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ABSTRACT

A two-layer analytical model of cold- and warm-core rings has been constructed to explore steady interactions
of isolated eddies with horizontally sheared flows around and below the eddies. Steady inviscid solutions to the
quasi-geostrophic equations are found by assuming that the environmentaf shear is weak compared to the ring’s
shear.

It is found that such interactions lead to elliptical rings; in contrast to our expectations, the eccentricity of the
rings is caused solely by the lower layer shear and is independent of the surrounding upper shear. Namely, when
there is no shear in the lower layer, the ring’s shape is circular, even though there may exist a surrounding upper
shear. When the Row inside the ring rotates in the same direction as the lower shear, the elliptical ring is aligned
along the lower layer flow, On the other hand, when the flow inside the ring rotates in the opposite direction
to that of the lower shear, the elliptical ring is aligned across the lower-layer flow.

Surprisingly, when the surrounding upper flow shear rotates in the opposite direction to that of the flow below
the ring, a chain of weak vortices is generated outside the ring in the upper layer. This chain of vortices is a
result of trapped planetary waves. When the surrounding upper flow and the lower layer flow rotate in the same
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sense, there are no such ambient vortices. Instead, U-turned flows on both sides of the ring are established.
Possible applications of this theory to both warm- and cold-core rings are mentioned.

1. Introduction

When a circular (warm- or cold-core) ring is placed
in a sheared flow, distortions in its shape are generated
due to the distorted pressure fields. Such a situation is
created when an environmental shear is suddenly im-
posed on a circular ring that is initially embedded in
a resting ocean or when, during its formation, the ring
is injected into a flow field with preexisting shear. Our
aim in this paper is to compute the ring’s distortions
and the influence of the ring on the surrounding fluid.
As described below, variations of this classical problem
have been addressed by various investigators during
the past decade.

The general computations are quite difficult because
of two aspects. First, the position of the ring’s edge is
unknown and must be determined as a part of the so-
lution (Figs. 1 and 2). Namely, the matching of the
ring flow to the external flow must be done along a
free separating streamline whose position and shape
are not known a priori. Second, the interactions of the
ring and its surroundings are essentially nonlinear, We
shall see that, despite these aspects, it is possible to
isolate some steady solutions. To derive these solutions
we shall linearize the governing equations using a per-
turbation scheme in ¢, the ratio of the exterior shear
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to the ring’s shear. Specifically, we shall focus on quasi-
geostrophic flows with a weak shear both underneath
and around the eddies. :

a. Previous investigations

For a general review of isolated eddies studies the
reader is referred to Flierl (1987). Distortions in cir-
cular eddies due to stability and other time-dependent
processes were addressed by Spence and Legeckis
(1981), Mied and Lindemann (1983), Cushman-
Roisin et al. (1985), Cushman-Roisin (1986, 1987),
Young (1986), Send (1986), McCalpin (1987), and
Melander et al. (1987). Distortions that are more di-
rectly related to our present investigation—those re-
sulting from the interaction between eddies and envi-
ronmental shears—are listed in Table 1. While those
studies are informative, they do not specifically address
the problem where a ring is affected by both an upper
and lower shear which is considered in our study.

b. Methods

Our mathematical treatment includes the following
steps. First, the Bernoulli equation and potential vor-
ticity equation are derived by specifying the ring’s po-
tential vorticity and the upper upstream shear. Second,
the full Bernoulli equation and the potential vorticity
equation are scaled and simplified by a perturbation
scheme in ¢ which represents both the ratio of the en-
vironmental shear to the ring’s shear and the ring’s
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TABLE 1. A summary of theoretical studies of eddies interactions with environmental shear
(f'is the Coriolis parameter, @ its gradient, and / the upper-layer undisturbed depth).
Number of
active regions Continuous properties Cauase of the
Model type in the model across the ring’s edge ring’s distortion Reference

Purely barotropic (H = const), 2 Streamfunction and Surrounding shear and Moore and Saffman (1972)

f =0, analytical tangential velocity strain Kida (1981)
Purely barotropic (1982) 2 Streamfunction and Surrounding flow Swenson

(H = constant), f-plane, tangential velocity

analytical
Two-layer lens-like warm ring, 2 Pressure Lower-layer shear Nof (1985)

Jf-plane, analytical
Two-layer lens-like warm ring, 2 Pressure Lower-layer shear or Ruddick (1987)

Jf-plane, analytical strain
Two-layer Jovian vortex, - 3 Streamfunction, potential ~ Not specifically identified  Ingersoll and Cuong

plane, numerical vorticity and pressure (1981)
Two-layer cold and warm 3 Streamfunction and Lower-layer shear Present study

rings, f-plane, analytical

pressure

intensity. This perturbation analysis reduces the gov-
erning equations to quasi-geostrophic equations with
a weak external shear. Third, we derive one governing
equation with one unknown by substituting the Ber-
noulli equation into the potential vorticity equation.
Finally, the resulting Bessel-type equation is solved an-
alytically.

This study is organized as follows. The formulation
of the problem is presented in section 2, and the per-
turbation analysis in section 3. The detailed solutions
are obtained in section 4, and a special solution is given
in section 5. The results are discussed in section 6 and
the major points of this study are summarized in sec-
tion 7.

2. Formulation

Consider again the two-layer model shown in Figs.
1 and 2. The upper layer has uniform density p and
the lower layer has slightly larger density (p + Ap).
Our model is steady, frictionless, nondiffusive and hy-
drostatic. The origin of the polar coordinate (r, 8) is
located at the center of the eddy, and the coordinate
rotates (uniformly) with angular velocity f/2 about
the vertical axis. The lower layer flow’s direction is 60
=0.

Conceptually, we view the distorted ring as being
the result of the adjustment of a circular ring to the
application of external shear. Our attention is given to
the final steady state reached after the adjustment is
completed. The resulting ring is bounded by a closed
free streamline and has uniform potential vorticity (f/
D, where D is the cylinder initial depth). The velocity
of the infinitely deep lower layer, U, and the upstream
upper-layer speed, U, are,

U; = —Arsind, (2.1a)
U, = —Er siné, (2.1b)

where 4 and F are given. Note that when 4 is not equal
to E, there is a vertical gradient of vorticity in the en-
vironmental fluid. The model has three active regions:
the ring, the upper exterior with the upstream linear
shear, and the infinitely deep lower layer with linear
shear everywhere.

The lower-layer shear and the upper exterior shear
are taken to be weak compared to the ring’s shear.
Namely, as a result of the shear, the ring is a slightly
distorted circle so that the edge position can be ex-
panded in a Taylor series,

r=ro+ €?r(6) + era(6) + - - -,

O0<r<w

r—> o0

€< 1 (22)

where e corresponds to the square of the ratio between
the environmental shear to the ring’s shear (B). For
convenience, e has been defined here as the square of
the epsilon in Nof (1985). Note that B is the shear
that the ring would have at its edge (R = ry) in the
absence of a lower layer shear.

a. General structure of governing equations

Since our problem involves two parameters that are
weak—the exterior flow and the ring’s intensity—it is
necessary to derive the equations from first principles.
In polar coordinates, the potential vorticity and Ber-
noulli equations for the upper layer flow are
VI(V¥)/ ARl +f 3 ed

h

=P(¢/)7 Vzer—“'*‘_'—

or r 90 (2.3)

2
% (VT“L) +g'(h—H)+ % fA4r* sin’f = G(¢) (2.4)
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FiG. 1. A schematic diagram of the model under study. The ring
[bounded by a free streamline, r = ry + €r;(#)] is stationary on an
f-plane and is assumed to have a uniform potential vorticity. Away
from the ring (r = o), the lower layer and the upper exterior are
assumed to have two independent linear shears. Hence, there are
three active regions: the ring (shaded), the upper exterior, and the
lower layer. As a result of the interactions with ambient shears, the
ring’s shape is distorted and the ambient field is modified by the ring.

where 2, H, g', P(¥) and G(y) correspond to the total
depth of the upper layer, the undisturbed depth of the
upper layer, the reduced gravity (gAp/p), the potential
vorticity function and the Bernoulli function, respec-
tively. Here, (e,, €;) are the unit vectors in polar co-
ordinates, P(y) = dG(¥)/dy, and the streamfunction
is defined by

hv, = — % oy/a0, hv, = dy/or (2.5)
where ¥ = 0 corresponds to the edge of the ring and
v, and v, are the horizontal velocity components in
polar coordinates (Fig. 1). The last (pressure) term on
the left hand side of (2.4) is due to the lower layer
shear. This term couples the upper and the lower layer.
The specific structure of the governing equations for
the ring and the environment is to be determined by
P(¢) and G(y¥), which will be derived in the next sub-
sectiorn.

b. Governing equations for the ring

Without loss of generality, we may specify the uni-
form potential vorticity of the ring to be
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P(¢i) = (1 + Ro)f/H (2.6)

where Ro(= B/ f) is the (given ) Rossby number of the
ring. The subscript i indicates that the variable in ques-
tion is associated with the ring (upper interior). The
corresponding Bernoulli function is

Gi(¥i;) = (1 + Ro)f¥i/H (2.9)

where, for convenience, we have let G; (y; = 0) = 0.
Substitution of (2.6) and (2.9) into (2.3) and (2.4)
provides the complete potential vorticity and Bernoulli
equations for the ring.

¢. Governing equations for the exterior

The potential vorticity and Bernoulli functions of
the upper exterior are determined from the geostrophic
upstream condition at infinity, .

he=H + f(E — A)r?sin0/2g’,
Ve =[H/2 + f(E — A)r*sin®9/8g¢’) Er? sin?0,

r—>» o

r—- o (2.10)

(2.11)

where, in accordance with our previous notation, the
subscript e denotes variables of the upper exterior. Ap-
plication of (2.10) and (2.11) to (2.3) and (2.4) gives

- gEEL+])
P(¢.) = (@ H)E* + 28 JE(E — A0 (2.12)
__E+f
Ge(\be) - f(E _A)
X {[(g'HYE*>+ 28 fE(E — AW.]'? — g'HE}
(2.13)

T
AN
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FIG. 2. A schematic three-dimensional view of the interfaces for
a cold ring (upper panel) and a warm ring (lower panel) interacting
with environmental shear.
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which satisfies P,(¥.) = dG.(¥.)/dy., as should be the
case. Substitution of (2.12) and (2.13) back into (2.3)
and (2.4) gives the complete potential vorticity and
Bernoulli equations for the upper exterior.
d. Boundary conditions

The boundary and matching conditions are

hi(r,0) = ho(r,0); r=ro+e?ry )+ ---

(2.14a)
Vi(r, 0) =yo(r,0); r=ro+ e 2r )+ - -
- (2.14b)
o /or=0y;/00 =0, r=0 (2.14¢)
Ve = (1/2)HEr*sin, r—> co. (2.14d) -

The first and second conditions [(2.14a) and (2.14b)]
state that the pressure and streamfunction are contin-
uous across the ring’s edge. [ Recall that the stream-
function is defined to be zero along the ring’s edge
(Fig. 1)]. The third condition (2.14c) states that the
velocity components in the r and 6 directions are zero
at the center of the eddy and the last condition (2.14d)
reflects the uniform upstream shear (E).

Note that we do not require the tangential velocity
to be continuous across the ring’s edge. This is because,
in free streamline theory (Batchelor 1967; Garabedian
1964; Milne-Thompson 1960), an inviscid fluid is al-
lowed to have a velocity front (i.e., discontinuity of
velocity ). Similarly, a potential vorticity front may exist
across the ring’s edge. It is appropriate to point out
that, strictly speaking, requiring the velocity to be con-
tinuous across the free separating streamline over-con-
strains the problem. Some investigators (¢€.g., Swenson
1982) prefer to have such a continuous speed but, be-
cause the system is now over constraint, the imposed
structure of some other parameters in the problem (e.g.,
the vorticity) must be relaxed. The argument that the
velocity needs to be continuous in order for the solution
to be stable is not entirely valid because, in the actual
fluid, friction will smooth the discontinuity. In other
words, in the most general case, one needs to include
the frictional terms if the velocity is to be continuous
and the problem is not to be over constraint. This is
not to say that it is wrong to require the velocity to be
continuous across the separating streamline (in an in-
viscid model) but by doing so one limits the actual
freedom of the ring to adjust to the surrounding envi-
ronment. Consequently, solutions such as those of
Swenson (1982) correspond to rather special circum-
stances.

3. Perturbation analysis
a. Nondimensionalization

The following dimensionless variables are intro-
duced:
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¥* = y/RofR/H, & =E/RoH,

P* = P/(f/H), G*=G/g'H
r* =r/R;, €¢?=A4/B, Ro = ag,
a=RB3f4>, R=E/A (3.1)

where Ry [=(g'H/f?)'/?] is the internal deformation
radius, « is a transformed parameter (introduced for
convenience), and R is the ratio of the upper-layer
shear (E) to the lower-layer shear (4). For mathe-
matical tractability, we shall focus our attention on
situations where,

e<1l; Ro~O(e); a~0(1); R~O0O(1);
P* ~O(1); G* ~O0(l); B~ O(¢),
E ~0(4) ~ O(¥*f); ¢} ~0(1);
CEF~0(1); Yl ~O(?); ES ~O(e'?).
(3.2)

With this scaling both the ring and the exterior are
quasi-geostrophic (because both the Rossby number
and the amplitude are small). The ring’s intensity (B)
is small {O(e)] and the upper exterior shear is even
smaller [O(¢3/%)]; the lower-layer shear is of the same
order as the upper-layer shear.

b. Perturbation expansion

It is further assumed that, for the ring and upper
exterior, the streamfunctions and interfacial displace-
ments can be expanded in power series, €.g.,

Pl (x*, y* €)
=% OO ) + 2P0 )+ - (3.32)
EX(x*, y*, )
= & Q0% y9) + 25 V0% y) + -
VE(X* y*, €)
— 61/2%(1)()6*, y*) + expe‘”(x*, y*) + -+« (3.3¢)
EE(X*, y*%, ©)
— 61/258(1)()(*’ y*) + 658(2)()(*’ y*) 4+ e, (3,3d)

We shall see that with these expansions and (3.2), the
zeroth-order problem corresponds to the quasi-geo-
strophic regime considered by Csanady (1979). The
external shear enters the first-order problem whereas
the nonlinear square of the velocity in the Bernoulli
invariant enters higher-order approximations which are
beyond the scope of this study.

By substituting (3.3 ) into the nondimensional form
of the governing equations, we find the zeroth-order
equations and boundary conditions for the ring:

v, P =14 59, (3.42)
g =y, (3.4b)

(3.3b)
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and
F: 1(0)
(‘fr* =0, r*=0 (3.52)
=0, r=rs (3.5b)

where the derivation of the second boundary condition
(3.5b) involved a Taylor expansion around r* = rg .
Similarly, the first-order relations are

vy, = g0, (3.62)
£ =" — (r*)?sin%/2 (3.6b)
. * —

o e O 7m0 G
8y,

A rT(ﬂ)(E*—) =0, r*=r; (3.70)

where, as before, a Taylor expansion around r* = rg
has been used to obtain the second boundary condition
(3.7b). Note that we can eliminate Ei(o) to obtain one
equation (with one unknown) for the ring’s zeroth-
order problem, and we can eliminate ‘;’i( " and get one
equation ( with one unknown ) for the ring’s first-order
problem.

Similarly, we obtain the first-order equations for the
upper exterior,

VD 4+ (1= 1/RWD = R+ £ (3.82)
£ =y —(r*)?sin%/2.  (3.8b)

Again, elimination of &.(!) provides an equation with
one unknown (") for the upper exterior. The re-
sulting equation is subject to the boundary conditions,

v =0, (3.9a)

r* =rg
VeV = R(r*)?sin¥, r* >0 (3.9b)

As before, condition (3.9a) has been obtained from
(2. l:l) by using a Taylor series expansion around r*
=Tp .

4. Solution

To solve the coupled problem relating the ring and
its upper exterior, one first needs to find a general so-
lution for the ring and another for its upper exterior.
Then, one matches these two solutions along the ring’s
edge and thus obtains the detailed solutions. As stated
earlier, the matching conditions are continuity of
streamfunction and upper-layer depth. It is important
to realize that, for quasi-geostrophic motions such as
ours, the continuity of the upper-layer depth (or pres-
sure) across the ring’s edge is automatically satisfied
since the square of the velocity in the Bernoulli equa-
tion is negligible, so that the upper-layer depth is a linear
Sfunction of the streamfunction. [ This can be easily ver-
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ified by examining (3.4b), (3.6b), and (3.8b).] Con-
sequently, we can acquire the ring’s solution and the
upper exterior’s solution by matching the streamfunc-
tion alone.

a. Detailed solution for the ring (interior)

The zeroth-order solution of (3.4) satisfying (3.5a)
is identical to the solution derived by Csanady (1979).
The only difference between the solution presented be-
low and Csanady’s (1979 ) analysis is that Csanady has
“pushed” his solution beyond the range of parameters
that is strictly allowed in the quasi-geostrophic ap-
proximation (Flierl 1979) whereas we shall keep our
variables within the permitted range. The solution
consists of a sum of a particular solution and a ho-
mogeneous one, i.e.,

3@ = <1 + 3 L(r*)(a, cosnd + b, sinnb) (4.1)
n=0

where I,(r*) are the modified Bessel functions of the
first kind. The boundary condition (3.5b) requires that

1
a@=—5-,a,.=0, if n=1,2,3---
¢ I(ry)
b, =0, foralln (4.2)
Hence, the zeroth-order solution is
L(r*) — Ip(rd
0O = o(r*) — Io(ro) (4.3)

Io(rq)

By inspection, we find the first-order solution of (3.8)
satisfying (3.7) to be

P = %(r*)2 sin26 + 1 (4.42)
* _ 1 12 i 2 IO(r:)
ry = [2 (r*)* sin“f + 1][———1103) ] . (4.4b)

By adding the zeroth-order solution (4.3) and the first-
order solution (4.4), the total solution for the upper
interior can be written as

oF = Io(r*) — Ip(rg)
' Io(rg)

(4.5)

1
+ e”z(l + 3 r*? sinzﬂ) + O(e).

The corresponding interfacial displacement (¢/%),
and the position of the edge [r*(0)] is

« _ D(r*) — Ip(r)

1 172
& 100 E) + e+ O(e)

(4.6a)
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r*=rd o+ el/z[% (r*)? sin? + 1]

> [Io(r:)

Il(r{,")] + O(e).

(4.6b)

Note that to O(e'/?), ¢;* depends on 6 whereas £*
does not. This is a result of the lower layer pressure
which alters the usual quasi-geostrophic relationship
between £* and ¢* [see (3.6b)].

We define the ring’s eccentricity (e) to be

e=(a—b)a (4.7)

where a, b are the lengths of the ellipse along and across
the lower layer flow. Using our solution we find,

12
e=—/——-I°(r°)+O()

4.8
2 L(r) (4.8)

It is important to note that the surrounding upper shear
(E) does not enter the solution for the ring! Namely,
the ring’s shape is influenced solely by the lower-layer
shear; it is independent of the upper layer shear. We
shall return to this point later.

b. Detailed solution for the upper exterior

We shall first address the case where R = E/4 > 0.
In this case, the flow in the upper exterior rotates in
the same direction as that of the lower layer. The so-
lution of (3.8) satisfying (3.9a) consists again of a sum
of a particular solution and a homogeneous solution,

*
YoV = R(’"‘)2 sin’g + z K (Rruz)

X (cpcosnb + d, sinnf), R>0 (4.9)

where K,(r*/ R'/?) are the modified Bessel functions
of the second kind.
By considering (3.9b), we can determine ¢, and d,

o= R(rg)? o = R(r3)?
® T AKo(rd /RVA T 4Ky (r§ IRV
¢, =0, ifn=1,3o0rlarger; d,=0, foralln.
(4.10)

Hence, (4.9) can be written as
R(rg)? Ko(r*/R'?)
4 Ko(rg/R'Y?)

R(r5)? K(r*/R'"?)
4 Ky(rg/R'?)

v =

1
cos20 + > R(r*)?sin’g

R>0 (4.11)

and the total solution for the upper exterior is
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‘l/:= 1/2{ R(7} )[M

Ky (rg /R'?)

Ko(r*/ RV 4
— _Ko(r*/Rl/z)] - ER(r:)Z
K(r* /R (r*)*] .,
[K:(r&‘/R‘”) <r:>2] S 0]
+ O(¢), R>0

(4.12)

The corresponding interfacial displacement is

_ [l pexy Ka(r¥/ RT?)
E: € {4R(r0) [Kz(r(z)k/Rl/z)

_Ko(r/ RV 1 s
Ko(r3/R’/2)] R(ro)

2
Ky (r*/R'?) 29

Ky(ra /R 1

+ % (R — 1)(r*)? sin28 + O(e),

R>0.

(4.13)

We shall now proceed and consider the solution for
R = E/A < 0. In this case, the flow in the upper exterior
rotates in the opposite direction to that of the lower
layer. After similar calculation, we find

el/2 *2 w
[ Rro [Jz( ¥/IR[7)

_ Jo(r*/IRI'?) _1g*?
Jo(rg /IR|'?)

LUYIRIM™Y ()] .,
[Jz(ra"/lRl‘”) (o) ]Sm 0}
+0(e); R<0| (4.14)

where J,(r*/|R|'/?) are Bessel functions of the first
kind. The corresponding interfacial displacement is

— 12! *12 J2(r*/’R|”2)
£ = ¢ [4R(m)[]———2(r5,/|m1,2)

_ Jo(r*/IR|M?)
Jo(r*/|R| ”Z)]
L(r*/|R|'?)

1 *\2
iR
2RO IR

sin20}

+ % (R — 1)(r*)?sin20 + O(e),

R<0.| (4.15)
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For large r*, the upper exterior solutions for R > 0,
(4.12) and the upper exterior solution for R < 0, (4.14)
can be approximated by

1
* — 2 _1/2
yr =3¢ R

5/2 exP[(r(;k —r* )/Rl/z]
’ ()7

+ OC(e),

X {(r”‘)’2 —(rs }sin20

R>0, r*>1

1
Ve = 3 e'”R

X [(r*)2

(ro)*? cos(r*/|R| "% — x/4) 29
(P77 cos(ra /IR = wja) | &

+ O(e), R<O,

These expressions indicate that when the lower layer
shear 4 rotates in the opposite direction to the upstream
shear of the upper layer (i.e., R = A/E < 0), the per-
turbation of the streamfunction ¥ decays slowly (as
~1/(r*)'/?) and is a sinusoidal function of 7*. On
the other hand, when the lower-layer shear A4 rotates
in the same sense as the upper layer shear FE (i.e., R
= A/E > 0), the perturbation of the streamfunction
¢¥ decays uniformly and rapidly [according to
—exp(r*/ R'?)/(r*)"?].

The streamlines for R > 0 and R < 0 are shown in
Figs. 3 and 4, respectively, and the eccentricity in Fig.
5. In both Figs. 3 and 4 the ring is elliptical due to the
underlying shear. The manner in which the shear affects
the ring is shown in Fig. 6; it is similar to the process
discussed by Nof (1985) in the sense that the shear
underneath the ring simply adds to (or subtracts from )
the swirl of the ring. Recall that, as stated earlier, the
surrounding upper layer shear has no effect on the ring.

r*> 1.

L
L@~

T —— 0.2 |

UPPER
EXTERIOR
SHEAR

LOWER
LAYER
SHEAR

FIG. 3. Typical streamfunctions of a warm-core ring and its upper
exterior for R > 0. On the right are the lower layer shear and the
upper exterior shear at infinity; these two shears rotate in the same
sense. The major axis of the anticyclonic eddy is aligned with the
lower layer shear. There are U-turned streamlines on both sides of
the ring. The parameters are: ¢ = 0.01; ro = R;; R = 0.8.
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FIG. 4a. Typical streamfunctions of a cold-core ring and its upper
exterior for R < 0. On the right are the lower layer shear and the
upper layer shear at infinity; these two shears rotate in opposite di-
rections. Note that the shear in the lower layer is anticyclonic so that
the cyclonic eddy lies across the lower layer flow. Interactions between
active regions generate a chain of vortices upstream and downstream
(e =—0.01; rg = Rs; R = —0.8). A close-up of the area bounded by
the dashed line is shown in Fig. 4b, and a wide-angle view in Fig. 4c.

Of course, this is only true to the order of approxi-
mation that we have solved for. Higher order approx-
imations will certainly include such an effect.

As far as the surrounding exterior is concerned, when
R > 0 (Fig. 3) there are simply U-turned flows on the
two sides of the ring. In contrast, when R < 0 (Fig. 4),
chains of vortices are generated on the two sides of the
ring; these chains of vortices correspond to trapped
planetary waves. The difference between the two cases
can be explained as follows. When the flow in the two
environmental layers is in the same sense (R > 0), the
planetary waves generated by the interaction of the ring
and the environment (due to the sloping interface ) are
swept away (Fig. 3). By contrast, when the shear in
the two environmental layers is in the opposite sense
the waves are trapped by the flow (Fig. 4). In a way,
the above process is similar to the one encountered in

2 d
02\
0_4
-2 — T
-2 0 2

FIG. 4b. A close-up of the ring shown in Fig. 4a.






