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Nouveaux développements et effet cosinus dans les
équations de Saint-Venant visqueuses et les équations
Quasi-Géostrophiques

Résumé : Nous considérons, dans ce papier, les équations de Saint-Venant visqueuses et les
équations Quasi-Géostrophiques. De nouveaux termes, liés a la force de Coriolis, sont révélés
grace & une analyse asymptotique rigoureuse. Apres avoir donné des arguments quant au
caratere bien posé des nouveaux modeles, les auteurs présentent quelques calculs numériques
qui confirment le réle joué par l'effet cosinus dans diverses configurations physiques.

Mots-clés : analyse multi-échelles, force de Coriolis, comportement asymptotique, équa-
tion de Saint-Venant, limite quasi-géostrophique, calculs numériques.



New Viscous Shallow Water and QG Equations 3

1 Introduction

In this article, we aim at contributing to the improvement of the derivation of the Shallow
Water system. This model, obtained from the incompressible Navier Stokes Equations with
free surface under the shallow water approximation, has been studied by numerous authors,
both in the inviscid [20, [I] and viscous cases [9} [I5] [2]. The Shallow Water model has been
widely used for theoretical studies and idealized numerical simulations: this is the frame-
work of this article. Conversely, the operational oceanographic research community rather
uses the Primitive Equations (8, 14} 19]). But it has to be mentionned that the barotropic
part of the Primitive Equations corresponds to the Shallow Water Equations, and carry the
most energy (see [9] 21]). Their study is thus particularly important.

In the theoretical analysis below, we consider a viscosity that is compatible with (physical)
numerical computations. Roughly speaking, because of the shape of the domain, the hori-
zontal and vertical resolved eddies give rise to different scales, and this has to be taken into
account in the corresponding eddy viscosities; consequently, we will consider an anisotropic
turbulent viscosity, as prescribed by [12]. In the ocean, horizontal and vertical eddy viscosi-
ties can vary over a wide range (see [17]); whereas [12] choose typical values of the horizontal
non-dimensional viscosity of order one, we consider a reasonably smaller value, namely 1073,
In our physical configuration, the corresponding dimensional value would be 10%cm?/s.

In the sequel, we derive a new system of equations, in which the above viscosities are taken
into account. Simultaneously, in the asymptotic analysis that is classically performed, we
show that new terms appear in the so-called viscous Shallow Water Equations (SWE):

O H + div,(Hu) = 0,

kH\ !
8t(Hu)+dlvw(Hu®u)+%va2 = _gHbe_ (1+3> ku
122%

—ug Ve (Hdivyu) 4+ 2 dive (HDgyu) + Q cos 0 Vy (ulHZ)
+Q cos 0 H?erdivyu — 29 sin 0 Hu' — 2Q cos 0 He1 Vb - u + 2Q cos 0 uy H V,b,

where u denotes the mean velocity and H the water height, b the topography and uy, py
some eddy viscosities (see below). The angular speed of the Earth is , 6 is the latitude,
and a represents the capillarity, k& the friction coefficient.

These new terms (bold-faced in the above equation) are of the order of the viscous terms;
they are classically neglected with no rigorous justification. They also arise in the derivation
of the viscous Quasi-Geostrophic (QG) Equations:

9 2\ n2 B (20 sin y)? B H por 202 sin 6,
Dt <(am1 * (1 +5 )am) ¢ chhar "/} ! 2153'1100 w2 Hchar b+l6x2
1
- - aO(Hchar)Aw + MHA2¢ + CU.I‘lf,

ELchar
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4 C. Lucas & A. Rousseau

where D; = (875 +ul- Vm), Hepar = €Lchar and § = Qy/Hepar/g costy. The coefficient ag
is related to the friction factor.

Navier—Stokes Equations

Approximated (1st order) Complete
Coriolis Force Coriolis Force
B B B B
Viscous Inviscid Same Equations [ Inviscid 2] Viscous
Shallow Water Shallow Water Shallow Water Shallow Water
Equations Equations [ Equations Equations
J J J J
B B B
3) 3 4
QG [: QG O 999 :] SW-QG
Equations Equations Equations
J J J J

Same Equations

Figure 1: Hierarchy of models.

We present in Figure [1f the hierarchy of derivations that have been obtained in the past.
The left part corresponds to the classical derivation of SWE by Saint-Venant [20], together
with the recent works of [9] for the viscous SWE. It is interesting to notice (at least for
the rigid lid configuration), that the QG equations are the same (: in the figure)
when derived from the viscous Shallow Water Equations (see [6]) or from the Navier-Stokes
equations ([16,11]). The right part corresponds to the work of [I3] and the present article. As
Figure [1| shows, the inviscid SWE are the same, wether or not the first order approximation
is made on the Coriolis force. In other words, the complete Coriolis force does not modify
the asymptotic development at the first order. However, and this is the main point of this
work, the corresponding viscous equations differ from the one in [9]. Starting from the new
SWE and considering the quasi-geostrophic approximation, we end up with another model

INRIA



New Viscous Shallow Water and QG Equations 5

(see box in Figure . This so-called viscous Quasi-Geostrophic Shallow Water model
has been introduced by [4] and is a priori different from the one obtained by [6]'}
The aim of this work is to show that the so-called ” cosine effect” (see new terms in equations

above) has to be considered in the models. In other words, and looking at Figure|l} we want
to emphasize the differences between models and .

The article is organized as follows. In Section following the ideas of [9], 15 [12],
we perform the asymptotic analysis that leads to the Shallow Water Equations, and then
derive the Quasi-Geostrophic limit with cosine effect. In Section [3] we show that the new
model is mathematically satisfying, and provide some a priori estimates that ensure well-
posedness of the system in the corresponding Sobolev spaces. Finally, we present some
numerical simulations that compare the QG model with and without the cosine terms.
These simulations show, at least for some realistic situations and as far as the long time
behavior is concerned, that this cosine effect has to be taken into account.

2 Derivation of the Two New Models

This section is devoted to the new derivation of the Shallow Water and Quasi-Geostrophic
models. First, we show in Section that for some choice of the horizontal and vertical
viscosities (depending on the aspect ratio) one should consider a complete Coriolis force to
get the viscous Shallow Water System. We then obtain a new model from which we can
derive, in Section the corresponding Quasi-Geostrophic Equations.

2.1 Cosine Effect on Shallow Water Equations

The two dimensional Shallow Water System is obtained from three dimensional Navier-
Stokes Equations in a shallow domain. We look for the equations satisfied by the horizontal
mean velocity field and the free surface.

We consider 3D Navier-Stokes Equations (NSE) for an homogenous fluid:

AU +div(U @ U) =dive — 2Q x U + f, (1a)
divU =0, (1b)

for (z,2) in T? x [b(x), h(t,x)], where U = (u,w) € R? x R is the fluid velocity, o is the
stress tensor (given by —pld 4+ S, S to be detailed in the sequel), 920 x U is the Coriolis
force with O — Q(0, cos 6, sin 0), O represents the latitude and will be first considered as a
constant. Finally f = —ges is the gravity force.

Figure 2 above describes the computational domain, together with the bathymetry b, the
water column height H and the free surface h. We supplement Equation with the
following boundary conditions:

IThe direct derivation of the viscous quasi-geostrophic equations starting from the Navier-Stokes equa-
tions with a complete Coriolis force (see path in Figure is still, to the best of our knowledge, an open
problem.

RR n° 6330



6 C. Lucas & A. Rousseau

x = (21, 22)

Figure 2: Notations used for the Shallow Water System

e at the free surface z = h(t, z):
we usually neglect atmospheric pressure and take

on = 0.
Sometimes we can add surface tension effects, that is
on =akKn,

where a is the capillarity coefficient, « is the mean curvature, n the unit vector normal
to the surface.

But in each case we know that the normal velocity in the referential linked to a particle
moving on the surface is zero:

Oth +u-Vih = w.

e at the bottom z = b(z):
we have Navier type conditions

(on) 111+ (on) - Tora = kU - 1i71 + kU - ToT2,

where k is the friction coefficient, (71, 72) is a basis of the tangential surface. We add
the non-penetration condition

—u-Veb+w=0.
In what follows we write these equations under their non-dimensional form, make an asymp-
totic development of U and study its first orders for a specific choice of turbulent viscosities.

Shallow Water Equations are obtained after integrating the first momentum equation over
the water height. We also give the Shallow Water System when the latitude is not constant.

INRIA



New Viscous Shallow Water and QG Equations 7

Dimensionless Navier-Stokes Equations

We write the Navier-Stokes system and the boundary conditions in a non-dimensionalized
form, using some characteristic scales specially chosen to get the Shallow Water model.

Let us start with the 3D NSE for an homogenous fluid. In the following, the subscript =
denotes horizontal variables, u; the first component of the vector u and e; the unit vector
(1,0). The stress tensor reads o = —pld + S = —pId + puy D? + py DV + upDF. In this
relation, p is the pressure, pgy, py and pg represents eddy viscosities. More precisely, if A
is the vector :

_ £ _h—=2 z—b B 1
A—fy(§)<1> where f—b_thb—I—b_thh and y(f)—\/ﬁ,

then py denotes the eddy viscosity related to the shear in the direction orthogonal to A,
wy the viscosity linked to the shear in the direction of A, and pug can be interpreted as the
compression rate in the direction of A (or expansion in the orthogonal direction)ﬂ Lastly,
the symmetric part of the gradient of U is split as:

Vou+tVou  Oyu+ Vyw

— _ H 14 E

where the tensors are given by:

DH =2(Id — A *A) D(U) (Id — A *A) + "A D(U) A(Id — A *A), (2a)
DY =2(Id — A "A) D(U)A *A + 2A PAD(U) (Id — A *A), (2b)
DE ='AD(U)ABBA 'A —1d). (2¢)

Then, the Navier-Stokes system reads:

O+ u - Vau + wo,u = —Vpp + divy Spp + 0,5, — 2Q sinfut — 2Q cos Qweq,
dw+u- Vow + wi,w = —0,p + divyS,p + 9.5, + 2QcosOu; — g,
div,u + 0,w = 0,

Sfl‘ SfL‘Z

where the tensor S is written as: S = (

2 Note that, for a flat bottom, A corresponds to the vertical direction, hence the subscripts H and V
(vertical and horizontal shear).

RR n° 6330



8 C. Lucas & A. Rousseau

We introduce the following dimensionless variables and numbers:

H
! . char
T = Lepar @, 2= Hopar 2, with e = —— < 1,
char
I ’ .
U = Uchar U , W = Wchar W, with Wepar = €Uchar,
Lear
/ / : 2
t= t, P = DPcar D, with Pcar = Ueqps
Ucar
3
HH = ELcarucarl/Ha Hy = ELcarucarVVa HE =€ LcarucaTVE;
2 ! _ .2 1 .2 1
SCEI - ucarESzz7 SEZ - ucaerz’ SZI - ucarSza:7
! 1qr
.2 ! .2 ! : /I __ Szz 7sz
S, =us,,£5,,, S =ui, e, with S" = (15, ;S ,
=RPzz zz
Ucar Ucar
€= et Ro Fr— —teor

T 2L Vo o

where ¢ is the aspect ratio, Ro the Rossby number, Fr the Froude number. We drop the
primes to rewrite the 3D NSE:

sinfd |  cosf

1
O+ u - Vau + wo,u = —Vep + edivy Sy + — 0,55, — U —¢€ weq, (3a)
€ Ro Ro
1 1. 1 1 cos@ 1
8tu) +u- Vmw + ’wasz = —6—2 Y + glezSZI + gﬁzSzz + g Ro uy — W7 (3b)
divyu + d,w = 0. (3¢c)

The tensor S is now given by: S = vy D + vy, DV + c2vg DF where DY, DV and DF still
have the expressions but with:

- Vou+ 'Vu $0:u+eVow
A= 7(56) ( 16) and 2D(U) - (t(lazu + EVzw) : 20.w ) .

We also have to change the boundary conditions. We first replace o with its expression and
change the variables:

e at the free surface z = h(t, x):

the normal vector n is n = (1 + (Vyh)2) "2 7Ymh . The horizontal variable h is
rescaled as h = Heperrh' to get the dimensionless conditions at the free surface:
1
pVieh — Sy Vieh + ESM =0, (4a)
p—eS,, +eS..Vp,h =0, (4b)
Oth +u - V;h = w. (4¢)

INRIA



New Viscous Shallow Water and QG Equations 9

e at the bottom z = b(z):
if we write b = Hpq,b’, the non-penetration condition reads

—u-Vib+w=0. (5)

The Navier condition is more involved. We choose the tangential vectors

T = L (vi_b)andT— ! (Vzb>
FTVRb 0 2T /IRl + [Neb[E \ Va2 )

We define K = kuc_hlwe’l and obtain a complex expression that we do not detail

here. We perform some approximations in the following and give a simplified equality
obtained from this expression.

Hydrostatic Approximation

We now use the hydrostatic approximation, that is we suppose the aspect ratio € to be
small. We only keep the first two orders in Equation (3b) and we also drop terms in
boundary conditions.

We are led to study the system:

sinf | cos 6

Owu+ u - Vyu+ wo,u = —Vyep + ediv, Spp + 3825’12 - ﬁu € o weq, (6a)
0.p = ediv, S, + 0,5, — % + E%ul, (6b)
divyu + d,w = 0. (6¢)
We can simplify the Navier condition
€S0 Vb — ésm = —Ku+ 0(£%). (7)

At the free surface, Equation is not modified but we can rewrite as follows:
€Sy, = —2(pViph — €8, Vih) = €S, + O(e?)  for z = h(x,t),
and plug it into Equation (4b):
p—eS., = —e8,,Voh=—eS,. Vih+O(?)
e2(pVieh — €822 Vieh) - Vioh + O(?),
p—eS.. = O(?), forz=h(z,t). (8)

We integrate Equation (6b)) from h to z, with z between b and h. The value of p at the free
surface is given by , and we find the pressure at order &:

1 . cosf [* 9
p(t,z,2) = =) (h(t,z) — 2) + 5/h divy Sy + €522 + € o /h uy + O(e%). (9)

RR n° 6330



10 C. Lucas & A. Rousseau

As we are looking for equations on the mean velocity and on the evolution of the free surface,
we first integrate the momentum equation over the water height (between z = b(zx) and
z = h(t,z)). We apply Leibniz formula and get:

h h
at/b u—Othu| _, —i—dlvw/b (u@u) = ((u-Veh)u), _ + ((u-Vib)u)

|z:h |z:b
h
+(uw)|z:h, - (uw)lz:b + VI/ p = v90hp|z:h, - Vibp\z:b
b
h 1
+e div, / Spw — 6S$$|z=h Vih + sSm|Z=beb + ngZ|z=h
b

1 sing " cosf "
*7Srz - + - .
g7 =" Ry /b Y “"Ro /b we

Then, we use boundary conditions , , and to simplify the expressions at the
surface and at the bottom and obtain the integrated momentum equation:

h h h
ﬁt/ u+divx/ (u® u) +Vz/ p=—-Vibp, _, — Ku_,
b b b

h . h h
sin 6 cos 0
div, [ Spe — —— — ., (10
+51v/b Robu 5R0/bwel()

with a new Coriolis term (the last one).
We also want the evolution of the free surface: we integrate the divergence free equation
from the bottom to the surface, use Leibniz formula again and conditions surface and

bottom and to find:

h(t,x)

Oth(t, ) + divy / u=0. (11)
b(x)

In the sequel we study the integrated momentum equation and the free surface equation
when we approximate u at the first order and at the second order.

Shallow Water System

We have already done the main assumption to get the Shallow Water System, that is the
depth is small compared to the length of the domain. Now we develop u, w, H, p, b in
powers of ¢, that is u = u® + eu! +e%u? + ... (and so on) with H(¢,z) = h(t,x) — b(z).
We look for u°, the first order of the velocity. We use the horizontal momentum equation
and the boundary conditions and . We obtain

0*u = O(e), (0,u) = O(e), (0,u) = O(e),

[z=b |2=n

INRIA



New Viscous Shallow Water and QG Equations 11

which means that at the first order u does not depend on z: u%(t,z,2) = u%(t,x). As we
are looking for the dynamics of u°, we study the previous equations at the first order. Let
us first rewrite the evolution equation

O HO + div, (Hu®) = 0. (12)
Then we have p at the first order with @:
pO(t,z,2) = Fr2(h — z).

We replace this value in the integrated momentum equation and obtain:

Or(H u®) + div, (Hu® @ u®) + V. (H%)? =

2 Fr?

1 ing
— —HOV — Ku® — P2 00 (13)

Fr2 Ro

Equations - form the Shallow Water System at the first order in non-dimensional
variables.

If we go back to dimensional variables we have the Shallow Water System at the first order
for a viscosity of order e:

O H + div;(Hu) = 0, (14a)
8y (Hu) + div, (Hu ® u) + gvaZ' = —gHV,b— ku — 2Qsin Hu'. (14b)
At this point, we get the inviscid Shallow Water system. As underlined in Figure [} the
cosine part of the Coriolis force does not modify these equations at the first order. But there

are no viscosity effects in this system: we are led to study the second order to make viscous
terms appear in our Shallow Water System.

We will denote by a bold letter the approximation of the variables at order ¢ (for example,
u! = u® 4 cu') and by a bar the mean value on the water height defined by:

_ Lot
a(t,x) = m/b udz.

Let us rewrite the divergence condition at the second order
OH + div, (H'a') = O(?). (15)

As before, we rewrite the momentum equation but at order e, and with the Shallow
Water System at the first order - we obtain an expression for the second derivative
of w:

W K g

RR n° 6330



12 C. Lucas & A. Rousseau

We integrate this equality from b to z (for z between b(x) and h(t,z)) with the boundary
condition . We integrate it again from b to z to find an approximation of u at the second
order:

K 8 s—b°

1 0 2
= +e— 11— ——— ) ds+
u u |, 6]/ u/b ( 0 > s+ O(e7)

K -0
Ul ‘z:b (1 +5;(Z — bo) (1 — 2:2[{0)> +O(52)

With this expression, we can compute the mean value of u:

One can easily check that:

This is used in the sequel.
We also have the value of p at the second order with Equation @D:

cosf [*
€
RO h

p(t,z,z) = 1 (h(t,z) — 2) + up + O(g?).

T2

We replace it in the integrated momentum equation (L0} and, using again the divergence
free condition to express w® as a function of h? and u°, we get

1 cos
1- . 1-— — 1
O(H u) +div,( H u®a) + 572 V. (HY)? — ¢ 5o V. (u](H®)?)
H! cos )
= —Kul‘z=b — Vb (Fr2 —e u(l)H‘)) + ediv, (H" S,z
_sin@Hl_J_+ (JOSQ(HO)2 diva® — COSGHO Vb0 w0 + O(e2)
g H U g erdiveu” —e——He1Vob™ - u e”).
The velocity at the bottom w__, is given by
—1
V(1K :
ub—u<+yvg> + 0(e%),
which leads to:
1 eK HU\
1- . 1- o = 12 ge- en - _ 1. -
O(H u) + div,(H u @ u) + 572 Vi(H") Ku (1 + o 3 ) evy Vy (H divy 1)
. 1 - cosf B 1 cosf 4 L
+2evy divy (H' D) +52—R0Vz (a1 (HY)?) + gQ—RO(H )2eqdiv, (16)
cosf 4 _ sin€ _, | H! cosf_ 4 9
- Ro H elvzb'LL*EH u 7Vmb Fiﬂis Ro U1H +O(5 )

INRIA



New Viscous Shallow Water and QG Equations 13

Equations - form the Shallow Water System at the second order in non-dimensional
variables, with new cosine terms.

Finally, let us go back to the dimensional form to get the viscous Shallow Water System at
the second order:

O H + div,(Hu) = 0, (17a)
0 (Hu) + div, (Hu ® u) + ng1{2 = —ao(H)u— gH Vb
— i Ve (Hdivu) 4 2pp divy (HDgu) + € cos 6V, (uy H?) (17b)

+Q cos O H?eydivyu — 2Q sin 0 Hu — 2Q cos0 He1 Vb - u + 2Q cos 0 uy H Vb,

where ag(H) = k/ (1 + ?%‘I/) .

Conversely to the first order approximation , we now have viscous terms in the SW
equations. The cosine part of the Coriolis force should be taken into account.

Remark 1 If the latitude is not constant, the only difference with the previous develop-
ment is that the term that reads Q) cos 0V, (ulHQ) in the constant case must be replaced by
QV, (cos 0u1H2) (with no additional difficulty), the other ones remaining unchanged.

Remark 2 Note that, if we take the capillarity into account, the term
aHV, A H + aHV,A.b adds to the right hand side of Equation (17b]).

2.2 Quasi-Geostrophic Equations

The Quasi-Geostrophic model is used for the abstract modeling of the ocean at mid-latitudes
(see [H]). Tt is obtained from the Shallow Water System assuming that the Rossby and Froude
numbers are very small.

Derivation of the Quasi-Geostrophic Equations with Cosine Effect

We consider the dimensionless Shallow Water System - , that depends on the aspect
ratio . We add in these equations a source term f that could have been introduced in the
previous derivation with no additional difficulty. In order to lighten the notations, we set
@ = py and v = vy in the sequel.

We write an asymptotic development v = v +nul 4+ ..., H =14+ nFH" 4 ... where we
suppose Ro =1, Fr? = Fn?, b = 771;, with n < 1, F = (2QLchar)?/(gHchar) and € fixed.
Let us underline that, from now on, ¢ is a fixed parameter, and the Rossby number 7 is the
asymptotic parameter, meant to go to zero. Doing this, we are not considering a crossed
asymptotic (g,m) — 0, but we let 7 go to zero as ¢ remains fixed. In other words, refering
to Figure [1} we are interested in path - , that could be different from path (x). This
is beyond the scope of this paper and is left to further studies. We also use the beta-plane

RR n° 6330



14 C. Lucas & A. Rousseau

approximation around the latitude 6y (see [17]).
We then have to study the following equations:

O H + div,,(Hu) = 0, (18a)
Oy (Hu) + div, (Hu @ u) + F%QHVZH _ _sinf — Bao Hu*
+ 600257700 eq H2divyu — g tan 0y 3 zoeq H2divyu + SCOS L Vw(ngl)
- % tan 0y 3 Vi (H2u1 22) — do(H) u + 2vdiv, (HD(u)) — vV, (H divu) (18b)
9890 e bt e tan O B Hey Vb u+ eS80 v

1 _
—¢etanfy Bxouy H Vb — F—nQHVmeerJrO(n).

At the first and second orders, Equation ([18a]) gives:
divyu’ =0, and Fo,.H' + divyu! + FV,H' - u° = 0.

We also look at the first and second orders of the momentum equation ((18bf). The first order
gives

5 I =0.

Then we take the curl (i.e. —0,, of the first component + J,, of the second one) of the
second order and get

(0 4+ u® - V) (curlu®) = —ao(1)curl u® + vA(curl u®) + sin 6y F(0, H' +u° - V, H')

0 b
V,H' + (sin@o — 6COS 0812> udt + V.

—sinfy Fu® - V, H' — pul + Fcoseoazz(ﬁtHl—kuo-VzHl)

—Vale - Vb + € cos b Oy (u° - Vzb) + e cos by Viu(l) - Vb + curlf.
We note that
Vb
F

cos 0y
€

sinfu’ - Vo, H! — >

(0p,u?) - Vo H + VEH? - =0,

and - -
(02, u®) - Vb 4+ VEud - Vb = 0.
We define ¥ by u® = V-4, and consequently H! = (sinfy — & cos 090, /2) ¥ B/F, and find
(0, +u®- )((62 <1+ 2FCOS’4 90) 832) ¥ — sin® 6y F

cos 0y

+ (sin Oy — ¢ 8@) b+ Bm) = —ao(1) AY + vA%p + curlf.  (19)

INRIA



New Viscous Shallow Water and QG Equations 15

Equation is the non-dimensional Quasi-Geostrophic Equation obtained from the viscous
Shallow Water System at the second order with variable topography. The new terms (due to
the Coriolis force) are £2F' cos? 002, 1/4 and € cos 090;,b/2. The “unusual” sin 6y coefficient
is linked to an “unusual” Rossby number expression that arises in F' and b; in the “usual”
case, the term sin 6y is replaced by 1, and cosfy by 1/ tan 6.

Let us remove this problem coming back to dimensional variables. We get:

Dt <(8“71 + (1 + 0 ) am2) w chhar w 1 2tan (90 2 HchaT bt ﬁx2
1
=~ —0(Henar) A + pA*Y + curlf, (20)
char

where D; = (at +ul- Vx), Hepar = €Lepar and 6 = Qy/Hepar /g cos by.
We add to this equation the following boundary conditions:

¥ =0 and Ay =0 on ID,

which respectively express the non-penetration condition and the slip condition.

Remark 3 We can already notice that the cosine term has two different contributions.
First, the laplacian is modified in the second direction by the small coefficient 6. The other
change is on the topography coefficient: we see the derivative of the topography in the second
variable.

3 Mathematical Properties of the Quasi-Geostrophic Equa-
tions

The new terms in the QG model do not raise any additional mathematical difficulties.

Hereafter, we proceed as in [3] to obtain a priori estimates that ensure well-posedness of

the model (thanks to Galerkin method), and insist on the computations that are specific to
the new model. The reader is referred to [3] for further details.

We consider a rectangular domain D, multiply Equation successively by ¢ and Ay +
528321/), and integrate over D. In the integrations by parts, the integrated term vanishes as
we have the boundary conditions ¢y = 0 and Ay = 0 on 9D.

To simplify the notations, we write as

Dy (02, + (1+6%) 82,) ¥ — Ont + Blay, w2) + faz) = —alA + uA*) + curlf,

or, if J represents the jacobian operator,

O ((A+6202) ¢ — Crtp) + J (¥, (A + 6%02)) ¥ — Cyp + B(w1,32) + Bas)
= —aAY + pA*p + curlf. (21)
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16 C. Lucas & A. Rousseau

We obtain after multiplication of by -
[o@u+sev-cuv)v=a [ @02 4n [ @0+ [ s
D D D D
d
& (19000 + 100,01 )+ Conll o)) + 20 [ (V07
2 c? 2 2
+2p [ (AY)" <2 [ cwrlf 9| < 7||CUf1f||L2(D) +al|[ VY72 (p)-
D D «a
We finally get the inequality
d
7 (vaH%?(D) + 02|00, Y72y + CH||1/J||2Lz(D)) +all VYT

02
+ 20l A7z (py < ;H‘furlf“%z(p),
which ensure the following bounds:
Vi € L™ (0,T; (L*(D))?), v € L™ (0,T; L*(D)), Ay € L* (0,T; L*(D)) . (22)

Similarly, multiplying (21) by Aw + 629, we get:
/ Oy (A + 82,0 — Cot) (Dp + 6202,))
D
+ / J (¢, Bra + B) (A + 6%02 1) = —a / AY (Ay + 68202 0)  (23)
D D

+u/ A% (A + 6292 1)) +/ curlf (Ay + 6202, 1)) .
D D

Let us write some properties of the different terms of this equality:

2
[ auerez ) = 18l + 1900l + 2 [ Mvdo (29
= (| AY[F2(p) + 16°02,9 11 22(p) + 28IV Ous ¥ 22 (p),  (25)
as the integrated term vanishes with the boundary conditions. We also have

2 /D AYO2, i < 2| A 2102, 6 120, (26)

102, 91122y < 102, %172 + 102, 1122 (D) + 1021002 ¥ 220y = 1A% [I2(p), (27)

and consequently

IN

2
/D (A + 8202, 4) (1+262) | A 220, + 5102, 01122 )

(1+ 0% AV (12 (p)- (28)

N
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New Viscous Shallow Water and QG Equations 17

In addition, one should note the equality:
/A2¢ (A¢+52852w) = —/ (VA¢)2+52/ A2w8§2¢
D D D
= [(vavr-e [ (vou) - o [ (Vono.u*. @)
D D

D

Finally we study the jacobian term:

/ J (4, By + B) (A + 5202,1)
D

< C(B+IVB|lL=)) IVl 20y | AY || L2 () (30)
Gathering Inequalities (24)) to , Equation becomes:

d
(180 + 202,012 ) + Crd |02 3y + Cor V¥l

+ 20l VA2 ) + 210% (V02,01 2) + V02,032 ) < 9(8)

where g reads

g(t) = C (B+ [IVBllL=)) IVYllL2(0) | AV 2 (D)
+ al|AY|2py + l[curlf || L2 () | AY[| L2 (D).

Thanks to estimates , g is in L*(0,T), which gives

Ay € L=(0,T; L*(D)), 03,0 € L>(0,T; L*(D)),

VAG € L0, T;(I3(D)?),  Vi,u € I2(0,T; (L3(D))?),

V0y, 05,7 € L2(07T§ (LQ(D))Q)-
The proof of the existence of solutions to the Quasi-Geostrophic Equation relies on
Galerkin’s method. We classically get the existence of solutions for the approximate problem
(for detailed proof, the reader is referred to [3] and [7] for instance). We pass to the limit

on the space dimension thanks to the previous a priori estimates and we get the following
proposition:

Theorem 1 If D is a rectangular domain, for all f in L? (O,T; L2(D)), Equation (@) with
the initial condition g in H3(D) N HY(D) and the boundary conditions 1 = 0 and Ay = 0
on 8D has a unique solution v in C ([0,T]; H3(D) N H (D)) N L? (0, T; H*(D) N H(D)).

4 Numerical Results: Cosine Effects on Large Scale
Computations

We now present numerical results for the QG equations and show that the cosine effect
cannot be neglected. These simulations are performed using finite differences in space,

RR n° 6330



18 C. Lucas & A. Rousseau

with an explicit Leap-Frog scheme in time. One step every hundred, the Leap-Frog step
is replaced by an Euler explicit one, in order to avoid stability problems. To compare the
numerical simulations of the QG model with and without the new terms, we use and modify
an existing solver proposed by [18].

4.1 Methodology
Equation can be rewritten in a more ”physical” way, that is:

19} Hepor 2Q) sin O
1d —
ot +J (¢’¢+ ( d 2tan 6, “) Honor b—|—ﬁx2>
1
= - oL aO(HCaT‘) A¢ + MA2¢ + CU.I‘lf,

where J is the jacobian, and ¢ a potential vorticity which reads

B 202 (2 sin 6)?
¢ = (A+5 0y, o Hom Id | 9. (31)

The scheme used to solve the Quasi-Geostrophic Equation is the following: suppose that we
know all the quantities at time t,, ¢™, ¥™ and the diverse coefficients. Then we compute
the term fI™ which represents the time derivative of ¢ at t,,, namely:

Honar ) 2Q) sin O
m=J(¢"+ (1d- N
=g (o0 (10- g

b n
2tan 6 H por + B2, ¥ )

Q0(Hoar) Y™ + pAZ" + curlf™.
car

We thus get ¢ at time t,,; and obtain " *! thanks to Equation (31). If we start with

an initial condition identically equal to zero for example, we are able to plot the stream

function at any time.

The principal difficulty of the numerical scheme is the resolution of the equation that gives
¢" 1 as a function of ¢ *1. Note that if § = 0, we are led to solve a Poisson equation. The
methodology we used is the one developed in [22], that is a combination of symmetries and
fast Fourier transforms. More precisely, as we have Dirichlet boundary conditions, we define
two quantities ("1 and €71 by [0; 9" 0; 97 (resp. [0;47 ;0597 ]) where £, is the
symmetric vector of (—f) in the first variable z7. We compute the Fourier transforms (A and
é of ¢ and £ in the z; direction and we get a system in zo. The matrix M of this system (
M f = é ) is tridiagonal and consequently can easily be inverted. The last step is to calculate
the inverse of the Fourier transform to get ¢"! from ¢"*+!.

INRIA



New Viscous Shallow Water and QG Equations 19

4.2 Choice of the Parameters

We consider that D is a square basin of length L = 4.000km, which is 5.000m deep with a
100 x 100 points grid, and thus the aspect ratio is € = 1.25 x 1073. We borrow the other
physical parameters from [I0]. We check that these parameters match the case studied
at the beginning: in particular, the non-dimensional horizontal viscosity is of order of the
aspect ratio. We choose the forcing term (wind) as —1072sin(2wz2/L) and let the model
run over nearly 1600 years (note that we have T'= O(e™!)) to ensure that the convergence
error is small compared to the cosine effect. We then compare the results obtained with and
without the cosine terms, with a flat or a varying bottom. A first look at the evolution of
the energy behaviour indicates that the system is chaotic; we thus present the time-average
of 9 instead of ¢ in the following.

4.3 Flat Bottom

As mentionned above, the cosine effect has two correlated contributions. In order to dis-
connect these terms, we first consider a flat bottom so that the second term (depending on
the topography variations) vanishes. Figure |3|shows the stream function without the cosine
effect, and we plot in Figure [] the difference between the two models: this corresponds to
the numerical contribution of the cosine effet.

1.8e+05 ---
4e+06 1.6e+05 -+
1.4e+05 -
1.2e+05
1e+05
8e+04 -
6e+04 -
4e+04 -
2e+04 —
O -
-2e+04 .-+
-4e+04 -
-6e+04
-8e+04
-1e+05 -
7-1.2e+05 -
-1.4e+05 -
-1.6e+05 —
71-1.8e+05 ---

356406 [
3e+06 :

2.5e+06

x2

2e+06
1.5e+06 F
1e+06

500000

) ] ] ] ] ] ] ]
500000 1e+06 1.5e+06 2e+06 2.5e+06 3e+06 3.5e+06 4e+06
x1

o

Figure 3: Time-average of the stream function over 1600 years. The upper part is negative
so the velocity is in the counterclockwise direction.
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3.5e+06 - 1.1e+04
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Figure 4: Time-average of the difference between the stream function with the cosine terms
and the stream function without these terms, over 1600 years.

The difference is mainly located in the jet, with a maximum value of 1.4 * 10*. Comparing
this to Figure [3| where the maximum value is 1.4 * 10°, we show that the contribution of the
new model is about ten percents.

4.4 Varying Bottom

Let us now consider the cosine effect, with a bottom depending on the second variable zs.
We use a topography roughly resembling to the Mid-Atlantic ridge, as can be seen in Figure
As for the flat bottom, we present in Figure [6] the time-average of the stream function,
solution of the QG model without any cosine effect. Figure [7] plots the difference between
the two models, with and without the cosine terms.

In this configuration, the contribution of the cosine effect is weaker: only a few percents.

5 Conclusion
We derived new SW and QG models from NSE with anisotropic turbulent viscosities. We

proved that, when the horizontal viscosity is of the order of the aspect ratio (which is
physically reasonnable), some new terms appear in the derivation of the viscous Shallow
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Figure 6: Time-average of the stream function over 1600 years with a varying bottom. The
upper part is negative so the velocity is in the counterclockwise direction.

Water Equations. After providing some new theoretical results on the corresponding model,
we perform numerical experiments that confirm that the so-called cosine effect has to be
taken into account.
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Figure 7: Time-average of the difference between the stream function with the cosine terms
and the stream function without these terms, over 1600 years, with a varying bottom.
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