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ABSTRACT. This works aims at studying the impact of the cosine terms of the
Coriolis force, that are usually neglected in geophysical fluid dynamics, leading
to the so-called traditional approrimation. Mathematical well-posedness argu-
ments for simplified models, as well as numerical simulations, are presented in
order to suggest the use of these terms in large scale ocean modelling.

1. Introduction. In this article, we aim at studying the impact of some rotation
terms in (simplified) ocean models. We start with the Shallow Water Equations,
obtained from the incompressible Navier Stokes Equations with free surface under
the shallow water approximation. This model has been studied by numerous au-
thors, both in the inviscid [22, 1] and viscous cases [8, 18] ; it has been widely used
for theoretical studies and idealized numerical simulations: this is the framework of
this article. Conversely, the operational oceanographic research community rather
uses the Primitive Equations ([2, 7, 17, 21]). But it has to be mentionned that
the barotropic part of the Primitive Equations corresponds to the Shallow Water
Equations, and carries most of the energy (see [23]). Their study is thus particularly
important.

In the sequel, we derive a new system of equations, in which anisotropic turbulent
viscosities (see [14]) are taken into account. Simultaneously, the classical asymp-
totic analysis is modified by new terms that appear in the so-called viscous Shallow
Water Equations (SWE):

O H + div,(Hu) = 0,

120%
— i Vi (Hdivyu) + 2 divy (HDyu) + Q cos @V (uy H?)

+Q cos H?e divyu — 29 sin 0Hu™ — 2Q cosd Hey Vb - u + 2Q cos 6 uy HYV,b,

kH\ '
8t(Hu)+diVI(Hu®u)+gvzH2 = —QHbe— <1+3—> ku
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where u denotes the mean velocity and H the water height, b the topography and
v, ip some eddy viscosities (see below). The angular speed of the Earth is , 0
is the latitude, and k represents 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, in the so-called
traditional approximation (see e.g. [12, 24, 9]). They also arise in the derivation of
the viscous Quasi-Geostrophic (QG) Equation:

2Q2sin ) Hen, 282 sin O
D (2 4 (1rst e )y  (22sinb)? 1 _ char S0
' <(8zl + ( + 8 ) 812) 1/} chhar 1/} 2ta.n90 2 Hchm‘ - 6I2
1
= @o(Hehar) A 4+ g A% + curlf,

where 1) is the stream function, D; = ((% +ul. Vz), Hpor = €Lcnar the character-

istic height of the domain and 0 = Q+/Hcpar/g cosfy. The coeflicient «y is related
to the friction factor.

As we will see hereafter, the complete Coriolis force (when the traditional approx-
imation is relaxed) does not modify the asymptotic development at the first order
of [22]. However, and this is the main point of this work, the corresponding wviscous
equations differ from the one in [18]. Starting from the new SWE and considering
the quasi-geostrophic approximation, we end up with another model ; this so-called
viscous Quasi-Geostrophic Shallow Water model has been introduced in [3] and we
aim at considering the effect of the traditional approximation in this model.

The objective 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.

The article is organized as follows. In Section 2, following the ideas of [8, 18, 14],
we perform the asymptotic analysis that leads to the Shallow Water Equations, and
recall a theorem of well-posedness that has been proved in [15]. In Section 3, we
consider the Quasi-Geostrophic Equation for which derivation of the model, well-
posedness result and numerical simulations are presented in the case where the
traditional approximation is relaxed.

2. Shallow Water Model. The two dimensional Shallow Water system is ob-
tained 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 — 20 x U + f, (1a)
divU = 0, (1b)

for (z,2) in T? x [b(x), h(t, z)], where U = (u,w) € R? x R is the fluid velocity, o is
the stress tensor (given by —pIld + S, S to be detailed in the sequel), 20 x U is the
Coriolis force with O = Q(0,cosf,sin ), 6 represents the latitude and will be first
considered as a constant. Finally f = —ges is the gravity force.

Figure 1 describes the computational domain, together with the bathymetry b, the
water column height H and the free surface h. We supplement Equation (1) with
usual boundary conditions:
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z = (x1,)

F1GURE 1. Notations used for the Shallow Water system

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

Oth+u-Vph = w, (2)
on = 0. (3)
e at the bottom z = b(z):
—u-Vpb+w = 0, (4)
(on)-mim1+ (on) -1 = kU 111 + kU - 1a72, (5)

where k is the friction coefficient, and (71,72) a basis of the tangential surface.
Equation (5) is called the Navier slip condition; the reader is referred to [11]

(resp. [13]) for a theoretical (resp. physical) discussion on this boundary
condition.

In what follows we write these equations under their non-dimensional form, make
an asymptotic development of U and study its first orders for a specific scaling of
turbulent viscosities. Shallow Water Equations are obtained after integrating the
first momentum equation over the water height. We also present the corresponding
Shallow Water system when the latitude is not constant.

Non-Dimensional 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 v and
e1 the unit vector (1 0). The stress tensor reads ¢ = —pld + S = —pld + py D +
pwy DY + pupDF. In this relation, p is the pressure, pg, sy and pup represent eddy
viscosities. More precisely, if A is the vector:

A=~ <§> where €= Z_;ZVmb—i— Z—bvmh and (&) = L

VIR
then py denotes the eddy viscosity related to the shear in the direction orthogonal

to A, puy the viscosity linked to the shear in the direction of A, and g can be inter-
preted as the compression rate in the direction of A (or expansion in the orthogonal

—h



4 CARINE LUCAS AND ANTOINE ROUSSEAU

direction)!. Lastly, the symmetric part of the gradient of U is split as:

Vou+tVou  O,u+ Viw

_ _ pH % B
2D(U)_<t(8zu+vmw) 20w >_D +D%+ DY

where the tensors are given by:

DH =2(Id - A "A) D(U) (Id — A *A) + *A D(U) A(Td — A *A), (6a)
DY =2(Id - A'A)D(U)A 'A+2A *AD(U) (Id — A 'A), (6b)
DE =*AD(U)A(BA A —1d). (6¢)

Then, the Navier-Stokes system reads:

O+ u - Vou + wdou = —Vpp + divy Spe + 0255, — 2Qsinfut — 2Q cos Qwe ,
Orw +u - Vyw + wi,w = —0,p + divy S, + 0,5,, +2Qcosfuy — g,
divu 4+ 0,w = 0,

where the tensor S is written as: S = <S” S“).

Szm SZZ
We introduce the following dimensionless variables and numbers:

char

T = Lepar T, 2= Hepar 2, with € = <1,
char
U = Uchar U, W = Wchar W, with Wehar = EUchar,
Lchar g
~ . 2
t= t, P = Pchar P, with pepar = Uehars
Uchar
= Uchar Uchar
& =e€, Ro= ———, Fr=———,
2LchaTQ vV chhar
3
HH = ELcharucharVHu py = ELcharucharVVa HE =€ LcharucharVEa
_ .2 I _ .2 q
S;E;E = uchm«g‘s’mmu Sacz = ucharsmza
_,2 < .2 g
Sz;E - uc}mrsz;m Szz - uchargszzu

where ¢ is the aspect ratio, Ro the Rossby number, Fr the Froude number. We
write the 3D NSE with non-dimensionnal variables:

JUN e~ _ ~ 1. ~ ind __ 0 _
07t 4 U - Vzu + wozu = —Vzp + edivg Sy + — 035, — gy S wey,  (7a)
€ Ro Ro
e e e 1. . 1. = 1, ~ 1 cosf 1
Orw +u - Vzu + wozw = —;(?gp + gdw;Szz + gagszz + - TR0 up — S (7b)
divsl + 9w = 0. (7c)

Naturally, all the non-dimensionnal variables (except the S; ;) are O(1) as e goes
to zero; we present in Appendix A the rigorous asymptotic development of the
non-dimensionnal stress tensor S.

Let us now consider the boundary conditions. We first replace o with its expres-
sion and change the variables:

1 Note that ¢ is a barycentric combination of —V b and —Vzh. In particular, £(z = b) = — Vb
and £(z = h) = —Vzh. That is, for a flat bottom (resp. a rigid lid), A(z = b) (resp. A(z = h))
corresponds to the vertical direction, hence the subscripts H and V' (vertical and horizontal shear).
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e at the free surface z = h(t, x):
—Vih
1

the normal vector n is n = (1 4+ (Vw h)2)_% ( ) The horizontal variable

h is rescaled as h = Hcharﬁ to get the dimensionless conditions at the free

surface:
PVeh — 80 Vel + 18, =0, (8a)
p—e8.. +e8.,Vsh =0, (8b)
Oh + T - Vsh = W. (8¢)

e at the bottom z = b(z):

if we write b = H.pq.-b, the non-penetration condition reads
— - Vsb4 @ =0, (9)

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

T = ! (vi_b)andT— ! (—Vﬂ))
PVRb\ O 2T IR+ [NLbE \ Vb2

We define K = kuc_hlwafl 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 (7b) and we also leave out terms in boundary conditions. In order to
ligthen the notations, we drop the tilde for the non-dimensionnal variables.

We are led to study the system:

1 in 6 0
Oyu+ u - Vpu + wo,u = —Vp + edivy Spp + — 0,55, — S ut — ECOS weq, (10a)
€ Ro Ro
. 1 cos 6
8zp = Eleszz + E@zszz — W + 5@’&1, (10b)
divyu + 0,w = 0. (10c)
We can simplify the Navier condition at the bottom
1
€S, Vieb — gszz = —Ku+ O(e%). (11)

At the free surface, Equation (8c) is not modified but we can rewrite (8a) as follows:
€Sy, = —2(pVph — 8., Viuh) = €S, for z = h(x, 1),
and plug it into Equation (8b):
p—eS,, = —-e8..Voh=—eS,, -V,;h
= (pVeh —SpaVih) - Vih,

p—eS.. = O(?), forz=h(z,t). (12)
We integrate Equation (10b) from & to z, with z between b and h. The value of p
at the free surface is given by (12), and we find the pressure at order e:

/ (). (13)
h

z

1 9
P(t,2,2) = = (h(t,2) = 2) + e /h divy Ssp + €8, + EC;;O
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As we are looking for equations on the mean velocity and on the evolution of the

free surface, we first integrate the momentum equation (10a) over the water height
(between z = b(x) and z = h(t,z)). We apply Leibniz formula and get:

2= z=b

h h
(’%/ u—Othu| _, + divm/ (u@u) = ((u-Veh)u) _, + ((u-Vib)u)__
b b
h
Fuw) _, — (vw)__, + Vz/ p = Vehp__, —Vibp__,
b

Z]z=n

h
1
+e divy, / Spz — sSm‘z:hVEh + aSm|z:beb + ng
b

1 sin (" | cosf ["
—= = | u —¢ wey.
e =" Ro b Ro J,

Then, we use boundary conditions (8a), (8¢), (9) and (11) to simplify the expressions
at the surface and at the bottom and obtain the integrated momentum equation:

h h h
(’%/ u—i—divm/ (u®u)+Vw/ p=—-Vubp _, — Ku__,
b b b

h . h h
0 0
+ Edivz/b Sex — S;?O /b ut — EC;SO /b wey, (14)

with a new Coriolis term (the last one).

We also want the evolution of the free surface: we integrate the divergence free
equation (10¢) from the bottom to the surface, use Leibniz formula again together
with Equations (8¢) and (9) to find:

h(t,z)
Ogh(t, x) + divm/ u=0. (15)
b(z)
In the sequel we study the integrated momentum equation (14) and the free surface
equation (15) 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 from 3D NSE, that is the depth is small compared to the
length of the domain, whereas the Froude and Rossby number are fixed. Now we
develop u, w, H, p, b in powers of €, that is u = u® + eu! + c%u? + ... (and so on)
with H(t,z) = h(t,z) — b(x).
We look for u°, the first order of the velocity. We use the horizontal momentum
equation (10a) and the boundary conditions (8a) and (11). We obtain

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

|z:b |z:h

which means that at the first order u does not depend on z: u°(t,z, z) = 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 (15)

O HO + div, (Hu®) = 0. (16)
Then we have p at the first order with (13):
p(t,z,2) = Fr2(h — 2).
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We replace this value in the integrated momentum equation (14) and obtain:

1
O (Hu®) + dive (Hu® @ u” V. (H)? =
(Hu”) + divg( u®u)+2Fr2 (H”)
1 in o
— o HOVil - Ku® — %HOUOJ’. (17)

Equations (16) - (17) 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:

8. H + div, (Hu) = 0, (18a)
Oy(Hu) + div, (Hu @ u) + szH2 = —gHV,b— ku—2Qsin0Hu®.  (18h)

At this point, we get the inviscid Shallow Water system; 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 e (for
example, u! = u” + eu') and by a bar the mean value on the water height defined
by:

1 h
u(t,r) i= —— dz.
u(t,x) H(t,x)/b udz
Let us rewrite the divergence condition at the second order
OH! + div, (H@') = O(¢?). (19)

As before, we rewrite the momentum equation (10a) but at order €, and with the
Shallow Water system at the first order (16) - (17) we obtain an expression for the
second derivative of w:

Woary— — K o
Eazu— ol + O(e).

We integrate this equality from b to z (for z between b(x) and h(t,x)) with the
boundary condition (11). We integrate it again from b to z to find an approximation
of u at the second order:

K z -
u ’U,l |2=b + E;uo/l; (1 — Sw) ds + 0(52)

K z— 10
1 Ko 0 _E-0 2
u_, <1+5yv(z b)(l 50 )>+O(a ).

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

This is used in the sequel.
We also have the value of p at the second order with Equation (13). Thanks to the
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asymptotic analysis provided in Appendix A (see Equation (36)), we can simplify
this equation:

1 cosf [* 9
W(h(t,:v)—z)—i—a o /h uy + O(e%). (20)

p(t,x,2) =

Then, we replace it in the integrated momentum equation (14) and, using again the
divergence free condition (10c) to express w® as a function of h® and u°, we get

_ . o 1 cos
8t(H1'LL) + lez(Hl'LL ® U) + sz(Hl)Q - E%VE (U?(HO)Z)
H! cos
o | _ da- 0 170 : 0
=—-Ku | _, —Vib (FT2 € i uy H ) + ediv, (H"Szz)
—ﬁf-llﬂl + Eﬂ(HO)Qe div,u® — ECOSGHOe Veb? - u’ + O(e?)
Ro 2Ro 1= Ro Py '
The velocity at the bottom w__, is given by
) eK HO\ '
’U,l‘z:b —U(l—l—;?) +O(62),
which leads to:
1
1- . 1 o 1n2 _ eK H!
1. - . 14 - cos _ 1.2
—evy V, (H div, @) + 2evy div, (H D, u) + E%Vz (ul(H ) )
cosf L cosf _ sin# _
+e 570 (HY)?e,div,u — € i H'e\V,b- i — Ef-llul (21)
H! cosf _ 4 9
—Vzb (W — & Ro UlH ) +O(E )

Equations (19)-(21) 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, (22a)
Oy (Hu) + div, (Hu ® u) + gvzm = —ao(H)u — gH Vb
— g Ve (Hdivyuw) 4 2pp divy (HDyu) + Q cos 0V, (uy H?) (22b)

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

where ag(H) = k/ (1 + ?Zt—il/) .

Conversely to the first order approximation (18), we now have viscous terms in the
SWE.

Remark 1. Note that the coefficients of the viscous terms slightly differ from those
in [18] (which is a generalization of [8] to the 2D case), due to the choice we made
for the stress tensor.
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Remark 2. If the latitude is not constant, the only difference with the previous
development is that the term that reads €2 cosf V, (ulH 2) in the constant case
must be replaced by QV, (cos Our H 2) (with no additional difficulty), the other
ones remaining unchanged.

Remark 3. 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 (22b), where a is
the capillarity coefficient.

We now state a well-posedness theorem for the Shallow Water Equations: con-
sider the following system in a bounded domain D with periodic boundary condi-
tions:

0y H + div(Hu) = 0,

1
O(Hu) + div(Hu @ u) + 52 VH? = —a(H)u — &, (H)Hulul

0

FAHVAH + AHVAb + v div(HD(u)) + a;(; V (ur H?) (23)
0

cos o . cos 0 sinf |
+E2ROH eldlvu—aquVb-u— 5 Hu
H cos
—-Vb (W — & Ro UlH) .

We suppose that the bottom is regular enough (b € H3(D)) and that the initial

condition on the water height satisfies: H(0) = Ho > 0, /Hy € H),,.(D), Hy €
L2..(D), Hyug € L., (D), log (Kq "Hodo(Ho)) € L}.,.(D). In [15], we proved the

following theorem:

Theorem 2.1. If A > 0, ao(H) > 0 and a1 (H) > 0, with Hy satisfying the
conditions above, there exists a global weak solution of (23).

3. Quasi-Geostrophic Model. The Quasi-Geostrophic model is used for the ab-
stract modeling of the ocean at mid-latitudes (see [4]). It is obtained from the
Shallow Water system assuming that the Rossby and Froude numbers are very
small (the aspect ratio e is now considered as fixed).

3.1. Derivation of the Quasi-Geostrophic Equation with Cosine Effect.
We consider the dimensionless Shallow Water system (19) - (21), that depends on
the aspect ratio e. 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 4 = pg and v = vy in the sequel.

We write an asymptotic development v = u®+nu'+..., H =1+nFH'+... where
we suppose Ro =1, Fr2 = Fn?, b =nb, with n < 1, F = (2QLchar)?/(9H char)
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 (e,17) — 0 as for the direct derivation of
the QG model (see [6]), but we let n go to zero as € remains fixed. This crossed
asymptotic is beyond the scope of this paper and is left to further studies. We also
use the beta-plane approximation around the latitude 6y (see [19]).
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We then have to study the following equations:

O H + div,(Hu) = 0, (24a)
1 in 0
Oy (Hu) + div,(Hu ® u) + i 51V - OHul — Bap Hu'
0 0
+5CO2S 0 1H2d1qu—§taH906$261H dlvzu—i-acos OVx(H2u1)
n

- % tan 0y 3 Vi, (H?*uy x2) — ao(H) u + 2vdiv, (HD(u)) — vV, (H divu)  (24b)

0 0
COS 0H61Vb u—l—stan@oﬂxgHelVb U+ € costo

ulHbe
1 ~

At the first and second orders, Equation (24a) gives:
divu® =0, and Fo,H' +div,u' + FV,H! -u’ = 0.

We also look at the first and second orders of the momentum equation (24b). The
first order gives

0 b
V,H' + (sineo - gcoz Oaﬁ) ut V? —0.

Then we take the curl (i.e. —0y, of the first component + 9,, of the second one)
of the second order and get

(0 +u® - V) (curl u®) = —ag(1)curlu® + vA(curlu®) + siny F(O, H* +u” - V, H")

0
—sinfo Fu® -V, H — fuld + eS80

Opn (O HY +u° -V, H")

— VEH - Vb + £ cos 0y Oy, (u° - Viub) + € cos g VEul - Vb + curlf.
We note that
Vb
F

cos By
€

sinfpu - V,H' — (8z2u0)-VzH1+ViH1. =0,

and
(8, u°) - Vb 4+ VA0S - Vb = 0.

We define ¢ by u® = V-4, and consequently H' = (sinfy — € cos 90y, /2) ¥ — b/ F,
and find

(O + 10 V) ((52 + (1 4+ e2poos bo 90) a;) b — sin? 0y F)
+ (Sin 0o — 5@&2) b+ 6:102) = —ao(1) Ay + vA%) + curlf.  (25)

Equation (25) 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 e2F cos? 602, 1 /4 and € cos 00, b/2.
The “unusual” sin 8y coefficient is linked to an “unusual” Rossby number expression
that arises in F' and l~); in the “usual” case, the term sinfy is replaced by 1, and
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cosfp by 1/ tanbp.
Let us remove this problem coming back to dimensional variables. We get:

5 2N A2 B (29 sin 90)2 _ Hepar 2Q) sin by
Dy ((azl + (1 +0 ) am) v 9Hchar v ! 2 tan 0y Oz Hepar b+ fma
1
=~ 00(Honar) A0 + pA*P + curlf,  (26)
char

where D; = (6,5 +ul- Vm), Hpar = €Lepar and 6 = Qv/Hpar /g cosby.
We add to this equation the following boundary conditions:

=0 and AY =0 on 9D,

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

Remark 4. We can already notice that the cosine term has two different con-
tributions. First, the Laplacian is modified in the second direction by the small
coefficient §. The other change is on the topography coefficient: we see the deriva-
tive of the topography in the second variable.

3.2. Mathematical Properties of the Quasi-Geostrophic Equation. The
following theorem has been proved in [16], we just recall it hereafter.

Theorem 3.1. If D is a rectangular domain, for all f in L? (O,T;LQ(D)), Equa-
tion (26) with the initial condition v in H3(D)NH} (D) and the boundary conditions
¥ =0 and Ay =0 on OD has a unique solution v in C ([0, T); H*(D) N H} (D)) N
L?(0,T; HY(D) N H{(D)).

3.3. Numerical Results: Cosine Effects on Large Scale Computations. We
now present numerical results for the QG Equation and show that the cosine effect

cannot be neglected. The details of the scheme are presented in [16], we do not
repeat them here, but recall the choice of physical parameters.

PSl average ; delta= 0.00E+00 ; Helm = 0.18E-12 ;t= 0.58E+06 days  1.86+05 ---

1.6e+05 ----
4e+06 1.4e+05
. 1.2e+05
: 1e+05
3.5e+06 [ 8e+04 -
: 6e+04 -
4e+04 -
3e+06 & 2e+04 —
0 -——
F -2e+04 .-
2.5e+06 _Ae+04
-6e+04
" -8e+04
> 2e+06 16405 -
-1.2e+05 -
1.5e+06 146405 -
-1.6e+05 —
-1.8e+05 ---
1e+06
500000 -
0 | | | | | | |

0 500000 1e+06 1.5e+06 2e+06 2.5e+06 3e+06 3.5e+06 4e+06
X

FIGURE 2. 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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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 [10]. 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 —10~2sin(2rz2/L) and let the model run over nearly
1600 years (note that we have T = O(¢~!)) 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 ¢ instead of ¢ in the following.

3.3.1. Flat Bottom. As mentionned above, the cosine effect has two correlated con-
tributions. In order to disconnect these terms, we first consider a flat bottom so
that the second term (depending on the topography variations) vanishes. Figure 2
shows the stream function without the cosine effect, and we plot in Figure 3 the
difference between the two models: this corresponds to the numerical contribution
of the cosine effet.

" = 0.58E+ 1.4e+04 ---
Averaged difference t= 0.58E+06 days 136404 -

4e+06 T, T T T T T 1.2e+04
et H 1.1e+04
le+04
el 9e+03 =+
89+03
7e+03 -+
6e+03 —
5e+03 ---
4e+03 ----
3e+03
2e+03
4 1e+03
0

3.5e+06
3e+06 [
2.5e+06

> 2e+06

-le+03 -+
- -2e+03 -
-3e+03 —
-4e+03 ---

1.5e+06
1e+06

500000

0 = 1 1 1 I J
0 500000 1e+06 1.5e+06 2e+06 2.5e+06 3e+06 3.5e+06 4e+06
X

FIGURE 3. Time-average of the difference between the stream func-
tion 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 2 where the maximum value is 1.8 * 10°, we show that
the contribution of the new model is about ten percents.

3.4. Varying Bottom. Let us now consider the cosine effect, with a bottom de-
pending on the second variable x5. We use a topography roughly resembling to the
Mid-Atlantic ridge, as can be seen in Figure 4.

As for the flat bottom, we present in Figure 5 the time-average of the stream
function, solution of the QG model without any cosine effect. Figure 6 plots the
difference between the two models, with and without the cosine terms.
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COSINE EFFECT IN OCEAN MODELS

FIGURE 4. An example of bottom.
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FIGURE 5. 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.
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In this configuration, the contribution of the cosine effect is weaker: only a few

percents.

4. 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 models. The theoretical studies have been reinforced by
numerical simulations for the QG Equation.
The authors now aim to study the numerical behavior of viscous Shallow Water
Equations, as well as well-posedness study of the Hydrostatic Primitive Equations
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Averaged difference t= 0.58E+06 days 4e+03 ---

3e+03 .-+
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FIGURE 6. Time-average of the difference between the stream func-
tion with the cosine terms and the stream function without these
terms, over 1600 years, with a varying bottom.

for which the traditional approximation is relaxed, leading to the so-called quasi-
hydrostatic model. We believe that we can extend recent results of [5, 20] to the
Quasi-Hydrostatic Primitive Equations.

Acknowledgements. We would like to thank Didier Bresch, Christine Kazantsev
and the audience of the conference for raising questions related to this work. We
also thank the anonymous referees for the very interesting remarks they pointed
out during the review process.

Appendix A. Asymptotic Development of the Viscous tensor. In this ap-
pendix, we present the asymptotic development of the viscous tensor that is needed
in the derivation of the models (see Section 2). For the sake of readability, we start
this study with the hypotheses of flat bottom and rigid lid. That is, the vector A
is exactly the vertical unit vector (0,0, 1).

The expression of the tensor S reads:
SII SIZ
5= < o SZZ> . (27)
On the one hand, using the definitions of the dimensionless variables in Section 2,
we have:
S S
S =u?,,, 2% "= ). 28
Uchar <Szz ESzz> ( )
On the other hand, we recall the definition of S with the viscosities:
S = MHDH + MvDV + MEDE = eLcharUehar (VHDH + VvDV + €2VEDE) . (29)

We are led to develop the expressions of the tensor D DV and DF (with A the
vertical unit vector, see above) in order to write them under their non-dimensional



COSINE EFFECT IN OCEAN MODELS 15

form:
g (Veu+'Vyu+0,wld 0\  Uchar (Viu+'Viu+0zwld 0
be= ( 0 0) = Tonar 0 o) (30
DV _ 0 azu + vmw _ Uchar 0 %ag:ﬁ + EV@’&;
— \(0u + Vew) 0 " Lenar \'(20:0 4 eVz0) 0 ’
(30b)
E _ _Id 0 o Uchar W _Id 0
D¥ =0,w < 0 2) T Ozw 0 9 (30c)

Using (30) together with (29), we have:
Vg (Vfﬂ + tV517) + (VH — E2I/E)3g{f) Id vy (%35& + EV’j{I})
S =eu?,,, N N N . (31)

¢ (%agu + eVz0) 2e2v R0z W

Identifying (31) with (28), we finally obtain the non-dimensional values of the co-
efficients \S; ; as functions of u and w:

See = VH (V;ﬂ + thﬂ) + (VH — 52VE)85@ 1d, (32a)
Sez = vy (0z1 + 2V50) (32b)
S.o = vy (90 + 2V50) (32¢)
S.. = 26%vp0:0. (32d)

Finally, we recall (see the derivation of the Shallow Water system at the first
order) that 9zu° = 0, which provides, together with (32), the following informations
for the Sij:

Spe = var (Ve + 'Vs) + v 0z 1d + O(£2), (33a)
Su = 0(¢?), (33b)
= 0(?), (33¢)

= 0(?). (33d)

The general case with a varying free surface and/or bottom can be reduced to a
small perturbation of the vertical unit vector A = *(0 0 1). Indeed, we know that:

¢ h—z z—0 1
+(€) <1 where § = {1V ST and 5( = e ()
If we write (34) with non-dimensional variables, we obtain:
B ~ (e > h—z_+ z-b_~
A =~(gf) ( ;) where £ il thb + " thh
and () = ——— =14 0(e),

\/1+|s§|2

or, in other words,
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Using Equation (35) together with the definition of the tensors (30) and the first

order of the Shallow Water system, we easily obtain the following estimates:

il

[2

Sew = VH (Vgﬂ + tha) +vyoswld + O(E), (36&)

S,. = 0(e), (36D)

S.. =O0(e), (36¢)

S.. =0(e). (36d)
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