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Abstract :

A regional numerical simulation and observations were used to investigate the various processes
controlling mixed-layer salinity balance on seasonal and interannual time scales in the Gulf of Guinea.
Processes were quantified using a mixed-layer salt budget. Model results correctly reproduced the
mean, phase, and amplitude of observed seasonal near-surface salinity. The results indicated that on
seasonal time scales, the mixed-layer salinity balance differed from one region to another. The surface
salinity seasonal cycle was characterized by strong salinization during May for coastal areas north and
south of the equator. Model results suggested that vertical mixing controls the mixed-layer salinity
increase at the equator during May, while both vertical mixing and vertical advection contribute to the
salinity increase in coastal regions. We also determined that freshening from horizontal advection and
freshwater flux tended to balance the salinization effects of vertical diffusion and vertical advection
during the seasonal cycle. On interannual time scales, based on the mixed-layer salinity balance and
sensitivity experiments, we determined that for the northern and equatorial Gulf of Guinea, changes in
near-surface salinity were largely due to changes in precipitation and winds. For the southern Gulf of
Guinea, only wind changes were determined to be important for explaining near-surface salinity
changes.
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1. Introduction

The mean distribution and variability of ocean salinity are important for understanding the
role of the ocean in climate as well as changes in the hydrological cycle, a key component of
the climate system (Webster, 1994; Yu, 2011). Due to the barrier layer process that reduces
the entrainment of cool thermocline water into the mixed layer, salinity may impact the
exchange of heat between warm surface layers and colder subsurface layers in the tropical
ocean. As a result, salinity may influence heat flux between the upper ocean and the
atmosphere (Lukas and Lindstrom, 1991; Sprintall and Tomczak, 1992).

Upper water layers within the Gulf of Guinea region receive significant amounts of
freshwater. The Congo River (the second largest river in the world after the Amazon River for
freshwater discharge), located in the south, and the Niger River, located in the north,
discharge important quantities of freshwater to the coast. The region is also under the
influence of the Inter-Tropical Convergence Zone (ITCZ) that brings strong seasonal
precipitation to the region. Together, these factors may contribute to the formation and
variability of a barrier layer. In a model study, Jouanno et al. (2011) determined that strong
stratification caused by the presence of low-salinity waters inhibits vertical mixing at the base
of the mixed-layer in the Gulf of Guinea, and may contribute to the maintenance of warm
conditions at the surface. Based on observations, Materia et al. (2012) suggested that the
modulation of freshwater input in the eastern equatorial Atlantic Ocean and the formation of
barrier layers may participate in the inter-annual variability of Sea Surface Temperature (SST)
within the region. Tzortzi et al. (2013), using recent observations from SMOS satellite (Soil
Moisture - Ocean Salinity), suggested the importance of the dynamical terms (advection and

mixing) in explaining the seasonal cycle of Sea Surface Salinity (SSS) in the eastern tropical
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Atlantic Ocean, where no clear relationship between SSS and surface forcing terms was

established.
To describe and to understand the physical processes responsible for SSS variations in the
Gulf of Guinea region, several studies have been performed based on observations and

models. Dessier and Donguy (1994) used observations collected from research vessels and
Voluntary Observing Ships (VOS) to investigate the causes of SSS variations in the tropical
Atlantic Ocean and concluded that, within the eastern Atlantic Ocean, precipitation associated
with the ITCZ largely controls SSS seasonal variations. However, the study did not explicitly
estimate contributions from horizontal or vertical salinity advection. Reverdin et al. (2007)
used SSS observations collected between 1977 and 2002 to reveal large-scale SSS variability
in the tropical Atlantic Ocean. Using monthly maps of SSS, they observed that seasonal SSS
variability is maximum in the eastern Gulf of Guinea. Da-Allada et al. (2013) developed a
mixed-layer salinity model, forced by a combination of satellite products, atmospheric re-
analyses, and in situ observations to diagnose seasonal SSS variations in the tropical Atlantic
Ocean. Five different regions were investigated and the authors concluded that the salinity
balance was different for each region. Results were compared to a new in situ SSS gridded
product for the Atlantic Ocean that covered the Argo period. The model was found to
generally agree with observations in the tropical Atlantic Ocean, with the exception of the
Gulf of Guinea region where the observed seasonal evolution of mixed-layer salinity was not
successfully reproduced. Such discrepancies have been attributed to the model formulation
that does not take into account vertical diffusion processes. Obtaining the correct balance for
near surface salinity in the Gulf of Guinea likely requires an Ocean General Circulation
Model (OGCM) that accurately represents vertical diffusion processes. Berger et al. (2014),

using an OGCM simulation, investigated the relative impact of precipitation and river runoff
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on SSS and noted an important role of vertical diffusion on the SSS seasonal cycle within the
eastern equatorial Atlantic Ocean.

The goal of the present study is to revisit the main mechanisms responsible for SSS
variability in the Gulf of Guinea on seasonal and interannual time scales, from 1993 to 20009,
using an OGCM to complete a previous investigation (Da-Allada et al, 2013). Our regional
numerical simulation and the observations we used besides are described in Section 2. Section
3 provides results, including model validation, SSS variability on seasonal time scales, and
processes for SSS interannual variability. In particular, simulated variability for both SSS and
its tendencies were validated against observations. Special attention was given to the
equatorial region and two coastal regions where river runoff of the Niger and Congo Rivers
are particularly significant. Section 4 provides a summary and a discussion of the most
important results.

2. Model and data
2.1 Model description

Our model configuration was based on the NEMO (Nucleus for European Models of the
Ocean) ocean general circulation modeling system (Madec, 2008) and solves three-
dimensional primitive equations in spherical coordinates discretized on a C-grid and at fixed
vertical levels. The model’s design is based on the tropical Atlantic Ocean regional
configuration on a quarter degree horizontal resolution and contains 75 levels in the vertical
(with 24 levels within the upper 100 meters). The model is forced at its boundaries (20°S-
20°N and 60°W-15°E) by radiative open boundary conditions given by outputs from the
global interannual experiment ORCA025-MJM95, developed by the DRAKKAR team

(Barnier et al., 2006). Vertical turbulent mixing is parameterized using a level-1.5 turbulence
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closure scheme, with a prognostic equation for Turbulence Kinetic Energy (TKE) and a
diagnostic equation for length scale (Blanke and Delecluse, 1993).

The atmospheric fluxes of momentum, heat, and freshwater are provided by bulk formulae
(Large and Yeager, 2004) and ERA-Interim reanalysis (3-hour fields for wind, atmospheric
temperature, and humidity; and daily fields for long and short wave radiation and
precipitation) from the ECMWEF (European Center for Medium-range Weather Forecasts).
The product appears to be the most appropriate in terms of the freshwater budget within the
tropical Atlantic Ocean (Da-Allada et al., 2013). Short-wave radiative forcing is modulated by
a theoretical diurnal cycle. The monthly climatology of continental runoff from Dai and
Trenberth (2002) is prescribed for surface freshwater fluxes near each river mouth. To justify
the use of climatological runoff, we tested different simulations (using climatological,
interannual, and constant river flows) and determined, as confirmed by Berger et al. (2014),
that the interannual variability of river outflows do not have much effect on interannual SSS
variability within the eastern tropical Atlantic Ocean. In this region, it should also be noted
that the uncertainty of runoff data on interannual time scales is high.

The model was initialized on 1 January 1990 using temperature and salinity outputs from
the ORCA025-MJIM95 global experiment for the same date then integrated from 1990 to
2009. There was no surface salinity restoring toward a climatological SSS. 3-day averaged
values of SSS from 1993 to 2009 were used for the analysis. The reader is referred to Jouanno
et al. (2013) for further details regarding parameterization and some elements of validation,
including comparisons with surface and in-situ observations of temperature within the Gulf of
Guinea. In addition to the reference simulation (REF), sensitivity experiments forced using
monthly precipitation climatology (P CLIM) and monthly wind climatology (V CLIM) were

performed to identify the role of precipitation and wind on SSS interannual variability.
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2.2 Salinity Budget

To investigate the role of SSS variability processes on seasonal and interannual time
scales, we used a salinity budget for the ocean mixed-layer. The approach has been used for
investigating processes controlling the mixed-layer temperature within the tropical Atlantic
Ocean (e.g., Peter et al. 2006; Jouanno et al. 2011), or for the interannual variability of SSS
within the western tropical Atlantic Ocean (Ferry and Reverdin, 2004) and the Gulf of Guinea
(Berger et al., 2014).

Following Vialard et al. (2001) but applied to salinity in the model, the mixed-layer

salinity evolution equation (Eg.1) can be written as follows:

8,5SS = —(ud,S)~(vd,S)~wd,S)+(Dy (S )—%—1@(353 -S, . }rw

DIFV ENT FWF

ADU ADV ADW DIFL

(Ea.1)
. _1f d
with (=512 (Eq.2).

Here S is the model salinity, (u, v) are the eastward and northward components,
respectively, of the horizontal velocity, and w is the upward vertical velocity. D\(S) is the
lateral diffusion operator, Kk is the vertical diffusion coefficient, h is the time varying mixed-
layer depth, E is evaporation, P is precipitation, and R is river runoff.

The terms in Eq.1 represent, from left to right, mixed-layer salinity tendency, zonal
advection (ADU), meridional advection (ADV), vertical advection (ADW), horizontal
diffusion (DIFL), vertical diffusion at the mixed-layer base (DIFV), mixed-layer salinity
tendency due to entrainment at the mixed-layer base (ENT), and freshwater flux terms (FWF).
The contributions of the horizontal diffusion and entrainment terms are negligible for the

mixed-layer salinity balance on seasonal and interannual time scales (see below).
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To precisely quantify the contributions of different processes to mixed-layer salinity
tendency, the mixed-layer salinity budget was computed at each time step. Mixed-layer depth
is defined by a density criterion (0.03 kg.m™, the difference relative to the density at 10 m)
following de Boyer Montégut et al. (2004) in order to take into account both temperature and
salinity stratifications. In the Gulf of Guinea, the mixed-layer depth is typically 20 m.
Following Foltz et al. (2004), we assumed that mixed-layer salinity is very close to SSS.
Therefore, to evaluate model skill, simulated mixed-layer salinity was compared to observed
SSS.

2.3 The in-situ SSS dataset

The observed SSS product is an updated version of the Reverdin et al. (2007) dataset,
extended to 2009 and described in Da-Allada et al. (2013). Monthly SSS were gridded using
objective mapping (Bretherton et al., 1976) at a 1°x1° spatial resolution by compiling a
variety of data sources, mostly from underway thermosalinographs on research vessels and
voluntary observing ships from Pilot Research Moored Array in the Tropical Atlantic
(PIRATA) moorings, surface drifters, and Argo floats. We choose this product as a reference
for model evaluation since, to our knowledge, it is the most complete and up-to-date SSS
product available for the tropical Atlantic Ocean basin.

2.4 Drifter surface currents

To validate surface currents obtained from the model, since it was the most realistic
current product for this region as tested in Da-Allada et al. (2013), we used the near-surface
velocity from satellite-tracked drifting buoy observations, available from a monthly mean
climatology on a 1° x 1° grid (Lumpkin and Garzoli, 2005).

3. Results
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We focused on three separate regions characterized by large mixed-layer salinity
variability (Figure 1d). The Northern Gulf of Guinea (NGoG; 2°S-5°N, 3°-10°E), where the
Niger River flows into the Atlantic Ocean, and the Southern Gulf of Guinea (SGoG; 2°-10°S,
6°-14°E), where the Congo River meets the Atlantic Ocean, are regions where observed
surface salinity variability is maximum. The Equatorial Gulf of Guinea region (EGoG, 3°S-
1°N, 3°W-3°E) encompasses the seasonal equatorial cold tongue (Jouanno et al., 2011),
characterized by strong equatorial dynamics and large open-ocean SSS variability within the
Gulf of Guinea.

3.1 Model validation

Modeled and observed SSS seasonal cycles were calculated for the period of the
numerical experiment, from 1993-2009. The model reproduced the observed SSS annual
mean and reasonably reproduced the spatial distribution of the amplitude of SSS seasonal
variations (Figure 1). South of 5°S, due to intense evaporation (Figure 2a), both model results
and observations yielded a region of high salinity. Regions of SSS minima and large SSS
variability were observed near the mouths of the Congo and Niger Rivers and in the 5°-12°N
latitude band corresponding to meridional displacement of the ITCZ (Figure 2b). However, as
compared to observations, the model exhibited lower variability around the Niger River
mouth and off the coast near 10°N, 15°W. As suggested by Da-Allada et al. (2013), this result
could be due to a lack of accuracy in model runoff forcing. The observed high coastal SSS
variability is not necessarily associated with rivers and could be due to an amplification of the
seasonal cycle of precipitation by nearby coastal mountains (e.g. Fouta-Djallon near 10°N,
15°W, or Mount Cameroon near 5°N, 10°E, close to the Niger River mouth) that may not be

captured by ERA-I products.
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During the same time period, 2006-2007, model salinity was also compared with in situ
salinity from a PIRATA buoy located at 0°N, 0°E (Bourles et al., 2008). During this time
period, mooring-measured subsurface salinity was obtained at 1, 20, 40, and 120 m. From the
surface to a depth of 25 m, the model reproduced the amplitude and the phase of the seasonal
cycle for PIRATA salinity observations (Figure 3). The vertical structure of salinity was in
good agreement with PIRATA observations. The model was saltier from 25-100 m in depth,
possibly reflecting a salinity maximum linked to the equatorial undercurrent and hardly
captured by the PIRATA mooring due to salinity sensor positions in the vertical.

By comparing Figures 4a and b, it was determined that the model accurately reproduced
the magnitude and the direction of annual mean observed surface currents (Lumpkin and
Garzoli, 2005), namely the eastward Guinea Current (GC) along the northern coast of the
Gulf of Guinea and the westward South Equatorial Current (SEC) with its two branches
located on either side of the equator. However, for the eastern coastal region the comparison
was not so convincing. The seasonal cycle of zonal currents (Figures 4c and 4d) was also
correctly reproduced - the GC was determined to be at a maximum during the summer while
the SEC indicated seasonal maxima during May-June and November-December.

For interannual variability, both the modeled and observed interannual standard deviation
(ISTD) yielded areas of large variability near the mouths of rivers (Figure 5). However, the
modeled ISTD displayed slightly lower variability (of approximately 0.2 psu) than that of the
observed ISTD, particularly close to the mouths of rivers. The differences could be due to
model parameterization (a representation of precipitation or vertical mixing parameterization)
or a lack of SSS observations for some regions. Overall agreement between modeled and

observed SSS suggests that the model reasonably reproduced the dynamics of the region, and
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allowed us to investigate the mechanisms controlling SSS variations on seasonal and
interannual time scales.
3.2 The seasonal mixed-layer salinity balance

In this sub-section, we compare the seasonal cycles of SSS and the SSS tendency
obtained from model and observations then use the model to examine various contributions to
the SSS seasonal cycle.

In the NGoG, the model reasonably reproduced the seasonal evolution of observed SSS
(Figure 6a). There is a two-month lag between modeled and observed SSS. The causes of this
lag remain an open question. It can be due to forcing errors (large differences exist between
different precipitation products) but could also result from dynamical issues. Simulated and
observed SSS tendencies were in good agreement (Figure 6b) with a 0.87 correlation
coefficient at the 99% significance level. The modeled salinity tendency was positive from
December to August and negative from September to November. It reached a maximum
during May, as for observations, and a minimum in November, lagging the observation
minimum by one month. Since vertical diffusion was taken into account, as compared to Da-
Allada et al. (2013), the model improved the amplitude and the phase of the seasonal cycle.

The seasonal cycle of various contributions to salinity balance (Figure 6c) indicates that
from January to September, vertical diffusion, total (horizontal + vertical) advection, and
freshwater flux control the seasonal cycle of SSS. Due to the strong input of freshwater from
precipitation (54%) and rivers (46%), the freshwater flux term was negative all year long.
Interestingly, only vertical diffusion and vertical advection contributed to the salinization seen
in the model and observations between January and August, whereas the contribution of
meridional advection remained negative throughout the period and, therefore, tended to

decrease SSS (with the exception of July-August when the term was slightly positive). In the
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model, vertical diffusion displayed its maximum during May-June (a period of strong cooling
in the equatorial Atlantic), during the time of maximum observed and modeled tendencies.
The significant contribution of vertical diffusion can be explained, as in the heat budget
(Jouanno et al., 2011), by the strong vertical shear of horizontal velocity observed during this
period (Figure 7) and the strong vertical velocities (Figure 7b) that bring salty waters in the
mixed-layer. Note that at the same time, wind stress, dominated by meridional wind stress,
increased. This strong vertical shear observed during May-June appeared when surface
currents reached their maximum (Figures 7c). It is worth noting that Kz was at a maximum
during August-September while maximum salinization occurred during May-June. The link
between Kz (Figure 7e) and salinization is not straightforward. The vertical gradient of
salinity within the upper thermocline was lower from June to September as compared to the
rest of the year (Figure 7a), leading to a decrease in the turbulent salt flux even though Kz is
still important. A high value for Kz during this period is likely the result of low stratification
and static instabilities triggered by increased latent heat flux (Jouanno et al. 2011). The key
role played by vertical diffusion in the region confirms the assumption suggested in Da-
Allada et al. (2013), and was also noted by Berger et al. (2014). Due to a peak of upward
vertical velocity at the depth of the mixed-layer and the presence of strong negative vertical
salinity gradients, the vertical advection of salt also reached a maximum during May.

Vertical velocity exhibited a semi-annual cycle in phase with the seasonal Sea Surface
Height (SSH) variability, as shown in Schouten et al. (2005). Schouten et al. (2005) indicated
that SSH responds to basin scale dynamics, namely the propagation of equatorial Kelvin and
Rossby waves due to changes in surface wind stress within the equatorial region. In particular,

the intensification of trade winds during May to June drives Ekman divergence (not shown)
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and equatorial upwelling, generating equatorial waves and contributing to the formation of the
seasonal cold tongue.

From October to December, although contributions of vertical advection and vertical
diffusion remained positive, the SSS tendency decreased, explained by freshening peaks due
to freshwater fluxes and zonal and meridional advection. Zonal advection has a maximum
freshening effect during November, one month after Niger River peak flow (Dai et al., 2009),
which is explained by SEC offshore transport of fresh coastal water.

In the EG0G, the model also correctly reproduced (r = 0.91 at the 99% significance level)
the seasonal evolution of observed SSS (Figure 8a), although modeled SSS was slightly lower
than that observed from December to May. The seasonal evolution of simulated and observed
SSS tendencies was in relatively good agreement (r = 0.73 at the 99% significance level;
Figure 8b). The modeled salinity tendency reached a maximum in observations during May
and a minimum in December, lagging the observation minimum by one month.

Seasonal evolution of mixed-layer salinity mainly resulted from a balance between the
salinization effects of vertical diffusion and the freshening effect of zonal advection, with the
exception of September to October when these two terms were weak and freshwater flux
dominated the mixed-layer salinity balance (Figure 8c). Vertical diffusion displayed a strong
seasonal cycle with a maximum during May, leading to the peak rate for salinization seen
both in the model and observations, coinciding with formation of the cold tongue enhanced by
vertical mixing (Jouanno et al., 2011). The result is due to an increase in vertical shear
between surface currents and the Equatorial Undercurrent (EUC, Figure 9c) in response to the
westward strengthening of the SEC. As in the NGoG, Kz was at a maximum during August to
September (Figure 9e) while maximum salinization occurred during May to June when

vertical shear reached its maximum. Wind stress, dominated by meridional wind stress,
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increased from May-June (Figure 9d). Due to the strengthening of the SEC, zonal advection
indicated a strong seasonal cycle with a maximum freshening effect during December,
transporting eastern Gulf of Guinea freshwater. The term explains the surface freshening
observed in the region at the end of the year. The contributions of vertical and meridional
advection were at least three times weaker than the NGoG. During September-October, the
contributions of various terms of salinity balance are weak (Figure 8c). The horizontal
advection is slightly negative and tends to compensate the slightly positive vertical diffusion.
The freshwater flux, whose magnitude is slightly larger than vertical diffusion and horizontal
advection, is dominated by evaporation in this period so this term is the main driver of the
increase in the mixed-layer observed salinity.

In the SGoG (Figure 10a), the modeled SSS was higher than the observed SSS from
December to March with the strongest discrepancy occurring in January (with a maximum
difference of 1 psu). During the rest of the year (April to November), model SSS was slightly
lower (difference < 0.5 psu) than the observed SSS. Despite these discrepancies, the seasonal
evolution of SSS was well reproduced by the model. In particular, the rate of salinization
reached an annual peak in May in both the model and observations (Figure 10b). In this
region, SSS observations were very sparse and uncertainty in the observed SSS product was
high (Da-Allada et al., 2013). Therefore, caution is required when comparing model results
and SSS observations.

The main salinity balance in this region (Figure 10c) occurred between the salinization
effects of vertical diffusion and vertical advection, and the freshening effects of horizontal
advection and freshwaters fluxes (mainly Congo River runoff, representing 80% of freshwater
inputs in this box). The contributions of the vertical advection and diffusion followed a semi-

annual cycle. The May peak for these two terms and a decrease in the horizontal advection
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explained the annual peak in salinity tendency. Instead, the November peak was balanced by
the effect of horizontal advection leading to the twice weaker maximum salinity tendency
during this period. The November peak for horizontal advection contribution was largely due
to an increase in the zonal salinity gradient in response to an increase in Congo River
discharge during this period. Vertical advection and vertical diffusion were at a maximum
during April to May when wind stress was at its maximum and northward (Figure 11d).
Maximum vertical advection contributions occurred when vertical velocity was upward, with
the vertical salinity gradient always negative (Figure 11 a-b). Here, the semi-annual cycle in
vertical velocity was largely due to remote forcing (Doi et al., 2007). Maximum vertical
diffusion was due to the strong vertical shear observed when surface currents were at a
maximum (Figure 11c). As for NGoG and EGoG, there is no obvious link between the
strength of Kz (Figure 11e) and strength of the salinisation. The freshwater term was negative
throughout the year and indicated a magnitude similar to in NGoG.

3.3 Processes of SSS interannual variability from 1993-2009

We now investigate the different processes controlling SSS on interannual time scales
within the same three regions. To obtain interannual anomalies, monthly seasonal climatology
was removed from all SSS tendency terms and then remaining high frequency variability was
removed using a 25-month Hanning Filter.

Hereafter, horizontal advection is referred to as ADH = ADU + ADV (as ADU and ADV
defined in Eqg.1), and vertical advection (ADW), vertical diffusion (DIFV), and entrainment
(ENT) are grouped together in a vertical process term referred to as VPR = ADW + DIFV +
ENT. Finally, we define oceanic processes in Eg. 1 as OPR = ADH + ADW + DIFL + DIFV

+ ENT and the freshwater flux term FWF.
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The interannual SSS anomalies spatially averaged in the boxes for the model and
observations are presented in Figure 12. Both of the time series displayed a similar evolution
for NGoG and EGoG (r = 0.70 and r = 0.61 at the 99% significance level, respectively). For
the SGoG, since the observations were too scarce to provide an interannual time series, the
observations are not shown. A significant SSS increase was observed in the NGoG during
recent years: +0.5 psu from late 2002 to 2006. Da-Allada et al. (2014) closely investigated the
cause of this SSS increase and determined that it was largely due to changes in atmospheric
fluxes, more precisely a regional decrease in precipitation, while changes in evaporation were
weak (Figure 13). The difference observed between observations and modeled results could
come from the forcing products that we used in this study (such as atmospheric forcing), and
also from the observations.

Different processes contributing to interannual variations in the mixed-layer salt budget
for the NGoG are presented in Figure 14. Contributions of the freshwater flux and oceanic
process terms display similar amplitude and oppose one another most of the time (Figure
14a). Therefore, both terms are important for explaining interannual anomalies within the
mixed-layer salt budget. To establish which oceanic processes dominate the mixed-layer
budget on interannual time scales, we separated the oceanic process terms into vertical
processes, horizontal advection, and horizontal diffusion (Figure 14b). Oceanic processes are
dominated by horizontal advection, vertical advection, and vertical diffusion (Figure 14c). We
concluded that interannual anomalies in the NGoG are largely driven by the precipitation,
vertical diffusion, and total advection terms.

For the EGoG, as for the NGoG, freshwater fluxes and oceanic processes are important
for the interannual salt budget (Figure 15a). In this region, the dominant oceanic phenomena

are horizontal advection and vertical processes (Figure 15b). Vertical processes are dominated
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by vertical diffusion and vertical advection (Figure 15¢). We concluded that freshwater flux,
total (horizontal + vertical) advection, and vertical diffusion explain most SSS interannual
anomalies within the EGoG.

For the SGoG, as compared to the NGoG and EGoG, the freshwater flux term provides
weaker interannual variability (Figure 16). Oceanic processes were well correlated (r = 0.76,
significant at the 99% level) with the interannual anomaly tendency term and, therefore,
largely drive interannual anomalies within the mixed-layer salt budget (Figure 16a). As for
the NGoG and EGoG, horizontal advection and vertical processes dominated oceanic process
terms (Figure 16b). The decomposition of vertical processes indicated that vertical processes
are mainly due to vertical advection and vertical diffusion (Figure 16c). Our conclusion is that
within the Southern Gulf of Guinea region, interannual SSS anomalies are driven by total
advection and vertical diffusion.

To better evaluate the respective role of freshwater flux and winds on SSS interannual
variability, in addition to the reference simulation (REF), two other runs were performed —
one, PCLIM, where ERA interim interannual precipitation is replaced by monthly
climatological precipitation computed from the same product and another, VCLIM, where
ERA interim interannual winds are replaced by monthly climatological winds computed from
the same product. For the NGoG region (Figure 17a), VCLIM compared better with REF than
PCLIM regarding SSS anomalies (r = 0.94 and r = 0.90 at the 99% significance level with rms
difference of 0.08 psu and 0.11 psu, respectively), particularly during the 2002-2009 period (r
= 0.98 and r = 0.94 at the 99% significance level with rms difference of 0.11 and 0.05 psu,
respectively). This result indicates that interannual SSS variability in this region is largely
driven by precipitation, as noted in Da-Allada et al (2014) for the later period, although wind

forcing also plays an important role. For the EGoG (Figure 17b), both PCLIM and VCLIM
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SSS anomalies were well correlated with the REF time series (r = 0.94 and r = 0.93 at the
99% significance level with rms difference of 0.04 and 0.05 psu, respectively) indicating that,
in this region, changes in winds and precipitation are both important for understanding
interannual SSS variability. In contrast, for the SGOG region (Figure 17c), since PCLIM
compared much better with REF than VCLIM regarding SSS anomalies (r = 0.97 and r = 0.59
at the 99% and 98% significance level with rms difference of 0.05 and 0.14 psu, respectively),
SSS interannual variability are largely due to changes in wind. This result is consistent with
the dominant role of ocean processes (largely wind-driven) as identified in the salt budget
above.

4. Discussion and Conclusion

In this study, we investigated the mechanisms that drive sea surface salinity (SSS)
variability on seasonal and interannual time scales in the Gulf of Guinea, using a regional
model simulation and SSS observations from 1993-2009. The model compared well with
observations. We focused our study on the following regions of the Gulf of Guinea: 1) the
Northern Gulf of Guinea (NGoG) where the Niger River flows into the Atlantic Ocean, 2) the
Equatorial region of the Gulf of Guinea (EG0G), and 3) the Southern Gulf of Guinea region
(SGoG) where the Congo River flows into the Atlantic Ocean.

For seasonal time scales, we determined that within the NGoG, mixed-layer salinity is
dominated by vertical diffusion, freshwater flux, and total (horizontal + vertical) advection.
For the EGoOG, the seasonal evolution of mixed-layer salinity is largely due to vertical
diffusion and zonal advection with the exception of September to October when freshwater
fluxes, dominated by evaporation, drive the salinity balance. We determined that during the
period of strong cooling within the equatorial Atlantic (May to June), vertical diffusion

strongly contributes to the salt budget, similar to the heat budget (Jouanno et al., 2011). As
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suggested by Da-Allada et al. (2013) and in agreement with Berger et al (2014), vertical
diffusion is important for determining the correct salinity balance for these regions. For the
SGoG, the seasonal cycle of mixed-layer salinity is mainly a balance between the positive
contributions of vertical advection and vertical diffusion, and negative contributions of
horizontal advection and freshwater fluxes. The key role played by vertical advection in the
salt budget of this region is in agreement with the result of a mixed-layer salinity model (Da-
Allada et al., 2013) and a similar OGCM (Berger et al., 2014).

Using an OGCM, we concluded that taking into account vertical diffusion improves the
comparison with observations in terms of amplitude and phase for both near surface salinity
and its variation, as compared to Da-Allada et al. (2013). Surprisingly, our results exhibited
better agreement with observations than the study of Berger et al. (2014) for the easternmost
portion of the Gulf of Guinea, although the two models were similar but with different
experimental configurations. Berger et al. (2014) underestimated SSS by up to 2 psu and the
SSS seasonal cycle had a two-month lag with climatology. Differences between the two
model experiments are numerous. Berger et al. (2014) used a higher grid resolution, different
surface forcing, and different reference climatology. The reasons for differing model skill
should be investigated.

For interannual time scales, we determined that for the NGoG, SSS anomalies are first
driven by precipitation then by wind-forced ocean dynamics. In particular, due to a significant
decrease in precipitation (Da-Allada et al., 2014), we observed a SSS increase for recent years
(2002-2009) in the NGoG. For the EGoG, changes in winds and freshwater flux are both
important for explaining SSS interannual anomalies in this region. For the SGoG, only

changes in wind could explain the interannual variability of the SSS. Contrary to the other
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two regions (the NGoG and EGoG), the freshwater flux was not found to play a key role in
the salinity balance on interannual time scales.

The reason for the weak freshwater flux effect in the SGoG, compared to the NGoG and
EGoG, is related to the displacement of the ITCZ. In this study, we used only climatology
runoff and we found that changes in freshwater flux are mainly due to changes in
precipitation as evaporation changes are weak. The NGoG and EGoG are under the influence
of the ITCZ, contrary to the SGoG. For this reason, the freshwater flux term is smaller in the
SGoG than the other two regions. This is consistent with Mignot et al (2003) who showed that
the standard deviation of the anomalous freshwater flux is much smaller in the southern than
the northern Gulf of Guinea.

The interannual SSS anomalies presented in the Figurel2a-b roughly showed a similar
evolution in model and observations, but also differences. For example, in the NGoG, both
observations and model results showed a SSS increase over the period 2003-2006 but with
larger amplitude in the model (>0.7 psu) than in the observations (about 0.4 psu). As we
found above that precipitation plays an important role in SSS anomalies and rainfall products
are subject to uncertainties, it is possible that this difference could come from a bias in the
rainfall product we used. Indeed, Da-Allada et al (2014) showed that the decrease in
precipitation in the North of Gulf of Guinea, responsible for the SSS increase here, is more
pronounced in ERA interim than in the GPCP (Global Precipitation Climatology Project)
product (Alder et al., 2003). The differences between modelled and observed SSS interannual
anomalies could also come from the observations, which are relatively scarce in the Gulf of
Guinea where, moreover, SSS Argo data remain questionable due to the thin mixed layers

associated with river runoff and strong precipitation.
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In the NGoG and EGoG, the important contribution of precipitation and oceanic processes
to the interannual salinity tendency are of the same order and generally opposite in sign. In
the SGoG, there is less symmetry and the interannual variability of salinity tendency is larger
than in the NGoG and EGoG, especially in the years with strong wind anomalies (e.g. 1994,
1997 and 2006-2007). This is consistent with our test simulations that showed that interannual
SSS anomalies in the SGoG are mostly under the influence of winds. We also found that, as
in the seasonal cycle, vertical diffusion plays an important role in the SSS interannual
anomalies, according to the model. This term represents processes at high frequencies or on
small vertical scales that are not explicitly solved by the model, and poorly observed.
Therefore it would be interesting to re-visit the conclusions found here with the model when
the observations will permit in the future.

In summary, atmospheric fluxes are important on interannual time scales in the northern
and equatorial regions of the Gulf of Guinea and associated with oceanic processes (vertical
diffusion and total advection). In the southern region near the Congo River where oceanic
processes largely control interannual variability this is not the case. While these oceanic
processes are largely wind-driven, we investigated the role of local wind forcing but did not
establish a clear relationship between changes in local wind forcing, wind stress curls, and
surface current anomalies. We hypothesize that remote wind forcing changes could impact the
easternmost portion of the Gulf of Guinea on interannual time scales, as for seasonal time
scales (Schouten et al., 2005; Doi et al., 2007). Changes in atmospheric forcing should be
investigated at the Atlantic Ocean basin scale.

This study reveals that the main terms which dominate the salinity balance in the
interannual variability are the same as those for the seasonal variability except for SGoG

region where the freshwater fluxes are no longer important at interannual timescales. The
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results of this study show the complexity of the seasonal and interannual mixed-layer salinity
balance in the Gulf of Guinea.
Appendix: Error Estimates

To estimate the error bars on modeled and observed mixed-layer salinity tendency on a
seasonal time scale, we first estimated SSS monthly errors ( s ) as the standard error of all
available SSS data during the 1993 to 2009 study period. Then, errors in mixed-layer salinity

tendency (© ) were estimated using the Foltz and McPhaden (2008) formula, as follows:

e:(veéul“Leél,l)/ Dt with Dt =2 months.
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Figures Captions:

Figure 1. SSS annual mean and standard deviation from the model ((a) and (b)), and
observations ((c) and (d)) calculated from monthly averaged values spanning the 1993-2009
period. The position of the two major rivers (the Niger and Congo) are indicated in (a). Sub-

regions used in the study are marked in (d).

Figure 2. Annual mean for ERA Interim (a) evaporation and (b) precipitation. The units are

mm.day™.

Figure 3. Seasonal salinity profile at (0°N, 0°E) from the PIRATA mooring (a) and the model
(b). Model and PIRATA salinity at the equator were obtained for the 2006-2007 period.

Dashed lines represent the 35 and 36 psu isohalines. The units are psu.

Figure 4. Surface current annual mean: (a) for the model and (b) for DRIFTER products, with
units of m.s™%. Latitude — time (month) seasonal surface currents (5°W-5°E average) (c) for the

model and (d) for DRIFTER. The units are m.s™.

Figure 5. Interannual standard deviation of SSS (a) from the model and (b) from observations

computed for 1993-2009. The units are psu.

Figure 6. SSS budget for the NGoG region: a) Seasonal cycle of SSS from observations (in
black) and from the model (in red). b) Salinity tendency terms for the mixed-layer for
observations and for the model. Shaded areas indicate error estimates (see Appendix A) for

these terms. ¢) Individual contributions to the salt balance equation for zonal advection (ADU
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in blue), meridional advection (ADV in dashed blue), vertical advection (ADW in green),
freshwater flux (FWF in pink), vertical diffusion (DIFV in red), horizontal diffusion (DIFL in
dashed light blue), and entrainment (ENT in dashed green). The units are psu for a) and

psu.month™ for b) and c).

Figure 7. Seasonal evolution of vertical profiles for the NGoG region. a) Salinity (psu) and
vertical salinity gradient (dashed contours in psu.m™). Contour intervals are 0.1 psu.m™. b)
Vertical velocity (m.s™). ¢) Horizontal current speed (m.s™) with square of vertical shear
(dashed contour in s). Contour intervals are 0.15 s2. d) Wind stress (red is total, black is
zonal, blue is meridional; N.m™). e) Vertical diffusion coefficient (m?2.s™). Thick black lines

indicate mixed-layer depths in a), b), ¢), and e).

Figure 8. Same as Figure 6 but for the EGoG region.

Figure 9. Same as Figure 7 but for the EGoG region.

Figure 10. Same as Figure 6 but for the SGoG region.

Figure 11. Same as Figure 7 but for the SGoG region.

Figure 12. Time series of SSS interannual monthly anomalies for the observations (black)

and the model (red). Time series were averaged over the study boxes (NGoG, EGoG, and

SGoG). The mean seasonal cycle was removed and a one-year running mean was applied (due

to a deficiency in data for several locations). The units are psu.
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Figure 13. Interannual anomalies for 1993-2009 within the three study boxes: (a) for

precipitation and (b) for evaporation.

Figure 14. Interannual anomalies for 1993-2009 for the mixed-layer salinity balance in the
Northern Gulf of Guinea (NGoG) region: a) salinity tendency (red), freshwater flux (FWF,
pink), oceanic processes (OPR, black); b) Decomposition of oceanic processes: oceanic
processes (black, same as the black line in the panel (2)), vertical processes (VPR, dashed
pink), horizontal advection (ADH, dashed blue), and horizontal diffusion (DIFL, dashed light
blue); c) Decomposition of vertical processes: vertical processes (dashed pink, same as the
dashed pink line in the panel (b)), vertical advection (ADW, green), vertical diffusion (DIFV,
dashed red), and entrainment (ENT, dashed green). For all of the terms, the mean seasonal
cycle was removed and a 25-month Hanning Filter was applied. All terms are in psu.year™.

Figure 15. Same as Figure 14 but for the EGoG region.

Figure 16. Same as Figure 14 but for the SGoG region.

Figure 17. Time series of SSS interannual monthly anomalies for the reference simulation
(REF, red), the simulation with climatology precipitation (P CLIM, pink), and the simulation
with climatology winds (V CLIM, blue). Time series were averaged over the three study
boxes (NGoG, EGoG, and SGoG). The seasonal cycle was removed and a 25-month Hanning

Filter was applied. The units are psu.
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Figure 1. SSS annual mean and standard deviation from the model ((a) and (b)), and
observations ((c) and (d)) calculated from monthly averaged values spanning the 1993-2009
period. The positions of the two major rivers (the Niger and Congo) are indicated in (a). Sub-

regions used in the study are marked in (d).
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Figure 4. Surface current annual mean: (a) for the model and (b) for DRIFTER products, with

units of m.s™. Latitude — time (month) seasonal surface currents (5°W-5°E average) (c) for the

model and (d) for DRIFTER. The units are m.s™.
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808  Figure 6. SSS budget for the NGoG region: a) Seasonal cycle of SSS from observations (in
809  black) and from the model (in red). b) Salinity tendency terms for the mixed-layer for
810  observations and for the model. Shaded areas indicate error estimates (see Appendix A) for
811  these terms. c) Individual contributions to the salt balance equation for zonal advection (ADU
812 in blue), meridional advection (ADV in dashed blue), vertical advection (ADW in green),
813  freshwater flux (FWF in pink), vertical diffusion (DIFV in red), horizontal diffusion (DIFL in
814  dashed light blue), and entrainment (ENT in dashed green). The units are psu for a) and

815  psu.month™for b) and c).
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Figure 7. Seasonal evolution of vertical profiles for the NGoG region. a) Salinity (psu) and
vertical salinity gradient (dashed contours in psu.m™). Contour intervals are 0.1 psu.m™. b)
Vertical velocity (m.s™). ¢) Horizontal current speed (m.s™) with square of vertical shear

(dashed contour in s). Contour intervals are 0.15 s d) Wind stress (red is total, black is
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839  zonal, blue is meridional; N.m™). e) Vertical diffusion coefficient (m?Zs™). Thick black lines

840 indicate mixed- layer depths in a), b), c), and e).
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Figure 12. Time series of SSS interannual monthly anomalies for the observations (black)

and the model (red). Time series were averaged over the study boxes (NGoG, EGoG, and

SGoG). The mean seasonal cycle was removed and a one-year running mean was applied (due

to a deficiency in data for several locations). The units are psu.
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895  Figure 13. Interannual anomalies for 1993-2009 within the three study boxes: (a) for

896  precipitation and (b) for evaporation.
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Figure 14. Interannual anomalies for 1993-2009 for the mixed-layer salinity balance in the
Northern Gulf of Guinea (NGoG) region: a) salinity tendency (red), freshwater flux (FWF,
pink), oceanic processes (OPR, black); b) Decomposition of oceanic processes: oceanic
processes (black, same as the black line in the panel (a)), vertical processes (VPR, dashed
pink), horizontal advection (ADH, dashed blue), and horizontal diffusion (DIFL, dashed light
blue); c¢) Decomposition of vertical processes: vertical processes (dashed pink, same as the
dashed pink line in the panel (b)), vertical advection (ADW, green), vertical diffusion (DIFV,
dashed red), and entrainment (ENT, dashed green). For all of the terms, the mean seasonal
cycle was removed and a 25-month Hanning Filter was applied. All of the terms are in

psu.year ™.
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Figure 15. Same as Figure 14 but for the EGoG region.
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47



934

935

936

937

938

939

940

941

0.8 1 1 1 1 I ! 1 L 1 I | I 1 L L
a)NGoG—— SSS ANOPCLIM —— S8S ANOVENTCLIM - —— SSS ANO REF

0.6

0.2+

0 : : : V. N : :

0.2 @J W — L
A : : :

84 —r—T 77—

02 : : : 5 : . : : :

psu

psu
o

0.1
0.2
s T - s e S e WL S S

0.4 :
3 I — . I r —

psu
[=)

TG 20 PR NS

-0.6 T T T T T T T T T T T T T T T T

Year

Figure 17. Time series of SSS interannual monthly anomalies for the reference simulation
(REF, red), the simulation with climatology precipitation (P CLIM, blue), and the simulation
with climatology winds (V CLIM, pink). Time series were averaged over the three study
boxes (NGoG, EGoG, and SGoG). The seasonal cycle was removed and a 25-month Hanning

Filter was applied. The units are psu.
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