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ABSTRACT. We describe a shock-capturing streamline diffusion space-time dis-
continuous Galerkin (DG) method to discretize the shallow water equations
with variable bottom topography. This method, based on the entropy variables
as degrees of freedom, is shown to be energy stable as well as well-balanced
with respect to the lake at rest steady state. We present numerical experiments
illustrating the numerical method.

1. Introduction. The shallow water equations model many phenomena of inter-
est to meteorology and oceanography. In one space-dimension, the shallow water
equations with variable bottom topography are given by,

ht + (hu)x = O, 1
(hu) + (39h° + hu®) = —ghb,. @

Here h is the water height, u is the depth-averaged velocity, g the gravitational
constant, and b is the bottom topography. The two-dimensional version of the
equations is provided in the appendix.

The shallow water equations with bottom topography are an example of nonlinear
systems of balance laws of the form,

d
U, + Y FH(U),, = S(U) (2)
k=1

h hu 0
0= () P (e igie) - 5= (o)

Here and in the following, we drop the index k£ in the one-dimensional case for
simplicity.

It is well-known that solutions of balance laws (or conservation laws, when the
source term S(U) = 0) can be discontinuous due to the appearance of shock
waves (hydraulic jumps for shallow water equations), even when the initial data
are smooth. Hence, the solutions to such equations are sought in the weak sense

by defining
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[3]. However, weak solutions are not unique (or stable) and one needs to impose
additional admissibility criteria to recover stability. Often they are posed as entropy
conditions of the form,

d
SU) + > QM) <0, (3)
k=1

with the above entropy inequality being satisfied in the sense of distributions.
In the specific case of shallow water equations with variable bottom topography,
it is well-known that the total energy,

S(U) = 1hu® + 3gh® + ghb, Q(U) = Lhu® + gh*u + ghbu,
serves as the entropy with the energy flux Q.
Furthermore, the entropy variables V.= Sy (U), with the specific form,
V= <g(h+b12— %uQ) ’

play an important role in the entropy stability analysis. In particular, we can rewrite
(2) in entropy variables as

d
U(V)e+ ) FH(V),, =S(V) (4)
k=1

using the notation F*(V) = F¥(U(V)) and S(V) = S(U(V)) for simplicity.

1.1. Numerical methods. The design of efficient numerical methods for approxi-
mating systems of conservation (balance) laws is fairly mature. Among the popular
discretization frameworks are the finite volume (conservative finite difference) meth-
ods, based on (approximate) Riemann solvers [12]. High-order of spatial accuracy
can be attained by employing suitable non-oscillatory piecewise polynomial recon-
structions such as TVD, ENO and WENO. An attractive alternative is provided by
the discontinuous Galerkin method.

In the specific case of shallow water equations, a further challenge is provided
by the fact that most situations of interest are modeled as small perturbations of a
steady state, the so-called lake (ocean) at rest state [13] given by,

h+b=const, u=0. (5)

Therefore, one needs to design numerical methods that preserve this steady state. If
a numerical method only approximates this steady state to truncation error, then it
will not be able to resolve the very small amplitude waves (perturbations of steady
state) that are of interest, except on very fine meshes. Hence, the goal has been
to design well-balanced schemes, i.e. numerical approximations of the shallow water
equations that preserve a discrete version of the lake at rest steady state [13].

A large number of well-balanced schemes have been designed for the shallow-
water equations over the past decade or so. A (very incomplete) list of references
is [1, 9, 10, 5, 2, 11, 14] and references therein. The basic idea behind most of
these papers is to modify the numerical fluxes by a hydrostatic reconstruction and
introduce a source discretization to balance the flux difference.

Unfortunately, very few rigorous stability results exist in the context of well-
balanced schemes for the shallow water equations with variable bottom topography.
Given the fact that energy stability appears to be the most natural stability frame-
work, it is natural to seek a well-balanced scheme that is also entropy stable. To the
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best of our knowledge, this issue is first tackled in [4], where the authors designed
an energy stable scheme for the shallow water equations with bottom topography.
Additionally, this scheme was also well-balanced with respect to the lake at rest as
well as moving steady states. However, this scheme suffers from two limitations.
Only the semi-discrete version of it was shown to be energy stable. Furthermore,
the multi-dimensional version of the scheme was restricted to Cartesian grids.

The main aim of this paper is to design a scheme for the shallow-water equations
with bottom topography that is

e Fully discrete.

e Able to handle unstructured grids (in several space dimensions).

e Energy stable.

o Well-balanced with respect to the lake at rest steady state.

To this end, we will design a shock-capturing space-time discontinuous Galerkin
(DG) method to approximate the shallow-water equations with bottom topography.
The scheme will be an extension of a space-time DG method for conservation laws,
proposed in [6, 7] and based on earlier work [8] and references therein. The main
novelty of the paper will be to handle the bottom topography source terms such that
the resulting scheme continues to be energy stable and is in addition, well-balanced.

2. The space-time DG formulation. The aim of this section is to present the
entropy stable space-time DG method for the shallow water equations with variable
bottom topography. We start with the description of the mesh.

2.1. The mesh. At the n-th time level t", we denote the time step as At" =
t"t1 —¢" and the update time interval as I"™ = [t",¢"T1). For simplicity, we assume
that the spatial domain © C R? is polyhedral and divide it into a triangulation
T, i.e. a set of open convex polyhedra K C R? with plane faces. Furthermore, we
assume mesh regularity [8] and quasiuniformity. For a generic element (cell) K, we
denote

Az = diam(K) (element width),
N(K)={K' €T :K # K and meas;_1(K N K') > 0} (neighbouring cells).
The mesh width of the triangulation is Az(7) = maxx Azgk. A generic space-time

element is the prism:
K xI".
We also assume that there exists an (arbitrarily large) constant C' > 0 such that
(1/C)Ax < At™ < CAx,
for all time levels n.

Remark 1. The mesh considered here is particular such that it allows marching in
time. However, the method could also be formulated on a more general space-time
mesh.

2.2. The variational formulation. The formulation reads: find V24 ¢ V, such
that

B(VA* WAT) := By, (VA" WAT) 4 Bgp (VAT WAT) + Bso(VA*, WAT) =0 (6)

for all WA® ¢ Vp, where V,, denotes the space of piecewise polynomials associated
with the space-time mesh with total degree at most p. The variational formulations
consists of three quasilinear forms, which we will describe in the following.
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2.3. The DG quasilinear form. The form Bpg is given by
BDG (‘;-Az7 WAI)

Z//<<U(VAz ), WAz +i FF(VAT) Wff>+<S(VM),WM>>dzdt

nKIn K k=1
+Y / (UOVAE, VAL WER ) de = 3 [ (VR VAT, Wt ) do
n,K n,K
// < (VR VR 5 vkK)
n KK 7" Ok
d
+) BHVRT VRS Vi, @f_>da(x)dt, (7)
k=1

where the sums are taken over the time stepsn = 0,..., N—1 and all the cells K € T
in the mesh. The last sum is also taken over all neighbouring cells K’ € N (K) of
the cell K. In addition, we have employed the notation

W t(z) = W(z,t1),
Ok = KNK/,
vi k' = Unit normal for edge KK’ pointing outwards from element K,
Wi t(z,t) hl_i}r&_ W(x+ hyt), z€ kg,

for all W € V.
The additional boundary terms for the shallow water equations with bottom

topography are given by
0
VAQC V ( ~ ) ;
B D= o

where for any quantity ¢, § = 3(¢— + ¢+) and [¢] = ¢4 — g— denotes the mean and
the jump, respectively.
Upwind fluxes are used for the temporal numerical fluxes

U(V_,V,)=U(V_).

This ensures causality and further allows to perform marching in time.
We use an entropy-stable numerical flux given by

xT * 1 xr x
F(VK _7V%,+§VKK' Z]Fk VK —s K+)VKK’ - §D(VIA<,+ - V%,—)

with D = D(V%ﬂ, V%ﬁr; Vi k'), which consists of an entropy-conservative flux and
a diffusion operator.

Note that the diffusion is added in terms of entropy variables. This is important
both for the entropy stability and the well-balancedness of the scheme.

More precisely, we will use a Rusanov type of diffusion, which is given by

D(V_,Vi;v) = max{Amax(V_;v), Amax(V4;v) }Uv (%(V_ + V+)) ,

where Apax(U;v) is the maximal wave speed in the direction of v.
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An entropy-conservative flux for the shallow water equations is given by (see [4])

hu
Az
™ (V V ) <hu2 + % gh2> .

Inserting the numerical fluxes into the form Bpg (7), we obtain

BDG (VAI’ WA:c)

d
k:l

nKIn
+Z/ UVt o), Wit - dm—Z/ U(VA2), WA gz

n,K nK
<3 ( (B (VR VRS ) WR ) o

n,K,K’ " JOg ks
— = Z / / DT VR ) WR ) do(z)dt

nKK’ ™ J Ok g

+ Z / /8 <Z <B’“ VAm )WM >1/KK,>dJ( )dt. (8)

n,K,K' KK/

2.4. Streamline diffusion operator. Following [7], we need a streamline diffu-
sion operator to minimize oscillations that might arise in the pure space-time DG
formulation. However, the streamline diffusion operator of [7] needs to be adapted
to balance laws. The equation residual (or intra-element residual) is now

d
Res := U(VA7), + Y FF(VAT), —S(VAY), (9)
k=1

The streamline diffusion operator is then given by

Bsp(VAT, WAT) =~ / / L(VAT WA) DSPRes) dadt, (10)
n,K

where L£(VA% WA%) denotes a linearised form of the equation in the following
sense:

o L(VAZ WAT) is linear in WA?

o L(VAZ VAT) = Res
For conservation laws this operator can be chosen as

d
LVAT WAT) = Uy (VA)WR + ) " FH (VA )WL,
k=1
The difficulty for balance laws is to include the source term in an appropriate
manner without destroying the linearity. For the shallow water equations with
bottom topography, it can be chosen as

d
LIVAT, WET) = Uy (VEGWET + 3 Fy(VA)WES + G(VAT, WAT) - (1)
k=1
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o () () - ()

This is a consequence of the following. The residual satisfies

with

Res = Uy (VAY)VAZ L By (VAT)VA? L Fy(U(VAT)U, (VAL z) — S(VAT)

and we have

. 0 1 Az [ =by . 0
FU - <gh _ U2 2u> ’ UI(V 71.) - (—b$u> ) S= (—ghb£> .

This implies
Fu(U(VA)UL (VA ) - S(VAT) = ( ‘b“;)

and thus, £ satisfies the assumptions.
The scaling matrix in the streamline diffusion operator

D= CSPA UL (VAT) (12)

remains unchanged. Here, CSP is a positive constant.

2.5. Shock-capturing operator. As in [7], we further need a shock-capturing
operator to stabilize any possible oscillations. The shock-capturing operator of [7]
need to be modified for the shallow water equations. It is given by

BSC (VAI’ WAz)

=> / ) /K DE?K(<W£Z,6;vtAx>+Z M <W$kx’UVV%>> dodt,
n,K

k=1
(13a)

with UV UV( n, k) for brevity and

. 1
Vogk=—"""+= VAL (g, t)dxdt.
K meas(I" x K) Jn / (@, t)da

being the cell average. The scaling factor is

At"CSCRes,, x + (At")lC’SCBRes,LK

n, K —
\/ [ fK VM UVVM> + 2 St < A ,UVVM>) dodt + ¢
(13b)
_ 6 _
with € := |K |3 (At") 7 (dlaﬁ%) , 8 > 1/2 (chosen as 1), and C5¢ and C5€ being
positive constants. The scaling factor relies on the integrated intra-element residual

DSS

)

Resp k= \// / (Res, Uy (VAT)Res) dzdt (13¢)
mJK
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and on the integrated boundary residual

BRes, x = (/ [O(VAD) ~ UVAD sy

DN I~

I™ Opeper

d
Vg VR YVKKY) Z (VR Wik (13d)
2

2
dodt | ,
UL (VL)

3. Entropy stability. We will show that the scheme is entropy-stable even in the
presence of source terms due to the bottom topography.

+ZB’“ (VR VR ki
k=1

which needed to be adapted at the spatial boundaries.

Theorem 3.1. Consider the space-time DG scheme (6) for the shallow water equa-
tions with non-constant bottom topography (1). For simplicity, assume that the
exact and approximate solutions have compact support inside the spatial domain

Q. Then, the resulting scheme is entropy-stable, i.e. the approximate solutions
UA® = U(VA®) satisfy

/ S(UA® (z,tN))da < / S(UA%(z,t°))dx. (14)
Q Q
Proof. Let us use ~ to denote the quantities used without bottom topography. In
this case the entropy is given by

S(U) = thu? + Lgh?,
with the entropy variables being

V- (gh - W) |
u
From the entropy stability proof we know (compare [7, 6])

Bpg (VAT VA®) 4 Z / / ,D(VZ", —V;‘g,)>dadt
nJo

n, K, K’ KK/
> / S(UA (3, £Y))da / S(UA (2, £2))d.
Q Q
We will show
BDG(VAI VAac) _ gDG(VAac {/Aw)

- Z // var, (VIA(f”+—Vj‘(f”_)>dadt
nJo

nKK/ KK’
(15)
Ax N _ Ax T 0 T
Z/QS(U (2,3 da /QS(U (2,12))d

S(UA* (2, tN))dz + [ S(UA*(x,t°))da.
Q Q
This implies

Bpa (VAT VAT) z/S(UM(g;,tT))dx—/ S(UA (2,1 ))da (16)
Q Q
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The difference in the spatial interior part is given by

Z/ / — (S(VA"), VA% dodt — Z/n/ PVAT) (VAT \NfA””)x> o
72// (<< —ghb, > <g(h+12_2u2>>
- <<hu2 nghQ) ) <%b>m>)dxdt

:Z/n/ (ghbyu — hugb,) dadt = 0 (17)

n,K

The difference in the spatial boundary part without diffusion is given by

> / / B(VR™,VE",), VR vk dodt
nJo

n,K,K’ KK’
+ Z / / VAz_,VK+7VKK/) (V%?_ —v%ﬁt_)> dO'dt
n, K,k I Ok

5L () )
i) ()

Z // % blu_ + hugb_ )I/KK/dO'dt
nJo

n,K,K’ KK/
Z / / (39h[b]u — Lhug[b]) v k- dodt =0
n,K,K’ n J Ok it

For the diffusion part we can proceed as in the case of the conservation law to obtain

/ / (VA" D(VA", VA ) dodt
nKK’ " Ok

Z // K*VD(V%?+_VEA(’$7)>dUdt20
nJo

n,K,K' KK’

(19)

The difference in the temporal interior part is given by

S [ [ (o v

:_7;(/,"/;(<UM’@> dxdt =0 20)

=0

The difference in the temporal boundary part is given by

Z/ Uﬁfl—v Vﬁfl— Vﬁ-ﬁ— dI—Z/ Uﬁzi, VAﬁ_ Vﬁi)>dl’
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S )@ e ), (), )

= Pnt1,—gbnrdr — /hn’,gbndx
> [ i -gb >,

= hy,—gbndr — /h _gbodx
;/K N,—-9gOoN %: X 0,—9%0

:/S(UA””(az,t]_V))dx—/ S(UA(z,t9))dx
Q Q

7/ §(UAI(x,t]_V))da:+/g‘(UAg”(x,t(l))dx. (21)
Q Q

Combining the equations (17), (18), (19), (20), and (21), we obtain (15). For the
streamline diffusion and the shock-capturing term, we can proceed anlogously as
for conservation laws to obtain

Bsp (VAT VAT) > (22)
and

Bsc (VAT VAZ) > (. (23)
Combining (6), (16), (22), and (23), we obtain the stability estimate (14). O

4. Well-balancedness. We will show that the space-time DG scheme is well-
balanced.

Theorem 4.1. Consider the space-time DG scheme (6) for the shallow water equa-
tions (1). The resulting scheme is well-balanced, i.e. it preserves the “lake at rest”
state exactly.

Proof. We will concentrate on the one-dimensional case, as the proof can be ex-
tended to the two-dimensional case in a straightforward manner. Let us consider
initial conditions, such that the “lake at rest” condition is satisfied:

ug =0, hg+ b= const.

We consider

VAT _ (9(h00+ b)) vt (24)

and we will show that B(VA%, WA?) = ( is satisfied for all WA € V),
We will use the notation UA* = U(VA®) = (h, hu)T for simplicity. Let us start
with the temporal part of the DG operator

*Z/In/KWAI,WtM)dxdt
n,K
+Z/ <Uﬁfl>*7w’l?fl77>d$— E / <Uﬁ{>w,ﬁi>dx
K

n,K n,K K

:Z/ /(UtAI,WAl’)dxdt
n,K nJK
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) Z/ (U Wi e s S [ (U W) e
n,K
+ Z/ Unt Wit )de— Z/ (Up” , W% )Ydz (int. by parts)

72/ / (uhe WM)drdtJrZ/ (UST —UAT WA \dx

0
—0 (by (24)). (25)

Next, we consider the spatial parts of the DG operator. We need to integrate by
parts

d
=S / / S (FH(VAT), WAT) dydt
n K7 I K 1
—Z/ / Z (FF(VAT),, , WA drdt (26)
K p=1
<ZF’“ (V& VKK,,w;‘g>dadt.

n,K,K’' / /akk’
We start with the resulting interior part and observe that
F(VA:D)T . S(VA:I:)

— Fu(UAT)UAT — §(VA?) = <gh 2 . 1 > <

D)l

by (24). This trivially implies

Z//( > (FH( VM)M,WA“”>—<S(V(VM),WAI>)da¢dt:0. (28)

Now we consider the boundary fluxes without the diffusion part and obtain

(F*(VR™, VES) = F(VRD) + B(VR™, VRS))vkk:

- <(’W T%W) - (h_uéj—f _;gh2_> " (éggubﬂ» VKK
B <(§90h2) - (%g%ﬂ) + (;gg[[b]]» vk (by (24))

0
- <29(h —hZ +h[[b]])>
Let us add and subtract h[h] to obtain

h2 —h% 4 hb] = h2 — h2 — R[] + h[h +b] = h2 — h% — h[h].
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A short calculation confirms that h2 — h?> — h[h] actually vanishes:
h2 —h% —h[h] = 1n% + 3h% — b2 — S(ho + hy)(hy — ho)
= 2h% 4+ 3h% —h? = 1n3 + iK% =0.
This results in
(F*(VRZ, VR) —F(VR™) + B(VE™, VR )ik =0 (29)
and
> [ (e e -Fovee
n,K,K’ In BKK/ (30)
+B(VR", V& ))vkk, w§f>> dodt = 0.

Now we consider the diffusion part of the flux:

D(V%ﬂ- - VIA(:T—)

vir —vir = (P S () e e

Note that

u

This yields

D(VR" —VE©)=0 (31)

and
_% ;K / n /6 - (D(VA2, — VA% ) WA Y dodt = 0. (32)
Combining (25), (28), (30), and (32) we obtain that the DG form is satisfied, i.e.
Bpg (VA2 WAT) = 0. (33)

For the streamline and shock-capturing terms, first note that the interior residual
vanishes by (27):

d
Res = Up" + Y FF(VAT),, —S(VAY) =0.
k=1

Similarly, also the boundary residual vanishes by (29) and (31):

BRes, = (/ Lol Uﬁ,ﬂi“%;l(vﬁ)dx
K

At"
* Z / Arg

K’ I™ Oy v

|(F*(VR™, VR") — F(VR™)

[N

+B(VR™, VR )ik

2
This trivally implies
Bsp (VA W) =0
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and
Bsc (VAT WAT) = (),
We conclude that the scheme is indeed well-balanced. O

Remark 2. The proof relies on an integration by parts in the spatial terms. If
numerical quadrature is used, this introduces an additional error and the resulting
scheme will in general not be well-balanced. Therefore, rather than implementing
(8) directly, one should implement it after an integration by parts is performed
as in (26). This will guarantee that the scheme is well-balanced even if numerical
quadrature is used.

5. Numerical experiments. We present several numerical experiments to de-
monstrate the shock-capturing streamline diffusion space-time DG scheme. In all
experiments, we have chosen to represent the bottom topography exactly. The
constant in the scheme are set to CSP = 10, C5€ = 1 and C°C = 0. A value of
g = 9.812 is used for the gravitational constant in all the experiments.

5.1. Lake at rest. Let us consider the following problem taken from [4]. The
bottom topography is given

4—(z—10)* . .
ba)=4 ™ if |z —10] <2 (34)
0 otherwise

The initial condition are “lake at rest”, i.e. u = 0 and h + b = 1. We compute on
the domain [0,20] and calculate up to the final time ¢t = 10.

0.8
0.6

—h+b
—b

0.4f

0.2f /\
0

FI1GURE 1. Water level h+b and bottom topography b for the lake
at rest for p =2 and N, = 80.

The bottom topography and the computed surface height of one example run are
shown in Figure 1.

The well-balanced property of the scheme is best demonstrated by tabulating
relative L' errors of the total height A + b (Table 1) with respect to the resolution
as well as the polynomial order.

The results show that scheme preserves the exact steady state up to machine
precision. The error is slightly bigger for higher polynomial degrees. This is to
be expected as the conditioning becomes slightly worse with a higher polynomial
degree (or increased resolution).
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N, p=0 p=1 p=2
20 1.1e-17 3.3e-16 3.3e-15
40 5.6e-18 1.9e-15 1.6e-15
80 2.8e-18 5.0e-15 5.5e-15
160 4.2e-18 1.2e-14 1.3e-14
320 6.9e-18 2.5e-14 1.6e-14
TABLE 1. Relative L' errors of the water surface h+ b for the lake
at rest case.

5.2. Perturbed lake at rest. The main interest is not in steady state itself (as
it is known in advance), but rather waves, representing small perturbations of the
lake at rest. Therefore, we perturb the lake of rest initial condition of the last
experiment by choosing (as in [4])

@) = {1.01—1)(95) if [z —6] <1/4

35
1—b(z) otherwise (85)

The bottom topography and the initial velocity are unchanged, i.e. u = 0 and
b is given by (34). The exact solution consists of a left-going and a right-going
wave. We evolve the flow only up to ¢ = 1.5 such that the waves have not yet left
the domain. Figure 2 shows the water surface height h 4+ b for piecewise constant,
linear, and quadratic functions. For all polynomial degrees, the waves can be clearly
identified without any spurious numerical artifacts or additional waves. The waves
are quite diffused in the case of p = 0. However, the accuracy improves to a great
extent by considering higher polynomial degrees.

5.3. Two-dimensional lake at rest. We consider the following bottom topogra-
phy
b(z) = 0.8 exp(—5(x — 0.9)* — 50(y — 0.5)%) (36)

in the domain [0, 2] x [0, 1]. The bottom topography is illustrated in Figure 3. The
initial condition is given by the lake at rest state u =0 and h +b = 1.

We compute up to the final time ¢ = 1. We start on a triangular mesh with
178 cells and perform uniform refinements. Table 2 shows the resulting relative L’
errors of h + b for different polynomial degrees. The error is again on the order of
machine precision, which demonstrates the well-balancedness of the scheme also in
the two-dimensional case.

N, p=0 p=1 p=2
178 3.3e-17 2.3e-15 1.6e-15
712 3.6e-17 4.0e-15 4.0e-15
2848 3.7e-17 1.8e-14 1.4e-14
TABLE 2. Relative L! errors of the water surface h + b for the
two-dimensional lake at rest case.

5.4. Perturbed two-dimensional lake at rest. The experiment in the last sub-
section is perturbed by adding 0.01 to h in the region 0.1 < z < 0.2. We use
reflecting wall boundary conditions at the top and the bottom boundary. The left
and right boundaries are specified as non-reflecting boundaries. Thus, the initial
bump separates into two waves, a left-going and a right-going one. The leftgoing
wave hits the left boundary at about ¢ = 0.03 and leaves the domain without any
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1.007, 1.007.
—N=20 N_=20
1.006} —N_=80 1.006 —_N.=80
1.005} —N=820 1,005} —N=320
reference reference

1.0041 1.0041 q
1.003f 1.0031

ry a

2 1.002f 2 1.002f
s K A i

1 1
0.9991 0.9991
0.998 0.998
0.997 y 0.997 ;
0 5 10 15 20 0 5 10 15 20
X X
(a) p=0 b)yp=1
1.007,
_Nc=20
1.006 NC=80

N_=320 ||
reference

1.005!

1.004:

1.003

h+b

1.002!

1.001

0.999

0.998

0.997

FIGURE 2. h + b for the perturbed lake at rest.

0.8
. 0.6
) 10.4
|
0 0

0 0.5 1 1.5 2
X

FIGURE 3. Bottom topography b for the lake at rest case.

reflections. The rightgoing wave is slowed down in the middle by the bottom to-
pography and this then creates a complicated pattern. Figure 4 shows the flow at
various times for piecewise constant and piecewise linear functions. The results for
piecewise quadratic functions can be found in Figure 5. The results for p = 0 are
very smeared, but still qualitatively the flow is captured. The results for higher
degrees are much more accurate, even on a coarse mesh. This experiment clearly
demonstrates the ability of the proposed space-time DG method to compute small
perturbations of the lake at rest steady state, in a stable and accurate manner.

6. Conclusion. We extend the shock-capturing streamline diffusion space-time
DG method of [6, 7] to approximate the shallow water equations with variable
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FIGURE 4. h + b for the perturbed lake at rest. The number of
cells is 182272 and 45568 for p = 0 and p = 1, respectively.

bottom topography. The proposed schemes are energy stable, even for the fully dis-
crete case. Furthermore, we show that the proposed schemes are well-balanced i.e.
they preserve the lake at rest steady state. The key design elements of the scheme
are the use of entropy (energy) variables as degrees of freedom, energy conservative
numerical fluxes and discretizations of the bottom topography and the design of
suitable streamline diffusion and shock-capturing operators.

Numerical experiments that demonstrate the well-balancing of the schemes and
the stability and accuracy in resolving small perturbations of the lake at rest steady
state are presented. They illustrate that the schemes, particularly with piecewise
linear and piecewise quadratic basis functions, perform very well.

The proposed schemes are implicit in time and involve the solution of non-linear
algebraic equations in every time step. However, the schemes are unconditionally
energy stable. Hence, very large time steps can be chosen. This flexibility is par-
ticularly advantageous while dealing with problems in oceanography, where gravity
waves can lead to excessively small time steps for explicit methods. The schemes
uses unstructured grids in two space dimensions. This is a marked advantage, when
dealing with flows in domains with complicated boundaries such as shorelines. Fur-
thermore, space-time DG schemes lend themselves to adaptive algorithms (particu-
larly goal oriented adaptive algorithms) in a natural manner, see [6]. Hence, these
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FIGURE 5. h+b for the perturbed lake at rest with 11392 cells and
p=2.

schemes could form an attractive alternative to standard well-balanced schemes for
shallow water flows in complex domains that involve multiple time scales. Such
extensions will be considered in the future.

Appendix - two-dimensional formulation. The shallow water equations in two
spatial dimensions are given by

ht + (hu), =0,
(hu) + (39h° + huz)w + (hw), = —ghb,, (37)
(hv)¢ + (huv), + (%gh2 + hv2)y = —ghb,.

This can be written in the form (2) by defining

h hu hu 0
U = hu R Fl — hu2 —|— %gh/Q s F2 = hu'U 5 S = _ghba;
hv huv hv? + %gh2 —ghb,

An entropy pair is given by
S(U) = Shu® + 1ho? + Lgh® + ghd,
QY (U) = %hu3 + %huvz + gh®u + ghbu,
Q*(U) = thuv + Lho® + gh®v + ghbv,
which leads to the entropy variables

g(h+b) — 2u? — 10?2
V= U
v
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Entropy-conservative fluxes are given by (see [4])

ha I
FU5(VR™,VRT) = [ ha? + Lgh? |, F2*(VE™,VE") = v
huv hu® + Lgh?
The additional boundary terms are given by
9 0
B'(VR™, VET) = | 5908 | . B*(VRZ.VRZ)=| 0
0 39n[0]

The function G in the linearised operator £ in the streamline diffusion operator
(11) can be chosen as

U1 w1 1
G V2|, | W2 = (—bx’wg — bng) (%]
U3 w3 U3

This can be seen as follows. The residual satisfies
Res = Uy (VAT)VAZ

2
k:l

and
0 10 —by
Fiy=[gh—u? 2u 0], U,(V2 2)=|-bu],
—uv voou —b v
0 0 1 —by 0
F% = —uwv v ouw |, U, (VA )= -bul|, S=|—-ghb,
gh—v? 0 2v —byv —ghby
Therefore,
2 1
D FHUVA) UL, (VAT 2) = S(VAT) = (=byu — byo) | u
v

and then L satisfies the assumptions.
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