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Predicting Spatial Variability of Sediment Properties 
From Hydrographic Data for Geoacoustic Inversion

Kerstin Siemes, Mirjam Snellen, Ali R. Amiri-Simkooei, Dick G. Simons, and Jean-Pierre Hermand, Fellow, IEEE

Abstract— Seafloor classification using acoustic remote sensing 
techniques is an attractive approach due to its high coverage 
capabilities and limited costs compared to taking samples o f the 
seafloor. This paper focuses on the characterization of sediments 
in a coastal environment by combining different hydrographic sys­
tems, which are a multibeam echosounder (MBES), a single-beam  
echosounder (SBES), and seismic systems. The area is located 
close to the west coast o f Italy, southeast o f Elba Island, which is 
known to be composed of very fine-grained material. Both MBES 
and SBES are, in general, high-frequency systems (> 1 0 0  kHz), 
providing bathymetry and backscatter information of the upper 
part o f the sea bottom. MBES systems provide this information 
with a high resolution, due to the beam opening angle of typically 
l ° - 3 ° ,  and high coverage. An SBES provides measurements 
directly underneath the ship only, but is widespread. For the clas­
sification by means of MBES data, we use the Bayesian approach, 
employing backscatter measurements per beam. For the SBES, 
echo shape parameters are determined and are combined in a 
principal component analysis (PCA). Both approaches give results 
that are in very good agreement with respect to the distribution of 
different surficial sediment types. Complementary, low-frequency 
seismic systems (< 2 0  kHz) give insight into the sediment layering. 
Combining the different acoustic approaches is shown to be an es­
sential ingredient for establishing the environmental picture. This 
picture is of use for a large range of applications, such as habitat 
mapping, cable laying, or mine hunting. For the current research, 
it is aimed to act as a basis for selecting areas for subseafloor sedi­
ment classification by geoacoustic inversion techniques. Contrary 
to the hydrographic systems, geoacoustic inversion techniques 
provide the actual physical properties, i.e., densities, compression 
and shear wave speeds, and respective attenuations of the sedi­
ment body, and allow sediment characterization over large areas 
without the need to cover the complete area. A validation is given 
that the environmental picture, obtained by the hydrographic sys­
tems, indeed identifies regions with different acoustic properties.

Index Terms— Environmental characterization, sea bottom sedi­
ments, multibeam echosounder (MBES), single-beam echosounder 
(SBES), seismic profile.
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I. I n t r o d u c t io n

D ETAILED information about the oceanic environment is 
essential for many applications, such as marine geology, 

marine biology, and coastal engineering. Also, when evaluating 
the acoustic propagation characteristics in shallow-water envi­
ronments, e.g., for sonar performance assessment, the environ­
ment needs to be known accurately. This motivates the gath­
ering of information about properties of the water column, the 
water-sediment interface, and the deeper sediment layers. As 
a part of an interdisciplinary experimental effort that aims at 
addressing an integrated concept of Maritime Rapid Environ­
mental Assessment (MREA) [1], this paper focuses on estab­
lishing a 3-D picture of the sea bottom sediments. For this pur­
pose measurements with hydrographic systems were employed. 
These were performed during the MREA/Blue Planet (MREA/ 
BP’07) sea trial, carried out in the Mediterranean Sea, off the 
Italian west coast and southeast of Elba Island in spring 2007. 
The combination of the measurements is essential for covering 
the entire sediment body. The resulting environmental charac­
terization is aimed to serve as a basis for complementary sub­
seafloor sediment characterization techniques, i.e., geoacoustic 
inversion techniques that also provide the physical properties of 
the sediment body layers.

The classical technique applied for seafloor material classi­
fication is based on taking samples of the sediment. However, 
these measurements are expensive, time consuming, and pro­
vide information at point positions only. Therefore, significant 
research effort has been dedicated to methods allowing for clas­
sification of the sea bottom using acoustic techniques.

A large part of the research on acoustic means for sediment 
classification has focused on systems that today are widely 
available, such as multibeam echosounders (MBESs), e.g.,
[2]—[4]; single-beam echosounders (SBESs), e.g., [5]—[7]; 
and sidescan sonars (SSSs), e.g., [8], The advantage of these 
systems is that they are in use already, and therefore no addi­
tional hardware is required. The disadvantage, however, is that 
these systems typically are mounted on board of a ship, and 
that sediment information is obtained only for the positions 
along the ship tracks. In addition, these systems often employ 
high frequencies in the order of several hundreds of kilohertz, 
sensing the upper part of the sediment only. Exceptions hold 
for systems such as the towed ocean bottom instrument (TOBI) 
[9], operating at a few tens of kilohertz. However, such systems 
where not available for the current study.

Contrary to these widespread commercially available sys­
tems, research has also focused on the use of dedicated 
systems, such as vertical line arrays spanning a large part of
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the water column. Geoacoustic inversion techniques have been 
developed and have demonstrated to adequately assess the 
physical properties of the sediments [10]—[15]. Frequencies 
employed typically lie in the range of several hundreds of 
hertz, thereby characterizing also the deeper sediment layers. 
Another advantage of these systems is that the geoacoustic 
sediment properties, in principle, can be obtained over a large 
area without the need for a dedicated ship to sail over all 
parts of interest within the area. However, most of the systems 
employed in previous research are not suited for application 
in an operationally relevant context since they are based on 
relatively complex systems, with e.g., highly instrumented 
vertical line arrays spanning the entire water column as the 
receiving system. In the late 1990s, the use of sparse arrays 
of hydrophones down to a single hydrophone combined with 
frequency-coherent, model-based matched-fllter processing 
was shown to produce correct geoacoustic parameters [16]. 
Further experimental work during the MREA/BP’07 experi­
ment demonstrated that geoacoustic inversion results can be 
operationally obtained using a short array deployed from a 
small vessel [17] or an underwater robot [18]. For the same 
purpose, the use of vector sensors is investigated [19].

In this paper, we focus on the use of the commercially avail­
able systems for characterizing the seafloor. These are mainly 
MBES and, for confirmation purposes, SBES systems. To ob­
tain a picture of the entire sediment body, i.e., also of the deeper 
layer, these high-frequency systems were supplemented by low- 
frequency seismic measurement systems.

MBES systems have proven to allow for characterization of 
the seafloor sediments. Many approaches deal with the classifi­
cation based on MBES backscatter strength data by modeling 
the backscatter curves along a swath, thereby accounting for 
scattering at the rough water-sediment interface and volume 
scattering of the sediment body, e.g., [20] and [21], When 
modeling backscatter strengths under different beam angles, 
the occurrence of nonuniform sediment types within a single 
swath has to be accounted for. In addition, the MBES needs to 
be well calibrated, which is not always the case [22], Therefore, 
the approach towards sediment classification employing MBES 
backscatter strength data chosen for this paper employs the 
backscatter data per beam. It has been developed on the basis 
of a Bayesian approach as proposed in [23], To optimize the 
method for the current application, characterized by water 
depths ranging from a few meters only to over a hundred 
meters, modifications to the original method were required.

This paper is organized as follows. Section II gives an 
overview over the MREA/BP’07 experiment, including in­
formation about the survey area, the experimental setup, 
and the measurement devices employed. Section III deals 
with the acoustic data (two-way travel time and backscatter 
strength) obtained by the MBES. Here, backscatter strength 
data are used for the characterization of the sediments. Then, 
in Section IV, the echo shape parameters of SBES signals are 
analyzed by means of a principal component analysis (PCA). 
In Section V, seismic profiles are presented and analyzed 
with the aim to obtain a picture of the sediment layering in 
the entire experimental area. Afterwards, the results from the 
different measurement devices are compared and interpreted

in Section VI. From this comprehensive analysis, regions with 
comparable acoustic characteristics are detected. In Section VII, 
the expected acoustic variation among these regions is con­
firmed for matched-flltered acoustic signals from drifting sparse 
hydrophone arrays. Finally, the findings are summarized and 
conclusions are drawn in Section VIII.

II. D e s c r i p t i o n  o f  t h e  E x p e r i m e n t

The MREA/BP’07 sea trial was carried out in the Mediter­
ranean Sea in spring 2007. In the context of the MREA, it 
aimed at addressing novel concepts of characterizing the under­
water environment, thereby investigating means of efficiently 
obtaining a detailed picture of the underwater environment 
[17]. For this purpose, a large number of different sensors have 
been employed. The measured parameters concern both the 
water column and the sediments. For a detailed description 
of the experiment, we refer to [1], [24], and [25], Vessels 
participating in the MREA/BP’07 experiment were the North 
Atlantic Treaty Organization (NATO) research vessel (NRV) 
Leonardo, the Italian Ship (ITS) Galatea and Aretusa, and the 
His/Her Netherlands Majesty’s Ship (HNLMS) Snellius of the 
Royal Netherlands Navy.

The sea trial was located in the BP 3 area southeast of Elba 
Island and off the coast of Grosseto, Italy, as illustrated in Fig. 1. 
This region was also a focus of former experiments, such as the 
Yellow Shark experiments in 1994/1995 [10], [16]. It is part 
of the shallow continental shelf which links Elba to the Italian 
peninsula. The shelf was subject to large sediment supplies 
during the Pleistocene epoch [26], Today, still large amounts of 
muddy sediments cover the basement, as documented by core 
samples, described in the appendix of [16].

In this paper, we focus on those measurements related to the 
characterization of the sediments, including acoustic measure­
ments and sediment sampling. For an investigation of the water 
column, we refer to [24] and [25],

An overview of the settings of the acoustic systems is pro­
vided in Table I. The measurements considered in this paper 
were taken in a somewhat smaller region within the BP 3 area, 
ranging from 10.7° E to 11.0° E and from 42.5° N to 42.8° N, 
as indicated by the BP 07 rectangle in Fig. 1.

A. M BES and SBES Measurements

Both the SBES and the MBES were mounted on the HNLMS 
Snellius (see Table I). The MBES is a Kongsberg EM3000D 
dual head, operating at 300 kHz with a selected ping rate of 3-5 
Hz. This system has a total opening angle of 130°, within which 
up to 254 beams are formed. The area surveyed by this MBES 
is indicated by the dark gray lines in Fig. 1. A similar area is 
covered by SBES measurements. The SBES system used is a 
Kongsberg EA600, which delivered data at 200 kHz.

B. Seismic Measurements

Seismic measurements were carried out in the area of the 
experiment to provide insight into the layering of the bottom. 
However, due to a tight schedule, the coverage of the MREA/ 
BP’07 area with seismic data is less dense than the coverage 
with MBES data.
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TABLE I
A c o u st ic  D e v ic es

Type Specification Frequency [kHz] Beam width [°] Direction Ping rate [Hz]

MBES

SBES

Seismic

Seismic

Kongsberg EM3000D 

Kongsberg EA600 

Edgetech X-STAR SB-512Í 

Uniboom

300 (high) 

200 (high) 

0.5-12 (low) 

0.5-15 (low)

1.5

7.2-15.5

16-32

N/A

normal to grazing 

normal 

near-normal 

omnidirectional

3-5 (max. 40) 

(max. 20) 

(user-selected) 

1

o m  oso i 0901 ozm osot 060t o o u  oi u  oz u

10.40 10.50 10.60 10.70 10.80 10.90 11.00 11.10 11.20 
Longitude [degree East]

Fig. 1. Overview of the MREA/BP’07 research area. The rectangles mark the 
BP 3 area and the smaller BP 07 area, respectively. Dark gray lines indicate the 
tracks of the MBES and the SBES. Light gray lines are the seismic transects 
of both the X-Star and Uniboom. Background colors indicate the 1 km x 1 km 
gridded, shaded topography. The topography and coastlines originate from the 
National Geophysical Data Center [27], [28].

TABLE II
Se d im e n t  G ra in  S izes  A c c o r d in g  to  W e n t w o r t h  [29]

M z [0] maximum diameter [mm] sediment
-1-0 2 very coarse sand
0-1 1 coarse sand
1-2 1/2 medium sand
2-3 1/4 fine sand
3-4 1/8 very fine sand
4-8 1/16 silt
8-10 1/256 clay

>10 1/1000 colloid

Two different seismic systems have been worked with (see 
Table I): the UNIBOOM broadband source (0.5-15 kHz) 
and the Edgetech X-STAR chirp sub-bottom profiler SB-512Í 
(0.5-12 kHz). The tracks at which seismic profiles are taken 
with these two systems are shown as light gray lines in Fig. 1. 
Twelve of these straight lines were sailed with the X-STAR 
towed behind the HNLMS Snellius at a depth of 1.3 m below the 
sea surface. One of the profiles was taken in the deeper part of 
the experimental area along the transect AB (which corresponds 
to the XF transect of the former Yellow Shark experiments [10], 
[16]). All other X-Star profiles lie perpendicular to this profile, 
covering both the shallow and deep parts of the MREA/BP’07 
area. With the boomer mounted on a catamaran, 16 additional

transects were sailed. They again lie perpendicular to the AB 
transect. However, few transects were also sailed parallel to the 
coastline in the shallower part of the experimental area.

C. Sediment Samples

Twenty four bottom grab samples have been taken by a 
Hamon grabber during the experiment. They contain informa­
tion about the composition of the upper ten centimeters of the 
seafloor.

A standard criterion to discriminate between different types 
of sediments is their grain size. Grain size is either given in 
millimeter or 0 units, which are related according to

d  =  -  l ° g 2 (1 )

Here, D  denotes the grain diameter in millimeters and d is the 
corresponding value in 0 units. For the description of the dif­
ferent grain sizes, we follow the nomenclature of Wentworth 
[29], as given in Table II.

For each grab sample, the mean grain size M z in 0 units is 
calculated, according to [30], as the average over the three grain 
sizes £¿1 6 ? £¿5 0 ? and dg4 , at which 16%, 50%, and 84% of the 
grains are smaller, respectively

Mz =  +  +  (2) 
3

The sediment distribution obtained from the grab samples is 
given in Fig. 2. It mainly agrees with historic cores taken in this 
area, as described in the appendix of [16]. The grab samples in­
dicate very fine sediments with mean grain sizes of M z =  70 
to M z =  110, which equal a grain diameter of 0.008 mm and 
less. The finest sediments with M z =  110 occur in the deepest 
parts of the MREA/BP’07 area, while the somewhat coarser 
sediments with M z =  70 settle close to the coast. The mean 
grain sizes are depicted in Fig. 2 as the diameter of the symbols. 
Also, the percentages of the sand, silt, clay, and colloid con­
tribution of the upper sediment layer, calculated from all par­
ticles within a sediment sample, are shown. From these, it can 
be concluded that the contribution of the finer sediment slightly 
increases from the shallow to the deeper part.

III. MBES A n a l y s i s —M e t h o d s  a n d  R e s u l t s

MBES s send out pulsed acoustic signals and measure both 
the (two-way) travel time and the strength of the scattered re­
ceived signal for a large number of beams. Bathymetry is ob­
tained from the (two-way) travel time as measured from the 
MBES per beam. The backscatter strength strongly depends on 
properties of the sediments such as surface roughness, density, 
sound speed, and volume inhomogeneties. Therefore, it can be
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Fig. 2. Sediment distribution in the MREA/BP’07 experimental area obtained 
from the analysis of grab samples taken during the experiment. This figure 
presents two parameters that describe the sediment type. One is the composi­
tion (sand, silt, clay, and colloid) of the sediment samples, given as pie charts, 
thereby accounting for all particles within a sample. The other is the mean grain 
size M z of the sediment, calculated according to (2) and rounded to integer 
values. M z is indicated by the diameter of the symbols, which is reciprocally 
proportional to its value.

employed for sediment characterization. Due to the high fre­
quency used (300 kHz), the absorption length amounts to half 
a meter at maximum even for the prevailing flne-grained sedi­
ments (7-11 <ƒ>). Therefore, the MBES data are not influenced 
by properties of the sediment body (deeper than 25 cm), such as 
sediment layering.

A. Bathymetry

Depth values cover the wide range of a few meters to ap­
proximately 130 m, as can be seen in bathymetry map (Fig. 3). 
Starting at approximately 10 m in the shallow coastal area in the 
north, depth increases with the distance to the coast and shows 
isobaths that tend to follow the coastline. At 15-km distance to 
the coast, the deepest part of the MBES survey is reached.

Generally, the change in depth per unit of distance is small, 
except for a small region near the coast (between 20- and 40-m 
depth). This is shown in Fig. 4, presenting the slopes as a func­
tion of position. In general, slope values of the MREA/BP’07 
experimental area lie below I o. At some locations, such as the 
above mentioned regions, they are slightly increased, but do not 
exceed 3°. Contrary to the bathymetric map, the map of slope

OZOt QZOt 0801 S 8 0 t 0 6 0 t  S 6 0 t

10.70 10.75 10.80 10.85 10.90 10.95
Longitude [degree East]

Fig. 3. Bathymetry in the MREA/BP’07 experimental area obtained from 
MBES (two-way) travel time measurements (fully corrected for ship attitude 
and water-column properties).

o z o t  s z m  0 8 m  s s m  0 6 m  Q6m

10.70 10.75 10.80 10.85 10.90 10.95
Longitude [degree East]

Fig. 4. Slope in the MREA/BP’07 experimental area: 1) continuously in­
creased slope; 2) regular structure; 3) irregular structure.

values shows more texture. Three distinct regions can be dis­
cerned. The first one is the region of transition from the shallow 
to deeper parts in the north, which shows slightly higher slope 
values. A second region in which high values for the slopes are 
present lies close to the Ombrone estuary in the east, at water 
depths less than 70 m. Here, the slope values indicate the pres­
ence of a regular structure, which is orientated parallel to the 
isobaths. In the third region, an irregular, inhomogeneous struc­
ture can be found in the deep, western part of the research area, 
which features the softest sediments of the experimental area 
(see Section II-C).

B. Mapping the Acoustic Classes

For characterizing the seafloor sediments, we use the 
backscatter strengths derived from the intensity of the backscat- 
tered acoustic signal. The approach selected for the current 
research utilizes the averaged backscatter strengths per beam.
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An advantage of this approach is its insensitivity to variations of 
seafloor type along the swath. In addition, imperfect calibration 
of the MBES system does not hamper the classification. The 
approach is presented in [23], For the current research, it is 
extended. In [23], classification results, based on the MBES 
backscatter strengths, were presented when only a single beam 
was employed for the classification. Due to the relatively large 
distances between the tracks covered by the MBES for the 
data considered here, the method was modified such that a 
large number of beams were accounted for in the classification, 
thereby exploiting the high coverage capacity of the MBES. In 
addition, the M REA/BP'07 area exhibited large variations in 
depths. This resulted in more variations ( over the area) in sta­
tistical properties of the averaged beam backscatter strengths. 
To properly account for these variations, a further extension 
was required as described in the following.

1) Classification Method: The present geoacoustic classifi­
cation method is based on the Bayesian approach as applied in 
[23], It assumes that the filtered backscatter value BS0, as pro­
vided by the MBES system at beam angle 9, is the average of Ng  
backscatter strength values BSei„ obtained from n  =  1 , . . . ,  Ng  
scatter pixels within the beam footprint at 9

1
b s 0 =  T r $ " B S 9,„. (3)

n — 1

, r dA  
N g  =  —  

da
H 9 1 2 sin (0 )

eos- ( 0) C T
(4)

k = 1

=  ^ 2 Ck exp ( -
A-=l

(B Se -  ß ky

2 4
(5)

as depicted in Fig. 6. Here, for each Gaussian pdf, 
f { B S g \ x k ) , x k =  [ck ,¡ak , a k] T  holds, with ck the scaling 
factor, n k the mean, and a k the standard deviation of the kth  
pdf. The unknown parameter vector x  =  [ici , x 2, ■. ■, x m] T  can

CT

dY

Theoretically, the available number of scatter pixels can be 
determined from the beam geometry (Fig. 5) as the fraction of 
the size of the beam footprint d A  and the size of a scatter pixel 
da

which varies with the water depth H , the beam angle 9, and the 
beam opening angle 9T , which also depends on 9. The variables 
c and r  denote the water-column sound speed and the pulse 
length, respectively. While (4) is valid for beams away from 
nadir, N g = 0 =  1 holds at nadir.

If the number of scatter pixels for averaging per beam foot­
print is large enough, the central limit theorem holds, resulting 
in BS0 being normally distributed. When a single seafloor type 
is present, this allows one to fit a single Gaussian probability 
density function (pdf) to the histogram of observed backscatter 
strength at that angle. If more than one (namely m )  seafloor type 
is present, the backscatter histogram can be modeled by a sum 
of m  scaled Gaussians

Fig. 5. Schematic of the beam- and signal footprint of an MBES as obtained 
by the receiver array. The beam footprint d A  =  d X  x  d Y  and the footprint of 
scatter pixel da  =  d X  x  dy  are indicated in lighter and darker gray, respec­
tively. They depend on the beam angle 6, the beam opening angle in across-track 
direction St  (related to 0), the beam opening angle in along-track direction i l x , 
and depth H  (or alternatively range 1?,). The upper right plot zooms into a single 
scatter pixel. Here, c is the water-column sound speed and r  is the pulse dura­
tion.

be estimated using the least squares technique. The nonlinear 
least squares, subject to bounds on variables [31], is used to 
obtain the //,/, s and crk s, and the nonnegative least squares 
method [32] is used to obtain the contributions of the individual 
pdfs by constraining the coefficients ck s to be positive. For 
further explanation of the method and the steps involved, we 
refer to [23],

This approach is well suited for regions with a uniform and 
moderate depth. However, the assumption of a normal distri­
bution for the averaged backscatter strength does not hold, if 
the number of scatter pixels is small. Especially in very shallow 
water and at low beam angles 9, beam footprints contain too 
few scatter pixels. Therefore, a modification is applied to the 
above described classification method which involves an aver­
aging over both beams and pings, to create regions with compa­
rable large numbers of independent scatter pixels. The averaging 
over beams involves a number of b =  b(9)  beams, which again 
depends on the beam angle. Close to nadir, a small number of 
scatter pixels per beam footprint demands averaging over a large 
number of beams. At the outer beams, where beam footprints 
are large, b has to be chosen smaller. This ensures a comparable 
number of scatter pixels both at low and high incident angles.

In [33], this approach has been applied to MBES data taken 
in a very shallow (<5 m) river environment. It was demon­
strated that averaging indeed restored Gaussianity of the beam 
backscatter values.

For a given depth H ,  (4) gives a rough estimation for the 
number of beams used in the averaging as

b =
sin 9

( 6 )

Taking the b beams into account, they span an angular range of 
9toi as shown in Fig. 7. More precisely, one has to include all 
beam angles around the central beam angle 9 as: 9 -  9toi/2  < 
9 < 9 +  ötoi/2. The values of these angular ranges 0toi are 
determined from ( 6) and used as tolerances. Typical values used
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[Gaussian 3|

Gaussian 2

Gaussian 1

Averaging over b beams and p  pings results in the following 
backscatter strength values:

bs5 = ;ïÉ E bs«' (t>
y  1=1  d e e  t o i

-36 -35 -34 -33 -32 -31 -30 -29 -28 -27 -26 
BS*, [dB]

Fig. 6. Fitting four Gaussians (gray curves) to the histogram of all backscatter 
strengths at 46° beam angle. The black curve gives the sum of the four Gaus­
sians.

Gaussian Ä\

TABLE IV
PARTITION OF DEPTH VALUES AND RELATED NUMBER

o f  P in g s  f o r  A v e r a g in g  (p)

depth range [m] V [-]
<10 12

10-15 8
15-20 6
20-25 4
25-35 3
35-80 2
>80 1

H

Fig. 7. Angle of tolerance 6to\- Within this angle all scatter pixels from all 
beams 0T¡1, . . .  , dT¡b are taken into account for averaging. Here, d Y k , k  =  
1 , . . . ,  b denote the across-track size of the b footprints, respectively, and dY*  
is the across-track size of the footprint dedicated to 6to\.

TABLE III
PARTITION OF BEAM ANGLES AND RELATED TOLERANCE

A n g l e  (0 to i) f o r  A v e r a g in g  O v e r  B ea m s

angular range [°] Otol [°]
6 > 38 2.5

38 >  0 > 24 4.4
24 >  0 > 20 6.4

in this contribution are listed in Table III. Based on the fact that 
the number of scatter pixels at angles smaller than 20° is too 
small to result in reasonable tolerance angles, these angles are 
not considered for classification.

After having decreased the angular dependence, we expect 
that the number of scatter pixels per beam footprint still varies 
with depth. Therefore, an averaging overp =  p (H )  pings is pro­
posed in the next step as discussed in [34]. The number of pings 
involved in this averaging process depends on the water depth 
H  and is determined empirically by comparison of number of 
scatter pixels at different water depths. The values used in this 
contribution are presented in Table IV.

The averaged backscatter strengths BS^ are now assumed to 
have a normal distribution, since large numbers of scatter pixels 
contribute to BS^. They are employed for classification, using 
the Bayesian approach for single beams, with beam angles in 
the range of 0 i , . . . ,  6 r .

From the classification at low grazing angles (i.e., large beam 
angles, being reference angles 0\ =  46°, 6 2  =  44°, and 03 =  
42°), the number of classes m  is determined, since a better dis­
criminating performance is expected at these angles. In prin­
ciple, we expect the backscatter values measured at other angle 
ranges to correspond to the same number of classes. Therefore, 
we assume m  to be constant for the considered range of beam 
angles: 6 1 , . . . ,  0 r .

Additionally, the three initial classifications provide us with 
the jUfcS, <7 fcS, and c^s for the three reference angles. The mean 
values (over all reference angles) of the Gaussian pdf parameters 
can then be obtained: and Ck{k =  1, . . . ,  m ), as shown
in Fig. 8 (a).

For application of the classification method to an arbitrary 
angle under study (0 ), we use the fixed number of classes 
that has been obtained from the classification at the reference 
angles. First, the entire histogram of the averaged backscatter 
strengths BS^ of the angle under study is shifted such that the 
mean of BS^ becomes identical to the mean of the averaged 
backscatter strengths at reference angles (0 i , 0 2 > and 0 3 ). As 
an initial guess for the mean values of the Gaussian pdfs, we 
use ßk(k  =  1 , . . . ,  ra) of the reference angles. Then, more 
restricted bounds on the mean parameters are used in the least 
squares process, e.g., ¡Jk =  ß k —0.5 dB for the lower bound 
and f i \  — ßk+0.5  dB for the upper bound. Results for beam 
angles of 40° and 38° are depicted in Fig. 8(b).

2) Classification Results: The application of the Bayesian 
approach to the MBES data results in four classes for the 
considered angular range of 0\ — 46° to 0r =  26° beam angle. 
Larger beam angles could not be accounted for, since for these 
angles the backscatter signals were too weak to be detected 
in the deeper parts of the experimental area. Also, beams 
near normal incidence are not considered for classification, 
since they contain too few scatter pixels to assume normally 
distributed backscatter strength.
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Fig. 8. Normalized Gaussians (a) at the reference angles and (b) at arbitrary angles. In (a), reference angles are chosen as 46° (light gray), 44° (black), and 42° 
(medium gray). Per angle, the four Gaussians are plotted as estimated by the Bayesian approach for single beam angles. For each class, the average of the Gaussian 
means is indicated by a vertical dashed line. According to the reference angles, a shift in backscatter strength is applied for all beam angles. Then, the Gaussian 
mean values at an arbitrary angle are restricted to a boundary of ±0.5 dB around the averaged means obtained at the reference angles. These boundaries are shown 
in (b) as gray rectangles. Tiere, classification has been applied to shifted backscatter strength at beam angles of 40° and 38°, indicated by the black and gray curves, 
respectively. Class boundaries are given by the intersection points (black squares) of the normalized Gaussians.

Fig. 9 presents the results. We can identify clearly separable 
areas, each belonging to a single class. The highest backscatter 
strengths are found in the shallowest part, close to the Italian 
coast. Lowest backscatter strengths occur in the area with water 
depths of approximately 40-60 m. Then, with increasing depth, 
also backscatter strength increases again. However, a somewhat 
asymmetric distribution between the northern and southern parts 
can be observed at comparable depth. In several areas, a coex­
istence of two classes can be observed. Some of these areas co­
incide with areas identified by particular slope patterns. For ex­
ample, this holds for the region close to the Ombrone estuary in 
the eastern part, where a regular structure is found in both the 
slope map (Fig. 4) and the map of backscatter strength classes 
(Fig. 9). Also for the irregular structure in the deeper south­
western part, the influence of a second backscatter strength class 
is revealed to some degree, by showing an additional increase 
in backscatter strength at the outer beam angles at several loca­
tions. Since this behavior is not clearly visible in the other areas, 
it is hypothesized that the backscatter behavior can be related to 
géomorphologie features, already visible in the slope map. Ad­
ditionally, small-scale structures can be recognized in the center 
of the MREA/BP'07 area, which could not be resolved in the 
slope map.

IV. SBES A n a l y s i s

The objective of this section is to investigate the echo shape 
parameters of the SBES signals, as reflected at the seafloor and 
received by the transducer, to discriminate between different 
sediment types [35],

The SBES system transmits an acoustic pulse towards the 
sea bottom and determines the water depth from the (two-way) 
travel time of the signal. Several features of the received signal,

such as total energy, time spread, and skewness, contain infor­
mation on the sea bottom composition. These features are con­
ceptually similar to the first, second, and third statistical mo­
ments. Such features can potentially be used for seafloor classi­
fication [35],

Although the three features (energy, time spread, and skew­
ness) are intrinsically different in nature, they are statistically 
correlated. The PCA is adopted according to [36] to reduce the 
dimensionality of the extracted features while retaining most of 
the variation of the features. The PCA transforms a number of 
different but possibly correlated variables via linear combina­
tion into a smaller number of uncorrelated variables, called prin­
cipal components. The first principal components account for as 
much of the variability in the data as possible. They are then fed 
to a cluster analysis based on the well-known A'-means clus­
tering algorithm [37],

For this analysis, SBES data obtained at a frequency of 200 
kHz are chosen, which is comparable to the frequency of 300 
kHz of the MBES system. The sample rate of the SBES amounts 
to about 15 kHz, sufficient for accurately estimating the echo 
shape parameters. The intensities of the received signals have 
been corrected for spherical spreading and footprint effects. An­
other depth-dependent correction scales the echoes in time in 
relation to a given reference depth. This correction compresses 
signals that are obtained at a depth greater than the reference 
depth and elongates signals from a depth smaller than the refer­
ence depth.

The three signal features have been extracted from the 
recorded signals. Then, the features have been normalized such 
that each echo feature has a zero mean and unit variance. For 
each extracted feature, the noise level has been reduced by 
averaging over 40 consecutive pings. All three resulting param­
eters show correlations, as displayed in Table V. Especially, the 
energy and time spread are highly correlated.
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Fig. 9. Map of the four MBES backscatter strength classes derived.
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Fig. 10. Map of the two principal components that show 68% and 25% of the 
data variability, respectively, (a) Principal component 1 (68%). (b) Principal 
component 2 (25%).

The PCA has been applied to assess the three signal feature 
combinations that contain the relevant information for discrim­
inating between different bottom types. Two (out of three) prin-
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Fig. 11. Classification results of the PCA and cluster analysis using SBES 
signal features (energy, time spread, and skewness) at 200 kHz.

TABLE V
C orr el a t io n  B e t w e e n  th e  SBES S ig n a l  P a r a m e te r s

Energy Time spread Skewness
Energy 1.0000 -0.7121 -0.5511
Time spread -0.7121 1.0000 0.2757
Skewness -0.5511 0.2757 1.0000

cipal components, which show approximately 68% and 25% 
of the variability of the data, are used for clustering analysis. 
They are given in Fig. 10. The first principal component is in­
fluenced by all three features, i.e., in decreasing order energy, 
time spread, and skewness, whereas the second principal com­
ponent is dominated by the skewness and time spread. Based on 
the inspection of the first two principal components, the number 
of clusters with similar acoustic properties was set to four. The 
resulting classification map is given in Fig. 11.

Independent information about the acoustic properties of the 
seafloor is available through the MBES data set (Fig. 9). Both 
classification results match quite well. Although this is expected 
based on the fact that similar frequencies are used, one still has to 
consider that the measurement systems are quite different. The 
SBES is measuring only at angles close to nadir, whereas the 
MBES measurements used for the classification are all taken at 
grazing angles. From the current analysis, it can be concluded, 
therefore, that the different seafloor types, present in the area, af­
fect both the measurements of nadir and the more grazing angles.

V. S e is m ic  A n a l y s is

A seismic survey was carried out at the experimental site to 
obtain a picture of the sediment layering. A large number of 
tracks have been sailed and are indicated in Fig. 1. Two different 
systems have been employed, i.e., the X-STAR and the UNI­
BOOM. In the following, a detailed description of four selected 
seismic profiles is given. The corresponding transects have been 
selected such that they surround the experimental area. Figs. 12 
and 13 present the measurements.
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Fig. 12. Comparison of two seismic X-star profiles: profile AB lies in the deep 
part of the MREA/BP’07 area and runs parallel to the coastline; profile CD runs 
perpendicular to it. Both profiles start at zero two-way travel time (Twtt) at the 
water-sediment interface, (a) X-Star profile AB. (b) X-Star profile CD.

(b)

Fig. 13. Comparison of two Uniboom profiles: profile 13 lies in the shallow 
part of the MREA/BP’07 area and runs parallel to the coastline; profile 11 runs 
perpendicular to it. Both profiles have zero two-way travel time (Twtt) at source 
depth, (a) Uniboom profile 13. (b) Uniboom profile 11 (shallow part).

The two profiles presented in Fig. 12 were recorded by the 
X-STAR. Their position and orientation (respectively, parallel 
and perpendicular to the coastline) are displayed in Fig. 14. The 
two UNIBOOM profiles, which are shown in Fig. 13, are those 
of legs 13 and 11. Their position and orientation again are dis­
played in Fig. 14.

The seismic profiles indicate that a sediment layer of variable 
thickness is present in all profiles. The thickness of the layer 
varies with distance to the coast. In the shallow-water area, this 
thickness amounts to 40 m and more, whereas it amounts to only 
about 5 m in the deepest part. From the analysis of the sedi­
ment samples, this layer is known to consist of very fine mate­
rial. Underneath this upper sediment layer additional layering 
is present. Another feature indicated by the seismic measure­
ments is the presence of gas. Gas is found in the shallowest parts 
of the research area as well as at a few other spots in the deeper 
parts. The positions where gas is visible are indicated in Figs. 12 
and 13. The gas mainly remains below the first sediment layer. 
However, this does not hold for the shallow coastal area, where 
gas reaches the water-sediment interface. Here also the largest 
amount of gas is detected.

As a next step, all seismic measurements have been com­
bined. Based on all these results, sediment thicknesses over the 
entire experimental are have been determined by interpolation. 
Fig. 14 presents these results, with layer thickness depicted in

color. It is clearly seen that the behavior of the sediment thick­
ness, as visible in the four transects of Figs. 12 and 13, is con­
tinued over the entire area. Also indicated in Fig. 14 are the po­
sitions at which gas deposits occur as the white stripes on top 
of the black transects. The distribution of gas deposits, as ob­
served in the selected profiles (Figs. 12 and 13), is confirmed by 
other profiles, mainly taken in the northern and western part of 
the MREA/BP’07 area.

VI. A s s e s s m e n t  a n d  I n t e r p r e t a t i o n  o f  t h e  R e s u l t s

To obtain a 3-D picture of the seafloor, various data sets 
have been considered in the previous sections. The analysis has 
shown that the MREA/BP'07 area is composed of fine sedi­
ments of variable thickness on top of a second sediment layer, 
whose material is known from historical core samples [16] to 
be composed of bioclastic muddy sand and biocalcarenite.

The analysis of the MBES data indicates the existence of four 
acoustic classes, roughly occurring in four distinct areas. The 
analysis of the SBES data also indicates the existence of four 
acoustic classes, based on the clustered principal components 
(linear combination of the three echo envelope feature: energy, 
time spread, and skewness). Although the acoustic classes ob­
tained by the two approaches cannot be linked directly, the spa­
tial distribution of the classes revealed by the two approaches is
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Fig. 14. Thickness (in meters) of the sediment layer in the MREA/BP’07 re­
search area (color) and gas deposits (white lines) along the seismic transects 
(black lines).

in very good agreement. This is further confirmed by a correla­
tion analysis. By considering the two sets of acoustic classes at 
similar positions, a correlation coefficient of 0.74 is obtained.

Considering the MBES backscatter data that are used for 
the MBES classification, it can be concluded that the highest 
backscatter strengths occur close to the coast. The lowest 
backscatter values are found along the slope. Backscatter 
values are found to increase again when approaching the area 
with larger water depths. However, the grabs indicate a de­
creasing grain size, i.e., higher M~ values, when going from 
the coast to the deeper waters. In general, decreasing grain 
sizes are expected to result in lower backscatter strengths [38], 
contrary to the results presented here. For the present results, 
no direct link between mean grain size, obtained from bottom 
grab samples, and backscatter strength can be observed for the 
soft sediments present in the MREA/BP’07 area. Therefore, 
the increase in backscatter as observed for the deep-water area 
should be related to sediment parameters other than the mean 
grain size. An analysis of the seismic measurements revealed 
the presence of gas deposits in the area; see Fig. 14. Despite 
the sparseness of the seismic measurements, a trend can be 
observed with the high backscatter values being found to occur 
in regions where gas is present. In the southwestern part, this 
is accentuated by an additional increase in the backscatter 
strength at some of the outer beam angles, as documented in 
Fig. 9.

It can be concluded that the results are consistent for the 
different data sets. Especially the backscatter strength and 
slope from the MBES measurements and the cluster from the 
SBES analysis show the same trend. The gas deposits extracted 
from the seismic data mainly agree with regions of increased 
backscatter strength. However, due to sparse sampling, regions 
in which no gas is shown have to be assessed with caution, 
although most of the seismic profiles show the same trend in 
gas occurrence.

Features obtained from the different types of measurements 
are combined in Fig. 15 to indicate regions in which acoustic 
signals might be affected by other phenomena than sediment
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Fig. 15. Map of features obtained in the MREA/BP’07 area by merging the 
results from different devices (MBES, SBES, and seismic). Colors indicate the 
high-frequency acoustic classes. Shaded regions correspond to gas, extracted 
from seismic profiles. The sediment thickness, also obtained from the seismics, 
is given as lines of equal thickness (white lines) in steps of 10 m, starting at 5 
m. Furthermore, the two sites, referred to in Section VII, are indicated by black 
crosses.

type, e.g., gas or sediment thickness. This information can be 
used for selecting specific locations for geoacoustic inversion 
runs.

The colors in Fig. 15 represent the acoustic classes according 
to high-frequency systems (mainly MBES), interpolated over 
the area under study. The two- and three-color dashed regions 
indicate areas in which two or three types of acoustic classes 
occur next to each other on a small scale. These regions are 
partly related to features on the seafloor. For example, the reg­
ular structure close to the Ombrone estuary is revealed in the 
dashed blue/green region. High slope values (>  2°), which are 
not shown in this figure, mainly occur in this part and in the 
blue colored region. Also shown are the lines of equal sediment 
thickness, which are plotted in white. The shaded areas indicate 
gas in both the first and/or second sediment layer.

VII. A p p l ic a t io n  o f  t h e  R e s u l t s

The consistency between the sediment characterization ob­
tained from the MBES, SBES, and seismic measurements is 
such that we conclude that Fig. 15 (obtained from these mea­
surements) can serve as basis for subseafloor sediment classifi­
cation techniques; e.g., areas of interest that require further as­
sessment can be selected from this figure.

In this section, we make a first step towards these applica­
tions. For this purpose, data from a hydrophone array at two 
sites are selected according to their difference in sediment type. 
These sites are indicated in Fig. 15 by I and II. To eliminate 
the effect of other parameters, measurements are considered that 
are taken in areas with equal water depths (~  105 m) and equal 
source and receiver geometry.

The hydrophone arrays were allowed to drift over the area 
for limited periods of time. Considered measurements are the 
arrivals corresponding to 0.8-1.6-kHz chirp transmissions re­
ceived at the deepest hydrophone (35 m).



776 IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 35, NO. 4, OCTOBER 2010

_ 1000 -20

® 1100

06 1200

1500

1600
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Relative arrival time [s]
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 

Relative arrival time [s]

(a)

® 1750

06 1800

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Relative arrival time [sj

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 
Relative arrival time [s]

(b)
Fig. 16. Matched-filtered signal in decibel units, obtained at the deepest hydrophone (35 m) of a four-element vertical array at two different sites (site I contains 
diffuse gas in the seafloor; site II shows no gas in the seafloor). The left-hand side part gives matched-filtered signals during the entire run. The right-hand side part 
zooms into ranges of 1570-1620-m distance from the source, (a) Site I. (b) Site II.

The matched-filtered received signals are depicted in Fig. 16 
for the two sites. The left-hand side plots show the received 
signals for the entire run, whereas the plots on the right-hand 
side show in detail those parts of the received signals that are 
available at the same ranges (1570-1620 m) and, therefore, em­
ployed for comparison. The ranges have been calculated from 
the first arrivals, which result from almost direct paths through 
the water column. The later arrivals are due to multipath ef­
fects and have undergone significant interaction with the sea 
bottom. Therefore, they are of interest for sediment classifica­
tion purposes. Signals acquired at site I show stronger late ar­
rivals than those acquired at site II, indicating higher contrast at 
the water-sediment interface for site I compared to site II.

From Fig. 15, the bottom in area I is known to contain diffuse 
gas. This is not the case for the bottom of area II. The gas is 
expected to result in increased impedance contrast between

the water and the sediment, which is in agreement with the 
stronger later arrivals at site I. Although having undergone 
interaction with the sea bottom, the late arrivals could not be 
linked to mean grain size, since no difference between the 
grain sizes could be observed in the bottom grab data at the 
two sites. In contrast, this difference between the two sites 
is evident in the combined acoustic classification, presented 
throughout this paper. This demonstrates the strength of the 
chosen approach.

Inversions will be carried out to further validate the hypoth­
esis that gas is the factor affecting the signals received at the 
hydrophone arrays.

VIII. C o n c l u s i o n

In this paper, the results of an effort to characterize the sedi­
ments in a coastal environment by combining different acoustic
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remote sensing techniques are presented. High-frequency sys­
tems, e.g., the MBES and the SBES, have proven to provide 
a consistent picture of the spatial distribution of the sediments 
over the entire area. However, due to the high frequencies in­
volved, this distribution is valid only for the upper centimeters 
of the sediments. Seismic systems have shown to give valuable 
additional information of the structure of the sediment body.

It was found that sediment samples could not be used for 
linking the acoustic classes to bottom type or mean grain size. 
Based on the analysis of the seismic profiles it was concluded 
that the existence of different classes is, at least partially, caused 
by the presence of gas in the sediments.

Overall, it can be concluded that the combination of MBES, 
SBES, and seismic measurements allows for a fast and efficient 
assessment of the sediment distribution in an area.

Furthermore, the relevance of the resulting sediment distribu­
tion map as a basis for subseafloor classification techniques, i.e., 
geoacoustic inversion, has been investigated. Based on this map, 
acoustic data acquired by hydrophone arrays have been selected 
in two areas with different sea bottom characteristics. The two 
selected data sets clearly show different arrival patterns. There­
fore, the present approach promises to perform well as a basis 
for selecting areas for subseafloor sediment classification tech­
niques, which in turn can provide complementary information 
about the sea bottom.
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