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ABSTRACT. A second order numerical method for the primitive equations
(PEs) of large-scale oceanic flow formulated in mean vorticity is proposed and
analyzed, and the full convergence in L2 is established. In the reformulation of
the PEs, the prognostic equation for the horizontal velocity is replaced by evo-
lutionary equations for the mean vorticity field and the vertical derivative of
the horizontal velocity. The total velocity field (both horizontal and vertical)
is statically determined by differential equations at each fixed horizontal point.
The standard centered difference approximation is applied to the prognostic
equations and the determination of numerical values for the total velocity field
is implemented by FFT-based solvers. Stability of such solvers are established
and the convergence analysis for the whole scheme is provided in detail.

1. Introduction. The primary purpose of this article is to give a detailed con-
vergence analysis of a second order numerical method for the three-dimensional
primitive equations (PEs) of large scale oceanic flow formulated in mean vorticity,
using regular numerical grid.

The primitive equations (PEs) stand for one of the most fundamental governing
equations for atmospheric and oceanic flow. A detailed derivation can be found
at J. Pedlosky [19], J. L. Lions, R. Temam and S. Wang [12, 13, 16|, etc. This
system is derived from the 3-D incompressible NSEs under Boussinesq assumption
that density variation is neglected except in the buoyancy term, combined with the
asymptotic scaling such that the aspect ratio of the vertical to the horizontal length
scale is small. The most distinguished feature of the PEs is that the hydrostatic
balance replaces the momentum equation for the vertical velocity. As a result, the
fast wave with respect to gravity effect is filtered out.

It is observed that the pressure gradient, the hydrostatic balance, are coupled
together with the incompressibility of the 3-D velocity field w. In addition, the
vertical velocity has to be determined by an integration formula in terms of the
divergence of the horizontal velocity field, since there is no momentum equation
for the vertical velocity. As a result, the degree of nonlinearity of the primitive
equations is even higher than that of the usual 3-D Navier-Stokes equations, due
to lack of regularity for the vertical velocity field. Such nonlinearity is one of the
main difficulties of the 3-D PEs, in both the PDE level and numerical analysis.
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The PDE analysis for the PEs can be found in earlier literatures [9, 10, 12, 13],
etc. In those works the system is proven to be well-posed. Regarding the numerical
issues, some computational methods based on velocity-pressure formulation have
been proposed and analyzed in recent articles; see [22, 23], etc.

On the other hand, the development of a corresponding vorticity formulation for
3-D geophysical flow has not been as well studied. In the context of the 3-D PEs, the
starting point of the vorticity formulation is the following: the averaged horizontal
velocity field with respect to the vertical direction is divergence-free, namely (2.4)
below. This allows the concept of a mean vorticity and mean stream function to be
introduced so that the kinematic relationship between the two takes the form of a
2-D Poisson equation. In addition, by taking the vertical derivative to the original
momentum equation and applying the hydrostatic balance, one can convert the
pressure gradient into a density gradient, resulting in an evolution equation for v,.
Thus, the entire PE system can be reformulated in terms of an evolution equation
for the mean vorticity together with regular evolution equations for the density and
v,. The total velocity in horizontal direction is then determined via a combination
of its vertical derivative and its average from the top and bottom, which are updated
using the dynamic evolution equations. The vertical velocity is then recovered from
a second order ODE with homogeneous boundary conditions at the top and bottom
at each fixed horizontal point. The above equations form an equivalent formulation
of the PEs, namely the mean vorticity formulation. This formulation was reported
in [27]. The derivation of the reformulation is reviewed in Section 2.

In Section 3, a second order centered-difference method based on the PEs for-
mulated in mean vorticity is proposed and discussed in detail. The prognostic
variables, including the mean vorticity field, the profile v, and the density field, are
updated by finite difference schemes applied to the dynamic equations. In turn, the
total velocity field, both horizontal and vertical, are recovered by the mean velocity
field and the dynamic variables v, = (&, (), using FFT-based solvers. The mean
vorticity field on the lateral boundary are determined by the mean stream function
field through a local formula. It can be seen that the regular numerical grid can
be used for all physical variables, thus avoiding a more complicated staggered grid,
such as 3-D MAC grid utilized in [22]. This is one of the main advantages of the
mean vorticity formulation.

The basic idea of the convergence analysis for the proposed numerical scheme
for the PEs in this alternate formulation is similar to that in [28]. There the 2-D
NSEs formulated in terms of the vorticity are investigated. However, additional
techniques are required due to special features of the reformulated PEs. The most
distinguished feature of the numerical method is that the velocity field is not directly
updated by an evolution equation. In Section 4, the accuracy analysis of the solvers
for the velocity field is given. It is proven that the total velocity field u = (v, w)
generated by the scheme has the second order accuracy in W1 norm.

In addition, lack of regularity for the vertical velocity in the PEs requires a more
subtle consistency analysis. That is the main reason why the regularity requirement
for the exact solution in Theorem 3.1 is higher than that in [28], where the usual 2-D
NSEs are discussed. The details of the consistency analysis is given in Section 5. In
the leading order expansion, the exact profile of the mean stream function and (¢, ()
are given, with the mean velocity and mean vorticity field determined by the finite
differences of the mean stream function, and the approximate velocity profiles are
constructed via the numerical procedure given in Section 3. Moreover, an O(h?)
correction is added to the exact density profile to satisfy the discrete boundary



NUMERICAL METHOD FOR THE PRIMITIVE EQUATIONS 1145

condition to higher order. Due to the W> accuracy of the constructed velocity
field, it is shown that the approximate solutions satisfy the numerical scheme of
the PEs in the alternate formulation up to O(h?) error, including the boundary.
Furthermore, higher order expansion is used so that the approximated solutions
satisfy the numerical scheme up to O(h*) order. That makes possible the recovery
of the L*° a-priori assumption, for both the horizontal and vertical velocity fields
in the full nonlinear PE system, through the use of inverse inequalities in a 3-D
setting.

Stability and error estimates are provided in Section 6, which show full second
order convergence of the numerical scheme in L? norm. The analysis is based on
the energy estimates for the error functions of the mean velocity, the profile (¢, ()
and the density. Standard summation by parts is applied on the regular numerical
grid, with a careful treatment of the boundary conditions for the different physical
variables. The inverse inequality is used to recover the L a-priori assumption for
the numerical velocities.

2. Review of the mean vorticity formulation for the primitive equations.
The non-dimensional primitive equations for the atmosphere and ocean can be
written in terms of the following system under proper scaling:

ov 1 1 1
. —— =(— A4+ —p2
v+ (v V)v—i—waz —l—RO(kav—i—Vp) (R61 +Re262)v,
o _ _
P (2.1)
Vu+0,w=0,
ap 1 1
. o — A —5?
prt (v-V)p+wy (Rt1 +Rtgaz)p’

supplemented with the initial data

’U(I,y70) :’Uo(l‘,y), p(l’,y,O) :pO(zvy)' (22)

In the system (2.1), u = (v,w) = (u,v,w) is the 3-D velocity vector field,

v = (u,v) the horizontal velocity, p the density field, p the pressure, Ro the Rossby

number. The term fk X v corresponds to the Coriolis force in its S—plane ap-

proximation with f = fo + By. The parameters Re;, Res represent the Reynolds

numbers in horizontal and vertical directions respectively, which reflect different

length scales and may also reflect the effects of eddy diffusion. Similarly, %ﬁ and
1

R stand for the horizontal and vertical heat conductivity coefficients. The opera-

tors V, V4, V-, A stand for the gradient, perpendicular gradient, divergence and
Laplacian in horizontal plane, respectively. For simplicity of presentation below we
denote vy = %ﬁ, Vg = %ﬁ, K1 = R%fl’ K2 = -

The computational domain is taken as M = My x [—Hy, 0], where M is the
surface part of the ocean. The boundary condition for (2.1) is given by

0
w=0, UQ—v:TO, ng@—pf, at z2=0,
0z 0z
U/:O, 1/2520, K}Q&ZO, at Z:_ILIO7
dp
v=0, and ——=0, on dMyx[—Hy,0], (2.3b)
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in which the term 7y represents the wind stress force, and ps the heat flux at the
surface of the ocean. The detailed description, derivation and analysis of the PEs
in the above formulation were established by J. L. Lions, R. Temam and S. Wang
in [12, 13, 14, 16, 15, 17], etc. In this paper, the numerical method is based on the
above boundary conditions.

2.1. Introduction of mean vorticity, mean stream function and mean ve-
locity. Motivated by the fact that

0
/ (Vo) (2,1, ) dz =0, Y(zy) € Mo, (2.4)

—H,

which comes from the integration of the continuity equation and the boundary
condition for w at z = 0, —Hj, we arrive at the conclusion that the mean velocity
field v = (@, ) is divergence-free in (x,y) plane

(V-9)(z,y) =0, V(z,y) € Mo. (2.5)

The incompressibility of v in the horizontal plane results in an introduction of the
mean stream function v, which is a 2-D field, such that

T = VT = (=0,,0,7) . (2.6)

The Dirichlet boundary condition T |ga,= 0 (because of the boundary condition
for v on the lateral boundary section in (2.3b)) amounts to saying

9 _

P =0, an_o, on OM,. (2.7)

Accordingly, the mean vorticity is defined as
W=V Xxv=-0,u+0,v. (2.8)
Therefore, the kinematic relationship between the mean stream function and the
mean vorticity can be expressed as the following 2-D Poisson equation
Ap=0. (2.9)

Note that there are two boundary conditions for v, including both Dirichlet and
Neumann, as in (2.7). This issue will be discussed below.

2.2. The reformulation of the PEs. We have the following system of the PEs
formulated in mean vorticity.
Mean vorticity equation

= Lo e) - Py Age Lol
o+ (V V)(v@v)—i—ROv—VlAw—f—HOV T0,
ANp=w,
_ (2.10a)
P =0, %:O, on OMg,
v = VJ_¢ = (_6ywv aﬂﬁ) 5

Evolutionary equation for v, = (&,()
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ugm+vgy+w5fvy£+uy<) I _ L
et ( uQz + UCy +w( — ug( + Vg€ " ROk * v ROV,O
= (A +1d?)v,,
1( e ) (2.10b)
V2 |z=O: —70, U ‘z:—HDZ Oa
Vo
v,=0, on 0OMyx|[—Hp,0],
Recovery of the horizontal velocity
1 [° _
azu:£7 aZU:Ca HO /_HO vdz=7. (2100)
Recovery of the vertical velocity
aiw:_v'vz:_fw_Cya
{ w=0, at z=0,—Hy. (2.10d)
Density transport equation
9p
pe+ (v V)p—i—w& = (mA + /<c282>p,
ap pf 8,0 8p (2.106)
9, 2=0= 0 g, le=—He= 0, o loMox [~ Ho,00= 0

The detailed derivation of the above reformulation can be found in [27]. The
mean vorticity equation (2.10a) is obtained by taking the curl operator V+- to the
average of the momentum equation in (2.1). The average of the velocity tensor
product v ® v is defined as

uu  uv

v®v:(uv 111)) (2.11)

and the nonlinear convection term in (2.10a) can be rewritten as

n S —0py —02\ ([ wu ww
(V .v.)(q;@v)f ( ' o)) \mw w

(2.12)
= Ouy (—w+ ) + (02 - 02w
It should be noted that (2.10a) is not a closed system for the mean profiles @, 1),
v, since the nonlinear convection term v ® v is not equal to v ® v.

Taking the vertical derivative of the momentum equation leads to system (2.10b)
for v, = (&, (), with Dirichlet boundary condition on all boundary sections.

With the combined data of ¥ and v, at hand, which can be obtained by solving
(2.10a), (2.10b), respectively, the horizontal velocity field can be determined by
(2.10c), a system of ordinary differential equations.

In addition, by taking the vertical derivative of the continuity equation V - v +
d,w = 0, we arrive at (2.10d), a system of second order ODE for the vertical velocity
with the vanishing Dirichlet boundary condition. Both (2.10c) and (2.10d) can be
solved at any fixed horizontal point (z,y).
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The density transport equation (2.10e) is the same as that in (2.1)-(2.3). This
finishes the derivation of the reformulation (2.10).

3. The numerical scheme on the regular grid. For simplicity of presentation
we consider the case of My = [0, 1]2, Hy = 1. The regular uniform grid {z; =
i/N,y; = j/N,zi,, = k/N — 1, i,j,k = 0,1,--- , N}, with mesh size Az = Ay =
Nz=h= %, is used. Let DI, ﬁy D, represent the standard second-order centered-
difference approximation to ., d, and ., D2, D2, D2 be second-order centered-
difference approximations to 92, 83, 0%, Ay, = D? + D32/ the standard five-point
Laplacian. In addition, the vertical average of any variable f being evaluated on
regular grid points (x;,y;, 2) is defined by trapezoid rule

= 1 &
fig= Hy 1;) (§AZ (figr + fi,j,k+1)) : (3.1)

3.1. The numerical scheme. The application of second order centered-difference
approximations to the reformulated PEs (2.10) leads to the following system. For
simplicity of presentation below we set 79 = 0.

04w + Dy Dy (00 — um) 4 (D7 — D)(W0) + —-0 = 11 Ao,
Aha_w7 7|F:Oa 39
ﬂ:_h‘yi) E:Dw@7 ( ' a)
_ 1, — 1—
wi,0 = ﬁ(‘l%@ - 5%‘,2)7

0u€ +uD, € + vD, € +wD.€ — (Dv)e + (D) — ¢~ D

&+ uDyE +vDyE +wD, YU YU o 7o Do

= (ndln+ VzDg)fa

0,C +uD,C +vD,C + wD.C — (Du)C + (Do) + 26~ —Dyp (5

Ro Ro
= (1 + D3,

f ‘zsz(): 07 C |z:7H0: 0, f |z:0: Oa C ‘220: Oa
£€=0, (=0, on My x[—H,p,0],

Dzuzga DZU:<7 at (iajvk)a 1<kE<N-1,
1 et
Uij = o ; (§AZ (i gk + Ui,j,k+1)) =T,
_ 1 & _
Vij = T <§AZ (vijk + Ui,j,kﬂ)) =i,
0 =0
(D.v)ijo=(D:v)ijn=0, le, v,;_1=0;,1, VijNt1 =V N-1,
(3.2¢)
D%w = —D,¢ — D,C, at  (i,5,k), 1<k<N,-1,
(3.2d)
wi 5,0 = Wi ;N =0,
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Oup+uDyp+vDyp+wD.p = (mAh - HzDﬁ)p,
P

sz Iz:O: ;2 y sz ‘Z:—HOZ 0, (326)
0

9P _0, on My x [~Hy,0].

on

The dynamic equation for the mean vorticity is updated by (3.2a) at interior grid
points (z;,y;), i, = 1,...N — 1. The profile v, = (£, () is updated by (3.2b) at 3-D
interior grid points (z;,y;,2k), %,j,k = 1,...N — 1. Note that Dirichlet boundary
conditions for v, are imposed on the six boundary sections. The discretization for
the density equation can be implemented as in (3.2e) at 3-D numerical grid points
(®i,yj,2k), 1,7,k = 0,...N, due to the Neumann boundary condition imposed for
density field.

3.2. Local boundary condition for the mean vorticity. The difficulty of the
treatment of the mean vorticity equation is similar to that of the standard 2-D
NSEs formulated in vorticity-stream function. There are two boundary conditions
for 1, including both Dirichlet and Neumann, as shown in (2.10a); while there
is no explicit boundary condition for the vorticity, which is needed in the scheme
(3.2a). A similar procedure is adopted to overcome this difficulty. First, the interior
value of mean vorticity is updated by using (3.2a) with all the terms, including the
nonlinear term, viscosity term and Coriolis term, treated explicitly. Subsequently,
the mean stream function is solved by the implementation of the Dirichlet boundary
condition ¢ = 0 on dM,

Aha =w,

_ 3.3

( |6Mo: 0, ( )
where only Sine transformation is needed. It can be seen that the Neumann bound-
ary condition, % = 0, cannot be enforced directly. Yet, it could be converted

into the boundary condition for mean vorticity @. Motivated by the fact that
¥ lome,= 0, we have the approximation for the mean vorticity on the boundary
(say on I'y, 7 =0)

_ — 1 — — 2%,1 2 @i,l - %,71
Wi = Diwi,o = ﬁ(z/}m +; ) = 2 oh )

(3.4)

where (i, —1) refers to a “ghost” grid point out of the computational domain. Taking
Vi1 — Vi1
2h

a second order normal boundary condition for (8,1); 0 = 0, we arrive at Thom’s
formula

the approximation identity = 0, which implies that 1, ; = %,1’ as

2Y;4
hZ

Wio = (35)
A similar derivation can be found in [26].

The vorticity boundary condition can also be determined by other approximation
of ¢, _;. For example, using a third order one-sided approximation for the normal
o
on

W + i~ Y
(0y)io = — e —

boundary condition = 0 gives

- S
=0, Le. , 7/%‘,71 = 3%,1 - 5%‘,% (3.6)
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1
The substitution of (3.6) into the difference formula w; o = ﬁ(’l/}iyl + ;1) as in

3.4) results in Wilkes-Pearson’s formula
(

Wio = %(4¥¢,1 - %Eﬂ) . (3.7)

A crucial point worthy of mention is that Thom’s formula is only first order
accurate for w on the boundary, while Wilkes’ formula gives second order accuracy,
by formal Taylor expansion. More sophisticated consistency analysis assures that
both formulas combined with second order centered difference scheme is indeed
second order accurate. See the relevant analysis of the 2-D NSEs in [8, 28]. This
article will give a detailed analysis of such boundary condition in the context of
3-D PEs.

3.3. Recovery for the horizontal velocity field. The remaining work focuses
on the discrete recovery of the horizontal and vertical velocity field, based on the
differential equations (2.10c, d), which play a role of bridge between the total ve-
locity field and the dynamic variables w, £, (. Such a discretization is given by
the numerical scheme (3.2c), which forms a linear system to solve for u; j i, v; j i,
0<EkE<N.

Note that for either velocity component, there are N 4+ 1 unknowns: wu; j or
Vijk, kK =0,1,2,..N at each fixed horizontal point (7,j), yet there are only N
equations: N — 1 in the first equation and 1 in the second one. Meanwhile, the last
equation in (3.2¢) only provides a choice for the numerical value for v at “ghost”
computational points. We will give a methodology to overcome this difficulty below,
and the second order accuracy (up to its finite difference) will also be shown.

System (3.2c) can be solved by using FFT. The Neumann type boundary condi-
tion (in a discrete level) for v at k = 0, N suggests making Cosine transformation
in z direction for each fixed grid (3, j), i.e.,

N.—1

1 . . lkm .
U jk = TNZ Ui, 5,0 + ; (2ui’j’l)COS<Nz) + (—1)kui1j7N] ,
B 3.8
1 Rne lkr (3:8)

Vi, jk \/TTZ ’lAJi,j70 + Z (2@i7j,g)cos( N

=1 z

) + (_1)%i7j,N] .

Clearly the the horizontal velocity field satisfies the boundary condition in (3.2¢).
Then the remaining work focuses on the determination of the Fourier modes v; ;;,
1=0,1,...N,, at each fixed grid point (7, j) by utilizing the difference equation and
the constraint in (3.2¢) for the mean velocity field. The application of the centered
difference operator D, to each basis function in the Fourier expansion gives

sz’i,j,o =0, chos(lkwh> = fi -sin(llm‘h) , D, ((—1)") =0, (3.9a)

in which the coefficient f; turns out to be

fi= —Sinil:h) : (3.9b)
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The insertion of (3.9) into (3.8) results in

(3.10)

Meanwhile, the homogeneous Dirichlet boundary condition for &, ¢ at & = 0, N
implies their Sine transformation in Fourier space

N,.—1

Eijk = Z \2/5% (”ﬂ) Gjr= 2C2]”Vlsm(l]]f;r) (3.11)

=1

The comparison of (3.10) with (3.11) shows that the difference equation (3.8) is
exactly satisfied if we set

ﬁl,Jl ~ _ Ci,j,l
uz,jl = fl ;o Uigl = fl y

with f; given by (3.9b).
To obtain the 0-th Fourier mode coefficient for v at each fixed grid point (4, j),

we note that the substitution of (3.8) into the constraint (3.2¢) leads to
1

1 _ 1 1 _
FO N Nz - QNZ u%j,() = Ujj H N Nz - \/WUZJ 0 = Uij,

for 1<I<N,-1, (3.12)

(3.13)

due to the property that the basis functions cos (kjlﬂ'h) have vanishing discrete

average in the vertical direction, for [ = 1,2,...N,, provided that N, is even. A
direct indication of (3.13) gives

ﬁi}j@ =4/ 2Nzﬂi’j R ’(A)i’j,o = 4/ 2Nz5i,j . (314)

In addition, it is well-known that the Fourier mode coefficient ; ;,; decays expo-
nentially as [ increases to N, under suitable regularity assumption for the velocity
field. As a result, the coefficient ¥; ; v can be set to be 0, i.e.,

Ui 58 = 58 = 0. (3.15)

Therefore, the combination of (3.8), (3.11), (3.12), (3.14) and (3.15) gives the
procedure to solve for (3.2¢).

3.4. Recovery for the vertical velocity field. The vertical velocity w can be
solved by the centered-difference approximation to the second order O.D.E. (2.10d),
namely (3.2d). At each fixed horizontal grid point (i, j), there are N — 1 equations
and N — 1 unknowns: w; j at interior grid points 1 < k < N, — 1. Moreover,
the complete set of the eigenvalues corresponding to the operator D? (under the
homogeneous Dirichlet boundary condition for w) is given by

4 Im
A\ o= — 251n2(2Nz), for 1<I<N,-1, (3.16)

which are non-zero. Hence (3.2d) is a non-singular linear system at each fixed
horizontal grid point. Such system can be solved by using FFT in vertical direction.
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3.5. Main theorem and some notation. The notation of L? norms in a discrete
level needs to be introduced before the statement of the main convergence theorem
in this paper.
Notation 3.1  For any pair of variables f, g which are evaluated at the 3-D mesh
points, the following discrete L?-inner product are given

N—-1N-1N-1

(f,9)0="h Z Z Z ik Gigik (3.17a)

k=1 j=1 i=1

N-1N-1 L N1 L N1
(Fogs= 0230 DU st 3 D (s Diots D+ i
j=1 i=1 =1 =1
N—-1 —1
1 1 (3.17b)
tg LA g+ g
Jj=1 ]:1
1
+Z(<f7 900+ (f5 gon+{f, g9no+(f, g>N,N)) ;
in which
) N.—1
(f, 9= AZ<§(fi,j,ogi,j,o + fij,N.Gij,N.) T Z fi,j,kgi,j,k) . (3.17¢)
k=1

Their L? norms in 3-D can be defined accordingly.
Notation 3.2  For any pair of variables f, g which are evaluated at the 2-D mesh
points (i,7), the following discrete L*-inner product are given

N—-1N-1

(f, 92 =0 Z Z fij 9ig (3.18)

j=1 i=1

and the corresponding L? norm in 2-D can be similarly defined.
The following is the main theorem in this paper.

THEOREM 3.1. Let u, = (ve,w.), pe be the exact solution of the PEs (2.1), (2.2)
satisfying
||ue||Loo(o,T;c7-,a(ﬂ)) < +o0, ||p6||L°°(0,T;C7»a(ﬂ)) < +oo, (3.19)
for any 0 < a < 1, and let (v, wh, py) be the numerical solution formulated in
(3.2). Then we have
lve = vallLoo(o,1:22) + lpe = pullLoc(o.1;02) < Ch?, (3.20a)

where the constant C' depends only on the regularity of the exact solution
C= C(”ue”Loo(o,T;c%a(ﬂ)) ) HPGHLOC(QT;CWQ(H))) ) (3.20Db)

for any 0 < a < 1.

The PDE analysis of the PEs can be found in some recent articles. In [12, 13]
by J. L. Lions, R. Temam and S. Wang, global existence of weak solutions (in
L>(0,t1; L2(M)) N L?(0,t1; HY(M))) and local existence of strong solutions (in
L°(0,t1; HY(M))NL2(0,t1; H*(M))) were established. In addition, a unique global
strong solution was proven to exist under a small depth assumption (i.e., Hy < €q,
where ¢ is a critical value depending on the physical parameters, such as v, &, fo, 3,
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etc.) in [10] by C. Hu, R. Temam and M. Ziane. The regularity assumption (3.19)
for the exact solution is valid by local estimates if the initial data is smooth and the
domain M is regular enough. See some relevant discussions in [1, 2, 7, 9, 13], etc.
Yet, it should be noted that the exact solution does not generally satisfy (3.19) in a
cubic domain, which is a shortcoming of all convergence proofs for finite difference
methods. Nevertheless, in many cases, such as periodic oceanic flow (in horizontal
direction) or geophysical flow in which the lateral boundary layer is not dominate,
the solution does possess the required regularity.

The assumption (3.19) is required for the convergence analysis, in particular
for the estimates involving high order expansions which arise in the consistency
analysis. Although such an assumption is not optimal, the convergence theorem
provides theoretical evidence for the performance of the proposed numerical scheme.

The basic methodology of the convergence analysis is similar to that in [28], in
which the 2-D NSEs formulated in term of the vorticity were investigated. The
Strang convergence theorem [25] states that if a solution of a nonlinear hyperbolic
system is sufficiently smooth and the linearization of the corresponding numerical
scheme is L? stable then the scheme for the nonlinear problem is strongly con-
vergent. Such an idea can be generalized to analyze the nonlinear system of fluid
equations, such as the NSEs or the PEs. More precisely, we can achieve the con-
vergence result by the following procedure: first, construct approximate profiles
based on the exact solution so that these profiles satisfy the numerical scheme up
to a local truncation error; then provide an estimate for the error functions, which
comes from the L? stability of the linearized scheme.

Additional techniques are needed to analyze (3.2), due to special features of the
reformulated PEs. Since the velocity field is not directly updated by an evolution
equation, an estimate of the solvers for the velocity field is necessary to the con-
vergence analysis. It is proven in Section 4 that the total velocity field w = (v, w)
generated by (3.2¢), (3.2d) has the second order accuracy in W1° norm. Also, lack
of regularity for the vertical velocity in the PEs results in a more subtle consistency
analysis in Section 5 which is the main reason why the regularity requirement (3.19)
for the exact solution is higher than that in [28], where u. € L>(0,T;C®®) was
imposed. Subsequently, stability and error estimates are given in Section 6, which
show the full second order convergence of the numerical scheme.

4. Analysis of the solvers to determine the velocity field. One prominent
feature of the PEs formulated in mean vorticity is that the velocity field is not
directly updated by evolution equations. Instead, the mean vorticity field and the
profile 9,v = (§,() are dynamic variables, as can be seen in (2.10a), (2.10b). In
turn, the horizontal and vertical velocity field are determined by the system of
ODEs (2.10c), (2.10d). The solvers to recover horizontal and vertical velocities
stand for the discrete realization of such recovery procedure. In this section we give
an accuracy analysis of the procedures. In more details, we are going to show that
the total velocity field u = (v, w) generated by the two procedures does have the
second order accuracy if the exact values of (£,() and U are given.

4.1. Analysis of the solver for the vertical velocity. At each grid point
(i,7,k), 1 <k < N, — 1, the exact solution (v,,w.) satisfies

8311}6 = _891(8zue) - ay(azve) = _a:vge - ayge- (41)

Meanwhile, local Taylor expansion for the exact solution reads
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Dﬁwe = 8§we + O(h2)||we|\c4 ,

Dt~ DyGe = 046 — 0,6 + O(W)]0:vc] s 2
at (zi,y;,2,). Then we arrive at
Dw. = —Dy& — Dyl + O (|lwellcs + 110-ve ) y
R I Y
in which the last equality is due to the fact that
[wellos < ClIV - velles < Cllvelles - (4.4)

Analogous to (3.2d), the following system of difference equations satisfied by the
exact solution can be derived

{Dgwe:—[)wge—[)yce—l—thw, at  (i,5,k), 1<k<N,-1,

4.5
(we)ijo = (we)ijn =0, (4.5)

in which f,, < C||ve|lcs and the vanishing boundary condition for the exact vertical
velocity field is used.
Subtracting (3.2d) from (4.5) and denoting the error function as

D=we—w, €=&—& (=C-¢, at  (i.jk), (4.6)
we obtain the error system
{D§~:—D15—Dy§+h2fw, at  (i,j,k), 1<k<N,—1, @
Wi j,0 = Wi ;N =0. '

Due to the homogeneous Dirichlet boundary condition for w at kK = 0, N, we apply
the maximum principle to (4.7) and get

@] oo i) < ClIDZW Lo i,)

_— - - (4.8)
< C(IDabllw iy + 1DyCllri) ) + CHIF wli iy

in which ||-|[z(;, ;) represents the discrete L> norm at the given grid point (3, 7).
As a result, if the numerical values of £ and ( are given as the same as the exact
solution, i.e.,

ik = )ik s Gijh = (Ce)ivjoh (4.9)
the second order accuracy in L* norm for the solver (3.2d) is preserved
lwpn, — 'LUeHLoo(i’j) < Ch2||’ve||cs . (4.10)

In addition, we need to consider the discrete gradient (in horizontal direction)
of w. Similar results to (4.10) can be derived (the detail is omitted)

IVh(wn = we) | (i) < CIVADZ0| 11,5y < Ch?|vellcs - (4.11)
Note that the estimates (4.10), (4.11) are valid for each fixed grid point (4, j).

Then we arrive at
Jeon — wellwsery) < ChZlvellcs (4.12)

in which || - [|yym.o(r1,) represents the maximum value at of the given function up
to m-th order finite-difference, over the 2-D domain My in the horizontal direction.
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4.2. Analysis of the solver for the horizontal velocity. To compare the
horizontal velocity field determined by (3.2c) and the exact velocity, we denote
Uik = ue(®i, s, 2k), Vi x = ve(®i, Yj, 25), for 0 <k < N, and define the “ghost”

computational point values for V¢ = (U¢, V) by applying the no-flux boundary
condition in a discrete level in the same way as in the last equation of (3.2¢):

(D-V)ij0=(D.V)ijn =0,

. e _ e e _ €
Le, Vi a=Viii: Vijnyi=Vijin-1-

(4.13)

Note that V¢ share the same values with v, at interior numerical grids (i, j, k),
0 < k < N,. Taylor expansion of v, in vertical direction gives
D.U® = D u. = d,u. + O(h?)[|0,ue]los = & + O(h?)||velon

- - 4.14
D.V® = D,ve = 0,0 + O(hQ)HateHC3 = (e + O(hQ)”'UEHC“ ) ( )

at (i,7,k) with 1 <k < N — 1. In addition, the trapezoid rule (3.1) is of second
order accurate, thus we have

N.-1
1

1 _
T 2 (302 Vit Uljun) = @iy + 00 oclic=. (4.15)

Subtracting (3.2¢) from (4.13)-(4.15) and denoting the error functions
0= (0,0) = (U=, ve—2), ©=(U,0)= (Ue—T7,To—0), at (i,j,k), (4.16)

we arrive at the following system
D.i=¢+R2f,., D.o=(+hf,., at (i,5,k), 1<k<N-1,
Uij =i+ h*fr,, Uij=70i;+h*fy,,
Vij—1=Vij1, VijN+1 = Vi N—1,
(4.17)
with the local truncation error terms

|.fuz|7|fvz| SC’”’v@HC%a |fbu|a|fb1)| SC(H'UEHCQ' (418)

As a result of its boundary condition given by (4.17), the Cosine transformation
in z direction can be made for ¥ at each fixed horizontal (i, 7)

N.—1
~ 1 2 < 2 ”’CT{' 2
Uik = o [uz‘,j,o + ;:1 (2uz‘,j,z)008(sz) + (—UkUi,j,N] ;

, (4.19)

Vij,k = \/TTz

The Parseval equality shows that

et lkn
2 2 k2
Vi o+ ; (2vi’j’l)COS<NZ) + (1) vi,j,N] )

=2

1 N-1 1 —1

~ ~ ~ 1 2 2 2 2 1 2 2
5(%3',0)2 + > (Gigr)®+ §(uz‘,j71v)2 = 5(%‘,]'70) + 1 (Uzyj,l) t3 (Um‘,N) ;
1 1 -1

~ ~ ~ 1 2 2 2 2 1 2 2
5(%3‘,0)2 + ) (Bigr)+ §(Ui,j,1v)2 = g(vz‘,j,O) + 2 (”iﬂ?l) T 5( ”‘N> '

Z =
i
Z

Il

>
Il
—

(4.20)
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By the choice of the numerical values for @; ; n, 0; ;5 in the procedure (3.15),
we have
Uij N =UcijN,  Vign=Veijn, (4.21)
in which U¢; j n, V¢ ; n stand for the N-th mode Fourier mode (in Cosine trans-
formation) coefficients for U¢, V¢, respectively, at the fixed horizontal grid (4, j).
Under some suitable regularity requirement for V¢, which have the same numerical
values with v, we can assume

|U¢ei,j’N| R |V€i,j,N| < Ch*. (422)

To estimate the terms ; j,0, 9; j,0, we note that the application of trapezoid rule
to U, j i, Ui,k Which is expanded in Fourier series (4.19) leads to

1 = 1
— Az (4 t; ) = )
H, ];) (2 z (u gk T U 7J7k+1) \/W %,3,0
N.— (4.23)
1 (1A (~ n ))
— SOz (Vi gk + Vi Bi .0
H, i 2 gk 2Jyk+1 \/W 27,0

due to the property that the basis functions cos (klwh) have vertically vanishing

discrete average for [ = 1,2,...IN,, provided that IV, is even. The combination of
(4.23) and (4.17) gives us

g =2N. (im + thbu)za

)2 =2N, (%i,j T thbv)Z.

sirH

(@,4,0)* = 2N (@
(4.24)

GIH

(Bi,4,0)° = 2N.(T;,

To deal with the terms 4 ;;, 95, for 1 <1 < N — 1, we take the centered-
difference D, operator to ¥ represented in Fourier expansion (4.19), and arrive

at
N.—1

- Ik
(D.1); 55 = \/m Z fzumzsm(Nj)

=1

(sz})i,j,k = I Z flvl,J,lSIIl(lJ]i;T)

Z =1 z

(4.25)

T

for 1 < k < N —1, by using the same arguments in (3.10) and the coefficients f;
given in (3.9b). Again, the Parseval equality gives

N-1 A , N-1 N-1
Z ,] k= Z 12 (ﬁz‘,j,z) ; Z D.% ,] k= Z It (Uz,]l) - (4.26)
k=1 k=1 =1

Moreover, it is straightforward to verify that
1 2 h? 2
FEiEaE Sy for 1<I<N,—1. (4.27)
The combination of (4.27) and (4.26) shows that
N-1 N-1

SICTIEES z Dy Y () <5

=1 =1

MZ

7J,k~ (4.28)

>
Il
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Moreover, the application of the first two equations in (4.17) indicates

N—-1 2 9 N-1 2 N-1 2 9 N—-1 2

2 g 2 5 - 2
> (fnse) <= > (E+n fuz)i7j7k, > (faa) =5 2 (S fvz)iyjyk.
=1 k=1 =1 k=1 (4 29)

The combination of (4.20), (4.22), (4.24) and (4.29) results in the following L>
estimate (at a fixed grid point (4, 7)) of the error function for the horizontal velocity

||f’||2L2(i,j) < C(Hé”%%,j) + ||C~||%2(i7j) + (@i 5)? + (%i,j)Q)

+Ch4(||.fuz”%2(i,j) + vaz”QLQ(i,j) + Hfbu”%?(i,j) + HfbuH%Z(i,j)) )

(4.30)
in which ||| 2(; ;) represents the 1-D discrete L? norm at the given grid point (4, j).
Therefore, if the numerical values of &, {, W, ¥ are given as the same as the exact
solution, the second order accuracy for system (3.2c) can be derived

lon — vellpages) < CRoellcs (4.31)
In addition, we notice that
D.(v—v.) = D.v—D.v. = (§,¢) = (&, C) +O(h?)[vellos = O(h?)|wel|cs - (4.32)
As a result,
1D (vh = ve)ll2(i5) < ChP|[velles - (4.33)
The combination of (4.31) and (4.33) shows that
[vn = vellLoe(ig) < C(Hf’HLZ(z‘J) + ||szf|\L2(i7j)> < Ch?|lvelles (4.34)

where discrete Sobolev inequality is used.
Similar to (4.11), the discrete gradient (in horizontal direction) of ¥ can be
estimated as

||Vh(vh - ve)”LZ(i,j) + ||l52Vh(vh — 'Ue)”L2(i,j) S Oh2||1]e||cs . (4.35)
Consequently, we get

19 (0n = ve)ll i) < C(IVABllL2ig) + ID-Vabllzas) ) < Ch2lvelies . (4.36)

The combination of (4.36) and (4.34) results in
[on = vellwie (o) < Ch?|lvellos (4.37)
since both estimates are valid for each fixed grid point (4, 7).

Similar estimate can be applied to the second order difference operator of the
horizontal velocity. We finally arrive at

on = vellwso (atg) < CR vl (4.38)

Such a result will be used in the consistency analysis below.

5. Construction of approximate solutions. In this section we perform consis-
tency analysis of the numerical difference scheme. The goal is to construct approxi-
mate velocity and density profiles and show that they satisfy the numerical scheme
(3.2) up to an O(h?) error.
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5.1. Leading order consistency analysis. As mentioned in the introduction,
the flow motion governed by the PEs formulated in mean vorticity is determined
by the combination of the mean velocity field and the vertical derivative of the
horizontal velocity field. Accordingly, the approximate velocity field is constructed
by using a similar methodology. We extend the exact mean stream function v,

smoothly to [—d,1 + d]? and let @?J- = 9, (z;,y;) for =1 < i,j < N+ 1. The

. —0 —0 =0 o 0
approximate profiles U ", V', " are constructed through the finite difference of ¥
to maintain the consistency, especially near the boundary,

U, =-D,0", Vi, =D, ¥, Q;=0/,9", for 0<i,j<N. (51)
The profile for the vertical derivative of the horizontal velocity (£°,¢°) is taken
as the exact solution (&, (.). The approximate profile for total velocity field in
horizontal direction U°, V0 is given by the solution of the following discrete system

at each fixed horizontal grid point (i, 7):

D.U° =¢,., D.V® =¢., at  (i,5,k), 1<k<N-1,
N.—1
=0 IR 1 0 0 770
Vii = 1, E_, (gﬂz (Uijk + Ui,j,k+1)) =Ui;,
N.—1
—0 1 °$ 1 770 (5.2)
V=2 <7A Vo L0 )ZV_,
1,5 H, — 2 Z( 1,5,k + 1»]7k+1) 1,5
(D:V%ij0=(D:V%i;n=0,
e, Vi, 1=Vl Viine=Viin-1

which is analogous to (3.2c). The solver for the above system is outlined in sec-
tion 3.3. The approximate vertical velocity WP is given by the following discrete
equations analogous to (3.2d):

D2W'=-D,¢ — Dy(, at (i,j,k), 1<k<N,-1,
{ WP o=W>;y=0. (5-3)
For the density field, we choose the leading order approximation as
0" = p. + h*O*, (5.4)

in which p. denotes the exact density function. The reason for the addition of
an O(h?) correction terms h2©* in the expansion (5.4) is due to the higher order
consistency of the approximate profile © with the boundary condition given in the
numerical scheme (3.2e). The correction function ©* turns out to be the solution
of the Poisson equation

AO* =C*, (5.5a)

with the Neumann boundary condition

1 1
826*(x5y7 _HO) = _6 agpe(x’ya _H0)7 8Z@*($7ya0) = _6 82pe(m7ya0)7

¥ 1 1
00 (O,y,z) = _6 gpe(()?yvz)? 8191(1,1/,2) = _6 296(173/72)7

0,0%(,0,2) = f% 85/)@(:6,0,2) , 0,0 (z,1,2) = —é 83pe(x, 1,2).
(5.5b)
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*

dn to

The number C! (a function in time t) is chosen as / Cldxdz = /
M om On

maintain the consistency that follows from the Neumann boundary condition, i.e.,

1 1
Cl - W(é M 6§pe(‘r7y7 _HO) - Gg’pe(x,y,o) dz

1 /0 1 1 /0 1
*/ / 5§pe(0,y,2)dydz—6/ / Ozpe(Ly. z)dydz  (5.6)
Ho —Ho Jo
/ / pe x,0,z2) 6Spe(x, 1,2) dxdz) .

. . —0 —0 )
The approximate solutions V°, W0, Q, ¥, ©Y are proven to satisfy the follow-
ing estimates

8,Q" + D,D,(VOVO — TOU0) 4 (D% — D2)TOVO

+%W — DD 412 ey

£ =0 T [om,=0, (5.7a)
v’=-p, %, V' =D,

—0 1 1—0

Qo= 2 (4‘1'1 1 5‘1’1,2) + O(h?)||vellcs ,

Oibe + UDyé. + VoD + WOD €, — (D, VO + (D,U°)Ce
f 1

) 0
—ﬁCe - me@O = (nAp+v2D3)E + WP f7,
e +UDyle +VODy(e + WD, (e — (DU + (D, V)€, 5.10)
f 1~ :
+gbe ~ o DO = (nbn 1D + I FL

(£e)ijo =0, (C)ijo=0, (&)ijn=0, (()ijn=0,
(&e)iok =0, (Cior =0, (&)ojk =0, (C)ojk=0,

DU’ =¢,, D.V®=¢., at  (i,5,k), 1<k<N-1,
—0 —0 —0
U,.=U V.. =V, . (5.7¢)

1,7 i,J ) 2,] 2,37
(Dzvo)i,j,O = (DZVO)i,j N=0,
D*W° = —D,¢ — DyCe, at  (i,j,k), 1<k<N,—1, 574
5.7d
WPi0=W.n=0,

9,0° + U°D,0° + V°D,0° + W°D,0° = (mAh + @Dﬁ)@o +12f0,
07,1 =001 +hen, O, =07, +hey,
@z 1k = @;],1,k +hoep,

(5.7e)
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with the local error terms

5l < Cllvellcs + vellze), £l < C<Ilue||c5\|pe\lcs + ||pe||c4,a) ;

£ 172 < C(lwellos(lvell + 1) + lioelles ) s el leal s legal < Clpelles -
(5.8)

5.2. Local truncation error analysis for the leading order expansion V?°,
WO, @Y We first look at the mean profile 70, Q. A direct Taylor expansion for

1, up to the boundary shows that at grid points (z;,y;), 0 < 4,5 < N,

0 =7~ omp, — o, L ow)w
R A DT A el
0 _ h? 37 ht 57 5\((77
1% :Ue"i_gamwe—*—ﬁazwe—’_o(h‘ )HweHCG’ (59)

_ h? — —
0 =G + (04 + 04T, + OB, e

As a result, we have
—0  _ =0  _ —0 _ —
10" = Tellwe (mo) + IV = Tellwzie (ao) + 197 = Tellwzoe (mo) < CR? 9l cs -

(5.10)

According to the analysis in section 4.2, the second order accuracy is valid be-
tween the constructed solution and the exact solution for the horizontal velocity,
provided that the exact mean velocity field and exact profile (&, (.) is used in the
numerical procedure (3.2c). See the result in (4.38). Moreover, it is straightforward
to prove that a second order approximation is preserved if the exact mean velocity

used in the numerical solver is replaced by the approximation VO, ie.,
=0 _
IV = vellwzoe o) < CR[[vellos + IV = Bellw.oe () - (5.11)

The combination of (5.11) and (5.10) leads to

VO = ve|lwaee(rmo) < CR?||vellcs - (5.12)

For the vertical velocity, the analysis in section 4.1 gives us

WO = well oo (p) + V(W = we) |l oo (ar) < CR?|Jvc]|cs (5.13)

since the exact profile of (£, (.) was used in the numerical solver for W9 in (5.3).
See (4.12).

For the density field, it is obvious that an application of the Schauder estimate
to the Poisson equation (5.5) results in

0% |cm.a < Clpellcm+2.a, for m>2. (5.14)
Consequently, we have
107 [w2.c(m) < CllO7 o200 < Cllpell e, (5.15)

whose insertion into the expansion (5.4) results in

10° = pellw2.c(amr) < Ch?[lpellce - (5.16)
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5.2.1. Truncation error for the mean vorticity equation. The estimate (5.10) indi-
cates that 0 -
A = Apwe + O(R)|[Y, || s - (5.17)

Meanwhile, the Taylor expansion of w, reads
Apwe = Awe + O(h?)|[@ellcr = Awe + O(h?)[Wllcs - (5.18)
The combination of (5.17) and (5.18) leads to the estimate of the diffusion term
2@ = D + O [W s (5.19)

at grid points (x;,y;), 1 <4,j < N —1.
The nonlinear convection terms can be dealt with in a similar fashion. The
estimate (5.12) implies that

DyDy(VOV) = DyDy(veve) + O(h?) v (5.20a)
which in term shows

D,D,(VOV0) = D, D, (To0:) + O(h?)||ve]|%e - (5.20b)

Meanwhile, the Taylor expansion for v, reads
D, Dy (Tz0z) = 0,0, (Tevz) + O(h?)||ve%e - (5.21)

The combination of (5.21) and (5.20b) gives
D, D, (VOV0) = 9,0, (Tz7z) + O(h?)||ve| % - (5.22)

Using the same argument, we obtain
Dx[)y(UOUO) = 0,0, (uctiz) + O(h?)||ve|s
(D3 = D) (UOVO) = (97 — 8;) (@) + O(h?) vel|Es -

(5.23)

The difference between the time marching term &gﬁo and the exact value 0w,
can be controlled by O(h?) of |9, ||ca:

0~ O = 0D, — DO, = (Bn — DD, = O |0 llcr . (5.24)

Moreover, applying the Schauder estimate to the following Poisson equation

NOw),) = 04w, in Moy,
Op, =0, on OMy, (5.25)
shows that
10l cae < CllOTelloze < Cl[dellose + [vellEaa) < Clvellose + IIUeII?,F,m) -)
5.26

Note that the mean vorticity equation was applied in the second step. Consequently,
the following estimate holds

—0 o
8,9 — 0,5, = O(h?)(|[vellcse + vel|Zaa) - (5.27)

Combining (5.10), (5.19), (5.22), (5.23) and (5.27), and applying the original
PDE of the exact mean vorticity equation, we obtain the first equation in (5.7a),
which shows the second order consistency for the mean vorticity equation.

In addition, regarding the boundary condition for the mean vorticity, we need

to show that (I satisfies Wilkes' formula applied to 7 up to an O(h?) error.
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For simplicity of presentation, only one boundary section I',, € My, j = 0, is
considered. The other three boundary sections can be dealt with in the same way.

One-sided Taylor expansion for T in the y-th direction near y = 0 gives
1 1

—0 —0 — — —
75 (150 —5Vi2) = 0 (2i,0)+O(W*) [ llos = Fe(wi, 0)+O(R?)[Jveflcs - (5:28)

Meanwhile, (5.9) shows that the difference between ﬁ?’o and @, (z;,0) on T',, is also

of order O(h?)||¢,||c+. Then we get the boundary estimate for the mean vorticity
in (5.7a).

5.2.2. Truncation error for the evolution equations of (§,(). Using similar argu-
ments, we have the following estimates

U°Dyée — uedpbe, VODyEe — ve0y€e = O(h%)|[ve||cs|vell o

WOD.€ — wed.be = O(R?)|vellos |vellos

(DyVO)§€ — (Oyve)ée = O(hQ)HveHCG”UeHCl )

(f)yUO)CE — (Oyue)Ce = O(hQ)H'UeHCGHUeHCl ) [)ﬂceo = Ozpe = O(hQ)HpeHC3 )
(5.29)

U°DuCe = ueduGe, VODyCe = vedyCe = O(h?)||vellcs vellos

WD ¢ — wedoCe = O(h%)|[ve|lcs|vel| o

(DIUO)CE — (Opue)Ce = O(hz)”'veHCﬁHveHCl )

(DeVO)ee = (8zve)ée = O(B?)||vellcsllvellcr,  DyO° = 8ype = O(R?)|pellcs ,
(5.30)

(1 Ln+1aD2)ee — (A +1202)E = O(h?)|Jve o5

(1 Dh + 12D Ce — (1A + 159%)Ce = O(h?)||ve||cs (5.31)

Consequently, the exact profile (€., (.) combined with the constructed velocity Ve,
WY and the density ©° satisfies the numerical difference scheme with an O(h?)
error, as shown in (5.7b), and the homogeneous Dirichlet boundary condition for
(&, Ce) 1s exactly satisfied.

5.2.3. Truncation error for the density transport equation. Applying the estimates
for the constructed velocity and density field as shown in (5.10), (5.11) and (5.14),
we can deal with the terms of the density transport equation in a similar way

0,6° — 8,p. = O |rpellcne = O() (Iluellcne el + oo )
(5.33)
U’D,0° — Uz pe V()Dy@o — VeOype = O(h*)||velles llpellcs »
WD.0° — w.d.p. = O(h?)[|ve | csl|vellcs (5.34)
(k185 + #2D2)0° — (1A +1287)pe = O(h?) | pe | -
The combination of (5.33) and (5.34) gives (5.7e).
Moreover, the approximated density ©° satisfies the discrete boundary condition

in (3.29e) up to an O(h®) order, due to the choice of the boundary condition for
©* in (5.5b). Local Taylor expansion for the exact density field p. around the
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boundary gives

N3 3 5
(pe)i,jﬁl = (Pe)i,j,l T3 0; pe (i, Yj» —Hp) + O(h°)|lpellcs

N
(Pe)-1.4.k = (Pe)1,jk — 5 92pe(0,y;, 21) + O(h°) |l pellcs (5.35)

Ayg
(Pe)i—1,k = (Pe)igk — 5 D pe(wi,0,21) + O(h®)|| pellcs

by using the no-flux boundary condition for p. on all the six boundary sections.
Performing Taylor expansion of ©* gives

@*J -1 = @;j,l Jr 3 3 pe(m%ij HO) + O(h3)||pe||C° L)
* * Ax 3 3
9—1,j,k = Y15,k + = 3 8Ip€(07 Yj» Z/f) + O(h )HpeHC5v" > (5.36)
Ay

O 1k =001+ 83pe(xi70,zk) + O(h¥)|pellcs.a

where the boundary condition (5.5b) and the Schauder estimate ||©*||cz < C||pe|lcs.o
given by (5.12) are used. The combination of (5.35) and (5.36) results in

@O,g 1= 99,3‘,1 +O°)|lpellcse, ©%4 Ljk = @?J g+ OB |[pellcse

5.37
00 1= 0%+ O™ pelce - (5:37)

Similar results can be obtained at the other boundary section z =0, z =1, y = 1.
This finishes the consistency analysis for the leading order approximate profile.

5.3. Higher order expansion of the numerical scheme. However, the consis-
tency analysis (5.7) is not enough to recover the L a-priori assumption for the
numerical value of the vertical velocity field in the full nonlinear system of the PEs.
We make the following expansion for the approximate solution corresponding to
the numerical scheme (3.2)

V=0 120, Q=0"4+120", V=V'4+i2Vv', W=w°"4rw!,
0=0"+1r*0", S=¢+h%¢, d=(C+h%C
(5.38)

The expanded profile satisfy the numerical scheme on the regular grid up to order

O(h*):

00+ DDy (VV —TD) + (D%~ DTV + 7 = @+ b
ARV =, U [orm,=0
*:_m@, V=D,V

1

(5.39a)
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®S +UD,S+VD,S+WD,S — (D,V)S + (D,U)®

f 1 = 2 4
_E@— ED:&@: (VlAh"‘VQDZ)S“rh, f‘E’
0®+UD,®+VD,®+WD,®— (D,U)® + (D, V)S (5.30)
/ 1 =~ '
+§S — EDy@ = (nQp+12D3)® + k' f

Sijo=0, @ ;0=0, Si;jn=0, @ ;nNn=0,
Sior =0, Pior=0, So;r=0, Po;r=0,

D.U=S, D,V =20, at  (i,j,k), 1<k<N-1,
Uij=Uij, Vig=Vij, (5.39¢)

D*W =-D,S - D,®, at  (i,5,k), 1<k<N,-1,
(5.39d)

Wijo=Wi;n=0,

0,0 +UD,0+VD,0+WD.O = (mAh n @Dﬁ)@ +hif,,
Oij—1=06;1+hen, O_1;r=01,k+hey, (5.39)
Oi—1k =061k +h’ep,

in which the local truncation error and the boundary error terms are bounded in
the L*° norm

|fU| ) |.f§| ) |f§‘ ) ‘fp' ’ |eU| ) |epb| ) |epl‘ ) ‘epd‘ S C* ) (540)

with the constant C* depending on the exact solution. The consistency analysis is
completed.

REMARK 1. As stated earlier, the purpose of the higher order expansion (5.38) is
to obtain the L™ estimate of the error function via its L?> norm in higher order
accuracy by utilizing an inverse inequality in spatial discretization. Such an expan-
ston is always possible under suitable reqularity assumption of the exact solution.
A detailed analysis shows that

e = V] +|we = W[+ |pe — O] < Ch?, (5.41)

with C' was introduced in Theorem 3.1. This estimate will be used later.

6. Proof of the convergence theorem. We denote the following error functions

v

(4,0) =V —-v=U-uV—-v), 0=W-—
b=T-73, £=8-¢, C(=®-C, p=0-

=0-w,

€l

o (6.1)
0.

Subtracting (3.2) from (5.39) gives the following system for the error functions:
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0w + Dy Dy (Vi + vb — Ut + ui) + (D2 — D)V + ut + Rﬁﬁ
0}
- VlAhi+h4fia

Aha = 57 E |3M0: Oa (62&)
i:7~y7’ %:Da@,

=~ 1 = 1= 3

wWi0 = ﬁ(‘mm - 51/%,2) + h°(ez)i,

€ +uD,S + uD,€ +9Dy,S + vDyE +WD,S +wD,E — D,V — £Dyd
. R S B ~
+(Dy® + (Dyu — EC - ﬁsz = (nln+ 1D+ S,

0,C + @Dy ® + uDyC + 5Dy ® + vDyC + @D, ® + wD,C — DU — ¢Dy
J 1 = NFE 4
%f_EDyp: (VlAh+V2Dz)<+h f(a
§&ij0=0, Gjo=0, &;jn=0, (jn=0,

&io0k=0, GCor=0, &jjr=0, Cor=0,

—{D,V — €D, +

(6.2b)
D.u=¢, D.v =, at  (i,j,k), 1<k<N-1,
Ui =Tiij, Uij="bi, (6.2¢)
(sz))z 7,0 = ( ~z7-))z i,N 07
DX =-D,6—-D,C, at (i,5,k), 1<k<N,—1,
~ i (6.2d)
W;, 5,0 W; j,N = 07
dip+ DO +uDyp+9DyO +vDyp+wD.0 + wD,j
= <I€1Ah =+ HgDi)ﬁ + h4fp s
(6.2¢)

Pig—1=Pig1+h’emw, po1jk=pLik+hoeu,

Pi—1k = itk + h€pd.
The convergence of the numerical scheme is based on the energy estimate of
the above system. The following preliminary results will be needed in the detailed

analysis for the error functions. The verification is straightforward and the proof
is skipped.

C
1flloe < -z 1 llz2 (6.3)
allo < Crllfallz + 1llo) s 11Tl < CalITll2 + [I€]lo) , (6.3b)
[@llo < Ca(l[1Da€llo + [1DyCllo) - (6.3¢)

Note that C7, Cy depends only on the geometric size of M and Hy.
In the analysis of the error function presented in the following sections, we assume
a-priori that

ll e + (1€l + [IC] e < h7. (6.4)
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Such a-priori assumption will be verified later by the inverse inequality given in
(6.3a). Furthermore, the system of the difference equations (6.2c), (6.2d) shows
that

18| < C(D Lo + €]l + <N L) s 1D oo < CIDa€llzoe + | DyCllzoe) -
(6.5)

Therefore, the a-priori assumption indicates the following L°° bound for the error
functions of both the horizontal and vertical velocities

9]l < ChE,  ||w]|L~ < ChE. (6.6)

6.1. Estimate of the mean vorticity equation. Multiplying the error equation

for the mean vorticity in (6.2a) by —1 and summing over interior points (of the
2-D horizontal domain M) (4,7) with 7,5 =1,..N — 1 gives

— (5, 0)a + 11 (@, M)y = (@, DoDy(VE + vb — Ui + )2
~ - - (6.7)
+(, (D2 — D)V + ud)s — h* (), f)2 .

The time marching term and the diffusion term can handled by using the homo-

geneous Dirichlet boundary condition for ¢ in the discrete Poisson equation, along
with summation by parts on regular numerical grid

~(,08) = ~(@, 0502 = 5 | Vu3 (6.8)
(0, &)z = (i, (D2 + D2)@)2 = (D2, B)2 + (D2, B)2 + B = B3+ 57; (6.9a)

the boundary term B“ can be decomposed into B = By + By + Bz + B, as follows
-1

=

N-1 _
B, i1Wio, DB2= g Y NC1Wi N

Il
i
<

(6.9b)

2
L

Bs = ¢ 1, o,j, Zi/)N 1,5 N,J

<.
| \

An estimate to control the boundary term B¥ is needed to ensure the numerical
stability. We only consider B; for conciseness of presentation. Wilkes’ boundary
formula for the error function of the mean vorticity as formulated in (6.2a) can be
applied to recover By

N-1 LNl L N—
= Z $; 1 Wi0 = 2 Z ¢ 1 (41— %2 )+h Z 1(ez)i = Ii+1>. (6.10)
i=1 ]

The term I3 can be controlled by Cauchy inequality

1
Zh%lewz 5

*Ch7\|ue|\%s,

(6.11)
where the last step comes from the estimate that |(ez);| < C|lu.||cs and the identity
h = % Meanwhile, a direct calculation can not control the term Iy, since two

interior points 9, ; and 1), 5 of mean stream function are involved in Wilkes’ formula.
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To overcome this difficulty, we use the property that ¢ vanishes on the lateral
boundary and then rewrite the term appearing in the parentheses as

41/11',1 - 5%‘,2 = 37/11',1 - §h2(D§¢)i,l . (6~12)

The purpose of this transformation is to control local terms by global terms as can
be seen later. Such methodology can be found in [28] for the treatment of the usual
2-D Navier-Stokes equations. Plugging (6.12) back into I; indicates

N-1 _ ~ ~
I = % Z Yin (352',1 - (Dzi/) i, 1) T2 Z 77[}121 % Z a (DZE)“’
i=1

(6.13)
and applying Cauchy inequality to the second term shows that
N-1_, 1= 2
L= hszn TZ 1= 5 2 (D5
SN, e , (6.14)
v 277
SN AR
i=1 i=1
Consequently, we arrive at
1 N1, (N L2 1
By > el Z Vin— 5 Z Dby | h* — Zhﬁ, (6.15)
i=1 i=1

for sufficiently small h. The treatment of the other three boundary terms is essen-
tially the same. Now we recover B¥ by global terms || D2¢(|3 and [|D2%)|13

= 1 ~ 1 ~
B> - LIDzoi3 - Lipzoiz - a (6.16)

The two global terms in (6.16) can be controlled by the diffusion term ||&||3. The
following lemma is necessary.

LEMMA 6.1. For any ¢ such that ¢ |gam,= 0, we have
IDZ0[I5 + 1Djw 113 < (D3 + Dy)vll5,  1DeDydlla < [(DF + Dy)ell2- (6.17)

Proof. Since 1; ; vanishes on 7,5 = 0, IV, the Sine transformation can be made for
{t; ;} in both i-direction and j-direction, i.e.,
N-1 5o
i = — sin(kmwax;) sin(fmy;) . 6.18
vis = 3 (755) e sinlhs) sin(tmy,) (6.18)

Subsequently, the Parseval equality reads

NE:I ¢2J Z "‘/}k Z‘ . (6'19)

i,j=1 k=1
With the introduction of eigenvalues

4 ., kmh 4 Irh
fo=—

(), g = o sind (o

. ), (6.20)
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we obtain the Fourier expansion of D¢ and D21
N-1 5 o
D?E i = (7) br. 1 sin krx;)sin({my;) ,
Vi ;l:jl Jo) fxdeasin(kre) sin(lry;)
R (6.21)
D24y ; = Z (7) ge Vg sin(km;) sin(fmy;)
y L] s 7 3]
i V2N
which in turn implies that

N-1
Z|D2+D2wul2 thwuﬁ S lge+ Sl e (6.22)

i,j=1 i,j=1 k=1

Since both fj, and g, are non-positive, we have (fx + g¢)> > fZ + g7. As a result,
we arrive at

N—-1 N—-1 N—-1
STID2 D212 > ST (gD = Y (1D ;2 + D2 1) . (6.23)
i,j=1 k=1 i,j=1

This is exactly the first inequality in (6.17).
The second inequality can be similarly proven. It is observed that

N—-1
- 2 \2 .
D.D,; i = T (—) cos(kmx;) cos({my;) , 6.24
x y/lz[}%] kél qrk Te \/QW ¢k,l ( Z) ( y]) ( )
with the corresponding eigenvalues
1 1
o =73 sin(kmh) , re= g sin(¢mh) . (6.25)

Applying Parseval equality for the discrete Cosine transformation, we have

N-1 N-1
> DDy < Y |1~)w1~)y¢i,j|2+i Y > 1DeDyhiyf

4,j=1 i,j=1 i=0,N j=0,N

1 N-— o 1Nl o
+5 Z DDy 24520 D DaDyil
i=1 j=0 j=1 i=0,N
= Z |Qk'7”£|2‘72)k,2|2'
k=1
(6.26)
Meanwhile, a careful calculation shows that
(qr-r0)® < (fx + 90)?, VI<kI<N-1. (6.27)
The combined estimates of (6.22), (6.26) and (6.27) results in
N-1 N—-1
S UDE+ DN, > > gk ) vhn el > Z |Dy (6.28)
7,7=1 k=1 7,7=1

which is equivalent to the second inequality in (6.17). Lemma 6.1 is proven. (]
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It is straightforward to observe that Lemma 6.1 is valid for ¢ since it vanishes

on the lateral boundary sections. Then we have
IDZ013 + D% 13 < I(DZ + D)ol = [Iwll3 - (6.29)
Substituting (6.29) into (6.16) and (6.9), we obtain the following estimate for the
(6.30)

diffusion term
= ~ 1 ~
(@ a2 > 13~ .
The nonlinear convection terms can also be controlled by applying Lemma 6.1

We consider the term D, D, (V© + v0). The rest three terms can be handled in the
same way. Summing by parts gives
(0, Dy Dy (VT + v0))2 = (DyDyth, Vo + v0)2 = (D Dyh, V)2 + (D Dy, v0)a,

(6.31)
due to the vanishing boundary condition for both @ and the velocity field. Cauchy
inequality and the second inequality in (6.17) can be applied to both terms

= o~ 8 ~

TIIVUH% < @l + ZHVHLOCHUH%,

(DD, Vola| < 231D D, 015 +
s — | s a8 — 0 w8 ~o
(DaDy, v0)2| < oo [|Dae Dydhll3 + —[lvollz < oo ([@llz + —= ol [[o]l2 -
32 1 32
(6.32)
By the a-priori bound (6.6) and estimate for the constructed V', we have
(6.33)

VLo < llvellco + 5o Wl < Vlpee + 110l < Jlucleo +1=C,
provided that h is small enough. The combination of (6.31), (6.32) and (6.33)
(6.34)

results in
V1
< 2518 + 3 il

’W DDy (Vi +vb))2
||tte|lco +1. Similar results can be obtained for the three other boundary

with 01 =

terms
Vo~ 16 ~ adt
—[l@ll + ;Cﬂlvlli-
1

(@, D2Vt + ub)s| <

)

7 | (@, D2Va 1 w)e

(0, Dy Dy (Ut + utt))2

(6.35)

The force term in (6.7) can be easily controlled
(6.36)

W, Fa)ol < SIIPI5 + 5Pl FlIE < CUVAYIE + 5P° ] £33

in which the Poincare inequality for @ was used. Substituting (6.36), (6.35), (6.34)
) into (6.7), we get the energy estimate for the mean vorticity error

(6.30) and (6.8
function
V1~ 64 ==
—llwll; < V—lClllv||§+h6+§h8waHz (6.37)

1d,_ =,
§@||Vh¢||2 +
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6.2. Estimate for the evolution equations of (é ¢ ). Multiplying the first error
equation in (6.2b) by ¢ and summing over interior points (of the 3-D domain M)
(1, j, k) with i,7,k=1,..N — 1 give

2 dt“gHO V1 <£a Ahé>0 - V2<g7 D§£>O = h4<£ .f >0 - <g7 aDzS + U‘Diﬂé>0
—(£,8D,S +vDy€)o — (€, WD, S +wD,E)o + (£,ED,V + £D, ) (6.38)
(ELD,U + Dy + (€S <>0+Ri< Dufo.

The homogeneous Dirichlet boundary condition for ¢ indicates that
(€ D)o = ~IIVréllF, (€ D)o = ~IID:EI5- (6.39)

The nonlinear convection term can be handled in a similar fashion as in section 6.1.
We obtain the following estimate. The details are left for interested readers.

5 7 . 2CF | A\
5 118+ 2 (IDLCIE + 10,808 + Sval D0 < (52 + Ca) 13

(g+40202 203 C©

HO+ 3G IEIR + o+ Got 500+ C) IR

%1 120
1 sy 1 o 1
+§V1||Dx§||o + g’leDyP”o + §h ||fg||o,
(6.40)
with the constants
Cr=ucllco +1 = [Julleee,  Co=2fucllc> +1 = [[Sllwr + |l
Cs = |lucller +1 = [[Vwre,  Ca=2fluellcr +1 2 [|€]lL> + [[Cllz= -
(6.41)
Similarly, multiplying the second error equation in (6.2b) by ¢ and summing over
interior points (i, j, k) with 4,5,k = 1,...N — 1 results in
1d 5 7 . 2CF A \y-
5 7 1<I8 + 1 (IDCI3 + ID,CIR) + gl DI < (52 + Ca) 1513

<g+40202 208 C©
1%

HO+ SOR)IEIR+ o+ Gat 500+ C) IR

%1 1720}
1 c112 1 ~12 1 8

+ 5Dl + 5ra DA + SRl

(6.42)

6.3. Estimate for the density transport equation. Taking the (, )s inner
product of the density error equation in (6.2e) with p, we have

1d
P K ﬁvAhﬁ — kK ﬁngﬁ :h4 ﬁaf
thH 13 — k1 ( )3 — K )3 2% I9E (6.43)

—(p,1Dz0 +uDyp)3 — (p,9DyO +vDyp)3 — (£, WD,0 +wD,p)s3.

The following estimate for (6.43) can be similarly obtained. We omit the detail
for brevity.

1d 7 7
2dt\|ﬂ||3+ <r1(1Dapllg + 1DyAllG) + szllszll heI| I3

401 | 4czc3 20) (6.44)
1

+(Cs+ =2 + =) 1313 + Csllo 13,
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with G5 = [peller +12 O]l
6.4. Convergence result. We conclude from (6.37), (6.41), (6.42), (6.44) that

1
S 2 (17013 + DI + ICIZ + Nal3)
4C% 4C303 207 C . .
< (S T2 T 4 Oo o 2Cy + O (EN + ICR)
%1 11 Vy

C? 4CC 20
e SR | [ R

2C7 4 A \u-n2 4
+(71 + Cy —|—C5>||’U||O + <C5 + — )
1
+§h8(\|fw\\§+||fg||3+||f<||g+||fp||§)+0h6~

(6.45)
The application of Gronwall’s inequality to (6.45) combined with the consistency
analysis (5.40) lead to

= - - N Cty .
190013+ €13 + ICI3 + 1al13 < O exp () (€)%W* +CTh®, (.46)

where C' is given in Theorem 3.1 and C* depends only on the exact solution. Note
that we used the fact
[lla = |1Dy@ll2 < I1Dydll2,  [0ll2 = | Datlle < [[Datll2, (6.47)

in the derivation of (6.46). Furthermore, by the preliminary result (6.3b), we con-
clude that the estimate (6.46) is equivalent to

. cT
[vn = VLe(o,1:22) + lon — Oll L (0,1;L2) < CC <6Xp {VO} + T) h, (6.48)

whose combination with the estimate (5.41) gives the convergence result (3.20).
The inverse inequality in 3-D as given in (6.3a) shows that

Njw

- h? 3 = x h3
ol < Cog < Chi, [l + N < Cog <Ch2, (6.49)

As a result, the a-priori assumption (6.4) is satisfied if h is small enough. Theorem
3.1 is proven. O
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