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ABSTRACT

Data from the SYNOP 68°W current meter array show a trough pattern in the 26-month mean Gulf Stream
path at 68°W and a cyclone in the mean deep flow. In order to determine whether eddies are controlling the
specd and direction of the time-mean Gulf Stream flow at 68°W a theory is developed that extends the Eliassen~
Palm theory for zonal-mean flows to time-mean flows. The eddy force is evaluated as the three-dimensional
divergence of an eddy stress tensor and is equivalent to the eddy advection of momentum F, and the rotated
divergent eddy strciching potential vorticity flux Fyem. The study region at 68°W is characterized by large
amplitude trough formation events. It is shown that Fy. is associated with the growth stage of the eddy trough
formation events and tends to turn the upper-ievel time-mean flow southward into the trough pattern and accel-
erate and ‘‘spin up’’ the deep-layer cyclone; F ., has a vertically coherent pattern associated with the decay
stage of the trough formation events and tends to offset Fy,m particularly in the deep layer.

1. Introduction

The Gulf Stream has a rich eddy field, with wavelike
meanders and convoluted distortions of the path (Hal-
liwell and Mooers 1983; Watts 1983; Cornillon 1986).
At most locations the wavelike meanders propagate
along the path. However, downstream of Cape Hat-
teras, at 68°W, meanders often stall and form large am-
plitude troughs (Watts et al. 1995). As a result, the 7-
year mean Guif Stream surface front (Lee 1994 ) shows
traces of a trough pattern at 68°W, superimposed upon
a broad arc between Cape Hatteras and the New En-
gland Seamounts.

Recently, as a part of the SYNOP field program, an
array of 12 tall current meter moorings centered at
68°W measured the Gulf Stream’s temperature and
flow fields from June 1988 to August 1990. During the
26-month experiment, six large amplitude troughs
formed in the study region. The upper-layer (400 m,
700 m, 1000 m) time-mean path shows a trough pattern
consistent with the historical time-mean surface front,
which is clearly related to the trough events at this lo-
cation. Variability in the deep (3500 m) flow at 68°W
is dominated by mesoscale anticyclones and cyclones,
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which appear to be associated with upper-level mean-
der crests and troughs (Watts et al. 1995; Shay et al.
1995; Cronin and Watts 1996). Indeed, the time-mean
deep flow in the study region exhibits a cyclone beneath
the upper-layer trough axis.

In a companion paper, Cronin and Watts (1996) de-
termine that the potential energy of the mean jet is the
dominant source of the eddy energy and therefore con-
clude that the mean jet at 68°W is baroclinically unsta-
ble. Could these eddies, which have been generated by
instabilities on the mean jet, in turn cause a trough in
the time-mean upper-layer flow and a cyclone in the
time-mean deep flow? The fundamental question here
is: How do eddies affect the speed and direction of a
time-mean jet?

As discussed in the next section, the existing theories
of eddy forcing are not suitable for an observational
oceanic analysis. Therefore, in section 3 an eddy-forc-
ing theory is developed that can be applied to the
SYNOP Guif Stream data. The theory extends the
Eliassen—Palm theory of zonal-mean eddy forcing to
time-mean flows. Section 4 describes the SYNOP
68°W Gulf Stream data, and the time-mean eddy forces
are evaluated in section 5. The dynamics of time-mean
Gulf Stream flow at 68°W are summarized in sec-
tion 6.

2. Background theory

The dynamical analysis presented in this study as-
sumes that the flow is quasigeostrophic (QG), adi-
abatic, and mechanically unforced. Additionally, tem-
perature T is used as a proxy for density p according
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to p = po(1 — aT), where « is the effective coefficient
of thermal expansion. According to the QG approxi-
mation, the Coriolis parameter fand the total flow field
U = (U, V, w) can each be expanded into an O(1) and
a small O(Ro) (Ro = |U/(f,L)| < 1) component:

f=f+By |8yl < |fl
U=u+VU, |U,] < |ul

u= 2 ZXVP,
Jopo
where (X, ¥, Z) are the unit vectors directed eastward,
northward, and upward, V is the horizontal gradient
operator V = (X0/90x, §0/0y), P is pressure, p, is the
volume-averaged density, f; is the Coriolis parameter
evaluated at some central latitude (y = 0), 8 is the
gradient in f, and u is the geostrophic velocity. For-
mally, |U,|/{u| and |By|/|f,| scale as the Rossby
number Ro = |u/(fL)] < 1.
Likewise, the temperature field T can be expanded
into a field that is purely depth-dependent # and a tem-
porally and weakly spatially varying field 67

T=0(z) + 6T(x,y,z,t) |VoT|, |(6T),| <4,
(2)
where the vertical temperature gradient ratio scales as
the Rossby number: |(6T),]/]0,] ~ Ro < 1, while the
ratio of the horizontal and vertical gradients scales as

the product of the aspect ratio and Rossby number:
|VéT /16, ~ RoH/L < 1.

()

a. Zonal-mean equations of motion

Because the theory for eddy-forced zonal-mean flow
has provided a formal framework for subsequent time-
mean eddy forcing theories, the zonal-mean dynamics
will be briefly reviewed. The zonal-averaging operator
will be designated by brackets and the perturbation
from the zonal-mean will be designated by asterisks.
By assumption,

The O(1) zonal-mean geostrophic and hydrostatic
equations in dimensional units are

1 0
= ———[P
[u] fopo(‘)y[ ]
O=—-l-2[P]+ga[5T].
Po 02

Because 9/9x[ P] = 0, there can be no zonal-mean me-
ridional geostrophic flow. Changes in [« ] are governed
by the O(Ro) equations of motion:

(3)
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3] 13,
b‘t[T] = _[W]ez—é;[U*T*] (4)
0 Ou*
E[M] = By(v] + folva] ~ [U* By ] . (5)

While it is clear that the heat (4) and momentum
(5) budgets are coupled, it is not intuitively obvious
how the heat fluxes [v*T*] accelerate or decelerate
the mean zonal flow [u]. For this reason, it is often
simpler to work with the potential vorticity budget,
which combines (3)~(5) into a single equation:

9 o L,
ry lg]l=~— é—y_ [v*g ] (6)

v 8 (6T
g=fo+By+12-V ><U+f05-<—) , (D
z \ 0,

where the quasigeostrophic potential vorticity ¢ com-
prises the planetary vorticity f = f; + By, the relative
vorticity { = 2-V X u, and the stretching (thickness)

vorticity
0 (6T
g = fo % (7) :

By (6), heat and momentum fluxes that contribute to
the meridional eddy potential vorticity flux will cause
a temporal change in the zonal-mean potential vorticity
[q]. Because changes in [¢g] can be associated with
changes in [u], it can be expected that [v*g*] can also
force a temporal change in [u].

Indeed, because the meridional eddy relative vortic-
ity flux can be related to a meridional eddy advection
of momentum: [v*{*] = —[v*u} ] and the meridional
eddy stretching flux can be related to a meridional eddy
heat flux: [v¥g%] = fo([v*T*]/6,),, a residual merid-
tonal-vertical circulation ([v], {w]) can be introduced
such that the only explicit eddy forcing in the zonal-
mean momentum and heat equations appears as a me-
ridional potential vorticity flux in the zonal-mean mo-
mentum equation:

N 0 [ [v*T*]
[0] = [u.] az< 5 ) (8)
oy 0 [v*T*]
(W] =[w]+ By ( 0. ) )
g _ _Q ~
5[1}] =% (W] (10)
0 N
E[T] = [w]6, (1D)
0 5 EPr
o [u] = Bylv] + folT.] + [v*g*]. (12)
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Finally, with the eddy force on the zonal-mean flow,
that is, the meridional eddy potential vorticity flux, ex-
pressed as the divergence of a meridional-vertical
““Eliassen—Palm (EP) flux,”’

V-EP = [v*g*]
Jo

9 [v*T*]Z,

z

(13)

EP = —[u*v*]y + (14)
the enstrophy equation can be put into the form of a
wave activity equation (Andrews and Mclntyre 1976)

0 1g9*q*]
ot 2[q],

where 9 is enstrophy dissipation, [g], # 0, and triple
correlations and changes in the [g], are assumed to be
negligible. Thus, in the WKB limit of almost-plane
waves on a slowly varying mean flow, the EP flux is
not only a zonal momentum flux, but also is a wave
activity flux and is proportional to the group velocity

+ V-EP = 9, (15)

[g*q*]
2[q],

Equations (8)~-(16) form the transformed Eulerian
mean equations, commonly known as the Eliassen—
Palm equations and have become widely used in the
atmospheric literature (e.g., Simmons and Hoskins
1978; Edmon et al. 1980).

EP =¢ (16)

b. Time-mean equations of motion

Because zonal averages are not always suitable, par-
ticularly for oceanic circulation, over the past 15 years
there has been considerable effort in formulating an
analogous eddy forcing theory for time-mean flow
(Hoskins 1983; Hoskins et al. 1983; Trenberth 1986;
Plumb 1986; Andrews 1990). The time-mean operator
will be denoted by () and the perturbation from the
time-mean will be denoted by ( )’. By assumption

i —
50 )~ ~0

and by the QG approximation (1)—(2), |a] > | U],
[u’'| > U], and (6. > [ST.|, [T!].

The O(1) time-mean geostrophic and hydrostatic
equations can be written in dimensional units as

1 _—
foaXu=—-—VP (17)
Po
1 9P _—
0=———+ gadT, (18)
Po 52

and the O(Ro) time-mean continuity, heat, and mo-
mentum equations can be written as

0z (19)
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u-VéT = -V-u'T’ — wh,
u-Vi=-p2xu—-fizxua,—u - -vu,

(20)
(21)

where u, is the horizontal component of ageo-
strophic velocity U,. Note that we follow the me-
teorological convention (Gill 1982; Holton 1992)
in which the pressure gradient appears only in the
O (1) equations.

The time-mean potential vorticity budget, which
combines (19)—(21) into a single budget, can be writ-
ten as

uVg=-V-u'qg'.

The dynamics of the steady-state flow are inertial if the
rhs is zero and eddy forced if the rhs is nonzero. A
divergence in the eddy potential vorticity flux field can
force the potential vorticity to change along mean
streamlines, even for flow which conserves potentlal
vorticity instantaneously.

Following the procedure used to derive the zonal-
mean EP equations (8)—(15), Hoskins (1983) intro-
duces a residual circulation such that the eddy force in
the transformed time-mean momentum budget is in
terms of potential vorticity fluxes: F = —Z X u’q’
=v'q'%k — u'q’y. This force is similar in form to the
eddy force in (12). However, while the zonally aver-
aged meridional potential vorticity flux is divergent to
within a uniform vector field, the time-mean potential
vorticity flux can have a large rotational (nondiver-
gent) component that has no affect upon the mean po-
tential vorticity.

For this reason, Hoskins et al. (1983) explicitly re-
move a portion of the Hoskins (1983) eddy force that
did not seem to match the changes m the mean flow.
Assuming that /0y > 0/0x and v'v' > u'u’, u'v’,
the resulting eddy force will be horlzontally nondiver-
gent. These conditions, however, are not met at the
Gulf Stream 68°W study region (Cronin and Watts
1996). Using a less heuristic approach, Holopainen
(1984) defines the nondlvergent eddy force as Frondiv

=—-2xXuyq % and estimates u’g’ ™" by solving the
Poisson equation for its potential functlon

The nondivergent/divergent decomposition is a dif-
ficult aspect of these time-mean eddy forcing theories.
The mathematical decomposition used by Holopalnen
(1984) requires knowledge of the u’q’  potential
function’s boundary conditions, and therefore has had
limited use in oceanographic analyses. An alternative
approach has been to determine analytical balances for
the decompositions.

For conservative time-mean flow, Marshall and
Shutts (1981) (MS) show that enstrophy contours can
act as streamlines for a purely nondivergent component
of the eddy potential vorticity flux

nondiv
u'q’ =2 X VLI,

dq 2 (22)
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where di/dg is an empirically determined functional
relationship between the mean streamlines and mean
potential vorticity contours. A direct consequence of
this definition is that the downgradient component of
this nondivergent flux will balance the mean advection
of enstrophy, and assuming that triple correlations can
be neglected, the downgradient residual flux (u’g’*

=u'q — u’q’mmdw) will balance sources and sinks of
enstrophy 9:

q

L

nondiv

i_l'VT= ~u'qg’ Vg (23)
8q/ 7 S _
% 2 +u'qg’*-Vgqg =9 (24)

While there is no goarantee that the residual MS flux
is divergent, Plumb (1986) shows that the eddy force
defined in terms of the residual: F* = —~2 X u’g"* is
consistent with the properties of a generalized Elias-
sen—Palm flux M. In particular, using (23) to estimate

g’ oriented along the mean gradient, the ‘‘pseudo-
westward’’ eddy force can be estimated as

F*-§=u'q -Vq/|Vg| + ﬁ-V(%)/IVJ]

=V My, (25)

where § = g/|Vg| X % is parallel to the potential vor-
ticity (and mean streamline } contours. Thus, for small-
amplitude QG eddies on a spatially slowly varying and
nearly conservative time-mean flow, M. is the eddy
flux of pseudo-westward momentum. The vector My is
independent of the empirical factor dy/dg and can be
related to a wave activity flux even under nonconser-
vative mean flow conditions

a q Iq ’

2 2|V7] +V-M;=9.
For small amplitude, almost-plane waves on a slowly
spatially varying time-mean field, the vector M, will
be parallel to the group velocity as in (16).

In regions where the enstrophy is homogeneous, ad-
vection of enstrophy is negligible and the vector M sim-
plifies to M, which does not depend upon the advection
of enstrophy. Recently, Chester et al. (1994) evaluated
Plumb’s (1986) M in the recirculation region south of
the Gulf Stream where the enstrophy gradient is negli-
gible (i.e., where Mz ~ M;) and found that the Gulf
Stream is the source of eddy activity in the recirculation
region. In the active Gulf Stream region it is doubtful that
the simplified M can be used, since enstrophy advection
is probably nonnegligible. However, with limited spatial
resolution, which is typical of oceanic observation arrays,
the enstrophy advection cannot be estimated and therefore
V -M; cannot be computed.

In the next section, a derivation of the time-mean
eddy forcing is presented. As with the Hoskins et al.

(26)
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(1983) eddy force and the Holopainen (1984) eddy
force, the theory relies upon the mathematical decom-
position of the vector field. Divergent eddy thickness
fluxes act as an eddy force on the mean flow as in
Holopainen (1984). However, the barotropic eddy
force is set as simply the eddy advection of momentum.
The relation of this eddy force to divergent eddy po-
tential vorticity fluxes is discussed.

3. Theory

a. The transformed Eulerian time-mean equations

An advantage of using the transformed Eulerian
mean equations is that the dynamical coupling between
the heat and momentum equations are shown explicitly
in the momentum equation as a form drag. That is, the
horizontal ageostrophic flow is related to vertical mo-
tion through continuity, which in turn is related to heat
fluxes:

_ow
0z

13] udlT u'T’
E[V< ) )]

o[ (uéT . u'’l’
Jz ( é, 8, )
Note that the heat advection could be written in diver-
gence form since W and u’ are horizontally nondiver-
gent. By definition (2), 8, is only a function of depth
and therefore is unaffected by the horizontal divergence
operator V = (9/0x, d/dy). Switching the order of
differentiation, the divergent component of the ageo-
strophic velocity can be equated to the divergent com-
ponent of the rhs of (27). Thus, with the nondivergent
component expressed in terms of a streamfunction,

—nondiv

u, = ~f 5'2 X V¢,, the total (nondivergent + di-
vergent) horizontal mean ageostrophic flow field can
be written as

Vg, =

I

I
<

(27)

=!

1 -
.=~ 2 XV,
7 ¢

0

o (AT\T™ [0 (WT\]™
Axl)] g t)] e

or equivalently as

a div
g, =i, + [* (u'T'/GZ)] ,
0z

where @, is the residual horizontal mean ageostrophic
flow.

This form of the ageostrophic velocity (28) explic-
itly shows the dynamically important coupling of the
mean heat and momentum equations. Eddy heat fluxes
enter the mean momentum budget through the Coriolis
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torque on the ageostrophic flow. With the simplifying
assumption that (28) can be written in terms of diver-
gent heat fluxes, the thermal eddy force can be ex-

pressed as
wx[x (5]
2 /TI
= ()
Jo —pgaiv ) o [ fo
“w (e ) w0

For reasons that will be discussed in the section 3b, the
barotropic component of the eddy force will be set as
the eddy advection of momentum

Fiem =

~—sz

,T,div>§,.

(29)

Fmom=—u’-Vu’=~(£uu +—8—uv )f(

Ox 1))
0 —— d N
—(—a;uv +5§vv>y. (30)

Grouping the thermal eddy forcing with the eddy ad-
vection of momentum, the net eddy forcing can be ex-
pressed in terms of a three-dimensional divergence of
an eddy stress tensor E:

Ftherm + Fmom = VJE (31)
where V3 = (0/0x, 0/9y, 0/0z) and
~u'u’ —u'v’ 'ef—jv'T’div
E= ~u'v' —v'u’ —éu'T'CI
0.
E—U—,T—,div “I(_)E,—Y,—,dlv N
92 Z
(32)

Although the eddy force vector V;-E technically is
three-dimensional, its vertical component is undefined
since the geostrophic flow does not have a vertical com-
ponent.

As one might perhaps expect, the residual horizontal
ageostrophic mean flow i, is, in fact, part of a three-
dimensional residual circulation (#,, U,, w), where W
transforms the mean heat equation

o g *Q_ —————u,T,div
a ~ a aZ gz .

Wdiv
)

(33)

(34)
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ow
W, =~ —— 35
V-i % (35)
u-V7T+wh, =0 (36)

u-Va=-pyixua-—-fzxi,+ VsE. (37)
Because F,,, is the eddy advection of momentum, the
barotropic portion of the transformed time-mean mo-
mentum budget (37) is identical to the traditional for-
mulation (21). The crucial difference between this for-
mulation and the traditional formulation (21) is that the
dynamical coupling between the heat and momentum
budgets is explicit in the momentum budget. All the
dynamical eddy fluxes appear explicitly exclusively in
the transformed momentum budget (37) in terms of a
divergence of an eddy stress tensor. Thus, (32)~(37)
represent the transformed Eulerian time-mean equa-
tions.

b. Divergent eddy potential vorticity fluxes

A key element of the Eliassen—Palm equations is
relating the eddy force Fyerm + From = V-E to eddy
potential vorticity fluxes. Recall that the eddy potential
vorticity flux comprises a relative vorticity flux u’Z’
= u’(2-V X u') and a stretching (thickness) flux
u'qg = u'fo(9/02)(T"16.).

Using the thermal wind relation to write the vertical
shear in terms of horizontal temperature gradients,
Ferm can be related to divergent eddy stretching fluxes:

o [o (wT\"
o[22
8 T ga__ div
= —foZ X —|— ) —-2X g
Oz [u6<6) ZVZBZ :],
A —5—div
=—-ZXUugqggy
where

<i X vg—(zﬁ)dw =0
since any vector field in the form Z X V¢ is guaranteed
to be nondivergent. Likewise, using the vector identity
(A-V)B=V(A-B)— AX(V XB)
' ~BX(VXA)—(BV)A,
F...m can be related to relative vorticity fluxes:
Fpom = —(u"-V)u’
2
——axul " —axul """ - VEKE,
where EKE = (u’ -u’)/2 is the eddy kinetic energy.

l

—(V><u’)><u’—~V<
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In general, a vector can have a uniform component,
a purely divergent component, a purely rotational com-
ponent, and a purely deformational component (Blue-
stein 1992). If wq""" is purely divergent, then —%
X Wuw is purely rotational; —Z X Wneﬂdw can be
expressed as the gradient of a potential function and
therefore is irrotational: —% X u’q'm’ndlv = -2 X (%
X Vi) = Vi,. The eddy force Fessy = Ferm + Froom
= V-E can therefore be decomposed into rotational
and irrotational components

Sy = Foem + Fitp = =2 xu'g’ " (38)
nondiv _ VEKE (39)

A divergent eddy potential vorticity flux acts as a ro-
tational eddy force and will tend to induce vorticity in
the time-mean geostrophic flow. If the irrotational eddy
force is divergent, then the eddy force enters the bal-
anced divergence equation. However, if the irrotational
eddy force is nondivergent, the eddy force will tend to
induce deformation (e.g., confluence and diffluence) in
the mean flow. The irrotational eddy force can be dy-
namically important and therefore is included in the
eddy force.

irrot

cddy = F:_;rg[ln =-ZxX ulcl

¢. Eddy forcing mechanism

To gain intuition into the eddy forcing mechanism,
it is helpful to view the mean momentum equation in
natural coordinates. Letting § be the direction defined
by the downstream mean geostrophic flow, and fi be
the direction normal and to the left of § (§ X fi = Z),
the § and fi components of the mean momentum budget
(37) can be written in natural coordinates relative to
the time-mean flow as

lul olul = bt + 8w + aewe - EKE
as 0 a qs 8s
(40)
'ﬁ|2 - A o~ A TTTT v
= = ~Oy[T| ~ fig-u, — §-u'ql
S EKE
5wl -T2 )
On

Here |@| = §-1 is the speed of the time-mean flow,

and R is the radius of curvature of the mean streamlines
with positive values corresponding to cyclonic curva-
ture.

Consider the forcing due to the gradient in the eddy
kinetic energy. If the eddy kinetic energy increases
along mean streamlines, then by (40) there will be a
tendency for the speed (and thus also the kinetic en-
ergy) of the mean flow to decrease. This eddy force
therefore implies a conversion of mean kinetic energy
to eddy kinetic energy. The relation of the eddy stress
tensor to the mean to eddy energy conversion rates is
discussed further in the section 3e.
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Now consider the forcing due to the relative vorticity
flux. As illustrated in Fig. 1, for an eastward mean jet,
a northward flux of anticyclonic vorticity and/or a
southward flux of cyclonic vorticity will tend to decel-
erate the mean eastward flow. Likewise, an eastward
cyclonic flux will tend to turn the mean eastward flow
southward and thus introduce an anticyclonic curvature
to the mean flow. Because the nondivergent relative
vorticity fluxes do not affect the vorticity of the mean
flow, the mean curvature vorticity induced by the non-
divergent relative vorticity flux will be balanced by a
reduction in the mean shear vorticity.

The forcing due to the divergent eddy stretching
fluxes is also illustrated in Fig. 1. A cross-stream
stretching ‘thickness’” flux will tend to make the ther-
mocline less steep, and thus by thermal wind, will tend
to make the flow more barotropic (less vertically
sheared) by decelerating the upper-level flow and ac-
celerating the deep-level flow. Similarly, a stretching
flux oriented to make the thermocline shallower down-
stream will cause the vertically sheared flow to turn to
the right (e.g., turn the eastward flow southward ) in the
Northern Hemisphere. Momentum and thermal eddy
forces can also be thought of as viscouslike forces: The
eddy advection of momentum redistributes the mo-
mentum horizontally, while divergent stretching fluxes
redistribute the momentum vertically. The divergent
stretching flux eddy force can thus be interpreted as an
interfacial form drag.

In summary, the Fy., and F,., vectors can be su-
perimposed on plots of the mean streamlines of flow to
visually determine how the eddies might be responsible
for the change in speed and direction of the time-mean
flow. Where the eddy force is oriented downstream, the
eddies tend to accelerates the flow; where the force is
oriented normal and to the left of the mean streamlines,
the eddies tend to cause the mean flow to change di-
rection by inducing cyclonic curvature. If the pattern
of the eddy force is rotational, the eddy force will tend
to induce vorticity in the mean flow. If the F,,., pattern
is irrotational and nondivergent, the eddy force will
tend to induce deformation in the mean flow.

d. The wave activity flux

To interpret the eddy stress tensor E in terms of a
wave activity flux for small amplitude almost-plane
waves on a slow spatially varying background field
(WKB limit), the eddy forcing must be equivalent to
a downgradient potential vorticity flux, such as in the
zonal-mean formulism (13)—(16) or Plumb’s (1986)
elegant relationship between My and the group velocity
(25)~(26). By inspection of (38)—(39), this is only
possible under certain conditions, for example, that 1)
the eddy force is oriented along mean potential vortic-
ity contours g with high values to the left, 2) the
stretching potential vorticity flux field is purely diver-
gent, and 3) the eddy kinetic energy does not vary
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negative normal fiux of
relative vorticity decelerates
the mean flow
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negative normal flux of
stretching vorticity
decreases shear flow
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positive downstream flux of
relative vorticity increases
anticyclonic curvature

>

poSitive downstream flux of stretching
vorticity increases anticyclonic
curvature of shear flow

3

FiG. 1. A schematic showing the effect (dashed line) of the downstream and normal components
of the eddy vorticity and eddy stretching fluxes (dotted line) on the time-mean flow.

along g contours. While these conditions appear to be
quite restrictive, they in fact are characteristic of zon-
ally averaged fields with reentrant boundary conditions.
Under these conditions V- E will act as a wave activity
flux and if the enstrophy does not vary along mean
streamlines, the component of E oriented along mean
potential vorticity contours will be proportional to the
group velocity as in (16).

e. Eddy-mean energy conversion

In the previous sections, it was shown that eddies
can cause the mean flow to evolve along mean stream-
lines. To form a complete eddy~mean flow interaction
analysis one must also look at how instabilities in the
mean flow can generate eddies. In this section, it is
shown that part of the net work done by the eddy stress
tensor is the conversion of mean energy to eddy energy.

Because only the divergent heat fluxes are re-
lated to heat advection and baroclinic conversion
events, Cronin and Watts (1996) define the rate of
baroclinic conversion of mean potential energy to
eddy potential energy to be the downgradient diver-
gent eddy heat flux. With the barotropic conversion
of mean kinetic energy to eddy kinetic energy de-
fined as the traditional downgradient momentum
flux, the rate of conversion of mean to eddy energy
is then

energy conversion rate

8O0 ——div = —— Ol
= 22 qT VT — u'u —
0. u v u'u o

g (22,0 g 2D
dy  Ox dy '

(42)






