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Abstract
The tropical Atlantic Ocean receives an important freshwater supply from river runoff and from precipitation in the inter-
tropical convergence zone. It results in a strong salinity stratification that may influence vertical mixing, and thus sea surface 
temperature (SST) and air–sea fluxes. The aim of this study is to assess the impact of salinity stratification on the tropical 
Atlantic surface variables. This is achieved through comparison among regional 1/4◦ coupled ocean–atmosphere simulations 
for which the contribution of salinity stratification in the vertical mixing scheme is included or discarded. The analysis reveals 
that the strong salinity stratification in the northwestern tropical Atlantic induces a significant increase of SST (0.2 ◦C–0.5 ◦ C)  
and rainfall (+ 19%) in summer, hereby intensifying the ocean–atmosphere water cycle, despite a negative atmospheric 
feedback. Indeed, the atmosphere dampens the oceanic response through an increase in latent heat loss and a reduction of 
shortwave radiation reaching the ocean surface. In winter, the impacts of salinity stratification are much weaker, most prob-
ably because of a deeper mixed layer at this time. In the equatorial region, we found that salinity stratification induces a 
year-round shoaling of the thermocline, reinforcing the cold tongue cool anomaly in summer. The concept of barrier layer 
has not been identified as relevant to explain the SST response to salinity stratification in our region of interest.

Keywords Ocean vertical mixing · Air–sea coupling · Regional modeling · Mixed layer heat budget · Atlantic cold tongue · 
Barrier layer

1 Introduction

Air-sea coupling in the tropical Atlantic drives the regional 
climate and its modes of variability, which affect conti-
nental rainfall over Africa and South America (Caniaux 
et al. 2011; Giannini et al. 2004; Meynadier et al. 2016; 
Lübbecke et al. 2018; Crespo et al. 2019), tropical cyclone 
formation (Vimont and Kossin 2007; Wang et al. 2008), 
and biological productivity (Christian and Murtugudde 
2003; Radenac et al. 2020). The region shows warm surface 
waters throughout the year, sustaining the development of 
atmospheric deep convection and associated precipitation 
at large scale. It is also the recipient of Amazon freshwater 
supply, the most powerful fluvial system in the world (50% 

of the total Atlantic river runoff). The surface salinity dis-
tribution, which largely results from these freshwater fluxes, 
can have indirect but important impacts on the upper ocean 
temperatures and thus on the air–sea heat and freshwater 
fluxes. Nevertheless, the impact of salinity distribution on 
the regional climate remains controversial (Balaguru et al. 
2012b; Hernandez et al. 2016).

Salinity can affect sea surface temperature (SST) through 
its contribution to stratification, with changes that are often 
complex and not straightforward to interpret. With a 1D 
model of the mixed layer (ML), Miller (1976) showed that 
strong salinity stratification inhibits the entrainment of 
cold water by vertical mixing at the base of the ML: since 
stratification is stronger, the ML thickness is less reactive to 
wind anomalies for instance, and the ML does not deepen 
as much. This reduced entrainment leads to positive SST 
anomalies. But in case of surface heat loss events, in win-
ter or during the night for instance, a thinner ML results 
in an increased cooling of the ML. In some areas, salinity 
stratification can be so strong that it allows the ML to be 
colder than the water below without being unstable. These 
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so-called temperature inversions have been reported in both 
observations (Anderson et al. 1996; de Boyer Montégut et al. 
2007a; Foltz and McPhaden 2009) and models (Miller 1976; 
Vialard and Delecluse 1998; Mignot et al. 2012; Krishnamo-
han et al. 2019). They have been shown to participate to the 
seasonal and interannual variability of the SST in the tropi-
cal Indian Ocean (Durand et al. 2004; Masson et al. 2005; 
Nagura et al. 2015).

These temperature inversions are due to the presence of 
barrier layers (BL): these are salt-stratified layers embedded 
within the warm upper layer (Godfrey and Lindstrom 1989; 
Lukas and Lindstrom 1991). The presence of a BL implies 
that the mixing at the base of the ML does not cool the ML, 
since the temperature of the water in the BL is the same as 
in the ML (or even higher than it, if there is a temperature 
inversion): the result is an insulation of the warm ML from 
the cooler subsurface (Sprintall and Tomczak 1992). BL 
have been observed in the tropical Atlantic, in the western 
part (Pailler et al. 1999; de Boyer Montégut et al. 2007a; 
Mignot et al. 2009), and more recently in the northeastern 
Gulf of Guinea (Dossa et al. 2019). Moreover, studies have 
been conducted in the western tropical Atlantic to evaluate 
the impact of BL on the SST and the air–sea fluxes, but 
their conclusions diverge. Observational studies suggest a 
strong impact of BL on the SST (Pailler et al. 1999; Foltz 
and McPhaden 2009), whereas modeling studies show weak 
impact of BL (Breugem et al. 2008; Balaguru et al. 2012a; 
Hernandez et al. 2016). This controversy also underlies 
the issue of cyclones intensification in the western tropi-
cal Atlantic, with some studies concluding that BL play a 
significant role in this intensification (Balaguru et al. 2012b; 
Grodsky et al. 2012; Reul et al. 2014; Androulidakis et al. 
2016), and other studies showing the opposite (Newinger 
and Toumi 2015; Hernandez et al. 2016). Yan et al. (2017) 
tend to reconcile both perspectives: they concluded that the 
impact of BL is complex, and depends on various factors 
such as ocean stratification and cyclone intensity.

The tropical Atlantic Ocean exhibits a very contrasted 
surface salinity distribution, with (1) low SSS due to large 
amounts of freshwater, supplied by four of the world’s larg-
est rivers in terms of discharge (Amazon, Congo, Orinoco 
and Niger), and high precipitation associated with the Inter-
tropical Convergence Zone (ITCZ), and (2) high SSS in the 
subtropical gyres, linked with strong evaporation and low 
precipitation in these zones. The surface freshwater distri-
bution presents a marked seasonal variability in response to 
seasonal variations of the ITCZ (Tchilibou et al. 2015; Foltz 
et al. 2015), transport by the large-scale currents (Masson 
and Delecluse 2001; Da-Allada et al. 2013; Foltz et al. 2015; 
Coles et al. 2013), or variability of the Amazon discharge 
(Masson and Delecluse 2001). The PIRATA observing 
system (Foltz et al. 2019) fostered significant advances on 
the identification and understanding of the modes of upper 

ocean variability occurring in the tropical Atlantic, and also 
on the processes that control the ML properties. Neverthe-
less, local observations alone could not provide a clear pic-
ture of the impact of salinity distribution on the regional 
climate, nor on its seasonal variability.

The aim of this paper is to identify the influence of salin-
ity stratification in the tropical Atlantic on SST, air–sea 
fluxes and regional climate. To tackle these questions, we 
performed a set of interannual 1/4◦ resolution simulations 
using a regional tropical Atlantic ocean–atmosphere cou-
pled model. This choice allows the identification of regional 
ocean–atmosphere feedback processes while limiting the 
computational cost inherent to coupled modeling. Following 
Vialard and Delecluse (1998), we performed a twin sensitiv-
ity simulation for which the impact of salinity stratification 
on the vertical mixing is removed. We focused on the north-
western part of the basin (5◦ N–18◦ N and 70◦ W–50◦ W) 
and on the cold tongue region (3◦ S–1◦ N and 25◦ W–0◦ E),  
both showing interesting features.

2  Methodology

2.1  Coupled model description

The coupled regional configuration relies on the ocean 
model NEMO v4.0 (Nucleus for European Modeling of 
the Ocean; Madec and the NEMO team 2016), the atmos-
pheric model WRF-ARW v3.7.1 (Weather Research and 
Forecasting; Skamarock and Klemp 2008), and the coupler 
OASIS3-MCT v4.0 (Valcke 2013). A similar configura-
tion has already been used in the Indian Ocean (Samson 
et al. 2014) and in the tropical channel (Samson et al. 2017; 
Renault et al. 2019), and to our knowledge, this is its first 
implementation in the tropical Atlantic. The ocean and the 
atmospheric model share the same horizontal grid: a Merca-
tor projection that encompasses the tropical Atlantic from 
15◦ S to 35◦ N, and from 99◦ W to 20◦ E, with a resolution of 
1/4◦ ( ∼ 27 km). Both models use an Arakawa-C grid. Since 
the grids are identical, no spatial interpolation is required by 
the coupler. Every hour, heat fluxes, water fluxes and wind 
stress are sent by WRF to NEMO, and SST and surface cur-
rents are sent by NEMO to WRF. All fields exchanged are 
hourly averages.

2.1.1  Ocean model

The ocean model solves the three-dimensional primitive 
equations. Its grid has 75 fixed vertical levels (z coordi-
nates), with 12 levels in the upper 20 m and 24 levels in 
the upper 100 m. Lateral open boundaries of the model are 
prescribed using an interannual hindcast from the MER-
CATOR global daily reanalysis GLORYS2V4 (Ferry et al. 
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2012), and more specifically temperature, salinity, sea level 
and horizontal velocities. In order to take into account the 
ocean color in the solar radiation penetration scheme, the 
model is forced with a monthly climatology from 1999 to 
2005 of chlorophyll concentrations derived from SeaWiFS 
(McClain et al. 1998). Interannual daily runoffs are specified 
at the river mouths and were obtained from the ISBA-CTRIP 
land surface system (Decharme et al. 2019). This oceanic 
configuration has already been used in Giffard et al. (2019). 
We refer the reader to this paper for further details on the 
configuration parameters and for a comprehensive validation 
of the sea level and surface salinity fields. It is worth men-
tioning that the ocean model configuration is very similar 
to the one used in Jouanno et al. (2017) and in Hernandez 
et al. (2016, 2017), which gives us confidence in its ability 
to simulate realistically the dynamics and thermodynamics 
of the upper tropical Atlantic ocean.

2.1.2  Atmospheric model

The atmospheric model WRF solves the compressible 
and non-hydrostatic Euler equations, using the Advanced 
Research WRF dynamical solver (ARW). Its grid has 40 
terrain-following vertical levels (sigma coordinates), and the 
top of the atmosphere is located at 50 hPa. From the many 
parameterizations that can be chosen, the best representa-
tion of air–sea fluxes was obtained with the Yonsei Univer-
sity planetary boundary layer scheme (Hong et al. 2006) 
used together with the WSM6 microphysics scheme (Hong 
and Lim 2006) modified to take into account the droplet 
concentration (Jousse et al. 2016), and the Rapid Radiative 
Transfer Model for GCMs (Iacono 2011) for both shortwave 
and longwave radiation. Convection is represented with the 
Multi-Scale Kain–Fritsch scheme (Zheng et al. 2016), which 
allows interaction between parameterized clouds and the 
radiation schemes. The Noah Land Surface Model (Niu et al. 
2011) together with the revised MM5 surface layer scheme 
(Jiménez et al. 2012) were used. The choice of these param-
eterizations is mainly based on Meynadier et al. (2015), 
who conducted sensitivity tests to parameterizations in the 
Gulf of Guinea with a forced WRF model. Lateral boundary 
conditions are given by 6-hourly fields from ERA-Interim 
reanalysis (Dee et al. 2011). Following Samson et al. (2017), 
we prescribed a monthly climatology of albedo derived from 
MODIS observations (Schaaf et al. 2011).

2.2  Simulations

The ocean model, initialized from the World Ocean Atlas 
1998 climatology, was first spun up alone for 30 years 
(1970 to 1999) using DFS5.2 atmospheric forcing (Dus-
sin et al. 2016), and bulk formulation (Large and Yeager 
2009). Then, from 2000 onwards, two ocean–atmosphere 

coupled simulations are conducted: a CONTROL simula-
tion as described in the previous section, and a sensitivity 
simulation NOS. In NOS, following Vialard and Delec-
luse (1998), Masson and Delecluse (2001) or Krishnamo-
han et al. (2019), the salinity gradient is set to zero in the 
Brunt–Väisälä frequency calculation over the whole domain. 
The Brunt–Väisälä frequency (N2 ), a measure of the ocean 
stratification, enters as a sink term (or a source term in case 
of static instability) in the turbulent kinetic energy prognos-
tic equation that is used to derive the vertical diffusion coef-
ficient K z (Reffray et al. 2015; Madec and the NEMO team 
2016). Thus, through removing the sensitivity of N 2 to salin-
ity variations, this experiment allows to remove the contri-
bution of salinity stratification to vertical mixing, without 
direct modification of the model water density. Both sen-
sitivity experiments are conducted from 2000 to 2015, and 
the analyses conducted hereafter rely on a 15-year period 
from 2001 to 2015.

2.3  Observations

Several observational datasets are used to assess the real-
ism of the CONTROL simulation. The Optimum Interpola-
tion Sea Surface Temperature (OISST) dataset v2.0 from 
NOAA (Banzon et al. 2016) is used to assess the model 
SST. This dataset is a merging of AVHRR satellite data 
and in situ observations from 2001 to 2015, interpolated 
on a 1/4◦ grid. A seasonal climatology of SSS observations 
at 1/4◦ resolution was built from SMAP satellite data for 
the period 2015–2018 (Meissner et al. 2019). Our model 
net heat flux is compared with the net heat flux from the 
Objectively Analyzed air–sea Fluxes (OAFlux) project (Yu 
et al. 2008). More precisely, it is a combination of radiative 
downward fluxes (shortwave and infrared fluxes) from the 
International Satellite Cloud Climatology Project (ISCCP) 
and turbulent heat fluxes (latent and sensible) from OAFlux, 
with a spatial resolution of 1 ◦ and a temporal resolution of 
1 month. A climatology was computed using data from 2000 
to 2009. Precipitation data are from the Tropical Rainfall 
Measuring Mission (TRMM; Huffman et al. 2007), which is 
a merging of various satellite datasets as well as rain gauges 
wherever available. The product is provided on a 1/4◦ grid, 
and a 2001–2015 climatology is used. To compute the 20 ◦ C 
isotherm depth, we used a climatology from 2002 to 2015 
of the ISAS dataset of 3D temperature (Kolodziejczyk et al. 
2017; Gaillard et al. 2016). ISAS is based on in-situ meas-
urements, and has a 1/2◦ resolution. Finally, we compared 
the model mixed layer depth (MLD) with the climatology 
from de Boyer Montégut et al. (2004), based on in-situ salin-
ity and temperature profiles. The MLD is computed as the 
depth where the density is equal to the 10-meter density plus 
Δ� , with Δ� a fixed density criterion of 0.03 kg/m3 . Using a 
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density criterion instead of a temperature criterion is critical 
in regions with strong upper ocean salinity gradients.

2.4  Validation

The CONTROL run is compared with the observational 
datasets in Fig. 1. First, our model reproduces fairly well the 
observed regional patterns of SST, SSS, precipitation, MLD, 
net heat flux and thermocline depth. The model SST is slightly 
too warm, especially in the ITCZ zone, with a bias of the order 
of 1 ◦ C. The SST bias has a magnitude similar to that of the 
ensemble mean of CMIP5 and CMIP6 coupled general cir-
culation models (GCMs), but is positive everywhere instead 
of negative in the western part of the basin as usually found 
in coupled GCMs (Richter and Xie 2008; Richter et al. 2012, 
2014; Xu et al. 2014). This bias does not appear to have any 
prominent impact on SSS nor precipitation. Indeed, both are 
in good agreement with the observations, with the exception of 
a slightly too high SSS in the northern subtropical gyre (about 
0.2 PSU) and slightly too intense precipitation in the ITCZ 
zone (about 2 mm/day). Precipitation is better represented 
than in state-of-the-art coupled GCMs, except in the Gulf of 
Guinea (Breugem et al. 2008; Toniazzo and Woolnough 2014; 
Siongco et al. 2015). The low salinity band associated with the 
Amazon plume and the ITCZ are particularly well represented, 
as is the meridional location of the ITCZ: our model does not 
show the ITCZ southward extension bias that is so frequent 
in the coupled GCMs in the tropical Atlantic (Richter et al. 
2014; Tian and Dong 2020; Richter and Tokinaga 2020). It 
has therefore a better SSS than in coupled GCMs: in the main 
part of the basin, the SSS bias is more than twice lower than 
in the ensemble mean of CMIP6 coupled GCMs (not shown). 
SSS biases at river mouths may be partly attributed to the dif-
ferent time periods used for the observations and the model, 
and to the lower accuracy of SMAP at the coast (Grodsky et al. 
2018). The large-scale structure of the MLD is very similar to 
the observations, apart from the Amazon plume and the ITCZ 
where it is slightly too thick (by 5–10 m). However, it should 
be kept in mind that the resolution of the MLD climatology is 
coarse (2◦× 2 ◦ ) and could explain part of the inconsistencies 
observed. The net heat flux (considered positive downward) is 
too low, with a bias of − 30 to − 40 W/m2 overall. It is caused 
by too much heat loss by latent heat flux (− 40 to − 50 W/m2 , 
not shown) that is partly compensated by a too strong short-
wave heat flux (+ 10 to 20 W/m2 , not shown). While some of 
these biases undoubtedly fall within the range of the classical 
biases found in atmospheric and coupled GCMs (Kumar et al. 
2012; Xu et al. 2014), OAFlux product is also known to have a 
positive bias over our region (Kumar et al. 2012), hereby exac-
erbating the negative bias estimate of our model. The 20 ◦ C  
isotherm depth, a proxy of the thermocline depth, is in good 
agreement with the observations except in the Gulf of Mexico 
where it is too deep.

The Gulf of Guinea is the least realistic area in the model, 
with some zones showing substantial biases of temperature (up 
to + 2 ◦C), salinity (down to − 4 PSU) and precipitation (up to 
+ 12 mm/day). However, these strong differences occur over 
small areas and are located nearshore, outside of the areas we 
are interested in. Finally, Fig. 2a shows the SST seasonal cycle 
in two areas of importance for the rest of the study: the cold 
tongue (CT, 25◦ W–0◦ E and 3 ◦ S–1◦ N) and the northwestern 
tropical Atlantic (NWTA, 70◦ W–50◦ W and 5 ◦ N–18◦ N). 
We can see that the model (in red) matches well the OISST 
observations (in black): the SST is too high in winter in the 
CT and too high in summer in the NWTA, but the seasonal 
amplitude is close from observations in both regions, without 
any prominent phase shift of the seasonal cycle.

2.5  Methods

2.5.1  Salinity contribution to total stratification ( OSS
100m

)

To characterize the strength of the salinity stratification, we 
rely on the OSS100m indicator (Maes and O’Kane 2014):

with

the Brunt–Väisälä frequency, where �0 is the sea water den-
sity, equal to 1026 kg/m3 , g is the acceleration of gravity, 
T is the model temperature and S the model salinity. N2 
represents the total stratification, and can be expressed as 
the sum of the stratification due to temperature N2T  and the 
stratification due to salinity N2S:

with

T0 and S0 are constant temperature and salinity values respec-
tively that are representative of the area. Since salinity is 
more homogeneous than temperature, we chose to calculate 
N2S as the difference between N2 and N2T  (Eq. (3)), as in 
Hernandez et al. (2016). S0 is taken equal to 36, which cor-
responds to the mean value of salinity in the upper 100 m in 
our areas of interest (CT, NWTA, ITCZ). We also verified 
that OSS100m is not sensitive to the chosen value of S0 . N2 , 
N2S and N2T  are calculated from the outputs of the CON-
TROL run.

Finally, we have

(1)OSS100m =
⟨N2S⟩100m
⟨N2⟩100m

(2)N2 = −
g

�0

��(T , S)

�z

(3)N2 = N2S + N2T

(4)N2S = −
g

�0

��(T0, S)

�z
, N2T = −

g

�0

��(T , S0)

�z
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Fig. 1  2001–2015 annual climatology of a, b: SST; c, d: SSS; e, f: Precipitation; f, g: MLD; i, j: Net heat flux; k, l: 20 ◦ C isotherm depth—
model (left column) and difference between the model and the observations (right column)
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OSS100m is the contribution of salinity stratification N2S 
to total stratification N2 averaged over the first 100 m to 
total stratification N2 , also averaged over the first 100 m, 
expressed as a percentage of N2.

(5)⟨∙⟩h =
1

h ∫
0

−h

∙
2.5.2  Mixed layer heat budget

A mixed layer heat budget was calculated online, following 
Vialard and Delecluse (1998). This consists of an integra-
tion of the equation of temperature over the ML, expressed 
as follows:

Fig. 2  a SST seasonal cycle in 
NWTA and CT (the two boxes 
are drawn on figure b; SST 
differences between CONTROL 
and NOS in b summer and 
c winter, dots indicating the 
areas where the difference is 
significant
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where T is the model temperature, u the zonal current, v the 
meridional current, w the vertical current, Kz the vertical 
diffusion coefficient and Dl the lateral diffusion. Qs and Qns 
are respectively the solar and non-solar part of the total heat 
flux, F−h is the fraction of shortwave radiation reaching the 
base of the ML, and T−h the temperature at the ML base. 
Finally, the MLD, h, is calculated using a threshold criterion 
Δ� = 0.01 kg/m3 (de Boyer Montégut et al. 2007b). We 
chose this criterion, different from the one used previously, 
for consistency with several dynamical parameterizations in 
NEMO (Madec and the NEMO team 2016). This approach 
was used in several other studies (Vialard and Delecluse 
1998; Durand et al. 2004; Menkes et al. 2006; Peter et al. 
2006; Hernandez et al. 2016; Krishnamohan et al. 2019). It 
allows to quantify the temperature tendency due to advec-
tion, diffusion, atmospheric forcing and entrainment. The 
entrainment term arises from the integration of the tempera-
ture equation over a time-varying ML.

2.5.3  Pycnocline depth

The pycnocline depth D � is estimated as the depth where a 
density increase corresponding to a temperature decrease of 
0.2 ◦ C at 10 m depth is found (de Boyer Montégut et al. 2004, 
2007a):

2.5.4  Definition of the barrier layer thickness (BLT)

In areas of intense salinity precipitation or in river plumes, 
some decoupling may occur between the haline and the ther-
mal stratification of the upper ocean. In such a situation, the 
low surface salinity limits the pycnocline to the halocline 
depth, while the thermocline is located deeper: a barrier 
layer (BL) appears (Godfrey and Lindstrom 1989; Lukas and 
Lindstrom 1991). The BLT is then defined as the difference 
between the top of the thermocline depth and the pycnocline 
depth (Sprintall and Tomczak 1992):

(6)

𝜕tT
���

Total tendency

= < −u𝜕xT − v𝜕yT >h

�������������������������
Horizontal Advection

+ < Dl >h
���

Lateral Diffusion

+
Qs(1 − F−h) + Qns

𝜌0Cph
�����������������������

Atmospheric Forcing

+

< −w𝜕zT >h
�����������
Vertical Advection

+
(Kz𝜕zT)z=−h

h
�����������
Vertical Diffusion

+
𝜕th

h
(T−h− < T >h)

�����������������������
Entrainment

�����������������������������������������������������������������������������
Vertical Processes

(7)D� = depth where
[
�0 = �0(T10m − 0.2◦C, S10m,P0)

]

(8)BLT = DT−0.2
− D�

with

the top of the thermocline depth (de  Boyer  Montégut 
et al. 2004, 2007a). The pycnocline depth D � is defined in 
paragraph 2.5.3.

2.5.5  Significance of the anomalies in simulation 
intercomparison

In the rest of the study, the CONTROL simulation is com-
pared with the NOS simulation over a fifteen year period. 
The significance of the differences between the two simula-
tions is based on a two-tailed Student’s t-test, with a con-
fidence level of 99%. Anomalies considered statistically 
significant are indicated by dots on the difference maps in 
Figs. 2, 8, 9 and 11.

3  Results

3.1  Impact of salinity stratification on SST

The impact of salinity stratification on the SST is obtained 
for summer (June–July–August, JJA) and winter (Decem-
ber–January–February, DJF), as the difference between sim-
ulations CONTROL and NOS (Fig. 2b, c). The sensitivity to 
salinity stratification is largest in summer, with a warming of 
0.2 ◦C–0.5 ◦ C in the NWTA, and a cooling of 0.2 ◦C–0.5 ◦ C  
in the equatorial region, especially in the CT. Over the rest 
of the basin, the response is not statistically significant. In 
winter, the response is weaker albeit statistically significant 
in some localized areas like the ITCZ. Moreover, it is inter-
esting to note that there is a very limited change in SST 
under the ITCZ throughout the year, despite heavy precipi-
tation in this area. The seasonal cycle of SST in the NWTA 
and in the CT (Fig. 2a) confirms that changes are maximum 
in summer, and almost null in winter. It shows that the pres-
ence of salinity stratification increases the amplitude of the 
seasonal cycle in both regions (+ 6% in the NWTA, + 9% in 
the CT). It is worth mentioning that the SST seasonal cycles 
of NWTA and CT are opposed.

(9)DT−0.2
= depth where

[
T = T10m − 0.2◦C

]
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We will now investigate the causes of this contrasted sen-
sitivity of SST among these regions and seasons.

3.2  Northwestern tropical Atlantic SST anomaly

3.2.1  Impact of salinity stratification on SST

In summer, the warm anomaly in CONTROL with respect 
to NOS in the NWTA corresponds to a region with large 
haline stratification. It is revealed by the OSS100m distribution 
(Fig. 3a), which represents the strength of salinity stratifica-
tion as a percentage of the total stratification. During winter, 
such a link does not exist (Fig. 3b). This contrast between 
summer and winter in terms of sensitivity of the surface 
temperature to the local haline stratification is confirmed in 
Fig. 4a, c: during summer, the higher the OSS100m , the larger 
the SST anomalies; it reaches 1.2 ◦ C where OSS100m equals 
90%. In winter, the SST anomalies between the two simula-
tions are weak and are not related to the strength of the salin-
ity stratification (Fig. 4c). We relate this seasonal contrast to 

a much deeper MLD in winter compared to summer (Fig. 3e, 
f). In summer, salinity stratification is maximum in the Ama-
zon plume area, with MLDs between 10 and 20 m, while in 
winter, salinity stratification is maximum in the Caribbean 
Sea, with a mean MLD reaching 60–70 m. This implies that 
the positive temperature anomaly due to salinity effects is 
spread over a deeper layer in winter, resulting in a weak SST 
response regardless of the salinity stratification strength.

3.2.2  Mixed layer heat budget

To understand more precisely how salinity stratification 
impacts the SST, we now analyze the seasonal heat budget 
of the ML (see Sect. 2.5.2) over the NWTA area (Fig. 5a, c). 
The ML temperature tendency in the NWTA is controlled 
at first order by the air–sea fluxes and by two vertical pro-
cesses: the vertical mixing and the entrainment. The changes 
between CONTROL (solid line) and NOS (dashed line) 
mainly concern these three processes. There is a reduction 
of cooling due to vertical mixing when salinity stratification 

Fig. 3  Summer maps of a OSS
100m

 , c BLT and e MLD for CONTROL simulation; summer SST differences contours are plotted, only where they 
are statistically significant. b, d, f: same than a, c, e respectively, but in winter
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is considered, because of the stabilizing effect of the salin-
ity stratification. This reduction of the vertical mixing is 
illustrated by Fig. 6a, c, which represent the seasonal evolu-
tion of the temperature profile in NWTA. In CONTROL, 
the salinity stratification reduces the mixing between the 
surface and subsurface, leading to a warm anomaly at the 
surface and a cold anomaly in subsurface. This effect of 
vertical mixing has already been observed by Deppenmeier 
et al. (2020). The surface warming happens all year long 
but is stronger in summer, when salinity stratification is 
stronger and the ML is at its shallowest. In summer, when 
considering the salinity stratification, the decrease of the 
ML cooling by vertical mixing reaches 1.2 ◦C/month. It is 
partly compensated by a decrease of the warming due to 
air–sea fluxes and entrainment, each with a contribution of 
about 0.5 ◦C/month in summer (Fig. 5a, c). It results in a 
0.1–0.2 ◦C/month differential warming between NOS and 

CONTROL during the summer season, leading to the posi-
tive SST anomaly observed in Fig. 2b. In winter, the changes 
are much smaller for all the processes and compensate each 
other so that there is no change in SST.

Entrainment is a term that appears when the equation 
of temperature is integrated on the time-varying ML (see 
Eq. 6). During ML deepening events, entrainment is null: 
in that case, the mean temperature of the ML is equal to the 
temperature at the base of the ML, which means that the 
factor (T−h − ⟨T⟩h) is equal to zero. Entrainment is therefore 
controlled by the occurrence of restratification events, and 
especially those due to the diurnal cycle. In the CONTROL 
experiment, the MLD diurnal cycle is close to zero in the 
regions where salinity stratification is strong—and espe-
cially the NWTA, while it is important in the NOS experi-
ment due to the absence of salinity stratification (Fig. 7). As 
a consequence, the daily restratification is less important in 

Fig. 4  Summer SST differences as a function of a OSS
100m

 and b BLT 
for CONTROL run, envelope: ±� ; coastal areas (i.e. areas where the 
bathymetry is under 50 m) where removed, as well as values corre-

sponding to less than 100 grid cells. c, d: same than a, b respectively, 
but in winter. For each figure, bins surfaces are represented on a his-
togram. The analyze is applied on the NWTA box
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Fig. 5  Seasonal cycle of mixed layer heat budget in a NWTA and b CT; c, d are same than a, b respectively, but for the vertical processes

Fig. 6  Seasonal cycle of temperature section in NWTA for a CONTROL simulation and c the difference (CONTROL-NOS); b and d: same than 
a, c respectively, but in CT. The grey lines represent the ML for CONTROL (solid line) and NOS (dashed line)
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CONTROL than in NOS simulation, leading to a weaker 
�th factor and explaining the lower entrainment in the CON-
TROL simulation.

3.2.3  Impact of salinity stratification on the atmosphere

As mentioned previously, the air–sea fluxes also dampen 
the differences between the two simulations. This negative 
feedback of the atmosphere is now investigated. We focus 
on summer, since this is the season with the largest changes. 
Figure 8 represents CONTROL-NOS summer differences 
of the key atmospheric variables. Mean values in summer 
and NWTA are detailed in Table 1 for the heat fluxes, and 
Table 2 for the other atmospheric variables. The net heat flux 
(Fig. 8a) is much weaker in CONTROL respective to NOS 
in the NWTA region (down to − 40 W m 2 , corresponding 
to a decrease of more than 50%). This is linked to lower net 
shortwave radiation (Fig. 8b), responsible for about 29% of 
the total change in net heat flux, and larger heat loss by latent 
heat flux (Fig. 8c), responsible for about 71% of the change. 
Differences in longwave radiation and sensible heat flux are 
small (< 1 W/m2 ; Table 1). We can also notice in Table 1 
that the differences between CONTROL and NOS values 

are rather low for all fluxes composing the net heat flux. 
For instance, the change in latent heat flux is − 8%, and the 
change in shortwave radiation is − 2%. But all these small 
changes add up to give a significant change in net heat flux 
(more than 30%).

The increase in latent heat loss can be explained by the 
SST increase, the wind changes being weak in the NWTA 
(Fig. 8e, Table 2). Over the western tropical Atlantic, the 
increase in latent heat loss resulting from the SST increase 
is commonplace in observational air–sea flux databases 
(Kumar et al. 2017).

The changes in net shortwave radiation involve a more 
complex feedback loop, which can be synthesized as fol-
lows. The warm SST anomaly leads to an enhancement of 
atmospheric deep convection (Sabin et al. 2013) and thus 
to a more prominent cloud cover (Fig. 8d). This change in 
cloud cover is significant (about 15% increase between NOS 
and CONTROL), and is mainly associated to a change in 
high clouds (not shown), confirming the enhancement of 
deep convection. This causes the observed decrease in net 
shortwave radiation by capturing a part of the incident solar 
radiation. This mechanism is in agreement with Xie (2009), 
who described this negative cloud-SST feedback over warm 

Fig. 7  Summer maps of MLD 
diurnal cycle for a CONTROL 
simulation and b NOS simula-
tion
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areas where deep convection develops. More extended cloud 
cover is also consistent with a 19% increase in precipita-
tion between NOS and CONTROL (Fig. 8f). Moreover, it is 
worth noting the northward shift of the ITCZ when salinity 
stratification is considered, which may result from the large 
scale SST anomaly dipole (Fig. 2b).

The longwave radiation differences are weak (Table 1). 
This is due to a compensation between the SST increase, 
leading to more longwave radiation emitted by the ocean, 
and the cloud cover increase, leading to more shortwave 
radiation intercepted by clouds and therefore more longwave 
radiation emitted by clouds and received by the ocean (not 
shown).

Finally, the change in MLD can also explain part of this 
atmospheric negative feedback: a thinner ML leads to a 
higher part of the solar flux penetrating underneath, and 
therefore less warming by atmospheric fluxes (Lewis et al. 
1990; Vialard and Delecluse 1998; Masson and Delecluse 
2001; Mignot et al. 2012; Krishnamohan et al. 2019). This is 
especially true in summer, when the ML is thin enough for 

that process to be significant (Mignot et al. 2012). Moreover, 
the change in MLD between NOS and CONTROL is sub-
stantial in this season (about − 36%, see Table 2).

Fig. 8  Difference between CONTROL and NOS in summer of a Net Heat flux, b Net Shortwave Radiation, c Latent Heat Flux, d Cloud Cover, e 
Wind speed and f Precipitation, dots indicating the areas where the difference is statistically significant

Table 1  Changes in atmospheric heat fluxes between CONTROL and 
NOS, in the NWTA box, in summer, in areas where the SST anomaly 
is higher than 0.1 ◦ C (i.e. where it is significant)

CONTROL and NOS values are rounded off to 0.5 W/m2

Fluxes CONTROL  
value
[W/m2]

NOS value
[W/m2]

Contribution 
to net heat flux 
change

Net heat flux 39.5 57 –
Net shortwave radiation 261.5 266.5 29%
Net longwave radiation − 47.5 − 48 − 3%
Latent heat flux − 163.5 − 151 71%
Sensible heat flux − 10 − 9 6%
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3.3  Cold tongue SST anomaly

A strong sensitivity of the central equatorial Atlantic Ocean 
to salinity stratification also appears, as mentioned in 
Sect. 3.1. We analyze this pattern in the following.

3.3.1  A negative SST anomaly

Like in the NWTA, the SST sensitivity to salinity stratifica-
tion in the equatorial area is greatest in summer, and close 
to zero in winter (Fig. 2). Summer season corresponds to 

Table 2  Changes in several oceanic and atmospheric variables between 
CONTROL and NOS, in the NWTA box, in summer, in areas where 
the SST anomaly is higher than 0.1 ◦ C (i.e. where it is significant)

Variables CONTROL value NOS value

SST 29.3 ◦C 29 ◦C
SSS 33.6 psu 35.4 psu
Mixed layer depth 17.6 m 27.3 m
Cloud cover 6.1% 5.3%
Precipitation 5 mm/day 4.2 mm/day
Wind speed 6.8 m/s 6.7 m/s

Fig. 9  a Annual turbocline 
depth (2001–2015 climatology) 
for a CONTROL simulation and 
b the difference (CONTROL-
NOS), dots indicating the areas 
where the difference is statisti-
cally significant; c seasonal 
cycle of 20 ◦ C isotherm depth 
for the 2001–2015 climatology 
in the CT box
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the period of development of the Atlantic CT (Carton and 
Zhou 1997). However, unlike the NWTA, the SST anomaly 
in the CT region is negative: the presence of salinity strati-
fication induces a cooling of the CT. The mixed layer heat 
budget for the CT region is shown in Fig. 5b, d. It indi-
cates that vertical mixing is enhanced when salinity strati-
fication is considered, increasing the ML cooling by about  
0.5 ◦C/month in summer. It should be noted that the change 
in vertical mixing in the CT is opposite to the one in the 
NWTA. The increase in vertical mixing in the CT is due to 
an equatorial adjustment of the thermocline depth, and is 
discussed in details in the following section. Entrainment 
is also decreased in this region, although not to the same 
extent as in the NWTA. Even so, this leads to an additional 
cooling in the contribution of the vertical processes of  
about 0.2 ◦C/month, bringing down the total to about  
− 0.7 ◦C/month in summer. Again, this is partly compen-
sated by the atmospheric fluxes that show a + 0.5 ◦C/month 
difference in summer. Here the atmospheric feedback is 
mainly due to the fact that the decrease in SST leads to a 
decrease in latent heat loss. The atmospheric deep convec-
tion is indeed very weak in this region, and the change in 
SST does not impact the cloud cover nor the shortwave 
radiation as it does in the NWTA (Fig. 8b, d).

3.3.2  Strengthening of the CT

The mechanism leading to the CT strengthening is illustrated 
in Figs. 9 and 10. Figure 9a, b present the annual pycnocline 
depth for the CONTROL run and for the difference CON-
TROL-NOS respectively. We can observe a strong shoaling 
of the pycnocline in the NWTA when salinity stratification 

is accounted for. This is due to the reduced vertical mixing 
in the NWTA, which causes a readjustment of the density 
profile. This density readjustment propagates as baroclinic 
waves through the equatorial waveguide to adjust the whole 
equatorial basin up to the eastern part (not shown). The pri-
mary indicator of this new state is the change in the equato-
rial currents: a shoaling and a strengthening of the equatorial 
undercurrent (EUC) is indeed observed (Fig. 10b, d). An 
impact of salinity stratification on the equatorial currents 
has already been reported by Vialard and Delecluse (1998): 
salinity stratification traps the wind momentum over a thin-
ner ML, and therefore enhances the ocean response to wind 
forcing. But this effect is local and applies to the surface 
currents, while we observe here a remote effect of salinity 
stratification on the subsurface currents.

The new equilibrium also exhibits changes in the vertical 
temperature structure, and in particular a shallower thermo-
cline. This can be observed on Fig. 9c, where the depth of 
the 20 ◦ C isotherm (D20), a proxy of thermocline, is plot-
ted. The D20 shoals consequently year-round, with a higher 
response in summer (6–7 m) with respect to winter (about 
3 m) leading to a larger amplitude of the seasonal cycle. 
The shoaling of the thermocline is confirmed by Fig. 10a, 
c, which represent summer zonal temperature sections aver-
aged between 3 ◦ S and 1 ◦ N. The top of the thermocline is 
clearly seen on Fig. 10a, zonally tilted from about 100 m 
at 35◦ W to 25 m at 0 ◦ E. These depths correspond to the 
depths of the strongest temperature anomalies on Fig. 10c. 
The anomalies being negative, this indicates an upward shift 
of the thermocline occurring across the whole equatorial 
basin. The thermocline shoaling leads to an enhancement 
of the CT (Latif and Grötzner 2000). However, this happens 

Fig. 10  a Temperature section in summer for CONTROL simulation, mean between 3 ◦ S and 1 ◦ N, c same than a but for the temperature anom-
aly (CONTROL-NOS); b and d: same than a and c respectively, but for zonal velocity
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only when the thermocline is sufficiently shallow and when 
upwelling occurs, i.e. in summer (Keenlyside and Latif 
2007; Jouanno et al. 2017). Figure 6b reveals that the period 
of the CT development spans from June to October. The tem-
poral evolution of the 15 ◦C–24 ◦ C isotherms also highlights 
the upwelling period, from May to August, which is con-
sistent with the observations (Wang et al. 2017). Although 
the adjustment of the thermocline—marked by strong tem-
perature anomalies in subsurface— occurs year-round, 

temperature anomalies at the surface are important only 
from June to October, which coincides with the period of 
the CT development (Fig. 6d). This also corresponds to the 
period during which the anomaly of temperature trend asso-
ciated with vertical mixing is the most important, suggesting 
a connection between the two. One explanation may be that 
vertical mixing is more efficient with a shallower thermo-
cline, because it implies the mixing of colder water and thus 
a more efficient heat exchange.

Fig. 11  Same as Fig. 2, but for 
the forced model
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4  Discussion

4.1  Relevance of the coupled approach

A similar experiment was performed by Masson and Dele-
cluse (2001) in the same region, but using an ocean model 
forced with prescribed air–sea fluxes. They did not find any 
impact of salinity stratification on SST despite large modi-
fications of the MLD. We reproduced this experiment with 
our ocean configuration, forced with DFS5.2 atmospheric 
variables (Dussin et al. 2016) and bulk formulations for the 
surface fluxes instead of being coupled with WRF. DFS5.2 
is based on ERA Interim reanalysis (Dee et al. 2011) and 
consists of 3-hourly fields of wind speed, atmospheric tem-
perature and humidity, and daily fields of longwave radia-
tion, shortwave radiation and precipitation. In that case, 
the changes in SST are similar, although weaker than those 
obtained with the coupled model (Figs. 2, 11). This result 
differs from Masson and Delecluse (2001), which might be 
explained by the use of a different vertical mixing scheme 
and vertical resolution.

Despite the similar results between the forced model 
and the coupled model, it is necessary to use the latter. 
Indeed, not all the processes at stake are represented when 
using a bulk formulation for air–sea fluxes: the shortwave 
radiation is prescribed, and the feedback of SST on atmos-
pheric deep convection observed in the coupled model is 
obviously not taken into account. Moreover, using bulk 
formulations induces by definition an indirect nudging 
toward the surface air temperature, mainly through latent 
heat flux (not shown). We saw in Fig. 8 that latent heat 
fluxes dominate the net air–sea feedback. This can explain 
why SST changes are very similar in the forced and the 
coupled models.

The negative feedback of atmospheric fluxes through a 
decrease in latent heat flux and shortwave radiation is con-
sistent with Krishnamohan et al. (2019), who conducted 
similar sensitivity simulations to salinity stratification in the 
Bay of Bengal. However, in their case, the air–sea heat fluxes 
completely compensate for the decrease in vertical mixing, 
leading to insignificant SST change in this area: this suggests 
that the impact of salinity stratification results from a subtle 
balance whose sign depends on the region considered.

4.2  Sensitivity of NWTA SST to salinity 
stratification: no impact of the barrier layer

Previous studies investigating the impact of salinity stratifi-
cation on SST in the NWTA have all focused on the impor-
tance of BL (see paragraph 2.5.4 for the definition of the 
BLT). A BL inhibits vertical mixing: thus the presence of a 
BL can decrease the cooling induced by mixing and warm 

the surface (Pailler et al. 1999; Foltz and McPhaden 2009). 
However, as revealed in Fig. 3c, d, such a relationship is not 
found in our simulations. The simulations reproduce realisti-
cally the location and strength of both summer and winter 
BL (de Boyer Montégut et al. 2007a; Mignot et al. 2007, 
2012). Nevertheless, the spatial patterns of summer BLT 
do not reveal any direct and compelling relationship with 
the corresponding patterns of SST anomalies. Although the 
distribution of the SST anomalies in the NWTA is colo-
calized with thick BL, this is not true for the ITCZ area  
(40◦ W–20◦ W and 0 ◦ N–10◦ N), where there are no SST 
anomalies despite BL thicker than in the NWTA (Figs. 2b, 
3c). This lack of relationship between SST anomalies and 
BLT is even more marked in winter: SST anomalies are 
weak and non-significant almost everywhere (Fig. 2c), 
whereas the BL is at its thickest. This is furthermore con-
firmed by the distribution of SST differences as a function 
of BLT in summer (Fig. 4b) and winter (Fig. 4d) that do not 
exhibit any statistical relationship between the two variables. 
This result is in contradiction with previous observational 
studies conducted in the area (Pailler et al. 1999; Foltz and 
McPhaden 2009), which concluded to a strong warming 
caused by BL (about 1 ◦ C for Pailler et al. (1999); 1.3 to 1.9 
◦ C for Foltz and McPhaden (2009)). However, our result is 
in line with modeling studies (Breugem et al. 2008; Bal-
aguru et al. 2012a; Hernandez et al. 2016), which did not 
reveal any impact of BL on SST. Hernandez et al. (2016) 
had also shown with a one-dimensional conceptual mixed 
layer model that SST cooling primarily depends on vertical 
salinity gradient rather than on BLT, in the NWTA. This 
model was applied to ocean cooling due to cyclones, but 
a parallel can be drawn with cooling occurring at seasonal 
time scales, and their conclusions may be applied to this 
case. Moreover, the fact that we do not find any significant 
relationship between BLT and SST differences, while there 
is one between salinity stratification and SST differences, 
reinforces the conclusions drawn by Maes and O’Kane 
(2014). Indeed, Maes and O’Kane (2014) showed that in 
several regions without any BL, salinity stratification can 
still be significant and can play an important role in stabiliz-
ing the upper layers of the ocean.

5  Summary

In this study, we used a 1/4◦ coupled ocean–atmosphere 
model of the tropical Atlantic to evaluate the impact of 
salinity stratification on the SST. To do so, we performed 
two simulations: a CONTROL simulation, validated against 
observations, and a sensitivity test NOS, where the salinity 
gradient is removed from the Brünt–Väisälä frequency calcu-
lation so that salinity stratification is not taken into account 
in the computation of the vertical mixing. We investigated 



Influence of ocean salinity stratification on the tropical Atlantic Ocean surface  

1 3

the difference (CONTROL minus NOS) of several key vari-
ables to assess the impact of salinity stratification, first in 
the NWTA and then in the CT area. In the NWTA, sea-
sonal changes of SST are observed: a strong increase is 
observed in summer (0.2–0.5 ◦ C) while no change is found 
in winter. This seasonal warming primarily results from a 
strong decrease in cooling due to vertical mixing at the ML 
base. It affects significantly the tropical Atlantic climate as 
revealed by a 19% increase of precipitation over the area. 
The magnitude of the SST increase results from a subtle 
interplay between a decrease in vertical turbulent cooling 
and a decrease of atmospheric fluxes and entrainment. A 
negative feedback from the atmosphere mitigates the SST 
increase, and can be explained as follows. The SST increase 
leads on the one hand to an increase of latent heat loss (about 
− 12 W/m2 in summer). On the other hand, it results in an 
enhancement of atmospheric deep convection, leading to a 
more prominent cloud cover (about 15% increase in sum-
mer) and to a decrease in shortwave radiation received by 
the ocean (about − 5 W/m2 in summer). These two pro-
cesses add up to cause a significant decrease in net heat flux 
(about − 31% in summer), leading to a damping of the SST 
increase. This damping is total in winter while only partial 
in summer, explaining the positive SST anomaly observed in 
summer. A tight relationship between salinity stratification 
and SST anomalies is found in summer, whereas we could 
not evidence any relationship between BLT and SST anoma-
lies. It is thus very clear that summer warming in the NWTA 
is due to the salinity stratification itself, irrespective of the 
presence of a BL. The impact of salinity stratification on 
SST in the NWTA revealed by our study is consistent with 
historical conceptual studies (e.g. Miller 1976), although 
previous studies using forced ocean numerical models 
reported little effect of it (e.g. Masson and Delecluse 2001).

Our set of simulations also revealed an important effect 
of the salinity stratification in the equatorial region: it 
increases the cooling in the CT, especially in summer dur-
ing its peak period. This is due to a readjustment of vertical 
density structure over the whole equatorial basin, leading 
to a shoaling of the thermocline throughout the year, with 
larger impact on the SST during summer when the thermo-
cline shoals in the CT area.

One of the limitations of our study is that the magni-
tude of the responses observed may depend on the numeri-
cal choices and on the model configuration used. While 
we expect the processes at stake to be robust, the balance 
between all the processes (shown on Fig. 5) which ultimately 
determine the SST response is expected to be modulated 
by the use of different sets of parameterizations. A system-
atic assessment of these sensitivities might deserve further 
attention.

An interesting lead to dig into is the evolution of the link 
between salinity stratification and SST in the future: will 

it be exacerbated under climate change, or on the contrary 
will it be damped? Several key-parameters of the present 
study will indeed be affected by climate change. The MLD 
plays an important role in the relationship between salinity 
stratification and SST, and it is well known that the increase 
in temperature due to climate change will impact the MLD 
through its effect on thermal stratification, especially in 
the tropics (Bindoff et al. 2019; Capotondi et al. 2012). 
Besides, the increase in SST, which could locally reach up to  
4.5 ◦ C above the present value by 2100 in the tropical Atlan-
tic under the RCP 8.5 scenario (Deppenmeier et al. 2020), 
is likely to affect the atmospheric deep convection, which 
is bound to modify the atmospheric feedbacks revealed in 
this study. The water cycle is expected to amplify in the 
future (Durack 2015; Zika et al. 2018), even if changes in 
precipitation remain unclear in the tropics, due to changes 
in the atmospheric circulation (Chadwick et al. 2013; Huang 
et al. 2017; Skliris et al. 2020). This could induce changes 
in runoff, and therefore in salinity stratification, leading to a 
feedback on SST. Finally, the vertical mixing also influences 
the response of SST and precipitation to future climate in the 
tropical Atlantic (Deppenmeier et al. 2020). The way vertical 
mixing will evolve in the future remains unclear. Our study 
provides the baseline mechanism, against which the future 
projections may be investigated.           
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