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Abstract

The shear shallow water model provides an approximation for shallow water flows by including the effect
of vertical shear in the model. This model can be derived from the depth averaging process by including
the second order velocity fluctuations which are neglected in the classical shallow water approximation.
The resulting model has a non-conservative structure which resembles the 10-moment equations from gas
dynamics. This structure facilitates the development of path conservative schemes and we construct HLL,
3-wave and 5-wave HLLC-type solvers. An explicit and semi-implicit MUSCL-Hancock type second order
scheme is proposed for the time integration. Several test cases including roll waves show the performance
of the proposed modeling and numerical strategy.

Keywords: Shear shallow water model, non-conservative system, path conservative scheme,
approximate Riemann solver, finite volume method.

1. Introduction

The shallow water equations, sometimes also called the Saint-Venant equations, are used to model
the flow of fluids in situations where the depth of fluid is small relative to the horizontal scale of the
flow field variations [25]. They have been used to model the flow on the scale of the atmosphere and
ocean, and have been applied for tsunami prediction, storm surges, flow around structures, etc. Because
the model has only two independent spatial variables and does not require tracking the free surface, it
provides a simpler approximation than the full three dimensional Euler equations with a free surface.
The shallow water equations are derived from the incompressible Euler or Navier-Stokes equations by
averaging them over the depth coordinate. The horizontal velocity is assumed to be weakly varying in the
vertical coordinate which implies that the vertical shear is negligible. This allows us to ignore the second
order velocity fluctuations and leads to a closed set of equations which we may be called the classical
shallow water equations and are given by
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where h,v = (v1,v2) are the water depth and velocity, b is the bottom topography, see Figure (1),
g > 0 is the acceleration due to gravity, and we have included a frictional term to model the bottom
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friction with Cy being the Chezy coefficient. The horizontal velocity v is a depth average of the three
dimensional velocity field. Since the vertical shear is neglected, the classical shallow water equations
cannot model large scale eddies (‘roller’) that appear near the surface and behind the hydraulic jump.
Under the assumption of smallness of horizontal vorticity, a more general model called the shear shallow
water (SSW) model can be derived [21], [19] 20] T2] which includes the second order velocity fluctuation
terms, and can be written as

oh
a_A'_V.(h'u)—o (2&)
2
8(;:) +V. (hv Qv+ %I + h7’> = —ghVb— Cylo|v (2b)
oP T
o Tv VP (Vo)P+P(Vv) =D 2

where the symmetric stress tensor P comes from the second order velocity fluctuations related to the
perturbations from the depth average, and comprises of three independent components P11, P12, Pos, and
D is the dissipation tensor. Using Stokes type hypothesis, we can relate the dissipation tensor D linearly
with the stress tensor P, and furthermore if we want the model to reduce to the classical shallow water
model in the limit P = 0, we get [12]
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where the coefficient « is a function of the invariants of P. The equations lead to an equation for
“total energy”

D=-— P
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where 1 1 1 1
e= §\v|2 +3 trace(P) + §9h2, Q= —§htrace(D)

Following [20, 12], the coefficient « in the dissipation term is given by
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Moreover, the quantities Cy, C;, ¢ are model constants that must be calibrated using experiments. The
equations for P would contain third order velocity fluctuations, see which can be ignored
if the horizontal shear is weak [21I] or modeled in some way so as to close the set of equations. The depth
averaging process which is described in reminds us of the well known Reynolds averaging of
Navier-Stokes equations for turbulent flows which leads to a hierarchy of equations due to the non-linear
nature and have to be closed with some turbulence modelll A similar model as above has been studied
for the Favre-averaged compressible Navier-Stokes equations used to model turblent flows [3]. The SSW
model is non-conservative since the equations for P cannot be put in conservation form. The solution
of non-conservative equations is a tricky issue when discontinuities arise since we need a proper notion
of weak solution. The jump conditions will depend on the particular form of the equations and not all
forms may yield the same jump conditions.

The numerical solution of the set of equations has been addressed in [12] 5], both of which use
a splitting approach. The approach in [12] splits the equations into two sub-systems called a-waves

However, unlike the Reynolds average, the depth average does not commute with differentiation.



(acoustic) and b-waves (shear), and develops an approximate Riemann solver for each one independently.
Each of these sub-systems is also augmented with the energy conservation equation which is used to
derive some jump conditions required to develop the Riemann solvers. The approach in [5] also uses the
same acoustic and shear sub-systems and develops fluctuation splitting schemes for each sub-system on
unstructured grids, but does not make use of the total energy equation .

In the present work, we cast the SSW equations in a particular non-conservative form which is similar
to the 10-moment equations [I7, 4] from gas dynamics. In this model, instead of equations for the
stress P, we have equations for an energy tensor E, while the mass and momentum equations remain
unchanged. This form of the equations naturally arises when we perform the depth averaging of the 3-D
Euler equations and the derivation is given in In fact, the equation for the energy tensor
appears in [21] but it has not been used by any of the researchers to develop a numerical approximation.
We suggest that the form of the equations is important and hence we retain the equation structure
arising from depth averaging to build a numerical approximation. The non-conservative terms in this
form contain only derivatives of the water depth A unlike model which has derivatives of v, P in the
non-conservative terms. The presence of only the derivatives of h in the non-conservative terms facilitates
the construction of path conservative schemes [9]. By using the generalized Rankine-Hugoniot (RH) jump
conditions arising from taking a linear path in the state space, we build HLL-type Riemann solvers for
the new system. We construct the HLL, a 3-wave HLLC and a 5-wave HLLC solver, with the last one
including all the waves in the Riemann problem. Unlike previous works, we do not split the model in
several sub-systems but instead we construct a unified Riemann solver for the full system. A higher order
version of the scheme is constructed following the MUSCL-Hancock approach [23] where we make the
source terms implicit. The resulting semi-implicit scheme is solved exactly. While such path conservative
schemes provide a framework to construct stable numerical approximations, we should mention that the
theoretical analysis of such schemes is not well developed. The knowledge of the correct path may not be
known and even when it is known, it is not guaranteed that the numerical scheme will converge to the
correct solution, as shown in [I] in case of Euler equations.

The rest of the paper is organized as follows. The model form used in the current work is introduced
in Section . The notions of path conservative scheme are discussed in Section and the first order
scheme is presented. The structure of the states across discontinuities using the generalized RH conditions
are presented in Section . Sections , @, present the HLL, 3-wave HLLC and the 5-wave HLLC
approximate Riemann solvers, respectively. The higher order versions of the scheme using MUSCL-
Hancock-type approach is given in Section in 1-D and Section @D in 2-D. Then we present a set of
test cases in Section . Section makes a summary of the work and draws some conclusions. The
depth averaging of the shallow water equations that leads to the model form is shown in

[A] and the solution of the semi-implicit scheme is presented in

2. Re-formulation of the SSW model

The SSW model (2)) can be written in an almost conservative form. To do this, we define the symmetric
tensors

1 1
Rij = hPij, El‘j = ile + ihvivj, 1<4,5<2

The quantity R;; has units of stress while E;; has units of energy per unit volume. Then an elementary
computation shows that the set of equations can be written as the following set of non-conservative

equations
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Figure 1: Shallow water approximation: The free surface is given by z3 = &(x1, z2,t) and the bottom surface is given by
r3 = b(zl, 9, t).
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The fluxes can be written in terms of U using the following transformation

h=Uy, v =Uy/Uy, wo=Us/Uy, Ry =2Us~U3/U, Ria=2Us—UsUs/Uy, Ry =2Us—U3/U;

Note that the vectors By (U), B2(U) are linear in U and in fact depend only on the momentum density
m = hv

It is usual to write the non-conservative terms in terms of a matrix-vector product, but since only
the derivatives of h appear in the non-conservative terms of this model, it is more convenient to write
it in terms of the vectors B, By as above. Coincidentally, this model is identical to the 10-moment
model [I7, 4] from gas dynamics except for the presence of gravity terms and the non-conservative terms.
While the set of equations can be obtained by manipulating equations , the more fundamental
way to obtain these equations is by the depth averaging process which is performed in It

is also known that the quantity
det R
n=n(U) := —hlog <h4 >



is a convex entropy function [4]. Using the SSW equations and ignoring the source terms, we can derive
the entropy equation 5

SV =0 (5)
In fact [12], shows that the “total energy” equation and the entropy equation are the only two
additional conservation laws we can derive from the SSW model, but the “total energy” is not a convex
function of U. The fact that the entropy 7 is a convex function of U and this variable set arises
naturally when we perform the depth averaging, indicates that the set of variables U can be useful
for numerical modeling also. While any set of independent variables is fine for smooth solutions, the
computation of correct weak solutions will depend on jump conditions which can be different for different
set of independent variables. Hence we propose to construct numerical schemes starting from the SSW
equations as given in . The numerical strategy we use is based on the concept of path conservative
schemes [I8] applied to system , and we recall the basic notions of path conservative schemes in a 1-D
version of the above model in the next section. We will assume throughout the paper that the bottom
topography b(z1, x2) is a continuous function and independent of time, in which case the terms containing
this quantity can be treated as source terms and need not be included in the Riemann solver.

3. Model in 1-D and notion of path conservative scheme

We will consider the 1-D SSW model which can be written as
oUu OF(U) @ B

5t g, TBm)z-=S5(U) (6)
where F' = F, B = B; and the source term is given by
0
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For simplicity of notation, we will sometimes write the velocity components as (u,v) = (vy,v9). The
system of equations @ is a hyperbolic system with eigenvalues [12] [3]

M=u—+gh+3P11, d=u—+P11, M3=M=u, As=u++vVPi1, ds=u++\gh+3P11

The first and last eigenvalues correspond to genuinely non-linear characteristic fields in the sense of
Lax [13], while the remaining eigenvalues correspond to linearly degenerate characteristic fields [12].
Hence A1, \¢ are associated with shock/rarefaction waves while the remaining eigenvalues give rise to
shear/contact waves.

Ignoring the source term for the moment as they do not contain derivatives of U, let us write the
non-conservative system as

oUu ou
o TG =

If we have discontinuous solutions, then we have to give a meaning to the derivative term which can be
done by integration by parts if A is the gradient of a flux function as in case of conservation laws. If A is
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not the gradient of a flux, then the non-conservative product is interpreted as a Borel measure [9]. This
definition requires the choice of a smooth path ¥ : [0,1] x U x U — U connecting the two states Up,,Ug
across the jump discontinuity at z = x( such that

V(0;Ur,Ug) = Uy, V(1;UL,Ur) =Ug

where U is the set of admissible states. Then the non-conservative product is defined as the Borel
measure [9] [14]
! dw
plan) = | [ ACE(€02. Uw) G ae] o)

where ¢ is the Dirac delta function. This viewpoint is equivalent to the definition of non-conservative
product proposed by Volpert [24]. Using this notion, a theory of weak solutions can be developed based on
which the Riemann problem has usual structure as for conservative systems, leading to shocks or rarefac-
tion waves corresponding to genuinely non-linear characteristic fields and contact waves corresponding
to linearly degenerate fields. Across a point of discontinuity moving with speed S, a weak solution has
to satisfy the generalized Rankinge-Hugoniot jump condition

! dw
JRZRICEAAIR P
0 £
The choice of the correct path is a difficult question and has to be derived from a regularized model
motivated from the physical background of the problem. In practice, it is usual to consider the linear
path
\If(f, Uy, UR) =U + §(UR - UL)

Then the jump condition for our model (6)) becomes

/0 A(\I/(g, UL,UR))%dg = FR — FL +B(mL,mR)(hR — hL) = S(UR — UL) (7)

where

2

The source term does not make any contribution to the jump conditions since it does not contain derivative
of U. The Riemann problem is the building block of a finite volume method and this approach can
be used for non-conservative systems also [I4) [I8]. The main idea is to split the fluctuation into two
parts corresponding to left moving and right moving waves arising in the Riemann solution, where the
fluctuation is defined as

B(my,mp) - B (mL+mR)

1
D(ULUr) = [ A¥(&ULUR) ¢ = D~ (UL.Un) + D* (UL.Un)
The splitting of the fluctuation can be performed using a Roe-type Riemann solver or HLL-type Riemann
solver, the latter being the approach taken in the present work. Assume that there are m waves in the
Riemann solution with m — 1 intermediate states. Let us denote the wave speeds as S;, j = 1,...,m and
the intermediate states as U, j = 1,...,m — 1 with Uy = U, and U,;, = Ug. The fluctuation splitting
is given by

D*(UL,Ugr) =Y _ S (U, -U;)

(=)



where
S~ = min(0, S), ST = max(0, 9)

Let us consider a partition of the domain into disjoint cells of size Az. Let UJ' denote the approximation

of the cell average value in the j'th cell at time ¢ = ¢,,. The first order scheme is given by
At
n+1 __ n +,n —n n-+0 +n _ + n n
ur =Uj ——Ax(Dj7%+Dj+%)+AtS(Uj ), DH%fD (UU,)

For 6 = 0 we obtain an explicit scheme and for § = 1 we obtain a semi-implicit scheme; however the
coupling in the semi-implicit scheme is only local to the cell. An exact solution process for the semi-
implicit scheme is explained in the If the system is conservative, i.e., A = F'(U) for some
F, then the above scheme can be written in conservation form with some numerical flux function [I8].

4. Linear waves and jump conditions

In this section, we study the structure of the states forming the linearly degenerate waves. Let us
define the average and jump operators by

= g -
Then the jump conditions across a discontinuity moving with speed S lead to the following set of equations.
[hu] = S [h]
|[R11 + hu? + ;ghzﬂ = S [hu]
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When we construct the HLLC solvers in later sections, we will use the information deduced in the following
two sub-sections to decide the structure of the intermediate states.

4.1. Contact wave

Since the contact wave is linearly degenerate, the normal velocity u is continuous across the contact
wave, ur, = ur = u, and equal to the speed of the contact wave S = u. The jump conditions across the
contact wave then yield the following four relations

1
|[R11 + QQhQH = Ov [[RIQ]] = 07 [[Rllv]] + g{h’l}}} [[h‘]] = 07 [[RIZU]] =0 (8)
From the first and third conditions, we obtain
1 2
{Ruk + 39001 ) [e] =0
Since we expect R11 to be positive, the first factor cannot be zero and hence we require that Jv] = 0,

so that both velocity components are continuous across the middle wave. The second condition of
shows that Rq2 is also continuous across the middle wave.



Remark. In the above derivation, we deduced that v is continuous across the contact wave but the jump
conditions admit another solution in some special cases. If the two states are such that

RflzRﬁ:R%QZRFQ: ) hr = hgr

then vy # wvg is an admissible set of states that satisfies all the jump conditions. The assumption
RE = RE = 0 implies that there is no vertical shear which does not hold in practical situations that we
are interested in. Hence it is reasonable to ignore this solution in the construction of the Riemann solver.

4.2. Shear waves

Let us now consider the simple waves corresponding to the eigenvalues As, A5, both of which correspond
to linearly degenerate eigenvectors. If the two states Uy, Upg correspond to a Ay wave, then they lie on
the same integral curve of the eigenvector corresponding to the eigenvalue Ay = u — +/P11. In terms of
the variables (h,u, v, P11, P12, P22), the corresponding eigenvector is [12]

ro =1[0, 0, —¢, 0, ¢, 2P1o] "
where ¢ = +/P11, and the integral curve is given by

ah _du _
0 0 —— 0 = ¢ = 2P

dv APy AP dPx

We immediately see that h,u, P11 are constant along the integral curve and such constants are also called
Riemann invariants. This implies that Ao has the same value in the two states which is consistent with
the fact that we have a linearly degenerate field. From the remaining equations, we can deduce that
vv/P11 + P12 and det P are also invariant along the integral curve.

Similarly, if we consider a A5 wave, the corresponding eigenvector is

Ts = [07 07 c, 07 027 2P12]T

and the integral curve is given by

0 0 ¢ 0 @ 2P

% o du _ dv _ dPH _ dPlz _ dPQQ

We deduce that the quantities h, u, P11, vv/ P11 — P12,det P are invariant along the integral curve.

Remark. In contrast to the Euler equations, the contact and shear waves are here associated to different
eigenvalues when Rq; > 0. In the limit when R1; goes to zero, the contact and shear waves merge and
the system loses its strict hyperbolicity since the eigenvectors rs, r5 become parallel. Then the tangential
velocity v is free to take any value along the integral curve. In order to capture the interactions between
contact and shear wave, as well as the transition when Ri; becomes small, accurate numerical scheme
should also considered in these waves. Indeed, interactions of contact and shear waves seems to play an
important role for the considered model, as is observed in the two dimensional roll wave tests, where only
the five wave solver which includes all waves in the Riemann solver is able to produce realistic looking
solutions.



5. HLL Riemann solver

The HLL Riemann solver [I5] [10] includes only the slowest wave Sp and fastest wave Sg in the
Riemann problem. There is an intermediate state U, between the two waves. The jump conditions @
across the two waves are given by

F, — F;, + B(mL,m*)(h* — hL) = SL(U* — UL)
Fr— F.+ B(m,,mg)(hg — h.) = Sp(Ur — Uy,)
Eliminating F, we obtain the intermediate state

_ 1
_SR*SL

This looks like an implicit equation for the intermediate state due to the non-conservative terms, but we
can split this equation into two parts; define

h E
1) 11
v= {5(2)} , UP= [ﬂh”b] = | U = | B
hvs Eos

U* [(URSR—ULSL)—(FR—FL)—B(mL,m*)(h*—hL)—B(m*,mR)(hR—h*)} (9)

with similar splitting of F', B. The first three equations of @ do not contain the non-conservative terms
and we obtain the corresponding intermediate state

D 1
Ul = {m] - 55 [UR'se- U s - () - F(Y)
The last three equations of @ then yield

1
U = g [UR'Sr ~ U 51— (B — F) = B (i, m.) (. — he) = B (ma,mg) (b — )

Hence we have explicit solution for the full intermediate state. The split fluctuations are then obtained
from

D*(Uy,Ug) = S (U. = Ur) + S (Ur — U.)
We estimate the minimum and maximum speeds in the Riemann problem as follows
Sp=min{AM(Ur), M({U})},  Sr=max{Xs(Ur), \s({U})}

which is similar to estimates used for Euler equations, see e.g., [10].

6. HLLC3 Riemann solver: 3 waves

The HLL solver does not include the linearly degenerate waves like the contact wave, which get
excessively diffused in the numerical results. In the HLLC solver [22], the contact wave of speed Sy is
also included in the wave model so that we have three waves S;, < Sy; < Sg and two intermediate states
U.r, U.r. We will determine the two intermediate states by satisfying the jump conditions across the
three waves. Since the contact wave is linearly degenerate, the normal velocity in the two intermediate
states is same and equal to the speed of the contact wave

Uil = UxR = Us = O



hr har h«r hr
ur, Use U UR
vr Vx Vx VR
Riy | Sp | RiT | ue | RiT | Sk | RE
Bfy Bif Bift Bf
Ri 12 12 R
B3y E3% B33} B

Table 1: Intermediate states for the 3-wave solver. The wave speeds are shown in between the states.

From the discussion on jump conditions in section we know that v and R are continuous across
this wave so that v.;, = v.gr = v, and RiL = Rl = R},. These states are shown in Table .

We first consider the jump conditions across the S, Sg waves. The jump conditions for the continuity
equation yield

how = ho22 "% IR (10)

So — U

The jump conditions for the z-momentum equation yields
*Q « 2 2 1 2 2
11 = RY + (haug — haaty) + ig(ha = hia) + Sa(hsatis — hata), a=LR
Using , the above equation can be written as
1
11 = RY1 + ha(Sa — ua)(us — ua) + ig(hi - hfa) (11)

Substituting into the first jump condition in (8), we can find an expression for the contact wave
speed Sys

hrur(Sg —ur) — hpur (S —ur) — (RY — RYy) — 39(h% — h3)

Sy = Usx = 12
M hr(Sr —ugr) — hr(Sr —ur) (12)

The jump conditions from the y momentum equation yield
RiE =Riz+hp(SL —ur)(ve —vr),  Rig = Ris + hr(Sr — ur)(v. —vr) (13)

and since R1s must be continuous across the contact wave, we obtain from R;% = R;E an expression for
Vi S
~ hrvr(Sk —ugr) — hpvp(Sp —ur) — (RIS, — Riy)
* hR(SRfuR)th(SquL)

We can observe that u,, v, are equal to the velocity of the intermediate state of the HLL solver. From

10



hr har har h«r h«r hr
UL Us Us U Us UR
vL Vs« L (U (0 VxR VR
Riy | Sp | RiT | Ser | RiT | ue | RiT | Ser | RIT | Sk | RiY
Bfy Bif Bt Bift Bift Bf
Ri Ri% 12 15 Rig R
Ef Esy Es3* E3sh E35 E3

Table 2: Intermediate states for the 5-wave solver. The wave speeds are shown in between the states.

the last three jump conditions corresponding to the energy equations, we obtain

Efy = r— [(Sa — ug) By + RiTus. — R{uq + §g(haua + haats) (Pia — ha) (14)
Eyy = (Sa = ua) BTy + 5 (R0« + Rigus) — 5(RT10a + Risua) + 5 9(haVa + hiaVia) (hsa — ha)
So — Us 2 2 4
(15)
* 1 *
By = S [(Sa — ua) B35 + Rizvs — Ry0a] (16)

The intermediate states are finally given by
-
Uia = [hias Pratie; huavs, EiT, By, E35]
and the fluctuations are given by

D*(Uyp,Ug) = S; (U, — Up) + S3;(Usg — Usr) + S5(Ug — Usg)

7. HLLC5 Riemann solver: 5-waves

The 3-wave HLLC solver improves upon the HLL solver by including the linearly degenerate contact
wave. But the SSW model contains two more linearly degenerate waves and we can try to construct a
multi-state HLL solver by including all linearly degenerate waves in the Riemann solution. When we
include all the five waves, there are four intermediate states which are shown in Table . Note that the
quantities h,u, R11 are continuous across the two shear waves S,r, Sir as deduced in Section .

Jump across Sy, Sgp waves. The jump condition across St, Sr waves is

Foo — Fo 4+ B(ma,mu)(hee — ha) = Sa(Usa —Ua),  a=L,R

11



which can be written as

h*au* h*a 0
,{? + h*aui + %ghia h*au* 0
T+ Ry Use Use Rsa Vs 0
12 o —Sa | T+ ) (hia — ha) = Fy — SuU,

Eifu. + Rigu, Bie | | Lg(hatia + huau,)

EfSus + %(R*ﬁ!v*a + Rigux) EfS %g(hava + hsaVsa)
B3 u. + Rigv.a B3 0

L J L J L J

F., Usa

The first jump condition gives h,, which is identical to equation . The second jump condition gives

1¥ and it is identical to equation ([I)). The third and fifth conditions are coupled and their solution
yields viq, RS, Define my = ho(uaq — Sa) and p = Rq1 + %ghQ. There is a common value of p in all the
four intermediate states which is given by

MRPL — MLPR — mLmR(UR - UL)
mpr —mp,

1 1
pe =RIT + 5ohiy = RiT + 59l =

where the last equality can be derived from the A and z-momentum jump conditions across the S, Sg
waves. Then the third and fifth jump conditions can be written as

Ma (Vo — Vo) + Mo Prs = ha Py

1
|: * T 29hah*a:| (rU*oz - Ua) + malpikél = [ma + ha(ua - u*)]lpilz

whose solution is given by

ma(ha - h*a) - hah*a(ua - U*):l pa ma — haps + %ghih*a + maha(ua - U*)
12

2 1 2 Pis = 2 1 2 P
m2 — hyaps + §ghah*a mz — haaps + §ghah*a

Viq = Vot [

From the above solution, we can compute Ri§ = h.,Pis and Ej§ = %RT% %h*au*v*a. The fourth

jump condition gives EJ{* which is identical to equation . The sixth jump condition gives E35

o 1 le% *QU e}
E22 = ﬁ [(Sa — UQ)E22 + R]_Q Vs — R12va]

The second and fourth wave speeds can now be estimated as

*Q
11
’Pikft: h S*L:u*f\/lpfll’, Sir = Ux + ’PiklR
*Qr

Jump across u, wave. All the jump conditions are satisfied provided we choose u, as given in equa-

tion .

Jump across S, wave. The non-conservative terms are absent for this wave since h is continuous. The
first, second and fourth jump conditions are automatically satisfied. The third jump condition yields

( T; + h*Lu*U**) - ( T% + h*Lu*U*L) = (u* Y PflL)(h*LU** - h*LU*L)
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s% __ gqo*L L
12 =Ris — har \/ P (Ve — vsr)

The sixth jump condition yields
1
B3t = B3y — ——==(Ri3vss — Rizv.L)
11
We can now check that the fifth jump condition is also satisfied.

Jump across Syr wave. The non-conservative terms are absent for this wave since h is continuous. The
first, second and fourth jump conditions are automatically satisfied. The third jump condition yields

( 1{3 + h*Ru*'U**) - (RTQR + h*Ru*v*R) = (u* + PflR)(h*R'U** - h*RU*R)

15 = Ri% + hur\) Pif (Vs — vsR)
The sixth jump condition yields
ok * 1 ok *
Bt = B3y + —=7 (RiaVsex — Ri30:R)
VP
We can now check that the fifth jump condition is also satisfied.

All the intermediate quantities have been determined except v..; we have two estimates of R} from
the jumps across Sir, Sir waves. Setting these equal to one another, we get an equation for v,

h*LU*L\/ PflL + h*RU*R\/tlﬁ - (Rﬁ% B RT%)

h*L\/’PﬁL + h*R\/'PflR

Finally, the fluctuations can be computed as

Vyx =

Di(ULv UR) = S%(U*L _UL)+S;‘:L(U**L _U*L)‘f'uit(U**R_U**L)+S;|:R(U*R_U**R)+S$(UR_U*R)

8. Second order scheme in 1-D

We will follow a predictor-corrector approach like MUSCL-Hancock scheme which can also be thought
of as an ADER scheme. We have to reconstruct the solution variables in each cell in order to get a better
representation of the solution, and it is found to be beneficial in terms of getting non-oscillatory solutions
to reconstruct primitive variables, which are taken to be

Q = [h, vi, va, Ri1, Riz, Rao]

Step 1. The first step is to predict the solution at half time level using a local formulation, i.e., without
any information from neighbouring cells. We estimate the spatial variation of the solution by a limiter
function, e.g.,

AQ; = minmod (5(@] ~ Q) 1), 5@ - Q) AQ - Q). Bl

and transform to conserved variables

_w

AUT =55

(@7)AQ7
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Now we can estimate the solution at the faces by linear reconstruction,

Uj—%,R:Uj —§AU], j+%,L:Uj +§AU]

Then the solution in the cell is evolved by half a time step using the PDE

ntl At n
Ut =ur+ - 0}

where ( ) ( )
FU?,,)-FU", h"
n +2’L 2’R n n
U = —— A ! —- B(U}) Al{ +S@Wrt)

1
The update equation is explicit if 6 = 0 and is an implicit equation for U ]n tairg = %; once we obtain

1
U;H_Q, then we estimate the solution at the cell faces at the half time level as

ntl a1 n At n n+l w1 o At n

Step 2. The second step uses the predicted solution at half time level to update the solution to next time
level

AR” 1
J ntyz
s + S(Uj )

~ B(U'?)

J

1 ~
n+1l _ n _ —+ — _
Ut = U + At | (D) + D) -

where 41 41 11 +1

il + _ JF n+= n—+= —— o — n+= n+s

Di =D, U fr) Diy =D WU Ui fp)
Note that the coupling between the cells occurs in this stage via the computation of fluctuations that
involve the solution from the neighbouring cells.

9. Two dimensional scheme

We consider a Cartesian mesh with cells of size (Ax, Ay) where the cell centers are indexed as (j, k)
and we use half indices (j + %,k) and (j,k + %) to denote the cell faces. The MUSCL-Hancock type
scheme can now be naturally extended to two dimensions by the following two step process.

Step 1. We estimate the the spatial variation of the primitive variables along the two directions

1
AmQ;'L,k = minmod (5(Q?k - Q;'L—l,k) (Q?+1,k - Q?—l,k)vﬂ(Q?—i—l,k - Q?,k)) ) Bell,2]

"2

A,Q), = minmod (ﬁ(Q?,k —Qjk-1)

1
3@~ Q) B - Q) BEL

and transform to conserved variables

ou ou

MUy = S5 @)D AU = 50
0Q Q

(QF1)Ay Q5 k
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Now we can estimate the solution at the face centers by linear reconstruction,

Ul s on=Ui — AU”k, Uy i =Ufi 5 AU

n _ n n n n
Ul s p=Uly— A U, Uiy = Ui+ 5 1A SO

Then the solution in the cell is evolved by half a time step using the PDE {li

n+i At
Uit = U S

where
3tU"k _ (Un+ ks L) Fl(U' Lk R) F2(U;,Lk+%,L) - FQ(U;‘?kf%,R)
Ax Ay
- BT o - BaU) S+ SWULE)
The above update is explicit if # = 0 and is an implicit equation for Uj) if 0 = 2; once we obtain

1
U;f,? , then we estimate the solution at the cell faces by a linear extrapolation from the cell centers

1 1 1 1
nT3 _ ”+2 _ n ntj n+g - n
Uj—%,k,R U 2A$ Jk> Uj+%,k,L UJ kot gAij,k
Uttt ottt Iaon, Ut —utt e iAo
Jk—%.kR T T4k 9Ty ke k43,0 T Yk 5=k

Step 2. The second step uses the predicted solution at half time level to update the solution to next time
level

U™ D- FU™:
Wi )+ Dy — UG

1
Uit =00 + At

n+i ~ n+i ~
RBWUE  )+D, - B(U? )+ D

Jik+3.k,L jik+% k—% R Jik—%
Ay
+1, Al n+3 Ayhjy, U™t
~ BUUJ) SR - Ba(Uf ) S+ S

This completes the description of the higher order scheme in 2-D. The first order scheme in 2-D is easily
obtained by eliminating the reconstruction step and the predictor step.

10. Numerical results

The methods developed in this paper are applied to some 1-D and 2-D test cases. The 1-D tests
are performed using a purely 1-D code. In all the test cases, we take the acceleration due to gravity as
g = 9.81 m/s%. The time step is chosen from a CFL condition of the form

At = CFL L

max; (Agj k) g Ayl y”)
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where A, Ay are the maximum wave speeds along the x,y directrions respectively, and we use CFL =
0.5 in all test cases. During each computation, we monitor positivity of the values of h, P11, P22 and we
do not perform any artificial clipping of negative values. In the numerical tests, we compare the results
from the present method with those from [5] on a fine mesh. Both methods are based on Riemann solver
idea but the computational cost can be different. The current method is found to be about 8% more
expensive compared to the method in [5], since the new Riemann solver has more arithmetic operations
and due to the need to transform to conserved variables to calculate the fluctuations.

10.1. 1-D shear test problem

This is a Riemann problem without source terms which gives rise to two shear waves. The initial
depth, normal velocity and the stress tensor are constant in space and are given by

h =0.01 m, v1 =0, P11 = Paz = 1074 m2/52, P12 =0 m2/52

Only the transverse velocity has an initial discontinuity located at the middle of the domain and is given
by
) 02m/s, x<05m
7Y 202m/s, =>05m

The computations are performed at first and second order using different Riemann solvers and mesh
resolutions on the domain [0,1]. The first order results on a coarse mesh (500 cells) and a fine mesh
(2000 cells) are shown in Figure . The second order results are shown in Figure where a coarse
mesh of 200 cells and a fine mesh of 2000 cells are used. The reference results are obtained using the
method in [5] on a grid of 10000 cells. The solution consists of two shear waves with discontinuities only
in the transverse velocity, the P12 and the Py components of the stress tensor. It is not surprising that
the numerical error is larger for solvers that do not have these waves in their intrinsic structure (HLL
and HLLC3). However, the differences are reduced when second order accurate schemes are used and
globally the mesh convergence is achieved for all schemes and are in accordance with the solution obtained
in [12], [5]. The plots of Pas in Figures , show spurious spike in the middle of the computational
domain, which have also been observed with other methods in the literature. The HLLC5 solver gives
the solution with smallest amplitude of these spikes.

10.2. 1-D dam break problem

The dam break problem models a situation where a dam gate is suddenly opened. The initial condition
has a jump only for the depth variable and all the remaining variables are constant in space. We solve
the Riemann problem without source terms in which the initial velocity is zero everywhere and the
components of the stress tensor are Py; = Pag = 1074 m?/s%, P1y = 0 m?/s2, while the initial depth has
a discontinuity given by

0.02m x<05bm
0.0lm x>05m

The solution contains one rarefaction wave and one shock wave separated by a contact discontinuity. In
this context, the stress tensor is initially very small and almost at the limit where there is no shear and
det(P) is also small (here it is 1078). The first order results are shown in Figure and second order
results are shown in Figure . The numerical solutions show some differences depending on the Riemann
solver used. The HLLC3 and the HLLC5 solvers converge asymptotically to the same solution. However,
the HLL solver converges asymptotically to a slightly different solution. This is clearly visible in the
shape of P11. Moreover, none of these solutions matches with the solution obtained in previous works [5].
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Figure 2: 1-D shear test case from Section . Plots of y-velocity, stress tensor component Pj2 and Pa2 obtained using
first order scheme with HLL, HLLC3 and HLLCS5 solvers for 500 and 2000 cells compared with reference solutions from [5].
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and HLLCS5 solvers for 200 and 2000 cells with the reference solution from [5] for Example [10.1}
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Such differences can be expected since we are using different jump conditions for the non-conservative
system. There are also differences between the Riemann solvers developed in this work. The HLLC3 and
HLLCS5 solvers converge to the same solution under grid refinement while the HLL solver shows some
differences compared to these two. In this sense, the inclusion of the intermediate linear waves in the
Riemann solver seems to be important.

10.8. 1-D modified dam break problem

This is a modified dam break problem where additional jump is initially introduced in the transverse
velocity component. The Riemann problem is solved without any source terms and the initial condition

is given by
0.01 0.5 0.2 0.5
h(z,0) = TR (a,0) = v
0.02 z>0.5 —-02 z>05

while the remaining quantities are constant in space and are given by v; = 0.1, P13 = Pogs = 4 X
1072, Py = 1078, The solution shown in Figure @ is obtained from the second order scheme and
behaves similar to the dam break problem with two additional contact discontinuities. However, contact
discontinuities move slowly than for the dam break problem and det(P) is less close to zero (of order
10~3). With this modified problem, all the Riemann solvers asymptotically converge to the same solution.
As expected, the resolution is improved when the approximate solver contains more physical waves.

10.4. 1-D roll wave problem

This problem models the flow of a thin layer of liquid down an inclined bottom and we include all the
source terms. The initial condition is given by

| gho tan 6
h(x,0) = ho [1 + asin(2wz/L,)], vi(z,0) = %, v2(x,0) =0

1
7311(1‘,0) = PQQ(JZ,O) = §¢h2(l‘70), 7312(1‘,0) =0

The bottom topography is given by b = —z tan # and the boundary conditions are periodic. We consider
two sets of parameters as in [I6]. In Case 1, the parameters are § = 0.05011 rad the inclination angle,
Cy = 0.0036, hg = 7.98 x 1072 m, a = 0.05, ¢ = 22.76s72, C,. = 0.00035, L, = 1.3 m. In Case 2, the
parameters are = 0.119528 rad the inclination angle, Cy = 0.0038, hy = 5.33 x 107® m, a = 0.05,
¢ = 153.501s72, C,. = 0.002, L, = 1.8 m

The chosen parameters lead to the formation of 1-D roll waves starting from a uniform flow which
has the same structure as in Brock’s experiments [7, [8]. The water depth is compared with Brock’s
experimental data in Figure (7)) for both Case 1 and Case 2, which shows a hydraulic jump around z/L, =
1 but also a smooth profile immediately behind it which is the signature of a roll wave. The classical
shallow water model does not predict this roll wave profile but only gives rise to the hydraulic jump.
All the three Riemann solvers yield essentially similar results and the comparison with the experimental
data is good. Figure shows a comparison of some other quantities for Case 1 and we observe that all
solvers yield essentially the same solution. A 2-D version of this test case is discussed in Section .
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Figure 4: 1-D dam break problem from Section ((10.2)). Plots of water depth h, x-velocity v1, and stress component P11
obtained using first order scheme with HLL, HLLC3 and HLLC5 solvers for 500 and 2000 cells compared with reference

solution from [5].
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Figure 5: 1-D dam break problem from Section (10.2)). Plots of water depth h x-velocity v; and stress component P1
obtained using second-order scheme with HLL, HLLC3 and HLLC5 solvers for 200 and 2000 cells compared with the
reference solution from [5].
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time t = 26.35185

10.5. 2-D analytical solution

The rate of convergence can be estimated from a 2-D exact solution developed in [12] which is linear
in space and non-linear in time. The exact solution is given by

ho B Btz +y 1 A+B%2 (A —7)Bt

= — 55, v = — s _—
L+ B2t R (L+ B2 | (A=)t v+ 2822

where the parameters are taken to be hg = 1 m, A = 0.1 m?/s?, v = 0.01 m?/s?, 3 = 1073 /s. Previous
works [12], [5] have shown first order convergence of the error norm for this test case. We perform the
computations on the domain [0,10] x [0,10] upto the time ¢ = 50 seconds using Dirichlet boundary
conditions where the solution in ghost cells is set to the exact solution. The HLL solver is run on
meshes 102,202, 402, 802, 1602 while HLLC3 and HLLCS5 solvers are run on meshes 102, 202,402, 802. The
convergence of the error norm is shown in Figures @[) for all three Riemann solvers, which shows second
order convergence of our method. The HLL solver requires finer meshes before we see the second order
convergence probably due to its larger numerical dissipation as a consequence of not resolving the linear
waves.

10.6. 2-D roll wave problem

This problem is a 2-D extension of the 1-D roll wave problem described in Section ((10.4)) and models
the flow of a thin layer of liquid down an inclined plane. The initial conditions are given by

gho tan 6

h(z,y,0) = ho [1 + asin(2nz/L,) + asin(27y/Ly)] , vi(z,y,0) = e ,
f

’Ug(fﬂ,y70) =0
1
Pu(x,il/»o) = PQQ(I',y,O) = §¢h2(£ﬂ,y,0), ,P12(1'7y70) =0
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Figure 8: 1-D roll wave problem from Section (10.4)). Plots of water depth h, x-velocity v1 and stress components P11 and
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Here 6§ = 0.05011 rad is the inclination angle of the bottom surface, Cy = 0.0036, ho = 7.98 x 1073 m,
a = 0.05, ¢ = 22.76572, C, = 0.00035, L, = 1.3 m, L, = 0.5 m. The chosen parameters correspond
to those considered in [I6] which leads to the formation of 1-D roll waves starting from a uniform flow
which has the same structure as in Brock’s experiments [7, 8]. A small two dimensional perturbation is
added to the water depth whose amplitude is controlled by the coefficient a in the initial condition. The
boundary conditions are periodic in both directions. Figure shows the surface plots of the depth
field on a 1040 x 400 mesh while Figure shows similar plots on a finer mesh of 2080 x 800 cells. The
first order scheme shows rather smooth solutions due to higher numerical dissipation while second order
scheme shows more features in the solution. The HLL and HLLC3 solvers also show somewhat smooth
solutions while HLLC5 shows a more turbulent-type of solution. However, even the HLL/HLLC3 solvers
show transverse wave structures in the second order scheme. The first order results from HLLC5 solver
look similar to the corresponding results in the literature [12], [5].

The development of the water depth profile with time using HLLC5 solver can be seen in Figure 7
which shows three distinct phases. In the first phase, the profile develops a 1-D structure similar to the
1-D computation in Section and is similar to Brock’s experimental profile. At around time ¢ = 10,
the profile develops some perturbations at the hydraulic jump which generates transverse structures and
subsequently this spreads to the whole domain. In Figure 7 we compute the y-average of the solution
and also show the fluctuations around the y-average at time ¢ = 36. The average profile still resembles
the 1-D profile with fluctuations superimposed on top of it. These fluctuations are more prominent in the
HLLC5 solver which is the most sophisticated solver as it includes all the waves in the Riemann solution.
Figure shows a zoomed view in the region [0,0.5] x [0,0.5] where we show the fluctuations of the
height field relative to the y-average; the HLLC3 solver yields somewhat regular wave patterns while the
HLLCS5 solver shows a more dis-organized behaviour in the solution.

We compute the spectrum E(k) of the kinetic energy of velocity fluctuations by first computing the
two dimensional discrete Fourier transform of each velocity component to obtain 4(ky, ky), 9(ks, ky), and
then integrating E(k., k) = 3(|@* 4 |8|?) over the circle of radius k = |/k2 + k2. The DFT is computed
using the Fast Fourier Transform method available in Numpy. The fluctuation energy distribution over
the wave numbers is shown in Figure . Firstly, we see that the spectra at times ¢t = 36 and ¢t = 60 are
very similar which indicates that a statistically steady state has been reached. All the three solvers show
a k~* spectrum in intermediate wave-numbers. This is in contrast to two dimensional hydrodynamic
turbulence which exhibits a k2 energy spectrum [6]. We also show the k~5/3 line which is observed in
three dimensional turbulence. With the present computations, we are not able to definitely conclude on
the structure of the energy spectrum in the small and intermediate wave-numbers and a more refined
computation with a higher order scheme may be necessary to clearly identify the precise scaling law in
those wave-numbers. These results show that a higher order scheme is essential to capture the turbulent-
like structure in the solution. Also, there seems to be a critical dependence on the wave structure included
in the Riemann solver and the type of solutions observed in the computations. Only the five wave solver
that models all the waves and combined with a higher order scheme yields solutions which seem to
correspond better with observations in experiments [2].

Remark. The shape observed with the HLLC5 solver on coarse grid have some similarities with the
numerical instability named “carbuncle phenomena” that pollute the bow-shock upstream in hypersonic
flows. According to [I1], “It is not known which numerical schemes are affected in which circumstances,
what causes carbuncles to appear and whether carbuncles are purely numerical artefacts or rather features
of a continuum equation or model”. And then to conclude that ”carbuncles can, in some circumstances,
be valid vanishing viscosity limits. Trying to suppress them is making a physical assumption that may be
false”. Therefore, we cannot get a definitive answer in this paper and further investigations are needed
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Figure 10: 2-D roll wave problem using 1040 x 400 mesh. Depth field at time ¢ = 36 units.
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Figure 11: 2-D roll wave problem using 2080 x 800 mesh. Depth field at time ¢ = 36 units.
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Figure 12: 2-D roll wave problem using second order HLLC5 scheme on 2080 x 800 mesh. Depth field at different times.
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Figure 13: 2-D roll wave problem using second order scheme on 2080 x 800 mesh at t = 36. Top: HLLC3, Bottom: HLLC5.
Left: Scatter plot of depth field and its y-average. Right: Zoomed view of fluctuations of depth field relative to y-average.
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Figure 14: 2-D roll wave problem using second order scheme on 2080 x 800 mesh at ¢t = 36. Zoomed view of contour plots
of fluctuations in h wrt y-average. Left: HLLC3, Right: HLLC5.

understand the origin of this behaviour in the present model. Moreover, in the context of shear shallow
water model proposed here, the equations are genuinely non-conservative and the classical analysis of
shock stability needs to be reconsidered. Nevertheless, results obtained here are consistent with previous
papers. The turbulent pattern is shared by the different numerical schemes, including the HLL scheme,
which is not expected to exhibit carbuncle-type solutions.

11. Summary and conclusions

The present work deals with the shear shallow water model which is a higher order version of the
classical shallow water model since it includes effects of vertical shear. The model has a non-conservative
structure which poses difficulties in its numerical solution. Previous works have developed Riemann
solvers by splitting the model into two parts, while in this work, we develop a unified Riemann solver
using a more fundamental form of the equations which arises directly from the depth averaging process
and is similar to the 10-moment equations in gas dynamics. By using a linear path in conservative
variables, we develop path conservative Riemann solvers for this model. In particular, we develop HLL,
3-wave and 5-wave HLLC solvers and apply them to a set of test problems in 1-D and 2-D. A second
order version of the scheme is developed using a predictor-corrector approach and the order of accuracy
is checked numerically, while existing works have only demonstrated first order results. Among the three
Riemann solvers, the results demonstrate that the HLLC5 solver is the most accurate in terms of resolving
all the waves that arise in the solution. The 1-D results compare well with results from previous 5-wave
solver available in the literature except in the 1-D dam break problem, where we see some differences in
the shock. Such differences can be expected due to different jump conditions in our model compared to
previous approaches. The 1-D roll wave problem develops the roll wave profile and compares well with
Brock’s experimental results. The 2-D roll wave problem shows significant differences in the performance

31



T T !
100 4 {4 10 9
F .
.5 ST A ;_,V '\‘%"'\
[0 V! 4"' [y LY
—_ Yl — i A
=< - A < o L)
L P s w o 2 %
> R > P K
I S | \
[0} . I 3 o - = %,
UCJ1 0- E \.:: ~ E Lﬁl 0 3 \\::\
3 \"\:\\‘ ] \“‘\:\
[ HLL t=36 == N, 1 [HLLC3 t=36 —-—- R\
HLL t=60 === R\ HLLC3 t=60 ===~ kY
K4 kY K W
. I”“IZ . P VI I”“Id . A
10 10 10 10
Wave Number k

Wave Number k

T T
- -3
103] 103}
< =3
w w
> >
o) o)
S —
g )
g’ (i
EHLLCS t=36 ===
[HLLCS t=6Q =
K HLL t=60 ===
K™ HLLC3 t=60 ===~
K3 e . HLLC5 t=60 =
10

T107 10

Wave Number k Wave Number k

Figure 15: Kinetic energy spectrum of fluctuations around the y-average for 2-D roll wave problem on 2080 x 800 mesh

32




of the Riemann solvers. Only the HLLC5 solver develops a turbulent-like solution which is similar to
previous results in the literature and such a solution seems to correspond to real flows, see e.g. [2]. The
solution has a well defined y-average with fluctuations super-imposed on top of this. Moreover, the
fluctuations have a kinetic energy spectrum with well-defined scaling laws being visible, though more
refined calculations are necessary to make definite statements on the precise structure of the solution.
The higher order scheme using the HLL-type solvers developed in this work is thus very promising for
further studies on shear shallow water flows.
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Appendix A. Derivation of the SSW model

The gravitational force is assumed to act in the negative x3 direction. Let x3 = £(x1, x2,t) denote the
height of the free-surface and x3 = b(x1, 22,t) denote the location of the bottom surface, see Figure (1.
Then the depth of water is h = £ — b. The flow is assumed to be governed by the incompressible Euler
equations which are given byE|

Ouy, _
axk
ou; ou; 1 0p

- = —gs;
ot +uk8xk p Ox; gois

where (u1,us,us) is the 3-D velocity field, p is the pressure and we assume that the density p is constant.
A material point on the free surface F(x1, 22, 23,t) = x5 — &(21,&2,t) = 0 remains on the free surface
which means that?]

dr 0¢ 0¢ B B
E—O - a‘i’uaa*u;g—o on x3=¢ (Al)
Similarly, for the bottom surface, we get
0b b
a—i—ua%—u?,:() on x3=>o (A.2)

Define the depth average ¢ = ¢(x1,22,t) of any quantity ¢ = ¢(x1,z2,23,t) by

1 /€
¢($1,$2,t) = E/ ¢($1,£C2,£L'3,t)dl’3
b
The fluctuation with respect to the average value is

¢ =p—¢

2In this section, the subscripts like 3, j, k take values in {1, 2,3} and repeated subscripts indicate summation.
3Greek subscripts like o, 3,7 will takes values in {1,2} only and repeated subscripts indicate summation.
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and clearly
7 =0

Moreover, we note the following identities

¢ 99 o(hg) _ ¢ 0¢
i @dﬂ% = ow. @@ws:s + %(Nm:b (A.3)
*0¢ d(he) € 29
; adx?) =0 E@xa:& + E(blw?’:b (A4)
Integrating the continuity equation over the depth of water and using (A.3|) yields
0 0 0b
axa (hﬂa) - U’Ot(xla X2, 57 t)% + ua(xla Z2, b7 t)% + U,3(1‘1, Z2, 57 t) - U3(.131, €2, bv t) =0
and using (A1), (A2) we get
%+ a(lf)—O (A.5)
ot " Ozg T '

Let H, L denote the vertical and horizontal length scales; in the shallow water approximation, the vertical
scale is much smaller than the horizontal scale (long wave approximation), i.e.,

H<<1
e=—
L

Let U denote the horizontal velocity scale; then the continuity equation implies that usg = O(eU). Using
time and pressure scales as L/U and pU?, the z3-momentum equation can be non-dimensionalized as
o Duy  9p' _ _Lpl
Dt/ 8a:g Fr2

where D /Dt denotes material derivative, the prime quantities are non-dimensional and Fr = U//gH is
Froude number. Ignoring terms of O(£?), we obtain the hydrostatic approximation

)
872 =—pg = p—pa=—pglxs—Y§)

where p, is the atmospheric pressure at the free surface which may be taken to be constant. Hence

dp 23
= pg—— A6
AT (A.6)
Now the horizontal momentum equation takes the form
Oug 0Kap 0 ¢ 1
2 —(uq — =0 h Kop = —ug
ot + Ozp + Oxs (u “3)+pgaxa where = talts
Averaging this equation and using (A.1f), (A.2), (A.3), (A.4]), we obtain
O(hiiy,) OK o5 o (1 ob
2 — | zpgh® | = —pgh— A7
ot % 0zs 0. \279 P9 oz (A7)
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where Ko = $Uals + %u’au’ﬁ is not completely known to us and hence the set of equations (A.5)), (A.7)

does not form a closed system. If we set the second order velocity fluctuation term m to zero, then the
equations are closed and we obtain the classical shallow water model. This simplification can be justified
if the vertical shear is small, i.e., ‘Z)Zz = O(e™) with m > 1 [21].

If the vertical shear is not small, i.e. m < 1, then it is not justifiable to ignore the second order velocity
fluctuation terms, in which case these terms must be retained and we must derive additional equations
to model them. Starting from the momentum equation, we can derive the following set of equations,

OK;; 0 w; Op  u; Op
2 J 19 7 (K. P i — 5 Y
ot + 8ack( iste) + p 0z, + p Ox; 9(u;dis + uidj)
and hence, using the hydrostatic condition (A.6)), we obtain
OKop d ) 23 23
2 2-2 (K, 22 (K. su: 2 % )
ot T 2, Kasun) 25 (Kagus) + gua g = 4 gus g
Averaging the above equation over the depth and using (A.1), (A.2)), (A.3)), (A.4) yields
O(hK op) o —— 1 _ 0h 1 _ Oh 1 0b 1 _ b
———F= + —(hK, —ghtig— + = — = ——ghuy— — = — A8
ot g, Mastn) T oghta g m Sl g = g 9a g = g9 G, (A.8)

Let us identify Pg = u;u’ﬁ and E,3 = hK,5. The remaining average term in the previous equation can
be written as

1 — 1 1 11—
Kopuy = 3 Ualply = Kopt, + 56(17757 + 5@373@7 + §uﬁlu’ﬂug

The third order fluctuations are of O(3™) which are smaller than the second order fluctuations which
are of O(¢?™) [21]. This allows us to ignore the third order fluctuations in equation and we obtain

a closed set of equations. The set of equations (A.5), (A.7) ,(A.8) is exactly the model given in (4).
Appendix B. Solution of semi-implicit scheme
The semi-implicit schemes take the form
U™ttt —gAtS(UTH) = g tt

where U™+ is the explicit update without the source term, § = 1 for the first order scheme and 6 = % for

the second order scheme. There is no source term in the continuity equation and we obtain A”t! = 01"“.
The momentum equations have the form{Y

0C At ~n 1 Ob
mi + %WM\/M =U, o Ogh +1£At =.a1

0C At ~n a1 Ob
mo + %mzm =U;, o Ogh +1@At =.az

Squaring and adding the two equations we get

2
0C At
) (14 eyfmt ) —atvad o=

4For simplicity of notation, we drop the superscript n + 1 on some of the quantities in the following equations.
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This leads to a quartic equation for m = \/m? + m3
m*(14+cm)? — (a3 +a3) =0 = em’+m—/ai+a3=0

where we choose the positive square root. The positive solution of the quadratic equation is

—1414/1+4c\/a? +a3

m =
2c
Then the momentum components are given by
al az
mq ma

T 1+em’ “1tem

From the F11, E32 equations we obtain

S 1P+ alolPOAPY =1 = T — JA T ()2 — g [gh"“v{”lgz + C’f|v"+1|(v?+l)2}
(B.1)
%mvgz + a|vPOAPy, =Shy = T — %hnﬂ(vgﬂ)? N [gh"“ug“gz 4 cf|u”+1|(vg+1)2] (B.2)
Adding the two equations, we get
f(T) = %hT + a|vPOALT — (Sy;1 + S22) =0

which contains only the trace T as unknown. This is a non-linear equation since &« = a(h,T) is non-linear
and a necessary condition for existence of positive solution is that Si; + Ses > 0. For 0 < T < ¢h?,
f(T) = 2hT — (511 + Sa2) is negative for T sufficiently small; for T >> ¢h? we have f(T) > 0. Moreover
f(T) is a continuous, monotonically increasing function in (0, 00); this is clear for T € (0, ¢h?] and for
T > ¢h?

1 Crlv[30At

F(T) = =hT +

L, CrloPoAteh”
2 T

(T — ¢h®) = (S11 + S22),  f'(T) = 3h P 0
hence f(T) = 0 has a unique positive solution. To solve this equation we first compute, T from
%hT = Si1+ S
T < ¢h? then the solution is T itself; otherwise we solve the quadratic equation f(T") = 0 and choose the

unique positive root in (¢h?,00) as the solution. Once T is obtained, we get Py1, Pao from (B.1)), (B.2));
and also Pi5 can be determined from the Fq5 equation which is of the form

1 ~ 1
ShPiz + a|v[P0ALP1y = S1p = U — ihnﬂv?ﬂvgﬂ
— 0AL §gh +102+1% + §gh o] —Haiy + Cplo" TP tep

Since we know the tensor P, we can update the energy tensor E which completes the update of all the
quantities.
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