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Abstract

The equations of reversible (inviscid, adiabatic) fluid dynamics have a well-known
variational formulation based on Hamilton’s principle and the Lagrangian, to which is
associated a Hamiltonian formulation that involves a Poisson bracket structure. These
variational and bracket structures underlie many of the most basic principles that we know
about geophysical fluid flows, such as conservation laws. However, real geophysical flows
also include irreversible processes, such as viscous dissipation, heat conduction, diffusion
and phase changes. Recent work has demonstrated that the variational formulation can be
extended to include irreversible processes and non-equilibrium thermodynamics, through
the new concept of thermodynamic displacement. By design, and in accordance with
fundamental physical principles, the resulting equations automatically satisfy the first
and second law of thermodynamics. Irreversible processes can also be incorporated into
the bracket structure through the addition of a dissipation bracket. This gives what are
known as the single and double generator bracket formulations, which are the natural
generalizations of the Hamiltonian formulation to include irreversible dynamics. Here
the variational formulation for irreversible processes is shown to underlie these bracket
formulations for fully compressible, multicomponent, multiphase geophysical fluids with a
single temperature and velocity. Many previous results in the literature are demonstrated
to be special cases of this approach. Finally, some limitations of the current approach
(especially with regards to precipitation and nonlocal processes such as convection) are
discussed, and future directions of research to overcome them are outlined.

Keywords: geophysical fluids, entropy production, turbulent fluxes, variational, Hamil-
tonian, metriplectic

1 Introduction

Variational formulations based on Hamilton’s principle and the Lagrangian for geophysical
fluids are well established for reversible dynamics [16, 62, 64]. Through the Legendre



transform (when it is invertible), there is an associated Hamiltonian formulation based
on Lie-Poisson brackets [17, 52, 57, 71]. Such approaches have proven to be a powerful
tool for the derivation of various models and consistent approximations in geophysical
fluid dynamics, see, e.g., [11, 13, 17, 42, 53, 58, 61, 62, 63, 72, 77]. More recently, these
methods have been strongly exploited for the development of numerical schemes, both
on the Lagrangian (variational) side [3, 6, 14, 60] and on the Hamiltonian (bracket) side
[16, 24, 23, 25, 28, 65, 78], to name a few.

However, until recently such formulations were restricted to purely reversible pro-
cesses. A more complete picture of geophysical fluids includes irreversible processes, such
as viscous dissipation, heat conduction, diffusion and phase changes. An extension of the
variational approach for geophysical fluids to include irreversible processes was developed
in [30], which is based on the general variational formulation of non-equilibrium thermo-
dynamics in [35, 36]. Unlike previous approaches, this is a systematic construction for
irreversible processes that requires only an expression for the entropy generation rate of
the irreversible process. The key idea is the concept of thermodynamic displacement, and
by design, the resulting equations satisfy both the first and second laws of thermodynam-
ics. These are two fundamental principles of nature that are believed to hold for a wide
range of physical processes.

From the bracket perspective, a natural generalization to include irreversible processes
is the combination of a Poisson bracket for the reversible dynamics with a dissipation
bracket for the irreversible dynamics. The inclusion of dissipative or irreversible phe-
nomena in Hamilton’s equations through a modification of the Poisson bracket has been
initiated by [39, 19, 54, 55]. This has largely followed two approaches: the single generator
formulation [20, 21] and the double generator formulation [10, 19, 56, 59]. See Section 4
for further discussion of these. These two approaches differ only in how the dissipation
bracket is specified, and will of course give the same equations of motion. Single generator
brackets for a variety of Newtonian and non-Newtonian fluids are discussed in [5]. A spe-
cific variant of the double generator approach is a metriplectic system [56], which places
even stronger constraints on the dissipative bracket. An example of a metriplectic system
based on the idea of Casimir decay is found in [31, 32]. The most prominent example of
the double generator formalism is the general equation for the non-equilibrium reversible-
irreversible coupling (GENERIC) approach [10, 59], which is actually metriplectic. The
majority of the work for fluids using GENERIC (and in the single generator bracket for-
mulations as well) has been done in the fields of complex fluids, such as polymer melts,
liquid crystals and other non-Newtonian fluids. In contrast, here we are interested in the
dynamics of Newtonian fluids with multiple components and phases dominated by the
influence of gravity and rotation; these are known as geophysical fluids.

The construction of the single and double generator formulations as well as the re-
lation between them has been most of the time very empirical, and there is a lack of a
general constructive procedure able to directly produce these brackets from first princi-
ples. In this paper, we show that the variational formulation for geophysical fluids with
irreversible processes [30] underlies both single and double generator bracket formula-
tions, in the context of a multicomponent, multiphase fully compressible fluid undergoing
reversible and irreversible processes (viscous dissipation, heat conduction, diffusion and
phase changes). Starting from the variational formulation for a given arbitrary Lagrangian
and taking the Legendre transform of the resulting system in order to express it in mo-
mentum variables, we present a systematic construction for the single generator bracket
and the double generator bracket, for general expressions of the thermodynamic fluxes
in terms of the thermodynamic forces. We also present a systematic construction of a



metriplectic (or GENERIC) bracket when the thermodynamic fluxes depend linearly on
the thermodynamic forces. These formulations are shown to reduce to existing, known
bracket formulations (e.g., [5, 55]) for classical hydrodynamics in the case of a single com-
ponent. Another advantage of the variational formulation is that it has both a Lagrangian
and an FEulerian version that are systematically related through a reduction of the vari-
ational principle by the relabelling symmetry. This property immediately transfers to
the bracket side and thus yields both a Lagrangian and Fulerian version of the single,
double, and metriplectic brackets. In particular, in the Lagrangian version, the reversible
dynamics is governed by canonical Poisson brackets. We shall however only focus on the
Eulerian formulation on the bracket side in this paper. The thermodynamic fluxes can
be interpreted as either physical irreversible processes, or as subgrid turbulent processes.
If using the latter, the resulting formulation has strong similarities to the approach in
[29] for the development of parameterizations that are consistent with the second law of
thermodynamic, and we will show that the formulation in [29] is a specific example of our
general framework. In particular it is a choice of parameterization of the thermodynamic
fluxes in terms of the thermodynamic forces.

In deriving the variational formulation, there are three key assumptions that are made:

1. Local thermodynamic equilibrium: at a given point in space and time, for some
local neighborhood, thermodynamic equilibrium holds and the state can be described
by some set of intensive thermodynamic variables. This means, for example, it is
meaningful to speak of the temperature and pressure of the fluids.

2. The domain €2 is materially closed and has rigid boundaries. We assume u-ii = 0
on 0N for the reversible dynamics, and u |gg = 0 for the irreversible dynamics.

3. All components of the fluid have the same temperature T, and move at the same
(barycentric) velocity u.

The first approximation is a common assumption of continuum mechanics, and is be-
lieved to hold for geophysical fluids of sufficiently high density. For example, it holds
in the Earth’s atmosphere below altitudes of approximately 80km. The second assump-
tion is a fairly standard one in geophysical fluid dynamics, although it is insufficient to
describe the interaction between the various components of the climate system (atmo-
sphere, ocean, land), and also the possibility of a pressure boundary condition at the top
of the atmosphere. The third assumption is known to be invalid for fluids containing
larger hydrometeors (especially ice) and in the presence of precipitation [1], although it is
commonly made. The last two approximations will be removed in future work.

Before proceeding further, it is useful to discuss briefly the meaning of the terms
reversible and irreversible. As an extensive quantity, the rate of change of entropy in
some volume is given by ds = ds; 4+ ds., where ds; is the production within the volume
and ds, is the flux of entropy across the boundaries. The second law of thermodynamics
states that ds; > 0. A reversible processes has ds; = 0, while an irreversible process
has ds; > 0. An adiabatically closed system has ds. = 0, and an isentropic process has
ds = 0. In an adiabatically closed system, reversible = isentropic, but this is not true
in general. For example, the well-developed atmospheric boundary layer is isentropic,
but not reversible. Instead, the local generation of entropy through irreversible processes
is balanced by the transport of entropy. In this paper we will use only the distinction
between reversible and irreversible processes.

The remainder of this paper is structured as follows. Sections 2 and 3 review (and
extend to multicomponent fluids as needed) the well-known variational and Hamiltonian
formulations for the reversible dynamics. Section 4 then introduces irreversible dynam-



ics in the variational formulation (following [30]) and develops the associated single and
double generator bracket formulations as well as the metriplectic formulation, including
the reduction to single bracket generator of [5] and to the metriplectic formulation of
[05] for a single component. The parameterization of thermodynamic fluxes in terms of
thermodynamic forces to ensure the production of entropy is discussed in Section 5, and
two different variants are discussed: one based on an interpretation of thermodynamic
fluxes as physical molecular-scale irreversible processes, and one treating them as sub-
grid turbulence fluxes. It is shown that the latter yields [29]. Finally, Section 6 draws
some conclusions and offers future directions of research. Appendix A discusses some
alternative choices of prognostic variables that give rise to what are known as curl-form
formulations and Appendix B gives the Kelvin Circulation Theorem and the potential
vorticity dynamics for the multicomponent, multiphase equations. A high-level overview
of the various formulations and choice of predicted variables can be found in Figure 1.1
for the reversible dynamics, and in Figure 1.2 for the irreversible dynamics.

canonical bracket
F = {F7 H}can
(Section 3)

Hamilton’s principle .
(Section 22) L[(,O, SO] Legendre transform H[QO, p]

Lagrangian-to-Eulerian Lagrangian-to-Eulerian
Lie-Poisson bracket
Hlm, p;, $] F={F H}

(Section 3.1)

Euler-Poincaré principle
(Section 2.3)

Legendre transform

‘C[uv Pi S]

change of variables

curl-form of
Lie-Poisson bracket

(Appendix A)

Hv, pi,s], H'[v,pi,n)
N, p,ar, sl, F'V,p,aqk, 1]

Figure 1.1: A high level overview of the variational and Hamiltonian approaches to reversible dynamics, and
the relationships between them. Both approaches start with a Lagrangian L[y, ¢| and its Eulerian version
L[u, p;, s] that characterize the fluid (it is also possible to use L[u, p;, 7], but this is not explored further here).
The variational formulation then uses Hamilton’s principle for L, that induces the Euler-Poincaré variational
principle for £, to derive the equations of motion. The Hamiltonian formulation instead uses a Legendre
transform to obtain the Hamiltonian H[m, p;, s] from L[u, p;, s]. This is only possible when the Legendre
transform is regular (invertible), which is usually but not always the case (for example, hydrostatic fluids in
Eulerian coordinates have a irregular, non-invertible Legendre transform). The associated Poisson bracket is
a Lie-Poisson bracket. To obtain the curl-form Poisson brackets, a change of variables is made from (m, p;, )
to (v, pi, s) (as explored in Appendix A). It is also possible to make further changes of variables, for example
replacing s with 7, which is also explored in Appendix A.

2 Variational Formulation for Reversible Dynam-
ics

Before proceeding with the introduction of irreversible processes, we first review in this
section the variational formulation of multicomponent, multiphase compressible fluids
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Figure 1.2: As Figure 1.1, but for the irreversible dynamics. Starting now from both a Lagrangian L[u, p;, s] and
entropy generation rates for the irreversible processes (included as a constraint), the variational formulation is

obtained by using the variational principle developed in |

) )

]. The reversible part of the single and double

generator bracket formulations are again obtained by taking the Legendre transform and yield the Lie-Poisson
bracket. The dissipation bracket for both cases is obtained using the entropy generation rates, as discussed in
Section 4. A change of variables from (m, p;, s) to (v, p;, s) again yields the curl-form, with a curl-form Poisson
bracket and a curl-form dissipation bracket (see Appendix A)

undergoing reversible processes in both the Lagrangian (or material) and Eulerian (or
spatial) descriptions. In the Lagrangian description, the variational principle is just the
classical Hamilton’s principle & fOT L[, ¢]dt = 0, applied to the fluid flow ¢, where L is
the Lagrangian function of the fluid. The variational principle in the Eulerian description
is then deduced from it.

2.1 Domain, Coordinate System and Prognostic Variables

Domain and Coordinates. We consider the reversible dynamics of a fully com-
pressible, multicomponent, multiphase fluid in an arbitrary geopotential with an arbitrary
equation of state, in a fixed domain 2 that is a closed subset of R3 with smooth boundary
0. The coordinate system is rotating with rotation vector €2, which is almost always cho-
sen to correspond with the rotation of the underlying planetary body. Associated with the
rotation is solid-body velocity of the coordinate system R, which satisfies V x R = 2Q".
All the developments made in this paper generalize to the case when the fluid domain € is
a Riemannian manifold, possibly with boundary. While we focus on the case Q C R?3, we
shall occasionally indicate how our formulation can be adapted to the general case. For
instance, the relation between R and 2 reads dR” = 2§, where d is the exterior derivative

'Note the gauge freedom here in the definition of R. In R3 the standard choice is R = € x r, where r is the
position vector



and R’ is the one-form associated to the vector field R via the Riemannian metric.

Variables. The fluid is assumed to consist of n components at local thermodynamic
equilibrium, with a single temperature 7' and relative (barycentric) velocity u. There is a
dominant component (typically dry air or liquid water) along with n—1 sparse components.
For example, seawater consists of two components: liquid water (dominant) and salt
(sparse). Warm moist air consists of two components: dry air (dominant) and water
substance (sparse, with liquid and vapor grouped together and assumed to satisfy the
Clausius-Clapeyron equation). More complicated multicomponent fluids can be treated
the same way. The assumption of a single temperature and velocity, although commonly
made, is only somewhat justified in the atmosphere, especially when larger hydrometers
are present [1]. Allowing different components to have different velocities is also required
to treat precipitation. However, an extension to multiple interacting, open subsystems
with distinct velocities and temperatures is deferred to future work. The fundamental
variables are the mass densities of each component p;, with i € {1,...,n}, the specific
entropy 7 and the relative velocity u. In the case of reversible dynamics, we shall assume
that there is no flux through the boundary, ie u-fi = 0, for fi the unit normal to 0.

Other important variables are the total mass density p = >, p;, specific volume a = %,

specific concentration ¢g; = 7; of component ¢, and entropy density s = pn. There are also

the absolute velocity v and the absolute momentum density m, defined as
m=pv=pu+R) v=u+R.

We shall see later in Section 2.2 how these definitions can be made in general for any
Lagrangian.

For each of the n components, we can predict either component density p; or specific
concentration g;, with the caveat that there must be at least one density predicted amongst
the n. These are the n mass variables. It is also possible to replace one of the p; or ¢; with
total density p, typically it is the density pg of the dominant component that is replaced.
For the mass variables, two choices are commonly made: the n component densities p;,
or the total density plus n — 1 sparse concentrations (p,qx), where k € {1,...,n — 1}
ranges over the sparse components. We must also predict an entropy variable chosen from
the set (n,s) and a velocity variable chosen from the set (u,v,m), giving finally n + 2
prognostic variables. In the main text of this paper, we will choose as prognostic variables
(u, p;, s) in the Lagrangian variational formulation, and (m, p;, s) in the Hamiltonian (Lie-
Poisson) formulation. A discussion of the alternative sets (v, pi, s), (v, pi,n), (V,p,qx, 1),
and (v, p, gk, s), which are associated with curl-form Hamiltonian formulation, is given in
Appendix A.

Thermodynamics. We assume that the internal energy U can be characterized by
the set of state variables as U = U(«, 7, ;). Therefore, the fundamental thermodynamic
relationship can be expressed as

dU = —pda + T'dn + Z widg;
i
with pressure p = OU , temperature T = 8717’ and chemical potentials u; = 8—;]_. The
chemical potentials are smlply the partial Gibbs free energy and satisfy >, u; = G =

U + pa — T's. It will also be useful to introduce the Gibbs-Duhem equation

Z ¢idp; +ndT — adp = 0. (2.1)

i



Note that here we work with the mass concentration ¢; (as typically done for geo-
physical fluids), not the molar concentration n; = %, where m; is the molecular weight
of component . The molar concentration is more commonly used in physics, and would
lead to a replacement of u; with T% where pf = (%Ui,

function U = U(a, n,n;).

for the internal energy written as a

2.2 Hamilton’s Variational Principle for Fluid motion

In absence of irreversible processes, the equations of motion for fluid dynamics can be de-
rived by applying Hamilton’s variational principle to the Lagrangian function of the fluid.
This is in agreement with a fundamental fact from classical reversible mechanics, namely
that the motion of the mechanical system is governed by the Euler-Lagrange equations
which, in turn, describe the critical points of the action functional of this Lagrangian
among all possible trajectories with prescribed values at the temporal extremities. Hamil-
ton’s principle for fluid mechanics in the Lagrangian description has been discussed at
least since the works of [11], for an incompressible fluid and [18, 70] for compressible
flows. The independent variable in the Lagrangian description is uniquely the fluid flow
, assigning the current positions z = ¢(t, X) € Q at time ¢, of the fluid particles labelled
by X € Q. It is written as

T
5/0 Lip, ¢ldt = 0, (2.2)

for arbitrary variations 0, vanishing at t = 0,7, where L = L[p, ¢| is the Lagrangian
of the fluid. In the Lagrangian description, the mass densities and the entropy density,
denoted p;(X) and S(X), are time independent, as a consequence of their conservation,
hence they are not explicitly involved in the variational principle, although the Lagrangian
depends parametrically on them.

While in the Lagrangian description this principle is a straightforward extension of
the Hamilton principle of particles mechanics, in the Eulerian description the variational
principle is much more involved and several approaches have been developed, see [7, 50, (G9].
We refer to [62, (4] for further developments in the context of geophysical fluids. In [10],
the variational principle in Eulerian description is systematically obtained via the Euler-
Poincaré reduction theory for several geophysical fluid models, by exploiting the relabelling
symmetries. This is the point of view that we recall below.

2.3 Variational Formulation in the Eulerian Description

The Eulerian variables u, p;, s are connected to their Lagrangian counterpart ¢, g;, S as

p(t, X) = u(t, ¢(t, X)) (2.3)
0i(X) = pi(t, o(t, X))[Ve(t, X)| :
S(X) = s(t, o(t, X)) Ve(t, X)I, (2.5)

where |V| denotes the Jacobian of the fluid flow. These formula are fundamental for the
determination of the variational principle in the Eulerian description, deduced from the
Hamilton principle.

Kinematic Equations. In the Eulerian description, relations (2.4) and (2.5) yield
the kinematic equations for the mass densities p; and entropy density s as the familiar



conservation laws

atpi +V- (,Oi ll) =0 (2.6)
s+ V-(su)=0.

Eulerian Variational Principle. From the relabelling symmetries of fluid dynamics,
the Lagrangian L[y, ¢] can be expressed in terms of the Eulerian fields u, p;, s and thus
defines the Lagrangian £ in Eulerian variables as L[y, ] = L]u, p;, s|, where (2.3)—(2.5)
holds. Then, in the Eulerian description, Hamilton’s principle (2.2) yields, using (2.3)—
(2.5) again, the variational principle of Euler-Poincaré type, [10],

T
6/ L[u, p;, s]dt =0, (2.8)
0
for constrained variations of the form
bu=0+u-V¢—¢-Vu, dp;=-V-(pi¢), ds=-V-(s(), (2.9)

where ¢ is a vector field with boundary condition ¢ -1 = 0 on 9f) and with { = 0 for
t = 0,7. This vector field is connected to the variation of the fluid flow as

590(t7 X) = C(tv (P(tv X))

Equations for the Momentum. A direct application of the variational principle
(2.8)—(2.9) which makes use of the boundary conditions for u and ¢ gives the equations
of motion in Euler-Poincaré form

oL oL oL oL

Or— 4+ Ly— = iV — —, 2.10

t5u+ du z@,:pvépi—i_svés ( )

see [10], where £ym = (V x m) x u+ V(u-m) + mdivu is the Lie derivative of a fluid

momentum density m and 5%17 gTi» %—S are the functional derivatives of £, see Remark 2.1.
Introducing

oL 0L oL
= — B; = ——, T.=—— 2.11
= S dp; ds (2.11)

equations (2.6), (2.7), (2.10) can be rewritten as

Om+(Vxm)xu+V(um)+mdivua+ ZinBi +sVT =0 (2.12)
Opi +V - (piu) =0 (2.13)
s+ V- (su)=0. (2.14)

As will be reviewed below, these equations are naturally connected, on the Hamiltonian
side, to the Lie-Poisson formulation.

Remark 2.1 (Dual spaces and Lie derivatives) We choose to identify the dual space
to the space of vector fields tangent to the boundary, with itself, by using the duality pair-
ing (m,u) = [, m - udz, where the dot is the inner product on R? for @ C R®. If Q is a
Riemannian manifold, then the Riemannian metric must be used.



Consistently with this choice, the functional derivative of £ with respect to u is the
vector field g—ﬁ tangent to the boundary such that

L[u+ edu, p;, s] —/ oL -oudr = <(5£,(5u>,
q ou du

for arbitrary vector field du parallel to the boundary. Such a functional derivative may
or may not exist. The Lie derivative £,m of a fluid momentum density m along a vector
field u tangent to the boundary satisfies

de|._g

/£um~vdx:/m~(v-Vu—u-Vv)dx, for all v.
Q Q

The other functional derivatives are defined as

a
de

1)
L[u, p; + €dp;, 5] Z/ £5Pz‘d$,
 0pi

oL
—1|  L[u,pi,s+eds] = / —dsdx.
e=0 de e=0 Q 0s
Specific Lagrangian. The specific Lagrangian that we use, which characterizes a
rotating, multicomponent, multiphase fully compressible geophysical fluid with a single

velocity and temperature, is

,C[u,pi,s]:/p(K+u-R—<I>—U)d:1c, (2.15)
Q
where K = %5% is the kinetic energy, U(a,n,q;) = U(%, %, %) is the internal energy and

® is the geopotential. Following standard procedure, rotation has been introduced into
the Lagrangian by adding the term fQ u-Rdz. The functional derivatives of L[u, p;, $]
are given by

oL oL oL

— =m= R) = —=-B;=K ‘R —® — p, —=-T, (2.16

5q =~ m=putR)=pv, 5 +u i > (2.16)
with temperature T' = %—(SJ and chemical potential u; = a—g. For a single component fluid

1; becomes the Gibbs free energy G = U + pa — T, with p = —g—g the pressure.

3 Hamiltonian Formulations for Reversible Dy-
namics

To the classical Hamilton principle (2.2) in Lagrangian description, is naturally associated
a Hamiltonian formulation in terms of the canonical Poisson bracket?,

E = {Fy H}can (3'1)

for the Hamiltonian H [y, p] defined from L[y, ¢] via the Legendre transform as

Hip,p] = /Q (v 9)dX — Llp, ¢, (3.2)

OF = O0H OF @ 0H

®The canonical Poisson bracket is formally given by {F, H}can = 5 - 55 — 55 " G0



where p = g—{; is the fluid momentum in the Lagrangian description and we assumed

that the Lagrangian is regular. Recall that the Hamiltonian formulation (3.1) gives the
evolution of an arbitrary functional F' = F[p, p).

In a similar way with the variational formulation in Section 2, the Hamiltonian for-
mulation (3.1) in the Lagrangian description induces a Hamiltonian formulation in the
Eulerian description, given by a noncanonical Poisson bracket of Lie-Poisson type. It is
sometimes advantageous to implement a change of variables from m to v and rewrite the
Lie-Poisson bracket in curl-form. This is explored in Appendix A.

Recall that a Poisson bracket is a bilinear, antisymmetric operator on functions, that
satisfies the Jacobi identity and the Leibniz rule. The noncanonical Poisson brackets for
fluids gives rise to Casimir invariants, see Section 3.2. Poisson brackets for compressible
fluids, in Lie-Poisson and curl-form, were derived in [57]. The justification of the expression
of Lie-Poisson brackets for fluids, as being induced by the canonical Poisson bracket in the
Lagrangian description via reduction by relabelling symmetries is developed in [51, 52].

More details on Hamiltonian methods in geophysical fluids can be found in [71] or other
standard texts on the subject. For binary fluids, the Hamiltonian formulation using
curl-form and Lie-Poisson brackets can be found in [2], using the variable sets (v, p, q,7n)

(curl-form) or (m, p, ps, s) (Lie-Poisson), for ps = pg. In the present paper, an extension
of the Lie-Poisson brackets to multicomponent fluids with slightly different prognostic
variables (m, p;, s) is made. A direct extension of [2] to the case of additional components
is found in Appendix A.6.

3.1 Lie-Poisson Formulation

Hamiltonian function. Given the Lagrangian L[u, p;, s| of the multicomponent fluid
in the Eulerian description, the Hamiltonian H[m, p;, s] (which for a rigid lid is equal to
the total energy) is obtained by a Legendre transform as follows

H[m,pi,s]:/u-gﬁdx—ﬁ[u,pi,s], (3.3)
Q u

where u is such that g—ﬁ = m. This is the Fulerian version of the Legendre transform
(3.2). We thus have the following relations

SH SH oL SH oL

R A T T

T, (3.4)

om

see (2.11), where the functional derivatives of H are defined similarly as in Remark 2.1.

In particular, % -1 = 0. For the specific Lagrangian (2.15), this gives

H[m,pi,s]:/p[K+<I>+U]dx,
Q

where K is written in terms of m as K = ﬁ\m — pRJ2. The functional derivatives are
computed as

oH oH

u oH oH
’ opi B

Bi=-K-uwRt®tp, =T (3.5)

dm

in agreement with (2.16).

10



The Lie-Poisson Bracket. The Eulerian version of the canonical Poisson formulation
(3.1) is given by

&= (FH,
for arbitrary functionals F[m, p;, s|, where {, } is the noncanonical Lie-Poisson bracket
{A,B} = {A,B}u + Z{A, B}r, + {A,B}s, (3.6)
with the three terms
{A,B}M:—/Qm-<§ﬁl-v(ii—§z-v(?ﬁl>d$ (3.7)
{A,B}g, = /Qpi <§$ . V(;Sz - (;Sri Vg:) dz (3.8)
(A,B}s — —/Qs (;ﬁl . v%f _ fTi - v‘éﬁ) dz. (3.9)

In a similar way with the single component fluid, this expression of the noncanonical
Poisson bracket can be directly deduced from the canonical Poisson bracket in Lagrangian
description by using the process of Poisson reduction by relabelling symmetries as in

[51, 52].

Equations of Motion. Inserting the functional derivatives (3.4) into the Lie-Poisson
bracket (3.6) and integrating by parts as needed gives the equations of motion as

om+L£,m+ sVT + ZinBi =0
Opi + V- (piun)=0

Os+V-(su)=0

which are equivalent to (2.12)-(2.14). By inserting the actual values for functional deriva-
tives (3.5), the more common form

om+£ym—pV(K+u-R)+pVe+Vp=0
Opi +V - (piu)=0
Os+V-(su)=0

is obtained. Here we have used

S V(@ + ) + VT = p Ve + > pV; +sVT = pV® + Vp
since Y, p; = p and >, p;V; + sVT = Vp by p times (2.1).

3.2 Conserved Quantities and Casimirs

The equations of motion have at least three types of conserved quantities: the Hamiltonian
H, the Casimirs C and the linear/angular momentum. The linear and angular momenta
arise from translational and rotational symmetries, respectively, via Noether’s theorem,
and are not discussed further. See [71] for more details. Here we focus on the Hamiltonian
H and the Casimirs C.
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Hamiltonian. By virtue of the anti-symmetry of the Poisson brackets, the equations
conserve the Hamiltonian H, which is the total energy for a domain  with a rigid lid.

Casimirs. Casimirs C are functionals which lie in the null space of the Poisson brackets,
that is, {A, C} = 0 for any functional A. One Casimir for the multicomponent system is

Cl[mvpi’s] = /pr(na ql)dx

where f is an arbitrary function of n = % and ¢; =2, i=1,...,n.

P

Proof The functional derivatives of C;[m, p;, s] are

0C oC 0C
sm =0 g, = oS- quaq]f%f S =0, (310)

om

Casimirs must satisfy {A,C} = 0, which gives

Jrom

Since this must hold for arbitrary A, this implies that

5C
sz + V5—1: . (3.11)

sz SV% dxr = 0.

Straightforward calculation with (3.10) and use of the chain rule verifies that (3.11) holds.

This Casimir is a straightforward generalization of the Casimir C; from [2] to the case
of n components and slightly different prognostic variables, and it is a consequence of
material conservation of entropy n and concentration ¢;. Important special cases are total
mass of component ¢ for f = ¢;, total mass for f = 1, and total entropy for f = .

Total Entropy. Since it plays a prominent role in the formulation of the single and
double generator dissipation brackets, we will denote the total entropy Casimir (C; with
f=mn)as S[s] = [ pndz = [ sdz, which has functional derivatives

0S 0S 4S
s ’ dp; 0 dm 0

Potential Vorticity Casimir. Unlike the single component case, C = [, pf(n, q)dz
is not a Casimir, where ¢ = Viewlv ¢ the potential vorticity. This is because ¢ is no
longer materially conserved (see Appendix B). No claim is made that this is an exhaustive
set of Casimirs for the multicomponent system. For a binary system, there are at least

two additional Casimirs, discussed further in [2].

4 Single and Double Generator Bracket Formu-
lations

Variational formulation for nonequilibrium thermodynamics. A variational
formulation for systems with irreversible processes was developed in [35, 30], and applied
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to moist, multicomponent geophysical fluids in [30]. This variational formulation extends
the Hamilton principle (2.2) to include irreversible processes, using a systematic struc-
ture that is common to finite dimensional and continuum thermodynamic systems. It
relies on the specification of entropy generation rates interpreted as a constraint in the
variational principle, and on the introduction of the associated concept of thermodynamic
displacement, as we will review below. In a similar way with the Hamilton principle,
this variational formulation also has an Eulerian version that extends the Euler-Poincaré
approach to irreversible processes.

In this section we will use this variational formulation to systematically develop bracket
formulations that incorporate irreversible processes. These formulations are composed of
a Poisson bracket for the reversible dynamics, and a dissipation bracket for the irreversible
dynamics.

Bracket Formalism. The inclusion of dissipative or irreversible phenomena in Hamil-
ton’s equations through a modification of the Poisson bracket has been initiated by
[39, 19, 54, 55]. There are two main approaches to the dissipation bracket in the literature,
depending on which generating function they use (see below): the single generator and
double generator formulations. Depending on the type of system being simulated, the
relevant entropy can be defined such that the inequalities below are < rather than >.

In the single generator formalism, [5, 20, 21], the evolution of an arbitrary functional
F is governed by
W FHy 4 FH
dt - ) ) )

where the dissipation bracket [F,H] is linear in F and a derivation in F, can be nonlinear
in H, and satisfies [H,H] = 0 and [S,H] > 0. These last two requirements are the first
and second laws of thermodynamics, respectively. Since both the reversible (Poisson) and
dissipation brackets use the same generator H, this is referred to as the single generator
formalism.

In the double generator formalism, the evolution of an arbitrary functional F is gov-

erned by

dF
= {FHI+(FS)

where the function S is such that {H,S} = 0, and the dissipation bracket (F,S) is symmet-
ric, bilinear and satisfies the Leibniz rule, (H,S) = 0 and (S,S) > 0. These are precisely
the axioms given in [19]. Since the Poisson and dissipation brackets use different gen-
erators (H for Poisson and S for dissipation), this is referred to as the double generator
formalism. Sometimes, the stronger requirements that {A,S} =0, (H,A) =0, (A,A) >0
for an arbitrary A is imposed, in which case the complete system is termed metriplectic,
[56]. For example, this is what is used in the GENERIC formalism [10, 59]. When con-
sidering macroscopic systems, typically only bilinearity, (H,S) = 0 and (S,S) > 0 seem to
be required on physical grounds. A discussion of these issues, and a comparison between
the single and double generator formalisms for macroscopic single component fluids and
microscopic systems can be found in [19, 22].

4.1 Variational Formulation with Irreversible Processes

The variational formulation of nonequilibrium thermodynamics developed in [35, 30] is
an extension of the Hamilton principle (2.2) that includes the irreversible processes. This
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is done by imposing two constraints on the variational principle, a constraint on the
critical curve (the phenomenological constraint) and a constraint on the variations (the
variational constraint). As we will see below, the relation between these two constraints
and the expression of the constraint follow a very systematic construction, that turns
out to be common to finite dimensional and continuum thermodynamic systems. It is
based on the concept of thermodynamic displacement of an irreversible process, defined
such that its time derivative is the affinity of the process. Formally, if J,, X¢ are the
thermodynamic flux and the thermodynamic affinity of the process «, then the thermo-
dynamic displacement is A® such that A® = X*. The internal entropy production is
—% YouJa XY = —% Y a JoA®. The phenomenological constraint and variational con-
straints are related as

Jo A ~ T, 6N,

for adiabatically closed systems, see [37] for open systems.

We now recall the variational formulation directly in the Eulerian description and refer
to [30, 30] for the Lagrangian description. In our case, the thermodynamic displacements
are the thermal displacement +(¢,x) and matter displacements w;(t,2). The thermody-
namic fluxes are the viscous stress tensor o, the diffusion flux j; for component 7, the
conversion rate j; for component i, and the entropy flux js. The domain is assumed to be
adiabatically closed, and therefore j; - i = j; - i = 0 on 9Q2. Also, we assume u = 0 on
0f). This is a stronger condition than reversible dynamics, which requires only u-fn =0
on 0. This distinction between reversible and irreversible boundary conditions occurs
also in the Navier-Stokes equations for incompressible flow. The diffusion fluxes j; and
conversion rates j; are subject to the mass control conditions ). j; =0 and >, j; = 0.

The variational formulation reads

T
5/ [E[u,pi,s] +/ Zpithidx +/(s — 0)Dyydz |dt = 0, (4.1)
0 Q i Q

subject to the phenomenological constraint

oL - . . .
5. Do = —o™:Vu+j, - VDiy + ) (i - VDw; + jiDyw;) (4.2)
i
and with respect to variations subject to du = 0;¢ +u-V{ — ¢ Vu and to the variational
constraint
oL - fr . . »
B o0 =—0" :VC+js - VD5 + > (i - VDswi + jiDsw;) (4.3)
i
with dw;, 6, and ¢ vanishing at ¢t = 0, 7. B
We used the Lagrangian derivatives and variations Dif = Oy f +u- V[, Dif =
Of+V-(fu),Dsf:=06f+C(-Vf, Dsf:=0f+V-(f¢). One passes from the phenomeno-
logical constraint (4.2) to the variational constraint (4.3) by replacing time derivatives by
delta variations. In absence of irreversible processes, both constraints disappear and the
variational formulation reduces to the Euler-Poincaré formulation. A direct application
of (4.1)—(4.3) yields the system
(0L oL

5LC 5LC .

oL - g - — Y (4.4)
58(Dt8+v .]s)_ o Vv —Js vas Z(Jl V(sz_‘_]l )

Dipi +V - §i = jiy
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see [30, 30] for detailed computations. These are the general equations for a fluid with
Lagrangian L[u, p;, s] subject to the irreversible processes of viscosity, heat conduction,
diffusion, and phase changes. They clearly recover (2.10) in absence of the irreversible pro-
cesses. The system is closed by specifying a relationship, or parameterizing, the thermody-
namic fluxes (6™, j;, ji, js) in terms of the thermodynamic forces (Def u = %(Vu+ Vu'),
VT, Vi, p;), see [30]. More details on this can be found in Section 5, where we present
two different approaches. For the Lagrangian (2.15) of the rotating compressible multi-
component fluid, (4.4) yields

p(Ou+u-Vu+2Q xu) = -Vp—pVd + V.o
T(Dys+ V- js) = 0™ :Vu—jo- VT =Y G- Vit + Jigsa) (4.5)

i

Dipi +V - §i = ji.

Let us consider the Hamiltonian H[m, p;, s] associated to L[u, p;, s] via the Legendre
transform as in (3.3). Using (3.4) we can directly rewrite the equations (4.4) in terms of
H and the variables (m, p;, s) as

( oH oH
8tm+£%m: —zi:pivpz—své+v
oH oH OH ., _d6H oH oH
5e <6ts+V < (5m> + V- _]5> =of V(S——JS Vg ;(z V(;pl +]Z5pz>
oH
Opi +V - <Pz> +V-Ji = ji
om
(4.6)
From this, the evolution of an arbitrary functional Alm, p;, s] is
L\ {AH}+/ %?(ffvéH ' Z Z 5H)d
4.7

fr
/Q P d+/v Jsd$+Z/V5 sz:c—l-Z/(S jida.

Below, we will show how the variational formalism directly gives rise to single and double
generator dissipation brackets.

4.2 Single Generator Bracket

Now assume that the thermodynamic fluxes can be parameterized in terms of the forces
in an arbitrary way, and note that the thermodynamic forces (Defu = 3(Vu+Vu'), VT,

Vi, p;) are in fact functions of gnHl, g;, S5 ertlng the set of all these derivatives,
we can write off = o($H) j, = j,(2), j; = 5.3 and ji = ji(3). Then from (4.7) we
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obtain directly the single generator bracket

AT
/ (a <>*<f>+

DRICIRED ;m >5,%)
+/Qvf;‘-j dﬁz/vm iy *Z/m day

This bracket is linear in A, nonlinear in H, and satisfies [H,H] = 0 and [S,H] > 0. The
proof of the first three is left to the interested reader, noting that [H,H] = 0 relies only
cancellation of terms and is independent of the parameterization. The last condition,
[S,H] > 0, requires that

[ (G a5 ()5 - SaE) vt - Sa () o

%

(4.8)

which will be satisfied only for certain parameterizations. See Section 5 for more details.
In the case of a single component all of the terms involving j; and j; drop out, and (4.8)
yields the single generator bracket from [, (7.2-1)] and [19, (17)], where they have assumed
relationships of the form afr(‘;—';) =Q- Vg—;'l and js(‘;—;') =a- V‘;—':, for some tensors Q
and «. In the multicomponent case, in absence of the conversion rates j;, (4.8) recovers
the single generator bracket from [5, (7.3-7)].

4.3 Double Generator Bracket

Now consider (4.7) as being the result of (A,S) for a double generator bracket using
the total entropy S, with H not treated as argument to the bracket. Replacing S by an
arbitrary functional B and symmetrizing gives

5B & OA

M SA OB
+/ 5H ( v(57 ' ZJI' Z]Z ) s 6sd
/VdA “Js— dx—i—/V Js (4.9)
DI R ARTRIDY / vy
5A_5B 5B . OA
+;Am%s Z/a%s

This bracket is bilinear, symmetric and satisfies (H,S) = 0 and (S,S) > 0; and depends
parametrically on H. Again, the proof of the first three properties is left to the interested

reader. These are precisely the axioms given in [19]. The condition for (S,S) > 0 is
1 ] oH
-7 r: <~ —Js 7 4 d > O
R ICR R LES S RS S PE
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which (as expected) is the same as in the single generator formulation. A direct check
shows that (A,S), for arbitrary functional A gives all the terms in (4.7).
This bracket is not metriplectic with (H,A) = 0 for arbitrary A, instead it gives

oH oA oA oA oA
HA) =— [ —[o": v -5, Vo =S 5 Ve = i | da. 4.1

In the case of a single component all of the terms involving j; and j; drop out, and (4.9)
resembles a symmetrized Version of equation (45) from [19]; where they have assumed
relationships of the form o ( Hy—=D. V  and JS( Hy — - V%H, for some tensors D and
a.

Metriplectic Bracket. We shall now see that the expression (4.7) found via the
variational formulation can also yield a double generator bracket which is metriplectic
[56]. As we have recalled above, in the metriplectic formalism, the symmetric bracket not
only has to satisfy the conditions (H,S) = 0 and (S,S) > 0, but also the stronger conditions
(H,A) =0, (A,A) > 0, for arbitrary functionals A. These are also the conditions imposed
in the GENERIC formalism, [10, 56, 59].

In order to obtain the metriplectic bracket we consider (4.10) and assume the following
linear relations

5h = Sh SN
V— —jr = LyV—, —Ji = liji—,
Q Jk Z kl (51‘[ Ji Z i 5/)]'
=0 j=1
where Ly = Ly, lij = lj; and @ are positive semi-definite and we used the notations
Tp—0 = 8, Tp—; = p;j and jr—o = Jjs, jk=; = J;- This is in fact an assumption of a

parameterization for the thermodynamic fluxes in terms of the thermodynamic forces.
With these relations, (4.10) becomes

/ (Q V— V—+ ZLMV Zl,]ngl ;/)A])da:— (AH). (4.11)

This expression is symmetric. We can thus define the symmetric bracket
(A, B)mp = (A,B) — ((A,B). (4.12)

We have (A, H)mp = (A,H)—(A,H)) = (A,H)—(A,H) = 0, for all functionals A. It remains
to show that (A, A)mp > 0 for arbitrary functionals A.
A long computation shows that

OA O0H 0A 6B O0H 6B
<A’B>mp:/ﬂT<Vam‘Tvam 58> Q: <Vam 7 5m 5s>d“"

- oA 5H SA oH 6B
+Z/QT<VM T Sy (5S>Lkl< oy Tvézvl 5s>dx
k,1=0
" SA 1 6H A B 146HB
T - -
*Z/Q (m Tcws> <pj T 5p; 5s>

ij=1
hence it follows that (A, A)yp > 0 for all functionals A. This shows that

{A;B} + (A, B)mp
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is a metriplectic (or GENERIC) bracket.

In the case of a single component all of the terms involving j; and j; drop out and we
get a metriplectic (or GENERIC) bracket for the compressible heat conducting viscous
fluid. However, in this case, a simpler metriplectic bracket can be derived. Using again
the expression (4.7) found via the variational formulation and assuming

H
:Q'V:;—m and Tjs = —rVT,

the irreversible part of (4.7) becomes

SA SH 6A o (1 6A 1
- ofdz+ | — 200 v (=2) v (=) da
/Qv5 +/ LV dr s /Q V<T58> V<T) x

From this we deduce a double generator structure (A, B) by following the same steps as
in the beginning of §4.3. Then, computing (A, H) as in (4.10) and proceeding as in (4.11)
and (4.12), we obtain the metriplectic structure

oA 7 0B 0B i OA 1 0H 6A 0B
A B)m AR & ononos
(A BJmp = /Qvém (5sd /Qvém 5sd$+/QT vémés 5sd

1 0A 14B oA 0B
T2 — ). — = TV —
H/Q v(Tés) V<T68>dm+/g V&m QV(; dz,

which recovers the structure given in [55].

5 Parameterizing Thermodynamic Fluxes in terms
of Thermodynamic Forces

For the single and double generator bracket formulations, it remains to parameterize the
thermodynamic fluxes (o', js, ji, ji) in terms of the thermodynamic forces (Defu =
3(Vu+vu'), VT, Vi, p;), such that [S,S] = (S,S) > 0 and therefore the second law of
thermodynamics is satisfied. We start by defining the entropy generation rate I by

(5,5) = /Qlda:

and therefore, since ) . j; =0, Y. j; = 0, note that
TI=JoX"=0":Vu—j,- VT =) ji-Vui— ) jisi, (5.1)
i i

where J, denotes the thermodynamic fluxes, X* the thermodynamic forces. We then
assume that thermodynamic fluxes are proportional to thermodynamic forces in the form

Jo =Y LapX’
8

where L,g is a matrix of transport coefficients, that typically depends in a compli-
cated fashion on the state variables. This has been found to be true for a wide range
of irreversible processes [12]. If L,g is a symmetric positive semi-definite matrix, then
Jo X=X BLagX @ is a positive semi-definite quadratic form and therefore 71 > 0. In
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fact, using Curie’s principle [12], there will be one matrix L,g for each type of process:
scalar, vector and tensor.

In determining the L, matrices, we will consider two distinct approaches. The first
approach assumes that the thermodynamic fluxes represent the (molecular-scale) physical
irreversible processes of viscous dissipation, heat conduction, diffusion and phase changes.
This will lead to a set of equations suitable for the direct numerical simulation of geo-
physical fluid flows, and reduce to the well-known Navier-Stokes-Fourier equations in the
case of a single component fluid. The second approach treats the thermodynamic fluxes
as representing subgrid-scale turbulent fluxes, inspired by the approach in [27, 29] for the
development of thermodynamically-consistent turbulent flux parameterizations. A pow-
erful feature of the variational approach is the ability to treat both of these cases in a
unified way.

5.1 Parameterization of Physical Irreversible Processes

We start by splitting o and Def u into trace-free and scalar components as
1
o_fr — o_fr(O) +§(Tr a_fr)(s

Def u = (Def u)©® + %(V -u)o

with unit diagonal tensor ¢ and where o™(®) and (Def u)(®) are trace-free. We will denote
with L;; the matrix associated with vector processes, and with £;; the matrix associated
with scalar processes. Therefore we can write for the scalar processes (bulk viscosity,
phase changes):

Trafr ﬁ(]o ﬁ()j %Vu

—Ji | = Lo Lij ... J 7
for the vector processes (heat conduction, diffusion):
i Ly Ly ..][VT

—1Ji|=|Lis Ly ---| |V,

and for the tensor process (shear viscosity):
o) = 24 (Def u)©®,

with g > 0 the shear viscosity coefficient. The off-diagonal elements represent cross effects,
such as the Soret and Dufour effects in the vector case. Using this, we can write o as

1 2 1

fr

= 2uDef = Loo—=p | V- 23" Los o,
o uDe u+<9£00 3u> u(5—|—3 i Loi pi6

The transport coefficients L,g and L, must satisfy the Onsager-Casimir relations
Lsi=Lis  Lij=Lj and  Lo=—Lio Lij=Lji.

Additionally, the mass control condition ), j; = 0 requires that
Zﬁis = Zﬁz‘j =0, Vj
i i
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and the mass control condition ), j; = 0 requires that
» L= Lij=0, Vj
i i

The second law of thermodynamics and the Onsager-Casimir relationships ensure that
L.s and L, are symmetric positive semi-definite and therefore I > 0. More details on
this can be found in [30].

Single component. If there is a single component, the only irreversible processes are
heat conduction and viscous dissipation, and j; = j; = 0. Therefore, the thermodynamic
fluxes are o and j, and the thermodynamic forces are Def u and VT. There are no cross
effects since there is only one of each type of process (again splitting viscous dissipation
into shear viscosity and bulk viscosity). Therefore, we can write

2
o™ = 2uDef u+4(¢ — gM)V -ud

and
K

js:_f

where ( = %ﬁoo > 0 is the bulk viscosity coefficient and xk = T'Lgss > 0 is the thermal
conductivity. Stokes hypothesis ( = 0 is often employed, although the validity of this is
for compressible flows is somewhat questionable.

VT,

5.2 Parameterization of Turbulent Processes

In the section, we treat the thermodynamic fluxes as representing turbulent subgrid fluxes
arising from the closure of covariance terms in a mass-weighted Reynolds averaging, not
true molecular scale, physical irreversible processes. This also implies an interpretation
of predicted quantities as turbulence averaged. In doing so, we will follow the approach
of [27, 29].

We start by rewriting Vu; and js as

V,u,- = V,U/Z"T - mVT (5.2)
jh
Js = ?S + Zm’jh (5.3)
where V ;|7 is the gradient of p;(p, T, ¢;) with T held constant, 7, = g—;(p,T, gi) is the

partial specific entropy and j? = T'(js — >, 7:j:) is the sensible heat flux. Using (5.2) and
(5.3), we can rewrite the T'I equation (5.1) as

sh
TI = o Vu—‘]%-VT—Zji-Vui\T—iji. (5.4)

Similarly, we can rewrite the entropy equation for the multicomponent compressible fluid
(see (4.4) or (4.6)) as

sh sh
> Js Z L g Js 1§: . 12:'.,_

The thermodynamic fluxes are now (a'fr, j?, Ji, Ji), and the thermodynamic forces are
(Def u, %VT7 sz‘|T7 ,U’Z)
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Parameterization. From the outset we will assume that o is trace-free, and there-
fore there are no cross-effects between viscous dissipation and phase changes. Therefore
we can write for the scalar processes (phase changes):

B L

for the vector processes (heat conduction, diffusion):

sh vT
Js ASS AS] e T

— | Ji = Ais Aij V/Lj‘T 5

and for the tensor process (shear viscosity):

K"E KP'F  KI'G
of® =y |K"F —-K'"E K'"H
K"G KI'H 0

with horizontal strain deformation £ = d,u — 0yv, horizontal shear deformation F' =
0,v + Oyu, vertical strain deformation G = 0,u + d,w and vertical shear deformation
H = 0,v + 0yw; where K;" and K" are (positive) horizontal and vertical momentum
diffusion coefficients. This is in fact the parameterization of [73] adapted to the case of
fully compressible flows. See also [1, 26, 66, (7).

Note that A;; is simply £;; with the row and column corresponding to the trace of

Def u removed. As shown in [30], the matrices A;; and L;; are related by
A=MLMT (5.6)
with
T =Tm —Tn —Tns
0 1 0 0o ...
M=|0 0 1 o ...l (5.7)
0 0 0 1

Since M is invertible, L;; is symmetric positive semi-definitive if and only if A;; is sym-
metric positive semi-definite. The Onsager-Casimir relationships are then

Aij = Aji and .Aij = .Aji . (5.8)

Additionally, the mass control condition ), j; = 0 requires that
> Aij=0, Vj (5.9)

and the mass control condition ), j; = 0 requires that

d A=) Aij=0, Vj. (5.10)
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Choices made in [29]. Now we consider a fluid composed of four components: dry
air (d), water vapor (v), liquid water condensate (1) and ice particles (f); and assume that
ja =0 and j; = jy = 0. Therefore by the mass control conditions we have j, + j; + jr = 0
and jg + jo = 0. We also make the further assumption that the fluxes j?, jg, jo do
not depend on the forces Vyy|r and Vig|r, ie., we have Ag = Agp = Ay = Ay = 0.
This is slightly different to the assumption made in [29], where it was assumed that
condensate and ice do not contribute to the pressure gradient i.e. Viy|lr = Vuglr = 0.
Our approach will give the same parameterization for the thermodynamic fluxes, but a
slightly different form of the pressure gradient, although the difference in a numerical
sense will be very small since condensate and ice are trace species. Additionally, if we
assumed V|7 = Vug|r = 0 then this would imply changes to the moist state equation,
which would have implications for the treatment of phase change terms.

Taken together, these assumptions allow a further reduced form for the coefficient
matrices obtained by eliminating some of the terms. We will eliminate j; and j, in what
follows. This gives finally for scalar processes (phase change):

[—jz] _ [All AZf} I:Ml_,uv:|
—Jf Ap Agp] g — o

and for the vector processes (heat conduction, diffusion):

B e [
J Ays Ay V(Nv_ﬂd”T .

Now we assume parameterizations for the vector processes of the form
1
—jt = A, - VT = cppK" - NT

and 5
. q’qu v
—Jjo = A v(/J’v - /’Ld)|T = pTK ’ v(:u’v - /“Ld)‘T’

where K" and K are tensors with only diagonal components, to allow a distinction
between horizontal and vertical mixing. This makes physical sense, since the fluid is
stratified and the grid resolution is well above the Ozmidov scale of isotropic turbulence.
These parameterizations are exactly what is done in equations (32) and (46) in [29], and
lead to a diagonal positive semi-definite A,g matrix (which will give a non-diagonal but
still positive semi-definite L,s matrix, which shows the somewhat hidden cross-effects).
For the scalar processes, we simply follow [29] and note that the coefficients A,g are
determined by the microphysics scheme in such a way that j; (j) has an opposite sign to
p — fto (pif — flv), which ensures that T'I is positive.

Identification of variables. Now making the formal identifications

T — T I — o o' :Vu — Esh
o= 3y i - I W oo
Ji — I no =8 qi — di
p — P u — v ol - —pv'"”
n — 8
it is easy to see that (5.4) is equivalent to equation (28) from [29] and (5.5) is equivalent

to equation (20), when we assume J;i = 0 (no precipitation, which is what is done in

22



this paper). These are the two fundamental equations of [29]. Finally we obtain that
the system of equations (1)—(4) from [29] is equivalent to the system (4.5) (see also the
equivalent systems written in Appendix A). This is a demonstration that the variational
and bracket formulations reproduce the equations in [29]. It is believed that the revised
formulation in [27] can also be written as a bracket system, but the demonstration of this
is left to future work.

6 Conclusions

This paper has presented bracket formulations for multicomponent, multiphase fully com-
pressible geophysical fluids undergoing reversible and irreversible processes (viscous dissi-
pation, heat conduction, diffusion, phase changes), based on a variational principle that
incorporates irreversible processes [30, 36]. It was shown that many different prior ap-
proaches in the literature fit into this framework, including the single generator bracket
[0, 20, 21] and the double generator bracket [19], as well as its metriplectic (or GENERIC)
specific cases [10, 56, 59]. All these bracket formulations can be systematically derived in
a constructive way from the general set of equations obtained via the variational principle,
whereas so far the derivation of bracket formulations was mainly empirical.

A key element is the parameterization of the thermodynamic fluxes (o', j, i, 7;) in
terms of the thermodynamic forces (Def u = 3(Vu+Vu'), VT, Vy;, ;). The first law of
thermodynamics (conservation of energy) is satisfied independent of the choice of parame-
terization, while the second law requires that the parameterizations obey certain rules. In
particular, ensuring that the Onsager-Casimirs relationships and mass control conditions
are satisfied gives positive-definite entropy production. Two different parameterizations
were presented: an approach treating thermodynamic fluxes as physical irreversible pro-
cesses, that reduces to the Navier-Stokes-Fourier equations for a single component; and an
approach treating them as subgrid turbulence parameterizations that yields the equations
of [29].

The main limitations of this work are the assumptions of a single temperature and
velocity for all components; and of a materially and adiabatically closed domain. These
limitations will be removed in future work through the extension of the formulation to
fluids with open boundaries and multiple temperatures and velocities. This (along with the
incorporation of chemistry and radiation) is necessary to treat the irreversible processes
of precipitation, chemical reactions and radiation; and to handle boundary fluxes of mass,
entropy and energy. It will also enable a rigorous examination of the conditions under
which the simplifying assumptions of a single temperature and velocity (perhaps with a
separate, constant fall velocity for hydrometeors) are valid.

The treatment of thermodynamic fluxes as subgrid turbulence parameterizations is
also an area ripe for improvement. In particular, the approach outlined here does not
incorporate any memory into the subgrid processes: for example resolved kinetic energy
dissipated by the viscous term in the velocity equation is instantaneously transformed into
heat. It also cannot treat non-local subgrid processes such as convection, gravity wave
drag and boundary layer processes. We aim to extend this formulation to overcome these
limitations, through the incorporation of more sophisticated treatments of the subgrid
processes such as conditional filtering [75, 76], Lagrangian averaging [3%, 13], eddy diffu-
sivity mass flux [74, 79], convected fluid microstructure [15, 18] or stochastic Lagrangian
averaged transport (SALT) [10, 15, 33, 34, 44].

It is also planned to study the numerical implementation of these equations, in par-
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ticular in a way that preserves the key elements of the dissipation bracket structure in
both space and time, following existing work [23] done for the reversible dynamics using
the Hamiltonian formulation, compatible Galerkin methods and Poisson time integrators.
In fact, this has already been done using finite-differences for the spatial discretization
in [25, 27, 28, 29], and we aim to extend this work to compatible Galerkin methods and
metriplectic time integrators.

Other possible future work could include: variational and bracket formulations of semi-
compressible fluids (Boussinesq, anelastic, pseudo-incompressible, semi-hydrostatic), non-
Eulerian vertical coordinates, and the study of energy-Casimir theory for the metriplectic
System.
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A Curl-Form Formulations

Here we present some alternative choices of prognostic variables: (v, p;,s), (v, pi,n),
(v,p,qr,s) and (v,p,qx,n); recalling that ¢ = 1,...,n sums over all the components
and k =1,...,n — 1 sums over the sparse components. These alternatives are generally
referred to as curl-form formulations, since the absolute velocity v is predicted instead of
absolute momentum m, and this leads to the appearance of a term involving the curl of
v. It would also be possible to replace some of the p; with ¢; or some of the g; with pg;
or use an alternative Lie-Poisson formulation that uses (p, pg, m, s) (as done for a binary
fluid in [2]), but these choices are not discussed further, as they can be easily obtained
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by a change of variables similar to those we describe below. Functionals using curl-form
variables are denoted as A instead of A. The (v, p;,s) variant is discussed in detail in
the following section, while for the others only the main results (chain rule, Hamiltonian,
Poisson Bracket, Dissipation brackets and equations of motion) are given.

A.1 Variational Formulation for (v, p;, s)

We start with the variational formulation based on v = - <= instead of m = g—ﬁ Using

the continuity equation d;p + V - (pu) = 0 gives the following form of equation (2.10)

16L 16L oL
a(p5u>+ ( ) ZqZV—— 5. =0 (A.1)

’L

The second term can be expanded using the Lie derivative expression Lyv = (V X v) X
u+V(u-v) for one-forms, to get the equation in curl-form? as

16L 16L 16L oL
) <p5 ) +V x (p5u> X u+V <u ) quvf —nV - = (A2)
Introducing now

_ 1L 10 oL oL oL

. —u-v : ==
T pou’ ds
equations (A.2), (2.6), (2.7), can be rewritten as

V xv

B v+ xF+Y qVBi+nVT =0 (A.4)
Bipi +V - (¢iF) =0 (A.5)
s+ V-(nF)=0. (A.6)

We have used the same symbol B; before. These equations are naturally connected, on the
Hamiltonian side, to the curl-form Poisson formulation. The specific Lagrangian (2.15)
gives

B, =K+ o+ u;, v=pu+pR. (A.7)

A.2 Hamiltonian Formulation for (v, p;, s)

Chain rule. Writing A[v, p;, s] = Alm, p;, ] for an arbitrary functional, the chain rule
for functional derivatives gives

SA A SA SA A GA A

o om Vo tme v em’ s o8 (A-8)

This can be used to transform the Lie-Poisson bracket (3.6).

3These are termed curl-form due to the appearance of the V x (%5—’5) term
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Hamiltonian function. We have H[v,p;,s] = H[m, p;, s] and therefore, using the
chain rule (A.8) in (3.4),

oH oH YR 7 VA V4

o _p= e B=uv-—, 2R A9
v P dp; v dp; s ds (A.9)
These fit with (A.3). Using the specific Lagrangian (2.15) this gives
) ) )
—H::F:pu, —H::Bi:K—i—Q—&—m, i-[::T (A.10)
ov dp; ds

which fit with (A.7) and (A.3).

The Lie-Poisson bracket in curl-form. By using the chain rule (A.8) in the
Lie-Poisson bracket (3.7)—(3.9), we obtain the curl-form Poisson bracket for functionals
Alv, pi, s], B[v, pi, s], expressed as the sum of 2 + n brackets

{A,B} = {A,B}g + Z{A, B}r, + {A, B}s, (A.11)
where the three terms are
(A Bo = /Q % . (Q x‘glj> do (A12)
{A,B}r, = —/qu- (?j : Vgg — g—f : v?;:) dz (A.13)
(A B}g = —/Qn(?j-v(f—glj.v‘z> dz (A14)

with Q = V;V.

Equations of motion. The functional derivatives (A.9) can be substituted into the
Poisson brackets (A.12)—(A.14) to yield the equations of motion

Ov+QxF+> VB +nVT =0 (A.15)
Opi+V-(¢;F)=0 (A.16)
Ohs+V-(nF)=0 (A.17)

which are the same as (A.4)—(A.6). The more common form

u+Vxuxu+2Q x u+VK +VP +aVp=0
Opi +V - (pin) =0 (A.18)
s+ V-(npu)=0

is obtained by substituting in the actual values for functional derivatives (A.9) and noting
that

S VB + VT =Y (VK +V®) + > ¢V + VT = VK + V& +aVp (A.19)

since >, ¢; =1 and ), ¢;Vu; +nVT = oVp by (2.1). We have also used (V x v) x u =
(Vxu)xu+2Q xuand §;v=0;u.
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A.3 Dissipation Brackets for (v, p;, s)

The variational formulation with irreversible processes yields same equations of motion
for p; and s as before. The momentum equation takes the form

1
8tv+Q><F+Zq,VBi+nVT—;V-o-fr:O. (A.20)

%

Single generator. Using the chain rule (A.8) in (4.8) gives the single generator bracket
in the variables (v, p;, s) as

[AH]:—/QV(;((S;‘) ol (i‘)dwr/vi“:.js(‘?;)dx
+A?3(aff<?;>:v<ii§> 5 ()
SRILORES Wit > )dx
+Z/V5A . 57{ d:c z:/épZ &U

In deriving this, we have used the mass control conditions to simplify the terms arising

from gA

(A.21)

0pi°

Double generator. Using the chain rule (A.8) in (4.9) gives the double generator
bracket in the variables (v, p;, s) as

AR AERE

(e () v i) e
/V(SA jS(SB /Vag 3.5 (A22)
Z/chA jla Z/% Jz i,

O [

In deriving this, we have again used the mass control conditions to simplify the terms

0A 4B and (5H

arising from Sor7 505

A.4 The variables (v, p;, )

Chain rule. If we predict the specific entropy 7 instead of the entropy density s, we
can write A'[v, p;,n] = A[v, pi, s] and the chain rule gives

A _GA L SA SA DA DA DA

o o T v T ov on o (A.23)
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Hamiltonian. Therefore we have H'[p;, v, s] = H|[pi, v, S] and

!/ / !/
oM =B =K+ ®+ u; + sT, oM =F = pu, oM = pT. (A.24)
0p; ov on
Poisson Bracket. Using also the chain rule, the Poisson bracket (A.12)—(A.14) be-
comes
JA" 6B
!/ / _ . hadha e
{A,B}Q_/QQ <5V ><5v>d33 (A.25)
A B B A
/ / — —_ . P . —
Wt [ (A9 () T (o
. Vn [(6A 6B 6B 6A
R U e A ) I A2
(A B} /Q p v én  dv dn dz (4.27)

Single generator bracket. The single generator dissipation bracket (4.8) in the vari-
ables (v, p;,n) becomes

(A, H] :—Av<;‘g> :afr<5;j>d:1:+/ﬂv<;5gzl> s <5;;/)d:n
LA/ / / / !
o (o >:v<;i<t) (505 (o)
(A.28)
_ZJ (57-[’) ZJZ<5H,)5H/> de

opi

+Z/V A 57—[’d "‘Z/(SA/ 53;[’ dz,

5p; "

where we have used the mass control conditions to simplify the terms arising from gA and
OH
opi”

Double generator bracket. The double generator dissipation bracket (4.9) in the
variables (v, p;,n) is

1A' 168 168 1A
A’,B’z—/V( > ot = —dx —/V< > ot = dx
( ) Q \pov p on o \pov p on

1 o 10H . 10H OH' COH | 164 6[3’
e (0 () o () o)

on

/ / / /
o7 (Y A [ (L. jszﬁdx
o \pon) Tpn o \pon p on

6A 153 5B 15A’
+Z/ > d+Z/V 255

0pi
1 58’ oB 1 5.A’
+Z/ opi? p5n Z/ 5pi” p5n
(A.29)
where we have used the mass control conditions to simplify the terms arising from g—;‘:,
0B and 2H.
0p; 0p;
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Equations of motion. Using the functional derivatives (A.24) in the Poisson brackets
(A.25)—(A.27) and either of the dissipation brackets (A.28) or (A.29) gives the equations
of motion as

Opi +V - (¢ F)+V-ji—ji=0

1
8tv+Q><F+E qZ-VBé—TVn—;V-O'fr:O
8+FV+V L V+—1 VT+—1§('V+')0
n n Js — o' u Js- Ji* Vi T Jipki) = U.
' pT pT pT

i

A.5 The variables (v, p, g, s)

Chain rule. Here, besides v and s, the variables are the total density p plus n—1 sparse
concentrations g, where k € {1,...,n — 1}. We can write </ [v, p, gk, s] = A[v, p;, s] and
the chain rule gives

5A o4 % 55&7 Z
5%

v v’ 5pd
Aty 1% BA_ bst A0
5pi s ™ T P o §s  bs
where k' € {1,...,n — 1} is the set of sparse components.
Hamiltonian. The Hamiltonian J#[v, p, g, s] is given as
AN, p, gy 5] = / p[K +® + U] da, (A.31)
Q

where U(a,n, gk, Xd) = U(%, %, gk, 1 — >4 qi) with xg the concentration of the dominant
component. The functional derivatives of H are given by

0H 0H
— =B=K+®+U+pa—nT, — = p(pk — tq)

op 0 (A.32)
0 0H

— :=F = pu, — =T

ov ds

Poisson bracket. The Poisson bracket in the variables (v, p, gk, s) can again be ex-
pressed as the sum of n + 2 brackets

(o, B}y = {d, BYg+{, BYr+ Y A, B}y, +{o,B}s (A.33)
with k

(o, Bho = /QQ <f§f « ‘ff) dz (A.34)

(o, B = /Q <—(§ij - % %‘fv ‘;”‘f) dz (A.35)

(o, By, :/QV;J’“. (‘;‘f gf ‘f‘;i) do (A.36)

(o, Bs = /Q < 5(;‘? v. (n‘;’% > + ‘f v. (nff)) dz. (A.37)
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Single generator bracket. Using (A.30) in (A.21), the single generator dissipation
bracket in the variables (v, p, gk, s) becomes

W,Jf]:-/ﬁV(i%‘f) of (5(;% da +/v (‘5?0)@
4
[ (O (350 - ()

Os
(A.38)
—zjk@if)-v(;ijf)—;jk(%ifw”f) .

p 0gy
3 5 G )+ 2 fsn (r)ee

Double generator bracket. Using (A.30) in (A.22), the double generator dissipation
bracket becomes

16\ 0% 168\ . 6ct
o, B) = — R T SO7N L g 2
(e, ) /Qv<p6v) 5 /Qv<p5v) 5s
L (1o s Lo 16 6t 68
+/Q‘5§f<a 'V<p5V> V ZJk <p5q> z,;kpéqk> 55 b5

5t . 5B . bl
+/v-jsggdx+/v$jsdx
a 0s ds o

150/ 108\ . 6
+ v —da:—i— / ( ) 22 dx
zk:/ (péqk> J Z poa) M55
L0o/ . 0% 15 o |
+Zk:/05q 55 ¢ Z/ b 3 ¢
(A.39)

Entropy generation. Both dissipation brackets give the entropy generation rate as

7 H) = (S,.7)
1 f (1&%”) ) 0 ) <15<%”) L 1o7
= o' V|{-—)—js-V—— Vii—-—] - -— | dz.
/Q A ( pov) ! Js Z,;Jk p Oy, - Mo S
Plugging in the actual values for %22, this is

/Q ; (O’fr : Vu—js -VT — Z_]k -V (,uk - ,ud) - Z]k (Mk - /J,d)> dx. (A40)
k

k

The last two terms can be rewritten using » ", jx = —jq and >, jr = —J; to finally yield

1 fr . . . .
/gT(U .Vu—JS-VT—;Ji-Vui—;jiui> dzx (A.41)

as expected. Therefore we see that the same parameterizations can be used as before,
since the form of the entropy generation is identical.
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Equations of motion. Using the functional derivatives (A.32) in the Poisson brackets
(A.34)—(A.37) and either of the dissipation bracket (A.38) or (A.39), the equations of
motion are

1 . 1.
atQk+u'VQk+;V'Jk—;Jk =0

1
8tv—|—Q><F+VB+nT—Z(uk—ud)qu—;V-afr =0
k

1 1
Os+V-(nF)+ V- Jb——a :Vu+—js VT + =

1 . ‘
T > G-V + jip) = 0.

T T

i

Note the sum is over ¢ in the s equation, while the sum is over k in the v equation.
However, the term >, (ur — pa) Vi is equal to ), 11;Vg;, as before, since >, qx = 1 —qq.

A.6 The variables (v, p, q;,n)
When the variables (v, p, gx,n) are chosen, the resulting bracket formulation extends the

formulation of [2] to additional components, and with irreversible processes.

Chain rule. Again, if we predict the specific entropy 7 instead of the entropy density
s, we can write '[v, p, qx,n| = [V, p, qx, s] and the chain rule gives

b _bef | S S b b b ool

- e = = — . A.42
op op i ds Oqr oqr ov ov on Pss ( )
Hamiltonian. Therefore we have J'[v, p, qx,n] = H[v, p, qx, s] and
0" 60"
:B/:K+(I)+U+pa7 ::p(/J’k_.ud)a
o o ‘
= F = pu’ = pT
ov on

Poisson bracket. Using also the chain rule (A.42), the Poisson brackets (A.34)—(A.37)

become
{o' B = /Q (5;{/ 6(;%:) dx (A.44)
(o Bn = ( G 2 +5£/v.5§j'> dz (A.45)
/ / / !
i = [T (5;5 IR )
! / / /
= [T (L2520, na7)

Single generator bracket. The single generator dissipation bracket is

35



/ <;5§f/> :ol" <5§/)da}+/gv<;5§/> 'js(é;s%:/)daj
/ / / /
o (O () 5w ()
, ! : (A.48)

() (M) () 1)

+Z/ <;<§;}i’> (6%”’ Z/Ql&xzf’ 5%/>dx.

p Oqy

Double generator bracket. The double generator dissipation bracket is

/ i/ / /
(JZ/,,@,):/V<15%> :O'frl&%j dx/v<16<@> :afrléﬂ dz
Q \p ov p on o \p oV p om
1 ; <15%/> , (15%’) (15%’) 164"\ 16 6.R
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/Q(ng ( p ov I p on ZJk P Oqy ;jkp Sqr. | p on dn
/ i/ 1 / 1 !
[ s [0 (252 U
o Os ds o \p on p on

1667\ . 105" 16"\ . 100/
YAIG YR Y Al R T
k

p g p on
16/ 167 162 104
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g/QP(SQkaP o ; o 0 0a”" p o

(A.49)

Equations of motion. Using the functional derivatives (A.43) in the Poisson brackets

(A.44)—(A.47) and either of the dissipation brackets (A.48) or (A.49), the equations of
motion are

1 . 1.
atQk‘i‘u'VQk‘F;V'.]k—;]k:O

1
3tv+Q><F+VB/—TVn—Z(uk—,ud)qu—;V-afr =0
k

1 1 1 1 1
O+ -F-Vn+ -V js——0o":Vut+—js- VT 4+ —> (i Vs + jipi) = 0.
LRI AU AR Sl i ut s +pT§ (i - Vi + Jipi)

i

Note the sum is over ¢ in the n equation, while the sum is over k in the v equation.
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B Potential Vorticity and Kelvin Circulation The-
orem

B.1 Kelvin Circulation Theorem

Integration of (A.1) and (A.20) around a closed loop «y(t) moving with the fluid gives the
Kelvin circulation theorem

% " vdx = — 7{(0 (Zz: q,-v:;i + UV% — ;V : a'fr> -dx, (B.1)
see [30]. Using (A.3), this can be written as
d 1 &
il vedx = — féu) (Z ¢V B; + VT — ;v o ) -dx. (B.2)

Specific Lagrangian. For the specific Lagrangian (2.15) we have B; = K + ® + p;
and therefore (using >, ¢; = 1)

d % 1 f
— v-dx = — ¢Vp; +nVT — -V - o r) -dx. (B.3)
dt Jye 0 (Z p
Using Gibbs-Duhem relationship (2.1), this can be put into a final simplified form
d 1 fr
- vdx = — aVp—-V.o" | -dx. (B.4)
dt J) 0 p

B.2 Potential Vorticity
A generalized potential vorticity is defined as

g=1Y¥ (B.5)

p

where n = V x v and ¢ is any scalar function satisfing Dy = 1) (for example, 1), with
D, the material derivative. From the system (4.4), we get the evolution equations for ¢
and mass-weighted generalized potential vorticity pq

1
th+u-Vq+;V- (

1
Z ¢V +nVT — ;V o'
i

x Vi + @Z'm) =0 (B.6)

(pg) +V - (upg) — V- (

1
> @iV +nVT - v o

)

x Vi + @bn) =0. (B.7)

Using the Gibbs-Duhem relationship (2.1), the term %V ([ Vs +nVT] x Vap) can
be rewritten as —p%Vp x Vp 1. When ¢ = 1(g;,n) then Db = 0 when there are no
irreversible processes. In particular, for a single component fluid, ) = 1(n) and the term
Vp x Vp - Vi) vanishes since p = p(p,n), so D;q = 0 and potential vorticity is materially
conserved. This explains why C = [ p®(q,n)dz is a Casimir for the single component
fluid. For a multicomponent fluid p = p(p, g;,n) so Vp x Vp - Vi) does not vanish for
any choice of ¢ = ¢(g;,n). In particular, [, pgdz is not a Casimir for multicomponent
fluids. (B.7) also shows the generation of potential vorticity by boundary processes. More
discussion of this can be found in [8, 9, 68].
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