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ABSTRACT

From June 1988 to August 1990 twelve tall, high-performance, current meter moorings measured the Gulf
Stream’s velocity and temperature fields at nominal depths of 400 m, 700 m, 1000 m, and 3500 m along three
lines centered at 68°W. The overall eddy variability during the 26-month experiment was dominated by six large
amplitude trough formation events, with each event lasting approximately one month. To determine the source(s)
of energy for this eddy variability, the eddy energy budget is evaluated. Traditionally, the baroclinic conversion
of mean potential energy to eddy potential energy is defined as a downgradient heat flux. However, because a
nondivergent heat flux can be downgradient even under conditions in which there is no baroclinic conversion
occurring, a better, more dynamically correct definition of a baroclinic conversion rate is a downgradient hori-
zontally divergent heat flux. The horizontally divergent heat flux component is estimated to be approximately
half the full horizontal heat flux vector. Nevertheless, the resulting ‘‘dynamical’’ baroclinic conversion rate is
found to be positive and nearly an order of magnitude larger than the weakly positive barotropic conversion
rate. Because the large troughs at 68°W are formed through a baroclinic conversion process, the Gulf Stream jet
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Eddy-Mean Flow Interaction in the Gulf Stream at 68°W. Part I: Eddy Energetics *

is judged to be baroclinically unstable at 68°W.

1. Introduction

As the Gulf Stream flows offshore from the conti-
nental margin near Cape Hatteras, the meanders in the
path grow in amplitude from rms values of 10 km at
74°W to 40 km at 69°W. At 70°—69°W, there is a local
minimum in the meander envelope, called a ‘‘meander
node’” (Cornillon 1986; Kontoyiannis and Watts
1994), while east of 69°W the meanders can become
large amplitude and convoluted, sometimes pinching
off to form cyclonic cold core and anticyclonic warm
core rings (Watts 1983). In an effort to understand the
physics of this variability, an intensive Gulf Stream
modeling and observational field program, the Synoptic
Ocean Prediction (SYNOP) program was initiated
(Watts 1985). As a part of the SYNOP field program,
two current meter arrays measured and mapped the
flow and mass fields at 68°W (Watts et al. 1995) and
55°W (Hogg 1992) with sufficient duration and reso-
lution to analyze the Gulf Stream eddy—mean flow in-
teraction. In this paper, the eddy energy budget is eval-
uated using data from the 68°W array. In the compan-
ion paper (Cronin 1996) (hereinafter called Part II),
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the effects of these eddies on the mean flow are eval-
uated.

The purpose in evaluating the eddy energy budget is
twofold. Because the energy budget involves the gra-
dients in the mean fields, and variances and covariances
of the temperature and velocity fields, an energetics
analysis provides a benchmark for models trying to re-
produce the observed variability. The error estimates
in this analysis are measurement errors rather than sta-
tistical errors and reflect the array’s ability to interpo-
late and extrapolate the measurements horizontally, and
thus create a field which can be mapped. Nevertheless,
we believe that the statistical fields might represent the
long-term fields. The study region is characterized by
large amplitude trough events. During the 26-month
record, six large amplitude trough events formed lo-
cally and a trough feature is evident in the upper level
26-month averaged fields. A similar trough feature is
also evident in the 93-month average satellite IR SST
field (Lee 1994). Work is currently underway to in-
vestigate the life cycle of these large amplitude trough
formation events.

Besides being useful as a benchmark, the energetics
analysis can be used as a diagnostic analysis to identify
dynamical processes responsible for the observed vari-
ability, such as for the large amplitude troughs which
formed in the 68°W study region. Commonly, if the
dynamical process is suspected to be a hydrodynamic
instability, the barotropic and baroclinic conversion
rates are compared to determine the dominance of baro-
clinic and/or barotropic instabilities. However, as dis-
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cussed by Pedlosky (1987), a problem with the eddy —
mean flow instability analysis is that the mean field
tends to be more stable than the initial unperturbed field
since the mean field is broadened by the eddies and has
weaker gradients.

A more subtle and potentially more problematic as-
pect of the temporal-mean eddy-—flow interaction anal-
ysis is that only the horizontally divergent eddy heat
fluxes should be directly related to heat advection
events such as baroclinic instability events. However,
‘traditionally the rate of mean to eddy potential energy
conversion is estimated by the downgradient heat flux,
with no distinction as to whether the fluxes are hori-
zontally divergent or nondivergent. As discussed by
Marshall and Shutts (1981), inclusion of the nondi-
vergent component of the heat flux in the baroclinic
conversion rate can lead to a nonzero rate even under
conditions in which no baroclinic conversion has oc-
curred.

To take greater advantage of the dynamical infor-
mation in the eddy energy budget, the derivation and
interpretation of an energetics analysis will be reviewed
in section 2. In section 3, the experiment and the
method used for obtaining high quality maps of the
temperature field and maps of the velocity and associ-
ated streamlines of flow are described. In section 4, the
mean and eddy fields are presented and the divergent
heat fluxes are evaluated using a method developed by
Marshall and Shutts (1981). This method, which is
based on approximating temperature contours as geo-
strophic streamlines, requires maps of the temperature
and flow field and maps of the mean field streamlines.
Use of this method has been limited thus far to atmo-
spheric analyses (Illari and Marshall 1983). In section
5, the eddy energy budgets are evaluated, and the re-
suits are summarized in section 6 and discussed in sec-
tion 7.

2. Dynamics governing variability

Upstream of the SYNOP study region, at 73°W,
Johns et al. (1989) demonstrated that the quasigeo-
strophic (QG) assumption was valid below about 200
m. At the SYNOP 68°W study region, the Rossby num-
ber Ro = U/f,L at 400 m is typically 0.05-0.15 (U
~1-1.5ms™", f~ 10"*s™", L ~ 100-200 km),
with peak values of up to 0.35 (U ~ 1.75 ms™', L
~ 50 km), while at 700 m and deeper, where the flow
is weaker, the typical and peak values of Ro are much
less than 0.1 and 0.35. While a QG predictive model
might be marginal at 400 m, for diagnostic purposes
the QG dynamics still elfucidate the main balances.
Thus, this analysis of the eddy dynamics and eddy en-
ergetics will be entirely within the QG framework.

By the QG assumption, the total three-dimensional
flow U = (U, V, w) can be decomposed into an O(1)
geostrophic component u = (u, v, 0) and a small
O(Ro) (Ro < 1) ageostrophic component U, = (u,,
Ug, W) ;
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u=2xV-——P,
foPo
where all quantities are in dimensional units, (X, ¥, Z)
are the unit vectors directed eastward, northward, and
upward, V is the horizontal gradient operator,
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po 1s the volume-averaged density, P is pressure, and fy
is the Coriolis parameter evaluated at a central latitude.
Hereinafter, temperature will be used as a proxy for
density p = po(1 — aT'). In order that the quasi-hori-
zontal flow conserve heat, by the QG assumption, the
temperature surfaces cannot be too sharply tilted. The
temperature field can therefore be decomposed into a
depth-dependent background field 6(z) and a dynami-
cally important, weakly varying field 67(x, y, z, #):

T(x,y,z,t) =0(z) + 6T(x,y,z, ).

By the QG assumption, the stability of the fluid is ap-
proximated by the background stratification: |6,|
> [(6T),]. Additionally, by the beta-plane approxi-
mation, the Coriolis parameter is approximated as f
= fo + By, where |fy| > |Byl.

Thus, the O(1) QG momentum equations, the geo-
strophic and hydrostatic equations, in dimensional units are

V=

1
fZXxu=—-—VP (1)
Po
P
0= ~i8—+ gadT. (2)
po 0z

The variability in this O (1) geostrophic flow u is con-
trolled by the O(Ro) momentum, heat, and continuity
equations:

%%+u-Vu+,8inu+foi><ua:0 (3)
———-86T+ u-VT + wh, =0 (4)
ot
ow
Vou = -5, (5)

where O(Ro?) terms have been neglected. These equa-
tions (1)—(5) comprise the QG governing equations
of motion (Gill 1982).

Defining the eddy field to be the deviation from the
time-mean field, the geostrophic flow u and ageo-
strophic flow U, can each be decomposed into time
mean and eddy components:

u=ua-+u’
U,=0, + U,
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where the overline designates the time-averaging op-
erator. Note that although both components of the
ageostrophic flow field are small to O(Ro), the geo-
strophic perturbation flow u’ is not necessarily smaller
than the mean flow u. The time-mean eddy decompo-
sition can also be applied to the dynamical portion of
the mass field 67"

6T = AT(x,y,z) + T'(x,y,2, 1),
where T = 0(z) + AT(x, ¥, 2), and by QG scaling,

0
—_ <
lBZAT 1e.,
and
15}
—T'|<186,].
ST < 16

The QG equations governing variability in u’ can be
derived by subtracting the time average of (1)—(5) from
the full equations (1) —(5). Because this is an intermediary
step for deriving the eddy energetics, these perturbation
equations will not be presented. Nevertheless, for inter-
preting the statistical budgets, it is important to note that
because u, U, and u’ are each horizontally nondivergent,
the heat advection by the geostrophic eddy field is asso-
ciated with horizontally divergent heat fluxes:

-u'-VT'=-V-u'T".
In other words, horizontally nondivergent heat fluxes
are not related to heat advection (e.g., baroclinic con-

version) events. This qualification remains true even
when the fluxes are time averaged:

- VT =-vuT "
Thus, care must be taken when interpreting dynamics
in terms of statistics: Only the divergent component of

the heat flux should be interpreted in terms of heat ad-
vection events such as baroclinic instability events.

a. Derivation of the EPE budget
The mean budget for the eddy potential energy
EPE = 82772
2(9Z

can be derived by time averaging the heat equation (4)
multiplied by the factor gaT'/6,. Assuming that to
O(Ro), a is only a function of depth [recall § = 0(z)],
then the EPE budget can be written as

0 = ~u-VEPE — V-u'EPE’
—_— —

MAP EAP
—%UT VT — gaTw (6)

BC —PKC
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where

s
29,

is not yet time averaged. Because this is a steady-
state balance, at each location there is a balance be-
tween the mean advection of EPE (MAP), the eddy
advection of EPE (EAP), and the horizontal (BC)
and vertical (—PKC) downgradient heat fluxes. Al-
though this form of the EPE budget is useful as a
benchmark for model integrity, it makes no distinc-
tion between divergent and nondivergent heat fluxes
and therefore is difficult to interpret in terms of dy-
namical processes.

A baroclinic conversion process is essentially a
heat advection process that lowers the center of
mass of the fluid. Because only the horizontally di-
vergent heat fluxes can be associated with heat ad-
vection events, following Illari and Marshall
(1983), a dynamical baroclinic conversion rate can
be defined as a downgradient horizontally divergent
heat flux:

EPE’ = T'?

7div

-VT.

(7

Marshall and Shutts (1981) provide a method (here-
inafter called the MS method) for decomposing the
time-averaged heat flux field into a purely horizontally
nondivergent component and a residual ‘‘divergent’’
component. Briefly, since the geostrophic velocity can
be related to a streamfunction: u = Z X Vi, if the mean
streamlines are nearly parallel to the mean temperature
contours such that ¢y ~ (T), then the factor dys/dT
can be used to define a velocity @, which flows along
mean temperature contours and does not advect mean
temperature:

. . 64
dynamical BC conversion rate = — ge—
Z

U||=ZXV£1£—

The component of the mean flow that is responsible for
the mean heat advection is in the residual mean flow
u, ~ U — u;. Assuming the empirical factor dys/dT
can be applied to the instantaneous field, a perturbation
velocity u| that is parallel to 7’ contours can similarly
be defined:
s a .,
wy ZixXV d T T'.

The eddy heat flux by uj is purely horizontally non-
divergent:

7 nondiv

"2=u'T (8)
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and by definition is not related to temperature advection
events. The divergent component of the heat flux field,
which is related to heat advection events, is contained
in the residual eddy heat flux

u’T’dW%u’T’ _u,T,nondiv' (9)
Caution is warranted in using (9) to estimate the di-
vergent flux field since if (8) does not capture the full
horizontally nondivergent field, then the residual flux
will not be purely divergent. Thus, with closed bound-
ary conditions, it might be preferable to determine the
purely horizontally divergent and nondivergent flux
fields by solving the Poisson equation, as was done by
Lau and Wallace (1979).

Returning to the EPE budget, MS show that there is
internal canceling between the downgradient heat flux
and the mean advection of EPE: Noting that

_dy, _
=—17 X
oy a7 z VT,
and multiplying the vector identity
(8 X VT)-VT"? = (2 X VT'?) VT
by the factor

ga dy
20,dT’
MS and Illari and Marshall (1983 ) show that the mean

advection of EPE by u balances the downgradient non-
divergent heat flux:

u,-VEPE = — T -VT -

=

nondiv =
AT i v

|
=

(10)

Thus, assuming that the MS method (8)—(9) accu-

rately decomposed the heat flux field into purely hori-

zontally divergent and nondivergent components, then

by explicitly canceling the internal balance (10) in the
EPE budget (6),

dynMAP dynBC
0 = —i,-VEPE — %u—rrd“ T

Z

~

EAP —PKC
———t—
—~ V-u'EPE’' — gaT'w’,

(11)

each term can be directly related to temperature advec-
tion events and true baroclinic conversion processes.

b. Derivation of the EKE budget

The EKE budget is obtained by time averaging the
scalar product of the eddy velocity vector and the eddy
momentum equations, u’ -(eqn3) + w’'(eqn2):
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MAK EAK
—_—— A —— |
0 = —i-VEKE — V-u'EKE’
BT
: war L (2L B e B ‘
ox Jdy Ox Oy
! " 9P’ —
—ﬂ~VP’—3V——8—+gaw'T', (12)
Po Po O
horPW  vertPW PKC

where EKE' = (u'u’ + v'v')/2 is not yet time aver-
aged and the geostrophic relation has been substituted
foru’:

fou -z Xu,=u,-V—.
Po

Thus, the steady-state EKE budget comprises a balance
between the mean advection of EKE (MAK), the eddy
advection of EKE (EAK), horizontal momentum
fluxes that are oriented down the mean momentum gra-
dient (BT), horizontal and vertical eddy pressure work
by the ageostrophic flow (horPW and vertPW), and
vertical heat fluxes (PKC). Although by the hydro-
static relation, the vertical heat flux (i.e., the EPE to
EKE conversion rate) identically balances the vertical
eddy pressure work term (vertPW + PKC = 0), these
terms are important in the EKE budget since they cou-
ple the mass field and the flow field: The redistribution
of the mass field, which results in a vertical heat flux,
changes the local hydrostatic pressure, and therefore
the horizontal pressure gradient, and results in pressure
work being done on the eddy flow.

Traditionally the downgradient momentum flux BT
is interpreted as the rate of barotropic conversion from
MKE to EKE. Although Plumb (1983) shows that al-
ternate expressions can be defined to represent energy
exchange rates between the MKE and EKE equations,
the traditional definition appears to be dynamically well
grounded. There is no analog for the MS decomposi-
tion since the momentum fluxes form a tensor rather
than a vector. Furthermore, the traditional barotropic
conversion rate is consistent with the theory of eddy
forcing of the time-mean flow, which is developed in
Part II. Therefore, the traditional definition of the baro-
tropic conversion rate will be used.

3. The data

As part of the SYNOP program, for two years from
June 1988 to August 1990, 12 moorings arranged along
three lines centered at 68°W measured temperature and
velocity at the nominal depths of 400 m, 700 m, 1000
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m, and 3500 m (Shay et al. 1992). Three of the central
moorings were also mounted with an upward looking
ADCP (Johns and Zantopp 1991) that provided data
redundancy at the 400-m level. As shown in Fig. 1, the
mooring array was imbedded within a larger array of
inverted echo sounders (IESs) and IESs at the base of
the moorings were equipped with pressure sensors
(Tracey and Watts 1991). IESs are bottom-moored
acoustic instruments from which the depth of the main
thermocline (i.e., the depth of the 12°C isotherm) can
be determined (Watts and Rossby 1977). As discussed
in appendix A, we were able to use the IESs to also
determine the temperature at 400, 700, and 1000 m.
The current meter and IES array design, measurements,
data return, and processing are summarized in Shay et
al. (1995) and Watts et al. (1995). To remove inertial
and tidal fluctuations, all measurements were 40-hour
low-pass filtered. Because the mooring and IES spacing
(56 km in cross stream and 65 km in downstream) is
less than the path correlation length scale, the IES/cur-
rent meter array resolves the mesoscale and larger-scale
eddy structure.

As a first step toward creating regularly gridded data,
the upper-level mooring measurements were interpo-
lated (and extrapolated) to fixed depths of 400, 700,
and 1000 m using a mooring motion correction scheme
adapted from Hogg (1991). Details of the mooring mo-
tion correction scheme can be found in appendix A and
in Cronin et al. (1992). The constant horizon (400,

CRONIN AND
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700, 1000, and 3500 m) temperature and velocity mea-
surements were mapped onto a 260 km north—south by
200 km east—west grid with 10 km spacing using op-
timal interpolation (OI) (Bretherton et al. 1976; Free-
land and Gould 1976).

In mapping the velocities, it was assumed that the
velocity components at all levels were horizontally
nondivergent: u = Z X Vi, where ¢ is the streamfunc-
tion of flow. At 3500 m, pressure measurements were
available and it was also assumed that the flow was
geostrophic: u = Z X VP/(pofo). Thus, for each level,
an autocorrelation function of the streamfunction could
be used together with the measured u, v, and P (where
available) to create a gridded field of nondivergent ve-
locities and streamfunctions of flow. Since Kim and
Watts (1994 ) have shown that IES 12°C isotherm (Z,,)
contours can act as baroclinic streamlines of flow, in
the upper layer the streamline correlation function was
based on the IES Z;, correlation function (Tracey and
Watts 1991). In the deep layer, a pressure correlation
function was estimated from the data (Qian and Watts
1992). At all levels in this study, the mapped nondi-
vergent velocities are treated as geostrophic estimates.

The OI also estimates and maps the fractional error
based on the relative size of the combined measurement
and ageostrophic noise, the correlation length scale and
instrument spacing, and the types of input data (e.g.,
velocity or velocity and pressure). As discussed in ap-
pendix B, these (u, v, T') error variance maps can be

Latitude (N)

2-yr mean velocity at 400m . L

— 50 cm s™!

T T T T T

69 67 65

T

61

Longitude (W)

FIG. 1. The boxed study region shows the area in which the measured fields are mapped. Plus marks indicate
mooring sites. Triangles indicate inverted echo sounder sites used to estimate temperature at 400, 700, and 1000
m. Squares indicate moorings with an additional upward looking ADCPs. The mean Gulf Stream path (thick
solid line) and the *+1 standard deviation envelope (thick dashed lines) are computed from 93 months of satellite
IR images (Lee 1994). Twelve moorings were in place during the first deployment year. During the second
deployment year a 13th mooring between the second and third lines was set in place; however two critical
instruments on the second most southern mooring along the second line failed during the second year. Thus,
although 13 moorings are shown in Fig. 1, only 12 obtained useful data for each of the two years.
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used to create error maps for the computed energy
transfer rates. Further details of the OI scheme used to
map the upper level u, v, T, ¢ fields can be found in
Cronin (1993); Qian and Watts (1992) document the
OI scheme used to map the 3500-m level u, v, T, p
fields.

4. The Gulf Stream’s mean and eddy fields at 68°W

During the 26-month experiment, the Gulf Stream at
68°W experienced approximately 28 propagating me-
anders, 2—4 warm core ring—stream interactions, 2
cold core ring—stream interactions, and 6 steep troughs
(one of which pinched off to form a cold core ring).
Of these events, the six steep trough events are the most
energetic, each lasting approximately a month. An ex-
ample of one of these troughs is shown in Fig. 2. This
steep trough has a wavelength of approximately 240
km’ and an amplitude of 80 km. Almost all moorings
show a consistent pattern of temperature advection,
with cold advection west of the flow field trough axis
and warm advection east of the flow field trough. This
pattern of heat advection is consistent with the temper-
ature wave lagging the streamline wave and is indica-
tive of a classic baroclinic instability disturbance (e.g.,
Charney 1947; Eady 1949).

The mean and eddy fields and energy transfer rates
are inherently related to the six large amplitude troughs
that formed in the study region. As can be seen in Fig.
3a, the mean temperature and flow fields show a trough
pattern that is evident in the 700-m and 1000-m levels.
Curiously, the mean deep velocities show a deep cy-
clone beneath the upper level trough axis. The mech-
anism by which the eddies (i.e., the troughs) sustain
this time-mean deep cyclonic circulation is the focus of
Part II. As can also be seen in Fig. 3b, the temperature
variance fields at all levels have a local maximum cen-

tered along the trough axis near the eastern edge of the .

array at 67.5°W.

The Marshall and Shutts decomposition

The temperature variance maps can be used to esti-
mate the nondivergent heat flux according to the MS
decomposition (8)—(9):

nondiv

uITI —

&I&
e[S

1 —
Z2XV=T"?
z 2

div nondiv
uITI :urTI __uITI ,

where di/dT is an empirical factor estimated from the
data. Figure 4a shows the mean streamlines superim-
posed on the mean temperature contours. To estimate
the factor dys/dT, for each level a line was fitted to the
scatterplot of ¢ and T values from the low-error region
of the mapped fields. These scatterplots are shown in
Fig. 4b. The relation between T and ¢ turns out to be
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FiG. 2. An example of a large amplitude meander that formed in
the study region. The contoured field is temperature at 400 m for 6
Oct 1988. Temperature was measured at all mooring sites shown. In
addition, temperature at 400 m was estimated from IES at locations
marked with triangles. The vectors are the 400-m-level geostrophic
velocities for 6 Oct 1988. The mapped region .is the boxed region
shown in Fig. 1.

linear throughout nearly the entire temperature range
{which is not required, but simplifies the treatment).

Figure 5a shows the heat fluxes superimposed on the
temperature variance maps; Fig. 5b shows the diver-
gent and nondivergent heat fluxes again superimposed
on the temperature variance maps. Notice that the non-
divergent heat fluxes are always tangent to the temper-
ature variance contours. Because there is a local max-
imum in the temperature variance field associated with
the trough axis, the nondivergent heat fluxes are ori-
ented northward upstream of the trough axis and south-
ward downstream of the trough axis.

5. Evaluation of the eddy energy budgets at 68°W

The data are well suited for evaluating the eddy en-
ergy budgets [(6) and (12)]. The observational array
was specifically designed to measure the mass and flow
fields with sufficient resolution and duration to evaluate
and map the mean fields (&, v, T) and flux fields
(w'u', u'v',v'v’, u'T’, v'T"). Central finite differ-
ences with 2Ax, 2Ay of 40 km have been used to eval-
uate the gradients of the mapped (gridded) fields.

The factors g, «, and 6, have been determined from
independent sources: g the acceleration due to gravity
has been approximated by 980 cm s ~?; « the effective -
thermal expansion coefficient has been calculated to be
1.0 X 10™*°C ™" for the temperature ranges 2.2°-3.6°C
(approximately 3500 m) and 5°-17.5°C (approxi-
mately 400-1000 m) using the methodology of Bryden
(1982) on NODC CTD data of the Gulf Stream region;




OCTOBER 1996 CRONIN AND WATTS 2113

() Tand U (b) T variance
A A
L A 1 1 1 1 1 . | | 1
80 - * & 80 - + L

: E 400 m ] w;:;‘}
A /\ﬁ A
i

Aoj

Z
a \15@ —_— R & +
-soi\§ N F 50 cm st -80 I\ N +1F
¢

-160 L -160 e

i
i,

>
>
+

so-> . “ a B4, * T
e . 700 m n ‘3/“\/T

Il
(
,
x?\

il
/1
Q
S
B

. ‘.’;’
Z9
D

/<;

—130 ) T = T T T —160 T T a7
A I
A A
L J;AJ; N I 1 1 a 1 1 1
-+ +
so4 , A 804 ., -
] + r 1000 m
'a + A
T a0 A
= 5
A E ~ Foa
N N
M _god . 8 - L 20 cm s7!
'\7 A .
-\ dl
&
-180 1— —_— T
A
3500 m
g
g
o
g —
E / 10 em st
-80 D
///‘(P[ /
~160 Ly .\Q. . -160 Ll
-80 0 -80 0
km east km east

FiG. 3. (a) (left column) Mean temperature fields with mean velocity vectors superimposed at 400, 700,
1000, and 3500 m. (b) (right column) Temperature variance maps at the four levels. Plus marks indicate
mooring sites that had temperature and velocity measurements. Triangles indicate IES sites used to estimate
temperature at 4001000 m. In the light shaded regions, the temperature error variance is greater than 50%
of the expected variance.






