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Abstract—Marginal probability distributions for parameters
representing an effective sound-speed structure of a fine-grained
sediment are inferred from a data ensemble maximum entropy
method that utilizes a sparse spatially distributed set of received
pressure time series resulting from multiple explosive sources in
a shallow-water ocean environment possessing significant spatial
variability of the seabed. A remote sensing seabed acoustics ex-
periment undertaken in March 2017 off the New England Shelf
was designed so that multiple independent analyses could infer the
statistical properties of the seabed. The current analysis incorpo-
rates the measured horizontal variability from interpretations of a
subbottom profiling survey of the experimental area. An idealized
range- and azimuth-dependent parameterization of the seabed is
derived from identification of horizons within the seabed that define
multiple sediment layers. A sparse set of explosive charges were
deployed on circular tracks with radii of about 2, 4, and 6.5 km
with an acoustic array at the center to correlate a set of random
measurements to physical acoustic processes that characterize the
seabed. The mean values of a surface sound speed ratio and a linear
sound speed gradient for the fine-grained sediment layer derived
from 12 data samples processed in the 25-275-Hz band provide an
estimate of the effective sound-speed structure in a 130-km? area.
The inferred sediment sound speed values are evaluated by predict-
ing measured time series data not used in the statistical inference,
and are also compared to historical measurements. Finally, the
low-frequency maximum entropy estimate of the sediment sound
speed along with physical measurements derived from piston core
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measurements are utilized to estimate the sediment grain bulk
modulus.

Index Terms—Maximum entropy, remote sensing, seabed
acoustics.

1. INTRODUCTION

HE purpose of the Seabed Characterization Experiment
T (SBCEXP) 2017 was to infer via remote sensing the physi-
cal characteristics of a surface sediment layer composed of fine-
grained materials in their natural or undisturbed marine state.
This requires evaluating geoacoustic models and quantifying
information content in the measurements and uncertainties in
the inferences made on the seabed parameter values [1]-[16]. A
complicating feature of the environment discussed in this study
is the high level of spatial variability of the seabed layering that
affects the coherent structure of the acoustic field. A central
question for the statistical inverse problem as applied to SBC-
EXP is how to interpret or create the a priori evidence or state
of knowledge from preliminary and ongoing analyses of surveys
of the experimental area made prior to the main acoustic experi-
ment. The interpretation of the existing physical evidence on the
seabed generally leads to the creation of an effective geoacoustic
model, which reflects a potential to infer information about the
parameters from the data samples collected in the experiment.

The focus of this paper is a subset of measurements inspired by
the idea that an acoustic measurement made in a region possess-
ing a high degree of seabed variability, such as those typically
found in littoral ocean environments, can be viewed as a random
sample from an ensemble, and that such experiments should
be connected with the physical phenomena characterizing the
interaction of sound with the ocean waveguide. It is within this
framework of analysis that information content contained in the
acoustic data about the seabed is quantified.

The experimental measurements were made in a 330-km? area
known as the New England Mudpatch (see Fig. 1). The northern
and southern boundaries are defined by east-west shipping lanes.
The region was originally studied by Twichell who reported
a pond of a fine-grained sediment with a maximum thickness
of about 13 m [17]. In preparation for the main 2017 acoustic
field experiment a high resolution bottom profiling survey was
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Fig. 1. New England Mudpatch. Northeast U.S. Shelf seafloor grain size

Source: [18].
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Fig. 2. Piston and vibracore locations and sediment two-way travel time for
surface mud layer. Source: [18].

performed in July 2015 [18]. Also, the U.S. Geological Sur-
vey (USGS) conducted a dense piston core (PS) survey of the
experimental area in 2016 along planned propagation paths for
the 2017 experiment [18]. The acoustic measurements were un-
dertaken from late February to mid April of 2017, during which
the water column possessed only small variability. The rationale
was to mitigate the uncertainty of the water column in the general
statistical inverse problem for seabed characterization.

Fig. 2 shows the PS positions superimposed onto a map of
the two-way travel time inferred from the subbottom profiling
survey. The sediment cores were collected on a main deposition
channel that runs from NW to SE and also on another channel
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Fig. 3. Layering horizons along E-W bottom profiling survey line MP13.
Source: [18].

from SW to NE. Approximately 4500 kg of sediment were
extracted during two days of coring from R/V Endeavor.

Fig. 3 presents an example of seabed layering from the bottom
profiling survey two-way travel times [18]. Several horizons are
color coded for visualization purposes. The first sediment layer
is the fine-grained sediment previously discussed by Twichell
etal. [17]. The mud layer is interpreted to lie between the seafloor
reflection and the high-amplitude mud base reflector. Within the
mud unit, several internal reflectors (mhO to mhtop) are traced,
providing a stratigraphic history of the mud deposition. Below
the mud base is a thin irregular horizon called the sand base (sb)
followed by a deep base (db). Other deep base horizons were
also identified. The layer beneath the fine-grained sediment was
previously identified as a fine to medium sand in [17] from
measured cores and also in the more recent PS survey [19]
where some of the cores penetrated through the fine-grained
sediment layer and into the sand sediment and also from direct
measurements performed by Yang and Jackson during the main
acoustic experiment [20].

The two-way travel time map of the surficial fine-grained
sediment in Fig. 2 and the example of the range variability
of the sediment layering in Fig. 3 demonstrate that the exper-
imental area possesses significant horizontal variability in the
thicknesses of the fine-grained sediment and the deeper sediment
layers. However, one cannot ascertain from Fig. 2 if the variabil-
ity of the two-way travel time includes variability of the sound
speed within the volume of the surficial fine-grained sediment
layer. An initial examination of the subbottom profiling survey
data did not appear to yield specific information on the depth
dependence of the sound speed within the fine-grained sediment.
With regard to horizontal variability, Twichell et al. reported
that the average grain size in the fine-grained sediment mixture
generally increased from west to east across the Mudpatch [17].
It was hypothesized that for an acoustic experiment that covered
alarge enough spatial scale, it might be possible to correlate such
a variability within the volume of the fine-grained sediment with
the measured variability in the acoustic field.

Inspired by Jaynes’ concept of connecting physics to random
experiments [21], a sparse set of MK-64 signal underwater sound
(SUS) explosive sources on circular tracks served as random
experiments of sound propagation along different radials em-
anating from the intersection of the NW-SE and the NE-SW
sediment channels where an acoustic array of hydrophones
was positioned. The data ensemble maximum entropy method
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[22]-[25] employed full waveform inverse techniques on the
measured time series of multiple SUS events in the 25-275-Hz
band to infer the statistics of the sound speed within the mud
sediment over the central portion of the experimental area. The
degree to which prior measurements are utilized in the quantifi-
cation of information content plays a central theme in developing
a seabed parameterization for statistical inference. The current
analysis develops idealized sediment parameterizations made on
the basis of the original Twitchell study [17], the 2015 subbottom
profiling survey [18], a grain size analysis of the 2016 PSs [19],
and direct sound speed measurements of the sediment below the
base of the fine-grained sediment [20]. These parameterizations
reflect an attempt to identify the simplest models supported by
the acoustic data that accommodate the main physics of the
interaction with a generally range and depth-dependent seabed.
The idealized geoacoustic model based on the two-way travel
time survey data consists of two sediment layers over a basement
half-space, where the first and second layers are composed of a
clay—sand-silt mixture and a fine sand, respectively. The range-
and azimuth-dependent sediment thicknesses of the mixed fine-
grained and the sand layers are constrained by the two-way travel
time measurement.

It is demonstrated that a surface sound speed ratio and a
sound speed gradient ambiguity can be partially resolved for
the fine-grained sediment using a three-parameter model. The
main conclusions from the current analysis is that the average
sound speed ratio from all the data samples is on the order
of 0.978. However, the sound speed gradient is large, with an
average value of about 9.5 1/s. This effective gradient might
be representative of a transition layer near the bottom of the
fine-grained sediment where the sediment has an increased
percent of medium sand. To within statistical significance one
cannot detect variability of the ratio and the effective gradient
over an 8-km spatial scale from west to east in the central area for
the Mudpatch. Section I briefly discusses the experimental mea-
surements. Section III describes the maximum entropy method
as applied to the SUS time-series data. Section IV presents the
results of the analyses and also utilizes physical parameter values
derived from the PS measurements to estimate the grain bulk
modulus of the fine-grained sediment. Section V provides a
discussion and conclusion.

II. EXPERIMENTAL DESIGN

The design of an ocean geoacoustic experiment should reflect
the planned methodology that will be used to analyze the data
for their information content regarding the seabed structure.
Here, we adopt Jaynes’ concept that the design of a random
experiment should be closely correlated with the physics of the
phenomena being observed [21]. Fig. 4 shows the experimental
design. Superimposed on the two-way travel time map for the
fine-grained sediment are the positions of acoustic arrays and
SUS MK-64 sources.

The design of the circular deployments was based in part
on the assumption that each radial from the acoustic array at
the center to a point on a circle of radius R represented a data
sample drawn from the same but an unknown energy spectral

@ Sus deployment stations (5 SUS per station)

40°28'N
\ A 10 500 v

V. [ fahes P g s
“" dbi

70°45'W 7o°35 W 7o°3o W

70°40'W

Fig. 4.
content.

Experimental design based on Jaynes’ concept to quantify information

density (ESD) distribution of the mud sound speed. The idea
adopted was that for a region near the center of the mud pond, a
single ESD might be representative of the statistics of the sound
speed because the water column deposition mechanics would
be similar. Such an experimental design for a seabed acoustic
experiment has been previously discussed in [26]-[28].

During March 17-18, 2017, five MK-64 SUS were hand-
deployed at each SUS deployment station in 20-s intervals
off the stern of the RV Neil Armstrong. The total number of
successful deployments was 176. The nominal detonation depth
was about 18.3 m. The method of deploying the MK-64 sources
was convenient because a hand-held global positioning system
recorded the deployment positions to within a few meters of
accuracy.

III. STATISTICAL INFERENCE METHODOLOGY

This section discusses the details of the statistical remote
sensing methodology used in the analysis of the SUS data for
their information content on the properties of the fine-grained
sediment. At the center is a statistical waveform inversion
method. Waveform inversion methods have played an important
role in remote sensing in shallow water environments [29]-[31].

A. Error Function

Connecting the physics of the seabed to N random SUS
time-series measurements ((Pp),(t) :n=1,2,3,...,N —
1,N) starts with the concept of a cost or error function
E,.((Pyv)(0,75),(Pp)n), where (Pp)(0,7s) is a simulated
time series that depends on an effective model representation
M of the waveguide where the hypothesis vector  contains a
subset of these parameters that are viewed as random. The error
function used in this study is the square error

E(Pa(0,7), Pp) = 5 3" (Po(te) = Par(0, b +7.(0))?
k
D

where the sum is over the discrete time samples. This error
function is consistent with a likelihood function whose func-
tional form assumes that the statistics of the error function are
Gaussian [8], [12]. The time shift 75(6) is determined for each
hypothesis 6 such that = is minimized where

(1]

_- % ‘/dtPM(t)PD(t—FTS) )
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and

Q= \/ / dt P (t) / dtP3(t) 3)
such that 7, () aligns the modeled and measured time series to
a reference set of arrivals observed in both the measured and
modeled time series. In the current study, the reference arrivals
are the first 2—3 pressure peaks in the time series. In a sense this
constraint on the error function is based on a feature analysis of
the measurement. A feature constraint as used in this analysis
refers to a part of a measurement that the model is required to
fit.

In practice, Pys is a band-limited Fourier transform of the
product of a Green’s function satisfying the inhomogeneous
wave equation for an idealized point source waveguide boundary
conditions with the MK-64 source function S(f) [32], [33]

P]VI(rv 97 ta ts) = /dfG(Ta 03 f))S(f)exp(f2mf(t + ts))

“
such as that provided by the finite difference range-dependent
parabolic equation algorithm (RAM-PE) developed by Collins
[34].

B. Maximum Entropy

Jaynes’ maximum entropy method as applied to data ensem-
bles [24], [25] provides a means to compute a conditional poste-
rior probability distribution for each data sample, P(H|Pp, M).
In a Bayesian approach, the parameters in the hypothesis space
are viewed as nondeterministic and thus random. Frequentist
statistics are based on estimating ¢ and then using this estimate
for all further predictions [35]. Frequentist methods assume that
the true value @ is fixed (deterministic) but unknown. In the
frequentist perspective, the point estimate 6,, is viewed as a
random variable because a data set sample is also viewed as a
random selection from a probability distribution. In a frequentist
approach, a point estimate for 6, such as provided by 0, where
0 € 0 such that E(f) < E(0) for all § is nondeterministic since
the data are random. However, individual point estimates cannot
be assigned an uncertainty.

The goal of Bayesian reasoning is to infer from the measure-
ments the conditional probability distributions P(6,,|D,,, M).
Employing the Kullback relative entropy functional [36]

P(0|Dy, M)

P(0, M) )

S, = / d0P(0|D,y, M)In
the conditional canonical probability distribution was previously

derived [24]. The result is the canonical distribution [37]

exp[_BnEn(env Dn)]
Zn

P(6,| Dy, M) = P(6,,, M) (6)

where Z,, and [3,, are analogous to the partition function and the
Boltzmann factor, respectively, with

Z(8,) = / AHP(H, M)expl—nEn (0, Do) (D)
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and where [3,, is determined by solving the constraint integral
equation

exp|—BnFE(H, D,
< E,>= /dH pl Zn(ﬂ(n) Vg0, D) ®
The new idea put forth in [24]was finding an estimate for the
constraint < [,, > so that 3,, could be determined. Bilbro and
Van den Bout [38] rewrote (8) as an integral over a continuous
space of data samples D’

< B, >= / dD'P(D'|6(D,.), M)E(B(D,,). D) (9)
which was then estimated in [24] as

1 R
<En >~ 5 ZE(9mDy‘) (10)
J

where j =1,2,... K — 1, K.

The interpretation made in the data-ensemble maximum
entropy concept is that 3, for a given inference using
D,,, has contributions from all the random data samples,
Dy, Ds,...,Dyn_1,Dy.From a statistical mechanics perspec-
tive 3 is the Boltzmann factor of 1/kT in exp(—S5(E — Ejp))
where F/ > Fj and F and E represent energy states accessible
to the system and the ground state, respectively. If one considers
the analogy where E) is the inversion solution (é ), an increase
in 3 decreases the likelihood that there are solutions other than 6.
Thus, for a given data sample, 3 is a measure of the uncertainty or
in other words [3 is proportional to information content contained
in P D-

IV. GEOACOUSTIC MODEL AND PARAMETERIZATION

Initialization of an inverse problem requires addressing the a
priori state of knowledge about the seabed, a suitable seabed
model parameterization, and the definition of a data sample
that can adequately support the selected model representation.
Furthermore, a suitable model-data error function needs to be
defined that can optimize information content. A governing
guide in initializing the statistical inverse problem is the need
for dimensional reduction of the parameter space, which is
instrumental in avoiding over fitting the data with the model
and thus mitigates the generalization error [35]. In this study,
these goals are accomplished by utilizing the prior state of
knowledge provided from the survey data [18]-[19], the litera-
ture, and sensitivity studies. Dimensional reduction then leads
to the concept of an effective representation of the seabed;
namely a representation that may have qualities that are not fully
consistent with the true seabed structure.

This section discusses an idealized geoacoustic model of the
seabed that may be suitable to provide useful information content
about the physical properties of the fine-grained sediment from
the acoustic measurements in the water column. The idea was
to start with a best guess for a model representation that the
measured data could support, and to then, using trial by error,
make changes that had the potential to improve the consistency
of information about the seabed that could be inferred from the
statistical approach applied in the current work.
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TABLE I
GEOACOUSTIC PARAMETERIZATION AND PROPOSED UPPER AND
LOWER BOUNDS

H Parameter units lower bound upper bound H
C1(Z=0) % 1400 1485
9 1 0 20
p1(Z=0) gcem—3 1.25 2.0
a1(Z=0) 4B @ikHz 001 0.01
€1 1.8 1.8
Co(Z = Hy) % 1630 1670
P2 gem™3 1.8 1.8
o 9B @ 1kHz 032 0.32
€2 1.8 1.8
Cp(Z = Hy + H>) m 1700 1800
PB gcem™3 2.0 2.0
ap 9B @ 1 kHz 0.5 0.15
€B 1.8 1.8

On the basis of the assiduous Twichell analysis and the more
recent PS data by Chaytor [19], the fine-grained sediment in the
Mudpatch may be characterized as a sediment that lies between
a clayey silt and sand silt. From the PSs analyzed thus far in the
central section of the Mudpatch the porosity in the first 2-3 m is
about 61% and the density 1.6 g cm 3. A notional geoacoustic
model for the central portion of the Mudpatch is given in Table 1.
It consists of a layer of a fine-grained sediment defined by a
surface sound speed C'i7, a linear sound speed gradient ¢, a
constant density p1, an attenuation oy, at the top of the layer,
an attenuation at the bottom of the layer oy, an attenuation
exponent €1, and a sediment thickness H;. Beneath the surface
layer is a homogeneous layer of sand defined by Cs, pa, aa,
€2, and Hs. Beneath this second sediment layer lies an infinite
basement half-space defined by C'g, pp, ap and an attenuation
exponent €p.

To first order, there are two aspects of the fine-grained sed-
iment that we want to infer information; the sound speed at
the surface of the sediment C 7 or equivalently the sound speed
ratio R; and an effective linear gradient g; . It is assumed that for
a given propagation track between the source and the receiver,
Cyr is independent of range. Furthermore, since no specific
information has been provided as of the time of this study on
the depth dependence of the sound speed in the fine-grained
sediment, it is assumed to linearly increase with depth

C(z) =Cir+ g1z, 0<z<H (11)
with g; > 0. Thus, the bottom sound speed of the sediment is
Cipyr=Cir+ g1Hi(r) . (12)

This assumed linear increase of the sound speed is intended to
capture the difference in sound speeds at the top and bottom
of the fine-grained sediment without introducing additional pa-
rameters that could potentially provide a more physical depth
dependence of the fine-grained sediment. From an information
content perspective, seeking a higher level of information about

the details of the depth dependence may result in an overall de-
crease of inferred sound speed information about the sediment.
The attenuation A(f) in all the layers has the functional form

A(f) = a(f/1000)° (13)

where f is the frequency in hertz. To first order, density gradients
have previously been shown not to be important in seabed
reflection coefficient studies at the lower frequencies [39], and
as such the densities in each of the layers are assumed con-
stant. Generally the important physical effects on the reflection
from the seabed are due to the density contrast between layer
interfaces. One note of caution is that the transition from the
fine-grained sediment layer to the fine to medium sand layer
may not be well-represented by a simple layer interface adopted
in this study. Previous studies have examined the effects of a
density gradient for such a sediment [15].

The measured two-way travel time Tiayer (7, (), Where 7 and
¢ are the source range and azimuth coordinates relative to a
receiver, acts as a constraint for layer sediment thickness for
hypothesis values of C', g1, and Cs. The constraint relationships
are

Futr) = 2/~L1(7‘,003)T— 2 1
(r) =~ (15)
with C17 and Cs in meter per second and 7 in millisecond.
Ha(r) = 2,@%79) (16)
pa(r) = —s (7

where 7 is the two-way travel time for the fine-grained sediment
layer and 7 is the sum of the two way travel times for the two
sand layers beneath the fine-grained sediment layer.

The parameter bounds of the fine-grained sediment layer
were established from the literature and preinversion sensitivity
studies. Buckingham compared a prediction of porosity versus
sound speed ratio (R) using his grain-shearing seabed acoustic
theory to measured data [40]. For a porosity of 60%, the lowest
R value is 0.950 and the highest is about 1.01. For the measured
bottom water sound speed of 1469.5 m/s, this gives upper and
lower bounds of about 1400 and 1485 m/s for the surface sound
speed, respectively. Typical sound speed gradients for soft deep
sea sediments are about 1.8 1/s [41]-[42]. However, preliminary
modeling of the measured waveform strongly suggested higher
sound speeds at the base of the fine-grained sediment caused by
a rapid increase of the sound speed with depth. In an attempt
to capture the possible existence of higher sound speeds in the
fine-grained sediment the lower and upper bounds for the sound
speed depth gradient were placed at 0 and 20 1/s, respectively.
For a sediment composed primarily of clay a corresponding
density is about 1.25 g cm ™3, whereas for a high sand content
the density could be as high as about 2.0 g cm™3. Thus, the
lower and upper bounds of the fine-grained sediment density
were selected as 1.25 and 2.0 g cm 3, respectively.
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The bounds of the sound speed in the sand layer Cy were
determined from the measurements made by Yang and Jack-
son [20] using an in situ measurement device that operated in
the 2—10-kHz band. The mean value of the sound speed for the
sand was 1650 m/s with a standard deviation of 20 m/s; hence
the assumed lower and upper bounds of 1630 and 1670 m/s.
The mean value corresponds to a fine sand classification. These
sound speeds are consistent with the grain size measurements
made by Chaytor [19], who determined from an assembly of
81 samples from the sand layer an average value of the grain
size of 2.055 ¢ or 0.256 mm which corresponds to a fine sand
classification. The assumed density for the sand is that of a
fine sand. The inference of the attenuation and the attenuation
frequency exponent have long been a subject in remote sensing
of the geoacoustic structure in littoral ocean environments [25],
[43]-[54]. The assumed sand attenuation and attenuation expo-
nent values are those previously reported by Zhou et al. for an
effective geoacoustic model for a fine-sand sediment [51].

V. RESULTS

The results of the application of the data-ensemble maximum
entropy approach to analyze the SUS data are now presented.
Two cases are shown, first, the five-parameter model that utilizes
six SUS time series samples over a 0.40-s time window on the
2-km circle and second, a three-parameter model that utilizes six
SUS time series samples over a 100- and 130-ms time window
for the 2 and 4-km data samples, respectively. The bandwidth
of the modeled and measured time series is approximately 25.1
to 275.2 Hz. Then, for each hypothesis point in the parame-
ter space, the modeled transfer function is computed for 320
frequencies and is then convolved with the semiempirical SUS
source function to produce the modeled pressure time series. For
the six 2-km data samples and the six 4-km data samples, the
parameter hypothesis space is sampled until convergence of the
marginal distributions was obtained. Here, convergence refers
to adding more samples in the multidimensional integrations
and observing that the marginal distributions remain qualita-
tively unchanged. In the three-parameter model, this took about
15 000 samples. For the five-parameter model about 25 000
samples were required. Computations were made on two four-
processor machines with 32- and 64-GB RAM, respectively.
Run times on a single processor were about five days to compute
15 000 samples of the parameter space for an SUS data sample on
the 2-km circle. Since the run time for RAM-PE is proportional
to range, the run times for the 4-km case was about ten days.
The Pade’ coefficient for RAM-PE was set to three.

The decision for the 25-275-Hz processing band and the limit
to doing inversions only out to the 4-km circle was made in part
to mitigate a large amount of electronic noise present on the
L-array that became increasingly problematic with increasing
source—receiver range. Still there exists a noisy portion of the
signal approximately between 210 and 230 Hz. It appears that
this was not a significant issue for the inversions presented in this
study. With that said, the presence of noise generally degrades
an inversion result and can cause generalization errors when
methods to protect against over fitting are not implemented.
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Fig. 5. Comparison of measured time series for SUS station 37 with modeled
using five-parameter inversion solution. Inset shows expanded time scale.

A. Five-Parameter Model

Fig. 5 shows a typical comparison of the measured pressure
time-series data that results from a deployment of an SUS
explosive charge on the 2-km circle to a modeled time series that
uses an inversion solution. For SUS 37 the inversion solution is
(Cyr = 1432.1 m/s, g1 = 9.26 1/s, Cy = 1653.3 m/s, p1 =
1.76 g cm ™3, and C3 = 1868.7 m/s). The source—receiver range
for SUS 37 is 2.036 km. The enlarged portion is approximately
the time window that includes arrivals mainly composed of that
portion of the acoustic field that is confined to the water-column
and the fine-grained sediment. The first two peaks in time series
were present for all the data for both the 2- and 4-km samples.
The cross correlation over the time window of these two arrivals
[see (2) and (3)] was used to infer 75 for each point sampled
in the five-parameter hypothesis space of F(Py(0,7s), Pp).
The higher order modes (vertical angles) become increasingly
sensitive to the sound-speed structure of the sand layers and
half-space. For example, the large low-frequency Airy phase
arrival is especially sensitive to the thickness of the sand and the
basement sound speed. The Airy phase was recently discussed
by Wan et al. for long-range SUS deployments made during the
Mudpatch experiment [55].

The comparison in Fig. 5 suggests that the source levels, with
which the modeled transfer function is convolved, are too low,
but not low enough for the error function to be sensitive to
physical parameters that affect the coherent multipath arrival
structure. However, one might expect that errors in the assumed
source level could bias inference of such parameters as the
density and the attenuation. Table II provides the error matrix
E(G;L, D). The diagonal elements correspond to the cost value
at the inversion solution for each of the data samples.

The components that define the rows of the error function
matrix are averaged to compute < E > for each data sample
[see (10)], which in turn allows for 3 to be computed via (8).
Evaluating the multidimensional integrals in (5) and (6) then
provide the conditional posterior distribution from which the
marginal probability distributions are obtained via numerical
quadrature over the dummy variables.
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. TABLE II
E(0,,Dj) (X 1019) FOR SUS DATA SAMPLES WITH 0.4-s TIME WINDOW ON
2-km CIRCLE FOR FIVE-PARAMETER REPRESENTATION OF THE SEABED

Data sample n =~ 37 39 40 41 42 43
37 2.58 293 350 3.30 276 2.98
39 3.60 333 390 422 359 3.55
40 338 440 293 3.66 3.94 449
41 394 459 3.66 322 444 425
42 3.04 3.18 3.70 3.51 293 322
43 3.72 327 420 4.63 3.50 3.10
C,r(mls) g,(1/s) C, (m/s) pi(@em?3)  Cy(m/s)
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Fig. 6. Marginal distributions for SUS stations (a) 42, (b) 39, (c) 40,

and (d) 41.

Fig. 6 displays examples of marginal probability distributions
for the five-parameter model using the 2-km acoustic data. The
distributions for Cy were generally flat due in part to the assumed
narrow bounds based on the reported measurements made on the
sand by Yang and Jackson [20] and Chaytor [19]. The solid red
lines on the marginal distributions denote the average values
< X > of the parameter X of the distributions and the dotted
lines denote the values < X > +o0x where ox is the standard
deviation. The data samples derived from the SUS 39 and SUS 42
events are examples where Cyp and gy are well-resolved in
that symmetrical peaks in the marginals are observed, whereas
data samples derived from the SUS 41 and SUS 40 events

R TABLE IIT
E(0n, Dj) (X 10'®) FOR SUS DATA SAMPLES ON 2-km CIRCLE

Data sample n 37 39 40 41 42 43
37 0.265 0.624 1.18 148 0.547 0.540
39 100 6.64 12.17 1154 790 6.76
40 6.73 680 3.88 483 589 537
41 6.68 830 511 449 560 631
42 577 574 790 826 508 559
43 784 720 806 7.60 7.0 6.79

are examples where Cy7 and g1 are poorly resolved in that
symmetrical peaks in the marginals are not observed and the
distributions are generally wide. The marginals for SUS 43 and
SUS 37 events (not shown here) are similar to SUS 41 and
SUS 40 in that the information content on the physical parameter
values for the fine-grained sediment is low.

B. Inference Using three-Parameter Model in 0.1-s Time
Window

During the course of the statistical inference analysis, it was
discovered that the time-series arrival structure in a 100-ms
time window for the 2-km data samples (see Fig. 5) and a
130-ms time window for the 4-km data samples was sensitive
to both the sound-speed structure of the water column and
the fine-grained sediment layer, and that the sensitivity rapidly
decreased for parameters characterizing the sand and basement.
This suggested that by carefully choosing the time window of
the data samples one could mitigate the ambiguity between the
fine-grained and the sand and basement parameters evident in
the marginal distributions in Fig. 6.

Furthermore, while the mean average of p; from all six
distributions is about 1.68 g cm~3, which agrees with the value
of 1.6 g cm~3 from the PSs, the majority of the p; marginal
distributions are not symmetric with the peak values occurring
near the upper boundary of 2.0 g cm 3. In such cases, one should
exercise caution in the interpretation of the statistics as generally
< p1 > is less than the peak values of the marginals.

On the basis of the observation about the sensitivity of the time
series in the 100- and 135-ms time window for the marginal dis-
tributions for p1, it was hypothesized that an increased amount of
information with minimal bias for C'y7 and g, could be achieved
with dimensional reduction [35] whereby the error function is
summed only over the 100-ms and 135-ms time window arrivals,
and p, is held fixed at its experimental value of 1.6 g cm 3. The
value of Cp is also held fixed (1800 m/s) since, as previously
discussed, its affect on the mode 1 arrival structure is negligible.
Thus, the three-parameter model consists of the parameters of
ClT, g1, and Cg.

Tables III and IV provide the error matrix E(6,,, D;) for the
three-parameter model for the data samples on the 2- and 4-km
circles, respectively. The same numerical steps as discussed
in Section V-A are employed here to compute the marginal
probability distributions.

Authorized licensed use limited to: UNIVERSITY OF DELAWARE LIBRARY. Downloaded on September 29,2021 at 13:53:59 UTC from IEEE Xplore. Restrictions apply.



168

R TABLE IV
E(0y, Dj) (x 10'6) FOR SUS DATA SAMPLES ON 4-km CIRCLE

H Data sample n 44 45 47 48 49 50 H
44 479 597 509 556 636 7.25
45 377 245 424 260 3.67 553
47 430 6.10 4.056 558 651 4.60
48 6.63 654 700 59 652 859
49 6.80 661 7.59 635 555 9.84
50 600 9.66 690 731 444 3.65
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Marginals for SUS stations (a) 42, (b) 39, and (c) 40.

probability density
probability density
probability density

1400 14501485 0o 10 20 1400 14501485 0 10 20 1400 14501485 0 10 20
sound speed (m/s) gradient (1/s) sound speed (m/s) gradient (1/s) sound speed (m/s) gradient (1/s)

@) (b) ©

Fig. 8. Marginals for SUS stations (a) 44, (b) 47, and (c) 49.

Figs. 7 and 8 show examples of the marginals for C17 and
g1 for data samples on the 2- and 4-km circles, respectively,
and Tables V and VI present the statistics. While not all the
marginal distributions are perfectly symmetric, it was observed
that in most cases the average values were generally close to
the peak values for both C17 and g;. For example, the largest
difference of Ax = |max of P(X)— < X > | for all the data
samples on the 2- and 4-km circles is about 5 m/s for Cyp and
1 1/s for g;. Both of these largest differences are much less than
the standard deviation for the parameter values.

Fig. 9 summarizes the main results of the analysis. It shows an
average and a standard deviation of C7/1469.5 and g, inferred
from 12 data samples corresponding to the deployment of the
SUS on the circles of 2- and 4-km radius.

IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 45, NO. 1, JANUARY 2020

TABLE V
< E >, 3, AND AVERAGE AND STANDARD DEVIATIONS FOR
THREE-PARAMETER MODEL FOR DATA SAMPLES WITH 100-ms TIME WINDOW
ON 2-km CIRCLE

HData sample < F > B8 <Cir><g1>00c,; 0gq
37 7.73x1017 1.80x10~17 14423 94 183 3.8
39 9.17x10'8 1.40x10~17 14323 10.08 204 5.0
40 5.58x1018 0.30x10~17 14372 12.60 22.8 48
41 6.08x1018 0.55x10~17 14367 126 20.8 48
42 6.89x1018 0.53x10~17 14487 79 19.0 3.6
43 7.43x1018 1.79x10~17 14372 109 204 4.1
TABLE VI

< E >, B, AND AVERAGE AND STANDARD DEVIATIONS FOR
THREE-PARAMETER MODEL FOR DATA SAMPLES WITH 130-ms TIME WINDOW
ON 4-km CIRCLE

HData sample < E > B <Cir ><g1>00,7 0gy
44 5.84x10'8 5.0x1071® 1433.1  10.1 192 438
45 3.71x10'8 6.14x10~18 14283 9.7  20.1 45
47 5.26x10'8 5.3x1071® 14408 89 195 3.8
48 6.87x108 5.90x10~ 18 14313 9.8 202 5.2
49 7.12x10%8 3.37x10~ 18 14330 8.1 188 53
50 6.32x10%8 1.88x10~18 14354 64 215 42

40°30'N

0.977+0.014
10941

40°28'N % - e x
4. A58 0.978% 0.016
12648
-

T
0.982 £0.012 ]
0.975+ 0.014 . 94+38 A
10.1£5.0 >
T

40°26'N - N

0.97;; 0.014 5

40°28'N % ’ g

Leg 09812001

P~ o Il W ARLUT L-Amay|

N/ 0.973£0.014 » UDELVLA

£ 9.7+45 ) _FAHA
70°30'W

40°26'N

70°45'W 70°40'W

Fig. 9. Summary of averages and standard deviations for sound speed ratio
and sound speed gradient of fine-grained sediment for data samples on (a) 2-km
and (b) 4-km circles.

For all 12 data samples on both the 2- and 4-km circles, the
spread of the average sound speed ratios is 0.973 to 0.985 and the
spread of the average sound speed gradients is 6.4 to 12.6 1/s. For
all 12 data samples on both the 2- and 4-km circles, the spread
of the standard deviations of the sound speed ratios is 0.012 to
0.016 and the spread of the standard deviations of the sound
speed gradients is 3.6 to 5.3 1/s. From Fig. 9, an approximate
point estimate for the sound speed ratio and sound speed gradient
over the central area of the Mudpatch are the mean values of
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Fig. 10.  Comparison of measured time series for SUS station 54 with modeled
using maximum entropy determined values.

the average values, 0.9775 and 9.5 1/s, respectively. Using the
measured bottom water sound speed of 1469.5 m/s, the point
estimate for Cyp is 1436.4 m/s. Also, the two-way travel time
of the fine-grained sediment at the central array is 15.2 ms, and
from (14) and (15), Hy(r = 0) = 1.3 m.

Fig. 10 shows a model-data comparison of the pressure time
series for the SUS 54 event, which lies on the 6.5-km circle.
The model inputs are the mean values of the three-layer model
established from the maximum entropy analysis of the SUS
data samples on the 2- and 4-km circles. There is qualitative
agreement, which shows the ability of the model to correctly
predict the coherent multipath structure and the increase in the
time spread of the signal that results from modal dispersion.

C. Comparison to Historical Measurements and Estimate of
Grain Bulk Modulus

Itis desirable to compare the maximum entropy point estimate
of the sound speed ratio value of 0.9775 determined in the
25-275-Hz band (center frequency of 125 Hz) to historical data
and to also infer the grain bulk modulus. To this end, several of
the PC collected within the circular SUS transects were analyzed
for grain size and porosity. PSs 9, 14, 15, 17, 19, 21, 26, 29,
33, 36, 38, and 40 were analyzed for porosity and PSs 9, 15,
21, 24, 31, 33, 36, 38, and 40 were analyzed for grain size.
See Fig. 2 for the core locations. These cores indicate that the
sediment in the center of the mudpatch consists of silt, clay,
and sand with both horizontal and vertical spatial variability.
Silt is typically the dominant constituent but sand can become
dominant as depth increases. An extreme case of the latter is
shown in Fig. 11, where PC15 (collected near the center of the
SUS transect circles) exhibited a sharp transition to primarily
sand at 200 cm below the seafloor (bsf). A more typical example
for the center of the mudpatch is PC31, also shown in Fig. 11,
collected about 1 km south of PC15, where silt represents about
50% of the sediment by weight at all depths. Clay is the next
most-dominant constituent in the upper layers, at about 30% by
weight, but the relative proportion of clay decreases with depth
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Fig. 11.  Grain size fractions by weight for gravel, sand, silt, and clay are
shown versus the depth beneath seafloor for PSs 15 and 31. PC31 is a typical
core for the experimental site, whereas PC15 shows a sharp increase in sand
content below 200 cm.
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Fig. 12.  Mean grain size (left) and porosity (right) versus depth for all cores
is shown. The thicker curves are for PC15, illustrating how the sharp increase in
sand content below 200 cm is expressed as a sharp increase in mean grain size
(a decrease in ¢) and a somewhat less sharp decrease in porosity. The sediment
properties are more uniform across all cores above 200 cm bsf with variability
increasing with depth.

while the relative proportion of sand increases. Gravel-sized
particles typically represented less than 1% by weight in all
cores.

Mean grain size and porosity for these cores is shown in
Fig. 12. The effect of the increased sand content below 200 cm
in PC15 (thicker curves) can be seen as sharp decreases in ¢ and
porosity. These results indicate that the upper 200 cm is more
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Fig. 13.  Dependence of sound speed ratio on porosity and mean grain size

is shown. Historical data collected by Buckingham (2005) is shown with solid
black circles. The solid lines are polynomial fits to the data. The present average
of upper layer sound speed inferences within the center of the mudpatch (a sound
speed ratio of 0.9775) is shown with the @ symbols at the mean porosity and
mean grain size observed within the upper 200 cm of the PSs. Figure adapted
from Ref. [56].

uniform, while spatial variability increases as depth increases.
The mean grain size averaged across these cores between 0 and
200 cm bsf is 6.33¢, which is equivalent to 12.4 1 m diameter.
The standard deviation of the core mean grain diameter was
2.0 pym. The mean porosity averaged across these cores between
0 and 200 cm bsf was 0.612 with a standard deviation of 0.02.
These mean grain parameters were used to compare the global
inferred sound speed ratio (0.9775) to historical sound speed
measurements in Fig. 13. The sound speed data shown in Fig. 13
is that collected in [56, Figs. 8 and 10]. The solid lines are
polynomial best-fit curves to the data. The results of the present
work are shown with the & symbols, and they are generally
consistent with the historical data, but fall near the lower sound
speed limit of the historical data, and below the best-fit curves. It
is important to note that since the historical data were obtained at
higher frequencies as compared to the current inference result,
one might ascribe the generally lower sound speed value to a
frequency dispersion mechanism such as that predicted by the
viscous grain shearing model [57].

We utilized the aforementioned measured physical properties
of the PS measurements made by Chaytor [19] to estimate the
sediment bulk grain modulus. To this end we identified the
ME point estimate as the Wood/Mallock sound speed ¢y from
Wood’s equation [58], [59], which is the low-frequency limit
of the sediment sound speed. A note of caution is that since the
mud surface sound speed estimate was made using acoustic data
in the 25-275-Hz band this sound speed assignment is only an
approximation and can thus lead to a bias in estimating the bulk
grain modulus. The Wood/Mallock sound speed is

Ky
Co — —

Po

(18)
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where
1 N (I1-N)
= + 19
CORRCHRNTS )
and
pOZpr+(1_N)pg (20)

where N, py, pg, Ky, K, are the sediment porosity, the den-
sity of seawater, the sediment grain density, the seawater bulk
modulus, and the sediment grain bulk modulus. The average
value of N, pg, and the grain size in the central region of
the Mudpatch are 0.612, 1600 kg/m3, and 6.33¢ (124 p m
diameter), respectively. The value of pg is the same value used
for p; in Section V-B; namely it is the experimental value of the
mud density. It is assumed that the pore fluid is seawater with
pw = 1030kg/m? and K, = 2.2242 GPa. Solving for p,, in (20)
gives py = 2499.1 kg/m3. Then, (18) gives Ky = 3.3014 GPa.
From (19), K, is approximately 13.98 GPa, which is character-
istic of kaolinite.

VI. DISCUSSION AND CONCLUSION

In March—April 2017, acoustic remote sensing measurements
were made in an area called the New England Mudpatch for the
purpose of inferring the physical properties of a fine-grained
sediment with a large degree of horizontal variability over a
360-km? area. This paper focused on an analysis of a portion of
the acoustic data generated by the deployment of SUS MK-64
explosive sources on two circular tracks of 2 and 4 km with an
acoustic array at the center. A maximum entropy method utilized
full waveform inversion of the received pressure time series
from multiple data samples to infer the marginal probability
distributions for the surface sound speed and a sound speed
depth gradient of the fine-grained sediment. The sampling of the
range and azimuth-dependent layer sediment thicknesses were
constrained with a two-way travel time survey of the experimen-
tal area that related sediment thickness to sound speed in the
various layers. The range-dependence along each propagation
path was adequately addressed with a finite element PE equation
methodology. The application of the maximum entropy method
to 12 SUS data samples resulted in a point estimate of the sound
speed ratio of the fine grained sediment of about 0.9775 or a
surface sound speed prediction of about 1436.4 m/s. The solution
was also characterized by a large sound speed gradient, about
9.5 1/s. The USGS PS measurements were combined with the
ME estimate of the sound speed that provided the estimate of
13.981 GPa for the grain bulk modulus, which is characteristic
of kaolinite.

The characterization of the fine-grained sediment in the New
England Mudpatch appears significantly more complicated than
thick sediments. It possesses a high degree of spatial variability
that motivated the use of an effective geoacoustic model. The
effective sound speed gradient in the mud layer remains may
be the most perplexing characteristic in the SUS analyses. The
large gradients were clearly much higher than what one might
expect from deep sea thick mud sediments [41], [42] and from
other shallow water areas where the mud was known to have a
significant thickness. In such cases the expected gradients are
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1-2 1/s. An early preinversion observation was that if one did
not assume a linear gradient, then the inferred sound speed ratio
was around unity. There is a natural ambiguity between surface
sound speed and the gradient. But, as was found the gradients
appeared to have a limit as to its size, and distributions were
found for sound speed and gradient parameter values.

Because inversion solutions are by definition an effective
geoacoustic profile, it is possible that the sound speed gradient
does not have a physical basis. However, it is useful to try and
attempt to see if there is a correlation between an effective
parameter value and a physical description of the sediment. At
the risk of some speculation, possible insight into the inferred
sound-speed structure comes from some of the analysis on PSs,
suggesting that there is a 2-3-m transition interval above the mud
base that is a combination of silt and clay and medium-coarse
size quartz where the concentration of the sand increases rapidly
with increasing depth in the interval. This transition interval is
not of a fixed thickness and can be anything from absent to
several meters in thickness, depending on the location. Shells
and shell fragments of various sizes are present through this
interval. Below this is medium-coarse sand that varies in compo-
sition between 75% and 90%. Goff et al. [18] also provide some
evidence of the existence of a transition layer 2-3-m above the
mud base from an impedance analysis of the horizons within
the mud layer. A preliminary geological interpretation of the
apparent increase of acoustic impedance above the interface of
the fine-grained sediment and the sand interface is that due to a
dynamic sand base with a forcing function provided by storms,
the initial deposition of the Holocene fine-grained sediment was
mixed with coarser grain-size sands. This mixing occurred over a
time span during which about 2—3-m of sediment was deposited.
The dynamics of the sand decreased and the sand mixture sub-
sided, thus allowing the remainder of the fine-grained sediment
(about 8 m) to be deposited in a normal manner. Still, the issue
of the large effective gradient is an open scientific question.
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