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Abstract. The Gabon-Congo upwelling system, located in
the southeastern Gulf of Guinea, is a highly productive ma-
rine ecosystem influenced by both local and remote phys-
ical forcing. This study investigates the seasonal variabil-
ity of the nitrate budget and biological productivity in this
region using a high-resolution (1/36°) coupled physical-
biogeochemical simulation with the NEMO-PISCES model.
The analysis highlights the relative contributions of physical
and biological processes in modulating nitrate concentrations
in both the mixed layer and the euphotic zone. Results re-
veal a semi-annual cycle of nitrate, with two upwelling peri-
ods (May–August and December) and two downwelling pe-
riods (January–April and October–November). These cycles
are primarily driven by the passage of coastal trapped waves
(CTWs) forced by equatorial Kelvin waves, inducing vertical
thermocline displacements and regulating nitrate availability
in the euphotic zone.

The nitrate budget analysis shows that the vertical diffu-
sion linked to internal tide and local wind, and vertical ad-
vection linked to the CTWs, are the dominant process sup-
plying nitrate to the mixed layer during the main upwelling
season. However, near the Congo River mouth (5.5–6° S), the

horizontal advection plays a key role, supplying significant
amounts of nitrate through the river plume. In the lower eu-
photic layer, the vertical mixing contributes to the nitrate loss
during the upwelling but becomes a source of nitrate during
the downwelling periods. The seasonal cycle of the chloro-
phyll a (CHLa) concentration follows that of nitrate, con-
firming that the primary production in this region is mainly
driven by nitrate availability. The study also highlights the
role of the Angola Current in transporting low-nitrate waters
from the Equatorial Undercurrent, which influences the ni-
trate and CHLa balance in the Gabon-Congo upwelling sys-
tem.

These findings provide new insights into the mechanisms
governing nutrient dynamics and biological productivity in
the Gabon-Congo upwelling system. Understanding these
processes is crucial for assessing the impact of climate vari-
ability on the regional marine ecosystems and fisheries.
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1 Introduction

The Eastern Boundary Upwelling Systems (EBUS) are the
most productive areas in the global ocean in terms of biolog-
ical resources, hosting almost 20 % of the world’s fisheries
(Chavez and Messié, 2009; Messié and Chavez, 2015), even
though they only represent around 1 % of the world’s ocean
surface (Fréon et al., 2009). They are therefore an impor-
tant economic support for the countries bordering these areas
(Carr, 2002). EBUS are controlled by wind stress blowing
parallel to the coast, generating an offshore Ekman transport
leading to coastal upwelling of cold and nutrient-rich waters,
which trigger primary production in the euphotic layer, with
increased surface chlorophyll a (CHLa) concentration visible
on satellite images (e.g. Gutknecht et al., 2013). Besides their
ecological richness, EBUS act as active interfaces for green-
house gases. They are recognized as significant sources of
N2O, primarily due to the oxygen minimum zone (OMZ) that
favors subsurface production (Gutknecht et al., 2013; Resp-
landy et al., 2024). Regarding CO2, while cold surface waters
enhance gas solubility, the vigorous upwelling of deep waters
rich in Dissolved Inorganic Carbon (DIC) generally domi-
nates this thermal effect, driving net CO2 outgassing near the
coast (Resplandy et al., 2024).

Beyond these EBUS, recent studies (Bachèlery, 2016;
Kopte, 2017; Awo et al., 2022) have shown that the variabil-
ity of Sea Surface Temperature (SST, a key upwelling indi-
cator) at the eastern boundary of the South Atlantic was not
only impacted by local wind forcing, but also by remote forc-
ing initiated by the equatorial dynamics. Indeed, the equa-
torial Kelvin waves (EKW) propagating along the equator
and later poleward along the coast as coastal trapped waves
(CTW) have been shown to lead to the establishment of sea-
sonal upwelling systems.

This is the case for the Gabon-Congo and Angolan tropi-
cal upwelling systems, located in the south-east of the Gulf
of Guinea (GG), which are highly productive marine ecosys-
tems (Ostrowski et al., 2009). Fishing provides around 25 %
of the Angolan population’s total animal protein intake and is
essential for economic security (Hutchings et al., 2009; Sow-
man and Cardoso, 2010; FAO, 2022). The seasonal variabil-
ity of SST along the Angolan coast has shown an evolution
that was similar to that observed in the Congo (Bachèlery et
al., 2015; Bachèlery, 2016; Kopte, 2017; Awo et al., 2022;
Brandt et al., 2023). It is characterized by a semi-annual
pattern with an initial warming in February–April followed
by a first upwelling-induced cooling in May–August. Then
there is a second warming, less significant than the first,
in September-November, followed by a second, less signif-
icant cooling in December–January. Following to Radenac et
al. (2020) and Brandt et al. (2023), in the tropical Atlantic
ocean, the thermocline and nitracline were often found at
the same depth, which meant that an upward movement of
the thermocline was associated with upward advection of ni-
trate, fueling biological productivity. Brandt et al. (2023) also

pointed out that in the Angolan tropical upwelling system,
the seasonal cycle of nitrate was in phase with that of CHLa
derived from ocean color satellites (Fig. 1). Given that the
wind stress along the coast was low for most of the year and
out of phase with the upwelling period, the upwelling was
rather shown to be induced by the passage of waves trapped
at the coast, which signature was visible on the seasonal cy-
cle of the sea level anomaly (Bachèlery, 2016; Awo et al.,
2022; Brandt et al., 2023).

The cross-shore extension of the zone covered by up-
welling is modulated by the regional ocean circulation
(Fig. 1), dominated by the southward coastal Angola Current
and Congo-Gabonese Undercurrent (Kopte, 2017; Bachèlery,
2016; Awo et al., 2022). Bachèlery (2016), based on a cou-
pled physical-biogeochemical model, showed that equatorial
remote forcing is dominant for the interannual variability of
nutrients and primary production, whereas the local wind
stress forcing is dominant for the sub-seasonal variability.
Some studies also highlighted the important role played by
turbulent mixing, locally enhanced in shallow waters near
the coast (Körner et al., 2023, 2024; Tchipalanga et al., 2018;
Rouault, 2012), in the seasonal modulation of SST and nutri-
ents in Angolan coastal waters.

The Gabon-Congo upwelling zone (from 0° N to 6° S) is
poorly documented. In a recent study using a high resolu-
tion (1/36°) simulation of the NEMO model over the GG,
Ngakala et al. (2025) assessed the seasonal mixed layer heat
budget in the Congolese upwelling system. They found that
the mixed layer heat budget in the Congolese coastal area
was driven by two major processes: warming by heat fluxes,
dominated all year long by the solar flux, and cooling by ver-
tical mixing at the base of the mixed layer. whereas the to-
tal advection contribution is less important, it plays a sec-
ondary role in the mixed layer heat budget. However, be-
low the mixed layer, vertical advection by upwelling CTWs
was crucial to raise the thermocline high enough so that cool
waters can penetrate in the mixed layer by vertical mixing.
They also mentioned that the relative contribution of vertical
advection and diffusion in the mixed layer heat budget was
sensitive to the criterion used to define the mixed layer.

These results were in agreement with the conclusion of
Körner et al. (2023) in the northern Angolan upwelling south
of the Congo River mouth. This latter study found that the net
surface heat flux warmed the coastal water further, whereas
turbulent mixing across the base of the mixed layer was
an important cooling term. Also, Scannell and McPhaden
(2018), using data from a PIRATA mooring located off the
Congo River at [8° E; 6° S], found that the seasonal evolu-
tion of mixed layer properties had two main phases: a warm
fresh phase (December–April) when solar heating was very
efficient in warming SST in a thin mixed layer, and a cold-
salty phase (May–September) driven by the intensification
of southeasterly trades in response to the onset of the West
African Monsoon and northward displacement of the ITCZ.
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They also pointed out the necessity to take into account pre-
cipitation influence in the mixed layer heat budget.

Little information has been available at the seasonal scale
for biogeochemistry in the GG. In the equatorial upwelling
system, the respective contributions of physical and biologi-
cal processes on the seasonality of nitrate and biological pro-
ductivity, in the mixed layer and euphotic layer, have been
quantified by Radenac et al. (2020). Along the coast, most
studies of biogeochemical dynamics have been either limited
to the section between 6° S and the Angola Benguela frontal
zone (Brandt et al., 2023), or have focused on the interannual
variability of biogeochemical tracers (Bachèlery, 2016). The
seasonal variability of biogeochemical tracers and biological
productivity between 0° N and 6° S is likely influenced by
three major processes: coastal upwelling, input of nutrients
by the Congo River discharge (which is the second largest
river discharge in the world; Hopkins et al., 2013), and the
stratification linked to the Congo River freshwater. The aim
of this paper is to investigate the respective roles of physi-
cal and biological processes in the seasonal cycle of nitrate
and CHLa concentration, and the respective contributions of
coastal upwelling and Congo River discharge to the biologi-
cal productivity in the Gabon-Congo upwelling system. The
paper is organized as follows: Sect. 2 describes the numerical
model and datasets; Sect. 3 presents the model validation and
the nitrate budget analysis; Sect. 4 discusses the physical-
biological interactions, and Sect. 5 provides the conclusions.

2 Data and methods

2.1 Numerical model

To understand the dynamics in the Gabon-Congo upwelling
system, we have used the NEMO (Nucleus for European
Modelling of the Ocean) ocean general circulation model
based on the primitive equations discretized on an Arakawa-
C grid (Madec and the NEMO System Team, 2024). The ver-
tical mixing is computed from a turbulent closure scheme us-
ing the GLS (Generic Length Scale) formulation.

In this work, the NEMO model was coupled with PISCES
(Pelagic Interactions Scheme for Carbon and Ecosystem
Studies), a biogeochemical model developed by Aumont et
al. (1998) and subsequently improved. Here, the version used
is PISCES-2 (Aumont et al., 2015). This model has three
main compartments: the first represents nutrients, including
nitrogen compounds (nitrate and ammonium), iron, phos-
phate and silicates; the second represents phytoplankton and
includes two classes, nano-phytoplankton and diatoms; the
third compartment represents zooplankton, made up of two
classes, microzooplankton and meso-zooplankton. We used
the PISCES (cell quotas) model with constant Redfield ra-
tios (Aumont and Bopp, 2006; Aumont et al., 2015).

A regional configuration of the GG (11° S–6° N; 10° W–
14° E) with an horizontal resolution of 1/36° and 50 verti-

cal levels is used. The atmospheric forcing is derived from
the JRA-55 reanalysis of the Japanese meteorological agency
(Kobayashi et al., 2015), except for the wind forcing which is
based on daily ASCAT (Advanced SCATterometer) satellite
data at 1/4° spatial resolution. Lateral boundaries conditions
are from Mercator GLORYS12V1 reanalysis data at 1/12°
spatial resolution for physics and NEMO-PISCES reanalysis
at 1/4° of Radenac et al. (2020) for biogeochemistry. Con-
tinental freshwater inputs for this configuration are derived
from the ISBA-CTRIP model, and in situ data from the HY-
BAM network for the Congo River. The NEMO configura-
tion, ran over the period 2007–2017 (after a two-year spin-
up), was validated by Ngakala et al. (2025) in our region of
study. This simulation has also been validated and used in the
Northern Gulf of Guinea for the coastal upwelling in summer
and its interaction with mesoscale dynamics (Thiam et al.,
2024). The reference simulation of the coupled biogeochem-
ical physical model (NEMO-PISCES) was produced over the
period 2007–2011, with a spin-up of 4 years for the biogeo-
chemical part (2007–2010). We analysed monthly and daily
outputs for the year 2011, which is characterised by neutral
conditions regarding the Atlantic Niño and Benguela Niño
interannual variability (Brandt et al., 2023).

2.2 Satellite and in-situ data

Several observational products were used to assess the
model’s ability to reproduce the physical and biogeochem-
ical characteristics of the area for the year 2011. We used
the MUR product (Multi-scale Ultra-high Resolution; Chin
et al., 2017) with 1/4° spatial resolution and daily tempo-
ral resolution to assess the regional distribution and the sea-
sonal cycle of SST. The vertical temperature distribution
was assessed using the World Ocean Atlas (WOA; Locarnini
et al., 2018; Zweng et al., 2019) climatology. The CHLa
data used came from the Globcolour productdistributed by
Copernicus Marine Environment Monitoring Service (http:
//marine.copernicus.eu/, last access: 11 April 2023), which
combines data from four ocean color satellites, with very
high spatial resolution (1 km) and daily temporal resolution.

The nutrient fields were assessed using the CSIRO Atlas
of Regional Seas climatology (Ridgway et al., 2002) which
merges several in situ databases (Argo buoys, WOD2005,
WOCE3, Global Hydrographic Program, CTD and CMAR4
hydrology archives, NIWA5 hydrographic data, and CRC6
hydrographic data). It provides physical variables (Tempera-
ture, Salinity) and biogeochemical variables (NO3, PO4, O2,
Si) both at the surface and at depth with a horizontal reso-
lution of 1/2°, 79 vertical levels from the surface to 5500 m
depth, with a step of 5 m near the surface then increasing
with depth, and a daily temporal resolution. This product
was built from 2009 and contains data from 1940 until 2011
which was the date when the last revision of the product was
made. Near surface currents from the Ocean Surface Current
Analysis Real-time (OSCAR, Johnson et al., 2007) dataset
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Figure 1. Regional ocean circulation and spatial distribution of biological and nutrient tracers. (a) Annual mean surface Chlorophyll a
concentration (CHLa, [mg m−3]). The map illustrates the spatial distribution of biological productivity across the Gulf of Guinea and the
South Atlantic African margin. Black arrows and dashed lines indicate the major surface and subsurface currents: northern, central and
southern branches of the South Equatorial Current (nSEC, cSEC and sSEC, respectively), Equatorial Undercurrent (EUC), Guinea Current
(GC), Guinea Undercurrent (GUC), Gabon-Congo Undercurrent (GCUC), South Equatorial Undercurrent (SEUC), South Equatorial Counter
Current (SECC), and Angola Current (AC). (b) Standard deviation of Nitrate concentration (SD−NO3, [mmolN m−3]). The color scale
represents the variability of nitrates in the upper ocean. The red polygon delimits the coastal domain defined as the Gabon-Congo Upwelling
System (CoUS), extending from the Congo River mouth (∼ 6° S) to the Equator (∼ 0° S), which serves as the primary study area for the
nutrient budget analysis. Blue labels highlight the discharge points of the Ogooué, Nyanga, Kouilou, and Congo rivers.

are based on satellite and in situ measurements of sea sur-
face height surface vector wind and SST. They are derived
from quasi-linear and steady flow momentum equations thus
combine geostrophic, Ekman and Stommel shear dynamics.
OSCAR product is available on a 1/3°× 1/3° grid with a 5 d
temporal resolution for year 2011, and we use it to validate
the near surface currents (first 30 m) of the model outputs.
Sea Level Anomaly was computed from the salto/duacs grid-
ded product of Absolute Dynamic Topography for 2011. This
product is based on sea surface height measurement of mul-
timission altimeters since 1992, optimally interpolated onto
0.25°× 0.25° longitude/latitude grid (Ducet et al., 2000).

2.3 Methods

The variability of nutrients and in particular nitrate is driven
by several physical and biogeochemical processes taken into
account in our model. As in Radenac et al. (2020), the nitrate
budget integrated over the mixed layer depth is represented
by the following equation:
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In Eq. (1), the term on the left represents the total nitrate ten-
dency, where the brackets 〈. . .〉 denote the vertical average
within the mixed layer of depth h. This depth h is defined
as the level where the potential density exceeds the reference
density at 3 m by approximatively 0.06 kg m−3 (Aroucha et
al., 2025). On the right side of the equation, the first three
terms represent the zonal, meridional, and vertical advections
of nitrate, respectively, with u, v andw being the components
of the velocity field. The fourth term represents the vertical
diffusion (mixing) at the base of the mixed layer (z=−h),
where Kz is the vertical diffusion coefficient that varies in
space and time. The fifth term corresponds to the entrainment
term, which represents the flux of nitrate into the mixed layer
during its deepening. However, it is not explicitly solved in
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our budget analysis. Following Radenac et al. (2020) for the
tropical Atlantic using a similar NEMO-PISCES configura-
tion, this term is negligible compared to other terms in the
budget. Finally, the SMS (Source Minus Sink) term repre-
sents the contribution of biological processes to the spatial
and temporal variability of NO3 concentrations, as detailed
in the following expression:

SMS(NO3)= Nitrif−µP
NO3
·P −µD

NO3
·D

−RNH4 · λNH4 ·1(O2) ·NH4−RNO3 ·Denit (2)

where Nitrif corresponds to nitrification, which is the con-
version of ammonium into nitrate by bacterial activity. It is
parameterized by:

Nitrif= λNH4 −
NH4

1+〈PAR〉
(1−1(O2)) (3)

where NH4 is the ammonium concentration, 〈PAR〉 is the av-
erage fraction of solar radiation available for photosynthesis,
λNH4 is the nitrification rate and (O2) is the oxygen varia-
tion in the mixed layer, which provides information on the
oxic and anoxic conditions of the water column: The sec-
ond and third terms on the right of Eq. (2) are the growth
of nanophytoplankton and diatoms, where µP

NO3
and µD

NO3
are their growth rates, P and D are their concentrations
respectively.RNH4 and RNO3 are the stoichiometric N/C ra-
tios of ammonification and nitrification respectively. Denit
represents denitrification which occurs when the water be-
comes anoxic, and so nitrate (instead of oxygen) is consumed
by remineralization of organic matter. A detailed descrip-
tion of the terms of these equations is given by Aumont et
al. (2015). We used the parameter PISCES values modified
for the Tropical Atlantic ocean from Radenac et al. (2020).
The balance terms in Eq. (1) have been calculated online for
2011. As the lateral diffusion term is generally negligible
compared with the others, it will not be discussed further.

Since the advection in Eq. (1) depends on both nitrate gra-
dients and velocities, we investigate which component pri-
marily controls its contribution. First, we analyze the sea-
sonal evolution of gradient and velocity following Awo et
al. (2022). Second, we evaluate the individual contributions
of seasonal variations in velocity and gradient, as well as
their combined effect, following Topé et al. (2023), accord-
ing to Eq. (4).

(Vi · ∇i (NO3))
′
= V ′i · ∇i (NO3)+Vi ·∇i(NO3)

′

+V ′i · ∇i(NO3)
′ (4)

The total seasonal variation of the advection term is thus de-
composed into three distinct contributions:
V ′ · ∇ (NO3) (Current variability), this term quantifies the

impact of current velocity anomalies acting upon a mean
(steady-state) nitrate distribution. It isolates the effect of cur-
rent acceleration or intensification (such as the SEUC or the

Angola Current) on nutrient transport. V · ∇(NO3)
′ (Gra-

dient variability), this term represents the impact of sea-
sonal changes in the nitrate concentration gradient under a
mean circulation. It highlights the influence of seasonal wa-
ter mass enrichment, particularly via the Congo River plume.
V ′ ·∇(NO3)

′ (Non-linear term), this term accounts for the si-
multaneous interaction between current fluctuations and gra-
dient fluctuations. To determine which of these mechanisms
predominantly governs the nitrate budget, Pearson correla-
tion coefficients were calculated between the total advective
anomaly and each decomposed component. This statistical
approach serves a critical physical objective: it allows us to
disentangle whether the seasonal nitrate supply is driven pri-
marily by the kinematic modulation of the flow (circulation-
driven) or by the pulsing of the nutrient source (supply-
driven). A high correlation with the current term would iden-
tify regional circulation such as the SEUC or Angola Cur-
rent as the primary pump, whereas a dominant correlation
with the gradient term would pinpoint the massive periodic
enrichment, particularly from the Congo River plume, as
the main trigger of nitrate variability. All reported correla-
tions are statistically significant at a 95 % confidence level
(p < 0.05). By establishing this statistical hierarchy, we can
physically characterize the system as being either transport-
limited or supply-limited, providing a rigorous diagnostic of
the processes regulating primary productivity in the Gabon-
Congo upwelling. The Primary production (NPP) was calcu-
lated from the phytoplankton evolution equation (Aumont et
al., 2015):

NPP=
(
1− δP)

µP
·P (5)

In this equation, P is the phytoplankton biomass (diatoms),
δP represents the exudation of the phytoplankton (diatoms).
µP is the specific growth rate of the phytoplankton tak-
ing into account nutrient and light availability. Note that
this equation applies to each phytoplankton species (diatoms
or nanophytoplankton), and total NPP is the sum of NPP
from both diatoms and nanophytoplankton. µP is the specific
growth rate of the phytoplankton taking into account nutrient
and light availability.

NPP, which represents the organic matter synthesized by
phytoplankton after accounting for autotrophic respiration,
is calculated online by the coupled NEMO-PISCES model.
Within the model framework, NPP is partitioned into New
Production (NP), fueled by external nutrient inputs (primar-
ily nitrate) through advection and diffusion, and Regener-
ated Production (RP), sustained by nutrients recycled within
the euphotic zone (primarily ammonium). Both NP and RP
components are computed online, providing a detailed break-
down of the trophic status and nutrient utilization efficiency
in the Gabon-Congo upwelling system.
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3 Results

3.1 Model/data comparison

3.1.1 Spatial variations during the upwelling period

The assessment of our model simulation has been done us-
ing several observation products of physical variables, in-
cluding Sea Surface Temperature (SST), Sea Surface Height
(SSH), and ocean currents, as well as biogeochemical trac-
ers such as nitrate (NO3) and CHLa, based on both satel-
lite and in situ data. Figure 2 shows the regional distribution
from observations and model outputs for both SST (Fig. 2a–
b), nitrate concentration (Fig. 2c–d) and CHLa concentra-
tion (Fig. 2e–f), averaged for austral winter (June, July and
August) which is the main Gabon-Congo upwelling period
(Ngakala et al., 2025). As can be seen, the upwelling fea-
ture is well captured by the model with cooling of surface
water at the coast below 23 °C in the model and 22 °C in
the MUR product (Fig. 2a, b). This cooling feature is con-
sistent with high nitrate (Fig. 2c, d) and CHLa (Fig. 2e, f)
concentrations in both models and observation, particularly
north of the Congo estuary (6° S) and nearby Kouilou River
mouth (Fig. 2e) at 4.47° S. These cool and enriched nutrient
coastal waters are spread offshore displaying a cross-shore
gradient, with a greater extension in the observation than the
model. The highest nitrate concentration in the coastal waters
is greater than 10 mmolN m−3 in the model (8 mmolN m−3

in the observation) located mainly in the Congo River plume
area, inducing enhancement of PP resulting in a strong CHLa
signature.

The offshore area (7–10° E) is the oligotrophic zone char-
acterized by relatively warm waters (24.5 °C in the model and
23.5 °C in the observation), depleted in nitrate and less pro-
ductive in CHLa concentration. In this offshore area nitrate
concentrations are lower than 1.6 mmolN m−3 in the obser-
vation and 0.8 mmolN m−3 in the model.

Although the model captures relatively well the regional
distribution of the 3 variables, we can see some differences.
For instance, the model is warmer than observations by about
1 °C and shows stronger nitrate concentration (by about
2 mmolN m−3) and CHLa concentration (6–10 mg m−3) at
the coast. In the offshore area, the model seems to be less en-
riched in nitrate concentration than the observation by about
0.8 mmolN m−3.

High variability of nitrate concentration is found in the
coastal Gabon-Congo area (Fig. 1b) and in the Congo river
plume zone as we can see in model annual standard devia-
tion distribution of NO3. Therefore the red box (0–6° S, 1°
width coastal band) in Fig. 1b is used to analyze the vertical
nitrate profile to assess the model’s ability to capture its ver-
tical distribution. This area corresponds to our studied area
in the Gabon-Congo coastal upwelling zone.

Very close to the surface, water masses are nutrient de-
pleted for both model and observation (Fig. 3), likely due to

photosynthesis activity of phytoplankton that consumes ni-
trate in presence of light, increasing its biomass thus CHLa
concentrations. However this depletion is more pronounced
in the model than in the observation. In the subsurface, the
high nitrate concentration is due to the remineralization of
organic matter by bacteria and coastal upwelling of deeper
enriched nitrate waters, with the model showing higher con-
centrations than observed. Although nitrate isolines are shal-
lower in the model than in observations below about 15 m
depth, some nitrate isolines are relatively well captured by
the model, for instance isolines 7 and 10 mmolN m−3.

3.1.2 Seasonal cycle of SST, nitrate, SLA and current
in the Gabon-Congo coastal area

Now we use the coastal box defined in Fig. 1b to evaluate
the seasonal cycle of nitrate. The nitrate seasonal variabil-
ity is characterized by a semi-annual cycle with two max-
ima and two minima in the model and the observations. The
main maximum occurs from May to September when SST
reaches its minimum of 20 °C in both model and observa-
tions (Fig. 4c, d) and the secondary maximum occurs in De-
cember when SST reaches a secondary minimum of 25.5 °C
in the model and 24.5 °C in observation. We have a warmer
SST reaching 30 °C from January to April and 26 °C from
October to November in both the model and the observa-
tions. This semi-annual SST cycle is likely due to CTWs
propagation since it is consistent with the SLA seasonal cycle
(minimum SST corresponds to negative SLA and maximum
SST corresponds to positive SLA) as mentioned earlier by
Ngakala et al. (2025) in the same area. Indeed, the propaga-
tion of CTWs induce vertical migration of the thermocline
resulting thereby in cooling or warming at the surface. At
the seasonal scale, the propagation of upwelling CTWs from
May to September and in November–December uplifts ther-
mocline, supplying cold waters to the surface and reducing
Sea Surface Height (SSH) by steric effect. As downwelling
CTWs propagate from January to April and in September–
October, they deepen thermocline, warming the surface and
increasing SLA. The cold waters upwelled by CTWs (May–
September) are highly enriched in nitrate, whereas warm sur-
face waters induced by downwelling CTWs (January–April
and September–October) are nitrate depleted. The seasonal
variability of SLA due to CTWs (Fig. 4a, b) is consistent
with the seasonal variability of SST (Fig. 4c, d) and of nitrate
concentration (Fig. 4e, f) in both the model and observations.
The highest nitrate concentration is around 10 mmol m−3

near the Congo River mouth (6° S) and decreasing north-
ward, however the observations seem to be richer in nitrate
than the model. In December during the secondary cool-
ing, nitrate concentration in the model is greater by about
1.2 mmol m−3 than observed along the coast. In the warming
period (January–April and October–November), this coastal
area seems to be nitrate depleted.
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Figure 2. Comparison between model (left hand side) and observations (right hand side) with regional distribution of sea surface tempera-
ture (a, b), nitrate concentration (c, d) and CHLa concentration (e, f) averaged for austral winter (June, July, August).
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Figure 3. Comparison between model (a) and observation (b) using vertical distribution of nitrate concentration in the first 90 m, in the coastal
box (3–6° S and 1° width band to the coast) in the main upwelling season (June, July and August). black represents nitrate concentration
isolines.

Despite the model capturing the SLA signature, the ob-
served seasonal cycle of SLA remains more intense than
in the simulation. This feature is driven by the combined
effect of remotely forced Equatorial Kelvin Waves (EKW)
and poleward-propagating CTWs (Bachèlery, 2016; Kopte,
2017; Awo et al., 2023; Brandt et al., 2023). During cooling
periods, upwelling CTWs decrease the SLA and uplift the
thermocline. Following Radenac et al. (2020), the thermo-
cline depth in this region acts as a reliable proxy for the ni-
tracline; its upward migration significantly enhances nitrate
supply to the surface, fueling biological productivity. Con-
versely, the downwelling waves observed in the warming pe-
riods increase the SLA and deepen the nitracline, leading to
the nutrient-depleted conditions described previously.

High nitrate concentrations support biological production,
therefore correspond to high CHLa signals at the surface
(Fig. 5). On the contrary, during the warming period, the
downwelling CTWs propagating along the coast increase
SLA, deepen the thermocline (Ngakala et al., 2025). This
also deepen the nitracline and consequently deplete the ni-
trate concentration at the ocean surface, thus the low CHLa
signal (Fig. 5).

The variability of simulated near-surface currents between
0 to 15 m depth (Fig. 6) was compared to the OSCAR prod-
uct. Here, we make a latitudinal section at 4° S and look at
the seasonal cycle of meridional currents (Fig. 6a and b) from
7° E to the coast for both the model (Fig. 6a) and observations

(Fig. 6b). We do not restrict to the Gabon-Congo box as we
have done for other variables, because the OSCAR product
is not well resolved at the vicinity of the coast. So we can see
that the model reasonably represents the seasonal variabil-
ity of meridional currents with northward velocities in April,
June–September and November–December with the magni-
tude of around 0.1 m s−1. In the observations, this structure is
more or less similar, but we can see some differences: south-
ward velocities between 8.5 and 10.2° E in July, and also be-
tween 7 and 9° E during August–September and January, are
not found in the model.

Nevertheless, we can see in both products southward
currents in February–March and October with a strong
magnitude of 0.25 m s−1 in the observations though only
0.15 m s−1 in the model. This seasonal structure is consistent
with the seasonal cycle of meridional currents off Angola,
further south, and the southward flow in February–March
and October seems to be the Angola current (Kopte, 2017).
To assess the zonal current (Fig. 6c and d), we make a lon-
gitudinal section at 10° E and we look at the seasonal cycle
of zonal current between 3° S and 7° S. The modeled zonal
structure with westward velocities from April to August and
November–December has a magnitude of about 0.1 m s−1

along the section (Fig. 6c), in agreement with the observa-
tions (Fig. 6d), which also show westward velocities from
April to August. However there are some differences with
the model from March to August between 3 and 4.5° S where
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Figure 4. Comparison between modeled (left) and observed (right) seasonal cycles of Sea Level Anomaly (a, b), SST (c, d) and nitrate
concentration (e, f) averaged in the coastal box (6–0° S, 1° width).

we can observe very strong (more than 0.5 m s−1) eastward
flow. In contrast to the model, the flow during November is
eastward in the observation. The noticeable similitude is the
eastward flow in January–February and October with a mag-
nitude of 0.15 m s−1 which seems to be the signature of the
South Equatorial UnderCurrent (SEUC). This eastward cur-
rent is deeper further offshore (100 m depth) west of 0° E
(Bourlès et al., 2004) and rising near the surface near the
coast (Nubi et al., 2016; Assene et al., 2020).

3.2 Nitrate budget in the mixed layer

Generally, the seasonal variations in CHLa are thought to
be primarily related to seasonal variations of the nitrate in-
put in the equatorial Atlantic ocean (Loukos and Mémery,
1999; Radenac et al., 2020) and in the tropical Angolan up-
welling (Brandt et al., 2023). This is probably the case also
in the Gabon-Congo coastal area, where the seasonal cy-
cles of nitrate (Fig. 7a) and CHLa (Fig. 5) in our model
are very consistent. Corresponding to the semi-annual vari-
ability of nitrate, the seasonal change rate of its concentra-
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Figure 5. Seasonal cycle of CHLa concentration (in background) and wind stress (black arrow) along the Gabon-Congo coastal box (6–0° S,
1° width) area in the model.

tion (Fig. 8b) displays a four-phase cycle: a first increasing
phase between March and August with a highest amplitude
(0.3 mmol m−3 d−1) in July, followed by a decreasing phase
in September–November with a highest amplitude in Octo-
ber (0.01 mmol m−3 d−1 north of 5° S and about −0.13 to
−0.3 mmol m−3 d−1 between 5 and 6° S all years long).

Then we have a weak second increasing phase in
November–December of about 0.1 mmol m−3 d−1

and a weak decreasing phase in January–February
(0.01 mmol m−3 d−1). This semi-annual cycle is due to
a balance between nitrate supply by physical processes
(Fig. 7c), maximum during the main upwelling period, and
nitrate consumption by biological processes (Fig. 7d).

3.2.1 Seasonal Nitrate Budget Analysis: Horizontal Vs
Vertical Contributions

Looking at our previous results, we saw that physical pro-
cesses drive the nitrate supply in the Gabon-Congo upwelling
system, now we will look at the contribution of horizon-
tal and vertical processes to understand which are the main
drivers for this nitrate supply. Figure 8 shows that horizon-
tal and vertical processes (Fig. 8a and b respectively) are of
great importance for nitrate supply.

In fact, as we can see in the Fig. 8, vertical processes
(Fig. 8b) are the main driver of nitrate supply during the
upwelling between 0 and 5.5° S with an input magnitude of
around 1 mmol m−3 d−1 along the coast while the horizontal
processes are the main driver at the vicinity of Congo river
mouth (5.5–6° S) all year long. The latter seems to be dom-
inated by zonal advection (Fig. 8c) with a very high nitrate

input of more than 1.2 mmolN m−3 d−1 nearby 6° S with a
northward extension, largest firstly in November–December
and secondly in June–July. This is consistent with the sea-
sonal maximum of Congo River discharge, which suggests a
nitrate input through the river plume (Hopkins et al., 2013).
North of 6° S, meridional advection (Fig. 8e) drives horizon-
tal processes.

The nitrate budget analysis reveals also that vertical pro-
cesses (Fig. 8b) are dominated by vertical mixing (Fig. 8f),
while vertical advection has the same seasonality but a
smaller contribution (Fig. 8d). Indeed, the nitrate input by
the vertical diffusion is about 0.7 mmolN m−3 d−1 but only
around 0.5 mmolN m−3 d−1 by vertical advection. Both ver-
tical processes decrease nitrate concentration nearby 6° S,
under Congo River plume influence with the dominant zonal
advection contribution. Indeed, as nitrate concentration is
greater in the near-surface Congo River plume than in subsur-
face (between 5 to 10 m, see Fig. 3), deeper waters rising at
the surface by vertical advection reduce nitrate in the plume
area.

Similarly, vertical mixing of subsurface waters with the
plume waters decreases nitrate concentration at the surface,
although the strong haline stratification associated with the
Congo River plume limits this effect.

It is important to note that, on the one hand, vertical advec-
tion (Fig. 8d) and vertical diffusion (Fig. 8f) have the same
seasonality as SLA (Fig. 4a), in opposite phase, northward
of 5.5° S. This suggests that the upwelling associated with
CTWs (negative SLA) induce these vertical processes and
therefore drive the input of nitrate in the northern part of the
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Figure 6. Seasonal cycle of surface current, zonal current (a, b) at 10° E section and between 3 and 7° S and meridional current (c, d) at 4° S
section from 7° E to the coast.

Gabon-Congo coast. On the other hand, horizontal advection
(both zonal and meridional advections) has the same season-
ality as the Congo River discharge between 5.5 and 6° S. This
suggests that the Congo River supplies nitrate through zonal
advection, near its mouth.

3.2.2 Regional Nitrate Budget Analysis in the main
upwelling period: Physical Vs Biological
Contributions

The regional distribution of nitrate balance terms aver-
aged over the mixed layer for the austral winter (June–
July–August), when upwelling reaches its maximum inten-
sity, is presented in Fig. 9. The nitrate tendency (Fig. 9b)
shows that during the upwelling period, nitrate input oc-
curs throughout the domain with values varing between
−0.3 to 0.3 mmolN m−3 d−1 in the plume zone and 0.2 to
0.56 mmolN m−3 d−1 along the coast in the northern part.
In the offshore zone, the nitrate tendency is lower, with a
magnitude of around 0.05 mmolN m−3 d−1. This distribution
of the nitrate tendency shows that the input of nitrate by

physical processes (Fig. 9c) is slightly greater than the up-
take of nitrate by biological processes (Fig. 9d) throughout
the area, explaining the positive nitrate change rate, except
at the Congo River mouth where we have negatives val-
ues. Figure 9a shows that nitrate inputs along the coast are
very high close to river mouth and varies a lot along the
coast over a width of about 165 km from the coast. Dur-
ing this main period of upwelling, in general, vertical pro-
cesses (Fig. 10b) largely dominate the nitrate supply across
the entire continental shelf. A continuous coastal band of
strong enrichment is observed, with values often exceed-
ing 0.513 to 0.677 mmolN m−2 d−1. Conversely, horizon-
tal processes (Fig. 10a) show a more localized and over-
all lower contribution throughout the domain, with the no-
table exception of the Congo and Ogooué River mouth (∼ 6
and 1° S respectively), where a massive positive flux (dark
red, > 0.677 mmolN m−2 d−1) is observed. Comparing the
spatial structure of the total horizontal process (Fig. 10a)
with its individual components reveals a striking similar-
ity to zonal advection (Xad, Fig. 10c). The Xad signal
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Figure 7. Latitude-time Hovmöller diagram of the model seasonal cycle of Mixed Layer Nitrate (MLN) budget (a), the rate of the MLN
change (b), the physical process contribution (c) and the biological process contribution (d) along the Gabon-Congo coast. Units are
mmolN m−3 and and mmolN m−3 d−1 for (a) and (b), (c), (d), respectively.

(Fig. 10c) almost perfectly reproduces the nitrate patch ob-
served at the Congo mouth, indicating that zonal transport
(east–west) is the main driver of horizontal nitrate injec-
tion into the mixed layer, associated with the offshore ex-
tension of the river plume. Although meridional advection
(Yad, Fig. 10e) exhibits significant dipole structures near the
Congo and patches along the coast, its intensity and spa-
tial pattern provide a less compelling explanation for the
overall horizontal process signal. It can therefore be con-
cluded that zonal advection is the dominant term dictating
the distribution of horizontal fluxes in this region. The study
of vertical components shows that the total vertical pro-
cess (Fig. 10b) results from two distinct yet complementary
mechanisms. Vertical advection (Zad, Fig. 10d) shows very
intense (> 0.677 mmolN m−2 d−1) but highly localized sup-
ply along the coastline and capes, representing the typical
signature of coastal upwelling driven by wind and Coastally
Trapped Waves (CTWs). However, vertical diffusion (Zdf,

Fig. 10f) shows the strongest resemblance to the overall
Vert_Process. It exhibits a broad and homogeneous distribu-
tion extending well offshore from the coast, with sustained
values between 0.349 and 0.513 mmolN m−2 d−1. Unlike ad-
vection, which is highly segmented, vertical diffusion bet-
ter explains the spatial continuity of nitrate supply across the
shelf. This suggests that while advection (upwelling) brings
nitrate to the base of the mixed layer, turbulent mixing (dif-
fusion) ensures its effective distribution toward the surface
across the entire domain.

3.3 Nitrate budget in the euphotic layer and along the
water column

Now, in addition to the processes acting in the surface mixed
layer, we investigate other processes involved in the nitrate
budget below the mixed layer by analysing the nitrate bud-
get in the euphotic layer, generally defined as the zone where
light penetration exceeds 1 % of the surface light, allowing
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Figure 8. Latitude-time Hovmöller diagram of the model seasonal cycle of horizontal (a) and vertical (b) process contributions, zonal (c),
meridional (e), vertical (d) advections, vertical diffusion (f) averaged in the mixed layer along the Gabon-Congo coast. Units are
mmolN m−3 d−1.

for the presence of phytoplankton and other photosynthetic
organisms. The seasonal variations of thermocline, mixed
layer and euphotic layer depths are compared in Fig. 11. In
Fig. 11a, the thermocline (20 °C isotherm) variation is very
close to the nitracline as suggested by Radenac et al. (2020).
The mixed layer euphotic layer is very shallow (∼ 10 m)
throughout the year probably due to the Congo River plume
stratification. The euphotic layer extends deeper than the
mixed layer, but is generally shallower than the thermocline,
except from June to September. The euphotic layer gets thin-
ner during upwelling through the enhancement of CHLa con-
centration which reduces light penetration (self-shadowing
by CHLa). Overall the nitrate tendency (Fig. 11b) has the
same semi-annual variation in the euphotic layer than in the

mixed layer, although more intense in the euphotic layer with
a maximum at the bottom of the euphotic layer. In fact, most
nitrate input by physical processes (Fig. 11c) happens in the
mixed layer, where it is almost balanced by biological nitrate
uptake (Fig. 11d). In contrast, in the euphotic layer below
the mixed layer (between 10 and 40 m depth), biological pro-
cesses are poorly active and the nitrate variability is almost
exclusively induced by physical processes. The mean ni-
trate input in the euphotic layer is about 0.1 mmolN m−3 d−1

during the main upwelling period and the maximum input
(0.2 mmolN m−3 d−1) occurs in May at the base of the eu-
photic layer (Fig. 11b).

In the euphotic layer, biological activity is dominated by
photosynthesis which removes nitrate, whereas below the
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Figure 9. Spatial distribution averaged over the main upwelling period of (a) nitrate, (b) nitrate tendency contributed by (c) physical processes
and (d) biological processes, all averaged in the mixed layer in Austral winter. The mean current in the mixed layer is superimposed in (a).
Nitrate concentration units are mmolN m−3 and the tendency terms units are mmolN m−3 d−1.

euphotic layer remineralization supplies nitrate with about
0.05 mmolN m−3 d−1 almost all year long (Fig. 11d).

3.3.1 Euphotic Layer Nitrate Budget Analysis:
Horizontal Vs Vertical Contributions

Figure 12 shows that, even in the euphotic layer, the physi-
cal contribution to nitrate supply (Fig. 11c) is mostly driven
by vertical processes (Fig. 12b). However, the large decrease
in nitrate (Fig. 11b) in October is also caused by horizon-
tal contributions (Fig. 12a) in the euphotic layer. Between
the surface and 5 m depth, horizontal processes dominate ni-
trate input (Fig. 12e). In the euphotic layer below, meridional
advection is the main driver of nitrate removal almost year-
round, particularly in June and October.

Zonal advection (Fig. 12c) supplies nitrate in the euphotic
layer, with a maximum above the mixed layer depth, through-
out the year. This nitrate input is more than compensated by
nitrate lost by meridional contribution, below the upper 5 m
(Fig. 12e), except in June, July and August. Vertical advec-
tion (Fig. 12d) is the dominant vertical process (Fig. 12b) in
the nitrate budget. Below 30 m depth, it has a semi-annual
cycle characteristic of upwelling and downwelling CTWs
propagation, associated with nitrate increase when the ther-
mocline shallows and nitrate decrease when the thermocline
deepens, with the maximum and minimum values around
the thermocline depth. Moreover, vertical advection supplies
more nitrate in the mixed layer than in the euphotic layer
below during the main upwelling period (June, July and Au-
gust), but rather the opposite during the second upwelling
period (December). Between the mixed layer depth and the
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Figure 10. Contribution of (a) the horizontal processes, including (c) zonal advection and (e) meridional advection, and (b) vertical processes,
including (d) vertical advection and (f) vertical diffusion, to the nitrate budget averaged in the mixed layer during the austral winter. Units
are mmolN m−3 d−1.
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euphotic layer depth, vertical diffusion (Fig. 12f) tends to
partially compensate for the effects of vertical advection on
nitrate. However, in the mixed layer it mostly supplies nitrate,
particularly during the upwelling seasons.

3.3.2 Nitrate budget analysis: advection components
analysis

As nitrate advection depends on velocity and on the nitrate
gradient, we now evaluate the individual contributions of sea-
sonal variations in velocity and nitrate gradient, as well as
their combined effect, to the seasonal variations of nitrate ad-
vection (see Sect. 2.3, Eq. 4).

Horizontal advection

Figure 13 allows to visually compare the depth-time struc-
ture of the zonal nitrate advection (Fig. 13a) with that of its
different components, while correlation r is used to quantify
the comparison.

The seasonal cycle of zonal nitrate advection in the 0–
100 m water column (Fig. 13a) is controlled first by the term
u · ∇x(NO3)

′ (Fig. 13e, r = 0.77, p < 0.05), i.e. the annual
mean zonal current multiplied by the seasonal variations of
the nitrate zonal gradient, second by the term u′ · ∇x (NO3)

(Fig. 13d, r = 0.49, p < 0.05), i.e. the seasonal variations of
the zonal current multiplied by the annual mean nitrate zonal
gradient, and third (and much less) by the term. The third
component, which represents the simultaneous variation in
zonal current and nitrate gradient u′ · ∇x(NO3)

′ , (Fig. 13f,
r =−0.15, p < 0.05), i.e. the product of seasonal variations
of both the zonal current and the nitrate zonal gradient. The
seasonality of the zonal current (Fig. 13c) is influenced by the
seasonal cycle of the South Equatorial Undercurrent (SEUC),
with maximum values in September–October and February–
March (Siegfried et al., 2019) in this zone (0–6° S, 1° from
the coast). Thus we can conclude that the SEUC plays a
key role in the nitrate balance in the Gabon-Congo system
by bringing nitrate in February–March and in September–
October to the euphotic layer.

In the euphotic layer, we see that, as for the meridional
nitrate advection, the meridional current (Fig. 14c) look-
ing at the shape seems to be the main factor in the verti-
cal and temporal variation shape of the meridional nitrate
advection (Fig. 14a). The Angola current (AC), is the fac-
tor which modulates nitrate lost by meridional nitrate advec-
tion throughout the year, with maximum loss in September–
October and June–July, in and below the euphotic layer, ex-
cept In the first 5 m-depth.

Our analysis in this section reveals that the simultane-
ous variation in both the meridional current and the gradi-
ent (v′ · ∇y(NO3)

′, Fig. 14f) exhibits the highest correlation
(r = 0.527, p < 0.05) with meridional nitrate advection, thus
explaining the major changes in advection. This result high-
lights the significant impact of the concurrent variability of

both meridional current and gradient on meridional nitrate
advection in the euphotic layer. In contrast, gradient varia-
tion (v · ∇y(NO3)

′, Fig. 14e) is poorly correlated (r = 0.97,
p < 0.05) with meridional nitrate advection. The very low
positive correlation with total meridional advection (a) indi-
cates this term, representing the effect of a mean meridional
current acting on a fluctuating nitrate gradient. This suggests
that either the mean meridional current is weak, or its interac-
tion with the fluctuating gradient does not lead to significant
changes in overall advection. The variation in the meridional
current (v′ ·∇y (NO3), Fig. 14d) shows the lowest correlation
(r = 0.287, p < 0.05). This low, negative correlation with to-
tal meridional advection (Fig. 14a) indicates that this term,
representing the effect of fluctuating meridional currents on
a relatively stable mean nitrate gradient, is not a dominant
driver of the overall meridional nitrate advection. In fact,
a negative correlation suggests it might weakly oppose the
main advection pattern or have an inverse relationship. This
implies that the mean gradient is either small or the merid-
ional current variations are not aligned to produce significant
advection changes via this mechanism.

Vertical processes

Our analysis reveals that within the euphotic layer, the varia-
tion in the vertical gradient w · ∇z(NO3)

′, Fig. 15e) appears
to better explain the variation in vertical nitrate advection
(Fig. 15a), showing a correlation of r = 0.79 (p < 0.05). In
contrast, vertical velocity variation (w′ · ∇z(NO3), Fig. 15d)
plays a secondary role, with a correlation of approximately
0.646 (p < 0.05) with vertical nitrate advection. Looking
now at the vertical nitrate advection, we can see strong sim-
ilarities in the vertical and temporal variation structure be-
tween vertical advection seasonality (Fig. 15a), vertical ni-
trate gradient seasonality (Fig. 15b) and vertical velocity sea-
sonality (Fig. 15c), both three are very strong in the euphotic
layer. We can also see in the semi-annual vertical velocity
that from April to August and November–December, verti-
cal velocities are upward corresponding to negative values
of SLA (Fig. 4a, b), lowest SST (Fig. 4c, d) values and
highest nitrate concentration (Fig. 4e, f). From January to
March and September–October, vertical velocities are down-
ward corresponding to positive values of SLA (Fig. 4a, b),
highest SST (Fig. 4c, d) values and lowest nitrate concentra-
tion (Fig. 4e, f). This later observation confirms that CTWs
propagating from April to August and November–December
are associated with upwelling. In contrast, CTWs propagat-
ing from January to March and September–October are as-
sociated with downwelling. Note that similar results were
found by Ngakala et al. (2025) for the seasonal heat budget
in the Gabon-Congo upwelling (from 4–6° S and 1° width to
the coast) and also further south in the Angolan upwelling by
Körner et al. (2024).

However, if we average in the first hundred meters, ver-
tical velocity variation has the highest correlation of 0.831
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Figure 11. Depth-time Hovmöller diagram of the seasonal cycle of the nitrate budget averaged within the Gabon-Congo coastal box (0–
6° S, 1° wide coastal band, as shown in Fig. 1). (a) Nitrate concentration (mmolN m−3), (b) nitrate rate of change, (c) physical process
contribution, and (d) biological process contribution (mmolN m−3 d−1). The black solid line represents the thermocline (20 °C isotherm),
while dashed magenta, red and black lines indicate the euphotic, isothermal and mixed layer depths, respectively.

(p < 0.05) with vertical advection, whereas vertical gradient
variation has only 0.63 (p < 0.05) of correlation with verti-
cal advection. The third component (w′ ·∇z(NO3)

′, Fig. 15f)
has a lower negative correlation−0.062 (p < 0.05) with ver-
tical advection. During the upwelling period, the variation in
vertical gradient (Fig. 15e) at the base of the mixed layer has
a much greater influence on nitrate supply than the variation
in vertical velocity (Fig. 15e). Another observation is that in
the same main upwelling period there is a lag between max-
imum vertical current which happens in May and the max-
imum vertical gradient indicated by the shallowest thermo-
cline in July. This lag results in a highest input of nitrate by
vertical advection (Fig. 15a) in the mixed layer in June. It
can be seen that the nitrate output by vertical advection dur-
ing the downwelling period is mostly induced by the vertical
nitrate gradient in the mixed layer whereas deeper in the eu-
photic layer these losses are induced by vertical downward
velocities induced by downwelling CTWs propagation.

4 Discussion

In this section, we discuss our results: the model-data com-
parison, the influence of the mixed layer criteria, the main
nitrate budget drivers in the Gabon-Congo upwelling system
compared to the other tropical Atlantic upwelling systems.
Finally, we will explore the factors governing seasonal pro-
ductivity in the Gabon-Congo upwelling system, integrating
our understanding of physical forcing and nutrient availabil-
ity to characterize its biological response. Through this com-
prehensive discussion, we aim to provide a nuanced under-
standing of the oceanographic processes at play in the coastal
Congo region and the capabilities and limitations of our mod-
eling approach.

Throughout this work, we have shown that our model rea-
sonably reproduces the observations in terms of temperature,
nitrate, CHLa, SLA and surface currents, although there are
a few differences that we will discuss in this section. First of
all, we saw that temperature in our model is warmer than ob-
served by around 1 °C in regional distribution (Fig. 2a, b) as
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Figure 12. Depth-time Hovmöller diagram of the model seasonal cycle of contributions to the nitrate budget of horizontal and vertical
processes ((a) and (b) respectively), zonal, meridional, vertical advections ((c), (e) and (d) respectively), vertical diffusion (f) along the
Gabon-Congo coast (0–6° S and 1° width to the coast). Units are mmolN m−3 for all of the plots. The black solid line represents the thermo-
cline (20 °C isotherm), while dashed magenta, red and black lines indicate the euphotic, isothermal and mixed layer depths, respectively.

well as in seasonal cycles (Fig. 4c, d). This is a common bias
in ocean and climate models in the Eastern tropical Atlantic
(Richter, 2015; Zuidema et al., 2016; Voldoire et al., 2019).
Indeed, several studies suggest that this warm bias is mul-
ticausal. While it is partly attributed to models’ deficiency
in simulating low-level clouds, resulting in overestimation
of shortwave radiation (Xu et al., 2014), other factors play

a critical role. These include errors in atmospheric forcing,
specifically the misrepresentation of the coastal low-level jet
and wind stress, which can weaken coastal upwelling (Ca-
bos et al., 2017; Voldoire et al., 2019). Furthermore, complex
air-sea feedback mechanisms (Koseki et al., 2018) and diffi-
culties in simulating the vertical thermocline structure in the
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Figure 13. Depth-time Hovmöller diagram of the model seasonal cycle of nitrate advection (a), nitrate gradient (b), zonal current (c),
zonal current variation times mean nitrate gradient (d), gradient variation times mean current (e) and gradient variation times zonal current
variation (f), all along the zonal axis in the Gabon-Congo coastal box of Fig. 1. Units are milli mol per cubic meter per day for all of the plots
except (b) (milli mol per cubic meter) and (c) (meter per second). The black solid line represents the thermocline (20 °C isotherm), while
dashed magenta, red and black lines indicate the euphotic, isothermal and mixed layer depths, respectively.

region (Koubanova et al., 2018) are also shared challenges
that contribute to this persistent modeling bias.

With regard to nitrate concentrations, the regional distri-
bution shows that north of the mouth of the Congo River and
near the coast, the model agrees well with the CARS cli-
matology (Fig. 2c, d). However, offshore and south of the
mouth of the Congo River, the model underestimates nitrate
concentrations. In the seasonal cycle, we see that the model
captures the seasonal variability, but underestimates the am-
plitude compared to the data. These biases may be explained
by the temporal coverage of the CARS climatology, which
covers a long period (from 1940 to 2011) of data (Bachèlery,
2016) compared to our model which covers only one year
(2011). Another bias may be the lack of data in CARS, in
our study area. The differences in the surface CHLa con-
centration between the model and the satellite observations

may be associated with a lack of data for the ocean colour
satellite observations, particularly in August, due to the cloud
cover which induces atmospheric contaminations (Hardman-
Mountford and McGlade, 2002; Estival et al., 2013) of the
satellite signal, resulting in a lack of CHLa signal (Nieto
et al., 2017). The biases in the surface currents between the
model and the observations are mainly due to the underesti-
mation of the currents in the OSCAR product near the coastal
zone (Sikhakolli et al., 2013), especially in our studied area
where very few data are available. Despite these results dis-
cussed earlier in this paper, we have to keep in mind that
there are also some limitations in our simulation. For exam-
ple, the model has difficulties reproducing the seasonal cycle
of CHLa concentration, in particular the first CHLa blooms
occurring in February–March, highlighted by the MODIS
ocean colour satellite data. This might be due to the CHLa
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Figure 14. Depth-time Hovmöller diagram of the model seasonal cycle of nitrate advection (a), nitrate gradient (b), meridional current (c),
meridional current variation times mean nitrate gradient (d), gradient variation times mean meridional current (e) and gradient variation times
current variation (f), all along the meridional axis in the Gabon-Congo coastal box of Fig. 1b. Units are milli mol per cubic meter per day
for all of the plots except (b) (milli mol per cubic meter) and (c) (meter per second). The black solid line represents the thermocline (20 °C
isotherm), while dashed magenta, red and black lines indicate the euphotic, isothermal and mixed layer depths, respectively.

concentration of the Congo river in our model. Indeed, we
take into account the nutrients and dissolved organic matter
discharges of the river but not the CHLa concentrations (in-
formation not available in the HYBAM database). We can
also observe a minimal or slightly reduced concentration of
CHLa around the mouth of the Congo River in our model
(Fig. 2e). This is explained by the very high speed (greater
than 2 m s−1) of the Congo River current at its mouth in our
model. This has resulted in the transport of CHLa produced
by phytoplankton photosynthesis away from the mouth of the
Congo River.

Our analysis shows that, in the Gabon-Congo upwelling
system, the nitrate budget in the mixed layer is dominated
by physical processes during the upwelling period (Fig. 7c),
particularly vertical diffusion (Fig. 8f), while zonal advec-
tion and vertical mixing play a secondary role. In agreement

to these latter results, Ngakala et al. (2025) using a high res-
olution simulation (1/36°) of NEMO in the Gabon-Congo
upwelling, have shown through a mixed layer heat budget,
that vertical diffusion was the main contributor of cooling
during upwelling period in the mixed layer. They found that
the vertical advection has a secondary role in cooling of the
mixed layer. They state that, if defining instead the mixed
layer depth with the Boyer-Montégut criterion, then verti-
cal advection would play a greater role than vertical diffu-
sion. Thus, as mentioned in our study and in agreement with
Ngakala et al. (2025), the relative contributions of vertical ad-
vection and diffusion depend on the definition of the mixed
layer depth.

Our analysis reveals that the seasonal variability of CHLa
in our region is driven by the seasonal concentration of
nitrate, as in other tropical Atlantic upwelling systems
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Figure 15. Depth-time Hovmöller diagram of the model seasonal cycle of nitrate advection (a), nitrate gradient (b), vertical current (c),
vertical current variation times mean nitrate gradient (d), gradient variation times mean vertical current (e) and gradient variation times
current variation (f), all along the vertical axis in the Gabon-Congo coastal box of Fig. 1b. Units are milli mol per cubic meter per day for
all of the plots except (b) (milli mol per cubic meter) and (c) (meter per second). The black solid line represents the thermocline (20 °C
isotherm), while dashed magenta, red and black lines indicate the euphotic, isothermal and mixed layer depths, respectively.

(Radenac et al., 2020). However different processes drive the
seasonal cycle of nitrate and CHLa in the different tropical
Atlantic upwelling systems. In the Equatorial Atlantic up-
welling system, the seasonal cycle of nitrate and CHLa are
driven by the wind stress and wind stress curl (Caniaux et
al., 2011; Radenac et al., 2020). In the Tropical Angola Up-
welling system, the main driver of these seasonal cycle are
the CTWs as in our area with a main peak in austral winter
(May-July) and a second peak in December–January. How-
ever vertical mixing plays also a key role in the Tropical An-
gola Upwelling system (Awo et al., 2022; Ostrowski et al.,
2009; Körner et al., 2023) due to onshore propagating inter-
nal tide waves interacting with sloping topography (Brandt
et al., 2023). In the upwelling systems of the equatorial At-
lantic and tropical Angola, vertical mixing is the main driver
of nitrate input to the mixed layer. This is due to local mech-

anisms that occur in these areas (local forcing), such as the
intensification of the vertical shear stress between the South
Equatorial Current (SEC) and the Equatorial Undercurrent
(EUC) at the equator (Jouanno et al., 2011; Radenac et al.,
2020) and the dissipation of internal tide that interact with
the continental shelf and produce turbulent mixing at the An-
golan coast (Körner et al., 2023; Zeng et al., 2021; Brandt
et al., 2023). In the Gabon-Congo system, we can suggest
that the strong stratification induced by the discharge of the
Congo River, which is the second largest river in the world,
contributes to thinning the mixed layer, limiting the effect of
mixing very close to the surface (Dossa et al., 2019).

In the euphotic layer and below, the nitrate budget is al-
mostly dictated by physical processes, which are mainly
modulated by currents that transport water of different prop-
erties. We noted that vertical and zonal advections were the
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drivers of nitrate input in the upwelling period, while verti-
cal mixing and meridional advection were the drivers of ni-
trate losses in the lower part of the euphotic layer (just below
the mixed layer depth) in this period. However, during the
downwelling period, vertical mixing mostly brings nitrate to
the lower part of the euphotic layer, while vertical and merid-
ional advection always remove nitrate. Meridional advection
is therefore the main factor in nitrate loss in the euphotic
layer all year long. This is consistent with the warming ef-
fect of meridional advection shown by Körner et al. (2023)
in the Angolan upwelling. Radenac et al. (2020) showed that
in the equatorial euphotic layer, zonal advection by the EUC
current was the main driver of nitrate losses, which may ex-
plain our previous results since the southward Angola current
dominating the ocean circulation in the Congo-Angola zone
is fed by the EUC current. Indeed, the EUC, whose source
waters come from the oligotrophic layers of the subtropi-
cal South Atlantic, has relatively low nitrate concentrations
compared to neighbouring waters (Schott et al., 1998; Johns
et al., 2014; Tuchen et al., 2022). These low nitrate waters
are brought to the Congo-Angola system by the Angola Cur-
rent (AC) (Fig. 16), reducing nitrate concentration in the eu-
photic layer. At the same time, the AC brings CHLa into the
euphotic layer by meridional advection, as the EUC has rela-
tively high CHLa concentrations (Radenac et al., 2020). This
low nitrate/high CHLa signature of the AC can be seen in the
first hundred metres and in particular at the base of the eu-
photic layer along the Gabon-Congo coast (Fig. A1c), where
the AC flows (Kopte, 2017). Further analyses show that the
coastal CHLa maximum occurs from May to September with
a peak in August, which is consistent with the seasonal cycle
of the CHLa concentration in the EUC (Radenac et al., 2020;
Brandt et al., 2023). The simultaneous variation in current
and gradient appears to be the main factor contributing to
variations in the meridional advection and nitrate removal,
mainly between July and October. Over the same period,
we observe a sign change of the meridional nitrate gradient
(Fig. 14b), which is generally positive (indicating that under
the mixed layer, waters to the south of the coastal box (0° N–
6° S, 1° width from the coast; see Fig. 1b) are less nitrate-rich
than waters to the north) under the mixed layer from January
to June.

This observation suggests that for the period from Septem-
ber to October, waters in the southern part of the box are
now richer in nitrate than waters in the northern part of the
box under the mixed layer. Beyond horizontal transport, this
frontogenesis is also driven by the meridional gradient of
vertical motion (∂w/∂y). A stronger upward vertical veloc-
ity in the southern section (near 6° S) compared to the north
leads to a higher vertical nitrate supply in the south, estab-
lishing the negative meridional nitrate gradient observed in
Fig. 14b. This highlights the important role of vertical pro-
cesses in the regional enrichment, as also emphasized by
Nubi et al. (2016) for the equatorial band. This also reflects
the passage of low-nitrate waters from the EUC via the An-

gola Current to the Gabon-Congo coast. However, we find
that zonal advection brings nitrate in the euphotic layer and
its decomposition has shown that its variation is mostly influ-
enced by zonal nitrate gradient variation, with a secondary
contribution of zonal current variation. This zonal current
variation is seen to remove nitrate in the euphotic layer dur-
ing February–March and July–October. We can also see that
in these periods the zonal current flows toward the coast,
which suggests that it brings low nitrate water from offshore
toward the coast. This seasonally eastward current is consis-
tent with the seasonal cycle of SEUC (Siegfried et al., 2019;
Assene et al., 2020). Besides this, we can also see that there
is a sign change of the zonal nitrate gradient (Fig. 13b) which
occurs simultaneously with the sign change of the merid-
ional nitrate gradient (Fig. 14b) suggesting that this inver-
sion in zonal nitrate gradient is due to Angola Current water
at the coast. In fact, this later result highlights that the An-
golan Current waters flowing along the coast are less rich
in nitrate than the water brought from offshore toward the
coast by the SEUC. As nitrate concentration in the coast
is lower, SEUC waters act to increase nitrate concentration
in our coastal box, through zonal advection in the euphotic
layer from April to December. The CHLa budget analysis
(Appendix A, Fig. A1) shows that the SEUC brings through
zonal advection low CHLa water at the coast thereby re-
ducing the nitrate input during the downwelling period. In
the nitrate budget we saw that the main driver of nitrate in-
put was vertical advection associated with CTWs. Körner et
al. (2024) have shown, using satellite and mooring data, that
CTWs detected in the SLA are of the low vertical mode,
while the movement of the isopycnals is rather consistent
with the vertical velocity structure of higher modes. This ex-
plains why isopycnals reach their seasonal minimum/maxi-
mum depth (in phase with the nitracline) after the minimum
in SLA (Körner et al., 2024). The spatial distribution of mean
annual nitrate and CHLa concentrations (Fig. 16a, b) pro-
vides clear evidence of the influence of the Angola Current
(AC) on the coastal biogeochemistry of the Gabon-Congo
system. Physically, the AC is a southward-flowing coastal
current that advects warm, equatorial-origin waters along the
shelf. Biogeochemically, our model results (Fig. 16a) show
that while the broader coastal box is enriched in nutrients due
to upwelling and riverine inputs, there is a distinct relative
decrease in nitrate concentrations strictly along the shore-
line, particularly south of 5° S. In this narrow coastal ban,
NO3 values are lower than those found in the core of the up-
welling plume located slightly further offshore. Conversely,
the chlorophyll a map (Fig. 16b) reveals a robust coastal belt
with maximum concentrations exceeding 4.5 mg m−3 right at
the coast. This low-nitrate/high-CHLa inverse relationship at
the immediate coastline is consistent with the known char-
acteristics of the Angola Current. Indeed, the AC transports
mature waters originating from the Equatorial Undercurrent
(EUC).
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Figure 16. Regional distribution of mean annual nitrate and CHLa concentration ((a), (b) respectively) averaged on the 0–100 m layer along
the Gabon-Congo upwelling area, black line represents different boundaries of our Coastal box with a width of 1° of longitude relative to the
coast.

We assessed the variability of biological productivity us-
ing the PISCES component of our coupled model (Fig. 18).
The results show a clear semi-annual cycle of Net Primary
Production (NPP), New Production (NP), and Regenerated
Production (RP), which is consistent with the seasonal cycle
of nitrate and CHLa concentrations observed in the region
(Körner et al., 2024). The highest values of NPP (Fig. 17a)
are found near the Congo River mouth (between 5.5 and
6° S), where average values exceed 0.20 mol N m−2 d−1.
During the main upwelling period (June–August), the NPP
reaches its maximum, with local peaks near 6° S exceeding
0.25 mol N m−2 d−1. This intensity is comparable to, though
slightly lower than, the average primary production reported
for the Benguela and Humboldt systems, which reach 0.37
and 0.33 mol N m−2 d−1 respectively (converted from Til-
stone et al., 2009; Monteiro et al., 2011).

The secondary upwelling period in December also shows
high productivity, with NPP values reaching approximately
0.22 mol N m−2 d−1 near the river mouth. In contrast, during
the downwelling periods (notably in March and October), the
system becomes less productive, with NPP dropping below
0.075 mol N m−2 d−1 in most of the coastal box. The analysis
of production components reveals that during the main up-
welling season, the New Production (NP) (Fig. 17b) peaks at
around 0.15 mol N m−2 d−1, representing about 50 %–60 %
of the NPP. In December, the NP contribution is lower,
around 0.10 mol N m−2 d−1. The Regenerated Production
(RP) (Fig. 17c) remains a significant and stable driver of pro-
ductivity throughout the year, particularly near the Congo
mouth where it often exceeds 0.125 mol N m−2 d−1, high-

lighting the importance of nutrient recycling in this river-
influenced system.

High values of Net Primary Production (NPP) are also
observed around 4.47° S, near the mouth of the Kouilou
River, following the characteristic semi-annual cycle of the
region. A detailed comparison of the production components
(Fig. 17b, c) reveals that Regenerated Production (RP), fu-
eled by the recycling of nutrients within the euphotic layer,
is generally higher than New Production (NP). These two pa-
rameters remain consistent with the seasonal cycle of nitrate
concentrations described previously.

The seasonal cycle of NPP in the Gabon-Congo system
differs from those of the Benguela upwellings (including the
Namibian area), which are primarily wind-forced systems
(Gutknecht et al., 2013). A key distinction lies in the effi-
ciency of nitrate utilization: in our study area, the contri-
bution of New Production to the total NPP is notably high.
For instance, while the f -ratio (NP /NPP) in the Benguela
system typically ranges between 0.2 and 0.4 (Monteiro et
al., 2011), it reaches approximately 0.6 in the Gabon-Congo
coastal box, indicating that more than half of the primary pro-
duction is sustained by the upward supply of new nitrates.

Finally, we demonstrate that the conclusions regarding
the nitrate budget are highly sensitive to the definition of
the Mixed Layer Depth (MLD). In this study, we adopted
a 3 m reference depth for the MLD calculation, following
the criterion proposed by Aroucha et al. (2025). This shal-
lower definition is more appropriate for the Gabon-Congo
system, as it accurately captures the intense surface strati-
fication induced by the river’s freshwater plume. With this
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Figure 17. Latitude-Time Hovmöller diagram of biological productivity: Net Primary Production (a), New Production (b) and regenerated
Production (c) in the coastal box (6–3° S, 1° wide along the coastline). The units are milli mol per cubic meter per day.

refined MLD criterion, our results show a significant shift
in the balance of vertical processes: vertical diffusion (mix-
ing) now emerges as the dominant mechanism supplying ni-
trate to the mixed layer, outweighing the contribution of ver-
tical advection. This finding aligns with recent observations
in the Angolan upwelling (Brandt et al., 2023; Körner et al.,
2023, 2024) and the Gabon-Congo plume region (Scannell
and McPhaden, 2018; Ngakala et al., 2025), which highlight
turbulent mixing – often fueled by internal tides and shear
– as a major driver of vertical nutrient and heat fluxes. This
shift emphasizes the critical role of the “Barrier Layer” and
the strong surface halocline in trapping nutrients and modu-
lating their upward transfer through small-scale mixing pro-
cesses rather than mean vertical motion.

5 Conclusions

Throughout this work we have described and analysed the
seasonal cycles in nitrate and CHLa concentrations, as well
as the physical and biological processes that modulate ni-
trate supply and biological productivity in the mixed layer
and in the euphotic layer in the Gabon-Congo upwelling
system. We began by validating a regional high-resolution

(1/36°) simulation of the coupled physical-biogeochemical
model NEMO-PISCES in this area for the studied year 2011.
Surface and subsurface validation of the simulation using
observations (satellite, in situ, climatology) shows that the
model reasonably reproduces the main physical and biogeo-
chemical characteristics of the study area. Subsequently, the
seasonal cycle of nitrate shows that there are two periods of
upwelling and two periods of downwelling (Figs. 4e, f and
11a). These upwelling and downwelling are associated with
remote forcing: Kelvin waves that propagate along the equa-
tor and the coastal waveguide force the vertical migrations of
the thermocline, which is also a proxy for the nitracline. The
seasonal cycle of CHLa is explained by that of nitrate. The
assessment of the nitrate balance in the mixed layer shows
that the main nitrate is mainly supplied in the mixed layer
by vertical diffusion (Fig. 10f), vertical advection (Fig. 10d)
and zonal advection (Fig. 10c), which is mainly modulated
by nitrate inputs from the Congo River at 6° S. The vertical
advection induced by CTWs and vertical diffusion play also
a role in the nitrate supply, while nitrate losses are linked to
meridional advection and the biological activity (photosyn-
thesis). In the lower part of the euphotic layer, on the other
hand, nitrate is supplied by zonal advection and vertical ad-
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vection. Vertical diffusion contributes to nitrate losses, ex-
cept in downwelling periods where it represents one of the
main drivers of nitrate supply. We have also seen that merid-
ional advection via the Angola Current, which transports the
low-nitrate warm waters of the Equatorial undercurrent, is
the main driver of nitrate loss below the mixed layer through-
out the year. We find that vertical advection is controlled by
the vertical nitrate gradient and nitrate input (Fig. 15), rather
than vertical velocity, when it brings nitrate into the mixed
layer during the main upwelling period. However, in the sec-
ondary upwelling in December, vertical advection also brings
nitrate, but is then mostly controlled by vertical velocity.

In future works, the interannual variability will be stud-
ied, specifically in association with the interannual variabil-
ity of the Congo River discharges (Scannell and McPhaden
(2018), Körner et al., 2023, 2024; Brandt et al., 2023) and
of the CTWs forced by the Equatorial Kelvin waves (e.g.
Bachèlery et al., 2015; Bachèlery, 2016). Understanding the
seasonal and interannual variability of productivity is of pri-
mary interest to ensure the sustainability of ecosystems and
fisheries in the Gabon-Congo upwelling system.
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Appendix A: Euphotic Layer CHLa Budget Analysis

In the lower part of the euphotic zone, the CHLa budget
(Fig. A1) is primarily governed by the interaction between
coastal and offshore water masses. During the downwelling
period, the zonal advection term (XAD_CHL) shows a net
loss of CHLa near the base of the euphotic layer. This is ex-
plained by the passage of the South Equatorial Undercurrent
(SEUC). As described by Nubi et al. (2016), undercurrent
waters (EUC/SEUC) are relatively nitrate-poor and carry less
CHLa than the highly productive coastal waters. The east-
ward transport of these offshore waters towards the Gabon-
Congo coast leads to a dilution of the local CHLa concentra-
tion, a process captured by the negative values in the zonal
advection budget.

Figure A1. Depth-time Hovmöller diagram of the seasonal chlorophyll a budget along the Gabon-Congo coast (6° S–0° N, 1° coastal strip)
for: (a) total rate of change (CHL-change), (b) zonal advection (XAD-CHL), (c) meridional advection (YAD-CHL), (d) vertical advection
(ZAD-CHL), (e) vertical diffusion (ZDF-CHL), and (f) biological source-minus-sink term (SMS-CHL). Units for all panels are mg m−3 d−1.
The black solid line represents the thermocline (20 °C isotherm), while dashed magenta, red and black lines indicate the euphotic, isothermal
and mixed layer depths, respectively.
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Appendix B: Euphotic Layer Nitrate Advections
Components Analysis

To further investigate this relationship, the individual contri-
butions of seasonal current and gradient variations are shown
in Appendix B (Fig. B1). This decomposition confirms that
the mean flow acting on seasonal gradient anomalies is the
dominant driver of advection variability.

Figure B1. Seasonal variation of advection components averaged in the euphotic layer, black line represent zonal, meridional and vertical
advection in (a), (b) and (c) respectively. The red line in both three figures represents gradient variation, blue line is current variation and
magenta line represents the simultaneous variation of gradient and current.
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Appendix C: Acronyms

CTW: Coastally trapped waves
CoUS: Gabon-Congo Upwelling System
EKW: Equatorial Kelvin Waves
GG: Gulf of Guinea
MLD: Mixed Layer Depth
SST: Sea Surface Temperature
SSH: Sea Surface Height
SLA: Sea Level Anomaly
CHLa: Chlorophyll a
EBUS: Eastern Boundary Upwelling System
TAUS: Tropical Angolan Upwelling System
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