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Seasonal Cycle of Sea Surface Salinity in the Angola Upwelling
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Abstract The seasonal cycle of sea surface salinity (SSS) along the Angolan coast is investigated using
observations and a regional ocean model. The model reproduces the main characteristic of the seasonal cycle
of SSS along the Angolan coast, such as the freshwater discharge signature off the Congo River plume and

the low-salinity observed in February/March and October/November along the Angolan coast. The model

also reproduces the two maxima of salinity in June/July and December/January. The analysis of the model salt
budget reveals that the semi-annual cycle of SSS is controlled by the meridional advection of surface water, the
vertical advection of subsurface water, and the mixing at the base of the mixed layer. The meridional advection
is controlled by the Angola Current which brings low-salinity water from offshore region of the Congolese
coast toward the south Angolan coast in February/March and October/November. The vertical advection
contribution is modulated by the vertical stratification of salinity and not by vertical velocities which peak
during the main Angolan upwelling season. The vertical stratification is due to the low-salinity intrusion at the
Angolan coast that creates a strong vertical salinity gradient with low-salinity at the surface and high salinity at
the subsurface.

Plain Language Summary Ocean salinity is a key driver of oceanic circulation, and it affects
profoundly the marine coastal ecosystem. We study here the seasonal cycle of the upper ocean salinity off

the Angolan coast. We observe a low-salinity water intrusion in February/March and October/November
along the Angolan coast. We find the low-salinity intrusion due to the well-known Angola Current that brings
low-salinity waters from the Congo River plume southward. On its way south along the Angola coast, surface
water gains salt from subsurface water that rises to the surface through upwelling and mixing at the base of the
ocean surface mixed layer.

1. Introduction

The Angolan upwelling region is a very productive marine ecosystem in the southeast Atlantic and serves as
the gateway for connecting the equatorial dynamics to the northern Benguela. Fisheries are widely developed
along the Angolan shore and are critical for economic security and the employment of local coastal commu-
nities (Hutchings et al., 2009; Sowman & Cardoso, 2010). Contrary to the Benguela upwelling system that is
sustained by high alongshore upwelling favorable winds (Carr & Kearns, 2003), the highly productive Angolan
system is under the influence of relatively weak surface winds blowing along the coast (Blamey et al., 2015;
Hellerman, 1980; Ostrowski et al., 2009) and of the Angolan Current that transports warm equatorial waters
southward (Kopte et al., 2017; Moroshkin et al., 1970). The Angola upwelling system is supported by the pole-
ward propagation of coastal trapped waves originating from the equator (Bachelery et al., 2016, Illig et al., 2020;
Imbol Koungue et al., 2017), which strongly modulate the strength of the Angola Current (Ostrowski et al., 2009;
Rouault, 2012). The main Angolan upwelling season is in austral winter with sea surface temperatures below
22.5°C in July along the coast and a marked cross-shore SST thermal gradient (Figures 1a and 1b). In July, the
salinity is relatively high with a surface salinity above 36 along the Angolan coast and the Congo freshwater
plume with surface salinity below 35 presents a minimal offshore extension that is directed toward the northwest
(Figures 1c and 1d). The two main regimes of the freshwater Congo River plume spreading at the Congolese coast
are a north-westward orientated plume from September to January and a south-westward plume from January to
April (Houndegnonto et al., 2021).
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Figure 1. Climatological Sea Surface Temperature (a, b) and Salinity (c, d) averaged in July from the derived satellite
Optimal Interpolation (a, -OI-), SMOS (c) and the model (b, d) over the period 1982-2015 for the model, 1982-2021 for OI,
and 2010-2021 for SMOS. The black star on Figure 1c (at 6.2°S, 12°E) represents the position of the Congo River mouth.
The 1° wide coastal stripe off the Angolan coast used in the study is represented by the blue contour line on Figure 1d (1° off
the coast, 7°S-17°S).

Liibbecke et al. (2019) have shown that for the warm event in 2016 off Angola, surface freshening of water origi-
nating from the Congo River plume, detected in satellite observations of sea surface salinity (SSS), caused a very
shallow mixed layer, and enhanced upper ocean stratification that reduced the upwelling of cool subsurface water
into the mixed layer. Moreover, Materia et al. (2012) had shown that years with increased Congo River discharge
as well as years with anomalously high oceanic precipitation were associated with positive SST anomalies in the
Gulf of Guinea. They attribute this relation to a strong stratification and specifically the development of a barrier
layer due to the excess freshwater prevent turbulent mixing by vertical motion. The barrier layer then inhibits the
entrainment of cool subsurface waters into the surface mixed layer, thereby increasing sea surface temperature.
Recently, Alory et al. (2021) have shown at the seasonal timescale a limitation of the northeast Gulf of Guinea
upwelling by the Niger River plume. There, the upwelling is weakened by 50% due to an onshore directed
geostrophic flow equally controlled by alongshore thermosteric and halosteric sea-level changes. All these find-
ings highlight the potential role of ocean salinity in the dynamic of coastal upwelling near a river plume. Several
studies have investigated the seasonal cycle of salinity off the Congo River plume with model and observations
analyses, however along the Angolan coast, studies are limited despite the possible link with the Congo River
discharge (Liibbecke et al., 2019; Ostrowski et al., 2009). The studies of Camara et al. (2015) and Da-Allada
et al. (2013, 2014) have widely investigated the various processes controlling seasonal cycle of the mixed-layer
salinity budget in the Gulf of Guinea using a regional model (Figures 1b and 1d), with a special focus on the
Congo River plume area. In the Congo River plume area, the regional model shows that the main salinity balance
in the surface water is controlled by the salinization effects of vertical diffusion and vertical advection, and the
freshening effects of horizontal advection and freshwaters fluxes composed mainly of Congo River runoff, which
accounts for 80% of all freshwater input in this area.

While several studies have focused on the annual cycle of the SSS in the tropical Atlantic, they have not focused
on the specific dynamics of the Angolan coastal region in relation with SSS. In this study, we use a regional model
and satellited derived observational estimates to conduct an analysis of the seasonal cycle of the SSS along the
Angolan coast and their drivers. The remainder of the paper is organized as follows. The data sets and methods
used in the study are described in Section 2. Section 3 provides results, including model validation, the seasonal
cycle of SSS along the coast and their drivers. Section 4 provides a summary of the most important results.
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2. Data and Methods

For the analysis, satellite data, reanalysis data, and a regional numerical model simulation are used.

2.1. Data
2.1.1. Satellite Data

An updated version of the Soil Moisture-Ocean Salinity (SMOS) product described in Boutin et al. (2022) is
used. This %4° weekly gridded product covering the period 2010-2021 is made available after the systematic
coastal biases have been removed within 100 km from the coast (Kolodziejczyk et al., 2016). A previous version
of the SMOS product has been used and described in our previous study (Awo et al., 2018). The monthly average
of the daily Optimum Interpolation Sea Surface Temperature (OI-SST) is also used and consists of a blend of
satellite and in situ observations. The daily OI-SST data is available from July 1981 to December 2021 at a spatial
resolution of 0.25° (Reynolds et al., 2002, 2007). The current data set is provided by Ocean Surface Current Anal-
ysis (OSCAR) for the time period 1993-2020. The OSCAR data set provides a near-surface currents on a 0.25°
by 0.25° horizontal grid with a daily temporal resolution. The data is estimated from satellite remote sensing
estimates of sea surface height gradients, ocean vector winds, and SST gradient using a simplified physical model
for geostrophy, Ekman, and thermal wind dynamics (Bonjean & Lagerloef, 2002; ESR & Dohan, 2022). The total
velocity of the current is the vertical average over a surface layer thickness of 30 m. The AVISO monthly seasonal
cycle of sea level anomaly (SLA) based on the period 1993-2021 is also used to illustrate the propagation of
coastal trapped waves. We refer to all satellite data sets as observations and will use them for model validation
in Section 3.1.

2.1.2. Reanalysis Products

The monthly wind product is derived from the European Center for Medium Range weather Forecasts ERAS
reanalysis (Hersbach et al., 2020). We used the full monthly average data over the 1979-2021 period.

2.1.3. Mooring Data

A current meter mooring has been deployed at about 11°S off the Angolan coast since 2013 to measure the
current speed in the water column up to about 45 m below the sea surface (Imbol Koungue et al., 2021; Kopte
et al., 2017). The current velocity is measured by an ADCP mounted on the mooring cable at 500 m depth with
an upward looking 75 kHz long Ranger up to 45 m below the sea surface. The mooring data is freely available
from July 2013 to May 2021 (Imbol Koungue et al., 2021).

2.1.4. Model

The ocean general circulation model used here is the oceanic component of the Nucleus for European Modeling
of the Ocean (NEMO3.6, Madec & the NEMO group, 2016). It tackles three-dimensional primitive equations
in spherical coordinates discretized on a C-grid and at fixed vertical levels. The exact model domain covers
the tropical Atlantic (34°S-34°N, 50°W-20°E) and is forced at the open ocean boundaries with daily outputs
of the second global ocean Mercator reanalysis version 3 (GLORYS2V3; Ferry et al., 2012). We used here the
monthly outputs of the regional model configuration that covers the tropical Atlantic with a spatial resolution of
0.25° x 0.25°. The model has 75 vertical levels of which 12 are located in the upper 20 m and 24 in the upper
100 m. The salt mixed layer budget terms are computed online with daily average outputs. The model has been
run from 1958 to 2015, however only outputs from the period 1982-2015 are used in this study so that they can
be compared with observations. This setup has been used previously for salinity studies by Awo et al. (2018)
and Da-Allada et al. (2017) in the tropical Atlantic. The atmospheric fluxes of momentum, heat, and freshwater
are provided by bulk formulae (Large & Yeager, 2004). The DRAKKAR Set 5.2 (DFS5.2) product of fields for
wind, atmospheric temperature, humidity, and fields for long and short-wave radiation and precipitation are used
to force the model (Dussin et al., 2016). There is neither SSS restoring nor SST restoring in this simulation. The
monthly continental river discharge climatology is used for the surface freshwater flow near each River mouth
(Berger et al., 2014; Dai & Trenberth, 2002). For more details on the parameterization of subgrid scale processes
and some validation elements, reference can be made to Hernandez et al. (2017), Imbol Koungue et al. (2019),
and Jouanno et al. (2017) for temperature and mixed layer depth and Awo et al. (2018) for salinity variations.
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2.2. Methods

To obtain a consistent monthly climatology time-series for the study, we used the entire available satellite observa-
tion for SMOS (2010-2021) and OI-SST (1982-2021). For NEMO model output, we used the period 1982-2015.

We used the mixed-layer salinity budget terms computed online and saved as model output to investigate the
processes driving the seasonal cycle of SSS. The mixed-layer budget analysis has been widely used in ocean
surface processes studies, for instance within the tropical Atlantic, for SST (e.g., Jouanno et al., 2017, 2011) and
for SSS (Awo et al., 2018; Berger et al., 2014; Camara et al., 2015; Da-Allada et al., 2014, 2017). For the SSS
budget, we relied on the common following mixed-layer salinity evolution equation:

(k20:5).-_, 10h (E - P - R)SSS

0:SSS = — < udxS >— <00, >— <wi.S >+ < DS > T har (SSS = S.—_n)+
;—V‘"'M,—J‘—\/——/HK—J N

J A

J

h
o
UAD VAD WAD LDIF g g
VDIF ENT FWF

with<.>= 1 [ .dz
h

where S is the model salinity and u, v, and w are the components of the current in the zonal (positive eastward),
meridional (positive northward), and vertical (positive upward) direction, respectively. (D,S) is the lateral diffu-
sion operator, k_ is the vertical diffusion coefficient, & is the mixed-layer depth, E is evaporation, P is precipita-
tion, and R is River runoff. The terms in the equation are, from left to right, salinity tendency in the mixed layer,
contribution to mixed-layer salinity tendency of the zonal advection (UAD), meridional advection (VAD), verti-
cal advection (WAD), horizontal diffusion (LDIF), vertical diffusion at the mixed-layer base (VDIF), mixed-layer
salinity tendency due to entrainment at the mixed-layer base (ENT), and freshwater flux (FWF). We mean by
salinity tendency, the rate of salinity changes from 1 month to the next. All terms are computed explicitly in the
model except for the entrainment term that is estimated as a residual.

3. Results

The entire Angola coastal area (7°S—17°S, 1°offshore, Figure 1d) is considered to analyze the seasonal cycle of
SSS in the Angolan Upwelling system. The North Angola area (7°S—10°S) corresponds to the northern part of
the Angolan upwelling that could be directly under the influence of the Congo River plume extension. The South
Angola area (10°S-17°S) corresponds to the southern part of the Angolan upwelling that could not be directly
influenced by the Congo River plume and is also well-known as a key area for the development of Benguela
Nifios events (Florenchie et al., 2004; Imbol Koungue et al., 2017; Liibbecke et al., 2010; Rouault, 2012; Shannon
et al., 1986).

3.1. Model Validation

Figure 2 shows the model and observed seasonal cycles of the SST, SSS, wind speed, SLA and the near-surface
current along the Congolese coast (4°S—6°S, 1°offshore) and Angolan coast (7°S—17°S, 1°offshore). The seasonal
cycle along the coasts is characterized by four specific seasons: austral winter (June—July—August), austral spring
(September—October—November), austral summer (December—January—February), and austral autumn (March—
April-May). The Angola upwelling peaks in austral winter as illustrated by observed coastal temperatures below
22.5°C in July—August (Figures 2a and 2b) with an important cross-shore SST gradient in July (Figure 1a). The
seasonal cycle of SSS along the coasts presents a semi-annual cycle south of 7°S with a main salinity maximum
of 36 in austral winter, in phase with the cool SST and a secondary maximum of 35.5 in November—December. In
the northern part of the Angola coast, the SSS falls below 31 near the Congo River plume (6°S, 8°E) revealing the
signature of the Congo River freshwater discharge. There, the low-salinity below 31 is observed from September
to April and increases to 35 in austral winter.

The regional simulation reproduces the main pattern of the observed seasonal cycle of SST (Figure 2b) and SSS
(Figure 2e) along the Angolan and Congolese coasts. The SST is relatively well captured by the model with the
warmest water of temperature above 28°C in autumn (Figure 2b) and the coolest upwelling water of temperature
below 22.5°C in winter. The model also captures relatively well the SSS by reproducing the mean and phase of
the observed seasonal cycle previously described. The modeled temperature is higher than observed SST with
an SST difference of about 1°C while the model salinity is lower than observation with an SSS difference about
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Figure 2. Latitude-time Hovmoller diagram of seasonal cycle of OI SST (a), NEMO SST (b), SMOS SSS (d), NEMO SSS (e), AVISO SLA (c), OSCAR current
(arrow, ¢) and ERAS wind speed (shading and arrows, f) averaged over 1°off the coast from observations (a, c, d, f) and model (b, e). Unit are °C for SST, m for SLA,
m/s for Wind speed and cm/s current velocity.

2 mainly in the northern part of Angolan coast. At the first order, the lack of accuracy in model river discharge
may explain the weakness of the model in the northern part of the Angolan coast (Da-Allada et al., 2013, 2014)
and the uncertain accuracy of the SMOS estimates in the river discharge area may bias the coastal SSS estimate
(Boutin et al., 2018). In addition, inaccuracy of the mixed layer thickness and uncertainty in the wind stress forc-
ing can also contribute to explaining the lack of accuracy in the model. Also note that the SMOS salinity delivers
practical salinity defined as conductivity ratio while the model salinity is using mass conservation and therefore
is not calculating the practical salinity but absolute salinity. In Figure 2, we also present the SLA (Figure 2c) and
wind (Figure 2f) that influence the upwelling along the Congolese and Angolan coasts. The alongshore winds
are weak in winter (June—August, Figure 2f) with an intensity of 2 m/s, suggesting that processes other than local
wind-driven upwelling can explain the Angolan upwelling. The SLA along the coast is positive from Septem-
ber to April in the order of 10 cm with two maxima in spring and autumn and is negative from May to August
in the order of —4 cm, with a minimum in winter during the major Angola upwelling. The SLA represents the
signature of the coastally trapped Kelvin waves that explains the Angolan upwelling (Figure 2c). The coastal
trapped waves have a semi-annual cycle of alternating upwelling (negative SLA) and downwelling (positive SLA)
seasons (Ostrowski et al., 2009). The first downwelling occurs in March, followed by an upwelling in July—August
(Figure 2c). The second downwelling occurs in October and ends with a weak upwelling in December—January
(Figure 2c). In addition to coastal trapped waves, the mixing induced by internal tides can also contribute to the
near-coastal Angola upwelling (Zeng et al., 2021). The satellite derived OSCAR current reveals an alongshore
flow with alternating southward and northward velocity in the order of 10 cm/s. A southward OSCAR derived
11 cm/s mean flow occurs from January to March and from September to November while a weak 5 cm/s north-
ward flow occurs during winter.

3.2. The Seasonal Mixed-Layer Salinity Budget
We now study the processes driving the SSS seasonal cycle along the Angolan coast.

Figure 3 presents the seasonal cycle of the mixed layer salinity and the salt budget along the Angola coast. In
the model, the SSS is close to the averaged salinity in the mixed layer in which the model salt budget has been
calculated. The mixed layer salinity has a semi-annual cycle characterized by a low-salinity of value 32.5 in
February and October, respectively followed by increased salinity values up to 36 during the rest of the time,

AWO ET AL.

50f 13

85UB01 7 SUOWILLIOD BAIERID 3ol jdde au Aq peusenob ake il VO ‘SN Jo Sa|nJ 10} AIqITaUIIUO A8]IA UO (SUORIPUOD-PUE-SWB)/W0D A8 | ARIq 1 [Bul [U0//SANY) SUORIPUOD PUe SWLe | 8y} 88S *[2202/0T/L2] Uo ARiqITauljuo AB|IM ‘Yotessay auLe N JO aIniisu| Aq 8TS8TOOrZ202/620T 0T/I0p/uod A8 | im Areiq i puljuosgndnBe//sdny wo.y pepeojumod ‘. ‘2202 ‘16266912



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans

10.1029/2022JC018518

(b) rate of MLS change , ,

364 7°S ‘ - 2
35.85 (- i W ‘; 15
w3 08 VAR R
c
34.75 440g | ! L| 105 8
34.2 o &
o 2 o 2
135 { =% _20\1 " 33.65 13°S 1 "l {-05E
2 K
o {73 2 4 3
i 3 L i L
G S S)\ 32.55 A5
=
o)
17°8 e ) Ll R P 32 17°S e R ; 2
70§ o c) fresh water flux contribution | 2 78 ., d)oceani¢c contribution , | 2
- w1l
9°S = 9°S L
1 < 1 ¢
c c
11°S | 195 E11es - 3 v SRLLE-
o & o &
13° - " 05 1375 | os
T K]
4 @ q @
15°S F 15°S L
1.5 1.5
17°S — A s BT & O O 2 17°S — Rl T & O D O 2
% % %, %. %p Y Y Y % % %, % % % % %. %.L b Y Y %, % %, %

Figure 3. Latitude-time Hovmoller diagram of the model seasonal cycle of Mixed layer Salinity (a, -MSL-), the rate of the MLS change (b), the freshwater flux
contribution (c) and the oceanic contribution (d) along the Angolan coast. The mixed layer depth along the coast is superimposed in contour line (a). Unit are m for
mixed layer depth (a, contour line) and salinity per month for the rest of plots (b, c, d).

consistent with the observed SSS (Figures 2d and 2e). The monthly rate of SSS change is consistent with the
seasonal cycle of SSS, with positive rates of salinity per month up to 2 corresponding to the increase of SSS and
negative rates down to —2 corresponding to the decrease of SSS (Figures 3a and 3b). The rate of salinity change
per month is negative from December to February and from July to October, in the range of —0.5 to — 2, leading
to SSS decreases from January to March and from August to October, in the range of 36-32, respectively. But
the rate of salinity change per month is positive from March to June and from October to November, in the range
of 0.5-2, leading to an SSS increase from April to July and from November to December, in the range of 32-36,
respectively. Along the North Angolan coast, the SSS varies between 32 and 36, while it varies between 35.4 and
36 along the South Angolan coast.

3.2.1. Salt Budget Analysis: Oceanic Vs. FWF Contributions

The mixed layer salinity budget is summarized in terms of FWF contribution (Figure 3c) and oceanic contribu-
tion (Figure 3d) to the salinity rate of change along the coast. The oceanic processes combine horizontal advec-
tion, vertical advection, vertical diffusion, lateral diffusion, and entrainment at the base of the mixed layer. The
FWF combines Congo River discharge, precipitation and evaporation contributions to salinity change. The model
presents a shallow mixed layer depth between 11 and 12 m in the North Angolan coast (Figure 3a) and a deep
mixed layer depth between 16 and 25 m in the South Angola with a maximum depth during the winter Angola
upwelling. Results show that the mixed-layer salinity along the coast is mostly maintained by oceanic processes
(Figure 3d), where the horizontal advection of surface processes contribute to decrease the salinity per month by
up to —2 (Figure 4a) while subsurface processes (vertical diffusion and vertical advection) contribute to increase
the surface salinity per month up to 2. Subsurface processes increase mainly from January to April and from
August to November in North Angola. The FWF contribution is comparatively weak with a salinity per month
contribution of around 0.5 (Figure 3c) along the coast.

Finally, along the Angolan coast, the analysis highlights the horizontal advection as the main cause of low surface
salinity water mainly in February—March and September—October, while the subsurface processes increase the
SSS mainly from March to August and from November to December. In the next section, we will refine the anal-
ysis on the horizontal advection and subsurface processes.
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Figure 4. Latitude-time Hovmoller diagram of the horizontal advection (a), the lateral diffusion (b), the combined vertical advection and diffusion (c) and the
entrainment (d) along the Angolan coast. Unit: Salinity per month.
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3.2.2. Salt Budget Analysis: Horizontal Advection

Figure 5 presents the decomposition of horizontal advection into zonal (Figure 5a) and meridional (Figure 5b)
components. Along the Angolan coast, horizontal advection is dominated by the meridional component. The
Meridional advection peaks in February and September/October with values of salinity per month up to 2
(Figure 5b) when the horizontal advection also reaches the maximum of value (Figure 4a). The zonal advection
contributes slightly to increase salinity per month with a range of 0.5-1 in the North Angola. The zonal advec-
tion also slightly contributes to decrease salinity per month in the order of 0.5 in South Angola (15°S-17°S).
The result shows that the meridional component of horizontal advection contribution is more important to
explain the low-salinity intrusion presented in Figure 2 along the Angolan coast during January—March and
September—November. The zonal advection contribution is relatively minor compared to that meridional advec-
tion. However, the zonal advection slightly contributes to salinity per month in the order to 1 during February—
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Figure 5. Latitude-time Hovmoller diagram of the zonal advection (a), the meridional advection (b) along the Angolan coast. Unit: Salinity per month.
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April and September—November to counterbalance the meridional advection
along the Angolan coast. In the next section, we will deepen our investigation
on the meridional advection to see which parameter drives the seasonal cycle
of meridional advection.

Figure 6 shows the relationship between the meridional advection and the
meridional current to see whether the advection is driven by the current
dynamics. Results show that the meridional current in the mixed layer is in

phase with the meridional advection. The meridional current flows south-

ward during January—February and September—October, and reverses into

northward during March—August and November—December. The core of the
r southward current is located at the bottom of mixed layer at about 20 m with
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Figure 6. Depth-time Hovmoller diagram meridional current averaged
over the entire Angolan Coast from the model. The black line represents
the averaged mixed layer depth over the entire Angolan Coast. Equatorward

T e an intensity of —0.05 m/s in February and —0.10 m/s in October. During
Y o % January—February and September—October, the southward current can
therefore advect the low-salinity water from the Congo plume toward the
Angolan coast. However, during March—August and November—December,
the current reverses and brings back salty water northward with an intensity

current (red colour) and southward current (blue colour). Unit: cm/s. about 0.10 m/s during the winter. The southward current extends vertically

down to 100 m depth while the northward current is close to the surface layer

within the 0—10 m. The southward current is therefore part of the well-known

geostrophic Angola Current. The northward surface current could be related
to the surface wind stress or could be a coastal jet. Hence, the meridional flow is not symmetric. The poleward
flow is at the subsurface while the equatorward flow is confined to the surface. This implies an asymmetric salt
transport and may contribute to turbulence mixing.

At this stage, we can therefore conclude that the meridional current along Angolan coast is the main driver of the
low-salinity intrusion at the Angolan coast.

In the model (Figure 2e), the southward low-salinity intrusion front, limited by isoline 35, is observed mostly
in February—March and September—October. Compared to observation, the intrusion front is limited to North
Angola in the model while the intrusion front reaches the South Angola in observation products (Figure 2e
vs. Figure 2d). For instance, while the isoline 35 reaches around 14°S in the SMOS observation (Figure 2d),
the isoline 35 reaches only 11°S in the model (Figure 2e). To understand the less southward extension of the
low-salinity in model than observation, the satellite derived OSCAR current is compared to the model (Figure 2¢
vs. Figure 6). The semi-annual cycle of the near-surface current is observed in the satellite products, confirming
the robustness of the model to reproduce the cycle of the near-surface current. Nevertheless, the model southward
current in January—February and September—October is lower compared to satellite products while the model
northward current in autumn and winter is stronger than satellite products (Figure 2c). For instance, along the
Angolan coast, from January to February and September—October, the model current ranges between 0 and
—0.05 m/s in the mixed layer while satellite derived currents range from 0 to —0.15 m/s. The lowest southerly
extension of the model salinity intrusion front is then due to low model southward currents. Figures 7 and 8
compare the meridional velocity of the modeled current and the moored current located at 11°S off the Angolan
coast. Current velocities have been measured by the moored ADCP between July 2013 and May 2021 from 45
to 450 m and was first reported by Kopte et al. (2017) and recently updated by Imbol Koungue et al. (2021) to
present the direct velocity observations of Angolan Current at 11°S. The climatology of the moored current is
based on the full available mooring data (2013-2021) and the model current is based on the period from 1982 to
2015 (Figure 7). In Figure 8, we present the current monthly mean average for the common period 2013-2015
of the mooring and model. At seasonal timescale, between the depths of 50 and 100 m, the southward current
previously identified to have a role in the advection of low-salinity water is also observed in the mooring data
with maxima in February/March and September/October. This southward current extends to the surface in the
model, however this feature is not present in the mooring measured current, as the ADCP mounted at depth on
the mooring cable measures the current velocity from the bottom to 45 m only below the surface. In September,
a southward current of 10 cm/s extends to 250 m of depth in the model as well as in the mooring data. Between
the depths of 150 and 250 m, a deep northward current is simulated by the model and also present in the mooring
with a remarkable intensity of 10 cm/s in November which extends to 50 m below the surface. Despite the short
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Figure 7. Seasonal cycle of the meridional velocity of the modeled current (b) and the moored current (a) located at 11°S off
the Angolan coast. The moored current climatology is computed over the full available mooring data (2013 to 2021) and the
modeled current is computed over the period 1982 to 2015. Unit: cm/s.
common period, the simulated current reproduces the observed monthly current relatively well (Figure 8). The
subsurface southward currents velocities observed in February/March and September/October of 2013, 2014, and
2015 are identified in the model as well as the subsurface northward current velocity of the model in November/
December of 2013, 2014, and 2015.
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Figure 8. The monthly mean of the meridional current computed on the common period 2013 to 2015 of the mooring (a) and
model (b) data located at 11°S off the Angolan coast. Unit: cm/s.
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Figure 9. Latitude-time Hovmoller diagram of the vertical advection (a), the vertical diffusion (b) along the Angolan coast. Unit: Salinity per month.
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3.2.3. Salt Budget Analysis: Subsurface Processes

In the previous section (Figure 4), we show that subsurface processes are the main driver of the salinization
at the surface along the Angolan coast, especially from January to April and from August to November, when
the meridional advection weakens. In this section, we want to estimate the contribution of each component of
subsurface processes.

Figure 9 presents the decomposition subsurface processes into vertical advection and vertical diffusion. Results
show that both vertical advection and diffusion are important to explain the salinization in the mixed layer. The
vertical advection is stronger than diffusion and extends southward until 11°S while the vertical diffusion reaches
only 9°S.

The contribution of vertical advection accounts for 0.18 of salinity change per month while the vertical diffusion
is about 0.10 along the northern coast.

As subsurface processes are dominated by change in the vertical advection that results from the combination of
vertical current and vertical salinity gradient structure, we will now explore the behavior of each component of
the vertical advection.

Figure 10 presents the seasonal cycle of vertical salinity and current averaged along the coast. The vertical current
velocity ranges between —1 X 10~ and 1 X 1073 cm/s. The current velocity shows a semi-annual cycle, with a
first maximum of 0.75 x 1073 cm/s in July and a second maximum of 0.5 X 10~ cm/s in November/December.
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Figure 10. Depth-time Hovmoller diagram of salinity (a, shading colour), vertical salinity gradient (a, thin black contour line) and vertical current (b, Positive value:
upward current) averaged over the entire Angolan Coast from the model. The black line represents the averaged mixed layer depth over the entire Angolan Coast. Units:
Salinity per meter for vertical salinity gradient and cm/s for current.
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Along the coast, the core of the current velocity in July is close to the mixed layer depth. The mixed layer depth
is shallower along the North Angolan coast (about 10 m deep) than along the South Angolan coast (about 25 m
deep). Both maxima in vertical current (respectively in July and December) do not match with the strong vertical
advection contribution (respectively in February and October, Figure 9a), meaning that the observed salinization
is not predominantly related to the vertical current changes. The vertical salinity gradient at the bottom of mixed
layer depth is positive over the year (salinity is decreasing upwards, with positive depth coordinates downwards)
with a maximum in February/March and September/October (Figure 10a), except in July to August when the
vertical salinity is homogenous and therefore does not present any vertical stratification. Despite the low veloc-
ity of vertical current during the February/March and September/October, the strong vertical salinity stratifica-
tion per meter of value around 0.1 (dS/dz) during this period is enough for the weak vertical velocity of value
0.25 x 1073 cm/s to bring salty water toward the surface and therefore explains the important contribution of the
vertical advection to the salinization within the mixed layer.

4. Discussion and Conclusion

In this study, the seasonal cycle of the SSS along the Angolan Coast is investigated using observations and a
regional ocean model. The model is shown to reproduce the main characteristic of the seasonal cycle of SSS
along the Angolan coast. The model reproduces the freshwater discharge signature of the Congo River plume, a
lower salinity in February/March and October/November and a higher salinity from March to September. Along
the North Angolan coast, the standard deviation value of the observed SSS variability is of the order of 1.37 psu
while it is 0.56 psu along the South Angola coast. The analysis of the mixed-layer salinity budget from the model
reveals that the seasonal cycle of SSS is mainly driven by oceanic processes. The decomposition of oceanic
processes show that the meridional advection, the vertical advection, and the vertical diffusion drive the seasonal
cycle of SSS along the Angolan coast. The meridional advection is controlled by the meridional current, which
brings low-salinity water from the coastal water off Congo River region toward South Angola in February/
March and October/November. The meridional current corresponds to the Angola Current that flows along the
coast and may transport nutrients southward (Kopte et al., 2017; Ostrowski et al., 2009). The vertical advection
and vertical diffusion contribute only to increasing the SSS from February to April and from September to
November along the Angolan coast, contrary to the Congolese area, where both vertical processes contribute
to increase and decrease the salinity (Berger et al., 2014; Da-Allada et al., 2014). Along the Angolan coast,
changes in the divergence of the vertical advective salt flux is more related to changes in the salinity gradient
and less to the vertical velocities. The vertical velocity peaks during the Angolan upwelling season when the
meridional advection weakens along the coast. The vertical stratification is related to the low-salinity intrusion
at the Angolan coast that creates a strong vertical salinity gradient with a low-salinity at the surface layer and
a high salinity at the subsurface. During the austral winter, when the Angola upwelling is the most intense, the
strong vertical current cannot bring much salty water to the surface, since the vertical stratification of salinity is
low during the upwelling season (Figure 10a). The vertical advection then dominates the vertical processes along
the coast and this result is consistent with previous results done off the Congolese coast (Berger et al., 2014;
Da-Allada et al., 2014). These results support the complementary behavior of surface and subsurface processes
to explain the seasonal cycle of SSS along the Angolan coast. The source of the observed low-salinity intrusion
off the Angolan coast is the Congo River plume that discharges freshwater into the ocean. The salinity impact
on the Angola upwelling intensity is not really documented. During the major upwelling in austral winter, the
model surface salinity variation along the Angola coast is very weak and could not significantly affect in turn
the upwelling. However, in austral autumn and spring, when the low-salinity intrusion is observed, there could
be an impact of this low-salinity on the intensity of the weak upwelling that appears in austral spring. Indeed,
the low-salinity intrusion could inhibit the upwelling by creating a barrier layer (Dossa et al., 2019; Materia
et al., 2012). However, Martins and Stammer (2022) do not find a correlation between the plume patterns and
the different upwellings strengths in the SMOS satellite data. Using regional ocean model experiments with or
without River discharge, Alory et al. (2021) have shown that the low-salinity related to the Niger River freshwater
discharge warms the upwelling tongue by up to 1°C in the north Gulf of Guinea. This recent model experiment
could be applied to investigate the impact of Congo River discharge on the Angola upwelling. Zeng et al. (2021)
suggest that the mixing induced by internal tides can contribute to the near-coastal Angola upwelling and maybe
changes in ocean salinity. To improve our analysis related to vertical mixing, a new high-resolution simulation of
the NEMO model that includes tidal mixing should be performed to quantify the contribution of tidal mixing. As

AWO ET AL.

110f 13

85UB01 7 SUOWILLIOD BAIERID 3ol jdde au Aq peusenob ake il VO ‘SN Jo Sa|nJ 10} AIqITaUIIUO A8]IA UO (SUORIPUOD-PUE-SWB)/W0D A8 | ARIq 1 [Bul [U0//SANY) SUORIPUOD PUe SWLe | 8y} 88S *[2202/0T/L2] Uo ARiqITauljuo AB|IM ‘Yotessay auLe N JO aIniisu| Aq 8TS8TOOrZ202/620T 0T/I0p/uod A8 | im Areiq i puljuosgndnBe//sdny wo.y pepeojumod ‘. ‘2202 ‘16266912



A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans

10.1029/2022JC018518

Acknowledgments

This work is part of the TRIATLAS Euro-
pean project (South and Tropical Atlantic
climate-based marine ecosystem predic-
tion for sustainable management; H2020
Grant agreement No 817578) which
supported the post-doctoral fellowship
funded by Nansen Tutu Center for Marine
Environmental Research, Department of
Oceanography, University of Cape Town,
Cape Town, South Africa. Additional
funding came from the NRF Sarchi

Chair on Ocean Atmosphere Modeling,
the Belmont Forum CRA Transdiscipli-
nary Research for Ocean Sustainability
(Ocean 2018), EXEBUS: Ecological and
Econmic impacts of the intensification of
extreme events in the Benguela Upwelling
System and the Research Council of
Norway PCO?2 project No 309347. The
authors thank Peter Brandt and Anicet
Rodrigue Imbol Koungue for providing
the mooring data. The authors also thank
the two anonymous reviewers for their
helpful comments.

the low-salinity observed along South Angola coast comes from Congo River plume, additional investigations are
needed to better estimate the propagation speed of the low-salinity signal toward the southern Angola.
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