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Experimental demonstration of low signal-to-noise ratio
matched field processing with a geoacoustic model
extracted from noise

F. Hunter Akinsa) and W. A. Kuperman
Scripps Institution of Oceanography, University of California, San Diego, La Jolla, California 92093-0701, USA

ABSTRACT:
Passive localization of a low signal-to-noise ratio (SNR) source in a shallow water waveguide without prior

geoacoustic information is accomplished by combining the mode-extraction method modal-MUSIC (multiple signal

classification) with range-coherent matched field processing (MFP). Range-coherent MFP coherently combines

snapshots from different resolution cells to obtain gain over noise. Modal-MUSIC uses knowledge of the water col-

umn sound speed profile (no bottom information) to extract noisy estimates of modal wavenumbers from ship noise

recorded on a partially spanning vertical line array (VLA). A geoacoustic model is then fit to the wavenumber esti-

mates extracted from noise with modal-MUSIC and used to compute replicas for range-coherent MFP. The combina-

tion of these two methods applied to a 21-element VLA achieves successful source localization at SNR levels as low

as �20 dB using ten tonals transmitted during the SWellEx96 experiment. VC 2023 Acoustical Society of America.
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I. INTRODUCTION

Matched field processing (MFP) passively localizes a

source by comparing the acoustic field measured on an array

to modeled fields for various candidate source positions. To

successfully localize a source, MFP requires an accurate

environmental model, which, at low frequency in shallow

water, includes information about propagation characteris-

tics in the seabed. The challenges of obtaining such a model

limit the applicability of MFP. By passively extracting the

geoacoustic portion of the environmental model from ambi-

ent noise, this work successfully applies MFP in the absence

of comprehensive a priori environmental knowledge.

Geoacoustic parameters can be extracted from various

acoustic observables, such as: modal group speed,1 noise

correlations between vertically separated sensors,2 the

power reflection coefficient,3 complex pressure field mea-

sured at known ranges,4 noise from a ship of opportunity

recorded on a horizontal line array (HLA),5 sound from a

ship of opportunity of known position,6 noise from a ship of

opportunity inverted using a matched field inversion,7,8

noise with a full water column spanning array,9 echosounder

measurements, and so on. This work is concerned with pas-

sive localization in a (partially) unknown environment.

Therefore, estimation of an unknown environment from

acoustic data must be carried out without the benefit of an

active source. For the experimental scenario of interest, the

real parts of the wavenumbers of the modal field are

extracted from the covariance matrix of noise in the band

from 50 Hz to 250 Hz on a partially spanning vertical line

array (VLA) using modal-MUSIC (multiple signal classifi-

cation).10 The estimated wavenumbers yield information on

the sediment compressional sound speed, density, and layer

thickness, but do not contain direct information on sediment

attenuation. However, modal-MUSIC also estimates the

number of modes present in the field, which can be used for

accurate replica calculation in the absence of sediment

attenuation.11 Geoacoustic parameters could also be

included in the MFP search space such as in focaliza-

tion.12–14 However, focalization greatly increases the com-

putational demands of MFP and has never been

experimentally demonstrated at low-SNR. Therefore, pas-

sive acquisition of a geoacoustic model from shipping noise

is a useful step towards successful localization of a quiet

source with MFP.

Once equipped with a sufficiently accurate model to

perform MFP, localization of a quiet moving signal is still

limited by coherent integration time and array gain. A mov-

ing source remains within a resolution cell for a finite time,

which limits covariance matrix estimation. A recent method,

“range-coherent MFP,”15 coherently compares snapshots

from separate resolution cells by modeling the effect of can-

didate source motions on the snapshots and comparing them

with the data, with the caveat that the source frequency is

known. Range-coherent MFP essentially allows one to add

additional synthetic array staves to obtain array gain at the

price of additional computation.

In this work, range-coherent MFP is used to localize a

quiet source (frequency averaged SNR of �20 dB over ten

tonals) at ranges out to 8 km using a 21-element vertical linea)Electronic mail: fakins@ucsd.edu
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array (VLA). The replicas used for MFP are computed using

a geoacoustic model extracted from shipping noise using

modal-MUSIC. Therefore, a single system can both obtain

the geoacoustic information necessary for localization and

carry out the localization.

II. MODAL-MUSIC

Modal-MUSIC is an array processing method that com-

bines the MUSIC algorithm16 with the shooting method17 to

extract normal modes from shipping noise using a VLA.10

Under certain conditions,10 (1) the eigenvectors of the

covariance matrix of the array can be partitioned into signal

and noise subspaces and (2) candidate normal modes that

are orthogonal to the noise subspace are the true modes of

the waveguide. The modal-MUSIC spectrum is then defined

as

PmoMUðkrÞ ¼ UðkrÞENE†
NUðkrÞ

h i�1

; (1)

where UðkrÞ is the mode shape associated with candidate

wavenumber kr, sampled at the array elements, obtained by

the shooting method using the water column sound speed

profile (SSP). The columns of the matrix EN are the eigen-

vectors of the sample covariance matrix (SCM) associated

with the noise subspace.

In order to compare the spectra at different frequencies,

it is convenient to introduce a “mode angle,” which is

defined as

h � arccosðkr=ðx=cminÞÞ; (2)

where x ¼ 2pf is the frequency under consideration and

cmin is the minimum value of the SSP.

III. GEOACOUSTIC INFORMATION IN THE MODAL-
MUSIC SPECTRUM

This section discusses the extraction of a geoacoustic

model from modal-MUSIC wavenumber estimates and

presents relevant uncertainty analysis for the model fit. In

previous work,10 wavenumber estimates were de-noised by

fitting polynomials to the identified modes in the dispersion

curve. These polynomials produced sufficiently accurate

wavenumber estimates to localize a loud source to around

5 km but failed to localize at greater range or to localize a

quiet source. The failure is believed to be due to poor esti-

mation of low-order modes, which will be improved by fit-

ting a geoacoustic model to high order modes. In particular,

simulations demonstrate that the high-order modes will be

estimated with lower variance than low order modes. This is

fortuitous for geoacoustic model fit, as the high-order modes

contain more geoacoustic information than low-order

modes.

Once modes have been identified in the modal-MUSIC

dispersion curve, a misfit function between model and data

may be defined as follows:

JðxÞ ¼
XNf

i¼1

X
j2Mi

ðk̂ jðfiÞ � kjðfi; xÞÞ2=r2
ij; (3)

where k̂ jðfiÞ is the estimate of the jth mode wavenumber at

frequency fi with error variance r2
ij, Mi is the set of well-

estimated modes at frequency fi, Nf is the number of fre-

quencies at which modal-MUSIC was performed, and

kjðfi; xÞ is the forward model calculation of the jth mode at

frequency fi for bottom parameters x. The minimum of this

function x� corresponds to the best model fit.

In addition to mode-dependent estimate error variance

r2
ij, there is also a mode-specific model sensitivity. Modes

with a phase speed less than the sediment sound speed have

an exponentially decaying tail in the bottom, and the hori-

zontal wavenumber is relatively insensitive to bottom

parameters19 compared to modes that are oscillating in the

sediment. In Sec. III A, Monte Carlo simulations will show

that the modes which are most sensitive to the properties of
the sediment are also the modes that can be estimated with
the least variance.

A. Monte Carlo simulations for uncertainty
demonstration

Monte Carlo simulations are carried out to demonstrate

modal-MUSIC uncertainty under ideal conditions over a

range of frequencies. The simulations use the environmental

model and array geometry shown in Fig. 1, which parallel

the SWellEx-96 experiment setup.

Each snapshot realization, expressed as a vector, is

pi ¼
XM

m¼1

xi
mUmðzÞ þ ni; (4)

where xi
m � Nð0;UmðzsÞ2Þ is a random Gaussian amplitude

with variance equal to the mode excitation strength for a

source depth at 10 m (chosen to be characteristic of a ship),

UmðzÞ is the mth mode evaluated at the array depths in vec-

tor z, M is the number of modes, and ni � Nð0; r2
nIÞ is zero-

mean Gaussian noise. The diagonal value r2
n of the noise

covariance is selected to give an average single-sensor

“SNR” of 20 dB. Here, SNR refers to the ratio of the vari-

ance of the modal component of the noise to the variance of

the white noise component.

Then, an ensemble of 1000 snapshot realizations was

used to form a single realization of the array sample covari-

ance matrix (SCM)

K̂ ¼ 1

1000

X1000

i¼1

ðpi � l̂Þðpi � l̂Þ†; (5)

where l̂ is the sample mean and ð�Þ† denotes the conjugate

transpose. For simulation, the number of modes is assumed

to be known and is used to partition the eigenvectors of the

SCM into the signal and noise subspaces. Finally, the noise
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subspace estimated this way is used to compute a modal-

MUSIC spectrum using Eq. (1).

100 SCM realizations are used to obtain 100 realiza-

tions of the modal-MUSIC spectrum. From this ensemble,

means and variances are estimated for each mode at each

frequency. The results are shown in Fig. 2 and indicate that,

for the SWellEx-96 experiment at 20 dB SNR with 1000

snapshots, modal-MUSIC should estimate the low-order

modes with high error variance but should estimate the

higher-order modes accurately. Figure 2 also includes a red

box indicating the modes that are both sensitive to bottom

properties and estimated with low variance.

B. Number of propagating modes: Cutoff modal angle

Attenuation is an important geoacoustic parameter for

low-frequency shallow water MFP replicas. Baxley et al.11

show that, within a certain source radius, the main effect of

bottom attenuation on MFP replicas is the determination of

the effective mode cutoff in the modal sum. That is, the

attenuation determines the number of propagating modes,

while the effect of attenuation on relative modal amplitudes

within the set of propagating modes is relatively small.

For example, consider the Bachman geoacoustic model

(Fig. 1) for the SWellEx experimental region.18 It has a half-

space compressional speed of 5200 m/s, meaning that, in the

absence of attenuation, there are propagating modes with a

modal angle up to 73�. The presence of sediment attenuation

adds a significant imaginary part to the modal wavenumbers

above a certain frequency-dependent cutoff mode angle

hcðf Þ (an effective “modal critical angle”), so the modes

with hðkrÞ > hcðf Þ are stripped from the waveguide after a

short range. However, the sediment attenuation is still low

enough to allow modes below this modal critical angle to

significantly affect the replicas out to a range of 10 km. An

approximation to the replicas that uses the real part of the

wavenumbers and an accurate, frequency-dependent modal

critical angle will provide good agreement with data from

within a certain radius.

Modal-MUSIC only produces estimates of the real part

of the wavenumbers, and therefore carries no precise infor-

mation on the sediment attenuation. Examination of the

modal-MUSIC spectrum on data (for example, see Fig. 3)

suggests that modal-MUSIC may provide a good estimate

ĥcðf Þ of the modal cutoff angle. The compressional speed,

density, and layer properties of the geoacoustic model can

FIG. 1. Array and environmental model used for Monte Carlo simulations.

The SSP comes from a CTD cast during the SWellEx96 experiment and is

also used for modal-MUSIC in data processing. The array geometry is also

representative of that used during the SWellEx96-experiment, consisting of a

21 element array spanning approximately 120 m. The geoacoustic model is

due to Bachman (Ref. 18) and is used for conventional MFP in this work.

The SSP shown is also used for the shooting method for modal-MUSIC.

FIG. 2. (Color online) Monte Carlo simulation results demonstrating uncer-

tainty in the modal-MUSIC spectrum. One standard deviation is shown as

blue dashed lines bracketing the real modes shown as black lines from 100

realizations of the SCM for a modal matrix with a source at 10 m depth and

no correlation between modes. The red box emphasizes a region of the dis-

persion curve that (a) is well-estimated by modal-MUSIC and (b) is sensi-

tive to the geoacoustic properties.

FIG. 3. (Color online) Normalized modal dispersion curve from modal-

MUSIC with identified modes superimposed as orange dashed lines and

labeled with white text.

2820 J. Acoust. Soc. Am. 153 (5), May 2023 F. Hunter Akins and W. A. Kuperman

https://doi.org/10.1121/10.0019377

 05 Septem
ber 2024 21:31:56

https://doi.org/10.1121/10.0019377


be fit to the modal-MUSIC spectrum, and then this model

can be augmented with ĥcðf Þ. Together, these provide a rea-

sonably accurate description of sound propagation in the

shallow water waveguide without the need to explicitly

include model attenuation.

The cutoff angle hcðf Þ is estimated at a given frequency

by picking the highest angle peak with a normalized ampli-

tude above a threshold value of 0.1. The collection of highest

angle peaks, smoothed with a five-point median filter over

frequency, provides the cutoff angle ĥcðf Þ used for MFP.

IV. RANGE-COHERENT MATCHED FIELD
PROCESSING

By modeling source motion, range-coherent MFP15

coherently combines snapshots from a moving source cross-

ing multiple resolution cells. This section introduces nota-

tion necessary to present results in the following.

Consider a sequence of L snapshots taken at a frequency

f. At each time ti, the source range and depth are ri and zi.

Then the snapshot at time ti is written as

di ¼ Siðf Þpðri; ziÞ þ ni; (6)

where ni is noise from the sensors, interferers, etc., p is the

pressure field due to the source and Siðf Þ is the complex

source spectrum at frequency f. For a perfectly narrowband

source, Siðf Þ ¼ Aej2pfti , with A equal to the complex value

S0ðf Þ at t¼ 0.

Range-coherent MFP first removes the source phase

from each snapshot to get a new sequence of measurements

d0i ¼ die
�j2pfti ¼ Apðri; ziÞ þ n0i: (7)

If the source is truly coherent and the frequency f is cor-

rectly specified, the effect of this correction is to (a) add a

phase shift to the noise and (b) remove the effect of time on

the phase of the pressure field due to the source. The leftover

change in the pressure field is due only to change in source

position and can therefore be modeled.

For a candidate source track fri; zig, the model produces

a sequence fpðri; ziÞg. Both the snapshot set fd0ig and mod-

eled set fpðri; ziÞg are stacked into “supervectors”

dsup ¼ d0T0 d0T1 � � � d0TL�1

� �T
(8)

and

psupðfri; zigÞ ¼ pT
0 ðr0; z0Þ � � � pT

L�1ðrL�1; zL�1Þ
� �T

; (9)

with L denoting the number of snapshots to be coherently

combined.

In the case of a source moving at a constant depth and a

constant range-rate, source position can be modeled using

three parameters: constant depth z, initial range r0 at initial

time t¼ 0, and constant range-rate _r . Multiple realizations

of dsup can be used to form a “super-covariance matrix”:

K̂ ¼ 1

Ns

XNs

i¼1

ðdðiÞsup � l̂ÞðdðiÞsup � l̂Þ† (10)

(l̂ is the sample mean). The Bartlett ambiguity surface is

then computed as

Bðr0; z; _r ; f Þ ¼
psupðr0; z; _r; f Þ†K̂psupðr0; z; _r; f Þ
jjpsupðr0; z; _r ; f Þjj2trðK̂Þ

; (11)

where trð�Þ is the trace operation.

When multiple tonals are available, the ambiguity sur-

faces from each frequency are averaged in decibels,20

Bðr0; z; _rÞ ¼ 1

Nf

XNf

k¼1

10 log10Bðr0; z; _r; fkÞ: (12)

Finally, the source depth, range and range-rate are estimated

as the values r0; z, and _r that maximize the function (12).

For purposes of comparison, the range-coherent proces-

sor in Eq. (12) can be computed without applying the source

phase correction in Eq. (7), yielding a “range-incoherent”

matched field processor which performs similarly to

matched field tracking.21 The improvement of range-

coherent over range-incoherent MFP is then attributable to

coherent gain from combining snapshots from separate reso-

lution cells, as opposed to tracking gain from incoherently

combining conventional MFP surfaces.

V. EXPERIMENTAL RESULTS: MODAL-MUSIC
AND MODEL FIT

This section details the application of modal-MUSIC

and geoacoustic model fitting to experimental data collected

during the SWellEx96 experiment.22 These results are

shown in Fig. 5.

A. Modal-MUSIC dispersion curve

Modal-MUSIC is applied to a 30 min segment of data

from JD131 2232 GMT to 2302 GMT, collected on 21 ele-

ments from the VLA. The first element is at a depth of 96 m,

and the total array length is around 118 m. One element mal-

functioned in a 22 element array with a uniform spacing of

5.625 m. The remaining 21 elements used for modal-

MUSIC have a spacing of 5.625 m except for the two ele-

ments that bracketed the malfunctioning element, which are

separated by 11.25 m. The dominant source of noise during

this portion of data is thought to be from the research vessel

transiting at ranges from approximately 8 to 10 km.

Each element samples the pressure field at a 1500 Hz

sampling rate. To extract the modal-MUSIC dispersion

curve, snapshots at frequencies from 50 to 250 Hz are

formed using a 2048 point FFT (1.36 s length) with a

Hamming window, with no overlap between snapshots. This

results in 1318 snapshots used to form each frequency SCM

(frequency spacing of 0.73 Hz).
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To compute the modal-MUSIC spectrum [Eq. (1)], the

eigenvector decomposition of each SCM is computed, and

the signal subspace rank at each frequency is estimated by

looking for the maximum in the eigenvalue difference.

Specifically, for eigenvalues sorted in decreasing order,

the signal subspace dimension is defined as argmax

fðki � kiþ1Þg for i ¼ 1; 2;…; 20. Outliers are identified as

spikes of magnitude greater than three in the subspace

dimension estimate between adjacent frequencies. The out-

liers are removed, and then the subspace dimension esti-

mates are smoothed over frequency by fitting them by a

quadratic function.

The smoothed subspace estimates are used to estimate

the noise subspace matrix EN . A CTD from a nearby time in

the experiment (depicted in Fig. 1) is used for shooting can-

didate modes over the array.

Modes are then manually identified as smooth lines

over frequency connecting the peaks in the dispersion curve.

Figure 3 shows the modal-MUSIC spectrum as a function of

frequency and mode angle hm with the identified modes,

labeled. As seen in the figure, modes up to mode number 17

are identified in the dispersion curve.

B. Geoacoustic model fit

The emphasis here is to find a model that fits the modal-

MUSIC curve well enough to perform MFP, rather than to

find accurate estimates of the geoacoustic parameters with

uncertainty quantification.

Precise mode estimate uncertainty cannot be known a
priori since it depends on the (unknown) geoacoustic prop-

erties of the waveguide. However, the uncertainty analysis

detailed in Sec. III A shows that the estimate error variance

is roughly constant for estimated modes with a phase speed

greater than or equal to 1550 m/s (� 16� mode angle), inde-

pendent of frequency and mode number (see red box in

Fig. 5). Furthermore, the objective function in Eq. (3) is

insensitive to modes below this phase speed cutoff.

Therefore, the geoacoustic fit is carried out using the

wavenumber estimates of modes above this phase speed cut-

off and assuming a constant error variance for those esti-

mates. The presented results are insensitive to the precise

choice of the cutoff phase speed.

The geoacoustic model consists of a single layer with

constant density and linear SSP overlying a halfspace, as

shown in Fig. 4. The four parameters in the layer include the

FIG. 4. (Color online) Single layer model (not to scale) fit to the modal-

MUSIC dispersion curve. This model, along with the modal cutoff angle

shown in Fig. 5, is used for range-coherent MFP results.
FIG. 5. (Color online) Results of performing the geoacoustic fit to modal-

MUSIC spectrum. Wavenumbers used for geoacoustic model fit are shown

in the red box. The blue lines show the forward model with the optimized

dispersion curve. Peaks in the modal-MUSIC spectrum (see Fig. 3) with a

normalized amplitude greater than 0.1 are shown as black dots. The orange

dashed line shows the mode angle cutoff used in replica calculation for

MFP as a function of frequency.

FIG. 6. (Color online) Bathymetry and source position during the S5 event

of the SWellEx96 experiment.
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layer width h, the compressional speed at the top of the layer

c0, the sound speed gradient in the layer s¼ dc/dz, and the

layer density q assumed to be constant. The dispersion curve

is insensitive to the halfspace parameters, as long as the

compressional speed in the halfspace is high enough to sup-

port all the estimated modes. The maximum observed phase

speed is 1750 m/s in Fig. 3, so the halfspace speed is fixed

arbitrarily at 1800 m/s and the density at 2 g cm�3 for the

optimization.

Equipped with this model parameterization, the optimal

parameter vector x ¼ ½h c0 s q	T is found by minimizing the

objective function in Eq. (3). The layer thickness is con-

strained to lie between 5 and 100 m, the compressional

speed between 1540 and 1800 m/s, the gradient between 0

and 4 s�1, and density between 1.2 and 2.0 g cm�3.

Wavenumbers for each candidate parameter vector x were

computed using the Sturm sequence eigenvalue search23

(the method used in KRAKEN
24) The objective function is

minimized by performing a sequential 1D optimization over

each parameter, holding the others fixed at their latest opti-

mized value. Six iterations were seen to provide good con-

vergence. An optimal value of x� ¼ ½19:5 m; 1576 m=s;
0 s�1; 1:23 g cm�3	T was consistently found for several dif-

ferent choices for the initial parameter values. The wave-

numbers from the optimized model are shown superimposed

over the modal-MUSIC spectrum in Fig. 5. The phase speed

of the highest angle estimated mode is used as a phase speed

cutoff for each frequency when calculating replicas.

FIG. 7. (Color online) Comparison between [(a), (b)] conventional MFP, [(c), (d)] range-incoherent MFP, and [(e), (f)] range-coherent MFP. White stars

mark the location of ambiguity surface maximum at each time. Orange dashed lines trace the source values, as determined by nominal depth, ship GPS, and

Doppler estimates from the loud source tonals. The left column (a), (c), and (e) correspond to Track 1. The right column (b), (d), and (f) correspond to Track

2. Color scale is the value of Bartlett processor [Eq. (12)] in decibels, normalized to maximum beamformer output at each covariance integration period.

Range-incoherent and range-coherent MFP also include a range-rate vs time ambiguity surface.
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VI. EXPERIMENTAL RESULTS: RANGE-COHERENT
MATCHED FIELD PROCESSING

This section details the localization of a quiet towed

source using range-coherent MFP with the modal-MUSIC-

derived model replicas described in Sec. V. These results

are compared to traditional MFP using replicas computed

from the geoacoustic model shown in Fig. 1. An additional

comparison is made to range-incoherent MFP, where range-

coherent MFP is carried out without correcting the source

phase as in Eq. (7). The incoherent approach will average

down sidelobes that move at a different speed from the can-

didate search speed but will not get the coherent gain over

noise from coherent snapshot comparison.

A. S5 event

The S5 event of the SWellEx96-experiment consists of

a roughly straight source tow during a 75 min period.

During this time, a source towed at roughly 60 m depth

played five tonal sets each consisting of 13 tonals between

49 and 400 Hz. Ten tones from the second tonal set, from 52

to 238 Hz, are used for testing localization results. From the

75 min event, two segments labeled “Track 1” and “Track

2” are selected for analysis. The source track during the

event and these segments is shown in Fig. 6, and includes

source ranges from 8 to 4 km.

Snapshots are formed by taking a 16 384-point

Hamming-windowed FFT with a 50% overlap (5.46 s spac-

ing). To simplify the presentation, prior knowledge of

source range-rate was used to calculate the approximate

Doppler-shifted signal bin from nominal frequency. Note

that bin selection can be easily incorporated into range-

coherent MFP since it searches over range-rate. The snap-

shot length results in an estimated mean SNR of �20 dB

over the first ten quiet source tones at a source range of 8 km

and �12 dB at 5 km source range.

Resolution cell size is roughly 60 m for a 400 Hz

source, corresponding to a 25 s integration time for a source

moving 2.5 m/s. For a traditional MFP benchmark, five

snapshots are used to form covariance matrices at the ten

frequencies. Supervectors for range-incoherent and range-

coherent MFP are formed by stacking ten snapshots, each

separated by 27 s. This draws each snapshot in the supervec-

tor from a separate resolution cell. Then, five realizations of

the supervector are formed by using five consecutive snap-

shots for the first snapshot in the supervector. These five

realizations are averaged to form a “super” covariance

matrix of dimension 210
 210 (21 real vertical array ele-

ments times 10 synthetic horizontal elements).

The covariance matrices are then used to evaluate the

Bartlett ambiguity surface on a grid of source range, depth

and, for range-coherent and range-incoherent MFP, range-

rate. For traditional MFP, this yields a 3D surface over time,

range, and depth. For range-coherent/“incoherent” MFP, it

yields a 4D surface over time, range, depth, and range-rate.

To visualize these results, 2D surfaces are formed by hold-

ing two axes fixed and taking the maximum over the other

axis/axes. For example, a depth-time ambiguity surface for

range-coherent MFP results can be formed by taking the

maximum over all ranges and range-rates for each fixed

covariance time and depth.

The results are shown in Fig. 7. For the quiet tonal set,

conventional MFP is unable to localize the source for either

of the two segments. Range-incoherent MFP produces some

weak estimates out to a range of around 5 km before break-

ing down. Range-coherent MFP with the modal-MUSIC

derived replicas successfully localizes the source out to a

range of 8 km (estimated SNR of �20 dB).

VII. CONCLUSION

This work presents an approach for localizing a quiet

coherent source using geoacoustic information extracted

from the noise field. This method requires knowledge of the

water-column SSP. Relevant geoacoustic information is

extracted from noise using modal-MUSIC. The noise field is

thought to be comprised mostly of shipping noise, given the

calm sea state and common ship activity in the region. The

extracted geoacoustic information is used to compute repli-

cas for range-coherent MFP, which successfully localizes a

multi-tone source at �20 dB SNR.

In this work, range-coherent MFP manages to extract

gain by coherently comparing data from resolution cells that

are separated by five minutes, or more than 800 m in range.

This is perhaps surprising, given that the source motion is

not perfectly uniform during this interval and the replicas

are not perfectly matched to the environment. The success-

ful localization results at low SNR presented here suggest

that the phase evolution in range of the modal field may be a

quantity robust to both non-uniform motion and replica mis-

match, although further research is needed to explore this

theoretically.

The contribution of modal-MUSIC is to provide both

parameter estimates for a simple geoacoustic model, as well

as estimates of a frequency-dependent, modal cutoff angle

ĥcðf Þ. The use of a model improves localization results over

the purely data-based approach used in previous work.10

This improvement is likely due to the reduction of error in

the low-order modes, which should be well constrained by

the SSP (which is presumed known) but are poorly esti-

mated by modal-MUSIC. Therefore, the model fit ensures a

physically consistent set of modes, which improves the rep-

lica accuracy.
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