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Chapter 1

Introduction

Ocean Acoustic Tomography (OAT) is in nowadays a widely accepted technique for ocean
probing by acoustic means. The principle of determining environmental properties from
acoustic signal perturbations is highly dependent on the capacity of predicting sound
propagation between source and receiver. In water depths greater than, say, 1000 m
and at useful frequencies, sound waves behave much like in free space and are therefore
mostly influenced by water column density scattering. In coastal waters, depths vary
between 0 and 500 m which make sound behave much more like trapped waves. In that
case sea bottom and sea surface properties become predominant, leading to a decrease
of the influence of water column properties on sound prediction at useful ranges. As a
consequence, shallow water tomography becomes a difficult task when bottom properties
are unknown or poorly known. Along the same lines, sea surface and sea bottom sound
interaction in shallow water leads to a strong dependence of sound prediction on ocean
bathymetry along the direction of propagation. Similarly, and as in classical deep water
OAT, sound prediction in shallow water is strongly dependent on source-receiver geometry.

A basic principle in OAT is that in order to extract water column information from
the acoustic data, all the other geometrical and environmental properties are known to
a degree of precision sufficient to allow accurate sound prediction to discriminate the
variation of the required parameters. Classical ocean tomography assumes that there is
a full control both on the source and receiver positions. In shallow water the knowledge
of source-receiver relative position along time would lead to the necessity to know the
bathymetry and bottom properties along the propagation path at all times. In the case
where the receiver is a vertical line array (VLA) and the source is moving, that requires the
knowledge of bathymetry and bottom properties in a vast area around the VLA location.

The main objective of the TOMPACO1 project is to relax the need for the active
sound source to illuminate the environment. Active sources are in that case replaced
by sources of opportunity as passing by ships or natural sound sources. Passing from
active to passive sources adds several difficulties to the problem: the source emitted
waveform becomes unknown and uncontrolable, the source position is unknwon and as a
consequence bathymetry and bottom properties become also unknown. In other words, for
practical purposes, passing from active to passive shallow water tomography is equivalent
to passing from a “simple” inversion of the water column properties to a full inversion
of source position, bottom properties, bathymetry and water column properties. That
represents a dramatical increase of the parameter search space with its associated possible
non-uniqueness solutions and numerical computation problems.

1TOMografia PAssiva COstiera - Passive Coastal Tomography
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10 CHAPTER 1. INTRODUCTION

There are several aspects that should be taken into account when attempting to de-
monstrate shallow water passive tomography: one is that it is, at least at this stage,
irrealistic to attempt to perform a full scale inversion test with unknown environmental
and source conditions, other is that environmental and geometrical effects should be as
much as possible tackled separatelly. Another important aspect is that care should be
taken to isolate cross-effects between parameters in order to obtain absolute water col-
umn estimates and another last important aspect is that care should also be taken when
combining information across-frequency taking into account that the ultimate goal is to
operate with unmanned sound sources that are, by nature, highly non-stationary and
with possibly unpredictible phase evolutions along time.

The INTIFANTE’00 sea trial was partially designed to cope with the different situations
encountered in passive tomography (see [1, 2] for a complete experiment and data descrip-
tion). The present report attempts to demonstrate the concept of TOMPACO using an
active source in a passive shallow water tomography scenario. By this it is meant that
an active source is used in a shallow water scenario where hypotheses are progressively
relaxed, one at a time, leading to more complex problems that will eventually lead to a
full passive tomography approach.

This report is organized as follows: chapter 2 describes the forward problem encountered
in the INTIFANTE’00 data set - Events II and V are respectively taken as examples for a
known moving source in a range independent environment and an unknown fixed source in
a range dependent or independent scenario; chapter 3 approaches the same cases shown in
chapter 2 but from the acoustic inverse point of view. Chapter 3 presents the concluding
remarks and perspectives for further work.



Chapter 2

The forward problem

2.1 Generalities

The INTIFANTE’00 sea trial was primarely designed for testing acoustic data inversion
techniques aiming at estimating water column properties and source position. However,
since direct analytical/numerical inversion is in most practical cases not possible, one is
limited to repeating forward runs and compare the ouput to the observed data. Therefore,
forward acoustic prediction is of paramount importance in order to obtain stable and
accurate inversion results.

The first task is to select a suitable forward model being able to take into account the
environmental features of the area and to produce an accurate response in the desired
frequency band. As a side requirement, but nonetheless important, the forward model
should be fast enough for being able to produce thousands of predictions in a reasonable
time. To that end, and when range-dependency is involved in shallow water, coupled
mode or parabolic equation based models are the choice. Parabolic equation models are
known to be very accurate in range-dependent environments but are also known to be
quite slow when broadband calculations are required.

The sea trial site bathymetry for events II, IV, V and VI is shown in figure 2.1. Latitude
and longitude are set in military coordinates for continental Portugal in km. The area
covered during this events is approximately 11 by 5.5 km along two acoustic transmission
legs, termed as NW and NE legs relative to the vertical array (VLA) location marked by
a � sign at coordinates 129.981 km longitude West and 148.466 km latitude North. Note
that the NE leg is mildly range-dependent between 60 and 120 m depth while the NW
leg is approximately range-independent with a depth variation of less than 6 m around a
mean depth of 119 m in 6 km length (1.4 m standard deviation).

In order to give an idea of the comparison between parabolic and coupled normal mode,
the CSNAP [3] and RAM [4] propagation codes were tested on a range-dependent section
along the NE sea trial leg. The environmental model used for these simulations is shown
in figure 2.2.

The transmission loss plots obtained at four characteristic frequencies of 150, 300, 500
and 800 Hz with model CSNAP are shown in figure 2.3. Sound interaction with the ocean
bottom can easily be seen in this example, specially close to the sound source and at low
frequencies. Sound penetration in the sea bottom decreases with increasing frequency as

11



12 CHAPTER 2. THE FORWARD PROBLEM

Figure 2.1: INTIFANTE’00 bathymetry for events II, IV, V and VI.

Figure 2.2: Environmental model for the propagation scenario along the NE leg.

expected. High sound energy patches at close range tend to fragment also with increasing
frequency and the consequent increase in the number of modes. At all frequencies the
absolute mean sound power at 6.5 km range is approximately constant.

Similar forward runs have been conducted with the RAM propagation code in the same
environment and at the same source frequencies - figure 2.4. Several differences can be
noticed: there is a clear difference at very close range regarding the energy level and
the energy penetration in the bottom; there is also a mean sound pressure difference of
about 7-8 dB over the whole figure. Apart from that, the acoustic power distribution is
quite similar for the two models. There are at least two main known differences between
these two codes: one is that the parabolic solver is a marching solution that requires an
initializer at range r = 0 (starter) and thus possible discrepancies at close range; the
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(a) (b)

(c) (d)

Figure 2.3: Transmission loss along the NE leg with CSNAP model at: 150 Hz (a), 300
Hz (b), 500 Hz (c) and 800 Hz (d).

second difference is that the RAM model only takes into account the forward field and
not the possible reflections, which may account for a smaller loss than with the normal-
mode code CSNAP in this example. These two differences may justify the observed
discrepancies between the simulated results.

Although RAM run very fast on our machine and a parallel version is available (RAMP)
there is little information on how to create a transfer function output (complex numbers)
that is required for matched-field calculations. Finally, since our environmental model
is weakly range dependent, 55 m in 6.5 km, a coupled mode solution is known to be
sufficently accurate, and therefore our choice was towards the use of the CSNAP model.

2.2 The baseline model

An important first step in tomographic inversion is the choice of an environmental model
able to represent the mean characteristics of the media where the signal is propaga-
ting. Such model will be called the baseline model and generaly includes all the a priori
information available for the problem at hand.

The baseline environmental model consists of an ocean layer overlying a sediment layer
and a bottom half space assumed to be range independent, as shown in figure 2.5. For
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(a) (b)

(c) (d)

Figure 2.4: Transmission loss along the NE leg with RAM model at: 150 Hz (a), 300 Hz
(b), 500 Hz (c) and 800 Hz (d).
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Figure 2.5: Baseline environmental model for the range-independent propagation scenario.

the purpose of inversion the forward model parameters were divided into four parameter
subsets: geometric, sediment, bottom, and water sound speed. The geometric parameters
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included source range, source depth, receiver depth and bathymetry. The sediment and
bottom halfspace are shown in figure 2.5 and are based on vague historical data. The
water column sound speed shown is the mean temperature profile measured at the VLA
thermistors (see environmental description in [1, 2]).

2.3 Ocean sound speed modelling

Another important problem when inverting acoustic data is the difficulty associated with
the representation of the sound speed field in time, depth and range by a finite set of
invariant parameters. The solution for this problem is known as data regularization, and
it consists on the expansion of the temperature, or equivalently the sound speed, field
on a basis of functions representative of the data set to be estimated. Since from that
moment on, the inverse problem becomes constrained on the basis of functions used, it is
of paramount importance to determine a suitable function basis for each data set. It is
well known that regularization is a powerfull method that leads to a faster convergence
and a higher uniqueness of the optimal solution since the a prior information already
contained in the set of basis function allows to start the search closer to the optimal
solution than if no such information was available. A well known method for obtaining
a suitable basis functions is to calculate the Empirical Orthogonal Functions (EOF) as
the eigenfunctions of the data correlation matrix. Assuming that the temperature field is
stationary in range, this method requires a time series representative of the data under
observation taken in the location and at the time of the experiment. In other words,
in order to obtain a tomographic image of the temperature data one needs to already
have an observation of that data. In many situations and also on passive tomography
that is a strong a priori requirement that is not always fulfiled. Alternatively, it has
been shown that a suitable set of eigenfunctions can be formed from the hydrodynamical
normal modes (HNM) of oscillation of the temperature field [5]. In that case only a mean
temperature profile from archival data is necessary. For the INTIFANTE’00 data set such
HNM have been calculated as a requirement for the TOMPACO project - Phase 2[6].

In our case, since a full set of observations were readly available, the EOF method was
used for parameterization of the ocean sound speed. Note that a similar expansion could
be done using the temperature data as long as the salinity profile is known and assumed
constant through time. The EOFs were obtained using a singular value decomposition
(SVD) of a data matrix C with columns

Ci = ci − c̄, (2-3.1)

where ci are the real profiles available, and c̄ is the average profile. The SVD is known to
be

C = UDV, (2-3.2)

where D is a diagonal matrix with the singular values, and U is a matrix with orthogonal
columns, which are used as the EOFs. The sound-speed profile is obtained by

CEOF = c̄+
N∑
n=1

αnUn, (2-3.3)

where N is the number of EOFs to be combined, judged to accurately represent the
sound speed field for the problem at hand. Generally a criteria based on the total energy
contained on the first N EOFs is used. Experimental results have shown that usually
the 2 or 3 first EOFs are enough to achieve a high degree of accuracy. The use of EOFs
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involves historical data that in the case of the water column sound speed profile can be
acquired over time and space. Thus, one can expect to have sufficient information to
enable the model to obtain a profile that best represents the watercolumn over range,
depth and time. The 14 sound speed profiles obtained from the XBT measurements (see
the TOMPACO data report [1]) served as database for the computation of the EOFs.

The criteria used to select the number of relevant EOFs for the available data was

N̂ = min
N
{
∑N
n=1 λ

2
n∑M

m=1 λ
2
m

> 0.8} (2-3.4)

where the λn are the singular values obtained by the SVD, M is the total number of
singular values, provided that λ1 ≥ λ2 ≥ . . . ≥ λM . For this data set criteria (2-3.4)
yielded N = 2, i.e. the first two EOFs are sufficient to model the sound speed with
enough accuracy (see figure 2.6). The coefficients αn, which are the coefficients of the
linear combination of EOFs, are now part of the search space, i.e., they are searched as
free parameters.
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Figure 2.6: XBT based data used for ocean sound speed estimation: mean sound speed
profile (a) and empirical orthonormal functions (EOFs) (b).



Chapter 3

The inverse problem

3.1 Focalization: a method for global inversion

Multiple environmental and geometrical parameter optimization is often a computatio-
nally cumbersome task. The optimization hypersurface may be very irregular leading to
a severely ill-conditioned problem with a large number of local maxima. When dealing
with real data, the inherent model mismatch and the presence of noise create a situation
where there is no assurance of existence of an optimum solution in coincidence with (or
even close) to the true model parameters. The first approach to the problem is to try
to get as much apriori information as possible from the environmental parameters in the
baseline model, in order to set them fixed and close to the true parameters so, the search
is only done on a few unknown parameters. In practice, it is well known that setting
fixed parameters in the model creates severe mismatches with real data that can not be
overcomed by the search parameters, leading to poor fit situations and strongly biased
estimates. An alternative is a technique proposed by Collins et al. [7], known as focali-
zation, where a number of a priori known model parameters, are allowed to be adjusted
during the search process in order to compensate for the data-model misfit and possible
measurement errors. Generally, a priori known parameters have a smaller degree of vari-
ation than the unknwon parameters. This technique provides a high degree of fit and a
better conditioned convergence to the true parameter values. Examples of such results
are given in recent publications by the authors of this report [8, 9, 10, 11].

The second problem when inverting acoustic data are the difficulties associated with
the representation of a time, depth and range variant field by a finite set of invariant
parameters. This is the problem known as regularization, and has been dealt with in
section 2.3, with a solution based on the expansion of the sound speed field (or equivalently
the temperature field) on a set of depth dependent Empirical Orthogonal Functions. These
EOF’s were drawn from the observed data colected during the sea trial at various times
and locations throughout the experimental site.

Finally, after a propagation model was selected, a canonical environmental scenario for
focalization was built and a regularization technique was applied, we are ready to start
the computation part, which is an important issue in ocean tomography. The optimiza-
tion technique for reducing the number of forward computations was based on a genetic
algorithm (GA).

17



18 CHAPTER 3. THE INVERSE PROBLEM

3.2 GA Optimization

Principles of GA are now well known in the underwater acoustic community and different
implementations have been widely used in practice with good results. GA parameter
setting may a have a strong influence on convergence to the solution and hence on the
final result. These parameters have been set differently for each case and are explained
below. The GA implementation used in this study was proposed by [12]. In particular, a
new technique that was found to drastically optimize the search is to use the final solution
at a given time point in the initialization of the solving procedure of the next time point.

Let us assume that at time ti the best individual of the last population is b(ti). The
GA is initialized at time ti+1 such that 30% of the individuals of the initial population
are uniformly distributed within a 10% variation interval of the coordinates of b(ti). The
other 70% are randomly distributed in whole search space as it is usually done, in order
to maintain a high degree of diversity. With this procedure the number of iterations has
been decreased at each time point except for the first one. In practice it is verified that
the model fit drops at the begining of each time point when compared with its value at
the end of the previous time point, denoting that a misadjustment has been introduced
in the data. However, after that initial fitness drop, rapid convergence is obtained leading
to parameter values satling down to their ”right” values, or at least those that give the
highest fit. The objective function used in this study, was based on the incoherent Bartlett
processor in a frequency band selected according to the sound source response function.
The number and values of the selected frequencies varies with each case and as a general
rule it was a compromise between the degree of difficulty of the problem at hand and the
computational load.

3.3 Event II: moving source inversion in a range-

independent environment

Figure 3.1: Event II: bathymetry and ship course along NW leg.

Event II took place along the range-independent NW leg from Oct 16, 14:48 to Oct 17,
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14:15 local time. At the beginning of the run the source was moving away from the VLA
location giving the opportunity to test forward and inverse methods with a moving source,
which is known to be an always challenging exercise for matched-field algorithms. Source
movement, as given by the onboard ship GPS is shown in figure 3.1 together with the
bathymetry. The speed and heading of the ship towing the source, an important factor
for result validation, is given in figure 3.2 and source range from the VLA estimated from
GPS data is given in figure 3.3. The previously defined baseline model of figure was used
as starting model in this inversion.
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Figure 3.2: Event II: source ship speed and heading along NW leg.
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Figure 3.3: Event II: source - VLA range as estimated from GPS data.

The source was emitting a series of LFM signals which frequency range, duration and
repetition rate is described in TOMPACO report [1], and is not repeated here since that
information was neither explicitely or implicitely used in the present study in order to
ensure passive tomography constraints. For each time point estimate three consecutive
snapshots were averaged and Fourier transformed. From the resulting spectra 7 discrete
frequencies 50 Hz appart in the band 300-600 Hz were extracted for computing the inco-
herent Bartlett processor.
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In order to cover a search space of the order of 1015, the GA optimizer was set with a
population size of 90 individuals and 50 iterations. Three independent populations were
run for each case. The mutation and the crossover probability were respectively set to
0.008 and 0.7. Table 3.1 lists the environmental and geometrical parameters included in
the focalization process as well as their respective search intervals.

Table 3.1: Event II: focalization parameters and search intervals. The subbottom compres-
sional velocity is constrained to lay in the interval of the estimated sediment compressional
velocity + 20 m/s and the upper bound of the sediment compressional velocity + 200 m/s.

Parameter Symbol Unit Search interval/Steps
EOF 1 α1 m/s -20 20 64
EOF 2 α2 m/s -20 20 64
Source Range sr km 0.5 5.5 128
Source Depth sd m 10 100 64
Receiv. Depth rd m 85 95 32
VLA tilt θ rad -0.03 0.045 32
Comp. speed sed. csed m/s 1520 1700 64
Sed. thickness hsed m 1 15 32
Comp. speed bot. cbot m/s 20 200 32

The results of the inversion are shown in figure 3.5. After focalization the sound speed
evolution through time was constructed from the EOFs and the estimated coefficients of
plots (i) and (j) of figure 3.5. Figure 3.4 gives on pannel (a) a time series of estimated
sound speed profiles and on pannel (b) the depth-time plot of the inverted sound speed.
Note that during this inversion the source was moving so the depth-time plot can also be
seen as a depth-range plot, depending if the temperature field is assumed range stationary
of time stationary, respectively.
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Figure 3.4: Tomography results for ocean sound speed during moving source portion of
Event 2: time series of sound speed profiles (a) and depth - time plot of inverted sound
speed (b).



3.3. EVENT II: MOVING SOURCE INVERSION IN A RANGE-INDEPENDENT
ENVIRONMENT 21

(a) (b) (c)

289.58 289.6 289.62 289.64 289.66
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Julian Time

B
a

rt
le

tt
 P

o
w

e
r

289.58 289.6 289.62 289.64 289.66
0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

Julian Time
R

a
n

g
e

 (
k
m

)
289.58 289.6 289.62 289.64 289.66

10

20

30

40

50

60

70

80

90

100

Julian Time

D
e

p
th

 (
m

)

(d) (e) (f)

289.58 289.6 289.62 289.64 289.66
85

86

87

88

89

90

91

92

93

94

95

Julian Time

S
e

n
s
o

rd
e

p
th

 (
m

)

289.58 289.6 289.62 289.64 289.66
1520

1540

1560

1580

1600

1620

1640

1660

1680

1700

Julian Time

S
p

e
e

d
 i
n

 s
e

d
. 

(m
/s

)

289.58 289.6 289.62 289.64 289.66

2

4

6

8

10

12

14

Julian Time

S
e

d
im

e
n

t 
th

ic
k
n

e
s
s
 (

m
)

(g) (h) (i)

289.58 289.6 289.62 289.64 289.66
1550

1600

1650

1700

1750

1800

1850

1900

Julian Time

S
p

e
e

d
 i
n

 s
u

b
−

b
o

tt
o

m
 (

m
/s

)

289.58 289.6 289.62 289.64 289.66
−0.03

−0.02

−0.01

0

0.01

0.02

0.03

0.04

Julian Time

A
rr

a
y
 t

ilt
 (

ra
d

)

289.58 289.6 289.62 289.64 289.66
−20

−15

−10

−5

0

5

10

15

20

Julian Time

α
1

(j)

289.58 289.6 289.62 289.64 289.66
−20

−15

−10

−5

0

5

10

15

20

Julian Time

α
2

Figure 3.5: Focalization results for Event 2: Bartlett power (a), source range (b), source
depth (c), receiver depth (d), sediment compressional speed (e), sediment thickness (f),
sub-bottom compressional speed (g), VLA tilt (h), EOF coefficient 1 (i), EOF coefficient
2 (j).
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These results call for the following comments: the first comment is that the model
fit to the data is excelent with a mean Bartlett power of 0.8, only dropping below that
value at the end of the run. Source range and depth are perfectly in agreement with the
GPS estimated values (for the range). Note that even the small ship acceleration at the
begining of the run is perfectly reproduced with a consequent and logical decrease on the
source depth from about 80 to 73 m. Receiver depth and tilt are consistent with the
values monitored by the VLA sensors (see report [2]). Bottom properties are consistent
with those historically found in that area that correspond to a thin (2 - 4 m) sediment
layer of fine sand or mud.

There are two difficult, yet somehow separated tasks, when attempting to match model
and reality: one is to capture time (or frequency) variation of the received signal and the
other is to be able to represent spatial dependence of the received field. The time response
obtained at selected locations and for some hydrophones has been shown in [13]. For the
spatial dependence the problem is complicated by the fact that such representation is to
be made along depth through the VLA and along range since the source is moving and
range is varying continously with time. As an example, figure 3.6 shows the comparison
of the measured acoustic field at the VLA, with that simulated using CSNAP with the
baseline environmental model of figure 2.5 and that obtained with the same CSNAP but
after environment focalization.
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Figure 3.6: Comparison of the VLA received acoustic pressure with the CSNAP prediction
using the baseline model and the model after focalization at frequencies of: 300 Hz (a) and
500 Hz (b).

3.4 Event V - range independent, PRN stationary

source

This case is drawn from Event V, that was specifically designed for TOMPACO, where
the sound source was emitting a pseudo random noise (PRN) sequence and making an
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Figure 3.7: Event V: bathymetry and ship course along NE leg.

arc shaped movement around the VLA in an assumed range-independent environment.
The source-receiver geometry for that event is shown in figure 3.7 and the corresponding
ship speed and course is shown in figure 3.8 for Julian date after 291. For the same
time interval the source-receiver range as estimated from the GPS data is shown in figure
3.9.The assumed model is the baseline model shown in figure 2.5 and used for Event 2.
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Figure 3.8: Event V: source ship speed and heading along NE leg.

Since the processor is based on a incoherent sum across frequency, the PRN signal
should provide a similar performance than that of the LFM’s of Event 2. The estimation
of the spectral density matrices is made from an average of 16 Fourier transformed vectors
of 2 s of data each, for 13 frequencies spaced 25 Hz in the band 300-600 Hz. Search
parameters, GA initialization and baseline model are identical to those for Event 2. The
results of the inversion are shown in figure 3.11.
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Figure 3.9: Event V: source - VLA range as estimated from GPS data.
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Figure 3.10: Tomography results for ocean sound speed during arc shaped moving source
portion of Event 5: time series of sound speed profiles (a) and depth - time plot of inverted
sound speed (b).

After focalization the sound speed evolution through time was constructed from the
EOFs and the estimated coefficients of plots (i) and (j) of figure 3.11. Figure 3.10 gives
on pannel (a) a time series of estimated sound speed profiles and on pannel (b) the
depth-time plot of the inverted sound speed. Note that also during this run the source
was moving along an arch so the depth-time plot can also be seen as a depth-bearing
plot, depending if the temperature field is assumed space stationary or time stationary,
respectively.

From these results, the following comments can be made: the Bartlett power has a
larger variation than in the previous Event with starting values that denote a complete
misfit in the first minutes of the data set and then raising to values around 0.8 providing
a good indicator of correct data inversion. At the end of the run the source was shutoff
so there is a clear Bartlett power drop. Values at the beginning and at the end of the run
should be disregarded for the inversion. Source position is consistent with the GPS data
for range and depth recordings show that during that part of the experiment the source
was much shallower1. Receiver depth and tilt need no comments. Bottom properties
are very difficult to estimate at this source range with such small bottom interaction.
EOF coefficients have a consistent evolution that is not very significative since the total

1this was due to the fact that Event 5 covered a shallower area with water depths reaching 60 m thus
the sound source was raised for precaution to avoid hiting the bottom.
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Figure 3.11: Focalization results for arc shaped portion of Event 5: Bartlett power (a),
source range (b), source depth (c), receiver depth (d), sediment compressional speed (e),
sediment thickness (f), sub-bottom compressional speed (g), VLA tilt (h), EOF coefficient
1 (i), EOF coefficient 2 (j).
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duration of the run is only about 90 min.

3.5 Event V - range dependent, PRN moving source

Although a range-independent propagation environment is a view of the reality that allows
nice theoretical analytical developments, it is, in most cases only a simplified view that
does not represent the large majority of the real world situations. When operating in
coastal waters, the typical environment consists of a slopping bottom from the deep ocean
to the continental platform. In real world passive tomography applications the sound
sources (ships of opportunity) are generally located on the deeper side and emitting to a
receiver located on the shallower side: that is upslope propagation. Due to the acoustic
reciprocity principle, interchanging source and receiver would lead to the same received
acoustic field so there is absolutely no loss of generality when studying the downslope
case, as it was done during the INTIFANTE’00 experiment in Event IV and V.

In this section the data gathered during Event V, along the NE leg, when the source was
at about 5 km range and then approaching the receiver is used to downslope propagate
from approximately 70 m water depth to the VLA located in 120 m water depth (see
figure 3.7). The baseline environmental model of figure 2.2 was used to produce a range
dependent model to represent the downslope propagation of this portion of the event. Only
the bathymetry was changed. Geoacoustic parameters and water sound speed profile were
keeped unchanged as it can be seen in figure 3.12.
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Figure 3.12: Baseline environmental model for the range-dependent propagation scenario
of Event 5.

This is the most interesting yet most difficult case that attempts to represent a realistic
situation of an unknwon sound source emitting a PRN sequence at an undetermined range
and depth moving over a range dependent environment. The results of the inversion are
shown in figure 3.14.
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Figure 3.13: Tomography results for ocean sound speed during range-dependent moving
source portion of Event 5: time series of sound speed profiles (a) and depth - time plot of
inverted sound speed (b).

After focalization the sound speed evolution through time was constructed from the
EOFs and the estimated coefficients of plots (i) and (j) of figure 3.14. Figure 3.13 gives
on pannel (a) a time series of the estimated sound speed profiles and on pannel (b) the
depth-time plot of the inverted sound speed. This a short duration run of only about
60 min which is not very significant in terms of sound speed evolution. The Bartlett
power has a remarquably stable value at high values with an increasing trend when the
source approaches the VLA. Source position is also remarquably stable at 50 m depth
(which is in agreement with a stable source speed as seen in 3.8), while the source ship
is navigating from a shallower area, and decreasing range with a good match with the
GPS measured range of figure 3.9. Receiver depth is stable at correct values, and array
tilt tends to the lower limit of the search space, so that bound, that represents a array
top deviation of approximately 2.5 m, needs to be enlarged in future search with this
data. Bottom properties call for the same comment as previously but show consistent
values. As a general trend shown by geophysical property charts of thea area, the source
is navigating over a zone with bottom variability, passing from clay to sand and with a
probable variation of sediment thickness. More environmental data evidence should be
provided by Instituto Hidrográfico 2 to validate these results. EOF coefficients have a
consistent evolution with a strong trend at the middle of the run for the first coefficient
α1. There is no independent information to validate this result.

2side scan and Uniboom data analysis has been terminated at Instituto Hidrográfico and a report is
being written at this time.
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Figure 3.14: Focalization results for range-dependent portion of Event 5: Bartlett power
(a), source range (b), source depth (c), receiver depth (d), sediment compressional speed
(e), sediment thickness (f), sub-bottom compressional speed (g), VLA tilt (h), EOF coef-
ficient 1 (i), EOF coefficient 2 (j).
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Conclusion

OAT is an appealing technique for remote monitoring of the ocean volume. One of the
basice principles of OAT is that both source(s) and receiver(s) are under control of the
experimentalist - that is the emitted source signal and the source-receiver geometry is
known (with some degree of precision) at all times during the observation window. In
passive tomography the control of the source is relaxed in order to be able to take advan-
tage of possible sources of opportunity passing within acoustic range from the receiver(s).
Although passive tomography is very appealing for the ease of application, its practical
implementation is extremely challenging and its feasibility remains to be proved.

This study reports the tomographic inversion results obtained on part of the data
obtained during the INTIFANTE’00 sea trial aiming at proving the feasibility of passive
tomography in a first attempt with an towed sound source emitting noise sequences. The
challenge is represented by the fact that during the various phases of the processing the
a priori knowledge about the source is progressively relaxed leading to a situation close
to that encountered in passive tomography.

In a first data set it was proved that a moving source at an unknown location emitting a
deterministic unknown signal over a range-independent environment can be used for ocean
tomography when the environment is progressively adapted through time. Estimates of
the various environmental and geometrical parameters are consistent with expected values.
Focalization was proved to represent the tool of choice for accounting for the unknown
geometrical and environmental parameters, inherent to passive tomography feasibility.

In a second data set a moving source at an unknown location was emitting an (assumed)
unknown PRN sequence and its signals were used for determining the sound speed struc-
ture as weel as other geometrical and geoacoustic parameters. The results showed also
to be consistent with the expectations and demonstrated that the employed methods can
operate with pseudorandom noise source signals.

Finally, in a third data set, the same source was moving towards the array emitting
a PRN signal over a range-dependent environment, representing a scenario close to the
real passive tomography scenario. It was shown that also in this close to real scenario,
both geometrical and environmental parameters were consistently estimated over time
resulting in a high model fit indicating a potential for accurate inversion estimates.

In terms of future work there is a need for completing the processing of these runs
of Event 2 and 5. It would also be interesting to invert the acoustic data of Event 4
and compare geoacoustic environmental results of the same area, between Event 4 and

29
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Event 5, while the signals being transmitted are deterministic LFM’s and PRN sequences,
respectively. The processing of the 24 hours long results of Event 2 would allow for a more
accurate picture of the inverted temperature data. Finnaly, the inversion of the ship noise
data during Event 6 would provide the last demonstration of feasibility of the methods
being developed. At this point of the study, with the consistent results obtained so far,
there is almost certainty that a inversion is at reach with ship noise data during this
experiment. Additionally, the results should be completed by a statistical study aiming
at providing a confidence bound on each final estimate. As an experimental side comment,
more attention should be given in future experiments to acquire independent data, both
sea bottom properties and water column time and space variation, in order to be able to
validate the data being inverted with acoustic measurements.
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