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Table J-14.  Distribution of Bathymetry Provinces in SMA 1 
Bathymetry Frequency of Occurrence 

200 0.05% 

500 0.75% 

1,000 2.39% 

2,000 5.10% 

5,000 91.71% 

 1 
SMA 1 is almost exclusively in SVP province 88 as indicated in the distribution given in Table 2 
J-15. 3 

Table J-15.  Distribution of Sound Speed Provinces in SMA 1 
Sound Speed Province Frequency of Occurrence 

81 0.17% 

88 99.83% 

 4 
Almost all of the high-frequency bottom loss classes present in the HRC are represented in 5 
SMA 1; however, more than half of SMA 1 is a class 3 (low-loss) bottom as indicated in Table 6 
J-16. 7 

Table J-16.  Distribution of High-Frequency Bottom Loss Classes in SMA 1 
High-Frequency Bottom Loss Class Frequency of Occurrence 

2 0.37% 

3 54.28% 

4 5.92% 

5 13.32% 

8 26.10% 

 8 
For acoustic modeling purposes, the environmental variability of SMA 1 is captured by the 10 9 
provinces listed in Table J-17.  Note that the vast majority of SMA 1 is represented by two 10 
5,000-m provinces—one with a low-loss bottom (15) and the other by with a high-loss bottom 11 
(17). 12 
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Table J-17.  Distribution of Environmental Provinces in SMA 1 
Environmental 

Province 
Water 
Depth 

SVP 
Province 

HFBL 
Class 

LFBL 
Province 

Sediment 
Thickness 

Frequency of 
Occurrence 

4 200 m 81 2 52 0.2 sec 0.01% 

5 200 m 81 8 – 98* 0.23 sec 0.04% 

6 500 m 88 8 0 0.11 sec 0.37% 

7 500 m 81 8 – 98* 0.23 sec 0.06% 

8 1,000 m 81 8 52 0.22 sec 0.07% 

9 1,000 m 88 8 52 0.11 sec 2.32% 

11 2,000 m 88 8 52 0.08 sec 5.10% 

15 5,000 m 88 3 13 0.23 sec 73.53% 

17 5,000 m 88 8 13 0.09 sec 18.19% 

18 500 m 88 2 – 98* 0.2 sec 0.31% 
*  Negative province numbers indicate shallow water provinces 1 

 2 

J.1.3.3.2 Sonar Modeling Area 2 (SMA 2) 3 

SMA 2 is located between and north of Kauai and Oahu and includes none of the smaller, 4 
specialized ranges.  Although roughly equivalent in size to SMA 1, SMA 2 does not include 5 
coastal waters and thus has less environmental diversity.  The bathymetry distribution is limited 6 
to depths of a kilometer or more as described in Table J-18. 7 

Table J-18.  Distribution of Bathymetry Provinces in SMA 2 
Bathymetry Frequency of Occurrence 

1,000 1.84% 

2,000 13.47% 

5,000 84.68% 

 8 
As with SMA 1, there are two SVP provinces covering SMA 2.  As indicated in Table J-19, SMA 9 
2 is nearly evenly divided between these two SVP provinces. 10 

Table J-19.  Distribution of Sound Speed Provinces in SMA 2 
Sound Speed Province Frequency of Occurrence 

81 53.06% 

88 46.94% 

 11 
The limited environmental diversity is further demonstrated by the distribution of high-frequency 12 
bottom loss classes described in Table J-20. 13 
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Table J-20.  Distribution of High-Frequency Bottom Loss Classes in SMA 2 
High-Frequency Bottom Loss Class Frequency of Occurrence 

3 60.10 % 

5 6.52 % 

8 33.38 % 

 1 
The environmental variability SMA 2 is reflected in the seven provinces listed in Table J-21. 2 

Table J-21.  Distribution of Environmental Provinces in SMA 2 
Environmental 

Province 
Water 
Depth 

SVP 
Province 

HFBL 
Class 

LFBL 
Province 

Sediment 
Thickness 

Frequency of 
Occurrence 

8 1,000 m 81 8 52 0.22 sec 1.84% 

10 2,000 m 81 8 52 0.18 sec 13.20% 

11 2,000 m 88 8 52 0.08 sec 0.28% 

14 5,000 m 81 4 13 0.17 sec 20.04% 

15 5,000 m 88 3 13 0.23 sec 46.57% 

16 5,000 m 81 8 13 0.13 sec 17.97% 

17 5,000 m 88 8 13 0.09 sec 0.31% 

 3 

J.1.3.3.3 Sonar Modeling Area 3 (SMA 3) 4 

SOA 3 is located south of Kauai and west of Oahu.  It includes none of the smaller, specialized 5 
ranges.  The bathymetry distribution is limited to depths of a kilometer or more as described in 6 
Table J-22. 7 

Table J-22.  Distribution of Bathymetry Provinces in SMA 3 
Bathymetry Frequency of Occurrence 

1,000 0.95% 

2,000 11.95% 

5,000 87.10% 

 8 
SMA 3 is described in its entirety by the sound speed province 81.  The bottom loss classes in 9 
SMA 3 are limited to a medium-loss class (4) and a high-loss class (8) with distributions 10 
indicated in Table J-23. 11 
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Table J-23.  Distribution of High-Frequency Bottom Loss Classes in SMA 3 
High-Frequency Bottom Loss Class Frequency of Occurrence 

4 28.17% 

8 71.83% 

 1 
Table J-24 describes the four environmental provinces selected for SMA 3.  The distribution of 2 
these provinces reflects the deep-water nature of this operating area. 3 

Table J-24.  Distribution of Environmental Provinces in SMA 3 
Environmental 

Province 
Water 
Depth 

SVP 
Province 

HFBL 
Class 

LFBL 
Province 

Sediment 
Thickness 

Frequency of 
Occurrence 

8 1,000 m 81 8 52 0.22 sec 0.95% 

10 2,000 m 81 8 52 0.18 sec 11.95% 

14 5,000 m 81 4 13 0.17 sec 28.17% 

16 5,000 m 81 8 13 0.13 sec 58.93% 

 4 

J.1.3.3.4 Sonar Modeling Area 4 (SMA 4) 5 

SMA 4 is situated between Oahu and the island of Hawaii.  It includes none of the smaller, 6 
specialized ranges but does include some shallow-water regions.  The bathymetry distribution 7 
includes all eight bathymetry provinces but emphasizes deep-water with nearly 90% of the 8 
operating area in water depths of a kilometer or more as indicated in Table J-25. 9 

Table J-25.  Distribution of Bathymetry Provinces in SMA 4 
Bathymetry Frequency of Occurrence 

20 0.12 % 

50 0.25 % 

100 0.62 % 

200 2.23 % 

500 7.64 % 

1,000 16.84 % 

2,000 40.13 % 

5,000 32.17 % 

 10 
SMA 4 is described in its entirety by the sound speed province 81.  Bottom loss is likewise 11 
limited in variability with over 90% of the operating area characterized by a high-loss bottom 12 
(see Table J-26). 13 
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Table J-26.  Distribution of High-Frequency Bottom Loss Classes in SMA 4 
High-Frequency Bottom Loss Class Frequency of Occurrence 

2 6.59% 

5 1.00% 

7 0.01% 

8 92.41% 

 1 
SMA 4 is partitioned into the twelve environmental provinces listed in Table J-27.  The 2 
distribution of environmental provinces is dominated by provinces with high-loss bottoms in the 3 
1,000-, 2,000- and 5,000-m water depth regimes. 4 

Table J-27.  Distribution of Environmental Provinces in SMA 4 
Environmental 

Province 
Water 
Depth 

SVP 
Province 

HFBL 
Class 

LFBL 
Province 

Sediment 
Thickness 

Frequency of 
Occurrence 

1 20 m 81 8 – 98* 0.2 sec 0.13% 

2 50 m 81 8 – 98* 0.2 sec 0.25% 

3 100 m 81 8 – 98* 0.2 sec 0.49% 

4 200 m 81 2 52 0.2 sec 0.99% 

5 200 m 81 8 – 98* 0.23 sec 1.24% 

7 500 m 81 8 – 98* 0.23 sec 7.64% 

8 1,000 m 81 8 52 0.22 sec 16.84% 

10 2,000 m 81 8 52 0.18 sec 40.13% 

12 5,000 m 81 5 13 0.22 sec 1.00% 

13 5,000 m 81 7 13 0.09 sec 0.01% 

16 5,000 m 81 8 13 0.13 sec 31.17% 

19 100 m 81 2 52 0.2 sec 0.13% 

 5 

J.1.3.3.5 Sonar Modeling Area 5 (SMA 5) 6 

Located south of Oahu and west of the island of Hawaii, SMA 5 is predominantly a deep-water 7 
region.  This operating area includes none of the smaller, specialized ranges.  The bathymetry 8 
distribution provided in Table J-28 includes only two bathymetry provinces, with more than 95% 9 
of the area in the 5,000-m bathymetry province.  10 

Table J-28.  Distribution of Bathymetry Provinces in SMA 5 
Bathymetry Frequency of Occurrence 

2,000 3.35% 

5,000 96.65% 

 11 

12 
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The distribution of sound speed provinces is similarly concentrated in a single province, 81, as 1 
presented in Table J-29. 2 

Table J-29.  Distribution of Sound Speed Provinces in SMA 5 
Sound Speed Province Frequency of Occurrence 

81 96.33% 

98 3.67% 

 3 
The distribution of bottom-loss classes is a little less concentrated as indicated in Table J-30. 4 

Table J-30.  Distribution of High-Frequency Bottom Loss Classes in SMA 5 
High-Frequency Bottom Loss Class Frequency of Occurrence 

4 29.15% 

7 61.94% 

8 8.91% 

 5 
The resulting five provinces that describe SMA 5 are presented in Table J-31 and reflect a 6 
distribution whose environmental variability is driven mainly by bottom loss. 7 

Table J-31.  Distribution of Environmental Provinces in SMA 5 
Environmental 

Province 
Water 
Depth 

SVP 
Province 

HFBL 
Class 

LFBL 
Province 

Sediment 
Thickness 

Frequency of 
Occurrence 

10 2,000 m 81 8 52 0.18 sec 3.35% 

13 5,000 m 81 7 13 0.09 sec 55.39% 

14 5,000 m 81 4 13 0.17 sec 29.15% 

16 5,000 m 81 8 13 0.13 sec 8.44% 

17 5,000 m 88 8 13 0.09 sec 3.67% 

 8 

J.1.3.3.6 Sonar Modeling Area 6 (SMA 6) 9 

SMA 6 is a large deep-water region located south of Kauai and Oahu, and adjacent to SMA 5 10 
on the east.  Like SMA 5, this operating area is exclusively deep-water as demonstrated in 11 
Table J-32. 12 

Table J-32.  Distribution of Bathymetry Provinces in SMA 6 
Bathymetry Frequency of Occurrence 

2,000 0.56% 

5,000 99.44% 

 13 
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SMA 6 is described in its entirety by the sound speed province 81.  The ocean bottom in this 1 
region is primarily medium loss, distributed as shown in Table J-33.   2 

Table J-33.  Distribution of High-Frequency Bottom Loss Classes in SMA 6 
High-Frequency Bottom Loss Class Frequency of Occurrence 

4 53.25% 

5 37.04% 

7 9.71% 

 3 
A total of four environmental provinces are used to characterize this operating area according to 4 
the distribution given in Table J-34. 5 

Table J-34.  Distribution of Environmental Provinces in SMA 6 
Environmental 

Province 
Water 
Depth 

SVP 
Province 

HFBL 
Class 

LFBL 
Province 

Sediment 
Thickness 

Frequency of 
Occurrence 

10 2,000 m 81 8 52 0.18 sec 0.56% 

12 5,000 m 81 5 13 0.22 sec 37.04% 

13 5,000 m 81 7 13 0.09 sec 9.15% 

14 5,000 m 81 4 13 0.17 sec 53.25% 

 6 

J.1.3.3.7 Barking Sands Ranges 7 

BARSTUR and the BSURE are located between and north of Niihau and Kauai.  They are 8 
contained entirely within the southeast corner of SMA 1 with a bathymetry distribution as 9 
described in Table J-35. 10 

Table J-35.  Distribution of Bathymetry Provinces in Barking Sands Ranges 
Bathymetry Frequency of Occurrence 

500 3.5 % 

1,000 11.53 % 

2,000 12.38 % 

5,000 72.58 % 

 11 
The Barking Sands Ranges are described in their entirety by the sound speed province 88.  The 12 
ranges are fairly evenly divided between low-loss bottoms and high-loss bottoms according to 13 
the distribution described in Table J-36. 14 
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Table J-36.  Distribution of High-Frequency Bottom Loss Classes in  
Barking Sands Ranges 

High-Frequency Bottom Loss Class Frequency of Occurrence 

2 2.72 % 

3 38.03 % 

8 59.25 % 

 1 
The various combinations of environmental properties results in the six provinces defined in 2 
Table J-37. 3 

Table J-37.  Distribution of Environmental Provinces in Barking Sands Ranges 
Environmental 

Province 
Water 
Depth 

SVP 
Province 

HFBL 
Class 

LFBL 
Province 

Sediment 
Thickness 

Frequency of 
Occurrence 

6 500 m 88 8 0 0.11 sec 1.34% 

9 1,000 m 88 8 52 0.11 sec 11.53% 

11 2,000 m 88 8 52 0.08 sec 12.38% 

15 5,000 m 88 3 13 0.23 sec 38.03% 

17 5,000 m 88 8 13 0.09 sec 34.56% 

18 500 m 88 2 – 98* 0.2 sec 2.16% 

 4 

J.1.3.3.8 South Maui Shallow-water Area and Potential MK-48 Area 5 

The South Maui Shallow-water Area is located in shallow water between Kahoolawe, Lanai, and 6 
Maui.  In addition to the Barking Sands ranges, it is one of two other areas that may be used for 7 
MK-48 training.  The other area is also in shallow water and is situated just north of Maui.  Both 8 
areas are small in comparison to the SMAs and hence the environmental variability is less 9 
pronounced.  The distribution of water depths is limited to two bathymetry provinces as shown in 10 
Table J-38. 11 

Table J-38.  Distribution of Bathymetry Provinces in HATS  
and Potential MK-48 Ranges 

Bathymetry Frequency of Occurrence 

100 24.44% 

200 75.56% 

 12 
The South Maui Shallow-water Area and the potential MK-48 area are described in its entirety 13 
by the sound speed province 81.  Two bottom loss classes, distributed as indicated in Table 14 
J-39, are present in these areas. 15 
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Table J-39.  Distribution of High-Frequency Bottom Loss Classes in South Maui  
Shallow-water Area and Potential MK-48 Ranges 

High-Frequency Bottom Loss Class Frequency of Occurrence 

2 9.55% 

8 90.45% 

 1 
This environmental variability is represented by the four environmental provinces described in 2 
Table J-40. 3 

Table J-40.  Distribution of Environmental Provinces in HATS  
and Potential MK-48 Ranges 

Environmental 
Province 

Water 
Depth 

SVP 
Province 

HFBL 
Class 

LFBL 
Province 

Sediment 
Thickness 

Frequency of 
Occurrence 

3 100 m 81 8 – 98* 0.2 sec 18.19% 

4 200 m 81 2 52 0.2 sec 3.30% 

5 200 m 81 8 – 98* 0.23 sec 72.76% 

19 100 m 81 2 52 0.2 sec 6.25 % 

 4 

J.1.3.3.9 Kapu/Quickdraw 5 

Kapu/Quickdraw is a gunnery range located south of Oahu.  This range partially overlaps SMA 6 
6 and thus shares some of the same environmental characteristics.  The range is strictly deep-7 
water (5,000-m bathymetry province) and described in its entirety by the sound speed province 8 
81.  The only material environmental variability is in bottom loss class, as demonstrated in Table 9 
J-41. 10 

Table J-41.  Distribution of High-Frequency Bottom Loss Classes in Kapu/ 
Quickdraw Range 

High-Frequency Bottom Loss Class Frequency of Occurrence 

4  78.72% 

8  21.28% 

 11 
The bottom-loss distribution, in turn, directly dictates the distribution of environmental provinces 12 
as listed in Table J-42. 13 
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Table J-42.  Distribution of Environmental Provinces in Kapu/Quickdraw Range 
Environmental 

Province 
Water 
Depth 

SVP 
Province 

HFBL 
Class 

LFBL 
Province 

Sediment 
Thickness 

Frequency of 
Occurrence 

14 5,000 81 4 13 0.17 sec 78.72% 

16 5,000 81 8 52 0.13 sec 21.28% 

 1 

J.1.3.3.10 Lima Landing 2 

Lima Landing is a limited area near the mouth of Pearl Harbor that is employed as an Explosive 3 
Ordnance Demolition (EOD) Range.  The limited extent of this range permits the entire range to 4 
be characterized by the single environmental province listed in Table J-43. 5 

Table J-43.  Distribution of Environmental Provinces in Lima Landing 
Environmental 

Province 
Water 
Depth 

SVP 
Province 

HFBL 
Class 

LFBL 
Province 

Sediment 
Thickness 

Frequency of 
Occurrence 

20 10 m 81 2 52 0.2 sec 100 % 

 6 

J.1.3.3.11 Kingfisher (Old and Proposed) 7 

Two areas in the HRC are designated for Kingfisher training.  The “old” range is located just 8 
south of Kauai, adjoining the Shallow Water Training Range to the west.  The “proposed” area is 9 
nearby, just east of Niihau.  Both areas are very small in comparison to the resolution of the 10 
Navy-standard databases.  As such, the only environmental parameter that is apt to vary 11 
significantly is water depth.  Water depths in the old range are known to vary between 150 to 12 
350 feet (46 to 107 m).  Given that the dominant bottom loss class is 2, the best fit for the 13 
Kingfisher ranges is provided by environmental province 19, as described in Table J-44.  14 

Table J-44.  Distribution of Environmental Provinces in the Kingfisher Ranges 
Environmental 

Province 
Water 
Depth 

SVP 
Province 

HFBL 
Class 

LFBL 
Province 

Sediment 
Thickness 

Frequency of 
Occurrence 

19 100 m 81 2 52 0.2 sec 100% 

 15 

J.1.3.3.12 Puuloa 16 

Puuloa Underwater Training Area is a small area just south of Pearl Harbor.  The limited extent 17 
of this range permits the entire range to be characterized by the single environmental province 18 
listed in Table J-45. 19 
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Table J-45.  Distribution of Environmental Provinces in Puuloa Range 
Environmental 

Province 
Water 
Depth 

SVP 
Province 

HFBL 
Class 

LFBL 
Province 

Sediment 
Thickness 

Frequency of 
Occurrence 

20 10 m 81 2 52 0.2 sec 100 % 

 1 

J.1.3.3.13 Shallow Water Training Range 2 

The SWTR is located just to the west of Kauai, overlapping a portion of the Barking Sands 3 
Ranges and part of SMA 1.  The bathymetry distribution emphasizes shallow water as indicated 4 
in Table J-46. 5 

Table J-46.  Distribution of Bathymetry Provinces in SWTR 
Bathymetry Frequency of Occurrence 

50 9.85% 

100 9.85% 

200 1.79% 

500 47.70% 

1,000 30.81% 

 6 
The distribution of sound speed provinces is provided in Table J-47. 7 

Table J-47.  Distribution of Sound Speed Provinces in SWTR 
Sound Speed Province Frequency of Occurrence 

81 72.46% 

88 27.54% 

 8 
The distribution of bottom loss classes presented in Table J-48 indicates relatively equal 9 
portions of low-loss and high-loss bottoms in SWTR. 10 

Table J-48.  Distribution of High-Frequency Bottom Loss Classes in SWTR 
High-Frequency Bottom Loss Class Frequency of Occurrence 

2 2.72% 

3 38.03% 

8 59.25% 

 11 
Without the influence of large, deep-water provinces, the SWTR is more uniformly distributed 12 
over the 10 environmental provinces it contains as indicated in Table J-49. 13 
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Table J-49.  Distribution of Environmental Provinces in SWTR 
Environmental 

Province 
Water 
Depth 

SVP 
Province 

HFBL 
Class 

LFBL 
Province 

Sediment 
Thickness 

Frequency of 
Occurrence 

2 50 m 81 8 – 98* 0.2 sec 9.85% 

3 100 m 81 8 – 98* 0.2 sec 4.92% 

4 200 m 81 2 52 0.2 sec 0.71% 

5 200 m 81 8 – 98* 0.23 sec 1.08% 

6 500 m 88 8 0 0.11 sec 14.60% 

7 500 m 81 8 – 98* 0.23 sec 3.00% 

8 1,000 m 81 8 52 0.22 sec 1.79% 

9 1,000 m 88 8 52 0.11 sec 29.02% 

18 500 m 88 2 – 98* 0.2 sec 30.10% 

19 100 m 81 2 52 0.2 sec 4.92% 

 1 

J.1.4  IMPACT VOLUMES AND IMPACT RANGES 2 

Many naval actions include the potential to injure or harass marine animals in the neighboring 3 
waters through noise emissions.  The number of animals exposed to potential harm in any such 4 
action is dictated by the propagation field and the characteristics of the noise source.  5 

The impact volume associated with a particular activity is defined as the volume of water in 6 
which some acoustic metric exceeds a specified threshold.  The product of this impact volume 7 
with a volumetric animal density yields the expected value of the number of animals exposed to 8 
(or taken according to) that acoustic metric at a level that exceeds the threshold.  The acoustic 9 
metric can either be an energy term (energy flux density, either in a limited frequency band or 10 
across the full band) or a pressure term (such as peak pressure or positive impulse).  The 11 
thresholds associated with each of these metrics set levels at which half of the animals exposed 12 
will experience some degree of harassment (ranging from behavioral change to mortality). 13 

Impact volume is particularly relevant when trying to estimate the effect of repeated source 14 
emissions separated in either time or space.  Impact range, which is defined as the maximum 15 
range at which a particular threshold is exceeded for a single source emission, is used to define 16 
the range to which marine mammal activity is monitored in order to meet mitigation 17 
requirements.    18 

With the exception of explosive sources, the sole relevant measure of potential harm to the 19 
marine wildlife due to sonar operations is the accumulated (summed over all source emissions) 20 
energy flux density received by the animal over the duration of the activity.  Harassment 21 
measures for explosive sources include energy flux density and pressure-related metrics (peak 22 
pressure and positive impulse). 23 
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Regardless of the type of source, estimating the number of animals that may be injured or 1 
harassed in a particular environment entails the following steps: 2 

• Each source emission is modeled according to the particular operating mode of the 3 
sonar.  The “effective” energy source level is computed by integrating over the 4 
bandwidth of the source, scaling by the pulse length, and adjusting for gains due to 5 
source directivity.  The location of the source at the time of each emission must also 6 
be specified. 7 

• For the relevant environmental acoustic parameters, transmission loss (TL) 8 
estimates are computed, sampling the water column over the appropriate depth and 9 
range intervals.  TL data are sampled at the typical depth(s) of the source and at the 10 
nominal center frequency of the source.  If the source is relatively broadband, an 11 
average over several frequency samples is required. 12 

• The accumulated energy within the waters that the source is “operating” is sampled 13 
over a volumetric grid.  At each grid point, the received energy from each source 14 
emission is modeled as the effective energy source level reduced by the appropriate 15 
propagation loss from the location of the source at the time of the emission to that 16 
grid point and summed.  For the peak pressure or positive impulse, the appropriate 17 
metric is similarly modeled for each emission.  The maximum value of that metric 18 
(over all emissions) is stored at each grid point. 19 

• The impact volume for a given threshold is estimated by summing the incremental 20 
volumes represented by each grid point for which the appropriate metric exceeds 21 
that threshold. 22 

• Finally, the number of exposures is estimated as the “product” (scalar or vector, 23 
depending upon whether an animal density depth profile is available) of the impact 24 
volume and the animal densities.  25 

 26 
This section describes in detail the process of computing impact volumes (that is, the first four 27 
steps described above).  This discussion is presented in two parts:  active sonars and explosive 28 
sources.  The relevant assumptions associated with this approach and the limitations that are 29 
implied are also presented.  The final step, computing the number of exposures is discussed in 30 
Section J.1.5. 31 

J.1.4.1 Computing Impact Volumes for Active Sonars 32 

This section provides a detailed description of the approach taken to compute impact volumes 33 
for active sonars.  Included in this discussion are: 34 

• Identification of the underwater propagation model used to compute transmission 35 
loss data, a listing of the source-related inputs to that model, and a description of the 36 
output parameters that are passed to the energy accumulation algorithm.  37 

• Definitions of the parameters describing each sonar type. 38 

• Description of the algorithms and sampling rates associated with the energy 39 
accumulation algorithm. 40 

 41 



 
Appendix J Noise Modeling 

 

July 2007 Hawaii Range Complex Draft EIS/OEIS  J-29 
 
  

J.1.4.1.1 Transmission Loss Calculations 1 

TL data are pre-computed for each of two seasons in the five environmental provinces 2 
described in the previous subsection using the GRAB propagation loss model (Keenan, 2000).  3 
The TL output consists of a parametric description of each significant eigenray (or propagation 4 
path) from source to animal.  The description of each eigenray includes the departure angle 5 
from the source (used to model the source vertical directivity later in this process), the 6 
propagation time from the source to the animal (used to make corrections to absorption loss for 7 
minor differences in frequency and to incorporate a surface-image interference correction at low 8 
frequencies), and the transmission loss suffered along the eigenray path. 9 

The frequency and source depth TL inputs are specified in Table J-50.   10 

Table J-50.  TL Frequency and Source Depth by Sonar Type 
Sonar Frequency Source Depth 

MK-48 20 kHz 27 m 

AN/SQS-53C 5 kHz 7 m 

AN/AQS-22 4.1 kHz 27 m 

AN/ASQ-62 8 kHz 27 m 

 11 
The eigenray data for a single GRAB model run are sampled at uniform increments in range out 12 
to a maximum range for a specific “animal” (or “target” in GRAB terminology) depth.  Multiple 13 
GRAB runs are made to sample the animal depth dependence.  The depth and range sampling 14 
parameters are summarized in Table J-51.  Note that some of the low-power sources do not 15 
require TL data to large maximum ranges. 16 

Table J-51.  TL Depth and Range Sampling Parameters by Sonar Type 
Sonar Range Step Maximum Range Animal Depth 

MK-48 10 meter (m) 10 kilometer (km) 
 

0 – 1 km in 5-m steps 
1 km – Bottom in 10-m steps 

AN/SQS-53C 10 m 20 km 0 – 1 km in 5-m steps 
1 km – Bottom in 10-m steps 

AN/AQS-22 10 m 10 km 0 – 1 km in 5-m steps 
1 km – Bottom in 10-m steps 

AN/ASQ-62 5 m 5 km 0 – 1 km in 5-m steps 
1 km – Bottom in 10-m steps 

 17 
In a few cases, most notably the AN/SQS-53C for thresholds below approximately 180 dB, TL 18 
data may be required by the energy summation algorithm at ranges greater than covered by the 19 
pre-computed GRAB data.  In these cases, TL is extrapolated to the required range using a 20 
simple cylindrical spreading loss law in addition to the appropriate absorption loss.  This 21 
extrapolation leads to a conservative (or under) estimate of transmission loss at the greater 22 
ranges. 23 
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Although GRAB provides the option of including the effect of source directivity in its eigenray 1 
output, this capability is not exercised.  By preserving data at the eigenray level, this allows 2 
source directivity to be applied later in the process and results in fewer TL calculations. 3 

The other important feature that storing eigenray data supports is the ability to model the effects 4 
of surface-image interference that persist over range.  However, this is primarily important at 5 
frequencies lower than those associated with the sonars considered in this subsection.  A 6 
detailed description of the modeling of surface-image interference is presented in the subsection 7 
on explosive sources. 8 

J.1.4.1.2 Energy Summation 9 

The summation of energy flux density over multiple pings in a range-independent environment 10 
is a trivial exercise for the most part.  A volumetric grid that covers the waters in and around the 11 
area of sonar operation is initialized.  The source then begins its set of pings.  For the first ping, 12 
the TL from the source to each grid point is determined (summing the appropriate eigenrays 13 
after they have been modified by the vertical beam pattern), the “effective” energy source level 14 
is reduced by that TL, and the result is added to the accumulated energy flux density at that grid 15 
point.  After each grid point has been updated, the accumulate energy at grid points in each 16 
depth layer are compared to the specified threshold.  If the accumulate energy exceeds that 17 
threshold, then the incremental volume represented by that grid point is added to the impact 18 
volume for that depth layer.   19 

The source is then moved along one of the axes in the horizontal plane by the specified ping 20 
separation distance and the second ping is processed in a similar fashion.  This procedure 21 
continues until the maximum number of pings specified has been reached. 22 

Defining the volumetric grid over which energy is accumulated is the trickiest aspect of this 23 
procedure.  The volume must be large enough to contain all volumetric cells for which the 24 
accumulated energy is likely to exceed the threshold but not so large as to make the energy 25 
accumulation computationally unmanageable.   26 

Determining the size of the volumetric grid begins with an iterative process to determine the 27 
lateral extent to be considered.  Unless otherwise noted, throughout this process the source is 28 
treated as omni directional and the only animal depth that is considered is the TL target depth 29 
that is closest to the source depth (placing source and receiver at the same depth is generally 30 
an optimal TL geometry).  31 

The first step is to determine the impact range (RMAX) for a single ping.  The impact range in this 32 
case is the maximum range at which the effective energy source level reduced by the 33 
transmission loss is less than the threshold.  Next the source is moved along a straight-line 34 
track and energy flux density is accumulated at a point that has a CPA range of RMAX at the mid-35 
point of the source track.  That total energy flux density is then compared to the prescribed 36 
threshold.  If it is greater than the threshold (which, for the first RMAX, it must be) then RMAX is 37 
increased by 10%, the accumulation process is repeated, and the total energy is again 38 
compared to the threshold.  This continues until RMAX grows large enough to ensure that the 39 
accumulated energy flux density at that lateral range is less than the threshold.  The lateral 40 
range dimension of the volumetric grid is then set at twice RMAX, with the grid centered along the 41 
source track.  In the direction of advance for the source, the volumetric grid extends of the 42 
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interval from [–RMAX, 3 RMAX] with the first source position located at zero in this dimension.  1 
Note that the source motion in this direction is limited to the interval [0, 2 RMAX].  Once the 2 
source reaches 2 RMAX in this direction, the incremental volume contributions have 3 
approximately reached their asymptotic limit and further pings add the same essentially the 4 
same amount.  This geometry is demonstrated in Figure J-3. 5 

 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 

Figure J-3.  Horizontal Plane of Volumetric Grid for Omni Directional Source. 
 28 
 29 

If the source is directive in the horizontal plane, then the lateral dimension of the grid may be 30 
reduced and the position of the source track adjusted accordingly.  For example, if the main 31 
lobe of the horizontal source beam is limited to the starboard side of the source platform, then 32 
the port side of the track is reduced substantially as demonstrated in Figure J-4. 33 

Once the extent of the grid is established, the grid sampling can be defined.  In the both 34 
dimensions of the horizontal plane the sampling rate is approximately RMAX/100.  The round-off 35 
error associated with this sampling rate is roughly equivalent to the error in a numerical 36 
integration to determine the area of a circle with a radius of RMAX with a partitioning rate of 37 
RMAX/100 (approximately 1%).  The depth-sampling rate of the grid is comparable to the 38 
sampling rates in the horizontal plane but discretized to match an actual TL sampling depth.  39 
The depth-sampling rate is also limited to no more that 40 m in order to ensure that significant 40 
TL variability over depth is captured. 41 
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Figure J-4.  Horizontal Plane of Volumetric Grid for Starboard Beam Source. 

 17 

J.1.4.1.3 Impact Volume per Hour of Sonar Operation 18 

The impact volume for a sonar moving relative to the animal population increases with each 19 
additional ping.  The rate at which the impact volume increases varies with a number of 20 
parameters but eventually approaches some asymptotic limit.  Beyond that point the increase in 21 
impact volume becomes essentially linear as depicted in Figure J-5.  22 

 23 
 

Figure J-5.  53C Impact Volume by Ping 
 24 
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The slope of the impact volume versus number of pings at a given depth is the impact volume 1 
added per ping.  This number multiplied by the number of pings in an hour gives the hourly 2 
impact volume for the given depth increment.  Completing this calculation for all depths in a 3 
province, for a given source, gives the hourly impact volume vector, nv , which contains the 4 
hourly impact volumes by depth for province n.  Figure J-6 provides an example of an hourly 5 
impact volume vector for a particular environment. 6 
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 7 
Figure J-6.  Example of an Impact Volume Vector 

 8 

J.1.4.2  Computing Impact Volumes for Explosive Sources 9 

This section provides the details of the modeling of the explosive sources.  This energy 10 
summation algorithm is similar to that used for sonars, only differing in details such as the 11 
sampling rates and source parameters.  These differences are summarized in the following 12 
subsections.  A more significant difference is that the explosive sources require the modeling of 13 
additional pressure metrics:  (1) peak pressure, and (2) “modified” positive impulse.  The 14 
modeling of each of these metrics is described in detail in the subsections of J.1.4.2.3. 15 

J.1.4.2.1 Transmission Loss Calculations 16 

Modeling impact volumes for explosive sources span requires the type of same TL data as 17 
needed for active sonars.  However unlike active sonars, explosive ordnances are very 18 
broadband, contributing significant energy from tens of hertz to tens of kilohertz.  To 19 
accommodate the broadband nature of these sources, TL data are sampled at seven 20 
frequencies from 10 Hz to 40 kHz, spaced every two octaves.   21 

An important propagation consideration at low frequencies is the effect of surface-image 22 
interference.  As either source or target approach the surface, pairs of paths that differ in history 23 
by a single surface reflection set up an interference pattern that ultimately causes the two paths 24 
to perfectly cancel each other when the source or target is at the surface.  A fully coherent 25 
summation of the eigenrays produces such a result but also introduces extreme fluctuations at 26 
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all depths that would have to be highly sampled range and depth, and then smoothed to give 1 
meaningful results.  An alternative approach is to implement what is sometimes called a semi-2 
coherent summation.  A semi-coherent sum attempts to capture significant effects of surface-3 
image interference (namely the reduction of the field as the source or target approach the 4 
surface) without having to deal with the more rapid fluctuations associated with a fully coherent 5 
sum.  The semi-coherent sum is formed by a random phase addition of paths that have already 6 
been multiplied by the expression: 7 

sin2 [ 4π f zs za / (c2 t) ] 8 
 9 
where f is the frequency, zs is the source depth, za is the animal depth, c is the sound speed and 10 
t is the travel time from source to animal along the propagation path.  For small arguments of 11 
the sine function this expression varies directly as the frequency and the two depths.  It is this 12 
relationship that causes the propagation field to go to zero as the depths approach the surface 13 
or the frequency approaches zero. 14 

A final important consideration is the broadband nature of explosive sources.  This is handled by 15 
sampling the TL field at a limited number of frequencies.  But the image-interference correction 16 
given above varies substantially over that frequency spacing.  To avoid possible under 17 
sampling, the correction is averaged over each frequency interval. 18 

J.1.4.2.2 Source Parameters 19 

Unlike the active sonars, the explosive sources are defined by only two parameters:  (1) net 20 
explosive weight, and (2) source detonation depth.  Values for these source parameters are 21 
defined in Section J.1.2.2. 22 

The effective energy source level, which is treated as a de facto input for the other sonars, is 23 
instead modeled directly for EER and explosives.  For both the energy source level is 24 
comparable to the model used for other explosives (Arons [1954], Weston [1960], McGrath 25 
[1971], Urick [1983], Christian and Gaspin [1974]).  The energy source level over a one-third 26 
octave band with a center frequency of f for a source with a net explosive weight of w pounds is 27 

   10 log10 (0.26 f) + 10 log10 ( 2 pmax
2 / [1/θ2 + 4 π f2] ) + 197  dB 28 

where the peak pressure for the shock wave at 1 m is defined as  29 

  pmax = 21600 (w1/3 / 3.28 )1.13  psi     (A-1) 30 

and the time constant is defined as: 31 

  θ = [(0.058) (w1/3) (3.28 / w1/3) 0.22 ] / 1,000 msec   (A-2) 32 

 33 
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J.1.4.2.3 Impact Volumes for Various Metrics 1 

The impact of explosive sources on marine wildlife is measured by four different metrics, each 2 
with its own threshold(s).  The energy metric, peak one-third octave, is treated in similar fashion 3 
as the energy metric used for the active sonars, including the summation of energy if there are 4 
multiple source emissions.  The other two, peak pressure and positive impulse, are not 5 
accumulated but rather the maximum levels are stored. 6 

Peak One-Third Octave Energy Metric 7 
The computation of impact volumes for the energy metric follows closely the approach taken to 8 
model the energy metric for the active sonars.  The only significant difference is that energy flux 9 
density is sampled at several frequencies in one-third-octave bands and only the peak one-10 
third-octave level is accumulated.   11 

Peak Pressure Metric 12 
The peak pressure metric is a simple, straightforward calculation.  At each range/animal depth 13 
combination, transmission ratio modified by the source level in a one-octave band and beam 14 
pattern is averaged across frequency on an eigenray-by-eigenray basis.  This averaged 15 
transmission ratio (normalized by the broadband source level) is then compared across all 16 
eigenrays with the maximum designated as the peak arrival.  Peak pressure at that 17 
range/animal depth combination is then simply the product of: 18 

• The square root of the averaged transmission ratio of the peak arrival,  19 

• The peak pressure at a range of 1 m (given by equation A-1), and  20 

• The similitude correction (given by r –0.13, where r is the slant range along the 21 
eigenray estimated as tc with t the travel time along the dominant eigenray and c the 22 
nominal speed of sound. 23 

 24 

If the peak pressure for a given grid point is greater than the specified threshold, then the 25 
incremental volume for the grid point is added to the impact volume for that depth layer.   26 

“Modified” Positive Impulse Metric 27 
The modeling of positive impulse follows the work of Goertner (Goertner, 1982).  The Goertner 28 
model defines a “partial” impulse as  29 

Tmin 30 
∫  p(t) dt 31 
0 32 

 33 
where p(t) is the pressure wave from the explosive as a function of time t, defined so that p(t) = 34 
0 for t < 0.  This pressure wave is modeled as  35 

   p(t) = pmax e –t/θ 36 

37 
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where pmax is the peak pressure at 1 m (see equation A-1), and θ is the time constant defined as  1 

θ = 0.058 w1/3 (r/w1/3) 0.22 seconds 2 

with w the net explosive weight (pounds), and r the slant range between source and animal. 3 

The upper limit of the “partial” impulse integral is  4 

 5 
   Tmin = min {Tcut, Tosc} 6 
 7 
where Tcut is the time to cutoff and Tosc is a function of the animal lung oscillation period.  When 8 
the upper limit is Tcut, the integral is the definition of positive impulse.  When the upper limit is 9 
defined by Tosc, the integral is smaller than the positive impulse and thus is just a “partial” 10 
impulse.  Switching the integral limit from Tcut to Tosc accounts for the diminished impact of the 11 
positive impulse upon the animals lungs that compress with increasing depth and leads to what 12 
is sometimes call a “modified” positive impulse metric. 13 

The time to cutoff is modeled as the difference in travel time between the direct path and the 14 
surface-reflected path in an isospeed environment.  At a range of r, the time to cutoff for a 15 
source depth zs and an animal depth za is 16 

   Tcut = 1/c { [r2 + (za + zs)2]1/2 – [r2 + (za – zs)2]1/2 } 17 
 18 
where c is the speed of sound. 19 

The animal lung oscillation period is a function of animal mass M and depth za and is modeled 20 
as  21 

   Tosc = 1.17 M1/3 (1 + za/33) –5/6 22 
 23 
where M is the animal mass (in kg) and za is the animal depth (in feet). 24 

The modified positive impulse threshold is unique among the various injury and harassment 25 
metrics in that it is a function of depth and the animal weight.  So instead of the user specifying 26 
the threshold, it is computed as K (M/42)1/3 (1 + za / 33)1/2.  The coefficient K depends upon the 27 
level of exposure.  For the onset of slight lung injury, K is 19.7; for the onset of extensive lung 28 
hemorrhaging (1% mortality), K is 47. 29 

Although the thresholds are a function of depth and animal weight, sometimes they are 30 
summarized as their value at the sea surface for a typical calf dolphin (with an average mass of 31 
12.2 kg).  For the onset of slight lung injury, the threshold at the surface is approximately 13 psi-32 
msec; for the onset of extensive lung hemorrhaging (1% mortality), the threshold at the surface 33 
is approximately 31 psi-ms. 34 
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As with peak pressure, the “modified” positive impulse at each grid point is compared to the 1 
derived threshold.  If the impulse is greater than that threshold, then the incremental volume for 2 
the grid point is added to the impact volume for that depth layer.`  3 

J.1.4.2.4 Impact Volume per Explosive Detonation 4 

The detonations of explosive sources are generally widely spaced in time and/or space.  This 5 
implies that the impact volume for multiple firings can easily be derived by scaling the impact 6 
volume for a single detonation.  Thus the typical impact volume vector for an explosive source is 7 
presented on a per detonation basis.   8 

The one exception to this rule is SINKEX exercises.  Impact volume vectors for the 9 
representative SINKEX are provided on a per exercise basis (that is, representing the 10 
cumulative impact of all weapons fired during the exercise). 11 

J.1.4.3 Impact Volume by Operating Area 12 

The HRC Operating Area is comprised of 20 environmental provinces.  The hourly impact 13 
volume vector for operations involving any particular source is a linear combination of the 20 14 
volume impact vectors, },...,,{ 2021 vvv , with the weighting determined by the distribution of those 15 
20 environmental provinces within the source’s operation area.  Unique hourly impact volume 16 
vectors for winter and summer are calculated for each type of source and each metric/threshold 17 
combination. 18 

J.1.5 EXPOSURES 19 

This section defines the animal densities and their depth distributions for the Hawaii Range 20 
Complex.  This is followed by a series of tables providing exposure estimates per unit of 21 
operation for each source type (active sonars and explosives) and for a SINKEX exercise. 22 

J.1.5.1 Animal densities 23 

Densities are usually reported by marine biologists as animals per square kilometer, which is an 24 
area metric.  This gives an estimate of the number of animals below the surface in a certain 25 
area, but does not provide any information about their distribution in depth.  The impact volume 26 
vector (see Subsection J.1.4.1.3) specifies the volume of water ensonified above the specified 27 
threshold in each depth interval.  A corresponding animal density for each of those depth 28 
intervals is required to compute the expected value of the number of exposures.  The two-29 
dimensional area densities do not contain this information, so three-dimensional densities must 30 
be constructed by using animal depth distributions to extrapolate the density at each depth.  The 31 
required depth distributions are presented in next subsection.    32 

Barlow presents density results based on an in-depth analysis of line-transect data collected 33 
during vessel surveys conducted within the U.S. Exclusive Economic Zone (EEZ) near the 34 
Hawaiian Island Archipelago from August-November 2002 (Barlow, 2006).  Results from these 35 
surveys were initially published in a NMFS Administrative Report (Barlow, 2003), which is cited 36 
for density/abundance values in the RIMPAC report (Gilcrest et al., 2006).  However, the Barlow 37 
(2006) paper (Barlow, 2006) is a peer-reviewed journal article and represents the “best available 38 
information” for this region.  The study area and densities provided in Barlow (2006) also 39 
overlap entirely with older aerial survey data presented by Mobley (Mobley, et al., 2000); 40 
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therefore the “Inshore” densities included in the RIMPAC document are also not necessary nor 1 
is their use advised.  Barlow (Barlow, 2006; Table 4) provided abundance for two stratum, the 2 
Main Island stratum which covered from the main islands to approximately 75 nautical miles 3 
(nm) (140 km) offshore, and the Outer EEZ (OEEZ) stratum which covered the rest of the EEZ 4 
(200 nm, 370 km) around the entire Hawaiian island chain.  Density and CV were pooled for 5 
combined strata only. 6 

Based on the abundance numbers per stratum in Barlow (Barlow, 2006), it would be tempting to 7 
apply the pooled densities to only the OEEZ stratum (for those species with 100% occurrence) 8 
or divide based on percentage abundance in each strata (e.g., bottlenose dolphins had 14% 9 
abundance in Main Island and 86% abundance in OEEZ).  However, this is likely not a good 10 
idea.  Other researchers (Baird et al., 2006; Baird et al., 2005a,b; Baird, 2005) have carried out 11 
long-term studies near the main Hawaiian Islands, and have observed many species, not seen 12 
by Barlow (Barlow, 2006) in the Main Island stratum, within 75 nm of the main islands.  While 13 
these other studies do not provide densities, they do indicate that other species occur close to 14 
the islands.  Therefore, it is most appropriate to apply densities to the overall area (both strata) 15 
exactly as provided in Barlow (Barlow, 2006).  The only exceptions to this would be Fraser’s 16 
dolphin, Longman’s beaked whale and Bryde’s whale; these three species were seen by Barlow 17 
(Barlow, 2006) only in the OEEZ stratum and have not been sighted within 75 nm of the main 18 
islands by other researchers either.  The densities calculated for these three species by Barlow 19 
(Barlow, 2006) can be applied to the OEEZ stratum only (greater than 75 nm from the main 20 
Hawaiian islands; see figure 1 in Barlow [Barlow, 2006]).   21 

Barlow (2006) reports on densities for the summer/fall time period.  Most of the species for 22 
which densities were calculated are resident to the archipelago (i.e., not migratory).  Therefore, 23 
the densities are applicable year-round.  Marine mammals that were not seen by Barlow (2006) 24 
occur too rarely to be of concern (right, blue, fin, sei, minke), with two notable exceptions.   25 
Humpback whales are seasonal migrants, occurring in the Hawaiian Islands generally from 26 
December through April (and therefore were not present during the summer 2002 surveys).  27 
The most recent NMFS Alaska Stock Assessment Report (Angliss and Outlaw, 2005) provides 28 
an abundance estimate of 4005 for wintering humpback whales in Hawaii, but no density.  29 
Mobley et al. (2001) conducted aerial surveys from 1993-2000 over shallow near-shore waters 30 
as well as deep pelagic regions (survey lines extended approximately 25 nm offshore).  31 
Densities were corrected for availability bias, and the corrected density estimate for 2000 was 32 
0.2186 (CV=0.153), with an abundance of 4,491.  This number applies only to winter/spring 33 
months and only to areas within 25 nm (46 km) of the main Hawaiian Islands. 34 

The RIMPAC report (Gilcrest, Cembrola and Deavenport, 2006) includes only cetaceans “due to 35 
the lack of significant presence of pinnipeds”.   This does not adequately reflect “best available 36 
data”.  Hawaiian monk seals, an endangered species, are resident throughout the Hawaiian 37 
Islands.  They are found more often in the northwestern Hawaiian Islands where most pupping 38 
and foraging occurs (Johanos and Baker, 2005).  However, monk seals have been sighted in 39 
the Main Hawaiian Islands, particularly Kauai and Niihau (Baker and Johanos, 2004); 52 were 40 
counted during aerial surveys in 2001 and they may be recolonizing the main islands.  Monk 41 
seals forage most frequently in less than 40-m depth but have been recorded foraging to 500-m 42 
depth.  The most recent population estimate is 1,252 (Carretta et al., 2006), which is applicable 43 
to the entire archipelago.   44 
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The NUWC RIMPAC report divided the SMA areas into percentage of Operational Area within 1 
25 nm of Land and beyond 25 nm of Land, based on the offshore surveys by Mobley (Mobley, 2 
et al, 2000) and the preliminary analysis by Barlow (Barlow, 2003).  Those divisions are not 3 
applicable for the densities used here, with the exception of humpback whales. 4 

Each SMA should be assessed in the following manner: 5 

1. Humpback whales and Monk seals only – occurrence is limited to offshore areas only.  6 
Therefore, the percentage of operational SMAs within 25 nm of land for Humpback and 7 
37 nm for Monk seals (already given in RIMPAC for most areas, see Table 3-2) are the 8 
only areas to which density/abundance should be applied. 9 
 10 

2. Fraser’s dolphin, Bryde’s whale, Longman’s beaked whale – occurrence appears to be 11 
in offshore areas only.  Therefore, the percentage of operational SMAs that are beyond 12 
75 nm of the main Hawaiian Islands (see Figure 1 in Barlow [Barlow, 2006]) are the only 13 
areas to which density/abundance should be applied.   14 

 15 
3. All marine mammal species not specifically noted in #1 and 2 above – occurrence is 16 

throughout the Hawaiian Islands including Leeward Islands.  Therefore, the percentage 17 
of SMAs from 200 nm (370 km) of land (likely 100% for each SMA) are the areas to 18 
which density/abundance should be applied. 19 

 20 

The animal area densities for the HRC are given in Table J-52. 21 
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Table J-52. Hawaiian Islands Animal Densities 
 

Species Name Scientific Name Abundance Area for 
population (km2)* 

Density 
(#/km2) 

CV Area Season Reference 

Bryde’s whale  B. edeni  469 N/A 0.0002 0.45 75-200 nm offshore Year-round Barlow 2006 
Humpback whale Megaptera novaeangliae 4,491 N/A 0.2186 0.15 0-25 nm offshore Dec-Mar Mobley et al. 

2001 
Sperm whale Physeter catodon  6,919 N/A 0.0028 0.81 0-200 nm offshore Year-round Barlow 2006 
Dwarf sperm whale Kogia sima  17,519 N/A 0.0071 0.74 0-200 nm offshore Year-round Barlow 2006 
Pygmy sperm whale Kogia breviceps  7,138 N/A 0.0029 1.12 0-200 nm offshore Year-round Barlow 2006 
Cuvier’s beaked whale Ziphius cavirostris  15,242 N/A 0.0062 1.43 0-200 nm offshore Year-round Barlow 2006 
Longman’s beaked whale  Indopacetus pacificus  1,007 N/A 0.0004 1.26 75-200 nm offshore Year-round Barlow 2006 
Blainville’s beaked whale  Mesoplodon densirostris 2,872 N/A 0.0012 1.25 0-200 nm offshore Year-round Barlow 2006 
Unidentified beaked 
whale  

Family Ziphiidae  371 N/A 0.0002 1.17 0-200 nm offshore Year-round Barlow 2006 

Bottlenose dolphin Tursiops truncatus  3,215 N/A 0.0013 0.59 0-200 nm offshore Year-round Barlow 2006 
False killer whale  Pseudorca crassidens  236 N/A 0.0001 1.13 0-200 nm offshore Year-round Barlow 2006 
Killer whale  Orcinus orca  349 N/A 0.0001 0.98 0-200 nm offshore Year-round Barlow 2006 
Pygmy killer whale  Feresa attenuata  956 N/A 0.0004 0.83 0-200 nm offshore Year-round Barlow 2006 
Short-finned pilot whale Globicephala 

macrorhychus  
8,870 N/A 0.0036 0.38 0-200 nm offshore Year-round Barlow 2006 

Risso’s dolphin  Grampus griseus  2,372 N/A 0.0010 0.65 0-200 nm offshore Year-round Barlow 2006 
Melon-headed whale Peponocephala electra  2,950 N/A 0.0012 1.17 0-200 nm offshore Year-round Barlow 2006 
Rough-toothed dolphin  Steno bredanensis  8,709 N/A 0.0036 0.45 0-200 nm offshore Year-round Barlow 2006 
Fraser’s dolphin  Lagenodelphis hosei  10,226 N/A 0.0042 1.16 75-200 nm offshore Year-round Barlow 2006 
Offshore pantropical 
spotted dolphin  

Stenella attenuata  8,978 N/A 0.0037 0.48 0-200 nm offshore Year-round Barlow 2006 

Spinner dolphin Stenella longirostris  3,351 N/A 0.0014 0.74 0-200 nm offshore Year-round Barlow 2006 
Striped dolphin  Stenella coeruleoalba  13,143 N/A 0.0054 0.46 0-200 nm offshore Year-round Barlow 2006 

Hawaiian monk seal  Monachus schauinslandi 1,252 360,000 0.0035 N/A Offshore HI Island 
Archipelago 

Year-round Caretta et al. 
2006 

* Area was derived via ArcMap (obtaining individual areas for all main HI Islands then subtracting those from the overall area of the HI island archipelago). 

Density for monk seals derived via dividing the abundance from Caretta et al (2006) with the area obtained via ArcMap.   
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J.1.5.2 Hawaii Range Complex Marine Mammal Depth Distribution Summary 1 

There is very limited depth distribution data for most marine mammals.  This is especially true 2 
for cetaceans, as they must be tagged at-sea and using a tag that either must be implanted in 3 
the skin/blubber in some manner or that adheres to the skin.  There is slightly more data for 4 
some pinnipeds, as they can be tagged while on shore during breeding or molting seasons and 5 
the tags can be glued to the pelage rather than implanted.  There are a few different 6 
methodologies/techniques that can be used to determine depth distribution percentages, but by 7 
far the most widely used technique at this time is the time-depth recorder.  These instruments 8 
are designed to be attached to the animal for a fairly short period of time (several hours to a few 9 
days) via a suction cup, and are retrieved immediately after detachment.  Depth information can 10 
also be collected via satellite tags, sonic tags, digital tags, and, for sperm whales, via acoustic 11 
tracking of sounds produced by the animal itself. 12 

Barlow (Barlow, 2006) provides density values for 20 species (Table 4).  There were several 13 
species/species groups seen during the 2002 survey for which no abundance/density was 14 
calculated; these species are not included in the depth distribution analysis. Monk seals are 15 
present year-round and humpbacks are seasonally present in shallow waters of the Hawaiian 16 
Islands, bringing the total number of species requiring depth distribution data to 22.  Of these 17 
22, there are somewhat suitable depth distribution data for 10.  Sample sizes are extremely 18 
small for these 10 species, usually fewer than 10 animals total and often only one or two 19 
animals.  Depth distribution information often must be interpreted from other dive and or 20 
preferred prey characteristics, so confidence in any of these depth distributions is not high.  21 
However, these depth distribution data represent the “best available” at this time.  Depth 22 
distributions for the remaining 12 cetaceans in the Hawaiian Islands area have been 23 
extrapolated from similar species to provide the “best available” depth distribution information.   24 

J.1.5.2.1 Depth Distributions for Mysticetes 25 

Bryde’s whale (B. edeni)—–There are no depth distribution data for this species.  They feed on 26 
small schooling fish and krill.  They are quite a bit smaller than fin whales (13 feet versus 21 27 
feet) but still closer in size to fins than to blue whales. Therefore, in light of the total lack of data 28 
for this species, fin whale (Balaenoptera physalus) depth distribution data will be extrapolated to 29 
Bryde’s whales.  Fin whale data from Ligurian Sea are the most complete (Panigada et al., 30 
2003), and showed differences between day and night diving; daytime dives were shallower 31 
(within 100 m) and night dives were deeper (>400 m), likely taking advantage of nocturnal prey 32 
migrations into shallower depths; this data may be atypical of fin whales elsewhere in areas 33 
where they do not feed on vertically-migrating prey.  Goldbogen (Goldbogen, et al. 2006) 34 
studied fins in southern CA and found that 60% of total time was spent diving, with the other 35 
40% near surface (<50 m); dives were to >225 m and were characterized by rapid gliding 36 
ascent, foraging lunges near the bottom of dive, and rapid ascent with flukes.  Dives are 37 
somewhat V-shaped although the bottom of the V is wide.  Therefore, percent of time at depth 38 
levels for fin whales could be estimated as 40% at <50 m, 20% at 50 to 225 m (covering the 39 
ascent and descent times) and 40% at <225 m.   40 

Humpback whales (Megaptera novaeangliae)—In a feeding area (Greenland), 37% of time at 41 
<4 m, 25% of time 4-20 m, 7% of time 20-35 m, 4% of time 35-50 m, 6% of time 50-100 m, 7% 42 
of time 100-150 m, 8% of time 150-200 m, 6% of time 200-300 m, <1% at >300 m (Dietz et al., 43 
2002).  In a non-feeding area (HI), humpbacks spent 40% of time in 0-10 m, 27% in 11-20 m, 44 
12% in 21-30 m, 4% in 31-40 m, 3% in 41-50 m, 2% in 51-60 m, 2% in 61-70 m, 2% in 71-80 m, 45 
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2% in 81-90 m, 2% in 91-100 m, 1% in 101-110 m, 1% in 111-120 m, 1% in 121-130 m, 1% in 1 
131-140 m, and <1% in <140 m depth (Baird et al., 2000, Table 3).   2 

J.1.5.2.2 Depth Distributions for Odontocetes 3 

Sperm whale (Physeter catodon, aka Physeter macrocephalus)—Unlike other cetaceans, there 4 
is a preponderance of dive information for this species, most likely because it is the deepest 5 
diver of all species and so generates a lot of interest (and funding).  Sperm whales feed on large 6 
and medium-sized squid, octopus, rays and sharks, on or near the ocean floor.  Some evidence 7 
suggests that they do not always dive to the bottom of the sea floor (likely if food is elsewhere in 8 
the water column), but that they do generally feed at the bottom of the dive.  The most 9 
consistent dive type recorded is U-shaped, whereby the whale makes a rapid descent to the 10 
bottom of the dive, forages at various velocities while at depth (likely while chasing prey) and 11 
then ascends rapidly to the surface.  Perhaps the best source for depth distribution data comes 12 
from Amano and Yoshioka (2003), who attached a tag to a female sperm whale near Japan in 13 
an area where water depth was 1,000-1,500 m.  Based on values in Table 1 for dives with 14 
active bottom periods, the total dive sequence was 45.9 min (mean surface time plus dive 15 
duration).  Mean surface time divided by total time (8.5/45.9) yields a percent of time at the 16 
surface (0-2 m) of 19%.  Mean bottom time divided by total time (17.5/45.9) yields a percent of 17 
time at the bottom of the dive (in this case >800 m as the mean maximum depth was 840 m) of 18 
38%.   Total time in the water column descending or ascending equals duration of dive minus 19 
bottom time (37.4-17.5) or ~20 minutes.  Assuming a fairly equal descent and ascent rate (as 20 
shown in the table) and a fairly consistent descent/ascent rate over depth, we assume 10 21 
minutes each for descent and ascent and equal amounts of time in each depth gradient in either 22 
direction.  Therefore, 0-200 m = 2.5 minutes one direction (which correlates well with the 23 
descent/ascent rates provided) and therefore 5 minutes for both directions.  Same for 201-400 24 
m, 401-600 m and 601-800 m.  Therefore, the depth distribution for sperm whales based on 25 
information in the Amano paper is: 19% in 0-2 m, 10% in 2-200 m, 11% in 201-400 m, 11% in 26 
401-600 m, 11% in 601-800 m and 38% in >800 m.  The percentages derived above from data 27 
in Amano and Yoshioka (2003) are in fairly close agreement with those derived from Table 1 in 28 
Watwood et al. (2006) for sperm whales in the Ligurian Sea, Atlantic Ocean and Gulf of Mexico.    29 

Dwarf sperm whale(Kogia sima)—There are no depth distribution data for this species.  Prey 30 
preference appears to be cephalopods, crustaceans and fish, and there is some evidence that 31 
they feed at the bottom.  In lieu of any other information, Blainville’s beaked whale depth 32 
distribution data will be extrapolated to dwarf sperm whales as the two species appear to have 33 
similar prey preferences and Kogia sp. are closer in size to Blainville’s than to sperm or Cuvier’s 34 
beaked whales.   35 

Pygmy sperm whale (Kogia breviceps)—There are no depth distribution data for this species.  36 
An attempt to record dive information on a rehabbed pygmy sperm whale failed when the TDR 37 
package was never recovered (Scott et al., 2001).  Prey preference appears to be cephalopods, 38 
crustaceans and fish, and there is some evidence that they feed at the bottom.  In lieu of any 39 
other information, Blainville’s beaked whale depth distribution data will be extrapolated to pygmy 40 
sperm whales as the two species appear to have similar prey preferences and Kogia sp. are 41 
closer in size to Blainville’s than to sperm or Cuvier’s beaked whales. 42 

Cuvier’s beaked whale (Ziphius cavirostris)—Studies in Hawaii (Baird et al., 2005a; Baird et al., 43 
2006) found that this species undertook three or four different types of dives, including 44 
intermediate (to depths of 292-568 m), deep (>1,000 m) and short-interventilation (within 2-3 m 45 
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of surface).  Studies in the Canary Islands indicated that Cuvier’s beaked whales dived to 1 
>1,000 m and usually started “clicking” (actively searching for prey) around 475 m (Johnson et 2 
al., 2004; Soto et al, 2006).  Clicking continued at depths and ceased once ascent to the surface 3 
began, indicating active foraging at depth.  In both locations, Cuvier’s spent more time in deeper 4 
water than did Blainville’s, although maximum dive depths were similar.  There was no 5 
significant difference between day and night diving indicating that preferred prey likely do not 6 
undergo vertical migrations.  To determine depth distribution data for this species, the graph 7 
representing daytime dives in Figure 5 in Baird et al. (2005a) was used.  It would appear that 8 
~15% of total time is spent in 0-100 m depth, ~13% from 101-200 m depth, ~22% from 201-300 9 
m depth, ~13% from 301-600 m depth, ~6% from 601-800 m depth, ~11% from 801-1,000 m 10 
depth, and 20% at >1000 m.  These data are representative of only one animal so, like all the 11 
other depth distribution data, are very limited in scope. 12 

Longman’s beaked whale (aka Tropical bottlenose whale) (Indopacetus pacificus)—There are 13 
no depth distribution data for this species, and preferred prey species are also unknown.  There 14 
has been one study on northern bottlenose whales, Hyperoodon ampullatus, which provides 15 
some guidance as to depth distribution (Hooker and Baird, 1999).  Most (62-70%, average = 16 
66%) of the time was spent diving (>40 m), and most dives were somewhat V-shaped.  Both 17 
shallow dives (<400 m) and deep dives (>800 m) were recorded, and whales spent 24-30% 18 
(therefore, average of 27%) of dives at 85% maximum depth indicating they feed near the 19 
bottom.  Using these data points, we estimate 34% of time at 0-40 m, 39% at 41-800 m, 27% at 20 
>800 m for H. ampullatus and extrapolate this to I. pacificus.   21 

Blainville’s beaked whale (Mesoplodon densirostris)—Studies in Hawaii (Baird et al., 2004; 22 
2005a; 2006) found that this species undertook several different types of dives, including 23 
shallow (0-50 m with most time at 0-20 m), deep (mean maximum of 890 and 1,408 m) and 24 
short-interventilation (within 2-4 m of surface).  Studies in the Canary Islands indicated that 25 
Blainville’s beaked whales dived to >655 m and usually started “clicking” (actively searching for 26 
prey) around 200-570 m (Johnson et al., 2004).  Clicking continued at depths and ceased once 27 
ascent to the surface began, indicating active foraging at depth.  To determine depth distribution 28 
data for this species, the top two left-side graphs in Figure 6 in Baird et al. (2005a) were used.  29 
It would appear that ~48% of total time is spent in 0-50 m depth, ~11% from 51-100 m depth, 30 
~11% from 101-200 m depth, ~9% from 201-500 m depth, ~5% from 501-800 m depth, ~5% 31 
from 801-1,000 m depth, and 11% at >1,000 m.  This data is representative of only two animals, 32 
so like all the other depth distribution data is very limited in scope.   33 

Unidentified beaked whale (Family Ziphiidae)—This encompasses all beaked whales and 34 
several genera that might be found offshore Hawaii.  Based on the total lack of additional 35 
information about what this species may have been, suggest using the limited dive information 36 
available for Cuvier’s beaked whale. 37 

Bottlenose dolphin (Tursiops truncatus)—There have been a few studies on bottlenose dolphin 38 
depth distributions.  Corkeron and Martin (2004) reported that two dolphins spent 66% of time in 39 
top 5 m of water surface; maximum dive depth was greater than 150 m and there was no 40 
apparent diurnal pattern.  Based on this study plus information from Hastie et al. (2006), the 41 
following depth distribution has been estimated for bottlenose dolphins: 66% of time at 0-10 m, 42 
12% at 11-20 m, 12% at 21-30 m, 5% at 31-40 m, 4% at 41-50 m, and 1% at >50 m.   43 
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False killer whale (Pseudorca crassidens)—The only study conducted on false killer whales 1 
diving in Hawaii has not been published in any detail (Ligon and Baird, 2001), but an abstract 2 
provides limited information.  False killer whales did not dive deep and instead recorded 3 
maximum dives of 22, 52 and 53 m in near-shore Hawaii waters.  Based on the nearly total lack 4 
of data for this species, suggest using the limited dive information available for killer whales. 5 

Killer whale (Orcinus orca)—Diving studies on killer whales have been undertaken mainly on 6 
“resident” (fish-eating) killer whales in the Puget Sound and are likely not applicable across all 7 
populations of killer whales.  Diving is usually related to foraging, and mammal-eating killer 8 
whales may display different dive patterns.   Killer whales in one study (Baird et al., 2005b) dove 9 
as deep as 264 m, and males dove more frequently and more often to depths >100 m than 10 
females, with fewer deep dives at night.  Using best available data from Baird et al. (2003a), it 11 
would appear that killer whales spend ~4% of time at depths >30 m and 96% of time at depths 12 
<30 m.   Dives to deeper depths were often characterized by velocity bursts which may be 13 
associated with foraging or social activities.   14 

Pygmy killer whale (Feresa attenuata)—There are no depth distribution data for this species, 15 
and there is little information on prey preference.  In lieu of any other information, killer whale 16 
depth distribution data will be extrapolated to pygmy killer whales. 17 

Short-finned pilot whale (Globicephala macrorhychus)—The only study conducted on short-18 
finned pilot whales in Hawaii has not been published in any detail (Baird et al., 2003b), but an 19 
abstract did indicate that there are significant differences between day and night diving; dives of 20 
>100m were far more frequent at night, likely to take advantage of vertically-migrating prey; 21 
night dives regularly went to 300-500 m.  Deepest dives were during the day, however, perhaps 22 
because prey was deeper.  A closely-related species, the long-finned pilot whale, also shows 23 
marked differences in daytime and nighttime diving in studies in the Ligurian Sea (Baird et al., 24 
2002), but there is no information on % of time at various depth categories.  A study following 25 
two rehabilitated and released LF pilot whales provides a breakdown of % of time at depth 26 
distribution for 2 whales (Nawojchik et al., 2003).  Averaging the values for the two whales 27 
results in the following depth distribution breakdown: 64% at <15 m, 19% at 16-50 m, 7% at 51-28 
100m, 4% at 101-150 m, 5% at 151-200 m, 1% at 201-250 m and <1% at >250 m.  As the same 29 
type of detailed dive depth distribution is not available for SF pilot whales, these numbers will 30 
have to suffice. 31 

Risso’s dolphin (Grampus griseus)—There are no depth distribution data for this species.  They 32 
are primarily squid eaters and feeding is presumed to take place at night.  In lieu of any other 33 
information, short-finned pilot whale depth distribution data will be extrapolated to Risso’s 34 
dolphins. 35 

Melon-headed whale (Peponocephala electra)—There are no depth distribution data for this 36 
species.  They are primarily squid and pelagic fish eaters and at least some feeding is 37 
presumed to take place at fairly deep depth.  In lieu of any other information, short-finned pilot 38 
whale depth distribution data will be extrapolated to melon-headed whales. 39 

Rough-toothed dolphin (Steno bredanensis)—There are no depth distribution data for this 40 
species.  They are believed to be deep divers and feeders.  In lieu of any other information, 41 
spinner dolphin depth distribution data will be extrapolated for rough-toothed dolphins. 42 
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Fraser’s dolphin (Lagenodelphis hosei —Studies on diving by this species have not been 1 
undertaken, but studies of stomach contents in the eastern tropical Pacific and Sulu Sea 2 
indicate that they eat myctophid fish as well as cephalopods and crustaceans (Dolar et al., 3 
2003).  Based on prey species, this species apparently regularly feeds in deeper waters than 4 
spinner dolphins as several of its major prey items are regularly found between 600 and 1000 5 
m.  It is believed that Fraser’s dolphins also feed mainly at night.  Based on this very limited 6 
information, the following are very rough order estimates of time at depth: daytime: 100% at 0-7 
50 m; nighttime: 100% at 0-700 m. 8 

Offshore pantropical spotted dolphin (Stenella attenuata)—One study on this species in Hawaii 9 
contains dive information (Baird et al., 2001).  The biggest differences recorded were in the 10 
increase in dive activity at night.  During the day, 89% of time was spent within 0-10 m, most of 11 
the rest of the time was 10-50 m, and the deepest dive was to 122 m.  At night, only 59% of time 12 
was spent from 0-10 m and the deepest dive was to 213 m; dives were especially pronounced 13 
at dusk.  For activities conducted during daytime-only, the depth distribution would be 89% at 0-14 
10 m and 11% at 11-50 m, with <1% at 51-122 m.  For activities conducted over a 24-hour 15 
period, the depth distribution needs to be modified to reflect less time at surface and deeper 16 
depth dives; 80% at 0-10 m, 8% at 11-20 m, 2% at 21-30 m, 2% at 31-40 m, 2% at 41-50 m, 17 
and 6% at 51-213 m. 18 

Spinner dolphin (Stenella longirostris)—Studies on spinner dolphins in Hawaii have been carried 19 
out using active acoustics (fish-finders) (Benoit-Bird and Au, 2003).  These studies show an 20 
extremely close association between spinner dolphins and their prey (small, mesopelagic 21 
fishes).  Mean depth of spinner dolphins was always within 10 m of the depth of the highest prey 22 
density. These studies have been carried out exclusively at night, as stomach content analysis 23 
indicates that spinners feed almost exclusively at night when the deep scattering layer moves 24 
toward the surface bringing potential prey into relatively shallower (0-400 m) waters.  Prey 25 
distribution during the day is estimated at 400-700 m.  Based on these data, the following are 26 
very rough order estimates of time at depth: daytime: 100% at 0-50 m; nighttime: 100% at  27 
0-400 m. 28 

Striped dolphin (Stenella coeruleoalba)—Studies are rare on this species.  In lieu of any other 29 
information, pantropical spotted dolphin depth distribution data will be extrapolated to striped 30 
dolphins. 31 

J.1.5.2.3 Depth Distributions of Pinnipeds 32 

Hawaiian monk seal (Monachus schauinslandi)—There have been several recent studies on 33 
foraging patterns by monk seals near rookeries in the northwestern Hawaiian Islands.  Dive 34 
depths appear to differ slightly between rookeries as well as between age and sex classes.  At 35 
Pearl and Hermes Reef, most dives were from 8-40 m with a second much smaller node at 100-36 
120 m (Stewart, 2004).  At Kure Atoll, most dives were shallower than 40 m, with males tending 37 
to dive deeper than females (Stewart and Yochem, 2004a).  At Laysan Island, a similar dive 38 
pattern was recorded with most dives shallower than 40 m, but at that location females tended 39 
to dive deeper than males (250-350 m) (Stewart and Yochem, 2004b).  Parrish et al (2002) 40 
noted a tendency towards night diving at French Frigate Shoals, with dives to ~80-90 m.  Based 41 
on these data, the following are rough order estimates of time at depth: 90% at 0-40 m; 9% at 42 
40-120 m; 1% at >120 m. 43 
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J.1.5.3 Exposure Estimates 1 

The following sperm whale example demonstrates the methodology used to create a three-2 
dimensional density by merging the area densities with the depth distributions.   The sperm 3 
whale surface density is 0.0028 whales per square kilometer.  From the depth distribution 4 
report, "depth distribution for sperm whales based on information in the Amano paper is:  19% in 5 
0-2 m, 10% in 2-200 m, 11% in 201-400 m, 11% in 401-600 m, 11% in 601-800 m and 38% in 6 
>800 m."  So the sperm whale density at 0 to 2 m is (0.0028*0.19/0.002 = ) 0.266 per cubic km, 7 
at 2-200 m is (0.0028*0.10/0.198 = ) 0.001414 per cubic km, and so forth. 8 

In general, the impact volume vector samples depth in finer detail than given by the depth 9 
distribution data.  When this is the case, the densities are apportioned uniformly over the 10 
appropriate intervals.  For example, suppose the impact volume vector provides volumes for the 11 
intervals 0 to 2 m, 2 to 10 m, and 10 to 50 m.  Then for the depth-distributed densities discussed 12 
in the preceding paragraph,  13 

• 0.266 whales per cubic km is used for 0 to 2 m,  14 
• 0.001414 whales per cubic km is used for the 2 to 10 m, and  15 
• 0.001414 whales per square km is used for the 10 to 50 m.   16 

 17 
Once depth-varying, three-dimensional densities are specified for each species type, with the 18 
same depth intervals and the ensonified volume vector, the density calculations are finished.  19 
The expected number of ensonified animals within each depth interval is the ensonified volume 20 
at that interval multiplied by the volume density at that interval and this can be obtained as the 21 
dot product of the ensonified volume and animal density vectors.   22 

Since the ensonified volume vector is the ensonified volume per unit operation (i.e., per hour, 23 
per sonobuoy, etc), the final exposure count for each animal is the unit operation exposure 24 
count multiplied by the number of units (hours, sonobuoys, etc).  The tables below are 25 
organized by Alternative and threshold level; each table represents the total yearly exposures 26 
modeled at different threshold levels for each alternative.  For sonar sources, exposures are 27 
reported at the appropriate dose function level, 195 dB, and 215 dB. 28 

Tables J-53 through J-55 give the number of exposures at different threshold levels for each 29 
alternative.   30 
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Table J-53.  HRC EIS No-action Sonar Exposures Summary 

Mammals   
Dose 

Function 195 dB 215 dB 

Bryde’s whale   173 2 0 

Fin whale1, 2   53 3 0 

Sei whale1, 2 53 3 0 

Humpback whale1   28,359 401 1 

Sperm whale1   767 23 0 

Dwarf sperm whale   1,653 90 0 

Pygmy sperm whale   675 37 0 

Cuvier’s beaked whale   1,025 14 0 

Longman’s beaked whale   113 4 0 

Blainville’s beaked whale   391 15 0 

Unidentified beaked whale   33 0 0 

Bottlenose dolphin   887 46 0 

False killer whale   53 3 0 

Killer whale   53 3 0 

Pygmy killer whale   214 13 0 

Shortfinned pilot whale   2,012 106 0 

Risso’s dolphin   559 29 0 

Melonheaded whale   671 35 0 

Roughtoothed dolphin   869 47 0 

Fraser’s dolphin   1,003 55 0 

Pantropical spotted dolphin   2,770 133 0 

Spinner dolphin   338 18 0 

Striped dolphin   4,043 194 0 

Monk seal1   362 7 0 

TOTAL   47,129 1,281 1 
Note:  1 Endangered Species 1 
2 Due to a lack of density data for fin and sei whales, false killer whale results were used because they have a 2 
similar size population within the HRC. 3 
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Table J-54. HRC EIS Alternative 1 Sonar Exposures Summary 

Mammals    
Dose 

Function 195 dB 215 dB 

Bryde’s whale   198 2 0 

Fin whale1, 2   61 4 0 

Sei whale1, 2 61 4 0 

Humpback whale1   28,359 444 1 

Sperm whale1   882 27 0 

Dwarf sperm whale   1,871 105 0 

Pygmy sperm whale   764 43 0 

Cuvier’s beaked whale   1,182 16 0 

Longman’s beaked whale   130 5 0 

Blainville’s beaked whale   444 18 0 

Unidentified beaked whale   38 1 0 

Bottlenose dolphin   1,015 53 0 

False killer whale   61 4 0 

Killer whale   61 4 0 

Pygmy killer whale   243 15 0 

Shortfinned pilot whale   2,301 123 0 

Risso’s dolphin   639 34 0 

Melonheaded whale   767 41 0 

Roughtoothed dolphin   984 55 0 

Fraser’s dolphin   1,136 63 0 

Pantropical spotted dolphin   3,179 153 0 

Spinner dolphin   383 21 0 

Striped dolphin   4,639 224 0 

Monk seal1   411 8 0 

TOTAL   49,809 1,467 1 
Note:  1 Endangered Species 1 
2 Due to a lack of density data for fin and sei whales, false killer whale results were used because they have a similar 2 
size population within the HRC. 3 
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Table J-55.  HRC EIS Alternative 2 Sonar Exposures Summary 

Mammals   
Dose 

Function 195 dB 215 dB 

Bryde’s whale   273 3 0 

Fin whale1, 2   82 5 0 

Sei whale1, 2 82 5 0 

Humpback whale1   34,797 482 1 

Sperm whale1   1,154 35 0 

Dwarf sperm whale   2,565 134 0 

Pygmy sperm whale   1,048 55 0 

Cuvier’s beaked whale   1,593 20 0 

Longman’s beaked whale   176 6 0 

Blainville’s beaked whale   613 23 0 

Unidentified beaked whale   51 1 0 

Bottlenose dolphin   1,348 67 0 

False killer whale   82 5 0 

Killer whale   82 5 0 

Pygmy killer whale   328 19 0 

Shortfinned pilot whale   3,046 157 0 

Risso’s dolphin   846 44 0 

Melonheaded whale   1,015 52 0 

Roughtoothed dolphin   1,348 70 0 

Fraser’s dolphin   1,556 81 0 

Pantropical spotted dolphin   4,184 196 0 

Spinner dolphin   524 27 0 

Striped dolphin   6,106 287 1 

Monk seal1   570 9 0 

TOTAL   63,468 1,788 2 
Note:  1 Endangered Species 1 
2 Due to a lack of density data for fin and sei whales, false killer whale results were used because they have a similar 2 
size population within the HRC. 3 

 4 
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J.2 DOSE FUNCTION MODELING  1 

J.2.1 DOSE FUNCTION:  THEORETICAL AND PRACTICAL IMPLEMENTATION 2 

This section discusses the recent addition of a dose function "threshold" to acoustic effects 3 
analysis procedure.  This approach includes two parts, a new metric, and a function to map 4 
exposure level under the new metric to probability of harassment.  What these two parts mean, 5 
how they affect exposure calculations, and how they are implemented are the objects of 6 
discussion. 7 

J.2.1.1 Thresholds and Metrics 8 

The term "thresholds" is broadly used to refer to both thresholds and metrics.  The difference, 9 
and the distinct roles of each in effects analyses, will be the foundation for understanding the 10 
dose function approach, putting it in perspective, and showing that, conceptually, it is similar to 11 
past approaches. 12 

Sound is a pressure wave, so at a certain point in space, sound is simply rapidly changing 13 
pressure.  Pressure at a point is a function of time.  Define p(t) as pressure (in micropascals) at 14 
a given point at time t (in seconds); this function is called a "time series."  Figure J-7 gives the 15 
time series of the first "hallelujah" in Handel's Hallelujah Chorus.  16 
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Figure J-7.  Time Series 
 20 
The time-series of a source can be different at different places.  Therefore, sound, or pressure, 21 
is not only a function of time, but also of location.  Let the function p(t), then be expanded to 22 
p(t;x,y,z) and denote the time series at point (x,y,z) in space.  Thus, the series in Figure J-7 p(t) 23 
is for a given point (x,y,z).  At a different point in space, it would be different.   24 

Assume that the location of the source is (0,0,0) and this series is recorded at (0,10,-4).  The 25 
time series above would be p(t;0,10,-4) for 0<t<2.5.   26 

As in Figure J-7, pressure can be positive or negative, but usually the function is squared so it is 27 
always positive, this makes integration meaningful.  Figure J-8 is )4,10,0;(2 −tp . 28 
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Figure J-8.  Time Series Squared 
 4 
The metric chosen to evaluate the sound field at the end of this first "hallelujah" determines how 5 
the time series is summarized from thousands of points, as in figure J-7, to a single value for 6 
each point (x,y,z) in the space.  The metric essentially "boils down" the four dimensional 7 
p(t,x,y,z) into a three dimensional function m(x,y,z) by dealing with time.  There is more than 8 
one way to summarize the time component, so there is more than one metric. 9 

Max SPL 10 
One way to summarize ),,;(2 zyxtp  to one number over the 2.5 seconds is to only report the 11 
maximum value of the function over time or,  12 
 13 

{ }),,,(max 2
max zyxtpSPL =  for 0<t<2.5 14 

 15 
The maxSPL for this snippet of the Hallelujah Chorus is 211103.2 Paμ×  and occurs at 0.2825 16 
seconds, as shown in Figure J-9. 17 
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Figure J-9.  Max SPL of Time Series Squared 
 21 
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Integration 1 

maxSPL is not necessarily influenced by the duration of the sound (2.5 seconds in this case).  2 
Integrating the function over time does take this duration into account.  A simple integration of 3 

),,;(2 zyxtp over t is common and usually called "energy." 4 

∫=
T

dtzyxtpEnergy
0

2 ),,,(  where T is the maximum time of interest, in this case 2.5 5 

The energy for this snippet of the Hallelujah Chorus is sPa ⋅× μ111024.1 . 6 
 7 
Energy is sometimes called "equal energy" because if p(t) is a constant function and the 8 
duration is doubled, the effect is the same as doubling the signal amplitude (y value).  Thus, the 9 
duration and the signal have an "equal" influence on the energy metric. 10 

Mathematically,  11 

∫∫∫ ==
TTT

dttpdttpdttp
0

2

0

2
2

0

2 )(2)(2)(  12 

 or a doubling in duration equals a doubling in energy equals a doubling in signal. 13 
 14 
Sometimes, the integration metrics are referred to as having a "3 dB exchange rate" because if 15 
the duration is doubled, this integral increases by a factor of two, or 10log10(2)=3.01 dB.  Thus, 16 
equal energy has "a 3 dB exchange rate." 17 

After p(t) is determined (i.e., when the stimulus is over), propagation models can be used to 18 
determine p(t;x,y,z) for every point in the vicinity and for a given metric.  Define  19 

=),,,( Tzyxma value of metric "a" at point (x,y,z) after time T 20 
 21 
So,  22 

 23 

∫=
T

energy dttpTzyxm
0

2)();,,(  24 

[ ]TovertpTzyxm SPL ,0))(max();,,(max =  25 
 26 
Since modeling is concerned with the effects of an entire event, T is usually implicitly defined: a 27 
number that captures the duration of the event.  This means that ),,( zyxma is assumed to be 28 
measured over the duration of the received signal. 29 

Three Dimensions vs Two Dimensions 30 
To further reduce the calculation burden, it is possible to reduce the domain of ),,( zyxma  to 31 
two dimensions by defining { }),,(max),( zyxmyxm aa = over all z. 32 
This reduction is not used for this analysis, which is exclusively three-dimensional. 33 

34 
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Threshold 1 
For a given metric, a threshold is a function that gives the probability of exposure at every value 2 
of am .  This threshold function will be defined as  3 

)),,(Pr()),,(( zyxmateffectzyxmD aa =  4 
The domain of D is the range of ),,( zyxma , and its range is the number of thresholds. 5 

An example of threshold functions is the Heavyside (or unit step) function, currently used to 6 
determine permanent and temporary threshold shift (PTS and TTS) in cetaceans.  For PTS, the 7 
metric is ),,( zyxmenergy , defined above, and the threshold function is a Heavyside function with 8 
a discontinuity at 215 dB, shown in Figure J-10. 9 
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Figure J-10.  PTS Heavyside Threshold Function 
 12 
 13 
Mathematically, this D is defined as: 14 
 15 
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 17 
 18 
Any function can be used for D, as long as its range is in [0,1].  The dose function use normal 19 
cumulative distribution functions (ncdfs) instead of heavyside functions, and use the max SPL 20 
metric instead of the energy metric.  While a Heavyside function is specified by a single 21 
parameter, the discontinuity, a normal cumulative distribution function requires two parameters: 22 
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the mean and the standard deviation.  This particular approach defines a third parameter, 1 
"cutoff," to limit the support (domain of definition) of D.  Mathematically, these "dose" functions 2 
are defined as 3 

⎩
⎨
⎧

<
≥

=
amfor

amformncdf
mD

SPL

aSPL
SPL

max

max
max 0

),,(
)(

σμ
 4 

where a=cutoff, μ=mean, and σ=standard deviation.  For these dose functions, cutoff (a) is 5 
always a function of μ and σ, a relationship in the form of a= μ-k σ, where k is an integer.  The 6 
mid-frequency dose function used for small odontocetes is ),12,189( max SPLmncdf , with cutoff= μ-7 
3 σ=153 dB. 8 

Multiple Metrics and Thresholds 9 
It is possible to have more than one metric, and more than one threshold in a given metric.  For 10 
example, in this document, humpback whales have two metrics (energy and max SPL), and 11 
three thresholds (two for energy, one for max SPL).  The energy thresholds are heavyside 12 
functions, as described above, with discontinuities at 215 and 195 for PTS and TTS 13 
respectively.  The max SPL threshold is a dose function with μ=175, σ=10, and cutoff = μ-3 σ 14 
=145 for disturbance.   15 

J.2.1.2 Calculation of Expected Exposures 16 

Determining the number of expected exposures for disturbance is the object of this analysis.  17 
 18 
Expected exposures in volume V= ∫

V
a dVVmDV ))(()(ρ   19 

 20 
For this analysis, SPLa mm max= , so 21 
 22 

∫ ∫ ∫ ∫
∞

∞−

∞

∞−

∞

∞−

=
V

SPLa dxdydzzyxmDzyxdVVmDV )),,((),,()(()( maxρρ  23 

 24 
In this analysis, the densities are constant over the x/y plane, and the z dimension is always 25 
negative, so this reduces to 26 

∫ ∫ ∫
∞−

∞

∞−

∞

∞−

0

max )),,(()( dxdydzzyxmDz SPLρ  27 

 28 
 29 
Numeric Implementation 30 

Numeric integration of ∫ ∫ ∫
∞

∞−

∞

∞−

∞

∞−

dxdydzzyxmDz SPL )),,(()( maxρ  can be involved because, although 31 

the bounds are infinite, D is non-negative out to 141 dB, which, depending on the environmental 32 
specifics, can drive propagation loss calculations and their numerical integration out to more 33 
than 100 km.   34 
 35 
The first step in the solution is to separate out the x/y-plane portion of the integral: 36 
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Define f(z)= ∫ ∫
∞

∞−

∞

∞−

dxdyzyxmD SPL )),,(( max .  1 

Calculation of this integral is the most involved and time consuming part of the calculation.  2 
Once it is complete,  3 

∫ ∫ ∫
∞−

∞

∞−

∞

∞−

0

max )),,(()( dxdydzzyxmDz SPLρ = ∫
∞−

0

)()( dzzfzρ ,  4 

 5 
which, when numerically integrated, is a simple dot product of two vectors. 6 

Thus, the calculation of f(z) requires the majority of the computation resources for the numerical 7 
integration.  The rest of this section presents a brief outline of the steps to calculate f(z) and 8 
preserve the results efficiently.   9 

The concept of numerical integration is, instead of integrating over continuous functions, to 10 
sample the functions at small intervals and sum the samples to approximate the integral.  The 11 
smaller the size of the intervals, the closer the approximation, but the longer the calculation, so 12 
a balance between accuracy and time is determined in the decision of step size.  For this 13 
analysis, z is sampled in 5-m steps to 1,000 m in depth and 10-m steps to 2,000 m, which is the 14 
limit of animal depth in this analysis.  The step size for x is 5 m, and y is sampled with an 15 
interval that increases as the distance from the source increases.  Mathematically, 16 
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 17 

for integers k,j, which depend on the propagation distance for the source.  For this analysis, 18 
k=20,000 and j=600 19 

With these steps, ∫ ∫
∞

∞−

∞

∞−

= dxdyzyxmDzf SPL )),,(()( 0max0  is approximated as 20 
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where X,Y are defined as above. 22 
 23 
This calculation must be repeated for each Zz ∈0 , to build the discrete function f(z). 24 
 25 
With the calculation of f(z) complete, the integral of its product with )(zρ must be calculated to 26 
complete evaluation of  27 

∫∫ ∫ ∫
∞−

∞

∞−

∞

∞−

∞

∞−

=
0

max )()()),,(()( dzzfzdxdydzzyxmDz SPL ρρ  28 

 29 
Since f(z) is discrete, and )(zρ can be readily made discrete,  30 
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 1 

∫
∞−

0

)()( dzzfzρ  is approximated numerically as ∑
∈Zz

zfz )()(ρ , a dot product. 2 

 3 
Preserving Calculations for Future Use 4 
Calculating f(z) is the most time-consuming part of the numerical integration, but the most time-5 
consuming portion of the entire process is calculating ),,(max zyxm SPL  over the area range 6 
required for the minimum cutoff value (141 dB).  The calculations usually require propagation 7 
estimates out to over 100 km, and those estimates, with the beam pattern, are used to construct 8 
a sound field that extends 200 km x 200 km--40,000 sq km, with a calculation at the steps for 9 
every value of X and Y, defined above.  This is repeated for each depth, to a maximum of 2,000 10 
m.    11 

Saving the entire ),,(max zyxm SPL  for each z is unrealistic, requiring great amounts of time and 12 
disk space.  Instead, the different levels in the range of ),,(max zyxm SPL  are sorted into 0.5 dB 13 
wide bins; the volume of water at each bin level is taken from ),,(max zyxm SPL , and associated 14 
with its bin.  Saving this, just the amount of water ensonified at each level, at 0.5 dB resolution, 15 
preserves the ensonification information without using the space and time required to save 16 

),,(max zyxm SPL  itself.  Practically, this is a histogram of occurrence of level at each depth, with 17 
0.5 dB bins.  Mathematically, this is simply defining the discrete function V(L,z), where L=.5a for 18 
every 1Ra ∈ .  These functions, or histograms, are saved for future work.  The information lost 19 
by saving only the histograms is where in space the different levels occur, although how often 20 
they occur is saved.  But the thresholds (dose function curves) are purely a function of level, not 21 
location, so this information is sufficient to calculate f(z). 22 

Applying the dose function to the histograms is a dot product: 23 

∑
∈

≈
1

),()( 0
RL

zLVLD ∫ ∫ ∫
∞

∞−

∞

∞−

∞

∞−

dxdydzzyxmDz SPL )),,(()( maxρ  24 

 25 
So, once the histograms are saved, neither ),,(max zyxm SPL  nor f(z) must be recalculated to 26 

generate ∫ ∫ ∫
∞

∞−

∞

∞−

∞

∞−

dxdydzzyxmDz SPL )),,(()( maxρ  for a new threshold function. 27 

 28 
For the interested reader, the following section includes an in-depth discussion of the method, 29 
software, and other details of the f(z) calculation. 30 
 31 

J.2.1.3 Software Detail 32 

The dose function metric uses the cumulative normal probability distribution to determine the 33 
probability that an animal is affected by a given sound pressure level.  The probability 34 
distribution is defined by a mean, standard deviation, and low level cutoff, below which it is 35 
assumed that animals are not affected.  The acoustic quantity of interest is the maximum sound 36 
pressure level experienced over multiple pings in a range-independent environment.  The 37 
procedure for calculating the impact volume at a given depth is relatively simple.  In brief, given 38 
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the sound pressure level of the source and the transmission loss (TL) curve, the sound pressure 1 
level is calculated on a volumetric grid.  For a given depth, volume associated with a sound 2 
pressure level interval is calculated.  Then, this volume is multiplied by the probability that an 3 
animal will be affected by that sound pressure level.  This gives the impact volume for that 4 
depth, that can be multiplied by the animal densities at that depth, to obtain the number of 5 
animals affected at that depth.  The process repeats for each depth to construct the impact 6 
volume as a function of depth. 7 

The case of a single emission of sonar energy, one ping, illustrates the computational process 8 
in more detail.  First, the sound pressure levels are segregated into a sequence of bins that 9 
cover the range encountered in the area.  The sound pressure levels are used to define a 10 
volumetric grid of the local sound field.  The impact volume for each depth is calculated as 11 
follows: for each depth in the volumetric grid, the sound pressure level at each x/y plane grid 12 
point is calculated using the sound pressure level of the source, the TL curve, the horizontal 13 
beam pattern of the source, and the vertical beam patterns of the source.  The sound pressure 14 
levels in this grid become the bins in the volume histogram.  Figure J-11 shows a volume 15 
histogram for a low power sonar.  Level bins are 0.5 dB in width and the depth is 50 m in an 16 
environment with water depth of 100 m.  The oscillatory structure at very low levels is due the 17 
flattening of the TL curve at long distances from the source, which magnifies the fluctuations of 18 
the TL as a function of range.  The "expected" impact volume for a given level at a given depth 19 
is calculated by multiplying the volume in each level bin by the dose function probability function 20 
at that level.  Total expected impact volume for a given depth is the sum of these "expected" 21 
volumes.  Figure J-12 is an example of the impact volume as a function of depth at a water 22 
depth of 100 m.  23 
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Figure J-11.  Example of a Volume Histogram 
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 1 
Figure J-12.  Example of the Dependence of Impact Volume on Depth 

 2 

The volumetric grid covers the waters in and around the area of sonar operation.  The grid for 3 
this analysis has a uniform spacing of 5 m in the x-coordinate and a slowly expanding spacing in 4 
the y-coordinate that starts with 5 m spacing at the origin.  The growth of the grid size along the 5 
y-axis is a geometric series.  Each successive grid size is obtained from the previous by 6 
multiplying it by 1+Ry, where Ry is the y-axis growth factor.  This forms a geometric series.  The 7 
nth grid size is related to the first grid size by multiplying by (1+Ry)(n-1).  For an initial grid size of 8 
5 m and a growth factor of 0.005, the 100th grid increment is 8.19 m.  The constant spacing in 9 
the x-coordinate allows greater accuracy as the source moves along the x-axis.  The slowly 10 
increasing spacing in y reduces computation time, while maintaining accuracy, by taking 11 
advantage of the fact that TL changes more slowly at longer distances from the source.  The x-12 
and y-coordinates extend from –Rmax to +Rmax, where Rmax is the maximum range used in 13 
the TL calculations.  The z direction uses a uniform spacing of 5 m down to 1,000 m and 10 m 14 
from 1,000 to 2,000 m.  This is the same depth mesh used for the effective energy metric as 15 
described above.  The depth mesh does not extend below 2,000 m, on the assumption that 16 
animals of interest are not found below this depth. 17 

The next three figures indicate how the accuracy of the calculation of impact volume depends 18 
on the parameters used to generate the mesh in the horizontal plane.  Figure J-13 shows the 19 
relative change of impact volume for one ping as a function of the grid size used for the x-axis. 20 
The y-axis grid size is fixed at 5m and the y-axis growth factor is 0, i.e., uniform spacing.  The 21 
impact volume for a 5 m grid size is the reference.  For grid sizes between 2.5 and 7.5 m, the 22 
change is less than  0.1%.  A grid size of 5 m for the x-axis is used in the calculations.  Figure J-23 
14 shows the relative change of impact volume for one ping as a function of the grid size used 24 
for the y-axis. The x-axis grid size is fixed at 5 m and the y-axis growth factor is 0.  The impact 25 
volume for a 5 m grid size is the reference.  This figure is very similar to that for the x-axis grid 26 
size.  For grid sizes between 2.5 and 7.5 m, the change is less than 0.1%.  A grid size of 5 m is 27 
used for the y-axis in our calculations.  Figure J-15 shows the relative change of impact volume 28 
for one ping as a function of the y-axis growth factor.  The x-axis grid size is fixed at 5 m and the 29 
initial y-axis grid size is 5 m.  The impact volume for a growth factor of 0 is the reference.  For 30 
growth factors from 0 to 0.01, the change is less than 0.1%.  A growth factor of 0.005 is used in 31 
the calculations. 32 
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Figure J-13.  Change of Impact Volume as a Function of X-axis Grid Size 
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Figure J-14.  Change of Impact Volume as a Function of Y-axis Grid Size 
 4 
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Figure J-15.  Change of Impact Volume as a Function of Y-axis Growth Factor 
 

Another factor influencing the accuracy of the calculation of impact volumes is the size of the 2 
bins used for sound pressure level.  The sound pressure level bins extend from 100 dB (far 3 
lower than required) up to 300 dB (much higher than that expected for any sonar system).  4 
Figure J-16 shows the relative change of impact volume for one ping as a function of the bin 5 
width.  The x-axis grid size is fixed at 5 m the initial y-axis grid size is 5 m, and the y-axis growth 6 
factor is 0.005.  The impact volume for a bin size of 0.5 dB is the reference.  For bin widths from 7 
0.25 dB to 1.00 dB, the change is about 0.1%.  A bin width of 0.5 is used in our calculations. 8 
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Figure J-16.  Change of Impact Volume as a Function of Bin Width 
10 
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Two other issues for discussion are the maximum range (Rmax) and the spacing in range and 1 
depth used for calculating TL.  The TL generated for the energy accumulation metric is used for 2 
dose function analysis.  The same sampling in range and depth is adequate for this metric 3 
because it requires a less demanding computation (i.e., maximum value instead of accumulated 4 
energy).  Using the same value of Rmax needs some discussion since it is not clear that the 5 
same value can be used for both metrics.  Rmax was set so that the TL at Rmax is more than 6 
needed to reach the energy accumulation threshold of 173 dB for 1000 pings.  Since energy is 7 
accumulated, the same TL can be used for one ping with the source level increased by 30 dB 8 
(10 log10(1000)).  Reducing the source level by 30 dB, to get back to its original value, permits 9 
the handling of a sound pressure level threshold down to 143 dB, comparable to the minimum 10 
required.  Hence, the TL calculated to support energy accumulation for 1000 pings will also 11 
support calculation of impact volumes for the dose function metric. 12 

The process of obtaining the maximum sound pressure level at each grid point in the volumetric 13 
grid is straightforward.  The active sonar starts at the origin and moves at constant speed along 14 
the positive x-axis emitting a burst of energy, a ping, at regularly spaced intervals.  For each 15 
ping, the distance and horizontal angle connecting the sonar to each grid point is computed.  16 
Calculating the TL from the source to a grid point has several steps.  The TL is made up of the 17 
sum of many eigenrays connecting the source to the grid point.  The beam pattern of the source 18 
is applied to the eigenrays based on the angle at which they leave the source.  After summing 19 
the vertically beamformed eigenrays on the range mesh used for the TL calculation, the 20 
vertically beamformed TL for the distance from the sonar to the grid point is derived by 21 
interpolation.  Next, the horizontal beam pattern of the source is applied using the horizontal 22 
angle connecting the sonar to the grid point.  To avoid problems in extrapolating TL, only use 23 
grid points with distances less than Rmax are used.  To obtain the sound pressure level at a grid 24 
point, the sound pressure level of the source is reduced by that TL.  For the first ping, the 25 
volumetric grid is populated by the calculated sound pressure level at each grid point.  For the 26 
second ping and subsequent pings, the source location increments along the x-axis by the 27 
spacing between pings and the sound pressure level for each grid point is again calculated for 28 
the new source location.  Since the dose function metric uses the maximum of the sound 29 
pressure levels at each grid point, the newly calculated sound pressure level at each grid point 30 
is compared to the sound pressure level stored in the grid.  If the new level is larger than the 31 
stored level, the value at that grid point is replaced by the new sound pressure level. 32 

For each bin, a volume is determined by summing the ensonified volumes with a maximum SPL 33 
in the bin's interval.  This forms the volume histogram shown in J-11.  Multiplying by the dose 34 
function probability function for the level at the center of a bin gives the impact volume for that 35 
bin.  The result can be seen in Figure J-12, which is an example of the impact volume as a 36 
function of depth.  37 

The impact volume for a sonar moving relative to the animal population increases with each 38 
additional ping.  The rate at which the impact volume increases for the dose function metric is 39 
essentially linear with the number of pings.  Figure J-17 shows the dependence of impact 40 
volume on the number of pings.  The function is linear; the slope of the line at a given depth is 41 
the impact volume added per ping.  This number multiplied by the number of pings in an hour 42 
gives the hourly impact volume for the given depth increment.  Completing this calculation for all 43 
depths in a province, for a given source, gives the hourly impact volume vector which contains 44 
the hourly impact volumes by depth for a province.  Figure J-18 provides an example of an 45 
hourly impact volume vector for a particular environment.  Given the speed of the sonar, the 46 
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hourly impact volume vector could be displayed as the impact volume vector per kilometer of 1 
track. 2 
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Figure J-17.  Dependence of Impact Volume on the Number of Pings 
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Figure J-18.  Example of an Hourly Impact Volume Vector 
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J.3 DOSE FUNCTION METRICS AND ADDITIONAL REFERENCES 1 

This appendix provides background for the dose-function approach.  2 

J.3.1 DEFINITIONS AND METRICS FOR SOUND AND 3 
PROBABILITY/STATISTICS 4 

J.3.1.1 Some Fundamental Definitions of Acoustics  5 

Static Pressure (Acoustics) 6 
At a point in a fluid (gas or liquid), the static pressure is the pressure that would exist if there 7 
were no sound waves present (paraphrase from Beranek, 1986).  8 

Because pressure is a force applied to a unit area, it does not necessarily generate energy.  9 
Pressure is a scalar quantity - there is no direction associated with pressure (although a 10 
pressure wave may have a direction of propagation).  Pressure has units of force/area.  The SI 11 
derived unit of pressure is the pascal (Pa) defined as one N/m2. Alternative units are many 12 
(lbs/ft2, bars, inches of mercury, etc); some are listed at the end of this section. 13 

Acoustic Pressure 14 
Without limiting the discussion to small amplitude or linear waves, define acoustic pressure as 15 
the residual pressure over the “average” static pressure caused by a disturbance.  As such, the 16 
“average” acoustic pressure is zero.  Here the “average” is usually taken over time (after 17 
Beranek, 1986). 18 

Mean-Square Pressure is usually defined as the short-term time average of the squared 19 
pressure: 20 

     dt)t(p
T
1 T

2∫
+τ

τ

, 21 

 22 
where p is pressure and  T is on the order of several periods of the lowest frequency component 23 
of the time series starting at time τ.   T can be greater, but should be specified as part of the 24 
metric.  25 

RMS Pressure is the square root of the mean-square pressure.  26 

Impedance 27 
In general impedance measures the ratio of force amplitude to velocity amplitude. For acoustic 28 
plane waves, the ratio is ρc, where ρ is the fluid density and c the sound speed. 29 
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Equivalent Plane Wave Intensity 1 
As noted by Bartberger (1965) and others, it is general practice to measure (and model) 2 
pressure (p) or rms pressure (prms), and then infer an intensity from the formula for plane waves 3 
in the direction of propagation: 4 

 Intensity = (prms)
2/ρc. 5 

Such an inferred intensity should properly be labeled as the equivalent plane-wave intensity in 6 
the propagation direction. 7 

Energy Flux Density (EFD) 8 
EFD is the time integral of instantaneous intensity.  For plane waves, 9 

( )EFD
c

p t dt
T

= ∫1 2

0ρ
,  10 

 where ρc is the impedance.  Units are J/m2. 11 

J.3.1.2 Definitions Related To Sound Sources, Signals, and Effects 12 

Source Intensity 13 

Define source intensity, I(θ,φ), as the intensity of the projected signal referred to a point at unit 14 
distance from the source in the direction (θ,φ).  (θ,φ) is usually unstated; in that case, it is 15 
assumed that propagation is in the direction of the axis of the main lobe of the projector's beam 16 
pattern. 17 

Source Power 18 

For an omni-directional source, the power radiated by the projector at range r is Ir(4πr2) where Ir 19 
is the radiated intensity at range r (in the far field).  If intensity has SI units of W/m2, then the 20 
power has units of W.  The result can be extrapolated to a unit reference distance if either I1 is 21 
known or Ir=I1/r2.  Then the source power at unit distance is 4πI1, where I1 is the intensity (any 22 
direction) at unit distance in units of power/area. 23 

Pure Tone Signal or Wave (Also, Continuous Wave, CW, Monochromatic Wave, 24 
Unmodulated Signal) 25 
Each term means a single-frequency wave or signal.  The actual bandwidth of the signal will 26 
depend on context, but could be interpreted as “single-frequency as far as can be determined.” 27 

Narrowband Signal 28 
Narrowband is a non-precise term.  It is used to indicate that the signal can be treated as a 29 
single-frequency carrier signal, which is made to vary (is modulated) by a second signal whose 30 
bandwidth is smaller than the carrier frequency.  In dealing with sonars, a bandwidth less than 31 
about 30% of center frequency is often spoken of as narrowband. 32 
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Hearing Threshold 1 
“The threshold of hearing is defined as the sound pressure at which one, listening with both ears 2 
in a free field to a signal of waning level, can still just hear the sound, or if the signal is being 3 
increased from a level below the threshold, can just sense it.”  (Magrab, p.29, 1975) 4 

“A threshold of audibility for a specified signal is the minimum effective sound pressure of that 5 
signal that is capable of evoking an auditory sensation (in the absence of noise) in a specified 6 
fraction of trials.”  (Beranek, p. 394, 1986) 7 

Temporary (Hearing) Threshold Shift (TTS) 8 
“The diminution, following exposure to noise, of the ability to detect weak auditory signals is 9 
termed temporary threshold shift (TTS), if the decrease in sensitivity eventually disappears…”  10 
(Magrab, p.35, 1975) 11 

Permanent (Hearing) Threshold Shift (PTS) 12 
“The diminution, following exposure to noise, of the ability to detect weak auditory signals is 13 
termed temporary threshold shift (TTS), if the decrease in sensitivity eventually disappears, and 14 
noise-induced permanent threshold shift  (NIPTS) if it does not.”  (Magrab, p.35, 1975) 15 

J.3.1.3 Decibels and Sound Levels 16 

Decibel (dB)—Because practical applications of acoustic power and energy involve wide 17 
dynamic ranges (e.g., from 1 to 1,000,000,000,000), it is common practice to use the logarithm 18 
of such quantities.  For a given quantity Q, define the decibel as: 19 

 10 log (Q/Q0) dB  re  Q0 20 

where Q0 is a reference quantity and log is the base-10 logarithm. 21 

The word "level" usually indicates decibel quantity (e.g., sound pressure level or spectrum 22 
level). Some specific examples for this document follow. 23 

Sound Pressure Level 24 
For pressure p, the sound pressure level (SPL) is defined as follows: 25 

SPL = 10 log (p2
/p0 

2)  dB re 1 p0
2, 26 

where p0 is the reference pressure (usually 1 μPa for underwater acoustics and 20 μPa for in-air 27 
acoustics).  The convention is to state the reference as p0 (with the square implicit). 28 

For a pressure of 100 μPa, the SPL would be 29 

 10 log [(100 μPa)2/ (1 μPa)2] dB re 1 μPa 30 
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=  40 dB re 1 μPa 1 

This is about the lowest level that a dolphin can hear in water. 2 

Source Level 3 

Refer to source intensity above. Define source level as SL(θ,φ) = 10 log[I(θ,φ)/I0], where Io is the 4 
reference intensity (usually that of a plane wave of rms pressure 1 μPa).  The reference 5 
pressure and reference distance must be specified.  When SL does not depend on direction, 6 
then the source is said to be omnidirectional; otherwise it is directive. 7 

Intensity Level 8 
It is nearly universal practice to use SPL in place of intensity level. This makes sense as long as 9 
impedance is constant. In that case, intensity is proportional to short-term-average, squared 10 
pressure, with proportionality constant equal to the reciprocal of the impedance. 11 

When the impedance differs significantly in space or time (as in noise propagation from air into 12 
water), the intensity level must specify the medium change and/or the changes in impedance. 13 

Energy (Flux Density) Level (EFDL) Referred to Pressure2 Time 14 
Note that the abbreviation “EFDL” is not in general usage, but is used here for convenience. 15 

Just as the usual reference for intensity level is pressure (and not intensity itself), the reference 16 
often (but not always) used for EFDL is pressure2 time. This makes sense when the impedance 17 
is constant.  Some examples of conversions follow: 18 

Suppose the integral of the plane-wave pressure-squared time is 1 μPa2 s.  Since impedance for 19 
water is 1.5 1012 μPa(s/m), the EFD is then  20 

 (1 μPa2 s)/( 1.5 1012 μPa(s/m)) = 6.66 10-13  μPa-m  =  6.66 10-19 J/m2 21 

Thus an EFDL of 0 dB (re 1 μPa2 s) corresponds to an EFD of 6.66 10-19 J/m2 (in water).  22 

It follows that thresholds of interest for impacts on marine life have values in water as follows: 23 

190 dB (re 1 μPa2 s)   =   1019 x 6.66 10-19 J/m2 = 6.7 J/m2 24 

200 dB (re 1 μPa2 s)   =   66.7 J/m2 25 

215 dB (re 1 μPa2 s)   =   2106.1 J/m2 26 

Given that 1 J = 1 Ws, notice that these energies are small. Applied to an area the size of a 27 
person, 215 dB would yield about 2000 J, or about 2 kWs or about 0.0006 kW-hr.  28 
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J.3.1.4 Some Constants and Conversion Formulas 1 

Length 
1 nm = 1.85325 km 
1 m = 3.2808 ft 
 

Speed 
1 knot = 0.514791 m/s = 1.85325 km/hr 
1 mph= 0.447 m/s= 1.6093 km/hr 
1 m/s = 1.94254 knots 

Pressure 
1 Pa = 1 N/m2 = 1 J/m3 = 1 kg/m s2 
1 Pa = 106 μ Pa = 10 dyn/cm2 = 10  μbar 
1 μPa = 10-5 dyn/cm2 = 1.4504·10-10 psi  
1 atm = 1.014 bar = 14.7097 psi 
1 kPa = 1000 Pa = 109 μPa = 0.145 psi = 20.88 psf 

Power 
1 W = 1 J/s = 1 Nm/s = 1 kg m2/s2   
1 W = 107 erg/s 
 

Energy (Work) 
1 J = 1 N m = 1 kg m2/s2  
1 J= 107 g cm2/s2 = 1 W s 
1 erg = 1 g cm2/s2 = 10-7 J 
1 kW hr = (3.6) 106 J  
 

Acoustic Intensity 
1 W/m2= 1 Pa (m/s) = 106 μPa (m/s) 
1 W/m2= 1 J/(s m2) = 1 N/m s 
1 psi in/s = 175 W/m2 = 1.75 108 μPa (m/s) 
1 lb/ft s = 14.596 J/m2s = 14.596 W/m2 

1 W/m2 = 107 erg/m2s = 103 erg/cm2s 

Acoustic Energy Flux Density 
1 J/m2 = 1 N/m = 1 Pa m = 106 μPa m = 1 W s/m2  
1 J/m2 = 5.7 10-3 psi in = 6.8 10-2 psf ft 
1 J/cm2 = 104 J/m2 = 107 erg/cm2 
1 psi in = 175 J/m2 = 1.75 108 μPa m 

 

 2 
 3 

J.3.1.5 Additional Definitions for Metrics Used in Air 4 

Weighted Sound Levels 5 
For sound pressure measurements in air related to hearing, it is common practice to weight the 6 
spectrum to reduce the influence of the high and low frequencies so that the response is similar 7 
that of the human ear to noise. A-weighting is the most common filter, with the weight 8 
resembling the ear’s responses. Other popular weightings are B and C.  The table below gives a 9 
sampling of the filter values for selected frequencies. 10 

Frequency (Hz) A-Weighting (dB) B-Weighting (dB) C-Weighting (dB) 
10 -70 -38 -14 
20 -50 -24 -6 
40 -35 -14 -2 
80 -23 -7 -1 

160 -13 -3 0 
320 -7 -1 0 
640 -2 0 0 

2,000 +1 0 0 
5,000 +1 -1 -1 

10,000 -3 -4 -4 
12,000 -4 -6 -6 
20,000 -9 -11 -11 

 11 
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Decibel levels based on these weighted are usually labeled: dBA or dB(A) for A weighting, etc.  1 

Sound Exposure Level (SEL) 2 
For a time-varying sound pressure p(t), sound exposure level is computed as 3 

( ) ,pdttp
t
1log10SEL 2

0

T

0

2

0
⎥
⎦

⎤
⎢
⎣

⎡
= ∫  4 

where t0 is 1 second, T is the total duration of the signal (in the same units as those of t0, 5 
namely seconds) and p0 is the reference pressure (usually 20 µPa). 6 

SEL is thus a function of p(t), T, and the reference pressure. When the impedance of the 7 
medium of interest is approximately constant, then SEL can be viewed as the total energy level 8 
for the time interval from 0 to T. It has explicit reference units of p0 for pressure with implicit units 9 
of seconds for time. 10 

SEL is almost never used in underwater sound, primarily because it does not account for 11 
changes in impedance (as, for example, in sound propagation through sediments).  Instead, 12 
energy flux density level is the standard. 13 

When p(t) is A-weighted, then the measure is called the A-weighted SEL or ASEL. Likewise for 14 
other weightings. 15 

Equivalent Sound Level (Leq) 16 
The equivalent sound level (Leq) is defined as the A-weighted sound pressure level (SPL) 17 
averaged over a specified time period T. It is useful for noise that fluctuates in level with time. 18 
Leq is also sometimes called the average sound level (LAT), so that Leq = LAT. (see, e.g., Crocker,  19 
1997) 20 

If pA(t) is the instantaneous A-weighted sound pressure and pref the reference pressure (usually 21 
20 µPa), then 22 
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It is thus equivalent to an average A-weighted intensity or power level. 24 

Note that since the averaging time can be specified to be anything from seconds to hours, Leq 25 
has become popular as a measure of environmental noise. For community noise, T may be 26 
assigned a value as high as 24 hours or more. 27 

Ldn (or DNL) 28 
Following Magrab (1975), Ldn was introduced by the EPA in 1974 to provide a single-number 29 
measure of community noise exposure over a specified period. It was designed to improve Leq 30 
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by adding a correction of 10 dB for nighttime levels to account for increased annoyance to the 1 
population. 2 

Ldn is calculated as the level resulting from a weighted averaging of intensities: 3 

10/)10(10/10/ 10)375.0(10)625.0(10 ++= nddn LLL  4 

It is thus a long-term-average, weighted function of  SPL. 5 

J.3.1.6 Definitions for Probability and Statistics (from various public internet sources) 6 

Random Variables 7 
The outcome of an experiment need not be a number, for example, the outcome when a coin is 8 
tossed can be 'heads' or 'tails'. However, we often want to represent outcomes as numbers. A 9 
random variable is a function that associates a unique numerical value with every outcome of an 10 
experiment. The value of the random variable will vary from trial to trial as the experiment is 11 
repeated. 12 

A random variable has either an associated probability distribution (discrete random variable) or 13 
probability density function (continuous random variable). 14 

Examples 15 

   1. A coin is tossed 10 times. The random variable X is the number of tails that are noted. X 16 
can only take the values 0, 1, ..., 10, so X is a discrete random variable. 17 

   2. A light bulb is burned until it burns out.  The random variable Y is its lifetime in hours. Y can 18 
take any positive real value, so Y is a continuous random variable.  19 

Expected Value (Mean Value) 20 
The expected value (or population mean) of a random variable indicates its average or central 21 
value. It is a useful summary value (a number) of the variable's distribution. 22 

Stating the expected value gives a general impression of the behaviour of some random 23 
variable without giving full details of its probability distribution (if it is discrete) or its probability 24 
density function (if it is continuous). 25 

Two random variables with the same expected value can have very different distributions. There 26 
are other useful descriptive measures which affect the shape of the distribution, for example 27 
variance. 28 

The expected value of a random variable X is symbolized by E(X) or µ. 29 

If X is a discrete random variable with possible values x1, x2, x3, ..., xn, and p(xi) denotes P(X = 30 
xi), then the expected value of X is defined by: 31 
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    sum of xi.p(xi)  1 

where the elements are summed over all values of the random variable X. 2 

If X is a continuous random variable with probability density function f(x), then the expected 3 
value of X is defined by: 4 

    integral of xf(x)dx  5 

Example 6 

Discrete case : When a die is thrown, each of the possible faces 1, 2, 3, 4, 5, 6 (the xi's) has a 7 
probability of 1/6 (the p(xi)'s) of showing. The expected value of the face showing is therefore: 8 

    µ = E(X) = (1 x 1/6) + (2 x 1/6) + (3 x 1/6) + (4 x 1/6) + (5 x 1/6) + (6 x 1/6) = 3.5  9 

Notice that, in this case, E(X) is 3.5, which is not a possible value of X. 10 

Variance (Square of the Standard Deviation) 11 

The (population) variance of a random variable is a non-negative number which gives an idea of 12 
how widely spread the values of the random variable are likely to be; the larger the variance, the 13 
more scattered the observations on average. 14 

Stating the variance gives an impression of how closely concentrated round the expected value 15 
the distribution is; it is a measure of the 'spread' of a distribution about its average value. 16 

Variance is symbolized by V(X) or Var(X) or sigma^2 17 

The variance of the random variable X is defined to be: 18 

    V(X)=E(X^2)-E(X)^2  19 

where E(X) is the expected value of the random variable X. 20 

Notes 21 

   1. the larger the variance, the further that individual values of the random variable 22 
(observations) tend to be from the mean, on average; 23 

   2. the smaller the variance, the closer that individual values of the random variable 24 
(observations) tend to be to the mean, on average; 25 
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   3. taking the square root of the variance gives the standard deviation, i.e.: 1 

          sqrt(V(X))=sigma 2 

   4. the variance and standard deviation of a random variable are always non-negative.  3 

Probability Distribution 4 

The probability distribution of a discrete random variable is a list of probabilities associated with 5 
each of its possible values. It is also sometimes called the probability function or the probability 6 
mass function. 7 

More formally, the probability distribution of a discrete random variable X is a function which 8 
gives the probability p(xi) that the random variable equals xi, for each value xi: 9 

    p(xi) = P(X=xi)  10 

It satisfies the following conditions: 11 

   1. 0 <= p(xi) <= 1 12 

   2. sum of all p(xi) is 1  13 

Cumulative Distribution Function 14 
All random variables (discrete and continuous) have a cumulative distribution function. It is a 15 
function giving the probability that the random variable X is less than or equal to x, for every 16 
value x. 17 

Formally, the cumulative distribution function F(x) is defined to be: 18 

    F(x) = P(X<=x)  19 

for 20 

    -infinity < x < infinity  21 

For a discrete random variable, the cumulative distribution function is found by summing up the 22 
probabilities as in the example below. 23 

For a continuous random variable, the cumulative distribution function is the integral of its 24 
probability density function. 25 
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Probability Density Function 1 

The probability density function of a continuous random variable is a function which can be 2 
integrated to obtain the probability that the random variable takes a value in a given interval. 3 

More formally, the probability density function, f(x), of a continuous random variable X is the 4 
derivative of the cumulative distribution function F(x): 5 

    f(x) = d/dx F(x)  6 

Since F(x) = P(X<=x) it follows that: 7 

    integral of f(x)dx = F(b)-F(a) = P(a<X<b)  8 

If f(x) is a probability density function then it must obey two conditions: 9 

   1. that the total probability for all possible values of the continuous random variable X is 1: 10 

          integral of f(x)dx = 1 11 

   2. that the probability density function can never be negative: f(x) > 0 for all x.  12 

 13 
Normal (gaussian) Density Function 14 

The normal distribution (the "bell-shaped curve" which is symmetrical about the mean) is a 15 
theoretical function commonly used in inferential statistics as an approximation to sampling 16 
distributions (see also Elementary Concepts). In general, the normal distribution provides a 17 
good model for a random variable, when: 18 

   1. There is a strong tendency for the variable to take a central value; 19 

   2. Positive and negative deviations from this central value are equally likely; 20 

   3. The frequency of deviations falls off rapidly as the deviations become larger.  21 

As an underlying mechanism that produces the normal distribution, one may think of an infinite 22 
number of independent random (binomial) events that bring about the values of a particular 23 
variable. For example, there are probably a nearly infinite number of factors that determine a 24 
person's height (thousands of genes, nutrition, diseases, etc.). Thus, height can be expected to 25 
be normally distributed in the population. 26 

27 



 
Appendix J Noise Modeling 

 

July 2007 Hawaii Range Complex Draft EIS/OEIS  J-79 
 
  

J.3.2 REFERENCES FOR J.3 1 

ANSI (1976). American National Standards Institute, Inc., "American National Standard 2 
Acoustical Terminology," New York. 3 

ANSI S12.12-1992 (1992). "Engineering Method for the Determination of Sound Power Levels 4 
of Noise Sources Using Intensity"  5 

Bartberger, C.L. (1965). "Lecture Notes on Underwater Acoustics," NADC Report NADC-WR-6 
6509, Naval Air Development Center, Johnsville, PA, 17 May 1965 (AD 468 869). 7 

Beranek, L.L. (1986). Acoustics, American Institute of Physics, Inc., New York. 8 

Beranek, L.L. (1949). Acoustic Measurements, John Wiley and Sons, New York 9 

Crocker, M. J. (1997). Editor, Encyclopedia of Acoustics, John Wiley & Sons, Inc., New York 10 

Crocker, M.J. and F. Jacobsen, (1997). "Sound Intensity," in Crocker (1997). 11 

Fahy, F.J. (1995). Sound Intensity. E&FN Spon, London. 12 

Magrab, E. B. (1975).  Environmental Noise Control, John Wiley and Sons, New York 13 

MHDPM (1978).  McGraw-Hill Dictionary of Physics and Mathematics, D.N. Lapedes (Editor in 14 
Chief), McGraw-Hill Book Company, New York 15 

Pierce, A.D. (1989).  Acoustics, An Introduction to Its Physical Principles and Applications, 16 
Acoust. Soc. Am., Woodbury, NY  17 

Ross, D., Mechanics of Underwater Noise, Peninsula Publishing, Los Altos, CA (1987) 18 

Swets, J.A. (1964). Signal Detection and Recognition by Human Observers, Contemporary 19 
Readings, John Wiley and Sons, New York 20 

Urick, R.J.  (1975, 1983). Principles of Underwater Sound, McGraw-Hill, New York  21 

Yost, W.A. and M.D. Killion (1997) "Hearing Thresholds," in Crocker (1997). 22 

 23 

J.3.3 ADDITIONAL REFERENCES GROUPED FOR SELECTED TOPICS 24 

Compliance Documents 25 
NPAL FEIS, (2001).  Office of Naval Research, "Final Environmental Impact Statement for the 26 

North Pacific Acoustic Laboratory," Volumes I and II, January 2001. 27 

NPAL LOA (2002).  National Oceanic and Atmospheric Administration/National Marine Fisheries 28 
Service, Office of Protected Resources, "Notice of Issuance of a Letter of Authorization, 29 
Taking of Marine Mammals Incidental to Operation of a Low Frequency Sound Source 30 
by the North Pacific Acoustic Laboratory," Federal Register, January 22, 2002, (Vol 67, 31 
Number 14, Notices, Page 2857-2858). 32 



 
Appendix J Noise Modeling 

 

J-80 Hawaii Range Complex Draft EIS/OEIS  July 2007 
 
  

NPAL ROD (2002).  Department of the Navy, "Record of Decision for the Final Environmental 1 
Impact Statement for North Pacific Acoustic Laboratory Project,"  Federal Register, 2 
February 11, 2002, (Vol 67, Number 28, Notices, Page 6237-6239). 3 

Office of Naval Research (1999).  LWAD 99-3 OEA “Overseas Environmental Assessment 4 
(OEA) for the Littoral Warfare Advanced Development (LWAD) 99-3 Sea Test,” ONR 5 
Code 32, 22 July.  6 

Office of Naval Research (1999). LWAD 99-2 OEA “Overseas Environmental Assessment 7 
(OEA) for the Littoral Warfare Advanced Development (LWAD) 99-2 Sea Test,” ONR 8 
Code 32, 15 April.  9 

SURTASS-LFA 10 
Definitions and Metrics 11 
ANSI (1976). American National Standards Institute, Inc., "American National Standard 12 

Acoustical Terminology," New York. 13 

ANSI S12.12-1992 (1992). "Engineering Method for the Determination of Sound Power Levels 14 
of Noise Sources Using Intensity"  15 

Bartberger, C.L. (1965). "Lecture Notes on Underwater Acoustics," NADC Report NADC-WR-16 
6509, Naval Air Development Center, Johnsville, PA, 17 May 1965 (AD 468 869). 17 

Beranek, L.L. (1986). Acoustics, American Institute of Physics, Inc., New York. 18 

Beranek, L.L. (1949). Acoustic Measurements, John Wiley and Sons, New York 19 

Crocker, M. J. (1997). Editor, Encyclopedia of Acoustics, John Wiley & Sons, Inc., New York 20 

Crocker, M.J. and F. Jacobsen, (1997). "Sound Intensity," in Crocker (1997). 21 

Fahy, F.J. (1995). Sound Intensity. E&FN Spon, London. 22 

Green, D.M. and J.A. Swets (1974).  Signal Detection Theory and Psychophysics, Robert E. 23 
Krieger Publishing, Huntington 24 

Kinsler, L.E. and A.R. Frey (1962). Fundamentals of Acoustics, John Wiley and Sons, New York 25 

Magrab, E. B. (1975).  Environmental Noise Control, John Wiley and Sons, New York 26 

MHDPM (1978).  McGraw-Hill Dictionary of Physics and Mathematics, D.N. Lapedes (Editor in 27 
Chief), McGraw-Hill Book Company, New York 28 

Pierce, A.D. (1989).   Acoustics, An Introduction to Its Physical Principles and Applications, 29 
Acoust. Soc. Am., Woodbury, NY  30 

Ross, D., Mechanics of Underwater Noise, Peninsula Publishing, Los Altos, CA (1987) 31 

Swets, J.A. (1964). Signal Detection and Recognition by Human Observers, Contemporary 32 
Readings, John Wiley and Sons, New York 33 



 
Appendix J Noise Modeling 

 

July 2007 Hawaii Range Complex Draft EIS/OEIS  J-81 
 
  

Urick, R.J.  (1975, 1983). Principles of Underwater Sound, McGraw-Hill, New York  1 

Yost, W.A. and M.D. Killion (1997) "Hearing Thresholds," in Crocker (1997). 2 

TTS and Related Measurements 3 
Carder, D.A., J.J. Finneran, S.H. Ridgway, and C.E. Schlundt.  (1999).  Masked temporary 4 

threshold shift for impulsive sounds in dolphins and white whales.  J. Acoust. Soc. Am. 5 
106(4, Pt. 2):2252. 6 

Carder, D.A., T.L. Kamolnick, C.E. Schlundt, W.R. Elsberry, R.R. Smith, and S.H. Ridgway.  7 
(1998).  Temporary threshold shift in underwater hearing of dolphins.  p. In: Proceedings 8 
of the Biological Sonar Conference, Carvoeiro, Portugal (cited in Verboom, 2000) 9 

Finneran, J. J., Carder, D. A., and Ridgway, S. H. (2001). “Temporary threshold shift (TTS) in 10 
bottlenose dolphins (Tursiops truncatus) exposed to tonal signals,” J. Acoust. Soc. Am. 11 
110(5),2749(A), 142nd Meeting of the Acoustical Society of America, Fort Lauderdale, 12 
FL, December 2001. 13 

Finneran, J.J. and C. E. Schlundt (2003), “Effects of intense pure tones on the behavior of 14 
trained odontocetes,”  SPAWAR Systems Center, San Diego, CA 92152  September 15 
2003 16 

Finneran, J.J., Carder, D.A., and Ridgway, S.H. (2003). “Temporary threshold shift (TTS) 17 
measurements in bottlenose dolphins (Tursiops truncatus), belugas (Delphinapterus 18 
leucas), and California sea lions (Zalophus californianus),” Environmental 19 
Consequences of Underwater Sound (ECOUS) Symposium, San Antonio, TX, May 12–20 
16, 2003. 21 

Kastak, D., and R. J. Schusterman.  (1996).  Temporary threshold shift in a harbor seal (Phoca 22 
vitulina).  J. Acoust. Soc. Am. 100(3):1905-1908. 23 

Kastak, D., and R. J. Schusterman.  (1998).  Low-frequency amphibious hearing in pinnipeds: 24 
methods, measurements, noise, and ecology.  J. Acoust. Soc. Am. 103(4):2216-2228. 25 

Kastak, D., and R. J. Schusterman.  (1999).  In-air and underwater hearing sensitivity of a 26 
northern elephant seal (Mirounga angustirostris).  Can. J. Zool. 77(11):1751-1758. 27 

Kastak, D., B. L. Southall, R. J. Schusterman, and C. J. Reichmuth.  (1999a).  Temporary 28 
threshold shift in pinnipeds induced by octave-band noise in water.  J. Acoust. Soc. Am. 29 
106(4, Pt. 2):2251. 30 

Kastak, D., R. J. Schusterman, B. L. Southall, and C. J. Reichmuth.  (1999b).  Underwater 31 
temporary threshold shift induced by octave-band noise in three species of pinniped.  J. 32 
Acoust. Soc. Am. 106(2):1142-1148. 33 

Nachtigall, P.E., Pawloski, J.L., and Au, W.W.L. (2003). “Temporary threshold shift and recovery 34 
following noise exposure in the Atlantic bottlenosed dolphin (Tursiops truncatus),” J. 35 
Acoust. Soc.Am. 113, 3425–3429. 36 

Ridgway, S. H., D. A. Carder, R.R. Smith, T. Kamolnick,  C. E.  Schlundt, and W. R. Elsberry 37 
(1997).  Behavioral Responses and Temporary Shift in Masked Hearing Threshold of 38 



 
Appendix J Noise Modeling 

 

J-82 Hawaii Range Complex Draft EIS/OEIS  July 2007 
 
  

Bottlenose Dolphins, Tursiops truncatus, to 1-second Tones of 141 to 201 dB re 1 μPa.  1 
Technical Report 1751, Revision 1, Naval Command, Control and Ocean Surveillance 2 
Center (NCCOSC), RDT&E DIV D3503, 49620 Beluga Road, San Diego, CA 92152, 3 
September.  4 

Ridgway, S.H., D.A. Carder, R.R. Smith, T. Kamolnick, C.E. Schlundt, and W.R. Elseberry.  5 
(1997).  Behavioral responses and temporary shift in masked hearing threshold of 6 
bottlenose dolphins, Tursiops truncatus, to 1-second tones of 141 to 201 dB re 1 µPa.  7 
Tech. Rep. 1751.  Tech. Rep. to NRaD, RDT&E Div., Naval Command, Control & Ocean 8 
Surveillance Center, San Diego, CA.  27 p. 9 

Schlundt, C. E., Finneran, J. J., Carder, D. A., and Ridgway, S. H. (2000). “Temporary shift in 10 
masked hearing thresholds (MTTS) of bottlenose dolphins, Tursiops truncatus, and 11 
white whales, Delphinapterus leucas, after exposure to intense tones,” J. Acoust. Soc. 12 
Am. 107(6), 3496–3508. 13 

SSC (2004).  See Finneran, J.J., and C.E. Schlundt. (2004).  "Effects of intense pure tones on 14 
the behavior of trained odontocetes." TR 1913, SPAWAR Systems Center (SSC)  San 15 
Diego, San Diego, CA.  [see body of SSC research as reported in papers by Ridgway et 16 
al., Schlundt et al., Carder et al., and Finneran et al. sampled within this reference list.] 17 

Noise in Air 18 
Kryter, K.D. (1970).  The Effects of Noise on Man, Academic Press, New York. 19 

Newman, J.S. and K.R. Neattie (1985). "Aviation Noise Effects," Report Number FAA-EE-85-2, 20 
U.S. Department of Transportation, Federal Aviation Administration, Office of 21 
Environment and Energy, Washington, D.C., March 1985. 22 

NIOSH (1998).  DHHS (NIOSH) Publ. 98-126.  NIOSH, Cincinnati, OH. “Criteria for a 23 
recommended standard: occupational noise exposure, revised criteria 1998.” 24 

OSHA (1996). Occupational noise exposure in OSHA safety and health standards 29 CFR 25 
1910.95 Fed Regist 61. 9227, 7 March 1996. 26 

“Summary Papers on Human and Animal Hearing Effects in Air,” (1991), special section in  27 
J. Acoust. Soc. Am. 90, 124-227 (1991). 28 




