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Abstract We are interested in the numerical approximation of the shallow water
equations in two space dimensions. We propose a well-balanced, all-regime and
positive scheme. Our approach is based on a Lagrange-projection decomposition
which allows to naturally decouple the acoustic and transport terms.

1 Governing equations and asymptotic limit

We consider the numerical approximation of the shallow water equations
Oh+V - (hu) =0, 0
)
8(hu) +V - (hu @ u) + VE- = —ghVyz,

where x € R? — z(x) denotes a given smooth topography and g > 0 is the gravity
constant. Both the water depth /& and the velocity u = (u;,us) € R? depend on
the space and time variables, namely x € RZ and r € [0, ). We assume that
h(x,t = 0) = hy(x) and u(x, t = 0) = up(x) are given. We are interested in the design
of a numerical scheme that satisfies the well-balanced property, i.e. able to strictly
preserve the well-known lake at rest solutions such that z + z = constant and u = 0.
For a review on well-balanced numerical schemes, we refer for instance the reader
to [2], [8] and the references therein. We also refer to [5] where the authors focus
on the 1D case and propose a well-balanced Lagrange-projection strategy. In [3],
the proposed Lagrange-projection scheme is fully well-balanced, which means that
it preserves a full set of equilibrium solutions (and not only the lake at rest). The
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Lagrange-projection methodology is especially well suited for subsonic or near low-
Froude number flows. Indeed, it allows to design a natural implicit-explicit strategy
which is uniformly stable with respect to the Froud number since the CFL time step
restriction is driven by (slow) material waves and not by (fast) acoustic waves, see
[6]. Regarding the uniform consistency, we will follow the anti-diffusive technique
on the pressure numerical flux introduced in [7] and also used in [4].

The low-Froude limit. Before going further, we give the asymptotic behaviour of
the solutions of (1) in the low-Froude limit. With this in mind and as it is customary,
we consider the dimensionless quantities t = ¢/T,x = xX/L, h = h/hp, u = u/uy and
7z = z/zo where T, L, hg, ugp and zq are respectively a reference time, length, water
height, velocity and topography of the flow and such that uy = L/T and zo = hy.
Defining the Froude number by Fr = ug/cy where ¢y = \/gTo is the reference sound
speed, easy calculations give the dimensionless equations

Oh+V - (hu) = 0, ,
3 () + V- (lu® w) + 15Vp = —Liv, )

where p(h) = h?/2. Assuming that & and z can be written as
h=h0+hVF + hPF? + OF®) and u=u? + uVFr+ u®F? + OFr),

we get in particular p = p©@ + pWFr + p@Fr? + OFr?) = p(h©®) + KD ROFr +
O(Fr?). Therefore, at order —2 and —1 with respect to the Froude number, (2) gives
Vp© + hOVz = 0 and Vp») + ADVz = 0, which is equivalent to 1? + z = H(r)
and A = (1), so that the asymptotic behavior is given by
O h® + V. (hOu®) =0,
{a,(h@)u(‘))) +V - (OO g u®) + Vp@ = —pOV;. )

This system is not closed since p'® and 4 are not defined. We then consider a
bounded domain Q for the space variable and periodic boundary conditions, so that
integrating (3) gives 8;7”) = 0 and therefore 4/(”) + z = H is constant both in space
and time. This leads to V - (A@u®) = 0 and to the low-Froude limit

{V @ =v. (%u(())) @

(1-%)0u® +V. @O @u®) + Lvp? = V. (£u® @ u®) - HOVE.

Notice that when the topography is flat, i.e. z = 0, the classical incompressible Euler
equations are recovered.
2 Acoustic-transport decomposition and algorithm

Let us now turn to the acoustic-transport decomposition of (1). If we develop the
spatial derivatives and isolate the transport terms (u - V)¢, ¢ = h, hu, we can use an
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operator splitting with respect to time to obtain the acoustic and transport systems
h+hV-()=0, &,(ha)+hu(V-u)+Vp=—ghVz )

oh+@-V)Ah=0, 0;(h)+ (u-V)(hu)=0. (6)

With these notations, the proposed Lagrange-projection algorithm is defined as
follows: for a given discrete state (A, hu);?, J € Z, at time ", we define (A, hu);.‘” at

time #"*! by a two-step process namely first update (%, hu);’ to (h, hu)}”“ by solving
(5), and then update (h, hu)}*'~ to (h, hu)!*! by solving (6). By solving we mean
here approximating the solution for a period of time Az. Let us note that if we set
7 = 1/h, (5) can be recast into

T -1V -u=0, du+7(xnNVp=—-1(x05Vvz.
T

Following [4], we will choose to discretize (5) thanks to a pressure relaxation

ot —1(x,1)V-u=0,
ou+ 1(x,)VII = —1(x,1)&Vz, 7
B,T1 + 7(x, @V - u = A(pFOS(7) - T0),

with pEOS(1) = g/(27?), in the limit 1 — +oco. This limit is accounted for by
setting TI(x, ") = pFOS(r(x, ")), and then solving (7) with 1 = 0. We add another
approximation by replacing 7(x, t)dx, with 7(x,")dy, , r = 1,2. To sum up, we will
define our approximation of (5) by solving (7) over the time interval [¢", 1" + At),
with TI(x, ") = pFOS(7(x, ")) and A = 0. Note that since (7) and (6) are rotational
invariant, it is sufficient to focus on the corresponding quasi-1D systems

0t —1(x, ™")0xu; =0,

Oy + 7(x, )0, 11 = —7(x, t")%ﬁxz,
Orup = 0,

OI1 + 7(x, t™)a’dcu; = 0,

®)

and 9, + u10yp =0, ¢ € {h,u;, ur}, see [4] for more details. Considering a local
space step Ax;, the following discretization strategy of (8) was presented in [5],

=TT (”?H/z - ”1—1/2)
a1 = )y = (7, - T ) ©
W)™ = (w)}
=1 - ia (ol -k )
where H;‘ = gh;‘2 /2 and the numerical fluxes ”?+ 120 H]Lj n and H]R_? J are such
that u?+l/2 = ”A(Uf" Uy, U§+1’U}1+1)’ Hﬁ?/z = HZ(U?’ U5, U?H’U?H)’ H,lfj/z =
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M; (U, U7, 0%, U7, ), where U = (h, i, T1, 2)" and

L f f
I +11 -
MU, U = L2 R-a('“)Rz(”l)L,

# # # ﬁ
u + (u 1175, — I1 1
a0 U7 U vy = S T T Loy, g0,

(Ut v, Uk, U")_HA(U“,U“)+ 5 (8hAZ}A(UL Up)

and {ghAz}a(U},UR) = g(h} + h})(zr — z1)/2. If one chooses § = n (resp.
# = n+17) we get an explicit (resp. 1mpllclt) scheme. Note that {ghAz} that accounts
for the gravity source term is always evaluated at time ¢". As far as the transport step
is concerned, we consider a classic explicit scheme for ¢ € {h, huy, huy},

At At

+1 # +- +1 +1-( # #

¢j =9 - Ax; ( i1 p%ja12 = Uio1 p Py 1/2) Ax; Rl (”j+1/2‘”j—1/2)’
(10)

with tp":ll n= "” (resp. 4,0"“ ) if uj+1 12 2 0 (resp. < 0). In the above formulas,

ais taken asa local appr0x1mat10n of the Lagrangian sound speed at each interface,
ajr1/2 = 1.01 max(hj\/ﬁ, hjr14/ghj+1). For the detailed properties of (9)-(10) we
refer the reader to [5]. Let us just recall that it is conservative in the usual sense
of finite volumes methods. Moreover, the scheme is well- balanced for lake at rest

solutions, which means that if u”? = 0 and A% + z =h" ' forall j € Z, then
J J j+1 +1

Al = pnoand wtt! = u;.‘, Jj € Z. At last, the time-lmpllclt scheme is stable under a
condition which does not depend either on the acoustic system or the sound speed
¢, but which only depends on the transport step and its material velocity u. This is
of particular interest in the low-Froude regime, since the definition of At is uniform
with respect to the Froude number.

Truncation error in the low-Froude regime. In this paragraph, we consider the
dimensionless shallow-water equations and we motivate a correction to get the
uniform consistency. The correction is similar to the one in [7] for low-Mach regimes
and we focus on the explicit case § = n. In the following we will say that the flow is in
the low Froude regime if Fr < 1 and d,p + hd,z = O(Fr?). Using the dimensionless
quantities, the pressure numerical fluxes write

L,n H7 1 n n h;l + h;l*'l " n
Whp=a* o (Wn — I+ =@ —)| - 2]: Wiy — U5,

Fr?2  2F?
11" n n
Rn _ Jj+l 1 J j+1 a
Win= g2 7 oo (H’” S T @ m ) | = g W — )

If we compute the truncation errors and use the fact that H;? H" + (h” +h" I Nzjs1—
z;)/2 = O(Fr*Ax), we obtain



All-regime and well-balanced Lagrange-projection scheme on unstructured meshes 5

s W'+ "
Ln _ J j j+1 Ax
4127 2 + Yo I, — I + - (zj+1 — Zj)) + 0(_Fr ),
I n + "
Rn _ jtl 1 n P BN Ax
2T 2 T op2 I, =105 + — (zj+1 = Zj)) + O(_Fr )

It is thus clear that the consistency errors are not uniform with respect to the Froude
number. In order to avoid large errors in the numerical diffusion terms when Fr — 0,

we suggest to replace the definition of HA(Uﬁ , U?e) by

¢, ; ;
I, +11 (ur) — (u1)
MU}, Up) =~ — 0(U}, Ujya—F—+,

which, as long as we take 6,12 = O(Fr), now gives the uniform consistency. In
practice, we will set 6;.,1/> = min (lu;?+l/2|/max(cj, Cjt1), 1).
At last, recall that the scheme easily extends to 2D unstructured meshes by

rotational invariance. Morevover, it is easily proved that both fully explicit (EXEX)
and implicit-explicit IMEX) schemes are well-balanced also in 2D.

3 Numerical experiments

We first consider a traveling vortex as in [1]. For this test case we consider a flat
bottom and we use a regular cartesian mesh of 160 x 160 cells that discretizes the
physical domain [0, 1] x [0, 1]. The boundary conditions imposed are periodic along
the x-direction and absorbing boundaries along the y-direction. The mapping of the
velocity magnitude is displayed in Figure 1 and we can observe that the accuracy
of the solution is really improved by the low-Froude correction. Furthermore, the
accuracy of the solution between the EXEX and the IMEX scheme with low-Froude
correction is comparable whereas it took about 100 times less time steps and 10
times less CPU time computation with the IMEX than with the EXEX scheme.

We now consider a non-flat bottom. We extend the physical domain of the traveling
vortex test above to the rectangle [0, 2] x [0, 1]. The boundary conditions and initial
conditions for / and u are the same as before. However we consider here a topography
defined by z(x,y) = 10exp (—=5(x — 1)2 = 50(y — 0.5)?) following [1].

We compare in Figure 2 the results between EXEX and IMEX schemes, with
or without low Froude correction. Here again, the vortex structure of the flow is
completely destroyed by numerical diffusion without low-Froude corrections 6 =
O(Fr), with both schemes. Finally, we can remark that the EXEX scheme took about
20 times more iterations and 15 times more CPU times than the IMEX scheme, both
with low-Froude correction.
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Fig. 1 Flat bottom. Velocity magnitude at final time Ty = 0.1 with the EXEX scheme (top) and
the IMEX scheme (bottom). 8 = 1 (left), 6 = O(Fr) (center) and exact solution (right).
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Fig. 2 Non-flat bottom. Velocity magnitude at final time Ty = 0.1 with the EXEX scheme (top)
and IMEX scheme (bot) with @ = 1 (left) and 8 = O(Fr) (right).
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