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Abstract This paper addresses the mathematical analysis of the ocean-atmosphere coupling problem, including
Coriolis force, non-local turbulent closure and realistic nonlinear interface conditions. We introduce a 1D vertical
model corresponding to a coupled Ekman boundary layer problem with non-local turbulent viscosities. The interest
of this model lies in its proximity to realistic ones by considering the numerical strategies employed to take into
account the turbulent scale. Well-posedness is first studied in stationary and non-stationary states considering
generalized parameterized turbulent viscosities. We establish sufficient criteria on the viscosity profiles for the
uniqueness of solution and find that they are not met for parameters in the order of magnitude used in ocean and
atmosphere models. To identify precisely the conditions of well-posedness, we therefor establish a necessary and
sufficient criterion for the stationary state. We show that there is non-uniqueness of the solution when considering
typical viscosity profiles from ocean and atmosphere models. Eventually, we illustrate that non-uniqueness is pro-
duced by an inconsistency between the viscosity profile and the boundary layer parametrisation.
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1 Introduction

Ocean-atmosphere (OA) interactions play a critical role for several applications, like forecasting the trajectories
of tropical cyclones, seasonal weather forecasting, or climate studies. Therefore numerical modeling systems for
such applications generally couple an oceanic model with an atmospheric model, with complex interface conditions
(reffered to as a ”bulk closure”) that model these interactions. However ocean and atmosphere models have originally
been constructed separately, by two distinct communities. Thus the question of the mathematical coherence of such
a coupled system naturally arises, since there is no garantee that all possible associations of an atmospheric model,
an oceanic model and interface “bulk” conditions will lead to a well-posed problem.

The translation of such an OA coupled model into a single global mathematical model is challenging and gives rise
to specific difficulties. A first global OA coupled model has been presented and studied by [Lions et al., 1995] as a
coupling of the so-called primitive equations with nonlinear interface conditions. Many studies on the well-posedness
of the primitive equations (without coupling) can be found in the context of ocean or atmosphere modeling (see
for example [Lions et al., 1993b], [Lions et al., 1993a] or [Cao and Titi, 2007]). OA coupled models mainly differ by
the strategies they use to take into account the turbulent scales (turbulent closure) and the interactions between the
two domains (bulk closure). The turbulent closure scheme considered hereafter relies on the Boussinesq hypothesis
which requires the definition of a turbulent viscosity profile. The resulting model is known as the coupled Ekman
layer problem [Ekman, 1905]. The present study addresses the well-posedness of such an Ekman layer coupled
model that takes into account the specificities brought by the bulk interface conditions. Mathematical results can
be obtained for this model, which is representative of the physics and numerics of realistic models. The combination
of the turbulent closure schemes with specific interface conditions from the bulk formulation leads to a non-local
coupled problem with nonlinear interface conditions, that is, the entire viscosity profile depends directly on the
solution at the interface. This non-locality is the main difficulty in tackling the mathematical analysis. A first
study of this model was proposed by [Pelletier et al., 2021]. In the present work, we present a first synthetic step
in the analysis on this non-local problem in the context of OA coupling, and investigate the well-posedness of this
coupled problem by searching for constraints on the turbulent viscosity profiles.

As a global approach to establish well-posedness, we will adapt a method from existing work in the fluid-fluid
interaction community. A very simplified problem of what would illustrate the non-local nature of our model would
be the system :

—0. (v(=,Ju(0))d.u(z) = 2 €]0,27] (La)
u(Z®) =0 (1b)
v(0, [u(0))2.u(0) = [u(0)] u(0) (1c)

for a given source term g and a parameterized viscosity profile v. The type of non-local character we are dealing
with here has rarely been considered in the literature. Here we will refer to a stationary model proposed by
[Bernardi et al., 2002] which considers a model close to (1) on a two-fluid interaction with a turbulent viscosity
profile different from the one considered here. The authors prove the existence of solutions and show that the
uniqueness depends strongly on the viscosity profile and the regularity of the solution itself. More precisely, a fixed-
point method is used to study the uniqueness of solutions and it appears that it depends on the ratio between the
H'-norm on the solution, the variation of the viscosity profile and its minimum. In our case, we bring some additional
elements to be more representative of the realistic model by considering the coupling and bulk formulations at the
interface. On the other hand, we simplify the study by considering the viscosity as a parametrisation v(z,u*)
with u* depending on the trace term. This assumption will allow us to simplify the study of the well-posedness
and give conditions on the parametrized profile of v. Therefore, even if our model is simplified, the criteria that
we establish contains the same ingredients and follows the same behavior as in [Bernardi et al., 2002]. However,
adapting this strategy in the OA context, we will show that this criteria is too restrictive. Therefore, even if our
model is simplified, the criteria that we establish contain the same ingredients and follow the same behavior as
in [Bernardi et al., 2002]. These criteria for the uniqueness of the solution are sufficient criteria. These are not
satisfy for viscosity profile with parameters of the order of magnitude used in OA models and the uniqueness of
solution is therefore not guaranteed. To further investigate this issue, we then introduce a sufficient and necessary
criterion that ensures the well-posedness of the stationary problem. However, this criterion can only be computed
for viscosity profiles for which the main equation can be solved explicitly. Adapting this strategy to viscosity
profiles representative to those used in OA models, shows to non-uniqueness of the solution. As will be highlighted,
non-uniqueness stems from the combination between these specific viscosity profiles and interface conditions.



The remainder of this paper is organized as follows. We first construct the OA model in Section 2. Starting from
the primitive equations, we briefly describe the usual assumptions considered to obtain the model in each domain
and the interface conditions (§2.1). Then we describe the viscosity profiles considered, which are representative of
OA coupled models (§2.2). We also provide representative values and viscosity profiles for numerical illustration.
The global problem under investigation is summarized in §2.3. The study of the well-posedness is discussed in section
3 for general viscosity profile. Our global strategy is to solve the non-local problem using a fixed-point method. We
first focus on the stationary state of the problem in §3.1. In line with the work of [Bernardi et al., 2002] we show
the existence of stationary solution and give a uniqueness criteria on the viscosity profiles. The well-posedness of
the non-stationary state is studied in §3.2. In the line of the work of [Chacén Rebollo et al., 2014], we give a criteria
to have the existence of a non stationary solution in the neighborhood of an existing stationary solution. We finally
give a well-posedness criteria on the the non-stationary state following the same procedure than for the stationary
state. In section 4 we study the well-posedness of the problem for viscosity profiles specific to the OA framework.
We illustrate in paragraph §4.1 that the uniqueness criteria given in section 3 are too restrictive for the OA order
of magnitude and do not guarantee uniqueness of solution. To fully answer the question of uniqueness, we give a
necessary and sufficient criteria for the well-posedness of the stationary problem (§4.2), case without Coriolis effect
is quickly discuss. We finally apply this necessary and sufficient criteria to viscosity profiles that are representative
of those used in the OA model (§4.3) and the non-uniqueness of solution is confirmed for these viscosity profiles.
We conclude by giving some conditions on interface conditions that would guarantee uniqueness.

2 Construction of the ocean-atmosphere coupled model

In this section, we build our ocean-atmosphere model by justifying the main steps. Readers wishing to dispense
with the justification of the model construction can refer directly to paragraph §2.3 where the final model is recalled.

2.1 A simplified 1D coupled model

To establish a coupled model, we start from the Navier Stokes equations on which we will make simplifying as-
sumptions, while keeping the most important ingredients to obtain a relevant coupled model. The steps involved
in building our model are the following.

In each domain:

1. Starting from the Navier-Stokes equations with density stratification in both oceanic and atmospheric domains,
we make the following classical hypotheses to obtain the so-called primitive equations :

e Hydrostatic hypothesis and Boussinesq approximation (the variations of the fluid density are weak)

e We consider the earth rotation, represented by the Coriolis force

This leads to

onay + fk xu,  —vpAuy = M - V- (UUy,)
Po
0.p = —gp' (hydrostatic balance) 9
vmV-u, =0 (incompressibility) (2)
6t<I> = Fq) — Vh . (uh‘I>)
P = peos(‘I’; Z)

where U = (u,w) represents the speed (wind or current), p is the pressure, p the density provided by an
equation of state peos, ™ the molecular viscosity and ® is a general symbol for tracers (salinity, tempera-
ture...). The well-posedness of these primitive equations are widely studied, some first studies related to ocean
and atmosphere model can be found in [Lions et al., 1993b]-[Lions et al., 1993a], or [Cao et al., 2014] and we
refer to [Petcu et al., 2009] for a recent review of existing results.

2. In order to take into account the fine-scale dynamics that is not resolved by the numerical grid, equations (2)
must be supplemented by ”sub-grid” parameterization schemes. The classical approach to introduce these
parameterizations consists in using the so-called Reynolds decomposition of each variable ¢ into a ”resolved”
averaged component ¢ and an "unresolved” component ¢', with ¢’ = 0. Using this decomposition in (2) gives
for the first line

Vhp

Po

(3)

oqay, + fe, x uy — vy, AUy, — Vy, - uju), — dw'aj, =



where terms of the form ¢’¢’ represent the effect of unresolved scales on the resolved scales. To close the
system, we use a turbulent closure considering the Boussinesq hypothesis which gives w’¢’ in terms of the
known resolved-scale variables as:

uy = — (Vt,ramav Vt,y Oy, Vt,zaza)T

where v are turbulent viscosities (a.k.a. eddy-viscosity) depending on space and time and potentially other
parameters. These turbulent viscosities are parameterized using different closure schemes that we will discuss
in paragraph 2.2. Note v; is strongly non-isotropic between horizontal direction and vertical direction. From
fluid mechanics notations, we introduce the constraint tensor:

(VL + vp) 0 0xV
o=—pls+po | V), +vm)0yu (V) +vm)d,T O (4)
(VL +vp)d.u 0,0
with Is the identity matrix.

For more details on approximations and closure assumptions taken so far, we can refer to [Rebollo and Lewandowski, 2014].
These assumptions are common in oceanic and atmospheric models used for climate simulations (see for example

[Madec et al., 2023]).

At the interface The interface conditions between the ocean and the atmosphere are complicated, due to the com-
plexity of the natural phenomena they describe. Very close to the interface, dedicated parameterizations are applied
and superposed to the numerical models. These interface parameterizations rely on the [Monin and Obukhov, 1954]
(MO) theory that assumes constant vertical fluxes and a wall-law in this near-interface zone. The numerical coun-
terparts to MO theory are the so-called bulk formulations, see [Pelletier et al., 2021] for more details. In order to
formulate interface conditions consistently, we separate the near-interface zone whose flow is governed by MO theory
from the rest of the domain where the primitive equations are considered. The altitude that limit the near-interface
to the boundary layer is defined by §, in the ocean and §, with d, < 0 < §,. We assume (py, U, ) are parameterized
in [do,04] for @ € {0,a}. The ocean and atmosphere domain are defined as Q, = [Z%,,[ and Q, =]d,,ZF]. In
the following, we consider the interface between the ocean and the atmosphere as a buffer zone [J,,d,] where MO
theory applies. The interface condition at the ocean surface are given by the continuity of the constraint o and
the continuity of u. Applying the MO theory in [d,,d,] (which takes the form of a non-linear friction law see
[Pelletier et al., 2021] for a detailled description), leads to the following conditions :

Po(V) + V1.0(00,1)) 02Th 0(d0, 1) = pa (V3 + Vi,a(da,t)) 02Tn o (0q,t) (5a)
(V(T + Vt,a((saa t)) azﬁh,a((s(m t) =Cp (U*) ”ﬁh,a (6(17 t) - ﬁh,o(‘sm t) H (ﬁh,a(dm t) - ﬁh,o((sm t)) (5b)

w* = A/Cp(u*) [Wh,o(8as ) — Uno(00, )| (5¢)

with " (resp. v))") the molecular viscosity in the atmosphere (resp. in the ocean) at and u* the friction velocity.
The coefficient Cp is given by the MO theory. This type of non-linear interface condition based on friction laws is
widely studied in fluid-structure interactions theory (see for example [Bresch et al., 2010]).

Simplifying assumptions To reduce the complexity of the problem, we make the following assumptions:

e In the buffer zone ]d,, d,[, equations are parameterized. These parameterizations are taken into account in
+/Cp, that depends on u* itself. However the role of C'p is minor in our context and can be considered as
constant. According to [Large and Pond, 1981], we set Cp = 1.2 x 1073,

e We make an assumption of horizontal homogeneity, justified by the fact that in this study we are focusing on
exchanges that are predominantly in the vertical direction. Therefore the terms in d,e and Jye are neglected,
with the exception of the horizontal pressure gradient.

e It is assumed that the geostrophic winds/currents, noted g := (u9,v9), are known and are defined by the
equilibrium
1 1
_fug = aypa fvg = axpa
L0, P0,a

with « € {0,a} (o = o0 in the ocean, a = a in the atmosphere). This assumption allows us to decouple the
different variables and to consider a condition at the outer edge of the media.

U.(Zy) = 8(Z%) (6)



Finally our model in each domain can be written as:
atuih‘i’fez ><uih*VmAuih*az (Vt(zauhv---)ath) = fez X g on (5(17Z(:f) (7)

In [Klein et al., 2004] a rigorous derivation of the Ekman layer equation (7) is obtained from multiple scales asymp-
totic technique. Their derivation indicates that such model is relevant to describe the evolution of atmospheric
horizontal velocities at large scale. From now on, the overbar notation = and -, are neglected. Equation (7) is
considered both in the oceanic and the atmospheric domains.

2.2 Viscosity profiles and reference values for ocean-atmosphere coupling

In this study, we consider viscosity profiles based on the parameterizations of [Troen and Mahrt, 1986] and [Large et al., 1994]
commonly used in ocean-atmosphere models and adapted to the Ekman layer problem by [McWilliams and Huckle, 2006].
In the following we will refer to the corresponding viscosity as K-Profile Parameterization (KPP) viscosity. There
exists different turbulent closure schemes with different degrees of complexity [Chacén Rebollo et al., 2014]. We
focus here on a closure scheme based on a so-called zeroth-order closure i.e v is directly diagnosed from u* and z and
does not involve additional evolution equations as is the case for parameterizations based on the turbulent kinetic
energy (TKE) via the Prandtl-Kolmogorov relation. In the stationary case a TKE-based viscosity profile would
depend locally on the wind shear. A mathematical analysis of a model close to (2)+(5) is made in the stationary
case by [Bernardi et al., 2002] and [Rebollo et al., 2010], with a TKE viscosity profile. They prove the existence of

a solution and highlight issues that occur to prove the uniqueness of such solution. In this study we have a similar
objective but with a KPP viscosity profile and show that the same global uniqueness issues are encountered.

Definition 2.1 The KPP viscosity profile : The KPP viscosity profile is built to be consistent with the MO
theory near the interface and to connect continuously with the constant molecular viscosity outside the boundary
layer [O’Brien, 1970]. v € C!(84, ha) only depends on u* and z, and is such that
ym on (hg, Z¥)
*

va(u',2) = V(i 2) = p e (1 - ;f) +v on (30, ha) v

with D, = 0 for all z € (04,2%), H is the Heaviside function, h, depending on u* and v7* the molecular viscosity.
It must also satisfy

e consistency with the MO theory : D,(0) ~ xu®d » v7* with £ the Von Karman constant (~ 0.4) and
0.Do(8) ~ ku¥. with u* = \u¥ = \u* 1.

e order of magnitude assumptions : |ZL] » |0,| and D, (z) » v for all z € (04, ha(1 —€)) for an € « 1. Also
— v = W with A = /po/pa ~ 0.03
— ho = cou® with ¢, = ¢,/|f| and ¢, taken from ¢, = 0.2 ([Arya, 1981]) and &, = —0.7\ [Large et al., 1994].
fl~ 5x 1075571

— u*e[1073,1[ ms~!

The range of values for u* is the one considered in [Pelletier et al., 2021] and corresponds to ”classic” values
for this parameter in OA models.

Definition 2.2 Reference values for the ocean-atmosphere context : We consider a KPP viscosity profile
specific to the application of OA coupling as given by [O’Brien, 1970]:

2
Dafut,) = watle| (1- 1) ©

To apply our results to the specific OA framework, we choose a number of fixed parameters, which we will call
reference values for ocean-atmosphere coupling :

e 7Z* = 3000m and Zy* = —500m

1This choice of u* can be justified by the construction of u* in the interface buffer zone, and is detailed in [Pelletier et al., 2021]



e 0, =10m and §, = 1lm
e /" =15.6 x 10 5m2s7! and v = 5 x 10~ "m?s ™!

e u* is taked such that 0, < h, < ZL for a € {0,a} i.e u* €]3.24 x 1072,9.75 x 10~ [ ms~!.

2.3 Model problem

Definition 2.3 Notation : Oceanic and the atmospheric domains are denoted as €2, with

Qo =104, 27| Qo =ZL, 6, with 23 < §p < 0 < 6 < ZY

The coupled OA model studied here is the one-dimensional problem:

Oy + ful — 0. (va(z,u*(t))uy) = fer on Q,x]0, T (10a)
U, (Z2,t) = go(Z2,t) on |0, 7] (10Db)

uy(z,t=0) =u’(2) on 2, U, (10c)

Vo 004 (00, 1) = N2Vg 0204 (04,1) on 10, T[ (10d)

Va 0:0q(8a,t) = Cp [ug(0a,t) — Up(ds, )| (g (04, t) — ue(ds,t)) on [0, 7] (10e)

u*(t) = /Cp [u4(8a,t) — 1o(ds,1)| onJ0,7[  (10f)

with f, A and Cp are known constants g, Uy are source terms and u = (u,v)” and the scalar u* are the unknowns,
with notation a € {0,a} and ut = (—v,u)", bold notation denotes 2D vectors. Non-local aspects come from the
interface condition that depends on u* which itself depends on the jump of the solution around the interface. The
parameter u* thus makes it possible to group together all the non-local aspects of the problem. To study well-
posedness of such problem, we will first rewrite it using a fixed point fomulation in section 3. A more specific study
will be made on the spacial case of KPP viscosity profiles in section 4.

3 Well-posedness criteria for general viscosity profile

In this section we study the well-posedness of problem (10) for a general viscosity profile v(u*, z). The main strategy
to handle the non-locality is to rewrite the model as a fixed point formulation on u*. This strategy has already
been developed by [Bernardi et al., 2002] on a close problem in the stationary state and without Coriolis effect.
Authors of this paper prove the existence of solutions for TKE viscosity profiles, but the uniqueness of the solution
is obtained under some restrictive conditions on the viscosity profile and its variations. The conclusions we reach
on the uniqueness of solutions in this section are similar.

Definition 3.1 Local problem : We define the general problem P describe by (10) and P¢ its stationary version.
For a fixed u* the local problem given by (10a) -(??) is called £L(u*) and £¢(u*) for the stationary state.

Definition 3.2 Notation : : In all this section, we suppose there exist v;* > 0 such that v} < v(z,u*) for all
(z,u*) € Qy x Ry, with a € {0,a}. We define the scalar product on the domain Q := Q, U Q, as:

) —2
U, vyoa .=J U, -vg + A J u, -V,
Qo Q,

and we define the associated norm:
2 2 _ 2
lulloa =<, wpp, = Hua“m(m) +A7? HUOHLZ(QO) :

Since A > 0, [-|pa is @ norm equivalent to L?(Q2). In this paragraph we will use space V := V, U V, such that
Vo 1= {veH'(Q),v(ZL) = 0}. We also define a notation for the "jump” of a variable in the vicinity of the
interface:

[u]z = Uy (dg,t) — up(do, t)



3.1 Existence and uniqueness for the stationary state

In this paragraph we gives the a necessary conditions that ensure the well-posedness of the stationary state problem
Pe.

ful =0, (va(u*)du,) = fgt on Q, (11a)
ua(Zy) = ( o) (11b)

Vo 0.0, (0,) = Nvg 02uq(d,) (11c)

Vg 004 (d,) = CD |[ ] | [u]z (11d)

« Vo [u] (1o

We first study the well-posedness of the local problem £°¢(u*) given by (11a)-(11d) and we then proof the existence
of solution of full stationary problem P¢. The uniqueness of solution is given by a criteria on the viscosity profile
using a Banach fixed point method.

Proposition 3.1 Well-posedness of the stationary local problem £¢(u*) : Suppose that v, is bounded
and u’, e H'(Q2). Then we have a unique weak solution u € H'(2) of the stationary local problem (11a)-(11d).
Moreover if v, € C' (Q) and u?, € H*(2) then u € H?(Q) that will be used in theorem 3.4.

Proof. Model (11a)-(11d) involves a non homogeneous external boundary conditions in Z%. To write the
problem in his weak formulation, we use a lifting that will deletes the external boundary condition. To
simplify the writing we suppose u? € H?(2) and use it as the lifting. The problem we consider in this section
is given by :

fﬁi_ -0, (Voz(u*)azﬁoz =0, (Voz(u*)azga) on 2,
0

N
°8

)
Ua(Zs) =
Vo (azﬁo + azg) o) = )\21/0, (azﬁa + azga) (50,)
) (8a) =

Va (0,04 + 0.8, Cplla+gl|[u+g]

We have chosen a non-classical lifting® here to gain explicit control on the solution by the source term u?
and simplify the computation that will be used in property 3.2. Consider the first equation on the domain
Q,. Multiplying by a test function v € V and integrating on ©, leads to the formulation:

zy Z zy
J Vg - fﬁi‘ + 0:Va Va0 Ug 4 Vo (0a) « Vg (0:04(00) + 0284(04)) = —J Ve 0, Vg - 084

a a da

The same stands for the ocean domain. Then multiplying the formulation from the oceanic part by A=2 and
adding the formulation from the atmospheric part, we get the weak formulation of problem :
Find a unique solution 1 € V such that

f<1~1L,V>OA + (Vo \vovy,, + Cp |+ glll[u+g] - [v]. = —(0:8.v0:V)on (12)
for all v e V with {-,-), is define in definition 3.2. We define (V,,), -, the increasing sequence of finite-
dimensional Hilbert subspaces such that V = Y OVm Applying the Brouwer’s fixed point,we show in appendix

mz=
6.1 that there exit U,, € V,, solution of the weak formulation (12). Taking v = U, in (12) and using Young

inequality |2%y| < 2¢|x[3/3 + |y|3/(3€2) we have :

QOD 2CD

Woostim o, + =2 |[in + 2] < 7lo-glts + =2 |[g]of (13)

with Vo = [[Va 1« @xr, ) There exist a sub-sequence (um, )i>0 and U € V, such that

e (U,,,) converge weakly to U in V

e (1i,,,) converge to U in C°(Q) (Morrey’s inequality)

2For example choosing the lifting go = u% (Z%)(z — 6) would allow to have ud € L2(Q)



. . . ~ ~ ~ a ~ a
Previous convergence properties gives Uq m(0q) converge to U(dq). So ‘[uml + g]o‘ [uml + g]o converge to
the boundary term in |[&i + g|’| [ti + g]_ and @ is a solution of (12). The uniqueness is proved by showing
that if we have two solutions U, € V of (12), and choosing v = i — 0’ they satisfy:

(Vo (8 9) o + ([ + g2 [+ 8]~ ([ + g2 [+ &]2) ([a]2 ~ [W]2) =0 (19

Remark that ([ﬁ]z - [ﬁ’]Z) = ([u+ g]z — [0+ g]Z) And since (|x]|x — |y|y) (x —y) = 0 for all x,y € R?,
we have uniqueness in V. To obtain more regularity, since we have g € H?(Q2) and v, € C'(Q,) and using
classical method (see for example [Evans, 2022]), we obtain the weak solution 1 in H?(£2) and consequently

u=1u+geH?(Q). O

Theorem 3.1 Existence of solution for the stationary problem P°¢ : Let g € H'(Q) and v, : (z,u*)
bounded on (2, R, ). Then there exists at least one couple (u®, u¥) € H'(Q) x R, solution of (11) such that

lu— gHHl(Q) S HgHHl(Q) and u* <+/Cp ‘[g]Z’ (15)

with 7 = |v|} .. Moreover if g € H?(Q2) and if v, € C!Q x R, then the couple solution (u®,u¥) is in € H2(Q) x R4
that will be used for theorem 3.3.

Proof. Weak formulation of the non local problem P€ is : Find (U,u*) € V x Ry such that

FQAE Vo + (VP08 V000 + Cp [T+ gl | [E +g], - [v]) + u*v* (16)
= —(0:8,v0:v)0s + VCp [[@ + g] | v*

for all (v,v*) € V x R;. Using the Brouwer’s fixed point method, we show there exist a solution of the
weak formulation (Um,u;;,) € Vin x Ry satisfying (15), with |8 g1 q) < 81y and u, < VCo gl
See appendix 6.1 for details. Same arguments than in the local problem hold for the convergence of a sub-
sequence U, ; to U € V and uf ; to u* such that (1,u*) is solution of (16). Then using v, (u*) € C'(©2) and

g € H2(2) in the weak formulation gives the a solution of the non local problem P¢ in H?(Q). O

Let us now proceed by analyzing the uniqueness of the solution. The general strategy to ensure uniqueness of
the solution of P¢ is to consider the model as a fixed-point formulation for a stationary problem. Using a Banach
fixed-point theorem on u*, we give a criteria on v, and source terms g to obtain the uniqueness of a couple solution
(u,u*). We first introduce results derived from property 3.1 that will be used to apply the fixed-point method in
theorem 3.2.

Proposition 3.2 Existence of bound global bound in the local solution : Let define

M = sup Hﬁ@zuHéA with u the unique solution of £°(u*) (17)
R

u¥eRy

If v(2,u*) is bounded and if u? € H2(£2) then we can give an upper bound to M depending on source term:

2C )3
M < 7[00t [g, + =[]} = g° (18)
with 7 = agg};} [vally (xR, Moreover we define uf,, = (3v/CpG°/2) % then for every solution u of £¢(u*) we

have v/Cp |[u]Z‘ < ufo.

Proof. If u9 € H2(2) then we can take g = u? and r = 0. From the weak formulation (12) taking v = @
we have (\/vd.u,/vd.0)5, + Cp |[u]Z| [u]z . [ﬁ]: = 0. Rewrite 4 = u — g and apply Cauchy-Schwarz and
Young’s inequality gives .

1 2 C a3 1 2 C a3
Lo, + 2 < vl + 2 )

o

If v is bounded it imply (18). Moreover taking ¥, such that G¢ = 2(u*, )3/(3v/Cp) we would have

max max

VCD‘[U]Zlguﬁmx- O



Theorem 3.2 Uniqueness criteria for the stationary solution : Let v,(z,u*) bounded, and 0 < v <
Vo (z,u*) and source term uf € H* (). Assume viscosity profile v, satisfy:

(C’\/CD ) [u* — v* Vu* v* >0 (19)

v(z,u*) — v(z,v*)

v(z,u*)v(z,v%)

L*(9Q)

with C? = Then there exists a unique solution of P¢ such that (u®, u}) € H(Q) x R*.

<2\f|Q al 2\”9 >
The condition (19) is hard to check in practice, a Llpschltz condition that implies (19) is :

lu* —v¥| Vu* v* =0 (20)

* j—
[v(w*) = v(v )HLOC(Q) m
with G¢ define in (18) depending on source term. Moreover, for a uf,, = (3v/CpG¢/2) b

u* < u¥ and condition (19) and (20) can be restricted to u*,v* € [0, u¥ ]

, we can ensure that

Proof. We use a fixed point approach, we define u¥* the fixed point of the map

e ._ R-‘r - IR-F
F= { u* — /Cp ‘[u]j! where u is the unique solution of £¢(u*) given by (11a)-(11d)

From proposition 3.1 the local problem L£¢(u*) is well-posed in H! (Q) for a fixed u*. We pose u*,v* > 0
and u the unique solution of £°(u*) and v the unique solution of £¢(v*). We define w := u —v € V.
We want to show that F° is a contracting mapping, which means v/Cp ||[u]’| = [[v]]|| < [u* — v*|. Using
inverse triangular inequality we have || [u]Z| — |[V]ZH < |[u]z [ ]a| = |[w]u| Applying trace theorem and

Qo
Poincare inequality we can bound |w(d,)[? = ’2<62W,W>Qa| < \fy‘m | |v/vao WHQ, and finally

I[u]2] = [[VI2° < €2 | Votume. WH with C2 = max <2*/Z?“|,A22ﬂmo|) (21)

V’rn
2
It now remains to control Hq/l/(u*)ﬁszOA. Subtracting equations from £°(u*) and L£¢(v*) gives

fwt =0, (Wa(u*)d.wa + (v(u*) — v(u* ))

in Q,

Vo(u*)0, W, (05) + (Vo(u™) — vy (v*)) @ V0(50
1)

0
0
= N1a0:Wa(0a) + A (va(u*) — va(v*)) 0:va(da)
v(u*)0,we(8s) + (Ve (u*) — ve(v™)) 0,va(da) = Cp |

(Ialol ol = VIS VID)

and energy estimate yields:

[votamew| 0o ([l [t~ [V VI2) - W]l = = owa (a0®) = va6) v,

Second term in the 1.h.s is positive and r.h.s is bounded using :

{02 Wa, (Va(u®) — va(v¥)) 0 Va>oA| ‘<\/76 w ’7\/76 V> ’
< gvieen, + Vee,

5.0 107 o,

* 2

with 7, = Va(u®) — va(v?) for « € {a,0}. From property 3.2 we have H\/V(v*)azv‘ < Me. If v satisfy
Vo (u*)vg, (0%) OA

(19) there exits a L € [0, 2 (\/@\/MGC)_l] such that 1, < L|u* — v*| and using the definition of M® we

have :

o Vit < Cocrizaey o

and it conclude the proof. The condition (20) is obtained using [17a(2)[L=(0.) < [Va (2, v™*)=va (2, ™)L (00 /VE
Also, taking u,, such that 3v/CpG® < (u},,)? then by property 3.2 we have v/Cp | u] | < ufax- O



In sum, the condition for the uniqueness of solutions depends on the bounds and the variations of v and H*
norm on u. Generally speaking, if the product between ||0, V| and |0 ul} . is small compared to the minimum
of v, we can ensure the uniqueness of the stationary solution u. The control of the H' norm on u by the source
terms is given by property 3.2. A uniqueness criteria linking the viscosity profile and the source term is given in
theorem 3.2. This criteria states that the product between [0,#v|; . and norm on source term g must be small
compared to the minimum of v. A practical application of this condition will be made in paragraph §4.1, where we
analyze the well-posedness of viscosity profiles used in the OA framework.

3.2 Existence and uniqueness of the non-stationary state

In this paragraph we study the well-posedness on the non local problem P given by system (10). We first study
the existence of non stationary solutions in a neighborhood of the stationary state using the method proposed
by [Chacén Rebollo et al., 2014]. A similar case have been studied by [Clement et al., 2023] to the local coupled
problem with nonlinear interface conditions but with constant viscosity. In theorem 3.3, we extend these results to
the non-local coupled problem and the non locality is treated using a Banach fixed point method.

Theorem 3.3 Existence in the neighborhood of a stationary state : If there exists a solution (u®,u*) €
H2(Q2) x R, to the stationary state P¢ and if the viscosity v(z,u¥) satisfies

2

Oy v(u)
v(uf)

Then there exists (u,u*) € L2 (0,73 H?(Q)) n H' (0, T; L*( ) x L2(0,T) a solution of P in an neighborhood of
(u®,u¥). Moreover, since (u®,u*) is Solutlon of the stationary problem, a condition that would imply (22) is :

Cp 0,u® < 2u* (22)

€

2

O v(u¥) 2uk
' V() on ~ VODG® (23)

with G¢ depend on g is defined in (18).

Proof. The proof is based on the method developed by [Chacén Rebollo et al., 2014], where the authors
consider TKE-type viscosity profiles which bring non-linearity in the main equations. Step are recall in
annexe 6.1. After linearisation around the stationary state, we have to prove that the linear model

OVa + [V — 0: (Va,e02v) = 0: (V¥ 0:u°) + @ on Q,x]0,T[
Val(z,t =0) = ® on 2, U Q,
Vo (Z2,t) = By on |0,T[  (24a)
Vo,e 0=V (00, 1) + 0¥ (£)1), 0:uE(00) = NVae 0:Va(da) + A20* (t)1), 0.ug(0a) + @11 on 0,7
Vae 0:Va(0a,t) + 0¥ (), ,0,us(8,) = +/Cpul (([V]Z-er) eT+[V]Z> + ®; 5 on |0, 7]
Cp [V]Z cer + ®, (24b)

with notation vy . = v, (2, u¥), e, = [ue]Z/ ! [ue]Z} and v, , = Oysv(z,u}), is well-posed on X := L2 (0, 75 H2()) n
H' (0,T;L%(Q)) x L2(0,T) for all Y = (®,®0, ®eo, @11, P12, ®s) € YV := L2(0,7,L2(Q)), xH' (Q) x
L2(0,7T)*. First note that for any Y € Y, if v(z,u*) € C1(Q x R) and u® € H2(Q) there exist a unique
solution of (24a) in X. For a given stationary solution (u¥,u®) of P¢, we define for every Y € Y:

o e L%(0,T7) — L%*(0,7)
Yoo v¥ — 4/Cp [V]Z ‘e, + P, where v is the unique solution of (24a)

We want to show that Fy is a contracting mapping for all Y € ). Consider u*,v* € L2(0,7) and u, v the
corresponding solution of (24a), we pose w* = u* —v* and w = u—v. Then, by linearity, (w*, w) is solution
of (24a) with Y = 0. Thus an a priori estimate can be computed:

a

O HWH%A + Hﬁ@szQOA +/Cpul |[W]0|2 (cos(6,)* + 1) = —w* (0. w, V'o.u) .

Using the following bound :

, 2

v
(e} €
o.u

N

w
|“’ (0w, V0 >OA| H\/;aZWHéA "

OA
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/

and integrating on (0,¢) gives the apriori estimate:
yll

i 0 (cost07 4 1) [ Vot I < 4| o] [

Therefore, if v(u}) and (u®,u}) satisfy (22) then Fy is a contracting mapping in L2(0,7) forall Y e Y. O

J,u’

1
4

The existence of a non-stationary solution, as shown by criteria (22), requires the product between 0,+v//v and
0,u to be small enough. Product of the same nature has been found in theorem 3.2 when analyzing the uniqueness
of a stationary solution. It highlighting the key role of this product when we use the fixed point method.

Similarly, the general non-local problem P is considered as a fixed point problem on u* considering local problem
L(u*) defined in definition 3.1. The main difficulty encountered in the time dependency of v. First remark that,
by definition, the time regularity of v is the time regularity of u*. Then, to apply the Banach’s fixed point as in
theorems 3.2 and 3.3, the time regularity on v has to be chosen such that it ensures the same regularity for the trace
of the solution u, (d4,t). Moreover, as it appears in the stationary state, the criterion will depend on the L* (0, T; V)
norm of u a solution of the local problem £(u*). We show in property 3.3 that taking v € C! ([O7 T] x ﬁ) guarantees
ue L®(0,7;V) and u,(§) € C[0,T]. This regularity is then used in the Banach’s fixed point method in theorem
3.4 to give a criteria on the well-posedness.

Proposition 3.3 Well-posedness of the local system L(u*) : We suppose a given v, € C! ([O,T] x (Ta)
Then, for g € H? (0, 7; H' (2)) and u’ € H(2) we have a a unique solution u € L(0, T; H*(Q2)) n H!(0, T; V) of the
local problem L(u*) given by (??7)-(??). Especially we have u € L*(0,7;V) and 0; |[u]Z} e C°[0,T] that will be
useful for theorem 3.4.

Proof. Model (10) involves a non homogeneous external boundary conditions in Z*. To write the problem in
his weak formulation, we use a lifting that will deletes the external boundary condition. Taking i = u — g,
the problem we consider in this section is given by :

Ol + UL — 0, (Va(z,u*(1))0:000) = —018a + 0= (Va(z, u*(1))0.84) on Q,x]0,T[ (25a)
U, (Z2,t) =0 n [0, 7] (25b)

Uy (2,t =0) =g on Q, U Q, (25¢)

Vo 020 (80, 1) + Vo 0280 (00, 1) = AN21q 0214 (0a,t) + V4 0284 on 10,T[ (25d)

Va 0:0a(0a,t) + va 0:0% = Cp | [T+ g]’| [i+g]] on 10, T[ (25¢)

The weak formulation of the local problem L£(u*) is : for a given u* € H'(0,7T) find U solution of

<atﬁa V>OA + f <ﬁLv V>OA + <V(U*)azﬁv an>OA + C(D |[U]Z| [u]: : [V]: = - <Vazg7 an>OA - <atg7 i7>OA (26)
for all v e V with u = 4 + g. Proof is given in appendix 6.2. O

For any solution of £(u*), the norm in L*(0,7T;V) would depends on d;u*. In the application of the fixed point
method, u* will be obtained from the trace of a previous solution on the local problem, so that, we need to control
the norm of the trace of the solution for all u* in a given space. We prove in property 3.4 that this would be possible
by controlling |0;u*|; > and we give a necessary condition to apply the fixed point method used in theorem 3.4.

Proposition 3.4 Existence of bound global bound in L*(0,7;V) : Let define
V% = {u* € CH0,T), [ 0cu* 1207 < B} for given B > 0. Suppose g € H2(0, T; H(©2)) and u°® € H%(Q) a solution
a solution of the stationary state P¢. We define

M := sup sup “f@zu‘{OA with u the unique solution of £(u*) (27)
u*eV* te]0,T'[

If v € C1(Q x R), there exist a constant D depending on T and bound on v such that

2 2 2
M < D(T7 HVHLOO) (HgHIQ-P(O,T;Hl(Q)) + HUOHHQ(Q))) eN B = g (28)
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with N = n%ax} [Ous Va/Va |t o (AxR)" Moreover, there exist condition linking source term g, u®, viscosity profile v,
a€eq0,a

B and T such that for all u* € V%, the unique solution u of L(u*) verify v/Cp [u]z € V%. This condition can take
the form as a upper bound on norm on g and u° like

2 2 B?
D(T, [0 (leliie o rms o) + [0y < Togmviese (29)

with C? = max \/§|Qa‘

acg{o,a} VI

Proof. Suppose u* € V¥ for given B. From weak formulation (26), taking v = u — g it gives

ol + 5 2o + (700,003, + o [[a]2] [ - [2]” = i [u] [ - 0]
+ V0,18, 0.5, + {018, Oty

Integrating in time and using same strategy than in appendix 6.2 to obtain (54), would gives
t
2 2 2
Vool < Buot | ey [vioaul,

Using Gronwall theorem we have H\/D(?zﬁHZOA < Bjexp (Sé HMH%OO(Q)) By hypothesis we have Sé HuHiw(Q) <

B2N? and then M < Bye™ B*. Now using equation (55) on u gives :

t t
Jo H\/;azatﬁHéA < By + L HNHiw(Q) (H\/;azllHéA) < By + N’B*M

a2
o

with By depending on g and u® and bound on v. Then we can bound |[6tu] | <2 |[5t1~1]3|2 P | [atg]z}g <
2C? H\/DﬁzﬁH%A +2 |[0tg]3|2 that gives

t t
j Cp |[om]?]" < By + 2[ il ey (IVP0-ulg, ) < Bs + 2N2B2Mm
0 0

with B3 = 2C2By + 2 }[@g]jf .Taking the expression of Bs given in (55), there exist D; > 0 depending on
T and bound on v such that B; < D; (HgHIQ{Q(QT;Hl(Q)) + HuOHip(Q))) for i € {1,2,3} and

By + 2N2BM < Dy (83 0.0 () + [0 oy ) (1+ 282825

Taking D = max D;, if we have (29) then (Bs + 2N2B? (M?)) < B? and 4/Cp gg |[0tu]Z|2 < B.

i€{1,2}
O

Remark the condition (29) is not optimal and can be improved for specific g. Generally speaking the product
between the variation on v and global norm on the source term have to be small enough. This condition is of same
nature as the uniqueness criteria previously established in the stationary state. Consequently, the condition (29) is
an additional criteria to the well-posedness criteria that we will be establish in theorem 3.4. We now have all the
tools necessary to apply the fixed point method on the non-stationary and non-local problem.

Theorem 3.4 Existence and uniqueness of the non local problem : Let g € H*(0,T; H'(Q))nL* (0, T; H*(Q))
and u® € H?(Q) a solution of the stationary state P¢ with source term g(¢ = 0). We suppose v(z,u*) € C' (Q x Ry).
We suppose g, and v such that there exist B > 0 satisfying condition (29). If v, also satisfy

v(z,a) — v(z,b)

ETIEN <<C«/CDM) la—bl  VYa,b>0 (30)

Lo (Q)
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with M define in proposition 3.4, then there exist a unique solution of P given by (25) such that (u,u*) €
L2(0,T;H%(Q)) n HL(0, T; HY(Q) x C1[0,T]), and |0sw* (|2 0,7y < B. A Lipschitz condition depending on source
term that implies (30) is

v _
[v(z,a) — vz, b)HL@(ﬁ) < C\/ﬁ |a — b Ya,b >0 (31)

with G given by (28). The condition (29) imply that G is decreasing when (g2 (o 711 () m1 (0,7:12(02)) 20d B
decrease.

Proof. The proof follow the same step than in the stationary state. We consider the map

F .= VE - VE o
’ u* — /Cp ‘[u]o} where u is the solution of £(u*) given by definition 3.1

According to theorem 3.1, there exist solution of the stationary problem (u?,u}) € H?(Q2) x R, with source
term g® € H2(Q). If g € HY(0,T;H3(Q)) then g(t = 0) € H2(Q2)) and (u’, u?) satisfy the compatibility
solution. According to proposition 3.4 if u* € V},  with ©*(0) = u¥ then the unique solution u of £(u*) is
such that v/Cp |[u+ g]Z| € Vi, g We want to show that F is a contracting mapping and the proof follow
the step for the stationary state. We pose u*,v* € C![0,T] and u the unique solution of P¢(u*) and v

the unique solution of P¢(v*). We define w := u — v. We want to find a condition to ensure that F' is
a contracting mapping, which means /Cp H[u]i| - |[V]:H < |u* —v*|. Subtracting equation on u and v
gives:
) ¢ 2 t t
fu—v]?, () + f Wl =)+ f Ay = —f (Vo) (@ =v).mfv(w)v)
0 0 0

with n = (v(u*) — v(v*))/+/v(u*)r(v*) and A; = Cp ([ﬁ]: - [\7’]3) : (|[ﬁ]3‘ [ﬁ]z - ‘[\NI]Z’ [\7’]3) I:Z{emark
that Cp| |[ﬁ]j‘ — ![\NI]Z‘ | < A;. Using (21) we have Sé H[ﬁ]j} - ’[\N/]ZW <C? Sé H«/l/(u*)ﬁz (u— V)HOA and
then

1o, < 2, [

ae{o,a}

Injecting (30) it conclude the proof. Criteria (31) is obtained using v, (z, u*) = v for all z, u* and definition
ongG. O

As the Banach’s fixed point method is applied in the same way in the stationary and the non stationary state,
the well-posedness criteria for the non stationary state contains the same ingredients as the uniqueness criteria
for the stationary state. Generally speaking, the product between [0, 7|}~ and norm on source term g have to
be small compare to the minimum of v. In the non-stationary state, an additional condition of the same nature
have to be verified to apply the fixed-point method. Note that the uniqueness criteria given theorems 3.1 and 3.3
are sufficient criteria. Then for viscosity profile with large variations these conditions can be too restrictive and
it not properly answer the question of the uniqueness of solution. We will see in section 4 that this is the case
with viscosity profile specific to the OA framework and will give another method to answer the question of the
uniqueness of solution in the stationary state for this specific viscosity profile.

4 Well-posedness for KPP viscosty profiles

In §3.1, the existence of a solution in the stationary state has been proved for a general parametrized viscosity profile
v(z,u*). However the uniqueness of the solution is proved only for very smooth profiles of v. In this section, we
discuss the uniqueness of a solution for viscosity profiles used in realistic OA coupled models as given by definition
2.1. We will see in §4.1 that the criteria given in the general case cannot ensure the uniqueness of solution for
parameters with orders of magnitude of OA coupling models. To answer the question of uniqueness, we give a
necessary and sufficient condition in the stationary state in §4.2. This condition can be computed by solving the
stationary problem analytically. This is done in §4.3 for approximated KPP viscosity profiles. We will see that
there is non uniqueness of solutions because the size of the buffer zone (delimited by [d,,d,]) is fixed. Throughout
this section, we define values of u* that are considered as physically acceptable in the context of OA coupling.
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Definition 4.1 Interval of u* : Since u* is related to the thickness of the turbulent layer |hy|, values of u* are
limited by their physical definitions and by the constraint hq € (d4,Z%). Under these constraints, we define I* as
the interval of u* corresponding to physically acceptable values

0 a0
I* = ]max <5a7 60) ,min (Zav ZO) [ = ]urﬂ;invu:]ax[ (32)

Ca Co Ca Co

Depending on the reference values given by definition 2.2, this gives I'* ~]0.001,0.7].

4.1 Non-uniqueness for OA order of magnitude

In section 3 we have established criteria to ensure the well-posedness of the non-local problem in a general framework.
In this paragraph, we wish to apply these results considering parameters of the order of magnitude of realistic OA
coupling. As a first approximation, we suppose g to be constant in each domain.

Remark (Bound on the viscosity profile). Before applying the different criteria, note that KPP vicosites are not
bounded from their parametrisation, (HZ/HLOO(Q) can tend to infinity when u* goes to 0 or infinity) but since we

assume a bounded interval of u* € I*, we can define v outside on I* as constant and ensure that v and 0kv are
bounded.

Here we want to test the existence criteria given in theorem 3.1 and the uniqueness criteria given in theorem 3.2
for a specific KPP viscosity profile. It depend on quantity G¢ which can be express in terms of the source terms g.

*
max

Property 4.1 Criteria of uniqueness for constant source terms : We suppose g, to be constant and u
is given by definition 4.1.

1 a
Me < <Cp[u])] = g* (33)
If
G° < min | —E2Z2: min = (34)
( 3vCp aefoa}CpC? [| O VO‘H?JOC(Q)X[O,U,;I:](“(]

*
max-*

then we have a unique solution of the non local problem P¢ satisfying u* < u

Proof. Applying weak formulation (12) to d,g = 0 would provides (33). Then the first minimizer in (34)
ensure existence of solution such that u* < u} , moreover it would provide v/Cp ‘[u]j‘ < u¥, .. The second
O

minimizer would imply the the uniqueness criteria (20) for u* < uf, ..
Existence of solution in OA framework According to theorem 3.1, there exist (at least one) solution of the
stationary problem such that u* < 4/Cp ‘[g]zl Considering the order of magnitude of realistic OA coupling we
have ‘[g]j| ~ 10ms™!, that gives u* < 0.3ms™! which is consistent the value expected by definition 4.1. We can
now test the existance of non-stationary solution in the neighbour of stationary solution given by the theorem 3.3.
Considering KPP viscosity profiles given by definition 2.2, we compute numerically N = ||0uva (u*)/(Va(u*)) = (q)
which turns out to be of the order of, at least, 10* (see figure 2). The criteria (23) would be equivalent to

|[g]§‘ < <6u’e"/(013)/2N2)>1/3 ~ 0.1(u*)'? €]4 x 107°,7 x 1072[ ms~! that would be much more smaller than the
value expected in the OA framework.

Application of uniqueness criteria in OA framework . From the definition 4.1 we have v¥ . ~ 0.7. The first
bound in (34) enquires |[g]j| < u¥,./+v/Cp that is consistent with the OA order of magnitude. However, the second
bound depend on variation on v. Taking O’Brien viscosity profile given by (2.2) we have ||0yVa ., = 2&[ca|u®/3v/3,
its values for the atmosphere domain are draw in figure 2 and turn out to be of the order of, at least, 10°. For
example in the atmosphere domain, criteria (2.2) can be rewrite as

VCpGeC
max o ()| o) e

ae{o,a o

~ 3.6 x 10°|[g]" [ u* <1 (35)

Then order of magnitude for |[g]Z| of for u™* such that we have uniqueness of solution have to be much more smaller
than the value expected in the OA framework.
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Non-uniqueness in the OA framework In general, the viscosity profile conditions required to guarantee
solution uniqueness are very restrictive and cannot be expected in the context of OA coupling. Here the criteria
are sufficient but not necessary, and the bounds on the V norms to illustrate the purpose are taken broadly as a
function of the source term. Therefore the fixed-point method as proposed here does not seem to be well adapted
to fully answer the question of the well-posedness of the coupled problem. Either the bounds are too large, or
the problem arises from the nature of the viscosity profiles with the constraints given by the model (see §2.2). To
answer this question, we solve the non-local problem in the stationary state for some specific viscosity profiles.

4.2 A necessary and sufficient condition for the stationary problem

Section 3 was considering the coupled system as a fixed-point problem, and the obtained well-posedness criteria
is too restrictive to be used in the OA context. Let assume that, in the stationary case, the problem can be
solved with some given viscosities that allow us to compute explicit solution of (10), and thus lead to a necessary
and sufficient well-posedness criteria for existence and uniqueness of solutions. We seek to compute the explicit
stationary solution considering constant in time and space geostrophic currents. Considering KPP viscosities leads
us to consider values of u* € I'* for which viscosities have a physical meaning. Note that we will rewrite the interface
condition as v, (04, u*)0,u,(0,t) = /Cpu* [u]z The obtained system is equivalent to (10) and the following results
will also hold to the original system (10) since the criteria given here is a necessary and sufficient condition for the
well-posedness.

In the following, we will use the following change of variable to reduce the system (10) to a complex-variable
system. Let us pose

o 1 1 Ua\ . [ Pa, L 1 1 1
w0 ) bl e

Using this change of variable in (10) gives

(zg —(z)'f> D, — 0, (Valz,u™) 0,P,) = (0 _2f) oY on Q,, (36a)
D, (Z) = 4(Z3) (36b)

Vo 0. B0 (80, t) = N2vg o (54, t) (36¢)

V3 0.0 (6a,t) = \ﬁ (@4 (0a,t) — Po(0,1)) (36d)

u* =+/Cp | — 7] (36e)

with a € {0,a} and |®| = /\/ET(I). Note that the change of variable conserves the norm i.e. |u|? = |®|%. We have
a pair of equation systems that can be translated as ¢n.1 = @a2 and |[u| = |®] = V2|¢a.1] = V2|¢as| Finally
system (36) can be split in two independent system, one on ¢, 1 and one ¢, 2. Considering f > 0 and f < 0 to
taking into account the two systems of equations on ¢, 1 and ¢,,2 we obtain the system

ifba — 0:(Va(u™,2)0:00(2)) = if P on (0a,Zy) (37a)
$a(Z2) = ¢9(Z3) (37b)

Vo (u* 0) 0:00(00) = A2vg(u*,8,) 02 64(64) (37c)

Va(u*,84) 020a(8) = /Cpu* ( ¢>a a) = $0(35)) (37d)

u* = /20D |$a(8a) — ¢o(o)| (37¢)

Definition 4.2 Definition of S, : For a given v(u*, z), solutions of
ifa — az(Va(U*v Z)az¢a(z)) =0 on (5ou Z(E;O) (38)
ba (Z(O)(O) =0

are given by A, (u*)a(z,u*), where A, does not depend on z and 1 is composed by generating solution of the
first line of (38). We define

P(da, u*)
Vo (5047 U*)5Z¢(5a, U*)
Some profiles of S, have been given in [Thery et al., 2022] for different types of viscosity profiles.

So(u™) := (39)
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Theorem 4.1 Well-posedness criteria : Let us define

I* x[2n] —C

: U@w
e (u’ 9) - m (1 - U\/@S{l(u) + A2U\/@So(u)) (40)

Then problem (37) is well-posed on I < I* if and only if F' is injective on I x [27[. This amounts to determine the

largest interval I < I'* such that

a<u¢01—u5()+v23()

If @9 are constant we have the equality:

¢4 — 05 = F(u*, arg(¢a(da) — ¢o(0))) (42)

Proof. Let pose 92 a particular solution of the main equation (37a)-(37b) and solutions in each domain can
be written as ¢ (2) = Aata(z) + YE(z). Using interface conditions and definitions of S,, we have:

¢a(5a) - (150(50) = ¢£(5a) - ¢g(50) + Aawa(aa)(l - )‘2811_180)
= Y8 (6a) — P5(8o) + u*/Cp (65 — ¢7) Sa(1 = N2S;'S,)
Vi (0a) — V5 (d0) = (¢g - (bg)(l —/Cpu*Sy + N? Cpu*S,) (43)
Let u* = /2Cp|¢ — ¢5| and 6 = arg(qb‘s — ¢?), which gives (42). Define G the application from R? into R?

as G : (u*,0) — (|F(u*,0)|,arg(F(u*,0))). Then G is a diffeomorphism from I < I'* x [0, 2n[ to F'(I, [0, 2n[)
if det(Jg(u*,0)) # 0 for all (u*,0) € I x [0, 27| with Jg the Jacobian matrix of G. Then

_ a |F( Uu, )| 69|F(u,9)| _ au|F1(u79)| 0
Jalu.6) = (a (arg(F(u. 6))) 59(arg(F(U79)))) - (au<arg<F<u,e>>> 1)

Then det(Jg)(u,0) = 0,|F(u,8)|. If ¢9 is constant, it is a particular solution of (37a)-(37b) and we obtain
(42) from (43). O

>‘>O Vuel cI* (41)

Property 4.2 Particular case with no Coriolis force (f = 0) : Let consider the simpler case where the
Coriolis force is neglected (f = 0) in the system (37). Then (37a)-(37b) can be solved® for every v with

Sy = —Xa‘[ vitdz where X, =1 and X, = —1 (44)
Qo

and the well-posedness criteria (41) is an analytic expression on u*. Under the hypothesis of KPP viscosity profiles
(definition 2.1), we find that the problem (37) is well-posed on the interval

2
I= ] U, Min (ur”;ax, 3w*> [ (45)

— \Z% Y/
with w* ~ ————% and in the context of OA coupling w* ~ =%+ = u¥ ..
Ca — ACo Ca

Proof. If f = 0 the resolution of (37a)-(37b) gives v, (z,u*)d,u, = C, with C, a constant in z. The
interface condition can be written as A"2C, = C,. Then aa(z) = —X, S(z,zgg) Covyt(2')dz" where X, = 1
and X, = —1, which leads to (44). Under the hypotheses of definition 2.1, and especially vJ* « D, (u*, z) for
all z € (0n, ha(l —€)), and using v* = AV, we can approximate:

7L — h, 2P — NZX — (hq — A, @ — ACo
Sun —x i Za el g s, o Bl AT ) e (S NSy~ TN )
v v vy
Note § = -8, + A28, > 0 and condition (41) can be rewritten as ‘\/Cp_l + 0y ((u*)2S(u* ) > 0. Then the
problem is well-posed if 0, ((u*)2S(u*)) > 0 or |0y ((u*)2S(u*))| < VCp . Since v' < u¥+/Cp, we can
2
consider only 0, ((u*)2S(u*)) > 0. The expression from (46) gives us the the root gw*. O

3Remark that we consider f = 0 in the equation, but h, still depending on f and we use a realistic value of f for hq definition
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Figure 1: Left panel: computed S, (plain lines) for O’Brien KPP viscosity profile (definition (2.2)) and their approximations
given by (44) (dashed lines). Curves are superimposed. Right panel: corresponding profile of ’[(ﬁﬂj’ = |F(u*)]
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Figure 2: Left panel: O’Brien KPP viscotity profile 12" given by (9) (plain line), v1,. (dashed line) and v2 , (dotted line)

given by definition 4.3 for different values of u*. Right panel: the corresponding values of |0uv i (q,) /va" (black

lines) and Na(u*) = ||dur(u®)/v(u (grey line) for vOP™e™ only.

Mee 0

This result illustrates the fact that there is non-uniqueness of solutions, and this non-uniqueness is inherent in
the OA order of magnitude (with a global shape such that v, » V' on (04, hy)). For viscosity profiles given by
definition 2.1, figure 1 presents the computed S, the profile of ‘[¢9]Z| = |F(u*)| for u* € I'*  and their respective
approximations given by (44).

4.3 Application to KPP viscosity profiles

The resolution of (37a) cannot be explicitly computed for a general viscosity profile if f # 0. Here we propose
to consider KPP viscosity profiles as given by definition 2.2. The parameterization of v in the context of OA
coupling is generally given by a third-order polynomial in z to suit the hypotheses of the KPP viscosity profile. In
order to simplify the resolution of (37a), we propose to approximate the viscosity by a second-order polynomial.
This approximation can be justified by the concave profile of the viscosity profiles in the turbulent zone (d4, ha ).
However, a third-order viscosity profile being necessary to ensure C! regularity of v in h,, we will assume here that
considering only C° regularity on v to compute S is not significant (indeed v is not C! but d,v is bounded). To
remain consistent with the OA context, we build a viscosity profile that verifies the KPP viscosity profile hypotheses
(see definition 2.1) except the C! continuity in hg.

17



Definition 4.3 Definition and hypotheses on approximation of v : To guarantee that the assumptions
of definition 2.1 are satisfied, and to ensure a relevant approximation, we will make the approximation that
VAPPIOX(h ) = v, (he) = VAPPI¥(z = 0) = v4(z = 0) = v7". One degree of freedom remains to approximate v,
which must guarantee the concave shape of v*PP** and thus we add the condition v*PP**(§,) ~ v(d,). We denote

this last degree of freedom A, such that:

Vo = VI on (hg, Z¥)
approx __
Yo D,,(z) Heaviside (1 - hz) +v™ e P2(R) on (0,hy) (47a)
[e%
with D, (2) = Koz2(z — he) > 0, D,(0) in the order of magnitude of Ku*d, (47b)

Two examples of such approximations of v9P™e® (given by (9)) are proposed here:
L. to ensure vy o(64) = vOPR(4,,) for all u*, we take K o = —ku*|5q — ha|/h2.

2. to ensure ”1/27(1(’&*)”[‘00(9) = HVObrien(u*)HLw(Q) for all u* we take Ko o = —16k/(27|cq|)

According to figure 2, |Oy1 o |LI(Q) and ||y 2 o |L°C(Q) is of the same order of magnitude than ||auu3brien|}m(ﬂ

)

Property 4.3 Resolution of the equations on each subdomain : Supposing f # 0, then for KPP viscosity
profiles given by definition 4.3 with D, = K,z(z — h,) we have :

Va(00)Sa ~ 04 (m (fﬁ) —(1+ ga)—1> €= —% (1 + m) (48)

(03

This result is an asymptotic approximation of an exact computation of S given in appendix 6.3 by (56).

Proof. Using approximation (47), we can now solve the system (38). For each u*, we separate each domain
into two parts:

e the free zones, where interface turbulence has no impact, (z € (hq, Z2)) :

Gal(z) = Bay (egaz _ eca(2zf—z)) 0,50 = coBay (ecaz n ega(zzf_z))

with ¢, = 4/ —

Z/"l
e the turbulent zone, close to the interface (z € (6o, hY)) :
‘pa(z> = Ca,tpa(ra(z)) + Ba,tPa(_ra(Z))

0:00(2) = T2 (€ Galra2) — BatGol-ra(2)

with X, = =1, X, = 1, r4(2) = Xa(l — 22/ha)/VI + e, pta = v7/(|Kalh?). P and G are Legen-
dre polynomials which can also be written in terms of hypergeometric function P,(r(z)) = oF1(a +

1, =0, 1, (1 — 7(2))/2), and Go(n(2)) = 2F1(§a + 2,1 — £4,2,(1 — r(2))/2). For a justification of this re-
sult see [Thery et al., 2022].

Results in property 4.3 are then obtained by considering a solution in C!(£),) and using some asymptotic
expansions mostly based on the fact that pu « 1. See appendix 6.3 for the full computation to obtain (56)
and (48). O

Theorem 4.2 Non-uniqueness for KPP viscosity profiles : The well-posedness criteria (41) applied to the
problem (37), gives the following well-posedness properties for every viscosity profiles as given in definition 4.3:

e There exists a unique solution to the problem (37) on |2u?®.  u¥ ] if

0o
In{ — 1
n<Ha)+

-1

K w* Oy Vo (00, u™) <24 K -

- 2v/Ch N Va(aozaU*) 24/Cp

Oa
In (_H’DL)

1 (50)

o~ 5.8 and r
2,/Cp 2/Cp

In OA order of magnitude we have
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Figure 3: For KPP viscosity profiles with reference values (see definitions 2.2). Left panel: So given for, va,1 in continuous
line, vq4,2 in dashed line. Black lines correspond to the atmospheric part and grey lines to the oceanic part. Right
panel: the corresponding profiles of [|[¢?]|"| = [F(u*)| with the same line style. Dot-dashed line and doted line
are superimposed. Black lines correspond to the case of fixed d» and grey lines to the case 0o = ha/4.

*
min

e There exists a root w* ~ 2u

w*.

to (41) therefore problem (37) has least two solutions on any interval containing

Proof. The proof is given in appendix 6.3 and use result (48). It is based on the study of the sign of ,|F|
given by (40). It shows that assuming (50) for u* € I allows to ensure that d,|F| > 0 whatever the sign of f.
Also we show that the sign of 0,|F| changes for a w* ~ 2u¥. which gives non-uniqueness of solution.  [J

Theorem 4.2 shows that, for KPP viscosity profiles, we have the non-uniqueness of solution for physically relevant
values of u*. Even if an approximation is made on viscosity profiles for the computations, it seems that the well-
posedness issues are inherent to the global KPP viscosity profiles and the OA orders of magnitude. For the reference
OA values from definition 2.2, we plot in figure 3 the S, as given by (56) and their respective approximations given
by (48). The corresponding profile of |[¢9]:| = |F(u*)| for u* € I* drawn black in the right panel of figure 3, shows
an inflexion point of |F'(u*)]| close to 2u* . . Note that, according to the computation in appendix 6.3, the inflection
point w* goes to 0 if |d,] goes to 0, and then the equivalent problem considering an interface with zero thickness
would be well-posed. Theorem 4.2 highlights the role of boundary layer parameterization and uniqueness issues
appears for low values of u*. Indeed, by asymptotics, if u* — . the parametrization at the interface which gives
v = ku*z + V' is not consistent with the parametrization in the ocean or atmosphere domains v — v7* and the
boundary layer becomes more important than the turbulent layer. Non-uniqueness issues is consequently inherent
to the nature of the KPP viscosity profile with fixed boundary layer thickness. Therefore, from a mathematical
point of view, we can solve the problem by assuming that the buffer zone varies as a function of u*. Under these
conditions, we can show that the problem is generally well posed for viscosity profiles compatible with KPP viscosity
profiles.

Theorem 4.3 Uniqueness for non-fixed buffer zone : Let consider (37) and suppose d, = Bh,, for a constant
B < e! ~ 0.3. Then, there exists an unique solution to (37) in u* € [u¥, ,uf,. ] if
w* 0y Vo (00, u*) <24 K n
Ve (00, u*) 24/Cp
K

24/Cp

Proof. Replacing d, by Bhs in the equation (56) then asymptotic (48) remains true. The proof given in
appendix 6.3 shows that 0,|F| > 0 for all «* in this case. O

B)+1™" (51)

As an example with 5 = 1/4 we have IIn(8) +1]7" ~ 12

To illustrate theorem 4.3, the profile of |[¢9]Z} = |F(u*)| considering d, = min(h,/4,10) is drawn in grey in
figure 3 right panel for the two examples v, 1 and v, 2. Graphs illustrate that, indeed, |F'(u*)| is monotoneous on
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I'*. Adapting the thickness of the buffer zone to the thickness of the turbulent layer is thus a solution to guaranty
the well-posedness of the stationary problem. However, in numerical models the buffer zone size in fixed by vertical
grid and this assumption could not be directly applied in practice. Nevertheless this example shows that buffer
zone parameterizations have a significant impact on the well-posedness of the problem for low values of u* and that
adapting these parameterizations could solve the uniqueness issue encountered with KPP viscosity profiles.

5 Conclusion

To summarize, we constructed here a global OA coupled model considering realistic boundary conditions and taking
into account the numerical strategy used by the actual implemented models. Our coupled model can be described as
a non-local Ekman boundary layer problem with parameterized turbulent viscosity profiles and nonlinear interface
conditions. The non-local property lies in the dependency of the turbulent viscosities to the jump of the solution
around the interface. The interface is described by a buffer zone where solutions are parametrized as it is done in
realistic OA numerical models. The existence of solutions has been proved on a close problem in the stationary
case, and it was shown that the uniqueness of the solution is possible only for viscosity profiles with low variations.
We adapted this method, based on a fixed-point problem, to our model and discussed on the application in the OA
context. A criteria on viscosity profiles that ensure well-posedness in the stationary and non-stationary cases was
given. This criteria implies that the uniqueness of the solution can be ensured for viscosities with slow variations,
which it is not relevant in the OA framework. For the stationary problem, when it is possible to solve the main
equation, we gave a sufficient and necessary well-posedness criteria that ensures existence and uniqueness of a
solution. We first applied this criteria to the problem without Coriolis force leading to a well-posedness criteria for
every parameterized turbulent viscosities. Finally, we applied this well-posedness criteria considering the Coriolis
effect and KPP viscosity profiles. We show that there is non-uniqueness of the solution for an interval of physically
relevant solutions. This non-uniqueness is valid not only for a specific viscosity profile but for a general viscosity
profile which follows the hypothesis imposed in OA context. This uniqueness issue was solved by adapting the
thickness of the interface buffer zone.

This paper is a synthetic work on the well-posedness properties on a simplified but somewhat realistic OA
coupled problem. It confirms that, even in a simplified model, the regularity issues involved by the non-local
behavior of the problem remain valid, both for the stationary and the non-stationary cases. By giving a sufficient
condition on the viscosity profiles to ensure the well-posedness, it highlights that the naive resolution based on a
fixed-point problem is not adapted to the OA framework. Indeed the regularity of the viscosity profiles considered
in this framework does not satisfy the given necessary condition. Also, on the stationary problem where some more
precise computation can be made, results show that the consideration of the Coriolis effect is indispensable and can
change the nature of the solution. The non uniqueness issues are also relevant for viscosities derived from oceanic
and atmospheric models. This issue does not concern only the coupled model but could also appear if we consider
one domain with this interface condition (e.g. the atmosphere forced by the ocean). The non-uniqueness of solution
is related to the combination between the viscosity profiles, the interface condition and the parametrisation in the
interface zone, as used in the realistic OA coupled models. Generally speaking, the non-uniqueness issues appear
because of a incompatibility between the boundary layer parametrisation and the parametrised viscosity profile
when the turbulent layer is small. In this paper, we have tried to stay within the hypotheses considered close to
the realistic models, but improve the compatibility between the viscosity profile and the interface parametrisations
would be a key to ensure the well-posedness of the non-local OA coupling model.
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6 Appendix

6.1 Existence of solution of the stationary weak formulation

Well-posedness of the stationary weak formulation of the local problem, proof of property 3.1 We
define V := V, u V, such that V, := {v e HY(Q,), v(Z?) = O} and we define (V,,), .- the increasing sequence of
finite-dimensional Hilbert subspaces such that V = Y OVm and the continuous mapping ®,, : V,,, — V,, such that

(B (W), Vi) = (Vs VoVindon + F Vi) on + Cp [0 [am|2 - [Vin ]S + (028, 0-Vindoa (52)

with u,, = U,, + g The existence of solution U,, of ®,,(U,,) = 0 is proved using a monotonicity method, see
[Evans, 2022] chapter 9 for more details. We need to prove that there exists r > 0 such that {®,,(U;,), Um)) = 0
for |U,,| = r. We first minimize {(®,,(1,,), U, ) trace theorem we have

a

By (W, ) = V20T 2, + Cp |[wn]?]” + w0o8, - 0mdon — Cp |[wm ]| [um]” - [g]"
> |Vosiin| o (VP00 — [V70:8]on) + Co [u]2] ([ +g]%] - [[gm]s])

Taking u,, = g then |[G]Z| =2 |[g]Z| and (®,,(g),g)> = 0. Applying the Brouwer’s fixed point, there exists a
solution in Uy, € V,,, such that [Wn,|ox + [0:0m[ox < [8lloa + 110:8loa-

Existence of solution of the non local stationary problem, proof of theorem 3.1 We use the same step
that the proof of the well-posedness of the local problem above, with the additional constraint u* = 4/Cp ‘ [ﬁ]g!
Let us note ¥y, : Vi, x R =V, x R with V,, © V and given by Wy, (T, u*) = (@ (), u* — v/Cp | [T |1 ])
and such that W, (T, u*) - (Vin, v*) = ( Py (W), Vi ) + 0F (u* — \/@Hﬁm]:b) with ®,, ,* is @, by (52) with

Vo = Vo(u*®). Then using same bounding than previous proof we have:
~ ~ ~ ~ a2 ~ a a
\Ijnz<um7U*) . (unuu*) = H\/;azumHOA (H\/;azumHOA - ”\/;azg”OA) + OD |[u]o| (|[u + g]o| - |[g]o|)
+u* (u* —4/Cp }[ﬁm + g]z})

with 7, = [|vo],, Taking U = g then first term in the r.h.s is zero and so second term in the r.h.s is positive. Also
taking u* .. = v/Cp |[g]2} then ¥, (g, uk..) - (g, u¥,.) = 0. Thus there exists a solution W, (U, uk ) = 0 with

max max

Vi x [0,uf,,] and such that [Up, [y < [m |-

) max
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Recall step to prove existence in the neighborhood of stationary state (theorem 3.3) We adapt from
[Chacén Rebollo et al., 2014] the method to our non-local problem and briefly recall the steps:

1. Suppose a stationary solution (u®,u¥) € H'(Q) x RT for a source term u®?

2. Define
dtg + fuy — 0:(v(2)0:ua), Ua(t = 0) —uf, ua(Zy) — us(Z7)
U(u,u*) = A20,0.u,(80) — 100,1,(3,),
Va(0a)2:1a(80) = Cp [[u]g[ [a], u* = T [[u]]]
then W is continuous from X := L? (0, T; H*(Q)) nH' (0, T;L()) xL?(0,T) to Y := L? (0, T,L*(2)) , xH*(€2)
L2 (0,7)" and differentiable, noted DU (u®, u*).

3. Prove that

OV + Vi — 0, (Va(2,uf)0,ve + 0¥V (2,u¥)0,us), v (t = 0),va(ZX),

/\QVaana((Sa) — Vo0, VO((S ) +v*(vy, (Ue)a (5a) Ay, o(ud) v (6 a))a

(01000 (52) 4 0 L) 5~ VO (V- ) e + [V]1)
~ V0o |[v];] e

with u, = [ue]Z/ | [ue]Z| and v’ = Oy« (u*), is continuous and invertible from X to Y

DY (u,,u¥)(v,v*) =

4. Use the inverse theorem to obtain the existence of the solution around (u®,u¥).

Finally, we have to show that the differential of ¥ is continuous and invertible from X to ). To ensure the continuity
of DV we have to suppose V., /v, € L*(§2) that is given by hypothesis. To show the invertibility of D¥, we have to
prove that the linear model given by (24a) is well-posed.

6.2 Well-posedness of the local weak formulation

We prove here the propertye 3.3. Suppose first g € H'(0,7; H'(Q), and u° € H'(Q) and v € C'(Q x [0,T7). Because
we suppose (2 is one-dimensional space, during all the proof we will use that g € C(Q x [0,7]) and g, () € H'(0,T)
for e € {0,a}. We prove the existence of solution for the weak formulation:

(00, V)5, + f<1~1L,v>OA + (v0.1,0.v)pp + Cp ’[u]Z| [u]z . [V]Z = —{v0:8,0:V)pp — {08, V)oa

with u = u + g. Using Galerkin method, we can prove that there exists a unique solution of the weak formulation
u e C([0,T];L*(Q)) n L*(0,7,V) and u(t = 0) = Ug. We define (V,,), -, the increasing sequence of finite-
dimensional Hilbert subspaces such that V = gOVm. Suppose U, = (X cx(t)er, Y. dr(t)er)T € V,, with e and

orthogonal basis of V,,. Then the weak formulation becomes a nonlinear ODE on ¢; and di. Since all terms
are continuous, by Cauchy-Lipschitz theorem, there exists a set of solutions with ¢, dy € C[0,T]. Let us suppose
U,, € V,, is a solution of the weak formulation. Taking v = 1,,, integrating on ]0, t[, and applying Cauchy-Schwarz,
Young inequality and Poincaré inquality on each term on the r.h.s , we finally have the apriori estimate:

CD 3 CD t a3 t 2 ¢ 2 ~012
i 0+ 3 [ Vool + 2 [ ol < 2 [Nl + [ Ivigliy 4 [ 10l + @00, @9

Since g € H' (0, T; H*(£2)) using Morrey inequality we have g, (d,) € C[0, T]. According to (53), U, € LOO( 0,7;L2(Q))n
L2(0,T;V) and 0:1,, € L2(0,T; H~1(Q)). Using Sobolev embedding convergence results, there exists i € L2(0,7;V)n
CO([0, T]; L2(Q)) with ;1 € L2(0, T;H-(Q)) and a X € L3/2(0,T) such that

e i, converges weakly to U in L2(0,7,V)
e 0;1,, converges weakly to d;u in L2(0,T; H~1(Q))
o [t ]}] [tn]] converges weakly to X in L3/2(0,T)

e i, converges to 1 in L2(0,T;L%(Q)).
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To prove that 1 is the solution of the weak formulation, we have to prove that X is the term Cp ‘[N]zﬂ [N]Z Because
we are in 1D, @i € L?(0,7,C%(Q)) and then W1,,(5) converges to @(d) in L*([0,77]). It implies that |[u,, "] [un]]
converges weakly to |[u]Z| [u]z in L32([0,T]). Finally, since v(t) is continuous and bounded  is a solution of the
weak formulation with u(¢ = 0) = Uy. The proof of the uniqueness of the solution is based on the same argument

than in the stationary case to treate the non-linear terms (see (14)). Now, we want a bound for H\/;@ZGHZOA in
L*(0,T) that will be necessary for theorem 3.4. Taking v = 0;U,, in the weak formulation:

HatumHOA + f<um7 atu7n>OA + <fa uma z tum>OA + CD H:u'rn] | [um]a [atum]z
=Cp |[ m]O’ [ ] [atgm] —{vo.g,0 tum>oA — {08, tﬁm>OA

The term in f will disappear after integrating in time, indeed S(t) <ﬁ,ln, atﬁm>OA = <ﬁ#1, ﬁm>OA (t)—<ﬁ#, ﬁm>OA (t =

- Sé (0,7, U)oy = — Sé {0ty U ), and by symmetry S(t) (U, Oyl )4 = S(t) (0t Uy, SO the term is
null. Also using

1

[} @2y ol s = [ 0al2f] ot 2 @t = [Non 2] - [ et i)

it gives:

t N 1 N ol t N N t N
f ol + 5 Voot () + <2 w2l () = Ao + f (B + 0,8, v dTimdon + f (Vr28, i
0 0 0

t
+CDJO ![ﬁm]Z‘ [ﬁm]z : [atg]z — (a8, atﬁm>OA — (0.8, Vazﬁm>OA

1 ~ C , . . . .
with Ay = 3 H\/Z(?ZuOHéA + ?D |[u0]2‘3, We introduce the notation p = d,v/v. Using Cauchy-Schwarz inequality
and Young inequality on terms on the right hand side, there exist Cy > 0 such that :

CD

[ 60ttt vl + Sl < [y ooty + o (Il + [ Ivoneely

+Cp L |[8tg]2| + Ao + Al) (54)

with A; the r.h.s of (53). By hypothesis v € C1(Q x [0,T]) then il ) € C°([0,T]) and g € H' (0, T;HY()),
if we had the hypothesis d,g € L3(0,T;H'(Q)) so all term in the r.h.s exist. By Gronwall Theorem, we have
|Vro.iig, € CO[0,T] and @ € L2(0, T; HX(2)) A L= (0, T; HL(22)) A H(0, T; L2(€2)). To obtain better regularity on
01, we suppose U’ € H?(Q2) and g € H2(0, T, H*(Q2)). We proceed in a similar way by first deriving the equation
w.r.t. t, then potentially problematic terms are the term in v and the boundary term. Using 0;0,ud;(vo,u) =

v(040,u)? + %5tvatzuazu and Oyud;(Julu) = (3t|u|%8t(u2) + |u|(Qpu)? = (0¢|u|)?|u| + |u|(dyu)? we have:

Socaad, + voaoal, + [le] (@[]’ +[m]if) = (G 6o, + (Vs iyididsiy,,
+[atg]: (at [U]Z H:U]ZD - <\/;azga ,U/\/;(?t Zu>OA - <\/;azatgv \/;atazﬁ>OA

We integrate on [0, ¢] and apply Young’s inequality on all r.h.s terms, especially

J]maymh]MJM— A u@ﬂ@uﬂﬂ+mmm>
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We conclude there exist constant C'5 such that

t i t
o, (8) + j NZEX J 12 (@ [a]h? + [am]2f) < j 1l 2y (IVPo-8o0 + [ Voogle, ) + Ao
t 2 112 t a)3 t 2 ~112
+Co (| etelon + | IMomlsf + [ Ivoousely + 13 (£ = 0)+ 40+ 4
0 0 0
(55)

with Ay ther.h.s of (54). Since v is bound there exist a Cy > 0 such that H(?tﬁHQOA (t=0)<Cy (H(}t,zg”QOA + HﬁOHH2(Q))

(see [Evans, 2022], chap. 7 for details). We obtain (using bound (55)) in particular ¢,u € L2(0,7;H!(Q2)) and
020 e L2(0,T;H1(Q)) that gives 0; [u]z e CY0,T7].

6.3 Computations for the stationary problem with KPP viscosity profiles
Proof of property 4.3

Resolution of the equation on each subdomain Considering the equation in the proof of property 4.3, to
have C1(Q,) regularity, especially in h¥, we have to add the constraints:

C. - Aa,tPa(ra(hoc)) + Ba,tPa(_Ta(ha))
al = csalta _ g5a(228—ha)
Go(ra(ha)) = BaPa(ra(ha))

Ha - Ga(_ra(hoz)) + ﬂaPa(_Ta(hOé)) ﬂa

Ba,t = HaComf

. Sav ham
 tanh(a (Z2 — ha)) Xaba(éa + 1)

Finally:
Pa(2) = Cat [Pa(ra(2)) + o Po(—Ta(2))]

0:0a(2) = % [Ga(ra(2)) — IaGa(=Ta(2))]

noting n = r(h) = —r(0), PT = P(n) and P~ = P(—n):

_ 2 haVTH4pa (G5 + BaPy )Py + (GE — BuPH)PL°
volda)Se = X% (T ey (Ga + BaPa )G — (G& — Ba PGS’ (%)

with X, =1, X, = —1, and

-1

na:xa( 1+h;";f;|) e— L (14 VIFiT/R)
o h¥ -

B(x: “ - CZ\/Zf/V(rxn

tanh(ca(Z?lO - hi)) 7]04604(504 + 1)
PE= oF(E+1,-61,(1—4n)/2)  GE= 2F(E+2,1-62,(1—41)/2)

where oF) is the hypergeometric function (see [Olver, 2010]).

Asymptotics on hypergeometric function Considering KPP viscosity profiles as in definition 2.1 and approx-
imation (47), we get the order of magnitude:

4m 4 |h — 4|

o 4y = A « 1.
h2|K,| h2 ku*
ho — 9, 5
/] ~ Flha = 0a < 4 for reasonable value of f < 7 x 107° s™! or u* not too close from u*. . Then we can
|Ka| Ku* min

pose &, ~ —1 + €, with €, € C and |e,| < 1.
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23,
ha
on the oceanic part; by symmetry the atmospheric part follows the same principle. In the rest of the proof, indices
o are omitted. We can use the following asymptotic taken from [Olver, 2010] and [Barton, 1965] :

The first inequality allows to write 1, & =X, (1 — 2p,) and 74 (da) = —1a (1 — ). We focus on the computation

P+ =F(1+§,*§717PJ)%175(1+£)M P~ =F(1+§,*§71,1*/¢)z F(g—_:lh),}(f:if)
o—In(d0
PP = F(1+&-61,1-6/h) ~ F(fi“f)r/?g) P70 = F(1+&=§1,0/h) ~1-¢(1+ &7
GF=FR+E1-62,m) ~1+(1-02+94 e ur<£+rz(>2r)<1—£>
hT(2)

GP=F(2+&1-62,1-6/h)~ 5T GO =F2+¢61-¢€2,6/h*) ~ 1+(1—§)(2+§)%

(€+2)T(1-¢)
with 0 =20 (1) — U(1 + &) — U(—¢) and ¥ the digamma function. The second inequality implies |¢] « 2 thus term
I'(+2), I(1 —£) and o in the order of magnitude of 1. The term (p=' + BE(€ + 1)(In(p) — 0)) (o — In (6/R)) is
much more bigger than (1 — 8) (1/(£(1 + &)) — d/h), so terms with (G~ + SP~) are much more bigger than terms
with (GT — BP™T). Finally

aW) ~ T+ 4;% (In(3/h) — o) ~ & (In(3/h) — o)
Using the properties from [Olver, 2010] and (1 + &) = W(e) = ¥(1 +¢€) —e L, (=€) = U(1 —¢) and ¥(1 +¢€) =

0
31 (=1)*¢(k) (€)1 we can simplify o as:
k=2

c=201)+e !t —T(1+e)—T(l—€)=¢ '+ 2i§(2k +1)e?

k=1
which gives the asymptotic o ~ (14 &)™ .
Proof of theorem 4.2 and 4.3
Research of an inflexion point We pose Y, = —= then £, ~ —1 — Y} — Y2, with and 0, ~ —1 + iY,,.

According to the well-posedness criteria (41), we are searching for a solution of

_ 2
Ou (u2 (\/C’D ' ONLX, - NOXO) +u? (N,Y, + NOYO)Q)‘ -0 (57)

with X, = In(0a/ha) + 1, No = u*|8,|/v0 and N, = N2u*|6,|/vS where 10 = v,(6,). By definition of K, we
have Y, = 4 (13 —v2) /(f0(6 — ha)). By hypothesys 7' « 13 and we neglect v/7* from the computation. Then

[e3

N.Y, = 4u*/(f(8q — ha)) and N,Y, = —4X*u*/(f(6, — ho)). The derivative on u* gives u*N! = N,R, with
R,=1—u* (Z/g)//l/g, X! =—-1/u* and u* (NaYa)/ =N, Yo (1 +ho/(6 —a—hy)).

Equation (57) can be rewritten as 0, ((u*)2X2 + (u*)QYQ) = 0 with X = 1/051 — NyX, — N, X,, and
Y = N,Y, + N,Y,. Then we look for a solution of X (X + uX') + Y (Y + ©vY’) = 0. We have

X +u*X =4/Cp' = No Xy + N, (1 — X4R,) — No X, + N, (1 — XoR,)

h h
Y +u*Y' =N,Y, (2 - a N)Y, |2 - ©
and Y +u aa( ha§a)+ oo< h050>

First remark that the sign of f does not impact the sign of Y (Y + «Y). It comes Y (Y +vY) > 0 if h, > 20, and
negative if h, < 20, for a € {0, a}. Because of the scale A?> « 1 on N,, the root of Y +uY is close to 28,/c, = 2u®,_
. We will show that, under assumption that u*is not too large, the order of magnitude of X (X + u*X’) is much
more small compare to the order of magnitude of Y (Y + «*Y’). And so there exist a root close to the root of

Y + u*Y’ that is in the order of magnitude of 2u?*

min*
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e The order of magnitude of |N,Y,| = 4u*|h, — 04| 71| f| 71 € [24, 0. Especially, when u* is not too large, the
order of magnitude of |N,Y,| (for example, h, < Z%/2 gives |N,Y,| > 10?).

e We have X, € [1 +In(6/Z*),1] ~] — 5,1[ and N, ~ ! for reasonable value of u* so X > 0.

e we have X+u*X' = \/0751_’_]% (1-Xo(1+ Ra))+N,(1—X,(1+R,))and X,(14+R,) < 0then X+u*X’ >
0. If X, <0 (ie hy > 3d,) and 1 + R, < 0 then a condition to have positivity would be 1 + R, >
(2\/@Na)71 In(6o0/Hao) '~ —1.7. If 0 < X, < 1 and 1 + R, > 0, a condition to have positivity would be
1—X,(1+Ry)>—Ry > — (2\/@1\7&)_1 ~ —5.8 . These gives conditions (50)

No inflexion point for buffer zone with variating thinckness Suppose J, = Bh, With 3 < e~! a constant.
Then using previous notation we would have X, = In(8)+1 < 0 that is constant, u* N/ = N, (Rq + 1), and N, Y, =
4/(fca(B —1)) is constant. Thus 0, (u?X? + (u*)*Y?) = 0 has an inflexion point for roots of X (X + u*X') + Y2
In the order of magnitude of OA framework, order of magnitude of Y2 compare to the order of magnitude of X and
X’ and it would be enough to obtain X (X + u*X’) + Y2 > 0 for a large possibility of viscosity profile. Generally

speaking, we have X > 0 because X, < 0. Using the same king of argument than previously, X + u*X’ = 4/ CBI —

XaNo(2+ Ry) — XoNo(2+ R,) > 0 if to guaranty the uniqueness we should impose 2 + R, > (2\/CDNO¢XO¢)71.
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