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ABSTRACT

In this paper, environmental parameter estimation for a
shallow ocean is addressed by using wideband shipping noise
as a source of acoustic energy. Unknown locations of the
broadband acoustic sources are estimated simultaneously
with the ocean depth using the approximate Conditional
Maximum Likelihood Estimator (CMLE). This procedure
is tested via computer simulations and applied to the ex-
perimental hydrophone towed array data.

1. INTRODUCTION

Cost-e�cient estimation of the geophysical structure of ma-
rine sediments just beneath the sea
oor is an important
topic of research in monitoring of coastal areas. Model-
based methods that attempt to invert the acoustic �eld
for obtaining a detailed and global estimate of the sea
oor
structure have been widely investigated in the past few
years [1]. These methods require relatively sophisticated
and costly acoustic sensing devices. Regarding the exper-
imental aspect, most studies reported so far required data
measurement setups involving extremely long arrays and
sound sources either towed or suspended from auxiliary
ships. In an e�ort carried out under MAST II, it was shown
that geoacoustic parameter estimation is also possible using
a moderate aperture horizontal linear array allowing for the
use of a single ship towing both the source and the receiver
[2].

Recently, some results have been obtained for simulta-
neous estimation of environmental parameters, source lo-
cation and receiver calibration [1]. It is shown in [1] that
bottom parameter estimation as an optimization procedure
for a goal-function allows direct inclusion of the source lo-
cation parameters into the search space. In practice, this
increases the computational burden of the estimation pro-
cedure.

From the numerical point of view, estimation of envi-
ronmental parameters is a highly non-linear and non-convex
optimization problem in a high-dimensional bounded do-
main. These inverse problems are ill-posed, so some sort
of regularization scheme is necessary, cf. [5, 6]. Various
cost-functions have been proposed in the literature, most
of them for the single-source / single-frequency case. The
single-frequency case is particularly badly behaved in terms

supported in part by the Natural Sciences and Engineering
Research Council (NSERC) of Canada.

of ambiguity, which can be partly overcome in a fully broad-
band treatment.

The aim of this paper is to demonstrate experimen-
tally that the broadband CMLE combined with a simplistic
ocean waveguide model allows to estimate source and envi-
ronmental parameters simultaneously with a good accuracy.

2. PROPAGATION MODEL

The Green's Function G(r; r�; !) is the acoustic response at
location r = (r; '; z) to a point source at r� = (r�; '�; z�)
with frequency ! . Consider the simplistic ocean waveg-
uide model with constant sound speed c and �nite depth
d shown in Fig. 1. Furthermore, let G obey the Sommer-
feld radiation condition for r !1, homogeneous Dirichlet
boundary conditions at the ocean surface, and homogeneous
Neumann conditions at the ocean bottom. The fundamen-
tal solution to the wave equation is expanded in a �nite

set of propagating normal-modes  �(z) =
p
2=d sin��z

(� = 1; : : : ; A(!)), which is an accurate approximation if
the signal source is located not too closely to the receiving
array:

G(r; r�; !) =

A(!)X

�=1

 �(z) �(z�)H
(2)
0 (k�R); (1)

where H
(2)
0 denotes the Hankel function, z�; z are source

and horizontal array depth respectively, R is the horizon-

tal distance between source and observation point, jr �
r�j

2 = R2 + (z � z�)
2. The contribution of the continu-

ous eigenvalues of the associated Sturm-Liouville equation
is neglected. We bounded the number of modes by Amax.
This is equivalent to a regularization of the inverse prob-
lem. Only modes with low grazing angles are included
because both relative sensitivities Sc(k�) = (c=k�)j@ck�j
and Sd(k�) = (d=k�)j@dk�j increase with mode-number �.
Generally, high-order modes are sensitive to environmental
parameters (model mismatch and small-scale 
uctuations)
in contrast to the stability shown by low-order modes [3].
Similar regularization approaches are presented in [4, 6]. In
the following, all unknown non-linear parameters are de-
noted by # = (r�1; : : : ; r�M ; c; d)

0 where M is the number
of sources.



3. DATA MODEL

We use the above propagation model to describe the output
of the horizontal array of N hydrophones. The array out-
put is sampled after low-pass �ltering and sectioned into
K stretches of duration T . Each of these data stretches,
in turn, is divided into K0 time batches of length T 0 =
T=K0. Then, they are short-time Fourier-transformed us-
ing a multi-window technique to obtain Xk;`(!) for k =
0 : : : K0 � 1 and ` = 0; : : : ; L0 � 1. The number L0 of or-
thonormal windows used depends on the selected analysis
bandwidth 2W . Then, the data model reads

Xk;`(!) =
e�j!kT

0

p
T 0

T 0
�1X

t=0

�
(`)
t (T 0;W )x(t+ kT 0)e�j!t;

with a set of orthonormal data tapers �
(`)
t (T 0;W ), the so-

called Discrete Prolate Slepian Sequences (DPSS).
The sample estimate of the Cross Spectral Density Ma-

trix (CSDM) C
X
(!) is exploited

Ĉ
X
(!) =

1

K0L0

L0
�1X

`=0

K0
�1X

k=0

Xk;`(!)X
�

k;`(!) (2)

during each time step1. This is motivated by the asymp-
totic independence of Fourier-transformed stretches and the
orthogonality of the Slepian windows.

Given the signal, the structure of the conditional dis-
tribution of Xk;`(!) is known asymptotically. The (condi-
tional) covariance matrix is assumed to be �(!)I, where I
is the identity matrix.

4. MATCHED FIELD CMLE

The asymptotic statistics of the data in frequency domain
motivate the application of a CMLE for simultaneous esti-
mation of signal, noise, and environmental parameters. In
the broadband case, we can maximize the approximate log-
likelihood function L = L(#; �), cf. [7]

L = � 1

J

JX
j=1

"
N log �(!j)+

tr(P?(!j ; #)ĈX(!j))

�(!j)

#
(3)

where � = (�(!1) : : : �(!J))
0 is the vector of noise spectral

parameters and # is de�ned in Sec. 2. A set of relevant
frequencies f!1 : : : !Jg is selected for maximizing the SNR.
P?(!;#) = I�Q(!; #)Q�(!;#) is the projection matrix for
the noise subspace, where Q(!; #) = (q1; : : : ; qM) denotes a
matrix whose columns qm form an orthogonal base of the si-

gnal space, e.g. Q(!;#) = H(!;#)(H�(!;#)H(!;#))�1=2.
Information about the assumed signal propagation model
(i.e. the environmental parameters, which are contained in
the Green's function) enters by means of projection matri-
ces, operating on the estimated CSDM. Maximizing (3) over

� leads to the ML estimate �̂(!) = 1
N
tr
�
P?(!;#)Ĉ

X
(!)
�
.

1where (�)� is the Hermitian transpose.

Re-inserting this into (3) yields the reduced log-likelihood
function l(#) = L(#; �̂) which depends on # only

l(#) = � 1

J

JX
j=1

log(1�B(#; !j)) + const ; (4)

with B(#; !) =
PM

m=1
q�m(#; !)ĈX(!)qm(#; !)= tr ĈX(!).

Optimization of l(#) is implemented by a combined ap-
proach of the globally convergent Genetic Algorithm (GA)
and locally convergent Broyden-Fletcher-Goldfarb-Shanno
(BFGS) updates for the source positions and ocean depth,
where 7 generations of the GA are alternated by one BFGS
update.

5. SONAR DATA DESCRIPTION

The experimental site was located in the Bornholm Deep,
east of Bornholm island (Baltic Sea). The bathymetry is
depicted in Fig. 2. Sonar experiments were conducted by
Atlas Elektronik (Bremen) during the cruise between Oc-
tober 3rd and 13th, 1983.

A 15-element hydrophone array with element-spacing
2:56m was towed by the surface ship Walther von Ledebur.
A moving broadband source was given by the co-operating
shipHans B�urkner. Sound waves originating from two other
ships can be detected. Thus the number of broadband
sources is set to M = 4 (including the towing ship).

Sampling frequency was fs = 1024 Hz after low-pass
�ltering with cut-o� fc = 256Hz. We use a record of
10 minutes duration, divided into K = 150 stretches of
T = 4 s = 4096 samples each. In (2), we averaged over
K0 = 16 Fourier-transformed snapshots of length T 0 =
0:25 s (corresponds to 256 samples). Analysis bandwidth
was 2W = 8 Hz, resulting in L0 = 4 DPSS data tapers.

STD measurements (salinity, temperature, depth) at
the experimental site on 21st September 1983 were provided
by ICES (International Council for the Exploration of the
Sea, located in Copenhagen). They are acquired from the
stationary helcom bmp k2 base in the Bornholm Deep at
55� 150 N 15� 590 E, see Figs. 2 and 3.

Using formulas from [3], the sound speed pro�le (SSP)
was calculated, see Fig. 3. The SSP shows a sound channel
with axis at z = �50m and minimum 1445m=s.

6. RESULTS

We started our investigation with simulated data. Fig. 4
shows the likelihood (4) as a function of the ocean depth d.
The arti�cial data were generated for a selected ocean depth
d� = 64 m and M = 4 sources present. The broadband
single-sensor SNR for this plot is 1.7 dB. In Fig. 4, we plot
the conditional likelihood function for the real sonar data
versus depth for �xed source coordinates. These two plots
show the same qualitative behaviour.

For the real data, we estimated the unknown positions
(ranges,bearings, and depths) of M = 4 sources and ocean
depth assuming the sound speed known and equal to c =
1500m=s. The histogram of source coordinates r; �; z for
the �nal population of the GA is plotted in Fig. 6. The
vertical lines indicate the optimum solution. The left-most



vertical lines in the three �gures represent the estimates for
the Walther von Ledebur at end�re position � = 0.

The ML-estimates for ocean depth are shown in Fig.
5 vs. time. Each time step represents 4s. The individual
estimates are mutually independent. Comparing this to
the sound speed pro�le from Fig. 3, we conclude that we
actually estimated the onset at z = �50m of increasing
sound speed velocity below the sound speed minimum of
1445m=s.

The median of the estimates in Fig. 5 is 56m. Re-
markable periods of stability in the estimates are observed
between time steps 15 and 22, and a systematic trend be-
tween time steps 44 and 60 which possibly stems from the
movement of the towed array. The repeated outliers at ap-
proximately 70m and 47m result from the ambiguity of
the likelihood function. The simulations below have much
lower spread than the real data. This indicates model mis-
match, as is expected from the over-simplistic assumptions
in Section 2.

The scenario in Fig. 1 was selected to compute the ac-
curacy of estimating the parameters of interest with a single
source at r� = 2000m; �� = 45�; z� = �5m using the nom-
inal value d = 56m. The temporally white signal and noise
were assumed to occupy the full bandwidth 0 : : : 256Hz with
SNR = 3 dB.

Fig. 7 shows the scatterplots of estimates from Monte
Carlo (MC) simulations. From the results in Fig. 7, it
is directly observed that the estimates for source location
r̂�; �̂�; ẑ� have low mutual correlation, as is expected from
CRB in a known waveguide [8]. Also, both source bearing

�̂� and depth ẑ� have low correlation with environmental
parameters.

Environmental estimates ĉ and d̂ turn-out to be highly
correlated. The mutual correlation results in a simple rescal-
ing by a factor � of the ocean waveguide with parameters
(c; d). In this way, the cut-o� frequencies f� = (2�+1)c=4d,
(� = 0; 1; : : :) are invariant for the re-scaled waveguide
with (�c; �d). Thereby, the dispersion diagram is quali-
tatively unchanged and only the wavenumbers are rescaled:
k� ! ��1k�. This scaling only applies to the waveg-
uide. The hydrophone array is not changed { otherwise,
this would result in an identi�cation problem. Due to a
slight sound speed mismatch for the real data (assumed
1500m=s vs. 1445{1480 m=s, cf. Fig. 3) and this type
of mutual correlation, we expect a 2{3% bias in the ocean
depth estimate.

The �nal marginal distributions of the estimates are
shown in Fig. 8. These histograms are based on the same
data as in Fig. 7. We observe good concentration of the es-
timates for source range, bearing, sound speed, and ocean
depth. Source depth, however, shows considerably more
spread.

7. CONCLUSION

Experimental results are presented on estimating an envi-
ronmental parameter (ocean depth) using several unknown
broadband acoustic sources. The obtained results imply
feasibility of purely passive bathymetry for low SNR which
can be extended to geo-acoustic inversion.
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Figure 1: One-layer ocean model with sound
speed c and ocean depth d.
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Figure 2: High-resolution bathymetry at experi-
mental site in Baltic Sea.
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Figure 3: STD pro�les on Sept. 21, 1983, 16:00
(local time). SSP is calculated from salinity and
temperature.
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Figure 4: Typical l(#)-function, Eq.(4), vs. ocean
depth. Top: simulated, Bottom: real data.
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Figure 5: estimates for ocean depth d̂ for snap-
shots of 4s duration.
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Figure 6: Posteriori distribution of genetic algo-
rithm: 12 estimated source coordinates (M = 4
sources) and ocean depth.

1999.5 2000 2000.5
−5.5

−5

Range & Depth

1499.5 1500 1500.5

55.98

55.99

56

56.01

56.02

Sound Speed  & Ocean Depth

1999.5 2000 2000.5
43

44

45

46

Range  & Bearing

1999.5 2000 2000.5

1499.5

1500

1500.5

Sound Speed & Range

Figure 7: Scatterplot of 1000 MC Simulations.
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Figure 8: Parameter histograms for MC simula-
tion result.


