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Abstract The physical processes controlling the mixed layer salinity (MLS) seasonal budget in the tropi-
cal Atlantic Ocean are investigated using a regional configuration of an ocean general circulation model.
The analysis reveals that the MLS cycle is generally weak in comparison of individual physical processes
entering in the budget because of strong compensation. In evaporative regions, around the surface salinity
maxima, the ocean acts to freshen the mixed layer against the action of evaporation. Poleward of the south-
ern SSS maxima, the freshening is ensured by geostrophic advection, the vertical salinity diffusion and, dur-
ing winter, a dominant contribution of the convective entrainment. On the equatorward flanks of the SSS
maxima, Ekman transport mainly contributes to supply freshwater from ITCZ regions while vertical salinity
diffusion adds on the effect of evaporation. All these terms are phase locked through the effect of the wind.
Under the seasonal march of the ITCZ and in coastal areas affected by river (78S:158N), the upper ocean
freshening by precipitations and/or runoff is attenuated by vertical salinity diffusion. In the eastern equato-
rial regions, seasonal cycle of wind forced surface currents advect freshwaters, which are mixed with subsur-
face saline water because of the strong vertical turbulent diffusion. In all these regions, the vertical diffusion
presents an important contribution to the MLS budget by providing, in general, an upwelling flux of salinity.
It is generally due to vertical salinity gradient and mixing due to winds. Furthermore, in the equator where
the vertical shear, associated to surface horizontal currents, is developed, the diffusion depends also on the
sheared flow stability.

1. Introduction

In the climate system, ocean and atmosphere interact by exchanging momentum, heat, and freshwater. In
the ocean, these exchanges take place in the upper mixed layer. As its name indicates, this layer is well
mixed and thus roughly vertically uniform in temperature and salinity. Although temperature generally
dominates the density changes in tropical oceans, both temperature and salinity can locally control the
stratification, hence the mixed layer depth (MLD).

The tropical Atlantic is characterized by very strong river discharges. The Amazon and the Congo rivers in
particular account by themselves for almost 20% of the global amount of rivers discharges. Added to
intense precipitations under the intertropical convergence zone, this makes the tropical Atlantic an area of
intense spatial heterogeneities of the sea surface salinity (SSS) with potentially important temporal varia-
tions. As a result, in several areas of this oceanic basin, the sharp vertical salinity gradient in the upper ocean
can limit the depth of the mixed layer. In this case, the isothermal layer found below the mixed layer is
called a barrier layer, as it prevents exchanges between the warm mixed layer and the cold ocean interior
[Lukas and Lindstrom, 1991; Godfrey and Lindstrom, 1989]. In the tropical Atlantic, barrier layers among the
thickest of the world are found [e.g., Mignot et al., 2012], with possibly a strong impact on the oceanic and
atmospheric circulations [Breugem et al., 2008; Balaguru et al., 2012]. More generally, by modifying air-sea
interactions, the barrier layers can have important climatic effects [e.g., Masson et al., 2005; Foltz and McPha-
den, 2009; Grodsky et al., 2012; Balaguru et al., 2012].

Salinity is also an important parameter for the formation and the tracking of water masses [e.g., Kolodziejc-
zyk et al., 2014a; Kolodziejczyk and Gaillard, 2013, 2012; Sasaki et al., 2010; Yeager and Large, 2007; Schneider,
2000] through its effect on spiciness [e.g., Jackett and McDougall, 1985]. Subtropical and tropical water
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masses formed thanks to SSS anomalies can be traced along the subsurface currents and reemerge where
they could have again major climatic impacts [e.g., Qu et al., 2013, 2011; Langehaug et al., 2012; Mignot
et al., 2009; Laurian et al., 2009, 2006; Lazar et al., 2001].

Finally, several authors have also suggested that the sea surface salinity (SSS) could be used as a rain gauge
to assess the global hydrological cycle [e.g., Bingham et al., 2012; Durack et al., 2012; Terray et al., 2012; Yu,
2011]. Using World Ocean Atlas 2005 (WOA05) data, Yu [2011] investigated the relationship between the
mixed layer salinity (MLS) and the ocean water cycle at the global scale. She found that the precipitations
mainly control the MLS seasonality in the tropical convergence zones and in the western North Pacific fea-
turing heavy rainfall, while evaporation dominates the subtropical regions. However, this MLS atmospheric
forcing is generally modulated in various regions by oceanic processes like horizontal advection by the sur-
face currents and vertical mixing with the subsurface [Akhil et al., 2014; Kolodziejczyk et al., 2014b; Hasson
et al., 2013a, 2013b; Kolodziejczyk and Gaillard, 2013; Yu, 2011]. Documenting the processes that govern the
MLS variability is thus crucial to better understand the air-sea freshwater exchanges [Yu, 2011]. They are,
however, still poorly documented in the tropical Atlantic.

After the pioneering work of Dessier and Donguy [1994], Reverdin et al. [1997] found that the observed SSS
variability is particularly strong in the western tropical North Atlantic and in eastern Gulf of Guinea. Using
recent observations of Soil Moisture-Ocean Salinity (SMOS), Tzortzi et al. [2013] showed the dominant role
of advection and vertical mixing to explain the seasonal cycle of SSS in the eastern tropical Atlantic, where
the equatorial cold tongue develops between May and August [Caniaux et al., 2011; Mitchell and Wallace,
1992]. Based on in situ observations mainly from Argo floats, Da-Allada et al. [2013] also found that vertical
processes play a major role in the seasonal to interannual mixed layer salinity budget in the Gulf of Guinea
(hereafter GG). Foltz and McPhaden [2008] used a combination of satellite products, in situ observations,
and reanalysis to examine the seasonal MLS balance in the north tropical Atlantic. They found that mecha-
nisms contributing to the salinity balance vary from one region to another. While horizontal advection con-
trols the seasonal cycle of MLS west of 508W in the northern tropical basin, precipitation is the dominant
term south of 148N. However, these observational studies are limited by data availability and these authors
could not compute all terms of the MLS balance, in particular, the vertical mixing and entrainment terms,
which were found to be important for the MLS budget in other regions.

These limitations can be partly overcome using oceanic models. Qu et al. [2013, 2011], using the Estimating
the Circulation and Climate of the Ocean (ECCO) model, investigated the seasonal cycle of the SSS in the
northern subtropical Atlantic maximum salinity region. They found weak MLS variations at seasonal time
scales, explained by strong evaporation which is compensated by a strong oceanic advection and vertical
entrainment of freshwater flux. Recently, Berger et al. [2014] and Da-Allada et al. [2014] used an ocean gen-
eral circulation model (OGCM) to investigate the SSS variations in the Gulf of Guinea region. They could
quantify the important contribution of the vertical mixing in these regions. It is now needed to expand such
quantification to other regions of the tropical Atlantic.

Here we use a regional configuration of the NEMO-OPA OGCM in the tropical Atlantic to quantify the oce-
anic and atmospheric physicals processes governing the MLS seasonal cycle throughout the whole tropical
Atlantic. This study aims at revisiting the MLS budget in the tropical Atlantic with a model simulation, espe-
cially by deepening our understanding of the role of processes which cannot be quantified explicitly from
data only, namely vertical mixing. This study also focuses on a larger region than previous ones, thereby
aiming at providing a general view of the seasonal cycle of the MLS in the tropical Atlantic, identifying dom-
inant processes and possibly similarities among subbasins. The model and validation data are presented in
section 2. In section 3, the results are presented, first model validation and mean state, second for regions
characterized by the dominant influence of evaporation, third for regions strongly influenced by precipita-
tion, and finally for regions were ocean dynamics play the central role. Summary and discussions are pre-
sented in section 4.

2. Model and Data

2.1. Model Description
This study is based on the OGCM NEMO-OPA [Madec, 2008]. NEMO-OPA solves the primitive equations on
an Arakawa C grid, with a second-order finite difference scheme, assuming the Boussinesq and hydrostatic
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approximations, the incompressibility hypothesis, and free surface formulation [Roullet and Madec, 2000].
The density is computed from potential temperature and salinity, and pressure, using the Jackett and
McDougall [1995] equation of state. The horizontal mesh is based on a 0.258 3 0.258 Mercator grid. Realistic
bottom topography and coastline are derived from ETOPO2. The maximum depth of 5000 m is spanned by
46 z-level ranging from 5 m thickness in the upper 30 and 10 m thickness around 100 m depth. Vertical mix-
ing of momentum and tracers are computed using a second-order turbulence kinetic energy (hereafter
TKE) closure model described in Madec [2008]. The ocean model is run with a time step of 1440 s. We use
here a new regional configuration of the tropical Atlantic, named ATLTROP025. The grid has been limited to
308N and 308S. Ocean boundary conditions are taken from the output of a global 1/48 simulation part of the
DRAKKAR hierarchy of global configurations [Molines et al., 2007] and detailed in Brodeau et al. [2010]. Sur-
face boundary forcing is ensured by bulk formulas developed by Large et al. [1997]. Input surface variables
needed to estimate air-sea fluxes are wind speed, air temperature, and humidity at 10 m, shortwave and
longwave radiations and precipitation. In the present study, they are taken from the climatological seasonal
mean of the 6 hourly global DRAKKAR forcing set 4 (hereafter DFS4) [Brodeau et al., 2010] computed over
the years 1988–2000. Monthly means outputs are used for the purpose of the present study.

2.2. Mixed Layer Salt Budget
In order to understand the processes responsible for the seasonal variations of the salinity, we use a decom-
position of MLS budget. This approach has been used in several studies based on observations [e.g., Da-
Allada et al., 2013; Kolodziejczyk and Gaillard, 2013; Wade et al., 2011; Foltz and McPhaden, 2008] and models
[e.g., Hasson et al., 2013b; Qu et al., 2011]. Following Vialard and Delecluse [1998] who evaluated the mixed
layer temperature budget, the mixed layer salinity variations can be decomposed as follows, for each hori-
zontal grid point:
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(1)

where S is the salinity, depending on the vertical level; u, v, and w stand for the current in the zonal, the
meridional, and vertical direction, respectively, also defined at each model’s vertical level. Sh is the salinity at
the base of the mixed layer; kz is the vertical diffusion coefficient; Dl is the horizontal diffusion operator; and
h is the depth of the mixed layer, named MLD above. It is computed using a density criterion: it corresponds
to the depth at which the density is equal to the sea surface density plus 0.01 kg m23. Such a small criterion
allows the MLS to be a reasonable proxy for the SSS as shown for the temperature by de Boyer Mont�egut
et al. [2004].

As explained in example in Griffies et al. [2009], forced ocean simulation additionally require an unphysical
surface salinity restoring term, in order to prevent uncontrolled drifts in salinity as a response to inaccurate
precipitations. Following Brodeau et al. [2010], we use a rather strong salinity restoring to Levitus et al.
[1998] climatology, corresponding to a relaxation time scale of 33 days for the first model level (10 m).

All the terms shown in equation (1) are computed online by the model. The net fresh water fluxes contribu-
tion to the MLS budget appears in the last term of the budget, and it is named FWF in the following and is
constituted by evaporation (E), precipitation (P), runoff (R), and also the restoring term. All other terms cor-
respond to the net oceanic contribution, noted OCE in the following. The latter can be decomposed into a
horizontal (OCEHOR) and a vertical (OCEVER) components. OCEHOR comprises the first two terms in the
right-hand side of the equation, that is the horizontal advection (ADVHOR) and the horizontal diffusion
(third term). The overall effect of underlying water on the surface is represented by the OCEVER component,
which includes the vertical diffusion 2 1

h ½kz@zS�h and the so-called other vertical processes (hereafter OVP).
The OVP is the sum of vertical advection 2 1

h ðMLS2ShÞwh and the entrainment 2 1
h ðMLS2ShÞ@t h. The latter

is computed as a residue therefore it may also contain small numerical errors. In the following, special focus
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on the physics underlying the vertical diffusion will be made. This term is a function of the MLD, the vertical
salinity gradient, and of the vertical coefficient diffusion. The latter is parameterized in the model using the
TKE scheme. In this scheme, the diffusion coefficient depends itself on the stratification and the vertical
shear, the winds, and the buoyancy. It is thus difficult to interpret the variations of the vertical diffusion
physically. Nevertheless, in the TKE scheme, energy available for the diffusion is produced by the momen-
tum shear and destroyed by stratification. Thus, we will also use the nondimensional Richardson number
(hereafter Ri; Ri5 N2

ð@z uÞ21ð@z vÞ2
where N is the Brunt-V€ais€al€a frequency) to compare the relative contribution of

these effects. Ri< 1/4 is the necessary condition of Kelvin-Helmholtz instability triggering. In the following,
we name MLS tendency the time evolution of the MLS, as represented by the left-hand side term of equa-
tion (1). This term is also given as a model output.

2.3. Data
When possible, the model results are validated against observational data sets. First, the SSS analysis devel-
oped by Reverdin et al. [1997] and extended to 2009 was used to validate the modeled MLS. In this analysis,
the monthly SSS fields were computed from a variety of data sources, mostly underway collection on
research vessels and voluntary observing ships (VOS) through thermosalinograph at a depth 3–5 m (http://
www.legos.obs-mip.fr/observations/sss/); PIRATA moorings in the tropical Atlantic (http://www.brest.ird.fr/
pirata/), CARIOCA drifters (G. Reverdin, personal communication, 2013), and Argo floats (http://www.coriolis.
eu.org/Observing-the-ocean/Observing-system-networks/Argo). These different data sources are gridded
using an objective mapping [Bretherton et al., 1976] at 18 3 18 spatial resolution.

In order to estimate the error on observed SSS tendencies at seasonal time scales, the monthly SSS error
given by optimal interpolated SSS observational field is used [Reverdin et al., 1997]. Then errors in SSS tend-

ency were propagated [Foltz and McPhaden, 2008] as follows: e5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðe2

sn21
1e2

sn11
Þ

p
Dt , where e is the SSS error, es is

the error given by analyzed salinity field Dt 5 2 months.

Mixed layer depth data are taken from the climatology of de Boyer Mont�egut et al. [2004], available monthly
on a 28 3 28 grid. It is defined as the depth where the density at 10 m has increased by 0.03 kg m23. It is esti-
mated from individual temperature and salinity profiles extracted from the National Oceanographic Data
Center and from the World Ocean Circulation Experiment database (WOCE Data Products Committee, 2002).

We also use a climatology of near surface currents, at 18 3 18 resolution, derived from satellite-tracked sur-
face drifting buoy observations [Lumpkin and Garzoli, 2005].

3. Results

3.1. Overview of the MLS Variability
The simulated annual mean SSS (Figure 1b, colors) is first compared with observations (Figure 1a). The main
features of the SSS field are consistently reproduced in the model: the lowest salinity values are found along
the northern coast of South America and along the eastern Gulf of Guinea coastal, due to freshwater dis-
charges from rivers (e.g., Amazon, Congo, Niger). Low salinity values are also found between 08N and 108N,
as a consequence of intense precipitations associated to the intertropical convergence zone (ITCZ). In con-
trast, SSS maxima are visible in the northern and southern subtropics, where evaporation exceeds precipita-
tion. The SSS maximum in the southern Atlantic is slightly too extended in the model as compared with
observations, while the one in the northern hemisphere is slightly shifted southward.

MLS is, however, in fact the relevant variable for our study, rather than SSS. The former is not easily available
from observations but the white contours in Figure 1b show that in the model, SSS and MLS are very similar.
This gives us confidence in using SSS to validate the model’s MLS budget in the rest of this study. The
model also reproduces consistently the horizontal surface circulation (Figures 1a and 1b, vectors), in particu-
lar, the westward South Equatorial Current (SEC) as well as the North Brazilian Current (NBC) flowing north-
westward along the coast. The area of NBC bifurcation (around 78N/488W), which is important for the
eastern transport of Amazon freshwater, is also well reproduced in the simulation.

The modeled MLD (Figures 1d and 1f, contours) generally agrees with values derived from observations
(Figures 1c and 1e, contours). The largest values (70–90 m) are found in the subtropics during local winter,
while shallowest MLD values are found along the equator. In the subtropical regions, the model tends to
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overestimate the MLD maximum winter values, consistently with overestimated salinity maximum in the
south and shifted location in the north. At the equator, the modeled mixed layer can be thinner than the
observed ones. This is likely explained by the 10 m surface reference chosen by de Boyer Mont�egut et al.
[2004], which prevents shallower depths to be represented by this product. Differences might also arise
from the use of different threshold criteria for the density stratification.

Figure 1. Annual mean SSS (colors, in practical salinity unit (psu)) and surface currents (arrows, in m/s) from (a) observations and (b) the
model. White contours in Figure 1b represent the model salinity averaged over the mixed layer depth. (center) May–October mean MLS
tendency (colors in psu/mois) and mixed layer depth (contours in m) from (c) observations and (d) the model. (e, f) Same as Figures 1c and
1d for the November–April mean.
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Finally, as this work focuses on seasonal variations of the MLS, we compare tendencies of the latter during
boreal spring-summer (May–October) and boreal fall-winter (November–April) in the model (Figures 1d and
1f, colors) to variations of SSS in the observations over the same seasons (Figures 1c and 1e, colors). The var-
iations of the MLD are relatively weak during each of these seasons. Consequently, the effect of MLD varia-
tions on physical processes is reduced. These seasons are also relevant for the ITCZ seasonal path: between
May and October, the ITCZ is located around 78N, inducing intense precipitation at this latitude (Figure 2a,
contours). The MLS tendency in the open ocean around this latitude is then dominated by a freshening,
while evaporation increases MLS within the equatorial band (Figures 1c and 1d). In November–April, the
ITCZ shifts back over the equator, thereby freshening the equatorial band, while salinity increases in the
northern tropics (Figures 1e and 1f). The largest seasonal signal of MLS tendency is detected in the coastal
regions off northern South American and eastern GG coasts both in the model and the observations. It is
explained by the seasonal strong variability of the river discharges. The largest differences between model
and observations are also found in these regions (Figures 1c and 1d). This is likely due to sparse observa-
tions of the runoff [Dai and Trenberth, 2002] as well as difficulties to implement properly this forcing term in
the ocean model [Madec, 2008].

In order to quantify the respective contribution of atmospheric and oceanic forcing on the MLS tendency,
the diagnostic terms are shown separately in Figure 2 for the model only (see section 2 for details). As com-
mented above, the atmospheric contribution appears to be primarily dominated by the seasonal excursion
of the ITCZ between 08N and 108N, while subtropical region is rather dominated by evaporation with a less
marked seasonality (Figures 2a and 2c). In the open ocean, the atmospheric term is dominated by the
evaporation-precipitation budget (compare colors and contours). Near the coasts, in particular, where
strong salinity variations were noted above, the river runoff appears to play a major role.

Interestingly, the oceanic contribution to MLS variations exhibits a similar spatiotemporal distribution but
with an opposite sign as compared to the atmospheric contribution (Figures 2b and 2d): oceanic terms
tend to increase mixed layer salinity in the tropics below the ITCZ while they contribute to freshen it in the
extratropics. The oceanic contribution is of similar order of magnitude as the atmospheric one, so that the

Figure 2. (a) Atmospheric and (b) oceanic contributions to the MLS budget. (c, d) The same as Figures 2a and 2b for November–April
mean. Units are in psu/mois. Contours on Figures 2a and 2c are E-P in mm/mois. Triangles in Figures 2a and 2c are rivers positions
(Gambia, Niger, Congo, and Amazon).
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total MLS tendency (Figures 1d and 1f) is typically weaker than the individual atmospheric and oceanic
terms (Figure 2), especially in the extraequatorial regions. This suggests that the sea surface salinity variabili-
ty results from the residual of mainly compensating oceanic and atmospheric contributions.

In order to better quantify the relative contribution of oceanic and atmospheric terms, the ratio (expressed
in percentage) of the mean oceanic contribution over the absolute value of the mean atmospheric contribu-
tion is shown for the May–October period and November–April period (Figures 3a and 3b), respectively.
Both the sign and the amplitude of this ratio exhibit strong spatial and temporal variability. Nevertheless,
this map highlights the generally strong relative contribution of oceanic processes for the MLS seasonal var-
iability in almost all the basin during both periods, as already underlined in the previous studies [Da-Allada
et al., 2013; Yu, 2011; Foltz and McPhaden, 2008; Mignot and Frankignoul, 2004]. For example, in boreal
summer, below the ITCZ in the northern tropics, ocean processes increase the upper water salinity, with a
relative contribution of 60% as compared to atmospheric processes. In the cold eastern equatorial region,
during November–April, oceanic terms freshen the surface and their effect on MLS is more than twice as
strong as the one of the atmospheric fluxes.

The oceanic contribution can be further partitioned into vertical and horizontal processes. Ratio of both
contributions is shown in Figures 3c and 3d. Between 58S and 158N, one can note a very strong salting con-
tribution of vertical processes highlighted by the 100% ratio contours and following the seasonality of the
ITCZ location. Horizontal processes are rather dominant poleward of these regions and up to the subtropical
salinity maxima delineated by the 36.5 psu isohaline. Further poleward of the salinity maxima vertical proc-
esses is dominant again but induces a freshening of the mixed layer.

In order to examine these processes in more details, we define 13 regions (black boxes in Figures 3a and
3b) according to the relative homogeneity of the balances of processes driving the MLS as deduced from
the ratios in Figure 3. In the following, we describe successively the seasonal evolution of the MLS averaged
over these different regions using the decomposition of the salinity budget presented above. For this, and

Figure 3. Ratio (in term of percentage) of (a) May–October and (b) November–April averages of the oceanic and the absolute value of
atmospheric contributions to MLS variations in the model. (c, d) Same as Figures 3a and 3b between vertical oceanic and absolute value of
horizontal oceanic processes. Black continue contours are 100 and 2100 values of the ratios. White contours in Figures 3c and 3d are MLS
in psu. Hatched areas were not investigated in this study.
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in order to highlight similarity of processes at play, we will discuss regions where the oceanic dynamics
mainly compensate for the evaporative freshwater flux first, and precipitation second. Third, we shall con-
sider regions where oceanic processes compensate each other.

3.2. Evaporative Regions
We first consider the most remote regions relative to the equator of our domain, where the atmospheric
flux is dominated by evaporation [Yu, 2011]. Two of these regions are located equatorward of the subtropi-
cal SSS maxima: the northern tropical Atlantic region (NTA; 17–258N/58–208W) and the symmetrical one in
the southern hemisphere, which we named the northern south tropical Atlantic region (NSTA; 7–138S/
358W–88E). The third one located partly poleward of the south Atlantic SSS maximum is the south tropical
Atlantic (STA; 13–258S/358W–88E). In these three regions, the modeled MLS tendency is roughly consistent
with the observations with a comparable seasonal cycle lying within the error bar of the data set (Figures
4a, 4c, and 4e black line curves and gray shading). It does not exceed 0.1 psu/month, and it is generally
weaker than the individual oceanic or atmospheric contributions. The atmospheric damping term, given by
the difference between the total atmospheric contribution and the physical evaporation-precipitation-
runoff budget (Figures 4a, 4c, and 4e; solid and star red curves), also shows a negligible contribution in
these three regions in comparison to the atmospheric and oceanic contributions. This gives credit to the
interpretation of physical processes in this region.

NTA and NSTA have a relatively comparable MLS seasonality (Figures 4a and 4c), except that they are out of
phase as they lie in the opposite hemispheres. Note that they are not exactly located at symmetrical lati-
tudes because of the mean northward position of the ITCZ. The atmospheric and oceanic forcing terms indi-
cate that the weak magnitude of the MLS tendency results from compensation between these two terms.
The atmospheric physical contribution is positive all year long, illustrating the dominant effect of evapora-
tion, and the oceanic one is negative. Regarding NTA, the strong oceanic effect is consistent with previous
studies based on observations [e.g., Foltz and McPhaden, 2008] and models [Qu et al., 2011]. During the
boreal spring and summer (April–September) both the atmospheric and the oceanic terms are maximum,
and the resulting MLS tendency is slightly negative, due to an enhanced freshening effect of the oceanic
contribution. During winter, the dominant evaporation results in a positive MLS tendency. Horizontal advec-
tion (Figure 4b, green) is mainly responsible for the boreal summer maximum freshening. Indeed, in
summer, the northeastern wind stress reaches its seasonal maximum in subtropical North Atlantic [Liu,
2012; Qu et al., 2011] resulting in a maximum Ekman transport of tropical freshwater from the ITCZ (Figure
4b, blue curve) together with a maximum evaporation. During the boreal winter, the wind stress decreases
leading to a reduced Ekman transport, which however remains the dominant component of horizontal
advection. The phasing of the oceanic and atmospheric contributions is thus explained by the dual effect of
the wind which enhances both the evaporation, hence the surface salinity concentration, and the north-
ward Ekman transport of freshwater. The situation is exactly similar in NSTA during austral late summer,
when easterlies are maximum in the southern tropics. In both cases, the geostrophic component of advec-
tion has a much weaker seasonal cycle, and contributes to increase mixed layer salinity all year long. Indeed,
salty water from the maximum salinity areas is advected in NTA and NSTA, respectively, by the negative
meridional component of geostrophic currents.

Although of a secondary order, the vertical processes contribute to increase MLS from April to October (dur-
ing boreal spring-summer), mitigating the Ekman transport of freshwater in the NTA. During this period, we
observe an increase of the kz coefficient (kz � 1023:5m2 s21), an enhanced vertical salinity gradient at the
MLD base (Figure 5b), and a reduced MLD. All these three elements contribute to increase the vertical diffu-
sion of salt at the base of the mixed layer. The MLD shallowing is simply a result of the seasonal upper layer
stratification due to summer heating, and the vertical salinity gradient results from the Ekman freshwater
advection in surface. As explained above, several factors may induce a strong turbulent coefficient, includ-
ing the direct input of momentum from the winds and/or the Kelvin-Helmholtz instability, characterized by
weak Richardson number. Here in spite of a strong shear, in particular from April to October associated to
the meridional components of the current (Figure 5c), the Richardson number at the base of the mixed
layer remains greater than 10 all year long (logðRiÞ > 1:5, Figure 5d, contours). This is possible given the
strong stratification at the base of the mixed layer (Figure 5b). The turbulent diffusion coefficient intensifica-
tion in boreal summer is thus not due to the development of Kelvin-Helmholtz instabilities. We suggest that
it is rather a direct consequence of the wind stress intensification (Figure 5a). Interestingly, in NTA, the
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seasonal cycle of all dominant terms for the MLS budget, namely atmospheric evaporation, Ekman advec-
tion of freshwater and vertical diffusion of salt at the base of the mixed layer are all phased by the seasonal
cycle of the wind stress. The mechanism is symmetrical in SNTA (not shown).

Figure 4. Seasonal evolution of the (a, c, and e) mixed layer salinity budget and (b, d, and f) its components due to ocean dynamics in
psu/month averaged over: (Figures 4a and 4b) the NTA region (17:258N/58:208W), (Figures 4c and 4d) the NSTA region (13:78S/358W:88E),
and (Figures 4e and 4f) the STA region (25:138S/35 degree W:88E). In Figure 4d, the cyan curve is overlaid by green line curve. The shaded
areas show the estimation of error on data (see text for details). Definitions of the colored lines are given in the legend of the top plot, see
text for details.
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The southern tropical Atlantic (STA; 13:258S/358W:88E) is located southward of the subtropical salinity maxi-
mum. As for the NTA and NSTA, the MLS tendency is relatively weak and results from opposite contributions
of the atmosphere and the ocean. However, in contrast with NTA and NSTA, the effect of Ekman transport is
negligible, as its currents are parallel to isohaline (not shown). The geostrophic term here is negative and
practically constant all year long (Figure 4f, red). It is due to a transport of low saline water from the eastern
boundary upwelling by the southern branch of the SEC (Figures 1a and 1b). The seasonality of the total oce-
anic contribution is primarily due to the vertical terms (Figure 4f), which cannot be explained by vertical dif-
fusion alone (Figure 4f). The latter is maximum in austral summer, when the wind stress enhances vertical
mixing, as described above for NTA. However, in this region, the vertical salinity gradient at the base of the
mixed layer is positive (Figure 6a). As a result, vertical diffusion contributes to freshen the mixed layer,
unlike for the regions located on the equatorward flank of the surface salinity maximum (SSM) and
described above. Contrary to NTA and SNTA, the entrainment term also appears to play a strong role for the
MLS budget during the austral winter season, as the mixed layer deepens. (Figure 6, magenta curve). During
the deepening phase of the ML, the density vertical gradient at the base of the mixed layer is weak in this
region in spite of a maximum salinity (and temperature, not shown) gradient because temperature and
salinity are compensated (Figures 6a–6c): as mentioned above, the regions poleward of the SSM are charac-
terized by a destabilizing vertical salinity gradient [Liu et al., 2009; Yeager and Large, 2007]. Under the effect
of winter heat loss, convective mixing operates, strongly deepening the mixed layer, thereby entraining

Figure 5. Seasonal evolution for the NTA region. (a) Left axis is the logarithm of the vertical coefficient diffusion at the ML base in m2 s21

(gray color; 5 days values higher than 0.1 have not been considered), right axis of is the winds stress in N m22 (black is the module, blue is
the zonal component, and red is the meridional component). (b) Vertical salinity stratification contribution on Brunt-V€ais€al€a frequency in
s22. Contours show the average salinity. (c) Vertical shear in s22. Contours show the meridional currents. (d) Vertical Brunt-V€ais€al€a fre-
quency in s22. Contours show the logarithm of the averaged Richardson number. The magenta curve in Figures 5b, 5c, and 5d is the mixed
layer depth in m.
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relatively fresh waters into the
mixed layer. This process is respon-
sible for the formation of a Strongly
Density Compensated (SDC) layer
characterized by high turner angle
values greater than 458 at the base
of the mixed layer (Figure 6c).
These effects have been described
in subtropical regions of the Pacific
and Atlantic [Kolodziejczyk et al.,
2014a; Kolodziejczyk and Gaillard,
2013; Yeager and Large, 2007].

To conclude, these three subtropi-
cal regions are characterized by a
freshening effect of the ocean com-
pensating for the atmospheric
evaporation. In NTA and NSTA,
located equatorward of the SSM,
this effect is primarily due to the
poleward Ekman transport of
fresher waters with a weaker miti-
gating effect of the vertical turbu-
lent diffusion. All these terms are
maximum in summer because of
the wind intensification. In STA, the
vertical diffusion also peaks in
phase with the maximum evapora-
tion but it is this time directly
opposing the latter as the vertical
salinity gradient is reversed. The
summer MLS balance thus here
essentially plays between evapora-
tion and vertical diffusion together
with geostrophic fresh transport.
Furthermore, during austral winter
in STA, the oceanic contribution to
freshening of the mixed layer is
reinforced and dominated by verti-
cal convective entrainment due to
strong winter heat loss associated
with destabilizing (negative) verti-
cal salinity gradient located pole-
ward of SSM.

3.3. Region of Precipitation and
Rivers Runoff
3.3.1. Region of Precipitation
We focus here on regions of the
tropical Atlantic associated with
intense precipitations. The ITCZ is
located over the geographical
equator in boreal early spring, and
in particular over the western equa-
torial Atlantic (WeqTA, 78S:38N/

Figure 6. Seasonal evolution of vertical profiles for the STA region. (a) Vertical salinity
stratification contribution on Brunt-V€ais€al€a frequency in s22. Contours show average
salinity. (b) Vertical Brunt-V€ais€al€a frequency in s22. Contours show the logarithm of the
averaged Richardson number. (c) Turner angle in 8. The turner angle 458 is highlighted in
black contour.
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408W:158W). Then, it migrates northward (Figure 2a), thereby reaching the central tropical Atlantic (CTA,
38N:108N/488W:208W and its coastal extension e-CTA, 38N:108N/208W:148W) between May and October,
and finally the southern-north tropical Atlantic around 158N, here represented as the SNTA region
(10:178N/488W:208W) in August. Around September, the ITCZ starts its southward migration. It passes
over the central tropical Atlantic a second time in fall and reaches again the equator in boreal winter.
Figures 7a and 7g clearly show a freshening of the MLS due to a negative contribution of the E-P flux
associated with ITCZ-induced rainfalls over the western equatorial tropical Atlantic in early spring and
the southern part of the north tropical Atlantic in August, respectively. During the rest of the year, these
regions are rather weakly evaporative. In e-CTA (Figure 7e), the precipitation dominates the evaporation
throughout the year with a semiannual cycle, consistently with the double passage of the ITCZ, while
further west (CTA, Figure 7c) the atmospheric freshening shows no interruption from May to December.
Note that, in this latter region, the damping term diagnosed from the difference between the physical
atmospheric forcing and the total forcing imposed in the model (red curves in Figure 7c) is relatively
strong, in particular from May to October, thereby limiting the quantitative interpretation of physical
processes simulated by the model and possibly the semiannual cycle due the ITCZ. This may be due to
uncertainties in the forcing precipitation data or in the salinity data (gray shading in Figure 7c), which
are used to diagnose the damping term in the simulation. Large uncertainty on data in this region is
illustrated by the gray shading. In all these regions again, strong oceanic contribution opposes the
atmospheric one. This strong ocean contribution was also found by Foltz et al. [2004, 2015], mainly in
the central part. Figure 7 (right) shows that both horizontal and vertical oceanic terms play a compara-
ble role. At the west equator, the SEC advects fresher waters from east following a semiannual cycle
peaking in June and December [Richardson and McKee, 1984], but this effect is counteracted by the
meridional advection effect. It results in a mitigated semiannual freshening by the horizontal advection
peaking in August and December. Further north, horizontal processes are weak as long as the ITCZ is
located south of the respective areas, and dominated by a weak freshening due to anomalous north-
ward Ekman advection of equatorial fresh water. An abrupt change in the sign of the Ekman contribu-
tion is detected in June in CTA, as the ITCZ moves northward of this area: Ekman currents become
southward and then rather export freshwater out of the region. An abrupt modification of the geostro-
phic advection is concomitant, as the wind stress curl associated with the meridional shift of the ITCZ
and Azores High triggers the North Equatorial Counter Current (NECC) and the NEC [Bourlès et al., 1999;
Richardson and McKee, 1984]. The resulting geostrophic advection of the fresh Amazon waters from the
west toward the central tropical Atlantic [Yang and Joyce, 2006; Dessier and Donguy, 1994; Muller-Karger
et al., 1988] mainly contributes to counteract the Ekman current effect. Similar seasonality is found fur-
ther east (e-CTA) but for the relative strength of geostrophic and Ekman advection, so that the resulting
effect of horizontal advection is rather a net salting (Figure 7f). Finally, the SNTA is not affected by such
change of direction of Ekman currents because the ITCZ does not shift north of this region. Yet in
boreal fall and winter, as the ITCZ is located right at the southern edge of this area, salinity gradients
are intense, which explains the strong Ekman contribution to the MLS budget, consistently with Mignot
et al. [2007]. Thus, in all these regions, horizontal oceanic contribution is tightly linked to the wind con-
vergence associated to the ITCZ location and thus also to atmospheric precipitations.

In these strong precipitation regions, vertical processes, dominated by vertical salinity diffusion, have a
strong salting effect on the MLS (Figure 7, right). The vertical diffusion term has a marked seasonal cycle,
again clearly phase locked with the other processes. In WeqTA, it reaches its maximum in April (Figure 7b,
magenta squared curve). This maximum is concomitant with a strong salinity stratification, due to the sur-
face intense precipitations, and a minimum MLD. On the other hand, the seasonality of the diffusion coeffi-
cient kz (Figure 8a) is clearly antiphased with the total vertical diffusion term: it is minimum in boreal
spring, when the latter is maximum and maximum in boreal fall. This confirms that the vertical salinity gra-
dient and the spring mixed layer shallowing are responsible for the vertical diffusion phasing with the other
components of the MLS budget. Yet the fact that the total vertical diffusion is antiphased with the vertical
diffusion coefficient may seem surprising. The seasonal cycle of the latter is set by the wind-induced turbu-
lence, as seen in Figure 8a. Nevertheless, note that, in spite of this seasonality, the vertical diffusion coeffi-
cient is all year long relatively strong: its yearly average amounts 1023m2 s21, which is the strongest value
as compared to what is found in all the other regions (compare with Figure 5a, for example). This is consist-
ent with a relatively low Richardson number all year long (Figure 8d) indicating that conditions are
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favorable for shear turbulence. The vertical shear of horizontal currents (Figure 8c), resulting from the west-
ward SEC flowing above the eastward EUC, is indeed strong. It is maximum in late spring, when the SEC
intensifies, but it is then largely balanced by the vertical stratification essentially due to salinity.

Figure 7. As Figure 4 except for (b) where horizontal advection is separated into zonal and meridional components: WeqTA (78S:38N/
40:158W), CTA (3:108N/48:208W), e-CTA (3:108N/20:148W), and SNTA (10:178N/48:208W).
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To summarize, the west equatorial Atlantic is characterized by large values of the vertical diffusion coeffi-
cient as a result of a strong horizontal shear. In spring, when surface precipitations induce a strong vertical
salinity gradient at the base of the mixed layer, this allows vertical diffusion to evacuate very efficiently this
fresh water toward the ocean interior via shear-induced turbulence. Note that the impact of shear instabil-
ities was also reported in Jouanno et al. [2011] using another numerical simulation. The latter focused on
the equatorial band only, and found much weaker values of the Richardson number. Here the Richardson
number also falls below the instability criterion (1/4) between 40 and 10 W in May–June along the Equator.
The use of the regional average masks local extreme values. In the three other regions influenced by the
ITCZ, the vertical dynamical shear is not as strong as in the WeqTA. Nevertheless, processes are similar: the
vertical diffusion is strongly enhanced when the salinity gradient is maximum under the ITCZ (not shown).

3.3.2. River Runoff Regions
We briefly review here three coastal regions which follow similar processes as the ones described above
except that the strong freshwater flux is mainly supplied by rivers runoff (Figures 9a and 9c, gray triangle
curve). These are the region of the Amazon outflow (Ama, 78S:38N/51:408W), the eastern southern-north
tropical Atlantic (e-SNTA, 10:178N/20:128W), and the Gulf of Guinea (GG; 0:78N/2:108N). Note that since Da-
Allada et al. [2014, 2013] already investigated the GG region, we focus here on the two former ones. In Ama,
the freshwater flux is totally due to the Amazon outflow which reaches its maximum in June (6 psu/month).
It is about 10 times stronger than typical trends detected in other regions of the tropical Atlantic. On the
other side of the ocean, off the Senegal and Guinean coasts, the freshwater flux reaches its maximum in
boreal fall, both because the ITCZ has reached its northernmost position and because of large outflow from

Figure 8. As Figure 5 at WeqTA (78S:38N/40:158W).
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the Senegal and Gambia rivers. Interestingly, the resulting atmospheric freshening is maximum in Septem-
ber that is 1 month later than in the adjacent SNTA region. In these two regions, the total salinity variations
have difficulties following the observations. The modeled variations are indeed partly out of the range of
observations. This could be due to biases in precipitation and evaporation reconstructions [Trenberth et al.,
2001; Trenberth and Guillemot, 1998], biases in the observed SSS data set, since these areas are poorly
sampled with data or an underestimation of the mixed layer depth because of the use of a small density cri-
terion (0.01 kg m23) which could lead to an overestimation of the tendency. In any case, we note that it
does not induce a change of sign and seasonality of the physical atmospheric forcing term, so we believe
that these regions can be qualitatively interpreted. In both regions, the ocean acts to damp atmospheric
and river freshwater inputs, and the resulting MLS tendency is roughly an order of magnitude weaker than
the atmospheric and oceanic individual contributions. As for the regions located in the open ocean (section
3.3.1), the sign of the oceanic contribution is set by the salting effect of the vertical salinity diffusion at the
mixed layer base (Figures 9b and 9d), which works to evacuate the surface freshwater toward the ocean
interior. The seasonality of the vertical diffusion is strongly locked to the upper salinity stratification (not
shown). Horizontal advection contributes to freshen the mixed layer in e-SNTA practically all year long, with
a strong Ekman contribution in fall when the ITCZ reaches this area, as for the adjacent SNTA region. Near
the Amazon river’s mouth, zonal and meridional components generally compensate, with a dominant effect
of the zonal component of the NBC in summer.

To conclude, the northern tropical Atlantic region, from the equator to the southern edge of the northern
subtropical SSS maximum, is characterized by a marked seasonal effect of precipitations, following the sea-
sonality of the ITCZ, and associated rivers runoff in well-known coastal regions. Both effects generate strong

Figure 9. As Figure 4 except for (b) where horizontal advection is separated into zonal and meridional components: Ama (38N:78S/
51:408G) and e-SNTA (10:178N/20:58W). Units are in psu/month.
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vertical salinity gradient at the base of the mixed layer. The ocean responds by reducing this strong sea-
sonal vertical salinity gradient through enhanced vertical diffusion. The horizontal advection acts to export
or import (redistribute) the surface freshwater, while the vertical diffusion always acts to evacuate the fresh-
water toward the ocean interior. Evaporation is mainly due the salinity stratification concomitant with MLD
shallowing. Especially at the equator where shear is developed, the vertical mixing contributes also strong
on the subsurface water freshening.

3.4. Regions Dominated by Oceanic Processes
We finally discuss the eastern tropical Atlantic where the MLS variability is driven by very different processes
from the ones discussed above. In the eastern equatorial region (EeqTA, 158W:28E/78S:38N, Figures 10a and
10b) and the coastal region along Angola (Ang, 17:78S/8:148E, Figures 10c and 10d), the atmospheric and
oceanic contributions to the MLS are both relatively small and of similar amplitude as the total MLS tend-
ency. However, the oceanic contribution results from a compensation between strong vertical and horizon-
tal terms. Both of these follow remarkable semiannual cycles which are practically antiphased. Horizontal
advection induces a freshening all year long. In the eastern equatorial Atlantic, it is due to the westward
transport of freshwater from the Niger and Congo rivers by the SEC. The semiannual cycle of the latter is
driven by the semiannual cycle of the zonal equatorial wind stress as shown in the previous studies [Ding
et al., 2009; Thierry et al., 2004; Richardson and McKee, 1984]. These winds force the equatorial wave reflec-
tion and adjustment which connect the equator to the southern coastal region [Ding et al., 2009; Philander
and Pacanowski, 1986; du Penhoat and Treguier, 1985]. In the latter region, the alongshore Angola Current
(AC) transports fresh coastal water from the Congo river mouth [Gordon and Bosley, 1991].

Figure 10. As Figure 4 at EeqTA (78S:38N/158W:28E) and Ang (7:178S/8:148E).
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As in precipitation and runoff regions, the vertical salinity diffusion, dominant vertical process, induces a
salting of the mixed layer in Ang and EeqTA region. In the latter, the diffusion increases from January to
May, decreases until October and finally reincreases the rest year (Figure 10b). This cycle is in phase with
vertical salinity gradient at MLD base and shear (Figures 11b and 11c). The shear is of same order of magni-
tude as the stratification yielding the small Richardson number (Figure 11d, color and contours). So it sug-
gests that the turbulent salt flux is driven by the vertical shear associated with the strong salinity
stratification. The latter increases from late fall to spring as a result of the surface freshening inducing by
SEC offshore transport of fresh coastal water and decreases the rest year. The latter, consistently with the
semiannual westward strengthening of the SEC, follows a semiannual cycle in the equatorial region with a
maximum in spring and fall. During these periods, the shallow strong subsurface eastward EUC also contrib-
utes to the enhancement of the shear as also discussed by Jouanno et al. [2011] and Kolodziejczyk et al.
[2014b, 2009]. Note that our so calling small Ri is greater than 0.25 probably because of the use of monthly
box averages of vertical shear and stratification and also as explained in WeqTA region. Previous studies,
using higher temporal resolution simulations, have indeed shown the role of the vertical shear in setting
vertical mixing in these regions [e.g., Jouanno et al., 2012, 2011]. This is also consistent with Foltz et al.
[2013] at 0.238W. Concerning the vertical coefficient diffusion at the base of the MLD, it increases from
March to June (1 month after the maximum diffusion), decreases until September and reincreases until
November. The kz variability depends here on wind stress (Figure 11a) which controls the shear via the SEC.
In the Ang region, the vertical shear is weaker, and the vertical term seasonality is rather controlled by the
effect of vertical salinity gradient mainly (not shown).

Figure 11. As Figure 5 at EeqTA (78S:38N/158W:28E).
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The coastal region in the vicinity of the Congo river (CO; 2:108E/78S:0) follows similar processes as the ones
at play here, as already analyzed by Da-Allada et al. [2014] and Berger et al. [2014]. Although Hummels et al.
[2014] indicates that strongest turbulence is expected to be found in the eastern equatorial region, vertical
diffusion in the Congo vicinity is much stronger than in EeqTA in our simulation. This is probably due to a
shallower mixed layer and stronger vertical salinity gradient in the Congo than the eastern equatorial areas,
explained by the presence of Congo plume [Vic et al., 2013] thus the vertical diffusion effect is integrated
over a larger depth in EeqTA and its net effect is weaker than in CO.

4. Summary and Discussions

We have diagnosed the seasonal cycle of the mixed layer salinity in the tropical Atlantic from a regional oce-
anic general circulation model using climatological forcing. This study shows that the seasonal variations of
salinity in the mixed layer are noticeably weaker than individual contributions from atmospheric and oce-
anic forcing. In the subtropical and tropical Atlantic, the oceanic dynamics generally adjusts to the fresh-
water forcing from the atmosphere, runoff and/or precipitation so that salinity variations are strongly
damped. Three main regions corresponding to the dominant freshwater forcing could be identified and
described, taking into account these compensation processes (Figure 12).

In the dominantly evaporative regions of the tropics and subtropics (Figure 12, red and light red areas), the
general increase of salinity in the mixed layer due to persistent evaporation is largely compensated by the
oceanic dynamics, which strongly contributes to modulate the MLS seasonal variability and thus subtly
maintains the horizontal distribution of the SSS [Hasson et al., 2013a, 2013b]. The seasonal cycle of evapora-
tion is driven by the wind stress intensification in the local summer season. On the equatorward flanks of
the subtropical SSS maxima, the wind stress also induces a poleward Ekman transport of freshwater which
mitigates the effect of the atmosphere all year long. Atmospheric evaporation and Ekman transport are
thus coupled through the influence of the winds [Han et al., 2001]. Vertical diffusion and geostrophic trans-
port contribute on the other hand to the salting of the mixed layer but they are playing a weaker role. Pole-
ward of the southern SSS maxima (only investigated in the southern hemisphere in this study), the Ekman
transport is very weak on average, only the geostrophic transport and the vertical diffusion, this time with a
negative effect, counteract the effect of intense evaporation. In winter, convection adds on the geostrophic
advection, inducing a significant input of low salty water from the subsurface into the mixed layer [Kolod-
ziejczyk and Gaillard, 2013; Yeager and Large, 2007] which interannual variability contributes to ventilate
salinity anomalies in the ocean interior [Kolodziejczyk and Gaillard, 2013; Qu et al., 2013; Laurian et al., 2009].
These results reveal a complex interplay between atmospheric and oceanic salinity flux at seasonal scale,
which results in the lack of a direct relationship between freshwater flux and MLS, consistently with
Vinogradova and Ponte [2013]. A direct relationship between freshwater forcing and MLS is rather found at

Figure 12. Summary of the main compensating processes influencing the seasonal variability of the mixed layer salinity. Compensation
between: evaporation and Ekman advection (red color), evaporation and entrainment (red light), precipitation 1 runoff and vertical diffu-
sion (magenta), precipitation and vertical diffusion (magenta light), and horizontal advection and vertical diffusion (green). Contours are
annual mean MLS in psu.
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longer time scales, i.e., interannual to decadal scale [Vinogradova and Ponte, 2013; Durack et al., 2012; Terray
et al., 2012].

Under the seasonal march of the ITCZ and in coastal areas affected by river runoffs (Figure 12, magenta and
light magenta areas), the effect of the strong precipitations is strongly counteracted by salting oceanic con-
tributions, mainly through vertical mixing, which also results in a small net MLS tendency in comparison to
individual forcing. In the central basin, from 58N to the southern edge of the northern SSS maximum, the
MLS variations are nevertheless following the precipitation variations, consistently with Yu [2011]. The fresh-
ening is, however, strongly attenuated by the vertical diffusion of salt at the base of the mixed layer, so that
the accuracy of considering salinity as a good proxy for precipitations in this area is again questionable, as
also discussed in Vinogradova and Ponte [2013]. The vertical diffusion is essentially the consequence of the
strong vertical salinity gradient at MLD base which is maximum during rainy season, while turbulence itself
is not strongly developed except along the equator. Note that off equator, anomalous Ekman transport
strongly contributes to freshen (salt), the region when the ITCZ is located further equatorward (poleward),
and the anomalous geostrophic contribution is always opposed to the Ekman transport effect. In these
regions, the strong surface freshening also allows the formation of thick seasonal barrier layers [e.g., Mignot
et al., 2012], which play an important role for the thermal heat budget. On the other hand, the diffusion at
the base of the mixed layer contributes to inject freshwater in the interior of the ocean thereby destroying
the barrier layer [Akhil et al., 2014]. The contribution of the vertical term is usually underestimated in obser-
vational studies [e.g., Yu, 2011], thus poorly discussed. In this study, the model has allowed us to assess con-
sistent estimates and infer which processes may be responsible for the strong vertical salt flux at the base
of the ML.

Finally, the eastern tropical Atlantic (Figure 12, green area) is characterized by a strong oceanic dynamics,
with a weaker effect of atmospheric fluxes. Freshwater from the discharge of the Congo and Niger rivers are
advected westward by the SEC following a semiannual cycle. This region is furthermore characterized by
the persistent eastward EUC, hence a quasipermanent vertical shear of the horizontal currents. Associated
with the strong salinity stratification, this favors a strong semiannual vertical turbulent diffusion of salinity
which largely compensates the surface freshwater advection. This results once more in weak MLS seasonal
variations, although individual contributions may be large. These results are in agreement with previous
studies based on observations and models [Berger et al., 2014; Da-Allada et al., 2014, 2013].

The present study did not address the intraseasonal ocean dynamics which could strongly modulate the
vertical shear of the horizontal currents in the equatorial regions. Previous studies have shown that intrasea-
sonal wind variability [Marin et al., 2009], equatorial wave dynamics [Jouanno and Sheinbaum, 2013; Hu and
Huang, 2007; Handoh and Bigg, 2000] or TIWs [Athie and Marin, 2008; Peter et al., 2006] could affect the verti-
cal turbulent mixing of heat and modulate the heat flux between the ML and interior ocean [Jouanno and
Sheinbaum, 2013; Jouanno et al., 2012; Wade et al., 2011]. Further work is needed to address the shorter
term variability of the MLS.

Although largely consistent with previous studies, our study has some limitations, in particular linked to the
use of the model. First, the nominal oceanic resolution is only 0.258. This is in general not to accurately rep-
resent the role of mesoscale eddies. The latter have recently been shown to play a fundamental role in tran-
sient ocean heat uptake [Griffies et al., 2015], it is most certainly also the case for the haline budget. The
salinity restoring is also of course an important issue while investigating the upper ocean salinity budget. As
discussed in Griffies et al. [2009], this term is needed in ocean only configurations because of the lack of
many feedbacks due to the absence of an active atmospheric component and because of the absence of
local feedbacks between SSS and freshwater fluxes that can lead to unbounded local salinity trends in
response to inaccuracies in precipitation. Several studies have shown that the salinity restoring can strongly
affect the oceanic mean state [e.g., Large et al., 1997], but the impact on the strength of the restoring on
the oceanic mean state is itself not clear and perhaps partly model dependent. For example, while a stron-
ger restoring produces larger transports associated to the Atlantic meridional overturning circulation in Beh-
rens et al. [2013], opposite relationship is found in the NCAR model, as discussed in Danabasoglu et al.
[2014]. Furthermore, here, we have shown that the damping term is generally relatively small as compared
to the physical atmospheric fluxes even though in specific regions such as the central tropical Atlantic, it
can amount 50% of the physical term. However, it never induces a change a sign of the total freshwater flux
so that we consider our conclusions to be generally robust. Another limitation of our study is the use of
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climatological forcing. Such configuration has been used in several previous studies [e.g., Marsland et al.,
2003]. The impact of using interannual forcing on the climatological salinity upper ocean budget has not
been addressed here.

Our study has highlighted that the vertical salinity diffusion is an important component of the upper ocean
salinity budget in most areas of the tropical Atlantic. This may explain the difficulties of previous observatio-
nal studies like Da-Allada et al. [2013] and Foltz and McPhaden [2008] to close the ML salinity budget in
some regions. This result may have important consequences for our understanding of the transmission of
signals within the ocean interior, vertical dynamic inducing strong flux exchange between the upper and
interior ocean. Here we have shown that in spite of weak seasonal variations of the SSS, strong signals, of
salinity can be injected at the base of the mixed layer through vertical diffusion. Temperature signals of sim-
ilar magnitude are also injected through similar processes (not shown). These signals are the major vector
of the mid-term to long-term climatic memory of the ocean [Haarsma et al., 2011; Laurian et al., 2006; Levitus
et al., 2005; Vellinga and Wu, 2004; Latif et al., 2000].
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