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Guest Editorial
An Overview of the Seabed Characterization

Experiment

IN LITTORAL ocean environments, knowledge of the acous-
tic properties of the seabed is generally required to predict

the acoustic field. An ability to make accurate predictions of
the acoustic field is important in the areas of sonar, acoustic
communication, and navigation. Much effort has been expended
over the past half-century to understand and model the acoustic
behavior of sandy sediments, composed primarily of medium
or coarse grains, over the entire frequency range of interest
to underwater acoustics, O(10) Hz to O(1) MHz. Extensive
measurements of sound speed and attenuation in sandy sed-
iments have been collected over large portions of the world
and compared to models [see, for example, item 1) of the
Appendix], but such is not the case for fine-grained sediments.
The work described in this special issue seeks to address this
deficiency.

Seabed Characterization Experiment (SBCEX) was an in-
ternational, multidisciplinary, and multi-institutional research
project devoted to the following scientific goals:

1) to understand the physical mechanisms that control acous-
tic propagation in fine-grained sediments;

2) to quantify uncertainties in the estimation of seabed
parameters;

3) to correlate the observed horizontal variations in the acous-
tical field with the measured horizontal variability of the
seabed;

4) to assess the performance of the resulting geoacoustic
models, inversions, and statistical inference methods.

To facilitate these scientific goals, the experiment was de-
signed to minimize complexity in both the water column and
the seabed. Referring to the prediction of acoustic fields in
shallow water waveguides, the general goal of the experiment
was to identify remote sensing techniques that could provide
the necessary acoustic characterization of the seabed, that in
turn would provide accurate prediction of the acoustic field in
the 10 Hz to 10 kHz band.

The present special issue contains 15 papers related to
SBCEX. In this guest editorial, we first provide the broad context
for the experiment in comparison to a number of other recent
large-scale field experiments. Next, a summary of the partici-
pants and their measurements is provided. Finally, we collect,
compare, and discuss all of the sound-speed measurements and
inferences contained in the papers in this special issue. This
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represents the initial collection of reporting from SBCEX and a
second volume of this special issue is forthcoming.

The site of the experiment, shown in Fig. 1, is in approximately
75 m of water, about 95 km south of Martha’s Vineyard, MA,
USA, in an area historically known as the New England Mud
Patch. However, the results of the present project indicate that the
sediment is not composed of pure mud, but rather contains vari-
ous proportions of silt, clay, and sand. For simplicity, within this
editorial, the upper layer of sediment within the experimental site
is referred to as mud. The aforementioned goal of environmental
simplicity was largely achieved. The water column was stable
and nearly isothermal during the acoustic experiments in the late
winter and early spring of 2017. Also, the bottom was essentially
flat and the center of the site contained up to about 12 m of a
fine-grained sediment with a comparatively small amount of
coarser grained material.

The international, multidisciplinary, and multi-institutional
research team collected a large and diverse data set. Two survey
cruises conducted in 2015 and 2016 performed detailed sub-
bottom profiling and collected more than 200 sediment cores.
In 2017, a series of experiments took place primarily during
March and April: Three research vessels (RVs) and more than a
dozen principle investigators conducted several types of exper-
iments, including impulsive and tonal source tows received on
vertical and horizontal line arrays (VLAs and HLAs), and direct
measurements of sediment bulk acoustic waves and interface
waves. A list of participating institutes is given in Table I along
with the principle points of contact. Acronyms for the institutes,
which will be used throughout this overview, are also provided
in Table I.

I. BRIEF COMPARISON OF SBCEX TO RECENT LARGE-SCALE

FIELD EXPERIMENTS

In this section, we illustrate some of the differences be-
tween SBCEX and other recent large-scale field experiments
that studied the acoustics of the seabed, specifically the Asian
Seas International Acoustics Experiments of 2000 and 2001,
the Sediment Acoustics Experiments of 1999 and 2004, and
Shallow Water 2006. The present work has benefitted from and
was informed by the work preceded it.

A. ASIAEX

The Asian Seas International Acoustics Experiment (ASI-
AEX) was conducted in the East China Sea (ECS) and South
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Fig. 1. Site of the SBCEX is south of the southern New England coast. The vessels that participated in various phases of the experiment are shown, along with
the dates of the operations. NOAA bathymetry (10-m isobaths) is also shown. The experimental site itself was within the green rectangle.

TABLE I
LIST OF PARTICIPATING INSTITUTIONS AND ASSOCIATED POINTS OF CONTACT

1Present affiliation: Naval Oceanographic Office.

China Sea (SCS) in 2000 and 2001 and bears the most sim-
ilarity to SBCEX. The SCS effort was focused on the acous-
tic effects of water column variability [item 2) of the Ap-
pendix]; however, the ECS effort included a component on
seabed acoustics. The goals of the ECS effort were: first, to
identify and elucidate properties of shallow-water boundaries
governing propagation and reverberation in the ECS, such as
sediment inhomogeneity, sediment roughness, and sea surface
roughness; and second, to establish a geoacoustic description
for the ECS seabed, based on complementary approaches to
inverting acoustic propagation and reverberation measurements
made in the O(101–104) Hz frequency range [item 3) of the
Appendix].

SBCEX differs from ASIAEX in several key ways.

1) SBCEX had an increased focus on the seabed. All of the
acoustic measurements in SBCEX were focused on some
form of acoustic interaction with the seabed.

2) SBCEX had an increased mean spatial resolution of direct
sediment sampling (area of site divided by total number
of cores). In SBCEX, more than 200 cores were collected
using gravity, piston, vibracore, and multicore tools. This
number is more than three times the 60 cores collected
in ASIAEX, corresponding to a difference of 250 km2

per core in ASIAEX, versus about 1.65 km2 per core in
SBCEX.

3) The SBCEX site had finer grained sediment and more
uniform sediment properties than the ASIAEX ECS site.
Both experiments deployed small explosive charges in
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Fig. 2. Closeup of the area around the green rectangle from Fig. 1. The color
map indicates the thickness of the surficial mud layer (an isopach map) in units
of two-way acoustic travel time (milliseconds). Assuming a sound speed of
1500 m/s, the thickest part of the mud is approximately 12 m. The black dashed
line indicates the location of the survey line shown in Fig. 3. Figure courtesy of
John Goff.

circles around arrays. Within the ECS circle, the upper
layer was a thin veneer about 1 m thick [item 3) of the
Appendix]. Within the SBCEX circle, the upper layer
ranged from about 9–12 m thick [item 4) of the Appendix].
Within the SBCEX circle, the sediment was of a uniform
mean grain type (silt.)1 and more fine grained, with a
mean grain size of 6.33ϕ (medium silt) and a range of
4.9 < ϕ < 7.2 (coarse silt to very fine silt), in the upper
200 cm of sediment [item 4) of the Appendix], where ϕ
is the Krumbein phi scale [item 6) of the Appendix]. The
ASIAEX ECS circle had sandy sediments (ϕ < 4.3) to the
east and silty sediments to the west (ϕ > 4.3), with a grain
size range of 3.7 < ϕ < 5.8 (very fine sand to medium
silt) [item 7) of the Appendix]. The ECS fractional poros-
ity ranged from about 0.35 to about 0.55 [item 8) of the
Appendix], and in SBCEX, the fractional porosity ranged
from about 0.52 to 0.65 [item 4) of the Appendix].

4) SBCEX deployed two forms of direct sound-speed mea-
surement in the sediment [items 9) and 10) of the
Appendix], in addition to sound speeds derived from
core logger measurements [items 9), 11), and 12) of the
Appendix]. ASIAEX ECS had only core logger derived
sound speeds [item 7) of the Appendix].

5) Both ASIAEX ECS and SBCEX utilized small explosive
charges (38 and 31 g, respectively, [item 3) and 13) of
the Appendix]), but SBCEX also utilized a number of
deterministic sources as shown in Table II.

6) The late winter season was chosen for SBCEX specifically
to provide a stable water column with near-isovelocity
conditions throughout the site. An example is given in
Fig. 2 of item 14) of the Appendix, which shows a typ-
ical variation of about 1 m/s in depth (due primarily to
pressure) and about 1.5-m/s variation across eight days.
In comparison, there was nearly a 10-m/s sound-speed

1The size classification used here follows the Wentworth scale [item 5) of the
Appendix].

TABLE II
ACOUSTIC SOURCES DEPLOYED DURING SBCEX2017

TABLE III
RECEIVING ARRAYS AND SYSTEMS DEPLOYED DURING SBCEX17

variation with depth in ASIAEX ECS, and as much as
7.5-m/s variation over 24 h, as shown in Fig. 4 of item 3)
of the Appendix.

B. SAX99 and SAX04

The Sediment Acoustics Experiments conducted in 1999 and
2004 (SAX99 and SAX04, respectively) were focused on sandy
sediments and direct measurement techniques and modeling,
and included significant efforts to study penetration into, propa-
gation within and scattering from the seabed, in the presence of
ripples and bioturbation. Significant physical characterization of
the sediment material was also conducted. Hurricane Ivan swept
through the experimental area during the 2004 experiment, mix-
ing the sediment significantly compared to the 1999 experiment.
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Fig. 3. Interpreted full-waveform chirp record from the survey line indicated in Fig. 2. The mud layer lies between the seafloor and the mud base. A layer of
sand lies below, followed by a deeper base unit. Interpretation and figure courtesy of John Goff, adapted from item 27) of the Appendix. Conversion of TWTT to
depth assumes a sound speed of 1500 m/s. The yellow horizontal length bar represents 500 m.

Overviews of the SAX experiments are provided in three special
issue editorials on the topic [items 15)–17) of the Appendix].

The major differences between SBCEX and the SAX exper-
iments are sediment composition and the relative importance
of direct measurements and inferences. The sandy sediments
in SAX99 and SAX04 were composed of significantly larger
grain sizes than in SBCEX. The mean grain size in SAX99
was 1.27ϕ (medium-grained sand) assessed via 27 diver cores
at a mean spatial resolution of 0.3 km2 per core, and to a
depth of about 22 cm [item 18) of the Appendix]. Fractional
porosity varied from 0.35 to 0.40 in the cores. In SAX04,
core sampling resolution was similar. The mean grain size
was 1.47ϕ (medium sand) and mean fractional porosity was
0.36, not significantly different than in SAX99 [item 19) of the
Appendix].

One of the outcomes of the SAX experiments that SBCEX
sought to replicate was the wideband sound speed and
attenuation results that were collected and compared to theory
[see, for example, Figs. 3 and 4 in item 20) of the Appendix from
SAX99 and Fig. 18 of item 21) of the Appendix from SAX04].
At the time of conception of SBCEX, nothing comparable was
present in the literature for fine-grained sediments. Hence, a
goal of SBCEX was to bridge the gap in the body of knowledge
reported in the literature between the very low frequency regime
(�1 kHz) and the mid-frequency regime (1–10 kHz). That goal
has been partially addressed in this special issue, as described
below.

C. SW06

Shallow Water 2006 (SW06) took place during July–
September of 2006 and was conducted near the 80-m isobath
on the continental shelf off Atlantic City, NJ, USA. Its goal was
to study in detail the impact of various dynamic environmental
processes on sound propagation. An overview of SW06 is given
in item 22) of the Appendix and in the guest editorials of

three special issues that contain papers reporting results from
the experiment [items 23)–25) of the Appendix]. It was an
extensive operation that included seven ships, 62 acoustic and
oceanographic moorings, aircraft overflights, satellite coverage,
ten oceanographic gliders, and dozens of principal investiga-
tors [item 23) of the Appendix]. One key difference is the
dynamic water column during SW06. Whereas a stable water
column was sought for SBCEX and was present during the
SBCEX 2017 experiment, the site and time-of-year for SW06
selected to ensure shelf break fronts and internal waves were
present during the acoustic experiments. In SBCEX a compar-
atively simple site geology was sought and found, compared to
a more complicated site geology in SW06.

One of the thrusts of SW06 was the effect of water column
variability on sound propagation, but several efforts leading up
to and during SW06 included direct measurements of sediment
acoustic properties and the estimation of sediment acoustic
properties via inference and inversion techniques. Extensive
bottom sampling was also conducted. In total, 98 grab sam-
ples and 18 short cores were collected and analyzed for grain
size and porosity just before SW06, augmenting a long history
of environmental characterization at that site, including swath
bathymetry, seismic profiling, sidescan surveys, and coring. In
situ sound-speed measurements at 65 kHz were also obtained at
the SW06 site before the main experiment. These measurements,
analyses, and historical environmental characterization efforts
were reviewed in item 26) of the Appendix. The new seabed
sampling reported in item 26) of the Appendix occurred at a
mean spatial resolution of 12.9 km2 per sample. The mean grain
size over the entire set of samples and cores was 1.61ϕ and
there was significant spatial variability of the weight fraction
of fine (ϕ > 4) and coarse grains (ϕ < −2) contained in the
samples. The range of fine weight fractions varied from 0.6%
to 20.1%, and the range of coarse weight fractions varied from
0.6% to 8.6%. Fractional porosity was reported for a subset of
the samples and it ranged from 0.39 to 0.55.
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Fig. 4. Locations of the piston core sites (yellow circles, obtained by Jason Chaytor USGS), the vibracore sites (red circles, obtained by John Goff UTIG), and
acoustic gravity core sites (green circles, obtained by Ballard et al. ARL:UT) from the 2016 survey. Bathymetry contours are shown with black lines. The locations
of inbound and outbound New York City shipping lanes are shown with the blue cross hatch markings, directly north and south of the experimental site. Figure
courtesy of Jason Chaytor.

To summarize, the following are unique characteristics of
SBCEX:

1) a focus on direct and inverse assessments of the acoustic
properties of fine-grained sediments;

2) a comparatively flat site bathymetry;
3) a stable, nearly isothermal, isovelocity sound-speed profile

during the 2017 experiment;
4) an extensive region with a comparatively thick and com-

paratively uniform upper layer of fine-grained sediment;
5) dedicated and extensive coring;
6) dedicated and extensive subbottom profiling and multi-

beam bathymetry surveys.

II. SURVEYS 2015 AND 2016: MUD THICKNESS MAP AND

SEDIMENT CORES

One of the primary outputs of the 2015 survey was a mud
thickness map (isopach map), shown in Fig. 2, in units of
two-way travel time (TWTT), produced by Goff et al. using
a subbottom chirp profiler towed behind RV Hugh R. Sharp
in July 2015 [item 27) of the Appendix]. Several other layers
are present, as is indicated in Fig. 3, which is a portion of a
single E-W survey line at about 40◦ 30′ N (the dashed line
in Fig. 2).

The data set from which Figs. 2 and 3 were derived repre-
sents a spatial acoustic record of the subbottom that assisted

researchers in setting the bounds on geoacoustic models of the
site. The core samples taken during the 2015 and 2016 surveys
provide a link to the physical nature of the sediments in those lay-
ers. Fig. 4 shows a map of the experimental site that includes the
locations where cores were obtained in the 2016 survey cruise.
The 25 sites of the core sampling in 2015 are not shown to save
space, but complement the 2016 core sites. For the 2016 coring,
53 successful piston cores targeting mud units were obtained,
but they also sampled significant sand in some locations, and
25 successful vibracores targeting thin mud regions to sample
sands beneath were obtained. For the 2016 cores, multisensor
core logging (MSCL) was conducted by Allen Reed on the ship,2

between 2 and 4 h after recovery, once the cores came to thermal
equilibrium [items 9), 11), and 12) of the Appendix]. The core
logging provided measurements of density and high frequency
(250 kHz) sound speed as a function of length along the cores,
to complement the TWTT chirp survey records. An acoustic
measurement system was also deployed at the end of a gravity
corer, by Ballard et al., during the 2016 survey, which yielded
direct in situ measurements of sound speed (25–200 kHz) at
locations indicated by the green circles in Fig. 4 [item 9) of
the Appendix]. While these measurements provide some prior
knowledge for inverse and statistical inference analyses, they

2The core logging from the 2015 survey was done on shore after the cruise
due to failure of the core logging equipment during the cruise.
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Fig. 5. Locations of the environmental and acoustic moorings deployed in the main experiment are superimposed over the mud thickness map: eight oceanographic
moorings (labels that begin with “W”), moorings WCS1, 3, and 5 included an acoustic Doppler current profiler, WCS2 included a low-frequency source, WCS4
included a single hydrophone recording unit, and WSM6, 7, and 8 each included a low-frequency source. Scripps MPL deployed two vertical line arrays (VLA).
ARL:UT deployed an L-array. FFI deployed an HLA. UD also deployed a VLA (not shown) very close to the ARL:UT array.

do not provide ground truth, due in part to the difference in
the frequency ranges used during the surveys and the frequency
range of the acoustic measurements in the main experiment, and
in part due to the disturbance of the natural state of the sediments
caused by the direct sampling.

In addition, oceanographic measurements, shipboard CTD
casts, shipboard laboratory sediment acoustics measurements
made using box and gravity core samples, photographic ocean
bottom imagery, sediment infauna collection and assessment,
bottom water collection, and some preliminary acoustic propa-
gation measurements were also conducted during the two survey
cruises. Finally, a multibeam bathymetry survey was conducted
during the 2015 survey cruise, by de Moustier [item 28) of
the Appendix] with subsequent additional data processing con-
ducted by Goff [item 29) of the Appendix].

III. MAIN EXPERIMENT: FEBRUARY–APRIL 2017

The main experiment was focused on sound propagation
measurements using both impulsive and tonal sources (see
Tables II and III). Supporting oceanographic measurements
were obtained to provide the necessary water column envi-
ronmental model inputs. The sediment acoustic measurement
system (SAMS) was deployed by Yang et al. to directly measure
sediment sound speed [item 10) of the Appendix]. The source,
receiver, and oceanographic moorings deployed during the 2017
experiment are shown in Fig. 5 and described briefly in the
accompanying caption. Much of the work conducted during
the 2017 experiment is described in this special issue and is
summarized in Section V.

IV. SPECIAL ISSUE SUMMARIES

Provided below is a brief summary of each paper in this
special issue. The papers are divided into four categories: source
modeling, direct measurements, short-range remote sensing, and
long-range remote sensing. The work described below occurred
during the 2017 experiment, unless stated otherwise.

A. Source Modeling

Wilson et al. [item 13) of the Appendix] report on one of
impulsive sources used in SBCEX. U.S. Navy Signal Under-
water Source (SUS) Mk 64 charges, which contained 31.18 g
of the explosive tetryl, were deployed to generate wideband
signals and were utilized in a variety of inversion analyses.
Source recordings were obtained by two hydrophones deployed
from the source ship and were analyzed for bubble period,
energy spectral density, and the variability of these parameters.
Measured parameters were compared to previous results from
the literature as well as predictions of a new semiempirical
time-domain model. The new model describes the source-level
measurements in the 25–275-Hz band and in the 400-Hz octave
band to within 0.5 dB, and agrees with similar measurements
from the literature to within 0.6 dB. The standard deviation
of the band-limited source levels was found to be about 1 dB,
some of which is ascribed to uncertainty and variation in the
source-to-receiver distance. The observed source-level variation
is similar to previously reported values.

B. Direct Measurements

Ballard et al. [item 9) of the Appendix] present in situ
measurements of sediment sound-speed profiles using the
acoustic coring system (ACS) during the 2016 survey cruise.
The measurements were obtained from seven gravity cores
collected in the New England Mud Patch. The ACS uses
two sets of transducers mounted below the penetrating tip of
a sediment corer to make sound-speed measurements using
pulsed sinusoids as the corer penetrates the seabed. The in
situ sound-speed profiles were interpreted in the context of
stratigraphic layering measured by the chirp survey and were
compared to the sound-speed measurements at 250 kHz from
Reed’s MSCL. Using porosity and grain size distributions
measured from discrete samples of the cored sediments, the in
situ sound-speed measurements were compared to empirical
regressions based on independent data sets.
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Yang and Jackson [item 10) of the Appendix] present direct
simultaneous measurements of the sediment sound speed over
the surficial 3 m of sediments measured by the SAMS at
18 sites in the 2 kHz to 10 kHz band. The SAMS system is
described along with deployment information and acoustic
data. The time-of-flight technique is described. This method
yields path-averaged sound speeds. The resulting sound speeds
show little dispersion over this frequency band. An important
aspect of the SAMS measurements is that they were made at the
same time that the 2017 water-column acoustic measurements
were made and within the band of frequencies emitted during
the tows of the ITC 2015 source.

C. Short-Range Remote Sensing

Barclay et al. [item 14) of the Appendix] report on wide-
band measurements of the vertical coherence (directionality) of
surface-wave-generated ambient noise. These wideband mea-
surements from the autonomous seafloor lander “Deep Sound”
were used to determine the geoacoustic properties and layer
structure of the New England Mud Patch. By fitting the data
with a wave number integration noise model, estimates of the
compressional wave speed and attenuation in the mud layer, mud
layer thickness and density, and sand layer compressional wave
speed and density were obtained at three different sites. The
inversion was not able to determine the shear wave speed and
shear attenuation in the mud or sand layer with meaningful pre-
cision due to a lack of sensitivity of the vertical noise coherence
to these geoacoustic properties.

Belcourt et al. [item 30) of the Appendix] applied lin-
earized Bayesian inversion to acoustic arrival-time data for high-
precision estimation of the experimental geometry at the New
England Mud Patch. The ray-based inversion provided geometry
estimates (required to process wide-angle reflection-coefficient
data for geoacoustic inversion) to much higher precision than
prior information based on GPS and bathymetry measurements.

In a second paper by Belcourt et al. [item 11) of the
Appendix], the major results were the depth dependence of the
mud geoacoustic properties and the frequency dependence of
the speed of sound and attenuation along with uncertainties. The
results at two sites show a nearly uniform sound speed in the mud
followed by a thin transition layer in which the speed of sound
rapidly increases nonlinearly. At both sites, velocity dispersion
is weak, a few meters per second over the measurement band
400–1300 Hz, and attenuation follows a nearly linear frequency
dependence. The results are buttressed by the consistency at
two sites, as well as supporting evidence from independent
measurements, cores, angle of intromission observed by Holland
et al. [item 31) of the Appendix], and chirp-reflection data.
The paper also includes comparison to the MSCL sound-speed
measurements (250 kHz) conducted by Allen Reed.

Michalopoulou and Gerstoft [item 32) of the Appendix] took
advantage of multipath arrivals at a set of 16 vertically separated
receivers on one of the Scripps MPL VLAs. They extracted
arrival times and their posterior probability densities from low
frequency modulated receptions for the direct, surface-reflected,
and bottom-reflected paths, as well as the reflected path from the
first/second sediment layer interface. Arrival time and density

estimates were computed with particle filtering. Using lineariza-
tion, densities were connected to the geometry and water column
sound-speed parameters, providing—in a very efficient manner
entailing only a handful of iterations—point estimates as well as
probability densities. These were then employed in an exhaus-
tive search for sediment thickness and sound-speed probability
density function estimation.

Potty and Miller [item 33) of the Appendix] investigated
the effect of sediment shear rigidity on acoustic normal mode
arrival times using data from SBCEX and Shelfbreak Primer
experiments. The group speeds near the airy phase region were
very sensitive to shear speeds in the bottom. Shear and com-
pressional speeds were estimated and the results compared well
with deep core data and other inversions. The inversions used
modal travel times in the frequency band from 10 to 100 Hz, and
the compressional wave speed in the mud layer was modeled as
linearly increasing. A resolution analysis was also performed to
estimate the depth resolution length in the mud layer.

D. Long-Range Remote Sensing

Bonnel et al. [item 34) of the Appendix] presented geoacous-
tic inversion results along the main track of the experiment for
frequencies below 300 Hz and intermediate ranges (about 7 km).
Their procedure has two steps: first the modal dispersion from
single-receiver data is estimated using time warping, and second,
the estimated dispersion is the input for a transdimensional
Bayesian inversion algorithm. The main contribution of the
paper is twofold. First, the inversion results suggest that most
of the mud is effectively homogeneous followed by a transition
layer with a sharp increase in sound speed, occurring above the
so-called “mudbase.” Second, the paper compares results for
two data sets, collected independently both in time and space.
Overall, the paper emphasizes the importance of extracting as
much information as possible from data before inversion, and
then using an adaptive inversion method to prevent overparam-
eterization of the results.

Dahl and Dall’Osto [item 35) of the Appendix] summarized
a subset of the measurements made by the Intensity Vector Au-
tonomous Recorder (IVAR). IVAR recorded the vector acoustic
field due to broadband signals originating from SUS (Mk-64)
charges deployed from 3 km to 13 km distance. Four coherent
channels of acoustic data were recorded continuously: one chan-
nel for acoustic pressure and three channels associated with a
triaxial accelerometer from which acoustic particle velocity is
obtained. Sufficient geometric dispersion at these ranges from
the SUS charges permitted unambiguous identification of up to
four modes as a function of frequency for frequencies less than
80 Hz. From time–frequency analysis of the dispersed arrivals,
the following four quantities derived from the vector acoustic
measurements were formed by coherent combination of pressure
and velocity channels:

1) modal phase speed;
2) circularity, a measure of the normalized curl of active

intensity;
3) depth-dependent mode speed of energy;
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Fig. 6. Map of receiver locations used in the special issue articles. The symbols, colors, and shading are the same as in Figs. 7 and 8 and are explained in Tables IV
and V.

4) vertical component of reactive intensity normalized by
scalar intensity.

The last three depend on the IVAR measurement depth of 1.25 m
above the seafloor.

Brown et al. [item 36) of the Appendix] examined the use of
a physics-based model for the marine mud. Estimates for the pa-
rameters of a silt-suspension theory were found using Bayesian
inference. The acoustic data were from a combustive sound
source signal received on a single hydrophone. Characteristics
extracted from a nearby piston core provided prior information
for the physical modeling. Selection of inversion parameters was
guided by both sensitivity analyses and bounds from archival and
core measurements.

Knobles et al. [item 4) of the Appendix] discussed how a
statistical inference experiment was designed using the SUS
charges deployed on circles of 2-, 4-, and 6.5-km radii with
the ARL:UT array in the center. The SUS measurements were
viewed as data samples drawn from an ensemble of measure-
ments taken from the same but unknown distribution. These
multiple data samples allowed for a posterior probability dis-
tribution to be generated on each circle within the framework
of a maximum entropy methodology. The propagation model
used to generate hypothesis simulated time series was a finite
difference range-dependent parabolic equation algorithm that
was constrained by the range- and azimuth-dependent (relative
to the ARL:UT array) sediment TWTT measurements by Goff
[item 27) of the Appendix].

Lin et al. [item 37) of the Appendix] conducted numerical and
experimental studies to investigate the advantage of utilizing ab-
solute travel time information in Bayesian geoacoustic inference
of broadband low-frequency acoustic data. It was shown that
inversions using absolute travel time can yield smaller uncertain-
ties compared to inversions using relative arrival time. Numeri-
cal simulations also found that absolute travel time information
may have more profound advantages when the signal-to-noise
ratio is low.

Tollefsen et al. [item 12) of the Appendix] showed that
Bayesian inversion of noise due to a container ship (passing

near a bottom-moored horizontal array) yielded a sound speed
structure indicative of fine-grained sediment (i.e., mud) in the
upper seabed and of coarse-grained sediment (i.e., sand) in the
lower seabed, with a transition layer above the interface. The
results were also compared to MSCL sound speed measurements
(250 kHz) conducted by Reed.

Wan et al. [item 38) of the Appendix] focused on the low-order
modes of the SUS signals from long-range and along-shelf
sound propagation tracks. While a prior study [item 39) of
the Appendix] used 10–80 Hz data to explore the detailed
structure of the airy phase, the work reported in the special
issue used 100–500 Hz, which mainly propagated in the water
column and the surface fine-grained mud layer. Three modal
characteristic features (i.e., modal arrival time, mode shape, and
modal amplitude of low-order modes) were extracted to con-
struct cost functions with dimension-reduced parameter space
for estimation of the sound speed and attenuation of the mud
layer. The effect of the uncertainty from propagation in the deep
sand transition layers and half-space basement was minimized.
The ambiguity of sound speed at the top of the mud layer
and sound-speed gradient in the mud (discussed in item 39)
of the Appendix) was successfully removed using a two-stage
inversion process, including mode-shape-based inversion and
modal-dispersion-based inversion.

V. COMPARISON OF RESULTS

In this section, we collect SBCEX results reported indepen-
dently in the papers that appear in this special issue, along with
four SBCEX results that have been reported elsewhere [items
31) and 39)–41) of the Appendix]. Estimates of the sound-speed
ratio (SSR) (the sound speed at the top of the sediment nor-
malized by the contemporaneous sound speed of the bottom
water) at the sites shown in Fig. 6 are collected in Fig. 7. These
surface SSR estimates result from one of three assumptions
about the depth dependence of the sound speed in the sediment,
indicated by the face color of the symbols. To explicitly take
into account the depth averaging associated with each result,
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Fig. 7. SSRs (sound speeds normalized by the associated bottom water sound speeds), for the surface sediment layer, obtained from remote sensing (details
provided in Tables IV and V) and direct measurements (orange) are shown. Single data points with horizontal bars appear at the geometric mean frequency of
the associated analysis band. The thick line connecting the two inverted-triangle symbols indicate the dispersion obtained from narrowband inversions over that
frequency range. Yang’s results show the three uppermost depth estimates at each frequency from SAMS deployments near the three core locations shown in the
legend [item 10) of the Appendix]. Ballard’s results are the mean sound speeds of the three cores shown in the legend, after first depth averaging over the upper
50 cm [item 9) of the Appendix]. The vertical bars show measurement uncertainty calculated from a propagation of error analysis, accounting for timing and
positioning uncertainty. Reed’s 250-kHz core logger result is the mean sound speed from the four cores shown in the legend, after first depth averaging all the
measurements from each core [item 9), 11), and 12) of the Appendix]. The error bars represent ±1 standard deviation of the spatial variability. The dashed line
shows a linear fit to the SSR results: SSRfit = 0.9924 + (2.164× 10−8)f , as described in the text.

Fig. 8. To help illustrate the various upper layer sound-speed gradient results, interval SSRs inferred from short- and long-range remote sensing, over the sediment
thicknesses shown in parentheses, are shown. Details of the symbols and colors are provided in Tables IV and V, respectively. Single data points with horizontal bars
appear at the geometric mean frequency of the associated analysis band. The thick lines connecting two symbols indicate the dispersion obtained from narrowband
inversions over that frequency range. In the cases where two depths are shown in the legend, results for two different depth integrations are shown. The shallower
depth in all cases corresponds to the lower interval sound-speed value.

the interval SSRs are presented in Fig. 8. For each result in
Figs. 7 and 8, the horizontal spread indicates the frequency
band used, and the vertical bars in Fig. 7 indicate the reported
uncertainty or variability. Symbols indicate the type of data
used in each study, and colors indicate the analysis or inference
method; complete descriptions of the markers and colors used
in these figures are provided in Tables IV and V. The types
of input data and the acoustic sources are listed in Table IV,
and the receiver arrays and inference methods used are given in
Table V.

Unlike the SAX experiments that showed a significant degree
of dispersion for a sand sediment [item 20) of the Appendix],
the composite measurements and inferences of the surface SSR
for the central mud patch (see Fig. 7) show relatively little
dispersion. With a few exceptions, the SSR values lie between
0.98 and 1.01 over the 10 kHz to 250 kHz band. Using the
reported SSR at the geometric mean of each frequency band,
a linear curve fit yields SSRfit = 0.9924 + (2.164× 10−8)f ,
shown as the dashed line in Fig. 7. When the reported un-
certainties and variation are considered, there is a significant
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TABLE IV
MARKERS USED ON SOUND-SPEED PLOTS CORRESPOND TO THE

TYPE OF INPUT DATA

The acoustic source is also listed, with Bold indicating results that use multiple source
locations.

overlap among the results. However, the variability of statistical
inference methods, prior assumptions about the seabed geoa-
coustic parameterization, the information content in the input
data, and spatial variability of the physical characteristics of
the fine-grained sediment could possibly explain the degree of
variability seen in Fig. 7. The physical variability is supported by
Barclay et al.’s [item 14) of the Appendix] results for multiple
locations that show a spread of about ±0.02 in the SSR values.

Some of the variability in the surface SSRs (see Fig. 7) can
be ascribed to differences in the assumed or inferred depth
dependence of the sediment sound speed. These differences are
partially accounted for by looking at the interval sound speed
for each of the remote sensing results, as shown in Fig. 8. The
interval sound speeds are calculated over the inferred thickness
of the top layer (listed in the legend). Results based on the
assumption that the sound speed was constant in the sediment
layer are filled with gray; these have the same surface and interval
SSRs. Others (open symbols) allowed the inversion methods to
determine the depth dependence, such as in the transdimensional
Bayesian inversion algorithm. Some of the transdimensional
Bayesian results show an isospeed mud down to about 3 m
above the mud base followed by a transition layer in which
there is a rapid increase in the sound speed. To show the impact
of this rapid increase, the interval sound speed is calculated using
two depths for two of these cases [see items 11) and 34) of
the Appendix]. In both cases, the larger depth, which includes

TABLE V
COLORS ON SOUND-SPEED PLOTS CORRESPOND WITH THE

TYPE OF INFERENCE METHOD

On the plot, color-filled symbols assumed linear sound-speed gradient and gray-filled
symbols assumed no gradient, and open symbols had no assumption about gradient.

the transition layer, leads to a greater interval sound speed. The
remaining results (filled, single-color symbols) were based on
the assumption that the sediment sound speed increased linearly
with depth to mitigate the number of search parameters. Some
of these studies found a significant gradient; others found only
a small gradient. The studies reporting a large gradient, such as
Lin et al. [item 37) of the Appendix], have higher interval SSRs
than surface SSRs. These results demonstrate the ambiguity
between surface sound speed and the sound-speed gradient,
which is also depicted in Fig. 6 of item 38) of the Appendix.
Thus, the ability to make a definitive statement on the depth
dependence and dispersion of the mud sediment will require
additional analysis.

A final point regarding the comparison of results collected
at different times is worth noting. There is evidence that both
temperature [item 42) of the Appendix] and salinity [item 43)
of the Appendix] diffusion can dynamically affect the acoustic
properties of fine-grained sediments. In these cases, the nor-
malization of sediment sound speed by the bottom water sound
speed alone may not yield appropriate comparisons. Knowledge
of both the history of the bottom water conditions and the
diffusion coefficients is required. None of the papers in this
special issue have addressed this effect and it is beyond the
scope of this overview to quantify it. Instead, we point out that
the subbottom profile data were collected in July 2015 [item
27) of the Appendix], the ASC [item 9) of the Appendix], and
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MSCL [items 9), 11), and 12) of the Appendix] measurements
were collected during the 2016 survey cruise, which occurred
in late April, and all the other measurements reported in this
collection were from early March to early April 2017.

VI. CONCLUSION

A broad overview of the field work conducted during the
SBCEX has been provided. SBCEX included a comprehensive
subbottom chirp profile of the experimental area, about 200
sediment cores, and a number of direct in situ measurements of
the acoustic properties of the seabed. Numerous acoustic propa-
gation measurements throughout the experimental site provided
data for inversion processes and statistical inference techniques
to remotely sense the acoustic properties of the bottom. The
scientific plan of these measurements and the supporting oceano-
graphic and environmental measurements allowed the various
principal investigators to begin to achieve the goals outlined
in the introduction of this editorial, and thereby increase the
community’s understanding of the acoustic properties of the
fine-grained sediment at the site.

Analysis associated with SBCEX is ongoing and a second
volume of this special issue is planned. Some of the topics that
still need to be investigated include the following:

1) a more complete documentation of the physical analysis
of the sediment core material by USGS;

2) additional sound-speed and new attenuation results includ-
ing study of dispersion;

3) more model data comparison for both sediment acoustic
properties and for the acoustic field in the water column;

4) more analysis on uncertainty and variability of both the
acoustic field and sediment properties.
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