
HAL Id: hal-00994359
https://hal.science/hal-00994359

Submitted on 22 May 2014

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Intraseasonal Modulation of the Surface Cooling in the
Gulf of Guinea

J. Jouanno, F. Marin, Y. Du Penhoat, J. M. Molines

To cite this version:
J. Jouanno, F. Marin, Y. Du Penhoat, J. M. Molines. Intraseasonal Modulation of the Surface Cooling
in the Gulf of Guinea. Journal of Physical Oceanography, 2013, 43 (2), pp.382-401. �10.1175/jpo-d-
12-053.1�. �hal-00994359�

https://hal.science/hal-00994359
https://hal.archives-ouvertes.fr


Intraseasonal Modulation of the Surface Cooling in the Gulf of Guinea

JULIEN JOUANNO

Departamento de Oceanografı́a Fı́sica, CICESE, Ensenada, Baja California, Mexico
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ABSTRACT

A regional numerical model of the tropical Atlantic Ocean and observations are analyzed to investigate the

intraseasonal fluctuations of the sea surface temperature at the equator in theGulf ofGuinea. Results indicate

that the seasonal cooling in this region is significantly shaped by short-duration cooling events caused bywind-

forced equatorial waves: mixed Rossby–gravity waves within the 12–20-day period band, inertia–gravity

waves with periods below 11 days, and equatorially trapped Kelvin waves with periods between 25 and 40

days. In these different ranges of frequencies, it is shown that the wave-induced horizontal oscillations of the

northern front of the mean cold tongue dominate the variations of mixed layer temperature near the equator.

But themodelmixed layer heat budget also shows that the equatorial wavesmake a significant contribution to

the mixed layer heat budget through modulation of the turbulent cooling, especially above the core of the

Equatorial Undercurrent (EUC). The turbulent cooling variability is found to be mainly controlled by the

intraseasonalmodulation of the vertical shear in the upper ocean. Thismechanism ismaximumduring periods

of seasonal cooling, especially in boreal summer, when the surface South Equatorial Current is strongest and

between 28S and the equator, where the presence of the EUC provides a background vertical shear in the

upper ocean. It applies for the three types of intraseasonal waves. Inertia–gravity waves also modulate the

turbulent heat flux at the equator through vertical displacement of the core of the EUC in response to

equatorial divergence and convergence.

1. Introduction

The most characteristic feature of the tropical At-

lantic is the seasonal appearance of a tongue of cool sea

surface temperature (SST) along and south of the equator

(e.g., Carton and Zhou 1997). This signal is strongest in

the Gulf of Guinea, where the thermocline is shallow

(Picaut 1983) and the verticalmixing is strong (Peter et al.

2006; Jouanno et al. 2011a). There, SST drops frommore

than 288 to 238C between April and August. As a result

of this seasonal cooling, a sharp meridional temperature

gradient exists close to the equator (e.g., Marin et al.

2009). It has been shown that this meridional gradient

exerts a significant influence on the African monsoon,

intensifying the southerly winds in the Gulf of Guinea,

and pushing the continental rain band to the north

(Okumura and Xie 2004; Caniaux et al. 2011).

Besides this dominant seasonal cycle, strong intra-

seasonal modulation of the SSTs is observed in the

equatorial Atlantic. In the Gulf of Guinea, defined here

as the region from 58W to the African Coast, tempera-

ture fluctuations occur predominantly in the 10–20-day

band as first pointed out by Houghton and Colin (1987).
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This SST signal at the equator is commonly explained by

the meridional displacement of the northern front of the

mean cold tongue by anomalous cross-equatorial cur-

rents (Houghton and Colin 1987; Athié and Marin 2008;

Marin et al. 2009; de Coëtlogon et al. 2010). This vari-

ability is mainly observed fromMay toAugust, when the

front is well defined.

Contrary to the western tropical Atlantic where winds

at the equator are zonal, theGulf of Guinea is also under

influence of meridional southerly monsoon winds

(Picaut 1984). These winds fluctuate with a period close

to 15 days (Krishnamurti and Krishnamurti 1980).

Houghton and Colin (1987) found a high coherence be-

tween the meridional ocean velocity and the meridional

wind stress at 08, 48W in the 10–20-day band, with the

meridional wind stress leading the meridional velocity

by a few days. Marin et al. (2009) also concluded that the

undulations of the thermal front in the Gulf of Guinea

were in phase with wind intensification. From a re-

gression analysis of satellite observations, de Coëtlogon

et al. (2010) found a 5-day lag between the wind peaks

and cold SST anomalies in the 10–20-day band of fre-

quency. This variability contrasts with the western part

of the basin where the intraseasonal modulation of the

SST is dominated by 25–40-day fluctuations associated

with the tropical instability waves (TIWs), which are

triggered by the instabilities of the tropical oceanic

currents (e.g., von Schuckmann et al. 2008; Perez et al.

2012).

Besides the observational evidence that the 15-day

variability of the meridional surface velocities is forced

by the wind, the dynamical response of the upper

ocean to 15-day wind fluctuations is still not fully un-

derstood. As mentioned by Picaut (1984), there is a

discrepancy between the zonal wavelengths of the

atmospheric forcing (;4000 km) and of the oceanic

response (;2000 km). Several studies have tried to as-

sociate the observed 15-day variability with equatorial

waves. From the frequency, meridional length scale, and

asymmetry about the equator of the observed thermo-

cline displacements, Houghton and Colin (1987) sug-

gested that the meridional velocity fluctuations were the

signature of a second baroclinic mode Rossby–gravity

wave locally forced by the wind.

An important issue is whether these 15-day fluctua-

tions make a significant contribution to the surface

cooling or whether they merely displace the meridional

front of SST. Marin et al. (2009) suggest that intra-

seasonal winds in the Gulf of Guinea are a major con-

tributor to the seasonal SST cooling south of the

equator. They show that quick and intense wind-induced

cooling events produce persistent cold SST anomalies,

leading to a stepwise evolution of the SST in response to

the wind events. They suggest that this is due to locally

intensified mixing at the mixed layer base in response

to intensified southeasterlies. Modeling results of de

Coëtlogon et al. (2010) confirm that subsurface processes

are important contributors to the net intraseasonal cool-

ing. Nevertheless, none of these studies could distinguish

the respective roles of horizontal diffusion, vertical ad-

vection, and vertical mixing induced by wind or sheared

currents.

Recent observational and model studies have shown

that vertical mixing plays a key role for seasonal cooling

at the equator (Peter et al. 2006; Wade et al. 2011a;

Jouanno et al. 2011b). Although Caniaux et al. (2011)

explain the seasonal cycle and spatial distribution of

the Atlantic cold tongue with a simple model of the

Ekman pumping at the equator, numerical results from

Jouanno et al. (2011a) suggest that the seasonal cooling

and the southern extension of the summer cold tongue

are mainly driven by the acceleration of the northern

and southern branches of the South Equatorial Current

(SEC), through the modulation of vertical shear in

subsurface.

At intraseasonal scale, there are pieces of evidence

that TIWs in the Pacific can enhance mixing and cooling

by the shear they induce in subsurface. This has been

first shown in a numerical study (Menkes et al. 2006) and

then supported by the analysis of a Lagrangian float

(Lien et al. 2008) and from profiling measurements of

turbulence dissipation rate (Moum et al. 2009). In the

Gulf of Guinea, the 15-day perturbations, which domi-

nate the intraseasonal variability of the surface currents,

as well as other regimes of intraseasonal variability could

modulate the vertical and horizontal structure of the

currents in such a way they could induce intraseasonal

fluctuations of the turbulent heat flux. To our knowledge,

this has never been investigated.

The purpose of the present paper is to examine the

intraseasonal variability of the surface cooling in the

Gulf of Guinea. We will investigate the processes re-

sponsible for the intraseasonal modulation and spatial

characteristics of the cooling. The paper is organized

as follows. A description of model and data is given is

section 2. Section 3 discusses the processes responsible

for intraseasonal cooling in the Gulf of Guinea. A spe-

cial focus is given to summer 2006 to illustrate some

findings. We chose this particular year because some

aspects of its variability have already been described in

detail in Marin et al. (2009), but the results are gener-

alized to the last decade (2001–09) in the subsequent

section. Section 4 investigates the mechanisms whereby

the most energetic waves in the Gulf of Guinea impact

the surface cooling. Section 5 provides a discussion and

summary of the results.
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2. Model and data

The simulation used in this study is similar to the one

described and analyzed in Jouanno et al. (2011a,b),

apart from an increased vertical resolution and the use

of European Centre for Medium-Range Weather Fore-

casts (ECMWF) Interim Re-Analysis (ERA-Interim)

forcing (see Dee et al. 2011 for a validation of ERA-

Interim products in the tropical Atlantic). The nu-

merical code is that of the ocean general circulation

model Nucleus for European Modelling of the Ocean

(NEMO; Madec 2008). It solves the three-dimensional

primitive equations in spherical coordinates discretized

on a C grid and fixed vertical levels. Themodel design is

a tropical Atlantic regional configuration at 1/48 hori-

zontal resolution. There are 75 levels in the vertical

(with 12 levels in the upper 20 m and 24 levels in the

upper 100 m). The model is forced at its boundaries

(208S–208N and 608W–158E) using radiative open

boundary condition, with outputs from the global in-

terannual experiment ORCA025-MJM95 developed

by the DRAKKAR team (Barnier et al. 2006). The

vertical turbulent mixing is parameterized using

a level-1.5 turbulence closure scheme, with a prognostic

equation for turbulence kinetic energy (TKE) and a di-

agnostic equation for length scale (Blanke and Delecluse

1993). The atmospheric fluxes of momentum, heat and

freshwater are provided by bulk formulae (Large and

Yeager 2004) and ERA-Interim reanalysis from

ECMWF (3-h fields of wind, atmospheric temperature

and humidity; daily fields of long, short wave radiation

and precipitation). The short wave radiation forcing is

modulated by a theoretical diurnal cycle. The model is

initialized on 1 January 1999 with temperature and sa-

linity outputs from the ORCA025-MJM95 global exper-

iment at the same date, and then integrated over the

period 1999–2009. Daily averages from 2001 to 2009 are

analyzed. We refer the reader to Jouanno et al. (2011a,b)

for further details on the parameterization and some el-

ements of validation, including comparisons with in situ

observations of temperature, currents, and vertical shear

as well as comparisons with satellite observations of SST

and chlorophyll concentrations. The model SST in the

cold tongue is warmer than in observations (Fig. 1), but

the 18C bias in the previous configuration has been re-

duced to 0.58C in the present simulation. Several factors

may contribute to this improvement. First, the increased

vertical resolution allows a better simulation of the ver-

tical shear of the current and associated vertical mixing.

Second, the diurnal modulation of the shortwave radia-

tion forces nighttime convection, which is expected to

have an impact on the mixed layer heat budget in the re-

gion (Wade et al. 2011b). Third, the use of ERA-Interim

forcing, with higher temporal resolution compared to the

40-yr ECMWF Re-Analysis (ERA-40) forcing used in

Jouanno et al. (2011a,b), may also contribute to improve

the solution of the model.

FollowingMenkes et al. (2006) and Peter et al. (2006),

the mixed layer heat budget has been computed online

to quantify precisely the contributions of atmospheric

forcing, horizontal advection, vertical advection, ver-

tical mixing, horizontal diffusion, and entrainment to

the mixed layer temperature tendency. This diagnostic

is described in detail in Jouanno et al. (2011b). In the

present study, we will focus on the term of mixed layer

temperature tendency due to turbulent heat flux at

the mixed layer base. This term is computed online as

FIG. 1. (a) Seasonal cycle of equatorial SST (8C) for the period

2001–09, computed with model (colors) and TMI observations

(TRMM Microwave Imager) [see Kummerow et al. 1998]. Data

were averaged between 18S and the equator. Interval between

contours is 18C. (b) Horizontal distribution of 2001–09 climato-

logical SST in August for the model (colors) and satellite TMI

observations (contours). Interval between contours is 0.58C (solid

lines for integer values, dotted lines otherwise).
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(21/h)(Kz›zT)z52h, where h is the mixed layer depth,

Kz is the vertical diffusion coefficient, and T is the

model potential temperature. The mixed layer depth is

computed as the depth where density increase com-

pared to density at 10 m equals 0.03 kg m23. Three-

dimensional daily turbulent heat fluxes have also been

computed online at each model grid point and at each

time-step, following Jouanno et al. (2011a). The cur-

rent shear is quantified by the squared vertical gradient

of horizontal velocity, S2 5 S2u 1 S2
y
5 u2z 1 y

2
z; where u

and y represent the zonal and meridional components

of the velocity and subscript z represents vertical gradient.

In addition to this reference experiment (REF), an

experiment forced with monthly winds (all other forcing

fields being kept at their original temporal resolution)

has been carried out. In this experiment, which will be

referred to as MONTHLY in the following sections, the

wind forcing is built as themonthly average of the ERA-

Interim winds used to force REF experiment.

Numerical results are compared with satellite SST

from TMI [Tropical Rainfall Measuring Mission

(TRMM) Microwave Imager, Kummerow et al. (1998)].

In situ temperature data at 08, 08, with a vertical resolution

of 20 m between the surface and 140-m depth, are

from the Prediction and Research Moored Array in the

Tropical Atlantic (PIRATA) buoy (Bourlès et al. 2008).

Model wind stress is compared against Quick Scatter-

ometer (QuikSCAT) wind stress (Bentamy et al. 2002)

and PIRATA observations. Daily averages from 2001 to

2009 are used for SST and in situ data.

3. Intraseasonal modulation of the SST in the Gulf

of Guinea

The temporal evolution during 2006 of the observed

equatorial SST (Fig. 2a) illustrates that besides the

dominant seasonal cycle, strong SST fluctuations occur in

theGulf ofGuinea (east of 58W) fromMay to September.

These fluctuations have large zonal scales (between

108W and 58E), no apparent zonal propagation, and

their period is close to 15 days. The variance-conserving

spectrum of ›SST/›t, computed with in situ data from

the PIRATA buoy at 08, 08 (Fig. 3), confirms that pro-

cesses with periods between 12 and 20 days dominate

the SST variability in the region. The two peaks at 14

and 16 days have the highest energy and occur with

FIG. 2. Longitude–time diagrams of sea surface temperature (8C) at the equator from (a) satellite and (b) model

during year 2006. The daily data were meridionally averaged between 18S and the equator. Contours represent the

248, 268, and 288C isotherms.
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similar amplitude. Besides this dominant variability

strong spectral power also occurs at higher frequencies,

as shown by the multiple peaks occurring at periods

below 11 days. The spectra of ERA-Interim wind stress

at the same location also presents two peaks at 14 and

16 days, and significant energy at higher frequencies as

well (Fig. 4b). This indicates a close relationship be-

tween the surface conditions and the wind forcing.

In the Gulf of Guinea, the phase and zonal extent of

the intraseasonal fluctuations of the simulated SST (Fig.

2b) compare reasonably well with satellite observations

(Fig. 2a). The spectral analysis (Fig. 3) also shows a

reasonable agreement between model and observations

in terms of energy distribution among the different fre-

quencies. This suggests that the intraseasonal variability

of the SSTs can be investigated from our simulation. The

main difference between model and observations con-

cerns the amplitude of the fluctuations in the Gulf of

Guinea, which is lower in the model (see Fig. 2), and the

amplitude of the 14-day peak, which is much lower than

the 16-day in the model but not in the observations.

Moreover, the overall energy of the model spectrum is

lower than the energy of the observed spectrum (Fig. 3).

There are two possible explanations for this discrep-

ancy. First, the simulated seasonal cold tongue is not

as cold as the observed cold tongue (see Fig. 1). As seen

in Marin et al. (2009), the cold tongue in the Gulf of

Guinea is limited by a sharp front that oscillates

between 28S and 28N.Awarm bias in the simulated cold

tongue weakens the meridional gradient of tempera-

ture at the location of the front, which in turn weakens

the amplitude of the simulated SST anomalies caused

by the oscillations of the front. Second, the comparison

between model wind stress and wind stress derived from

PIRATA observations at 08, 08 or QuickSCAT data at

the same location indicates that the intraseasonal vari-

ability of ERA-Interim winds is in phase with obser-

vations but that its amplitude is too low (Fig. 4a). This

was noted in the Atlantic equatorial basin by Praveen

Kumar et al. (2013) who showed a good agreement

between ERA-Interim and PIRATA wind stress, al-

though the variability of ERA-Interim wind stress in

the 10–90-day band was found to be systematically

weaker. This bias is expected to reduce the amplitude

of the wind-forced upper-ocean variability. In terms

of distribution of the zonal and meridional wind

stress variability into different intraseasonal frequency

bands, Yu et al. (2011) have shown a good agreement

between ERA-Interim and QuikSCAT. Note that the

good phasing between the observed and ERA-Interim

FIG. 3. Multitaper variance-conserving power spectra of

PIRATA (black), REF experiment (gray), and MONTHLY ex-

periment (light gray) sea surface temperature tendencies (›SST/›t)

at 08, 08 (8C2 day22 day21), using K 5 7 windows. Temperature

tendencies were computed using daily data from January 2001 to

December 2009. Dotted lines represent the corresponding 90%

confidence limit based on the theoretical spectra of an AR(2)

process with variances equal to that of the analyzed signals. The

number of degrees of freedom for the 90% level calculation is es-

timated as 2K 2 1.

FIG. 4. (a) Wind stress magnitude (N m22) at 08, 08 from model

(gray line), PIRATA buoy (black thick line), and QuikSCAT (thin

black line). Data are shown between April and September 2006.

(b) Multitaper variance-conserving power spectra of model wind

stress at 08, 08 (N2 m24 day21), using K 5 7 windows as in Fig. 3.
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wind bursts (Fig. 4a) explains the good phasing between

model and observed SST signals (Figs. 2a,b).

A latitude–time diagram of observed SST at 08 is

shown in Fig. 5a from April to September 2006. A zonal

average over the 48W–48E longitude range has been

applied to SST. We have chosen this range of longitude

since 1) the longitude–time diagram in Fig. 2 indicates

that the biweekly fluctuations are zonally coherent over

this area during summer, and 2) it allows a direct com-

parison with observations in Marin et al. (2009). Once

again there is a good agreement between the variability

of observed andmodel SST (Figs. 5a,b). Themixed layer

temperature tendency is shown in Fig. 5c. It illustrates

that the strongest SST variability occurs between 28S

and 28N. The successive positive and negative anomalies

centered at the equator are partly the signature of the

meridional oscillations of the SST front (Fig. 5b). This is

highlighted by the term of mixed layer temperature

tendency due to meridional advection (Fig. 5g). We re-

mark in Figs. 5a and 5b that south of the equator (be-

tween 48S and the equator), net cooling generally occurs

simultaneously to the oscillations of the front, leading to

a stepwise evolution of the seasonal cooling, as already

observed by Marin et al. (2009) for years 2005 and 2006.

This net cooling south of the equator is not explained by

the temperature tendency owing to meridional advec-

tion (Fig. 5g) and is due to increased turbulent heat flux

at the mixed layer base (Fig. 5d). In the equatorial re-

gion, the cooling induced by vertical mixing is of same

order than that induced by meridional advection (Figs.

5d,g). The impact of the vertical advection at the mixed

layer base (Fig. 5h) is small compared to that of the tur-

bulent heat fluxes. Moreover, the air–sea fluxes (Fig. 5e)

mostly warm the region of cooled waters in response to

subsurface cooling. The term of zonal advection mainly

contributes to a warming of the equatorial region (Fig. 5f).

The terms of lateral diffusion are negligible (not shown).

The term of entrainment, which represents the varia-

tions of mixed layer temperature due to deepening

or raising of the mixed layer depth, is also negligible

compared to the other terms (not shown). These char-

acteristics are in agreement with the model mixed layer

seasonal heat balance, as described in Jouanno et al.

(2011b).

The model mixed layer depth (Fig. 5j) is generally

shallow (;10 m) when the turbulent cooling is strong

(Fig. 5d) and when the contribution of the air–sea heat

fluxes is positive (Fig. 5e). Conversely, the mixed layer

deepens when the vertical mixing is low and when the

contribution of air–sea heat fluxes is negative. This is

expected since cooling at the surface triggers convective

events which deepen the mixed layer (not shown), and

vertical mixing tends to erode the base of the mixed

layer. Only results for year 2006 are presented in this

section, but we verified that similar conclusions are

reached for all years between 2001 and 2009.

The cold tongue starts to form inmid-April (Figs. 5a,b),

before the seasonal raising of the thermocline (illus-

trated in Fig. 5i by the depth of the 208C isotherm),

which occurs in 2006 at the end of June. This is in

agreement with Jouanno et al. (2011b) who argued that

FIG. 5. Latitude–time diagrams during the cooling season in 2006

of (a) TMI SST, (b) model SST, (c) mixed layer temperature ten-

dency, mixed layer temperature tendency due to turbulent heat

fluxes at the base of the mixed layer (8C day21), (e) mixed layer

temperature tendency due to air-sea fluxes (8C day21), (f,g,h)

mixed layer temperature tendency due to zonal, meridional and

vertical advection at the base of the mixed layer (8C day21), (i)

depth of the 208C isotherm, and (j) mixed layer depth (m). Data are

zonally averaged between 48W and 48E.
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the seasonal cooling is primarily driven by vertical

mixing due to increased vertical shear above the EUC

associated with the westward acceleration of the surface

currents. At first order, it appears that such mechanism

is also valid at intraseasonal frequencies: comparison

between Fig. 5d and Fig. 6a shows a good correspon-

dence between the turbulent heat flux and the squared

vertical shear of the zonal currents S2u at intraseasonal

time scales. This shear is maximum at and south of the

equator, above the core of the eastward-flowing EUC

(Fig. 6d), and its variability appears to be modulated by

that of the zonal surface flow (Fig. 6c). Note that strong

surface currents occur south of the EUC core (from 48S

to the equator), causing turbulent cooling off the equa-

tor as well. An example is the strong westward flow in

April 2006 (Fig. 6c), which significantly increased the

turbulent cooling south of 28S (Fig. 5d). Sometimes, the

vertical shear of the meridional flow S2
y
can also be strong

right at the equator (e.g., between July and August in

Fig. 6b). This is due to energetic fluctuations of the

surface meridional currents at periods close to 15 days

(Fig. 6e), that are not present at 50 m depth (Fig. 6f).

However the variability of the vertical shear of the

meridional flow remains of second order when com-

pared to that of the zonal flow.

From the analysis of these latitude–time diagrams, it

appears that regimes of variability are different on and

off equator. For example fluctuations of the meridional

surface velocity are of lower frequency at the equator

than south of 28S (Fig. 6e). To get further insight into this

point, the spectra of both mixed layer turbulent cooling

and surface currents averaged between 48W and 48E

are computed as a function of latitude between 58S and

58N (Fig. 7). The variability of the mixed layer turbulent

cooling is maximum between 18S and the equator, with

maximum energy between 13 and 20 days (Fig. 7a). In

this period range, the variability of the meridional sur-

face currents is maximum at the equator (Fig. 7c), while

that of the zonal current is maximum at 18S (Fig. 7b).

This is compatible with the meridional structure of mixed

Rossby–gravity waves, although we would expect from

the linear theory equivalent amplitude of the zonal

currents north and south of the equator (Weisberg et al.

FIG. 6. Latitude–time diagrams during the cooling season in 2006

of (a) maximum value in the upper 50 m of S2u the vertical shear

squared due to zonal velocities (s22), (b) maximum value in the

upper 50 m of S2
y
the vertical shear squared due to meridional ve-

locities (s22), (c) surface zonal current (m s21), (d) zonal current at

50 m depth (m s21), (e) surfacemeridional current (m s21), and (f)

meridional current at 50 m depth (m s21). Data are zonally aver-

aged between 48W and 48E.

FIG. 7. Variance-conserving multitaper power spectra (7 win-

dows) as a function of latitude of (a) mixed layer temperature

tendency due to turbulent heat fluxes (1023
8C2 day22), (b) zonal

surface velocity (1022 m2 s22), and (c) meridional surface velocity

(1022 m2 s22). Data were zonally averaged between 48W and 48E

before spectral analysis. The black boxes delimit the different

frequency bands used for the regression analysis in Section 4.
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1979). The structure of the mean zonal shear flow is

known to affect the properties of the mixed Rossby–

gravity waves (e.g., McPhaden 1990) and could con-

tribute to this asymmetry. At shorter periods, between

5 and 11 days, the maximum variability of mixed layer

turbulent cooling is also located between 18S and the

equator. But interestingly the maximum variability of

both zonal and meridional velocities is located off equa-

tor with similar energy north and south of the equator.

This suggests that at these frequencies the turbulent

cooling is not driven directly by the local acceleration of

the surface currents. This will be explained with further

details in the following section.We remark that at periods

between 5 and 11 days, peaks of zonal and meridional

velocity occur at increasing latitudes with increasing

frequencies. This is in agreement with the main charac-

teristics of inertia–gravity oscillations (Philander 1978).

We finally identified another peak of mixed layer tur-

bulent cooling at periods between 20 and 45 days. This

peak is located near the equator and is related to a peak

of zonal surface current near 18S at the same period

(Fig. 7b), and is associated with a peak of meridional

velocity variability at periods below 30 days but no

meridional current variability at periods greater than

30 days (Fig. 7c). In the tropical Atlantic, periods be-

tween 30 and 45 days are generally associated with

TIWs, but the spectra of zonal and meridional surface

velocity (Figs. 7b,c) do not correspond to the tradi-

tional meridional structure of the TIWs that dominate

the intraseasonal variability west of 108W and usually

present strongest variability in both meridional and

zonal currents north of the equator (von Schuckmann

et al. 2008). Instead, this 30–45-day variability in the

Gulf of Guinea has the characteristics of equatorially

trapped Kelvin waves (with no meridional velocity).

The intraseasonal variability at periods between 20 and

30 days is more complex, with a variability in meridi-

onal velocities that is not compatible with theoretical

Kelvin waves. One possible explanation could be that

nonlinearities, intense wind stress, or the presence

of the African coast north of the Gulf of Guinea affect

the structure predicted by the linear theory. However,

the signal in the 20–30-day band is more likely a su-

perposition of Kelvin waves and mixed Rossby–gravity

waves.

The comparison between REF and MONTHLY

experiments provides some insight into the origin of

the intraseasonal variability in the Gulf of Guinea.

MONTHLY experiment is forced using monthly winds,

so the wind forcing does not provide momentum to the

ocean at periods lower than 60 days. The mean eddy ki-

netic energy (EKE), computed from velocity anomalies

(surface currents high-pass filtered with a cut-off period

of 50 days) as ½(u02 1 y
02), is of comparable amplitude

west of 108W in both experiments (Figs. 8a,c). A good

agreement is also found when comparing the standard

deviation of the intraseasonal SST anomalies (Figs. 8b,d).

This suggests that in the central equatorial Atlantic the

intraseasonal variability of the upper ocean is dominated

by instability processes. In contrast, strong differences

are observed between the two experiments in the Gulf

of Guinea: the EKE and the standard deviation of the

FIG. 8. (a)–(c) Comparison of surface eddy kinetic energy (N2 m22) and (b)–(d) standard deviation of intra-

seasonal SST anomalies (8C) in (a),(b) REF and (c),(d) MONTHLY experiments. The computation has been per-

formed using surface currents and SST fluctuations high-pass filtered with a cutoff period of 50 days, over the period

2001–09. Contours intervals are 0.005 N2 m22 and 0.058C, respectively.
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SST east of 58W are significant in REF experiment but

are almost null in MONTHLY experiment. This sug-

gests that most of the intraseasonal variability east of

58W is wind-driven. Note that a similar experiment was

conducted in Athié et al. (2009) and gave equivalent

conclusions.

A wavelet analysis shows strong seasonal modula-

tion of the intraseasonal variability of mixed layer

turbulent cooling (Fig. 9b). This seasonal variability gen-

erally peaks during spring-summer and is strongly related

to the seasonal variability of S2 (Fig. 9c). The meridional

section at 08 shows that the mean turbulent heat flux

during May–August peaks at 60 W m22 between 28S

and the equator and between 10 and 20 m depth, cen-

tered on the base of the mixed layer (Fig. 10a). This

value is in agreement with observations of diapycnal

heat fluxes within the equatorial region of the Gulf of

Guinea, as estimated from turbulent dissipation rates

(Hummels et al. 2013). The standard deviation during

May–August of model turbulent heat fluxes has been

computed in three different frequency bands at 08E,

reaching 25 W m22 in the 13–20-day band, 30 W m22 in

the 2–11-day band and 20 W m22 in the 25–40-day band

(Figs. 10c,d).

Interestingly, the seasonal modulation of the intra-

seasonal surface currents (Fig. 11) does not fully explain

that of the turbulent cooling or that of S2 (Figs. 9b,c),

suggesting that the intensity of both is not completely

related to the energy of the equatorial waves. Instead,

the comparison between Fig. 9b and Fig. 9a indicates

that the intraseasonal variability of S2 and turbulent

cooling is strong when the seasonal surface current

(namely the SEC) is westward and strong, with a slight

preference for the boreal spring maximum in SEC in-

tensity. Note that during these periods, the seasonal

turbulent cooling is also strong (gray line in Fig. 9a; see

also Jouanno et al. 2011a,b). So there is a clear link be-

tween the dynamical background conditions and the

impact of the waves on the vertical mixing.

A hypothesis to explain this link lies on the depen-

dence of the turbulent cooling on the square value of the

vertical shear (and not simply on the vertical shear). The

effect of this nonlinearity can be illustrated with the

following calculation. Consider a constant zonal velocity

of 0.5 m s21 at 50-m depth, which represents a station-

ary EUC and consider a surface-trapped wave that

modulates the zonal surface current with a range of

60.2 m s21. If the mean surface current is zero, the

background shear S20 is equal to 1 3 1024 s22, and hS2i

the amplitude of the variations of S2 induced by the

wave is equal to 1.63 1024 s22. But if the mean surface

current velocity is 20.6 m s21, then S20 is equal to 4.8 3

1024 s22 and hS2i is equal to 3.53 1024 s22. We remark

that 1) the difference of hS2i between the two cases is

significant compared to values of S20 and 2) this differ-

ence is of same order than the difference of S20 induced

by change in background conditions. So the variations of

S2 induced by a wave are substantially different de-

pending on the background surface flow conditions. In

particular, this shows that the impact of the wave is en-

hanced when the SEC is strong.

To verify the importance of this nonlinear effect, we

performed a wavelet analysis of S2 computed from the

vertical shear between the model zonal surface current

(averaged between 48W–48Eand 18S–18N) and a constant

FIG. 9. (a) Time series of low-frequency (70 days cutoff period)

surface currents and mixed layer temperature tendency due to

turbulent heat fluxes averaged between 48W–48E and 18S–18N. (b)

Wavelet power spectrum of the mixed layer temperature tendency

due to turbulent heat fluxes, (c) maximum value of S2 in the upper

50 m, (d) S2 computed from the vertical gradient between the

model surface current and a constant velocity of 0.5 m s21 at 50-m

depth, (e) zonal wind stress, and (f) meridional wind stress. The

power spectra are normalized by s
2 the variance of the corre-

sponding signals: 9.4 3 1024
8C2 day22, 3.6 3 1027 s24, 4.7 3

1029 s24, 9.33 1025 N2 m24, and 8.93 1025 N2 m24 respectively.

Data were averaged between 48W–48E, and 18S–18N before

wavelet analysis. The thick contour encloses regions of greater than

90% confidence for an AR(2) process. Vertical dashed lines in-

dicate 1 Jan of each year.
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speed of 0.5 m s21 at 50-mdepth (Fig. 9d). The variability

of this reconstructed S2 is in good agreement with the

variability of the maximum value of S2 in the upper 50 m

(Fig. 9c), illustrating that it is the modulation of the shear

by the surface current that is primarily controlling the

vertical mixing.

4. Diagnosis of wave-driven mixing

In this section, a linear regression analysis is per-

formed to get further insight into the spatial structure of

some of the waves identified in the previous section,

their forcing, and the mechanisms whereby they act on

the mixed layer temperature. Regression coefficients at

different lags are computed separately on three indices.

These indices are defined in such a way to isolate mixed

Rossby–gravity waves in the 15–20-day band, inertia–

gravity waves in the 10–11-day band, and Kelvin waves

in the 30–45-day band. These ranges of frequency and

these waves are representative of the three main dy-

namical regimes highlighted in the previous section.

They are intentionally narrow in order to isolate only

one peak of variability for each regime. Bandpass time

filtering is performed with a Lanczos filter. The 15–20-

day index is defined as the time-filtered surface meridi-

onal velocity, spatially averaged between 48W and 48E

and between 18S and 18N. The 10–11-day index is de-

fined as the time-filtered surface zonal velocity, spatially

averaged between 48W and 48E and between 38S and

18S. Finally, the 30–45-day index is defined as the time-

filtered surface zonal velocity, spatially averaged be-

tween 48W and 48E and between 18S and 18N. A sum-

mary of these different indices is given in Table 1. A

wavelet analysis of the time series used to compute the

different indices, prior to any time filtering, is shown in

Fig. 11. In the 15–20-day band, the mixed Rossby–

gravity wave index is generally more energetic during

boreal summer (Fig. 11a), in agreement with 15–20-day

meridional wind stress fluctuations, which also peak

FIG. 10. (a) Meridional sections at 08E of mean turbulent heat flux (W m22) during May–August and standard deviation (W m22) of

turbulent heat flux bandpass filtered in the (b) 13–20-day, (c) 2–11-day, and (d) 25–40-day bands during this same period. The black line in

(a) indicates the base of the mixed layer during May–August. Daily turbulent heat fluxes have been computed online, following Jouanno

et al. (2011a).

FIG. 11. Wavelet power spectrum of the three different indices

used for the the regression analysis previous to bandpass time fil-

tering: (a) meridional velocity averaged in the upper 10 m and

between 48W–48E and 18S–18N, (b) zonal velocity averaged in the

upper 10 m between 48W–48E and 38S–18S, and (c) zonal velocity

averaged in the upper 10 m between 48W–48E and 18S–18N. The

power spectra are normalized by s
2 the variance of the corre-

sponding signals that is respectively 0.015, 0.016, and 0.013 m2 s22.

The black lines delimit the period bands over which the indices are

then time filtered. The thick contour encloses regions of greater

than 90% confidence for an AR(2) process. Vertical dashed lines

indicate 1 Jan of each year.
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during this season (Fig. 9f). But note that significant

energy also occurs during the other seasons (Fig. 11a). In

the 10–11-day band, the inertia–gravity wave index does

not present a clear seasonal cycle (Fig. 11b). In the 30–

45-day band, the Kelvin wave index generally peaks at

the beginning of the year (Fig. 11c). This is in agreement

with the seasonal fluctuation of the zonal wind stress in

this period band (Fig. 9e). The indices are normalized by

their standard deviation. From integration of power

spectral densities, we estimated that over the area be-

tween 48W and 48E and between 18S and 18N, the three

above frequency bands contain respectively 20%, 4%,

and 16% of the power of the mixed layer turbulent

cooling contained at intraseasonal frequencies (i.e., pe-

riods between 2 and 50 days). Regression coefficients

between these indices and various model fields are

computed at eachmodel grid point. Data were high-pass

filtered with a cutoff period of 50 days before compu-

tation of the correlation coefficients. To help the dis-

cussion, we show in Fig. 12 the mean distribution of

the different fields which have been regressed.

a. Mixed Rossby–gravity waves (15–20-day band)

The lagged regressions of the model outputs on the 15–

20-day index are shown from lag 24 (in days) to lag 14

in Fig. 13. We first investigate the nature and structure

TABLE 1. Characteristic of the three indices used for the regression analysis.

Period band Variable used to build the index Averaged between Dominant wave signal in this band

10–11 days Zonal velocity 38–18S and 48W–48E Inertia–gravity

15–20 days Meridional velocity 18S–18N and 48W–48E Rossby–gravity

30–45 days Zonal velocity 18S–18N and 48W–48E Kelvin

FIG. 12. Maps of the mean fields in the Gulf of Guinea from the simulation: (a) SST (8C) and 278C isotherm (solid line), (b) mixed layer

temperature tendency due to meridional advection (8C day21), (c) mixed layer temperature tendency due to vertical mixing (8C day21)

and vertical shear 10 m below the mixed layer depth in contours (s22), (d) zonal surface current (colors, m s21) and surface current

vectors, (e) wind stress (colors, N m22) and wind stress vectors, and (f) the mixed layer depth (m) and the depth of the isotherm 208C in

contours (m). The two last figures aremeridional sections at 08 of (g) zonal currents in colors (m s21) together withmeridional and vertical

components of the current (vectors; for scaling purpose the vertical component has been multiplied by 3000) and (h) vertical shear (s22).
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of the wave, which modulates the surface currents in the

15–20-day band. The anomalies of meridional surface

current are maximum at the equator and as expected by

construction they peak at lag 0 (Fig. 13d). The corre-

sponding anomalies of zonal surface current (Fig. 13d)

and 208C isotherm depth (Fig. 13f, solid contours) are

antisymmetric about the equator and are maximum

near 28S and 28N, with maximum amplitudes at lags24

and 14 (i.e., in quadrature with the 15–20-day vari-

ability of meridional velocity variability). These

space and time characteristics are in agreement with

a westward-propagating mixed Rossby–gravity wave, as

described for example in Weisberg et al. (1979) or

Houghton and Colin (1987). The westward propagation

can be seen from the successive maps of surface current

anomalies from lag 24 to lag 14. At lag 24, the zonal

surface current anomalies are westward north of the

equator and eastward south of the equator. This struc-

ture moves westward and is progressively replaced by

northward anomalies centered on the equator that are

maximum at lag 0. Then, out of phase zonal surface

current anomalies of opposite sign to anomalies at lag24,

start to form (lag 12) near the African coast and travel

westward (lag 14). The surface current anomalies are

mainly confined between 158W and the African coast

(Fig. 13d), corresponding to a zonal wavelength of

about 4000 km. Considering a period of 16 days, this

gives a westward phase speed of 2.89 m s21 (see also

Fig. 14b), an equivalent depth of 0.17 m and modal gravity

wave speed of 1.31 m s21, characteristic of a second

baroclinic mode in the Tropical Atlantic (Du Penhoat

and Tréguier 1985; Illig et al. 2004). So we suggest that

15–20-day oscillations in the Gulf of Guinea are wind-

forced second baroclinic Rossby-gravity waves, in

agreement with the conclusions of Houghton and Colin

(1987). The peak of meridional velocities occurs at lag 0

between 58W and 58E, i.e., at the end of the south-

easterly wind burst which is maximum at the same

longitudes (Figs. 13e and 14b). This suggests that the

wave is forced by the wind.

FIG. 13. Linear lagged regressions of different model outputs on an index of intraseasonal cooling. Lags range from24 days to14 days.

To compute this index, the meridional surface velocity is averaged from 48W to 48E and from 18S to 18N and filtered with a bandpass

Lanczos filter to retain the variability in the 15–20-day band. The different fields from (b) to (f) are the same as in Fig. 12 and (a) shows the

regression of the mixed layer temperature tendency (8C day21) together with the mean position of the 278C isotherm. Data were low-pass

filtered (50-day cutoff period) before the computation of the correlation coefficients. Correlation coefficients below the 90% confidence

level are set to 0. The confidence level is computed following the methodology described in Dewitte et al. (2011).
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From lag 0 to lag 14, the anomalies of mixed layer

temperature tendency indicate a strong cooling between

108W and the African coast near the equator (Fig. 13a).

The lag between the wind peak (Fig. 13e) and the mixed

layer cooling (Fig. 13a) is of about 2 days, while the lag

between the wind peak and themixed layer temperature

anomaly is roughly 6 days (not shown), in agreement

with observations of de Coëtlogon et al. (2010).

The cooling results from two distinct mechanisms.

The first mechanism is the northward migration of the

SST front (Fig. 12a), in response to a positive anomaly in

meridional velocities in the upper 20 m (Fig. 13d) which

pushes the cold waters northward. Indeed, the term of

mixed layer temperature tendency due to meridional

advection (Fig. 13b) appears to largely control themixed

layer cooling (Fig. 13a). The anomaly of meridional

velocity peaks at lags 0 and remains strong at lag 12,

as seen in the surface currents vectors (Fig. 13d), the

latitude–time diagram at the equator (Fig. 14b) and in

the meridional section at 08 (Fig. 13g). The second

mechanism is the enhanced turbulent cooling from lag

0 to lag 14 (Fig. 13c, colors), which is caused by in-

creased vertical shear at the same lags between 28S and

the equator (Fig. 13h and contours in Fig. 13c). The

comparison between color scales in Fig. 13b and 13c

shows that the turbulent cooling anomalies are about

half the size of the mixed layer temperature tendency

due to meridional advection.

The vertical shear positive anomalies (Fig. 13c, solid

contours) are predominantly due to westward anomaly

of surface currents in the equatorial band (Fig. 13d and

Fig. 13g). The zonal surface current anomalies respon-

sible for increasing vertical shear above the EUC core

appear to have two different origins depending on the

phase of the wave. (i) At lag 0, the westward zonal ve-

locity anomaly is not zero at the equator, as expected for

a theoretical mixed Rossby-gravity wave; this is likely

due to the direct acceleration of the upper equatorial

ocean in response to the zonal component of the strong

south-east wind anomaly at lags 22 and 0 which forces

the wave (Fig. 13e). (ii) At lags12 and14, the westward

zonal velocity anomalies above the EUC core (its upper

part is located between 28S and 08N, Fig. 13g) are on the

contrary compatible with the time evolution and me-

ridional structure of a mixed Rossby–gravity wave. The

zonal surface current anomaly is then westward and

maximum south of the equator, maintaining a strong

vertical shear just south of the equator. This contrasts

with the opposite phase of this 15–20-day variability (lag

24), when the anomaly of surface current above the

EUC is oriented eastward (Fig. 13d). Such anomaly then

reduces the vertical shear, explaining why at this lag the

FIG. 14. Longitude–time diagrams of surface currents and wind stress regressed onto the three different intraseasonal indices defined in

Table 1. Depending on the index, the variable and themeridional band used to average the regressed data are different: (a) inertia–gravity

wave index: zonal velocity and zonal wind stress averaged between 38 and 18S, (b) mixed Rossby–gravity wave index: meridional velocity

and meridional wind stress averaged between 18S and 18N, and (c) Kelvin wave index: zonal velocity and zonal wind stress averaged

between 18S and 18N. Units are m s21 and N m22.
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anomaly of mixed layer temperature tendency due to

vertical mixing is positive (Fig. 13c). In subsurface, the

antisymmetric structure of the zonal velocity anomalies

between 50 m and 70 m (Fig. 13g) suggests that they are

associated with meridional oscillations of the EUC, the

EUC core being displaced north of its mean position

from lags24 to12 and south from lag14 (Fig. 13e). This

meridional displacement of theEUCcoremay contribute

to the modulation of the vertical shear and turbulent

cooling, but we could not assess precisely its impact.

b. Inertia–gravity waves (10–11-day band)

Regressions are now carried out on the inertia–gravity

waves index (10–11-day band). The time evolution of

the spatial structure of the inertia–gravity wave is illus-

trated in Fig. 15d. Both zonal and meridional velocity

anomalies are maximum off equator, close to 28S and

28N. Zonal velocity anomalies are in phase on both

sides of the equator while meridional velocity anoma-

lies are out of phase about the equator. From lag24 to

lag 14, the surface current anomalies rotate clockwise

north of the equator and anticlockwise south of the

equator. Such spatial structure is characteristic of a first

meridional mode westward-propagating inertia–gravity

wave (Matsuno 1966). From the regression analysis, we

estimate a wavelength of about 4000 km. Considering

a period of 10.5 days, this leads to a westward phase

speed of 4.4 m s21 (Fig. 14a) and a modal gravity wave

speed of 0.72 m s21, which is typical of a fourth baro-

clinic mode in the Tropical Atlantic (Du Penhoat and

Tréguier 1985). The fourth baroclinic mode is excited

here because propagating inertia–gravity waves do not

exist for the first three baroclinic modes at the 10–11 day

period.

This inertia–gravity wave may be forced by the zonal

component of large-scale wind perturbations (Figs. 15e

and 14a). There are two arguments that support this

hypothesis. First, the anomaly of the meridional compo-

nent of the wind stress is almost null. Second, the anom-

alies of zonal surface currents are almost in phase with

the anomalies of zonal wind stress (Figs. 15d,e and 14a).

The regression of the mixed layer temperature ten-

dency shows that a peak of cooling occurs at the equator

at lag 0 and between 28S and the equator at lag 12 and

14, from 108W to the African coast (Fig. 15a). This

cooling is due to both northward advection of surface

cool waters (Fig. 15b) and enhanced turbulent heat flux

(Fig. 15c). As in the 15–20-day band, the cooling induced

FIG. 15. Linear lagged regressions as in Fig. 13, but for the 10–11-day index. To compute this index, the zonal surface velocity is averaged

between 48W and 48E and between 38S and 18S and filtered with a 10–11-day bandpass filter.
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by the 10–11-day modulations of the vertical mixing

is about half the size of the cooling due to meridional

advection. The anomalies of mixed layer temperature

tendency due to meridional advection are particularly

strong east of 08E and between 28S and the equator

(Fig. 15b): the front of SST, located south of the equator

in this region (Fig. 15a), is displaced alternatively south-

ward (lag22) and northward (e.g., lag12) by the anom-

alous meridional surface currents.

The equatorial turbulent heat flux between lags 0 and

2 (Fig. 15c) is due at first order to enhanced vertical

shear (Figs. 15c,h). Here the role of the zonal surface

current (Figs. 15d,g) in controlling the vertical shear is not

as clear as in the 15–20-day band. Indeed, the anomaly

of surface zonal velocity at the equator is almost null at

lag 0 and positive at lag 12 (Figs. 15d,g). But at these

lags, the anomaly of vertical shear is strong (Fig. 15c,h).

The eastward anomalies of subsurface zonal current

(Fig. 15g) appear to be responsible for shear anomalies

at lags 0 and12. These anomalies occur between 10 and

40 m, mainly between 18S and 08, that is, at the upper

limit of the mean EUC (see Fig. 12g). Note that a key

ingredient for the vertical shear to be modulated by the

variability of the EUC is the presence of a background

westward zonal surface current. The inertia–gravity

waves occur all along the year (Fig. 11b) and it should be

for this reason that the impact of the waves on the tur-

bulent cooling is stronger during periods with intensified

SEC (Figs. 9a,b). This is achieved during summer, when

the dominant westward zonal wind stress constrains the

surface layer to flow westward at the equator.

The link between the eastward subsurface anomalies

of zonal flow and peaks of vertical shear is also illus-

trated by the time-depth series of PIRATA and model

variables at 08, 08, for instance duringApril–August 2007

(Figs. 16c,e). During May, July, and August, both time

series of PIRATA and model temperature present

vertical fluctuations of the temperature at periods below

10 days. The vertical displacements of the isotherms are

associated with large vertical velocities (Fig. 16d). These

vertical velocities modulate the upper position of the

EUC core, which results in a strong variability of the

horizontal current between 10 and 30 m. In agreement

with the regression analysis, we remark that almost each

time the EUC is at its uppermost position, a peak of

vertical shear occurs (Fig. 16e).

The regression analysis suggests that the eastward

anomalies of subsurface current at 10–11-day period are

associated with vertical oscillations of the EUC core

under the influence of the inertia–gravity waves. This is

supported by the vertical dipole of zonal velocity anom-

alies along the vertical axis of the EUC at lag 0 (Fig. 15g):

positive anomalies occur between 10 and 30 m at the

upper limit of the EUC and negative anomalies occur

between 70 and 110 m at the lower limit of the EUC

(Fig. 12g). The divergence/convergence patterns of the

meridional surface currents are associated with strong

vertical velocities at the equator and off equator (be-

tween 48 and 28S and between 28 and 48N), which form

anomalous meridional cells of about 100-m depth and 48

latitudinal width in both hemispheres. At lags 24 and

22, near surface meridional velocities are poleward

(Figs. 15d,g), producing a divergence of the surface

currents and upward vertical velocities (Fig. 15g). At lags

12 and 14, the meridional surface velocities reverse to

become equatorward and cause a near-surface conver-

gence which forces downward vertical velocities and re-

duces the eastward anomaly of the subsurface zonal

velocities (Fig. 15g).

The inertia–gravity waves also modulate significantly

the mixed layer turbulent cooling between 48S and 18S.

This occurs at lags 24, 22, and 12 (Fig. 15c), when off

equatorial zonal velocity anomalies create anomalous

vertical shear (Fig. 15c,d). The difference of amplitude

of the velocity anomalies north and south of the equator

FIG. 16. Time–depth diagrams at 08, 08 of (a) observed PIRATA

temperature (8C), (b) model temperature (8C), (c) model zonal

velocity (m s21), (d) model vertical velocity (1024 m s21), and (e)

vertical velocity shear (1023 s22). Black lines represent the 208, 238,

and 268C isotherms in (a),(b) and the depth of the model mixed

layer in (e). Data are shown fromApril to August 2007. The reason

we choose this period is that the variability during summer 2006 is

dominated by 15–20-day events (see Fig. 11b) and events at periods

below 10 days are not as well highlighted as during 2007.
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(Fig. 15d) mostly explains why significant turbulent

cooling is induced between 48S and 18S and why the

velocity anomalies north of the equator have almost no

impact on the turbulent cooling. The north–south dif-

ferences of background shear highlighted in this region

in Jouanno et al. (2011a), and the 0.58 southward shift of

the upper part of the EUC (Fig. 12g) may additionally

contribute to this asymmetry. Note that this off equa-

torial cooling caused by an inertia–gravity wave is in

agreement with high power spectra of mixed layer tur-

bulent cooling, which is shown off equator at periods

between 8 and 14 days (Fig. 7a). It was verified that the

north–south difference of zonal velocity anomalies is

not an artifact due to the construction of the index with

zonal velocities south of the equator (see Table 1). In-

deed, the regression analysis carried out with an index

constructed with zonal velocities averaged between 38

and 18S and between 18 and 38N leads to the same results.

c. Kelvin waves (30–45-day band)

The regression on the 30–45-day index reveals dif-

ferent regimes of variability east and west of 108W.

East of 108W, the surface currents anomalies between

lag 28 and lag 18 show equatorially trapped westward

surface velocity anomaly (Fig. 17d) and negative anomaly

of the depth of isotherm 208C (Fig. 17f, solid contours)

propagating eastward from 108Wto the African coast, in

agreement with the spatial structure of an equatorial

Kelvin wave. This eastward propagation is also shown

in longitude–time diagram of the zonal velocity at

the equator (Fig. 14c). We estimate a phase speed of

2.9 m.s21, which corresponds to a propagation of about

2000 km in 6 days. This is consistent with the first baro-

clinic mode Kelvin waves in the equatorial Atlantic

(Du Penhoat and Tréguier 1985; Illig et al. 2004). In this

band of frequency, anomalous westward winds occur in

a large area over the Tropical Atlantic (Fig. 14c), sug-

gesting that these Kelvin waves could be remotely

forced. The eastward velocity anomaly visible at lag 18

along the northern coast of the Gulf of Guinea illus-

trates that this signal propagates poleward as a coastally

trapped Kelvin wave.

West of 108W, the anomalies of surface currents and

depth of isotherm 208C (Fig. 17d and Fig. 17f, solid

contours) are maximum between the equator and 38N,

propagate slowly westward and have smaller zonal

FIG. 17. Linear lagged regressions as in Fig. 13, but for the 30–45-day index. To compute this index, the zonal surface velocity is averaged

between 48Wand 48E and between 18S and 18N and filtered with a 30–45-day bandpass filter. At the difference of Fig. 13 and 15, lags range

from 28 days to 18 days.
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wavelengths (see also Fig. 14c). Such characteristics re-

semble that of TIWs. The fact that the regression anal-

ysis extracts both signals east and west of 108W suggests

a phase relationship between both signals. We will

however not analyze further this aspect since our main

focus is theGulf of Guinea, and since TIWsmostly occur

out of this region.

The westward surface current anomalies induced by

the Kelvin wave (Fig. 17d), increase the vertical shear

(Fig. 17c and 17h) and consequently the mixed layer

turbulent cooling east of 108W (Fig. 17c). The turbulent

cooling contributes significantly to the mixed layer

temperature tendency (Fig. 17a), in this case compara-

ble to the meridional advection. On the northern and

southern edges of the maximum zonal velocity anoma-

lies, meridional velocity anomalies are nonzero. This

explains the mixed layer cooling caused by meridional

advection, which occurs north of the equator between

108W and 08 at lags 24 and 0 (Fig. 17b). Because of the

east–west gradient of SST (Fig. 12a), mixed layer

warming is caused by zonal advection between lag 24

and 14 (not shown) and largely counterbalances the

cooling due to meridional advection and turbulent mix-

ing, resulting in only weak cooling anomalies east of 08E

(Fig. 17a).

5. Discussion and summary

This work describes the main dynamical regimes of

intraseasonal variability in the Gulf of Guinea and in-

vestigates the mechanisms whereby they contribute to

SST intraseasonal variability. A regional model of the

Tropical Atlantic forced with ERA-Interim reanalysis is

analyzed during the period 2001 to 2009. Comparisons

with PIRATA and satellite observations show that the

model adequately represents the intraseasonal variabil-

ity of the SST. Although the contribution of the TIWs to

mixed layer cooling has been investigated in previous

studies in other oceans (Menkes et al. 2006; Lien et al.

2008; Moum et al. 2009), the present study is to our

knowledge the first to investigate in detail the turbulent

cooling due to the different regimes of intraseasonal

variability other than TIWs.

The most energetic intraseasonal signal found in the

Gulf of Guinea is that of 15–20-day mixed Rossby–

gravity waves. A regression analysis of model outputs

allowed for isolating the spatial structure of these

waves. We found a westward propagation and an hor-

izontal wavelength of about 4000 km, in agreement

with Hallock (1979) who showed with a 2½ model that

the dominant response to a meridional wind forcing is

a westward propagating mixed Rossby-gravity wave of

about 17-day period. Comparing the reference simulation

with a simulation forced without intraseasonal winds,

we have shown that the production of energetic TIWs is

limited to the central basin and that these TIWs do not

radiate energetic waves toward the Gulf of Guinea. This

confirms that the mixed Rossby–gravity waves in the

Gulf of Guinea are wind driven. From a linear model,

Han et al. (2008) have shown that mixed Rossby–gravity

waves in the equatorial Atlantic can be excited in the

central or western basin. We found that the correlation

between the mixed Rossby–gravity wave index and the

wind stress is maximum in the Gulf of Guinea (Figs. 13e

and 14a). This suggests a contribution of the local wind

but from our analysis we cannot determine the re-

spective contributions of local and remote wind forcings

to these mixed Rossby–gravity waves. This question

would require further analysis.

In the Gulf of Guinea, energetic fluctuations of the

surface currents have also been identified at periods

lower than 11 days and associated with wind-forced

inertia–gravity waves. Bunge et al. (2007) observed at 08,

238W fluctuations of both currents and near surface

temperature with periodicity of 5–7 days. They suggest

that these near-surface temperature fluctuations are

linked to vertical movements of the thermocline, in

agreement with our model. We show that these fluc-

tuations are mainly due to equatorial convergence/

divergence of the surface flow associated with inertia-

gravity waves.

At periods between 30 and 45 days, different dy-

namical regimes are found east and west of 108W, in

agreement with observations of Athié andMarin (2008).

West of 108W, the 30–45-day signal shows TIWs while

east of 108W, the signal is dominated by eastward

propagating Kelvin waves. The occurrence of Kelvin

waves is in agreement with Han et al. (2008) who found

that wind-forced equatorial Kelvin waves can, at times

(e.g., spring 2002), dominate the SST and the sea level

height variability at 10–40-day time scales in the entire

Equatorial Atlantic. Bunge et al. (2007) observed SST

anomalies east of 108Wcentered on the equator with the

same periodicity as the TIWs in the west, but with larger

zonal scale and no evident propagation. They were un-

able to diagnose the cause of this variability and could

not establish the link with TIWs. Our results suggest that

the events they observed east of 108W were Kelvin

waves. Athié and Marin (2008) also found in the TIW

period range a nonpropagative signal east of 108W and

centered on the equator. It is worth mentioning that the

methods they used could miss fast eastward propaga-

tion. Interestingly the regression analysis suggests that

the TIWs and the Kelvin waves are phase locked. The

variability of the Kelvin wave index is maximum during

winter (Fig. 9c). So this suggests that such phasing may
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only be valid during winter which is a secondary season

for TIWs production (Jochum et al. 2004; Han et al.

2008). But these aspects are out of the scope of the paper

and would require further investigation.

The mechanisms whereby these waves impact the

mixed layer temperature were estimated through online

computation of the different terms of the mixed layer

heat budget. The contribution of meridional advection

to the mixed layer heat budget generally dominate the

intraseasonal variations of the mixed layer temperature

in the Gulf of Guinea due to the position, close to the

equator, of the northern front of the mean seasonal cold

tongue in the Gulf of Guinea. But it is found that the

different waves induce significant net turbulent cooling

of the mixed layer through modulation of the vertical

shear. During May–August, which is the period of 1)

formation of the seasonal cold tongue (e.g., Jouanno

et al. 2011a) and 2) strong intraseasonal variability of the

turbulent cooling (Fig. 9b), the mean turbulent heat flux

at 08 at the base of the mixed layer reaches values of up

to 60 W m22 near the equator, in agreement with recent

observations by Hummels et al. (2013). The modulation

of the turbulent heat fluxes by the different regimes

of intraseasonal variability is significant compared to

this mean value: standard deviations reach 25 W m22 in

the 13–20-day band, 30 W m22 in the 2–11-day band,

and 20 W m22 in the 25–40-day band. The strongest

fluctuations of the turbulent cooling occur above the

EUC, suggesting that its presence is a key ingredient for

equatorial waves to modulate the vertical mixing. This

is explained by the nonlinearity of the vertical mixing

process. The spatial structure of the mixed Rossby–

gravity waves leads to zonal surface flow anomalies at

and south of the equator which increase the vertical

shear above the EUC. The westward zonal surface cur-

rent anomalies are reinforced by the zonal component of

the southeasterlies wind bursts, which force the mixed

Rossby–gravity waves. In the 10–11-day inertia–gravity

band, we demonstrate that at the equator, the waves

modulate the heat flux at the mixed layer base mainly

through vertical displacement of the EUC core in re-

sponse to equatorial divergence and convergence. We

verified that this mechanism holds for other frequency

bands characteristic of inertia–gravity waves (8–10-day

and 6–8-day; not shown), suggesting that inertia–gravity

waves of the first meridional mode (i.e., with meridional

velocity antisymmetric about the equator) are prefer-

entially forced in the region. This also explains why at

these frequencies, there is a peak of variability of the

turbulent heat flux at the equator whereas the maximum

variability of the surface current occurs off equator. This

cooling induced by inertia–gravity waves is also in

agreement with Bunge et al. (2007) who proposed that

the temperature fluctuations in the 5–10-day band could

contribute to the heat exchange at the mixed layer base.

The inertia–gravity waves are also shown to induce

significant turbulent cooling between 48S and 28S, when

the wave induces westward anomalies of surface velocity

at these latitudes. At periods between 30 and 45 days,

westward anomalies of surface equatorial current, as-

sociated with the eastward propagation of equatorial

Kelvin waves are shown to enhance the turbulent

mixing above the EUC core. It has been verified that

neither the intraseasonal variability of the thermocline

depth nor the variability of the mixed layer depth can

explain the modulation of the turbulent cooling (see

Figs. 13, 15, and 17). In addition, the contribution of the

vertical advection to the mixed layer heat budget is

small compared to the contribution of the turbulent

heat fluxes.

Although energetic waves in the different period bands

occur all along the year, the impact of the different waves

on the turbulent heat flux is found to be strongest during

periods of seasonal cooling and in particular during bo-

real summer, when the SEC is strong.We suggest that this

is mainly due to the dependence of the vertical mixing

process on the square value of the vertical shear.

In agreement with Athié et al. (2009), our results

suggest that the intraseasonal variability in the Gulf of

Guinea is wind forced. So an important issue is to un-

derstand the nature and the origin of the wind fluctua-

tions. Marin et al. (2009) and de Coëtlogon et al. (2010)

associated the 15-day wind bursts in the Gulf of Guinea

to the variability of the St Helena anticyclone. On the

one hand, de Coëtlogon et al. (2010) proposed that the

biweekly periodicity could be supported by coupled

interactions between SST and surface wind anomalies

in the equatorial band. On the other hand, Janicot et al.

(2011) identified two atmospheric modes of surface

wind in West Africa with a mean periodicity of 15 days.

Both modes present important amplitude in the Gulf of

Guinea and are associated with air-land processes over

Africa. We could not identify which of the two modes

force the biweekly oceanic variability. The response and

sensitivity of the ocean to different atmospheric bi-

weekly modes would require further investigations. To

our knowledge, the origin and the mechanisms of wind

variability at the other frequencies highlighted in this

study (10–11 and 30–45 day) are not documented.

It is striking that the higher impact of the waves on the

mixed layer turbulent cooling is from May to August,

during the formation of the seasonal cold tongue. Since

the numerical results suggest that these oceanic waves

aremainly forced by intraseasonal winds, it confirms and

extends the results of Athié et al. (2009) who argued that

the energy contained by the wind at high frequencies
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may have important consequences on the surface

mixed layer heat budget. Although we could not

quantify the overall impact of the waves on the sea-

sonal heat budget, the results point out that an accurate

high-frequency variability in the wind products might

be crucial to improve the simulation of the seasonal

cycle of the equatorial Atlantic cold tongue. Finally,

this study also suggests that the interannual modulation

of the intraseasonal waves could contribute to the in-

terannual variability of the seasonal cold tongue. This

point has not been investigated and deserves further

attention.
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Athié, G., and F. Marin, 2008: Cross-equatorial structure and

temporal modulation of intraseasonal variability at the surface

of the tropical Atlantic Ocean. J. Geophys. Res., 113, C08020,

doi:10.1029/2007JC004332.
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