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Abstract

We consider the two-dimensional rotating shallow water equations with nonflat bottom
topography. We focus on the case of low Froude number, in which the system is stiff and
conventional explicit numerical methods are extremely inefficient and often impractical. Our
goal is to design a finite volume scheme, which is both asymptotic preserving (uniformly
asymptotically consistent and stable for a broad range of low Froude numbers) and well-
balanced (capable of exactly preserving geophysically relevant steady-state solutions). The
goal is achieved in two steps. We first rewrite the studied equations in terms of perturbations
of the steady state and then apply the flux splitting similar to the one used in [L1U et al., J.
Comput. Phys., 391 (2019), pp. 259-279]. We split the flux into the stiff and nonstiff parts
and then use an implicit-explicit approach: apply an explicit second-order central-upwind
scheme to the nonstiff part of the system while treating the stiff part implicitly. As the stiff
part of the flux is linear, we reduce the implicit stage of the proposed method to solving
a Poisson-type elliptic equation, which is discretized using a standard second-order central
difference scheme.

We prove the asymptotic preserving property of the developed scheme and conduct a
series of numerical experiments, which demonstrate that our scheme outperforms the non-
well-balanced asymptotic preserving scheme from [L1U et al., J. Comput. Phys., 391 (2019),
pp. 259-279].
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1 Introduction

Rotating shallow water (RSW) equations are often used to model oceanic and atmospheric cir-
culations; see, e.g., [11,21,34,37-39,41,46]. In the case of the nonflat bottom topography, the
two-dimensional RSW equations read as

he + (hu), + (hv), =0,
2

h
(hu), + (mﬂ + 95> + (huv), = fhv — ghZ,, (1)
2

h
(hv); + (huv), + (th + g;) = —fhu — ghZ,,
Yy

where ¢ is time, x and y are horizontal spatial coordinates, h(x,y,t) is the water depth, u(z,y,t)
and v(z,y,t) are the x- and y-components of the flow velocity, g is the constant gravitational
acceleration, f is the Coriolis parameter, and Z(x,y) is the bottom topography.

The RSW system (1.1) is a nonlinear hyperbolic system of balance laws. Their solutions
may develop a complex wave structure including nonlinear shock and rarefaction waves, as well as
linear contact waves. Therefore, solving (1.1) numerically requires development of shock-capturing
methods, which utilize nonlinear mechanisms to stabilize computed solutions; see, e.g., [7,16,23,30]
and references therein.

Moreover, the RSW equations admit nontrivial steady-state solutions (equilibria). In fact,
many geophysical flows are small perturbations of the so-called geostrophic equilibria satisfying

up +v, =0, glh+2), = fv, gh+2),=—fu. (1.2)

Therefore, one needs to develop well-balanced (WB) shock-capturing schemes, which are capable of
exactly preserving geostrophic steady states and thus accurately capture their small perturbations
on (computationally affordable) coarse grids; see, e.g., [2,3,6,8,22,33].

In [9], the authors proposed two WB second-order finite volume methods that are capable of
exactly preserving some of the geostrophic steady states satisfying (1.2) and accurately capturing
their small perturbations. However, the WB methods developed in [9] did not take into account a
multiscale character of typical oceanic and atmospheric flows. Consequently, these methods were
inefficient in geophysically relevant low Froude number regimes. For instance, the current velocity
in oceans is approximately U = 1 /s and the vertical length depth hey,r is around 100 — 1000
m. This means that typical advection speed g, is much smaller then the speed of gravitational
Waves Cehar = v Ghchar, and thus the Froude number Fr := tcpar/Conar € 1 (typically being in the
range 0.01 — 0.032). The latter implies that there are terms of a very different magnitudes in
(1.1) and hence, if an explicit time discretization of (1.1) is used, the CFL stability condition may
impose severe restrictions on the size of time steps. Moreover, the size of the spatial grid required
to be used to ensure that the amount of numerical diffusion is not unphysically large, must be also
taken sufficiently fine and the resulting numerical method may become impractically inefficient.

The multiscale character of a studied problem can be taken into account in the framework
of the so-called asymptotic preserving (AP) methods; see, e.g., [18,19], where the concept of AP
methods was introduced. A numerical scheme is called AP if it is uniformly consistent and stable
as a singular perturbation parameter, for instance the Froude number, approaches its limit, that
is, Fr — 0. In particular, the AP scheme should reduce to a consistent approximation of the
limiting equations as Fr — 0 and the stability time-step restriction should be independent of Fr.
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The AP schemes have been widely studied for the kinetic equations; see, e.g., [17,20] and
references therein. They have been also applied to the low Mach number compressible Euler and
Navier-Stokes equations in, e.g., [5,10,12,14,36,45]. Several AP schemes were developed for the
Saint-Venant system of shallow water equations; see e.g., [4,13,43]. Adding Coriolis forces to the
Saint-Venant system brings another level of complexity since in the RSW equations, not only the
hydrostatic pressure, but also the Coriolis term is stiff in the low Froude number regime. An
asymptotically consistent method for the RSW equations was developed in [44] and an AP scheme
has been recently developed in [32].

The goal of this paper is to design a new finite volume method for the RSW system (1.1) that is
both WB and AP. To this end, we will first rewrite the RSW system (1.1) in terms of a perturbation
of the geostrophic steady state. The rewritten system will be discretized using the stiff-nonstiff
flux splitting approach from [14,32] and an implicit-explicit time discretization. The nonstiff part
of the flux will be approximated using the central-upwind (CU) numerical flux. The CU finite
volume schemes were developed in [24,25,27,28] as a class of simple (Riemann-problem-solver-
free), efficient and highly accurate “black-box” solvers for multidimensional hyperbolic systems of
conservation laws. The CU schemes were extended to the hyperbolic systems of balance laws and,
in particular, to a variety of shallow water models; see [23] and references therein. CU schemes
were also applied to the RSW equations (1.1): a WB CU scheme was proposed in [9], while an
AP CU scheme was introduced in [32].

The present paper is organized as follows. Section 2 is devoted to a nondimensional reformula-
tion of the RSW system (1.1) and its asymptotic analysis. In Section 3, we develop and analyze a
new WB-AP CU scheme. Finally, in Section 4, we test our new WB-AP CU scheme on a number
of numerical experiments.

2 Nondimensional Reformulation of the RSW Equations

We begin with the derivation of a nondimensional form of the RSW equations (1.1). To this end,
we first introduce the following characteristic scales: tq.r is the characteristic time, Loy, is the
characteristic length, H.,,, is the characteristic depth, and wue.., the the characteristic velocity.
We then rescale (1.1) and obtain the nondimensional form of the RSW equations:

St hy + (hu), + (hv), = 0,

1 h? 1
Sr-(h hu? + — — h = —h — —hZ,,
v ()t ( TR 2) * (huv)y = gohv = 5o (2.1)
1
St (hv)y + (huv), ( ) = —%hu o —hZ,,
where
Lchar Uchar Uchar
Sr:=————, Fri=————, Ro:=—7,
tcharuchar vV 3a H char Lcharf
are the Strouhal, Froude and Rossby numbers, respectively. Choosing tchar = Lchar/Uchar and
Har = char/ g and denoting the reference Froude number by Fr =: £, we obtain Sr = 1, Ro = ¢,
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and rewrite the system (2.1) as

(hy + (hu), + (hv), = 0,

1 [ h? 1 1
< (hu); + (hu?), + (huv), + = <—)x = ghv — 6—2hZ$,

2 (2.2)

1 [ h? 1 1
\ (hv); + (huv), + (hv?), + = <?)y = —ghu - ?th.

The formulation (2.2) clearly points out the multiscale character of the RSW model (1.1) and
identifies the terms of different e-orders. R
Let us now consider a steady-state solution denoted by h, @ and 0, that is,

(hit), + (ho), =0, (2.3a)
~ A 1.. 1.
(ht?), + (hud), + 5—2hhx = ghv - ;th, (2.3b)
~ - 1.- 1.1
(had), + (h?), + ?hhy = —ghu — ?th (2.3¢)
Moreover, any solution (h,u,v) of (2.2) can be written as
h=h+Hk, u=a+u, v=0+7, (2.4)

where h’, u' and v are the perturbations of the equilibrium (iz, 4, 0). In what follows we assume
that the steady state is given and rewrite the system (2.2) by using (2.3) and (2.4). This results
in the following reformulation of the original RSW equations (1.1):

hy + (hu' + W), + (W' + h'0), = 0, (2.5a)
i+ SO L2 '
(hu)e + (2htw + h(u')* + W'u?) _+ (hi' + hu'v + h'uv), + 5 ( 2) + (h+ 2)W
1 .1 ] )
= Z(hw —ho) + 51, Z, (2.5b)
P . L [w)? '
(h); + (ht' + hu'v + h'uv), + (2h00" + h(v)* + h’vz)y oyt (h + Z)W
- dy
1 A
= —g(hu — ha) + ghyZ. (2.5¢)

This form of the RSW system will be used to develop a new WB-AP scheme.

2.1 Asymptotic Analysis

We consider the low Froude number regime for the system (2.5) and study its asymptotic limit as
e —0.

For the sake of the simplicity, instead of considering the general steady states (2.3), we assume
that @ := (h,4,0)" is a geostrophic equilibrium satisfying

Qg + 0y = 0, (2.6a)
1 1.
1 1.
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which, together with (2.3), implies that
ahy + 0hy = 0,
ity + 0ty = 0, (2.7)
i, + 0y, = 0.

In order to investigate the asymptotic limit of the system (2.5), we consider the following
asymptotic expansions of both w := (h,u,v)" and the geostrophic equilibrium w:

g

W =W +ew® + 2w 4. (2.9)
We first substitute (2.9) into (2.6) and (2.7), and then collect the e-like powers to obtain

(
O(e?) : (h®

+2)e =0,
(hO + 2), =0,
O A = 5,

izél) _— Ol

o @ N o' = OZ (2.10)
a(O)h:(EO) + @(O)héo) =0,
ﬁ(O)ﬁ;O) + @(O)Q(yO) =0,
a(O)@:(EO) + @(0)@150) =0,

O(e) : al) + oV =0,
EORD 4 6ORD 4 gMAO | MR —

Next, we take into account the scaling given by equations (2.6b) and (2.6¢) and consider the
perturbations to be of the following sizes: I/ = O(g?), v’ = O(e) and v = O(g), so that the
asymptotic expansions of w’ := (I, u/,v’)T are

W= 4 W=V 4@+ =D 4 2P (2.11)
Note that since w = @ + w’, equation (2.11) implies
B Z RO RO Zp0 g0 Z O 50 0 (2.12)

Y

Substituting (2.8), (2.9) and (2.11) into the reformulated RSW system (2.5), using (2.10) and
(2.12), and once again collecting the e-like powers, we derive

O1): K@ =y, (2.13a)
W = —/®) (2.13D)
O(e) : (ROu D), + 2(AOa@y D) 4 (AOGOY D 4 O MHOY jO2) (2.13¢)
€T Y Y
(ROWDY, + (RO GOy D 4 {ODFO) 4 9(ROHOD) = _}0)/2) (2.13d)
Y
O : B + (W@a® 4 Oy 1 WD)y (D5 4 hOy 4 f0y D) =, (2.13e)
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Finally, we differentiate equations (2.13c) and (2.13d) with respect to y and x, respectively, and
substitute them into (2.13e) to obtain

~

(2) 7(0), /(1 7(0), /(1 o (7.(0)~(0), /(1 0)~(0), 7(1
h? — (h( )o/( ))zt + (h( )/ ))yt _ Q(h( ) §5(0)/(1) _ 1,(0)7(0),/( ))my o 14)

+ (RO 1 OO W) (OO 1 {O50/MY
T vy

In summary, using (2.13a)—(2.13d) and (2.14) we derive the following equations:

W

@

v
vV = B,

(AOu' D), + 2(ROGOwD) 4 (OO D ;}(D)U/(l)@(m)y — HOy@)
(RO DY, 4 (RO 4 RO D0 2(5(0)@(0)U/(1))y = _HOy@),
WP — (hOy' M), + (hOu'®M),, = 2(@(0)@(0)1/(1) _ ﬁ(0>a(0)u/(1))xy

~

+ (RO 4 OO D) (OGO 4 {00 Y
xTx vy

3 A Well-Balanced Asymptotic Preserving Scheme

In this section we develop an AP scheme for the RSW system (2.5) and perform an asymptotic
analysis to show that the new scheme provides a consistent and stable discretization of the limiting
system as the Froude number ¢ — 0. We will also show that the proposed AP scheme is WB in
the sense that it is capable of preserving the steady states (2.3) at the discrete level.

3.1 Hyperbolic Flux Splitting

In order to construct an AP scheme for the system (2.5), we split the fluxes into two parts
corresponding to the slow and fast dynamics:

hy + af(hu' + W'a), + (k' + R'D),]| + (1 — &) (hu), + (hv),] = 0, (3.1a)
(n)? 7 /
S - S+ (h+Z —alt))h - N t
U + uw + h(uw )" +nu” + ¢ + (huv + huv + huv —l—a—
h 2hA / h N2 h/ 2 2 ( ()) hA / h / h/ ()h/
€2 Vo2
1 ~ 1
(h)? 7 /
. « A A + (h+Z —al(t))h t
V)¢ + (huv + huv + huv), + vV + h(v )"+ hvt + ¢ —l—a—
h hA / h / h/ 2hA / h N2 h/ 2 2 ( 5 ()) (Q)h;
€ €
y
1 A 1

We note that equation (3.1a) is indeed equivalent to equation (2.5a), as the steady-state solution
w satisfies the relationship (2.3a). The system (3.1) can be rewritten in the following vector form:

~ ~ ~

U, +FU),+GU), +FU),+GU),=SU),
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where U := (I/, hu, hv)" are the conservative variables. The nonstiff fluxes F and G governing
the slow dynamics and

alhu’ + h'a)
I Lol 1 ()2 ) 1 (h’,)Q 7 ’
FU) := | 2ht + h(u')? + hu sl s (h+Z—a®)l| |,
hiw' + hu'v + h'uw
(3.2)
a(hv' + h'0)
C:’(U) — haw' + ﬁu’v}j— 2h’uv ’
~ N 1 / N
2hov + h(v')? + Wo? + = [( 2) +(h+2- a(t))h’}
while the stiff fluxes F' and G describing the fast dynamics and the source term S are
(1—a)hu (1 —a)hv . 0 )
Foy=| Wy |, goy=| o |, sw)y=| (hw—ho)+ 5z
e a(t) 1 1
0 N I — hi) + —h, 7
c2 —g( u — 'LL) + 8_2 Y
Notice that the eigenvalues of the Jacobians 6ﬁ‘/ oU and 8@/ oU are
W+ h+Z—alt
{u,qu\/(la)uQ—&-a hi +€2 al )} (3.3)
and
W+h+Z—alt
{v,v+\/(1a)02+a * +2 CL()}, (3.4)
£

respectively. In order to guarantee the hyperbolicity and nonstiffness of the subsystem U, +
FU), + G(U) = 0, the flux splitting parameters o and a(t) should be selected in an appropriate
way. We choose

1 R
a = min <€5, 5) and a(t) = (mi)nQ (h/(:v,y,t) + h(z,y) + Z(z, y)> , (3.5)
T,Y)E

where s > 1. As discussed in [32], although one can take any value of s > 1, we set s = 2 to
guarantee that the stability time-step restriction is independent of ¢; see (3.3), (3.4) and (3.5).

3.2 First-Order Implicit-Explicit (IMEX) Time Discretization

In order to derive an efficient discretization of the multiscale RSW equations (3 1) we follow the
implicit-explicit (IMEX) approach and approxnnate the nonstiff flux terms, F(U)z and G(U),,
explicitly and stiff flux and source terms, F(U),, G(U) and S(U), implicitly.
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We first apply the simplest first-order IMEX method (forward-backward Euler method from [1])
to the system (3.1) and obtain

()" = (1"

+a[(hu' + Wa)y + (b + B0)p] + (1= a) [(hu)i* + (ho)p*] =0,

At
hu)" ! — (hu)" ) A W 4 (h+ Z —a(t)) W \"
()™ = (R0 (ot + )2 + hu? + —2 ( ()
At g? .
+(hi' + hu'v + Huv)? + @(h’)mrl 1 [(hv)"“ - iz@] + i(h')”“Z (3.6)
vooog2 v € g2V v

(hw)"*t — (ho)"
At

W2, (i N
. . +(h+Z—alt))h
+ <2hfw’ + h(v")? + ho? + 2 ( =2 ol )) )
y
~ 2 n a(t) n+l 1 n+tl _ 7. 1 n+l
+(hav" + hu'v + h'uw)? + — (n)y ™ = —Z [(hu) - hu] + g_g(h/)er Z.

Introducing the notation R™ := (R"", R RM™)T we rewrite the system (3.6) as

(W)™ — ()" e (1 —a) [(hu)y™ + (hv); ] =0,

At !
hu)™*t — (hu)™ un ot " 1 " - 1 .
() N ()" gn . 6(—2)(5);1 = = [y —ho| + S5 2, (3.7)
(hv)wrl B (hv)n hv,n a(t) nn+l _ 1 n+1 7o 1 nn+1

N — R SR = = [(hu) —hu] + 502,

where

RY™ = —a[(h' + W)} + (' + W'o)y],

(h')? 7 N T
- - +(h+Z—a(t))h . .
Rhwn . — _ (thm’ + h(u)? + Hu? + -2 ( 5 at)) ) — (htv'" + hu'v + h'uv)y,
€ X
(h')? 7 N\
. . . . + (h+Z—a(t))h
R"™™ = —(htw' + hu'v + h'uv)" — <2h®v’ + h(v")? + hv? + 2 ( : a(t)) ) .
£

)

The remaining part of Section 3 is organized as follows. In Section 3.3 we describe the CU
spatial discretization of the nonstiff flux terms. In Section 3.4 we present and analyze the fully-
discrete second-order IMEX WB-AP CU scheme for the studied RSW equations.

3.3 Central-Upwind (CU) Discretization of the Nonstiff Flux Terms

We use the second-order finite volume CU scheme to discretize the nonstiff fluxes (3.2). To this
end we introduce a Cartesian mesh with the uniform (for the sake of simplicity) cells Cjj :=
[.rj_%,:z:ﬁ%] X [yk_%,ykJr%] of size ‘C’M‘ = AxzAy centered at the grid points (x;,y,) with z; :=
(:vj+% + a:j_%)/2 and y;, = (yk+% + yk_%)/Q. First, we use the following notation for the point

values of h at the cell centers and cell interfaces:

~ ~

hj,k = h(xjayk)a hj-i—%,k = h(l‘j-ﬁ-%ayk)v hj,k-i—% = (:Ej?yk-&-%)a
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and analogous notations for & and 0. For the point values of the bottom topography at the cell
corners we set

Zj+%,k+% = Z(%%W}ﬁ%)a (3.8)

and the point values of Z at the cell centers and cell interfaces are approximated using a continuous
bilinear interpolant; see [23,26]:

1

Zix= 7 (Zﬁ Lo+ L+ 7
1 1

Zj+%,k = 9 (Z +3.k+3 +Z; Jt+5.k— ) gkl T 9 +2,k+1 + Zg 1k+3 ) :

1+ 7.1 1
k+3 J§:k§>

Remark 3.1 We note that formula (3.8) is only valid when the bottom topography function is
continuous. In the case of discontinuous Z, we refer the reader to [23, 26].

We assume that at time level ¢ = " the numerical solution is realized in terms of its cell
averages denoted by
U' ~—— U(z,y, t")dxdy.
Cjk

In each cell we approximate the flux contribution R := —F(U), — G (U), by

~n n
s L VT S (3.9)
gk Ax Ay ’ '

where F Lk and G, jktl are the CU numerical fluxes in the z- and y-directions, respectively. We
use the CU numerical fluxes from [29] (see also [15] for a one-dimensional first-order version):

+ —
o aﬁ?kF(U ) — 1, F(U]Jrl %) ONETROEg R
ithk = . o, o —a (U5 = Uji]
J+g.k J+s:k j+ 5.k J+5:k
° ? S . ? (3.10)
DGO b, G B b v o
Jk+s T pt+ — b + bt — b [ k+1 j,k] :
Jk+1 Jik+3 Jk+31 Jik+3

Note that all of the quantities on the right-hand side (RHS) are computed at time level ¢*, but
we omit this information for the sake of brevity. We will do the same in the rest of the paper: all
of the indexed quantities in which the time level is not explicitly specified, will be assumed to be
taken at t = t".

In (3.10) Ujk, UJ U % and Usk stand for the point values of U, which are supposed to be

reconstructed from the given cell averages {(h') i (h) 5 (ho) ]k} In order to ensure the WB
property of the resulting scheme, we perform the reconstruction in the equilibrium variables w’,
which remain constant (in fact, zero) at the steady states, which guarantees the WB property of
the resulting scheme as shown in Section 3.4.1. To this end we first compute the point values of
u' and v" at the cell centers:
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and then construct a global piecewise linear reconstruction

~

w'(z,y) = 17‘7‘7]4; + (w)), (x — ;) + (w;)]k(y — k), (z,y)€Cju, (3.11)

!

where (w!,

) i and (w;)]k are at least first-order approximations of the derivatives w’ (x;, yx, t")
and 'w;(xj,yk,t"), respectively. In order to ensure a non-oscillatory nature of the reconstruc-
tion (3.11), the slopes are supposed to be computed using nonlinear limiter. In the numerical
experiments reported in Section 4 we have used the generalized minmod limiter [31,35,40,42]:

/ / / / / /
w!, —w w', ,—w w, . —w
. & —1,k +1k —1,k +1,k &
(w!);x = minmod (9 / ! ! J 6 —2 ! ) :

Ax ’ 2Ax ’ Ax
r / o ’ ot (3'12)
, . W= Wip 1 Wik — Wi 1, Wik — Wi
(wy);x = minmod ( ¢ Ay , 28y , 0 Ay )

where the minmod function, defined by

min{gr}, if op >0 VE,
minmod (1, 2, .. .) = ml?x{gpk}, if ¢, <0 Vk,

0, otherwise,

is applied in a componentwise manner. In (3.12) the parameter 6 € [1,2] helps to control the
amount of numerical diffusion: larger values of 6 correspond to less diffusive, but more oscillatory
reconstructions. In the numerical examples reported in Section 4, we have taken 6 = 2.

Applying the reconstruction (3.11) we obtain the following point values of w':

(wl)?,k = wl(xj+%7yk) = w'j,k + T(w;)j,ka (’wl)}},\;€ = w'(%_%,yk) = 'wlj,k - T(W:;)j,k,
~ — Ay ~ - Ay
(wl);\,lk = w'(x, ?sz+%) = wj; + T(w;)jyk’ (w/)ik = w'(%»yk—%) = w'j) — T(wzl;)j,m

which, together with the corresponding point values of the given steady state, are used to evaluate

(hu)?k = ( j+ik T (h,)?k) (A]+%,k + (u/)]Ek)v (hv)?,k; = (ﬁj-i-%,k + (h’)?k) ('ﬁj-&-%,kz + (U/)Ek)a
() = (hyy g+ (0OT3) (5 g+ @OT5) (W) = (g g+ (OT3) (9510 + (03),
() = (hyges + (0)55) (g + (@))0), (B0)Y = (hygrs + (%) (Bes + (0)550)
(hU)JSk = (ilj,k—% + (h/)jsk> (ﬂj,k—% + (U’,)ysk)7 (hU)JS',k = (]Alj,k—% + (h/)jsk> (@j,k—% + (U/>§k)

Finally, a;—;l , and b;—rml, required in the computation of the numerical fluxes (3.10), are the
2> )

one-sided local propagation speeds, which we estimate using the smallest and largest eigenvalues
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of the Jacobians 0F /0U and 0G/0U, (3.3) and (3.4), as follows:

o
(W)je + hjap + Zjgny — an

g2 ’

. -
(W) T i p + Zp1y — an
82 Y 0 Y

2
a;%,k = max {ufk + \/(1 —a) (ufk) +«

2
Uﬂl,k + \/(1 - a)(uﬂl’k) ta

S
(h/)j,k + hj+%,k + Zj+é,k —a”

_ ) 2
a1, =min {ufk — \/(1 — oz)(u;]k) + « = ,

NW 7 _ AN
()3, + hjipw+ 21, —a

2
uﬂlvk - \/(1 - Oé) (u}yi-l,k‘) +a 52 ) 0}7
(3.13)

(W) gy + Zygs —an

2 1T Ykt
b;fk% = max {vfk + \/(1 —a) (v;\lk,) + . . :

e2

2
U]S,k_H + \/(1 — a)(vikﬂ) + «

N 7 n
_ ) 2 (h/)j,k + hj,k+l + 21 —a
b> , = min {ka — \/(1 —a) (vfk) + ;2 >

. -
(W)5hn + Pjpry + Zjppy —a” 0}
82 Y 9

" -
(W) hsr + st + Zjp 1 —a” 0}
62 Y Y

where a™ := a(t").

3.3.1 Numerical Diffusion of the CU Discretization (3.9)—(3.13)

In this section we analyze the leading order of the numerical diffusion present in the CU discretiza-
tion (3.9)—(3.13). To this end we first rewrite the CU fluxes (3.10) as

~n B FUL) + F(U}, ) D"
J+5k T 9 TP (3.14)
~n B GU}) +GU. ) D"
Jkts 9 + gk+do
where the corresponding numerical diffusion terms, denoted by ’D;‘ 1, and ’D;.L jp 1y Ar€
2 )
D1, =57 - [ZF(Uj,k> - F(U},) — F( j+1,k)]
2% 2a’,,—a )
]+§,]€ ]+§,k
— s [2F WU ) - FUL) — F(ULL)| (3.152)
2’ ,, —a )
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IR
+
(aj+%,k_
bt
noZ Phtg [QéUN G, - GUr }
j,k-i—% Q(b;:k+%_b;k+%) ( ],k) ( ],k) ( ],k:-&-l)
-
k+3 ~ ~ n ~ n
e [ 26U ~ G - G| (3.15b)
(j,k+§ B j,k+§)
+ —
n bj,k+%bj,k+% (
(bF b-

Gk+s J,k+%)

a ) (UJVKLk B Ufk) )
J+3ik

Uker = Uj) -

J 7

We proceed by formulating the following asymptotic expansion result.

Proposition 3.2 In both the x- and y-directions the leading orders of the numerical diffusion are
O(e?), O(e) and O(g) for the first, second and third components, respectively. Furthermore, R7,,
defined in (3.9) can be written as

ik = —DoFJy — DGy + Qf, (3.16)

where D, and D, are the standard second-order central difference operators and given by

Pj+1,k — Pj—1,k Vjk+1 — Pjk—1
Dapjp = om0, Dy i= = *myj . (3.17)

The total numerical diffusion is

n D", t =D

A 1
n . Jt+g.k J_§7k+ Jik+3 2

gk Ax Ay ’

where each component is expanded with respect to € as follows:

Q;l”];n _ 52Qh’,(2),n + €3Qh’,(3),n +on

Q;L"z]i,n _ SQhu,(l),n + 52 QhU,(?),n + e, (318)

Qh/l];an — 8th,(1)’n + 82 th7(2)»n + .-
]7

The proof of this proposition follows the lines of the proof in [32, Section 3.4.1] with several
obvious changes; see Appendix A.

Remark 3.1 We would like to stress that all of the terms in the expansions (3.18) are propor-
tional to A2 where Ay := max(Ax, Ay), since they are introduced by the second-order CU

max’
discretization.
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3.4 Fully Discrete Well-Balanced Asymptotic Preserving Schemes

In order to derive a fully discrete WB-AP scheme we first solve the second and third equations in
(3.7) for (hu)™*! and (hv)"*! to obtain

()™ = ()" + ALRM™ — At(1 — a) [(hu)p* + (ho)pt'] (3.19a)
()" = hi + %[ﬁ(u')" + (W) + %(ﬁ(v’)” + (Wo)") + AR 4 AtR’“f”)

o aat _;nw (e + %(h’);ﬂ)], (3.19b)
(o)™ = i + %[ﬁ(v')” + (o) — %(ﬁ(u’)" + (Wu)") + Ar(R AtR’“‘”)

L (Z=a)at _;nmt ((h');“ _ %(h’);“)], (3.19¢)

where K := 1+ (At/e)?. Differentiating equations (3.19b) and (3.19¢) with respect to = and v,
respectively, and then substituting the obtained results into (3.19a) to end up with the following
elliptic equation for (h/)"*1:

nn Z—a")(1 -« nn nn
eyt T (4 )
-« nn nn At nn nn
= (2 (W 2+ (0 2~ (027 2,) | 50,
= (M) + AtR"" — w [(ﬁu’ + Wu)" + (ho' + hv)y + %((iw' + h'v)?

— (bt + Hu)y) + At (RE™ 4 REv™) 4+ 2220 (Rivn — R |,

(Ar)?
£
where K := 1 + (¢/At)2. In order to discretize equation (3.20) we use the second-order CU
numerical fluxes given by equations (3.9)—(3.13) to approximate the corresponding nonstiff flux
terms RY" RMm™ and R"™™. Further, the spatial derivatives in (3.20) are approximated using the

standard second-order central difference operators D, and D, defined in (3.17). This results in

/n+1 Zir—a") (1l —« n+l
@y el )A<h>jk

1 -« n+1 At ——n+l

[( S00,) 20,0 + (Dy + 20.) 2,0,
At(1 A )
(h )i T AR — (—)[Dx(hu’ + h'u) + Dy(h' + ho)y (3.21)
Aty - .
+ = <Dx(hv’ + W) — Dy(ha + h’u);k)
(At)?

+ AL(DRI" + DRI + (DR = DRy |,
where R7; = (R;L:l;”,R%’”,R%’n)T is defined in (3.9), (3.10) and A is the discrete five-point
Laplacian:
X Pit1k = 205k + i1k | Piktl — 205k + Pjk1
Apjp = + .
! (Ax)? (Ay)?
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Substituting the solution mjn,: " of (3.21) into equations (3.19b) and (3.19¢) and applying the
standard central differences yield

(hu);,:l = h; ikl + —[(hu + hu ) + é(hv + hv )jk + At(Rﬂ” A;R;“,;”)

+ M(D )+ = = n“)] (3.22)
(o) e " = oy + %[(iw' )"~ & = (b + W)+ AE(RY" %Rﬁzg»”)

L ik ;;")At ( D, - A; D, (h/);l;l)]. (3.23)

Notice that the scheme (3.21)—(3.23) is second-order accurate in space, but only first-order
accurate in time. In order to increase a temporal accuracy to the second order, we implement a
two-stage globally stiffly accurate IMEX Runge-Kutta scheme ARS(2,2,2), which can be described
by the following Butcher tableau:

0 0 0 010 0 0
v 7 0 010 0% 0
1
1

where 7 = 1—1/4/2; see [1]. Details on the implementation of the ARS(2,2,2) method are provided
in Appendix B.

3.4.1 'Well-Balanced Property

In this section we prove that the proposed WB-AP CU scheme is indeed WB. To this end we
assume that the solution at the time level ¢ = t" is at the discrete equilibrium, that is,

(W)l =0, (@)=0, ()},=0, foralljk (3.24)
Consequently, from (3.2), (3.9) and (3.10) it follows that

R?,/é" =0, R;le;n =0, R;“;;” =0, forall j,k.

Hence, the linear algebraic system (3.21) for ('), reduces to

n+1 11—« —n+1
(h/)j f 7 [(Zj,k —a )A (h/)

At —<n+l JAN —n+l
+ (D, — ?Dy)Zj,kDm (h/)ng + (Dy + ?D 2) 21Dy (h/)jk ] =0,
which has a unique solution
—n+l
(W) =0, forall jk. (3.25)

Finally, substituting (3.24)—(3.25) into (3.22) and (3.23) yields

~ —n+l1
)k

() o = hygiizee (h0)on = hyxbyp,  for all j,k,
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which implies that
(W)t =0, ()5it=0, foralljk.

This together with (3.25) completes the proof of the WB property of the proposed scheme.

3.4.2 The Discrete Low Froude Number Limit

In this section we study the discrete low Froude number limit and prove the AP property of the
WB-AP CU scheme.

We assume that the geostrophic steady-state @ admits the same discrete asymptotic expansions
as in (2.9):

gk = W% + ety +2ap + - (3.26)

~ ~(0 ~(1 ~(2
b =00 + e + 2@ 4

where (J, K) is either (j,k), (j + 3, k) or (j,k + 3). Further, at time level ¢ = ", the computed
solution satisfies the following discrete analogs of the asymptotic expansions (2.8) and (2.11):

= WO el 2R
=l el s
o= o+ ol 4y
W) = SR+

J»
e =)+ 2R+ (3.27)
ik = €(

: i(2

e =€) + 82(u/)j,lg e

Din =@ + W)+

where i € {E, W, N, S}. We also use the definition of a(¢) in (3.5) and the fact that

h® + Z = Const (3.28)

which can be concluded from the first two equations in (2.10), to obtain the following expansion
for a" = a(t"): X
a" =h" + Z + a4 2a®m 4. (3.29)

where aM™ and @ are constants.

Proposition 3.3 Assume that in addition to the asymptotic expansions (3.26)—(3.29), the discrete
analogs of the first two equations in (2.15),

1),n 2),n 1),n 2),n
(W) = —Dy()D"  and ()" = DL(W)D",

are satisfied for all j,k.
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Then the numerical solution at time level t = t"*! can be expanded with respect to € as follows:

—n+l
(h/);?]: _ g2 h/)flz,n—&-l T
1)n

(u/)z-ll-l _ 6(ul)']37 +1 +82(u/)§?]2,n+1 T (330)
()5t = @)+ SR
and the fully discrete scheme provides a consistent approzimation of the system (2.15).

Proof: We recall that 1 —a = 1 — 2 = O(1). Using the definitions of K and K yiclds

L R E U S i (R E e B

Moreover, one may easily verify that R;llk" = 0(g?), R?f,;’" = O(e) and R;”,;" = O(e).
Equation (3.21) implies that

Ay { 1;{ ((Z —a")A + (D, — AtD ) ZD, + (D, + %Dm)ZDy)] )" = 0?),

where A is the linear operator whose corresponding matrix is pentadiagonal and strictly diagonally
dominant. Therefore, it is nonsingular (with eigenvalues bounded away from zero independently of
¢), and hence the first expansion in equation (3.30) is validated. Using this expansion in equations
(3.22) and (3.23) leads to

(hu)rtt = hxlij, + O(e), (o)t = h;kin + O(e).

This in turn implies the second and the third expansions in (3.30).

Equipped with the established expansions in (3.30), we turn to the asymptotic analysis of the
fully discrete WB-AP scheme. To this end we compare e-like terms. For O(g) terms appearing in
(3.22) and (3.23) we obtain

(u/);llz,nJrl _ _Dy(h/)f]z,nJrl’ (U/)S]ngrl _ D:p(h/)g‘?]z’nJrl, (331>

which are consistent discrete approximations of the first two limiting equations in (2.15).
In order to derive the discrete versions of the third and fourth equations in (2.15) we first
rewrite equation (3.23) as

n . At At
(' + 1'0)", + AR =K (o)) = hnbie] + —(hu O u i
(3.32)
(Z',k - CLn)At At —<n+l
- SIS (o, () - =D )-
Substituting (3.32) into equation (3.22) yields
—n - - At n - Zip —a")At  —<n
() — s = (bl + W)+ AERI™ 4 = ( (o) = hinise) + % D, W)
which further implies that
——n+l L
(hu)‘k _<hu>'k hun 1 n+l o~ Zip—a"  ——n+l
M R = (o), = i) + DL ) (3.33)
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We then substitute (3.16) and (3.31) into (3.33), take into account that ](Ok) = DJL% + O(AZ,)
and collect O(¢) terms:

PG = A 2(0)+(0) . (D ©)~(0) /. AW 70) 1 (1)1 (0)
P At n +2D$<hj,kaj,k(u/)jk >+D (h]k jk( ) " hgk( ),km@],k

) (o
7.(0 2),n+1 hu,(1),n 1 n (2),n+1 (2),n
= RO+ QO D [ (R = a O ()R = ()M ]

Similarly, we can derive

2(0), (Dl 7(0), ()
P kVjk — D10k D (;L
At *

1),m ~(0 0 1n
2149) + 20, (2 )

2),n+1 hv n 7 (1 n 2),n+1 2),n
WA+ Q0 D, [(R) - a®m) ()3 - 003 ]

(3.35)

We note that equations (3.34) and (3.35) are consistent discretizations of the momentum equations,
that is, the third and fourth equations in (2.15), respectively. Indeed, the last two terms on the
RHSs of (3.34) and (3.35) represent the numerical diffusion: while Q?’Z’(l)’n and Q;Z’(l)’" are
O(AZ ) diffusion expansion coefficients from (3.18), the other two terms are temporal diffusion
terms proportional to At.

Finally, we derive the equation for (A’ )5 4 )"+ by considering O(e?) terms in equation (3.21).

Recalling that o = €2, see Section 3.1, we derive
(h/)f]g,nJrl . Ag?]gﬁ h/)f]z,n+1 +D Z] kD (h/)§2 n+1 + Dij,kDy(h/)f]Z’n+1
2)n 2 (0 1), 0 1), 2(0) A (0 0 1
= ()" = D (AR + (h( L)) + 286D, D, (B0 )R = el w) )
0 1 )n (0 D | 7.(0) A(0) )
+ atD? (a0 + A (w ) A2 (a0 + he ) )

+At<Qh (2),n Dthv J(1),n +D, Qhu,u)

which can be rewritten as

(h’)@;ﬁ’”“ - (h')@)’ ()41 0) (2)n+1
, j,k n+ 7 n+
N + A—[D AL = D, (R Da ) )

+D hmD (W) = Dy (R (") + Do Zy Do) 2 4 Dy 20Dy (1) 3|
(0)
7,k

1 2(0) ~(0 1 ,n 0 1),n
[D )—D (AR |+ 20,0, (R @O = AGal ) ))
1 2(0) ~(0 1),n 7(0) ~(0 1),n
+ Dz< 0"+ WYY = D2 (a0 + s W)

b ? b ’ h ’1 b
+ nyk - DmQazk + Dij;( "
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We then substitute (3.28) and (3.31) into equation (3.36) and obtain

7(0 1),n+1 0
(W)@ — )@ DRI )"

At At
D, <iL(O) (u/)(l)»n+1 _pO (ul)(l)vn>
7.k gk Jik Jk 0) ~(0 1),n 0) ~ (0 1),n
+ N = 20,0, (K0 ()" = Q@)Y (337)
0) ~ (0 Do . 3(0)~(0 1),n 2 (0) ~(0 Do . 3(0) A0 1),n
+D%@2ﬂ@ﬂ>+%}ﬁw%})—Dx@@%wﬁz+%ﬁﬂw%z)
+ Q" — D, + D, QI

which is a consistent discretization of the mass equation, that is, the last equation in (2.15). Note
that the last three terms on the RHS of (3.37) are O(A2 ) diffusion expansion coefficients from
(3.18).

In summary, the proposed numerical scheme yields the discrete limiting equations (3.31), (3.34),
(3.35) and (3.37), which are consistent approximations of the system (2.15). |

4 Numerical Examples

In this section we demonstrate the performance of the proposed WB-AP scheme on a number of
numerical examples. In what follows we refer to our new WB-AP scheme as the NEW scheme.
The obtained results are compared with those computed by the the non-WB AP scheme from [32],
which will be referred to as the OLD scheme.

The time step is adaptively determined using the CFL condition for the nonstiff hyperbolic
system. We set the CFL number to be 0.2, namely, we take

Az Ay}

Y
amax bmax

At =0.2 min{

where

o + P o + -
Omax = Ir;%x{max <aj+%’k, aj+%7k> } , bmax : mz;x{max <bj7k+%, bj’k+%)} ,

25

and a—+ . and b;—rkJrl are defined in (3.13).
2> TG

In all of the examples below the computational domain [—1,1] x [—1, 1] has been covered by

an 80 x 80 uniform mesh (in the second part of Example 3, we also use a finer 480 x 480 uniform

mesh). We use free boundary conditions in both the z- and y-directions.

Discrete Steady Velocity Fields Correction

Before conducting the numerical experiments, we would like to point out at the necessity of
preparing the steady velocity field, which should satisfy the condition (2.3a) at the discrete level.
To this end, we first notice that (2.3a) implies that there exists a potential 1) such that

hiiv = v, hi = —ib,,
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which, in turn, gives the following elliptic equation for ):
Atp = —(hd), + (hi),. (4.1)

We then discretize equation (4.1) using the standard central differences,
Athji = =Dy (hypvjne) + Dy (hyrii), (4.2)

and solve the linear algebraic system (4.2) for ;. Note that the discrete quantities on the RHS
of (4.2) are given by h;j := h(z;, yx), Uk := w(xj, y,) and 0,5 := 0(z;, yx).

Once {%k} are available, we replace 1, and 0, with the following modified discrete steady
velocities:

A Dywj,k N waj,k
uj,k: = =, 'Uij = ——= 5
h h
j7k ]7k

which clearly satisfy the following discrete analogue of (2.3a):

D (hjktijn) + Dy(hjutx) = 0.

Example 1—Stationary Vortex with O(¢) Velocity Fields

In this example we consider a stationary vortex described by the following initial conditions:

-

5 1
5(1 + 5e?)r?, r< -
1 3 5 7 25 1 2
=14+e*{ —(1 Htor———r24e?|4l ——2 s -
h(r,0) + e < 10( + 5e%) + 2r 0 3" te n(57’)+2 Or + ST <<%
1 2
—(1 — 10£% + 20e%In 2), r>= =,
L5 )
r5 _ 1
T’\—,
’ 5
2 1 2
U([E,y,O) = —€y*y<7“), U(J],y,()) = 8377(71)7 7(70) =y-- 57 5 <r< ga
r
0 >2
T/_,
L 5

where r := /22 + y2. The bottom topography is flat and Z(z,y) = 0.

We begin with the large Froude number ¢ = 1 and compute the solutions until the final time
t = 80. The snapshots of h at t = 10, 50 and 80 computed by the NEW and OLD schemes are
shown in Figure 4.1. As one can clearly see, the numerical solution computed by the OLD scheme
significantly dissipates in time, while the NEW scheme preserves the initial solution shape of h.
This demonstrates the importance of the WB property of the NEW scheme.

We proceed by testing both schemes in the cases of small Froude numbers € = 1077 for p = 1,
2, 3 and 4. We run the simulations until the final times ¢t = 160, 240, 320 and 480, respectively. In
Figures 4.2-4.5, we plot the water depth h at different times. These results show that the NEW
scheme clearly outperforms the OLD one for a wide range of ¢.
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t=10
T
1.5
1 '
-1 0
2
1.5

1.5
A |
1 -1 0
t=50

1.5 '

1

1

Y

-1

1 -1 0

1

t=80
W
1.5
S |
-1 0 1
t=80
2 -
5 v

1
-1 0 1

Figure 4.1: Example 1: Front view of h for ¢ = 1 computed by the NEW (top row) and OLD (bottom

row) schemes.

t=20 t=60
1.002 ' 1.002 '
1.0015 1.0015
1.001 1.001
1.0005 ' 1.0005 '
1 1
1 0 1 1 0
t=20 t=60
1.002 "- 1002 T Ng—
1.0015 1.0015
1.001 1,001 A 4
1.0005 ' 1.0005

-1 0

1 -1 0

=160
1.002 '
1.0015
1,001
1.0005 '
1
1 0 1
=160
1.002 " ————
1.0015" -
1,001
1.0005
1 L N ;
1 0 1

Figure 4.2: Example 1: The same as Figure 4.1, but for ¢ = 1071

Example 2—Stationary Vortex with O(1) Velocity Fields

In this example we consider another stationary vortex, which can be described by the following

initial data:
(5
2

1
W(r.0) =1+e4

\

—(1+ 58)r2,

10 2

1
3(1 — 10e + 20e1n 2),

3 5
(14 5e) +2r — — — —r* + ¢ |4In(5r)

7 25 1 2
+§—2OT+—T2:|, 5<T<—,

r <

o] =

2 5

=,

(G20 ]
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t=30 t=150 t=240
1+1e-5 1+1e-5 1+1e-5
-1 0 1 -1 0 1 -1 0 1
t=30 t=150 t=240
1+2e-5 =—~gmmw—— 1+2e-5 1+2e-5
e
' - N
1+1e-5 1+1e-5 1+1e-5
1 1 1
-1 0 1 -1 0 1 -1 0 1
Figure 4.3: Example 1: The same as Figure 4.1, but for ¢ = 1072.
t=40 t=200 t=320
1+1e-7 1+1e-7 1+1e-7
-1 0 1 -1 0 1 -1 0 1
t=40 t=200 t=320
1+2e-7 T 1+2e-7 —-— 1+2e-7 .——
v g
1+1e-7 ' 1+1e-7 1+1e-7
1 1 1
-1 0 1 -1 0 1 -1 0 1

Figure 4.4: Example 1: The same as Figure 4.1, but for ¢ = 1073,

U($, Y, 0) = _y7<r)7

v(r,y,0) = xy(r),

v(r) ==

The bottom topography is flat and Z(x,y) = 0.
We note that even though the initial conditions in Examples 1 and 2 are similar, the scaling in

4

1
57 <_7
"S5
2 5 1< <
_— — s — 7”
T 5
2
0, > —.
"2

(G20 )
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t=60 t=180 t=480
T N R
1+1e-9 1+1e-9 1+1e-9
1 ' 1 ' 1 '
1 0 1 -1 0 1 -1 0 1
t=60 t=180 t=480

1+2e-9 .___-_--1 1+2¢-9 -——-‘ 1+2e-9 -—-——-
1+1e-9 1+1e-9 ' 1+1e-9 '

Figure 4.5: The same as Figure 4.1, but for ¢ = 10~%.

the current example makes the problem computationally more challenging. As ¢ — 0, the steady
state in Example 1 approaches a “lake at rest” equilibrium, while in the present test the magnitude
of the velicities remains O(1). Moreover, we need to exactly resolve a “moving water” equilibria.
Figures 4.6-4.8, where we plot time evolution of h computed by the NEW and OLD schemes
at t = 10, 30 and 60 for ¢ = 107!, 1072 and 10~* show that the NEW scheme still accurately
preserves the structure of the vortex and its advantage over the OLD scheme is now even more
pronounced than in Example 1.

Example 3—Small Perturbation of a Stationary Vortex over a Nonflat Bottom

In the final example we test the ability of the proposed WB-AP scheme to accurately capture a
small perturbation of a stationary vortex and to handle a nonflat bottom topography.
We first consider a stationary vortex with

( 1
5(1 + 5e)r?, r < =
1 3 ) 7 25 1 2
w(r,0) =1+¢e< 1—0(1+55)+2r1—0§r2+5[41n(57“)+§20r+7r2], <<%
1 2
—(1 —10e +20e1n2), r=—,
) )

where w(r,0) = h(r,0)+ Z(x,y) and the bottom topography consists of an elliptical shaped hump:

1
2oy = Lol
The initial velocities u(z,y,0) and v(x,y,0) are the same as in Example 2.
We compute the numerical solution for e = 1072 until the final time t = 60. We plot the
snapshots (at ¢ = 10, 30 and 60) of the computed solutions (w = h + Z and h) in Figures 4.9
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1

1

t=10 t=30 t=60
1.03 1.03 1.03
. o .
1- ‘ 1 ‘ 1
-1 0 1 -1 0 1 1 0 1
t=10 t=30 t=60
1.03- 1.03 1.03 | @
102 - 1.02 1.02 " 4
1.01 ' 1.01 ' 1.01
1
0

-1

1

-1

0

1

-1

0 1

Figure 4.6: Example 2: Front view of h for ¢ = 10! computed by the NEW (top row) and OLD
(bottom row) schemes.

t=10 t=30 t=60
1.002 ' 1.002 ¢ ' 1.002" '
1.0015 1.0015 1.0015
1.001 1.001 - 1.001 -
1.0005 ' 1.0005 ' 1.0005 '
1 1 1
-1 0 1 -1 0 1 - 0 1
t=10 t=30 t=60
1.002| T um—— 1.002 1.002
1.0015 ) 4 1.0015 — 1.0015
1.001 1.001 1.001
1.0005 1.0005 1.0005
1 1 1
-1 0 1 -1 0 1 - 0 1

Figure 4.7: Example 2: The same as Figure 4.6, but for ¢ = 1072

and 4.10, respectively. As one can see, the proposed WB-AP scheme is capable of preserving the

stationary vortex over the nonflat bottom topography.
Finally, we superimpose a small perturbation around the core of the vortex onto the initial

water surface by replacing w(r, 0) with

107*, 0.04 <r < 0.16,

0, otherwise.

w(r,0) = w(r,0) + {
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t=10 t=30 t=60
1+1e-5 1+1e-5 1+1e-5
-1 0 1 -1 0 1 -1 0 1
t=10 t=30 t=60
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1 1 1
-1 0 1 -1 0 1 -1 0 1

Figure 4.8: Example 2: The same as Figure 4.6, but for ¢ = 1074,

t=10 t=30 t=60
1.002 ' 1.002 ' 1.002 '
1.0015 1.0015 1.0015
1.001 1.001 1.001
1.0005 ' 1.0005 ' 1.0005 '
1 : 1! : 1 :
-1 0 1 -1 0 1 -1 0 1

i
QA
v\‘\k\»ﬂ,’w

N
Ly

Figure 4.10: Example 3 (stationary vortex): h computed by the NEW scheme.

In Figure 4.11 (left column), the water surface w, computed by the NEW scheme on the coarse
(80 x 80) and fine (480 x 480) meshes, are presented at the final time ¢ = 0.002.

In order to demonstrate the importance of the WB property we also compute the solutions on
the same meshes using the OLD scheme. The non-WB solutions are shown in the right column of
Figure 4.11. As one can clearly see, the solutions computed by the OLD scheme contain spurious
waves, not present in the solutions computed by the NEW scheme even when the coarse 80 x 80
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mesh is used. In order to better see the waves generated by the small perturbation, we plot the
difference between the computed w and the background equilibrium w(r, 0); see Figure 4.12. Once
again, we observe that while the NEW scheme captures the propagating perturbation in a clrealy
non-oscillatory manner and the resolution, as expected, increases when the mesh is refined (see the
left column of Figure 4.12), the results computed by the non-WB OLD scheme are unsatisfactory
even when the fine 480 x 480 mesh is used. Indeed, as one can see in the right column of Figure 4.12,
the magnitude of the artificial waves is substantially larger than the magnitude of the perturbation
to be computed. This clearly indicates the advantage of the WB NEW scheme over the non-WB
OLD one.

1.002 1.002
05 1.0015 0.5 1.0015
0 1.001 0 1.001
05 1.0005 05 1.0005
1 1
-0.5 0 0.5
1.002 1.002
05 1.0015 05 1.0015
0 1.001 0 1.001
05 1.0005 05 1.0005
1 1
05 0 0.5 05 0 0.5

Figure 4.11: Example 3 (small Perturbation of a stationary vortex): w computed by the NEW (left
column) and OLD (right column) schemes using the coarse 80 x 80 (top row) and fine 480 x 480
(bottom row) meshes.
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1 1
0.5 0.5 0.5 0.5
0 0
0 -0.5 0 -0.5
-1 -1
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Figure 4.12: Example 3 (small perturbation of a stationary vortex): w—w(r,0) computed by the NEW
(left column) and OLD (right column) schemes using the coarse 80 x 80 (top row) and fine 480 x 480
(bottom row) meshes.

A Asymptotic Expansions of the Numerical Diffusion Terms

In this section we follow the approach used in [32] to investigate the leading order of the numerical
diffusion (3.15). Without loss of generality, we only consider the numerical diffusion of the -
direction given by (3.15a), and expand the unknowns there using the asymptotic expansions given
by (3.26) and (3.27).

Then the leading order approximation of the first component of the numerical diffusion in
(3.15a) reads as

+ NE, (1) - nW,(1) - (0) (1) ~ (0
a’ u') —a A n(1),n (0) n(1),n
P e > (0) g+§,k( )J,k g+%,k( )Hl,k B hj,k(u )j,k + hj+1,k(“ )j+1,k
J+3k J+gk at, —a7, 2
Jjt3.k Jjt3.k
2, + -
ea’ a
n Jtgk jtgk (W)W R _ ()@
e e J+Lk ko)

n

which consequently implies that the leading order of D;i
Section 3.1.

1, 18 0(e?) as a = ¢, where s > 1; see
3
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For the second and third components of the numerical diffusion (3.15a) we have

+ E(l) - i W:(l) + / E,(Q) i W:(z)
Dhu7n _ 5 ;L(O) . (0) Clj+% k(u )],k - Gj+%’k(u )j+1,k (1)m aj+%7k<h )j,k - a]+ k(h‘ )j+1,k
Grlae T L1 o —a +ea P
jrik T Yl i+pk itk
()0 NDa 70 20 AL o (ST + (W)
—€ <hj,k:uj,k (W)ji™ + hjia kg g (u )j+1,k) —¢a 5
+
ea. 1 a 1
Jtg3.k itk 3(0) nW,(1) NnE, (1) 2
I, (@))) - @)Y) + 0)
1k J+3,
and
+ nE(1) -~ W, (1) + nE@1) - nW,(1)
thn h(O) ~(0) alj-‘r%,k(v )]',k aj-t,-% k;(v )]+1 k - (0) aj+%7k( )j,k aj+%7k(u )j+1,k
Le = Mt | Yl . —a Lk . _a
j+3k T Titik Jtgk itk
0) [ ~(0)/ n(1)n A(O) 1)n (0) ~(0) n(1),n - (0) n(1),n
[h ( ]k(v in + 05 ()5 ) hg+1 k ( Wik (V)50 + 0 g (u )j+1,k>]
eat
G+t kel k 2 (0) nW,(1) NE,(1) 2
et GO (@) - @)Y + o).
j+ik j+3.k

Consequently, the leading order of both Dh“ ”k and Dhj:” . 18 O(e).
27

B Second-Order IMEX Fully Discrete WB-AP Scheme

In this section we describe how to increase the temporal order of accuracy of the presented WB-AP
scheme by implementing the second-order two-stage IMEX Runge-Kutta ARS(2,2,2) method.

The first stage of the ARS(2,2,2) method applied to the system (3.1) can be written as

(h/)* - (h/)n

A7 +ya [(hu' + R'a)y + (h' + B'o))] + (1 —a) [(hu)} + (hv)s] =0,
(h')? / n
(hu)* — (hu)n N 70,2 1,2 2 + (h +7Z - a(t))h
— 7 2huu’ + h(u')” + h'u® + = )
PR no YA) e _ Vpove Vi Y s
+ v (ht' + hu'v + h'uv)y + %(h')m = —(hv) — ghv + 6—2(h’)xZ, (B.1)
* (r')? n
hv)* — (hv)" - . h+7— %
( U) ( U) 4 ,_)/ Qhﬁvl + h(U/)Q + h/UQ 2 ( a( ))
At g2 y
N 7 / n ’Ya(t) * e g *
+y(htw' + hu'v + B'uwv)” + = (h), = (hu) + 8hu + 6—2(h’)yZ,

where (-)* is used to denote the quantities computed at the first stage. We notice that the system
(B.1) coincides with the system (3.6) with At replaced with 7 := yAt. Therefore, we obtain the
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following equations (similar to (3.21)—(3.23)) for (h")*, (hu)* and (hv)*:

i+

= @)1= a)

A

l—« * T *
t | (D2 = 2D,) 2D )], + (D, + ZD.) 230D, (0, |
At(1 - )

= m]nk + TR?Ikn — % [Dx(fm/ + hu)fy + D, (hv' + hv)i

+1 (Dm(fw’ + W) — D (/%u’ + W), )

(D R4 D R’“’”) + = (D RIwn _ p 72’“") ]

1

() = oy ity + 7[(hu )T+ (R + W) T (R + SR
(Z"k - a”)T At *

S (Da 5+ 005 |
* 1 7 n v,n w,n
() 5 = e + F[(hv + W), = (W) (R = SR
(Z-,k — a”)T * T *
(0, - 0.
where K, := 1+ (¢/7)2 and K, := 1 + (7/2)2.

We then proceed with the second stage of the ARS(2,2,2) method, which gives

()1 — ()"

_l’_

_|_

I 0 o) [+ ]+ (= )8 ) [ + ()]

- %Rh"* + < 217>R"’ (B-2a)
(’”‘)WA; () 75 oyt ¢ L= — "y 2 (ho)tt = 1_T7(hv)* +Zho

_ % R (1 27> Ry Lz v 2220z, (B.2b)
(hv)nHA; ()", 7;* (R)y ™+ {1=7d" _527) n(h’); + g(hu)”+1 + 1_T’y(hu)* - %ﬁa

_ % B (1 %)R’””” sz + ! w2 (B.2¢)

Next, we solve equations (B.2b) and (B.2c) for (hu)"*! and (hv)"*! to obtain

(il(U,)n + (hlv)n) n (Z — a*)T <(h/)z+1 + I(h/)g+1>

. 1 (.
(hu)" ™ = hi + ?{h(u')” + (h'u)" + =

T

o3

15
+ At; T lﬁ(v’)* + (Wv)* — g(h(m* T (W) + 2 - a” ((h'); + g(h’)Z)] (B.3a)
+ ; (R’“‘ 'y R'w ) + At(l . %) (Rhw + thw) }

T

(hv)™t = ho + Ki{iz(v')" + (W)™ — g(ﬁ(u')” + (Wu)") + Z=a)r ((h');;+1 - g(h')gﬂ)
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At —T1
€

A 1
+ _t (th,* _ ZRhu,*> + At(l _ _) <th,n _ ZRhum) ]
2y € 2y €

Z —a"
€

iy s o+ i) -

Hereafter, we differentiate equations (B.3a) and (B.3b) with respect to x and y, respectively,

and substitute the resulting equations into (B.2a). This yields the following elliptic equation for
(h/)n-i—l:

(h/)n+1 + (Z — a;(l — Oé) ((h/)Z;A + (h/)n+1)

vy

1—
=57 ek ()7 2+ Z (W) 2~ (W) 2,) |

T

At 1y ) )
— (PP o = phx _ ran . N ’ 1o\ ’ Io\%
= () + 3R +At(1 27)3 (At —7)(1 - a) [(hu +R)E + (hw +hv)y]

T1l—a)(,- W 2 nw Tl W .
— T{(hu' + hu)y + (h' + W)y + z [(hv’ + h'o) — (hu' + h’u)y]

At hu,* hv,* T hv,* hu,* B 4
+%[Rm + R+ (R - R) )| (B.4)

1 hu,n hv,n Z hv,n  phun
+ A1 27) (R + By + Z(REm = Ry
1 —a)(At — 1

B {;[<Z —a) (W) + (W)3,) + (W2 Ze + (W), 2,

+ g((h/)zzx - (h,)zzy)] + (ﬁv' + W)k — (ﬁu’ + h’u)z

_Z 7.1 1\ % [ 1,0\ ®
5[(hu + h'u)k + (hv +hv)y]}.

Finally, we proceed as in Section 3.4 and compute the nonstiff flux terms R"™, Rhwn Rhvn RI*
RM* and R"™* in equations (B.3) and (B.4) using the CU numerical flux from Section 3.3 and
discretize the spatial derivatives in (B.4) using the standard second-order central differences D,
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and D, defined in (3.17). This results in

——nt1 (ij —a*)(1— a)A n+1

(h/>] k 7 f{T (h/)J k
1 — n+1
(0,00 00+ 20T
At I\ ow
B + At(1—— )R}
( ) + 2772 ( 27)72]’]€
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B ek, c [(Z — a")AW)]y + De(h)53DeZjk + Dy(h')51.Dy Zj 1
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QN e B O |

| Dot + W)y + Dy + hv), | }

—n+l1
Once the numerical solution (h') j;r is obtained by solving the elliptic equation (B.5), we substitute
it into equations (B.3a) and (B.3b) discretized using the standard central differences and obtain

—n+1 A 1 s~y ;o\ T /% /AN Z',—CL*T nn nn
(hu); ), = hjxtjr + F{ (hu +h u)j’k + g(hv +h U)M + %( D.(h)57 oy D y(h )j7z1>

T

At — 1 A * T /2 * ) " * T *
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At hu * hv,* 1 hu,n T hv,n
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—n+1 ~ . 1 ~ n T ,~
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T
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