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leading to a significant efficiency improvement for subcritical regimes. We show that,

I;:i/nviv?i:ﬁ;ndt method in the typical regimes in which the application of multilayer shallow water models
Multilayer approach is justified, the resulting discretization does not introduce any major spurious feature
Depth-averaged model and allows again to reduce substantially the computational cost in areas with complex
Mass exchange bathymetry. As an example of the potential of the proposed technique, an application to a
Sediment transport sediment transport problem is presented, showing a remarkable improvement with respect

to standard discretization approaches.
© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Multilayer shallow water models have been first proposed in [2] to account for the vertical structure in the simulation
of large scale geophysical flows. They have been later extended and applied in [5,4,6]. This multilayer model was applied in
[3] to study movable beds by adding an Exner equation. A different formulation, to which we will refer in this paper, was
proposed in [26], which has several peculiarities with respect to previous multilayer models. The model proposed in [26]
is derived from the weak form of the full Navier-Stokes system, by assuming a discontinuous profile of velocity, and the
solution is obtained as a particular weak solution of the full Navier-Stokes system. The vertical velocity is computed in a
postprocessing step based on the incompressibility condition, but accounting also for the mass transfer terms between the
internal layers. In [25], this multilayer approach is applied to dry granular flows, for which an accurate approximation of
the vertical flow structure is essential to approximate the velocity-pressure dependent viscosity.

Multilayer shallow water models can be seen as an alternative to more standard approaches for vertical discretizations,
such as natural height coordinates (also known as z-coordinates in the literature on numerical modelling of atmospheric and
oceanic flows), employed e.g. in [11,16,19], terrain following coordinates (also known as o -coordinates in the literature), see
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Fig. 1. Sketch of the domain and of its subdivision in a constant number of layers.

e.g. [31], and isopycnal coordinates, see e.g. [9,18]. Each technique has its own advantages and shortcomings, as highlighted
in the discussions and reviews in [1,11,12,32]. Multilayer approaches are appealing, because they share some of the advan-
tages of z-coordinates, such as the absence of metric terms in the model equations, while not requiring special treatment
of the lower boundary. On the other hand, multilayer approaches share one of the main disadvantages of o -coordinates,
since they require, at least in the formulations employed so far, to use the same number of layers independently of the fluid
depth. Furthermore, an implicit regularity assumption on the lower boundary is required, in order to avoid that too steeply
inclined layers arise, which would contradict the fundamental hydrostatic assumption underlying the model.

In this work, we propose two strategies acting at the same time to make multilayer models more efficient and fully com-
petitive with their z- and o-coordinates counterparts. On one hand, we propose a novel discretization approach, in which
the number of vertical layers can vary over the computational domain. We show that, in the typical regimes in which the
application of multilayer shallow water models is justified, the resulting discretization does not introduce significant errors
and allows to reduce substantially the computational cost in areas with complex bathymetry. In this way, multilayer ap-
proaches become fully competitive with z-coordinate discretizations for large scale, hydrostatic flows. Furthermore, efficient
semi-implicit discretizations are applied for the first time to the discretization of the free surface gradients and the flow
divergence in multilayer models. Notice that a semi-implicit approach for the discretization of vertical viscosity and friction
terms has instead been introduced in [4,26]. In order to further simplify the presentation, we only introduce the discretiza-
tion for an x-z vertical slice, even though both, the multilayer approach (see [26]) and any of the methods presented, can
be generalized to the full three dimensional case. In this paper, again for simplicity, we have restricted our attention to con-
stant density flows. An extension to variable density problems in the Boussinesq regime will be presented in a forthcoming
paper. However, as a first step, we present in Appendix A a detailed description of the coupled discretization of a tracer
equation. Not only it is the basis for the variable density extension, but, as shown in [30], the coupling of this equation to
the discretized continuity equation is not a trivial issue and it is very important to verify compatibility conditions between
the discrete continuity equation and the discrete tracer equations.

In section 2, the equations defining the multilayer shallow water models of interest will be reviewed. In section 3, the
spatial discretization is introduced in a simplified framework, showing how the number of layers can be allowed to vary
over the computational domain. In section 4, some semi-implicit time discretizations are introduced for the model with a
variable number of layers. Results of a number of numerical experiments are reported in section 5, showing the significant
efficiency gains that can be achieved by combination of these two techniques. Some conclusions and perspectives for future
work are presented in section 6.

2. Multilayer shallow water models

We consider the multilayer shallow water model described pictorially in Fig. 1. In this approach, N subdivisions @y, o =
1,...,N of the domain @ are introduced in the vertical direction. We denote by h, the height of the layer o and by
h = Zgﬂ hy the total height. Note that Q = ngl Qq and that each subdomain €, is delimited by time dependent
interfaces Fai%(t), that are assumed to be represented by the one valued functions z = zai%(t,x). These interfaces can

be written as zy11/2 =212 + Zgzl hg, depending on the thicknesses hy, where z1,, = b(x) is a function describing the
bottom.
Given a function f we also define as in [26], for « =0, 1, ..., N,

[ =fleae) and f* = (f ) :
at+l 2 @) |l‘a+%(t) atl 2110 |1"a+%(t)

Obviously, if the function f is continuous,

- _ ft _ f—
fa+% = f|ra+%([) _f()l+% _fOlJr%

Note that this subdivision corresponds to the vertical discretization of the domain, which, a priori, is not related to the
characteristics neither of the flow nor of the domain.



L. Bonaventura et al. / Journal of Computational Physics 364 (2018) 209-234 211

Following [25,26], the equations describing this multilayer approach can be written for « =1,..., N as

dtha + 0x (hel) = GaJrl -G -1

o

3 (hale) + 3y (hau?) + ghadx (b +h) 1)
1 1
=Ko¢—% —KaJr%EGaJr% (Ug41 +Uy) — EGW% (Ugy +Ug—1) .

Here, we consider a fluid with constant density, where (uq, Wy) € R? is the velocity in the layer o, and the terms K‘H;
model the shear stresses between the layers. Notice that the atmospheric pressure is assumed to be zero. The vertical
velocity profile is recovered from both the integrated incompressibility and the mass jump condition, obtaining for o =
1,..,Nand ze (za_%,za+%),

wet,x,2)=wb | (t,x) — (z —z, 1(t, x)) Al (t, X), (2a)
a—y3 2
w++%(t, X)= (uaH (t, x) — uu(t, x)) 8Xza+%(t, X) + W;Jr%(t, X), (2b)
wo (B0 =W (6%) — ha (Xt (£, X), (20)
2 a=3

where WT =uq0xb — G], at the bottom. Since we are focusing in this work mostly on subcritical flows, there is no special

reason to choose dlscharge rather than velocity as a model variable. Therefore, we rewrite the previous system as

Othg + 9k (hgtig) = GaJrl =Gy 1,
2 2 N N (3)
hg ol + hgugdxliy —+—g110[8,<(b—i-h):I(Ol_7 Ka+1 + G, 1Aua+%+Ga_%Aua_%,
where Aﬁa+% = (Ug+1 — Ug)/2. From the derivation in [26], it follows that
Ga+%=3tla+1 +ujE %axz%%—wj;%, (4a)
Ka+% = a+2u2a+1 ’ (4b)

where v denotes the kinematic viscosity and L{g(Hl is an approximation of d,uy at Fa+%' We then define the vertical
2
partition of the domain, setting hy, = I, h where, for « =1,---, N, I, are positive coefficients such that

N
D la=1.
a=1

Note that these coefficients, whose choice is completely free, determine the thickness of the vertical layers hy. Since these
are not material layers, mass can flow through them. Usually, the I, coefficients have been taken to be constants, while in
this paper we consider them as a function of space, as detailed in section 3.

Note that model (1) consists of 2N equations in the unknowns

h {uata=1,..N {Gyy1ta=1,...N-1-

However, the mass transfer terms can be rewritten as

Uy + Ug+1 a+§+w +3
atl = aton_% + #szwr% — wa+%, where on_% = — S
As a consequence, the system has 2N unknowns, now corresponding to the total height h, the horizontal velocity
{ug}a=1,...~ in each layer and the averaged vertical velocity at each internal interface {Wa+%}a:1,A.<,N—1- Nevertheless, the
system can be rewritten with N 4+ 1 equations and unknowns as we explain in the following. By summing the continuity
equations from 1 to «, Ga+% can be written as

G

o
Gayy =Gy +Z(athﬂ+ax(h,3u,3)). (5)

B=1
Moreover, we assume that G1/2 =G, = 0, as boundary conditions at the bottom and the free surface, respectively. This

represents the fact that there is no transference of mass at the bottom nor the free surface level. Then, for the special case
o = N, the above equation leads to
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N
oth + 0x (h Zlﬁllﬁ) =0.

p=1
Then, making use of the above equation in (5), we obtain

o

Gos1 = Z(ax hlgug) — g Zax yhuy, ) (6)
B=1
As conclusion, G, 1 is written in terms of the total height (h) and the horizontal velocities (uy), then the system is

rewritten with N + 1 equations and unknowns.
Assuming also d:b =0, system (3)-(4) is finally re-written as

N
an + ax<h21ﬂu,3) =0,

B=1 (7)

K,_1—-K 1 G, 1AU ., 1+G, 1AL, 1

-3 +3 +3 +3 -3 -3

Oy + U Oxly + Z0xN = — e + s B o 2,
hg hg
for o =1,---, N. Here, we have set as customary in the literature

n=>b+h. (8)
In principle, any appropriate turbulence and friction model can be considered to define the turbulent fluxes K, e a=
0,...,N. Here, we have employed a parabolic turbulent viscosity profile and friction coefficients derived from a logarlthmlc

Wall law.

~ z—b
v:;cu(z—b)(l—T>,

where k = 0.41 is the von Karman constant, U = +/7j/00 is the friction velocity and 7, denotes the shear stress. In order to
approximate this turbulence model we set fora =1,...,N —1:

o
_ Ug+1 — Uy . o~
I<a+% = U“+%4(ha+ha+1)/2’ with va+% —Kua+% Zlﬂh y;]l},

For « =0 and o = N, standard quadratic models for bottom and wind stress are considered. We then set

K12 =—Cylurlur, Kny12=—Cwluw —un|Uw —Un),

where u,, denotes the wind velocity and C, the friction coefficient at the free surface. The friction coefficient Cy is defined,
according to the derivation in [23], as:

Az
(-%)
=t ©)
(n(52))
In
Azg
where Azg is the roughness length and Az, is the length scale for the bottom layer. Under the assumption that Azg < Az,
it can be seen that

u 1 In (z— b)

TS Azg
where u; is the tangential velocity. In practice, we identify u; with uq, the horizontal velocity of the layer closest to the
bottom, in the multilayer model. The definition of C; given by equation (9) is deduced by using previous relation of the
ratio between u; and U (see [23]). Then, we set

~ uiK
uoz+% = o ?
n ( Zlﬂh/AZo)
p=1

in the definition of Kyia
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Fig. 2. Sketch of the domain and of its subdivision in a variable number of layers.

3. Spatial discretization with variable number of layers

The multilayer shallow water model (7) can be discretized in principle with any spatial discretization approach. For
simplicity, we present the proposed discretization approach in the framework of simple finite volume/finite difference dis-
cretization on a staggered Cartesian mesh with C-grid staggering. A discussion of the advantages of this approach for large
scale geophysical models can be found in [24]. The C-grid staggering also has the side benefit of providing a more compact
structure for the system of equations that is obtained when a semi-implicit method is applied for time discretization. Gen-
eralization to structured and unstructured meshes can be obtained e.g. by the approaches proposed in [19] and [13,21,22],
respectively, but higher order methods such as those of [38,39] could also be applied. It is to be remarked that the choice
of a staggered mesh is by no means necessary and that the approach proposed below to handle a variable number of layers
can be easily extended to colocated meshes as well.

On the other hand, the vertical number of layers employed, in the approach proposed in [26], is a discretization param-
eter whose choice depends on the desired accuracy in the approximation of the vertical structure of the flow. In order to
make this type of model more flexible and more efficient, we propose to allow for a number of vertical layers that is not
constant throughout the domain. This is one of the main contributions of the paper. Our motivation is twofold: firstly, the
use of this technique in order to adapt the vertical subdivision to the characteristic of the bathymetry. This is the case when
both shallow and deep regions are present in the same computational domain. Secondly, in the case we are interested in a
detailed vertical profile of velocity in a specific region, but not somewhere else. Then we could use multilayer only in that
region, while maintaining a coarser resolution elsewhere.

The solution domain will coincide with an interval [0, L], that is assumed to be subdivided into control volumes V; =
(Xi—1/2, Xi+1/2), with centers x; = (Xi11/2 +Xj—1/2)/2, for i=1,..., M. Let us also denote AX; =X;j1/2 —Xj_1,2 and AXj 1,2 =
Xi+1 — X;. The discrete free surface variables 7n; are defined at the centers of the control volumes, x;, while the discrete
velocities Ug iy are defined at the interfaces, xi41/2.

The transition between regions with different numbers of layers is assumed to take place at the center of a control
volume V;, so that one may have different N; 1 for i =0,..., M and as a consequence, the discrete layer thickness coeffi-
cients la,i+% are also defined at the half-integer locations i 4+ 1/2. The number of layers considered at the cell center for the
purpose of the discretization of the tracer equation are defined as N; = max{NF%,NH%} and the discrete layer thickness

coefficients at integer locations [y ; are taken to be equal to those at the neighbouring half-integer location with larger

number of layers. We will also assume that, whenever for some i + % one has, without loss of generality, N;_1 > N; 1,
2 2

then for any 8 =1,..., Ni+% there exist

a:l ®B)
2
- + —
l=o B =al (B <N,y suchthat Iy, = > o (10)
a=a 4 (B)
2

Note that the above formula means that the vertical mesh is assumed to be conforming. This allows a more straightforward
implementation of the numerical approximation of horizontal advection in the velocity and in the tracer equation, which
are the only ones involving a horizontal stencil. Finally, again for simplicity of the implementation and without great loss
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of generality, it is assumed that just a single transition between cells with different number of vertical layers is possible
in a 3-point stencil, that is, two consecutive transitions are not allowed. In terms of the number of layers, it means that if
Niy1/2 # Ni—12 one has N;_32 = N;_1,2 and Ni3/2 = Niy12.

A sample configuration of this kind is depicted in Fig. 2. Notice that a dependence of the number of layers on time could
also be introduced, in order to adapt the global maximum number of layers to the flow conditions, but this has not been
done in the present implementation. Note also that the expression of the model would change in this case, namely a new
term would appear in equation (6) where we use d:hg = Igo;h.

4. Semi-implicit time discretizations

The previous definitions yield a space discretization that can be easily coupled to any time discretization that yields a
stable fully discrete space time scheme. For example, a time discretization by a third order Runge Kutta scheme has been
employed as a reference in the numerical tests presented in section 5. This explicit method requires a stability restriction
(CFL condition) for the time step At, given by the well-known Courant number associated to the celerity, hereafter denoted
Ccei- However, we will focus here on semi-implicit time discretization approaches aimed at reducing the computational
cost in subcritical regime simulations. By using these semi-implicit discretizations, a less restrictive CFL condition is to be
complied with, since the term associated to the celerity is removed. In that case, we consider the Courant number associated
to the velocity, hereafter denoted C,.;. We define the maximum Courant numbers as

At
C = ma ma ‘u X : -
vel 15,'5)1(\/115‘)[;(1\] ait) A_Xi i
Coa= max max (fug i,y | +V/&h) = (11b)
cel = 1<i<M 1<a<N ity ghi Ax;

With the goal of reducing the computational cost, it is immediate to notice that the formal structure of system (7) is
entirely analogous to that of the three dimensional hydrostatic system considered in [19,20], so that we can build semi-
implicit time discretizations along the same lines, i.e. by treating implicitly the velocity in the continuity equation and the
free surface gradient in the momentum equation. It should be stressed that our aim is not to propose new or optimal time
discretizations, but rather to show that some semi-implicit approaches, which have been widely applied to model coastal
flows and other environmental flows for standard vertical discretizations or for one layer models, can also be naturally ex-
tended to multilayer approaches, even when the number of layers changes in space. For this purpose, firstly we focus on a
more conventional time discretization based on the off-centered trapezoidal rule (or #-method, see e.g. [35]). Secondly, we
present an alternative approach based on a potentially more accurate (and equally robust) Implicit-Explicit Additive Runge
Kutta method (IMEX-ARK). Other second and third order semi-implicit methods that could be employed are described e.g. in
[15]. Notice also that, in the semi-implicit methods that are more standard for these applications, simplifications are usually
introduced in the standard time discretization methods employed, that amount to linearizing in time at each time step. This
is done in order to avoid solving a large nonlinear system at each time step, which would increase significantly the com-
putational cost. Even though this entails a potential loss of accuracy, we have employed these simplifications in this work,
consistently with our goal of coupling multilayer approaches to widely used semi-implicit techniques for environmental
flows.

Transport equations for passive scalars coupled to system (7) can be discretized in time consistently with these semi-
implicit approaches. However, this coupling is not straightforward, since some compatibility conditions discussed e.g. in [30]
must be considered (see Appendix A for details).

Remark 4.1. Notice that, in general, time discretizations do not guarantee positivity without additional CFL-like restrictions,
see the discussion and literature review in [14]. On the other hand, for the semi-implicit approaches considered in this
paper, the CFL restrictions based on the flow velocity that are required by the explicit part of the scheme are usually
sufficient to guarantee positivity. In particular, following [30], the positivity of the #-method can be proved under the
condition

+ —
ChiptCap=1

where ¢t (¢™) denotes the positive (negative) part

N,
c* =max (0, ¢); d At nto
3 and Cjp1p=—"— Z a,i+1/2 Uy )
¢~ =max (0, —¢), / Axip1p = /2 %ai+1/2

with u™? = gu"*! + (1 — @)u". A similar condition can be derived for the IMEX-ARK2.
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4.1. A 6-method time discretization

Following [19], we first consider a semi-implicit discretization based on the 6#-method, which can be defined for a generic
ODE system y’' =f(y, t) as

Via+1 =Yn + At [0f(Ynt1, tag1) + (1 — OE(yn, ta)],

where At denotes the time step and 6 € [0, 1] is an implicitness parameter. If 6 > 1/2 the method is unconditionally stable
and the numerical diffusion introduced by the method increases when increasing 6. For 6 = 1/2 the second order Crank-
Nicolson method is obtained. In practical applications, 6 is usually chosen just slightly larger than 1/2, in order to allow
for some damping of the fastest linear modes and nonlinear effects. We then proceed to describe the time discretization of
system (7) based on the 6-method.

For control volume i, the continuity equation in (7) is then discretized as

1+2 if%
n+1 n+1 n n+1 N
77 +9 Zlﬁl"r]h ﬂl+2_ ﬂ;lﬁl 1h' %uﬂ,l_% _T’l
. (12)
1+2 i
n noon
(1_6)— Z ﬁl+lh1+éuﬁ1+2 Zl i—lhzf— B.i—
B= B=1

It can be noticed that the dependency on h has been frozen at time level n in order to avoid solving a nonlinear system
at each timestep. As shown in [19,38], this does not degrade the accuracy of the method, even in the case of a full second
order discretization is employed. In addition, as suggested in [30], the value of h, +1 is taken to be that of the control
volume located upwind of the volume edge. For nodes i + % the momentum equations for a = 2, ..., Ni+% — 1 in (7) are
then discretized as

At
n+1 _ n+1
u, :+l +g9 A%, Mizy —n )
2
n+1 _ o+l un+1 _ un+l
At n a+1,i+1 @ity ity a—1,i+3
1 A" at3.it3 a—3.i+3
Ia,1+% hpr% 202 la+ 1+lh,+2 272 lozf— l+%h
At
n u,n _ n
Uil + AtAa!i —g( 9) ey —nf)
Xit}
u —u" n _qn
At(1—6) . a+1,i+1 i+l " o,i+] o—1,i+1
P R LT m TVl I Thn
) atditd ] a—1itl
IOC,I+% hH_% 272 lol+%,l+%hi+% 2702 ozf— l+7 irl
At ~n
+ = _ (aAnn" g + Au Gg" (13)
n 14,1 ixl 11, 1ga1 )
l+1l£¥l+%h;’+% atyity oty ity a—3.0t3
where A" =" /2, Q” I/Ax. ;1 denotes a discretization of the mass transfer term and A" |
a+li+d a+l, 1+f Ul 1+ +3 45 ity

denotes some spatial dlscretlzatlon of the veloc1ty advection term. In the present implementation, we employ the following
upstream based second order finite difference approximation:

(uaaxua)

= Ug,i+1/2 Oxlla

i+1/2 i+1/2
with
Ugi3 —4u, i_%+3ua’l+1 ]
if 1> 0
2AX,’+1 0( i+3
AUy = 2
i+1/2 uo{,i+% _4uot,i+% +3u¢x,i+% .
— if Uy ipl < 0.
2AX1-+1 2

It is important to remark that, if the 6-scheme is also applied to the advection and mass transfer terms, we would obtain
a fully implicit method, for which we would have to solve a global nonlinear problem. This entails a much larger compu-
tational cost and is usually avoided in the most numerical models for this kind of applications. Notice that, to define this
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advection term, velocity values from different layers may have to be employed, if some of the neighbouring volumes has

a number of layers different from that at i + % For example, assuming again without loss of generality Nl._% > N;, 1 and
n

uﬂ i1 > 0 and using the notation in (10), values
L
R0
1
* — . n
uﬂ.i—% 1 Z Ia,zf%ua i1

Bits ama=, (p)
)

which are the averaged velocities computed with the velocities of the involved layers, will be used to compute the approxi-
mation of the velocity gradient at x; 1. Clearly, this may result in a local loss of accuracy, but the numerical results reported
show that this has limited impact on the overall accuracy of the proposed method.

The discretization of the mass transfer term is defined as

a N N
i bt Z co | [ hus = D lyhuy — | hug = > 1, huy :
=1 y=1 i+1 y=1 i
N
where | hug — Z I, hu,, ‘ denotes the upwind value depending on the averaged velocity ug; = (u pi-l 1+ug it] )/2, i.e.,
y=1 i

N
hug — Y l,huy

N
hif%uﬂ,if% — Zly,if%h?%uy.!?% if ug;>0,
y=1 ‘1

N
pitl — Zly,iJr%hH%uy'H% if ug;<0.

Here we have used the fact that Iz is a piecewise constant function where the transitions between regions with a different

number of layers are located in the center of a control volume. Therefore lg ;11,7 is constant in (x;, Xi11). The above formula

is modified appropriately for cells in which N;_1 # N;_ 1, by summing all the contributions on the cell boundary with more
2 2

layers that correspond to a given term ! pix) h?i, u’; ip1 on the cell boundary with fewer layers, according to the definitions
’ 2 Pi=3
in the previous section.

Remark 4.2. The time discretization of the mass transfer terms could be easily turned into an implicit one, by taking instead

n+1 n+1
a,+1 +g0AX Mgy =i )
1+2
_ At n n+1 _ 41 _sn n+1 _  n+l
T\ Vart gt \Upiqipr U i1 Crgpn WU T
loz i+1h‘ . a+5,ity a+1,i+5 a,ity a—5,ity ity a—1,i+3
(L) H’j
At
u,n n
Uy +1 +AtA L — 80 _9) (i, —nf)
1+2
+M n " _§n n "
o pn u U IEIEE L A N
loc i+1h' ; a+ 1+2 a+1,i+5 o,its o—5,1+5 a,it3 a—1,i+3
»T2 1+7
where now
n n n n
v v
' arpity  Tatdird g, apity _ Tajirg
Yordird T oA 5a1i+‘:l m T 2A
a+y.i+s . . —2it3 i
P lpingfly 20y TR lagaghiy o 28,
is approach mig e helpful to relax stability restrictions if large values o arise. In the implementation em-
Thi h ht be helpful to rel tabilit tricti if 1 1 fg In th 1 tat
ot3.it+3

ployed to obtain the numerical results of section 5, however, only the discretization (13) was applied so far.

At the bottom (& = 1) and at the free surface (o« = N 1) layers, the viscous terms are modified by the friction and drag
2
terms at I';/ and FN,+1 +1/2, respectively. We have then
+2
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Notice that, in previous equation, we define C,,” = Cy|u" . , —u" 1l
w,it+5 N 1 1+2

Replacing the expressions for the velocities at time step n+ 1 mto the continuity equation yields a linear system whose
unknowns are the values of the free surface n?“. This can be done rewriting the discrete momentum equations in matrix
notation as in [19], after rescaling both sides of the equations by la l+1h . We denote by F’l?+1 the collection of all

2
the explicit terms and by A" " the matrix resulting from the discretization of the vertical diffusion terms. Since it is a

tridiagonal, positive definite, dlagonally dominant matrix, it is an M-matrix and its inverse matrix exists and is also an
M-matrix (see e.g. [8]). We also define

Uiv] hivihigy
- u, ; - I, 1h_ 1
UH—% = a,ity ; Hi+% o,i+ 1M1
u 1, l o 1h 1,
Ni+%’l+7 NH_%,IJrj I+3

As a result, one can reformulate equations (13), (14) and (15) as

-1
n+1 n n _ n+1 n+1 n n
U = (ar,, ) Ry ~80 5, (nl+1 ) (AH%) HY,. (16)

The discrete continuity equation is rewritten in this matrix notation as
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At
n+1 _ .n__ o =" n Ty+1 _ ygn T yn+1
o= o (o pru - )

19“ H' HTun
—(—)A—Xi<( your

_ n Tym
i+l i+1 (Hi—%) Ui—%)'

Substituting formally equation (16) in the continuity equation yields the tridiagonal system

n+1 n+1 n+1 n+1
1 _gng_tz [HTAAH]” 1 Migr =W [HTAAH]" 1 i — i
AX; it+3 Axi+% i—3 Axif%
At n n At
—nt— s [HTA_lF] 1—[HTA_1F] 1 —(1—9)—((}1’.‘ HTur, — @ )T ]).
AX; i+3 i-1 AXx; +37 3 =37 172

The new values of the free surface n;.”l are computed by solving this system, and the values h; are updated to time t"+!
using the definition of 7 (8). The values n?“ are then replaced in (16) to obtain uTiL] .
ita

4.2. A more accurate IMEX-ARK discretization

A more accurate time discretization can be achieved employing an IMplicit EXplicit (IMEX) Additive Runge Kutta method
(ARK) [34]. These techniques address the discretization of ODE systems that can be written as y' = fs(y, t) + f5(y, t), where
the s and ns subscripts denote the stiff and non-stiff components of the system, respectively. In the case of system (7), the
non-stiff term would include the momentum advection and mass exchange terms, while the stiff term would include free

. . . . I
surface gradients and vertical viscosity terms. Concretely, we have fi, = (f,? f}{, e, f,’:’ ) , for k =s, ns, where
1N
£ = A Z (lﬂ,i+%hi+%“ﬂ,i+% - lﬁ,i—%hi—%uﬂ,i—%>’
=1
1
= ———l, iy 1hi 1 g1 —m)
Ax; 1 2 172
2
L (v Ugpt,itd — Ug it ] ) Ug,itl — ”a—1,1+%>
1:,1 —_ 1:,1
a+5,1+5 oa—>,i+5 ’
22y grhig 22y 1 ahi
and
fgs =0;
1
@ =1 1 A

u ~ ~
ns = ‘o,it+d hi+7 @ itd + AX;, (A”a+%,i+%ga+%,i+% + Auo{—%,i-ﬁ-
2

foraa=1,...,N.

A generic s-stage IMEX-ARK method can be defined as follows. If Iax is the number of intermediate states of the method,
then for =1, ..., pax:

-1
u® —u" + At Z (almfns(u(m’, t + cmAL) + G fs @™ ¢ + CmAt)> + At f @, t + ¢ AL). (17)
m=1

Finally, u™t1 is computed:

[max

ut ="+ A (s u®, £+ AD + £, £+ ¢ AD).
=1

Coefficients ayy,, @, ¢; and by are determined so that the method is consistent of a given order. In addition to the order
conditions specific to each sub-method, the coefficients should respect coupling conditions. Here we use the IMEX method
proposed in [29], whose coefficients are presented in the Butcher tableaux. The method is composed of an implicit method
that is L-stable, since it coincides with the TR-BDF2 scheme described in [33] and of an explicit method that is stable under
a standard CFL restriction, based however, due to the IMEX approach, on the velocity of the flow rather than on the celerity.
See Tables 1 and 2 for the explicit and implicit method, respectively. The coefficients of the explicit method were proposed
in [29], while the implicit method, also employed in the same paper, coincides indeed with the TR-BDF2 method proposed
in [7,33] and applied to the shallow water and Euler equations in [38].
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Table 1
Butcher tableaux of the explicit ARK2 method.
0
252 272 0
1 1-3+2v2)/6  (3+2v2)/6 0 a | am
1 1 1
*3vi t3 LR b
Table 2
Butcher tableaux of the implicit ARK2 method.
0 0
1 1
2F V2 1F fﬁ 1F ﬁ 1
! 5t 'Fan o |
1 1 N by
| #55 %55 1%

While a straightforward application of (17) is certainly possible, we will outline here a more efficient way to implement

this method to the discretization of equations (7), that mimics what done above for the simpler 6-method. For the first
1, respectively. For the second stage, we get for the continuity equation

1 n,1
we define n"' =", and v | =u"
stage, we define 7, ni, and umH% uo“,+i
X At NH—% Nx—— 5
n ~ n n Tl
P bl — | Y Il - Zl h"
ne+ 250 Bi+3" iy /31+7 pi-3ti1tpi 1
At Ni+% 1——
n ~ n n nl
= =G | Y lgpuih! ol Zl 1R
i 21 Ax; Biit3 it d 5. +2 Bii—3 Y, i-3
and for the momentum equations
n,2 ~ At n2
u™ | 4 gl —— i)
i+l 1+l i
L Axi, 1
" n,2 _ g n2 un,Z _un,z
Atdy 1 a+litd  Caitd @ity a—lity
— 7 |V, 1.1 =V 1.1
1 n a+5,i+5 l hn a—5,i+5 I h"
1 2 2 (X-‘r% l+l 2 2 C(—% ,+%

. 1h
0[,1+7 i+§

+1 + At(121}— ] + Ataz1In, ]+1
N, with the appropriate corrections for the top and bottom layers, respectively. Here we define

fora=1,...,
1
Fn]]_Aun]]+ n Aun] 1gn] 1+Aun] 1gn]1~ 1
o,i+5 oty H»110”+1h a+li+dTa+li+] a—% ity a—%.ity
and
n,j g n,j n,j
T | =— (17. - )
Ol,l"rj AX. 1 i+1 i
2 . . 4 4
n,j i njo_onj
+ 1 . a+1,i+1 i+l 1 i+l oa—1,i+]
— v —v
n 1441 1441 n ’
I h o+1i+] la+}h, a—1i+] la—lh,-_,_%

ity iyl
and all the other symbols have the same interpretation as in the presentation of the 6-method. It can be noticed that
again, the dependency on h has been frozen at time level n in order to avoid solving a nonlinear system at each timestep.
As shown in [10,19,38], this does not degrade the accuracy of the method. Also the dependency on time of the vertical
viscosity is frozen at time level n. The same will be done for both kinds of coefficients also in the third stage of the method.

As in the previous discussion, the above discrete equations can be rewritten in vector notation as
(18)

— At —
n2 n n1 o8y (o2 o2 n n
2 = ()R 2 ) ()

where now F}+1 has components given by
2
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la’iJr% hi+% ( it} + AtCIz]]: +1 + ACGZ]I 2)

The discrete continuity equation is rewritten in this matrix notation as

At
n2__ .n2 -~ n AT gh 2 mn T2
n =1 a; Axi <(H1+;) it (Hi—%) Ui—%)

~ At n Ty n Ty
_GZ]A_X,-<(H"+%) UL, —H)TUY ).

Substituting formally equation (18) in the momentum equation yields the tridiagonal system

2 AP i = ) 2 g
a0 (o T g )
At
= 77'-1 —GZZA— ([HTA_]F]] — [HTA—1F1]1? %)

Xi

At
_ S n Ty _ n Tym
a21A % ((H P, - H ) Ui_%).

The new values of the free surface n?’z are computed by solving this system and they are replaced in (18) to find uZ’?Jr].
2

The last stage of the IMEX-ARK2 method can then be written in vector notation as

-1 At -1
n,3 n n2 n3 _ .n3 n n
U*% - <AH' ) F+2 g3 AX,‘+1 (ni+l i ) (AH'Z) Hi""%’ (19)

2

where now Fitzl has components given by
2

n,1
la’iJr% h?+% (UZ’H_% + Ata3]]:a’l + Atang + Ata31I + Atang 2)

The discrete continuity equation is rewritten in this matrix notation as

~ At
=’ —a33—<(H” DT —(H;l_%fU?f%)

AX; 43 l+7
At n Ty n ATyl
- a31A_x,- <(Hx+;) i+ (Hi—%) Uif%

At
— — n T 12 _ n T 12
A3 A% ((HH;) U ] (HF%) UF%) .

As a result, substitution of (19) into the third stage of the continuity equation yields the tridiagonal system

2

n,3 n,3 n,3 n,3
At n b2 n b
n? _ga33 I:HTA_]H:I. 1M_[HTA_]H:|. 1% =gi’
AX; i3  AX 1 i-3 Axi—%

where now all the explicit terms have been collected in &;. The new values of the free surface n?’3 are computed by solving
this system and they are replaced in (19) to find u" +1'
The final assembly of the solution at time level n+ 1 has then the form

N

i+ x——
n+1 ,j n n]
= 77l AXI be Z lﬁ H—— 1+ /5,i+1 - Z ! i—lhl ,6 i-1 (20)
J_
for the continuity equation, and
Uorisy = a,+1+AfZ<b Tatss T0i7, ) 1)
j=1

for the momentum equations for o =1, . 1, with the appropriate corrections for the top and bottom layers, respec-

1+
tively.
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Notice that the two linear systems that must be solved for each time step have identical structure and matrices that
only differ by a constant factor, thanks to the freezing of their coefficients at time level n. This implies that, recomputing
their entries does not entail a major overhead. It was shown in [38] that, while apparently more costly than the simpler
6-method, this procedure leads indeed to an increase in efficiency by significantly increasing the accuracy that can be
achieved with a given time step.

5. Numerical results

In this section, we describe the results of several numerical experiments that were performed in order to investigate the
accuracy and efficiency of the proposed methods. In particular, the potential loss of accuracy when reducing the number
of vertical layers is investigated in each test, as well as the reduction of the number of degrees of freedom of the system
achieved by simplifying the vertical discretization in certain areas of the domain.

Regarding the use of a variable number of layers, the presented tests are related with the motivations explained in
section 3. In sections 5.1 and 5.2 we look for an accurate approximation of the vertical profile of velocity in a specific
region only. In particular, we study the extreme case in which the multilayer configuration is completely removed in a half
of the domain. A more complex application for this motivation is shown in section 5.4, for a sediment transport problem.
The objective of adapting the vertical discretization to a domain with complex bathymetry is investigated in section 5.3. In
that test, we deal with a shallow region at the beginning of the domain and we simplify the vertical discretization there,
whereas the full multilayer approach is kept elsewhere. In all these tests we show that this configuration is indeed effective,
that is, there is no significant loss of accuracy in the regions in which a higher vertical resolution is maintained.

In order to evaluate the accuracy of the semi-implicit schemes, we compute the relative errors between the computed
solution and a reference solution. We denote by Erry [I>] and Erry, [l ] the relative error for the free surface when consid-
ering the usual I; and I, norm, respectively. For the velocity we define

2 1/2
N M ref ) )
D a=1 izt Ugitd _“a”% Axihy i
Erryllh] = 5 ; (22a)
N ZM ref
Z = im1 (U7 | Axihg
a=1 Lui=1 i+l
ref
maXy max; (U, - —u
“ ity ™ Nalivd
Errulloo] = : (22b)
ref
maxy max; (U °.
O{,l+7

where u" denotes the reference solution. We consider as a reference solution the one computed by using an explicit third
order Runge Kutta method with a maximum value for the celerity Courant number of 0.1. Therefore, for the explicit scheme
the Courant number is fixed and we consider an adaptive time step At = minj<j<p(AX;/A;)Cce, Where A; is an upper bound
on the eigenvalues of the multilayer system. Following [36], we deduce the following bound of the associated eigenvalues
of the multilayer system (7):

N N
Ai=luil+ |ghi+2 Z (Ei — ua,,-)z, with u; = Z lo il i
a=1

a=1

In practice, since we only consider subcritical regimes, it is sufficient to consider the approximation A; = }E,-| +/ghi.
In all these tests, we use the viscosity defined by the chosen turbulence model in section 2, and 10 layers in the
multilayer code, unless specified different.

5.1. Free oscillations in a closed basin

We consider here a subcritical flow in a closed domain of length L = 10 km. The bottom topography is given by the
Gaussian function

b(x) = 4e~10)/0°

where xg =5 km and o =0.1L (see Fig. 3). At the initial time the flow is at rest and we take as initial free surface profile
1n(0,x) = 10 + ax m, where a is chosen so that the water height is h =10 m at x=0 and h =11 m at x = 10 km. We
simulate the resulting oscillations until t = 10800 s (3 h). All the simulations are performed by using a uniform space
discretization step Ax =50 m. The friction coefficient Cy is defined by (9) with Az, =hy (hy =1l1h), Azg=3.3 x 107
and « = 0.41. The wind drag is defined by the coefficient value C,, = 1.2 x 107% and we set a constant wind velocity
Uy =—1m/s.
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Fig. 3. Sketch of the multilayer configuration with the variable number of layers for the free oscillations test.

Table 3
Relative errors and Courant numbers achieved by using semi-implicit methods in the free os-
cillations test at t = 10000 s.

SI-method At (s) Cyel Ceel Erry [l2/lso] Erry [l2/ls]
(x1073) (x107 1)
6 =0.55 125 018 2.62 1.6/3.2 0.9/15
IMEX-ARK2 125 0.18 262 0.6/2.0 0.4/0.6
6=0.55 25 0.34 5.24 2.6/5.4 13/1.7
IMEX-ARK2 25 034 5.24 0.9/2.2 12/1.7
6=0.52 50 0.7 10.48 31/63 1.6/15
6=0.55 50 0.68 10.47 3.9/7.7 2.2/2.0
IMEX-ARK2 50 0.69 10.48 24/5.2 1.4/1.7
(t = 3000 s) (t = 6500 s)

(t = 10800 s)
11 11 ‘ ‘

o Reference solution
—0=0.55—-At=125s
N ---IMEX - ARK2- At =125s| 10.8
10.8 ---IMEX - ARK2 - At =255

E 106
=
10.4
103 2 4 6 8 10 % 2 4 6 8 10 % 2 4 6 8 10

z (km) z (km) z (km)

Fig. 4. Free surface profile at different times by using the semi-implicit methods (color lines) and the reference solution (black circles) computed with the
explicit scheme in the free oscillations test. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

In Fig. 4 we show free surface profiles at different times until the final time, as computed with the semi implicit methods
described in section 4. The 6-method and the IMEX-ARK2 are very close to the reference solution. However, the IMEX-ARK2
captures the shape of the free surface slightly better that the 6-method when considering the same time step. By using
the implicitness parameter 6 = 0.55 and the IMEX-ARK2 with At =12.5 or 25 s, we get a difference in the free surface
of approximately 3 cm at the final time. In Table 3 we report the corresponding relative errors and the maximum Courant
number achieved by (22)-(11), at time t = 10000 s. We see that the IMEX-ARK2 method slightly improves the results with
respect to the 6-method.

Even though it is hard to make a rigorous efficiency comparison in the framework of our preliminary implementation,
for the subcritical regime the semi-implicit methods turn out to be more efficient than the explicit one. Actually, the
computational time required to get the 3 hours of simulation (on a Mac Mini with Intel® Core™ i7-4578U and 16 GB of
RAM) is approximately 12 s for the explicit scheme using the Courant number C.; = 0.9 (103 s for the reference solution),
while it is approximately 1.64 s (3.83 s) for the 6-method (IMEX-ARK2) with At =12.5 s. This time is 0.82 s (1.92 s) with
At =25 s and 0.4 s (0.97 s) when considering the time step At =50 s.
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Fig. 5. Absolute errors for the free surface at different times in the free oscillations test, obtained with the #-method (¢ = 0.55 and At =25 s) and either
10 layers in the whole domain (solid black line) or a single layer in the first half of the domain only (dashed yellow line).
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Fig. 6. Vertical profiles of horizontal velocity in the free oscillations test, obtained with the reference solution (black circles), the 8-method (6 = 0.55 and
At =25 s) and either 10 layers in the whole domain (solid black line) or a single layer in the first half of the domain only (dashed yellow line), and with the
third order Runge-Kutta method with constant number of layers 1, 2 and 5. Profiles are taken at the point x =2475 m and times t = 3000, 6500, 10800 s.

We then compare results obtained with a fixed and variable number of vertical layers. Fig. 5 shows the absolute error for
the free surface by using the 6-method with § = 0.55 and At =25 s, as computed using either N = 10 layers throughout

the domain or considering (see Fig. 3)

10 if x <5000,
(23)

N= _
1 otherwise.

Similar results are obtained if the time step is At =12.5 s. We see that usually the difference between the constant and
variable layer cases computed by the semi-implicit method is of the order of 0.1% of the solution values (absolute error
1 cm), while the number of degrees of freedom of the multilayer system is significantly reduced (from 2210 to 1310).

Moreover, Fig. 6 shows the vertical profiles of horizontal velocity at the point x = 2475 m (see Fig. 3), as computed by the
semi-implicit method with a constant and variable number of layers (see (23)) and with the reference Runge-Kutta method
for constant number of layers 1, 2 and 5, respectively. The advantage of using a variable number of layers is apparent. We
see that a good approximation of the velocity profiles is obtained even when removing the multilayer configuration in a
half of the domain. Actually, these vertical profiles are more accurate than the ones obtained by using 1 and 2 layers in the
whole domain. As a conclusion, the vertical effects, which are induced by both the turbulence viscosity and the friction at
the bottom and increased by the obstacle, are relevant enough to consider a multilayer approach for this test.

5.2. Steady subcritical flow over a peak with friction

The proposed semi-implicit schemes are exactly well-balanced for water at rest solutions. Indeed, if u}, =0 for o =
il _ ni and u™1 | =0, Vn>0, Vo, Vi results. In this test, we consider

1,..., N is imposed in the equations of section 4, 1; wis
113
a steady flow in the subcritical regime, as done for example in [37]. The length of the domain is L = 50 m, and the bottom

bathymetry is given by the function
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Fig. 7. Free surface profile at steady state, as computed in the steady subcritical flow test by the semi-implicit methods (solid red line) and reference
solution (black circles) computed with the explicit scheme. The inset figure is a zoom of the free surface profile.

X
2 cos? (E> if |x| < 5;

0 otherwise.

b(x) = 0.05 — 0.001x + (24)

The initial conditions are given by 7(0,x) =5 m and q(0, x) =4.42 m?s~! and subcritical boundary conditions are consid-
ered (see e.g. [37]). The same values of discharge and free surface are used for the upstream condition q(t, —25), and the
downstream one 7(t, L). We take a uniform space discretization step Ax =0.25 m and the same values for the turbulent
viscosity and bottom friction as in the previous test, while the wind stress is not taken into account in this case.

In Fig. 7 we see the free surface at the steady state, as computed with the semi-implicit #-method and IMEX-ARK2,
along with the reference solution. In Table 4 we show the relative errors and the maximum Courant numbers achieved. The
results computed with the semi-implicit methods are identical in this steady state case. Fig. 8 shows the absolute difference
on the free surface by using a semi-implicit method with either a constant number of layers or considering

10 ifx > —10,
. (25)
1 otherwise.
The order of this difference is 10~4, with larger values where only one layer is employed. We also show the vertical profiles
of horizontal velocity at three different points x = —5, 0, 15 m. These results show that we can reduce the number of degrees
of freedom of our system from 2210 to 1661, without a significant loss of accuracy where the multilayer configuration is
kept.

5.3. Tidal forcing over variable bathymetry

In this test we try to simulate a more realistic situation for coastal flow simulations. We consider a domain of length
L =25 km. The bottom bathymetry is taken as in Fig. 9, such that the bathymetry is much shallower in one part of the
computational domain than in the other. We define

b(X) = zo — z; tanh(A (x — Xg)) + 70e~*—¥x1*/0%

with zg = —z7 = 44, xo = 7500, x; = 16000, » = —1/3000 and o = 2000. We consider water at rest and constant free
surface 7(0,x) = 100 m at initial time. Subcritical boundary conditions are imposed, namely the upstream condition is
q(t,—5000) =1 m?s~!, and the tidal downstream condition is 7(t, L) = 100 + 3sin(wt) m, where @ = 27 /43200. We
simulate three 12-hours periods of tide, i.e.,, 36 hours. The friction parameters are taken as in previous tests with the
exception of Azg = 3.3 x 1073, which increases the bottom friction in order to obtain a more complex velocity field. In
this case, a wind stress is included with a wind velocity of 1 ms~!. As in previous tests, we use 10 vertical layers in the
multilayer system and a uniform space discretization step Ax =50 m.

Fig. 10 shows the obtained velocity field, where we can see some recirculations. Moreover, regarding the deepest area
we realise that the upper and lower velocities have opposite direction.

Fig. 11 shows the free surface position at different times. We see that both the 6-method and the IMEX-ARK2 method
are close of the reference solution. As in the free oscillation test, the IMEX-ARK2 approximates better the shape of the
free surface. In particular, looking at Table 5, where we report the relative errors at final time (t =36 h), we see that this
method notably improves the results of the #-method. Note also that, in this typical coastal subcritical regime, large values
of the Courant number can be achieved, the maximum value being C.; = 34.8, without sensibly degrading the accuracy of
the results.
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Table 4
Relative errors and Courant numbers achieved by using semi-implicit methods in the steady
subcritical flow test.

Sl-method At (s) Cyel Ceel Erry [l2 /1] Erry [l2/ls]
(x1076) (x107%)
6 =0.55 0.11 0.71 3.58 1.58/1.8 1.84/7.11
6=0.7 0.11 0.70 3.58 1.58/1.8 1.84/7.11
IMEX-ARK2 0.11 0.72 35 1.58/1.8 1.84/7.11
5 5
r=-5 T ‘ =0
4 o Reference solution
—6 =0.55-At =0.11 s - N constant
0 =0.55-At = 0.11 s - N variable
3
2 35
N
2
3
! 25
0 2
0.85 0.86 087 0.88 0.89 0.9 1.5 1.52 1.54 1.56
u (m/s)
5 25
=15 . an\"va'r— NMN=10 H
4 N 2
_3 X5
] —
. g
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N
I
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.8 0.85 0.9 -20 -10 0 10 20
u (m/s) z (m)

Fig. 8. Vertical profiles of horizontal velocity in the steady subcritical flow test, obtained with the reference solution (black circles), and the #-method
(6 = 0.55) with either 10 layers in the whole domain (solid black line) or a single layer in the first half of the domain only (dashed yellow line). Profiles
are taken at steady state at the points x = —5,0, 15 m. The solid black line denotes the absolute difference between the free surface computed with 10
layers in the whole domain or a single layer in the first half of the domain only.
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Fig. 9. Sketch of the bottom topography.

In Table 6 we report the computational times and speed-up achieved. With the explicit code about 16 minutes of
computation are required (2.5 hours for the reference solution), while the semi-implicit methods can reduce this time to
seconds. Note also that the IMEX-ARK2 is sensibly more efficient than the 6-method in this case, since it is about 2.3 times
more expensive than the 6-method, whereas the errors decrease by a much bigger factor.

We also investigate the influence of simplifying the vertical discretization in the shallowest part of the domain (see
Fig. 9). We consider three different configurations, which we denote hereinafter as (NVAR1)-(NVAR3). Firstly, we totally
remove the vertical discretization by considering a single layer in the first part of the domain:
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Fig. 11. Free surface profile at different times by using the semi-implicit methods (color lines) and the reference solution (black circles) computed with the

explicit scheme in the tidal forcing test.

Table 5

Relative errors and Courant numbers achieved by using semi-implicit methods at t =36 h in

the tidal forcing test.

Sl-method At (s) Cyel Ceel Erry [l2/lo] Erry [l2/ls]
(x107%) (x1072)
6 =0.55 2.5 0.03 1.6 0.77/2.08 0.55/1.01
IMEX-ARK2 2.5 0.03 1.6 0.10/0.26 0.05/0.06
6 =0.55 5 0.05 3.2 1.32/2.95 0.89/1.35
IMEX-ARK2 5 0.05 32 0.24/0.75 0.16/0.19
6 =0.55 10 0.1 6.3 2.41/4.45 1.51/1.86
IMEX-ARK2 10 0.1 6.3 0.69/1.42 0.32/0.65
6 =0.55 25 0.24 15.8 5.34/8.36 3.08/3.53
IMEX-ARK2 25 0.25 15.8 1.02/2.31 0.44/0.90
6 =0.55 55 0.52 34.8 10.2/14.7 5.26/5.81
IMEX-ARK2 55 0.55 34.8 1.43/3.29 0.67/0.89
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Table 6
Computational times and speed-up in the tidal forcing test case for the simulation up to t =36 h.
Method At (s) Ceel Comput. time (s) Speed-up
Runge-Kutta 3 - 0.1 (ref. sol.) 9040 (150.6 m) -
Runge-Kutta 3 - 0.88 1014 (16.9 m) 1
6 =0.55 25 1.6 230 (3.8 m) 44
IMEX-ARK2 25 1.6 544 (9.1 m) 19
6 =0.55 5 3.2 116 (1.9 m) 8.7
IMEX-ARK2 5 3.2 271 (4.5 m) 3.74
6 =0.55 10 6.3 58 175
IMEX-ARK2 10 6.3 136 (2.3 m) 75
6 =0.55 25 15.8 23 441
IMEX-ARK2 25 15.8 54 18.7
6 =0.55 55 348 10 1014
IMEX-ARK2 55 34.8 24 423
(t=12h) (t=15h) (t=20h)
5‘6 —N =10 layers 6 6
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Fig. 12. Absolute errors for the free surface at different times obtained in the tidal forcing test with the #-method (6 = 0.55 and At =5 s) and either 10
layers in the whole domain (solid black line) or configurations (NVAR1)-(NVAR3) in the first part of the domain.

1, L=1, if x < 4000;
N= 4 (NVAR1)
10, j=1/10,i=1,...,N, otherwise.

Secondly, we keep a thin layer close to the bottom in order to improve the approximation of the friction term:

2, 11=0.1,lb=0.9, if x < 4000;
N= ' . (NVAR2)
10, ;=1/10,i=1,...,N, otherwise.

Finally, we improve again the vertical discretization close to the bottom by adding another thin layer:

3, lL1=kL=01,I3=08, ifx<4000;
N= _ . (NVAR3)
10, l;=1/10,i=1,...,N, otherwise.

In this way, the number of degrees of freedom of the multilayer system is reduced from 5510 to 3890 (NVAR1), 4070
(NVAR2), or 4250 (NVAR3). Note that configurations (NVAR2) and (NVAR3) employ a non-uniform distribution of the ver-
tical layers. Fig. 12 shows the absolute errors with the 6-method with At =5 s (Ce = 3.2) using 10 layers in the whole
domain and with configurations (NVAR1)-(NVAR3). We see that the simplest configuration (NVAR1) leads to the largest
error. However, by using configurations (NVAR2) and (NVAR3) these errors are much more similar to the case in which a
constant number of layer is employed in the whole domain. As expected, the smallest error is achieved with the configura-
tion (NVAR3). Fig. 13 shows the vertical profile of horizontal velocity at point x = 16025 m (the top of the peak) at different
times. The conclusions are similar, i.e., the differences are larger with configuration (NVAR1), whereas (NVAR2) and (NVAR3)
give accurate approximations of the vertical profile obtained with a constant number of layers.
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Fig. 13. Vertical profiles of horizontal velocity obtained in the tidal forcing test with the reference solution (black circles), the 6-method (6 = 0.55 and
At =5 s) and either 10 layers in the whole domain (solid black line) or configurations (NVAR1)-(NVAR3) in the first part of the domain. Profiles are taken
at the point x =16025 m and times t = 12, 15, 20, 24, 30, 36 h.

5.4. An application to sediment transport problems

In order to emphasize the usefulness of the proposed method and the potential advantages of its application to more
realistic problems, we consider the extension of equations (7) to the movable bed case. For simplicity, we work with a
decoupled, essentially monophase model, according to the classification in [27], [28], which is appropriate in the limit of
small sediment concentration. Quantity b in (7) is then assumed to be dependent on time and an Exner equation for the
bed evolution is also considered

& —0. (26)

where s = 1/(1 — 1) with ¥ the porosity of the sediment bed, and the solid transport discharge is defined by an ap-
propriate formula, see e.g. [17]. Here we consider a simple definition of the solid transport discharge given by the Grass
equation

Qp=Aglul’u

where Ag (s*/m) € (0,1) is an experimental constant depending on the grain diameter and the kinematic viscosity. For
control volume i, equation (26) is easily discretized along the lines of section 4. For the #-method, the discrete equation
reads

At
n+1 n n+1 |2 n+1 n+1 |2 n+1
bi™" =bi + 0§ A — <|” AL —|u1,+2| 11+2>
(27)

At
_ n 2 n 2
+ (A-0)§Ag AX ('ull 17U 11 |u1 1+1| 1:+2>

On the other hand, the IMEX-ARK2 discretization of equation (26) consists of a simple updating of the values of the
movable bed, since the values uy” are known when b™J is computed. For the first stage we have b?'l = b. Next, b?‘z and

b?’3 are computed by the formula

n.j n A nk 2.nk _ onk 2 nk
b =bi +&Ag — ZaJk( i%' Uil uy, +| Li+d )"

Finally, the solution at time n+ 1 is

3
At ~
n+1 _ pn E: n] 2”] oy 2mJ
bi _b’+g’:AgAx,1b’< ,i1| 1i-1 |u“+| 1z+2>'
]:
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Fig. 14. Profile of the dune at different times in the sediment transport test case, including the initial condition and the final position.
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Fig. 15. Free surface and bottom profile at different times in the sediment transport test case, as computed by the semi-implicit methods (solid red line)
and by the reference explicit scheme (black circles).

We consider a simple test in which a parabolic dune is displaced by the flow (see [17]). The computational domain has
length 1000 m and 150 nodes are used in the spatial discretization. We set the constant Ag in the Grass formula to 0.001
and we take the porosity value 9 = 0.4. We consider viscosity effects with the same parameters as in the previous tests,
disregarding wind stress. Subcritical boundary conditions are imposed, namely the upstream condition is q(t, 0) = q(0, 0)
and the downstream one is 7(t, L) = 15 m. The initial condition for the bottom profile is given by

. o (7 (x—300) . )
0.1 + sin ——=i0 if 300 < x < 500;

0.1 otherwise,

b(0,x) = (28)

and the initial height is h(0, x) = 15 — b(0, x). For the discharge, we take into account the vertical structure of the flow in
order to have a single dune moving along the domain. With this purpose, we run a first simulation of the movement of the
dune (28), where the initial discharge is g; =15 m?s~!, for i=1,..., N, until it reaches a steady structure at the outlet.
These values of the discharge are used as initial and upstream boundary condition in the final simulation. If a constant
discharge were used, this would sweep along the sediment in the initial part of the domain and create another dune within
the computational domain. While this is physically correct, we prefer in this test to study a simpler configuration.

We use 10 layers in the multilayer code and simulate until t = 691200 s (8 days). Fig. 14 shows the evolution of the
dune and Fig. 15 shows zooms of evolution of the free surface and of the movable bed, as computed with either the explicit
third order Runge-Kutta or the semi-implicit (9-method and IMEX-ARK2). The results are essentially indistinguishable. This
is confirmed looking at Table 7, where we report the relative errors and the Courant number achieved. We see that there
are not significant differences between the semi-implicit methods, due to the fact that the flow is essentially a steady one
and the bed evolution is very slow.

As remarked before, a rigorous comparison of the efficiency of the proposed methods is not possible in our preliminary
implementation. However, a preliminary assessment is reported in Table 8, showing the computational time and the speed-
up obtained for the simulation of 192 hours (8 days). For the reference solution with the explicit scheme approximately
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Table 7
Relative errors and Courant numbers achieved in the sediment transport test case by semi-implicit methods
at t =192 hours (eight days).

SI-method At (s) Cyel Ceel Erry [l /1] Erry [l2/ls] Erry [12/ls0]
(x1077) (x1076) (x107°)

6 =0.55 1 0.17 198 1.4/5.35 0.29/1.41 1.09/1.52

IMEX-ARK2 1 016 197 1.29/5.39 0.27/1.41 1.03/1.40

6 =0.55 2 0.34 3.94 1.69/6.13 0.55/2.90 2.25/3.13

60=0.6 2 0.34 3.94 1.69/6.13 0.55/2.90 2.25/3.13

IMEX-ARK2 2 0.33 3.93 1.68/6.47 0.50/2.33 2.11/2.87

Table 8

Computational times and speed-up in the sediment transport test case for the simulation up
to t =192 h (eight days).

Method At (s) Ceel Comput. time (s) Speed-up
Runge-Kutta 3 - 0.1 (ref. sol.) 45978 (12.7 h) -
Runge-Kutta 3 - 0.99 4700 (78.33 m) 1
6-method 1 1.98 1048 (17.5 m) 45
IMEX-ARK2 1 197 2368 (39.4 m) 1.99
6-method 2 3.94 509 (8.5 m) 9.2
IMEX-ARK2 2 3.93 1164 (19.4 m) 4.04
ZA
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Fig. 16. Sketch of the multilayer configuration with the variable number of layers for the sediment transport test case.

13 hours are necessary (78 minutes with maximum C,), whereas 8 minutes (respectively, 19 minutes) are needed with the
6-method and IMEX-ARK2 method when considering a time step At =2 s. This gives a speed up of 9 (4 for the IMEX-ARK2).
Even taking a small time step (At =1 s) the computational time required is notably reduced to 17 min (39 min for the
IMEX).

Finally, we can further reduce the computational time by reducing locally the number of layers employed. In this test, the
vertical structure cannot be completely removed without causing a major loss of accuracy, since the dynamics of the mov-
able bed depends on the velocity of the layer closest to the bottom. For this reason, we consider the following configuration
(see also Fig. 16):

10, l;=1/10,i=1,...,N, if 200 < x < 700;
N= . . (29)
6, Il;=1/10,i=1,...,5;ls=0.5, otherwise.

Note that, in this way, both a variable number of vertical layers and a non-uniform distribution of these layers are tested.
Fig. 17 shows the absolute differences on the free surface and on the movable bed profiles at different times when we use
either a constant number of layers (N = 10) or the configuration (29). The difference between both configurations for the
bottom is lower than the 2% of its thickness, whereas the number of degrees of freedom of the problem is reduced from
1660 to 1352.

6. Conclusions

We have proposed two strategies, which can act simultaneously, to make multilayer models more efficient and fully
competitive with their z- and o -coordinates counterparts. On one hand, we have shown how the number of vertical lay-
ers that are employed can be allowed to vary over the computational domain. Numerical experiments show that, in the
typical regimes in which the application of multilayer shallow water models is justified, the resulting discretization does
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Fig. 17. Absolute differences for the free surface (1) and bottom (b) at different times in the sediment transport test case, by using the §-method (6 = 0.55
and At =2 s). We compare the results with 10 layers in the whole domain (solid black line) with those obtained with the variable number of layers (see
(29), dashed yellow line).

not introduce any major spurious feature and allows to reduce substantially the computational cost in areas with complex
bathymetry. Furthermore, efficient semi-implicit discretizations have been applied for the first time to this kind of models,
allowing to achieve significant computational gains in subcritical regimes. This makes multilayer discretizations fully com-
petitive with z-coordinate discretizations for large scale, hydrostatic flows. In addition, a more efficient way to implement
an IMEX-ARK method to discretize the multilayer system, which mimics what is done for the simpler 6-method, has been
proposed. In particular, in the applications to tidally forced flow and to a sediment transport problem, we have shown that
the computational time required is significantly reduced and that the vertical number of layers, as well as their distribution,
can be adapted to the local features of the problem.

In future work, we will be interested in the design of optimal strategies for adapting the layer subdivision, as well
as the application of this approach to more realistic simulations. In particular, we will extend the proposed approach to
variable density flows in the Boussinesq regime. Furthermore, we plan to couple multilayer vertical discretizations to the
adaptive, high order horizontal discretizations proposed in [38,39], in order to achieve maximum accuracy for the envisaged
application regimes.
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Appendix A. Semi-implicit method for a tracer equation

The transport equation for a passive scalar can be coupled to the continuity and momentum equation of system (7),
in such a way as to guarantee compatibility with the continuity equation in the sense of [30]. If p, denotes the average
density of the passive scalar in Q, it verifies the following tracer equation:

3 (Paha) + Vi - (Pahalia) = Pat1/2G4 1 1 = Pa-12G4 1, (30)

where

Pa + Pa+1
2

In previous equation the mass transference term must be discretized at the center of the control volume, in contrast
with the case of the momentum equation, so that we set instead

1
Pa+1/2 = + ESgH(G%%)(PaH = Pa)-
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_l o
n _ n _ n n
Ga 3T Ax Z ﬂ:+2 i+ 2”5,i+% lﬂyi—%hif%uﬁ,if%
Nl (31)
. n n noogn
- lﬂ»’Z(’V,i+%hi+%”y,i+% Ly, l—lhl—j yi—%)

y=1

In the following, we detail the discretization of the tracer equations using the time discretizations presented in section 4.

A.l. The 6-method time discretization

By using the #-method, the evolution equation for p, is discretized as

At
la, zh”“P;T] la,ih?po';,,' T Ax <1a,i+lhl'1 jp“’. 1u”+.9 1 -1 i 1h'.1_%,0n . 1u”‘ﬁ9 1)
l (32)
n __ AN n
+ At (’Oa+2,lca+%,i Py_1 Gt ) ’
where ug‘”’ =0ul*! + (1 — @)ul. The values ,o il p2i1 ; can be defined by appropriate numerical fluxes. Also the dis-
i»

cretization of the tracer equation could be easily turned into an implicit one in the vertical if required for stability reasons,
by setting

1+l n+1 cn o gn
loihi™ Py —OAL ('Oa+‘ lGa+ pa—ivlco‘_%’i)
L htpn ﬂ Lk ymtoo o pn on umto (33)
o,ilty Py i AX; ity i I il T i ] @img iy Vai—g e
— n - n n
+d 9>At< +2,zGa+%,i pa*%»iG“*%vi>'

Notice that, as in formula (31), the previous definitions have to be modified appropriately for cells in which Ni,% #

N; 1 by summing all the contributions on the cell boundary with more layers that correspond to a given term

l, iilh’?il,o; iilunfil on the cell boundary with fewer layers, according to the definitions in the previous sections.

It is also important to remark that, if ,o"“ = py ;=1 is assumed in either (32), (33), as long as a consistent flux is

employed for the definition of ,0 i) ,oail o discretizations of the first equation in (1) are obtained, which then summed
2

over the whole set of layers o = 1 ., Nj yield exactly formula (12). This implies that complete consistency with the dis-

cretization of the continuity equation is guaranteed. The importance of this property for the numerical approximation of

free surface problems has been discussed extensively in [30].

A.2. The IMEX-ARK2 time discretization

In this subsection we detail the discretization of the tracer equation (30) following the lines in section 4.2. For the first
stage we trivially have pa i= ,oa ;- Next, the evolution equation for py is discretized in the second stage as

2 n2 n1 At nl 2 nl 2
I, ;h™ =y ihp ) — — (1 ., 1h" oau — 1 . 1h" oLu
@il Lo @illiPai = pp it 3 Tie 1 Paic i ain] — laig i1 Paio 18 in ]

1 n,1 n,1
a1 At G, —p", G"
+ a2 <'0 +2,l oH—%,i ’Oa—%,i a—%,i ’

where now u;;‘z =522ug‘2 +Ez1ug‘1. For the last stage, the tracer density is then updated as

At
n,3 _n3 n2 n2 3 n,2 3
laihi” 0y 7 = laihi" Py i = — <la 1+zh 1’0 uy — g tht ol 1)

AX; a1+2 a1+2 2 =5 =5 Q=3
2 n,1 n,2
asp At G, —p" g™
T a3 ('0 +2,1 a+%,i 'Oa—%,i a—%,i
At 1 2 1 2
— — (L, . 1h" LS i -1 . 1h" [ i
Ax; \ %it2 H—%'Oot,l-ﬁ-% a,i+l =3 l—%pa,l—% a,i-1

+ a3 At (p cn! 17 pn,ll ! 1 ) )

a+2,z oa+5.1 oa—5,1 a—5,1
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where now u,’;’3 ='532ug’3 +531u3’2. Finally, the assembly of the solution at time level n+ 1 is

a,i+% a,i+% 2 =5 -5 -3

3
1 1 s s s s
la,ih?_'— 'OO?,T = la,ih?/)or;,,' — A_xl Zb] (ld,i+%h?+%pn ] Un J — la,i—lh’:l 1 p” ] 1 un j 1 )
1
! (34)

2>

3
Ath n,j Gnv] EPNCY G”J .
+ P J pol+%,i a+%,i pot—l i a—%,i

Notice that, also in this case, consistency with the discrete continuity equation in the sense of [30] is guaranteed and
an implicit treatment of the vertical advection term would be feasible with the same procedure outlined above for the
6-method.
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