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Abstract

The anelastic and pseudo-incompressible equations are two well-known soundproof ap-
proximations of compressible flows useful for both theoretical and numerical analysis in
meteorology, atmospheric science, and ocean studies. In this paper, we derive and test
structure-preserving numerical schemes for these two systems. The derivations are based
on a discrete version of the FEuler-Poincaré variational method. This approach relies on
a finite dimensional approximation of the (Lie) group of diffeomorphisms that preserve
weighted-volume forms. These weights describe the background stratification of the fluid
and correspond to the weighed velocity fields for anelastic and pseudo-incompressible ap-
proximations. In particular, we identify to these discrete Lie group configurations the
associated Lie algebras such that elements of the latter correspond to weighted veloc-
ity fields that satisfy the divergence-free conditions for both systems. Defining discrete
Lagrangians in terms of these Lie algebras, the discrete equations follow by means of
variational principles. Descending from variational principles, the schemes exhibit further
a discrete version of Kelvin circulation theorem, are applicable to irregular meshes, and
show excellent long term energy behavior. We illustrate the properties of the schemes by
performing preliminary test cases.

1 Introduction

Numerical simulations of atmosphere and ocean on the global scale are of high importance in
the field of Geophysical Fluid Dynamics (GFD). The dynamics of these systems are frequently
modeled by the full Euler equations using explicit time integration schemes (see, e.g., [0]).
These simulations are however computationally very expensive. Besides highly resolved meshes
to capture important small scale features, the fast traveling sound waves have to be resolved
too, by very small time step sizes, in order to guarantee stable simulations [6]. As these sound
waves are assumed to be negligible in atmospheric flows, soundproof models, in which these
fast waves are filtered out, are a viable option that permits to increase the time step sizes and
hence to speed up calculations significantly.
Frequently applied soundproof models are the Boussinesq, anelastic, and pseudo-incompressible

approximations of the full Euler equations [5, 11, 13]. There exist elaborated discretizations
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of these equations in literature. However, these discretizations often do not take into account
the underlying geometrical structure of the equations. This may result in a lack of conserving
mass, momentum, energy, or to the fact that the Helmholtz decomposition of vector fields or the
Kelvin-Noether circulation theorem are not satisfied. Structure-preserving schemes descending
from Euler-Poincaré variational methods [11], [7], [!] conserve these quantities, as they arise
from a Lagrangian formulation, in which these conserved quantities are given by invariants of
the Lagrangian under symmetries, [3].

With this paper, we contribute to develop variational integrators in the area of GFD by
including the anelastic and pseudo-incompressible schemes into the variational discretization
framework developed by [11]. To use this framework, we first have to describe these approxima-
tions of the Euler equations in terms of the Euler-Poincaré variational method [3]. The central
idea is to use volume forms that are weighted by the corresponding background stratifications
such that they match the divergence-free conditions of the correspondingly weighed velocity
fields associated to either the anelastic or the pseudo-incompressible approximations. This will
allow us to identify for these approximations the appropriate Lie group configuration with cor-
responding Lie algebras. Using the latter to define appropriate Lagrangians, the equations of
motion follow by Hamilton’s variational principle of stationary action.

The definition of appropriate discrete diffeomorphism groups will be based on the idea to
use weighted meshes that provide discrete counterparts of the weighted volume forms. The
corresponding discrete Lie algebras will incorporate the required divergence-free conditions on
the weighed velocity fields. Defining appropriate weighted pairings required to derive the func-
tional derivatives of the discrete Lagrangians, the flat operator introduced in [11] is directly
applicable and we can thus avoid to discuss this otherwise delicate issue. Mimicking the con-
tinuous theory, the discretizations of anelastic and pseudo-incompressible equations follow by
variations of appropriate discrete Lagrangians.

We structure the paper as follows. In Section 2 we recall the standard formulations of Boussi-
nesq, anelastic, and pseudo-incompressible approximations of the Euler equations for perfect
fluids. In Section 3 we show that these equations follow from the Euler-Poincaré variational
principle, for appropriate Langrangians. In Section 4 we recall the variational discretization
framework introduced by [14] and extend it to suit anelastic and pseudo-incompressible equa-
tions. The corresponding discretizations on 2D simplicial meshes are presented in Section 5,
and preliminary numerical tests are performed in 6. In Section 7 we draw conclusions and
provide an outlook.

2 Anelastic and pseudo-incompressible systems

In this section we review the three approximations of the Fuler equations of a perfect gas
that will be the subject of this paper, namely, the Boussinesq, the anelastic, and the pseudo-
incompressible approximations (see, e.g., [0] for more details).

The Euler equations for the inviscid isentropic motion of a perfect gas can be expressed in
the form

1
Ju+u-Vu+ ;Vp = —gz, Op+div(pu)=0, b +u-VH =0, (2.1)

where u is the three-dimensional velocity vector, p is the mass density, p is the pressure, g is
the gravitational acceleration, z is the unit vector directed opposite to the gravitational force.



The variable € is the potential temperature, defined by # = T'/7, in which T is the temperature
and 7 is the Exner pressure

™= (p/po)™,

with R the gas constant for dry air, ¢, the specific heat at constant pressure, and py a constant
reference pressure. Using the equation of state for a perfect gas, p = pRT', we have the relation

1
;Vp = Cp(QVTF.

The equations (2.1) correspond to conservation of momentum, mass, and entropy, respectively.
Let us write

O(z,y, 2, 1) = 0(2) +0'(x,y,2,t), 7(x,y,2t)=72)+7(z,y,2,1),

in which #(z) and 7(z) characterize a vertically varying reference state in hydrostatic balance,
that is,
—d7
c,— = —g. 2.2
In terms of the perturbations ¢ and 7/, the equations (2.1) can be equivalently written as
/

6
du+u-Vu+ e,V = 952 Op +div(pu) =0, 00 +u-Veo=0. (2.3)

We introduce now three frequently applied approximations to these equations.

Boussinesq approximation. This approximation is obtained by assuming a nondivergent
flow and by neglecting the variations in potential temperature except in the leading-order
contribution to the buoyancy. We thus get, from (2.3), the system

/

8tu+u-Vu+cp90V7r’:gZ—z, divu=0, 0#+u-Veo=0,
0

in which 6 is a constant reference potential temperature. These equations can equivalently be
written as

ou+u-Vu+VP =tz divu=0, b +u-VV+ N*w=0,

where P = c,0o1’, N* = %@é is the Brunt-Vaisala frequency, and b’ = g% is the buoyancy.

Making use of the full buoyancy b = g% = gég—oel, we can write the system as
ou+u-Vu+VP, =bz, divu=0, 0b+u-Vb=0, (2.4)

where P, := B + ¢ Js 0(z)d=.
The total energy is conserved since the energy density E = 1|u|? —bz = |ul® — gLz verifies

7
the continuity equation ’
O FE + div((E + P,)u) = 0. (2.5)

The requirement for nondivergent flow is easily justified only for liquids, and the errors incurred
approximating the true mass conservation relation by divu = 0 can be quite large in stratified
compressible flows. In this case, the anelastic and pseudo-incompressible models have to be
considered, which better approximate the true mass continuity equation.



Anelastic approximation. The anelastic system approximates the continuity equation as
div(pu) = 0,

where p(z) is the vertically varying density of the reference state.
_In the original anelastic system presented by [13], the reference state is isentropic so that
0(z) = 0y is constant, which results in the approximation

/

0
du+u-Vu+ c,6,Vr' = g% div(pu) =0, 90+ u-VH=0. (2.6)

The energy density can be written as £ = p (%\u\Q - g%z) = p (3|u]* + ¢,70), where 7(2) =
;% verifies the hydrostatic balance (2.2) for 0(z) = 6. The total energy is conserved since

E verifies the continuity equation

O,E + div((E + Py )u) = 0

with P, := p(c,0or" + g2) B
In the subsequent work [15], the reference potential temperature  was allowed to vary in
the vertical, leading to the momentum equation

/

- 0
du+u-Vu+ 0V = 952

The resulting system is however not energy conservative. In order to restore energy conserva-

tion, [1 1] considered the approximate momentum equation
_ o’
du+u-Vu+ V(ebn') = 952 div(pu) =0, 00 +u-VH=0. (2.7)
In this case, the energy density E = p(3|ul® + ¢,76), where 7(2) is such that ¢, 92 = —4,

satisfies the continuity equation
O FE +div((E + P,)u) =0,

with P, := p(c,0r' + g2).

Pseudo-incompressible approximation. To obtain this approximation developed in [5],
one defines the pseudo-density p* = pf/6 and enforces mass conservation with respect to p* as
dip* + div(p*u) = 0. When combined with 9,0 +u- V6 = 0, it yields div(pfu) = 0. These last
two equations can be used with the momentum equation in (2.3) to yield the energy conservative

system
/

9 B
du+u-Vu+ c,0Vr' = 952 div(pfu) =0, 90 +u-Veo =0. (2.8)

We note that the balance of momentum is equivalently written as dyu+u-Vu+c,0Vr = —gz,
where 7 = 7 + 7/, with cpg—j = —4%. The energy density £/ = p* (3|u]* 4 g2) verifies the
continuity equation

O E + div((E + Py)u) =0

for Py := c,p*0.



3 Variational formulation

We shall now formulate the anelastic and pseudo-incompressible equations in Euler-Poincaré
variational form. Euler-Poincaré variational principles are Eulerian versions of the classical
Hamilton principle of critical action. We refer to [%] for the general Euler-Poincaré theory based
on Lagrangian reduction and for several applications in fluid dynamics. An Euler-Poincaré
formulation for anelastic systems was given in [3]. We shall develop below a slightly different
Euler-Poincaré approach, well-suited for the variational discretization, by putting the emphasis
on the underlying Lie group of diffeomorphisms associated to these systems.

As we have recalled above, the anelastic and pseudo-incompressible equations are based on
a constraint of the following type on the fluid velocity u(¢, x):

div(ou) = 0,

for a given strictly positive function &(x) > 0 on the fluid domain D.

We assume that the fluid domain D is a compact, connected, orientable manifold with
smooth boundary 9D. In our examples, D is a 2D domain in the vertical plane R? 5 x = (z, 2)
or a 3D domain in R?® 5 x = (z,y, 2).

We fix a volume form g on D, i.e., an n-form, n = dim D, with u(x) # 0, for all x € D . If
D is a domain in R?® 5 (z,y,2), one can take u = dx A dy A dz to be the standard volume of
R? restricted to D. We shall denote by div,(u) the divergence of u with respect to the volume
form p. Recall that the divergence is the function div,(u) defined by the equality

Lop = div,(a)p,

in which £, denotes the Lie derivative with respect to the vector field u, see, e.g., [1]. When

1 is the standard volume, one evidently recovers the usual divergence operator div on vector
fields.

Diffeomorphism groups. Let us denote by Diff,(D) the group of all smooth diffeomor-
phisms ¢ : D — D that preserve the volume form u, i.e., ¢*u = p. The group structure on
Diff ,(D) is given by the composition of diffeomorphisms. The group Diff,,(D) can be endowed
with the structure of a Fréchet Lie group, although in this paper we shall only use the Lie group
structure at a formal level. The Lie algebra of the group Diff ,(D) is given by the space X,,(D)
of all divergence free (relative to u) vector fields on D, parallel to the boundary 0D:

X.(D) = {u € X(D) | div,(u) =0, ul/oD}.

Given the strictly positive function ¢ > 0 on D, we consider the new volume form ou with
associated diffeomorphism group and Lie algebra denoted Diff5,(D) and X5,(D) = {u € X(D) |
divs,(u) =0, ul| 0D}, respectively. In the next Lemma, we rewrite the condition divs,(u) =0
by using exclusively the divergence operator div, associated to the initial volume form p.

Lemma 3.1 Let D be a manifold endowed with a volume form p and let & > 0 be a strictly
positive smooth function on D. Then we have

div,(ou) = o divs,(u).



Proof: We will use the following properties of the Lie derivative £, the exterior differential
d, and the inner product i, on differential forms (see, e.g., [1]): for a k-form «, an n-form g,
and a vector field u, we have

Lo =d (iyq) +igda, d(aAB)=daAB+ (1) ands,
in(@AB) =iga A B+ (1) a Aiyp.

On the one hand, we have

div,(eu)p = £oup = d (iup) = d (Giup) = do Aigp + od (iup)
= (iydo) p — iy (do A p) + 5 div,u = (do - u) u + 7 div, u.

On the other hand, we have
odivs,(u)p = £y(op) = (do-u)p+L£yp = (do - u) p + o div,(u).
This proves the result. U

From this Lemma, we deduce that the appropriate Lie groups associated to the anelastic
and pseudo-incompressible systems are given by

G = Diff;,(D) and G = Diff 4,(D),

respectively. Indeed, from the preceding Lemma, it follows that the Lie algebras of these groups
can be written as

X;,(D) ={ueX(D) | divu(ﬁtl) =0, u| 0D} and
%,3,(D) = {u € X(D) | div,(7u) = 0. u[| oD},

respectively. They correspond to the anelastic and pseudo-incompressible constraints on the
fluid velocity. We will continue to uses the subscript 6 when referring to both Lie groups and
both Lie algebras.

Euler-Poincaré variational principles. The diffeomorphism group Diff;,(D) plays the
role of the configuration manifold for these fluid models. The motion of the fluid is completely
characterized by a time dependent curve ¢(t,_) € Diff5,(D): a particle located at a point
X € D at time t = 0 travels to x = ¢(t, X) € D at time t. Exactly as in classical mechanics,
the Lagrangian of the system is defined on the tangent bundle T Diff;, (D) of the configuration
manifold. We shall denote it by Le, : T Diff;,(D) — R. The index ©, indicates that this
Lagrangian parametrically depends on the potential temperature ©q(X) that is expressed here
in the Lagrangian description.

The equations of motion in the Lagrangian description follow from the Hamilton principle

T
0

over a time interval [0, T, for variations d¢ with d¢(0) = dp(T") = 0.
In the Eulerian description, the variables are the Eulerian velocity u(t,x) and the potential
temperature 6(¢,x). They are related to ¢(t, X) and ©y(X) as

u(t, p(t, X)) = ¢(t, X) and 0(t, o(t, X)) = Op(X). (3.2)

6



We assume that the Lagrangian Lg, can be rewritten exclusively in terms of these two Eulerian
variables, and we denote it by £(u, #). This assumption means that Lg, is right-invariant with
respect to the action of the subgroup

Diff,,(D)e, = {¢ € Diff,,(D) | O0(io(X)) = Ou(X), VX € D}

of all diffeomorphisms that keep ©( invariant.
By rewriting the Hamilton principle (3.1) in terms of the Eulerian variables u and 6, we get
the Euler-Poincaré variational principle

T
(5/ l(u,0)dt =0, for variations ou = v+ [u,v], 00 =—db v, (3.3)
0

where v(¢,x) is an arbitrary vector field on D parallel to the boundary and with div,(ov) = 0,
(i.e., v € X5,(D) by Lemma 3.1), and with v(0,x) = v(7T,x) = 0. The bracket [u, v], locally
given by [u, v]’ := w/9;v" — v/ 9;u’, is the Lie bracket of vector fields.

The expressions for du and 6 in (3.3) follow by taking the variation of the first and second
equalities in (3.2) and defining v(¢,x) as v(t, p(t, X)) = d0p(t, X). A direct and efficient way
to obtain these expressions, or the variational principle (3.3), is to apply the general theory of
Euler-Poincaré reduction on Lie groups, see [3].

In order to compute the associated equations, one needs to fix an appropriate space in
nondegenerate duality with X5,(D). This is recalled in the next Lemma, which follows from
the Hodge decomposition and shall play a crucial role in the discrete setting later. Recall that
given a vector space V', a space in nondegenerate duality with V' is a vector space V' together
with a bilinear form ( , ) : V/ x V' — R such that («,v) =0, for all v € V', implies a« = 0 and
(a,v) =0, for all @ € V', implies v = 0.

Lemma 3.2 The space QY(D)/dQ°(D) of one-forms modulo exact forms is in nondegenerate
duality with the space X5,(D), the Lie algebra of Diff5,(D). The nondegenerate duality pairing
15 given by

() )y QY(D)/AQ(D) x X5u(D) = R, ([a],u), ZI/(a—u)ﬁu, (3.4)
D
where [a] denotes the equivalence class of a modulo ezxact forms.

Proof: It is well-known that if g is a Riemannian metric, with p, the associated volume form
on D, then

() Q(D)/d2(D) x X,,,(D) = R, ([a],v) = /D (o vy

is a nondegenerate duality pairing, see e.g., [12, §14.1]. This result follows from the Hodge
decomposition of 1-forms, which needs the introduction of a Riemannian metric g.

In our case, the volume forms p and Gu are not necessarily associated to a Riemannian
metric. We shall thus introduce a Riemannian metric g uniquely for the purpose of this proof,
with associated Riemannian volume form ;. Let f be the function defined by o = fpug. Since
D is orientable and connected, we have either f > 0 or f < 0 on D. We can rewrite the duality
pairing (3.4) as

[ewon= [ @ (rwp, (3.5)

7



By successive applications of Lemma 3.1, we have
div,, (fu) = dlva L(fu) = fdive,(u) = idivu(ﬁu) =0,
o

where the last equality follows since u € X5,(D). This proves that v = fu € X, (D). We
can thus write the duality pairing ( , ), in terms of the nondegenerate duality pairing (3.5) as
([a],u), = ([, fu), which proves that it is nondegenerate.

O

In a similar way to (3.4), we shall identify the dual to the space of functions F (D) with
itself by using the nondegenerate duality pairing

F(D) x F(D) =R, (h,0), /D (h0) . (3.6)

Given a Lagrangian £ : X5,(D) x F(D) — R, the functional derivatives of ¢ are defined with
respect to the parings (3.4) and (3.6) and denoted

Y4 1 0 Y4 1 Y4
[5—11] € Q' (D)/dQ° (D), for 5u € (D), and 55 € F(D).
Proposition 3.3 The variational principle (3.3) yields the partial differential equation
Y4 o0 o
—— — + df = ] iv,(ou) = D .
O u + Ly s Mde —dp, with div,(ou)=0, ul|dD, (3.7)

where £, denotes the Lie derivative acting on one-forms, given by £ya = d(iya) 4+ iwda. This
equation is supplemented with the advection equation

00 +df-u=0,
which follows from the definition of 6 in (3.2).

Proof: By definition of the functional derivatives, we have

T T Y4 T Y4
5/ Eu,&dt:/ /—-5u5 dt+/ /—-505 dt.
0 ( ) o Jpdu s o Jp b .

Using the expression for du in (3.3), integrating by parts, and using the equalities £,v = [u, V]
and d(a-v) - u v+ a - (£,v), the first term reads

/ / (ataz ﬁ) vEudt + / / ( ).uwdt‘

14

= v divs,(u) = divg, (2 - vu), since divy,(u) =

We can write d (S—Z V) u = divg, ( -V u) — .

0. Then, by the Gauss Theorem,

/diﬁvu_—/5€v1 0
> Vau 511 O—:u_ oD (5u u,ua )

since u || 0D. Combining these results, we thus get

f Y4 _
/ / (at — 5—0d«9> -vaudt = 0,

for all v € X,(D). By Lemma 3.2, it follows that the one-form 9,25 + £, 25 + %d6 is exact,

ugy
i.e., there exists a function p such that this expression equals dp. 0]

%



Remark 3.4 We note that the statement of Proposition 3.3 does not need the introduction of
a Riemannian metric g on D. Only a volume form p is fixed, together with a strictly positive
function . It can be however advantageous to formulate the equations (3.7) in terms of a
Riemannian metric g (note that we do not suppose that p or gu equals p,). In this case,
identifying one-forms and vector fields via the flat operator u € X(D) — v’ = g(u,_) € QY(D),
the space (D) /d°(D) can be identified with the space of vector fields X(D) modulo gradient
(with respect to g) of functions. The nondegenerate duality pairing (3.4) thus reads

([v],w), = /D o(v, u)op. (3.8)

In terms of this duality pairing, the equations (3.7) are equivalently written as

Y4 Y4 o0 oL
d—+u-V—+Vu' - —+4+_V0=-V 3.9
TR T T P (3.9
where V acting on a vector field is the covariant derivative associated to the Riemannian metric
g, V acting on a function is the gradient relative to g, and Vu' denotes the transpose with

respect to g.

We shall now apply this setting to the anelastic and the pseudo-incompressible equations.
The fluid domain D is a subset of the vertical plane R? 3 (x, 2) or of the space R® 3 (z,y, 2),
and has a smooth boundary dD. We fix a volume form p on D.

1) Anelastic equations. For the anelastic equation, we take 7(z) = p(z), the reference mass
density. The Lagrangian is given by

1
l(u,0) = / (§|u|2 — cp7_r9> pp, u € X;,(D), (3.10)
D
where 7(z) is such that cpg—j = —% and the norm is computed relative to the standard inner

product on R? or R3.
Relative to the pairings (3.8) and (3.6) we get

Y4 Y4

ot _ a4 X _.~ 3.11
g =0 and o T, (3.11)
so that the Euler-Poincaré equations (3.9) read dyu + u-Vu+ Vu' -u — ¢,7V0 = —Vp, in
terms of the pressure p. To permit a comparison of these anelastic equations with those given
in the standard form of (2.7) in terms of Exner pressure 7/, we note that Vu' -u = $V|u/? and
that —c,7V0 differs from —g%z by a gradient term, indeed:

/

7 0
—c,mVl = —,V (70) 4+ ¢,(V7T)0 = —¢,V (70) — 952 = —V (e, 70 + gz) — 957

Therefore, with 7’ defined in terms of p by the equality 07" = p + |u* — gz — ¢, 70, the
Euler-Poincaré equations yield the anelastic equations (2.7).



2) Pseudo-incompressible equations. In this case we take &(2) := p(2)0(z) and the La-
grangian is given by

1/1 —
l(u,0) = /175 <§]ul2 - gz) pop, ue€ X;,(D). (3.12)

As before, the kinetic energy is computed relative to the standard inner product on R? or R3.
Relative to the pairings (3.8) and (3.6) we get

501 o0 1 (1

so that the Euler-Poincaré equations (3.9) read

1 1 111, -
Gt(eu)—i—u V(Qu)—i—Vu PRty (2|u| gz)VG— Vp.
g

After some computations, using the relation —% = ¢,0.7, these equations recover the pseudo-
incompressible system (2.8) with ¢,(7 + ') = p+ (3 |ul* — g2).
Based on these results, we can formulate the following statement that will allow us to

derive the variational discretization of these two models by the discrete diffeomorphism group
approach.

Theorem 3.5 Consider a domain D with smooth boundary dD and volume form . The
anelastic system with reference density p, resp., the pseudo-incompressible system with refer-
ence density p and reference potential temperature 0 can be derived from an Euler-Poincaré
variational principle for the Lie group

G = Diff;,(D) resp. G = Diff 5,(D), (3.14)

POu
with Lagrangian (3.10), resp., (3.12).
Kelvin-Noether circulation theorems. The Euler-Poincaré formulation is well adapted

for a systematic derivation of the circulation theorems, see [3]. From (3.7) one indeed deduces
the following general form of the circulation theorem

d [ 66 [ 6

E ., E —_— ., @de, (3.15)

where ¢; = ¢(t,co) is a loop advected by the fluid flow ¢(t,-) and §, « denotes the circulation
of the one-form « along the loop ¢;. Using the equation 9,6 + df - u = 0, one also deduces

another useful form, namely,
d Y4 Y4
— ¢ — = — 0—d6é — 6dp | . 1
dt )., ou 7{ ( 50 p) (3.16)

We shall not present the derivation of (3.15) and (3.16) since they follow from similar arguments
with those explained in details in [3].

10



For the anelastic system, using (3.11) and the equalities ¢,7df = ¢,d(70) — c,d70 =
¢,d(70) + g4z, expression (3.15) yields the equivalent forms

d u-dx:cpfﬂdﬁ or d

0
7 g g 7 Ctu-dx-gfg_z-dx

of the circulation theorem. For the pseudo-incompressible system, using (3.13) and the equali-
ties § (3|ul? — gz) dd — 0dp = d (3|u|* — gz) — ¢,d7b, the expression (3.16) yields

d
7 Ctu'dx—cp]{WdG.

Ct

As shown further below, these conservation laws of the continuous equations, here presented
with explicit formulas, are also preserved by the discrete variational discretizations that we will
derive in the following section.

4 Variational discretizations

In this section we first quickly review from [I141] the discrete diffeomorphism group approach
in the incompressible case. Then, based on the results of Theorem 3.5, we show that an
appropriate adaptation of this approach allows us to derive a variational discretization of the
anelastic and pseudo-incompressible systems valid on a large class of mesh discretizations of
the fluid domain.

Review of the discrete diffeomorphism group approach in the incompressible case.
The spatial discretization of the equations is accomplished by considering the finite dimensional
approximation of the group of volume preserving diffeomorphisms developed in [14], which we
roughly recall below.

Given a mesh M on the fluid domain D with cells C;, i = 1, ..., N, define a diagonal N x N
matrix € consisting of cell volumes: €; = Vol(C;). The discretization of the group Diff,(D) of
volume preserving diffeomorphisms of D is the matrix group

D(M) = {q € GL(N)" |¢-1=1 and ¢'Qq=Q}, (4.1)

where GL(N)" is the group of invertible N x N matrices with positive determinant, and 1
denotes the column (1,...,1)T so that the first condition reads Zjvzl gij=1foralli=1,..,N.

The main idea behind this definition is the following (see [I1] for the detailed treatment).
Consider the linear action of Diff,,(D) on the space F(D) of functions on D, given by
fEFMD) fop '€ F(D), ¢ eDiff,(D). (4.2)

This linear map has two key proporties:

(1) it preserves the L? inner product of functions;

(2) it preserves constant functions C' on D: C'op~! = C.

In the discrete setting, a function is discretized as a vector F' € RY whose value F; on cell C; is
regarded as the cell average of the function. Accordingly, the discrete L? inner product of two
discrete functions is defined by

N
(F.G)=TF"QG =Y FOG;.

1=1

11



The discrete diffeomorphism group (4.1) is such that its action on discrete functions by matrix

multiplication, is an approximation of the linear map (4.2). The conditions ¢'Q¢ = Q and

q-1 =1 are indeed the discrete analogues of the conditions (1) and (2) above, respectively.
The Lie algebra of D(M), denoted 9(M), is the space of Q-antisymmetric, row-null matrices:

M) ={Acgl(N)|]A-1=0 and ATQ+ QA = 0}.

The component A;; of the matrix A is the weighted flux of the vector field u through the face
common to the cells C; and C;. This relation induces a nonholonomic constraint on the Lie
algebra 0(M) as only the fluxes through adjacent cells are non-zero:

in which N (7) is the set of all indices of cells adjacent to cell C;.

Once a discrete Lagrangian ¢4 : 9(M) — R has been selected, the derivation of the spatial
variational discretization then proceeds by applying an Euler-Poincaré variational principle
to this Lagrangian that takes into account the nonholonomic constraint. This approach has
been developed in [11] for the incompressible homogenous ideal fluid and extended to several
models of incompressible fluids with advection equations in [7] and to rotating and/or stratified
Boussinesq flows in [1].

Discrete diffeomorphism groups for the two models. The results obtained in Theorem
3.5 make it possible to extend this approach to treat the anelastic and pseudo-incompressible
systems. The main idea consists in defining weighted versions of the volume of the cells in order
to permit the use of the results recalled above in the incompressible case.

Given a mesh M on D, a reference density p(z), and a reference potential temperature 6(2)
on D, we define, respectively, the diagonal matrices ? and Q7 of p-weighted and pf -weighted
volumes as

QP = / p(z)dx and QP = / p(2)0(2)dx.
& &
The discrete versions of the diffecomorphism groups Diff;,(D) and Diff ;5,(D) in (3.14) are
therefore

pou

D,(M) : = {q € GL(N)" | ¢-1=1 and ¢'Q% = Q7},
Ds(M) : = {g € GL(N)* [q-1=1 and ¢""¢ = 0"},

p

with Lie algebras

0,(M) = {A € gl(N) | A-1=0 and ATQ? + QA =0},
0,5(M) = {A€gl(N) | A-1=0 and ATQY + QP A =0}.

In order to treat the anelastic and pseudo-incompressible cases, we also need to appropriately
modify the relation between the components A;; and the velocity vector fields u, by taking into
account the weights p and 6. For u € X;,(D), resp., u € X,4,(D), we get

1 1
Ay~ ——— pu-n;;)dS, resp., A~ ———
77208 (P ng) P T g
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in which D;; is the boundary common to C; and C;, and n;; is the normal vector field on D;;
pointing from C; to Cj. The same nonholonomic constraint as before needs to be imposed, but
this time on 95(M), namely,

Sy ={A€v,(M) | Ay #£0=j € N(i)}. (4.5)

This constraint induces a right-invariant linear constraint on the Lie group Dz (M): at ¢ €
D;(M), the constraint is defined as

S5(q) :={Gg € T,Ds(M) | ¢ € S5} C T,Ds(M).

In addition to the matrix A € 95(M) which discretizes the Eulerian velocity u, we introduce
the discrete potential temperature © € RY whose component ©; is the average of the potential
temperature 0 on cell C;.

Variational discretization for the two models. The variational discretization is carried
out by mimicking the Euler-Poincaré approach of Theorem 3.5. Consider a discrete Lagrangian
Loya : TD5(M) — R defined on the tangent bundle of the Lie group D;(M) and being an
approximation of the Lagrangian in (3.1). The parameter ©, € R” is the discrete potential
temperature in the Lagrangian description.

Hamilton’s principle has to be appropriately modified to take into account the nonholo-
nomic constraint, namely, we apply the Lagrange-d’Alembert principle stating that the action
functional is critical with respect to variations subject to the constraint. In our case it reads

T
5/ Leo,.a(q,q)dt =0, for variations dq € S5(q) (4.6)
0

vanishing at ¢t = 0, T, and with ¢ € S5(q).

In a similar way with the continuous case, the relation between the Lagrangian variables
q(t) € D5(M), ©g € RY, and the Eulerian variables A(t) € 05(M), O(t) € RY is given by the
formulas

A(t) =q(t)g(t)"" and  O(t) = q(t)Oy. (4.7)

The discrete Lagrangian Lg, 4 is assumed to have the same right-invariance as its continuous
counterpart in (3.1), hence it can be exclusively written in terms of the Eulerian variables in
(4.7). We thus get the reduced Lagrangian

lg=1l4(A 0):05(M) x RY - R.

The Eulerian version of the Lagrange-d’Alembert principle (4.6) is found to be
T
6/ la(A,©)dt =0, for variations 0A = 0;Y +[Y, 4], 60 =Y0O, (4.8)
0

in which A € S; and where Y is an arbitrary time dependent matrix in S; vanishing at the
endpoints. The expressions for the variations dA and 0O in (4.8) are obtained by using the
two relations (4.7). In particular, we have Y = dgq~', which is therefore an arbitrary time
dependent matrix in Sy vanishing at ¢ = 0,7". The principle (4.8) is a nonholonomic version of
the Euler-Poincaré variational principle.

13



In order to derive the equations associated to the principle (4.8), we need to introduce
appropriate dual spaces to the Lie algebra 0,(M) and the space of discrete functions Q9%(M) =
RY. To this end, we recall from [7] that in the context of discrete diffeomorphism groups,
a discrete one-form on M is identified with a skew-symmetric N x N matrix. The space of
discrete one-forms is denoted by Q}(M). The discrete exterior derivative of a discrete function
F € QY(M) is the discrete one-form dF given by

(dF)ij := F; — Fj.

Then, given a strictly positive function &(x) > 0, the discrete version of the L? pairing (3.4) is
defined as
(K, A), =Tr (K'Q°A), K e€QiM), Aecd;(M). (4.9)

By repeating the arguments of Theorem 2.4 of [7] for the discrete L? pairing (4.9) with weight
o, we get the identification
05 (M)" = Qg(M)/dQ(M), (4.10)

which is the discrete analogue of the identification in Lemma 3.2.
Concerning functions, the discrete analogue of the pairing (3.6) is given by

N
(F.G), =F'Q°G =) FQIG;, FGeR". (4.11)
i=1
A direct application of the principle (4.8) yields the following result.

Proposition 4.1 A curve (A(t),0(t)) € 0;(M) x RY is critical for the principle (4.8) if and
only if there exists a discrete function P € RN such that the following equation holds

d ol , ([%Qaﬂ] (Qg)1>i'_%(5€d +%> (0, —0)+(P—P) =0, (412)

dt 0 A;; 5A 60; ' 00,
for all j € N(i), where the functional derivatives %“1 and % are computed with respect to the

pairings (4.9) and (4.11).

Equation (4.12) yields a structure-preserving spatial discretization of the Euler-Poincaré
equation (3.7) on the mesh M. For the anelastic, resp., pseudo-incompressible equations, we
will choose @ = p, resp., @ = pf and use in (4.12) suitable approximations

la=104(A,0) :0;(M) x RY = R, resp. {4 =">q(A,0):0,;(M) x RY - R, (4.13)

of the Lagrangians (3.10), resp., (3.12).

Anelastic system. The discrete Lagrangian associated to (3.10) is
1 b _ 1 b 5 _ 5
(a(A,0) = S (A, A)), -, (1,6) = = Z AL AT — ¢, Z I1,0,07, (4.14)
ij 7

where the first, resp., the second duality pairing is given in (4.9), resp., (4.11), and IT € RV is a
discretization of the reference value 7(z) of the Exner pressure. The first term in (4.14) is the
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discretization of the kinetic energy associated to a given Riemannian metric on D and is based
on a suitable flat operator A € S; — A” € QL(M) associated to the mesh M, see [11].
The functional derivatives of ¢, with respect to the pairings ((, )) s and () 5 are, respectively,

0y b 14 -
SA, = A;; and 50, ~ —cplL;.

Using them in (4.12) with ¢ = p, we get the structure-preserving spatial discretization of the
anelastic system on the mesh M as

1L;
1@, -0)=—(P— P, foralljeN(@i).  (4.15)

d i+
sty
J

—Ab AQr. A
i + Ji

Pseudo-incompressible system. The discrete Lagrangian associated to (3.12) is
A5 Q0 — 707, 4.16
Z 5.4 Z 5 (4.16)

in which Z € R¥ is a discretization of the height z. Note that we are now using the volumes
Q.

The functional derivatives of £, with respect to the pairings ((, )) ;5 and (, ) ;5 are, respectively,

p0
oy 1(1 . s 1
0A; 2 <@i @]> Ajj = My and 557 = 53 (QZ > ZA

Using them in (4.12) with & = pf, we get the structure-preserving spatial discretization of the
pseudo-incompressible system on the mesh M as

LM+ (MO A — = 1%\ (@, -6

=—(P,—F;), forall je N(i).

5 Variational integrator on irregular simplicial meshes

In this section, we shall use the general results of §4, valid for any kind of reasonable (i.e.
non-degenerated) meshes, to deduce the variational discretization on 2D simplicial meshes. On
such meshes, we adopt the following notations (cf. Figure 5.1):

fi; - = length of the primal edge, located between triangle ¢ and triangle j;
hij : = length of the dual edge that connect the circumcenters of triangle ¢ and triangle j;
; : = area of the primal simplex (triangle) T;.

The flat operator on a 2D simplicial mesh is defined by the following two conditions, see [11],

B

A =20,-2 A5, for j € N(i),
j fi; o J (#) (5.1)
AL+ A+ Ay = K5 (w(A), ), fori k€ N(j), k ¢ N(i),

15



_ 1T
i 121

fiiy

hiiy
T+

Figure 5.1: Notation and indexing conventions for the 2D simplicial mesh.

in which e denotes the node common to triangles T;, Tj, T and ¢? denotes the dual cell to e.
In (5.1), the vorticity w(K) of a discrete one-form K € Q(M) is defined by

<W<K)7Ce2> = Z Ko,

Chn €02

where the sum is taken over the dual edges in the boundary 9¢? counterclockwise around node
e. The constant K¥ is defined as

2

NT;
Kje = |C€ 5 .7|’

[
where [¢?] and |¢2 N T}| denote, respectively, the areas of (? and (. N T;. Note that the matrix
A’ defined in (5.1) is skew-symmetric, hence A* € QL(M).

Boussinesq flow. Variational discretization of the Boussinesq fluid on regular Cartesian grids

has been carried out in [1]. Here we shall derive from (4.12) the variational scheme on irregular
2D simplicial grids. Recall that in this case div,(u) = 0 and that the Boussinesq Lagrangian is

given by
1
l(u,b) = / (—]u|2 + bz)u.
p \2
The discrete Lagrangian is therefore chosen as €4 : 9(M) x RY — R,
1
gd(Av B) = 5 <<Ab7A>> + <87 Z> )

where B € RY is the discrete buoyancy and Z is the discrete height function, i.e., Z; denotes
the z-coordinate of the circumcenter of cell C;.
Using the Boussinesq Lagrangian and the flat operator (5.1), the discrete Euler-Poincaré
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equation (4.12) yields

lZ+

(O A + (W(A), () (K7 Aus + K Ajj ) — (w(A), ) (B Auy + K Ajj.)

Z + Z; ~ ~ . .
2 (B B) (PJ - PZ)? fOI" all J S N(Z)a (52)
\ JEN()
where (;A;; = —(;Aj;, for all 4,7, and deN i; = 0, for all 4, and where P is related to P
n (4.12) via
pz‘ =P+ Z AEkAik- (5~3)
keN (i)

We note that the momentum equation (5.2) corresponds to the discretization of the following
form of the Boussinesq equation:

o’ + iydu’ = —zdb — dp, (5.4)

where, similarly to (5.3), p = iyu’+p, with p the pressure function arising in the Euler-Poincaré
formulation (3.7). The form (5.4) is easily seen to be equivalent to the standard form (2.4) with
B, =zb+p+3ul*=zb+p— 3|ul’.

Anelastic flow. The continuous and discrete anelastic Lagrangians are given in (3.10) and
(4.14). Recall that in this case div,(pu) = 0. The flat operator (5.1) has to be slightly modified
in order to produce a skew-symmetric matrix, namely, we modify the first line in (5.1) to
hij
A = MW for the matrix M defined by M;; = ZQif—JAij,
ij
in which () denotes the skew-symmetric part. For the Boussinesq model, this definition
recovers (5.1), since the matrix M is in this case already skew-symmetric. One checks that this
definition still satisfies the properties of a flat operator in [14].
The general discrete anelastic equations (4.15) yield

(5.5)

( atAEj + <W(Ab)a §E> (K;Aii— + K;Ajj—) o <W(Ab>7<<2k> (K+A + K+AJJ+)

7,7,+
I1; + I1; L
= —¢ —g 10, —0;)+ (P, — P,), forall je N(i),

(5.6)

- ) A0, =

\ JEN(3)

where Q7 A;; = —QfAji, for all 7,5, and ZjeN(Z.) A;; = 0, for all 7, and where P is related to
P in (4.12) and (4.15) as before via the formula (5.3). We note that the momentum equation
(5.6) corresponds to the discretization of the following form of the anelastic equation:

o0’ +i,du’ = c,7df — dp, (5.7)

where, similarly to (5.3), p = iyu’+p, with p the pressure function arising in the Euler-Poincaré
formulation (3.7). The form (5.7) was shown in §3 to be equivalent to the standard form (2.6).

17



Pseudo-incompressible flow. The continuous and discrete pseudo-incompressible Lagrangians
are given in (3.12) and (4.16). Recall that in this case div,(pfu) = 0. We take the flat operator
(5.1) with the first line modified as in (5.5)

The general discrete pseudo-incompressible equations (4.17) yield

( O Mi; + (w(M), %) (Ki_An‘_ + Kj_Ajj_) —(w(M),¢3) (K;FAM + K;—AJ’J#)

_1<9Zi_k7i+gzjkj

- 2 2
2| e o2

) (0, —©;)+ (P;— P;), foralljeN(i),
(5.8)

1/1 1
2<@i+@j> i

0,0, — > Ay©; =0,
L JEN(9)

where QféAij = —QféAji, for all 7, 7, and ZGN(i) A;; =0, for all 4, and where P is related to P
in (4.12) and (4.17) by the fomula

P=P+ Z M Aig. (5.9)
kEN (i)

We note that the momentum equation (5.8) corresponds to the discretization of the following
form of the pseudo-incompressible equation:

1L, 1., 1 1, )
— —_— = —— _— — '1
) (Hu) + 5iudu 72(92 = 5[ul*)do — dp, (5.10)

where, similarly to (5.9), p = %iuub + p, with p the pressure function arising in the Euler-
Poincaré formulation (3.7). The form (5.10) was shown in §3 to be equivalent to the standard
form (2.8).

We present in Table 5.1 a parallel between the continuous and discrete variational formula-
tions for the three models.

Time integration. Since the spatial discretization has been realized in a structure-preserving
way, a corresponding temporal variational discretization follows by applying the general discrete
(in time) Euler-Poincaré approach, as it has be done in [7], [1] to which we refer for a detailed
treatment. This approach is based on the use of the Cayley transform, a local approximant
of the exponential map. For the general discrete Euler-Poincaré system (4.12) and for a given
time step At, it results in the following scheme

1 5€d (%d 1 (%d 5 k 5\—1 (%d G k—1 o\—1
At(éA;g. 5A§j-1> T3 (LSA’“Q A ] @)=+ (5Ak*1Q AT () .

_ == 4L = L) P’ — PP =

where (Af;-_l,@f_l) and (AY

i ©F) are the values at the consecutive time steps k — 1 and k.
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Continuous diffeomorphisms

Discrete diffeomorphisms

Boussinesq: Diff (M)

Boussinesq: D(M)

Anelastic:  Diff 5, (M) Anelastic:  Dz(M)
Pseudo-incompressible:  Diff 55, (M) Pseudo-incompressible: D ;5(M)
Lie algebras Discrete Lie algebras
Xu(M), Xpu(M), X5,(M) o(M), 05(M), d,5(M)
Euler-Poincaré form Discrete Euler-Poincaré form
Y4 or ol
— — + —df =—-d E i 4.12
atéu + £u(5u + 50 0 D, quation (4.12)

Common form for the three models

Common discrete form for the three models
Form independent of the mesh

Expression corresponding to the
discrete form on 2D simplicial grids

Discrete form on 2D simplicial grids

Boussinesq:
o’ + iydu’ = —zdb — dp
Anelastic:
o0’ + iydu’ = c,7df — dp
Pseudo-incompressible:

8t<éub> + Cigdu’ = —i<gz - —|u|2>d9 —djp

Discrete Boussinesq:
Equation (5.2)
Discrete Anelastic:
Equation (5.6)
Discrete Pseudo-incompressible:

Equation (5.8)

Table 5.1: Parallel between the continuous and discrete forms for the three models. Note that
in the Euler-Poincaré form given in the sixth row of the first column, one has to compute the
variational derivatives with respect to the three different weighted pairings in order to get the
three models. The last row of the first column presents the continuous equations in a form
that corresponds to the discrete forms obtained by variational discretization on 2D simplicial
meshes. Note that these expressions are not the standard form of the models given in (2.4),
(2.7), (2.8).

6 Numerical tests

In this section we present preliminary numerical tests for the variational schemes. We will
focus on hydrostatic adjustment processes and make for each model a quantitative evaluation
of the discrete dispersion relation of the emitted internal gravity waves. The simulations are
performed on a regular and an irregular triangular mesh.

Description of the meshes. The regular mesh consists of equilateral triangles of constant
edge length f = |f;;|, where fi;,7 = 1,2,3, denote the edges of triangle T; (cf. Section 5). The
distance between neighboring vertices in x-direction is given by f, := f while the height of the
triangles in z-direction is given by f, := \/75 f. Given a domain size of L, x L., in which L, and
L, denote the domain’s length in x- and z-directions, respectively, the mesh resolution, denoted
by 2- N, x N, for N, := L,/ f, and N,, := L,/ f., corresponds to the number of triangular cells.

To construct the irregular mesh, we start from the regular one and randomly move the
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Figure 6.1: Section of central part of the irregular mesh with maxycq Ah(x) & 7 for a resolution
of 2 - 384 x 20 triangular cells.

regularly distributed internal vertices — i.e. vertices that do not belong to boundary cells —
from point x; = (x;, ;) to x; + 0x; within the bounds |dx;| < ¢- f, -7 and |d0z;| < c¢- f, - r, for a
positive constant ¢ and some random number r € [—0.5,0.5]. Although not necessary, we leave
the boundary triangles regular as this eases the implementation.

The distortion of the irregular mesh can be quantified using a grid quality measure intro-
duced in [2] that measures the distortion of the dual cells: Ah(x) := rsj;(j—:j , in which h;; is the
length of dual edge j of dual cell ¢? that contains point x. High values of Ah indicate strongly
deformed cells. For our studies we use ¢ = 0.2 which leads to a mesh with maxycq Ah(x) &= 7
indicating strongly deformed dual mesh cells.

We use a computation domain of dimension (x,z) € D = [0,L,] x [0,L.], L, =24m, L, =
1m, while imposing periodic boundary conditions in z-direction and free-slip boundary condi-
tions at the upper and lower boundaries of the domain. Both regular and irregular computa-
tional meshes have a resolution of 2 - 384 x 20 triangular cells (cf. Figure 6.1).

Description of the hydrostatic adjustment test case. The derivations of Boussinesq,
anelastic, and pseudo-incompressible models rely on the assumption of a vertically varying ref-
erence state that is in hydrostatic balance, i.e. the gravitational and pressure terms compensate
each other (cf. Section 2). When out of equilibrium, the system tends to a balanced state by
the so-called hydrostatic adjustment process [10] by emitting internal gravity waves.

Applying this test case, we study the schemes’ dynamical behavior, long term energy and
mass conservation properties, and their discrete dispersion relations. We initialize the Boussi-
nesq scheme as in [1], and adapt the therein suggested test case to suit also for the anelastic
and pseudo-incompressible schemes. This will allow us to compare quantitatively the simulation
results of our schemes with each other and with those of [1].

Initialization. Analogously to [1], we initialize the Boussinesq scheme on the basis of a
hydrostatic equilibrium, given by weq(z,2) = weq(r,2) = 0 and bey(r,2) = —NZz =: b(2),
on which at ¢ = 0 a localized positive buoyancy disturbance 5(.7:, z) with compact support is
superimposed. Hence, the initial buoyancy field b(z, z,0) = b(z) + E(x, z) with Brunt-Véaséla
frequency N, = 1/s is given by the function

2

b(z,2,0) = N2{ 2+ 5;36(%”2) ifr<rg, r=(x—L)2+(z-L)? (6.1)
—z if > 7o,
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Figure 6.2: Initialization of the Boussinesq scheme by the buoyancy field b(z, z,0), shown left.
Initialization of the anelastic and pseudo-incompressible schemes by the potential temperature
field 0(z, z,0), shown right.

with parameters ro = 0.2- L, and 3, = 0.3- L,. Note that [z] = m, hence the choice of N, = 1/s
suggests further to set ¢ = 1m/s? and 0y = 1 K. Given these analytical functions, the discrete
function B = {B,| for all triangles T;} is obtained by setting B;(0) = b(z;, 2;, 0) for all triangles
T; with cell centers at position (z;, z;) (cf. Figure 6.2).

For the anelastic and pseudo-incompressible schemes, we aim for an initialization that pro-
duces results comparable to the Boussinesq scheme and that meets the requirements of constant
N and o, or op; (discussed later in more detail). To this end, the hydrostatic equilibrium is
set Up by teq(T, 2) = Weq(z,2) = 0 and a reference state 0(z) = e*+° with constant ¢, on which
at t = 0 a negative potential temperature perturbation é(m,z) is superimposed. The initial
potential temperature field 6(z, z,0) = (z) + 6(z, ) is hence given by

_r2

O(x,2,0) =€~ ﬁae<T3*T2) ifr<ro, r?=(r-%)°+(E-%)7 (6.2)
e*te if r >y,

with parameters ro = 0.2 - L, and 8, = 0.2 - L,. To obtain a potential temperature field
with comparable magnitude (in the order of y = 1K) to the buoyancy field, we set ¢ = —L,
giving 0.4 K at the bottom and 1K at the top of the domain. The choice of 3, results in
an oscillation comparable in magnitude to the Boussinesq case. For this 6, the Brunt-Vaisala
frequency is N? = %Z—z = 1/s?, where we set g = 1m/ s?. The requirement that o, and op; have
to be constant restricts our choice of the stratified density field p to be either a constant or an
exponential function; here we use the profile p(z) = e=* which mimics a realistic stratification
of the atmosphere.

The initialization of the anelastic scheme requires, in addition, to define a discrete Exner
pressure II. The relation between 7 and @, see (2.2), allows us to initialize the Exner pressure
by the potential temperature field via

7(2) = LGt

Cp

, (6.3)

for any values of specific heat at constant pressure ¢, (here we set ¢, = 1), as it will cancel
out in the anelastic equations. Given these functions, the discrete ones are obtained by setting
0;(0) = O(z;,2;,0), II; = 7(x;, 2), and p; = p(wy,2) for all triangles T; with cell centers at
position (z;, 2;) (cf. Figure 6.2).

We integrate for a time interval of 100s (in correspondence to [1]) and use a fixed time step
size of At = 0.25s for all schemes.
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Figure 6.3: Boussinesq scheme: snapshots of the wave propagation on the regular (left column)
and the irregular (right column) mesh.

Conserved quantities. In Section 2, we considered soundproof models that provide energy
conserving approximations of the Euler equations. In the following we study if the variational
schemes conserve discrete versions of the associated total energies too.

In the same vein, we study if discrete versions of mass are conserved quantities in time also.
We note that mass conservation in the Boussinesq case is given by

— [ b(x,z,t)dx = 0. 6.4
% [ ) (6.4)
Being implicitly related to the density, we refer to this quantity, and the upcoming similar ones
for anelastic and pseudo-incompressible equations, generally as mass M (). For the anelastic
equations, mass conservation is given by

d

il p(2)0(x, z,t)dx = 0, (6.5)

as [, pofdx = — [, df - pudx = — [, div(pub)dx + [, div(pu)fdx = 0, which follows by the
anelastic constraint div(pu) = 0 and by the choice of boundary conditions, i.e. u-n = 0, on 9D.
Following a similar argumentation, mass conservation for the pseudo-incompressible equations
is given by
4 p(2)0(2)0(x, z,t)dx = 0. (6.6)
dt Jp
Results on the dynamics. Before discussing the quantities of interest, let us first have a
look at the general dynamical behavior of the variational schemes. Figure 6.3 shows snapshots
at times t = 5s and t = 8s of the buoyancy field b(z, z,t) of the Boussinesq scheme for the
central region [11m, 13 m] x [0, 1 m| of the regular (left column) and the irregular (right column)
mesh. For these early times, before waves that are reflected by the boundaries reach the center,
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Figure 6.4: Anelastic scheme: snapshots of the wave propagation on the regular (left column)
and the irregular (right column) mesh (snapshots for pseudo-incompressible scheme are very
similar, hence not shown)

one clearly observes the internal gravity waves, caused by the buoyancy perturbation, that
propagate from the center along the channel in z-direction. Besides of small irregularities
of the solutions on the irregular mesh, in particular visible at the velocity field that is not
completely symmetric with respect to the axis x = 10m, the results obtained using either the
regular or the irregular mesh are very similar.

Analogously, we show in Figure 6.4 snapshots of the potential temperature 0(zx, z,t) of
the anelastic scheme. The snapshots for the pseudo-incompressible scheme are very similar
and hence not shown. Comparing with Figure 6.3, the wave structure on the velocity and
potential temperature fields are rather similar, for both time instances and both mesh types,
to those obtained with the Boussinesq scheme, noticing that the magnitude of displacement of
0 from equilibrium is more enhanced in the anelastic and pseudo-incompressible case. Again,
the irregular mesh (right column) triggers solutions that are slightly non axis-symmetric with
respect to x = 10m, but agree in general very well with the internal gravity wave propagations
obtained on the regular mesh.

Results on the conservation properties. Figure 6.5 illustrates the time evolution of the
relative errors (determined as ratio of current values at ¢ over initial value at ¢ = 0) of total
energy E(t) (upper panels) and mass M(t) (lower panels) of the Boussinesq scheme for the
regular (left column) and the irregular (right column) mesh. Analogously, Figure 6.6 shows
these relative error values for the anelastic scheme and Figure 6.7 for the pseudo-incompressible
scheme.

For all three schemes and on both mesh types, the total energy shows an oscillatory behavior
while being very well conserved in the mean for long integration times. The magnitudes of
these oscillations are at the order of 107%, but they depend on the time step size; here we
used At = 0.25s. Reducing the time step size by a factor of 10 decreases simultaneously the
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Figure 6.5: Boussinesq scheme: relative errors of total energy E(t) and mass M(t) for the
regular (left column) and the irregular (right column) mesh.
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Figure 6.6: Anelastic scheme: relative errors of total energy F(t) and mass M (t) for the regular
(left column) and the irregular (right column) mesh.

magnitude of the relative errors in total energy by the same factor (not shown). Hence, all three
variational schemes show the expected 1st-order convergence rate with time (cf. time scheme
derivation in [14]).

In case of the Boussinesq scheme, mass is conserved at the order of 10~ for both the regular
and the irregular mesh. In the anelastic and pseudo-incompressible cases, mass is conserved
at the order of 107! for both mesh types. On the irregular mesh though we observe a slight
growth in the anelastic, and a slight decline in the pseudo-incompressible case, but within the
order of 107! on a very acceptable level.

Investigation of the frequency representation. We study the frequency spectra of the
occurring internal gravity waves for all three schemes. Consider the Boussinesq system in
hydrostatic equilibrium with a reference buoyancy b(z) and a pressure P, balance like % =b
When out of equilibrium, the system tends to a hydrostatic balance by emitting internal gravity

waves that obey the dispersion relation

k2N?
2 xz*'b
W= (6.7)
with wave vector k = (k;, k) € Z \ 0, in which N? := 3—2 = %Z—z_, assumed to be a constant,

denotes the Brunt-Vésala frequency for the case of Boussinesq equations.
For the anelastic equations, we assume that the reference states p(z) and 6(z) are such that

gdf 1 /1dp\> 1d [(1dp
N2:=_ d a = — | —— - | —— 6.8
0dz e o 4(ﬁdz 2dz \pdz (68)
are constant numbers. Then, the dispersion relation takes the simple form
N2k?
2 T
W=iaT pt (6.9)
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Figure 6.7: Pseudo-incompressible scheme: relative errors of total energy F(t) and mass M (t)
for the regular (left column) and the irregular (right column) mesh.

2

Constant values for N and o, are obtained by taking 0(z) = ae’s * and p(z) = pe
case 0, = &=
a — 4 °

Similarly for the pseudo-incompressible equations in hydrostatic equilibrium, we assume
that the reference states p(z) and 6(z) are such that

Kz in which

gdf 1dd  1dp\°> d (1d8 1dp
N*=2—" and op=(=—+—") —— [ =—+—— 1
gz M % <(9dz+2pdz = \od: "2z (6.10)
are constant numbers. The dispersion relation takes the simple form
N2k?
w? L (6.11)

k2 -+ O'pi.

For all three models, one observes that the frequency spectra of the internal gravity waves
are anisotropic and bound from above by N, respectively N, in the Boussinesq, respectively
anelastic or pseudo-incompressible case. To see this, consider the extremes of (6.9), for instance,
but the same reasoning works for the other cases too: the lower bound at min(w) = 0 results
from k, = 0 for any k, > 0 or o,, while the upper bound max(w) = N from k, > k,, 0.

Results. To study numerically the dispersion relations of our discrete schemes, we determine
the Fourier transforms of time series of the buoyancy field b(z, z,t) and of the potential temper-
ature fields 0(x, z,t) of the anelastic and pseudo-incompressible schemes for the time interval
t € [0,100s] at various locations of the computation domain D (similar to those chosen by
[1]). The resulting spectra are presented in Figure 6.8 for the Boussinesq, Figure 6.9 for the
anelastic, and Figure 6.10 for the pseudo-incompressible schemes; left blocks for the regular,
and right blocks for the irregular mesh.

For all selected sample points, these spectra show an anisotropy manifested by the fact
that the frequencies lie between zero and max(w) = N, = N = 1/s with a sharp drop in
the spectra at the maximal frequencies max(w). Hence, the spectra are bound from above by
max(w) as theoretically expected. Considering the central panel of each block, the spectrum is
pronounced for values of Ny, in agreement with (6.7) or of NV in agreement with (6.9) or (6.11): for
waves with frequency near N, or N, the group velocity tends to zero leaving the corresponding
waves trapped in the center of the domain. A very similar distribution of frequency spectra
within the domain D has been found by [1]. The simulations on the irregular mesh give very
similar frequency spectra. Hence, for all cases the spectra reflect very well the properties of the
analytical dispersion relations.
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Figure 6.8: Boussinesq scheme: frequency spectra for the regular (left block) and the irregular
(right block) mesh determined on various points in the domain D. The position in the panel
indicates the corresponding position in D, e.g. the upper left panel corresponds to a point at
the upper left of D.

7 Conclusion

In this paper we derived variational integrators for the anelastic and pseudo-incompressible
models by exploiting the variational discretization framework introduced in [14] for the dis-
cretization of incompressible fluids. In order to enable the use of this framework, we first
described the anelastic and pseudo-incompressible approximations of the Euler equations of a
perfect gas in terms of the Euler-Poincaré variational method. Applying the idea of weighted
volume forms, i.e. weighted in terms of the background stratifications of density (anelastic) or of
density times potential temperature (pseudo-incompressible), we could identify the appropriate
groups of diffeomorphisms for the two models.

Based on these results, we defined suitable discrete versions of these diffeomorphism groups
that incorporate the idea of weighted meshes as discrete counterparts of the weighted volume
forms, in order to match the divergence-free conditions of the corresponding weighted velocity
fields. Alongside, we defined appropriate weighted pairings required to derive the functional
derivatives of the discrete Lagrangian that leads to the corresponding discrete equations of
motion for the anelastic and pseudo-incompressible models, valid on any mesh discretization of
the fluid domain. We then considered in detail the case of irregular 2D simplicial meshes for
these two models. For completeness, we also considered the case of the Boussinesq equations on
irregular 2D simplicial meshes, thereby extending the results of [1]. For each case, we discussed
the form of the equations that appears in discrete form, which is not the standard form in which
these equations are usually written, see Table 5.1.

We then tested the obtained variational integrators for both regular and irregular triangular
meshes by focusing on hydrostatic adjustment processes. These preliminary tests showed that
our variational integrators capture very well the characteristics of the corresponding dispersion
relation, in particular the upper and lower bounds of permitted wave numbers. In all cases
studied, both mass and energy are conserved to a high degree, following from the structure-
preserving nature of our variational integrators.
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Figure 6.9: Anelastic scheme: frequency spectra for the regular (left block) and the irregular
(right block) mesh determined on various points in the domain D similarly to Fig. 6.8.
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