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1 Introduction

1.1 Seabed acoustics

When a sound wave is generated in a shallow sea it spreads much farther laterally than
depthwise because of reflections at the air-sea surface and the bottom. The acoustics
around these boundaries is very different from each other. Almost no sound escapes
into the air space, while the bottom beneath the seafloor is insonified at varying degrees
depending on the angle of incidence and the geoacoustic properties of the bottom. At
close range to the transmitter, where the angles of incidence are steep, a great deal of
sound is refracted into the seabed. As the incident grazing angles towards the bottom
decrease by range from the transmitter, the speed of sound of the surficial sediment is a
crucial parameter. If the speed is higher than that of the water (like a sandy bottom),
then there is a critical angle of reflection according to Snell’s law. It implies that all
sound waves with propagation paths at grazing angles below the critical one are trapped
in the water column by nearly perfect reflections at the air-sea surface and the bottom.
For a muddy bottom the speed of sound may be less than the one in the water. Then
there is a reflection loss at each bottom bounce for any angle of incidence. The degree
of leakage of sound into the bottom has a profound influence on the sound intensity
in the water. Therefore there is a need for methods by which the acoustic properties
of the seafloor can be estimated. This report deals with an experiment to determine
geoacoustic parameters like speed of sound, density and absorption. The measurements
were taken at two locations in Stockholm archipelago in May 2004. Inversion analysis
of measured data reveals that the seabed is highly transparent to sound. For example
it was found that the speed of sound and the density of the surficial sediment are 1400
m/s and 1.2-1.3 g/cm?, which means that the impedance contrast with the water is
small. The thickness of the sediment overlying a basement of rock was estimated to 18
and 25 m at the two measurement sites.

Geoacoustic parameters like speed of sound, density and absorption must be deter-
mined indirectly by interpretation of measured sound pressure levels in the water.
Direct measurements from core samples have limitations due to disturbances by the
coring operation as well as by postcore handling. Core data provide valuable additional
information but not necessarily ground truth. Coring is also too costly for surveying
wide areas. A promising alternative is persued in the present work, namely to acquire
knowledge of the seabed by inversion of acoustic data. At FOI this research is part of
continuing experimental and theoretical studies of inversion techniques for geoacoustic
and geoelectric parameters of the seabed [1], [2], [3],[4],[5], [6],[7],[8]-

The influence of the seabed on the propagation conditions in the sea has been studied
for a long time. Although ever-advanced computational models are used for predictions
of underwater sound propagation, the fidelity is limited by uncertainties of input data
of bottom parameters. This problem is specifically present in the Baltic Sea, which
exhibits a large variability of seabed compositions in limited areas [9], [10]. The need of
improving the amount and quality of sediment data was emphasized in a recent studies
by Swedish Armed Forces [11] and FOI [12]. Tt is also desirable to make quantitative
estimates of seabed parameters from sonar data under operative conditions (REA -
Rapid Environmental Assessment). The strength of the inversion method in this paper



is the computational speed. Pertinent seabed parameters could be extracted from
measured data in a few seconds of processing time. The nest step is to apply the
inversion scheme on data taken on mobile platforms.

1.2 The seismic approach

The technique being used in this experiment is called reflection seismics or the footprint
technique. The basic idea is to probe the seabed by short pulses and to measure the
response at a number of receivers at different distances (offsets) from the transmitter.
Measured data of arrival times and amplitudes of echoes from sub-bottom interfaces
may be converted to thicknesses, velocities, densities and absorption values of layered
sedimentary sequences. Applied to shallow sediments this technique is a scaled down
version of the classical wide-angle reflection method that has been used in seimic sur-
veying for almost a century. Its power is highlighted by the discovery of gas and oil
fields at depths of several kilometers in the earth [13]. Although geophysical techniques
based on analysis of time series have evolved over a long time further enhancements
are possible. In sediment mappings, one is the use of tow-fish technology for adap-
tive control of source-receiver depths and offsets. Recent applications of the seismic
approach with towed systems are presented in [14], [15]. An overview of geoacoustic
inversion techniques of broadband data is given in [16].

1.3 A closely related experiment

In August 2002 a similar experiment was performed at the same test site. In this
experiment the source and receivers were put on the seafloor. Bottom deployment
improves sound penetration into the seabed and inversion analysis can be based on
signals with travel paths solely within the sediment column and thereby eliminating
any dependence of the sound velocity profile of the water. The reflection data collected
in August 2002 enabled a detailed picture of the sediment cover [17].

In the present experiment a different deployment geometry was applied. Both the
transmitter and the receivers were suspended in the water 5 m above the seafloor, as
a preparation for future trials on mobile platforms. This paper shows comparisons of
measured signals and inversion results from both experiments.

One objective of the present experiment was to see if the inversion results with elevated
sensor positions were comparable with those from data received at the bottom. As will
be made evident, the overall agreement of the inversion results is good.

2 Signal waveforms

Both the type of acoustic transducer and the probing signals must be adequate for the
target of the inversion. This is a wide topic dealing with issues like type of bottom,
desired penetration depth, spatial-temporal resolution and source modeling. One par-
ticular aspect was formulated as a subproblem, namely to compare the performance of
Ricker pulses with frequency modulated (FM) pulses. To that end an FM pulse was
designed so that its autocorrelation was identical to the Ricker pulse being used. As a



consequence the matched-filtered receiver output would be identical to the response of
the corresponding Ricker pulse in the absence of noise. It implies that the performance
in the presence of noise can be assessed by a direct comparison of the matched-filtered
time-series.

2.1 Ricker pulses

The original Ricker pulse [18] is defined by

2, 1, 2 ,
ro(t):—g(t — 50 Je %, t=time [s], (2.1)

which is the second derivative of a Gaussian function. The peak amplitude at t = 0 has
been normalized to unity. The pulse length, or equivalently the bandwidth, is governed
by the parameter o [s], which is related to the center frequency f. according to

1
- fe

The Fourier transform of r,(¢) is given by

o

2 2
Folw) = w203ge_w40.

The Fourier transform of the autocorrelated Ricker pulse is the square of 7,, which
permits a backtransform in closed form. After normalization to unit peak amplitude,
the autocorrelated Ricker pulse is given by

rat) = (G(5) =22+ 1)e . (22

The energy, or equivalently the Ly-norm squared, of 7,(t) and r,(t) are given by
o= 22 35
LW A8/ S,

where f. is the center frequency of the pulse. The energy of r,(t) is larger by some 40
percent. Therefore the autocorrelated Ricker pulses were chosen in this experiment.

I II*=

Three pulses with the center frequencies 0.5, 1 and 2 kHz were used. They are denoted
by
Tq[-5] rq[1] 4[2].

The 1 kHz pulse 7,[1] and its normalized energy spectrum are plotted in black in Fig.
2.1. It depicts the actual waveform being input to the pulse generator. As can be seen
from the graphs, the pulse length T and the bandwidth B are approximately

BrT '~ f.
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Figure 2.1: Left: the Ricker pulse r,[1] (black) and the autocorrelated Ricker chirps
re[1,15] (red) and r.[1,30] (green). The graphs were slightly displaced to avoid coinci-
dent curves. Right: normalized energy spectrum.

2.2 FM pulses

Linearly frequency modulated (FM) pulses with large time-bandwidth products (BT)
are widely used. After pulse compression the time resolution is equal to the inverse of
the bandwidth irrespective of the pulse length. This approach improves the signal-to-
noise ratio (SNR) by 10log (BT).

The canonical FM signal is given by
fn(t) = €7, (2.3)
for which the instantaneous frequency is

w = 2~t.

Here vy [s72] is a positive parameter that controls the sweep rate of frequency, or the
bandwidth when f,, is multiplied by an envelope function of compact support. The
Fourier transform of f,,(t) is given by

The transform .
Fo(w) = Ad“Pes y(w), w >0,

with conjugate symmetry for w < 0, has the design property
[re(w)|? = |Ara(w).

Here A and t, are real constants which are chosen such that the inverse r.(¢) has a
suitable amplitude and position on the time axis. The new chirp, termed the Ricker
chirp and denoted by r.(t), contains two parameters o and . The bandwidth is set
by the parameter o in the same way as for the Ricker pulse, that is, o = 1/(7 f.).
The pulse length T is controlled by the parameter . T can be chosen freely for pulse

4



lengths larger than the inverse of the bandwidth. A suitable choice of v for a given o

and 7 is given by
2
= O_—T.
We shall use the notation r.[f.,T], where f. [kHz| is the center frequency of the
corresponding Ricker pulse and T [ms] is the pulse length. The following Ricker chirps

were transmitted in the experiment:
7[5, 30] r[1,15] re[2,7.5], (2.4)
7[5, 60] re[1,30] r.[2,15]. (2.5)

The pulses (2.4) and (2.5) are referred to as the short and long Ricker chirps respec-
tively. They are normalized so that the maximum value is unity. The pulses r.[1, 15]
and r.[1,30] are depicted Fig. 2.2.

1.0 T

_1.0 1 1 1 1
S 10 15 20 25 30

time ms

Figure 2.2: Amplitude modulated FM pulses with the bandwidth 1 kHz and the durations
15 (red) and 30 ms (green). The autocorrelated pulses are shown in Fig. 2.1.

The autocorrelated pulses, suitably normalized and time shifted, are shown in Fig. 2.1
together with the corresponding Ricker pulse. In order to avoid coincident curves in
Fig. 2.1, the compressed chirp signals were slighly displaced for visibility reasons.
The Ricker chirp has a Gaussian-like decay both in the time and the frequency domain.
The noise reduction obtained by replica correlation is less than for a conventional chirp
with the same time-bandwidth product. On the other hand the matched-filtered Ricker
chirp has practically no side-lobes as can be seen from Fig. 2.1.



2.3 Noise considerations

Signal loss due to ambient noise is of main concern in the choice of transmitted wave-
forms. This issue is now discussed with respect to the signals being used in the exper-
iment.

In the frequency domain the received pressure p,(t) using a Ricker source pulse r,(t)
is given by

Po(w) = H(w)ry(w) + n(w),
where H is the transfer function, or the impulse response, for wave propagation between
the source and the receiver. The ambient noise 7(w) is assumed to be white with

statistics
E{n(w)} =0 and FE{n?}=n2,

where ng is the one-sided spectral density [Pa/Hz]. In the time domain the expec-
tation of the pressure square can be written as

Bg

ﬁ®=ﬁ@+/ w2 (£)df,

By,

where p(t) is the noise-free signal. Here it is assumed that a bandpass filter with a
rectangular response over the bandwidth

B = Bg — By,

has been applied. If the spectral density is constant, then for a peak amplitude P of

Pay SNR is given by
2

P
NR =1 —— B|. 2.
SNR OlOgngB [dB] (2.6)

Consequently, as the bandwidth increases SN R is degraded by 10logB, which could
be severe for Ricker pulses in noisy environments.

If the propagating medium is stationary, noise reduction can be achieved by emitting a
sequence of pulses which are coherently summed at the receiver. If M pulses are used,
SNR is improved by 10logM [19].

Turning to the Ricker chirp 7.(t), we have
Pe(w) = H(w)7e(w) + n(w).
Correlation of the received pressure p.(t) with r./||r.||? implies

) = T ) H @) + D, 01)



Now according to the design criterion of 7.

which implies that the matched-filtered output (2.7) is the same as the response of the
corresponding Ricker pulse in the absence of noise. In the time domain the expectation
of the pressure squared of the matched-filtered signal is given by

2 — 2 L BRf 252
plt) =00 + o [ PR

By,

For a constant noise spectrum n?2 the noise term is given by

1 [Pr :
[ iR =

[Irell* Ja,

leading to the SNR
P2[[rc|”
ng

The gain as compared with the SNR (2.6) of the Ricker pulse is

SNR = 10log

Gain = 10log B||r.||*.
When r.(t) has a rectangular envelope with unit amplitude, then ||r.||? is approximately
equal to the pulse length 7". In this case the gain is 10logBT. For the Ricker chirp
with a Gaussian-like envelope the gain is reduced by some 8 dB as compared to a
rectangular chirp of the same duration. The short and long Ricker chirps (2.4) and
(2.5) have BT = 15 and BT = 30 with the gains 4 and 7 dB respectively. There are
many references on matched filtering [20],[19].

2.4 Pulse distortion of the transmitter

The frequency dependence of the power output of the receiver amounts to 10 dB per
octave within the frequency range of interest, see Sec. 3.4. It corresponds to an
amplitude modulation

A= (i)2101g2 ~ (i)l-66
Je Je
where f. is the center frequency of the pulse. It has an appreciable effect on the
generated waveform as can be seen in Fig. 2.3 for f, = 1 kHz. It can be shown
analytically that the center frequencies 0.5, 1 and 2 kHz of the Ricker pulses are shifted
to 594, 1190 and 2380 Hz. Waveforms predicted by the above model agree well with
measured ones.

bl
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Figure 2.3: The 1 kHz Ricker pulse r,[1] (black) and the predicted waveform generated
by the source (red).

2.5 The analytic signal

The received pressure p,(t) is a real field quantity. The complex pressure p,(t) is defined
by

pe(t) = pr(t) +ipi(2),
where p;(t) is the Hilbert transform of p,(t), that is,

pi(t) = Hlp, ()] = % / Tem)

T —1

In practice p.(t) is found by an inverse Fourier transform over positive frequencies
according to

pe(t) = —/ ﬁT(w)e’i“’tdw,
0

where p, is the Fourier transform

pr(w) :/ pr(t)e™dt, w>0.

o

Alternatively, p;(t) can be obtained by setting
pi(w) = —ip,(w), w >0,

with complex conjugation for w < 0. The transforms are implemented numerically by
FFT.

The envelope squared of the real signal is defined by
pe(t)]* = pr(t) + 0 (1)
In this paper the signal level of the measured pressure amplitude p,(t) is expressed as
10log |p.(t)[* [dB],

and transmission loss (TL) is obtained by subtracting the signal level from the source
level.

The 1 kHz Ricker pulse r,[1], its Hilbert transform and the envelope squared are
displayed in Fig. 2.4.
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Figure 2.4: The 1 kHz Ricker pulse r,[1] (black), the Hilbert transform (red) and the
envelope squared (green).

3 The field experiment

3.1 The test sites

The measurements were taken at two sites in Horsfjarden in the Stockholm archipelago
on May 12 and 13, 2004. These sites are referred to as N04 and S04, while those in
August 2002 experiment are denoted by N02 and S02, see Fig. 3.1.

0om 1000 m
=

"

Figure 3.1: An overview of the measurement area with the sites N04 and S04 in May
2004 and NO2 and S02 in August 2002.

The GPS coordinates of the transmitter positions from north to south are listed in
Tab. 3.1.

The two northern sites NO2 and NO04 are virtually at the same location. The positions
of S04 and S02 are to the south of NO2 and NO04 by some 250 m. The separation
distance between S04 and S02 is 72 m.

The water depths at N04 and S04 are around 22 and 18 m respectively with variations



site || latitude N | longitude E
NO2 || 59° 02.83 18° 07.62
NO4 || 59° 02.829 || 18° 07.632
S04 || 59° 02.699 || 18° 07.670
S02 || 59° 02.66 18° 07.67

Table 3.1: Transmitter positions in GPS coordinates.

within £1 m over the range spanned by the positions of the source and receivers.

A description of the geology of the area around the test site is presented in [10], [21].
In general the crystalline bedrock is overlain by unconsolidated sediments of different
types like till, glacial and postglacial clays and mud. Vertical profiling by bottom
penetrating sonars and reflection seismics show that this structure is very irregular
[21]. The depth to the bedrock exhibits large variations which are partly smoothed by
pockets of sediments. The thickness of the sediment cover at N02 was estimated to
18 m [17]. It is expected to grow southwards. The surface roughness and impedance
was estimated in [22] using echo data from a parametric sonar. It was found that the
seafloor has a small-scale roughness of the order of a few centimeters. The impedance
was estimated to 1.6-10% [kg/m?s], which indicates that the surficial sediment is very
soft. Several reverberation measurements in the frequency range 2-20 kHz have been
conducted in the area. They show that the backscattering strength is some 10 dB larger
than expected from this type sediment. On the other hand the reverberation decays
rapidly with neglible contributions beyond some 250 m. One reason for this is the
small footprint of the parametric sonar, another is that seabed volume reverberation
is strong compared with surface scattering [10], [23], [24].

Sound velocity profiles were measured at the time of the acoustic recordings in the

afternoon on May 12 and 13, 2004. They are shown in Fig. 3.2 together with the
profile at NO2 from August 2002.

@] T T T T T T T

I Ja4000

25 1 1 1 1 1 [l 1
1430 1440 1450 1460 1470 1480 1490 1500

velocity ms/s

Figure 3.2: The sound speed profiles at NO4 (black), S04 (red) and NO2 (green).
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3.2 Experimental configuration

Three hydrophones and one transmitter were used. They were submerged 5 m above
the seafloor using ropes connected to anchors and buoys. The offset between the
transmitter and the first hydrophone was 2 m. This distance was ensured by tethering
to a iron rod mounted horizontally on a square concrete block of sufficient weight for
bottom mooring. Hydrophones two and three were deployed at the nominal offsets
25 and 50 m (measured by a rope from the support ship Skotten). The deployment
geometry is shown in Fig. 3.3. The data acquisition system was placed aboard Skotten.

]

[y
(@]

Depth [m]

N
o

(0] 20 40 60 80 100

=
o

Depth [m]
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o

(0] 20 40 60 80 100
Range [m]

Figure 3.3: A schematic of the deployment geometry at the two test sites N04 and S04.

3.3 Receiver positions

Fig. 3.4 shows measured signals at the receivers that were deployed some 25 m from
the source positions at N04 and S04. The source pulse is the 2 kHz Ricker pulse.

The direct arrival and the surface reflection are the most conspicuous features at the
beginning of the recording. They are also easily identified by computer analysis using
amplitude, energy or correlation detectors. Although these arrivals do not carry infor-
mation of bottom parameters, they are useful for the determination of the positions
and the power output of the source.

Two approaches were tested for precise acoustic localization of the receivers. As the
depth position was known, the range can be obtained by multiplying the travel time
with the mean velocity at the depths of the source and the receiver. Although temporal
resolution improves by the frequency, it was found that the distances obtained using
0.5, 1 and 2 kHz Ricker pulses were consistent within 0.2 m.

An alternative approach is to use both the direct and the surface reflected arrivals for
determination of both range and depth. In case of isovelocity the range-depth position
is simply obtained as an intersection point of two circles with the origins at the source
position and its mirror point with respect to the sea surface, and with radii determined
by measured travel times. This approach was extended by ray tracing to account for

11
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Figure 3.4: Measured pressure amplitudes [uPa] at N04-R2 (top) and S04-R2 (bottom).

sound velocity variations by depth. The range-depth positions obtained in this way
agreed within +1 m with those determined by direct arrivals only and prescribed depth
positions. The cause of the departure is due to uncertainties of the bottom depths at
source and receiver positions rather than imprecise data of travel times. In conclusion,
the relative range-depth position can be determined using a single source, provided
that the direct and surface reflected arrivals are well separated.

The result of the position analysis is presented in Tab. 3.2, where the receivers are
denoted by R1, R2 and R3. The bottom-located receiver positions at N02 and S02
have also been included for later reference. At S02 data were collected only at two
pairs of source-receiver positions one of which (R2) having the source at the depth 14.1
m or 4.2 m above the seafloor.

test R1 R2 R3 source water
site || range || depth || range || depth || range || depth depth depth
NO2 || 134 22.5 22.9 22.5 45.0 22.5 22.5 22.5
N04 2.0 17.1 22.0 16.8 58.7 16.7 17.3 21.9
S04 1.9 13.7 27.5 13.3 48.6 13.2 13.9 18.5
S02 || 10.8 18.3 17.9 18.3 - - 18.3 (14.1) 18.3

Table 3.2: The geometry of the receivers, the depth of the source and the water depth.

3.4 Source levels

Even though the power output of the transmitter is known, a field calibration provides
a check on deviations due to the drive voltage or the environment. Once the relative
source-receiver positions have been determined as described above, the source level can
be obtained using the direct or the surface reflected arrivals relying on the calibration
of the hydrophones. The source level is obtained by subtracting the geometric loss of
propagation from the measured intensity. The results of applying this approach on

12



all signals, any receiver or any propagation path, were consistent within +1 dB. The
source levels were found to be 139, 149 and 160 [dB re 1 uPal for 0.5, 1 and 2 kHz
respectively.

3.5 Data acquisition system

The receivers had a sensitivity of -170 dB re 1 V/uPa including 14 dB pre-amplification
from 2 Hz up to at least 10 kHz. A further gain of 20 dB was used for the hydrophone
nearest the source, while a gain of 40 dB was used for the other two receivers. The
signals were recorded using a 16 bit analogue-to-digital converter using a sampling
frequency of 50 kHz. To increase the signal-to-noise ratio the response from 50 or 200
pulses were stacked before storage on disc.

3.6 Ambient noise

Ambient noise was measured at both sites on May 12 and 13 2004. The wind speed
was 5-6 m/s and there was no ship traffic in the near vicinity of the experiment site.
There were no significant differences of the noise levels neither at the two sites nor
at the receivers. The left picture in Fig. 3.5 shows the noise spectrum level at S04-
R2 for the cases with and without stacking. The stacked noise curve is an average
of 100 recordings each comprising a time interval of 250 ms. This measurement was
performed in the same way as if a sequence of 100 pulses had been transmitted followed
by a coherent addition of the response. The expected gain of such an averaging is 20
dB which agrees well with the lower level of the stacked noise measurement in Fig. 3.5.

120 120
100 100
s0 s0
d 60 60
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40 40
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1 2 3 1 2 3

<H= <H=

Figure 3.5: Left: The spectral noise level [dB re 1 pPa/v/ Hz] at S04-R2 for unstacked
(black) and stacked (green) recordings. Right: noise measurments (unstacked) taken in
the vicinity of Landsort in May 2002 (red) and in Horsfjirden on May 10 2004 (blue).

For comparison noise spectrum levels measured at two other locations are shown to
the right in Fig. 3.5. One of these was taken on May 10 at a nearby site at the wind
speed 9-10 m/s. The noise level is exceptionally low.

The noise level represented by the red curve in Fig. 3.5 was measured during the
BAROC trial in May 2002 [25]. The recordings were made in the vicinity of Landort in
an area of varying bathymetry with an average water depth of 90 m. Transmission loss
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measurements taken over 30 km showed that the propagation conditions were excellent.
This is explained by the presence of an underwater sound channel in the water with
its axis at the depth 60 m. The noise level is high despite moderate winds (4-5 m/s)
even at frequencies where the ship noise is less significant.

4 Signal analysis

4.1 General features of acoustic data

Some typical features of the measured time traces during early and late time-windows
are displayed in Fig. 4.1 and 4.2. At the beginning of the recording we see a number of
distinct arrivals in Fig. 4.1. Around 40 ms after the first arrival the echoes become less
discernable as they are mixed up with a train of pulses. The signals in Fig. 4.2 display
a noise-like behavior which presumably consists of multipath contributions from many
scatterers within an area which expands by time (reverberation).

si1te NO4 site S04
1
/ /
3 F
; 0 . R1
6 6
S s 05 0B S0B s D DL
3 T T T T T T 2 T T T T T T
/ /
3 F
+ U +U R2
6 6
:f 15 20 25 30 35 40 45 f 15 20 25 30 35 40 45
/ /
E E
; 0 + 0 R3
6 6
T 5 0 B w0 B L B» 05 0B 06
time ms time ms

Figure 4.1: The early part of the measured time traces of pressure [uPa] at NO4 (left)
and S04 (right) at the receivers R1, R2 and R3 (top to bottom). Three curves are
depicted in each panel corresponding to the 1 kHz source pulses r,[1] (black), r.[1,15]
(red) and r.[1,30] (green). The matched-filtered output of the Ricker chirps are nearly
tdentical to the response of the Ricker pulse.
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Figure 4.2: The the measured time traces of pressure [uPa] at NO4-R3 (left) and S04-
R3 (right) in the time-window 60-160 ms. The panels from top to bottom display
responses of source pulses centred at 0.5, 1 and 2 kHz. Fach panel contains three
curves corresponding to the Ricker pulse (black), the short and long matched-filtered
Ricker chirps (red and green).

In each panel in Fig. 4.1 and 4.2 three traces are depicted corresponding to three
different source pulses, the Ricker pulse (black) and the short and long Ricker chirps
(red and green). An example of the measured response of a Ricker chirp and its
matched-filtered output is displayed on the front cover of this paper. The signal is
r¢[1,30] at S04-R3, which is also shown at the lower right panel in Fig. 4.1.

At the head of the time series the response of the Ricker pulse is nearly identical to
those of the matched-filtered outputs of the Ricker chirps. The reason for this is that
the SNR is at least 25 dB. Fig. 4.3 shows averaged signal levels taken over a left-
adjusted sliding window of 20, 10 and 5 ms for the long Ricker chirps centred at 0.5,
1 and 2 kHz, respectively. The corresponding noise levels are shown at the bottom of
Fig.4.3.

The expected gain of stacking and correlation is 20 and 7 dB, respectively. The noise
reduction of the stacked data is so effective that the additional gain of match-filtering
is insignificant. The same remark applies to the tail of the signal displayed in the top
and middle frames of Fig. 4.2. The traces of the lower panels of Fig. 4.2 exhibit some
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Figure 4.3: Awveraged signal levels in dB re 1 pPa at S04-R2 for r.[.5,60] (black),
re[1,30] (red), and r.[2,15] (green). The corresponding noise levels after stacking and
matched-filtering are drawn in thick lines.

differences in the details, which are hardly significant as the reverberation levels are
the same.

It can be seen from Fig. 4.3 that the reverberation still is active at the end of the
recording. This also explains why the signal level is higher than the noise floor before
the arrival time of the direct wave at 19 ms. The signal has not died out when the
recording of the next copy of the stack is started.

The reverberant signal represents an average of the transmission conditions and the
scattering strength of the seabed. The statistical basis is large because of accumulation
of scattering contributions over a large area as opposed to the head of the signal, which
is a single footprint of the sub-bottom below the source.

The strongest arrivals in Fig. 4.1 are the direct and the surface reflected waves. They
do not yield information on the geoacoustics of the sediment. Yet they are important
for accurate determination of the deployment geometry and the source level.

4.2 The seabed reflection coefficient

The velocity contrast at the seafloor is of crucial importance for long-range propagation
in the sea, because it determines the angular range of grazing angles of total relection.
Information about the velocity and density at the top of the sediment can be obtained
from the initial bottom echo. Fig. 4.4 shows all measured signals at the first receiver
R1 in the time-window 4-10 ms around the expected arrival time 6.7 ms of the bottom
bounce. Both the source and the receiver are 5 m above the seafloor and the horisontal
separation is 2 m. The travel times of the direct and the bottom reflected paths are 5 ms
apart, which is long enough to permit a period of silence in between. However, looking
at Fig. 4.4, the time span of expected silence (2-6 ms) is occupyied by oscillatory
signals of varying amplitudes. The 0.5 kHz Ricker pulse is too corrupted, while the
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Figure 4.4: The recewved signals in a time window around the expected arrival time of
the bottom bounce (7 ms). The left panels show the the recordings at N0/, the right ones
at S04. The pulses centred at .5 , 1 and 2 kHz are displayed from top to bottom with
Ricker pulses in black, and short and long Ricker chirps in red and green, respectively.

1 and 2 kHz pulses are acceptable for a quantitative reflection analysis. It is also seen
that the Ricker chirps perform better in suppressing the noise prior to the arrival of
the bottom echo.

Next we consider reflection at a horizontal interface between two fluid media with the
densities pi1, po [g/cm?] and the velocities ¢y, ¢, [m/s].The reflection of a spherical wave
at a plane surface can approximated by plane wave reflection if the image source is
far from the receiver in terms of number of wavelengths [26]. As this condition is only
weakly satisfied here, the plane wave analysis should be supported by further evidence.
When the angle of incidence of a plane wave travelling from the upper (1) to the lower
(2) medium is denoted by 6, the reflection coefficient 7 is given by

V]

Zycosl — Z1(1 — (¢
B Zycost+ Z1(1— (

)2 sin? )

, 41
)2sin? 6): (4.1

r

1 ]2 |
o =
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where
Zy =picg and  Zy = pacy,

17



are the characteristic impedances of the media [gm/cm?3s]. For medium 1 (seawater)
p1 = 1.0, while the velocity is set to the measured values at the bottom, that is,
c1 = 1425 and ¢; = 1435 at N04 and S04, respectively. The square of the reflection
coefficient is the relative amount of energy being backreflected. For this reason the
reflection coefficient is often referred to as the reflection loss 20log|r|. This quantity can
be obtained from data by a partition of transmission loss into reflection and spreading
losses, the latter being known from the geometry. In the present case the angle of
incidence is 11°. For angles close to normal incidence, the approximation

(1—(

is reasonably accurate. Therefore we shall apply the formula

Zy — 2y
Lo+ Z4

with cosf = 0.98 for § = 11°. As r, or equivalently the reflection loss, is obtained from
data, the formula (4.2) becomes an equation for the characteristic impedance Z, of the
topmost part of the sediment. The result of this analysis as applied to data in Fig. 4.4
for the long Ricker chirps is listed in Tab. 4.1

9)2 sin®f)2 ~ (1 — sin6)?,
C1

r = cost (4.2)

NO04 S04
pulse data data

r 20log|r| || Za r 20log|r| || Z
Rc[1,30] || 0.089 21 1710 || 0.070 23 1650
Rc[2,15] || 0.089 21 1710 || 0.126 18 1860

Table 4.1: Measured reflection loss and calculated surface impedance.

Next we examine the reflection coefficients at R2 at the offsets 22.0 and 27.5 m at N04
and S04 respectively. The expected arrival times of the direct and the bottom reflected
paths are 15.3 and 16.8 ms at N04 and 18.9 and 20.2 ms at S04. The time separation
between the arrivals is too short for a clear identification of the weak bottom bounces
except for the 2 kHz pulses. Fig. 4.5 displays the envelopes squared of the long Ricker
chirp for the bottom reflections at N04 and S04.

The peak values are 113 and 103 dB, which are 30 dB above the noise floor. The
reflection losses are 20 and 28 dB respectively, which are remarkably high in view of
the fact that the grazing angles are just 24.5° and 20°. A typical value of a silty sediment
is around 12 dB, while sandy sediment would be around 5 dB [27]. By inserting the
previous estimates of Z, (1710 resp. 1860 ) into the reflection formula (4.1), it can be
solved for ¢y using observed values of r. The resulting velocities are 1423 m/s at N04
and 1394 m/s at S04. In the August 2002 experiment the velocity of the upper part
of the sediment at N02 was estimated to 1390 m/s using lateral wave analysis. These
results indicate that the surface velocity of the sediment is about the same as the water
velocity or even somewhat lower. Using the previous estimates of the impedances we
arrive at densities around 1.2 at N04 and 1.3 g/cm? at S04.

The lengths of the pulses being used are too large for distinguishing the direct wave
from the bottom surface reflection at N04-R3 and S04-R3 at the offsets 58.7 and 48.6
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Figure 4.5: Envelope squared ([uPa?]) of the bottom reflection at NO4-R2 (top) and
S04-R2 (bottom).

m. The increased time resolution provided by a 4 kHz pulse would have been beneficial
in supplying additional reflection data.

There is only one observation of a bottom reflection from the August 2002 experiment.
This measurement was taken at site S02 with the source and a receiver suspended from
the support ship (HMS Urd) 4.5 m above the seafloor. The horizontal separation was
10.6 m. The travel distance along the bottom path was 13.9 m and the grazing angle
40°. The expected arrival times of the direct and bottom reflected paths are 7.2 and
9.5 ms. The measured pressure amplitude (uncalibrated) is shown in Fig. 4.6.

1 T T T T

-1 7 S S 10 11

time ms

Figure 4.6: The direct arrival is seen at 7.2 ms and a weak bottom reflection at 9.5 ms.
The measurement was taken at S02 for a 750 Hz Ricker pulse. The pressure amplitude
18 uncalibrated.

Although there are no calibrations the reflection coefficient can be computed as

_ 13.94,
"~ 10.64,°

where Ay and Ay are the uncalibrated amplitudes of the direct and bottom reflected
waves. Using numerical values from the recordings, it was found that » = 0.085 or a
reflection loss of 21 dB. The corresponding loss computed by the formula (4.1) using
the values ps = 1.3 and ¢y = 1400 previously found at S04 is 20 dB.

r
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The results of the seabed reflection analysis can be summarized as follows. The velocity
of the surficial part of the sediment is around 1400 m/s at both sites and the density
varies in the range 1.2-1.3 g/cm?. It implies that the seafloor itself is largely transparent
to incident sound waves even at low grazing angles.

4.3 Sub-bottom echoes

The seabed reflection analysis showed that sound directed towards the seafloor prop-
agates further into the seabed. In tracing sound waves in the seabed the presence of
sub-bottom echoes is of particular interest. Referring to Fig. 4.1, the strongest arrival
at NO4 after the direct wave and surface reflection, appear at 31, 37 and 51 ms at R1,
R2 and R3 respectively. These echoes may originate from a common reflector beneath
the seafloor. They may also be mistaken for returns within the water volume as in-
shore escarpments or shorelines. Such questions can be resolved by model calculations
which could decide whether the arrival times and echo amplitudes are consistent with
reflections from the same sub-bottom interface of two different media. Before doing
this, further attention must be directed to the information content of measured data of
sub-bottom echoes. Fig. 4.7 shows the most distinctive bottom echo at N04 and N02
at all receivers and all signals of interest.

s1te NO4 si1te NO2

d + M\
J+ M\

d+ M\
J+ M\

d+ M\
J+ M\

49 50 50 52 53 54 55 © 35 3 37 38 39 40 4l

time ms time ms

Figure 4.7: Pressure amplitudes [uPa)] at the receivers R1, R2, and R3 at the sites
NO4 (left panels) and NO2 (right panels) in time windows corresponding to reflections
from a sub-bottom interface some 20 m below the seabottom. The transmitted pulses at
NO4 are r.[.5,60] (black), r.[1,15] (red) and r.[2,15] (green) and those at NO2 r,[0.5]
(black), rq[1] (red) and r,[2] (green). The received amplitudes have been scaled as if
were all transmitted with the power output 150 dB.
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These pictures illustrates the principal features of measured data of sub-bottom echoes.
As will be evident later by the inversion analysis, the arrival times are all consistent
within a few milliseconds with returns from a reflector some 20 m beneath the seafloor.
At each receiver the echoes exhibit slighly different arrival times and various pulse
shapes depending on the center frequency. Some waveforms correlate well with the
transmit pulse, while others are distorted or broken into multiple returns. Despite
elongated reflections, the intensity of the strongest echoes is high and the loss is barely
more than the spreading loss.

A comparison between the echo levels at N04 and NO2 can be made by an inspection of
the graphs in Fig. 4.7. Even though the intensity is less at the elevated source-receiver
configuration at N04, all echoes possess good SNR.

5 Inversion analysis

5.1 The ray tracing model

Measured data can only be interpreted by comparisons with a physical model. When
the predictions made by the model agree with the observations the model may embody
new knowledge about the environment. In this study a ray tracing model is used for
acoustic wave propagation in the water as well as in the seabed. The environment is
assumed to consist of a number of plane-parallel layers. The top layer is the water
volume followed by a multilayered seabed in which the last layer is assumed to be
a semi-infinite basement of rock. FEach layer is characterized by three geoacoustic
parameters, speed of sound, density and absorption. In the model these parameters
are allowed to vary by depth only.

The ray code RAYLAB [28] was written specifically for tracing sound paths in multilay-
ered media with horizontal stratification. The basic computational unit is the eigenray
solver, which computes any ray path between two given source-receiver positions. The
tracing may include paths within the sediments. The output is the coordinates of the
trace, travel time and transmission loss (TL). Fig. 5.1 and Tab. 5.1 illustrate the main
features of RAYLAB.

ray time || TL || TL-geo || TL-ref | TL-abs || angle
code || [ms] || [dB]| [dB] [dB] [dB] deg
-11 33.53 || 33.7 33.7 0 0 -2.20
11 34.37 || 60.1 33.0 27.1 0 10.37
-11 38.31 || 35.0 35.0 0 0 -29.38
1221 | 42.74 || 47.0 36.0 5.9 5.1 38.84
123321 || 49.15 || 44.0 38.8 1.3 3.9 53.67

Table 5.1: The information provided for the ray diagram in Fig. 5.1 includes travel
time, TL, losses due to spreading (TL-geo), reflections/refractions (Ti-ref), and ab-
sorption (TL-abs). The last column is the angle of departure at the source. The only
parameter that depends on the frequency is TL-abs, which depends linearly on the fre-
quency. Here it is given for the frequency 1 kHz.

21



+1775
+1750
+1725
+1700
+1675
+1650
+1625
+1600
+1575
+1550

+1525
+1500
+1475

+1450
+1425

10 20 30 40
range m

Figure 5.1: Ray diagram for the deployment geometry at S04-R3 and layer depths as
obtained by the inversion of measured data at S04 (see Tab. 5.2). The background is
colored according to the velocity profile of the water and the inversion result for the
velocity of seabed at S04.

The first column contains a ray identifier which signifies the layers traversed by the
ray. Rays which takes off towards the sea surface are preceded by a minus sign. In the
present case the direct ray is slightly curved due to the downbending velocity profile.
This ray changes directions by refraction within the water layer and for this reason it
has the same notation -11 as the surface reflected ray. The ray 123321 traverses both
sediments twice as it is backreflected at the deepest interface. This ray is of particular
importance for the inversion analysis because TL along for this path is modest. With
reference to Fig. 4.1 it corresponds to the double echo around 50 ms seen in the lower
right panel.

Simulations by the ray model can be performed with extraordinary computational
speed. The trade-off is a number of simplifying assumptions which could make it
inadequate for interpretation of acoustic data. For instance, in a ray model with
plane-parallel layers, the arrival time of a sub-bottom echo does not depend on the
bandwidth of the pulse. Referring to Fig. 4.7, data exhibits fluctuations both in arrival
times and pulse shapes which are not reproduced by the present model. Presumably
the variability of measured returns are caused by surface roughness of the reflector
on a scale of several meters. The impact of an uncertainty of several milliseconds in
using a plane-layered model depends on the source-receiver configuration. For a close-
range receiver a time spread of that order is acceptable for the determination of a layer
depth around 20 m as the uncertainty is limited to a few meters. The sensitivity issue
is reversed for velocity estimates based on travel times. Then the adverse effect of
time uncertainty decreases at larger source-receiver offsets [17]. Therefore reasonable
accuracy is achievable if there are receivers with well-balanced separations.

The assumption that the seabed behaves like a fluid medium from an acoustical point
of view may be questioned. Notwithstanding inversion attempts are beneficial as they
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may pinpoint the shortcomings of the model and pave the way for model improvements.

5.2 The inversion scheme

The inversion scheme consists of two parts in which layer velocities (¢) and thicknesses
(h) are determined independently of layer densities (p) and absorption values ().

The inversion for ¢ and h is done one layer at a time starting at the top layer. In case
the velocity is assumed to be uniform there are two target parameters of each layer.
The velocity may also be sought as a depth profile with a number of shape parameters
which should be less than the number of receivers to avoid ambiguous estimates. The
inversion for ¢ and h is based on a matching of measured and computed travel times
at all receivers. A best fit is obtained by minimizing the fitness function

1 - dat ray\2 %
F= (M >t~ >> , (5.1

m=1
where

M =number of receivers

t%" —measured travel time at the mth receiver

;Y =computed travel time at the mth receiver

Here ¢7% is obtained by computing the travel time along an eigenray path from the
source via a path through the seabed to the target sediment layer, where it is traced
back to the receiver after reflection at the bottom of the layer. For each choice of ¢
and h within the search space of the fitness function, such a tracing is required for all
receivers. Once c and h of the top layer have been determined they are inserted into the
geoacoustic model, which makes it possible to compute travel times for paths in the
underlying layer. The top-down approach of performing a sequence of optimization
problems with merely two target parameters is cost effective compared to a single
inversion for the entire layer configuration.

The difficulty is to extract travel times ¢3%* from the measured time-series of pressure.
Assume an inversion is to be made for N layers. The N observations of t4* are required
at each receiver corresponding to reflections from a sequence of N layer interfaces at
increasing depths. The time-ordered sequence of 14 at each receiver must correspond
to echoes from the same layer interfaces. A mismatch of echo times would make the
fitness function F' to depart from the ideal value F' = 0.

The extraction of t% from measured data is organized as follows by the inversion
software. At NO4 and S04 the long matched-filtered Ricker chirps are used as input
data, while Ricker pulses are used at NO2 and S02. There are three time traces at
each receiver for pulses with the bands 0.5, 1 and 2 kHz. Identification of echoes is
applied to the envelope squared in a time-window with gaps for known arrival times
along ray paths entirely confined to the water. An echo is defined as a local maximum
of the envelope squared and the strength is the minus of TL measured with respect
to the peak value. The echoes are searched in decreasing order of strength and put
into bins placed on the time axis with a width of 4 ms. The bins are common for all
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pulses but only the strongest echo from each pulse is saved. Thus there are at most
one echo from each pulse within a single bin, which now is ascribed a strength equal to
the sum of energies of its echoes. When the screening for echoes is completed the bins
with the N largest energies at each receiver are marked for an N-layer inversion. If a
bin contains several echoes the one with the smallest TL is being used for 4% of the
inversion scheme. This implies that for each of the layers the pulse with the strongest
echo is selected for each receiver.

The inversion for layer densities (d) and absorption parameters («) are based on mea-
sured TL of the same echoes as being used for the inversion of ¢ and h. In the ray
model TL can be separated into losses due to geometrical spread, absorption and re-
flection/transmission at layer interfaces. The latter loss depends on the geoacoustic
parameters on both sides of a media interface. This coupling implies that the inver-
sion comprises a 2N-dimensional search space of the target parameters d and « for all
layers. The fitness function D for this problem is formulated as

(hEfes ) e

n=1m=1

where

M =number of receivers

N =number of layers
TLf,ffl =measured TL in dB at the mth receiver of the nth echo
TL,;Y =computed TL in dB at the mth receiver of the nth echo.

The computation of T L% takes only a few arithmetic operations when the correspond-
ing eigenray has been found. The computations the eigenrays can be done in advance
using the inversion results for ¢ and h.

5.3 Inversion results

The number of layers and the format of the depth dependence of the target parameters
of each layer must be set by the user prior to the inversion. In future this task should
be computerized as it requires analysis of data with respect to the presence of useful
echoes at different receivers. Based on echo analysis of the type presented in Sec.
4.3, a 2-layer inversion seemed to be appropiate in the present case. On the basis
of the seabed reflection analysis in Sec. 4.2, the velocity of the top sediment at the
water-sediment surface was fixed to 1400 m/s. For the same reason the density at
the seafloor was set to 1.2 g/cm?® at N02 and N04, and 1.3 g/cm?® at S02 and S04.
Instead ¢ and d were assumed to increase linearly by depth of the top layer. This was
accomplished by defining ¢ and d as target parameters at the bottom of the top layer
(denoted by cpor, dpot). The absorption of both layers and ¢, d of the second layer were
each represented by a single target parameter, that is, they were not allowed to vary
by depth. The best fit was found by an exhaustive search as the target parameters
were varied according to Tab. 5.2.
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target layer | initial final | step
parameter no value value || size
h [m)] 1 1 30 | 0.1

h [m] 2 1 30 | 0.1
Chot [/ 8] 1 1400 2300 || 10
c [m/s] 2 1400 3000 | 25
Pror lg/em3] | 1 || 1.2(1.3) | 2.3 | 0.05
p lg/cm?] 2 |[1.2(1.3) | 2.3 || 0.05
a [dB/A] 1 0 0.5 | 0.01
a [dB/ )] 2 0 0.5 | 0.01

Table 5.2: The discrete search space of target parameters.

The results of the inversions are presented in Tab. 5.3. The preset values of ¢ and d at
the water-sediment surface have been included for completeness in both Tab. 5.2 and
5.3.

test || layer | h ¢ [m/s] o lg/em?] o fitness

site | no | [m] | top || bottom || top || bottom || [dB/)] | F [ms] || D [dB]
NO2 1 6.2 || 1400 1400 1.2 1.2 0.42 0.51 2.5
NO2 2 10.6 || 1650 1650 1.7 1.7 0 0.23 2.5
N04 1 4.8 || 1400 1400 1.2 1.3 0.43 0.88 3.2
N04 2 13.7 || 1550 1550 1.5 1.5 0 0.21 3.2
S04 1 14.4 || 1400 1520 1.3 1.3 0.16 0.18 1.6
S04 2 9.8 || 1746 1746 2.1 2.1 0 0.75 1.6
S02 1 15.2 || 1400 1490 1.3 1.3 0.13 0.01 4.0
S02 2 9.8 || 1490 1490 1.8 1.8 0 0.13 4.0

Table 5.3: The inversion results at all sites.

The computational load for each inversion was some 1.5 - 10° evaluations of 7% and

4.3-10°% of TL'®  which were executed within a time span of 10 s.

The values of the fitness functions (5.1) and (5.2) are listed at the right end of Tab.
5.3. The F values at S02 are exceptionally small because data only at two receivers
were available at S02. It implies that there are two unknowns (¢ and h) and two
constraints for the geometry of each layer. The solution to this system, if any, would
make F' = 0. However in cases with uncertainties it is preferable to oversupply data
because a mismatch of echo time data at the receivers would affect F' adversely. Even
though the excess of data with three receivers is small, the obtained values of F' in
Tab. 5.2 are reasonably small. Fig. 5.2 is a level plot of the fitness function F' of the
inversion for ¢ and h of the second sediment layer at NO4. The minimum is located in a
valley with an elongation that reflects the difficulty of resolving the velocity-thickness
ambiguity.

The vanishing of the absorption parameter of the bottom layer at all sites reveals a
deficiency of the inversion algorithm related to the selection of echoes. For a given
receiver and layer only the strongest echo is submitted to the inversion scheme. For
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Figure 5.2: The fitness function (5.1) in ms for the rms deviation between measured
and computed travel times of sound waves reflected at the bottom of the second layer.
The best fit for h =13.7 m and ¢ = 1550 m/s is marked by a cross.

the bottom layer it turns out that the 0.5 kHz pulse is the preferred choice, while pulses
with larger bandwidths were selected for inversion of the top layer. The attenuation of
the bottom layer at N02 was found to be 0.1 dB/\ in [17] by observing the absorption
loss of the 2 kHz pulse. Assuming such a small loss value, the expected absorption loss
at 0.5 kHz for a two-way path to the bottom of the second layer would be 0.5-1.5 dB
depending on the offset of the receiver. Apparently this loss was not discernable as it
is within the uncertainty of the measured echo level.

For comparison the inversion result at N02 as reported in [17] is shown in Tab. 5.4. It
was obtained in a hand-made fashion along the same lines as now have been automa-
tized.

test || layer | h c [m/s] p lg/cm?] o
site | no | [m] || top | bottom || top || bottom || [dB/}]
N02 1 6.6 || 1425 1425 1.5 1.5 0.15
N02 2 10.7 || 1664 1664 1.7 1.7 0.1

Table 5.4: The inversion result from [17] at NO2.

Comparing the inversion results at the co-located sites N02 and N04, the most no-
ticeable difference is the velocity estimates 1650 respectively 1550 of the deep layer.
Otherwise the overall agreement is good in view of modeling and measurement uncer-
tainties. The observation indicates that the inversion works even for elevated sensor
positions at some height above the seafloor.

Comparing the results at NO4 and S04 it is observed that the depth to the deep reflector
increases by 7-8 m at S04. The large difference of the thicknesses of the top layer is
of less importance as the reflections from the intermediate interface are much weaker
than those from the bottom of the deep layer.
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6 Conclusions

Although there are reservations concerning the use of a plane-parallel layer model and
the weak statistical basis of the data, a unified picture of the overall features of the
sediment cover can be summarized as follows:

o the reflection coeflicient at the seafloor is very small (< 0.1)

e the velocity and density of the surficial part of the sediment is around 1400 m/s
and 1.2-1.3 g/cm?

e there is a strong reflector at the depth 17-25 m, presumably a rock basement
e the absorption coefficent is of the order 0.1-0.2 dB/A

e the diffuse scattering from the seabed is large

The following conclusions can be drawn in comparing the sea trials in August 2002 and
May 2004 with the source and the receivers on and above the bottom respectively.

e the reflections from the strong reflector within the seabed were weaker by at most
10 dB for the elevated positons, see Fig. 4.7

e the inversion results of the two cases were similar

e a definite advantage of the elevated positions was the measurements of the re-
flection coefficient of the seafloor

7 Future work

The usefulness of the seafloor reflection coefficient was not foreseen at the planning
stage of this experiment. In future the deployment geometry and emitted waveforms
should be chosen to improve the quality and the amount of reflection data for direct
bottom bounces. In order to resolve the velocity-density ambiguity the measurements
must be taken both at near normal incidence and at offsets for which the grazing
angles are somewhat larger but close to the critical angle of total reflection. As the
critical angle is not known in advance, the offsets must be adapted to varying bottom
conditions. Such a flexibility can be achieved by the use of tow-fishes.

The reflection coefficient becomes more important when the impedance of the surficial
sediment increases, while the effects of deep seabed returns diminishes. Therefore
the seabed reflection coefficient is a prime target parameter for hard sediments and it
should be incorporated into the inversion scheme.

Measurements of the seabed reflection coefficient at high frequencies using the ampli-
tude of the direct bottom bounce are common practice since long. The results are
often inclusive depending on a number of uncertainties related to the calibration of the
source and the deployment geometry. Another difficulty is that the estimates fluctuate
by the frequency because of a random variability of the surface layer of the bottom.
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Similar perturburations occur if the location of the footprint on the seafloor varies by
the angle of incidence of the probing signal. Suggestions how to to deal with these
difficulties can be found in [27].

The inversion analysis in this paper is based an geoacoustic model with flat and homo-
geneous fluid layers. This may be acceptable as a first approximation. Data indicates
that sedimentary interfaces are rough on scales of several meters. A starting point on
finding the origin of the strong seabed scattering is to inspect the signals for scattering
features. Comparisons with reflection data from other types of sediments are helpful
in this respect. An efficient way to enlarge the empirical basis is to collect data from
mobile platforms.

Reverberation is a major problem of detection performance of active sonars. Reverber-
ation involves two-way sound propagation and scattering from the sea surface, volume
and bottom. At low frequencies reverberation data provide a significant amount of
information of the average properties of the sea bottom. An advantage of using re-
verberation for inversion is that data can be obtained from a single platform with a
transmitter and a receiver [29],[30]. The benefit of using both reverberation and short
range reflection data in geoacoustic inversions is a topic for future research.
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