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In the following work measurements of underwater explosions from three experimental sites area
presented and compared. The goals of this work are to present the measurements of small
underwater explosions (charges weighing between 0.5 kg and 20 kg) with an emphasis on the
metrics commonly used to describe environmental noise including the peak pressure and the
SEL. These data are provided within the context of the measurement environments, the seabed in
particular, so that they can be more effectively utilized by both researchers and policy makers for
studying environmental noise and in the development of mitigation measures to protect marine

life from harmful noise levels.
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Chapter 1. INTRODUCTION

There are a variety of studies looking at the impact of sound on marine animals [1]-[11], and it is
now well-established that high sound levels can harm marine animals by causing both temporary
[12] and permanent [13] hearing threshold shifts, total hearing loss, and even death. Explosives,
commonly used by the Navy as well as in the marine construction industry, can produce some of
the loudest anthropogenic noises and pose a serious threat to marine mammals. While explosives
have been widely used as broadband acoustic sources for decades [14]-[17], little of the work
has focused on the metrics commonly used for reporting environmental noise; these include the
peak pressure and sound exposure levels (SEL). Few measurements of underwater explosions
between 1 kg and 20 kg have been collected at short ranges (less than 2 km) where the sound
levels are highest [10], [18], [19], and many of the previous studies have been conducted in deep
water where little, if any, interaction with the seabed occurred [20]-[25], [16], [17].

Empirical equations are available for both the peak pressure and the energy flux density (which
is proportional to SEL) for explosions [26], but their utility is limited in shallow water noise
prediction as they were developed for sources in unbounded media. Current predictive models
typically over- or under-estimate the noise levels produced by underwater explosions, however
improving these predictions has been difficult due to the lack of measured data. There is
therefore a need for high quality explosion measurements in shallow water as well as studies to

determine how the seabed affects the resulting environmental noise metrics.

In the following work, measurements of underwater explosions from three experimental sites are
presented and compared. These experiments were conducted at the U.S. Navy Puuloa
Underwater Detonation Range, Pearl Harbor, HI, (Pu'uloa) at a training range 7 km off the coast
of Virginia Beach, VA [19], [27] (Virginia Beach) and at the Silver Strand Training Complex,
Naval Base Coronado, Coronado, CA (Silver Strand) [28]. These measurements show that the
peak pressures and SEL at the Pu'uloa measurement site is up to 25 dB lower than levels
measured at the other two sites. These results are considered within the context of the seabed at

the measurement sites. Despite a lack of complete information on the seabed, these data are used
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along with previous seabed studies at the measurement sites to develop geoacoustic models.

Doing so involves;

1. Presenting the measurements of small underwater explosions (charges weighing between
0.5 kg and 20 kg) with an emphasis on the metrics commonly used to describe
environmental noise including the peak pressure and the SEL.

2. Determining why measurements collected at the Pu'uloa measurement site are
considerably lower than at the other two sites.

3. Providing context about the measurement environments so that these data can be more
effectively utilized by both researchers and policy makers for studying environmental
noise and in the development of mitigation measures to protect marine life from harmful

noise levels.

In Chapter 2, background information on shallow water noise propagation, underwater
explosions and the environmental metrics commonly used to describe underwater noise levels
are provided. The chapter begins by discussing the motivation for this work; this includes both
the impact of anthropogenic noise on marine animals as well as the process by which this impact
is assessed. Next, background on the environmental models and physical loss mechanisms that
are explored in this work are presented including the canonical Pekeris waveguide with shear
wave effects included, depth dependent seabed properties in sandy sediments (both shear and
compressional wave profiles) and losses due to thin layers overlying elastic bottoms.
Environmental metrics commonly used to quantify environmental noise are also discussed along
with details on their implementations. As underwater explosions are the sources of noise
considered in this work, relevant background on the explosion process are also presented.

In Chapter 3, experiment descriptions are presented for the three studies considered in this work.

With the background information laid out, the next step is to go through the tools and data
analysis techniques used in subsequent sections to develop an understanding of the measurement
environment. This is done in Chapter 4 through the study of low-frequency Scholte interface
waves generated by the explosions at the Virginia Beach Measurement site. In this chapter the

observations of very low frequency noise (between 3 Hz and 10 Hz) are considered and the
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OASES wavenumber integration propagation model [29] are utilized for predictive modelling.
This chapter shows how numerical propagation models and observable features in the data can

be utilized in developing an understanding of the measurement environment.

Having demonstrated how OASES can be utilized for studying the seabed composition, in
Chapter 5 attention is turned to comparing and understanding the environmental noise levels
measured at the three sites. Comparing the noise levels at the three sites shows the levels at one
of the measurement sites is up to 25 dB lower than the other two. Using the techniques presented
in Chapter 4 in conjunction with an analytical model, it is shown that these differences are due to
the seabed composition. Additional mechanisms that could be responsible for these differences
are also considered but ultimately have been ruled out. This includes differences in the source
model, sea surface roughness effects as well as bathymetric refraction. Based on previous
studies, the seabeds at the Virginia Beach and Silver Strand measurement sites are composed of
sandy sediments and are modelled as Pekeris waveguides whereas the Pu'uloa site is composed

of a thin calcareous-sand layer overlying an elastic limestone half-space.

While the Pekeris model generally gives good agreement to the measured data at the Virginia
Beach measurement site, poor agreement between 40 Hz and 100 Hz are observed. In Chapter 6
this discrepancy is considered. The study of Scholte interface waves in Chapter 4 shows that the
seabed at this site has depth-dependent characteristics. This chapter shows that the observed
discrepancies between 40 Hz and 100 Hz could be a result of seabed refraction caused by a depth
dependent compressional wave speed. Outside of this frequency range the depth-dependent and

Pekeris seabed models are shown to be in reasonable agreement.

Having presented the measured sound levels for the three measurement sites and comparing the
resulting noise levels within the context of the seabed composition, the final step in Chapter 7
discusses the implications of these results on the noise field, how these data can be used by
others conducting similar studies and the limitations on their use and application. Finally, lessons

learned are summarized as a point of reference for future research.



Chapter 2. BACKGROUND

2.1 ENVIRONMENTAL IMPACT ASSESSMENT

Naval training activities can occur in waters that overlap with marine mammal habitats.
Therefore, for marine mammal protection environmental impact assessments (EIA) to quantify
the impact of the noise generated by an activity on resident marine animal species are required.
These typically include predictive modelling to determine the expected noise levels from an
activity; the goal being to determine an approximate range beyond which the noise levels are not
expected to be harmful. This is often defined as the mitigation zone or the zone of influence. The
accuracy of these predictions depends on both the propagation model that is selected as well as
the inputs to this model. Farcas et. al. [30] provide a comprehensive overview of the inputs

required for a noise prediction model,

a) Bathymetry data

b) Geo-acoustic seabed model
c) Water column properties
d) Surface roughness

e) Source levels

Propagation models have been widely developed for military use, however Farcas et. al. [30]
explain that simple models are commonly used in EIAs. One of the simplest approaches for
predicting environmental noise levels is referred to as practical spreading and describes the

source-receiver propagation loss, PL,, as

PLO = N logloR (21)

where R is the receiver range and N is a coefficient that depends on the waveguide geometry and
receiver ranges [31], [32]. A commonly used value for N in Eq.(2.1) is 15, representing the R3/2
law [33]. The range at which the law is applicable depends on water depth, H, and the seabed
composition. Although simple propagation relations, like Eq. (2.1), can provide a quick guide,

they can also result in significant errors in estimated noise levels.
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Estimates of PL, can be further improved by taking into account the influence of the seabed on
propagation. The canonical shallow water environmental model is the Pekeris waveguide where
the environment is described by a water layer over a homogeneous fluid half-space [34] or an
elastic half-space [35]. Computing PL, using this environmental model within an appropriate
propagation model (analytical or numerical) allows geometric spreading and losses from sound
transmission into the seabed to be taken into account. Additional losses can also be included by

adding an imaginary component to the wavenumber defined by

k =k +k" (2.2)

where k is the total wavenumber, k"’ is the imaginary component of the wavenumber that control

attenuation, and k' is the real component of the wavenumber defined as

k=L (2.3)

Cc

where f is the frequency and cis the wave speed (compressional or shear wave speed, as
discussed in the next section). One school of thought is to use a fluid model that approximates
the losses in the seabed caused by various loss mechanisms into a single effective attenuation
[36], [37]. These effective models, while providing good agreement to measured data, do not
take into the account the physical mechanisms responsible for the loss of energy in a waveguide
and might not be applicable in other environments. A better approach is to approximate the
seabed in a way that all relevant loss mechanisms can be accounted for as these effects can have
a dramatic impact on resulting noise levels. This can require elasticity to be considered where
shear waves, for which particle motion is perpendicular to the direct of travel, are supported by
the medium. It can also require that other seabed compositions be considered, including layering,

surface roughness, or depth dependent seabed properties.

While predictive models can be a useful tool in planning, their accuracy cannot be confirmed

without validation experiments. This is accomplished through acoustic monitoring of noise
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generating activities to obtain ground truth data on the resulting noise levels. Using these
measurements, parameters in the predictive model can then be optimized to give more accurate
predictions and provide a better understanding of the mechanisms that contribute to the

propagation loss.

These validation measurements are not only valuable for benchmarking specific EIA studies;
they can also be used more broadly to inform the initial stages in future EIA studies. By using
data from a measurement environment with similar characteristics, appropriate propagation
models and geoacoustic models can be selected early on in the process. It is important, however,
that the characteristics of the measurement environment are taken into account to ensure levels
are not over or under predicted. For reported validation measurements to be useful to other
researchers, the measured data must therefore include meta-data that describes the measurement

environment.

The discussion above can be applied to any anthropogenic underwater noise source; however,
this work specifically considers explosive charges (C-4 explosive) detonated within the water
column. As previously discussed, explosives have been widely used as broadband acoustic
sources for decades [14]-[17]; however little of the work has focused on the metrics commonly
used for reporting environmental noise. Additionally, few measurements of underwater
explosions between 1 kg and 20 kg have been collected at short ranges (less than 2 km) where
the sound levels are highest [10], [18], [19]. As TNT is used as a reference for explosives, the
charge weights in the work are reported as the Net Explosive Weight (NEW); for example, 1 kg
of C-4 explosive is equivalent to 1.34 kg of TNT and is reported in this work as a 1.34 kg charge.
Additionally, many of the previous studies have been conducted in deep water where little, if
any, interaction with the seabed occurred [20]-[25], [16], [17]. Thus, while empirical equations
are available for both the peak pressure and the energy flux density (which is proportional to
SEL) for explosions [26], their utility is limited in shallow water noise prediction as they were
developed for sources in unbounded media. There is, therefore, a need for high quality explosion
measurements in shallow water as well as studies to determine how the seabed affects the

resulting environmental noise metrics.



2.2 ENVIRONMENT MODELS

2.2.1  Pekeris Waveguide

The Pekeris waveguide is the canonical environment model for propagation of sound in shallow
water. It is characterized by a homogeneous water layer with thickness, H, a pressure release
surface at the water air interface at a depth z = 0 m, and a homogeneous half-space at the
water-sediment interface at z = H that is characterized as either a fluid or elastic medium. In this
section the waveguide is primarily considered as a shear-supporting elastic half-space with some
discussion on the fluid case. A schematic of this environment is shown in Figure 2.1. For the

purposes of this work, it is assumed that the source is located within the fluid layer.

Solutions of the pressure field in this environment are available from Pekeris [38], Brekhovskikh
[33], Press and Ewing [39], and Ewing et. al. [40]. Following the method outline by Ewing et. al.
[40], solutions for the Pekeris waveguide can be found by the use of potentials where the

displacement u = (uy, u,, u,,) = (u,v,w) is given by

u=Vp+Vxy (2.4)
Where the scalar potential ¢ corresponds to compressional waves and the vector potential

Y = (ll)x, wy,lpz) corresponds to shear waves, and V is the differential operator,

= Gerayan) 25)

Here, 0 represents the partial derivative. Both ¢ and v in Eq. (2.4) are solutions to the wave

<l

equation;

(2.6)

V2 = —52—_ 2.7
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Using the Lame parameters A and u, and the material density p, the compressional wave speed

cp is defined by

A+2
¢y = /% (2.8)

And the shear wave speed g is defined by

o= £ (2.9)

Ignoring the time dependence, the solutions for ¢ in Eq. (2.6) and v in Eq. (2.7) are given by

d)i — (Al.ejkziz + Bie_jkziz )ejkxx (210)
E — (C_'lej’cziz + Ele_jKZiZ )ejkxx (211)

Where j detonates an imaginary number (j = v—1), i = 1 denotes the water layer, i = 2 the
homogeneous half-space, and A, B, C and D are coefficients. Note that the inclusion of k, in Eq.
(2.10) and Eg. (2.11) implies horizontal continuity in that this parameter is the same on either

side of the interface of the water layer and half-space. The vertical wavenumbers are defined by

ky= [k?— k2 (2.12)

Ky = |k — k2 (2.13)
Where k,is the horizontal wavenumber, and, using the frequency f, the compressional

wavenumber is defined by

g, =22 (2.14)

Cpi
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And the shear wavenumber by

K, =L (2.15)

Csi

The coefficients A, B, C and D are found using the boundary conditions. These are broken into
the continuity of normal stress in the z direction a,,, shear stress along the interface z,,, and the
continuity of displacement normal to the interface w. The boundary conditions for a given
interface are outlined in Table 2.1. Another boundary condition, the Sommerfeld radiation
condition, imposes the condition that the disturbance from a source vanishes at infinity (e.g. no

upward propagating waves from the seabed at z = —0).

Writing the boundary conditions in terms of potentials gives a system of equations. Taking the
determinant of this system and setting it equal to zero yields the characteristic equation of the

waveguide (see Ewing et. al. p.157-161 for details)

/kz—k,zc 2 4 [k3—KkZ(K5—k3)
tan (HkF —kZ)) = j 25— || 1 - 2= i (2.16)

+ 2
P1 [kz-k2 [+ (3 -k3)

The characteristic equation defines a set of allowable solutions of k,. The largest, real value of

k, corresponds to a pole and defines the interface wave that propagates at a speed of roughly
10% below the slowest wave speed in the waveguide (for sandy sediments this is the shear
speed). Note that the term interface wave can refer to different wave types depending on the
boundary conditions of the interface; Stoneley wave between two solids, Scholte wave between a
fluid and a solid, or Rayleigh wave between a solid and a vacuum. The Pekeris waveguide

discussed here supports Scholte waves.

When the seabed has a higher compressional wave speed than the water, there is a point where a
wave transmitted into the seabed is parallel to the boundary; this occurs at the critical angle, 6..

For grazing angle (Figure 2.2), this is given as
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cos . = % (2.17)
2

The wavenumber at this point is defined by k, = k, cos 6. and defines a branch point of the
system. Physically, it corresponds to a head wave (also referred to as a ground wave, critically
refracted wave, lateral wave, or more generally as a precursor arrival) [41]. At sufficient
distance, the head wave is the first arriving wave [42]. A ray diagram of the head wave is shown
in Figure 2.2. Head wave arrivals are used in later chapters for estimating the compressional
wave speed in the seabed. The critical angle defines an important point in the system; when
k., > k, a wave incident on the water-sediment interface is totally reflected, whereas when
k, < k, the wave is partially transmitted into the seabed. This corresponds to trapped modes and

the continuous spectra respectively.

One final detail worth noting is the cutoff frequency, f_, for a waveguide with a fluid seabed,

below which a mode does not propagate. From Aki and Richards [42] p.315 it is

f=2 1 2.18
/o)’ 219
This is utilized in later section to investigate refraction effects within a waveguide with a depth

dependent seabed.
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Table 2.1. Boundary Conditions. Not included here is the Sommerfeld radiation condition as

it is the same for all interface combinations.

Interface Boundary Conditions
Vacuum-Fluid 0,,=0
. . o =0

Fluid-Fluid 221 = Y2z,
Wi =Wy

. . Gzz,l = GZZ,Z

Fluid- Solid Tyl = Tax2
Wi =Wy

Z

Figure 2.1. Pekeris waveguide with shear. The seabed (Z>H) is an infinite half-space
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Water

L 4

Seabed

Figure 2.2. Ray schematic of a headwave arrival where 6. is the critical angle and L is the
horizontal travel distance in the seabed. Note that a headwave is continually returning energy to

the wave guide and this schematic only represents a single ray-path.
2.2.2  Depth-dependent Shear Wave Speed

In a homogeneous medium, where the shear wave speed is constant with depth, Scholte wave
dispersion is only present for frequencies whose wavelength is large compared to the thickness
of the waveguide, whereas dispersion can also occur when the shear wave speed in the seabed is
depth dependent [43]. In unconsolidated sediments of uniform composition (e.g. sands and
clays), theoretical [44]-[46] and experimental [47] studies suggest that the shear wave speed

increases continuously with depth into the seabed according to the following power law;

cs(z) = copz" (2.19)

In EQ.(2.19), cs(z) is the depth dependent shear wave speed, z is the depth below the water-
sediment interface, c,, is a constant equal to the shear wave speed at a depth of 1 m, and v is a
parameter between 0 and 1 that controls the rate at which the shear speed increases with depth.
Previous studies put v in the range of 0.3 to 0.4 [45], [47]-[50].
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2.2.3  Compressional Wave Speed and Seabed Refraction

Similar to the shear wave speed, the compressional wave speed in sands and clays increases with
depth into the seabed. This is a departure from the Pekeris waveguide case and results in more
complicated propagation within the waveguide. A common approach for modelling this depth

dependence is to assume that it increases linearly with depth [51]

cp(2) = ¢, + Pz (2.20)

Where c, is the compressional sound speed at a depth of z = 0 m (water-sediment interface) and

[ is the rate of increase of the sound speed in units of s~ 1.

If the sound speed increases with depth into the seabed, as is the case with sand, sound
propagating into the ocean bottom can undergo refraction. An early study by Sachs and Silbiger
[52] considers the effects of a seabed gradient on the formation of a caustic defining the point
between shadow zones, where acoustic energy does not propagate, and lit zones in which energy
re-enters the waveguide. The paper provides an analytical equation that relates a bilinear sound
speed profile (where c, is equal to the sound speed in the water) and the source and receiver
heights to the range at which a caustic forms. A later study by Frisk [53] presents a similar
analytical equation for an environment where ¢, is slightly lower than the sound speed in the

water.

Hanna [54], noting an unusual arrival structure in his data, investigates the effects of refraction
on short-range transmission loss. It was shown that a complex arrival structure was due to the
energy refracted through the seabed re-entering the waveguide at roughly 11 km for a velocity
gradient, B, between 1.5 s~ and 2.0 s~1. At shorter ranges, predictions that ignored refracted
arrivals were in good agreement with the data. A similar study by Christensen et. al. [55]
compared two models; one that considered only reflections from the seabed and a second that
includes refraction in the seabed. Similar to Hanna, this study showed the data were in good
agreement with the reflection model at ranges less than 15 km, and in good agreement with the

refraction model beyond 15 km.
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Building on these studies, Stickler [56]reports on observation of negative bottom losses in depth
dependent seabed where refraction occurs. This study demonstrated that that the range at which
refracted energy re-entering the seabed can be observed depends not only on the sound speed
profile in the seabed but also on the source and receiver heights as discussed by Sachs and
Silbiger. Refracted energy from a source close to the seabed re-enters the seabed at shorter

ranges than a source at a large height above the seabed (e.g. shallower source depth).
2.2.4  Three-Layer Environment with Shear Effects

Up until now the environments considered consist of a water layer over a sediment half-space
consisting of a single material that is either homogeneous or has some type of depth dependence.
In many areas, however, the seabed is more complicated and can have multiple layers that
depend on both geological and biological activity. In this section a three layer waveguide (Figure
2.3) is considered that consists of a water layer bounded above by a pressure release surface, and

below by a seabed composed of a thin, elastic sediment layer over an elastic half-space.

Propagation within a three-layer fluid waveguide is well established [40], [57]. However, this
model does not account for losses caused by the conversion of compressional to shear waves or
the conversion of shear waves to compressional waves which can occur at interfaces between
two materials. Hawker [58] proposed that within a three layer waveguide with an elastic seabed
there can be large effects due to the excitation of Stoneley waves on the sediment-basement
interface. In this work, Stoneley wave refers to interface waves travelling along the interface of
two elastic solids. This was later confirmed in a follow-up work [59] that looked at the reflection
loss, RL, for a single inhomogeneous clay layer modelled as a fluid overlying a semi-infinite

solid substrate (basalt) where reflection loss is defined as follows;

Where R is the plane wave reflection coefficient. Following a similar line of study, Vidmar [60]
used a ray path analysis to investigate the propagation of compressional and shear waves within
this medium and show that high losses at low frequencies resulted from the conversion of
compressional waves to shear waves at the sediment-basement interface creating a loss of energy

that reduces the total energy returned to the water from the seabed.
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The effects of shear related losses in the seabed were also studied by Hughes et. al. [61] where
high propagation losses at regularly spaced frequencies over a finite frequency range were
examined. Above a certain frequency these high losses were not observed. They compared
measured propagation losses to model results for the three-layer elastic waveguide discussed
here, fluid half-spaces, and elastic half-spaces. The best fit to these data were given by the three-
layer elastic model. The elastic basement model (no sediment layer) gave better agreement than a
fluid seabed model at low frequencies, however this model over predicted the losses at higher
frequencies. Using the reflection loss calculated using the SAFARI wavenumber integration
model (predecessor to OASES that is used in this work [29]) the authors show that the high
losses at low frequencies are due to the excitation of shear resonances within the thin sediment

layer.

Unlike Hughes et. al., Hovem and Kristensen [62] expand on the work of Hawker and explain
that losses in this environment are due to the excitation of Stoneley interface waves [43] at the
sediment-basement interface. They proposed that below the critical grazing angle the sediment
layer produces the correct wavenumber for the excitation of interface waves to be excited along
at the sediment-basement boundary. Chapman and Chapman [63] give a good explanation of this
phenomena; the excitation of interface waves typically occurs at low grazing angles and low
frequencies when the compressional wave speed in the sediment layer is higher than in the water.
Below the critical angle at the water-sediment interface an evanescent compressional wave is
excited. In thin layers, this evanescent wave can be strong enough to excite interface waves in
the basement. In thick sediment layers, however, the exponential decay of the evanescent wave
weakens the wave incident on the sediment-basement boundary so that an interface wave is
either not excited or only weakly excited. To summarize, the evanescent wave in the thin layer is
strong enough to interact with half-space below whereas in a thick layer the evanescent wave has

decayed before it can interact with the half-space.

Building on the papers by Hughes et. al. and Hovem and Kristensen, Ivansson [64] demonstrates

that both mechanisms contribute to the losses. Shear resonances appear as high losses at distinct
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frequencies, whereas the conversion to interface waves is isolated to a range of low frequencies

with the effects diminished at a high frequency cutoff.

As many of the studies relied on the plane wave reflection coefficient to study the three layer
waveguide with an elastic seabed, Vidmar and Foreman [65] proposed a plane wave reflection
coefficient model using a Thomson-Haskell matrix approach (for additional details on this
method see [42]). While this approach can vyield accurate results, it can suffer numerical
instabilities. An intuitive understanding of the physics involved can also be lost in the numerical
computations. In response, Chapman and Chapman [63] proposed a simple analytical coherent
ray based model. It assumes that (i) there are no wave conversions at the water-sediment
interface (e.g. compressional to shear wave or shear wave to compressional, and (ii) along a
particular ray path, only two wave conversions can occur at the sediment basement boundary
(Figure 2.4). This analytical model relies on the plane wave reflection coefficients. It should be
noted that while the authors recommend the coefficients described by Brekhovskikh [33], these
can be numerically unstable. It is therefore recommended that the coefficients presented in Aki
and Richards [42] on pp.144 — 145 be used instead. The approximate reflection coefficient is
given by;

pp ,jA PSpSP _j(Aps+A
Ry} eJo%p R23Ra3 e/(2s+adp)

R~Ryy+(1— R122)< ) (2.22)

LR, RED /AP0 (1+R12R§3pejA¢P)2(1+R§§efA¢S)
Where R is the reflection coefficient, the first subscript number indicates the incident medium,
the second subscript number indicates the medium from which the ray is reflected/transmitted.
The first superscript letter indicates the type of incident wave (p for compressional, and s for
shear) and the second superscript letter indicates the nature of the reflected/transmitted ray.
Phase effects resulting from the thin sediment layer are included in all coefficients in the middle

layer with gbp identifying the phase of compressional waves and ¢ the phase of the shear waves.

The Chapman-Chapman model can be broken down into several components; R, identifying the
reflection from the water-sediment interface, the left-hand side of the large term in parentheses
identifying a family of compressional waves travelling through the sediment layer, and the right-

hand side identifying compressional to shear wave conversions. A similar reflection coefficient
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model for this environment have also been proposed by Clark [66] and a three layer elastic
medium has been presented by Ainslie [67]; however, the Chapman-Chapman model is used in
this work due to its simplicity and utility in elucidating the underlying mechanisms responsible

for the high losses in this environment.

Water Pw: Cw

Figure 2.3. Three-layer seabed model with a thin layer of thickness H
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Figure 2.4. The important reflection and transmission coefficients for a solid sediment layer
with a low shear speed used in the Chapman and Chapman reflection coefficient model (based

on figure by Chapman and Chapman [63] )

2.3 UNDERWATER EXPLOSIONS

Having considered the physics of sound propagation in shallow water, attention is turned to the
source used in this work; underwater explosives. Chapman [16] provided a relatively recent
review and discussion of the general characteristics of underwater explosions. During the
detonation of an underwater charge, the explosive material is transformed into a small sphere of
gas at high temperature and pressure. As a result of the pressure differential between the gas
sphere and the hydrostatic pressure in the water, a shock wave is radiated into the water.
Following detonation, the gas sphere begins to expand outward resulting in a pressure tail behind
the shockwave that exponentially decreases in magnitude. As the bubble expands, the pressure
inside begins to decrease. When the pressure inside the bubble reaches the hydrostatic pressure
of the water, the inertia of the moving gas causes the bubble to continue to expand. This
continued expansion of the gas results in the pressure within the gas sphere falling below the
hydrostatic pressure. Eventually the gas sphere ceases to expand. With the pressure inside the gas

sphere now below the hydrostatic pressure, the bubble begins to contract thereby increasing the
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internal pressure. Similar to the expansion process, the inertia of the gas bubble causes the
pressure within the sphere to increase past the hydrostatic pressure. This process of expansion
and contraction, collectively referred to as the bubble pulse, continues until the energy within the
gas sphere has been radiated into the water. A representative pressure history of the explosive
waveform as it relates to the size of the gas sphere is shown in Figure 2.5. The time between the
shock arrival, Pp.q, and the peak pressure of the bubble pulse P, is referred to as the bubble

pulse period, 7.

The process described above is representative of an underwater explosion in an unbounded
medium in which there is no interaction with nearby surfaces. Recent studies by Cui et. al. [68]
have looked at how a nearby surface can affect the bubble pulse including rigid surfaces and
pressure release surfaces. In a real ocean environment, these would correspond to the seabed and
sea surface respectively. The proximity of an explosion to a free surface can result in cavitation
effects where the pressure within the cavitation zone is lower than the pressure in the water and
expands outward from the center of the free surface. Additionally, atmospheric air can be
ingested by the bubble when it is in close enough proximity to the surface. When a charge is
located above a rigid surface cavitation can occur as well as other effects including the formation
of annular jets and the separation of the gas bubble into two parts as a result of buoyancy effects.
For both of these surfaces, the pressure time series of the source would deviate from the

idealized model shown in Figure 2.5.
2.4 BUBBLE PULSE PERIOD

Using measurements of explosions, empirical equations for the bubble pulse period as a function
of charge weight and explosion depth were developed. Specifically, this equation predicts the
time delay between the arrival of the shock wave and the first bubble pulse peak. Although
originally formulated using measurements of deep underwater explosions [69], this equation has

previously been successfully applied to shallow charges [16]. The bubble pulse period is given

by;

T=211x W3z,%/¢ (2.23)
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where 7 is the bubble pulse period in seconds (s) (Figure 2.5), w is the charge weight in kg NEW
and z, is the hydrostatic depth in meters (given by z, = W 4+ 10.1 m). Unlike the peak pressure
equation, which is a function of scaled range, the bubble pulse period is a function of charge
weight and detonation depth. It should be consistent for measurements collected simultaneously

at multiple ranges.

peak

pressure

o O O

Explosive First Second
Charge Bubble  go ond Bubble ~ Bubble
First Bubble Minimum 0 imum Minimum
Maximum
time

Figure 2.5. Pressure-time history for an underwater explosion with the size of the gas sphere

is shown in relation to the explosion waveform [25].
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2.5 ENVIRONMENTAL METRICS

251 Peak Pressure

Using experimental measurements of underwater explosions collected during and after World
War 11, a semi-empirical equation for predicting the peak pressure from underwater explosions
was developed as a function of the scaling parameter, or R/W /3, defined as the range from the
source, R, divided by charge weight, W, to the one-third power (herein referred to as scaled
range.) The term semi-empirical has been used to describe this peak pressure equation due to the
origins of this parameter in Kirkwood-Bethe propagation theory [70]. The peak pressure [20] is
given by;

-1.13
Ppeak = 52.4x 108 (=2) (2.24)

wl/3

where P, is the peak pressure in Pascal (Pa), R the measurement range in meters (m), and W
the charge weight in kilograms of TNT, also referred to as the net explosive weight (NEW). It is
important to note that this equation was developed for TNT, due to its historical and continued
use as the standard high explosive, and assumes a spherical TNT charge of density 1520 kg/m?
[26]. Using this equation, the peak pressure for other high explosives can be predicted through
the use of TNT-equivalent weight. While originally formulated for spherical charges, the
equation has been successfully employed for an array of charge geometries [16], [71]-[73].

While a full derivation of the Kirkwood-Bethe theory is outside the scope of this dissertation, it
has been shown [26] that the pressure in the water decays exponentially with time, and is
dependent only on the explosive material and the ratio of the range to the charge radius, R/a,.

The peak-pressure equation assumes a spherical charge geometry where the charge weight is
given by W = p%ﬂag’ where p denotes the density of the explosive material. With this in mind,

the ratio R/a, can be reformulated as;

R R 1/3
PRlwYE X (p;n) (2.25)
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. 1/3. . .
In the peak-pressure equation (p%n) is absorbed into the 52.4 x 10° factor. Additionally, the

Kirkwood-Bethe theory supports the R~*® decay of the peak pressure with range, which is a
somewhat greater decay rate than the R~ decay expected for spherical spreading of an acoustic
wave [26]. This departure could be due to weak non-linear effects; this was discussed in detail by
Temkin [74], although conclusive explanation was not reached.

2.5.2  Sound Exposure Level

The sound exposure level (SEL) is the time integral of the squared acoustic pressure;

SEL = 10log,, (ﬁ foTpZ(t)dt) (2.26)

where SEL is in units of dB referenced to Prefr which in this case is 1 uPa’s. Popper [75]

explained that SEL is an indication of the total acoustic energy received by an organism. It has
become a useful metric to assess cumulative noise exposure as it allows for the comparison of
sounds with varying durations [76]. The most common approach to calculating the SEL is the
90% energy approach. Using this approach, the integration period, T, is defined as the sample
interval that includes 90 percent of the energy of the explosion’s waveform. An example of this

calculation is shown in Figure 2.6

Energy flux density, E, is defined as the time integral of the squared pressure divided by the
characteristic impedance of the medium and is closely related to the SEL in Eq. (2.26). similar
to the peak pressure equation (Eq. (2.24)), the energy flux density is proportional to the scaled
range R/W/3 [26]

R )—2.12

E o« W1/3 (w1/3

(2.27)

where W is the charge weight and R is the range. This relation has been shown to be useful for

comparing the SEL for different combinations of charge weight and measurement range.



24

< T >
hehr At i s _,—.|'|| N I|,|.--r-~_--
0 time T
1
=08} H .
b
=
W agk -
@
2
= 04r | .
B
< 02F -
0
0 time T

Figure 2.6. a) Time history of an explosion and b) the resulting time history of its cumulative
energy. Red lines indicated the start and end times of the window containing 90 percent of the

waveform energy.
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Chapter 3. EXPERIMENTAL DESCRIPTIONS

In the following chapter experimental descriptions for experiments discussed in this work are

presented.
3.1 PU ULOA EXPERIMENT

The underwater explosion measurements were conducted over a three day period from May 17 to
19, 2016 at the U.S. Navy Pu'uloa Underwater Detonation (UNDET) Range at Pearl Harbor, HI
(Figure 3.1). Each day three, C-4 charges of identical weight were prepared, deployed and
detonated by the U.S. Navy Mobile Diving and Salvage Unit ONE, Company 1-8. The charge
weights, reported as the net explosive weight (NEW), were 2.3 kg NEW on day 1, 8 kg NEW on
day 2, and 4.5 kg NEW on day 3. All charges were detonated on the seabed. The charges are
summarized in Table 3.1. The third 8 kg NEW charge detonated on day 2 misfired and is

therefore not included in this study.

Acoustic measurements of the UNDETSs were recorded simultaneously from two directions: one
aligned cross-shore (Figure 3.2a) and one aligned alongshore (Figure 3.2b). For cross-shore
measurements, these data were recorded on a vertical line array (VLA) deployed from the motor
vessel Ho oponopono (chartered from Parker Marine Corporation, Honolulu, HI). The VLA
consisted of 9 hydrophones (ITC 1032) spaced 2 m apart, and had receiving voltage sensitivities
ranging from -204 to -208 dB re V/uPa depending on their position on the VLA. Data from the
VLA were recorded on a multi-channel coherent data acquisition system (Astro-Med, Inc.) for
which each channel was recorded at 62,500 samples per second. The water depth along this

transect varied from 10 m at the UNDET site to 18 m at the receiver range (Figure 3.1).

For alongshore measurements, single-element autonomous systems were deployed near the
seabed and consisted of a self-contained data acquisition and storage system (Loggerhead
Instruments DSG) and a single hydrophone (HTI-96-min) recording at 50,000 samples per
second with a receiving voltage sensitivity of -220 dB re 1 V/uPa. The water depth along this
transect varied between 8 and 10 m. For days 1 and 2 the single element systems were deployed
750 m and 1500 m down-range from the UNDET and on day 3 at 500 m and 1500 m.
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At range 1500 m, on all three days, a third system was deployed that had receiver sensitivity of -
170 dB re 1 V/pPa. This high sensitivity system enabled studies of ambient noise conditions
immediately before, during, and after an UNDET event; it also provides recording details of the
low-frequency precursor signal that arrives prior to the direct, high-level signal which is used in
Chapter 5 for calculating an estimate of the compressional wave speed in the seabed. Note, that
while precursor arrivals can be observed on the low sensitivity system, only the high sensitivity
system can fully resolve the beginning of this feature. In the low sensitivity system, this feature
has a low signal-to-noise ratio so the arrival time that can be observed in the high sensitivity
system cannot be resolved. Depths and ranges for the receivers shown in Figure 3.2 are

approximate. Precise values are given in Table 3.1.

Sound speed in the water column was measured at the VLA site on 17, 18, and 19 May between
2030 and 2200 UTC. The measured sound speed was between 1536 and 1537 m/s and was
nearly constant with depth; this was expected for this environment because of mixing from wave
action. Directional wave conditions were also measured at the VLA site using a Datawell wave
buoy. Wave conditions over the three day experiment were consistent and show waves of
frequency 0.18 Hz originating from approximately 135 degrees, and a 0.1 Hz, low-frequency
swell component originating from 180 degrees where O degrees corresponds to North. The root-
mean-square wave height is 0.33 m and the significant wave height is 1.34 m. Directional wave

conditions over the three days are consistent.

Seabed studies conducted in the vicinity of the measurement site show the seabed is composed of
limestone [77] overlain by a coral sand layer of variable thickness [78]. This has been confirmed
by images collected by the dive team that show the seabed composition exhibits significant
spatial variation with some areas presenting only limestone pavement and in others the limestone
is topped by sand. Additional information on this study can be found in the report by Dahl et. al.
2016 [79].



Table 3.1. Test charge summary for the Pu uloa experiment. Note that the tripod color

designations refer to the schematic in Figure 3.1.

Date Weight Detonation Receiver Receiver Receiver Receiver
Depth Range Depth Range Range
(kg NEW) Orange Orange Green Green
(m) Tripod (m) Tripod (m) Tripod (m) | Tripod (m)
17MAY2016 | 2.3 10.3 758 7.1 1503 7.7
18MAY2016 | 8 10.6 784 7.1 1503 8.0
19MAY2016 | 4.5 10.3 513 8.1 1503 7.7

27

Hondlulu

Depth (m)
e /o\ Vertical Line Array
0-5

15-10 A Green Tripod
10-20 & Orange Tripod (D1, D2)
20-30
7130 - 40 AOrange Tripod (D3)
40 - 50
50 - 60 _$-UNDET
60 - 70
. 70 - 80
I 80 - 90
. 90 - 100
. >100

500 1,000
| | |

2,000 Meters|

Figure 3.1. Map of the measurement geometry and bathymetry for the 3-day Pu uloa Range
experiment in May 2016, showing locations of the UNDET source, charter vessel and
deployment of vertical line array (white triangle), and the two autonomous recording tripod
systems (green and orange triangles). Note the orange system was repositioned closer to the
UNDET site on day 3 (map by Dara Farrell).
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Figure 3.2. Equipment setup for (a) the off shore receiver range measured on a vertical line
array and (b) The cross-shore measurement location of the two autonomous systems. The 750 m

autonomous system was moved to 500 m on day 3.

3.2 VIRGINIA BEACH EXPERIMENT

The Virginia Beach measurements were originally presented by Soloway and Dahl 2014a [19].
Five explosive charges were detonated either on the seabed or at a depth of approximately 9 m.
The NEW of the charges ranged from 0.1 to 6 kg NEW. The measurement site was located 7 km
off the coast of Virginia Beach, Virginia in shallow water with constant water depth along the
measurement transect. Exact measurement of the water depth were not unfortunately not
collected during the experiment, so the water depth has been estimated using the bubble pulse
period of the 6 kg charge detonated on the seabed and Eq. (2.23). This put the water depth at 16
m. To help verify that the bubble pulse provides a reasonable water-depth estimate, a comparison
is made to the water depths listed on navigational charts. The navigational charts show a constant
mean lower-low water depth of 14.3 m; when tidal variation is accounted for, the water depth is
between 14.7 m and 15 m. As the isobaths exhibit some spatial variation, the 1 m discrepancy is

reasonable. A water depth of 16 m is therefore used in the remainder of this work.

which is the value that is used here as the nautical charts do not provide exact. Acoustic data
were collected simultaneously at either 165 m and 430 m or 430 m and 950 m along an isobath.
As part of an unrelated sand-mining study conducted by conducted by Hardaway et. al. [80] at a

nearby site, 22 seabed core samples were collected over a 16 km? area. These core samples
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contained a range of materials from stiff clays to very coarse sands and gravels[80]. A study by
Soloway and Dahl 2015b [81] also showed that the seabed is likely composed of sandy
sediments. A summary of measurement ranges and depths is given in Table 3.2.

Measurements were made from two small vessels; Vessel 1 located at range 430 m from the
source detonation site for tests 1 - 4 and Vessel 2 located at range 165 m for tests 1 and 2 and at
range 950 m for tests 3 and 4 (Figure 3.3). Acoustic data were recorded from Vessel 1 using a
vertical line array (VLA), and an autonomous acoustic recording system. The VLA elements
consisted of 9 hydrophones (ITC 1032) with receiving voltage sensitivity ranging from -204 to -
208 dB re V/pPa depending on the position in the VLA. The elements were spaced 0.7 m apart
with the uppermost hydrophone at depth 6.6 m and the deepest at 12.2 m. The autonomous
system recorded at depth 12.9 m and consisted of a self-contained data acquisition and storage
system (Loggerhead Instruments DSG) and a single hydrophone (HTI-96-min) recording at
50,000 samples per second with a receiving voltage sensitivity of -220 dB re 1 V/uPa. An
identical autonomous system was used for Vessel 2 and was deployed at depth 9.5 m for tests 1
and 2 (165 m range) and depth 10.0 m for tests 2 and 4 (950 m range). Additional measurement
details for the Virginia Beach experiment can be found in the report by Soloway and Dahl 2014b
[27] or in Appendix A where the experimental description from this report has been included for

completeness.

Table 3.2. Summary of the charge weights and measurement locations for the Virginia Beach,

VA experiment

Date Weight Detonation Receiver Receiver Receiver Receiver
Depth Range Vessel | Depth Vessel | Range Depth
(kg NEW) 1(m) 1(m) Vessel 2 (m) | Vessel 2 (m)
(m)
11SEP2012 0.3 9 430 12.9 165 9.5
11SEP2012 0.6 14.7 430 12.9 165 9.7
11SEP2012 3.0 9 430 13.1 950 10.0
11SEP2012 6.0 14.7 430 13.1 950 10.4
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Figure 3.3. Experiment setup for the Virginia Beach experiment

3.3 SAN DIEGO EXPERIMENT

The Silver Strand experiment was conducted at the Silver Strand Training Complex, Naval Base
Coronado, Coronado, CA. Over two days, four 6 kg NEW explosive charges were detonated on
the seabed at a depth of 23.7 m. Charges were recorded simultaneously at two ranges along an
isobaths. The exact range of each receiver varied from charge to charge, with one receiver at a
range between 350 and 800 m from the detonation site, and a second, farther range, between
1200 and 1700 m. A summary of the receiver depths and measurement ranges can be found in
Table 3.3.
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The seabed at this measurement site, similar to the Virginia Beach experiment, was composed of
sand. Unlike the Virginia beach site, the water sound speed at the Silver Strand experiment site
was characterized by a thermocline between the surface and approximately 15 m, resulting in a
sound speed that varied from 1510 m/s near the sea surface to 1492 m/s near the seabed, with
sound speed in the bottom 10 meters of the water column being approximately constant.
Additional experimental details can be found in the report by Soloway and Dahl 2015a [28] or in
Appendix B where the experimental description from this report has been included for

completeness.

Table 3.3. Summary of the charge weights and measurement locations for the Silver Strand

experiment
Date Weight Detonation Receiver Receiver Receiver Receiver
Depth Range Vessel | Depth Vessel | Range Depth
(kg NEW) 1(m) 1 (m) Vessel 2 (m) | Vessel 2 (m)
(m)
13MAY2014 6.0 22 512 12.3 1255 15.7
13MAY2014 6.0 22 784 12.3 1499 15.7
14MAY2014 6.0 22 685 13.1 1651 19.9
14MAY2014 6.0 22 358 131 1353 19.9
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Chapter 4. MODELING AND EXPERIMENTS EXAMINING
EXPLOSION GENERATED SCHOLTE WAVES
IN SANDY SEDIMENTS WITH POWER LAW
DEPENDENT SHEAR WAVE SPEED

41 INTRODUCTION

This chapter demonstrates how numerical propagation models and observable features in the data
can be utilized to develop an understanding of the measurement. The detonation of explosive
charges in shallow water from marine construction activities and navy training exercises
generates high amplitude, broad-band noise levels, some of which are potentially hazardous to
nearby marine life [73]. The lowest frequencies generated by such explosions (1-20 Hz) typically
propagate along the interface between the water and the seabed as Scholte waves, which are the

focus of this chapter.

At the interface of two homogeneous half-spaces where the shear wave speed is constant with
depth, Scholte waves are non-dispersive, whereas at the interface of a finite water layer and a
homogeneous half-space weak dispersion can occur when the wavelength is large compared to
the layer thickness (see Eq. (2.16)). Dispersion can occur to a significantly greater degree when
the shear wave speed in the seabed is depth dependent [43]. In unconsolidated sediments that are
un-layered and of uniform composition (e.g. sands and clays), theoretical [44]-[46] and
experimental [47] studies suggest that the shear wave speed increases continuously with depth
into the seabed according to the power law in Eq. (2.19) where c (z) is the depth dependent shear
wave speed, z is the depth below the water-sediment interface, c,, is a constant equal to the shear
wave speed at a depth of 1 m, and v is a parameter between 0 and 1 that controls the rate at

which the shear speed increases with depth.

In a previous paper [19], measurements of the noise produced by the detonation of explosive

charges in shallow water at the Virginia Beach measurement site were presented. During this
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experiment, Scholte waves generated by a C-4 charge with 3 kg-TNT equivalent weight
detonated at a depth of 11.6 m, and a C-4 charge with 6 kg-TNT equivalent weight detonated on
the seabed at 16 m, were measured on a vertical hydrophone array that sampled the water
column between 6.4 and 12.1 m.

The main goal of this work is to assess whether the explosion-generated Scholte waves traveling
in the sandy seabed at the measurement site can be modeled using a power law dependent shear
wave speed profile. This is accomplished using the dispersion of the Scholte waves and
Eq.(2.19) to determine the shear wave speed profile in the seabed through a forward modelling

approach.

Furthermore, in this study we also employ an empirical source model from Chapman [16], [17]
that determines the pressure time-series of an explosion at 1 m from the source as a function of
TNT-equivalent charge weight. It is particularly appropriate for this study given that this source
model was developed using multiple measurements collected in shallow water and can be
applied to varying charge weights. This approach differs from previous studies involving Scholte
waveforms that have used, for example, source functions based on a Ricker wavelets with a
center frequency of 10 Hz or 20 Hz where the source model is not directly connected to TNT-
charge weight [82], and a volume seismic source with strength estimated using adiabatic bubble
theory [83].

This volume is the difference between the volume initially occupied by the unexploded charge

and the volume occupied by the combustion products at the end of the process.

4.2 ENVIRONMENT MODEL

Scholte waves generated by the detonation of a 3 kg-TNT equivalent and a 6 kg-TNT equivalent
charge were measured on a 9-element vertical line array at a range of 430 m with an uncertainty
of +50 m owing to vessel drift. All measurements discussed in this paper were recorded on the

deepest hydrophone, 12.1 m below the surface (3.9 m above the seabed). Additional details on
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the experiment can be found in Chapter 3 or in Soloway and Dahl [19] (experiment description

from this report has been included in Appendix A for completeness).

As the exact composition of the seabed is unknown, a laterally homogeneous seabed with a depth
dependent shear wave speed described by Eq. (2.19) has been assumed. Following previous
studies, the density in the seabed is assumed to be constant with depth [82], [84] and is set equal
to 1700 kg/m?®. Similarly, the compressional wave speed, which has little influence on the
Scholte wave dispersion, is assumed to be 1700 m/s. Finally, a shear attenuation factor of 1.0

dB/A and a compressional wave attenuation factor of 0.2 dB/A have also been assumed.

43 METHODOLOGY

Previous investigations have determined the shear speed profile through two main methods;
matching the group and phase speeds of Scholte waves [50], [85], and matching of the measured
data to synthetic time series [82]. Here we use the latter approach and find values for c,and v in
Eg. (2.19) that give the best fit to our data using a forward modelling technique that iterates

through a predetermined parameter space for c,;, and v. The best fit is given by the model

parameters that minimize the L? norm calculated from the difference of the measured and
modeled data. Since the spectrum of the measured Scholte wave is in the range of 1 to 10 Hz, the
data have been first band-pass filtered between 1 and 15 Hz and then down-sampled from 62,500
samples/s to 200 samples/s. Processing the data in this way greatly reduces the computation time

for each forward model run.

During the experiment the source and receiving equipment were not synchronized, so an
alternate method had to be employed to determine the source-receiver timing. By assuming the
first water arrival corresponds to the peak pressure, the source-receiver time could be determined
using the measured water sound speed, 1528 m/s, and the measurement range, 430 m. This puts

the peak pressure arrival at time 0.28 s.

Forward modeling is achieved using the OASES seismo-acoustic wave propagation code [29]

which computes the frequency dependent Green’s function for a given environment using the
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parameters described in the previous section as model inputs. The forward modeling iterates over
a parameter space of ¢, in the range 90 to 110 m/s with 1 m/s discretization, and v in the range
0.2 to 0.4 discretizing by 0.001. Outside this parameter space, the spectra of the modeled Scholte
waves were in poor agreement with the measured data, as the Scholte wave arrived either before
or unrealistically long after the arrival time of the data; these values were therefore not
considered in the forward modeling. The time series are then computed by taking the inverse
Fourier Transform of the Green’s function weighted by the spectrum of the empirical source
model from Chapman [16], [17], also sampled at 200 samples/s. As OASES describes the
environment using a series of horizontally stratified layers, the continuous seabed described by
Eq. (2.19) is discretized using an equal layer travel time approach originally described by Godin
and Chapman [45] (also discussed in Section 6.4.2). In this approach, the shear wave speed is
selected such that the travel time though each discrete layer is the same. As the shear wave speed
increases with depth, the layer thicknesses also increase with increasing depth. The seabed is
modeled using 78-layers with a homogeneous half-space beginning at 150 m below the water-

sediment interface.
4.4 RESULTS AND DISCUSSION

441 Scholte Wave Measurements

The figures in this section originally appeared in the report by Soloway and Dahl 2014 [27] and
have been included here for completeness. Time series of the Scholte waves measured on the
deepest hydrophones of the vertical line array (VLA) are shown in Figure 4.1 and Figure 4.2 for
the 3.0 kg and 6.0 kg charges. The main water arrival and bubble pulse can be observed between

0 s and 0.25 s with the low frequency Scholte waves coming in between 1s and 4 s.

Looking at the energy spectral density (ESD) of these data on the VLA (Figure 4.3 and Figure
4.4), the energy carried by the Scholte wave is in the very low-frequency range between 1 and 10
Hz for both tests. Deeper hydrophones (those closer to the water-sediment interface) typically
measured higher levels than hydrophones at shallower depths. Scholte waves correspond to a
pole in the characteristic equation (Eq. (2.16)) and decay exponentially away from the water-

sediment interface; these results are therefore expected. While the ESDs for the two tests showed
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some similarities, the ESD levels for Test 3 were typically lower than the Test 4 levels, likely a
result of the smaller charge weight and shallower detonation depth. Hydrophone 2 (11.7 m) has

not been included due to noise present in the signal.

A spectrogram of the Scholte waves (Figure 4.5 and Figure 4.6) show low frequencies arriving
first followed by higher frequencies. This is expected for Scholte waves in an environment where

the shear waves are depth dependent according to Eq. (2.19). In a Pekeris waveguide, shear
dispersion still occurs due to the tan (H k% — k,%) term in Eq. (2.16), although it is only weakly

dispersive at a narrow range of frequencies. When the waveguide thickness, H, is large compared
to the wavelength, the dispersion equation tends towards the dispersion equation for a layered
waveguide defined by a water half-space above an elastic half-space. When H is small compared

to the wavelength, the dispersion equation tends towards the Rayleigh wave equation for an

elastic half-space below a vacuum.

Pressure (kPa)

2 1 1 1 L
-1 0 1 2 3 4 5

time (s)

Figure 4.1. Time series of the 3 kg NEW charge measured at 430 m on hydrophone 1 of the
VLA (12.4 m) with the Scholte wave arrival indicated in red. On the time axis, time 0 s

corresponds to the predicted time of arrival of the pressure wave at 430 m.
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Figure 4.2. Time series of the 6 kg NEW measured at 430 m on hydrophone 1 of the VLA

(12.4 m) with the Scholte wave arrival indicated in red. On the time axis, time 0 s corresponds to

the predicted time of arrival of the pressure wave at 430 m.
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Figure 4.3. Energy spectral density of the Scholte wave from the 3 kg NEW charge recorded
at 430 m range on the VLA. Data from hydrophone 2 (11.7 m) has not been included due to

signal noise.
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Figure 4.4. Energy spectral density of the Scholte wave from the 6 kg NEW charge recorded

at 430 m range on the VLA. Data from hydrophone 2 (11.7 m) has not been included due to
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Figure 4.5. Spectrogram of the Scholte wave from the 3 kg NEW charge measured at the 430

m range on hydrophone 1 of the VLA (12.4 m depth). The black line indicates the dispersion

trend.
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Figure 4.6. Spectrogram of the Scholte wave from the 6 kg NEW charge measured at the 430
m range on hydrophone 1 of the VLA (12.4 m depth). The black line indicates the dispersion

trend.

4.4.2 Best Fit Model

Through iterative forward modeling, we have found the best fit model for the 3 kg-TNT
equivalent charge is;

cy(2)= (102:7) 7(0375£0.008) (4.28)

and for the 6 kg-TNT equivalent charge;

¢y(z)= (102+7) z(0-367+0.007) (4.29)

The resulting time series of these model results are compared to the band-passed filtered data

(Figure 4.7), with reasonable agreement in both magnitude and phase evident.
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In this study we have assumed that the main contribution to the error is from uncertainty in the
source-receiver range, so our error bounds are given by the best fit model parameters at +50 m
from the measurement range of 430 m (Figure 4.8). In the future, a more robust approach that
includes measurement range as a model parameter may be employed. For the purpose of this
dissertation, however, we feel that the method used is sufficient for demonstrating that the
explosion-generated Scholte waves traveling in the sandy seabed at the measurement site can be
modeled using a power law dependent shear wave speed profile with c,, and g in Eq. (2.19)

being site dependent.

As an additional check on our results, the group velocity curves for the modeled and measured
data (Figure 4.9) have also been computed following the method of Ohta et al. [86]. The basic
dispersion properties seen in the data are captured by the model results, although the comparison
is limited to frequencies less than 4.5 Hz owing to low signal levels at higher frequencies. The
dispersion effects observed can be explained qualitatively by remembering that Scholte waves
decay within one wavelength of the water sediment interface. As lower frequencies have longer
wavelengths, they penetrate to greater depths in the seabed. With the shear wave speed in the
seabed increasing with depth, the low frequencies penetrate to depths with higher speeds. As a
result, the low frequencies arrive first followed by higher frequencies. This leads to the
dispersion trends in the data shown in Figure 4.5 and Figure 4.6.
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Figure 4.7 Measured data from hydrophone 1 of the VLA measured at 12.4 m depth (thick
line) compared to (a) the best fit model (thin line) for the 3 kg NEW charge given by Eq. (4.28),
and (b) the best fit model for the 6 kg NEW charge given by Eq. (4.29). The region starting at
0.28 s represents the main waterborne arrival, the level for which is highly reduced above 15 Hz

being examined here.
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Figure 4.8. Best fit shear wave speed profile for the 3 kg NEW charge given by Eq. (4.28)

(thin solid line) and the 6 kg NEW given by Eq. (4.29) (thick solid line) at 430 m range. The

error bounds (dashed lines) shown in the figure represent the overall minimum and maximum

profiles for the two charges. The lower error bound is given by the best fit profile for the 6 kg

NEW equivalent charge at 380 m, and the upper error bound is given by the best fit profile for

the 3 kg NEW equivalent charge at 480 m.
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Figure 4.9. Comparison of the group speeds for the measured data (red squares, red triangles)
and the best fit model results (blue circles, blue diamonds) for the 3 kg NEW equivalent and the

6 kg NEW equivalent charges.



45 SUMMARY AND CONCLUSIONS

In this chapter we have used a forward modeling approach and an empirical source model from
Chapman [16], [17] to show that the explosion-generated Scholte waves traveling in the sandy
seabed at the measurement site can be modeled using a power law dependent shear wave speed
profile described by Eq. (2.19). As discussed by Rauch [43], the dispersion characteristics of
Scholte waves in sand cannot be reproduced using a homogeneous half-space seabed (e.g.
Pekeris waveguide model with elastic seabed) but instead requires a depth-dependent shear wave
speed. The model results for the best fit shear wave speed profile, determined through waveform
matching, are in good agreement with both the measured data as well as previous studies that put
v in the range of 0.3 to 0.4 [47], [50].

This chapter demonstrates the approach that is used throughout this dissertation where
observations from the data are used to develop proposed geoacoustic seabed model for a given
measurement site. These models are then tested against the data with the help of numerical
propagation models. Throughout the remainder of this work, numerical predictions are computed

with the OASES wavenumber integration model.
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Chapter 5. EXPERIMENT COMPARISON FOR THREE SHALLOW
WATER SITES

5.1 INTRODUCTION

In this Chapter measurements of underwater explosions from Pu'uloa are presented and
compared to data collected at Virginia Beach and at Silver Strand Training Complex. The goal of
this work is to show that the peak pressure and SEL from the Pu'uloa experiment are
significantly lower than those from the other two experiments as a result of high propagation

losses resulting from the composition of the Pu uloa seabed.

All three of these experiments were conducted in shallow water (depth <25m) where sound
propagation is heavily affected by interaction with the seabed. At the Pu’uloa measurement site,
the seabed is primarily composed of limestone topped by a layer of coral sand of varying
thickness (on the order of 1 m), whereas the other two sites are composed primarily of
terrigenous sands and clays. Previous studies have shown that high propagation losses can occur
in areas where a hard-rock seabed is topped by thin sediment layers [61], [62], with Duncan et.
al. [87] identifying these effects in a seabed similar to the Puuloa site. The data from the Pu uloa
site provide an opportunity to explore these effects in greater detail and investigate the impact
that this type of seabed has on the metrics commonly used in assessing environmental noise, the

peak pressure and sound exposure level (SEL) [88].

In Section 5.2, the peak pressure, SEL, and energy spectral density (ESD) from the experiments
are compared that show the Pu’uloa metrics are significantly lower than the other two sites
(which are in good agreement with each other). The mechanisms responsible for these lower
levels are explored In Section 5.3 the receiver-to-receiver path loss for these data are compared
to numerical and analytical models to investigate the impact of the seabed on propagation
independent of the source. Other mechanisms that could cause high losses at the Pu uloa site are
also considered, including sea surface roughness and bathymetric refraction. Conclusions for this

work are presented in Section 5.4.
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5.2 EXPERIMENT RESULTS

In this section the peak pressure and SEL from the Pu'uloa experiment are compared to
explosion measurements collected at the Virginia Beach training facility and the Silver Strand
training complex for all charge and range combinations. We also present the energy spectral
density (ESD) for receivers positioned between 350 and 700 m and charges from 3.0 kg NEW to
6.0 kg NEW.

5.2.1  Peak Pressure and Sound Exposure Level (SEL)

The peak pressure and SEL for the experiments are shown in Figure 5.1 and Figure 5.2
respectively. The peak pressure is shown with respect to scaled range from Eq. (2.24) and the
SEL is shown with respect to the scaling parameter in Eq. (2.27). For both metrics, the Pu'uloa
data is always lower than both the Virginia Beach and Silver Strand data with the peak pressure
10 to 30 dB lower and the SEL being 15 to 30 dB lower. The differences in the peak pressure are
particularly notable since the Virginia Beach data and Silver Strand data are in good agreement
with Arons’ empirical equation for peak pressure in Eq. (2.24). Comparing the measured peak
pressures to Eq. (2.24) in Figure 5.1 we see that the Pu’uloa data do not agree with the empirical
predictions. Although the peak pressure equation was formulated for an unbounded media, it
does appear to give reasonable predictions for propagation at the Virginia Beach and Silver
Strand sites. For these sites, the peak pressures at the lower bound of scaled range are below the
empirical prediction, whereas the upper bounds of the scaled range shows measured peak
pressure above the empirical predictions. Based on this observation, it is unclear whether Eq.
(2.24) accurately predicts the peak pressure for range and weight combinations outside of those

explored in this work.
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measurement range, R, in meters. These data are also compared to the empirical equation for

peak pressure given in Eq. (2.24) For a given scaled range, the Pu uloa peak pressures are up to

25 dB lower than the Virginia Beach and Silver Strand measurements and empirical predictions.
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Figure 5.2. Sound Exposure Levels from the Pu uloa and Virginia Beach measurements

plotted against the scaling parameter in Eq. (2.27) which is a function of the charge weight, W,

in kg NEW and the measurement range, R, in meters. The SEL for calculated from the Pu'uloa

measurements are up to 25 dB lower than values calculated from the Virginia Beach and Silver
Strand data.

5.2.2  Energy Spectral Density

In Figure 5.3 ESD from the three experiments are presented. Unfortunately, there is not a
common combination of range and charge weight between the three experiments that allows for
a direct comparison. Instead, the ESD for a range of charge weights and receiver ranges are
presented and compared to the ESD from the Pu'uloa experiment of the 4.5 kg NEW charge

measured at 512 m.

For the Virginia Beach ESD, two charge weights (3.0 kg NEW and 6.0 kg NEW) recorded at 430
m are presented and for the Silver Strand ESD two 6.0 kg NEW charges recorded at two
measurement ranges are presented (358 m and 685 m). These data shows the Pu'uloa ESD is
significantly lower than the ESD from the other two experiments with poor agreement from 50

Hz to the 4000 Hz third-octave bands. These differences are highest between the 50 and 1600 Hz
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third-octave bands where the differences are as high as 30 dB. The high losses in the Pu'uloa

data are also present in the VLA data which were collected along a separate transect.

Additionally, we can show that for similar charge weights and measurement ranges, the 6.0 kg
NEW charges from Virginia Beach and Silver strand are consistent for frequencies above 80 Hz
with differences typically less than 5 dB. The Silver Strand ESD also show that differences in the
receiver range result in differences of less than 5 dB at frequencies between 50 and 1600 Hz.
These results show that the differences in the ESD between the Pu'uloa data and the other two
experiments is not due to differences in charge weight or measurement range, but is likely due to
some other effect. In the following section these results are discussed along with the possible

mechanisms that could be responsible for the high losses in the Pu’uloa data.
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Figure 5.3. Energy spectral density for the 4.5 kg NEW charges from the Pu’uloa experiment
measured at 513 m, the 3.0 kg NEW and 6.0 kg NEW charges from the Virginia Beach
experiment measured at 430 m, and the 6.0 kg NEW charge measured at the Silver Strand
experiment at 358 m and 685 m. While the Virginia Beach and Silver Strand ESD typically
differ by less than 5 dB above 80 Hz, the Pu uloa are up to 30 dB lower for third-octave bands

between 80 Hz and 1600 Hz.
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5.2.3  Time-Frequency Analysis

Time-frequency analysis is a useful tool for examining how the spectral content of the data
changes with time. In this section this is accomplished using a 1024 Hamming window for each
time bin and 90% overlap for successive time bins. Spectrograms of the Virginia Beach (Figure
5.4, Figure 5.5, Figure 5.6, and Figure 5.7) and the San Diego data (Figure 5.8 and Figure 5.9)
show similar characteristics with both the main arrival and bubble pulse arrival visible. These
data show considerable energy between 50 Hz and 1600 Hz. This is distinct from the Puuloa
data (Figure 5.10 and Figure 5.11) where energy at these frequencies is considerably lower for
the 750 m range and almost entirely absent at the 1500 m range. This is consistent with the ESD
for these data (Figure 5.3) in which the Pu'uloa measurements exhibit lower levels than data
collected at the other two measurement sites. Additionally, the Pu’uloa data collected at 1500 m
shows energy levels between 50 Hz and 500 to be close to the ambient levels.

The Silver Strand Data exhibits interesting characteristics with clear modal dispersion features
visible in the main water arrival for the 1650 m range (Figure 5.9) at 0.0 s and in the bubble
pulse arrival at approximately 0.2 s. This is not visible for the data collected during the same test
at 685 m (Figure 5.8). As the Virginia Beach data was collected at a closer range, these

dispersion effects are not distinct.

In addition to the hole in the Pu'uloa spectrograms between 50 Hz and 1600 Hz, another
interesting feature is observed coming in 0.1 s after the main water arrival. The time offset is too
low to be the bubble pulse (arriving at 0.3 s) and does not appear to change between the 750 m
and 1500 m range which indicates that it is likely a source effect instead of a propagation effect.
One explanation for this feature comes from the work of Cui et. al. [68]; when a source is close
to the surface cavitation can occur and a distinct signal of the cavitation region collapse can be
observed. This is only clearly observed in the Pu'uloa data and is possibly due to the shallower
depth at the detonation location (10 m) compared to the Virginia Beach and Silver Strand sites
(16 m and 22 m for respectively). An alternate explanation, also based on the work by Cui et. al,
relates to cavitation resulting from detonation of a source above a solid surface. A detailed study

of these effects is outside the scope of this work, but does provide motivation for comparing the
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measurement from the three experiments independent of the source as site-to-site variation in the

source waveform is clearly a possibility.

Further support for this assertion is given by Figure 5.6 and Figure 5.7 for the 0.3 kg NEW
charge detonated at mid-water where two bubble pulses are observed as opposed to a single
bubble pulse in Figure 5.4 and Figure 5.5 for the 6.0 kg NEW charge detonated on the seabed.
The midwater detonation, unlike the bottom detonation, allows for the continued pulsation of the
gas sphere. A similar trend is also observed for the 3 kg NEW charge detonated at midwater
depth, whereas all bottom detonation measured in these experiments (Silver Strand and Pu uloa
data included) show only a single bubble pulse. This lends further support to analyzing these data

independent of the source term.
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Figure 5.4. Spectrogram from the Virginia experiment for the 6.0 kg charge measured at 430

m range. Color bar in dB re 1 uPa? s.
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Figure 5.5. Spectrogram from the Virginia experiment for the 6.0 kg charge measured at 950

m range. Color bar in dB re 1 uPa? s.
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Figure 5.6. Spectrogram from the Virginia experiment for the 0.3 kg charge measured at 165

m range. Color bar in dB re 1 uPa? s.
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Figure 5.7. Spectrogram from the Virginia experiment for the 0.3 kg charge measured at 430

m range. Color bar in dB re 1 uPa? s.
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Figure 5.8. Spectrogram from the San Diego experiment for a 6.0 kg charge measured at 685

m range. Color bar in dB re 1 uPa? s.
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Figure 5.9. Spectrogram from the San Diego experiment for a 6.0 kg charge measured at

1650 m range. Color bar in dB re 1 uPa? s.
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Figure 5.10. Spectrogram from the Pu"uloa experiment for a 4.5 kg charge measured at 750

m range. Color bar in dB re 1 uPa? s.
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Figure 5.11. Spectrogram from the Pu uloa experiment for a 4.5 kg charge measured at 1500

m range. Color bar in dB re 1 uPa? s.

5.3 DISCUSSION AND MODELLING

In the following section we explore the mechanisms that could cause the peak pressure, SEL, and
ESD for the Pu'uloa measurements to be lower than those from the other two experiments. We
show that while effects from sea-surface roughness, bathymetric refraction, or effects of the
shallow water detonation on the source (e.g., cavitation) could be responsible, the high losses are

likely caused by high seabed reflection loss (RL) due to the seabed composition.

In this analysis seabed effects are explored using both numerical propagation models and an
analytical RL model. First, a geoacoustic model for each measurement site is presented. Then,
using these geoacoustic models, the receiver-to-receiver path loss at each experiment site are
computed and compared to predictions from the OASES wavenumber integration model[29].
This allows the effects of the measurement environment, independent of the source, to be
explored. An analytical RL model from Chapman and Chapman [63] is then be used to verify the
OASES results for the Pu'uloa site and explore the role of shear effects in the RL. The measured

and modeled Pu'uloa results are also considered in the context of the equipment self-noise.
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Finally we discuss possible losses from sea-surface roughness and bathymetric refraction and

show that any resulting attenuation is small when compared to the losses attributed to the seabed.

53.1 Geoacoustic Model

5.3.1.1 Pu'uloa

The exact composition of the seabed at the Pu'uloa site is unknown, however previous seabed
studies [77], [78] and discussions with the Navy divers indicates that it is likely composed of a
limestone basement which in some areas is topped by a thin sand layer of varying thickness. For
the purposes of this study it is represented as a two layer medium with a thin sand layer

overlying a limestone half-space.

Fu et al. [78], in their study of coral sands close to the measurement site, discuss the loose and
poorly compacted nature of the sediment resulting from regular wave activity. That study put the
compressional wave speed of coral sands between 1600 and 1650 m/s. In this work a
compressional wave speed of 1600 m/s is used. The study did not provide a shear wave speed
and, in general, studies have not been conducted where the shear wave speed in thin sand layers
has been measured. A shear wave speed of 150 m/s has therefore been assumed. Due to poor
consolidation resulting from wave and water action, this value could be high for sand in a thin
layer. Comparing this value to Eq. (4.28) and Eq. (4.29), however, demonstrates that this
assumption is not unreasonable for sand at depths on the order of 1 m where the shear wave
speed of sand would be between 0 m/s at the water-sediment interface and 228 m/s at 9 m
depths. This estimate is sufficient, however, for the purposes of this study. Fu et al. also
presented measurements of the compressional attenuation between 0.5 and 1.4 dB/A, however
this value is much higher than typical literature values. Instead we use a more conservative
compressional attenuation of 0.2 dB/A and a shear attenuation of 1.0 dB/A. Finally, a density of
2000 kg/m? is also used.

For the limestone half-space, the compressional wave speed was estimated by using the
precursor arrivals measured on the high sensitivity systems at 1500 m for all test charges. The

time series for the precursor arrivals for all nine time series are shown in Figure 5.12 through



57
Figure 5.20. The time signature before the main water arrival (at 0 s) was measured on the high
sensitivity hydrophone and the remainder of the signal was measured on the low sensitivity

hydrophone. Time is shown relative to the main water arrival at 0s.

Precursor arrivals are observed on the low sensitivity systems at all receiver ranges; however,
comparisons of the data collected at the low and high sensitivity systems at 1500 m indicate that
the low sensitivity system is not sensitive enough to measure the onset of the precursor arrival.
Using that equipment would lead to underestimates of the compressional speed within the seabed
so only data from the high sensitivity system were used. For all of the measurements, the high
sensitivity system was saturated by the main water arrival due to the high amplitude. The onset
of the main water arrival (corresponding to O s in Figure 5.12 through Figure 5.20) is assumed to

correspond to the time where the system is saturated.

The arrival time difference between the main water arrival and the start of the precursor arrival
for all nine tests gives a compressional wave speed in the range of 2105 m/s to 2231 m/s with an
average compressional speed of 2150 m/s and a standard deviation of 51 m/s (Table 5.1). The
single element systems were deployed and recovered each day so these errors could be due to
spatial variations within the seabed caused by small changes in the receiver locations, or simply
due to small differences in the source and receiver range. These values are, however, close to
literature values for Limestone [89] so the average value of 2150 m/s is used in this work.
Studies have shown the ratio of the compressional to shear wave speeds is 1.9 [89] which would
give a shear wave speed in the limestone of 1075 m/s. Additional discussion on estimating the
shear wave speed can be found in Appendix D. Relations from Hamilton [90] are also available

that relate the density, p, to the compressional sound speed, c,,, in limestone;

p=0.122c, + 1979 (5.30)

Using Eq. (5.30) puts the density in the limestone at 2192 kg/m?. Finally, a compressional wave
attenuation of 0.1 dB/A and a shear wave attenuation of 0.2 dB/A is assumed for the limestone

half-space. These parameters are summarized in Table 5.2.
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Figure 5.12. Precursor arrival from test 1 of the 2.3 kg NEW charges measured during the

Pu'uloa experiment at 1500 m showing a detailed view of the precursor arrival.
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Figure 5.13. Precursor arrival from test 2 of the 2.3 kg NEW charges measured during the

Pu'uloa experiment at 1500 m showing a detailed view of the precursor arrival.
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Figure 5.14. Precursor arrival from test 3 of the 2.3 kg NEW charges measured during the

Pu'uloa experiment at 1500 m showing a detailed view of the precursor arrival.
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Figure 5.15. Precursor arrival from test 1 of the 4.5 kg NEW charges measured during the
Pu'uloa experiment at 1500 m showing a detailed view of the precursor arrival.
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Figure 5.16. Precursor arrival from test 2 of the 4.5 kg NEW charges measured during the

Pu'uloa experiment at 1500 m showing a detailed view of the precursor arrival.
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Figure 5.17. Precursor arrival from test 3 of the 4.5 kg NEW charges measured during the

Pu'uloa experiment at 1500 m showing a detailed view of the precursor arrival.
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Figure 5.18. Precursor arrival from test 1 of the 8.0 kg NEW charges measured during the

Pu'uloa experiment at 1500 m showing a detailed view of the precursor arrival.

. . 1

200

—

o

o
T

pressure (Pa)
o

-100

[ T | || I

-0.3 -0.2 -0.1 0.1 0.2 0.3 0.4 0.5
relative time (s)

Figure 5.19. Precursor arrival from test 2 of the 8.0 kg NEW charges measured during the

Pu'uloa experiment at 1500 m showing a detailed view of the precursor arrival.
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Figure 5.20. Precursor arrival from test 3 of the 8.0 kg NEW charges measured during the

Pu'uloa experiment at 1500 m showing a detailed view of the precursor arrival.



Table 5.1. Summary of the Pu'uloa arrival times for the main water arrival and precursor
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arrivals used for calculating the compressional wave speed in the seabed. A water sound speed of

1537 m/s was used in the calculations.

weight range water precursor compressional | shear speed
(kg test (m) arrival | arrival time Speed (m/s) (m/s)
NEW) (s) (s)
2.3 1 1503 0.978 0.679 2214 1165
2.3 2 1503 0.978 0.678 2217 1167
2.3 3 1503 0.978 0.674 2231 1174
8 1 1503 0.978 0.711 2113 1112
8 2 1503 0.978 0.714 2105 1108
8 3 1503 0.978 0.697 2156 1135
4.5 1 1503 0.978 0.707 2125 1119
4.5 2 1503 0.978 0.708 2122 1117
4.5 3 1503 0.978 0.709 2121 1116
2.3 1 758 0.493 0.411 1845 971
2.3 2 758 0.493 0.413 1837 967
2.3 3 758 0.493 0.412 1840 969
8 1 784 0.510 0.434 1808 952
8 2 784 0.510 0.431 1820 958
8 3 784 0.510 0.417 1878 988
4.5 1 513 0.334 0.258 1990 1047
4.5 2 513 0.334 0.266 1931 1016
4.5 3 513 0.334 0.269 1904 1002
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Table 5.2. Geoaoustic models for the three measurement sites. Below, p denotes the
parameter associated with compressional waves and s detonates the parameters associated with

the shear wave.

Measurement Laver Thickness | Density Sound Speed attenuation
Site y (m) (kg/m?) (m) (dB\2)
water 10 1024 1537 -
\ Sand 05 o000 | P 1690 p 02
Pu’uloa s 150 s 1.0
Basement o0 2192 b 2150 p 0.l
s 1075 s 0.2
L Water 16 1024 1528 -
Virginia 1625 0.2
Beach sand o 1900 e
s Eq.(428) |s 1.0
Water 22 1024 1493 - 1510 -
Silver Strand sand o 1900 p 1700 p 0.2
s Eq.(428) |s 1.0

5.3.1.2 Virginia Beach

For Virginia Beach, we use the geoacoustic model outlined in the paper by Soloway and Dahl
[81] that uses a power-law dependent shear wave speed profile and a constant compressional
wave speed. The previous study found the shear wave speed varied with depth into the sediment
and was given by Eq. (2.19) with the best fit being c,(z) = 102 z%3%7. While this model
assumes a density of 1700 kg/m? a more realistic value of 1900 kg/m? [57] is used. A sensitivity
study has shown that the density does not have a considerable impact on the dispersion of
Scholte waves, so this updated density is not expected to impact the results from the previous
chapter. A compressional wave attenuation factor of 0.2 dB/A and a shear attenuation factor of

1.0 dB/A are also assumed.

The original study assumed a compressional sound speed in the sediment of 1700 m/s, however
this study employs a similar approach used for the Pu'uloa data where the precursor arrival
(Figure 5.21) is used to calculate the compressional wave speed in the seabed. Using
measurements from the single element autonomous systems at all measurement ranges and

assuming the peak pressure corresponds to the onset of the main water arrival gives a
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compressional wave speed between 1590 m/s and 1657 m/s with an average value of 1625 m/s
with a standard deviation of 21 m/s which is a reasonable value for sand (Table 5.3). In a
previous paper by Soloway and Dahl 2014 [19] errors in the source-receiver range were
estimated to be +/- 50 m. The lower end of this estimate puts the compressional wave speed in
the seabed between 1109 m/s and 1570 m/s with an average value of 1388 m/s and a standard
deviation of 175 m/s whereas the upper limit puts the wave speed in the range of 1735 m/s to
2115 m/s with an average value of 1873 m/s and a standard deviation of 142 m/s. Both estimates
calculated using the estimated range error are outside typical values expected for sand [57], [78]
which indicates that the estimate of +/- 50 m range uncertainty used in Chapter 4 was likely high.
This does, however, demonstrate the impact range uncertainties can have on these compressional

wave speed estimates.

Another potential source of error arises from the assumption of the peak pressure corresponding
to the main water arrival introduces some uncertainty as multipath effects could potentially result
in the true water arrival arriving at an earlier time. To determine the error caused by this
assumption a second analysis was conducted where the main water arrival was assumed to
correspond to the first high frequency arrival following the ground wave. An example that
considers the 6 kg NEW charge recorded at 430 m is shown in Figure 5.22 where the peak
pressure corresponds to 0 s and the first high frequency arrival occurs at -0.00112 s relative to
the peak pressure. Estimates of the compressional wave speed in the seabed based on this
analysis is in the range of 1590 m/s to 1673 m/s with an average of 1634 m/s and a standard
deviation of 25 m/s. While it is important to consider this source of error, it is not expected to
have a considerable impact on this study. The initial average estimate of 1625 m/s is in good
agreement with literature values and is used in this study for the compressional wave speed in the

sand half-space. These parameters are summarized in Table 5.2.
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Figure 5.21. Time series from the Virginia Beach experiment for the 6.0 kg charge measured
at 950 m range. Time 0 s corresponds to the main water arrival, with the precursor arrival
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Figure 5.22. Time series from the Virginia Beach experiment for the 6.0 kg charge measured
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corresponds to the main water arrival assumed to correspond to the peak absolute pressure.
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Table 5.3. Summary of the Virginia Beach arrival times for the main water arrival and
precursor arrivals used for calculating the compressional wave speed in the seabed. A water

sound speed of 1528 m/s was used in the calculations.

weight (kg  tes  range water arrival precursor compressional
NEW) t (m) (s) arrival time (s) Speed (m/s)
0.5 1 430 0.281 0.266 1618
2 430 0.281 0.267 1610
3 430 0.281 0.266 1618
10 1 430 0.281 0.261 1645
0.5 1 165 0.108 0.104 1592
2 165 0.108 0.102 1623
3 950 0.622 0.578 1643
10 1 950 0.622 0.573 1658

5.3.1.3 Silver Strand

The Silver Strand Measurement site is also characterized by sandy seabed so a similar
geoacoustic model to the Virginia Beach site is used. This geoacoustic model differs from the
Virginia Beach model in the water sound speed, which is characterized by a thermocline at 15 m
(discussed earlier), and in the compressional sound speed which has also been calculated using
the precursor arrivals measured on the single element autonomous system at both receiver ranges
for all four trials. Calculating the compressional wave speed at the Silver Strand site utilizes a
similar approach as Virginia Beach for calculating the compressional wave speed, however it is
complicated by the presence of the thermocline. The main water arrival is also assumed to
correspond to the peak pressure, and the arrival time of this feature relative to the detonation has
been calculated using three water sound speeds; a lower limit of 1493 m/s (Table 5.4), and an
upper limit of 1510 m/s (Table 5.5). Differences in the estimates are typically less than 20 m/s.
As a result a value of 1500 m/s has been used as the water sound speed to estimate the

compressional wave speed in the seabed (
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Table 5.6). Utilizing measurements from the single element autonomous systems gives
compressional wave speeds between 1650 m/s and 1780 m/s with an average value of 1712 m/s

with a standard deviation of 43 m/s which is within the range of reasonable values for sand.

The method used to estimate the error for the Virginia Beach data that assumed the onset of the
high frequency signal for Virginia Beach have also been used here. Estimates of the
compressional wave speed in the seabed based on this analysis is in the range of 1655 m/s to
1786 m/s with an average of 1722 m/s and a standard deviation of 41 m/s. Considering these
errors along with the errors associated with the estimates of the water sound speed give an
explanation for the higher standard deviation for this experiment compared to the Virginia Beach
estimates. Overall, however, these errors are not expected to adversely impact the receiver-to-
receiver path loss study in this chapter. A value of 1700 m/s, which is within a standard deviation
of the averaged value, is used for this study. The remaining geoacoustic parameters could differ
between the Virginia Beach and Silver Strand sites, however this geoacoustic model is sufficient

for the purposes of this work. These parameters are summarized in Table 5.2.
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Figure 5.23. Time series from the Silver Strand experiment for the 6.0 kg charge measured at
1255 m range. Time 0 s corresponds to the main water arrival, with the precursor arrival arriving

before this.
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Table 5.4 Summary of the Silver Strand arrival times for the main water arrival and precursor
arrivals used for calculating the compressional wave speed in the seabed. A water sound speed of

1493 m/s was used in the calculations.

weight range | water arrival PYECUTSOT 1 compressional
(kg test g arrival time b
NEW) (m) (s) s) Speed (m/s)
6 day 1-1 near 512 0.343 0.301 1699
6 day 1-2 near 784 0.525 0.477 1645
6 day 2-1 near 685 0.459 0.393 1742
6 day 2-2 near 358 0.240 0.216 1658
6 day 1-1 far 1255 0.841 0.731 1716
6 day 1-2 far 1499 1.004 0.877 1710
6 day 2-1 far 1651 1.106 0.931 1774
6 day 2-2 far 1353 0.906 0.803 1684

Table 5.5. Summary of the Silver Strand arrival times for the main water arrival and
precursor arrivals used for calculating the compressional wave speed in the seabed. A water

sound speed of 1510 m/s was used in the calculations.

weight . precursor .
(kg test range | water arrival arrival time compressional

NEW) (m) (s) s) Speed (m/s)

6 day 1-1 near 512 0.339 0.298 1721

6 day 1-2 near 784 0.519 0.471 1665

6 day 2-1 near 685 0.454 0.388 1765

6 day 2-2 near 358 0.237 0.213 1679

6 day 1-1 far 1255 0.831 0.722 1738

6 day 1-2 far 1499 0.993 0.865 1732

6 day 2-1 far 1651 1.093 0.918 1798

6 day 2-2 far 1353 0.896 0.793 1706
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Table 5.6. Summary of the Silver Strand arrival times for the main water arrival and
precursor arrivals used for calculating the compressional wave speed in the seabed. A water

sound speed of 1500 m/s was used in the calculations.

weight range | water arrival PYECUTSOT 1 compressional
(kg test g arrival time b
NEW) (m) (s) s) Speed (m/s)
6 day 1-1 near 512 0.341 0.300 1708
6 day 1-2 near 784 0.523 0.474 1653
6 day 2-1 near 685 0.457 0.391 1752
6 day 2-2 near 358 0.239 0.215 1666
6 day 1-1 far 1255 0.837 0.727 1725
6 day 1-2 far 1499 0.999 0.872 1719
6 day 2-1 far 1651 1.101 0.926 1784
6 day 2-2 far 1353 0.902 0.799 1693

5.3.2  Receiver-to-Receiver Path Loss (PL)

The motivation for the receiver-to-receiver path loss (PL) analysis is to determine the frequency-
dependent losses that are a result of propagation effects within the waveguide that are
independent of the source. The PL, as defined here, is a measure of the difference in energy
levels between two receivers. While source models exist for the explosives detonated in deep
water [16], [17], it is not clear whether these models are valid in shallow water environment
where the physics can become more complex and the explosion can break the water surface or
cavitation can occur [68]. By looking at the PL between receivers we can isolate the effects from
the environment allowing different measurement sites to be compared irrespective of the source.

Starting with the pressure (either measured or modelled)

P(r,z,2,,f) = S(fg(r,z 2, f) (5.31)

where P is the pressure field, f is the frequency, S(f) is the frequency dependent source
pressure, r is the measurement range, z, is the source depth, z is the receiver depth, and

g(r,z,z,, f) is the frequency dependent Green’s function, the PL can be calculated as
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PL(f) = 2010og1o(IS(f)g(r1, 21,20, 1) — 2010g10(IS(F) g (12, 22, 20, ) (5.32)

Ig(rlﬂzli Zo» f)l)

=201
0 °g1°<|g(rz,z2,zo, 3]

where PL is the path loss in dB and the subscripts 1 and 2 referring to the near and far receiver
ranges respectively. Note, the path loss (PL) quantifies the change in energy between two
receivers. As g(r,z, z,, f) 1s an output of numerical propagation models like OASES, which is
used in this work, Eq. (5.32) is used for calculating the path loss from modelled data as a source
term is not required. For the measured data, the receiver-to-receiver path loss can be calculated
directly from the measured pressure;

PL(f) = 20 logy (fozezel)l) (5.33)

|P(12,22,20,f)I

Following the notation in Eq. (5.32) the third-octave path loss is defined as follows;

Ifhigh|g(r1!21!20’f)|2df
(5.34)

PL1y, (f) = 10logy (If;;;;h

r |9 (r2,22,20,)12df
low

With fi,,, and fy;4, corresponding to the lower band limit and upper band limit of the third-
octave bands. For the measured data, pressure P(r,z,z,, f) can be substituted for the Green’s
function, g(r, z, z,, f), in Eq. (5.34).

5.3.2.1 Measured Path Loss

The receiver-to-receiver path loss for the Pu'uloa, Virginia Beach, and Silver Strand experiments
are shown in Figure 5.24, Figure 5.25, Figure 5.26 respectively. For a given charge weight,
Pu'uloa data are generally consistent. Comparing the 750 m to 1500 m range PL for the 2.3 kg
NEW and 8.0 kg NEW charges we see distinct differences for the two charge weights with the
2.3 kg NEW charges generally showing lower path loss between the 63 Hz and 800 Hz third-
octave bands. The PL for the 2.3 kg NEW and 8.0 kg NEW charges are expected to be in good
agreement given they were measured at the same receiver locations. Additionally, one the 8.0 kg

NEW charges exhibits lower path losses than the other two. During the experiment one of the
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charges misfired resulting in a lower than expected yield, however since the receiver-to-receiver

path loss is independent of the source this should not impact the results.

To explain these differences, the ESD for the 4.5 kg NEW charges are compared to the
equipment self-noise as shown in Figure 5.27. Between 80 and 650 Hz the ESD for the 1500 m
receiver is equal to the equipment noise and the 500 m data is 25 dB above the noise (this is the
measured receiver-to-receiver path loss shown in Figure 5.24 for the same charges). Similar
results are shown for the 2.3 kg NEW and 8.0 kg NEW charges measured at 750 m and 1500 m
with the 2.3 kg NEW exhibiting lower levels that are closer to the noise floor. This greatly limits
the measurable path loss for third-octave bands between 80 and 1250 Hz and likely results in

lowered measured values.

The low signal to noise ratio provides an explanation for the differences in the receiver-to-
receiver path loss differences as well as the discrepancy between one of the 8 kg NEW charges
and the other two charges of the same weight. Unlike the Puuloa experiment, the Virginia Beach
data and the Silver Strand data are well above the noise floor with the measured receiver-to-

receiver path loss giving an accurate representation for all third-octave bands.
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Figure 5.24. Measured receiver-to-receiver path loss from the Pu uloa experiment. The 500

m to 1500 m ranges are from the 4.5 kg NEW charges (dotted line), and the 750 m to 1500 m
ranges are from the 2.3 kg NEW (dashed line) and 8.0 kg NEW charges (solid line).
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Figure 5.25. Measured receiver-to-receiver path loss from the Virginia Beach experiment.
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The 165 m to 430 m ranges are from the 0.3 and 0.6 kg NEW tests, and the 430 to 950 m ranges

are from 3.0 and 6.0 kg NEW charges.
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Figure 5.26. Measured receiver-to-receiver path loss from the Silver Strand Training

Complex experiment. All four tests are 6.0 kg NEW charges.
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Figure 5.27. Comparison of the equipment self -noise to the ESD for the three 4.5 kg NEW
charges measured at 500 m and 1500 m. Between 80 and 650 Hz the ESD for the 1500 m

receiver is buried in the noise. The 500 m data is 25 dB above the noise.
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5.3.2.2 Modelled Path Loss

Predictions for the receiver-to-receiver path loss have been computed for the two experiments
using the OASES wavenumber integration model [29] to calculate the frequency dependent
Greens function between 14.1 Hz and 11,220 Hz. This corresponds to the lower and upper limits
of the 16 Hz and 10,000 Hz third-octave bands respectively. Third-octave band receiver-to-
receiver path losses for the simulations are then computed and compared to the measured data
(Figure 5.28). The Pu'uloa data in Figure 5.28 are from one of the 4.5 kg NEW charges with
receivers at 500 m and 1500 m, the Virginia beach data are from the 6.0 kg NEW charge
measured at 430 and 950 m, and the Silver Strand data are from 6.0 kg NEW charge measured at
512 m and 1255 m. The environments in the simulations are described using the geoacoustic

models discussed in Section 5.3.1.

Comparing the Pu'uloa data to the model results shows good agreement with high losses
between the 50 Hz and 1600 Hz third-octave bands and comparatively lower loss above 1600
Hz. While the model shows higher losses than the measured data at the 250 Hz third-octave
band, this is most likely explained by the low signal to noise ratio in the measurements. Above
1600 Hz the Pu'uloa data and model results are in good agreement and typically differ by less
than 5 dB.

Comparing the Virginia Beach model result to the measured 6.0 kg NEW path losses (Figure
5.28) there is reasonable agreement above 100 Hz. There are larger differences at the 400 Hz and
630 Hz third-octave band, but otherwise the differences are typically than 5 dB. In spite of these
differences, these results do not show the high path losses between 50 Hz and 1600 Hz observed
in the Pu’uloa data. Similar results are observed for the the Silver Strand model above, although
some third-octave bands have differences of up to 10 dB. Overall, however, there is reasonable
agreement between model and data. Below 100 Hz, there is poor agreement between the Virginia
model results and the data and below 40 Hz there is poor agreement between the Silver Strand
model results and the data. This is potentially due to seabed refraction and is explored further in

the next chapter.
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Figure 5.28. Comparison of the measured path loss for the Pu'uloa ,Virginia Beach, and
Silver Strand experiments compared to path loss modeled using the OASES wavenumber
integration model [29]. The Virginia Beach and Silver Strand model results employed a Pekeris
waveguide environmental model, whereas the Pu’uloa model results were computed using a thin

(0.5 m) sand layer overlying a limestone half-space.
5.3.3  Analytical Reflection Loss (RL) Model

In this section, the RL from a fluid seabed is compared to the RL from a shear supporting seabed.
The reflection loss is calculated using Eq. (2.22), with the reflection coefficient, R, calculated
using an analytical reflection coefficient model from Chapman and Chapman [63] described in
Eq. (2.21) (herein referred to as the Chapman-Chapman model). The goal of this comparison is
to demonstrate how shear effects in the seabed are contribute to the high losses observed in the

Pu’uloa data (Figure 5.24).

The RL has been calculated using the geoacoustic model for the Pu'uloa site. The seabed is
modeled as a thin sand layer (0.5 m thickness) overlying a limestone half-space, and two cases
are considered; the first for a fluid seabed model (shear waves are not supported) shown in
Figure 5.29(a) and, the second, a fully elastic seabed model shown in Figure 5.29(b).
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By comparing the two models we see that above 1000 Hz the RL are consistent. Below 1000 Hz,
for grazing angles less than 45°, relatively high RL is observed in the elastic model (Figure
5.29(b)) but not in the fluid model (Figure 5.29(a)). The high RL in the elastic seabed model are
consistent with the Pu'uloa data and the modeled path losses (Figure 5.24). This indicates that
the high losses between 50 and 1600 Hz (for the case with acceptable signal to noise) are likely
due to the conversion of compressional waves to shear waves in the elastic seabed. Above 1600
Hz, in-sediment attenuation effects in the thin sand layer dominate and results in losses more
consistent with a sandy seabed. This is supported by the reasonable agreement of the Pu uloa

data to the Virginia Beach and Silver Strand data.
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Figure 5.29. The RL (Eq. (2.21)) calculated using the Chapman-Chapman reflection
coefficient model from Eq. (2.22) for a two layer seabed model consisting of a sediment layer
with thickness 0.5 m and a limestone half-space for (a) a fluid seabed model and (b) an elastic

seabed model. The color bar is in dB.

5.3.4  Sea Surface Roughness and Bathymetric Refraction

Sea surface roughness and bathymetric refraction are both mechanisms that can cause increased
attenuation in shallow water environments. While the effects of the sea surface could potentially
play a role, we would not expect the effects to occur over a narrow frequency band as seen in
these data. Instead, the effects would be more pronounced as frequency increases. A similar
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analysis was undertaken by Hughes et al. [61] which ruled out seabed roughness as the primary

mechanism causing increased losses at low frequencies.

Bathymetric refraction, which can also cause high losses that are frequency dependent, is
unlikely given that the slope of the seabed perpendicular to the source-receiver transect is less
than 0.5° . The acoustic data recorded offshore on the VLA also show the high losses indicating
that bathymetric refraction is not responsible as the bathymetry does not vary considerably

perpendicular to this transect (Figure 3.1).
5.4 CONCLUSIONS

In this chapter, measurements from underwater explosions collected at the U.S. Navy Pu uloa
Underwater Detonation Range have been presented and compared to data collected at a training
range 7 km off the coast of Virginia Beach, VA and at the Silver Strand Training Complex. The
peak pressure and SEL from the Hawaii data were shown to be up to 25 dB lower than levels
measured during the other two experiments. Looking at the ESD of these data at third-octave
bands between 50 and 1600 Hz, the Pu'uloa data were up to 25 dB lower than the other two
measurements. Outside of this frequency band the three experiments are in reasonable agreement

and typically differ by less than 5 dB.

By computing the path loss between receivers and comparing these to numerical models
computed with OASES, the effects of the seabed at the different measurement sites were
compared independent of the source. The modeled path losses for the Pu'uloa site were in
reasonable agreement with the measurements at ranges and frequencies where signals exceed the
equipment noise floor when the seabed was modelled as a limestone bottom topped with a thin
sand layer. The measured data differed from the model results by 20 dB at the 250 Hz third-
octave band, this was explained by comparing the ESD of the Pu'uloa measurements to the
equipment noise floor. Due to low signal to noise ratio at the 1503 m range, the measureable
receiver-to-receiver path loss was limited to the difference between the close range (between 500
m and 800 m) and the noise floor of the far range. The predicted path losses for the other two
experiments were also in good agreement with the measurements when the seabed was modelled

as unconsolidated sandy sediment, consistent with the geoacoustic environment.
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The receiver-to-receiver path losses for the Pu uloa experiment were also considered using an
analytical reflection loss model to compare the reflection loss for a fluid seabed to an elastic
seabed. This comparison showed that the high losses are most likely a result of the conversion of
compressional to shear waves in the seabed, and these effects would not occur in a seabed where
shear effects are neglected (or a seabed with low shear speed). At higher frequencies, the losses
are consistent with a sandy seabed due to attenuation in the thin sand layer. While sea surface
roughness and bathymetric refraction can cause similar effects, they are unlikely the root cause.
Based on these results, the Pu'uloa peak pressure and SEL (Figure 5.1 and Figure 5.2) are likely

lower than the other two sites as a result of the high losses between 50 and 1600 Hz.
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Chapter 6. SEABED REFRACTION

6.1 INTRODUCTION

Simple propagation loss models, like practical spreading [30], can only explain monotonic
decreases in waveguide energy. This, however, is not true when seabed refraction occurs as a
result of a sound speed gradient in the seabed. In this type of a configuration, the propagation up
to a certain range resembles that in a simple waveguide. However, at greater ranges that depend
on the sound speed profile in the seabed and the height of the source above the ocean bottom,

there is an increase in energy resulting from refracted energy re-entering the waveguide [53].

Propagation in shallow water environment where the water depth is on the order of a few
wavelengths is characterized by significant interaction with the sea surface and seabed. The
composition of the seabed is site specific with each bottom type (hard rock, sand, chalk, clay, for
example) having unique effects on the sound propagation. This chapter focuses on sandy
environment where seabed properties have been shown to be depth-dependent [91]. If the sound
speed increases with depth into the seabed, as is the case with sand, sound propagating into the
ocean bottom can undergo refraction. In deep water, these effects have been studied by Frisk
[53] and by Stickler [56]. However, comparatively less work has been done to investigate how
these effects manifest in shallow water where effects such as low frequency cut-off, described by

Eqg. (2.18), can occur.

In the previous chapter, model results computed for the Virginia Beach measurement site using a
Pekeris waveguide for the environmental model were in poor agreement with measured data
between 40 and 100 Hz (Figure 5.28). This chapter explores these results and demonstrates that
this poor agreement is likely due to refraction effects within the seabed that are not accounted for
in the homogeneous half-space seabed model that characterizes a Pekeris waveguide. By
modifying the compressional sound speed in the seabed to increase linearly with depth, low
frequency path losses are in good agreement with the data. The frequencies where refraction
effects are most significant are also shown to be closely related to the cutoff frequency in the
waveguide. It should be noted that the primary goal of this chapter is not to describe the best fit
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model for the measurement environment, but instead explain the physical mechanisms that

contribute to the observed receiver-to-receiver path losses.

6.2 RECEIVER-TO-RECEIVER PATH LOSS

Similar to the analysis in the previous chapter, to circumvent the limitations of an unknown
source, receiver-to-receiver path losses can be calculated allowing the effects of the underwater
environment on sound propagation to be studied irrespective of the source used as shown in Eq.
(5.32).

The receiver-to-receiver path losses from the Virginia Beach experiment (Figure 5.25) show an
unusual trend between 40 Hz and 100 Hz. The 430 m to 950 m path losses for the 50 Hz, 63 Hz
and 80 Hz third-octave bands have negative values, corresponding to an increase in energy
between the two receivers, with a distinct extrema at the 63 Hz third octave band. Between 40
and 100 Hz the path-losses between the 165 m to 430 m receivers are almost mirror images of
the path loss between the 430 m to 950 m receivers. All third-octave bands with this frequency
band are positive, corresponding to a decay of energy with range with a maximum path loss
observed at the 63 Hz third-octave band.

While multi-path propagation in shallow water can result in complicated patterns of constructive
and destructive interference, the nature of the path losses between 40 Hz and 100 Hz are unusual
given they are nearly mirror images of one another and consistent for charges of different
weights measured at the same receiver ranges. In the previous chapter, path losses at the Virginia
Beach measurement site were calculated using a Pekeris Waveguide for the environmental model
(Figure 5.28). Above 100 Hz the data and model results are in reasonable agreement, however
the receiver-to-receiver path losses are in poor agreement in the frequency bands considered
here. This indicates that some other mechanism not accounted for in the Pekeris waveguide
model is responsible for these effects. The following sections show that these losses are likely a
result of seabed refraction caused by a depth dependent compressional wave speed in the seabed.
We also show that the frequencies where refracted arrivals are observed are closely related to the

cutoff frequency of the waveguide.
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6.3 GEOACOUSTIC MODELS

In this study two geoacoustic models for the seabed is considered; a Pekeris Waveguide model
used in the previous chapter and a depth-dependent seabed model where the compressional wave
speed increases with depth into the seabed. For both models, the sound speed in the water is

1528 m/s, the density is 1024 kg/m?, and the thickness of the water layer is 16 m.
6.3.1  Homogeneous Half-Space Seabed Model

The goal of using a homogeneous half-space seabed model is to consider propagation in an
environment where there refraction in the seabed does not occur. This estimate puts the
compressional wave speed between 1590 m/s and 1650 m/s. For this study, the average value of
1625 m/s discussed in the previous chapter is used. The density for the seabed is assumed to be
2000 kg/m?3 based on literature values [57], and a shear speed of 300 m/s is used. Compressional
and shear attenuation factors of 0.2 dB/A and 1.0 dB/A respectively is also assumed based on

the previous work by Soloway and Dahl 2015 [81].
6.3.2  Depth Dependent Seabed Model

The depth dependent seabed model is motivated by a previous study by Soloway and Dahl 2015
[81] which used Scholte interface waves to find a power-law dependent shear wave speed
profile. The best fit model from this study, which is used for the shear speed in the depth
dependent seabed model, is c;(z) = 102 Z°%367 where c, is the shear wave speed in m/s and Z is
the depth below the water-sediment interface in meters. The previous chapter assumed a constant
compressional wave speed in the seabed, however in this chapter the compressional wave speed
in the sandy seabed is modeled using a linear sound speed profile that increases with depth below
the water-sediment interface described in Eq. (2.20). In this study c, is given a fixed value and a
range of values of S are explored as it is the gradient within the seabed that is responsible for
refraction. In the following sections the value of ¢, is fixed at 1590 m/s, so that the effects of f

on the seabed refraction can be explored.
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Similar to the homogeneous half-space model, a density of 2000 kg/m3, a compressional wave
attenuation factor of 0.2 dB/A and a shear attenuation factor of 1.0 dB/A are assumed. The value
for the density differs slightly from the study by Soloway and Dahl 2015 and has been updated to

better reflect literature values for sand.

6.4 METHODOLOGY

6.41  CW Model

To investigate whether a depth dependent seabed is responsible for the unusual receiver-to-
receiver path losses at the Virginia Beach measurement site (Figure 5.25) a continuous waveform
(CW) model (e.g. continuous, single frequency source) is first employed to investigate the
relation between the seabed gradient and the resulting sound field for a range of frequencies.
This helps determine two important points; (1) whether for typical values of S the range at which
refracted arrivals re-enter the waveguide are in the vicinity of the 950 m receiver (e.g. the 430
receiver is in the shadow zone and the 165 m receiver is at a close enough range that the pressure
field has not experienced considerable decay) and (2) help determine whether there is a relation
between the cutoff frequency in the waveguide and the frequencies where the negative path
losses occur. Green’s function for the CW model results are computed using the OASES
wavenumber integration model [29] with the environment defined using the geo-acoustic models
in the previous section and a source infinitely close to the seabed (16 m source depth but no
contact with the interface occurs). As OASES cannot model an elastic layer with a linear sound
speed profile, the gradient is approximated using an equal layer travel time approach from Godin
and Chapman [92] (this is referred to as a Goupillaud medium in geophysics). The Green’s
function is computed for ranges between 1 m and 1000 m in 9 m increments and depths between

the sea surface and the seabed (0 m to 16 m) in 0.5 m increments.
6.4.2 Equal Layer Travel Time Model for Linear Sound Speed Gradient

The field is also computed for a range of frequencies to investigate the relationship between the
cutoff frequency and the refraction effects within the seabed. An equal layer travel time

approach, based on the methods employed by Godin and Chapman [92], has been used to model
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the continuous, linear sound speed profile in Eq. (3) using a series of stacked layers. The idea
behind this approach is to choose a sound speed and thickness for each layer such that the travel
time through all layers, Az, is the same. Following the approach of Godin and Chapman, this

requires that the travel time through each layer is equal to;

At = [P L (6.35)

Zm  cp(2)

where z is the depth below the water-sediment interface, c,(z) is the depth dependent sound
speed, and m denotes the layer where m = 0,1, 2, ..., M for a seabed represented by M layers
and the water sediment interface denoted m = 0. The sound speed through each layer is then

equal to;

_ A_Z_ Zm+1—Zm
e (6.36)

where Az is the thickness of layer m. Substituting Eq. (2.20) into Eq. (6.35) and integrating gives

the travel time in the layer;

At = 2In (”’”—m*) (6.37)

B CotfzZm

Defining the thickness of the first layer (m = 1) as z; the travel time in the first layer from

zo = 0mto z, is;
1 (]
ATy = Zln (%) (6.38)

As the travel time through all layers is the same, this is equivalent to setting Eq. (6.38) equal to
Eq. (6.37)

AT = %m (ﬂ) = In (—%*ﬁz’"“) (6.39)

Co+BzZm
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Rearranging Eq. (6.39), the depth of layer m + 1 can then be found with respect to layer m;

(Co+ﬁzl)(co+ﬁzm) _ CO] (6.40)

Zmir = 5|
m+1 ﬁ Co

Eq. (6.39) and Eqg. (6.40) are then used in Eq. (6.36) to calculate the sound speed through layer

m.

Defining the depths and sound speeds of each layer using Eq. (6.40) and Eq. (6.36) respectively,
the seabed for this study is divided into 75 layers and the thickness of the first sediment layer, z,,
is set to 2 m. A sensitivity study (Appendix C) has shown that these values give good results and
choosing a larger number of layers or a smaller value for z; does not impact the model results.
Layer M, where m = 75, in the seabed is a half-space at a depth of between 160 m and 180 m
(depending on ) with bottom properties that are calculated for layer M using Eq. (6.36)

The Green’s function within the water column with respect to depth is calculated between 1 m
and 16 m in 1 m increments, and with respect to range from 1 m to 1000 m in 9 m increments.
For this study, ¢, in Eq. (2.20) has been fixed at 1620 m/s and the field is calculate for four
values of B; 0.5 s71, 1.5 s71, 2.0s71, and 2.5s7 1. The value for c, is fixed as S is the
parameter that controls the degree to which refraction occurs. These results are also compared to
CW results computed for the half-space seabed model described in the previous section. A
sensitivity study exploring the effects of the thickness of the first layer, z;, the seabed density, p,
the depth of the half-space, D,,,,, and the sounds speed at a depth z = 0 m, z;, can be found in

Appendix C.
6.4.3  Cutoff Frequency of Pekeris Waveguide

A simple analytical equation determining the cutoff frequency in a waveguide with a depth
dependent seabed is not available, however an approximation can be made if we consider the
effects at the interface between the water layer and the first layer in the depth dependent seabed
(defined by a sound speed of c,). If the environment is considered as a Pekeris waveguide, the
cutoff frequency is given by Eg. (2.18). The water sound speed in this environment was

measured to be 1528 m/s and the sound speed in the seabed is between 1590 and 1650 m/s as
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discussed in the previous Chapter. Using these values in Eq. (2.18) gives a cutoff frequency
between 63 Hz and 86 Hz; this is roughly the frequency range being considered. In the following
section the CW model for a range of seabed gradients, g, is considered for frequencies lower
than this cutoff frequency (40 Hz), close to the cutoff frequencies (60 Hz and 80 Hz) and above
the cutoff frequency (100 Hz). The goal being to demonstrate the frequencies of the negative

path losses in Figure 5.25 are closely related to the cutoff frequency in the waveguide.
6.4.4  Broadband Path Loss Model

As the primary goal of this work is to understand the measured receiver-to-receiver path loss, a
broadband model of the path loss in the homogeneous half-space medium and the gradient
medium are compared to the measured data. The third-octave band path loss is presented
requiring the field to be computed for discrete frequencies from 14.1 Hz (lower band limit of 16
Hz third-octave band) to 11,220 Hz (upper band limit of the 10,000 Hz third octave band) using
a frequency spacing of 0.25 Hz up to a frequency of 32,000 Hz (samples/s). While the measured
data were sampled at 62,500 samples/s, this sampling frequency was selected for computational
efficiency. The measured data were therefore down-sampled accordingly to ensure an accurate

comparison.

Similar to the CW maodel, the path is computed using OASES with the seabed defined using the
geoacoustic models described in Chapter 5 and the measurement geometry, including source and

receiver depths, defined in the measurement descriptions.

6.5 RESULTS AND DISCUSSION

6.5.1 CW Model

The results for the CW model (Figure 6.1) showing the magnitude of the Green’s function,
201log0lg (7,2, 2,, )|, for 40 Hz and a low gradient of 0.5 s, do not show evidence of
refraction at the ranges considered in this work. Increasing the gradient to 1.5 s, effects from
refraction are evident with the 165 m receiver in the nearfield, the 430 m receiver in a shadow

zone, and the 950 m receiver at a range where the refracted energy is returned to the waveguide.
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The level of the 950 m receiver is up to 6 dB higher than at the 430 m range, similar to the
measured path loss. Increasing the gradient to 2.0 s~1, the amplitude of the refracted arrival
increases and the range where the refracted energy re-enters the waveguide is shifted to smaller
ranges. This is expected as the larger gradient causes the rate of refraction within the seabed to
increase. This trend is continued as the gradient is further increased to 2.5 s~1. This indicates
that both the measurement range and the gradient within the seabed determine the magnitude of
the path loss that is observed between receivers.
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6.5.2  Cutoff Frequency

Having considered the effects of refraction for 40 Hz, the CW model is repeated for 60 Hz, 80
Hz and 100 Hz (Figure 6.1); 60 Hz and 80 Hz are within the possible range of the cutoff
frequency determined using Eq. (2.18) and 100 Hz is a higher frequency where trapped modes
are expected to occur. The CW field for 60 Hz shows similar trends as the 40 Hz case, however
the amplitude of the refracted arrivals are comparatively higher for a given value of S. Another
observable trend is that the range where the refracted energy re-enters the waveguide is shorter

for the 60 Hz case, although similar to 40 Hz, increasing S decreases this range.

Increasing the frequency to 80 Hz (Figure 6.1) shows a dramatic departure from the 40 Hz and
60 Hz results. For low values of g the field begins to resemble a field dominated by single mode
propagation. As S is increased to 1.5 s~ evidence of refracted arrivals can be observed,
however the refracted energy entering the waveguide is not distinct from the single mode
propagation and no shadow zone is observed. Increasing the gradient to 2.0 s~ shows weak
refracted arrivals at 850 m, however the amplitude of this arrival is significantly lower than the
field at 450 m which is dominated by the trapped modes. Alternatively, the range at which the
refracted energy re-enters the seabed coincides with the trapped mode propagation. When g is
increased to 2.5 s71, the results are similar to the 2.0 s~ case, although the refracted energy re-

enters the waveguide at a closer range of 700 m.

Further increasing the frequency to 100 Hz shows increasing £ has a minimal impact on the field
with minor effects from refraction visible beyond 800 m. Similar to the 80 Hz case, a shadow
zone which would be responsible for the negative path losses observed in the measurements
(Figure 5.25) are not present indicating that while some energy at this frequency undergoes
refraction in the seabed, the overall effect on the field is small. The field is instead dominated by
single mode propagation. Based on the cutoff frequency for a Pekeris waveguide, this analysis

supports the hypothesis that the negative path loss is related to the waveguide cutoff frequency.
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6.5.3 Modelled Path Loss

The modelled receiver-to-receiver path loss calculated using Eq. (5.32) has been computed for
the homogeneous half-space seabed model and for the gradient seabed model (Figure 6.2). A
value of 1.5 s~ for B has been selected based on observation from the CW analysis. This value
was selected as the CW model showed the most distinct shadow and lit zones around the 430 m
and 950 m receivers respectively. The model results are compared to data from the 0.3 kg test
measured at the 165 m to 430 m receiver ranges (Figure 6.2a) and data from the 6.0kg test

measured at the 430 m to 950 m receiver ranges (Figure 6.2b)

Comparing the modelled receiver-to-receiver path loss to the data for the 165 m to 430 m range
(Figure 6.2a) shows that, in general, the path losses for both seabed models are in good
agreement above 100 Hz with differences typically less than 5 dB. The highest loss in the data of
15 dB occurs at the 63 Hz third-octave band whereas the highest path losses for the two seabed
models occurs at 50 Hz third-octave band; however the loss is higher at 20 dB for the gradient
seabed model and 25 dB for the homogeneous half-space model. To determine whether this
difference in frequency is due to the assumed compressional wave speed values, a sensitivity
study looking at the impact of the seabed compressional sound speed on the path loss shows that
increasing the sound speed decreases the frequency where the peak loss occurs and decreases the
magnitude of the loss. Overall, it can be concluded that both seabed models give reasonable
agreement with the data although the gradient seabed model gives a slightly better fit due to the

lower value of the maximum path loss.

Moving on to the 430 m to 950 m receiver-to-receiver path losses (Figure 6.2b), it is immediately
apparent that the homogenous half-space model differs considerably from the data below the 100
Hz third octave band. For the gradient seabed model, the overall trends observed in the data are
reproduced with a similar negative valued path loss. The gradient seabed model does differ from
the data at the frequency where this negative path loss occurs (63 Hz for the data and 40 Hz for
the model) and in the magnitude with the data having a magnitude of -8 dB and the gradient
seabed model having a magnitude of -4 dB. Above 100 Hz both models are in reasonable

agreement with the data with differences of less than 5 dB. Interestingly, comparing the
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homogeneous half-space seabed model to the gradient seabed model above 80 Hz shows the two

are almost identical with only minor differences of less than 2 dB.

In order to explore the relation between the third-octave band where the negative path loss
occurs and the value of c,, a second gradient seabed model is considered with a lower value of
1550 m/s for ¢, (Figure 6.3). By lowering c, in Eq. (2.20) the location of the minimum value
increases from 40 Hz to 50 Hz (Figure 6.3b) and the magnitude of this minimum decreases from
-4 dB to -5 dB. Overall, these differences are small compared to the differences between the data
and homogeneous half-space model which differ by up to 21 dB and 12 dB at the 50 Hz and 63
Hz third-octave bands respectively.

As noted for both receiver combinations, above 100 Hz both the homogeneous half-space and
gradient seabed models are in reasonable agreement with both the data and in good agreement
with each other. The real differences occur at frequencies below 100 Hz where results indicate
that a gradient seabed model provides a significantly better fit to the data. Additionally, these
results also indicate that the gradient in the seabed is responsible for negative path losses at the
430 m to 950 m ranges. These results are in good agreement with the CW models shown in
Figure 6.1.

The reasonable agreement between the gradient model and Pekeris waveguide environmental
models above 100 Hz can be understood by considering these results in the context of the
waveguide cutoff frequency. As the homogeneous half-space model has a compressional wave
speed of 1590 m/s, from Eq. (2.18) this gives a cutoff frequency of 63 Hz. The disagreement
between the homogeneous half-space seabed model and the gradient seabed model are highest at
frequencies below cutoff. This indicates that refraction due to a sound speed gradient in the
seabed is likely responsible for the negative path losses observed in the data. Additionally, it also
indicates that above the cutoff frequency these refracted arrivals do not play a significant role as
the wave field is dominated by energy trapped in the waveguide. This is in agreement with the

CW model results shown in Figure 6.1.
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While the Silver Strand data discussed in the previous chapter are not the focus of this study, it is
of interest to see whether the agreement between the measured data and half-space model results
for the receiver-to-receiver path loss in Figure 5.28 can be improved using the depth dependent
seabed model. For simplicity the geoacoustic model for the Virginia Beach environment is
employed with two differences; c, for Silver Strand in Eq. (2.20) is set to 1650 m/s (instead of
1590 m/s for Virginia Beach) corresponding to the lower limit of the estimated compressional
sound speed (see Section 5.3), and the sound speed profile in the water column has a depth
dependence following the experimental description in Chapter 2. These models are summarized
in Table 6.1.

These results (Figure 6.4) are similar to the half-space model results (Figure 5.28) with
reasonable agreement to the data above 40 Hz with differences typically less than 5 dB. Below
40 Hz, however the agreement is dramatically improved. Where the model results differed by up
to 20 dB in the half-space seabed model, the differences are now less than 5 dB indicating the
refraction effects likely contribute to the observed receiver-to-receiver path losses. The third-
octave bands where these effects are observed in the Silver Strand data are likely lower than in
the Virginia Beach data due to the deeper waveguide depth (22 m vs 16 m) and higher

compressional sound speed in the seabed.
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Table 6.1. Geoaoustic models for the three measurement sites. Below, p denotes the
parameter associated with compressional waves and s detonates the parameters associated with

the shear wave.

Measurement Laver Thickness | Density Sound Speed attenuation
Site Y (m) (kg/md) (mls) (dB\2)
water 10 1024 1537 -
\ Sand 05 2000 1600 1 p 02
Pu'uloa s 150 s 1.0
Water 16 1024 1528 -
Virginia i p 02
Beach Sand ® 1900 p* 1.5s7
Eq.
s (4.28) s 1.0
Water 22 1024 1493 - 1510 -
co* 1650
Silver Strand S| B 02
VBT STANG 1 seabed 5 1900 | B* 15s7
Eq.
s (4.28) s 1.0

*co and B from Eq. (2.19)



_{a)165m to 430 m

94

30
-------- Gradient Model
re"s
), === Pekeris Model
20 - / \ |
— [ Data
) I -".\\
S ri A
o I: K.Y
[)] 5 e \
8 10 \‘\ 'J__: . FR {’_‘:‘5\ s, |
- Tt Ty, T, eyt SN )
r e N WA A
£ N, \\ll
1 ,
10 - T |
10" 102 10° o
Third Octave Center Frequency (Hz)
(b) 430 m to 950 m
30 BEEN RIREEERN
-------- Gradient Model
'\ === Pekeris Model
- ” ,I X Data ]
m ! X
) VA
1) ! N
[72] k ™
o 10 # AN ‘ )
— gy, A 3 o Tt i T TN Y r b
£ S ,\/ muw\"f A J i K / \\h", X
s | s X N\ »* =\
o By ‘ E
0 f J
-10 - T ‘
10" 102 10° o

Third Octave Center Frequency (Hz)
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Figure 6.4. Comparison of the measured and modelled path loss for the Pu uloa experiment
compared to Virginia Beach and Silver Strand experiment model results. The Virginia Beach and
Silver Strand model results employed a depth dependent sound speed profile in the seabed
characterized by Eqg. (2.20), whereas the Pu uloa model results were computed using a thin (0.5

m) sand layer overlying a limestone half-space.

6.6 CONCLUSIONS

In this chapter the receiver-to-receiver path losses for the Virginia Beach experiment, presented
in Chapter 5, were explored in greater depth; specifically, an unusual trend observed between the
40 and 100 Hz third-octave bands where path losses between the 430 m and 950 m receivers
were found to have negative losses at 63 Hz indicating a large increase of energy with an
increase in range. Modelled path losses using a Pekeris Waveguide seabed model were found to
be in poor agreement with the measured data at these frequencies with a distinct positive peak

within this frequency band.

It was hypothesized that these effects resulted from seabed refraction cause by an upward
refracting, depth-dependent sound speed gradient in the seabed. A CW model for a range of

frequencies and gradients, 8, was used to determine (1) whether for typical values of 8 the range
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at which refracted arrivals re-enter the waveguide are in the vicinity of the 950 m receiver (e.g.
the 430 receiver is in the shadow zone and the 165 m receiver is in the near field) and (2) help
determine whether there is a relation between the cutoff frequency in the waveguide and the
frequencies where the negative path losses occur by comparing the frequencies where refraction
effects are observed to the cutoff frequency in a Pekeris waveguide. Additionally, broadband
path-losses for a Pekeris waveguide and for a gradient seabed model were compared to the
measured data. The Pekeris model was found to be in poor agreement with the measured data
between the 40 Hz and 100 Hz third-octave bands whereas the gradient seabed model predicted
the negative losses observed in the data. Above the 100 Hz third-octave band, both models are in

reasonable agreement with the data and each other.

Finally, these results were considered within the context of environmental noise predictions
where simple propagation models are often used that only consider energy losses that increase
with range; this results in a monotonic decrease of energy with increasing range. This work,
however, showed that at some frequencies the sound field initially decreases with range and then
increases due to refracted energy re-entering the waveguide. This increase in energy beyond a
certain range can differ from levels predicted by simple range dependent loss model and Pekeris
Waveguide models by up to 25 dB with levels measured on receivers at 900 m being similar to

levels measured at 200 m.
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Chapter 7. SUMMARY AND CONCLUSIONS

7.1 EXPERIMENT SUMMARY

Underwater explosives are regularly detonated on Navy ranges as part of training exercises. In
order to comply with environmental regulations, the Navy must submit environmental impact
assessments (EIA) every five years to outline their impact on the environment; this includes the
impact of the noise levels produced during training where explosives are used. Few
measurements of underwater explosions between 1 kg and 20 kg have been collected at short
ranges (less than 2 km) where the sound levels are high enough to adversely impact marine
animals [10], [18], [19]. To fill this gap, experiments were conducted at three training ranges to
measure the noise levels produced by explosives; the U.S. Navy Pu'uloa Underwater Detonation
Range, Pearl Harbor, HI, (Pu'uloa) at a training range 7 km off the coast of Virginia Beach, VA
[19], [27] (Virginia Beach) and at the Silver Strand Training Complex, Naval Base Coronado,
Coronado, CA (Silver Strand) [28]. All three of these experiments were conducted in shallow

water (depth <25m) where sound propagation is heavily affected by interaction with the seabed.
7.2 PEAK PRESSURE AND SOUND EXPOSURE LEVEL

In Chapter 5 the peak pressure and SEL for the three experiments were compared (Figure 5.1 and
Figure 5.2 respectively). This showed that the Pu'uloa data were always lower than both the
Virginia Beach and Silver Strand data with the peak pressure 10 to 30 dB lower and the SEL
being 15 to 30 dB lower. The differences in the peak pressure were particularly notable since the
Virginia Beach data and Silver Strand data are in good agreement with empirical predictions
given by Eq. (2.24). Comparing the measured peak pressures to Eq. (2.24) in Figure 5.1 showed
that the Pu’uloa data did not agree with the empirical predictions.

7.3 ENERGY SPECTRAL DENSITY

In Chapter 5 the ESD from the three experiments were also presented (Figure 5.3). This showed
the Pu'uloa ESD were significantly lower than the ESD from the other two experiments, with
particularly poor agreement from 50 Hz to the 4000 Hz third-octave bands. These differences
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were highest between the 50 and 1600 Hz third-octave bands with differences of up to 30 dB.
Additionally, it was shown that for similar charge weights and measurement ranges, the 6.0 kg
NEW charges from Virginia Beach and Silver strand are consistent for frequencies above 80 Hz
with differences typically less than 5 dB. Looking at the Silver Strand ESD also shows that
varying the receiver range results in differences of less than 5 dB at frequencies between 50 and
1600 Hz. The high losses in the Pu uloa data were also observed in the VLA data collected along
a separate transect. These results showed that differences in the ESD between the Pu'uloa data
and the other two experiments were not entirely due to differences in the charge weight or
measurement range, but was likely due to some other effect. This motivated a receiver-to-
receiver path loss study which explored the impact of the seabed on propagation independent of

the source.

7.4 RECEIVER-TO-RECEIVER PATH LOSS

While the measured peak pressure and SEL from the explosion measurements can be useful for
those crafting EIAs for underwater noise, it is important to understand why the levels from the
Pu’uloa site are so much lower than the other two. Spectrograms of the measured data (Figure
5.4 through Figure 5.11) also showed that the Pu’uloa data (Figure 5.10 and Figure 5.11)
exhibited an additional feature in the data (possibly cavitation effects) that are not present in the
other time series form Virginia Beach and Silver Strand. This further motivated studying the
receiver-to-receiver path loss in Chapter 5 in which propagation can be considered independent
of the source as demonstrated in Eq. (5.32). Comparing the measured receiver-to-receiver path
losses (Figure 5.28) showed that above 1600 Hz the three data sets are in reasonable agreement
varying by less than 10 dB whereas between 50 Hz and 1600 Hz the Pu uloa path losses are up
to 30 dB higher than those measured at the other two sites. This was similar to the results

observed in the ESD comparison in Figure 5.3.

Predictions of the path losses were computed by modelling the Pu'uloa seabed as a thin elastic
sand layer over an elastic half-space and the other two sites as Pekeris waveguide with sandy
half-space bottoms. These goacoustic models were based on previous seabed studies and
observation made by the Navy divers assisting with the experiments Results of this analysis
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showed very good agreement between measured and modelled data at third-octave bands above
100 Hz. The poor agreement in the Virginia Beach data below the 100 Hz third-octave bands
was considered as part of Chapter 6.

To ensure the physics involved in the high losses in the Pu'uloa data were understood, an
analytical reflection loss model from Chapman and Chapman [63] was used to model a fully
fluid seabed and an elastic seabed. This showed that the high losses at the measurement site were
likely due to the conversion of compressional to shear waves through two mechanisms; shear
resonance effects in the thin sand layer and the excitation of Stoneley waves at the sediment-
basement interface (as described by Hughes et al. [61] and Hovem and Kristensen [62]

respectively).

Other potential loss mechanisms were also considered including bathymetric refraction and
losses from scattering due to a rough sea surface. Bathymetric refraction was ruled out as the
slope of the seabed perpendicular to the source receiver transect was not steep enough to cause
significant refraction effects (approximately 0.5°). Losses due to surface roughness were also
ruled out as they would increase with increasing frequency, whereas the losses in the Pu'uloa
data occurred between 50 Hz and 1600 Hz third-octave bands and are not observed at higher

frequencies.

7.5 NEGATIVE PATH LOSSES AND SEABED REFRACTION

Predicted path losses for both the Virginia Beach data are in reasonable agreement with the
measured data above the 100 Hz third-octave band however there is poor agreement at lower
frequencies. Of particular interest are unusual trends observed in the path loss between the 430 m
and 950 m measurement ranges where negative losses are observed at 63 Hz (Figure 5.25).
Although modelling the Virginia Beach measurement site as a Pekeris Waveguide gives
reasonable agreement above 100 Hz, it was established in Chapter 4 that the seabed has depth

dependent properties. This indicated that these features could be a result of seabed refraction
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caused by a compressional sound speed gradient in the seabed that increases with depth

according to a linear sound speed profile described in Eq. (2.20).

By looking at a CW model for frequencies between 40 Hz and 100 Hz and a range of values of
the gradient g it was shown that, when g is close to 1.5 s~ 1, the 430 m receiver could be located
within a shadow zone and energy travelling in the seabed could re-enter the waveguide at the 950
m range creating a lit zone. This trend was confirmed by comparing receiver-to-receiver path
loss predictions for a Pekeris waveguide and the linear gradient seabed to the measured data
(Figure 6.2). This showed that both models gave similar results above 100 Hz third-octave
bands; however, the linear sound speed gradient model was in much better agreement with the
measurements at third-octave bands below 100 Hz. Similar to Virginia Beach, the Silver Strand
receiver-to-receiver path loss was recalculated using a linear gradient seabed model and showed
improved agreement below 40 Hz (Figure 6.4) compared to the Pekeris environment model
(Figure 5.28).

7.6 CONCLUSIONS

While predictive models can be a useful tool in planning, they require validation to ensure their
accuracy. This is accomplished through acoustic monitoring of noise generating activities to
obtain ground truth data on the resulting noise levels. Using these measurements, parameters in
the predictive model can be optimized to give more accurate predictions and provide a better
understanding of the mechanisms that contribute to the propagation loss.

These validation measurements are not only valuable for benchmarking specific EIA studies.
They can also be used more broadly to inform the initial stages of future EIAs. By using data
from a measurement environment with similar characteristics, appropriate propagation models
can be selected and benchmarked. It is important, however, that the characteristics of the
measurement environment are taken into account to ensure levels are not over or under predicted
by selecting an inappropriate seabed model. It is therefore important for the measured data to be
defined within the context of the measurement site to ensure others using the experimental

validation apply it to appropriate scenarios.
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Having reviewed the results of this work, the goals are revisited,;

a) Present the measurements of small underwater explosions (charges weighing between 0.5
kg and 20 kg) with an emphasis on the metrics commonly used to describe environmental
noise including the peak pressure and the sound exposure level.

b) Understand why received levels at the Pu'uloa measurement site are so much lower than
at the other two sites.

c) Provide context about the measurement environments so that these data can be more
effectively utilized by both researchers and policy makers for studying environmental
noise and in the development of mitigation measures to protect marine life from harmful

noise levels.

Goal a) was achieved through the presentation of the measured peak pressures and sound
exposure levels. Through goal b), it has been shown that the high losses in the Puuloa data are
most likely a result of losses resulting from the conversion of compressional waves into shear
waves in the seabed. The high losses between 40 Hz and 1600 Hz occur as the seabed is
composed of a thin elastic sand layer is overlying an elastic half-space. Without the thin sand
layer, the high losses would extend beyond 1600 Hz whereas if the sand layer was relatively
thick (thickness of sand layer much greater than the wavelength of incident sound) then the

results would be similar to those from a sand half-space.

Goals a) and b) provide the foundation for achieving goal c), providing context for these
measurements; the primary focus of this work. Comparing the peak pressure and SEL from the
Virginia Beach and Silver Strand measurement sites shows similar results. This is
understandable given the seabed at both sites is characterized by sandy sediments. This
demonstrates that these data could be used as a guide for future EIAs for sites with similar
characteristics and seabed composition. In fact, the Virginia Beach data were successfully used
in the Silver Strand experiment to inform equipment settings and measurement locations. This
ensured the signal did not saturate the equipment nor lead to a low signal-to-noise ratio. Using
these data as references in the Pu'uloa experiment, however, led to significant overestimates of

the noise levels. Based on these estimates, the equipment setting were selected which led to a
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low signal-to-noise ratio discussed in Chapter 5 (Figure 5.27). Conversely if the Pululoa data
were used to inform an EIA or validation experiment at a sandy site, the noise levels would be
underestimated and the equipment settings would be too low leading to signal saturation. This
demonstrates not only the utility of these data but also the limitation on their use; it is important

to use the correct tool for the job at hand.

As demonstrated in this work, the seabed has a considerable impact on the environmental noise
levels, but an exact reproduction of the seabed is impossible. It is therefore up to the modeler to
decide how detailed the seabed model should be. For Virginia Beach receiver-to-receiver path
loss prediction, a Pekeris environment model was compared to a seabed characterized by a linear
sound speed gradient (Figure 6.2). While only the gradient seabed model is in good agreement
with both the 165 m to 430 m and 430 m to 950 m path losses below 80 Hz, both models are in
reasonable agreement with measured data at higher frequencies. For all three experiments
considered in this work, a 500 m zone of influence was used. As discussed in Chapter 6, the
refracted energy re-enters the waveguide beyond this range (roughly 950 m). This means marine
animals with hearing sensitivity in the 40 Hz to 100 Hz range could potentially experience
significantly higher noise levels than expected if EIA noise predictions were computed with a
Pekeris waveguide model. While it is not the goal of this work to provide recommendations on
what to do with this information, this topic should at the very least be recognized and considered

so an informed decision can be reached.

7.7 RECOMMENDATIONS AND FUTURE WORK

This work was completed in hopes of it serving as a useful tool for future validation experiments
and EIAs for underwater explosion events. In this section several recommendations and lessons

learned are be shared along with avenues for future work.

The first set of recommendations is focused on metadata used in the predictive modelling. The
collection of metadata for the water column is relatively straightforward compared to the seabed.
It involves using echo sounders to determine water depths and CTD sensors to measure the water

sound speed. Having shown the importance of the seabed in this work, the primary
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recommendation of this research is the importance of detailed seabed characterization. This is
not only invaluable for post-experiment analysis, but also provided ground truth data on the
seabed. One of the biggest weaknesses of this work is the lack of ground truth data against which
the proposed geoacoustic models can be benchmarked. While this could include detailed coring,
even simple side scan sonar imaging would provide valuable information on layering within the
seabed (as in the Pu'uloa experiment site) or the absence of such features (as in the other two
experiment sites). With limited funding, however, a seabed study may not be feasible due to the
costs. As an alternative, for areas with recreational beaches or heavy shipping traffic, previous
seabed studies may have been conducted (as was the case for the studies in this work). While
these are not always available, they can provide valuable insight into the general seabed

composition in an area.

There are still several areas that would greatly benefit from additional research. Earlier, a
spectrogram of the Pu'uloa data was presented (Figure 5.10 and Figure 5.11) which show
possible cavitation effects. A study by Cui et. al. [68] that explored high speed imaging of small
explosions detonated close to surfaces (rigid and pressure release) demonstrates the complex
effects that the proximity to surfaces can have on the bubble pulse. As demonstrated by Von
Benda Beckman et. al. [10], the Chapman source model [16], [17] does not accurately predict
noise levels at high frequencies (kHz range) so they provide a source model modified using the
data. However, this does not give any insight into the physics involved and could easily be
misused if applied to other environments or detonation depths that do not put the source in close
proximity to a surface (sea surface or water-seabed interface). Therefore, additional work to
model the source waveform of underwater explosions near surfaces would be a valuable

contribution.

Another research avenue is the development of a robust, range dependent, 3D elastic propagation
model that can be used for broadband noise prediction. In this work, such a code would be very
useful for modelling the Pu uloa data collected at the offshore receiver on the vertical line array.
As of now however, the publicly available version of OASES cannot model range dependent
propagation. One promising model is the SPECFEM spectral finite element model

(https://geodynamics.org/cig/software/specfem3d/). While capable of modelling elastic wave
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propagation in range dependent environments, it still needs additional work before it can be used
to model broadband noise in shallow water. In general, with the increasing availability of
computational resources such as cloud services, the use of finite element models may become a

more viable approach as they can utilize parallel computing technologies.

While the data presented here serve as a useful tool, the community would benefit from
additional data sets of underwater explosion measurements. The data in this work were typically
collected over the course of a few days, so it is unclear how the noise levels would be affected by
seasonal variation or even daily fluctuations due to changing weather patterns. This work has
also shown how noise levels can vary site-to-site, but it would be valuable to study the noise
levels at sites with a variety of seabeds outside of the two studied in this work (sandy sediments
and the thin sand layer over limestone).

This work has focused on the physics and technical aspects associated with underwater noise, but
the end goal of doing this work is the protection of marine animals that rely on hearing and sonar
for their survival. Unfortunately, physics alone cannot achieve this. Numerous other individuals
with a range of skill sets are also essential, including navy divers, marine biologists, regulators,
and politicians. Understandably, these individuals often do not have the technical background to
fully absorb all of the detailed technical information involved in underwater noise prediction; it
is also unrealistic to expect all of them to become experts on underwater noise. It is therefore
imperative that the results of underwater noise studies be presented in ways that are meaningful
to a wide array of professionals with diverse background. At the end of the day, even the best

science is useless unless it can be understood by those who need it.
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APPENDIX A: VIRGINIA BEACH MEASUREMENTS

A.1) Measurement Site

This section originally appeared in the report by Soloway and Dahl [93]. It has been included in
this work for completeness.

The underwater explosion measurements were conducted on 11 September, 2012 at a site located
approximately 7 km off the coast of Virginia Beach, Virginia. The measurement site
encompasses four locations; the navy detonation site, and the mooring locations of the two
measurement vessels involved, as discussed below, one of which was placed in two mooring
positions over the course of the day (Figure A.2). For purposes of this report, this area can be
considered a rectangular of dimension 950 x 200 m that includes all four locations in Figure A.1

Based on existing bathymetric data from the National Oceanic and Atmospheric Administration,
the mean lower low water depth of 14.3 m where mean lower low water is defined as the average
of the lower low water height of each tidal day observed over the National Tidal Datum Epoch.
Tidal data for the measurement site were estimated using data from the Chesapeake Bay Bridge
Tunnel tidal station (located at 36 43.2, N 76 06.84 W, 27 km from the measurement site),
obtained from the National Oceanic and Atmospheric Administration Center for Operational
Oceanographic Products and Services. Accounting for tidal variation (Figure A.2 ), this would
put the water depth between 14.7 m and 15 m. As exact measurement of the water depth were
unavailable, the water depth has been estimated using the bubble pulse period of the 6 kg charge
detonated on the seabed [17];

T, = 2.11 W1/37;5/¢ (7.41)

where W is the TNT equivalent charge weight, Z, is the hydrostatic depth (Z, = Z + 10.1 m),
this put the water depth at 15.7 m to 16 m which is the value that is used here. Studies in the
vicinity of the measurement site, conducted by the Virginia Institute of Marine Science to

determine the feasibility of sand mining [80], [94]-[96], provided data on the seafloor. Data from
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bottom grabs and core samples from these studies show a seabed composed of unconsolidated
sediments consisting of fine to course sand and clay, with significant spatial variation (Figure
A3).

Profiles of sound speed versus depth in the water column were recorded using a YSI Castaway
CTD device, which computes the sound-speed profile from direct measurements of temperature,
conductivity (surrogate for salinity), and water depth. Sound-speed profiles were sampled at two
times, 8:41:31 and 11:24:23 local time (Figure A.4 ), and were found to be approximately iso-
speed at 1528 m/s. Owing to significant heave motion experienced by the two research vessels
we did not allow this instrument to strike the seabed and risk damage, hence the CTD
measurements do not extend to the bottom. This should not be considered an issue as the sound
speed varies little with depth particularly in the vicinity of the seabed.

During the experiment there existed a swell- wave field originating from the Northeast with this
wave field not linked with local wind conditions. Sea surface wave data was obtained from the
National Data Buoy Center’s (NDBC ) Cape Henry 44099 wave buoy located at 36 54.9 N, 75
43.2 W, 19 km Northeast from the test site. During the measurement period significant wave
height, defined as four times the root mean square (rms) of the wave-height varied between 1.0

m and 1.2 m; alternatively the rms wave height varied between 0.25 and 0.3 m.

A.2) Test Description

Five explosive charges were deployed as part of the Navy explosive ordnance disposal team’s
training exercise (Table A.1 ). These charges had TNT equivalent weights ranging from 0.1-6.0
kg. Depending on test, the detonation occurred at either (approximately) 9 m depth, or on the
bottom. Tests 1-4 used C-4 charges with a TNT-equivalence of 1.34 (i.e., 1 kg of C-4 produces
an explosive force equivalent to 1.34 kg of TNT), while Test 5 used a CH-6 charge with a TNT-

equivalence factor of 1.5.

A.3) Equipment and Measurement Locations
The underwater detonation site location was provided by the Navy. Measurements were made

from two Vessels; the R/V Ocean Explorer (Vessel 1) located 430 m from the underwater
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detonation site for Tests 1-5 and the F/V Instigator (Vessel 2) located 165 m away for Tests 1-2
and 950 m away for Tests 3-5 (Figure A.5).

From Vessel 1, acoustic data were recorded using a vertical line array (VLA), and a Loggerhead
autonomous recording device (Figure). The VLA elements consisted of nine hydrophones (ITC
1032) with 0.7 m spacing. Data from the VLA were recorded on a multi-channel coherent data
acquisition system (Astro-Med DASH-20) with each channel sampled at 62,500 Hz sampling
frequency. The Loggerhead consisted of a single hydrophone recording at a sampling frequency
of 50,000 Hz. The VLA and Loggerhead were attached to a weighted line secured to a davit. A
HOBO data logger (HOBO), used to measure water depth, was also attached to the line and was
mounted exactly halfway between Hydrophones 2 and 3. The hydrophone depths of the VLA
and Loggerhead were determined using these depth measurements. A summary of the
hydrophone depths can be found in Table A.2.

From Vessel 2, acoustic data were also recorded using a Loggerhead system at a sampling rate of
50,000 Hz. Similar to the Vessel 1 setup, the Loggerhead was attached to a boat-mounted line
(Figure A5 ), and a HOBO data logger was used to determine the hydrophone depths

(summarized in Table A.2).
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Figure A.1 Map of measurement site with the locations of Vessel 1, Vessel 2, and the
detonation site. The measurement site and wave buoy location in relation to the Virginia

coastline can be found in the inset map (map by Dara Farrell).
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Figure A.2 Tidal variation from Chesapeake Bay Bridge Tunnel tidal station. Height is the
tidal variation from the mean low lower water level in meters. Red markers indicate underwater

detonation times.
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Figure A.3 Schematic showing core samples taken from a site located 1.6 km Northwest of

the measurement site. This schematic shows the composition of 18 bottom core samples

(numbered 1-18 in the original report), along with 9.1 m (30 ft) and 15.2 m (50 ft) water depth

contours. Additional information on the core samples can be found in the original report. [80].
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Figure A.5 Experiment geometry for the Virginia Beach MINEX trial. Equipment depths are
listed in Table

Table A.1 Test charge summary for the Virginia Beach Experiment

Charge TNT
Test Local Time De\:lp\)lfrfe(:n) Explosive %Z%:%e V\(Iﬂg)ht qu-:-iv;en t E(\:]lt\;:e\i/;:int
1 11:04:09 15.0 C-4 9m 0.2 1.34 0.3
2 11:12:02 15.0 C-4 Bottom 0.6 1.34 0.6
3 12:49:51 14.8 C-4 9m 2.3 1.34
4 13:09:34 14.7 C-4 Bottom 4.5 1.34
5 16:11:59 14.7 9m 0.07 1.50 0.1




for the Virginia Beach experiment.

Vessel 1 Hydrophone Depth (m)

Test 1 Test 2 Test 3 Test 4 Test 5
Hydrophone 9 6.6 6.6 6.8 6.8 6.8
Hydrophone 8 7.3 7.3 75 7.5 75
Hydrophone 7 8.0 8.0 8.2 8.2 8.2
Hydrophone 6 8.7 8.7 8.9 8.9 8.9
Hydrophone 5 94 94 9.6 9.6 9.6
Hydrophone 4 10.1 10.1 10.3 10.3 10.3
Hydrophone 3 10.8 10.8 11.0 11.0 11.0
Hobo 11.1 11.2 11.3 11.3 11.4
Hydrophone 2 11.5 11.5 11.7 11.7 11.7
Hydrophone 1 12.2 12.2 12.4 124 124
Loggerhead 12.9 12.9 131 13.1 13.1

Vessel 2 Hydrophone Depth (m)

Test 1 Test 2 Test 3 Test 4 Test 5
Loggerhead 9.5 9.7 10.0 10.4 10.3
Hobo 12.1 12.3 12.7 13.0 13.0

120

Table A.2: Depth summary of hydrophones and Hobo data loggers for Vessel 1 and Vessel 2
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APPENDIX B: SILVER STRAND MEASUREMENTS

B.1) MEASUREMENTS

This section originally appeared in the report by Soloway and Dahl [28]. It has been included in

this work for completeness.

Measurements were conducted on 13 and 14 May 2014, at a site located two (2) kilometers from
the beach in the Silver Strand Training Complex part of the U.S. Navy’s SOCAL Range
Complex. On each day, two UNDET events occurred in rapid succession, with a delay of
approximately 3 seconds between detonations. All four explosive charges detonated underwater
consisted of 4.54 kg of composition 4 (C-4) explosive. The TNT-equivalence of C-4 is 1.34, thus
each charge had an explosive equivalence of 6.08 kg of TNT.

Acoustic measurements associated with these UNDETSs were collected from two study vessels;
the F/V Alexes and El Gato Dos, both chartered sport-fishing boats of length approximately 11
meters. Alexes was designated as the near vessel, positioned closer to the detonations (400—-800
meters), and the El Gato Dos was designated as the far vessel, positioned 1,300-1,700 meters
from the detonations. The Alexes was positioned approximately at the 22-meter isobath
(approximate depths from nautical charts) on both days, and the exact water depth was
determined to be 23.7 meters using the depth sounder on Alexes. The El Gato Dos was also
positioned on the same 22-meter isobath on 13 May, and on 14 May, it was positioned farther
offshore on the 26-meter isobaths. The detonation sites and vessel locations for 13 and 14 May

are shown in Figures B.1 and Figure B.2 respectively.

Acoustic measurement systems deployed from the near vessel Alexes consisted of a vertical line
array (VLA), and a Loggerhead autonomous hydrophone recording device (Figure B.3 ). The
VLA elements consisted of nine hydrophones (ITC 1032), spaced 0.7 m apart, with receiving
voltage sensitivity ranging from -204 to -208 dB re V/uPa depending on the position of the
hydrophone. Data from the VLA were recorded on a multi-channel coherent data acquisition

system (Astro-Med DASH-20) with each channel sampled at 62,500 samples per second. The
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autonomous Loggerhead system consisted of a self-contained data acquisition and storage
system (Loggerhead Instruments DSG) and a single hydrophone (HTI-96-min) recording at
100,000 samples per second with a receiving voltage sensitivity of -220 dB re V/uPa.
Additionally, a 3-channel geophone system was attached to the bottom of the VLA. This
instrument was not part of the formal measurement plan and data from the geophone system are
not included in this report, as they require further analysis and interpretation. The long-term goal
of the geophone system is to examine acoustic particle velocity associated with UNDETSs.
Finally, the depths of the hydrophones were monitored continually using two HOBO® data

loggers. A summary of the vessel range and hydrophone depths can be found in Table B.1.

Acoustic measurement systems deployed from the far vessel the ElI Gato Dos consisted of an
identical Loggerhead device, and a second single-hydrophone device that was assembled at the
University of Washington, referred to here as the USLM. It consisted of a single HT1-96-minute
hydrophone recording 50,000 samples per second, with receiving voltage sensitivity of -205 dB
re V/uPa. The measurement geometries associated with the Alexes and El Gato Dos are shown in
Figure B.3 and a summary of the vessel range and hydrophone depths can be found in Table B.1.



123

National
Coronado City

#Chula
Vista

e e Kilometers 3§
8 12 16 Impenial

#Beach

El Gato Dos
@

0 05 1 2 3
- e e e Kilometers

Figure B.1 Map of test site for 13 May 2014, with the locations of Alexes and El Gato Dos

(green, labeled) in relation to the two UNDETS (red, numbered). A large-scale view is shown in
the top panel (map by Dara Farrell).
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Figure B.2 Map of test site for 14 May 2014, with the locations of Alexes and El Gato Dos

(green, labeled) in relation to the two UNDETS (red, numbered). A large-scale view is shown in
the top panel (map by Dara Farrell)
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Alexes El Gato Dos

Figure B.3 Measurement instrument geometries for the Alexes and El Gato Dos.

B.2) Environmental Conditions and Measurements

The seabed in the immediate vicinity of the measurements is composed of unconsolidated, sandy
sediments (Merkel & Associates, Inc. 2013). Profiles of sound speed versus depth in the water
column were recorded from Alexes using a YSI CastAway Conductivity, Temperature, and
Depth instrument, which computes the sound-speed profile from direct measurements of
conductivity (a surrogate for salinity) and temperature as a function of pressure (a surrogate for
depth). The water column at the time of these measurements was characterized by a thermocline
between the surface and approximately 15 m, resulting in a sound speed that varied from 1,510
m/s near the sea surface to 1,492 m/s near the seabed, with sound speed in the bottom 10 meters

of the water column being approximately constant (Figure B.4).
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Sea surface conditions were measured using a Datawell Directional Wave Buoy deployed each
day from the EI Gato Dos. Both days were generally characterized by relatively calm conditions,
during which the root mean square (RMS) wave heights were 0.19 meter (13 May) and 0.16
meter (14 May). Directional wave measurements indicated that the dominant (low frequency)
wave field originated from an offshore direction, approximately from the W to WNW. The sea-
surface wave measurements are summarized in Figure B.5 and Figure B.6 , respectively, and

may be used in conjunction with more refined acoustic modeling efforts in the future.
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Figure B.4 Sound-speed profiles collected from the Alexes 13 and 14 May, corresponding to

the times of the acoustic measurements on these days (Figure by Peter Dahl).
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Figure B.5 Surface wave conditions during the 13 May 13 tests (at 1030 local time). Left
panel: directional wave spectrum showing the peak in the spectrum at 0.15-0.30 Hz originating
from 270°. Right panel: directionally-averaged spectral density. The RMS wave height is 0.19

meters (Figure by Peter Dahl).

Direction from (deq)
Spectral Density (m2/Hz)

0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
Frequency (Hz) Frequency (Hz)

Figure B.6 Surface wave conditions in effect during the 14 May tests (at 10:30 local time):
(left side) directional wave spectrum showing the peak in the spectrum at frequency of
approximately 0.1 Hz originating from 250°, (right side) directionally-averaged spectral density.
The RMS wave height is 0.16 meter (Figure by Peter Dahl)..
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Table B.1: Measurement range and depth summary for acoustic measurements from two
vessels on 13 and 14 May, 2014 off San Diego, California, along with summary of acoustic
measurements expressed in peak pressure and SEL. SEL not currently not estimated from the
VLA on 14 May, 2014 until a noise interference issue can be resolved.

oo | vese | e | Megaremert| Dot | Range | Pk P | ane e
s 1 Loggerhead™ | 123 512 216 189
2 Loggerhead* | 123 784 218 188
13-May-14 i Loggerhead™ | 157 | 1255 215 186
El Gato USLM** 7.0 1255 215 187
Dos . Loggerhead* | 157 | 1499 212 185
USLM* 7.0 1499 212 186
Loggerhead™ | 11.6 685 215 187
13.1 218 -
13.8 218 -
14.5 218 -
q 15.2 218 -
VLA*** 15.9 685 219 :
16.6 219 -
17.3 219 -
18.0 219 -
Alexes 18.7 220 -
Loggerhead™* 11.6 358 218 191
14-May-14 13.1 217 -
13.8 218 -
14.5 219 -
5 15.2 219 -
VLA* 15.9 358 219 -
16.6 219 -
17.3 220 -
18.0 220 -
18.7 222 -
q Loggerhead™ | 19.9 1651 213 184
El Gato USLM** 7.0 1651 209 184
Dos 5 Loggerhead* | 199 | 1353 215 185
USLM** 7.0 1353 214 187

* Self-contained data acquisition and storage system (Loggerhead Instruments DSG)
** Universal Sound Level Meter
*** 9-hydrophone vertical line array
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APPENDIX C: SENSITIVITY STUDY

C.1) Introduction

The goal of this section is to conduct a sensitivity study to explore the impact that varying geo-
acoustic parameters have on the receiver-to-receiver path loss at the Virginia Beach
measurement site. This sensitivity study is conducted using the Virginia Beach measurement site
with the receiver-to-receiver path loss computed for the 430 m to 950 m ranges. The following
variables are explored; the starting sound speed in Eqg. (2.20) c,, the maximum depth where the
linear sound speed gradient transitions to a half-space seabed, the thickness of the first layer of

the stacked layer seabed model described by Eq. (6.40), z,, and the density in the seabed. p.

C.2) Sensitivity Study c,,

The sensitivity study for ¢, in the linear sound speed gradient is shown below for 1550 m/s, 1600
m/s, 1650 m/s, and 1700 m/s. The results of this study show the variation impact most third-
octave bands. The focus of Chapter 6 is primarily on frequencies between 40 Hz and 100 Hz,

where increasing c, results in a shift of the negative path loss peak to lower frequencies.
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Figure C.1 Effects of varying c, in the linear sound speed gradient used to model the

Virginia Beach data. 8 is assumed to be 1.5 s7 1.

C.3) Sensitivity Study Half-Space Depth

The sensitivity study for D,,,, Vvaries the depth at which the half-space in the seabed begins. The
broadband path loss has been computed between the 430 and 950 m range receivers for 100 m,
200 m, 300 m and 400 m depths. The results of this study show that differences are isolated to
frequencies below 100 Hz with half-space depths from 200 m exhibiting only minor variations.
The 100 m half-space depth shows considerable variation from the other depths that were

considered.
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Figure C.2 Effects of varying the maximum depth of the half-space layer for the Virginia
Beach seabed with a linear sound speed gradient.

C.4) Sensitivity Study Thickness of First Layer in Linear Sound Speed Gradient Seabed, z,

The sensitivity study for the thickness of the first layer, z,, varies the thickness of the first layer
from 1 m to 9 m in 2 m intervals. The thickness of the first layer determines the travel time
through the layer. As an equal layer travel time approach is used to model the linear sound speed
gradient, this affects all layers within the equal layer travel-time approach. The results of this
study show that differences in z; affect third octave bands above 1000 Hz however in general
these effects are less than 1 dB and do not impact the primary frequency band considered in

Chapter 6; low frequencies between 40 Hz and 100 Hz.
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Figure C.3 Effects of varying the thickness of the first layer, h,, for the Virginia Beach

seabed with a linear sound speed gradient.
C.5) Sensitivity Study Seabed Density, p

The sensitivity study for the seabed density, p, varies the seabed density from 1600 kg/m3 to
2200 kg/m?3 iterating by 200 kg/m3. The results of this study shows a small impact below 100
Hz where increasing the density leads to a lower (more negative) path loss with this minimum
shifting towards higher frequencies. Above 100 Hz the effects of varying the density are

negligible.
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Figure C.4 Effects of varying the density of the seabed, p, for the Virginia Beach seabed with

a linear sound speed gradient.
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APPENDIX D: PU'ULOA SCHOLTE WAVE INVESTIGATION

D.1) Introduction

In this section low frequency signals present in the Pu'uloa data for the 1500 m Loggerheads are
investigated in the hopes of determining an appropriate shear wave speed for the geoacoustic
models in Chapter 5. It is shown that although there is a low frequency signal present that shows
characteristics of a Scholte interface wave similar to those presented in Chapter 4, it is unlikely
caused by a Scholte wave traveling at the sediment-basement interface of the three layer Pu uloa

seabed model.
D.2) Measurements

Time-frequency analysis is a useful tool for examining how the spectral content of the data
changes with time. In this section this is accomplished using a 2* Tukey window with a 10%
ratio of the length of taper section to the total length of the window. For each time bin and 90%

overlap for successive time bins was used.

Measurements for the three 4.5 kg NEW charges measured on day 3 of the Pu'uloa experiment
on the high sensitivity hydrophone at 1500 m range show low frequency signal arriving 1.5 s to
3.5 s after the main water arrival (Figure D.1, Figure D.2 and Figure D.3). This signal shows
similar characteristics to the Scholte waves measured at the Virginia Beach measurement site
(Figure 4.1 and Figure 4.2) with low frequency arrivals coming in first followed by higher
frequency arrivals. The frequency range of these signals is between 3 Hz and 7 Hz Note that due
to the low frequency roll-off of the Loggerhead system, a correction from the manufacturer was
applied (Figure D.4) with the correction at these frequencies between -35 dB and -25 dB

respectively. In the next section numerical broadband modelling is used to explore this signal.
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Figure D.1 Time series (top) and spectrogram (bottom) of the data collected on day 3 of test
1 of the 4.5 kg NEW charges measured on the high sensitivity Loggerhead system at 1500 m.

Note that time 0 s corresponds to the main water arrival.
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Figure D.2 Time series (top) and spectrogram (bottom) of the data collected on day 3 of test
2 of the 4.5 kg NEW charges measured on the high sensitivity Loggerhead system at 1500 m.

Note that time 0 s corresponds to the main water arrival.
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Figure D.3 Time series (top) and spectrogram (bottom) of the data collected on day 3 of test
3 of the 4.5 kg NEW charges measured on the high sensitivity Loggerhead system at 1500 m.

Note that time 0 s corresponds to the main water arrival.
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Figure D.4 Receiving voltage sensitivity for the Loggerhead system. This correction has been

applied to the data discussed in this section.

D.3) Modelling

In this section OASES is used to compute broadband models using the Chapman-Chapman
source model discussed in Chapter 4 and the three-layer geoacoustic model discussed in Chapter
5 to explore whether the signals present in Figure D.1, Figure D.2 and Figure D.3 are Scholte
wave arrivals. Using the arrival time delay of roughly 2.25 s between the main water arrival and
the low frequency signal gives a rough wave speed of 465 m/s. If we assume that the Scholte
wave is 93% of the shear wave speed gives a shear wave speed of roughly 500 m/s. This either
corresponds to the shear speed in the thin sediment layer or the shear speed in the limestone half-
space basement. It is well established that this is a very high shear speed for sand (from Chapter

4 and literature) so it is more likely that it would be the shear wave speed in the limestones.

Modelling was accomplished using the geoacoustic model discussed in Chapter 5 supplemented
with either a shear speed of 500 m/s or 1075 m/s (from Chapter 5) used for the limestone
basement. The source has been modelled using the Chapman model discussed in Chapter 4 and

has been located near the seabed.
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Figure D.5 shows the model results for a shear speed in sand of 150 m/s and a shear speed in the
limestone basement of 490 m/s. Looking at the results we see that a low frequency signal is
observed at roughly 2.25 s and 2.5 s after the main water arrival, however the dispersive
characteristics in the data cannot be observed. Note that two signals can be observed as one is a
result of the shock arrival and the other is a result of the bubble pulse. This has been confirmed
through modelling work using a source with and without a bubble pulse. As a supplement of this
analysis the analytical reflection loss model (Chapter 5) has also been used to compute the
reflection loss for this model and compare it to the reflection loss for a two-layer fluid seabed
(Figure D.6). From this model we see that the fluid seabed and elastic seabeds are almost

identical with the high losses below 1500 Hz not accounted for.

By running a similar model (Figure D.7) where the shear wave in the limestone basement is 1075
m/s (as discussed in Chapter 5) we see that the low frequency signal come in between 0.75 s and
1.0 s after the main water arrival and we once again cannot observe strong dispersion
characteristics seen in the measured data. Unlike the previous scenario, the analytical reflection
loss model for this environment is distinctly different than the fluid seabed model with the high

losses below 1500 Hz accounted for (Figure D.8).
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Figure D.5 Time series (top) and spectrogram (bottom) of the broadband model for the
environment described using 150 m/s for the shear speed in the sand and a shear speed of 490

m/s in the limestone basement.
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Figure D.6 Analytical reflection loss model calculated using Eq. (2.22) for a two layer fluid
seabed (a) and two layer elastic seabed environment (b) where the shear speed in the sand is 150

m/s and the shear speed in the limestone basement is 490 m/s.
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Figure D.7 Time series (top) and spectrogram (bottom) of the broadband model for the

described using 150 m/s for the shear speed in the sand and a shear speed of 1075 m/s m/s in the

limestone basement.
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Figure D.8 Analytical reflection loss model calculated using Eq. (2.22) for a two layer fluid
seabed (a) and two layer elastic seabed (b) where the shear speed in the sand is 150 m/s and the

shear speed in the limestone basement is 1075 m/s.

D.4) Discussions and Conclusions

In this section low frequency signals observed in the data have been considered to determine
whether they could be associated with Scholte wave arrivals which could help to determine an
appropriate shear wave speed for the Pu uloa environment. Using OASES to compute broadband
time series models showed that it is unlikely that this signal can be used to determine the shear

wave speed for the limestone basement at the Pu"uloa site.

To observe these signal, a low frequency correction had to be applied to the data (Figure D.4).
The correction for the frequency range being considered is between 25dB and 35 dB. While the
signal is consistently seen in all three 4.5 kg NEW tests, it is still unclear whether it is caused by
this correction or is in fact associated with a real event. This is an ongoing study and will be
addressed in future work.
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APPENDIX E: META-DATA COLLECTION

In this appendix, a summary of meta-data collection techniques used during the three
experiments discussed is presented;

1) Water depth (echo-sounder on boat after each shot)

2) Water sound speed (CTD system (conductivity, temperature and depth))

3) Bathymetry from navigation charts

4) Hydrophone depths (HOBO depth logger)

5) Source location using GPS measurements from divers

6) Receiver location at each shot using GPS; for boat mounted equipment using hand-held
GPS measurements collected at the point on the boat where equipment has been
deployed; for bottom deployed equipment a single measurement using a hand held GPS
unit.

7) Source receiver range (source/receiver GPS measurements and range calculator from

NOAA (https://www.nhc.noaa.gov/gccalc.shtml) or The Great Circle Calculator from Ed

Williams (http://edwilliams.org/gccalc.htm) )

8) Charge weight reported from Navy diver — it is important to confirm whether weights are
reported as the measured weight of the C-4 or as the TNT equivalent weight or net
explosive weight (NEW).

9) Time and date of detonation in UTM

10) Source detonation depth — from Navy divers. The detonation depth can be checked using
the bubble pulse period described by Eq. (2.23). This method, however, relies on accurate
charge weight.

11) Before and after photographs of all equipment and all hydrophones to determine any

damage that occurred.

The collection of this information serves as a useful tool for understanding the data and the
resulting noise levels. This improves both the predictive modelling stage of an EIA as well as

assist with validation experiments.


https://www.nhc.noaa.gov/gccalc.shtml
http://edwilliams.org/gccalc.htm
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