extreme events, especially
in years of low-SSS waters reaching the ABA, as in 1995, 2001, and 2016 (Aroucha et al., 2024).

Low-level westerly wind anomalies along the equatorial Atlantic, in connection with the SAA, have
been linked to the occurrence of 10D events (Fei & Meng, 2023; Zhang & Han, 2021). These wind anomalies
result from the IOD-driven rainfall over the Congo Basin, also exerting influence on the SETA SSS variability
(Jarugula & McPhaden, 2023; McPhaden et al., 2024). The connection between an 10D event, the equatorial
trade winds, and precipitation over the Congo basin, and the subsequent Benguela Nifio events may not be
accidental. When the 10D triggers increased rainfall over the Congo, and generates westerly wind anomalies
along the equatorial Atlantic, it potentially supports the start of a Benguela Nifio. Since SSS changes in the
ABA lag 10D by 3-5 months, and SAA shifts are related to the 10D, it might be possible to anticipate how

extreme the Benguela Nifio events would be. Determining whether these extreme events would be amplified
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by an 10D occurrence is critical for developing adaptive management strategies, such as early warning
systems and anticipation of socioeconomic impacts. For that, there is an ongoing need to monitor the
occurrence of 10D events, the precipitation over the Congo basin, and the Congo discharge rates as an attempt

to improve the forecast of Benguela Nifios.

On the effects of freshwater input and turbulent heat fluxes changes in Atlantic Nifios and Nifias

Freshwater input has been shown to generate BLs and impact SST during El Nifio and La Nifia events
(Liu et al., 2025, 2022; Zheng & Zhang, 2012; Zhang & Busalacchi, 2009). The main source of freshwater
within this region is via enhanced rainfall within the ITCZ. A positive ocean-atmosphere feedback is observed
within these events, with the warm SST anomalies leading to stronger convection and consequently
precipitation, impacting the BL generation and amplifying the surface warming. A similar study within the
ITCZ was performed in the tropical North Atlantic (Foltz & McPhaden, 2009). More recently, the effects of
stratification changes and the subsequent impact on turbulent mixing by turbulent heat fluxes have been
assessed and related to the development mostly of Central Pacific El Nifios (Guan et al., 2025; Liu et al.,
2025; Tozuka, 2025). Bearing in mind the similarities in both the mean-stated dynamics and the forcing
driving both ENSO and Atlantic Nifios, as well as the precipitation rates in the equatorial region in the two
ocean bhasins, and the fact that Central Atlantic Nifios are emerging in the last decades (Zhang et al., 2023), it
is likely that SSS and turbulent mixing changes in the equatorial Atlantic might similarly impact Atlantic

Nifio events.
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