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Abstract

We study the flux globalization based central-upwind scheme from Cheng et al. (J Sci Comput
80:538-554, 2019) for the Saint-Venant system of shallow water equations. We first show
that while the scheme is capable of preserving moving-water equilibria, it fails to preserve
much simpler “lake-at-rest” steady states. We then modify the computation of the global
flux variable and develop a well-balanced scheme, which can accurately handle both still-
and moving-water equilibria. In addition, we extend the flux globalization based central-
upwind scheme to the case when “dry” and/or “almost dry” areas are present. To this end,
we introduce a hybrid approach: we use the flux globalization based scheme inside the “wet”
areas only, while elsewhere we apply the central-upwind scheme from Bollermann et al. (J
Sci Comput 56:267-290, 2013), which is designed to accurately capture wet/dry fronts. We
illustrate the performance of the proposed schemes on a number of numerical examples.

Keywords Flux globalization - Central-upwind schemes - Well-balanced schemes -
“Lake-at-rest” steady states - “Dry lake” steady states
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1 Introduction

We consider one-dimensional (1-D) hyperbolic systems of balance laws, which, in general
case, can be written in the following form:

Ui+ fU)x = SWU), (LD

where x is the spatial variable, ¢ is the time, U is the vector of unknowns, f is the flux,
and S is the source term. We are interested in development of highly accurate and robust
numerical methods for 1.1. It is well-known that such methods should be well-balanced in
the sense that they are to be capable of preserving (several physically relevant) steady-state
solutions of 1.1 within the machine accuracy. This is especially important since such schemes
are typically able to accurately capture small perturbations of the steady states on a coarse
computational mesh, which is essential for the scheme to be applicable in many practically
relevant applications.

Extended author information available on the last page of the article

Published online: 20 November 2021 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10915-021-01680-z&domain=pdf

9 Page2of21 Journal of Scientific Computing (2022) 90:9

In the past decades, many well-balanced schemes for a wide variety of models described
by 1.1 have been proposed. In this paper, we focus on a flux globalization technique recently
introduced in [8] and then applied to several shallow water models [6,15,16] and the Euler
equations with gravitation [7]. In the general setting, the flux globalization approach can be
presented as follows: we introduce a global flux variable

X

KU (x,1) = fUx, 1))+ RUx,1)), RU(x,1)):= —/S(U(é“,t))dé, (1.2)

and use it to rewrite the system of balance laws 1.1 as a system of conservation laws with the
global flux:

U, +KU), =0. (1.3)
The steady-state solution of 1.1 is then given by a very simple equation
K(U) = Const, (1.4

and the main idea in the development of a well-balanced scheme for the system 1.3, 1.2 is very
simple: use a Riemann-problem-solver-free finite-volume method, which should employ a
piecewise polynomial reconstruction of the equilibrium variables K. The latter, according
to 1.4, are constant at the steady state and thus all of the reconstructed values of K will be
constant, which will help the scheme to exactly preserve this steady state. Thus, the main
attractive feature of the flux globalization based methods is their ability to preserve a wide
variety of steady-state solutions contained in formula 1.4 including those that cannot be
written in a simple algebraic form.

We would like to point out that the flux globalization idea was also explored earlier; see,
e.g., [5,10,11,19]. However, the well-balanced schemes developed in [5,10,11,19] were not
designed to directly solve the quasi-conservative system 1.3, 1.2.

One of the key issues in designing well-balanced schemes via the flux globalization tech-
nique from [6-8,15,16] is a proper approximation of the discrete values of the global variables
K out of the cell averages of U, which are the evolved quantities in finite-volume methods.
This requires accurate quadrature rules for the integrals R appearing in 1.2. In particular, in
the original paper [8] a generic approach for constructing such quadratures was proposed and
later implemented in [6] in the context of the Saint-Venant system of shallow water equations,
for which

— (" _ q B 0

here h(x, t) is the water depth, u(x, t) is the velocity, g(x, t) := h(x, t)u(x, t) is the water
discharge, B(x) is the bottom topography function, g is the constant gravitational accelera-
tion, and # is the Manning friction coefficient. Using the flux globalization, the shallow water
system 1.1, 1.5 can be rewritten in the following equivalent form:

h; + =0,
t T qx (1.6)
q: + Kx = 07
where
K = hu? + ghz +R, (1.7)
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so that K is a global equilibrium variable with

n2

R(x,1) ::g/ [h(éaf)Bx(5)+ WBE D

lg(€.0)lq(E, t)] ds. (1.8)

In the absence of dry areas, the system (1.6)—(1.8) admits a family of smooth steady-state
solutions satisfying

g =Const, K = K = Const, h > 0. (1.9)

q

One of the particularly simple but practically very important steady-state solutions is the
so-called “lake-at-rest” (still-water) equilibria with the velocity of the water equal to zero
and a flat water surface w := h + B:

u=0, w=w = Const. (1.10)

We note that the well-balanced flux globalization based scheme from [6] can preserve
moving-water equilibria 1.9 with ¢ # 0. However, the generic quadrature rule for the global
integral R in 1.8 used in this scheme prevents it from preserving the “lake-at-rest” equilibria,
and one of the goals of the current paper is to illustrate this. We will also present a way to
eliminate this drawback by constructing a proper quadrature rule, which will lead to a flux
globalization based scheme capable of preserving both moving- and still-water equilibria.

Another limitation of the flux globalization based scheme from [6] is that it only applies
to the “wet” case, in which 2 > 0 for all x. In the presence of “dry” (A = 0) or “almost
dry” (h = 0) areas steady-state solutions do not satisfy 1.9 everywhere, that is, steady states
consist of several pieces: pieces satisfying 1.9 in the “wet” areas, pieces with h =0, u =0
in the “dry” areas, and wet/dry fronts in the areas separating the “wet” and “dry” parts of the
solution. Therefore, the equilibrium variable K cannot be used in the entire computational
domain.

The second and the main goal of this paper is to extend the applicability of flux globaliza-
tion based central-upwind scheme from [6] to the case when “dry”” and/or “almost dry” areas
are present. In this case, we identify the wet/dry fronts and use the global fluxes 1.7 inside
the “wet” areas only, while in the “dry” areas and near the wet/dry fronts, we implement the
central-upwind scheme from [3], which is based on a special piecewise linear reconstruction
of the water surface w in those areas. We prove that the resulting scheme is capable of exactly
preserving “lake-at-rest” steady states in the presence of “dry” or “almost dry” areas.

The paper is organized as follows. Section 2 is devoted to the flux globalization approach
in the fully flooded case, that is, when the bottom topography is fully submerged in the
entire computational domain. In Sect. 2.1, we give an overview of the flux globalization
based central-upwind scheme from [6]. In Sect. 2.2, we demonstrate the insufficient flux-
source balancing in this scheme, which prevents it from being capable of exactly preserving
“lake-at-rest” steady states. In Sect. 2.3, we introduce a new well-balanced computation
of the global variables, which helps to make the modified flux globalization based central-
upwind scheme to be capable of exactly preserving both moving- and still-water equilibria.
In Sect. 2.4, we test the schemes on two numerical examples and illustrate that the modified
scheme clearly outperforms the scheme from [6]. In Sect. 3, we study the situation when
“dry” and/or “almost dry” areas are present and develop a new hybrid well-balanced central-
upwind scheme capable of accurately handling wet/dry fronts. Our hybrid strategy on a
hybrid piecewise linear reconstruction, summarized in Sect. 3.1, and different time evolution
inside and outside the “wet” areas, as described in Sect. 3.2. The performance of the proposed
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hybrid scheme is illustrated on two numerical examples in Sect. 3.3. We end the paper with
the concluding remarks in Sect. 4

2 Flux Globalization in the Fully Flooded Case

We split the computational domain into the uniform (for simplicity) cells C; :=
[xj j+1] J = Jts--sjr w1thx —xj 1 = Ax. We assume that at a certain time
level t, the computed solution reahzed 1n terms of its cell averages

1) %A—X/U(x,t)dx,
Cj

isavailable. We also follow the approach introduced in [17] and replace the bottom topography
function B(x) with its continuous piecewise linear approximation

~ Biyt =B}
B(x) = Bj_% + T(x —xj_%), xeCy,
where
+ -
5 _ B(XH%)_'—B(XH%)
s = 2 :

which reduces to B., 1 := B(x., 1) if B is continuous at x = x ., 1. We then introduce the
j+3 j+3 j+3

following notations:

(By)j i= Bx(xj) = 2.1

In this section, we assume that no “dry” or “almost dry” areas are present and that all of
the computational cells remain fully flooded at all times. The definition of fully flooded, dry
and partially flooded cells are given by

Definition 2.1 We say that the cell C; at time ¢ is:
(1) fully flooded it
B0 >e and 0+ B zmax (B, 1. B, ). 2.2)

where ¢ is a small positive number chosen in such a way that the amount of water present
in cell j can be considered as negligibly small according to the scales of the studied
problem;

(i) dryif
hj(t) < e; 2.3)
(iii) partially flooded if neither 2.2 or 2.3 is satisfied.

Note that equation 2.2 can be equivalently rewritten as
— Ax
hj(t) = TI(BX),'I-

We also note that U s h j as well as many other indexed quantities below depend on ¢, but
from now on we will omit this dependence for the sake of brevity.
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2.1 Flux Globalization Based Central-Upwind Scheme from [6]: An Overview

In this section, we briefly review the second-order semi-discrete central-upwind scheme
based on the flux globalization technique for the 1-D Saint-Venant system of shallow water
Eqgs. 1.6-1.8.

The solution is evolved in time according to the following semi-discretization:

d _ H .+l — H‘_l
—Uj=- A S b A (2.4)
dr Ax
T . .
where H ., 1 = (H (,1)1 ,H @1) are the central-upwind numerical fluxes from [14]:
Itz itz itz
+ - - 4+ + -
a., . —a. . a. a.
g _ ./+%q/+% ./+%q,/+% J+s i+ t "
'_A'_l - + - + + - '+l - '+l ’
J*3 a, | —a. a, | —a,. JT3 JT3
Jjt3 Jt3 Jt3 Jjt3 2.5)
aJ_rlel—a_f lerl a; ,a.
@ _ Jt; Jt; Jts Jts Jt+s Jts + _
H™ = T - +— - 9..1—49,.1])-
J*2 at | —a. at | —a. , \ /T2 Jt2
J+3 J+3 J+3 J+3

here h™ L qu , and K + , are the left/right-sided point values of &, g and K at the cell
Jt3 Tt Jt+3

interface x = Xl (for the details, see below), and aﬁ , are the one-sided local propagation
2

speeds, which can be estimated by

+ - - + +

a’ , =maxqu. ;+ [ghT ,,ul |+ [ghT ,0¢,
i+ { Ty R T8

a” , =minju_ , — [ghT ,,ut , — [ghT |, 0}.
Jjt+3 Jjt3 ity itz Jt3

In order to complete the construction of the scheme, one needs to provide an algorithm
for computing the point values 5 1 q,i , and K + , out of the available cell averages
Jtz Tits itz
{}_z ;1 and {g;}. As mentioned in the Introduction, the key point is to use a piecewise linear
reconstruction of the equilibrium variables ¢ and K. According to [6], one can proceed as
follows. We first use the midpoint rule to compute the integral in 1.8 with the lower integration
limit set to be x -1 This results in the following recursive formula for the point values of

the global variable R at the cell interfaces x = x js
Rj[,% =0, Rj+% = Rjil —|—gAx<hj(Bx)j + quj\qj), J=Jes--o, jr- (2.6)
J

[S]

After that, the point values of R at the cell centers x = x; were computed in [6] using a
straightforward approach, namely, by setting

1 ) . .

E(RH%JFRJ'*%)’ J=Jesooosjre (2.7
Next, from the definition of K in formula 1.7, we obtain the point values of K at the cell
centers x = x;:

Rj =

R 2.8)
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which are used, along with the cell averages g ;, to compute the one-sided point values of g
and K at the cell interfaces x = x

j+y
-~ _ Ax
9yt =4 — 0 =g;+—-(qx);,
=0, 0 = 3~ @)
qj+% =q Xj+% =4qj+1— ) qx)j+1, 29)
_ ~ Ax ’
Kj+% =K /+1 -0)= T(Kx)ja
+ K Ax
Kj+% =K1 +0) =Kj _T(Kx)j—&-l-

here ¢ and K are the piecewise linear reconstructions,
) =q;+(q0jx—x)). K@) =K;+(K)j(x—xj). xeCj, (210

with the slopes (g,) j and (K ) ; computed using the generalized minmod limiter [20,23,24]:

(¢x); = minmod (o Lt~ 41 Lin1 — i1 597" 4i-1)
Ax 2Ax Ax -
Kio1—K: Kio1—K;i_ Ki— K. .21,
(Ky)j = minmod ( 6 Jj+l i Ryt -t K =Y
Ax 2Ax Ax
@.11)

where the minmod function is defined by

min(zy, 22, ...), if z; > 0 Vi,
minmod(zy, z2, ...) := { max(zy,z22,...), if z; <O Vi,
0, otherwise,

and the parameter 6 is used to control the amount of the numerical dissipation—larger values
of 6 correspond to sharper, but more dispersive reconstructions. In all of the numerical
examples reported below, we have taken 6 = l 3.

Finally, equipped with the point values q ! and K e we need to approximate the
corresponding water depth values. To this end we solve the following cubic equations for
hi :

j+§
+ 2
(‘1 ; l)
S 8t )2
iy = Pl Ry
Jt3
— N2
(‘1 : 1)
_ ,/+§ § — 2
KH% = = + 2(hj+%) + R (2.12)
T3

The details on solving these equations can be found in [6].

Remark 2.2 The system of ODEs 2.4 has to be solved by a stable and accurate ODE solver.
In all of the numerical experiments reported below, we have used the three-stage third-order
strong stability preserving (SSP) Runge—Kutta method [12,13] with the time step selected
adaptively using the CFL number 0.5.
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2.2 Insufficient Flux-Source Balancing in the Scheme from [6]

It was demonstrated in [6] that the central-upwind scheme described in Sect. 2.1 can preserve
the moving-water equilibria given by 1.9. The question we investigate in this section is
whether that scheme is also capable of preserving the “lake-at-rest” (still water) equilibria
given by 1.10 as well. It is easy to check that on the continuous level 1.9 reduces to 1.10
when g = 0. This is, however, not true on the discrete level as we show below.

Let us consider the discrete data, which is at the “lake-at-rest” steady state satisfying

q;=u;j=0, hj=w—B;j, forallj, (2.13)

where W is a given constant. Our goal is to check whether 2.13 implies that K; = K 4 for
all j. According to 2.7, 2.8, we obtain that for the “lake-at-rest” data

1

1 g2
K;= E(Rj+%+Rj_%), Kj1 =5 j+1+§(Rj+%+Rj+%).

I\J\Oo
FI
+

8,72 —2 1
Kjv1 —Kj = E(h.i+1 - hj) + E(RH% - ij%)

g ,-2 —2 g _

= E(hﬂrl - h/) + E(hl“(B 3 Bj#) + h](Bj+% - BF%))
8( ~

=2 (@ =B~ @ - B)?)

8(, ~

+§((W_Bj+l)(3j+%— )+(w—B)( i_BJ—%))‘

Finally, we use the first equality in 2.1 and end up with

Kjv1 — Kj=— )(Bj+%_23j+%+Bj—%)’
which might obviously be not zero for a nonflat nonlinear bottom topography B.
We stress that since K; will not necessarily be constant for all j, the numerical flux

difference H (2) —H (2)1 will not vanish for some j, and thus the right-hand side (RHS)
2

of 2.4 will not be 1dentlcally equal to zero, which will prevent the scheme from being well-
balanced.

The main reason the scheme from [6] does not preserve the discrete “lake-at-rest” steady
states 2.13 is related to the way the discrete values of the global variable R; are evaluated in
2.7. In the next section, we propose an alternative way, which would lead to another version
of the flux globalization based central-upwind scheme, which is capable of preserving both
moving- and still-water equilibria.

2.3 Well-Balanced Computation of the Global Variables
As one can see from the computation in Sect. 2.2, the lack of balancing in the original scheme

from [6] is caused by the way the values R; are computed in 2.7. We propose to modify this
computation in the following recursive way.
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We begin by approximating the global variable R at the first cell on the left of the com-
putational domian, that is, at x = xj,. Namely, we need to evaluate
Xie

X
Je 2

R, =R hB n? dx = hB - d (2.14)
e = jé_%+ / (g x+gmlqlq)X— / (g .x+gm|‘JW) x. .

Our goal is to make sure that the quadrature for the intergral on the RHS of 2.14 is exact
when the data correspond to the “lake-at-rest” steady state 2.13, that is, when g ;, = 0 and

hj, = w—B - To this end, we replace the functions B, & and ¢ in this intergral with

Bjy(x) = Bj,_1 +(Bj,x —x;,_1),

~ — 1 ~

hj,(x) = hj, + E(Bﬁ*% + BjH%) — Bj,(x) and
aje (x) = ‘7]‘5 )

respectively, and apply the trapezoidal rule to obtain

Xjg

Rj, ~ / (i OB, + 8

X
Je—7

gAx
N — |:(Bx)jy,

2

gAx |: — Ax n? _ 1 1

5 | B\ hje + — Bo)j ) + 514,149, = Bt =]
2 ( 4 ) 2 (hjz + %(BX)J'@) / (hjl/) .

(2.15)

2
7515 ()15, () ) d

o
(ﬁjz (x))
Ry O ) + R (i) g2

1 1
+ 514,19, { = G }
5 o it je (hjz(x' 71))7/3 (hj((xje))w3 :|

Je—7

We then follow the approach proposed in [15,16,18], and use a special second-order
quadrature rule to obtain the following recursive formula:

Xj+1

2
n
Rii =R+ [ (ghBi+ a7551alq)ax
Xj
8 /T - 2.16
= Rj + S (hjs1 + 1)) (Bjs1 — B)) 10

5 _ _ _
gn-Ax |¢I'+1|Q'+1 lg;lq; . . .
D) { i 7]/3 + _] 7/]3 ’ ]:]Za~~'5.]r_1'
(hj+1) (h)

We now verify that if 2.7 is replaced with 2.15, 2.16, the resulting scheme will preserve
the “lake-at-rest” steady states satisfying 2.13. To this end, as in Sect. 2.2 we assume that the
data are at the discrete equilibrium 2.13 and we need to show that in this case, K; = K1
for all j. Indeed, we have
2 =2y &

(hjy1 = hj)+Rjp1 — R = E(hj+1 — hj)+ E(hjﬂ +hj)(Bjy1 — Bj)

(];j+l + Zj) (Ej+1 + Bj+1 — (Ej + Bj)) = %(Ej+l + Ej)(@ — I’l}) =0.

Kjv1—Kj=
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Table 1 Example 1: L'- and L®-errors in the water depth & and discharge ¢

L' errorin h L®-errorin h L' errorin ¢ L®-error in ¢
Proposed scheme 6.13e—16 8.88e—16 9.5le—14 6.70e—14
Scheme from [6] 8.80e—3 8.68e—2 8.2le—6 4.10e—6

2.4 Numerical Example

In this section, we demonstrate that the proposed flux globalization based central-upwind
scheme clearly outperforms the scheme from [6].

2.5 Example 1:“Lake-at-Rest” Steady State

We first consider the “lake-at-rest” steady state subject to the initial data

h(x,0) =3 - B(x), q(x,0)=0, (2.17)
which are prescribed in the computational domain [—1, 1] supplemented with the free bound-
ary conditions. The bottom topography contains a hump located between x = 0.1 and
x =0.3:

1.25] cos(10r(x — 0.2)) + 1|, if 0.1 <x <0.3,
B(x):{ [ cos(107( ) +1]

0, otherwise.

We take the gravitational constant ¢ = 9.8, the Manning friction coefficient n = 0.05 and
compute the numerical solutions until the final time # = 10 with 50 uniform cells using both
the proposed scheme and the scheme from [6]. The obtained discrete L'- and L>-errors are
reported in Table 1. As one can clearly see, the proposed scheme preserves the “lake-at-rest”
steady state within a machine accuracy while the errors in the scheme from [6] are quite large
as the scheme from [6] cannot preserve “lake-at-rest” steady states.

2.6 Example 2: Small Perturbation of the “Lake-at-Rest” Steady State

In the second example, we use the same data as in Example 1, but add a small perturbation
to the steady state 2.17 and consider the following initial data:

107°,  if —02<x < -0.1,
h(x,0) =3 — B(x) + . g(x,0)=0.
0, otherwise,

The difference between the computed /4 (x, ¢) and the background stationary water depth
heq(x) := 3 — B(x) computed using a uniform mesh with 100 cells at times ¢t = 0.02,
0.06 and 0.08 is plotted in Fig. 1. As one can see, the evolution of the small perturbation
is captured very well by the proposed scheme: at t = 0.02, the perturbation splits into two
waves propagating in the opposite directions; at t = 0.06, the right-going wave passes over
the bottom hump and its magnitude increases; at t = (.08, the right-going wave passes over
the hump, its magnitude decreases and a small reflected wave is generated. At the same time,
none of these phenomena can be captured by the scheme from [6], whose truncation error
dominates the waves to be captured on the coasre grid selected.
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«10® t =0.02 «10® t = 0.06 «10® t=0.08
6 6 6
4 4 4
2 2 2
0 0 0
-2 -2 -2
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
t =10.02 t = 0.06 t=0.08
0.04 0.04 0.04
0.02 A[\ 0.02 /\A 0.02 AA
0 < 0 0
-0.02 -0.021 0% -0.027 106
8 8 ; 8
-0.0416 0048 o 0045 . f
4 4 i il a4l T i
2 2 b 2t i H
0,06 0062 i 4| 0062 1A
-0.08 -0.08 -0.08
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Fig. 1 Example 2: Time snapshots of the difference /1 (x, 1) — heq(x), computed by the proposed scheme (top
row) and by the scheme from [6] (bottom row) using a coarse mesh with 100 cells. A reference solution (blue
dash-dotted line) is plotted in the bottom row

In order to futher demonstrate the importance of an improved well-balanced property of
the proposed scheme, we compute the solutions at the same times using the two studied
schemes, but on a substantially finer mesh consisting of 5000 uniform cells. The obtained
differernces h(x, t) — heq(x) are plotted in Fig. 2, where one can observe a much higher
resolution achieved by the proposed scheme. At the same time, the scheme from [6] can
accurately capture the left-going wave only, whereas the right-going wave, which interacts
with the nonflat bottom topography, is still dominated by the spurious waves whose magnitude
is proportional to the size of truncation error. Finally, a reference solution computed by the
proposed well-balanced scheme using 18000 uniform cells has been added in the bottom rows
of Figs. 1 and 2. This reference solution helps to clearly distinguish between the spurious
waves generated by the scheme from [6] and the accurate solution.

3 New Hybrid Well-Balanced Central-Upwind Scheme for Shallow
Water Equations with Wet/Dry Fronts

Recall that in Sect. 2, the discussion was restricted to the case when all of the computational
cells are fully flooded, that is, they satisfy Definition 2.1. We now turn our attention to the case
when the computational domain contains “dry” and/or “almost dry” areas. This is practically
important as it corresponds to the presence of islands and/or shore areas, and our goal is to
extend the well-balanced flux globalization based central-upwind scheme presented in Sect. 2
to such cases. Specifically, we derive the scheme, which can preserve not only “lake-at-rest”
steady states 2.13, but also “dry lake” states as well as their combinations. The “dry lake”

equilibrium is defined as _
z7j =u; =0, h;=0, forall;.

In Fig. 3, we present a typical steady-state setting with “lake-at-rest” and “dry lake” states
combined. Here, we assume that the cells are numbered as follows: cells Cj,, ..., C;, are
fully flooded, while cells C; with j < jg and j > j, are either partially flooded or dry.
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%108 t=10.02 %108 t=0.06 %108 t=0.08
8 8 8
6 6 6
4 4 4
2 2 2
0 0 0
2 -2 2
-1 0.5 0 0.5 1 -1 0.5 0 0.5 1 -1 -0.5 0 0.5 1
%10 t =0.02 %10 t =0.06
2
i
0 YAIRY, 0
2 -2
4 4 4
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Fig.2 Example 2: Same as Fig. 1 but using a substantially finer mesh with 5000 cells

i
I
|
I
I
3k ) ) ) o ] ) N o
Jemrwg g i Zjot ! T8 Tj 3 Zj—1 Ti+d x5 g Titd

Fig. 3 Sketch of the combination of the “lake-at-rest” and “dry lake” steady states. Cells Cj,_1 and Cjj, 4
are partially flooded; cells Cj,, ..., Cj, are fully flooded; other cells are dry

First of all, we note that the Manning friction term should be modified in “dry” and “almost
dry” ares, and therefore we consider only the frictionless version of the system 1.6—1.8 with
n = 0 in the current section. Second, we would like to draw the reader’s attention to the fact
that the global flux K is not constant at the studied combined steady states as in the “dry”
areas on the left the values of K will simply vanish. We will therefore introduce all of the
global variables inside the “wet” areas only, and in the case when there are multiple “wet”
areas, one has to introduce its own set of global variables in each of such areas. Third, we
follow [3] and introduce the free surface in cell C; (denoted by w;), which represents the
average total water level in (the flooded parts of) this cell assuming that the water is at rest;
see Fig. 4, where we sketch the partially flooded cell Cj,— and a typical fully flooded cell
C;. We always choose w; such that the area enclosed between the line with height w; and
the bottom line B j equals the amount of water given by Ax - h j- The resulting area is either
a triangle (in a partially flooded cell; see Fig. 4 (left)) or a trapezoid (in a fully flooded cell;
see Fig. 4 (right)). So, if the cell C; is fully flooded, the free surface W; (x) is defined as

\Ilj(x) =w;j, XE€& Cj,

otherwise the free surface is a continuous piecewise linear function. Assuming that as in Fig. 4

(left) B;_ 1> B, 1 (the opposite case B;_ )< B, 1is treated similarly), this function is
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Fig.4 Computation of w; in the partially (left) and fully (right) flooded cells

given by
B(x), ifx < x;-‘,
wj, otherwise,

W;(x) ==

where x}‘ is location of the wet/dry front in the cell C;, which can be determined using the
water mass conservation as follows:

xj+% xj+%

Ax-hj= / (W;(x) — B(x))dx = / (w; — B(x)) dx
xj_% x;f (31)
Ax* Ax’ Axy)?

= (wj =By ) = (BOD — By y) = (Bx)j»

2

where Ax;‘ =X.,1 — x;‘f. It then follows from 3.1 that

jt3

* —_— [—
Xj =X Ax 3.2)
We now consider a typical combined steady state with
hj=0, forj<je—1lorj>j+1, wj_1=wj=-=wj =wj] =1’E,(33)

t7j=uj =0, forall j,

see Fig. 3, and introduce a new approach for constructing the global flux variable, which
will remain constant at such steady states. To this end, we first compute R . for j =
je—1,..., jrusing2.6, Rj, using 2.15,and R for j = j,+1, ..., j, using2.16. As we have
shown in Sect. 2.3, this will guarantee that K;, = --- = K = K at the studied combined
steady state. We will now need to develop formulae for computing K ;, 1 and K j, 1 satisfying
the same property, namely, we need to ensure that at these states K;, | = Kj,y1 = K as
well.
In order to achieve this goal, we notice that in all of the fully flooded cells,

wj'=Ej+Bj, J=1Jts--us jr- 3.4
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However, in the partially flooded cells Cj,—; and C}, 41, 3.4 does not hold. Instead, one can
show that

Wj,—1 = f_lj£_1 + Bj,—1, Wj,+1 = I’_lj,+1 + Bj,+1, (3.5)

where §j4—1 is obtained using 3.2:

o~ —_

Bt = wjt = Hjpt = By + 201 (B3 = B, _y) = et (36)

Similarly, in cell Cj, 11, we have

o~ —_

Bjvt=wjt = i1 = B+ 200(B, 3 = B, ) = Bt G
Equipped with 3.6 and 3.7, we then set

Xje

or BT T 5
Rj—1=Rj, — / ghBydx ~ Rj, = 5 (hj, + hj—1)(Bj, = Bju—1),
xj(f_l
- (3.8)
_ ok EF LT VB
Rjv1=Rj + [ ghBydx~Rj +Z(hj + hj41)(Bj+1 = Bjp),
X,

and hence using 2.8 we obtain

=2
qi,—1 g2 9i+1 &2
Kj_1==" + 5 R+ R, Kj41 == + 5 ke F R 39
hj—1 hj, 41

Notice that this particular selection of the global variable values at the partially flooded cell
Cj,—1 guaranties that at the steady state 3.3, K;,_| = K, = K. Indeed, substituting 3.3 into
3.8, 3.9 and using 3.4 and 3.5, we obtain

Kj, = Kj-1= %(h; — Rj) + R = R

-4

S 2

g — —
= S (hje + hje—1) (wj, = wj—1) = 0.

(hj, + hj,1)(hj, — hj—1 + Bj, — Bj,_1)

Similarly, one can show that at the steady state 3.3, K, 4| = K, = K.

As it was mentioned in Sect. 1, we develop a hybrid approach, according to which the
flux globalization based central-upwind scheme described in Sect. 2 will be used only inside
the “wet” areas, namely, in cells Cj, 41, ..., Cj, 1. Outside these areas, we will implement
the scheme from [3], which is based on a special piecewise linear reconstruction of the water
surface w. The resulting hybrid scheme will exactly preserve the aforementioned combined
“lake-at-rest”—*“dry lake” steady states provided the one-sided reconstructed point values
coincide at the interfaces between these areas (these interfaces are marked by the red dashed
line plotted in Fig. 3). We therefore need to verify that at these steady states the following
four equalities hold:

- + - + - - +
Ve et Doy Ty Py = by =hi o GO
The first two equalities immediately follow from the fact that g = 0 for all j and ¢ is
reconstructed in both schemes. Next, we prove the third equality in 3.10. Since we reconstruct
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wincell Cj, w> | =wj, = w and we obtain
o Jery )

_ _ G4 - 2.1) — Ax
hj(+% :wj[+% _Bjé’,+% :w,(, —le_,’_l h/[ +B// —le+1 : h ) (Bx)j/
(3.11)

At the same time, we recontruct K in cell Cj,41, so that Kj*+ =K = I?, and thus the
3

right-sided value of 4 is

2 2 238) 2
+ Kt N _
My = \/8( ey T R ) = \/g(K” Rierd) = \/g <2 .+ R RJH%)

(3.12)

2.6), (2.15 — Ax —
2.6), 2. )\/h +Ax(Bx).,-[<hjé+T(Bx).,»z)—2hjZAx(Bx)jé

_ Ax 2 — Ax
= \/(h./'z - T(Bx)./l) = hj, — T(Bx)jz'

As one can see, Egs. 3.11 and 3.12 imply h;rJrl = h;+1 . The fourth equality in 3.10 can
T3 T3

be verified analogously.

3.1 Hybrid Piecewise Linear Reconstruction: A Summary

We use two different piecewsie linear reconstructions in different parts of the computational
domain.

e Inside the “wet” areas, that is, in the situation plotted in Fig. 3in cells Cj, 11, ..., Cj, 1,
as well as in the two remaining wet cells C;, and C;,, we use the piecewise linear
reconstructions of ¢ and K,2.10 and 2.11, to obtain qi , and K s forj=je, .., jr—

1. We then solve the cubic equations 2.12 and 0bta1n2the corresponding point values
hﬁrl, J=jes.eojr— 1L

e In tﬁe partially flooded and dry cells, that is, in the situation plotted in Fig. 3 in cells
Cjwith j < je—1orj > j + 1, as well as in the two wet cells C, and C;,, which
have partially flooded or dry neighbors, we use the wet/dry reconstruction proposed in
[3, Definition 3.2] and described below.

Given }_zj and g ;, we first compute the values w; :=h; + Bj and u; := ﬁj/l_zj (the latter
computation needs to be desingularized as discussed in Remark 3.3 below) and perform a
piecewise linear reconstruction similar to 2.10, 2.11, but for the fileds of w and u. We then use
a formula similar to 2.9 to evaluate the one-sided point values of w and u, which we denote

by w*  and u® . The corresponding values of 4 are 7= , = w* , — B, 1. Finally,

Y Wi i+3 poncing i*s A S AS: Y

the values of h* , and w;—:_ \ » which will be used in the numerical fluxes, are obtained by
2 2

modifying ﬁjﬁl and Eﬁl according to the following wet/dry correction algorithm.
2 2

2

Case I (wj = B;_1 and wj = Bj+$) There is enough water in C; to flood the entire

cell.
Case IA(WT |, > B, 1 and W_ , > B., 1) No correction is needed and we set
1 1
Jj=3 J=2 j+s = Ttz
wt =0T, hE, =ht .
/+§ j+§ ,/+§ j+§
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Case 1B (ﬁ;r \<B._1o0orw. | < Bj+%) We correct the water surface slope and
2

J=3 Jt+3
obtain
if W~ , <B. 1, thenweset w. , =B.,1 and wh , =2w; — B. 1;
j+i itz j+i itz i-% J J+3
if Y, < B._ 1, thenwe set w, , =2w; —B._1 and wh |, =B,
j—3 J=2 Jj+3 J=2 j=3 J=2

Case 2 (Bj_% > w; > Bj+%) There might not be enough water in C; to flood the entire
cell.
Case 2A (the neighboring cell C | satisfies Case 1A) We set

— + — —
W, =w and h~ ,=w. , —B. 1.
ity jt+y j+3 jt+3 itz

Case 2A1 (2h j— h;+l > 0) There is enough water in C; to flood the entire
2

cell and we set

h+]=2ﬁj—h_ and w+1=h4.' +B

: . 1
i- i+3 iy imy T

[N]

Case 2A2 (2hj — h]; ; < 0) There is not enough water in C; to flood the entire
2

cell and we set

Notice that in this case the reconstruction within cell C; consists of two linear
pieces; see [3, Figure 5].
Case 2B (the neighboring cell Cjy does not satisfy Case 1A) We set

w, ,=w; and h T | =w; — B. 1
j+% J j+% J Jtsz
+

and consider Cases 2A1 and 2A2 to set the values hj' , and wj
-} _

D=

Case 3 (Bj_% < wj < Bj_,_%) Analogous to Case 2.

Remark 3.1 We stress that in the wet cells, which have partially flooded or dry neighbors, we
roconstruct both ¢, K and u, w.

3.2 Time Evolution of the Numerical Solution Inside and Outside the “Wet” Areas

In this section, we describe our hybrid well-balanced strategy of the time evolution of the
numerical solution. Inside the “wet” areas, that is, in cells Cj, 11, ..., C; — in the situation
illustrated in Fig. 3, we use flux globalization based central-upwind evolution described in
Sect. 2.1. Outside the “wet” areas, the solution is evolved according to the well-balanced
central-upwind scheme from [3].

Remark 3.2 It should be observed that at the cell interfaces x; | ! andx; _ 1 (in the situation
shown in Fig. 3), we compute the global central-upwind fluxes 2.5 and the central-upwind
fluxes from [3] using the one-sided point values obtained from the two different reconstruc-
tions. However, this does not lead to any discrepancies since, as we have demonstrated in
3.10, in the case of the studied combined “lake-at-rest” and “dry lake” steady states, the left
and right reconstructed point values will coincide at these two interfaces.
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Remark 3.3 Inside the “wet” areas, we first reconstruct the one-sided point values q | and

then obtain the correspondlng velocities (needed for the numerical flux evaluation) by taklng

u;—L+ J+1 /h . However, if the point values h* jd , become too small or zero, this
2

calculatlon must be desmgularlzed To this end, we use the same desingularization technique
as in [6,9,15], namely, we set

+ J+lql+2

ut | = .
+ \2 + \2 ~12
(hj+%) +max{(hj+%) ,10-1 }

j+3

After that, for consistency we replace the point values qﬁl and K ji+1 with the corrected
2 2
2 + 2 .
values h* | -ut | and KT | . (uT +g(h 2+ R., 1, respecively.
j+3 i+ i+3 ( j+%) q j+%) / j+y P o
Outside the “wet” areas, we reconstruct the one-sided point values M;i , and thus we first
_ 2
need to compute the point values uj = ¢ ;/h;. This computation must be desingularized as
well and hence we set

/;2 =2 12 :
j T max hj, 10

uj =

Remark 3.4 We stress that, while inside the “wet” areas we numerically integrate the Saint-
Venant system 1.6 written using the global fluxes 1.7, outside the “wet” areas we numerically
solve the Saint-Venant system written in the classical balance law form:

ht + 4qx = 07
q: + (hu2 + §h2>x = —ghB,.

Remark 3.5 In order to ensure that the proposed scheme preserves the positivity of the water
depth i, we implement the same “draining time step” technique, which was introduced in
[4] and used in [3].

3.3 Numerical Examples

In this section, we demonstrate the performance of the proposed hybrid well-balanced central-
upwind scheme on two numerical examples.

In both of the examples, we take g = 9.8 and use the free boundary conditions. We also
use the same discretization of the cell averages of the initial conditions as in [3]. Assume that
at time ¢ = 0 the states at cell interfaces U j+) are given. We first use the trapezoidal rule to
compute

_ 94T

=T
We then follow [22] and distinguish between the following cases for the computation of the
initial fluid depth cell averages:

° Ifbothhj_% >Oandh/. 1 >00r1fB/_1 _B 1,then

_ h1+4+h
hj=7]+2 J ’

D=

[\
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Fig.5 Example 3: Combined 0.6 .
“lake-at-rest” and “dry lake” Water Surface
steady state 3.13 Y Bottom Topography |
0.4
0.3f 1
011 ,
0 . J
0 5 10 15 20
° Ifmax{hjf%,hJ#%} > 0, mm{hjf%,hJ#%} =0, and ij% #~ Bj+%,then
max {h2 . 2 . }
= J=2 J*3
j= .
2|B j-+ ~ Bjtt |

3.4 Example 3: Combined “Lake-at-Rest” and “Dry Lake” Steady State

In this numerical example, we consider the following steady state:

heq(x) = max {0,0.4 — B(x)}, ueq(x) =0, (3.13)
with a nonflat bottom topography containing two humps and defined by
0.2 —0.2(x — 7)%, if6<x <8,
B(x) =1 0.48 — 0.12(x — 17)2, if15<x <19, (3.14)
0, otherwise,

as illustrated in Fig. 5. As one can see, the lower hump is completely submerged, whereas
the higher hump is only partially submerged.

We first take the computational domain [0, 20] and use 3.13, 3.14 as the initial conditions.
The obtained results clearly show that the combined steady state 3.13, 3.14 is preserved by
the proposed hybrid scheme within the machine accuracy.

We then superimpose a small perturbation onto the background 3.13, that is, we take the
following initial data:

1074, if1l <x <12,
h(x,0) = heq(x) + . u(x,0) =0.
R otherwise,

We compute the numerical solution by the proposed hybrid scheme until the final time t =
4.2 using 400 uniform cells. In Fig. 6, we plot the difference / (x, ) —heq (x) at different times.
As expected, the perturbation splits into two waves propagating in the opposite directions
(t = 0.6). Attime ¢ = 1.8, the left-going wave is located over the lower hump (x € [6, 8]) and
its magnitude increases. Moreover, one can see that a small reflected wave is generated and
moves to the right. At time ¢ = 2.4, the left-going wave passes the hump and its magnitude
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15 %107 t=10.6 15 %107 t=1.8 15 %107 t=24
10 10 10
) V| 1|
.U o
-5 -5 -5
0 2 4 6 8 1012 14 16 18 20 0 2 4 6 8 1012 14 16 18 20 0 2 4 6 8 1012 14 16 18 20
15 X107 t=3 152107 t=3.6 15 10° t=4.2

-5 -5 -5
0 2 4 6 8 1012 14 16 18 20 0 2 4 6 8 101214 16 18 20 0 2 4 6 8 1012 14 16 18 20

Fig.6 Example 3: Time snapshots of & (x, 1) — heq(x) computed by the proposed hybrid scheme. Blue dashed
line is a horizontal line at the level 5 - 107> (Color figure online)

decreases to the original level. At the same time, the right-going wave reaches the higher
hump located in [15,19]. After that, the left-going wave keeps moving and its shape does
not change much. However, the right-going wave starts interacting with the higher hump.
At time ¢ = 3, the right-going wave passes over the submerged part of the higher hump and
the magnitude of the wave increases. At the same time, a small reflected wave is generated
and starts propagating to the left. At time t = 3.6, the right-going wave propagates over the
initially dry part of the hump and the magnitude of the wave keeps increasing. Finally, at
time ¢t = 4.2, the water flows down the hump and magnitude of the right-going perturbation
decreases.

Remark 3.6 We note that in this example, we have used two sets of global variables: one of

them has been used on the left of the “dry” area located on the top of the higher hump, and
the second set of global variables has been used on the right of that “dry” area.

3.5 Example 4: Still and Oscillating Lakes with Wet/Dry Fronts

In the final example taken from [1] (also studied in [3]), we consider the still and oscillating
lakes in a parabolic basin described by the following bottom topography function:

B(x) = - [1 —cos ((2x — D7)]. (3.15)

FNIR.

The still lake equilibrium is given by
heq(x) = max {0,0.4 — B(x)}, ueq(x) =0, (3.16)

which corresponds to a combined “lake-at-rest” and “dry lake” steady state.

We first take the computational domain [0, 1] and use 3.16, 3.15 as the initial conditions.
The discrete L'- and L>-errors of numerical solutions computed using 200 uniform cells
at the final time + = 19.87 are shown in Table 2. The obtained results clearly show that

@ Springer



Journal of Scientific Computing (2022) 90:9 Page 19 of 21 9

Table 2 Example 4: L'-and

1_ : 00 _ : 1_ ; o0 _, ;
L%-errors in the water depth h L' -errorin h L*°-error in h L' -errorin g L™ -error in g
and discharge g for the 7.02e—17 2.06e—16 6.92e—16 7.76e—16
unperturbed initial data 3.16,3.15 e o e
w x10° q

0.5

045

04r

0.35

!

i
i
i

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

Fig.7 Example4 (oscillating lake): Water surface w together with the bottom topography B (left) and discharge
g (right). Red solid lines represent the results by the proposed hybrid scheme, blue dashed lines represent the
reference solution, and black dash-dotted lines stand for the bottom topography (Color figure online)

the combined steady state 3.16, 3.15 is preserved by the proposed hybrid scheme within the
machine accuracy, as expected.

We then introduce a sinusoidal perturbation of /¢4 and take the following initial data:

sin (4x — 2 — max {0, —0.4 + B(x)})
25

h(x,0) =max 10,04+ - B(x)

In Fig. 7, we plot the water surface w and discharge ¢ at the final time ¢ = 19.87 computed by
the proposed hybrid scheme using 200 uniform cells. The obntained results are compared with
a reference solution computed by the scheme from [3] on a very fine mesh with 12800 cells.
As one can see, the proposed hybrid scheme provides an accurate approximation of wet/dry
fronts without producing any spurious waves during the wetting and drying processes.

4 Conclusion

In this paper, we have developed a novel well-balanced flux globalization based central-
upwind scheme, which can be viewed as an improved version of the scheme from [6].
The new scheme can exactly preserve not only the moving-water equilibria, but also the
“lake-at-rest” steady states for the 1-D Saint-Venant system of shallow water equations. This
was achieved by introducing a more accurate quadrature for computing the global variables
(integrals) in a recursive way. The advantage of the new scheme has been demonstrated on
two numerical examples.

Furthermore, we have extended the range of applicability of the flux globalization based
central-upwind scheme to cover the cases when “dry”” and/or “almost dry” areas are present.
This goal has been achieved by introducing a hybrid approach: we use the flux globalization
based scheme inside the “wet” areas only, while elsewhere we apply the central-upwind
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scheme from [3]. The resulting hybrid method is capable of preserving still-water equilibria,
including those that combine “lake-at-rest” and “dry lake” steady states in the presence of
“dry” areas. It can also capture the time evolution of small perturbations of such steady states
as well as oscillating lakes in an accurate and robust manner as it has been demonstrated on
two numerical examples.

In our future work, we plan to extend the developed hybrid approach to several more
complicated models, for instance, the hyperbolic models for chemotaxis studied in [2,21].
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