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We introduce a unified variational framework in which the classical balance models for
nearly geostrophic shallow water as well as several new models can be derived. Our
approach is based on consistently truncating an asymptotic expansion of a near identity
transformation of the rotating shallow water Lagrangian. Model reduction is achieved by
imposing either degeneracy (for models in a semigeostrophic scaling) or incompressibility
(for models in a quasigeostrophic scaling) with respect to the new coordinates.

At first order, we recover the classical semigeostrophic and quasigeostrophic equations,
Salmon’s L; and large-scale semigeostrophic equations, as well as a one-parameter fam-
ily of models that interpolate between the two. We identify one member of this family,
different from previously known models, that promises better regularity—hence consis-
tency with large-scale vortical motion—than all other first order models. Moreover, we
explicitly derive second order models for all cases considered. While these second order
models involve nonlinear potential vorticity inversion and do not obviously share the
good properties or their first order counterparts, we offer an explicit survey of second
order models and point out several avenues for exploration.
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1. Introduction

In a series of articles, Salmon proposed new approximate models for nearly geostrophic
flow in a layer of shallow water (1983, 1985), and in a layer of stratified fluid of finite
depth (1996). The derivation is an example of variational asymptotics: all approximations
are performed on the Lagrangian of the parent fluid model before Hamilton’s principle
is applied to yield new equations of motion. One of the chief advantages of this ap-
proach is that preservation of time and particle relabeling symmetries guarantees exact
conservation of a new energy and potential vorticity in the approximate system.

Salmon’s approximation consists of two steps. First, noting that the stationary leading
order geostrophic balance defines a submanifold in phase space, he constrains the full La-
grangian to this ‘slow manifold’. The symplectic structure of the constrained variational
principle is typically non-canonical. Salmon therefore suggests to apply, in a second step,
a near-identity transformation to simpler, possibly canonical coordinates. Although a
transformation to canonical coordinates must exist, an explicit expression can only be
given to some order in the Rossby number e, the formal small parameter; higher order
terms are consistently dropped.

While built-in structure preservation is clearly an attractive feature, it does not guar-
antee even well-posedness of the resulting balance models. In fact, the large-scale semi-
geostrophic (LSG) equations of Salmon (1985), as well as their generalizations to stratified
flows, turn out to be ill posed (Shepherd & Ford, 2001; Ford, private communication,
2000). In the hope of turning the LSG equations into a well-behaved model without losing
their simple structure, we noted that the second order generalization of LSG possesses
a positive definite Hamiltonian—clearly a desirable feature, but insufficient to guaran-
tee existence of a flow. Regularity of potential vorticity inversion is equally crucial, but
explicitly violated in LSG.

The new idea presented here is that the two steps in Salmon’s procedure—constraining
and transforming—can be reversed in order. We will start out with an arbitrary change
of coordinates which reduces to the identity when the perturbation parameter ¢ van-
ishes. Both the transformation and the Lagrangian of the parent shallow water equations
can thus be expanded in powers of £ and consistently truncated at the desired order
of accuracy. At this point, the transformation is completely arbitrary, so that we can
impose, order by order, conditions on the transformation that assure that the system is
constrained to a submanifold in phase space, or that the correct leading order balance is
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maintained. The advantages are threefold. First, we can systematically identify degrees
of freedom that leave structure and formal order of the reduced model invariant, but can
be tuned to optimize desirable features such as the regularity of the potential vorticity
inversion. Second, we have a procedure that allows us, at least in principle, to develop
higher order models in a systematic fashion. Third, we can study balance models in a
unified framework that includes all the classical balance models for rotating shallow wa-
ter: the semigeostrophic and quasigeostrophic equations, Salmon’s L; and LSG models,
and many new ones.

In the last two decades, a large number of authors have explored the variational route
to deriving or analyzing balance models for rotating fluids. Allen & Holm (1996) de-
rive a class of balance models by imposing second order constraints on the variational
principle. The authors also note the distinct role of affine Lagrangians very explicitly.
Their work differs from ours in that they treat the approximation of the symplectic
structure and of the Hamiltonian as independent. Our point of view is that the concept
of consistently truncating a change of coordinates provides a rigid dependence between
the respective approximations; in other words, we supply a systematic way of deriving
dependences between some of Allen & Holm’s free parameters. Holm & Zeitlin (1998)
introduce the variational formulation for the quasigeostrophic equations; independently,
Bokhove, Vanneste & Warn (1998) give a derivation of the quasigeostrophic equations
via a constrained expansion of the shallow water variational principle. McIntyre & Roul-
stone (2002) review and systematically explain the structure of models based on work-
less momentum-—configuration constraints, and suggest several generalizations of classical
semi-geostrophic theory. Using the language of “velocity splits” coined by Mclntyre &
Roulstone, Wunderer (2001) and Roullet (2004) generalized Salmon’s L; equations to
second order. Roullet’s Lo equations, being non-local in time, clearly differ from ours
which do not have non-local terms. The relative merits of the two approaches are cur-
rently not well understood and remain to be explored. Finally, Vanneste & Bokhove
(2002) show how to translate Salmon’s variational asymptotics into asymptotics on the
corresponding Poisson structure, and also suggest a generalization to higher order.

The present paper is laid out as follows. Section 2 reviews the two most important mod-
els for rotating shallow water, the semigeostrophic and the quasigeostrophic equations.
In Section 3, we explain our new approach for a finite dimensional, linear toy prob-
lem. In this simple situation, we have the opportunity to compare the reduced model
with explicitly computed solutions of the parent dynamics. Section 4 introduces the La-
grangian formalism for fluids with particular emphasis on affine and incompressible fluid
Lagrangians, which will play a major role as target Lagrangians leading to model re-
duction in the semigeostrophic and the quasigeostrophic scaling, respectively. We discuss
asymptotics in the variational principle as a means of deriving reduced models, and give
a brief derivation of Salmon’s L; and LSG models within this general framework.

The main part of the paper is the derivation of the following three distinct model
hierarchies.

The LSG hierarchy includes Salmon’s L; and LSG equations at first order, as well as a
one-parameter family of models interpolating between the two. It is characterized by the
condition that the reduced Lagrangian is affine, i.e. linear in the velocities. This implies
that the resulting equation of ‘motion’ does not include time derivatives of the velocity
field u—it defines a kinematic relationship between u and the mass configuration h. Dy-
namics enters via the continuity equation or, equivalently, via the advection of potential
vorticity. Since the reduced Lagrangian is always degenerate, a Dirac constraint is im-
plied by construction. Finally, time derivatives of w generally enter when transforming
back to physical coordinates although they are absent from the equations of motion to
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any order. Section 5 details the derivation of the LSG hierarchy for the rotating shallow
water equations.

The quasigeostrophic hierarchy, introduced in Section 6, yields the classical quasi-
geostrophic equations at first order. It is characterized by the condition that the trans-
formed dynamics be incompressible up to the required order. The resulting reduced La-
grangian is always a regular incompressible fluid Lagrangian. Hence, the dynamics resides
in the momentum equation, while the continuity equation reduces to the zero-divergence
condition. In physical coordinates, of course, weak compressibility is recovered.

Finally, Section 7 recovers the classical semigeostrophic equations as the first order of
the semigeostrophic hierarchy. While the scaling is the same as for the LSG hierarchy,
the conditions we impose are subtly different. We require that the new coordinates are
canonical, and the velocity in new coordinates equals the geostrophic velocity in old
coordinates. Our transform generalizes the Hoskins (1975) transform at order two and
higher.

In each case, we explicitly compute to second order. At first order, only the LSG hier-
archy yields something new: a model, in a certain sense half-way between L; and LSG
dynamics, that promises superior regularity properties relative to all other first order
models. The first order computations in the remaining two cases yield well known mod-
els. However, our approach still provides a constructive derivation for the variational
formulation of quasigeostrophy, and we obtain an interpretation of the geostrophic mo-
mentum approximation as a truncated near-identity change of coordinates.

At second order, we derive the corresponding models of each hierarchy; in the case of
the LSG approach there is a five-parameter family of models, while the other two hierar-
chies are unique at second order as well. Except for trivial examples in the LSG hierarchy,
all second order models require nonlinear and apparently non-elliptic potential vorticity
inversion. Therefore, well-posedness and numerical implementation are not obvious, and
we mainly point out the questions that need to be asked. Thus, with regard to second
order models this paper raises more questions than it answers. In the final discussion,
Section 8, we point out possible approaches to second order models and other extensions
of our ideas.

2. The classical nearly geostrophic limits
2.1. Distinguished scaling limits

We first sketch the two main distinguished scaling limits of the rotating shallow water
equations, the semigeostrophic and the quasigeostrophic equations.

We take the simplest possible nontrivial case—the rotating shallow water equations
with constant Coriolis parameter on the plane. In this model, which we regard as the
standard against which the accuracy of all other models must be judged, the evolution
of the horizontal velocity u = u(x,t) and fluid depth h = h(x,t) is governed by

du+u-Vu+ fut+9gVh=0, (2.1a)
Oth+ V - (hu) =0,
where ut = (—ug,uy), f is the Coriolis parameter, and g the constant of gravity. We

assume that h approaches a constant, and u vanishes at infinity. In all of the following,
we take f to be constant, though the fundamental ideas extend to the general case.

We first non-dimensionalize the shallow water equations. Let U be the horizontal veloc-
ity scale, L the horizontal geometric length scale, and H the mean layer depth. Through-
out, we take the advective time scale T'= L/U and assume that the Rossby number ¢ is
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small, i.e.,
U
= — 1. 2.2
€ L < (2.2)
We also define the Burger number
gH
B= ek (2.3)
The shallow water equations in non-dimensionalized variables then read
B
5(8tu+u-Vu)+uJ‘+;Vh:O, (2.4a)
Oth+ V - (hu) =0. (2.4b)

We are interested in the physical regime where the pressure gradient force balances the
Coriolis force to leading order. In other words, we seek a leading order geostrophic balance
relation of the form

ug = V4ih. (2.5)
The resulting geostrophic motion is stationary, as can be checked by substituting (2.5)
back into the continuity equation (2.4b).

There are two distinguished scaling limits that result in leading order geostrophic
balance. If we admit order one variations in the total depth, balance requires that B = ¢.
This is called the semigeostrophic scaling. On the other hand, we can allow for a Burger
number of order one if the total depth is an O(e) variation of a constant mean depth.
Thus, in this so-called quasigeostrophic scaling we keep B = 1 and

h=1+¢chy, (2.6)

so that Vh = O(e).

Before proceeding further, we set up notation that is crucial later, but already useful
now. We then present traditional derivations of the next order corrections to geostrophic
balance in each of the two scalings.

2.2. Notation

Throughout this paper, we adapt conventions that are less used in the geophysical
literature, but have proved—conceptionally as well as regarding the ease of symbolic
manipulation—extremely useful. We generally view velocities as vector fields and trans-
formations as diffeomorphisms of the plane, avoiding explicitly working in coordinates
throughout. Most of the following could easily be written in geometrically intrinsic no-
tation; this, however, is not the point here.

First, we employ fixed-slot notation, always stating changes of variables explicitly.
Thus, if u = u(x,t) denotes the Eulerian velocity of a fluid, and n = n(a,t) the corre-
sponding flow map—the fluid particle initially at location a is at location = n(a,t) at
time t—then the Lagrangian velocity of this fluid particle must be

atn(a7t) = u(n(aat)vt) ’ (27)
which we abbreviate, throughout, by

n=uon. (2.8)
In this notation, the continuity equation (2.4b) is equivalent to
1
homn (2.9)

~ detVn’
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where derivatives are always taken with respect to the natural arguments.

Second, throughout this paper we will encounter near-identity changes of coordinates
which are eventually expanded in the perturbation parameter e. When such a trans-
formation &, is introduced, we endow quantities in old (physical) coordinates with an e
subscript, and leave the corresponding quantities in the new (computational) coordinates
unsubscripted. In particular, flow maps then transform as

n.=§&.0n. (2.10)

Third, being sloppy about the distinction between vector fields and forms, we write an
explicit “-” to denote the dot product between two vectors, and no multiplication sign
for vector-matrix multiplication, which takes precedence. Thus, for example,

u-Vow = (Vo) u-w=u; (9;v;) w; . (2.11)

2.3. The semigeostrophic equations

The semigeostrophic equations arise from a single approximation, the geostrophic mo-
mentum approximation, where the advected velocity, but not the advecting velocity, is
replaced by the geostrophic velocity (Eliassen 1948, 1962):

Or+u-Viu— (0 +u-V)ug. (2.12)

Keeping with the conventions introduced in the previous section, we endow all quantities
in old coordinates with an e subscript, so that the semigeostrophic momentum equation
reads

(@ +ue - V)VEhe +ut + Vh, =0. (2.13)
This equations combines with the continuity equation into a single prognostic equation for

the layer depth h., whose remarkable structure is exposed through the so-called Hoskins
transformation. Hoskins (1975) introduced new semigeostrophic coordinates via

n=mn.+eVh.on,, (2.14)

where the transformation is written in terms of the Lagrangian flows, and Vh.on, =
(Vhe)(n.(a,t),t). Going to Eulerian positions, the transformation &, is implicitly defined
through

id=¢. +eVh. o€, . (2.15)
By differentiating (2.14) in time, we obtain
N=uom=1u.on. +¢ (szs on.+ (VVho)on.mn,.) = Vtheon,, (2.16)

where the last equality is due to the semigeostrophic momentum equation (2.13). In other
words,

u=V=>hoof,; (2.17)
the new velocity u equals the geostrophic velocity in the old coordinates. Further, (2.9)
and (2.10) imply that
h=h:o&, detVE,_. (2.18)
The right hand expression can be closed in geostrophic coordinates as follows. First,
taking the gradient of (2.15), using (2.17), yields
| =V¢ —eVaut, (2.19)

where | denotes the 2 x 2 identity matrix, so that

det V€, = det(l + e Vu™t) . (2.20)
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Second,
V(he0&.)=(VE) (Vh) ok, =—(1+eVur)ut = —ut - LeVju>. (221
Thus, if we define a stream function v by
heo =v—5e|VUP?, (2.22)
then u = V>4 satisfies (2.17). Inserting (2.20) and (2.21) back into (2.18), we obtain
h= (¥ —1e|Vy]?) det(l —e VVY). (2.23)
Direct computation shows that the potential vorticity ¢ = 1/h is materially conserved,
so that
O+ VY - V)h=0. (2.24)

Potential vorticity advection together with the nonlinear elliptic Monge—Ampeére equation
(2.23) are a closed system for the semigeostrophic dynamics in geostrophic coordinates.
The Hoskins transform can also be interpreted as a Legendre transformation; see Cullen
& Purser (1984, 1989), and Benamou & Brenier (1998) for a proof of well-posedness based
on this structure.
For later reference, we remark that the conservation of potential vorticity is easily
translated back into physical coordinates. From (2.19), we infer that

l=(1+eVVh,)o& VE,_, (2.25)
so that
1 1 det(l +e VVh,) o &,
=== = = 2.26
1= T h o delVE. hoE ge o &, (2:26)
and conservation of potential vorticity takes the form
d d
(¢ 0m) = 3 (gom) =0. (2.27)

Moreover, the semigeostrophic equations conserve the energy
H, = %/[s |Vhe|* + he| he da. (2.28)

Both conservation laws arise naturally when deriving the semigeostrophic equations vari-
ationally in Section 7.

2.4. The quasigeostrophic equations

In the second important distinguished scaling limit, the quasigeostrophic scaling, the
Burger number is of order one, but variations of the surface amplitude are small. When,
as in (2.6), the deviation of the surface amplitude from equilibrium is denoted ehq, the
quasigeostrophically rescaled shallow water equations read

e(Qu+u-Vu)+ut+e1V(1+eh)=0, (2.29a)
edh1+V-((14+ehi)u)=0. (2.290)

At the lowest order € = 0, (2.294) again yields a geostrophic balance relation,
ug = ' Vth=vV"th,. (2.30)

Substituting (2.30) back into the continuity equation (2.29b) simply confirms that ug is
divergence free. The quasigeostrophic equations are the next order correction to geostro-
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phic balance. We make the ansatz
U =ugteua, (2.31)

where ua denotes the ageostrophic component of the velocity field, substitute into (2.29),
and collect first order terms. The contributions from momentum and continuity equation,
respectively, are

UuUp = —(8t +ug - V) Vhy, (2.320,)
Oth1 +V -up =0. (2.320)

Substituting the former equation into the latter, we obtain the quasigeostrophic potential
vorticity equation

(6t +ug - V) (hl — Ahl) =0. (233)

Finally, the quasigeostrophic equations possess the conserved “energy”

H= %/(h% +|Vh|?) de. (2.34)

3. A finite dimensional example

As a caricature of the rotating shallow water equations in semigeostrophic scaling, we
consider the system of coupled harmonic oscillators

€(je = _Qqa + qu 5 (31)

where ¢.: R — R?, Jg = ¢~ = (—q2,q1), and Q = diag{r? w?} is a constant diagonal
2 x 2 matrix. The corresponding Lagrangian is

LE = %6 ‘qa|2 - V(qs) - R(qe) * qa 5 (32)

where

R(q) = %Jq and Vig) = %qTQq. (3.3)

Physically, this system describes the planar motion of a charged particle with harmonic
restoring forces in a magnetic field perpendicular to the plane. The mass of the particle
is €, while all other parameters are scaled to unity.

When ¢ is small, both the components of g, form almost decoupled fast harmonic oscil-
lators. In addition, the matrix J on the right of (3.1) introduces an additional symplectic
structure independent of ¢ whose canonical coordinates are the two position coordinates
q1 and q2. We note that when € = 0, this structure is the only to survive; the correspond-
ing Lagrangian is affine, i.e. it is linear in the velocities.

Our goal is to derive an effective equation for the slow evolution of ¢; and g2 when ¢
is small, but different from zero. This toy model, being linear, can of course be solved
explicitly by diagonalization, and the desired answer can be obtained by brute-force
asymptotic expansion of the solution. However, the algebra involved is already sufficiently
involved that a symbolic manipulation package is very helpful. The approach that we
propose is computationally much simpler, does not depend on the linearity of the system,
and will directly carry over to the rotating shallow water equations.

The key idea is to introduce a near-identity change of (position) variables that can be
expanded in powers of €, insert this expansion into the Lagrangian, truncate to a con-
sistent power in ¢, and fix the coefficients of the transformation such that the truncated
system is affine. This last step is the crucial closure assumption: The higher order terms
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in the expansion are determined from the lower order terms such that the leading or-
der (affine) structure is maintained. A simple application of the Hamilton principle then
yields the effective equations of motion from the truncated transformed Lagrangian. The
transformation can be undone a posteriori to the order of the approximation.

In finite dimensions, the procedure is simpler than for motion of the diffeomorphism
group. The required near identity transformation of the positions can be written straight-
forwardly as the asymptotic expansion

g.=q+eqd +12q"+0(%). (3.4)
We compute
R(q.) q. =1 (g +eq” +1e2q") - (a+ed +12d") + O
=3q - qteq -d +5 (0 - d" a7 d)+OE) (3.5)
up to perfect time derivatives which are null-Lagrangians,

T .
Vig.)=3(a+ed +3q") Qa+eqd +iq") +0(*)

=1q"0q +cq"0q + L (70" + ¢ Qq') + O(e?), (3.6)
and
selal’=s¢elal +e%q-4' + O(). (3.7)
Altogether, we find the expansion
L.=Log+eLi+ %62 Lo+ 0(53) (3.8)
where, again dropping perfect time derivatives whenever convenient,
Lo=-1q¢"-g—%q"Qq, (3.9)
Li=3lalP+q -4 —q"d, (3.10)
Ly=2q-¢+q"-q"—q -4 —q"%" —q"0q'. (3.11)

The crucial step now is to impose degeneracy conditions, i.e. to choose q' and q” that
render the truncated Lagrangian affine to first and second order. At O(g), we must set
q = -3 ¢" + any function of q. (3.12)
For simplicity, we restrict ourselves to
d=-3¢g"+)Qq. (3.13)

This choice is motivated by the observation that g’ vanishes—at least for a particular
value of A—when the toy model is in ‘geostrophic balance’. With this choice of ¢, we
obtain

Li=-(3+X)) ()" -¢-Aq"2%. (3.14)
It is easily verified that the Fuler-Lagrange equations for an affine Lagrangian of the
form

L=q-F(q) +9g(q) (3.15)

Vi.F¢t=vy, (3.16)
so that the reduced dynamics for our toy model including terms up to O(e) reads

T+e@+N W+ g" = (Q+2:2A0%q. (3.17)
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This is a harmonic oscillator with frequency

V14 2e 2 V1 + 2edw?

= wv T . (3.18)
L+e(5+A)(w?+1v?)

Note that the first order contribution is independent of A, and coincides with the expan-
sion of the slow eigenvalues of the full system to this order. In other words, A is indeed a
free parameter. In the special case when \ = %, the frequency given by (3.18) is accurate
even to O(e?). This case corresponds to ¢ = 0 in (3.13) if the dynamics were exactly

following the leading order ‘geostrophic balance’ dynamics.

Note further that the reduced dynamics does not represent the full system up to and
including O(e) terms—the fast contributions to ¢; and ¢o are O(e), but are absent in the
reduced system. Finally, the reconstruction of the solution in the original coordinates via
(3.4) adds only amplitude corrections and is therefore only of interest with regard to the
initialization of the reduced dynamics.

The second order computation is only slightly more involved. By inserting the first
order degeneracy condition into Lo, we obtain

Ly=q"-[¢"+3§— 124" + X (Q4)"]
—qTq" + X gt - Q% — N2 (Qq)t - Qg — A2 ¢T0%q. (3.19)

Choosing

¢ =-14+3190 +(§ -V (@Q9" (3.20)
will render Lo affine. Of course, as in the first order degeneracy condition, we could add
arbitrary functions of g only—we will do so when we apply the method to the rotating

shallow water equations. Staying with (3.20) for the time being, the resulting degenerate
Lo Lagrangian is

Ly=q-[(1 -0 (Q@)" + (] - A=) QQg)"] - A q" Q% (3.21)

Completing the Euler-Lagrange equations to second order yields a harmonic oscillator
equation with frequency

B W V1 + 262 + 20204 V1 + 2e ) w? + 220204
1 +6(% + A)(w?+1v2) — %62(% — A (w* +v4) — 52(% — A= A2) 202"

By explicitly expanding in powers of €, we can show that this expression is independent
of A\ up to second order, i.e. A remains a free parameter.

A complete analysis of this toy system for linear and nonlinear potentials, including
proofs of convergence which generalize the above observations, is provided in forthcoming
work (Gottwald & Oliver, 2005; Gottwald, Oliver & Tecu, 2005). We finally remark that
this system is more appropriate for illustrating the working of our method than the
elastic pendulum, which has been explored as a simple model for atmospheric balance by
Lynch (2002). Moreover, our model does not intend to address the issue of spontaneous
generation of inertia-gravity waves, which has been studied in low-dimensional models
starting with Lorenz (1980). For recent results and a more complete history of this line
of research see, for example, Vanneste (2004).

/,L (3.22)

4. Variational principles in fluid dynamics

This section introduces the variational framework for equations of rotating fluid flow.
None of this material is original; the goal of this section is to collect pertinent results in
consistent notation.
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4.1. Rotating shallow water Lagrangians

Our parent system, the rotating shallow water equations (2.4), are the equations of a
barotropic fluid with pressure function = = In h. The configuration space is formally the
semidirect product of the group of diffeomorphisms of the plane, the space of flow maps
7, with the vector space of smooth functions, the space of densities h.

Fluid Lagrangians are invariant with respect to the tangent lift of the natural group
action on this semidirect product—simply speaking, they depend on Eulerian velocities
and advected quantities only—and can therefore be treated in the framework of Euler—
Poincaré reduction (see, e.g., Holm, Marsden & Ratiu, 1998, and Arnold & Khesin,
1998). In practical terms, this means that the equations of motion, the Euler—Poincaré
equations, can be obtained by taking variations, fundamentally with respect to the flow
map 7 and vanishing at the temporal end points, of the action

to
S = L{u,h]dt. (4.1)
t1
The Lagrangian variations dn induce variations of the Eulerian quantities w and h as
follows. First, taking the variational derivative dn means differentiating along a curve on
the diffeomorphism group. Hence, we can associate an Eulerian vector field w = w(x)
via
n=won. (4.2)
For compressible flow, w is arbitrary, while for incompressible flow, variations of the flow
map must remain area preserving—the corresponding vector field w must be divergence
free. By differentiating (4.2) in time and taking the variational derivative of (2.7), we
obtain the so-called Lin constraint (Bretherton, 1970),

u=w+ Vwu - Vuw. (4.3)

Since h~!on = det V7, the Liouville theorem applied to the flow generated by w, where
the variational parameter is playing the role of time, directly implies the “continuity
equation”

Sh+V - (wh) =0. (4.4)

Thus, we have a way of translating between the Lagrangian variation én and the associ-
ated Eulerian variations du and J§h. In practice, we will choose whichever formulation is
more convenient for the task at hand, and move freely between the two.

As a first example, take the semigeostrophically scaled rotating shallow water La-
grangian (Salmon, 1983),

L:/[(R—Q—%Eu)on-r’]—%hon}da
:/h[R-u+%E|u|2—%h]dw, (4.5)

where R denotes the vector potential of the Coriolis parameter, so that V* - R = f=1
Plugging L into the action integral and taking variations, we find

2
58 — /[5h(R.u+%g|u\2—h)+h(R+gu)-§u]dwdt. (4.6)
t1

Inserting the constrained variations (4.3) and (4.4), integrating by parts in space and
time, using the continuity equation h + V « (uh) = 0, the time independence of R, and
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collecting terms, we obtain straightforwardly that
ta
55:/ /hw-[(VRT—VR)u—gu—eVuu—Vh]dmdt. (4.7)
t1

Due to identity (A 6), the terms in the square bracket yield precisely the shallow water
momentum equation (2.4a) with semigeostrophic scaling B = e.

One of the main advantages of the variational route is that the conservation of energy
and potential vorticity is built into the formalism. This can be made explicit by writing
out an extended Lagrangian that separates symplectic structure from the Hamiltonian,

L:/F(u)on-h—H[u,h], (4.8)

where a priori w and 1) are treated as independent quantities; the relationship n = uon
is recovered by taking variations in u (see, e.g., Salmon 1983). We can then show that H
is the Noetherian conserved quantity arising from time translation invariance, and that
the potential vorticity
Vi.F
h
is the materially conserved quantity arising from the invariance under particle relabeling
(see, e.g., Ripa 1981). A fully variational derivation of the conservation of potential
vorticity involves taking variations that do not vanish at the temporal end points along
a trajectory satisfying the Euler—Poincaré equations of motion, so that only boundary
terms arising from integration by parts remain.
For the semigeostrophically scaled rotating shallow water equations, the extended La-
grangian reads

q= (4.9)

L:/(R—i—au)on-ﬁda—H, (4.10a)
H= %/[5|u|2 +h]onda, (4.10b)
with the well known potential vorticity
1 L.
- #. (4.11)

We now discuss two important special cases: affine Lagrangians and Lagrangians for
incompressible fluids, which will arise as Lagrangians of nearly geostrophic models in the
semigeostrophic and the quasigeostrophic limit, respectively. We derive general equations
of motion and the corresponding conservation laws for each.

4.2. Affine Lagrangians

Consider an affine (degenerate) Lagrangian of the form

L= /(F(h) on -7 — g(h) on) da = /h(F(h) cu—gh))de,  (4.12)

where F' and g are arbitrary functionals of the layer depth h. We insert this Lagrangian
into the action integral and take variations with respect to n, using DF' to denote the
Fréchet-derivative of F and DF* to denote the formal L? adjoint thereof:

0S =96 tz/(F(h)on-h—g(h)on)dadt
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to
:/ /(((5F)on-?'7+(VF)on(Sn-ﬁ-l-Fon-(Sh
— (69) om — (Vg) ondn) dadt
to .
:/ /((DF(h)éh)on-ﬁfFon-(snf(VFfVFT)onh-én
— (Dg(h)dh) o — (Vg) ondén) dadt
to .
:/ /h(DF(h)&h-u—DF(h)h-w—w-uivl-F
—Dg(h)dh —w - Vg) da dt
/ /6hDF* hu) —hw-F —hw-ut V. F

— 8hDg*(h)h — hw - Vg) dadt

/tQ/hw V(DF*(h)- (hu)) = F —u*V*+ . F
— V(Dg*(h)h) — Vg) dz dt . (4.13)

Since w is arbitrary, the vanishing of S yields the degenerate Euler—Poincaré equation
V(DF*(h) - (hu)) — F —ut V*+ . F =V (Dg*(h)h) + Vg. (4.14)

Note that F' = DF(h)h, so that all time derivatives can be eliminated via the continuity
equation—we obtain a diagnostic relationship between i and u.

To derive the expression for the potential vorticity, we could follow the Noetherian
approach and work explicitly with the particle relabeling symmetry; see, for example,
Bridges, Hydon & Reich (2001). However, it turns out to be much easier in this case to
directly take the curl of (4.14),

VY F+V.-(uV*t.-F)=0, (4.15)

whence, dividing through by A and using that h+V - (hu) = 0, we find that the potential
vorticity

vV .F
q () (4.16)
h
is advected by the velocity field u,
Oq+u-Vg=0. (4.17)
Similarly, the conservation of the Hamiltonian
H= / hg(h) de (4.18)

follows from Noether’s theorem, or can easily be verified by direct computation.
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4.3. Incompressible fluid Lagrangians

We consider the general case of an incompressible, rotating fluid with a Lagrangian of
the form

L:/(R—!—N(u))-udm, (4.19)

where NN is a potentially nonlinear operator acting on u. We take variations that are, as
before, subject to the Lin constraint (4.3). Since the flow is incompressible, the vector
fields w and w are divergence free, so that

to
dS = /(R-5u+N(u)-5u+DN(u)6u-u)da:dt
t1
ta
:/ /(R+N(u)+DN*(u)u)-5udazdt
ty

ta
:/ /F-(1b+unfVuw)d:cdt
t1

_/ttz/w.(FJr(VF—VFT)u)dmdt

to .
—/ /w-(F—l—uLVL-F)dazdt, (4.20)
ty

where we have used identity (A 6) in the last step, and
F=R+ N(u)+DN"(u)u. (4.21)

Since w is an arbitrary divergence free vector field, the expression in parentheses on the
right of (4.20) must be zero modulo gradients. Therefore, the Euler—Poincaré equations
of motion are

OWF +ut VI - F+Vp=0, (4.22)

p being the pressure which is determined via the incompressibility constraint V - u = 0.
The corresponding potential vorticity equation is most easily obtained by taking the curl
of this expression,

(O +u-V)V+ . F=0, (4.23)

and the conserved energy takes the form
H:%/u-N(u)dw. (4.24)

A general computation of this type in the context of the quasigeostrophic equations has
previously appeared in Holm & Zeitlin (1998).

4.4. Variational asymptotics: L1 and LSG dynamics

The fundamental idea, pioneered by Salmon (1993, 1985, 1996) is to derive approximate
equations for nearly geostrophic flow by approximating the Lagrangian rather than the
equations of motions directly. If the approximation preserves time translation and particle
relabeling symmetries, the resulting approximate system will possess proper analogues
of the original conserved energy and potential vorticity.

In this section, we first recall Salmon’s approach, who proceeds in two steps. He ini-
tially constrains the Hamiltonian phase space to the submanifold defined by geostrophic
motion. The resulting system are called the L, equations. In a second step, he introduces
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a near-identity change of variables that, when only keeping terms to the same consis-
tent asymptotic order, yields a simpler system in canonical coordinates, the large-scale
semigeostrophic (LSG) equations.

Any imposed functional dependence u = F(h) of the Hamiltonian momentum on
the mass configuration in the extended variational principle (4.8) defines a constraint
manifold in the Hamiltonian phase space. In particular, choosing geostrophic balance

u=V=*h (4.25)

as the constraint, we obtain the affine Lagrangian
LC:/[(R—l—EVlh)on-h—%(6|Vh|2+h)on]da. (4.26)

The resulting Euler—Poincaré equations of motion are
[1-e(hA+2Vh-V)|u=V"'[h—e(hAh+L1|VhH?)], (4.27)

which, for given h, is a second order elliptic problem for the velocity w. The computation,
using the formalism set up in Section 4.2, is a special case of Section 5.2; the reader is
referred to this later section for details. The corresponding potential vorticity, computed
directly from (4.16), reads

1+eAh
g=—"" (4.28)
Setting
uw=V>'h+u,, (4.29)

where u, is the ageostrophic part of the velocity field, and using identity (A 10), we can
rewrite (4.27) as an elliptic equation for ua,

[1-e(hA+2Vh-V)|us=¢[hAV h+2Vh-VVh — VE(h AR+ 1| VR?)]
=e(Vh-VV*th—V+ThAh)
= eV h-VVh. (4.30)

This coincides with Salmon’s (1985, equation 2.27) expression for the ageostrophic ve-
locity. We note that, at best, the ageostrophic velocity is of the same regularity class as
h; since the geostrophic velocity is a skew-gradient of h, the full inversion from h to u
therefore loses one derivative. Further, since (4.28) implies

(g—eA)h=1, (4.31)

and this equation is elliptic and positive so long as the initial potential vorticity is positive,
the full potential vorticity inversion gains one derivative—the functional setting is similar
to that of the two-dimensional incompressible Euler equations.

On the other hand, the L; equations, involving variable coefficient elliptic equations,
are harder to implement numerically than two-dimensional ideal fluid equations. Salmon
(1985) therefore suggested to further approximate the system by applying a truncated
near-identity transformation to canonical coordinates. The Euler—Poincaré equations of
the resulting so-called large-scale semigeostrophic equations are

u=V"(h+chAh+1|Vh?), (4.32)
and the potential vorticity

1
¢= (4.33)
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Since both L; and LSG arise as special cases in our setting, we will not work through the
details of the construction. Equation (4.32) shows that the advecting velocity field is less
smooth than the advected quantity. As a consequence, standard arguments for proving
well-posedness of such equations fail, and numerical simulations indicate that the LSG
equations, though much simpler than the L; equations, are indeed ill posed even for short
times. Unfortunately, ill-posedness extends to Salmon’s (1996) large scale semigeostrophic
dynamics for rotating stratified flow (Ford, private communication, 2000), and to Ford,
Malham & Oliver’s (2002) attempt to fix the indefiniteness of the LSG energy by adding
higher order terms.

5. The LSG hierarchy

In this section we apply the procedure outlined in Section 3 to the rotating shallow
water equations in semigeostrophic scaling. At first order in &, we obtain a one-parameter
family of models that includes Salmon’s L; and LSG equations, motivating the name
LSG hierarchy. We also carry the computation to second order, where we discuss models
with altogether five free parameters. The LSG hierarchy does not include the Hoskins
semigeostrophic equations, even though these equations are based on the same scaling.
We take up this issue in Section 7, where we present a different ansatz for the variational
asymptotics that yields the classical semigeostrophic equations.

We are motivated by the question whether Salmon’s idea of using truncated transfor-
mations into convenient coordinates can be generalized in a way that does not necessarily
lead to ill-posed models. The crucial observation is that we do not need to constrain the
dynamics explicitly—we can let consistent truncation to a certain asymptotic order do
all the work: If, by means of a clever choice of transformation, the truncated system
degenerates, constraints will appear naturally by the Dirac (1966) theory of constraints.
However, since all we require is a reduced set of equations, we need not compute any
constraints explicitly.

5.1. Setup

We follow the conventions introduced in Section 2.2, where u. denotes the velocity in
physical coordinates, and u the velocity in a new, yet-to-be-determined, coordinate sys-
tem. Correspondingly, h. denotes the layer depth in physical, and h the layer depth
in the new coordinate system. Then the full semigeostrophically scaled shallow water
Lagrangian reads

Ls:/[Rone-hs+%slhsl2f%hsons}da. (5.1)
Recall that the flow in each coordinate system has an associated vector field via
n=wuon, (5.2)
N, =us0mn,,

and that the change of coordinates is expressed by the transformation

n.=§&0n. (5.4)

At this stage, the fundamental objects are still the flow maps n and 7., and there is no
truncation to some order of € yet. The crucial point is that we can regard &, as a flow in
e, and associate with it a vector field v, via

£ =wv.0€,, (5.5)
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where £, = id and the prime denotes a derivative with respect to €.

This basic set-up is similar to, and has in fact been motivated by, the Lagrangian
averaging construction of Marsden & Shkoller (2001, 2003), which has recently been
extended to compressible fluids by Bhat et al. (2004). The difference is that in our case
there is no explicit averaging. Instead, we have the Rossby number as the natural physical
small parameter, and model reduction is achieved purely by shifting all non-degeneracy
into orders beyond those that are kept.

The task is now to systematically expand all quantities in the “old” Lagrangian L. in
powers of €. The computations are most easily written in terms of the Taylor coefficients
of the Eulerian vector fields u. and v., which we denote by u, u’, u”, etc. Appendix B
summarizes the relationship between Eulerian and Lagrangian expansion coefficients,
and gives the details of the expansion of each term in the Lagrangian. In this procedure,
v, v/, and their higher order cousins can be chosen by us, and we use this freedom to
impose degeneracy at each relevant order of the expansion.

A lengthy, but straightforward computation, the details of which are provided in Ap-
pendix B, yields the expansion

L.=Lo+¢cLi+ 3* Ly + O(c?) (5.6)

where
Lo:/[ROn'ﬁ—%hon]dm (5.7)
le/[vL-u+%|u|2+%hV-v]onda, (5.8)

Ly = /[u (v + Vov)t + (v +2u) - (v + Vou)
+3ih(V-v'+v-VV.v—(V-v)?)]onda. (5.9)
5.2. First order LSG models

We will now look at the first and second order contributions in turn, fixing v and v’ such
that L; and Ls, respectively, become affine. At first order, it is immediately clear that
any choice of the form

v=21u"+F(h) (5.10)

will render L, affine. For simplicity, we restrict ourselves to the one-parameter family of
transformations

v=73ut+AVh. (5.11)

This restriction is motivated by the observation that under geostrophic balance, the
second order term is a scalar multiple of the first. Thus, when diagnosing the transfor-
mation with geostrophic balance, the factor (% — )\) is scaling the transformation vector
field linearly to leading order.

With (5.11), the first order Lagrangian reads

Ll:/[Wlh-u+§hv-uL+ghAh]hdm
= (A+%)/hvlh-udm—A/hthdm. (5.12)

We use the general Euler—Poincaré equations (4.14) to compute the equations of motion.
In the notation of Section 4.2,

F(h)=R+e(\+3)V*h, (5.13)
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g(h) =Xe|Vh|* = 1h, (5.14)
so that, for some scalar function ¢,
DF(h)p=c (A + 1) V', (5.15)
Dg(h)p =2XeVh-Vé—1¢, (5.16)
and, for some vector field w and scalar function 1,
DF*(h)-w=-<c(A+3) V' w, (5.17)
Dg*(h)¢Y = —=2XeV - (y Vh) — 3 9. (5.18)

Therefore, the terms involving F of (4.14) read
V(DF*(h)- (hu)) — F —u*V*+ . F
=c(A+3)(-VV' . (hu) + V'V (hu) —ut V+-V'h) —ut V- R
=e(A+3) (A(hut) —ut Ah) —ut
(eA+1)(hA+2VA-V)—1)ut. (5.19)

Similarly, the terms involving g are

V(Dg*(h)h+Vg) = =V (2Xe V- (hVh) + 1 h—Ae|Vh|* + } h)

=-V(h+Ae(2h AR+ |Vh]?)). (5.20)
Equating (5.19) with (5.20), we obtain
[1-e(A+3)(hRA+2VRh-V)|u=V*[h—cA(2h AR+ |Vh[*)]. (5.21)

Moreover, (4.16) yields the potential vorticity

l+e(A+ 1) AR
q= A .

Here A = —% corresponds to a complete loss of relative vorticity, while A = % includes
relative vorticity with the same weight as for the parent dynamics in physical coordinates.

When A > —% and provided h and ¢ are positive and sufficiently smooth, equation
(5.21) is not only elliptic, but its weak formulation is also coercive in the (Sobolev)
space H' of square integrable functions with square integrable first derivatives. This key
requisite for proving existence of unique weak solutions via the Lax—Milgram theorem
(see, e.g., Evans 1998) is shown as follows.

We say that u € H' solves the weak form of (5.21) if

(5.22)

Blu, v) :/»u-vl [h— A 20 Ah + |Vh?)] de (5.23)
for every v € H', where
B(u,'u)E/'u-[1—a(hA+2Vh-V)]udm. (5.24)
Then, after integration by parts,
B(u,u) = /[u-u+ahVu :Vu—10Vh-Viul’] de

= /[% (1 +hq) [u]? + 0 h [Vul?] dz, (5.25)
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which defines a norm equivalent to the canonical H! norm so long as hg > 1 and oh > 1,
uniformly on the plane. This is true, in particular, if h, ¢, and o = (A + %) are positive
and h — 1 as |z| — oo.

We now consider three special choices for A\. When A = %, the transformation is, a
posteriori, the identity up to terms of order £2. The equations of motion in this case
is elliptic, coercive, and given by (4.27)—we have recovered Salmon’s L; dynamics. In
other words, Salmon’s constraint to geostrophic balance has been replaced by choosing
a transform to an affine Lagrangian that is near identity to one order higher than gener-
ically expected for our ansatz. Whether the L; model is also more accurate, perhaps
by one order as for the frequency of the linear toy problem in Section 3, remains to be
investigated.

When )\ = —%7 the function F' which defines the symplectic structure becomes very
simple, namely F' = R—the symplectic structure is canonical. This corresponds to the
case of Salmon’s LSG equations. However, the relation between h and u, equation (4.32),
ceases to be second order elliptic and, as mentioned previously, the resulting system of
equations is ill posed. In fact, due to the restriction on coercivity, none of the models
with A < —% can be well posed.

Half way between L; and LSG, when A = 0, lies another special case. Here, both the
transformation (5.11) and the right side of the Euler-Poincaré equation (5.21) take the
simplest possible form, while the left side of (5.21) remains a coercive elliptic operator
with non-constant coefficients. ILe.,

[1—3e(hA+2Vh-V)|u=V"h, (5.26)
and the potential vorticity reads
q= H—%TeAh , (5.27)
so that
(g—LeA)h=1. (5.28)

The remarkable consequence is that now potential vorticity inversion “gains” three
derivatives, the maximum possible for first order models of this type. Two derivatives
are gained by inverting (5.28), and one derivative is gained through the inversion (5.26).

We conclude that the A = 0 case resembles the regularity type of the two dimensional
Lagrangian averaged Euler equations; see Holm, Marsden & Ratiu (1998) and Holm
(1999) for a derivation, and Oliver & Shkoller (2001) for their analytical properties.
Although these equations are, in principle, as difficult to solve as the L; equations, we
expect that the built-in non-dissipative smoothing will make the new model numerically
much better behaved.

5.3. Second order LSG models

The derivation of the second order transformation that yields an affine Ly Lagrangian is
substantially more involved, and therefore relegated to Appendix C.

Our ansatz identifies four more naturally occurring free parameters «, 3, «v, and pu,
and yields

Ly = LS8 — /h (ut + Vh) - vfo. de

:/hu- [(@+ X =) VEhAR+(B—A+ 1) RVEAR
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+ (Y =22+ ) VIVERV L+ ph P VAR VAP de — He,  (5.29)

where
Vieo = A VR AR+ BhV AL +yVVhRVh+puh™ Vh|Vh?*. (5.30)

and

Hy = /W — B) 2 (AR)? + (N2 + =28 — 1) h|Vh[PAh + (u — 1) |Vh|!] da

+ (3N +ia—-2B-L1y)hVVAR:VVL
+(u—iXN-ta+28-19)n VR[] de. (5.31)

Our task is now to compute the equations of motion to second order, and to find “good”
choices for the parameters «, 3, v, A, and u. However, before resuming the computation,
we remark on two special choices that directly yield known models.

5.4. Second order Ly dynamics
When
a:%7 /8:i’ 7:07 )\:%7 /‘[,:07 (5.32)
the Lo Lagrangian vanishes identically—the resulting dynamics in new coordinates is
still Salmon’s L; dynamics. However, the corresponding near-identity transformation

back to “physical” coordinates has a non-vanishing generating vector field at second
order, namely

v=-34-3Vuu—-LVutut +1VIVhu+ivutvh
+1hAut + 1 VhAL+ 1R VAR, (5.33)
where we used identities (A 2), (A 3), and (A 4) to simplify the expression. We can now
solve Salmon’s L; equation of motion and then obtain a second order a posteriori cor-
rection using (5.33).
5.5. Second order LSG

We take \ = —% as in Salmon’s LSG model and require that there is no contribution to

the potential vorticity at second order, i.e., the resulting symplectic structure is canonical.
This necessitates the choice

Oé:%’ ﬂ:_%7 7:_27 ,UZO (534)
Substitution into (5.29) then gives
—Ly=Hy = /h2 VVh:VVhde. (5.35)

This is precisely the Lo Lagrangian derived by Ford, Malham & Oliver (2002). In this ear-
lier work, we had directly followed Salmon’s procedure of first constraining to geostrophic
balance and later transforming—in this case up to second order—to canonical coordi-
nates. We then observed, as can also be seen from (5.35), that the second order contribu-
tion to the Hamiltonian is positive, which can be shown to render the entire Hamiltonian
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positive definite. Although this appears to stabilize the dynamics, the kinematic poten-
tial vorticity inversion yields advecting velocity fields that are insufficiently smooth to
generate a flow—both first and second order LSG are ill posed. This example nonethe-
less demonstrates that the formal steps of constraining and transforming up to a given
asymptotic order commute.

5.6. Second order Euler—Poincaré equations

We write the second order Lagrangian (5.29) in the form

Lzz/h’u-[01F1—|—0'2F2+0'3F3+0'4F4]d.[l:—H27 (5.36a)
Hy = /h [p191 + p2 92 + p3 93] dz, (5.36b)

where
Fi(h) =V*hAh, (5.37a)
Fy(h) =hV*Ah, (5.37b)
F3(h) =VV hVh, (5.37¢)
Fy(h) =h ' V*ih|Vh?, (5.374d)

and

g1(h) = h (AR)?, (5.38a)
g2(h) = hVVh:VVh, (5.38b)
g3(h) =L~ |Vh|*. (5.38¢)

By direct calculation,
DF;(h)¢ =V h A+ V* ¢ Ah, (5.39a)
DFy(h)p = hV*A¢+ ¢ VAR, (5.39b)
DF3(h)p = VVThVé+VV+ieVh, ( )
DF4(h)p =2h" VI hVh-Vo+h Ve |Vh? —¢h 2V h|VA?,  (5.394d)
and therefore
DF;(h)-w=A(w-V*h) —V*. (wAh), (
DF;(h) -w = AV - (hw™’) —w* - VAh, (5.40b
DF;(h)-w=V-(VVhw') - VV:(Vhow"), (
DF;(h) - w=V-2h ' Vhw! - Vh+wt ™' |VA*) + h 2wt - VA|VA]. (5.40d

We can now plug these expressions into the respective terms of the Euler—Poincaré equa-
tion (4.14). For F, we obtain

Sy = V(DF;(h) - (hu)) — DFi(h)h —ut V* . F,
=VV . (hut Ah) — VA(hut - Vh) + VEhH AV - (hu)
+ VAV - (hu) Ah —ut V* - (VEhAR). (5.41)
Similarly,
Sy = V(DF3(h) - (hu)) — DFy(h)h —ut V* . Fy
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= VAV - (h*ut) — V(hut - VAh) + h VAV - (hu)
+ V- (hu) VAL —ut V. (hVEAR), (5.42)
and
S3 = V(DF3(h) - (hu)) — DF3(h)h — ut V* . F3
=VV .- (hVVhu')-VVV: (hVheu')+ VVIhV(V - (hu))
+ VVHV - (hu)) Vh —ut V. (VVER V). (5.43)

There is a similar expression for .S; which is not used in the following.
The corresponding computation for the “energy” terms yields

Dgi(h)¢ = ¢ (AR)? +2h Ah Ag, (5.44a)
Dgz(h)p = ¢ VVh: VVh+2hVVh: VVo, (5.44b)
Dgs(h)p = —h 2 ¢|Vh|* +4h™ 1 |[VA* VL Vo, (5.44c)
and

Dg; (h) = 1 (AR)? + 2 A(htp Ah), (5.45a)
Dgs(h) = VVh:VVh+2VV (hy): VVh), (5.45b)
Dgi(h)y = —h™29 |Vh|* =4V (L~ 4 Vh|Vh|?). (5.45¢)

The corresponding terms on the right of the Euler—Poincaré equation are
r1 =V (Dgi(h)h+ g1) =2V (h(AR)* + A(h* Ah)), (5.46)
ro =V (Dg3(h)h+ g2) =2V (AVVh: VVh+VV : (KPVVh)), (5.47)
r3 = V(Dg5(h)h+ g3) = VV - (VR |VhR]?). (5.48)

5.7. Lo dynamics

Since Salmon’s L1 dynamics is characterized by the transformation reducing to the iden-
tity up to terms of O(g), it is natural to define an Lo dynamics by imposing that the
transformation reduces to the identity up to terms of O(g?). In other words, we demand
that

ve.=v+ev =0(?) (5.49)

when the implicit w dependence of this expansion is expressed by a consistent diagnostic
relationship, which we derive in the following. Since

u=V"h+0(), (5.50)

we must set, as for Salmon’s Ly dynamics, A =  to remove O(1) terms from (5.49).
Inserting this choice and the diagnostic relationship (5.50) into the first order Euler—
Poincaré equation (4.27), we obtain the next order diagnostic relationship

u=V"'h—c[V (hAL+1|Vh?) = hAV' h —2Vh-VV'h] +O(?)
=V'h—¢c[VV hVh—VThAR] 4+ O(e?). (5.51)
Similarly, we diagnose
v = Voo — 3 VA + 1 VVAVE+ VIVEAVAE -1 VAAL - 1A VAL + O(e)
= Vfyeo + SVRAR — VVhVh—1h VAR, (5.52)
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so that, altogether,
v, =v+ev

=1 (u"+Vh)+ev

=¢ [Vfee + 3 VRAR = 2VVAVAh— L VAR +O(?). (5.53)

Thus, for this diagnostic relation to vanish at O(e), we must require that
a=-2 =1 ~5=3"4=0. (5.54)

The corresponding coefficients for the second order contributions to F' are
01:—%, o0 =0, 03:%, 04=0, (5.55)

and therefore the full second order contribution to F' reads
3 (-V*hAL+ VIV RV h) = -3 VVAV A, (5.56)
The full Ly potential vorticity is thus given by
VYF 14eAh—32VVAh: V'V h  1+cAh—3¢e% detHessh
h h h ’

where the numerator is a second order elliptic Monge-Ampere operator; see Lychagin,
Rubtsov & Chekalov (1993).

The second order contributions to the left side of the Euler—Poincaré equation (4.14)
are

q= (5.57)

3VV .- (V*uVh?) —3VVLALVH(V - (hu)) + 2 ut VVh: VI V'h, (5.58)

Similarly, we find that the coefficients corresponding to the components of the Hs
Hamiltonian (5.36b) are

p1:%7 ;02:_%7 P3:07 (559)

so that the second order contributions to the right side of the Euler—Poincaré equation
(4.14) are

—3V[hVVL: VIV + VY (B2 VYR, (5.60)
Unfortunately, the resulting equation for w in terms of A is third order, not elliptic,
and cannot be written as an operator solely acting on u®. The natural generalization,
in our framework, of the L, setting therefore does not appear to yield a useful model.
However, if we are prepared to make further approximations, consistent with the order
of the model, we might be able to remove all of the “bad” terms on the likely expense of
losing the Hamiltonian structure.

5.8. Order limitations

We now ask more generally what order of potential vorticity inversion can be expected
from an optimal choice of parameters. There are three competing considerations: the
order of differentiation on the right of the Euler—Poincaré equation, ellipticity and reg-
ularity of the operator on the left of the Euler—Poincaré equation, and ellipticity and
regularity of the ¢-h inversion.

Since the left side of the Euler—Poincaré equation and the g-h inversion are each forth
order at best, improving on the third order regularity of potential vorticity inversion of
the first order model with A = 0 requires that the right of the Euler—Poincaré equation
does not contain derivatives of the maximum order five. These terms come from the
symmetric second order term in the Hy Hamiltonian (5.31). We must hence require its
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coefficient to vanish, i.e. 3 = A2 or, in the notation of Section 5.6, p; + p» = 0. However,
this choice immediately implies that o9 = (A— %)2 > 0. We note that o9 is the coefficient
multiplying Sy on the left of the Euler—Poincaré equation, which contains all possible
fourth order terms on w. Dropping all lower order contributions, these terms are

o2 h? (AVV - ut + AVIV - u)= 0y h* A%ut. (5.61)

After being left-multiplied by J, this expression enters the Euler—Poincaré equations with
a negative sign, causing the combined operator to lose positivity unless oo = 0. In the
latter case, however, the operator on the left can be elliptic of order two at best, and the
g-h inversion can also not reach maximal order.

We conclude that none of the second order models will be able to exceed the degree of
smoothness afforded by the most regular first order model. However, this does not mean
second order models cannot be accurate—this question is entirely open to investigation.
Moreover, when splitting off the ageostrophic velocity component, cancellations of higher
order terms similar to those in (4.30) occur provided that

B=2X-\+1, (5.62)

with the possibility that the ageostrophic velocity may be smoother than the overall
velocity field. Moreover, further approximation may also result in second order accurate
as well as regular models.

6. The quasigeostrophic hierarchy

The shallow water Lagrangian in quasigeostrophic scaling is
L= [[Rom. in+ delif - 4= hoon.] da, (6.1)
If we expand the quasigeostrophic Lagrangian in powers of ¢, the term at O(e~!) reads

Loy=-3 /honda. (6.2)

Taking arbitrary variations on any finite subdomain forces h = 1, i.e. the flow is in-
compressible. We now seek new coordinates in which A = 1 to all orders. Thus, the
transformation cannot be area preserving, and we will be able to recover the weakly
compressible effects of the parent dynamics by changing back into physical coordinates
a posteriori. Thus, for a model in the quasigeostrophic hierarchy the continuity equa-
tion will always be trivial, while the momentum equation, once higher order terms are
included, remains prognostic. This should be contrasted with the approach taken in the
LSG hierarchy, where the leading order defining feature is that the Lagrangian is affine.
This feature of the leading order was then imposed on the higher order Lagrangians,
resulting in kinematic relationship between h and w, while the continuity equation re-
mained a prognostic equation. In each case the shallow water system is reduced to a
single prognostic equation.

Once incompressibility is imposed, the L_; contribution can be normalized out. Col-
lecting terms at the remaining orders gives

Le=Lo+eLli+1e®Ly+0(%), (6.3)
with

LO:/[Ron-ﬁ+%(hV-v)on]da, (6.4)
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L1:/[vL-u+%|u|2+ih(v-v'+v-VV-v—(V-v)2)]onda, (6.5)
Lg:/[u-(v’—l—V'vv)J‘—i—(vL—i—Qu)-(i)—i—Vvu)
+3+h(V-v"4+20-VV-0' +0 - VV-0-3V.-0V -0

+v-V(@:-VV-0)-3V-vv-VV-v+(V-v)’)]onda. (6.6)

Incompressibility also allows us to considerably simplify the expanded Lagrangians.
Changing to Eulerian variables, eliminating perfect derivatives, and integrating by parts
in various terms, we find

LO:/R-udw, (6.7)

Ll:/[vi-u+%|u\2—§(v-v)2}dm, (6.8)

L2:/[u-(v’—FVvv)L—i—(vL—&—?u)-(1')+Vvu)—V-vV-v’—i—%(V-v)?’]dm
:/[(Vv-v—ul)-v’+2u-Vvu+u-ulv-v+%(V-v)?’]dw, (6.9)

where, in the last equality, we have used identity (A 7).

Variations of the Ly Lagrangian (6.7) simply confirm that u is divergence free. We also
note that the quasigeostrophic scaling has v appear at O(1)—the change of variables is
no longer small. In the variational principle, however, this contribution is lost as a result
of imposing incompressibility, and consequently leading order geostrophic balance is lost.

In the next section, we show that geostrophic balance can be restored through condi-
tions on v, v’, etc. from independent considerations.

6.1. Balance conditions
We first note that h. satisfies a continuity equation with respect to the change of variables,
hl+V . (hov.) =0, (6.10)
as a direct consequence of the definitions for h. and v.. Differentiating (6.10) and setting
e = 0, we obtain
W+V-v=0, (6.11)
B +V-v -V.(vV-v)=0, (6.12)

where once more we have used that h = 1 in the quasigeostrophic scaling. Similarly,
noting that 7, = u. on, and n. = v. on_, we find by cross-differentiation that

v +Vuv=10+Vou. (6.13)

We now substitute the power series expansions
u.=u+eu +0(?), (6.14)
he =1+¢eh'+32h" +0(%) (6.15)

into the quasigeostrophically rescaled shallow water equations and collect terms at each
power of . At order £°, we find

u=V*h =-ViV.v, (6.16)
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or
v=—-VA2V! . u. (6.17)
At order ¢, the balance condition is
i+ Vuu+u' +1VH =0, (6.18)
We eliminate w’ and h” via (6.13) and (6.12), respectively, whence
W+ Vuu+ (b+Vou—Vuv)t —IVV.0' +1VV.(vV-v)=0. (6.19)
The divergence of this expression then yields

1AV v =Vu: Vul + Vot : Vul —Vul: V’UT-FU-VVL'U-F%AV-(’UV-U).

(6.20)
We remark that a first order balance condition can also be derived variationally. Take, for
example, arbitrary variations of the full compressible Ly Lagrangian (6.4) with v fixed.
The resulting condition reduces to (6.16) for h = 1.

6.2. First order quasigeostrophy

Collecting terms to first order, the truncated Lagrangian reads
L:/[Roque(vJ‘~u+%\u|2—%(v-v)2)}dw. (6.21)
Since w is divergence free in the new coordinates, it is convenient to set uw = V> for

some stream function 1. Similarly, noting that only the curl-free part of v contributes to
the Lagrangian, we set v = V¢. In this notation,

L= /[R- Vi +e (Ve Vi + 5[ VY]? = § (A¢)?)] da. (6.22)
The leading order balance condition (6.17) implies ¢ = —A =14, so that

b /[R' Vi +e (VAT VY + 3 [ Vo] — 597 do

= /(R+%5(U—A’1u)) cudez, (6.23)
and the potential vorticity equation reads
(O +u-V)(1+eVEe(u— A1) =0, (6.24)
or
(0, + V1 V) (AY — ) = 0. (6.25)

We have thus recovered the classical quasigeostrophic potential vorticity equation (2.33).
The variational formulation (6.23) has already been noted by Holm & Zeitlin (1998), but
we believe that the constructive derivation is new.

We remark that the balance condition (6.16) is crucial to derive a meaningful model
for rotating shallow water. Choosing ¢ = v, for example, yields the Lagrangian

L= /[R- Ve (V- Vo + 1 VEP - 1 (A)°)] de

:/(R+e(%u—%Au)-udaz, (6.26)
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and the resulting potential vorticity equation reads

(0 + V- V)A®W — L Ay) =0. (6.27)

This corresponds to the Lagrangian averaged Euler equations with o? = é, see Holm,
Marsden & Ratiu (1998), Oliver & Shkoller (2001), and references cited therein, which

even at leading order describe entirely different physics.

6.3. Second order quasigeostrophy

To obtain the second order of the quasigeostrophic hierarchy, we first substitute the
leading order balance condition into the second order quasigeostrophic Lagrangian (6.9).
It is most convenient to work in terms of v rather than u, so that we use the balance
condition in the form (6.16), and obtain

L2Z/[QU'V’U’U,—V"U’UL'VLV-’U—I—%(V'v)g]dw
:/[2u®u:VU+(V-v)3] dx. (6.28)

The contribution involving v’ has dropped entirely from the Lagrangian—we need the
second order balance condition only for the transformation back into the old coordinate
system.

To derive the potential vorticity at order €2, it is easiest to directly take variations of
(6.28), which are again subject to the Lin constraint (4.3). Since v is curl free, the matrix
Vv is symmetric, so that

6L2:/[45u®u:V'v+2u®u:V§v+3(V~v)2V-6v]da:
:/[45U-V'vu72u®u:VVA72VJ‘-5u73(V-U)2A*1VJ‘-5u] da
= /5u- [AVou+2VEA~2(Vu: Vu') +3VIATH(V - v)?] de
E/(SU-ng:E. (6.29)

Note that we used the leading order balance condition (6.17) to substitute for v in the
second step, and integrated by parts in the third. Hence, the order 2 contribution to the
potential vorticity V1. F., where

F.=Fg+cF + 1’ F,, (6.30)
must be
VE e Fy=4Vo: (V)T +2A Y (Vu: Vul) +3(V - v)2. (6.31)
Using that u = V4 and v = —VA 19, we can also write
Vi Fy =32 —4Viviy: VVA Y —2A Y VIV VVY). (6.32)

We see that potential vorticity inversion is now nonlinear, but its regularity cannot be
of higher order than that of the standard quasigeostrophic model. Since the operator is
not obviously elliptic, well-posedness of the second order model remains open.

We note that there are no obvious free parameters in the quasigeostrophic hierarchy,
even for models beyond order two.



28 M. Oliver

7. The semigeostrophic hierarchy

We finally seek to identify the Hoskins semigeostrophic equations and higher order gen-
eralizations thereof within our variational framework. It may see natural to conjecture
that the semigeostrophic equations in physical coordinates—before the Hoskins trans-
formation is applied—can be recovered as a particular case of the second order LSG
hierarchy. (In fact, this conjecture provided the initial motivation for going to second
order in Section 5.) It turns out, however, that this is not the case, as can be seen by the
following argument.

The semigeostrophic potential vorticity in physical coordinates, given by (2.26), can
be recovered from our general Lo Lagrangian (5.29) by the unique choice of parameters

%a 5:%7 7:_%7 M:O7 (71)

which determines the associated Hamiltonian completely. In particular, the second order
contribution to H, reads

o =

Hy = i/[3h|Vh|2Ah+ VA" de. (7.2)

This Hamiltonian is not even sign definite, and clearly differs from the semigeostrophic
Hamiltonian (2.28). Thus, classical semigeostrophy cannot arise as a second order LSG
model in the sense of Section 5. (Changing procedure, however, and imposing different
constraints on the symplectic structure and on the Hamiltonian, we can indeed derive
the semigeostrophic equations as has been noted by McIntyre and Roulstone, 2002.)
On the other hand, there are two key features of semigeostrophy written in Hoskins
coordinates that we can replicate in our transformational approach. First, the symplectic
structure is canonical, so that the potential vorticity is ¢ = 1/h. Second, the transformed
velocity equals the geostrophic velocity in old coordinates. In the following, we show
that these two conditions can be applied at any order of the asymptotics. The challenge,
however, is closing the equations in transformed coordinates beyond order two.

7.1. General setting
The key observation—implicit, for example, in Appendix B of Salmon (1985)—is that

6/h§d$:2/h56hadaz:—2/h8V-(hawe)dac:2/haw5-Vh5d:c, (7.3)

which, in Lagrangian coordinates, reads

6/h80175da:2/(Vha)on5-5ngda. (7.4)
We now impose that the velocity in new coordinates equals the old geostrophic velocity,
u=V>th.of_, (7.5)

and therefore
S/hsonedaEQ/uon-énjda. (7.6)

Hence, we proceed as follows. We take the variation of the full non-transformed action
and apply (7.6). Only then do we expand all terms in powers of . We finally impose
canonical coordinates by choosing n’, 17", etc. such that the variation of the action, when
truncated to consistent order, is of the form

55:7//1'7L-5ndadt7/ F..onpdadt. (7.7)
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The first term in this expression guarantees canonicity. The resulting Euler—Lagrange
equations, in connection with (7.5), then tell us that

F.=Vh.o n. .- (78)

The variation of each term in the action corresponding to the semigeostrophically
scaled Lagrangian (5.1) are

5//Ror,6-ﬁgdadt://ﬁs-anidadt
://[ﬁ-énL+s(v‘7'-6nl+ﬁ-6n'ﬂ

e (30" ot 4 o' + Ly on' )] dadt + OE®), (7.9)

where, in the first equality, we have used identities similar to those applied in (B15).
Next,

%55/ |hs|2dadt:fe//ﬁj‘-6njdadt
—//[EﬁJ--(SnJ‘Jrez i+ omt + it om' )] dadt + O(?),  (7.10)

and, using (7.6),

5//h on.dadt = //uon [on* +eon'™ +Le2on" ) dadt + O(®) (7.11)

7.2. First order semigeostrophy

We now look at each order in the variation of the action in turn. At leading order, we
recover our ansatz, since

650://(ﬁ—uon)-6nLdadt:O. (7.12)

At the next order,

051 = //[(7’7’ —it) ot + (n—wom)-6n' ] dadt =0. (7.13)

Therefore, we need to impose that

i+n"=0. (7.14)
Since, up to first order,
E.om=mn.=n+en, (7.15)
substituting (7.14) into this expression yields the classical Hoskins transformation
€ =id+eut. (7.16)

Thus, we have recovered the semigeostrophic equations without imposing the geostrophic
momentum approximation, but simply by systematically truncating the Hoskins trans-
formed variation of the action at first order. In other words, while Hoskins (1975) com-
bined an ezact transformation with an independently motivated approximation, our ap-
proximation lies entirely with the truncation of the transformation. With the conservation
laws already contained in our ansatz, the non-obvious and perhaps surprising aspect of
the semigeostrophic equations is that they can be closed in the new, semigeostrophic
coordinates as explained in Section 2.3.
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7.3. Higher order semigeostrophy
At second order, we have

38p = //[(% iy =i ) ot (i =it o'+ L (g —wom)-6n"" ] dadt =0, (7.17)
where, as before, only the term multiplying 67 yields new information, and we find that
in'—i'*t=0 (7.18)

and therefore

in"+i=0. (7.19)

The corresponding second order transformation reads
. =id+ecu"+e®(d+u-Vu). (7.20)
Continuing this way, we find that
Eom=n.=n+ent —2p—nt+etg® 4. (7.21)

We notice that t-derivatives of u start to appear, so that potential vorticity inversion is
non-local in time, and cannot be done in any obvious way for models of order two or
higher.

However, if we are prepared to make further approximations which potentially destroy
the Hamiltonian structure, the equations can at least formally be closed. In particular,
at second order we can remove the time derivative by noting that

w=Vh+0()=0(). (7.22)

However, at this level of approximation the resulting system is not elliptic. Thus, although
the generalized Hoskins transformation (7.21) has a very simple structure, it is not clear
whether the corresponding models are useful or even well posed.

8. Discussion and outlook

We introduced a unified framework in which the classical balance models as well as
new ones—of the same formal order of accuracy—can be derived by consistently trun-
cating a near-identity change of coordinates in the variational formulation of the rotating
shallow water equations. Model reduction is achieved by imposing either degeneracy or
incompressibility on the truncated expansion of the Lagrangian.

This approach has a number of advantages.

e Since all approximations are interpreted as arising through a change of coordinates,
we have a formalism for a posteriori next order correction of numerically computed
solutions.

e We have derived several new models, at least one of which has promising analytical
properties.

e The unified formulation provides a framework for computational benchmarking of
the different models against the full shallow water parent model.

Future work may take a number of different directions, in particular the following.

e Inclusion of bottom topography, stratification, boundary conditions, and spatial vari-
ations in the Coriolis parameter.

e Can more general choices than (5.11) for the first order transformation yield inter-
esting models or connections with more classical Hamiltonian approximation theory?
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e Investigation of the well-posedness of the reduced models and analytical estimates
of the modeling error.

e Numerical benchmarking of the different models.

e Investigation of connections to Lagrangian averaging, cf. Holm (1999), Marsden &
Shkoller (2003).

e Investigation of connections between our quasigeostrophic hierarchy and the theory
of nearly incompressible flow.

e Systematic study of more interesting finite dimensional models than the simple toy
presented here.

Appendix A. Useful identities

For arbitrary, sufficiently smooth functions f, g, and h, and an arbitrary vector field
u, the following identities hold:

Vigu-Vf-Vfu-Vig=utVf-Vyg, (

VV-ut+ViV.u=Au", (
VhV  -ut+ (V) Vh=Vh-Vul, (
VIhV-u+ (Vub) ! Vh=Vh-Vul, (

|=((1) ?) and J:(? _01) (A5)

Further, with

so that Ju = u™t,

Vu— (Vu)T =Vt .u, (A6)

Viult + (V)T =1V .u. (AT)
Equations (A 6) and (A7) imply that

VVth -V Vh=AhJ, (A8)

VVh+V+Vih = Ahl, (A9)
and therefore, in particular,

VVIhVh+VVhVih=V+ihAh. (A 10)

All identities can easily be verified by direct calculation.

Appendix B. Details of the Expansion

The expansions of each term in the shallow water Lagrangian is most easily written in
terms of the Eulerian vector fields u and v. Thus, we first establish relationships between
derivatives of the diffeomorphisms 7, and &_, and the corresponding vector fields u and
v. Differentiating £, = v. o &_ with respect to ¢ and ¢, respectively, gives

€ =0 +(Vv.)ok £, (B1)

£l =vio& +(Vv:)og &L (B2)

Setting € = 0 and using that, by definition, £ = £, = id and therefore € =0, we obtain
¢ =, (B3)
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N
£ =19, (B4)
¢ =v +Vow. (B5)

(Quantities without subscript are taken to be evaluated at £ = 0.) Similarly, successive
differentiation of n, = £, o n gives

n. =& o, (B6)
n. =€ om, (B7)
0l =& on+ (VE) o, (B8)
whence, setting € = 0,
n' =von, (B9)
n' =+ Vvv)on, (B10)
7 =(+Vou)on. (B11)

We now look each term of the rotating shallow water Lagrangian separately. First,
consider the Coriolis term. Since f is constant, second derivatives of R vanish, and a
straightforward Taylor expansion of R on, about ¢ = 0 gives

Rone:Ron+s(VR)onn/+%52(VR)07777”+O(53). (B12)
Thus,
Romn.-fn.=Ron-n+e(VR)onn' -n+eRon- -7
+i?Ron-7"+1i2(VR)onn" -q+e*(VR)onn' -7 +0(*). (B13)

We can pull out of this expression some full time derivatives which do not contribute to
the variational principle. For any vector w,

d(Ron-w)= (VR onw-n+ Ron-w, (B 14)
so that
Ron-w+ (VR)onw-n=(VR—(VR)")onw-n+0(Ron-w)
—wl-n+0(Ron-w). (B 15)

Similarly, we compute, again under the assumption that f is constant (when f is arbi-
trary, the additional terms that arise do not combine in the same way),

O((VR)onn' -n') =(VR) onn'-if + (VR)onn' -7, (B16)
so that
(VR)onn' -7 =5 (VR—(VR)") onn'-if + 3 8;(VR) omn’ - )
=i+ 50(VR) onn - 0'). (B17)

We now apply (B 15) with w = 1’ and w = 0" respectively, and (B17) to rewrite (B 13)
as follows:

Rom.-n.=Ron-n+en™ -i+ecd(Ron-n)+Len" -5
+i(Rom-n")+ L i + 120, (VR) omn' - n') + O(e%)
=[R-ut+cu-v' +ic?(u- (v +Vov)" +v' - (0 4+ Vou))|on
+ 0+ F, (B18)
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where F is a total time derivative which does not contribute to the variational principle,
and will be dropped hereinafter.
Next, the kinetic energy can be expanded directly,

selmnP=1iceln+en +0(E))
=icln?+e*n-7n +O0()
=[elul+e%u- (v + Vou)on+0(?), (B19)

where we have used identity (B 11) to substitute for #’.
Finally, the potential energy term is expanded by noting that (5.4) and (5.5) combine
to mL = v. om,.. Setting J. = h_! o n_, the Liouville theorem for the flow of v. reads

J.=(V-v.)om.J.. (B20)
After differentiating with respect to e, setting € = 0 yields the relations
J =(V-v)onJ

=01J, (B21)
J'=[V-v'+v-VV-v+(V-v)?|onJ
EO’QJ, (B22)

J"=[V-v"420-VV-0' +0'-VV-0+3V.0V .0
+v-VW:-VV-0)+3V-vv-VV.v+(V-v)’lonJ
=o3J. (B23)
The power series
Je=J[1+o1e+ 3026” + 2032 +0(e)] (B 24)
is easily inverted. Setting J~! = h o, we find
heom,=J "

=J ' [l—ore+ (0] — 302)e® — (0} — o102+ £ 03)® + O(e")]

=hon[l-eV-v—1*(V-v'+v-VV.v—(V-0)?)
-3 (Vv +20-VV -0 +0 - VV-v-3V.0 V-0
+v:V(-VV-v) -3V .vv:-VV.v+(V-0)°)

+0(e")] om. (B25)

Appendix C. Derivation of the second order LSG transformation

The identification of transformation which renders the Ly Lagrangian (5.9) affine re-
quires some preparatory work. There are three distinct groups of terms which we consider
separately—terms involving v’, terms involving ¥, and all others:

R
L221 :/h(’UL—FQ’U/)’wa,

ngg:/h[u-Vva—f—(vL—f—?u)-V'vu—i—%h('v-VV-v—(V-'u)2)]dac. (C1)
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First, using integration by parts, we can write
L21:—/h(ul+Vh)-v'daz. (02)

The other terms involve v, so that we must insert our first order ansatz (5.11). We begin
by computing

L221:/h[(%u+/\VLh)-(%ul+>\Vh)]da:
:/h[(%u_i_%vlh)-(ul—s-Vh—l—(Q)\—l)Vh)]da:
:/h[gu-(ul+vh)+th-u+(gA—%)u-vh]dm
:/[_%hu.(ul+Vh)_(%+%)hu.vh—(%—/\)hu-vh]dm
:/[f%hu-(uL+Vh>+(%+%)(u-Vh)2+<%+%>hu'VhV-u

+ (= Nhu-V(u-Vh)+ (G - Nhu-V(hV-u)de
:/h[_gu.(u¢+vm+u-(—%A(Vu)TVh—gAVth
+(B-NVAV-ut (3 - NhVV-u)]de (C3)

where, in the second to last step, we have used the continuity equation to eliminate time
derivatives of h. In the final step we have used integration by parts on the integral of
(u - Vh)2. The above computation already outlines our general strategy: Our goal is
to eventually factor out h(u' + Vh) from all expressions—this is completed now for
the @-term. For the remaining terms, we must first factor out hu, and then iteratively
complete to the full h (ut + Vh), starting from the terms that are cubic in u.

To start this procedure for Loso, we substitute in the expression for v and expand:

nggz/h[(—%u-Vuul—&—%u-Vulu)
+(3u-VVthu' —3u-VuVh+ 3 u-VVhu+ 3 Vh-Vuu
+ihut - VV.ut —Lh(V.ut)?)
+ (N Ahu-V h+2hut - VAL +3hVh-VV-ut — 3 h ALV - ut)
+ (3 AR VR VAR = L22h(AR)?)] da. (C4)

The simplification in the third group of terms is based on identity (A 10). We must
further integrate by parts on the term

/hQ(V~ul)2dac:f/h[huL-VV-uLJrQuL-VhV-uL] da . (C5)
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We then set Loy = Los1 + Lasg and combine terms:
ngz/h[(uL+Vh)'(—%'a)+u'(%Vulu—iVou‘)
tu- (3 VVrhut =3 VuVh— A (V)  Vh+ (3 —A\) VLV -u
+(3-NhVV-u—thV'V.ut - 1VihV.ult)
+ (XN Ahu -V h+2hut - VAL +2hVA-VV -ut — 3hALV - ut)
+ (LA2hVh- VAR L1\ h(Ah)Q)} de . (C6)
Next in line are the terms that are cubic in w. We write
ng:/h[(ul—i—Vh)-(—%u—%Vuu—iVulul)
+ut - (3 V' Vhu-3VutVi+ (2 - N (V) Vh+ L (Vut)" Vi
+E-NVIAViut BNV iut LAYV ut 1 VR Yt
+ (N Ahu-V*'h+ 2 hu' - VAL+3hVh-VV-ut — 3hARV -ut)
+ (5 AR V- VAR = L2 h(AR)?)] de. (C7)
We repeat our strategy for the quadratic-in-u terms, i.e.
LQQ:/h(uJ‘+Vh)° (34— 3Vuu—LivVutut
+AVIVhu -3 VutVi+ (2 - )) (Vi) Vh+ L (Vuh)T Vh
+E-NVRViut+ (G- NhV'Vu+ihVV.ut + 1 VAV .-ut]de
+ L53E, (C8)

where the two terms involving VXAV - w and h V-V - u do not contribute to L3S, and
the others expand to

ngg:/{—%th-Vthunt(%—i)th-VuLVh
~(3-MNhVh-V'uVh+ (3 -Hr2Vh-VV.ut - 1h| VA2V . ut
+ A hAhu-V h+ 23 hPut - VAL - 32 ALV - ut

+ AR Vh- VAR — L X2 1% (AR)?] de. (C9)
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To bring these terms into standard form, we use the following identities:

/th-Vuthdm: f/hul - (VRAh+ VVAVh+h ' Vh|VA]?)de,

(C10)
/th-Vithdmz —/huL-VLVLthd:c
:/hul-(VVth—VhAh) dx (C11)
/h|Vh\2V-uL de = —/hul - (h"'Vh|Vh]*+2VVhVh)de, (C12)
/hQAhv-uLdmz—/hui-(hVAh+2VhAh)dm, (C13)
/hQVh-VV-ude:—/(hQAhV-uL+2h|Vh|2V-ul)dcc
:/huL-(hVAhHVhAh
+2h ' Vh|Vh]*+4VVLVA)dz. (C14)

The second step in (C11) is based on identity (A 9). Collecting terms, we find
L9 = /huL (3= N)VhAL+ (A= 3)hVAh+ (2A — 1) VVAVh] dz
+ /g N R Vh-VAh— L X 1? (AR)?] de. (C15)

Since our goal is to eliminate all terms that are quadratic or cubic in w, we must choose
v’ to be equal to the terms in the square bracket in (C8) plus arbitrary terms that only
depend on h. Le.,

r_ 3 - 3 1 4L
V=V —3U— 3 Vuu—3Vu-u

+3VIVhu -3 Vut Vh+ (2 -\ (Viu) Vi + 1 (Vut)T Vh
FE-NVIAV - ut lVAV ut + (B - NAVIV  ut LhVV L ut, (C16)
where we choose
Voo = @ VRAL+ BhV AR +~yVVLVh+ ph™' VR|VA[*. (C17)

As in the first order computation, we only introduce terms that have the same homo-
geneity as those already present.

If we substitute in this expression for v’ directly, we see that there are five different
terms that are quartic in h. However, integration by parts shows that there are actually
only three independent terms at this level:

/h2 Vh-VAhdz = — /(h2 (AR)*> +2h|Vh|* Ah) de, (C18)
1
/th-VVth = —5/(h|Vh|2Ah+ IVh|*) de. (C19)

We can eliminate the remaining mixed term via

/hQVh-VAhdm: f/(h2VVh:VVh+2th-VVth) dz,  (C20)
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so that, using identities (C 18) and (C19), we find

/h |Vh|2 Ahde = %/(hQ VVh:VVh—h?(AR)? — |Vh|!) de. (C21)

Equations (C 18) and (C19) then read
/h2 Vh-VAhdz = /(% |Vh|* — 2 h* (AR)? — 2K VVL: VVh)dz,  (C22)
/th -VVhVh= /(% h? (Ah)? — L |Vh|' =1 h* VVRh: VVh)de.  (C23)

Substituting all intermediate expressions back into (5.9), we obtain the final form (5.29)
of transformed Lo Lagrangian.

Some of the key ideas in this paper have developed out of discussions with Rupert Ford,
Georg Gottwald, Simon Malham, and Matthew West. I also thank Onno Bokhove for a
thorough reading of an earlier version of the manuscript, as well as him, Mike Cullen,
David Dritschel, Michael McIntyre, Sebastian Reich, Guillaume Roullet, Ian Roulstone,
and all participants of the EPSRC network “Geometric Methods in Geophysical Fluid
Dynamics” for numerous stimulating discussions, and the network organizers for the
opportunity to participate. Finally, I thank the anonymous referees for their numerous
very constructive comments.

REFERENCES

ALLEN, J.S. & HoLMm, D.D. 1996 Extended-geostrophic Hamiltonian models for rotating shallow
water motion. Phys. D 98, 229-248.

ArNoLD, V.I. & KHESIN, B.A. 1998 Topological methods in hydrodynamics. Springer-Verlag,
New York.

BENAMOU, J.-D. & BRENIER, Y. 1998 Weak existence for the semigeostrophic equations formu-
lated as a coupled Monge—Ampere/transport problem. SIAM J. Appl. Math. 58, 1450-1461.

BuaT, H.C., FETECAU, R.C., MARSDEN, J.E., MoHSENI, K. & WEST, M. 2004 Lagrangian
averaging for compressible fluids, preprint.

BOKHOVE, O., VANNESTE, J. & WARN, T. 1998 A variational formulation for barotropic quasi-
geostrophic flows. Geophys. Astrophys. Fluid Dynamics 88, 67-79.

BRETHERTON, F.P. 1970 A note on Hamilton s principle for perfect fluids. J. Fluid Mech. 44,
19-31.

BripcEs, T., Hypon, P. & REIcH, S. 2001 Vorticity and symplecticity in Lagrangian fluid
dynamics. preprint.

CuLLEN, M.J.P. & PURSER, R.J. 1984 An extended Lagrangian theory of semigeostrophic
frontogenesis. J. Atmos. Sci. 41, 1477-1497.

CULLEN, M.J.P. & PURSER, R.J. 1989 Properties of the Lagrangian semigeostrophic equations.
J. Atmos. Sci. 46, 2684-2697.

Dirac, P.A.M. 1966 Lectures on quantum mechanics. Yeshiva University, New York.

ELIASSEN, A. 1948 The quasi-static equations of motion with pressure as an independent vari-
able. Geofys. Publ. 17, 1-44.

ELIASSEN, A. 1962 On the vertical circulation in frontal zones. Geofys. Publ. 24, 147-160.

Evans, L.C. 1998 Partial Differential Equations. American Mathematical Society, Providence,
RI.

Forp, R., MALHAM, S.J.A. & OLIVER, M. 2002 A new model for shallow water in the low
Rossby-number limit. J. Fluid Mech. 450, 287—-296.

GOTTWALD, G. & OLIVER, M. 2005 Averaged dynamics via degenerate variational asymptotics.
In preparation.

GOTTWALD, G., OLIVER, M. & TECU, N. 2005 Long-time accuracy for approximate slow man-
ifolds in a finite dimensional model of balance. In preparation.



38 M. Oliver

Horwm, D.D. 1999 Fluctuation effects on 3D Lagrangian mean and Eulerian mean fluid motion.
Phys. D 133, 215-269.

HorwMm, D.D.; MARSDEN, J.E. & RaTiu, T.S. 1998 Euler-Poincaré equations and semidirect
products with applications to continuum theories. Adv. in Math. 137, 1-81.

HoLwMm, D.D. & ZEITLIN, V. 1998 Hamilton’s principle for quasigeostrophic motion. Phys. Fluids
10, 800-806.

Hoskins, B.J. 1975 The geostrophic momentum approximation and the semi-geostrophic equa-
tions. J. Atmos. Sci. 32, 233-242.

LorENz, E.N. 1980 Attractor sets and quasi-geostrophic equilibrium. J. Atmos. Sci. 37, 1685—
1699.

Lycuacin, V.V., RuBTsov, V.N. & CHEKALOv, 1.V. 1993 A classification of Monge-Ampere
equations. Ann. Sci. Ecole Norm. Sup. (4) 26, 281-308.

LyncH, P. 2002 The swinging spring: a simple model of atmospheric balance. Large-scale
Atmosphere—Ocean Dynamics: II: Geometric Methods and Models, ed. 1. Roulstone & J.
Norbury, Cambridge University Press.

MARSDEN, J.E. & SHKOLLER, S. 2001 Global well-posedness for the Lagrangian averaged
Navier-Stokes (LANS-«) equations on bounded domains. Phil. Trans. R. Soc. Lond. A
359, 1449-1468.

MARSDEN, J.E. & SHKOLLER, S. 2003 The anisotropic Lagrangian averaged Euler and Navier-
Stokes equations. Arch. Ration. Mech. Anal. 166, 27—46.

McINTYRE, M.E. & ROULSTONE, 1. 1996 Hamiltonian balanced models: constraints, slow man-
ifolds and velocity splitting. Forecasting Research Scientific Paper 41, Met Office, UK.

McINTYRE, M.E. & ROULSTONE, I. 2002 Are there higher-accuracy analogues of semi-
geostrophic theory? Large-scale Atmosphere—Ocean Dynamics: I11: Geometric Methods and
Models, ed. 1. Roulstone & J. Norbury, Cambridge University Press.

OLIVER, M. & SHKOLLER, S. 2001 The vortex blob method as a second-grade non-Newtonian
fluid. Comm. in Partial Differential Equations 26, 295-314.

RipA, P. 1981 Symmetries and conservation laws for internal gravity waves. Nonlinear properties
of internal waves, ed. B.J. West, AIP Conf. Proc. 76, 281-306.

RoOULLET, G. 2004 private communication.

SALMON, R. 1983 Practical use of Hamilton’s principle. J. Fluid Mech. 132, 431-444.

SALMON, R. 1985 New equations for nearly geostrophic flow. J. Fluid Mech. 153, 461-477.

SALMON, R. 1988 Semi-geostrophic theory as a Dirac-bracket projection. J. Fluid Mech. 196,
345-358.

SALMON, R. 1996 Large-scale semi-geostrophic equations for use in ocean circulation models. J.
Fluid Mech. 318, 85-105.

SHEPHERD, J.R. & FORD, R. 2001 Dynamics of an oceanic model with a single thermally-active
layer. Unpublished manuscript.

VANNESTE, J. 2004 Inertia-gravity-wave generation by balanced motion: revisiting the Lorenz—
Krishnamurthy model. J. Atmos. Sci. 61, 224-234.

VANNESTE, J. & BOKHOVE, O. 2002 Dirac-bracket approach to nearly geostrophic Hamiltonian
balanced models. Phys. D 164, 152-167.

WUNDERER, C.F. 2001 Hamiltonian and non-Hamiltonian theories of balanced vortical flow.
PhD thesis, University of Cambridge.



