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Abstract Oceanic and atmospheric processes were investigated in order to explore the causes of sea-
sonal and interannual variability of sea surface temperatures (SST) in the western tropical Atlantic (WTA;
208S–208N, 158W–608W). A mixed-layer (ML) heat budget was performed by using Argo profiles and supple-
mentary data sets based on satellite and atmospheric products during the period 2007–2012. The WTA is
divided into four boxes which represent the main temporal and spatial heterogeneities of this region. An
analysis of error of each term pointed out that the mean net surface heat fluxes are systematically underes-
timated by 20 W m22. A correction of this term provides realistic estimates of the vertical mixing which was
obtained as residual term. In agreement with previous studies, the results show that surface flux is the most
important process that governs the seasonal cycle of the heat content. Changes in shortwave radiation and
latent heat fluxes dictate the oceanic response to the meridional migration of the ITCZ. Along the equator,
surface fluxes modulate the annual cycle of ML temperature, but are strongly balanced by horizontal advec-
tion. The entrainment term proves a small contribution to the cooling of the ML. On an interannual time
scale, the strong positive (negative) SST anomalies observed in 2010 (2012) were generated during the pre-
vious winter in both years, mainly north of 108N, during which the wind anomalies were at the origin of
intense heat loss anomalies. Horizontal advection may contributes to the maintaining of these SST anoma-
lies in the equatorial zone and south Atlantic.

1. Introduction

Seasonal SST changes in the tropical Atlantic reflect a combined effect of the antisymmetric seasonal cycle
of shortwave radiation and latent heat flux between the hemispheres and seasonal changes in ocean circu-
lations. The resulting air-sea interaction maintains a zonally oriented band of SSTs exceeding 278C which is
associated with the Inter Tropical Convergence Zone (ITCZ) position (Foltz et al., 2003; Hastenrath, 2012;
Hounsou-gbo et al., 2015; Wagner, 1996). During boreal spring the ITCZ is in its southernmost position, near
the equator, when the SST in the northern tropics drop due to a northeast trade intensification. In boreal
summer, the southeast and cross-equatorial wind intensification lead to strong northward SST gradients in
the eastern equatorial Atlantic. During this period, a minimum of SST is observed centered a few degrees
south of the equator and extending to 208W. This is known as the Atlantic cold tongue (ACT). The northward
SST gradient observed during this season contributes to keeping the ITCZ north of 58N.

SST patterns are also influenced by the seasonal cycle of surface currents, which also have an important role
in interhemispheric heat transport. In this region, a complex system of equatorial currents and counter cur-
rents are described as a source of heat for the Atlantic western bordering and as part of the meridional
overturning circulation (MOC) (Schott et al., 1995). The variability of the major surface currents reflects the
oceanic dynamic response to changes in wind field and the displacement of ITCZ. During spring and sum-
mer the westward flow of the North Equatorial Current (NEC) and South Equatorial Current (SEC) also show
a small shift northward without significant changes in velocity (Merle & Anoult, 1985; Stramma & Schott,
1999). In summer, changes in cross-equatorial winds in the central basin contribute to the intensification of
the central branch of the SEC (cSEC), which feeds the strong northwestward flow of the North Brazilian Cur-
rent (NBC) along the Amazon continental shelf break (Bourlès et al., 1999; Johns et al., 1998). In summer and
fall, north of 88N the NBC retroflects into the eastward flowing North Equatorial Counter-Current (NECC)
(Stramma & Schott, 1999).

Key Points:
� A mixed-layer heat budget is

performed in the western tropical
Atlantic with Argo floats from 2007 to
2012, a relatively well sampled period
� Outside of the equator, the surface

fluxes dominate and in the equatorial
band, the oceanic dynamics
contributes to the seasonal cycle of
SST
� The warm (cold) SST anomalies in

2010 (2012) were generated by
anomalous surface fluxes in the
tropical Atlantic during the previous
winter

Correspondence to:
A. V. Nogueira Neto,
antonio.vasconcelos@meteo.fr

Citation:
Nogueira Neto, A. V., Giordani, H.,
Caniaux, G., & Araujo, M. (2018).
Seasonal and interannual mixed-layer
heat budget variability in the western
tropical Atlantic from Argo floats
(2007–2012). Journal of Geophysical
Research: Oceans, 123

10.1029/2017JC013436

Received 7 SEP 2017

Accepted 14 MAY 2018

Accepted article online 25 MAY 2018

VC 2018. American Geophysical Union.

All Rights Reserved.

NOGUEIRA NETO ET AL.

Journal of Geophysical Research: Oceans

, .
https://doi.org/

–5298 5322

Published online U 2018G8 A

5298

http://dx.doi.org/10.1029/2017JC013436
http://orcid.org/0000-0002-3055-5950
http://orcid.org/0000-0001-5517-2473
http://orcid.org/0000-0002-2437-1645
http://orcid.org/0000-0001-8462-6446
https://doi.org/10.1029/2017JC013436
https://doi.org/10.1029/2017JC013436
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9291/
http://publications.agu.org/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2017JC013436&domain=pdf&date_stamp=2018-08-08


Superimposed on the seasonal cycle, two main climate modes are present in the tropical Atlantic. They are
related to the SST variability in interannual to decadal time scales. One mode is related to the ocean zonal
adjustment in the eastern equatorial Atlantic and to changes in trade winds in the central basin which is
similar to El Ni~no in the equatorial Pacific. The other mode, first identified by Servain (1991) using principal
component analysis, is characterized by an anomalous meridional SST gradient due to a north-south oscilla-
tion in SSTs. This mode is related to the mean position, the meridional displacement, and intensity of the
ITCZ.

The knowledge of the main mechanisms responsible for the SST variability in the tropical Atlantic have con-
tributed to a greater understanding of their impact on regional climates and/or extreme climatic events
over the Northeast of Brazil, the Caribbean area, Sub-Saharan Africa, and the Angola coast (Caniaux et al.,
2011; Hastenrath, 1984; Hastenrath & Greischar, 1993; Hounsou-gbo et al., 2015). Recent studies have
reported climatic and oceanographic events which occurred during or between 2010 and 2012 as being
linked to SST anomalies in the tropical Atlantic. The SST anomalies reached 1.58C and 21.58C in 2010 and
2012, respectively (Marengo et al., 2013; Sodr�e & Souza Filho, 2013). Such anomalies contributed to: extreme
events of precipitation in the eastern coast of the Northeast of Brazil (166.8% above the norm in June 2010),
high tropical cyclone activity (in 2010), changes in air-sea fluxes of CO2 (in 2010), an intense drought in
northeast Brazil in 2012 (reaching 5 mm d21 below the climatology between April and May 2012) and
bloom Sargassum algae in central tropical Atlantic (started in 2011) (Ib�anhez et al., 2016; Lefèvre et al., 2013;
Lim et al., 2016; Marengo & Bernasconi, 2015; Marengo et al., 2013; Wang & Hu, 2016).

The causes of SST variability are usually explained by analyzing the atmospheric and oceanic processes reg-
ulating the mixed-layer heat content. Several studies based on observations (Foltz et al., 2003, 2013;
Hummels et al., 2014; Wade et al., 2011) or models (Cintra et al., 2015; Giordani et al., 2013; Peter et al.,
2006; Yu et al., 2006) estimated the causes of the SST variability in different regions of the tropical Atlantic.
Yu et al. (2006) compared four products in order to investigate the role of the surface heat fluxes on the SST
variability in the tropical Atlantic. They divided the tropical Atlantic into two regimes: the first represented
the zones where the changes in SST were governed by surface fluxes, located north of 108N and south of
58S, the second one an equatorial band between 108N and 58S characterized by strong contributions of the
ocean dynamical processes.

Using measurements of mooring buoys from the PIRATA Project, Foltz et al. (2003, 2013) estimated the
mixed-layer heat budget in the tropical Atlantic. They corroborated Yu et al. (2006) and showed that the
annual cycle of the heat content in the mixed-layer, north of 88N, is mainly driven by the shift of the warm-
ing phase by shortwave radiation and the cooling by latent heat loss. In the northeastern tropical Atlantic,
south of 88N, Foltz et al. (2013) demonstrated the semiannual cycle of the mixed-layer heat content. It is
controlled by the semiannual cycle of the shortwave radiation and balanced by the turbulent mixing
(related to changes in the trade winds, inducing shallower thermocline and thinner barrier layers) in boreal
spring and by the latent heat flux in boreal summer.

Along the Equator many studies have identified the important contribution of the horizontal and vertical
advections, vertical mixing, and entrainment as the principal mechanisms responsible for cooling which
compensates warming by surface fluxes (Foltz et al., 2003; Giordani et al., 2013; Peter et al., 2006; Wade
et al., 2011). Based on PIRATA buoys data along the equator, Foltz et al. (2003) have shown that the seasonal
cycle of mixed-layer heat content in the western (388W) and central (238W) equatorial Atlantic results from
significant contributions of the entrainment, zonal and eddy heat advections, caused by seasonal changes
in the intensity of the SEC and the propagation of tropical instability waves (Foltz et al., 2003). In the east (at
108W), vertical processes, namely entrainment and vertical diffusion, are major contributors to the strong
seasonal cooling of SST. Wade et al. (2011) also investigated the heat budget based on Argo float profiles in
the eastern equatorial Atlantic. They evidenced that vertical mixing was the second most important contrib-
utor to the annual cycle of the mixed-layer heat content, after surface fluxes.

Using a global ocean model, Peter et al. (2006) obtained a closed mixed-layer heat budget of the equatorial
Atlantic and estimated the vertical terms that cannot be directly computed and evaluated from observa-
tional studies. Their results proved a great contribution of horizontal advection and entrainment in the
equatorial Atlantic and the major role of vertical processes in the evolution and maintenance of the ACT
during boreal summers. More recently, using a regional model in the ACT region, Giordani et al. (2013)
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stressed the major role of vertical mixing and horizontal advection, both of which are controlled by the vari-
ability of wind energy flux.

As reviewed above, extensive studies were conducted in order to explore the causes and effects of the SST
variability based on heat budget components in the tropical Atlantic. However, most of the observational
studies were restricted to mooring buoys, as in Foltz et al. (2003, 2013), or to the eastern equatorial basin
(Giordani et al., 2013; Wade et al., 2011). Some regions in the west and/or out of the Equatorial zone are not
yet well documented therefore, at least in observational studies. For example, in the southwestern tropical
Atlantic and in the oceanic region adjacent to the Amazon river mouth, few model studies have provided
analyses concerning the most important contributors toward the evolution of the SSTs variability (Cintra
et al., 2015; Servain & Lazar, 2010).

Observational studies are also limited in explicit evaluation of all oceanic processes contributing to SST
changes. They provide even so, fundamental information to support model studies used as a complemen-
tary tool for the comprehension of tropical Atlantic SST variability. In this context, this study proposes a
mixed-layer heat budget by using Argo float profiles and satellite-based products in the whole western
tropical Atlantic (WTA, i.e., 208N–208S, 158W–608W) between 2007 and 2012. We intend to evaluate the
causes of SST changes on seasonal and interannual time scales. We also intend to evaluate the Argo array
representation on a regional scale.

The paper is structured as follows: section 2 describes the methodology and data set; section 3 illustrates
the seasonal cycle of SST; the contribution of the heat budget terms is estimated and discussed in section 4;
and finally, the main findings are summarized in section 5.

2. Materials and Methods

2.1. Data and Quality Check
To estimate the mixed-layer heat budget, we used hydrographic measurements and supplementary data
such as SST reanalysis, horizontal currents, and surface flux fields from various sources (Table 1). The primary
data set consists of temperature and salinity vertical profiles measured by Argo floats. The Argo project is
an international collaboration that have provided a global array of profiling floats for the monitoring of the
hydrographic parameters in the upper ocean. The Argo floats generally work in a 10 day cycle as follows:
once launched into the ocean, a float starts a typical 10 day cycle which includes an initial descent to a pro-
grammed ‘‘drift depth’’ (usually a depth of 1,000 m) where the float drifts for approximately 9 days. It then
dives down to a depth of 2,000 m and begins to rise profiling the water column recording temperature and
salinity measurements. When it surfaces, the Argo float transmits its measurements to Global Data Assembly
Centers (GDAC) after which, the float sinks and another cycle begins.

Four GDAC are responsible for making all Argo float data publically accessible after two levels of quality
control (QC). The first one is the real-time QC that is an automatic set of quality tests on each parameter
measured by the float. The second one is a delayed mode of QC performed by scientists in the data centers.
For this study, we first downloaded 20,228 profiles from the Coriolis global data center (http://www.ifremer.
fr//) available from 2000 to 2014 (Figure 1a). It includes both real-time and delayed mode profiles collected
in the WTA.

Table 1
Data Set of Satellite-Derived Products Used to Estimate the Mixed-Layer Heat Budget

Data set Parameters Spatial resolution Temporal resolution

OISST Sea surface temperature 0.258 Daily
ERA-Interim Surface fluxes 0.258 6 h
OSCAR Surface currents 0.338 5 day mean
GEKCO Surface currents 0.258 Daily

Note. For the computing of the mixed-layer heat budget the ERA-I surface fluxes, OSCAR, and GEKCO surface currents
were interpolated on the OISST horizontal grid and at daily frequency.
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Answering the need for a high-quality and vertical regularly spaced data in the surface layer so as to esti-
mate the mixed-layer depth (MLD) and to vertically integrate its temperature, we applied our own QC,
based on Wade et al. (2011). At first, we used a low-pass filter to eliminate some spurious values. All profiles
with more than five consecutive values flagged as bad values in the upper 300 m were eliminated. We then
interpolated all profiles on a regular vertical grid of 5 m. After interpolation, the profiles that presented miss-
ing values in surface (5 m depth) were also eliminated. The QC procedure eliminated around 43% of the
total Argo profiles downloaded (2000–2014).

To minimize the impacts of temporal and spatial gaps in Argo sampling and data gaps from QC procedure,
we decided to use only the temperature and salinity profiles measured from 2007 to 2012, which represent
the most sampled years since the Argo project started. Considering only this period, 17,537 profiles were
measured in the WTA 37% of which were eliminated by our QC. Figure 1a shows the amount of initial (blue
bars) and remaining profiles (red bars) after QC and the spatial distribution of the remained profiles in the
study area for every year between 2007 and 2012 (Figure 1b). It is noteworthy that the number of profiles
across the whole domain increases until 2010. A significantly decrease of profiles is observed from 2011
mainly in the south tropical Atlantic (58S–208S).

Figure 1. (a) Number of Argo float profiles from 2000 to 2014 (blue bars) and number of remained profiles after our qual-
ity control (red bars). (b) Number of Argo float profiles within 58 3 58 boxes for the years 2007–2012.
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As supplementary data, we used the daily SSTs obtained from NOAA
Optimum Interpolation Sea Surface Temperatures (OISST) (Reynolds
et al., 2007; hereafter SSTr) available on a regular 0.258 latitude 3

0.258 longitude grid. This product includes satellite SST retrievals from
Advanced Very High Resolution Radiometer (AVHRR—from 1981 to
the present) and additional data from the Advanced Microwave Scan-
ning Radiometer on the Earth Observing System (AMSR—from 2002
to 2011).

We decided to compare two products of surface currents in our esti-
mations: the Ocean Surface Current Analysis Real-time (OSCAR) (Bon-
jean and Lagerloef, 2002) and the Geostrophic and Ekman Current
Observatory (GEKCO), developed at the Laboratoire d’Etudes en
G�eophysique et Oc�eanographie Spatiales (LEGOS), France (Sudre
et al., 2013; Sudre & Marrow, 2008). Both products are based on
satellite-derived measurements for the estimation of geostrophic and
Ekman currents.

OSCAR products are available every 5 days on a 0.338 latitude 3 0.338

longitude grid. The database used includes winds from scatterometer
for estimation of the Ekman currents and Topex Poseidon/Jason 1
altimetry for geostrophic currents.

GEKCO provides daily mean currents on a global regular 0.258 latitude
3 0.258 longitude grid. It uses the same database as OSCAR for Ekman
currents. Geostrophic currents, however, were estimated by using SSH
anomalies from the Data Unification and Altimeter Combination Sys-
tem (DUACS) product, which includes measurements from five satel-
lite missions (Topex/Poseidon, Jason 1, ERS1&2, Geosat Follow-on, and
Envisat) (Sudre & Morrow, 2008).

Johnson et al. (2007) compared OSCAR current estimates with drifters
and shipboard ADCP data in the near-equatorial region. They indi-
cated that OSCAR provides accurate estimates of zonal currents vari-
ability with correlations ranging from 0.5 to 0.8 for periods shorter
than 40 days, but that this correlation decreases at latitudes higher
than 108. In the same way, comparisons of GEKCO current estimates
with in situ data performed by Sudre et al. (2013) in tropical regions
evidenced correlations around 0.7 for zonal currents. In general both
products poorly reproduce the meridional component of the currents
with correlations smaller (<0.5) than those observed for the zonal
component.

Figure 2 compares the mean current field over the 2007–2012 period
for both products. Higher current intensities of up to 0.4 m s21 are
observed along the equator and near the north Brazilian coast. GEKCO
currents are about 0.4–0.5 m s21 stronger than OSCAR currents mainly
in the equatorial region and such differences are due to the temporal
resolution of the products (daily for GEKCO and every 5 days for
OSCAR). The differences can also be attributed to the treatment of the
equatorial band where the Coriolis force vanishes creating a singular-
ity in the usual geostrophic current formulation (g

f k�rh), where h is
the dynamic topography). In the equatorial band, Jerlov (1953),
Hidaha (1956), Moore and Philander (1976), and more recently Gior-
dani and Caniaux (2011) suggest the use of the second derivative of
the altimetry field for the estimation of the zonal component of the
current (g

br2h). Further from the equator, the continuity between

Figure 2. Comparison between mean (a) OSCAR and (b) GEKCO currents
(arrows) during the 2007–2012 period. Current magnitude shaded (m s21).
(c) Difference of magnitude of the currents OSCAR-GECKO during the same
period.
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these equations is ensured by applying a spline function within the 28N–28S band (Sudre et al., 2013). Differ-
ences between GEKCO and OSCAR currents come from the spline function and from the width of the con-
necting band. These differences are sources of uncertainties on horizontal advection estimates.

We also used daily averaged surface heat fluxes from the ERA-Interim reanalysis (Dee et al., 2011) of the
European Center for Medium-Range Weather Forecasts (ECMWF). This data set comprises net shortwave
and longwave radiation fluxes, latent and sensible heat fluxes on a regular spacing grid of 0.58 latitude 3

0.58 longitude. This reanalysis is largely used as a surface fluxes database (e.g., OAFlux, TropFlux), which
were found to well correlated to local estimations of surface fluxes (Caniaux et al., 2017).

All these supplementary data were linearly interpolated to match the spatial and temporal resolutions of
the SSTr before computing horizontal advection and net surface fluxes needed to estimate the mixed-layer
heat budget.

2.2. Formulation of the Mixed-Layer Heat Budget
The heat budget in the oceanic mixed layer represents the balance of various processes that contribute to the
variability of the heat content in the upper ocean and, consequently, affect the seasonality of SSTs. In the pre-
sent study, the mixed-layer heat budget was estimated in the same way as in previous studies on the tropical
Atlantic (e.g., Giordani et al., 2013; Foltz et al., 2013; Wade et al., 2011), and is expressed as follows:

q0Cph
@T
@t

5F|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
heatstorage

solðl2h2l0Þ1Fnsol2|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
S:flux

q0CphUrT2q0Cp|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Hadv

h T2T2hf gWeð2hÞ1RES|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
We

(1)

In equation (1), h is the MLD; X represents the vertical average in the mixed layer; h, T, and U, the mixed-
layer depth (MLD), the temperature, and horizontal currents, respectively.q0 is the surface density calculated
from the SST and SSS of the Argo floats and Cp is the heat capacity of the sea water (3,984 J kg21 8C). Fsol is
the incident net shortwave radiation; Fnsol represents the nonsolar flux, which is the sum of latent, sensible
heat fluxes, and the net longwave radiation. S.flux term in equation (1) takes into account the difference
between the fraction of solar radiation that reaches the sea surface (I0) and the fraction that penetrates
down to the base of the mixed layer (I2h).

The left-hand side term of equation (1) (heat storage) represents the temporal evolution of the mixed-layer
temperature. It is expressed in terms of the net surface heat flux (S.flux), horizontal advection (Hadv),
entrainment at the base of the mixed layer (We), and a residual term (RES). The residual term includes accu-
mulated errors which affect all other terms of the heat budget in equation (1) and processes which cannot
be explicitly estimated from observed data. However, as in Foltz et al. (2003) and Wade et al. (2011), the RES
term may be representative of the turbulent mixing at the base of the mixed layer (wTð2hÞ). Only the hori-
zontal diffusion was omitted in equation (1) because this term was expected to be at least one order of
magnitude smaller than the other terms at basin and boxes scales. At this spatial scales, the coefficient of
horizontal diffusion is probably very small because of weak horizontal thermal and dynamical gradients,
this is due to large Rossby radii of deformation at these latitudes and the spatiotemporal scales of Argo
floats (Wade et al., 2011).

The heat storage was calculated by using a finite centered difference scheme, i.e., at the mean time and
position between two consecutive Argo profiles. We considered a minimum time step dt of 10 days (one
Argo cycling time) and a maximum of 30 days between two profiles (in case of missing or QC rejected pro-
file). If the time period during two profiles exceeds 30 days, the budget is not calculated because this period
is thought to be too large to produce representative budgets. At each profile position, a mixed-layer tem-
perature was computed over depth h (the method used is described in the next subsection). The difference
of mixed-layer temperatures between two successive positions of the float was then evaluated and multi-
plied by the mean MLD in order to obtain the heat storage term in equation (1).

To estimate the H.adv term, the daily mean SSTr field and both the OSCAR and GEKCO currents were used
(these two current products were used to provide an error estimate in the budgets). It was assumed, as in
Wade et al. (2011), that SSTs and surface currents are similar to the vertically averaged temperature T and hor-
izontal current U in the mixed layer, i.e., these two quantities are supposed to be uniform across the MLD.

The entrainment velocity We is expressed as:
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Weð2hÞ5Wh1@th1Urh (2)

where Wh is the vertical velocity (Ekman pumping) at the base of the mixed layer, @t h is the local tendency
of h and Urh is the lateral induction, which were estimated by using monthly MLD climatology fields calcu-
lated from Argo profiles. These fields were obtained by optimal interpolation of individual Argo MLDs onto
a 0.258 longitude and 0.258 latitude grid following the procedure of De Mey and M�enard (1989). At each
grid point, an initial MLD field (the guess) was corrected with all Argo MLDs calculated for the same month
of the period 2000–2014. These lie within one influence time/space radius around the grid point. An isotro-
pic space correlation radius of 700 km, and a decay e-folding time of 30 days was chosen after several sensi-
tivity tests. The initial guess was homogeneous and taken at 60 m. The next month analysis then used the
previous month analysis as a new guess.

The horizontal current was expressed as monthly climatology so as to compute the Urh term in equation (2).

During one time step dt, a mean S.flux, Hadv was calculated from daily fields (monthly for We because it
depends on the Urh). The mean fields were then linearly interpolated to the mean daily positions of the
Argo float between two consecutive profiles (time step). In this way, all the terms of equation (1) are located
at the same position and collocated in time.

2.3. Mixed-Layer Depth (MLD)
The MLD was calculated from each Argo profile by using the split-and-merge (SM) method (Thomson &
Fine, 2003). This method consists of decomposing the profile into different segments by splitting the initial
fitted curve at break points of the available data. Each segment represents an approximation by a first-
order polynomial in which the difference with respect to the observed curve (error norm) does not exceed
a given predefined threshold chosen by the user. The segments with similar approximating coefficients are
merged and the MLD is defined at the base of the first segment (the first break point).

According to Thomson and Fine (2003), the SM method gives almost the same results as the threshold
method based on a given density criterion, but is less sensitive to changes in the error norm than conven-
tional methods seems to be. We confirm their conclusions after comparing numerous MLDs estimated from
density profiles and computed from the SM method and classical density criterion (de Boyer Mont�egut
et al., 2004) at each Argo profile over the WTA. To evaluate the methods, we chose an error norm/threshold
of 0.02 and 0.03 (kg m23, for the density criterion), within the range of values used in Thomson and Fine
(2003) and de Boyer Mont�egut et al. (2004). To compare the MLD estimated by these two methods, an
ANOVA was performed with a sample of 100 profiles taken randomly in different regions of the WTA. The
MLD from both methods and between the two values of error norm/threshold was tested. The result
showed that both methods and error norm/thresholds were similar (p> 0.05). Tukey’s test was used to
determine the normality and Barllet’s test was used to determine the homogeneity of the variances.

Additionally, visual inspections of the profiles were performed to check the results when the difference
between the two methods was larger than 10 m for a given profile. In most of the cases, the SM method dis-
plays better MLD estimates using an error norm of 0.02. Finally, we decided to retain an error norm of 0.02 to
estimate the MLD at each Argo profile in this study. As in previous studies, which estimated mean seasonal
and/or climatological MLD variability (e.g., Araujo et al., 2011; de Boyer Mont�egut et al., 2004; Vauclair & du
Penhoat, 2001), this value is assumed to be representative of the mean MLD estimates using density profiles.

2.4. Regional Heterogeneities
The mixed-layer heat budget is presented in four boxes which reflect the main regional heterogeneities of
the WTA (Figure 3). The boxes were delimited taking into consideration (i) the standard deviation of the
mean SST; (ii) the mean net surface heat flux; and (iii) the mean distribution of zonal currents. Additionally
we try to encompass all regions where the heat budget terms were estimated in previous studies (Foltz
et al., 2003, 2013; Giordani et al., 2013; Wade et al., 2011; Yu et al., 2006).

Boxes 1 and 2 are located north of the WTA. Box 1 is a northwestern zone between 108N and 208N, west of
358W. The northeastern tropical Atlantic is represented in box 2, located east of 358W, between 108N and
208N. It includes the northern part of the region considered in Foltz et al. (2013). The northern tropical Atlan-
tic is under the influence of the northeasterly winds as well as the NEC (box 1) and the NECC. Note that the
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SST variability in box 2 is higher than in box 1 (Figure 3), partly due to important horizontal SST gradients:
this led us to distinguish the difference between the two boxes.

The dynamical singularities of the equatorial zone, as discussed in Peter et al. (2006) and Giordani et al.
(2013), were considered for box 3. They concern the zone between 58S and 108N; 458W and 158W and they
represent a zone of weaker SST variability, under the influence of the strong western boundary and equato-
rial currents. Within this box equatorial dynamics are predominant. In addition, a pronounced SST gradient
is observed in a boreal summer and fall, related to the latitudinal displacement of the ITCZ and ACT devel-
opment (Foltz et al., 2013; Giordani et al., 2013).

Finally, box 4 is located south of 58S. In this zone, higher temperatures are observed in the western region
as well as deep mixed layers throughout the year (Cintra et al., 2015). The seasonal variability of surface
heat fluxes influenced by the southeasterly trade winds is reversed in comparison with the northern regions
(boxes 1 and 2; Figure 3). This region is also under the influence of the southern branch of the westward
flowing SEC responsible for transporting south Atlantic surface water to the equatorial region and then on
to the north hemisphere by the NBC (Stramma & Schott, 1999).

3. Regional and Seasonal Variability of SSTs

In this section, we describe the mean seasonal evolution of SST in each box based on Argo data, and discuss
how the sampling and spatial distribution of Argo profiles may influence the seasonal representation of SST
and the heat budget estimates. To this end, we compare the mean seasonal cycle of the monthly gridded

Figure 3. General mean field of the main parameters considered to describe the regional heterogeneities of the WTA.
(a) SST (contours indicate the standard deviation), (b) net surface heat flux, (c) MLD obtained from Argo floats, and (d) the
four regions chosen to describe the SST variability and the mixed-layer heat budget. Northern tropical Atlantic (boxes 1
and 2), western equatorial Atlantic (box 3), and south tropical Atlantic (box 4).
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SSTr averaged over a given box, the monthly SSTr collocated at the same position as the Argo profiles
(SSTrArgo) and the monthly mean mixed-layer temperature T obtained from Argo profiles, considered to be
representative of the SST estimate (Figure 4).

In box 1, the minimum of SST, approximately 25.48C, is observed in February. It increases during late spring
and summer and reaches its maximum temperature (28.28C) in October. The minimum of T is observed in
March (Table 2). In general, T and SSTrArgo seasonal cycles are slightly underestimated compared with those
of the SSTr, but they display a high correlation coefficient of 0.9. The almost constant number of profiles
considered in the means (around 150 profiles/month, Figure 4) and their spatial distribution do not signifi-
cantly influence the representation of the SST annual cycle in this zone.

In box 2, the minimum SST for the three series ranges from 22.98C to 24.098C, and is reached in February–
March. After this, SSTs increase to a maximum of 27.58C in October (Figure 4). In this region, the standard
error of the three series indicates a great variability (>1.68C) in the first 5 months of the year (i.e., during the
cold period). A large difference between averaged gridded SSTr and T or SSTrArgo is however observed dur-
ing this period (up to 18C). Despite a good correlation coefficient between the box-averaged SSTr with T

Figure 4. Seasonal cycles of T (red curve), SSTrargo (blue curve), and SSTr (black curve) during the period 2007–2012 for
the five zones (temperature scale on the left in 8C). Standard errors are indicated by shaded colors. The number of profiles
per box is also indicated with blue bars.
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(0.98) and SSTrArgo (0.97), the seasonal cycle of T and SSTrArgo do not match that of the SSTr. The number
of profiles during the period is always superior to 100 profiles/month and we attribute this large differ-
ence in boreal winters and springs to the limited spatial distribution of profiles (Figure 1). Argo floats do
not sufficiently cover the northwestern African coast meaning that the cold waters associated with the
upwelling present in this region are under sampled. This also means that SSTs in the upwelling region
make an important contribution to the amplitude of the mean seasonal cycle and to the interannual vari-
ability in box 2.

In box 3, high SST values (>278C) are observed yearlong with a good correlation between the three series
(>0.95). The annual cycle of SST presents a semiannual signal with a weaker minimum in February and a stron-
ger minimum in August (�27.018C). Maximums are observed in May (�28.158C) and November (�27.88C). In
box 3, the Argo sampling is around 400 profiles per month which allows good spatial coverage (Figure 4). The
relatively high amount of profiles in this zone can be explained by the presence of strong zonal currents such
as the NBC, with 1 m/s in the first 100 m, and its retroflection into the NECC and the EUC (Bourlès et al., 1999;
Johns et al., 1998; Nogueira Neto & Silva, 2014). These currents contribute to the rapid spread of the profilers a
distance from the north Brazilian coast and they maintain the Argo floats in the central basin. It is interesting to
observe that during boreal summer the SST cooling is delayed by about 1 month with respect to the maximum
cooling period of the ACT, in the eastern equatorial Atlantic (Caniaux et al., 2011; Marin et al., 2009). The south-
ern part of this box can thus be considered as a western extension of the ACT.

In box 4, a large amplitude of SST is again observed, as in the two northern boxes (Figure 4 and Table 2).
The maximum temperature of the seasonal cycle is reached during the boreal spring at around 27.88C
(April–March) and the minimum at around 24.58C in September. Box 4 is the largest zone considered in
this study, but the number of Argo profiles per month for the period considered is similar to box 1
(approximately 150 profiles/month). To conclude, the set of profiles between 2007 and 2012 has good
spatial distribution and the Argo sampling can be considered representative of at least the mean sea-
sonal cycle of SST in this area. The correlation coefficient of 0.9 among the three series and amplitudes
confirms this.

4. Mean MLD Heat Budget in WTA

The SST variability reflects the balance among the principal oceanic and atmospheric processes on different
temporal and spatial scales. To examine the relative contribution of the high-hand side terms of equation
(1) to the heat storage, we hereby present a discussion based on the mean of each term in each box.

In the work of Foltz et al. (2003) and Wade et al. (2011), the residual term (which closes the heat budget) is
used to estimate the vertical mixing contribution to the heat budget but it is associated with an analysis of
error of the heat budget components in order to estimate the degrees of confidence that one can have on
this processes in each box. This analysis sets the limits of the method and allows one to derive the vertical
mixing and its reliability, i.e., an advanced process from observation data only.

Table 2
Main Characteristics of the Seasonal Cycles of the SSTr, SSTargo, and T Series in Each Box With Minimum, Maximum Values
and Months, and Range of the Seasonal Cycle (8C)

Box Series Min./Month Max./Month Range

1 SSTr 25.56/February 28.31/September 2.75
SSTargo 25.35/February 28.2/September 2.85
T 25.31/March 28.18/October 2.87

2 SSTr 22.9/March 27.5/October 4,51
SSTargo 23.95/February 27.4/October 3.45
T 24.09/February 27.57/October 3,48

3 SSTr 27.05/August 28/May 0,95
SSTargo 27/August 28.21/May 1.21
T 26.99/August 28.25/May 1.26

4 SSTr 24.58/September 27.7/April 3.12
SSTargo 24.46/September 27.8/March 3.34
T 24.46/September 27.83/April 3.36
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4.1. Relative Contribution of the Main Processes
According to Table 3, the year-mean net surface heat flux is the lead-
ing term heat storage in boxes 1, 2, and 5 which are located off the
equatorial band. Box 3 is under influence of the SEC and the NEC. Con-
sequently, the SST variability in both these boxes is mainly controlled
by the circulation, namely the Hadv term, and surface net heat flux.
Regarding the sign, the annual mean of the net surface heat flux
(Table 3) is in good agreement with the patterns of NCEP and ERA-40
products in the Tropical Atlantic (see Figures 2c and 2d from Yu et al.
(2006)). The absolute values of this term in all boxes however are
always lower than those showed in Yu et al. (2006). This underestima-
tion has a great impact on the residual term and closure of mixed-
layer heat budget. This point will be discussed in the next section with
a focus on the consequences on the residual term.

In box 1, the mean Hadv warms the mixed-layer while it induces a
cooling in other regions. In box 3, Hadv reaches 10 W m22, which is a
contribution similar to the net surface heat flux. In other boxes, this
term ranges from 0.6 to 9.3 W m22 (absolute value). The We term is
negative everywhere signifying cooling up to 9.6 W m22 in box 2 and
3.8 W m22 in box 1.

As discussed in section 2.2, the closure term RES was estimated from
the difference between the heat storage and the sum of right-hand

side terms of equation (1). The year-mean RES is positive in all boxes reaching 18 W m22 in box 1 (Table 3),
Consequently, we conclude that RES cannot be assimilated to the vertical mixing term because it is neces-
sarily negative according to the thermal stratification in the tropics. In fact, errors of each heat budget com-
ponent accumulate and overshadow the physical signal (vertical mixing) contained in RES.

Investigating these errors can give extra information about the reliability and/or limitations in the data set
and consequently the opportunity to extract physical information from the residual RES. For this reason, the
following section presents an analysis of errors of each term of the heat budget in order to propose correc-
tions which can lead, under specific contexts, to physical interpretations of RES.
4.1.1. Errors of the Heat Budget Components
The error analysis presented in this section is adapted from previous studies as Foltz et al. (2003) and Wade
et al. (2011). Errors of the heat budget components were estimated from the total derivative expression:

Df � @f
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Dx11
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Dx21
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Dx3 . . . 1
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@xi

Dxi (3)

In equation (3), f represents the annual mean of a given term of the heat budget in a given box, xi a parame-
ter which represents a source of error in f and Dxi is the error related to such parameter, which was based
mainly on mean instrumental errors (or mean standard errors) shown in Table 4. The product of the sensitiv-
ity of f with respect to the parameters xi and the increment Dxi represents an uncertainty.

Finally, an upper bound of the error which affects a function f is esti-
mated by summing the squared of uncertainties
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Following equations (3) and (4), the error affecting each component
of the heat budget was estimated and shown in Table 5. Inspection of
these errors shows that the primary and systematic source of error is
around 20 W m22 and affects the net surface heat flux in all boxes.
Error estimates of Hadv and We are weak, under 3 W m22 and do not
present a great difference when using OSCAR and GEKCO currents.
Error affecting the heat storage is weak except in box 4 where they

Table 3
Mean Values of the Different Terms of the Budget Each Box (W m22)

Box Term Value (OSCAR/GEKCO)

1 Heat storage 25.7
S.flux 221.2
H. advection 10.64/11.65
Entrainment 23.6/23.8
Residual 118.6/117.7

2 Heat storage 27
S.flux 13.8
H. advection 20.89/22.1
Entrainment 29.02/29.42
Residual 11.08/10.53

3 Heat storage 21.07
S.flux 9.94
H. advection 29.3/210.05
Entrainment 25.8/26.14
Residual 14/15.20

4 Heat storage 215.6
S.flux 214
H. advection 22.8/26.4
Entrainment 28.6/28.7
Residual 110.3/114.06

Table 4
Main Incrementrxi Used to Estimate Errors in Each Heat Budget Components

Parameter Error

Air temperature (8C) 0.2
SST (8C) 0.003
Relative humidity (%) 0.02
Wind (m s21) 0.3
U current (m s21) 0.001
V current (m s21) 0.001
MLD (m) 0.5
Cd 0.1 3 1023
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reach 16 W m22 probably due to a poor Argo sampling. As the error
estimate of the residual term is calculated by taking the square root of
the sum of the squared error of each term (equation (3)), the residual
error appears to be driven mainly by the net surface heat flux error
and locally by the heat storage error (e.g., box 4). Unlike other compo-
nents, error of the net surface heat flux is stable around 20 W m22 in
all regions which leads us to consider this error as a bias.

The stability of the net heat flux error is a good indication of the robust-
ness and reliability of the bias affecting this forcing. A qualitative com-
parison between mean net surface heat flux from four products
presented in Yu et al. (2006) highlights a bias larger than 20 W m22.
Other previous studies such as Sun et al. (2003) and Yu et al. (2004);
Klinker (1998) and Ayina and Bentamy (2006) have also evidenced that
ECWMF net surface heat loss is overestimated by 29 W m22 in the Trop-
ical Atlantic at PIRATA buoys. This bias ranges between 20 and 80 W
m22 in the tropical Pacific and Indian Ocean. All authors also show that
the latent heat loss is the main contribution to this bias and their results
confirm our errors in the estimates shown in Table 5.
4.1.2. Correction in Net Surface Heat Flux and Residual Term
The residual term is an attempt to capture the turbulent mixing at the
mixed-layer base. In this respect, it plays an important role in the
mixed-layer heat budget as shown by Foltz et al. (2003) and Wade
et al. (2011) in the Gulf of Guinea. The thermocline being stably strati-
fied, the turbulent mixing always entrains cold water from the ther-
mocline into the mixed layer must therefore always be negative or
null to be considered as representative of the turbulent mixing.

The approach proposed is to correct the net surface heat flux from its
bias in order to provide a new residual in each box. Certainly all errors
such as the heat storage errors also affect the RES, especially in box 4,
but not systematically which is why they were not used in the correc-
tions. This approach based on corrections of the net surface heat flux is
critical for the deriving of realistic vertical mixing but these corrections
are systematically confirmed by previous studies mentioned above.

The corrected S.flux is positive in the whole domain (Figure 5), which means that the ocean gains heat by
surface flux in annual mean. The highest values of S.flux are observed in the equatorial region (box 3) in the
core of the ITCZ, and in box 2, a region under influence of strong wind variability. Mean S.flux decreases
toward the poles, as observed in boxes 1 and 4. These patterns are comparable to other year-mean surface
flux products (Yu et al., 2006). This result confirms once more that ECMWF products underestimate the net
surface heat flux by 20 W m22 in average. It gives strength to our error estimate.

The mean new RES obtained after corrections is negative everywhere with physical order of magnitude (Fig-
ure 5). It presents high values in the equatorial and the northeastern tropical Atlantic (boxes 2 and 3)
around 220 W m22 while in other regions it is under 215 W m22. Vertical mixing was also estimated
directly from 16,122 Argo profiles between 2007 and 2014 by using a K-profile parameterization. Time-
averaged estimates display maximum cooling of 217 W m22 around 45 m depth (Figure 6). These values
are relatively close to the year-mean corrected RES and MLD (213 W m22 and 36 m depth, respectively) on
a basin scale which gives confidence to the method used for the calculation of RES. The standard deviation
of the vertical turbulent mixing exhibits a large variability (50 W m22) which points out the intermittent
characteristic and the great spatiotemporal variability of turbulence. This independent estimation confirms
the physical meaning of the corrected residual.

Additionally, based on dynamic conditions, the significant contribution of the RES found in boxes 2 and 3 is
in agreement with the turbulent mixing expected for this regions. In box 3, turbulent mixing is attributed to
the presence of the NECC and SEC, because these currents have the capacity to produce high mechanical

Table 5
Mean Errors on the Different Terms of the Budget Each Box (W m22)

Box Term Error (OSCAR/GEKCO)

1 Heat storage 4.39
S.flux
Latent heat flux
Sensible heat flux
Fsol

24.22
22.43
1.36
4.54

H. advection 1.56/2.16
Entrainment 1.89/1.92
Residual 25.15/25.2

2 Heat storage 7.18
S.flux
Latent heat flux
Sensible heat flux
Fsol

20.46
18.35
1.29
4.64

H. advection 0.9/1.29
Entrainment 2.05/2.15
Residual 22.29/22.35

3 Heat storage 8.62
S.flux
Latent heat flux
Sensible heat flux
Fsol

20.17
17.95
1.31
4.31

H. advection 1.0/2.5
Entrainment 1.65/2.12
Residual 22.44/22.61

4 Heat storage 16.84
S.flux
Latent heat flux
Sensible heat flux
Fsol

22.96
21.06
1.51
4.69

H. advection 2.59/2.73
Entrainment 2.83/2.85
Residual 29.12/29.13

Note. The main error of the net surface flux term is also shown.
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production of turbulent kinetic energy from vertical shear. Box 2 (region north of 158N) is not located in a
region of current systems and the turbulent mixing draws its energy from the trade winds. We conclude
then that the new corrected RES can be considered as representative of the vertical mixing, but under spe-
cific conditions explained by the regional dynamic context.

As explained previously, Hadv and We were not corrected. After correction of the S.flux term, heating by
Hadv (from GEKCO) in box 1, however, presents almost the same contribution as S.flux (<3 W m22), while
in box 3, it becomes weaker than S.flux (Figure 5). In boxes 2, 3, and 4, Hadv is negative, but after correction,
it contributes to the balancing of S.flux in box 3, where equatorial currents are intense. The induced-cooling
is always lower than 10 W m22, but associated with negative residual it contributes to the balancing of the
surface flux heating in all regions (Figure 5).

4.2. Mean Seasonal Mixed-Layer Heat Budget
This section describes the mean seasonal cycle of the heat budget considering the corrected components
(Figures 7–11). In all boxes, the heat storage is primarily controlled by the net surface heat flux while the
other terms tend to balance it, except for box 4. Horizontal advections estimated from the OSCAR and
GEKCO currents are consistent but differ in strong currents systems, namely in equatorial box 3, where the
calculated correlation between them is 0.84. The residual term is discussed separately to evaluate whether
the corrections performed in the previous section are reliable on a seasonal time scale.
4.2.1. Northern Tropical Atlantic (Boxes 1 and 2)
In boxes 1 and 2 (Figures 7 and 8), the mixed-layer tends to warm from March to September with a maxi-
mum of 27.9 W m22 in May in box 1 and 28.6 W m22 in June in box 2. The cooling period occurs during
November–February with a maximum heat loss in January (69.5 and 61.8 W m22, respectively). The surface

Figure 5. Relative contributions (in W m22) of the various terms on the right-hand side of equation (1) obtained with
advection and entrainment computed from OSCAR and GEKCO currents. Corrected S.Flux and RES are shown.
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flux is the most important term of the heat storage seasonal cycle
over this region. The warming period is mainly explained by the prev-
alence of heat gain by shortwave radiation which is maximal in April–
July, associated with a decrease of the latent heat loss due to a weak-
ening of the northeasterly trade wind intensity from July to August.
This occurs until the ITCZ has reached its northernmost position.

The heat storage variability is balanced by secondary, but quite impor-
tant contributions of the oceanic dynamics. In box 1, the horizontal
advection is close to zero during the warm period, but presents a
weak positive contribution from November to February, also observed
in box 2, probably due to Ekman divergence associated to intensifica-
tion of zonal winds. It leads to a meridional advection of warm equa-
torial waters into this box (Figure 7). Our results in this region are
comparable to those found by Foltz et al. (2003) at two PIRATA moor-
ings located at 128N and 158N, along 388W (box 1) and by Foltz et al.
(2013) at PIRATA moorings in the northeastern tropical Atlantic, along
108W. We find similar seasonal cycles, but with weaker amplitudes.
These authors found imbalance between the heat storage and surface
fluxes during a boreal fall and spring which were attributed to uncer-
tainties in the latent heat flux. In this study, error estimates on each
term of the mixed-layer heat budget (Table 5) have shown that the
main uncertainty comes from the net surface heat flux and particularly
from the latent heat flux, which is consistent with the findings of Foltz
et al. (2013).
4.2.2. Western Equatorial Atlantic (Box 3)
In the equatorial box (Figure 9), the heat storage displays certain dif-

ferences with respect to the other boxes in terms of range and annual cycles. Estimates of the heat storage
in box 3 present a semiannual cycle modulated by surface heat fluxes. Two warming periods occur in

Figure 6. Mean vertical turbulent mixing (blue) and standard deviation (red)
obtained from Argo profiles in the WTA during 2007–2012. The star indicates
the magnitude of the residual term at the mean observed MLD.

Figure 7. Heat budget terms of equation (1) in box 1 (heat storage in black, surface fluxes in blue, horizontal advection in
red, entrainment in green, and horizontal advection and entrainment with OSCAR product in full line and dash with
GEKCO). Top right figure shows the monthly mean shortwave radiation (red) and latent heat flux (blue); the middle right
figure is the meridional (triangle) and zonal (square) components of the wind stress and in the bottom right figure the
zonal (square) and meridional advection (triangle).
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March–April (�45 W m22) and September–October (�20 W m22), which follow the semiannual cycle of the
shortwave radiation (Figure 9).

Between these warm periods, two relatively cooling periods are observed during which the oceanic pro-
cesses contribute largely to the SST tendencies (Figure 9). During the first (July–August), the heating by net
surface flux decreases to around 12 W m22 as a result of a decrease in shortwave radiation combined with
an increase in cooling by latent heat flux. A weak positive horizontal advection (10 W m22) warms the sur-
face layer (Hadv from GEKCO) and is partially compensated by an increase in cooling by entrainment. The
second and weaker cooling periods is observed in November–January. During this period, the warming by
net surface heat flux decreases following the weakening of shortwave radiation. It is combined with strong
cooling by horizontal advection around 236 W m22.

Figure 8. Same as Figure 7, but for box 2.

Figure 9. Same as Figure 7, but for box 3.
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The warming by Hadv during boreal summer can be related to meridional advection of warm waters due to
the intensification of zonal currents. Additionally, in regions north of 58N and west of 358W, warming can be
related to an important input of warm and low-salinity waters from the Amazon river by the NBC retroflec-
tion (Ffield, 2005; Nogueira Neto & Silva, 2014; Wilson et al., 2002). From September to November, a rela-
tively strong negative Hadv is observed (20–40 W m22). This can be related to an intensification of the
southward advection of relatively cold waters from the northern Atlantic basin. This occurs after intensifica-
tion of northeasterly trade winds not far from 58N and westward advection of cold waters from the ACT
region.
4.2.3. Southwestern Tropical Atlantic (Box 4)
In box 4, surface fluxes drive the seasonal cycle of SSTs (Figure 10). This term has almost the same magni-
tude as in the north hemisphere counterpart (box 1), but in box 4 it seems to be more efficient to imprint
the variability of the mixed-layer heat content (Figure 10).

This region shows a period of strong cooling from April to September with values around 280 W m22. It is
strongly related to a decrease of heating by shortwave radiation combined with an increase in latent heat loss
due to southeasterly intensification. The warming period is observed from October to March with a maximum
of 40 W m22 which is twofold higher than in the northern boxes. This period is mainly driven by an increase
of heating by shortwave radiation which is relatively stronger than the decrease of latent heat loss.

Oceanic contribution to the heat storage by Hadv and entrainment are weak and negative throughout the
year (Figure 10). Only a relatively weak increase in cooling by entrainment is observed during a boreal sum-
mer, reaching 20 W m22. Oceanic contributions are extremely weak during boreal winters in this region,
when stratification is higher and MLD is around 40 m depth (not shown). MLDs deepen in boreal summer
(not shown), mainly in the southern part of this box, indicating less stratification and favorable condition for
vertical mixing, which contributes to stronger cooling in the southern box compared with the northern ones.
4.2.4. Seasonal Cycle of the Residual Term
The seasonal cycle of the corrected RES presents an important contribution to the heat budget reaching val-
ues of around 240 W m22 (Figure 11). In this section, we investigate the regions and periods where RES can
be related to physical processes based on oceanic and atmospheric contexts and previous studies. Each box
are investigated in order to identify when and where the residual term can be associated with vertical mixing.

During November–February in box 1 and December–January in box 2 RES presents positive values which
means that the residual is essentially driven by accumulated errors of all terms of the heat budget. As a con-
sequence no physical signal can be extracted from RES, in particular the vertical mixing. On the other hand,

Figure 10. Same as Figure 7, but for box 4.
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during boreal springs and summers, RES displays negative values comparable to vertical processes esti-
mated by Servain and Lazar (2010) and Foltz et al. (2013) (Figures 11a and 11b).

In the eastern tropical Atlantic (288W–188W; 158N–258N), the monthly
average of vertical processes, including entrainment and vertical mixing,
obtained by Servain and Lazar (2010) and Foltz et al. (2013) well confirm
the seasonal cycle of RES in boxes 1 and 2 shown in Figures 11a and 11b.

In the northern boxes, RES has negative values of around 240 W m22

from April to September. During this period, the cooling due to vertical
processes can be more efficient because the MLD becomes shallower
(not shown). Foltz et al. (2013) have shown that vertical mixing intensi-
fies during spring and summer when the barrier layer is thinner. Intensi-
fication of cooling by vertical processes can be explained by the
occurrence of a vertical shear of the meridional velocity associated with
an increase of the Ekman pumping which contributes in turn to the
cooling of the surface layers. In box 2, the cooling in the cyclonic gyre
of the Guinea Dome, south of Cape Verde Island even during the north-
ernmost position of the ITCZ is induced by vertical mixing as already
shown by Stramma and Schott (1999) and Servain and Lazar (2010).

Figure 12. Monthly mean SST anomalies with respect to 1982–2012 reference
period. The series of WTA averaged SSTs has been deseasonalized and
detrended over the reference period. Read and blue shaded bars highlight the
2010 and 2012 years, respectively. Dotted lines represents 62r (standard devi-
ation) of the series.

Figure 11. Mean seasonal cycle of the residual term in each box.
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Box 3 concerns a region of strong variability of currents. The seasonal intensification of surface currents in
this zone is favorable to turbulent mixing. The influence of the seasonal variability of the NECC in the north-
ern part of box 3 forms an intense eastward flow between the NEC and cSEC during a boreal summer and
fall (Stramma & Schott, 1999) propitious to generating turbulence through vertical shear with equatorial
undercurrents. RES shows negative values of around 225 W m22 between January and May, and reaches
246 W m22 from June to July. From September to December, RES displays positive values which have no
physical meaning (Figure 11c).

Figure 13. Monthly zonal averaged SSTr (solid lines) and T (dots) between 2010 (red), 2012 (blue), and the mean for the 2007–2012 period (black). Data were aver-
aged every 18 of latitude.

Journal of Geophysical Research: Oceans 10.1029/2017JC013436

NOGUEIRA NETO ET AL. 5315



In box 3, only the negative values observed in summer are comparable to maximum cooling by vertical pro-
cesses as described in Peter et al. (2006) and Servain and Lazar (2010). During this period all terms contrib-
ute to the SST variability, but east of 308W the cooling by vertical mixing dominates the SST drop during
the summer (Hummels et al., 2014; Jouanno et al., 2011). At least during this period, despite the complexity
and the large area considered, the RES term matches the intense oceanic circulations, which are favorable
conditions to vertical mixing intensification.

In box 4, the residual term is close to zero and even slightly positive during boreal summers. From Septem-
ber to March, it reaches higher negative values (Figure 11d). Despite strong errors affecting the heat storage
term (16 W m22, Table 5) and consequently RES in this region, the seasonal cycle of RES shown in Figure
11d is similar to that presented in Servain and Lazar (2010) for two boxes in the south tropical Atlantic (68S–
258S; from the Brazilian coast to 308W; and at 68S–158S; 308W–108E).

4.3. Interannual Variability: Comparison Between Years 2010 and 2012
In this section, the heat budget inferred from Argo floats is used to present evidence of causes of the
monthly SST anomalies between the contrasted years 2010 and 2012. Figure 12 displays large SST anoma-
lies observed in 2010 and 2012 in the WTA basin (the daily SSTr data were first averaged across the WTA
basin, then converted into a monthly data series). These series were then deseasonalized and detrended

Figure 14. Latent heat flux anomalies from ERA-Interim colocated to Argo float profiles for each year from 2007 to
2012 in (a) box 1, (b) box 2, and (c) box 5.
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over the reference period, 1982–2016. In 2010, positive SST anomalies were the strongest since 1982 reach-
ing values of higher than 2r in the series from March to August, while the negative SST anomalies observed
in 2012 were the strongest during the reference period and reached high values (12r of the series)
between Mars and May.

The basin scale analysis of SST provides a general view of the interhemispheric comparisons for 2010 and
2012. Figure 13 displays a comparison between the latitudinal monthly SSTr of year 2010/2012 with the
2007–2012 period. The monthly latitudinal distribution of SSTr shows that SSTs in 2010 were higher than in
2012 by 1.68C on average over the entire tropical Atlantic from February to August (Figures 13a–13f). The
largest differences between years with respect to the 2007–2012 mean are found poleward of 108 during
the January–March period. After August, SSTs tended to be closer to the mean of the period for both years.
T values (blue and red points in Figure 13) agree well with SSTr; it is however important to underline the
poor Argo sampling during 2012 in the southern hemisphere (fewer blue points in Figure 13).

Our diagnostics agree well with previous studies mentioning the existence of such SST anomalies during
these 2 years (e.g., Ib�anhez et al., 2016; Lefèvre et al., 2013; Marengo & Bernasconi, 2015; Marengo et al.,
2013; Wang & Hu, 2016). These anomalies are present in all boxes but higher in the northern boxes (1 and 2)
and the southern box (4). As these areas are mainly governed by the net surface fluxes, we present evidence
of the causes of these SST anomalies based on monthly anomalies of the latent heat flux (Figure 14) and
wind stress (Figure 15) colocated to Argo profiles. The monthly anomalies with respect to 6 years of obser-
vations (2007–2012) were taken as reference so as to provide an idea of the processes at the origin of the
SST anomalies. These parameters show the importance of the previous years (2009 and 2011) in terms of

Figure 15. Wind stress anomalies from ERA-Interim colocated to Argo float profiles for each year from 2007 to 2012 in (a)
box 1, (b) box 2, and (c) box 5.
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Figure 16. Accumulated heat budget for the period October–March (a–d) 2009/2010 and (e–h) 2011/2012. Local heat
storage (black), surface flux (blue), and sum of oceanic terms (red). Dotted lines represent the mean for the 2007–2012
period.

Journal of Geophysical Research: Oceans 10.1029/2017JC013436

NOGUEIRA NETO ET AL. 5318



the formation of such anomalies. Figure 16 displays the time-cumulation of heat storage, surface flux, and
oceanic terms (sum of Hadv, We) from October to March 2009–2010 and 2011–2012 (this period concerns
the period of generation of SSTs anomalies; see Figures 14 and 15). Additionally, in the western part of box
4 (west of 258W) the heat storage mainly controlled by surface fluxes induces a pronounced cooling which
explains well why SSTs were cooler than normal when observed in this region (Figure 13).
4.3.1. Anomalies in 2010
Between late 2009 and early 2010, the positive heat storage anomalies (not shown) are observed above 30
W m22 in boxes 1 and 2. Positive anomalies in the latent heat flux around 50 W m2 in boxes 1 and 2 and 10
W m22 in box 4 (Figure 14) are at the origin of anomalous warming of the WTA surface waters. As displayed
in Figure 15, these surface flux anomalies were generated by negative wind stress anomalies (down to
20.07 N m22 in box 1, 20.03 in box 2, and 20.02 in box 4), meaning that the period between the end of
2009 and the beginning of 2010 experienced much weaker north-easterlies (south-easterlies) in the north-
ern (southern) hemispheres than usual (Figure 16). The time-accumulated surface flux and heat storage
term in boxes 1 and 2 present significantly reduced cooling from October 2009 to February 2010 (the cool-
ing period in this region), while box 4 does not present significant warming during the same period (a
warm season). The reduced heat loss during the cooling period in the northern tropical Atlantic (boxes 1
and 2; Figure 16) induces an earlier warming of the mixed layer, by 1 month in 2010, i.e., in February in the
northern boxes, instead of March in the mean seasonal cycle (Figure 16). The weaker winds in 2010 led to a
decrease of the wind-driven current intensification. Weaker horizontal advection therefore tends to cool the
mixed layer, but not enough to balance the warming by surface flux.
4.3.2. Anomalies in 2012
In 2012, negative SST anomalies were mainly found in boxes 2 and 4. During the cooling period (the boreal
winter of 2011–2012), the heat storage was about 20 W m22 weaker than normal in the northeastern tropical
Atlantic (box 2) (not shown). Again, these anomalies in both boxes are explained by negative surface heat flux
anomalies, as a direct consequence of positive latent heat flux anomalies (Figure 14) and of positive wind
stress anomalies, observed around 0.03 N m22 from October 2011 to March 2012 (Figure 15). Intensities of
wind stress anomalies in box 2 were generally weaker in 2011/2012 (maximum of 0.02 N m22) than in 2009/
2010, but lasted all year long in 2011. In box 4, wind stress anomalies were around 0.02 N m22 from October
2011 to June 2012 (Figure 15). The anomalously positive wind stress led to an excess of mixed-layer heat loss
in box 2 which started in November 2011 (cooling period in this region; Figure 16e). In the western part of
box 4, significant reduced warming by surface flux during October 2011 to April 2012 can be observed (warm-
ing period in this region) with an excess of heat loss between May and August (cooling period in the south;
Figure 16f). During 2012, the positive wind stress anomalies led to a strong variability of surface currents in
the tropical Atlantic, thus the horizontal advection had a relatively important contribution during this year. As
shown in Figure 16f, the advection term tends to balance the surface flux term in box 4.

5. Summary and Conclusions

This study aimed at investigating the causes of the SST variability in the western tropical Atlantic (WTA). A
mixed-layer heat budget was performed by using observations from Argo floats between 2007 and 2012,
the best sampled period of this basin since the beginning of Argo deployments in 2000. Supplementary
data, including satellite-derived SSTs, reanalysis of surface fluxes and current products were used to esti-
mate the atmosphere and ocean forcing. An analysis of the mixed-layer heat budget components was con-
ducted in four boxes (two northern boxes, one equatorial box, and one southern box), which covered the
regional heterogeneities in the dynamics and thermodynamics of the WTA. Compared to gridded SSTr, the
mixed-layer temperature calculated from Argo float profiles well represents the SST seasonal cycle during
the period 2007–2012. This conclusion holds for the whole WTA, except for the first 5 months of the year in
the northeastern region (box 2). Here a poor sampling in the upwelling region along the northwest African
coast was found to be at the origin of such a discrepancy.

The relative contribution of each component to the heat budget was presented in terms of annual means
and mean annual cycle in each box. First of all, positive values of the residual term were obtained to close
the heat budget. As a consequence such residual term cannot be considered as mixing at the mixed-layer
base because of a continuous decrease of temperature with depth. The strategy adopted to derive esti-
mates of vertical mixing and its accuracy is based on an error analysis of each term of the mixed-layer heat
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budget. This analysis has shown that the ECMWF ERA-I net surface heat flux is systematically affected by
constant errors around 20 W m22 across the entire tropical Atlantic which is confirmed by numerous works
in all tropical regions. As a consequence, error on the net surface heat flux (20 W m22) was considered as
negative bias used to derive a corrected net surface heat flux and finally a new residual term. It led to rea-
sonably consistent and independent estimations of turbulent fluxes deduced from the residual and from a
direct K-profile parameterization applied on the Argo floats. These two close and independent estimates
validate the method proposed and give a good confidence of the vertical mixing deduced from corrected
residuals. Errors in horizontal advection, due to uncertainties in current estimates (namely along the equa-
tor), entrainment and heat storage are much weaker, except for the heat storage term in box 4. They were
not then taken into account because of their weakness and/or spatial intermittencies.

To conclude ERA-I surface heat fluxes were found to be under-estimated by 20 W m22 and conducted to
erroneous vertical mixing in the whole domain. Correction of these surface fluxes yielded to residuals which
were assimilated to vertical turbulent mixing at the mixed-layer base. In year-mean averages, intensities
obtained fell into realistic range.

On the other hand, the mean annual cycle of the residual still displays positive values and/or unrealistic
trends in some boxes because of the cumulative errors which affect the other heat budget components.
During October–February in boxes 1 and 2, for instance and from August to May in box 3, such spurious
behavior highlights the limit of this methodology which provides retrievals of the heat budget components
of poor and of even bad quality.

The seasonal evolution of all terms in each box agrees with previous studies, which concluded that the sur-
face flux governs the SST variability poleward of 108. In equatorial regions (box 3), it is also confirmed that
the surface heat flux remains the most important term, but it is strongly balanced by horizontal advection
during boreal spring and summer.

Considering previous studies (Foltz et al., 2013; Servain & Lazar, 2010), the vertical mixing is also an impor-
tant process in open sea regions away from the equator, where the dynamics are weaker. This can be
observed mainly in box 2 during a boreal spring and summer and in box 4 in boreal winter.

The interannual variability was analyzed by comparing 2010 and 2012 in terms of heat storage anomalies and
surface fluxes and main related parameters. We highlighted the importance of 2009 and 2011 (later in this
year) for anomalies observed in both years (2010 and 2012, respectively). For 2010, it was found that the
warming period was anticipated for 1 month due to anomalous wind and latent heat flux during winter
2009–2010 in the northern tropical Atlantic. In 2012, the warm period is weaker than normal in box 2. Gener-
ally, the observed SST anomalies in 2010 and 2012 were generated by anomalous wind stress and, conse-
quently, so was anomalous latent heat flux in the north Atlantic during winter. The wind-induced horizontal
advection plays a fundamental role however in the balancing of the surface flux in the south Atlantic in 2012.

These results have shown that the north tropical Atlantic is a key region for the generation of the SSTs pat-
tern observed in 2010 and 2012. Probably the ocean dynamics play an essential role in the maintenance of
SSTs anomalies in both years. Model results could provide more precise information about this subject. Our
results also confirmed the different behavior of the mixed-layer heat budget components within the tropi-
cal Atlantic. Despite the limitations in spatial and temporal scales Argo floats measurements, which led to
errors in the heat storage estimations, we found that this Argo coverage can be extensively exploited. We
think that this study is a first step of an advanced valorization of the Argo floats data which can be
extended to other regions and other scientific issues.

An improvement in Argo array coverage mostly in the southern tropical Atlantic would be certainly an added
value to better estimate and monitor the heat storage and underlying processes in the tropical Atlantic. Such
estimates could be largely used as reference data to control and validate model outputs and reanalysis.
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