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ABSTRACT

Ocean currents’ effect on long-range sound propagation, though considerable in many cases, is difficult to
separate from much stronger effects due to sound speed inhomogeneities, as flow velocity is usually much
smaller than typical variations in the sound speed. Dramatic improvement can be achieved in reciprocal trans-
mission experiments when sound signals propagate in opposite directions between two transceivers (source–
receiver pairs). The presence of a current results in the breaking of the principle of acoustic reciprocity, thus
making it possible to use nonreciprocity of acoustic field as an indicator of water movement. In this paper,
reciprocal acoustic transmissions through a submesoscale interthermocline lens of Mediterranean Water (meddy)
in the Atlantic are considered theoretically as a possible tool for meddies detection. A simple model of acoustic
ray-travel-time nonreciprocity due to a meddy is proposed. The analytic estimates obtained from the model show
that the influence of rotary flow is more important than that of drift and seems to be measurable. The problem
is studied in more detail via computer simulations. The environmental model used in the simulations corresponds
to case studies performed in the Iberian Basin in 1989 and 1991. Numerical simulations show that travel times
between two transceivers can be gathered into several groups; for the most part, rays in each set have similar
geometry for both propagation directions. However, the lens strongly affects the number of rays in each group,
their launch angles, and number of surface interactions, making it impossible to identify these arrivals as required
for conventional ocean acoustic tomography. In spite of complexity of ray structure, travel-time nonreciprocity
predicted by the model proposed is in good agreement with numerical results. This fact suggests that the model
could be used to estimate some parameters of a meddy.

1. Introduction

Ocean current velocities are usually much smaller
than typical variations in the sound speed field. This is
why it is difficult to detect a currents’ impact on acoustic
field parameters using traditional experimental schemes.
Dramatic improvement can be achieved in reciprocal
propagation experiments where a difference in a sound
field parameter is measured for signals propagating with
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and against the flow. The presence of a current results
in the breaking of the principle of acoustical reciprocity
(section 4.2 in Brekhovskikh and Godin 1992) thus mak-
ing it possible to use the nonreciprocity of sound fields
as an indicator of water movement. Ocean acoustic to-
mography (OAT) in a reciprocal transmission scheme
has proven to be a powerful tool for ocean circulation
monitoring (Howe et al. 1987; Worcester et al. 1991;
Munk et al. 1995).

Basic theoretical estimates of the influence of flow
on sound fields can be obtained using a layered ocean
model. Previous simulations made for jet flows such as
the Gulf Stream demonstrate strong variations in field
intensity and eigenrays’ flight times depending on the
propagation azimuth measured with respect to the main
current direction (Godin et al. 1992a,b). Variations
amounted to 15 dB and 17 ms, respectively, for source–
receiver separations of 50–100 km.

However, it is known that the most powerful oceanic
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currents are likely to spatially coincide with regions of
strong horizontal inhomogeneities; the north boundary
of the Gulf Stream is a good example. Next to jets, high
flow speeds in the ocean may be related to the omni-
presence of mesoscale eddies (Robinson 1983). Hence,
an environmental model used in numerical simulations
must be at least two-dimensional (2D) to provide a good
approximation to a natural range-dependent medium.
Moreover, the mathematical model of acoustic wave
propagation and the respective computer program must
be precise enough for the errors in sound field param-
eters calculated for one-way transmission to be signif-
icantly smaller than their differences in reciprocal trans-
mission. For correct modeling of the subtle acoustic
effects of oceanic currents it is particularly important
for the model to preserve exactly the reciprocity of
sound fields in media at rest.

In this paper we consider theoretically reciprocal
acoustic transmission through a rotating interthermo-
cline lens of Mediterranean Water (Mediterranean eddy,
or meddy) as a possible tool for remote sensing of such
lenses. Rotating lenses of Mediterranean Water in the
North Atlantic are a common feature. These belong to
the broad class of submesoscale coherent vortices om-
nipresent in all oceans. After McWilliams (1985), the
vortices contain enhanced rotational energy with spatial
scales smaller than the internal radius of deformation.
The more common name ‘‘meddies’’ was coined for the
subgroup of submesoscale coherent vortices in the out-
flow region of the Mediterranean Water west of Gib-
raltar. It was introduced by McDowell and Rossby in
1978. The term meddy today stands for anticyclonically
rotating lenses of Mediterranean Water encapsulated by
strong contrasts of water masses and a sharp vorticity
front at their periphery (Käse and Zenk 1996). Recently,
Käse and Zenk (1996) have reviewed the climatological
Mediterranean salt tongue and the potential impact of
meddies on the salt and energy distribution at middepth
of the Atlantic. Though the authors state that meddies
are a dominant factor in the balance of hydrographic
parameters and energy, they note ‘‘It is too early to
establish an alternative [salt] balance that replaces the
traditional large-scale advection-diffusion concept.’’
Nevertheless, the meddy phenomenon itself exhibits
several important dynamical aspects. Meddies are be-
lieved to be generated by the topography along the Al-
garve coastline south of Portugal (Prater and Sanford
1994) or by lateral shear currents west of the Portuguese
continental slope (Beckmann and Käse 1989). Depend-
ing on the applied methods and on the databases used,
it is estimated that about 8%–25% of the Mediterranean
Outflow enters the deep Atlantic in the form of meddies
(Armi and Zenk 1984; Richardson et al. 1989). As the-
oretical studies by Nof (1991) have shown, meddy for-
mation may also be triggered by outflow pulses such as
observed in the Gulf of Cadiz by Gründlingh (1981).

The rest of this paper is organized as follows. In
section 2 various acoustic effects of meddies are re-

viewed and acoustic time-of-flight nonreciprocity is sin-
gled out as a promising quantity to be measured for
meddy detection. A simple analytic model is proposed
to estimate semiqualitatively the time-of-flight nonre-
ciprocity. In section 3 a new computer algorithm for
simulation of sound propagation in 2D-inhomogeneous
moving media is presented that satisfies the above-men-
tioned requirements. The algorithm is applied in section
4 to study variations of times of flight and their non-
reciprocity caused by a meddy. The environmental mod-
el used in our simulations corresponds to case studies
performed in the Iberian Basin in 1989 and 1991 (Hin-
richsen et al. 1993; Schultz Tokos et al. 1994). Capa-
bilities and limitations of acoustic remote sensing of
meddies are discussed in section 5.

2. Acoustic effects caused by a rotating lens

The influence of submerged coherent vortices on ob-
servable parameters of sound fields has been investi-
gated in several field experiments as well as by nu-
merical simulations (Brekhovskikh et al. 1993; Gon-
charov et al. 1990; Lysanov et al. 1989; Mal’tsev et al.
1990; Lysanov et al. 1993; Nekrasov 1988). The most
prominent effect emphasized by all the authors is the
insonification of regions behind the meddy (with respect
to the sound source) that in the absence of the meddy
would be in geometrical shadow zones. Numerical sim-
ulations of sound propagation performed for environ-
mental conditions of background water and for the
ocean with an intervening meddy also demonstrated that
the inhomogeneity leads to significant displacements of
convergence zone boundaries (Goncharov et al. 1990;
Lysanov et al. 1989; Mal’tsev et al. 1990; Lysanov et
al. 1993). For a deeply deployed sound source, where
the structure of acoustical convergence zones does not
occur, the impact of the meddy proved to be less obvious
and has not received a clear physical interpretation ex-
cept for some acoustic field anomalies within the lens
itself (Lysanov et al. 1989; Lysanov et al. 1993). It is
important to note that computer calculations of sound
field parameters within the framework of ray acoustics
and without regard of horizontal refraction were found
to be in good agreement with experimental measure-
ments, even at the relatively low frequency of f 5 385
Hz (Brekhovskikh et al. 1993; Goncharov et al. 1990).

Previous numerical simulations of acoustic fields in
the presence of a meddy have been performed only for
midocean environmental conditions where the sound
speed profile (SSP) in the surrounding ocean had only
one minimum (SOFAR channel) and the SSPs within
and out of the meddy were considerably different. By
contrast, in the Iberian basin the background SSP has
two distinct minima at depths of approximately 600 and
2000 m with a clearly defined acoustic antiwaveguide
at about 1200 m (Fig. 1, after Zenk and Armi 1990).
The antiwaveguide axis is situated near the typical depth
of the lower boundary of the meddy core. An interven-
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FIG. 1. Distribution of sound speed between Ampere Bank (left),
Gettysburg Bank (center), and Cap Sao Vicente, southwestern Por-
tugal. Note the two layers (600, 2000 m) of lower sound speed are
separated by a maximum layer (crossed hatched). The depth of this
maximum layer is identical to the depth of the lower core of the
Mediterranean Water. [Figure reproduced from Zenk and Armi (1990)
with kind permission of Elsevier Science, Ltd.]

ing lens does not alter the type of the SSP. The maximum
difference of the sound speed c, Dcmax, in the meddy
core and in the surrounding waters at the same depth
may be several times smaller than in the midocean ex-
amples considered in the literature. In our case, Dcmax

is about 3.5–4 m s21, a value consistent with the situ-
ation at the virtual source area near Cap Sao Vicente at
the southwest corner of Portugal (Zenk and Armi 1990).
The velocity of rotary water motion in lenses amounts
to tens of centimeters per second (Lysanov et al. 1993;
Sabinin and Deev 1991; Newton 1989). A lens drift
speed is of order of several centimeters per second (Zenk
et al. 1992; Lysanov et al. 1993; Sabinin and Deev 1991;
Newton 1989). Effects caused by the lens rotation have,
to our knowledge, not been studied by computer sim-
ulation.

Although the typical size of deep-core eddies is large,
their detection by means of traditional CTD (conduc-
tivity–temperature–depth) or XBT (expendable bathy-
thermograph) surveys requires arduous efforts (Gon-
charov et al. 1990; Mal’tsev et al. 1990; Lysanov et al.
1993). Because of their significant impact on the salt
transport in the northeastern Atlantic, it is of interest to
study the possibility of remote acoustical monitoring of
lenses. For example, the above-mentioned phenomenon
of shadow zone insonification could be used, in prin-
ciple, as an indicator of the existence of a meddy. This
criterion, however, is inconvenient and difficult to ex-
ploit using conventional underwater acoustic networks.
Moreover, it is not clear, in light of the highly variable
environmental conditions that are typical of the region
of the meddy formation (Prater and Sanford 1994),
whether the interthermocline eddies are the only pos-

sible source of such sound field variations. Near the
western Portuguese coastline it is often difficult to dis-
tinguish between the Mediterranean Undercurrent,
which parallels the continental slope, and already sep-
arated salt lenses (Zenk et al. 1992).

In physical laboratory experiments, reciprocal acous-
tic transmissions are widely used to measure parameter
of vortices in liquids and gases (Engler et al. 1989).
This technique seems also to be an adequate way of
sensing eddies in the ocean, although at quite different
space scales and under much more complicated prop-
agation conditions. The differences of times of flight in
opposite directions can serve as an indicator of medium
motions caused by a salt lens. As will be shown below,
the passage of a meddy through a plane of acoustic
observations results in a rather specific variation of the
sound travel-time nonreciprocity, which makes the dis-
tinction between a meddy and other inhomogeneities
possible. Moreover, some characteristic parameters of
the meddy may be estimated from such data.

To estimate the nonreciprocity of propagation time
due to a spinning and drifting inhomogeneity, we will
use the following simple physical model: Let us assume
a circle of radius R represents the lens core viewed from
above, rotating as a solid body around a vertical axis
passing through its center. Schultz Tokos and Rossby
(1991) studied the kinematics of a meddy in the Canary
Basin by a dedicated series of PEGASUS profiler sta-
tions. The obtained vertical current profiles have shown
the quasi-solid body characteristics of meddies. This
assumption is also justified by Eulerian current obser-
vations in the Canary Basin (Siedler et al. 1985) and
Iberian Basin (Zenk and Armi 1990). Neglecting details
of the flow velocity distribution from the meddy center
to its boundary, the current u field in the lens may be
roughly described by two parameters: drift velocity v
and angular velocity of vortical motion v. The acoustic
travel time is given by (section 5.1 in Brekhovskikh and
Godin 1992)

1
T 5 ds, (1)E u·k 1 cq

g

where q 5 [1 1 (u·k)2c22 2 u2c22]1/2, integration is
performed along the exact path g of the eigenray coming
from the source to the receiver through the lens, ds is
the differential pathlength, and k is a unit vector tangent
to the path. Linearization of Eq. (1) with respect to u
gives the difference of propagation times in reciprocal
transmission

u·k
DT 5 2 ds, (2)E 2c

g0

where g0 is the eigenray path in a motionless medium
with sound speed field perturbed by the meddy (‘‘fro-
zen’’ meddy). Equation (2) represents the first-order
term of perturbation theory (PT) for the eikonal for
moving media. This PT is valid providing the water
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FIG. 2. The layout of an acoustical experiment for remote sensing
of meddies. The top view.

movement in the lens does not lead to distortions of ray
structure so strong that the identification of eigenrays
in opposite directions [in the sense of conventional OAT
(Munk et al. 1995)] fails or that the corresponding rays
prove to be of different types, for example, have dif-
ferent number of surface interactions (Mikhin 1994).
This assumption is usually true. From the top view, the
eigenray crosses the lens approximately along a circle
chord. If the distance from the core center to a vertical
plane coming through both transceivers (i.e., source–
receiver pairs) equals Y (Fig. 2), the chord length is d
5 2(R2 2 Y2)1/2, and a horizontal component of the
rotary flow speed at any point on the chord is vr cosu
5 v(Y/cosu)cosu 5 vY. (For definition of the angle u
see Fig. 2.) Hence,

21DT ø 2(y 1 vY)c T9 5 (DT) 1 (DT) . (3)0 y v

Here y is the v component parallel to source–receiver
direction, c0 is a typical sound speed in the medium,
and T9 is a characteristic time of flight within the meddy.
To within an order of magnitude T9 5 hd(DDzr)21T,
where D is the transceiver separation, T ø D/c0 the total
propagation time, Dzr 5 a typical difference(1) (2)z 2 zr r

between upper and lower turning points for the given
eigenray, and h is the width of the part of the meddy
core covered by the probing eigenray, that is the portion
situated between the depths . By substituting(1) (2)z and zr r

these relations into Eq. (3), we obtain the final estimate
of the time-of-flight nonreciprocity

22 21 2 2 1/2(DT) ø 4yc h(Dz ) (R 2 Y )y 0 r

22 21 2 2 1/2(DT) ø 4vYc h(Dz ) (R 2 Y ) . (4)v 0 r

Perturbation theory methods were previously applied
to the problem of sound propagation through a lens by
Lysanov and Ostashev (1992) and Lysanov et al. (1993).
Deviations of sound speed and flow velocity in the eddy
from corresponding values in the surrounding ocean
were considered as small perturbations Dc and Du. Gen-
eral equations for times-of-flight variations and their
nonreciprocity due to the lens were derived under the
presumption that the perturbed ray path did not differ
significantly from that in the lens absence. On this

basis, expressions for (DT)v similar to Eq. (4) were
obtained for two particular cases: the horizontal ei-
genray and the eigenray crossing the lens along a
straight line inclined with respect to the horizon. No
such restrictive assumptions about eigenray geometry
have been made in deriving Eq. (4). Moreover, usually
the lens strongly affects the ray structure. As a result,
the PT that relies on stability of eigenrays may fail to
describe overall variations of T and DT. The applica-
bility of such PT is not required for the validity of the
estimate (4). Only the deformation of the eigenray path
by the current must be small. The unperturbed ray in
Eqs. (2)–(4) corresponds to the ‘‘frozen’’ motionless
medium with the sound speed field perturbed by the
meddy.

The functions (DT)y (Y) and (DT)v(Y) reach their max-
ima at points Y 5 0 and Y 5 R/ 2, respectively;Ï

22 21max(DT) 5 4yc h(Dz ) R,y 0 r

22 21 2max(DT) 5 2vc h(Dz ) R . (5)v 0 r

For instance, substituting in Eq. (5) the values y 5 4.3
cm s21,1 c0 5 1.5 km s21, h 5 1 km, Dzr 5 4 km, R 5
50 km, and v 5 2p/7 cycles per day, typical for a large
meddy in the deep ocean, we obtain max(DT)y ø 1.0
ms and max(DT)v ø 5.8 ms. Hence, travel-time differ-
ences due to the meddy rotation are considerably larger
than those due to the lens drift.

According to observational data reported in the lit-
erature (Armi and Zenk 1984; Zenk et al. 1992; Prater
and Sanford 1994; Käse and Zenk 1996; Walsh et al.
1996), usually 12 km # R # 50 km with more typical
values being 25–40 km. A meddy’s extent in depth is
typically 0.6–1.4 km and from surface to about 3 km
in extreme cases. The rotation period is 4–10 days or
longer, depending on meddy age. Maximum current
velocity due to meddy rotation is 9–50 cm s21, more
often 20–30 cm s21, drift velocity is 0–6 cm s21 and
typically 2–3 cm s21. Due to Eq. (5), with h/Dzr 5 1/4
these typical values of meddy parameters translate, al-
beit with considerable uncertainty, to representative
values of max(DT)y and max(DT)v of 0.2–0.8 ms and
1.5–4.2 ms, respectively. With h/Dzr 5 1, that is, for
acoustic rays with upper and lower turning points with-
in vertical extent of the meddy, the representative val-
ues are 0.8–3.2 ms and 6.0–16.8 ms. These estimates
suggest that, with accuracy of travel-time nonreci-
procity measurements taken to be 0.5–1.0 ms, travel-
time differences due to meddy drift can be marginally
detected, whereas those due to meddy rotation should
be measurable reliably.

Until section 5, we will concentrate on the effect due
to rotation, as it is clearly more promising for meddy
detection. Consider the meddy drifting uniformly along

1 Zenk et al. (1992) determined a meddy drift speed of 3.7–4.6 cm
s21 west of the Tejo Plateau at 398N.

Brought to you by HELMHOLTZ-ZENTRUM FUER | Unauthenticated | Downloaded 03/07/22 01:26 PM UTC



942 VOLUME 14J O U R N A L O F A T M O S P H E R I C A N D O C E A N I C T E C H N O L O G Y

a straight line. If the line is perpendicular to a reciprocal
transmission path, in the example considered it will take
the meddy approximately 2R/y ø 20 days to cross the
propagation path completely. The passage time increas-
es as cosecant of the acute angle between drift velocity
and the transmission path with the angle decreasing.
During the passage, the displacement Y varies from 2R
to 1R leading to an ‘‘oscillation’’ of DT: DT , 0 for
2R , Y , 0 and DT . 0 for 0 , Y , R. This peculiar
behavior of DT may serve for meddy detection as earlier
proposed in Lysanov and Ostashev (1992) and Lysanov
et al. (1993).

The DT variation is more complicated, when just a
part of the meddy traverses the transmission path. Fur-
ther complications can be caused by an occasionally
erratic behavior of meddies close to the formation re-
gion, that is, primarily in the extension of the Gulf of
Cadiz and in the Iberian Basin. Käse and Zenk (1996)
reported observational evidence for alternating periods
of progression and stall. They attribute this behavior to
stratification instabilities. Shapiro and coworkers (1995)
further showed by a self-similarity argument that med-
dies undergo a substantial adoption process north of the
latitude of Gibraltar before these are converted into
more stable lenses as found in the Canary Basin. Even
there, their rotation axes may be tilted transversely with
respect to the meddy translation direction due to external
mean geostrophic shear (Walsh et al. 1996). Further
evidence for a ‘‘stop and go’’ behavior of meddies was
observed by moored current meters in the central Ca-
nary Basin. Mooring site KIEL276 was the first location
where a meddy was documented in an Eulerian record
(Armi and Zenk 1984). Later records at this current
meter station revealed strong intermediate current events
(Siedler et al. 1985). These include cases where identical
meddies touched the mooring site twice within a times-
cale of several days or weeks.

These observational examples have to be kept in mind
as peculiarities in meddy drift. However, we will ignore
these special cases in favor of a simplified environ-
mental model. We certainly cannot exclude an occa-
sional abrupt change in drift velocity when ‘‘the meddy
only travels part of the way into the line between the
transducers and then changes direction moving away
rather than through the sensing field,’’ as one of the
anonymous reviewers pointed out. Though reports about
peculiarities in meddy dynamics can be found in the
literature in quantities, these anomalies are rare with
respect to the total lifetime of meddies.

Even under assumption of a uniform rectilinear drift,
any well-grounded conclusion on the feasibility of
acoustic detection of meddies cannot be based, however,
on semiqualitative estimates (4) and (5) unless their ac-
curacy is determined from a rigorous simulation of
sound propagation in the presence of a meddy. Such a
simulation can be only performed numerically.

3. A computer program for calculation of
high-frequency sound fields in 2D
moving media

In numerical simulations the environmental input data
are usually given on some 2D coordinate grid. To de-
termine sound and flow velocity fields in the whole
medium, we use the triangulation method. The medium
considered is split into triangles with apexes at points
of hydrological survey measurements. The sound speed
and the current velocity vector (not necessarily hori-
zontal) within each triangle are determined by linear
interpolation of the corresponding values at the apexes.
If there was no current, the medium would be locally
layered in any triangle and the ray trajectory within it
could be found analytically; it would be an arc of a
circle for the linear interpolation of c (Brekhovskikh
and Lysanov 1991). The presence of flow complicates
the problem dramatically because the gradients of the
c and u components are generally not parallel to each
other. This fact prevents us from explicit integration of
ray equations within the triangle.

It was demonstrated recently that for source–receiver
separations and sound frequencies of interest in moni-
toring of meddies, the effect of oceanic currents on long-
range acoustic propagation can be described with sat-
isfactory accuracy by means of the effective sound
speed approximation (ESSA) (Godin et al. 1992a; Godin
et al. 1993). The approximation consists of substituting
the real medium by a medium at rest with an effective
sound speed ce 5 c 1 u·l, where l is a horizontal unit
vector in source–receiver direction. However, for nu-
merical simulations of current tomography, ESSA pre-
cision might be insufficient.

In our algorithm a ray trajectory and travel time for
a ray are calculated first within the framework of ESSA
and then are refined by means of first-order PT using
ESSA as a zeroth-order approximation. For this purpose
the PT in the moving media was derived (Mikhin 1994)
that explicitly takes into account perturbations of rays’
geometry. The perturbations of sound speed and current
velocity are Dc 5 c 2 ce and Du 5 u, respectively. The
effective motionless medium is layered within a triangle
allowing an analytical solution of the PT equations.
Moreover, for the linear dependencies of c and u, this
solution can be expressed in terms of elementary al-
gebraic functions. Since the size of a typical triangle is
relatively large, one-step calculation of ray displacement
in the triangle provides better computational perfor-
mance compared with algorithms based on numerical
integration of differential equations for ray trajectory
(Mercer 1988; Boone and Vermaas 1991).

To test the program, its numerical output was com-
pared with those of available programs for calculating
sound fields in a medium at rest (Voronovich and Gon-
charov 1985) and in a stratified moving medium (Godin
et al. 1992a,b). This latter program, written by two of
the authors (DYM and OAG), is based on explicit in-
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FIG. 3. Sound speed profiles c(z) used in the numerical simulation
of sound propagation and their assumed positions with respect to the
transceivers and the meddy core (more detail is given in the text).
For the purposes of illustration the sound speed profiles are shifted
along the x axis by the value of a distance Xi, i 5 1, . . . , 10 between
the given point of CTD cast and the second transceiver. The positions
Xi are shown with squares on the z 5 0 axis.

tegral formulas for ray trajectory, flight time, and am-
plitude at a point on a ray in the layered medium. These
tests were performed for sound speed and current ve-
locity profiles taken from field surveys in the Gulf
Stream, as well as for artificial media with large current
velocity. In some examples the maximal value of zuz
exceeded 160 m s21 providing a check of the approach
under severe conditions. Comparisons have demonstrat-
ed (Mikhin 1994) the new algorithm based on ESSA
and PT has ample accuracy over all reasonable range
of sound speed variations and current velocities as well
as their gradients. The correction of ESSA with first-
order perturbations leads to a sensible improvement.

4. Computer simulations of sound propagation
through the meddy

The meddy model used in numerical simulations cor-
responds to a 1991 survey in the Iberian Basin. In Fig.
3 six SSPs within the lens are represented by solid lines.
They were taken from a CTD section located close to
the meddy center. The background sound speed field

was chosen according to CTD casts in the same region
but outside the meddy. The two SSPs used are shown
in Fig. 1 with dotted lines. An SSP with two local min-
ima (i.e., two internal waveguides) is characteristic of
the area under study (cf. Fig. 1). Simultaneous infor-
mation was not available on the current velocity field.
Based on these data and a general understanding of the
structure and dynamics of meddies (Zenk and Armi
1990; Sabinin and Deev 1991; Newton 1989), the fol-
lowing scenario for computer simulation was developed.
The locations of the extreme SSPs in the meddy cross
section were taken to be the boundary of its core. The
core was assumed to be symmetrical about a vertical
plane containing six experimental SSPs and rotating as
a solid body around a vertical axis passing through its
center. The original SSPs were placed at points xi 5 Xi,
yi 5 Y, where Xi is the distance between the given point
of a CTD cast and the second transceiver (Fig. 3). The
sound field in the vertical plane y 5 Y was specified by
partitioning the 2D space between the neighboring SSPs
into triangular sectors, as described in section 3. The
sound speed profile in an arbitrary point with polar co-
ordinates r # R and u (Fig. 2) was calculated as

(1) (2)c(z; r, u) 5 0.5[c (z) 1 c (z)]

u
(1) (2)1 [c (z) 2 c (z)] , (6)

p

where c(6)(z) 5 c(z; r, 6p/2). Deviation of rays from
the vertical plane containing both transceivers, as well
as water movement caused by the lens drift, were ne-
glected. The core radius was about 50 km. Tangent com-
ponent of the flow velocity at this distance amounted
to U 5 1.0 and 0.5 m s 21 for two simulations made.
To avoid current discontinuities at the core edge, a tran-
sition zone was introduced around the core. The re-
sulting space distribution of the absolute value of u is
given by the formula

u 5 zu(r, z)z 5 ur(r)uz(z). (7)

Piecewise linear shape functions ur and uz are shown in
Fig. 4.

The first transceiver was placed at the point of the
rightmost SSP presented in Fig. 3, while the second one
was situated 201 km away at the point of the leftmost
SSP. Their depths were 655 and 800 m, respectively.
This is within the upper waveguide but below its axis.
The lens crossed the acoustic propagation plane (i.e.,
the vertical plane coming through both transceivers) at
a right angle. The separation Y of the meddy center from
the plane varied from 255 to 55 km with 2.5-km steps.
Minimal distance between the core edge and transceiver
1 was 20 km. Figure 3 corresponds to this position of
the core.

Calculated arrival times for all eigenrays found are
plotted with markers in Fig. 5 as a function of separation
Y. It was assumed that sound signals propagate from
transceiver 1 to transceiver 2 and that U 5 1.0 m s21
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FIG. 4. Rotational velocity distribution in the meddy assumed in
the numerical simulations. (a) Horizontal shape function; (b) vertical
shape function. Here R is the meddy core radius; zd and zu the lower
and the upper boundaries of the meddy. In the simulations, the bound-
aries were taken to be at 1.6 and 0.5 km, respectively. Size of the
transition zones around the meddy core was taken to be w 5 0.15,
wz 5 w(zu 2 zd) 5 0.165 km.

FIG. 5. The times of flight of eigenrays vs the meddy diplacement
Y. The markers stand for the arrival times of individual eigenrays.
The solid lines show the propagation times for ray groups 1–8 (more
detail is given in the text). Calculations were performed for U 5 1.0
m s21.

(the picture for U 5 0.5 m s21 looks quite similar). One
can see that the ray arrivals can be separated into the
several groups shown in Fig. 5 as lines. The groups are
numbered in order of increasing time of flight. Time
intervals between separate arrivals within each group
are small compared with pauses between different
groups. A more thorough analysis showed all but a few
eigenrays belonging to each group possess the similar
geometry for both propagation directions. The trajec-
tories of eigenrays falling into the groups 1–8 are pre-
sented in Figs. 6a–h respectively. Each plot shows the
eigenray pictures found for all positions of the meddy
Y 5 255 1 2.5j km, j 5 0, . . . , 44. On the whole,
sets 1 and 2 (Figs. 6a,b) correspond to refracted–re-
fracted (RR) and refracted–surface reflected (RSR) ei-
genrays propagating entirely (or almost entirely) in the
upper waveguide. They differ in the number of complete
ray cycles. The eigenrays of sets 3 and 4 (Figs. 6c,d)
propagate in both waveguides out of the inhomogeneity.
Within the lens they are deflected once on the lower
side and pass through the lower waveguide under the
meddy. Finally, the sets 5–8 (Figs. 6e–h) consist of steep
RSR rays penetrating through the lens from the upper
waveguide to the lower one and back. Except for the
steep RSR rays, the meddy position affected strongly
ray geometry and the number of eigenrays in each
group; for example, the groups 1 and 2 consist of nu-
merous eigenrays with launch angles between 238 and
138, the number of their interactions with the sea sur-
face and cycles between source and receiver varying
sharply with each step in Y. This makes it impossible
to identify these rays in the sense of conventional OAT
(Munk et al. 1995). Groups 3 and 4, which also consist
of many separate eigenrays, do not at all exist in the

absence of the meddy. The overall flight-time changes
caused by the interfering lens reach 70–80 ms for a
given group.

Travel-time differences DT in reciprocal transmission
are shown in Fig. 7a for U 5 1.0 m s21 and Fig. 7b for
U 5 0.5 m s21. For the more realistic example, Fig. 7b,
the lens rotation led to travel-time differences up to 615
ms for groups 1 and 2 and 67–8 ms for groups 3–8.
Comparison of Figs. 7a and 7b shows that dependencies
of DT or U are almost linear for all groups. It is worth
mentioning that differences DT depend linearly on Y
also over a wide range of the lens displacement amount-
ing to 70%–85% of its diameter.

Let us compare the numerical results with analytical
estimates of travel-time nonreciprocity (DT)v given by
Eqs. (4) and (5). According to the meddy model used,
we suppose c0 5 1500 m s21, R 5 50 km, and v 5 U/
R ø 1025 s21 (for U 5 0.5 m s21). Consider first the
eigenrays from the groups 1 and 2. Figures 5a,b show
these rays largely belong to RSR type. For a moderate
number of RR rays their upper turning points are sit-
uating only a few meters or a few tens of meters from
the surface. So, we can set ø 0. The lower turning(1)zr

points for the eigenrays considered are near the depth
of ø 1.2 km, that is, inside the meddy. The part of(2)zr

the lens covered by the eigenrays lies in the depth range
from to zu. That is, h ø 0.7 km and Dzr ø 1.2 km.(2)zr

Substituting these values into Eq. (5), we obtain the
theoretical estimate max(DT)v ø 13 ms, which agrees
rather satisfactorily with the computer modeling data.
The similar analysis for the groups 5–8 gives Dzr ø 4
km, h ø 1.2 km, and max(DT)v ø 6.7 ms that is also
close to computed values. The lower turning points be-
come deeper in going from the set 5 to the set 8; that
is, Dzr becomes larger. As shown in expression (5), the
travel-time difference (DT)v is inversely proportional to
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FIG. 6. The trajectories of eigenrays belonging to groups 1–8 [(a)–(h)]. Almost all the eigenrays
in each set possess a similar geometry except for a few nonstandard rays in groups 1 (a) and 2
(b). These are plotted with dashed lines.

Dzr; therefore (DT)v should decrease. This effect is ev-
ident in Fig. 7. (The eigenrays of the sets 3 and 4 do
not exist for Y 5 R/ 2, when (DT)v reaches its maximalÏ
value; therefore it is not possible to compare them.)
Hence, although the estimate (5) is simple and visual,
it makes it possible to explain the quite subtle phenom-
ena related with the differences in eigenray geometry.

Despite complex hydrographic conditions and strong
variations of the eigenray structure as the meddy travels
across the propagation path, the estimate proved to be
in good qualitative and quantitative agreement with the
results of numerical simulations. As will be shown be-
low, to interpret the data of a field experiment, Eq. (5)
allows one to evaluate some parameters of the meddy
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FIG. 7. The dependencies of propagation time nonreciprocity vs the meddy displacement Y
for (a) U 5 1.0 m s21 and (b) U 5 0.5 m s21. The plots pertaining to groups 1–8 are denoted
with correspondent markers.

from the measured variations of DT. It is notable that
the estimate of max (DT)v derived in Lysanov and Os-
tashev (1992) and Lysanov et al. (1993) when used for
this example gives max(DT)v ø 22 ms, a value that is
too high and does not permit explanations of the ob-
servable differences in max (DT)v for various sets of
the eigenrays. This is because the oversimplified lens
model used in the above-mentioned papers did not take
into account ray curvature within a meddy, to say noth-
ing of the eigenray emerging from the layer occupied
by the meddy core. Thus, the estimate obtained did not
include the factor h(Dzr)21 responsible for the empha-
sized effects.

5. Discussion

The theoretical estimates and the results of numerical
simulations presented in this article demonstrate that
variations of acoustic propagation times T and their non-
reciprocity DT caused by rotating meddies are observ-
able with existing experimental equipment. One should
expect the travel-time nonreciprocity in a field survey
to be large enough for experimental detection of lenses.
This makes the idea of remote acoustic sensing of med-
dies quite promising. The computer modeling was based
on the data from a field survey in the Iberian Basin,
where the sound speed profiles in the surrounding waters
and within the meddy do not differ dramatically. This
fact suggests the promise of using acoustical means for
studying meddies near their generation sites. However,
traditional interpretation of T and DT variations as in-
tegrals of Dc/c2 and zu·kz/c2 over the corresponding rays

in the unperturbed medium, exploited in linear tomog-
raphy (Howe et al. 1987; Worcester et al. 1991; Munk
et al. 1995), is likely to fail as it does in the example
considered. This is especially true for flat rays (groups
1–4 in our simulations), which experience stronger
changes in T, DT, and eigenrays’ geometry. It is these
rays that are the most promising for acoustic remote
sensing of meddies. It should be emphasized that the
total picture of DT variations due to the rotating meddy
proved to be much more regular than that of the eigen-
rays’ structure.

A simple model of meddy influence on times-of-flight
nonreciprocity was proposed and found to be in good
agreement with numerical results. Let us consider what
parameters of the meddy can be estimated from the ob-
served travel-time nonreciprocity DT using this model.
First, as the lack of dependence of DT on the lens center
X coordinate in the analytic estimate is in agreement
with the computer simulations, true DT seems to be
insensitive to this quantity. To verify this conjecture,
additional numerical simulations were performed for
various X values (Fig. 8). Despite some discrepancies
between DT(Y) curves calculated for various X, partic-
ularly for the least stable ray groups 1 and 2, maximum
and minimum nonreciprocities as well as overall struc-
ture of the curves DT(Y) are essentially independent of
X over wide range of X values. This behavior is natural
for adiabatic inhomogeneities (sections 7.2 and 7.5 in
Brekhovskikh and Godin 1992) but was quite unex-
pected for a meddy. The ray pictures in Fig. 6 help to
understand the reasons behind DT insensitivity to X:
Groups 1–2 are very irregular and do not differ dra-
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FIG. 8. Propagation time nonreciprocity vs the meddy displacement Y for various trajectories of the meddy
drift and different groups of eigenrays: first (a), second (b), fifth (c), and eighth (d). Solid lines correspond
to the X coordinate of the meddy center of 80 km, dashed lines to X 5 20 km, and crosses to X 5 50 km.
Calculations were performed with U 5 1.0 m s21.

matically outside and inside the meddy. The lens could
have interfered with their paths at any position and the
effect on the recorded values would be quite similar.
Groups 5–8 pass through the meddy and depend very
weakly on X. Only groups 3–4 could be sensitive to this
parameter, but it is difficult to give a simple physical
interpretation of their dependencies. Hence, the X co-
ordinate of the meddy axis cannot be derived from DT
measurements.

The second consequence of DT being essentially in-
dependent of the X coordinate of the center is the nu-
merical results apply to arbitrary drift direction of the
meddy. The only difference will be in the ‘‘period’’ of
the DT ‘‘oscillation.’’

In field experiments one can measure DT 5 (DT)y 1
(DT)v as a function of geophysical time t. Any time
series of DT measured at sea includes contributions to
the travel-time nonreciprocity due to transceivers’ mo-
tion, clock drift, ocean tides, internal, and for surface-
reflected rays, surface waves (chapters 3 and 5 in Munk
et al. 1995). There are well-established methods to re-
move the effects of the transceivers’ motion and of the
clock drift from tomographic observations (chapter 5 in
Munk et al. 1995). With an appropriate observation
schedule, tidal contributions to the travel times can be
easily determined for their precisely known frequencies.
Because of order(s) of magnitude difference in repre-
sentative periods of internal (surface) waves and of med-

dy rotation, the waves’ contribution to the travel-time
nonreciprocity can be removed by low-pass filtering DT
time series. Therefore, discussing opportunities to re-
trieve meddy parameters from the travel-time measure-
ments, we will assume that DT given is completely due
to a meddy motion.

The meddy displacement Y and radius R used in Eqs.
(3)–(5) are equal to wt and wtc, respectively, where w
is the component of the meddy drift velocity orthogonal
to propagation path, t is measured from the moment the
lens center crossed the path, and 2tc is the time taken
to cross the path completely. Substituting these values
into Eq. (4) gives

22 21 2 2 1/2DT 5 4c h(Dz ) vR (e 1 t)(1 2 t ) , (8)0 r

where t 5 t/tc is dimensionless time and e 5 y/vwtc 5
y/U K 1. The function DT(t) reaches its limits at points
t ø 61/ 2 2 0.25e:Ï

22 21 2min(DT) ø 22c h(Dz ) vR (1 2 eÏ2 ), (9)0 r

22 21 2max(DT) ø 2c h(Dz ) vR (1 1 eÏ2 ). (10)0 r

For the meddy parameters used in the numerical sim-
ulations e ø 0.1, so, the meddy drift can change the DT
extrema by 15%, which should be measurable. The vari-
ations of the DT extrema may also be caused by the
meddy asymmetry. However, the time 2tc required to
cross the acoustic propagation path is several times lon-
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TABLE 1. Estimates of depth-integrated vorticity.

Ray group
number

Estimated vorticity
(km3 s21)

Relative error
(%)

1
2
5
6
7
8

2.4291708 3 1021

2.1601351 3 1021

3.2920015 3 1021

2.7593210 3 1021

2.7923470 3 1021

2.1888168 3 1021

219.8
231.3

10.6
27.1
25.9

230.0

ger then the period of the lens rotation T 5 2p/v ; 7
days. Hence, the meddy asymmetry would lead to short-
period ‘‘oscillation’’ of DT that could be discernible
from the overall displacement of DT curve caused by
the drift.

By fitting the experimental dependence DT(t) with a
function f(t) 5 A(e 1 t)(1 2 t2)1/2, one can estimate
e, the ratio of lens drift velocity y to the maximal rotary
speed U 5 vR, and the value A 5 h(Dzr)21R2. Pro-224c0

viding the observed arrival times can be interpreted in
terms of eigenray groups with different typical trajectories
and known Dzr, it is possible to evaluate Â 5 2pvR2h.
This quantity represents a mean vorticity in the meddy
integrated over depth.

For instance, applying the data processing technique
outlined above to the simulated DT data of section 4
with U 5 1.0 m s21 (Fig. 7a), we obtain the following
estimates of Â, shown in Table 1. Each of the ray groups
gives an estimate of the depth-integrated vorticity. The
ray groups 3 and 4 were not utilized as these do not
exist for all Y and, therefore, for all t. In the example
considered, the true Â value is 2.96 3 1021 km3 s21.
According to the above table, the rms estimate is Ârms

5 2.63 3 1021 6 0.39 3 1021 km3 s21. Hence, the
estimated vorticity of the meddy is close to the true
value.

The width h of a layer covered with probing eigenrays
differs for various sets. In the above example there are
two crucially different eigenrays’ groups: sets 1–2 prop-
agating above the meddy and sets 5–8 passing through
it (the sets 3–4 do not exist for all Y). The ratio

(2)Â h z 2 z(1) (1) u r (1)5 5 (11)
Â h z 2 z(5) (5) u d

gives a relative size of the portion of the meddy situated
above the (1) horizon. The groups 2 and 6–8 give(2)zr

almost no additional information as they are quite sim-
ilar to sets 1 and 5, respectively. If there were one more
essentially different identified group (let us label it with
number 9) consisting of eigenrays having propagated
below the lens in the lower waveguide, it would be
possible to estimate the mean vorticity in the meddy,

ˆ ˆ ˆA 2 A 2 A(5) (1) (9)2G 5 vR ø , (12)
(2) (1)z 2 zr (1) r (9)

and find the individual values of zu and zd. That is, the
second transceiver pair (placed in the lower channel)

may be used for that purpose, or the first pair should
be located as close to the antiwaveguide axis as possible.
But the radius R and rotary velocity v cannot be de-
termined separately in the framework of the model pro-
posed. Previous hydrographic surveys showed that the
meddies observed not far from the Straits of Gibraltar
obey the empirical relation R ø Rh/a, where Rh 5 N(zu

2 zd)/fc is a local Rossby radius, N is a characteristic
buoyancy frequency, fc is the Coriolis parameter, and
the constant a ø 0.7 (Lysanov et al. 1993). This formula
permits one to evaluate the lens rotation speed v from G.

More detailed acoustic reconstruction of the meddy
internal structure in each vertical plane, including the
current field, is possible by using a vertical array instead
of one of the point transceivers and applying a nonlinear
tomographic inversion technique (Godin et al. 1995).
Additional opportunities to determine trajectories of
vortices’ motion and to evaluate meddy parameters, in-
cluding their dependence on horizontal coordinates,
arise if there are three or more transceiver moorings in
the area under study. However, discussion of the ca-
pabilities of acoustic remote sensing with larger number
of transceivers available is beyond the scope of this
paper.

The results and speculations presented above are re-
stricted to pure acoustics. The quality of the inversion
can be greatly improved if oceanographic constraints on
the meddy parameters, presently under investigation, are
imposed.
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(C1), 953–956.
, , and , 1992b: Mathematical modelling of high-fre-
quency sound fields in layered moving medium. Izv. Acad. Sci.,
Atmos. Oceanic Phys., 28, 1146–1158.
, , and , 1993: On effective sound speed approximation
in acoustics of moving media. Izv. Acad. Sci., Atmos. Oceanic
Phys., 29, 194–201.
, , and , 1995: A full-field inversion method for acoustic
tomography of oceanic currents. Full Field Inversion Methods
in Ocean and Seismo-Acoustics, Kluwer Academic Publishers,
261–266.

Goncharov, V. V., S. A. Dremuchev, V. M. Kurtepov, V. G. Selivanov,
and Yu. A. Chepurin, 1990: Acoustical experiment in the Atlantic
Ocean on the lens of Mediterranean waters. Dokl. Acad. Sci.
USSR, 315, 481–483.

Gründlingh, M. L., 1981: On the observation of a solitary event in
the Mediterranean outflow west of Gibraltar. ‘‘Mete-
or’’Forsch.-Ergebn., A/B, 23, 15–46.

Hinrichsen, H. H., M. Rhein, R. H. Käse, and W. Zenk, 1993: The
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