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The MAPEX2000 experiments were conducted in the Mediterranean Sea in March, 2000 to
determine seabed properties using a towed acoustic source and receiver array. Towed systems are
advantageous because they are easy to deploy from a ship and the moving platform offers the
possibility for estimating spatially variabléange-dependentseabed properties. In this paper,
seabed parameters are determined using a matched-field geoacoustic inversion approach with
measured, towed array data. Previous research has successfully applied matched-field geoacoustic
inversion techniques to measured acoustic data. However, in nearly all cases the inverted data were
collected on moored, vertical receiver arrays. Results here show that seabed parameters can also be
extracted by inverting acoustic measurements from a towed array of receivers, and these agree with
those inverted using data received simultaneously on a vertical array. These findings imply that a
practical technique could be developed to map range-dependent seabed parameters over large areas
using a towed acoustic system. An example of such a range-dependent inversion is given using
measurements from the MAPEX2000 experiments.DOI: 10.1121/1.1502264

PACS numbers: 43.60.Pt, 43.60.Gk, 43.30.Wi, 43.30[XmB ]

I. INTRODUCTION figuration has been a sound source and a vertical line array
(VLA) of receivers spanning a large portion of the water
Sound propagation in shallow waters is known to varycolumn®’ The VLA configuration is sensible as the propa-
drastically depending on location. Transmission-loss meagating acoustic field is received at all anglés the ideal
surements taken around the world, in the frequency band qfase ofNx 2D propagation with an array spanning the entire
0.5-1.5 kHz, show as much as 50 dB variability at 100-kmyater column. In principle, if a towed sound source is used
source—receiver separatioh’§his.variab.ility can greatly in-  \\ith a moored VLA, large areas could be probed and in
fluence the performance of a wide variety of sonar systemsy, e cases range-dependent seabed properties detefmined.

and can be attributed to several environmental factors includy j over  as the range increases between source and re-

ing surface wave-height conditions, water column Sound'c:(a'ver, variability in the environment can destroy the predic-

speed properties, pathymetry, and seaped typg. The Seabt?on capability of the matched-field processor due to inaccu-
often has a strong impact on propagation and its prOpertIersacies in the modeling. This variability could be caused b
are probably the most difficult to obtain. Numerical models 9. Y Y.

can be used to predict sonar system performance, but the&0'°0"9 other factors, changes in bathymetry, variability in the

rely on good information about the environméetg., seabed ocean s_ound speed, or abrupt changes in the seabed.p.roper—
properties. ties. This range dependency can often be extremely difficult

In recent years, model-based acoustic inversion techF—O include in the numerical modeling required for the MFP

niques have been under development to determine propertidd/€rsion, and may take some range-dependent propagation
of the seabed. Matched-field processiMfFP), geoacoustic codes ogt of their region qf numerical accuracy. While some
inversion is a model-based technique that has been applidactors like bathymetry might be well known and could be
successfully in characterizing the seabed for the most impoincluded in the MFP inversion modeling, other factors such
tant parameters for propagation prediction. This is a remotés detailed, range-dependent, ocean sound-speed profiles are
sensing method that uses down-range acoustic measuremeRg¥ likely to be available. For reliable seabed estimates, a
to infer properties of the seabed. Computer simulations argeometry with either fixed source or receiver array may be
used to model the down-range acoustic response to differefitnited to 2 km(or lesg separation between the two due only
seabed types, and efficient search algorithms are applied tbe ocean sound-speed variabifityn addition, with either
find the environment giving an optimal match between mod-+the source or receivers in a fixed location, the inverted bot-
eled and measured d&t&’ By far, the most common con- tom properties are averaged over the distance between the
two. This is problematic in cases where distinct bottom types
impact acoustic propagation in significantly different ways

dCurrently at Science Applications International Corporation, 10260 Cam- 3 )
pus Point Dr., San Diego, CA 92121. such that the behavior of the field would not be captured
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FIG. 1. Measured time series showing
arrivals structure(top) and ray dia-

gram to a single receivetbottom.

The ray diagram is based on simple
geometric analysis and is color coded
to help identify the corresponding ar-
rivals on the measured time-series.
The following geometry was used for
the ray trace in bottom panel: source
. | depth 72 m, head receiver depth 65 m,
e tail receiver depth 70 m, water depth

Time (s}

0.4 I i = —& i = — 7= 1 125 m sub-bottom depth 135 m,
200 250 300 _ 350 400 source-head receiver distance 180 m,
Range (m) and constant sound speed of 1510 m/s.

correctly using averaged seabed properties as input to @pture acoustic energy at all propagation angles. The inver-
propagation model. sion method described in this paper was motivated by the
In this paper, matched-field geoacoustic inversion isseismic industry where towed, horizontal arrays are com-
considered using a towed horizontal line ar@LA). An monly used. Examples of a seismic display using HLA mea-
HLA system has several advantages over a VLA includingsurements are shown in Figs. 1 and 2. In Fig. 1 the acquisi-
the ease in which it can be deployed from a ship. Since thé&on is for source and array at midwater depth with the head
HLA and towed sound source are kept at short range sepaf the array about 180 m from the source. In Fig. 2, the
rations, MFP degradation due to water column sound-speesburce and array are closer to the sea surface. These figures
variability is minimized or eliminated. The requirement for indicate that the data contain information about a variety of
range-dependent modeling in the MFP inversion is alsgropagation angles that have interacted with the bottom. The
eliminated because the bottom type and bathymetry can usadrivals in Figs. 1 and 2—other than the direct and surface
ally be assumed constant over the short distance separatibgunce—have information about the seabed sound speed, at-
source and HLA. Because of the short distance betweetenuation, and layer structure.
source and HLA and because both are towed, distinct, range- The seismic community has established techniques such
dependent bottom types can be determined. A disadvantage coring and wide-angle reflection measurements to deter-
of the HLA is that it does not span the water column andmine seabed properties such as sound speed and density.

El:l head tail
o1

FIG. 2. Measured time series showing
arrivals structure(top) and ray dia-
gram to a single receivetbottom.
The ray diagram is based on simple
geometric analysis and is color coded
to help identify the corresponding ar-
rivals on the measured time-series
(bottom). There does not seem to be
any arrivals corresponding to the bot-
tom reflection (solid green in the
measured data. In the area for this data
collection, the bottom is known to be
soft and for shallow angles the reflec-
tion coefficient is close to zero. The
following geometry was used for the
ray trace in bottom panel: source depth
29 m, head receiver depth 30 m, tail
receiver depth 31 m, water depth 121
= 4 - = m sub-bottom depth 130 m, source-

i 3 = head receiver distance 185 m, and
S o T , e o constant sound speed of 1510 m/s.
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FIG. 3. Experimental geometry for 7 March 2000.

Coring methods are probably the most direct—this attemptdesus, and Kristens€ndemonstrated the concept of MFP
to take a pristine sample of the seabed which is then ananversion with a towed arragl56-m aperturgusing narrow-
lyzed (i.e., material sound speed is estimated by acoustiband data. Although broadband data were simulated, the
travel time measurements through the ¢ofthere are sev- measured data were only based on single frequencies. The
eral drawbacks to coring as a way to produce quantities fofeasibility test was successful, but several problems with the
input into numerical propagation models. Coring can typi-method are described in the concluding remarks of Ref. 14.
cally only sample the top 1-5 m of the seabed. Harder seaAmong the most important difficulties encountered were ar-
beds (including sand are often difficult(or impossiblé to  ray shape deformation, low resolvability of the seabed pa-
core. Coring is time consuming, requires specialized equiprameters, and balancing the trade-off between computational
ment not available on all ships, and is difficult in high seaefficiency and accuracy of the inversion solution. Each of
states. Wide-angle reflection is another approach for estimathese problem areas is addressed in this paper. Using a
ing seabed properties. This acoustic technique estimates sdaoadband signal transmission, the HLA shape is better esti-
bed layer thicknesses and sound speed by taking travel timaated and the bottom properties are better resolved. Also,
measurements at different angles from the same reflectdrere, all geometric parameteise., source and receiver po-
(same layerin the seabed. Recently, using a moored receivesitions and water depthtare included in the inversion process
and towed sound source, this method has been extended @nd do not rely completely on nonacoustic sensors. Using
include the seabed loss parameter by also measuring seabéégper tow depths for source and array together with a
frequency-domain bottom log8 Although VLA, MFP geo-  broadband signal received on a 254-m array provides a larger
acoustic inversions, can be problemadfir practical reasons spread of reflection angles over a greater frequency band,
and in range-dependent environmentkis configuration has and this additional information allows for an improved inver-
produced good simulated and experimental results. In pasion. The inversions in this paper use a cost functemuiva-
ticular, when source—receiver separations are small, or thient to a frequency-domain matched fijténat takes advan-
range dependence weak, the VLA geoacoustic inversion camage of the broadband signal. The data inversions considered
provide excellent seabed parameter estimates. In this paperhare use a set of seabed parameters that should minimize
VLA is used on conjunction with a towed HLA as shown in parameter coupling and allow for a more detailed description
Fig. 3. Although the interest here is to develop a seabedf the seabed than those in previous HLA inversigns.,
characterization methodology based on an HLA, the VLA issediment sound speed, layer thickness, attenuation, and sub-
used for comparing inverted seabed parameter estimates. Ith®ttom sound speed are includeBinally, inversion of VLA
important to show consistency between these two configuraneasurements for exactly the same seabed parameters in the
tions as the VLA inversion is probably closest to “ground- same location as for the HLA provides for a good compari-
truth” knowledge of the seabed available. To insure a goodson of the results.
quality VLA inversion, the distances between the sound In Sec. Il of this paper the inversion procedure is de-
source and VLA are kept shofabout 1 km. scribed. In Sec. lll, a simulation study is presented to illus-
In past years, geoacoustic data inversion for seabettate and compare HLA and VLA geoacoustic inversion. A
properties using horizontal apertureynthetic or towed ar- sensitivity study is presented to estimate which parameters
ray9 has been proposéd!? Jesus and Calfi and Caiti, might be resolved in the inversions. Section IV describes the
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MAPEX2000 experiments and the acoustic data collected fom Egs. (1) and(2), Ng is the number of frequency compo-
validation of the inversion methods. Section V presents theents,N, is the number of hydrophones, and the measured
geoacoustic inversion results using the MAPEX2000 experiand modeled complex pressure vectors pgeand q;; (*
mental data taken on both a VLA and HLA. denotes the complex conjugate operatiddoth correlators
take on a value of 1 for two identical signals and 0 for com-
pletely uncorrelated signals. Equatidf) is a maximum
II. INVERSION PROCEDURE likelihood-derived objective function when the noise is addi-
tive and identically distributed on each hydrophone but the
Measurements of acoustic data showing large differnoise level may vary across frequencies. For Bj, the
ences in propagation loss for various locations around theoise is assumed identically distributed on each frequency
world are indications that acoustics might be used in an input may vary across hydrophones. There were no obvious
verse scheme to infer properties of the environment. This iglifferences in the results for simulated data using either Eq.
the motivation for MFP, geoacoustic inversion. The method1) or Eq. (2); however, with the experimental data HG)
is summarized in the following list. performed slightly better on the VLA and E¢Q) slightly
(1) Measure the acoustic field at the site of interest. Apetter on the HLA. The reason for this is not completely
signal transmission covering a broad band of frequenciegnown, but it may be because the transmitted signal was
contains more information than that of a single tone and willpetter equalized to produce a flat spectiuequired for Eq.
generally produce better inversion resdh#n the work con- 2)] than the equalization to produce a flat hydrophone re-
sidered in this paper, the band 220—800 Hz is considere ponse across the HLEequired if using Eq(1)]. For all
Although single hydrophone inversions are possible, arrays,versions of measured data considered in this paper(1Eq.
of receivers are generally more useful. is used with the VLA and Eq(2) with the HLA.
(2) Choose a propagation model that is suitable for the (5) A efficient algorithm is needed to navigate the enor-

experimental conditions. For thg HLA configuration consid—mous search space and find the global minimum to the cost
ered here, the acoustic source is only a few hundred Metefinction. This type of large-scale optimization requires a

from the hydrophones. Steep anglg propagation paths CannQfothod such as genetic algoritthus simulated annealing.
be neglected and a model valid in the near-field must b oth methods have been applied to MFP geoacoustic inver-

used. Here, the broadband, complex normal-mode mOd""Asions with success. This is a constrained optimization prob-

ORCA " 1S used. Thls is a layered normal-mode model thaﬁem with each of the desired inversion parameters bounded
includes the continuous spectrum. To demonstrate the robust- . ) :

. . . by a predetermined search space. In all the inversions con-
ness of the inversion approach, the parabolic equation

methodram!’ is also used as a propagation model. Other>dered in this papefboth HLA and VLA), a genetic algo-

i . . : rithm search is used with the propagation mode#cA or
models may be appropriate, including ray theoretic COdeSRAM as implemented in the inversion codeca.?! A total
that correctly treat the seabed interactions. P '

(3) Define a geoacoustic model for the site with a set Ofcomputatlon of 40 000 forward models was used in the in-
\ersion searches.

parameters that can be implemented in the propagatio . . . .
model. Only parameters which influence the down-range (6) Estimate the qualityerrorg of the inversion. Several

acoustic field should be considered. Otherwise, there is IittIé;’OSSibiIities exist for estimating the accuracy of the inverted

hope that the acoustic fields will contain enough informationSC!Ution. A simple approach is to plot the cost function value

to invert for those parameter values. Typically, a simpliﬁedversus corresponding parameter value. In this way, the dis-

description of the seabed is required to produce a stable ifribution of high cost function values should cluste_r near the
version, as parameter coupling may cause an apparerJe pgr_ameter value. The charagte_zr of such p_Iots indicate t_he
instability8 Here, one- and two-sediment layer models over-Sensitivity of each parameter. Th|s is shoyvn with exqmples in
lying an infinite half-space are considered. Sec. II.I. Anpthgr wppoztant quality check is to examine ¢he

(4) Determine a cost function to quantify the agreementPoSterioridistributions:
between the experimental measurements and the modeled . ] )
data. Two cost functions based on the Bartlett correlator aré- Reducing the dominance of the direct and surface
used heré®2°The first correlates the modeled and measured"Vals
pressure fields over the array of hydrophones and the mag- The largest amplitude acoustic arrivals are usually due

nitudes are summed over frequency as shown in(Eq. to the direct and sea-surface paths, yet these paths do not
1 N SN k|2 contribute to inversion for bottom properties. These arrivals
By=— . i=1 'JN'J _ 1) depend qnly on t_h_e geometry of the experim@mt., source
Ne =1 20 |22 oy and receiver positionsand weakly on the ocean sound speed

and sea-surface states. However, failure to account for these
arrivals can significantly degrade the quality of the inversion
Fesults. One way to overcome allowing these arrivals from
dominating the inversion problem would be to filter time

The second cost function is given by E). Here, the
acoustic field is correlated in frequency with the magnitude
summed over the hydrophone array

1 M |2Nf1piqu2 gate them. In practice, an automatic procedure to select
Be=— e L Py 5+ (2)  from received time series only the surface and direct arrivals
Ny i=1 2j:1|pij| Z1:1|qn'| could be difficult. It can be especially complicated in cases
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FIG. 4. Cost function evaluated
against the reference solution as each
seabed parameter takes on all its pos-
sible values. While evaluating a pa-
rameter, all of the others are held fixed
at their known value. The cost func-
tion value is given on thg-axis and
the parameter value on thxeaxis. The
blue curve gives the result for the hori-
zontal array, the green curve for the
vertical array moored 1 km from the
source and the red curve is for a verti-
cal array moored at 5 km. Reference
and test solutions were simulated us-
ing ORCA.

second inversion for geometric parameters only when using

For instance, with a receiver and source at midwater deptthe newly inverted seabed paramet@s a check This pro-

the first surface and first bottom arriving paths will interfere.cedure is related to “focalizatior?” and the subspace ap-
Nearly the same result as filtering can be accomplished bproach of Refs. 22 and 23. For the measured data considered
limiting the search intervals for geometric parameters. Inn Sec. 1V, the geometry-only-inversion results agreed with
principle, for geoacoustic inversion experiments, the geomthe direct measurementwithin experimental errgr Addi-

etry is known through direct measurements such as depttionally, the geometry-only inversion provided a valuable es-
sensors on the towed source and receiver arrays. In practicémate for array tilt that was not readily available from direct
there is some slight uncertainty in source and receiver depthmeasurements. Although the term locked down is used, the

and other factors like array shafeg., til) may not be mea-

geometric parameters were not fixed at one value during the

sured at all. There are also slight errors in the bottom deptfull inversion for bottom properties. The geometric param-

measurement from the ship’s echo soun@erthe order of 1
m for the MAPEX2000 experiments Inverting acoustic

eters were allowed to vary by approximately the expected
errors in the measurements. This approach is practical, since

measurements for source and receiver depths provides rmmerically the search for geometric parameters can be done
valuable sanity check of the data quality and data processingxtremely fast. Note the following normal-mode expression

Furthermore, it avoids placing too much confidence in deptHor the pressure field:

sensors and provides an estimate for array tilt.

Therefore, a two-step approach is used for the inversions

explim/d) O

1

considered in this paper. First, a geometry-only inversion is ~ P(F:2)=
’ Zs)\8mr n=1 Kk
made, and second, these parameters are “locked down” for a p(z5) V& m

full inversion for bottom properties. This is followed by a
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This assumes a time-harmonic exqi(wt) point source in a TABLE I. Seabed parameters used to generate the referenge solution. F’_a-
cylindrical geometry positioned at range=0 and depthz rameter labels and search intervals are also shown. Attenuation and density

. . . are constant through the sediment and sub-bottom. Sound speeds refer to
=25 with normal mOdeS'\Pn(.Z)' corr;spondlng hqnzontal compressional acoustic waves and attenuation is given in units of decibels
wave numbersk;,, and densityp(z).“" The numerical ap-  per wavelength.

proach is to compute the normal modes and horizontal wave:

numbers for one environment and store these in memory. Reference  Search Search
Then, computing new pressure fields to invert for the geom- _ Farameter value minimum  maximum
etry (i.e., source and receiver positignrequires only a re- Sediment thicknessigeq (m) 10 0.1 20
peat summation of Eq(3) with new z;, z andr. The  Sediment speeds.(m/s) 1550 1450 1700
geometry-only inversion can be done in about 1% of thefttenuaton:a (dsi 02 0.0 1.0

: ; . . Density: p (g/cnt) 1.5 1.0 25
CPU time for a full inversion. By searching for these geo- g _pottom speedty,, (M/9 1750 Ceng (Cougt 250)

metric parameters first, their search space can be greatly lim
ited when included in the full inversion, which keeps the

highly sensitive geometric parameters from dominating the . . o
i g P g them in this sensitivity study would confuse the results. In-

nVersion. stead, these were fixed at the values used in the
MAPEX2000 experiments described in Sec. IV.

IIl. HORIZONTAL AND VERTICAL ARRAY SEABED Seabed sensitivity has a strong dependency on the pa-

CHARACTERIZATION: A SIMULATION STUDY rametrization used in the propagation modeling. Here, a one-

Much more research has been done using a VLA forIayer geoacoustic model is uséskdiment overlying a infi-
matched-field geoacoustic inversion, and there is a good unn—.Ite h_alf space Su.b bottgmAlthough th's may seem overly
. g simplistic, it is unlikely that a more highly resolved bottom
derstanding of the sensitivity of both seabed parameters an o
) . e could be extracted from these measurements and this inver-
experiment geometry. With the HLA, these sensitivities are”.

less well known. A good initial discussion on HLA sensitiv- sion method. Further, it is unlikely that a more sophisticated

ity can be found in Refs. 13 and 14. Some of the system angeoacoustlc model would significantly change propagation

geometrical parameters that are expected to impact the inve'?:redlcn.o ns. This is explored further in Sec. V. Numerical
sion are as follows. Simulations are used here to create a known set of data on

both an HLA and VLA similar to the MAPEX2000 experi-

(i) Source and HLA deptht is expected that good in- mental data.
sonification of the bottom favors towing closer to the The first test of sensitivity is to look at each seabed
seafloor. In practice, this can be difficult due to the parameter separately. For a selected parameter, the acoustic
danger of accidentally dragging the source or array orfields are computed for all values in its search space. Mean-
the bottom. Safe tow depths are usually determinedvhile, each of the other seabed parameters is held fixed at its
based on how well the bathymetry of the area isknown (reference value. The eight parameters considered
known as well as how quickly equipment can be re-and their reference values are: sediment sound spggd
covered. =1550 m/s, sediment layer thickness.;~=10 m, sediment

(i)  Source and HLA separatiort is also expected that attenuationag.=0.2 dBA (wavelength, sediment density
better information will be obtained if the HLA re- pg.~1.5 g/cni, sediment sound-speed gradieits.~1.5
ceives from propagation directions around the criticall/s, sub-bottom sound speegl,= 1750 m/s, sub-bottom at-
angle. Since the critical angle is usually unknown, ittenuation ay,,=0.2 dBA, sub-bottom densitypp,=1.5
may be difficult to set the ideal source—HLA separa-g/cnt.
tion distance. Three experimental geometries are considef&dHLA

(iii) Array length For a range-independent environment, with the closest hydrophone 300 m away from the source;
longer HLAs should perform better than short ones(2) VLA at 1-km source—receiver separation, d8dVLA at
(since more propagation angles would be received an8-km separation. The water depth was taken as 130 m and
therefore more information about bottom interac-the source depth was 55 m. The VLA had 48 hydrophones
tions). However, this has to be balanced by the prac-with 2-m spacing spanning the depths 24—118 m. The HLA
tical issues such as array motion, more complicatedvas at 60 m depth, had 128 hydrophones with 2-m spacing
propagation(over longer ranggsand possibly range spanning ranges 300—554 m from the source. The cost func-
dependence in the bathymetry or seabed properties.tion was determined using E@l) for both HLA and VLA,

(iv)  Signal type and bandwidtlGeoacoustic inversion us-
ing VLAs typically shows better performance using TABLE Il. Geometric parameters and search intervals around estimated
broadband rather than narrow-band signals. This igalues for geoacoustic inversions.
expected to be true also for HLA inversion.

Parameter Search interval
In this section, using simulations, the sensitivity of sea- Source range +5m
bed parameters determined with an HLA inversion method is iourcz def]th i m
compared with the sensitivity using a VLA. There are an A::Zz t“‘:pt ;12
enormous number of possible combinations of the aforemen-  gq0m depth “1m

tioned system and geometrical parameters; including all of
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and the results for each parameter is given in Fig. 4. Fronample, the sensitivity to sediment thickness and sub-bottom
Fig. 4, it can be seen that the VLA at 1 km and the HLA haveproperties will also depend on the sediment propefieg.,

the greatest sensitivity the.qandcy,, while the VLA at 5 sound speed and densityThat is, the ability to sense the
km is more sensitive togegandpseq. NONe of the geometries sub-bottom and the interface between the sediment and sub-
are sensitive to the sub-bottom attenuatian) or density  bottom will depend on the amount of penetration through the
(ppot, @nd there is only slight sensitivity to sediment sound-sediment. However, this simple sensitivity test provides both
speed gradient)c..9. A caveat to this sensitivity test is the an estimate of how the cost function varies in the neighbor-
interdependency of each parameter on the others. For ekood of the true solution and guidelines for choosing param-
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? == XBT055 Nareh 7. 2000 08:07 of pqrameter values correspondmg to the smgl_e, hlg_hesfc cor-
. — XBT024-March 7, 2000 09:11 relation between reference and inverted solutions is given.
1 Then, all the cost function values for each of the 40 000
forward model computations in the inversion are plotted with
| the corresponding parameter values. As the search algorithm
converges, a particular part of the parameter space may be
sampled more often than other parts. To give a sense of this
sampling, a gray scale is used to indicate how the search
algorithm sampled each parameter value. The most heavily
sampled parts of the parameter search space appear darkest.
These scatter plots reveal parameter sensitivity by showing
how the cost function varies as the parameter search space is
sampled. In this way, each parameter sensitivity can be
1 judged without the bias imposed by keeping the other param-
507 7508 1568 1510 1511 1512 UoiE 154 eters fixed. The most likely value for each of the parameters
Sound speed (m/s) can be interpreted from the peaks in the scatter plots. In Fig.
FIG. 7. Sound speed taken from XBT casts at positions 36°32¥4&nd 5 the scatter plot results from the HLA are shown, and in Fig.
14°49.20 E (at 8:07 UTQ 36°27.34 N and 14°46.47E (at 9:11 UTG on 0 the results from the VLA at 1 km. The scatter plots results
7 March 2000. resemble the sensitivity curves from Fig. 4. For both the
VLA and HLA geometries, the scatter plots show heavy sam-
eters. With the given sensitivity curves, the geoacousti®ling and a peak at the correct value for each parameter.
model was refined to include one sediment layever a Figures 5 and 6 indicate higher sensitivity from the VLA, but
half-space sub-bottoyrbut to ignore the sediment sound- the bottom properties are still resolved using the HLA.
speed gradiente.g., constant sediment sound speed with
depth and to limit the model to a single attenuation and
density (constant with depth through the sediment and sub-
bottom. IV. THE MAPEX2000 EXPERIMENTS
A full inversion was performed on the reference solution
using each of the three geometries described. The geoacous- The MAPEX2000 experiments were conducted by the
tic parameters for the simulation and the search intervals foBACLANT Undersea Research Centre and took place on the
the inversion are given in Table I. The geometrical param-Malta Plateaubetween Italy and Maljagrom 22 February to
eters had small search intervéiee reasons for this are out- 27 March 2000. The purpose of the experiments described
lined in Sec. Il A and these are given in Table II. here is to validate the HLA geoacoustic inversion method
The inversion results are presented in two ways. The seind compare this with a VLA geoacoustic inversion. The

40

60

Depth (m)

80

100

1201

08¢ 0.8
0.75¢ Coed (m/s) 0.75 Coot (m/s)
0.7t 0.7
0.65 0.65 ]
06} 0.6
1450 1500 1550 1600 1650 1700 1600 1650 1700 1750 1800
FIG. 8. MAPEX2000 HLA measured
0.8} 0.8 data inversion using propagation
075+ o (dB/A) 0.75 model ORCA from ping-9:07 on
7 March 2000. Cost function values
0.7 0.7 (along they-axis without dimension
0.65F 0.65 for the HLA fqr each o_f 40,000 for—_
ward models included in the genetic
0.6} 0.6 algorithm search. Parameter and their
P * 1 1 units are indicated in the upper right
Q 02 g L .8 3 2 2 corners of each panel and thxeaxis
corresponds to the search interval.
08¢ HIGHEST CORRELATION VALUES
0.75¢ Cood = 1552.4 m/s
071 Coot = 1666.5 m/s
0.65¢ o =0.1dB/A
06 p =15g/em®
5 10 15 20 h —184m
sed

1530 J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002 Siderius et al.: Inversion with a towed receiver array



experimental setup showing the moored VLA and towed14°46.230 E (denoted ping-9:07 This was simultaneously
HLA is shown in Fig. 3. In this article, only the measure- recorded on the HLA and the VL&he VLA was about 1 km
ments taken on 7 March 2000 are considered. from the source The same ping was inverted from recep-
tions on the HLA and VLA with exactly the same procedure
and search intervals as for the simulations in Sec. lll. Equa-
During the experiments of 7 March 2000, broadbandtion (2) was used as the cost function for the HLA inversions
acoustic signals were transmitted using flextensional sourcesnd Eq.(1) for the VLA. The signal-to-noise ratio was about
mounted in a tow fish. A sequence consisting of linear20 dB for the data considered here. The scatter plots showing
frequency-modulated_FM) sweeps and multitones were re- the most likely and highest correlation values for the seabed
peated every minute. In this paper, only 1-s sweeps fronparameters are shown in Fig. 8 for the HLA and Fig. 9 for
150—-800 Hz are considered. All transmissions were equakhe VLA.
ized using a programmable signal generator to produce sig- Both the HLA and VLA show clustering of the high
nals having a flat spectrum. Prior to the 7 March 2000 eXtost-function values near the global maximum, best-fit solu-
periments, the radiation patterns were measured from thgon and both agree in the values for the seabed parameters
sources showing no more than 1 dB directionality for theihat are most sensitive. Although the highest cost-function
150-800 Hz band® Therefore, no correction was needed for yajyes(or fitness are less than they were for the simulations,
the source radiation pattefassumed omnidirectionalThe Figs. 8 and 9 have a 0.25 range on the cost-function axis (
received time series was converted to the frequency domaigxis) as was shown for the simulations Figs. 5 and 6. Since
using a fast Fourier transform. Frequency bins correspondinghe signal-to-noise ratio was high, it is likely the lower over-
to 220-800 Hz in 10-Hz increments were used in the invery cost function value was caused by a mismatch in the
sion for comparison with modeled results. ~ modeling of the experiment geometry, seabed, water column,
The HLA is 254 m in total length, and for data consid- o seq surface. As with the simulations, the VLA has slightly
ered here, the entire length of the array was USE8 hy-  petter sensitivity to the seabed parameters than does the
drophones spaced at 2)nBoth the array and source were () o However, clear values for the seabed parameters are

towed from the NRV ALIANCE at approximately 5 knots. fond with the HLA in agreement with the VLA. Both HLA
The distance between the sound source and the closest Nysq v/ A inversions indicate a dominant sediment layer at

drophone on the HLA was about 300 m. The tow depth of,y,,t 17-19-m depth.
the source and HLA varied slightly during the acoustic runs, A comparison of the measured and modelesing

but generally were mgi_ntaineg at 55-65-m deopth. The VLA rca) acoustic impulse responses are shown in Figs. 10 and
was deployed ‘f"t position 36 26',6681 and 14°46.751E 11. Both figures show multipath structure. For both the HLA
and the acoustic data were received on NRMIANCE by 54 \/| A two of the first three strong arrivals contain no

ra;]dio telemetry. The VI;Ah has 48 ec|1ually spgceg hyhdro'information about the seabed as these are direct and surface-
phones covering 94 m of the water colurtspanning depths ), \hco arrivalgthe second arrival can be due to either the

of 24-118 m. The VLA Was'bottom mooredthe water surface or the bottom bounce depending on geomédiater

depth was 130 mand kept upright using a subsurface float. arrivals have at least one interaction with the seabed. From
Fig. 11, the tilt of the VLA can be inferred by the slight

B. Oceanographic data difference in direct path arrival times across the array. Using

Sound-speed profiles were measured before, during, arii€ arrival times along the array, and assuming the direct
after the acoustic experiments. Conductivity, temperature2'Tival is a plane wave, the VLA was tilted to give a 6-7-m
and deptiCTD) measurements were taken from NRVLA dlsplacement between the top qnd bott_om hydrophones. Al-
ANCE before and after each towed source acoustic run. Durlough this can be computed directly, it was left as an un-
ing the acoustic runs, expendable bathythermogiBir) known and determined in the inversion process which found
probes were deployed from NRVLAIANCE to measure the @ value of 7-m VLA displacemerifor the full inversion for
ocean temperature profile. The salinity from the CTD cast$0ttom properties, the VLA ilt search interval was 6—8 m of
were used to calculate sound speed from the XBT probeglisplacement
Typical sound speeds taken from two XBT probes on 75 Geoacoustic inversion over a range-dependent
March 2000 are shown in Fig. 7. The profiles are slightlyseabed
upward refractingthe typical condition for the experimental ,
area in March, but the overall change in sound speed over 1 Ne advantages of using a towed array—towed sound
depth is only about 4 m/s. For the two geoacoustic inversion§CUrce configuration becomes clearer in range-dependent ar-
considered here, the input sound-speed profile for the acou§2S- FOr a fixed VLA like that used in MAPEX2000, only the

tic modeling was taken from the derived XBT closest in timesound source is mobile to prOb,e the_range-dependent envi-
to the acoustic transmission. ronment. However, a VLA MFP inversion introduces model-

ing problems since the range-dependence needs to be in-
cluded. The HLA configuration avoids this difficulty as the
distance between source and receiver is kept small and range
dependence can usually be neglectslight range depen-

A 1-s LFM signal (150—-800 Hz was transmitted at dence such as water-depth changes can often be compensated
09:07 UTC from ALIANCE located at 36°26.688N and for by allowing small shifts in source and receiver

A. Acoustic data

V. HORIZONTAL AND VERTICAL ARRAY SEABED
CHARACTERIZATION: EXPERIMENTAL RESULTS
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positiong®?). A second inversion was carried out for a ping and VLA locations. Also, there is about 11 km between
taken at 08:05 UTC from ALIANCE located at 36°32.580N source and VLA, and range-dependent ocean sound speeds
and 14°49.260E (denoted ping-8:06 The water depth at may need to be included. Further, the bottom properties also
the source—HLA location was 99 m and the VLA was still in change along the track between ping-9:07 and ping-8:05.
the same position as for ping-9:0 water depth of 130 lm  The area near ping-8:05 is characterized by a very soft layer
Doing a VLA inversion for ping-8:05 is problematic due on top of a harder sub-bottom. The HLA seabed inversion
only to the bathymetry change of 31 m between the sourceesults are shown in Fig. 12. The different bottom type near
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550 ]
500
2
@
2450
@
o
=
2400
;=
=y
o
350
300 F
0.2 0.3 0.4 0.5
Time (s)

60 65 70 75 80 85 90 95 100

FIG. 10. Measured and modeled band-limited impulse responses for the HLA. The modeled field used the best fit seabed properties from the inversion.
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FIG. 11. Measured and modeled band-limited impulse responses for the VLA. The modeled field used the best fit seabed properties from the inversion.

ping-8:05 is evident from the results in Fig. 12. The softVLA results showed a very poor cost-function value for the
layer is detected and is about 10 m in thickness. The lowebest-fit solution, and none of the geoacoustic parameters was
sub-bottom speed is also well determined, which is likelywell determined. It is possible that including the range-
because the soft sediment layer allows better acoustic pedlependent bathymetry would improve the best-fit cost-
etration down to the sub-bottom. A VLA inversion was at- function value; however, it would greatly increase computa-
tempted using a range-independent assumption even thougjbn time and it would remain difficult to interpret the
the water depth changed along the track by about 31 m. Thaveraged seabed properties found over the 11-km track.
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TABLE lIl. Geoacoustic properties for ping-8:05 using one-layer and two- gring. As previously noted, for ping-8:05 the two-layem
layer models. Attenuation and density were assumed constant with deptfhversion results are very similar to the one-lageca re-
through the sediment. . . . . .

sults and the same is true for ping-9:07. For ping-9:07, the

Parameter One-layer model  Two-layer model two-layer model results indicate nearly the same properties
Sediment-1 thicknessioq, (M) 9.7 9.3 in both ayers ¢seqi= 1550 m/s andseqz= 1563 m/3, which
Sediment-2 thickness1,., (m) 95 implies the existence of only one dominant sediment layer.

Se - . .
Sediment-1 speedtgeq; (M/9 1480 1487 The average speed in both layers of 1557 m/s and combined
Sediment-2 speedt.qq; (M/9) 1695 layer thickness of 19.8 m agrees well with the one-layer
iUb‘bOIt_"m SFzzijtb)ot (m/s) 17081 1760301 ORCAresults, giving speed of 1554 m/s and thickness of 18.9
ttenuation: N . . H : -
Density: p (g/cr?) 1o 14 m. There is also a consistency between pings taken near each

other (in time and spade and there was a fairly gradual
change in the inverted seabed properties moving along the

A second inversion was made on ping-8:05 using a mor&ange-dependent track. The slow sediment lajsound
sophisticated geoacoustic model that included two sedimerfiP€€d 1ess than that in the water colyntimat was evident
layers over an infinite half-space. Within each of the twoTom Ping-8:05 was apparent in other pings along the track,
layers the geoacoustic properties were assumed coriatant Put this layer gradually became thicker, moving along the
gradients. As an additional check, the forward propagation {rack from ping-9:07 to ping-8:08ig. 13.
modelrRAM was used in place @fRCA. The search algorithm
and objective function are the same as those already de/!- CONCLUSIONS
scribed. The results of the comparison are shown in Table lll.  Knowing the geoacoustic properties of the seabed is
The table shows the two inversions produce a similar seabedritical for accurate acoustic propagation modeling for sonar
The slow layer of about 9—10 m over a faster layer is agairperformance prediction. This paper describes an inversion
well determined. The second layer of the two-layer modeimethod to obtain these geoacoustic parameters using a towed
has a sound speed nearly the same as the half-space of thérizontal line array(HLA) of receivers and a broadband
one-layer model. Both inversions produce low attenuatiorsound source. Matched-field processiMFP) geoacoustic
and a similar density. The significance of the one-layer anghversion methods have been shown as a promising tech-
two-layer inversions demonstrates that for these data thgique for determining seabed properties, but most of the re-
method is not particularly sensitive to the propagation modelsearch has used measurements from a vertical line array
and that the one-layer model is probably adequate to descriqi&A). A towed array has many advantages over the
the seabed. moored, vertical array configuration such as easier deploy-

Inversion of the data taken between ping-8:05 and pingments and being able to neglect range dependence in the
9:07 is useful to show how the inverted seabed propertieMFP inversion while still mapping range-dependent seabed
vary along the track. Inversion results for nine pings alongproperties.
the track, using the two-layer geoacoustic model with propa- ~ An important validation for the HLA inversions pre-
gation modelrAM, are shown in Fig. 13. The figure shows sented here is the comparison with the VLA inversion, and
the inverted sound speed in the seabed and the inverted lagesults are in good agreement for data taken where the source

was near the VLAWwhere it is expected the VLA inversion
Sound speed (m/s) 0 will perform besj. For an 11-km track the VLA data inver-
sion did not perform well due to the range-dependent envi-
ronment. Using the HLA data inversion this problem was
circumvented, making it possible to determine seabed prop-
erties along the entire 11-km track. In this sense, the HLA
1550 inversions outperformed the VLA inversions.

Several issues need to be addressed in future research
and three main ones are listed hefy. Computational-The
computational demands using normal-mode or parabolic
equation forward models are still quite high and for practical,

1500 real-time seabed estimates a propagation code will be re-
quired that is fast, includes all the physics of the seabed
interactions, and is valid near the sound source. Ray tracers
may offer a good alternative to normal modes or parabolic
equation methods for rapidly computing broadband impulse
responses. It may be possible to use a ray tracer if the acous-
tic bottom interactions are treated correéfly® (2)

FIG. 13. MAPEX2000 HLA measured data inversion between sitggny-  Geometry—The ideal measurement geometry will also need
9:07) and 4(ping-8:09 on 7 March 2000 using 2-layer geo-acoustic model to be determined as it is likely that parameters like array

and propagation model RAM. Layer thickness and sound speed in the sedf— ngth tow depths and signal types will need to be Opti—
ment are shown. Inverted properties are held constant in range between data, ! ’

points. Solid lineg(stair-stepsare indicated at inverted water depth values m'zeq to improve es'[?mates of th? seabed prc_’Pe.@g:OSt
and measured bathymetry is given by the dashed line. functions—Cost functions have different sensitivities that de-
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