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Abstract We introduce a central-upwind scheme for one- and two-dimensional sys-
tems of shallow-water equations with horizontal temperature gradients (the Ripa sys-
tem). The scheme is well-balanced, positivity preserving and does not develop spurious
pressure oscillations in the neighborhood of temperature jumps, that is, near the contact
waves. Such oscillations would typically appear when a conventional Godunov-type
finite volume method is applied to the Ripa system, and the nature of the oscilla-
tion is similar to the ones appearing at material interfaces in compressible multifluid
computations. The idea behind the proposed approach is to utilize the interface track-
ing method, originally developed in Chertock et al. (M2AN Math Model Numer Anal
42:991-1019, 2008) for compressible multifluids. The resulting scheme is highly accu-
rate, preserves two types of “lake at rest” steady states, and is oscillation free across
the temperature jumps, as it is illustrated in a number of numerical experiments.
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596 A. Chertock et al.

1 Introduction

We consider the modification of the Saint-Venant system of shallow water equations,
in which the water temperature fluctuations are taken into account. In two space
dimensions the system takes the form:

hi + (hu)x + (hv), =0,

(hu); + (hu® + $h%0) _+ (huv)y = —ghOB,,
(hv) + (v, + (h0? + §1%0) = —gh0 By,
(h6): + hO), + (vhO)y = 0,

ey

where h(x, y,t) denotes the water depth, u(x, y, t) and v(x, y, t) denote the fluid
velocity in x- and y-direction respectively, B(x, y) represents the bottom topography,
and g is the gravitational constant. The variable 6 denotes the potential temperature
field. Specifically, 0 is the reduced gravity gA® /O, computed as the potential tem-
perature difference A® from some reference value Ores.

The system (1) was introduced in [6,27,28] for modeling ocean currents and is
referred to as the Ripa system. The derivation of the system is based on considering
multilayered ocean models, and vertically integrating the density, horizontal pressure
gradient and velocity fields in each layer. The model incorporates the horizontal tem-
perature gradients, which results in the variations in the fluid density within each
layer.

The main goal of this paper is to derive a highly accurate and robust numerical
method for the Ripa system. To this end, we first consider the one-dimensional (1-D)
system:

ht + (hu)x =0,
(hu); + (hu? + §h%0) = —gh0 By, )
(h6); + (uhb), = 0.

Popular numerical methods for balance laws such as (2) are finite volume schemes,
see, i.e., [3,12,20,33] and references therein. Most of them employ either an exact
or approximate Riemann problem solver for the upwind evolution of the computed
solution. However, it may be very difficult to design a reliable upwind scheme for the
studied Ripa system (2) since its eigensystem may be incomplete due to the resonance
phenomenon (it should also be observed that even for the linearized version of the
system (2), the Jacobian may not be diagonalizable).

In this paper, we therefore use a Riemann problem solver free Godunov-type numer-
ical method. Our particular choice is a central-upwind scheme, which has been derived
in[14,15,17,18] as a “black-box solver” for general multidimensional systems of non-
linear hyperbolic PDEs. In [13,16], the central-upwind schemes for the Saint-Venant
system of shallow water equations [32],

hy + (hu)x =0, 3
(hu); + (hu? + §h*) = —ghB, 3
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Shallow Water Equations with Horizontal Temperature Gradients 597

were derived and successfully tested on a variety of benchmarks. (We note that the
Saint-Venant system (3), which is commonly used to model flows in rivers and coastal
areas, is a reduced version of the Ripa system (2) with 6 = 1.)

It is well-known that a good numerical method for (3) should preserve positivity
of computed values of & as well as to accurately capture steady states and their small
perturbations (quasi-steady flows). Schemes that are capable of exactly preserving the
“lake at rest” steady states (u = 0, + B = constant), which is one of the most
practically important states to be captured exactly, are called well-balanced. In the
past decade, a number of well-balance and positivity preserving schemes has been
introduced, see, e.g. [2,3,7,10,11,13,16,20,21,24-26,30,31,34,35].

Similar to the Saint-Venant system (3), a good numerical scheme for the Ripa system
(2) should preserve the positivity of 4 and 6 and should also be well-balanced. The
latter presents a real challenge as the Ripa system has a more complicated structure of
its steady states than the Saint-Venant system. Indeed, the 1-D steady state solutions
of (2) can be obtained by solving the system:

(hu)x = Os
(hu2 n ghze) + ghB, =0, @
2",

which can be rewritten as

(hu)y =0,
2
[% +g0(h + B)] +ho. =o0. ®)

Unfortunately, the system (5) cannot be integrated, and no general steady states can be
explicitly obtained. However, the Ripa system admits several particular steady-state
solutions, two of them are the following “lake at rest” ones:

0 = constant, w :=h + B = constant, u =0, (6)
which can be directly obtained from (5) and
B = constant, p := %hzé = constant, u =0, (7)

which can be directly obtained from (4). Similarly, the corresponding “lake at rest”
steady states in the two-dimensional (2-D) case are:

f =constant, w=h+ B =constant, u=v=0 (8)
and

B = constant, p = §h20 = constant, u =v =0. )
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598 A. Chertock et al.

In what follows, we will refer to the variable p in (7) (and (9)) as the “temperature-
dependent” pressure and will say that the scheme for the Ripa system is well-balanced
if it is capable of exactly preserving the “lake at rest” steady states (6) and (7) in 1-D
or (8) and (9) in 2-D.

Besides the well-balanced and positivity preserving requirements, a good scheme
for the Ripa system should possess another important property: It should not develop
spurious pressure oscillations in the neighborhood of temperature jumps between,
for instance, the “warm” and “cold” water. Such oscillations would typically appear
when a conventional Godunov-type finite-volume method is applied to the Ripa
system, and the nature of the oscillation is similar to the ones appearing at mater-
ial interfaces in compressible multifluid computations, see, e.g. [1] and references
therein.

In this paper, we derive a second-order semi-discrete central-upwind scheme, which
is capable of preserving the “lake at rest” steady state (6) and (8) as well as the positivity
of the water depth & and the temperature 6. This goal is achieved by extending the
scheme from [16] to the Ripa systems (1) and (2).

In order to design a numerical method, which also preserves the second type of “lake
at rest” steady state (7) (9) and does not develop pressure oscillations across temper-
ature jumps, we supplement the resulting central-upwind scheme with the interface
tracking method, which allows to suppress the pressure oscillations and at the same
time ensures preservation of the steady state (7) (9). This interface tracking method
was introduced in [4] in the context of compressible multifluids. The main idea of the
proposed approach is to completely avoid the use of the information from the so-called
“mixed” cells, where two different fluids are numerically mixed (due to the computa-
tion of cell averages in the cells where the interface is located). The data in the “mixed”
cells are replaced by the interpolated values that are obtained using the reliable data
from the neighboring “single fluid” cells. The interpolation is performed in the phase
space so that the multifluid effects are taken into account via the approximated solution
of the Riemann problems between the reliable “single fluid” cell averages. To apply
the interface tracking method to the Ripa systems (1) and (2), we treat the “warm” and
“cold” water across the temperature jump as two different fluids.

The paper is organized as follows. The 1-D central-upwind scheme is presented
in Sect. 2 and it is shown to be well-balanced, positivity preserving and pressure
oscillation free. In Sect. 3, we extend the scheme to the 2-D Ripa system (1). Our 2-D
central-upwind scheme satisfies the same properties as the 1-D one. Both 1-D and 2-D
central-upwind schemes are tested on a number of numerical examples reported in
Sects. 4 and 4.2, respectively, where we demonstrate high resolution and robustness
of the proposed method.

2 One-dimensional scheme
In this section, we derive a numerical method for the 1-D Ripa system (2). In order to
design a well-balanced scheme that is capable of preserving the “lake at rest” steady

states (6), we first rewrite (2) in an equivalent form in terms of both the conservative
variables hu, h6 and the equilibrium variable w := h + B:
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Shallow Water Equations with Horizontal Temperature Gradients 599

wy + (hu), =0,
(e + (L% + §0w - B) ) = —g0(w — B)By, (10)
(h0); + (hub), = 0,

while leaving the right hand side (RHS) of (10) expressed in terms of the equilibrium
variables (w, hu, ) rather than the conservative ones (w, hu, h6).

For simplicity, we introduce a uniform spatial grid with the cells I; = (x Xl ),
where x el =X + Ax /2. We denote the vector of conservative Variables by q, the
2

flux function by f(q, B), the source term by S(q, B), and rewrite (10) in the following
vector form:

q; +f(q, B)x =S(q, B)
with

(hu)?

T
——37t5 So(w — B)?, hue) ,

= (w, hu, h6)T, f(q, B) :=( u,
S(q, B) = (0, —g0(w — B)B,,0)".

To design a numerical method, we integrate (10) over the cell /; to obtain

(hu) |x | — (hu)
d__ Y-t
ij - Ax ’
hu)? hu)?
(hu) =+ 3 9( ), = (" pw -y
d w — jts w— B 2 X
—(hu)j =~ —
dt / Ax
—Aix/e(w — B)B, dx,
I
(hud) |, . — (hud)
d— X1
Sy = — 2
dt( )i Ax ’

so that the numerical solution at each time ¢ will be realized in terms of the computed
cell averages:

1 _
THOES A—x/q(x,odx, Q= @, (hu);. () )"

Ij
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600 A. Chertock et al.

The semi-discrete finite-volume scheme for computing q; can then be written as the
following system of ODE:s:

d Hig ~Hiy o
b , 11
ar i Ax +5;, an
where
T
(hu)* | g
H,. 1 ~f(q.B)|s ((h ), ( —5 T 50— B)?), (hub) (12)
Vil
and
S;=0.57,07, 37~ —i/e(w—B)Bx dx. (13)
Ax

Ij
The construction of the scheme will be complete once the numerical fluxes H b
2

in (12) and the source term S j in (13) are computed so that the resulting method is
well-balanced, positivity preserving and pressure oscillation-free. From now on, all
indexed quantities used in the description of the scheme will be calculated at time ¢,
but we suppress their time-dependence in order to shorten the formulae.

2.1 Central-upwind numerical fluxes

In this paper, we use the central-upwind flux from [15] given by

H. .
742 a; | —a,
Jt3 Jt3
aj+1aj_+‘
1 1 N B
P DL H PR (14)
at | —a, [N+ Y
Jt3 Jt3

Here, qj,:_ L = = (w l,(hu) l,(h@) I)T are the right/left point values of the

2
conservative varlables (w, hu h@) at the cell interface x = x ., 1 obtained using a

]+2
piecewise polynomial reconstruction (see Sect. 2.1.2 for details), ai , are the local

2
right-/left-sided speeds defined in (23), and B j+1 are defined in Sect. 2.1.1.

2.1.1 Piecewise linear approximation of B

We begin the derivation of the scheme with a piecewise linear reconstruction of the
bottom function B (we only consider the case of continuous bottom topography),
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Shallow Water Equations with Horizontal Temperature Gradients 601

which, as will be shown in Sect. 2.3, is required to numerically preserve the positivity
of the computed solution. To this end, we approximate B by a continuous, piecewise
linear function B (see [16] and [30]):

1
/72
B(x) §+(Bj+%_Bj7%)'T’ xj—% SxijJr%,
and define
- 1 . B-+L+B-,l
B; = B(xj):A—x/B(x)dx:%. (15)

It should be observed that, in general, B; # B(x;) while Bj 11 = B(xj +) ).
2.1.2 Piecewise linear reconstructions

Next, we compute the point values q i needed to calculate the numerical fluxes in

(14). We shall restrict our conmderatlon to second-order schemes that are typically
based on piecewise linear reconstructions:

Q0 =0q; + (@) —xj),  x; 1 <x<xj1, V).

D=

Such reconstruction, however, will make it impossible to construct a well-balanced
method. Therefore, we instead reconstruct the equilibrium variables (0, hu, w) and

obtain their point values at x gl
JT3

_ Ax I Ax
9/»_,_% =0+ wa)js 9/+% =041 — T(Qx)jﬂ,

_ — Ax
(hM)H% = (hu); + 7((hu)x)j,

J— Ax
(hu);% = (hu)jq — 7((hu)x)j+1,

_ _ Ax + o Ax
W =W W) we = Wik = (W) j (16)
where
ho): _
0; Z=(_)'/, hj:=w; — B;. a7
hj

The point values of &, u and k0 are then computed as follows:

+ + + (hu)irl + %
— J— = —. 2 Ju—
hj+% _wj+% Bj+%’ “j+% h]il , (h@) I =h +%91+ . (18)
2
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602 A. Chertock et al.

In the formulae (16), the numerical derivatives (6y);, ((hu),); and (wy); are at least
first-order approximations of the derivatives 0y (x;, 1), (hu)y(x;,t) and wy(x;, 1),
respectively. To ensure non-oscillatory property and nonlinear stability of a scheme,
these numerical derivatives should be computed using a nonlinear limiter. We use the
generalized minmod limiter (see, e.g., [19,20,23]), which yields (for brevity, we only
provide the slopes for the 6-component):

. 0j —6j—1 Ojx1—0j1  0j11 -0
(0y) j = minmod (y Pt A .Y Ax , (19)
where y € [1, 2] and the minmod function is defined as
min{z;}, ifz; > 0 Vj,
minmod(zy, 22, ...) := 1 max{z;}, if z; <0 Vj, (20)

0, otherwise.

It should be observed that y is a parameter that controls the amount of numerical
dissipation in the scheme: The larger values of y correspond to smaller dissipation.

2.1.3 Correction of the reconstructed point values

Recall that the designed scheme should preserve the positivity of # and 6. To ensure

this, we must first guarantee that all of the reconstructed point values hj.t+1 and 9;—;]
2 2

are nonnegative, provided the computed values of E,- and 6; are nonnegative.
Notice that the use of the generalized minmod limiter guarantees the positivity
of 97:_1 . However, the positivity of hi_l , obtained in (18), is not guaranteed unless
JT73 JT73
wﬁl > B g Therefore, the reconstructed point values ch+' may need to be
3 2 2
corrected. To do so, we follow the approach in [16] and modify the reconstruction in
(16) as follows:

B. 1 —w;
ifw, | <B. 1, thentake (wy); := Hz—,
j+y it / Ax/2
- _ + _a )

N wj+% _Bj+%, wj_% =2w; Bj+%,
_ |
w:—Bji—1L
ifw" | <B,_1, thentake (wy); = ———2
i=2 /72 Ax/2
- +
— wj+% =2w; Bj—%’ wj_% = Bj—% 21

This correction procedure guarantees that the resulting reconstruction of w will remain

conservative and will stay above the piecewise linear approximant of the bottom topog-

raphy function B. Therefore, the point values h;i 1> computed from (18), will be
Jta

nonnegative.
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Shallow Water Equations with Horizontal Temperature Gradients 603

2.1.4 Desingularization

Even though both the cell averages / ;j and point values hir , are nonnegative, they

2
may be very small and even zero. This which may be troublesome in calculating the
temperatures ¢; and the velocities ut , in (17) and (18), respectively. To overcome

this difficulty, we follow [16] and deszingularize the divisions in (17) and (18) by
replacing them with

P + +
V20 o) . V2R (o

= and u- | = ,
Jj+5 £ 4 + 4
2 \/(hj+%) +max((h7, )% €)

(22)

T
,/h;‘- +max(l_zj,s)

respectively. Here, ¢ is a small positive number chosen to be (Ax)* in all of our
numerical experiments. For consistency, we then use the recalculated values of ujt .

2
to recompute the discharges (hu)jirl :
JT2

(hu)j,:_% =hT | out .

2.1.5 One-sided local speeds of propagation

Equipped with the reconstructed (and then corrected) point values of 4, u and 6, we
compute the one-sided local speeds of propagation in (14) which are obtained from

the largest and the smallest eigenvalues of the Jacobian a—:
q

+ + + pt - - -

a’ | =maxqyu. ,+ [ghT 0" ,u. + [ghT 0" ,,0¢,

j+3 [ d T My T

- : + + gt - - -

a. , =minfu’ | — h™ 0T ., u. |, — h~> 07 ,,0¢t. 23
J+3 [ j+3 8Vt Mind 83 ] 23)
2.2 Approximation of the source term

In order to derive of a well-balanced quadrature in (13), we substitute the “lake at rest”
steady-state values,

oF L =60, (hu)* , =0, w* L =w, Vj, 0 = constant, W = constant,
Jj+3 J+ J+3

[NT]

into the RHS of (11), (14). One can easily see that the numerical fluxes Hj =
(H(]) H®
j+5’

b Hj(i) ! )T in (12) then reduce to the physical ones, namely, we obtain
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604 A. Chertock et al.

Thus, the flux differences in the second component on the RHS of (11) becomes

HJ('?% _HJQ—)% 8é ~ 2 ~ 2
Ax T 2Ax [(w B Bj""%) — W= Bj_%)
) B. 1 —B. 1
_ g@ A A J+3 J—7
_—T(w—BH%—f—w—B] 1) - (24)

Therefore, to preserve the “lake at rest” steady states (6), the flux difference in (24)
must be canceled by the contribution of the source term. This implies the following
discretization of the source cell average term:
)Cj+%
<@ 8
S = “Ax / O(w — B)By dx
X1

J
B.,1—B,

~ _5 - - + + Jt3 J—3
T2 [GH; (wH; Bi+£) Ty (wj; Bf—é)} Ax ’

which will clearly coincide with (24) if w |, =wt , =wando” , =07 , = 4.
Jt3 J=3 J+3 Jj=3

Remark 1 The resulting ODE system (11) should be solved by a stable and sufficiently

accurate ODE solver. In the numerical examples reported in Sect. 4.1, we have used

the third-order strong stability preserving (SSP) Runge-Kutta method from [9].

ol

2.3 Positivity preserving property

In this section, we prove that presented central-upwind scheme is not only well-
balanced, but also preserves the positivity of & and 6 as long as the system of ODEs
(11) is discretized in time using the forward Euler method (or a higher-order SSP
method, see Remark 2). To this end, we consider two time levels, t = " and r =
"t .= t" 4 At, and denote the corresponding cell averages by q" and Tl A
similar notation will also be used in Sect. 3.3, where the positivity preserving property
for the new 2-D central-upwind scheme is proved.

Theorem 1 Consider the system (10) and the central-upwind semi-discrete scheme
(11), (14), (16)—(23), (25). Assume that the system of ODEs (11) is solved by the

forward Euler method, and that for all j, Tl; > 0 and 6}1 > 0, then E;&l > 0 and

L

9{l+1 a .,
J itz

Ax
> 0, for all j, provided that At < a where a := maxj{max{a;rl , —
a 2
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Proof The first and the third components of Eq. (11), together with the forward Euler

temporal discretization can be written as:

w’?‘l’l wn _ H(l) H(l)
/ / i+3 i=3

6y, = o)) —» (H](i’ H(3))

2

(26)

27)

where A := At/Ax and the numerical fluxes are evaluated at time level + = . We

now follow [16] and notice that (15), (16), (17) and (18) yield

_ 1 1
n_ —m + - + - +
hj=wj—Bi=3 (“’j—; + wj+;) p ( -1 T j+;) 2 ( s

so that (26) can be rewritten in the following form:

— 1 a;__l - ”;_1
Ry =+ | |,
2 3 \a’ | —a J=3
J=2 2
u]_ 1 —aj_ 1
3 3\,
+ral T — h
Jma\a’ [ —a, ; /72
=2 2
e
2 2 -
+ |z —Aal T — h
2 2 \a’ | — . Jta
J+3 Jt3
+ +
ajy U .
—ra | =T
Itz \at | —a Itz
J+3 Jt3

. —n+1 . . ..
which means that h’;+ is a linear combination of the values hj;

. .. —n+1 .
To obtain a similar formula for (h@)};Jr , we first notice that

My~ My~
- 7. 2 R S A —2
ey =i 2 -3 2

ey ~O et =iy
6~ —0; 2 77’ 9+ —0. — 2 72’
I 2 =5 2

and thus using (17) we have

.1
0):==(n" 67  +h 07,
(ht)j = 2( 10 T

N\

1

(28)
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606 A. Chertock et al.

Finally, we use (29) to rewrite (27) as follows:

+1 aj =
— -1 i1
(ho); = ——+ka | —1—L———:—1 hto 6T
4 -2 —a_ J=3 i=3
“j- 3 3
u, | —a,
=3z i3\ .- -
+hal % ho 0,
J=2\a. |, —a. J=2 J72
J=2 3
uf+1——af+l
jtz  Jt3 - -
+| -t | |
4 Jta\at | —a Jtz Jts
J+3 J+3
Gy T
_)\’a— . T 2 - 2 h+ 9+
Jt2 \a’ | —a 3 ity
J+3 J+3
1 h- 0T +hT 67 (30)
A%y T

Since the reconstruction (18), (21) guarantees the positivity of h;til and the recon-
2
struction in (16) guarantees that 9;_11 > 0 as long as the water depth and the temper-
2

ature are nonnegative at time level t = ¢", the last term on the RHS of (30) is clearly
nonnegative The first four terms on the RHS of (30) form a linear combination of the
values At jel Oii , with the coefficients similar to those in (28).

Followmg the arguments in [13,16], one can easily show that provided the CFL
condition Aa < }1 is satisfied, the coefficients in (28) and (30) are nonnegative, which

—n+1
guarantees that both the cell averages of the water depth, h’;+ , and the temperatures,

«9”“ (h@)nH/ 7! , will remain nonnegative for all j. This completes the proof of

the theorem. O

Remark 2 Theorem 1 is still valid if one uses a higher-order SSP ODE solver (either
the Runge-Kutta or the multi-step one) as such solvers can be rewritten as a convex
combination of several forward Euler steps, see [9].

2.4 Interface tracking technique

In this section, we introduce an interface tracking approach, which allows to avoid
pressure oscillation in the neighborhood of the temperature jumps and preserve the
second type of the “lake at rest” steady state (7).

Numerical Example: pressure oscillations. We first site an example, in which a direct
implementation of the well-balanced positivity preserving central-upwind scheme
(11), (14), (16)—(23) leads to pressure oscillations in the neighborhood of the tem-
perature jumps. To this end, we consider the computation domain [—1,000, 1,000]
and solve the system (2) with B = 0 subject to the following initial conditions:
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t=0 t=0
5 5
45 45
o 4 o 4
35 35
3 3
-1000 -500 0 500 1000 -1000 -500 0 500 1000
t=10 =10
44 44
43 . 43
+ +
€
§ 42 L ik S 42
N + + + ° N
é_ J:#r it + a
4.1 o+ M + 4.1 x
+
oW Y
4 g 4
0 20 40 60 80 0 20 40 60 80
t=50 t=50
43 43
4.25 4.25
4.2 % 4.2
€ +:t S
S 415} L+ S 415
N ++ T N
1oad +¢ t & 41
405 + w T 4.05
4 mm% W 4
3.95 3.95
100 150 200 250 300 350 400 100 150 200 250 300 350 400

Fig. 1 Pressure oscillation example. The pressure computed by the central-upwind scheme (11), (14),
(16)—(23), (25) at times ¢t = 0, 10 and 50 on the uniform grids with Ax = 1 (left column) and Ax = 0.1
(right column). At times ¢ = 10 and 50, the graphs are zoomed at the oscillation regions

22,4, 1), x <0,

(1,4, 8), x> 0. @31

(h(x, 0), u(x, 0, (x, 0)) = [

Notice that the pressure p := % gh?0 = 4 in the entire computational domain, so that
p(x,0)and u(x, 0) are constant across the temperature jump initially located at x = 0.
Thus, the exact solution of (2), (31) is very simple: It consists of a single contact wave
traveling to the right with a constant speed of 4. However, a straightforward application
of the central-upwind scheme fails to achieve a reasonable resolution of that wave.
As one can see in Fig. 1 (left), the pressure field develops severe oscillations which
increase in time and cannot be removed even by a substantial mesh refinement (see
the right column of Fig. 1).
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It should be pointed out that the nature of the observed oscillations is quite similar
to the pressure oscillation obtained when compressible multifluid systems are numer-
ically solved by conservative Godunov-type methods. The oscillations are caused by
the artificial numerical mixture of two different fluids, which occurs in the cells where
the interface is located. Indeed, in such “mixed” cells, all of the conservative quantities
are averaged and the averages may make no or very little physical sense. In the case
of the Ripa system, the “mixed” cells will be occupied by both “cold” and “warm”
water, and thus the averaged data there will become “unreliable”.

There are several different ways to eliminate the pressure oscillations (see e.g., [1]).
One of them is to apply the interface tracking technique, proposed in [4]. According
to this approach, we replace the “unreliable” data from the “mixed” cells with the data
obtained by interpolating between the “reliable” nearby cells.

For simplicity, we assume that there is one temperature jump and that at some time
t > 0 its location denoted by xin; = Xine(¢) is known, that is, there exists J such
that x J-1 < Xint < X, 1 which means that the temperature jump is located in cell
J. We also assume that the solution realized by the cell averages of the conserved
quantities q; = (W}, (hu) o (h6) ;) 1s available and a level set method is used to track
the temperature discontinuities, see [4]. In order to proceed with the evaluation of the
reconstructed point values in (16), (18), the numerical derivatives are to be computed
according to (19). However, since the cell averages q ; in the “mixed” are “unreliable”,
a different approach for evaluating point values qffl 2 and qf 412 will be used.

The point values, q}’_l P and q; y, in the “mixed” cell J are obtained using
the same technique as in [4] (see also [5]). Namely, by interpolating between the
neighboring “reliable” cell averages q;_; and q ;. The interpolation is preformed
in the phase space by considering a Riemann problem, in which the system of the
balance laws,

wy + (hu)y =0,
(hu)® 2\ _
(huy, + (95 + 50w — B?) = —gb(w — BB )
(h0); + (hub), =0,
B; =0,
is solved subject to the following piecewise constant initial data:
— qJ—l’ X < 0,
x,0)=1_2 33
q(x. 0) [q,+1,x>0. (33)

The eigenvalues of the Jacobian matrix of the system (32) are u — /g0h, u, u-++/goh
and 0. It is easy to check that if u = 4./g0h, the Jacobian matrix does not have a
complete eigensystem (this is a resonance phenomenon), which makes it very hard to
solve the above Riemann problem (its analytical solution is, in fact, unavailable). We
thus have developed a new approximate Riemann problem solver for (32), which will
be presented in Sect. 2.4.1 below.

Using the designed approximate Riemann problem solver, we calculate the inter-
mediate states, q; and qj, of (32)—(33) and the corresponding speeds of sound, ¢}
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and c%, [see (51) and (50)], and then follow the lines of [4] and [5] to compute the

. + —
oint values and :
P 91 941

ifh] >0, pj >0andu* —c¢] <0ifh} >0, pr >0andu™ +cj >0

then then
+ ok - S
qj_%—qu ql+%_qR’ (34)
otherwise, otherwise
+ = i —
qj_%—(Iqu ‘IH%—QJH-

The point values q}r s q;+1 are then used to compute
-2 2

ho)* | (h0) 1
ot =—— 712 and 0., = S S (35)

w — B, 1
J+% J+2

[N]

and then to obtain the slopes at the neighboring cells 7;_1 and 171:

Oj—1—0 ; 9+_% — 051

-3 7
6.);_1 = minmod =, ,
(0x)s-1 = minmo Ax/2 Ax/2
- +
. 9]+1_91+% 9”%—9”1
(6x)s+1 = minmod , ,
Ax/2 Ax/2

i)y = Gy, (= ()

h _{ = minmod 2
((hu)y) -1 = minmo A2 /2 ,

)

(hu) gy — (hw)  (hw)t 5 — (hu) gy
((hu)x)j+1 = minmod i T+3 J+3 +

)

Ax/2 Ax/2 ’
wy_q —w;_§ w;__l —wy_1
(wy)y—1 = minmod 2, - ;
Ax/2 Ax/2
Wyl =W, g w;; — Wiyl
= minmod Z, 2 , 36
(Wx)y+1 Ax/2 Ax/2 (36)
where the minmod function is given by (20).
. . + — + —
Remark 3 Notice that the approximated values of h]_ L hJ+ L 91_ ! and 91+ !

obtained in (34) and (35) are nonnegative and thus Theorem 1 still applies.

Remark 4 The desingularization process presented in Sect. 2.1.4 should also be
applied to (35) in order to avoid division by small numbers. For consistency, one
also needs to set
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=
Wr_1/2
/771.J+1
Wit1/2 ~

+/

Wiys/2
| | | | | |
[ [ [ I [ [

Tj—5/2 Tj-3/2 Tj—1/2 Tj41/2 Tj43/2 TJ45/2

Fig. 2 Special minmod reconstruction of w in cells 7;_ and /.

+ g+ gt -
(hG)J_% =h, 07 , and (h0)1+% = h .

07
J+3 T+3

[NT]
0=

Notice that both cells 7y, and 1,47 have “reliable” neighbors and thus the point
values, q;_5 12 and qJJr 4320 in these cells, which are used in (36), are computed using
(16) and (18), (19). This special reconstruction procedure is schematically shown in
Fig. 2.

With the values {q]j_zr 1 } at hand, the cell averages {q;} are evolved from time 7 to

time ¢ + At according té the central-upwind scheme (11). A new location xj,; of the
temperature jump is determined using the level set approach, that is, the zero level
set ¢ = 0 is used to locate the cells containing temperature jump. The function ¢
propagates with the fluid velocity « and satisfies

¢r +u¢pe =0. (37

Equation (37) may be combined with the first equation in (10) and recast in the fol-
lowing conservation form:

(h¢); + (hug) = 0. (38)

According to the level set approach [5,8,22,29], the new location of the temperature
jump is computed by evolving ¢ in time according to either (37) or (38). However,
in the 1-D examples in this paper, we track the location of the temperature jump by
numerically solving the ODE

dXing

dt

*
B

where u* is an intermediate velocity, obtained from the solution of the Riemann
problem (32), (33), see (49) below.
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Snew —new
J

4j+1

X

t+ At

Tj—1/2 Tj+1/2 T j+3/2

Fig. 3 Typical temperature discontinuity propagation and double-cell conservation

Going from time ¢ to time ¢ + Atf, two scenarios are possible: the jump location,
Xint(f + At), either remains in cell J or crosses over to one of its neighboring cells
(J=£1) (due to the CFL condition, the jump may not move by more than Ax per one time
step). If xint (t + At) remains in cell J, the evolution step is complete and we proceed to
the next time step. Otherwise, we follow [4,5] and use the approximate solution of the
Riemann problem (32), (33) to overwrite the values of ﬁ’}“ by either q; or q} depend-
ing on the sign of u* while maintaining global conservation in the following way:

if xine(f + At) € 1741 then if Xine(t + At) € Iy then
gr}ew — (1_27 B B gr}ew — q_z’ - B (39)
Y =0+ Ga - G =4+ 4 -0

Once again, the values of q; and q} are given by (51) below.

Notice that the correction procedure (39) ensures a local conservation over a double-
cell (either {J, J + 1} or {J — 1, J} depending on the direction of the propagation of
the temperature discontinuity) since only the values in this double-cell are corrected
and since either @)% + @™ = @1 +q; or @, +q" = Q11+, respectively.
This is illustrated in Fig. 3. This completes one evolution step of the proposed central-
upwind scheme.

2.4.1 Approximate Riemann problem solver

In this section, we derive a new approximate Riemann problem solver for the Ripa
system (32). To this end, we first rewrite the system (32) in terms of the primitive
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variables (&, u, p, B) as follows:

hy + hyu + hu, =0,
up + uy + 3 px + g0 By =0,

pr +upy +2puy, =0, “0)
B; =0,
and consider the Riemann initial data
O P A L
The Jacobian matrix of the above system,
u (1) 0
8 2up Z 809 ’ (42)
0O 0 0 O
has the same eigenvalues as the conservative system (32), that is, A; = 0, Ay, =

u— ~/goh, A3 =u and A4 = u + /g0h, and the corresponding eigenvectors are

h h
g@h2 2p 1 ?
r = —80hu rn = _\/21hp r; = 0 ry = | V2hp 43)
1= 200hp | 2= i =gl = 1 .
hu* —2p 0 0 0

Notice that if u = =4/g0h, then hu?> = 2p and the first eigenvector in (43) reduces
tor; = (g0h?, —gbhu,2g0hp, 0)T, in which case r; and r» become linearly depen-
dent. This implies that the Jacobian matrix (42) is not diagnolizable and hence, the
system (40) is not strictly hyperbolic. In order to overcome this difficulty, we solve
the Riemann problem (40), (41) using the operator splitting technique, which will be
applied to the linear system

h i h 0 0\ /h 0
A l ~
u " 0 uA i g0 u _ 0 7 (44)
P 0 2p u O p 0
B 00 0 O B 0

t X

which is obtained by linearizing the Jacobian matrix (42) about the average state

~ 1 . 1 . 1 ~ 1
h = z(hL +hg), u= E(“L +ugr), p= E(PL +pr), 0= E(QL + 0r).
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We first denote by
0 h 0 0 i 0 0 0
U:=Gou p B, M= 8 2(; (%) gOQ L= 8 g‘ 2 8 ,
O 0 0 0 0O 0 0 O
and then rewrite the initial value problem (44), (41) as follows:
U; + MU, + LU, =0, (45)
O A o ST
We now split the system (45) into the two simpler systems:
U; + MU, = 0 with the solution operator Sy (¢ — -), 47)
U; + LU, = 0 with the solution operator S; (¢t — -). (48)

The splitting approach is then based on the following approximation:
U@+ At) = Sp(AH)Spm(AHU(2),

which is exact when ML — LM = 0. Here,

ML - LM =

b

0
g0
0
0

el elelNe)
SO OO
SO O O

which vanishes when iz = 0. In other cases, the splitting method is not exact, but it is

still quite accurate especially for small At.

Unlike the matrix (44), the matrix M has a complete eigensystem: Its eigenvalues

are A{V‘ = —\/géfz, Aé\/‘ =0, )\gvt = 0, and )\f’t = ,/géfz, and the corresponding

eigenvectors are

=NeNelS
-
N
|

0
M_ | ——F= m_| O M _
= V2hp | T = _g" , I3 =
1

We thus can decompose the jumps AU = Ug — Uy into

4
AU = Z(Xkl‘]ﬁw.
k=1
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T t

=" =M\

- — \M
=\ o= Mt
hy, hr
u u*
h " * hr
L pr Pr
u, By, Bp UR
L Pr
B Br
At

a0 Mg
Fig. 4 Solution of the Riemann problem (47), (45)

Solving the above system yields the coefficients a (wave strengths):

1 I hp
o= (Ap + gehAB) -\ A,

ar = AB,
hA Oh*AB
2p
1 ~n hp
oy = 3 (Ap + gOhAB) + TPAM.

Equipped with these «j’s, we present the solution of the Riemann problem (47), (45)

in the (x, 7)-plane, see Fig. 4. The intermediate states are

~

1

h
Wy =het+aisz up =up—o1—==, pp=prto,
p hp

h
2p°

¥

* k k
hr =hr —ay Up = UR — 04 s PR = PR —04.

2hp

ﬁ

Observe that uj = uj} and we thus denote them by u*, so that
1
V2hp

We can also obtain the speeds of sound ¢} and c} as

u*:uL—ozl

2py « 2Pk
hy

cj =

@ Springer
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Tt

r= (M +a Tz =\ r= (M +a z= (M +a)
hi hy hy
i P
Br Br
hr
ug
Pr
B
Y R
| |
| |
| ! T

MY+ a)At 0 (M +a)At

Fig. 5 Solution of (52), (53) when )»'IM +u<0

and the intermediate states to the left/right of the contact wave:

Zp}i
ai = (wf =17 + B, 00y = 2L,

2pl*
q = (w’,; = hy + Br, Wyu*, (h0) = — X ).

ghR

(S1)

We then proceed with the second splitting step and solve the system (48), which in
fact is decoupled, so that we have to solve the following three simple linear advection
equations:

hy + ithy =0,
u; +tuy =0, (52)
Pt + ﬁpx =0,

subject to the piecewise constant initial condition (which is obtained at the end of the
first splitting step), see Fig. 4:

(he.up, po)’.  x < iMAz
(e, u*, pHT,  aMAr<x <0,
(Wo, u*, p)T, 0 <x <aMAr,
(hg,ug, pr)T, x> aMAtr.

(h,u, p)" (x,0) = (53)

Because of the symmetry, we only consider the case & > 0 here. There are three
cases depending on the sign of A{w + u, and the corresponding piecewise constant
solutions are shown in the (x, 7)-plane, see Figs. 5, 6, 7.

Remark 5 The proposed approximate Riemann problem solver is well-balanced.
Indeed, if we assume that B;, = Bg, pr = pr and uy = ug, then o = a4 = 0 and
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q\t

z =AM +a) =" z= (M +a)t

hi,
PZ h*
hr Br uf
Uy, o
1;1, Br r=(+a)t
L
]LR
At UR
”””””””””””””””””” Tttt PR
: B
l x
0 (A +a)At
Fig. 6 Solution of (52), (53) when )»{Vl +u=0
T t
r=M% z=0\"+ar z= M1+ a)t
hr, hy,
I up, u*
u pr Pr
» Br Br
L h
B, u
i
BIZ r= (M +a)t
hr
At UR
77777777777777777777 V2 1)
| Br
0 M+ a)At ’

Fig. 7 Solution of (52), (53) when )»{Vt +u>0

thus u¥ = u% = 0and p¥ = p% = pr = pr, and therefore, the “lake at rest” steady
L R L R
state of type (7) will be preserved.

3 Two-dimensional scheme

In this section, we describe a 2-D Ripa version of the derived numerical method.
Since many of the scheme ingredients are directly extended from the 1-D case, we
mostly provide just an algorithmic description of the 2-D scheme. As in the 1-D case,

we first rewrite the system (1) in terms of new conservative variable q = (w =
h + B, hu, hv, h6):
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w; + (hu)y + (hv)y =0,

(huy; + (95 + §0w — B?) + (%82) = —go(w — BB,
y

(hoy + (B20) + (45 + 460w — B) = —g6w — B)B,.

(h6); + (uhO), + (Vh), = 0.

(54)

We denote by
2 T
f(q,B):(hu ()" | 9( — B, M,uh@) ,
w— B — B
2 T
g(q,B)=( M, () - 9( - B)?, vhe) ,
w—B w-—B

S(q, B) = (0, —g6(w — B)By, —g6(w — B)By, o)

the fluxes and the source term, so that the system (54) can be written in the vector
form as:

q; +f(q, B)x +g(q, B)y = S(q, B).

We consider a uniform grid x; = jAx, y = kAy, and denote the computational
cellsby I := [xj_% , xj+%] X [yk_%, yk+%]. As in the 1-D case, the solution at time
¢ is assumed to be known and realized in terms of the cell averages q;; , over cells /; k,
which are defined as:

T
/ [accynaydx, @ = (@ . Gy 69)

j k

Gk ™ AxAy

and are evolved in time according to the following semi-discrete scheme:

t n H 1 —H t
L 1 e = VTS L T S
dr Ik Ax Ay JRED
(55)
where H* H’ , are the numerical fluxes (defined in Sect. 3.1 below) and S ik

FE N N =
is numerical quadrature approximating the source term (derived in Sect. 3.2).

3.1 Central-upwind numerical fluxes

In this paper, we use the second-order central-upwind numerical fluxes from [18], see
also [14,15]:
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at

f(qE,) —a” fqWV
- » K (qj’k) j+hk (q]+1,k)
3.k to—a
JHyk Ttk
w E
+ - 94k~ Dk
+a’ | a. - - |-
Jtpk k) at  —aT
/+§,k j+7,k
+ Ny _p— S
B ()= bk 1890 =) 1800 )
JokE T bt L —bT
j,k+§ ],k"l‘j
S N
Qi1 —4q;
+ _ Jk+1 j.k
+bj k+lbj 5| pt b ’ (56)
2 Rt . 1 o1
],k+7 ],k+§
E(W,N,S) . . .
where q m (defined in Sect. 3.1.2 below) are the point values computed in the
middle of cell boundaries, and a;—ll ‘ and bjFH , are the one-sided local propagation
2 kt3

speeds (defined in Sect. 3.1.5) across the lines x = x j+d andy =y, 1 respectively.
3.1.1 Piecewise bilinear reconstruction of B

Similarly to the 1-D case and following [16], we start the derivation of the scheme

by replacing the bottom topography function B with its continuous piecewise bilinear
approximation:

~ X —xj_%
By =By o+ (gt = Bigut)
Y= V-l
+(Brgany ~Bigacy) %
+(Bregany = Brgacy = Brguny T Bryacy)
(X =x; ) = W)

where Bj:l:%,k:l:% = B(xji%’ki%). We then obtain that

~ 1 ~
Bji = B(xj, yx) = Axdy // B(x,y)dxdy

Ik

where
) 1
Biy1 =Bl 100 = 5 (Bj+%,k+% + Bj-i-%,k—%) , (58)

@ Springer



Shallow Water Equations with Horizontal Temperature Gradients 619

and

~ 1
By = B3 = 5 (Bppuey + By pay). &9

Note that formulae (57)—(59) are crucial for the proof of the positivity preserving
property of our 2-D well-balanced central-upwind scheme (see Theorem 2).

3.1.2 Piecewise linear reconstructions
Next, we use second-order piecewise linear polynomial reconstructions to obtain the

point values of the equilibrium variables (6, hu, hv, w). Then their point values in the
middle of the boundaries of cell /; ; will be

Ax Ax
01 = 0k SO e O =050 % (@) ks
— Ax
(a5 = () £ = () e
_ Ay
(huyj = () g & == (o)) ke

N Ax
()5 = ) = (o))

(o) = () i £ = ((0w)y) .
_ Ax _ Ay
wiy = Wik e Wi =Wk )k (60)
where
B —
0 = = L hjk =Wk — Bjk. (61)
J.k

The point values of &, u, v and (h8) are then computed as follows:

(¥
E ._ E — Js
hjx = wig = Bitgo wjpi=—g
i,
()t
o= =g B0 = hi00 (62)
J.k

The values of hyk, hl;{k, h?»k; ”}Yk’ ulj\.{k, ”?,k; v]VYk, v?fk and vjs’k are calculated in a
similar manner.

To insure the non-oscillatory property of the reconstruction, the slopes
@) jkr Oy)jser (1)) (i) joes (B)) ke ((h0)y) juk () i and (wy) i
in (60) should be computed with the help of a nonlinear limiter. In our numerical exam-
ples, we have used a 2-D generalized minmod limiter (for brevity, we only provide
the slopes for the w-component):
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. Wik =Wj—1k Witk —Wj—1k  Witlk — Wik
(wx)j,k — mlnmod (,y J J J+ J y J+ J ) ,

Ax ’ 2Ax ’ Ax
. Wik —Wjk—1 Wjk+l — Wjk—1  Wjktl — Wjk
wy) i x = minmod / , ) )
()4 (V Ay 24y T Ay )

(63)

where y € [1, 2].
Using the notation introduced in this section and taking into account the fact that
the reconstruction of w,

W, y) =Wk + (W) jk(x —x;) + (wy) k(v — yo), (¥, ¥) € Lk,
is a piecewise linear function, we obtain the following relations:

E W N S E W N s

_ Wigtwin wiptwi o wi +win tws +wiy

wj,k = = = N (64)
2 2 4

which will be useful for proving the positivity preserving property of the scheme.

3.1.3 Correction of the reconstructed point values

In this section, we extend the 1-D positivity preserving correction (21) to 2-D. Similar
to the 1-D case, the use of generalized minmod limiter will guarantee the positivity

of point values HE(W’N’S), but it cannot guarantee the positivity of the point values

hE(w N5 obtained in (62). Therefore, to enforce hE(W N.5)

of w in the following four cases only:

> 0, we modify the values

Bj 1y~ Wik

: E e
if Wi < Bj+%,k’ then take (wy); = Ax)2 ,
E _ W oA .
= Wi = Bj+%’k, Wiy = 2wk Bj+%’k,
Wir—B. 1
Js —5.k
e W o /2
if Wiy < ij%’k, then take (wy); = —Ax/Z ,

E _»— W .
= Wik =2k = By wix =By ks

jktl T Wik

if w] k< B; e then take (wy); x = —aa
S — D) - .
= Wy = =Bl Wik =2Wjk— B 1
if w, <B then tak N
fwje <Bj, 1, en take (wy); x = T

N — S
:>wj,k=2wj-,k_Bj‘k7%’ wj,szj,kf . (65)
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The correction procedure (65) guarantees that the reconstructjpn is conservg}ive and
its restrictions on the lines y = y; and x = x; are above B(x, yx) and B(x;, y),
respectively. Hence the point values of the water height / will be nonnegative. Notice
that unlike the 1-D case, the correction does not guarantee the nonnegativity of w — B
in the entire cell, but does preserve the nonnegativity of the cell averages 4 and its
point-values hjE.’k, h}f’k, hlj\.{k and hfk

3.1.4 Desingularization

Asinthe 1-D case, the obtained values of 7 may be very small (or even zero). Therefore,
the computation of the corresponding temperatures € and velocities (¢, v) should be
desingularized. This can be done, for example, by calculating them in a way similar
to (22) (we omit the E, W, N, S, j, k, indexes here):

g N2h®o) L 2w
V2h(hv)

(66)

— Jh* + max h*e)
where & = max{(Ax)*, (Ay)*} in all of our computations. After evaluating the point
values of u and v using (66), we recompute the corresponding point values of the x-
and y-discharges accordingly:

(hu) :=h -u, (hv) :=h - v.
3.1.5 One-sided local speeds of propagation
Equipped with the reconstructed (and then corrected) point values of /2, u, v and 6, we

can compute the one-sided local speeds of propagation, which, in the case of convex
fluxes, can be estimated by

aj_+%,k = min {”flk - W RV LTS }
b;k+% == min {U?{k N \/W’ vjs',k+l j k19 k+1’ 0} (67)

3.2 Approximation of the source term
To guarantee that the scheme (55) is well-balanced, we use the following quadrature

for the nonzero components of S j.k(t), which is similar to the 1-D well-balanced
quadrature established in Sect. 2.2:
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B.,..1—B,, 1

RO N N S S Jok+3 Jik—5

Sj,kN_ (Qj’k (wj,k_Bj,k+%)+9j,k (wj,k_Bj,kf%)) —Ay .
(68)

Remark 6 The resulting ODE system (55) should be solved by a stable and accurate
ODE solver. In the numerical examples reported in Sect. 4.2, we have used the third
order SSP Runge-Kutta method from [9].

3.3 Positivity preserving property

In this section, we prove that the derived 2-D well-balanced central-upwind scheme
(55), (56), (58)—(68) preserves the positivity of both # and 6.

Theorem 2 Consider the system (54) and the central-upwind semi-discrete scheme
(55), (56), (58)—(68). Assume that the system of ODEs (55) is solved by the forward
Euler method and that for all (j, k), E?’k > 0 and er'l,k > 0. Then, E’;j—kl > 0 and

n+1 . . . Ax Ay .
Gj v = 0 forall (j,k), prowded At < mln{S— g}, where a and b are given
' a

by a := max, ;{max{a’ }} and b := max;, k{max{b

Jie Tk e /k+'}}

respectively.

Proof The proof of this theorem is a straightforward extension of the proof of Theo-
rem 1. We rewrite the first and fourth components of Eq. (55) together with the Euler
temporal discretization as:

1 —n
R =T~ ((HX)j.” -, k)
wW @)
" ((H R m;) , (69)
—_ 1 —_
T =T (- ey )
yy(4) N yy(4)
p ((H T >,~,k_;) , (70)

where A := At/Ax, u := At/Ay, and use the relations (57), (61), (62) and (64) to
obtain

T L w N S
h/ = w}}qk - Bj,k = Z (w]k + wj,k + wj’k —+ w],k)
1
4
1 w N S
T4 (15 1Y 1Y+ 1) (71)

(Bj+%,k+Bj—%‘k+Bj,k+% +Bj,k—‘)
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Using the definition of the numerical fluxes (H*)" and (H?)(! from (56) and sub-
stituting (71) into (69) yield

+
a; |, —ui,
—n+1 1 — =7k J w
hj,k = Z—}—)\.aj_lk —+ — hj,k
ph\a —a gy,
J=72 J=7
E _ —
1 i Uik ™4k E
+ |- —xa" , - hj i
4 ./+2’k a+ . _ . Js
]+2,k ]+§k
+ W
N aj_,_%’k J+1.k
—Aa
J+%k + L o—a J+1k
Jjt3.k Jjt5.k
u —a
j—1k j_l k
+rat T — hE
=3k \ a a J
.1 |
J—5.k J—7.k
— b+ S, -
+ | - +ub; i S hS
. — >
4 =3\ bt b7 Jk
L Jsk=3 k=3 /]
- N b Z
1 J-k ok
* 4 _MbJ'rkJrl + = hIJ\'{k
PR e Tl
L kT3 VLN VA
bt =S
b Jjk+3 Jik+1 1S
k5 | bt b s
1 .
+§ j,k+2
b
Jk—1 jk—1
bt ’ AN 72
+un j,kf% P s Jk—1 (72)
Jk=> Jjk=2

. —ntl . . L . .
which means that h’;: is a linear combination of eight reconstructed point values
of h.

To obtain a similar formula for (h@) i k , we first notice that

E _ W E _ W
WE T . hi'y W . _hj’k hY
jk — j,k—‘f_ 2 ) ]k_ j,k B s
0%, — oY oF, — oY
E Jj-k Jj-k W k
Ok = 0jk + 2 ) 9j,k=9j,k——2 ,

and thus using (61) we have

GO’ = 1 (hWkej‘f’k + h‘;jkefk) - % (hE hYk) (9jE,k - HXVk)
- (h oY —|—h]k€]k)+%

7 (0% + 0% ) - (73)
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Similarly, one can show that
o 1 S pS N 5N 1 N 5S S pN
(h@)]’k = Z (hj,kej,k + hj’kej’k) + Z (hj’kej’k + hj,kej,k) . (74)
Finally, we combine (73) and (74) to end up with
T L ow w E pE S S N N
Log w W E N 5S S pN
+2 (hj,kej,k + B OE + N, 6%, + hj,kej’k) ,

and rewrite (70) as follows:

RGP Y
%n+l N —7 J—72 hw GW
ko = + - Jk7 .k
8 at, —a. ,
Jj=7.k =7k
rat L ( —a.
T (R . NSl Ao L) PYW
8 at, —a IRk
Jk o Tjthk
+
a . —Uu.
Cam [ ERE TN w gw
j+% k| gt —a JHLEY j+1,k
JHik Tibk
E —
u- —da
Jj—1.k _ Ly
+ =3 E E
+ra | = = hi—1k8i-1k
J=3k\aT | —a ,
Jj—75.k —5.k
B - + S
1 Mb k—l(b'k—l U]k)
| 222 hS 63
8 bt o 7.k jk
L ik=3 Tik=3
- N B
ubr (i —=bo )
+ l_ ],k+§ j’k j,k+§ hN QN
8 bt b PRETK
i Jkty o Uikl
bt vS
b j,k-‘rl J.k+1 hs 95
M jart \ pF e | kY
j,k+% J k+%
N —
AP LSRRI R IS
HOs k1| p+ = jk—1Yjk—1
Jk=3  Tik—3
1
E W W ,E N .S S N
t3 (hj,kej,k + BV 0F + B 08, + hj,kej,k) . (75)

Since (62) and (65) guarantee the positivity of the point values of & reconstructed
at the boundaries of each cell and (60) guarantees the positivity of the corresponding
point values of 6 (as long as the water depth and the temperature are nonnegative at
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time level ¢+ = "), the last term on the RHS of (75) is clearly nonnegative. The first
eight terms on the RHS of (75) form a linear combination of the cell boundary point
values of 16 with the coefficients similar to those in (72).

Following the arguments in [13,16], one can easily show that provided the CFL
condition Aa < %, ub < % is satisfied, the coefficients in (72) and (75) are nonneg-

. . —n+1
ative, which guarantees that both the cell averages of the water depth, hﬁ , and the

temperatures, 9;1",'(’1 = (hG)T,;l /E?Il, will remain nonnegative for all j, k. The proof

is thus completed. O

3.4 Interface tracking technique

In this section, we extend the 1-D interface tracking technique to 2-D in a dimension-
by-dimension manner following the approach in [4].

We use a level-set formulation to determine the location of the temperature jumps.
Within this framework, we solve

¢r +udpy + v¢y =0 (76)

for the level set function ¢, whose zero values indicate the location of the curve
across which the temperature jumps. We assume that at time level ¢+ = ¢" the cell
I k is a “mixed” cell, through which the interface passes, and therefore cell aver-
ages ;g will not be used for evaluating the slopes in (60) and/or numerical fluxes
H’} 12K H? K+1/2 in (56). Instead, the required point values at the cell boundaries
will be obtained using the phase space interpolation.

First, we consider the situation when both cells /;_1 x and /4 g are “reliable”.
In this case, we compute the point values q]}:, x and q‘}f x using the 1-D interpolation
technique described in Sect. 2.4, which is based on the approximate solution of the
quasi 1-D Riemann problem:

wy + (hu)x = 0,
2

(hu), + ( )" 4 8o — 3)2) — —g6(w — B)B,.
w— B 2 .

(hv), + ((hu)(hv)) —0. a7
w—B J,

(h6), + (uh6)y = 0,

B =0,

subject to the following initial data

(h,u,v, p, B)T (x,0)

T
(hy-1,x-uj-1,k,vy-1,k, Pi-1,k- Br-1,x)", x <0, (78)
T
(hyy1,K,UJ1,K, VI+1,K> PI+1.K> Bryrg)', x> 0.

The approximate Riemann problem solver derived in Sect. 2.4.1 directly applies to
(77), (78) and the additional intermediate variables v* will clearly have the following
values: vj =vy_1 g and v} = V41 k.
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If the cells I;_1,x and I;11 g are “mixed” cells as well, we will still solve the
Riemann problem (77), (78) to obtain q};’ x and qy x> butreplace the data in (78) with
the values extrapolated (in the physical space) from the data in the nearest “reliable”
cells. The extrapolation procedure is described in details in [4, §2.3.1].

The values ql}{ x and q§1 x are obtained in a similar way using the phase space
interpolation applied in the y-direction.

The level set function ¢ is then evolved according to (76), which is solved using an
upwind finite-difference method with the corresponding velocities:

G vig) = ((hu)j i /hjx. (hu);g/hjx), if I is a reliable cell,
Uiks Vjk) = W 4 %), if 1 is a “mixed” cell,
where, u’* ik and v x are the intermediate x- and y-velocities obtained when approxi-
mately solving the Riemann problems in the x- and y-direction, respectively.
Finally, when the temperature jump crosses a cell boundary, we update the new cell

averages based on the multiple cell average conservation requirement, precisely as in
[4, §2.3.1].

4 Numerical examples

In this section, we demonstrate the performance of the designed central-upwind
scheme on a number of 1-D and 2-D test problems. Our scheme will be compared
with the “basic” central-upwind scheme, which is positivity preserving, but not well-
balanced. The latter scheme will be referred to as the NWB scheme, while the well-
balanced central-upwind scheme will be referred as the WB scheme. Notice that the
1-D NWB scheme is obtained by replacing the quadrature (25) for the non-zero source
component S;z) with the midpoint rule. Thus, the 1-D NWB scheme will consist of
(11), (14), (16)—(23) and

— 2 —_—
S = —¢ (), B, (x)).

When the interface tracking technique is incorporated into the WB scheme, the well-
balanced central-upwind scheme will become pressure oscillation-free. The resulting
method will be referred to as the WB-IT scheme. It should be observed, however, that
the use of the interface tracking technique in the WB-IT scheme leads to an increase
in the CPU time compared with the WB scheme. Our numerical results indicate the
CPU time increase by 4.5-8.7 % in the 1-D case and by 7-10.8 % in the 2-D case.
The additional computational cost seems to be reasonably small especially taking
into account that without the special interface tracking treatment, the scheme may
fail to preserve steady states of type (7) ((9) in the 2-D case). This may cause severe
pressure oscillations (which do not disappear even when an extremely expensive mesh
refinement is used, see the example in Sect. 2.4) and may also oversmear contact
discontinuities, as we demonstrate below.

In all of our numerical experiments, we take the generalized minmod parameter
y = 1, and the gravitational constant g = 1.
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t=10 t=50

4.5 4.5

3.5 3.5

3 3
-1000 -500 0 500 1000 -1000 -500 0 500 1000

Fig.8 Example 1: pressure oscillation-free solution obtained by the central-upwind scheme with interface
tracking technique using the uniform mesh with Ax =1

25
o

6
2

5.5
15

= 5 m
1
45 05
4 0
-2 -1 0 1 2 -2 -1 0 1 2

Fig. 9 Example 2 setting: initial perturbation of w (left) and the two-hump bottom topography (right)

4.1 One-dimensional examples

Example 1: pressure oscillation free. In this example, we recompute the test problem
(2), (31) from Sect. 2.4 using the WB-IT scheme. As we can see from Fig. 8, the
computed pressure at the same time levels ¢+ = 10 and ¢t = 50is oscillation-free even
when the coarse mesh with Ax = 1 is used (compare this solution with the one
presented in Fig. 1).

Example 2: small perturbation of a steady-state solution. In this example, we compare
the performance of the NWB, WB and WB-IT schemes.

We consider the following non-flat bottom topography that contains two isolated
humps (see Fig. 9, right):

0.85(cos(10r(x +0.9)) + 1), —1.0<x < —-0.8,
B(x) = {1 1.25(cos(10r(x — 0.4)) +1), 0.3 <x <0.5,
0, otherwise.

It is easy to see that

(67 01 4)TS ‘x < 01

T _
(wy, ug, 05)" (x) = (4,0, 9)T’ x>0

(79)
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t=0.1 t=0.4
6 MWW&W 6 MWWHM
s LS
+ +
5.5 + 5.5 +
X
+
2 5 I N
+
+
45 45 *
+ +
1t
i s
4 T g 4 E L —
-2 -1 0 1 2 -2 -1 0 1 2

Fig. 10 Example 2: w computed by the NWB scheme using the uniform mesh with Ax = 0.04 at times
t=0.1andt =04

t=0.1 t=0.1
A A
6 i 6
+
5.5 5.5
+
2 5 Z 5
+
4.5 4.5
+
+
4 L —— 4 A |
-2 -1 0 1 2 -2 -1 0 1 2
t=0.1 t=0.1
M -HHHAETR A FRHHHHHHHHHE M S
70 ++ 70 ++
++ ++
60 60
50 +H 50 H+
a o
40 + o 40 + A
30 30
20 Y 20 "
-2 -1 0 1 2 -2 -1 0 1 2

Fig. 11 Example 2: w and p computed by the WB (left) and WB-IT (right) schemes using the uniform
mesh with Ax = 0.04 at time # = 0.1

is a piecewise constant steady-state solution, which is in fact a combination of two

“lake at rest” steady states of type (6) connected through the temperature jump, which
corresponds to a steady state of type (7). We perturb (79) and take

(w, u,0)7 (x) = (wy, us, )7 (x) + (0.1, 0, 0) x[—1.5,—1.4)(x),

1, —15<x<-14,
Xi-15-14)(X) = 0, otherwise
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t=0.2 t=0.2
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T
+
+
5.5 . 5.5
+
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+
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4 HHH 4 HHHHHHHHH
-2 -1 0 1 2 -2 -1 0 1 2
t:O 4 t=04
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i
T
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+
45 + 45
+
+
4 B 4 TR |
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Fig. 12 Example 2: w computed by the WB (left) and WB-IT (right) schemes using the uniform mesh
with Ax = 0.04 attimes r = 0.2 andt = 0.4

(plotted in Fig. 9, left) as the initial data for the Ripa system (10). With time, the
perturbation, initially located at [—1.5, —1.4], splits into two pulses moving to oppo-
site directions. The one moving to the right passes the first hump of the bottom,
and keeps moving over the temperature jump, and then passes through the second
hump.

In Fig. 10, we show the w-component of the solution obtained by the NWB scheme.
As one can clearly see, the NWB scheme develops large spurious oscillations in the
hump area and thus it cannot resolve the small perturbation. Moreover, the oscillations
get worse with time. When the mesh is refined, the oscillations attributed to the lack
of precise balance between the flux and the source terms diminish, but a very fine
mesh has to be used to achieve a high resolution. The use of such a fine mesh may
be unaffordable, especially in the 2-D case, and thus the NWB scheme may become
impractical.

The oscillations over the humps disappear when the well-balance quadrature (25)
is used. However, the solution computed by the WB scheme suffers from the excessive
numerical diffusion present at the temperature jump area, see the left column in Figs. 11
and 12. As one can see, the w-component of the computed solution is smeared there
and the pressure oscillations are developed (see the lower left graph in Fig. 11). On the
other hand, the proposed WB-IT scheme, which is both well-balanced and pressure
oscillation-free, leads to a very accurately resolved solution (see the right column in
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0
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Fig. 13 Example 3: w, 6 and p computed by the WB (left) and WB-IT (right) schemes using the uniform
mesh with Ax = 2/200 at time ¢t = 0.2. The solid lines represent the reference solution computed by the
WB scheme on a much finer uniform mesh with Ax = 2/6400

Figs. 11 and 12). Notice that when computed with the WB scheme, the jump around
x = 0 gets more and more smeared in time (Fig. 12), while it remains almost perfectly
resolved by the WB-IT scheme.

Example 3: dam break over the flat bottom. In this example, we consider the dam
break problem for the Ripa system (10) with a flat bottom (B = 0) subject to the
following initial condition:

(51 Oa 3)Ts X <07

L, )T (x,0) =
W w070 =1 657 ,=o0.
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0 " " " 0 " " H "
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Fig. 14 Example 4: w, 6 and p computed by the WB (left) and WB-IT (right) schemes using the uniform
mesh with Ax = 2/200 at time t = 0.3. The solid lines represent the reference solution computed by the
WB scheme on a much finer uniform mesh with Ax = 2/6400

0.8
0.6
0.4
0.2

-0.2
-0.4
-0.6
-0.8

-0.5 0 0.5

Fig. 15 3-D view (left) and contour plot (right) of the bottom topography (80)
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- W s~ 00
- W s OO

Fig. 16 Example 5: 3-D views of the steady-state solution (w, 6 and p) computed by the WB (left) and
WB-IT (right) schemes at time ¢+ = 0.12 using the uniform mesh with Ax = Ay =2/100

0 0
0.5 0.5
0 0
-05 -0.5
-05 0 0.5
p
0.5 0.5
0 0
-05 -0.5
-0.5 0 0.5 05 0 0.5

Fig. 17 Example 5: contour plots of the & and p components of the solution computed by the WB (left)
and WB-IT (right) schemes at time ¢t = 0.12 using the uniform mesh with Ax = Ay =2/100
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=W & O O
=0 & OO

Fig. 18 Example 6: 3-D views of w, 6 and p computed by the WB (left) and WB-IT (right) schemes at
time ¢ = 0.15 using the uniform mesh with Ax = Ay =2/100

p p

0.8
0.6
0.4
0.2

-0.2
-0.4
-0.6

-0.8

-0.5 0 0.5 -0.5 0 0.5

Fig. 19 Example 6: contour plots of p computed by the WB (leff) and WB-IT (right) schemes at time
t = 0.15 using the uniform mesh with Ax = Ay = 2/100

We compute the numerical solution by the WB and WB-IT schemes at time t = 0.2
and plot it in Fig. 13. As it can be observed, both w and 6 obtained using the WB
scheme (left column) are very smeared around the contact wave located near x = 0.43,
while they are much sharper resolved by the WB-IT scheme, Fig. 13 (right).
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Fig. 20 Example 7: 3-D views of w, 6 and p computed by the WB (leff) and WB-IT (right) schemes at
time ¢ = 0.15 using the uniform mesh with Ax = Ay =2/100

Example 4: dam break over a nonflat bottom. In this example, we compare the per-
formance of the WB-IT and WB schemes with the following initial data:

(5,0, H", x <0,

T _
(w,u,0)" (x,0) = [(170’ 5T, x>0

and bottom topography given by (see the top two panels of Fig. 14):

2(cos(10mr(x + 0.3)) + 1), —04 <x <-0.2,
B(x) = 1 0.5(cos(10m(x —0.3)) + 1), 0.2 <x <04,
0, otherwise.

Note that initially the area near x = 0.3 is almost dry (k(x, 0) = 1 —0.5(cos(10m (x —
0.3))+1) there). As expected, both the WB and WB-IT schemes preserve the positivity
of h and 0, see Fig. 14, but obviously the proposed WB-IT scheme outperforms the WB
scheme, especially for w and & components around the contact wave near x = 0.22.

4.2 Two-dimensional examples
In this section, we compare the performance of the 2-D WB-IT scheme described in

Sect. 3 and the WB scheme, which is the same central-upwind scheme, but imple-
mented without the interface tracking technique from Sect. 3.4.
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w w
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Fig. 21 Example 7: contour plots of w, 6 and p computed by the WB (leff) and WB-IT (right) schemes
at time = 0.15 using the uniform mesh with Ax = Ay =2/100

Example 5: steady state. In the first 2-D example, we consider the Ripa system (54)
with the bottom topography that consists of two Gaussian shaped humps (see Fig. 15):

0.5exp(—100((x + 0.5)> + (y + 0.5)%)), x <0,

0.6exp(—100((x — 0.5)> + (y — 0.5)%)), x > 0. (80)

B(x,y) = [

We take the initial data consisting of two “lake at rest” states of type (8) connected
through the temperature jump corresponding to the “lake at rest” state of type (9):

(3,0,0, D7, x2+y? <0.25,

(2,0,0,3)T, otherwise. ®1)

(w, u,v,0)7 (x, y,0) = [

As one can see from Figs. 16 and 17, the WB-IT scheme exactly preserves the steady
state, while the w- and 6-components computed using the WB scheme are way too
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Fig. 22 Example 7: 3-D views of w, 6 and p computed by the WB (left) and WB-IT (right) schemes at
time ¢ = 0.15 using the uniform mesh with Ax = Ay = 2/200

smeared. One can also observe circular-shape pressure oscillations in the obtained
WB solution.

Example 6: small perturbation of a steady-state solution. In this example, we use
the same setting as in Example 5, but perturb the initial condition (81) inside a small
annulus near the center of the computational domain. This is done by taking the
following initial data:

(340.1,0,0, HT, 0.01 < x2 + y2 < 0.09,

T _} 300,97, 0.09 < x2+y? <0.25
(w,u,v,0)" (x,y,0) = or x? + 3% < 001, (82)
(2,0,0,3)7, otherwise.

The solutions computed by both the WB and WB-IT schemes are presented in Figs. 18
and 19. As in the previous example, the w- and f-components of the solutions get
smeared by the WB scheme, while are being sharply resolved by the WB-IT scheme.
The perturbation propagation can be clearly seen from the lower graphs in Fig. 18 and
especially from the contour plots in Fig. 19, where the p-component of the computed
solutions is presented. When the WB scheme is used, the computed solution develops
circular-shape pressure oscillation, which interact with the perturbation. This inter-
action leads to the appearance of parasitic waves, which can be seen on the bottom
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Fig. 23 Example 7: contour plots of w, 6 and p computed by the WB (left) and WB-IT (right) schemes
at time ¢ = 0.15 using the uniform mesh with Ax = Ay = 2/200

left graphs in Figs. 18 and 19. On the other hand, the WB-IT scheme captures the
perturbation much more accurately.

Example 7: radial dam break over the flat bottom. In the final example, we compare the
two schemes on a circular dam-break problem with a flat bottom (B = 0). Equation (2)
is numerically solved subject to the following initial condition:

T _[@,0,0,07,  x2+y% <025,
(w, u,v,0)" (x, y,0) = [ (1,0,0, 1.5, otherwise.
When the dam is removed, a shock wave travels radially outwards, and a rarefaction
wave moves inward with a contact wave remaining between them. The solutions
computed by both the WB and WB-IT schemes using the uniform mesh with Ax =
Ay = 2/100, are shown in Figs. 20 and 21. One can clearly see that the WB solution
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is overly smeared both at the center of the computational domain and especially in
the contact region. On the other hand, the WB-IT scheme sharply resolves the contact
surface, but generates small oscillations in the contact area, which can be seen in the
contour plots presented in Fig. 21. To further compare the WB and WB-IT schemes,
we refine the mesh to Ax = Ay = 2/200. The obtained results are shown in Figs. 22
and 23, where one can clearly see that the WB-IT scheme outperforms the WB one.

Acknowledgments The authors would like to warmly thank Prof. M. Lukac¢ova-Medvid’ova for fruitful
and valuable discussions and for pointing out a fundamental mistake in a preliminary version of this paper.
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