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Abstract

Numerical models of marine hydrodynamics have to deal with processes exhibiting a wide range of timescales.
These processes include fast external gravity waves and slower internal fully three-dimensional motions. In
order to be both time-efficient and numerically stable, the time stepping scheme has to be chosen carefully
to cope with the characteristic time scale of each phenomenon. An usual approach is to split the fast and
slow dynamics into separate modes. The fast waves are modelled with a two-dimensional system through
depth averaging while the other motions, where characteristic times are much longer, are dealt with in three
dimensions. However, if the splitting is inexact, for instance in projecting the fields in a new 3D mesh,
this procedure can lead to improper results regarding to the physical properties such as mass conservation
and tracer consistency. In this work, a new split-explicit Runge-Kutta scheme is adapted and developed for
the Discontinuous-Galerkin Finite Element method in order to obtain a new second-order time stepping,
yielding to more accurate results. This method combines a three-stage low-storage Runge-Kutta for the
slow processes and a two-stage low-storage for the fast ones. The 3D iterations are not affecting the surface
elevation, hence an Arbitrary Lagrangian Eulerian implementation is straightforward. Water volume and
tracers are conserved. A set of test cases for baroclinic flows as well as a laboratory application demonstrate
the performance of the scheme. They suggest that the new scheme has little numerical diffusion.
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1. Introduction

Numerical simulation allows to understand processes taking place in the marine environment and, to some
extent, predict their evolution. Formulating the relevant equations, selecting the values of the parameters and
designing the initial and boundary conditions are challenges that have been addressed in various manners
(Fringer et al., 2019). Most estuarine, coastal and shelf sea models are based on the hydrostatic and
Boussinesq approximations (Pearson et al., 2017). However, for smaller-scale phenomena, the effects of
non-hydrostatic equations are sometimes taken into account (Lermusiaux et al., 2013).

Ocean models have to deal with large aspect ratio domains where the horizontal length scales can
reach several thousands of kilometers while the depth is generally of the order of one kilometer or smaller.
For this reason, various types of spatial and temporal discretizations have been developed which handle
separately the horizontal and vertical directions. In the vertical direction, layered meshes, including terrain-
following sigma-levels (Blumberg and Mellor, 1987; Pan et al., 2021), z-levels (Griffies et al., 2005) and
their generalization (Song and Haidvogel, 1994) are generally used. It is worth mentioning that, in some
ocean models, isopycnal coordinates (Bleck and Smith, 1990) are used. In the horizontal direction, a large
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number of models (ROMS (Kumar et al., 2012), POM(Weiss et al., 2018), etc.) are based on structured
grids, as the associated numerical methods are computationally efficient (Danilov et al., 2008; Blumberg and
Mellor, 1987). This distinct advantage is partially offset by a lack of geometrical flexibility (Deleersnijder
and Lermusiaux, 2008) to deal with complex topographical features and small-scale localised processes.

As a consequence, models based on horizontally-unstructured meshes are becoming increasingly popular,
e.g., FVCOM (Chen et al., 2003), SUNTANS (Fringer et al., 2006), SCHISM (Zhang et al., 2016), FESOM
(Scholz et al., 2013). These models use finite volume (e.g. FVCOM) or finite element (e.g. SCHISM)
discretizations, or an approach lying in between them, namely the discontinuous Galerkin method e.g.
SLIM (Dobbelaere et al., 2022), (Vallaeys et al., 2021). The latter, hereafter referred to as the DG method,
is well suited for advection-dominated problem and leads to algorithms scaling very well on a large number
of processors. They also facilitate the computation of explicit time methods and can easily be extended to
higher order of accuracy in a natural way. On a given mesh, a DG method offers a higher precision than
a classical finite element method with the same formal order of accuracy but requires significantly more
discrete unknowns as well as the computation of additional terms at the boundaries between elements.

Since diffusion is very low in the deep ocean basins and water masses can remain unchanged for years,
spurious mixing is a crucial issue in global circulation models (MacCready et al., 2018). This mixing
constitutes a problem even for coastal domains that are characterised by strong horizontal and vertical
density gradients (Geyer and MacCready, 2014; MacCready and Geyer, 2010), small scale dynamics as
internal waves and baroclinic eddies. As a result, an overly diffusive model cannot capture essential features
like the intrusion of saline waters into embayments or the mixing in river plumes Burchard and Rennau
(2008); Hofmeister et al. (2010); Kérné et al. (2015); Ralston et al. (2017). The finite grid resolution and
the numerical schemes, in particular the discretization of the advection, can introduce significant spurious
numerical mixing (Burchard and Rennau, 2008; Rennau and Burchard, 2009; Hiester et al., 2014).

To fully discretize the hydrodynamic equations, time integration methods are required. Splitting tech-
niques are widely used e.g. Wicker and Skamarock (2002); Knoth and Wensch (2003); Nilsen and Loseth
(1993); Visbal and Gaitonde (2002); Robert and Kaper (1986). The fast surface gravity waves propagating
in a depth integrated 2D framework are coupled to the slower 3D dynamics. In a split-explicit scheme
(SPEX), the 2D mode is solved explicitly with a small time step while the 3D one uses a larger time step
(Gadd, 1978, 1980; Killworth et al., 1991; Shchepetkin A.F., 2005). Fast waves limit the time step. For
long simulations, which are not uncommon in the marine domain, this can lead to a large number of time
steps. This leans on computational and storage resources. In split-implicit schemes, the 2D and 3D modes
generally use the same time-step but an implicit method is used for the 2D while the 3D is solved explicitely,
e.g. Dukowicz and Smith (1994); Marshall et al. (1997). Those schemes tend to be expensive for ocean
models where the resolution of the nonlinear partial differential equations requires iterative methods.

The Second-generation Louvain-la-Neuve Ice-ocean Model (SLIM, www.slim-ocean.be) focuses on solving
the hydrodynamic equations on an unstructured grid. As ocean and coastal domain can feature strong scalar
field and velocity gradients, it is important to maintain a good quality of these fields. One drawback of
many unstructured grid models is their excessive numerical diffusion that smooths out important physical
features (Kérni et al., 2015; Karnd and Baptista, 2016; Comblen et al., 2010).

To address this issue, this work presents a new second order split-explicit Runge-Kutta (SPEX-RK)
temporal scheme combined with the DG spatial discretization of SLIM. The objective is specifically to obtain
a low numerical mixing, a second-order accurate, conservative and consistent tracer advection scheme. This
requires a fully discontinuous treatment of the free surface motion in order to achieve conservation of water
and tracer volumes both locally and globally. All horizontal terms are processed by an explicit method.
Only the vertical terms are treated implicitly. This choice guarantees an easy and efficient parallelization of
the model, as the evolution of each vertical column over a time step can be computed independently.

This article is organised as follows. It starts by introducing the split-explicit Runge-Kutta time inte-
grators in Section 2. In the next section, the hydrodynamic equations, their DG-FE discretisation, the
integration of the temporal scheme in our marine model and the methods to ensure conservation and con-
sistency are presented. In Section 4, various numerical results on different test cases are shown to validate
our model. Finally, a conclusion is given at the end of this article in Section 5.



2. Split-Explicit Runge-Kutta methods

First of all, it is worth recalling the notion of stiffness of a problem. Let us consider an initial value
problem associated with two different processes: a slow process and a fast one. Each process has its own
characteristic timescale. When the magnitudes of the timescales are significantly different, the system is
said to be stiff.

2.1. Temporal scheme

In practice, for an initial value problem with many processes, if the maximum value of the time step is
mainly limited by a single term representing one process, the problem is said to be stiff. For illustration
purposes, the following ordinary differential equation is taken into consideration:

dy _

=W+ Fy). te 1) )

with the initial value y(0) = yo.

The functions f(y) and F(y) correspond to the non-stiff (slow time-varying) and the stiff (fast time-
varying) parts, respectively. Note that they could be the result of applying two different spatial discretiza-
tions for the two differential operators associated with slow and fast processes. To solve this type of equation,
a splitting methods can be used. For example, Runge-Kutta (RK) methods can be used with a big time
step, At, for the temporal evolution of f(y) and a small one, AT = % with M the closest suitable integer
to the ratio between the characteristic timescales, for the temporal evolution of F(y).

The main objective of this article is to obtain a second order temporal scheme. For this purpose, as
pointed out in Knoth and Wensch (2013), one can use a Runge-Kutta of order 2 with 3 steps (RK3) for slow
terms and a Runge-Kutta of order 2 with 2 steps (RK2) for the fast ones to ensure it. The combination of
these two temporal scheme gives the SPEX-RK scheme. The RK3 is used to have a bigger stability region.
For the random variables y,, and Y,,, respectively, the two chosen schemes are the following ones

Yn+1 = Yn + Atk?) Yn+l = Yn + ATKQ
kl = f(tnayn) Kl = F(tnvyn)
ky = f(tn + At/3,yn + k1At/3) Ky = F(t, + AT/2,Y, + K1AT/2)

ks = f(tn + At/2,y, + koAt /2)

These RK are low-storage temporal schemes, meaning that for each evaluation of the solution, one just needs
to keep few data in memory.

Let us describe the original SPEX-RK for Equation 1. Firstly, k$°% is computed using 3o such that
k§loV = f(yo). This allows the slow terms to reach v, 41 A loop from 1 to % moves the fast terms using

RK2to Y, 1 by calculating k%t and k£t at each iteration. Y, 41 and y,,, 1 are added to obtain the total

value of the variable. Afterwards, the same process is repeated with k3°" and k5i°V. Finally, y,, 41 is found
by using k§°Y. The whole process is summarised in the Figure 1 and the Algorithm 1. Although this
temporal scheme uses two well-known RK, the resulting splitting is new.

2.2. Order of precision

While the Knoth and Wensch (2013) suggests that this scheme has a second order accuracy, it still needs
to be verified through analysis. To achieve this, the Taylor series expansion of y,,+1 must match the result
of the temporal scheme up to order 2. The former can be expressed as:
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Figure 1: Split-explicit scheme composed by RK3 and RK2. The green arrows represent the computation of each felow (v)
while the blue and the purple ones represent the computation of each ff2st(y)

Algorithm 1: SPEX-RK scheme for RK3 and RK2
Data: Model state variable y,,, m = M/6

1 Yo < Yn

2 Y Yn

3 for i = 2m,3m,6m do

4 kslow — fslow(y)

5 Y < Yo

6

7

8

9

for j=1,...,ido
kfast «— f['ast(y)
kfast — ffaSt(y-‘r %AT(kf%t + kslow))
Y+ AT(kfast 4 kslow)

10 Yp41 <Y
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=y + AL (fo + Fo) + ATt ((f,; + F,'L) (fo + Fn)) +O(AL?) (2)

with fn = f(yn) and F, = F(yn)

A classic Runge-Kutta order analysis would compute each iteration of the residues and sum them up to
obtain the final expression of y,41. For a SPEX-RK scheme, this is not practical to show the result of each
2D sub-steps, which involves too many terms to express. Instead, for clarity, only the evaluations of y at the
3D sub-steps are computed, which include ¥, 1,9, 1, and y,41. The complete development can be found
. . . . 3 2 :
in Appendix A. Following Algorithm 1, the first sub-steps gives:

At 1 At?

yn+§:yn+?(fn+Fn)+§7 (F;z(fn+Fn))+O(At3) (3)

Using this result, the second sub-step can be obtained.

2
ey =t 5 ot B+ 35 (3504 F2) Un b B)) +0(a#) (1)

The final sub-step gives
2

At
Yn+1 :yn+At(fn+Fn)+

o ((fo+ FL) (U + Fa)) + O(AT?) (5)

Comparing the two equations, it can be concluded that Equation 2 matches Equation 5. Therefore, the
SPEX-RK scheme is a temporal scheme of order 3 locally and order 2 globally.

2.8. Stability Region

In order to obtain the stability condition of a numerical method, it is common practice to analyze the
linear version of the underlying ordinary differential equation. In the case of the method under consideration,
we have the following linear ODE:

dy
L —Ay+A
=AY (6)

Here, A and A respectively denote the complex coefficients of the linear functions f(y) and F(y).
The amplification factor of the numerical solution at each time step is defined as the ratio between ,,11
and y,. Using Algorithm 1, this factor can be expressed as:

2 M
Yn+l M o AT? 1—AM 2 4 AT? 1-A~= 1—AM
o =AY+ XA <AT+A 5 )(1—A +A°A AT + A 5 T A T A

AT2\? (1 A%\ [1-A% )\ /1-AM
3
o (a8 (120 (148 (1o o

with A = (% + AdT + 1) and At = MAT. All the details are in Appendix B.

The stability of the scheme depends on whether the norm of the amplification factor is less than or equal
to 1. The stability region of the scheme is a function of three parameters: A, A, and M, where the first two
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Figure 2: Stability region with only one function with M = 1. The abscissa is the Real part while the ordinates is the Imaginary
part of respectively AAt and AAT. The bold lines are the origins.
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Figure 3: Stability region with A = 1 and A = 12 and M = [6, 12, 18, 24, 30] while At stays the same. The abscissa is the
Real part while the ordinates is the Imaginary part of AA¢. The bold lines are the origins.

are complex and the last is a positive integer. The global stability region is too complicated to represent, as
it is a 5D field. To facilitate the representation of the function, let us consider first the case where X or A is
null and M = 1. Figure 2 shows the corresponding stability regions, which match those of the classic RK3
and RK2 methods. Increasing the value of M affects both graphs: for RK3, the stability region is reduced
but maintains the same shape, while for RK2, the region remains the same size but the area with a small
amplification factor increases.

The focus is on the case where A is bigger than . For simplicity, a specific case is being considered that
can be generalized. The magnitudes of |A| and |A| are respectively 12 and 1, and M increases while AT
decreases such that M AT remains constant. The factor M takes the value from the set [6, 12, 18, 24, 30].
The first entry in the set considers a factor smaller than the ratio between the eigenvalues of the fast and
slow process. The second entry considers a factor equal to the ratio, while the last values are greater than
the latter. The stability regions are shown in Figure 3.

Each stability region has the shape of the classic RK2. When M is equal to the ratio, the region has the
same size as the RK2. For a smaller M, the region is reduced, while for a larger M, the region is increased.
This implies that when At is larger, M must be increased as well.



3. Model

The presented scheme is applied to the ocean. This study focuses on the three-dimensional hydrostatic
equations with a focus on two ranges of timescales. The scale-separation stiffness can be described by the
external Froude number. This dimensionless number characterises the ratio between the water velocity and
the gravity wave speed.

3.1. Governing equations

The studied equations are derived from the Navier-Stokes equations under the hydrostatic hypothesis
with the Boussinesq approximation. The first assumption means that the pressure force balances the weight
of the water column. The Boussinesq approximation implies that density variations are neglected in all
terms of the momentum equation, except the gravity term. Given the Cartesian horizontal and vertical
coordinates x = [z,v,2]7, they take the following form

OJu O(wu) 0 ou
S5V (uu) + 5, = Vi (v V) + 7 (Vvaz> (82)
—fe:xu—gVin—Lq— L,V
Po Po
OH K
e V- /w udz (8b)
ow
7(92; = —Vh - (8C)

where vy, v, and V, respectively represent the horizontal as well as the vertical viscosity and the horizontal
gradient. u = (u,v) is the horizontal velocity vector while w is the vertical velocity. The horizontal total
transport is represented by the variables U = ffb udz with 77 and b respectively the free surface elevation and
the bathymetry. The height of the column is represented by H . f is the Coriolis parameter. q represents
the integral of the density deviation gradient, q = ffb Vip'. The density deviation is obtained by a state
equation depending on the water temperature or the salinity.

Water temperature and salinity are modeled by the advection-diffusion equation. This gives

p'=p'(T,S) (9)
or o(wT) o ( or
i V- (uT) + 5 Vi (kn Vi T) + 9 (“vaz) (10)
S d(wS) o [ S
EJth-(uS)—FT —Vh‘(ﬁhvhs)'i‘& (fiv&) (11)

kn, and K, stand for respectively the horizontal and the vertical diffusivity.

Furthermore, SLIM solves the equations in a three-dimensional domain 2 with a free moving surface.
The lateral boundary I'; is fixed as well as the bottom boundary I'y. However, the surface boundary I'y
varies in time with the vertical coordinates between the z = —b and z = 1. The impermeability conditions
are prescribed on the top and the bottom surfaces:

w+u-Vyb=0 xe€1l} (12&)
OH

w—g—u-vh(H—b)zo xeTls (12b)

In addition, a slip condition is applied to account for bottom and surface stresses, 7, and T,
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ou T
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3.2. Weak formulation

To obtain the weak formulation, the previous continuous equations have to be multiplied by a smooth
2D shape function ¢;(z,y) or 3D shape function ¢;(x,y, 2) = ¢ 2y (2, y) ¢r,-(2) with j and k the indexes
for respectively the horizontal and vertical discontinuous nodes. These equations are discretised with a
discontinuous linear function space. They are then integrated by part to obtain volume terms and interface
terms. The interface terms can be integrals on a horizontal triangle domain or a vertical squad domain.

In the weak form, the following notations are used for the volume and the interface integrals

<> :/QodV
(Do
(D o

Q represents the domain while OI' represents the interfaces. In 3D, they can be vertical faces, I',, or
horizontal faces, I',. In 2D, all the interfaces are edges.

The equation for u has 3D and 2D terms. The latter, corresponding to the fast processes, are split such
that there are two types of functions spaces, 2D and 3D. In the interfaces integrals, a mean value is used
for the terms with the horizontal velocities. It is computed such that

Upight - Dp + West - Ny
2

{U}} _ Wright ;‘ Wieft (14b)

(14a)

{u-n,} =

where {-} represents the mean operator between values on both sides of the interfaces. The same reasoning
is used for the terms with the vertical velocity. What’s more, in the vertical interfaces integrals, an upwind
term is used, u*? in addition to the terms described before. Equation 8a becomes

(0.5 ) = ) + 3 fet (152)

with
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The diffusive terms have not been developed for more clarity.
With ¢ = 1, ..., n, with n being the number of discontinuous nodes, the vertical velocity equation becomes

() (foton) (o) {(oiwmi)), oo

The weak formulation of the temperature, the salinity or a scalar field equation is derived analogously.
For more clarity, the development are shown only for the temperature equation.

(o) o) (forma)),
+ <wT%“i”> - <<¢i {w}T“”nZ>>Fh + Diffusion

Unlike the previous horizontal velocities, H is a 2D variables. Therefore, the function space is 2D. In the
interface integrals, stabilisation terms are added by means of the Lax-Friedrichs approximated solver. With

1 =1,...,n, it gives
<¢z%€l> = <U ' Vh¢i> - <<¢iU* ' nh>> (18a)

with

(Uleft + Uright) R . C(Hleft - hleft) - (Hright - hright)

2 2
3.83. 8D and 2D link
In the weak form of the all previous equations, the integrals are made on the elements of the mesh.
Three-dimensional volume terms are integrated on prisms, €2, while the two-dimensional ones on triangles,
Qop. The 3D interfaces terms are either integrated on horizontal triangles, I'y,, or vertical squads, I'j,, while

U=

Un,left

H .
Hleft 91lyight

+ H Un ,right

c_max( ngeft+‘ ”
rzg
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2D ones on edges, I'sp. For ease of computation, all theses integrals are done on parent elements denoted
by € or I'. The parent triangle is the unit triangle of area 0.5 while the parent vertical and horizontal edge
are segments of length 2. These spatial transformations introduce new coefficients : A the area of the 2D
horizontal extruded triangles, h = h(x,y) the vertical height of each prisms and I the length of the edges
of the mentioned triangles. By taking hu as the advection field instead of u for the vertical velocity in the
weak form, it can be shown that the vertical integrals of the 3D terms become the terms with 2D velocity
by using numerical integrals. The vertical sum of the 3D volume terms becomes

o5, £ () ),
=22 (M (Z (Zu)q%,mq,z) -thbi)Q

g Q,p

= Z 24 (Z (Hﬁ)q quvzy) : Vh¢i,my>

q Q2D7:D

Q2p

The vertical sum of the 3D vertical squad interface terms becomes

L{tmma)) =T((tzm o),

Z Z (; {Z (H)qhq,0yPq,2) - nh} ¢i>
Z (é {Z ((Hﬁ)q¢q,xy) : nh} d)i,xy)

(imn),
_ << (u. nh}¢i’”>>rw,u

In the interface integrals, 3D stabilisation terms are added to match the Riemann solvers in the 2D
equation.

I'2p o

Taop,w

3.4. Temporal integration and ALE formulation

For the temporal scheme, a split explicit second order Runge-Kutta method is used. It consists of a
RK3 for the 3D part of the velocity equation and a RK2 for the 2D one. The two temporal schemes are
those describes in Section 2 with time steps At and AT respectively. The ratio, M, between the two time
steps is the closest integer to the ratio of the highest propagation speed in the external mode to the highest
speed of the external gravity waves. The variables y corresponds the horizontal velocity u, the vertical
coordinates represented by the vertical height of each prisms h, the temperature T and the salinity S while
Y corresponds to horizontal total transport U and the water height H. All the other variables w, q, p’ and
7, can be obtained at any time from these primary variables. The finite element method introduces mass
matrices. M™ is the global mass matrix at the time n. Therefore, to apply these two temporal schemes to

10



our problem, one must take into account the change of the mass matrix through time in the algorithm. An
arbitraty Lagrangian-Eulerian scheme is introduced to take into account the vertical displacement of the
mesh. As the three-dimensional mesh follows the movement of the free surface, only the vertical coordinates
move with time (e.g. (Clare et al., 2022; Pan et al., 2019)).

A complete iteration of the three-dimensional hydrostatic equations is shown in Algorithm 2. First, u
and h are used to obtain the 2D variables, U and H, at the beginning of the time step. Each external
mode sub-iteration are done following the same process. For each sub-time step 4, the horizontal terms of
the three-dimensional discretized velocity equations, fhor7 is obtained. The friction terms are also computed
in this term. This 3D residue is integrated over the water columns to obtained the 2D term F". The
vertical terms without the friction terms can be omitted because their vertical integrals are zero. The
two-dimensional variables are moved to the right sub-time using Fhor, Throughout the iterations, the sum
of all the residues of the 2D velocity equation multiplied by the small time step, F@st = 22:1 ATFy, is
obtained. The new vertical height is known at the end of the internal sub-iteration. Therefore, the position
of the mesh can be updated. Finally, the horizontal velocity is obtained by computing the vertical terms of
three-dimensional velocity equations, f¥¢', taking into consideration the horizontal and the 2D terms.

iAt 1h_.
Msgu — ]\/[:,E)du0 = ﬁ(fhor + fver) + 5EFtast

Algorithm 2: SPEX-RK iteration for the hydrodynamic equations, m = M /6

Data: Model state variable u, z

1 U,H<—2Z%u7 Zz%

2 U, hg < u,h

3 Uo, Hy + U7 H

4 for i=2m, 3m, 6m do

s | e fher(u,z)

6 | Fhor oy g

7 U, H «+ Uo, H()

8 Ffast «—0

9 for j=1,...,i do

10 FU,FH %ng(U,H)

1 Fy,Fy + Foq(U + LM, (Fu + F*), H + &L M, Fry)
12 U < U+ ATM,} (Fy + F™)

13 H «+ H+ ATM,;'Fy

14 Fist  Fist L ATFy
15 Update the z coordinates based on H
16 u Mg;dl (Mg?dllo + % (fhor + fver) + %%Ffast)

3.5. Conservation and Consistency

In order to be coherent with the basic physics of hydrodynamic flows, the temporal scheme and the spatial
discritisations must respect two main properties. The first one concerns tracer concentration through the
domain and the second one the conservation of the amount of water and tracer. The general idea behind
tracer consistency is that if the tracer concentration is uniform over the domain, then it should remain
uniform at all time. The conservation states that the volume of water and tracer must remain constant in a
domain isolated from its environment. To respect simultaneity the tracer conservation and consistency, the
temporal scheme as well as the discretisation of the method has to be chosen in a proper way. White et al.
(2007) explains it for a different scheme.

11
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Figure 4: Flux between two prisms in a discontinued mesh with 1 layer

3.5.1. Water conservation

All the discretised variables in the presented equations are discontinuous. The hydrodynamic velocities,
the tracer concentration and especially the elevation have multiple values for the same points. The latter
leads to a discontinuous mesh. Two adjacent prisms have slightly discontinuous vertical coordinates. To
ensure the water and tracer conservation, the focus is put on the fluxes (Berger and Howington, 2002).
Unique fluxes are computed as the mean between the flux evaluated on the left and right prisms (see Figure
4).

The fluxes problems fixed, the water conservation still has to be demonstrated. The water height Equa-
tion 18a is analysed in a closed domain. The equation is summed up for each ¢ € [0, m], m being the number
of discontinuous nodes.

3 <¢1861;I> :Zm:<U'Vh¢i> (19)

=1 =

u Un e Unri He Hri
+Z<<¢l< th-; right _ . lft‘; ght)>> (20)

1

=

The sum and the integrals permute. By remembering that by definition the sum of ¢; and V¢; equals
respectively to 1 and 0, the previous equation becomes

oH _ Un,left + Un,right Hleft + Hright
() = ( (P B o

For each edge that is not at the boundary of the domain, the flux receives by the left element is the same
as the flux gives by the right one. The normal vector of the two prisms are opposite. The sum of all the
fluxes inside the domain is 0. At the boundaries, all the fluxes are zero because the domain is closed. The
equation finally becomes

This proves the water conservation.

3.5.2. Surface impermeability

In this section, the demonstration is done for one big time step using At but it stays valid for each sub-time
step. To numerically ensure the conservation and the consistency of the tracer, the surface impermeability
condition of continuity Equation 16 must be respected as stated in (Deleersnijder, 1993; Campin et al.,
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2004; Deleersnijder and Campin, 1995). To achieve that, the following equation is used to compute the
mesh velocity w,,. For each i € [0, m], m being the number of discontinuous nodes, it gives

ey (e

At ™9z T,

By summing only the vertical part of the ¢;, this equation can be simplified. The left-hand side (LHS)
equals the integral of the difference of the water height between two 3D time step. In the right-hand side
(RHS), only the fluxes through the horizontal interfaces remain.

Using the same reasoning as that for the water conservation, the sum of all the fluxes inside the domain
is 0. The flux through the bottom boundaries is zero. Only the flux at the surface boundary remains. By
removing n,, the integral can be projected onto a flat 2D mesh. Equation 23 becomes

AH n n
(0] (o),

~ (uman) (25)

I's,2D

This shows that w,, at the surface matches the temporal evolution of the sea surface elevation between
two 3D time steps. Thanks to the PP¢ discretisation, this equality is satisfied for each node 4 at machine
precision.

By analysing the equation of w, recalled below, the impermeability of the surface can now be demon-

strated:
(e52) +((mon)), = (evey - ((mia)

Applying the same reasoning as for the previous equations, the equation of the vertical velocity recalled
above yields

<<w¢j,wynz>>:s + << {u-n} ¢j,xy>>:5 =<Hu : V¢j,xy>n - << {Hu- nh}¢j7zy>>:v (26)

The RHS of the previous equation is actually the RHS of the discretised water height equation (Equation
18a). As the equation of H is linear in the discret field U = Hu,

OH
o= v

by using the temporal mean of U over all the 2D small time steps in u, Upean, this gives

({wtuon )Y +{(mtn))” = (B0 e
(). >
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By putting all the terms in the LHS and by introducing w,,, it becomes :

(), (e ) 0o

This shows that the flux at the surface is zero for the weak formulation. In others words, the impermeability
of the surface boundary represented by Equation 12b is satisfied by the weak formulation. In practice,
to verify the top surface condition, two choices were made. Firstly, the temporally averaged 2D velocity,
denoted Uyyean, is used in the tracer equation and in the computation of the vertical velocity on each 3D
sub-time step. Secondly, in the advection term of the tracer equation, h,u and h,, are used instead of u and
the stability 3D terms are added to match the vertical velocity equation. In others words, the velocity field
used is

hu = hmeanﬁmean + hnun

3.5.8. Conservation and Tracer consistency

The tracer equation is analysed to check the tracer conservation in a closed domain. For the sake of
clarity, the diffusion terms are omitted but the same reasoning applied. The demonstration is done with
one big time step like in the previous section. The tracer equation without the diffusion terms reads

nt1 n
<T¢i> _ <T¢i> :<uT : V¢i>n - <<T“P {u- nh}¢i>>n (30)

At (PpUTy )T

(w-n2 = (s

where the flux at the surface, I'y, is removed because it is null as demonstrated above. The fluxes at the
vertical boundaries are null. The flux at the bottom is also null. The Galerkin finite element being a
conservative methods, the total tracer quantity is conserved in the domain.

To check the consistency, one should demonstrate that if the tracer concentration is uniform, it remains
uniform. By putting the tracer concentration equals to 1 everywhere in the domain at time n and adding
the surface flux (which is null), the Equation 30 becomes

<T¢”>n:t (o) (u-vo) —({ o))

Tpul'y,

(-3~ (f-man)),

The diffusion terms can be omitted because the gradient of a uniform fields is null. Using Equation 16, it
becomes

o) L gty (o)

Ty
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Figure 5: Evolution of the surface gravity waves testcase

By looking at the equation of w,,, the only solution for the concentration of the tracer at time n 4+ 1 over
the domain is 1.

4. Numerical tests and results

The 3D model is assessed by a set of numerical benchmarks. A first barotropic test checks the conservation
and the consistency properties. Then, three test cases of increasing complexity demonstrate the precision
of the proposed temporal scheme. A lock exchange test case evaluate the numerical mixing of the the
baroclinic solver in the z-direction. The correct size of the vortices produced by instabilities in a rotating
baroclinic benchmark demonstrates the small amount of numerical dispersion introduced by the discrete
model. Another more difficult instability test case confirms the presumed order of the global scheme.

4.1. Surface gravity waves

To check the conservation and the consistency of our model, Kiarna et al. (2013) is a very good candidate
because this test is simple and smooth. It allows the properties to be checked easily. Moreover, the tracer
is a passive scalar field.

The propagation of surface gravity waves in a 10 km long and 1 km wide rectangular domain is considered.
The depth is 50 m. All the vertical boundaries are impermeable. Bottom friction and vertical diffusion
are omitted. The water density is constant throughout the simulation as illustrated. The free surface
perturbation is initially set to the following function :

n(z,y,0) = 0.1exp <_ (209000>2>

The horizontal and vertical resolution of the grid are 100 m and 2.5 m. The 3D time step is 10s while
the 2D one is 0.33s. Simulation is performed with 800 3D time steps in order to reproduce the same result
as Kirni et al. (2013). For a field f and a reference field f™¢/, the error on the domain € is computed with
the Lo norm as follows :

E=|f— |, = \//Q(f _ fren)2an

In the first run, the tracer is set at a initial constant value Ty = 4 PSU. Then, the simulation is launched with
a non-constant tracer. It is set to 3 PSU at the surface and 4 PSU at the bottom with a linear transition. In
both case, the tracer extrema deviation is of the order of 10~°. This shows the consistency of the scheme.
Regarding the conservation, the total water and tracer volume remains the same at the order of 1073,
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Figure 6: Convergence analysis of the L2 error on u in the surface gravity wave test case. The reference time step is 0.16 s.
Tested time steps are 16, 8, 4 and 3.2 s.

A convergence analysis of the temporal scheme is performed using a constant tracer. The horizontal
resolution is 140 m with 5 layers in the z-direction. The simulation is running for 1600 s with the following
set of At : [16, 8, 4, 3.2, 2, 0.16] s and M=18. The solution obtained with the smallest time resolution is
used as a reference. The theoretical second order convergence is observed in Figure 6.

4.2. Lock Ezxchange

The lock exchange test case is used to estimate the model spurious numerical vertical diffusion in a
simple configuration where the solution is not too complex.

Initially, one half of the domain is filled with cold water (T = 5°C) while the other half is filled with
hot water (T = 30°). The test case is a density driven flow. Warm water flows over the cold water. This
is the setup of Ilicak et al. (2012) and Petersen et al. (2015). The domain is a 1 km wide and 64 km long
box. The depth is 20 m. Closed boundaries conditions are imposed in the x-direction while the domain is
periodic in the y-direction. The density is a function of the temperature only, so that Equation 9 becomes

p=1000 - 0.2(T — 5)
resulting in a density difference of Ap = —5.0 kg m~3. The friction at the bottom of the domain is omitted.

Tracer diffusion is set to 0. In the absence of bottom friction, assuming that all the potential energy is
transformed into kinetic energy, Benjamin (1968) estimated the maximum speed of front propagation, using

Bernoulli’s equation for an ideal fluid, as
1 A
c=—/gH 2
2 Po

16



which is 0.495 ms~! in this situation.
The mesh Reynolds numbers is defined by

A
Re, = U=Z
v,

where the characteristic velocity scale is U = 0.5 ms~' and the grid horizontal and vertical resolution are
0.5 km and 1 m. The numerical instabilities due to internal pressure gradient are stabilized with a constant
horizontal viscosity v;,. Three runs are performed with v, = 1.0 m?s~!, 10.0 m?s~!, and 100.0 m?s~!,
corresponding respectively to Rej, = Uﬁ—:, of 250, 25, 2.5 .

Figure 7 shows the initial deviation density field and the solution after 17h. Smaller mesh Reynolds
number, i. e. higher horizontal viscosity, leads to a less noisy density front. The smooth interface between
the dense and the light water produces less mixing. This speed gives a right front location at 62.3 km at
17h of simulation. For v, = 100 m2s™!, 10 m2s~! and 1 m2s™!, the front is at 61 km, 60.75 km and 60.5 km
respectively. When the interface became noisy, this means that a part of the potential energy is wasted in the
noise. Thereferore, the speed of front propagation is reduced. This explains the front locations. As show in
Figure 7, those results are similar to those presented in Karna et al. (2018), Petersen et al. (2015) and Thecak
et al. (2012). Without the complications of topography, Coriolis force, bottom drag and surface forcing, and
providing a sufficiently large horizontal viscosity is used, the model exhibits an admissible vertical mixing.

4.3. Baroclinic eddies

The baroclinic eddies test case of Ilicak et al. (2012) is used to check the model’s ability to generate
baroclinic eddies as well as its precision. Generating eddies of an appropriate size means that the temporal
scheme of the model does not produce too much dissipation. Compared to the previous case, a fully 3D
rotating flow is introduced.

This test represents an idealisation of the Antartic Circumpolar Current. A unstable sinusoidal front
separates cold water from hot water. Vortices develop at the front in function of the horizontal viscosity.
The Coriolis parameter is taken as a constant -1.2 x 10™* s~!. The domain is a three dimensional box,
500 km long delimited by impermeable boundaries in the meridional direction (y) and 160 km large with
periodic boundaries in the zonal (x) direction. The depth is 1000 m. The quadratic bottom drag is defined

Tbh
— = Cd\ub|ub
Lo

where u is the horizontal velocity of the bottom element taken at the middle point and Cy is 0.01. The
density function is the same as in the previous test case. Salinity and vertical viscosity are again set at the
same constant value.

The mesh is shown in Figure 8 to illustrate the domain. The simulation is performed in horizontal grid
resolution of 4 km and the horizontal viscosity from 20 m?s~! to 200 m?s~!. The characteristic speed being
0.1 ms™1!, this gives a mesh Reynolds numbers respectively from 20 to 2. The vertical resolution of the grid
is 50 m.

The initial temperature field can be seen in Figure 9. Warmer surface temperature in the north is
separated from colder surface temperature in the south by a sinusoidal transition band in the x-y plane.
The temperature distribution in the north of the domain is a linear increasing function from the bottom :

Zpot — %

TO(Z) = Tbot + (Ttop - Tbot) (31)

Zbot

where Ty = 10.1°C, T},p = 13.1°C, and 2y = -975 m. The south part of the domain is uniformly cooler
at AT = 1.2°C. The wide boundary is defined by
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Initial condition

Reh =25

X = 62.3 km

Figure 7: Water deviation density, p’ [kg/m?3], in the lock exchange test case for Z-X plane. At the top, we have the vertical
mesh from the horizontal extruded mesh and the initial condition. We have successively the solution after 17h of simulation
with respectively Rep and vy, : 2.5 - 100 m?s~1, 25 - 10 m2s—1, 250 - 1 m?s~!. The vertical line shows the theoretical position

of the front
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Figure 8: Mesh of the computational domain of dimension 500 km x 150 km x 1 km. Number of 2D elements is 13686. Number
of layers is 20.

() = 0 — ya sin (ml‘f) (32)

x

where yo = 250 km, y4 = 40 km, k = 3 and L, = 160 km so that there is three wavelengths of width L, in
a domain. This gives the following temperature distribution

To(2) Yo(z) + Ay <y
T(,y,2) =4 To(z) = AT (1= 252) <y < yula) + Ay (33)
To(Z) — AT Yy S yw(.’I})

where Ay = 40 km and AT = 1.3°C. An additional perturbation is added to one of the wave crest to
stimulate the instability

/ — e — A T T2
Yo, () = yo 5 Sii (ﬂ' o xz) (34)
/
/ _ (1 — Y — Yo ()
T (z,y) = AT < T05Ay (35)

that way the temperature is T 4+ T’ within the range z2 < x < 23, y., — % <y<uy,+ %, where zo =
110 km, z3 = 130 km and AT" = 0.3°C.

Figure 10 and Figure 11 show the evolution of the sea surface temperature for two different horizontal
viscosities : 20 m?s~! and 200 m?s~!. For the high viscosity numbers, the hot and the cold water tend
to mix slowly. The velocity field have small values. This generates only a few eddies though these eddies
are large and smooth. As time goes by, they dissipate quickly. At day 200, the eddies are less dense. For
simulations with low viscosity numbers or bigger Rej, the flow is much more chaotic and energetic. The
eddies appear sooner than the previous ones but are globally smaller. Moreover, as time progresses, the
mixing becomes more important. At day 200, for v, = 200 m?s~! two areas can still be distinguished while,
for v, = 20 m2s~ !, the flow tends to be more homogeneous. These results show that our temporal scheme
succeeds in capturing more mesoscale features as viscosity is decreased while rotation is taken into account.

A convergence analysis of the temporal scheme is performed with v, = 20 m?s~!. The horizontal
resolution is 20 km with 10 layers in the z-direction. The simulation is running for 2000 s with the following
set of At : [200, 100, 50, 25, 1.25] s and M=138. The solution obtained with the smallest time resolution is
used as a reference. In the model, the vertical terms are treated implicitly in the temporal scheme. All terms,
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Figure 9: Initial sea temperature field [°C] in the eddying channel test case
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Figure 10: Sea surface temperature field [°C] in the eddying channel test case for respectively Rep,=2 and v}, =200 m2s~!
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Figure 11: Sea surface temperature field [°C] in the eddying channel test case for respectively Rej,=20 and v, =20 m2s~!
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Figure 12: Convergence analysis of the Lo error on u in the eddies test case. The reference time step is 1.25 s. Tested time
steps are 200, 100, 50 and 25 s.

including the vertical terms, are treated explicitly in this convergence analysis. The theoretical second order
convergence is observed in Figure 12.

4.4. Eddies in a rotating stratified fluid

The last studied test case shows the ability of the model to handle the geostrophic adjustment of a
freshwater cylinder and the development of unstable vortices. By having the right amount of unstable lobes,
the order 2 of the temporal scheme can be confirmed. The setup is based on the experiments of Griffiths
and Linden (1981) and Saunders (1973) which were numerically modelled by James (1996) and Tartinville
et al. (1998) neglecting all forms of mixing.

The represented area is supposed to be located at 52°N and hence the Coriolis parameter is 1.15 x
10~* s71. The domain is a box of salty water with a 30 km length for both the x-coordinates and the
y-coordinates and a depth of 20 m. All the boundaries are closed. A cylinder of less salty water is put at
the center of the top. As time goes by, the light cylindrical core sinks and spread outs until it reaches a
state of quasi-geostrophic equilibrium. The vortex can either remain stable and circular or either break up
into a well-defined number of vortices depending on the initial parameters of the model.

Unlike the previous test case, the temperature field is set to a constant value while the salinity field
represents a 10 m deep, 3 km radius cylinder of concentrated water in the upper part of the box. More
precisely, inside the cylinder , the salinity is

d 8
S=11 (3) +33.75 (36)
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Figure 13: [Left] Mesh of the computational domain of the vortices test case of dimension 30 km x 30 km x 20 m. Number of
2D elements is 5602. Number of layers is 20. [Right] Initial sea salinity field. The lower salinity is inside a 3 km radius and 10
m depth cylinder

with d the distance to the centre of the domain in km. Outside the cylinder, the ambient salinity is 34.85
PSU. The density is, in this case, only influenced by the water salinity which gives p’ = 0.78(S — 33.75). To
use the same parameters as the previous articles focusing on this test case, pg is changed into 1025 kg m~3.
This gives an initial density difference of 0.858 kg m~3 between the most concentrated areas and the less
ones. Horizontal and vertical viscosity and diffusivity are set to zero. Figure 13 displays the initial situation
as well as the 3D mesh. the grid horizontal and vertical size are 0.5 km and 1 m.

The parameters determining the number of vortices can be reduced to a dimensionless number 6, =
q' ffl‘;’lg which represents the ratio between the buoyancy force and the Coriolis force with ¢’ = g%, the
reduced gravity, Hy, the initial depth of the cylinder and Ry, the initial radius of the cylinder. The number
of vortices called the zonal wavenumber of the instability also depends of these parameters. For this test
case, James (1996) found out that the simulation should give a wavenumber 2 instability. Tartinville et al.
(1998) have shown most of the models can give the expected spreading of the cylinder and the development
of, respectively, anticyclonic circulation in the upper layer and cyclonic one in the lower layer of the domain.
However, they have also demonstrated that models with no adequate advection schemes do not succeed in
reproducing the 2 wavenumber instability after 144 hours of simulation. they suggested that models with
only first-order horizontal advection scheme for momentum failed because the numerical viscosity should
induce a too strong decrease of the kinetic energy. To be more precise, they said that the numerical modelling
of low-diffusion marine systems where frontal instability processes are important requires the use of at least
a second-order discretisation for the advection of momentum. Therefore, an order-four instability is created
instead of an order-two one. This test case is not shown a lot because it is quite difficult to obtain the right
number of vortices.

Figure 14 shows the evolution of the cylinder through time. The most important result is that the
model and the numerical schemes presented in this article achieved to predict a wavenumber 2 instability.
As expected after 144 hours, the cylinder breaks up and two vortices are appearing as time goes. Then,
cyclonic vorticity appear in each lobe of the disturbance. As the lobes grow, closed cyclonic circulation is
being established. These results match the experiments and the conclusions of Griffiths and Linden (1981).
As the diffusivity is computed the same way than the viscosity, this demonstrates that the model does not
produce an excessive amount of numerical viscosity and diffusivity.

5. Conclusion

This paper focuses on three-dimensional hydrostatic equations under the Boussinesq approximation
with a specific emphasis on two different timescales. The hydrodynamic equations considered have a wave
propagation speed that is greater than the advection speed, so it is important to choose an appropriate
time scheme. A combined RK3 and RK2 scheme is used, and the equations are decomposed into fast and
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slow terms to allow for spatial discretization using discontinuous Galerkin methods on an unstructured grid.
This approach offers several advantages, including easy parallelization for large scale or high resolution
applications.

The goal of this approach is to limit numerical dissipation due to spatial and temporal discretization. The
scheme is designed to be of order two temporally and spatially and completely discontinuous. This enables
the vertical mesh to follow the displacement of the water surface, thereby maintaining the conservation of
tracer and water fields throughout the simulations. The tracer is consistent due to the advection velocity
field used, which is coherent with the vertical motion of the mesh. A mathematical demonstration has
been performed to verify the order and stability of the scheme, demonstrating its effectiveness in accurately
simulating hydrodynamic behavior.

To test the model, a gravitational wave benchmark, a lock-exchange, and an eddies producing test
cases were used. The numerical results indicate that the proposed scheme achieves the expected numerical
spatial accuracy and temporal second order. The scheme’s complete discontinuity ensures that both the
conservation of the tracer and its consistency are preserved, as well as the conservation of water. The model
is able to capture the expected physical behavior, including vortices, instabilities, and eddies, due to the
reduction of numerical diffusion.

Furthermore, this new model can be expanded and generalized to any order as long as the splitting is
well-done. The temporal splitting could mix any Runge-Kutta method, which can lead to obtaining higher
orders of precision. An analysis of the optimal ratio between the two time steps, denoted as M, could be
performed to help produce results more quickly with good precision. Overall, this new scheme offers many
potential benefits for future use in ocean modeling, especially in large-scale simulations that require high
accuracy and efficient computation. In the future, we plan to continue to explore these possibilities and
improve the model’s accuracy by implementing new equations and techniques, such as the wetting-drying
model and the use of GPUs for acceleration.
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Appendix A. Order of precision of the SPEX-RK

The order of precision of the temporal scheme is assessed by calculating the Taylor expansion for each
residue. In order to calculate the order of precision of the temporal scheme, the result of a complete RK2
iteration is computed first. For a given k¥°% and M, the first sub-iteration gives

K, =F,

AT
Ky = F(yn + 7 (Fn + kSlow))

=F, + % (Fp + k%) F,, + O(MAT?)

Y1 = Yn + AT (Kg + kslow)
AT?

= Yo+ AT (Fy + %) + == (B + K1) F, + O(MPAT?)

The second sub-iteration yield
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K, = F, + O(MAT)

AT ,
Ky = F(y + = (Fa + K1)

AT /
= Fn + 3 5 (Fn + kslow) Fn + O(MQATQ)

y2 = y1 + AT (Ko + k1Y)
AAT?

=y + 20T (F, + k1Y) + (F,, + K¥°%) F, + O(MPAT?)

By recurrence, the last iteration produces the solution

M?2AT?

5 (Fut KOV E, + O(MPAT?)

Ym = yn + MAT (F, + E¥°%) +

This result is denoted RK2(k*'°%, M). To determine the order of accuracy of the global method, the
RK3 method is unrolled.

Y1 = Yn
. M
Y2 = RK?(’“TIOW7 ?)

M M\? AT? ,
=yYn+ ?AT (Fn+ fn) + (3> — (Fp + fn) F, + O(MPAT®)
ys = RK2 (k;‘1°W, J‘;)

M M , M\ AT? ,
M M\* AT? ;4

Yni1 = REK2 (K5, M)
2

M , AT ,
= Yp + MAT (Fn + fo + 7AT(Fn + fn)fn) + M? (Fo + fn) F,, + O(M3AT?)

2
2

:yn+MAT(Fn+fn)+M2AT

o (Fu+ ) (Fo+ 1) + OOMPAT?)

with MAT = At

Appendix B. Factor amplification of the SPEX-RK

Typically, to determine the stability of a numerical method, it is standard practice to analyze the linear
form of the underlying ordinary differential equation. In this particular case, the linear ordinary differential
equation is given by Equation

dy
i Ay + Ay (37)
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where A and A represent the complex coefficients of the linear functions f(y) and F(y), respectively.
First, the complete RK2 iteration is calculated with a given k°% and M. The initial sub-iteration
produces the values for K7, K5, and ;.

Ky = Ayn

AT
K2 = A(yn + 7 (Ayn + kSIOW))

:yn(A+A2%)+kslowA%
2 2
”i :yn(1+AAT+A2ATT)+kSIOW (AT+AA2T )

The subsequent sub-iteration produces ys, y3, and so on, until the last iteration is reached, which is ya;.

2 2
y2:y1(1+AAT+A2ATT)+kslow (AT+AA2T )

2

2 2
:yn(1+AAT+A2ATT)2+kSIOW <AT+AAT ) (1+(1+AAT+A2A§ )>

2
ys = ya(1 +AAT+A2ATTz) L pslow (AT+AA2TQ)
=L+ AAT AzATTQ)g + ko <AT + AA2Tz> <1 + (14 AAT + A2 Agz) + (14 AAT + A2 AT2)2>
By recurrence, the last iteration gives
yar = yn(1 + AAT + AQ%TQ)M - lc“oWAATT2 21(1 + AAT + A?ATTQV
=y AM 4 flow ( AT + AAQT?) <11—_A:1” >

with A =14+ AAT + AQATTQ and A # 0, AT # 0. This result is denoted RK2(k*'°", M) and it serves as the
basis for deriving the amplification factor of the global method by unrolling the RK3.
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Y1 = Yn

y2 = RK?2 (kil‘””, ]\34)

=y AT £ Ay (AT + AAQTz) ! 1__‘45
—yo [ AT 42 (AT+ AAQTQ> 11_‘41:31
y3 = RK?2 <k§1"w, ]‘24)
gt g (4% <AT+ AA2T2> 11__Af (AT . AA2T2) 11—_Af
—y [ AT 245 (AT + AAQTQ) 11_Af + X7 (AT + AAQTQ)Z 11_Af 11—Af

ys = RK2 (k5°%, M)

2 _ M 2 2 _ u B M
=Yn AM+AAA24<AT+AAT)(1 A >+A2A“§<AT+AA2T> 1-4 (1 A>

2 1-A 1-A

M

AT2>3 1—A%)\ [1- 4% (IAM>

3
A <AT+A 7 —4 i—a J\7=4
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