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ABSTRACT

SEAFLOOR CHARACTERIZATION OF THE HISTORIC AREA REMEDIATION SITE
USING ANGULAR RANGE ANALYSIS

by
Luis A. Soares Rosa

University of New Hampshire, September, 2007

Angular Range Analysis (ARA) is a physics-based approach to acoustic remote
seafloor characterization. In order to better understand the capabilities and limitations of
this technique, ARA analyses were performed on multibeam sonar data collected at the
Historic Area Remediation Site, an area with high spatial variability. The remotely
derived results were compared to grain size information derived from grab samples and
Sediment Profile Imaging. Uncertainties in the determination of mean grain size from
ground truth were identified and when possible quantified. ARA proved to be an effective
remote sensing tool at a regional scale in its main operational mode that has a spatial
resolution limited to half-swath width of the sonar and to thirty pings. When the seafloor
is heterogeneous within half-swath width of the sonar, textural segmentation of the
backscatter mosaic allows the definition of “themes” out which ARA solutions can be

calculated, improving the correlation with ground truth.
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CHAPTER 1

INTRODUCTION

The use and exploration of the seas rely heavily on the propagation of
underwater sound. Light and radio waves, commonly used in remote sensing methods,
propagate well in air but are scattered and rapidly attenuated when penetrating the water
surface. Since direct measurements of seafloor properties are representative of only a
single point, are expensive and time consuming, and sometimes even impossible to
conduct, we depend on the acoustic remote characterization of the seafloor for a broad
range of disciplines including marine geology, offshore engineering and geotechnics,
benthic habitat mapping and mine warfare. In this thesis, a novel, physics-based
approach to remote seafloor characterization, Angular Range Analysis, is applied to a
well-studied area in order to better understand the capabilities and limitations of this
technigue. Because any acoustically inferred sediment property will need to be validated
with direct measurements, an attempt is made to identify sources of uncertainty in

common methods of ground truth.

1.1 Remote Seafloor Characterization

Inferring seafloor properties through the use of acoustic means started with
qualitative studies of the echo character by marine geologists and geophysicists,
generally using single beam echo-sounder’s paper records to make inferences about the

nature of the seafloor. For that, the observed echo types were correlated with ground
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truth data (usually cores or grab samples) and this information was then extrapolated to
the entire survey area (Damuth, 1975; 1980). The same type of approach was extended
to analog sidescan sonar paper records, matching the observed acoustic texture with the
correspondent seafloor type. This type of approach is strongly dependant on
instrumental acquisition settings that often vary in and between surveys as well as on
subjective human interpretation.

Since the 1950s attempts have been made to quantify the relationship between
geoacoustic and physical properties of sediments (Urick, 1954; Hamilton et al., 1956).
By the 1970s, a substantial database of relationships between geoacoustical, physical
and geotechnical properties of seafloor sediment was developed (Hamilton, 1970; 1972,
1974; 1976; 1978). Thousands of measurements gave rise to a series of regression
equations, relating impedance, reflection coefficient and bottom loss with porosity and
density; attenuation with mean grain size and porosity; mean grain size with porosity and
density; and sound velocity with porosity, mean grain size and density.

Successful measurement of sediment geoacoustic properties from the acoustic
return started with the use of a calibrated chirp sub-bottom profiler. Sediment
classification models were developed based on the attenuation, impedance and volume
scattering (Mayer and LeBlanc, 1983; Schock et al., 1989; Panda et al., 1994; LeBlanc
et al., 1995).

A different type of approach examined the coherency of seafloor echoes as an
indicator of seafloor character, and the statistical analysis of echo fluctuations from ping-
to-ping was used as a remote sensing tool (Dunsiger et al., 1981; Stanton and Clay,
1986). Coherence in the signal was related with seafloor roughness and bottom type.
However, this method only allows a qualitative description in terms of bottom roughness.

By the 1980s, what had been long-used by fishermen in an empirical way was
implemented as a seabed classification system: discrimination of seafloor type based on

2
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waveform characterization of the first and second echoes (Orlowsky, 1984). Building on
that principle, commercial systems such as RoxAnn (Chivers et al., 1990; Murphy et al.,
1995) or QTC View (Collins et al., 1996) use the returned echo of a single beam echo-
sounder to remotely classify the seafloor. RoxAnn uses the final portion of the first return
as a measure of roughness and the second multiple of the acoustic signal as measure of
hardness. These two parameters are plotted against each other and clusters are
defined. QTC View extracts 166 parameters (full feature vectors) from the signal envelop
and then combines these into three primary parameters called Q-values. These values,
when plotted in a tri-dimensional space tend to group in clusters, each one
corresponding to a different type of acoustic response of the seafloor. Both approaches
only segment the seafloor into regions of similar response and need ground truth to
assign seafloor types to the segmented areas.

With the advent of digital oblique incidence systems (sidescan sonars, multibeam
echo-sounders) and the production of digital backscatter. mosaics, classification systems
based on textural analysis of the image were implemented commercially (QTC Sideview
and Multiview, Triton Imaging SeaClass, GeoAcoustics GeoTexture, Arescon, GENIUS).
Most of these rely on the use of grey level co-occurrence matrices to segment the image
in regions with similar statistical properties (Pace and Dryer, 1979; Reed and Hussong,
1989). More elaborate classification techniques combine multibeam bathymetry with co-
registered backscatter data in a hierarchically supervised classification scheme, to
segment the seafloor into distinct facies (Dartnell and Gardner, 2004). Other approaches
use the signal envelope instead of the image, analyzing the power spectra (Pace and
Gao, 1988) or the probability density function of the echo amplitude (Stewart et al.,
1994).

All these methods require ground truth to identify the corresponding bottom type.
However, since there is no unique relationship between acoustic signature and seafloor

3
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type, an empirical relationship must be established for each survey site. In order to
produce a true classification system, the physics of the interaction of sound with the

seafloor must be properly understood.

1.2 Interaction of Sound with the Seafloor

Most of the systems used to remotely classify the seafloor fall in the monostatic
case, in which the transducer that receives the returned echo is located in the same
place where the sound wave was generated. The quantification of the returned echo was
first addressed by Urick (1954, p. 233) in terms of target strength, or reverberation
strength, per unit area of the bottom:

It remains now to convert these measurements into some sort of

scattering coefficient of the bottom. [...] Let a sound wave be incident on

a small area dA of the bottom at a certain grazing angle 6. At a distance

of 1 yard from dA back toward the source, let the intensity of

backscattering be /s. Then we will define a coefficient, which may be

called the “scattering strength” of the bottom at angle 9, to be the ratio of

Is to the incident intensity, per unit area of dA. It is convenient to express

scattering strength, referred to one square yard of bottom area, in decibel

units. Thus, scattering strength is the ratio of two intensities and is related

by the factor 21 to the backscattering cross section of a unit area.

In the same experiment, it was observed that backscattering strength is a
function of grazing angle and that this relationship changes with bottom type. In another
experiment, McKinney and Anderson (1964) recognized the dependence of
backscattering strength on the grazing angle, frequency and bottom type, as being of
“primary interest”. However, only when interferometric sidescan sonars and multibeam
echo-sounders became available was it possible to collect acoustic backscatter versus
angle of arrival in a systematic manner. At that moment, the potential of this information

for remote classification of seafloor types was recognized (de Moustier and Matsumoto,

1993).
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One of the components necessary for the use of the backscatter angular
dependency as a remote characterization tool, is a high-frequency acoustic backscatter
model. Acoustic models predict the acoustic response of the seafloor from its physical
and geoacoustic properties. The list of properties can be extensive, due to the fact that
sediments are complex assemblages of a variety of particles, pore fluid, organic matter
and sometimes free gas. When an acoustic wave reaches the seafloor, part of the
energy is scattered back to the transducer due to irregularities at the water/sediment
interface and part is transmitted into the sediment and scattered by heterogeneities
inside and between the first layers. For a given frequency the amount of scattered
energy is mainly dependant on the seafloor roughness, the impedance contrast between
the water and the sediment, and the volume heterogeneities that may exist within the
sediment. All these processes must be taken into account in a comprehensive acoustic
backscatter model. In order to estimate the type of seafloor and remotely characterize its
properties from the angular response, an acoustic model has to be inverted. The Angular
Range Analysis (ARA) (Fonseca and Mayer, 2007), included in the Geocoder software
developed at the University of New Hampshire (Fonseca and Calder, 2005), implements
this concept and represents the newest contribution in physics-based approaches for

remote seafloor characterization.

1.3 Geocoder and Angular Range Analysis (ARA)

The first step in the remote characterization of the seafloor using ARA is to obtain
accurate measurements of backscatter strength. Geocoder radiometrically corrects
backscatter intensities registered by the sonar and geometrically corrects and positions
each acoustic sample in a projected coordinate system, thus calculating the best
estimate of the actual backscatter strength returned from the seafloor.

5
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After the angular response of the seafloor (the variation of backscatter with
grazing angle) has been determined, it has to be linked to seafloor properties by an
acoustic model. Two modified models are implemented in Geocoder's ARA (Fonseca
and Mayer, 2007): 1) a composite roughness model developed by Jackson ef al. (1986)
and 2) an effective density fluid model (Williams, 2001) derived from the Biot theory
(Biot, 1956, 1962).

In the Jackson et al. (1986) model the sediment is idealized as an acoustically
refractive and lossy fluid, and the total backscatter strength is modeled as the sum of
two different processes: interface scattering and volume scattering. The acoustic
response of the sediment is modeled as function of frequency and grazing angle. This
model requires input parameters related to the impedance contrast (sound speed and
density in the water and in the sediment), attenuation (loss parameter), roughness
(spectral strength and the spectral exponent of bottom relief) and volume scattering
(volume parameter).

The Biot theory describes the propagation of acoustic waves in a porous elastic
matrix containing a viscous fluid. Models that consider the full Biot theory require
parameters related to sediment grains, pore fluid and the sediment frame. Williams'
(2001) acoustic propagation model approximates a porous medium as a fluid with a bulk
modulus and effective density derived from Biot theory. The implementation of this
model in Geocoder's ARA requires, in addition to the parameters used in the
implementation of the Jackson’s model, the porosity, permeability and turtuosity of the
sediment.

The inversion of one of the acoustic models implemented in Geocoder's ARA,
which is done by adjustment of the model to the observed variation of backscatter

strength with grazing angle, with model parameters constrained by relations between
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physical and geoacoustical properties of the sediment, results in a physics-based

prediction of seafloor properties.

1.4 Verification of Model Predictions and the Importance of Mean Grain Size

One possible benefit from the use of a remote sensing technique is to minimize
or eliminate the need for ground truth. However, before a remote sensing technique is
generally accepted, we have to make sure that the results accurately describe the real
world within an uncertainty or resolution that satisfies the objectives of the required
application.

The most accurate way of verifying model predictions is the direct measurement
of sediment properties, but this poses several problems. The measurement of
geoacoustic properties like sound speed and attenuation in the laboratory requires
undisturbed samples, but the coring and the sampling process often result in compaction
of the sediment and loss of water. Therefore, measured values may not reflect natural
conditions. Alternatively, measurements can be made in situ using probes pushed into
the sediment by divers, from submersibles or by remotely operated vehicles (Mayer et
al., 2002), but these properties are frequency dependant and the direct measurement
should ideally be done at the same frequency as the one considered in the model.
Another problem arises from the temporal variability of seafloor properties and the
impossibility of continuous measurements.

Some geoacoustic parameters are either very difficult or nearly impossible to
measure (Jackson and Richardson, 2007). For these, the preferred means of obtaining
them is through empirical regressions between geoacoustic and physical properties
(Hamilton, 1972, 1974, Richardson and Briggs, 2004; Jackson and Richardson, 2007).
But the measurement of physical properties is based mostly on core samples and the

7
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determination of properties such as bulk density and porosity, is subject to the same
sampling disturbance described above. These errors can be minimized through
techniques such as the collection of sediments by divers in slabs or in horizontal corers,
or with large box corers (Jackson and Richardson, 2007). Measurement of seafloor
roughness can be accomplished using digital stereo photogrammetry and volume
heterogeneity can be quantified with X-ray computed tomography (Pouliqguen and Lyons,
2004). However, outside designed experiments, measures of seafloor properties seem
difficult to obtain.

Because of the difficulties described above, one of the most commonly measured
properties is grain size, often expressed by mean grain size or sediment type (e.g.
gravelly muddy sand). Jackson and Richardson (2007, p.193 and p.195) comment on
the relation between mean grain size and seafloor roughness:

When seafloor roughness, as represented by RMS roughness, is plotted as a
function of mean grain size, the result is a scattering of points across the
range of sediment types. [...] Sediment mean grain size alone may never
yield the types of predictive relationships for roughness required by high
frequency acoustic models unless the effects and rates of hydrodynamic and
biological process that create, modify and destroy roughness features are
incorporated into predictive relationships.

And between mean grain size and geoacoustic and physical properties of the sediment

(Jackson and Richardson, 2007, p.150-151):

The coefficient of determination, r*, between index of impedance and mean
grain size is much lower than the coefficient of determination between index
of impedance and sediment bulk density or porosity. This lower coefficient of
determination is reflected in the lack of a physical relationship between mean
grain size and either sediment bulk density or porosity. [...] Using values of
mean grain size as an index, especially in the silt-size range, may be very
misleading because of major differences in sorting (standard deviation of the
particle size distribution) or due to effects of compaction and packing. [...]
Given the aforementioned issues, it is perhaps amazing that empirical
regressions between grain size-related parameters and sediment density,
porosity, sound speed, or impedance have any predictive value.

Nevertheless, sediment type or mean grain size are typically used indirectly as

empirical predictors of acoustic behavior, probably because they are the most common

8
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descriptors found in sediment databases and are often the only sediment physical
descriptors available.

An acoustic model may be constrained by relations between physical and
geoacoustical properties of the sediment determined in carefully designed experiments,
but in a real-world application, when an acoustic measurement is made and the model
inverted to remotely characterize the seafloor, there will seldom be any seafloor property
data available to verify model results other than the mean grain size.

In this study, mean grain size as predicted by the ARA is compared with mean
grain size obtained through common methods of ground truth and sediment analysis. Of
particular concern is the use of mean grain size as the object of comparison. Mean grain
size as determined by a remote sensing tool such as ARA is always subject to suspicion
given the above mentioned apparent lack of physical relationship with other sediment
properties used to model the acoustic response of the sediment. However, mean grain
size as determined by common methods of ground truth and sediment analysis cannot
be considered as an absolute value either. It is affected by uncertainties that are present
from sampling to grain size analysis. But most importantly, we have to make sure that
we are comparing acoustic and physical samples in the same place, and this is
particularly true in areas of high horizontal and vertical heterogeneity.

Horizontal variability can be a limitation for ARA, which in its main operational
mode has a spatial resolution limited to half-swath width of the sonar in the across-track
direction, and to a certain number of pings (usually between 20 and 30) in the along-
track direction. Horizontal variability can also be a limitation for ground truth. The spatial
scale of sediment uniformity generally is not known and the size of the sediment sample
and the number of samples may not reflect the local variability. Additionally, the sampler

may not be precisely positioned.
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Vertical variability can led to errors in the comparison between ARA predictions
and mean grain size determined by grab sampling. The penetration of a high-frequency
acoustic wave is only in the order of a very few centimeters (Appendix A), and if the
sediment is layered at a centimeter scale, the grab sampler may transect other types of
sediment in the subsurface that are not being sampled acoustically.

This study was carried out on the Historic Area Remediation Site (HARS), off
New Jersey, because of the large amount of data available and because of the high

spatial variability (the result of anthropogenic actions).

1.5 Historic Area Remediation Site (HARS)

The area of study is located in the New York Bight, northwest of the head of the
Hudson Shelf Valley, six nautical miles east of Sandy Hook, New Jersey, with an
average depth of 25 m (Fig. 1.1). This area hés been a place for disposal of assorted
material (garbage, city refuse, cellar dirt and sediments derived from dredging during the
maintenance, deepening and construction of new channels in New York Harbor) since
the mid-1800s and because of that, very little of the original shelf geology is preserved.
The United States Army Corps of Engineers (USACE) web site presents a brief history

of the HARS (http://www.nan.usace.army.mil/business/prjlinks/dmmp/benefic/hars.htm).
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Figure 1.1 — Perspective view from southeast showing the HARS location. With a size of
approximately nine by eight km the HARS is located in the Christiansen Basin, northwest of the
Hudson Shelf Valley, six nautical miles east of Sandy Hook NJ. Vertical exaggeration: 20 x.

The HARS was established in 1997 through an agreement among the U.S.
Environmental Protection Agency (EPA), the U.S. Department of the Army and the U.S.
Department of Transportation, in an effort to reduce the elevated contamination and
toxicity associated with some of the dredge materials in the area. The HARS comprises
the former Mud Dump Site (MDS) and some surrounding dredged material disposal
areas. It is divided into nine Priority Remediation Areas (PRAs) where remediation
material is to be placed (Fig. 1.2). There is also a Buffer Zone surrounding the PRAs and
a No Discharge Zone, which is an area outside the PRAs where no further disposal is

permitted.
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Figure 1.2 - Historic Area Remediation Site 2006 bathymetry. The HARS comprises the former
Mud Dump Site (MDS) and some surrounding dredged material disposal areas; it is divided into
nine Priority Remediation Areas (PRAs) where remediation material is to be placed.
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When surveyed in September 2006, the central region of the HARS was
dominated by an elevation produced by dumping, running approximately north-south
over depths of 23 to 25 m to the west and 27 to 34 m to the east (Fig. 1.2). The
topographic high in the north between PRAs 1 and 9, 15 m below sea level, is
designated Castle Hill and corresponds to material dumped prior to the 1930’s. In the
center of the region, another elevation at a depth of 15 m is the result of material
dumped between the 1930’s and 1975. To the south, where the shallowest point in the
area occurs, at 10 m depth, mounds almost 10 m high were produced by recent disposal
of dredged material (Butman et al., 1998, 2002).

North of PRA 4, there are several individual features 50 to 100 m long, about 40
m wide and 1 to 2 m high, aligned northwest-southeast. Butman ef al. (1998)
hypothesize that these features are individual dumps from barges. To the northeast,
there is a clay deposition area. Throughout the region to the northwestern corner of the
HARS, there are several features with the same alignment. These may correspond to
historic dumps because the orientation is the same as that taken by vessels when
entering the New York Harbor (Butman et al., 1998; Schwab ef al., 2000).

Two, approximately circular, smooth regions, lie in the south of the site. They
correspond to the capping of dioxin mounds with more than 1 m of clean sand (SAIC,
2005b), the 1993 Dioxin Project (to the west) and the 1997 Category |l Project (to the
east). Between 1997 and 1998 1.83x10° m® of sand were used to cap 0.5x10° m® of
Category |l sediments previously deposited (Butman et al., 2002). Sediments classified
as Category Il meet ocean dumping criteria but present a potential for bioaccumulation
(EPA, 1996).

PRAs 1, 2, 3 and 4 present well-preserved individual mounds that formed from
the placement of remediation material that has been ongoing since 1997. From 1997 to
2000 4.3x10° m® of remediation material were placed in this area. The general
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morphology reflects the placement procedure, which follows sequentially the cells of a
grid in order to obtain a uniform coverage of 15 to 75 cm across the area of the grid.

The deepest area, in the southeastern part of the HARS, is aligned with the head
of the Hudson Shelf Valley and corresponds to a channel 300 to 400 m wide and 2 to 4
m deep. The channel is limited on the northeast by outcrops of southeastward-dipping
coastal plain strata, probably of Cretaceous age (Butman ef al., 1998) and on the
southwest, by a smooth slope. The characteristic morphology of the channel gradually
disappears to northwest. All this area is relatively smooth and probably corresponds to
fine sediments winnowed from the northwest and transported eastward and downslope
toward the head of the Hudson Shelf Valley.

The rock outcrops (Fig. 1.2) probably extend in the subsurface to PRA 6. This is
an area with several topographic highs aligned northwest-southeast, which are
approximately 1 m high. To the north of this region, throughout PRA 9, there are several
circular depressions 30 to 50 m in diameter, up to 0.5 m deep, with a small high in the
center, with the same alignment. These may correspond to dumps of rocky material
(Butman et al., 1998) and/or to the disruption of the subsurface geology. The southwest
corner of the HARS is characterized by long-wavelength bedforms.

The HARS contains a wide variety of sediment types, ranging from clay to gravel,
in a relatively small area. This small-scale variability is particularly suited for a test of the
spatial resolution of the ARA approach. Datasets acquired by Science Applications
International Corporation (SAIC) in 2005 and 2006 were used for this study. Each
dataset consists of a multibeam sonar survey conducted with a Reason 8101 MBES,
Sediment Profiling Imaging (SPI), plan view images, and grab samples. All these data
were acquired over a relatively short period of time, which minimizes the effect of
temporal variability of the seafloor and, consequently, yields a better correlation between
remote sensing and ground truth data.
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1.6 Objectives

The primary objective of this study is to determine the applicability of ARA to an
area with high spatial variability such as the HARS in order to understand the capabilities
and limitations of ARA. Since any acoustically inferred sediment property will need to be
compared to direct measurements, an attempt was made to identify sources of

uncertainty in common methods of ground truth.

Chapter 2 outlines the acoustic methods used to predict seafloor properties in
terms of mean grain size. The ground truth methods used to verify ARA predictions are
detailed in Chapter 3. In Chapter 4, results from grain size analysis and from acoustic
remote sensing are presented, and a comparison is made between the two. A
discussion of the degree of confidence in these results is also included in Chapter 4.
Chapter 5 summarizes the conclusions and suggests new experiments and paths for

improvement.
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CHAPTER 2

BACKSCATTER MOSAICS AND ANGULAR RANGE ANALYSIS (ARA)

2.1 Backscatter Mosaics Assembled in Geocoder

As discussed in Chapter 1, backscatter mosaics have been used to remotely
classify the seafloor, usually through textural segmentation into several classes followed
by ground truth to define attributes for each class. Until the mid 1990s only backscatter
mosaics constructed from sidescan sonar data were available. However, the position
and attitude of the sidescan sonar towfish usually is not known with precision. Also,
backscatter intensities are recorded as a long time series for each side of the sidescan
sonar and there is no information about the angle from where the sound is being
received. This results in an ambiguity when two arrivals from different places reach the
sonar at the same time. Multibeam sonars provide a time series of backscatter values for
each beam in each ping, from which water depth measurements can be extracted. The
knowledge of the precise position and attitude of the multibeam sonar allows the
accurate determination of the position and the geometry of each beam over the seafloor.
However, what is usually recorded by the sonar is not the true backscatter strength but
the backscatter intensity as affected by system settings at the time of acquisition
(Beaudoin et al., 2002).

Geocoder (Fonseca and Calder, 2005) assembles a time series for port and
starboard sides from the backscatter intensity time series of each beam, accounts for

transmitting power, receiver gains and time varying gains applied by the system,

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



corrects for transmitting and receiving beam patterns, as well as attenuation and
spherical spreading in the water column. It also accounts for the range to the transducer,
seafloor slope, transmit and receive beamwidths and pulse length in order to calculate
the area of ensonification. After these radiometric corrections are made, the backscatter
strength is calculated per unit solid angle per unit area. A filter is also applied to remove
speckle noise. Additionally, the geometric corrections account for refraction in the water
column and movement and attitude of the transducer, after which each backscatter
sample is mapped to a mosaic cell in a projection coordinate system. A mosaic obtained
with this process shows the spatial distribution of the best estimates of backscatter
strength, preserving its angular dependence, but as can be observed in Figure B.1
(Appendix B) the mosaic is difficult to interpret.

The final step in the assemblage of a backscatter mosaic is the removal of the
angular dependence of the backscatter. In order to apply the proper correction and
normalize backscatter intensities across the swath, detailed information about
geoacoustical and physical properties of the sediment is needed because the angular
dependency is a property of the seafloor type. If this information could be obtained for
each ping, along the entire swath and vertically into the sediment up to the depth of
acoustic penetration, it would then be possible to build a precise Angular Varying Gain
(AVG) table, different for each ping, and then obtain a truly normalized backscatter
mosaic. Inasmuch as it is virtually impossible to obtain detailed information about the
geophysical properties of the sediment concomitantly with the acoustic survey (and if
that type of information was available, the acoustic survey would not be necessary), it is
common to apply a generalized AVG filter to remove the effect of the backscatter
angular dependence and normalize the acoustic response across the swath. Examples

of the effect of using different AVG filters in the assemblage of backscatter mosaics are
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shown in Appendix B. For different AVG filters, the difference in backscatter values for

the same portion of the seafloor can be greater than 10 dB in certain areas.
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Figure 2.1 — Right. backscatter strength for a portion of the line 06241d27 with all corrections
applied and without AVG to normalize the acoustic response across the swath, the red and green
rectangles overlaying the backscatter mosaic correspond to the patch of the seafloor where ARA
is performed. Left; average angular response for each of the rectangles depicted on the right
panel, the green curve corresponds to the seafloor acoustic response on starboard, the red line to
port side. The blue curve is the modeled acoustic response fitted to the observations on the
starboard side, predicting a muddy sand seafloor. The angular resolution of the method does not
allow correct predictions when the seafloor varies significantly within half-swath as on the port
side, the angular response is a mixing between the characteristic curve of a fine sand/coarse silt
in the near range and coarse sand/gravel for the outer beams.

2.2 Angular Range Analysis (ARA)

The backscatter angular response is an intrinsic characteristic of the seafloor and
is used by the Angular Range Analysis implemented in Geocoder (Fonseca and Mayer,
2007) for its characterization. The analysis is performed for each patch of the seafloor
defined by the half-swath width in the across-track direction and by a stack of

consecutive pings in the along-track direction, normally between 20 and 30 (stacking
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several pings is important to reduce speckle noise), and this determines the spatial
resolution of the method (Fig. 2.1).

From the observed backscatter angular response, a set of ARA-parameters is
extracted, containing the slope and intercept for different parts of the angular response
curve, and the orthogonal distance (the distance of a point to the general trend in an
intercept-slope plane). The variation of these parameters is strongly influenced by
seafloor roughness, impedance and volume heterogeneities, respectively.

As described in section 1.3, two high-frequency acoustic propagation models are
embedded in the software, modeling the angular response for a given frequency as a
function of seafloor properties. Several combinations of seafloor properties may lead to
the same angular response so the acoustic models implemented in the software are
constrained by relations between seafloor properties determined by Hamilton (1972;
1974, 1976; 1978).

The prediction of seafloor properties from the observed angular response is
accomplished by model inversion, iteratively adjusting the model ARA-parameters to the
ARA-parameters calculated from the observations, but not in a free way. The model
ARA-parameters are constrained by the parameters of the forward model that are tied by
Hamilton’s empirical relations.

Given accurate measurements of backscatter strength, the main obstacle for
ARA is the nature of seafloor across the swath, which is assumed to be uniform. One
possibility to overcome this limitation would be to segment areas in the backscatter
mosaic with similar tones and textural patterns (Haralick, 1979) and then calculate
average angular responses for the segmented areas. Fonseca and Calder (2007) point
out that this sort of reasoning is difficult to justify since an assumption about the angular
response of the sediment was already made when building the first mosaic and applying
an AVG filter. In order to combine the spatial resolution of the backscatter mosaic with
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the angular resolution of the ARA, Fonseca and Calder (2007) clustered ARA
parameters as a feature vector in a multidimensional space using an unsupervised
clustering algorithm. Each cluster is expected to represent areas on the seafloor with
similar properties and similar angular responses. This technique implies an a priori
definition of the number of sediment types present in the area.

For highly complex areas like the HARS, it is difficult to define a priori how many
sediment types are present. One possibility would be to take sediment samples on a
dense and evenly spaced grid but that would destroy the purpose of a remote sensing
approach. Another option, although subjected to a priori assumptions about the angular
response, would be to use a backscatter mosaic to define the number of classes, but in
the case of the HARS, the size of the surveyed area compared with the degree of spatial
heterogeneity presents a scaling problem. The area is too big to differentiate classes
and all transitional classes seem to exist. So, the best that can be done is to classify
areas of high and low backscatter. Figure 2.2 depicts the backscatter histogram for the

entire 2006 backscatter mosaic presented in Figure 2.4.

1,400,000

85 {uB)

Figure 2.2 — Histogram of backscatter strength across the HARS using the average between the
two more reliable values that fall within each 1 m cell, as calculated by Geocoder.

If, in a limited area, a marked contrast between different seafloor types can be
observed, it may be assumed that the applied AVG did not mask that limit, but only
harmonized the textural appearance of the deposits. Within each deposit, sediment

heterogeneity may exist but that will not be resolved even with ground truth
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measurements. Therefore, average properties for the deposit must be assumed as much
on the ground truth as on the remote sensing side. For those areas where different
sediment types can be clearly identified, segmenting areas on the backscatter mosaic
with similar tones and textural patterns may be a valid method to determine the average

angular response for each deposit.

Figure 2.3 — ARA in theme mode. In this exampie two themes were defined based on the
observation of the backscatter mosaic, each one is expected to correspond to areas of the
seafloor with similar geophysical properties. For each theme the average angular response is
calculated (green lines). The ARA-model is then fitted to the angular response of each theme
(blue lines) and seafloor properties are predicted. In this example theme 1 corresponds to gravel
and theme 2 to medium sand.

The Angular Range Analysis for a specific area of the seafloor defined by the
user is implemented in Geocoder’'s ARA with the designation “theme mode” (Fig. 2.3).
The first step in the ARA is the manual segmentation of the backscatter mosaic in areas
with similar tonal and textural patterns, called “themes”. Each theme is expected to
correspond to portions of the seafloor with similar geoacoustic and physical properties.
The second step is the calculation of the average angular response for each theme. This

calculation considers all the snippets that fall within each theme, independently of the
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line they belong to, and is not restricted to the half-swath width of the sonar and to a
stack of pings as in the normal mode (Fig. 2.1). The final step, extraction of ARA-
parameters, model inversion and prediction of seafloor properties, follows the same

process as for the “normal mode”.

2.3 Multibeam Data Collection and Processing

Multibeam sonar data was acquired by SAIC onboard M/V Atlantic Surveyor with
a Reson 8101 multibeam system (240 kHz, 101 beams 1.5° x 1.5°) on August 26" to 31%
2005 (SAIC, 2005b) and on August 29" to September 14" 2006. Data was processed by
SAIC and archived in .gsf file format. Bathymetry post processing was done following a
CARIS HIPS processing pipeline.

The backscatter time series for each beam in each ping (snippet) was imported
into Geocoder directly from the processed .gsf files. Since digital numbers on the 8101
Reson system do not represent the true backscatter strength, Geocoder software
corrected for radiometric and geometric distortions and positioned each acoustic sample
in a projection coordinate system (Fonseca and Calder, 2005). The result is the correct
angular response of the seafloor. An AVG filter (option “Trend” in Geocoder) was
applied to normalize the backscattering strength across the swath and the final
backscatter mosaic was produced with 1 m cell resolution (Fig. 2.4 and Fig. 2.5).
Backscatter strength, as normalized by Geocoder when assembling mosaics, is the
average between 35° and 55° grazing angles (Fonseca, L. personal communication,
2007). ARA was applied in its normal mode, averaging a stack of 30 pings along-track to
calculate the angular response for an across-track range of half the swath width of the

sonar. In this study the effective density fluid model (Williams, 2001) implemented in
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