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Abstract

Shallow water equations (SWE) are fundamental nonlinear hyperbolic PDE-based models in
fluid dynamics that are essential for studying a wide range of geophysical and engineering phe-
nomena. Therefore, stable and accurate numerical methods for SWE are needed. Although some
algorithms are well studied for deterministic SWE, more effort should be devoted to handling the
SWE with uncertainty. In this paper, we incorporate uncertainty through a stochastic Galerkin
(SG) framework, and building on an existing hyperbolicity-preserving SG formulation for 2D SWE,
we construct the corresponding entropy flux pair, and develop structure-preserving, well-balanced,
second-order energy conservative and energy stable finite volume schemes for the SG formulation of
the two-dimensional shallow water system. We demonstrate the efficacy, applicability, and robust-
ness of these structure-preserving algorithms through several challenging numerical experiments.

Keywords: stochastic shallow water equations, stochastic Galerkin, entropy flux pair, structure-
preserving algorithms, energy conservative schemes, energy stable schemes
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1 Introduction

The Saint-Venant system of shallow water equations is widely used in mathematical and physical mod-
eling of geophysical fluid flows, where the horizontal length scale is much greater than the vertical length
scale, such as in rivers, lakes, and coastal regions [I4]. The shallow water equations can capture the
essential dynamics of wave propagation, currents, and other hydrodynamic behaviors under the assump-
tion of a shallow fluid layer, making them suitable for modeling a variety of practical problems involving
water flows. Despite the wide applicability of shallow water systems, shallow water models with ran-
dom component are even more relevant for practical real-world situations since precise knowledge of
an environment or operating conditions is frequently absent. Such random component/uncertainty can
improve the predictive capabilities of the models, motivating the development of advanced methods
to incorporate and manage the uncertainty in the governing shallow water systems. In this context,
we will consider the parameterized stochastic shallow water equations (SWE), with the parameter as a
random variable modeling the uncertainty.

In order to discretize the parameterized SWE, we consider the polynomial chaos expansion (PCE),
which is a technique for modeling uncertainty in parameterized systems. Initially introduced by Wiener
[55] for Gaussian processes using Hermite polynomials, the method has since been extended to more
general orthogonal polynomial bases to handle random inputs with various distributions [26, [36], [54]
[64]. The PCE approach effectively encodes uncertainty in parameterized partial differential equations
(PDEs), resulting in a system of equations that can be solved using two major classes of methods:
intrusive methods and non-intrusive methods. Based on sampling [42] [43] 63], non-intrusive methods
construct the polynomial solution to the parameterized system by collecting an ensemble of solutions
to the deterministic form at a collection of fixed values of the parameters corresponding to random
variables. This approach can utilize existing and trusted legacy solvers for the deterministic SWE;,

for example, see, e.g. [67, (32, [47, [9, 59, 60, 611, B3, (4, 18, B1l 40, 58, 57, 66]. However, the solutions



generated by the non-intrusive approaches may be less accurate than those from intrusive methods.
Moreover, ensuring associated structure-preserving properties, including the entropy conditions, can be
challenging or impossible.

In the context of PCE methods, intrusive methods typically refer to the stochastic Galerkin (SG)
approach, where the truncated PCE [55] 64] representations of the state variables are projected using a
Galerkin method in the stochastic space. This process results in a new system of deterministic PDEs,
with the variables being the truncated PCE coefficients. To solve the new system, a substantial rewrite
of legacy codes and PDEs solvers is required, which is one of the drawbacks of intrusive methods.
However, the SG method is generally expected to be more accurate than some alternative non-intrusive
methods. Since the SG method is based on projection, it leads to near-optimal accuracy in the L? sense
for static problems [T}, [35]. Additionally, the SG approach provides opportunities to rigorously prove
the desired properties of the SG system and the subsequent numerical schemes. Therefore, SG methods
have been effectively employed to model uncertainty in diffusion equations [65] [I7], kinetic equations
[28, [49], and conservation and balance laws with symmetric Jacobian matrices [53].

However, for a general hyperbolic system of conservation and balance laws, such as the SWE system,
the associated SG system may not be hyperbolic [16] 24, 29]. Thus, the SG formulation may result in
a system of partial differential equations that belongs to a different class from the original determin-
istic system, potentially yielding unphysical solutions and compromising the robustness of subsequent
numerical schemes. Numerous recent efforts have explored numerical methods for the SG formula-
tion of various types of hyperbolic conservation laws. Some advances include SG-type analysis and
algorithms for scalar conservation laws [68] including well-balanced methods [30], Haar wavelet-based
approaches [25], hyperbolicity preservation through a non-equivalent Roe variables formulation [23],
filtering strategies [34], limiter-type methods [48], hyperbolicity formulations for linear problems [46] or
using linearization techniques [56], operator splitting [7, [§], non-conservative formulations of SG SWE
systems [5], and entropic variable representations [44] 45].

In this paper, we build upon the recent work on a hyperbolicity-preserving SG formulation for two-
dimensional SWE [12]. Despite the hyperbolicity-preserving property, if the corresponding source term
vanishes, the SG SWE is a nonlinear hyperbolic conservation and balance law and hence it inherits
standard challenges in developing numerical methods for such a model. For example, solutions can
develop shock discontinuities in finite time with generic initial conditions, potentially producing non-
unique weak solutions. Therefore, an additional entropy condition should be imposed, either implicitly
or explicitly, to identify the desired physical solution. Note that implementing implicit time-integration
solvers is challenging because of the nonlinearity involved in the system [I0, 37, B9]. In addition,
depending on its structure, the SWE system is supposed to satisfy the well-balanced property [3],
ensuring that numerical schemes accurately capture the steady-state solution of the PDE. Moreover,
uncertainty in the stochastic model complicates all challenges when considering the SG SWE, making
them more ambiguous and difficult to address.

1.1 Contributions of this paper

In this paper, we extend the ideas developed in [I3] to stochastic shallow water equations in two-
dimensional physical space. The main contributions of this paper are as follows:

e We derive an entropy flux pair for the hyperbolicity-preserving, positivity-preserving stochastic
Galerkin (SG) formulation of two-spatial-dimensional shallow water equations (SWE) from [12].
Entropy-entropy flux pairs are the theoretical starting point towards the entropy admissibility
criteria to resolve non-uniqueness of weak solutions.

e Using the entropy-entropy flux pair, we devise second-order energy conservative, and first- and
second-order energy stable finite volume schemes for the 2D SG SWE, all of which are also well-
balanced. The designed energy conservative and energy stable schemes are stochastic extensions
of the schemes developed in [21, 22] and are also the two-dimensional extensions of schemes
developed in [I3] for the stochastic SWE in 1D physical space.



e We present several challenging numerical experiments to evaluate the performance of our schemes,
including accuracy, well-balanced property, energy decay, and numerical robustness.

An outline of this paper is as follows: In Section [2] we present preliminaries of polynomial chaos
expansion (PCE) and the SG formulation of two-dimensional SWE system from [12]. In Section
we introduce entropy flux pairs for the deterministic SWE discussed in [2I] and construct an entropy
flux pair for the SG formulation of the two-dimensional SWE system. In Section 4] we develop energy
conservative and energy stable schemes, accompanied by theoretical proofs and algorithmic details. In
Section [6] we present several challenging numerical examples to demonstrate the performance of our
schemes and verify their theoretical properties. In Section [7| we provide a brief summary of the main
results of this paper and some potential topics for future research. Finally, we include some technical
details for several proofs of lemmas and theorems in appendices [A] and [B]

2 Stochastic Galerkin formulation of the two-dimensional shal-
low water equations

In this section, we review the stochastic Galerkin (SG) formulation of the two-dimensional (2D) shallow
water equations (SWE), which possess a hyperbolicity-preserving property, as developed in [12]. We
begin with the deterministic form of the 2D SWE:

U +FU),+GU), =5S), U=(h,q",¢")", (2.1)

where F' and G denote the fluxes in the z- and y-directions, respectively, and S represents the source
term,

T qy 0
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where U = U(x,y,t) is the vector of conservative variables, h = h(x,y,t) is the water height, ¢*(z,y,t)
and ¢Y(z,y,t) are the discharges in the z- and y-directions, respectively, and B(z,y) is the time-
independent bottom topography. For the stochastic shallow water equations, we consider introduction
of a random field £, which could result from uncertainty or ignorance of the inputs, for example,
bottom topography and initial data. We begin with some preliminaries for the model formulation of
the stochastic Galerkin approach to the stochastic shallow water equations.

2.1 Polynomial chaos expansion

In this subsection, we provide a brief review of polynomial chaos expansion (PCE). For further details,
see [15, 50, 62]. Let ¢ € R? be a d-dimensional random variable with a Lebesgue density function p.
Define the L?-integrable function space associated with p as follows:

(fRd f2(s)p(s)ds)1/2 < +oo}. (2.3)

Assuming that p has finite polynomial moments of all orders, there exists a d-variate orthonormal
polynomial basis {¢y} 4o, such that,

E[0n(©)0u()] = (601}, = [ 0u()o()p(s)ds =0ns, YRIEN, @1(§)=1,  (24)

where 0y, ; is the Kronecker delta. Further, under mild conditions [19], then these basis functions span
Li: For any z € Li, then

L2(RY) = {f:Rd R

2 oo

L
Z(Ivyataé.) < ZEk(Iayvt)d)k(g)a ?k = (Zv¢k>p (25)

k=1



where z, y, and ¢ are deterministic spatial and temporal variables, and Z(x,y,t) are the deterministic
Fourier-type coefficients corresponding to the orthonormal basis {¢y}72,. Numerical computations
require finite truncations of these expansions. Let P = span{¢y,k = 1,2,..., K} be a K-dimensional
polynomial subspace of Lf,. We then define the K-term PCE approximation of a random field z on this

subspace as follows:
K

Op[z)(z.y.t.€) = 3, Zul@,y, 1) ok (8)- (2.6)
k=1
The statistics of IIp[z] can be derived from its expansion coefficients. Specifically, the mean and
variance of the random field z can be expressed in terms of these coefficients as follows:

K

]E[HP[Z](xay7t7§)] :’Z\l(mvyvt)v Var[HP[Z](x,y7t,£)] :kz_;?zk(xvyvt)’ (27)

Our numerical schemes involve specific manipulations of truncated expansion coefficients. With Z =
(Z1,...,%k)7 € RE the size-K vector of truncated PCE coefficients of z, define the linear operator
P:RE - REXE a5 follows:

K
P(2) = Z Ze My, My, € RKXK, (M) im = <¢ka¢l¢m>p' (2.8)

k=1

Due to the symmetry and commutativity properties of the operator P(-), the following identities hold,
P(2) = (M1, MoZ,..., MKZ), P(@@)b = P(b)a, p@) =aP®), (2.9

The last two properties are proved in [I3], Lemma 2.1], using the definition and symmetry of P. A
stochastic Galerkin (SG) formulation of a &-parameterized partial differential equation (PDE) assumes
that the state variable lies in the polynomial space P and forms a scheme corresponding to projecting the
PDE residual onto P. Note that the hyperbolicity of the straightforward SG formulation for nonlinear
hyperbolic PDEs, such as the shallow water equations, is not automatically guaranteed. Therefore,
special designs are required for the SG formulation of these nonlinear hyperbolic PDEs to preserve such
an important property.

2.2 Hyperbolic-preserving stochastic Galerkin formulation for 2D shallow
water equation

In this subsection, we review existing results on the hyperbolicity-preserving stochastic Galerkin formu-

lation of the two-spatial-dimensional shallow water equations (2D SG SWE) [12]. We follow a standard

Galerkin procedure in the stochastic space. It begins with reducing the problem to an alternative
finite-dimensional form by replacing the solutions (hk, ¢, ¢¥) by the ansatz,

h=hp=Y hp(z,y,t)du(E),

ke[ K]

qx ~ q% = Z ((i:\v)k(xay,t)gék(f)v (210)
ke[ K]

¢’ ~qb=Y (@), y,t)on(E),
ke[ K]

respectively, and the bottom B by IIp[B], where we use the notation [K] = {1,2,...,K}. With
a special choice of how the Galerkin projection is applied to the nonlinear, non-polynomial terms
(¢®)?/h,(¢¥)?/h,q%¢?/h introduced in [I2], a SG system of balance laws was derived, whose state
variables are the coefficients in

U,+F{0),+G00),=5U,B). (2.11)



Here, U = (A7, (#)", (cf/)T)T ¢ R3% where T, ¢, ¢ are length-K vectors whose entries are the coeffi-
cients in (2.10). The flux terms are defined by

7 o
F@O) = | P@)P (B)F + ;gmm), ao=|  P@PmF | (2.12)
PP (W) P@)P (R + LgP (MR

The source term is given by

0
S(U) = (—gP(’ﬁ)B}). (2.13)
-gP(h)B,

In the deterministic case, the fluxes and the source term reduce to their deterministic
forms as shown in . A notable observation from the above is that the deterministic term q:—fj have
two different stochastic representations in ([2:12), i.e., P()PL(h)q¥ + P(¢?)P~"(R)®. This different
treatment of these terms is essential to retaining hyperbolicity; a more detailed discussion of this fact
and a brief empirical investigation of the difference between these two stochastic representations is
provided in [12].

Recall the deterministic SWE is hyperbolic under the condition that the water height A > 0. There
is a natural extension of this property to the SG formulation of the SWE.

Theorem 1 (Theorem 3.1 in [12]). If the matriz P(R) is strictly positive definite at every point (x,y,t)
in the computational spatial-temporal domain, then the SG formulation (2.11)) is hyperbolic.

This result is proven by identifying a symmetrizing similarity transform of the SG SWE flux Jaco-

bians % and %. These flux Jacobians will be useful for us later, so we explicitly provide them below:
When P(h) is invertible, the well-defined terms
=P (h)E, T=P L (h), (2.14)

are stochastic representations of the z- and y-directional water velocity variables. I.e., these terms
can be interpreted as the vectors of the PCE coefficients of the x-velocity u = ¢*/h and the y-velocity
v :=¢Y/h. The flux Jacobians of the SG SWE system ([2.11]) can then expressed in terms of K x K blocks
as follows:

oF R AO R _ IA 0
==|oP®)-P@PGr@ P@PIHP@ 0 .
PP (RYP(D) P(0) ()P (B) o5
PYel R 0 _ R 0 _ I
= _r@rmr@ P@pi® P@
P -P@PIMP@ 0 P@)PE)+P@)

3 An entropy flux pair for the 2D SG SWE

To construct numerical schemes with desired energy stability properties, it is essential to derive en-
tropy flux pairs for the SG formulation (2.11]) of the SWE. We first review entropy flux pairs for the
deterministic SWE discussed in [21].

3.1 Entropy flux pairs for the deterministic SWE

Solutions of systems of conservation and balance laws can develop shock discontinuities in finite time,
even from smooth initial data, potentially leading to non-unique weak solutions defined in the distri-
butional sense. To identify the desired physically relevant solution, an additional entropy admissibility
criterion is imposed [2, [I0]. For a general balance law in two spatial dimensions,

Uy + F(U), + G(U), = S(U), (3.1)



an entropy flux tuple is a tuple (E(U), H(U), K(U)) satisfying the companion balance law,
E(U)t""H(U)z +K(U)y =0, (3.2)

where the entropy E(U) is a scalar function that is convex in U, and H and K represent the corre-
sponding entropy flux functions. For the consistency with the original balance law, the entropy flux
pair (F, H, K) is supposed to satisfy the compatibility condition as follows:

g—g(FerGy—S) =H,+K,. (3.3)

This condition ensures that multiplying the equation by g—g recovers the equation for smooth
solutions. When the source term vanishes and (E,H,K) = (E(U),H(U),K(U)), the compatibility
condition simplifies to the usual entropy condition for conservation laws. Even though an entropy
flux pair may not exist for a general system of balance laws, the companion balance law for a
hyperbolic system of balance laws, derived from continuum physics, is usually related to the Second
Law of thermodynamics, with the total energy of the system often serving as the entropy function.
Several related examples can be found in Section 3.3 of [10]. For the deterministic SWE in (2.1), the
total energy [21] is given by,

1 1 . ,
EYU) = S(au+q'v)+ §gh2 +ghB, w=q°/[h, v=qY/h, (3.4)

where %(qxu +¢Yv) is the kinetic energy, and % gh? + ghB is the potential energy. A direct computation
of the Hessian confirms that E4(U) is convex in U = (h,¢%, ¢¥). If we choose the fluxes H? and K¢ as,

1 1
HYU) = §(hu3+hqu)+gq9”(h+B)7 KYU) = §(hu20+hv3)+gqy(h+3), (3.5)

then one can verify directly that Ef+Hg+K;l =0,ie., (B? H? K9) satisfies the companion balance law
. Hence, (B4, H? K%) is an entropy flux tuple for . In the case of weak solutions with shocks,
the entropy admissibility criterion requires that energy dissipates according to a vanishing viscosity
principle as follows:

EYU)+ HY(U), + K4YU), <0. (3.6)
By extending the results of deterministic SWE, we construct an entropy flux pair for the SG formulation
of the 2D SWE system in the next section. This involves identifying a tuple, consisting of an
entropy function that is convex in the state variable, that satisfies the companion balance law.

3.2 An entropy flux pair for the 2D SG SWE

In this subsection, we focus on constructing an entropy flux pair for the SG system (2.11)). We recall
the discussion surrounding (2.11]) for the definition of U. The main result of this section is stated in
the following theorem.

Theorem 2. Define the entropy function

1/ e ey 1 ——
ED) = 5(@) @+ (@)'7) + J9lhl* + gh" B, (3.7)

2

and the flux functions

If P(h) >0, i.e., strictly positive definite, then (E,H,K) is an entropy fluz pair for the SG system of
the two-dimensional SWE (2.11]).



Note that the stochastic variants of entropy function and flux functions reduce to the
deterministic energy and fluxes , respectively. The proof of theorem [2| is similar to that of
[13, Theorem 3.1], which proves a corresponding result for an SG formulation of the SWE in a single
spatial dimension. Hence, we relegate most details to appendix [A] and provide only an outline of the
major results needed. We start from a lemma that computes the gradient of @ and 7. This technical
result is also useful later when we construct energy conservative and stable schemes.

Lemma 1 (Gradients of @,7). Let ¢%,¢% be arbitrary, and let h e RE be such that P(/ﬁ) 18 invertible.
Define @, 7 by (2.14), then the gradients of the velocities are

ou 1,5 o 1,7 aﬁ__—l" ) -1/7
%:[—P (h)P(@),P~"(h),0], %—[ P (h)P(D),0,P~ (h)]. (3.9)

For the proof, see appendix [A] This result is a crucial ingredient in the following two lemmas.

Lemma 2 (Convexity of E(D)). If P(h) is positive definite, then the function E(U) defined (3.7) is
convez in U.

Lemma 3 (Companion balance law). If U is smooth, the entropy fluz pair (E,H,K) defined in (3.7)
and (3.8) satisfies the two-dimensional companion balance law:

E0)+HO), + K(U), =0. (3.10)

The proofs of lemmas [2] and [3] are provided in appendix [A] The proof of Theorem [2] follows from
Lemmas an.e., we construct an entropy flux pair (F, H, K), as defined in and , for
the SG SWE (2.11)). This forms the foundation for developing energy conservative and energy stable
semi-discrete finite volume schemes.

For our next goal of constructing energy conservative and energy stable schemes we define the
following quantities,

T R e T
% :(g—g) = (—%@Tp(a) - %@‘TP@‘) +g(h+ B)T,@T,%‘T) ,
U=UTF_H-= %gng(;;)E (3.11)
—~ 1 —~—
@ =V'G-K = g0 P(W)h,

where V is called the entropy variable, and ¥ and ® are called stochastic energy potentials.

4 Well-balanced energy conservative and energy stable schemes
for the 2D SG SWE

In this section, we develop a well-balanced, second-order energy conservative (EC) scheme, as well as
first-order and second-order energy stable (ES) schemes for the stochastic Galerkin (SG) formulation
for the two-dimensional shallow water equations (SWE) (2.11). These schemes are constructed using
the entropy-flux pairs provided in theorem [2| and are designed to provide energy conservation and decay
properties. They are stochastic extensions of the methods in [21] for deterministic balance laws, and
are two-dimensional extensions of methods in [I3] for the SWE SG system in one spatial dimension.
We start by defining the well-balanced property of a numerical scheme, which ensures that stochastic
“lake-at-rest” steady states are equilibrium states at the discrete level.

Definition 1 (Well-Balanced SG SWE Property [12]). The solution (hp,qp,q%) of (2.11) is said to
be well-balanced if it satisfies the stochastic “lake-at-rest” solution,

qg(x7yvt7§):q%('er%t:E)EOa hP(x7yat7§)+HP[B]($ay7tv€)50(6)’ (41)



where C(£) is a random scalar depending only on £. Such a well-balanced solution describes a still water
surface with a flat but stochastic water surface. In terms of the system of PCE coefficients, (4.1) is
equivalent to the following vector equations

¢* =q¢¥=0, h+B=C, V(x,y,t) e Dx[0,T], (4.2)

with spatial domain D and terminal time T. Note that the vector equations (4.2) represent a steady

state of the two-spatial-dimensional SG SWE (2.11)).

4.1 Energy conservative schemes

The semi-discrete form for finite volume (FV) schemes for (2.11]) on a uniform rectangular mesh reads,
dy Ty Fiys Gigey 9ig
dt "’ Ax Ay

+ Si,j- (43)

The domain D is tessellated with rectangular cells Z; ; = [z,_1 xH%] x [yj_% 2 Yj +%], with a uniform mesh

i-1s
size Ar = ;1 —x; 1 and Ay =y;.1 —y; 1. Hence, AzAy is the size (area) of cell Z; ;. We consider M
cells in each direction so that the rectangular domain so that 4,5 € [M]. The quantity U; ;(t) denotes
the numerical approximation to the cell average of the vector U over cell Z;; at time ¢, i.e., U, ;(t) »
ﬁAy/Ii,j U(m,yi)dmdy. The numerical fluxes fii%,j and gi’ji% depend on the neighboring states,
e.g., U;; and Uy 5 for ]:H%,j' Additionally, S; ; ~ ﬁAy in,j §(U,§) represents the discretization of
the source term, which should be designed to ensure a well-balanced numerical scheme in the sense of
definition Other boldface notations, such as (hiyj,qim’j,qf’,j,Bi’j), are defined in a similar manner.

The discrete velocities u; ; and v; ; are defined as stochastic variants of (2.14)), as follows:
wiy =P (hiy)ar;, viy =P (hij)al (44)

The discrete entropic quantities, stochastic variants of (3.11]), are defined in terms of the discrete
conservative variable U; ; and the discrete velocities u; j,v; ; as follows:

1 1
By =5 ((a8) wis + (a7) vis) + 5olhigl® + ghl; Buy,

2
OE;;\' (1 1 T
‘/i,j = (8Uz,j) = (—gu;j'P(ui,j) - QU;jP(UZ‘J) +g(h7;,j + Bivj)T, 'I,I,;j, ’U,Zj) s (45)
1 1
W, ; ::§gu;j7}(hi,j)hi,ja D, ;= §gv;jp(hi,j)hi,j-

Our numerical schemes involve the average and jump quantities at cell interfaces [13] 21]:

L @it Qi1 a Qij+ Qi+l
i+, T 9 ) ij+5 T 9 ) (4.6)
lalivs ;= @i —aij  [a]i i1 =aija—ai;,

a

where a; ; denotes any cell averaged quantity over Z, ;, e.g., U; ;. The expressions (4.6)) are equivalent
to

R laivs; [a]i 1
Big=Gingi Ty Thihi T T (4.7)
- laijey [ali ;-1 '
TGy T Ty TR T T

Then we introduce additional equalities for the interfacial averages and jumps associated with the linear
operator P in the following lemma. These are straightforward generalizations of [I3, Lemma 4.1], so
we omit the proof.



Lemma 4. Let a;;,b;; be any spatially discrete quantities, then

—_ 1
P(G’H%,j)[[a]]ﬂ%,j = iﬂp(a)aﬂi+%,ja Ha]]H g H Hb]]H G Qirt i = HaTb]]H%,jv (4.8a)
1
( Zj+ )[[a]] ,j+— - 5[[?((1)04}]2-7]4%, [[ ]]z ]+, 1]+— [[b]]z ]+, ’LJ+% = [[aTb]]i,jJr%' (48b)

To provide the specific definitions for energy conservative and energy stable schemes for systems
of balance laws in two spatial dimensions, we recall that the semi-discrete FV form is called a
conservative scheme when the source term vanishes i.e., S; ; = 0. In this case, and by summing
over the cells, we obtain,

i Z (t) % f%’j_fMJr%fj +§g1% _gi’M+% (4 9)
dt, i A Az o Ay '
This implies that, if periodic boundary conditions are imposed so that ]—' 1= Fy vl and similarly

for G, then U remains constant over time. Since the entropy-flux pair Varlables (E, H K) are exphc1t
functions of the state Varlable U and the inputs of the source term, i.e., B the semi-discrete form
of the balance law can be transformed into a semi-discrete form Of the corresponding companion
balance law for the entropy (energy) of the system. The notions of energy conservative and
energy stable schemes can be defined through the evolution of the entropy/energy of the system.

Definition 2 (Energy conservative and energy stable schemes). Suppose the system of balance laws
has an entropy fluz pair (E, H, K), where E(U) represents the system’s energy. Then the semi-
discrete finite volume (FV) scheme is an Energy Conservative (EC) scheme if it can be
rewritten in the following semi-discrete form for the evolution of the numerical cell averages E; ; of E:

d 1 1
SEi (1) = —— (M1 My
dt ,]( ) Aﬂj (H2+2,] H’L

1) 5,

S 1
1,j+3

- K:i,j—%)v (4.10)

where H;, 1 ; represents the numerical entropy fluz at the interface (2,y) = (w;,1,y;), and K; ;.1

represents another numerical entropy fluzx at the interface location (x,y) = (a:i,yﬁ%)
Alternatively, the scheme (4.3) is called an Energy Stable (ES) scheme under the weaker condition,

d

CE (1) <5 (o

7 Hi—l ) (]C ,j+— 7j——) (411)

By summing over all cells of the computational domain, a form similar to can be
obtained, but for energy instead of the state variable U, showing that the cumulative energy remains
constant over time under periodic boundary conditions. For non-periodic boundary conditions, energy
can increase due to the boundary terms; we discuss a notion of augmented energy in section that
attempts to separate this potential intrinsic energy increase effect from any energy increase due to
numerical discretizations.
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4.2 An energy conservative scheme for the 2D SG SWE (EC)

For the scheme (4.3]), we make the following choices for the fluxes and balance terms:

P(hl+ ])ul+ ]

‘7:i+%,j = fﬁ(g,j = %Q(P(h)h)i+%,j +P(’ﬁ+§,g)73( i+%,j)ﬂi+%,j )
P01 ;)P ;)

,P(Ez j+ )ﬁz J+—

1
1+3.]

gi’j-}-— gE,‘]C_;_, = P(uz j+1 )P(hz j+ ) 7,j+ ’ ) (412)
%Q(P(h)h)z,j+% +P(vz,]+%)P(hz,]+%)6i,j+%
0

Sinj = _ZZz (P(EH%,]’)[BHH%J +P(ﬁi_, ])H:BH'L—%J')
_ﬁ(P(hi’jJr%)[[B]]i,jJr% +P(h zgf—)[[B]]z jfé)

These choices ensure that the scheme is energy conservative and well-balanced.

Theorem 3 (Second-order EC well-balanced scheme). Suppose the bottom topography function B is
independent of time. The semi-discrete F'V scheme for the two-spatial-dimensional SG SWE
system (2.11)) with flures and source term in is a well-balanced EC scheme with local truncation
error O(Az? + Ay?).

The proof consists of several parts, which require nontrivial extensions of the one-dimensional results
n [I3]. However, because the proof components are relatively technical, we place their presentation in
the appendix. First, we demonstrate the second-order truncation error through direct computation.

Lemma 5 (Second-order truncation error). By selecting the numerical fluzes and the source term
[.12)), the semi-discrete FV scheme ([.3)) has a local truncation error of O(Ax? + Ay?).

See appendix [B] for the detailed proof. Next, we show that the discretization of the source term
S, ; in (4.12) satisfies the well-balanced property, which is the extension of results in [I3] to two spatial
dimensions.

Lemma 6 (Well-balanced property). Suppose the source term is chosen as (4.12)) and the bottom
topography function B is time-independent, then the semi-discrete F'V scheme (4.3)) is well-balanced.

The proof of the above result is contained in appendix The final step in proving the main
theorem of this section is to identify a sufficient condition that ensures the numerical fluxes produce an
EC scheme. This is a two-spatial-dimensional extension of that in [I3] and also a stochastic variant of
that in the deterministic case in [21].

Lemma 7 (A sufficient condition for EC schemes). Let S;; be selected as in (4.12). Suppose the
numerical flures Fi 1 .G, j 1 satisfy

[[V]];r i i+%,j [[\IIII1+ J+g[[B]]Z+ ]P(h‘ﬁ— J)u71+*

B (4.13)
HV]]:]+1 g, i,j+% H@]]z J+3 +9[[B]]Ij+ (hi,j+%)vi,j+%7

where the discrete stochastic energy potentials ¥ and ® are defined in (4.5). Then the corresponding
FV scheme (4.3)) is an EC scheme, i.e., it satisfies (4.10), with the numerical energy fluzes given by,

7T e
Hivsj=Vier jFinrj~ Wi - [[BHH JP(h” Dleliey s (4.14)

T _
K:i,j+% = Vi,j+%gi,j+% - q)i,jJr— 7[[B]]Z ]+1P(hz j+i )[[U]]z g3

11



For the proof, see appendix Given all essential lemmas above, we can complete the proof of
Theorem [3l

Proof of Theorem[3 Tt follows from Lemmas [5|and @that the scheme (4.3]) is well-balanced and second-
order accurate for smooth solutions. To show that it is EC, it suffices to verify the condition in Lemma
[7l which can be accomplished by direct computation:

EC
VI, 7t

EVED (g ()0 s+ 1By ) - 5 Pl - S POy ) PRy )y,

+ [[u]];%’j ( (P(h h)l+1 ot P(Ei+%,j)P(Ei+%,j)ﬂi+%,j)

2]
+[[U]]Z+%,j73(@+%,j)7)( i+ 1 ) Wisd
T .\ 1 e (4.15)
= g(ﬂh]]nl,j’L[[B]]nl,j) P(hmé,j)unl,j*'*g[[uﬂ' 1 »(P(h)h). y
)1 _
O PRI, sy, + IBIL, PRy iy, + solull, (POOR),

i+5,]

1
B8 2w PIIRL g, + 91BY, ) Py Ve

_[[‘I,HH— ]+g[[B]]1+ ]P(hﬁ—z,])’u’ﬁ— ,J°

Also, by using the definition of Qfﬁ 1 (4.12), ® (4.5), and equalities (4.8a)), through an analogous
computation as above, one can obtain

[[ ]];r]+—gfjc+— [[(I’]]z J+i +g[[B]]1 g+ (hz J+3 )U ij+3 (4'16)

which verifies (4.13)). Hence, it shows that the scheme (4.3]), with the numerical fluxes and source term
4.12

defined in (4.12)), is energy conservative.
O

4.3 A first-order energy stable scheme (ES1)

The scheme defined in the previous part preserves the energy of the shallow water equation system, which
can lead to non-physical oscillations, since the energy is supposed to dissipate in the presence of shocks.
Some existing work can resolve this issue by introducing artificial numerical viscosity [20, 2T, 22} [51], 52].
We adopt this approach by extending the energy-stable diffusion operators proposed in [20, 21} 22] to
the stochastic case in two spatial dimensions.

First, we recall the traditional Roe-type diffusion (“RD”) applied to a conservation law, which
involves the EC fluxes, defined as follows:

RD ._ -~EC _ * ~Roe,F RD EC RoeG
‘7:“' g7 ‘7:1+ J QH g[[ ]]“'27]7 gzy+— gzg+— 1]+ [[ ]]1,34——

(4.17)

where QT°>F" and Q*°¢¢ are positive semi-definite matrices defined by diagonalizing the Jacobians of

the interfacial fluxes at the Roe-averaged state U:

Qioe]F Roe’ARoe‘ ( ROE)_]' , A (UHQ,J) TFl?oeARoe (TROE) ! s (418)
Qf{jf G iz TR0 ARoe| (T, Roe)_l ’ 8,\ (T, j41) =TS Hoe Agee (TE°) " (4.19)
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The semi-discrete scheme (4.3) with the numerical fluxes F ﬁg y and GI*P, would behave like

VRS

]_-EC gEC gEC

d 3,5 i-3.7 ij+% ii-3
Ui i(t)=- 2 Sz .
() Ax Ay 2
1 Roe,F Roe F
b QU Uy, - QT ULy )
1 Qe G Qe 6 4.20
+ 2Ay ( 1j+— [[ HZ,J+— - ; [[U]]l,_]—%) ( )

1 (=5, 1 (5, = —~
- Fx (F(U)|(w”%7"/1) U)|($ ,77JJ ) - Ky (G(U)|(Iu"/1+%) - G(U)|($uyJ§))

* AwQFUM|($myj) * AyQGUyy|(ri,y]‘) * S(U)|(93i7yj)7

ed

where Qr and Qg are positive-definite matrices, and U,, and ﬁyy represent the second-order spatial
derivatives of the state variables in the PDE, thus introducing diffusion into the EC scheme.

It is convenient to ensure energy stability by adding a numerical diffusion term operating on the
entropic variables V' rather than on the conservative variables U. We introduce the following first-order
energy stable numerical fluxes:

]_—ESI - F —*QESF[[ ]] gESl o gEC _7QESG ﬂszr%? (421)

i+3.J i+3.J i+35 i+3,5) i,j+% i,j+% i+

where QES F and QES Cl; are positive definite matrices identified in a Roe-type manner from the adjacent

states (U,],UHL]) at the cell interface (2i:1,95), and (Us;,U; j41) at the cell interface (z;,y;,1),
respectively. The term V; ;, defined in (4.5)), serves as a second-order approximation of the cell average

of the entropy variable V. The matrices QF5F and QF5C will be defined in terms of the following
Roe-type energy stable operator,

QH— ](UZJ7UZ+1 ]) _CZ-'F|1XF|T“T >0 z]+1(U7]7U7]+1) _TG|AG|TG>O (422)
where the matrices Tr, Ap, Tg, Ag are defined from the eigendecomposition of the flux Jacobians %
and % evaluated at the following Roe-type averaged state,

OF (- ) _ it

% (Ui+%,j) = TFAFTI; ) Ui+%,j = 7)(h’z+ j)u1+ gD (4233)
,P(hZ‘F j) ’L+ j7

aé‘ . . _ h’z j+7

P (Ui,j+%) =ToAcTg . U o= | Ph )t . |- (4.23b)
P(hz J+3 )Y i,j+3

Then we set the diffusion matrices Q¥%F and QF%¢ appearing in the definition (4.21)) of the numerical

fluxes F. fﬁ 1], and GFSL | respectively, as,
2
s,
QY P;‘QH i (Ui3,Uis15) = Tr|Ap|Ty. (4.24a)
Q7Y = Qijey (Ui Uijn) = TalAc|TE, (4.24b)

The energy stable scheme in this subsection is constructed by using the numerical fluxes in (4.21)), with
the diffusion matrices given in (4.24). We codify the properties of this scheme as follows.
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Theorem 4 (ES1 scheme). Consider the semi-discrete FV scheme (4.3) with the source term given
mn and diffusive numerical fluzes fESl ,GESL defined in (@.21)), and the diffusion matrices

it5 ,J+5

QESF,QESG as defined in . The resultmg scheme is a first-order, well-balanced, and energy

1+ 5] 3 _]+
stable scheme

Proof. Note that we have already shown that the scheme (4.3) with EC fluxes ffrfj and gEcl is

(VAT
second-order accurate. Therefore, using the definition of V; ;, it is straightforward to show the followmg

approximation

V1, }mAng;(acH%,yj), [[Vﬂi,ﬁ% wAyVy(mi,yﬁ%), (4.25)

1
i+5,]

which implies that the artificial diffusion term in introduces a first-order local truncation error
in the scheme.

To demonstrate that this scheme is well—balanced, we consider the stochastic lake-at-rest initial data
described as introduced in in section This, combined with the definition of V; ; in (4.5)), leads
to the conclusion that [V];,1 ; = [V]; ;,1 =0. Smce the EC fluxes are shown to be well- balanced in
Lemma [0 it follows that the ESl scheme is also well-balanced.

Finally, we need to show the ES property - Define the ES1 energy fluxes

11—

ES1 ._ 4,EC Y4 ES,F
Hiky =Mt~ 5Viba @iy, Vs (4.26)
BSL . jcBC 1y Q7SSv, '

i7j+* - »]"‘* 2 i»j* ’L Jt+3 ’J+ ’

)

(appendlx, we multiply (4.3] . by VT and use a similar estimate Wlth the ES1 energy fluxes defined
above. This leads to the followmg estlmate

where the EC energy fluxes ’HEC i and ICEC L are defined in As in the proof of Lemma

1
ES1 ES1 ES1 ES1
Bi;(t) = (H“w _Hlﬁd)_fy(’gyﬁf Ki J**)
QESF QESF
o (IVIL, @5 VI, + VI, @5 VI (a.27)
QESC QFSC
1 (VI @V Ty + VI, Q5 IVE s ).
Since the diffusion matrices QESF, Qi‘o’iG are positive semi-definite, this scheme satisfies the energy
decay property (4.11)), resulting i in an ES scheme. O

4.4 A second-order energy stable scheme (ES2)

The ES1 scheme was derived by adding a first-order diffusion term to the second-order EC scheme. It
is thus natural to develop a second-order ES scheme by incorporating a suitably constructed, second-
order accurate diffusion term. This can be achieved through appropriate non-oscillatory second-order
polynomial reconstructions of the entropy variable. We follow the idea of [13l 22] to recover a non-
oscillatory piecewise linear reconstruction. Let VE and V.Y _j denote the second-order reconstructions
from the east and west, respectively, of the entropy variable V (z,, 1 y;). Similarly, let VZI}/ and V;° i1
represent the second-order reconstructions from the north and south of the entropy variable V' («;, Yjsd 1).

Le., if ‘Zj(x,y) is the polynomial reconstruction of the entropy variable V' in the cell Z; ;, then,

E . : . w ._ : A
Vij=dim Vi(zy), Vij = m Vij(z,y), (4.28)
Y=Yj Y=y
VZ]}] = zh—>r£17 ‘A;'i’j(x,y), VZS] = mh_)rg ‘Zﬁj(x,y). (4.29)
y"yj+i/2 y"yj—i/2
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Using these reconstructions, we can compute second-order accurate jumps of the entropy variable,

<<V>>z+ ‘/Hl] ‘/zjia <<V>>i,j+— VL]+1 VN (4'30)

2V

Using the second-order jumps in the energy stable fluxes, we obtain the ES2 fluxes,

]_—ES2 . :FEC *QESF« >> gESQ . gEC

ES,G
i+3, it i+l i+3,50 i+l ijrs T 7Q ij+1 << >>i,j+%7 (4'31)

QES,F QES’,G

where the positive definite matrices and are the same as those in the ES1 scheme (4.21)).
The remaining part of this section describes how to compute V;'% 0 Vf;, stj 1 Vl]j in a manner that
ensures entropy stability.
The first step is to use a scaled version of the entropy variables as follows:
=(Tr);, 1

i+1,4 77’

= (TF)T Z NE _ (TG);FJ+, INE wf] = (TG)Z,]_%‘/;Ja (432)

where the matrices T, T are defined in (4.23)). Next, we perform a second-order total variation-
diminishing (TVD) reconstruction of the scaled variable w at the cell interfaces

_ 1 = 1
wil?j = wfj + 5(25(95 ° <<w>>i+%,j7 wZVI; = w% - §¢(01V[; ° <<w>>i—%,jv

_ 1 - 1
szJ = szj + §¢(0£[j ° <<w>>i,j+%7 U’fj = wig,j - §¢(05j) ° <<w>>i,j— )

1
2

(4.33)

where the jump (-) is defined in (4.30), o denotes the Hadamard (elementwise) product on vectors, and
0, ; represents the difference quotients, defined by

0. = (w1 ;@ (w1, 0" = (w1 ;@ (wh_1 (4.34)
ezNJ = ((w))” 10 <<w>>i,j+%v efj = <<w>>i7j+% © «w»i,j—%) (4.35)

where @ is the Hadamard (elementwise) division between vectors. To preserve the TVD property, as
discussed in [I3] [22], we select the function ¢ as the minmod limiter, defined by

0, 6<0,
#(0)=10, 0<0<1, (4.36)

1, otherwise,

which operates elementwise on vector inputs. Finally, the desired reconstructions for V;]”; , Vf/;/, V;Z}[ , VS
can be computed by inverting the w-to-V map, respectively,

(Tp)],, Vi =w, (Tr)] . VW =®" (Te) Viy=®); (Tc) V=, (437

z+ N2V 1]’ l—*] 2% ZJ’ ,J+5 1,j=3 l]
The final ES2 scheme defined in (4.31)) satisfies the desired properties.
Theorem 5 (ES2 scheme). The FV scheme (4.3)), with the source term in (4.12) and the diffusive
4.31]

numerical fluzes fﬁSQJ QlEJSB defined in ), is a second-order, well-balanced, and energy stable

scheme.

The second-order accuracy results from the fact that the jumps (V'));, 1 +1,; and (V)i, + foreach i, j
are computed by using second-order accurate reconstructions. The well- balanced property ¢an be shown
in the same manner as in the ES1 scheme, following from the definition of V; ; and the assumption that
the stochastic lake-at-rest initial data implies that the jumps are zero. To show the energy stability
property, we refer to the following lemma from [22] adapted to the two-dimensional case as stated below.
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Lemma 8 ([22], Lemma 3.2). For each i, j, if there exists positive diagonal matrices IL; 1 ; >0 and

J
Hm.r% >0, s.t., the second-order jumps satisfy,

(VDirs = (@]) Mooy s Ty VD e
(VDiger = (@) 101) " Ty (Te)], [V

then the scheme (4.3) with fluzes Fivij= = FES2 and Gije1 = QES 1 is an ES scheme.

’L+ 5]

(4.38)

The proof of this lemma, which we omit, is accomplished by multiplying the FV scheme (| . by
VT. and following a similar approach as it in the proof of Lemma I We turn to complete the proof of
Theorem 51

Proof of Theorem[5. By Lemma [§] it suffices to establish the equalities (4.38) to demonstrate the ES
property of the ES2 scheme. The definition of (4.33) implies

— 1
(@, = (1- 50000 - 5(65))) (wil.,
1
Mgs = (173000201 - 5(@5))) (wi .
where [ denotes the index of the components of the corresponding vectors. The equality above, together

with the definitions in (4.32)), (4.37)), and the linearity of (-} and [], implies (4.38) with the diagonal
matrices II;,1 ; and Hl g+t deﬁned by

+

(4.39)

B

(Hz‘%,j)l,l:l_* ((01+1,3)l)_%((05j l)a ( ij+i )ll—l_* ((0 ,j+1) )_%((g’f\’j)l) (4~40)

Note that the diagonal matrices II;, 1 ; and II,
limiter satisfies 0 < ¢(6) < 1. Consequently, the ES2 scheme is energy stable, completing the proof. [

ij+1 are positive semi-definite, since the minmod

5 Algorithmic details and pseudocode

We have presented energy conservative and energy stable schemes (EC, ES1, ES2) for the semi-discrete
form (4.3), including the numerical construction and theoretical results. We now discuss details of the
corresponding fully discrete algorithms. Complete algorithmic pseudocode is given in algorithm

5.1 Desingularization

In the construction of numerical fluxes, the computation of w; ;,v; ; requires (P(h@ j))fl, which is valid
when P(h; ;) is positive-definite. However, this matrix could be ill-conditioned in some situations.
To mitigate error from ill-conditioned operations, we employ a desingularization procedure introduced
n [33], whose stochastic variant was introduced in [11}, 12, 13]. Suppose P(h; ;) has the eigenvalue
decomposition,

P(h; ;) =QUQT, (5.1)
where II = diag(my,...,7x) is a diagonal positive matrix. Then the desingularization procedure ap-

-1
proximates (’P(hmv)) g;,; by perturbing the eigenvalues 7, to regularize the velocities:

V7 + max{r}, €t}
\/57%' ’

V7 + max{n}, et}
\/5771' 7

u; ;= QII- lQTq”, ﬁ:diaug(?r'l,...ﬁfK)7 T =

v ]:Qﬁ_lQquj, II = diag(7y, ..., Tk ), 7=
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where € is a small positive constant. To ensure the consistency of the scheme, the discharge variables
must be recomputed when the desingularization procedure is activated,

qﬁj <~ P(hi,j)ui’j, qu,] <~ P(hi,j)vi,j' (54)

5.2 Hyperbolicity-preserving criterion

The hyperbolicity and existence of the entropy flux pair require that P(%) is positive-definite, i.e.,
P(h) > 0. This corresponds to the condition P(h; ;) > 0 holding for each cell Z; ;. While this may be
true at the current time, extra conditions must be imposed that this is true at the next time step. A
sufficient condition, [IT, Theorem 3.2], is the following condition for every n € [N]:

K
hij(&n) = ;(hi,j)k¢k(fn) >0, hij=((hij,. .-, (hi,j)K)T7 (5.5)

where {&,}2, is a nodal set in R? for a positive-weight quadrature rule with sufficient accuracy relative
to the &- polynomlal space P = span(¢1,...,dx). We enforce (5.5) by restricting the time step size in
the time evolution procedure, as is done in [I1, Lemma 4.2]. Suppose is satisfied at the current
time level, and the forward Euler method is applied. To enforce (5.5)) in the next time level, we require

— . . ,Ez}j(gn)
At A= i B ), (&) O @ e | (56)
2 AI 2 + 2 Ay 2
where

K T

Flia (= kg( w1 )0k (), Fioyg = ((Fly ) (FL, DT(FL, D7) e R (5.7)
K

G (€)= Z( 1)@ (6), Gijer = ((G]5)", (Qf]+1)T (Qfﬁl) )" e R (5.8)

In addition to enforcing a global time step restriction across all cells for hyperbolicity, we must also
ensure that At satisfies the wave speed CFL condition to account for the hyperbolic nature of the
system, cf. [II, Equation (4.15)].

5.3 Adaptive time step size

The time step restriction for the hyperbolicity-preserving procedure is derived by assuming a for-
ward Euler time integration method. We can extend this to higher-order strong stability-preserving
Runge-Kutta (SSP-RK) methods, which are convex combinations of forward Euler methods with mul-
tiple intermediate stages [27]. We employ the adaptive time-stepping procedure in [6], which allows
Forward Euler time step restrictions to be applied to SSP-RK procedures. Computationally, the pro-
cedure computes updates of the time step restriction at each intermediate stage of the RK process.

5.4 Numerical imposition of boundary conditions

On a rectangular computational domain [a,b] x [¢,d], let Q; ;, ¢,7 € [M], denote the (numerical) cell
averages of any physical quantity on the mesh. Periodic boundary conditions are straightforward to
implement,

Qi = Qi Qi1 = Qins1, Qo,j = Qum 5, Q15 =Qm1j, Vi,je[M]

Periodic boundary conditions can be unphysical, and one way to mitigate finite-domain effects is to
impose “outflow” boundary conditions that emulate physical continuation of the domain beyond the
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computational grid. A simple strategy for outflow boundary condition is to set ghost cell values through
extrapolation from interior cells. The straightforward zeroth-order extrapolation uses a constant func-
tion for the extrapolation, i.e., sets as boundary conditions,

Qi =Qi1, Qi1 = Qi Qo,j = Q1,5, Qrm+1,5 = Qnm,j, Vi, je[M] (5.9)

Higher-order extrapolation can improve accuracy, but zeroth-order extrapolation is often preferred for
stability [39].

5.5 Measuring energy change through augmented energy

Definition [2] that labels schemes as energy conservative and energy stable relies on such properties hold-
ing in the interior of the computational domain, but does not guarantee energy conservation/stability if
boundary fluxes work to increase energy inside the domain. In such cases, energy will increase through
no fault of the scheme but instead as a natural physical evolution of the model. Such situations can
occur even for standard procedures that implement outflow boundary conditions. We discuss this in
more detail below.

Under periodic boundary conditions, summing the equality/inequality in the definition of the EC
or ES scheme yields,

d d
2. 2 EBi(t)=0, or, > = Ei(t)<0, (5.10)

i,j€[M] i,j€[M]

respectively. With outflow boundary conditions, the summation of the semi-discrete formula differs
from the periodic case. For example, in a rectangular computational domain with outflow boundary
conditions on all four sides, summing the energy change across all cells to enforce energy conservation
or stability corresponds to the respective assertions,

Z E;;(t) = Z ( =Mt ])+ > (Kis =Kinen), (EC) (5.11a)

i’jE[M] Y ie[n)
Z dt ,j(t) = Z ( HM+2,])+ Z (’C z]\/[+%)a (ES) (5'11b)
i,5€[M]

From these expressions, we see that since the boundary fluxes are imposed by a relatively arbitrary
problem setup (outflow boundary conditions, Dirichlet boundary conditions, etc.), then we cannot
expect the above equality or inequality to result in non-increasing energy, regardless of the scheme
developed. This is a concern that arises in practice: Consider the SWE SG system in one spatial
dimension (formally, from the two-dimensional formulation one can set all y-derivatives to 0 and make
all quantities y-independent), with the following piecewise linear bottom topography B, water velocity
u, and water surface w:

0, x < 0.5,
B(z)={0.1z-0.05, 0.5<z<1.5, u(z,0) =0.3, w(x,0) =1, (5.12)
0.1, otherwise,

over the computational domain is [0,2]. We impose the one-dimensional version of the outflow boundary
conditions on both sides of the domain, and we integrate up to terminal time 7 = 0.07. The results
are shown in Figure|l] and it is evident that the relative energy of the three schemes (EC, ES1, ES2) is
increasing, see the bottom-left plot. I.e., this increase in relative energy is caused by the fact that this
setup results in the total energy of the system increasing due to the outflow boundary conditions.
This increase in energy for the true solution makes it difficult to evaluate the effectiveness of the EC
and ES schemes. An alternative measure of energy is the augmented energy, described below, which
accounts for boundary effects on the total energy of the system. If H; and Hjs denote the entropy

18



Figure 1: Illustration of energy versus augmented energy that incorporates energy fluxes at the boundary. Top left: Bottom
topography B corresponding to (5.12)). Top right: Mean of the water surface w = h + B at terminal time 7' = 0.07. Bottom left:
The standard relative energy % increases in time for any accurate scheme due to influx of energy at the boundaries.

Bottom right: Measuring the relative change in augmented energy %;5(0) that offsets energy change due to boundary effects

restores expected behavior for relative change of energy when using EC and ES schemes.

flux values at the one-dimensional boundary values, then we define the augmented energy E over the
computational domain to evolve as,

M
B(t) = 2 & B(1) - o (Hy - Ha), B(0)= Y. E(0) (5.13)

I.e., the augmented energy evolves according to the sum over all cells of the energy derivative, along
with the energy change associated with the entropy boundary fluxes. The equation can be time
integrated since the right-hand side can be evaluated. By evaluating the relative augmented energy for
the setup , shown in the bottom right plot of Figure we observe that the EC scheme exhibits no
(augmented) energy change, as expected, and the ES1 and ES2 schemes exhibit small energy decrease,
with ES2 less dissipative than ES1, again as expected.

In this paper, for two-dimensional numerical examples, we generally implement outflow boundary
conditions using zero-order extrapolation on the left and right boundaries and periodic boundary con-
ditions on the upper and lower boundaries, resulting in the derivative of the augmented energy Our
two-dimensional numerical examples in the next section largely use periodic boundary conditions on
the upper and lower boundaries and zeroth-order outflow boundary conditions on the left and right
boundaries, corresponding to the augmented energy,

15 Z E (t) - % L (Hy, - Ha ) (5.14)
: o (Hj = Hur ) :
dt o d i,j & Az J J

6 Numerical experiments
We will illustrate the performance of our EC and ES schemes through various examples, investigating

convergence rates, energy conservation and decay properties, the well-balanced property, and the ability
to handle multivariate random variables.
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Algorithm 1 Pseudocode of the fully discrete EC/ES schemes for the 2D SG SWE

Input: Scheme type: scheme = EC, ES1, or ES2.
Input: Bottom topography B, initial data U at ¢t = 0, terminal time T
Initialize: Get PCE coefficients U; ; with given polynomial index set A, set ¢ = 0.
while t < T do
Compute B; ; from B for all ¢, j.
Compute u; j,v;,; for all 4, j.
Compute FEC ,GEY and S; ; for all 4,7, by .

1,j+5

if scheme is EC then
c c .
}-H%J }_fj: I Q”Jr, gfﬁ%,forall ,].

else for all 4, j
Compute entropy variable V; ; by (4.5] .

Compute Qis I;,QESG for all i,7 by (4.244] , (4.24b)).

0,5+
if scheme is ESl then
Compute Fi, 1 ,7-'551] Gijet < Q;E,ﬁlé by (4.21]) using .7:EC QZEj(j: Vi,

ES,F ESG
and Qz+ ]’Qz j+i”

else if scheme is E82 then

Construct VZEJ,VZVJV,‘QJBI,VS by ([£.32)), ([4.33), and (4.37).

S S
Compute }"H 4 .7-'5 2] Q”Jr, Qii
ESF ES,G
by @31) using F2§ | G0, VE VI VLV, and QP57 QPSS
end if

end if
Initialize A and At by and CFL condition.
Determine At using the adaptive time step size procedure in Section
Use a SSP RK method with At determined adaptively, updating h; j,ql 1 q’
t<t+At

end while

%7
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Let £ be a one-dimensional random variable from the Beta parametric family,

¢~Beta(B+1La+1)on [-1,1] : p(§) o< (1= £&)*(1+8)7, £el-1,1], (6.1)
Hence, the parameters «, 3 > —1 can be chosen freely and control the mass concentration at £ = 1 and
& = -1, respectively. For this density p, the associated orthonormal polynomial basis is the family of

Jacobi polynomials with parameters («, 8). In particular, o = 8 = 0 corresponds to the uniform distribu-
tion U(-1,1), with Legendre polynomial basis functions. We will also consider a two-dimensional ran-
dom variable £ = (5(1),5(2)) with two independent and identically distributed one-dimensional random
variables €1 €@ e, ¢ ¢@) Beta(f + 1, +1). In this case the density is p(¢) = p(6())p(?)),
and the orthonormal basis is obtained by tensorizing one-dimensional orthonormal polynomials.

For all two-dimensional examples, we implement outflow boundary conditions using zero-order ex-
trapolation on the left and right boundaries and periodic boundary conditions on the upper and lower
boundaries. To compare the energy conservation and decay properties of our EC and ES schemes,
we will measure both the relative energy and the augmented relative energy change, with the latter
introduced in section 5.5

E(t)-FE
relative change in (original) energy = ()E(O)(O)’ (6.2)
E(t)-E(
relative change in augmented energy = (EEU(O)()7 (6.3)

where E(t) = ¥, ; E; ;(t).

Throughout this section on numerical experiments, we assume the gravitational constant g =1 and
generally use K = 4 terms in the PCE procedure, except in the accuracy test and in the example
involving a two-dimensional random variable. For the visualization of results, we will plot the water
surface w := h+ B instead of the conservative variable h corresponding to the water height. We generally
apply the first- and second-order energy stable schemes (ES1, ES2) in the following numerical examples
and further apply the second-order energy conservative scheme (EC) in the accuracy test.

6.1 Accuracy test for the energy conservative and the energy stable schemes

We begin by examining the order of accuracy of the proposed EC and ES schemes for the two-
dimensional stochastic shallow water system. This test is a stochastic modification of the test originally
developed in [4]. The initial conditions for the water surface and velocities are deterministic and defined
as follows:

w(z,y,0,€) =1, u(z,y,0,&) = 0.3, v(z,y,0,8) =0, (6.4)

where w represents the water surface, and v and v are the velocities in the xz- and y- directions,
respectively. Consider a stochastic elliptic-shaped hump bottom

B(z,y,&) = 0.5exp(-25(x - 1)% = 50(y - 0.5)?) + 0.1(¢ + 1), (6.5)

where £ ~U(-1,1). The computational domain is [0,2] x [0,1]. A reference solution is computed on
a 800 x 800 uniform rectangular grid for each scheme. For the time evolution solver, we utilize the
third-order Strong Stability-Preserving (SSP) Runge-Kutta (RK3) method [27].

We illustrate the order of accuracy of our schemes using the water height A by computing the error
between the reference solution and the numerical test solution with the L' norm in physical space and
the L? norm in stochastic space.

EI'I'OI'(hd) = th(%y, t,f) - href($7 yvtag)HLl('D;L%(Rd))v

(6.6)
”h(xay7ta£)“L1(D;L%(Rd)) :\/DHh(:C,y,t,f)HLngdy
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The contour plots of the reference solution for the mean of water surface and its standard deviation
at t = 0.07 are shown in Figure

Figure 2: Results for section Contours for the water surface of the reference solution of ES2. Left: mean. Right: standard
deviation. T = 0.07.

We compute the orders of convergence for the numerical solutions with K =2, 7T = 0.07, as summa-
rized in Table[I} The results indicate that the EC scheme has the smallest error and the highest order
of accuracy, while the ES1 scheme has the largest error and the lowest order of accuracy. All schemes
yield results consistent with theoretical expectations. We avoid using larger values of K due to the
occurrence of oscillations in stochastic space, which leads to instability in the higher modes of the PCE.
This is a known general problem of the SG method when used for the hyperbolic conservation/balance
laws problems, e.g. [4I] and it will be part of our future research to address it.

Scheme Grid size  Error Order

100 x 100 2.1447e-04
200 x 200 7.3671e-05 1.5417

ESL 400 x 400  2.2557e-05 1.7075
100 x 100 1.5434e-04

FS2 200 x 200 3.9852e-05 1.9534
400 x 400  1.0528e-05 1.9203
100 x 100 1.4880e-04

EC 200 x 200 3.6890e-05 2.0121

400 x 400  8.8995e-06 2.0514

Table 1: Accuracy test of section Order of convergence for K = 2,7 = 0.07. Reference solution
computed with grid size 800 x 800.

We investigated the EC scheme in this accuracy test because it produces smooth solutions for short
time evolution up to 7' = 0.07. However, in the following numerical examples, we avoid using the EC
scheme, as it introduces unphysical numerical oscillations into non-smooth solutions since energy should
be dissipated across discontinuities, similar to the observations reported for the models in 1D physical
space [13].

6.2 Gaussian-shape hump with stochastic bottom

We consider the example with a random variable applied to the position of the hump in the bottom
topography,

B(x,y,€) =0.8exp(=5(z - 0.9+ 0.1£)% - 50(y — 0.5)?), E~U(-1,1). (6.7)

22



The discontinuous initial water surface is given by

1.01, 0.05<z<0.15,

. (6.8)
1, otherwise,

w(z,y,0,§) ={

with zero initial velocities u(x,y,0) = v(x,y,0) = 0.

The computational domain is [0,2] x [0,1]. The test is a modification of the tests from [38], 4]
12]. We compute the numerical solutions of the ES schemes on a 200 x 200 mesh grid at times ¢ =
0.6,0.9,1.2,1.5,1.8. The results include contour plots representing the mean water surface, accompanied
by disk glyphs whose radius is proportional to the uncertainties at the corresponding cells. According
to the plots in Figure [3] the water propagates to the right initially. After interacting with the hump,
the water splits and propagates in all directions, generating more wave structures. The uncertainties
are concentrated near the peak of the water surface until the water reaches the hump, after which
they spread out along the wave structure. The results in Figure [3| and [4] show that both the ES1
and ES2 schemes dissipate energy and produce similar wave structures. In addition, the ES2 scheme
achieves higher resolution and with less energy dissipation than the ES1 scheme which delivers a more
smeared/diffuse solution, as theoretically expected.

6.3 Gaussian-shape hump with stochastic initial water surface

To demonstrate the robustness of our schemes, we consider a similar example of the Gaussian-shape
hump with a stochastic initial water surface, as discussed in Section [6.2] Consider the deterministic
bottom topography

B(z,y) = 0.8exp(-5(x - 0.9)* - 50(y — 0.5)?), (6.9)

and a stochastic initial water surface

1+0.01(£+1), 0.05<z<0.15,

6.10
1, otherwise, ( )

w(e,,0.€) = {

where & ~ U(-1,1), and with zero initial velocities u(x,y,0) = v(z,y,0) = 0. We implement the same
settings as described in Section [6.2] and present the results in Figures[§land [ The plots display similar
contours of the mean water surface as those in the previous example in Section [6.2} Both the ES1
and ES2 schemes demonstrate energy dissipation; however, the ES2 scheme provides better resolution
and less energy dissipation compared to the ES1 scheme. Additionally, the uncertainties are more
uniformly distributed across the water surface in proportion to the mean water surface, as compared to
the distribution of uncertainties in Section

6.4 A submerged flat plateau

We consider the deterministic initial water surface with a small deterministic perturbation of size 107*
as follows:

1.0001, -0.4<x<-0.3,
w(x’ y70’§) = . u('r7y’ 0) = U(I’,y,O) = 0’ (6'11)
1, otherwise,
and with a stochastic bottom function
0.9998, r<0.1,
B(z,y) =19.997(0.2—r) +0.0001(£ +1), 0.1<r<0.2, (6.12)
0.0001, otherwise,

where 7 :=/z2 + y2 + 0.0001 and & ~U(-1,1).
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Figure 3: Results for section Mean of water surface. Disk-glyph over mean contours, where the radii of the disks indicate
the magnitude of the standard deviation. Left: ES1, the maximum standard deviation is 4.6524e-04, 7.3933e-04, 3.5168e-04,
1.3633e-04, 1.0856e-04, respectively. Right: ES2, the maximum standard deviation is 1.0398e-03, 2.1739e-03, 8.9851e-04,
3.4970e-04, 2.9730e-04, respectively. 200 x 200, t = 0.6,0.9,1.2,1.5,1.8.
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Figure 4: Results for section Left: relative change in energy. Right: relative change in augmented energy.

The bottom is a flat plateau close to the water surface with a small perturbation of magnitude 1074,
This topography is continuous but lacks smoothness in the physical domain. The test is a modification
of the test from [4], [12]. We compute the solutions of the ES schemes over the computational domain
[-0.5,0.5] x [-0.5,0.5] at times ¢t = 0.2,0.35,0.5,0.65. The initial deterministic perturbation generates
two waves. The left-going wave travels out of the computational domain, while the right-going wave
interacts with the plateau, leading to complex wave patterns as the interaction progresses. The results in
Figure[7]demonstrate that our schemes effectively capture the stochastic lake-at-rest solution, indicating
that they are well-balanced. Both the ES1 and ES2 schemes dissipate energy, with the ES2 scheme
providing higher resolution and less energy dissipation compared to the ES1 scheme. Note that the
uncertainties of the ES1 scheme are not visible, since the ES1 standard deviation is much smaller than
that of the ES2 scheme.

The initial deterministic perturbation on the water surface is 107*. Throughout the time evolu-
tion, the maximum mean water surface displacement from the steady state remains within this initial
perturbation threshold, and the standard deviation remains small. These results demonstrate the ca-
pability of both the ES1 and ES2 schemes to accurately capture the lake-at-rest solution under small
perturbations.

For comparison, we also present a non-well-balanced ES2 scheme by modifying the numerical source
term to

0
S = _ﬁp(ﬁi’j)(ﬂBHH%J + [[Bﬂi—%,j) ) (6.13)
_ﬁtp(hi,j)(ﬂBﬂi,ﬁL% +[Bl;;-1)
corresponding to a central differencing scheme for the derivative of bottom topography.

We can observe from Figure [J] that the wave structure produced by the non-well-balanced ES2
scheme differs significantly from that of the well-balanced schemes in Figure[7] The non-well-balanced
scheme generates substantially larger perturbations compared to the well-balanced solutions. Note that
even with mesh refinement, the non-well-balanced scheme cannot produce physically accurate wave
structure, and the perturbations remain larger than the initial value throughout the time evolution.
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Figure 5: Results for section Mean of water surface. Disk-glyph over mean contours, where the radii of the disks indicate
the magnitude of the standard deviation. Left: ES1, the maximum standard deviation is 1.8216e-03, 1.9375e-03, 1.5528e-03,
1.0162e-03, 8.2437e-04, respectively. Right: ES2, the maximum standard deviation is 2.6787e-03, 3.2736e-03, 2.5036e-03,
1.5027e-03, 1.3321e-03, respectively. 200 x 200, t = 0.6,0.9,1.2,1.5,1.8.

26



Figure 6: Results for section Left: relative change in energy. Right: relative change in augmented energy.

6.5 Perturbation to lake-at-rest

We consider another example of a perturbation to lake-at-rest solution with a stochastic initial water
surface

1+0.001(£+1), |xy| <0.05,
w(z.5.0,6) - (4D, o<t w0 =0 y0) =0, (614)
1, otherwise,
and with the deterministic bottom topography
0.25(cos(bm(zy +0.35)) + 1), -0.55 < xy < -0.15,
B(z,y) =40.125(cos(10m(zy - 0.35)) + 1), 0.25 < xy < 0.45, (6.15a)
0, otherwise.

The computational domain is [-1,1] x [-1,1] and £ ~ U(-1,1). The test is a 2D modification of the
test from [8] [13].

The results presented in Figure [I2] indicate that the water propagates towards the four vertices of
the rectangular computational domain. The wave moves slower after reaching the raised bottom. As in
previous examples, both ES1 and ES2 schemes are well-balanced and produce a similar wave structure,
with the ES2 scheme creating a more accurate solution with a higher resolution and less diffusion.
Furthermore, uncertainties are distributed in proportion to the mean water surface in the ES schemes,
as they originate from the initial water surface rather than the bottom topography.

To investigate the impact of the bottom topography bump on the results, we slightly modify the
bottom topography to

0.45(cos(bm(zy +0.35)) + 1), -0.55 < zy < -0.15
B(z,y) =4 0.125(cos(10m(zy - 0.35)) +1), 0.25<zy <0.45 (6.15b)
0, otherwise,

and plot results for the ES1 and ES2 schemes in fig. Comparing the solutions in Figure [13]| with
those in Figure at T = 0.6 and T = 0.8, one can observe the significant influence of the bottom
topography on the wave structure.

For comparison, we also simulate results using an ES2 scheme that employs the non-well-balanced
source term discretization in . From the results shown in Figure the non-well-balanced ES2
scheme produces a different wave structure and generates a larger displacement of the water surface
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Figure 7: Results for section Mean of water surface. Disk-glyph over mean contours, where the radii of the disks indicate
the magnitude of the standard deviation. Left: ES1, the maximum standard deviation is 1.7485e-08, 1.9120e-07, 1.3268e-07,
1.0392e-07, respectively. Right: ES2, the maximum standard deviation is 6.6484e-07, 1.8990e-06, 1.4625e-06, 8.1986e-07,
respectively. 200 x 200, ¢ =0.2,0.35,0.5,0.65.
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Figure 8: Results of section Left: relative change in energy. Right: relative change in augmented energy.

Figure 9: Results for section Mean of water surface. Non-well-balanced ES2 scheme. 50 x 50, t = 0.2,0.35,0.5,0.65.
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Figure 10: Results for section Left: initial water surface. Right: bottom topography. 200 x 200

Figure 11: Results for section Left: relative change in energy. Right: relative change in augmented energy. 200 x 200
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Figure 12: Results for section with bottom topography B given by . Contour plots for the water surface. Disk-glyph
over mean contours, where the radii of the disks indicate the magnitude of the standard deviation. Left: ES1, the maximum
standard deviation is 5.7522e-04, 4.6740e-04, 4.8587e-04, 3.9092e-04. Right: ES2, the maximum standard deviation is
5.7687e-04, 5.0798e-04, 5.8621e-04, 5.1600e-04. The mesh is 200 x 200 with snapshots in time shown at T'=0.2,0.4,0.6,0.8.
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Figure 13: Results for section with bottom topography B given by . Contour plots for the water surface. Disk-glyph
over mean contours, where the radii of the disks indicate the magnitude of the standard deviation. Left: ES1, the maximum
standard deviation is 5.7522e-04, 4.8313e-04, 5.9729¢-04, 4.0329¢-04. Right: ES2, the maximum standard deviation is
5.7688e-04, 5.2388e-04, 7.0756e-04, 5.4857e-04. The mesh is 200 x 200 with snapshots in time shown at 7" =0.2,0.4,0.6,0.8.
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compared to the well-balanced ES1 and ES2 schemes. Again, note that refining the mesh does not
produce the accurate wave structure, and the perturbations during the time evolution are still larger
than the initial perturbation for the non-well-balanced scheme.

Figure 14: Results for section Mean of water surface. Non-well-balanced ES2 scheme. 50 x 50, ¢t =0.2,0.4,0.6,0.8.

6.6 Gaussian-shape hump with two-dimensional random variable

As a final test, we consider a two-dimensional in the stochastic space variant of the example used for
the accuracy test provided in Section with a deterministic initial water surface

w($»y707§) = 17 U(x7y>07f) = 037 v(x7y307§) = 07 (6]‘6)
and a stochastic bottom
B(x,y,6) =0.5exp(-12.5(¢; + 1) (z - 1)? - 25(& + 1) (y - 0.5)?). (6.17)

Here & = (&1,&2) is a two-dimensional random vector with independent components, where &; has a
Beta(8+1,a+1) distribution on [-1,1] with parameters («, 8) = (3,1), and & is uniformly distributed

n [-1,1]. The uncertainties are in the width of the Gaussian-shape hump. To simulate the SG SWE
system, we use K1 = K3 = 3 polynomial terms for the parameters £; and &, resulting in a tensor-product
space of polynomials with dimension K = K1K5 = 9. We compute solutions for (z,y) € [0,2] x [0,1]
up to time 7" = 0.07. Due to the effect of the two-dimensional random variable, the solution in Figure
has a more complex structure compared to the structure of the solution in the test in Figure
The largest uncertainties are observed near the peak and bottom of the mean water surface, while the
smallest uncertainties occur in the region between them. The energy plots in Figure demonstrate
that measuring augmented energy is necessary to account for energy-related boundary effects in this
example.
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Figure 15: Results for scction Contour plots for the water surface. Disk-glyph over mean contours, where the radii of the
disks indicate the magnitude of the standard deviation. Left: ES1, the maximum standard deviation is 9.8031e-03. Right: ES2,
the maximum standard deviation is 9.9456e-03. 100 x 100,77 = 0.07.

Figure 16: Results for section Left: relative change in energy. Right: relative change in augmented energy. 100 x 100.
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7 Conclusion

In this work we derived an entropy flux pair for the two-dimensional hyperbolicity-preserving and
positivity-preserving SG SWE system developed in [12]. The entropy flux pair facilitates the formulation
of entropy admissibility criteria to obtain the desired physical solution among non-unique weak solutions.
Using this entropy pair, we constructed second-order energy conservative and first- and second-order
energy stable finite volume schemes for the two-spatial-dimensional SG SWE, with the well-balanced
property. We presented several numerical experiments demonstrating the efficiency and robustness of
our schemes. Currently, our schemes are limited to second-order spatial accuracy; however, they can
be extended to higher orders by developing higher-order energy conservative finite volume schemes,
more accurate diffusion operators, or employing discontinuous Galerkin methods. Another possibility
for future research is to extend the developed framework to models associated with dry/wet interfaces.
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A Proof of theorem 2|

Theorem is a direct result of convexity of the function E(U)7 proven in appendix and also of the fact that (E, H, K)
satisfy the companion balance law, proven in appendix The proofs of these results require the technical result of
lemmall] so we begin with that result.

A.1 Proof of lemma [

The proof is based on the calculations in Lemma 3.1 of [I3], where the partial derivative of the inverse of a parameterized
matrix is computed. Let h; be an arbitrary component of h, then compute the partial derivative

oP1(h oP(h ~ —
T() -P7'(R) ( )7> (h) = P (R)M P (R). (A1)
1
Multiply ¢% on both sides, then
ow _oP'(h) -1,7 “17\ 3 17
— = ——q¢* =-P h)M,; P h)q® = -P h./\/li[7 A2
o, T ! (M)MP~"(h)q ()M, (A.2)
resulting in
ou —~ - —~
a—% - P B[MT, ..., Mxa] & P ByP(@). (A.3)
Similarly, we also get
ov —~
=P (WP, (A.4)
In addition, by definition , it is straightforward that
O N _pap, w_m_, (A5)
Bq oqY 9% 0¥

This completes the proof.

A.2 Proof of lemma 2l

The proof is straightforward and follows from computing the Hessian to show that it is positive definite. Recall the
entropy function,

E<U>——(<q )@ +<qy)“)+ >gllB|* + ghT B, (A-6)
where we denote the terms separately,
1, 1 - 1 —~ —~ =

= 5@, fo= @), fa = 59IBI + R B. (A7)

By Lemmal[T] we compute the first-order partial derivatives of fi,
fr _ T8u 1, e L NT 1
D@ Z B L@ @@ -5 (P me) P@ - -7 @,
af1 1! o %
0q® Y
and the second-order partial derivatives,

h _ 19 rn) BB oy pet
= =5 = @P@) S P@P Myp@),

82f1 _ ~\—1 /7
0T P@)P " (h) (A.9)

Th @,
ag?

(A.8)

=0,
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with the remaining elements in the Hessian of f; equal to zero, i.e.,

2 P@PI(hR)P@) -P@PLR) 0
0° f1 1 P
— =| P Y(h)P®@) P1(R) ol (A.10)
oU?
0 0 0
Similarly to fi, we compute the Hessian of fy as follows,
025, (P@OPRP@) 0 -P@P(h)
== 0 0 0 . (A.11)
ou -PImP@ 0 PLR)
In addition, a direct computation gives
PN 2 gl 0 O
8—’:3:(g(h+B)T,o,o) — 9 o o ol (A.12)
Finally, for any vector (w{,w;w;)T e R3K | we compute the quadratic form associated with the Hessian matrices as
follows:
T T T 82]“1 w1 ~ Tpo-1/7 P
(wl,wQ,wS) 5572 wa | = ('P(u)w1 —wg) P (h)('P(u)w1 —wg) >0,
w3
T T T 82f2 w1 ~ TH-1,7 ~
(wy, w3, w}) 552 wa | = (P@w1 —ws) P (R)(P@)w1 —ws) >0, (A.13)
U ws
O fs (W1
(wivw;w;) 502 w2 | = gHw1H2 >0.

This results in that the quadratic form associated with the Hessian of E being non-negative, provided that P is positive
definite. In addition, the quadratic form vanishes if and only if w1 = wg = w3 = 0, implying that E is strictly convex in U,
completing the proof.

A.3 Proof of lemma [3

Instead of directly demonstrating (3.10)), we will present the equivalent compatibility condition,

OE (OF 0U 090G oU L O0H OK
7(77‘*’77—5):7"'7. (A14)
oU\oU o0z  9oU Oy or Oy
We divide each of the entropy and flux functions into two parts, respectively,
P 1/, - — 1~ — =
E(U) = By + Eo, Ey = 5((qw)Ta+ (@)7D) + 591, Ea=gh'B, (A.15)
Py 1 —~ ~ P, — =
H(D) = Hy + Ha, Hy = 2 (TP + 7 P(G)F) + () h, Hy = ()" B, (A.16)
PN 1 —~ —~ PR PN
K(O) = K1 + K2, K = 5(ﬁWD(qy)m @ P()a) + g(@¥)h K> =g(39)"B. (A.17)
The computation in Lemma gives,
OE, | EUSS J 7T ~T ~T 22p) BT
— =(--a'"P@) - -0 P®) +gh', a7 ), = =(98',0,0), A.18
o = (- 3TP@ - ST P@ + i T -5 = (9B7,0,0) (A.18)
which implies
OF1 & T T
7ﬁ8 =9(¢®) ' Bz +9(q%) ' By. (A.19)
The equations above, the flux Jacobians in (2.15), and the source term in (2.13)), indicate
OF1 & 0By (OF 80U 0GoU
——,}S+—,\2(—A—+—A——S) (A.20)
oU oU \oU 0z 90U Oy
TR N B BT 9¢® oY
=9(¢®) "Bz +9(¢")" By + gB" (—— + ——) (A.21)
oxr oy
ST o
=(9(¢®)"Bo + 9B ——) +(9(¢¥)"By + gB" ——) (A.22)
ox Jy
H K
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Therefore, the compatibility condition (A.14]) is equivalent to the following condition,

dF1 (aF oU oG 8(7) _OH1 OKi 0H10U 90K, dU

—_— =t =)= = = + = . (A24)
oU ‘\oU oz  9U oy Oz oy oU oz  oU 0y
It suffices to show
E1 OF OH E1 0G 0K
0B\ oF oty o, 06 ok, )
oU U  oU oU oU  oU

which can be computed directly from (A.18)), (2.15), (A.15), and (3.9).

B Proofs for section (4.2l

In this section we provide proofs for lemmas [5| to |Z| in section which are the crucial ingredients to proving that the
choice of numerical fluxes (4.12]) yields a second-order, well-balanced, EC scheme.

B.1 Proof of lemma [l

Assume (U, E) are spatially smooth functions and (U;, B;) are the exact cell averages. It suffices to compare the numerical
fluxes fﬂ%yj,gi‘ﬁ% and the numerical source term S; ; to the exact fluxes F(U) at (:E”%,y]-), and G(U) at (wi,yﬁ% ),

and the exact source function S(T7) at (x;,y;), respectively. We can rewrite F(U) and G(U) in ([212) as

Ph)a P(h)a
F(D) (P(q‘z)m ;gp(ﬁ)ﬁ) P@P By + LgP(R)F |,
P(F)T P@)P(h)a (B.1)
P(h)o P(h)yo '
o) B ( P@)a A) €919 papm .
P(")0+ 59P(h)h P@)P(h)o+ 59P(h)h
Notice the following quantitative approximations in space:
ﬁi.;.%,j = ﬁ(z”%»yj) + O(AIQ), ﬁi’j+% = ﬁ(xi:yj.;.%) + O(AyQ)v (B'2a)
Ty =(2;,1,95) + O(Az?), W g1 =i y;,1) + O(Ay?), (B.2b)
Byt =02, 1,0)) +O(Az?), T, 01 =0 Y,,1) +O(Ay?), (B.2¢)
[[U]]H%’j:A:vﬁz(xi+%,yj)+(9(Amz), [[Uﬂz‘,]#% :Ayﬁy(mi,yﬁ%)JrO(Ay%’ (B.2d)
P(hiy ;) =P(h(z,, 1,95)) + O(Az?), P(h; ;1) =P(h(iy;,1)) + O(Ay?), (B.2¢)
P,y ;) =Pz, 1,y;)) + O(Az?), P(@; ;,1) = P(@(xi,y;,1)) + O(Ay?), (B.2f)
P01 ) =Pz, 1,95)) +0(Az?), P, ,1) =7’(ﬁ(x¢,yj+%))+0(Ay2)- (B.2g)

With the quantitative approximations above, it is straightforward to show that the numerical fluxes (4.12)) are second-order
approximations of the exact fluxes (B.1) respectively, i.e.,

FEC _ F(U)|wi+% w; +O(Az?), GEC | =By y. 1 +O(AY). (B.3)

iyl 1=
1+3.7 )+ 35 J+%

Moreover, to show that the scheme (4.3) has a second-order spatial local truncation error, it suffices to show that
EC _LEC EC _gEC
i+3.g T i-kg . deord S ¢ BT d ity Tig-% . deord . .
—=2-x;—2— is a second-order approximation of F/(U)z at (;,y;), an ——&; s a second-order approximation

of G(U)y at (z,y;), and the numerical source term S; ; is a second-order approximation of S(U) at (x;,v;). This can

be shown directly by applying the Taylor’s expansion to the numerical fluxes at (z;,y;). For example, consider the first
EC EC
]:z‘+%,j_]:i—% j

K-block term corresponding to % in Az <l , assuming U; ; = ﬁ(xz, Yi),

FEC Yo _(FEQ Hh ho1 Va1 . -P(h, 1 )T 1.
( H%,]) ( 1_%,]) ] P(hiyy )81 ;- Phi_1 )8, 1 E=20), B2 (PRYD).). +O(A?) (B.4)
i, ’ :

Az Az

where ( (P(R)T) )i7j

is the partial derivative with respect to « of the exact flux at (x;,y;). More detailed computations

(FEC yh_(FEG yh
are as follows for one of the terms: We compute the local truncation error of o 2 to the exact flux

Ax
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(F"(D)), = (P(h)@), . First, by @12),
EC \h EC \h
(fH%Y].) —(fi,%,j) P(h Va1 ;- Ph,
Az Ar

((P(h ,j) +P(hz+1,]))(uz,] +u2+1,j) (P(’E’L,]) +7)(7;1'71,]'))(ﬂ\’i,j +ﬁi1,j))'

i+3 ] i *])u i-1.j

(B.5)

TiAz

Then, we apply the Taylor’s expansion of the crossing product terms in the second equality, i.e., P(TLM VTi+1,j, P(TL“L]- Vi,
P(Ei,j)ﬁi—l,j and ,P(Ei—l,j )ﬂi,j at (:Ei,yj). This results in

1 —~ —~ Ax? Az
(B.3) —(P(hi,j)m,j + P(Rig) (@ig + A2 (@ )iy + —— (Taw)ig) + —— (Tawa)ig) + O(Aa))
4Ax 2 6

fE2 — IES —~ —
+El"j ('P(’h\l’j) + Am(P(Ew))w + AT('P(/’LJM;))Z’]) + %(P(hxwx))z,g) + O(AZ‘4)) + (P(h)ﬂ)i+1’j)

(B.6)
e (P(hl g+ PR g) (T - Ax (@), sl (um)w) (um)w) +O(Az"))
_ ~ —~ Az? —~ Azd 4 Ty
+ @5 (P(Ri ) - Ax(P(he))i s + — (P(he2))ij) = == (P(havz))ij) + O(Ax ) + (P(RY@)i1.5 |-
After combining the terms in the same order, we get
1 -~ . -~ . Azd
(B.6) =7(2Aﬂc7’(hi,g‘)(u1)i,j +2A2P (ha )i, j (W)i,5 + 7(uzzz)i7j)
4Azx 3 (B.7)

1 — —~
+ i (PEDis ;= (PR ;) + O(Aa®).
Finally, we again apply the Taylor’s expansion to (73‘(7{)’12)”1, i—(P (ﬁ)ﬂ)i_l, j to obtain a second-order approximation of
(P(h)a), at (z,y;)

2 x3 -
S (PO )i+ o (Farn)i + i (2A0(POID) 1 + S (PRDaza), ;) + O(A)

1Az ( (B.8)

=((P(R)B)a)ij + —— Ax? ((um)l,J +(PA)@)aaz), ;) + O(Az?).

Similarly, other terms in the numencal fluxes can be evaluated by the Taylor’s expansion to verify the second-order local
truncation error of the energy conservative scheme.

In this way, one can directly compute the local truncation error to show that the scheme , with the numerical
fluxes and source term , is second-order spatially accurate.

B.2 Proof of lemma

Suppose we are given the initial data
ui; =vi; =0, h; j + B; ; = const vector, Vi, J. (B.9)
The time-independent bottom topography leads to %Bi,j =0,Vi,5. To prove the well-balanced property, it suffices to

show

d d d
@hi’j =0, dtqZ’J aqg’j =0, Vi, . (B.10)
By the straightforward substitution and the fact that the discretization of the velocities are both zero vectors, due to
G0,

d 1 — _

ahiﬂ' == - (P(hH%’j)uH% j 'P(h7ﬁL J)u%l j)

A
_ I (P(hz J+1 )'Uq, ]Jr P(hz ]*l )’UI j*l) (Bll)

=0.

Before investigating the time derivative of the discharge, we first introduce useful identities:

(PwR),,, -(P@R),_, B 2 (1peml,y,+ P,y )

Phisg Mlliay 5+ PRy iy ;-
. ! ! 5 (B.12)

(P(h)h)iw% - (P(h)h)m‘i €3 ! ([p(h)h]] o1t [[P(h)h]]i’]._%)

D o, 0l 0 + PR IR,

i ]—7
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Now by straightforward substitution, using identities (B.12) and the initial data, we obtain the following result:

Sap, - L ((m)ﬂ%,g (P(R),_, j)

g — —
L (P(hﬂé’j)[[B]]H%’j + P(hF%’j)[[B]]F%’j)
g - &9
= - P(hHl )[[h+B]]l+%’j+73(hi 1 R+ B],_1 1) = 0,
d 1.19) g (B.13)
Ly B2 9
dtqi’j 2Ay ((,P(h)h)i,juré (P(h)h) ,j,l)
g _
- (P(h SDIBL 1 + PRy, )IBI, Jﬁ)
E12) 9 T (B.9)
T (79( )R Bl +P(hi’j7%)[[h+B]]i’j7%) =D g,
which completes the proof.
B.3 Proof of lemma
By multiplying both sides of (4.3) by VJJ and using the definition V; ; = (gﬁ‘; T, we obtain
d 1 T T 1 T
&Ei’j A (V;’]-]:H%’j - V;-’]-]-"i_%’j) - Iy (Vi,jgi’ﬁ1 V fiea J_f) + V S, (B.14)
We estimate these terms separately. The first term on the right-hand side can be expanded as follows:
EDyr
VT'}—i %, V ‘7:2-%—l g 7[[VIIT z+— J
(E13) @ 1) — _
=M1t Z[[B}]ZT%J,P(}LH%J,)[[u]]z.%d
(B.15)
—fMHl,j—gﬂBﬂ; Py Yy
g —
-HH*J PR 5[[3]]11%’]79(]1”%‘])1%]
Using an analogous computation, we can also obtain the second term,
g _
‘/T fl_i’] 7-[ % +‘I’i,j + gﬂB]]zT—%,j,P(hi—%yj)ui’j' (B.16)
Additionally, in a similar manner, and with the corresponding quantities in and (| - we derive
‘/i-,rjgi,j+% = ’Cz Jt+3 L+ ®; 4,3 7 7[[B]]TJ+ 1 P(hz I3 1 )v%J’
(B.17)
‘/T g in = ’C’L‘,j*% + q>i,j + EHB]]T . lp(h jii)’Uz]
Finally, a direct computation shows
T gu;, v =
V. ;Sij=- ZA (7)( i+l g)[[B]]Hl J +7>(hi—%,j)[[B]]i—%,j)
(B.18)
9 ,J
A (P(h”+1 Bl ;.1 + PR, ]._7)[[31]”_7)

The formula (B.14)), together with the combination of expressions (B.15), (B.16)), (B.17)), and (B.18), shows that the
scheme (4.3) is energy conservative, with energy fluxes defined in (4.14)).
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