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1 Introduction

Modern tactical aid systems for naval operations are equipped with increasingly so-
phisticated tools where accurate knowledge of the underwater environment is essential
in order to reach full performance of the systems. Besides the sound speed and water
depth, the acoustic properties of the seabed are the most important environmental
parameters. The geoacoustic parameters of the seabed must be determined indirectly
by interpretation of measured sound pressure levels in the water. Research at FOI
aims at developing fast techniques to determine such parameters under operational
conditions. This capability is specifically important during missions in foreign areas
where the amount and quality of sediment data is limited.

The purpose of this paper is to report geoacoustic inversion results based on acous-
tic measurements in June 2005 in a coastal water area off Nyndshamn. Six different
broadband waveforms (chirps) spanning a frequency range of 0.1-4 kHz were transmit-
ted from a towed source. The signals, propagated over distances of 0.25-4 km, were
received by a bottom-moored vertical array. High frequency data were used to invert
for surficial sediment parameters, while those of an underlying sediment were deter-
mined by inversion of low frequency data. A matched-field inversion technique was
applied. It means that the bottom parameters are determined by minimizing a fitness
function, which quantifies the mismatch between the measured and simulated sound
fields. While the high-frequency inversions of the upper sediment layer were carried
out by a fast ray trace solver, the low-frequency inversions of the lower sediment re-
quired a computationally more demanding parabolic equation (PE) model. To gain
computational speed, the PE-model was implemented to run on a cluster of PC-nodes.

Geoacoustic inversion results for two different tracks are reported. It was found that
the bottom properties vary both by depth and range in different ways along the two
tracks. The inversion of high frequency data revealed the presence of a low-speed
surficial sediment layer at the deep parts of the tracks. Beneath the top layer a sandy
sediment with high velocity and density was identified by inversion of low frequency
data. As opposed to the top layer, the thickness of the hard sediment is larger at the
shallow parts of the tracks than at the deep ones. It was observed that effects of shear
wave excitation in the lower sediment must not be neglected for signals below 250 Hz.

Acoustic data at an intermediate frequency band around 500 Hz were mostly used
for validation of inversion results obtained from data at complementary frequencies.
Additional consistency checks of the estimated bottom parameters were provided by
wave propagation modeling of ship noise from the vessel that towed the sound projector.
The tests confirmed that fair predictions could be made by running sound propagation
models with the estimated bottom parameters as part of the environmental input.

This paper is organized as follows. Section 2 is a description of the field trial and the
characteristics of collected data. Section 3 contains a model analysis of the high signal
losses suffered at propagation at downward refraction in conjunction with a low-speed
surficial sediment. The building blocks of the inversion scheme and the inversion results
with validations are presented in Secs. 4 and 5. Section 6 is a summary of key points
of importance for operational rapid environment assessment (REA).



2 The field measurements

This work is a follow up of the inversion of reflection loss measurements reported in [1].
An account of the geology of the test area, and further details of the data acquisition
system, is found in that reference.

2.1 Experimental description

The sonar measurements were made on June 13 2005 in a coastal water area near
Nynashamn. The site of the vertical receiver array was the same as for the reflection
loss measurements, which took place two weeks earlier [1]. In the intervening period,
while the array was kept bottom-moored in the sea, the integrity of the topmost 7
elements was lost. Therefore transmission loss data were received on the remaining
24 elements, which spanned water depths from 14 to 24.5 m. The water depth at the
location of the array was around 25 m. The research vessel HMS Agir was employed
for transmissions along radial tracks in the NW, SW and S directions with the array
at the center. Broadband pulses were transmitted at nominal distances 0.25, 0.5, 1,
2, and 4 km. Once the ship was positioned at the nominal range, the engines were
turned off and signals were emitted at a source depth of 15 m. The GPS coordinates
of the drifting ship were recorded simultaneously with the transmissions. The drift
motion of the ship during the transmission time was at most 100 m. The wind speed
was 3—4 m/s.

A typical sound speed profile taken at the time of the acoustic measurements is shown
in Fig. 2.1. The decreasing sound speed by depth will result in downward refraction
of sound waves as illustrated by the accompanying ray diagram.
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Figure 2.1: Left: The measured sound speed profile at the test site on June 13, 2005.
Right: The fan of ray traces launched in a +4° angular sector at a range of 850 m
illustrates the downward refraction of the sound field. The bold ray is a limiting ray,
which shows that there is no direct source-receiver paths at ranges beyond 850 m.



The bathymetry along the tracks is shown in Fig. 2.2.

TLL TL2

* |

All data
250m
-101 1 -101 500m |
1000 m
* 2000 m

*

Depth [m]
|
Depth [m]
|

All data
*x 250m | A4
500m

1000 m
2000m | |
% 4000m

. . . . . . . . . . .
500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000
Distance [m] Distance [m]

TL3

m 250m
= 500m
-10F 1000 m 7
= 2000 m
| 4000 m

Depth [m]

. . . . . . | .
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Distance [m]

Figure 2.2: The bathymetry along the tracks, designated TL1, TL2 and TL3, which
were in the NW, SW and S directions from the array. The range is measured from the
site of the array. Color- labeled stars indicate the source positions along the tracks.

The three-dimensional character of the topography is obvious. The bathymetry around
the array is gently downsloping out to a range of 250 m, where the water depth increases
by a factor of two in a short distance. The change of water depth around 250 m is
most pronounced along track 3.

2.2 Acoustic data

Provisions were made to ensure proper calibration of received signals. A reference
hydrophone was positioned in front of the transmitter, from which the following source
levels [dB re 1 uPa] at 1 m were obtained:

125 Hz: 165.9, 250 Hz: 166.9, 500 Hz: 166.7

1 kHz: 166.7, 2 kHz: 1679, 4kHz: 161.5



Two of the hydrophones were calibrated in a tank laboratory before the trial. The
sensitivity of the remaining ones were determined in situ using transmissions at short
ranges (25-60 m) from the array.

The transmit signals were Ricker chirps [1] with center frequencies at 0.125, 0.25,
0.5, 1, 2, and 4 kHz with bandwidths of the same order as the center frequency. The
corresponding pulse lenghts were 480, 240, 120, 60, 30, and 15 ms. The six signals were
transmitted in a sequence separated by a time interval of 5 s. About 6-10 contiguous
sequences were transmitted at each source-receiver offset. One of the pings at each
nominal range and each frequency was selected for inversion. The recorded signals
were crosscorrelated with the synthetic waveform being fed to the signal generator of
the transmission unit. The correlated output was normalized by the energy integral of
the source pulse, which preserves the signal amplitude while noise is suppressed. The
improvement of the signal-to-noise ratio (SNR) amounts to 10log BT [dB]|, where BT
is the time-bandwidth product. Using effective values of B and 7" of the Ricker chirps,
the expected gain is 16 dB.

The sound intensity (|p|?) was evaluated after matched filtering using the envelope
squared of the analytic signal, that is,

P> = pi(t) +pi (1)
pr(t) = matched filtered time series
pi(t) = Hilbert transform of p,.
Finally, the average of the envelope squared over all hydrophones was formed. This

time series, expressed in dB, constitutes the main descriptor of data being used for
inversion. Samples of such time series are shown in Fig. 2.3.
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Figure 2.3: Depth averaged intensities in dB versus time of broadband pulses centered
at 250 Hz (left) and 2 kHz (right) at source ranges of 0.25 (black), 0.5 (red), 1 (green)
and 2 km (blue). The signals have been displaced along the time azxis so that the arrival
times are about the same.

The initial arrival has a sharp front after which the signal decays in a period of time
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that is much longer than the duration of the emitted pulse. The intensity falls off faster
at higher frequencies.

The background signal seen both prior to the first arrival and at the tail is caused
by auxiliary machinery on HMS Agir. Its source level was estimated by extrapolation
from the observed field at the range 250 m to an acoustic center near the sea surface.
It resulted in the following estimates [dB re 1 pPal:

125 Hz: 134.0, 250 Hz: 133.6, 500 Hz: 142.7

1 kHz: 144.2, 2 kHz: 143.2, 4 kHz: 132.2

Fig. 2.4 shows transmission loss along all tracks at the nominal ranges 0.25, 0.5, 1, and
2 km.
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Figure 2.4: Transmission loss as function of range at the nominal ranges 0.25, 0.5, 1,
and 2 km along track 1 (black), track 2 (red), and track 3 (green). These ranges are
represented by tick marks of increasing lengths at the bottom of each frequency panel.
The transmitted signals are marked by solid circles, while the open squares denote the
ship noise from HMS /fgir.

The loss estimates of the broadband pulses refer to peak values of the depth averaged
intensity, while those of the background signal were obtained by both depth and time
averaging. The background source sends continuously and the received signal is built
up to higher levels by multipath contributions as opposed to the transient signals which
are dispersed in time proportionally to the source-receiver range. This might explain
the large differences of loss seen at the longer ranges. Irrespective of the way loss
is measured, the high losses as the propagation range increases from 1 to 2 km are
noteworthy. The increase is in most cases larger than the spherical rate of decay of
6 dB. In conjunction with the observation that the loss at 1 km is around 60 dB it
means that the overall loss beyond 1 km is in parity with, or for the high frequencies
even larger than the spherical spreading loss. In comparing the levels along track 1 and
track 2, we see that the loss is larger along track 2, in particular at low frequencies.
The loss figures along track 3 exhibit some anomalies. For example the loss of the 125
Hz pulse is exceptionally large and the high frequency pulses suffer huge losses in the



range 0.5-1 km. As there is some evidence of data uncertainty, the data sets of track
3 have been excluded from the inversion.

Fig. 2.5 illustrates the vertical directionality versus time of the 1 kHz pulse at the
ranges 0.25 and 1 km along track 1.
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Figure 2.5: Vertical directionality as a function of time of the 1 kHz pulse at 0.25 (left)
and 1 km (right) along track 1. The signals have been displaced along the time axis so
that the arrival times are about 60 ms in the above time window. Angles (degrees) are
measured with respect to the horizontal with negative values for arrivals from the sea
surface. The scale (dB) is normalized with respect to the peak amplitude at each range.

We see that the angular spread is essentially confined to a sector within +30°. We also
note that the duration of the pulse is shorter at the closer source range (left picture).
The background of ship noise is clearly seen both before and after the arrival of the
transmitted pulse. A notable feature is the notch around the horizontal direction at
the short range 250 m, which is absent at the source range 1 km. Similar patterns are
frequently observed in measurements of ship- and wind-generated noise [2].

The filtering effect on a recording of ambient noise is illustrated in Fig. 2.6. The average
intensity level of the time-series of noise before filtering was 94 dB. The corresponding
levels of the matched filtered noise were 67, 72, 75, 76, 73, and 68 dB as the center
frequency of the chirps ranged from 0.125 to 4 kHz. The standard deviation amounted
to 4 dB in all cases. Although these levels are not significantly high, the signals being
sent from 4 km along tracks 2 and 3 were not discernible. Along track 1, where the
maximum range was limited to 3.3 km due to shoaling, the reception was weak.

Taken together a persistent feature of field data is the large decrease of SNR at ranges
beyond some kilometres. Such high losses have also been observed from measurements
in the Stockholm archipelago [3],[4].



f=%e}
AN
— 125 Hz
60 250 Hz ||
500 Hz
40 1000 Hz |
2000 Hz
4000 Hz
m= 20°F 7
=
—
= ol 7
_20 - -
_40 - -
—60 > 3 4 5
10 10 10 10

f [H=z]

Figure 2.6: The spectral noise level [dB re 1 pPa/v/Hz] of a 10-s noise recording at the
time of the experiment. The corresponding levels after matched filtering by the transmit
pulses are shown in color and labeled by the center frequency of the pulse.

3 Modeling aspects

A plausible cause of the large losses exhibited by data is the presence of a soft surficial
sediment. The effect of a thin and soft bottom layer was studied in [5, 6]. In this
section, the additional influence of the sound speed of the water column is taken into
account. It will be shown that the combined effect of a downward refracting sound
speed profile, and a soft bottom with a thickness of a few wavelenghts, may incur high
losses.

3.1 A nominal geoacoustic model

For the analysis, and later for the geoacoustic inversion, we consider a geoacoustic
model consisting of three bottom layers:

layer 1: Cp1 = 1400, P1 = ]_2, ﬁpl = 0].5, h,l =9
layer 2: Cp2 = 1650, Cgo = 388 pP3 = 177, ,Bpg = 11, ,352 = 07, h2 =20
layer 3: cp3 = 5200, c43 =3000, p3=2.6, Bp3=0.2, [3=0.3

(3.1)

with the notations

¢p/cs :  compressional/shear velocity [m/s]
Bp/Bs : compressional /shear absorption [dB/)]
p: density [g/cm?]
h: layer thickness [m]

This model has a low-speed uppermost layer with fluid-like properties. This feature
is often encountered in both shallow and deep seas [6, 7, 8, 9, 10, 11]. Its parameters
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are set according to the results of the geoacoustic inversions [12, 13]. The attenuation
0.15 dB/ ] is presumably larger than the intrinsic absorption, and it could be regarded
as an effective parameter, which also includes scatterring losses due to irregular em-
beddings of sand. Sediment coring analyses [14, 15, 16] often show that the top layer is
heterogeneous on a scale less than 1 m. The geoacoustic parameters of the intermediate
layer correspond to fine sand for which rigidity and absorption are relatively large [17].
The deepest layer is a basement of granite, which is assumed to have a semi-infinite
extent in depth.

3.2 Reflection loss features

A primary characteristic of the acoustic response of the bottom is given by the reflection
coefficient R, or the reflection loss —20log|R|, of a plane wave incident from an overlying
and homogeneous water column. In a layered medium, reflection loss depends on the
frequency. A hard bottom covered by a thin and soft layer may exhibit bottom loss
anomalies at certain frequencies ususally related to a layer thickness of the order of a
quarter of a wavelength [5]. The occurrence of high losses shows up as sharp peaks
in graphs of loss curves versus frequency, grazing angle or layer thickness. In the
following analysis such effects are smeared out by averaging over both frequency and
layer thickness. One reason for applying averaging is that the inversions in this study
are based on broadband signals. Another one is concerns about the presence of distinct
frequency features in real sea environments, where the horizontal stratification may be
imperfect.
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Figure 3.1: Average reflection loss versus grazing angle (degrees) for the frequency bands
[90,100] (black), [450,550] (red) and [900,1100] Hz (green) with additional averaging
over the thickness parameter hy in the range [3,7] m. The reference cases hy = 0
(dotted curves) and hy = oo (dashed curves) are coincident w r t frequency.

Fig. 3.1 shows reflection loss as a function of grazing angles between 0° and 10° for
an average taken over the thickness of the top layer [3,7] m and additionally over the
frequency bands 90, 110, [450, 550] and [900,1100] Hz. As a reference the reflection
losses for the limiting cases hy = 0 (no soft layer) and h; = oo (semi-inifinte soft layer)
are also displayed. The reflection coefficient of the latter case is entirely frequency
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independent, while this is almost true in the former case at the current frequencies.
The velocity of the water column was set to 1430 m/s. It implies that most energy is
injected into the low-velocity top layer with little backreflection at the water-bottom
interface. The local reflection properties of this surface is represented by the h; = 0o
curve. The intermediate sediment is a strong reflector for waves with grazing angles

below the critical angle
cos ! 0 _ cos ! Mﬂ ~ 30°.
Cp2 1650

The loss at reflections below the critical angle is caused by the absorption parameters
of the hard sediment and excitation of shear waves, which propagate to larger depths.
We note that there is a huge difference between the limiting cases of an infinite soft
layer and the absence of such a layer except for very near grazing incidence. We also
see that the impact of the soft layer is substantial despite its thickness is merely of the
order 3—7 m. The absorption loss when the wave traverses this layer increases by the
frequency, and shallow angles are more lossy because of elongated path lengths through
the top layer. However, in the very vicinity of grazing the loss is small as the reflection
coefficient R =~ —1 for any kind of bottom that provides an impedance contrast.

3.3 Transmission loss features

The reflection loss describes the loss of a single bounce at the bottom. In shallow
water, sound will propagate outwards from the source by repeated reflections between
the water surface and the bottom (in the absence of internal sound channels). For a
water depth of H m, and a constant sound speed, sound waves will undergo a bottom
reflection at each range increment (cycle distance) of 2H/tanf m, where 6 is the
ray angle relative to the horizontal plane (grazing angle). For a downward refracting
sound speed profile, the cycle distance decreases as compared with the isovelocity case,
especially for small grazing angles. In addition the angle of propagation steepens as the
wave travels towards the bottom, which in turn precludes the low reflection loss area
in the immediate vicinity of grazing. Altogether this implies that both the number
of bottom bounces, and the reflection loss at each bounce, increase in the case of a
downbending sound speed profile.

Fig. 3.2 shows transmission loss at a source-receiver range of 5 km both for the case
of an isovelocity water column and for the downbending sound speed profile in Fig.
2.1 versus the velocity ¢, of the top layer, as it is varied in the range [1400, 1650]
m/s. The density and the absorption of the top layer are also increased linearly so that
these values assume the corresponding values of the hard sediment at the end of the
velocity range. The water depth is set to 50 m and the source depth to 15 m. The
sound intensity has been averaged over frequency bands, depth points spanning the
water column, and as the thickness of the top layer is varied between 3 and 7 m. The
computations were performed by the normal-mode propagation model MODELOSS
[18].

The most obvious feature is the wide span between low and high losses, which amounts
to tens of dB. Compared with the spherical spreading loss of 74 dB for a source range
of 5 km, the loss is anomalously large at 0.5 and 1 kHz for a low-velocity top layer in
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Figure 3.2: Transmission loss at 5 km versus the velocity of the surficial sediment for
the frequency bands [90,110] (black), [450,550] (red) and [900,1100] Hz (green) with
additional averaging over depth points and the thickness parameter hy in the range [3,7]
m. The dashed curves show transmission loss for an isovelocity water column (1450
m/s), while the solid curves are those for the velocity profile in Fig. 2.1.

the case of downward refraction of sound in the water column. The reason is that the
least grazing angle that can be achieved with the current water depth, source position
and the sound velocity profile is about 10°. From the reflection diagram in Fig. 3.1,
we see that the loss per bounce at 1 kHz and 10° amounts to 5 dB. The cycle distance
of a ray launched horizontally at the source depth is 866 m. At a range of 5 km it
implies that the total reflection loss is roughly 25 dB.

When the velocity of the uppermost sediment exceeds the water velocity by some 50
m/s, then the influence of the sound speed profile is not critical, although differences
of 5 dB are noticable. We see that the loss diminishes for higher velocity bottoms, but
even for a bottom velocity as low as 1500 m/s the loss at 5 km is 8 dB less than the
spherical spreading loss of 74 dB.

4 Matched-field geoacoustic inversion

4.1 Objective function

Matched-field inversion techniques are applied to estimate bottom parameters. The
basic principle is to find a best fit between measured data and sound fields computed
by an acoustic propagation model which is driven by a parameterized seabed and the
same probing source pulses as being used in the experiment. In the present study, the
data/model mismatch is evaluated by the fitness function

F(s)= \méﬁﬁm (% D (Rt — Rt (s) — a)2) ,  [dB] (4.1)
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where
N =number of time samples in the data window
R%" —measured intensity in dB at the nth time sample
R™4 (5) =computed intensity in dB at the (n-m)th time sample
s =search space of bottom parameters
a =correction factor to account for uncertainty of source level

m =delay index to correct for uncertainty of source-receiver distance

The time series R%" and R™? are the mean of the intensity across the 24 elements of
the vertical array. As the sampling rate of field and model data need not be the same,
the depth averaged intensities were linearly interpolated at common time points spaced
by 0.05 ms. The time series were also smoothed by time averaging within a sliding
window of the width 5 ms. The data window selected for the inversion comprises the
elapsed time from the initial arrival until the intensity has fallen to some 10 dB above
the background noise level.

The evaluation of the fitness function (4.1) involves a local optimization problem to
account for uncertainties of the measurements of the source-receiver range and the
intensity. The upper bound M of the delay index was constrained so that it corre-
sponded to a range window of +20 m for allowable adjustments of the source range.
The uncertainty interval A of the source level was restricted to stay within £1 dB.

4.2 Seabed parameterizations

The minimization of F(s) is done over a search space s of bottom parameters of the
geoacoustic model (3.1). This model comprises 13 geoacoustic parameters and two
layer thicknesses that may vary by range. The parameters of the crystalline bedrock are
assumed to be known and held fixed at the nominal values in (3.1). Further reductions
of the dimension of the search space can be obtained using empirical relationships
between geoacoustic variables. There are regression formulas or look-up tables by
which the density [19], the compressional absorption coefficient [20], and the shear
velocity /absorption [21] can be estimated in terms of the compressional wave velocity. If
they are applied to the present model there remain four parameters, the compressional
velocities and the thicknesses of the two sediments.

4.3 Propagation models

The frequency band of the field data extends from some 50 Hz to 5 kHz. The transmis-
sion ranges vary from 250 m to 2 km spanning water depths between 25 and 70 m. The
three-layered bottom model are assumed to consist of a fluid layer on top of a shear
supporting sediment and a solid basement. The thicknesses of the sediments may vary
by range. The wide variety of frequency, geometry, and bottom structure require sev-
eral modeling tools. For the inversion of range-dependent cases, the parabolic equation
model was applied in the low frequency regime (< 500 Hz). The computations were
performed by the program JEPE-S [22]. At higher frequencies the ray tracing program
RAYLAB [23] was used.
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The basic output of these codes is a complex number at each field point, which repre-
sents the amplitude of the sound field from a time-harmonic point source. Sound fields
from broadband sources are synthesized by time-harmonic solutions using Fourier tech-
niques. The number of frequencies required for the synthesis depends on the bandwidth
of the source and the demand on frequency resolution. In the present experiment,
source excitation was provided by Ricker chirps [12], whose autocorrelation is a Ricker
pulse. The source function can be convolved by the transfer and filtering operators in
any order of a time-invariant propagation model. In the present case, it implies that
matched filtered data can be simulated by model calculations driven by Ricker pulses.
It has the computational advantage that the frequency representation of a Ricker pulse
is sparser than the corresponding chirp. Besides the frequency content of the source
function, the frequency resolution is constrained by the inverse of the duration of the
signal at the receiver.

The simulations of the propagation of ship noise were accomplished by using a point
source at the depth 2 m. The source function was generated by a stochastic time-series
of normally distributed pseudo-random numbers, which was filtered according to the
measured spectral density distribution of ship noise. The frequency resolution was
defined by the desired time window of the output at the receiver.

In order to check the consistency of the computational models, comparisons were made
on a selection of propagation problems for which the assumptions of the derivations of
the models were satisfied. The observed disagreements in terms of the fitness function
(4.1) were mostly within 1 dB.

5 Inversion results

The inversion was partitioned into a sequence of subproblems in which shallow bottom
parameters were determined prior to deep ones. Similarly the range interval was divided
into segments which were processed step-by-step by marching in range and making use
of inversion results at shorter source-receiver ranges.

5.1 The upper sediment

The inversion of high frequency data was limited to two bottom parameters, the thick-
ness (h;) of the upper sediment and the compressional velocity (cy2) of the lower sed-
iment. The remaining parameters of the upper sediment were held fixed according to
the nominal model (3.1). The remaining parameters of the lower sediment were al-
lowed to vary, but constrained by empirically based regression formulas in terms of the
compressional velocity. Range-dependence of the target parameters was introduced at
breakpoints at 0.25, 0.5, 1, and 2 km, that is at the source-receiver distances. The
parameters were assumed to be piecewise constants between breakpoints except for a
smooth transition region. The inversion proceeded from shorter to longer ranges and
obtained results were inserted as they became available. The two-parameter inversion
at each range was performed by an exhaustive search over thicknesses (h1) between 0-
24 m and velocities (c¢,2) between 1500-1900 m/s. The search was made on a uniform
grid with a thickness and velocity resolution of 0.6 m and 25 m/s. Forward modeling
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was provided by ray tracing using eigenrays. The computation of the eigenrays need
to be done once for each source and hydrophone position as the eigenrays are common
for all frequencies and for any choice of bottom parameters.

Separate inversions were done for each frequency and at each range. The results ob-
tained at a specific frequency were checked for consistency at other frequencies. A
selection of results were made with preference for results that exhibited a high sensi-
tivity as the target parameters were varied. Tables 5.1 and 5.2 show both inversion
results and consistency checks in terms of the fitness function. The inversions along
track 1 at the source ranges 500 m and 1 km, and along track 2, source range 500 m,
were inconclusive and discarded. Instead the inversion results obtained at 250 m were
extended to hold over these ranges. The fitnesses of this extrapolation were almost as
good as the ones from the inversions at these ranges. The uncertainty of the inversion
between 250 and 500 m will affect the inversions at the larger ranges and degrade the
reliability. For this reason, particular attention must be paid to consistency checks.

Range 250 m Range 1 km Range 2 km
frequency [kHz] | 0.5 | 1 | 2 4 05| 1 2 4 |05 1 2 | 4
fitness [dB] 191427 |1.233|32|34|32|31|3.0]|28]| 2.8
hy [m] 0.7 0.7 3.7
Cp2 [m/s] 1725 1725 1900

Table 5.1: Track 1 model/data fitness values of the inversion for the inverted parameters
hi and cpe of the geoacoustic model (3.1). The frequency and fitness of the data set
selected for inversion are typed in boldface, while fitness values at other frequencies
were evaluated using the inversion results of those marked by boldface.

Range 250 m Range 1 km Range 2 km
frequency [kHz] || 0.5 || 1 2 4 (|05 1 2 4 105 1 2 4
fitness [dB] 191418 1.7| 25| 16| 1.6 | 28| 46| 19|2.3]| 1.1
hy [m] 0.7 9.7 7.9
Cp2 [m/s] 1725 1600 1650

Table 5.2: Track 2 model/data fitness values of the inversion for the inverted parameters
hy and cpy of the geoacoustic model (3.1). The frequency and fitness of the data set
selected for inversion are typed in boldface, while fitness values at other frequencies
were evaluated using the inversion results of those marked by boldface.

The inversion results reveal that the thickness of the upper sediment is thin at short
ranges while it becomes sizable in the range of 1-2 km. The thickness and rate of

growth is larger along track 2. The speed estimates indicate that the lower sediment
is hard.

Ambiguity plots are helpful to gauge the uncertainty of these estimates. Such a plot is
shown in Fig. 5.1 for the inversion of 4 kHz data at the propagation range 250 m along
track 1.

As indicated by the color bar, the dynamic range in dB varies between 1 and 10 dB.
This plot shows that the ambiguity of the thickness estimate amounts to a few metres.
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Figure 5.1: Level plot in dB of the fitness function of the track 1 inversion of 4 kHz
data at the source range 250 m, as a function of hy and cyo. The peak location of the
minimum s marked by a cross.

It also shows that the velocity of the underlying sediment is certainly larger than some
1600 m/s although the resolution of higher velocities is weak. The ambiguity of the
velocity is expected to increase as the thickness of the overlying sediment increases.
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Figure 5.2: Intensity levels of track 1, propagation range 250 m, 1 kHz field data (black
curve) and ray-based simulations (colored curves) for sediment velocities cpp = 1725
(red) and cyy = 1550 m/s (green). The vertical line marks the right end of the time
window for the inversion of 4 kHz data, which resulted in the best fit hy = 0.7 m and
Cp2 = 1725 m/s.

Figure 5.2 shows model/data comparisons for track 1, range 250 m and 1 kHz. There
are two model curves, one with the parameters in Tab. 5.1 (red curve), and another
one for which the velocity of the hard sediment was changed to ¢, = 1550 m/s (green
curve). The fitnesses were 1.4 and 7.5 dB, respectively. The modeled time-series is the
sum of the fields from two sources at the range 250 m. Besides the transmitted pulse,
the field includes the propagation of ship noise at the depth 2 m. We see that the
signal computed with a sediment velocity of 1550 m/s is too short. This is explained
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by the fact that the critical angle at bottom reflections from the hard sediment are 34°
and 23° when the sediment velocities are 1725 and 1550 m/s, respectively. Another
observation is that the background level of ship noise drops by some 5 dB for the above
decrease of sediment velocity.

Fig. 5.3 illustrates the angular spread of intensity versus time of the computed solution
of track 1, source-range 250 m and 1 kHz (red curve in Fig. 5.2). The corresponding
plot of acoustic data is shown in Fig. 2.5. In comparing these plots, we note that
the extent of the angular spread is about the same but the angular information of the
model is more distinct. In the model it is clearly seen that waves travelling at steeper
angles arrive later. Another difference is that the modeled noise signal exhibits a notch
in the horizontal direction even at the larger range, which is not the case of field data.
A possible explanation for this is the omission of bottom scattering of the simplified
geoacoustic model being used. The blurred angular content of data may result from a
loss of coherence by scattering, which becomes more significant at steeper angles.
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Figure 5.3: Vertical directionality as a function of time of modeled sound fields of ship
noise and a transmitted 1 kHz pulse. The propagation ranges are 250 m (left) and 1 km
(right) along track 1. The simulations are based on bottom parameters hy = 0.7 m and
cp2 = 1725 m/s of the inversion. The corresponding plot of field data is shown in
Fig. 2.5. The intensity levels in these plots are normalized by the peak intensity of field
data.
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5.2 The lower sediment

Low frequency data were used for inversion of the thickness and the full set of geoa-
coustic parameters of the lower sediment, except for the density which was obtained
from empirically based regression formulas in terms of the compressional velocity cps.
The sediment was assumed to be homogeneous, and apart from the 1000 m inversion
along track 2, the thickness was assumed to be constant as well, cf. Tables 5.3 and
5.4. A genetic algorithm (GA) was used for searching of optimal combinations of the
geoacoustic parameters, and the search bounds were for hy: 2-40 m with resolution
0.6 m, cpe: 1650-1900 m/s (4.0 m/s), cso: 300-700 m/s (6.3 m/s), Bpo: 0.1-1.3 dB/A
(0.04 dB/)) and Bse: 0.5-2.0 dB/A (0.05 dB/A). The thickness of the upper sediment
was obtained from the high frequency inversions. The PE-code JEPE-S [22] was used
for the forward modeling. This code handles weakly range-dependent fluid-solid media.

Inversions were made for 125 Hz and 250 Hz simultaneously at each range, and the
results obtained were checked for consistency with 500 Hz data. Tables 5.3 and 5.4
show both inversion results and consistency checks in terms of the fitness function.

Range 250 m Range 500 m Range 1000 m
frequency [Hz] || 125 || 250 || 500 | 125 | 250 | 500 || 125 || 250 || 500
fitness [dB] 2.83 || 2.37 || 6.07 || 3.96 || 1.68 || 4.02 | 5.47 || 2.44 | 3.83
hs [m] 2.60 11.05 2.00
Cp2 [m/s] 1753 1880 1880
Cs2 [m/s] 605 459 427
B,z [AB/A] 1.15 0.41 1.26
Bsz [dB/A] 2.00 0.55 1.61

Table 5.3: Track 1 model/data fitness values of the inversion for the parameters ho,
Cp2, Cs2, Bp2, and Pso respectively of the geoacoustic model (3.1). The inversions were
carried out for 125 Hz and 250 Hz simultaneously. The frequency and fitness of the
data set selected for inversion are typed in boldface, while the fitness values for 500 Hz
were evaluated using the inversion results of those marked by boldface.

Comparisons with the normal mode model MODELOSS showed discrepancies in the
results for the range 250 m, where the seabed is almost flat. While JEPE-S selects a
geometry with a thin lower sediment (2-5 m), MODELOSS prefers a thick sediment
(20 m). This might be explained by steep angle modes, which give significant contri-
butions to the tail of the signal at this short distance, and which are not accurately
represented by a wide angle PE. Accepting the thick sediment result by MODELOSS,
we observe a trend towards a thinner lower sediment as the range increases along both
tracks. This trend has been used to compile the validation test configuration along
track 1 studied in Sec. 5.3, cf. Fig. 5.5.
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A common feature of the inversions along both tracks is the problem of matching
the relatively fast decay of the 125 Hz data. Increasing the absorptions f,, and/or
Bso could result in a better match, but at the expense of wiped out signals at higher
frequencies. Another possible loss mechanism might be shear wave resonances for a
band of frequencies due to variable thickness of a thin lower sediment. This would
affect low frequency signals while leaving high frequency signals almost unaffected.

Range 250 m Range 500 m Range 1000 m

frequency [Hz] | 125 || 250 | 500 || 125 || 250 | 500 | 125 || 250 | 500
fitness [dB] 2.18 | 1.45 || 2.88 || 5.39 || 3.55 || 4.38 || 4.83 || 3.83 || 5.10
ho [m] 5.02 16.48 -

K, [m] - - 3.21

R [m] - - 6.22

Cp2 [m/s] 1880 1900 1900

Cs2 [m/s] 541 675 687

By2 [AB/A] 1.15 0.72 0.10

Bs2 [dB/A] 1.81 1.76 1.13

Table 5.4: Track 2 model/data fitness values of the inversion for the parameters ho,
Cp2, Cs2, Pp2, and Pso respectively of the geoacoustic model (3.1). The inversions were
carried out for 125 Hz and 250 Hz simultaneously. The media are homogeneous with
constant sediment layer thickness, except for the 1000 m inversion where the sediment
thickness were allowed to vary: hl, and hl denote the thickness of the lower sediment at
range 500 m and 1000 m respectively, with a linear variation in-between. The frequency
and fitness of the data set selected for inversion are typed in boldface, while the fitness
values for 500 Hz were evaluated using the inversion results of those marked by boldface.

As shown in Fig. 2.4, the signal loss for 125 Hz and 250 Hz is larger along track 2
than along track 1. The inversions result in large compressional wave speeds (1880—
1900 m/s) along both tracks, while the larger loss along track 2 seems to be accounted
for by a larger shear wave speed (675-687 m/s). However, the inversion along track
2 is troublesome, since the signal loss at 125 Hz is considerably larger than for 250
Hz at all ranges. This explains the relatively high fitness values at 500 m and 1000
m in Table 5.4. A similar problem is found in Table 5.3 at 1000 m. According to
Fig. 2.4 the 125 Hz signal is weaker than the 250 Hz signal at this range, and the
model cannot match the fast decay at 125 Hz. However, the 250 Hz data are well
matched, cf. Fig. 5.4. We also observe the importance of the shear wave properties
of the lower thin sediment: The green curve shows the modelled time series with the
optimal seabed parameters, the red curve the corresponding time series when the shear
parameters are cancelled. In the latter case, the model considerably over-estimates the
data (black curve). It should be noted that this effect is even higher at 125 Hz.
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Figure 5.4: Intensity levels of track 1, propagation range 1 km, 250 Hz. The green curve
shows the modeled time series with the optimal seabed parameters, the red curve the corre-
sponding time series when the shear parameters are cancelled. In the latter case, the model
considerably over-estimates the data (black curve). The vertical lines mark the time window
used in the inversion.

5.3 A wvalidation test

In the present experiment, the reception was mixed by noise from the ship that carried
the sound projector. As this noise signal was not processed for bottom parameters, it
may be used for validation even though it is not an entirely independent measurement.
Transmission loss of the ship generated signal was estimated from the recordings and
shown in Fig. 2.4. The purpose of the validation test is to compare observed losses
with modeled losses using the predicted bottom parameters as input to the sound
propagation model. The following geoacoustic model is a compilation of the above
inversion results obtained at different frequencies and propagation ranges:

layer 1: ¢, =1400, p1 =12, By =0.15 h =0.7-3.7
layer 2: Cp2 = 1880, Csg = 450 pP3 = 208, ﬂpg = 09, BSQ = 10, h2 =2—-18
layer 3: cp3 = 5200, ¢35 =3000, p3=26, Bp=02 [i=03

(5.1)

The only range-dependent parameters of this model are the sediment thicknesses h;
and hy. Fig. 5.5 shows how they vary by range.

In order to appreciate the importance of a proper description of the bottom, simulations
were also done for the above geoacoustic model without the top layer. The model/data
comparisons are shown in Fig. 5.6.

The differences between measured (black squares) and modeled losses (green squares)
based on inversion results are mostly of the same order (< 4 dB) as the fitnesses of the
inversions. There are a few large departures. Those at 2 and 4 kHz at 250 and 500 m
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are unexpected as the influence of the bottom at these distances is less critical than
at 1 and 2 km, where the agreement is good. Trial computations indicated that the
uncertainty of the assumed depth of the noise source at 2 m could be a contributing
factor. Another one is the assumed steadiness of the actual noise source.
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Figure 5.5: Transmission loss computed by JEPE-S for the validation test environment (5.1).
The larger penetration depth at the lower frequency is discernable.

The red squares represent losses over a hard sediment without a soft cover. It is
clear that predictions based on such a bottom would underestimate the losses by more
than 10 dB at a range of 2 km and at frequencies larger than 500 Hz. Even though
the bottom description of the inversion is coarse, this test indicates that it captures
the main characteristics that is needed for making reasonable predictions of sound
propagation.
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Figure 5.6: Transmission loss at propagation ranges of 0.25, 0.5, 1, and 2 km along
track 1. These ranges are represented by tick marks of increasing lengths at the bottom
of each frequency panel. Black squares denote the measured ship noise from HMS Aqgir.
Sitmulated losses for an geoacoustic model based on inversion results are marked by
green squares. Those in red squares are predictions made by the same model without
the top layer.

6 Summary

6.1 TL versus RL inversions

This report concludes the geoacoustic analysis of data from the field trial in June 2005.
Two types of data sets were collected , transmission loss (TL) and reflection loss (RL)
data. The analysis of RL data were reported in [1]. The sound source, the transmitted
wave forms, the receiver array, and the test site were the same. Apart from that the
characteristics of data and the inversion techniques are different. RL data were col-
lected at source-receiver ranges between 25 and 100 m, while TL data were obtained
at the propagation distances between 0.25 and 4 km. RL data consist of a set of reflec-
tion coefficients as function of grazing angle of bottom reflected waves. The vertical
source-receiver geometry was exploited to extract a bottom echo of the signal at each
hydrophone. TL data consist of received energy, averaged over all hydrophones, as a
function of time. In the RL case, the bottom parameters were determined by matching
measured and computed losses using the conventional Rayleigh model of plane wave
reflections at the bottom. Due to the simplicity of this approach, the inversions could
be effectuated within a run time of a second. TL data embody a more comprehensive
response of the acoustic environment including effects of bathymetry, sound refrac-
tion and sea surface, bottom and subbottom reflections. The computational cost of
disentangling these effects by the matched-field technique varies widely depending on
propagation distance, topography, and bandwidth of probing signals.

The TL inversions at the shortest source-receiver range 250 m is of particular interest as
there is a fair overlap with the propagation ranges 25-100 m of the RL. measurements
at the same site. For a shared geoacoustic model with a low-speed layer on top of
a sediment with shear rigidity the following inversion results were obtained for the
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thickness (hq) of the top layer and the compressional velocity (c,2) of the underlying
sediment:

TL data 4 kHz:  hy : 0.7 m, Cp2 t 1725 m/s
RL data 4 kHz : hi:0.1—0.4m, Cp2 + 1575 — 1757 m/s

The RL inversions were performed in various directions around the array. It was found
that the bottom parameters exhibited lateral variations on a scale of only a few tens
of metres, which explains the interval estimates of the RL inversion. Both results
show that the seafloor is quite hard. In view of the simplified geoacoustic model, the
thickness of the top layer is so thin that it might be interpreted as a softening of the
surface of the hard sediment by irregular embeddings of clay.

6.2 Future directions

Only mobile data acquisition systems can provide the operational speed needed for
accurate bottom mappings of large areas. To accomplish this, the response time of
inversions must be comparable with the time for data collection. Several keys of solving
this difficulty have been gained from the present and past geoacoustic experiments. One
is that inversions of reflection data can be performed within a second of computer time.
The above RL approach is the simplest one. Its capability is limited to predictions of
the velocity of the surficial sediment and possibly the thickness of a soft layer. A more
elaborate approach is to capture subbottom echoes and to infer sediment velocities
and thicknesses by travel time analysis, while density and absorption parameters are
determined by echo amplitudes. Such an extension is similar to the well-known wide-
angle reflection method in seismology. It allows inversions in real time by matching of
arrival times and amplitudes using ray-based modeling [12, 13]. The main difficulty
is to assure a source-receiver geometry so that bottom and subbottom echoes can be
isolated from the direct arrival and the sea surface reflection. In shallow water, good
time resolution is also necessary, although decreased bottom penetration at higher
frequencies is a trade off. These difficulties can largely be dispensed with at the expense
of increasing the model complexity like the TL approach of the present paper. This
technique requires just one source-receiver pair with a separation distance of a few
hundred meters. The demand on positional accuracy of the sonar system is much
less than for reflection analysis. Signals in both low and high frequency bands should
be used for surveying at varying subbottom depths. The use of own ship noise for
inversion is a noteworthy possibility. The main difficulty is the high computational
cost of full-field modeling. A segmented approach in range is a definite prerequisite
so that range-independent modeling applies within the range window of the source
receiver offset. In addition, inversion schemes based on incremental updates of bottom
parameters need to be developed as to avoid full inversions from ground floor. It is
envisaged that range-independent inversions based on ray (high frequency data) and
normal-mode (low frequency data) modelling could be completed within minutes. It
appears that the TL approach is to be preferred in open waters, where a large aperture
is easier to realize, and the condition of range-independence over some hundreds of
metres is more likely to be satisfied.
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