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Many physical systems exhibit dynamics with vastly different time scales. Often the
different motions interact only weakly and the slow dynamics is naturally constrained
to a subspace of phase space, in the vicinity of a slow manifold. In geophysical
fluid dynamics this reduction in phase space is called balance. Classically, balance is
understood by way of the Rossby number R or the Froude number F'; either R < 1
or F<1.

We examined the shallow-water equations and Boussinesq equations on an f-plane
and determined a dimensionless parameter €, small values of which imply a time-scale
separation. In terms of R and F,

RF

JRETF

We then developed a unified theory of (extratropical) balance based on € that includes
all cases of small R and/or small F. The leading-order systems are ensured to be
Hamiltonian and turn out to be governed by the quasi-geostrophic potential-vorticity
equation. However, the height field is not necessarily in geostrophic balance, so
the leading-order dynamics are more general than in quasi-geostrophy. Thus the
quasi-geostrophic potential-vorticity equation (as distinct from the quasi-geostrophic
dynamics) is valid more generally than its traditional derivation would suggest. In the
case of the Boussinesq equations, we have found that balanced dynamics generally
implies hydrostatic balance without any assumption on the aspect ratio; only when
the Froude number is not small and it is the Rossby number that guarantees a time-
scale separation must we impose the requirement of a small aspect ratio to ensure
hydrostatic balance.

1. Introduction

The concept of balance is a central theme in geophysical fluid dynamics (e.g. Daley
1991). Although rotating stratified fluids allow for both vortical and inertia—gravity-
wave motions, we often observe the former to play a dominant role in the time
evolution of the system. That is, we find the dependent variables are constrained by
diagnostic equations, and we say the dynamics is balanced. There has been much effort
to derive dynamical equations to model geophysical flows that remain balanced, or
nearly so, for all time. Such models are an important means of developing theoretical
understanding and diagnostic-analysis methods for the large-scale atmosphere and
oceans.

Recent research has shown that for non-trivial flows the concept of balance is not ex-
act (e.g. Warn 1997; Ford, Mclntyre & Norton 2000; Wirosoetisno & Shepherd 2000),
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and most mathematical approaches to balance are based on an asymptotic analysis.
However, practical applications of balance show that it is surprisingly accurate even
when the asymptotic parameters are not particularly small (McIntyre & Norton 2000).

Classically, there are two main approaches corresponding to two distinct balanced
regimes. The small-Rossby-number limit (Charney 1948) corresponds to a rapidly
rotating flow and, as is well known, yields the quasi-geostrophic equations. The small-
Froude-number limit (Charney 1963) corresponds to a strongly stratified flow and
was originally developed for the tropics, where the Rossby number is unbounded. It
has been argued that this regime is also relevant to the extratropical mesoscale, where
the Rossby number is O(1) or larger (Lilly 1983). In both cases, small values of a
dimensionless parameter characterize a particular balanced dynamics; the parameter
may be considered as a dimensionless amplitude of the motion (relative to rotation
or stratification). Assuming an asymptotic expansion in this parameter, we may write
a hierarchy of dynamical equations. The lowest-order equations capture the essential
effects of the small parameter; higher-order equations may be solved as needed.
Care must be taken, however, that the parameter is sufficiently small to ensure that
the analysis and resulting models are valid. In particular, attempting to allow for,
say, O(1) Rossby-number terms by including higher-order terms in a small-Rossby-
number expansion is inconsistent. It would also seem to be quite unnecessary since
the basis for balance, in this case, should be a small Froude number.

The derivations of these two classical models are completely independent. Although
there are ad hoc methods to combine them a posteriori (e.g. McWilliams 1985;
Vallis 1996), a more general theory would incorporate both cases systematically
and simultaneously. Moreover, since the governing equations are Hamiltonian, the
leading-order balance equations would themselves be Hamiltonian. This is important
for the development of general theory (Shepherd 2003). Combining models in an
ad hoc fashion tends to spoil the Hamiltonian structure.

Fundamentally, balance is possible when the dynamics admits motions with vastly
different time scales (van Kampen 1985). For geophysical flows, balance requires the
time scale of the vortical motion to be significantly larger than that of the inertia—
gravity waves. Clearly, if the dynamics is to be determined by a subset of the variables
(the ‘slow’ variables) then we would expect little or no interaction with the remaining
(‘fast’) variables. By demanding different time scales we minimize interactions due to
frequency matching through nonlinearity (Errico 1982; Saujani & Shepherd 2002).
Furthermore, by distinguishing slow and fast variables we can avoid secular growth in
the asymptotic analysis (Warn et al. 1995; Wirosoetisno, Shepherd & Temam 2002).
We shall therefore define a dimensionless time-scale-separation parameter €, small
values of which will characterize balance rather than a particular balanced state. This
simple definition makes € the correct asymptotic parameter for a general theory of
balance. It turns out that

e———L_ (L1)

JRE+ F?

where R is the Rossby number and F is the Froude number. It follows that
€ ~ min[R, F]. Hence small € includes the small-Rossby-number and small-Froude-
number cases — the latter even when R — oo. Moreover, no further assumptions
are necessary. In particular, the balance of terms in the equations of motion is not
considered.

For a nonlinear system we infer the dominant time scales of motion by considering
the dispersion relation for the linearized system and comparing the resulting time
scales with the nonlinear (advective) time scale. We expect the linearized frequencies
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to correspond to peaks in the frequency spectrum, broadened due to nonlinearity.
The geophysical models to be considered possess just two time scales, one slow and
one fast. By considering their ratio we may choose the dimensionless product ¢ in
such a way that the limit € — 0 forces this ratio to be large. Consequently, we expect
some kind of balance with € as our asymptotic parameter.

Explicit in our approach is the assumption of a reference state. This is what allows
us to define a time-scale separation and thus develop the asymptotic theory that
leads to the balance constraints, without any further assumptions. A complementary
approach (e.g. Salmon 1983) is to impose the balance constraints on the basis of
empirical knowledge, in which case there is no need to introduce a reference state.

We focus on the rotating shallow-water equations and their Boussinesq counterpart.
The Coriolis parameter is taken to be constant (not excluding zero). Our analysis
incorporates the slaving technique of Warn et al. (1995). This leads to unified balanced
dynamical equations that apply equally well to both the small-Rossby-number and
small-Froude-number regimes.

2. Analysis of the shallow-water equations
2.1. Fast and slow variables
The rotating shallow-water equations in Cartesian coordinates are

ou ou ou oh
ou  ou o ou N _o 2.1
5 +”ax+”ay fotg—=0 (2.1)
ov dv ov oh
oy v v N _o 22
or oy T Vo TIu T8 =0 (22)
oh  dh ok o
Py )y (24 %%) 2o, 23
o T TV T (8x+8y) 23)

where (u, v) is the horizontal fluid velocity, f is the (constant) Coriolis parameter, A
is the surface height and g is the (constant) acceleration due to gravity. For simplicity,
we shall assume a domain D with doubly periodic boundary conditions.

First we linearize about a rest state (u,v,h)=(0,0, H), where H is constant.
Assuming normal-mode solutions of the form

{u, v, h} = {it, v, h}e' ke (2.4)
the dispersion relation is found to be
o —(f* 4+ gHr?)w =0, (2.5)

where k% = k? + 1. The solutions are

wy=0, wy==4f>+gHK> (2.6)

Under nonlinear frequency broadening by advection these become, to a good

approximation,
wy~ Uk, wy~Uk=+/f2+gHK?, (2.7)

where U is a characteristic flow speed. Now consider the ratio of the slow time scale
and the fast time scale, that is, the ratio of the fast frequency and the slow. We have

R+ F?
Y+ 1+ 7—’_’ (2.8)
wo RF
where R=Uk/f is the Rossby number and F =U/./gH is the Froude number.



450 S. Saujani and T. G. Shepherd

Two important points are borne from the above simple analysis. First, the dispersion
relation has three solutions: one slow vortical mode and two fast inertia—gravity waves.
Thus there are two time scales of the motion and we expect to find suitable variables
that split the dynamics into these separate time scales. Second, the time scales are
distinct if and only if the ratio w, /wy is large, i.e. if and only if

RF

JRETF

This € is our time-scale separation parameter. As ¢ — 0 the motion may be considered
as weak (relative to rotation and gravity) and we are ensured disparate time scales in
the dynamics. This necessary condition satisfied, we are then justified to hope for, if
not expect, a balanced system by setting the fast dynamics to zero.

Notice that

€ < 1. (2.9)

min[R, F]

NG

As an asymptotic parameter for balance, € is equivalent to min[R, F] and yet has
been determined solely from the physics. Both the traditional approximations, the
small-Rossby-number limit (R — 0, B = F/R fixed) and the small-Froude-number
limit (F — 0, R fixed), imply ¢ — 0. However, ¢ — 0 is more general; it includes,
for example, planetary geostrophy (R — 0, F fixed). We will consider the time-scale
separation limit € — 0 without specifying R or F, thereby obtaining a unified scaling.

Let us now set about the task of finding suitable variables. Our goal is to rewrite
the shallow-water equations in terms of slow and fast variables that decouple the
slow motion from the fast. Following Warn et al. (1995) the desired form is

as %

ar = L8, 3€), (2.11)
o + A F (s, fie€). (2.12)
at €

Here s and f refer to slow and fast variables respectively, A is a linear invertible
operator, . and % are nonlinear operators and € is a small asymptotic parameter.
Obviously, s evolves on an O(1) time scale, while f naturally evolves on a time scale
of O(e) <« 1. The eigenvalues of A are the eigenfrequencies of the fast waves on the
fast time 7 /e.

First we must non-dimensionalize the equations. We use the characteristic flow
speed U, the horizontal length scale L, the mean depth H and, as we are seeking
slow solutions, the advective time scale T = L/U. Noting that all variables are now
dimensionless, the equations become

du ou u v
or T"ox TVay TR T Fax O 213
av av v u

ULy Sy 2.14
ot TV TV TR T ey (2.14)

oh oh oh <3u 8v>

< e < min[R, F]. (2.10)

—+u—+v—+h
+u—+v—+ 8x+8y

=0. 2.15
ot ax ay ( )

Since € <1 corresponds to weak motions, it is natural to assume small surface
displacements by taking 2 =1 + en. This, however, neglects the possibility of large
length scales over which small surface displacements can accumulate to produce O(1)
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effects. In the light of this R — 0 limit, we choose to scale with h =1+ Fn. Also, it
is convenient to rewrite these equations in terms of a velocity potential and stream
function: (u, v) =V¢ + z x Vi. This allows us to replace (2.13), (2.14) with equations
for the scalars ¢ and . Finally, choosing the rotational Froude number B=F/R
(the shallow-water analogue of the inverse square root of the Burger number) and
€ instead of the Rossby and Froude numbers as our dimensionless parameters, we
obtain
0 1 B 1
V2 — - Vi — V2 )
i e <\/1+B2 Voire
iy 9
+J (¢, V) —2J (af Ef) + V2 [Vo-Vo —2J (¢, ¥)] =0, (2.16)
0 1 B
—V? - =
at v €. /1+ B2

0
8—;’+V¢-Vn+1(w,n)+

Vi + V- (VY Vo) + J(v, V) =0, (2.17)
1 -
<m€ + n) Vip = 0. (2.18)

Here J(f, g)= det(d(f, g)/d(x, y)). As written, the equations naturally suggest the
fast variables

§ =V, (2.19)
I'=bVy — 1 — b2V, (2.20)
where b = B/\/1+ B2 € )- (We allow b =0 so as to include the case f =0.) Since

the potential vorticity is an exact Lagrangian invariant, it evolves on the advective
time scale and thus makes an obvious choice for the slow variable. Here it takes the
form

b1 —b2 + e 1 —b? Vzw
J1—=5b*+¢€n
However, since we are interested in disturbances to the rest state, rather than potential

vorticity the disturbance potential vorticity is the appropriate quantity. Let us call it
qg. We must have

0= (2.21)

1 —p2 1 —p2 2
sz b+ e/ PV, € ‘ (222)
J1—b*+en J1 —b?
2 \W2 _ 12
_ =)Wy —b 102 (223)

J1—5b*+¢€n

Note that the perturbation potential vorticity is scaled to be an O(e¢) quantity, except
when b — 1 (R — 0) and it becomes O(1). Exactly as for ), its value must be allowed
to accrue over large length scales in this limit. We have then, finally,

d
a—? =—V¢-Vq—J(¥.q), (2.24)
B T vy 20 (8‘/’ 3‘”) ~lvweve 2wl 229
ot € ox’ dy 2
or A5

a7 = VI =2 V2[V-(nV¢) + J (¥, )] — bIV- (V¥ V§) + J(y, VZy)], (2.26)
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where A=5b>—(1—b?)V>. That we have succeeded in writing the equations in the
desired (Warn et al. 1995) form (2.11), (2.12) justifies our choice of fast and slow
variables. Here b ranges between O (inclusive) and 1 (exclusive), and there is no
corresponding singularity in these equations nor in the variables defined by (2.19),
(2.20) and (2.23). Thus € is our sole singular perturbation parameter; special limits can
subsequently be considered by treating b (i.e. B) as a regular perturbation parameter.
In finding asymptotic solutions we shall repeatedly encounter Poisson’s equation,
and it is convenient to use the notation (V?)~!. Technically, the Laplacian with periodic
boundary conditions has a unique solution only to within an arbitrary constant. For
us, this constant can always be shown to be zero or to be attached to a velocity
potential or stream function. In the latter case it has no physical significance and we
assign it to be zero for simplicity. The distinction will be made clear as necessary. The
operator A is strictly invertible for b # 0 and reduces to the Laplacian when b =0.

2.2. Asymptotic models

Following van Kampen (1985) and Warn et al. (1995), we assume the slow variable
g to be exact and expand all other variables in our asymptotic parameter € (see
Wirosoetisno et al. 2002 for a justification). In particular, the fast variables have
asymptotic expansions

§ =08y +€d +e*8+-- (2.27)
F=Iy+el+en+--- (2.28)

Any other variables are expanded similarly and are necessarily written in terms of
q, 8 and I'. Provided F =¢€/+/1 —b> < 1, we may expand ¢ according to

=1 — B2V, — bry+e <\/1 — b2V —bn —no Vo +

Since this equation must hold at all orders,

né) +0(€%). (2.29)

b
JI=b2

g = 1 — b2 Vg — b. (2.30)

Now at O(e™!), (2.25) and (2.26) give us
—Iy=—bV?Yy+J1 =2V =0, (2.31)
A8y = [b* — (1 — B*)V?]V2¢, = 0. (2.32)

Immediately we have V2¢y =0, whence we may take ¢y=0. Using (2.30), (2.31) we
can solve for ¥ and no in terms of ¢ alone:

Yo = —1—b2A"q, (2.33)
no = —bAlq. (2.34)

Thus, from (2.24), our leading-order evolution equation for the balanced dynamics is

a
= —Jvo.q). (2.35)

with (2.33) or, equivalently,

ﬂvzm T bzlﬂo, (236)
———— (V%o — B*). (2.37)

1/1—1—82
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This is the leading-order balanced-dynamics model and is guaranteed to be
Hamiltonian. The potential-vorticity evolution equation (2.35), (2.36) is identical to
the quasi-geostrophic (QG) equation for shallow-water flow (e.g. Pedlosky 1987), but
our derivation shows that the equation is valid more generally than its traditional
derivation would suggest; no assumption of R < 1 has been made, only that e < 1.
As such, different balanced regimes are possible.

The standard QG limit is R—0 and F —0 with » (ie. B) held fixed. In this
case (2.33), (2.34) gives geostrophic balance and (2.35) gives the corresponding QG
evolution equation.

In the small-Froude-number limit F — 0 with R fixed (but arbitrary), we have
b—0 (ie. B—0) and g =V?y,. Here §, satisfies Laplace’s equation and so must
be constant. Integrating §, over the domain and applying the periodic boundary
conditions reveals this constant to be zero. Therefore (2.35) reduces to the two-
dimensional Euler equation. This regime holds even if f=0 (R =00); there is no
singularity, we simply have ¢ = F — 0. Clearly, quasi-geostrophy is not implied in this
limit since (2.31) implies that no is constant. As 7o is defined to be the departure from
the mean depth this constant must be zero. Hence height is a fast variable rather
than being related to the stream function through geostrophic balance. Note that it
was not necessary to rescale the perturbation height 4. All this confirms that we have
chosen the correct asymptotic parameter and correct variables to describe the motion.

The third special case of physical interest is planetary geostrophy (PG) or Type 11
QG scaling; here R — 0 with F fixed implying b — 1 (i.e. B — o0). Returning to
definition (2.23) and noting that /1 — b =¢/F we have now

om0 Vo — F Fnom
1+FT)() F(1+F770) (1+F7]())2

whence, since g is exact,

+ 0(€?), (2.38)

q:

o
= — . 2.39
T T e (239
Of course, (2.31), (2.32) still apply; we find V= V?¢y=0 and the leading-order
dynamics is trivial, dg/dfr=0. The height perturbations are, however, non-trivial,
being slaved to ¢ via

49
14+ Fq’

The key point is that the time-evolution equation (2.35) together with the diagnostic
relations (2.31), (2.32) (and the definition (2.30)) represent a unified theory of balance
based upon an assumed time-scale separation between the vortical motion and inertia—
gravity waves. In particular, there is no assumption of geostrophy, nor any particular
assumption on R or F.

Continuing to O(1) in (2.25), (2.26) we find

no = (2.40)

—I = —bV2Y + 1 =02V =27 (88‘{(0 a{;?’) , (2.41)
A8y = [b* — (1 — DH)VAV? ¢y = —bJ (Yo, Vo). (2.42)

Since ¢ is exact, and first assuming F < 1, we have from (2.29) that

YR V2 Mg o
V1 =02V — by \/ﬁ = 0. (2.43)




454 S. Saujani and T. G. Shepherd

The system is linear in ¥, ¢; and n; and it is straightforward to solve for these
variables in terms of ¢ alone (through v and ng). This yields

Vi = —(AVY) [21)1 (8‘”0 3%) - Vino q)] (2.44)
dx  dy
¢1 = —b(AV*) ' [J (Yo, Vo), (2.45)
_ o I b
m=—A" [2 1—p2J < 2% By ) + mnoq] ) (2.46)

Thus, from (2.24), the evolution equation for the balanced dynamics with O(e)
correction is now
dq

5 = —J (Yo, q) —€[Vé1 - Vg + J (Y1, 9)], (2.47)

with (2.30), (2.31) and (2.41)—(2.43).

As with the leading-order system we can now consider various special cases. In
the QG limit the equations hold as written with b (i.e. B) regarded as an arbitrary
parameter. Setting b=1/ ﬁ (ie. B=1), which amounts to a specific choice of the
length scale L, our model reduces to (40)—(42) of Warn et al. (1995). (Note that their
€ is equivalent to our R and B =1 implies R = \/Ee for our R and €. With this caveat
the equations are indeed identical.)

For F — 0 with R fixed we have ¢ = Rb —0 as b — 0. From (2.42) we see that §;
satisfies Laplace’s equation and, just as was argued for &, must also vanish. From
(2.43) it follows that v; =0 and there is no correction to the leading-order flow at this
order. There is, however, a non-trivial correction to the surface displacement given

by (2.41),
Vi =2J (a% M) : (2.48)
dx  dy
and also, from (2.30) and (2.31), an O(b) correction to ny, namely
V2o = bq. (2.49)
Thus the O(¢) slow dynamics can be written
0
a—f = —J (Y0.9). (2:50)

(2.51)

Pom e (200,20,

dox = Ay
where n=ng + en;. The evolution equation remains the two-dimensional Euler
equation, but now we have (ageostrophic) nonlinear Charney balance providing a
slaving relation for the height field.

For R — 0, (2.31) now implies an O(+/1 — b?) correction to the leading-order
velocity field, namely

V2o + %V%O = 0. (2.52)

Accordingly, to this order of approximation, (2.41) and (2.42) imply ¢¥r; = ¢; =0. Using
(2.38) with (2.39) we obtain

V3o — Fni(1 + Fg) =0 (2.53)
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and it is consistent to take n; =0 at this order. We have now a non-zero velocity field
but still trivial slow dynamics. (A non-trivial slow dynamics does emerge two orders
higher.)

The system of equations (2.24)—(2.26) is indeed quite general. As noted by Warn
et al. (1995), systems of this form allow balanced dynamics that can be extended to
arbitrarily high order; in particular, the invertibility of the linear operators on the left-
hand sides of (2.25) and (2.26) guarantees slaving relations to all orders. The main
feature of the present analysis is that two theories of balance, previously considered
disjoint, are shown to be special cases of one general theory.

3. Analysis of the Boussinesq equations
3.1. Fast and slow variables
We now consider the (non-hydrostatic) Boussinesq equations

ou ou ou ou 1 0P

§+”a7+v5+w?z_fv+ﬁa7=0’ (3.1)
glt)—l—ug;}—kvg;—szv fu+/i88;) 0, (3.2)
zlf—i—ugf—l—vzl;—l-w?j—zg-i-;%f 0, (3.3)

29 429 1y 880+ ‘;f_o, (3.5)

where (u, v, w) is the fluid velocity, f is the (constant) Coriolis parameter, g is the
(constant) acceleration due to gravity, p, is the (constant) reference density, 6; is the
(constant) reference potential temperature, © is the potential-temperature departure
from 6; and P is the pressure departure from a reference pressure. For simplicity,
we again choose periodic boundary conditions on a domain D, except that now
they will be applied to departures from a stably stratified rest state with potential
temperature ©@y(z) and pressure Py(z) in hydrostatic balance. The Brunt-Viisdld
frequency N = ./(g/0,)d®,/dz is assumed constant.

We proceed much as before. Linearizing about (u, v, w, P, ®)=(0, 0, 0, Py(z), Oo(z))
and assuming normal-mode solutions of the form

{u,v,w, P — Py, ® — O} = {ii, b, W, P, @}ekethimeon, (3.6)

we obtain the dispersion relation

2.2 2,2
W — (fm"_NK> w =0, (3.7)

k2 + m?2

where again « = k> + I2. We find solutions

/f2m2 + N2k2
woy = O, w4 = W (38)
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Under a nonlinear frequency broadening by advection we have, to a good

approximation,
22 + N2i2
oo~ Uk, wy ~ U+ I F VK (3.9)
K-+ m

where U is a characteristic flow speed. The ratio of the slow and fast time scales is

1 JR?+ F?
D +r (3.10)

o) T+ J1+a?> RF
Here R=Ux/f is the Rossby number, F=Um/N is the Froude number for a
stratified flow and o =« /m is the aspect ratio of the length scales. Our condition for
balance, i.e. a separation in time scales, holds if and only if

. RF < 1

JRE+F? T JT+a?

Typically, in geophysical applications o < 1. As € is an asymptotic parameter we may
replace the right-hand side of (3.11) with unity. Then this condition is identical to
that for the shallow-water equations.

To continue we must non-dimensionalize the equations. We use the characteristic
flow speed U, the horizontal length scale L, the vertical length scale H and the
(horizontal) advective time scale T =L/U. For the potential temperature we use
Hd®,/dz = HO,N?/g, and for the pressure we assume a scaling I1, to be determined.
Furthermore, we shall assume displacements from the background stratification ®y(z)
by setting ® = Oy(z) + FO and P = Py(z) + Fp. These perturbations are always small
except in the PG limit when F is held fixed. Recall that this is the long-length-
scale limit over which small perturbations may accumulate. As before, we prefer
b=B/J1+ B>=F/JR*+ F? and € instead of R and F for our dimensionless
parameters; we have now

(3.11)

ou n ou n ou n ou b n ell ap 0 (3.12)
—+u—+v—+w—— v+ ——— =0, .

ot 0x ay dz € V1 —=b2p,U? 0x

av av v ov b ell ap

— — — i —— =0 3.13
31+M8x+vay+waz+eu+ oy (3.13)

e Ty TV T e T e

— 2
ow ow ow ow J1—5b P ell ap _0 (3.14)

ou dJdv Jw

— 4+ —4+—=0 3.15

ax  dy 9z - (313
a0 a0 a0 00  J1—b?
—tu—+v—+w—+ w = 0. (3.16)
ot ox dy 0z €

Note that here @ is dimensionless and, by our choice of scaling, d®y/dz = 1. Observe
also that hydrostatic balance emerges naturally upon taking the limit « — 0 with no
assumption on €.

We may now decide upon an appropriate value for I7. From the momentum
equations it follows that

J1—=02 bJ1—0b> 117

3.17
€ €2 €2 ( )

IT ~ ,OXU2 max



Balance in the extratropics 457

Since we are interested in balanced dynamics for which € < 1 this suggests the scaling
IT= /1 —b2p,U?/e*. Thus we have

— — — == —-— =0, 3.18
or Tlax TVey TV TV e (3.18)
av av v v b 1dp
it - 4+ 2 — = =0 3.19
ar Tl TV T T T ey, =0 (3.19)
ad d d a 1—b2 1 0
w | ow dw o dw  VI=B, L dp o (3.20)
ot 0 9 9z a’e ae 0z
du Jdv  Jw
—+—+—=0 3.21
dx + dy + 0z ' (3:21)
a0 a0 a0 90  J1—b?
—tu—+v—+w—+ w=0. (3.22)
ot ox ay 0z €

It is worth remarking that as ¢ — 0 (3.20) yields

Ji—pe =2 (3.23)

0z

to leading order. Thus, unless b — 1, balanced dynamics implies hydrostatic balance.
No assumption of small aspect ratio (¢ < 1 <= H < L) is required.

Now we exploit the incompressibility constraint in order to reduce the number
of equations. Formally, we shall consider w a functional of u and v and tacitly
remember (3.21) as part of the system. As it is only dw/dz that (3.21) determines, this
necessarily introduces some ambiguity, and we shall occasionally refer back to the
full set of governing equations when seeking solutions. Choosing dependent variables
38, ¢ instead of u, v, we have

v 1
9 _bE—Vp _ —u+ (V8 —Vu) — =V3u)> + > — 8—u-Vw —w@, (3.24)
ot € 2 0z 0z
9 bs 0 0
9 12 uve—st—w + L xu)Vu, (3.25)
ot € 0z 0z
30 J1— b 30
00 NP v, (3:26)
at € 0z

where § = du/dx+0dv/dy is the horizontal divergence, { = dv/dx—0du/dy is the vertical
component of vorticity, # = (u, v) and V=(d/0x, 3/dy). Again, as in the shallow-water
analysis, we have a system with three prognostic variables. This is consistent with the
third-order dispersion relation (3.7), which implies one slow and two fast variables.
Pressure is a diagnostic variable and it is useful to have an explicit expression for it:

1—520960
a0z

1 3
Pp= b+ +e (u-Vzu—2V2|u2+§2—28u-Vw—82>, (3.27)
Z

where £ =V? + (1/a?)(3%/323).
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As written, the equations naturally suggest fast variables § and I" = bt —V?p. Using
(3.27) it follows that

Na! —b2 80

I'=b; —V& [M+

1 3
te (u-v2u — 3 Vuf + ¢ = 281 Y — 52) ] (3.28)
Z

It is reasonable then to take

J1 =02 36
r=o’% lb(l — Ve — 5 Vzgll
o

0z

39%¢ ,00
=b— — 1 =2V — (3.29)
072 0z
as our second fast variable, since (apart from application of the operator «>.%) I’
and I" differ by a quantity of O(e). Notice that in determining I" we have replaced
the pressure field using (3.27), an equation involving 96/9dz rather than 6 itself.
Necessarily, we have lost physical information and, as is the case for w, this is
resolved by invoking the original equations when needed.
We have also an exact Lagrangian invariant, the Boussinesq potential vorticity

1—p2
0="— b +«/1—b2§+b%

ow Jdv\ 96 ou Jw\ 06
2
— — = —1, (3.30
+6[<“ay 8Z>8x+<az “ax> +e } (3:30)
where we have non-dimensionalized with U(p,L+/1 — b2)~! d®,/dz. Wishing to focus
on the disturbance fields, we choose for the slow variable

JI= 12

qg=0— R
=\/1—b2§+b%+e aza—w—a—v %+ al—(faw 89 ;—. (3.31)
9z ay 0z /) ox 0z ax

Our equations (3.24)—(3.26) can now be cast in the desired (Warn et al. 1995) form
(2.11), (2.12) as follows:

dq dq

A yevg—wd 3.32

ot u=vq waz ( )
s  'r

ot ole

1 du 08
= —u- (V6 — Vu) — EV2|u\2 +¢%— o “Vw — wo-

1 9
— V! (u-Vzu — 7V2|u\2 +¢2— 281 Vw — 52>, (3.33)
Z

ar /8 9 00
— =1 ==V (u-Vo + w—
ot € 0z 0z
02 d
—b— u-vi¢+98¢+ —g——(ﬁxu)-Vw , (3.34)
dz 0z
where .o/ = (1 — b?)V? + b?3%/9z? is an elliptic operator. Here b appears as a regular
perturbation parameter; once again there is no singularity for b € (0, 1). Formally, we
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allow for b =0 so as to include the possibility of no rotation. As in the shallow-water
analysis, certain differential operators are not generally invertible; the ambiguity
causes no problems and we write their inverses formally for convenience. This will be
justified as needed.

3.2. Asymptotic models

Proceeding with the analysis, we expand all variables in € except the slow variable g.
The first-order system is simple:

36
g =-1—b+ ba—o (3.35)
Iy —bﬂ J1=p2 V289° = (3.36)
of 8y = |(1 — b*)V? + b> aa 5180 =0. (3.37)

The last of these implies that §, is constant. Integrating &, over a horizontal cross-
section and applying the periodic boundary conditions reveals this constant to be
zero. Using Vo = ¢ the first two equations yield

Vi, = /1 — b2/ "1 Vg, (3.38)
2
3% _ bt} a—. (3.39)
0z 97>

The inverse of .o/ introduces constants of integration. Unique solutions are determined
by the boundary conditions, namely

/ (1—0%)./"'V2gdA =0, (3.40)
2

/ pa 0 g, o, (3.41)
072

Here the first integral is over any horizontal cross-section, the second over any vertical
column. From (3.20) we see that /1 — b%0y = dp,/dz. With (3.38), (3.39) we can find
po (to within a constant) from (3.27) and so have 6, well determined. Now (3.22)
shows that wo =0 and so, by (3.21), the leading-order velocity field is two-dimensional
and non-divergent. Thus ug =2 x Vi, and the leading-order balanced dynamics is

d
= —J (0. q), (3.42)
with (3.38) or, equivalently,
b 9’
g =1— b2V + N 8;/’0 (3.43)

1 2 202

NESE (V Yo + B? 3 > . (3.44)
This model is Hamiltonian. As with (2.35), (2.36) for the shallow-water system, the
potential-vorticity evolution equation is identical to the QG equation. Note again,
however, that no explicit restriction has been placed on R, only that ¢ be sufficiently
small. In particular, geostrophic balance is not required. Thus, we have again shown
that the QG potential vorticity equation — as distinct from QG dynamics — is valid
more generally than its traditional derivation would suggest.
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In the small-F limit b=¢/R — 0, or even if b=0, we have
q = &o- (3.45)

To this order (3.37) implies 8o = 8o(z, t). Integrating over a horizontal cross-section
and applying the boundary conditions forces 8o =0 identically. Yet these equations
are insufficient to determine 6, uniquely. In fact, ) remains an undetermined periodic
function of z.

To see this we appeal to the full set of equations (3.18)—(3.22) with »=0. Clearly
Vpo =0, implying that py is a function of z, ¢ alone. Since

0o = %, (3.46)
0z

thus so also is 6y a function of z,r alone. Additionally, to leading order we find
that wg=0. For more information we require the O(e) horizontal divergence and
knowledge of the vertical velocity w;. From (3.34), (3.21) and the above we have

3 96
oA 8 =V = —V* uy- V6 + wo—2 | =0, (3.47)
0z 0z
54+ 2 g, (3.48)
0z

Again the periodic boundary conditions force §; to be identically zero. It follows that
w; depends only on x, y, . Now (3.22) becomes

96
5 @0 Fwiley. 0 =0, (3.49)

and it follows that both 96y/d¢ and w; are functions of 7 alone. Returning to (3.46),
we differentiate once with respect to time, integrate vertically and invoke the periodic
boundary conditions to conclude that 6, is independent of time.

Therefore 6y =06y(z) and otherwise goes undetermined, except that it must be
periodic and satisfy (3.46). We may consider it part of the initial conditions, the
horizontal average of 6 at r =0. However, it plays no role in the dynamics at this
order. The leading-order flow is two-dimensional and we may write ug =2 x Vi/,. We
have then the leading-order balanced dynamics

dgq

M oq). (3:50)

with (3.45). The slow dynamics decouples in the vertical into two-dimensional Euler
dynamics for each value of z (e.g. Vallis 1996).
For the small-R limit, b=+/1 — (¢/F)> = 1; now
qg= %. (3.51)
0z

From (3.36), (3.37) and the periodic boundary conditions we readily find that both §,
and ¢, are independent of z. With (3.21) it follows that 8§, must vanish. From (3.18)—
(3.20) we obtain Z X (uo, vo) + Vpo =0 and that p, is independent of z. This is exactly
the situation of the Taylor-Proudman theorem, which tells us to expect horizontal
components of velocity independent of z and a horizontal divergence equal to zero.
In the classical exposition, rigid-boundary conditions force the vertical component of
velocity to be equal to zero throughout the flow. In our case we have no information
about wy except that it depends on x, y, ¢ only. The fluid moves in columns, each
with its own vertical velocity profile.
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More can be said, however, if we are allowed to assume a small aspect ratio. For
example, suppose f < N; this is the regime relevant to large-scale geophysical flows.
Then R — 0 with all else fixed is certainly the long-wave limit and we have

H R
o=— f — 0. (3.52)
L F N
From the governing equations we can now determine wy. We have
6 0
0Py, (3.53)
F 0z
d
2 _ o, (3.54)
9z
96, 96, 96, 1
— ) =0. 3.55
97 +u08x+v08y+wo<q+F> ( )

The first of these implies the z-average of 6y to be zero. For a statically stable fluid
we are assured that ¢ + 1/F #0 and, since ug, vy, wo are independent of z, we can
integrate the last to conclude that wy =0 identically.

Continuing the general analysis to the next order, (3.31), (3.33) and (3.34) together
with previous work give

N b2§1 + b% =V <81€0> 'VQ() WO% (356)
3¢

2
—b— + 1 =52 V289Z1 =33 (Vl/fo'V(Vzl/fo) — EV2|Wfo|2 + (V2w0)2 ) (3.57)

2 2
((1 — bWV + bzaazz> =1- b2 sz (Yo, o) — i <J (0, Vo) )
(3.58)

These equations are linear in ¢, 0y, 8; and straightforward to solve; using V¢ =¢;
and V2¢; =6;, we find

V2, = of [\/ b2V2< <a¢0> V6, — V%%@)
2

0 I
~ b (VW'V (V20) = 5 V2 IViol* + (V%V) ] (3.59)

391 1 82 aV/O 2 890
— =9 b 6 —
0z 922 { <V < 8z *Vo = Vo 0z

1— b2 <V1/f0 (Vo) — %Vz \Vol” + (V2¢0)2> ] (3.60)

Vi, = [\/ myRs sz(wo,eo)— aJ(wo,vzwo)] (3.61)

The apparent ambiguity in 6; is resolved using (3.27) and then (3.20), exactly as was
done for 6y. We determine the vertical velocity field w; from (3.22). Our O(e) slow
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dynamics is now

?Tq =—J (Yo, q) —€[V¢1 Vg +J (W, q)+ wlai .
t 0z
with (3.35)—(3.37) and (3.56)—(3.58). This equation is quite general and, if so desired,
could be extended to arbitrarily high order.

Both small-Rossby-number and small-Froude-number balance regimes are found
by considering special limits for b. We simply note that, for the small-F limit, (3.56)
is replaced with

(3.62)

a6 Yo
Gita 0z v < 0z

which determines ¢;, since at this order 6 is slaved to ¢ by way of (3.36). Neglecting
terms of O(b), (3.57) and (3.58) reduce to linear partial differential equations for 6;
and §;, with everything on the right-hand sides known. In the limit of small R, (3.56)
becomes

) -V6, =0, (3.63)

g+ W _y <8%> -V, =0, (3.64)
0z 0z

which determines 6;; now it is ¢, that is slaved to ¢ through (3.36). Neglecting terms
of O(y/1 — b?), (3.57) and (3.58) reduce to linear partial differential equations for ¢
and 81.

Bokhove (1997) applied the same approach to the hydrostatic Boussinesq equations
on an f-plane but using the Rossby number for his asymptotic parameter and
assuming QG scaling. Furthermore, he considered a geometry unbounded in the
horizontal and with rigid vertical boundaries. The restriction to QG scaling permits
an O(1) variation in N(z), something we cannot allow because we are making explicit
use of the Froude number. In the QG limit, our analysis implies hydrostatic balance
whereas Bokhove assumes it from the outset; the resulting systems of balanced
equations differ only in that Bokhove chooses a different slow variable, the QG (or
linearized) potential vorticity. In consequence, with b now held fixed, the right-hand
side of (3.56) is replaced with zero while (3.57), (3.58) remain unchanged, and so his
slow-dynamics equation is not simply pure advection.

4. Conclusions

Our purpose here has been to consider balanced dynamics from a general point
of view. Rather than focus on specific equations we have asked what is required for
a system evolving in time to remain balanced. Our answer is physically motivated:
the dominant frequencies of motion should split into two groups, fast and slow, and
there should be little interaction between them — the point being to limit the potential
for frequency matching through nonlinearity. With this idea we have determined
a dimensionless quantity which, in some sense, measures the strength of possible
coupling between the fast and slow motions. Using this as our asymptotic parameter,
we have found balanced-dynamics equations that are quite general. Our approach
unifies the notions of small-Rossby-number and small-Froude-number balance, and,
of course, preserves the Hamiltonian structure at leading order.

For the shallow-water equations and Boussinesq equations on an f-plane, we have
learned that a time-scale separation in the dynamics is a necessary and sufficient
condition for all classic forms of balance based on R < 1 or F < 1. Moreover, for the
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Boussinesq equations without any assumption on the aspect ratio, balanced dynamics
generally implies hydrostatic balance. Only when the Froude number is not small and
it is the Rossby number that guarantees a time-scale separation must we impose a
small aspect ratio to ensure hydrostatic balance.

The analysis has been presented on an f-plane for simplicity only. Including the
effects of a variable Coriolis parameter on a (mid-latitude) B-plane is straightforward.
The slow-motion solution of the dispersion relation is no longer trivial. Now we have
Rossby waves with frequency wg ~BL ~ fL/a, where a is the radius of the earth.
Since the inertia—gravity-wave frequency wg is bounded from below by f, we have
a time-scale separation wg/wg < L/a < 1 provided that L/a is sufficiently small. On
the B-plane L/a is an independent dimensionless parameter. If the vortical frequency
wy =U/L, we have wg/wy ~BL*/U ~(L/a)/R and this ratio may be small, large or
otherwise. While the situation is somewhat more complicated than the analysis above,
the separation of time scales can still be made to hold. In the tropics the situation is
quite different, for there the Rossby-wave frequency cannot be bounded away from
that of the fast motion; wp < \/;%/2 but the fast-motion frequency cutoff is \/;%,
where c is the gravity-wave speed.

For the Boussinesq equations we chose to assume a constant Brunt-Viisild
frequency N(z)= N for the background state. Evidently there is no simple physical
parameter to control this term if we relax this assumption. Nevertheless, the present
variables suffice to distinguish fast and slow motions if we include in our hypothesis
that N be slowly varying, i.e. dN/dz ~ €. The equations are modified accordingly and
the analysis follows through.

A restriction of our approach is to assume a non-zero stratification and, in
particular, f < N. Associated with this is the assumption o < 1. This is appropriate
for large-scale geophysical flows. In the case of unstratified rotating flow, where a
Taylor-Proudman-like balance is possible for which « > 1, a modified analysis would
be required.

Another restriction is the use of periodic boundary conditions. Rigid boundaries
allow additional slow dynamics (Bokhove 2000; Ren & Shepherd 1997), while
unbounded domains allow Lighthill radiation (Ford, Mclntyre & Norton 2000).
Again, for these cases, a modified analysis would be required.

Finding balanced models uniformly valid on the sphere would seem to be the final
frontier; the complications that arise near the equator are quite challenging. The
technique presented here, however, has met with some success. A full discussion of
the equatorial B-plane equations appears in Saujani (2005).
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