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Abstract

In this present paper, we propose and analyze a C'-conforming virtual element method to
solve the so-called one-layer stationary quasi-geostrophic equations (QGE) with applications in
the large scale wind-driven ocean circulation, formulated in terms of the stream-function. This
problem corresponds to a nonlinear fourth order partial differential equation. The C* virtual
space and the discrete scheme are built in a straightforward way due to the flexibility of the
virtual approach. Under the assumption of small data, we prove well-posedness of the discrete
problem by using a fixed-point strategy and under standard assumptions on the computational
domain, we establish error estimates in H?-norm for the stream-function. Finally, we report
four numerical experiments that illustrate the behaviour of the proposed scheme and confirm
our theoretical results on different families of polygonal meshes.

Key words: virtual element method, quasi-geostrophic equations, stream-function formulation,
error estimates.

Mathematics subject classifications (2000): 65N12, 65N30, 76M10, 35Q35

1 Introduction

The quasi-geostrophic equations (QGE) is one of the popular mathematical models employed for
understanding the behavior of the large scale wind-driven ocean circulation [40, 45, 46]. Due
to their important role in the climate system, there has been a growing interest in recent years
towards developing efficient numerical schemes to solve such equations. We are going to consider
the so-called one-layer QGE (also called as the barotropic vorticity equation), where the flow is
assumed to be homogeneous in the vertical direction. Thus, stratification effects are ignored in
this model and a bi-dimensional nonlinear fourth order partial differential equation, in terms of the
stream-function variable, can be written. Despite the simplifications, the model preserves many
of the essential features of the underlying large scale ocean flows. Further details related to the
derivation of these equations can be found in [39, 41]. On the other hand, we note that the QGE
equations can be seen as an extension of the stream-function formulation of the Navier-Stokes
equations (NSE).

Different finite element discretizations have been developed recently for these equations. For
instance, in [27] is presented a conforming finite element based on the Argyris element, optimal
error estimates are obtained and several numerical experiment are reported. In [36] the authors
present a B-spline based conforming finite element method to approximate the stream-function,
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also several numerical simulations are performed. Error estimates for this method are presented
in [33] and a posteriori error analysis has been recently analyzed in [2]. In [35], is presented a
non-conforming C°-discontinuous Galerkin method, the authors introduced the new variational
form of the method and they established consistency and error estimates. In addition, the quasi-
geostrophic equations have been solved by using different finite element methods in terms of the
stream-function and vorticity variables in the following references [16, 26, 42, 43]. Moreover,
finite element methods for the Navier-Stokes equations in stream-function formulation have been
presented in [17, 18, 24, 25, 30].

It is well known that conforming finite element spaces of H? are of complex implementation
and contain high order polynomials (see [21]). In order to overcome this drawback, in this work, we
extend the virtual element approach proposed in [4] for the numerical solution of the QGE equations
in stream-function formulation, which can be applied to general polygonal meshes and is simple in
terms of degrees of freedom and coding aspects. In fact, it has been shown that the VEM permits
to easily implement highly regular discrete spaces on general polygonal meshes. For instance,
global discrete virtual spaces of H? to solve fourth order PDEs have been presented in [4, 13, 20]
(see also [9, 44]). Moreover, it has been recently presented in [6] a C! virtual element method on
polyhedral meshes. The numerical solution by virtual elements of incompressible flow problems
(Stokes, Brinkman, Stokes—Darcy and Navier-Stokes equations) have been recently developed in
the following references [3, 7, 8, 10, 14, 15, 19, 23, 29, 37, 38, 47, 48].

According to the above discussion, in the present contribution, we are interested in keeping
on exploring the flexibility of the VEM to solve the QGE equations with applications in oceanic
circulation. More precisely, we propose and analyze a conforming C! virtual element discretization
of lowest order, which is based on the virtual space introduced in [4], to solve the quasi-geostrophic
equations in stream-function formulation. We observe that the functions, in the virtual space,
have continuous trace and the trace of the gradient is also continuous; thus, the method delivers
a conforming solution. We write a discrete formulation by using projector operators to construct
discrete version of the local bilinear forms and trilinear form along with a discrete load term. We
prove well-posedness of the discrete virtual formulation by using the Banach fixed-point Theorem
and assuming that the data is in a certain sense small enough. We write error estimates in H?2-
norm for the stream-function under rather mild assumptions on the polygonal meshes. Finally, we
point out that, the present analysis for the stationary QGE equations constitutes a stepping-stone
towards others related problems. For instance, two-layer quasi-geostrophic model [42] or time
dependent QGE equations [28].

Outline. The paper is organized as follows: In Section 2, we recall the quasi-geostrophic equa-
tions in terms of the stream-function and introduce the corresponding variational formulation for
the system. In Section 3, we present the C!-virtual element discretization of the variational formu-
lation. Under the assumption of small data, we prove the existence and uniqueness of the discrete
problem by using the Banach fixed-point Theorem. In Section 4, we establish error estimates for
the stream-function. Four numerical tests that allow us to assess the convergence properties of
the method and to check whether the experimental rates of convergence agree with the theoretical
ones are reported in Section 5.

Notations. Throughout the paper, we will follow the usual notation for Sobolev spaces and
norms [1]. We will denote by @ C R? a polygonal bounded simply connected domain and by
n = (n;);=1,2 the outward unit normal vector to the boundary 9Q. For D an open bounded
domain, the L?(D) inner-product will be denoted by (-,-)o,p. In addition, we will denote by
P¢(D) the space of polynomials of degree up to £ € N defined on D. Moreover, ¢ and C, with
or without subscripts, hats or tildes, will represent a generic positive constant independent of the
mesh parameter h, assuming different values in different occurrences. In addition, for any vector



field v = (v;);=1,2 and any scalar field § we recall the differential operators:

- (0,0 _ [ 90
rot v := 0yva — Oyv1, VO := <8y9) , curld:= (—8939) .

2 The model problem

Let Q C R? be a polygonal bounded simply connected domain with boundary I" := 9Q. We consider
the steady one-layer quasi-geostrophic equations in stream-function formulation (for further details,
see for instance [27]):

Re 'A?%p —curly - V(Ay) —Ro 19,9 =Ro™'f  inQ,

=0, =0 on I, (2.1)

where v is the stream-function of the velocity field u, i.e., u = curl ¥, 9,, denotes the normal
derivative and f is the source term. The constants Re and Ro denote the Reynolds and Rossby
numbers, respectively. These parameters are defined by (see [27, 31, 32]):

UL U
= and Ro:

Re: = W’

T A

where the coefficient 3 is the coefficient multiplying the y-coordinate in the S-plane (see [46]), L is
the characteristic length scale, U is the characteristic velocity scale and Ap is the eddy viscosity
parametrization.

In order to write a weak formulation of problem (2.1), we consider the following space:
X:={¢pecH*(Q):¢=0,6=0 on TI}.
We endow the space X with the following norm

6llx == |¢]2.0 Vo € X.

Now, we multiply the corresponding equation by a test function ¢ € X, integrate twice by parts
in  and using the boundary conditions, we obtain the following variational problem: find ) € X
such that:

Re 'A(v, ¢) + B(1h; 1, ) —Ro 'C(1h,¢) =Ro™ 'F(¢) Vo€ X, (2.2)

where A,C : X x X — R are bilinear forms, B : X x X x X — R is a trilinear form and F': X - R
is a linear functional, defined as follows:

A(v,9) = [ D D% Vi, 6 € X, (2.3)
Q

B(G;9,6) = /Q Acurl y - Vo W06 € X, (2.4)

C¥,0) = / 9 ¢ Vi, ¢ € X, (2.5)
Q

F(¢) := /Qf ¢ Vo € X, (2.6)

4

where we denote by “: ” the usual scalar product of 2 x 2-matrices and by D?¢ the Hessian matrix

of ¢.



Using integration by part and the boundary conditions, it is easy to see that bilinear form
C(+,-) defined in (2.5) satisfies,

Cl,¢)=—-C(o,v) Vi, ¢€X.

Now, we introduce the following bilinear form Cggew : X X X — R:

Cokew (¥, ) = %C(Wﬁ) - %C(Wb) = %/Qazw - %/Qazqw Vi, ¢ € X. (2.7)

Clearly
Cokew (¥, 0) =C(, ) Vi, ¢ € X.

Thus, according to the above equality, we rewrite the variational problem (2.2) in the following
equivalent weak form: find ¢) € X such that:

Re M A(1h, @) + B(1); ), 6) — Ro ' Cuew (¥, ) = Ro™'F(¢) Vo € X. (2.8)

Remark 2.1 We observe that our VEM discretization will be based on the above weak form. In
particular, to discretize the skew-symmetric bilinear form Ceew(-,-) (¢f. (2.7)), we construct a
simple discrete form that preserves the skew-symmetric property at discrete level, which makes
the analysis of the method simpler. For instance, we observe that the analysis of existence and
uniqueness of the discrete problem and the convergence analysis of the method (see Sections 3.3
and /, respectively) are facilitated using the skew-symmetric bilinear form.

The following lemma establishes some properties for the forms (2.3), (2.4), (2.6) and (2.7),
these properties will play an important role in the forthcoming sections.

Lemma 2.1 There exist positive constants 6‘3, 51 such that

A, )| < [I¥lxllollx Vi, ¢ € X, (2.9)

Ag,9) > ol o € X, (2.10)

B(G:4,9)| < Cp <Ix1vllx 6] x V69,0 € X, (2.11)

B(Gi,0) = =B(( ¢, ¢) V6, ¢ € X, (2.12)

B(¢;¢,¢) =0 Ve, ¢ € X, (2.13)

[Coew (2, 8)| < Ci [0 x |6l x Vi, ¢ € X, (2.14)

Cokew(,9) =0 Vo € X. (2.15)

[F(9)] < | fll-2.ellollx Vo € X. (2.16)

Proof. The proof follows standard arguments. O

In order to prove the well posedness of problem (2.8), we will employ a fixed-point strategy.
Indeed, given ¢ € X, we define the following operator

T:X—X
C—T(¢) = o,
where ¢ is the solution of the following linear problem: find ¢ € X such that
Q(p,¢) =Ro'F(¢) Vo€ X, (2.17)

where the bilinear form Q.(-,-) is given by
Q(p, ) :=Re " A(p, ) + B(Ci 9, ¢) = R0~ Cuten (0, 9).



We note that ) € X is a solution of problem (2.8) if and only if T'(¢) = 9. Thus, to prove well
posedness of (2.8), we will prove that T has a unique fixed point by means of the classical Banach
fixed-point Theorem (see [22, Theorem 3.7-1]).

The following lemma establishes that the bilinear form Q(:,-) is bounded and elliptic. Thus,
operator T is well defined.

Lemma 2.2 There exists a positive constant Cg such that

Qc(p,0) < Colellxllollx Yo, 0€ X,

and
Qc(p,0) > Re g%  VoeX.

Proof. The result follows from Lemma 2.1. |

By a direct application of Lax-Milgram Theorem we conclude that problem (2.17) has a unique
solution. In addition, from the definition of the continuous problem (cf. (2.17)), (2.13), (2.15) and
(2.16), the following continuous dependence holds

lellx < Ro™'Re | f[|-2.0.

Thus, operator T is well defined.

In what follows, we will prove that T is a contraction mapping. Let § := Ro_lRerH,g,Q, then
we consider the following bounded set

N:={peX:|olx <},

and using the previous lemma, we have that T(N) C V.

The following lemma establishes that 7" is a contraction mapping and hence, according to the
Banach fixed-point Theorem, it has a unique fixed point in N (see [22, Theorem 3.7-1]).

Lemma 2.3 Assume that R
CpRo™'Re?||f||—2.0 < 1. (2.18)

Then, T is a contraction mapping in N .

Proof. Let (1,1, (2,12 € N, such that

T(¢1) =1 and T(C2) = o,

then from the definition of the operator T'(-), we have

Re " A(¢1,¢) + B(Ci5%1,¢) — Ro™ ' Cukew (1, ¢) = Ro™ ' F(¢) Vo € X, (2.19)
ReilA(w% ¢) + B(CQ; 7/}27 (rb) - Roilcskcw(w% ¢) = RO?lF((ZS) Vd) e X. (220)

Subtracting (2.20) from (2.19), we get

Re " A(Y1 — o, @) + [B(C15%1, ) — B(Ca; b2, ¢)] — Ro™ ' Cukew (Y1 — 12,0) =0 Vo € X.

¢

Now, taking ¢ := ;1 — 1 in the above equation, we have that Cgkew(+,) vanishes (cf. (2.15)).
Thus, we get

Re " A(1h1 — o, 01 — P2) + B(Ci; 1, Y1 — 2) — B(Ca3 902,41 — b2) = 0.



Then, by adding and subtracting - in the second term, we have

0=Re Aty — 1o, b1 — ¥2) + B(Crihr — P2, 1 — h2) + B(Cr3 b2, 1 — 1h2)
— B(Ca; 92,11 — 1b2)
=Re ' A(yp1 — ¥2,91 — ¥2) + B((15 2,91 — ) — B(Caitha, b1 — th2)
=Re AW — ¥2,91 — h2) + B((1 — (o3, ¥ — ),

where we have used (2.13). Therefore

Re " A(y1 — tha, 1 — ¥2) = —B((1 — (o392, ¥1 — ¥2),

by using (2.10), (2.11) and the Cauchy-Schwarz inequality, we obtain

Re |y1 — ¥alk < Crllvallx|IGi — Gllxllvn — ¢l x,

then, using the fact that ¥, € N, we get

41 — 2|l x < CpRe (Ro™"Rel|fl|l-2,0) IG1 — Gllx = aBRO_lRGQHf”—ZQ”Cl — Gllx-

Therefore, according to assumption (2.18), we obtain that 7' is a contraction mapping, which
concludes the proof. O

The following result follows from Lemma 2.3 and the Banach fixed-point Theorem.

Theorem 2.1 If R
A :=CgRe’Ro | f|l-2.0 < 1,

there erists a unique b € N solution to problem (2.8), which satisfies the following continuous
dependence
|14[lx < ReRo™ | f]-2,0-

In what follows, we will assume that the source term satisfies f € L?(£2). Now, we state an
additional regularity result for the solution of problem (2.8). The proof of this result can be found
in [34, Lemma 2.3] (see also [11]).

Theorem 2.2 Let i) € N be the unique solution of problem (2.8). Then, there exist s € (1/2,1]
and C' > 0 such that ¢ € H***(Q) and

1¥ll245.0 < Cllfllo.0-

3 The virtual element scheme

In the present section, we will introduce a Cl-virtual element discretization for the numerical
approximation of (2.8). The discrete method will be based on the virtual space introduced in [4]
for the Cahn—Hilliard equation.

We begin with some notations and assumptions to construct the projectors on polynomial
spaces, which are going to be used to build a conforming virtual space of X and to construct the
respective discrete bilinear forms, the discrete trilinear form and the discrete functional. Finally,
we prove existence and uniqueness of the discrete formulation by using the Banach fixed-point
Theorem.



Let {Q4}, be a sequence of decompositions of § into general polygonal elements K. We will
denote by hi the diameter of the element K and by h the maximum of the diameters of all the
elements of the mesh, i.e.,

h := max hg.
KeQp,

Also, we denote by Ny the number of vertices of K, by e a generic edge of §2; and for all
e € 0K, we define a unit normal vector n% that points outside of K and a unit tangent vector ¢%.
3.1 Virtual spaces and polynomial projections

Now, for every polygon K € Qj, we introduce the following preliminary augmented local virtual
space (see [4]):

Xn(K) = {on € HY(K) : A%¢y, € Po(K), dnlox € CO(OK), dnle € Pale) Ve € IK,
V(JS}J@K S [Oo(aK)]2,8n§(¢h|e S 771(6) Ve € (9K} s

Next, for a given ¢, € )Z'h(K), we introduce two sets O1 and Og of linear operators from the
local virtual space X, (K) into R:

e O : contains linear operators evaluating ¢, at the Ng vertices of K;

e O, : contains linear operators evaluating V¢;, at the Nk vertices of K.

Now, we decompose the bilinear form A(:,-) as follows:

Alp.d) = Y, A¥(p,0) Vo beX, (3.1)
KeQy,
where
AK (i, 6) = /K D’0:D% Vg, b€ HX(K). (3.2)

In a similar way, we can decompose the forms B(:;-,:) and Cgkew(-, ), with the following local
forms:

BE (¢4, ) ;:/KAgcurlw-w V¢, ¢ € H*(K). (3.3)

1 1
Clol.0) =5 [ 0vo—3 [ 000 W0 e H(E) (3.4

Projection operators. The next step is to build some projector operators from the local virtual
space onto Py(K) to construct the discrete version of the local bilinear forms and trilinear form
along with the discrete load term. The first projector will be constructed by using the local bilinear
form (3.2). Indeed, for each polygon K, we define the projector Hi&D t Xn(K) = P2(K) C Xp(K)
as follows: for each ¢, € X, (K), 117 g1, € Po(K) is the solution of the following local problem
(on each polygon K):

AR  ¢n,q) = AX(n.q) Vg € Pa(K),
(P n, @)k = ((Pn,0))x Vg € Pi(K),
where ((¢n, @rn)) Kk is defined as follows:

Nk
((pndn))k =D _en(vi)on(vi)  Veon, ép € CO(OK),

i=1



with v;, 1 <14 < N, being the vertices of K.

The following result establishes that the projector H?&D is computable using of the sets Q1 and
O, (see [4]).

Lemma 3.1 The operator Hi(’D L X, (K) — Po(K) is explicitly computable for every ¢y, € )Z'h(K),
using only the information of the linear operators Oy and Os.

Next, we introduce, for each K € €, our local enhanced virtual space as follows:

Xn(K) 1= {60 € Xn(K) s (0 — 1300, a)o =0, Vg € Po(K) }.
In the space X (K), we have the following properties (for further details, see [4]):

e the sets of linear operators O; and Oz constitutes a set of degrees of freedom;

o HigD is well defined and it is computable using the information the of degrees of freedom O,
and Os.

Now, for each K € €y, we consider the L2-projection onto Pz(K), defined as follows: for each
¢ € L*(K),II¥ ¢ € Py(K) is the unique function such that

/ T § = / @6 VgePyK). (3.5)
K K

We observe that, using the definition of the local space X, (K), for each ¢ € X (K), the polynomial
function ITX ¢ € Py (K) is fully computable. In fact, due to the particular property appearing in
the definition of space X} (K), the right hand side in (3.5) is computable using H%&qu. Actually,

it is easy to check that on the space X, (K) the projectors IT5 ¢ and H?&DQS are the same operator.
In fact:

/qﬂfqﬁ:/ gz ¢ Vg e Pao(K). (3.6)
K K

Now, we will consider the following projection onto the polynomial space [P;(K)]?: we define
[} [L2(K)]2 — [P1(K)]?, for each v € [L?(K)]? by

/Hlv q— / v-q Vge [P (3.7)

Using integration by parts, it is easy to see that for any ¢, € Xp(K), the vector functions
¥ curl ¢, € [P1(K)]? and TII*Vé;, € [P1(K)]? can be explicitly computed from the degrees
of freedom O4 and Oa. In fact, for all K € Qj, and for all ¢;, € X}, (K), using integration by parts
on the right hand side of (3.7) (with curl ¢}, instead of v), we have

/ curl ¢, - q = / ¢ rotq — / on(q-ti) Vg e[Py(K)]
K K
—rotq [ (320~ [ ona-ti)  vac PP
where we have used the definition of IIX ¢;, and (3.6). The first term on the right hand side above
depends only on H?K’in)h and this depends only on the values of the degrees of freedom (see Lemma

3.1). The second term is an integral on the boundary of the element K, which is fully computable.
Similarly, we have that H{{ V¢, is fully computable from the degrees of freedom.



Also, we note that for each ¢;, € X},(K) the projection function IIX Ag¢y, € Py(K) is computable
using the degrees of freedom O7 and Os. Indeed, for each ¢;, € X}, (K) and for all gg € Py(K) we

have
/ 0 1§ Ay, =/ qo Adpn =/ qo On o,
K K oK

from the equality above with have that
1

Hé(A‘bh = m oK an¢h,7

where | K| denotes the area of polygon K.

Now, by combining the local spaces X,(K) and incorporating the homogeneous Dirichlet
boundary conditions, we define the global virtual space for the numerical approximation of (2.8):
for every decomposition €2 of €2 into polygons K, we define

Xpi={on € X1 ¢n|lk € Xu(K)}.

The degrees of freedom for X, are:

e OG; : pointwise values of ¢y on all vertices of €, excluding the vertices on I';

e OG; : pointwise values of V¢, on all vertices of §2;, excluding the vertices on I'.

3.2 Construction of the discrete forms

In this section, we will construct the discrete version of the continuous bilinear forms, the trilinear
form and the right-hand side, using the projection operators introduced in Section 3.1.

First, let SK(-,-) be any symmetric positive definite bilinear form to be chosen as to satisfy:

o A% (¢n, dn) < SK (dn, n) < 1 AK (n, dn)  Von € Xu(K), with T3 ¢, =0, (3.8)

with ¢y and ¢; positive constants independent of h and K.

Now, using the projector operator Hi’D and the bilinear form Sg (+,-), we introduce the following
computable discrete local bilinear form:

A, n) = AR (P00, T3P0 + SE (0 — TIRP0n, 00— T0P0n),  (39)

as an approximation of the continuous bilinear form A% (-,.) (cf. (3.1)).

We choose the following representation for the bilinear form S (-, -) satisfying (3.8) (see [4, 44]):

Ng
SE (non) =0 Y [Un(vi)on(vi) + B2 Vyn(vi) - Vou(vi)]  Vaou, dn € Xn(K),
=1

where vy, ..., Vv, are the vertices of the element K, h,, corresponds to the maximum diameter of

the elements with v; as a vertex. The parameter O‘g is a multiplicative factor to take into account

the h-scaling, for instance, in the numerical test we have taken crg as the trace of the matrix
2,D 2,D .
AK(HK ¢h7HK ¢h) (Cf (39))

For the approximation of the local trilinear form B¥ (-;- ) (cf. (3.3)), we consider the following
computable form:

B (G on) = [ (M AG) (Weurlv,)] - TVon V0 vnon € Xu(K). (310)



For the approximation of the bilinear form CX_ (-,-) (cf. (3.4)), we consider the skew-
symmetric discrete local form:

1 1
Clion (1, 00) = 5A(H§(azwh)nf¢h—§/KH§wh 115 (Dan). (3.11)

We recall that all the above forms are computable using only the degrees of freedom O and
O,.

Then, we define the global bilinear forms and trilinear form as follows:

A" Xy x X = R, AP, dn) = D AP (¢, ), (3.12)
KeQy
B": Xp x Xp x Xn =R, B"Gusthn, én) == Y, B (i von, én), (3.13)
KeQy,
Cskew Xh X Xh - R Cshkew(qphagﬁh) = Z Cshkgv(’l/)hath)v (314)
KeQp,
for all Cu,%n,¢n € Xn. Moreover, we observe that the forms B"(-;-,-) and C%_ (-,-) can be

extended to the whole X.

The next step consists in constructing a computable approximation of the right hand side (2.6),
using the sets of degrees of freedom O and O5. With this aim, for each element K we define the
following term:

FRE(6y) = / T fén = / FIE G Yon € Xn(K),
K K

where we have used the L2-projection operator (3.5). Thus, we introduce the following approxi-
mation for the functional defined in (2.6):

= > F"X(gn)  Vou € Xp. (3.15)

KeQy

The following result establishes the classical consistency and stability properties for the discrete
local bilinear forms.

Proposition 8.1 The local bilinear forms AX(.,-), AME(. ), CK_(.,-) and ClE (L), defined

skew

n (3.2), (3.9), (3.4) and (3.11), respectively, on each element K satisfies the following properties:

e Consistency: for all h > 0 and for all K € Qy,, we have that

A" (g, 6n) = A% (g, én) Vg € Po(K),  Von € Xu(K), (3.16)

Clien (@, 01) = Cliow(a:0n) Vg€ Pa(K),  Von € Xn(K), (3.17)

e Stability and boundedness: There exist positive constants oy and g, independent of h and
K, such that:

ot A% (¢n, dn) < AV (on, dn) < A (dn,dn)  Vou € Xu(K). (3.18)

Proof. The proof follows basically from the definition of the bilinear forms. We omit further details
and refer to [4, 5]. O

The following lemma, which can be seen as the discrete version of Lemma 2.1, establishes
additional properties for the discrete forms.
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Lemma 3.2 There exist positive constants C/];, 62 and C1, independent of h, such that the forms
defined in (3.12)-(3.15) satisfies the following properties:

|A" (4, dn)| < 2 [[9n | x|l onll x Vion, én € X, (3.19)
A (dn, dn) > an [|énllx Von € Xn, (3.20)
B"(Chi ¥y d1) < ConllCallx 19n | x Nl énllx YCh, Yn, dn € Xn, (3.21)
B"(Cs dns dn) =0, Ve, bn € Xn, (3.22)
|Cliene (¥n dn)| < Co l|on | x |6l x Yn, & € Xn, (3.23)
Ch s (D1, 01) =0, Vo1 € Xn, (3.24)
[E"(on)| < Cullfllo.allonllx Vi, € X (3.25)

Proof. Properties (3.19) and (3.20) follows from (3.18) and the ellipticity of the bilinear form
AK(.,.). To prove property (3.21), we use the definition of the trilinear form B"(-;-,-) (cf. (3.13))
and Holder inequality, we have

B"(Cntbn, dn) = Z /K [(Hé(ACh) <H{(CUI“1 7/’h)} I Ve,

KeQy,

< > I AG o,k T curl ¢y || o s T V| L (1) -
KeQy,

Using the continuity of the operator IIEX with respect to the L?-norm and the continuity of the
operator TT¥ with respect to the norm L*-norm (see [8]), we have

B"(Chi o, on) < C Z |ACh llo,xl|eurl o || La gy IV bnll Lo k) -

KeQy,

Now, applying the Holder inequality (for sequences), we obtain

1/2 1/4 1/4
B"(Chitbn, on) < C( > ||ACh||(2>,K> ( > lcurl ¢h|i4(K)> ( > ||V¢h|i4(1<)>

KeQy, KeQy, KeQy,
< OllAG|o,ellcurl || sy [[Vor |l La)-

Then, by Sobolev embedding theorem, it holds that
B"(Gn3vn 0n) < CnllGullx 1¥nllx | onllx,

where C/;, is a constant independent of h.

Finally, (3.22)-(3.25) follows from the definition of the corresponding forms. We conclude the
proof. O

3.3 Discrete problem and fixed-point strategy

In this section, we will write the discrete VEM formulation to solve the quasi-geostrophic equations
presented in (2.8). Our scheme will be based on the discrete forms and the results introduced in
the previous section. Then, we will analyze a point-fixed strategy to establish the existence and
uniqueness of the discrete virtual scheme.

The discrete problem reads as follows: find 1, € X}, such that

Re " A", o) + B" (¥ ¥n, ¢n) — Ro™ ' Cloy (ny d1) = Ro™ ' F"(¢3,) Von € Xn, (3.26)
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where A" (-,-) and C% (-, ) are the discrete bilinear forms defined in (3.12) and (3.14), respectively,

B"(;-,-) is the discrete trilinear form defined in (3.13), and F"(-) is the functional introduced in
(3.15).
In order to prove well posedness of (3.26), we are going to use, as in the continuous case, a
fixed-point strategy. Indeed, given (;, € X}, we define the following operator
Th : Xh — Xh
Ch—> T™(Ch) = on,

where @y, is the solution of the following linear problem: find ¢, € X}, such that

Qc, (o, dn) = Ro ' F"(¢n)  Vou € Xa, (3.27)

where the bilinear form Q¢, (-,-) is given by
QCh (Soha d)h) = Re_lAh(SDiw (bh) + Bh(cha Phs (bh) - RO_lehkew(SDha th)

The following lemma establishes that the operator T" is well-defined.
Lemma 3.3 Given (;, € Xy, there exists a unique @y, € X}, such that Th(Ch) = ©p.

Proof. We are going to use the Lax-Milgram Theorem to prove that problem (3.27) is well-posed.
Indeed, using the properties (3.19), (3.21) and (3.23), we have that Q¢, (-,-) is bounded with a
positive constant independent of h. On the other hand, for each ¢, € X}, using (3.22) and (3.24),
we have

Q¢ (¢n: dn) = Re ™ A™(Gp, dn) + B"(Chi s dn) — RO~ Clicens (015 01)
=Re™ ' A"(¢n, o)
> Re ™ aullon%,
where (3.20) has been used in the last inequality. Thus, by a direct application of the Lax-Milgram
Theorem, we conclude that problem (3.27) has a unique solution ¢, € Xp. Moreover, from the
definition of the discrete problem (cf. (3.27)), (3.22), (3.24) and (3.25), the following estimate

holds
lenllx < Cray' Ro™'Re | fllo.q-

Therefore, operator 7" is well-defined. O

Now, we introduce the following set

Ni = {on € X, : ||dnllx < R},

where R := C1a; ' Ro™'Re||f|lo.. As an immediate consequence of the previous lemma, we have
that T"(N3) € Np.

Note that our discrete virtual scheme (3.26) is well-posed if only if operator 7" has a unique
fixed point in Np,.

The following lemma establishes that T is a contraction mapping in Nj,.

Lemma 3.4 Assume that

~ —-1p.2
cthaRoazRe Ifllo.o _ | (3.28)
1

Then, T" is a contraction mapping in Nj,.

12



Proof. Let (}, v}, (2,42 € Ny, such that T"(¢l) = 1} and T"(¢?) = 1?2, then from the definition
of the operator T"(-), we have

Re " A" (0h, én) + B"(Chs h, dn) — Ro™'Clioy (Wh, dn) =Ro ' F™(¢) Vo €N, (3.29)
Re " A" (47, én) + B"(Ghs 07, én) — Ro™ ' Cliow (W3, 61) = Ro ' F™"(¢) Ve € N (3.30)

Subtracting (3.30) from (3.29), due to the properties of the bilinear forms A"(-,-) and C2 __ (-, ),
we have that

Re " A"y — Y7, én) + [B"(Ghivoh, o) — B (G v, én)] — Ro™ Clhe (W — ¥, é1) = 0,

for all ¢p, € N},. Now, taking ¢p, := 1} — 92 in the above equality, we have that C% __(-,-) vanishes
(cf. (3.24)). Thus, we obtain

Re™ A" (g, — v, v, — R) + B" (G ¥h ¥ — ¥7) — B"(Ghiwh, i — ¥7) = 0.
Then, adding and subtracting 17 in the second term of the left hand above, we get
0 =Re " AM(W) — Ui, ¥ — vi) + B"(Gh vh — ¥R, ¥ — vi) + B" (G i, i — ¥7)
=BG v, v — v
=Re " AM (W), — v, vk — i) + B"(Gus Y7 ¥ — k) — B (Gs vk, i — ¥7)
=Re™ A" (¥}, — ¥, vi — Vi) + B" (G — G vi v — v,
where we have used (3.22). Then, we have
Re ™" A" (v, — ¥, vy, — i) = —B" (G — Gy Ui, ¥ — vh),
then applying the Cauchy-Schwarz inequality, (3.20) and (3.21), we obtain
Re™ o ||vn — ¥illx < ConllvillxlIGy — Gillx llon — ¥illx,
using the fact that 17 € A}, we obtain

CprCiRo™'Re?| f]lo.0
I} w2l < 2O R loa o ooy
1

Thus, according to assumption (3.28), we have that T" is a contraction mapping. The proof is
complete. O

The following result is a direct consequence of Lemma 3.4 and the Banach fixed-point Theorem.

Theorem 3.1 If

CprCiRo™'Re?
Ap = BT I7llo.o 1, (3.31)
ay
there exists a unique ¥y, € Ny, solution to problem (3.26), which satisfies the following continuous
dependence

CiRo™'Re
ln|lx < = - ||f\|0.,9.

4 Convergence analysis

In this section, we will analyze the convergence properties of the discrete virtual element scheme
presented in Section 3.3. In the forthcoming analysis, we will make the following assumptions for
the polygonal mesh €,: there exists a real number Cq, > 0 such that, for every h and every
K € Qp we have

13



Al: K €y is star-shaped with respect to every point of a ball of radius Cq, hx;

A2 : the ratio between the shortest edge and the diameter hg of K is larger than Cl, .

We introduce the following broken H‘-seminorm, for each integer ¢ > 0:
1/2
Bl = ( > |¢|%,K> :
KeQy,

which is well defined for every ¢ € L?(Q) such that ¢|x € H(K) for all polygon K € €,.

The following approximation results will play a relevant role in our error analysis (see [4, 9, 12]).

Proposition 4.1 Assume A2 is satisfied, then there exists a constant C > 0, such that for every
¢ € HY(K), there exists ¢ € Po(K), such that

|6 — brlex < ChYPlsx, 0<6<3,£=0,1,....[],

where [§] denotes the largest integer equal to or smaller than ¢ € R.

Proposition 4.2 Assume that A1 — A2 are satisfied. Then, for each ¢ € H*5(Q), with
s € (1/2,1] there exist o1 € Xp, and C > 0, independent of h, such that

¢ — drllx < Ch®[Pl24s,0.

Proof. The proof follows repeating the arguments from [9, Proposition 4.2] (see also [4, Proposi-
tion 3.1]). O

We will also use the following approximation property (see [8]):

Lemma 4.1 Let K € Qyp, and 9, p two real numbers such that 0 < 6 <1 and 0 < p < 0o. Then,
there exists a constant C' > 0, independent of hyc, such that for every v € [H®(K)]?

"U — HfU|LP(K) S Ch(;dv‘wé,p([{).
Now, we start with the following bound.

Proposition 4.3 Let f € L?(Q) and let F(-) and F"(-) be the functionals defined in (2.6) and
(3.15), respectively. Then, we have the following estimate:

HF_F}LH)(/ = sup |F(¢h)_Fh(¢h)‘

oneEXn ||¢h||X
$r#0

< CR*| fllo.0-

Proof. The proof follows from the definition of the functionals F(-) and F"(-), together with
approximation properties of the projector ITX. O

The next step is to establish two technical results for the trilinear forms B(:;-,-) and B"(+;-,").
We begin with the following lemma.

Lemma 4.2 Let v € H***(Q) N X, with s € (1/2,1]. Then for all w € X, we have that

|B(viv,w) = B"(v;0,w)| < CR*([olli+s.0 + [0 x)[0]|24s.0llwllx-
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Proof. Let v € H>T5(2) N X and w € X, then adding and subtracting suitable terms and using
orthogonality properties of the projectors IT& and Hf , we have that

B(v;v,w) — B"(v;v,w) = Z / [Av curlv - Vw — (Hé(Av ¥ curl v) -H{(Vw}
K

KeQy,
= Avcurlv - (Vw — IIEVw
K%hA ( 1 )
A Lo I€eurl o)) . X (4.1)
+ K;ﬁ/}(( v(cur v — II} cur v)) II7 Vw
+ Z / ((Av—H?Av) H{(curlv) -Hwa
Keq, 'K
= T1 + T2 + T3.

We will bound the terms in the last equality. Applying Holder inequality and approximation
properties of projector II¥ (see Lemma 4.1), we bound the term T} as follows

1< S A g lleurl o] g [V — T Vo i
KeQy

< ) CllAY|| s lleurl vf| pa ) Ch V| i,
KeQy

then using Holder inequality (for sequences) and the fact that H*(Q2) — L*(Q), we obtain that

1/4 1/4 1/2
T SCh( Z ||AU||i4(K)> < Z ||cur1v||‘i4(K)> ( Z w|§,K>

KeQy, KeQy, KeQy,
< Chl|Av]| sy lourl o]l s oy [[w] x (4.2)
< Chl| Ao ofleurl v]| oflw]|x

< Chlfv]lz4s.allvlivsallwlx-

Now, for the term T5, we use again Holder inequality, approximation properties of projector
IIX in Sobolev spaces (see Lemma 4.1), and continuity of IT¥* with respect L*-norm (see [3]), to
get

Ty < Y CllAv]oklcurlv — T curl v]| pa o) [T Vo s )
KeQy,

< Y CllAvoxh®leurl ofwes ) [V La ).
KeQy,

Now, using again Holder inequality (for sequences) and Sobolev embeddings H*®(Q2) < L*(2) and
HT5(Q) — W*4(Q), we obtain that

1/2 1/4 1/4
T2§0h3< > ||Av|3,K> ( > ||cur1v||évs,4<m) ( > Vw||i4<K>>

KeQy, KeQ, KeQy,
< Ch?||Av
< Ch®||v||x|eurl v|145.0
< CR%|Jv x[[v]l24s,0

(4.3)

o.eleurlvlyyca(q) || Vw| La o)
lwllx

wl[x-
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We continue with the term T5. We use Holder inequality and the continuity of the projector I
with respect L*-norm and the approximation property for projector IT¥, it holds that

T3 < ) CllAav—TIf Av
KeQy,

< Y ChT| Ak lleurl v]| pa o) | V]| 24 ).
KeQp

o, [ITX{ curl v| pa gy | TTf V|| za )

By employing the Holder inequality (for sequences) and Sobolev embedding theorem, we have that

T5 < Ch*[|[v]|2+4s,0

vl14s,0llwlx- (4.4)
Finally, the proof follows from the estimates (4.2), (4.3), (4.4) and (4.1). |
Now, we state the second technical result.

Lemma 4.3 For all {,p,¢ € X we have that

1B"(¢30,) — B"(G: ¢, 8)| < Cpn (Il x N8l x + e = ¢+ llxllellx + 11¢l1x)) 161lx-

Proof. Let (,p,¢ € X. Then, adding and subtracting suitable terms, using the trilineality of the
form B"(-;-,-) and the property (3.22), we have

B"(¢;¢,¢) — B"(¢; ¢, ¢)
By —C.0) + B"(p — (:¢,9)
B"p39 =+ ¢,0) = B"(¢;6,0) + B"(p — ( + ¢:¢,6) — B"(6:¢. ¢)
B"(p1p—C+¢,0) + B"(p = C+ ¢:(,¢) — B (65, ).

Thus, the proof follows from (3.21) with continuous arguments. O

The following theorem provides the rate of convergence of our virtual element scheme.

Theorem 4.1 Let ¢ and 1, be the unique solutions of problem (2.8) and problem (3.26), respec-
tively. Then, there exists a positive constant C, independent of h, such that

Hw - wh”X < C h’sg(f7 RQ,RO, Aa Ah)v

where s € (1/2,1] is such that ¢ € H***(Q) N X (c¢f. Theorem 2.2) and G is a suitable function
independent of h.

Proof. Let ¢y € X} be the interpolant of v, such that Proposition 4.2 holds true. We set
W, 1= 1/Jh — 1/}]. Thus,
1Y = ¥nllx < ¥ —¥rllx + [wallx. (4.5)
The bound of first term on the right hand side above follows from Proposition 4.2. Thus, we bound
the second term. Thank to properties (3.20), (3.22) and (3.22), we have that
Re™lon[lwn [k < Re " A" (wp, wp) = Re™ A" (¢p, wp) — Re™ A" (41, wn)
= Re A" (¢p,, wp) + B (Y wi, wi,) — Ro™tCR . (wp, wy) — Re ™ A" (¢, wp,)
= [Re™ A" (Y, wn) + B"(n; ¥, wi) — Ro™ Cley, (n, wp)]
— B (¢n; o1, wn) + Ro™ ' Clie, (1, wn) — Re ™ A" ¢y, wp,)
= Roleh(wh) — ReilAh(w], wp) — Bh(¢h; Y, wp) + Ro’le’i(eW(wj, wp,),
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where we have used the definition of the discrete scheme (3.26). Now, adding and subtracting the
term Ro™ ' F(wy,) on the right hand side above, and using the definition of the continuous problem
(cf. (2.8)), we get

Re 'aq|lwp|k < Ro™' [F(wp) — Fwp)] +Re™ " [A@W, wy) — A" (41, wy)]
+ B, wn) — B" (s o1, wp)] + Ro ™ [Coren (1, wn) — Clicoy (1, w1)]
< CRo7Y|F = F"|lx; lwn ]l x +Re™" [A(s, wp) — A" (47, wy)] (4.6)
+ [B(; v, wi) — B"(n;r,wp)] + Ro ™" [Cokew (1, W) — Clho (W1, w01)]
= Tp +Ta+Ts + To.

Now, we bound each term on the right hand side above. First, the term T can be easily bounded
by using Proposition 4.3. Then, we estimate the term T4 as follows. Adding and subtracting
Y, € Pa(K) such that Proposition 4.1 holds true, and using the consistency of the bilinear form
ARK () (cf. (3.16)), we have that

Ta=Re ' Y [AXW — ¢m,wp) — AMK (¥ — Yo, wp)] < CRe™R°|[¢) |24 0llwn x, (4.7)
KeQy,

where we have used the continuity of the bilinear form A" (. .), Propositions 4.1 and 4.2 and
Cauchy-Schwarz inequality. Analogously, the term T can be estimated as follows

To=Ro™ 3 |Chan (¥ = vmywn) = CRE (1 = mswn)| < CRO W62 sallwnllx. (43)

KeQy

The next step is to bound the term T5. We proceed as follows
T = [B(W; ¥, wn) — B"(¥n; n, wn)] + [B" (¥n; ¥n, wn) — B" ($n; b1, w)]
= [B(¥; ¢, wp) — B"(n; ¥n, wn)] + [B"(¥n; wh, wy)] (4.9)
= B(¥; ¢, wn) — B"(¥n; ¥, wn),

where we have used (3.22) to obtain the last equality. Now, we add and subtract the term
B"(1;4,wy), then we use Lemmas 4.2 and 4.3 to obtain that

Ty = [B(;v,wn) = B (W59, wn)] + [B" (39, wn) = B" (3 ¥, wn)]
<O (IDlx + [9lhs2)ll$llzsellwalx (4.10)
+ Cpn ([nllx [wnllx + Ch* [0 lars.all$]lx + lnllx) lwnlx,
where we have used that w;, = i, — ¢y and then Proposition 4.2.
Therefore, from (4.6), using (4.7)-(4.10), we obtain
Re™'aillwp]x < CRo™ A?|[flloe + C(Re™ +Ro™ A% [¢llz4s.0 + Ch([¥llx + 1 ]1+5.0) [ ]l245.0
+ Conllnllx lwallx + Cpn Ch ([ x + [l

From the inequality above, we obtain

xX)ll2+s.0-

Reaq (1= CpnReat [nllx ) lwnllx < CRo™ 2|00 + C(Re™ +Ro™ )0 [¢ll24s0

+ P[Pl x + [[Pllis.)l[¢ll2ts.0 + Cpr CR*([91lx + [¥nllx)[9]l2+45,0-

(4.11)
Next, from (3.31) and the fact that 1, € Ny, it holds that
A A 25 1
1- 703h!1fh||x > CprCilRe Ro Il 5, <0, (4.12)
Re "oy o
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Therefore, from (4.11), (4.12) and Theorem 3.1, we get

CReRo™ 12| fllo.q N CRe (Re™! +Ro H)h®

<
||wh||X = a (1 — )\h) @ (1 — /\h) ||1/)||2+S,Q
CReh? Cpn C Re h*

m(\lwllx + [[llis)lldllzrsa +

< Ch°G(f;Re,Ro, A, Ap),

o (L Il 1m0

(4.13)

where we have also used Theorem 2.2. Finally, the proof follows from (4.5), (4.13) and Proposi-
tion 4.2. O

5 Numerical results

In this section, we present four numerical experiments, to test the behavior of the proposed VEM
discretization (3.26) and in order to verify the theoretical results established in Section 4.

We have tested the virtual scheme by using different families of polygonal meshes (cf. Figure 1).
For reasons of brevity, we do not report the results obtained with all meshes for all test problems.
The non reported results are in accordance with the ones shown.

e Q}: Sequence of CVT (Centroidal Voronoi Tessellation);

e 2: Trapezoidal meshes;

e 3 Distorted concave rhombic quadrilaterals;

e Q}: Uniform triangular meshes.

In order to test the convergence of the proposed scheme, we introduce the following computable
quantities:

ei(¥) == v — T Ynlin, i=0,1,2.
We will compute experimental rates of convergence for each individual error as follows:

_ log(e:(t)/el(4))
log(h/')

ri(Y): i=0,1,2.

where h, b/ denote two consecutive mesh sizes with their respective errors e; and e.

For each test to solve the resulting nonlinear system, we used the Newton method with max-
imum 10 iterations, a tolerance Tol= le — 8 and we take 1112 = 0 as an initial guess; moreover,
we have taken the Reynolds number as Re = 1.667 and the Rossby number as Ro = le — 4 (see
[27]). Finally, we consider 2 := (0,1)? as computational domain in the first three examples and
an L-shaped domain in the last example.

5.1 Test 1: Smooth solution

In this numerical test, we take the load term in such a way that the analytical solution of the
quasi-geostrophic equations (2.1) is given by:

1
Y(z,y) = — sin? (mz) sin2(7ry)e””2+y2.
T
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Figure 1: Sample meshes. Q} (top left), Q7 (top right), Q3 (bottom left) and Q} (bottom right).

We report in Table 1 the convergence history of our virtual scheme on the meshes Q,ll The
table includes the number of degrees of freedom (dofs), the discrete errors e;(), the convergence
rates r;(¢)) for i = 0,1,2, and the number of iterations (iter) used by the method of Newton to
achieve tolerance at each level of refinement.

dofs h eo(¥) ro(¥) e1(¥) r1(¢) e2(¥) ra(y) iter
294 1/8  4.214341e-2 1.338770e-1 — 3.676844e-1 — 3
1371 1/16  1.100219e-2  1.937 4.993576e-2  1.422 1.924777e-1  0.933
5796 1/32  2.329921e-3  2.239  1.229111e-2  2.022 9.401329¢-2  1.033
23874 1/64 5.576055e-4  2.062 3.109190e-3 1.983 4.633333e-2  1.020
96855 1/128 1.089853e-4  2.355  7.895256e-4 1.977  2.308295e-2  1.005

W w ww

Table 1: Test 1. Errors and experimental rates for the stream-function 1y, using the meshes Q.

We observe that the asymptotic O(h) decay of the discrete error es (1)) observed for the stream-
function confirms the optimal convergence predicted by Theorem 4.1. It can be also seen that the
errors eg(¢) and eq(¢) decay much faster. However, we have not proved the higher order in these
cases. The table also shows that a maximum of four iterations are required for the Newton method.

Sample approximate solutions generated with the virtual method on a coarse mesh are por-
trayed in Figure 2.
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Figure 2: Test 1. Exact and approximate solutions i and 1, the streamlines of 1, and the
velocity field uy, := curley, (top left, top right, bottom left, bottom right, respectively), using the
VEM method (3.26) with Q}, h =1/32.

5.2 Test 2: Solution with western boundary layer

In this numerical example, we solve the quasi-geostrophic equations (2.1) by taking the load term
in such a way that the analytical solution is given by:

Y(x,y) = ! ((1 —x) (1 — 6720‘?) sin(7ry))2

(207)?
We observe that in this case the solution has a boundary layer on the left hand side.

In Table 2 we report the convergence history of our virtual scheme on the meshes Q7. The table
includes the number of degrees of freedom (dofs), the discrete errors e;(1)), and the convergence
rates r;(¢) for i = 0,1,2. Once again, the expected order of convergence for the discrete errors
eo(1) is reached.

dofs h eo (1) o (%) e1(v) r1(%) e2(v) r2() iter
147 1/8 7.600646e-5 — 1.549666¢e-3 — 2.834095e-2 — 3
675 1/16  1.616079¢-5 2.233  4.688010e-4 1.724 1.390167e-2  1.027
2883 1/32 2.976015e-6  2.441 1.110449e-4  2.077  7.254667e-3  0.938
11907 1/64 6.202604e-7  2.262 2.706962e-5 2.036 3.804474e-3 0.931
48387 1/128 1.451048e-7 2.095 6.730940e-6  2.007 1.938996e-3 0.972

W N NN

Table 2: Test 2. Errors and experimental rates for the stream-function v, using the meshes Q}%

In addition, in Figure 3 we display the stream-function (exact and numerical solution) and the
approximate velocity field.
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Figure 3: Test 2. Exact and approximate solutions v, 1, the streamlines of v, and the velocity
field uy, := curlyy, and (top left, top right, bottom left, bottom right, respectively) using the VEM
method (3.26) with Q2, h = 1/64.

5.3 Test 3: Solution with vortex in the top-right corner of the domain

In this numerical example, we solve the quasi-geostrophic equations (2.1) by taking the load term
in such a way that the analytical solution is given by:

In this experiment it is expected to observe a counter-clockwise rotating vortex with center (x., y.)
which depends on the values of Ry and R,. The coordinates of the center of the vortex are given

by:
11 el 41 11 eflz 1
Te= —log | ——— e = 5 log| —— | .
R, B\ T2 Ye= R, B\ 2

In particular, we have chosen R; = Ry = 4, then the center of the vortex is located at the top-right
corner of the domain. More precisely, (z¢,y.) =~ (0.83125,0.83125).

We proceed to study the accuracy of our VEM scheme by solving the discrete problem on a
sequence of polygonal meshes Q3. Once again, we compute the discrete errors e;(¢) for i = 0,1, 2.
The error history is collected in Table 3, which indicates that the scheme, as predicted by the
theory, converges with an O(h) in the discrete error es(t). The table also shows that a maximum
of four iterations are required for the Newton method.

In Figure 4 we display the stream-function (exact and numerical solution) and the approximate
velocity field.
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dofs h eo (%) ro (%) e1(v) r1(y) e2() ra(y) iter
123 1/4 1.153577e-2 — 2.116982e-1 — 4.17475e+0 — 4
531 1/8 9.705065e-3  0.249  1.328881le-1 0.671  3.21654e+0  0.376
2211 1/16 2.444361e-3 1.989 4.017754e-2 1.725 1.72708¢+0  0.897
9027 1/32 4.937103e-4  2.307 9.985092e-3  2.008 8.549397e-1 1.014
36483 1/64 1.118995e-4  2.141 2.479913e-3  2.009 4.275213e-1  0.999

R o W

Table 3: Test 3. Errors and experimental rates for the stream-function vy, using the meshes Q%
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Figure 4: Test 3. Exact and approximate solutions v, ¥, and the velocity field uj, := curlyy, (top
left, top right and bottom, respectively) using the VEM method (3.26) with Q3, h = 1/32.

5.4 Test 4: L-shaped domain

Finally, we solve the quasi-geostrophic equations (2.1) on an L-shape domain: € := (—1,1)?\
([0,1) x (=1,0]). We take the right hand side term and non-homogeneous Dirichlet boundary
conditions in such a way that the exact solution in polar coordinates is given by

5
P(r,0) = r*/3sin (39) .
The analytical solution contains a singularity at the re-entrant corner of €2; here, we have ¢ €

H8/3=2(Q) for all € > 0.

Table 4 shows the errors and experimental convergence rates of our virtual scheme on the
meshes }. Since the analytical solution is singular, we are not going to obtain linear (in H?)
and quadratic (in H! and L?) order of convergences as in the previous examples. More precisely,
according to the regularity of v, we expect an order of convergence in H? as O(h?/?).

It can be seen from Table 4 that the expected order of convergence for the discrete errors es (1))
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dofs h eo () ro() e1(¥) r1(¥) e2(v) ra() iter
483 1/8  2.985997e-4 — 6.677776e-3 — 2.614276e-1 — 4
2115 1/16  1.448822e-4 1.043 2.446762e-3 1.448 1.643765e-1  0.669 4
8835 1/32  6.100395e-5 1.247 9.069247e-4 1.431  1.040009e-1  0.660 4
36099 1/64 2.538614e-5 1.264 3.411994e-4 1.410 6.577727e-2  0.660 4
145923 1/128 1.063002e-5 1.255 1.316359e-4  1.374  4.155790e-2  0.662 4

Table 4: Test 4. Errors and experimental rates for the stream-function v, using the meshes Q%.

is obtained. We also observe that the errors eg(t)) and e; (1)) decay much faster.

Finally, Figure 5 shows the stream-function (exact and numerical solution).

Figure 5: Test 4. Exact and approximate solutions v, ¢y, (left and right, respectively) using the
VEM method (3.26) with Q}, h = 1/16.
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