1514

JOURNAL OF PHYSICAL OCEANOGRAPHY

VoLumEe 30

Eddy Shedding from a Boundary Current around a Cape over a Sloping Bottom

C. CENEDESE*

J. A. WHITEHEAD
Physical Oceanography Department, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts

(Manuscript received 22 October 1998, in final form 21 May 1999)

ABSTRACT

The authors discuss laboratory experiments that elucidate the mechanism of formation and westward drift of
anticyclonic baroclinic vortices from a buoyant surface current flowing along a lateral boundary and around a
cape. Experiments were carried out with a sloping bottom in order to simulate the topographic B effect. They
showed how a vortex can be generated from the current where it separates and reattaches to the cape and that,
under some conditions, the eddy is able to detach from the cape and drift westward following isobaths. Two
important timescales regulate the flow: the time t, that the current takes to generate a vortex and the time t, that
the vortex takes to drift westward for a distance equal to its radius. When these two timescales are either of
the same order of magnitude or t; < t,, the eddy was observed to translate westward. For t, > t, the vortex was
able to form at the cape but it did not detach and drift westward. The influence of the depth of the lower layer,
h,, on the flow was investigated. The theoretical westward speed U, depends on the depth of the lower layer:
the deeper the lower layer the slower the drift. The values of the slope s required in the experiments in order
to obtain the detachment and drift of the vortex indicate that the phenomena will occur on a planetary 8 plane
only when the variation of the Coriolis parameter with latitude is reinforced by a topographic B effect. A good
agreement between the laboratory experiments and the observations of meddies in the Canary Basin, where the
Mediterranean Outflow from the Strait of Gibraltar flows along the coast of Spain and around Cape St. Vincent,
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suggests that the eddy-shedding process is similar to that observed in the laboratory experiments.

1. Introduction

In the last 10 years several surveys in the Canary
Basin of the eastern Atlantic have shown the presence
of Mediterranean Water in lens-shaped vortices called
“meddies.” These eddies were observed to form pri-
marily near Cape St. Vincent (Bower et al. 1997) and
to rotate anticyclonically (Armi and Zenk 1984; Pingree
and Le Cann 1993). The continuous M editerranean out-
flow through the Strait of Gibraltar develops into a
coastal current along the coast of Spain and Portugal
and provides the water found within the meddies. The
mechanism by which this continuous outflow breaks
into discrete coherent vortices is not clear.

Meddies are characterized by their high salinity and
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temperature relative to the surrounding water and have
a radius of approximately 50 km, a vertical extent of
about 1 km, a core depth in the range 1100-1200 m,
and are approximately symmetric about a horizontal
plane passing through the core. The azimuthal velocity
of these lenses is approximately 0.2 m s* at radii be-
tween 30 and 45 km. Their main direction of propa
gation is generally southward and they are observed to
be long-lived structures (Armi et al. 1988). Two di-
mensionless parameters are important for this kind of
flow: the Rossby number Ro = (/f, where { is the
relative vorticity and f is the planetary vorticity, and
the Burger number B = (g'H)°5/fL, where ¢’ is the
reduced gravity, H is the fluid depth, and L is a char-
acteristic horizontal lengthscale. A low Rossby number
suggests that the flow is in quasigeostrophic balance
(the buoyancy forces and the Coriolis forces are in bal-
ance), whereas a Burger number of order of unity in-
dicates that the horizontal scale of the eddy is of the
same order of magnitude as the Rossby radius of de-
formation. For the meddies these parameterstake values
approximately Ro = 4 X 102 and B = 2. Using a
Brunt-Vaisala frequency of N = 10-2 s~* and a shear
dulgz of 4 X 10-* s1, the Richardson number Ri = N2/
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(au/az)? = 6 so turbulence is negligible for this kind of
flow. Moreover the meddieslast for yearsindicating that
viscous decay times are very long.

The evolution and translation of eddies on a sloping
bottom or a B plane is a problem of particular impor-
tance because of its relevance to the transport of water
in boundary currents and mingling of this water with
the ocean interior. The completely barotropic flow of an
isolated eddy on the B plane was discussed by Stern
(1975), who showed how this flow can have a steady
solution only if it is composed of a coupled cyclone—
anticyclone system called a‘*modon.” A model of cold
eddies migrating on a sloping bottom was given by Nof
(1983); the eddy was predicted to travel to the west with
a characteristic velocity given by U, = g's/f, where s
is the slope of the bottom. Water in the lens circul ated
anticyclonically and the deep upper layer was motion-
less. Later experimental and theoretical studiesby Mory
(1985), Mory et a. (1987), and Whitehead et al. (1990)
indicated that similar eddies can be produced on a slop-
ing bottom in laboratory experiments but that the eddies
were qualitatively different from the Nof solution. The
eddies produced in the laboratory always involved mo-
tion in an active upper layer characterized by a strong
cyclonic circulation. A more general expression for the
westward drift was given by Cushman-Roisin et al.
(1990) and the previous results can be expressed as
asymptotic limits to this single solution. Theoretical
studies by Swaters (1991), and numerical simulations
by Davey and Killworth (1989), Jiang and Garwood
(1996), and Jungclaus (1999) illustrate some additional
aspects of eddies over a sloping bottom or a 8 plane
but do not recover the migration of the eddy away from
a current flowing along a vertical wall. In a recent the-
oretical study Pichevin and Nof (1996) showed how the
integrated momentum associated with any steady cur-
rent that curves around a cape cannot be balanced with-
out generating and shedding eddies. Their study sug-
gested the geometry of the experiments conducted here.

In this paper we discuss laboratory experiments that
elucidate the mechanism of formation and westward
drift of anticyclonic baroclinic vortices from a buoyant
surface current flowing along a lateral boundary and
around a cape. This model simplifies a number of im-
portant features of the oceanic flow (i.e., meddies are
interior features) and it is necessary to understand
whether they play any part in the meddy formation and
drift processes. The buoyant vortices are influenced by
a sloping bottom through an active lower layer and vor-
tex stretching. The lower layer in turn influences the
upper-layer vortex through advection of vorticity, |ead-
ing to motion of the upper-layer eddy along the depth
contours. The upper half of a submerged meddy is miss-
ing in this model, but the important contributions of a
sloping bottom and the baroclinic interface slope are
included. The motion along the bottom slope is related
to westward motion on a planetary B plane. The influ-
ence of a sloping bottom topography on the westward
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drift of buoyant baroclinic eddies was previously in-
vestigated in a one-layer reduced-gravity and two-layer
environment by Linden (1991) and Cenedese and Lin-
den (1999), respectively. Vortices were produced by a
continuous source of less dense fluid, and regimes with
differences in the flow behavior and in the westward
propagation speeds were observed.

The experimental apparatus is described in section 2
and the eddy shedding and drift mechanism are dis-
cussed in sections 3 and 4, respectively. Qualitative re-
sults are presented in section 5 and quantitative results
are given in section 6. Comparison with oceanographic
observation are presented in sections 7 and 8 and the
conclusions are discussed in section 9.

2. The experiments

A sketch of the apparatus is shown in Fig. 1 and an
overview of the experimental parameters and measured
guantities is shown in Table 1. The experiments were
conducted in a glass tank of depth 60 cm and base 61
cm. This was mounted on a direct-drive, diameter 1 m,
rotating turntable with a vertical axis of rotation. We
used a sgquare tank to avoid optical distortion from side
views associated with a circular tank. The tank was
centered on the vertical rotation axis of the table and
had a bottom slope (s) to simulate the B effect. The use
of a sloping bottom to represent a B plane is strictly
valid only for a unstratified fluid. In the two-layer strat-
ification used here, the slope provides an equivalent
potential vorticity (PV) gradient in the lower layer, but
there is not a direct representation of the PV gradient
in the upper layer. Nevertheless, the thermal wind cou-
pling across the interface implies that the motion in the
upper layer is aso influenced by the lower-layer PV
gradient. Hence, the essential features of a g plane are
captured using a slope in this case where the shallowest
part of the tank corresponded to the ‘““northern” shore
of the Northern Hemisphere topographic 3 plane. East
was to the right looking onshore, west was to the left,
and south was the deepest end. The tank was filled with
salty water of density p,. A vertical sheet of Perspex
20 cm long and 1 cm wide was placed perpendicular to
the eastern wall of the tank in order to model the effect
of a cape. The depth of the salty water at the cape, h,,
varied between 14.0 and 24.7 cm. A reservoir R, of
fresh dyed water of density p, < p, was connected to
a nozzle via a peristaltic pump and a plastic tube. The
nozzle was covered by a piece of sponge. This source
was located against the eastern wall of the tank, a few
millimeters under the free surface and 14 cm from the
cape. The outlet was directed up the slope so that the
turbulent jet of buoyant water would reach the cape and
there develop into a buoyancy-driven current along the
cape. However, the current was observed to retain some
momentum after reaching the cape, and we will discuss
in detail the effects of the source momentum flux on
the flow in section 6¢. The jet was forced by a constant
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FiG. 1. Sketch of the experimental apparatus. Arrows denote the flow direction.

flow rate Q = 8.7 cm? s, Mixing between the source
and the surrounding waters occurred along the interface
of the two layers. The mixing was confined between the
jet and the cape. The buoyancy forces are described by
the reduced gravity g' = g(p, — p.)/p., Where g is the
gravitational acceleration. A considerable reduction of
the value of g’ was observed where the mixing occurred,
between the source and the cape, and the flow rate at
the cape increased (in order to conserve buoyancy flux,
see section 6¢). In the experiment the buoyant water
from the source was characterized by g’ = 1.00 cm s2
while samples of the water in the current downstream
of the region near the source, after a significant amount
of mixing had occurred, gave values of approximately
g’' = 0.60 cm s72. The Coriolis parameter f was varied
from 0.22 st to 1.37 s* and the slope s of the bottom
was set at five different values s = 0.26, 0.38, 0.50,
0.62, and 0.76. These parameters produce atypical spin-
down time for the ambient fluid of t = hy/(2f)°5 = 140
s(usingh, = 14 cmand f = 1s%). Thisislonger than
the detachment time of roughly 100 s or less reported
in section 5 for these parameters. In addition, the spin-
down time of the baroclinic eddies will be very much
longer.

A video camerawas mounted above thetank and fixed
to the turntable so that velocity measurements could be
obtained in the rotating frame. The current was made
visible by dying the source water with food coloring
and by adding buoyant paper pellets on the surface. The
lower-layer flow was observed by injecting dyed tracer
with a syringe positioned on the southeast side of the
cape. The motion of dye was also observed both from
top and side views.

The velocities were measured by tracking the paper
pellets on the surface. A computer system with aframe-
grabber card and the image processing software Dig-
Image (Dalziel 1992a) was used to acquire and process
the images from the video records of the flow. Thevideo
tape was recorded with a time lapse of 12 seconds and
was scan converted from MTS to PAL format. The con-
version and the time lapse contributed to errorsin cal-
culating the velocity and vorticity fields. Typically less
than 500 paper pellets were located in each frame and
the velocities obtained by sampling the video film at a
frequency of approximately 2 Hz. Automatic matching
of these locations to the ones in previous frames pro-
duced the tracking files. Particle velocities were cal-
culated over five samples and the velocity field was
obtained by mapping the individual velocity vectors
onto a rectangular grid using a spatial averaging over
6.2 cm, and averaging over 24 s. The vorticity was
calculated from these gridded velocity data. The error
in the velocitiesis estimated to be somewhat larger than
5% quoted by Linden et al. (1995), whereas the error
in the derived fields is estimated to be larger than 10%
(for details see Dalziel 1992b, 1993).

3. Eddy-shedding mechanism

In order to understand the mechanism involved in the
detachment of an eddy from the current and its con-
sequent shedding, we calculate the timescales of the
formation of an eddy from a buoyant current flowing
around a cape and compare it with a timescale for the
drift of the eddy.

The formation timescale t is defined as the time for
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TABLE 1. Overview of experimental parameters (columns 2-5) and measured quantities (columns 6-9). The reduced gravity g’ = 0.60
cm s 2 and the flow rate Q = 8.7 cm?® s are the same for all experiments. Column 10 indicates the eddy-shedding region (0) for s = s'/
7r; no eddy shedding (1) was observed for s > s'/#, while 2 indicates experiments in the transient regime, where the eddy shedding occurred
after timescales much longer than in the region where s = s'/#r. Asterisks denote experiments used in section 8 and double asterisks denote
experiments used in section 5c¢. Blanks indicate quantities not measured.

h, f 2R Uy h, T
Expts. s s'lm (cm) (sY) (cm) (cm s™) (cm) (s) Kind

6 0.50 0.62 14.0 0.81 13.6 0.12 6.0 0

9 0.50 0.39 15.8 0.60 13.6 75 1
10 0.50 0.90 15.0 1.06 13.6 0.22 7.5 30.0 0
11 0.50 0.33 16.0 0.54 14.8 75 27.6 1
12 0.76 1.01 14.2 1.13 11.4 0.17 9.0 27.6 0
13 0.76 131 14.8 1.37 11.4 0.17 9.0 18.0 0
14 0.76 0.79 15.4 0.89 13.6 0.19 8.0 18.0 2
15 0.26 0.10 145 0.22 23.8 9.0 42.0 1
16 0.26 0.29 15.1 0.48 19.0 0.12 8.0 27.6 0
17 0.26 0.47 155 0.68 16.7 0.14 6.0 36.0 0
21 0.76 0.41 14.7 0.61 12.2 8.0 21.6 2
22 0.76 0.15 15.5 0.31 11.4 6.5 40.8 2
23 0.50 0.10 15.5 0.22 13.6 5.0 1
24 0.50 1.20 151 1.30 10.2 0.16 7.0 21.6 0
25 0.26 0.75 15.3 0.94 12.5 0.13 6.5 27.6 0
26 0.26 1.01 16.7 1.18 114 0.17 6.0 21.6 0
30 0.50 0.10 15.7 0.22 13.6 4.0 1
36 0.00 0.77 17.8 1.00 13.8 75 *
37 0.00 0.30 15.5 0.50 18.8 55 *
38 0.00 0.11 16.4 0.25 25.0 4.0 *
39 0.11 0.29 15.0 0.48 20.0 0.08 4.5 *
40 0.05 1.30 15.0 137 10.0 5.0 *
41 0.76 0.77 22.8 1.06 7.6 55 *x
42 0.76 1.03 229 1.30 6.5 5.0 *
43 0.76 0.10 16.2 0.22 18.2 4.0 1
49 0.62 1.06 15.8 1.20 10.7 0.17 10.5 20.4 0
50 0.62 1.10 14.3 1.20 10.7 0.22 9.5 20.4 0
51 0.62 0.79 14.8 0.96 11.9 0.18 9.5 24.0 0
52 0.62 0.49 15.6 0.71 13.1 0.11 85 24.0 2
53 0.62 131 14.6 137 9.5 0.23 9.5 0
55 0.38 0.74 15.5 0.94 10.7 0.16 85 24.0 0
56 0.38 0.44 16.0 0.65 155 0.19 75 21.6 0
57 0.38 0.15 15.3 0.31 19.1 7.0 51.6 1
58 0.38 1.02 16.0 1.18 11.9 0.19 8.0 24.0 0

the volume V of the eddy to be filled by buoyant fluid
flowing at a flow rate Q. The eddy is considered to be
a zero potential vorticity paraboloid and hence its vol-
ume can be expressed as

mReh,  mg'h,Vhh,

V =
2 2f2 '

@
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Fic. 2. Schematic diagram of the eddy over a sloping bottom: (&)
top view and (b) side view.

P2

where the radius of the vortex R is taken to be equal to
the Rossby radius of deformation R, = (g’\V/h,h,)v2/f
based on the geometric mean of the vortex depth h, and
the lower-layer depth underneath it h, = hy — sr sing
— h,, both calculated at r = 0 (Fig. 2); experimental
results indicate that this is a reasonable measure of the
vortex radius (section 6¢). In order to calculate the time
for filling the volume V two assumptions are introduced.
First, the maximum depth of the vortex is considered
to be equal to the maximum depth of the current. Sec-
ond, the maximum current depth (which occurs at the
wall) is calculated assuming that the current is in geo-
strophic balance. The first approximation will be ex-
perimentally verified later and the second will be dis-
cussed further in section 6¢. Using the subscripts ¢ and
v to indicate quantities related to the current and to the
upper-layer vortex, respectively, the geostrophic balance
for the current along the eastern wall gives

oh

foo =g @

This leads to
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’ "9 oh. g'hs
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where X is the alongslope coordinate normal to the east-
ern wall. Consequently,

P21Q
h,~h = [== 4
, = he g 4

Using (1) and (3) the formation time is then given by
Vv 7V h,h, _ 1_|_ Vh,h,

tf:—x

Q fh, 4 h

where T is a rotation period. This predicted formation
time is quite small, indicating that probably not al the
assumptions made are correct (see section 6¢), in par-
ticular geostrophy is questionable since it supposes the
flow to be steady, athough the force balance it repre-
sents is probably the main one. However, the value t;
measured during laboratory experiments, even if sys-
tematically larger than (5) (see Fig. 15), is still of the
same order of magnitude. Therefore (5) serves asagood
starting point to understand the basic mechanism of vor-
tex formation and drift from a cape.

The timescale for the westward drift of the eddy over
a length equal to the radius of the vortex is calculated
assuming that the westward drift velocity U, scaleswith
the long Rosshy wave speed given by U, = g's/f (Nof
1983). (This velocity is a first approximation and mod-
ifications are discussed in sections 4 and 6¢). Hence

. _R 1<Vth)”

(5

v

6
=0\ g ©)
When the timescale for the formation of the vortex and
the timescale for the westward drift are of the same
order of magnitude (t; = t,), a vortex will form at the
cape and then detach from it as a result of a westward
drift. Using (5) and (6) we can find

tf SR

—=—=1 7

L h (7
More generaly, we define s' = h, /R as the slope as-
sociated with the interface displacement generated by
the vortex, which can also be expressed as a function
of the external variables using (4) and the usual ex-
pression for the Rossby radius R, to give

(ZQ) 3/8f 11/8
~ g'™[h, — (2fQlg')v2] ¥+’

Equation (7) implies that when the slope of the to-
pography is of the same order of magnitude as the slope
of the vortex interface displacement, the eddy will de-
tach and drift westward. In the present analysis we will
only consider relatively large slopes with s = 0.25. No
shedding was observed for slopes s < 0.25 and this case
will be discussed separately in section 8.

v

(8)
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Two other possible situations can occur when t; is
bigger or smaller than t, so that

Y eins<S Yoips=E (9

d T ty T
In the first case the formation process is faster than the
drift process. Consequently, the eddy will grow to its
final volume V and then drift westward after interacting
for a short time with the vortex that is forming next. In
the second case the time for the formation of the vortex
is longer than the time necessary for its drift so that
some fluid from the vortex can drift westward before
the formation process of the vortex is completed. There-
fore, the vortex takes even longer to reach its final vol-
ume V and cannot drift as a coherent structure but in-
stead remains attached to the cape. In conclusion we
predict that an efficient vortex separation from the cur-
rent and westward drift only occurs when t,/t; = 1 and
therefore the topographic slope is smaller than the in-
terfacial slope scaled by a, while the process is inef-
ficient whenever the formation timescale is larger than
the drift timescale (t,/ty > 1).

4, Mechanism for westward drift

Consider a buoyant vortex at the free surface of a
homogeneous layer having a sloping bottom topography
as sketched in Fig. 2, where in polar coordinates the
depth of the ambient fluid underneath the vortex is h,
= h, — sr sinf — h,. A first approximation of the
resulting flow can be obtained by neglecting the effect
of friction on all surfaces (the density interface, thefree
surface, and the tank bottom). The inviscid flow, both
inside and outside the vortex, is governed by the con-
servation of potential vorticity. The continuity equation
in the upper layer is

oruh,) | owh) _

1
ar a0 0 (10)
and in the lower layer is

a(ru,h,) n d(vyh,) -0, (12)

ar 00

where u, (u,) and v, (v,) are the radial and azimuthal
velocity in the upper (lower) layer.

a. Lower-layer vortex

The upper-layer vortex formation squashes the fluid
column underneath so that, in order to conserve poten-
tial vorticity, the fluid in the column will start rotating
clockwise in an anticyclonic motion. Consider acircular
lower-layer anticyclonic vortex with azimuthal velocity
v, and the same radius R as the vortex in the upper
layer (Fig. 2). In the absence of a zonal drift and as-
suming the radial velocity to be negligible, the lower-
layer continuity equation (11) becomes
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Applying this to the north (N) and south (S) sides of
the eddy yields

0. (12)

(13)

Uonhon = Uashys,
where
h,, = h, — sSR— h,,

If the same fluid circul ates around the eddy without loss
of mass and h,, # h,s, we conclude that v, # v,s.
This discrepancy is at the base of the arguments of
Bjerknes and Holmboe (1944), Rossby (1948), and
Cushman-Roisin et al. (1990), who consider a variable
Coriolis parameter (f = f, + By) instead of a variable
depth (h, = h, — sr sinf — h,). The Corialis forces
associated with these two velocities will no longer bal-
ance each other and, assuming the vortex shape is un-
changed, the addition of a zonal westward velocity U,
is required in order to reach equilibrium. The vortex
will initially move southward for an inertial lengthscale
proportional to the velocity difference. This motion will
induce a Coriolis force westward. Consequently, the
vortex will be deflected westward until the Coriolis
force associated with the westward drift velocity bal-
ances the net Coriolis force associated with the differ-
ence between v,, and v,s. This transient regime takes
place for atimescale of the order of one inertial period.
After reaching a steady balance the Coriolis forces in
the north and south side must be equal; that is,

h,s=hy+sR—h,. (14)

flusy — Uy) = Fus + Uyy). (15)
This gives the result that
Uoy = Ups + 2U . (16)
Substituting (16) into (13) yields
(Vas + 2U,0)N,y = vashyg, 17)
and using (14)
U, = V@R + Ny = o) as)

2(h0 — SR - th)

Assuming for simplicity that h,, and h s are much small-
er than sR and that h, and sR are much smaller than
h,, (18) becomes

U,sSR
h, '

wherethe zonal velocity has exactly the same expression
asin Cushman-Roisin et a. (1990) if the variable depth
is substituted for the variable Coriolis parameter. For
anticyclones the zonal velocity is directed westward
while it is easy to follow the same procedure and show
that for cyclonic vortices an eastward zonal velocity U,
is required in order to reach equilibrium.

Uy = (19
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b. Lower- and upper-layer interaction

We will assume that the lower-layer vortex interacts
with the upper-layer vortex through thermal wind bal-
ance across the interface (Griffiths and Hopfinger 1986,
1987). The lower-layer vortex drifts westward as dis-
cussed in section 4a and its vorticity field induces the
drift of the upper-layer vortex at the same speed U,, =
U.,. Any small departure of the upper-layer vortex from
a configuration concentric with the lower-layer motions
will be removed through advection by the lower-layer
velocity field. This process is similar to the **axisym-
metrization” of vortices in afluid of uniform depth and
subjected to a uniform f, but in the present case the
vortex on a slope will not be circular.

In order to calculate the lower-layer azimuthal ve-
locity and consequently the westward velocity U4, we
will use conservation of potential vorticity in both lay-
ers. Inthetop layer we assume that the eddy isgenerated
by an inflow from the coastal current having zero po-
tential vorticity and, consequently, the vorticity isgiven
by ¢, = —f. In the lower layer

f _ f+ ¢
h, — srsind  h, — srsinf — h,
where we assume no movement of the lower-layer col-

umn up- or downslope. A first approximation to the
relative vorticity becomes

: (20)

L= fh,
2 — ho .
If we consider that the vortices in the lower- and upper-
layer have approximately the same radius, then the ratio
of the two vorticities gives a scale of the ratio of the
azimuthal velocity in the two layers. The ratio of the
two velocities is then given by
$ Uy h,
E == 22
gv vu hO ( )
Integration of the vorticity in the upper layer leads to
the anticyclonic azimuthal velocity v, = fR/2. Using
(22) to obtain v, and assuming for simplicity that v,
= v,, then (19) yields a westward velocity drift given
by

(21)

U _1g,S‘hvh2hv
2  f hg

The drift velocity (23) is directed westward for an-
ticyclones and eastward for cyclones and thisisin con-
tradiction with the laboratory observations discussed in
section 5b of a westward drift for both cyclones and
anticyclones. A different explanation isrequired for this
behavior.

(23)

c. Drift due to induced vorticity

A B gyre approach can be applied to fluid columns
within the vortex and another contribution to the west-



1520

Thin A

(=)} w o
£ a £ 2
= < N @®
£ o © &
o N g =
= S o3 =1
2 Q@ 7] Q@

Yy
Thick h

X

Fic. 3. Sketch illustrating the B gyre approach in order to explain
the vortex westward drift. The advection of surrounding fluid induces
cyclonic and anticyclonic vorticities, which combine to induce a drift
of the vortex structure along lines of constant thickness. In the North-
ern Hemisphere (as drawn in figure), the vortex moves with the thin-
layer side on itsright; the direction is opposite in the Southern Hemi-
sphere (Cushman-Roisin 1994).

ward drift velocity can be found. A vortex on a slope
advects fluid columns both upslope and downslope re-
gardless of the sign of the vorticity and regardless of
whether or not the vortex is drifting. Conservation of
potential vorticity dictates that the columns advected
upslope and downslope acquire anticyclonic and cy-
clonic relative vorticity, respectively. The vorticity ¢ of
these columns is given by

= F e .
These regions of positive and negative vorticity form a
dipolar contribution to the velocity field, which can then
induce motion ““westward’” along the slope (Fig. 3). The
same mechanism was investigated by Cushman-Roisin
et al. (1990) where, instead of a variable depth, a var-
iable Coriolis parameter was investigated. Writing the
azimuthal velocity associated with the induced vorticity
as v, we have v’ = [R/2. The westward drift of the
vortex due to the induced dipolar vorticity component
is given by

(24)

_g'sVhh,
f hy

This expression for the westward velocity is exactly the
same as in Cushman-Roisin et al. (1990) if the variable
depth is substituted for the variable Coriolis parameter,
although it is derived with a different approach. In ap-
pendix 1 the same expression for U,, is derived using
the approach described in Cushman-Roisin et al. (1990).

The two different drift mechanisms discussed in sec-
tions 4a—c are not linear processes; therefore, the two
contributions to the westward drift velocity given by
(23) and (25) cannot be strictly added together to give
the total westward velocity. However, in order to find
an approximation for the total westward speed we will
simply add the two terms together, being aware that is
not strictly correct. For an anticyclonic vortex

Uy = 20/ (25)
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g'sVhh 1h,
Usgrorar = T ho - 1+ Eh_o ) (26)
and for a cyclonic vortex
g'sVhh, 1h,
Usgrorar = T ho - Eh_o ) (27)

where, for the experiments described in section 5, the
second term on the right side of the equations is only
28% of the first term on the right side of the equations.
Therefore the induced-dipole mechanism leading to (25)
is the primary cause of the westward drift. In any case,
(26) will be compared in section 6a to experimental
results as a test of its validity.

5. Qualitative results

In the experiments the buoyant current generated by
the jet on the eastern wall propagated upsiope (north-
ward) until it encountered the cape. It rounded the cape
and turned eastward after separating from the corner
and reattaching to the cape some distance from the tip.
Providing the current had a large enough volume flux,
under some conditions, it eventually detached from the
cape and drifted westward. Experiments carried out with
a different type of source providing less volume flux
than the jet source, and experiments with lower flow
rate showed both that the eddy formation mechanism
was inhibited and that the current reattached at the cape
without forming a region of closed streamlines at the
cape.

We first varied only the slope s and the Coriolis pa-
rameter f in order to observe eddy shedding as dis-
cussed in section 3. The influence of lower-layer depth
and of bottom topography was investigated for some of
these experiments. A different orientation of the cape
relative to the direction of the bottom slope was also
investigated in order to simulate different geographical
situations.

a. Eddy shedding

Experiments were carried out with different slopes
and for each of those we varied the Coriolis parameter
in order to investigate different values of the dimen-
sionless parameter s'/# (8), as shown in Fig. 4. The
lower-layer depth at the cape was kept constant and
approximately equal to 15 cm. For s > s'/r the current
streamlines separated from the corner and formed an
anticyclonic vortex that started growing slowly at the
cape. Some of the fluid within the vortex |eaked out and
drifted westward along an isobath (Fig. 5a). The for-
mation time of the vortex was very long and no eddy
shedding was observed. For some values of s > s'/,
when the value of the slope was s = 0.76 (the largest
used) and s = 0.62, the eddy was observed to detach
after a timescale much longer than for the regime char-
acterized by clear eddy shedding (s = s'/m) and we
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FiG. 4. Regime diagram illustrating the eddy-shedding region (open
diamonds) for s = s'/ar. No eddy shedding (solid diamonds) was
observed for s > s'/7. Solid triangles indicate experiments in the
transient regime where the eddy shedding occurred after timescales
much longer than in the region where s = s'/.

refer to these conditions as the transient regime. The
detachment also involved the destruction of the anti-
cyclonic eddy due to baroclinic or shear instabilities
growing at the front of the eddy. For s = s'/7r the current
flowing around the cape formed an eddy after stream-
lines separated from the wall (Fig. 5b). Before the
streamlines reattached to the cape, the flow passed
through a stagnation point. Beyond this point the
streamlines in the outer edge of the current reattached
to the cape, evidently influenced strongly by depth con-
tours, while the streamlines in the inner part of the cur-
rent closed on themselves at the end of the cape. The
closed streamlines indicated the presence of the anti-
cyclonic vortex (Fig. 6a), and this grew in size due to
the continuous inflow from the current.

After a time the stagnation point moved westward
along the cape until it reached the tip of the cape. The
vortex then separated from the current and from the cape
(Figs. 6b,c,e). The current streamlinesthen reestablished
their previous path with separation at the cape and re-
attachment downstream, starting the whole process

North

source

South

(a)
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again and leading to the production of a new vortex
(Figs. 6¢,d,e). After each eddy detached from the current
it drifted westward approximately following isobath
contours. The vortex generdly lost its axisymmetric
shape and coherency and could be destroyed before
reaching the western wall of the tank (as a result of
processes discussed below).

b. Instability processes

Instability was observed to influence the formation
and drift of eddies as well as the flow of the boundary
current along the side boundary and around the cape.
These instabilities are expected to range from those that
were almost purely baroclinic and driven by the release
of potential energy to those that are almost purely bar-
otropic and which drew on the kinetic energy in the
basic shear flow. However, the appearance of amplified
disturbances is expected to be similar for both types of
instability and, therefore, it was difficult to determine
which one was occurring or was dominant. As observed
by Griffiths and Linden (1981), these instabilities led
to both vortex splitting and rapid radial spreading of the
water of the upper-layer eddy. At an early stage of the
instability, cyclonic rings, or ““spiral arms,” of buoyant
fluid were produced, indicating the presence of cyclonic
vortices in the lower layer.

The anticyclonic eddies were destroyed as a result of
two different processes. The first process occurred only
in a few experiments where the boundary current was
observed to become unstable along the southern side of
the cape, with backward breaking wave crests. The
buoyant fluid started meandering, with anticyclonic rel-
ative vorticity created within the meander crests and
cyclonic relative vorticity produced in the lower layer
(due to stretching of water columns) in the meander
troughs. The cyclonic motion trapped some of the buoy-
ant fluid and formed visible cyclonic arms that gave the
appearance of backward breaking waves (Fig. 7a).
When each of these cyclonic vortices reached the tip of

North

South

(b)

Fic. 5. Sketch illustrating the eddy not shedding from the cape (a) for s > s'/ar, and the eddy shedding from the
cape (b) for s = s'/m.
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(b) (e)

(c) ()

Fic. 6. Formation (a) and westward drift (b, c, d, €) of anticyclonic baroclinic vortices from a buoyant surface current flowing along a
side boundary and around a cape for f = 0.96 s, s = 0.62, s'/7 = 0.79, and h, = 14.8 cm. The anticyclone was unstable (e) and formed
two spiral arms as a result of the generation of cyclonic vorticity in the lower layer by baroclinic instability. The lower-layer flow was seen
by injecting dye (see as the darker tracer) in the southeast side of the cape: (a) after 3.8 rotation periods, (b) after 8.7 rotation periods, (c)
after 10.8 rotation periods, (d) after 13.3 rotation periods, (€) after 15.9 rotation periods, and (f) after 19.5 rotation periods. The white
particles in the panels are buoyant paper pellets added on the surface.

the cape they interacted with the anticyclonic vortex deeper water so that the lower-layer cyclone was
generated at the tip by the current. The two structures stretched, further increasing itsintensity. Eventually the
began moving westward as a dipole in which the an- circulation intensity of the cyclone overcame the anti-
ticyclone initially had the greater intensity. Thus the cyclone circulation and it entrained fluid from the an-
anticyclone advected the cyclone slightly southward to  ticyclone, elongating and destroying it.
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Fic. 7. Sketch illustrating the instability processes that originated on the (@) current and on vortex (b).

The second process was observed in almost all ex-
periments where the anticyclonic vortex detached, as a
single structure, from the current and drifted westward.
Eventually, the anticyclone became unstable and formed
two spiral arms (Figs. 7b and 6€) as a result of the
generation of local cyclonic vorticity in the lower layer
by baroclinic instability as shown by the dark dye tracer
positioned in the lower layer. One of the cyclonic vor-
tices was advected southward by the anticyclone and
increased its intensity until it became strong enough to
tear the anticyclone apart as shown in Fig. 6f. Thiskind
of instability has been observed also when the vortex
was generated by a point source in a two-layer envi-
ronment (Cenedese and Linden 1999) or a one-layer
environment (Linden 1991). Figure 4b (Cenedese and
Linden 1999) shows two anticyclonic vortices moving
westward over a sloping bottom, and it is clear that the
vortex on the left of the figure has an elongated shape
with formation of spiral arms similar to the vortex on
the left of Fig. 6e. The instability of anticyclonic vor-
tices over aflat bottom has been previously investigated
by Griffiths and Linden (1981) and, as in Fig. 6e, n =
2 was observed to be the minimum azimutha wave-
number for an unstable disturbance.

c. The influence of depth

The depth of the lower layer plays the important role
of determining the magnitude of the relative vorticity
produced in the lower layer by squashing of the lower-
layer column underneath the upper-layer eddy and
stretching and squashing due to the bottom slope. The
topographic B effect depends on the lower-layer depth
through the relation B = sf/h,. In this section we will
discuss only the influence of h, on the eddy shedding
mechanism under the restriction that the B8 effect as-
sociated with the bottom slope remains unchanged. Pairs
of experiments were carried out with the same value of
the Coriolis parameter but varying the lower-layer depth
and the slope to give the same effective 8, namely

s, f sf
== == 28

o oo 29
where the subscripts A and B label the two experiments
with hy, = 15 cm and h, = 23 cm, respectively. The
value of the dimensionless parameter s'/7r depends only
on f and h, for a given flow rate and reduced gravity,
and for both experiments s’/ was chosen to be larger
than s in order to observe the shedding of eddies. The
flow structure of experiment A has already been dis-
cussed in section 5a. During experiment B the vortex
formed at the cape but it did not detach, so it had a
similar appearance as the flow presented in section 5a
for s > s'/ar. In the two experiments the westward drift
was forced by the same topographic 3 effect. Therefore
the different behavior observed was caused by the in-
crease of the lower-layer depth and the relative decrease
of the lower-layer column squashing by the eddy. These
give a lower value for the westward drift velocity (26).

d. The influence of the *‘cape” position

Experiments were performed with different orienta-
tions of the cape relative to the direction of bottom slope
in order to obtain a more complete view of possible
scenarios along real coastlines. We positioned the cape
perpendicular to the western wall of the tank with a
buoyant coastal current encountering the cape from the
north (Fig. 8a). After encountering the cape the current
flowed around it and then turned westward separating
from the corner and reattaching itself to the cape. An
anticyclonic vortex formed at the cape in the same way
as in the previous experiments and was observed to
remain in itsinitial position for s > s'/7. For s= s'/w
the eddy migrated westward and merged with the current
flowing around the cape and along the western wall. As
expected, no eddies were observed to cross the tank in
the eastward direction. Nor were eddies shed when the
cape was positioned orthogonal to the southern wall
(Fig. 8b). In this geometry some fluid from the current
leaked westward just before going around the cape. Con-
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Fic. 8. Sketch illustrating the different orientations of the cape relative to the direction of the bottom slope.

sequently the vortex did not form completely nor was
it shed from the cape.

In other experiments the cape was orientated perpen-
dicular to the northern wall with a current flowing west-
ward (Fig. 8c). This geometry, where the cape was per-
pendicular to the isobaths, was an attempt to simulate
a peninsula on a shelf with a strong offshore slope. The
resulting flow showed similar behavior to those de-
scribed in section 5a, with the eddies migrating west-
ward along isobaths for values of s = s'/7. It appears
that the results for the geometry with the cape positioned
perpendicular to the eastern wall apply to this case as
well.

6. Quantitative results
a. Westward drift

The westward drift speed was measured for the ex-
periments in which s = s'/7r and in Fig. 9 it is plotted
against the predicted drift speed (26) calculated in sec-
tion 4c. This theoretical speed has been calculated con-
sidering a single baroclinic vortex drifting westward
over a sloping bottom, therefore the poor agreement
between the theory and the experiment shown in Fig.
9 could be due to eddy—eddy interaction occurring at
the cape as observed during the laboratory experiments.
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FiG. 9. The westward drift speed measured for the experiments in
which s = s'/ar, plotted against the predicted drift speed (26) cal-
culated in section 4c.

Experiments designed to produce a single vortex over
a slope would test the theory better. However, the the-
oretical speed (26) is an improvement with respect to
the long Rossby wave speed given by U, = g's/f (Nof
1983) that is strictly valid only for acold eddy migrating
on a sloping bottom with a deep motionless upper layer.
When both layers are active a correction to this speed
including the two-layer depths and their azimuthal ve-
locity is needed.

b. Velocity and vorticity fields

For the experiments in which s = s/, the current
flowed around the cape and an anticyclonic vortex grew
where the current separated, as described in section 5a.
The velocity and vorticity fields show that the maximum
anticyclonic vorticity occurred at the center of each vor-
tex and decreased outward. The vortex was then ob-
served to detach and drift westward and a new vortex
started growing at the cape. Thefirst vortex drifted west-
ward as an independent structure, as shown in Figs. 10b
and 10c, and its velocity and vorticity decreased in time
as a result of dissipation (due principally to the insta-
bilities discussed in section 5b). Patches of cyclonic
vorticity were visible on the sides of the vortex when
it was approaching the western wall. The cyclonic vor-
ticity reveals the presence of cyclonic motion in the
lower layer due to instability processes that led to both
vortex splitting and rapid radial spreading of the water
of the upper-layer eddy as shown in Fig. 10e. The second
vortex started growing at the cape and eventually de-
tached from it in an analogous fashion to the first vortex
(Figs. 10c and 10d). During the westward drift the ve-
locity and vorticity fields associated with each vortex
were completely separated from those of the next vortex
and fluid with approximately zero velocity and vorticity
was found between two consecutive vortices (Fig. 10d).
The current flowing around the cape was observed to
move along the eastern and northern wall with an ap-
proximately constant speed.

The autocorrelations of the east-west (zonal) and
north—south (meridional) component of the velocity,
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were calculated for the experiments in which the eddies
detached from the cape (Fig. 11a) and therefore by look-
ing at the maxima of the autocorrelation functions it
was possible to determine the rotation period of the
vortices. This ranged between 18 and 36 s. The zonal
and meridional functions were in phase indicating that
the flow had an eddy structure, and the decrease of
correlation with time indicated that this eddy was not
stationary. The number of particle paths extending for
at least At = 60 s during the tracking process was too
small for realistic values of autocorrelation to be cal-
culated.

For the experiments in which s > s'/7 the vortex did
not detach from the cape (Fig. 12). The maximum an-
ticyclonic vorticity occurred at the center of the vortex
and decreased outward. The continuous inflow from the
current was balanced both by fluid leaking westward,
as discussed in section 5a and visible in Fig. 12, and
by fluid in the outer edge of the buoyant current that
reattached to the cape and flowed along the side bound-
aries.

The autocorrelation (Fig. 11b) of the zonal (29) and
meridional (30) components of the velocity for the case
shown in Fig. 12 showed that the two functions were
in phase, indicating the presence of an eddy structure.
The main difference with Fig. 11a is that the autocor-
relation did not decrease as much as in the eddy-shed-
ding case, suggesting that the eddy was almost steady
and that the westward drift was absent. After At = 72
s, realistic values of autocorrelation cannot be calcul ated
for the same reason mentioned above. For these exper-
iments the rotation period of the eddy varied between
28 and 52 s.

c¢. Limits of the approximations made in the scaling
analysis and comparison with experimental results

In section 3 we assumed that the current was in geo-
strophic balance and we obtained the maximum vortex
depth, supposed to be equal to the maximum current
depth, as in (4). We measured the depth of the vortices
by looking at the side view during the experiments and
compared the value of the flow rate Q, asin (3) for a
current in geostrophic balance, with the constant value
of the variable Q utilized in the experiments. The values
obtained with (3) ranged between 9 and 48 cm?® s1,
which are large compared with Q = 8.7 cm® s* used
in the experiments. A possible explanation is that the
source of the current was aturbulent jet of buoyant water
that retains some momentum after reaching the cape and
therefore it did not develop into acompletely buoyancy-
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driven current along the cape. A confined jet source of
buoyant fluid will spread at first like a pure jet, but when
the momentum generated by buoyancy comes to dom-
inate over the initial momentum, the rate of spread be-
comes smaller and approachesthat of abuoyancy-driven
current. The distance L; at which the buoyancy flux B
= g'Q dominates over the initial momentum flux M =
QU = Q?/A, where A is the area of the nozzle, can be
calculated as (Turner 1973)
M 3/4
L, = 18547,
and in an actual experiment L, is approximately 22 cm.
Therefore, when the current encounters the cape 14 cm
after the source, the initial momentum still dominates
the buoyancy forces. In order to estimate the flow rate
Q reaching the cape that is involved in the generation
of the eddies, we assumed conservation of buoyancy
flux Qg’ between the source and the cape. The buoyant
water from the source was characterized by g’ = 1.00
cm s2, while the buoyant water in the vortex was char-
acterized approximately by g’ = 0.60 cm s2; therefore,
in order to conserve the buoyancy flux the flow rate at
the cape was Q.. = 1.66Q. The separation and reat-
tachment of the current from the cape generated avortex
with aradius two or three times bigger than the Rossby
radius of deformation R, = (g’'\/h h,)¥2/f calculated
using the measured depth of the vortices (Fig. 13).
Hence R, is a reasonable approximation for the radius.
In view of these considerations we restate here the
values of the formation timescale t, and drift timescale
ty. We consider the radius of the vortex to be equal to
the Rosshby radius of deformation calculated using the
measured depth of the vortices, and in (5) we substitute
Q = Qcape to give
mg'h, Vh,h,
AT 21.66Q

In (6) we replaced the long Rossby wave speed with
the westward drift velocity given by (26) to give

(g'Vh,h,)¥
)
h, 2\h,

The regime diagram (Fig. 14) shows that eddy shed-
ding was observed for t, = t, while for t; > t, the eddy
did not detach from the cape, consistent with our pre-
diction from the scaling analysis in section 3.

We also compared the measured time for the eddy to
form, detach, and drift for a distance equal to 4 Rossby
radii of deformation (approximately 2 radii of the eddy)
with the value obtained using (32) and (33). The results
in Fig. 15 suggest that the scaling analysis adopted in
section 3 is correct and show that the timescales in the
transient regime are much larger than from the eddy-
shedding regime, as anticipated in section 5a.

(31)

(32)

(33)
g's
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Furthermore in section 4b we assumed that the eddy
at the cape was generated by an inflow from the coastal
current having zero potential vorticity. In order to verify
its validity we measured the relative vorticity and com-
pared it with the value of the Coriolis parameter. If we
assume that the eddies are in solid body rotation (see
section 6b), therelative vorticity isgiven by 2w = 44/T,
where T is the rotation period of the vortex. The results
(Fig. 16) suggest that for values of f approximately less
than 0.8 s~* the absolute value of the vorticity is almost
equal to the Coriolis parameter while the absolute value
of thevorticity isapproximately half thevalue of f when
the latter is larger than 0.8 s7*.

7. Comparison with observation of
meddy formation

A major field program, called A Mediterranean Un-
dercurrent Seeding Experiment (AMUSE), has been car-
ried out to directly observe meddy formation and the
spreading of Mediterranean Water (MW) into the North
Atlantic (Bower et al. 1997). Between May 1993 and
March 1994, nine meddy formation events were ob-
served inthefloat trajectories, six near Cape St. Vincent,
at the southwestern corner of the Iberian Peninsula, and
three near the Estremadura Promontory, along the west-
ern Portuguese slope. The continental slope is quite
steep between the launch site and Cape St. Vincent (5%—
7%). Meddy formation thus occurs where the continen-
tal slope turns sharply to the right (when facing the
downstream direction of the undercurrent) and the same
conclusion was drawn from the investigation of a buoy-
ant surface current flowing around a cape: anticyclonic
vortices form at the cape when the boundary wall turns
sharply to the right. The eddy-shedding mechanism de-
scribed in this section and the meddy formation events
have several characteristics in common.

First, one of the features of the formation events ob-
served at Cape St. Vincent was how quickly the newly
formed meddies were advected away from theformation
site, thus terminating the formation process. For ex-
ample, the meddy floats passed from boundary-follow-
ing flow to anticyclonic looping, indicating that the for-
mation was under way, in about 3—7 days. Furthermore,
during or after the float made its first loop, the meddies
were advected away from the formation site, indicating
the termination of the formation process. The eddy shed-
ding mechanism described in section 3 suggests that
eddy shedding occurs when the formation timescale is
of the same order or smaller than the drift timescale
and, therefore, could be a possible explanation for the
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Fic. 11. Autocorrelation of the zonal (short dash) and meridional
(long dash) component of the velocity for the experiment (a) in Fig.
10 and (b) in Fig. 12. The continuous line represents the fraction of
the initial number of particles tracked for At to calculate the auto-
correlation.

mechanism that advected the observed meddies away
from the formation site. Using a MW volume transport
in the Gulf of Cadiz of 1.4-2.9 Sv (Sv = 10° m3 s 1)
and the observed dimension of meddies formed at the
cape during the AMUSE and the Cadiz experiment [ra-
dius = 15 km, thickness = 0.65 km (Prater and Sanford
1994)], the value of t; = V/Q for the observed meddies
would be about 1.1-2.3 days, shorter than the 3—7 days
that was observed. This suggeststhat probably even less
of the MW isinvolved in meddy formation. These val-
ues are of the same order as the drift timescale t, =
R/U, (34 days for meddies drifting at a velocity U, =
5 cm s1). Interestingly, during the AMUSE experiment
the largest meddy was observed to form near Estre-
madura Promontory (radii larger than 20 km) and this

—

Fic. 10. Velocity and vorticity fields of anticyclonic baroclinic vortices shedding from a buoyant surface current flowing along a side
boundary and around a cape for t/t; < 1 (i.e., s < §'/m) for f = 0.96 s, s = 0.62, s'/7 = 0.79, and h, = 14.8 cm. The cape edge is
positioned at O, O: (a) after 3.8 rotation periods, (b) after 8.7 rotation periods, (c) after 10.8 rotation periods, (d) after 13.3 rotation periods,
(e) after 15.9 rotation periods, and (f) after 19.5 rotation periods. White regions represent no data.
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Fic. 12. Velocity and vorticity fields of anticyclonic baroclinic nonshedding vortices from a buoyant surface current flowing along a side
boundary and around a cape for t/t; > 1 (i.e., s > s'/=) for f = 054 s, s = 0.50, s'/7 = 0.33, and h, = 16.0 cm. The cape edge is
positioned at 0, 0: (a) after 3.8 rotation periods, (b) after 8.7 rotation periods, and (c) after 10.8 rotation periods. White regions represent

no data.

particular meddy never detached from the boundary dur-
ing the observational period of AMUSE. Thelarger radii
suggest a formation timescale longer than for the other
meddies and possibly longer than the drift timescale,
hence this meddy would not be likely to detach and
shed from the promontory.

Second, after leaving the formation site, meddies
were observed to travel mainly along slope (Figs. 7, 9
and 10 [Bower et al. 1997]) and this characteristic was
common to the eddies shed from the cape described in
section 5. This feature suggests that the topography

plays a fundamental role in the formation and initial
advection of the meddies and a westward drift due to
the influence of a planetary B effect is not evident in
these observations of meddies where floats ended up in
cores of meddies only along the continental slope and
not in deep water away from the slope. Third, meddies
seem to form at Cape St. Vincent when the undercurrent
is flowing strongly westward; a downstream speed
greater than 12 cm s* in the undercurrent south of
Portugal appears to be a necessary condition (not a suf-
ficient condition though). As discussed in section 6c¢ the
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Fic. 13. The measured eddy radius vs the Rossby radius of de-
formation calculated using the measured depth of the vortices. Radius
of nonshedding (solid diamonds) and shedding (open diamonds) ed-
dies and of eddies in the transient regime (solid triangles).

use of a turbulent jet as a source of buoyant water al-
lowed the current to retain some momentum after reach-
ing the cape and to flow strongly around the cape. In
some preliminary experiments we tested a lower value
of the flow rate through the jet and utilized a simple
point source of buoyant fluid instead of the jet source.
In both of these experiments the absence of large mo-
mentum, and therefore of relatively fast current, arrested
the formation and shedding of eddies from the cape in
a similar fashion as in the observations of meddy for-
mation at Cape St. Vincent. A fourth characteristic in
common is the relative vorticity of these vortices. Med-
dies had a rotation period of 3-5 days, corresponding
to relative vorticity between —5.0 and —2.8 (X105
s 1), or —0.6f and —0.3f. For the experimentsin which
t; = t, a rotation period between 18 and 36 s gave a
relative vorticity between —0.7 s~ and —0.3 s7* (Fig.
16), or —0.6f and —0.4f (with the exception of two
experiments). For the experiments in which t; > t, a
rotation period of 28-52 s gave arelative vorticity rang-
ing almost as before between —0.7 st and —0.2 st
(Fig. 16) but now corresponding to — f and —0.7f (with
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Fic. 14. Regime diagram illustrating the eddy-shedding region
(open diamonds) for t; = t,. No eddy shedding (solid diamonds) was
observed for t; > t,. The solid triangles indicate experiments in the
transient regime where eddy shedding occurred after timescales much
longer than in the region where t; < t,.
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distance equal to 4 Rossby radii of deformation (approximately two
radii of the eddy) vs (t; + 4t,). Timescale for shedding eddies (open
diamonds) and for eddies in the transient regime (solid triangles).

the exception of one experiment). The meddies and the
shedding eddies observed in the laboratory (t; = t,)
have the same relative vorticity when nondimension-
alized with the planetary vorticity, indicating that these
laboratory experiments provide a good simulation at
smaller scale of what is happening in thereal site, hence
giving insights about the mechanism involved in the
formation and drift of meddies. To reinforce this point
we also compare the timescale of 5-9 rotation periods
observed in the [aboratory for the eddy to form, detach,
and drift for a distance equal to four Rossby radii of
deformation (see section 6c¢) with the timescal e of about
3-7 days for a meddy to form and be advected away
from the formation site. Again thereis agood agreement
between the laboratory experiments and the observa-
tion.

Finally, Bower et al. (1997) found that some of the
anticyclonic relative vorticity of the meddies could
come from anticyclonic shear in the undercurrent and
suggested a formation mechanism most like that de-
scribed by D’Asaro (1988), which relies on frictional
torque along a boundary to generate the low potential
vorticity found in the core of submesoscale coherent
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Fic. 16. Absolute value of the vorticity ¢ vs the Coriolis parameter
f for nonshedding (solid diamonds) and shedding (open diamonds)
eddies and for eddies in the transient regime (solid triangles).
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vortices. The expected radius of meddies formed by
separation of the frictional boundary layer would be of
the order of the width of the boundary layer, estimated
to be around 10 km. The observed radius of meddies
was usually larger than this value. The boundary layer
width (Stewartson 1957) in the laboratory experiments
was very small (between 0.4 and 1.3 cm) and, therefore,
the determination of the anticyclonic shear of the buoy-
ant current was not possible with the visualization tech-
nigue used. However, the eddies again had aradius much
larger than the boundary layer width, suggesting that
the D’ Asaro mechanism could account for the separa-
tion and reattachment of the flow around the cape and
subsequent initial formation of anticyclonic vorticity,
but the complete formation of the eddy and its possible
detachment from the cape could be explained with the
shedding mechanism described in section 3.

8. The planetary B effect

Within the context of the homogeneous (one-layer)
model there is a dynamical equivalence between the
variation of the Coriolis parameter with latitude (the B
effect) and variation of depth in the presence of constant
f (for small bottom slopes and small Rossby number).
Hence the value of B isreplaced by sf/h,. The relative
magnitudes of the relative vorticity gradient and the
planetary vorticity gradient are measured by the param-
eter U/BL?, where U and L are characteristic velocity
and length scales, respectively.

In order to investigate the importance of the planetary
B effect on the formation and drift of eddies in the
oceans we performed some experiments with values of
the slope that reproduced in the laboratory a flow dy-
namically equivalent to a flow influenced by the plan-
etary variation of the Coriolis parameter. We assumed
that the ratio of the relative vorticity gradient and the
planetary vorticity gradient is the same in both the lab-
oratory experiments and the oceans, namely

Uzd _ Uocean
BLABR2 BplanL(Z)oean,

where B, . = Sf/h,. Meddies have been observed (Armi
and Zenk 1984) drifting at a velocity U, = 5cm s
and have a diameter of approximately 100 km. Consid-
erng By, = 1.57 X 107 cm~* s7* (corresponding to
latitude 45° and a planetary radius of 6370 km), U,, =
0.17cms* R=6cm, f = 1.37s* and h, = 15cm,
the value of the slope from (34) is given by s = 0.05.
We carried out two experiments, with s = 0.05 and s
= 0.10, and compared them with the corresponding ex-
periments with the same value of f and a larger value
of the slope. For both values of the slope a vortex was
observed forming at the cape by the usual mechanism.
However, the vortex did not detach nor drift from the
cape and behaved in asimilar way to the case presented
in section 5a for s > s'/m.

(34)
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9. Conclusions

Laboratory experiments were performed to investi-
gate a buoyant current flowing along a side boundary
and around a cape over a sloping bottom. They showed
how a vortex can be generated from the current where
it separates and reattaches to the cape and that, under
some conditions, the eddy is able to detach from the
cape and drift westward following isobaths. Two im-
portant timescales regul ate the flow: the time t; that the
current takes to generate a vortex and the time t, that
the vortex takes to drift westward for a distance equal
to its radius. When these two timescales are similar or
t; < t4, the eddy was observed to translate westward
with approximately the same theoretical speed found in
section 4. For t, > t, the vortex was able to form at the
cape but it did not detach nor drift westward. The in-
fluence of the depth of the lower layer, h,, on the flow
was investigated. The eddy drift was observed for h, =
14 cm, whereas an increase of the lower-layer depth to
25 cm completely inhibited the detachment and drift of
the vortex from the cape. The deeper lower layer implies
a slower westward speed, U,,. The experiments, on the
other hand, indicate that for sufficiently small values of
the westward speed the whole process no longer takes
place. The values of the slope s required in the exper-
iments in order to obtain the detachment and drift of
the vortex indicate that the phenomena will occur on a
planetary B plane only when the variation of the Coriolis
parameter with latitude is reinforced by a topographic
B effect. This suggests that only peninsulas or capes on
a sufficiently steep shelf (so that s = 0.25 but still s =
s'/1r) can cause the detachment and drift of a vortex
from a boundary current.

Different orientations of the cape with respect to the
isobaths show that eddies only drift westward, if the
geometry allows this, and the behavior of the drifting
eddies is similar for different orientations of the cape.
Finally, we investigated the loss of coherence and de-
struction of the anticyclonic eddies before they could
reach the western wall of the tank. An active (shallow)
lower layer led to instability of both the boundary cur-
rent and the anticyclonic eddy. Cycloneswere generated
in the lower layer. These were advected to deeper water
by interaction with the anticyclonic eddies, increasing
their intensity until they destroyed the anticyclones. The
precise nature of the instability was difficult to deter-
mine because both baroclinic and barotropic instabilities
present many features in common.

This study suggests that the formation, detachment,
and drift of an eddy from a current flowing around a
cape is a delicate process that takes peace only if the
water depth is not too deep and the topography is steep
enough (so that 0.25 = s = s'/#). The orientation of
the cape must also allow the westward motion of the
vortex (i.e., the coastline is not directly westward of the
cape). These conditions appear to be satisfied, for ex-
ample, in the Canary Basin, where the Mediterranean
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outflow from the Strait of Gibraltar flows along the coast
of Spain and around Cape St. Vincent. A good agree-
ment between the laboratory experiments and the ob-
servations of meddies in that region suggests that an
eddy-shedding process similar to that observed in the
laboratory experiments takes place.
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APPENDIX
Induced Vorticity Drift

If vertical stretching and squashing dominates the
make up of potential vorticity in the columns advected
downslope and upslope, changesin relative vorticity are
given by

= +h_0'
anticyclonic to the north and cyconic to the south. Over
a lengthscale of the Rossby radius of deformation the
induced circulation (integrated vorticity) is

_sRef
h, '
and the center of the eddy at a distance R from these
regions of positive and negative vorticity is subjected
to an entraining velocity
I sRf sy Vhh, (A3
R h, f hy °
With anticyclonic vorticity to the north and cyclonic
vorticity to the south this entrainment velocity is di-

rected westward and has exactly the same expression of
(25) found in section 4c.

(A1)

r

(A2)
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