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ABSTRACT

A method for acoustic diagnostics of wind waves in large
acquatoria using 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 tomography 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) ( z 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 is assumed to be quasihomogeneous G >> 1.
where 1 is the spatial correlation radius and G is 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 tomographic scheme

to define the sea roughness parameters (wave height. period and

propagation direction and roughness angular and frequency

spectrum width). The sound scatterihg effects at rough sea
surface leads to an additional decrease in energy of the coherent

component (time-averaged) of the acoustic field. the appearance

‘of a fluctuation component in the signal. and the broadening of

its angular and frequency spectra [1.5-7]. The roughness

. parameter variation along the acoustic path changes the evoluti—
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Fig.1 a) Winter (1) and summer (2) profiles of sound

velocity: b) scattering of a plane sound waves by roughness

(vertical View):OI is the projection of the wave vector of

the wave reflected in the mirror direction. AXOI = Bi. 0A

and OB are the projections of the waves vectors of the

() (l l
scattered components k; and k: . AXOA = 8: . AXOB : 6f):

sw is the projectoin of the wave vector of roughness ks“:

c) is the scattering of a plane sound wave by swell

(horizontal View): OI is the projection of the wave vector

of the incident wave. 0A and 0B are the projections of the
( ) (

wave vectors of the scattered components k; and k:)

4B0! = +6. AAOI = -6. IB is the wave vector ofsw-k

on of the energy spectrum characteristics of the signal. Let the

statatistic characteristic a) (signal projection). measuered by

the receiver. be

Ev: QVEJB(x.y.z)dK. (1)
l)

where Q;‘ is the total length of the path. P is the number of

the trajectory 2D 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 Af‘j is the

frequency spectrum width of the signal of a monochromatic source

on passing a segment of length AIJ (1((A1J(<G). For example. Y

satisfies (1) when a5(n) or ar(n) are sharp functions of n. and

Af: /A1J — when as(n) is proportional 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 also of the sound propagation

direction. Suppose. however. that B(x.y.v)=B(x.y) is independent

of the orientation of the path through the point (x.y). In

particular. this condition is met for isotropic roughnesst Then

the integral equation (1) (Hadon‘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 Bu 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 purumeters in each 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 use 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].In
this case from the solution (1) with respect to attenuation

coefficient 7V 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 spatial variation of the swell parameters is small.the

swell diagnostics does not require the-use of the tomographic

principle.so that one acoustic path is sufficient. On long paths

the soundiattenuation due to scattering by swell can in many

cases .be described in the first approximation of the small

perturbation method [1.6]. Attenuation coefficient 75" of the

coherent component of the sound depending on swell parameters
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0.5
(where k is the wave number of the swell. f =(gk ) 2n is

SN sw sw
the frequency. H is the r.m.s. height. #gw is the angle between

the swell and the sound propagation directions . and Aw << 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) or asw(n)) or the

use of multifrequency radiation allow the unknowns_H. WSW (or

1Iiugw ) and Aw to be defined unambiguously from a few values of

TS" [2].Note that in the case of interest. at IWSWIESOO. we have:
x . . .

TSW— Pp/ka. where PP and Pk are intensities of the scattering

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 practically 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.1 and the caption) that different parts of the frequency and

angular (in a horizontal plane) spectra of the signal

at Ifl/Z—IWSNII)AW are formed by different groups of modes ( the

rays at angles 9;|) correspond to modes with lower numbers and'

the rays at 8;Z). to modes with higher numbers than those

corresponding to a ray with a grazing angle 3i ). Depending on

the quadrant. in which the vector kSW lies.one of four mutually

unambiguous correspondences between the frequency ( fit g;) and

angular components of the scattered field in a horizontal

(t6) and a vertical ( 8:) and 6:2) )‘plane always occurs. For

the case shown in Figs. 1b and 1c the component scattered at an

angle Bé‘) has a frequency fL—fsw and enters the receiver at an

(2)
angle —6 while the component ks has a frequency fi+fswand comes

at an angle +6. If Ifl/Z—Ivgwll<Aw. then the angles 82)and 8:»

are close to Hi. In each group of‘modes ( lower and higher) the

scattered field contains both frequency (fitfsu) and both angular

(16) components between which there is also one of two (depending

on the sign of ng) 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 1a)
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 range. receded from the receiving hydrophones

in the shelf. The hydrological and meteorological analysis was

performed by measurements from the emitting ship (Fig. 2) and

using the synoptic data. In time intervals 11 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 £II. An
oceanic swell with parameters H = 0.5 - 0.7 m and ngg 90 and a

period T E 9 s 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 shows 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 frequency 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 signa1.and

therefore of the coherent field [12].9

Fig.2 Time dependences of
wind velocity V and wind

T/u/1 ' direction WV at the site of

I | the emitting vessel. The

: 1 lower horizontal axis is the

I ' Idistance between the source
t and the receiver.
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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 0). d)

(reception with a single hydrophone ): a) - path II]. x =

556—579 km. M = 52. 6 > 0: b) - path III. x = 566-579 km. M

= 52. 6 < o; c) - puth II. x = 340—408 km. M = 54-. d) - path

IV. x = 830-887 km. M = 50.

Besides the central coherent component in the range

IFI : If—fil S 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 frequencies of the

energy—carrying components f g i 0.1 Hz ( it should be natural

to explain these harmonics by the single scattering of sound 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

5 IfI 5 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 1. II. III and 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.ln

the chosen time intervals.it should be reasonable to assume that

the sea roughness is stationary (but inhonmogeneous along the

path). Thus. we-can use the well-known relationship [9] between

developed 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.H?

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 9 < 0.09) was used when the

signal was received ( in the shelf). This fact ( i.e BS ‘ B.)

and the same amplitudes of the scattered components at f ifom

$900. From the

H?
H

with nonhorizontnl reception imply that IVEWI
N

calculation based on [1.5] it follows that at week 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

75” by the experimental values of the intensities Pk and

P . which were defined from the frequency spectrum of the field

a: IFIS 0.05 Hz for Pk and at 0.05 Sl?|.<.o.15 Hz for PP. At one

frequency we found rs“: (1.2to.4) 10*: km"

(1:0.25) 10-3km-lon path III. Using Eqs. for coefficient 7S"

obtained in [2.11] we found H E 0.7 — 0.75 m on paths I and III

at different frequencies because of the insufficient accuracy in

on path I and TS"

measurement (in estimating H we took Aw 2 10°). The positive

sign of ng was revealed by domination of scattered components

at f : + f5w over those at f = — f5“ ( Figs. 3a and 3b ) w1th

corresponding (6 > 0) phasing of jointly processed signals in

the group of horizontal hydrophones.

Analysis of the deviation of WV on the whole path (from Fig.2 it

is seen that the deviation of WV reached 40°only at the emission

points) showed that a wind wave model with a homogeneous (—90o -

+900) angular energy distribution can be used for the whole path

on the average.Therefore. an isotropic roughness model is appli-
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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 7 of the coherent field intensity.This attenua—

tion coeff1c1ent conststs of three terms: 7 = YVad+rsu+TV. when

takes into account the attenuation not related to the sound
YVad
scattering at rough surface. Measurements in this part of the

ocean in a summer—type channel 2 (Fig. 1a). where the sea

roughness influence was insignificant. indicated that the sound

attenuation (the coefficient YVad) is best described by Vadov‘s

empirical formula [13]. From the experimental values of 7.Ysu(on

paths II and IV the value of 75" was taken the same as that at

weak wind) and Yvad we calculated the coefficients 7V . and from

the linear losses of the coherent field B = 4,37V (see Fig. 4a)

we defined the path-averaged wind velocities V 210—11 m/s (paths

II and IV ) and V 2 5 - 6 m/s (paths I and III).

Calculation using the equations taken from [7] for the experim—

ental conditions shows that width of the freguency spectrum is

M = VAf: + At":w + M?

where Afo swv are 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 6—functions of power 0.5Pp2 0.5Pkrswx. each at frequences f:

if : Af =f (T x)°'5.At weak wind (paths I and III). when the
sw sw su sw

wind wave influence on the frequency spectrum width is insignifi—

cant. Afv2 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 Afo and the estimate of Afsu for paths II and
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Fig.4 Determination of wind velocity V from Bv at three

frequencies (1—3) on path II and at two frequencies (2.3)
on path III (a) and from Afv /R at two frequencies on paths

II and IV (b). A is path II. B is III. and C is path IV. The

experimental values of 3V and Afv are given with the error

obtained by sampling standart deviations of {35". Af.

Afo. and Afsutaken into account. The theoretical dependences

of 3V and Afv [R are calculated for particular experimental

conditions using the 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 km.

IV we defined the ratio Afv / R. where R=(fi/f°)l'a . which,

as follows from the experiment and theoretical calculation. is

practically independent of frequency. From Afv /R 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 roughness parameters (except

for AW) 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 clzl on depth 0 < 2 S

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 c9 and pg. if a tonal source with radia—

tion frequency f6 = uo/Zfl moves in a well-defined horizontal di-

rection r - Vt (t 20) at the depth 2‘ with speed v lv/co « 1).

dependence of pressure Pit) perturbation on time tlrl at a statio-

nary receiver placed at the depth'zr 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 [1,2]). Since further we will consi-

der bottom reflections only, then in the case of zfllfl « 1 and zr/H

« 1 being most convenient for their separation by frequency Dop—

pler shifts. each reflection will be formed by fours of signals

with the same multiplicity m. Henge, after 'current' spectral ana-

lysis of the signal slw,rl = i I; (T) exp(iw¢) dr and averaging T

with respect to time. we find the following equation for spectral

density of the power current |S‘m(w.r)|2 within the geometric-

acoustic approximation of field presentation as multiple

   

scattering: w

1 C 0"“

s‘”’( ' l 2- R2 s (wivmie )a—‘— - ‘1’
I “'r l _ 0 1m Am 1/2

E m

I‘ f: van! t L: pam

"I a ‘ "I e ‘ .

' 52ml“) V (92”) -—I/z— - Simian!) V (63m) —,'—/2—-—- +

x 2m 2 3m
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+ s (u) v'" (9)
6m 4

 

where

z, = v nztz D - sin2 6‘0) V nztz)- sin 26‘?)
Jm 5 1m Jm

  

(0) ar'
[sin 6. r. [ ————fllfi; ] .

"n 1'" 05in6.
)m

r = 2m DIH) - r., r = 0(2 ) + th h
J"! J I s r

r2 = thr) - Dlzfl), r3 = - r2, r4 = - r‘;

(O)

p. = 2m JtH) + sin 6. r - x4 x = J (z ) + J(z L
JITI Jm J I a r

x2 = Jtzr) - ths). x3 = - x2. x‘ = - xi;

2 sin 9:)dz

th) =I ’ .
0 V natz) —sin 269’

JM

2

.Hz) =I n’tz) - sinzefmdz ,
JM

0

m - w. 2
sjn=_1_m{- [Tm]

2:}? (tin 3m

to. =w [1——V—s‘ 6:0,] .
1m 0 c‘ 3m
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ugcos 6. - V I12 - sin 28.

  

v (a ) = ""’ 9 "‘"1m /———2 '
[.1 cos 6. 4- n - sin 26.
9 JV" 9 Jm

_ C(H) _ pg

"9— __E_—— ' P9_ P '9

Here ntz) = c(z‘)/c(z) is refraction index for acoustic waves, c‘=

ctzal, 9;: < arcsin [ntHl] is the emission angle of the corres-

ponding ray, being the solution of the equation for the stationary
‘ . (o: _ _ . . (0)phase paint. rjm(6jm ) - r, aim — arcszln [sm GEM/null. the

angle of incidence at the bottom; Sjmtm), signal spectrum at the

short distance R0, 05”. parameter'characterizing spectrum width of

the signal propagating along the corresponding ray; V(6jml. Fres-

nel coefficient of wave reflection from the liquid bottom. Taking
no account of small at z‘IH << 1 and zr/H << 1 differences of angles

of incidence 6m 3 9m and amplitudes 2m 3 EM of the four of rays

5 = [1,4] forming the bottom reflection of multiplicity m. we find
an easy—to-analyze expression from (i):

2R
[s‘"’(u.n|2 = 4 —° |s (ml2 jwe )Iz'” .

"I "Iz,"

{l-cos[ ‘“‘ 2le)]-cos[ “’ 2am] + (2)
C 8 C
E S

1 2w 1 2m
+ 2 cos[ 7‘ [J(zl le‘)]] v T cos[ —c— [lel + Jtz‘l]]}

   

which is further simplified at z== 2 =2:

2R
i) 2 0 2 2m _ 4|s("u,r = 16 — |Sm(o)| |v¢em)| sin [C(z,

t». e

n’tz 1- - sin2 6“” 1’ n2(z)- sin 29“” /
5 m : "I

[sin 8(0) /r l arm
__- Im m asin 6(0)

m

U 
2 J(z)] , (3)

Here

)3,“
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_ _ v . (m
rm — 2m DlHl. ufim x mm 7 wall 0. Sln 9m l.

and emission angle 9;m is the solution of the equation rm = r.

As follows from Eq. (2l,(3), spectral density of power flow of

bottom reflection signal with multiplicity m, i.e., Jm(m.r) =

[ r».

 

R0

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

(3), it is obvious that the latter is more convenient to determine

] |Sflmlu.r)|2, normalized to geometric divergence is a

the angular dependence |Vléml|2m, since all the interference maxi—

ma characterized by the last multiplier in Eq. (3) have the same

amplitude, unlike in Eq. (2).

Thus, having obtained the experimental dependence Jmtmm,rl we Ican

find its maxima and, consequently. develop a corresponding angular

dependence [Vtem)]’" 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 Jmtwm,r) to decrease with respect to r, and

angular dependence of the reflection Icoefficient is defined in

more detail. Using |V(6m)|1m to determine the angle of full inter-

0) we find the looked fornal reflection 6 and U = 1 - vre
r 0 "‘

parameters _
n9 = sin a}, p. = (2 — Ho) n/U°

Of course. when obtaining experimental dependencee J (m ,r) it is
_ umko/z m m

necessary to average J (0 .rl = (Au) Jmlu,r)dm with re-
" ” un+sza

spect to a certain frequency band Am including Doppler frequency

shifts for the four of signals with the correponding reflection

multiplicity. '

Now we will consider experiment testing of the proposed method
for determining Ute) and ground parameters c9 and pg. Similar to

[1-2]. experimental investigations were made in a deep-water (H II
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_ 3.5-10s m) region of the Indian Ocean (Arabic
C .M/3 Sea) with typical dependence of sound speed

1.48 1.52 cizl on depth (see Fig. 1) and even bottom
whose upper sediment layer consists of silt

o and sand. The source emitted low- (f0=

392 Hz) frequency146 Hz) and high— [fo

signals and was towed with velocity v = 3.5 -
4 m/s at depth 2, = 70 - 60 m. Acoustic

I signals were received at the depth zr =

102 m. Uhen experimental dependences on the

distance of Doppler frequency shifts Aim = g;

- f0 and corresponding to them - Jmtwm,r) —

2 Jmir) were determined for bottom reflections

of various multiplicities m -= 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 Hz. The

z,xM treated signal pf(t) was digitized and

entered into the computer: digitization

frequency was f9 = 5 Hz. Spectral analysis

was made with no weight processing and with

Fig. 1 duration of each realization T = 10 s and
time step AT = 25-5 (t = IAT; l = 0,1,...)

Dependence U(Af.rl = %_K'Tpf(t) e‘AmHt-shown in Fig. 2 only at

high frequency f0 = 392 Hz for the sake of ease of interpretation

yields the following: in the plane (Af - r) (Doppler frequency

shift - distance) trajectories Afoirl. Af‘(r) and Af2(r) are iden-

tified as well as bottom reflections with various multiplicities m

= 1 and m =2. The trajectory Af°(rl correspond to signals propa—

gating along 'purely' water rays.

Dependences J:(uu.rl and J2(w2,r) on r found after integration

along corresponding trajectories Af‘trl and Alerl for both fre—

quencies in two paths, are presented in Figs. 3, 4. Hauima of the

dependences shown in those figures have been used to approximate

the searched for angular dependences J;(r) = Jm(mm.rl on r. He

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

z 1.66, colcg z 0.69 at low frequency and ablpo z 1.6, cclcg z
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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 reaiity for both paths in

this region of the ocean. The ratios pg/pb and cg/co canside

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 pg. Presented theoretical and experimentai 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 deepwwater ocean regions.

REFERENCES

[1] l B Burlakova, V N Golubev, A l Zharov, A G Nechaev. Yu V

Petukhov, H H Slavinsky. Doppler tomography in ocean acous-

tics. Acoust. Zhourn., Q3, N 4. p756-758 (IQBBJIin Russian).

[2] l B Burlakova, Yu V Petukhov. H H Slavinsky. Determination

of acoustic characteristics of the ocean waveguide bottoms by

the Doppler tomography method. Acoust. 2hourn..§§. N 6, p

1015-1020 (1989) (in Russian).

Proc.l.0.A. Vol 13 Part 3 (1991)

239

 



Proceedings of the Institute of Acoustics

DOPPLER TOMOGRAPHY OF THE OCEAN BOTTOM

N
:I:
4.:
m
-r|

L‘
In

DN
0
Q
a:
3
b‘
a:
La

I...

L:
a:
H
D.
Ch
0
n

25

Distance.km

Fig. 2. Spectral density of acoustic signal power flow W( f.r)
tbr radiation frequency f0 = 392 Hz, presented as

density record on the plane Doppler frequency shift —
distance. Trajectories O, 1, 2 correspond to Doppler
frequency shifts Afm(r) in water signals m = O and
signals of the correeponding multiplicity m I 1, 2 of
bottom reflections.
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