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1. Introduction

Certain robust, long-lived eddy features in the world’s ocean have come
to be known as rings. The nomenclature stems from Fuglister' (1972), who
coined the name based on the circle or ring of Gulf Stream waters that
surrounded a class of eddies formed from the Gulf Stream through the
pinch-off of meanders. Here it suffices to define rings as intense eddies or
vortices that represent a wrapped-up piece of a major ocean current. They
translate over space scales of hundreds to thousands of kilometers and
exist for periods lasting from months to years. Rings move through the
ocean carrying anomalies similar to the contrasts in physical, biological,
and chemical properties observed across the major ocean currents.

While the term ring is tied to Fuglister, the existence of these features was
evident at least as early as the 1930s, when Iselin? (1936, 1940) encountered
strong cold anomalies in the region south of the Gulf Stream that we
would identify as cold-core, cyclonic rings today. Iselin fully recognized
these features as part of the highly time-dependent eddy motion in the
ocean. Later, Iselin & Fuglister (1948) were the first to survey what is now
known as a warm-core, anticyclonic ring.

There are two types of rings: cold-core rings are made up of waters from
the poleward side of currents like the Gulf Stream that are introduced to

! Actually, Fuglister coined the word long before, and it appears in the literature from
other authors prior to this publication. This paper, however, is Fuglister’s first use of the
term in the juried literature.

2See Richardson (1983) for a discussion of earlier hints of such eddies.
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the southern, warm side of the current, and warm-core rings involve the
opposite exchange of fluid, in which warm waters are brought north across
the current (Figure 1). The terms cyclonic and anticyclonic refer to the
sense of the currents around these features with respect to the rotation
of the Earth. Cyclonic rings have currents flowing around them in a
counterclockwise sense in the Northern Hemisphere; and the opposite is
true in the Southern Hemisphere, where the Earth’s rotation vector is into
the surface of the planet instead of outward. Anticyclonic refers to the
other sense of flow in the respective hemispheres.
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Figure 1 The topography of the 15°C isotherm (depth in 100’s of meters) in the northwestern
Atlantic for the period March 16-July 9, 1975 (from Richardson et al 1978). The Gulf Stream
is indicated by the abrupt northward shoaling of the isotherm, extending from the southwest
up the US coast and then off to the east. Four anticyclonic, warm-core rings are found north
of the Gulf Stream, while nine cyclonie, cold-core rings are observed to the south.
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Rings are found throughout the world’s oceans. In association with the
three strongest western boundary currents—the Gulf Stream (Parker 1971,
Saunders 1971), the Kuroshio (Uda 1938, Ichiye 1955, Ichiye & Ichiye
1956), and the Agulhas (Duncan 1965)—Ilarge numbers of rings exist at
any given time (> 50). The weak Southern Hemisphere boundary cur-
rents—the East Australian and Brazil Currents—which only transport
around a tenth of the fluid of the first three currents, apparently produce
fewer rings. These rings are, however, otherwise comparable to those
from the stronger currents. The first description of rings from the East
Australian and Brazil Currents are by Hamon (1965) and Legeckis &
Gordon (1982), respectively. Rings are also formed from the Antarctic
Circumpolar Current (Savchenko et al 1978, Joyce et al 1981), but the
average distribution of these rings is unknown except for temporal statistics
information obtained from moored current meter arrays in the Drake
Passage (Peterson et al 1982, Hofmann & Whitworth 1985).

A summary of ring populations in relationship to the total eddy activity
in the ocean as seen by satellite altimetry is given in Figure 2. The regions
of strong activity coincide with regions of ring formation from the major
currents and with the domains into which the rings translate® through a
combination of self-induced motion on the rotating Earth and advection
by ocean currents. These motions of rings lead them to be distributed over
ranges of thousands of kilometers across large parts of ocean gyres (Parker
1971, Lai & Richardson 1977, Gordon & Haxby 1990).

The influence of rings on the larger scale ocean circulation involves both
the transfer of energy and properties associated with ring formation and
the impact of rings on mixing. Their importance in the mixing of ocean
properties is tied to the strength of their currents and to their formation
in proximity to the largest horizontal property gradients in the ocean. For
example, the parent currents all have large temperature/salinity contrasts
across them. Therefore, rings are expected to play a role, at least locally,
in heat and salt fluxes. From the biological perspective, the boundary
currents and the Antarctic Circumpolar Current are distinct boundaries
in the biogeographical sense, with major changes in both species com-
position and total biomass occurring across them. Therefore, as seen in
Figure 2, the majority of rings are formed in what are biogeographically
referred to as transition zones (Backus 1986). As discussed below, the
presence of rings is one of the distinctive elements of these regions of the
ocean ecosystem.

*Transition is the term typically used in the literature to describe horizontal movement of
rings. This usage is meant to avoid confusion with the motion of fluid around the ring and
to include both effects of advection and propagation.
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Rings present an anomaly in relation to older, classical pictures of the
ocean based on mean flows with superimposed wave processes. Linear
waves, as exemplified in the case of the large-scale ocean circulation by
Rossby waves (Pedlosky 1979), have an asymptotically small ability to
transmit matter, although they are very effective at transmitting energy.
Rings, on the other hand, are effective in moving both energy and matter
through the ocean. It is obvious from the early data (Fuglister 1963) that
rings carry a strong temperature/salinity signal [i.e. that water masses
are being carried with rings for long periods of time (Figure 3a)]. This
characteristic became even more apparent with the first considerations of
the biological communities in rings (Wiebe et al 1976), which show a
persistence of communities from the ring’s parent water masses (Figure
3b). A detailed examination of the trajectories of particles in rings and the
effects of diffusion in proximity to rings can be found in Dewar & Flierl
(1985). The quandary concerning the dynamical nature of rings can be
traced from the early theoretical views of rings as finite-amplitude waves
(Flierl 1977) to the current appreciation of these features as coherent
vortices (recently reviewed by Flierl 1987). Perhaps rings might best be
thought of as a wave/particle (vortex) duality, in analog to quantum
physics.

As such, rings can be viewed as consisting of an interior or core that
carries properties within it, surrounded by a region where the ring produces
intense stirring of the ambient environment and then, finally, by a quieter
far field. The far field is still influenced by radiation of wave energy from
the ring. Regions rich in rings have a tendency to be well mixed owing to
the mixing induced by rings on their surrounding fluid, but they are also
marked by abrupt anomalies associated with ring cores and an elevated
background energy due to radiation of ring energy. The fate of a ring
involves either absorption back into the current that initially formed it or
dispersion into the background fluid as it decays in isolation from the
boundary currents. In terms of biology, the fates of organisms in the ring
core are tied to the rate at which the ring decays and thereby loses its
initial characteristics.

Here the emphasis is on a characterization of rings, followed by a
discussion of their role in the ocean as a whole. For more detailed reviews
of the observational and theoretical work on the physics of rings, the
reader should consult Richardson (1983) and Flierl (1987), respectively.

2. Ring Formation

Rings form directly from strong ocean currents as a final product of
an instability process. Hydrodynamic instability occurs essentially when
currents exceed the capability of the fundamental balance—in this case,
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geostrophy (pressure gradients balanced by Coriolis accelerations tied to
the Earth’s rotation)—to support a steady flow (cf. Pedlosky 1979). In the
case of western boundary currents and the Antarctic Cirumpolar Current,
rings are preceded by growing waves or meanders. As these grow (Figure
4a) there is a tendency for portions of fluid to close off, returning the
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original current back to a linear, zonal flow. This pinch-off process pro-
duces rings with cores of trapped fluid from either side of the mean position
of the parent current.

Another type of formation process occurs in which rings form adjacent
to the western boundary as part of the boundary current separation process
(i.e. in connection with the manner in which the boundary current leaves
the coast and enters the ocean interior). The Loop Current in the Gulf of
Mexico forms rings in this manner (Nowlin et al 1968, Hurlburt & Thomp-
son 1980), although the geometry of the Gulf makes this somewhat of a
special case. This mode of ring formation was first described in relationship
to western boundary current separation in the East Australian Current
(Nilsson et al 1977, Nilsson & Cresswell 1981). In the East Australian case,
formation involves penetration of a pool of fluid to the south, near the
separation of the western boundary current from the coast (Figure 4b).
Nilsson & Cresswell (1981) suggest that this is a response to eddy motions
propagating into the boundary current separation region along the bound-
ary from the north. While this is one possible source of energy for this
type of ring formation, it is also possible that the growth of extended
meanders are inherent in the local mechanics of boundary current sep-
aration (Hurlburt & Thompson 1980, Ou & De Ruijter 1986, Campos &
Olson 1990).

Documentation of the coastal separation mode of ring formation in the
Brazil Current is provided by Legeckis & Gordon (1982) and Olson et al
(1988). Similar formation events in the Kuroshio are discussed by Tomo-
sada (1986) and Kawamura et al (1986). The Agulhas presents an inter-
esting hybrid case, in the sense that the western boundary current runs out
of boundary prior to the wind stress maximum associated with typical
separations (Veronis 1973, Boudra & De Ruijter 1986). Agulhas ring
formation is therefore associated in observations (Griindlingh 1978,
Lutjeharms & Van Ballegooyen 1988) and models (Chassignet & Boudra

Figure 3 (a) The anomaly of salinity (solid lines) as compared with the surrounding fluid
in the core of cold-core ring Bob (August 1977). The low salinity in the ring has its origin
from north of the Gulf Stream. At this time, the ring has been out of contact with the Gulf
Stream since April 1977 and has translated 450 km through the Sargasso Sea. The dashed
contours are constant-density surfaces along which the salinity anomaly was computed. (b)
The distribution of a biological species of Slope Water (north of Gulf Stream) origin
(Nematoscelis megalops) in ring Bob in April (left) and August (right) 1977 (Wiebe & Flierl
1983). (c) Same as for (b), but for a species endemic to the Sargasso Sea (Stylocheiron affine).
Note that the species population gradients at the edge of the ring as indicated by the depth
of the 15°C isotherm. Contours are in numbers of animals per 100 m? fished by the net (see
shaded bar). Net tow locations are shown by tick marks on top of each frame.
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1988) with a zonal loop of warm Indian Ocean waters penetrating into the
cooler South Atlantic and then closing off.

A surprising result is that the rings from both types of formation and
from the various current systems are rather similar in their basic structure
(Table 1). While there are some variations tied to different stratifications
(Antarctic Circumpolar Current vs subtropical currents like the Kuroshio
or Gulf Stream), and to the two modes of formation, only the Agulhas
and Circumpolar Current rings stand out as being very different. The
Agulhas rings are twice as energetic as the nearest other example (Olson
& Evans 1986), and the Circumpolar rings are a factor of five less energetic
(Joyce et al 1981). To explore rings further it is useful to consider the basic
balances within them and then the nature of their movements through the
ocean.

3.  Ring Structure

An example of cross sections through both warm- and cold-core rings from
the Gulf Stream is shown in Figure 5. Note that the vertical deformation of
temperature or density surfaces extends throughout the depth of the ocean
in both cases. While the intense near-surface currents in rings are tied to
the strong gradients in density in the horizontal, evidence suggests that all
rings induce motion throughout the water column (McCartney et al 1978,
Richardson et al 1979, Joyce 1984, Olson & Evans 1986). This behavior
also occurs in numerical simulations, even when they are only initialized
with motions in the upper water column (McWilliams & Flierl 1979,
Chassignet et al 1990).

For simplicity in comparing different rings, a simple two-layer descrip-
tion of the density variation with depth is adopted here. This acts to
represent the portion of the pressure gradient associated with the hori-
zontal gradient in density by an ocean made up of a uniform upper layer
with a constant density p, over a homogeneous, denser lower layer (p,)
(Pedlosky 1979). The basic physical structure of rings from various bound-
ary currents around the world can be compared uniformly through the
use of this simple two-layer approximation. The two-layer model is chosen
because it facilitates the use of a variety of data sets—from hydrographic
surveys to the often more synoptic surveys using expendable temperature
profilers in a uniform framework.

The analysis involves fitting dynamic height data [geopotential difference
between pressure surfaces (Pond & Pickard 1983)] for the region in which
the ring is found to the depth of isotherms found in the area’s thermocline.
This gives a reduced gravity g’ = g(p,—p,)/p,, describing the effective
acceleration due to buoyancy in the system. The diagnostic model
approach used to quantify rings is fully described in Olson et al (1985).
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Table 1 Rings of the world

Ring® Vo L R, B R, APE Reference

1. WCRS81D 9/81 —2.00 83 28 0.08 —0.16 13.0 Joyce 1984

2. WCRSI1D 9/81 —1.50 55 23 0.13 —029 5.2 Joyce 1984

3. WCRS82B 3/82 —041 55 26 0.15 —0.08 5.0 Olson etal 1985

4. WCRS82B 4/82 —0.55 55 26 0.16 —0.11 7.8 Olson et al 1985

5. WCRS82B 6/82 —0.55 55 28 0.16 —0.12 7.0 Olson et al 1985

6. WCRS82B 7/82 —0.51 35 24 038 —0.19 — Olsonetal 1985

7. WCRS82B §8/82 —0.43 45 24 023 —0.11 0.9 Olson et al 1985

8. WCRS82B §/82 —0.22 35 21 031 —0.77 0.3 Olsonetal 1985

9. CCR AT3567 1.25 45 24 047 0.32 8.8 Fuglister 1972

10. CCR AT38 67 1.00 45 20 043 0.26 7.4 Fuglister 1972

11. CCR 71294 1.63 50 22 044 0.43 7.8 Cheney & Richardson 1976
12. CCR 71312 0.87 80 27 0.18 0.13 9.5 Lai & Richardson 1977
13. CCR 72306 1.04 40 30 0.81 0.34 2.7 Lai & Richardson 1977
14. CCR 75119 0.74 60 27 0.33 0.15 10.2 Lai & Richardson 1977
15. CCR 75157 1.37 50 21 042 0.32 16.2 Lai & Richardson 1977
16. CCR 75152 0.51 30 37 174 0.25 0.6 Lai & Richardson 1977
17. CCR 75342 1.15 50 21 0.39 0.35 13.3 Lai & Richardson 1977
18. CCR 76264 0.69 50 31 0.53 0.18 3.5 Lai & Richardson 1977
19. CCR 77209 095 30 31 1.55 0.44 3.0 NODC,* unpublished
20. CCR Bob 149 53 17 0.33 0.34 13.0 Vastano et al 1980
21. CCR Al 0.65 70 24 0.20 0.11 18.7 Hagan et al 1978
22. CCR Franklin 1.98 60 20 0.29 0.42 14.0 CCR Program, unpublished
23. CCR Emmerson 0.77 40 25  0.65 0.23 6.1 CCR Program, unpublished
Kuroshio
24. CCR Cheney 0.80 60 21 0.25 0.19 10.0 Cheney 1977
25. WCR 7/71 —0.62 75 33 0.14 —0.09 8.3 Tomasada 1978
26. WCR 8/72 —1.21 105 36 0.07 —0.13 357 Tomasada 1978
East Australian
27. WCR 9/74 —096 75 24 0.07 —0.15 7.0 Nilsson & Cresswell 1981
28. WCR 12/76 —1.00 95 34  0.09 —0.12 20.1 Nilsson & Cresswell 1981
Brazil| Malvinas
29. CCR 10/84 0.53 135 19 004 0.04 23.0 Gordon 1989
30. WCR 10/84 1 —0.36 55 23 0.14 —0.06 2.1 Gordon 1989
31. WCR 10/84 2 —0.77 65 22 0.07 —0.11 9.1 Gordon 1989
Agulhas
32. WCR 11/83 1 —0.60 115 46 0.12 —0.04 30.5 Olson & Evans 1986
33. WCR 11/832 —0.90 130 41 0.07 —0.07 51.4 Olson & Evans 1986
Gulf of Mexico
34. 1967 —0.88 149 42 0.06 —0.10 10.0 Elliott 1982

Antarctic Circumpolar Current
35. ACC 1976 040 60 10  0.005 0.10 0.5 Joyceetal 1981

 Abbreviations: WCR, warm-core ring; CCR, cold-core ring; NODC, National Oceanographic Data Center
(National Oceanic and Atmospheric Administration).

b Parameters and units: ¥, is the maximum velocity (in meters per second), L is the radius of maximum velocity
(in kilometers), Ry is the radius of deformation (in kilometers), B is the Burger number (dimensionless), R, is the
Rossby number (dimensionless), and A PE is the available potential energy (in 10'3 joules).
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Isotherm depths and dynamic heights are obtained from both the CTD
(Conductivity, Temperature, Depth) profiler data taken as part of various

ri

ng research programs and historical data.
The thermocline (or, in the two-layer model, the interface) for a set of

Gulf Stream cyclonic rings and an anticyclonic ring that were followed
over much of their lifetimes is shown in Figure 6. These interface profiles
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Figure 6 Distribution of isotherm depth vs radial distance from ring center for single
surveys of (@) cyclonic (15°C) and (b) anticyclonic (10°C) Gulf Stream rings. Dots are
individual measurements of isotherm depth during the surveys. The lower panels show the
evolution of isotherm depth as the rings age for (c) cyclonic rings from Table 1 and (d) warm-
core ring 82B. As the rings age, the isotherms flatten back towards their depth in the
surrounding fluid. This changing pattern is associated with a loss in ring energy and with
changes in properties such as salinity and speciation.
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can be used with the reduced gravities for the Sargasso Sea [g" = 0.016 m

s~ 2 (Olson 1980)] and for the anticyclonic ring [g' = 0.011 m s~ 2 (Olson

et al 1985)] to infer ring upper layer velocity structure and energetics.
The flow in rings is typically in gradient balance, i.e.

v? oh
ARt

where v is the azimuthal velocity around the ring, f the Coriolis parameter,
and 0h/0r the radial derivative of the interface depth. Examples of the
azimuthal velocity around two anticyclonic rings, using this relation and
direct velocity measurements with shipboard acoustic Doppler and satel-
lite-tracked drifters, are shown in Figure 7. Much of the difference between
measured and calculated velocities in Figure 7 is due to a constant surface
to bottom flow in the rings, rather than to errors in the model or the data
(Olson et al 1985, Olson & Evans 1986). This depth-independent portion
of the velocity cannot be estimated from the distribution of density or its
proxy temperature.

For purposes of intercomparison between rings, it is possible to intro-
duce a scaled version of the balance equation of the form

R +R,= B

where R, = V/fL is a Rossby number for the gradient flow, and
B’ = g’6h/f*L? is a Burger number for the change in the interface height
(0h) across the ring (Chassignet et al 1990). The velocity (V) and length
scale (L) are chosen to be the maximum velocity and the radius at which
the velocity maximum occurs. This scaling relates the degree of non-
linearity (or, perhaps better, the departure from geostrophic balance) as

R, = — 124 —1/2(1+4B)"2,

The Rossby number R, here is positive for cyclonic flows and negative for
anticyclonic flows.

The scaling of the gradient balance for the rings listed in Table 1 is
displayed in Figure 8a. The insert in the figure shows the pure gradient
balance, with its solvability limit at B = —0.25 arising from the fact that
for anticyclones it is impossible to balance an arbitrary pressure with
the positive-definite centripetal acceleration and the two branches of the
solution for B’ < B, (see also McWilliams 1986). The full balance allows
for low-pressure systems with either cyclonic or anticyclonic flow. While
both branches are seen in the geophysical context (for example, eddies
with low-pressure centers that are carried across the equator to form
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Figure 7 Radial distribution of velocity in a Gulf Stream and an Agulhas anticyclonic ring.
Solid lines are the velocity based on observed depth distributions in the thermocline, while
the dotted curve for the Gulf Stream warm-core ring is from shipboard acoustic Doppler
(APOC) velocity measurements at 28-m depth (Olson et al 1985). Symbols for the Agulhas
ring are from surface drifter measurements (Olson & Evans 1986).

anomalous lows and tornadoes), rings are restricted to the upper branch
of the solution.

The solvability limit tied to the sign of the Coriolis term in the balance
restricts the range of Rossby numbers seen in anticyclonic rings to values
between 0 and —0.3, whereas their cyclonic counterparts achieve higher
absolute Rossby numbers. Therefore, the cyclones may be more nonlinear
than their anticyclonic counterparts.

To complete the choice of scaling parameters, a more traditional Burger
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number (defined as B = g’h/f*L?) and a Richardson number R; = g’h/V?
(Figure 8b; cf Maxworthy & Browand 1975) are introduced. This Burger
number is equal to the square of the ratio of the internal radius of defor-
mation (the scale chosen by the linear instability process) to the length
scale (L) of the ring. For rings where the deviation of the interface height
is on the order of the interface depth itself (i.e. B’ ~ B), the Richardson
number can be viewed as the approximate ratio of the potential to kinetic
energy inherent in the eddies. The Burger, Richardson, and Rossby num-
bers are related by B = R,R2.

The distribution of rings with respect to this scaling is shown in Figure
8b, along with Burger number curves corresponding to the critical Burger
number for instability in a channel flow (Pedlosky 1979) and in a cylindrical
flow approximating a ring. These stability curves are for a model that is
linear and only approximately valid for rings and their parent currents.
The distribution of ring properties, however, does follow the Burger curves,
and few rings appear at Burger numbers lower than the critical line for
the cylindrical case. Note, also, that the anticyclonic rings tend to cluster
between the two Burger curves, whereas most of the cyclonic rings have
higher Burger numbers and are therefore relatively more stable. This
pattern probably arises from a tendency for cyclones to be less stable and
therefore to break up when they are at lower Burger number (large L for a
given stratification). Therefore, cyclones are not observed in this state but
are typically found in a more stable configuration (i.e. higher B). This conclu-
sion is in agreement with the numerical simulations of Cushman-Roisin &
Tang (1990) and the analytical analysis of Nof (1990). Rings change their
parameters as they age, as shown by the arrows in Figure 8 (see Table 1).

The size and intensity of the rings can also be quantified in terms of ring
energy content. The computations for available potential energy (4 PE),
and kinetic energy (KE) from the layer-model are

APE = 97‘) Gh—h),

KE = g v,
where the overbar denotes integration over the ring, and 4., is the depth
of the interface far from the ring’s influence. Available potential energy is
defined as the portion of the energy in the horizontal gradients in the
density field that can be converted to kinetic energy (Reid et al 1981). Ring
energetics are discussed further below in relation to ring decay and the
role of rings in total ocean energetics.

Here, ring energetics are stressed in anticipation of the discussion to
follow, but rings are also important in the redistribution of vorticity
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(¢ = v/r+0v/0r) and angular momentum (rv+ fr?/2). Consideration of
these variables is important to models of rings that can be written in terms
of potential vorticity ([{+f]/h), which also includes the Earth’s rotation
and changes in fluid column thickness (/) or some linearized version of it
(Flierl 1987). Models formulated in terms of angular momentum include
the considerations of surface cooling on ring dynamics by Dewar (1983)
and Chapman & Nof (1988). Descriptions of the vorticity fields in rings
can be found in Olson (1980), Joyce & Kennelly (1985), Olson et al (1935),
and Olson & Evans (1986).
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4. Ring Movement

The distribution of rings and their lifetimes depend upon both where they
move with respect to their parent currents and effects such as continental
boundaries. For example, Gulf Stream warm-core rings have relatively
short life spans because they are trapped between the meandering Gulf
Stream and the continental shelf. Brown et al (1986) identified two popu-
lations of Gulf Stream warm-core rings: a set of short-lived eddies with a
mean lifetime of 54 days, and a set of longer lived rings with an average
229-day existence. The difference between the two sets is determined by
whether a ring makes it away from the severe meandering in the stream
near 66°W. In all cases, no rings much older than a year were found, since
by this time they either had been absorbed by a Gulf Stream meander or
had moved westward through the entire Slope Water and rejoined the
Gulf Stream near the location where it leaves the US coast. Cold-core Gulf
Stream rings can reach ages of at least two years if they leave the proximity
of the Gulf Stream where they are also prone to absorption (Watts &
Olson 1978, Richardson 1980). Probably the longest lived rings are those
formed from the Agulhas, which have the entire South Atlantic to move

® cyclones
O anticyclones

B =0.234 o8
30 B = 0.055 032
29
0 t } } i -+ i { |
0 10 20 30 40 50 60 70 80
R

Figure 8§ (a) Plot of the distribution of Rossby (R,) and Burger B’) numbers for the rings
listed in Table 1. The curve is the gradient balance as discussed in the text. The inset shows
the balance with both branches of the solution. Rings only occur on the upper branch. See
text for discussion. (b) Absolute value of Rossby number versus Richardson number for the
same rings.
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across prior to their meeting ecither continental margins or boundary
currents (Olson & Evans 1986, Gordon & Haxby 1990).

Translation of the rings is tied to a combination of self-induced trans-
lation under the influence of the change of the Coriolis acceleration with
latitude (or § = 0f/dy, where y is latitude) and the advection or steering of
the rings by the larger scale flow. Topography and advection by other
rings can also influence ring motion. Propagation of isolated rings outside
the influence of mean advection is expected to be somewhat equatorward
of a westward track for anticyclones and poleward for cyclones (McWil-
liams & Flierl 1979, Flierl 1984a). A clear discussion of these north-south
motions, which are proportional to the nonlinearity of the ring (i.e. R,),
and similar effects with topography is given by Smith & O’Brien (1983).
The rate of translation can be computed from the two-layer model and a
momentum integral formulation introduced by Nof (1981) and extended
by Flierl (1984a) and Cushman-Roisin et al (1990). These integrals give
translation rates of —0.016 and 0.021 m s~ for two Agulhas rings (Olson
& Evans 1986). By comparison, the observed translation rates based on
satellite and drifter tracking are —0.075 and —0.038 m s~ '. Comparisons
between theory and observatons of Gulf Stream warm-core rings (Cornil-
lon et al 1989, Glenn et al 1990) imply similar conclusions concerning the
dominance of advection by the larger scale current field.

The results of many ring-tracking experiments (Fuglister 1977,
Richardson 1980, Olson & Evans 1986, Brown et al 1986, Gordon &
Haxby 1990) suggest that other than in rather special cases [such as the
Gulf of Mexico, where there are no mean currents at larger scale than the
rings (Nof 1981)], rings are heavily influenced by the circulation that they
are embedded in. Even in the Gulf, ring motion is influenced by the
presence of other rings and by interaction with the topography at the
western boundary (Lewis et al 1989). Therefore, while self-induced motions
are important in relationship to ring formation and contribute to the
overall ring distribution, the dominant contribution is from large-scale
ocean circulation.

5. Ring Evolution and Its Surroundings

The physical nature of ring decay has only been quantified by actually
following a few rings in the Gulf Stream system (Fuglister 1977, Barrett
1971, Cheney & Richardson 1976, Vastano et al 1980, Evans et al 1985).
Some East Australian and Gulf of Mexico rings have also been tracked
over time (Nilsson & Cresswell 1981, Elliott 1982, Lewis et al 1989),
although these surveys have typically been less complete. In the cases of
the biological (The Ring Group 1981, Wiebe et al 1985, Boyd et al 1986)
and chemical (Elrod & Kester 1986, Fox & Kester 1986) fields, direct, well-
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established time series are even rarer. The other alternative is inferred
evolution based on location compared with assumed formation and trans-
lation. The latter technique was used routinely before new satellite remote
sensing and buoy-tracking techniques became available.

Ring decay can be quantified in terms of energetics (Barrett 1971,
Cheney & Richardson 1976, Olson 1980, Olson et al 1985). APE decays
from rings followed over time range from —0.9 x 10® to —3.0 x 108 W
when they are outside the influence of major currents. Energy losses can
exceed several thousand megawatts when rings merge with their parent
currents (Watts & Olson 1978, Olson et al 1985).* Given initial ring energy
contents of around 9 x 10'° J, this suggests decay time scales (4 PE over
decay of APE) of around 200 to 600 days when the rings are outside the
influence of major currents.

Rings decay through a combination of small-scale turbulent diffusion,
radiation of energy through planetary waves, and violent shearing and
mixing associated with encounters with the major currents from which they
are formed. Diagnostic calculations considering the influence of secondary
circulations in the radial and vertical directions vs diffusion (Schmitz &
Vastano 1975) suggest that the resulting shifts in the thermal structure of
rings (Figure 6) are not very sensitive to choices of diffusion coefficent and
can be explained through a secondary flow. A viscous/diffusive balance
model (Flierl & Mied 1985) reproduces observed ring decay. As the latter
authors point out, the radially symmetric models with eddy coefficients
cannot rule out either the contributions of small-scale intrusive layering
(Lambert 1974, Schmitt et al 1986) or the effects of azimuthally asymmetric
(elliptical) perturbations to the process (Olson 1980, Mied et al 1983).
Perturbations to a circular ring can be linked to a transfer of energy
between the ring and either Rossby waves (Flierl 1977, 1984b) or topo-
graphic Rossby wave (Louis et al 1982, Ramp 1989) radiation. Other
factors that play a role in ring dissipation include collisions with coastal
topography, the influence of the mesoscale strain field induced by geo-
strophic turbulence, and air-sea exchange. As with dissipation in the ocean
in general, considerable work remains to be done. Rings, however, provide
some of the best quantitative estimates of decay rates on which to base
future parameterization efforts.

6. Biological Communities in Rings

The biological composition of rings is set by the parent water mass for the
core of the ring, the season of formation in relation to the annual cycle in

*For comparison, a single reactor in a nuclear power plant is typically rated in the
thousands of megawatts.
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this water mass, and the postformation effects of ring decay and intrusion
of surrounding communities into the ring. The seasonal effects are more
strongly impressed on the primary producers, the phytoplankton, which
are dependent on the annual cycle in the thermal stratification and on
sources of basic nutrients from depth (Wiebe et al 1976, Ortner et al 1979,
Hitchcock et al 1985).

The primary production in rings has a tendency to change totally from
that of the parent water on relatively short time scales—i.e. a few months
(Ortner et al 1979, Hitchcock et al 1985, Gould 1988). Although seasonal
cycles tend to follow the near-surface stratification of the parent water
mass (Dewar 1986), the environment of the ring is unique because of
changes in air-sea interaction associated with the translation of rings away
from their region of origin. For example, warm-core rings have a tendency
to cool considerably more than their parent water masses (Schmitt & Olson
1985, Olson et al 1990) and therefore have very different phytoplankton
biomass histories than the formation region because of higher nutrient
fluxes and later onset of stratification in the spring. The dynamics of the
ring circulation also modify the temporal development of plant biomass
through enhanced mixing associated with the ring front (Nelson et al 1985,
Olson 1986) and through vertical motions associated with ring decay and
their influence on the distribution of nutrients and light (Nelson et al 1985).

Zooplankton communities in rings vary with the season of ring for-
mation and with the ability of seed populations to survive the post-
formation changes in the ring. Variations in the abilities of various organ-
isms to make use of the ring environment lead to a divergence of ring
communities away from those expected in the original core water masses.
Changes in the depth of isotherms preferred by a species or in the dis-
tribution of food modify the vertical migratory behavior of zooplankton
when they are trapped in rings (Wiebe & Boyd 1978, Wiebe et al 1976).
Certain zooplankton associated with the ring core die out as the ring
decays and evolves to thermodynamic or biotic conditions that the animals
cannot tolerate. Typically younger stages disappear first, with some adults
remaining for months although often in a stressed state that precludes
reproduction (Boyd et al 1978). Other core species may actually thrive in
the decaying ring (The Ring Group 1981). Rings slowly pick up endemic
organisms from the surrounding fluid as they decay through mixing. As
in the case of the core populations, some animals exploit the ring environ-
ment, while others find the ring core to be less than optimal. A striking
example of the former situation occurred in Gulf Stream ring 82B, where
Slope Water organisms became dominant in the ring core as the ring aged
(Wiebe et al 1985).

Similar patterns are seen in the vertebrates, with mesopelagic fish exhi-
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biting a marked relationship to the evolution of the isotherm depth dis-
tributions in certain cold-core rings (Backus & Craddock 1982) but not in
warm-core ring 82B (Boyd et al 1986). Various authors have shown that
mesopelagic fish are good indicators of the origin of water masses in ring
cores (The Ring Group 1981, Brandt 1981, Backus & Craddock 1982,
Joyce et al 1984). Certain species of midwater fish seem to be ring exploiters
and actually are found in larger numbers within cold-core ring cores
than in the surrounding environment, even though they are not originally
associated with the core’s parent water mass. Others, such as the Slope
Water species Benthosema glaciale react to ring decay in a manner similar
to the euphausiid Nematoscelis megalops® (Wiebe & Boyd 1978)—i.e. its
population is found in ever smaller regions of the ring core in association
with a particular isotherm range. Eventually Benthosema completely van-
ishes from cold-core rings as the environment, through either changes in
temperature or food resources, becomes untenable (Backus & Craddock
1982). :

Rings often become considerably more than a mere mixing site between
the communities associated with the ring core and the surrounding water
mass. The dynamics of the ring, as pointed out above, can lead to nutrient
injection in the euphotic zone and therefore to phytoplankton blooms.
This enhanced productivity has been reported in many cases in the velocity
maximum or ring front (Tranter et al 1983, Olson 1986, Yamamoto &
Nishizawa 1986), where enhanced mixing through intrusions and micro-
structure turbulence (Schmitt et al 1986, Lueck & Osborn 1986) is expected
to increase nutrient fluxes. Convergent motions responsible for the main-
tenance of the ring front can also act in coordination with vertical swim-
ming behavior in zooplankton and nekton to congregate organisms in the
ring edge. Olson & Backus (1985) report a ten- to hundredfold increase in
lantern fish abundance in the ring front through this mechanism. Strong
advective features or streamers of fluid brought into the edge of rings
(Olson & Backus 1985, Evans et al 1985, Kawai & Saitoh 1986) also play
a role in the determination of both primary productivity and animal
population densities. In conclusion, rings become not only the sites of very
diverse, time-dependent communities, but also the locations of enhance-
ments in biomass as compared with the parent water masses for the ring
cores and/or the surrounding waters.

7. Role of Rings in the Ocean

Rings are thought to play a fundamental role in ocean energetics, at least
on a regional basis. Ring formation effectively transfers energy away from

>Euphausia are shrimplike crustaceans. Nematoscelis is a boreal species associated with
transition zones, such as the Slope Water.
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the large-scale gyre circulation. The ring then slowly transfers this energy
to smaller scales as it decays. A schematic of the action of rings in the
North Atlantic subtropical gyre circulation is shown in Figure 9a. As
shown in the figure, the total energy transfer involves a complicated flow
of energy from the parent current into the ring, a slow loss as the ring
translates outside the influence of major currents, and then an abrupt
deposition of the remaining ring energy into the current as the ring is
absorbed. Rings dominate over the wind driving of the large scale cir-
culation in the region in which they are found (Olson 1980, Olson et al
1985). In terms of the energetics of the ocean gyres, the rings formed from
the Gulf Stream between Cape Hatteras and the Grand Banks acount for
approximately 5-10% of the wind input over the entire subtropical gyre
as computed from Gill et al (1974) while occupying only 20% of the gyre
area. In the South Atlantic, each Agulhas ring amounts to 7% of the
annual wind input of energy to the large-scale circulation (Olson & Evans
1986). Therefore, several rings per year can have an appreciable influence
on the circulation.

Rings and the meandering currents that form them completely dominate
the turbulent eddy field in the high-energy regions of the ocean (Figure 2).
Figure 9b displays the increase in eddy APE as the Gulf Stream is
approached from the south and a partition of this energy between ring/
meander and the rest of the eddy field. The calculation is similar to that
done by Kim & Rossby (1979) but includes more data and uses a prob-
ability density function model of the nonring energy to estimate this
contribution. Rings and meanders clearly dominate. Radiation from rings
can account for the increase in nonring energy to the north, based on ring
energy losses previously discussed and the estimated distribution of rings.
While a meandering current like the Gulf Stream is more energetic than
its associated ring field, meander energy is closely trapped about the path
of the stream. Spall & Robinson (1990) conclude that it is the complicated
interactions between rings and meanders that dominate the jet’s temporal
behavior, and it is therefore crucial to understand these interactions for
purposes of ocean prediction.

Rings transport heat and salt through a combination of the anomalous

Figure 9 (a) Schematic energy flux diagram for the Gulf Stream region. Numbers are orders
of magnitude with proportional energy pathways of ring energy from formation to absorption
back to the stream (solid arrows) through decay are shown as ring energy losses (wavy arrows).
The kinetic energy flux in the Gulf Stream (G. S. KE Flux) is shown for comparison (Fofonoff
& Hall 1983). (b) The meridional distribution of eddy A PE between 60°W and 70°W based
on layered models. The estimate of nonring/nonmeander energy is shown as the dotted curve.
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waters that they carry in their core and the large amount of stirring that
they produce as they move. If heat and salt anomalies are computed along
isopycnal surfaces, the northward fluxes induced by Gulf Stream cold-core
rings are approximately two orders of magnitude less than those associated
with the fluxes required of the ocean at this latitude. Therefore, rings are
not the dominant means through which the ocean moves heat and salt.

The temperature anomalies associated with rings are important,
however, in terms of local air-sea interaction. Furthermore, evidence from
the Gulf Stream, Kuroshio, Brazil, and Agulhas regions suggests that rings
are important sites for water mass modification (Tomosada 1978, Schmitt
& Olson 1985, Gordon 1989, Olson et al 1990). Rings can dominate the
temperature/salinity characteristics of major regions of the thermocline
and are potent mechanisms for carrying gases into the thermocline through
air-sea interaction in the ring core (Olson et al 1990). Ring-induced hori-
zontal fluxes of heat and salt can also be of major importance to the
character of water masses such as the Slope Water (Schmitt & Olson 1985)
and shelf waters (Churchill et al 1986). In conclusion, rings are probably
not the major mechanisms for heat flux in midlatitudes, although they
may play the dominant role in transporting heat and salt across the
Circumpolar Ocean (Bryden 1976, Peterson et al 1982). Rings, however,
are important in terms of water mass modification on a regional basis.

Biologically, the role that rings play in the ocean environment is harder
to quantify. It is clear that they lead to an expansion of the range of various
organisms with implications to sampling (Wiebe & Boyd 1978, Backus &
Craddock 1982), but the importance of these expatriate populations is not
clear. It is possible that rings provide a means for recruiting populations
to the edges of their range, where mean currents would otherwise flush the
population away. In this way they may be an important determinant of
the population distributions in biogeographic transition zones (Figure 2).
In relationship to the vertical export of carbon, rings (with their tendency
to become ephemeral biomass maxima) enhance the net transport (Ortner
et al 1978). Perhaps the most decisive action of rings, however, is the
effect of the net horizontal transport and mixing that they impress on the
ecosystem.

The presence of rings in the marine environment imposes episodic
patchiness on scales of roughly hundreds of kilometers that may have
profound influence on recruitment, population fluctuations, and longer
term trends (such as speciation). The constant expatriation of individuals
into hostile environments may provide a mechanism by which planktonic
organisms evolve to fill highly variable regions such as transition zones.
Alternatively, the ability of some organisms to exploit rings may imply
that these species have somehow adapted to allow this to happen.
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It has been hypothesized by Flierl & Wroblewski (1985) that the offshore
advection of shelf waters by rings might play an important role in larval
mortality in shelf fish stocks. A recent analysis of satellite data on ring
distributions and of fishery statistics (Myers & Drinkwater 1989) suggests
that an increased presence of rings does indeed lead to reduced recruitment
in 17 groundfish stocks of the northeast North American coast. Therefore,
rings have a biotic effect not only on the planktonic communities within
them, but also on fishery stocks.

Rings are also relevant to the general distribution of particulate matter
in the sea and to redistribution of sediments. The distribution of particles
in a warm-core ring over time has been explored by Bishop & Joyce -
(1986). The differences between production of particulate matter in rings as
compared with production in their surroundings is tied to changes related
to those discussed above in relation to the biology. The advection of waters
off the continental shelf by rings introduces suspended shelf sediments into
the open ocean. The deep currents associated with rings make ring passage
the primary cause for benthic turbidity events (Weatherly & Kelley 1985,
Isley et al 1990).

In conclusion, rings play important roles in the ocean environment—
from the redistribution of wind energy into the eddy field to the production
of mesoscale patchiness in the plankton distribution and to the extraction
of shelf waters into the open ocean. While the rings do not appear to be
the major factor in the poleward heat flux, they are important in regional
water mass formation and modification. While many studies consider the
details of rings as entities, their functions in the circulation of the ocean,
in the marine ecosystem, and in property fluxes in the ocean still deserve
futher study.

ACKNOWLEDGMENTS

I would like to apologize to the many authors whose work is not quoted
above. There is a rich literature on basic questions concerning the marine
environment left out here because while the work reported was carried out
in rings, it does not explicitly pertain to the nature of rings. Beniot Cush-
man-Roisin provided a careful review of the manuscript and several
suggestions on references. The author also received valued comments and
suggestions from Doron Nof, Bill Dewar, Cabbell Davis, Eric Chassignet,
Glenn Flierl, and Peter Wiebe. The 15 years of work on rings behind some
of the material discussed above has been supported by the Office of Naval
Research and the National Science Foundation. In particular, I would
like to acknowledge support from grants NSF OCE85-02126 and ONR
NO00014-89-J1137 and N00014-89-J1536.

© Annual Reviews Inc. * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1991AREPS..19..283O

rI99IAREPS 710 2830

308 OLSON

Literature Cited

Backus, R. H. 1986. Biogeographic bound-
aries in the open ocean. In Pelagic Bio-
geography. UNESCO Tech. Pap. Mar.
Sci. No. 49, pp. 9-13. Paris: UNESCO

Backus, R. H., Craddock, J. E. 1982. Meso-
pelagic fishes in Gulf Stream cold-core
rings. J. Mar. Res. 40: 1-20 (Suppl.)

Barrett, J. R. 1971. Available potential
energy of Gulf Stream rings. Deep-Sea
Res. 18: 1221-31

Bishop, J. K. B., Joyce, T. M. 1986. Spatial
distributions and variability of suspended
particulate matter in warm-core ring §2B.
Deep-Sea Res. 33: 1741-60

Boudra, D. B., De Ruijter, W. P. M. 1986.
On the wind-driven circulation of the
South Atlantic-Indian Ocean: II. Experi-
ments using a multi-layer numerical
model. Deep-Sea Res. 33: 447-82

Boyd, S. H., Wiebe, P. H., Backus, R. H.,
Craddock, J. E., Daher, M. A. 1986.
Biomass of the micronekton in the Gulf
Stream ring 82-B and environs: changes
with time. Deep-Sea Res. 33: 1885-1905

Boyd, S. H., Wiebe, P. H., Cox, J. L. 1978.
Limits of Nematoscelis megalops in the
northwestern Atlantic in relation to Gulf
Stream cold core rings. Pt. II. Physio-
logical and biochemical effects of expatri-
ation. J. Mar. Res. 36: 143-59

Brandt, S. B., 1981. Effects of a warm core
eddy on fish distributions in the Tasman
Sea off East Australia. Mar. Ecol. Prog.
Ser. 6: 19-33

Brown, O. B., Cornillon, P. C., Emmerson,
S.R., Carle, H. M. 1986. Warm core rings:
a statistical study of their behavior. Deep-
Sea Res. 33: 1459-73

Bryden, H. L. 1976. Poleward heat flux and
conversion of available potential energy in
Drake Passage. J. Mar. Res. 37: 1-22

Campos, E. J. D., Olson, D. B. 1990. Station-
ary Rossby waves in western boundary
current extensions. Submitted for pub-
lication

Chapman, R., Nof, D. 1988. The sinking of
warm-core rings. J. Phys. Oceanogr. 18:
565-83

Chassignet, E. P., Boudra, D. B. 1988.
Dynamics of Agulhas retroflection and
ring formation in a numerical model. Part
II. Energetics and ring formation. J. Phys.
Oceanogr. 18: 304-19

Chassignet, E. P., Olson, D. B., Boudra, D.
B. 1990. Motion and evolution of oceanic
rings in a numerical model and in obser-
vations. J. Geophys. Res. In press

Cheney, R. E. 1977. Synoptic observations
of the oceanic frontal system east of Japan.
J. Geophys. Res. 82: 5459-68

Cheney, R. E., Richardson, P. L. 1976.

Observed decay of a cyclonic Gulf Stream
ring. Deep-Sea Res. 23: 143-55

Churchill, J. H., Cornillon, P. C., Milkow-
ski, G. W. 1986. A cyclonic eddy and shelf
water exchange associated with a Gulf
Stream warm-core ring. J. Geophys. Res.
91: 9615-23

Cornillon, P., Flierl, G., Weyer, R. 1989.
Translational velocity of warm core rings
relative to the slope water. J. Phys.
Oceanogr. 19: 1317-32

Cushman-Roisin, B., Chassignet, E. P.,
Tang, B. 1990. Westward motion of meso-
scale eddies. J. Phys. Oceanogr. 20: 758
68

Cushman-Roisin, B., Tang, B. 1990. Geo-
strophic turbulence and the emergence of
eddies beyond the radius of deformation.
J. Phys. Oceanogr. 20: 97-113

Dewar, W. K. 1986. Mixed layers in Gulf
Stream rings. Dyn. Atmos. Oceans 10: 1—
29

Dewar, W. K. 1988. Ventilating warm rings:
structure and model evaluation. J. Phys.
Oceanogr. 18: 55264

Dewar, W. K., Flierl, G. R. 1985. Particle
trajectories and simple models of trans-
port in coherent vortices. Dyn. Atmos.
Oceans 9: 215-52

Duncan, C. P. 1965. An eddy in the sub-
tropical convergence southwest of South
Africa. J. Geophys. Res. 73: 531-34

Elliott, B. A. 1982. Anticyclonic rings in the
Gulf of Mexico. J. Phys. Oceanogr. 12:
1292-1309

Elrod, J. A., Kester, D. R. 1986. Chemical
anomalies in a cold core Gulf Stream ring.
Deep-Sea Res. 33: 1313-26

Evans, R. H., Baker, K. S., Brown, O. B,,
Smith, R. C. 1985. Chronology of warm-
core ring 82B. J. Geophys. Res. 90: 8803—
12

Flierl, G. R. 1977. The application of linear
quasigeostrophic  dynamics to Gulf
Stream rings. J. Phys. Oceanogr. T: 365-
79

Flierl, G. R. 1984a. Model of the structure
and motion of a warm-core ring. Aust. J.
Mar. Freshwater Res. 35: 9-23

Flierl, G. R. 1984b. Rossby wave radiation
from a strongly nonlinear warm eddy. J.
Phys. Oceanogr. 14: 47-58

Flierl, G. R. 1987. Isolated eddy models in
geophysics. Annu. Rev. Fluid Mech. 19:
493-530

Flierl, G. R., Mied, R. P. 1985. Frictionally
induced circulations and spin down of a
warm-core ring. J. Geophys. Res. 90: 8917-
27

Flierl, G. R., Wroblewski, J. S. 1985. The
possible influence of warm core Gulf

© Annual Reviews Inc. * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1991AREPS..19..283O

rI99IAREPS 710 2830

Stream rings upon shelf water larval fish
distribution. Fish. Bull. 83: 313-30

Fofonoff, N. P., Hall, M. M. 1983. Estimates
of mass, momentum and kinetic energy
fluxes of the Gulf Stream. J. Phys. Ocean-
ogr. 13: 1868-77

Fox, M. F., Kester, D. R. 1986. Nutrient
distributions in warm-core ring 82-B
April-August. Deep-Sea Res. 33: 1761-72

Fuglister, F. C. 1963. Gulf Stream ’60. In
Progress in Oceanography, ed. M. Sears,
1: 265-373. New York: Macmillan

Fuglister, F. C. 1972. Cyclonic rings formed
by the Guif Stream 1965-66. In Studies
in Physical Oceanography. A Tribute to
Georg Wiist on his 80th Birthday, ed. A.
L. Gordon, 1: 137-68. New York: Gordon
& Breach

Fuglister, F. C. 1977. A cyclonic ring formed
by the Gulf Stream 1967. In 4 Voyage of
Discovery, pp. 177-98. New York: Per-
gamon

Gill, A. E., Green, J. S. A., Simmons, A. J.
1974. Energy partition in the large-scale
ocean circulation and the production of
mid-ocean eddies. Deep-Sea Res. 21: 499—
528

Glenn, S. M., Forristall, G. Z., Cornillon,
P., Milkowski, G. 1990. Observations of
Gulf Stream ring 83-E and their interpret-
ation using feature models. J. Geophys.
Res. 95: 13,043-63

Gordon, A. L. 1989. Brazil-Malvinas con-
fluence—1984. Deep-Sea Res. 36: 359-84

Gordon, A. L., Haxby, W. F. 1990. Agulhas
eddies invade the South Atlantic—evi-
dence from GEOSAT altimeter and ship-
board  conductivity-temperature-depth
survey. J. Geophys. Res. 95: 3117-25

Gould, R. W. Jr. 1988. Net phytoplankton
in a Gulf Stream warm-core ring: species
composition, relative abundance, and the
chlorophyll maximum layer. Deep-Sea
Res. 35: 1595-1614

Grundlingh, M. L. 1978. Drift of satellite-
tracked buoy in the southern Agulhas
Current and Agulhas return current.
Deep-Sea Res. 25: 1209-24

Hagan, D. E., Olson, D. B., Schmitz, J. E.,
Vastano, A. C. 1978. A comparison of
cyclonic ring structures in the northern
Sargasso Sea. J. Phys. Oceanogr. 8: 997—
1008

Hamon, B. V. 1965. The East Australian
Current, 1960-1964. Deep-Sea Res. 12:
899-921

Hitchcock, G., Langdon, C., Smayda, T.
1985. Seasonal variations in the phy-
toplankton biomass and productivity of
a warm-core Gulf Stream ring. Deep-Sea
Res. 11: 1287-1300

Hofmann, E. E., Whitworth, T. III. 1985.
Synoptic description of the flow at Drake

RINGS IN THE OCEAN 309

Passage from year-long measurements. J.
Geophys. Res. 90: 7177-87

Hurlburt, H. E., Thompson, J. D. 1980. A
numerical study of loop current intrusions
and eddy shedding. J. Phys. Oceanogr. 10:
1611-51

Ichiye, T. 1955. On the behavior of the vortex
in the polar front region. Oceanogr. Mag.
7. 115-32

Ichiye, T., Ichiye, C. 1956. The change of
various kinds of vortices in the sea east of
Honshu. Oceanogr. Mag. 8: 123-41

Iselin, C. O’D. 1936. A study of the cir-
culation of the western North Atlantic.
In Papers in Physical Oceanography and
Meteorology, Vol. 4. Cambridge, Mass:
MIT/Woods Hole Oceanogr. Inst. 101 pp.

Iselin, C. O’D. 1940. Preliminary report on
long-period variations in the transport of
the Gulf Stream system. In Papers in
Physical Oceanography and Meteorology,
Vol. 8. Cambridge, Mass: MIT/Woods
Hole Oceanogr. Inst. 40 pp.

Iselin, C. O’D., Fuglister, F. C. 1948. Some
recent developments in the study of the
Gulf Stream. J. Mar. Res. 7: 317-29

Isley, A. E., Pillsbury, R. D., Laine, E. P.
1990. The genesis and character of benthic
turbid events, Northern Hatteras Abyssal
Plain. Deep-Sea Res. 37: 1099-1119

Joyce, T. 1984. Velocity and hydrographic
structure of a Gulf Stream warm-core ring.
J. Phys. Oceanogr. 14: 93647

Joyce, T. M., Backus, R., Baker, K.,
Blackwelder, P., Brown, O., Cowles, T.,
Evans, R., Fryxell, G., Mountain, D.,
Olson, D., Schlitz, R., Schmitt, R., Smith,
P., Smith, R., Wiebe, P. 1984. Rapid evol-
ution of a Gulf Stream warm-core ring.
Nature 308: 83740

Joyce, T. M., Kennelly, M. A. 1985. Upper-
ocean velocity structure of Gulf Stream
warm-core ring 82B. J. Geophys. Res. 90:
8839-44

Joyce, T. M., Patterson, S. L., Millard, R.
C. 1981. Anatomy of a cyclonic ring in the
Drake Passage. Deep-Sea Res. 28: 1265—
87

Kawai, H., Saitoh, S.-I. 1986. Secondary
fronts, warm tongues and warm streamers
of the Kuroshio Extension system. Deep-
Sea Res. 33: 1487-1508

Kawamura, H., Mizuno, K., Toba, Y. 1986.
Formation process of a warm-core ring
in the Kuroshio-Oyashio frontal zone—
December 1986—October 1982. Deep-Sea
Res. 33: 161740

Kim, K., Rossby, T. 1979. On the eddy stat-
istics in a ring-rich area: a hypothesis of
bimodal structure. J. Mar. Res. 37: 201-13

Lai, D. Y., Richardson, P. L. 1977. Dis-
tribution and movement of Gulf Stream
rings. J. Phys. Oceanogr. 7: 670-83

© Annual Reviews Inc. * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1991AREPS..19..283O

rI99IAREPS 710 2830

310 OLSON

Lambert, R. B. 1974. Small-scale dissolved
oxygen variations and the dynamics of
Gulf Stream rings. Deep-Sea Res. 21: 529-
46

Legeckis, R., Gordon, A. L. 1982. Satellite
observations of the Brazil and Falkland
currents— 1975 to 1976 and 1978. Deep-
Sea Res. 29: 375-401

Lewis, J. K., Kirwan, A. D. Jr., Forristall,
G. Z. 1989. evolution of a warm-core ring
in the Gulf of Mexico: Lagrangian obser-
vations. J. Geophys. Res. 94: 8163-79

Louis, J. P., Petrie, B. D., Smith, P. C. 1982.
Observations of topographic Rossby
waves on the continental margin off Nova
Scotia. J. Phys. Oceanogr. 12: 47-55

Lueck, R., Osborn, T. 1986. The dissipation
of kinetic energy in a warm-core ring. J.
Geophys. Res. 91: 803-18

Lutjeharms, J. R. E., Van Ballegooyen, R.
C. 1988. The retroflection of the Agulhas.
J. Phys. Res. 18: 1560-83

Maxworthy, T., Browand, F. K. 1975.
Experiments in rotating and stratified
flows: oceanographic application. Annu.
Rev. Fluid Mech. 7: 273-305

McCartney, M., Schmitz, W., Worthington,
L. V. 1978. Large cyclonic rings from the
northeast Sargasso Sea. J. Geophys. Res.
83: 6136-44

McWilliams, J. C. 1986. Submesoscale,
coherent vortices in the ocean. Rev.
Geophys. 23: 165-82

McWilliams, J. C., Flierl, G. R. 1979. On the
evolution of isolated, non-linear vortices.
J. Phys. Oceanogr. 9: 1155-82

Mied, R. P., Lindemann, G. J., Bergin, J. M.
1983. Azimuthal structure of a cyclonic
Gulf Stream ring. J. Geophys. Res. 88:
2530-46

Myers, R. A., Drinkwater, K. 1989. The
influence of Gulf Stream warm core rings
on recruitment of fish in the northwest
Atlantic. J. Mar. Res. 47: 635-56

Nelson, D. M., Ducklow, H. W., Hitchcock,
G. L., Brzezinski, M. A., Cowles, T. J.,
Garside, C., Gould, R. W. Jr., Joyce, T.
M., Langdon, C., McCarthy, J. I,
Yentsch, C. S. 1985. Distribution and
composition of biogenic particulate mat-
ter in a Gulf Stream warm-core ring. Deep-
Sea Res. 32: 1347-69

Nilsson, C. S., Andrews, J. C., Scully-Power,
P. 1977. Observations of eddy formation
off East Australia. J. Phys. Oceanogr. T:
659-69

Nilsson, C. S., Cresswell, G. R. 1981. The
formation and evolution of East Aus-
tralian Current warm-core eddies. Prog.
Oceanogr. 9: 133-83

Nof, D. 1981. On the f-induced movement
of isolated baroclinic eddies. J. Phys. Oce-
anogr. 11: 1662-72

Nof, D. 1990. Fission of single and multiple
eddies. J. Phys. Oceanogr. In press

Nowlin, W. D., Hubertz, J. M., Ried, R.
0. 1968. A detached eddy in the Gulf of
Mexico. J. Mar. Res. 26: 185-86

Olson, D. B. 1980. The physical ocean-
ography of two rings observed by the cy-
clonic ring experiment, Part IT, Dynamics.
J. Phys. Oceanogr. 10: 514-28

Olson, D. B. 1986. Lateral exchange within
Gulf Stream warm core ring surface layers.
Deep-Sea Res. 33: 1691-1704

Olson, D. B., Backus, R. H. 1985. The con-
centrating of organisms at fronts: a cold-
water fish and a warm-core Gulf Stream
ring. J. Mar. Res. 43: 113-37

Olson, D. B., Evans, R. J. 1986. Rings of the
Agulhas. Deep-Sea Res. 33: 2742

Olson, D. B., Fine, R. A., Gordon, A. L.
1990. Convective modification of water
masses in the Agulhas. Deep-Sea Res. In
press

Olson, D. B., Podesta, G. P., Evans, R. H.,
Brown, O. B. 1988. Temporal variations
in the separation of Brazil and Malvinas
Currents. Deep-Sea Res. 35: 1971-90

Olson, D. B., Schmitt, R. W., Kennelly, M.,
Joyce, T. M. 1985. A two-layer diagnostic
model of the long term physical evolution
of warm core ring 82B. J. Geophys. Res.
90: 8813-22

Ortner, P. B., Hulbert, E. M., Wiebe, P. H.
1979. Phytohydrography, Gulf Stream
rings, and herbivore habitat contrasts. J.
Exp. Mar. Biol. Ecol. 39: 101-24

Ortner, P. B., Wiebe, P. H., Haury, L. R.,
Boyd, S. H. 1978. Variability in the zoo-
plankton biomass distribution in the
northern Sargasso Sea: the contribution
of Gulf Stream cold-core rings. Fish. Bull.
76: 323-34

Ou, H. W, De Ruijter, W. P. 1986. Sep-
aration of an inertial boundary current
from a curved coastline. J. Phys. Ocean-
ogr. 16: 280-89

Parker, C. E. 1971. Gulf Stream rings in the
Sargasso Sea. Deep-Sea Res. 18: 981-93

Pedlosky, J. 1979. Geophysical Fluid Dy-
namics. New York: Springer-Verlag. 624

pp-

Peterson, R. G., Nowlin, W. D. Jr., Whit-
worth, T. III. 1982. Generation and evol-
ution of a cyclonic ring at Drake Passage
in early 1979. J. Phys. Oceanogr. 12: 712—
19

Pond, S., Pickard, G. L. 1983. Introductory
Dynamical Oceanography. Oxford: Per-
gamon. 329 pp.

Ramp, S. R. 1989. Moored observations of
current and temperature on the shelf and
upper slope near ring 82B. J. Geophys.
Res. 94: 18,071-87

Reid, R. O, Elliott, B. E., Olson, D. B. 1981.

© Annual Reviews Inc. * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1991AREPS..19..283O

rI99IAREPS 710 2830

Available potential energy: a clarification.
J. Phys. Oceanogr. 11: 15-29

Richardson, P. L. 1980. Gulf Stream ring
trajectories. J. Phys. Oceanogr. 10: 90-104

Richardson, P. L. 1983. Gulf Stream rings.
In Eddies in Marine Science, ed. A. R.
Robinson, pp. 19—45. Berlin: Springer-
Verlag

Richardson, P. L., Cheney, R. E., Wor-
thington, L. V. 1978. A census of Gulf
Stream rings, Spring 1975. J. Geophys.
Res. 83: 613644

Richardson, P. L., Maillard, C., Stanford,
T. B. 1979. The physical structure and life
history of cyclonic Gulf Stream ring Allen.
J. Geophys. Res. 84: 772741

The Ring Group. 1981. Gulf Stream cold-
core rings: their physics, chemistry, and
biology. Science 212: 1091-1100

Saunders, P. M. 1971. Anticyclonic eddies
formed from shoreward meanders of the
Gulf Stream. Deep-Sea Res. 18: 1207-19

Savchenko, V. G., Emery, W. J., Vladimirov,
O. A. 1978. A cyclonic eddy in the Ant-
arctic Circumpolar Current south of
Australia. J. Phys. Oceanogr. 8: 825-37

Schmitt, R. W., Lueck, R. G., Joyce, T. M.
1986. Fine- and microstructure at the edge
of a warm-core ring. Deep-Sea Res. 33:
1665-90

Schmitt, R. W., Olson, D. B. 1985. Win-
tertime convection in warm core rings:
thermocline ventilation and the formation
of mesoscale lenses. J. Geophys. Res. 90:
8823-38

Schmitz, J. E., Vastano, A. C. 1975. Entrain-
ment and diffusion in a Gulf Stream cyc-
lonic ring. J. Phys. Oceanogr. 5: 93-97

Smith, D. C. 1V, O’Brien, J. J. 1983. The
interaction of a two-layer isolated meso-
scale eddy with bottom topography. J.
Phys. Oceanogr. 13: 1681-97

Spall, M. A., Robinson, A. R. 1990.
Regional primitive equation studies of the
Gulf Stream meander and ring formation
region. J. Phys. Oceanogr. 20: 985-1016

Tomosada, A. 1978. Oceanographic charac-
teristics of a warm eddy detached from
the Kuroshio east of Honshu, Japan. Bull.
Tokai Reg. Fish. Res. Lab. 94: 59103

Tomosada, A. 1986. Generation and decay
of Kuroshio warm-core rings. Deep-Sea
Res. 33: 1475-86

RINGS IN THE OCEAN 311

Tranter, D. J., Leech, G. S., Airey, D. 1983.
Edge enrichment in an ocean eddy. Aust.
J. Mar. Freshwater Res. 34: 665-80

Uda, M. 1938. Hydrographical fluctuations
in the north-eastern sea region adjacent to
Japan of North Pacific Ocean. (A result of
the simultaneous oceanographical inves-
tigations in 1934-1937). J. Imp. Fish. Exp.
Stn. 9: 1-66

Vastano, A. C., Schmitz, J. E., Hagan, D. E.
1980. The physical oceanography of two
rings observed by the cyclonic ring experi-
ment. Part I: physical structure. J. Phys.
Oceanogr. 10: 493-513

Veronis, G. 1973. Model of world ocean cir-
culation: I. Wind-driven, two layer. J.
Mar. Res. 31: 228-88

Watts, D. R,, Olson, D. B. 1978. Gulf Stream
ring coalescence with the Gulf Stream off
Cape Hatteras. Science 202: 971-72

Weatherly, G., Kelley, E. 1985. Storms and
flow reversals at the Hebble site. Mar.
Geol. 66: 205-18

Wiebe, P., Barber, V., Boyd, S., Davis, C.,
Flierl, G. 1985. Macrozooplankton
biomass in Gulf Stream warm-core rings:
spatial distribution and temporal changes.
J. Geophys. Res. 90: 8885-8901

Wiebe, P. H., Boyd, S. H. 1978. Limits of
Nematoscelis megalops in the north-
western Atlantic in relation to Gulf
Stream cold core rings. I. Horizontal and
vertical distribution. J. Mar. Res. 36: 119—
42

Wiebe, P. H., Flierl, G. R. 1983. Euphausiid
invasion/dispersal in Gulf Stream cold-
core rings. Aust. J. Mar. Freshwater Res.
34: 625-52

Wiebe, P. H., Hulburt, E. M., Carpenter, E.
J., Jahn, A. E., Knapp, G. P. 111, Boyd, S.
H., Ortner, P. B., Cox, J. L. 1976. Gulf
Stream cold core rings: large-scale inter-
action sites for open ocean plankton com-
munities. Deep-Sea Res. 23: 695-710

Yamamoto, L., Nishizawa, 1986. Small-
scale zooplankton aggregations at the
front of a Kuroshio warm-core ring. Deep-
Sea Res. 33: 1729-40

Zlotnicki, V., Fu, L.-L., Patzert, W. 1989.
Seasonal variability in global sea level
observed with GEOSAT altimetry. J.
Geophys. Res. 94: 17,959-69

© Annual Reviews Inc. * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1991AREPS..19..283O

