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ABSTRACT

The General Ocean Turbulence Model (GOTM) is appi@the diagnostic turbulence field of the
mixing layer (ML) over the equatorial region of th&tlantic Ocean. Two situations were
investigated: rainy and dry seasons, defined, otsjedy, by the presence of the intertropical
convergence zone and by its northward displacensémiulations were carried out using data from a
PIRATA buoy located on the equator at’°28 to compute surface turbulent fluxes and from the
NASA/GEWEX Surface Radiation Budget Project to eldie surface radiation balance. A data
assimilation scheme was used as a surrogate fopphlysical effects not present in the one-
dimensional model. In the rainy season, resultsvsti@at the ML is shallower due to the weaker
surface stress and stronger stable stratificattenmaximum ML depth reached during this season is
around 15 m, with an averaged diurnal variatiod af depth. In the dry season, the stronger surface
stress and the enhanced surface heat balance cenipanable higher mechanical production of
turbulent kinetic energy and, at night, the buoyaaxts also enhancing turbulence in the first nseter
of depth, characterizing a deeper ML, reaching rdo60 m and presenting an average diurnal
variation of 30 m.

Resumo

O modelo General Ocean Turbulence Model (GOTM) kcago para diagnosticar o campo de
turbuléncia da camada de mistura oceanica (CMeg#&o equatorial do Oceano Atlantico. Foram
investigadas as estacdes chuvosa e seca, defimefzectivamente, pela presenca da zona de
convergéncia intertropical e pelo seu deslocampata norte. Simula¢des foram realizadas usando
dados da boia PIRATA {023W) para o calculo dos fluxos turbulentos de supierfé dados do
Projeto NASA/GEWEX Surface Radiation Budgetra “fechar” o balango de radiagdo na superficie.
Um esquema para assimilacdo de dados foi usado goasiderar os mecanismos fisicos néo
representados pelo modelo unidimensional. Pargdagéess chuvosa, os resultados mostraram uma
CM rasa devido & menor tensdo de cisalhamento perfitie e a estratificacdo estavel da camada
superior oceanica; a profundidade maxima alcanéadka ordem de 15 m com uma variagdo diurna
média de 7 m de profundidade. Na segunda estactemsado de cisalhamento mais intensa e o
aumento das trocas de calor em superficie geraraior produgdo mecénica de energia cinética
turbulenta e a noite 0 empuxo também favoreceunaagdo de uma CM mais profunda, alcangando
até 60 m, e com variagéo diurna de 30 m em média.

Descriptors: Oceanic turbulence, General Ocean ulemoe Model, Equatorial Atlantic Ocean,
Turbulent kinetic energy.

Descritores: Turbuléncia oceanica, Modelo geral tdebuléncia oceédnica, Oceano Atlantico
equatorial, Energia cinética turbulenta.

INTRODUCTION in such way that the Ekman transport vanishes aad t
surface currents are driven by the easterlies. This
The equatorial ocean is distinct from othefc@uses a basin wide zonal inclination gradient that
oceanic regions due to its dynamic andginbalances zonal momentum and generates a strong

thermodynamic ~ particularities. Approaching theCurrent to the east, right below the upper layéredr

equatorial region, the geostrophic balance dishies by the _Wind. This strong current is known as the
equatorial undercurrent (EUC). The EUC responds to

the wind strengthening and relaxation at the sertat
() Paper presented at the Symposium on Oceanogrdpi2008, Sdo & bagln wide Scal_e- which controls its depth a.nd
Paulo, IOUSP. intensity (e.g. Philander, 1990). Over equatorial
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regions, the annual variations of the sea surfade more intense in June and July. In early Augtnst,
temperature (SST) are the dominant cycle and depeagdtivity of the tropical instability waves diminish
more on oceanic and air-sea interaction procebses t and the cooling of the water due to advection ease
on the annual cycle of the surface heat fluxes @Dart In this period, the thermocline is deeper and rasta
and Zhou, 1996; Yu et al., 2006 for the tropicabalance with the surface wind stress. From Auguist t
Atlantic Ocean), prevailing variations of wind-intkd  November, this state of equilibrium is maintained! a
vertical mixing, vertical and horizontal advectiofi the water temperature and salinity variations are
heat (Weingartner and Weisberg, 1991a) and wingmaller. The authors point out that during thisiqukr
driven cooling due to evaporation, which is related one-dimensional mixing layer models might work
ocean-atmosphere feedback processes (e.g. Cartonaeturately, since advection is less important dred t
al., 1996; Chang et al., 2000). All these processes surface heat fluxes seem to balance the turbulence
direct or indirectly, related to the surface windmixing at the base of the ML.

relaxation and strengthening that is determined, in More recently, Yu et al. (2006), using the
great part, by the seasonal displacement of thgataset from OAFlux (Objectively Analyzed Air-Sea
intertropical convergence zone (ITCZ). Fluxes, Yu et al.,, 2008), the ISCCP (International

The ITCZ is located over regions of warmerSatellite Cloud Climatology Project, Zhang et al.,
waters, where intense atmospheric convection an@p04) and the WOA (World Ocean Data, Levitus et
therefore, cloudiness and heavy precipitation exisl., 1994), estimated the correlation of the local
(e.g. Hasthenrath 1991). When the ITCZ is locatedariation of SST and the mixing layer depth.(p)
over a certain region, horizontal wind intensitywith Q.. They verified at the equator, westward from
weakens and cloudiness decreases the majae® W, that the rise in the SST is characterized gy th
components of the radiation surface balance. Despitnechanism described by Weingartner and Weisberg
the reduction in the incoming solar radiation at th (1991a), since a negative correlation between the
surface, previous studies have identified the wfle variation of SST and théy, p was indentified (the
wind relaxation in promoting the increase in thel'SS reduction ofhy p being related to an increase in SST,
as the result of two main factors: reduction of theand vice-versa), while eastward of°20/, a strong
wind-induced latent heat loss and the rise of theositive correlation appears due to the known
thermocline. This last factor is a non-intuitiveupwelling region off the African coast, where the
mechanism, but as the thermocline approaches tlepth of the thermocline responds directly to the
surface it becomes easier to entrain cold watehén strengthening of the easterlies. There, the easterl
surface layer and thus decrease the SST. Howevéransport the surface water away from the coast,
observational studies over the equatorial regioveha promoting upwelling, which is related to the ridelee
evidenced that sudden wind relaxation over thenbasthermocline and the decrease in the SST.
scale promotes a rapid cessation of the turbulent The main goal of the present study is to
mixing, decoupling the mixing layer (ML) from the investigate the extent of the turbulence of the
thermocline. Accordingly, observational studiested  equatorial Atlantic mixing layer using the General
equatorial Atlantic Ocean from the Seasonal Respon$gcean Turbulence Model (GOTM, Burchard et al.
of the Equatorial Atlantic program - SEQUAL 1999). The version of GOTM used here is based on
(Weingartner and Weisberg 1991a,b; Weisberg anthe k-¢ equations with the second-order turbulence
Tang 1987), indicate that the ML responds rapidly t closure scheme proposed by Canuto et al. (20013. Thi
the strengthening and weakening of the surface svindype of model has been tested and used in many
in the equatorial region. Weingartner and Weisbergtudies of the upper ocean mixing layer (e.g. Butha
(1991a), using measurements of temperature arahd Bolding, 2001; Bolding et al., 2002; Jefrey et al
velocity at the equator at 28V, showed that the 2008) and permits that the turbulence propertieh su
uncoupling of the ML due to wind relaxation occurs as turbulent viscosity, tracer diffusivity, turbote
the middle of December and traps the net surfaeé hekinetic energy (TKE), dissipations rate of TKE, and
flux (Q,) in a thin upper layer, promoting during theothers, be calculated.
following months a highly stable surface layer. sThi The numerical simulations analyzed here
stable condition remains and is responsible for theill correspond to two periods: (i) February to Apr
progressive warming of the shallow ML until latewhen the ITCZ is over the region investigated —
April/learly May when, with the strengthening of thehereafter called Season 1 - and (ii) August to Bato
wind, the upwelling movement and the mixing in thewhen the ITCZ is displaced northward — called
ocean are consequently turned on. From May on, ttf&eason 2.

SST drops mainly due to the upwelling and zonal The data utilized in this study are described
transport of cold water from the east. This drop inn section 2. The second-order turbulent closurdeho
temperature is counterbalanced by transient eddiegth k-¢ equations and the data assimilation are
triggered by tropical instability waves, whose wityi ~ discussed in section 3. To consider realistic exyigt
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features of the mean variables, oceanic in sita datlimatological time series was used in the model
from Prediction and Research Moored Array in thesimulations for Seasons 1 and 2.

Tropical Atlantic (PIRATA) are assimilated to the Since the PIRATA array measures only the
GOTM. Section 4 presents the results and discussi@ownward solar radiation (recently, PIRATA started
and the conclusions are given in section 5. measuring upward longwave radiation, but the data

series of this variable is not as long as thathef t
downward shortwave radiation), data from the NASA

MATERIAL AND M ETHODS Langley Research Center Atmospheric Sciences Data
Center NASA/GEWEX Surface Radiation Budget
Data and Region Investigated Project (SRB) (http://gewex-srb.larc.nasa.gov) were

used to close the surface radiation balance: tHacs

The site chosen for this study is located aglbedo, necessary to prescribe the shortwave surfac
(0°, 23 W), where a PIRATA buoy (henceforwardbalance Ig), and the longwave surface balan€g)(
identified as B23W) is moored. This buoy is part offhe SRB estimated many radiative parameters
the PIRATA’s backbone and has a long data series gfobally with X 1° resolution, from July 1983 to
the variables (Bourlés et al., 2008). It is the dmlpy June 2005, using satellite products, meteorological
of the PIRATA array which has Acoustic Dopplerinputs from reanalysis and radiative transfer
Current Profile (ADCP) measurements, which isalgorithms. Studies at the Air-Sea Interaction Restea
essential to account for the shear imposed by the.E Lab-USP showed close agreement between the SRB
Table 1 shows the different dataset used. dataset and PIRATAN situ measurements (Peres,

To compute the atmospheric turbulent fluxes2007). In this study a time series compatible Wit
at the surface — latenQf) and sensible @) heat of the PIRATA time series was used, from 2000 to
fluxes and the components of wind stregsadzy) -  2005. Since the SRB has a time resolution of 3, th
the algorithm of the Coupled Ocean-Atmosphergadiative data series were linearly interpolatedriyo
Response Experiment (COARE) was used. It is based Figure 1 shows the climatological hourly
on aerodynamic bulk formulae and transfeidata series obtained from observed vertical pmafile
coefficients obtained from the Monin-ObukhovFeatures similar to those described by Weingartner
Similarity Theory (Fairall et al., 2003) and it téces ~ and Weisberg (1991a,b) may be observed in Figure 1.
only information about air temperature and relativéd-or temperature (Fig. 1a), one may observe higher
humidity, wind speed and SST (Table 1). The intafa values of SST and a more highly stratified water
parameters were computed from 10 min averageeblumn in Season 1. From May onwards, the rapid
variables extracted from the PIRATA website. Thedecrease in temperature is related to the onstheof
corresponding turbulent fluxes were averaged hourlyvind. In Season 2 a more vertically homogeneous
resulting in hourly time series from 2000 to 20ath  temperature is evidenced. Figure 1b shows a shatlow
some gaps. From these hourly series, hourlposition of the EUC, between 50 and 80 m, for
climatological series were computed. ThisSeason 1, whilst in Season 2 the EUC is located

deeper, below 70 m.

Table 1. Dataset used in the model run at locqG323W).

PIRATA SRB-NASA Specification on the model
Air temperature;
Sea surface temperature; Upward shortwave; Upper boundary conditions:
Meteorological Relative humidity; Downward and upward Momentum and heat turbulent fluxes;
Wind components (u and v); longwave. Surface radiation budget.

Downward shortwave.
Temperature, salinity and

- ? Data assimilation.
current vertical profiles.

Oceanographic




60 BRAZILIAN MRNAL OF OCEANOGRAPHY, 58(special issue |V SBOD1D

ho Jmed

Depth (m)
ESE‘ENMMMJNM

Depth (m)

I T T T T T T T T T T T =1
JARN FEB MR APR MAY JUN JuL AlG SEP QCT MOV DEC

Month

Fig. 1. Annual cycle of the vertical profiles of) @@mperature°C) and (b) zonal velocity (Mm% Data are hourly average
values computed for the B23W dataset from 200@@62smoothed by a 5-day running mean.

Second-order Turbulent Closure witls Equations and Burchard and Baumert, 1995). These stability
. functions contain all the information on the second
_ In this study a second-order turbulent closurgyrder closure and depend basically on the semi-
model is used wittk-¢ equations implemented in the empirical constants and the gradients of the mean
GOTM (Burchard et al. 1999). The second-ordefiow: the shear frequency (Eq. 2) and the buoyancy
closure coefficients used are from Canuto et @012  frequency (Eq. 3).
and according to Burchard and Bolding (2001) this
closure is numerically stable, computationally ghea _ _ 2 Sz
and showed greatest accuracy in simulating ML wheé‘[(azu) +(62V) ] @)
the results are compared with idealized and real
environment cases. N =|-gp;'(0 zp)]llz (3)
Second-order closure has been shown to

achieve a good compromise in simulating turbulenfyhere V) are the mean horizontal velocity
processes in oceanic boundary layers in manyomponentsp, is the vertical derivativey the mean

environments, since it has low computational cost a gcean density, p, the reference density, and g the
is accurate in simulating the relevant mixing peses  5cceleration due to gravity.

in high Reynolds number environments.

~ Generally speaking, to close the mean The TKE equation, given by Eg. 4, is
equation system it is necessary to estimate th&mposed of the following terms: Eq. 5 is the stuar
covariance between the turbulent varia()kew' ,» as  the mechanical production which depends on thershea
described by Eq. 1: frequency and the turbulent viscosity"}; Eq. 6 is the

buoyancy production/consumption and depends on the
@) buoyancy frequency and the temperature turbulent

diffusivity (w"); Eq. 7 is the vertical diffusion,
. . . parameterized by the semi-empirical parameter dalle
Whe_revt is turbulent viscosity ané,X the flow mean  g-himidt number (0 andw™ the viscous dissipation
gradient. rate of TKE €) is given by Eq. 8, which is a linear

The turbulent viscosity depends on the TKE ombination of the terms of Eq. 4 and the semi-

k, and its dissipation rate, which are prognosticated €mpirical parametersc,;, ¢, Cs and a vertical
using dynamic equations, and on so-called norfiffusion term T.). Further details may be found in
dimensionalstability functions (Burchard et al., 1999 Burchard et al. (1999).

XW =-v,9,X
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ak=P+B+T-¢ (4) simulations (Seasons 1 and 2) is from z = 0 mhat t
surface, to z = -200 m, in an equally spaced Cartesi

P=y"s? (5)  grid of 1 meter. A time step of 60 s was used.

B=v"N? (6) Surface Boundary Conditions

T =v",*(0,k) 7) The upper boundary conditions for the

model are specified in terms of the atmospheric
surface fluxes of stress,(and ), given by Eq. 10,
and of the net heat fluxQ,, described by Eqg. 11,
where Qy is the longwave surface balaneg, is the

Numerically, the model has a staggeredatent heat flux,Q, the sensible heat flux arlg the
Cartesian vertical grid from the bottoms -H, to the shortwave surface balance. Here a positive neasairf
free surfacez=¢, and uses a scheme centered in spadeeat flux corresponds to the heat gained by tharoce
and advanced in time to solve a diffusion equation.

615=E(C81P+0538+C52‘9)_Ts (8)

Further details may be seen in Burchard et al. (1999 ‘,O(U'V\/)o =t . - olw), = 7, (10)
Data Assimilation and Simulation Details
Q= +Q +Q, +1, (11)
An assimilation scheme was used in the
mean equations in order to consider effects not In all simulations it was assumed that the salt
represented by the one-dimensional model, such #ax, at the surface, was zero.
advection, input of freshwater at surface and #iso Figure 2 shows the daily averaged values

large-scale mechanisms. For example, the EUC, whiddomputed from the hourly series used as surface
is driven below the ML due to the basin-wide pressu boundary conditions. In Figure 2a the difference
gradient, can be given by the zonal currenbetween the two seasons in relation to the atmaigphe
observations. forcing is evidenced: the relaxation of the surface
Expression 9 shows the assimilation termstress in Season 1 — with the lower values from
considered in the numerical mean equation§ebruary to the end of April - and the period of
(momentum, heat and salt conservations) and ihtensified winds during Season 2 — from August to
depends on the difference between the variablhe end of October.
prognosticated by the modeK)( and that actually There is low variability of the air-sea
observed Xqs) - Which is small as the correction to theexchange at the equator during the year (Figure 2b)
observations is performed at each time step - #isd a One can observe greater variability of the surface

a prescribed period of assimilatiof,). shortwave balancéy open square) in Season 1 due to
cloudiness. Despite the variability bf the longwave
a,X O _Ta;m(x - xohs) (9) surface balancey,, solid square), obtained from SRB,

does not show great variability during the yeainge
The vertical resolution of the observationsS!ightly higher in Season 2. The latent heat fi@, (
may be considered coarse compared to the mod@Pen _circle)_ over _the ocean depends mostly on the
resolution. Usually, the vertical resolution of PIRA&  Wind_intensity, being higher during Season 2. The
observations is 5 m for current velocity, 20 m for>e€nsible heat fluxQ, cross), is practically negligible,
temperature and 40 m for salinity, while the modePeing one order of magnitude smaller than the other
uses 1 m as vertical resolution. Therefore, anlidedMs: The resultant net surface heat fl@, (star),

assimilation period had to be determined so that thdiven by Eq. 11, shows great variability throughout
observational time series, linearly interpolatedtte

the year.
model grid, would not compromise the computation of Table 2 shows the average values for the
the turbulent quantities. After testing the perfarge  SUrface fluxes for both seasons. Season 2 presents

; ; higher input of energy from solar radiation (diface
of different values, an idedly, of 1 day was found. :
As the mean variables are well represented in tH¥ 289 W n'f), probably due to less cloud cover of the

numerical model, the turbulent quantities, obtaibgd SKY compared to Season 1. The main difference
the model, should also be correct. between the two seasons is in the cooling due to

The model uses no slip and no fluxes ag§vaporation, represented .. In Season 1, the
bottom boundary condition. Therefore, the model §eduction in the intensity of the wind diminishéeet
vertical domain was chosen so that the effect ef thialent heat lost at the surface (difference a2y
bottom would not influence the upper boundary layef™ ): this being the principal contributor to the hegh

simulation. The vertical domain considered for bott<n in this season.
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Fig. 2. Daily average values computed from the lydime series. (a) Zonal stress (dashed-dotteg),limeridional stress
(black line) and the total stress (grey line) afaee, given by Eq. 10. (b) Components of the srfaeat balancé; (open
square)Qn (cross) Qs (solid square)Q. (open circle) an®, (star) given by Eq. 11.

Table 2: Mean values and standard deviations fsthface heat fluxes (W#nand stress horizontal components{hNm?)
for each seasor, — shortwave surface balane@; — sensible heat fluxQ. — latent heat fluxQ, — longwave surface balance;
Qn — net heat flux.

T Ty lo Q Qe O Q
Season1 -1.4(0.7) (8'2) 206.7 (20.8)  -484(35)  -60.7 (9.2) 510 925@33
Season2  -3.8 (L.0) (‘(")'g) 2346 (1.0)  -56.8(66) -89.9(101)  -51(14) 829172
REesuLTs interpolated linearly in space and time. The chait

the T,ssimOf 1 day attenuates the hourly variations and
For the results presented here, the first 1¥herefore the data assimilation scheme allows a
days of each simulation (Season 1 and Season 2hnooth reproduction of the main features of each
considered as a spin up period, have been neglecteéason. The diurnal cycle is well reproduced with t
So the results presented for Season 1 refer to thgodel performing as an optimized interpolator when
period from February 15 at 00 h to April 29 at 23 hdata are missing at some depth, as for instance,
and for Season 2 from August 15 at 00h to OctoBer 3nterpolating the surface zonal current, which has
at 23 h. Here the local time at®2® is used. The heat predominanﬂy westward flow (F|gs 3c,d and 4C,d).

gain at the ocean surface has been considered as Based on these reproduced mean fields, the
having positive value. turbulent properties were estimated by the turtzden
Simulation Results closure of Canuto et al. (2001).

The mean features obtained in Figures 3 and

Figures 3 and 4 compare the mean fieldj agree, for both seasons, with the studies of SEQU
reproduced by the model with the observed datgy this region.
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Fig. 4. Time variation of (a) observed temperat(in¢,reproduced temperaturicy, (c)
observed zonal current and (d) reproduced zonateu(m §). Season 2.

For the period of Season 1, the highest During Season 1 (Fig. 5a) the model
temperature values (Fig. 3a,b), with stableestimates a shalloviny, p with a restricted diurnal
stratification in the upper layer are to be obsériiéhe variability, reaching a maximum depth around 15 m
EUC is located near the surface, with its core vayyi and mean diurnal amplitude around 7 m. The closed
from 50 to 80 m (Fig. 3c,d) during Season 1. density contour lines below the upper layer indicat

During Season 2 the vertical temperaturghe great vertical stratification occurring duritigs
field is more homogeneous (Fig. 4a,b) and the EUC iseason.
located deeper, with its core positioned below 70 m During Season 2 (Fig. 5b) the ML is deeper,
The westward momentum provided by the strongepresenting greater diurnal variability with a mean
winds is transferred down to greater depths (Figd4  value of 30 m but reaching 60 m in early Octobdre T

Figure 5 shows the mean density fieldocean during this season has less vertical stratidin
obtained from the B23W dataset together with théhan during Season 1.
hup estimated by the model using a threshold value Monterey and Levitus (1997) and Montegut
for the TKE of 10° m? s2. According to Burchard and et al. (2004) estimated the climatological monthly
Bolding (2001), below this value there is insuffitie values of hy p for this region and obtained mean
energy to mix the layer. values shallower than 10 m for Season 1 and of less

than 50 m for Season 2. The estimated valudw,; g,
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for both seasons, are, therefore, in agreementtivth heat was obtained at the surface by multiply@goy
climatological dataset. the time step simulation and adding up the valtibs.
The modeled hyp accompanies the accumulated heat storage in the water column was
narrowing of the density lines, which correspond teestimated by computing the heat storage rate, diyen
the deepening of the ML as observed, for example, iEq. 11, and proceeding as was doneQgradding up
the period from February 26 to March 3 in Season the values cumulatively.
and from September 12 - 23 in Season 2.
Figure 6 compares the two seasons using the
accumulated heat content at the surface and in thgn =pc, h(at@+0[ﬂj@) (12)
water column at different depths. The accumulated
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Fig. 5. Density contours and the ML deptiy () for (a) Season 1 and (b) Season
2. The contour interval is of 0.03 kg®mThe thick black lines indicate thwgyp
estimated using a TKE threshold of*10° s2.
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The water column heat budget, Eq. 12, wa$ST relatively constant. This fact is in agreenitty
obtained using the heat and mass conservatidhe accumulated heat storage shown in Figure 6b.
equation for an incompressible fluid, as shown by Figure 7 shows the terms of the TKE
Moisan and Niiler (1998), wheteis a depth at which equation (Eq. 4) normalized by the dissipation (ate
the temperature is integrated from the surfécés the of TKE as described in Eq. 13, for each seasoingak

temperatureﬂ is the mean velocity vectoe, is the a depth of 10 m for Season 1 and 30 m for Season 2.

specific heat at constant pressuids time derivative. P+B+T -0,k _ 1 (13)
The first term on the right-hand side is the héatege S -

rate integrated into the water column and the s&con o

term is the change in heat storage due to temperatu The local variation of TKE dk) and the

advection. Despite the use of a one-dimensionakinodvertical diffusion of TKE T) are much smaller than
in this study, in which the advection terms of thean the other terms. In Season 1, it may be observad th
equations are explicitly neglected, the assimitatio TKE is generated only by shear productioR) (
scheme used here is a way of accounting for some Bfintained by the surface wind stress in the shallo
these effects. ML and that the buoyancy ternB)( acts consuming

The heat content at the surface varies littlel KE (negative values). o
from Season 1 to Season 2, being slightly higher in In Season 2 (Figure 7b) it is shown that,
Season 1, as is also to be observed from the valuesduring some periods, the buoyancy term may act
the mean surface heat flux components (Table 2§€nerating turbulence at night at the same ratt as
During Season 2, despite the higher input of energyroduces shear during the day. This occurs dubeto t
from solar radiation due to the lesser cloud cayera dreater surface cooling at night in this season,
the greater wind velocity increases the latent hesit Promoting a  statically —unstable surface layer
at the surface (Fig. 2). The seasonal differencéconvection). .
between the heat content at the surface, is, treref Figures 5b and 7b show that during
due to the smaller amount of latent heat lost iPeptember 15 - 25, there is a deepening of the M. d
Season 1. to convection, as a result of the fact that durinig

On the other hand, during Season 1 most geeriod considerable buoyancy is produced at night.
the heat reaching the surface is not distributef® daytime, the buoyancy term acts to consume TKE,
vertically in depth, or vertically mixed (Figure pa 9enerated by the solar radiation, thus inducing-a r
Moreover, the heat accumulated between the surfag@fatification of the ML. In Season 1 the stratfigtate
and 5 and 20 meters is less than that accumulated %f the upper layer prevents the production of tigbt
the surface. On the other hand, Figure 6b showts th@uoyancy and the energy provided mechanically, by
during Season 2 the heat accumulated at the stigfacghe winds, is not enough to promote deep mixing.
well distributed in depth with the heat accumulaired _ The turbulent Prandtl numbePr) provides
the integrated layers accompanying that accumulatdfe ratio of the turbulent viscosity to temperature
at the surface. At 30 m, the heat storage in thierlis  diffusivity (Eq. 14). This parameter may provide an
in equilibrium with that at surface until aroundinsight into what processes dominate the turbulent
September 12, when the heat storage rate diminishédixing in the flow, since the turbulent viscosity
corresponding to the deepening period of the midepends mainly on shear, while temperature

observed in Figure 5b, when part of the heat igiffusivity depends on thermal and then buoyancy
entrained to deeper layers. effects. Therefore, regions wheRe > 1 signifies a

According to Weingartner and WeisbergPredominance of the mechanical production of TKE

(1991a), the period of wind relaxation and presesfce (EQ- 5) and wheré>r < 1, a predominance of the
the ITCZ (Season 1) is characterized by downwellinguoyancy production of TKE (Eqg. 6).
movements of surface water down to around 75Ny — ym b (14)
depth. This fact may be related to the slight \ema vt
in the accumulated heat storage in the 5 and 20 m Figure 8 compares the vertical profile of the
layers, as shown in Figure 6a. Prandtl number Rr) for each season averaged at
Waingartner and Weisberg (1999a) showediifferent hours. In Season 1 after 18 h (Fig. &Rh
that after the boreal summer and through the falliminishes at the surface and then, at night (&,
(Season 2), advective events are weakened, siece the turbulent diffusivity of temperaturewl) is
zonal gradient of temperature diminishes and the@ominant at the first 5 m depth. This fact shows th
upwelling and activity of the tropical instabilityaves influence of the nocturnal turbulent cooling that,
cease. Weisberg and Tang (1987) observed thdtisin t despite the low values, is responsible for a deiegen
period, the thermocline is locally in equilibriumittv  of the ML at night. The turbulent viscosity)
the zonal wind stress in such a way that surface hedominates rapidly at depths greater than arounch20
and vertical diffusion is in balance, which keeps t
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Below this depth, both coefficients are of the sameeriod of convective turbulence production. Fromhl8
order. During daytime (Figure 8b), the turbulent(Figure 8d) to 06 h (Fig. 8c) a progressive incecak
viscosity is dominant in the MLP{ > 1). A step-like v overv™is verified, the former being comparatively
change is observed in the Prandtl number at ardOnd greater around 15 m, from 03 to 06 h. Below this
m depth with values greater than one, both durindepth, turbulent viscosity dominates as far as the
night (Fig. 8a) and the day (Fig. 8b), probablyregion of EUC influence (eastward flow, from around
associated with the increase in the shear causéueby 30 m deep, Fig. 4b). During daytime the temperature
presence of the EUC near this depth. According tturbulent viscosity dominates. From 09 h to 12 ér¢h
Figure 3, the core of the EUC varies, during Sedson is an increase in the™ and a reduction of the",
from 50 to 80 m. which can be related to an increase in the shear
The " is dominant over a great part of theproduction (Fig. 7b). After 12 h the,™ values
ML at night during Season 2 (Fig. 8c), charactadzx  decrease.
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Discussion small mechanical production of TKE. Besides, the
highly stable stratification of the upper layer saat
In this study the second-order turbulentSUch a way as to consume significant fractionshef t

closure of Canuto et al. (2001) using the equations TKE in the ML. Thus both effects prevent the growth

version of the General Ocean Turbulence ModeP! the ML during Season 1. On the other hand, the
(GOTM, Burchard et al., 1999) was applied over théntensmcatlon of the _W|nd veloc[ty in Seasc_)n 2
equatorial Atlantic region to investigate the mainncreases the mechanical production of TKE in the
features of the mixing layer of two well defined ML. .Thermal gonvect|on |nduqed by nocpurnal surface
seasons in respect of the atmospheric forcing hed t€0ling contributes to an increase in the TKE,

state of the upper ocean. The former occurs in tHomoting a deepening of the ML during Season 2.
presence of the intertropical convergence zone — Analyses of the Prandtl number at different

identified as Season 1 - and the latter when tigz|T times during each season showed that in Season 2,
is displaced northwards — identified as Season 2. during night-time, the estimated temperature tugbul

To compute the surface flux boundarydif‘fusivity is more important at the first 15 m dbp
conditions, the PIRATA dataset from the buoy located@n the turbulent viscosity, suggesting the eniste
at @ lat., 23 W was used, using the algorithm of theOf a convective regime of.the nocturnal ML, prolyabl
Coupled Ocean-Atmosphere Response Experimeﬁt”‘used by the increase in the surfgce longwave net
(Fairall et al., 2003). The PIRATA dataset was als¢®St: The convection observed at night and the re-
used in the procedure of data assimilation durfregy t Stratification and suppression of TKE by the buayan
numerical simulation of the water column’s mead€'™ appears to be responsible for the higher
properties. Complementarily, the radiation datasetMPlitude of the diurnal variation of the depthtioé
from NASA/GEWEX Surface Radiation Budget ML during this season.
Project was used to close the surface radiaticemioal
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