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Abstract. In this study, we use a joint observation-model approach to investigate the mixed-layer heat and salt annual mean 

and seasonal budgets in the eastern tropical Atlantic. The regional PREFCLIM observational climatology provides the budget 

terms with a relatively low spatial and temporal resolution compared to the online NEMO model, and this later is then re-

sampled as in PREFCLIM climatology. In addition, advection terms are recomputed offline from the model as PREFCLIM 

gridded advection computation. In Senegal, Angola and Benguela regions, the seasonal cycle of mixed-layer temperature is 20 

mainly governed by surface heat fluxes; however, it is essentially driven by vertical heat diffusion in Equatorial region. The 

seasonal cycle of mixed-layer salinity is largely controlled by freshwater flux in Senegal and Benguela regions; however, it 

follows the variability of zonal and meridional salt advection in Equatorial and Angola regions respectively. Our results show 

that the time-averaged spatial distribution of NEMO offline heat/salt advection terms compares much better to PREFCLIM 

horizontal advection terms than the online heat/salt advection terms. However, the seasonal cycle of horizontal advection in 25 

selected regions shows that NEMO offline terms do not always compare well with PREFCLIM, sometimes less than online 

terms. Despite this difference, these results suggest the important role of small scale variability in mixed-layer heat and salt 

budgets. 

1 Introduction 

The interaction between ocean and atmosphere plays a crucial role in the climate system. This interaction involves heat and 30 

freshwater fluxes, which affect temperature and salinity variations in the upper oceanic mixed-layer. Therefore, sea surface 
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temperature and salinity (SST, SSS) are two key climate variables and understanding the balance of processes determining 

their variability is a key requirement to accurately simulating the climate system. 

 In the Eastern tropical Atlantic, seasonal climate variability is mostly associated with the West African Monsoon (WAM), 

and strongly linked with SST and SSS variations. SST is here characterized by a strong seasonal cycle, which influences the 35 

regional climate, particularly the large scale atmospheric circulation and rainfall over the ocean and African continent (Carton 

and Zhou, 1997; Foltz et al., 2013; Kushnir et al., 2006). In the Gulf of Guinea, the seasonal formation of the Atlantic cold 

tongue (ACT), associated with equatorial upwelling, is the main feature associated with SST seasonal variations(Chang et al., 

2006; Peter et al., 2006; Caniaux et al., 2011) (Chang et al., 2006; Peter et al., 2006; Giordani and Caniaux, 2001). This 

seasonal cooling creates an intense meridional SST front that enhances Southern trade winds, shifts the Intertropical 40 

convergence zone (ITCZ) northward, which triggers the WAM (Philander and Pacanowski, 1981; Picaut, 1983; Waliser and 

Gautier, 1993; Caniaux et al., 2011). In the Angola-Benguela frontal zone off south-western Africa, SST variability has also 

an impact on coastal precipitation (Reason and Rouault, 2006). Conversely, the atmospheric conditions in the Eastern tropical 

Atlantic impact SST, as trade winds are the main driver of Eastern Boundary Upwelling Systems found along the coasts of 

Angola-Namibia and Senegal-Mauritania.  45 

Like SST, SSS is an essential climate variable. Its variations are closely linked to the global hydrological cycle, as freshwater 

exchanges between ocean and atmosphere control its mean large-scale distribution (Durack and Wijffels, 2010; Bingham et 

al., 2012): regions of high SSS are dominated by evaporation while regions of low SSS are dominated by precipitation. In the 

Eastern tropical Atlantic, the intense precipitation under the ITCZ has a strong impact on seasonal variability of SSS. For 

example, off Senegal and Guinea, SSS decreases in boreal fall following the period when ITCZ reaches its most northern 50 

position, which leads to a maximum in precipitation and runoff from Senegal and Gambia rivers (Camara et al., 2015). The 

Eastern tropical Atlantic is indeed characterized by low SSS plumes due to strong river discharges, including the Congo River 

(the second largest outflow in the world after the Amazon River) and the Niger River in the Gulf of Guinea. SSS variations 

are also associated with upwelling. In the equatorial Atlantic, SSS increases during the development of the Atlantic Cold 

Tongue (ACT) in boreal spring/summer (Schlundt et al., 2014; Da-Allada et al., 2014). Summer upwelling at the northern 55 

coast of the Gulf of Guinea also increases coastal SSS (Alory et al., 2021). Off Angola, relatively high SSS is observed during 

the upwelling season in August while low SSS appears in March and October/November (Kopte et al., 2017; Awo et al., 2022). 

In the Benguela upwelling system further south, the maximum in SSS appears in April and the minimum in October (Junker 

et al., 2017).  

 60 

SST and SSS have already been the focus of several studies in the Eastern tropical Atlantic. Studies only based on observations 

(in situ or/and satellite), and others combining observational data and model data, show a variety of physical processes 

contributing to heat and salt budget with a different balance from one region to another (Foltz et al., 2003; Foltz and McPhaden, 

2008; Da-Allada et al., 2013, 2014).  
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In the northern tropical Atlantic far from the coast, the heat budget is largely driven by surface heat fluxes, essentially solar 65 

radiations varying with the cloudy ITCZ position (Carton and Zhou, 1997). Off Northwest Africa in the Senegal region, the 

seasonal cycle of SST is associated with coastal upwelling modulated by the seasonal variations of alongshore winds. In the 

equatorial zone, the mixed-layer heat budget is mainly controlled by surface heat fluxes, of which mainly the solar radiation 

is important (Carton and Zhou, 1997; Foltz et al., 2003; Yu et al., 2006). The dominance of the surface heat flux is highlighted 

by a recent study based on PIRATA buoy data off the equator, in particular at the 6°S,8°E position. At this latitude, seasonal 70 

variations in SST governed by solar flux and latent heat flux are shown to be associated with the meridional migration of the 

ITCZ and the formation of low-level marine stratocumulus (Scannell and McPhaden, 2018). However, other oceanic processes 

can also play an important role in the seasonal heat budget. There is, e.g., zonal advection and vertical mixing which are 

important during the formation of the ACT (Foltz et al., 2003; Hummels et al., 2014; Schlundt et al., 2014). However, the 

influence of vertical mixing in the heat budget remains low in the eastern (from 0°E to the coast of Africa) compared to the 75 

central equatorial Atlantic (Jouanno et al., 2011; Hummels et al., 2013). This is explained by the strong stratification in the 

eastern equatorial Atlantic, due to the transport of low-salinity and warm waters from the Gulf of Guinea, which contributes 

to reduce the vertical mixing. The low salinity is associated with the intense precipitation, and important freshwater intakes 

from the Niger and Congo rivers in the Gulf of Guinea. Off Angola, annual variability of SST is driven by meridional wind 

stress, causing coastal upwelling, and thermocline depth variations forced by remote equatorial effects (Carton and Zhou, 80 

1997). 

In the northeast tropical Atlantic, including in the Senegal region, the salt budget is controlled by freshwater fluxes. The net 

mixed-layer salinity variations are, however, weak because of the compensation between the atmospheric and oceanic terms 

(Camara et al., 2015). In the eastern equatorial Atlantic and Gulf of Guinea, horizontal advection and vertical mixing play a 

dominant role in determining the seasonal cycle of salt budget, which cannot be explained by freshwater fluxes only (Tzortzi 85 

et al., 2013; Da-Allada et al., 2013, 2014). This dominance of zonal advection and vertical processes extends southward and 

in the Angola coastal region (Camara et al., 2015).  

 

In addition, it can be noted that various approaches have been used to estimate the heat and salt budgets in the tropical Atlantic, 

and in particular the advection terms. Foltz et al. (2003) analyzed the mixed-layer heat balance at PIRATA mooring locations, 90 

where they computed the heat advection from monthly gridded climatologies of near-surface horizontal velocity, based on 

ship drifts and Lagrangian drifters, and SST gradient fields based on a combination of ship, buoy and satellite data. Wade et 

al. (2011) used a similar SST product but satellite-derived currents to estimate every 10 days the heat advection at positions of 

Argo profiles. Then monthly averages in 9 boxes covering the Gulf of Guinea were used to study the seasonal cycle of mixed-

layer heat as observed by Argo. Da-Allada et al. (2013) developed an original mixed-layer model of the tropical Atlantic at 95 

monthly, 1° resolution, where salinity was driven by observation-based climatological freshwater budget terms, and several in 

situ and satellite surface currents products were tested for advection, to identify processes driving SSS seasonal variations. 

With the same objective, Da-Allada et al. (2014) and (Camara et al., (2015) used slightly different tropical Atlantic 
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configurations of the NEMO OGCM (Ocean general circulation model), where mixed-layer salinity budget terms were 

computed online, on the model spatial grid (0.25°) and at each time step (20 min).  We know from analyzing online diagnostics, 100 

that the nonlinear advective terms cannot be neglected. Observational data, however, often have lower temporal and/or spatial 

resolution than would be necessary to fully capture the nonlinear terms. Moreover, it is much more difficult to estimate 

subsurface vertical terms than surface terms with observations, which leads to a non-negligible residual term, which 

interpretation is problematic (Foltz et al., 2003; Grodsky et al., 2005; Jochum et al., 2005; Peter et al., 2006; Heukamp et al., 

2022; Tuchen et al., 2022). Online computation in an OGCM is practically the only way to close a mixed-layer heat/salt budget. 105 

Nonlinear terms are associated with turbulence. In eddy-resolving models, they represent mesoscale activity related to eddies 

and tropical instability waves (TIWs). The characteristic size of eddies is given by the Rossby radius, which increases 

equatorward, and has a minimum value of 30-40 km in the 30°S-30°N subtropical band (Chelton et al., 1998). TIWs have been 

shown to play an important role in the heat budget in the central equatorial Atlantic (Foltz et al., 2003; Grodsky et al., 2005; 

Peter et al., 2006; Lee et al., 2014) (Foltz et al., 2003; Grodsky et al., 2005; Jochum et al., 2005; Peter et al., 2006; Lee et al., 110 

2014; Heukamp et al., 2022; Tuchen et al., 2022). In the tropical Atlantic, eddies have been detected mostly in coastal 

upwelling systems, where they are likely to affect mixed layer heat/salt budgets too (Djakouré et al., 2014; Aguedjou et al., 

2019). 

 

In this paper, we exploit for the first time a recently produced tropical Atlantic mixed layer heat and salt budget observation-115 

based climatology. Moreover, we use a joint observation-model approach that has rarely been used: we compare the mixed-

layer heat and salt budget terms estimated in a recently available observation-based climatological product from observations 

to those simulated by a NEMO high-resolution OGCM simulation in the eastern tropical Atlantic. A sensitivity test to the 

spatio-temporal resolution at which advection terms are computed in the model is conducted. This comparison should allow 

providing a high-level model validation, isolating the contribution of mesoscale advection in the mixed-layer budgets, and 120 

quantifying the uncertainty on the different budget terms. We particularly focus for the mixed-layer budgets on the upwelling 

regions where oceanic processes are expected to be dominant. The observational product, the model and the methodology used 

are presented in section 2. Section 3 contains the results of observation-model comparison regarding mean heat and salt 

budgets, and their seasonal variability in selected regions. In section 4, discussions and conclusion are presented. 

2 Data and methods 125 

2.1 Data 

2.1.1 Observations 

We use the PREFCLIM (PREFACE Climatology) observed seasonal climatology of mixed-layer heat and salt budgets 

covering the eastern tropical Atlantic (Rath et al., 2016)(Rath et al., 2016). It has been produced in the frame of the European 
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PREFACE (Enhancing prediction of tropical Atlantic climate and its impacts) project, which aimed at improving climate 130 

models in the tropical Atlantic. This monthly climatology is derived from all hydrographic data publicly available covering 

the region, including Argo floats data (Argo, 2000), and gliders measurement conducted by Geomar between 2002 and 2015 

(for more details, see https://gliderweb.geomar.de), also completed by data from hydrographic stations in Senegal, Angola and 

Namibia waters collected during cruises of the EAF-Nansen. In addition, this climatology uses data from other projects of 

PREFACE partners like PIRATA (Prediction and Research Moored Array in the Tropical Atlantic, Bourlès et al., 2019)). 135 

These data have been gridded using an interpolation scheme including isobaths-following and front-sharpening components 

(Schmidtko et al., 2013). Mixed-layer properties like temperature, salinity and depth are provided with a spatial resolution of 

0.25° x 0.25°, while mixed-layer budget terms and horizontal velocities used to compute advection terms are given with a 

lower spatial resolution of 2.5° x 2.5°. The mixed-layer depth is computed following the Holte and Talley (2009) method. 

Surface heat fluxes are derived from the TropFlux data set (Kumar et al., 2012), the freshwater flux associated with evaporation 140 

is computed from latent heat flux of TropFlux and precipitation derived from GPCP (Global Precipitation Climatology Project) 

version 2.2 (Huffman et al., 2009). Heat/salt horizontal advection terms (split in zonal and meridional components) have been 

calculated using the near-surface gridded velocity field based on the measurements of surface drifters (Lumpkin et al., 2013) 

and ARGO floats surface drift from YOMAHA data set (Lebedev et al., 2007), which is combined with a gridded 

temperature/salinity - gradient field. These will be called the gridded advection terms. This climatology was supplemented 145 

with additional product of heat/salt advection using estimated velocities from each of the drifter and float data points used for 

the gridded velocity fields combined with the full high-resolution hydrographic climatology. These alternative terms of 

heat/salt advection will be here called Lagrangian advection terms and denoted by Obs-drift, to highlight the difference with 

the previous terms. The full description of this climatology is presented in a PREFACE Project deliverable (Dengler and Rath, 

2015). 150 

2.1.2 Model 

We use a regional configuration of the NEMO (Nucleus for European Modeling of the Ocean; Madec, G., 2014) oceanic model 

version 3.6. This regional simulation covers the tropical Atlantic (35°S - 35°N, 100°W - 15°E). It uses a horizontal Arakawa 

grid of type C, with a 0.25° horizontal resolution. The vertical grid, in z-coordinates, has 75 levels, including 12 levels within 

the upper 20 m and 24 in the upper 100 m of the ocean. The model is forced by daily outputs of the global MERCATOR 155 

reanalysis GLORYS2V3 at lateral boundaries. Atmospheric fluxes of heat, freshwater, and momentum used for surface forcing 

are from the Drakkar Forcing Set version 5.2 (DFS5.2) product (Dussin et al., 2016). The surface fluxes are prescribed 

following bulk formula (Large and Yeager, 2009). River runoffs are introduced as surface freshwater at river mouth and are 

based on a monthly climatology (Dai and Trenberth, 2002). Heat and salt budget terms are computed online, at each model 

time step (20 min), and vertically integrated in the mixed-layer. The mixed-layer depth is computed following a density criteria: 160 

a 0.03 kg m-3 difference relative to the density at 10 m (de Boyer Montégut et al., 2004). The description of this model is more 

detailed in (Hernandez et al., 2016). In this paper, we use climatological monthly averages of mixed-layer properties averaged 
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on the 1980-2015 period, to compare with similar terms available from observations. This climatological approach is used in 

many studies on mixed-layer budget (Da-Allada et al., 2014; Camara et al., 2015). This NEMO regional configuration has 

already been used to study the Gulf of Guinea salinity distribution and variability at seasonal and interannual timescales (Da-165 

Allada et al., 2017; Awo et al., 2018). 

2.2 Methods 

In this paper, the driving processes of seasonal variability of mixed-layer temperature and salinity in selected regions are 

quantified through heat and salt budgets from NEMO model. This approach has been already used in several studies based on 

observations and models (Da-Allada et al., 2013; Hasson et al., 2013). In the following, as mixed-layer temperature and salinity 170 

are very close to SST and SSS, respectively, we indifferently use either vocabulary. The heat budget and salt budget evolution 

within the mixed-layer are respectively given by following equations (1) and (2), already used in previous studies (Peter et al., 

2006; Jouanno et al., 2011; Da-Allada et al., 2014; Schlundt et al., 2014): 

𝜕𝑆𝑆𝑇

𝜕𝑡
=

𝑄∗+𝑄𝑠(1−𝑓𝑧=−ℎ)

𝜌0𝑐𝑝ℎ⏟        
𝐴

−⟨𝑈. 𝜕𝑋𝑇⟩ − ⟨𝑉. 𝜕𝑌𝑇⟩⏟              
𝐵

+𝐷𝑙(𝑇)⏟    
𝐶

−⟨𝑊. 𝜕𝑍𝑇⟩ −
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ℎ
−
1

ℎ
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𝐷
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𝐵

+𝐷𝑙(𝑆)⏟    
𝐶
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(𝑘𝑍𝜕𝑍𝑆)𝑍=−ℎ

ℎ
−
1

ℎ

𝜕ℎ

𝜕𝑡
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𝐷

+
−𝑅.𝑆𝑆𝑆

ℎ⏟  
𝐴′

                     (2) 175 

Where 𝑇 is temperature and 𝑆 is salinity averaged within the mixed-layer of depth ℎ, (𝑈, 𝑉,𝑊) are zonal, meridional, vertical 

components of the velocity vector, and 𝐷𝑙(. ) is lateral diffusion. In equation (1), 𝑄∗ and 𝑄𝑠 represent the non-solar and solar 

components of surface heat flux respectively, and 𝑓𝑧=−ℎ represents the fraction of shortwave radiation reaching depths below 

the base of the mixed-layer (and hence not being available for heating up the mixed-layer itself). 

 180 

The left-hand side of equation (1) represents the mixed-layer temperature tendency term, and the right-hand side represents all 

terms contributing to the heat budget. Namely, term 𝐴 is the surface heat flux decomposed (from left to right) in non-solar flux 

(long wave, latent heat, sensible heat) and solar flux (short wave). Term 𝐵 is horizontal temperature advection, decomposed 

in zonal and meridional components, term 𝐶 is lateral temperature diffusion, and term 𝐷 represents vertical oceanic processes. 

𝐷 contains (from left to right) vertical temperature advection, vertical temperature diffusion at the base of mixed-layer, and 185 

entrainment that represents mixed-layer temperature variations due to changes in the mixed-layer depth.  

 

The left-hand side of equation (2) represents the mixed-layer salinity tendency term, the right-hand side represents all terms 

contributing to the salt budget. Namely, term 𝐴 is the ocean-atmosphere freshwater flux, which includes Evaporation (𝐸) and 

Precipitation (𝑃). Term 𝐵 is horizontal salinity advection, decomposed in zonal and meridional components, term 𝐶 is lateral 190 

salinity diffusion, and term 𝐷 represents vertical oceanic processes. 𝐷 contains (from left to right) vertical salinity advection, 
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vertical salinity diffusion at the base of mixed-layer and entrainment due to changes in the mixed-layer depth. The last term 

𝐴′ represents the local river Runoff (𝑅) contribution.  

 

The budget computation slightly differs between the observation-based climatology and the model data. All terms are 195 

computed online in the NEMO model, explicitly from equations (1) and (2) except for the entrainment term that is estimated 

(using the online advection term) as a residual. In the PREFCLIM observed climatology, equations for the heat and salt budgets 

are simplified, as done in other studies (Stevenson and Niiler, 1983; Foltz et al., 2003, 2004; Delcroix and Henin, 1991; 

Schlundt et al., 2014). Only the tendency, surface heat or freshwater flux (term 𝐴) and advection terms (term 𝐵) are computed 

explicitly, following equations (1) and (2). The residual is composed of unresolved vertical processes like diapycnal heat and 200 

salt fluxes, runoff contribution in the case of the salt budget, and accumulated errors from the explicitly resolved terms that 

can be due to sub-mesoscale (Dengler and Rath, 2015). For comparison between observations and model, terms 𝐶 and 𝐷 in 

equation (1), terms 𝐶, 𝐷 and 𝐴′ in equation (2) are grouped in a model pseudo-residual term equivalent to the observation 

residual. The daily NEMO model online budget terms, available on a 0.25° grid, are re-sampled at the lower spatial resolution 

(2.5° x 2.5°) and time resolution (monthly) of observed budget terms for comparison. The online computation in the model 205 

means that the advection term includes high-frequency mesoscale activity. To remove this part and to mimic the resolution of 

the gridded observations used for the PREFCLIM advection terms, horizontal heat and salt advection terms are also 

recomputed offline, following equations (1) and (2), with monthly model outputs of currents and temperature/salinity re-

sampled at 2.5°- resolution. This approach has been used in another salinity budget in the tropical Pacific (Hasson et al., 2013). 

In addition, a new pseudo-residual is inferred from equations (1) and (2) where advection is calculated offline and called offline 210 

pseudo-residual. In order to evaluate the consistency between the PREFCLIM and the NEMO mixed-layer budget climatology, 

we use common statistics: Root Mean Square Deviation (RMSD), standard deviation, spatial and temporal correlations (r), 

and summarize them using Taylor diagrams (Taylor, 2001). 

3 Results 

3.1 Mixed-layer properties 215 

A preliminary validation of the NEMO regional simulation is done by comparing modeled and observed annual means of 

mixed-layer depth, of mixed-layer temperature and of mixed-layer salinity and standard deviation of the latter two. The model 

(Fig. 1b) reproduces the large-scale properties of observed MLD (Fig. 1a) in the eastern tropical Atlantic. In both, observations 

and model, the shallowest mixed-layer is found along the Equator and the coasts of Africa, while the deepest mixed-layer is 

found towards the northern and southern subtropical gyres. The main differences between the modeled and observed MLD are 220 

found along the northern coast of the Gulf of Guinea and along 24°S where the model MLD is shallower and along 12°S where 

the model MLD is deeper (see Figure A.1). Also, the MLD spatial variations are smoother in the observed product than in the 
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model, despite a similar 0.25° spatial resolution. This is likely due to the fact that the observations under-estimate spatial 

variability because they are not available at the necessary resolution. 

 225 

 

Figure 1: Annual mean of mixed-layer depth from observations (a) and model (b). The rectangles in (a) correspond to the 4 regions of study. 

 

The model (Fig. 2b) reproduces well the observed mean SST (Fig. 2a) in the eastern tropical Atlantic. Highest SST is found 

along the zonal band between 0° and 12°N, while lowest SST is found in the Benguela and Canary Current regions south of 230 

12°S and north of 18°N respectively, which are characterized by Eastern Boundary Upwelling Systems (EBUS, Chavez and 

Messié, 2009). The coastal cooling in the Benguela region is weaker in the model. The cooling associated with the smaller 

coastal upwelling region north of the Gulf of Guinea (Djakouré et al., 2014, 2017) appears in the model only. Model and 

observations show similar large-scale patterns of SST seasonal variability (Fig. 2c-d) with an open ocean minimum between 

12°S and 12°N, at the coast around 24°S and 24°N, and maximum variability in the open ocean south of 24°S, at the coast 235 

around 15°N and 12°S. However, the model shows a smaller coastal seasonal variability of SST at 12°S compared to the 
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PREFCLIM climatology, a larger variability in the open ocean south of 24°S, and captures the variability associated with the 

coastal upwelling north of the Gulf of Guinea that does not appear in PREFCLIM. These differences are probably associated 

with the strengths and weaknesses in the two data sources. On one hand, there is variable observational coverage, from the 

very densely sampled EAF-Nansen data along the shore to generally lower observational coverage in the regions away from 240 

the shores. On the other hand, the wind forcing used for the model may not allow to fully capture the near-shore variability 

(Junker et al., 2015). 
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Figure 2: Annual (a and b) and standard deviation (c and d) of mixed-layer temperature from observations (left: a and c) and model (right: 245 

b and d). The rectangles in the bottom panels correspond to the 4 regions of study. 

 

The model (Fig. 3b) also represents the main observed features of SSS (Fig. 3a) in the eastern tropical Atlantic. Highest SSS 

is found towards the center of, both, the north and the south subtropical gyres. On the opposite, the lowest SSS is found slightly 

north of the equator and in the Gulf of Guinea due to the strong precipitation associated with the ITCZ and river runoff. SSS 250 

is also relatively low in the Benguela upwelling region. SSS is lower in the model than in observations in the eastern part of 

the Gulf of Guinea, but higher along 12°S (see Figure A.1). Except for the Benguela region, the model (Fig. 3d) shows a strong 

SSS variability associated with low SSS regions. However, the PREFCLIM climatology (Fig. 3b) shows a much weaker 

variability than the model in the Gulf of Guinea, and around the Niger River in particular. This may be due to a poor temporal 

resolution of SSS observations available here. Off the Niger River mouth, the model is in better agreement with other 255 

observation-based SSS products showing a strong (~2 psu) variability here (Da-Allada et al., 2014). Code de champ modifié
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Figure 3: Annual mean (a and b) and standard deviation (c and d) of mixed-layer salinity from observations (left: a and c) and model (right: 

b and d). The rectangles in the bottom panels correspond to the 4 boxes of study. 260 

 

In the following part, the heat/salt budgets will be investigated in detail for four boxes, covering oceanic regions of similar 

size, selected for their particularly low mean SST/SSS and/or strong SST/SSS variability, and generally associated with 

upwelling. These are, from north to south, the Senegal box (6°N - 20°N, 20°W - 15°W), the equatorial box (2.5°S - 2.5°N, 

5°W - 10°E), the Angola box (15°S - 5°S, 7.5°E - 15°E) and the Benguela box (30°S – 17.5°S, 10°E – 17.5°E) (Fig. 1-3). Note 265 

that these boxes result from a trade-off as we choose to keep the same boxes for heat and salt budgets for consistency. The 

Equatorial and Angola boxes include areas of high and low variability in SSS. The eastern half of the Equatorial box is more 

influenced by the Niger and Congo rivers plumes than its western half (Jouanno et al., 2011; Da-Allada et al., 2017). The 

northern half of the Angola box is more influenced by the Congo River plume than its southern half, as mentioned by (Awo et 

al., 2022). 270 
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3.2 Mixed-layer heat budget 

3.2.1 Time-averaged spatial variations 

We compared the mean mixed-layer heat budget from model and observations. The surface heat flux and horizontal heat 

advection maps are presented in Figure 4. Surface heat flux from observations is positive everywhere in the eastern tropical 275 

Atlantic, with a maximum along the equator that gets the strongest solar flux, and along the west coasts of Africa (Fig. 4a). 

Along west-African coasts, the heat flux is strong as solar flux can concentrate in a thin mixed-layer (Fig. 1), notably due to 

the strong salinity stratification induced by Niger and Congo rivers in the Gulf of Guinea. In addition, the temperature 

difference between the ocean cooled by coastal upwelling (Benguela, Senegal, see Fig. 2) and the atmosphere leads to a reduced 

latent heat flux. The model reproduces the observed patterns with higher resolution (Fig. 4c) and, when re-sampled similarly 280 

(Fig. 4b), shows a good spatial agreement with the PREFCLIM climatology (r = 0.85). The seasonal variations of the NEMO 

and PREFCLIM heat fluxes are also very well correlated except along the equator (Fig. 4d). However, the NEMO model flux 

is biased low compared to PREFCLIM. It shows a net flux towards the atmosphere along zonal bands around 6°N and 12°S. 

These differences can be explained by the different data sources used for surface heat flux in the PREFCLIM climatology 

(TropFlux) and as forcing for the NEMO model (DFS5.2), and may be but also due to differencesthe feedback of simulated 285 

oceanic conditions on the heat fluxes through in the bulk formulae used to estimate fluxes in the model and in TropFlux.  

As expected, there are important differences between the maps of offline heat advection calculated based on the coarsened 

model currents and hydrography (Fig. 4f) and the online heat advection taking into account the full spatio-temporal variability 

(Fig. 4g, re-sampled to 2.5° after calculating advection). In the online version, advection acts to cool the mixed-layer in a 

thinner west-equatorial band and to mainly warm the mixed-layer in a larger part of the Gulf of Guinea. The offline advection 290 

is in much better agreement with the PREFCLIM climatology than the online advection (spatial correlation coefficient r = 0.54 

vs r = 0.08). In PREFCLIM (Fig. 4e), the distributions of horizontal heat advection and surface heat flux are approximately 

opposite each other, with advection acting to cool the mixed-layer along most of the 3°S-3°N band and along the coast. This 

sign is expected off the EBUS of Senegal and Benguela as temperature decreases towards the coast (eastward) and the zonal 

circulation is dominated by the westward Northern and Southern Equatorial Currents (NEC/SEC). The seasonal variations of 295 

the PREFCLIM and the NEMO offline advection terms show correlations quite different from one place to another and 

moderate on average but rather large slightly south of the equator (Fig. 4h). We also compared the annual mean spatial 

distribution from the two versions of model advection to the Lagrangian advection, and found that the offline advection is also 

much better correlated than the online advection (r = 0.58 versus r = 0.37) with the Lagrangian advection terms (see Figure 

A.2 for more details), which suggests that Lagrangian floats density is not sufficient or homogenous enough to capture 300 

nonlinear advection terms.. 
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Figure 4: Mean heat flux from PREFCLIM (a), NEMO re-sampled at PREFCLIM 2.5° resolution (b) or at original 0.25° resolution (c), and 

seasonal correlation between PREFCLIM and NEMO heat flux (d). Mean horizontal heat advection from PREFCLIM (e), NEMO offline 305 

(f) or online computation re-sampled to 2.5° resolution (g), and seasonal correlation between PREFCLIM and NEMO offline advection (h). 

r in (b), (f) and (g) indicates the spatial correlation between PREFCLIM and NEMO, which is 95% significant when r > 0.12. The temporal 

correlation of seasonal cycles in (d) and (h) is 95% significant when r > 0.58. 

3.2.2 Regional seasonal budget 

In this part, we analyze the individual contributions of different physical processes to the heat budget during a seasonal cycle 310 

in selected regions. We present the seasonal variability of mixed-layer temperature and of the heat tendency term (Fig. 5), and 

try to identify the dominant processes. Taylor diagrams are used to evaluate the consistency of the global terms of the budget 

between PREFCLIM climatology and NEMO model (Fig. 6). In the following, the observed gridded advection, rather than the 

observed Lagrangian advection, is used because it is generally better correlated with the model advection (see Figures A.3 and 

A.4 for more details).  315 

 

In the Senegal region, observed and modeled seasonal mixed-layer temperature variations (Fig. 5a) are largely consistent (r = 

0.96, RMSD = 0.64 °C). They both show an annual cycle with a SST maximum around 27 °C in September and a minimum 

of around 22°C in the middle of the October-May upwelling season (Ndoye et al., 2014). The minimum is however found one 

month later in the model (March) than in the observations (February). The related tendency terms from observations and model 320 

(Fig. 5a) agree to a lesser extent (r = 0.91 and RMSD = 0.43 °C per month) which is mainly present in May-June when the 

modeled warming is larger than the observed warming. The PREFCLIM and the modeled regional heat budgets (Fig. 5b) agree 

on the seasonal variations of heat flux (r = 0.97 and RMSD = 0.24 °C per month). Differences between observations and model 

are larger for horizontal advection, and again offline advection from NEMO compares slightly better than online advection 

with PREFCLIM (r = 0.52, RMSD = 1.34 °C per month vs r = 0.46, RMSD = 0.99 °C per month, see Figure A.3 for more 325 

details). The (pseudo-) residual terms however compare better for online advection rather than for offline advection (r = 0.96 

and RMSD = 0.72 °C per month vs r = 0.51 and RMSD = 0.87 °C per month, respectively). Overall, in the Senegal region, the 

seasonal cycle of mixed-layer temperature is mainly controlled by surface heat fluxes that are strong and drive the warming 

from March to September. For the rest of the year, they are small or negative and, with the help of horizontal advection and 

vertical diffusion, induce cooling (Fig. 5c).  330 

 

In the Equatorial region, Fig. 5d presents the seasonal evolution of mixed-layer temperature in model and observations. There 

is a strong consistency (with r = 0.98 and RMSD = 0.28 °C) between the two terms, with a SST minimum in the same month 

of August while the model reaches the SST maximum in April, one month after the observations. Temperature tendency terms 

are also consistent (r = 0.94 and RMSD = 0.27 °C per month) although the maximum cooling in May is strongest in the model. 335 

We note also a relatively good consistency in the seasonal cycle of the heat flux (Fig. 5e, r = 0.78 and RMSD = 1.14 °C per 
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month). There is much less agreement between NEMO and PREFCLIM for the horizontal advection term, whether it is 

computed online (r = 0.15 and RMSD = 1.37 °C per month) or offline (r = -0.69 and RMSD = 4.27 °C per month) in the model. 

The observed residual term compares much better with the model online pseudo-residual term (r = 0.83 and RMSD = 0.56 °C 

per month) than with the offline pseudo-residual (r = 0.11 and RMSD = 1.15 °C per month). Overall, in this Equatorial box, 340 

according to the model the seasonal cycle of mixed-layer temperature is essentially driven by vertical heat diffusion (Fig. 5f) 

as its variations are rather similar as those of the temperature tendency term, except for a shift that can be explained by the 

heat flux, which remains positive and relatively constant all year long.  

 

In the Angola region, the model reproduces well the seasonal evolution of observed mixed-layer temperature (Fig. 5g, r = 0.96 345 

and RMSD = 0.86 °C). The maximum SST observed in March is lagged by one month in the model but the minimum SST in 

found in August in both NEMO and the PREFCLIM climatology. Differences are relatively larger for the heat tendency term 

(r= 0.84 and RMSD = 0.80 °C per month) that is in the model smaller than observed in November-December (Fig. 5g). We 

note a strong agreement between modeled and observed heat flux (Fig. 5h, r = 0.97 and RMSD = 0.24 °C per month). On the 

contrary, horizontal heat advection terms are poorly correlated when computed online in the model (r = 0.05 and RMSD = 350 

1.04 °C per month), but we observe an improvement when computed offline (r = 0.44 and RMSD = 0.90 °C per month). This 

suggests an important role of nonlinear terms in the heat budget. The resulting observed residual term and model (online and 

offline) pseudo-residuals term are also quite different (respectively r = 0.51 and RMSD = 0.90 °C per month and r = 0.44 and 

RMSD = 0.89 °C per month). In the Angola box, the seasonal cycle of the mixed-layer heat budget is mostly controlled by 

heat fluxes, especially solar fluxes, with also contribution from zonal advection and vertical diffusion (Fig. 5i).  355 

 

In the Benguela region (Fig. 5j), the model reproduces well the observed seasonal cycle of the mixed-layer temperature, which 

is maximum in February-May and minimum from July to October, but with a positive bias close to 1 °C (r = 0.97, RMSD = 

0.82 °C). The heat tendency term of the model agrees with observations (Fig. 5j, r = 0.95 and RMSD = 0.25 °C per month). 

Heat flux variations are very well correlated (Fig. 5k, r = 0.99, RMSD = 1.16 °C per month). Horizontal heat advection 360 

variations are moderately correlated for offline computation (r = 0.70, RMSD = 0.90 °C per month), even for online 

computation (r = 0.68, RMSD = 1.11 °C per month), and the observed residual and modeled pseudo-residual are also consistent 

(r = 0.73, RMSD = 0.68 °C per month vs r = 0.60, RMSD = 0.82 °C per month for online/offline version respectively). In the 

Benguela region, the heat budget seasonal cycle is largely controlled by heat flux warming, balanced by the cumulative cooling 

effect of zonal heat advection and vertical diffusion (Fig. 5l). 365 
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Figure 5: Seasonal mixed-layer heat budget terms from observations (dashed line) and model (full line and full dotted line for pseudo-

residual associated with offline advection) in selected regions:  SST in °C and tendency terms in °C per month. 370 
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Figure 6: Taylor diagram of global terms of heat budget in selected regions. Heat flux, horizontal advection (gridded advection for 

observations and online advection for model), and (pseudo-) residuals are represented by squares, circles, triangles respectively. Empty circle 375 

and triangle are offline advection and associated (pseudo-) residuals. Senegal, Benguela, Equatorial and Angola regions are designed by 

blue, red, yellow and magenta colors respectively.  Correlations are 95% significant when r > 0.58. 
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3.3 Mixed-layer salt budget 

3.3.1 Time-averaged spatial variations 

We now compare the mean salt budget from model and from observations through freshwater flux and horizontal salt advection 380 

(Fig. 7). The PREFCLIM freshwater flux acts to decrease the mixed-layer salinity along the 0-12°N equatorial band, dominated 

by strong precipitation due to the ITCZ (Fig. 7a). Elsewhere in the eastern tropical Atlantic, freshwater flux is dominated by 

evaporation, which acts to increase mixed-layer salinity, a feature of the north and south subtropical gyres. Evaporation is 

maximum off Angola, where southern trade winds can enhance it. The model freshwater flux forcing reproduces these patterns 

and, when re-sampled to the PREFCLIM resolution (Fig. 7b), shows a good spatial agreement with the PREFCLIM 385 

climatology (r = 0.96). However, the NEMO freshwater flux shows a negative bias along the 6°N - 12°N band and in the Gulf 

of Guinea, and a high positive bias in the rest of eastern tropical Atlantic basin. These differences are likely due to the different 

data sources used for surface freshwater flux in the PREFCLIM climatology (TropFlux for evaporation and GPCP for 

precipitation) and as forcing for the NEMO model (DFS5.2). However, the seasonal variations of freshwater flux are generally 

well correlated between NEMO and PREFCLIM except for a few regions (Fig. 7d). As expected, there are important 390 

differences between the maps of offline salt advection (Fig. 7f) and online salt advection (Fig. 7g, re-sampled at 2.5°). In the 

online version, advection strongly acts to decrease mixed-layer salinity almost everywhere in the eastern tropical Atlantic. 

However, we note that in the offline version (Fig. 7f) and in observations (Fig. 7e), advection acts to increase salinity for some 

regions: in the 4°N - 10°N equatorial band, west of 12°W between 30°S - 18°S, off Angola and in the northern Gulf of Guinea. 

The spatial distribution of offline advection is in much better agreement with the PREFCLIM climatology than online 395 

advection (r = 0.48 vs r = 0.17). Schematically, in the eastern tropical Atlantic, salinity increases poleward from the equator, 

due to strong evaporation in the subtropical gyres, which drives the meridional gradient (Fig. 3a-b). Besides, salinity decreases 

toward the east, because of freshwater intakes from rivers in the Gulf of Guinea, resulting in a westward increase of SSS. In 

the Gulf of Guinea, the observed saltening by advection can be explained by this SSS gradient transported by the eastward 

southern Guinea Current (GC), following Equation (21). The freshening by advection in a large part of the eastern tropical 400 

Atlantic basin is expected as the circulation is, on the contrary, dominated by the westward NEC/SEC. In addition, the presence 

of alongshore currents like the southward Angola current and northward Benguela current in these coastal regions can drive 

either a salting or a freshening due to horizontal salt advection, as shown with NEMO. Moreover, there can be competition 

between zonal and meridional salt advection (Da-Allada et al., 2013). The correlation between seasonal cycles of advection in 

NEMO and PREFCLIM is very dependent on the location but it is generally stronger in the Gulf of Guinea and toward the 405 

subtropical gyres (Fig. 7h). We also compared the annual mean spatial distribution from the two versions of model advection 

to the Lagrangian advection and found that the offline advection is also much better correlated than the online advection (r = 

0.51 versus r = 0.15) with the Lagrangian advection. This suggest the importance of non-linear terms. More statistics on 

comparison of zonal/meridional advection terms can be found in Figure A.3. 
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Figure 7: Mean freshwater flux from PREFCLIM (a), NEMO re-sampled at PREFCLIM 2.5° resolution (b) or at original 0.25° resolution 

(c), and seasonal correlation between PREFCLIM and NEMO freshwater flux (d). Mean horizontal salt advection from PREFCLIM (e), 

NEMO offline (f) or online computation re-sampled at 2.5° resolution (g), and seasonal correlation between PREFCLIM and NEMO offline 

advection (h). R in (b), (f) and (g) indicates the spatial correlation between PREFCLIM and NEMO, which is 95% significant when r > 0.12. 415 

The temporal correlation of seasonal cycles in (d) and (h) is 95% significant when r > 0.58. 

3.3.2 Regional seasonal budget 

As previously done for the heat budget (see Figures A.5 and A.6 for more details), we evaluate the individual contributions of 

different physical processes to the salt budget during a seasonal cycle (Fig. 8), and try to identify the dominant processes. 

Taylor diagrams are used to evaluate the consistency of budget terms between PREFCLIM climatology and NEMO model 420 

(Fig. 9).  

 

In the Senegal region, observed and modeled mixed-layer salinity seasonal cycles (Fig. 8a) are very different (r = 0.59, RMSD 

= 0.33 psu). SSS variations are around 0.1 psu during the seasonal cycle in observations, but reach 0.7 psu in the model, with 

a maximum in May and a minimum in October (the latter also seen in observations). The SSS increase from October to May 425 

coincides with the upwelling season (Ndoye et al., 2014).  The seasonal variations of the tendency salinity terms (Fig. 8a) are 

also quite different (r = 0.55, RMSD = 0.12 psu per month). The observed term remains weaker than the modeled term, they 

vary in opposite phase from December to March, then in phase from this month on, but the modeled freshening is larger than 

observed in May-November. However, the seasonal variations of freshwater flux (Fig. 8b) show good agreement between 

observations and model (r = 0.99, RMSD = 0.39 psu per month). Modeled and observed horizontal salt advection are less 430 

correlated (r = 0.51, RMSD = 1.34 psu per month for online vs r = 0.57, RMSD = 3.87 psu per month for offline), and there 

are very large differences (r = -0.19, RMSD = 1.65 psu per month for online vs r = -0.15, RMSD = 4.09 psu per month for 

offline) between the observed residual term and the model pseudo-residual term. In this region, the balance is controlled in 

large part by freshwater flux because of the compensation between different oceanic processes. From June to October the 

observed freshening can be explained by precipitation, which reaches its maximum between July and August because of the 435 

ITCZ position over Sahel, and associated runoff particularly from the Senegal and Gambia rivers. From October to November, 

the freshening is associated with the combined effect of zonal advection (Fig. 8c), precipitation and river runoff, in this order. 

For the rest of the year, evaporation plays a dominant role and increases mixed-layer salinity.  

 

  In the Equatorial region, the modeled and the observed seasonal cycle of the mixed-layer salinity are largely in phase 440 

(Fig. 8d, r = 0.82, RMSD = 0.79 psu) but the modeled salinity has a seasonal cycle 3 times stronger and is lower by almost 1.5 

psu between April and May. This could be due to the fact that the observations miss some strong and very shallow near-surface 

stratification, which is averaged into the surface grid box of the model. The minimum SSS observed in February is lagged by 

two months in the model but the maximum SSS is found in October in both NEMO and the PREFCLIM climatology. The 
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related tendency terms (Fig. 8d) are weakly correlated (r = 0.58, RMSD = 0.27 psu per month). The model term has a stronger 445 

amplitude throughout the cycle with some peaks in January, May and November. Fig. 8e shows that freshwater flux are 

strongly correlated (r = 0.94, RMSD = 0.90 psu per month). The horizontal advection terms are quite different when online 

computation is used (r = 0.38, RMSD = 4.03 psu per month) but compare better with the offline advection (r = 0.77, RMSD = 

8.56 psu per month), although the modeled advection show in both cases stronger variations than observed. The model pseudo-

residual also compares better with the observed residual for the offline version than for the online version (r = 0.81, RMSD = 450 

3.51 psu per month vs r = 0.54, RMSD = 1.76 psu per month respectively). In the Equatorial region, the seasonal variability 

of mixed-layer salinity is mostly due to vertical salt diffusion and zonal salt advection (Fig. 8f). From September to March, 

zonal salt advection increases mixed-layer salinity. Vertical salt diffusion plays a major role to increase mixed-layer salinity 

the rest of year, in particular in May when it reaches his maximum. The contribution of freshwater flux, vertical and meridional 

salt advection are weak and can compensate each other during the seasonal cycle. Note that, although the seasonal salt budget 455 

described above is representative of the whole equatorial box, SSS variability within the box increases toward the east (Fig. 3) 

as the magnitude of individual processes increase with the salinity stratification due to coastal river plumes (not shown). 

 

 In the Angola region, Fig. 8g presents the seasonal evolution of mixed-layer salinity in model and observations. The 

model reproduces relatively well (r = 0.55, RMSD = 0.28 psu) the seasonal evolution of observed SSS from the beginning of 460 

the year to August. In June, both the observed and modeled SSS are around their maximum, but SSS in the model decreases 

then progressively until it reaches its minimum in November, when the observed SSS only begins to decrease until its minimum 

in February, the month where the model reaches his second minimum. The related tendency terms present a disagreement 

above all at the end of cycle (Fig. 8g, r = 0.29, RMSD = 0.27 psu per month). SSS in NEMO reaches its maximum in May and 

its minimum in February, while observed SSS reaches its maximum in April and its minimum in December when the model 465 

shows a secondary maximum. Surface freshwater fluxes are both positive all year long in NEMO and PREFCLIM, indicating 

evaporation is stronger than precipitation, with similar variations (Fig. 8h r = 0.79, RMSD = 0.66 psu per month). In addition 

to these freshwater fluxes, there is strong runoff associated with the freshwater discharge from the Congo River that flows in 

this box, which is a major driver of SSS here (Houndegnonto et al., 2021), included in NEMO only. Horizontal advection in 

model and observations are quite different (r = 0.15, RMSD = 2.13 psu per month for online version vs r = 0.09, RMSD = 2.51 470 

psu per month for offline version), and the modeled pseudo-residual compares better with the observed residual for the online 

version (r = 0.64, RMSD = 0.78 psu per month) than for the offline version (r = 0.38, RMSD = 1.43 psu per month). According 

to the model, in this region, the salt budget seasonal cycle is mostly driven by oceanic processes, namely meridional advection, 

vertical diffusion and advection, in this order (Fig. 8i). Note that, although the seasonal salt budget described above is 

representative of the whole Angola box, SSS variability within the box increases toward the north (Fig. 3) as the magnitude of 475 

individual processes increase with the salinity stratification due to coastal river plumes (not shown).     
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In the Benguela region, the model follows well the observed seasonal cycle of mixed-layer salinity (r = 0.76, RMSD = 0.06 

psu), though with a negative mean bias (around -0.06 psu) throughout the cycle (Fig. 8j). The modeled SSS reaches its 

maximum in May, one month later than observed, and its minimum in December, also one month later than observed. The salt 480 

tendency term of the model also reproduces relatively well the observed term (r = 0.68, RMSD = 0.01 psu per month), 

especially from January to July (Fig. 8j). The model shows a maximum SSS increase in February, one month earlier than 

observed, and maximum SSS decreases in August and December, 2 months later than the observed peaks. NEMO and 

PREFCLIM freshwater fluxes are consistent (Fig. 8k, r = 0.92, RMSD = 0.88 psu per month). Horizontal advection terms are 

less consistent between observations and model (r = 0.56, RMSD = 0.83 psu per month for online version vs r = 0.15, RMSD 485 

= 1.04 psu per month for offline version), as pseudo-residual terms (r = 0.50, RMSD = 0.92 psu per month for online version 

vs r = -0.09, RMSD = 1.10 psu per month for offline version). In the Benguela region, the salt budget seems to be mostly 

controlled by freshwater flux and zonal salt advection. The observed freshening from March to December can be partly 

explained by the minimum of evaporation in June, followed by the increasingly negative effect of zonal advection. 

 490 
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Figure 8: Seasonal mixed-layer salt budget terms from observations (dashed line) and model (full line and full dotted line for pseudo-

residual associated with offline advection) in selected regions: SSS in psu and tendency terms in psu per month. 

 495 
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Figure 9: Taylor diagram of global terms of salt budget in selected regions. Freshwater flux, horizontal advection (gridded advection for 

observations and online advection for model), and (pseudo-) residuals are represented by squares, circles, triangles respectively. Empty 

circles and triangles are offline advection and associated (pseudo-) residuals. Senegal, Benguela, Equatorial and Angola regions are designed 500 

by blue, red, yellow and magenta colors respectively.  Correlations are 95% significant when r > 0.58. 
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4 Discussion and conclusions 

In this paper, we examined the dominant physical processes controlling the seasonal variability of mixed-layer heat and salt 

budgets in selected coastal regions of the eastern tropical Atlantic, namely the Senegal, the Equatorial, the Angola, and the 

Benguela regions. First, we used both a regional configuration of the NEMO model and the PREFCLIM observation-based 505 

climatology to analyze the spatial variations of the annual mean mixed-layer heat and salt budgets in the eastern tropical 

Atlantic (see Fig. 4 and Fig. 7 respectively). The model outputs were re-sampled to the PREFCLIM time/space resolution to 

compare maps of the mean processes contributing to mixed-layer heat/salt budgets, according to both sources. Second, we 

analyzed the seasonal variation of the mixed-layer temperature and salinity, their related tendencies and potential driving 

processes: heat/freshwater flux, horizontal heat/salt advection, and others processes estimated from observations as a residual 510 

but explicitly resolved in the model, in the selected regions. As the PREFCLIM climatology does not capture the mesoscale 

physical processes, we relied on the high-resolution model outputs to evaluate their contribution to the mixed-layer heat/salt 

budget.   

 

 For the preliminary validation, the results have shown that the model reproduces consistently the mean features of observed 515 

mixed-layer depth, temperature, and salinity in the eastern tropical Atlantic (see Fig. 1, Fig. 2 and Fig. 3 respectively). The 

existing differences between modeled outputs and the PREFCLIM climatology can be explained by the different heat and salt 

flux products that are used for forcing the model or for estimating the PREFCLIM budget terms. There are also differences in 

the method to define the MLD. The PREFCLIM climatology uses the algorithm of Holte and Talley (2009) whereas the model 

uses the density criterion (0.03 kg m-3 relative to the density at 10 m depth) recommended by de Boyer Montégut et al. (2004). 520 

For example, the observed strong positive bias of mixed-layer salinity in the model relative to observations around 12°S is 

associated to a positive bias in MLD. Except for these differences, the model and the PREFCLIM climatology capture the 

shallow near-shore mixed-layer depth along the equator and the western coast of Africa where our selected regions are 

localized. 

For the secondary validation, we have used both the model and the PREFCLIM climatology to analyze the annual mean of 525 

heat/freshwater flux and horizontal heat/salt advection. The model heat/freshwater fluxes largely agree with the PRECLIM 

climatology (Fig. 4a-b and Fig. 7a-b respectively), except for differences in a few regions that can again be due to different 

flux products or MLD biases. There are important differences between the model heat/salt advection terms computed either 

offline (Fig. 4f and Fig. 7f respectively), at PREFCLIM spatio-temporal resolution (2.5°, monthly) or online (Fig. 4g and Fig. 

7g respectively), at high spatio-temporal resolution (0.25°, 20 min) with subsequent monthly re-sampling at 2.5°. These 530 

differences are explained by the high-frequency variability related to mesoscale and sub-mesoscale dynamics, which is 

included in the second case but not in the first case. In particular, including mesoscale dynamics leads to warming around the 

equator and off the African coast in the southern Atlantic. West of 10°W and slightly north of the equator, this is consistent 

with warming of the equatorial cold tongue by horizontal advection linked to TIWs (Jochum et al., 2004; Grodsky et al., 2005; 
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Peter et al., 2006)., This also suggests a similar role of eddies in the Angola and Benguela upwelling systems, where a large 535 

number of eddies have been detected (Aguedjou et al., 2019). Regarding salinity, mesoscale advection tends to freshen the 

Gulf of Guinea, probably by westward export through eddies of fresh waters from the Niger and Congo plumes (Houndegnonto 

et al., 2021). 

At seasonal time scales, the monthly mixed-layer heat/salt tendency terms in the selected regions are very weak in, both, the 

PREFCLIM climatology and the model, compared to individual terms contributing to the heat/salt budgets that tends to 540 

compensate each other, as also found in previous studies (Da-Allada et al., 2013, 2014; Camara et al., 2015).  

    

Surface heat fluxes, and especially the solar flux, dominate the seasonal mixed-layer heat budget in the Senegal, the Angola 

and the Benguela regions (Fig. 5b, h, and k respectively). In the Senegal region, this result, and the secondary contribution of 

oceanic processes such as vertical diffusion and zonal advection, which add to latent heat flux to drive the observed winter 545 

cooling, confirm previous studies (Carton and Zhou, 1997; Yu et al., 2006).  

In the Equatorial region, the heat flux remains positive and near constant throughout the seasonal cycle. This shows the 

dominance of the shortwave flux that warms the mixed-layer from September to April, although this warming weakens 

between November and December. Although our selected box slightly differs with previous regional studies, this result is in 

agreement with earlier studies (Peter et al., 2006; Wade et al., 2011). The variability of mixed-layer temperature, in particular 550 

the observed spring/summer cooling during the formation of the ACT, is mainly controlled by vertical heat diffusion (Fig. 5e), 

confirming other studies (Yu et al., 2006; Jouanno et al., 2011). Recently, Scannell and McPhaden (2018) also confirmed the 

role of turbulent vertical mixing from a PIRATA buoy located at the southeastern edge of the ACT. While it does not 

compensate for the cooling effect of vertical diffusion, zonal heat advection is positive all year long in the equatorial region, 

the only one among analyzed regions where it is so. This is the consequence of a negative zonal temperature gradient as the 555 

mixed-layer temperature decreases toward the coast, advected by westward currents associated with the SEC. When associated 

with meridional heat advection, this leads to a positive horizontal heat advection throughout all year but in the month of May. 

We note a near similar variability of horizontal advection in Wade et al. (2011), although this term is negative in their study 

except for June-July, when we both observe a positive maximum. This difference can be linked either to products used or to 

the criterion used to define the MLD (temperature vs density criterion), and maybe to the slightly different boxes of study. 560 

Jouanno et al. (2017) also found, like us, a permanent warming effect of horizontal advection in an equatorial box shifted west 

compared to ours, using the same model configuration. In our box, according to the model this warming is largely due to 

mesoscale advection, probably by eddies as TIWs activity sharply decreases east of 15°W (Foltz et al., 2003; Peter et al., 2006; 

Tuchen et al., 2022). There is overall agreement on the dominant role of vertical mixing to cool the mixed-layer during ACT 

formation. This vertical mixing due to vertical diffusion is explained by the strong vertical shear between the Equatorial Under-565 

Current (EUC) and the SEC in our selected region, as discussed in previous studies (Wade et al., 2011; Jouanno et al., 2011; 

Hummels et al., 2013; Schlundt et al., 2014). The vertical mixing can also be enhanced by the effects of TIWs on vertical shear 

(Heukamp et al., 2022). 
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In the Angola region, the dominant role of heat flux in the mixed-layer heat budget was also found in previous studied (Carton 

and Zhou, 1997; Yu et al., 2006). In this region, the incoming shortwave flux warms the mixed-layer from August until Mars 570 

against the action of latent heat flux. The competition between the shortwave flux and the latent heat flux is also mentioned in 

(Scannell and McPhaden, 2018). Although at the 6°S,8°E position, the horizontal advection remains weak in their study. The 

cooling observed between April and July is due to the decrease of solar radiation probably due to cloud cover, with added 

effect of zonal heat advection. We observe the warmest temperature in March and the minimum is reached in August, which 

corresponds to the upwelling season (Ostrowski et al., 2009; Kopte et al., 2017). Although the contribution of zonal heat 575 

advection remains weak compared to the solar flux, the variations of zonal heat advection are in phase with the variation of 

heat tendency throughout the year.  

In the Benguela region, the heat tendency variations are roughly in phase with the heat flux variations. The heat budget is 

mostly driven by the shortwave flux, as found previously in the neighboring southern Angola upwelling system. The cooling 

that occurs from March to August can be associated with cloud cover, which reduces the incoming solar flux, and also a small 580 

contribution of oceanic processes. The observed coldest temperatures correspond to the July-October upwelling season (Hagen 

et al., 2001; Muller et al., 2014). 

 

There are much larger differences between PREFCLIM and NEMO in the seasonal variations of the mixed-layer salinity (Fig. 

8a/d/g/j), compared to temperature. These seasonal variations have generally a larger amplitude and lower minima in the 585 

model, as also seen in Figure 3. This can be due to several causes. First, although the PREFCLIM product benefited from 

newly available hydrographic data in the Senegal, Angola and Namibia coastal waters, the data density is still low in the 

equatorial Gulf of Guinea (Dengler and Rath, 2015), where lie the freshest waters associated with heavy rains and the large 

Congo and Niger river plumes, hence the largest difference in seasonal salinity variations in the Equatorial box (Fig. 8d). Poor 

data density can also be associated with a seasonal bias that may prevent capturing the full seasonal cycle. Second, 590 

hydrographic profiles, notably those from Argo floats, do not sample the salinity minimum found in the upper few meters of 

the ocean in regions highly stratified by rain and river plumes, which induces SSS estimations higher than those observed from 

satellite (Boutin et al., 2016; Houndegnonto et al., 2021). This leads to overestimation of mixed-layer salinity too. Third, while 

the NEMO model configuration has high vertical resolution in the upper few meters and homogeneous spatial coverage, the 

way it reproduces mixed-layer salinity highly depends on its freshwater forcing, including river runoff, and its own dynamics 595 

that are of course not perfect. Despite these differences between observations and model, the comparison is instructive. 

The Senegal region is the only one among the four analyzed regions where the salt budget is clearly controlled by the surface 

freshwater fluxes, with added runoff effect (Fig. 8b). From March to October the observed freshening can be explained by the 

combined effect of precipitation, and Senegal and Gambia rivers inputs. From October to November, zonal salt advection adds 

its contribution to existing freshwater inputs to freshen the mixed-layer. Vertical salt diffusion, with additional contribution of 600 

meridional and vertical salt advection, tends to increase mixed-layer salinity and partly compensates the previous freshening 

effect. Although our selected regions are slightly different, these results are until then consistent with those of Camara et al. ( 
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2015). However, in our study, evaporation plays a dominant role to increase salinity for the rest of year, even if there is also a 

weak contribution of oceanic processes. This disagrees with the study of Camara et al. (2015), where the contribution of 

evaporation to the mixed-layer salt budget is very weak compared to our results. This contradiction can be explained by 605 

different model configurations as described in (Da-Allada et al., 2017). Camara et al. (2015) use for model forcing an older 

version of the Drakkar forcing set (DFS4) compared to the one (DFS5.2) used in the present study, and their model has less 

vertical levels than ours (46 vs 75). They also use a smaller density criterion (0.01 kg m-3 for Camara et al. (2015) vs 0.03 kg 

m-3 in this study to estimate mixed-layer depth), and an additional restoring term for salinity in their model. 

In the Equatorial region, the seasonal variability of mixed-layer salinity is mainly due to oceanic processes as shown in other 610 

studies (Da-Allada et al., 2013, 2014). In our study, we found vertical salt diffusion and zonal salt advection as dominant 

oceanic processes (Fig. 8f). From October to December and March to July, zonal advection is the most important freshening 

contribution, stronger that precipitation. It is explained by the westward South Equatorial Current (SEC), which transports the 

low salinity waters from the Gulf of Guinea associated with the Niger and Congo River plumes (Houndegnonto et al., 2021). 

The major role played by vertical salt diffusion to increase the salinity in the mixed-layer, demonstrated in previous studies 615 

(Da-Allada et al., 2014, 2017), is confirmed by our results for boreal spring/summer in particular. This strong vertical salt 

diffusion is the consequence of the vertical shear between the westward SEC and the eastward EUC (which transports high 

salinity waters), but can be reduced by the strong salinity stratification caused by Niger and Congo river plumes (Jouanno et 

al., 2011). Note that vertical diffusion is however strongly compensated by zonal advection, above all in May. These results 

agree with the other studies covering the region despite slight differences in the limits of selected boxes (Berger et al., 2014; 620 

Da-Allada et al., 2014; Camara et al., 2015; Da-Allada et al., 2017). Although the contribution of surface freshwater fluxes 

and runoff remains weak in our study, its seasonal variations follow those described by (Da-Allada et al., 2017), with some 

time lag. During the period when the ITCZ is close to the equator between November and April, the freshwater flux is 

dominated by precipitation and decreases the mixed-layer salinity, whereas the rest of year, the freshwater flux is dominated 

by evaporation and increases salinity.  625 

As in the Equatorial region, horizontal and vertical oceanic processes drive the mixed-layer salinity in the Angola region too 

(Fig. 8g-i), in agreement with previous studies (Camara et al., 2015; Awo et al., 2022). Meridional salt advection explains most 

of the variability in salt budget, and particularly its semi-annual cycle, as it freshens the mixed-layer in February-April and 

September-October, when the southward Angola Current brings low-salinity water from the Congo River plume (Gordon and 

Bosley, 1991; Awo et al., 2022). However, for the rest of the seasonal cycle, a combined action of meridional salt advection, 630 

vertical salt advection and vertical salt diffusion increases the salinity of mixed-layer. Although vertical advection is stronger 

than vertical diffusion, they remain in phase throughout the cycle and act against the runoffs and zonal salt advection. Seasonal 

variations in both vertical salt diffusion and advection are driven by changes in the vertical salinity gradient related to the semi-

annual intrusion of low salinity surface waters (Camara et al., 2015; Awo et al., 2022).  

In the Benguela region, individual contributions of physical processes are relatively weak in compared to the other regions. 635 

The mixed-layer salinity variability is partly controlled by freshwater fluxes and particularly evaporation (Fig. 8j-k). Zonal 
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advection remains negative throughout the year, and from March to December, it acts to decrease salinity, against the action 

of evaporation that is reinforced by vertical salt diffusion between September and December. The increase of salinity 

corresponds to the upwelling season in the southern part of Benguela upwelling system in summer (Muller et al., 2014). 

 640 

 Although increasing resolution in oceanic models intends to produce more realistic simulations by explicitly resolving 

mesoscale variability, and models are the only way to estimate all terms of the heat/salt budget in the mixed-layer, it is difficult 

to directly validate such model budgets with in situ data. One problem is that globally available in situ data can only explicitly 

resolve near-surface horizontal processes and particularly advection, not vertical processes that have to be estimated as a 

residual. A second problem is that in situ observation density does not allow estimating horizontal advection at the high 645 

resolution available from models. Therefore, to be properly compared with those available from observations, model horizontal 

advection terms must be computed offline at the spatio-temporal resolution of observations. Our results indeed show that the 

time-averaged spatial distribution of NEMO offline heat/salt advection terms compares much better to PREFCLIM horizontal 

advection terms than the online heat/salt advection terms. However, when examining the seasonal cycle of horizontal advection 

in selected boxes, NEMO offline terms do not always compare well with PREFCLIM, sometimes less than online terms. This 650 

suggests that temporal coverage of in situ observations is more critical that spatial coverage, particularly for salinity, and 

especially in coastal areas of Africa where Argo profiles are relatively scarce and equatorial region where Lagrangian drifters 

do not stay long due to Ekman divergence. Another possibility would be to estimate advection from satellite products of SST, 

SSS and currents, the latter estimated from altimetry and satellite wind for their geostrophic and Ekman components 

respectively (Bonjean and Lagerloef, 2002), which are available at a resolution of a few tens of kilometers and a few days. 655 

The new Surface Water and Ocean Topography (SWOT) mission (Morrow et al., 2019) should soon improve further the 

resolution of geostrophic currents. The Soil Moisture Ocean Salinity High Resolution (SMOS-HR) mission project 

(Rodriguez-Fernandez et al., 2022) would also help to capture SSS gradients. The often large differences between offline and 

online advection terms in the model suggest an important role of small scale (< 2.5°, < 1 month) variability, which includes 

mesoscale activity recently documented in the eastern tropical Atlantic (Aguedjou et al., 2019), including at the equator where 660 

differences are particularly large. Although the model mixed-layer budgets validation has some limitations in the present study, 

our results are generally in agreement with earlier studies of mixed-layer heat/salt budgets in Atlantic tropical (Foltz et al., 

2003; Jouanno et al., 2011; Wade et al., 2011; Da-Allada et al., 2013; Camara et al., 2015). Except for local studies where 

coordinated field measurements and mooring deployment can be combined to close a short-term mixed-layer budget with in 

situ observations (Farrar et al., 2015; Farrar and Plueddemann, 2019; Vijith et al., 2020), in most regions, one can only use 665 

models to close mixed-layer budgets and thrust them to quantify the processes hidden in the residual unresolved by global 

observations. 
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Appendix A 

 680 

 

Figure A.1: Difference between observations and model in mixed-layer depth (a), mixed-layer temperature (b) and mixed-layer salinity (c). 
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 685 

Figure A.2: Spatial correlation (r), RMSD of horizontal, zonal and meridional heat (a and b)/salt (c and d) advection between observations 

(Obs and Obs Drift) and model (online and offline). 
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 690 

Figure A.3: Taylor diagrams comparing seasonal variations of horizontal/zonal/meridional heat advection (HADV/UADV/VADV) from 

observations (gridded advection named Obs (a) ; Lagrangian advection named Obs Drift (b)) and model (online advection for ON and offline 

advection for OFF) in Senegal, Equatorial, Angola and Benguela boxes (blue, red, yellow and magenta colors respectively). 
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Figure A.4: Seasonal cycle of horizontal (cyan), zonal (blue), and meridional (purple) heat advection from observations (dashed line for 

gridded advection and dotted line for Lagrangian advection) and model (full line for online and full dotted line for offline) in selected boxes. 

All others terms are in °C per month. 
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Figure A.5: Taylor diagram of horizontal salt advection and these components between observations (gridded advection for Obs (a) and 

Lagrangian advection for Obs Drift (b)) and model (online for ON and offline for OFF). Senegal, Equatorial, Angola and Benguela boxes 

are designed by blue, red, green and magenta colors respectively. 705 
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Figure A.6: Seasonal cycle of horizontal (cyan), zonal (blue), and meridional (purple) salt advection from observations (dashed line for 

gridded advection and dotted line for Lagrangian advection) and model (full line for online and full dotted line for offline) in selected boxes. 710 

All others terms are in pPsu per month. 

Data availability 

The PREFCLIM climatology used here is available from https://doi.pangaea.de/10.1594/PANGAEA.868927. Model 

simulations are available from authors on demand. 
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