
Distribution Statement A: Approved for public release; distribution is unlimited. 

 

 

 

Analysis and Modeling of Acoustic and Environmental Measurements  

from Underwater Detonation Training Events on the Pu`uloa  

Underwater Detonation Range, O`ahu, Hawai`i 

 

by Peter H. Dahl, Lee H. Shannon1, Alex Soloway, David R. Dall’Osto, and Dara Farrell 

1
Naval Facilities Engineering Command, Engineering and Expeditionary Warfare Center, Pearl Harbor, HI 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

7 April 2017 
 

Applied Physics Laboratory 
University of Washington 

1013 NE 40th Street 
Seattle, WA 98105-6698 

 
 
 
  



    ________________UNIVERSITY OF WASHINGTON  APPLIED PHYSICS LABORATORY_____________ 

 2

 

 

 

ACKNOWLEDGMENTS 

Funding for this effort was provided by the Commander, Pacific Fleet Environmental Readiness 
Division and arranged by Julie Rivers. The effort was coordinated by Sean Hanser, Naval 
Facilities Engineering Command, Pacific. The authors thank the active duty sailor of U.S. Navy 
Mobile Diving and Salvage Unit ONE, Company 1-8 led by LT Chris Price for their pivotal role 
in deploying and recovering our autonomous instrumentation, and in executing the underwater 
detonation events in close coordination with the science teams. We also thank Michael Parker of 
Parker Marine Corporation for his ready and able assistance in the field.  

 

  



    ________________UNIVERSITY OF WASHINGTON  APPLIED PHYSICS LABORATORY_____________ 

 3

EXECUTIVE SUMMARY 

A team of researchers (Peter Dahl, Dara Farrell, David Dall’Osto, and Alex Soloway) from the 
Applied Physics Laboratory of the University of Washington (APL-UW), working in 
cooperation with Lee Shannon of Naval Facilities Engineering Command Engineering and 
Expeditionary Ware Center (NAVFAC EXWC) and LT Chris Price of U.S. Navy Mobile Diving 
and Salvage Unit ONE, Company 1-8, conducted studies on the acoustic levels and propagation 
from explosive sources at the U.S. Navy Pu`uloa Underwater Detonation (UNDET) Range at 
Pearl Harbor, HI (21°17’27”N 157°59’28”W).  

This report provides equations to the Commander, Pacific Fleet Environmental Readiness 
Division to calculate expected levels of the underwater sound field created from explosive 
sources that may be applied to environmental characterization or UNDET training mission 
planning on the Pu`uloa Range with respect to possible noise exposure to marine mammals and 
turtles. The equations derived from actual experimental observation of UNDETs are for peak 
acoustic pressure and sound exposure level (SEL), which are the key metrics for determining the 
zone of influence (ZOI) for marine mammal mitigation. Of particular note is that the equations 
generated from this work contain variables and ratios familiar to military explosives experts in 
their normal course of operations, providing terms that almost seamlessly translate to operational 
use requiring no advanced physics or mathematics training to use at the tactical level. The report 
also provides a comprehensive summary of the data analysis involving acoustic transmission loss 
and energy flux density from explosive sources, to set the stage for continuing university 
research in underwater sound propagation. 

The report describes the experiment plan covering the 3-day field operation (17–19 May 
2016) involving repeated measurements from explosive sources with net explosive weights 
(NEW) of 5, 10, and 17.6 lbs. Estimates of peak pressure, SEL, energy flux density, and 
transmission loss were calculated from the data. The plan addressed the Pu`uloa Range site 
bathymetry by conducting measurements in both the cross-shore and alongshore directions. 

Our analysis shows that underwater sound levels from explosive sources detonated on the 
seabed in the shallow Pu`uloa Range are considerably less than sound levels resulting from 
comparable mid-water detonations in deeper water.  The physical basis behind these observed 
lower levels is not, as yet, fully understood. Therefore, we present two sets of equations for 
UNDET mission and mitigation planning on the Pu`uloa Range. The first set was developed to 
describe the metrics of peak pressure and SEL at other U.S. Navy training ranges, e.g., off 
Virginia (Virginia Capes Operating Area) and San Diego (Silver Strand Training Complex). This 
set is referred to here as the upper bound equations. 

upper bound for peak pressure 

௣ܲ௘௔௞ሺ݀ܤ	re	1ܽܲߤሻ ൌ െ22.6 ൈ logଵ଴ ቀ
ோ

ௐభ/యቁ ൅ 	274   

upper bound for SEL 

ሻݏଶܽܲߤ	1	݁ݎ	ܤሺ݀	ܮܧܵ ൌ 6.14	 ൈ logଵ଴ ൬ܹଵ/ଷ ቀ ோ

ௐభ/యቁ
ିଶ.ଵଶ

൰ ൅ 219       
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The second set is derived from the May 2016 Pu`uloa Range data as described in this 
report.  

Pu`uloa-based equation for peak pressure 

௣ܲ௘௔௞ሺ݀ܤ	re	1ܽܲߤሻ ൌ 	െ36.07 ൈ logଵ଴ ቀ
ோ

ௐభ/యቁ ൅ 	297     

Pu`uloa-based equation for SEL 

ሻݏଶܽܲߤ	1	݁ݎ	ܤሺ݀	ܮܧܵ ൌ 12.58	 ൈ logଵ଴ ቆܹଵ/ଷ ൬
ܴ

ܹଵ/ଷ൰
ିଶ.ଵଶ

ቇ ൅ 234 

 

 

(left) Comparison of the empirical mode (solid line) that describes peak pressure as a function of 
range from source (R in m) and net explosive weight (W in kg) with Pu`uloa data (symbols). The 
dashed line is the corresponding upper bound equation. (right) The same comparison involving 
SEL.  

 

The four equations presented in this report thus provide options to the Pu`uloa Range 
operator: upper bounds can be assessed using the two previously published equations, which will 
result in a larger ZOI, or assessments can be made using the new data-driven equations, which 
will result in a smaller ZOI for a given threshold.  Predictions based on these equations should be 
avoided for scenarios outside the range of data sampled.  This can summarized as peak pressure 
exceeding 220 dB re 1 Pa, and maximal range exceeding 3000 m.   
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1.  INTRODUCTION 

A team of researchers (Peter Dahl, Dara Farrell, David Dall’Osto, and Alex Soloway) from the 
Applied Physics Laboratory of the University of Washington (APL-UW), working in 
cooperation with Lee Shannon of Naval Facilities Engineering Command Engineering and 
Expeditionary Ware Center (NAVFAC EXWC) and LT Chris Price of U.S. Navy Mobile Diving 
and Salvage Unit ONE, Company 1-8, conducted studies on the acoustic levels and propagation 
from explosive sources at the U.S. Navy Pu`uloa Underwater Detonation (UNDET) Range at 
Pearl Harbor, HI (21°17’27”N 157°59’28”W). 

This report provides equations to the Commander, Pacific Fleet Environmental Readiness 
Division to calculate expected levels of the underwater sound field created from explosive 
sources that may be applied to environmental characterization or UNDET training mission 
planning on the Pu`uloa Range with respect to possible noise exposure to marine mammals and 
turtles. The equations derived from actual experimental observation of UNDETs are for peak 
acoustic pressure and sound exposure level (SEL), which are the key metrics for determining the 
zone of influence (ZOI) for marine mammal monitoring. 

Of particular note is that the equations generated from this work contain variables and 
ratios familiar to military explosives experts in their normal course of operations, providing 
terms that almost seamlessly translate to operational use requiring no advanced physics or 
mathematics training to use at the tactical level. It also provides a comprehensive summary of the 
data analysis involving acoustic transmission loss (TL). Research continues on the nature of 
underwater sound propagation on the Pu`uloa Range and the Hawaii Range Complex in general, 
and the extent to which detonation of explosive sources in close proximity to a hard seabed 
influences the total sound energy.   

This is the final report by APL-UW for the NAVSEA task (0064): Detailed Analysis and 
Modeling of Acoustic and Environmental Measurements from Underwater Detonation Training 
Events on the Pu`uloa Underwater Detonation Range (NAVSEA contract #N00024-10-D-6318). 
It represents a follow up to a preliminary report issued in July 2016 for the same contract, task 
(0045): Underwater Noise Level and Propagation Measurements of Underwater Detonation 
Training Events on the Pu`uloa Underwater Detonation Range in the Hawaii Complex.  

The report is organized as follows: Section 2 describes the basic measurement plan 
covering the three days of field operations, 17–19 May 2016, on the Pu`uloa UNDET Range. 
The environmental measurements relating to water column sound speed and sea surface 
directional waves are summarized in Section 3.  

Section 4 describes the acoustic measurements, beginning with a review of underwater 
sound from explosive sources including the concept of scaled range. Here, previously published 
equations for the metrics peak pressure and SEL are presented; it is shown that these equations 
provide upper or conservative bounds for these metrics related to the Pu`uloa Range. Section 4 
reviews sound energy flux density and TL from explosive sources and presents measures of these 
quantities in the cross-shore and alongshore directions. It is shown that underwater sound levels 
from explosive sources detonated on the seabed on the shallow, Pu`uloa Range are considerably 
less than those resulting from comparable mid-water detonations in deeper water.  
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Section 5 presents new empirical equations for peak pressure and SEL based on the 
Pu`uloa Range data from the May 2016 tests. The four equations presented in this report thus 
provide options to the Pu`uloa Range operator: upper bounds can be assessed using the two 
previously published equations, which will result in a larger ZIO, or assessments can be made 
using the new data-driven equations, which will result in a smaller ZOI for a given threshold. 

 
2.  MEASUREMENT PLAN  

The at-sea phase of the Pu`uloa Range field trial occurred over a 3-day period, 17–19 May 2016, 
during which acoustic recordings were made from three explosive charges of identical weight 
that were detonated each day, providing an opportunity to evaluate repeatability in the explosion 
process. Explosive charges weighing 5, 17.6, 10 lbs (not including the detonation cord) were 
detonated underwater on 17, 18, and 19 May, respectively. These weights correspond to net-
explosive weight (NEW) exclusive of detonation cord. An itemization of all explosive material 
used in each test is provided by the mission brief prepared by LT Price (Appendix). 

The acoustic experiment geometry at the Pu`uloa Range required deployment of 
measurement instruments with respect to the UNDET site (Figure 1). The strategy was to 
measure underwater sound originating from the UNDET site simultaneously from two 
directions: one aligned with a cross-shore direction (Figure 2) and one aligned parallel to the 
shore (Figure 3), approximately following an isobath over which depths were 8–10 m. 

 

 
Figure 1.  Map of the measurement geometry and bathymetry for the 3-day Pu`uloa Range trial 
in May 2016, showing locations of the UNDET source, charter vessel and deployment of vertical 
line array (white triangle), and the two autonomous recording tripod systems (green and orange 
triangles). Note the orange system was repositioned closer to the UNDET site on day 3.  
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Figure 2.  The measurement configuration in the cross-shore direction. A vertical line array 
(VLA) of nine hydrophones, separation 2 m, was deployed from a charter vessel that was moored 
at this site. Also shown is a directional wave buoy deployed near the vessel. (Depths and ranges 
shown are nominal; precise values for each location at the time of each UNDET event, because 
of tidal dependence, are provided in Table 1.) 

 

 

Figure 3. The measurement configuration in the alongshore direction.  Two autonomous 
hydrophone systems were deployed; one system (orange) was positioned 750 m down range from 
the UNDET (moved to 500 m on day 3). The second (green) system, was placed at range 1500 m, 
and consisted of dual hydrophones, one with high sensitivity and other with low sensitivity. 
(Depths and range shown are nominal; precise values for each location at the time of each 
UNDET event, because of tidal dependence, are provided in Table 1.) 
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For the cross-shore direction the motor vessel Ho`oponopono (chartered from Parker 
Marine Corporation, Honolulu, HI) was used as the primary research platform. Ho`oponopono 
anchored at a station located approximately 900 m offshore from the UNDET site, where water 
depth was approximately 18 m. From the chartered vessel, acoustic measurements were made 
using a vertical line array (VLA) of nine hydrophones (model ITC 1042) with separation 2 m and 
spanning nearly the entire water column at the anchorage site. 

Hydrophone sensitivity for the VLA depended on the particular hydrophone and its 
cabling (documented for each hydrophone), with nominal receive sensitivity of –206 dB re 1 
V/Pa. Additionally, conductivity-temperature-depth (CTD) recordings were made from the 
research vessel to determine sound speed as a function of depth using a SonTek YSI CastAway 
CTD, and directional sea surface wave measurements were made with a 40-cm Directional 
Waverider buoy (Datawell DWR-G4) deployed near the VLA mooring. 

For the alongshore direction, two autonomous hydrophone systems (Loggerhead 
Instruments) were deployed along a line parallel to the shoreline that intersected the UNDET site 
and the two hydrophone locations. One system (Figure 1, orange triangles) was positioned 750 m 
down range from the UNDET (moved to 500 m on day 3), with a receive sensitivity of –220 dB 
re 1 V /μPa. The second system (Figure 1, green triangle) was placed at range 1500 m and 
consisted of dual hydrophone systems, one with high sensitivity (–170 dB re 1 V /μPa) and one 
with low sensitivity (–220 dB re 1 V /μPa), enabling measurements over a dynamic range >100 
dB. The second system (see Figure 4) enabled studies of ambient noise conditions immediately 
before, during, and after an UNDET event; it also provides recording details of the low-level 
precursor signal that arrives prior to the direct, high-level signal. The high sensitivity portion of 
the system was designed for ongoing background ambient noise studies [1]. 

 

 

Figure 4. Photograph of the autonomous recording system (see Figure 1 green triangle, dual 
system) deployed at range 1500 from the UNDET site showing U.S. Navy divers from CO 1-8 
making final adjustments on the deployment.   
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Table 1.  Ranges and depths of UNDET and instruments. The hydrophone depths at each tripod 
and at the VLA site were measured with Hobo® water level loggers.  

Date Site Water Depth (m) Site Range(m) Hydrophone Depth (m) 

17 May 

UNDET 10.3 0 N/A 

Orange Tripod 8.2 758 7.1 

Green Tripod 8.8 1503 7.7 

VLA  18.6* 899 16.8 
 

18 May 

UNDET 10.6 0 N/A 

Orange Tripod 8.3 758 7.1 

Green Tripod 9.2 1503 8.0 

VLA  18.8* 881 16.6 
 

19 May 

UNDET 10.3 0 N/A 

Orange Tripod 9.3 513 8.1 

Green Tripod 8.8 1503 7.7 

VLA  18.5* 891 16.2 
 

 

 
3.  ENVIRONMENTAL MEASUREMENTS 

Three estimates of the sound speed profile (Figure 5) taken approximately 24 h apart show 
sound speed to be nearly constant with depth, within 1536–1537 m/s. Consistent sound speed is 
expected for this shallow water environment because of mixing from wave action. Directional 
wave conditions measured at the VLA site on 17 May (Figure 6) show waves of frequency ~ 
0.18 Hz originating from about 135o, and a low-frequency swell component (frequency 0.1 Hz) 
originating from about 180o. The root-mean-square wave height is 0.33 m and the significant 
wave height is 1.34 m. Directional wave conditions measured on 18 and 19 May were in good 
agreement with those from 17 May (data not shown).  
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Figure 5.  Sound speed versus depth measured at the VLA site taken on 17, 18, and 19 May 
between 2030 and 2200 UTC. Sound speed is nearly constant with depth, within 1536–1537 m/s. 

 

 

Figure 6.  Directional wave conditions measured at the VLA site on 17 May. Directional wave 
spectrum showing waves (frequency ~ 0.18 Hz) originating from about 135o, and a low-
frequency swell component (frequency 0.1 Hz) originating from about 180o. The root-mean-
square wave height is 0.33 m and the significant wave height is 1.34 m. 
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4.  ACOUSTIC MEASUREMENTS 

4.1  Underwater explosions and the underwater sound field 

4.1.1  Peak acoustic pressure and sound exposure level 

As a result of experimental measurements emerging from World War II, a semi-empirical 
equation for predicting peak underwater sound pressure from underwater sound explosions was 
developed as a function of range R from the source divided by charge weight W to the one-third 
power, or R/W1/3, referred to as scaled range [2]. 

The use of scaled range evolved from the method of dimension and similarity as applied 
to explosions of spherically-shaped material, and originally involved the weight of TNT due to 
the historical and continued use of TNT as a reference for energy output from high explosives 
[3]. To apply scaled range to other forms of explosives, a TNT equivalence coefficient is used. 
For example, the coefficient for C4 explosives as used in this study is 1.34. The weight of the 
explosives multiplied by its particular coefficient yields the NEW, and this value is used in 
subsequent calculations involving scaled range.  

Our recent study [3] of the underwater sound from explosive sources provides further 
details on the concept of scaled range. Two empirical equations are relevant to this report. The 
historical semi-empirical equation for peak sound pressure is defined as the maximum of the 
absolute value of the sound pressure signal over the duration of the signal. Expressing this 
equation in terms of dB re 1 Pa, the peak pressure is:  

௣ܲ௘௔௞ሺ݀ܤ	re	1ܽܲߤሻ ൌ െ22.6 ൈ logଵ଴ ቀ
ோ

ௐభ/యቁ ൅ 	274 (1) 

Analysis in this report shows that the May 2016 Pu`uloa Range data fall well below Eq. 1 
in terms of peak pressure. We propose Eq. 1 be used as an upper or conservative bound for the 
Pu`uloa Range for the peak pressure estimate in dB as a function of range (in m) and NEW 
expressed in kg.  

The second equation is related to energy flux density and is defined as the sound 
exposure level (SEL) computed by first computing a time integral of the squared acoustic 

pressure ׬ ݐሻ݀ݐଶሺ݌
்
଴ . To more precisely specify the integration time interval T, a standard 

method [4] first identifies the duration (Figure 7) of the signal that contains 90% of the energy. 
Upon finding this duration the integral of the squared pressure is taken over time T with the 
result expressed in dB re 1 μPa2∙s. 

The empirical equation for SEL (which is Eq. 5 from [3]) is:  

ሻݏଶܽܲߤ	1	݁ݎ	ܤሺ݀	ܮܧܵ ൌ 6.14	 ൈ logଵ଴ ൬ܹଵ/ଷ ቀ ோ

ௐభ/యቁ
ିଶ.ଵଶ

൰ ൅ 219 (2) 

Analysis in this report shows that the May 2016 Pu`uloa Range data fall well below Eq. 2 
in terms of SEL. As with Eq. 1, we propose this Eq. 2 be used as an upper or conservative bound 
for the Pu`uloa Range for the SEL in dB as a function of range estimate (in m) and NEW 
expressed in kg.  
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Figure 7.  Time history of an explosion (top) and the resulting time history of its cumulative 
energy (bottom). Red lines indicate the start and end times of the window containing 90 percent 
of the waveform energy. 
 

4.1.2  Seabed and sea surface effects 

The multiple processes that ensue immediately after an underwater explosion and as these relate 
to underwater sound are summarized by Weston [2]. Of particular relevance to the Pu`uloa 
Range tests is the relatively shallow depth of the explosive detonations (< 10 m), and that these 
detonations occurred on a seabed consisting of relatively hard, fossilized coral and coral 
limestone, so-called “pavement” areas (see Figure 4).  

Sea surface manifestations of underwater explosions are usually related to cavitation, 
except in very shallow, intense explosions where there is an upward plume of spray produced by 
the upward rush of gas from the explosion. Cavitation happens because the negative pressure 
upon surface reflection of the shock wave exceeds the tensile strength of water.   

For deeper explosions, or smaller explosive charges, the sea surface manifestation of 
cavitation usually takes the form of a darkened, wrinkled surface often referred to as the “black 
ring” [2, 4] (Figure 8). For the shallower explosion depths representative of the Pu`uloa Range 
detonations, the sea surface manifestation is more pronounced owing to the larger cavitation area 
on the sea surface, which can also impact the overall strength of the propagating acoustic signal 
[2]. This type of large cavitation area from an underwater explosion carried out on the Pu`uloa 
Range (not part of our May 2016 tests) has been observed (Figure 8). 
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Figure 8.  (left) Photograph of a black ring phenomenon taken in the Yellow Sea in August 1996 
for a 38-g (0.038 kg) NEW charge detonated at depth 50 m. (Photograph by Peter H. Dahl, 
University of Washington.) (right) Photograph of a large cavitation from an underwater 
explosion carried out on the Pu`uloa Range. The cavitation area caused by the main charge on 
the bottom is approximately delineated by the two vertical arrows. The water spout is caused by 
the detonation cord (see Appendix A) from the explosive initiation train, which consists of a very 
small detonation just below the sea surface. (Photograph by Lee Shannon, NAVFAC EXWC.) 

 

4.1.3  Energy flux density and transmission loss 

In addition to peak pressure and SEL, we process each explosion pressure signal into the form of 

an energy flux density. Energy flux density is the quantity ׬ ݐሻ݀ݐଶሺ݌
்
଴  divided by the sound 

speed and density of water, and assumes dimensions of erg/cm2 when expressed in cgs units.  

We compute an average acoustic energy flux density within 1/3-octave frequency bands. 
A model [6] is then used to compute the equivalent energy flux density as exists hypothetically at 
range 1 m from the UNDET source. (Note that upon dividing each value of the energy flux 
density function by the 1/3-octave bandwidth in Hz, the result is an energy flux spectrum [2].) 
This model depends on the source depth, which for the Pu`uloa Range is the same as the water 
depth at the UNDET location, and the NEW in kg. The difference between the model and 
measured energy flux density in a given 1/3-octave band is known as the transmission loss [2], 
expressed in dB re 1 m.  

Transmission loss (TL) is a valuable diagnostic for comparing measurements based on 
the different NEW of 5, 10, and 17.6 lbs. Because the Pu`uloa Range detonations had a large 
cavitation area on the sea surface (Figure 8) and were in close proximity to a hard seabed, it is 
highly likely that the source model [6] underestimates total explosive yield as a function of 
range. Some evidence for this is provided by results reported from the SoCal Range off Silver 
Strand, San Diego [7]; there, received peak pressures for off-bottom detonations were 
consistently and substantially greater than for on-bottom placements (typically about 6 dB 
difference).  Other studies [8, 9] report similar results if the explosion was near an obstacle, the 
bottom, or was otherwise partly contained. 
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Therefore, the TL estimates reported here are likely to be over-estimates of TL. That said, 
the TL estimates provide a valuable indication of propagation conditions and a comparison 
between the cross-shore propagation (with increasing depth to the VLA site, nominal range 900 
m) and alongshore propagation (at the same but shallower depth) to the tripod sites near ranges 
500, 750, and 1500 m. 

 

4.2  Cross-shore measurements: VLA 

The cross-shore measurements at the VLA site (Figures 9–11) were made on 17 May (5 lbs 
NEW, 3 tests), 18 May (17.6 lbs NEW, 2 tests), and 19 May (10 lbs NEW, 3 tests). Note that the 
third test on 18 May possibly had an incomplete detonation; results from this test are not part of 
this analysis.  

The peak pressure and SEL for each test as a function of VLA hydrophone depth (left-hand 
plots, Figures 9–11) show a high degree of repeatability between tests. The greatest variance 
between tests was recorded by the shallowest hydrophone, which was less than 2 m deep, where 
small changes in instantaneous depth due to wave action influenced the results. Data from the 
eight deeper hydrophones show a high degree of consistency and can be averaged to derive new 
empirical equations for peak pressure and SEL. 

The energy flux results (lower right plots, Figures 9–11) follow the same color code as 
the left-hand plot with the smallest energy flux values recorded again by the shallowest 
hydrophone (< 2 m depth). Mean energy flux  (linear mean, result expressed in decibels) taken 
over an average of the eight lower hydrophones and three tests (black symbols) are subtracted 
from a mode for energy flux at range 1 m from the source, yielding TL (upper right, Figures 9–
11).   

The TL for the three different NEW cases (Figures 9–11) are comparable, whereas 
estimates of energy flux are not (although they can be scaled using R/W1/3 as demonstrated by 
Weston [2]). When plotted together, the three TL curves differ by no more than about 1 dB, 
which suggests an average can be taken. As a benchmark, TL for spherical spreading of sound at 
the VLA range (~ 900 m) equals 20 log10 (900) or about 59 dB (Figures 9–11, dotted line). The 
TL is considerably greater than the 59 dB value associated with spherically spreading; this result 
is anticipated given that the model of source level is likely an overestimate owing to the close 
proximity of the detonation to the seabed and surface. 

Within the frequency band between about 100 and 400 Hz there is a significant increase in 
TL, suggesting that energy in this frequency band is undergoing higher attenuation. This effect 
remains under study; increased TL may be explained by modelling the seabed as a thin sand 
layer overlaying a limestone half-space [10]. 
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Figure 9.  Summary of cross-shore measurements made at the VLA site on 17 May.  (left) Peak 
pressure and sound exposure level (SEL) for the 3 and 5-lb NEW detonations versus 
measurement depth on the VLA (for some depths the symbols overlap).  (lower right)  Energy 
flux in third-octave bands corresponding to the nine hydrophones and three tests.  Color code is 
the same as the left-hand plot, with the lowest energy flux values for the shallowest hydrophone 
depth (< 2 m).  Mean energy flux taken over an average of the eight lower hydrophones, and 
three tests, is shown by the black symbols.  (upper right) Transmission loss as computed by 
subtracting the mean energy flux from a model for energy flux corresponding to range 1 m.  The 
model is derived from Chapman [6] and assumes a 2.27 kg NEW detonated at 10.3 m depth.  
 



    ________________UNIVERSITY OF WASHINGTON  APPLIED PHYSICS LABORATORY_____________ 

 16

 

Figure 10.  Summary of cross-shore measurements made at the VLA site on 18 May.  (left) Peak 
pressure and sound exposure level (SEL) for the two 17.6-lb NEW detonations versus 
measurement depth on the VLA.  (lower right) Energy flux in third-octave bands corresponding 
to the nine hydrophones and two tests.  Color code is the same as the left hand plot, with the 
lowest energy flux values for the shallowest hydrophone depth (< 2 m).  Mean energy flux taken 
over an average of the eight lower hydrophones, and two tests, is shown by the black symbols.  
(upper right) Transmission loss as computed by subtracting the mean energy flux from a model 
for energy flux corresponding to range 1 m.  The model is derived from Chapman [6] and 
assumes a 17.6 lb NEW detonated at 10.3 m depth.  
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Figure 11.  Summary of cross-shore direction measurements made at the VLA site on 19 May.  
(left) Peak pressure and sound exposure level (SEL) for the three 10-lb NEW detonations versus 
measurement depth on the VLA.  (lower right) Energy flux in third-octave bands corresponding 
to the nine hydrophones and two tests.  Color code is the same as the left-hand plot, with the 
lowest energy flux values for the shallowest hydrophone depth (< 2 m). Mean energy flux taken 
over an average of the eight lower hydrophones, and two tests, is shown by the black symbols.  
(upper-right) Transmission loss as computed by subtracting the mean energy flux from a model 
for energy flux corresponding to range 1 m.  The model is derived from Chapman [6] and 
assumes a 4.53 kg NEW detonated at 10.3 m depth.  
 

4.3  Alongshore measurements: Bottom deployed tripods 

The alongshore measurements using the two bottom deployed tripod systems (Figures 12–14) are 
summarized in chronological order as for the cross-shore measurements. In this case 
measurements are made at only one depth, though as shown with the VLA results, the acoustic 
data are relatively independent of depth with the exception of the upper 2 m of the water column. 
As with the VLA results, TL is computed based on the average of the three detonations (or two 
detonations for the 18 May data).   

Two features emerge from the TL results. The first is the evolution of TL with range 
from the UNDET site, with the three ranges, 513 m, 758 m, and 1503 m (representing the 
planned ranges of 500, 750 and 1500 m), showing a gradual change in TL with range. There is 
also a TL maximum over the approximate 100–400 Hz frequency band, though it is less apparent 
than that for the cross-shore results. Finally, the data measured at range 1503 m affords a 
comparison of three detonation NEWs made at one range, and like the cross-shore results at the 
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VLA site, TL for the alongshore direction at range 1503 m is relatively consistent over all three 
detonations.  

Figure 12. Summary of alongshore direction measurements made at the two tripod sites at 758 
m (left) and 1503 m (right) on 17 May.  Lower plot for each case: Energy flux in third-octave 
bands corresponding to the three tests.  Upper plot for each case:  Transmission loss (TL) as 
computed by subtracting the mean energy flux (based on average of the three tests) from a model 
for energy flux corresponding to range 1 m.  The model is derived from Chapman [6] and 
assumes a 4.27 kg NEW detonated at 10.3 m depth.  
 

Figure 13.  Summary of alongshore direction measurements made at the two tripod sites at 758 
m (left) and 1503 m (right) on 18 May. Lower plot for each case: Energy flux in third-octave 
bands corresponding to the two tests. Upper plot for each case: Transmission loss (TL) as 
computed by subtracting the mean energy flux (based on average of the three tests) from a model 
for energy flux corresponding to range 1 m. The model is derived from Chapman [6] and 
assumes a 7.98 kg NEW detonated at 10.3 m depth.  
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Figure 14.  Summary of alongshore direction measurements made at the two tripod sites at 513 
m (left) and 1503 m (right) on 18 May. Lower plot for each case: Energy flux in third-octave 
bands corresponding to the three tests. Upper plot for each case: Transmission loss (TL) as 
computed by subtracting the mean energy flux (based on average of the three tests) from a model 
for energy flux corresponding to range 1 m. The model is derived from Chapman [6] and 
assumes a 4.54 kg NEW detonated at 10.3 m depth.  
 

4.4 Transmission loss: Cross-shore versus alongshore 

Three independent estimates of TL made at the nominal cross-shore range of 900 m and 
alongshore range of 1500 m (Figure 15, upper) support the notion that Pu`uloa Range data are 
amenable to analysis using scaled range. This conclusion is based on the observation that the TL 
estimates are highly consistent (in the context of typical field estimates of TL that can readily 
vary by +/– 5 dB) yet are based on significantly different explosive charges.  

The issue relating to the source model and proximity of the explosive source to 
boundaries still applies (i.e., the model represents a suspended charge while the Pu`uloa results 
are for a bottom charge), so these estimates of TL should be viewed only as a relative measure. 
Nevertheless, the consistency between different NEW motivates the averaging of curves (Figure 
15, lower), allowing some assessment of the differences between propagation conditions in the 
alongshore and cross-shore directions. In this view it is possible to observe the evolution of TL 
with range in the alongshore direction and there is a slight tendency for the enhanced TL region 
to shift to lower frequencies with increasing range. (Note that increased TL for frequencies less 
than about 50 Hz is likely associated with the effects of modal waveguide cut-off.) In the cross-
shore direction the enhanced TL region is more pronounced. Reasons for this are not yet clear, 
but these data will be subject to continued study to understand low-frequency shallow water 
propagation over coral and limestone seabeds.  
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Figure 15.  (upper) Estimates of TL in the cross-shore and alongshore directions made using 
three different explosive charge weights. (lower) Averaged TL for all sites measured at the 
Pu`uloa Range, for example, the green and black represent averages of the corresponding data 
shown in the upper plot.  

 

 

5. PEAK PRESSURE AND SOUND EXPOSURE LEVEL EQUATIONS 

All evidence suggests that the underwater sound field resulting from UNDET operations on the 
Pu`uloa Range will exhibit levels (in both peak pressure and SEL) that are considerably less than 
comparable levels measured in a more open ocean environment.  This is because the Pu`uloa 
Range detonations are generally carried out in close proximity to a hard seabed that reduces the 
acoustic yield at longer ranges [see 7, 8, 9] and because there is greater transmission loss, 
particularly within the important frequency band of 100–400 Hz, which may be an attenuation 
effect caused by the seabed [see 10] or the sea surface. 

The Pu`uloa Range measurements tend to obey the general relations associated with 
scaled range. That is, for measurements made at different ranges R from the source and with 
different NEW, W values still collapse onto a single line and are amenable to scaling by R/W1/3. 
TL estimates are consistent at three difference NEW (Figure 15).  

Accordingly, a new empirical relation for peak pressure based on the May 2016 Pu`uloa 
Range data is:  
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௣ܲ௘௔௞ሺ݀ܤ	re	1ܽܲߤሻ ൌ 	െ36.07 ൈ logଵ଴ ቀ
ோ

ௐభ/యቁ ൅ 	297,  (3)  

where R is expressed in m and W in kg. A comparison (Figure 16) between the Pu`uloa Range 
data and Eq. 3 yields an rms decibel error of 3.6 dB.   

 

 

Figure 16.  Comparison of the empirical model, Eq. 3, that describes peak pressure as a function 
of range from source (R in m ) and net explosive weight (W in kg) with Pu`uloa Range data. The 
dashed line is Eq. 1 in this report (see also Soloway and Dahl [3] for non-decibel version) and 
can be taken to represent an upper bound for peak pressure.  

 

Similarly, a new empirical relation for SEL based on the May 2016 Pu`uloa Range data 
is:  

ሻݏଶܽܲߤ	1	݁ݎ	ܤሺ݀	ܮܧܵ ൌ 12.58	 ൈ logଵ଴ ൬ܹଵ/ଷ ቀ ோ

ௐభ/యቁ
ିଶ.ଵଶ

൰ ൅ 234,  (4) 

where R is expressed in m and W in kg. A comparison (Figure 17) between the Pu`uloa Range 
data and Eq. 4 yields an rms decibel error of 3.1 dB.   
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Figure 17.  Comparison of the empirical model, Eq. 4, that describes SEL as a function of range 
from source (R in m) and net explosive weight (W in kg) with Pu`uloa Range data. The dashed 
line is Eq. 2 in this report (originating from  Soloway and Dahl  [3]) and can be taken to 
represent an upper bound for SEL.  

 

The new empirical equations from the May 2016 Pu`uloa Range data, Eq. 3 for peak 
pressure and Eq. 4 for SEL, when combined with the upper bound counterparts (Eq. 1 and Eq. 2) 
provide options to the Pu`uloa Range operator.   The upper bound equations result in a larger 
ZOI, or assessments can be made using the new data-driven equations, which will result in a 
smaller ZOI for a given threshold.  Predictions based on these equations should be avoided for 
scenarios outside the range of data sampled.  This can summarized as peak pressure exceeding  
220 dB re 1 Pa, and maximal range exceeding  3000 m.   
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APPENDIX 

Figure A1.  Shot plan configuration detailing the net explosive weight (NEW) each of three days 
of field tests on the Pu`uloa Range. Schematics are from the MDSU ONE CO 1-8 brief by LT 
Chris Price. (Slides modified slightly to reflect order of the days, which was changed from the 
original brief to correspond to the actual sequence) 
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