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Abstract

The advent of satellite-derived sea surface salinity (SSS) measurements has boosted scientific study in less-sampled ocean
regions such as the northwestern Gulf of Guinea (NWGO0G). In this study, we examine the seasonal variability of SSS in the
NWGoG from the Soil Moisture Active Passive (SMAP) satellite and show that it is well-suited for such regional studies as
it is able to reproduce the observed SSS features in the study region. SMAP SSS bias, relative to in-situ data comparisons,
reflects the differences between skin layer measurements and bulk surface measurements that have been reported by previous
studies. The study results reveal three broad anomalous SSS features: a basin-wide salinification during boreal summer, a
basin-wide freshening during winter, and a meridionally oriented frontal system during other seasons. A salt budget estima-
tion suggests that the seasonal SSS variability is dominated by changes in freshwater flux, zonal circulation, and upwelling.
Freshwater flux, primarily driven by the seasonally varying Intertropical Convergence Zone, is a dominant contributor to salt
budget in all seasons except during fall. Regionally, SSS is most variable off southwestern Nigeria and controlled primarily
by westward extensions of the Niger River. Anomalous salty SSS off the coasts of Cote d’Ivoire and Ghana especially during
summer are driven mainly by coastal upwelling and horizontal advection.
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1 Introduction Fig. 1), the region of focus in this study, the presence and
seasonal variability of the Intertropical Convergence Zone
(ITCZ) induce significant precipitation and associated river

discharges (such as from the Niger, Volta, Tano, and Ban-

Salinity plays an important role in the global ocean including
water mass formation, density and circulation, heat storage,

air—sea interactions, and the hydrological cycle [1, 6, 20].
Understanding salinity variability is therefore paramount
toward understanding global climate. Salinity changes, espe-
cially in the surface ocean, are driven mainly by freshwater
flux (i.e., evaporation, precipitation, and river runoff), advec-
tion, mixing, and entrainment [16, 47, 49, 54]. In the north-
western Gulf of Guinea (NWGo0G: 10°W-5°E, 0°N-7°N;
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dama Rivers; Fig. 2a) which have a substantial influence on
sea surface salinity (SSS) variability [15, 22, 58].

Freshwater from precipitation and river discharge mod-
ify the vertical stratification of the upper ocean [56]. Ocean
stratification, in turn, modulates the availability of subsur-
face, nutrient-rich waters to the ocean surface which stimu-
lates primary productivity and fish abundance, an impor-
tant protein need for West Africans [4]. In addition, salinity
variability affects the formation of barrier layers (i.e., the
difference between the mixed layer depth and isothermal
layer depth), which in turn affects air—sea interactions and
the West African monsoon [13, 22, 24]. The West Afri-
can monsoon significantly impacts rainfall occurrence and
variability, key factors that control agricultural activities in
West Africa [30, 40]. Thus, given the extreme importance
of agriculture to the socio-economic lives of West Africans,
understanding the variability of salinity in the NWGoG goes
beyond oceanographic significance.
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Fig. 1 Map of the Gulf of Guinea highlighting the northwestern Gulf
of Guinea study area (10°W-5°E, 0°N-7°N) and the eastern Gulf of
Guinea

Fig.2 (a) Annual mean and
seasonal climatology of river

The wind regime in the Gulf of Guinea (GoG) is domi-
nated by moisture-laden southeasterly winds during boreal
summer when the ITCZ lies in its northern position and dry
northeasterly winds during boreal winter when the ITCZ
retreats southward and precipitation subsides in the subre-
gion [26, 42]. Ocean circulation in the GoG is characterized
mainly by the Guinea Current, the equatorial undercurrent
(EUC), and the south equatorial current [9, 33]. The east-
ward flowing Guinea Current is stronger during summer
and weaker during winter [2, 8]. A Guinea Undercurrent
develops during summer and counterflows in the westward
direction underneath the Guinea Current [25]. As the Guinea
Current intensifies during summer, it aids upwelling through
isothermal displacements resulting from local and remote
wind forcing and contributes to salinity variability [3, 33,
38].

Examining salt budget enables the understanding of the
relative roles and contributions of the aforementioned physi-
cal processes to SSS variability in the NWGoG. Most previ-
ous regional studies on SSS (e.g., [5, 14, 34] have focused
on the eastern GoG, perhaps due to the strong influence
and variability of the Niger River and Congo River on SSS
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variability (Fig. 1). Nevertheless, there is an important con-
tribution from the NWGoG to the GoG SSS variability due
primarily to the strong upwelling in the region and the flow
of the Guinea Current that circulates mass across the GoG.
A study by Camara et al. [12] suggested that the seasonal
cycle of mixed layer salinity in the tropical Atlantic Ocean
was generally weak due to the strong compensation of the
components of the salt budget. [17], however, indicated that
freshwater flux was the dominant cause of SSS variability
in the GoG during October to February, while horizontal
advection and entrainment were the main controlling factors
during August to September. Similarly, Dessier and Donguy
[21] observed that seasonal SSS variability in the eastern
tropical Atlantic Ocean was controlled mainly by ITCZ-
influenced precipitation.

Most of the above-mentioned studies used sparsely dis-
tributed in-situ data which impacted the understanding of
the SSS variability. Satellite measurements of SSS using
1.4 GHz L-band microwave sensors aboard the European
Space Agency’s Soil Moisture and Ocean Salinity (SMOS;
launched November 2009), the US National Aeronautics and
Space Administration (NASA)/Argentina Space Agency’s
Aquarius (June 2011 to June 2015), and the NASA Soil
Moisture Active Passive (SMAP; launched January 2015)
missions have fostered oceanographic and climate-related
studies. Since its launch, SMAP data have been successfully
evaluated and used in several oceanographic settings and
found to reproduce, and in many instances, better character-
ize the surface salinity structure (e.g., [27, 31, 45, 48, 57].
Grodsky et al. [29] examined SMAP in the coastal waters
of the Gulf of Maine and found the monthly SSS anomalies
to be sufficiently accurate and applicable for coastal stud-
ies. Hall et al. [32] used SMAP and SMOS in the Arctic
and found them to successfully capture sea ice extent and
SSS variability, while Hackert et al. [31] demonstrated that
including SMAP into the initialization of coupled model
forecasts had positive impacts. Despite its quite extensive,
successful applications in other seas and ocean basins, to
date, and to the best of our knowledge, there has not been
any dedicated study aimed at examining SSS variability
from SMAP in the NWGoG. In this paper, we evaluate the
performance of SMAP SSS in the NWGoG and then use it
to understand the seasonal changes in surface salinity and
the mechanisms responsible for such changes. The rest of the
paper is structured as follows: In “Data and Methods,” we
introduce the datasets and methods. In “Results and Discus-
sion,” we present results of the data consistency evaluation,
mean characteristics of SSS, and seasonal variations. We
also estimate the SSS budget and examine the main con-
trolling terms. Finally, in “Summary and Conclusion,” we
provide a summary and conclusions of the study.

2 Data and Methods
2.1 Data

In this study, we used monthly 0.25° % 0.25° gridded Level-3
SSS data obtained from the SMAP v5.0 product produced by
the National Aeronautics and Space Administration (NASA)
Jet Propulsion Laboratory (JPL; https://smap.jpl.nasa.gov/
data/) and covers from April 2015 to December 2020. The
SMAP satellite measures ocean surface brightness tempera-
ture (TB) from which SSS is then retrieved. The satellite
has a footprint of ~40 m and a global temporal resolution
of 3 days, from which the monthly, gridded products are
produced. Monthly 0.25° % 0.25° gridded evaporation and
precipitation data, available from 1979 to the present, were
obtained from the European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis v5 (ERAS5) dataset.
River runoff data was obtained from Dai and Trenberth [18]
and contains available monthly river flow rates observed at
the farthest downstream station of the respective rivers.

Surface wind data from the v2.0, 6-hourly ocean gap-
free 0.25°x 0.25° gridded Remote Sensing Systems’ (RSS)
Cross-Calibrated Multi-Platform (CCMP) product are used
in this study [43]. This product, available from 1988 to the
present, is produced by combining cross-calibrated satel-
lite microwave winds and instrument observations using a
variational analysis method (VAM). Monthly means were
computed from the 6-hourly mean wind fields. We obtained
1°x 1° gridded surface velocity currents from the Ocean
Surface Current Analysis Real-Time (OSCAR) dataset
[7]. These ocean current data are produced by combining
satellite-derived ocean SST, surface heights, and surface
winds, using a diagnostic model of ocean currents based on
frictional and geostrophic dynamics. OSCAR data represent
mean currents in the upper 30 m of the ocean.

Subsurface ocean data were obtained from the Coriolis
Ocean Database Reanalysis (CORA v5.2; [11]) 0.5°x0.5°
gridded temperature and salinity product. The CORA prod-
uct is produced by objective analysis of data from several
sources such as Argo floats, sea mammal, conductivity—tem-
perature—depth (CTD), eXpendable CTDs (XCTD), moor-
ings, and eXpendable bathythermographs (XBTs).

2.2 Methods

We computed mixed layer depth (MLD) from the CORA
dataset using a variable density threshold equivalent to 0.2°C
[19]:

Aoy = 0g(Tyo = 02,810, Py) = 04(T10, S105 Po) (1)
where Ao, is the change in potential density between a

reference depth (here taken as the 10 dbar) and the base of
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the mixed layer. T}, and S, are, respectively, temperature
and salinity at 10 dbar, and P, is sea surface pressure. The
isothermal layer depth (ILD) is computed as the depth at
which the subsurface temperature decreases by 0.2°C relative
to the temperature at the reference depth of 10 dbar. Sub-
sequently, the barrier layer thickness, BLT =ILD — MLD.

We estimated SMAP salt budget as in Bingham et al. [6],
Nyadjro and Subrahmanyam [50], and Sommer et al. [54]:
QzS—(E_P_R)—MQ—vﬁ—W§+D )
ot h ox dy 0z

where S is the SMAP SSS, E is evaporation, P is precipi-
tation, R is river runoff, % is the MLD, u is zonal current
velocity, v is meridional current velocity, and w is verti-
cal current velocity. w is obtained by combining the Ekman
upwelling (w,; computed from CCMP winds product) and
vertical motion of the mixed layer (i.e., vertical entrainment
rate), w=w,+oh/dt, where w, = curl(t)/pf, 7 is wind stress,
fis Coriolis parameter, and p is the surface density computed
from the CORA data. D is the residual from the salt budget
computation and represents computational errors and physi-
cal processes (e.g., lateral and vertical mixing processes)
that cannot be estimated directly from the datasets used for
the computations. The vertical salinity gradient was obtained
from the CORA data as the difference between the SSS and
salinity 10 m below the MLD [54]. The terms in Eq. (2)
from left to right are the SSS tendency, sea surface freshwa-
ter forcing, zonal salt advection, meridional salt advection,
surface—subsurface interaction, and residuals.

EQ;"'|"'l“‘|'"l"'|"‘l"' v -"'l"‘l"'
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We compute seasonal anomalies as the difference between
monthly climatologies and the data mean, where means are
computed over the period covering the SMAP data for this
study (i.e., April 2015-December 2020). For the computa-
tion of salt budget terms, all data were linearly interpolated
to the SMAP grid.

3 Results and Discussion
3.1 Assessment of SMAP SSS

We evaluate the performance of SMAP SSS in the NWGoG
by comparing it to the CORA SSS dataset. We use Janu-
ary and August SSS climatologies to respectively represent
SSS during the boreal winter and summer seasons (Fig. 3).
Generally, the SSS representation is stronger in SMAP rela-
tive to the CORA dataset. In particular, higher SSS occurs
off the coastal upwelling areas of Cote d’Ivoire and Ghana
in SMAP, with the SSS difference being larger during sum-
mer than winter (Fig. 3). Strong upwelling at these locations
during summer brings cooler, saltier subsurface waters to
the surface ocean [3, 60]. SMAP resolves this higher salin-
ity better than CORA. The northeastern-most section of the
study area, off the coasts of Togo to southwestern Nigeria, is
dominated by freshwater from the northwestern arm of the
Niger River. At this location, SSS is much fresher in SMAP
than in CORA, with the SSS difference being larger during
winter than summer (Fig. 3c, ).
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Fig. 3 Comparison of SMAP (left column) and CORA SSS (PSU) (middle column) during January (upper row) and August (lower row). The

right column represents SMAP minus CORA SSS
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SMAP measures SSS at the skin layer, typically 1-3 cm
[10], while the in-situ input data (mainly CTDs and Argo
profiles) ingested for the CORA product measure “surface
salinity” at~5-10 m (i.e., bulk surface measurement; [1].
The SSS differences between these two products can thus
be relatively large in strong freshwater-controlled areas due
to strong vertical stratification [10, 39, 53]. In well-mixed
areas, skin-layer SSS is approximately similar to a bulk sur-
face (e.g., at 5 m) SSS, while in freshwater (evaporation)-
dominated areas, skin-layer SSS is significantly fresher
(saltier) than bulk surface SSS [10]. In addition, it should be
noted that the CORA dataset is produced by highly smooth-
ing point-wise, sparsely distributed in-situ measurements.
For example, Argo floats typically cover a 3° X 3° area [35,
51]. Such spatial smoothing also generates a mismatch
between satellite measurements and in-situ observations
especially in areas where the SSS has significant temporal
and spatial variability [10, 34]. This partly explains the spa-
tial bias between SMAP and CORA in the highly variable
SSS coastal areas of the NWGoG (Fig. 3). The seasonal dif-
ferences in the fresh bias could be attributed to the increased
stratification during winter that arises from the larger fall
river discharge (Fig. 2) and weaker winds (Fig. 2e) which
do not induce strong mixing of the upper water column [10,
23]. From the aforementioned, skin-layer SSS from satellites
such as SMAP exhibits greater seasonal variability espe-
cially in tropical areas of high stratification and horizontal
heterogeneity and is often considered to be a true reflection
of SSS than bulk surface salinity measurements [46, 55].

The most recent SMAP satellite data, which is used in
this study, shows the availability of SSS data closer to the
coast (i.e., within 30-40 km from land) than from earlier
satellite-based SSS measurements from SMOS and SMAP
(e.g.,[37,41, 44, 50, 59]. SSS data, within reasonable prox-
imity to the coast, is critical for our study area as significant
coastal upwelling occurs along the NWGoG coast which
plays an important role in the SSS variability and dynamics,
as we demonstrate later. The improvements in coastal SSS
retrieval have been possible due to reductions in man-made
radio-frequency interference (RFI) which infringes on the
1.4-GHz L-band frequency reserved for scientific studies
[45]. In addition, recent improvements in SSS retrieval algo-
rithms have led to better corrections of land contamination,
thereby enhancing SMAP’s reliability for coastal area stud-
ies [28, 29, 45].

3.2 Annual Mean

The long-term mean (i.e., computed for April 2015-Decem-
ber 2020) SSS shows relatively high surface salinity waters
along the coasts of Ghana and Cote d’Ivoire with rela-
tively fresher water near their boundary (Fig. 4a) that is
largely influenced by discharge from the Tano River in the

southwestern-most part of Ghana and the Komoé River in
southeastern Cote d’Ivoire (Fig. 2a). The freshest surface
waters (<32 PSU) occur in the northeastern-most part of
the study region, largely influenced by the northwestward
extension of the Niger River plume (Fig. 4a). This is also the
region where SSS undergoes the most seasonal variability
(Fig. 4b). On an annual scale, the NWGoG is precipitation-
dominated, as annual mean precipitation (Fig. 4e) exceeds
annual mean evaporation (Fig. 4c). The weak seasonal
variability of evaporation (Fig. 4d) is due to the location
of the study area in the equatorial region which ensures
nearly year-round insolation. The seasonal variability of
precipitation (Fig. 4f) is largely due to the presence and
seasonal displacement of the rain-laden ITCZ in the study
area [26, 30, 42]. While annual mean precipitation is largest
(>0.2 m month™!,Fig. 4e) and also most seasonally variable
(Fig. 4f) in Liberia in the northwestern section of the study
region, SSS here is not as low as in the northeastern section
of the study region (Fig. 4a). SSS seasonal variability is
weak in the open ocean (Fig. 4b) as SSS controlling factors
are relatively weak in this region (Fig. 4).

3.3 SSS Seasonal Cycle

The seasonal cycle of box-averaged SSS time series in the
NWGoG is presented in Fig. 5. The boxes for the averaging
(i.e., Area-A, Area-B, Area-C, and Area-D; Fig. 4b) are cho-
sen based on the aforementioned regional characteristics of
SSS. Shaded areas show the monthly standard deviations of
the SSS seasonal anomalies (Fig. 5a). SSS in the NWGoG
predominantly exhibit an annual cycle with maxima during
summer and minima during winter. At each location, the
strongest standard deviation of seasonal anomalies occurs
during the winter months. In all areas except in the open
ocean (i.e., Area-D), the highest SSS is recorded during the
summer and lowest during the later fall and winter. The low-
ering of SSS after summer coincides with the period when
river discharge is at the highest in the NWGoG (Fig. 2a).
The time series plot shows the northeastern region (i.e.,
Area-C in Fig. 5b) to be the most variable area, with stronger
SSS variability during winter than summer. The lowest SSS
(~31.7 PSU) occurs during November after which the SSS
increases and peaks during the summer, with the highest
SSS (~35.1 PSU) occurring during August. On the con-
trary, the least variable region is the open ocean, away from
the coastal area, where a relatively high SSS is recorded
during summer through the fall. At this location, the low-
est SSS (~34.6 PSU) occurs during May while the highest
SSS (~35.6 PSU) occurs during September. This is possibly
influenced by the cyclonic flow that develops during sum-
mer and fall and distributes high SSS from the coastal areas
(Fig. 6h-j). SSS off the coasts of Cote d’Ivoire (i.e., Area-A)
and Ghana (i.e., Area-B) are mostly saltier in many months
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than at the other locations and tend to track each other quite
closely (Fig. 5a). Indeed, the mean SSS at these two loca-
tions are statistically indistinguishable at the 95% confidence
level (p=0.299). Along the coast of Cote d’Ivoire, the low-
est SSS (34.2 PSU) occurs during October, while the highest
SSS (35.6 PSU) occurs during August. Similarly, along the
coast of Ghana, the lowest SSS (34.1 PSU) occurs during
November, while the highest SSS (35.8 PSU) occurs during
August. These SMAP-observed SSS variabilities are consist-
ent with previous studies (e.g., [15, 16, 22].

Year-to-year differences in the regional SSS are noted
in the study area, especially in the northeastern section of
the study area. For example, during the winter of 2015, a
regional high SSS of ~33 PSU was recorded in the north-
eastern section of the study area, which dropped to~31 PSU
during the winter of 2018 (Fig. 5b). This variability could
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be attributed to the significant interannual variability in the
Niger River discharge [5, 22].

The spatio-temporal variations of sea surface salinity
seasonal anomalies (SSSA) and surface current seasonal
anomalies in the NWGoG are presented in Fig. 6. Three
broad seasonal SSSA features can be delineated: a basin-
wide salinification during summer, a basin-wide freshening
during winter, and a meridionally oriented frontal system
during other seasons. Notable SSSA fronts occur during
October—November (Fig. 6j, k) and February—April (Fig. 6b-
d). These may induce air—sea interactions and cause precipi-
tation. Indeed, the fronts during February—April precede the
major rainy season across the NWGoG (Fig. 6c; [26, 42].
The SSSA frontal structure during February—April is com-
posed of anomalous high SSS poleward of 3.5°N and anom-
alous low SSS equatorward of 3.5°N. This is a reverse of the
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spatial structure of the SSS fronts that formed during Octo-
ber-November, after the major upwelling season (Fig. 6],
k). Weaker coastal salinification during winter—spring can
be linked to the secondary upwelling season [16]. Following

-1
— 0.5ms
h h L

the spring and early summer rainfall (Fig. 2¢), river runoff
increases during summer and peaks during fall (Fig. 2a).
The precipitation and summer runoff do not freshen the
SSS as net freshwater flux is overwhelmed by high salin-
ity waters from the subsurface that results from the strong
summer upwelling. After the summer upwelling, when the
river runoff reaches its peak, it aids the freshening of the
surface waters.

3.4 Subsurface Influence

The subsurface influence on the surface ocean is typically
controlled by wind forcing, mixed layer thickness, ocean
stratification, and upwelling source depth [36, 52]. Plots of
box-averaged salinity and temperature seasonal anomalies
in the upper 100 m of the subregions in Fig. 4b show strong
seasonal variability of salinity and temperature (Fig. 7),
driven mostly by changes in the thermocline depth and
upwelling. The upper 40 m in the subregions are charac-
terized by anomalous salty waters during summer. In the
spring, there is a weaker anomalous salinification in the
upper 20 m in the coastal subregions of the study area
(Fig. 7a-c). The rest of the seasons are characterized by
anomalous freshwater. Likewise, anomalously cooler tem-
peratures predominantly occupy the water column during
summer, while anomalously warmer temperatures occur dur-
ing the rest of the seasons (Fig. 7b).
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The summer cooling and salinification result from shoal-
ing of the thermocline, with stronger shoaling and cooler
waters off Cote d’Ivoire (Fig. 7e) and Ghana (Fig. 7f) than
other areas. This upwelling, which also lifts the ILD and
breaks any existing barrier layers, enables the entrainment
of subsurface saltier waters into the surface ocean (Fig. 7).
Outside of the summer upwelling season, a deepening of the
thermocline is associated with anomalous warming in the
water column. In addition, the ILD is deeper than the MLD
which creates a barrier layer and restrains the advection of
subsurface waters to the surface ocean. Generally, the barrier
layer in the study area is strongest during spring and win-
ter (Fig. 7), consistent with previous results by Dossa et al.
[22]. The spring barrier layer possibly forms from precipita-
tion which is at its peak during this season in the NWGoG
(Fig. 2c). The winter barrier layer, on the other hand, pos-
sibly forms from the peak fall river runoff (Fig. 2a,[22].
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show the mixed layer depth (MLD, m), isothermal layer depth (ILD,
m), and the barrier layer thickness (BLT =ILD —MLD). Solid black
lines in (b) show isotherms ('C, CI=47C). See Fig. 4b for locations
of boxes

Although the thermocline depth is shallowest off the
coast of Cote d’Ivoire (Fig. 7), Ekman upwelling is per-
sistent and strongest in the northeastern half of the study
area, from Ghana to southwestern Nigeria (Fig. 8). Peak
upwelling occurs during the major upwelling season in
summer and typically exceeds 1x 107> ms~!, while during
the minor upwelling season in winter, the upwelling could
reach 0.5 x 107> ms~! (Fig. 8). Possible explanations for the
observed regional differences in upwelling include the fact
that the winds are more aligned to the coast and thus more
upwelling-favorable in the northeastern half of the study
area than in the northwestern half (Fig. 2). Further in the
northwest, especially along the Liberian coast, the winds
are nearly perpendicular to the coastline (i.e., unfavorable
for upwelling; Fig. 2) and explains the strong downwelling
during summer and weak upwelling during other seasons in
that region. It should be noted that remote contributions to
thermocline displacements and upwelling, which could be
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Fig.8 (a) Annual mean and (b) seasonal cycle of Ekman pumping
(ms™h averaged in the NWGoG coastal area

important in the NWGoG [38, 60], have not been included
in these. Thus, the subsurface contributions could be under-
estimated in this study.

3.5 Salt Budget Estimation

Figure 9 presents seasonal composites of contributions of
the terms in Eq. (2) to SSS changes in the NWGoG. The
SSS budget is driven mainly by freshwater flux, zonal advec-
tion, and upwelling, with the relative contributions of these
physical mechanisms varying in both time and space. Gen-
erally, there is a near basin-wide tendency for salinification
during April-June (~0.5 PSU/month) and a tendency for
freshening during October—December (~ — 0.5 PSU/month).
On the other hand, there is a tendency for salinification in
the coastal areas (~0.5 PSU/month) and freshening in the
open ocean (~—0.3 PSU/month) during January—March.
This spatial pattern reverses during July—September with
a tendency for freshening observed in the coastal areas
(~—0.4 PSU/month) and salinification in the open ocean
(~0.4 PSU/month; Fig. 9). Noteworthy is that the above-
mentioned SSS tendencies align well in sign with the net
freshwater flux distribution except during April-June when

there is negative freshwater flux north of 2°N (Fig. 9f), yet
a dominant tendency for salinification occurs (Fig. 9b). The
alignment in sign suggests a relatively dominant contribu-
tion of the freshwater flux term to the salinity tendency in
the NWGoG. While April-June marks the period of peak
precipitation in the NWGoG (Fig. 2c¢), it only leads to fresh-
ening along the coasts of Liberia and Cote d’Ivoire during
this season (Fig. 9b).

Throughout the year, zonal advection increases SSS in
the northwestern part of the study area, especially off the
coast of Cote d’Ivoire, and it is the main driver of the salin-
ity tendency in that area during January—March (Fig. 9a).
This physical mechanism is also important for salinification
in the southeastern part of the study region during Janu-
ary—September (Fig. 9i-k). In the northeastern part of the
study region, zonal advection contributes to freshening
during all the seasons except during April-June, when it
leads to salinification. Meridional advection, on the other
hand, dominantly causes freshening in the coastal waters
from Liberia to Ghana during January—September. During
winter, however, meridional advection leads to strong salini-
fication in the study area except off the Liberian coast where
it causes freshening (Fig. 9p).

The impact of the subsurface term on the SSS budget is
dominant mainly in the coastal waters and weak in the open
ocean (Fig. 9, lower panel). It presents three main categories
of contributions to the SSS changes: freshening in the north-
western part of the study area, salinification in the northeast-
ern part of the study area during January to September, and
salinification along the coast during October to December.
Indeed, the salinification effects from the meridional advec-
tion (Fig. 9p) and subsurface (Fig. 9t) terms overwhelm the
freshening effects from the surface flux (Fig. 9h) and zonal
advection (Fig. 91) terms and cause the positive salinity ten-
dency off southwestern Nigeria during the winter (Fig. 9d).
As previously mentioned, local Ekman upwelling alone does
not account for all the upwelling that occurs in the region
[38, 60]. Remote contributions from Rossby waves as well as
the EUC advecting waters from the western Atlantic Ocean
toward the NWGoG could be important [2, 25].

4 Summary and Conclusion

There have been limited studies on salinity variability in the
NWGoG due to the paucity of in-situ observations. Since its
launch, the scientific value of SMAP has increased and ena-
bled the examination of the SSS seasonal variability in the
NWGoG. Assessment of SMAP in the study region shows
it can reproduce the observed features of SSS distribution
in time and space. Notably, the dominant freshwaters off the
coast of southwestern Nigeria and the high saline waters off
the strong upwelling coastal waters off the coasts of Cote
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Fig.9 Tri-monthly composites of salt budget terms (PSU month™!)
for salinity tendency (row 1), surface freshwater flux (row 2), zonal
advection (UADV) (row 3), meridional advection (VADV) (row 4),
and subsurface influence (row 5) during January—March (column 1),

d’Ivoire and Ghana are well represented in SMAP. We found
a significant, seasonally varying difference between SMAP
and CORA dataset, with SMAP being saltier in high salin-
ity regions and fresher in low salinity regions. These biases
most likely arise from the depths at which surface salinity
is measured with SMAP measuring the skin-layer SSS and
CORA measuring bulk surface salinity.

Our results show SSS in the NWGoG to largely display
an annual cycle with maxima in the summer and minima
in the winter, mostly driven by ITCZ-influenced precipi-
tation. To better understand regional SSS differences, we
computed box averages with results showing that except in
the open ocean, the highest regional SSS was recorded dur-
ing summer and lowest during winter. These differences and
variability were supported by changes in the thermocline
depth and associated upwelling which brought anomalous
salty waters to the surface ocean, especially in the coastal
waters. Furthermore, salt budget estimation suggests that
horizontal advection contributed to SSS variability in the
NWGoG. At the beginning of the year, the contribution from
zonal advection overwhelms the freshening impact from
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April-June (column 2), July—September (column 3), and October—
December (column 4). See Eq. (2) for the definition of salt budget
terms

meridional advection and subsurface processes and causes
salinification in the northwestern part of the study area. On
the other hand, zonal advection contributes to freshening in
most seasons in the northeastern part of the study region.

While SMAP improves our ability to understand the SSS
variability in the NWGoG, the empirical approach to salt
budget estimation as done in this study does not allow us
to examine all the possible physical mechanisms that drive
SSS changes such as diffusion and remote contribution to
upwelling. A complete numerical simulation with SMAP
assimilation will further advance our understanding of SSS
variability in the NWGoG.
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