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A Study of Hybrid and Chaotic Long-Range
Propagation in a Double Sound
Channel Environment

Claire Noel, Chrigtophe Viala, and Yann Stephan

Abstrost—This paper presents the resufts 6f the anelysis of loog
range propagation (~200 km) in 4 range-dependent environment.
The propagation medium is chavaclerized by twe desp souad
channels, The cange dependence enables energy transfer between
the chancels and leads to a mismatch between real data and
ray predictivos. To explain this mismatch, an analysis of hybrid
ray propagziion Is presented. This anaiysls is completed by an
interpretation in tering of chaos. This ¢haos Is quantified in the
particolar case of the Bay of Biscay environment. This paper puls
forward $hat mesascale perturbations, such as the Mediterranean
outdow in the North Atlantic, can affect long-range propsgation,
However, it shows that 1he vay theery remains rellable for a
propepaticn raoge of seversl hundred kilometers,

Tndex Terms—Acaustic propagation, chactic propagation, dou-
ble S(HFAR. .

1. INTRODUCTION

HE USE of otean zvonstic tomogzaphy [1] fo stdy

lagge-scale oceanographic processes mequires that long-
THRgE aCOUstc propagation could be efficiently modeled or, at
leass, that 2 good background sound-speed field can be found.
In this case, usual lingar inversion schemes can be applied
{0 estimate temperature and salinity perturbations around the
reference ocean. In this context, the presence of sound-speed
perturbations, which can drasticaily affect the structure of the
sound channel, is 4 major problem. Indeed, such perfarbations
can create desp and shallow sound channels, leading to enezpy
coupling and sometimes anpredictability of amivals at mid and
long rAnges.

The particutar case of the Bay of Biscay, in the North-East
Atlantic, i addressed in this paper (Fig. 1}. This region is
characterized by the presence of Meditemanean water ontfiows.
These waters are wammer and denzer than the surrounding
pure Atlaniic waters and they are stabilized at 3 depth of
approximately 1008 m. The Mediterranean waler outilows
create @ degp maximpm in the sound-speed ficld, {cading to
the prescnce of two sound chammels in a region of several
hundrad km? [2]. In 1990, a mesoscale tornography experiment
was conducted by the Hydrographic and Oceanographic Offfce
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of the Freswwh Navy (SHOM), The objective of the so-called
GASTOMOG experiment was 1o test the concept of ocean
tomography in an environment where usual linesr inversion
schemes were suspected to fail 13). In particular, a major
issue of the data exploitation was the analysis of the acoustic
propagation and the predictability of tay arrivals for ranges
up to 300 km. As presenued in [4], a part of the acostic
signals were not predicted by range-independent and range-
dependent tay theory. To interpret this mismatch, several
theoretival stadies, Teported in [3), were camied out 1o describe
the behavior and he main feateres farrival Hmes and angles)
of eigeprays in a stochaste environment. This paper treats
the problem of the prediction of the impulse response of the
medium, the underlying idea being to explain by simulanons
the presoace of the unpredicted energy in real data. Indeed,
the mim of this study is 0 have a better understanding
and imerpretation of the propagation in this pant of the
Aflantic Ocean, in pardcular in the framewark of hybrid ray
identification for mid- and long-range tomography purposes.

This paper is organized as follows. Section H deseribes the
background environment in the Bay of Biscay and presents real
data collected during the GASTOMI0 experiment. Section Il
desciibes a numencal study of prepagation in the GASTOM
epvironment, considered as a random sound-speed environ-
ment. Section IV presents 2 quantificarion of the chaos degree
in the propagabon in this realistic GASTOM environment.
The aim is, first, to estimate how far a ray model, which is
particularty useful to model impulse response because of its
small computing time, is velisble in the particular North-East
Atlantic environment. Second, the aim 13 to link the random
features abserved in real data, as anticipated io [11] with
those observed in numerical ray simulations, Coaclusions and
perspectives ars drawn in Section V.

H. BACKGROUND ENVIEONMENT AND EXAMPLE
OF BEAL DaTA 1N THE BAY OF BISCAY

A, Bac‘.i:graﬁnd Environment

The Bay of Biscay is characterized by the presence of
Mediterrunean waters (MW 's) issued from the Strait of Gibral-
tar [6]. These waters, constitmed by ocscitlating layers and
toapues, are progressively spreading toward the Bay of Biscay
and the northern Atlantic. As MW’s are denser than surround-
ing AHantic watets, they stabilize around a depth of 1000 m.
MW’z have a high salinity and indoce a deep maximum in
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T 1. Location of transceivers fur the GASTOM tomography cxperiment. Circles denote the htation of €110 costs boprecn T1 and T4.

ihe scund-speed profile. Theeefore, the acoustic propagation iz
governed by a double SOFAR chapnel environment. A typical
sound-gpeed profile is shown in Hig, 2. The upper channel
i5 himited upward by the surface (lake fall, winter, and early
spring condifions} or by the seasonal thermocline {late spring,
summer, and sarly fall comnditions). It is tmited dowmward by
the upper Mediterranean waters (roughty down to MO0 m)
The main chanoel is down-limited by the deep layer (~3500
o,

. Hercalier, rays propagated in the npper channel are denoted
RR-1, rays propagated in the main chanmel are denoted RE—
if they are telracted in the seasemal thermocline, and SR if
they arc reflected on the surfuce. Finally, rays bouncing on
the surface and bottom are denoted SB.

B, Analysis of Data

Data presented in (his paper were collected during the
GASTOM cxpermment, which was conducted on the abyssal
plain of the Bay of Biscay from May to October 1990

Six mansceivers were moored at 400 m to imfer he sound-
speed field between 10°W and 5°W and between 44.5°M and
47N, The nerwork was pentagona! {see Kig. 1} Propagation
ranges exbend from 134 to 307 k. Broad-band signals were
periodieally smitted (cavefer frequency of 400 Hz, handwidih
of 100 Hz). At the receivers, signals were averaged, de-
moduiated, and cross-correlated with a replica of the emitied
sigmal {matched filtering®, Transmissions were repeated every
2 h at the maximum. The acoustic experiment was coupled
with several phases of hydrologic serveys including XBT,
CTD, and current megsurements. Additional shatlow and deep
XBT surveys were conducted along the experiment with
particnlar legs between the locations of the wwansceivers. In
this study, we focus on the T1-T4 leg, which is located
on # southnorth ling, The propagation range is 182 km.
The somnd-speed field, due o the variabiity in the MW
cutflow, is range-dependent, as shown in Fg 3. This leg
is therefore adapted to the study af hybrid ray propagation
since the wvarigbility of the deep maximuem of the sound
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Fig. 2. Typical soumd-spesd profile and may tracing berweet T1 and T4 The deep maxionm in the sound-gpeed profile is doe 1 BIW intrasions.

speed enablcs energy coupling between the wpper and rain
channels,

Ii is shown in [4] that the collected signals are divided
into twe paris. The first ons, with the fastest arrival time,
commesponds Lo the propagation mn the upper channel (RE+). It
can be noticed that all rays are imterfering at the receiver, lead-
ing to untesolved arrivals, A second part comesponds 10 deep
refracted rays andfor botiom reflected rays (BR~, SR, and
SE). Between these two packsts, there is some energy which
is highly fluctuating but which stablizes when the signals are
averaged over at least two days. Fig. 4(a) gives the averaged
real signal collected at T4, exhibiting the two mmn encrgy
packets and some significant energy with intermediate arrival
fimes (between 121.4-121.5 ). Fig. 4(b) shows the predicted
impulse Tesponse in a range-independent medium obtained by
the mean CTD profite; there is a gap between 12141215 s
where no ray is prodicted by the range-independent theory.
This piciure represents the impulse response of the sound
channel and cannot be direclly compared to Fig, 4(a), which
presents the received signal after watched fillening. However,
the width of the autocorrelation function of the emiited signal
iz only 24 ms, so thaf the convolution of the impulse response
with the emitted stgnal cannot spread enecgy enough to il the
temporal gap and cxplain the differepce of global temporal
spreading between measurements and simulations. Yig. 4(c)

shows the impulse response of the sound chanmel in the
one malization of a range-dependent medium due to the
flucmations of the Mediterransun cutfew, similarly to the
range-independent case, no armivals occur in the gap. Fig. 4(d)
shows the impulse response of the sound channel in the other
realization of a range-dependent medium. In this laner case,
sume arrival times occur between 121.4-121.5 5; soch arrivals
comespond to hybrid rays (wapped alternatively in the upper
and decp channels). They mray contribute to the energy packet,
which we would Hke to explain, The resulls of Fig, 4 supgest,
on one hand, fhat Bocuations of hybed rays dee to rapdom
environmenial feamures could explain the encrgy between RR+
and RR— rays and, on the other hand, that enly a random
approach <an be rebiable. This #s the topic of Section 111

. NuUMERICAL STULFY OF THE IMFULSE RESFONSE
The purpose of this section is to identify the unpredicted
energy by means of numenical sinmlations in range-dependent
environments. The underlying hypathesis is that this cnergy
could come from coupling between the upper and deep chan-

" nels. The first step iz to Tun a range-dependent ray code with

a particular environment obtained by 1 CTD survey between
T1 and T4 (Fg. 3} The results have shown that ar least a parl
of the intemmediate energy packet could be predicted but that
the temporal spreading of the fiest patt was not in accordance
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Fig. 3. Range-dependent sound-speed figld between T1 and T4, Hote the presenee and variability of the Meditemnean curfiow,

with data and, moreover, that small flocustions atgund the
background medium could remove the energy packet or ar
least change its stucture. This suggesrs that the energy teansfer
between the upper and the deep channed may be due to small-
seale fuctuations of the MW. To check this hypothesis, we
constder the range-dependent medium presented in Fig. 3. We
superimpose 1o this medium small-scale random fiuctuations.
Then we compaute the impubse response in several environment
realizarions, and average the results over the ensemble m order
o obtzin the mean impulse response.

A. Model of Randam Fluctnations

We consider the sound-zpeed field as
v, 2) = Golr, 20+ 8Cr, £} {1}

where C,lr, 2) 35 gmiven by a CTD leg {five profiles) along
T1-T4 and #C{r, =) represents the mndom fluchuations. The

flucluation spectrum is computed from the apalysis of all

CTD casts done durieg the GASTOM experiment {around 300
casts). Firtst, the standard deviastion of CTD profiles versus
depth is computed. Then, the averaged spectrum of measured
sound-speed fluctuations is calculated, each spectrum being

estimated with a Gabor transform. This step gives (he spatial
wavelength of the random perlurbations. This spectrum
used to build 2 vertical sound-speed perturbations profile,
which is then modalated with the standard deviation profile

fsee |7} for details), The random fisdd hetween T1 and T4

is finally computed by adding different vertical perturbation
profifes (ohtained by this way) to each of the five background
profiles constitubng the deterrministic Geld. That means that
the horzonta] comrelation tange of the fluctnations Js assumed
to he shorter or equal to the distance betwaen vertical profiles
alung T1-T4 {around 30 km, which iz coherent following [815.
Eifty realizations of the random ficld were generated. Each
realization had 2 sound-speed pedurbation up to 4 m/s.

8. Avowstic Modeling

We aim to eviluate the influence of the permurbation of the
sound speed on the temporal spreading of the signal as well
as on the energy Tepateation in the impulse response. A Tangs
dependenl ray tracing model (RAYSOMN, sec Scction IV-A
for delails) 3 ren for each of 50 reabizations. The ray wrace
in the background sound-speed field is presented in Fig 5.
The results Telative 1o the mean impulse Tesponse are given
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in Fig. 6. There is a significant amoont of energy amiving
between the firsl energy packet and the packet comesponding
to deep refracted rays. The energy appearing betwesn the bwo
main packets iz due to two differsnt types of Tays: deep rays
teflected on the surface (SR) and deep rays refracted in the
thermocling (RE—). In particular, a significant part of this
energy is dee to hybeid rays, ie., rays propagated in the muin
channe] and trapped in the upper channel becanse of the range
dependence of the environment.

'The previous simulations tend to show that there indead is
encrgy berween the two mains peaks and that the temporal
spreading ig consistent with what is observed in data. The

range-dependent model used in a statistical approach gives
a pood prediction of the mean impulse response that allows
identification of peaks in amplitade and tme ol amivals, This
identification is pamiculasly imeresting for ocean tomography
purposes simee it increases the number of identified sound
trajestories usable for inversion. The last step of this study
is to check the reliability of & ray approach in a fucivating
Morth Bast Atlantic eavironment,

IV. CHAOTIC PESCRIETION OF ¥HE PROBAGATION

We address in this section the problem of chactic propaga-
tion in the North East Atlantic environment. As flustrated in
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Fig. 7, rays can have a chaotic behavior, which means that they  difter with the propagation range. It is well known that in the
are semsitive to their inttisl environmental conditions and tothe  gasc of 2 rangé-independent medivm, ray paths are periodical
sound-speed environment. Rays with close initial conditions [ and that the paths are continuous with the grazing angle.
can have drastically different paths. These paths exponentially  Chaotic propagation can only exis! it a renge-dependent
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medinm. It is interesting to note that even if a “small part”
of the medium is range-dependent (typically several hundred
kilometers over several thonsands of Klometers), the chaotic
behavior of rays can drastically affeet the validity of long-
range predictions and ray identification {Fig. ). In partcular,
we can expect that predicting the propagation across the West
and Bast Altantic for long-range tomography purposes could
be difficult by reason of the presence of the Meditemanean
outflow. The purposs of this work is to quantify the chaos in
the Bay of Biscay and to dstemmine the range of validity of
ray approaches.

A, Chaos Quantification

The quantification of the chans can be done with the
Lyapunoy constant- [10} which enables {0 estimate the
order of magnitude of the relisbility of a ray model in the
North East Atlantic. Chaotic trajeciosies are exponcntially
divergent and are characterized by a positive Lyapunov
cxpinent:

2ANY— LJE.IEQ (i’ In %)] (2)

= Im

433
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where d{r} is the separation in the phase space of two close
tzjectories. A chaotic irajeciory {tespectively, & regular) is
characterized by ¢ = 0 (tespectively, » = 0}. The separation
dir} is a distance which can be defined by

dir} = fln () — 2 + Blnlr) — el 3)
where z {in km} is fhe depth of a tay for a given range 7, w
is the grazing angle, and z; = } km. It has been shown in
[111 that this method gives similar estimales of » than other
methods based on the nondimensional formulation of (3). Tt 13
also sdmitied that a deterministic prediciion of chaotic rays is
not possible over a range R greater than few e-folding ranges
{inverse Lyapunov exponent), so when

Fi i ¥ 4]
The calculus of the Lyapuney coostant is inroduced in the
ray code RAYSON! which computes the ray propagation in
& range-dependent environment by solving the following set
of equations:

i
E:——tgﬂ—"'w
du 1 a ..
} e -—-G{I+w ]{w;E:T <2, o )
whemﬂrza—r, C;:E
ﬁ:i l-1—r.d2

This set is iu:teg:ated wging 4 Runge—Kukta of the fourth order
with an adaptive step. This program is writen ia G4+ and
calcnlations are made in long double real offering the neces-
sary high precision for this study. Since 1993, this program
has been used and validated in wmany impact studies based on
the Monte Carlo approach and has also been the support of
the design and provess of ocean acoustic experiments.

To compute the Lyapunoy constant, the code traces LWo
rays with close grazng angles. The trajectory d(r] is used to
compute &, following

o im (52 5]

1 d[f'}]

=
Il

= lfm |- ln —
r—es | F D‘}

1, 4R
5]

where Dy is the value of d{+} for a small value of 7. For two
rays with grazing angles ) and 82, Ly equals

&(0) = /|21 (0) — 20} + 2B (0) - wa(0)F

= 4f [ {0} — wa{B)F == [tgfy — tafa). (7

LRAYSON, [Online], Available HTTP: hitp:fpre. wanadoo. frfsemantict
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Tn practice, the difference of the graving angle is taken at
8, —fhy = 1071 rad, The limit in range is taken at i = 650{}
kin. :

Anather too] to estimate the chaos is o compute the spatial
spectrum of the ray paths. Indeed, for a vange-independent
medium, the ray paths are periodic. Therefure, the spatial spec-
tTum is characterized by & single peak and several harmonics.
At the opposite, in the case of a chaotic propagation, the spratial
specirurm is & broad-bapd spectrum [11]. This gives a wrethod
to estimate whether a given ray js chaotic ar oot

B Appﬂca'tiun i the Propagation in the Bay of Biscay

To compute the Lyapunov cemstant, we build a ramge-
dependent mediam over 6500 km with cne profile svery 25
*m. The first five profiles arc those measured between T1 and
T4; the others are randomty chosen between all CTD profiles
of the GASTOM experiment. Then, a random permurbation
field is added in case of three different standard devianons:
0.25 mfs, 0.5 mfs, and 1 mfs.

The Lyapunov constant corresponding to rays with grazing
angles 5° (hereafier RayS) and 107 (hereafter Rayl() are
given in Fig. 9. Ray !0} reaches the asymptote faster when (he
standard deviation of the perturbation is high, However, we
consider here only onc reatization of the medium, which is not
enough 1o make a definitive conclusion. At the opposite, Rays.
does not reach its asymptote for any value of the standard
deviation presented hers. If Ray10 is surely chactic, at the
opposite Ray5 has an unclear broad-band spectrum and does
not have clearly a monzero asymptote. Many rays have this
type of behavier, which was also neoticed I [11]. When tays
are chaotic but ¢){K) does not seach the asymptote, we give
the upper it of the Lyapuoov consiant or, equivalentdy, the
tower limit of predictabatity. Thus, Ray3 is chaotic for a range
greater o7 equal to 1/Q{6500). However, these rays are oot
surely chantic. .

in the special case of the GASTOM experiment, the mi-
merical evalnation is done on grazing angles in the nterval
[-14, 14] for three different values of standard deviation
which are 0.1, 0.5, and [ m/s. The rays are classed in threc
types: chaotic rays when the asymptote is reached and the
specirum is broad-band, uncertain chaotic when the asymptote
is mot reached and the spectrum is mot clearly broad-band,
and pseudochactic when the specium 14 broad-band but the
asymptofe is not reached. The limit of 1/Q(6500]) is given
in Fig. 10, Conceming pseude-chactic rays, the Lyapuncy
exponent estimates [ = 1/180 km, vit = {13} suggest
that chaotic ray motion s not responsible for any apparent
unpredictability in the observation. Buf, as they present the
lower e-folding range, that means that ray prediclions in the
upper channel for T1-T4 are more sensitive to environmental
conditions, Pseudochastic rays have low grazing angles. Con-
cerning rays with grazing angles between 5°-157, asympiotes
are yeached and »—! extends from at least 280 to 400 km.
For positive grazing angles, as shown In Fig. 10, the orders af
magnitude of ¥~ 1 are decreasing with the stendard deviation
of the pertarbation field (390 km for 0.1 w5, 371 km for 0.3
mys, and 283 km for 1 mfs)
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The ehaos degree has been determined in the realistic case
of the GASTOM environment and it has been shown using few
realizations that chaes is incressing with medium fluctirations,
For nezatve grazing angles, the resuits are more quesiionahls
and no conelusion can be drawn, However, all results have o
be moderated since the sbmulations have not been performed
on a sufficient Tiumber of realizations of the perlurbation
medinm. :

C. Discnxsient

The results shown in this paper are consisicnl with what was
studied in [11}. For Imstance, for & Mank profile, Boctuations

of a F0-km wavelength and relative fluctuations of F1000 give
a Lyapuniov constant of about 1/170 km™’. In the pardcular
case of the Bay of Biscay, this rate of fuctuation is reached
for the deep maxumuen in the sound-speed profile as well as
for the surface sound speed. However, the main limitation
of this approach lies, as in {11}, in the ray method. Indeed,
diffraction effects associated with finite fréquency waves tend
to reduce the sensitivity to imtial conditions snd environmenial
cenditions. It can be emphasized that chaos {strfeto seénsu
expenentia! sensitiviey when 7 tends o infimiEy) cannot exist
for waves at finite frequency because they are solutions of a
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linear wave equation. However, numerteal simujatons show
that such waves encompass the random features associated
with chaos under the conditions for which the correspending
paths are chaotic. It is expected in {11] that thiz random feature
nevertheless should be observable in the ocean for mid- and
large-scafe propagaticn.

Considering the case of T1-T4 of GASTOM campaign, we
have observed and studied this random feature. A part of the
energy comesponds 1o well-identified rays {rays trapped in the
upper channel and deep tefracied or battom-reflected Tays).
Another pan of the energy is more unstable, highly fluctuating
in terms of the signal-to-noise ratio. This energy is put forward
by averaging sequences, so by averaging several rezhizations of
what can be considered as a randont mediam. Fig. 11 clearly
shows that rays with Jow grazing angles are highty fuctuating
and that rays with intermediate grazing angles {from 510
—7 and from 5 to 7Y are chaotic {these rays are hybrid rays
ax seen m the second section of this paper}. These chaolic
rays explain the disoibution of the energy which apprars af
intenmediate times of ardival.

Y. CoMCLUSION

The objective of this paper is to show that long-range prop-
agation can be drastically affected by mesoscEle phensenens.

This paper discusses the particslar case of the Mediterrancan
oulflow in the MNorth Bast Attantic. In the ficst par, an
explanation of unpredicted enecgy armivals in acoustic signals
of the GASTOM experinent is given. This explanation relies
upon the existence of hybrid rays which change the sound
channel due to the rarige dependence of the medinen. In the
second part, an interpretation of this bybrid ray feature is given
using the chaos theory. It appears that the paths of chaatic
rays cammot be predicted with a sufficient reliabitity for ranges
greater or equat to @ few hundred kilometers (around 100
) but still remain comsct in our range of apphcation (less
than 3K} km}. Using resulis and methods presented in [11],
we have presented a way to detcrmine the degree of chaos
in our experimental case. Random features ohyerved on real
data have been linked with randemness associated with chaos.
Numerical simplations, in a ray approach, has provided a betier
understanding of propagation n a Suctating double sound
channsl.

This smdy will be continued by & staristical evaluation
of the chaos with Togard to the medinm varability (i this
work, only a few Tealizstions of the mediom are considered in
each case). The flucteations of srrival times and (he enetgy
of the chaotc rays could be related to a measure of the
background and pertuchation fields. For further developments,
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leature models fe.g., [12]) of the Mediterransan outflow in
the Bay of Biscay could be nsed for tvmographic inversion. In
addition, such models would allow one to compute the second-
order denivatives of the sound speed, whick are required to
estimate Lyapunov exponents [13]. Several data set of the
GASTOM experiment {in particnlar with a propagation range
of 300 km} could be used to Mustrate this approach. Finally,
the Lyapunoy exponents are not perfectly adapted to measure
the chaos in a dosble sonnd-speed channel. Inadeed, some
zeomeirical instability can occur (for instance, for rays with
wrming depths close to the maximum of sound speed), and
this instability may not lead 1o a chaolic behavior, whereas
the Lyapunov exponents would suggest it In the context of a
double sound-speed channel, it would be interesting to find a
better suited criterion for chaos guantification.
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