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We develop fifth-order A-WENO finite-difference schemes based on the path-conservative
central-upwind method for nonconservative one- and two-dimensional hyperbolic systems
of nonlinear PDEs. The main challenges in development of accurate and robust numer-
ical methods for the studied systems come from the presence of nonconservative prod-
ucts. Semi-discrete second-order finite-volume path-conservative central-upwind (PCCU)
schemes recently proposed in Castro Diaz et al. (2019) [8] provide one with a reliable
Riemann-problem-solver-free numerical method for nonconservative hyperbolic system. In
this paper, we extend the PCCU schemes to the fifth-order of accuracy in the framework of
A-WENO finite-difference schemes.
We apply the developed schemes to the two-layer shallow water equations. We ensure
that the developed schemes are well-balanced in the sense that they are capable of exactly
preserving “lake-at-rest” steady states. We illustrate the performance of the new fifth-order
schemes on a number of one- and two-dimensional examples, where one can clearly see
that the proposed fifth-order schemes clearly outperform their second-order counterparts.
© 2022 Elsevier Inc. All rights reserved.

1. Introduction

This paper is focused on development of fifth-order A-WENO schemes based on the path-conservative central-upwind
(PCCU) method. The schemes are designed for solving nonconservative one-dimensional (1-D) and two-dimensional (2-D)
hyperbolic systems of nonlinear PDEs. A general form of the 1-D nonconservative system is

Ui+ F(U)x =B(U)Uy,

(11)

where x is a spatial variable, t is the time, U € RN is a vector of unknown variables, F : RN — RN are nonlinear fluxes,

and B(U) = (bm¢(U))) ,_; € RN*N,

The nonconservative systems (1.1) arise in a number of fluid models within different contexts, such as the Saint-Venant
system, multilayer shallow water equations, multiphase flow models, multicomponent fluid models, and many others.

Most of existing schemes for the system (1.1) are generalized from finite-volume (FV) schemes for nonlinear hyperbolic
systems of conservation laws, which has the form
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U;+ F(U),=0. (12)

Similar to the solutions of the system (1.2), the solutions of (1.1) can develop shocks, rarefactions, and contact discontinuities
even when the initial data are smooth. Apart from this, the challenges for studying the system (1.1) theoretically and
numerically mainly come from the presence of the nonconservative products on the right-hand side (RHS) when B # 0. In
general, when U are discontinuous, weak solution of the system (1.1) can not be understood in the sense of distributions.
Instead, one can introduce the weak solution of this system as the Borel measures as it was done in [15,29,30]. This
concept of weak solutions was utilized to develop path conservative FV upwind schemes; see, e.g., the review papers
[5,10,11,14,37,39,41] and reference therein.

In this paper, we focus on Riemann-problem-solver-free central-upwind (CU) schemes, which were originally introduced
in [24,25,27,28] as a “black-box” solver for general multidimensional hyperbolic systems of conservation laws. In [8], the
CU schemes were first reformulated into the path-conservative framework and then extended to the 1-D nonconservative
systems (1.1). The resulting PCCU schemes provide one with a robust and quite accurate tool for solving nonconservative
hyperbolic systems. However, the PCCU schemes from [8] are only second-order accurate, which limits their accuracy, and
the resolution of certain practically important solutions (like the one containing internal waves in the two-layer shallow
water systems) may not be sufficiently high unless a very fine mesh is used. In order to enhance the performance of
the PCCU schemes, we extend them to the fifth order of accuracy via the alternative weighted essentially non-oscillatory
(A-WENO) framework.

One of the popular classes of higher-order FV schemes is weighted essentially non-oscillatory (WENO) schemes, which
employ special high-order WENO reconstructions to increase the spatial order (of accuracy) of the underlying FV schemes;
see the review papers [42,43] and references therein. These reconstructions are quite complicated and computationally
expensive, especially in the multidimensional case. Finite-difference (FD) WENO framework provides one with a less compli-
cated way to develop higher-order WENO schemes as its reconstruction process is performed in a “dimension-by-dimension”
manner. The original FD WENO schemes, proposed in [19], rely on a flux splitting, which is quite diffusive and thus affects
the resolution of nonsmooth parts of the computed solutions, whereas the A-WENO schemes employ standard FV numerical
fluxes without using any flux splitting. The A-WENO schemes were developed in [20] (see also [32,33,46,48]) for conserva-
tive systems (1.2). In [47], A-WENO schemes based on the CU fluxes have been introduced.

In this paper, we extend the second-order PCCU schemes to the fifth order of accuracy in both 1-D and 2-D using the A-
WENO framework. The details on the proposed extension can be found in §4. As in [16,20,32,36,48], in order to reduce the
magnitude of oscillations, we use the local characteristic decomposition in the WENO-Z interpolation employed to evaluate
the FV fluxes.

The designed A-WENO PCCU schemes are applied to particular nonconservative systems—the 1-D and 2-D two-layer
shallow water equations. These systems can be derived from the compressible isotropic Euler equations and have been
widely used to study water flows in rivers, coastal areas, oceanography, and atmospheric sciences; see, e.g., [21,38,45,49].
For several existing numerical methods for two-layer shallow water equations, we refer the reader to, e.g., [1,2,4,8,13,22,
26,34,41] and references therein. Computing highly accurate solution of these models is a quite challenging task not only
because the two-layer shallow water system is nonconservative, but also since internal waves typically contain intermediate
states, which are quite hard to capture numerically when a coarse mesh is used. The Riemann-problem-solver-free second-
order PCCU scheme provides one with a robust computational tool for the two-layer shallow water equations, which is,
however, not sufficiently accurate and might require substantial mesh refinement to capture those intermediate states. The
new fifth-order A-WENO PCCU scheme offers a simple, robust and still Riemann-problem-solver-free numerical tool for
the two-layer shallow water equations. Indeed, we test both 1-D and 2-D fifth-order A-WENO PCCU schemes on several
numerical examples and demonstrate their higher resolution compared with the original second-order PCCU schemes.

The rest of the paper is organized as follows. In §2, we briefly describe the 1-D second-order FV PCCU scheme. In §3,
we provide a brief overview of the 1-D fifth-order A-WENO schemes for hyperbolic systems of conservation laws. In §4,
we construct a new 1-D fifth-order A-WENO PCCU scheme. In §5, we extend the 1-D fifth-order A-WENO PCCU scheme to
the 2-D nonconservative systems. In §6, we apply the developed fifth-order A-WENO PCCU schemes to the 1-D and 2-D
two-layer shallow water equations. Finally, in §7, we present both the 1-D and 2-D numerical results.

2. 1-D second-order FV PCCU schemes: a brief overview

We first consider the nonconservative hyperbolic system (1.1) and briefly review the second-order FV PCCU scheme from
[8].

We assume that the computational domain is covered with the uniform cells C; := [xj 1] of size Ax centered at

o j+7
Xj= (Xj,% +xj+%)/2. We denote by U ;(t) the cell average of U(-,t) over the corresponding intervals C;, namely

_1,X
2

— 1
U;it) ~ E/U(X’ t)dx,
Cj

and suppose that at certain time t > 0, the cell average values ﬁj are available. From here on, we suppress the time-
dependence of all of the indexed quantities for the sake of brevity.

2
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According to the PCCU scheme introduced in [8], the solution is then evolved in time by solving the following system of
ODEs:

o,
j —3 2
-4 |H, 1 -H, 1-Bj— By . 1+——2—By .1/ (2.1)
de Ax[ Jt+3 J=3 J o —a_, Wit —a, Yt
J 2 J 2 ]+2 ]+2
where
+ —
FU_ ,)— 1F(U ) a. 0. 4
_ jt3 J+ Jt3 I+ + -
Hj 1= a - a a < jI Uj-t,-% — Q1) (22)
G170 ity ity

Here, U]i] are the right/left-sided values of a piecewise linear interpolant
2

Ux)=U;+ Uyjx—xj), xeCj, (2.3)

at the cell interface x = x b namely

— AX
U, =U;+ —(Ux),, Ul =Uja——Uojn.

5 i+3

In order to ensure the non-oscillatory nature of this reconstruction, one needs to compute the slopes (Uy); in (2.3) using a
nonlinear limiter. In all of the numerical experiments reported in §7, we have used a generalized minmod limiter [31,35,44]:

U—U,y Upi—Uy1 Ujr— T,
(Ux)j=minmod(9 JAXJ Ly f“mx“,e ”LX ’), 0ell,2], (2.4)

applied in the component-wise manner. Here, the minmod function is defined as

minj{zj} ifZ]'>0 Vj,
minmod(z1, z2, ...) ;= {max;j{z;} ifzj<0 V],
0 otherwise.
The parameter 6 in (2.4) can be used to control the amount of numerical viscosity present in the resulting scheme as the

use of larger values of 0 leads to less dissipative but more oscillatory reconstructions.
The term QH% in (2.2) represents a built-in “anti-diffusion” and it is given by (see [24]):

— mi + * * —
Qj+% = minmod (U]AJr2 UH;, U]+2 UHz) (2.5)
where
+ + - +
Ut — aj+%Uj+% aj+%UJ+2 {F(U 1) F(U 1)} 6
3T +  _a (2.6)

Notice that the “anti-diffusion” term was switched off in [8], as the PCCU schemes presented there were based on the
earlier version of the CU scheme from [25].
+

The one-sided local speeds of propagation aj+1 are estimated using the largest and the smallest eigenvalues of the
2

Jacobian A = au :21(A) <... < An(A). This can be done, for example, by taking

a;l _maxi)q\J(A(UJr ), )»N(A(U )) O}’
2 (2.7)

a1+§ = min {)Ll(A(UJr )),M(A(U];%)), 0] .

Finally, the terms B; and By, 4l in (2.1) reflect the contributions of the nonconservative products in the RHS of (1.1)
’ 2
and they are
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dU
B;: /(U( ) )((X)dx, (2.8)
C]
; dw . 1 (s)
Bujpyi= [ B(¥,0)— i ds 29)
0

where ¥ i+l (s) is a path connecting the left- and right-side states U j_+1 and U ;:L] at the cell interface x = x e For details
2 2

on evaluating (2.8) and (2.9), we refer the reader to [8].
3. 1-D fifth-order A-WENO schemes: a brief overview

In this section, we provide a brief overview of the A-WENO approach introduced in [20] (see also [32,33,46,48]), which
has been proven to be a powerful tool for generalizing low-order FV schemes to higher-order FD ones.

Following [20], the point values U; of the numerical solution of the conservative system (1.2) are evolved in time by
solving the following system of ODEs:

dU; _ Djry Ny

= , 3.1
de AX (3D
where $) i+l is the (fifth-order accurate) numerical flux defined by
$9.,1=H" ! (AX)%(Fy) AX)*(F xx0) (3.2)
j+1= i+ T2 X)° (Fxx j+3 + 5760( %) (F e 1 .

Here, H?Xl is the FV numerical flux (for example, one may use the CU flux (2.2)), (Fxx)j+% and (FXXXX)H% are the higher-
2
order correction terms computed by the fourth- and second-order accurate FDs, respectively:

(Fxx)]gr% = W (—5Fj,2 +39F; 1 —34F; —34F j;1 +39F 5 — 5Fj+3) ,
1 (3.3)
(Fxxxx)j+%:2(AX)4( —3F;_1+2Fj+2F 1 — 3Fj+2+Fj+3).

It should be emphasized that the resulting scheme (3.1)-(3.3) is fifth-order accurate once the one-sided point values
Ujil employed to compute the numerical flux H?-/N are fifth-order accurate. In order to achieve this, we apply the fifth-
2

2

order WENO-Z interpolation to evaluate Uﬁl. For the sake of brevity, we present the details on the computation of the
2

left-sided value U j_+1 ,as U JT+1 can be obtained using the mirror-symmetric stencil.

2 J+3 .
One can proceed with a component-wise approach. Then, for an i-th component of U ;, the value (U;'l1 )~ is calcu-
2

lated using a weighted average of the three parabolic interpolants Pg(x), P;(x) and 7P2(x) obtained using the stencils
[Xj—2.xj-1. %], [xj—1,%j,xj41] and [xj, X1 1, Xj12], respectively:

(U(')l)_ § w,ﬁ”P,ﬁ’>(xj+ ). (34)
k=
where
5 15
(l) _ 2@ 20 el 120
(x]+)8,24u +8uj,
(i) _ (i) (i) (@)
Py ("j+%)—_§U171 +‘U1 8 SU
3 3 1
(1) () () ()
(x]+1)_ U +4U]+1—§U]+2,

(@

and the weights w,’ are computed by

0] 0‘1( ) o T(l) P
w =——r =d, 1+< ) , k=0,1,2 (3.5)
k o) (z) a(') % k ﬂo)

with dg = 11—6 di = % and d; = %. The smoothness indicators ﬂ,ﬁ") for the corresponding parabolic interpolants P,ﬁi) (x) are

defined by
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X. 1
T atp®d

B Z(Ax)z‘Z 1 /( — ) dx, k=0,1,2. (3.6)
Xl

Evaluating the integrals in (3.6), we obtain

0 _ 0] 0 iz, 1o, (0 ()2
By = 12(u —-207, +U}") +Z(U17 —4U;”, +3U;")",
i 1
0 _ 0] M 4y 0 0]
B (u —2U; +U]+1) +Z(U —U]H) , (3.7)
0 _ 0] 0 0] Ligy® 0] (i)
B, (U 2Uj+1+UJ+2) +4(3U 4Uj+1+U]+2) .

Finally, in formula (3.6), ts(i) = ]ﬁéi) - By
£=10"12,

Remark 3.1. It should be pointed out that the WENO-Z reconstruction applied in a component-wise manner may lead to
oscillation in the computed solution; see, e.g., [40]. In order to minimize the magnitude of these oscillations, one may apply
the WENO-Z interpolation procedure in the local characteristic variables using the local characteristic decomposition; see,
e.g., [16,20,32,36,48].

4. 1-D fifth-order A-WENO PCCU schemes

In this section, we extend the second-order FV PCCU schemes reviewed in §2 to fifth-order A-WENO PCCU schemes. To
this end, we first rewrite the nonconservative system (1.1) in the following form:

U+ KU)x =0,

where

X

K(U(x,t))=F(U(x,1)) —/B(U(S,t))UX(E,t)dE

is a global flux. According to the A-WENO approach reviewed in §3, we substitute the PCCU numerical flux of K (U (x, t))
into the A-WENO scheme (3.1), (3.2). This results in the fifth-order A-WENO PCCU scheme:

—~=—-—|H_ 1-H,_1-Bi——2—B,. 1+——2—By .1
dt Ax| Itz j=2 e S e e
“j—% “i-3 et T (a1)
AX
+ >4 [(Kxx)j_;,_% - (Kxx)j_%:l - %(AX) I:(Kxxxx)j_,_% - (Kxxxx)j_%] )

where Hj+% is defined in (2.2), (2.5), (2.6), a]il are given by (2.7), and U* , are computed using the fifth-order WENO-Z

interpolation described in §3. In addition, (Kxx) j+l and (K yxxx) are approximations of the second- and fourth-order

i+3
spatial derivatives of K(U(x,t)), given by

(Kxx)j_;,_% = (Fxx)j+% - [(B(U)Ux)x]j+% ’

(Kxxxx)]qr% = (Fxxxx)j+% - [(B(U)Ux)xxx]j+% s

where (FXX)H% and (FXXXX)H% are computed using (3.3). For approximating [(B(U)UX)X] 1 and [(B(U)Uy)xxx]
use FDs to obtain

gy W

[BWUA ) = 55| — BWU 12 +27(BUI) 41
= 27(BW)U,; + (BUU» 1 ],
(BW)Ul. y = 35| BOUD 2 = 3BUW

+3(BU)Uy); - (B(U)Ux)j—1]~

5
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Here, (B(U)Uy)m =BWUm)(Ux)m form=j—1, j, j+1, j+2, and

WUyj-1= 121A (Uji2 —6Uj1q +18U; — 10U —3U;_,),
U= TAx (-Uj2+8Uj41 —8Uj_1+Uj_),
(Ux)jJrl=JTX(—Uj+3+8Uj+2—8Uj+Uj,1),
Wx)js2= 5 (3Ujy3+ 10U — 18U j41 +6U; —Uj_q).

Next, the integral in By, i+l is computed using a linear segment path

‘I’j+%(s): Jr1 +sUT i+l _U;+%)7

(4.2)
which we substitute into (2.9); see, for example, a partlcular formula (6.4) computed for the two-layer shallow water sys-
tem studied in §6. We note that when the point values U I8! are fifth-order accurate, the RHS of (4.1) will be fifth-order

accurate provided the term Bj is evaluated using a fifth- order quadrature. One can see that this cannot be done using for-
mula (2.8) as in the A-WENO approach we do not reconstruct piecewise polynomial approximations U, which are uniformly
fifth-order accurate in the entire cell C;. Instead, we develop a special fifth-order A-WENO quadrature for the integrals of
nonconservative terms fcj o ¢y dx, where o := by (U) and ¢ := U®, appearing on the RHS of the nonconservative system

(1.1). To this end, we use the Newton-Cotes approach based on the five points Xj 1y X 1, Xjy X1, X and the corre-

j= j+3z

sponding values of U at these points: U+ p U. U, U; +1 and U’ . The values U+ ] and U’ ] are obtained using

1,
=7’
the WENO-Z interpolant; see §3. The values U -1 and U 4+ are also computed using the WENO- Z 1nterpolant Here, we

show how to obtain U]_% as U; 41 can be calculated usmg the mirror-symmetric stencil.

For each component of Uj_}T, the value of Uj-l1 is calculated using a weighted average of the same three parabolic
interpolants Py, P; and P, as in (3.4) so that

N

U(l) Zwl(gl)PI(l) (X]__)

_l
i

where
() 3 0 70 21 (1)
’PO (in%)——3—2U]2+EU +32U
i 5 i 15 3
pd _ 2 50 0) 10)
1 (X '—%) 32 Uj—l 16 U] 32 Uj-H’
45 9 5 i
(i) () () ()
P, (x 71)_32U] 16U]+]+32 it2°

As in §3, the weights a),gi) are computed by (3.5), but with dg = —‘51 di = 32 and d = 64. The smoothness indicators ﬂ,ﬁi) are
still computed by (3.7) and r(') ]/S(') /S(')}

Equipped with the point values of oy := by (Uy) and ¢ = U(z) k=j+ % jt i Jj, we construct a fourth-degree inter-
polating polynomials in every cell. This results in piecewise polynomlals & (x) and ¢(x), for which we have

o((x)=

[3(Ax)4aj + (A0 (o, 80, ) +80, —o ) =x)

3(Ax)4 1 i
—2080%(0 ) —160;_; +300; — 160, 4 +oj_+l)(x—xj)2
_lGAx(ojt% —20; 14201 —61 ) x—xj)?
+32(0, — 40y +60j— 4oy +o )(x—xj)] xeCj, (43)
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Bex) = [(A0*(0), ~80;_y +88,,1 —0 )

_4(Ax)2(¢]t%—16¢j7%+30¢] 166, 1 +u )(x Xj)

1
3(Ax)4

_48AX(¢;;% —2¢j_‘11 +2¢]+3T —¢j+%)(x_xj)

n - 3
F128(9) ) — 46,y + 6054y T, )(x—x) ] xeCj.

N

We then use (4.3) to approximate

fmpxdx%/&(x)ax(x)dx: 18%[107( VO 00

Cj Cj
+2112{(oj_}1 ]+4)¢j+(¢]+1 —¢j_3_t)aj}+1oz4(aj+%¢j_}_‘—aj l¢i+%)
+804{(0]:r% —o 1)¢]+(¢ ¢;+%)oj}+945(o];%¢;+% —oj*_%¢]+ %) (4.4)
i 1472("f+%"’j+% TR ”17%"%‘7% 9491 y)

- + _ _ +
+384(a]*%¢j+%+o—j—%¢]+}; O']+%¢] 1 01+%¢j7%):|'

Remark 4.1. It is easy to show that the quadrature (4.4) is fifth-order accurate for sufficiently smooth o and ¢.

5. 2-D fifth-order A-WENO PCCU schemes

In this section, we generalize the 1-D fifth-order A-WENO PCCU schemes for the 2-D nonconservative systems, which
read as
Ui+ FU)x+GU)y =BU)Ux+ CU)HU,. (5.1)
To this end, we take an advantage of the A-WENO approach and design the 2-D scheme in a “dimension-by-dimension”
manner.
We first rewrite the 2-D nonconservative system in the quasi-conservative form:

U+ KWU)x+ L(U)y =0,

where

I«U(x,y,r))=F(U<x,y,t>)—/B(U(s,y,r))ux@,y,t) de,
y
L<U(x,y,r)>=G<U(x,y,r>>—/C(U(x,n,t))uy(x,n,ndn,

are global fluxes. The 2-D A-WENO PCCU scheme is then obtained precisely as its 1-D prototype constructed in §4, and it
reads as (compare with (4.1))

dU ; 1 a}_ 1k aj_+1k
Js X X 2 2
—rk__ ~H , -Bjy-—12" B AR L
dt Ax[ I N L vkt o L —a, Wit k}
j—3.k j—5.k J+3.k J+3.k
AX 7
o [ ) 4= 013 ] = 5 (A0 [ (Koo 41— (Koo 1
+ _ (5.2)
1 [ y y 9kt 9kt t
—— | -H - —TT ey T e
]k+ ],k_l Js + A W, j.k—5 + A \It,],k+7:|
Ay 2 2 aj’k ! a],’ki% aj,k+% aj’k%

Ay
+ o4 [(Lyy)j,k+% - (Lyy)j,k—%] 5760 (AY) [(Lyyyy)] k+3 T (Lyyyy)j k——]

All of the terms in (5.2) are computed as in §4 separately in the x- and y-directions. We omit the details for the sake of
brevity.
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6. Applications to two-layer shallow water equations

In this section, we show the applications of the developed fifth-order A-WENO PCCU schemes introduced in §4 and §5
to the two-layer shallow water equations.

6.1. 1-D two-layer shallow water equations

We begin with the 1-D two-layer shallow water equations, which read as
(h1)e +(q1)x =0,
@ne+ (hrd + Sh3), = —ghi Z, — ghi (ha)x
(h2)t + (@2)x =0,
@)c + (h2ud + Sh3), = ~ghaZy — grha(ho)s,

(6.1)

where hy and hy are the depths of the upper and lower layers of the flow, respectively, u; and q; = hju;, i =1, 2 are the
corresponding velocities and discharges, Z(x) represents the time-independent bottom topography, g is the acceleration due
to gravity, and r:= % <1 is the constant density ratio of the two layers.

Our goal is to develop a well-balanced fifth-order A-WENO PCCU scheme for the two-layer system (6.1). In general,
schemes are called well-balanced when they are capable of preserving (several) steady-state solutions of the studied system
within a machine accuracy; see, e.g., [3,22] and references therein. It is known that the main advantage of well-balanced
schemes is that they can accurately capture small perturbations of such steady state even when a coarse mesh is used. This
makes a well-balanced property practically important.

It is easy to check that the system (6.1) admits the following family of smooth steady-state solutions:

2 2
u u
g1 =Const, (= Const, ?1 + g(w + h1) = Const, ?2 + g(w +rhy) = Const,

where w := hy + Z represents the interface between the upper and lower layers. Particular steady states that belong to this
family of equilibria are so-called “lake-at-rest” states:

U1 =u;=0, h;=Const, w=Const. (6.2)

We note that these steady states are practically important as many physically relevant solutions are, in fact, small perturba-
tions of (6.2). The A-WENO PCCU schemes we present below are well-balanced in the sense that they are capable of exactly
preserving (6.2).

In order to derive the well-balanced scheme, we first follow the idea from [23] (see also [26]) and rewrite the system
(6.1) in terms of the equilibrium variables hi, q1, w and q,, which are constant at “lake-at-rest” steady states. The rewritten
system reads as

(h)e +(q1)x =0,

2
q
@+ (—1 + gh%) =—ghiwx,
hy 2 x (6.3)
(W)t +(q2)x =0,
2
@+ (25 + Ew?) =gZwy— grw - 2)(h)s.

It is easy to verify that the systems (6.1) and (6.3) are equivalent for smooth solutions. We also note that the second-
order PCCU schemes applied to (6.1) and (6.3) are equivalent. This can be proved along the lines of [8, §4.2.2], where the
equivalence of the second-order PCCU schemes for (6.1) and its equivalent formulation [8, (4.25)] were shown.

2 2
We now write the system (6.3) in the vector form (1.1) with U = (hy, q1, w,qz)T, FU) = (q1, ;% + %h%,qz, % +

£w?)T, and

0 0 0 0

0 0 —ghy O

B = 0 0 %] 0
—-grw—-2) 0 gZ O

Applying the 1-D fifth-order A-WENO PCCU scheme introduced in §4 to the system (6.3), we arrive at the semi-discretization
(4.1) with the integral terms in
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-
B~ (0,—/gh1wxdx,0,—/[gr(w—Z)(hl)x—gZWx] dx)

Cj Cj

approximated by (4.4), the upper (lower) bounds on one-sided local speeds, aﬁ_l (a;_]) obtained using the Lagrange
2 2

_(rM 4) T : :
vl = (B‘I‘ FTERERS B H%) evaluated using the linear segment path

theorem precisely as described in [26, §2.3], and B
(4.2), which results in

M 3 _ @ __& + - v
Byjey=Bajiy =0 Byjy =305 +@p )W, —wi,)
“ + — + —
B - T4t —ZH%)((h])H% —(h1)j+%), (6.4)

8r

Yty 2( +3 itz
+8
2

(z]‘:1+2‘ ) (w L%—wj;%).

Remark 6.1. Note that the time-independent values Zji+1 are obtained separately by applying the same WENO-Z interpola-

tion to Z, which is, however, performed only once in the beginning of the time evolution process.

Remark 6.2. In all of the numerical examples presented in §7, we have implemented the WENO-Z interpolation procedure
using the local characteristic variables, which are obtained using the local characteristic decomposition as follows.
In order to evaluate the point values U]i] , we first introduce the matrix
2

Ajry =AU D - BU 1)

0 1 0 0
R o . .
| &t - @3,y 20 ghi)j 1 0
= 0 0 0 1 ’
. . o .
grha);, 1 0 gh2)j 1 — W2)7, 1 2M2)jy

where, as before, A = w- and (%) stands for the following Roe averages [9]:

(fl - _M ( ) J(h])](u])]"r\/m(u])ﬁrl

Djl = 2 ’ i3 T (h)j++/(h)j ’
R (h2)j + (h2) j+1 V) (2) + /() j1(u2) 1
(hz)j+% = 5 (@ )]+— ’

(h2)j ++/(h2)j1

W — 7 i i -1 -1 3 : .
where (h3); := w;j— Z;. We then numerically compute the matrices Rj+% and Rj+ such that RH%AH% R1+% is a diagonal

1
2
matrix, and introduce the local characteristic variables in the neighborhood of x = Xjp1

_ p—1 i .
I‘k_RH%Uk, k=j—2,...,j+3.

Finally, we apply the WENO-Z interpolation to these six values of T, obtain the point values I‘ji+1, and then end up with
2

6.2. 2-D two-layer shallow water equations

In this section, we show the application of the 2-D fifth-order A-WENO PCCU scheme introduced in §5 to the 2-D
two-layer shallow water equations, which read as
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(h1)e +(@x + (p1)y =0
2, &2
q)e + (hlu] + ih])x + (hu1vi)y = —gh1Zx — gh1(h)x,

(p1)t + (hurv)x + (hw% + %h%)y =—gh1Zy — gh1(h2)y,

(6.5)
(h2)¢ + @2)x + (p2)y =0
g
@)c + (houd + Sh3) + (hauzva)y = —ghaZy — grha(ho)s.
(p2)e + (v + (hav3+ Sh3) = —ghaZy — grhahn)y.
where v; and p; = h;vi, i = 1,2 are the y-velocities and y-discharges, respectively, and the rest of the notations are the

same as in the 1-D case.
As in the 1-D case, in order to develop a well-balanced fifth-order A-WENO PCCU scheme, which is capable of exactly
preserving “lake-at-rest” steady-state solutions satisfying

U1 =u;=vy=v=0, hy=Const, w=Const,
we rewrite the system (6.5) in terms of the equilibrium variables hy, q1, p1, w, g2 and p;. The new system reads as

(h)e + (@Dx + (p1)y =0

(@ + (Zj + %h%)x + (M>y = —ghiwy,

h4
P1q1 p3
(p1)e + ( ) + ( L4 h2) =—ghiwy,
hy m (6.6)
(W)t + (92)x + (pz)y =0,
D242
@+ (525 +5w0) + (), = 8Zwx—grw = 2y
P2q>2 p2 g 2\ _ _ _
P2+ (o Z)X+ (527 t3"), = 82wy —grw—2)(h)y.
This systems can be written in the vector form (5.1) with U = (h1,q1, p1, W. Q2. pz) FU) = (q1, +£h?, ",;j“ Q2. 2 z +

g2 P2d2\ T _ na Pl + &p2 P24z T
Sw?, %) L 6 = (p1, TRy T3 P2 5E7 W z+ Sw?) ",

0 00 0 00 0 00 0 00
0 0 0 —gh;y 00O 0 00 0 00

3 0 00 0 00 3 0 0 0 —gh;y 00
B = 0 oo o ool ‘W= 0 00 0 00
—gr(w—2) 0 0 gZ 0 0 0 00 0 00

0 00 0 00 —gr(w—2) 0 0 gZ 0 0

Applying the 2-D fifth-order A-WENO PCCU scheme introduced in §5 to the system (6.6), the point values of its solution are
evolved in time by solving the ODE system (5.2) with the integrals in the nonconservative product terms,

X,
+3

Bj,k%<0,— / gh1(x, yi)(W(x, y))x dx, 0,

.
0.~ [ [er(we o - 20 y0)th x. ye)s — 820y (wix. 3] d. 0)

and

10
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Viwd
Cir™ (0,0 - / gh1(xj, Y)(w(xj, ¥))ydy,
Vel
Vit § T
0.0~ | [gr(w(xj,y)—Z(xj,y))<h1(x,-,y>)y—gZ(xj,yxw(xj,y))y]dy)
Yied

approximated by the 1-D fifth-order quadrature (4.4), By, i+ 1k evaluated using the linear segment path connecting U j_+l

with U+ ] :
&k

v, j.k+5

— + -
\IljJr%vk(s)_ ]+1 I<+S(Uj+ k Uj+l,k)’
and C 1 computed with the help of the linear segment path connecting U~ jkad with UJr

+
[SES

\Ilj,k+%(s)=] 1+S(U]k+2 U;k+%)'

Applying the above two paths, we obtain By 1= (BfI})H_1 o BSE)H] k) and Cy ;. 1= (C$>j’k+1, ’C$)j,k+%)—r'
where
B$)1+ N Bfli)j+%,k - BS:,)j-t-%,k - BEI?]‘—}—%,k =Y
Bfli)jJr%,k = _g((’”)]’i + (hl)]+‘ k) (W;’:‘r%,k - W;+%.k)’
Btli)j+%,k - [_ %T(WL% ko Z:Lz . Wj_+%,k _H-] k)((hl) 1k —(h 1)_ 1 k)
* g(zﬁ PRSI WL%,k)]’
CS)] k+2 Cflf)] k+— C\(;)] k+2 CEI?)] k+2 =0,
Co ket :_E((h])I A )(Wj,k+% ~Wiaer)
CEIfG)J ket [_ %(Wj,kJrz Z]+k+1 tw, ket jk+ )((h])j ket _(h1)1_k+ )
+ %(z] ey T2 t) Wies ~ W;k+%)]'

Remark 6.3. As in the 1-D case, in all of the 2-D numerical examples presented in §7, we have implemented the WENO-Z in-
terpolation procedure using the local characteristic decomposition, which is similar to the 1-D one described in Remark 6.2.

7. Numerical examples

In this section, we test the proposed fifth-order A-WENO PCCU schemes on several numerical examples and compare
their performance with that of the corresponding second-order FV PCCU schemes. The tested schemes will be referred to as
the 5-Order Scheme and 2-Order Scheme, respectively.

Without other specification, we use the CFL number 0.5 and the systems of ODEs obtained after the semi-discretization
(4.1) and (5.2) are integrated in time using the three-stage third-order strong stability preserving (SSP) Runge-Kutta solver;
see, e.g., [17,18]. The 2-Order Scheme has been implemented with the minmod parameter 6 = 1. In Example 1, we use the
2 -periodic boundary conditions and in the Examples 2-9, we use free boundary conditions.

7.1. 1-D two-layer shallow water equations

We begin with four 1-D examples. In Example 2-5, we take sufficiently large computational domains (in Examples 2 and
3 we make sure that no waves reach the boundaries until the final computational time).

Example 1 (Smooth Initial Data). In this example, we consider the system (6.1) with g =9.81, r = 0.98, the flat bottom
topography Z(x) =0, and following smooth initial data:

11
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Initial Condition t=0.1

15 1.5

0.5

-1 0 1 2 3 4

Fig. 7.1. Example 1: Initial water surface h; + w and interface w (left) and the solutions (h; + w and w) computed by the 5-Order and 2-Order Schemes
at t = 0.1 (right). The dash-dotted blue line represents the water surface computed by the 5-Order Scheme, and the computed interfaces on the right are
plotted using the solid red line (5-Order) and blue starts (2-Order). (For interpretation of the colors in the figure(s), the reader is referred to the web
version of this article.)

Table 7.1
Example 1: L!-errors and experimental convergence rates for hy +w and h; for both the 5-Order
and 2-Order Schemes.

Ax 5-Order Scheme 2-Order Scheme

hi+w hq hi+w hq

Error Rate Error Rate Error Rate Error Rate
/50 1.79e-02 — 7.33e-02 - 9.11e-03 - 5.02e-01 —

/100 8.62e-05 7.69 2.73e-03 4.74 1.39e-03 271 8.53e-02 2.56
/200 7.34e-06 3.55 6.26e-05 5.44 1.89e-04 2.87 1.73e-02 230
7 /400 2.29e-07 5.01 1.18e-06 5.72 2.97e-05 2.67 2.75e-03 2.66
/800 5.55e-09 5.37 9.28e-09 6.99 3.66e-06 3.02 2.96e-04 3.22

(h1(x, 0), q1(x, 0), w(x, 0), g (x, 0)) = (1 - %sin(8x), 0,06+ %sin(Sx), 0).

We first compare the experimental rates of convergence of the studied 5-Order and 2-Order Schemes. To this end, we
take the computational domain [—m /2,37 /2] and compute the numerical solutions until a small final time ¢t = 0.1, by
which the exact solution remains smooth. The initial state and the results obtained using a uniform mesh Ax = /50 are
shown in Fig. 7.1.

We then refine the mesh and compute the solutions on a sequence of uniform meshes with Ax = /25, 7 /50, 7 /100,
7/200, 7t /400 and v /800. In these computations, we use the CFL number f—O(Ax)2/3 (instead of 0.5) as we use the third-
order SSP Runge-Kutta ODE solver and we would like to balance the spatial and temporal errors for the 5-Order Scheme. We
estimate the L!'-errors and the experimental convergence rates based on the consecutive grids using the following formulae:

Error(Ax)
Error(Ax/2)’

where (-)2* denotes a certain quantity computed using a uniform mesh with the cell size Ax. The obtained results for
hy +w and h; are reported in Table 7.1, where one can clearly see that the achieved convergence rates even exceed the
formal orders for both schemes.

We also run the computations on a very fine mesh with Ax =7 /800 until a much larger final time t = 40, by which
the solution clearly develops discontinuities. We show the interface w computed by the 5-Order and 2-Order Schemes
and see that the 5-Order Scheme clearly outperforms its second-order counterpart; see Fig. 7.2 (top row). To further verify
the convergence, we perform another mesh refinement and obtain the corresponding 5-Order and 2-Order solutions using
Ax =1 /1600; see Fig. 7.2 (bottom row).

Error(Ax) ~ ||()2 — ()2*2||1, Rate(Ax) =

Example 2 (Small Perturbation of a Stationary Steady-State Solution). In this example, we demonstrate the ability of the de-
veloped 5-Order Scheme to accurately capture quasi-steady states. This example is taken from [26, §2.7.2]. The initial data
contain a small perturbation of the “lake-at-rest” steady state and are given by

(14+107°,0,—1,0) if0.1 <x<0.2,

(h1,q91, w,q2)(x,0) =
(1,0,-1,0) otherwise.

The constant gravitational acceleration is g = 10, the density ratio is r = 0.98, and the bottom topography is

12
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Az = /800 Az = /800
0.66 0.66
0.64 0.64
0.62 0.62
0.6 0.6
0.58 0.58
0.56 0.56
-1 0 1 2 3 4 -1 -0.8 -0.6 -0.4 -0.2
Az =7/1600 Az =7/1600
0.66 0.66
0.64 0.64
0.62 0.62
0.6 0.6
0.58 0.58
0.56 0.56
-1 0 1 2 3 4 -1 -0.8 -0.6 -0.4 -0.2

Fig. 7.2. Example 1: Interface w computed by the 5-Order (solid red line) and 2-Order (dash-dotted orange line) Schemes at t =40 (left column) with the
zoom at [—1, 0.2] (right column). The results are obtained using Ax = /800 (top row) and Ax =7 /1600 (bottom row).

<107 hi +w 107 hi +w
2-Order 2-Order rgﬂ
57| + 5-Order 4] 5[] + 5-Order * A
Reference * Reference e
4 A 4
H 1
3 3
2 2 b
" “
1 A 1 K
1 s 5 J s
i S - 0 A

-0.2 0 0.2 0.4 0.6 0.8 1 -0.2 0 0.2 0.4 0.6 0.8 1

Fig. 7.3. Example 2: Water surface h; +w computed by the 5-Order and 2-Order Schemes for the smooth (left) and nonsmooth (right) bottom topographies.
The reference solutions are computed using the 5-Order Scheme on a fine mesh with Ax =1/1600.

0.25[ cos(107 (x — 0.5)) + 1] =2 if0.4 <x < 0.6,

Z(x) = (7.1)

-2 otherwise.

We compute the numerical solution by the 5-Order and 2-Order Schemes on the computational domain [—0.2, 1] using a
uniform mesh with Ax =1/100. In Fig. 7.3 (left), we present the fluctuation of the water surface hy + w at time t = 0.15.
As expected, no oscillations have been generated by both of the studied well-balanced schemes. At the same time, one can
observe a much higher resolution achieved by the 5-Order Scheme.
We then replace the smooth bottom topography function (7.1) with the following discontinuous one:
—15 ifx>0.5,
Z(x) = )
-2 otherwise.

The obtained results are reported in Fig. 7.3 (right), where one can see once again that the 5-Order Scheme clearly outper-
forms the 2-Order Scheme.

13
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h,l hl
05 e, 2-Order 05 " 2-Order
" + 5-Order H + 5-Order
0.49 — Reference 0.49 1 —— Reference
b
0.48 " 0.48 e
%
*
0.47 0.47
0.46 0.46
0.45 0.45 -
0.45 0.5 0.55 0.6 0.65 0.45 0.5 0.55 0.6 0.65
<10 hy +w x1074 hy +w
2-Order f 2-Order
2 + 5-Order 2 + 5-Order
—— Reference —— Reference
1 1
4
0 » 0
-1 -1
-2 -2
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
uy uy
E3 2-Order ™ 2-Order
2.51 ’] + 5-Order 2.51 B + 5-Order
— 1 —
2508 4 Reference 2508 d Reference
2.506 2.506
2.504 2.504 ]
2.502 A0 2.502 1
25 nm" ‘; ; W 25 um& B & rmnw
2.498 2.498
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

Fig. 7.4. Example 3, first test: Upper layer h; zoomed at the interface area (upper row), water surface h; +w (middle row), and velocity of the upper layer
uy (lower row) computed using Ax =1/200 (left column) and 1/400 (right column). The reference solution is computed by the 5-Order Scheme on a very
fine mesh with Ax =1/10000.

Example 3 (Interface Propagation). In this example, we numerically study the propagation of the interface and compare the
numerical results of the 5-Order and 2-Order Schemes. We consider two test problems taken from [26, §2.7.3]. In the first
test, we capture the propagation of the interface, initially located at x = 0.3:

(0.50,1.250, —0.50, 1.250) ifx <0.3,

(h1,491, w,q2)(x,0) =
d d (0.45,1.125, —-0.45,1.375) otherwise.

The bottom topography is flat (Z(x) = —1), the constant gravitational acceleration is g = 10, and the density ratio is r = 0.98.
The exact solution of the studied Riemann problem is unavailable. However, a reference solution presented in [26, Figure
2.4] clearly indicates that the interface between the layers (h1) contains an intermediate flat state at the level hi ~ 0.475.
One can also see in [26, Figure 2.4] that the second-order CU scheme from [26] requires a relatively fine mesh to capture
this intermediate state. We compute the numerical solutions by the 5-Order and 2-Order Schemes at time t = 0.1 using
two uniform meshes with Ax =1/200 and 1/400 on the computational domain [—1, 1]. The obtained results are shown
in Figs. 7.4. As one can clearly see, the intermediate flat state is much better resolved by the 5-Order Scheme. This can be
observed in both interface (h1) and water surface (h1 + w) plots. In the region of that intermediate state, the velocity u4
develops a flat plateau, which is also substantially better resolved by the 5-Order Scheme. This clearly indicates that the

14
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w <103 hi +w
2-Order | 2-Order
85 + 5-Order + 5-Order
Bt Reference S Reference
0
5
-1 -0.5 0 0.5 1 -5 0 5

Fig. 7.5. Example 3, second test: w-component of the solution zoomed at the interface area (left) and water surface h; + w (right). The reference solution
is computed using the 5-Order Scheme on a very fine mesh with Ax =1/500.

Initial Condition Steady State
0 0
----- Surface ----= Surface
Interface o 5-Order Interface
Bottom ——2-Order Interface
Bottom
1 A

4 3 -2 1 0 1 2 3 4 4 3 -2 1 0 1 2 3 4

Fig. 7.6. Example 4: Water surface h; + w, interface w and bottom topography Z for the initial data (left) and the corresponding discrete steady states
(right).

5-Order Scheme outperforms the 2-Order Scheme and justifies the use of the higher-order scheme even in examples with
Riemann initial data, for which smooth parts of the solution are typically very simple (piecewise constant in this particular
example).

Next, we consider the second test with a much larger initial jump at the interface:

(1.8,0,-1.8,0) ifx<0,

h 5 sWa X’O =
(h1,q1, w,q2)(x, 0) (0.2,0,—0.2,0) otherwise.

The bottom topography is again flat (Z(x) = —2), the constant gravitational acceleration is g =9.81, and the density ratio is
r =0.98. The solutions computed by the 5-Order and 2-Order Schemes at time t =1 using a uniform grid with Ax=1/50
on the computational domain [—5, 5] are presented in Fig. 7.5. Even though the structure of the intermediate state is now
more complicated than in the first interface propagation test, the 5-Order Scheme still achieves a much higher resolution
and clearly outperforms the 2-Order Scheme.

Example 4 (Internal Dam Break). In this example, we test the ability of the proposed 5-Order Scheme to accurately capture
discontinuous steady-state solutions. To this end, we model an internal dam break over a nonflat bottom using the following

initial data:
" )x.0) (1.6,0,—-1.6,0) ifx<0,
1,491, W, (q2)(X,U) =
d q (0.7,0,—-0.7,0) otherwise,

and the continuous bottom topography

Z(x) =0.25¢~F —2.

The constant gravitational acceleration is g =9.81 and the density ratio is r = 0.998. We take the computational domain
[—5, 5], which is sufficiently large to eliminate any significant influence of the boundary conditions on the computed solu-
tions. The initial setting is shown in Fig. 7.6 (left). The solution of the studied initial-boundary value problem is expected to
converge to a steady state containing a hydraulic jump, which makes this test problem quite challenging.

15
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2-Order
K 1.357] & 5-Order
1.8 2-Order hy +1y Reference
+ 5-Order 1.3
16 Reference 125
[ AN
h, 1.2
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Fig. 7.7. Example 5: Lower layer h, and water depth h; + hy (left) and lower layer h, zoomed at [0.2,0.55] (right). The reference solution is computed
using the 5-Order Scheme on a very fine mesh with Ax=1/1000.

We compute the numerical solutions by both the 5-Order and 2-Order Schemes using a uniform grid with Ax =1/50
on the computational domain [—5, 5] until they converge to their corresponding discrete steady states. The obtained results
are shown in Fig. 7.6 (right), where one can observe that the 5-Order Scheme sharply resolves the discontinuous interface,
which is significantly smeared by the 2-Order Scheme.

Example 5 (Riemann Problem). In this example taken from [7, §4.2], the initial data are
(0.8817,—0.1738,1.589125,0.1613) ifx <0.5,

(h1,q1, w,q2)(x,0) = )
LA (0.37.—0.1868,2.578625,0.1742)  otherwise,

and the bottom topography Z(x) =0.983925 is flat. The constant gravitational acceleration is g =9.81 and the density ratio
is r = 0.98. We compute the numerical solutions on the computational domain [0, 1] by both the 5-Order and 2-Order
Schemes using a uniform mesh with Ax = 1/200 until the final time ¢t = 0.6. The obtained results are shown in Figs. 7.7.
As one can clearly see, the 5-Order Scheme achieves a substantially higher resolution of the internal wave than the 2-Order
Scheme.

7.2. 2-D two-layer shallow water equations

Example 6 (Interface Propagation). This example, taken from [26, §3.71], is a 2-D extension of the 1-D Example 3: a round-
shape interface propagates in the northeast direction, that is, to the right and upward. The initial data are

(0.50,1.250, 1.250, —0.50, 1.250.1.250)  if (x, y) € €2,

(h1,q1, p1, w,q2, p2)(x,y,0) =
a-p 0.p Y (0.45,1.125,1.125, -0.45,1.375,1.375) otherwise,

where Q@ ={x < —0.5,y <0} U{(x+0.5)%2 + (y +0.5)2 < 0.25} U {x < 0, y < —0.5}. The constant gravitational acceleration is
g =10 and the density ratio is r = 0.98. The bottom topography in this example is flat (Z(x, y) = —1).

We compute the numerical solutions by both the 5-Order and 2-Order Schemes until the final time t = 0.1 on the
computational domain [—0.55,0.7] x [—0.55,0.7] on a sequence of uniform meshes with Ax = Ay =1/200, 1/400 and
1/800. The results obtained by the 5-Order Scheme are shown in Fig. 7.8. As one can see, the structure of this 2-D solution
is similar to the 1-D solution in Example 3 and it also matches pretty well the results reported in [26, Figure 3.1]. As in the
1-D case, an intermediate state emerges. This can be observed in Fig. 7.9, where we plot the diagonal slices of the upper
layer hy computed by both the 5-Order and 2-Order Schemes. One can also clearly see that the 5-Order Scheme resolves
the intermediate state much better than the 2-Order Scheme. This improvement in the 2-D result is especially important
since the 2-D mesh refinement is very computationally expensive.

In order to check the efficiency of the proposed 5-Order Scheme, we perform a more thorough comparison between the
5-Order and 2-Order Schemes by taking into account an additional computational cost of the 5-Order Scheme. To this end,
we first measure the CPU time consumed by the 5-Order Scheme on a uniform mesh with Ax = Ay =1/200 and then
refine the mesh in the 2-Order computations to the level Ax = Ay =1/450, for which approximately the same CPU time is
consumed by the 2-Order Scheme to compute the numerical solutions at the final time t = 0.1. Diagonal slices of the upper
layer h1 computed by the 5-Order and 2-Order Schemes are plotted in Fig. 7.10. As one can clearly see, the 5-Order Scheme
achieves a better resolution despite using substantially coarser mesh.

Example 7 (Interface Propagation over a Nonflat Bottom). We now follow [26, §3.7.2] and extend the previous example to the
case of a nonflat bottom topography. We take the Gaussian-shaped bottom function
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Fig. 7.8. Example 6: Water surface hy + w and the upper layer h; computed on three uniform grids with Ax = Ay =1/200 (upper row), 1/400 (middle
row) and 1/800 (lower row).

Z(x, y) = 0.05e~1000%+y%) _q

and the following initial data:

(0.50,2.5,2.5, —0.50,2.5,2.5) if (x,y) € 2,

(h1,91,p1, W, q2, p2)(x,y,0) = .
DAL A A2 P (0.45,2.5,2.5,—0.45,2.5,2.5) otherwise,

where Q is as defined in Example 6. The constant gravitational acceleration is g = 10 and the density ratio is r = 0.98.

We compute the numerical solution until the final time t = 0.1 by the 5-Order Scheme on the computational domain
[—0.55,0.7] x [—0.55,0.7] on a sequence of uniform meshes with Ax = Ay = 1/200, 1/400, and 1/800. The results are
shown in Fig. 7.11. Due to a nonflat bottom topography, the solution of this problem develops a very complicated wave
structure. The obtained numerical solution seems to be convergent. Compared to the results reported in [26, Figure 3.3],
one can observe not only a sharper resolution of the intermediate state, but also substantially less oscillatory behavior of
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Fig. 7.9. Example 6: Diagonal slices of the upper layer h; computed by the 5-Order and 2-Order Schemes with Ax = Ay =1/200 (left) and 1/400 (right).
Zoom at the interface area. The reference solution is calculated by the 5-Order Scheme with Ax=Ay =1/800.

hy along the diagonal y =z

—#-2-Order
» 5-Order
——Reference

0.5
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0.48

0.47

0.46

0.45

0.05 0.1 0.15

Fig. 710. Example 6: Diagonal slices of the upper layer hy computed by the 5-Order Scheme with Ax = Ay = 1/200 and the 2-Order Scheme with
Ax= Ay =1/450. Zoom at the interface area. The reference solution is calculated by the 5-Order Scheme with Ax=Ay =1/800.

our solution. The latter can be attributed to the local characteristic decomposition implemented in the proposed 5-Order
Scheme.

Example 8 (Internal Circular Dam Break over Flat Bottom Topography). In this example taken from [6, §7.4.1], we consider an
internal circular dam-break problem with flat bottom topography. The initial conditions are given by

(1.8,0,0,—1.8,0,0) ifx*>+ y* >4,
(0.2,0,0,-0.2,0,0) otherwise.

(h1,491, 1, W, q2, p2)(%,¥,0) =

The constant gravitational acceleration is g = 9.81, the density ratio is r = 0.998, and the flat bottom topography is Z(x, y) =
—2.

We compute the numerical solutions on the domain [—5, 5] x [—5, 5] using both the 5-Order and 2-Order Schemes at
times t =4, 6, 10, 14, 16, and 20 on a uniform mesh with Ax = Ay = 1/20. In Fig. 712, we present the slices of the
interface w, the surface hy + w and the bottom topography Z along the diagonal y = x for different computational times.
As one can see, the 5-Order Scheme leads to significantly better resolution than the 2-Order Scheme.

Example 9 (Internal Circular Dam Break over Nonflat Bottom Topography ). In the last example taken from [12, §5.11], we consider
an internal circular dam-break problem with nonflat bottom topography. The initial conditions are given by

(1.8,0,0,—1.8,0,0) if x>+ y>>1,

(h1,491,p1, W, q2, p2)(x,y,0) = )
(0.2,0,0,-0.2,0,0) otherwise,

the constant gravitational acceleration is g = 9.81, the density ratio is r = 0.98, and the nonflat bottom topography is
Z(x, y) = —2 + 0.5e®+¥")

We compute the numerical solutions on the domain [—2, 2] x [—2, 2] using a uniform mesh with Ax= Ay =1/50 by
both the 5-Order and 2-Order Schemes at times t =1 and 2. In Fig. 7.13, we present the interface w computed by the
5-Order and 2-Order Schemes and in Fig. 7.14, we present the slices along y = 0 of the interface w computed at different

18



S. Chu, A. Kurganov and M. Na Journal of Computational Physics 469 (2022) 111508

h1+w

0.6

0.4

-0.5 0 0.5

0.6

0.4

-0.5 0 0.5

0.6

0.4

0.2

-0.5 0 0.5

Fig. 711. Example 7: Water surface h; + w and the upper layer h; computed on three uniform grids with Ax = Ay =1/200 (upper row), 1/400 (middle
row) and 1/800 (lower row).

times. One can observe that despite developing small water surface oscillations, the 5-Order Scheme achieves much higher
resolution than the 2-Order Scheme.

8. Conclusion

In this paper, we have extended the second-order finite-volume path-conservative central-upwind (PCCU) schemes to
the fifth-order of accuracy in the framework of finite-difference A-WENO schemes. The developed fifth-order A-WENO PCCU
schemes have been applied to particular nonconservative systems—the 1-D and 2-D two-layer shallow water equations. We
have shown that the proposed schemes are well-balanced in the sense that they are capable of exactly preserving “lake-at-
rest” steady states. We have tested the new fifth-order schemes on a number of numerical examples and demonstrated that
they outperform their second-order counterparts despite an increased computational cost per time step (the computational
cost has been taken into account to illustrate higher efficiency of the fifth-order PCCU schemes).
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Fig. 7.12. Example 8: Diagonal slices of the interface w, the water surface hy + w and the bottom topography Z computed by the 5-Order and 2-Order
Schemes with Ax = Ay =1/20 at different times. The reference solution is calculated by the 5-Order Scheme with Ax=Ay =1/80.

The proposed A-WENO approach can be extended to the case of more general steady states via the flux globalization
technique. This extension will be studied in our future work.
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Fig. 7.13. Example 9: Water interface w computed by the 2-Order (left) and 5-Order (right) Schemes at different times.
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Fig. 7.14. Example 9: Longitudinal slices along y =0 of the interface w computed by the 5-Order and 2-Order Schemes with Ax=Ay =1/50 at t =1 and
2. The reference solution is calculated by the 5-Order Scheme with Ax= Ay =1/200.
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