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CHARACTERISTICS OF SOUNDS EMITTED DURING 
HIGH-RESOLUTION GEOPHYSICAL SURVEYS 

1. INTRODUCTION 

Marine geophysical acoustic survey systems are critical to the mission of several federal 
agencies including the Bureau of Ocean Energy Management (BOEM), U.S. Geological Survey 
(USGS), U.S. Army Corps of Engineers (USACE), National Oceanic and Atmospheric 
Administration (NOAA), U.S. Navy (USN), and the National Science Foundation (NSF).  
Geophysical survey systems are used by these agencies (and commercial interests) to support 
exploration and development on the outer continental shelf (OCS) including marine 
transportation, oil and gas, marine mineral, and renewable energy projects.  In particular, 
geophysical surveys support infrastructure siting, sand resource delineation, geomorphic 
characterization, environmental monitoring, archaeological resource identification, and mapping 
of shallow hazards.  The USGS Coastal and Marine Geology Program (CMGP), USACE Civil 
Works, and NOAA National Ocean Service (NOS) Office of Coast Surveys use the same 
technology for similar purposes on the shallower inner continental shelf (ICS). 

 
Given the significant scientific questions and uncertainty about the potential impacts 

associated with noise in the marine environment, an increasing number of regulatory 
requirements and precautionary mitigation strategies are being applied to lower-energy 
geophysical surveys including those of short duration and limited geographic footprint.  The 
BOEM is working to ensure that environmental mitigation requirements are scientifically 
supported, cost effective, operationally feasible, and impact reducing.  BOEM is advancing this 
objective by characterizing the acoustic energy radiated by geophysical survey systems used on 
the continental shelf, and other shallow bodies of water under U.S. jurisdiction.  Thus, 
characterizing the acoustic fields radiated by marine geophysical acoustic survey systems is a 
critical first step to understanding the potential for these surveys to impact marine ecosystems. 

 
This report presents results of work performed under interagency agreements (IAs) 

between BOEM, USGS and the Naval Undersea Warfare Center Division Newport 
(NUWCDIVNPT) of the Naval Sea Systems Command (NAVSEA).  The overall objective of 
this study was to acquire and analyze calibrated acoustic source data for a number of commonly 
used marine geophysical survey systems as required to support subsequent sound source 
verification of these systems in situ by future BOEM-USGS studies.  This objective was satisfied 
by performing a series of acoustic measurements in an acoustic tank and in open bodies of water 
using methods and standards traceable to U.S. standards maintained by the Underwater Sound 
Reference Division (USRD). 
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2. SCOPE OF STUDY 

2.1 GEOPHYSICAL SURVEY SYSTEMS 

The characteristics of radiated sound were measured for 18 distinct geophysical survey 
systems through January to August of 2015.  Table 1 provides a listing of the tested systems.  
Manufacturer’s product information sheets for all of the systems included in this study are 
provided in the appendix.  Where availability of equipment permitted, two systems of the same 
model were tested.  In all cases, data were collected while the systems were functioning in 
operationally relevant modes and contexts.  In certain cases, acoustic data were also collected in 
non-operational orientations to facilitate improved characterization of acoustic beam patterns. 

 
The geophysical survey systems of table 1 are divided into two broad categories:  sea 

floor mapping systems and sub-bottom profiling systems.  The sub-bottom profiling systems 
were further divided by signal type:  impulse and frequency-modulated (FM) chirp.  While the 
FM chirp signals were all generated by piezoelectric transducers, the impulse signals were 
generated by a variety of mechanisms including accelerated water mass, release of high-pressure 
compressed air, and electrostatic discharge at high voltage. 

 
 

Table 1.  Geophysical Survey Systems Included in Study 

Sea Floor Mapping Sub-Bottom Profiling 
System  Description System Signal 

Echotrac CV100 Single-Beam 
Echosounders 

AA* 200 Impulse 

Reson 7111 Multibeam Echosounders AA* 251 Impulse 

Reson T20-P Multibeam Echosounders AA* S-Boom Impulse 

Bathyswath 
SWATHPlus-M 

Interferometer FSI** Bubble Gun Impulse 

Klein 3000 Side-Scan Sonar SIG ELC 820 Spark Impulse 

Klein 3900 Side-Scan Sonar AA* Dura Spark Impulse 

EdgeTech 4200 Side-Scan Sonar AA* Delta Spark Impulse 

  Sercel GI Airgun Impulse 

  EdgeTech 424 FM Chirp 

  EdgeTech 512i FM Chirp 

  Knudsen 3202 FM Chirp 
*Applied Acoustic Engineering, Ltd. 
**Falmouth Scientific, Inc. 
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2.2 GEOPHYSICAL SURVEY SYSTEM ACOUSTIC SOURCES 

2.2.1 Electromechanical Acoustic Sources 

An electromechanical acoustic source generates a deterministic electrical signal to create 
a time-varying displacement in a mechanical device that results in the radiation of sound.  
Common electrical signals include impulsive and longer duration modulated waveforms with 
either broad or narrow frequency bandwidths.  Piezoelectric transducers commonly found in 
commercial and naval sonar systems fit this description, as do less familiar acoustic sources such 
as boomer plates in which an actuator is used to displace a near-surface, downward-oriented 
metal disc to form a nearly ideal baffled piston source.  An important distinction between 
electromechanical and other acoustic sources employed in geophysical survey systems is the 
determinism of the transmitted signal.  Whereas electromechanical sources employ deterministic 
signals, non-electromechanical sources typically employ impulsive physical processes including 
the release of high-pressure air or electric field discharge at high voltage (i.e., airguns and 
sparkers) to generate high-intensity acoustic fields. 

 
Electromechanical sources used in geophysical survey systems are subdivided into 

bottom mapping and sub-bottom profiling applications as shown in table 1.  A representative 
selection of systems engaged in bottom mapping includes single, swath, and multibeam 
bathymetric echosounders, and side-scan sonar systems.  Sub-bottom profilers include systems 
that transmit impulsive or FM acoustic signals (e.g., boomers and chirp profilers).  Source levels 
generated by geophysical survey systems with electromechanical acoustic sources range from 
170 to 240 dB re 1μPa@1m (peak-to-peak) at frequencies of about 300 Hz to several hundred 
kHz and transmit pulse widths ranging from less than one to tens of milliseconds. 

 
Three examples of the geophysical survey systems included in this study are illustrated in 

figure 1.  Figure 1a shows an Edgetch 512i sub-bottom profiling system.  The system uses two 
transducers to generate FM acoustic signals across a broad frequency range.  The larger, low-
frequency transducer is located at the forward end of the tow body.  A smaller, higher frequency 
transducer is located just aft of the low-frequency transducer.  The figure also shows four receive 
arrays arranged parallel to the longitudinal axis and slightly recessed into the tow body.  The 
white triangular and rectangular panels are skid plates to protect the tow body during handling 
and stowage aboard ship.  The tow body can be operated near the water surface or closer to the 
bottom such that acoustic energy is transmitted vertically into the sea floor resulting in a received 
reflection sequence that is determined by the sub-bottom geology. 

 
Figure 1b shows an Applied Acoustic Engineering, Ltd., (AA/AAE) S-Boom sub-bottom 

profiling system as viewed from below.  The system employs three boomer plates and an 
associated energy source to generate short transient signals.  The frame mounted plates are 
installed in a catamaran that maintains the plates near the water surface and oriented for the 
vertical transmission of acoustic energy into the sea floor.  The transmit pulse width ranges from 
300 to 500 µs depending on the energy applied to the source array.  The system can be driven 
with a maximum of 1,000 J for an estimated peak source level of 227 dB re 1µPa@1m. 
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Figure 1.  Electromechanical Acoustic Sources 

 
An EdgeTech 4200 dual-frequency side-scan sonar is shown in figure 1c.  An active 

transducer array is located on each side of the tow body.  The transmit arrays produce acoustic 
beams with horizontal widths (i.e., along track) of less than one degree and vertical beamwidths 
(i.e., across track) of 40°.  The transmit beams are angled toward the sea floor to scan the bottom 
on either side of the tow body.  The tested system employed a dual-band transmitter operated at 
100 and 400 kHz. 

2.2.2 Electrostatic Discharge and Airgun Sources 

Sparkers comprise a class of seismic sources used for high-resolution marine surveying.  
They function by the electric discharge of a high-voltage impulse across one or more electrode 
tips and a ground point on the sparker body.  Resultant heating of the surrounding seawater 
generates a rapidly expanding steam bubble with a nearly ideal positive impulse.  Continued 
expansion of the steam bubble beyond the equilibrium hydrostatic pressure results in collapse 
and the formation of a series of bubble pulse oscillations of diminishing amplitude until all of the 
energy is dissipated.  Figure 2a shows the Applied Acoustics Dura-Spark employed in this study. 

 
 



 

 6 

 
 

Figure 2.  Applied Acoustics Dura-Spark and Sercel Mini-GI Airgun 

 
Airguns function by the rapid release of compressed air into the surrounding water to 

create an impulsive acoustic waveform.  The acoustic waveforms typically exhibit a prominent 
bubble pulse in the time history.  The bubble pulse is a secondary source of sound generated by 
the oscillating expansion and collapse of air under hydrostatic pressure after it has been released 
and during its ascent to the surface.  The energy contained in the bubble pulse can result in 
notches in the acoustic intensity spectrum where the frequencies affected depend on the bubble 
oscillation period.  Sounds associated with the bubble pulse can create “multiples” in the seismic 
section that can complicate interpretation of the geology.1 

 
The Sercel Mini-Generator-Injector (Mini-GI) airgun employed in this study (see 

figure 2b) is a small seismic source developed to reduce or suppress the bubble oscillations that 
are common to traditional seismic airguns.  The GI airgun consists of a generator to create the 
acoustic impulse and an injector to reduce or suppress the bubble oscillations.  The total airgun 
volume is 980 cm3 (60 in.3) divided equally between the generator and the injector.  The GI 
airgun first generates the initial impulse and the associated air bubble.  When the bubble reaches 
its maximum size, an additional volume of air is injected into it.  Depending on the 
characteristics of the injection, the bubble oscillations can be significantly reduced. 
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2.3 MEASUREMENT AND ANALYSIS PROCEDURES 

2.3.1 Acoustic Measurement Standards 

ANSI/ASA S1.20-2012 2 prescribes a set of procedures for the calibration of underwater 
electroacoustic transducers.  Measurements performed as part of this study were in general 
accordance with reference 2, although some minor modifications were required to accommodate 
particulars of the individual geophysical survey systems.  Detailed descriptions applicable to the 
measurement geometry, rigging, and data collection for each individual geophysical survey 
system are provided in sections 3 and 4. 

 
Preparation of the acoustic transducers began by rigging the equipment for deployment in 

the water.  While details of rigging were dependent on the equipment and the desired 
measurement, the acoustic output for nearly all systems was observed with the equipment in its 
operational orientation.  In some cases, data were also collected with the equipment placed in a 
non-operational orientation to facilitate more detailed characterization.  For example, the 
acoustic source levels of the EdgeTech sub-bottom profiling systems were measured with the 
tow bodies in a normal operating mode with the transducers oriented downward as shown in 
figure 3a.  However, detailed measurement of the directional response, or beam patterns, 
required that the tow bodies be rigged to transmit sound in a horizontal direction to facilitate 
attachment and manipulation with the rotating equipment used at the measurement facilities as 
shown in figure 3b.  Once rigged, the acoustic sources were submerged to depths that were 
consistent with their normal operating modes. 

 
 

 
 

Figure 3.  EdgeTech 512i Rigged for Acoustic Measurements 
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Acoustic beam pattern measurements were performed to provide information needed to 
assess the potential environmental impact associated with operation of a given geophysical 
survey system.  While knowledge of the acoustic source level is required for environmental 
impact assessment, it is not sufficient for sources that do not radiate sound equally in all 
directions.  Since many geophysical survey systems are designed to focus sound in a particular 
direction, the intensity of sound radiated in other directions can be greatly reduced.  Therefore, 
the beam patterns of directional acoustic sources must be included in the analysis;  otherwise, 
estimates of the impact to marine ecosystems will include significant errors.3 

 
The acoustic fields radiated by the geophysical survey systems were observed using one 

or more calibrated reference standard hydrophones maintained by the USRD.  All of the 
hydrophones used during this study were calibrated following completion of the survey system 
measurements to ensure the precision and accuracy of the results.  In each case, the distance 
between the acoustic center of the projector and the reference hydrophone(s) was set to ensure 
the observations were performed in the farfield of the projector.  American National Standard 
Institute ANSI/ASA S1.1-20134 defines the farfield as the spatial extent over which the acoustic 
field exhibits spherical divergence.  Thus, the acoustic pressure within the farfield varies with the 
inverse of distance from the source, provided that correction is made for any attenuation due to 
absorption and scattering, if necessary. 

 
The minimum distance, d , from the acoustic center of a projector to a point in the 

acoustic farfield was estimated as 
 

 
a,>d

λ
πa>d  and 

2

 (1) 

 
where 

 
a  is the largest radius of a piston source or half the length of a line source, and   

λ  is the acoustic wavelength.1  
 
Physically, the criteria of equation (1) stipulates that the variation in distance from the 

point of observation to any place on the surface of the projector is small relative to an acoustic 
wavelength.  While this criteria was usually satisfied, there were instances where measurement 
facility constraints precluded acoustic observations at distances greater than (or equal to) those 
prescribed by equation (1).  This was found to be the case for certain high-frequency, high-
resolution sea floor mapping systems where the transmit aperture dimensions were quite large 
relative to an acoustic wavelength.  Measurement geometry details and potential measurement 
errors are presented in the detailed discussions for affected systems. 

 
A significant difference between the measurements required by this study and those 

described in reference 2 is that the ANSI/ASA standard procedures for acoustic source 
characterization are confined to measurements performed with electroacoustic transducers 
independent of other system components such as amplifiers, waveform generators, and tow 
bodies.  Thus, the ANSI/ASA standard describes procedures where the measurand is either 
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transmit voltage response (TVR) or transmit current response (TCR) for a given acoustic source 
under steady state conditions. 

 
Reference 2 defines the TVR measurand in the international system of units (SI) as 
 

 
| | ( ) d

Me
e

=d
e
p=S

refep

ref

p
e 
















, (2) 

 
where 

 

eS  is the transmit voltage response of a projector (or source),   

p  is the sound pressure realized by a projector,  

pe  is the signal voltage applied to a projector’s input terminals,  

refe  is the open circuit voltage output of a reference standard hydrophone,   

( )refeM  is the free-field voltage sensitivity of the reference standard hydrophone, and  

d  is the ratio of the distance from the acoustic center of the projector to the 
reference standard hydrophone and the reference distance of one meter. 

 

 
The SI derived unit of the TVR, eS , is the pascal meter per volt, .m/VPa 1 ⋅   The TVR is 

expressed in decibels relative to one micro-pascal meter per volt, .μ m/VPare1 dB ⋅   This is 
frequently annotated as Pa/V@1m1 re dB μ  and read as decibels referenced to one micro-pascal 
per volt at one meter.  The TCR is similarly defined, but with the transmit current, pi , 
substituted in place of the transmit voltage, pe , in equation (2).  The TVR is traditionally used 
when specifying the performance of a piezoelectric transducer due to the high input electrical 
impedance of these devices.  The TCR is frequently used for moving coil transducers due to their 
low input electrical impedance. 

 
Since the objects of this study were complete geophysical survey systems, measurement 

of the TVR was neither practical nor relevant to the study’s objectives.  Measurement of the 
TVR was not practical since observation of the voltage signal at the input to the acoustic sources 
was not feasible without modifying the equipment.  Nor was knowledge of the TVR relevant 
since the desired information pertained to the acoustic fields radiated by complete geophysical 
survey systems under normal operation.  The engineering details describing internal system 
parameters (such as amplifier output voltage) were not required to characterize the radiated 
acoustic fields.  Thus, it was both necessary and sufficient to operate complete geophysical 
survey systems as would occur during a survey and to observe the radiated acoustic fields. 
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2.3.2 Acoustic Measurands 

Acoustic field parameters of interest for environment impact assessment include 
variations of the sound pressure level (SPL) for effective, peak and peak-to-peak acoustic 
pressure, and the sound exposure level (SEL).  When used to describe the characteristics of an 
acoustic source, engineering convention is to reference these parameters to a distance of one 
meter from the acoustic center of the source.  Thus, the acoustic field pressure referenced to one 
meter is given by equation (3) 

 
 

( ) ,d
M
e

=p
refe

ref  (3) 

 
where 

 

refe  is the voltage output by a reference standard hydrophone,  

( )refeM  is the free-field voltage sensitivity of the reference standard hydrophone, and  

d  is the distance from the source to the reference standard hydrophone.  

 
The SPL referred to a distance of one meter from the source, or source level, rmsSL , is 

then defined in terms of the effective, or root-mean-squared (rms) pressure as 
 

 ( )
,Pa@1m1 redB  

1

10log rms2

2

10 μ
P

dttp
T=SL

ref
rms















 ∫
 (4) 

 
where 

 

refP  is a reference acoustic pressure (i.e., 1 µPa),  

T  is the measurement period, and  

t  is time.  

 
Source levels for the maximum instantaneous peak, pkSL , and peak-to-peak, ppSL , 

pressure relevant for impulsive signals were computed as provided in equations (5) and (6) 
where 

 
 ( ) and Pa@1m,1 re dB  10log pk2

2

10 μ
P
tp=SL
ref

max
pk 
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 ( ) ( )( ) .Pa@1m1 re dB  10log pp2
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10 μ
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ref
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 −  (6) 

 
The sound exposure level, SELSL , for a single acoustic transmission referenced to a distance of 
one meter was calculated as 

 
 ( )

.s@1mPa1 re dB  10log 2
SEL2

2

10 ⋅











 ∫ μ
P

dttp
=SL

ref
SEL  (7) 

 
The power spectral density, PSD , for the acoustic pressure field referenced to a distance of one 
meter is defined as 

 
 

( )
( )| |
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ref
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 (8) 

 
where, f is frequency.  The PSD were computed using Welch’s Method5 for power spectrum 
estimation.  The measurement period,T , of each acoustic signal was taken as the time centered 
period during which 90% of the signal energy was observed such that T<t<0 in all cases. 

 
Figure 4 and table 2 show the set of calculations described above.  The acoustic signal 

radiated by an EdgeTech 512i sub-bottom profiling system referred to one meter is shown in 
figure 4a.  As inspection of the pressure time series shows, the transmit signal was modulated in 
both amplitude and frequency with a nominal pulse width of 5 ms and 1 to 10 kHz bandwidth.  
Figure 4b shows the normalized energy in the received signal as required to identify and isolate 
that part of the acoustic waveform containing 90% of the total radiated energy as indicated by the 
red lines in the figure.  Figure 4c illustrates the power density spectrum of the transmit waveform 
(90%) referred to a distance of one meter where the half power points (i.e., -3 dB) of the power 
spectrum were located at 4.3 and 7.2 kHz. 

 
Figures 4d and 4e show the pressure and normalized energy for a Falmouth Scientific, 

Inc., (FSI) Bubble-Gun sub-bottom profiling system.  While the peak amplitude is about the 
same as that realized by the EdgeTech 512i, other signal characteristics were quite distinct:  the 
frequency bandwidth (see figure 4f) in particular where the half-power point was located at 
1.4 kHz. 
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Figure 4.  Acoustic Waveform Examples 

 
 

Table 2.  Example Calculated Acoustic Source Parameters 

System 
T 

(ms) 
Source SEL 

(dB re 1µPa2·s@1m) 
Eq. (7) 

Source Level (dB re 1µPa@1m) 
RMS 

Eq. (4) 
Peak 

Eq. (5) 
Peak-Peak 

Eq. (6) 
EdgeTech 512i 2.1 115 176 181 187 
FSI Bubble Gun 2.4 114 175 181 185 
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Calibrated intensity spectra were measured to investigate the potential for certain acoustic 
sources to radiate sound at frequencies below the intended transmit frequency.  A recently 
published account6 has suggested that certain commercial multibeam sonar systems operating at 
200 kHz also radiate sound at frequencies that were consistent with the first sub-harmonic, or 
half the design frequency.  If present, such unintended acoustic emissions could present an 
unrecognized ecological risk if a system thought to operate above the auditory bandwidth of a 
particular species was to radiate sound at one or more sub-harmonic frequencies within the 
auditory bandwidth of that species.  Therefore, calibrated intensity spectra and half-power 
bandwidths were calculated for all of the systems used in this study to explore, among other 
things, the propensity of these systems to radiate sound outside the design frequency band. 

2.3.3 Beam Pattern Measurements 

The acoustic sources included in this study do not radiate sound equally in all directions 
but were designed to focus acoustic energy either directly toward the sea floor or in a narrow 
swath across the survey track.  Therefore, a comprehensive estimate of the risks posed by 
operation of these systems depends not only on the acoustic levels along the main response axis 
(MRA), but in all directions, most of which receive significantly lower intensity relative to that 
on the MRA.2  Selection of an appropriate measurement method for the acoustic beam patterns 
generated by a given geophysical source was strongly influenced by each system’s acoustic 
transmit aperture geometry, operating mode, and characteristics of the transmitted signals. 

 
Beam patterns are typically measured in one or more planes that contain the outward 

normal vector, n̂ , having its origin at the geometric center of the acoustic projector.  In the case 
of circular piston projectors, the radiated beam patterns are symmetric about the outward normal 
vector, thus measurement in a single plane is sufficient.  However, an elongated projector such as 
that in figure 5, usually requires beam pattern measurements in two planes:  one parallel to the 
elongated direction and one orthogonal to it. 

 
The beam pattern for an elongated source is characterized by a wide acoustic beamwidth 

in the plane that contains both the outward normal vector, n̂ , and the minor axis of the 
rectangular aperture (see figure 5).  In the case of a multibeam echosounder, this broad 
beamwidth extends in the across-track direction in order to survey a wide swath on either side of 
the ship’s track.  The beam pattern in the plane defined by the outward normal vector, n̂ , and the 
major axis of the acoustic aperture is characterized by a more narrow acoustic beamwidth and a 
greater number of acoustic sidelobes.  This narrow beamwidth spans the along track direction 
such that each transmission of an acoustic waveform results in a narrow (or line) scan of the sea 
floor that is orthogonal to the track taken by the survey ship. 
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Figure 5.  Elongated Acoustic Aperture Geometry 

 
Figure 6 illustrates the geometry used to measure the acoustic beam pattern of an 

elongated acoustic projector.  The elevation view of figure 6a depicts an acoustic projector 
mounted to a vertically oriented rotator shaft submerged in water.  One or more calibrated 
reference hydrophones receive the acoustic signals where they are stored in a data acquisition 
system (not shown).  In the ideal arrangement, the rotation axis passes through the acoustic 
center of the projector such that the distance, d , to the reference hydrophone remains constant 
during rotation.  However, this arrangement is not feasible in some cases, and it is necessary to 
correct for varying distances to the reference hydrophones as is shown in figure 6a where the 
acoustic center of the projector is displaced from the axis of rotation by the distance, r . 

 
Figure 6b depicts the plan view for the beam pattern measurement of an elongated 

source.  As discussed above, characterizing the elongated source requires beam pattern 
measurements in two planes.  In this example, measurement in the second plane requires 
mounting the projector such that the major axis (see figure 5) is oriented vertically and parallel to 
the axis of rotation.  As suggested by consideration of figures 5 and 6, measurement of the 
acoustic beam pattern in the plane containing the minor axis of the aperture requires more 
precise control over the measurement geometry in order to keep the main beam oriented toward 
the reference standard. 

 
Many of the sub-bottom profiling systems include sources composed of circular pistons 

that radiate sound vertically downward into the sea floor.  The beam patterns produced by these 
sources tend to exhibit axial symmetry about the outward normal vector n̂ , which is collinear 
with the MRA of the radiated acoustic field pattern.  The planning process for these 



 

 15 

measurements included a series of predictions for the radiated beam patterns as required to 
optimize the measurement geometry for each source. 

 
 

 
 

Figure 6.  Beam Pattern Measurement Geometry 

 
Figures 7a and 7b illustrate the beam pattern predicted for the circular piston source of 

the Applied Acoustics AA251 boomer plate when driven with a continuous harmonic signal at 
5 kHz.  The figure provides two equivalent depictions of the beam pattern.  For example, 
figure 7a provides a Cartesian plot of gain versus angle for the AA251 boomer plate radiating 
sound at 5 kHz.  Angle 0° corresponds to the MRA and is the direction of maximum sound 
intensity.  Angle 40° corresponds to the first sidelobe, or the direction in which sound is radiated, 
but at significantly reduced intensity, in this case about 18 dB less than the MRA intensity.  
Located at angle 30° is a null, or the direction in which little to no sound is radiated.  A second 
null and sidelobe are located at about 60° and 90°, respectively.  Figures 7b and 7d present the 
same information but rendered as a three-dimensional surface depiction of the beam pattern 
colored with the gain realized in a particular direction.  Note the mainlobe, two sidelobes, and 
two nulls are clearly depicted in the rendered shape.   

 
Figures 7c and 7d illustrate the beam pattern for the same acoustic source when 

transmitting an acoustic impulse with significant bandwidth as is radiated by this system in 
practice.  Note the predicted beam pattern varies smoothly with angle and lacks the sidelobe and 
null structure that results from radiation of a narrow band signal.  Thus, the acoustic aperture 
geometry and radiated signal characteristics influence the choice of measurement method. 
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Figure 7.  Axially Symmetric Acoustic Beam Patterns 

 
In instances where the transmitted signal wavelength was of sufficiently short wavelength 

and small bandwidth that the development of multiple sidelobes was expected, it was 
advantageous to reorient the projector for deployment from a rotator as shown in figure 6.  The 
beam patterns measured in this way included hundreds of individual measurements with fine 
angular resolution.  In instances where the transmitted signal was of sufficiently long wavelength 
and large bandwidth, a much simpler and smoothly varying beam pattern was produced, and it 
was sufficient to measure the acoustic field at few discrete angles relative to the projector MRA. 

2.3.4 Acoustic Test Facilities 

Among the primary considerations in selecting a facility in which to perform a given 
measurement was the distance from the source to the acoustic farfield and the pulse length of 
transmitted signals.  Acoustic sources with aperture lengths that greatly exceed an acoustic 
wavelength required long test distances (see equation (1)) as provided by an open water test 
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environment.  In addition, survey systems that employed acoustic waveforms with pulse widths 
exceeding a few milliseconds were also tested in open water.  Where both the distance to the 
acoustic farfield and the acoustic pulse widths were sufficiently short, testing was performed in 
an enclosed laboratory facility.  In addition, where the precision required to control the 
measurement geometry exceeded the capability of Navy open-water test facilities, measurements 
were performed on a fixed and stable platform in an enclosed laboratory.  In certain cases, the 
acoustic farfield criteria of equation (1) were compromised in favor of precise control over the 
measurement geometry as will be detailed in the discussions for affected geophysical survey 
systems. 

2.3.4.1 Acoustic Open Tank Facility.  The acoustic open tank facility (OTF) located in Newport, 
Rhode Island is a Navy test facility for evaluation of underwater acoustic devices.  The facility 
features a large open water tank, automated data acquisition systems, and associated mechanical 
support equipment.  The test tank measures 9.1-m long, 4.6-m wide, and 4.6-m deep (see 
figure 8a).  The sides and bottom are concrete.  The mechanical support equipment is rated for a 
maximum test article mass of 450 kg.  The facility includes working deck for personnel access 
(see figure 8b) and a precision rotator with an angular accuracy of ±0.1°.  The minimum 
operational frequency for the facility is 1 kHz. 

 

 
 

Figure 8.  Open Tank Facility (OTF) 

2.3.4.2 Leesburg Acoustic Test Facility.  The Leesburg acoustic test facility (LEFAC) is an open 
water facility located in Bugg Spring near Leesburg, Florida.  Bugg Spring (figure 9a) has a 
mean discharge of 0.32 m3/s (reference 7) and discharges into a run that flows about 2.4 km 
north and east into Helena canal.  The spring has a deep circular pool about 120 m in diameter 
and 50-m deep.  A sub-bottom profile taken beneath the test facility barge showed the bottom is 
covered with about 3 m of soft sediment.  A multibeam sonar scan of the spring (figure 9b) 
shows the nearly vertical limestone walls on all sides except the western shoreline.  No boil is 
evident on the surface due to the depth of the spring vent and large pool volume.  Except for 
algae, there is little aquatic vegetation. 
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Figure 9.  Bugg Spring–Leesburg, Florida 

2.3.4.3 Woods Hole Oceanographic Institution.  Acoustic measurements for the sparkers and 
the Applied Acoustics S-Boom were performed at the Woods Hole Oceanographic Institution 
(WHOI) in Falmouth, Massachusetts.  Data were collected in the dock well at the WHOI Marine 
Operations Center (figure 10) in a water depth of approximately 15 m.  The well includes side 
walls that extend to a depth of about 5 m.  Data were collected with the geophysical source 
located near the centerline of the well and about 4 m from the side wall.  While this facility does 
not provide the well-controlled laboratory conditions of the NUWC OTF or the low ambient 
noise levels of the NUWC LEFAC, it provided an adequate test environment for characterization 
of the transmitted signals. 

 

 
 

Figure 10.  Woods Hole Oceanographic Institution (WHOI) Test Site 
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2.3.5 Instrumentation and Data Collection System 

Instrumentation used to collect acoustic data for this study consisted of National 
Instruments based data acquisition systems and Navy standard calibrated reference hydrophones.  
Three different data collection systems were used.  Two of the systems share a common 
hardware configuration and differed primarily in the acquisition software.  One software suite 
was used to perform a variety of standardized acoustic tests including the measurement of 
transmit beam patterns in the NUWC OTF.  The second software application was a simple time 
series recorder used to collect data for subsequent post-processing.  The majority of acoustic data 
were collected with the time series recorder and processed with special-purpose data reduction 
software developed over the course of this study.  In both cases, data were collected at a 
maximum sample rate of 5 Mz with 12-bit precision for up to 8 channels simultaneously.  Both 
of these data collection systems included a set of analog preamplifiers to condition the 
hydrophone signals as needed to optimize use of the limited dynamic range provided by the 12-
bit analog-to-digital converters. 

 
A third acoustic measurement system was used for certain measurements at the NUWC 

LEFAC.  The system used National Instruments acquisition boards with a maximum sample rate 
of 250 kHz on four channels with 16-bit precision.  In addition to collection of acoustic data, this 
system was used to record data from a rotator assembly during beam pattern measurements. 

 
Three different Navy standard hydrophone models were used for the collection of 

acoustic data.  Acoustic data for the sub-bottom profiling systems were acquired using Navy 
Type F42D hydrophones with a nominal sensitivity of -207 dB re 1V/µPa.  The F42D 
hydrophone consists of a lead zirconate titanate (PZT) spherical shell encapsulated in 
polyurethane and fitted with a 30-m cable.  The hydrophone has a first resonance at about 
150 kHz and was used for collection of data for frequencies below 75 kHz, or one octave below 
the resonance frequency. 

 
Acoustic data for the multibeam and side-scan sonar systems were collected using Navy 

Type E27 hydrophones with a nominal sensitivity of -223 dB re 1V/µPa.  The E27 hydrophone 
consists of an array of seven PZT disks arranged in a hexagon and cemented directly to a butyl 
rubber acoustic window.  The E27 hydrophone has a first resonance at about 750 kHz and was 
used for source level measurements for frequencies ranging from 100 kHz to 445 kHz. 

 
Acoustic data for EdgeTech sub-bottom profiling system beam pattern measurements 

were collected with a Navy Type F37 reference hydrophone with a sensitivity of -
203.7 dB re 1V/µPa.  All of the F42D and E27 hydrophones were calibrated after the 
geophysical source data collection was complete.  Calibration curves for the hydrophones are 
shown in figure 11. 
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Figure 11.  Reference Hydrophone Free-Field Voltage Sensitivity (FFVS) 
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2.3.6 Measurement Uncertainty 

Uncertainties for the acoustic parameters presented in this report were developed in 
accordance with United States and international standards8,9 for the estimation and presentation 
of measurement uncertainty.  In all cases, the reported uncertainties include a Type B evaluation 
or analysis by means other than a statistical analysis of repeated observations.  Type B 
evaluations of uncertainty were based on engineering and scientific judgment using available 
information including the measurement history for the respective test facilities, uncertainties in 
the calibration data for the reference standards, manufacturer’s specifications for the data 
acquisition systems, and the accuracy and precision of the measurement geometry achievable at 
each of the test facilities.  Where a measurement included repeated observations suitable for 
statistical analysis, a Type A evaluation of uncertainty was also performed using the procedures 
of references 8 and 9 and included in the reported measurement uncertainty. 

 
In all cases, measurement precision was characterized using the expanded uncertainty 

with a coverage factor of 2=k .  That is, the combined standard uncertainty (i.e., Type A and B) 
was multiplied by the factor, k , such that the measurement result and expanded uncertainty 
define the interval on which the true value of the measurand lies with high probability 
(i.e., 95%).  The expanded measurement uncertainty for the sub-bottom profiling systems was 
1 dB with 0.5 dB allocated to uncertainty in the reference hydrophone calibrations and the 
remainder allocated to the experiment geometry and data collection systems.  The expanded 
measurement uncertainty for the multibeam and side-scan sonars was 1.5 dB where an additional 
contribution to the measurement uncertainty was allocated to the orientations and directional 
response patterns for the E27 hydrophones. 

 
Measurement uncertainty at the WHOI was largely controlled by uncertainties in the 

locations of the reference hydrophones and the geophysical survey sources.  A significant factor 
was the presence of a tide-driven current running through the test well.  The current acted on the 
survey sources and reference hydrophones.  In some cases, measurement equipment was set into 
motion.  In other cases, the orientation of the geophysical survey sources was difficult to control.  
In addition, the close proximity of side walls had the potential to reflect sound back into the well, 
thus contributing to the overall measurement uncertainty.  While a precise uncertainty estimate 
for this facility is not known, it is unlikely to exceed 2 dB. 
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3. SUB-BOTTOM PROFILING SYSTEMS 

3.1 SIGNAL TYPE:  ACOUSTIC IMPULSE 

The first, and perhaps simplest, measurement involved deployment of the sub-bottom 
profiling systems in their normal operational orientation for transmission of sound into the sea 
floor.  Near-surface systems include the boomer plates and bubble gun devices where the 
acoustic source is based on a metal disk deployed from a catamaran and maintained at a shallow 
depth beneath the free surface of the water.  These survey systems transmit an acoustic impulse 
at relatively low frequency where the close proximity of the free surface is a significant factor in 
the radiated acoustic field.  Therefore, acoustic measurements of near-surface, sub-bottom profile 
systems with impulsive acoustic waveforms were performed with the sources in normal 
operating modes and orientations. 

3.1.1 Electromechanical Transducer Systems 

3.1.1.1 Applied Acoustics AA200 Boomer Plate.  The Applied Acoustics Engineering 200 
(AA200) boomer plate (see figure 12) is a seismic sound source designed to produce a sharp 
repeatable impulse from a floating position on the sea surface.  The active surface of the 
projector is a flat, circular plate with a diameter of about 30 cm.  The input signal is an electric 
impulse with a recommended energy range of 50 to 200 J per shot and a maximum energy of 
300 J.  Manufacturer product information for the transmit signal lists pulse widths ranging from 
120 to 180 µs, and a (peak-to-peak) source level of 215 dB re 1µPa@1m for an energy input of 
200 J.  The beamwidth of the transmitted waveform is not addressed in the manufacturer’s 
information. 

 

 
 

Figure 12.  AA200 Seismic Source and Measurement Geometry 
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Acoustic waveforms transmitted by the AA200 (S/N 714) were measured in the acoustic 
OTF in Newport, Rhode Island on 29 January 2015.  The measurement setup was as shown in 
figure 12 where six calibrated reference standard hydrophones were used to observe the acoustic 
field at a variety of angles with respect to the projector’s MRA.  The acoustic data were sampled 
at 500 kHz with 12-bit precision.  Each measurement included the observation of about 30 
individual waveforms from which average values were computed and reported.  The waveforms 
transmitted by the AA200 were very repeatable where the standard deviation in the observed 
source levels was on the order of 0.1 dB. 

 
The acoustic pressures referred to a distance of 1 m and are shown in figure 13a for input 

energies of 50 and 200 J.  The duration of each waveform in which 90% of the radiated energy 
was located is shown in red, and the peak levels are indicated with markers.  The pressure 
spectral density (PSD) of the waveform is provided in figure 13b where the markers annotate the 
half-power, or -3 dB point, of the power spectra.  The beam patterns radiated by the AA200 
boomer plate are shown in figure 13c.  Uncertainty in the source levels and reference 
hydrophone angular displacement are illustrated by vertical and horizontal error bars, 
respectively.  The total uncertainty in source level was 1 dB with contributions from reference 
standard calibration uncertainty (~0.5 dB) and an estimated uncertainty radius of 10 cm for the 
locations of the reference standards due to the rigging methods used.  The nominal uncertainty in 
angular displacement was 3°, a consequence of the aforementioned 10-cm uncertainty radius. 

 
The half-power, or 3-dB, beamwidth of sound radiated by the AA200 was estimated by 

nonlinear regression of the observed source levels (rms) to an analytic model10 of the directional 
response for a baffled circular piston.  The acoustic intensity, I , in the farfield, normalized by the 
intensity on the MRA of the circular piston is  

 
 

I≃ ( ) 2
1

sin
sin2









θka
θkaJ , (9) 

 
where a  is the piston radius, k  is the acoustic wave number, θ  is the angle relative to the MRA, 
and 1J  is the Bessel function of the first kind.  Regressions were performed to estimate an 
effective value of ka  that would account for the size of the AA200 piston and bandwidth of the 
radiated signal.  The result of regressions performed for 50 and 200 J input energies are 
illustrated by the solid lines in figure 13c.  The reported half-power beamwidths are based on 
these regressions.  Note there are several important differences between an ideal baffled piston 
and the family of Applied Acoustics boomer plates.  Perhaps most important was the presence of 
the air-filled catamaran hulls that were likely excited by the acoustic impulse, resulting in 
scattering and secondary radiation of sound as shown in figure 13a.  Thus, the regressions were 
performed to provide an approximate, but well-understood, metric for the directivity of the 
radiated sound field despite the significant departure of the boomer plate from the idealized 
model used to represent it.  Finally, the reported beamwidths encompass the full angular arc of 
the transmit beam and are twice the (half) angle widths shown in figure 13c.  The measurements 
were performed in the transverse direction (relative to the ship’s track) (see figure 12b). 
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Figure 13.  AA200 Acoustic Waveforms at 50 J and 200 J 

 
Table 3 summarizes the acoustic characteristics of signals transmitted by the AA200 

seismic source when supplied by an Applied Acoustics CSP-D700 Seismic Energy Source 
(S/N 2090490).  The power settings used for each energy level are indicated in the table where 
energies that were multiples of 100 J employed the high setting, and energies that were an odd 
multiple of 50 J used the low setting.  Information provided in the manufacturer’s user manual 
indicate the low power setting applies the same energy over a longer time period using reduced 
voltage.  It also states the high power setting is not suitable for single boomer plate systems. 

 
Differences were noted between the manufacturer’s specifications and the observed data 

for the peak-to-peak source level and the pulse widths.  First, whereas the manufacturer specifies 
a peak-to-peak source level of 215 dB re 1µPa@1m when driven with a 200 J input energy, a 
source level of 211 dB was observed as listed in table 3. 
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The second difference between the manufacturer’s specification and the observed 
performance was the pulse width of the acoustic waveforms.  The manufacturer specifies pulse 
widths of 120 and 180 µs for input energies of 50 and 200 J, respectively.  However, the 
observed pulse widths at these energies were 540 and 570 µs.  Comparison of the waveforms 
observed and those provided in the product literature suggests the manufacturer may have 
collected data with the source present only and not the catamaran.  In particular, waveforms in 
the manufacturer’s product literature are sharp pulses with little residual oscillation beyond the 
impulse.  The observed waveforms include a more extended post-impulse oscillation that may 
have been associated with secondary radiation of sound from the (air-filled) catamaran hulls. 

 
 

Table 3.  AA200 Acoustic Characteristics 

Source 
Setting 
(Joules) 

Source Level  
(dB re 1µPa@1m) Pulse 

Width 
(ms) 

Bandwidth 
3 dB (kHz) 

Beam Pattern 

Pk-Pk Pk RMS SEL ka 
MRA 
Width 

3 dB (deg) 
50 (low) 205 203 191 160 0.8 8.1 4.0 47 

100 (high) 210 208 197 165 0.6 10.6 4.1 46 
150 (low) 208 205 196 165 0.7 6.2 3.3 59 
200 (high) 211 209 199 166 0.6 9.8 3.8 50 
250 (low) 212 209 200 169 0.8 4.3 2.3 90 

 

3.1.1.2 Applied Acoustics AA251 Boomer Plate.  The Applied Acoustics Engineering 251 
(AA251) boomer plate is a seismic sound source designed to produce a sharp, repeatable impulse 
from a floating position on the sea surface.  The input signal is an electric impulse with a 
recommended energy range of 50 to 200 J per shot and a maximum energy of 300 J.  
Manufacturer product information for the transmit signal lists pulse widths ranging from 120 to 
180 µs, and a source level of 212 dB re 1µPa@1m for a 200 J input.  Acoustic characteristics of 
sounds generated by the AA251 were measured in both the OTF and at LEFAC. 

Acoustic waveforms transmitted by the AA251 (S/N 2140864) were first measured in the 
acoustic OTF in Newport, Rhode Island on 29 January 2015.  The measurement setup was 
essentially the same as was used for the AA200 (see figure 12) except the line of hydrophones 
was located 1.9-m below the source.  The acoustic data were sampled at 500 kHz with 12-bit 
precision.  Each measurement included the observation of about 30 individual waveforms from 
which average values were computed and reported.  Repeatability of waveforms transmitted by 
the AA251 was good where the standard deviations of the observations were less than 0.1 dB for 
effective (rms) source levels and about 0.3 dB for peak source levels. 

 
An Applied Acoustics CSP-D700 Seismic Energy Source (S/N 2090490) was used to 

drive the AA251 plate.  In addition to energy settings with a step size of 50 J, the source included 
a user selection for low- and high-power settings.  Data were collected at several energy settings 
with both high and low power selected to investigate the effect on the transmitted waveforms.  
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Figure 14a illustrates time series data collected at an energy setting of 200 J for both the high- 
and low-power selection.  The figure shows the transmitted waveforms were significantly 
different with the high setting producing a peak pressure of 60 kPa@1m while the low setting 
realized only 23 kPa@1m despite indications that the energies supplied in both cases were equal.  
Information provided in the manufacturer’s user manual indicates the low-power setting applies 
the same energy over a longer time period using reduced voltage.  It also states that the high-
power setting is not suitable for single plate boomer systems. 

 
Markers in the figure indicate the values used in the calculation of peak and peak-to-peak 

source levels.  Time series data used to calculate the effective (rms) source levels are indicated in 
red.  Also noted in the figure is that the post-impulse oscillation amplitude was significantly 
greater for the high setting, presumably due to greater energy input into the (air-filled) catamaran 
hulls that was re-radiated as sound after completion of the primary impulse. 

 
 

 
 

Figure 14.  AA251 Acoustic Waveforms at 200 J (OTF) 
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A summary of measurement results for the AA251 seismic source with Applied 
Acoustics CSP-D700 Seismic Energy Source (S/N 2090490) as measured in the Newport OTF is 
provided as table 4. 

 
 

Table 4.  AA251 Acoustic Characteristics (OTF) 

Source 
Setting 
(Joules) 

Source Level  
(dB re 1µPa@1m) Pulse 

Width 
(ms) 

Bandwidth 
3 dB (kHz) 

Beam Pattern 

Pk-Pk Pk RMS SEL ka 
MRA 
Width  

3 dB (deg) 
50 (low) 203 200 188 158 0.9 3.9 3.9 49 
100 (low) 204 201 191 160 0.8 5.3 3.8 53 
100 (high) 216 213 205 174 0.8 4.3 2.7 75 
200 (low) 210 206 198 167 0.8 4.1 2.7 73 
200 (high) 217 214 206 175 0.8 4.3 2.7 74 
250 (low) 211 207 200 169 0.9 3.8 2.6 76 
300 (high) 219 216 207 176 0.7 4.3 2.8 72 

 
 
Sounds radiated by the AA251 were also measured at LEFAC on 10 March 2015.  

Weather conditions during the measurements were calm with southeast winds at about 2 m/s and 
an average air temperature of 24°C.  The measurement geometry is shown in figure 15 where 
distances to the calibrated reference standards were significantly greater than was achievable in 
the enclosed test facility at Newport.  Greater measurement distances were used to reduce the 
errors propagated into the source levels when referenced to 1 m.  The figure also shows the 
directivity of the source was measured in the longitudinal direction, or collinear with the 
direction of tow. 

 
Representative waveforms for the AA251 are provided in figures 16 and 17 for transmit 

energies ranging from 50 to 300 J.  Waveforms transmitted with the low-power setting were 
similar for transmit energies of 50, 150, and 250 J where the peak-to-peak source levels varied 
by only 2 dB (i.e., 208±1 dB re 1µPa@1m).  The source levels observed at transmit energies of 
100, 200, and 300 J were similarly grouped for the high-power setting as shown in figure 17 
where the peak-to-peak source levels ranged from 214 to 216 dB re 1µPa@1m.  The figures also 
show that sound was radiated more uniformly in the longitudinal direction than was observed in 
transverse direction measurements performed in an open tank.  The asymmetry in the radiated 
acoustic field may be related to asymmetries in the boomer plate system, the air-filled 
catamarans in particular.  Measurement results are summarized in table 5. 
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Figure 15.  AA251 Seismic Source Measurement Geometry, LEFAC 

 
 

Table 5.  AA251 Acoustic Characteristics (LEFAC) 

Source 
Setting 
(Joules) 

Source Level  
(dB re 1µPa@1m) Pulse 

Width 
(ms) 

Bandwidth 
3 dB (kHz) 

Beam Pattern 

Pk-Pk Pk RMS SEL ka 
MRA 
Width  

3 dB (deg) 
50 (low) 207 204 197 166 0.9 3.7 1.1 N/A 

100 (high) 214 211 204 169 0.7 4.6 1.4 N/A 
150 (low) 209 206 200 169 0.8 4.0 1.1 N/A 
200 (high) 214 211 204 173 0.7 4.4 1.2 N/A 
250 (low) 208 204 198 167 0.8 4.1 0.7 N/A 
300 (high) 216 212 205 174 0.8 4.1 1.2 N/A 
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Figure 16.  AA251 Acoustic Characteristics at 50, 150, and 250 J (Low Power) 
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Figure 17.  AA251 Acoustic Characteristics at 100, 200, and 300 J (High Power) 

3.1.1.3 Applied Acoustics S-Boom.  The AA S-Boom system is a seismic sound source 
composed of three AA252 boomer plates arranged in a line (figure 18).  The system produces a 
sharp repeatable impulse from a floating position on the sea surface.  The input signal is an 
electric impulse with a recommended energy range of 700 to 1,000 J per shot and a maximum 
energy of 1,000 J.  Manufacturer information for the transmit signal list pulse widths ranging 
from 300 to 500 µs and a source level of 228 dB re 1µPa@1m for a 1,000-J input.  Note the 
product information lists the source level as 222 dB re 1µPa@2m, and thus was converted to a 
reference distance of one meter by engineering convention.  An Applied Acoustics CSP-D700 
Seismic Energy Source (S/N 2090490) was used to drive the AA S-Boom plates with a 
maximum energy output of 700 J.  Data were collected at several energy settings while driving 
various combinations of the AA S-Boom plates, including one, two, and three plates 
simultaneously. 
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Figure 18.  Applied Acoustics S-Boom System 

 
Sounds radiated by the AA S-Boom were measured at LEFAC on 9 March 2015.  

Weather conditions during the measurements were calm with southeast winds at about 2 m/s and 
an average air temperature of 27°C.  The measurement geometry is shown in figure 19 where the 
directivity of the source was measured in the longitudinal direction, or collinear with the 
direction of tow. 

 

 
 

Figure 19.  Applied Acoustics S-Boom Measurement Geometry LEFAC 
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Figure 20 illustrates the acoustic waveforms generated by the AA S-Boom for transmit 
energies ranging from 300 to 700 J with a 100-J step size.  The figure presents the acoustic 
performance observed when operating all three plates.  The figure shows the waveforms, power 
spectra, and directivity patterns were all consistent where the only significant difference among 
them was the increase in amplitude commensurate with the increased energy output by the CSP-
D700 Seismic Energy Source. 

 
 

 
 

Figure 20.  Applied Acoustics S-Boom Triple Plate, 300 to 700 J 

 
Figure 21 illustrates the acoustic output of the AA S-Boom system when supplied with 

300 J but with differing number of plates driven.  As figure 21a shows, the transmitted 
waveforms were generally consistent but with modestly increased peak amplitude for an 
increasing number of driven plates.  The specific plate combinations provided in the figure were 
the center plate, the forward and aft plates, and all three plates.  Other combinations provided 
similar results where the most significant difference was that as the number of driven plates 
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increased, the 3-dB beamwidth of the radiated signal decreased as would be expected for 
increasing aperture length. 

 
 

 
 

Figure 21.  Applied Acoustics S-Boom at 300 J 

 
A summary of the acoustic characteristics for the AA S-Boom system when supplied 

with a CSP-D700 Seismic Energy Source is provided as table 6.  As noted in the table, the source 
level was primarily determined by the energy supplied to the AA S-Boom plates.  For example, 
the source level observed when 300 J was supplied to a single plate was 194±1 dB re 1µPa@1m 
(rms).  The source level increased by only 1 dB when more than one plate was driven.  The 
maximum source level observed was 205 dB re 1µPa@1m (rms) for an input energy of 700 J.  
Greater transmit energies were not measured due to the 700-J capacity of the available seismic 
energy source. 
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Table 6.  Applied Acoustics S-Boom Acoustic Characteristics 

Source 
Setting 
(Joules) 

Source Level  
(dB re 1µPa@1m) Pulse 

Width 
(ms) 

Bandwidth 
3 dB (kHz) 

Beam Pattern 

Pk-Pk Pk RMS SEL ka 
MRA 
Width  

3 dB (deg) 
100 (1) 202 199 189 157 0.6 7.5 1.2 N/A 
100 (2) 202 199 187 157 1.1 4.4 2.1 98 
100 (3) 199 196 185 155 1.2 3.3 2.6 78 

100 (1,2) 203 200 190 158 0.6 9.1 3.0 66 
100 (1,3) 203 200 188 157 0.8 5.4 3.1 64 
200 (1) 203 201 191 159 0.7 5.7 0.6 N/A 
200 (2) 204 201 190 160 1.0 4.4 2.1 98 
200 (3) 202 199 187 158 1.2 3.5 2.5 82 

200 (1,2) 205 202 192 160 0.7 6.4 2.9 67 
200 (1,3) 205 202 189 160 1.3 4.1 2.8 70 
300 (1) 207 203 195 164 0.8 4.5 0.0 N/A 
300 (2) 208 204 195 164 0.9 4.6 2.1 98 
300 (3) 206 202 193 163 0.9 4.0 2.1 98 

300 (1,2) 209 205 196 165 0.8 4.8 2.5 80 
300 (1,3) 209 205 194 165 1.1 4.1 2.7 75 

300 (1,2,3) 209 206 194 165 1.1 4.3 3.1 62 
400 (1,2) 212 208 200 168 0.6 6.1 2.7 75 
400 (2,3) 212 208 199 168 0.8 5.0 2.9 68 
400 (1,3) 212 208 197 168 1.2 4.0 2.6 78 

400 (1,2,3) 212 208 200 168 0.7 5.6 3.2 60 
500 (1,2) 213 209 202 170 0.7 5.5 2.6 76 
500 (2,3) 214 209 201 170 0.8 4.8 2.8 71 
500 (1,3) 213 209 199 170 1.2 3.8 2.5 80 

500 (1,2,3) 214 210 202 170 0.6 6.1 3.2 61 
600 (1,2) 214 209 202 170 0.6 5.7 2.5 81 
600 (2,3) 214 210 201 171 0.9 4.6 2.8 71 
600 (1,3) 214 209 200 170 1.2 3.6 2.5 80 

600 (1,2,3) 214 210 203 171 0.6 6.3 3.2 60 
700 (1,2,3) 216 211 205 172 0.6 6.2 3.2 61 
NOTE: (1) Forward Plate, (2) Middle Plate, (3) Aft Plate 

 
 
Acoustic measurements were also performed at WHOI on 19 August 2015.  Data were 

collected in the dock well at the WHOI Marine Operations Center in a water depth of 
approximately 15 m (figure 22).  The well included side walls that extended to a depth of about 
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5 m.  Four F42D hydrophones were used to collect data at a depth of 10 m.  The objective was to 
observe the acoustic characteristics of the AA S-Boom system when driven at the maximum 
input energy of 1,000 J.  An Applied Acoustics CSP-N Seismic Energy Source (S/N 2140620) 
was used to drive the AA S-Boom. 

 
 

 
 

Figure 22.  Applied Acoustics S-Boom Measurement Geometry WHOI 

 
Figure 23 illustrates the acoustic waveforms generated by the AA S-Boom for transmit 

energies of 500, 750 and 1,000 J.  The figure presents the acoustic performance observed when 
operating all three plates.  The figure shows the waveforms, power spectra, and directivity 
patterns were all consistent where the only significant difference among them was the increase in 
amplitude commensurate with the increased energy output by the CSP-N Seismic Energy 
Source. 
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Figure 23.  Applied Acoustics S-Boom with CSP-N Energy Source 

 
Measurements at 1,000 J were repeated with the AA S-Boom system moved closer to the 

side wall to assess the effect that side wall reflections may have had on the received signals.  
Figure 24 shows acoustic waveforms observed with the AA S-Boom located in the approximate 
center of the channel and with the system moved adjacent to the side wall.  As shown in the 
figure, the waveforms were not significantly affected by the proximity of the source to the side 
wall.  Thus, reflections from the channel side walls are unlikely to have influenced the 
measurement results. 
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Figure 24.  Applied Acoustics S-Boom with CSP-N at 1,000 J 

 
Measurement results for the AA S-Boom and CSP-N energy source are provided in 

table 7.  Comparison of these results and those acquired using CSP-D700 energy source in 
Leesburg show the AA S-Boom produced significantly lower source levels when driven with the 
CSP-N.  For example, the observed source levels were 196 and 202 dB re 1µPa@1m when 
driven by the CSP-N and CSP-D700, respectively.  The acoustic waveforms for these two cases 
are provided in figure 25 where both the peak amplitude and waveform shape following the peak 
arrival were significantly different for the two energy sources. 

 
 

Table 7.  Applied Acoustics S-Boom with CSP-N Energy Source 

Source 
Setting 
(Joules) 

Source Level  
(dB re 1µPa@1m) Pulse 

Width 
(ms) 

Bandwidth 
3 dB (kHz) 

Beam Pattern 

Pk-Pk Pk RMS SEL ka 
MRA 
Width  

3 dB (deg) 
500 209 204 196 168 1.3 2.6 2.1 100 
750 209 206 198 168 1.2 2.8 2.6 75 
1000 212 208 202 171 0.9 3.7 2.4 75 
1000* 213 209 203 172 0.9 3.8 2.5 80 

NOTE:  Source moved closer to side wall 
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Figure 25.  Applied Acoustics S-Boom at 500 J 

3.1.1.4 Falmouth Scientific, Inc., HMS-620D Dual Source Bubble Gun.  The FSI HMS-602D 
is a dual-plate, low-frequency seismic source.  The tow body includes three air-filled trimaran 
hulls from which are suspended two independent bubble gun source plates.  The hulls remain on 
the surface while the plates are lowered on chains to a normal operating depth of 86 cm.  Each 
plate is an independent electromagnetic source with a contained air volume that precludes the 
need for an air compressor. 

The system is designed to produce a repeatable impulse from a floating position on the 
sea surface by driving a single plate or two plates simultaneously for increased source level and 
bottom penetration.  The manufacture’s product information lists the source levels as 200 and 
204 dB re 1µPa@1m when operating in single- and dual-plate modes, respectively.  The nominal 
bandwidth of the transmitted signal is 1.7 kHz. 

 
Acoustic signals transmitted by the system were measured in two configurations as 

shown in figure 26.  The first round of measurements used plastic cable wraps to bind the plates 
to the tow body frame such that the plate operating depth was reduced to about 15 cm.  The 
acoustic characteristics were measured in this configuration to assess a potential operating mode 
for use in very shallow water.  The second round of measurements was performed with the 
sources at their normal operating depth of 86 cm. 
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Figure 26.  FSI HMS-620D Bubble Gun Measurement Geometry 

 
Acoustic measurements performed at an operating depth of 15 cm include both single-

plate and dual-plate operations.  Signals radiated by each plate were measured separately before 
operating both plates in tandem.  The FSI bubble gun transceiver and the acoustic data collection 
system shared a common trigger, thus acquisition gate timing was precisely controlled for all 
data collected. 

 
Figure 27 illustrates the signals transmitted when operating each plate independently.  As 

shown in figure 27a, neither the signal amplitude nor the timing were consistent for the two 
plates where the peak amplitude of channel 1 was about 3 dB greater and occurred 0.6 ms later 
than was observed when transmitting on transceiver channel 2.  Note the time scale in the figure 
is provided relative to the waveform trigger in both cases. 

 
Figures 27b and 27c provide the power spectrum of data included in calculations based 

on effective (rms) pressure and the effective pressure observed at an angle of 35° relative to the 
MRA.  Least-squares regression of the acoustic data to an ideal model for a baffled piston source 
was not computed because the idealized source is not a good approximation for the FSI bubble 
gun due to its greater operating depth. 
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Figure 27.  FSI Bubble Gun at 15 cm Depth, Single Plate 

 
Figure 28 shows data collected with the FSI bubble gun operating in dual-plate mode 

where the effect of the timing and amplitude mismatch in the transceiver channels is clear.  
While the dual-plate operating mode was intended to simply double the amplitude of a single 
plate for improved bottom penetration, non-synchronous triggering of the two transmit channels 
resulted in a double-peaked waveform where the intended peak amplitude was significantly 
reduced.  The figure also shows the observed waveform was virtually indistinguishable from the 
superposition of waveforms transmitted by each channel independently. 

 
 



 

 42 

 
 

Figure 28.  FSI Bubble Gun at 15 cm Depth, Dual Plate 

 
Figure 29 shows the acoustic waveforms transmitted for both single- and dual-plate 

modes with the plates at the normal operating depth of 86 cm.  Additional operating anomalies 
were noted when transceiver channel 2 was used to generate acoustic waveforms in single-plate 
mode.  In particular, the system transitioned from signals transmitted on channel 2 to signals 
transmitted on both channels (i.e., dual-plate mode) in a seemingly random fashion over a short 
period of time.  Figure 30 shows data collected for 107 individual waveforms transmitted while 
operating in single-plate mode on transceiver channel 2.  Only 19 of the collected waveforms 
were consistent with a single operating plate while the remainder were consistent with signals 
transmitted in the dual-plate operating mode as comparison of figures 29a and 30 confirms. 

 
Acoustic characteristics of sounds radiated by the FSI HMS-620D bubble gun are 

summarized in table 8.  The observed levels are consistent with the manufacturer’s specification 
of 200 and 204 dB re 1µPa@1m for single- and dual-plate modes, respectively.  The specified 
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bandwidth of 1.7 kHz is also consistent with the observed bandwidth of about 1.6 kHz when 
operating at the intended depth of 86 cm. 

 
Note the source levels observed when transmitting with transceiver channel 2 (single- and 

dual-plate) are unlikely to be representative of sounds radiated by a fully functional system due 
to anomalies noted with transceiver channel 2.  However, given the good waveform to waveform 
repeatability of the individual transmissions (see figure 30), a reasonable estimate of source 
levels associated with dual plate operations can be had by adding 6 dB to levels provided in 
table 8 for single plate operations on transceiver channel 1 where it is assumed the peak 
amplitudes for both plates would be well-matched in a fully functional system. 

 
 

 
 

Figure 29.  FSI Bubble Gun at 86-cm Depth 
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Figure 30.  FSI Bubble Gun Transceiver Channel 2 Transitions, Single to Dual Plate 

 
Table 8.  FSI HMS-620D Bubble Gun Acoustic Characteristics 

Source Settings Source Level  
(dB re 1µPa@1m) 

Pulse 
Width 
(ms) 

Bandwidth 
3 dB (kHz) 

Channel Depth Pk-Pk Pk RMS SEL 
1 15 cm 210 205 199 170 1.3 2.7 
2 15 cm 206 202 196 167 1.1 2.8 

Dual* 15 cm 209 203 199 171 2.1 2.2 
1 86 cm 207 203 196 170 2.4 1.6 
2 86 cm 205 201 194 167 2.0 1.6 

Dual* 86 cm 207 204 198 173 3.3 1.1 
* Channels 1 and 2 did not trigger simultaneously. 

3.1.2 Electrode Sparkers 

Sparkers comprise a class of seismic sources commonly used for high-resolution marine 
surveying.  They function by the electric discharge of a high-voltage impulse across one or more 
electrode tips and a ground point on the sparker body.  Resultant heating of the surrounding 
seawater (i.e., electrolyte) generates a rapidly expanding steam bubble with a nearly ideal 
positive impulse.  Continued expansion of the steam bubble beyond the equilibrium hydrostatic 
pressure results in collapse and the formation of a second high-pressure impulse followed by a 
series of bubble pulse oscillations of diminishing amplitude until all of the energy is dissipated.  
This oscillation increases the duration of the source signature well beyond the initial impulse 
with the potential to contribute a non-negligible quantity of energy to the radiated sound.1  Thus, 
the acoustic field radiated by the decaying bubble pulse in the sparker waveform may also 
contribute to the environmental impact associated with the operation of these geophysical survey 
systems. 
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Since the physical principal of sparker operation requires an electrolyte to function, 
testing could not be performed in the freshwater facilities maintained by USRD.  Thus, acoustic 
measurements were performed at WHOI where a saltwater test environment was available.  The 
measurements were performed on 19 August 2015.  Data were collected in the dock well at the 
WHOI Marine Operations Center in a water depth of approximately 15 m (see figure 31).  The 
well included side walls that extended to a depth of about 5 m.  Measurements were performed 
with the sparkers located near the centerline of the well about 4 m from the side wall.  Four 
F42D hydrophones were used to collect data at a depth of 10 m.  Due to the tidal current flowing 
through the test well (see figure 31), uncertainty in the measurement geometry was increased 
relative to measurements performed at the USRD acoustic test facilities.  Thus, while data were 
collected at multiple locations in the dock well, results are reported only for data collected 
nearest the MRA of the acoustic sources (i.e, sparkers). 

 
An additional consideration for measurements performed in the WHOI dock well was the 

potential for side-wall reflections to influence the observed acoustic waveforms.  To evaluate this 
potential source of measurement error, acoustic waveform data were collected with a sparker 
located on the surface at two locations.  The first set of measurements was performed with the 
Applied Acoustics Dura-Spark located near the dock well centerline.  A second set of 
measurements was performed with the sparker located adjacent to the side wall.  Results of these 
two observations are provided as figure 32 where there was little change in the observed 
waveform timing as would have been expected if there was a significant contribution from side-
wall reflections.  The reduced amplitude for sounds radiated near the side wall may have been 
the result of the greater angular displacement between the MRA of the Dura-Spark source and 
the calibrated reference hydrophone. 

 
 

 
 

Figure 31.  Dock Well at Woods Hole Oceanographic Institution 
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Figure 32.  Dura Spark Near Side Wall 

3.1.2.1 SIG ELC 820 Sparker.  The SIG ELC 820 Sparker is a small, lightweight seismic source 
measuring 1.0 by 0.6 m with a mass of 1.8 kg (see figure 33a).  The source is designed for 
towing behind small survey vessels at a shallow depth beneath the surface.  The system is 
designed to produce a repeatable impulse from a submerged position near the sea surface by 
discharging a high-voltage impulse.  The manufacturer’s product information lists the operating 
energy level as 750 to 1,000 J with a source level of 219 dB re 1µPa@1m.  The nominal pulse 
width and bandwidth of the transmitted signal is 0.8 ms and 900 to 1,400 Hz.  Source data 
provided in the product information indicate the source level realized by the ELC 820 ranges 
from 207 to 219 dB re 1µPa@1m for input energies ranging from about 200 to 1,800 J. 

Acoustic signals transmitted by the system were measured as shown in figure 33b using 
an Applied Acoustics CSP-N seismic energy source.  Due to the relatively high uncertainty in the 
measurement geometry, data collected by the reference hydrophone located approximately 
beneath the source (i.e., F42D, S/N 243) were used to characterize the acoustic waveforms 
generated by the ELC 820 sparker. 

 
 



 

 47 

 
 

Figure 33.  SIG ELC 820 Sparker Measurement Geometry 

 
Data were collected at several energy settings ranging from 300 to 750 J for both the low 

and high settings of the CSP-N seismic energy source.  Example waveforms collected with the 
sparker located about 1 m beneath the surface are shown in figure 34.  Approximately 30 
waveforms were collected with the energy source set to low (figure 34a) and with the energy 
source set to high (figure 34b).  In both cases the transmit energy was 500 J.  While the 
waveforms were fairly repeatable for the low setting, significant variations were observed for the 
high setting.  In particular, the initiation time for the waveform and the peak acoustic pressure 
observed at 5 to 6 ms following actuation by the energy source was more variable where the 
(local) peak pressure varied by nearly 6 dB over the span of 30 waveforms. 

 
Data were also collected with the sparker located about 5 m beneath the surface while 

transmitting the same set of signals as were transmitted at 1-m depth.  Example waveforms are 
provided in figure 35.  Approximately 30 waveforms were collected with the energy source set to 
low (figure 35a) and high (figure 35b).  Waveforms transmitted at 5 m were significantly 
different than were observed at 1 m.  Most notably, waveform duration was significantly reduced 
at the 5 m operating depth where the secondary oscillations did not extend more than about 2 ms 
beyond the initial peak acoustic pressure.  At both operating depths, there was a secondary peak 
pressure associated with the collapse and secondary expansion of the steam bubble beginning 
about 1 ms after the initial peak pressure.  While bubble oscillations were observed at both 
operating depths, they were more prolonged for the 1-m operating depth (see figure 34). 
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Figure 34.  ELC820 Waveforms at 500 J and 1-m Operating Depth 
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Figure 35.  ECL820 Waveforms at 500 J and 5-m Operating Depth 

 
Acoustic characteristics of sounds radiated by the ELC 820 Sparker are summarized in 

table 9.  The observed levels are largely consistent with the manufacturer’s specification where 
source levels ranging from 207 to 219 dB re 1µPa@1m were specified for transmit energies 
ranging from 200 to 1,800 J.  This compares reasonably well with the observed peak acoustic 
pressures where levels ranged from 204 to 214 dB re 1µPa@1m (peak).  Also note the signal 
pulse widths and bandwidths observed for an operating depth of 5 m were more consistent with 
manufacturer’s specifications than signals generated at an operating depth of only 1 m. 
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Table 9.  ELC820 Sparker Acoustic Characteristics 

Source Settings Source Level  
(dB re 1µPa@1m) Pulse 

Width 
(ms) 

Bandwidth 
3 dB (kHz) Energy 

(Joules) 
Depth* 

(m) Pk-Pk Pk RMS SEL 

300 (low) 1 212 207 198 174 4.1 1.7 
300 (low) 5 212 207 196 171 4.1 3.7 
300 (high) 1 209 204 195 171 3.5 2.4 
300 (high) 5 210 205 200 168 0.7 4.6 
400 (low) 1 215 212 201 177 3.9 1.4 
400 (low) 5 213 208 195 174 7.2 1.6 
500 (low) 1 219 214 204 180 3.8 1.2 
500 (low) 5 215 210 200 176 4.7 1.9 
500 (high) 1 215 210 201 177 3.8 1.3 
500 (high) 5 213 208 200 173 2.2 3.1 
600 (low) 1 220 215 205 181 3.7 1.1 
600 (low) 5 216 212 201 177 5.0 1.6 
700 (low) 1 220 215 206 182 3.6 1.1 
700 (low) 5 217 214 201 179 6.4 1.0 
750 (high) 1 220 214 206 182 3.9 1.2 
750 (high) 5 217 213 203 178 3.4 1.9 

* Source depths are approximate 

3.1.2.2 Applied Acoustics Dura-Spark.  The Applied Acoustics Dura-Spark employs up to 
400 electrode tips to generate stable, repeatable waveforms for geophysical surveys.  The 
manufacturer’s product information lists the maximum electrical input as 2,400 J.  The system 
can be operated with 80, 240, or 400 electrodes to allow tuning of the acoustic waveform for 
specific applications, with no more than 5 J per electrode recommended to minimize the bubble 
collapse component.  The manufacturer lists the (typical) source level as 226 dB re 1µPa@1m 
with a pulse width of 0.5 to 1.5 ms.  The electrode arrays are housed within a stainless steel 
framework and mounted to a catamaran for surface tow (see figure 36a). 

Figure 36b illustrates the measurement geometry where acoustic data used to characterize 
this source were collected approximately beneath the source (i.e., F42D S/N 243) at a depth of 
10 m. 
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Figure 36.  Applied Acoustics Dura-Spark Measurement Geometry 

 
Sounds radiated by the Dura-Spark were measured for input energies ranging from 100 to 

2,400 J provided by an Applied Acoustics CSP-N seismic energy source.  The sparker was 
operated with 80, 240, and 400 electrodes.  Figure 37 illustrates two sets of waveforms generated 
with an input energy of 500 J.  The figure shows the pressure amplitude realized when operating 
240 electrodes at 2.1 J each was about 98 kPa@1m while the peak pressure when operating 400 
electrodes with 1.2 J each was about 38 kPa@1m, which corresponds to 219 and 
211 dB re 1µPa@1m, respectively.  Figure 37a also shows a more complex bubble pulse 
sequence following the initial impulse than was observed when operating with the same input 
energy using fewer electrodes (figure 37b). 

 
Figure 38 illustrates waveforms generated using total input energies of 1,000 and 2,000 J 

but with 4.2 and 5.0 J per electrode, respectively.  The figure shows waveform characteristics 
were quite similar with (peak) source levels of 223 and 224 dB re 1µPa@1m for 1,000 and 
2,000 J, respectively.  Thus, important characteristics of the radiated sounds, including the peak 
acoustic pressure, appear to vary not only with the total energy supplied to the source but also 
with the energy provided to each electrode. 

 
Acoustic characteristics for all observed operating modes are provided in table 10. 
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Figure 37.  Applied Acoustics Dura-Spark Waveforms, 500 J 
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Figure 38.  Applied Acoustics Dura-Spark, 1,000 J and 2,000 J 
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Table 10.  Applied Acoustics Dura-Spark Acoustic Characteristics 

Source Settings Source Level  
(dB re 1µPa@1m) Pulse 

Width 
(ms) 

Bandwidth 
3 dB (kHz) Energy 

(Joules) Tips Pk-Pk Pk RMS SEL 

100 80 213 207 200 173 2.2 2.6 
200 (high) 80 216 212 203 177 2.2 2.8 
400 (low) 80 222 218 207 182 2.8 1.9 
500 (high) 240 223 219 209 181 1.4 4.4 

1,000 (high) 240 228 223 213 186 2.1 3.2 
1,250 (high) 240 229 225 214 187 2.3 2.8 
500 (high) 400 216 211 203 174 1.1 4.6 

2,000 (high) 400 229 224 214 188 2.4 2.8 
2,400 (high) 400 229 225 214 188 2.2 2.9 
2,400 (high)* 400 226 221 212 185 2.3 2.7 
* Source moved closer to side wall 

3.1.2.3 Applied Acoustics Delta Sparker.  The Applied Acoustics Delta Sparker is a high-
capacity source employing six electrodes arranged as three pairs along the length of the 2.5 m 
long tow frame (see figure 39a).  While the sparker frame is deployed from a set of floats to 
maintain the source at a fixed depth beneath the surface during tow (see figure 39b), the floats 
were not present for these acoustic measurements.  The specified range of input energy for the 
Delta Sparker is 1,000 to 12,000 J with a typical source level of 226 dB re 1µPa@1m when 
supplied with 6,000 J.  Typical pulse widths provided by the manufacturer are 0.3 to 5.0 ms. 

Figure 39c illustrates the measurement geometry employed for the Delta Sparker.  While 
acoustic source data were collected at a variety of locations, the data used to characterize this 
source were collected 10 m beneath the surface and approximately below the sparker. 

 
Acoustic waveforms radiated by the Delta Sparker are shown in figure 40 at input 

energies of 500, 1,000, and 2,000 J.  In each case, the initial impulse arrived at the calibrated 
reference hydrophone at 4 ms while the arrival time for the secondary impulse varied with input 
energy.  In particular, the arrival time increased from about 5 ms for a 500 J input to more than 
8 ms for an input energy of 2,000 J.  Also note that in all cases the peak acoustic pressure was 
associated with the secondary impulse following bubble collapse.  As a result of the bubble 
collapse arrival time and continued oscillation beyond that, the observed pulse widths were 
considerably longer than suggested by the manufacturer’s product information. 
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Acoustic characteristics of sounds radiated by the Delta Sparker are provided as table 11.  
Source levels measured at an operating depth of 1 m were somewhat greater than were observed 
at 5 m.  In particular, the effective (rms) source levels at 1-m depth were 2 to 5 dB greater than 
source levels measured at 5 m for the same system settings.  Differences in peak source levels 
were less.  Also note the observed pulse widths were about 5 to 10 ms due in large part to the 
secondary bubble oscillations as illustrated in figure 40. 

 
 

 
 

Figure 39.  Applied Acoustics Delta Sparker and Measurement Geometry 
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Figure 40.  Applied Acoustics Delta Spark at 5-m Depth 
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Table 11.  Applied Acoustics Delta Sparker Acoustic Characteristics 

Source Settings Source Level  
(dB re 1µPa@1m) Pulse 

Width 
(ms) 

Bandwidth 
3 dB (kHz) Energy 

(Joules) 
Depth* 

(m) Pk-Pk Pk RMS SEL 

500 1 209 206 190 167 5.3 1.5 
500 5 206 203 185 163 7.5 1.3 
750 1 215 213 197 175 5.7 1.1 
750 5 214 212 192 172 8.7 0.8 

1,000 1 219 217 201 179 6.3 0.8 
1,000 5 217 215 196 176 9.2 0.8 
1,250 1 221 218 203 181 7.3 0.6 
1,250 5 219 218 199 179 9.6 0.7 
1,500 1 223 220 204 183 9.1 0.5 
1,500 5 222 220 201 181 9.8 0.6 
1,750 1 224 221 205 184 9.4 0.5 
1,750 5 223 221 202 182 9.2 0.7 
2,000 1 225 222 206 185 9.7 0.5 
2,000 5 224 223 204 183 9.7 0.7 
2,250 1 225 222 205 185 9.3 0.5 
2,250 5 224 222 203 183 9.4 0.7 
2,400 1 224 221 205 185 9.5 0.5 
2,400 5 223 222 203 182 9.4 0.7 

* Source depths are approximate 

3.1.3 Sercel Mini-Generator-Injector (Mini-GI) Airgun 

Airguns function by the rapid release of compressed air into the surrounding water to 
create an impulsive acoustic waveform.  The acoustic waveforms typically exhibit a prominent 
bubble pulse in the time history.  The bubble pulse is a secondary source of sound generated by 
the oscillating expansion and collapse of air under hydrostatic pressure after it has been released 
and during its ascent to the surface.  The energy contained in the bubble pulse can result in 
notches in the acoustic intensity spectrum where the frequencies affected depend on the bubble 
oscillation period.  Sounds associated with the bubble pulse can create “multiples” in the seismic 
section that can complicate interpretation of the geology.1   

 
The Mini-GI airgun is a small seismic source developed to reduce or suppress the bubble 

oscillations that are common to traditional seismic airguns.  The GI airgun illustrated in 
figure 41a consists of a generator to create the acoustic impulse and an injector to reduce or 
suppress the bubble oscillations.  The total airgun volume is 980 cm3 (60 in.3) divided equally 
between the generator and the injector.  The GI airgun first generates the initial impulse and the 
associated air bubble.  When the bubble reaches its maximum size, an additional volume of air is 
injected into it.  Depending on the characteristics of the injection, the bubble oscillations can be 
reshaped and reduced, or suppressed. 
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Acoustic measurements were performed at USRD LEFAC using seven calibrated 

reference hydrophones arranged as shown in figure 41b.  The acoustic field was observed at 
three locations including 10 m beneath the airgun at an angle of 0°, adjacent to the airgun 
(i.e, 90°) at a distance of 1.2 m, and at oblique angles of 30° to 37° and distances of 12 to 15 m 
(depending on airgun depth).  Two of the observation locations were configured to not only 
measure the acoustic pressure but to also collect data to estimate the acoustic particle velocity as 
will be discussed in detail later. 

 
 

 
 

Figure 41.  Sercel Mini-GI Airgun Measurement Geometry 

 
Figure 42 illustrates waveform characteristics referred to a distance of 1 m for the Mini-

GI airgun when operated at a depth of 3 m using 14 MPa (2,000 psi) compressed air.  The time 
series observed directly beneath (figure 42a) and adjacent to (figure 42b) the airgun illustrate the 
difference between a traditional (generator only) airgun and the GI airgun.  While the first bubble 
oscillation is clearly evident at about 80 ms when the airgun was operated with only the 
generator, the bubble oscillation was significantly reduced when the airgun was operated in the 
GI mode.  Suppression of the bubble oscillation also resulted in significantly reduced notches in 
the frequency spectrum below about 200 Hz, a feature that is particularly well expressed in 
figure 42d for the hydrophone located adjacent to the airgun. 
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Figure 42.  Generator Only (G) and Generator-Injector (GI) Waveforms 

 
Data used to characterize the sounds emitted by the Sercel airgun were collected by the 

tetrahedral hydrophone array (labeled “3-D Gradient” in figure 41b) that was located at an 
oblique angle relative to the vertical axis passing through the airgun.  Attempts to collect 
acoustic data from directly beneath the airgun were not generally successful because it was 
impractical to isolate these hydrophones from the shock and vibration resulting from operation of 
the airgun.  Since it was necessary to suspend these hydrophones from the same overhead rigging 
as was used to support the airguns, the transmission of vibration from the airguns into the 
hydrophones could not be reliably avoided.  However, the hydrophones making up the 
tetrahedral array were deployed from the rotator assembly where the transmission of vibration 
from the airguns through the measurement facilities structures to the hydrophones was 
negligible.  Therefore, data collected by these hydrophones were used to characterize the 
observed source levels. 
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Figure 43 illustrates the annotated time history for the waveform transmitted by two 
airguns operated in tandem.  The airguns were operated at a depth of 3 m while separated by a 
horizontal distance of 2 m, and pressurized to 13.8 MPa (2000 psi).  That segment of the 
waveform in which 90% of the energy was located is shown in red and labeled in the figure.  
Calculations of the effective (i.e., rms) acoustic pressure, pulse width, and bandwidth were based 
on this part of the waveform.  Figure annotations for peak-to-peak (Pk-Pk) and peak (Pk) 
acoustic pressures are also provided. 

 
Note the time history does not include the bubble pulse oscillation illustrated in figure 42 

at about 80 ms.  Data used to estimate the observed source levels were selected to minimize the 
influence of reflections and secondary radiation of sound from vibration of the composite floats 
used to support the measurement facility barge.  In particular, the acoustic field intensity 
resulting from airgun operation was sufficient to cause non-negligible vibrations throughout the 
test facility structures including the barge floats.  Since the duration of these vibrations extended 
into times at which the bubble pulse signature was observed, it was edited from the acoustic time 
histories prior to calculating source levels.  While this selection had no effect on the peak-to-
peak and peak source level measurements, it may have influenced the effective (i.e., rms) source 
level by including only those data associated with the initial airgun firing impulse and not the 
subsequent radiation of sound from the bubble pulse oscillations.  However, since the Sercel 
Mini-GI airgun was designed specifically to suppress the bubble pulse oscillation, measurement 
errors resulting from the exclusion of data arriving at the later times should be minimal for the 
GI operating mode. 

 
 

 
 

Figure 43.  Sercel Mini-GI Waveform for Two Guns at 3-m Depth and 13.8 MPa 

 
Acoustic waveforms generated by the Sercel Mini-GI airgun were quite consistent as 

illustrated in figure 44a where four separate airgun signals are shown.  The data were collected 
while operating at a depth of 1.5 m and pressurized to 13.8 Mpa (2000 psi).  Note the four time 
histories are virtually indistinguishable from each other. 
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Figure 44b compares signals generated at an operating depth of 3 m with the airgun 
charged to pressures ranging from 10.3 to 20.7 MPa (1,500 to 3,000 psi).  In these cases, the 
waveforms were quite similar with the primary difference being peak amplitudes realized for 
each of the different airgun charge pressures. 

 
 

 
 

Figure 44.  Sercel Mini-GI Airgun Waveforms 

 
Figure 45 summarizes the source level data collected for 106 airgun shots performed 

using charge pressures ranging from 9.0 to 17.2 MPa (1,300 to 2,500 psi) and operating depths 
ranging from 1.5 to 3.0 m.  Data were also collected with volume reducers installed in Gun 1 
such that the generator volume was reduced to 213 cm3 (13 in.3) while the injector volume was 
reduced to 393 cm3 (24 in.3). 

 
As indicated in the figure legend, Gun 1 is represented by a total of 64 observations 

including 21 observations with the volume reducers installed.  Gun 2 is represented by 28 
observations and tandem firing of both guns is represented by 14 observations.  The observed 
source levels varied from 217 to 228 dB re 1µPa@1m and were consistent for each charge 
pressure with variations limited to about 1 dB in most cases. 

 
Figure 45 also shows trend lines for the observed source level when one gun was 

operated (with and without volume reducers) and when two airguns were operated in tandem.  
The trend lines were determined by assuming the acoustic pressure observed was linearly related 
to the potential energy stored in the gun prior to firing.  Thus, the trend lines are the result of 
linear regressions of the observed effective acoustic pressure to the charge pressure used to 
operate the airguns.  The trend line for a single gun operating with volume reducers installed was 
about 1-dB less than when operating without the volume reducers.  The trend line for a single 
airgun and for two airguns operated in tandem differed by 5.5 dB (without volume reducers).  
The expected value for two independent (i.e., non-interacting) sources is 6 dB.  Thus, the 
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interaction between two Sercel Mini-GI airguns when operated in tandem and separated by 2 m, 
was relatively weak. 

 
 

 
 

Figure 45.  Sercel Mini-GI Airgun Source Levels 

 
Summary results for the Sercel Mini-GI airgun are provided in table 12.  Data are 

provided for each operating pressure and depth.  While the observed source levels were 
relatively insensitive to operating depth, the pulse widths were strongly influenced.  As the table 
shows, pulse width varied with operating depth ranging from about 3.6 to 7.9 ms for 1.5 and 
4.5 m, respectively.  Pulse widths increased with depth due to the greater time required for the 
surface reflection (i.e., ghost) to arrive at the hydrophone locations.  A commensurate change in 
bandwidth was also observed.  However, it should be noted the record lengths (i.e., pulse widths) 
used for estimation of the power spectrum had a non-negligible influence on the estimated 
bandwidths.11 
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Table 12.  Sercel Mini-GI Airgun Acoustic Characteristics 

Source Settings Source Level  
(dB re 1µPa@1m) Pulse 

Width 
(ms) 

Bandwidth 
3 dB (Hz) Nr. 

Guns 

Pressure  
(MPa)  
(psi) 

Depth 
(m) Pk-Pk Pk RMS SEL 

1* 9.0 1,300 1.5 228 223 218 193 3.7 120 to 420 
1* 9.7 1,400 1.5 228 223 218 193 3.5 120 to 420 
1* 9.7 1,500 1.5 228 224 219 194 3.6 120 to 410 
1 10.3 1,500 1.5 229 225 220 196 3.7 120 to 430 
1 10.3 1,500 3.0 230 225 219 197 5.6 70 to 250 
1 10.3 1,500 4.5 230 225 218 197 8.1 40 to 160 
1* 12.1 1,750 1.5 230 224 220 195 3.4 130 to 430 
1 12.1 1,750 1.5 231 226 221 197 3.7 120 to 430 
1 12.1 1,750 3.0 231 226 220 198 5.6 70 to 250 
1* 13.8 2,000 1.5 231 225 221 196 3.3 130 to 430 
1 13.8 2,000 1.5 232 228 222 198 3.6 130 to 440 
1* 13.8 2,000 3.0 231 226 219 197 6.0 60 to 230 
1 13.8 2,000 3.0 232 227 221 199 5.7 70 to 250 
1 13.8 2,000 4.5 232 228 220 199 7.7 50 to 170 
1 15.5 2,250 1.5 233 229 223 198 3.6 130 to 440 
1 15.5 2,250 3.0 233 228 222 199 6.3 70 to 250 
1 17.2 2,500 1.5 234 229 223 199 3.6 130 to 440 
1 17.2 2,500 3.0 233 228 223 199 5.2 80 to 260 
1 17.2 2,500 4.5 233 229 221 200 7.4 50 to 170 
1 19.0 2,750 3.0 234 229 223 200 5.3 80 to 260 
1 20.7 3,000 3.0 235 230 223 201 5.2 80 to 260 
2 10.3 1,500 1.5 235 231 225 201 4.2 110 to 400 
2 10.3 1,500 3.0 236 231 225 203 5.8 70 to 230 
2 12.1 1,750 1.5 237 232 227 203 3.8 120 to 410 
2 13.8 2,000 1.5 237 232 227 203 4.1 120 to 410 
2 13.8 2,000 3.0 238 233 227 204 5.7 70 to 230 
2 17.2 2,500 3.0 239 235 228 206 5.7 70 to 230 

* Volume reducer installed: 213 cm3 (13 in.3) generator, 393 cm3 (24 in.3)  injector 
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3.1.3.1 Acoustic Particle Velocity Estimates.  In addition to traditional acoustic pressure 
measurements, the acoustic particle motion was estimated in proximity to the Sercel Mini-GI 
airgun during operation.  The acoustic vector field describes the motion (i.e., displacement, 
velocity, and acceleration) of the fluid medium in which an acoustic field exists.  The acoustic 
vector field (i.e., particle motion) is related to the acoustic scalar field (i.e., pressure) by the 
momentum equation for acoustic processes12 as 

 
t
uρ=p
∂
∂

∇−


, (10) 

 
where p  is the acoustic pressure, u  is the particle velocity vector, ρ is the fluid density, and t  is 
time.   

 
Acoustic vector field measurements are frequently performed using an inertial acoustic 

vector sensor composed of a neutrally buoyant accelerometer or geophone to make a direct 
measurement of the acoustic particle motion.  An alternate method requires knowledge of the 
scalar field gradient, p∇ , in combination with the fluid density, ρ , to arrive at an estimate of the 
acoustic particle acceleration, tu ∂∂ / .  The pressure gradient, p∇ , can be approximated using 
data provided by four hydrophones arranged at the vertices of a regular tetrahedron as seen in 
figure 46 where the acoustic center of the pressure gradient sensor is located at the geometric 
center of a cube with edge length L  (see figure 46a). 

 
 

 
 

Figure 46.  Estimation of Acoustic Particle Motion 
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The pressure gradient was estimated at the acoustic center of the tetrahedral hydrophone 
array using first order, finite differences of the acoustic pressure estimated along each of the 
cardinal directions for the right-handed system of Cartesian coordinates illustrated in figure 46a.  
The size, L , of the array was determined to be about one-sixth of an acoustic wavelength at the 
upper frequency limit of 500 Hz.  In addition, each pressure from which components of the 
gradient were estimated was the average of the pair of hydrophones that spanned the plane 
normal to the coordinate axes.  For example, the x-component of the pressure gradient at the 
center of the tetrahedral array (see figure 46b) was approximated as 
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Thus, components of the acoustic particle acceleration were estimated as 
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and the acoustic pressure, p , estimated at the center of the array was 
 
 

4
4321 p+p+p+pp ≈ . (15) 

 
Since the gradient sensor designed for this measurement was a band-limited device with 

an upper frequency limit of about 500 Hz, it was necessary to filter the acoustic data to prevent 
the introduction of errors from higher frequency signal components.  Thus, a finite impulse 
response (FIR) filter of order 256 with a passband of 30 to 500 Hz was used to filter the pressure 
time series prior to estimation of the gradient.  The magnitude response of the filter is shown in 
figure 47 where the maximum sidelobe level was about 60 dB less than the passband response.  
The 128 sample group delay of the filter was corrected prior to integration. 

 
 



 

 66 

 
 

Figure 47.  Pressure Gradient Estimation Bandpass Filter Response (Hbp) 

 
Following estimation of the acoustic particle acceleration using equations (11) through 

(14), the particle velocity was estimated by numerical integration.  A second-order digital 
integrator with fractional delay13 was used to implement polynomial integration (i.e., Simpson’s 
Rule) of the acceleration time series.  The transfer function (i.e., Z-transform) for the integration 
filter was 
 
 

( ) ( ) 







−−− −−

−−

21

21

123
167

6 zepsz
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where jωe=z with ω  the radian frequency ordinate, Δt  is the sample period, and 310−=eps is a 
small constant to stabilize the filter.  The filter transfer function is illustrated in figure 48, where 
the frequency response is compared to that of the ideal (continuous) integrator. 

 
Data processing used to estimate the acoustic vector field observed during operation of 

the airgun is summarized in figure 49.  In short, the pressure time series observed by four 
calibrated reference hydrophones were bandpass filtered to eliminate frequency components that 
were above the upper limit of 500 Hz determined by the size of the tetrahedral array.  The low-
frequency limit of 30 Hz was set to prevent accumulation of errors during integration that may 
have been associated with sensor bias and/or fixture vibration in response to the airgun shots.  
The bandpass filtered time series were then used to estimate the three-dimensional acoustic 
particle acceleration by evaluation of equations (11) through (14).  The acceleration time series 
were then integrated using the fractional step digital filter provided as equation (16) and 
illustrated in figure 48 to yield the three-dimensional acoustic particle velocity.  The acoustic 
pressure at the center of the array was estimated as the average of the pressures observed at the 
vertices of the tetrahedron as indicated in equation (15). 
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Figure 48.  Digital Integration Filter Response (Hsi) 

 

 
 

Figure 49.  Data Processing Sequence 

 
The acoustic field estimates for an airgun shot performed at a depth of 1.5 m with a 

charge pressure of 13.8 MPa (2,000 psi) is illustrated in figure 50.  The acoustic pressure 
estimated at the center of the array is shown in figure 50a.  The three-dimensional acoustic 
particle acceleration is illustrated in figures 50b through 50d.  Note the array was oriented such 
that the acoustic particle motion should have been confined to the x-z plane as shown in 
figure 46a.  In addition, the system of coordinates was defined such that the initial motion 
resulting from operation of the airgun was in the +x and +z directions.  Inspection of figure 50 
confirms there was little motion observed in the y-direction and motions in the x- and z-
directions were both positive, or oriented away from the airgun, as was expected.  Finally, the 
peak acceleration magnitudes observed in the x and z-directions were 6.6 and 14.0 m/s2, 
respectively. 
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Figure 50.  Acoustic Particle Acceleration, One Gun at 1.5-m Depth and 13.8 MPa 

 
The estimated acoustic particle velocity for the same airgun shot is illustrated in 

figure 51.  The acoustic pressure estimated at the center of the array is shown in figure 51a.  The 
three components of the acoustic particle velocity are illustrated in figures 51b through 51d.  The 
velocities were largely confined to the x-z plane where the velocity magnitudes observed in the 
horizontal and vertical direction were 15.7 and 8.3 mm/s, respectively.  This corresponds to a 
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wavefront propagating at an angle of 28° with respect to the vertical–a value that was consistent 
with the known angle of 30° based on consideration of the measurement geometry. 

 
 

 
Figure 51.  Acoustic Particle Velocity, One Gun at 1.5-m Depth and 13.8 MPa 

 
A final check of the velocity estimate was performed by consideration of the specific 

acoustic impedance for a spherically divergent acoustic field.  It was assumed the airgun was 
well approximated by a simple source such that the scalar acoustic field was 
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 ( )krωtjo e
r
P=p − , (17) 

 
where oP  is the pressure at a distance r  of 1 m, and k  is the acoustic wavenumber.  Note the 
surface reflection can be neglected without loss in generality since it can be introduced by the 
addition of a virtual source that contributes to the total acoustic field by superposition.  
Substituting equation (17) into equation (10) and integrating with respect to time yields 
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for the acoustic particle velocity.  The specific acoustic impedance, z , is defined as 
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u
p=z . (19) 

 
Equation (19) shows the specific acoustic impedance of a spherically divergent acoustic 

field reduces to the characteristic impedance, ρc , of the medium at large distances with respect 
to an acoustic wavelength such that 𝑘𝑘 ≫ 1 where the field may be approximated as a plane 
propagating wave.  Since the data were filtered to a passband of 30 to 500 Hz and the distance 
from the airgun to the tetrahedral array was 15 m, the minimum wavenumber-range product was 

1.9=kr and increased with frequency.  Thus, the observed acoustic field should be reasonably 
well approximated by a plane propagating wave. 

 
Figure 52 shows the estimated acoustic vector field magnitudes.  The acceleration 

magnitude is provided in figure 52a, and the velocity magnitude is provided in figure 52b.   
The acoustic particle velocity magnitude estimated by integration of the acceleration time series 
is compared to the velocity magnitude for a plane propagating wave computed using the wave 
impedance where ρcu=p .  The peak velocity magnitudes at 15.7 and 17.4 mm/s that were 
estimated by numerical integration of the acceleration time series agreed to within 3%  
of that computed by consideration of the characteristic impedance of freshwater  

6101.49×=ρc kg m-2 s-1. 
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Figure 52.  Acoustic Vector Field Magnitudes, One Gun at 1.5-m Depth and 13.8 MPa 

 
Table 13 provides a summary of acoustic vector field parameters for a select set of airgun 

shots observed during the first several shots where peak-to-peak accelerations ranged from  
20.4 to 31.2 m/s2 at 10.3 and 17.2 MPa, respectively.  The corresponding acoustic particle 
velocity magnitudes were 12.2 and 18.2 mm/s peak-to-peak.  All data reflect the observed field 
quantities at the observation distance of 15 m and were not referred back to a reference distance 
of 1 m as was done for the acoustic pressure measurements.  Finally, the validity of the vector 
field estimate was assessed by comparing the estimate to a prediction provided by a quite simple 
acoustic model of the wave impedance where excellent agreement was found between the 
predicted and estimated acoustic particle velocities. 

 
 

Table 13.  Acoustic Vector Field Parameter Estimates, One Gun 

Source Settings Particle Acceleration 
(m/s2) 

Particle Velocity 
(mm/s) 

Pressure  
(MPa)     
(psi) 

Depth 
(m) Pk-Pk Pk RMS Pk-Pk Pk RMS 

10.3 1,500 1.5 20.4 12.1 7.2 12.2 7.4 4.9 
12.1 1,750 1.5 24.1 14.2 8.6 14.3 8.6 5.7 
13.8 2,000 1.5 26.7 15.6 9.4 15.6 9.5 6.3 
15.5 2,250 1.5 29.2 17.1 10.3 17.2 10.3 6.8 
17.2 2,500 1.5 31.2 18.3 11.0 18.2 11.0 7.2 

Note:  All shots observed at a distance of 15 m from airgun. 
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3.2 SIGNAL TYPE:  AMPLITUDE-FREQUENCY MODULATED WAVEFORM 

3.2.1 EdgeTech 424 Sub-Bottom Profiling System 

The EdgeTech 424 sub-bottom profiling system employs the variable depth source 
illustrated in figure 53.  The tow body is designed to operate anywhere in the water column from 
the surface to near the sea floor as required to achieve the required signal penetration into the 
marine sediments.  Since reflection of sound from the water surface is usually not a significant 
contributor to the acoustic intensity along the MRA of these sources, they were deployed at 
greater depth to better emulate the acoustic environment during normal operations.  While 
reflection of acoustic energy from the sea floor during a geophysical survey does have a 
significant impact on the total radiated acoustic field intensity in the water column, accounting 
for this effect was beyond the scope of this study since the reflected acoustic field is strongly 
influenced by the composition of the sea floor.14  However, data acquired during this study can 
be used in conjunction with a computational acoustic model and an estimate of the sea floor 
reflection coefficient to predict the total acoustic field resulting from operation of these sources 
during geophysical surveys. 

 
 

 
 

Figure 53.  EdgeTech 424 Sub-Bottom Profiling System Tow Body 

 
Sounds radiated by the EdgeTech 424 were observed using two distinct measurement 

geometries.  An extensive set of measurements was performed to characterize the radiated 
acoustic field referenced to a distance of 1 m on the projector’s MRA.  This measurement 
geometry is illustrated in figure 54a where a number of calibrated reference standards were 
arranged to observe the sound field directly beneath the source as it was operated in the normal 
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orientation for projection of sound into the sea floor.  Figure 54b shows the measurement 
geometry used to characterize the directionality (i.e., beam pattern) of sounds transmitted by the 
EdgeTech 424. 

 
 

 
 

Figure 54.  EdgeTech 424 Measurement Geometry 

 
Two sonar control systems were used to drive the EdgeTech 424 tow body to assess the 

effect that choice of topside processor on sounds radiated by the tow body.  The EdgeTech 
3100P Portable Sub-bottom Topside Processor was used during source level measurements for 
two different tow bodies (S/Ns 27302 and 48706).  Figure 55 shows a typical waveform with a 
pulse width of 10 ms and bandwidth of 4 to 20 kHz that was transmitted using the 100% power 
setting.  Figure 55a provides the time series where markers denote the locations of the observed 
minimum and maximum pressures.  The portion of the waveform in which 90% of the radiated 
energy was found is indicated in red.  The power spectrum for the waveform is provided as 
figure 55b where evidence of the second harmonic is shown with a power that was about 20 dB 
less than the fundamental.  The -3-dB points used to define the observed bandwidth of the signal 
are indicated with markers.  Source level measurements were also performed when driving the 
tow body (S/N 48706) with the EdgeTech 3200-XS Sub-Bottom Processor.  Measurement results 
are provided as tables 14 through 16. 

 
The nominal source level (rms) for the EdgeTech 424 (S/N 27302) when driven by the 

3100P topside processor at the 100% power setting was 165 to 168 dB re 1µPa@1m (see 
table 14).  The nominal source level when driven at the 50% power setting was 158 to 162 dB, a 
reduction of 6 to 7 dB.  Note that a 6-dB reduction in source level is not consistent with a 50% 
reduction in power supplied to the acoustic projector.  However, it is consistent with a 50% 
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reduction in drive voltage.  Therefore, transmit power indications provided by the 3100P topside 
processor were more consistent with control over the transmit voltage applied to the projector 
than with the radiated acoustic power. 

 
The source levels for EdgeTech 424 (S/N 48706) when driven by the 3100P topside 

processor at the 100% power setting were 167 to 171 dB re 1µPa@1m.  When driven by the 
3200-XS topside processor, the observed source levels were 176 to 180 dB, a 9-dB increase due 
to the greater power output of the 3200-XS amplifier. 

 
 

 
 

Figure 55.  EdgeTech 424 Waveform, 10 ms, 4 to 20 kHz, 100% Power 
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Table 14.  EdgeTech 424 (S/N 27302) with 3100P Topside Processor 

Source Settings Source Level  
(dB re 1µPa@1m) Pulse 

Width 
(ms) 

Bandwidth 
3 dB (kHz) Power  

(%) 

Pulse 
Width 
(ms) 

Bandwidth 
(kHz) Pk-Pk Pk RMS SEL 

50 5 4 to 24 171 165 159 132 2.3 9.7 to 14.8 
50 10 4 to 24 171 165 159 135 4.3 9.8 to 14.4 
75 5 4 to 24 174 168 163 136 2.1 9.8 to 14.8 
75 10 4 to 24 174 168 162 139 4.2 9.8 to 14.3 
100 5 4 to 24 177 171 165 138 2.1 9.8 to 14.7 
50 10 4 to 16 173 168 162 138 4.0 8.2 to 11.3 
50 1 4 to 20 173 167 161 129 0.6 5.7 to 17.1 
50 2 4 to 20 173 167 162 132 1.0 7.4 to 15.2 
50 5 4 to 20 172 166 161 134 1.9 8.7 to 13.7 
50 10 4 to 20 172 166 161 137 3.8 9.0 to 13.5 
50 10 4 to 20* 173 167 161 139 6.3 7.3 to 13.3 
50 1 4 to 24 172 166 158 128 1.1 7.9 to 16.8 
50 2 4 to 24 172 166 160 131 1.2 8.5 to 15.6 
75 10 4 to 16 177 171 166 142 4.0 8.2 to 11.5 
75 1 4 to 20 177 171 166 133 0.5 2.7 to 17.8 
75 2 4 to 20 176 170 166 135 0.9 7.3 to 14.9 
75 5 4 to 20 175 169 165 137 1.9 8.7 to 13.4 
75 10 4 to 20 176 169 165 141 3.7 9.0 to 13.5 
75 10 4 to 20* 176 171 164 142 6.2 7.3 to 13.2 
75 1 4 to 24 176 170 164 131 0.6 6.7 to 18.0 
75 2 4 to 24 176 170 164 134 1.1 8.5 to 15.7 
100 10 4 to 16 180 174 168 144 4.0 8.2 to 11.4 
100 1 4 to 20 179 173 168 135 0.5 3.0 to 17.8 
100 2 4 to 20 179 173 168 138 0.9 7.3 to 15.2 
100 5 4 to 20 178 172 167 140 1.9 8.7 to 13.6 
100 10 4 to 20 178 172 167 143 3.7 8.9 to 13.1 
100 10 4 to 20* 179 173 167 145 6.1 7.3 to 13.2 
100 1 4 to 24 178 172 166 134 0.5 6.2 to 18.2 
100 2 4 to 24 178 172 167 137 1.1 8.4 to 15.7 
100 10 4 to 24 177 171 165 141 4.2 9.8 to 14.3 

* Wideband 
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Table 15.  EdgeTech 424 (S/N 48706) with 3100P Topside Processor 

Source Settings Source Level  
(dB re 1µPa@1m) Pulse 

Width 
(ms) 

Bandwidth 
3 dB (kHz) Power  

(%) 

Pulse 
Width 
(ms) 

Bandwidth 
(kHz) Pk-Pk Pk RMS SEL 

50 10 4 to 16 176 170 165 140 3.5 8.2 to 11.1 
50 1 4 to 20 175 169 164 130 0.4 3.0 to 18.0 
50 2 4 to 20 175 169 164 133 0.8 6.3 to 14.2 
50 5 4 to 20 175 169 163 136 1.7 8.4 to 12.7 
50 10 4 to 20 175 169 163 139 3.4 8.9 to 12.3 
50 10 4 to 20* 176 169 164 141 4.9 7.3 to 11.7 
50 1 4 to 24 174 168 161 128 0.5 4.2 to 17.3 
50 2 4 to 24 174 168 162 131 0.8 6.7 to 15.0 
50 5 4 to 24 173 167 161 133 1.8 8.8 to 14.1 
50 10 4 to 24 173 167 161 136 3.6 9.2 to 13.2 
75 10 4 to 16 179 174 169 144 3.5 8.2 to 11.1 
75 1 4 to 20 179 173 168 134 0.4 0.0 to 18.4 
75 2 4 to 20 178 173 168 137 0.8 6.2 to 14.5 
75 5 4 to 20 178 172 167 139 1.7 8.4 to 12.9 
75 10 4 to 20 178 172 167 142 3.4 8.9 to 12.2 
75 10 4 to 20* 179 173 167 144 4.8 7.3 to 11.7 
75 1 4 to 24 178 172 166 132 0.4 3.4 to 18.8 
75 2 4 to 24 178 172 166 135 0.8 6.5 to 14.9 
75 5 4 to 24 176 170 164 137 1.8 8.8 to 14.0 
75 10 4 to 24 176 170 164 140 3.5 9.2 to 13.2 
100 10 4 to 16 182 176 171 147 3.5 8.2 to 11.1 
100 1 4 to 20 181 176 170 136 0.4 0.0 to 18.8 
100 2 4 to 20 181 175 170 139 0.8 6.1 to 14.5 
100 5 4 to 20 181 175 169 142 1.7 8.4 to 12.9 
100 10 4 to 20 181 175 169 145 3.4 8.9 to 12.2 
100 10 4 to 20* 182 176 170 147 4.8 7.4 to 11.6 
100 1 4 to 24 180 174 169 134 0.4 0.0 to 19.1 
100 2 4 to 24 180 174 169 138 0.8 6.4 to 14.8 
100 5 4 to 24 179 173 167 139 1.7 8.8 to 13.7 
100 10 4 to 24 179 173 167 142 3.5 9.2 to 13.1 

* Wideband 
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Table 16.  EdgeTech 424 (S/N 48706) with 3200-XS Topside Processor 

Source Settings Source Level  
(dB re 1µPa@1m) Pulse 

Width 
(ms) 

Bandwidth 
3 dB (kHz) Power  

(%) 

Pulse 
Width 
(ms) 

Bandwidth 
(kHz) Pk-Pk Pk RMS SEL 

50 10 4 to 16 185 180 174 150 3.6 8.2 to 11.0 
50 5 4 to 20 184 178 173 145 1.7 8.3 to 12.8 
50 10 4 to 20 184 178 173 148 3.4 8.7 to 12.4 
50 5 4 to 24 182 177 171 143 1.6 8.7 to 13.8 
50 10 4 to 24 182 177 171 146 3.3 9.1 to 13.7 
75 10 4 to 16 189 184 178 153 3.6 8.0 to 11.0 
75 5 4 to 20 187 182 176 148 1.7 8.2 to 12.8 
75 10 4 to 20 187 181 176 151 3.5 8.6 to 12.1 
75 10 4 to 20* 190 184 177 154 4.6 7.4 to 11.1 
75 5 4 to 24 186 180 174 146 1.6 8.6 to 14.1 
75 10 4 to 24 186 180 174 149 3.3 9.0 to 13.7 
100 10 4 to 16 192 186 180 156 3.7 8.0 to 11.1 
100 5 4 to 20 190 184 178 151 1.7 8.1 to 12.6 
100 10 4 to 20 189 184 178 154 3.5 8.5 to 12.4 
100 10 4 to 20* 192 187 180 156 4.6 7.2 to 11.0 
100 5 4 to 24 188 182 177 149 1.6 8.6 to 14.1 
100 10 4 to 24 188 182 176 152 3.4 9.0 to 13.7 

* Wideband 
 
 
The directional response, or beam patterns, for the variable depth sub-bottom profiling 

sources were measured as seen in figure 54b.  The figure shows the acoustic sources were rigged 
to a rotator shaft such that the MRA were oriented in the horizontal plane where a stationary 
reference standard hydrophone was used to observe the acoustic field pressure as the source was 
rotated about the vertical axis.  Note that while reference 2 stipulates the axis of rotation should 
pass through the acoustic center of the source, practicalities of rigging precluded this 
arrangement for many of the geophysical survey systems that were evaluated.  Instead, the axis 
of rotation and acoustic center were (in some cases) separated by the distance, r , such that the 
effect of both rotation and translation of the acoustic source were included in the observations.  
Where the distance, d , from the acoustic source to the reference standard hydrophone varied 
with rotation angle as indicated in figure 53b, it was accounted for in the acoustic field 
calculations. 

 
Data resulting from these measurements correspond to the acoustic field generated in the 

vertical plane containing the MRA and orthogonal to the direction of tow (i.e., the vertical 
transverse plane) during a geophysical survey.  Corresponding measurements for the vertical 
plane parallel to the direction of tow (i.e., the vertical longitudinal plane) were not performed nor 
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were they necessary due to the axial symmetry of the acoustic field radiated by the plane circular 
piston sources used in these systems.2  In short, data collected during these measurements can be 
used to characterize the radiated acoustic field in any vertical plane that also contains the MRA 
of the source (i.e., the vector normal to the piston face).  Figure 56 shows beam pattern data for 
the EdgeTech 424 while transmitting a 2- to12-kHz waveform.  The figure includes annotations 
for the -3 and -10-dB beamwidths in addition to the beam levels observed at 90° and 180° 
radials.  Beam pattern data for a variety of waveforms are summarized as table 17 using these 
four parameters.   

 
 

 
 

Figure 56.  EdgeTech 424 Beam Pattern, 20 ms, 2 to 12 kHz, 100% Power 

 
Table 17.  EdgeTech 424 Beam Pattern Summary 

Source Settings Beamwidth  
(degrees) 

Gain  
(dB) 

Power  
(%) 

Pulse 
Width 
(ms) 

Bandwidth 
(kHz) -3 dB -10 dB 90o 180o 

100 20 2 to 12 63 122 -24 -35 
100 20 2 to 15 63 116 -26 -36 
100 1 4 to 20 68 113 -28 -36 
100 10 4 to 24 60 102 -28 -35 
100 10 4 to 20 68 114 -25 -35 
100 10 4 to 20* 71 118 -22 -33 

* Wideband 
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3.2.2 EdgeTech 512i Sub-Bottom Profiling System 

The EdgeTech 512i sub-bottom profiling system employs the variable depth source 
illustrated in figure 57.  Like the EdgeTech 424, the tow body can be operated near the water 
surface, in the mid-water column, or in relatively close proximity to the sea floor as needed to 
ensure adequate signal penetration into the marine sediments.  The tow body uses two acoustic 
transducers to transmit signals over a broad frequency band.  The transducers (see figure 57b) 
include a high-frequency (HF) projector with 17-cm diameter and a larger low-frequency (LF) 
transducer with 34-cm diameter.  The system includes the 3200-XS topside processor for 
waveform generation, amplification, and transmission. 
 
 

 
 

Figure 57.  EdgeTech 512i Sub-Bottom Profiling System Tow Body 

 
Sounds radiated by the EdgeTech 512i were observed using two distinct measurement 

geometries.  An extensive set of measurements was performed to characterize the radiated 
acoustic field referenced to a distance of 1 m on the projector’s MRA.  This measurement 
geometry is illustrated in figure 58a where a number of calibrated reference standards were 
arranged to observe the sound field directly beneath the source as it was operated in the normal 
orientation for projection of sound into the sea floor.  Figure 58b shows the measurement 
geometry used to characterize the directionality (i.e., beam pattern) of transmitted sounds. 
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Figure 58.  EdgeTech 512i Measurement Geometry 

 
Two different tow bodies (S/N 35418 and 027076) were tested to assess the consistency 

of sounds radiated by the different transducers.  While the source levels realized by both tow 
bodies were measured for a wide variety of waveform and transmit power settings, beam pattern 
measurements were performed only with S/N 35418. 

 
The low-frequency acoustic performance of the tow bodies was not consistent.  In 

particular, the low-frequency transducer in tow body S/N 027076 was either not functioning or 
was operating at greatly reduced power.  Figure 59 compares the acoustic signals transmitted by 
the two systems.  The illustrated signal was a 0.5- to 4.5-kHz frequency modulated waveform 
with a Gaussian envelope.  The pulse width was 50 ms and the transmit power level was 100%.  
Figures 59a and 59b illustrate the time series and power spectrum of the signal transmitted by 
tow body S/N 35418.  Figures 59c and 59d present the same information for tow body 
S/N 027076.  The significant difference between the two time series is clearly evident by casual 
inspection of the respective figures.  Whereas one source (S/N 35418) transmitted a waveform 
that was 50-ms long and included two distinct sub-pulses, the other (S/N 027076) transmitted 
only the latter half of the waveform.  Inspection of the power spectra provides similar 
information where the double-peaked spectrum with a relative minimum at 2.6 kHz that was 
radiated by one source (S/N 35418) was missing from the other (S/N 027076).  In addition, the 
harmonic content of the two signals were quite different with two harmonics clearly resolved in 
the spectrum radiated by tow body S/N 027076, but only a broad region of acoustic power with 
similar levels and total frequency extent evident in the signal radiated by S/N 35418. 
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Figure 59.  EdgeTech 512i Signal Comparison 

 
Envelopes of the transmitted signals were also compared to more clearly elucidate 

differences between sounds radiated by the two tow bodies.  The envelopes are presented as the 
magnitude of the analytic (complex) signal representations calculated using the Hilbert 
Transforms of the observed time series:  a standard signal processing technique1 for time series 
analysis.  Figure 60 shows the signals were quite different until about 40 ms after which both tow 
bodies produced signals with nearly identical envelopes.  Prior to 40 ms, the frequency content 
of the signal was less than 2.6 kHz and the larger, low-frequency transducer radiated most of the 
acoustic power.  Beyond 40 ms, the frequency content of the signal exceeded 2.6 kHz and the 
acoustic output was radiated by the smaller, high-frequency transducer.  Thus, the low-frequency 
transducer in tow body S/N 027076 was either not functioning or was transmitting at greatly 
reduced power. 
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Figure 60.  EdgeTech 512i Signal Envelopes 

 
Acoustic characteristics of sounds radiated by the EdgeTech 512i are summarized in 

table 18 for S/N 35418 and table 19 for S/N 027076.  A wide variety of waveform types and 
power settings were observed for both sources in order to facilitate comparison of sounds 
radiated by the two different tow bodies.  As would be expected from the previous discussion, 
the source level of sounds transmitted by the two systems was most different for signals with 
significant low-frequency content.  In the case of the example presented in figures 59 and 60, the 
signal was a 0.5- to 4.0-kHz frequency modulated sweep with 50-ms pulse width transmitted at 
the 100% power setting.  The peak-to-peak, peak, and effective (rms) source levels were the 
same for both sources at 182, 176, and 170 dB re 1µPa@1m, respectively.  However, the SEL 
produced by tow body S/N 027076 was 2 dB less–a direct result of the shorter effective pulse 
width (i.e., 14.9 versus 27.8 ms) generated without any significant contribution from the low-
frequency transducer.  Comparison of the source levels realized by the tow bodies for other 
waveform parameters indicates the levels were generally within 1 or 2 dB after discounting 
signals with significant low-frequency content. 

 
The directional response, or beam patterns, for the EdgeTech 512i were measured as 

illustrated in figure 58b.  As seen in the figure, the acoustic source was rigged to a rotator shaft 
such that the MRA was oriented in the horizontal plane where a stationary reference standard 
hydrophone was used to observe the acoustic field pressure as the source was rotated about the 
vertical axis.  Eccentricity due to the horizontal offset between the axis of rotation and the 
acoustic center of the source was accounted for in the acoustic field calculations. 
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Table 18.  EdgeTech 512i (S/N 35418) Source Level Summary 

Source Settings Source Level  
(dB re 1µPa@1m) Pulse 

Width 
(ms) 

Bandwidth 
3 dB (kHz) Power  

(%) 

Pulse 
Width 
(ms) 

Bandwidth 
(kHz) Pk-Pk Pk RMS SEL 

50 40 1.0 to 6.0 182 176 170 152 15.0 3.2 to 4.4 
50 5 1.0 to 10.0 182 176 172 145 2.0 4.0 to 7.7 
50 20 2.0 to 12.0 183 177 173 152 9.0 5.7 to 8.9 
50 40 0.4 to 4.0 177 172 165 149 25.4 1.1 to 2.1 
50 100 0.5 to 2.2 178 173 166 152 42.3 1.2 to 1.9 
50 50 0.5 to 4.5 176 170 164 149 27.9 2.4 to 3.6 
50 9 0.5 to 6.0 181 175 169 145 3.9 2.8 to 4.7 
50 20 0.5 to 7.0 184 178 171 153 14.4 3.3 to 5.5 
50 30 0.5 to 7.2 182 176 171 151 11.6 3.3 to 4.8 
50 5 0.5 to 8.0 184 176 171 143 1.9 2.7 to 6.2 
50 20 0.7 to 12.0 183 177 172 152 9.0 5.2 to 8.6 
75 40 1.0 to 6.0 185 179 174 155 14.4 3.2 to 4.4 
75 5 1.0 to 10.0 186 180 175 148 2.0 4.0 to 7.7 
75 20 2.0 to 12.0 187 181 176 156 9.1 5.7 to 9.0 
75 40 0.4 to 4.0 183 178 169 153 25.6 1.1 to 1.8 
75 100 0.5 to 2.2 182 176 170 156 40.2 1.3 to 1.8 
75 50 0.5 to 4.5 179 173 167 152 27.8 2.4 to 3.4 
75 9 0.5 to 6.0 186 181 173 148 3.7 2.7 to 4.7 
75 20 0.5 to 7.0 187 182 175 157 14.7 3.4 to 6.0 
75 30 0.5 to 7.2 186 180 174 155 11.2 3.4 to 4.9 
75 5 0.5 to 8.0 186 180 174 147 1.8 2.7 to 6.3 
75 20 0.7 to 12.0 187 181 176 156 9.0 5.2 to 8.6 
100 40 1.0 to 6.0 189 183 176 158 14.4 3.2 to 4.5 
100 5 1.0 to 10.0 188 182 178 151 2.0 4.0 to 7.7 
100 20 2.0 to 12.0 190 184 179 159 9.1 5.7 to 9.0 
100 40 0.4 to 4.0 188 184 172 156 25.2 1.0 to 1.9 
100 100 0.5 to 2.2 187 181 175 160 35.7 1.4 to 1.8 
100 50 0.5 to 4.5 182 176 170 154 27.8 1.8 to 3.6 
100 9 0.5 to 6.0 190 185 175 151 3.6 2.7 to 4.8 
100 20 0.5 to 7.0 191 186 178 159 14.6 1.8 to 6.0 
100 30 0.5 to 7.2 191 184 177 157 11.3 3.3 to 5.2 
100 5 0.5 to 8.0 191 184 177 150 1.8 2.8 to 6.6 
100 20 0.7 to 12.0 189 183 179 158 9.0 5.2 to 8.6 

* Wideband 
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Table 19.  EdgeTech 512i (S/N 027076) Source Level Summary 

Source Settings Source Level  
(dB re 1mPa@1m) Pulse 

Width 
(ms) 

 
Bandwidth 
3 dB (kHz) Power  

(%) 

Pulse 
Width 
(ms) 

Bandwidth 
(kHz) Pk-Pk Pk RMS SEL 

50 40 1.0 to 6.0 183 177 171 152 11.7 3.3 to 4.3 
50 5 1.0 to 10.0 181 175 171 144 2.3 4.0 to 7.7 
50 20 2.0 to 12.0 185 179 173 153 8.8 6.5 to 8.8 
50 40 0.4 to 4.0* 174 168 162 143 12.7 2.8 to 3.5 
50 100 0.5 to 2.7 162 156 146 134 65.8 1.2 to 1.6 
50 50 0.5 to 4.5 176 170 165 147 15.5 3.0 to 3.8 
50 9 0.5 to 6.0 182 176 171 145 2.3 2.3 to 5.2 
50 20 0.5 to 7.0* 183 177 172 152 9.0 3.4 to 5.9 
50 30 0.5 to 7.2 183 177 172 151 9.4 3.4 to 4.5 
50 5 0.5 to 8.0 No Data     
50 20 0.7 to 12.0 184 178 173 152 9.1 5.8 to 8.8 
75 40 1.0 to 6.0 186 180 175 155 11.9 3.3 to 4.3 
75 5 1.0 to 10.0 185 179 174 148 2.2 4.1 to 7.9 
75 20 2.0 to 12.0 188 182 177 156 8.8 6.3 to 8.9 
75 40 0.4 to 4.0* 177 171 165 146 12.6 2.8 to 3.6 
75 100 0.5 to 2.7 166 160 151 138 51.1 1.2 to 1.8 
75 50 0.5 to 4.5 180 174 168 150 15.0 3.0 to 3.8 
75 9 0.5 to 6.0 186 181 175 148 2.3 2.3 to 5.2 
75 20 0.5 to 7.0* 187 182 176 155 8.9 3.4 to 5.6 
75 30 0.5 to 7.2 187 181 175 155 9.5 3.4 to 4.5 
75 5 0.5 to 8.0 186 180 174 147 1.7 2.5 to 6.2 
75 20 0.7 to 12.0 187 181 176 156 9.1 5.7 to 8.6 
100 40 1.0 to 6.0 189 183 177 158 11.8 3.3 to 4.3 
100 5 1.0 to 10.0 187 181 177 150 2.2 4.1 to 7.9 
100 20 2.0 to 12.0 191 185 180 159 8.7 6.3 to 8.9 
100 40 0.4 to 4.0* 180 173 168 149 11.7 2.8 to 3.6 
100 100 0.5 to 2.7 168 162 153 140 47.2 1.2 to 1.8 
100 50 0.5 to 4.5 182 176 170 152 14.9 3.0 to 3.8 
100 9 0.5 to 6.0 190 185 177 150 2.4 2.4 to 5.2 
100 20 0.5 to 7.0* 190 184 178 157 8.9 3.4 to 5.5 
100 30 0.5 to 7.2 189 183 177 157 9.4 3.4 to 4.7 
100 5 0.5 to 8.0 189 183 177 149 1.7 2.5 to 6.2 
100 20 0.7 to 12.0 190 184 179 158 9.0 5.9 to 8.7 

* Wideband 
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Two example beam patterns are provided in figure 61 where the effect of signal 
bandwidth is clearly illustrated.  Note the sound was relatively more focused for the 2- to 12-kHz 
signal when compared to the 0.5- to 4.5-kHz signal as would be expected for a signal with more 
content at higher frequencies and shorter wavelengths.  Thus, the directionality of a radiated 
signal is a function of both the source geometry and the signal content.  Table 20 provides a 
summary of relevant beam pattern parameters for a variety of waveforms transmitted by the 
EdgeTech 512i. 

 
 

 
 

Figure 61.  EdgeTech 512i (S/N 35418) Beam Pattern Examples 
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Table 20.  EdgeTech 512i (S/N 35418) Beam Pattern Summary 

Source Settings Beamwidth  
(degrees) 

Gain  
(dB) 

Power  
(%) 

Pulse 
Width 
(ms) 

Bandwidth 
(kHz) -3 dB -10 dB 90° 180° 

100 20 2.0 to 12.0 51 91 -31 -40 
100 40 1.0 to 6.0 66 112 -27 -31 
100 5 1.0 to 10.0 65 110 -29 -32 
100 20 0.7 to 12.0 60 99 -26 -29 
100 5 0.5 to 8.0 70 108 -25 -26 
100 30 0.5 to 7.2 71 112 -24 -26 
100 20 0.5 to 7.0* 71 127 -20 -26 
100 9 0.5 to 6.0 65 108 -23 -25 
100 50 0.5 to 4.5 70 128 -16 -19 
100 40 0.4 to 4.0* 80 153 -15 -20 
100 100 0.5 to 2.7 74 150 -16 -22 

* Wideband 

3.2.3 Knudsen 3202 Echosounder 

The Knudsen Chrip Sounder is a sub-bottom profiling system that uses frequency 
modulated acoustic signals transmitted by one or more Massa TR-1075 tonpilz acoustic 
transducers to generate high-intensity, directional sound fields.  The system includes a topside 
processor and amplifier that supply the drive voltage to each transducer.  The TR-1075 
transducer provides a TVR of about 150 dB re 1µPa/V@1m with a power rating of 600 W for a 
30% duty cycle, or 200 W for continuous duty.  Two transducers were tested, S/N 3217 and a 
second transducer for which the serial number was obscured and unreadable. 

 
The source level and beam patterns of the Knudsen sub-bottom profiling system were 

measured at LEFAC on 2 March 2015.  The measurements were performed in favorable weather 
conditions with an average air temperature of 22°C and a wind speed of about 2 m/s.  Two 
transducers were mounted to a custom bracket that interfaced with the test facility rotator 
assembly as illustrated in figure 62. 

 
Figure 63 illustrates the measurement geometry.  The arrangement was typical of that 

used for the measurement of beam patterns of acoustic transducers with the exception of a slight 
offset of the acoustic centers of the sources relative to the axis of rotation.  While the offsets 
were small relative to the source-receiver distance, they were included in the calculations 
nonetheless.  Acoustic data were collected using a Navy Type F37 (S/N A68) calibrated 
reference standard hydrophone.  Sounds radiated by the TR-1075 transducers and the angle of 
rotation of the transducers were recorded simultaneously.  Signals were sampled at 250 kHz with 
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16-bits of precision.  The Knudsen topside processor neither provided nor accepted an external 
trigger as needed to synchronize the data collection windows with the transmitted signals.  
Therefore, an F42D hydrophone was affixed to the transducer mounting bracket to provide a 
signal from which a trigger was synthesized and provided to the data acquisition system. 

 
 

 
 

Figure 62.  Massa TR-1075 Sub-Bottom Profiling Transducers 

 

 
 

Figure 63.  Knudsen Measurement Geometry 
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Figure 64a illustrates a typical acoustic waveform transmitted by a single TR-1075 
transducer (S/N 3217) at power setting 4 (i.e., maximum power) and 8-ms pulse width.  Data 
samples from which the peak and peak-to-peak source levels were computed are indicated with 
markers.  The part of the waveform in which 90% of the radiated acoustic energy was located 
and used to calculate the effective (rms) source level and SEL is indicated in red.  The source 
spectrum is provided as figure 64b where the 3-dB bandwidth is indicated with markers.  Note 
the source spectrum was calculated using the same part of the waveform as was used for the 
effective source level (i.e., 90%) where the effective pulse width was 5.2 ms.  The peak-to-peak, 
peak, and effective source levels were 212, 206, and 201 dB re 1µPa@1m, respectively.  The 
half-power bandwidth extended from 3.2 to 5.5 kHz. 

 
 

 
 

Figure 64.  Knudsen Signal Example–Power Setting 4 with 8-ms Pulse Width 
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Acoustic characteristics of sounds transmitted using a single TR-1075 transducer 
(S/N 3217) are provided as table 21.  The effective source level varied from 199 to  
208 dB re 1µPa@1m for power settings 1 through 4 and were generally independent of pulse 
width.  The acoustic characteristics of sounds transmitted by two TR-1075 transducers operated 
in tandem are provided as table 22 where the effective source level increased by 2 to 3 dB 
relative to the source levels achieved by a single transducer. 

 
 
Table 21.  Acoustic Characteristics Summary for Knudsen (Single Transducer) 

Source Settings Source Level  
(dB re 1µPa@1m) Pulse 

Width 
(ms) 

Bandwidth 
3 dB (kHz) Power  

Setting 

Pulse 
Width 
(ms) 

Pk-Pk Pk RMS SEL 

4 32 217 211 207 190 22.2 3.4 to 5.5 
4 16 217 212 207 187 11.0 3.3 to 5.4 
4 8 217 211 207 184 5.4 3.4 to 5.7 
4 4 218 212 208 182 2.6 2.3 to 6.9 
4 2 217 212 208 179 1.3 2.3 to 6.8 
4 1 217 212 208 177 0.8 0.0 to 8.7 
3 32 216 210 205 188 22.0 3.4 to 5.4 
3 16 215 209 204 185 11.2 3.3 to 5.4 
3 8 216 210 205 183 5.3 3.5 to 5.8 
3 4 215 209 205 180 2.7 3.5 to 6.3 
3 2 215 210 205 177 1.3 2.3 to 7.0 
3 1 216 210 205 174 0.7 0.0 to 8.8 
2 32 215 209 204 187 22.0 3.4 to 5.7 
2 16 214 208 204 184 10.9 3.5 to 5.7 
2 8 214 208 204 181 5.5 3.4 to 5.8 
2 4 214 208 204 178 2.7 3.1 to 5.7 
2 2 214 208 204 175 1.4 2.2 to 6.6 
2 1 214 208 204 173 0.8 1.5 to 8.1 
1 32 210 204 199 183 22.1 3.5 to 5.4 
1 16 210 204 199 180 11.2 3.4 to 5.4 
1 8 210 204 199 177 5.8 3.3 to 5.6 
1 4 210 204 199 174 3.1 3.1 to 5.8 
1 2 210 204 199 171 1.7 2.5 to 6.3 
1 1 210 204 199 169 0.9 0.0 to 7.9 
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Table 22.  Acoustic Characteristics Summary for Knudsen (Two Transducers) 

Source Settings Source Level  
(dB re 1µPa@1m) Pulse 

Width 
(ms) 

Bandwidth 
3 dB (kHz) Power  

Setting 

Pulse 
Width 
(ms) 

Pk-Pk Pk RMS SEL 

4 32 220 214 209 193 21.7 3.3 to 5.7 
4 16 220 214 210 190 10.8 3.3 to 5.5 
4 8 220 214 210 187 5.3 3.3 to 5.5 
4 4 220 214 210 184 2.8 3.1 to 6.0 
4 2 220 214 210 181 1.4 2.1 to 6.5 
4 1 220 214 210 178 0.7 0.0 to 8.7 
3 32 217 211 207 190 21.5 3.3 to 5.4 
3 16 217 211 207 187 10.8 3.4 to 5.7 
3 8 217 211 207 184 5.3 3.3 to 5.7 
3 4 217 211 207 181 2.7 3.0 to 5.7 
3 2 217 211 207 178 1.3 2.2 to 6.8 
3 1 217 211 207 175 0.7 0.0 to 8.9 
2 32 216 210 205 189 21.6 3.4 to 5.7 
2 16 215 210 206 186 10.7 3.4 to 5.4 
2 8 216 210 206 183 5.3 3.4 to 5.7 
2 4 216 210 206 180 2.7 3.1 to 5.9 
2 2 216 210 206 177 1.4 2.1 to 6.6 
2 1 216 210 205 174 0.9 1.3 to 8.0 
1 32 213 207 202 185 21.8 3.6 to 5.7 
1 16 213 207 202 182 10.9 3.6 to 5.6 
1 8 213 207 202 179 5.4 3.5 to 5.4 
1 4 213 207 202 176 2.7 3.2 to 5.7 
1 2 212 207 202 173 1.4 2.1 to 6.8 
1 1 212 206 202 171 0.8 0.0 to 8.7 

 
 
Example beam patterns measured for one and two TR-1075 transducers are provided as 

figure 65 for waveforms transmitted at a power setting 4 and a pulse width of 4 ms.  The 
observed half-power (i.e., -3 dB) beamwidths for single and double transducer transmissions 
were 77° and 38°, respectively.  A summary of beam pattern parameters for the Knudsen sub-
bottom profiling system are provided as table 23 where the directivity of the system varied only 
with additional acoustic transmit aperture provided by the second transducer. 
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Figure 65.  Knudsen Sub-Bottom Profiling System Beam Patterns 

 
Table 23.  Knudsen Sub-Bottom Profiling System Beam Pattern Summary 

Source Settings Beamwidth  
(degrees) 

Gain  
(dB) 

Pulse 
Width 
(ms) 

Transducers 
(1 or 2) -3 dB -10 dB 90° 180° 

2 1 79 171 -10 -15 
4 1 77 173 -9 -15 
8 1 82 187 -8 -15 
16 1 83 192 -8 -14 
32 1 78 196 -8 -15 
2 2 38 80 -17 -14 
4 2 38 81 -17 -14 
8 2 36 81 -18 -14 
16 2 40 82 -16 -14 
32 2 41 82 -17 -14 
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4. SEA FLOOR MAPPING SYSTEMS 

Sea floor mapping systems, including multibeam bathymetric echosounders, 
interferometers, and side scan sonars, employ acoustic sources that generate more complex beam 
patterns that lack the simple axial symmetry of strictly downward-looking devices such as sub-
bottom profilers and single-beam echo sounders.  These sea floor mapping systems scan a wide 
swath on either side of the ship’s track using a transmit beam that is broad in the across-track 
direction and narrow in the along-track direction as shown in figure 66.  Each transmission of the 
sonar system is processed to form a line scan of the sea floor bathymetry on either side of the 
ship’s track with multiple sequential lines combined to form a sea floor map.  Thus, the greatest 
acoustic intensities associated with operation of these systems may span a significant distance in 
the across-track direction, but they are confined to a narrow swath in the along-track direction as 
seen in figure 66.  These systems achieve the desired distribution of acoustic energy by use of 
linear or rectangular transmit apertures to focus sound as required by the application. 

 
 

 
 

Figure 66.  Multibeam and Side-Scan Sea Floor Mapping Systems 
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4.1 BATHYOMETRIC ECHOSOUNDERS 

Transmit arrays for multibeam and swath bathymetry survey systems are shown in 
figure 67 as each was rigged for source level and beam pattern measurements.  The transmit 
array for the Reson SeaBat T20P multibeam echosounder is shown in figure 67a as it was 
mounted to the flange coupling at the foot of the rotator shaft.  Transmit arrays for the 
Bathyswath SWATHplus-M interferometer sonar and Reson 7111 multibeam echosounder are 
shown in figures 67b and 67c as each was being prepared for measurements. 

 
Figure 67b illustrates the geometry used to define the measurement planes for the multibeam and 
swath bathymetry sonar source arrays.  As seen in the figure, the sources were attached to the 
rotator coupling using an adapter that maintained the system in an orientation for projection of 
the main beam in the horizontal direction.  The first measurement plane is defined as the plane 
that contains both the major axis and the outward normal vector, n̂ , at the aperture face.  Beam 
pattern measurements in this plane correspond to the along-track direction when in operational 
use.  Details for the measurement geometry are provided in figure 68 where the source-receiver 
separation was 10 m, the practical maximum that could be achieved with the 30 m reference 
hydrophone cable length.  This facility limitation resulted in the collection of acoustic data at 
distances that were, in some cases, somewhat less than optimal as the measurements did not 
always satisfy the acoustic far field requirement of reference 2. 

 
 

 
 

Figure 67.  Multibeam and Swath Bathymetry Sonars Rigged for Measurement 
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Acoustic data were observed using three Navy Type E27 high-frequency hydrophones arranged 
in a horizontal line as shown in figure 68b where the hydrophones spanned a total length of 
27 cm.  This arrangement provided three observations spaced at 0.5° for each transmitted 
waveform, thus providing for improved angular resolution and better characterization of the 
main beamwidths for these sources. 

 
 

 
 

Figure 68.  Multibeam Sonar Measurement Geometry (LEFAC) 

 
The second measurement plane contained both the minor axis and the outward normal vector.  
The beam patterns measured in this plane correspond to the across track direction.  Measurement 
of the transmit beam pattern in this plane containing the outward normal vector and minor axis of 
the aperture is shown in figure 69.  Note the acoustic source is shown rotated about the outward 
normal vector by 90° relative to figure 68 such that the major axis was oriented vertically.  Note 
that measurements performed in this plane required precise control over the measurement 
geometry to keep the narrow main beam oriented toward the reference standard hydrophone.  
Therefore, these measurements were performed in the OTF in Newport where the facility 
provides for more precise control than is available on the floating test platform in Leesburg.  
However, the source-receiver separation in the OTF was only 2 m, which was well short of the 
farfield distance prescribed by reference 1–a necessary compromise to facilitate observation of 
the across-track beam pattern. 
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Figure 69.  Multibeam Sonar Measurement Geometry (OTF) 

4.1.1 Reson Seabat 7111 Multibeam Echosounder System 

The Reson Seabat 7111 multibeam echosounder employs a single-frequency source that 
transmits at 100 kHz using an acoustic aperture of 49 cm.  The system generates a variety of 
operator selectable waveforms with various pulse widths and source levels.  The system also 
provides operator selectable (along-track) beamwidths of 1.5°, 3.0°, and 6.0°. 

 
Figure 67c shows the transmit array rigged for measurement of the along-track beam patterns by 
mounting to the foot of the rotator assembly stringer.  The measurement geometry is illustrated 
in figure 68.  The measurement geometry for waveform characterization and along-track beam 
patterns satisfied the source-receiver requirement articulated by equation (1) (see reference 2) 
where the source-receiver separation was 14.7 m while the estimated distance to the acoustic 
farfield was 13 m. 

 
Figure 70a shows an example of a 100-kHz continuous wave signal with a pulse width of 

1.5 ms and an along-track beamwidth of 3.0°.  The associated power spectral density is provided 
as figure 70b.  The figure shows five harmonics were clearly resolved in the acoustic data as 
indicated by the vertical lines at frequencies greater than the transmit frequency.  The locations 
of sub-harmonic frequencies are likewise indicated by vertical lines at frequencies less than 
100 kHz where no sub-harmonics of the transmit frequency were detected. 

 
Figure 70c illustrates the along-track beam pattern observed for a 1.5-ms waveform with 

3° beamwidth.  The measured 3-dB width of the transmitted signal was 2.6°, and the first 
sidelobe was about 15 dB down from the main beam level and located at a 7° angle.  The source 
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produced a complex set of sidelobes at angles ranging from forward to aft (with respect to the 
track line) as expected for a high-frequency source with significant aperture length (with respect 
to an acoustic wavelength).  This result was consistent among all of the pulse widths where the 
main beamwidth was 2.6 ±0.2° and the first sidelobe was 15 dB down.  Beamwidths observed 
for signals transmitted with the 6.0° setting were 5.2 ±0.2°.  No difference was observed between 
the observed and selected beamwidth at 1.5°.  The first sidelobes were 14 to 15 dB down. 

 
 

 
 

Figure 70.  Reson Seabat 7111 Waveform 230 dB re 1µPa@1m, 1.5 ms, 3.0° Beamwidth 
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Figure 71 illustrates the across-track beam patterns observed for a pulse width of 0.17 ms 
in the OTF.  The geometry employed for these measurements is shown in figure 69.  These 
measurements were performed in the OTF because observation of the across-track beam required 
more precise control over the measurement geometry than could be achieved on the floating test 
platform at Leesburg.  The measurements were performed with a source-receiver separation of 
only 2 m, considerably less than the desired distance.  While a longer measurement distance was 
preferred, the shorter distance was a compromise required to maintain the narrow along-track 
beam oriented toward the reference hydrophone as shown by figure 69.  The 3- and 10-dB 
beamwidths were about 160° and 200°, respectively. 

 
 

 
 

Figure 71.  Reson Seabat 7111 Across Track Beam Patterns 

 
Table 24 provides a summary of the observed waveform characteristics.  User selectable 

waveform parameters include source level, pulse width, and transmit beamwidth.  The observed 
source levels were within 2 dB of the operator selected level when the transmit beamwidth 
selection was set to 1.5°.  However, the observed source level decreased by about 6 dB for each 
doubling of beamwidth (i.e., 3° and 6°).  The observed sources levels were generally independent 
of pulse width for equal transmit beamwidth. 
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Table 24.  Reson Seabat 7111 Waveform Characteristics 

Source Settings Source Level  
(dB re 1µPa@1m) Effective  

Pulse 
Width  
(ms) 

Source 
Level 
(dB) 

Pulse 
Width 
(ms) 

Beamwidth 
(deg) Pk-Pk Pk RMS SEL 

230 0.17 1.5 233 228 224 185 0.15 
230 0.17 3.0 228 222 218 179 0.15 
230 0.17 6.0 221 215 211 173 0.15 
230 1.5 1.5 233 227 223 195 1.35 
230 1.5 3.0 227 221 218 189 1.35 
230 1.5 6.0 220 214 211 182 1.35 
230 3.0 1.5 233 227 223 197 2.68 
230 3.0 3.0 226 220 217 191 2.69 
230 3.0 6.0 No Data   
215 0.17 1.5 220 214 211 172 0.15 
215 0.17 3.0 214 208 205 166 0.15 
215 0.17 6.0 208 202 197 159 0.15 
215 1.5 1.5 220 214 210 181 1.34 
215 1.5 3.0 214 208 204 176 1.34 
215 1.5 6.0 208 202 198 169 1.45 
215 3.0 1.5 220 214 210 184 2.69 
215 3.0 3.0 214 208 204 179 2.70 
215 3.0 6.0 208 202 198 172 2.70 
200 0.17 1.5 206 200 196 158 0.16 
200 0.17 3.0 201 196 190 152 0.16 
200 0.17 6.0 197 191 184 146 0.16 
200 1.5 1.5 206 200 196 167 1.35 
200 1.5 3.0 201 195 190 161 1.37 
200 1.5 6.0 198 192 184 155 1.46 
200 3.0 1.5 206 200 196 170 2.72 
200 3.0 3.0 203 197 190 164 2.76 
200 3.0 6.0 200 194 184 159 2.95 
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4.1.2 Reson Seabat T20P Multibeam Echosounder System 

The Reson Seabat T20P multibeam echosounder is a multiple frequency source with 
transmit center frequencies of 200, 300, and 400 kHz with an acoustic aperture of 28 cm.  The 
system generates a variety of operator selectable waveforms with various pulse widths, power 
levels, and center frequencies for both continuous wave and frequency modulated waveforms. 

 
Figure 72a shows the transmit array for the T20P rigged for measurement of the along-track 
beam patterns by mounting to the foot of the rotator assembly stringer.  Also shown in the figure 
is a crossbar mounted above the tow body with two Navy Type F42D hydrophones affixed to 
either end.  These hydrophones were included in the test setup to provide a redundant source of 
rotation angle data using an out-of-band acoustic signal to estimate the rotation angles using 
phase differences between the hydrophones.  The measurement geometry is illustrated in 
figure 68. 

 
Measurement geometry for waveform characterization and along-track beam patterns 

satisfied the source-receiver requirement articulated by equation (1) (see reference 2) for the 
200-kHz waveform where the estimated distance to the acoustic farfield was 8 m.  The 
measurement geometry fell short of the desired distances of 12 and 16 m for the 300- and 400-
kHz waveforms, respectively.  While it is unlikely the non-optimum measurement geometry for 
the 300- and 400-kHz signals introduced significant error in the measured source levels, it may 
have influenced the off-axis measurements (reference 15) and sidelobe levels that were observed. 

 
Figure 72a shows an example of a 200-kHz continuous wave signal with a pulse width of 

300 µs.  The associated power spectral density is provided as figure 72b.  As shown in these 
figures, the transmit waveforms included tapers at the leading and trailing edges.  The first two 
harmonics were clearly resolved in the acoustic data as indicated by the vertical lines at 
frequencies greater than the transmit frequency in figure 72b.  The locations of sub-harmonic 
frequencies are likewise indicated by vertical lines at frequencies less than 200 kHz where no 
sub-harmonics of the transmit frequency were detected. 

 
Figure 72c illustrates the along-track beam pattern observed for the 200-kHz waveform 

where the 3-dB width of the transmitted beam was 1.9° and the first sidelobe was about 19 dB 
down from the main beam level and located at a 6° angle.  The source produced a complex set of 
sidelobes at angles ranging from forward to aft (with respect to the track line) as expected for a 
high-frequency source with significant aperture length (with respect to an acoustic wavelength).  
This result was consistent with the continuous wave signals at all transmit frequencies where the 
main beam width was 1.8 ±0.2° and the first sidelobe was 19 dB down. 
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Figure 72.  Reson T20P CW Waveform, 200 kHz, 300us, 220 dB re 1µPa@1m 

 
Figure 73 illustrates the across-track beam patterns observed at 200 and 300 kHz in the 

OTF.  The geometry employed for these measurements is shown in figure 69.  These 
measurements were performed in the OTF because observation of the across-track beam required 
more precise control over the measurement geometry than could be achieved on the floating test 
platform at Leesburg.  The measurements were performed with a source-receiver separation of 
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only 2 m, considerably less than the desired distance.  While a longer measurement distance was 
preferred, the shorter distance was a compromise required to maintain the narrow along-track 
beam oriented toward the reference hydrophone as shown in figure 69.  The 3- and 10-dB 
beamwidths were about 150° and 180°, respectively.  The first sidelobes were located at ±140° 
off the MRA and were about 25 dB down relative to levels on the main beam. 

 
 

 
 

Figure 73.  Reson T20P Across Track Beam Patterns 

 
User selectable output power levels for the T20P are provided as source level.  

Measurements were performed at three user settings including 220, 205, and 
190 dB re 1µPa@1m.  The observed source levels for the T20P varied slightly from the source 
levels indicated where the greatest difference was noted at the lowest source level setting.  For 
example, at 300 kHz the observed (rms) source levels were 221, 205, and 185 dB re 1µPa@1m.  
Results at other operating frequencies were similar.  Source level measurements for all three 
transmit frequencies are summarized in table 25. 
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Table 25.  T20P Waveform Characteristics–Continuous Wave 

Source Settings Source Level  
(dB re 1µPa@1m) Effective  

Pulse 
Width  

(µs) 
Freq. 
(kHz) 

Source 
Level 
(dB) 

Pulse 
Width 

(µs) 
Pk-Pk Pk RMS SEL 

200 220 300 226 221 218 182 250 
200 205 300 213 208 204 168 248 
200 190 300 193 187 184 150 254 
300 220 300 232 227 221 185 253 
300 205 300 215 210 205 169 252 
300 190 300 197 191 185 149 254 
400 220 300 229 223 220 184 254 
400 205 300 214 208 204 168 257 
400 190 300 197 191 185 150 269 

 
 
The T20P also provides a set of FM waveforms with pulse widths ranging from 1 to 

10 ms.  Figure 74a shows the time series for a frequency modulated waveform with a center 
frequency of 200 kHz transmitted at 220 dB re 1µPa@1m with a pulse width of 2 ms.  The 
waveform tapers are evident as is a somewhat variable pressure amplitude throughout the 
duration of the waveform.  As was the case for the continuous wave signals, the FM waveforms 
showed the first two harmonics clearly resolved but no evidence of sub-harmonic content (see 
figure 74b).  Significant properties of the beam patterns were also similar where the 3-dB width 
of the mainlobes were 1.5 ±0.5° and the first sidelobe was 20 to 23 dB down. 

 
Source level observations for select FM waveforms are tabulated in table 26.  Differences 

between the user selected and the effective source levels were somewhat greater than was noted 
for the continuous wave signal due in large part to the non-steady waveform amplitude observed 
in the FM signals.  Signals with pulse widths greater than 6 ms were not included in the 
tabulation due to crosstalk between the electrical transmit signals provided to the T20P 
transducer and the hydrophone signals.  While the crosstalk was also present for waveform pulse 
widths of 6 ms (and less), the crosstalk and hydrophone signals were resolved in time by the 
source-receiver travel time, thus the received acoustic data were not contaminated. 
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Figure 74.  Reson T20P FM Waveform, 200 kHz, 2 ms, 220 dB re 1mPa@1m 
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Table 26.  Reson T20P Waveform Characteristics–Frequency Modulated 

Source Settings Source Level  
(dB re 1µPa@1m) Effective  

Pulse 
Width  
(ms) 

Effective 
Bandwidth  

(kHz) Freq. 
(kHz) 

Source 
Level 
(dB) 

Pulse 
Width 
(ms) 

Pk-Pk Pk RMS SEL 

200 220 2 227 222 216 188 1.7 22.3 
200 220 4 228 223 216 191 3.4 19.0 
200 220 6 228 223 216 193 5.1 18.8 
300 220 2 230 225 218 190 1.6 20.0 
300 220 4 230 225 218 194 3.2 20.1 
300 220 6 230 225 218 195 4.9 20.5 
400 220 2 226 221 216 188 1.7 21.2 
400 220 4 226 220 216 191 3.3 17.9 
400 220 6 227 221 216 193 4.9 17.5 

4.1.3 Bathyswath SWATHplus-M Interferometric Sonar System 

The Bathyswath SWATHplus-M interferometer sonar is a 234-kHz single-frequency source with 
an acoustic aperture of 35 cm.  The system generates a variety of operator selectable waveforms 
with various pulse widths and power levels.  Figure 67b shows the transmit array for the 
Bathyswath SWATHplus-M rigged for measurement of the along-track beam patterns by 
mounting to the foot of the rotator assembly stringer.  The measurement geometry is illustrated 
in figure 68. 

 
Measurement geometry for waveform characterization and along-track beam patterns did 

not satisfy the source-receiver requirement articulated by equation (1) (see reference 3) where 
the estimated distance to the acoustic farfield was 15 m.  While it is unlikely the non-optimum 
measurement geometry introduced significant error in the measured source levels, it may have 
influenced data collected in the off-axis directions (reference 15) and sidelobe levels that were 
observed. 

 
Figure 75a shows an example of a 234-kHz continuous wave signal consisting of 

50 cycles, or about 215 µs.  The associated power spectral density is provided as figure 75b.  As 
seen in these figures, the transmit waveforms included tapers at the leading and trailing edges.  
Five harmonics were clearly resolved in the acoustic data as shown in figure 75b.  The locations 
of sub-harmonic frequencies are likewise indicated by vertical lines at frequencies less than 
234 kHz where no sub-harmonics of the transmit frequency were detected. 

 
Figure 75c illustrates the along-track beam pattern observed for the 234-kHz waveform 

where the 3-dB width of the transmitted beam was 1.3° and the first sidelobe was about 15 dB 
down from the main beam level and located at a 3° angle.  The source produced a complex set of 
sidelobes at angles ranging from forward to aft (with respect to the track line).  This result was 
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consistent with the continuous wave signals for all waveforms where the main beamwidth was 
1.2 ±0.2° and the first side lobe was 14 to 17 dB down. 

 
 

 
 

Figure 75.  Bathyswath SWATHplus-M Waveform, 234 kHz, 50 Cycles, 100% Power 
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Figure 76 illustrates the across-track beam patterns observed in the open tank facility 
OTF.  The geometry employed for these measurements is shown in figure 69.  These 
measurements were performed in the OTF because observation of the across-track beam required 
more precise control over the measurement geometry than could be achieved on the floating test 
platform at Leesburg.  The measurements were performed with a source-receiver separation of 
only 2 m, considerably less than the desired distance.  While a longer measurement distance was 
preferred, the shorter distance was a compromise required to maintain the narrow along-track 
beam oriented toward the reference hydrophone as seen in figure 41.  The 3- and 10-dB 
beamwidths were about 50° and 120°, respectively.  The sidelobe pattern was asymmetric with a 
single well-defined sidelobe located at about 90° and 23 dB down relative to the main beam. 

 
 

 
 

Figure 76.  Bathyswath SWATHplus-M Across Track Beam Patterns 

 
User selectable output power levels for the Bathyswath SWATHplus-M include pulse 

widths specified as number of cycles and output power specified as percent relative to maximum.  
Measurements of waveforms with numbers of cycles varying from 2 to 500 found that the source 
level was not independent of pulse width as shown in table 27.  The shortest waveform observed 
consisted of two cycles.  However, the source continued to radiate sound beyond two cycles as 
the transducer continued to oscillate for several additional cycles.  As a result, the effective pulse 
width of 32 µs was about 3.7 times longer than the duration of two waveform periods at 234 kHz 
(i.e., 8.5 µs).  Also noted was that the peak source level of 216 dB re 1µPa@m was 9 dB less 
than realized for the waveform composed of 10 cycles suggesting the transducer may require 
more than two waveform cycles to reach a steady state. 
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Table 27.  Bathyswath SWATHplus-M Acoustic Waveform Characteristics 

Source Settings Source Level  
(dB re 1µPa@1m) Effective  

Pulse 
Width  

(µs) 
Power 
Setting 

(%) 

Pulse 
Width 
(cycles) 

Pk-Pk Pk RMS SEL 

100 2 222 216 207 163 32 
100 10 230 225 218 174 39 
100 50 228 223 218 180 183 
100 100 223 218 213 179 369 
100 250 217 211 207 177 927 
100 500 213 207 202 175 1845 
100 50 228 223 218 180 183 
90 50 228 223 218 181 185 
80 50 228 222 218 180 185 
70 50 227 222 217 180 187 
60 50 227 222 217 179 186 
50 50 226 220 215 178 188 
40 50 225 219 214 176 191 
30 50 220 215 209 172 192 

 
 
Measurements showed the source level varied inversely with pulse width where the 

effective acoustic pressure diminished by 16 dB as the number of cycles was increased from 50 
to 500.  However, due to the increased waveform durations, the SEL was diminished by only 
5 dB.  Acoustic data were also collected for waveforms composed of 50 cycles at various power 
settings ranging from 100% to 30%.  The observed source levels ranged from 218 to 
209 dB re 1µPa@1m.  With the exception of the 30% power setting, changes in source level 
were consistent with the indicated power setting.  For example, the 50% power setting produced 
a source level that was 3 dB down relative to the 100% setting as expected.  However, the source 
level observed at the 30% power setting was about 4 dB less than would be expected from power 
considerations alone. 
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4.1.4 Echotrac CV100 Single-Beam Echosounder 

The Teledyne Odom Echotrac CV100 is a single-beam echosounder that operates at 
200 kHz.  The system generates a variety of operator selectable waveforms with various pulse 
widths and output power levels.  The measurement geometry is illustrated in figure 77.  The 
measurements were performed in the OTF in Newport, Rhode Island. 

 
 

 
 

Figure 77.  Echotrac CV100 Measurement Geometry 

 
Figure 78a shows an example of a 200-kHz continuous wave signal consisting of 

80 cycles for a nominal pulse width of 400 µs.  The associated power spectral density is provided 
as figure 78b.  The figure shows the first two harmonics were clearly resolved in the acoustic 
data as indicated by the vertical lines at frequencies greater than the transmit frequency.  The 
locations of sub-harmonic frequencies are likewise indicated by vertical lines at frequencies less 
than 200 kHz where no sub-harmonics of the transmit frequency were detected.  Figure 78c 
illustrates the beam pattern.  The measured 3-dB width of the transmitted signal was 7.0° and the 
first sidelobe was 14 dB down from the main beam level and located at a 12° angle. 

 
A variety of waveform options were observed with pulse widths varying from 10 cycles 

(50 µs) to 256 cycles (1.28 ms).  The output power level was varied from 4 to 12 as indicated in 
the sonar operator interface.  The observed source level varied from 175 to 193 dB re 1µPa@1m.  
Source levels were independent of pulse width.  Waveform characteristics for all tested signals 
are provided in table 28. 
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Figure 78.  Echotrac CV100 Waveform, 200 kHz, Power Setting 8, 80 Cycles 
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Table 28.  Echotrack CV100 Waveform Characteristics 

Source Settings Source Level  
(dB re 1µPa@1m) Effective  

Pulse 
Width  

(µs) 
Power 
Setting 

Pulse Width 
(cycles) Pk-Pk Pk RMS SEL 

12 10 201 195 192 149 45 
8 10 197 192 188 144 45 
4 10 185 179 176 133 46 
12 20 199 193 190 150 90 
8 20 197 191 188 147 88 
4 20 185 180 176 136 95 
12 40 202 196 193 156 181 
8 40 197 191 187 150 180 
4 40 186 180 176 138 184 
12 80 202 196 193 159 360 
8 80 196 191 187 153 356 
4 80 185 179 176 141 357 
12 160 203 197 194 163 711 
8 160 196 191 187 155 708 
4 160 185 179 175 144 712 
12 256 189 192 190 161 1130 
8 256 194 188 184 155 1129 
4 256 185 180 175 145 1133 

4.2 SIDE-SCAN SONAR SYSTEMS 

Figures 79 and 80 illustrate the mounting and measurement geometry for the side-scan 
sonar systems.  The tow body was attached to the rotator coupling using a tow point adapter that 
maintained the system in a straight and level orientation.  As a result, beam pattern 
measurements were not acquired in the two primary orthogonal planes as was done for the 
multibeam sonar systems.  Instead, the MRA was angled down as in operational use with 
reference standard hydrophones placed at a distance and depth needed to observe the acoustic 
field on the MRA of the array.  Acoustic data were collected at a source-receiver distance of 
14.1 m–the practical maximum that could be achieved with the 30-m reference hydrophone cable 
length.  This facility limitation resulted in the collection of acoustic data at distances that were, in 
some cases, somewhat less than optimal as the measurements did not always satisfy the acoustic 
farfield requirement of reference 2. 

 
Acoustic data were observed using three Navy Type E27 high-frequency hydrophones 

arranged in a horizontal line to as shown in figure 80b where the hydrophones spanned a total 
length of 27 cm.  This arrangement provided three observations spaced at 0.8° for each 
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transmitted waveform, thus providing for improved angular resolution and better characterization 
of the main beamwidths for these sources. 

 
 

 
 

Figure 79.  Klein 3000 Side-Scan Sonar Rigged for Measurement 

 

 
 

Figure 80.  Side-Scan Sonar Measurement Geometry 
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4.2.1 Klien 3000 Side-Scan Sonar 

The Klien 3000 side-scan sonar is a dual-band source with transmit frequencies of 
132 and 445 kHz with an acoustic aperture of about 45 cm in length.  The system generates a 
wide variety of operator selectable waveforms with pulse widths ranging from 25 to 400 µs.  The 
system includes 15 different range settings from 25 to 1,000 m.  While longer pulse widths are 
available to support surveys at longer ranges, the output source levels remained constant for each 
transmit frequency. 

 
The measurement geometry satisfied the source-receiver requirement articulated by 

equation (1) (see reference 2) for the 132-kHz waveforms where the estimated distance to the 
acoustic farfield was 13 m and acoustic data were collected at more than 14 m.  The farfield 
requirement was not satisfied for the 445-kHz waveforms where the farfield distance was 
estimated to be 45 m–a measurement distance that exceeded the facility capability.  While the 
non-optimum measurement geometry for the 445-kHz signals may not have introduced serious 
errors in the measured source levels, it likely influenced the off-axis measurements 
(reference 15) including the sidelobe levels that were observed. 

 
Figure 81a shows an example of a 132-kHz waveform with a pulse width of 400 µs.  The 

associated power spectral density is provided as figure 81b.  The figure shows the transmit 
waveforms included tapers at the leading and trailing edges, presumably to help reduce 
excitation of the transient response for the transmit system.  However, the first four harmonics 
were clearly resolved in the acoustic data as indicated by the vertical lines at frequencies greater 
than the transmit frequency in figure 81b.  The narrowband component observed near 1 MHz is 
of unknown origin.  The locations of sub-harmonic frequencies are likewise indicated by vertical 
lines at frequencies less than 132 kHz where no sub-harmonics of the transmit frequency were 
detected. 

 
Figure 81c illustrates the beam pattern observed for the 132-kHz waveform where the  

3-dB width of the transmitted beam was 1.8° and the first sidelobe levels were about 10 dB down 
from the main beam level.  The source produced a complex set of sidelobes at angles ranging 
from forward to aft (with respect to the track line) as expected for a high-frequency source with 
significant aperture length (with respect to an acoustic wavelength). 

 
Results for the Klien 3000 sonar system are summarized in table 29 for a variety of 

acoustic waveforms.  Effective (rms) source levels were 220 and 223 dB re 1µPa@1m at 132 and 
445 kHz, respectively.  Variations in the observed SEL were due solely to pulse width 
differences among the waveforms of a given transmit frequency.  The beamwidths of the MRA 
were about 2° and 1° at 132 and 445 kHz, respectively. 
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Figure 81.  Klein 3000 Side-Scan Sonar Waveform Example 
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Table 29.  Klein 3000 Side-Scan Sonar Acoustic Characteristics 

Source Settings Source Level  
(dB re 1µPa@1m) Eff. 

Pulse 
Width 

(µs) 

Main 
Lobe 

Max. Side 
Lobe 

Freq. 
(kHz) 

Pulse 
Width 

(µs) 

Range 
(m) Pk-Pk Pk RMS SEL 

Width  
(3 dB) 
(deg) 

Angle 
(deg) 

Gain 
(dB) 

132 50 25 229 224 219 176 44 2.4 -16 -10 
132 50 50 229 224 220 176 44 2.4 -17 -9 
132 50 100 229 224 220 176 42 2.2 -17 -10 
132 50 400 230 225 220 176 44 1.9 -17 -10 
132 50 600 230 225 220 176 44 2.2 -17 -9 
132 100 100 230 224 220 179 81 2.1 -17 -10 
132 200 200 230 225 220 182 168 1.8 -17 -10 
132 400 400 230 224 219 184 343 1.7 -17 -11 
132 400 600 230 224 219 184 343 1.8 -17 -11 
445 25 50 233 227 224 177 21 1.2 -5 -16 
445 25 600 233 227 223 177 21 0.8 -5 -17 
445 100 100 233 227 223 182 88 1.2 -5 -19 

4.2.2 Klein 3900 Side-Scan Sonar 

The Klien 3900 side-scan sonar is a dual-band source with transmit frequencies of 
445 and 900 kHz with an acoustic aperture of about 40 cm in length.  The system generates a 
variety of operator selectable waveforms with pulse widths for different range settings.  The 
system includes 11 different range settings from 10 to 200 m.  While longer pulse widths are 
available to support surveys at longer ranges, the output source level remained constant for the 
445-kHz waveforms.  Data were not collected for the 900-kHz waveforms as they were beyond 
the maximum frequency of interest defined for the study. 

 
Figure 82 shows the Klein 3900 rigged for measurement by mounting to the foot of the 

rotator assembly stringer.  Also shown is a crossbar mounted above the tow body with two Navy 
Type F42D hydrophones affixed to either end.  These hydrophones were included in the test 
setup to provide a redundant source of rotation angle data using an out-of-band acoustic signal to 
estimate the rotation angles using phase differences between the hydrophones. 

 
The measurement geometry did not satisfy the source-receiver requirement articulated by 

equation (1) (see reference 2) for the 445-kHz waveforms where the estimated distance to the 
acoustic farfield was 38 m.  While the non-optimum measurement geometry for the 445-kHz 
signals may not have introduced serious errors in the measured source levels, it likely influenced 
the off-axis measurements (reference 15) including the observed sidelobe levels. 
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Figure 82.  Klein 3900 Side-Scan Sonar Rigged for Measurement 

 
Figure 83a shows an example of a 445-kHz waveform with a pulse width of 100 µs.  The 

associated power spectral density is provided as figure 83b.  The figures show the transmit 
waveforms included tapers at the leading and trailing edges, presumably to help reduce 
excitation of the transient response for the transmit system.  However, there was some evidence 
of the second harmonic in the acoustic data as indicated by the vertical lines at frequencies 
greater than the transmit frequency in figure 83b.  The locations of sub-harmonic frequencies are 
likewise indicated by vertical lines at frequencies less than 445 kHz where no sub-harmonics of 
the transmit frequency were detected. 

 
Figure 83c illustrated the beam pattern observed for the 445-kHz waveform where the  

3-dB width of the transmitted beam was 1.3° and the first sidelobe levels were about 20 dB down 
from the main beam level.  The source produced a complex set of sidelobes at angles ranging 
from forward to aft (with respect to the track line) as expected for a high-frequency source with 
significant aperture length (with respect to an acoustic wavelength).  Beam pattern details are 
provided for information only as it was not feasible to perform these measurements in the 
acoustic farfield of this sonar system. 

 
Results for the Klein 3900 sonar system are summarized in table 30 for select acoustic 

waveforms.  Effective (rms) source levels were 220 dB re 1µPa@1m at 445 kHz.  Variations in 
the observed SEL were due solely to pulse width differences among the waveforms of a given 
transmit frequency. 
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Figure 83.  Klein 3900 Side-Scan Sonar Waveform Example 
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Table 30.  Klein 3900 Side-Scan Sonar Acoustic Characteristics 

Source Settings Source Level  
(dB re 1µPa@1m) Eff. 

Pulse 
Width 

(us) 

Mainlobe 
Max. 

Sidelobe 

Freq. 
(kHz) 

Pulse 
Width 

(µs) 

Range 
(m) Pk-Pk Pk RMS SEL 

Width  
(3 dB) 
(deg) 

Angle 
(deg) 

Gain 
(dB) 

445 100 150 232 226 220 179 84 1.3 3 -20 
445 32 150 230 224 220 175 31 1.6 -5 -18 
445 25 150 229 223 220 173 20 1.8 -5 -16 
445 16 150 229 223 220 172 16 1.6 4 -20 

4.2.3 EdgeTech 4200 Side-Scan Sonar 

The EdgeTech 4200 side-scan sonar is a dual-band source with nominal center 
frequencies of 100 and 400 kHz with an acoustic aperture of about 50 cm in length.  The system 
generates a variety of operator selectable waveforms with range settings from 50 to 400 m.  The 
system is shown rigged for measurement in figure 84. 

 
 

 
 

Figure 84.  EdgeTech 4200 Side-Scan Sonar Rigged for Measurement 

 
The measurement geometry satisfied the source-receiver requirement articulated by 

equation (1)  (see reference 1) for the 100-kHz waveforms where the estimated distance to the 
acoustic farfield was 13 m and acoustic data were collected at more than 14 m.  The farfield 
requirement was not satisfied for the 400-kHz waveforms where the farfield distance was 
estimated to be 53 m, a measurement distance that exceeded the facility capability.  While the 
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non-optimum measurement geometry may not have introduced series errors in source level 
measurements for the 400-kHz signals, it likely influenced the off-axis measurements 
(reference 15) including the sidelobe levels that were observed. 

 
Figure 85a shows an example of a 100-kHz waveform (actual center frequency 

~125 kHz) transmitted at 100% power with range setting of 400 m where the effective (90%) 
pulse width was 7.2 ms.  The associated power spectral density is provided as figure 85b.  As 
seen in these figures, the transmitted signals were Gaussian amplitude-modulated waveforms.  
Harmonic frequencies are indicated by vertical lines at locations exceeding the transmit 
frequency where the second harmonic was resolved.  Sub-harmonic frequencies are likewise 
indicated by vertical lines at locations less than the transmit frequency.  Inspection of figure 85b 
reveals the presence of significant signal power, labeled as EMI (electromagnetic interference), 
at the frequency corresponding to the first sub-harmonic of the transmit frequency. 

 
Figure 85c illustrates the beam pattern observed for the 100-kHz waveform where the  

3-dB width of the transmitted beam was 1.3° and the first sidelobe levels were about 20 dB down 
from the main beam level.  The source produced a complex set of sidelobes at angles ranging 
from forward to aft (with respect to the track line) as expected for a high-frequency source with 
significant aperture length (with respect to an acoustic wavelength). 

 
Analysis showed the energy in the vicinity of the first sub-harmonic of the transmit 

frequency was due to EMI and was not an acoustic signal radiated by the Edgetech 4200.  
Figure 86 shows the spectrogram of the same waveform illustrated in figure 85.  The acoustic 
reception (and second harmonic) is clearly resolved from about 15 to 30 ms.  Also noted in this 
figure is a continuous, periodic oscillation at about 60 kHz that was not associated with active 
transmission from the side-scan sonar.  Thus, while this interference appeared in a frequency 
band that was associated with the first sub-harmonic of the transmit frequency, temporal 
characteristics observed in the spectrogram revealed it to be electronic interference and not 
acoustic in origin.  Figure 86 also shows elevated noise levels at discrete frequencies including 
20, 160, 200, and 240 kHz and broadband transient doublets at about 5, 12, 22, and 28 ms.  All 
of these sources were of unknown origin and within about 10 dB of the measurement system 
noise floor. 

 
Analysis also showed the EMI observed in figure 85b was not entirely absent from data 

collected with the other side-scan sonar systems despite the apparent lack of a prominent feature 
at about 60 kHz.  Figure 87a compares the power spectrum of waveforms radiated by the Klein 
3000 and EdgeTech 4200 sonar systems.  While the two sonar systems transmitted signals with 
similar frequencies, the pulse widths were significantly different at 0.3 and 7.2 ms for the Klein 
and EdgeTech, respectively.   
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Figure 85.  EdgeTech 4200 Waveform Example 

 
As previously discussed, Welch’s Method (reference 5) was employed for estimation of 

the waveform power spectrum.  In accordance with common signal processing methods, a 
Hamming window was applied to the time series prior to power spectrum estimation.  Thus, the 
underlying signal spectrum was convolved with the frequency spectrum of the Hamming 
window resulting in a general broadening of the peak at the transmit frequency and the addition 
of an extensive set of sidelobes (reference 16) that, for sufficiently short time windows (i.e., 



 

 121 

pulse width), can control the effective dynamic range of the power spectrum.  For example, 
figure 87b presents the power spectrum for two simulated, noiseless signals with the same 
transmit frequency, amplitude and pulse widths as the Klein 3000 and EdgeTech 4200 side-scan 
sonars.  Note the effective dynamic range in the power spectrum of the simulated Klein 
waveform (i.e., 132 kHz, 0.3 ms) is controlled by sidelobes in the frequency spectrum that are 
about 50 dB less than the peak at the transmit frequency.  However, the effective dynamic range 
in the power spectrum of the simulated EdgeTech signal (i.e., 125 kHz, 7.2 ms) was significantly 
greater:  a direct result of the longer record length.  Thus, the prominent interference at about 
60 kHz in the power spectrum of the EdgeTech waveform was not unique to this sonar.  The 
same level of interference was present in the Klein waveform but was obscured by sidelobes in 
the frequency spectrum.   

 
Careful inspection of the power spectrum for the Klein sonar, facilitated by comparison 

of figures 87a and 87b, reveals the presence of EMI at 60 kHz despite the absence of the 
prominent feature that is apparent in the EdgeTech sonar data.  In short, the apparent dynamic 
range of the power spectrum for the EdgeTech sonar data was controlled by the noise floor of the 
measurement system.  In contrast, the apparent dynamic range of the power spectrum for the 
Klein sonar data was controlled by sidelobes in the frequency spectrum–an unavoidable artifact 
of the signal processing methods used. 

 
 

 
 

Figure 86.  EdgeTech Waveform with Electromagnetic Interference 
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Figure 87.  Power Spectrum of Observed and Simulated (Noiseless) Sonar Signals 

 
While characteristics of the EMI suggest fluorescent lighting may have been the source, 

attempts to isolate and eliminate the interference were not successful.  Nonetheless, the 
interference did not significantly influence the calculated acoustic parameters as it was well out 
of the analysis band for these signals. 

 
Results for the EdgeTech 4200 sonar system are summarized in table 31 for a variety of 

acoustic waveforms.  The (rms) source level at 100 kHz and 100% power was 
201 dB re 1µPa@1m independent of range setting.  The effective source level at 50% power was 
reduced by 6 dB, a finding more consistent with a 50% reduction in projector drive voltage than 
with a 50% reduction in transmit power.  The effective source level at 400 kHz and 100% power 
was 205 dB re 1µPa@1m. 
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Table 31.  EdgeTech 4200 Side-Scan Sonar Acoustic Characteristics 

Source Settings Source Level 
(dB re 1µPa@1m) Eff. 

Pulse 
Width 
(ms) 

Main 
Lobe 

Max. 
Sidelobe 

Freq. 
(kHz) 

Power 
(%) 

Range 
(m) Pk-Pk Pk RMS SEL 

Width 
(3 dB) 
(deg) 

Angle 
(deg) 

Gain 
(dB) 

100 100 400 212 206 201 179 7.2 2.1 -7 -19 
100 100 200 212 206 201 176 3.7 2.5 -7 -19 
100 100 100 212 206 201 175 2.6 2.6 -7 -18 
100 100 50 212 206 201 171 1.1 1.6 -7 -19 
100 75 50 209 203 198 168 1.2 2.1 8 -18 
100 50 50 206 200 195 165 1.1 1.9 7 -19 
400 100 400 216 210 205 176 1.3 2.6 11 -20 
400 100 200 216 210 205 176 1.3 1.8 -3 -17 
400 100 100 216 210 205 176 1.1 1.9 10 -22 
400 100 50 216 210 205 176 1.1 1.9 -8 -22 
400 75 50 215 209 204 174 1.1 2.4 7 -22 
400 50 50 210 204 198 169 1.1 1.8 -7 -21 
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5. CONCLUSIONS 

Given the significant scientific questions and uncertainty about the potential impacts 
associated with noise in the marine environment, an increasing number of regulatory 
requirements and precautionary mitigation strategies are being applied to minimize the risk 
associated with high-resolution marine geophysical surveys performed in U.S. waters.  Agencies 
of the U.S. government both regulate and operate geophysical survey systems in the performance 
of their respective missions.  While BOEM is the agency responsible for ensuring that 
environmental mitigation requirements are scientifically supported, cost effective, operationally 
feasible and impact reducing, the USGS is required to comply with those regulations in the 
performance of their Coastal and Marine Geology Program.  Other government agencies, 
academic institutions, and commercial interests are similarly affected.  However, information 
required to assess the ecological risks associated with the operation of a given high-resolution 
survey system has not been generally available.  Therefore, characterizing the acoustic fields 
radiated by these systems is a critical first step to understanding the potential impacts to marine 
ecosystems. 

 
This report presented results of work performed by the Underwater Sound Reference 

Division of the Naval Undersea Warfare Center Division Newport to quantify the characteristics 
of sounds radiated by a wide variety of marine geophysical survey systems.  The overall 
objective of this study was to acquire and analyze calibrated acoustic source data for a number of 
commonly used geophysical sources as required to support subsequent sound source verification 
of these sources, in situ by future BOEM-USGS studies.  This objective was satisfied by the 
execution of a comprehensive measurement program performed over the period of January to 
August 2015 at three different facilities.  Among the particular findings of this study are the 
following items. 

 
Many of the geophysical survey systems radiated non-negligible sound intensity at 

harmonics of the transmit frequency.  None of the survey systems radiated detectable levels of 
sound at sub-harmonics of the transmit frequency.  However, it is possible that sub-harmonic 
sound radiation may have been present but masked by sidelobes in the frequency spectrum for 
the shorter pulse widths (see figure 86 and related discussion).  If present, such sub-harmonic 
content was at least 40 to 50 dB below the sound intensity at the transmit frequency. 

 
The Reson T20P and the Reson Seabat 7111 were the only systems included in this study 

to report the transmit source level to the operator in decibels.  The T20P operator display 
reported source levels that were within 2–3 dB of the measured peak source levels.  The 7111 
operator display reported source levels that were within 2–3 dB of the measured peak source 
levels for the 1.5° transmit beamwidth.  The measured source level was decreased for increasing 
transmit beamwidth as would be expected for fixed transmit power.  In particular, the measured 
source level of the 7111 decreased by 6 dB for each doubling of transmit beamwidth (i.e., 3.0° 
and 6.0°). 

 
Operator displays provided by the EdgeTech sub-bottom profiling and side-scan sonar 

systems did not accurately report the effect of varying the power setting.  All of the EdgeTech 
systems included in this study reported the transmit power in percent.  However, source levels 
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when operating at 50% power were about 6 dB lower than when operating at 100% power (see 
tables 14, 15, 16, 18, 19, and 31).  This behavior was more consistent with a 50% reduction in 
drive voltage (i.e., 6 dB) than a 50% reduction in radiated acoustic power (i.e., 3 dB). 

 
Two systems were found not to function in accordance with manufacturer’s 

specifications.  First, EdgeTech 512i sub-bottom profiling system (S/N 027076) was found to 
have a malfunctioning low-frequency transducer that significantly reduced the radiated intensity 
for frequencies below about 2.6 kHz (see figures 59 and 60).  Repair or replacement of the low-
frequency transducer is required for full performance of this system.  Second, the FSI HMS-
620D dual source bubble gun was found to have a malfunctioning transceiver.  The transmit 
voltage signals when operating two channels were not synchronized as required to generate a 
single-peaked waveform (see figures 27 to 29).  In addition, the system appeared to randomly 
transition between single-channel and dual-channel operations when attempting to operate on 
transmit channel 2 only (see figure 30). 

 
The peak acoustic pressures generated by the Applied Acoustics Delta-Sparker were 

associated with secondary radiation of sound from the collapse and oscillation of the steam 
bubble and not from the initial impulse during discharge of the high-voltage impulse (see 
figure 40). 

 
Acoustic particle motion in the vicinity of the Sercel Mini-GI airgun was estimated from 

data collected with a tetrahedral array of hydrophones deployed at a distance of 15 m from the 
gun.  The measurement geometry and array design were configured to facilitate validation of the 
array and signal processing needed to estimate the acoustic particle acceleration and velocity.  
Data provided by the array were used to estimate the acoustic particle velocity to within 3% of 
the velocity predicted by consideration of the specific acoustic impedance of a plane propagating 
wave field.  Information to design, build, and employ a similar tetrahedral array of hydrophones 
for the estimation of acoustic particle motion was provided. 

 
This study reported on the acoustic characteristics of a selection of high-resolution 

geophysical survey systems manufactured by various companies.  Their inclusion in this report 
does not constitute an endorsement by the U.S. government or any agency thereof. 

 
Data presented in this report are traceable to measurement standards maintained by the 

USRD. 
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