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ABSTRACT

A method for acoustic diagnostics of wind waves in large
acquatoria wusing the +transmission scheme of +tomography is
. considered. Swell parameter estimates are given based on the
angular-frequency spectrum measurements of the signal on one
acoustic path. Results of the experiment are reported.

There have recently been many experiments on acoustic tomograp-
py of the ocean to investigate the processes in the ocean medium
and to develop a variety of tomogrephy of the rough sea surface
[2,3].This paper shows a possible way to solve the inverse prob-
lem using the transmission scheme of tomography [4].

Results of the experiment, in which the space-averaged swell and
wind wave parameters are determined by acoustic measurements on
a long path, are reported.

Consider a surface sound channel 1 (Fig la) with sound velocity
profile C{z) ( 2z is the vertical coordinate) independent of the
horizontal variables (x,y).We assume that the heights of the sea
surface irregularities are small enough to meet the Rayleigh

parameter smallness condition P ¢ 1 (1] and &allow mode
representation of the sound field to’ be used [1.6]. The sea
roughness 1is assumed to be quasihomogeneous G > 1,

where 1 1is the spatial correlation radius and G 1is a charac-
teristic variation scale of +the roughness parameters. Charac-
teristic of a sound source and receiver are the mode intensity

excitation coefficients as(n) and ar(n) (n - mode number ).

First we discuss the possibility of using the temographic scheme
to define the sea roughness parameters (wave height, period and
propagation direction and roughness angular and frequency
spectrum width). The sound scattering effects at rough sea
surface leads to an additional decrease in energy of the coherent
component (time-averaged) of the acocustic field, the appearance
'of a fluctuation component in the signal. and the broadening of
its angular and frequency spectira [1.5-7). The rdughness
. parameter variation along the acoustic path changes the evoluti-
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Fig.l a) Winter (1) and summer (2) profiles of sound

velocity: b) scattering of a plane scund waves by roughness
(vertical view):0I is the projection of the wave vector of

the wave reflected in the mirror direction, £X0I = 91. OA
and OB are the projections of the waves vectors of the
scattered components k:)and k?}. LX0A = 8;”. Z{0B = 9;2):
sw is the projectoin of the wave vector of roughness ksw:

c) is the scattering of a plane sound wave by swell
(horizontel view): DI is the projection of the wave vector

of the incident wave, OA and OB are the projections of the
{1) {z)
wave vectors of the scattered coumponents k; and k;a

LBOI = +0, ZAOI = -0, 1B is the wave vector ofsw-k

on of the energy spectrum characteristics of the signal. Let the
statatistic characteristic q) {signal projection), measuered by
the receiver, be

ﬁv= QvﬁfB(x.y.z)dl . (1)
v

where Q;‘ is the total length of the path, V is the number of

the trajectory ﬁv or the projection { which defines the source

and receiver pair ). Based on the results of the papers
[1.5-7] it can be shown that with appropriate .choice of the
signal emission and reception conditions (distributions as(n) and

ar(n) ) this property corresponds to the attenuation coefficient
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Y of the coherent field component and AfJ/AIJ. where AfJ is the

frequency spectrum width of the signal of a monochromatic source
on passing a segment of length AIJ (1<<AIJ(<G). For example, ¥

satisfies (1} when as(n) or ar{n) are sharp functions of n, and
Af? /ﬁlj - when as(n) is propertional to the mode energy

distribution on asymptotically long paths [6,7].

In the general case of sound scattering due to anisotropic
roughness the field parameter B(x,y.V) is a function of not only
the coordinates {(x ,y}), but alsc of the sound propagation
direction. Suppose. however, that B(x,y.V)=zB{x,y) is independent
of the orientation of the path through the point {x,y}). In
particular, this condition is met for isotropic roughness. Then
the integral equation {1) {Radon’'s transform) with respect to
B(x.y) can be solved using the well-known algorithms [4,8]. To
restore the two-dimensional structure of B{x,y) by a discrete set
of projections Bv is essentially to calculate the space-averaged

values Bm in each elementary cell {( m is the number of the cell)

into which the region is divided. The minimum size of the cell
depends on the path number and position, and on the sound scat-
tering efficiency at rough surface in real situations. In the
experiment described below the spatial resolution was about 100
km. The rough surface purasmeters in cach cell are defined from
the calculated values Bm in accordance with the dependences of

the statistic signal characteristics [1.5-7). It is radically
important to wuse the information on the =structure of the
angular-frequency spectrum of sea roughness known a priori.

For developed isotropic wind waves all the characteristics are
unambiguously related to the wind velocity V near surface [9].1In
this case from the solution {1) with respect to attenuation
caefficient 7, or width of the freguency spectrum Afv it is

possible to determine, in terms of the isotropic roughness model
for a given cell, the effective wind velocity V from which other
characteristics of roughness can be found.

Since the spatiml variatien of the swell parameters is small, the
swell diagnostics does not require the  use of the tomographic
principle.so that one accustic path is sufficient. On long paths
the sound attenuation due to scattering by swell can in many
cases .be described in the first approximation of the small
perturbation method [1.6]. Attenuation coefficient st'of the

coherent component of the sound depending on swell parameters
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©-% on is

the frequency, H is the r.m.s. height. “%w is the angle between

{where ksw is the wave number of the swell, fsw =(gk5w)

the swell and the sound propagation directions , and Ap << 1 is
the angular spectrum width) was obtained in [2,11] using this
approximation.Differentiation between groups of lower and higher
modes (formation of sharp distributions asw(n) ar asw(n)) or the

use of multifrequency radiation allow the unknowns H, wgw (or
Itiugw } and Aw to be defined unambiguously from a few values of
Yo [2].Note that in the case of iﬁterast. at |ugw|=90°. we have:

Y = P /xP,, where P_ and P, are intensities of the scattering
Sw p k p k
and coherent components of the sound, x is the path length [2}].

The angular-frequency spectrum of. swell is fairly narrow. The
components of different scattering multiplicity in the signal
spectra practicaelly do not overlap so that on long paths it is
possible to separate a singly scattered component of the sound.
The resonance scattering condition implies [1,10] (see also
Fig.1l and the caption) that different parts of the frequency and
angular (in a horizontal plane} spectra of the signal
at |ﬂ/2—|¢gw||>ﬁw are formed by different groups of modes ( the

rays at angles 3(1) correspond to modes with lower numbers and
the rays at 8;2). to modes with higher numbers than those
corresponding to a ray with a grazing angle_gi }. Depending on
the quadrant, in which the vector ksw lies,one of four mutually
unambiguous correspondences between the frequency |{ fiiig;) and
angular components of the scattered field in a horizontal
{6) and a vertical | 82) and 8;2) ) plene always occurs. For
the case shown in Figs. 1lb and lc the component scattered at an

) .

angle 9;1 has a frequency fL—fsw and enters the receiver at an
. (2)

angle -6 while the component ks has a frequency f1+fswﬂ"d comes

at an angle +8. 1f Iﬂ/2—|¢2w||<Aw. then the angles ag)and 8:”
are close to 8i' In each group of;modes { lower and higher) the
scattered field contains both frequency (fiifsw) and both angular

(1§) components between which there is also one of two (depending
on the sign of u;w) mutually unambiguous correspondences. Thus,
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by analyzing the angular and frequency spectra of the signal we
can define the quadrant in which the vector ksw lies.

The scheme of acoustic tomography of a rough sea surface was
tested experimentally in the surface sound channel 1 ({(Fig la)
in 1984 [2]. '

The mean sea depth was 5 km. The ship with a towed system
of three high-stability transducers, the frequencies of which
covered a bioctave raenge, receded from the receiving hydrophones
in the shelf. The hydrcoclogical and meteorological analysis was
performed by measurements from the emitting ship (Fig. 2) and
using the synoptic data. In time intervals II and IV (Fig.2) the
wind velocity V from the source to the receiver decreased by a
few m/s and remained almost unchanged in regions I and III. An
oceanic swell with parameters H = 0.5 - 0.7 m and Awswg 90° and a

period T = 9 5 was observed on the whole path. The signal
processing aimed at obtaining the power spectra of 500 s
realizations by which the statistic characteristics of the signal
were found. Figure 3 sh~ws typical noncoherently averaged spect-
ra S(f) of the signals (M is the number of averagings). In the
averaging the spectra were tuned to: one carrier freguency to
decrease the influence of slow velocity variations of the
emitting system. The velocity fluctuations define the path
length-independent spectrum width Af- of the emitted signal,and
therefore of the coherent field [12].° :

Fig.2 Time dependences of

V. /g . " - wind velocity V and wind
S\ " direction Y at the site of
1wk o\ M S v
. f | :\ ! i the emitting vessel. The
b ) ! A / : ( lower horizontal axis is the
u?“MJ} | i T/’ki | : ~ distance between the source
U.Tf':;l'""'* ”_—"j I I T E ¢ ond the receiver.
———1I -‘--ﬁ-.'_ﬁ_.q___ﬂ R
P
4o N
5 A

} L 1 1
0 200 Yoo 500 806 1000 nut
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Fig.3 Averaged frequency spectra S{(f) of the signal at weak

a), b) (alternate phasing of signals in the group of
horizontal hydrophones ) and at strong wind c¢), d)
(reception with a single hydrophone }: a) - path III, x =

566-579 km, M = 5. 6 > 0: b) - path IIT, x
=52, 6§ < 0; ¢) - path Il, x = 340-408 km, M
IV, x = 830-887 km, M = 50.

= 566-579 km, M
= 54; d) - path

Bgsides the central coherent component in the range
[¥] = If—fil £ 0.05 Hz, lateral fluctuation components are

seen in the spectra.The relative contribution of the fluctuation
field grows with increasing path length at the same wind
velocity. At weak wind the scattered field spectrum consists of
rather narrow side harmonics with the freguencies of the
energy-carrying components f = + 9.1 Hz ( it should be natural
to explain these harmonics by the single scattering of scund on
swell). A change in phasing of jointly processed signals in the
group of horizontal hydrophones leads to a change in relative
contribution of the side components (Figs. 3a and 3b}. At strong
wind the relative level of a wide frequency “pedestal” 0.05 Hz
< |?| < 0.4 Hz ) increases noticeably because of the sound
scattering due to wind roughness. Thus, it is seen that the
scattered component contribution depends on path length, wind

force and signal phasing.

To define the roughness parameters and compare them with the
meteorological data we chose acoustic paths I, II, III end IV
(Fig. 2) at about the same wind, with relative stability of the
signal characteristics.Path segments where wind changed and tho-
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se corresponding to the roughness onset time were disregarded.In
the chosen time intervals,it should be reasonable to assume that
the sea roughness is stationary (but inhonmogeneous alcong the
path). Thus, we can use the well-known relationship (9] between
devaloped wind waves and wind velocity.

By arrangement of the side component maxima on paths I and [III

we defined a characteristic period of swell T = f;: =10 s.

Calculation of the distributions as(n) and ar(n) showed that most

energy of the sound field, when excited, was concentrated in the

lower modes., and a similar group of modes (corresponding to rays

with grazing angles on water surface B ¢ 0.09) was used when the
L)

signal was received ( in the shelf). This fact ( i.e s = Bi)
and the same amplitudes of the scattered components at T = ifom
with nonhorizontal reception imply that lu%w 250°. From the
calculation based on [1.5] it follows that at weak wind (V =5
m/s) the attenuation coefficient of the intensities Pk and Pp on
wind waves are almost the same, i.e. the ratio Pp/Pk is
independent of the wind wave parameters. Therefore, we estimated
Tsw by the experimantal values of the intensities Pk and
P . which were defined from the frequency spectrum of the field

p — )

at |Jf|S 0.05 Hz for Pk and at 0.05 £| f|%0.15 Hz for Pp. At one
frequency we found stﬁ (1.2%0.4) 107> km™*
{1%X0.25) 10 ?km™'on path III. Using Eqs. for coefficient G

on path I and rsw

)

obtained in [2.11] we found H £ 0.7 - 0.75 m on paths I and III
at different frequencies because of the insufficient accuracy in

measurement (in estimating H we took Ay =~ 10°). The positive
sign of ng was revealed by domination of scattered components

at f = + fsw over those at F - - fsw { Figs. 3a and 3b ) with
corresponding (6 > 0) phasing of jointly processed signals in
the group of horizontal hydrophones.

Analysis of the deviation of ¥, on the whole path (from Fig.2 it
is seen that the deviation of Wb reached 40%only at the emission
points) showed that a wind wave model with a homogeneous (--90o -

+90°) angular energy distribution can be used for the whole path
on the average.Therefore, an isotropic roughness model is appli-

Proc.l.O.A. Vol 13 Part 3 {1991)

230



Proceedings of the Institute of Acoustics

ACOUSTIC TOMOGRAPHY OF ROUGH SEA SURFACE

cable. Comparison of the powers of the coherent field components
obtained at the same wind velocity but on different path lengths
makes it possible to find the experimental value of the attenua-
tion coefficient ¥ of the coherent field intensity.This attenua-
tion coefficient consists of three terms: } = rVad+ysw+TV' when
takes into account the attenuation not related to the sound

2’T\c"a.(:l
scattering at rough surface. Measurements in this part of the

ocean in a summer-type channel 2 (Fig. la), where the sea
roughness influence was insignificant, indicated that the sound
attenuation (the coefficient 7Vad) is best described by Vadov's

empirical formula [13). From the experimental values of T.Tsw(on
paths Il and IV the value of Tsw_was taken the same as that at
weak wind) and rVad we calculated the coefficients Tv . and from
the linear losses of the coherent field ﬁ = 4.37V {see Fig. 4a)
we defined the path-averaged wind velocities V 210-11 m/s (paths
ITI and IV ) and V> 5 - 6 m/s {paths I and III).

Calculation using the equations taken from (7] for the experim-
ental conditions show: Lhat width of the freguency spectrum is

Af = Vﬁfi ' ﬂfzw + Aff‘,

whare ﬁfo swy 2re the widths of the freguency spectrum of the
emitted signal, the harmonic source signal scattered by swell
only and the harmonic source signal scattered by wind waves

only, respectively.
The quantity Afo was taken in accordance with the experimental

measurements in channel 2 (Fig. la). The estimate of Afsw was

obtained under the assumption that the swell-scattered field

component in the frequency spectrum is represented as a sum of

two O-functions of power 0.5Pp2 O'SPkrswx' each at frequences F-

e L Af =f_ (Y x)°" % At weak wind (paths I and III}, when the
SwW Sw SWwW SWwW R

wind wave influence on the frequency spectrum width is insignifi-

cant, Afvﬁ 0 {almost the whole energy scattered by wind waves is

emitted from the channel), the measured value of Af  agrees well
with the value calculated from Afo and Afsw.Using the experiment-

al values of Af and ﬂfo and the estimate of Afsw for paths II and
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Fig.4 Determination of wind velocity V from BV at three

frequencies (1-3) on path Il and at two frequencies (2,3}
on path III {(a) and from Afv /R at two fregquencies on paths

II and IV (b}). A is path II, B is III, and C is path IV. The
experimental values of BV and Afv are given with the error
obtained by sampling standart deviations of 3, ﬁgw, As,
Afo. and Afsﬁtaken into account. The theoretical dependences
of BV and Afv /R iire calculated for particular experimental

conditions using Lhe equations taken from [5.7] for the
roughness spectrum with the Pierson-Moskovitz frequency
dependence and an isotropic angular distribution of energy.
1 -~ 300 km, 2 - 400 km, 3 - 830 km, 4 - 950 hkm.

IV we defined the ratio Afv / R, where R:(fi/fo)l'B . which,

as follows from the experiment and theoretical calculation, is
practically independent of frequency. From ﬂfv /B we found the

average wind.velocity on the path V =9.5 - 12 m/s (see Fig. 4b).

The average swell parameters and wind velocities on the path,
obtained by acoustic measurements agree well with the synoptic
data. This confirms the initial theoretical premises [1,5-7,10]
and shows that the estimates of the rocughness parameters (except
for QW) are rather stable with respect to errors in measurement.
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The present paper demonstrates the potentials of Doppler tomogra-
phy for determination of angular dependence of the reflection co-
efficient for the even bottom, which yields the sound speed and
sediment density; the authors have made some use of the results
obtained in (1,2].

Theoretical analysis is made for a path-uniform ocean waveguide
with a certain dependence of the sound speed clz) on depth 0 < z =
H, and constant density within the water layer p; the ocean bot-
tom is modelled by a uniform liquid half-space with corresponding
acoustic characteristics cg and pé. If a tonal source with radia-

tion frequency fd = m°/2ﬂ moves in a well-defined horizontal di-
rection r = vt (t 20) at the depth z with speed v lvlcn « 17,

dependence of pressure P(t) perturbation on time t(r) at a statio-
nary receiver placed at the depthjzr is defined by the signals

propagating along "water®” rays and rays with various nultiplici-
ties m = 1,2,... of bottom reflections; correspondingly, signal
frequencies depend on r (see {1,21). Since further we will consi-
der bottom reflections only, then in the case of z‘IH « 1 and zrlH

« 1 being most convenient for their séparétion by frequency Dop-
pler shifts, each reflection will be formed by fours of signals
with the same multiplicity m. Haﬂge, after "current” spectral ana-
lysis of the signal slw,r) = % J; (t) expliwr) dr and avaraging T
with respect to time, we find the following equation for &pectral

density of the power current |5‘m’tw.f)|2 within the geometric-

acoustic approximation of field presentation as mul tiple
scattering: . o
¢ c p!.'l'l'l
{m} . 2 2 m e * (1)
[ (w, r}|"= R |5, (IV (B )——eoeoeo— -
o im im -2
Eom
LW w
* = pzm - © p.Bm
™m e * m d bt f
- 5, (w v (Ozmi OT -‘Sam(u) vie_ ) 3
z 2am E am
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+8 (w V" (B ) —m  — —
4m 4m 1/2

whera

L.

1 Jm

ar

= '/nztz ) - gin> &%’ /nzlz)— sin 2a8'® /
m s jm

[Bil‘l 9‘.0) /r. I —m
Jm jm 3

[ ]
dsin 6(.0 l]
m

r = 2a D(H) - r, r =Dtz ) + Diz },
Jm J 1 ) r
r, = Dlzr) - D(zgl, r:1l = - Ty r, = - ri;
{0}
e = 2m J(H) + 6in 6_ 1r - X, x =J {z) + Jlz )},
Jm jm | s r
x2=J(zrl —*J(;.}. K, = = X,» X, = T %
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4 cos 6. - ‘/n2 - sin 26_
vie )= -2 - 2 —
jm - !
Hcos B, + /nz - sin 28,
g Jm g Jm
o
n = c;Hl . p = pg ]
g g g
Here niz) = c(z‘}lc(z) is refraction index for acoustic waves, c =

c(zai. 9;:’ < arcsin [n(H}]1 1is the emission angle of the corres-
popding ray, being the solution of the equation for the stationary
phase point, rj (6::’ = r, ejm = arcsin I[sin 6:.:'/n(l-ll. the
angle of incidence at the bottom; Sjmlml, signal spectrum at the
short distance Ro' Qjm' parameter characterizing spectrum width of
tha signal propagating along the corresponding ray, V(Bjml, Fres-

nel coefficient of wave reflaction from the liquid bottom. Taking
no account of small at z_ /H < 1 and =z /H « 1 differences of angles

of incidence ejm £ Bm and ampl itudes }"'_J.m zm of the four of rays

j = [1,4] forming the bottom reflection of multiplicity m, we find
an easy-to-analyze expression from (1):
RZ

{s™ 1w, r1|* = & s, e | |vee )"
m

:m
{l-m[

] - cns[ c 2 J(z)] + (2)
. :

+ ; cos['?‘i [J(z.l - Jiz, ) ] s[g‘-"— [Jtz.) + Iz :]]}
c= [ |

=
which is further simplified at z = z =z:

RZ

[ ] 2 [A)
16 — |5m(0)| |V(8 ), sin [a-zﬂ—, 2 J(Z)] ’ (3)

T
Here . i
L, '/nztz‘l- - sin® e:” /n_’(z) - gin ”e“’” /

[sin a'®’ /r | —-—--—-—ar;m I]
n
" " dsin e:”

| ST ®
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- - - _ v . O
r. 2m D(H}, hﬁm w3 moll c, Ein Bm },

and emission angle 6;0)15 the solution of the equation r = T.

As follows from Eq. (2),{(3), spectral density of power flow of
bottom reflection signal with multiplicity m, i.e., Jm(m.r) =

L,
_[Rz

o
function oscillating with a period which increases as the distance
grows; maxima of the function correspond to the spatial {angular}
dependence of the reflection coefficient modulus to the power
equal to doubled reflection multiplicity. Comparing Eqs. (2} and
(31, it is obvious that the latter is more convenient to determine

] |s““{u,rl|2, normal ized to geometric divergence is a

the angular dependence |U(6m}|2m. since all the interference maxi-
ma characterized by the last multipiier in Eq. (3) have the same
ampl itude, unlike in Eq. (2).

Thus, having obtained the experimental dependence Jm(mm.rl we can
find its maxima and, consegquently, develop a corresponding angular
dependance |v:em1]’” whose accuracy for given H grows with in-

crease of the emission frequency, depth of corresponding points,
and bottom reflection multiplicity; that is, their increase causes
the oscillation period Jm(um,r) to decrease with respect to r, and

angular dependence of the reflection 'coeff;ciant is defined in
more detail. Using |V(6m)|zm to determine the angle of full inter-
nal reflection Sr and W = 1 - V(Gm = 0) we find +the looked for

parameters
ng = sin &, Hg = (2 - ¥, ) n/¥,
0f course, when obtaining experimental dependences J (w ,r) it is
- W vAws2 mom
necessary to average J (w ,r}l = {Aw) _f Jmim.r)dw with re-
- mn+Am/z

spect to a certain frequency band Aw including Doppler {requency
shifts for the four of signals with the correponding reflection
multiplicity. ‘

Now we will consider experiment testing of the proposed method
for determining ¥{(&8) and ground parameters cg and pg. Similar to

[1-2], experimental investigations were made in a deep-water (H =

'Proc.i.0.A: Vol 13 Part'3 (1981)
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: ~ 3.5-10° w} region of the Indian Ocean (Arabic
Q‘,M/S‘ Sea) with typical dependence of sound speed
1.48 i.n2 ciz}! on depth tsee Fig. 1) and even hottom
whose upper sediment layer consists of silt
or——_ and sand. The source emitted low-  (f =

146 Hz) and high- [fD = 3982 Hz) frequency

signals and was towed with velocity v = 3.5 -
4 m/s at depth =z, = 70 - 80 wm. Acoustic
It signals were received at the depth z =

10° m. When experimental dependences on the
distance of Doppler fregquency shifts Afm,= %E
- f and corresponding to them - J (w ,r} =
2 R 2] 7 m ™m

Jmlr} were determined for bottom reflections

of various multiplicities o = 1,2,... the
received signal p{t}) was recorded in parallel
to the reference one, heterodyned over inter-

3. mediate frequency f“ = 1 Hz and filtered
within the frequency band Aff = 2 H=z. The

Z, KM treated signal pftt) was digitized and
entered into the computer; digitization

f requency was fg = 65 Hz. Spectral analysis

was made with no weipght processing and with
Fig. 1 duration of each realization T = 10°s and
time step AT = 25:s (¢t = 1AT; 1 = 0,1,...)
' i +T vAwt . .
Dependence W{(Af,r) = T j: pr(tl e . dt: shown in Fig. 2 only at
high frequency f° = 392 Hz for the sake of ease of interpretation

yields the following: in the plane (Af - r) (Doppler frequency
shift -~ distance) trajectories Afotr). Afitr) and Afzir) arge iden-

tified as well as bottom reflections with various multiplicities o
= 1 and m =2. The trajectory Afutrl correspond to signals propa-

gating along "purely® water rays.

Dependences Js(ui,rl and Jztwé,r) on r found after integration
along corresponding trajectories Af‘(rl and Alerl for both fre-

quencies in two paths, are presented in Figs. 3, 4. Maxima of the
dependences shown in those figures have been used to approximate

the searched for angular dependences J;{r) = Jm(mm,r) on r. Ve

determined the following acoustic parameters of the bottom: pg/p

o

% 1.66, co/cg % 0.89 at low frequency and pélpo ~ 1.8, co/cg 2
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0.95 at high frequency. They are in good agreement for m = 1 and m
= 2 and seem to be sufficiently close to reality for both paths in
this region of the ocean. The ratios pg/pb and ¢ 7S, conside

rably decrease with increasing frequency; evidently, it is caused
by the influence on reflection of higher-frequency sound of less
deep layers of sediment thickness, on the average, with smaller cg

and pé. Presented theoretical and experimental results are a proof

for successful use of Doppler tomography combining aperture syn
thesis with Doppler effects, for determination of angular depen-
dence of the bottom reflection coefficient, as well as of sound
speed and density in sediments of deep-water ocean regions.

REFERENCES

{11 1 B Burlakova, V N Golubev, A I Zharov, A G Nechaev, Yu V
Petukhov, M M Slavinsky. Doppler tomography in ocean acous-
tics. Acoust. Zhourn., 34, N 4, p756-758 (19888)(in Russian).

(21 1 B Burlakova, Yu V Petukhov, M M Slavinsky. Determination
of acoustic characteristics of the ocean waveguide bottoms by
the Doppler tomography method. Acoust. Zhourn.,35, N 6, p
1015-1020 (1989) (in Russian).

Proc.l.O.A. Vol 13 Part 3 {(1991)

239



" Proceedings of the Institute of Acoustics

DOPPLER TOMOGRAPHY OF THE OCEAN BOTTOM

o

Doppler frequency shift, Hz
S
n

g

R W L e
o
T 3 i ,.
¥ s i L]
: . ..u

‘4 g

-1.0 o LR e

““%Bf L
s G 5 10 15 20 25 30
g Distance, km

Fig. 2. Spectral density of acoustic signal power flow W( f,r)
for radiation frequency fo = 392 Hz, presented as

density record on the plane Doppler frequency shift -
distance. Trajectories 0, 1, 2 correspond to Doppler
frequency shifts A f,(r) in water signals m = O and
gignals of the correzponding multiplicity m = 1, 2 of
bottom reflections.
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Fig. 3 fy = 146 Hz - (a); fy = 392 Hz - (b)
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