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Abstract. In this work we will study some types of regularity properties of solutions for the
geophysical model of hydrostatic Navier-Stokes equations, the so-called Primitive Equations
(PE). Also, we will present some results about uniqueness and asymptotic behavior in time.

1. Introduction. The knowledge of seas and oceans has always been a human interest.
We cannot forget that at least two thirds of the Earth surface are covered by oceans,
and it is surrounded by the atmosphere. From the beginning of the XIXth century, some
scientists such as Pierre Simon de Laplace thought that the physical laws that govern
atmosphere and ocean could serve to predict the future weather and climate. Nevertheless,
it was not until the XXth century that people started to treat this prediction by solving
differential problems in mathematical physics.

The dynamics of geophysical fluids is a subject born in the fifties, relating to Oceanog-
raphy and Meteorology, and studies large scale fluids (in space and, sometimes, in time).
What Meteorology tries to describe are the weather changes, the coast winds, the influ-
ence of topography in the local or regional weather, the general circulation, the climate
variation,... On the other hand, Oceanography studies “upwelling” phenomena (circula-
tion of deep water), oceanic streams (as the Mexico Gulf Stream) and large scale general
circulation (meso-scale and climate scale).

According to J. L. Lions, R. Temam and S. Wang [17], in order to understand the
turbulent behavior of both the atmosphere and the ocean, and to predict the climate,
the following requirements are needed:

(a) to establish the equations and mathematical models that govern the movement and
the atmosphere and ocean states, and the interactions appearing among them:;
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(b) to know the mathematical basis of these equations and models;
(c) to design and compute numerical approximations to these equations.

The atmosphere is a compressible fluid described mathematically by the Hydrody-
namic and Thermodynamic equations, where centripetal and Coriolis forces are also act-
ing. Such equations describe the big scale movements, and small scales are considered
as “noises” in the numerical treatment. However, because of the vertical scale is much
smaller than the horizontal scales, we can use the hydrostatic approximations in order to
obtain the Primitive Equations of the atmosphere and the ocean.

The interaction between atmosphere and ocean can be observed when the wind force
moves the ocean or when the ocean influences the behavior of the atmosphere. From a
physical point of view, the water dynamics, the distribution of temperature and salinity,
and the chemical and biological components of water are interesting in Oceanography. In
Meteorology, air dynamics, temperature, humidity and pressure are interesting.

Although it seems that the incompressible (or slightly incompressible) Navier-Stokes
equations, with variable density and free surface, is one of the most realistic models to
simulate the hydrodynamic behavior in Oceanography, the high complexity of this model
and the high dimensions of the domain of study motivate some simplifications (see [19]).
We describe here one of them.

This work is organized as follows. In section 2, we present the physical derivation
of the model and some mathematical simplifications. In section 3 the (PE) problem is
considered: fist, we present some functional spaces and definitions; secondly, we show the
main steps in the proof of the strong regularity for the solution of (PE), global in time for
small data and local in time for any data; and then, we deal with the asymptotic behavior
in time. Section 4 is devoted to the uniqueness of solution, proved for weak solutions when
some additional hypotheses on the derivative with respect to the z-variable are made. In
the fifth section, we show the existence of a very weak solution for the linear problem
that will help us to weaken the regularity hypothesis on the data in order to prove
strong regularity for (PFE). Finally, in section 6 we prove anisotropic global regularity
and uniqueness of solution global in time for a 2D (PE) model provided with friction
boundary conditions on the bottom.

2. Derivation of the Primitive Equations of the ocean model. The ocean can be
considered as a slightly compressible fluid, with the influence of centripetal and Coriolis
forces. The set of equations that form the so called “large scale ocean model” are: the
momentum equation, the continuity equation, the thermodynamic equation (with tem-
perature ), the diffusion equation for the salinity S and the state equation for the density:
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where V is the 3D velocity field, P is the pressure, g = (0,0, g) is the gravity, 20W x 'V is
the Coriolis term and pW x (W X r) the centripetal forces (W = f(0,cos A, sin \) is the
Earth rotation vector, f its module, A = A(y) is the latitude and r is the Earth ratio).
On the other hand, D is the molecular dissipation, ()9 and Qg are the temperature and
salinity diffusions, respectively.

We will use the following operators: V = (0,,0y,0.) the 3D gradient, with V- the

divergence operator and % the material derivative, i.e.

D

— =0, +U-V.

Di -t
In what follows, we will do a (-plane approximation, that means to suppose that the
earth surface can be approached locally by the tangent plane at a central point of this
neighborhood, where (3 is the deformation angle from the sphere over the plane. In this

case, the domain of ocean 2, can be described in cartesian coordinates as:
Q= {(r,y,2) = (x,2) €ER® x€ S, ~H(x) < z < 0}.
Its boundary is 9Q = I', UT'; UT', where the bottom Iy, the sidewalls I'; and the surface
I's are defined by:
[y ={(x,2) eR3:x€ 8, 2=—-H(x)},
[ ={(x,2) eR3: x €98, —H(x) < z < 0},
I's ={(x,0) : x € S},

where the horizontal section S is an open set in R? and the depth H is a non-negative
continuous function over S.

In order to avoid theoretical and computational difficulties, two main simplifications
are considered in (1):

a) Boussinesq approzimation, that neglects the differences of density in all the equations
of the system except the gravity term and the state equation. In this way, once a medium
density pg is fixed, then p = py + p’ with p’ << pg. The continuity equation is then the
incompressibility equation for the velocity U. The inclusion of the centripetal forces in
the gradient of a potential function p (along with the pressure), they allow to consider
the following model of Navier-Stokes with anisotropic viscosities:

D /
= U=V (D,(U))+2W x U+ Vp = —%ge;;,

(BES) p:p(ﬁ, S)v V-U=0,
D9 V-(D,,(0)=0 DS V- (D, (5) =0
Ht - ( 1/9( ))_ ) Ft - ( Vs( ))_ .

, % = 0; + U - V is the material derivative, v, vy, vg > 0 are anisotropic (eddy)
diffusion coefficients (with different order in horizontal and vertical) of (U, 6, S) respec-
tively, where D, (U) = V, U + V, U and V, = (1 Vx,1.9,)", with Vx = (9;,9,)" the
horizontal gradient operator.

Here

b) Hydrostatic approzimation. An analysis of spatial scales says that the aspect quotient
(ratio between the vertical Z and horizontal L characteristic lengths) is small, namely:

Z
d=2~103.
L
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It is also possible to observe that the vertical water velocity is much smaller than the
horizontal ones, which is modelled approximating the third momentum equation by the
so-called hydrostatic equation:

op

% =—pPg,
which relates the ocean pressure and density with the gravity, and that has become a
fundamental equation in Oceanography. This analysis also shows that for the viscosities

in each direction to be of the same order (respect to d), we have to suppose:

(2) v, =8%v,, Uvx =1, with v, =O(1) and v, = O(1).

By simplicity, we only treat the (nonlinear) system for velocity U = (u,v) (where
u = (u1,uz2) and v are the horizontal and vertical velocities respectively) and pressure
p, because of the system coupled with temperature and salinity (of convection-diffusion

type) do not introduce any new mathematical difficulties. This system is called Hydro-
static Navier-Stokes equations, which can be described as follows:

1

Ou+u- Viu+ v, u—vpAzu — 1,02, u+ aut + —Vyp =0,
Po

p=po+p'0,5), 0.p = —pg, Vx-u+0.v =0,

(HNS)

where oo = 2f sin(\). The surface I'; is the same as before, where the new , I'; and T,
(with b = &) are described as follows:

Q={(x,2) eR3 x €8, —h(x)<z<0},
(3) I ={(x,2) €eR3: x €IS, —h(x) < z < 0},
[, ={(x,2) eR3:x€ 8, z=—h(x)}

A derivation of (HN.S) of the ocean from the hydrostatic approximation hypothesis is
obtained in the works of J. L. Lions, R. Temam and S. Wang, [15, 16]. Such hypothesis can
be justified as the limit of the weak solution of the Navier-Stokes equations or (BEs) when
0 — 0 imposing (2) (see the work of O. Besson and M. R. Laydi, [3], for the stationary
case, and the work of P. Azérad and F. Guillén-Gonzalez, [2], for the evolutionary case).

2.1. The boundary conditions. The exchange between atmosphere and ocean is deter-
mined by the interface conditions, called surface boundary conditions when the isolated
model of the ocean is considered. A simplifying hypothesis is the “rigid lid” hypothesis;
namely, the interface atmosphere-ocean is assumed flat, thanks to two facts:

(a) the water density is much greater than the air density; p%/p ~ 1073, where p® and
p are the air and oceanic water density respectively. Then, the atmosphere-ocean
interface is very stable considering great spatial scales, due to the intensity of the
gravitational force.

(b) in the oceanic scale, the vertical displacement of the tides waves usually is neglected
in most of Global Circulation models.

Denoting with the upper-index ¢ the variables of the atmosphere, the surface boundary
conditions are:

vlp, =0, ulp, =u’p,.
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Nevertheless, due to the difference of density between both states, a thin boundary layer
appears in the atmosphere (of 1 km of thickness) and very fine in the ocean (between 10
and 100 m). A possible modelling of this boundary layer is given by:

v=0 — poty O;u = p*CH (u® —u)ju® —u|® on Ty,

where C% is a momentum transfer coefficient. Following the references [16, 15], we con-
sider the simplification:

v=0, v,0,u=7" only,

where Y is the wind stress tensor on the surface of the ocean, which is given as a datum
or as a linear function of u: for instance ¥ = —C|u®|*(u® — u).

With respect to the bottom and sidewalls, we will always impose the slip condition
(u,v) -m=0o0nI';UTl. On I this condition yields ujp, = 0 (allowing vertical sliding on
the sidewalls). On the bottom, two additional conditions should be imposed, that could
be of adherence or friction type:

u=0 onl}, (or (Vyu)n+pfu=0 only)

where 8 = 3(x) > 0 is a coefficient depending of the bottom roughness. From a physical
point of view, the election of homogeneous Dirichlet boundary conditions for the velocity
on the bottom is only justify when the molecular viscosity of the fluid is important.
Nevertheless, in many geophysical models eddy viscosity is considered, neglecting the
molecular viscosity. On the other hand, one knows that the use of the friction boundary
condition in the Navier-Stokes equations prevents the appearance of boundary layers.

2.2. The reduced model. The unknowns (u,v,p) of the (HNS) system have different
roles: the horizontal velocity u satisfies an evolution problem and therefore needs initial
data (prognostic variable). The vertical velocity v can be determined from u (diagnostic
variable). Indeed, integrating the incompressibility equation in (z,0) and using the rigid
lid hypothesis vr, = 0, one has:

0
(4) v(t;x, z) = / Vx - u(t;x, s)ds.

With regard to the pressure, integrating the hydrostatic equation in (z,0), one has:

0 0
p(t;x, z) :ps(t;XH/ (pg)(t;x, s)ds = ps(t;x) *pogZ+g/ p'(6,8)(t; x, s)ds,

where p;(t;x) = p(¢; %, 0) is a potential function only defined in the surface of the ocean,
namely the atmospheric pressure plus the surface lid pressure (this latter is the pressure
exerted by undulations of a free surface), and —pogz + ¢ fzo p'(6,5)(t;x, s)ds is the baro-
clinic pressure (where —pggz is an average of the pressure exerted by the water column
between z and 0). Then, horizontal gradient of pressure is rewritten as:

1 1
—Vxp = —Vips + F(O, S)
Po Po
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On the other hand, using in (4) the slip boundary condition on the bottom (u, v)-njp, =0,
one arrives to the constraint (see [16, 14])

0
(5) Vx-{(u)=0in (0,7) x S, where (u)(t;x) = / u(t; x, z)dz.
—h(x)
Then, we arrive at the following reduced system, that will be called Primitive Equa-
tions :

dpu+u - Veu +vd,u — vy Axu — 1,02, u + aut

1
+—Vxps =Fin (0,T) x Q,

(PE) pVOx-<u>:0in (0,7) x S,

uf;—o = ug in Q,
VU82u|ps = T, u‘rburl =0 in (O,T),
where v depends on u as in (4).

This system displays some advantages, from the computational point of view, eliminat-
ing the unknown v and reducing the unknown pressure to a surface function. Nevertheless,
due to the dependency of v with respect to Vy - u, an anisotropy in the regularity of the
derivatives of v is produced. For example, in the weak solution framework, u € H!(Q),
hence using the incompressibility equation, d,v = —Vy -u € L%(Q) but Vyv ¢ L?(Q)
in general. This anisotropy implies that the nonlinear terms of the momentum equations
are less regular than in the Navier-Stokes case. Another fact to consider is that whereas
(BEs) is a differential model, (PE) it is a integral-differential one.

REMARK 1. When in the Navier-Stokes model, free surface is considered (as a new un-
known), the rigid lid condition (v = 0 on I';) must be changed by the free surface equation,
arriving at the so-called 3D Shallow Water model.

3. Regularity for the primitive equations model (PFE)

3.1. Functional spaces and definitions. Before making a mathematical study of problem
(PE), we describe the functional spaces and the definitions of very weak, weak and strong
solution:

Cpi(Q) = {p € C®()?; supp(¢p) is a compact set C Q\ (I, UT,)},

1

H},(2) = C5(Q) ={veH' (2% v=0onT,Ul},
Hb_l1 () = dual space of HI}J(Q),
V= {p € CJH(Q)% Vi () =0 in S},
H=V" = {veL2(); Vs (v) =0 in &, (v) -, =0},

V=7" = {veH(Q); Vs (v) =0 in S, vr,ur, = 0}.

Taking regular test functions in (PE) and integrating by parts, we obtain:
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DEFINITION 1. Let ug € H, F € L*(0, T;H, () and Y € L*(0, T; H-'/*(T,)) be given
functions. We say u: (0,7) x Q — R? is a weak solution of (PE) in (0,T) if

uec L>¥(0,T;H)N L*0,T; V),
satisfying the variational formulation: V¢ € C1([0,T]; V) such that ¢(T) = 0,

T
/ / (—u- (Orp + (u- Vi) + uzd.0) + au' - ) dQdt
0o Ja
T
+/ / (vhVxu : Vxp + v,0,u - 0,p) dQdt
0o Ja

T T
_ / wo - 9(0) dS2 + / (F, phadt + / (Y, o)rdt,
Q 0 0

and, moreover, u satisfying the energy inequality:
1 t
ghulee + [ (sl + 100l ds

1 t t
< —HuoHiz(Q)—f—/O (F,u>gds+/0 (Y, ds cpd.t € (0,T).

In the case T = +o00, we say that u is a weak solution of (PFE) in (0, +00) if u is a weak
solution of (PE) in (0,T), VT < +00.

Observe that (-,-)q denotes the duality between H;ZI(Q) and Hal(Q), and (-, ),
denotes the duality between H=/2(I'y) and H'/2(T;). In this section, us will denote the
vertical velocity associated to u.

Finally, we denote the V-norm by [[¢[5, = vi[|Vxplf2(q) + voll0:¢ll72 (o), and the

H} ()-norm by [[9ll2: ) = [Vxel22 0 + 10:0022 0.

DEFINITION 2. Let ug € V, F € L?(0,T;L3(Q)), ¥ € L*(0,T;HY*(T'y)) and 9, €
L?(0, T;H-Y/%(T,)) be given functions. If u is a weak solution of (PE) in (0,7, we say
that u is a strong solution if it satisfies the following additional regularity:

uc L0, T; V)N L*(0,T;H*(Q) NV), duec L*(0,T;H).

The existence of weak solution of (PFE) is well-known from the works of Lewandowski
[14] and Lions-Temam-Wang [16] in domain whose depth is strictly bounded from below
(i.., h > hynin > 0in S). They use a Galerkin method in order to obtain the velocity u in
a space with the restriction V - (u) = 0. The pressure will be recovered later thanks to a
De Rham Lemma, specific for this kind of spaces. In domain without this restriction the
existence of weak solution is obtained as a consequence of a limit process applied to the
Navier-Stokes equations with anisotropic viscosity, when the aspect quotient tends to zero
(see Besson-Laydi [3] for the stationary case and Azerad-Guillén [2] for the evolutionary
case). Other proofs by internal approximations can be seen in [6] for the stationary case
and [9] for the evolutionary case.

The novelty of the results of the authors is the proof of existence of strong solution
for the nonlinear system (PE) and the uniqueness. The linear stationary case has been
studied by M. Ziane, [21]. One of the main difficulties for this study is the treatment
of the boundary conditions: Neumann non homogeneous on the surface and Dirichlet
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homogeneous on the bottom and sidewalls. Uniqueness of weak solution is still an open
problem, but the regularity hypothesis for it has been weakened.

3.2. Strong reqularity for the Primitive Equations. We start our study by the linear
evolutionary system associated to the primitive equations (for simplicity in the exposition,
we will omit the Coriolis term):

OV — U AV — 1,02, v + Vxqs = Fin (0,7T) x Q,
Vi (v) = 0in (0,T) x 8,
V]i=0 = ug in €,
vy0yvip, =, vip,ur, = 01in (0,7).

(5)

The associated stationary problem will be called (Sst).

THEOREM 1 (Weak solution of (Ss)). Let S € R? (d = 1 or 2) and Q C RI! pe
Lipstchitz-continuous domains defined by (3). If F € Hb_l1 (Q) and X € H-Y2(T,), then
the problem (Sst) has a unique solution v € HY(Q). Moreover, there exists a constant
C =C(R2) > 0 such that if v = min{vy, v, }, we obtain:

C
(7) IVlE @ < 5 U T, + ||F||i1;;(g)}-
In [3], [6] and [14], there are different proofs of this result.

THEOREM 2 (Strong solution for (Sy) [21]). Let S CR? (d =1 or 2) be a C* domain
and h € C3(S) the depth satisfying h > huyin > 0in S. IfF € L2(Q) and Y € Hé/%E (Ts)
(for some ¢ > 0), then there exists a (unique) strong solution v of (Sst) (i-e., v €
H2(Q) NV ). Moreover, there exists a constant C = C(Q) > 0 such that:

C
(8) ”VH%—I?(Q) < ﬁ{”F”i?(ﬂ) + ”T”iﬁ/”s(m)}'

This result of strong regularity ([10, 20]) must be extended to the linear evolutionary
case (S). First of all, we get a lift of the boundary conditions: In this way, we define
the operator B : a € H '/2(I',) — u = Ba € V, where u is the weak solution of the
hydrostatic Stokes problem (Ss;) with F = 0 and ¥ = a. Then, we consider e(t) =
B(Y(t)) which has strong regularity, and we prove that d;e(t) coincides with B(9; Y (t)
which has weak regularity, and therefore e € C°([0,7]; V). Secondly, we consider the
homogeneous problem satisfied by y = v — e. The estimates of energy deduced for e and
0se thanks to Theorem 1 and Theorem 2 yield the following result:

THEOREM 3 (Strong solution of (S)). Let S C R% (d = 1 or 2) be a C3-domain and
h € C3(8S) the depth with h > hpim > 0 in S. If F € L2((0,T) x Q), up € V, T €
L?(0,T; Hé/2+€(Fs)), for any € > 0, with &, X € L*(0,T;H-Y/%(T,)), then there exists a
unique strong solution v of (S) in (0,T). Moreover, there exists a constant C > 0 such
that:

||VH%oc(v)+ ||VH%2(H2(Q)) + ||atVH2L2(H) < C{luoll¥ + ||T(O)||%1—1/2(F3)

9
©) IR gy 10 e gy + 100 B sraqr )

Once the linear problem has been studied, we deal with the strong regularity for the
nonlinear problem (PE). We use the previous theorem to lift the boundary conditions of
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(PE) problem and thus to study the homogeneous boundary problem satisfied by (w, 7s),
where w = u — v, m; = ps — ¢s, for (v, ¢s) the solution of (.5):

W — U Axw — 1,02, W + (W + V)0 (W + V)
(NL) +(ws +v3)05(W+ V) + 0w =0 in (0,T) x £,
Vi (w)y=0 in (0,7) xS, w0 =0 in Q,
1,0, w=0 on (0,T)xT's, w=0 on (0,7) x (I, UT,),

with w3 = fzo Vx - wds and in a similar manner for vs.

In the spirit of Galerkin method, we approach w functions by w,,. They are the
Galerkin approximates in the m-dimensional space V,,, spanned by an orthogonal and
unitary base in V of eigenfunctions of the hydrostatic operator A : V' — V’ such that:

(10) (Au,v)yr vy = / (uhvxu : Vv +1,0,u - 3zv)dQ Yu,vev,
Q

is associated to the homogeneous boundary conditions (Neumann on the surface and
Dirichlet on the bottom and sidewalls). In order to obtain estimates in the H?(£2)-norm
we take Aw,,(t) € V;,, as test functions, obtaining:

1d 9
(11) 5 g Wl + 1AWn[IEz ) = G(Win, v),
for a certain function G. Using the estimates in the strong norm for v (depending on
data) and controlling the terms in w,, with the term appearing on the left side of (11),

we try to bound G. The big difficulty appears in the terms:
I =— / (Wi - Vi)W, - AW, dQ and  Ih = — / (Wi )30, Wiy - AW, dSY
Q Q

corresponding to the nonlinear term of (PE). Observe that I is less regular than I; due
to the anisotropy regularity of the vertical velocity. In order to bound the Is-term, the
following lemma ([10]) will be basic:

LEMMA 4. Let @ C RY (N = 2 or 3) be the domain considered in the (PE) problem.
Then, for all function v € WIP(Q)N=1 (p > 1), if we define v3 as v3(x,2) = — ffh(x) Vi
v(x, s)ds, we have:

HUBHLP(Q) S hmavax : VHLP(Q)'

In the 2D case, using the Gagliardo-Nirenberg’s inequality, we obtain:

I < H(wm)3||L4(Q)||3zwm||L4(Q)||3A2wm\|L2(Q) o
< Chmax||8$wm||L4(Q)HAle’L||L/2(Q)||8Zwm||L/2(Q)

< ChmaxH’meHl(Q) ||Ame%2(Q)
< —hmalwmllv [ Awn 3 .

Similar estimates for the remaining terms lead to:

d
(12) EmeH%/ + ”Awm”%%m(l = Cihimaz[wm|v)

< G llwllv + a(t) lwill + b(t),
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where a(t), b(t) are certain functions belonging to L'(0,T) depending on the data. Hence,
under smallness hypothesis on the data, allows to apply the Gronwall’s Lemma an obtain
the following result ([10]):

THEOREM 5 (Global strong solution for small data in the 2D case). Let S C R be an in-
terval and h € C3(S) such that h > hpim > 0 in S. Suppose that ug € V, F €
L2(0,T;L*(Q)) and YT € L*0,T; HY/**5(T,)), for any ¢ > 0, with &, Y € L*(0,T;
H~Y2(T,)). If the following smallness hypothesis is satisfied: Vt € [0,T],

1 t
con(~qgzt+ [ alo)ds ) 2uall + KO s, )
(H)2p 20

_|_/Ot exp(is - /Os a(a)da)b(s)ds} < M?,

where M is a positive constant small enough, K1 and Ks are constants, and a and b are
the functions appearing in (12), then there exists a unique strong solution (u,ps) of (PE)
in (0,T) (ps is unique up to an additive constant depending on t).

Moreover, in [10], the asymptotic in time behavior when ¢ | 400, exponentially de-
creasing in H'(Q)-norm is proved if we impose (H)ap Vt € (0,+00) and an additional
smallness condition on the data T and F when t T oo. Finally, a fixed point argument
yields the existence of a strong solution local in time if hy,.y is small enough.

In the 3D case, applying some interpolation inequalities, we obtain ([10]):

h 5/2 1/2

I < CV1/4 ||Awm||L2(Q)||WmHV )

and therefore the previous argument cannot be applied. In the search of a solution, in
[11] we focus our study in the anisotropy of the vertical velocity. Recall that 0,ws =
—Vx W € L?(Q), and by a Poincaré vertical inequality we have w3 € L%(£2). However,
Vxws ¢ L?(£2) in general. Thus, we treat the regularity for the x and z separately. The
novelty is the fact of considering anisotropic spaces and anisotropic estimates (see [11]
for the proofs):

DEFINITION 3. Given p, g € [1,+0o0], we say that a function u belongs to LILE(Q) if:
u(-, z) € L9(S.) and lu(, 2)llLacs.) € LP(—hmax, 0).

and its norm is given by the expression:

a2 zaeso | o —pn o)

PROPOSITION 6 (Interpolation inequalities). (a) Let v € L%(2) be a function such that
d,v € L?(Q) and (vn,)|r, = 0. Then, v € L LZ(Q) and satisfies the estimate:

(13) [0 7o 22 < 2 (0]l 2 100l L2 (0 -

More generally, ifv € HY(Q) thenv € L°L2(Q), and there exists a constant C = C(Q) >
0 such that:

(14) 0222 < COollr2@llvlmio) Yoe H ().
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(b) Let v € L*() be a function such that Vyv € L?(Q)? and (vng,)|r,ur, =0 (i =1,2).
Then, v € L2LL(Q) and satisfies the estimate:

(15) [villZera < 4lvill L2 () | Vxvill 2 (0)-

More generally, if v € HY(Q) then v € L2L%, and there exists a constant C = C(Q) > 0
such that:

(16) lllZ2s < COlvllzz0) 0]l 0.

PROPOSITION 7 (New estimates for v3). Let v € L*(Q)? be a function such that Vy-v €
HY(Q). Then, if we consider v defined in function of Vx -v as in Lemma 4, we obtain
that vy € L LE(Q) and satisfies the estimate:

(17) losll s < C Q) Vi VI IV Vi)
Using this inequality, we bound the I5-term in the form:
Ir < (ws)mlloopa 10wl L2 [ AWl L2(0)
< mHAWmH%%Q)HWmHV
for C = C(Q) > 0 a constant. Now, following a similar argument to Theorem 5, and
writing precisely the influence of the data of type L?(0,T') and L°°(0,T), and the explicit

dependence on the viscosity (with constants only depending on the domain), we have
[11]:

THEOREM 8 (Strong global in time solution for small data in the 3D case). Let S C R?
be a C3 domain and h € C3(S) the depth function such that h > Ry > 0 in S.
Suppose that ug € V, F = F1 +Fy with F1 € L?(0,T;L%(Q)) and Fy € L>(0,T; L?(2)),
Y = Y1+ Yy with Yy € L20,T;HY* ™ (Ty)) and Yy € L2(0,T;HY* ™ (T,)) for
any € > 0, such that 3, X, € L*(0,T;H Y/2(Ty)) and 0; Xy € L>(0,T; H-Y%(Ty)). I,
moreover, the data satisfy the following “smallness conditions”:

IF e ey + 10l o gqaraeey < ev®2 0]z 112y < ™2,

(H)sp [Fal s w2y + ||T2HL%O(H[1)/2+5) <cv?, 10 s || oo (ra-1/2y < €2,
v 14
oll < ery /2 T ovs + 1Tl < 7y %,

where v = min{vy, vy}, U = max{vp, vy} and c is a constant small enough (depending on
Q), then there exists a (unique) strong solution (u,ps) of (PE) in (0,T) (ps is unique up
to an additive function depending on t).

REMARK 2. We have denoted L%,(LP) = L(0, T; LP(Q)), H~ /2= H-Y/2(T,) and H}/***
1/2+4¢
= H, Ts).

On the other hand, if we try to eliminate the smallness hypotheses on the data, we
start from the following expression relative to (12) but for the 3D case:

d C c
(18) WY+ IAWIE: o) < AW L o) [wllv + WV

+a(t)[wlf + b(t),
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where a(t) and b(t) belong to L'(0,T), depend on v and on the data. Unlike the fixed
point argument made in [10], which imposed smallness for Apay, in [11] we use a new
argument that avoids this hypothesis. It is the following: Since w,,(0) = 0 and w,, is
a time continuous function valued in H'(Q2), we can find a time 7}, (see [11] for more

details) such that:
3/2

W (8)ll < 2 vt € [0, TL].

2C 7
From this point, bounding from below T}}, > T > 0, the proof of the existence of strong
solution in (0,7!) can be concluded in a standard manner. =

3.3. Time asymptotic behavior. In [11] the time asymptotic behavior towards a steady
solution is studied (generated by the second member Fy and Neumann boundary condi-
tion Y5, which now are time independent functions). The objective is to obtain a result
of convergence in norm V, which in principle forces us to know under what conditions
the strong regularity of the stationary problem is obtained:

— U AV — 1,02V + (V- V)V + 00, v+ avt + Vyep, = Foin Q,
(PE)st Vx-{v)=0 in S,
v, = Y2, Vpp,ur, = 0.

The following result is obtained in [11]:

THEOREM 9. If data (Fa,X2) are small enough in the L?(2) x Hé/2+€(I‘S)-norm, then
there exists a unique strong solution v of (PE)g, and there exists C = C(2) > 0 such
that:

C
(19) [V[[F ) < E{HF2H%I*1(Q) + ||T2H%{—1/2(r5)}7

C
(20) 1Vl < ﬁ{HF2”%2(Q) + ”TQH?{(I,/Q“(FS)}'

Finally, the asymptotic behavior obtained in [11] can be written as:

THEOREM 10 (Convergence towards steady solution). Let u a strong solution of (PE)
in (0, +00) with second member F = F + Fy, where Fy € L%(0, +00; L2(2)) and Fy €
L2(Q) (independent on t), and the Neumann condition ¥ = Y1 + Yo, where Xy €
L2(0,+oo;H(1)/2+E(FS)) for some £ > 0, such that ;X1 € L*(0,4o00; H Y/2(T,)), and
Y, € Hé/2+E(FS) for some e > 0 (also independent on t). Assuming smallness hypotheses
(H) with T = 400, if v is the steady strong solution of (PE)s with second member Fa
and Neumann boundary condition X, then u(t) — v in the HY(Q) norm as t — +oc.

4. Uniqueness of weak/strong solution. The smaller regularity of the nonlinear
term (of vertical convection) in the PE system causes that greater regularity is needed to
demonstrate uniqueness of solution than in the Navier-Stokes case (see, for instance, the
book of P. L. Lions [18] for this case). Assuming (u,v) and (u,v) two possible solutions,
the main difficulty is to control the terms:

h= [0 Vo ad A= [ (o-nia -
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Using anisotropic estimations of Lemmas 6 and 7, the following inequalities hold:

Ji < u—ulfs s Vatlrer: < CIVsulpere [u— ez fu— |,

1/2

3/2
Jo <o = vflrerz|0-ull L2 sl —ull L2y < CllO:ufrzpsu -l Y

[u—ulf7.
Consequently, one arrives at

THEOREM 11 (Weak/strong uniqueness [4]). Let u a weak solution of (PE) in (0,T). If
there exists u a solution of (PE) in (0,T) such that:

(21) Vyu € L?(0,T; LL2)  and  d,uc L*0,T; L*LY),
then both solutions must coincide in [0,T).

In [12] the previous result is improved, eliminating the additional regularity imposed
for Vxu. For this, the following new anisotropic estimation is used:

LEMMA 12. Let u € Hy () such that O.u € H'(Q). Then u € L Ly and there exists a
constant C' = C(2) > 0 such that:

1/4 1/4 1/4
(22) lull s < COQull gy Il 0l 31

1/4
0.l i)

-l il

Using this inequality in the J; term, (previously integrated by parts) one has,

1/4 1/4 1/4 1/4 1/2 3/2
Ji < Cllull gy Il o 10:1l gy 10-1l 1 g T — ull 450, lu = ull 3 -

Consequently the uniqueness of weak solution is obtained, changing the additional regu-
larity (21) to

(23) d,u € L>(0,T;L*) N L?(0,T; H).

This uniqueness result also holds, when Robin boundary conditions at bottom are im-
posed, but only in domains with sidewalls [12].

REMARK 3. In 2D domains, an additional hypothesis that implies uniqueness is 0,u €
L40,T; L*(Q)). In any case (2D or 3D), the additional regularity is not assured in general
for a weak solution, hence uniqueness of weak solution is an open problem. We will see
in Section 6 that in 2D domains this open problem is solved obtaining the additional
regularity (23) for 0,u (supposing L? regularity for d,uq and 9, f).

Finally, in [12] it is also proved that (23) is a sufficient condition to deduce strong
regularity:

THEOREM 13. Let S C R? be a C3 domain and h € C3(S) with h > hpin > 0 in
S. Let F € L*(0,T;L?),uy €V, YT ¢ L2(O,T;H(1)/2+E(Fs)), for some € > 0, such that
oY € L2(0, T; H3/2(T,)) with X (0) € H-Y2(T,). Assuming u a weak solution of (PE)
in (0,T) such that d,u € L>(0,T;L?)NL(0,T; H'), then u is the unique strong solution
of (PE) in (0,T).

For the proof of this result, the method is standard but it is necessary to prove some
new anisotropic estimates that appear in the following lemma (note that the hypothesis
h > hmin > 0 is necessary):
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LEMMA 14. a) Let v € L*(Q) be a function such that 9,v € L*(Q). Then, v € LL2(R)
and

(24) haninl |01 12 < 01320 + 2l0ll2 (@) 10:0] 220
b) Let v € HY(Q) be a function such that d,v € H' (). Then, v € L LL(Q) and
1/2 1/4 1/4 1/4 1/4 1/4
(25)  hlallvllzers < Cloll g ol o) (1l o) 0l ) + 10:0] o) 100l 1)

The difference between (13) and (24), and between (22) and (25) is that in the in-
equalities of Lemma 14 there are no homogeneous boundary conditions for the functions.

5. Non-regular data for Primitive Equations. The analysis of the regularity for the
data imposed in order to obtain strong solution for Primitive Equations does not seem to
be optimal. We can observe that if v.€ H!(Q) then v,0,v|r, =Y € Hé/2+a(Fs), but in
the “classical works” it is usual to impose that 9, ¥ € H~/2(T,) to obtain 9;v € L?(Q).
Here, we explain the reason why we replaced this hypothesis in Theorems 3 and 8 by
oY € L*(0, T; H3/2(Ty)).

The result is a generalization of that one of C. Conca for the stationary Stokes problem
([7]) to the hydrostatic Stokes problem (i.e., the linear stationary Primitive Equations
problem). In [7], the very weak solution is defined for the Stokes problem, and corresponds
to the regularity that can be obtained for this system in the case that the Dirichlet
boundary data only belong to L?(99) (usually the data belong to H'/2(9Q)).

As we said before, we will use this very weak solution to weaken the regularity de-
manded for the data 0; Y in order to obtain strong solution for the Primitive Equations,
global in time for small data and local in time for any data.

The difficulties that the linear Primitive Equations model present versus the Stokes
problem are: the hydrostatic pressure, the new free divergence condition and the mixed
boundary data (nonhomogeneous Neumann on the surface and homogeneous Dirichlet in
other case).

The existence of very weak solution will be proved for the linear stationary hydrostatic
(Stokes) problem, and then generalized for the evolutionary case.

In order to fix ideas, we write the following problem: knowing the external forces
F € L?(Q) and the wind stress tensor on the surface ¥ € H™3/2(T,), we want to find
the horizontal velocity u and the surface pressure p:

—vAu—1302u+Vp=F inQ,
V-(uy=0 insS,
v30,u =" on I,
u=0 onl,Uly.

(26)

5.1. The dual problem. The dual problem associated to (26) is the following:

—VvA¢ — 13026+ Vr= g inQ,
V- (¢) =—¢ inS,
v30,0= 0 on Ty,
o= 0 onT,UIy,

(27)
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where g € L2(Q), ¢ € H, and

H— {ww c H'(S), /SWX: 0}.

Using the mixed formulation of the problem ([8]) and generalizing Ziane’s results of
H?-regularity for (27) (only proved for ¢ = 0), we prove that:

THEOREM 15. Let h € C3(S) the depth function and 8S € C3. If g € L?(Q) and ¢ € H,
then there exists a unique solution of (27) with ¢ € H*(Q)NHy (Q), m € H'(S), satisfying
moreover that:

(28) 1117720 + 17ll7 sy < CLlIglIZ2() + lellz)-
5.2. The very weak reqularity

DEFINITION 4. A pair (u,p) is called a very weak solution of (26) iff the following condi-
tions are satisfied:

ueL(Q),  pe(HY(9))/R,

(29) /Qu-gd9+<p,<p>s=l(g,@),

Vg € L3(Q), Vo € H'(S) such that/cpdx:O,
s

where (-, )5 denotes the duality between (H'(S))" and H'(S), where [ : L2(Q) x H — R
is defined by:
lg:9) = [ F-6d0+ (Y0, si F € L¥(@),
0
g, ¢) = (Fo)a+(Y,¢)r, siF e (H(Q)NH,,(Q),

where (¢, ) is the solution of the dual problem (27) and (-,-)r, the duality between
H~3/2(T,) and HS/Q(FS) (and (-, ) the duality between (H*(Q)NHj,(Q))" and H*(Q)N
H; ,(2)). Tt is easy to see that [ is a continuous linear operator from L*(€2) x H into R.

Using (27), we rewrite the previous definition as:
u e L3(Q), peH,
@) { [ w0+ )0 .V (0)s = (B dla+ (.0,
V% € H2(Q) ﬂHéJ(Q), V- {¢) € H(S) and 0.¢|r, =0, Vre€ H(S).

Therefore, we give the following result:

THEOREM 16. Given F € (H*(Q) NHy () and X € H™3/2(T,) there exists a unique
very weak solution (u,p) of (29) in L2(2) x (HY(S))'/R (p € (H'(S))" unique up to
additive constant). Moreover,

(31) [allzz@) + 1Pl sy e < CUF N (m2@)nm 2y + 1N a-s20,)}
As in [7], the proof of Theorem 16 needs the result:

PROPOSITION 17. The space (H(S))'/R is isomorphic to H', the dual space of H.
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Scheme of the proof of Theorem 16. Since [ : L?(Q) x H — R is a linear continuous
operator, there exists a unique pair (u,p) € L?(Q) x H' (H’ the dual space of H) such
that:

/ u-gdQ + P.@)wn =g ) VgeL*(Q),VpeH.
Q

From Proposition 17 we can identify p with a distribution p in (H'(S))’/R such that
(Ds Q) H = (D) (H1(8)), H1(S)» V¢ € H. Therefore, we conclude that (u, p) is a solution
of (29), and this proves the existence of solution. The uniqueness follows from the method
used in the construction of the solution. For the continuous dependence of the solution
with respect to the data the estimate (28) is used. m

Once the regularity of problem (26) is obtained, we get:

PROPOSITION 18. Let (u,p) € L2(Q) xH’ the unique solution of (29). Then, (u,p) satisfy
(26)1—2 in the sense of distributions in  and S respectively.

Finally, it is possible to give a meaning to the boundary conditions in certain dual
spaces, defining what we call “generalized traces” and which coincides with the standard
trace operator for regular functions (see [5] for the details).

As we explained before, the final version of the regularity result for Primitive Equa-
tions (5) is:

THEOREM 19. Let S CR? (d =1 or2) a C3-domain and h € C3(S) the depth function
satisfying h > hoin >0 in S. If F € L2(0,T) x ), up € V, T € L2(0, T;HY/*™(T,)) n
L>®(0,T; H-Y2(Ty)), for any ¢ > 0 with &, X € L*(0,T;H3/2(T,)) and Y(0) €
H~'/2(T,), then there exists a unique strong solution v of (S) in (0,T). Moreover, there
exists a constant C' > 0 such that:

(32) ||V\|%oc(v) + ||VH%Z(H2(Q)) + ||3tV||2L2(H) < Cluolfy, + ||F||2L2(L2(Q))
+ HT(O)“%—I*U?(I‘S) + ”TH%OO(H*I/?(FS)) + ||T||2LQ(H(1)/2+E(F n T ”atTH%Z(H*S/?(FS))}'

s

REMARK 4. In the case of S C R? of C*-class, the hypotheses X € L>(0, T; H~'/2(T,))
and Y(0) € H-Y2(T,) are not needed. Indeed, from Y € LQ(O,T;Hé/HE(FS)) and
oY € L*(0,T;H 3/2(I'y)) we can obtain ¥ € C([0,T); H-/?(T,)) with continuous
dependence (see [13]).

REMARK 5 (Application to the nonlinear evolutionary Primitive Equations). The exten-
sion of Theorem 19 to the nonlinear case is identical to the extension obtained in [10, 11],
replacing Theorem 3 by Theorem 19.

6. Regularity and uniqueness for the 2D model. The main object is to obtain
existence of weak solution u with additional weak regularity for 0,u for the case of
friction on the bottom d,u|r, = Bur,. This model was obtained, in the 2D case, from
(BE's) with friction boundary condition on the bottom as the aspect quotient § tends to
zero ([5]) (note that the ”"usual” model is obtained in the same way when homogeneous
Dirichlet boundary conditions on the bottom are considered). In particular, this solution
is unique.
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The problem is: Find velocity (u,v) and pressure p such that:

Q

Opu + udypu + v0,u — VR O2u — v,02u + Oyps = fin (0,T) ,
S,

T
v(t;x,2) = fzo Opu(t;z,s)ds in (0,T) x Q, (u)=0in (0,7T)
vyOzulr, = alu®|(u® —u), wup, =0, v,0.ulr, = B(z)uin (0,T),
ult=0 = ug in .

X
X
(PE)ap

REMARK 6. In 2D domains, the constraint derive to (u) = 0 that is deduced from 9, (u) =
0in (0,7) x S and (u) =0 on (0,T) x 0S.

REMARK 7. To assure that the model is dissipative, one must impose v(z) > 0, with
Vh Un
) = { o) (14 2D @) - F 0@}
which is derived from the limit of dissipative hypothesis of 2D (BEs) as § — 0.
DEFINITION 5. We say that u is a weak-vorticity solution of (PE) in (0,T) if it is a weak
solution (u € L>=(0,T; H) N L?(0,T;V)), that satisfies the additional regularity:
d,u € L>(0,T; L*(Q)) N L2(0,T; H()).
REMARK 8. The function 0.u can be called the vorticity of (PE)ap, because it is the
limit of the 2D (BEs) vorticity as 6 — 0 ([4]).
We state the main result:
THEOREM 20. Let h € H?(S) with |[W'| > 0 on S, B € HL(S), f € L?(0,T; L*(Q)),
0.f € L2(0,T; H-Y(Q)), u® € L>(0,T; H}(9)), Ou® € L?(0,T; L*(S)), up € H, ,ug €
L2(Q). Assuming the dissipative hypothesis y(z) > 0 in S and that the depth function h

satisfies |W' (z)|/D(x) < ¢/dist(x,08) in S, there exists a unique weak-vorticity solution
of (PE)ap in (0,T).
In the proof of this result, a problem satisfied by d,u is used. Indeed, differentiating
(PE) with respect to z, one has that w = d,u satisfies the initial-boundary problem:
Opw + udpw + v, w — v 02w — v,02w = 0, f,

r, = ofut|(u® —u) /vy, wlr, =0, wlp, = B(z)u/vy,
w|t:0 = dug

w

that we will call the vorticity problem. Notice that, given v and v, this problem is linear
and parabolic, and in addition the pressure “has disappeared”. Therefore, we can expect
weak regularity for 0,u. But, boundary conditions for d,u on I'y and I'y depend on u
and u and p are coupled by the (PE) problem. Consequently, the problem satisfied by
0,u depends also on the pressure, because a lifting of the nonhomogeneous boundary
conditions must be done.

The main problems to solve are two: First, we need to improve the regularity of the
pressure, in order to obtain a weak solution w of the vorticity problem. Then, we need to
identify w with ,u, where the difficulty is that d,u in principle only has L?(0,T; L?(Q))
regularity.

The following lemma guarantees a certain weight regularity for the pressure that a
posteriori will be sufficient to obtain a weak solution of the vorticity problem.
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LEMMA 21. Under hypothesis of Theorem 20, if (u,v,p) is a weak solution of (PE)ap,
then one has:
Vhd,ps € L0, T; H(S)).

In the context of weak solution of Navier-Stokes, the regularity of the pressure is
obtained from the regularity of the rest of the terms of the momentum equations. In
particular, the term d;u implies time regularity of H~! dual type. In this case, using that
(u) = 0, in particular d;(u) = 0, we can improve the time regularity for the pressure,
integrating previously the equation in vertical.

We have then to identify the solution vorticity w with 0,u. As we already said, the
main difficulty is that d.u only belongs to L?(0,T; L?(f2)), which causes that the well-
known results of uniqueness cannot be applied. Then, an alternative is to compare u with
a suitable function @ such that () = 0 on S and 9,4 = w (that can be directly obtained).

One has that @ (jointly with a potential function p, defined in S) satisfies the problem:

(33) Ot + 1 0y + v 0,U — vp 02U — V02,1 + 0,ps = G,

with the same initial and boundary conditions as u, where
0
G= u@mﬂJr/ 0y (u0,) (z,s)ds + f.

It is important to notice that G = f whereas u = u. Making a uniqueness argument for
problems satisfied by u and @, and using the additional regularity for 9,u (since u is a
weak-vorticity solution), one can conclude that v = (see [5]).
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