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WELL-BALANCED POSITIVITY PRESERVING CENTRAL-UPWIND SCHEME
ON TRIANGULAR GRIDS FOR THE SAINT-VENANT SYSTEM

STEVE BRYSON!, YEKATERINA EPSHTEYN?, ALEXANDER KURGANOV?
AND GUERGANA PETROVA*?

Abstract. We introduce a new second-order central-upwind scheme for the Saint-Venant system of
shallow water equations on triangular grids. We prove that the scheme both preserves “lake at rest”
steady states and guarantees the positivity of the computed fluid depth. Moreover, it can be applied
to models with discontinuous bottom topography and irregular channel widths. We demonstrate these
features of the new scheme, as well as its high resolution and robustness in a number of numerical
examples.

Mathematics Subject Classification. 76M12, 35L65.

Received November 20, 2008. Revised May 3, 2010.
Published online October 11, 2010.

1. INTRODUCTION

We consider the two-dimensional (2-D) Saint-Venant system of shallow water equations [8]:

hi + (hw)y + (hv), =0,

1
(hu): + (hu2 + 59h2> + (huv)y = —ghBy, (1.1)

x

1
(hv) + (huv), + <h02 + igh2> = —ghBy,
y

where the function B(z,y) represents the bottom elevation, h is the fluid depth above the bottom, (u,v)7 is

the velocity vector, and ¢ is the gravitational constant. This system is widely used in many scientific and
engineering applications related to modeling of water flows in rivers, lakes and coastal areas. The development
of robust and accurate numerical methods for the computation of its solutions is important and challenging

Keywords and phrases. Hyperbolic systems of conservation and balance laws, semi-discrete central-upwind schemes, Saint-Venant
system of shallow water equations.

L NASA Ames Research Center, Moffett Field, CA 94035, USA. Stephen.T.Bryson@nasa.gov

2 Department of Mathematical Sciences, Carnegie Mellon University, Pittsburgh, PA 15213, USA. rinal0@andrew.cmu.edu

3 Mathematics Department, Tulane University, New Orleans, LA 70118, USA. kurganov@math.tulane.edu

4 Department of Mathematics, Texas A&M University, College Station, TX 77843, USA. gpetrova@math.tamu.edu

Article published by EDP Sciences © EDP Sciences, SMAI 2010


http://dx.doi.org/10.1051/m2an/2010060
http://www.esaim-m2an.org
http://www.edpsciences.org

424 S. BRYSON ET AL.

problem that has been extensively investigated in the recent years. One of the difficulties encountered is the
fact that system (1.1) admits nonsmooth solutions: shocks, rarefaction waves and, when the bottom topography
function B is discontinuous, contact discontinuities. In the latter case, the solution may not be unique, which
makes the design of robust numerical methods more challenging even in the one-dimensional (1-D) case (see,
e.g., [2] and the references therein).

A good numerical method for (1.1) should have two major properties, which are crucial for its stability:

(i) The method should be well-balanced, that is, it should exactly preserve the “lake at rest” steady-state
solutions h + B = const., u = v = 0 (lake at rest states). This property diminishes the appearance of
unphysical waves of magnitude proportional to the grid size (the so-called “numerical storm”), which
are normally present when computing quasi steady-states;

(ii) The method should be positivity preserving, that is, the water depth h should be nonnegative at all
times. This property ensures a robust performance of the method on dry (h = 0) and almost dry (h ~ 0)
states.

In the past decade, a number of well-balanced [4,5,10,15,16,18,21,25,26,29-32,36,37] and positivity preserving
[4,18,21,30] schemes for (1.1) have been proposed, but only few of them satisfy both major properties (i) and
(ii). Among the methods developed are generalizations of the class of accurate, efficient and robust Godunov-
type semi-discrete central-upwind schemes, introduced in [19,20,22-24] as universal Riemann-problem-solver-free
methods for general multidimensional hyperbolic systems. More precisely, the central-upwind schemes have been
extended to compute the solutions of both the 1-D and 2-D Saint-Venant systems. For example, see [18], where
well-balanced and positivity preserving central-upwind schemes have been introduced. However, the schemes
presented in [18] do not simultaneously satisfy (i) and (ii) over the entire computational domain. In a recent
work [21], a new second-order central-upwind scheme, which is well-balanced and positivity preserving at the
same time, has been proposed. The key ideas in the development of this scheme are:

e Replacement of the bottom topography function B with its continuous piecewise linear (or bilinear in
the 2-D case) approximation;

Change of conservative variables from (h, hu, hv)T to (w := h + B, hu, hv)T;

Special positivity preserving correction of the piecewise linear reconstruction for the water surface w;
Development of a special finite-volume-type quadrature for the discretization of the cell averages of the
geometric source term.

In both [18,21], the central-upwind schemes for the 2-D system (1.1) are developed for Cartesian grids. Many
real world engineering applications require the use of triangular meshes due to the complicated structure of the
computational domains of the problems being investigated. A well-balanced central-upwind scheme on trian-
gular grids has been recently developed in [6], where the presented “triangular” scheme is a (nonconservative)
modification of the “triangular” central-upwind scheme from [20] with a special quadrature for the source term
average over arbitrary triangular cells. The method in [6] has not been tested on examples with (almost) dry
states, but since the method is not positivity preserving, it is expected to fail on such states.

In this paper, we present a new second-order semi-discrete central-upwind scheme for computing the solutions
of the system (1.1) on triangular grids. Like the central-upwind scheme from [6], our scheme is well-balanced,
but the new quadrature for the discretization of the geometric source, presented in Section 2.2, is much simpler
than the one proposed in [6]. In addition, unlike the scheme from [6], the proposed central-upwind scheme
is positivity preserving. The latter property is achieved by replacing the (possibly discontinuous) bottom
topography function B with its continuous piecewise linear approximation (Sect. 2.1) and adjusting the piecewise
linear reconstruction for w according to the piecewise linear approximation of B (Sect. 2.3). This technique is
borrowed from [21] and naturally adopted to triangular meshes.

The new central-upwind scheme is derived in Section 2 and its positivity preserving property is proved in
Section 2.4. In Section 3, we demonstrate the high resolution and robustness of the new scheme on a variety of
numerical examples.
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FIGURE 1. A typical triangular cell with three neighbors.

2. DESCRIPTION OF THE SCHEME

In this section, we describe our new second-order semi-discrete central-upwind scheme for solving the Saint-
Venant system of shallow water equations on triangular grids. We first denote the water surface by w := h+ B
and rewrite (1.1) in terms of the vector U := (w, hu, hv)T:

U, + F(U,B), + G(U,B), = S(U, B), (2.1)

where the fluxes and the source terms are:

PU.B) = (e, T 4 oo - 52, D) (2.)
5 T

G(U,B) = (hv, (Z“l(lgj), U(J"E)B + %g(w - B)Q) : (2.3)

S(U.B) = (0.~g(w— B)B,. —g(w - B)B,) . (2.4)

We assume that a triangulation 7 := U T; of the computational domain, consisting of triangular cells 7} of

J
size |T}|, is given. We denote by 7,5 := (cos(6,x),sin(6,%)) the outer unit normals to the corresponding sides
of T; of length ¢, k = 1,2,3, see Figure 1. Let (z;,y,) be the coordinates of the center of mass for T; and
Mk = (zk, yjr) be the midpoint of the k-th side of the triangle T}, k = 1,2,3. We denote by Tj1, Tj2 and T}3
the neighboring triangles that share a common side with Tj.

A semi-discrete scheme for (2.1) is a system of ODEs for the approximations of the cell averages of the
solution:

1
U;(t) = T /U(:c,y,t) dzdy.
J
T;
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We refer the reader to [20], where a general form of a “triangular” central-upwind scheme for systems of
hyperbolic conservation laws is derived. Its second-order version (see [6,20]) reads:

dU; 1< Cigcos(05k) ¢ ;
T mzijm +a§ut (a3 F(Ujk(Mjy,), B(Mjy)) + a3 F(U;(Mjg), B(Mjy))]
I =1
3 .
1 Ck sin(6;) o
a WZ J +(aout [ G( ( Jk) B(M ))+a]ktG( ( jk) B(M]k))}
I k=1 Jk
1n out
|T | & Z ik % Jkout [Ujk(Mjk)*Uj(Mjk) +5j, (2.5)
]k

where U;(M;) and U, (M,i) are the corresponding values at M,y of the piecewise linear reconstruction

U(z,y) = U + (Up)j(z — 25) + (Uy);(y —y3),  (2,9) €T} (2.6)

of U at time ¢, that is:
U, (M) := lim Ulz,y), Ujp(My) = lim Uz, y). 2.7
i (M) (z,y)— M5 (2,y)ET; (=9) o5 (M) (@,y)—Mjp;(z,y) €Ty, @) 27)

The numerical derivatives (U,); and (U,); are (at least) first-order, componentwise approximations of
U,(zj,y,,t) and Uy(x;,y;,t), respectively, computed via a nonlinear limiter, used to minimize the oscillations
of the reconstruction (2.6). One can use any nonlinear limiter. A variety of nonoscillatory reconstructions can
be found, for example, in [1,3,7,9,13,14,17,20,35]. In our numerical experiments, we have used a componentwise
piecewise linear reconstruction, which is a modification of the Cartesian grid minmod reconstruction (see,

e.g., [27,28,33,34]). To calculate the numerical derivatives of the ith component of U, ( g(f)) i and (Uz(f))j7 we
construct three linear interpolations L;Q(ac, Y), L?3 (x,y) and L}3 (x,y), which are conservative on the triangle Tj
and two of the neighboring triangles (71,7}2), (Tj2,Tj3) and (Tj1,T}3), respectively. More precisely, the
plane L}Q (z,y), for example, passes through the points whose first two coordinates are the coordinates of the

centers of mass of the triangles 7}, Tj; and Tj2, and the third coordinates are the cell averages of U@ over
the corresponding triangles. We then select the linear piece with the smallest magnitude of the gradient, say,
L?m(m, y), and set

(U, (UP);)T = VL™, (2.8)
We minimize the oscillations by checking the appearance of local extrema at the points My, 1,2, 3. If for some &
one of the reconstructed point values of the ith component of U, Ugl) (Mj) or Uyk) (M;y), is not between the

cell averages ﬁ;i) and ﬁgik), we replace (2.8) by
(U); = (Uy); =o0.

The quantity §j in (2.5) is an appropriate discretization of the cell averages of the source term:

— 1
t) ~ |T]'|T/‘S(U(Jc,y,t),B(ac,y)) dzdy.

In Section 2.2, we discuss in detail how to compute §j in a simple way, which guarantees the well-balanced
property of the proposed scheme.
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out

Finally, the directional local speeds a“‘ and af;" in (2.5) are defined by

af (Mjr) = —min{ A [Vig (U, (Mjk))], M [Vik (Ujk (M), 03,
afpt (Mji) = max{As[Vik (U; (M), As[Vie (U (Mjx))], 03,

(2.9)

where A1 [Vji] < A2 [Vik] < A3 [Vji] are the eigenvalues of the matrix

F oG
+sin(0;x) 7

Vit = cos(01) 5o =

(the explicit expression of the eigenvalues are given in (2.29) below). If both aijl,‘c and ao};t are zero (or very close
to zero), the scheme (2.5) reduces to

U, 5 ik COS(U;
% - |le| Z: w [F(Ujk(M;r), B(Mjx)) + F(U;(M;1), B(Mjg))]
3 :
_ ITlgl Z gﬂf“fg(eﬂf) (G(Uj (M), B(Mjr)) + G(U;(Mjy,), B(Mji,))] + S;. (2.10)

In all reported numerical experiments, we switched from (2.5) to (2.10) when aj L +aft <107 8,

A fully discrete scheme is obtained from (2.5) (or (2.10)) by using a stable ODE solver of an appropriate
order. In our numerical experiments, we have used the third-order SSP-RK ODE solver, see [12]. The time step
size should satisfy the CFL condition, see [20]:

1 . Tk
At < 3 Tin l—}] (2.11)

k| max{a$yt, alf}
where 7, kK =1,2,3 are the three corresponding altitudes of the triangle 7; € 7.

2.1. Piecewise linear approximation of the bottom

We start by replacing the bottom topography function B with its continuous piecewise linear approxima-
tion B, which over each cell T} is given by the formula:

L= ‘ijm Yy — gjn B( ) BJ12
‘%j23 - ‘%jm gj23 - gjn Bj23 Bjn =0, (x,y) € Tj' (212)
jjla - jj12 gjls - gjm lez 8]12

Here, B,, are the values of B at the vertices (%j.,95.), k& = 12,23,13, of the cell T; (see Fig. 1), computed
according to the following formula:

1
Bj. =35 ( G i B(Z;, + h&, ;. + tn) + o in i B, + e, gj. +€77)) (2.13)

which reduces to

Bj, = B(Zj,,¥j.),
if the function B is continuous at (Z;,,¥;.). Note that when B is discontinuous at this point, formula (2.13)
prescribes to Bj, the average of the minimum and maximum values of B at (Z;,,7;.). In any practical case,
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this can be done quite easily. However, if the bottom topography function has a very complicated discontinuous
structure, one may use any of the “one-sided” values of B at (Z;,,7;,) as Bj, instead of (2.13).
Let us denote by Bj; the value of the continuous piecewise linear reconstruction at My, namely Bj; =

B(Mj;,), and by B; := B(z;,y;) the value of the reconstruction at the center of mass (z;,v;) of Tj. Notice
that, in general, By # B(Mji) and

1 ~
B = — B dzdy.
J |Tj| / (Iay) x y

J

Moreover, one can easily show that

1 1
B; =3 (Bj1 + Bj2 + Bjs) = 3 (Bj,, + Bjyy + B,y )- (2.14)

Notice that the approach described above is applicable to any bottom topography function, both continuous
and discontinuous.

2.2. Well-balanced discretization of the source term

The well-balanced property of the scheme is guaranteed if the discretized cell average of the source term, §j,
exactly balances the numerical fluxes so that the right-hand side (RHS) of (2.5) vanishes for “lake at rest” steady
states U = (C,0,0)", where C' = const. Notice that for these states Ujx(M;x) = U;(M;i) = (C,0, O)T v, k.
After a substitution of a “lake at rest” steady state into (2.5) and taking into account that in this case, aj) = a?,‘;t,

see (2.9) which becomes (2.29), the source quadrature should satisfy the following two conditions:
3
C — B(Mj©))? =@
N % > bin COS(%)# +57 =0 (2.15)
I k=1

and

2 .
|T|Z€]ksm i) +8;7 =0, (2.16)

where S; = (0, S;’,S

'ﬂ‘m

/C B(x,y)) By (r,y) dedy,
T

and

cnl
'ﬂ‘m

/C B(z,y))By(z,y) dedy.
T

To derive the desired quadrature, we first apply Green’s formula,

/divgdxdyz /J nds

Ty aT;
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to the vector field G = (3(w(z,y) — B(z,y))?,0) and obtain:

- /(w(m,y) — B(z,y)) B (z,y) dzdy :Z / (w(z,y) ;B(ac,y)) cos(0;x) ds

T b= )k

/ (w(z,4) — B, y))wa(,y) dady, (2.17)
T;

where (OT})y is the kth side of the triangle T}, k = 1,2, 3. Next, we apply the midpoint rule to the integrals on
the RHS of (2.17) and arrive at the following quadrature for the cell average §§-2):

3
- —g} (w — B)B, dady ~ 9 < > Lik(w(Mj) — B(Mji,))? cos(9jk) — gwa (x5, y;)(@; — By),  (2.18)
|71 2|T}]
7 k=1

where )
y /B(:c,y)d:cdy.
J 7

Ej =

N

—(3
Likewise, we obtain the quadrature for the cell average S; ):

3
g g . _ =
T /(w — B)By dxdy ~ 3T D Lk (w(Mjy) — B(M;y,))* sin(6) — gwy (x5, y;)(@; — B;).  (2.19)
J I k=1
T

Notice that since w, = w, = 0 for w = const., the quadratures (2.18)-(2.19) satisfy (2.15)-(2.16) when
U = (C,0,0)T.

We then replace B with its continuous piecewise linear interpolant B. Since the interpolant (2.12) is second
order accurate for smooth B, this replacement does not affect the (formal) order of both the central-upwind
fluxes in (2.5) and the quadratures (2.18)—(2.19). Finally, the discretization of the source term in (2.5) becomes:

3
<) g _
S;" = 3T > Lk (w; (Mg) — Bjx)? cos(Bx) — g(wa); (W5 — B;),
3) gj Z (220)
S, = 3T > Cin(w;(Mj) — Bjx)® sin(0;x) — g(wy); (W; — By),
I k=1

where Bj, = E(Mjk) and B; is given by (2.14).

Remark 2.1. The well-balanced quadrature (2.20) is much simpler than the well-balanced source term dis-
cretization proposed in [6].

2.3. Positivity preserving reconstruction for w

In this section, we describe an algorithm that guarantees positivity of the reconstructed values of the water
depth h;(Mji), k =1,2,3, for all j, which are obtained from the corresponding point values of w (obtained

with the help of the minmod-type reconstruction, described in the beginning of Sect. 2) and B:

h,j(Mj ) = ’U.)J'(Mj ) - Bjk; k= 1,2,3. (221)
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Notice that (see the proof of Thm. 2.2) in order to show that the scheme is positivity preserving, one only needs
to verify that h;(M;i) > 0. None of the aforementioned second-order piecewise linear (or even the first-order
piecewise constant) reconstructions for w can guarantee this since it may obviously happen that the cell average
w; > By, but w; < Bjj, for some k. Therefore, we have to correct the original reconstruction w so that we ensure
the nonnegativity of h;(Mjx) for k = 1,2,3. There are numerous correction procedures that would guarantee
that. The one that we have selected and describe below has less oscillations than some other choices, but we
have not conducted a complete study of the dependence of the numerical solution on the the various corrections.
Our proposed algorithm modifies w so that we achieve w(x,y) > B (z,y) throughout the entire computational
domain. The reconstruction w should be corrected only in those triangles, where w(&;,, 9;.) < Bj. for some &,
k = 12,23,13. Since w; > By, it is impossible to have w(Z;,_,¥,.) < B, for all three values of x, that is, at
all three vertices of the triangle 7%. Thus, only two cases in which a correction is needed are possible: either
there are two indices x1 and kg, for which w(%;, ,7;. ) < Bj,, and w(%,,,,¥;.,) < Bj,,, or there is only one
index r, for which w(%;, ,7;.,) < Bj,, -

In the first case, we will correct the reconstruction w so that w(%;, 9., ) = Bj,, and w(Z;,,,¥).,) = Bj,,-
These two conditions, together with the conservation requirement for the corrected reconstruction w, uniquely
determine the following correction algorithm:

it w(Zj,,,95.,) <Bj,, and w(Z;,,,7;,,) <B;

K1 r2?

set '[E(Li‘jh_l 5 gjﬂl) = Bjnl and '(E(Li‘jh_z 5 gjfw) = Bj’*‘z’ (222)

and replace the linear function, originally reconstructed over the triangle T}, with a new function (still denoted
by w) defined by

T — T, y—vy; wz,y)—w,
Tjo, =% Uiy, —Yj Bj, —w; | =0, (2,y9)€Tj (2.23)
Tj, =% Yjey —Yj B;,., —w;

Note that the corrected reconstruction is the restriction over T} of the plane that passes through the three
points with coordinates (Z;, ,¥j., s Bijx,)s (Tjuys Ujny > Bin, )» a0d (25, Y, W0;).

In the second case, we will only need to make sure that after the correction w(%;, ,7;.,) = Bj,,, while we still
have w(Z;,, , Uj,,) > Bj,., and w(Z;,.,¥j.,) > Bj,.,. This leaves one degree of freedom in the construction of the
corrected linear piece over the triangle T;. To minimize the oscillations, we decide to determine w(Z;,, , ¥j.,)

and w(Z;,,,Jj.,) so that the corresponding distances w(%;,,,¥j,,) — Bj., and w(Zj,,,7j.,) — Bj,, are equal.
The conservation requirement and the fact that w(z;, ,7;. ) = Bj, results in the relation

SO . 3 _

O(Zjy s Ying ) = By = W(Zjy s Uiny) = Biy = 5(@; = By).- (2.24)

We then replace the original reconstruction over the triangle 7}, with a new one (still denoted by w) defined by

T — T, y—vy; wz,y)—w,
Tjo, =% Uiy —Yj Bj, —w; | =0, (2,y9)€Tj, (2.25)
Tj, =% Yjey —Yj W —w;

where W = %(Ej — Bj) + Bj,.,. The corrected reconstruction is the restriction over T; of the plane that passes
through the three points with coordinates (Z;, ,¥j., s Bj.. )s (Tjn,» Ujn,» W), and (x5, y;j,W;).

The correction procedure (2.22)—(2.25) guarantees that the reconstruction of w is conservative and its values
are greater or equal to the corresponding values of B over the whole triangle 7;. Hence the point values of the
water height, defined by (2.21), will be nonnegative.
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Equipped with the positivity preserving reconstruction w, we now proceed with the computation of the
velocities u and v, and the one-sided local speeds needed in (2.5). Since the obtained values of h may be very
small (or even zero), we calculate the velocities the same way as in [21], namely (we omit the j, k indexes):

y = 2N () po Y20 () (2.26)

/It + max(h4, €)’ /It + max(h4, €)’

where ¢ is a prescribed tolerance (we have taken e = max{|7};|*} in all our computations). After evaluating h,
J

u, and v, we recompute the x- and y-discharges and fluxes accordingly, that is, we set:
(hu) == h - u, (hv) :==h - v,

1 T

F(U,B) := <hu, hu - u + §g(wB)2,hu~v) , (2.27)
1 T

G(U,B) := (hv,hv-u, hv-v+ §g(w—B)2) ,

at the points where these quantities are to be calculated. As noted in [21], this is an important step that allows
us to preserve the positivity of the fluid depth h (see Thm. 2.2).
Finally, we denote by u?(Mjk) and U?k (M) the normal velocities at the point Mjy:

u?(Mjk) := cos(0;x)uj (Mjr) + sin(0;r)v; (M), u?k(Mjk) = cos(0jk)ujn(Mjr) + sin(0;x)vin(M;r), (2.28)
and write the formulae for the local one-sided speeds of propagation:

af’ = max {U?(Mjk) +V/ghi (M) , ufy (M) + ghjk(Mjk)vo}a

ajj, = —min {“?(Mjk) = Vghi (M) , ufy(Mji) — ghjk(Mjk%O}-

2.4. Positivity preserving property of the scheme

(2.29)

In this section, we prove the positivity preserving property of our new well-balanced central-upwind scheme
for triangular grids in the case when the system of ODEs (2.5) is discretized in time, using the forward Euler
method or a higher-order SSP ODE solver [12]. The following theorem holds.

Theorem 2.2. Consider the system (2.1)—(2.4) and the central-upwind semi-discrete scheme (2.5)—(2.7), (2.20),
(2.22)—(2.25), (2.29). Assume that the system of ODEs (2.5) is solved by the forward Euler method and that for

all j, wi — By > 0 at time t = t". Then, for all j, E;H'l — Bj >0 at time t = t"T! =" + At, provided that

1 .
At < 6a mikn {rjx}, where a := ma}uﬁx{a?}jt, ajy and v, k=1,2,3, are the altitudes of triangle Tj.
a j, Js

Proof. We write the first component in equation (2.5) together with the forward Euler temporal discretization
as:

At & Ci cos(b5k) ¢ ;
ot =w) - — Z W [alfi (hu) i (M) + aSpt (hu); (Mjy,)]
J J

At 3 Ek sin(@-k) in ou
- > ;7111 +a§ut [alfi (hv) i (Mjjr) + aSit (hw)  (Mjy,) ]
ik 1T Qg

out

At @Gk agy
=3y #{ (M) — w; (M } 2.30
]ka3112+a§zt w]k( ]k) w]( ]k) ( )
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where all quantities on the RHS of (2.30) are evaluated at time level ¢ = ™. Since the piecewise linear
interpolant B of the bottom topography function is continuous, (2.21) implies that

wik(Mjy) — w;i(Mjk) = hji(Mjx) — hj(Mjy). (2.31)

3
Moreover, (2.14), (2.21), and the fact that @} = 3 - w;(M;y.) give:
k=1

3

- Bj = % 1; hj(Mji). (2.32)

Using (2.31)-(2.32), subtracting B; from both sides of (2.30), and using the notation (2.28), we arrive at:

ot _ Jkaijr;c t_ .0
hj |T Fa Zhﬂk E ot o [afi" — G (Mje)]
3

i + aout

1 At g]kaozt in
(é—ﬁ'ij (@i + i (M) ) (2:33)

where, as mentioned in (2.27), we have used the fact that (hu) = h-u and (hv) = h-v. Next, from the definitions
of the local speeds (2.29) we obtain that aj;* > u k(M ) and therefore, all terms in the first sum on the RHS

of (2.33) are nonnegative since the Corrected reconstructlon for w guarantees that hjx (M) > 0 for all j and
k=1,2,3. We also obtain:

At Ejka;’;;t ) At . fjka;’};t

in 0
= TR q,b ) (M. <« =0 IRk
[ajk +u]( Jk)] =13 +aout

t
|Tj| Jr aout [ ajk + a;’}c‘ } <

oo|»—

provided At < - man,k{%}, where a := max; ;{af*}. From (2.11) and the fact that [T;| = 0.5rjlj%, we
1

conclude that all terms in the second sum on the RHS of (2.33) are also nonnegative as long as At < ta mikn{rjk},
a j

a = mz}cx{a?,ﬁt, ]k}, since hj(Mj) > 0 for all j and k = 1,2, 3. This completes the proof of the theorem. O
Js

Remark 2.3.

1. Notice that Theorem 2.2 is proved under the stricter CFL condition than the one stated in (2.11).

2. Theorem 2.2 is still valid if one uses a higher-order SSP ODE solver (either the Runge-Kutta or the
multistep one), because such solvers can be written as a convex combination of several forward Euler
steps.

3. NUMERICAL EXPERIMENTS

We test our well-balanced positivity preserving central-upwind scheme on several problems in which (almost) dry
“lake at rest” steady states and/or their small perturbations are present. These examples clearly demonstrate
the ability of the proposed scheme to accurately resolve quasi-steady states (small perturbations of “lake at rest”
steady states) and, at the same time, to preserve the positivity of the fluid depth & (as proved in Thm. 2.2).

In all examples that follow, the gravitational constant is ¢ = 1. In Examples 1-3, the computational domain
is a rectangle, and we use the structured triangular mesh outlined in Figure 2, while in Example 4, where we
simulate a flow in a converging-diverging channel, the mesh is unstructured, see Figure 16 (right).
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FIGURE 2. Structured triangular mesh. Horizontal to vertical cathetus ratio is 2:1.
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FIGURE 3. w component of the solution of the IVP (2.1)—(2.4), (3.1) on a 2 x 400 x 400 grid:
the 3-D view (left) and the contour plot (right).

Ezxample 1 — Accuracy test

The goal of this numerical example is to experimentally check the order of accuracy of the proposed central-
upwind scheme. The scheme is applied to the system (2.1)—(2.4) subject to the following initial data and bottom
topography:

w(z,y,0) =1, wu(z,y,0)=0.3, B(x,y)=0.5exp(—25(x —1)? — 50(y — 0.5)?). (3.1)

The computational domain is [0,2] x [0, 1] and we have used a zero-order extrapolation at all boundaries.

For a reference solution, we solve this problem with our method on a grid using 2 x 400 x 400 triangles. By
t = 0.07, the solution converges to the steady state, which is in this case nonconstant but smooth. We show
the water surface for the reference solution at time ¢ = 0.07 in Figure 3. We use this reference solution to test
the numerical convergence. The L!'- and L®-errors are shown in Table 1. The obtained errors and the rate of
convergence are similar to the ones reported in [21], Table 4.1, for the 1-D problem on a uniform grid of the
same size. Tests of our method on a finer mesh are prevented by the size of the problem and available computer
resources. We believe that further mesh refinement would increase the rates, similar to the behavior shown
n [21], Table 4.1.

Ezxample 2 — Small perturbation of a stationary steady-state solution

Here, we first solve the initial value problem (IVP), which is a modification of the benchmark proposed
in [25]. The computational domain is [0, 2] x [0, 1] and the bottom consists of an elliptical shaped hump:

B(z,y) = 0.8exp(—5(z — 0.9)2 — 50(y — 0.5)?). (3.2)
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TABLE 1. Example 1: L'- and L>-errors and numerical orders of accuracy.

Number of cells Ll-error Order L*>-error Order
2 x 50 x 50 6.59 e—04 — 8.02¢e-03 —
2 x 100 x 100 2.87e¢-04 1.20 3.59¢-03 1.16
2 x 200 x 200 1.00e-04 1.52 1.21e-03 1.57

-15

10x10
in
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6,
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t

FIGURE 4. max(w — 1) as a function of ¢, where w is the solution of the IVP (2.1)-
T,y

(2.4), (3.2), (3.3) with e = 10714,

Initially, the water is at rest and its surface is flat everywhere except for 0.05 < z < 0.15:

1+, 0.05<2x<0.15,

where ¢ is the perturbation height. We have used zero-order extrapolation at the right and the left boundaries,
while the boundary conditions in the y-direction are periodic.
We first take a very small ¢ = 10~*, which is comparable with the machine error, and numerically verify

property (i) of the proposed central-upwind scheme. In Figure 4, we plot max(w — 1) as a function of ¢,
Ty
computed on a very coarse mesh using 2x10 x10 triangles. As one can clearly see, no instabilities are developed

and the balance between the fluxes and the geometric source terms is preserved numerically.

We then take a larger, but still very small perturbation height ¢ = 10~%. Figure 5 (left column) displays
the right-going disturbance as it propagates past the hump. The water surface, w(z,y,t), computed on the
mesh using 2x 200 x 200 triangles, is presented at times ¢ = 0.6,0.9,1.2,1.5 and 1.8. One can observe the high
resolution of complex small features of the flow (compare with [6,18,25]). To demonstrate that the importance
of the well-balanced property, we apply a non well-balanced central-upwind scheme, obtained by replacing the
quadrature (2.20) with a straightforward midpoint rule discretization:

—(2) _ =3 —
S;" = —9(@; = Bj)(Bs);,  S; =—9(®@; — Bj)(By)y,

where (B;); and (By); are the slopes of the jth piece of the piecewise linear approximation of the bottom
topography, E, given by (2.12). A “non well-balanced” solution, computed on the same 2 x 200 x 200 grid, is
shown in the right column of Figure 5. As one can clearly see there, the solution, computed by the non well-
balanced scheme contains “parasitic” waves, which are of about the same magnitude as the waves generated by
the small perturbation. This clearly demonstrates the advantage of the well-balanced quadrature (2.20).
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FIGURE 5. w component of the solution of the IVP (2.1)-(2.4), (3.2), (3.3) with ¢ = 1074,
computed by the well-balanced (left column) and non well-balanced (right column) central-
upwind schemes.
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FIGURE 6. 1-D slice of the bottom topographies (3.4), left, and (3.6), right. These plots are
not to scale.

t=0.5 t=0.65

\

I
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FIGURE 7. w component of the solution of the IVP (2.1)—(2.4), (3.4), (3.5), computed by the
well-balanced central-upwind scheme on a 2 x 200 x 200 grid.

Next, we modify the bottom topography (3.2) to numerically study the case of a submerged flat plateau, see
Figure 6 (left). Notice that the plateau is very close to the water surface, and that the initial water depth over the
plateau is equal to the perturbation height e = 107, The computational domain is now [—0.5,0.5] x [-0.5,0.5],
the radially symmetric bottom topography is given by

0.9998, r<0.1,
B(r)=1{ 9.998(02—7), 0.1<r<02, (3.4)
0, otherwise,

where r := /22 + 92, and the initial data are:

14+¢e, —-04<ax<-0.3,

1, otherwise, u(z,y,0) = v(z,y,0) = 0. (3.5)

wle.0) = {

In Figure 7, the solution, computed by the well-balanced central-upwind scheme on the mesh using 2 x 200 x
200 triangles, is shown at times ¢ = 0.2,0.35,0.5 and 0.65. Since the area over the plateau is almost dry, the
right-going disturbance mostly bends around that area, while only small portion of the wave propagates over the
area. As one can see from Figure 7, the general structure of the solution is well resolved on the 2 x 200 x 200 grid.
However, a finer mesh is clearly needed to achieve high resolution of the solution over the plateau area (see
Fig. 8, where the solution computed on the mesh using 2 x 400 x 400 triangles is plotted). Notice that the
positivity of h is preserved and no instabilities are developed at the almost dry area.
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FIGURE 8. w component of the solution of the IVP (2.1)-(2.4), (3.4), (3.5), computed by the

well-balanced central-upwind scheme on a 2x400 x400 grid.
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FIGURE 9. w component of the solution of the IVP (2.1)-(2.4), (3.4), (3.5), compute

0 0.2

d by a

non well-balanced central-upwind scheme on a 2 x 200 x 200 grid (compare with Fig. 7).
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FIGURE 10. w component of the solution of the IVP (2.1)-(2.4), (3.4), (3.5), computed by a
non well-balanced central-upwind scheme on a 2 x 400 x 400 grid (compare with Fig. 8).

It is instructive to compare the results, obtained by the well-balanced positivity preserving central-upwind
scheme, with the solution, computed by a non well-balanced (yet positivity preserving) one. The latter results
are shown in Figures 9 and 10. As one can see, when a coarser 2x200 x200 grid is used (Fig. 9), the “parasitic”
waves, generated at the plateau area, are dominating and the computed solution is completely incorrect. When
a finer 2x400 x 400 mesh is used (Fig. 10), the non well-balanced solution becomes a little less oscillatory, but

it is still unsatisfactory.
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In the final part of Example 2, we consider the situation in which the bottom hump is above the water surface
so that there is a disk-shaped island at the origin, see Figure 6 (right):

1.1, r < 0.1,
B(r) = 11(02—7r), 0.1<r<0.2 (3.6)
0, otherwise.

The computational domain is [—0.5,0.5] x [—0.5,0.5] and the initial data are given by

u(z,y,0) = v(z,y,0) = 0. (3.7)

1+¢, —-04<z<—-0.3,
w(r,y,0) =

mabx{l,B(«/Jc2 +y2)} , otherwise,

As one can see from Figure 11, where the computed water surface w is shown, the right-going disturbance
bends around the island while the general solution structure is quite similar to the one obtained in the submerged
plateau case. The major difference is that in this case w # const. at the “lake at rest” steady state and completely
dry states and states that change their status back and forth between dry and almost dry (at the areas around
the island) are now present. Nevertheless, the solution obtained by the proposed positivity preserving central-
upwind scheme remains consistent and stable. This demonstrates the robustness of our method.

Ezample 3 — Saint- Venant system with friction and discontinuous bottom

It is a well-known fact that more realistic shallow water models based on the Saint-Venant system (1.1)
should include additional friction and/or viscosity terms. In [11], such models were derived from the Navier-
Stokes equations for incompressible flows with a free moving boundary. Presence of friction and viscosity terms
guarantees uniqueness of the steady state solution, especially in the case when the fluid propagates into a certain
region and gradually occupies parts of initially dry areas, as, for example, in Figure 13.

We consider the simplest model in which only friction terms, —x(h)u and —k(h)v, are added to the RHS of
the second and third equations in (1.1):

he + (hu)z + (hv)y =0,
1
(huyy + (h? + 5gh%) + (huw), = —ghBy — w(h)u (3.8)
1
(o) + (huv), + (ho? + 5gh?) = —ghB, = k(h)e.
y
We numerically solve the system (3.8) on the domain [—0.25,1.75] x [—0.5,0.5], assuming that the friction

coefficient is x(h) = 0.001(1 + 10h)~!, and the bottom topography function has a discontinuity along the
vertical line z = 1 and is given by:

1, z <0,
cos?(mx), 0<z<04,
cos?(mx) + 0.28(cos(107(x — 0.5)) + 1), 0.4 <2 <0.5,
B(z,y) = 100y* + < 0.5 cos*(mx) + 0.28(cos(10m(z — 0.5)) +1), 0.5 < z < 0.6, (3.9)
0.5 cos*(mx), 0.5 <z <1,
0.28sin(27w(x — 1)), 1<z <15,

0, x> 1.5.
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FIGURE 11. w component of the solution of the IVP (2.1)-(2.4), (3.6), (3.7) on 2 x 200 x 200
(left column) and 2 x 400 x 400 (right column) grids.
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FIGURE 12. River valley topography — three-dimensional view (left) and contour plot (right).

This topography B mimics a mountain river valley, which, together with the surrounding mountains, is shown
in Figure 12. We take the following initial data:

max{l.S,B(x,y)}, x <0,

u(w,y,0) = v(z,y,0) =0, (3.10)
B(z,y), x>0,

’U}($,y,0) = {

and implement reflecting (solid wall) boundary conditions at all boundaries. These data correspond to the
situation when the second of the three dams, initially located at the vertical lines x = —0.25 (the left boundary
of the computational domain), = 0, and x = 1.75 (the right boundary of the computational domain), breaks
down at time ¢ = 0, the water propagates into the initially dry area x > 0, and a “lake at rest” steady state is
achieved after a certain period of time (this problem is a modification of the 1-D test problem from [21]).

We apply the well-balanced positivity preserving central-upwind scheme to this initial-boundary value prob-
lem (IBVP). The friction term in (3.8) is discretized in a straightforward manner. Notice that this affects
neither the well-balanced (since v = v = 0 at “lake at rest” steady states) nor the positivity preserving (since
the first equation has not been changed) properties of our scheme. The solution of the IBVP (3.8)—(3.10) at
times ¢t = 0.3, 1, 4 and 7 is computed using two different grids. At later times, the computed solution almost
does not change, thus the solution at time ¢ = 7 can be viewed as a numerical “lake at rest” steady state. The
solution (the water depth h) is shown in Figure 13, where one can clearly see the dynamics of the fluid flow
as it moves from the region x < 0 into the initially dry area = > 0 and gradually settles down into a “lake at
rest” steady state. Notice that this state includes dry areas and therefore its computation requires a method
that is both well-balanced and positivity preserving on the entire computational domain. To better illustrate
the obtained numerical solutions, we plot their 1-D slices along the y = 0 line in Figures 14, 15, where one can
see convergence of the computed solutions to their numerical steady states on two different grids.

Ezxzample 4 — Flows in converging-diverging channels

In the last example, borrowed from [14] (see also [6]), we study water flow in open converging-diverging
channel of length 3 with symmetric constrictions of length 1 at the center. The exact geometry of each channel
is determined by its breadth, which is equal to 2y, (x), where

(z) = 0.5 — 0.5(1 — d) cos?(n(z — 1.5)), |z — 1.5/ <0.5,
Yo =19 0.5, otherwise,
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FIGURE 13. Solution (h) of the IBVP (2.1)-(2.4), (3.6), (3.7) on 2 x 200 x 200 (left column)
and 2 x 400 x 400 (right column) grids.

and d is the minimum channel breadth (in our numerical experiments we take d = 0.9 and d = 0.6). Thus, the
computational domain is [0, 3] X [—yn(z), yb(x)], see Figure 16 (left). We take the following initial data:

w(z,y,0) = max{l,B(x,y)}, u(z,y,0) =2, wv(x,y,0)=0. (3.11)

In the case of a flat bottom B(z,y) = 0, these initial data correspond to the data considered in [14] with
the Froude number equals to 2. Both the upper and lower y-boundaries are reflecting (solid wall), the left
z-boundary is an inflow boundary with © = 2 and the right xz-boundary is a zero-order outflow boundary.



442 S. BRYSON ET AL.

FIGURE 14. 1-D slice of the water level w (solid line) and the interpolated bottom B (dashed
line) from the 2 x 200 x 200 numerical solution shown in Figure 13.

Finally, the bottom topography, shown in Figure 17, is given by
B(2,y) = Buax (e—lo(x—1.9)2—50(y—0.2)2 + e—20(1—2.2)2—50(y+0.2)2) , (3.12)

where Bp,.x is a parameter.
We apply the proposed central-upwind scheme on an unstructured triangular mesh obtained from the struc-
tured one, outlined in Figure 2, using the mapping

z,(1 —(1—d)cos®(n(x—1.5 , r — 1.5/ <0.5,
(z.9) = { Ea:,g(;), ( ) (( ) | other\!vise.

The resulting triangulation is shown in Figure 16 (right). We test our method on the following four sets of
parameters: (d, Bmax) = (0.9,0), (0.9,1), (0.9,2) and (0.6, 1). In every test, we run the simulations on two grids
using 2x200 x 200 and 2x400 x400 triangles until the steady state (which is, in this case, not a “lake at rest”
one) is reached at about ¢ = 2. The obtained results are shown in Figures 18-21.
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FIGURE 16. Example 4: computational domain (left) and its unstructured triangulation (right).

We first verify that in the flat bottom case, (d, Bmax) = (0.9,0), the results obtained by the central-upwind
scheme are in good agreement with the solution computed by an alternative finite-volume scheme, see Figure 18,
and compare it with Figure 10(e) in [14].

We then modify the IBVP by including two asymmetric elliptical Gaussian mounds in the bottom topography,
that is, by taking (d, Bmax) = (0.9,1). This bottom function is similar to the one used in [6], but in our case
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FIGURE 17. Example 4: bottom topography for (d, Bmax) = (0.6,1).
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FIGURE 18. Example 4: steady-state solution (w) for (d, Bmax) = (0.9,0) on 2 x 200 x 200
(left) and 2 x 400 x 400 (right) grids.
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FIGURE 19. Example 4: steady-state solution (w) for (d, Bpmax) = (0.9,1) on 2 x 200 x 200
(left) and 2 x 400 x 400 (right) grids.

the water depth at the top of both mounds is zero. The proposed central-upwind scheme successfully captures
the complicated steady-state solution emerging in this case, see Figure 19.

Next, we increase Bpax to 2, which models the presence of two Gaussian-shaped islands. Our scheme still
exhibits a superb performance in this case, as one can see in Figure 20, where we show both the water surface
(w) and depth (h) to better illustrate the structure of the computed steady-state solution at/near the islands.

Finally, we modify the shape of the channel by taking d = 0.6, and compute the steady-state solution for
Brax = 1. The results, presented in Figure 21, are of the same high quality as in the case of a wider channel
studied above.
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FIGURE 20. Example 4: steady-state solution (w — top, h — bottom) for (d, Bmax) = (0.9,2)
on 2 x 200 x 200 (left) and 2 x 400 x 400 (right) grids.
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FIGURE 21. Example 4: steady-state solution (w) for (d, Bmax) = (0.6,1) on 2 x 200 x 200
(left) and 2 x 400 x 400 (right) grids.
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