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Abstract. Coastal upwellings are critical for nutrient supply, biological productivity, socio-economic activities, local weather
patterns and regional climate variability. This study investigated characteristics of the Northwest African coastal upwelling
system, including the Senegal-Mauritania and Gulf of Guinea coastal upwelling regions. The spatial and temporal variability
were analysed using physical and biogeochemical ocean variables from 1982 to 2022. The analysis focused on upwelling
indices derived from sea surface temperatures (SSTs), wind stress and chlorophyll-a concentration during the boreal winter-
spring and summer, when upwelling peaks in the Senegal-Mauritania and Gulf of Guinea upwelling systems, respectively.
Additional indicators such as the annual cycles of sea level anomaly, ocean surface current velocity, geostrophic balance,
salinity, nitrate and dissolved oxygen in surface waters were also examined as upwelling indicators. Upwelling trends were
investigated by comparing the results of different datasets. Results highlight the complex interplay of local and large-scale
processes that influence the dynamics of coastal upwelling in Northwest Africa. The variability in these coastal upwelling
regions was not only influenced by local and remote wind forcing, but also by large-scale climatic drivers such as El Nifio
Southern Oscillations (ENSO) and Atlantic Nifio events. These climatic factors influence the intensity and frequency and
duration of upwelling seasons. In the Senegal-Mauritania coastal upwelling, a strong relationship was observed between
upwelling and the equatorial ENSO events from late winter to the early spring, with a notable reduction of upwelling intensity
after the peak of El Nifio in the equatorial Pacific. In the Gulf of Guinea, the summer upwelling intensity was affected by the
equatorial Atlantic mode and often decoupled from local wind forcing, providing new insights into alternative upwelling
drivers.

Keys words: Annual cycle of upwelling, cumulative upwelling index, Northwest African coastal upwelling systems.

1 Introduction

Coastal upwelling is notable for its high biological productivity, vital local fisheries and significant socio-economic impacts
on neighbouring countries (Koné et al., 2017; Amemou et al., 2020). It is traditionally defined as a process by which nutrient-
rich cold water rises onto the continental shelf, compensating for the seaward drift of surface water under the combined action

of upwelling-favourable wind stress and the Earth's rotation (Ekman, 1905). Bakun (1973, 1975), expanded this by
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emphasizing on the influence of seasonal and geographical variations in coastal upwelling. He highlighted that the strength
and extent of upwelling can vary based on wind patterns, topography, and other environmental factors. The natural variability
of coastal upwellings located along the eastern boundaries of ocean basins (such as Humboldt, California, Benguela and Canary
upwelling systems) has been associated to the local weather patterns and large-scale climate drivers, including ENSO, North
Atlantic Oscillations (NAO), Southern Oscillation Index (SOI) and Pacific Decade Oscillations (PDO) events (Bograd et al.,
2009; Yu et al., 2020). While the local variability of upwelling is partly driven by natural processes, their intensity, frequency
and duration are strongly affected by global warming, primarily due to the anthropogenic rise in atmospheric CO2 and the
resulting alterations in weather and climate patterns (Gruber et al., 2011).

In this study, we review the current characteristics of the Northwest African coastal upwelling system, including the Senegal-
Mauritania and Gulf of Guinea coastal upwelling regions. These features are indicators of the recent spatial and temporal
variability of coastal upwelling off West Africa, and are needed to predict future variability. In the literature, the drivers and
impacts of both coastal upwelling systems are well documented. In the Senegal-Mauritania coastal upwelling system (SMUS),
the variability of coastal upwelling is mainly attributed to the trade winds modulated by Azores subtropical high-pressure
(Ndoye et al., 2014; Faye et al., 2015; Sylla et al., 2019), and the position of the Intertropical Convergence Zone (ITCZ)
(Pelegri et al., 2006; Valdes & Deniz-Gonzalez, 2015). Ekman theories are generally used to describe this upwelling system
(Benazouzz et al., 2014; Sylla et al., 2019). Using the regional ocean models, Ndoye et al., (2014, 2017) have showed additional
factors such coastal geometry and mesoscale eddies which affect the upwelling intensification. The temporal and spatial
variability of upwelling have been described with upwelling indices based on SST anomalies, wind stress patterns and
chlorophyll-a concentration (Demarcq and Faure, 2000; Caniaux et al., 2011; Cropper et al. 2014, Benazouzz et al. 2014).
These different upwelling indices have allowed to determine metrics and changes in coastal upwelling intensity.

The variability of the coastal upwelling observed along the Gulf of Guinea coast, especially between 10°W and 5°E (Caniaux
et al. 2011), has been attributed to several biophysical processes, including the local zonal wind stress, equatorial dynamics
(Clarke, 1983; Philander et al., 1990; Picaut, 1983), such as the eastern propagation of Kelvin and coastal trapped waves
(Philander and Pacanowski, 1981) and ocean currents (Djakouré et al. 2017). In Gulf of Guinea coastal upwelling system
(GGUS) as in many tropical regions, peaks of wind stress and ecosystem productivity are not aligned (Korner et al., 2024).
Detailed studies have shown that wind stress alone cannot explain upwelling processes in these regions. Therefore, other
physical mechanisms beyond offshore Ekman transport, such as equatorial currents, surface heat fluxes, remote forcing via
equatorial waveguides (Weisberg et al., 1979; Philander, 1979; Hormann and Brandt, 2009), vertical mixing (Brandt et al.,
2023), mesoscale eddies (Djakuré et al. 2014) and large-scale climate drivers (Bograd et al., 2009; Yu et al., 2020) have been
explored to understand upwelling processes in these regions. Recent findings from high-resolution tropical Atlantic Ocean
model experiments (lllig et al., 2024) highlight that coastal variability is influenced by both equatorially forced coastal-trapped
waves and reflected equatorial Rossby waves. Polo et al., (2008) further revealed recurrent and continuous poleward
propagations of coastally trapped Kelvin waves over thousands of kilometres, extending as far as 10°-15° latitude along the

West African coastline. Using sea surface height (SSH) correlations, they quantified the phase speed and underscored the
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importance of remote forcing, showing clear evidence of intra-seasonal Kelvin waves' influence on coastal upwelling regions
during boreal autumn-winter. Some studies suggested a minimal direct influence of equatorial Kelvin waves on boreal summer
SST variability (Hormann and Brandt, 2009) and emphasized on the role of local wind variability and vertical transport. Using
the regional ocean model, Djakouré et al., (2014) showed that mesoscale eddies cannot be considered as the driving force
behind coastal upwelling in the Gulf of Guinea despite the role they play in upwelling intensification, and highlighted the
Guinea Current (Djakouré et al. 2017). Recently, Alory et al., (2021) found that the Niger River plume acts as a barrier limiting

the intensification of the eastern edge of the Guinean Gulf coastal upwelling.

Since 1990, Andrew Bakun suggested that increasing greenhouse gas concentrations due to climate change could intensify
upwelling-promoting winds in the eastern boundary current systems (EBUSS). This Bakun's hypothesis was partially validated,
especially in upwelling regions located at high latitudes (Seydman et al., 2014). Using historical observations (Benazzouz et
al., 2015) and under climate change scenarios RCP8.5 (Sylla et al., 2019, Varela et al., 2021), previous studies have found a
northward displacement of upwelling with a moderate increase trend of upwelling-favourable winds in the Canary upwelling
system. But they underlined that Bakun’s hypothesis does not hold in the SMUS (10°-21°N), where upwelling indices are
nearly constant. However, Bakun's mechanism has suffered a setback in recent studies where authors found changes in
upwelling independently to wind stress forcing (Chang et al., 2023) and anthropogenic climate change (Abrahams et al., 2021).
This reopening the question of the impact of climate change on Northwest coastal upwelling systems. Studies have shown that
the Northwest African coastal upwelling influence regional precipitations (Brandt et al., 2011; Fontaine & Janicot, 1992; Lamb,
1978; Rodriguez-Fonseca et al., 2015), as well as primary production, pelagic fish habitat, and marine resource abundance
(Binet & Marchal, 1993). They largely inflect the onset and amplitude of the African monsoon (Brandt et al., 2011; de
Coétlogon et al., 2023). However, the predictability of Northwest African upwelling cells remains a topic of active debate,
particularly regarding the roles of remote forcing and the propagation of Kelvin waves in the eastern Atlantic (Polo et al., 2008;
Illig et al., 2024). Although drivers and impacts of this coastal upwelling are well documented, changes in intensity and
frequency remain challenges. This study aims to investigate on the recent characteristics of both SMUS and GGUS located in
between 10°-25°N and 4°-7°N, respectively. In the second section, we present data and methods used for this study. The third

section presents and discusses results on different characteristics of each upwelling region before concluding this study.

2 Materials and methods
2.1 Data

Different physical and biogeochemical marine variables from several sources are used in this study. The reanalysis data include
Ocean Reanalysis System 5 (ORASS, Zuo et al., 2018) and the fifth-generation atmospheric reanalysis (ERA5, Hersbach et
al., 2020) provides by the European Centre for Medium-Range Weather Forecasts (ECMWF), and the global Mercator Ocean
reanalysis (GLORYS) product (Lellouche et al., 2021). The observation products are constituted of Hadley Centre Sea Ice and

3
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SST dataset version 1 (HadlISST1; Rayner et al. 2003) and the continuous satellite observations of SST (OSTIA, Good et al.,
2020). ORAS5 and HadISST products are monthly time-scale while ERA5, GLORYS and OSTIA are daily. Additionally,
climate indices such as Nifio 3.4 and NAO were obtained from National Oceanography and Atmospheric Administration
Climate Prediction Center (NOAA-CPC) (see data availability). The bathymetry data were collected from the General
Bathymetric Chart of the Oceans (GEBCO). All the data were remapped onto 0.25° grid by bilinear interpolation and used to
analyze the annual cycle, interannual variability and trends of coastal upwelling in each region. The characteristics of data are

summarized in the following table (Table) including type of dataset, variables used, resolution and period covered.

Table: Different datasets and resolution used in this study

Dataset Types Variables Resolution Cover period
ORAS5 Ocean reanalysis | SST, sea surface salinity, zonal and | 0.25°x0.25° 1980 - 2023
meridional wind stress, zonal and

meridional velocity
ERAS Atmospheric SST, zonal and meridional wind | 0.25°x0.25° 1980 - 2023
reanalysis components
HadISST Station SST 1°x 1° 1980 - 2023
observations
OSTIA Satellite SST 0.05°x0.05° 1982 - 2022
Global Ocean | Ocean reanalysis | SST, zonal and meridional wind stress, | 0.083°x0.083° 1993-2020
reanalysis zonal and meridional velocity, sea
(GLORYS) water salinity, sea level anomaly
Oxygen (02), nitrate (No3) 0.083°%0.083° 2020-2021
NOAA Satellite Chlorophyll-a concentration 0.05°x0.05° 1997-2023
NASA Climate indices | Nifio 3.4 and NAO Time-series 1982-2023

The reasonable agreement between satellites and reanalyses products have increased our confidence in the ability of both data

to reproduce the annual cycle of upwelling.

2.2 Methodology

Upwelling indices (UI) are used in numerous studies (Demarcq and Faure, 2000; Caniaux et al., 2011; Cropper et al., 2014;
Benazouzz et al., 2014; Bordbar et al., 2021) as powerful tools to analyze coastal upwelling dynamics. In this study upwelling
indices based on wind stress (Ekman suctions), SST, chlorophyll-a concentration and sea level anomaly were used to
characterize the annual cycle and interannual variability of upwelling in both Senegal-Mauritania and Gulf of Guinea coastal

upwelling systems.
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Figure 1: (a), (d) Mean sea surface temperature SST (colours) and wind stress fields (arrows) during winter-spring (December-May) and
summer (July-September) in the Senegal-Mauritania and Gulf of Guinea upwelling systems, respectively. (b), (e) Chlorophyll-a
concentration. (c), (f) Topography. Red dash lines show the extent of the coastal and offshore boxes. The coastal box was defined using the

1500 m and 2000 m isobath including the continental shelf and slope. The offshore box was from 5° and 2° to the coast in both upwelling

regions, respectively.

As coastal upwelling occurs on the continental shelf, we have firstly defined the coastal and offshore boxes using the General
Bathymetric Chart of the Oceans (GEBECQ) bathymetry (Fig. 1c). The coastal boxes were defined using the 1500 m and
2000m isobaths (Fig. 1c, f), including the continental slope, respectively in the SMUS and GGUS. This region corresponds
also the lower SST (Fig. 1a, d) and maximum concentration of chlorophyll-a (Fig. 1b, e) areas. The offshore boxes extend
form 5° and 2° far away to the coast (Cropper et al., 2014; Sylla et al., 2019; Bordbar et al., 2021). Wind stress fields and SST
were extracted in the two boxes for computing Ul. However, the limited extent of the continental shelf and slope, with its steep

slopes to the east of the Gulf of Guinea (Togo-Benin), could have an impact on the productivity of coastal ecosystems.

According to Ekman's (1905) theory of wind-induced ocean circulation, ocean surface waters with a homogeneous density

structure, subjected to a persistent surface wind, undergo a regular motion governed by an equilibrium between the Coriolis
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force and wind-induced frictional force. Strong winds blowing parallel to the coast create a divergence of surface waters and
cause alongshore transport (Ekman transport) within the Ekman layer. This movement results in the replacement of the surface
water by nutrient-rich cold waters that are brought up through upwelling. This process can lead to notable SST differences

between coastal areas and the open ocean. Based on Ekman theory, the zonal (M,) and meridional (M,) Ekman transports

were computed in each upwelling region using the following equations:

v x

T
) M =
Puw-f D=, f

My = where f = 20.sin(¢) Y

e t*and ¥ are zonal and meridional wind stress components;

e p,-1025Kg.m?3 is sea water density; f is the Coriolis parameter;

e N =714x10"%s"1 isthe momentum of the earth rotation; and ¢ is the latitude
The contribution of wind stress curl was also analyzed. Regardless of the presence or not of a coast, any spatially heterogeneous
wind causes to a divergence or convergence of Ekman transport which leads to vertical upwelling or downwelling water
respectively. This type of downwelling (negative value) or upwelling (positive value) is called Ekman pumping (W,) or wind

stress curl driven (WSCD) upwelling or downwelling and is obtained by:

e

1 (613’ 61") Wh aty  ot* . the wind st i 5
o F\ax 3y’ ere ax  dy is the wind stress cur 2

The total wind-driven upwelling index was obtained by adding the upwelling index drained by the local wind and that drained
by alongshore wind. Before computing these two upwelling indices, we derived the wind stress components from the ERA5
near-surface 10 meters wind components by following this bulk formula:

T® = pg * Cy * [Weluges T = pg * Cq * |We|vio, where ws = [ (ug2 + v102) 3

Where:

- po = 1.22 kg m73 is the air density, C; = 0.0013 is the drag coefficient,

- W, Uy, V10 are wind speed, zonal and meridional wind components, respectively.

The SST response during upwelling period was examined. Upwelling index based on SST gradient (VSST) was calculated
between coastal upwelled-water (SST;,) and offshore (SST, ;) boxes. The spatial extension of coastal upwelling was localised

under 25°C (Caniaux et al., (2011). The SST gradient was computed as:

VSST = SST,z; — SSTip 4)
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Annual cycles of sea level anomaly and ocean surface current velocity over the coastal region were used to analyse the
influence of remote forcing due to equatorial dynamics (Kelvin and coastal trapped waves) and global ocean circulation. The

effects of the onshore geostrophic transport (T,) have been estimated using sea surface height (SSH) over the ocean mixing

layer depth (MLD) (Sylla et al., 2019).
g
T, = MLD X ? (SSH,; — SSH,,,) (5)

where T, is the vertical transport due to the SSH gradient in the mean of MLD (in meters); g is the gravity coefficient (g =
9.81 ms2), SSH,, — SSH,,, is the difference between alongshore and onshore SSH at the horizontal direction. In the SMUS,
T, was estimated of the zonally averaged geostrophic transport, while in the GGUS, it was estimated of the meridionally
averaged geostrophic transport. T is counted negative eastward following the sign convention used to quantify the upwelling.
The annual cycles of sea surface salinity, chlorophyll a concentration, oxygen and nitrate nutrients were used as additional
indicators to characterize the biogeochemical productivity of upwelling systems.

The cumulative upwelling index (CUI) was used to analyse the interannual variation of coastal upwelling in both SMUS and
GGUS. The daily Ekman transport and the SST gradient were integrated separately over the years at four sections within the
SMUS (from 10°-25°N), and two sections within the GGUS (7°W-4°E) separated by 4° latitude. The results allowed to
estimate the climatological start transition index (STI, start date), maximum magnitude, end date and length of the upwelling
season; and to identify extreme upwelling years. Before integrating the upwelling index, the month with maximum
downwelling was determined. The STI was defined as the date when the minimum CUI value was reached, marking the
beginning of a sustained positive upwelling index. The end of upwelling (END) was defined as the date when the CUI reached
its maximum value, after which downwelling prevailed. In the SMUS, the upwelling STI was calculated between August and
next January. In the GGUS the STI was computed between January to July. The integrated CUI also allowed the identification
of individual years with extreme upwelling events. Additional upwelling metrics as the length of upwelling season (i.e.,
duration between STI and END) and the total upwelling magnitude (TUM) (i.e., total integrated CUI between STI and END)

were estimated the in each region. The TUM is obtained by:

END

TUM = Z CUI(t) (6)

STI

For the comparative analysis, these upwelling indices were computed using reanalyzes and observations (see data). Long-term
trends in upwelling indices were analysed using linear regression models based on the gradient descent fit. In addition, the

Pettitt statistical test was used to detect changes in upwelling indices in both upwelling regions. Composite and correlations
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analyses for ten equatorial Pacific ENSO ten equatorial Atlantic mode of variability were used to analyse the connectivity of
coastal upwelling to the Equatorial ENSO and Atlantic Nifio. The equatorial Pacific ENSO area was defined between 170W-
90W and 5N-5S from the Equator. The equatorial Atlantic mode was located between 20N-0 and 3S-3N (Nnamchi et al.,
2021). The ENSO mode includes five extremes EI Nino (1983, 1992, 1998, 2010 and 2016) and five extremes La Nina (1985,
1989, 2000, 2008 and 2011) events. The equatorial Atlantic mode includes five extremes warming (1988, 1995, 1999, 2009
and 2020) and five extremes cooling (1982, 1983, 1997, 2004 and 2012) events. These events were detected analysis the SST

anomalies.

3 Results

3.1 Annual cycle of Northwest African coastal Upwelling Systems

This section analyses the seasonality of upwelling over the Senegal-Mauritania and Gulf of Guinea coasts. Upwelling indices,
such as SST gradient, Ekman transport, chlorophyll-a concentration and other additional indicators were used to examine

upwelling metrics such as timing (onset and end dates), intensity and duration in each upwelling region.
3.1.1 Senegal-Mauritania Upwelling System (SMUS)

In the SMUS, the annual upwelling cycle was derived from the zonal Ekman transport (Fig. 2) and the SST gradient (Fig. 3).
The two upwelling indices show a permanent upwelling between 21°-25°N and a seasonal upwelling (from December to May)
between 10°-21°N. The cumulative upwelling index calculated by integrating the zonal Ekman transport, indicates that the
seasonal upwelling starts on the 120™ day after the maximum downwelling observed in August, and extends over 245 to 270
days. The maximum intensity of the upwelling was observed in April (152 days after the onset date), while the minimum peak

of the upwelling coincides with the maximum downwelling in August (Fig. 2).
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Figure 2: Wind driven-upwelling in the SMUS derived from ORAS5, ERA5 and GLORYS wind stress fields: a-c Annual cycle of zonal
Ekman transport (colours) and wind stress curl driven upwelling indices (contours). d-f show winter and spring (from December to May:
DJFMAM) mean states of wind stress (arrows), zonal Ekman transport (colours) and wind stress driven upwelling (contours). Black dots
represent the correlation coefficient (r>0.5) between zonal Ekman transport and zonal SST gradient. Negative values of Ekman transport

and positive values of wind stress curl-driven show upwelling, while the opposite values indicate downwelling.
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This result reflects the dominant role of the Ekman transport. Similar characteristics of upwelling were observed with the zonal
SST gradient (Fig. 3), but with a one month lag between the peaks of wind-driven upwelling and the SST response. The
maximum peak of the coastal SST gradient is observed in March, one month before the peak of the Ekman transport. This
shows the strong relationship between the zonal Ekman transport driven by the meridional wind stress and the coastal SST
gradient. The linear correlation analysis between zonal Ekman transport and SST gradient at each grid point shows a strong
coherence in some regions near the coast (>0.5). This good agreement between zonal Ekman transport and SST gradient
reflects the fundamental role of coastal Ekman drifts. However, the correlation coefficient is statistically weak in the south

(10°-13°N), where the highest SST was observed. This highest SST drive the weakening of the surface wind stress patterns.

(a) (b) (c) OSTIA (d) Hadl (e) THETAO

JFMAM]) ) ASOND JFMAM]J] JASOND JFMAM] J ASOND JFMAM)] JASOND
month month month month month

(h)
&
P

24°W 19.5°W 15°W 24°W 19.5°W 15°W 24°W 19.5°W 15°W 24°W 19.5°W 15°W 24°W 19.5°W 15°W

15 16 18 19 21 22 24 25 27 28
°C

{i)
24°N
22°N
20°N
18°N
16°N
14°N
12°N

Figure 3: Seasonal variability of SST patterns in the SMUS derived from ORAS5, ERAS5, OSTIA, HadISST and GLORYS (Thetao) datasets:
a-e Annual cycle of SST (colours) and upwelling indices (contours) in the SMUS. f-j SST mean states during upwelling season from
December to May (colours). Green lines show the minimum SST (21 °C) during the month that the maximum SST has been recorded. This
minimum SST has been used as indicator to compare different datasets. Orange lines is 25 °C isotherm used to estimate the maximum

extension of upwelling. Positive SST gradients show upwelling while negative values indicate non-upwelling.
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The comparative analysis between different wind stress (Fig. 2) and SST (Fig. 3) data shows that the best representation of
wind-induced upwelling is provided by GLORY'S (Fig. 2c, f) compared to ORAS5 (Fig. 2a, d) and ERA5 products (Fig. 2b,
e). The good SST index is obtained with OSTIA (Fig. 3c, h). The poor representation of the SST index was observed with
HadISST (Fig. 3d, i). This difference can be explained by the different spatial resolution (see Table). The GLORYS and OSTIA
data have a higher resolution to represent the coastal upwelling processes than the ORAS5, ERA5 and HadISST products. The
zonal Ekman transport and the wind stress curl-driven were underestimated in ERA5 compared to ORAS5 and GLORYSS (Fig.
2a, ¢). The maximum magnitude (1.5 m2 s-1) observed in the atmospheric reanalysis is lower than that observed in the ocean
reanalysis (>2.5 m2 s-1). The TUM observed in different sections shows that the coastal upwelling is longer and stronger in
the northern part (TMU of SST index > 1000 °C) than in the southern part (TMU of SST index < 1000 °C) of the upwelling

region.
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Figure 4: Annual cycle of upwelling indices in the Northwest African upwelling systems: a-b Ekman transport in (blue) and SST gradient
(red) in the SMUS and GGUS, respectively. c-d Chlorophyll-a concentration (green) and sea level anomaly (orange) in both upwelling
regions. The solid lines represent the climatological means while colour shadings are mean minus or plus standard deviation, and indicate

the variability of each upwelling index.

The contribution of wind stress curl driven (WSCD), sea level anomaly (SLA), ocean current, and geostrophic balance were

examined as additional upwelling indicators. Wind stress curl and geostrophic flow play an important role in modulating
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coastal upwelling. The sign of these two indicators can indeed influence the dynamics of coastal upwelling. Negative
geostrophic flows and positive WSCD generally enhance upwelling, while positive geostrophic flows and negative WSCD
may reduce or suppress coastal upwelling. The result of Fig. 2d-f (contours) and Fig. 5a-b (colours) shows that of the WSCD
and the ocean surface velocity strongly contribute to the enhancement of upwelling in the northern part of the SMUS, where

265 the alongshore wind forcing persists over the years. In the south, where the alongshore wind forcing is seasonal, the Ekman
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Figure 5: a, b Annual cycles of ocean surface velocity (colours) and geostrophic balance (contours) ORAS5 from ORASS5 and Global Ocean
270 reanalysis (GLORYS). ¢, d Annual cycle of sea surface salinity from ORAS5 and GLORYS. e-g show Chlorophyll-a concentration,
dissolved oxygen and nitrate in the Senegal-Mauritania upwelling system.
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transport and the WSCD are statistically anti-correlated. The enhancement of upwelling is more related to the influence of the
geostrophic balance (Fig. 5a-b), as the pressure gradient force is balanced by the Coriolis force. The Rosshy circulation can
modulate this upwelling by changing the geostrophic flow patterns. In the comparative analysis, the highest ocean surface
velocity was observed with the GLORY'S products (Fig. 5a) due to their high resolution compared to the reanalysis data (Fig.
5b).

The analysis of the SLA (Fig. 4) shows that the minimum peak of the SLA correlates well with the maxima peaks of the zonal
Ekman transport, the coastal SST gradient (Fig. 4a) and the chlorophyll-a concentration (Fig. 4b) observed in April. However,
the minimum peaks of the four upwelling indices show some delay. The minimum Ekman was observed in August, one month
after the minimum peak of the SST gradient (Fig. 4a). In contrast, the minimum chlorophyll-a concentration is observed in
October, one month before the maximum SLA (Fig. 4c). This minimum peak coincides with the maximum SST recorded in
this region. The chlorophyll-a concentration reaches its maximum when the SLA is negative (Fig. 4c). This indicates that

changes in SLA can influence the productivity of coastal upwelling.

Analysis of the annual cycles of sea surface salinity, dissolved oxygen and nitrate (Fig. 5c, d, f, g) shows that the maxima
peaks of dissolved oxygen, nitrate and chlorophyll-a concentration (Fig. 5€) are driven by the maximum intensity of upwelling
(April). However, the minimum peaks of these variables coincide with the highest SST (September-October). The highest
values of dissolved oxygen and chlorophyll-a were found in the permanent upwelling region (above 21° N), while the maxima
values of nitrate supply were observed in the seasonal upwelling region (below 21° N) during the upwelling season (December-
June). The spatial distribution of sea surface salinity (Fig. 5c, d) also shows a strong difference between the north and the
south. The maximum values (>35 psu) were observed in the permanent upwelling region, while lower values (<35 psu) were

observed in the southern part of the upwelling region.

3.1.2 Gulf of Guinea Upwelling System (GGUS)

In the GGUS, coastal upwelling indices were calculated with zonal wind stress and SST gradient. The upwelling waters were
estimated under the 25° C SST isotherm. The annual cycle of the meridional Ekman transport shows two favourable upwelling
periods (Fig. 6), as reported in previous studies (Addison, 2010; Sohou et al., 2020). A major summer upwelling period (July-
September) and a minor winter upwelling period (February-March). However, the annual cycle of SST (Fig. 7) showed that
the slight increase in meridional Ekman transport observed in winter was not strong enough to drive significant changes in
local SST. The mean temperature was 27 °C, above the 25 °C threshold. The CUI obtained by integrating the meridional Ekman
transport shows that the coastal upwelling starts in the 180™ day of the Gregorian calendar (i.e., 68 days after the maximum
downwelling in May) and continues for about 93 days before gradually decreasing until November. The maximum magnitude
of the meridional Ekman transport (1.5 — 1.7 m2 s-1) and the SST gradient (0.8° - 1.4 °C) was observed in August when the
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SST near the coast was around 23°C. The cessation of upwelling activity was observed in September, one month after the
maximum peak.

Analysis of the WSCD (Fig. 6, contours), the ocean velocity (colours) and the geostrophic balance (contours) (Fig. 8) shows
that the intensity of the upwelling is influenced by the WSCD in the east (Fig. 6e-f) and by the ocean velocity and the vertical
transport driven by the geostrophic balance (Fig. 8a, b) in the west of the upwelling region. This shows that a weakening of
the meridional Ekman transport is often accompanied by an intensification of the WSCD upwelling (Bordbar et al., 2021).
This result is more pronounced in the GLORYSS than in the ORAS5 products.
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Figure 6: Wind stress driven-upwelling in the GGUS derived from ORAS5, ERAS5 and GLORY'S wind stress fields: a-c Annual cycles of
the meridional Ekman transport (colours) and wind stress curl driven upwelling indices (contours). d-f Summer (from July to September:
JAS) means of the wind stress (arrows) that drive the meridional Ekman transport, wind stress curl driven (contours) upwelling. Black dots
represent the correlation coefficient (r>0.5) between zonal Ekman transport and SST gradient.

The obtained correlation coefficient between SST and meridional wind stress was statistically significant (r>0.5) in the whole
basin and does not allow to find the coherence between transport and coastal SST anomalies. As in the SMUS, the wind-driven
upwelling index was underestimated in the ERAS reanalysis (Fig. 6b, €) compared to the ocean reanalysis products (Fig. 7a,
¢, d, f). The strong SST gradient was observed in the OSTIA and GLORY'S products (Fig. 7c, ) around 1.6 °C. The HadISST
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still struggles to represent the coastal upwelling indices well (Fig. 7d) compared to reanalyses and satellite observations. The
high meridional Ekman transport is observed with ORAS5 and ERAS reanalyses (Fig. 6a, b) compared to GLORYS which
shows a long duration of the upwelling season (Fig. 6¢). The seasonal analysis of the SLA shows that the peaks of the SLA
coincide with the SST gradient (Fig. 4c, d). The minimum SLA is observed with the maximum SST gradient, one month after
the maximum peak of chlorophyll-a concentration. The maximum SLA was observed when the SST reached its minimum
peak. This indicates the strong influence of the SLA on the coastal SST variability and upwelling productivity. The spatial
analysis of the SST during the summer upwelling (Fig. 7) shows two upwelling cells: The western cell between 7°-1°W and
the eastern cell between 1°W-4°E. The meridional Ekman (Fig. 6) indicates that the wind-driven upwelling is stronger in the
eastern cell, while the western cell is closely linked to the SLA (lllig et al. 2024) and ocean currents (Fig. 8a, b). This raises
the idea of equatorial dynamics characterised by eastward propagation of Kelvin waves and trapped coastal waves (Philander
et al., 1990; Clarke, 1983, Picaut, 1983; Polo et al., 2008) and ocean surface currents (Djakouré et al., 2017). In the western
cell, the maxima of the SST gradient (>0.8°C) coincided with the minima of the SLA, whereas in the eastern cell (1°W-4°E),

the maxima of the SST gradient (<0.5°C) are close to the peak of the meridional Ekman transport.
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Figure 7: a-e Annual cycle of SST (colours) and upwelling indices (contours) in the GGUS. f-j Summer SST means (July-September). f-j
Summer SST means. Green contours indicate the 25° C isotherm of SST used to define cold upwelled water.

The result of Fig. 8c-d shows that the maximum peaks of sea surface salinity (>34 psu) and nitrate are driven by intense
upwelling events. The maximum concentration of chlorophyll-a concentration coincides with the maximum peak of dissolved
oxygen (Fig. 8d, e). Maximum salinity (>34 psu) and nitrate are found during the upwelling period (Fig. 8c, d), with a

maximum peak observed in the ORASS reanalysis (Fig. 8c). This difference between the datasets can be related to their
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345 different spatial resolutions (Table). The seasonal analysis also showed that peaks in sea surface salinity and nitrate are driven

by the intense upwelling events (August), while the maximum concentration of chlorophyll-a concentration is driven by the
maximum peak of dissolved oxygen peak (Fig. 8d, e).
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Figure 8: a, b Annual cycles of ocean surface velocity (colours) and geostrophic balance (contours) ORAS5 from ORASS and Global Ocean

reanalysis (GLORYS). ¢, d Annual cycle of sea surface salinity from ORAS5 and GLORYS. e-g show Chlorophyll-a concentration,
dissolved oxygen and nitrate in the Gulf of Guinea upwelling system.
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4.2 Interannual variability and historical trends of Northwest African coastal upwelling

In the SMUS

This section analyses the year-to-year evolution of the upwelling indices. The interannual variability of the coastal upwelling
indices in the SMUS was characterised by extreme surplus and deficit years. Years in which the value of the upwelling index
was above the climatological mean plus the standard deviation were considered as surplus years, whereas the years in which
the value of the upwelling index was below the climatological mean minus the standard deviation were considered as deficit
years. The years between the climatological mean minus the standard deviation and the climatological mean plus the standard
deviation were considered as normal upwelling years. Thus, the years 1984, 1989, 1990, 1993, 2008 and 2017 were
characterised by an upwelling, while the years 1991, 2009 and 2022 were characterised by a deficit of the upwelling indices
(Fig. 9). However, some years show deficits (1995, 2010) or surpluses (2000) of cold water amount north of 21°N but not in
the southern part of this latitude and vice versa. Analysis of Fig. 9 shows that the extreme years of wind-driven upwelling do
not directly correspond to the extreme years of SST-based upwelling indices and vice versa. For example, 2008 and 2009 are
surplus and deficit years respectively, for the amount of cold water driven by the zonal Ekman transport, but not for the SST
gradient. Some of these extreme years have been observed in previous studies as ENSO years () and North Atlantic Nifio or
Nifa years (Oettli et al., 2016; Lubbecke et al., 2019; Nnamchi et al., 2021). This has led us to investigate the link between the
Northwest African coastal upwelling phenomena and the equatorial Pacific ENSO and North Atlantic Nifio. Linear regression
analysis of the upwelling indices shows a weak increasing trend of upwelling over the study period (slope=0.2). This increase
was more slightly pronounced in the satellite observations than in the other data sets used. On the other hand, the reanalysis

products show an almost constant variability of the upwelling (slope=0.01).

In the GGUS

The interannual analysis of upwelling indices in two sections of the GGUS (Fig. 10) highlights notable extreme years. Surplus
upwelling indices were observed in 1983, 1998, 2010 and 2021, with a significant increase in upwelling compared to the
climatological mean. Conversely, a slight deficit of coastal upwelling was observed in 1992, 2009 and 2015. However, the
extreme years observed in the meridional Ekman transport differ from those found in the coastal SST anomalies. For example,
2021 was found to be the strongest wind-driven upwelling year during the study period, but was not driven by the strong
cumulative SST gradient. In contrast, 2009, which was one of the deficit years of the meridional Ekman transport, was a strong
year of the cumulative SST gradient. The analysis of the historical trends of the upwelling indices shows a decreasing trend of
upwelling in the GGUS (slope=0.52). This decreasing trend can be linked to the anthropogenic climate change, which causes
that warm water events such as marine heatwaves. As in the SMUS, most of the extreme years were observed as North Atlantic

warm or cold years. This draws our attention to the relationship between equatorial variability modes and the GGUS upwelling.
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Figure 9: Interannual variability of upwelling in the SMUS: Cumulative upwelling index in four sections within the upwelling region. Grey
curves indicate individual years from 1982 to 2022; solid black curves represent climatological means, while black dots show mean +/-
standard deviation. Vertical red vector shows the onset of upwelling observed through the end of boreal Fall season (Fall starting index).

Colours curves are extreme warm and cold years observed in this region.
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Figure 10: Interannual variability of upwelling in the GGUS: Cumulative upwelling index based on integrated zonal Ekman transport (a)
and SST gradient (b). Grey curves indicate individual years from 1982 to 2022, solid black curves represent climatological means, while
black dots show mean +/- standard deviation. Vertical red vector shows the onset of upwelling observed through the end of boreal spring
season (spring start index). Colours curves are extreme warm and cold years observed in this region.

4.3 Connectivity between Northwest African coastal upwelling and Large-scale climate drivers

Previous studies have shown that changes in the intensity, frequency and duration can be influenced by large-scale climate
drivers such as the Equatorial Pacific ENSO, NAO and PDO (Bograd et al., 2009, Lubbecke et al., 2019). In this section, the
composite analysis of SST and wind stress anomalies for ten ENSO (Fig.11a-d) and North Atlantic Nifio (Fig. 11e-f) years,
shows a strong connection between ENSO events and SMUS. This connection is best developed during the boreal spring (Fig.
11c) following the most frequent season of maximum ENSO anomalies in the Pacific. The extreme Nifio events drive extremely
warm SST anomalies along the Senegal-Mauritania coasts, weakening the intensity and changing the direction of the coastal
upwelling wind stress, but strengthening the cold-water flow in the Gulf of Guinea. This leads to significant changes in
upwelling indices and metrics such as intensity, frequency and duration over the Northwest African coasts, especially in the

SMUS. The link with EI Nifio is more obvious than with La Nifia. Unlike the El Nifio, the extreme events of La Nina enhanced
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the upwelling current along the coasts of Senegal and Mauritania, but led to an accumulation of warm water in the Gulf of
Guinea. As the Gulf of Guinea is close to the equator, the SST anomalies were more related to the equatorial Atlantic
variability. The result of Fig 11e-d shows that the extremely warm SST events in the Equatorial Atlantic drive warm water
along the Gulf of Guinea upwelling region, while the cold SST events drive cold water.
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Figure. 11 Connection of ENSO and Atlantic variability to Northwest African upwelling systems. c-d Composite average of winter
(December-February, DJF) and spring (March-April, MAM) extreme SST (colours) and wind stress (arrows) anomalies during extremes El
Nino and La Nina years in the Equatorial Pacific. e-f Composite average of the summer (June-August, JJA) extreme SST (colours) and wind

stress (arrows) anomalies during extreme warm and cold events in the Atlantic Nifio region. Orange boxes show the ENSO area in the
Equatorial Pacific (a-d) and Atlantic Nifio (e-f) region. White and green boxes indicate the SMUS and GGUS, respectively.
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Figure 12: Composite correlation between upwelling favourable wind stress anomaly and equatorial variabilities during the extreme SST
events: a-d Correlation coefficient between meridional wind stress and ENSO indices during winter (DJF) and spring (MAM) when the
Senegal-Mauritania Upwelling reach its maximum peaks. e-f Correlation coefficient between zonal wind stress and Atlantic Nifio indices.
Orange boxes indicate equatorial Pacific ENSO (a-d) and Atlantic Nino (e-f) areas. White and green boxes show both Senegal-Mauritania

and Gulf of Guinea upwelling systems.

A composite correlation between the Nifio 3.4 index and upwelling-favourable wind stress anomalies (Fig. 12) provided more
detail on the relationship between equatorial Pacific and Atlantic variability and the Northwest African coastal upwelling
systems. A significant negative correlation (> -0.7) was observed between the Nino 3.4 index and meridional wind stress

anomalies along the West African coasts during winter extreme Nifio events (Fig. 12a). The same result was observed between
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zonal wind stress and the Atlantic Nino index during the boreal summer in the GGUS and the southern part of the SMUS. This
result shows that the intensification of EI Nifio was associated with a weakening of the upwelling wind stress accompanied by
a significant reduction in the amount of upwelling water. In contrast, positive correlations were observed in boreal spring
(MAM) during the extreme La Nifia and Atlantic cooling events, respectively in the SMUS and GGUS (Fig. 12d, f). In
summary, the results of the interaction between the North-West African coastal upwelling systems and the equatorial
variability modes show that the interannual variability of the Senegal-Mauritania coastal upwelling is more related to ENSO
events in the Pacific, whereas the interannual variability in the GGUS is more related to the equatorial Atlantic mode. However,

in-depth studies are still needed to determine which drains the other.

Summary and discussion

Coastal upwelling in Northwest Africa was characterized using physical and biogeochemical marine variables from 1982 to
2022. The analysis was focused on the temporal and spatial variability of upwelling indices, analysing their seasonality and
interannual variability during the boreal winter-spring and summer, when upwelling peaks in the Senegal-Mauritania (SMUS)
and Gulf of Guinea (GGUS) regions, respectively. Upwelling trends were also examined by comparing different historical
datasets. The variability of the upwelling indices was linked to large-scale climate drivers such as ENSO and Atlantic Nifio
events. In the SMUS (10-25°N), the annual cycles of the upwelling indices showed a clear seasonal and latitudinal variability
as observed in the previous studies (Benazouzz et al., 2014; Sylla et al., 2022). Cumulative upwelling indices derived from the
daily SST and Ekman transport show that the onset of coastal upwelling is observed 120 days after the maximum downwelling
in August and lasts about 245 to 270 days. Upwelling reaches its maximum intensity in April after 152 days of the onset, and
then decrease progressively until August where minimm peaks of upwelling concide with the maximum downwelling. This
variability in upwelling intensity was linked to fluctuations of the West African monsoon system and the Azores high pressure
(Ndoye et al., 2014; Faye et al., 2015). The weakening of the coastal upwelling in the northern part of the SMUS was often
accompanied by an intensification of the WSCD upwelling as observed in the Angola-Benguela upwelling system (Bordbar et
al., 2021). The relatively weak correlation between Ekman transport and SST gradient observed in the south was previously
explained by mesoscale eddy’s activities and other environmental factors (Faye te al., 2015; Ndoye et al., 2017). A weak
upwelling trend was observed during our study period. This historical trend was also observed in the whole Canary upwelling
system (Ruela et al., 2020; Otero et al., 2023). Using climate model scenarios, previous studies (Sylla et al., 2019; Varela et
al., 2022) found a continuous moderate increase of upwelling in the Canary upwelling system, in particular in the SMUS.

In the GGUS (7°W-4°E), the summer upwelling typically starts around the 180th day of the Gregorian calendar (i.e. 68 days
after the maximum downwelling observed in May) and lasts for about 93 days. The SLA explain more of the SSTA variance
for the GGUS system associated with clear upwelling characteristics in the western part (Sohou et al., 2020; Illig et al., 2024).
The maximum SST fluctuations are around 0.8°C to 1.5°C in the west, while SSTAs remain weak in the eastern (less than

0.5°C). This indicates that coastal upwelling in the western of GGUS is more associated with coastal trapping driven by SLA

22



465

470

475

480

485

490

https://doi.org/10.5194/egusphere-2024-4175
Preprint. Discussion started: 27 January 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

than coastal wind stress. The inverse situation is observed in the eastern part where coastal SSTAs is close with Ekman suctions
(Ekman transport and WSCD). However, our results also showed that the variability of upwelling in the western part is also
influenced by ocean surface currents. Using a regional ocean model, Djakouré et al., (2017) linked this coastal upwelling to
the influence of Guinea Current. The influence of the vercal transport observed in the eastern part of the upwelling were
recently highlighted by Brandt et al., (2023). These authors explained how vertical mixing can drive upwelling water at the
surface. The interannual variability of the upwelling indices in both regions showed that coastal upwelling over the Northwest
Coast is sensitive to equatorial Pacific ENSO events and Atlantic oscillations (NAO and Atlantic Nifio). These climate drivers
weaken wind stress and extremely warm SST events, which are likely to influence the timing, duration and intensity of
upwelling events, sometimes leading to delays, early cessation or even suppression of upwelling (Bograd et al., 2009; Yu et
al., 2020). In the SMUS, the extremely warm water event (El Nifio) caused the winter upwelling indices to decrease, resulting
in a weakening of the upwelling season. The opposite event (La Nifia) caused a slight increase in upwelling. In addition, the
upwelling indices based on SST anomalies sometimes deviated from the wind stress patterns. Analysis of historical trends
indicated a moderate increase in upwelling intensity in the SMUS (Sylla et al., 2019) and a decrease in the GGUS that can be
linked to anthropogenic climate change which drives extremely warm water events such as marine heatwaves. These results
highlight the complex interplay between local upwelling dynamics and large-scale climate drivers, and emphasise the need for

continued analysis to better understand and predict future changes in these vital coastal ecosystems.

Data availability: open-source datasets were used for this study. ORAS5 global ocean reanalysis monthly data used is
available from 1958 to present, and freely downloadable from Copernicus Climate Change Service (C3S) Climate Data Store
(CDS). DOI: 10.24381/cds.67e8eeb7 (Zuo et al., 2018). ERAS data is available on the European Centre for Medium-Range
Weather Forecasts (ECMWEF) platform, 10.24381/cds.adbb2d47 (Hersbach et a., 2020). The global Mercator Ocean reanalysis

(GLORYS) products is open-source data available on Copernicus marine service server (https://marine.copernicus.eu)

(Lellouche et al., 2021). Hadley Centre Sea Ice and SST dataset version 1 is available on through
https://doi.org/10.1029/2002JD002670 (HadISST1; Rayner et al. 2003). The OSTIA-SST were accessed via the Copernicus
Server (https://doi.org/10.48670/moi-00168, Good et al., 2020). The net chlorophyll-a concentration dataset used in this study

covers from 1997 to 2023 and were derived from Copernicus Marine Environment Monitoring Service (CMEMS)

(https://marine.copernicus.eu/). This dataset is provided by Moderate Resolution Imaging Spectroradiometer (MODIS) of the

National Aeronautics and Space Administration (NASA). The bathymetry data used in this study are from the General
Bathymetric Chart of the Oceans (GEBCO) 2023 grid, with a spatial resolution of 15 arc-seconds, freely available from

https://www.gebco.net. Nifio 3.4 indices were extracted from National Oceanic and Atmospheric Administration Climate

Prediction Center plateform, https://www.cpc.ncep.noaa.gov/.
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