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Abstract: Low  frequency sound  propagation features and  bottom sediment  properties in shallow

water  were  studied  in the Shallow Water Acoustic Technology (SWAT)  experiments  conducted  in the
East China  Sea. In these  experirnents,  a  hydraulic-type acoustic  source  was  towed over  a  range  of

some  30krn at  constant  mid-water  depth and  transmitted  lew-frequency cw  signals, which  were

received  on  a bottom-moored vertical  line array,  After suppressing  a  time-dependent  factor of the
received  signals,  the asyrnptotic  Hankel  transform  was  applied  to the acoustic  fie]d provided by the

resu]ting  synthetic  aperture  horizontal array that was  created  at each  receiver  depth. The  horizontal
wavenumbcr  spectra  thus obtained  had peaks corresponding  to mode.  but these  peak positions were
observed  to be slightly  difTerent among  the  different receiver  depths partially due te noise  and  range

dependency. Thus, stochastic  mode  inversion was  exploited  by using  all of  the identified peak
positions for estimation  of  the geoacoustic properties. The  sound  fie]d simulated  using  the estimated

properties was  compared  with  the measured  one  for each  receiver  depth and  an  excellent  agreement

was  confirmed  not only  at the frequency used  for the inversion but also  at  the different frequency.
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             1. INTRODUCTION

   A series  of  experiments  were  conducted  on  the conti-

nental  shelf of  the East China Sea from 1999 through 2001
as a part of  SWAT  (Sha]]ow Water Acoustic Technology)

prQject for studying  the shallow  water  acoustic  properties
r1,2], The same  kind of  experiment  was  a]so  conducted  on

the New  Jersey continental  shelf  of  the Atlantic Ocean
in October  2000  L3,4]. One  of the major  targets in this

project was  to estimate  the subbottom  geoacoustic proper-
ties such  as  sediment  sound  speed,  which  characterize  the

sound  propagation in the shallow  water  environment.  A
number  of  inversion methods  to infer the geoacoustic

properties huve been developed so  far. Panda  et  aL  [5]
developed a sediment  classification model  to estimate  the

impedance and  attenuation  of  subbottem  sediments  from

the reflection  of  wideband  FM  pulse signals  incident
normally  to thc sea floer. Although this method  is
convenient  owing  to a small-scale  measurement  for survey,
the accuracy  of  the refiection  property in low  grazing angle
might  be insurncient in shallow  water,  where  the sound

'e-maH:
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propagation is strongly  affected  by sediment  properties due

to the muttiple  bottom interactions. Modal  inversion [6-8]
is one  of the most  usefu1  methods  te estimate  the geo-
acoustic  properties which  have  an  influence on  the lew
frequency sound  propagation. Once the geoacoustic param-
eters are specified,  the reflection  coerncient  can  be derived
with  respect  to even  very  ]ow grazing angle.

   The objective  of  the present paper is to reasonably

account  for the  propttgation features of  low  frequency

sound  measured  in the shallow  water  of  the East China Sea
in connection  with  subbottom  acoustic  properties. Since the
sediment  type  of  the  experiment  area  is sand,  which  is

generally dirncult for high frequency sound  to penetrate
into the deeper subbottom,  the modal  inversion using  low
frequency sound  is here employed  to estimate  the sub-

bottom  geoacoustic properties.

   Effective employment  of  the modal  inversion requires
the accuracy  of  mode  eigenvalues  observed  from  the  peaks
of  horizonta] wavenumber  spectmm,  which  can  be obtained
using  the asymptotic  Hankel  transform  of  measured  sound

field. Depending  on  the measurement  depth, however, some
of  the spectrum  peaks on  target do not  have 1arge ampli-
tude enough  to be identified, since  the assoeiated  mode
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FOR  SEABED  GEOACOUSTIC  PROPERTIES

Fig.1Configuration of  experiment  condueted  on  the  continentul  shelf  of  the Eugt China Sea.

eigenfunctions  constructing  the field vary  along  with  dcpth.

As a result, determination of  the peak  position in rhe

spectrum  is hard due to noise  interferencc. so  that its

accuracy  might  not be attained  as expected.  Thus. a  bottom-

moored  x,crtical  line array  of  receivcrs  was  introduccd in

the above  geoacoustic experirnent  and  all of  the spcctrum

pcaks observed  at different receiver  depths were  employed

in a stochastic  modal  inversion r61 to enhance  the precision

of the inversion processing.
   Section 2 describes one  of  the experiments  carried  out

in the  shallow  water  of  the  East China  Sea. Section 3

diseusses the results  obtained  by applying  the  asymptotic

Hankel transform to the sound  fields measured  by the

vertical  line array.  In Section 4, geoacoustic bottom  prop-

erties  estimated  uslng  the stochastic  modal  inversion

method  are evaluuted  by comparison  of  the mcasured  and

simulutcd  sound  fields at different receiver  depths. Section

5 prescnts concluding  remarks.

     2. ACOUSTICEXPERIMENTWITH
  VERTICAL  HYDROPHONE  LINE  ARRAY

   The  present paper focuses on  un  experiment  conducted

on  the continental  shelf  of  the East China Sea in July 1999.

The  purposc of  this experiment  is to estimate  the geo-

acoustic  sediment  properties and  to study  the propagation

features of  low frequency sound.  The basic configuration  of

the experiment  is schematieally  illustruted in Fig. 1. The

bathyrnetric variation  of  the experimental  area  is less than

few  meters  as  shown  in Fi.e. 2. A verticu] line array  (VLA)

of hydrophone receivers  extended  from 44 m  through 86 m

in depth was  moored  on  the sea floor at a  site  named  Q
having a  water  depth of  104 m.  The VLA  consists  of  eight

hydrophones with  an  equally  spacing  of  6m  and  a set ot'

tilt dcpth and  directional sensors  plus thermometers

Ae=v=-moa,iiiF,l

Tk

     
W"

,.,.  
--iko,

Fig.2 Bathymetric vnriation  of  experimental  area.

 Solid white  [ines indicate the tracks of  thc TLFS

 svurce  tou,ed by a  ship,

equipped  at both ends  of  the VLA,  which  is a]so  connected

to an  optical  fiber cable  of  5km  in length. A  subsurface

buoy wilh  a buoyancy of  350kg kept the  VLA  vertical

throughout  the experiment.  so that the output  oi' the tilt

sensor  did net  indicate more  than  2-3 deg. Thc  acoustic

data collected  by euch  hydrophone and  other  instruments

were  transmitted  through thc fiber cable  to a  ship,  which

was  located approximately  4km  away  from site  Q. A

pinger attached  on  the VLA  and  three transponders placed
on  the seufioor  around  it were  used  te precisely determine

each  hydrophone  position in water  column.  This ranging

system  had been caljbrated  by measuring  the position of

each  rransponder  with  kinernatics GPS  prior to the acoustic

measurement.

   A  sound  source  named  TLFS  [9] with  transmitting

continuous  wave  (cw) signals was  to"'ed  at  a depth of

about  40  m  by another  ship. which  moved  at  a  constant
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Table1 Distribution of  grain size  of  bottom sediment

 collected  at sire Q,Grain

 size  (di) Weight ratio  (%)
-14 e,975
O-1 2,746

Sand 1-2 t4,806 97.097
2-3 61,993
34 16,S77

Silt 4-S 2,903 2.903

E  
ioove

 !15ga

 13e

o 2Range
 (km)

 4 6

Mean  grain sire 2.4

8 10

site Q Site F  -

Fig.3 Bottom sediment  structure  surveyed  along  the

 track Q-F by a  chirp  sonar.

ip =  
-log2(L),

 L: Grain diumeter (mm)

speed  of  approximately  6 knots along  the  tracks  depicted in

Fig. 2. The range  of  each  track  was  about  18nm  and  the

water  depth along  the tracks was  nearly  constant,  The
TLFS  source  is a hydraulically driven prejector whose

electric power is supplied  and  controlled  from the ship

through  an  umbilical  cable.  This projector is designed to
cover  a  frequency range  of 20 through 200Hz, and  to

exceed  181 dB re 1 uPa@1m  (hereafter described "dB")
 at

20Hz  and  187dB  in the frequency range  from 50 through
200Hz, Commands  were  sent  from  the controller  on  board
to the projector, which  can  be remotely  monitored  in real
time.  Since several  kinds of  sensors  were  installed in the

projector, the posture and  depth of  the projector together

with  environment  condition  can  be measured  and  recorded

on  board. The TLFS  source  remained  stable  when  being
towed  and  its depth variation  was  less than  1 m,

   Prior to the  acoustic  measurements,  the surficial bottom
sediment  properties in the experimental  area  were  exam-

ined by collecting  gTavity cores,  which  was  nevertheless

limited to tens  of  centimeters  below the sea  floor, This is
due to the fact that the sediment  of the experimental  area  is

primarily composed  of  sand,  which  js found  from  distri-

bution of  grain size  of  the surficial  sediment  at  site  Q  as

indicated in Table 1. The bathymetry and  sediment

structure  were  also  investigated using  a  chirp  sonar,  which

consisted  of  eight  hydrephones and  single  transducer  with  a

source  level ef 197 dB and  a frequency range  of  2-7 kHz.
The  chirp  sonar  was  towed  at a speed  less than  4 knots but
could  be submerged  no  further than  1 O-15 m  below the sea
surface.  Due to the inadequacy of  its acoustic  power and
the  sandy  sediment,  the chirp  signal  could  not  penetrate
more  than 20m  into the sediment.  Processed chirp  data
along  the track Q-F identify several  subbottom  layers as
represented  by Fig. 3. These individual layers are  consid-

ered  to be the result  of  repeated  growth  and  regression  of

the paleoshoreline during glacial and  inter-glacial periods.
   In the acoustic  measurement,  the ship  also conducted
oceanographic  measurements  using  XBTs  (Expendable
Bathy Thermometer) frequently and  the temperature
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Fig.4 Temperature profiles (a) measured  by XBT  in

 towing  the TLFS  source  along  the track Q-F and

 corresponcling  sound  speed  profiles (b) converted  from

 the  temperature  profiles. Numerical  values  in legend

 indicate horizontal range  frem site Q in casting  XBT.

 Solid line in each  graph represents  the profile used  for

 medal  inversion.

profiles measured  during the movement  from site  F  to site

Q are  displayed in Fig. 4(a). The  sound  speed  profiles
(SSP) converted  from  these temperature profiles are also

presented in Fig. 4(b) [le]. In addition,  a  couple  of  vertical

chains  equipped  with  self-recording  sensors  for temper-
ature,  salinity,  conductivity,  and  current  velocityldirection

were  moored  on  the sea  fioor. These oceanographic

monitoring  chains  were  deployed near  site  Q  and  the other

limit of  the tracks  throughout  the experiment.  Figure 5
shows  the time  variation  of  the outputs  of  sensor  near  the
VLA  over  three days, The water  temperature was  observed

to vary  stronger  with  getting closer  ro the sea  surface.  The

temporal variation  of  the current  velocity  and  direction was

found to be affected  by the tidal variation.
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  Fig.5 Temporat variation  of  sensor  depth, temperalure,  current  ve]ocity  and  direction which  were  measured  by

   oceanographic  monitoring  chain  deployed  near  site Q. The shaded  area  indicares a  time  period of  acoustic  mcasurement  in

   towing  the TLFS  source  along  thc  track Q-F.

 3. DETECTIONOFMODEEIGENVALUES

  For a  coordinate  system  such  that z is depth measured

vertically downward  from the sea  surface  and  r is
horizental range  from  the VLA  position as shown  in

Fig, 1, the acoustic  pressure measured  by the l-th VLA-

hydrophone at a  depth of  :i (1 stE  8) at tj･ in time is

described as  l}t(tj, r(tj))  foT the source  located ut  a  position

of  (r(tJ), z.,), where  both z, and  :･i are assumed  to be

constant,  From  the measured  pressure Pi, we  can  derive the

acoustic  field p(r, zt;z.) on  the resulting  synthetic  aperture

horizontal array  due to the moving  source  as  p=

Pt(ty･, r(tP)e"i'-"fVj-'o).  where  f is a  constant  frequency of

the source  and  to is some  fixed time, The zeroth-order

asymptotic  Hankel  transferm  of  the acoustic  field p  yields a

depth-dependent horizontal wavenumber  spectrum  gt as

      gi(kr) Rx  tht 
.LILI

 p(r.zi;z,)e-'kr"vJ]dr, a)

in which  k, is the horizontal wavenumber  and  i is an

imaginary number  [l 1]. The mode  eigenvalues  can  then  be

determined from the peak position of  VE;lgi(k,)1 for the

horizontaLly stratified  media  including bottom sediments.

   To obtain  mede  eigenvalues  in a weakly  range-

dependent  environment,  a short  sliding window  u,A(r;A)

with  length A  and  center  position fi may  be introduced in

Eq. (1) in ana]ogy  with  a  short  time  Fourier transform

(STFI') as fo11ows:

   gt<kr) ` th liiill u)A(r;F)p(r,zg;zf)e-ik'"viJdr,  (2)

where  p(r, z,; :･,i) is assumed  to be equivalent  to p(r, zi;z.,)

on  the basis of  the reciprocity  principle between  the source

and  receiver  positions L8]. Here, the Kaiser-Bessel window

[12] is actually  used  so  as  to effectively  rninimize  the

interference of  adjacent  peaks of  spectrum  eff'ectively.

Considering a Doppler effect  due  to the movement  of  the

source.  the eigenvulue  of  Mode  m  can  be related  to the

following kLO (hereafter called  
"modal

 peak"):

                   2nfk".(t)
              kCO =                          , (3)
              

M
 2nf-k".U]v

where  v is the speed  of  the moving  source  and  k".CS] is the

above  peak position in ,,M;lgt(kr)1･

  As a representative  example  of  accomplishments.

Fig. 6 shows  the range-dependent  evolution  of spectra

ebtained  by applying  the Hankel transform in Eq. (2) with

A=Skm  to the  synthetic  aperture  due to the source

moving  along  the track Q-F, where  rhe source  frequency in

use  was  25 Hz. The center  position of the window  was  slid

every  O.5km,  The less range  dependency of  the acoustic

media  near  site Q is seen  from this figure. The  horizontal

wavenumber  spectra  at different receiver  depths over  the

range  of  O.5-5.5km on  the same  track are  also  shown  in

Fig. 7. The  water  depth over  this range  period has a  small

variatien  and  its mean  value  is about  103m, The modal
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Fig.6 Range-dependent  evolution  of  the output  wave-

 number  spectrum  obtained  by applying  the 7eroth-

 erder  asymptotic  Hankel  transform  with  a  sliding

 Kaiser-Bessel window  of  Skm  ]ength to the  synthetic

 aperture  duc to source  towed  along  the  track  Q-F by
 transrnitting  cw  sound  of  2S Hz. The range  represents

 the center  position of  the sliding  window.  The depths

 of  seurce  and  receiver  used  for this analysis  are  40 m

 and  44 m,  respeetively,
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Fig.7 Comparison  of  depth-dependent wavenumber

 spectra  al different reccivers  ef  VLA.  Each  spectrum

 was  ohtained  by applying  the zeroth-order  agymptetic

 Hanke] transform  te the  synthetic  aperturc  over  O.S-

 5.5km in range  aleng  the track  Q-F.
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peaks identified in Fig. 7 correspond  to Modes  1 through  5.

Theoretically, the peak  positions corresponding  to the same

mode  must  be identical over  the different receivers,  but the
observed  ones  actually  have  slight discrepancies each  other

as  lndicated in Table2. These discrepancies can  be
accounted  fbr partially by noise  influence when  the field

is meusured  at  the depth c]ose  to the node  of  the mode  on

target and  partially by range  dependency of  media

including the water  column.  As seen  from Fig. 7, a  part
of  the peaks are too hard to identify, thus being denoted by
bars in Table 2,

   4. STOCHASTICMODALINVERSION
               RESULT

  A  set ol' modal  peaks detected in the previous section

can  serve  to estimate  the  sound  speed  in the sediment  by
employing  the  medal  inversion method  [7], which  is based
on  the perturbative relation  between  mode  eigenvalues  and

sound  speed.  Since the observed  positions of  the modal

peaks corresponding  to the same  mode,  however, are  not

cornpletely  equivalent  as indicated in Table 2, an  error  in

the observation  may  be introduced in the perturbative
relation  as

               d=Gq+u,

with

q(n) =  C(Z.)  
'

 Co(ln),

d(m +  M(l  
-

 1) -  ge) =  kinO -  kX'),

u(m  +  M(l  -  1)-  rd =  u:',

G(m  +  Mu  
-
 i) 

L
 iL, n)  =  - kin,lpn(

2

,.)
 iipLe)(zn)12 

,il,)

where  z.: discrete depth in sediment  subject  to 
'

(1 s n  s N), Az: depth increment, c(O:  sediment

speed  to be  estimated,  coCz):'''

provided arbitrarily, kS?): m-th  mode  eigenvalue

numerically  using  the  initial sound  speed,

(4)

Az,

                                lnverslon

                                  sound

                   initia] sediment  sound  speed

                                 derived

                            ipL?): m-th  mode

eigenfunction  derived numerically  using  the initial sound

speed,  uSi): error in observation  of  kse, p: sediment  density,
M:  maximum  mode  number  in the identifiable modal

peaks, and  p: number  counted  up  when  the modal  peak is
unidentified  as denoted by  the bars in Table 2.

  To solve  Eq, (4) fbr the vector  d, the fo11owing
sto ¢ hastic inversion method  [6] was  applied:

          q=YGT(GYGT+S)-id,  (5)

where  Y  and  S  represent  covariance  matrices  of  q and  u,

respectively,  and  T superscript  denotes tTanspose.  By

assuming  that the  errors  in each  observation  of  the  modal

peaks are  uncorrelated,  S is provided by a diagonal matrix
composed  of  the square  of  crkb, which  is the standard

deviation of  "Xi) and  is obtained  by aS/) =  "fAVS7Ekl.P,  with
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            Table 2 Measured  modal  peak pesitions in the depth-dependent horizontal wavenumber  spectru  and  eigenya]ues  calcuiuted

              by using  (he estitnated  sound  speed  ef  the sediment.  Bar denotes the  case  where  lhe  modal  pcak was  tou small  te be

              identified. The  values  in parcnthesis were  not  uti]izcd  for the stochastic  modal  inversion due to large deviation frem

              averaged  one.

           Receiver
                          Modcl  Modc2  Mode3  Mode4  Mode5
          depth{Tn)445C]S66268748086

O,tOIO07e.loloo7O.1010()8O.1O1O08O.101009O.]OIO09O.10]O09O.10]DIOO.0942870
O.094186S

O.0942S63

O,0942. 840
O.0942. 796
O.0942549
O.0943]72
O.0942. 968

o.ogosogo
O,090S157
O,090532. 3
O.09059:S
(O.0902267)
O,0904310
O.09C"582

O.0904695

O.Og69113.

0,0869S86

{O,0864158)
O.0866]S7

O.0867001
O.0867448
C}Ag67778

O.083377fi

{O.083S176)

o.os3e7gb
o.og31sl]
O.OS3t864

o.og3 .' .i oos

o.og32o42

Ca]culated

eigenvalue

O.101003 O.0942765 O.0904653 O.0868e28 (.}1)g3168:

SNRII,), ebserved  SIN  ratio  o{' each  modal  peak [7]. On the

other  hand, Y is here given by  Y(n.n') -- cr,2, exp[-((n  
-

n')Azlo)2]  between :,. and  :･.･ (1 s  n'  s  N), a.  and  n are the

standard  deviation and  correlation  length ef  g, respectiyely,

   To  derive both kj.O) and  diIL)), the SSP  in the water

cotumn  at r=  O.04km  is selected  and  is assumed  to be

ranL-u.e-independent  in vlew  of  the fact that the property in

the water  column  is relatively  stable as seen  i'rom com-

parison with  the SSP  at  5.3 km  (see Fig. 4(b)). Actually, the

temporal  variation  in the water  column  was  considerably

gentle during the time  period when  TLFS  was  towed  from

site F to site Q as indicated by  hatch in Fig. S.

   With support  of  Hamilton's result  [13] in addition  to

the coring  and  chirp  sonar  analyses.  we  assumed  p  =  1.7 gl
cm3  and  the initial sediment  SSP rcpresented  by the

straight  dashed  line in Fig. 8(a). Here. the density was

treated to be constant  throughoul  the sediment  subject  to

the inversion. since  its variation  dees not  affect  the  sound

propagation features as  strongly  as the sound  speed

variation  in sediment  [14].
   From these  SSPs in the water  and  sediment  columns,

both klL') and  ipS5,') wcrc  derived numerically  by KRAKEN

t15], that is, a propagation model  based of  the mode  theory.

For kE,t? required  in Eq. (5), the observed  no-unique  modal

peaks were  all employed  except  for those with  large

deviation such  as  indicated in parenthesis in Table 2.

   As  a  result  of  executing  Eq. (5) with  A:･, =3m,  c([.)

were  obtained  us  represented  by dots in Fig. 8(a). Here. it

was  assurned  that q, =  lO and  i] =:  O, resulting  in a simple

diagonal matrix  composed  of  cr. for Y. Namely,  we  did not

impose  a  smoothness  constraint  on  the solution  for the

inversion, To increase thc inversien accuracy,  a  linear fit te

those  dots was  employcd  as a new  initial SSP  and  the

above  inversion process was  repeated.  As a  result  of

iterations. we  derived a  linear fitted profiie such  as

indicated by SSP] (solid line) in Fig. 8(a). As an
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 measured  at each  receiyer  depth of  VLA.  Both  are  scaled  to facilitate comparison.  Broken line indicates the  depth of
 bottem surface.

alternative  approach  without  resorting  to the  linear fitting

process in each  iteration, a  profile similar  to SSPI was  also

able  to be attained  directly from Eq, (5) by setting

n=10,OOO,  which  means  to extensively  intensify the

smoothness.  The use  of  SSPI as  an  initial sound  speed

profile led to c(z.)  indicated by dots in Fig, 8(b), which

reveals  that the estimated  sound  speed  stays  close  to the

initial profiIe as compared  to the first inversion in Fig, 8(a).

   As indicated in the lowest row  of  Table 2 and  Fig. 9,
both eigenvalues  and  eigenfunctions  are calculated  by
using  the estimated  sediment  SSP, which  is represented  by
a  sequence  of linear fits to the dots in Fig, 8(b). In Fig. 9,
the  spectrum  amplitude  of  modal  peak at each  receiver

depth is sca}ed  and  compared  with  the corresponding

eigenfunction,  whose  variation  can  well  account  for the

depth dependency  of  the observed  spectrum  peaks.
   The  aceustic  fields simulated  using  the estimated  SSP  in
KRAKEN  are  then  compared  with  the measured  ones  in
Fig, 10(a) (initial 6km)  and  Fig, 10(b) (fuIl range),  where

these  two  fields are represented  in the form of  propagation
]oss: -201ogiolp(r,z,;zi)1, due to a point source  of  unit

amplitude  at  r=  1m.  For the  simulation,  the sediment

attenuation  a  was  provided on  the basis of  references

[16-18] as or =  Kfe  (dBlm) with  f- -- f!1,OOO; these  two

parameters rc and  ij were  here set  by refening  to the lateral
trend  of  the sound  propagation losses measured  at plural
frequencies, resulting  in rc =  O.1 and  e ==  1.25. The simu-

lated and  measured  fields agree  well  at  each  receiver  depth,
but show  a  small  discrepancy beyond 6km  in range,  which

is outside  the window  used  in the  Hankel transform.  Thig
must  be due to range-dependency  of  the sediment  geo-
acoustic  properties, since  the lateral variation  of  the water

temperature  is not  so strong  as to account  for the discrep-
ancy  (see Fig, 4). Although the subbottom  layer structure

shown  in Fig. 3 does not  look horizontally stratified even

in rhe  range  less than  6km, the low frequency sound

employed  here is less sensitive  to the degree of  the

inhomogeneity observed  in the upper  portion of  the sedi-

ment  by the chirp  sonar.

   It is also  observed  that each  field in Fig. 10 has a

different interference pattern. This is due to the fact that the
combination  of  modes  which  dominate the total field varies
depending on  the receiver  depth. For example,  the receiver

at a  depth of  62 m  is close  to the node  of  Mode  3 as seen

from Fig. 9, so  that a bimodal interference pattern caused
by Modes 1 and  2 can  be recognized  in Fig. 10. Actually,
the skip  distance defined by 2zlAK, where  AK  is the

difference between  the eigenvalues  of  Modes  1 and  2, is
1 ,079  m,  which  accounts  for the interference pattern of  the

field at the receiver  depth of  62m. On the contrary,  the
receiyer  at 74  m  is close  to the  node  of  Mode  2 and  thus the
sound  field at  this depth indicates the shorter  skip  distance
of  596m  due to the interference of  Modes  1 and  3.

   The  estimated  geoacoustic properties were  also  exam-

ined by comparison  of  the measured  and  simulated  sound

fields at  another  frequency of  40Hz  along the same  track

Q-F, As shown  in Fig.11, these  fields are  again  in

excellent  agreement  at  each  receiver  depth. Here, bilateral
modal  interference can  be observed  at all receiver  depths
except  68 and  74 m,  both of  which  are  too  close  to the  node

of  Mode  2 to form it as  seen  from Fig. 12. This result  a]so

demonstrates a fair degree of  coincidence  between the

sca]ed  spectrum  amplitude  of  modal  peaks and  the

corresponding  eigenfunctions.
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5. CONCLUSIONS

  In an  attempt  to estimate  inversely the subbottom

sediment  propenies in shallow  water,  the  acoustic  experi-

ment  was  conducted  on  the relatively  fiat shelf  with  a water

depth of about  1oom  in the East China Sea. In this

experiment,  the  venical  line array  of  receivers  was  moored

on  the sea  floor and  the hydraulically driven source  was

towed  at constant  depth by transmitting the low frequency
cw  signal  of  more  than  180dB  in source  level. To  obtain

the  depth-dependent horizontal wavenumber  spectra  from

each  receiver  output.  the zeroth-order  asymptotic  Hankel
transform with  a Kaiser-Bessel short  sliding window  was

applied  to the  acoustic  fields measured  on  the resulting
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 the track Q-F. Source dep:h was  40 rn. The simulation  was  made  by using  the estimated  sound  specd  in bottom sediment,

 {a) Initial 6km  and  (b) full rangc.

synthetic  aperture  horizontal array  due to the moving

source.  As a  result of analysis  of  the 2S Hz sound  field in a

range  of  O,5 through  5.5 km  from the vertical array  site, five
spectral  peaks corresponding  to Modes  1 through 5 were

observed,  Although these modal  peak positions observed  at

the different rcceiver  depths must  be theoretically  identica]

and  equivalcnt  to eigenvalue  of  the corresponding  mode,  a

small  amount  of  discrepancies were  recognized  among

them. This is considered  partially due to the range

dependency of  environment  and  noise:  the latter is
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significant  when  the receiver  depth is close  to the node  of

the mode.

   All of  the  identifiable modal  peaks in each  spectmm

were  thus  employed  in the stochastic  modal  inversion to

improve the estimation  of  the geoacoustic parameters. It is

demonstrated  that the sound  field simu]ated  using  the
inversion results agrees  well  with  the measured  one  at  each

receiver  depth, Besides, the estimated  geoacoustic proper-
ties can  well  account  fbr the propagation features measured

at another  frequency, 40 Hz.

   For funher studies, the range  variation  of  geoacoustic

propenies will  be examined  using  the mede  range

evolution  observed  by sliding  the short  window  in the

Hankel transform.  In addition,  the bottom properties along
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 measured  at each  receiver  depth of  VLA.  Both  are  sculed  to facilitate comparison.  Broken  ]ine indicates the depth of

 bottom surface,

the different tracks will  be also  compared  each  other  so  as

to understand  their directional variation.
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