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Abstract. In this paper we investigate the finite-time and density, is very important for determining the sea surface
asymptotic behaviour of algebraic turbulent mixing-layer temperature (SST) range in oceanic and coastal areas. In ad-
models by numerical simulation. We compare the perfor-dition, the heat stored within the oceanic mixed layer pro-
mances given by three different settings of the eddy vis-vides a source of heat that drives global variability such as El
cosity. We consider Richardson number-based vertical eddifio. The mixed layer also has a deep impact on the evolu-
viscosity models. Two of these are classical algebraic turbution of polar ice Goosse et al1999, and it is closely related
lence models usually used in numerical simulations of globalto different aspects of oceanic bio-systems too. The bottom
oceanic circulation, i.e. the Pacanowski—Philander and thef the mixed layer corresponds to the top of the pycnocline, a
Gent models, while the other one is a more recent modekone of high gradients of density (Sé@lard and Delecluse
(Bennis et al. 2010 proposed to prevent numerical insta- 1998 Defant 1936 Lewandowski 1997 for a physical de-
bilities generated by physically unstable configurations. Thescription of the structure of mixing layers).
numerical schemes are based on the standard finite elementThe Oceanic General Circulation Models (OGCM) in-
method. We perform some numerical tests for relatively largeclude mixing-layer parameterizations in order to better take
deviations of realistic initial conditions provided by the Trop- into account the influence of the atmosphere—ocean surface
ical Atmosphere Ocean (TAO) array. These initial condi- interactions Burchard et al.2005 Wang et al. 2008. In-
tions correspond to states close to mixing-layer profiles, meadeed, they incorporate specific turbulence models for mix-
sured on the Equatorial Pacific region called the West-Pacifiéng layers, and within these the algebraic ones, which
Warm Pool. We conclude that mixing-layer profiles could be parametrize the turbulent viscosity and diffusion by means
considered as kinds of “absorbing configurations” in finite of algebraic expressions in terms of the gradient Richardson
time that asymptotically evolve to steady states under the apaumber. The Richardson number represents the balance be-
plication of negative surface energy fluxes. tween stabilizing buoyancy forces and destabilizing shearing
forces. These kinds of models were introduced in the 1980s
(Pacanowski and Philandel981), and they apply to strati-
fied shear flows that are assumed to have reached a vertical
1 Introduction equilibrium after the vertical mixing generated by the wind
stress has been restabilized by buoyancy forces. The model
The mixing layer is located immediately below the ocean SUr-proposed byacanowski and Philand&x981) was modified
face, and its formation is due to atmospheric—oceanic factor§, several ways in order to obtain a better fitting with ex-
of exchange driven by the stress induced by the winds thaperimental dataGent 1993). Another kind of improvement
generates a strong turbulent mixing dominated by verticakyas based upon the parameterization of the vertical profile
fluxes. The dynamics of mixing layers play an important role of tyrbulent kinetic energy (KPP modelsarge et al. 1994).
in the global oceanic circulation and global climate changesy, 3|1 these models, only vertical eddy diffusion effects are

Indeed, the depth of the mixed layer, which is the upper ho-included. More complex and sophisticated parameterizations
mogeneous part of the mixing layer with almost constant
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of the vertical turbulent mixing, such as the ¢ model, have

also been developedvgllor and Yamadal982 Gaspar et

al., 1990 and used in the context of OGCM. Ou — 9 (v1d;u) =0,
The mathematical and numerical analysis of these modeld 3,v — 9, (v19,v) =0, fort>0and—h <z <0, 1)

technically faces hard difficulties, and to the knowledge of

the authors, there are no references addressing this analysis jn%# — 9= (v29z0) = 0.

the last cited models at the present date. In this paper we will

focus on the classical algebraic turbulent mixing-layer mod-wherevy = a1 +vr1, v2 = az + vr2 respectively are the total

els ofPacanowski and Philandgr981) andGent(1991), and viscosity and diffusion. Herex, a2 are the laminar viscosity

on a more recent algebraic turbulent mixing-layer model pro-and diffusion, andr1, vy are the vertical eddy viscosity and

posed inBennis et al(2010. Indeed, for these three models diffusivity coefficients. These are assumed to be functions of

there exists a mathematical study performed by the authorthe gradient Richardson numbgyr defined as:

of the present paper, especially focused on the non-linear

asymptotic stability analysis under small perturbations, thatR = — =~ —————,

applies to negative heat surface flux€&hécon-Rebollo et Pr (3z1)" + (3:v)

al, 201330D). In this paper we extend this study with the nu- \yhere is the gravity constant ang is a reference density
merical investigation of the behaviour of the aforementioned¢, the sea water.

models for relatively large deviations from initial conditions ¢ eddy coefficients corresponding to the Pacanowski—
with respect to mixing-layer profiles. The applied initial per- pnijander (PP) model are given by:
turbations admit meaningful physical interpretations: on the

one hand, we take into account strong heating or precipitav; = f1(R), v2= f2(R),

tion phenomena at the surface, while on the other hand we

consider the cooling or evaporation of surface water. Thesavhere:

cases have not been analysed in the above-referenced papers, by f1(R)

which deal with initial conditions close to mixing-layer pro- fi(R) =a1+ AR Jf2(R) = a2+ 115k’

files. In addition to studying the behaviour of these models

for characteristic times of formation of well-developed sur- with ¢, = 104, by = 1072, ap = 10~5 (units: mts~1). The

face turbulent mixing layers, we also perform an investiga-Gent model is just a variant of the PP model, designed to

tion of their asymptotic behaviour. We conclude that mixing- petter fit experimental data, given by:

layer configurations attract the perturbed initial conditions in

time scales of the order of several days, in agreement withf (R) = a1+ b1

the physics of the problem, and asymptotically evolve into ! ! (14 10R)?’

the theoretical equilibria in time scales of the order of sev-

eral months. with al = 10_4, b]_ = 10_1, ar = 10_5 (Units: mzs_l). In
general the PP and Gent models become numerically unsta-
ble if the initial conditions are physically unstable config-

2 Setting of algebraic closure models for oceanic urations, corresponding t& < O (Bennis et al. 2008. In

turbulent mixing layers Bennis et al (2010, a model of the eddy diffusion that re-

. ) ) mains numerically stable for a large range of negative gradi-
Let z € [k, 0] be the vertical spatial variable, whelke- 0 ent Richardson numbers was introduced:

denotes the thickness of the studied flow that must contain

the mixing layer, and > 0 be the time variable. The mixing AR =a1+ 1 Sf1(R)
layer is assumed to be strongly dominated by vertical fluxes, (14+5R)?’ (14+5R)?’
o) thaF the velocity and density of the f!wd are assumed toWith the same constants as the PP model.
be horizontally homogeneous. The flow is turbulent and well

mixed, so the vertical velocity vanishes. The model affects n formulas 6) to (5.)’ the eddy coeﬁ|C|ent§T1 andvra

o . . . are defined as functions of the gradient Richardson num-
the statistical mean horizontal velocity, v) and the statis- ber through the termél + y R)" appearing at the denomi-
tical mean density as functions of the variablesandz. In 9 14 pp 9

o ) nator. Hereafter, these three formulations will be denoted re-
the ocean, the density is a function of the temperature and : :
L o : spectively byR213, R23 andR224, where the integer val-
salinity through a state law, so it is considered as a thermo- . g
. . P . .~ _._ues are the exponents ¢+ y R) in the definitions ofv;1

dynamic variable. The Coriolis force is neglected, which is Ny : .
. RS . : andvrz. The eddy coefficients defined by relatioB% o (5)

a valid approximation in tropical seas. The variahles, p

. . ) - all present a singularity for a negative value of the gradient
satisfy the one-dimensional Reynolds-averaged equations: Richardson number. In Figl, we have plotted the curves

v1 = f1(R) andvy = fo(R) obtained with the different for-
mulations. In Eqgs.3) and @), the diffusivity coefficientv;

=P @)

®)

f2(R) =az 4)

P
(1+10R)3’

fo(R) =az+ (%)

Nonlin. Processes Geophys., 20, 94354, 2013 www.nonlin-processes-geophys.net/20/945/2013/



T. Chacén-Rebollo et al.: Numerical investigation algebraic mixing-layer models 947

0.01 T T g T T T T T T 00

T T T :
| — = R=-02

0008 |- ———R=01 0.008 | ol ———R=01
Voo —#+ —R224

L} R213

0.008 - —e-—R23 0.006 - i ! —e--R23

|
1
f i
f 1
| 1
1 1
| !
0007 | ! ! 1 0.004 |-
f 1

0.006 [ \ _ 0.002 | y
0.005 - 1 ¢
=,

o

0.004 #

0.003 | /J

0.002 - P4

‘iscosity (m2 &)
Diffusivity (m? &)

-0.002 |

\ 1 -0.004 | ¥ i
N [
* B -0.006 | \
~ 1

Te ] -0.008 |-

T
I
|
I
|
I
|
I
|
I
|
I
|
I
i \
|
I
|
I
|
I
|
I
|
I
o001 [ i
I
I

T
|
|
|
|
|
|
|
|
|
|
|
|

W | N T

O 4 —* : R e o B e SR
|
|
|
|
|
|
|
|
|
|
|
|
|

|
1
‘l '
. . . . . . . . 001 . . R ‘ . . . .
-1 -0.8 -0.6 -04 -0.2 0 0.2 04 0.6 08 1 -1 -0.8 -0.6 -04 -0.2 0 02 04 06 08 1
Gradient Richardson Number Gradient Richardson Number

Fig. 1. Viscosityv, = f1(R) (left) and diffusivityvo, = f2(R) (right) for modelskR224, R213 andR23.

becomes negative for negative valuesRyf and therefore Chacdén-Rebollo et a{20138, the authors tested whether, in

these models are no longer valid. tropical seas, replacing a multidimensional model with a 1-D
We shall consider the following initial and boundary con- mixing-layer model provides accurate results.

ditions for problem 1):

V104 = Qu, V10,V = Qy, V20,0 = Q, atz=0, 3 Equilibria states of a perturbed model
U=up, V="0p, p=pp atz=—h, (6) We show in this section that there exist steady solutions
u=ug, v=vg, p=po atr =0. to problems {)—(6) for perturbed data. These perturbations

may correspond to errors in the experimental measurements,

The Neumann boundary conditions at=0 represent roundoff computational errors, errors in the boundary data
the fluxes at the sea surface that model the forcing byc°Ming from the approximate solution of the 3-D global
the atmosphere. In particula@,, 0, are the surface mo- model, etc. The steady solutions correspond to an equilib-
mentum fluxes andQ, represents thermodynamic fluxes. rium between destabilizing wind shear effects and stabilizing

The momentum fluxes are given I, = (pa/p,)Va, 0, =  Cco0ling surface heat fluxes. _
(pa/pr) Vs, Where pg is the air density, and/,,, V, respec- Let us consider the perturbed model:
tl\(ely are the stresses exerted by the zonal and the meridion Syt — 9. (v1d.u) = Dy,

winds: LA

o;v—0; (v10,v) = Dy, forr>0and—h <z <0, @)
0;p — 9, (v20;p) = Dy,

(Vu, Vi) = Cp|U3UA,

with U2 = (ua, va) the air velocity at the atmospheric bound-
ary layer, and”p (= 1.2x 10-3) a friction coefficient Kowa-
lik and Murty, 1993.
Note that models1)—(6) are not expected to describe all ( v;8,u =0, v13,v =0y, V23,0 =0, atz =0,
the interaction phenomena occurring in the mixing layer. Its
purpose is mainly to give a better understanding of algebraic} * = Ub» V="V, p = Rp atz=—h, 8
closure models for oceanic turbulent mixing layers. There-| = Uy, v= Vg, p = Ry atr =0,
fore, we shall use simplified equations governing the vari-

ablesu (zonal velocity),v (meridional velocity) ang (den- where D,, D, and D, are functions of, anday, oy, o,

sity). In practice, mixing-layer models are coupled with 3-D Uy, V;, andR, are constants. Let us denate= (—h. 0), and
models of global oceanic circulation that yield the boundary 0 ’

values for velocity and density at the bottom of the layer.
This allows one to use finer grids (in vertical direction) to
compute the heat exchange through the ocean suifgaeq

et al, 2009. The coupling of 1-D mixing-layer models to
3-D OGCM for the inner oceanic flows means that the 1-D
model may be affected by multidimensional perturbations. In

with the perturbed boundary and initial conditions:

define the functiond; (z) Z/Di(s)ds, i=u,v,p.
Zz
The existence and uniqueness of smooth equilibria for this

problem are stated i@hacén-Rebollo et a(2013h, and are
given by the following:

www.nonlin-processes-geophys.net/20/945/2013/ Nonlin. Processes Geophys., 2098452013
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Fig. 2. Test 1: initial zonal velocity, meridional velocity and density profiles (from left to right).

Theorem 1 Assume that for any € I the implicit algebraic (2010 model 6) only (Chacén-Rebollo et 4120138, which
equation: could be interpreted as the intersection of the cuingR) =
(1/G(2)R andk(R) = [f1(R)I?/f2(R).

R)12
R =G(o) AR ©) o
Jf2(R) Remark 1 The equilibria of unperturbed moddl)(are stud-
whereG (z) is the function defined by: ied in Bennis et al(2010. In that case{e.e d.oes not .depend
onz, and, as a consequence, the equilibrium profiles for ve-
Gy — 8 dy(z) + 0o, locity and density are linear. The equilibria for perturbed
(@)= _E (du(2) + 02 + (dy(2) + )2 models 7)—(8) provided by Theorerth converge to those of

) ) ) the unperturbed model as the perturbations in the data van-
admits at least a solutioR®. Then, to each solutioR® there g

exists a unique associated equilibrium solution of problem
(7)—(@®) in [H1()]°, given by:
4 Numerical tests and results

Z
du u
W) = Up + Wa(2), Wa(o) = [ Fouy

F1(RE(s)) In this section, we study the application of oceanic turbulent
—h

mixing-layer models in the equatorial Pacific region, called
. the West-Pacific Warm Pool. The West-Pacific Warm Pool is
. [ dy(s)+ oy an area located at the Equator between°E2@nd 180E,
() = Ve + W (2), W(2) = Ry (10)  where the temperature is high and almost constant along the
—h year (oscillating between 28 and 30). The precipitations
are intense and, as a consequence, the salinity is low. In par-
fd () +o ticular, we are interested in perturbing real initial data taken
14 P
m from the TAO_ array l(/IcPhad(_er_] 1995. These_ data_ corre-
“n spond to profiles close to mixing-layer configurations that
) . . , have already been analysed by the authors of the present pa-
The existence of solutlpns of the algebraic equat@rig per (Chacén-Rebollo et 412013k Rubing 2013). In these
ensured under the following: previous studies, we have concluded that by starting from

PR =Ry + ¥y (2), Yy(2)=

Hypothesis 1 The fluxes satisfy, >0, @, >0, @, <0, initial conditions close to mixing-layer profiles, we reach

and for some. € (0,1) andi = u, v, p it holds: a well-developed surface turbulent mixing layer within two
days, and mathematical stable equilibria within two months

i — Qil < A=W)1Qil.  IDillagyy < %|Qi|- approximately. Here, we are mainly interested in analysing

whether the formation of a homogeneous mixing layer first,

The assumptio®, > 0, O, > 0 means that the wind ve- and then of theoretical equilibria, are reachable even start-
locity acts as a destabilizing agent for the mixing layer flow, ing from initial conditions far away either from mixing-layer
while Q, < 0 means that the surface heat flux plays a stabi-profiles and steady-state solutions, within the respective char-
lizing role. We conclude that for all considered models, thereacteristic times.
exist steady solutions to problent§<(6) for perturbed data To numerically solve system&)~(8), we discretize the
given by Eq. 10). initial boundary value problem by linear piecewise finite el-

It can be proved that under Hypothedighere exists a ements. To describe the numerical scheme, assume that the
unique gradient Richardson numbg&f for Bennis et al. intervall =[—h, 0] is divided intoN subintervals of length

Nonlin. Processes Geophys., 20, 94354, 2013 www.nonlin-processes-geophys.net/20/945/2013/
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AZ=h/N, with nOdesZi =

construct the finite element space:

Va = {wa € COD)| WA, . 1S affing wa(—h) =0},

To discretize the equation for, for instance, we imple-

ment the semi-implicit method:

For anywa € Va,0btainua € Up + Va

such that:

0

—h

n+l _

/uA u

At

where:

n

0

LWM)=ouwA®%+/lth,

—h

A wa+ fARY) 9u o, wa = L(wa),

—h+iAz,i=0,...,N, and

(11)

(12)

and we consider similar discretizations foandp. This dis-

cretization, under certain hypotheses, is stable and verifies a

maximum principle Bennis et al.2010. In Chacén-Rebollo

www.nonlin-processes-geophys.net/20/945/2013/

et al. (2013h, we developed a specific numerical analysis
for the discrete equilibria of systemg){(8), with the ac-
tual viscosities corresponding to the PP, Gent and Bennis et
al. models, proving the existence, uniqueness and conver-
gence to continuous equilibria. Also, ®hacén-Rebollo et
al. (20133, we proved the non-linear stability of these equi-
libria, with slight initial perturbations of the steady solutions.
Here, we present two tests. In Test 1, we apply the nu-
merical schemesl)—(12) with a large negative deviation
from realistic density initial conditions in the absence of con-
vection (i.e.d, 00 < 0 for anyz € (—h, 0)). The perturbation
applied in this case intends to simulate strong initial heat-
ing or precipitation processes at the surface. In Test 2, we
consider an initialization of the code by a large positive sur-
face deviation from a real density profile in the presence of
convection (i.ed,po > 0 for somez € (—h, 0)). The pertur-
bation applied in this case simulates strong initial physical
processes such as the cooling of the surface water or evapo-
ration. All the numerical experiments are grid size- and time
step-independent, in the sense that the results remain practi-
cally unchanged aaz andAr decrease.

Nonlin. Processes Geophys., 2099452013
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The initial profiles are displayed in Fi@. The initial zonal

- ‘ ‘ ) S velocity presents a westward current at the surface and, be-
1 e Siﬂ low it, an eastward undercurrent whose maximum is located
1 ‘3 | at about—55m. Deepest, we observe a westward undercur-
| rent. The initial meridional velocity presents a southward
| | current whose maximum is located at abe:®0 m. The ini-

tial density profile presents a strong negative deviation from
| , 1 the original data at the surface (first 20 m), in order to move
\ the density profile away from a (homogeneous) mixing-layer
configuration. Physically, we are in the absence of convec-
tion, since the initial density profile has a negative derivative

x
o,

o
©

o
®
T

o
J
T

o
2]
T

Residual
o
54
T

o
~
T

o
2]
T

o2r ; | ‘ 1 along the water column, and by the perturbation we are simu-
o1r i 1 lating an important initial increase in heating or precipitation
0 - boooluoaess | phenomena. At the surface, we impose a zonal wind equal
2000 3000 4000 5000 6000 7000 8000 9000 10000 1 . .y .
Time (h) to 8.1 ms+* (eastward wind) and a meridional wind equal to

2.1ms ! (northward wind).

The formation of a well-developed mixing layer is
achieved by integrating the various models for timze 192 h
(8 days). The grid spacing iAz =5m and the time step
is At = 60s. The corresponding numerical results are dis-
played in Fig.3. We consider hereafter a standard defini-
tion of mixed layers Thomson and Fine2003 Peters et a).
We perturb initial data available from the TAO array. The 1988 that states that the base of the mixed layer is the depth
TAO project aims at studying the exchange between tropi-at which the density changes by 0.01 kginThe final den-
cal oceans and the atmosphere, providing data often used isity profile displays a similar mixed layer for tiR213, R23
many numerical simulations. In particular, the velocity dataand R224 models of about 20 m, in agreement with the ob-
come from the acoustic Doppler current profiler (ADCP) servations reported loyer Montégut et a(2004). Further-
measurements. To obtain the actual profiles, we approximore, the pycnocline simulated by the three models is sim-
mate the data measured &N} 165 E by a linear in- ilar. In the upper oceanic layer, the surface currents for the
terpolation, and we largely perturb the density at the sur-R213 andR224 models show almost the same behaviour,
face, leaving the velocity profiles unchanged. We considemwhile the R23 model underestimates these currents. We no-
a negative buoyancy flux acting on the sea surface equal ttice an increase in the zonal and meridional surface currents
—10%kgm~2s7! in all cases, so that the only turbulence in comparison with the initial profiles, which is in agreement
source is the wind stress. This negative surface heat flux isvith the application of a northeasterly wind. The surface cur-
in agreement withGent (1991). The studied layer depth is rent behaviour can be explained by the final viscosity and

Fig. 6. Test 1: temporal evolution of residual values for models
R224,R213 andR23.

4.1 The initial and boundary data

100 m. diffusivity values, displayed in Figd for all models, where
in particular we observe that thR23 model produces the
41.1 Testl strongest viscosity and diffusivity.

To obtain the steady states of the flow, we integrate the var-
In this test, we consider a perturbation of the initial condi- ious models for = 10 000 h (about 14 months) withr =
tions corresponding to the TAO data for the 15 June 1991.

Nonlin. Processes Geophys., 20, 94354, 2013 www.nonlin-processes-geophys.net/20/945/2013/
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Fig. 7. Test 2: initial zonal velocity, meridional velocity and density profiles (from left to right).

transient states reached by the asymptotic evolution of the
o i ; ; ; flow to mathematical equilibria.

412 Test2

The code is initialized with a perturbation of the 15 Novem-
ber 1990 data (see Fi@). The initial zonal velocity pro-
file displays an eastward current all along the water col-
umn, whose maximum is located at the sea surface. The ini-
tial meridional velocity displays a southward current whose
; : 5 : maximum is located at about 40 m of depth. The initial den-
................. VTR s ............... sity profile displays a strong positive deviation from the orig-
b ................. ................. vvvvvvvvvvvvvvvv inal data at the surface (first 20 m), in order to move the den-
; ; i ; sity profile away from a (non-homogeneous) mixing-layer
configuration, and to create a deep (first 50 m) significant
surface zone of negative initial gradient Richardson num-
Fig. 8. Test 2: initial gradient Richardson number. bers. We are thus in the presence of convection, where con-
vection phenomena are in particular linked to physical pro-
cesses such as the cooling of surface water or evaporation.
1h. In Fig.5, we can notice the formation of linear steady Note that the presence of static instability zones in the den-
profiles for velocity and density, conforming to the theo- sity profiles can be detected with a certain frequency in the
retical expectationsBennis et al.2010. Similar numerical ~ TAO data. In Fig.8, we display the initial gradient Richard-
results are obtained for the213 andR224 models, while  son number, which is effectively negative for the first 50 m
the R23 model diverges from these results in all the waterof depth. This fact is reflected in the initial diffusivities of
columns. In Fig.6, we can observe a monotonic numeri- the various models as shown in Fig.where in particular
cal convergence to the steady states for all modelsRR®  we observe negative values for modg®13 andr23, while
model being the one that reaches a stable equilibrium firstor model R224 we always have positive values. Physically,
(after about 3000 h, i.e. 4 months approximately). Here, wenegative diffusivity cannot exist, so we cannot k213 and
compute the residual values as: R23 models in their original formulations here (see Egs.
and4), described inPacanowski and Philand€t981) and
Gent(199)). In practice, ocean modellers bypass this prob-
lem by extending the eddy diffusivities to those regions with
positive constant values. An example is given by a mod-
and we refer to a stable equilibrium whet < 106, Col- ified Pacanowski—Philander model, developedTimmer-
lecting data at time = 10 000 h implies the consideration mann and Beckman{2004), which gives good results in the
of a subsequent relaxation time until~ 10~12 is obtained  presence of convection. It consists of adding a constant value
for all models. This shows the non-linear stability of equi- of 1072m?2s~1 to the turbulent diffusion (and viscosity), de-
librium solutions that act as point-wise attractors wheneverpending on depth. In particular, the modified expressions de-
we apply a negative buoyancy flux at the surface, as in thipend on the Monin—-Obukhov length that characterizes the
case. In particular, the steady states attract configurations copceanic surface boundary layer where the wind effects are
responding to mixing layers, which appear as intermediatestrong, and it is computed from a diagnostic equation given

Depth ()

i | i i
-6 -4 -2 0 2
Initial gradient Richardson number

-100
-8

N
+1 +1 +1
rt= | D T 2 it — v 24 | pl T — pr 12,
i=0
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Fig. 9. Test 2: initial diffusivity for modelsk224, R213 andR23 (from left to right).
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Fig. 10.Test 2: mixing-layer zonal velocity, meridional velocity and density profiles (from left to right) for mRg24.

by Lemke(1987). Timmermann and Beckmarf@004 show  estimating the diffusivity with measurements of very small
that the modified model gives good results in the Weddellscale vertical structures, they have shown that it fits in the
Sea, an Antarctic geographical region where important contange [10®m2s~1; 10-1m2s~1] in the studied region, i.e.
vective phenomena occur, but it needs the computation othe West Pacific Warm Pool.
supplementary parameters. TR224 model presentsthe ad-  To obtain the steady states of the flow, we propose to inte-
vantage that it can be used without needing to compute angrate modelR224 fort = 10 000 h (about 14 months), with
additional parameter, which is an important feature in situa-At = 1 h. As the equilibrium solutions are unique in the case
tions where we have to simulate different turbulent regimes.of modelR224, we can compute the theoretical solutions and
We thus only use th&k224 model for this test. The large compare them with the numerical ones. In Fig, we ob-
value displayed by the initiaR224 diffusivity corresponds serve that we obtain practically identical linear profiles for
to a negative gradient Richardson number near its singularthe theoretical and the numerical solutions. In Fig, the
ity, that is atR = —0.2. residual values display a good monotonic numerical conver-
The formation of a homogeneous mixing layer is achievedgence to the steady states. Thus, although physically stable
by integrating theR224 model for = 48 h (2 days). The grid  equilibria correspond to positive gradient Richardson num-
spacing isAz = 5m and the time step i&r =60s. We im-  bers, even initial conditions that present strong and deep
pose a zonal wind equal to 7.3 mis(eastward wind) and vertical instabilities could asymptotically converge to those
a meridional wind equal to 2.1 m$ (northward wind) at  equilibria, i.e. these initial conditions too are in the range of
the surface. The results are displayed in Hf. We ob-  attraction.
serve that the application of a negative buoyancy flux at the
surface permits us to stabilize the water column, producing
a 70m deep homogeneous mixed layer. We notice an in-5
crease in the zonal and meridional surface currents, which
is in agreement with the application of a northeasterly wind.
During the computation, the model is able to automatically
adjust the diffusivity, reducing the initial peak until con-
verging to a range between 1bm?s~1 and 102m?s71,
which is in agreement witfOsborn and Cox1972. By

Conclusions

In the numerical experiments, we have observed the forma-
tion of mixing layers as well as the reaching of equilibrium
profiles by starting from physically reasonable initial condi-
tions far away from these two different configurations, re-
maining in the respective characteristic times of formation.
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Fig. 11.Test 2: steady zonal velocity, meridional velocity and density profiles (from left to right) for nitiziz4.
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other, for proving that the equilibria states behave as point-
wise attractors for intermediate transient mixing-layer con-
figurations, for which the analysed models provide accurate
physical predictions. In their turn, mixing-layer profiles act
as “absorbing configurations” with characteristic times of a
few days.
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