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ABSTRACT

We report on laboratory model experiments in which coastal upwelling was created by a radially discontinuous
surface stress in the presence of bottom topography in the form of a ridge. An anticyclonic torque was thus
applied to the surface of the fluid at the location of the stress discontinuity which, in turn, generated large,
offshore cyclonic and anticyclonic eddies in the stress-free region. When the upwelled front interacted with this
offshore eddy field, dense, upwelled water was transported far offshore as jetlike flows. The strong interaction
between the stress discontinuity “front” and the upwelled front at the ridge resulted in an upwelling maximum
and a downstream jet at the ridge that were weaker than those reported previously by Narimousa and Maxworthy.
One observation of interest was that a large number of flow-marking particles accumulated in the region where

the ridge intersected the stress discontinuity.

1. Introduction

The coastal upwelling phenomenon has become one
of the most interesting and actively pursued aspects of
geophysical fluid flows and oceanography. The most
active recorded coastal upwelling occurs adjacent to
the west coasts of North America (Mooers et al., 1976;
Halpern, 1976), South America (Brink et al., 1980)
and West Africa (Halpern, 1977). In general, an up-
welling favorable, equatorward, alongshore wind stress
causes the warm surface water to drift away from the
coast and allows nutrient-rich, cold, subsurface water
to upwell and appear at the surface near the coast in a
narrow band of width A. The two masses of cold and
warm water are separated by a sharp front. This front
continues to migrate farther outward, allowing more
cold deep water to upwell so that A increases until,
eventually, the front becomes stationary, i.e., A = A
(see Narimousa and Maxworthy, 1985, hereafter
NM1). Some time before this, i.e., when A = \; < A,,
the density front becomes unstable to baroclinic waves
(see also Saunders, 1973; Griffiths and Linden, 1981).
These features, which are a result of the effects of the
earth rotation acting together with the wind stress on
the upwelling front, have many interesting properties
influencing the dynamics of the coastal upwelling cir-
culation. For example, the frontal instabilities can grow
to such a large amplitude that cyclonic waves pinch
off from the front (NM1). These cyclones then carry
the cold, bottom water farther offshore to produce iso-
lated cold ring eddies in the surrounding warm water
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(Rienecker et al., 1985). Furthermore, satellite images
(Flament et al., 1985; Breaker and Mooers, 1985) and
field measurements (Mooers and Robinson, 1984) in-
dicate the presence of cold jets originating from the
front and meandering offshore through the warmer
water. It is believed (see Mooers and Robinson; NM1)
that it is the interaction of cyclones-and anticyclones
near the front that produce these observed cold fila-
ments, a process discussed in detail in Narimousa and
Maxworthy (1986a, hereafter NM2).

Observations of satellite infrared (IR) images reveal
the presence of isolated, warm, anticyclonic, offshore
rings (Simpson et al., 1984; Bernstein et al., 1977,
Huyer et al., 1984). These warm rings, unlike the cold
rings, do not appear to be a result of a “pinch-off”
process from the upwelled front and may be caused by
an entirely different mechanism, which will be dis-
cussed later in this paper. According to Hickey (1979)
and Nelson (1977), there is a positive curl in the south-
ward component of the summertime mean wind stress
off of the west coast of the United States. It is the focus
of this study to produce an offshore curl (see §2) and
examine its effects on the upwelling front upstream
and downstream of a bottom topographic feature. As
will be demonstrated in sections 3 and 5, this wind-
stress curl plays an important role in generating large-
scale offshore eddies; in the experiments of NM 1, where
such a curl was absent, no offshore eddies were ob-
served. In sections 3 and 5 we discuss the interaction
between these offshore eddies and the upwelled front,
and the consequent offshore transport of upwelled wa-
ter. Due to the important role played by the offshore
eddies in transporting upwelled water offshore, we
study here their behavior as the value of a control
parameter 0, = g'ho/u, f\s varies. Note that 0,
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= Ril/?0, where Ri, = (g'ho)/u3 is the Richardson num-
ber and 6 = (g'ho)'?/f \, is the dimensionless Rossby
deformation radius. Here g’ = gdp is the reduced grav-

ity, dp the density difference between top and bottom .

layers, Ao the depth of the top layer, u, the friction
velocity applied to the top surface, f the Coriolis pa-
rameter, and A, the width of the stationary region of
dense upwelled water. As in NM1, we also study the
behavior of the downstream standing waves as the val-
ues of 4, vary.

2. The experiment

We used the same apparatus as in NM1 to study
coastal upwelling caused by a discontinuous surface
stress and the presence of bottom topography. For a
detailed discussion of the experimental apparatus and
procedure the reader is referred to NM1. Only a brief
discussion will be given here.

Two layers of saltwater of slightly different densities
were brought to solid-body counterclockwise rotation
inside a cylindrical tank (90 cm in diameter and 22
cm in depth) having a conical bottom with a radial
topographic ridge (Fig. 1). The ridge had a maximum
width of 7.6 cm at the wall, gradually reducing to zero
at the center of the tank (Fig. 3). The maximum height
of the ridge was 3.2 cm at the wall, and it was cut so

- as to extend 3.8 cm outward to produce a capelike
feature. Beyond this, the height of the ridge gradually
reduces to zero at the center of the tank. The surface
of the top fluid was in contact with a circular, smooth
disc, so that as the disc rotated differentially a stress
was applied to the top surface of the less dense water
in order to model the wind stress at the air-sea inter-
face. In this study the disc was rotated in a clockwise
direction, i.e., opposite to the basic rotation of the ap-
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paratus. The tank was only partially filled so that the
surface of the top layer was only in contact with the
outer D cm of the disc (see Figs. 1 and 5). Thus, the
stress applied to the top surface was discontinuous at
D, and a strong negative surface-stress curl occurred
at this location. This experimental arrangement pro-
duced an alongshore horizontal velocity profile in the
top layer similar to that calculated by Ikeda et al.
(1984), as shown in Fig. 2. In both cases the offshore
horizontal velocity rises rapidly to a peak and then
drops back to zero more gradually. The nearshore ve-
locity gradient is much greater in the experiments, but
this is of little concern to us since we are primarily
interested in examining the effect of the gradually de-
creasing horizontal velocity farther offshore. In this re-
gion the experimental velocity gradients are indeed
comparable to those calculated by Ikeda et al. (1984).

The applied stress caused the top layer to drift out-
ward (toward the center of the tank) and the interface
(front) between the two fluids to rise near the wall. As
this process continued, the front intersected the disc
surface and then migrated away from the wall, allowing
the bottom fluid to appear at the surface around the
outer edge of the tank. This frontal movement was

' observed by placing small, neutrally buoyant particles

in the front and recording their motion by streak pho-
tography. The direction of motion of these particles
was found by firing an electronic flash at the beginning
of the time exposure.

According to NM1, the distance of the stationary
upwelled surface front from the wall of the tank, X,
can be estimated from

A
25 21-0.73002%
Ry 0.7309,7,

(1

FiG. 1. Cross-sectional side view of the experimental tank, showing the ridge and the
position of the stress discontinuity. Lengths in centimeters. The conical bottom has a slope

of about 0.27.
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F1G. 2. Typical variations in mean alongshore horizontal velocity
U as a function of the offshore distance r. Position of the stress dis-
continuity front is denoted by SDF. A typical velocity profile with
an arbitrary scale from Ikeda et al. (1984) is shown in the upper right
corner. .

where
= ﬂ_
¥ fAQR

AQ is the angular velocity of the top disc and Ry is the
radius of the tank. We note that (1) was obtained from
a geostrophic balance between the radial pressure gra-
dient caused by front deformation and the radial Co-
riolis forces; for details see NM1 (also Linden and Van
Heijst, 1984). In the present study we discuss two types
of experiments. In the first type, D > A, and only a
weak interaction occurred between the upwelled front
and the surface stress curl. In the other experiments,
D < \; and the upwelled front interacted strongly with
the surface stress curl.

To reveal the structure of the offshore jets, in some
of our experiments, a white, liquid Titanium dye was
introduced at the wall near the surface of the upwelled
water. The density of the dye was lower than that of
both layers and so remained near the surface to reveal
the flow activities within the upwelled water near the
surface. When this dye was released near the wall it
was advected downstream by the mean flow, while at
the same time it drifted offshore due to the Ekman
layer flow. As a result, when the dye eventually reached
the front at some distance downstream from its origin,
it revealed the wave activity at the front and was also
transported offshore when the upwelled front interacted
with the offshore eddies; for details see section 6.

For the present experiments, the basic parameters
take the following values: initial depth of the top layer
is 2 < hy < 2.4 cm; density difference (6p0 = p2 — p1)
between the two layers 0.022 < dpp < 0.05 g cm™;
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reduced gravity between the two layers 21.6 < g' < 49
cm s~2 (where g’ = gdpo, and g = 981 cm s™2 is the
acceleration of gravity); the Coriolis parameter 2.7
< f<4.65 rad s7; the friction velocity 0.24 < u, < 0.42
cm s™'; the stationary width of the upwelled layer 6.7
< A, < 18.4 cm; and the control parameter 1.8 < 6,
< 17.3.

3. Description of the flow field

Here we are concerned with the existence of two
discontinuities, one at the density interface (upwelling
front) and the other at the location beyond which the
top fluid was stress free (SDF, see Fig. 3). Observations
from a series of experiments at small values of 4, , but
allowing A < D, have indicated that the characteristics
of the flow upstream, over and downstream of the ridge
were very similar to those reported by NM 1. Baroclinic
waves appeared at the upwelled front upstream of the
ridge. Also, a high-speed jetlike flow extended a con-
siderable distance downstream of the ridge in the form
of standing waves. Here the presence of the stress curl
created offshore eddies like (A) at the location of the
stress discontinuity, upstream of the ridge, as seen in
the bottom left corner of Fig. 3. Since such features
were absent in the experiments of (NM1), we believe
that the stress discontinuity was the source for the gen-
eration of these eddies. It is characteristic of these eddies
that they move “seaward,” i.e., toward the tank center
and in the direction of the applied stress (as seen in
Fig. 3). This figure also shows that (A) existed for more
than 20 rotation periods, when it was still visible in the
form of a permanent eddy drifting very slowly in the
direction of the applied stress. Often an anticyclonic
eddy (B), with a shorter life, was also observed down-
stream of the ridge, near the crest of the first large
standing wave and close to the stress discontinuity (see
Fig. 3).

Later, when the density front had evolved long
enough to be closer to the SDF, so that frontal waves
interacted weakly with the stress discontinuity, a dif-
ferent phenomenon occurred. As seen in Fig. 3c, the
size of the upstream frontal waves increased to almost
twice the value found initially and as given in NM1.
At higher values of 6, and still with A\; < D, the dy-
namics of the flow was similar to that described above
for small 6,.. However, since 0, was larger, the sizes of
the frontal waves and offshore eddies and the distance
of the standing wave from the ridge were larger also
(see Fig. 4).

In the experiments for which \; = D, the behavior
of the density front upstream of the ridge, during front
migration and before any interaction with the SDF,
was similar to that discussed above, while the dynamics
of the flow at the ridge was sometimes different and
more complicated. Figure 5 shows some of these com-
plex flow patterns at the ridge, which should be com-
pared with the photographs of NM1 and Fig. 3. The
interaction of the SDF with the high-speed jet at the



FIG. 3. A set of streak photographs for parameter values; rotation rate f = 2Q = 4 s™'; differential rotation
of the disc AQ = 0.125 s™'; initial depth of the less dense top layer A, = 2.2 cm; the density difference between
* the two layers §pp = 0.021 g cm™3; the disc friction velocity u, ~ 0.26 cm s7'; 8, = g'ho/tte f s =~ 2.7;
As = 15.7 cm; and D = 22.5 cm. In these photographs the region around the outer edge of the tank, with
no particles, indicates the width of the bottom upwelled flow () as shown in (a) (upper panel). There is an
upwelling maximum, in the form of a plume (p), which always occurs at the ridge (Rg). The downstream
high-speed jet forms standing waves (sw) as shown in (a). Photograph (a) was taken 617 after the start of
the experiment (where T is the rotation period), at which stage A ~ 11 cm. The generation of the offshore
anticyclonic eddy (A) at the stress discontinuity front upstream of the ridge (UPS) and (B) downstream near
the crest of the first standing wave is clear. Also notice the approaching baroclinic anticyclonic eddies E
(cyclonic) and F (anticyclonic) upstream of the ridge. Photograph (b) (middle panel), taken after 677, shows




FIG. 4. A set of streak photographs, with a 0.5 s time exposure, from an experiment with f = 2.7 s7%;
AQ=0.1435" hp=24cm; g’ =39 cms % u, =038 cms™; A\, ~ 7.5cm; D = 17.6 cm; and 6, ~ 12.3.
Photograph (a) (upper panel), taken after 737, shows an anticyclone (A), which has almost passed the ridge.
Photographs (b) (middle panel) and (c) (lower panel) taken after 957 and 1047, show that (A) has drifted
downstream.

that (A) has drifted into the stress-free region, while (B) has not and is about to lose its identity; E and F are
now very close to the ridge. Photograph (c) (lower panel), taken after 817, shows eddy (A), which has slowed
considerably to become a semistationary eddy, while (B), (E) and (F) have vanished. A large increase in the
size of the frontal waves (G and H) in comparison with those (E and F) seen in the previous photographs
can also be observed.
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FIG. 5. A set of streak photographs, with 0.5 s time exposure. Parameter values: @ = 2.3s™'; AQ = 0.125
s7% by = 2.1 cm; 8po = 0.024 g cm™; disc friction velocity #, ~ 0.24 cm 57'; 8, = 2.2; A, =~ 17.3 cm; and
D =~ 17.5 cm. Photograph (a) (upper panel) was taken after about 13T and shows a well-defined upwelled
front (UPS) upstream of the ridge. In this photograph, unlike a similar one in NM1 and Fig. 3, the high-
speed jet and the upwelling maximum at the ridge are absent, indicating the strong influence of the SDF
on the upwelled front at the ridge. Also, notice that the downstream jet (DS) in these photographs is not as
intense as that reported by NM1 and in Fig. 3. Photograph (b) (middle panel), taken after 477, shows large
offshore eddies [4, (anticyclonic) adjacent to the ridge and C, (cyclonic) upstream of 4,] in the stress-free
region. Notice the development of a large cyclone [C, at the (SDF)] and also the trapped cyclones (TC) at
the ridge. The one in the stress-free region has a number of particles accumulated within it, and the other
one is in the applied-stress region. In this photograph the upstream waves have interacted with the (SDF)
and lost their energy to the large offshore eddies. In photograph (c) (lower panel), taken at about 1007, (4,)
has migrated upstream allowing a new cyclone (C3) to develop adjacent to the ridge, while (C)) and (C)
have paired to become (PRC). Notice the presence of the outward meandering jets as a result of the interaction
between the counterrotating offshore eddies. Also notice that the head of the (TC) in the stress-free region
has propagated offshore and generated small cyclones containing many particles.
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ridge also influenced the dynamics of the flow down-
stream. For example, for the value of 6, ~ 2.2, based
on the observations of NM1, one would expect the
photographs of Fig. 5a to show a series of standing
waves downstream of the ridge. However, in Fig. 5a,
the presence of these standing waves is not apparent
(cf. Fig. 3). In Figs. 5b and 5c, such standing waves are
generated, but they are different from those seen before,
with the first standing wave having a longer wavelength
and a smaller amplitude than those of NM1 and
Fig. 3.

When the upwelled front upstream of the ridge mi-
grated to the neighborhood of the SDF, the baroclinic
waves began to interact with the SDF. The first sign of
this interaction is shown in Fig. 5b, where a dramatic
change in appearance of the flow field upstream of the
ridge is apparent when compared to NM1. Here a
number of large, stationary cyclonic and anticyclonic
offshore eddies were produced in the stress-free region
(see Fig. 5b). In Fig. 5b and 5c the upwelled front has
interacted with the SDF. An important feature of the
flow upstream of the ridge was the development of a
large, semipermanent anticyclonic eddy adjacent to the
upstream edge of the ridge, the signature of which be-
came stronger with time (see Fig. 5b and 5¢). When
fully developed, this anticyclone drifted slowly up-
stream in a direction opposite to that of the applied
stress. This then caused a cyclone to develop in its place.
Later, this cyclone reached a size typical of the other
large offshore eddies, and it also drifted in the upstream
direction to allow yet another new anticyclone to de-
velop adjacent to the ridge. Within the field of offshore
eddies there were always a number of counterrotating
vortices, each pair of which produced an offshore,
meandering jet, as seen in Fig. 5c.

A high-speed, jetlike flow developed at the ridge, in

the form of a loop with a weak upwelling flow within
it (cf. Maxworthy, 1977). This is shown in Fig. 5b, °

where the presence of stationary particles indicates the
weakness of the upwelling maximum at the ridge.
However, as seen in Fig. 5c the head of the high-speed
jet sometimes became unstable. As it began to grow in
amplitude, its curvature increased and it generated
small cyclones (C in Fig. 5).

An interesting and potentially important feature of
the flow at the ridge was the existence of a large con-
centration of particles at the intersection of the down-
stream edge of the topography and the stress-free region
(see Fig. 5b and Sc¢). Since such a concentration of par-
ticles was not observed in NM|1, the influence of the
SDF on the upwelled front at the ridge is the most
likely reason for the concentration of these particles.
Such a region of surface convergence may play an im-
portant role in the concentration of marine life, waste
material and, perhaps, oil slicks in natural flows.

4. Results

Our measurements of events such as the migration
rate of the upstream, upwelled front at the surface u,/
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u, (us is the radial speed of the front at the surface),
the appearance of upstream baroclinic circular waves
at the upwelled front when it was a distance \; < A
away from the wall of the tank, the average diameter
of the circular baroclinic waves \,,, and their drift ve-
locity u,, in.the direction of the applied stress, for the
case in which the upwelled front was not influenced
by SDF, gave the same results as those already given
in NM1 and NM2; hence, we do not repeat them here.
On the other hand, when the upstream, upwelled front
interacted with SDF, the situation was different from
that in NM1 (see §3), since the migration of the up-
welled front at the surface was forced to stop and the
frontal baroclinic waves were modified greatly. Under
these circumstances, only a field of offshore eddies was
left (§3) in the stress-free region, both upstream and
downstream of the ridge. As a first step we measured
the mean diameter of the offshore eddies, A\ (both cy-
clones and anticyclones). The values of A\y/A, as a func-
tion of 6, are shown in Fig. 6. Also shown in Fig. 6 for
comparison are the plots of A,/ (A, is the diameter
of the waves measured at the upwelled front) taken
from the experiments of NM 1, since they also represent
the size of the frontal waves of the present study when
the upwelled front was far from the SDF. As can be
seen, the size of the offshore eddies is almost twice the
size of the waves at the upwelled front, i.e.,

N~ 2N, (2)

and the eddies obey the same law as A,/A; versus 0,
that is,

Aw
~ ~0.150,

S

3

%
2~ 0.330,. )
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FIG. 6. The variation of A\o/A; with 8, (upper points), where A, is
the average diameter of the offshore eddies. The lower points are the
variation of A,/ with 6, , taken from NM1, where A, is the average
diameter of the frontal cyclones or anticyclones.
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Relationships (3) and (4) can be rewritten as

g'ho
0, ~ Uf7\w~ 1, &)}
_&ho -
0o = Uf)\o~2, (6)

where U =~ 10.6u, (NMl) is the measured mean
alongshore velocity of the top layer. We also measured
the propagating speed (uo) of these offshore eddies in
the stress-free region, both upstream and downstream
of the ridge, and to within an error of 10% to 15% our
measurements were consistent with

Up
—=0.15.
U

Measurements of the maximum amplitude of the
plume (see NM1), its migration, and its vacillation at
the ridge when the front was far from SDF were the
same as those already given in NM1. Later, when the
plume maximum at the ridge interacted with SDF, the
situation was different (see §3) and measurements of
the aforementioned events became difficult because the
flow field was so complicated.

The downstream jet flow of the present study was
weaker than that of NM1 (see §3). We measured the
distance Ds,, of the first and largest of the standing waves
downstream from the ridge (see Fig. 3). The values of
D, /A were then plotted as a function of 6, and the
results presented in Fig. 7. Also shown in Fig. 7 is a
plot of the same quantities taken from the experiments
of NM1. The values of Ds,/\, in the present experi-
ments are 10% to 15% greater than those of NM1 and
have the same dependence on 6, . In NM1 we found

_ 8 'ho

)

w ~ V.9, 8
b5 UfD.. 0.5 ®
while for the present experiments we found

O =~ 0.56. )

5. Modes of offshore transport of upwelled fluid

In these experiments, for small values of 8, , the up-
welled front upstream of the ridge migrated far enough
from the tank wall for the frontal baroclinic waves to
interact fully with the SDF. We introduced dye at the
wall to reveal the flow activities of the upwelled water
near the surface, as described in section 2. The dyed,
upwelled water drifted offshore in the Ekman flow until
it reached the location of the frontal baroclinic waves
at the SDF. Thereafter, the dyed, upwelled water was
transported offshore by the flow generated by the in-
teraction of the counterrotating offshore eddies. This
is demonstrated in Fig. 8, where a number of these jets
of upwelled, dyed water are shown. In Fig. 5 some of
these offshore jets are revealed by particle streaks. Here,
at locations where the particle streaks show offshore
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FiG. 7. The variation of D, /A, with 8, (upper points), where D,
is the distance of the first downstream standing wave from the ridge.
The lower data are from NM1 and show a decrease of about 10% to
15% in magnitude from the results of the present experiment.

jets, the dyed, upwelled water is being transported off-
shore, indicating that these offshore jets, which are a
result of the flow created by the counterrotating offshore
eddies, represent one mechanism for transporting up-
welled water offshore. '

At higher values of 6, the situation was different,
since A\, was smaller and the upwelled front did not
interact strongly with SDF. Under these circumstances,
a large offshore eddy usually formed in the stress-free
region upstream of the ridge. Since this eddy was so
large and so far offshore, it simply passed the ridge and
interacted with the upwelling maxima there, causing
a large quantity of the upwelled water to be transported
offshore at the ridge (see Fig. 9). A similar situation
was also observed in an experimental setup like that
of NM1, as reported in Narimousa and Maxworthy
(1986b). However, the large offshore eddy of Fig. 9 has
also interacted with the downstream standing wave,
resulting in counterrotating vortices and an offshore
jet. As seen in Fig. 9, this jet has transported a consid-
erable amount of the upwelled water offshore. Yet an-
other example of offshore transport of the upwelled
water by such an offshore eddy is shown in Fig. 10,
where the value of 8, is even greater than that of Fig.
9. In Fig. 10, the offshore eddy, after passing the ridge,
interacted with the jet flow immediately downstream
of the ridge and transported a large quantity of the
upwelled water offshore.

Other possible mechanisms for producing offshore
jets have been introduced in NM2 and NM1. In NM2,
where SDF and the ridge were absent, at small values
of 6, the amplitude of the frontal instabilities was large
and caused cyclones to pinch off from the front. These
pinched-off cyclones propagated offshore in a similar
way to the offshore eddies in the present study—i.e.,
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FIG. 8. A set of streak photographs, with a 0.5 s time exposure, from an experiment with f= 4.65s™'; hp = 2 cm; g' = 22.5 cm 572 AQ = 15.7s7";
Uy =~ 0.29 cm s~'; \; = 18.4 cm; D ~ 20 cm; and 8, = 1.8. In these photographs the direction of the turntable rotation Q and the applied stress T are
indicated in (a). Also, offshore cyclones are indicated by (C) while anticyclones are indicated by (A). Photograph (a), taken after about 1507, shows a
number of offshore eddies and corresponding offshore jets (J), as shown by the particle streaks in the stress-free region upstream of the ridge. Notice
that at the location of the offshore jets the dyed upwelled water is also transported off-shore. Photographs (b) and (¢), taken 1 and 3T later than (a),
respectively, show that upwelled water continues to be transported offshore. Photograph (d), taken 157 later than (a), shows that a large quantity of
upwelled water has been transported offshore. In these photographs, like those of Fig. 5, the whole offshore eddy field is slowly drifting in the upstream
direction. There is also a cyclonic offshore eddy downstream of the ridge that is propagating slowly toward the ridge. This eddy is far from the large
amplitude wave at the ridge and the standing waves downstream of it, and it does not interact with them.




FIG. 9. A set of streak photographs, with a 0.5 s time exposure, from an experiment with f= 2.7 s™!;
AQ=0143s" hy=24cm; g =39cms % u, =038 cm s A ~ 7.5 cm; D = 17.6; and 6, ~ 12.3.
Photograph (a) (upper panel), taken after 1907, shows an offshore cyclonic eddy (C,), which has passed the
ridge and has also interacted with.the upwelling maximum at the ridge. As a result, a large quantity of
upwelled water has been transported offshore all the way to the center of the tank. Photographs (b) (middle
panel) and (c) (lower panel), taken 1 and 27T later than (a), respectively, show that the offshore cyclone




FIG. 10. A set of streak photographs, with a 0.5 s time exposure, from an experiment with f= 2.8 s™!; AQ
=0.157s 5y =23cm; g =51ems % u, =042cm s A, = 6.7 cm; D = 17.6 cm; and 0, = 14.85.
Photograph (a) (upper panel), taken after about 1837, shows an offshore eddy that has just passed the ridge.
Photographs (b) (middle panel) and (c) (lower panel), taken 7 and 9T later than (a), show that the offshore
cyclone has interacted with the jet flow downstream of the ridge, and as a result, a large quantity of the
upwelled water has been transported offshore.

propagates farther downstream and has interacted with the downstream standing waves to produce offshore
jets there. In these photographs upstream of the ridge, an offshore eddy (C,) has been generated at the SDF
and propagated offshore, as in Fig. 2.
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when these pinched cyclones interacted with frontal
anticyclones, offshore jets were produced.

In NM1 the SDF was absent, but the presence of
the ridge produced yet another mechanism from those
discussed above. For small values of 6, cyclonic eddies
were observed to pinch off from the crest of the standing
waves downstream of the ridge and to propagate off-
shore. This pinched-off cyclone then interacted with
the downstream jet flow to produce offshore jets, which
also transported the upwelled water offshore. Note that
in the present experiments cyclonic eddies were not
pinched off from the crest of the standing waves down-
stream of the ridge (see §3).

Thus, in summary, our models have suggested at
least three different mechanisms that may lead to off-
shore jets: (a) instability of a standing wave downstream
of a topographic ridge, as in NM 1, which produced an
offshore eddy; (b) large amplitude instabilities of the
upwelled front itself, as in NM2, which also produced
offshore eddies; and (c¢) production of offshore eddies
due to the presence of an SDF, as in the present study.
In all three cases the offshore eddies that were generated
produced offshore jets.

6. Summary and conclusions

In the present experiments we have allowed a mi-
grating, upwelling front to interact with a stress dis-
continuity front (SDF), beyond which the applied stress
at the surface was zero. Interaction of the two fronts
caused major changes in the appearance of the flow
field upstream of the ridge, and it caused small but
significant changes over and downstream of the ridge,
when compared to experiments with a continuous
stress distribution. These differences are as follows.

(i) At small values of 8, a stationary, anticyclonic
eddy, approximately two times the diameter of the
frontal baroclinic waves {sce NM1) developed at an
early stage of the experiment in the stress-free region
upstream and adjacent to the ridge. At a later time the
rotation rate of this eddy became very large, the eddy
began to drift upstream, and a cyclonic eddy replaced
it. The size of this latter cyclone also increased to a
value comparable to that of the original anticyclonic
eddy. When it too became large, it began to drift up-
stream and was replaced by a growing anticyclonic
eddy. This process was repeated several times. Since
such upstream drift of the eddies was not observed in
the experiments of NM1 and NM2, we may then sug-
gest that the presence of the offshore curl in the present
experiments is the most likely reason for the upstream
drift of these eddies.

(ii) During development of the large stationary an-
ticyclonic eddy adjacent to the ridge, successive large
cyclones and anticyclones were observed upstream of
the anticyclone in the stress-free region. These tended
to drift very slowly in the upstream direction.

(iii) At larger values of 6, large offshore eddies were
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observed to pass the ridge and interact with the up-
welling maximum at the ridge or later with the down-
stream jet flow and standing waves to produce offshore
jets transporting upwelled water offshore.

(iv) When the two fronts interacted strongly, the
baroclinic frontal waves disappeared and lost all their
energy to the larger eddies in the stress-free region,
which at this stage were in direct contact with the up-
welled front. These large eddies then transferred the
upwelled fluid far offshore into the surrounding fluid
in the form of jets.

(v) In those experiments in which the upwelled front
interacted fully with SDF, the upwelling maximum at
the ridge was weaker than that reported by NM1.

(vi) In the present experiment, large numbers of
tracer particles accumulated at the intersection of the
ridge with the SDF. This accumulation was not ob-
served in the experiments of NM1. This observation
might be important to the possible accumulation of
marine life, oil slicks and perhaps waste material near
bottom topography.

(vii) The general appearance of the jet flow down-
stream of the ridge was similar to that of NM 1, although
some detailed differences were apparent. For example,
the jet of the present experiment was not as intense as
that of NM1, and this caused the first downstream
standing wave to occur farther from the ridge (10% to
15%) and to have a smaller amplitude (10% to 15%).

(viii) When the two fronts were not allowed to in-
teract strongly, the flow field upstream, over and
downstream of the ridge was virtually the same as that
of NM1. In this case, weak, semipermanent, anticy-
clonic eddies, originally generated at the stress discon-
tinuity front, were observed in the stress-free region.
A similar type of eddy was also observed downstream
of the ridge. Finally, the size of the upstream baroclinic
waves increased considerably as the upwelling front
approached the stress discontinuity.

(ix) The last and perhaps the most important result
of the present study and those of NM1 and NM2 is
that the offshore jets observed in these experiments
were associated with offshore eddies generated in a va-
riety of ways.
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