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Assessing the energetics and dynamics of the Gulf Stream at
68W from moored current measurements

by Melinda M. Halll

ABSTRACT
The energetics and dynamics of the Gulf Stream at 68W have been investigated using

year-long time series of velocity and temperature throughout the water column. The major
results that have emerged are as follows: (1) There is a net conversion of mean to eddy kinetic
and potential energies, the barotropic mechanism being almost twice as strong as the baroclinic.
These energy exchanges are dominated by what is happening in the upper 1000 m of the water
column. (2) Comparison with other studies suggests that the mooring site may be characterized
as a region of downstream spatial growth in eddy energy, with a growth rate of 3--4 x 1O-3km-l•

(3) Curvature changes due to the changing Stream path are sufficient to balance stretching of
the water column below the thermocline, the dominant measurable effect in the vorticity
equation. (4) A kinematic scheme including and relating barotropic cross-stream velocities, local
temperature changes, stretching, and curvature changes is shown to be generally consistent with
the observed data. (5) The vertical mass divergence ow j oz affects continuity at lowest order, and
may be associated with along-stream changes in transport, a vertical redistribution of the
alongstream momentum flux, or changing Stream width.

I. Introduction
In a previous paper discussing this data set (Hall, 1986a, hereafter referred to as

H1), the vertical and cross-stream structure of the average velocity fields for the Gulf
Stream were constructed from data from a single current meter mooring at 37°37'N,
68W. The two key points to the success of the analysis were: (1) the well-defined
relationship between temperature and cross-stream distance in the thermocline,
enabling the use of the former as a horizontal coordinate; and (2) a daily-changing
definition of Gulf Stream flow direction based on the shear between the thermocline
and 2000 m depth. In addition, Bryden's (1980) method was used to obtain time-series
ofvertical velocities at the fivestandard depths (575, 875, 1175,2000, and 4000 dbar),
and it was suggested that their large magnitudes (maximum rms values in the
thermocline of 0.08 cm/s) and associated vertical divergence could have implications
for the dynamics of the flow. The magnitude of the vertical divergence iJwjiJz and of
isotherm slopes was used to assess the applicability of quasi-geostrophic dynamics at
the mooring site. A Rossby number t of about 0.3 was estimated for thermocline levels,
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so that while thermal wind might be used to relate density and velocity gradients,
quasi-geostrophic dynamics might not be a good predictor for the time evolution of the
Stream.

To shed more light on these aspects, both the energetics and dynamics of flow at the
mooring site have been investigated. The merit of examining the energetic aspects of
the flow is several fold. In the first place, the full energy equations may be obtained
without assuming a particular dynamical framework for the flow (such as quasi-
geostrophy), and the different terms examined for signatures offamiliar processes such
as barotropic or baroclinic instabilities. Second, for the first time concurrent records at
thermocline and abyssal depths in the Stream are available for the analysis. Previous
investigations of the energy exchanges between mean and eddy flows (Schmitz, 1977)
have relied on deep measurements alone. Numerous analytic and numerical models
(Warren, 1963; Robinson and Niiler, 1967; Orlanski, 1969; Johns, 1985) have sought
to describe Gulf Stream variability via instability mechanisms; the predicted time and
space scales of such models may be compared with observed characteristics of Gulf
Stream meanders. However, there is no guarantee that the particular instability
process of the model is occurring in the Gulf Stream. In fact, there is little (if any)
direct evidence to answer the question of whether barotropic or baroclinic instabilities
dominate the energetics of the Gulf Stream. The energetic analysis here seeks to
determine the nature of energy exchanges between the mean and eddy fields; the
results suggest that energy is being transferred from the mean to eddy field at the
mooring site through both barotropic and baroclinic processes, the former about 2-3
times as large as the latter. Most of the contribution to these transfers comes from the
upper part of the water column, pointing out the need for more data in the thermocline
Gulf StreaJIl.

A diagnostic dynamical analysis at the site is somewhat more difficult, as there is
insufficient horizontal resolution to evaluate most terms in the vorticity equation. Most
analytic models of the Stream rely on assumptions and simplifications which mayor
may not be justified. In a thin jet model of Gulf Stream meandering, for example,
Luyten and Robinson (1974) assumed the meandering was vertically coherent, and
that vortex stretching was unimportant in the vorticity balance. Results from HI
justify the former assumption, but suggest that the latter may not be true. Rather than
trying to apply any particular model directly to the data, this work reports the
outstanding qualitative features suggested by the data, and places them within a
consistent kinematical framework. Thus, a major intent of this work is to present
results which may help to guide the development of theoretical models addressing the
time-evolution of the Gulf Stream.

2. Energetics at the mooring site

a. Eddy energy equation. In order to discuss energy exchanges between mean and
eddy flow, it is necessary to be able to define the two. In HI the Gulf Stream was
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described as a feature with a well-defined horizontal and vertical velocity and
temperature structure, and it was possible to deduce the time-averaged structure from
data from a single current meter mooring. There is insufficient data to discuss
deviations from that average, but it would be desirable to retain some degree of
horizontal resolution, pertinent to a discussion of the role of barotropic energy
exchanges. That is accomplished here by limiting horizontal resolution to two bins,
corresponding to Tm < l3°C (north of the Stream axis) or Tm > l3°C (south of the
axis), where Tm is the temperature at 575 dbars and is closely related to cross-stream
position. Furthermore, in H 1 it was recognized that the Gulf Stream may change its
position and orientation continuously, and an along- and cross-stream coordinate
system that changes daily was used to account for this feature. However, because the
time-averaging involved in obtaining the kinetic and potential energy equations
introduces an interpretative problem in such a system, the energetic analysis is carried
out in a strictly Eulerian frame. This approach is more traditional and is more readily
compared with past results as well. When they are used, variables in the rotated system
will be denoted by 1\ notation. _ _

The equation for eddy kinetic energy K' = (1/2)p(U'2 + V,2) is obtained by adding
u'x(u-momentum equation) + v'x(v-momentum equation) and then time-averaging:

(
a a a \y- ( U,2+ V,2)at + Ii ax + v ay!'"' = -\1H• P UH 2

-'-'(- - ) -a: - a - , T"1 ,- pu v v x + uy - pu Ux - pv vy - UH· v HP (1)

where the subscript H is used to mean the horizontal components only. Similarly, the
equation for eddy potential energy P' = 1/2(gaoT,2)/(Oz) obtained by multiplying the
heat equation by gaoT'/8z and time-averaging is:

(
a a a)- -~a -- --- + Ii - + v - P' = ~ (u'T' Tx + v'T' T )at ax ay 8z y

- ga ow'T' - \1H . (U'T,2gao/28.) (2)

where ao = -dp/dT = -(ap/aT + ap/as dS/dT) and is approximately 1O-4gm/
cm3;oC. Recalling that -u~. \1HP' = -\1H· p'u~ - p'w~ = -\13• P'u; + w'p~ =

-\13• p'u; - gp'w' = -\13• P'u; + gaowT', (1) and (2) can be added to get the
equation for the total eddy energy:

(a - a - a) (K' P') 'M '(1/1 P') -, '(- - )- + u - + v - + = - v H • U L\. + - pu v Vx + uy
at ax ay

- g;O(U'T' Tx + v'T'~) - pliiu,2 - V,2) - \13 • P' u;. (3)
z

Local time changes and mean advection of total eddy energy are balanced by
essentially two types of terms that appear on the RHS of Eq. (3): (1) exchanges
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between the mean and eddy flows, represented by up- or down-gradient momentum
and heat fluxes; and (2) "radiating" terms, which appear as divergences of quantities
depending only on the eddy field: specifically, there is the eddy advection of eddy
energy (first term on the RHS) and the pressure work term (last term on the RHS).
From (1) and (2) it is clear that the exchange between eddy kinetic and potential
energies is given by the term ± gOlow'T', which appears with opposite sign in the two
equations.

b. Reynolds stresses and barotropic energy exchanges. To assess the relative impor-
tance of terms on the RHS of (3) in a gross rather than localized sense, one ought to
integrate over a volume. Integration in z is possible because of the mooring's vertical
resolution; to achieve integration in y, two separate temperature bins, corresponding to
regions north and south of the Stream axis, have been used for the time-averaging
process; integration in x poses some difficulty and will simply be ignored, since only a
rough qualitative picture is sought. Furthermore, it is useful to recognize that in
Eulerian as well as rotated coordinates, it is true that vx« uy, and y2« U,2(see HI), so
that the net mean-to-eddy momentum exchange is approximately given by -pu'v' uy-
pU,2 uX' To calculate the Reynolds stress u'v', all the data were divided into two bins
according to whether Tm > l3°C or Tm < l3°C (where uy changes sign). Then, for
each of the new data sets, mean and eddy velocities were computed, as was the product
u'v'. These values are given in Table I. The accompanying values of uy were obtained
by taking uyat 575 dbar equal to e-1 times the maximum value attained in the analytic
expressions for uy deduced in HI. The magnitude is assumed to decay with depth on an
e-folding scale of 1000 m. The width of the anticyclonic side is taken as 50 km, the
distance from Tm = l3°C to 16.5°C; on the cyclonic side,.:ly = 80 km (Tm = 5°C to
13°C).

Previous estimates of exchanges between the mean and eddy kinetic energies in western
boundary currents have relied either on long time-series from measurements in the deep
water (4000-'m) beneath the Gulf Stream (Schmitz, 1977) or on surface measurements
alone (Webster, 1965; Schmitz and Niiler, 1969; Hager, 1977; Szabo and Weatherly,
1979; Nishida and White, 1982). Schmitz's (1977) results show that u'v' changes sign
across the geographical average axis of the Stream over perhaps 2-3 degrees of latitude,
such that there is a flux of eddy to mean kinetic energy (u'v' > 0 south of the Stream);
directly under the axis, u'v' < 0 and has magnitude of 5-15 cm2 S-2. The Reynolds stresses
in the deep part of the water column at the GUSTO site are not terribly different for the
two bins (Table I); they are positive, and do not change sign across the Stream axis. In
addition, (u'v')y > 0 across the Stream, the opposite sense of Schmitz's findings.However,
the results in the upper 1000 m, which will make the greatest contribution to the net
energy exchange because uy is strongest there, are remarkably different from all the deep
water values. For both bins (i.e., on both "sides" of the Stream), u'v' is large and negative,
and (u'v')y > 0, so the more negative values occur on the warm side, T> l3°C, where also
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Table 1. Reynolds stresses and shear for two temperature bins. u'y' is calculated from data, with
128 (242) data points contributing to averages for Tm < 13°C (Tm > 13°C). uy obtained as
described in text. Integration is trapezoidal, gives estimate of energy exchange due to
down-gradient momentum flux. Correlation co-efficients are listed in columns headed 'C'.

Depth ~z
Tm < 13°C Tm> 13°C

(db) (db"" m) u'y'(cm2/s2) C uy(10-5 S-I) u'y'(cm2/s2) C uy(10-5 S-I)

575 725 -321.52 -.34 -.952 -424.70 -.49 2.234
875 300 -45.40 -.25 -.706 -115.28 -.38 1.655

1175 563 -34.56 -.27 -.523 -11.44 -.16 1.226
2000 1412 -12.64 -.14 -.229 -5.83 -.13 .537
4000 1688 10.65 0.16 -.031 8.71 0.22 .073

p = 1.027 gm/cm3 ~y = 80 km ~y - 50km

- L ~z U'y' uyp - -251.9 gm/s3 - L ~z U'y' uyP = 776.6 gm/s3
T<13 1'>13

- J dy J dz(p U'y' uy) = 1.867 X 104 kg m/s3

Uy has the greater magnitude. The net effect is that of a down-gradient eddy momentum
flux (see Table I), which implies a growth of eddy energy at the expense of the mean
kinetic energy via this mechanism. There is net southward eddy transport of eastward
momentum across the Stream. The mean contribution uv indicates a similarly directed
flux, an order of magnitude smaller; u'V < 0 may be related to the fact that the average
flow was south of east. Fofonoff and Hall (1983) found that eastward momentum flux of
the Gulf Stream is decreasing in this region; (u'V)y > 0 is one mechanism that can account
for such a decrease but was not calculable in that work.

The energy transfer from Table I is opposite of that found in the Florida Current by
Webster (1965), who reported a net flux of eddy to mean kinetic energy at four sections
between Florida and Cape Hatteras. He found that the energy transfer, estimated as
U'y'Vx where v is alongstream velocity, occurred primarily as a result of strong
up-gradient fluxes in the cyclonic portion of the Stream. Schmitz and Niiler (1969)
confirmed this general pattern, but concluded that the net exchange integrated across
the current was zero, so that only a redistribution of energy was occurring. In the
Florida Current, of course, the flow is accelerating, while at the GUSTO site it may
already be decelerating, so the structure of the Reynolds stresses must change--either
gradually or abruptly-along the portion in between.

In fact, Hager (1977) used ship drift data to estimate all the components of kinetic
energy exchange, between Florida and about 70W. Although the general pattern he
deduced for the cross-stream component u'v'vx confirmed Webster's results, Hager
found that values of the downstream component y'2 vy were several times larger and
patchy in distribution through the Gulf Stream, leading to a similar picture for the net
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exchange. Thus, it is possible that this term (equivalent to U,2 U.• for the GUSTO site)
could alter significantly the results of Table 1. The effect of this term is hard to
determine from the mooring. Some historical data (Worthington, 1976; Knauss, 1969)
suggest that Gulf Stream transport may still be increasing at 68W, and if U.• > 0 as
well, then - pU,2 U.•could indeed offset the effect of the Reynolds stresses in this region.
Fofonoff and Hall (1983) found U.• < 0 at this longitude, however, in which case
- pU,2 U.•could enhance the exchange due to Reynolds stresses.

The above studies demonstrate the complexity of the kinetic energy exchange terms
in the surface flow alone; yet Table 1 suggests that there is considerable vertical
structure to the exchange as well. For example, the vertical structure of Reynolds
stresses within the southern portion of the Stream at 68W is substantially different
from that found by Schmitz (1980) 200-300 km south of the Gulf Stream axis at 55W.
Schmitz identified a weakly depth-dependent eastward flow regime at 37.5N, where
values of u'v' ranged from about 30 cm2 S-2 at 600 m depth to 35 cm2 S-2 at 4000 m
depth. (Notice that these values are opposite in sign to the upper water values reported
in Table 1.) The shear iJuliJy is small, so that little energy exchange is associated with
the momentum flux. Similar studies in the Kuroshio (Szabo and Weatherly, 1979;
Nishida and White, 1982) suggest that the question of kinetic energy exchange in
strong western boundary currents is one of great complexity.

c. Heat fluxes and baroclinic energy exchanges. The mean to eddy potential energy
flux at the mooring, u'T'T .• + v'T'~, can be estimated without the necessity of
separating the data into bins. This flux is down-gradient as well, with an integrated
magnitude about half as large as the barotropic conversion, dominated by values from
the upper 1500 m or so of the water column (see Table 2). As expected, v'T' > 0, but all
the correlation coefficients for the heat flux calculations are small. The buoyancy flux
term gaowT' is positive (although again the correlation coefficients are very small),
and may be estimated from values at 575 dbar alone, since its magnitude falls off
rapidly to negligible values. At 575 db, wT' = 24.979 x 10-3 °C cm/s; taking ~ =
725 m, Lly = 130 km:

JdY Jdz(gaow'T') = (130 km)(725 m)(9.81 ~~ 10-4 c;:C)

x (24.979 x 103oC cm/s) = 2.310 x 104 kg m/s3
•

Since this term appears with a minus sign in (2), eddy potential energy evidently is
being converted into eddy kinetic energy; moreover, it is much larger than the release
of mean to eddy potential energy, so that the net tendency of eddy potential energy is to
decrease. The energy pathway-mean potential to eddy potential to eddy kinetic
energy-tantalizingly suggests the presence of baroclinic instability at the mooring
site. Caution is warranted, however, for all of the calculations involved are rather noisy:
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the correlation coefficients are generally small and not significantly different from zero
for the year-long data record.

The net results may be compared with those found by Hall (1985b) in a recent
energetic analysis of a numerical model. That work investigated the kinetic energy
equation integrated over open-bounded volumes, and identified a variety of energeti-
cally different regimes, among them an accelerating and decelerating jet (analog ofthe
Gulf Stream), as well as a western and eastern recirculation. The energy pathways in
the decelerating jet (and to an extent in the accelerating portion as well) suggested that
barotropic instability is important for transferring energy from the mean to eddy field,
while throughout the recirculation baroclinic instability dominates. In the GUSTO
results, the signatures of both processes are found within the Stream, the barotropic
mechanism dominating, as in the numerical model. On the other hand, Flier! and
Robinson's (1984) thin-jet model of meandering suggests that for Gulf Stream-type
parameters, the meandering instability gains available potential energy at a rate about
2.4 times greater than it gains kinetic energy. However, that model is formulated not in
Cartesian coordinates, but in coordinates that move with the Stream axis, so that it is
not clear the energy exchanges should appear the same as those calculated here.

The energy transfer of mean to eddy fields implies local growth of eddy energy,
mean or eddy advection of eddy energy away from the mooring site, or radiation of
eddy energy away from the mooring site. The term -(ajay)(v'(K' + P'» may be
estimated with the "two-bin method" used on the Reynolds stresses, and although it
has the desired sign to balance the momentum and heat fluxes, it is at least an order of
magnitude smaller than those terms. The remaining radiation type terms cannot be
estimated from the data. It is plausible that this region is one of either temporal or
spatial eddy growth, and corresponding time and space scales for the implied growth
may be estimated from the numbers so far derived, along with an estimate of net eddy
energy from values in Table I of HI. The average along-stream velocity u is an
integrated value over the depth. Then:

Jdy Jdz ~ (p(U'2+ y'2) + gaoT'2) "'"8.06 x 10lOkgmjs2;
2 Oz

- JdY Jdz(p U'y'uy) "'"1.87 X 104 kg mjs3;

- JdY JdZ(r)(v'T' Ty + u'T'TJ "'"1.07 x 104 kg mjs3;

U"'" 9 cmjs.

The above values imply either a growth rate r (calculated from energyjconversion)

1.87 x 104+ 1.07 x 104
-I 36 10-1 -I 1 32 dr----------s = . x S -+-= ays

8.06 x 1010 r

or a downstream scale Lx for eddy energy growth (calculated from Lx - (u x
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energy)/conversion) of

L _ (9 cm/s)(8.06 x 1010kg m/s2) 247 km.
x (1.87 x 104 + 1.07 x 104)kg m/s3

Watts and Johns (1982) have presented observational dispersion curves for Gulf
Stream meanders from data spaced 100 to 200 km downstream (northeast) of Cape
Hatteras, and thus about 450 km upstream of the GUSTO site. They suggested that
shorter period meanders (T :s 9 days) were best described by a spatial growth rate,
those with T ~ 14 days by temporal growth. The temporal growth rate calculated here
of 3.2 x 10-2 d-I falls below the minimum values found by Watts and Johns of 4 x
10-2 d-I

• However, a spatial growth rate of 4 x 10-3 km-I, which corresponds to the
scale Lx estimated above, is found for meanders of wavelength 350 km, with phase
speeds of 30 km/d and a period T"" 9-14 days. Halliwell and Mooers (1983), in an
analysis of satellite data reaching from Cape Hatteras to 1000 km downstream, found
that the most energetic meanders in the downstream portion had a spatial growth rate
of (3.2 ± 1.3) x 10-3 km-I, a wavelength of 330 km, periods of 1.5 months, and phase
speeds of about 7 km/d. Such phase speeds are, in fact, more typical of 68W (Hansen,
1970). In spite of the crudeness of the estimates from the GUSTO data, the
comparison with other estimates suggests that the mooring site is in fact a region of
downstream spatial growth, characterized by a growth rate of 3-4 x 10-3 km-I•

3. A kinematic framework for interpreting the flow

Because the equations for mean and eddy energies do not depend on small amplitude
expansions, different terms in them may be examined for signatures of familiar
processes such as barotropic or baroclinic instabilities. Analysis of dynamical balances
is less tractable, however, because the relevant terms in the vorticity equation, for
example, involve so many derivatives. Moreover, with thermocline Rossby numbers of
about 0.3 (see HI), it may be necessary to search for a new dynamical framework that
explains the flow. Although such a dynamical framework has not been fully developed,
a kinematic framework has been explored that is consistent with the data. It is just one
interpretation of what is occurring at the mooring site, and is not necessarily unique.

The cornerstone of this kinematic framework is the importance of vertical stretching
to the dynamics. Northward velocity and estimates of dWIdZ are significantly
correlated throughout the water column: correlation coefficients range from C =

0.3-0.4, significant at the 95% level for 30 degrees of freedom; however, the term fJv is
generally an order of magnitude smaller than! dWIdZ. Suppose, for example, there is a
change in W of 50 x 10-3 cm/s from 875 dbar to 4000 dbar. The v required to balance!
awl dZ is then

v =!dwldZ "" (0.89 x 1O-
4
s-

1
)(50 x 1O-3cm/s) = 75 cm/s

{3 3125 m x 1.9 x 10-11 m-I S-l '
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which is greater than the maximum value of v in that part of the water column by a
factor of about three.

Further investigation reveals even stronger correlations between v and w (as well as
cross-stream velocity v and w) at all depths, with correlation coefficients ranging from
0.5 to 0.9. These results can be interpreted in two ways. It was found in HI that the
first empirical mode for the vertical structure of w closely resembles a first baroclinic
mode. If indeed the system behaves as such, then wand aw/ az should display the same
behavior in time, but because the latter is a much noisier term, v and ware better
correlated than v and aw/az. The second interpretation depends on water parcels
conserving their temperature: to the extent that w = u . \lZT"" vazT/ay (where zTis the
depth of an isotherm, azdax is assumed to be zero, and azday ""constant), w and v
ought to be correlated. In fact, the close relation between the two interpretations
becomes evident in a scenario based on the supposition that primarily the lower layer of
a two-layer system is observed, as suggested by the results of HI. As vertical velocities
are induced at the bottom by flow up or down the bottom slope, higher in the water
column water parcels moving vertically must also move horizontally-primarily
cross-stream-to remain on isotherms. Given that cross-stream velocities are nearly
barotropic, as was shown empirically in HI, then the vertical velocities will be greatest
where the isotherm slopes are greatest, that is, in the thermocline or at its equivalent,
the interface in the two-layer model. Thus, aw/ az, w, and v should all behave much the
same. The orientation of isotherm slopes may be quite different from the direction of
the bottom slope, whence the bottom vertical velocity appears as an independent
forcing mechanism.

The local temperature change is important too, however, and may be represented as
Tt ~ - VTy, where V is then related to the cross-stream translational velocity, so that
w = (v - V)azday. Thus, when local temperature change is compensated primarily by
horizontal advection, vertical velocities remain small. However, as discussed in HI,
there are events for which the apparent translational velocity is opposite in sign to
cross-stream velocity; then Iv - vi > Ivi and w must be relatively large to balance the
temperature equation. In fact, the first empirical mode for the vertical structure of
cross-stream velocity is highly correlated with WB (vertical velocity at 4000 m), with
C = 0.8, indicating that the mechanism suggested in the previous paragraph is
operative. However, it is not at all correlated with aT/at at 575 dbar (C = 0.05): thus,
there is no significant tendency for horizontal advection to balance local temperature
change. Now if the barotropic cross-stream velocity arises in response to wB, the size of
the vertical velocities throughout the remainder of the water column then depends in
part on the Gulf Stream's translation: in the case of opposing translational and
measured velocities, aw/az below the thermocline should have the same sign as wB:

aw (az az) az 1
575

oz "" (v - V) a; (575) - a; (4000) ; (v - V)WB> 0; a; 4000 > O.
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Case I

Case II

433

Figure 1. Vertical velocity amplitude structures for a two-layer system for cases discussed in
text. Slight bottom slope allows W "* 0 at the bottom. Interface (dashed line) represents
thermocline of real ocean; WB ~ vertical velocity at bottom; WI = vertical velocity at interface.
In Case II both a "barotropic-like" (left) and baroclinic (right) response are possible. The
cases corresponding to Ia or lIa in the text occur when WB < 0, so that the pictured amplitude
structure is negative.

The first inequality states that cross-stream velocities, which are enhanced by V, are
correlated with Ws. The second inequality states that isotherm slopes are positive, and
stronger at 575 dbar than at depth. Thus, if WB > 0 (whence v > 0) then Tt < 0 (V < 0)
should imply aw/az > 0; while WB< 0 (v < 0) and Tt > 0 implies aw/az < o. The fact
that aT/at at 575 dbar and ilw = Wm - w400Qarenegatively correlated with C = -.75
confirms these implications. That result is based on the entire time series, yet v and Tt
are oppositely signed only about half the time: evidently there are two different flow
regimes that can be summarized as follows:

Case I (Case Ia) Case II (Case IIa)

WB> 0 (wB < 0) WB> 0 (wB < 0)
v>O (v < 0) v>O (v < 0)
Tt<O (Tt> 0) T,> 0 (Tt < 0)
Wz> 0 (wz < 0) wz<O (wz> 0)

Figure 1 shows what the vertical velocity structure would be in the two-layer system for
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Figure 2. Definition sketch for variables in cyclindrical coordinates. Radius r > 0 always; v > 0
when motion is cyclonic.

these two cases; in Case II, there are two possibilities, since w at the interface need not
have the same sign as w at the bottom; but the data suggest the baroclinic response
(shown on the right in Fig. I under Case II) is more typical. Johns and Watts (1985)
present a linear analysis of the temperature equation, from data just downstream of
Cape Hatteras, which yields results analogous to Case I described here; but in that
study, Case I evidently described most of the data, and Case II was not considered at
all. The vertical structures shown for Case I and for the baroclinic possibility in Case II
resemble that of the first empirical mode for vertical velocity, which accounts for about
80% of the variance (see HI).

Physically, the cases may be described as follows. In Case I, as the Gulf Stream
moves southward (as inferred from aT/at), water parcels below the thermocline move
essentially northward and upward, remaining on isotherms; the increasing slope of
isotherms from the bottom to the thermocline implies a net stretching in the lower part
of the water column. In Case II, if the Gulf Stream moves northward (aT/at> 0),
water parcels in the Stream tend to do the same; the northward upslope movement
induces a positive vertical velocity at the bottom, but depending on the relative
strengths of v and V, vertical velocities a90ve the bottom may even be negative. The
general tendency in this case is the squashing of the water column.

Now consider the implications of aw/a~ to the vorticity balance. It has been shown
that the term fJv is insufficient to compensate the stretching termf iJw/az. However,
examination of Gulf Stream paths produced by the National Weather Service from
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satellite data for the year suggest the Stream's curvature was quite strong at times. To
assess its possible importance to the vorticity balance, consider the vorticity equation in
cylindrical coordinates. Figure 2 gives a definition sketch for the variables. Then

1 a 1 au v av 1 aur = - - (vr) - - - = - + - - - - .
r ar r a>.. r ar r a>..

(Note that now v is long-stream velocity, and may be negative or positive according to
the curvature of the Stream, since r must be positive.) With

a 1 a
v»u -»--, ar r a>..'

then

v avr--+-r ar

and the vorticity equation becomes

a (v av) u av uv a2v v av v a2v
at ; + ar + -;.ar - ?+ u ar2 + r2 a>..+; aAar

+ ~(u sin>..+ v cos >")= Jaw. (4)az
The localchange of curvature explicitlyappears, and its size can be estimated by referring
to the NWS maps. Figure 3 showsschematically how the curvature changes from May 27
when r is roughly 70 km, to June 1, when the flowhas straightened out so r is essentially
infinite.During this time, the along-stream velocity at 575 dbar v - 30 cm/s whence

i(~)"" 0 - (30cm/s)/(70km) "" -.99 x 1O-11s-2.at r 5 days

Meanwhile, aw/az b~tween the bottom and thermocline is negative, and has an
estimated magnituQe:

Jaw _ (89 10-4 -I) (-30 X 10-
3

cm/s) = -.78 10-11 -2.az . x s x 3425 m x s

Thus, the effect of changing curvature is more than enough to balance the squashing in
the lower part of the water column. Notice that the same balance cannot obtain above
the thermocline, where aw/az must be < 0; this point is addressed below.

Proceeding in a similar but qualitative manner for the four individual events
suggests that the observed flow patterns can be accounted for by quasi-fixed spatial
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Figure 3. Schematic showing change of curvature in Gulf Stream from May 27,1983 to June 1,
1983. Cross indicates mooring site. Path is adapted from northern edge of front as shown on
satellite composites. Dotted circle has radius of about 70 km and approximately matches
curvature of Stream at mooring site on May 27.

patterns like meanders moving past the mooring site. There is qualitative agreement
between the calculated along-stream direction of flow and the apparent direction from
the satellite pictures, indicating that surface patterns broadly reflect structure in the
deeper flow (Fofonoff, personal communication). Figure 4 shows how this idea of
moving patterns is consistent with all the calculations from the data for those events. In
addition, the events can all be characterized by either Case I or Case II above. In the
figure, single line arrows are selected daily along-stream directions, which when placed
end to end suggest the spatial pattern which could account for flow direction at the
mooring site if the feature passes over the mooring site in the general direction shown
by the double dashed line arrows. The X's qualitatively show successive positions of the
mooring relative to the propagating features. With each feature is a summary of the
behavior of relevant quantities during the event, and its classification according to the
above cases. March and early September are good examples of Case I: temperatures
are decreasing, but v > 0; examination of the vertical velocity time series shows that
wB> 0 and aw/az > 0 (where aw/az is taken between the thermocline and the bottom).
The sign of a/at (v / r) is consistent with the overall stretching between thermocline and
bottom during those events. As the meanders propagate past the mooring site, there is a
shift in each case from anti-cyclonic to cyclonic flow. The June event is a combination
of two cases. In late May/early June, bottom vertical velocities were negative, and
accordingly cross-stream velocities were negative as well. However, temperature was
locally increasing so that evidently Case Ia is occurring. Consistent with this
conclusion, aw/az < 0 during that time frame, and (as calculated above).

~(~)<oat r

as well. Between June 5 and 7, WB and v change sign and the flow straightens out to a
steady direction of about 90° true, while aT/at remains positive; this case is like II if



Case I
We >0

dw>O
dz
dT <0
c)t
0>0

l.(V"»O
dt r

Mar. 31

Case II
We>O

dW>O
dz <

aT >0
dt
0>0

June 21

EAST

June 6

Xs -----:>
EAST

Mar. 6

Case I
WB<O

dW<Odz
aT >0at
0<0

1.(V*)<oat r

May 26

Aug. 29

COlle I
W,>O

~w>O
~z
~T<0
elt
0>0

.E-(v*»O
~t r

tl-
II
1\
II
II
II

-EAST
Sepf.10

COlle II

WB>O

elw<O;)z
ll>o
elt
0>0

~(v*' 0
elf 7/)(2-x5<

Oct. 5

---..
EAST

Sept. 11

Figure 4. Single line arrows point in direction of flow for selected successive dates during each
Gulf Stream passage event; length is proportional to time between successive arrows. Doubled
dashed lines are velocities of meanders with shapes outlined by single arrows, required to
account for flow at mooring site. Successive qualitative positions of site are indicated by X's.
Along-stream velocity in cylindrical coordinates is indicated by v•. Relevant information on
each event according to classification scheme discussed in text is listed with each feature.
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awjaz is estimated from 575 to 4000 dbar, which yields negative or small positive
values. (However, aw j oz between 875 dbar and the bottom is decisively positive for the
remainder of the event.) In later September, Case II is observed, although a clear
indication of the curvature tendency for this event is lacking. Going in detail through
the data, one can find other isolated examples of shorter duration that are also
consistent with the schematic interpretation presented and fall into one of the four
cases enumerated above.

Meanders at this location typically have phase speeds of 8-1 0 kmj d (Hansen, 1970),
or 9-12 cm S-I. Water parcels above the thermocline certainly have speeds greater
than 10 cm S-I, however. Thus, rather than the meander passing by a water parcel, the
water parcel moves through the meander, so the effective change in curvature that it
"sees" is opposite to what is "seen" by water parcels below the thermocline. The
tendency of awjoz has opposite sign above and below the thermocline as well, so that
curvature and stretching terms can consistently balance in both "layers."

In a study of the dynamics of strongly meandering currents, Chew (1974) shows that
changes in path curvature vjr are balanced by four terms: (1) advection of planetary
vorticity; (2) horizontal divergence, or equivalently the stretching term; (3) a
curvature-acceleration term, the product of path curvature and downstream changes in
speed; and (4) a "banking" term due to the baroclinic mass distribution. The last two
terms appear with opposite sign in the tendency equation for lateral shear vorticity
avjar and thus represent the mechanism by which vorticity is exchanged between these
two components. In several case studies based on XBT data and free drifting parachute
drogues at -40 m depth (in the Loop Current system in the Gulf of Mexico, and in the
Florida Current at its beginning), Chew (1974) consistently found that the ,s-effect, or
advection of planetary vorticity, could be ignored in the dynamical balances. On the
other hand, all the other terms were important in contributing to curvature change in
one or more of the case studies. Thus, in cases where the banking or curvature
acceleration terms are important, changes in lateral shear vorticity are also implied,
whence the cross-stream velocity structure is not fixed through a meander. Chew also
found that as the drogues passed through the cyclonic into the anti-cyclonic part of a
meander, they evidently ascended, and on departing the anti-cyclonic turn, descended.
Since his results come from data above the thermocline, equivalent to the upper layer
in the GUSTO data, ascending motion corresponds to squashing and descending to
stretching, so

d (v) aw- - and f-
dt r oz

tended always to be compensating.
Now consider the importance of stretching to the mass balance. In ordinary

quasi-geostrophic dynamics, to lowest order Ux + vy = O. At the GUSTO site, however,
it is possible that awjaz affects the mass balance at lowest order. To test this idea
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quantitatively, continuity is integrated over a cross-section normal to the Stream, from
575 to 4000 dbar:

!YNl575 ou d d 1575
(" .) d !YN-0" Y Z + VN - Vs Z + (wm - W40(0) dy = o.

y, 4000 X 4000 y,
(5)

If it is assumed that the Stream maintains a steady width (an implicit assumption of
the analysis thus far), then vN = Vs and:

oM !YN !YN 1575ir = - (wm - w40(0)dy, M = u dy dz.
x ~ ~ 4000

(6)

Thus, the transport calculated for the "lower layer" can change in the downstream
direction if there is squashing or stretching in that part of the water column. The RHS
of (6) has been estimated for the March and June events. For March, when ow I oz was
basically positive, the RHS has a value of -59.7 m2/s. For June, owloz < 0 and
RHS = 49.8 m2 Is. The widths of the two events from Table III of HI are nearly the
same. Estimated transport for the two events differs by 32 x 106 m3 Is, about half of
which occurs below 575 db. With I:1M = 16 x 106 m3 Is, a downstream distance I:1x can
be estimated, over which squashing or stretching must act to produce the observed
transport difference:

Over a length scale of about 300 km, a change in transport below 575 db can occur that
is comparable to the observed differences between the March and June events. Since
velocities have merely been extrapolated to the surface to obtain the total transports,
they reflect the changes observed below 575 dbar. However, in the situation described
above, in the "upper layer" ow I oz generally should have the opposite sign as in the
lower layer, and a compensating change in transport ought to be observed in that layer
if instruments were there to measure it.

Alternatively, the assumption of a fixed-width Stream may be violated. Then,
balancing the last two terms on the LHS of (5) would give (assuming vN, Vs are
approximately barotropic):

(VN - vs) (3425 m) == 0(50 m2/s) -- vN - Vs - 0(1.5 cm/s),

so that in the presence of stretching (squashing), the Stream would be narrowing
(widening) at a rate of 1.5 cmls or about 1.5 km/day. The situation is again obscured
by the possibility that the opposite tendency occurs in the "upper layer," i.e., above the
thermocline. If the cross-stream velocities are indeed barotropic, then stretching and
narrowing in the lower layer imply squashing and narrowing in the upper, so that to
maintain continuity, along-stream velocities above the thermocline would have to
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increase in the downstream direction. Thus one would observe a surface-intensified
flow if measurements existed to the surface. On the other hand, if v is not barotropic
(contrary to the indications of HI), a narrowing Stream in the lower layer would imply
a widening Stream in the upper layer, and vice versa.

Although these possibilities are difficult to test with the GUSTO data, comparison
with Chew's (1974) results suggest that all three terms are important. Keeping in mind
that his results are for the upper layer, the following description may be deduced from
his results in conjunction with the GUSTO results. Chew found that the drogues on
approaching an anti-cyclonic turn tended to slow down and ascend, corresponding to
squashing in the upper layer, while the opposite occurred as the drogues left the
anti-cyclonic turn. In addition, a spreading of isotherms was observed when the current
slowed down, implying the current was widening, while there was evidently contraction
where the current accelerated. Thus, in the upper layer, au/ax and aw/az have the
same tendency, and the combination is countered by a narrowing or widening current
in the term av/ ay. In the lower layer, aw/ a z has the opposite sign as in the upper, but if
a barotropic cross-stream velocity structure is assumed, av/ay has the same tendency
in both layers. Thus, below the thermocline aw/az and av/ay are the same sign, and
must be opposed by downstream changes in speed, au/ax. This conclusion agrees with
what is observed in the GUSTO data, that is, that aw/az and au/ax are (partially)
compensating in the lower layer. This scenario suggests that vertical redistribution of
the momentum flux occurs in the meandering process, and that the current does not
maintain a fixed width at all times.

4. Summary and conclusions
The GUSTO mooring data, consisting of year-long time-series of velocity and

temperature from thermocline to bottom depths, on a single mooring at the mean
position of the Gulf Stream at 68W, have added considerably to our understanding of
that current. In HI, the descriptive aspects of the velocity field are presented, and some
of their dynamical implications discussed. This work extends the analysis to the
energetics and dynamics (or kinematics) of the flow, as deduced from the data set, and
raises a number of unanswered questions that remain to be addressed.

Perhaps one of the most important results to come out of the energetic analysis is
that regarding the sign and relative importance of the barotropic and baroclinic energy
conversions between mean and eddy fields. Schmitz (1977), relying on measurements
at 4000 m, suggested that the mean field in the vicinity of the Gulf Stream gains
kinetic energy from the eddies. Numerous studies using surface data in the Gulf
Stream and Kuroshio have shown that the pattern of barotropic energy exchanges is
spatially quite complex, and that any of the terms contributing to the exchange may be
important. Tables 1 and 2 demonstrate the importance of the upper water column in
determining the energy conversions: because the horizontal and vertical shears are so
strong in the thermocline, kinetic and potential energy conversions are dominated by
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what goes on there. The result, integrated throughout the water column, is a net
conversion of mean to eddy energy via both barotropic and baroclinic mechanisms, the
former more than twice as great as the latter. This is the first time such complete
observations have been available to answer directly the question of what instability
mechanism is operative in the eastward flowing Gulf Stream. The result, that there is
transfer of mean to eddy kinetic energy, is contrary to what is found far upstream in the
Florida Current, which is still accelerating.

A comparison of the implied temporal or spatial growth of eddy energy with
observed dispersion characteristics and growth rates (Watts and Johns, 1982; Halli-
well and Mooers, 1983) suggests that the GUSTO site is a region of spatial growth,
characterized by a growth rate of 3-4 x 10-3 km-I

• Both Watts and Johns (1982) and
Halliwell and Mooers (1983) found these growth rates to be associated primarily with
wavelengths of 330 km, though the other dispersion characteristics (frequency and
phase and group speeds) differ greatly. Clearly the GUSTO data are inadequate to
determine a wavelength in the downstream direction.

In fact, a complete dynamical analysis of the GUSTO data is rendered difficult by
the lack of horizontal resolution. The following observations have been made, however.
Estimates of stretching in the water column below the thermocline and of the local
change in curvature of the Stream (as deduced from satellite data) suggest that the two
may be compensating. Above the thermocline, where awjaz must have the opposite
sign, water parcels presumably have velocities greater than typical meander phase
speeds, so that they move through the meanders and "see" an opposite change in
curvature to that experienced in the lower layer: thus, a balance between stretching
and curvature changes is consistent in both layers. There appear to be two flow
regimes, characterized by whether local temperature changes are compensated or
reinforced by horizontal advection, and relying on the primarily barotropic nature of
the cross-stream flow. Comparison with a study by Chew (1974) shows that meander-
ing currents display a redistribution of mass and momentum flux, as well as changes in
total width. The kinematic scheme proposed in section 3 invokes the bottom vertical
velocity WB as forcing; it remains to determine the dynamics governing WB'

There are pressing reasons to extend the GUSTO data set vertically as well as
horizontally. Many of these are discussed in HI, and still more have arisen as a result
of the energetic and dynamical analyses. In particular, the vigorous and strongly
sheared flow above the thermocline may be key to energetic conversions, and further
confirmation for the two-layer interpretation ofthe flowis sought. In particular, it may
turn out that redistribution of momentum in the vertical, as suggested above, accounts
for apparent calculated transport differences (see HI).

Understanding of the flowat the mooring site is clearly incomplete; but the emphasis
of this work has been to present the results that should guide future development of
analytical models of the Stream, both by providing justification for certain assump-
tions and by demonstrating the salient features that should emerge as a consqeunce. In
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the former category, the results of HI have justified modelling the Gulf Stream as a
vertically coherent flow. It has also been demonstrated that the along-stream flow
should not necessarily be assumed quasi-geostrophic, particularly in the upper part of
the water column. Thus, it is to be expected that models such as those of Flierl and
Robinson (1984) are more appropriate for this portion of the Gulf Stream than, for
example, quasi-gastrophic channel models of barotropic or baroclinic instability.
Determining the success of these models is more difficult, since they predict the
evolution of the Stream path (axis) in time, rather than anything about the vertical
structure, which has been emphasized here. Although much work remains to be done
on the problem, the rapid concurrent advancement of observational technology, as well
as analytical and numerical modelling tools, could answer many of the interesting
questions raised by the GUSTO data.
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