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Abstract

Accurate environmental information is required for obtaining confident sonar performance predic-
tions. This environmental information is, however, often unreliable or unavailable. To support anti-
submarine warfare (ASW) operations, a through-the-sensor approach has been developed in which
relevant acoustic seabed properties are derived from reverberation data, and a demonstrator system has
been installed on a Royal Norwegian Navy frigate. It determines relevant acoustic seabed parameters
from the reverberation data near real-time. This demonstrator system has been validated in several sea
trials conducted off the coast of Bergen in Norway. The acoustic seabed parameters derived in these
trials have a good correspondence with the available prior information. Furthermore, the results show
that acoustic seabed parameters derived from reverberation data in previous trials can be used to improve
reverberation prediction for subsequent trials, even when environmental conditions, i.e. sound-speed
profiles, are different. Because the demonstrator makes information on acoustic seabed properties directly

available for in-situ sonar performance prediction, it can be used as a tactical decision aid.
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I. INTRODUCTION

Environmental conditions, including bathymetry, sound speed profiles, wind speed, and seabed mor-
phology, have a critical influence on the performance of low-frequency active sonar (LFAS) systems
deployed to support anti-submarine warfare (ASW) operations [1]. As a consequence, the performance
of these sonar systems may show significant variations, and prediction tools are required to support
their deployment [2]. This comprises not only planning prior to a mission, but also on-line adaptation
of the deployment, such as changes in depth settings of the sonar system and advice on sonar pulse
selection to optimize detection performances. The availability of on-line information on detection ranges
is considered to be an essential support for the operator, and should result in more effective and efficient
ASW operations. Sonar performance modeling is a key component enabling the sonar performance
prediction, and is therefore an important tactical decision aid for operations with LFAS systems.

To be effective as a tactical decision aid, operational sonar performance predictions need to be reliable.

Three conditions need to be satisfied:

1) Reliable sonar performance models need to be available.
2) Accurate information on the acoustic environment needs to be available.

3) Operational sonar performance models need to be efficient.

Requirements on reliability of sonar performance models have led to initiatives for the validation of
reverberation models in the form of two Reverberation Modeling Workshops sponsored by the Office
of Naval Research (ONR) held at the University of Texas at Austin in November 2006 and May 2008
[3]-[5], and for the Validation of Sonar Performance Assessment Tools workshop held in memory of
David E. Weston at the University of Cambridge (UK) in April 2010 [6], henceforth referred to as the
Weston Memorial workshop. The objective of these workshops was to define benchmark solutions for
reverberation and sonar performance modeling to aid the validation of operational sonar performance
models. Benchmark solutions for sonar performance in a Pekeris waveguide are presented by Ainslie et
al. [7], [8].

The acoustic environment comprises the bathymetry, the sound speed field in the water column, the

conditions at the sea-surface, and the geoacoustic parameters of the seabed. Because of their influence on
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the sonar performance, there have been substantial efforts in the context of Maritime Rapid Environmental
Assessment (MREA) to measure these parameters and to understand this influence [1], [9]: these factors
influence both the propagation of sound in the water column and the scattering at the sea-surface and the
seabed. In conditions with an upwards refracting sound speed profile, sea-surface reverberation commonly
has a significant influence on the sonar performance. The sea-surface reverberation is caused by rough-
surface scattering and by scattering at wind-generated bubbles, and consequently strongly varies with wind
speed [10]-[12]. In the case of downward refracting sound speed profiles, both reflection and scattering
at the seabed are important processes. These influence both the sea-bottom reverberation and the echo
level. Volume reverberation can be relevant in all conditions [13].

Information on bathymetry, wind speed, and sound speed profiles can be obtained by measurements,
in contrast to acoustic seabed properties which are more difficult to determine. Information on the seabed
properties stored in databases is often not accurate due to uneven data coverage and the data quality
is commonly unknown [14]. Echo sounders provide useful information on acoustic seabed properties
[15], [16]. It is, however, not straightforward to directly use this information provided by echo sounders
to support LFAS operations. Echo sounders only provide information on seabed properties at close
ranges representative of large grazing angles, whereas long-range LFAS predictions need information on
the scattering and reflection at small grazing angles. In addition, it is difficult to obtain information
representative for a large area with an echo sounder during a mission. Furthermore, echo sounder
measurements are obtained at high frequencies and therefore have to be extrapolated to LFAS frequencies.
Despite the difficulties echo sounders provide useful information on the acoustic seabed properties, mainly
due to the absence of other sources of reliable information.

To support reliable LFAS performance prediction, the properties that determine the reflection coefficient
and the scattering strength need to be considered. The sediment sound speed, attenuation, and density
relevant for the reflection coefficient are usually not well constrained by direct measurements. Information
on these quantities is often derived by using their correlation with grain size [17], [18]. This procedure
is also used to extrapolate the echo sounder observations to LFAS frequencies [15].

For the scattering strength, the information is scarce. A compilation of measurements for seabed back-
scattering strength [19] shows that there is no evidence for a relationship between grain size and scattering
strength at LFAS frequencies, i.e. in the frequency regime where the grain size is much smaller than
the wavelength. There are several mechanisms causing the scattering, including bathymetric slope, rough
surfaces and subsurface structures [20]:

o roughness on grossly different length scales [21];
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o buried shell fragments and gravel [22], [23];

e pockets of trapped gas [24];

« the existence of a sound speed gradient within the sediment layer [25].

Chotiros [19] indicated that variations in the back-scattering strength are significantly larger than 5 dB
in the angle regime relevant to LFAS, even if the grain size is known.

An additional complexity is that it is hard to measure the scattering strength directly at small grazing
angles relevant to LFAS, especially in shallow water with multipath propagation. For this reason, model-
based approaches are commonly used to derive the scattering strength from reverberation data [26]-[37].
In the model-based approaches, reverberation measurements are compared to model predictions. By
optimizing the match between the measured reverberation data and model predictions, inferences are
made about the acoustic seabed properties such as the reflection loss and scattering strength.

Non-uniqueness is an issue in reverberation inversion [38], [39]. Since the objective of reverberation
inversion is to improve the reliability of sonar performance prediction, it is especially important that
reflection loss can be separated from seabed scattering strength. While scattering influences the reverber-
ation level, the reflection changes both the reverberation and echo level. A trade-off between scattering
strength and reflection loss thus directly results in uncertainty in sonar performance predictions.

Several procedures have been proposed to better constrain the acoustic seabed parameters. Additional
information on seabed properties can be acquired by altering the vertical directivity of multi-ring trans-
ducers or triplet receiver arrays [38]. Furthermore, for dual-tow systems, short-range propagation data
can be used to provide additional constraints on the seabed reflection coefficient, and can be inverted
in combination with reverberation data to determine both the reflection and the scattering at the seabed
[40], [41].

In this paper, reverberation inversion is applied to data acquired by an operational LFAS system
installed on a Royal Norwegian Navy frigate, and inversion is considered in the 1-2 kHz frequency
range. The estimates of the seabed parameters are obtained near real-time with a demonstrator system.
Because of real-time requirements imposed on the inversion, the short-range propagation data are not
included in the inversion. To ensure that both the reflection coefficient and scattering strength are resolved
independently, a simple parameterization has been chosen for the seabed: it is assumed that the scattering
strength satisfies Lambert’s law, and the seabed is parameterized as a half-space, with sediment sound
speed and sediment attenuation as parameters.

The main objective of the estimation of the acoustic seabed properties is their usage for improving

the reliability of sonar performance predictions. This procedure is evaluated using data acquired in two
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trials conducted in June and October 2010 in the Northern North Sea off the coast of Bergen, Norway:

o The inversion results are compared to prior information, consisting of grab samples, gravity cores,
and extensive single-beam echo sounder survey data [16], [42].

o The seabed properties derived from reverberation data acquired in June 2010 (referred to as Sea
Trial 2) are then used to predict the reverberation measured in October 2010 (referred to as Sea
Trial 4).

The outline of this paper is as follows. Section II discusses the sensitivity of reverberation and signal-
to-background ratio to the relevant acoustic seabed parameters. The inversion approach is detailed in
Section III, and the sea trials are described in Section IV. Section V discusses the inversion results
obtained on data acquired in Sea Trial 2 (ST2), and includes the comparison with prior information
obtained from gravity cores, grab samples, and extensive echo sounder surveys. In Section VI, ST2 data
are compared to Sea Trial 4 (ST4) data, and Section VII presents results on the reverberation prediction
of ST4 reverberation data. In Section VIII, the results are discussed, and the conclusions are given in

Section IX.

II. SENSITIVITY OF SEABED REVERBERATION AND SIGNAL-TO-BACKGROUND RATIO TO ACOUSTIC

SEABED PROPERTIES

In this section, expressions for seabed reverberation and background level are derived for a monostatic
source-receiver geometry. These are subsequently used to illustrate the sensitivity of sonar performance
to acoustic seabed parameters. As a result of this sensitivity, it is required to reduce the uncertainty in
these parameters to enhance the reliability of sonar performance predictions.

The derivation given here is based on [20] with minor modifications such that definitions are consistent

with [43]. Reverberation generated by an omnidirectional transducer, denoted QR, can be expressed as:

w/2 w/2
QR (t) = SO /0 dein 0 deout GTX (’I", ein) S (Qina 90ut) A (t) GRX (7"7 Qout) 3 (1)

where 60;, and 6, denote the grazing angles corresponding to the incident and back-scattered waves at
the seabed, respectively; Gy (1, 6) is the propagation factor between transducer and seabed at position
for the ray incident at angle 6 at the seabed at range r; Ggy (1, 0) denotes the propagation factor between
the receiver and seabed at range r for the ray back-scatterd at angle 6 at the seabed at range r, and Sy
is the source factor; The source level SL = 10log;, Sy dB re pPa*m?.

The seabed scattering coefficient is denoted by S (6in, Oou). It is assumed that the scattering satisfies

Lambert’s law:

S (Qim Hout) =H sin 91n sin Qouta (2)
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where p is the Lambert parameter.

The area term contributing to the reverberation at time ¢ is denoted by A(¢). Assuming that the scattered
paths that contribute to reverberation at a given time ¢ originate from a scattering annulus at a distance
r(t) from the source,

c
t) = —¢ 3
() = ©)
whose width 7 is determined by the pulse duration 7"
or(t) = =T, 4)
the area term is related to the time ¢, the sound speed ¢, and pulse duration 7" according to

2
A(t) = 2mrér = )

t. )

In equation 3, it is assumed that the grazing angles are small.

Equation 1 needs to be generalized to model in-beam reverberation recorded by operational LFAS
systems. Both matched filtering and the source and receiver beam patterns need to be included. The
effect of matched filtering can be incorporated by changing the pulse duration in equation 5. Instead of
using the actual pulse duration of the transmit signal 7', the range-resolution cell size can be used to
include the matched filter, i.e. 7= 1/BW, where BW denotes the bandwidth of the received signal.

To incorporate the beam pattern, both horizontal and vertical beam patterns need to be considered. The
vertical beampattern is important for multi-ring transducers and for triplet receiver arrays. The vertical
source and receiver beampatterns can be incorporated in the propagation factors. The modified propagation
factors are denoted by G, (r,0) and Gg, (r,6). Assuming horizontally isotropic reverberation, the
horizontal triplet beam pattern can be incorporated by modifying the area term:

A(t) 2
2 Jo

APR(t) = d¢ B(¢|¢%), (6)

where ABF(t) is the azimuthal beam pattern, and B(¢|¢*) is the beam pattern of the triplet array for
the chosen steering angle ¢° [44], [45]. Thus, the reverberation obtained after beamforming and matched

filtering can be expressed in a similar form as equation 1:
R /2 /2 / BF /
QR (1) = Sy /0 Ao [ Ao Gt (7,0) S (O, o) A (6) G (1 O )
The corresponding reverberation level RL is defined as:

RL = 10log;, Q% dB re pPa’. (8)
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In data-model comparisons, both reverberation and ambient noise contributions need to be considered.

These are combined in the background level BL:
BL = 101og;o [Q% () + Q"] dB re yPa?, (9)

where QN is the mean-square pressures of the ambient noise after beamforming and matched filtering.

For sonar performance prediction, the interest is in the signal-to-background ratio SBR,
SBR =S — BL, (10)

where S denotes the signal level. It is determined by the source level, the propagation to the target, the
target strength, and the propagation back to the receiver array.

The sensitivity to acoustic seabed parameters is illustrated using Problem A2.I of the Weston Memorial
workshop [18], [46]. This problem concerns the SBR in a Pekeris waveguide with 100 m water depth
and a sandy seabed with Lambert scattering. Full details on the problem and the analytical solution for
the SBR is derived by Ainslie et al. [8].

Figure 1 shows the signal-to-background ratio (SBR) for three different values of the Lambert pa-
rameter, namely -32 dB, -27 dB, and -22 dB. As detailed in Harrison [47], the signal-to-background
ratio tends to decrease with range at ranges smaller than a few km ( < 5 km). At intermediate ranges,
there is a regime where the SBR is independent of range, i.e. the SBR is nearly constant in the range
window between 5 and 25 km, and the sonar performance is reverberation limited. At longer ranges,
the signal-to-background ratio further decreases. At these ranges, the performance is noise limited. In
the reverberation-limited conditions, there is a large sensitivity to variations in the Lambert parameter.
A change in the Lambert parameter results in an identical change in the SBR (equations 1 to 10)
in reverberation limited conditions. Assuming a detection threshold of 12 dB, the detection range is
determined by the intersection of the signal-to-background ratio curve and the detection threshold. This
directly shows that a variation of &+ 5 dB in the Lambert parameter has a significant effect on the detection
range. For a Lambert parameter of -22 dB, the detection range would be 1.5 km, whereas for -32 dB, it
is 37 km. The effect is large in this example because of the switch from noise-limited to reverberation-
limited conditions. The influence of the reflection coefficient at the seabed is more complicated since this
influences both the signal level and the reverberation. A first-order effect is that the reflection coefficient
at the seabed controls the range at which the transition occurs from reverberation-limited conditions to
noise-limited conditions.

The sensitivity to the seabed parameters will not always be as large as presented in this example. It

depends on the environmental conditions such as the water depth and the sound speed profile. Because of
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Fig. 1. Signal to total background ratio for Sonar Performance Modelling Workshop scenario A2.1 for different values of the

Lambert parameter. The detection range is evaluated by assuming a detection threshold of 12 dB.

the sensitivity of sonar performance to environmental conditions, it is essential to make predictions based
on accurate input, and a through-the-sensor reverberation inversion approach that determines acoustic
seabed parameters is considered to be an important aid. The reverberation inversion procedure is explained

in the following section.

ITII. INVERSION PROCEDURE

In the inversion, it is assumed that seabed reverberation dominates surface and volume reverberation.
The background level in the port and starboard broadside beam is used to infer information on acoustic
seabed properties. These properties are the Lambert parameter p for the scattering at the seabed and
the parameters determining the reflection coefficient or reflection loss at the seabed. The seabed is
parameterized as a half-space, with sediment sound speed cyq4, sediment attenuation cygeq, and sediment
density pseq as parameters to be resolved [48]. The number of degrees of freedom are further reduced by

assuming that the density is related to the sediment sound speed according to Bachman’s formula [49]:

2
Csed -6 Csed 3 3
ed) = | —11. .01 —3.5162 x 1 —_— 10° kg/ 11
P(Csed) 393 4+ 0.0 37781 S 3.5162 x 10 1 2/s2 x 10° kg/m (11)

The remaining degrees of freedom are the Lambert parameter p, the sediment sound speed csq and the

sediment attenuation cq, respectively. The inversion is carried out in a range-independent mode.
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To determine these parameters, the inversion procedure illustrated in Figure 2 is used. The procedure

consists of the following steps:

o First, values for cgq, (ised, and pgeq are selected, and the reverberation level is modeled for the Port
or Starboard beam.

o The measured and modeled reverberation data are smoothed by applying a moving average filter
with 0.18 s length.

e The Lambert parameter is estimated in a time window between 1 and 2.2 s. It is determined by
matching the average modeled reverberation level to the measured one.

o The modeled reverberation is updated by using the estimate for the Lambert parameter and the noise
level NL is added to the modeled reverberation.

o The data fit is evaluated in the time window between 1 and 10 s. It is the mean difference expressed
in decibels.

o Based on this data fit, new values for csq and aieq are selected by using a genetic algorithm. In
total, 5 iterations with a population size of 64 are used to satisfy near real-time constraints. By
analysing the data fit, it has been verified that sufficient convergence is achieved with these settings.
The average difference between the model prediction with the best data fit and the reverberation

measurements is generally smaller than 1 dB in the time window between 1 and 10 s (e.g. Figure 3).

The sensitivity to the forward model is investigated by repeating the inversion for different forward
models, namely ALMOST-REACT [50], LYBIN [51], [52], REV3D [53], [54], and TAMAR [55]. The
analysis revealed that there are no significant differences in the inversion results obtained with the different
forward models. This conclusion is supported by a comparison of the different forward models using
ONR benchmark cases Problem XI and XII [3]-[5]. For incoherent solutions, differences between the
models are smaller than 1-2 dB. For coherent solutions, differences are generally smaller than 3 dB,
except for the caustic peaks [56]. In the remainder of this paper, results are presented that are obtained
with REV3D. This model was chosen for the demonstrator system which was implemented on board the
Royal Norwegian Navy (RNoN) frigate.

Before applying the inversion approach to measured reverberation data, tests have been conducted on
synthetic data. For this purpose, the reverberation benchmark problems XI and XII [3]-[5] have been
used. These tests confirmed that the Lambert parameter and the shallow-angle reflection coefficient at the
seabed could be determined. However, sediment attenuation and sediment sound speed, that determine

the angle-dependent reflection coefficient, cannot be fully resolved independently. This is illustrated in
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Fig. 2. Flow diagram for inversion procedure.
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Fig. 3. Misfit corresponding to the samples of the genetic algorithm for sediment sound speed, sediment attenuation, and the

Lambert parameter, applied to one ping of reverberation data (starboard) acquired at the start of ST2, day 2.

Figure 3. If one connects all results with a low misfit, i.e. the blue dots in Figure 3, it can be observed
that the slope is resolved. This indicates that the ratio between sediment sound speed and sediment
attenuation, and consequently the reflection coefficient at small grazing angles, is resolved.

Additional tests were conducted to study the influence of the half-space assumption in the inversion
procedure [57]. Synthetic data were generated in a model with a layered seabed. The inversion results
revealed that this does not influence the results for the Lambert parameter and that effective parameters
are obtained for the sediment sound speed and the sediment attenuation. Specifically, at small grazing
angles representative for LFAS, the reflection coefficients obtained by using a layered seabed [48] and a

half-space, respectively, are very similar.

IV. RUMBLE-2 SEA TRIALS
A trial campaign consisting of four trials was organised to evaluate the demonstrator. In this paper,
the focus is on Rumble-2 Sea Trial 2 (ST2) and Sea Trial 4 (ST4). Both trials were conducted in the
Royal Norwegian Navy’s exercise area in the Northern North Sea, off the coast of Bergen. The trial area
is relatively flat with water depth between 260 and 320 m (Figure 4). These trials are of special interest

since they were executed in different environmental conditions, i.e. with different sound speed profiles
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Fig. 4. Bathymetry in the trial area with depth contours in meters.

and surface conditions:

e ST2 was conducted in June 2010 in calm weather conditions (sea state 1-2). Sensitivity tests were

carried out using the data acquired during the first day. In this paper, we consider data acquired

4.6

during the second and third day, comprising approximately 1000 pings.

e ST4 took place at the end of October 2010 in rough weather conditions (sea state 5). Roughly 700

pings are analysed from this trial, acquired during 2 days.

During ST2, in total 18 sound speed profiles are measured, comprising 15 Expendable Bathy Ther-
mograph (XBT) probes and 3 Expendable Sound Velocity (XSV) probes. A salinity of 35 psu is used
to compute the sound speed profiles shown in Figure 5. The sound speed profile of ST2 has a channel
with axis at 50 m depth. Below the channel, the profile is mildly downward refracting. The sound speed
profiles for ST4 are derived from two XBT measurements and one Expendable Conductivity-Temperature
Depth (XCTD) measurement. These profiles show more variability with location, presumably due to the
presence of fresh water from the fjords. The depth of the thermocline varies in the range between 50

and 100 m. In comparison to ST2, the ST4 profiles are more strongly downward refracting. In ST2, the

12

transducer and receiver array are positioned approximately at 115 m depth. In ST4, the depth is 90 m.
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Fig. 5. Sound speed profiles measured during ST2 (left) and ST4 (right); The thick solid line indicates the average ST2 profile
used for the reverberation inversion for ST2; For ST4, the thick solid line is the profile measured by the XCTD, and is used in

the inversion of ST4 reverberation data. In ST2, the source and receiver depth is approximately 115 m, in ST4, it is roughly 90

m.

Information on the seabed properties in the trial area is available from gravity cores, grab samples,
and extensive echo sounder single-beam back-scatter measurements. These measurements have been
processed and interpreted to obtain a map indicating the classification of the seabed [16], [42]. The Folk
classification system [58] was used to classify gravity cores and grab samples from the Bergen area with
less than 2 % gravel. A modified version was used for bottom samples with more than 2 % gravel.

In the trial area, the most important seabed types can be divided into three classes (Figure 6):

e Mainly sand with a mixture of clay, silt and gravel,

o Mainly silt with some clay,

e Mainly clay with some silt and varying amounts minor sand. The bottom sample taken in this area

contained 4 % sand.

The area with mainly sand is located in the south-eastern part of the area, and the western part of the

area is mainly silt. The north-eastern part of the area is more complicated involving different seabed

types, including mainly silt and mainly clay.
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Fig. 6. Seabed types in the trial area. The red area denotes the area with mainly sand, the cyan area is mainly silt, and the

purple area is mainly clay, respectively. The tracks sailed during ST2 and ST4 are indicated in black and green, respectively.

V. RESULTS FOR SEA TRIAL 2: COMPARISON TO PRIOR INFORMATION

In this section, the relation between the prior information and the estimates derived from low-frequency
reverberation data is discussed. This is investigated for the Lambert parameter and the reflection coef-
ficient at 7 degrees grazing angle (R7) using the reverberation measurements acquired in ST2. Due
to nonuniqueness in the reverberation inversion, the sediment sound speed and attenuation cannot be
resolved simultaneously [41]. The combination of these parameters is constrained, and gives the reflection
coefficient at a fixed angle. The reflection coefficient at low grazing angles is most relevant for both
long-range reverberation and propagation. Results are therefore presented for the reflection coefficient at
7 degrees. This is the grazing angle at the seabed at which rays propagate horizontally at the sea-surface.
It corresponds to the largest skip distance in the ST2 sound speed profile.

The data set acquired in ST2 comprises approximately 1000 pings. For these data, the optimisation

procedure that is used to determine the acoustic seabed properties yields a good match between modeled
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and measured reverberation data. The average misfit between the modeled and measured reverberation is
generally smaller than 1 dB.

Figures 7 and 8 show sailed tracks and prior information on the seabed types. In addition, the
corresponding reverberation data and inversion results for Lambert parameter and R7 are shown for the
two legs that are selected. In Figure 7, the prior information indicates the presence of different seabed
types at the southern and northern sides of the selected leg. The effect can be observed in the reverberation
data. The reverberation decays more rapidly at the northern side where the seabed is composed of mainly
silt, as opposed to the southern side, where the seabed is composed of mainly sand. One can observe that
the 60 dB contour is at 14 s for the reverberation from the mainly sand area, and at 11 s for the mainly
silt area. The different seabed properties are also retrieved in the inversion results. For the mainly sand
area, R7 is generally larger than -2 dB, whereas for mainly silt, the maximum values of R7 are close to
-2 dB. The inversion results show small differences in the results for the Lambert parameter. A trend is
that the Lambert parameter values decrease from east to west, from coarser to finer sediments.

In Figure 8, results are presented for the southernmost east-west leg. Similar to the results shown
in Figure 7, the Lambert parameter values decrease from east to west. For the southern side, the prior
information, reverberation data, and inversion results for R7 clearly show a clear correlation. For the area
with mainly sand, the reverberation decay rate is low, resulting in high values of the reflection coefficient,
while lower values are obtained for the areas with mainly silt. The inversion results for R7 obtained for
the northern side are higher than those obtained in Figure 7 due to the presence of mainly sand at short
ranges.

The results presented so far indicate that there exists a correlation between the inversion results for R7
and the prior information. To further analyse this correlation, the inversion results corresponding to the
regions with different seabed classification (Figure 6) are presented as distributions. The distributions of
inversion results for the Lambert parameter and the reflection coefficient corresponding to the different
seabed types are shown in Figures 9 and 10.

For reflection coefficient R7, there is a clear pattern: high values for the reflection coefficient correspond
to the (hard) sandy seabed types, whereas lower values are retrieved for the softer seabed types. For silt,
a relatively broad distribution is obtained. The angle 7 degrees may be close to the intromission angle
in this case, resulting in a high sensitivity of R7 to small local variations in the sound speed of silt. For
clay, the lowest values are obtained. The reverberation inversion results for R7 are thus consistent with
the prior information.

There is also a pattern in the Lambert parameter inversion results: the Lambert parameter observed
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Fig. 7. Sea Trial 2: selected track at 60.10 degrees latitude (black symbols in center panel) and prior information on seabed
conditions with areas with mainly sand (red), mainly silt (cyan), and mainly clay (purple), measured reverberation data for

southern and northern sides, and inversion results for the Lambert parameter and the reflection coefficient at 7 degrees.
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Fig. 8. Sea Trial 2: selected track at 60.05 degrees latitude (black symbols in center panel) and prior information on seabed
conditions with areas with mainly sand (red), mainly silt (cyan), and mainly clay (purple), measured reverberation data for

southern and northern sides, and inversion results for the Lambert parameter and the reflection coefficient at 7 degrees.
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Fig. 9. Distributions of reverberation inversion results for the reflection coefficient at 7 degrees, R7, corresponding to the

different seabed types in Figure 6.

for silt is 2-3 dB lower than the virtually coinciding values for the sand and clay. This indicates that
there is no direct correlation between grain size, cf. Figure 6, and the scattering of sound at the seabed
in the considered frequency range. This is also observed by Chotiros [19]. A possible explanation is that
scattering at the seabed is caused by several mechanisms, including seabed roughness and heterogeneity
in the seabed [20].

Interpolated maps of the inversion results for R7 and the Lambert parameter are shown in Figures 11
and 12. The map of R7 confirms the correlation with the prior information. The area with mainly sand
in Figure 6 can be easily recognized in Figure 11. There is obviously not a perfect correlation between
the prior information and the reverberation inversion results. The reason is that the prior information is
mainly derived from single-beam echo sounder observations operated at 38 kHz, with