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Unravelling nutrient dynamics
and mixed layer depth variability
in the equatorial Atlantic:
insights from 10°W meridional
section monitoring
Kanga Désiré Kouame1,2*, Kouadio Benjamin N’Guessan1,2,
Aka Marcel Kouassi1, Albert Trokourey2, Marek Ostrowski3

and Patrice Brehmer4

1Département Environnement, Centre de Recherches Océanologiques (CRO), Abidjan, Côte d’Ivoire,
2Laboratory of Constitution and Reaction of Matter, Université Félix Houphouët Boigny (UFHB),
Abidjan, Côte d’Ivoire, 3Institute of Marine Research and Bjerknes Centre for Climate Research,
Bergen, Norway, 4IRD, Univ Brest, CNRS, Ifremer, Lemar, Commission Sous Régionale des Pêches
(CSRP), Sub-Regional Fisheries Commission (SRFC), Dakar, Senegal
The ocean, a pivotal component of the Earth’s climate system, exerts a profound

global influence through intricate physical and biological interactions within its

surface layer. This interplay centers around the mixed layer (ML), integral for

energy exchange driven by oceanic currents. An essential regulatory function of

the ocean involves orchestrating the distribution of chemical elements, with

nitrate assuming a pivotal role in oceanic primary production. Nutrient

availability, a cornerstone of primary production, hinges on the mixed layer

depth (MLD) dynamics, modulated by many mechanisms, including upwelling

and convection. This study unravels the interplay between nutrient variability and

MLD depth, focusing on the Gulf of Guinea (GG) region in the equatorial Atlantic.

Characterization of the study area reveals distinctive sea surface temperature

(SST), salinity (SSS), and current patterns. The South Equatorial Undercurrent

(SEUC) and Equatorial Undercurrent (EUC) play vital roles in surface nutrient

transport. Nitrate distribution unveils latitudinal variations, exhibiting pronounced

enrichment during boreal summer and winter. The equatorial region experiences

a strengthening of MLDs from 10.5 to 35.33 m in summer, which increases the

nitrate input from 0 to 2.06 mmol m-3 in the surface layers in the mixed layer. In

contrast, boreal winters experience more intense MLDs that vary between 20.5

and 64.50 m, supporting high nitrate concentrations of 2.96 to 7.49 mmol m-3,

challenging previous hypotheses. This equatorial enrichment is supported by low

nitracline ranging from 5.47 to 46.19 m. Beyond the equator, the subequatorial

and subtropical regions, despite the observed deepening of the ML, present low

nitrate concentrations (less than 0.5 mmol m-3) with a nitracline that does not

reach the ML. However, at 6°S and 9°S, a respective increase in nitrate content of

0.66 mmol m-3 and 1.2 mmol m-3 influenced by internal waves, advection and
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surface currents is observed. Temperature, salinity, and atmospheric fluxes shape

nutrient distribution and primary production dynamics. These findings illuminate

the intricate relationships between oceanographic processes, nutrient

availability, and marine ecosystem productivity. A holistic understanding is

crucial for sustainable resource management and fisheries in the equatorial

Atlantic and beyond.
KEYWORDS

mixed layer, nitracline, nitrate concentration, upwelling, equatorial region,
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1 Introduction

The ocean serves as a vital cog in the intricate machinery of the

Earth’s climate system, exerting a profound influence globally that

reverberates. This influence hinges upon the interplay of physical

and biological processes within the ocean’s surface layer (Gruber

et al., 2002). The mixed layer (ML) is central to this interaction, an

essential conduit for exchanging energy driven by oceanic currents

(Alvain, 2005).

A cornerstone of the ocean’s regulatory function lies in its

capacity to act as a reservoir, sink, and source for various chemical

elements, thereby orchestrating their distribution within the water

column. Among these elements, nitrate is crucial due to its central

role in ocean primary production (Lévy et al., 2012; Morelle, 2017;

Trombetta, 2019). Governed by nutrient availability, this primary

production intricately hinges upon the dynamics of the mixed layer

depth (MLD), a phenomenon underscored by seminal works such

as Voituriez et al. (1982) and Wilson and Coles (2005). Nutrients,

serving as crucial building blocks, are infused into the oceanic

system through a multifaceted interplay of mechanisms,

encompassing turbulence, internal waves, convection, diffusion,

and, notably, upwelling (Mahadevan, 2016; McGillicuddy, 2016;

Sylla, 2019; Ismail and Al Shehhi, 2022); (Brandt et al., 2023, 2024).

In this context, the variability of MLD emerges as a linchpin,

exerting decisive control over the redistribution of nutrients

throughout the water column and thereby shaping their accessibility

to phytoplankton communities (Pershing, 2006). Particularly in

temperate seas, the ebb and flow of MLD during different seasons

emerge as a primary conduit for nutrient injection into the ocean

surface layer, as demonstrated by D’Ortenzio et al. (2014).

Diverse methodologies are being used to unravel the nutrient

availability dynamics within the ocean’s surface layers. Some studies

advocate for employing gradient intervals, where the steepest

nutrient gradients materialize (Hales et al., 2005). Alternatively,

proponents of other approaches champion the utilization of the

ML’s base (Schafstall et al., 2010) or isopycnal layers, as posited by

Williams et al. (2006) and Aksnes et al. (2007).

While the Gulf of Guinea (GG) has attracted scholarly

attention, elucidating the primary productivity and nutritional
02
regime of the equatorial Atlantic (Voituriez and Herbland, 1979,

1981; Herbland et al., 1985; Le Bouteiller, 1986), studies delving into

the intricate nexus between nutrient variability and MLD remain

scarce. Notably, works such as Monger et al. (1997); Murtugudde

et al. (1999); Nubi et al. (2019), and Radenac et al. (2020) offer

glimpses into the complex tapestry of equatorial upwelling and its

ramifications on bio-productivity and nitrate dynamics. However, a

comprehensive investigation into the interplay between nutrient

concentrations and MLD variation remains an uncharted frontier.

This study undertakes a pioneering quest to unravel the

ramifications of MLD variations on the seasonal supply of nitrate,

spanning the breadth from deep to surface layers along the

meridional section at 10°W. By deciphering this intricate

relationship, we aspire to fortify our ability to predict the

response of oceanic ecosystems to the profound perturbations

induced by climate change in the tropical Atlantic.
2 Material

2.1 Study area, data collection
and processing

This study was conducted at 10°W between 2°N and 10°S

(Figure 1) in the GG defined as the region extending from 15°S to

5°N and from 15°W to 15°E (Kolodziejczyk et al., 2014). The

hydrological and nitrate data used were extracted from a box

centered at 10°W ± 0.25° between latitudes 2°N and 10°S.
2.2 Hydrological data

These data consisted of historical and recent low and high-

resolution CTD data with uneven spatial and temporal distributions,

collected between October 1973 and March 2017 during several

campaigns and programs. They come from the database of the

EGEE program in close connection with PIRATA (Bourlès et al.,

2007) and relate specifically to the GG through the research section of

the African Monsoon Multidisciplinary Analysis (AMMA) program,
frontiersin.org

https://doi.org/10.3389/fmars.2024.1198106
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Kouame et al. 10.3389/fmars.2024.1198106
see http://www.amma-international.org). They were supplemented by

data from CORIOLIS (http://www.CORIOLIS.eu.org/) and the

Scientific Information System for the Sea (SISMER) of IFREMER.
2.3 Nitrate data

The data covers the period from October 1973 to September

2007 in an irregular time and space. We used the data from the first

100 meters of the water column for the present study. This allowed

us to have 136 nitrate profiles.

Nitrates were measured on samples taken at 12 different depths

between 0 and 150 m with the rosette associated with the probe. For

the Sismer and Coriolis data, the analyses were carried out

immediately on board with a Technicon auto-analyzer (Voituriez,

1983). Nitrate was measured on an Autoanalyzer II Technicon (Bran

et Luebbe) following the standard method of Wood et al. (1967)

described in the Manual of Tréguer and Le Corre (1975). Nitrate was

reduced to nitrite, using a column of coppered cadmium and

determined colourimetrically after diazotization with sulfanilamide

and coupling with naphthyl-ethylene diamine following the technique

of Bendschneider and Robinson (1952). Duplicate analyses of

individual samples were performed repeatedly to estimate analytical

error. This study focuses mainly on analyses in the equatorial region

(2°N - 2°S) for both seasons and in the subequatorial (5°S-7°S) and

subtropical (8°S-10°S) regions where the data were only available in

the boreal summer. Emphasis is placed on depths between 0 and

100 mwhere biological activity is predominant (Nubi et al., 2016). For

more details on sampling, quality control, and justification of the

methodology, refer to Kouamé (2022).
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3 Methods

3.1 Hydrological characteristics of the
study area

To study the characteristics of this area, data were organized

into the boreal winter (November to April) and the boreal summer

(May to October). The averages of temperature and salinity between

October 1973 and March 2017 and nitrate from October to

November 2007 were calculated. Matlab script was used to

produce temperature, salinity, and nitrate sections where data

were available. The depth of the thermocline was represented by

the D20 and shown on the salinity sections (Supplementary Figure

S2) as a pink line. The Matlab contour function represents the

contour lines on a 2D graph, with a colour gradient associated with

the different intervals of corresponding temperature, salinity, and

nitrate values. This allows to specify the number of lines to be

plotted and specific values to be displayed.
3.2 Determining the depth of the
mixed layer

The MLD was determined from individual profiles using the

density threshold method of Holte and Talley (2009) with a

criterion of 0.03 kg m-3 as performed by N’Guessan et al. (2020)

and Kouamé (2022). Mean climatological MLDs were calculated for

a 1-degree resolution grid between 2°N and 10°S. Latitudinal and

monthly variability was obtained by representing the mean

climatological MLD in a month-latitude Hovmöller diagram.
FIGURE 1

Maps of the Gulf of Guinea in the tropical Atlantic. Water depths are indicated in shades of color. The study area (red, blue and green boxes) at 10°W
between 2°N-10°S derived from Sismer and Coriolis data. Black dots represent the vertical nitrate profile in the three regions and CTD sampling
stations in the top 100 meters of the water column from October 1973 to November 2017 at 10°W. Numbers from 0 to 5000 represent isobaths.
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3.3 Determination of the top of the
nitracline and corresponding nitrate values

The top of the nitracline is determined for each nitrate profile.

The centred and reduced variables produce a nitrate-density graph

for each season. According to Hemsley (2016), using the same

nitrate-density relationship can have limitations, as the nitrate-

density relationship can vary by season and geographical area due to

diapycnal mixing (Hummels et al., 2014).

The density intervals that best correspond to a zone of linearity

are used to determine the polynomial that best fits the point cloud

obtained, as performed by Hemsley (2016). Matlab’s polyfit and

polyval functions were used for this purpose, along with the LAR

(Least Absolute Residuals) module, to minimize the absolute

difference of residuals arising from the effect of the point cloud

away from the fit. The polynomials obtained for each season and

zone are then used to recalculate the concentration values on the

nitrate profiles with a vertical resolution of 1 meter after linear

interpolation. Negative concentrations obtained during this

calculation are then replaced by zero.

Aksnes et al. (2007) determined the top of the nitracline from a

threshold concentration of 1 mmol m-3 chosen based on nitrate

sections (Supplementary Figure S3). This choice of a threshold of 1

mmol m-3 (the most significant value) of nitrate has been accepted

by several authors (Oudot, 1983) as a criterion for enriching surface

layers. Voituriez and Herbland (1984) had already used this

threshold in the Eastern Equatorial Atlantic when studying the

nitrate-temperature relationship in the equatorial upwelling of the

GG. This threshold of 1 mmol m-3 was also used by Lavigne et al.

(2013) in the Mediterranean Sea to study the control of MLD on

phytoplankton phenology.
3.4 Calculation of nitrate concentration in
the mixed layer

The stations containing nitrate data were used to determine the

MLD on each profile based on the method selected following the

graphical and statistical analysis. One hundred eight stations are

used in the equatorial region, including 90 for the boreal summer

and 18 for the boreal winter. South of the equator, 21 stations for

the subequatorial region and 18 stations for the subtropical region

are used in this study. Recalculated nitrate profiles determine nitrate

concentrations in the layer by averaging the concentrations along

the profile between the surface and the MLD value determined.
3.5 Study of variations in MLD, nitracline
peak and nitrate distribution in the ocean
surface layer

The average MLD, nitracline, and surface nitrate concentration

in each area are calculated from the different profiles with a spatial

resolution of 0.5-degree latitude between 2°N and 2°S and 0.25-

degree latitude in the subequatorial and subtropical regions on the
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10°W radial. These three parameters were plotted on a two-

dimensional (2D) diagram with depth versus latitude, to analyze

their relative position and deduce the possible role of the MLD in

the supply of nitrates from the deep layers to the surface layers.
4 Results

4.1 Study area characterization

4.1.1 Sea surface temperature
The equatorial Atlantic region exhibits distinct, features such as

the Atlantic cold tongue and coastal upwellings in the Gulf of

Guinea and Angola during the first week of July. Analysis of SST

variations in early June reveals a gradual warming trend along the

African coastal regions, with temperatures ranging from 26.9 to

27.9°C. This warming trend gradually tapers southwards from

Congo, reaching temperatures below 23°C. Notably, the

equatorial region displays the characteristic cold tongue pattern,

as confirmed by the temperature from June to August

(Supplementary Figure S1). However, the area extending from

southern Congo to Angola experiences anomalous warming with

temperature anomalies of 2°C, concealed beneath the cold surface

waters. This cooling effect is attributed to intensified surface mixing,

possibly leading to the deepening of the MLD (D’Ortenzio

et al., 2021).

4.1.2 Sea salinity
Vertical salinity structures between 2°N and 10°S at 10°W exhibit

distinct seasonal patterns (Supplementary Figure S2). During June,

the thermocline displays a convex structure, ascending to depths of 25

to 65 meters in the equatorial region, followed by a deepening trend

between September and February to approximately 60 to 80 meters.

In both seasons, deeper thermoclines ranging from 80 to 110 meters

are observed in the subequatorial region. Surface waters exhibit

higher salinity levels of 35 to 35.8 practical salinity units (PSU)

during boreal summer, contrasting with the boreal winter period,

where low salinity levels extend beyond 5°S. This is consistent with

earlier studies by Hisard (1973), who also reported similar salinity

values during the boreal summer. Subtropical salinity variations

indicate an increase from 36 to 36.8 PSU around 10°S, with peaks

in June at 10°S and other locations along the equator and subtropical

regions (5°S and 5°S to 10°S). Indeed, the analysis of the E-P balance

carried out by Michel (2006) presented strong positive correlations

along the equator, which extended up to 10°S-10°W from December

to September. Furthermore, in the GG, recent EGEE campaigns have

shown the existence of barrier layer (BL) profiles with stratifications

in the mixed layer at 10°S-10°W, confirmed by Wade et al. (2011).

According to Peter (2007), this presence of BL is caused by the arrival

from the subsurface of subtropical modal waters characterized by a

maximum salinity.

4.1.3 Surface current
The South Equatorial Undercurrent (SEUC) spans the study

area (Figure 2), with its core centered on 5 and 4°W, extending
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vertically from 50 to 175 meters and exhibiting a strong eastward

flow. The SEUC is a seasonal feature, prominent from January to

June, gradually weakening in July and August. Its characteristics

align with similar currents observed in the Pacific and Indian

Oceans. The Average Directional Current Profiler (ADCP)

measurements indicate modest average eastward velocities,

reaching maximum values of 30 cm/s. In contrast, the South

Equatorial Counter-current (SECC) displays relatively subdued

surface velocities across the basin. Notably, the Equatorial

Undercurrent (EUC) exhibits high velocities, reaching up to 50

cm/s, extending from the surface to 100 meters between 0°E and 1°

E, facilitating the eastward transport of high-salinity waters

(Napolitano et al., 2022).

4.1.4 Vertical nitrate distribution at 10°W
4.1.4.1 Boreal summer

The distribution of nitrate at 10°W in the GG during June and

September reveals distinct patterns (Supplementary Figure S3). In

the boreal summer (June), surface layers exhibit nitrate-rich

content, with concentrations reaching 2 mmol m-3 in the upper

20 meters of the water column. Between 5°S and 10°S, nitrate levels

of 0.5 mmol m-3 are observed at depths beyond 60 meters. In

September, surface waters show increased nitrate levels, peaking at 2

mmol m-3 from 2°N to 5°S within the upper 40 meters. Nitrate

concentrations of 0.5 mmol m-3 are present beyond 7°S.

4.1.4.2 Boreal winter

In the boreal winter, the meridional distribution of nitrate at 10°

W in the GG (Supplementary Figure S3: November and February)

closely resembles earlier observations (Voituriez et al., 1982; Oudot

and Morin, 1987). Nitrate concentrations remain low within the

upper 20 meters, registering below 0.5 mmol m-3 and decreasing

further southward. Notably, isolines deepen at the equator while

surfacing between 2°S and 5°S in November. An uplift of isolines

between 2°S and 4°S indicates nitrate supply to the surface layers

during both seasons.
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4.1.5 Surface nitrate concentrations, nitracline
top, and MLD

The results in Supplementary Table S1 emphasize the

minimum, maximum, and mean values of the parameters studied.

In the equatorial region, during boreal winter, MLD ranges

from 20.5 meters to 64.5 meters, with a mean of 39.06 meters.

Nitracline top varies between 34.1 meters and 46.2 m, with a mean

of 41.0 meters. Mean nitrate concentrations within the MLD are

notably high, ranging from 2.96 mmol m-3 to 7.49 mmol m-3,

averaging 5.35 mmol m-3. In boreal summer, MLD varies from 10.5

meters to 35.33 meters (mean: 25.88 meters), and nitracline

fluctuates between 5.5 meters and 28.8 meters (mean: 14.68

meters). Nitrate concentration varies between 0 mmol m-3 and

2.06 mmol m-3, with a mean of 1.6 mmol m-3.

In this region, no significant difference was observed between

the MLD values during the boreal summer and boreal winter

(Student t-test, p = 0.226). On the other hand, a significant

difference was obtained between the depths of the nitracline and

between those of the nitrate concentration in the mixed layer with

p-values of 0.001, lower than the significance value of 0.05 during

both seasons. These results indicate that in the equatorial area,

carrying out a seasonal study with the MLD is unnecessary. On the

other hand, it is essential to opt for a seasonal study using the

depth of the nitracline or the nitrate concentration in the

mixed layer.

Subequatorial MLDs range from 30.93 meters to 44.13 meters

(mean: 39.72 meters), nitracline top varies from 45.99 meters to

79.57 meters (mean: 60.77 meters), and mean nitrate

concentrations within the MLD range from 0.03 mmol m-3 to

0.66 mmol m-3 (mean: 0.25 mmol m-3). In the subtropical region,

MLDs cluster around a mean of 46.15 meters (range: 10 - 65.33

meters), nitracline tops span from 0 to 113.38 meters, and mean

nitrate concentrations within the MLD range from 0.25 mmol m-3

to 5.41 mmol m-3 (mean: 1.55 mmol m-3).

During the boreal summer, the ANOVA (Peer-to-Peer

Comparison of Dwass, Steel, Critchlow and Flingner: D SCF)
FIGURE 2

Map encompassing the surface and subsurface currents in the Gulf of Guinea. GC, Guinea Current; GUC, Guinea Undercurrent; SEUC, South
Equatorial Undercurrent; EUC, Equatorial Undercurrent; nSEC, cSEC and sSEC, northern, central and southern branches of the South Equatorial
Current (SEC) respectively; SECC, South Equatorial Countercurrent; GCUC, Gabon–Congo Undercurrent; AC, Angola Current. (Source: modified
from Brandt et al., 2023, licensed CC-BY-4.0).
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carried out for the three regions, between the MLDs, successively

gave the following p-values: subequatorial-equatorial region 0.091;

equatorial region-subtropical region 0.002 and subequatorial

region-subtropical region 0.231. Only one significant test is noted

between the equatorial and subtropical regions. A significant

difference is then observed between the MLDs of the equatorial

region and those of the subtropical region. On the other hand, there

is no significant difference between the MLDs of the subequatorial-

equatorial and subequatorial-subtropical regions.

The ANOVA (peer-to-peer comparison of DSCF) carried out

for the three regions, between the depths of the nitracline,

successively gave the following p-values: subequatorial-equatorial

region 0.001; equatorial region-subtropical region 0.001 and

subequatorial region-subtropical region 0.002. All the test were

significant (p-values at 0.05). A significant difference is then

observed between the depths of the nitracline of the three regions.

The ANOVA (peer-to-peer comparison of DSCF) carried out

for the three regions, between the nitrate concentration levels, were

significant for subequatorial-equatorial region (p-value at 0.001);

equatorial region-subtropical region (p-value 0.001) and

subequatorial region-subtropical region (p-value 0.015). A

significant difference observed between the three regions’ nitrate

concentration levels as previously.
4.2 Spatial and seasonal average evolution
of the MLD

The monthly vertical MLD distribution at 10°W reveals

latitudinal variations (Figure 3). The equatorial region

consistently shows the shallowest MLD, reaching 43 meters in

October. Notably, the region south of the equator experiences

MLD deepening from April to November, with maximum depths

of 64.33 meters observed in May and November.
Frontiers in Marine Science 06
4.2.1 Boreal summer
During the boreal summer, the equatorial region demonstrates

uniform MLD variation (Figure 4A). MLDs range from 10.5 to

35.33 meters at 1.5°N before gradually decreasing to 22 meters at 2°

S. The nitracline remains above the mixed layer between 1.75°N and

2°S, while remaining below the MLD above 1.75°N. Nitracline

depth ranges from 10.5 to 30 meters on average, decreasing from

2°S to 1°S (10 meters minimum) before deepening to 30 meters at 2°

N. Nitrate concentration in the MLD ranges from near zero at 2°N

to 2.06 mmol m-3 at 0.5°S, subsequently declining to 1.33 mmol m-3

at 2°S.
4.2.2 Subequatorial region
In the subequatorial region, MLD varies between 20 and 55 m

(Figure 4B). It increases slightly from 40 m (6.75°S) to 55 m (5.75°S),

then drops to 20 m at 5.5°S before deepening again to 35 m at 5.25°S.

The nitracline consistently lies below the MLD, spanning

approximately 50 to 90 m. It aligns closely with the MLD between

6°S and 5.25°S, deepening from 6°S to 6.75°S. Mean nitrate

concentrations within the MLD remain low, below 0.5 mmol m-3,

except at 6°S, where concentrations of 0.66 mmol m-3 are observed.

4.2.3 Subtropical region
The subtropical region (8-10°S) displays distinctive

hydrological characteristics (Figure 4C), with MLD ranging

around a mean of 46.15 meters, from 10 to 65.33 meters.

Nitracline top varies widely, from 0 to 113.38 meters, with a

mean of 74.61 meters. Nitrate concentrations within the MLD

range from 0.25 to 5.41 mmol m-3, with the highest concentration

of 5.41 mmol m-3 observed at 8°S. Notably, nitrate concentrations

decrease sharply between 8.25°S and 8.75°S, remaining consistently

below 0.25 mmol m-3 between 8.25°S and 9.75°S, except at 9°S,

where concentrations reach 1.25 mmol m-3.
FIGURE 3

Hovmöller diagram of monthly mean Mixed Layer Depth ‘MLD’ (m) climatology based on density from 2°N to 10°S from 1973 to 2007 along the 10°W
transect. Coded contours represent MLD.
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The hydrological structure during boreal summer suggests that

the nitracline’s position influences nitrate input into the surface

layers, with the equatorial region featuring nitracline within the

mixed layer, and descending below the mixed layer as one moves

southward from the equatorial region.

4.2.4 Boreal winter
The boreal winter demonstrates distinct MLD characteristics in

the equatorial region (Supplementary Figure S4). The MLD

thicknesses range from 20.5 to 64.5 meters, with the deepest

points observed at 1°N and 1°S. The lowest MLD is recorded at

2°N (20.5 meters), while between 0.5°N and 0.5°S, the MLD is

approximately 28.8 meters. The nitracline experiences minor

variation, ranging between 42.12 and 44.14 meters. The nitracline

depth decreases from 2°N to 1°N and from 0.5°S to 1°S, with

minimum depths of 34.4 meters at 1°N and 34.4 meters at 1°S. An

upward trend is observed from 1°N at the equator to 1°S, with a

maximum depth of 46.19 meters. Nitrate concentrations within the

MLD range from 3 to 7.49 mmol m-3, with the highest

concentrations observed at 1°N and 1°S. The boreal winter in the

equatorial region demonstrates alternating positions of the
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nitracline and MLD, resulting in variable nitrate concentrations

in the surface layer.
5 Discussion

The equatorial region experiences significant changes during the

boreal summer. The Mixed Layer Depth (MLD) strengthens,

reaching its seasonal maximum of 30 meters at 10°W, just south of

the equator. This intensification is accompanied by lifting the

nitracline top, a phenomenon reported by Voituriez et al. (1982) at

4°W. The rise in MLD leads to a notable input of nitrate into the

surface layer, with concentrations ranging between 1.13 and 2.06

mmol m-3. This finding is consistent with the results of other studies,

such as those conducted by Cullen et al. (1983), Nubi et al. (2019),

and Radenac et al. (2020), which also emphasize the contribution of

nitrate to the ocean’s surface layer during equatorial boreal summer.

Nubi et al. (2019) shed light on the role of equatorial upwelling

in enriching nitrate concentrations, particularly evident at 10°W.

This upwelling-driven nitrate enrichment is attributed to a weak

pycnocline in the region. Hisard et al. (1977) and Monger et al.
FIGURE 4

Spatial change of the mean Mixed Layer Depth ‘MLD’ (m), nitracline (m) and the mean nitrate concentration (mmol m-3) in the mixed layer, during
the boreal summer at 10°W. (A) Equatorial region, (B): Subequatorial region, and (C) Subtropical region. The vertical red dashed line represents the
Equator position.
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(1997) further underscore the relationship between nitrate increases

and the depth of the Equatorial Undercurrent (EUC) and nitracline.

Radenac et al. (2001) extend the understanding by connecting

elevated nitrate content to strengthened trade winds, resulting in

conditions conducive to high organic production. A key observation

is the association between increased nitrate concentrations and the

deepening of the MLD south of the equator, as depicted in

Figure 4A. This phenomenon is contrasted with the notion of

nitrate increase being linked to the onset of upwelling, as Nubi

et al. (2019) and Radenac et al. (2020) suggested. Radenac et al.

(2001) provide further insight by demonstrating the influence of

strengthened trade winds in supporting nitrate content growth

through heightened organic production.

Radenac et al. (2001) establish a connection between nitrate

content augmentation and intensified trade winds in equatorial

Pacific waters, creating an environment conducive to high organic

production. Similarly, Monger et al. (1997) propose upwelling as the

driving force behind nitrate concentration escalation during boreal

summer and early boreal winter. Grodsky et al. (2008) augment this

explanation by highlighting the combined effect of equatorial upwelling

and the shallowness of the nitracline. Remarkably, the boreal winter

exhibits distinct dynamics in the equatorial region. During this period,

the MLD attains its maximum depth, averaging 64.5 meters at 1°N and

1°S. This deepening of the MLD corresponds to elevated nitrate

concentrations in the surface layer, with values peaking around 7.8

mmol m-3. This increase commences at 2°N and 0.5°S, coinciding with

the onset of MLD deepening. Notably, this finding contradicts the

conclusions drawn by Herbland and Voituriez (1977, 1979), who

suggest a nitrate-poor surface layer during boreal winter due to weak

divergence. Instead, our study reveals a surface layer significantly

enriched in nitrate under the influence of intensified MLDs. This

contrasting observation underscores the complexity of equatorial

oceanographic processes and the need for comprehensive

understanding. Duffour and Stretta (1973) contribute to this

understanding by showcasing strong nutrient enrichment,

particularly nitrates, attributed to the divergence of the South

Equatorial Current. This divergence triggers an upward movement of

isolines, leading to enrichment at 1°N and 1°S. Notably, studies in the

Gulf of Lion (Marty et al., 2002; de Fommervault, 2015) provide

analogous evidence of high MLDs (reaching 425 meters) and by

substantial nutrient content.

The dynamic between MLD and nutrient availability extends

beyond equatorial regions. Investigations by Parard et al. (2014)

reveal low nitrate concentrations within the subequatorial region (5°

S-7°S), attributed to weak vertical advection inhibiting nitrate injection

into the surface layer. However, a clear intake of nitrates is evident at 6°

S, with concentrations reaching approximately 0.66 mmol m-3. This

enrichment is attributed to intense internal waves, which foster

biological production and nutrient accumulation (Parard et al., 2014).

Conversely, areas beyond 9°S exhibit increased MLD depths ranging

from 60 to 70 meters, accompanied by diminished nitrate

concentrations. These findings align with studies by Duffour and

Stretta (1973), who observe quantitatively poor surface layers between

9°S and 12°S. This depletion is attributed to the low intensity of the

south equatorial counter-current, preventing effective nutrient

transport to the surface layer (Reid, 1964; Lemasson and Rebert, 1973).
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Moreover, temperature and salinity variations contribute to the

complex interplay of nutrient distribution and oceanographic

processes. In-depth studies by Mayot (2016) highlight the role of

reduced vertical mixing in decreasing primary production, resulting

in lower nutrient concentrations in surface waters. This effect is

exacerbated by saline waters carried by currents, which contribute

to stratification and hinder nutrient influx into the surface layer

(Niu et al., 2020; Dahunsi et al., 2023). These intricate interactions

further emphasize the importance of the MLD in shaping nutrient

availability and marine ecosystem dynamics. Atmospheric fluxes

significantly influence MLD density changes and, consequently,

nutrient distribution.
6 Conclusion

The equatorial region’s oceanographic dynamics exhibit

pronounced variations between boreal summer and winter. Boreal

summers witness intensified upwelling and MLD strengthening,

leading to enriched nitrate concentrations in the surface layer. This

finding supports the role of equatorial upwelling and trade winds in

enhancing nutrient availability and promoting organic production.

Conversely, boreal winters highlight deepened MLDs and elevated

nitrate concentrations in the equatorial region. This contradicts

prior assumptions of nitrate-poor surface layers during this season,

highlighting the influence of complex oceanographic processes.

Beyond the equatorial region, subequatorial zones experience

diverse nitrate concentrations, driven by internal waves, advection,

and current intensity. Temperature, salinity, and atmospheric fluxes

shape nutrient distribution and primary production dynamics. These

findings underscore the intricate relationships between oceanographic

processes, nutrient availability, and marine ecosystem productivity. A

comprehensive understanding of these interactions with the role of the

Atlantic Equatorial biological pump is essential for informed resource

management and the sustainability of fisheries in the Atlantic

Equatorial region and beyond.
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SUPPLEMENTARY FIGURE 1

Climatology of seasonal sea surface temperature December–January-
February (DJF); June–July-August (JJA). Data were from TropFlux (https://

incois.gov.in/tropflux/index.jsp; accessed on 12 June 2019) (1979–2011).

(Source: Cabos et al., 2019). The black dashed box indicates the study area
(Gulf of Guinea).

SUPPLEMENTARY FIGURE 2

The latitudinal trend in monthly mean salinity (PSU) from 1973 to 2017 in
the boreal summer (June and September) and boreal winter (November

and February). The pink line represents the thermocline (m), and those in

white are the isohalines. The vertical red dashed lines represent the
Equator position.

SUPPLEMENTARY FIGURE 3

Mean vertical sections down to 100 m of nitrate concentrations (mmol m−3)
at 10°W from 1973 to 2007 in the boreal summer (June and September) and

boreal winter (November and February). The white lines represent nitrate

concentrations as a function of depth. Vertical blue dashed lines represent
the Equator position.

SUPPLEMENTARY FIGURE 4

Spatial change of the mean mixed layer depth (MLD in m), nitracline and the
mean nitrate concentration (mmol m-3) in the Mixed Layer, during the boreal

winter at 10°W in the equatorial region. The vertical red dashed line

represents the Equator position.

SUPPLEMENTARY TABLE 1

Values of minimum, maximum, and mean of the Mixed Layer Depth “MLD”

(m), nitracline depth (m), and mean of the NO3
- concentrations (mmol m−3) in

the MLD during both seasons in the equatorial region and in the boreal

summer for the subequatorial and subtropical areas at 10°W.
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simulations numériques. Université Paul Sabatier - Toulouse II, France. Océan,
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côtière: le rôle de la température et des interactions biologiques. Université
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