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1. INTRODUCTION 
The United States (U.S.) Department of the Navy (Navy) is required to assess potential impacts of Navy-
generated sound in the water on protected marine species in compliance with applicable laws and 
regulations, including the National Environmental Policy Act, Executive Order 12114, the Marine 
Mammal Protection Act, and the Endangered Species Act. This report applies to all of the Navy’s Phase 
III Study Areas as described in each Environmental Impact Statement (EIS)/ Overseas Environmental 
Impact Statement (OEIS) and describes the methods and analytical approach to quantifying the number 
of potential effects to marine mammals and sea turtles as a result of the Navy’s at-sea training and 
testing. 

The Navy has invested considerable effort and resources analyzing the potential impacts of underwater 
sound sources (i.e., impulsive and non-impulsive sources on marine mammals and sea turtles). Research 
on various methodologies, collaboration with subject matter experts, and a review by the Center for 
Independent Experts have led to the Navy’s refinement of a standard Navy model for assessing the 
impacts of underwater sound, the Navy Acoustic Effects Model (NAEMO).  

NAEMO is used to assess the level of behavioral disturbance and physiological impacts (e.g., temporary 
and permanent threshold shifts [TTS and PTS, respectively]) predicted for individual marine mammals 
and turtles likely to be in the vicinity of Navy training and testing activities. The Navy then applies factors 
to account for animals that would avoid high level sound exposures (e.g., TTS or PTS) since these levels 
are greater than those that may cause a behavioral reaction, which in most cases would include moving 
away from the sound source (DeRuiter et al., 2013; Southall et al., 2012). The Navy also accounts for 
mitigation measures designed to avoid marine mammal and sea turtle exposure to explosives and high 
intensity sound. Predicted impacts are then assigned to the marine mammal stocks that are present in 
the area to assess potential impacts at the stock level.  

The predicted impacts are stored and examined in spreadsheets via pivot tables, charts, and graphs. 
Output shows the types of impacts predicted for each Navy training and testing activity by area, season 
and species. To summarize and report, predicted impacts for each species and stock are summed across 
all of the projected activities (training and testing are summed separately) and then rounded to the 
nearest integer. 

2.  NAVY ACOUSTIC EFFECTS MODEL OVERVIEW 
NAEMO serves as a data entry point for Navy activity information and as a repository for modeling 
output and estimated effects. NAEMO consists of modules accessed via a graphical user interface. Navy 
training and testing activities were defined in NAEMO as scenarios with specific platforms, sources, 
targets, and military expended materials. Scenarios were further refined into events which also 
accounted for location and frequency of events. Section 3 describes the data inputs to NAEMO and 
Section 4 describes the implementation and outputs from each of the NAEMO modules.  

3. DATA INPUTS 
The Navy used specific information about environmental conditions, best available marine mammal and 
sea turtle data, and projected Navy activities within each Study Area to run NAEMO and quantify 
potential impacts to marine mammals and sea turtles. Environmental data includes information about 
bathymetry, seafloor composition (e.g., rock, sand), and factors that vary throughout the year such as 
wind speed and underwater sound speed profiles. Marine mammal and sea turtle data includes 
densities, group sizes, and dive profiles. Lastly, the details of Navy training and testing activities were 
collected, which included location, rate of occurrence, and source characteristics.  
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3.1. Navy Training and Testing Activities 
NAEMO uses a hierarchy to group Navy training and testing events for analysis.  The broadest category 
includes the primary mission areas (e.g., air warfare, amphibious warfare, etc.).  The activities that fall 
within these categories are further refined in NAEMO as “scenarios” which include data on the number 
of platforms, types and numbers of impulsive and non-impulsive sources, and source duration. Scenarios 
are then further defined as “events,” which include details on location and frequency of occurrence. 
Section 3 provides additional information on how scenario and event definitions are implemented in 
NAEMO. 

3.1.1. Locations and Modeling Areas 
Activities were modeled in range complexes, testing ranges, pierside locations, transit lanes, and other 
representative areas where training or testing may occur. Location restrictions were incorporated when 
applicable (i.e., minimum or maximum depth and distance from shore).  

3.1.2. Platforms 
Platforms include aircraft, submarines, surface ships, unmanned vehicles, and stationary structures (e.g., 
moored platform). Typical platform speed and depth are accounted for in NAEMO. The number and 
types of platforms that participate in a given scenario can vary due to numerous factors, including 
deployment schedules, number of ships assigned to a strike group, specific testing objective, and 
planned or unplanned maintenance of ships and systems. The quantitative modeling uses the average 
number of platforms that would be used during a typical scenario. For example, if three to five surface 
ships normally participate in a given anti-submarine warfare exercise, the representative modeling 
scenario for this event would consist of four surface ships. The composition of this exercise represents 
the average number of anti-submarine warfare-equipped ships and types of sonar that would be used 
during a typical anti-submarine warfare exercise. 

3.1.3. Sources 
Acoustic sources were divided into two categories, impulsive and non-impulsive. Impulsive sounds 
feature a rapid increase to high pressures, followed by a rapid return to static pressure. Impulsive 
sounds are often produced by processes involving a rapid release of energy or mechanical impacts 
(Hamernik & Hsueh, 1991). Explosions and air gun impulses are examples of impulsive sound sources. 
Non-impulsive sound sources include sonar and other transducers, which lack the rapid rise time of 
impulsive sources and can have durations longer than those of impulsive sounds.  

In addition to impulsive and non-impulsive, sources can be categorized as either broadband (producing 
sound over a wide frequency band) or narrowband (where the energy is within a single one-third octave 
band). Typically, broadband is equated with impulsive sources, and narrowband with non-impulsive 
sources, although non-impulsive broadband sources, such as acoustic communications equipment and 
certain countermeasures, were also modeled. All non-impulsive sources were modeled using the 
geometric mean frequency. All impulsive sources were modeled using the time series of the pressure 
amplitude, including air guns. 

3.1.3.1. Non-Impulsive Source Classes 

Hundreds of common Navy sources were compiled into NAEMO in the Navy Sound Source Data file. 
These were reduced to the active sources that were applicable to quantitative modeling. These include 
explosive and non-explosive impulsive sources and non-impulsive sources (sonar and other transducers). 
Explosive impulsive sources were placed into bins based on net explosive weights. Each non-explosive 
impulsive source was assigned its own unique bin. Non-impulsive sources were grouped into bins that 
were defined in accordance with their fundamental acoustic properties such as frequency, source level, 
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beam pattern, and duty cycle. Each bin was characterized by the most conservative parameters for all 
sources within that bin. Specifically, bin characteristics for non-impulsive sources were selected based 
on (1) highest source level, (2) lowest geometric mean frequency, (3) highest duty cycle, and (4) largest 
horizontal and vertical beam patterns. The specific source class bins proposed for use and the total 
annual usage under each alternative are provided in the EIS/OEIS. 

The use of source classification bins provides the following benefits:  

¶ Provides the ability for new sensors or munitions to be covered under existing authorizations, as 
long as those sources fall within the parameters of a “bin;” 

¶ Allows analysis to be conducted in a more efficient manner, without any compromise of 
analytical results; 

¶ Simplifies the source utilization data collection and reporting requirements anticipated under 
Marine Mammal Protection Act authorizations; 

¶ Ensures a conservative approach to all impact estimates, as all sources within a given class are 
modeled at the lowest frequency, highest source level, longest duty cycle, or largest net 
explosive weight within that bin; and 

¶ Provides a framework to support the reallocation of source usage (hours/explosives) between 
different source bins, as long as the total numbers of takes remain within the overall analyzed 
and authorized limits. This flexibility is required to support evolving Navy training and testing 
requirements, which are linked to real-world events. 

Some sources are  removed from quantitative analysis because they are not anticipated to result in 
takes of protected species include those of low source level, narrow beamwidth, downward-directed 
transmission, short pulse lengths, frequencies above known hearing ranges of marine mammals and sea 
turtles, or some combination of these factors.  

3.1.3.2. Impulsive Sources 

The steep pressure rise that characterizes impulsive sources and their potential for structural injury are 
the reason they are evaluated differently than are non-impulsive ones. Impulsive sources are further 
classified into explosive and non-explosive impulsive sources. 

The following terms were used to collect data on impulsive sources:  

1. Source Depth – the depth at which an impulse source goes off. 
2. Net Explosive Weight – for explosive sources, the TNT equivalent weight of explosive material in 

the source. 
3. Source Signature – the pressure time series of the source at a nominal distance of 1m. The 

explosive signatures are taken from the similitude equations (equations 3-5) based on net 
explosive weight, whereas the non-explosive signatures are taken from real-world data.  

4. Cluster Size – The number of rounds fired (or buoys dropped) within a very short duration.  
5. Count – The number of sources or clusters of sources deployed during a scenario. 

Explosive impulsive sources include the following types of devices:  mines, mine countermeasure 
systems, projectiles, rockets, missiles, bombs, explosive torpedoes, underwater demolition explosives, 
ship shock trial charges, impulsive sonobuoys, and littoral warfare line charges. A list and qualitative 
descriptions of impulsive sources can be found in the EIS/OEIS. Non-explosive impulsive sources include 
air guns and combustive sound sources. 
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3.1.3.3. Non-Impulsive Sources 

Non-impulsive sources are sonars and other transducers and include the following types of devices: 
submarine sonars, surface ship sonars, helicopter dipping sonars, torpedo sonars, active sonobuoys, 
countermeasures, underwater communications, tracking pingers, unmanned underwater vehicles and 
their associated sonars, and other devices. Qualitative descriptions can be found in the EIS/OEIS.  

The following terms were used to collect data on non-impulsive sources:  

1. Source Depth – the depth at which a source goes active. 
2. Source Level – the sound level of a source at a nominal distance of 1m, expressed in decibels 

referenced to one micropascal (dB re 1 µPa). 
3. Nominal Frequency – typically, the geometric mean of the frequency bandwidth. 
4. Source Directivity – the source beam was modeled as a function of a horizontal and a vertical 

beam pattern. 
a. The horizontal beam pattern was defined by two parameters: 

i. Horizontal Beamwidth – the width of the source beam in degrees measured at 
the 3-decibel (dB) down points in the horizontal plane (assumed constant for all 
horizontal steer directions). 

ii. Relative Beam Angle – the direction in the horizontal plane that the beam was 
steered relative to the platform’s heading (direction of motion) (typically 0°). 

b. The vertical beam pattern was defined by two parameters: 
i. Vertical Beamwidth – the width of the source beam in degrees in the vertical 

plane measured at the 3-dB down points (assumed constant for all vertical steer 
directions). 

ii. Depth/Elevation Angle – the vertical orientation angle relative to the horizontal.  
5. Ping Interval – the time in seconds between the start of consecutive pulses for a non-impulsive 

source. 
6. Pulse Length – the duration of a single non-impulsive pulse, specified in milliseconds. Duty cycle 

is defined as ping interval/ pulse length. 
7. Signal Bandwidth –The geometric mean frequency is the square root of the product of the 

frequencies defining the frequency band (see equation 1)
 

 Ὢ = (Ὢ ×  Ὢ ) .  (1) 

 where fmax is the upper cutoff frequency and fmin is the lower cutoff frequency. 

Many of these system parameters are classified and cannot be provided in an unclassified document. 
Each source was modeled utilizing representative system parameters based on the non-impulsive source 
category within which it occurs. 

3.2. Physical Environment Data 
The physical environment data described below plays an important role in the acoustic propagation 
used in the modeling process. Since accurate in-situ measurements cannot be used to model activities 
that occur in the future, historical data is used to define a typical environmental state for propagation 
analysis. Because acoustic activities rely heavily on the accuracy of propagation loss estimates, the Navy 
has invested heavily in measuring and modeling the relevant environmental parameters. The results of 
this effort are databases with global measurements of these environmental parameters that comprise 
part of the Oceanographic and Atmospheric Master Library (OAML; Table 3-1). The distribution of OAML 
data is restricted to organizations within the Department of Defense and its contractors. The versions of 
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the OAML databases within NAEMO are provided in Table 3-1. In order to capture environmental 
variability, NAEMO extracts information from the databases discussed below every 5 km along transects 
radiating out from each source location.  

Table 3-1: Oceanographic and Atmospheric Master Library Environmental Databases 

Parameter Database 
Bathymetry Digital Bathymetric Database Variable-Resolution Version 5.4 (Level 0) 
Seafloor Composition Re-Packed Bottom Sediment Type Version 2.0 (includes High-Frequency 

Environmental Acoustics Version 1.0) 
Low-Frequency Bottom Loss Version 11.1* 
High-Frequency Bottom Loss Version 2.2* 

Wind Speed Surface Marine Gridded Climatology Version 2.0 
Sound Speed Profile Navy Hybrid Acoustic Coordinate Ocean Model (HYCOM) Version 2.2 

*Low-frequency and high-frequency bottom loss databases are used to capture the variability of bottom 
sediment to absorb or reflect energy from high-frequency and low-frequency sound sources. 

3.2.1. Bathymetry 
Bathymetry can affect sound propagation in a variety of ways. In a shallow area, an acoustic ray will 
have more interaction with the bottom which will absorb some of the sound energy. The slope of the 
seafloor determines the angle at which an acoustic ray will be reflected off the bottom. Within a typical 
modeling area, bathymetry tends to be the environmental parameter that tends to vary the most. It is 
not unusual for water depths to vary by an order of magnitude or more in these areas. Bathymetry was 
obtained at the highest resolution available, ranging from 0.05-2.0 arc-minutes. Since propagation loss is 
determined along paths radiating out from an analysis point, bathymetry was extracted radially to align 
with these paths.  

3.2.2. Seafloor composition 
Seafloor composition can affect acoustic propagation calculations. For example, a muddy bottom 
absorbs more energy and a rocky bottom reflects more energy. However, this factor’s impact on 
propagation tends to be limited to waters on the continental shelf and the upper portion of the slope 
because sound is more likely to reach the bottom in these areas. The primary acoustic propagation 
paths in deep water do not usually involve any interaction with the bottom, whereas in shallow water, 
bottom loss variability can play a larger role. This is especially true if the sound speed profile directs all 
propagation paths to interact with the bottom. For each modeled area, bottom type and the associated 
geo-acoustic parameters were extracted in accordance with the guidelines specified in Table 3-2. These 
data were extracted at the highest available resolution of one degree. 

Table 3-2. Geo-Acoustic Parameter Guidelines as a Function of Acoustic Source Frequency 

Frequency (f) Database 
f < 1 kHz Low-Frequency Bottom Loss 

 
м ƪIȊ Җ Ŧ ғ мΦр ƪIȊ Low-Frequency Bottom Loss and High-Frequency Bottom Loss 
1.5 kHz Җ Ŧ ғ п ƪIȊ High-Frequency Bottom Loss 
Ŧ җ п ƪIȊ Bottom Sediment Type 
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3.2.3. Wind Speed 
All wind speed data were extracted from the Surface Marine Gridded Climatology data at the highest 
available resolution of one degree. Wind speed data are directly related to other environmental 
parameters, primarily the sound speed. For example, wind in a downward refracting environment 
would not likely create a significant change in results because of the relatively short propagation ranges 
characterized by minimal surface interaction. In the case of a surface duct with correspondingly long 
propagation ranges and associated surface interaction, however, wind speed could have significant 
impact on the resultant propagation ranges. 

3.2.4. Sound Speed Profiles 
Navy Hybrid Acoustic Coordinate Ocean Model (HYCOM) sound speed profile data consist of 
temperature, salinity, and depth. For each scenario, these data were extracted at the highest resolution, 
0.08 arc-degrees, over the extent of the modeled area. The sound speed throughout the water column 
is calculated from temperature, salinity, and pressure with the Chen-Millero-Li sound speed equation 
(Chen & Millero, 1977). 

The spatial variability of the sound speed profiles is generally minimal within the modeling areas. The 
presence of a strong oceanographic front, in which temperature and salinity vary rapidly over a small 
geographic area, is a noteworthy exception to this rule. To a lesser extent, variability in the depth and 
strength of a surface duct can be of some importance to sound speed. In the mid-latitudes, the most 
significant variation in the sound speed profile is seasonal. For this reason, activities that occur year-
round were modeled with two or four seasons, depending on the Study Area. 

An example sound velocity profile is shown in Figure 1, spaced 10 kilometers (km) along a single transect 
in the Virginia Capes Range Complex. In shallow water, sound velocity varies primarily with temperature 
and salinity. At greater depths the temperature is more uniform so increases in sound velocity are 
primarily due to increases in pressure. 
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Figure 1. Sample Sound Speed Profile 
3.2.5. Seasonal Definitions 

The majority of Navy activities are not limited to a specific month or season. Therefore, most of the 
scenarios were modeled year-round. A seasonal approach was adopted to meet this requirement, given 
the impracticality of modeling each scenario for every month. The seasonal definitions that were 
employed were dictated by region and marine mammal and sea turtle presence (Table 3-3) as 
determined by the Density Technical Report (U.S. Department of the Navy, 2017a, 2017b). The seasonal 
averages were generated by linearly averaging the data for the months within a given season. 

Table 3-3. Seasonal Definitions 

Season 
 

Dates 

Warm 
Summer 1 June – 31 August 

Fall 1 September – 30 November 

Cold 
Winter 1 December – 28/29 February 
Spring 1 March – 31 May 

3.3. Marine Mammal and Sea Turtle Data 
Marine mammal and sea turtle input data include density estimates, group sizes, dive profiles, and body 
masses. In NAEMO, marine species are represented by “animats,” which are artificial or virtual animals 
used during modeling (Dean, 1998). Marine mammal densities were needed to estimate the number of 
animals of each species that may be present within a specific area and timeframe and thus the number 
of animals that could be affected by non-impulsive or impulsive activities. Details on the density data 
used for the Phase III analyses are provided in the Navy Marine Species Density Database (NMSDD) (U.S. 
Department of the Navy, 2017a, 2017b). Marine mammals and sea turtles are typically categorized by 
species in the NMSDD. NAEMO has adopted the same format for its results, with the exception of 
species that are grouped into guilds or stocks. In some cases, species can be difficult to distinguish from 
one-another during surveys at sea and are only reported as a group of similar species, or ‘guilds’, which 
are processed in NAEMO as a species would be. The proportion of each species within each guild is 
estimated based on sightings where species can be determined. Based on these proportions, predicted 
impacts to guilds are separated out to the species level. Similarly, many species within the study area 
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are divided into multiple stocks based on life history and genetic stock structure for management 
purposes. Predicted impacts are assigned by stock when available, as opposed to the species as a whole.  

3.3.1. Group Size 

Many marine mammals are known to travel and feed in groups. NAEMO accounts for this behavior by 
incorporating species-specific group sizes into the animat distributions, and accounting for statistical 
uncertainty around the group size estimate. Group sizes were handled differently in each Study Area, 
based on data availability and the recommendations of the research groups that provided density 
information. For example, in the Atlantic Fleet Training and Testing (AFTT) Study Area, mean group sizes 
and the associated standard deviations were collected for each species via literature search. Mammals 
were distributed in groups of a size that varied according to an inverse Gaussian distribution defined by 
the group size mean and standard deviation. For the Hawaii-Southern California Training and Testing 
(HSTT) Study Area, simulations, group size mean, and standard deviation were collected from a 
combination of survey data from the Southwest Fisheries Science Center (SWFSC) and a literature 
review. The standard deviations were incorporated by randomly selecting a value from the poisson or 
lognormal distribution defined by the mean group size and standard deviation provided. The SWFSC also 
specified which species’ group size followed a poisson distribution and which followed a lognormal.  

3.3.2. Dive profiles 

NAEMO accounts for depth distributions by changing each animat’s depth during the simulation process 
according to the typical depth pattern observed for each species. Dive profile information was collected 
via literature search. This information is presented as a percentage of time the animal typically spends at 
each depth in the water column. During a simulation, each animat’s depth is changed every 4 minutes to 
a value randomly selected by the probability density function described by its profile. At this time, 
NAEMO does not simulate horizontal animat movement during an event.  

3.4. Criteria and Thresholds for Assessing Impacts  
Criteria and thresholds to assess impacts to marine mammals and sea turtles are synthesized from 
published study results. The Criteria and Thresholds for Assessing Acoustic and Explosive Impacts to 
Marine Mammals and Sea Turtles technical report (U.S. Department of the Navy, 2017c) provides details 
on the derivation of the Navy’s current impact criteria. These criteria and thresholds are used to assess 
potential effects to marine mammals and sea turtles in the analysis process. 

Upper and lower frequency limits will be used for each marine mammal hearing group and sea turtles so 
that sonar and other transducers with the majority of their energy above or below these limits would 
not be considered for acoustic effects to those species (see Table 3-4).  

Table 3-4. Lower and upper cutoff frequencies for marine species hearing groups for sonar 
and other transducers used for Phase III acoustic analysis 

Hearing Groups 
Limit (Hertz) 

Lower Upper 
Low-Frequency Cetaceans (Mysticetes) 5 30,000 
Mid-Frequency Cetaceans 50 200,000 
High-Frequency Cetaceans 100 200,000 
Phocid Pinnipeds (In-Water) 50 80,000 
Otariid Pinnipeds, Sea Otters, Polar Bears, Walruses, and 
Sirenians (In-Water) 20 60,000 

Sea Turtles 5 2,000 
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Explosives, air guns, impact pile driving, and vibratory pile driving have significant acoustic energy within 
all group’s hearing ranges; therefore, it is not necessary to apply frequency limits to these broadband 
sound sources. 

4. NAVY ACOUSTIC EFFECTS MODEL  
The following sections discuss the acoustic analysis, marine species distribution, simulation, and outputs 
from each of the NAEMO modules.  

4.1. Acoustic Analysis 
In NAEMO, the Acoustic Builder module generates propagation data. First, it uses event definitions 
from NAEMO to extract source characteristics and environmental data for a given location. It then uses 
a standard resolution for a set of propagation analysis points in the event’s location (e.g., 0.1 degree in 
the AFTT Study Area). For each analysis point, the Navy’s standard propagation model (the 
Comprehensive Acoustic Simulation System/ Gaussian Ray Bundle [CASS/GRAB]) is run to generate a 
sound field for each source in the scenario. For non-impulsive sources the sound field data is saved in 
NAEMO and subsequently provided as input to Scenario Simulator. For impulsive sources CASS/GRAB is 
used to calculate several sound metrics which are provided to Scenario Simulator as input.  

4.1.1. Comprehensive Acoustic Simulation System/ Gaussian Ray Bundle 

The CASS/GRAB propagation model was used for all impulsive and non-impulsive modeling. Detailed 
descriptions of the CASS/GRAB model and its governing equations can be found in Keenan and Gainey 
(2015); Weinberg and Keenan (1996). 

The CASS/GRAB model is used to determine the propagation characteristics for acoustic sources with 
frequencies greater than 150 Hertz (Hz). Keenan an d Ga i ney  (2 01 5)described CASS as “a linear 
acoustics, range-dependent, ray-based eigenray model that calculates arrival structure, sound pressure, 
reverberation, signal excess, and probability of detection.” It has been accepted as the Navy standard 
and OAML-certified model for active sonar analysis between 150 Hz and 500 kHz. For impulse modeling 
CASS/GRAB is used for frequencies as low as 25 Hz. Though it is not OAML approved for this frequency, 
Weinberg and Keenan (1996) showed that CASS/GRAB predicted the general trend of propagation loss 
well compared to other propagation loss models.  
 
NAEMO analyses use CASS in the passive propagation mode, that is, one-way propagation, rather than 
the active mode, which uses two-way propagation. CASS uses acoustic rays to represent sound 
propagation in a medium. As acoustic rays travel through the ocean, their paths are affected by 
mechanisms such as absorption, reflection, and reverberation, including backscattering, and boundary 
interaction. The CASS model determines the acoustic ray paths between the source and a particular 
location in the water. The rays that pass through a particular point are called eigenrays.  
 
GRAB’s role in the propagation model is to group eigenrays into families based on their surface/bottom 
bounce and vertex history (Figure 2). For example, a ray that bounces off the surface and then off the 
ocean floor would be in a different family than a ray that bounces off the floor first and then the surface. 
Rays with no boundary interaction would be in yet another family. Once the eigenrays have been 
grouped into families, the ray path properties are integrated (source angle, arrival angle, travel time, 
phase, and amplitude) to determine a representative ray for each family. These properties are weighted 
prior to integration so that rays closer to the desired target depth have more weight. Each 
representative eigenray, based on its intensity and phase, contributes to the complex pressure field, and 
hence, to the total energy received at a point. The total received energy at a point is calculated by 
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models that can provide time information are so computationally intensive that given the number of 
computations required it would take too long to complete the analysis. For Phase II impulsive modeling, 
the Reflection and Refraction in Multilayered Ocean/Ocean Bottoms with Shear Wave Effects (REFMS) 
model was used. Though it was range-independent and not OAML-certified, REFMS was the best 
available model at the time. CASS/GRAB is a more logical model to use because it does not have these 
issues. Additionally the impulse model using CASS/GRAB has compared favorably with data (Deavenport 
& Gilchrest, 2015), though it should be noted that the data was for small explosives at short ranges. 
Data for large explosions and long ranges are needed to fully validate the model. 
4.1.2.  Non-Impulsive Model 

The following features were included in Acoustic Builder for non- impulsive events: 

¶ Events can be visually inspected and verified before modeling begins. For example, Acoustic 
Builder allows the user to view an event’s geographic location, range complex, platforms, 
sources, bathymetry, modeling boxes, and local species distributions. 

¶ Users can select analysis points to be run by CASS/GRAB. This can be done automatically by 
giving Acoustic Builder spacing between points, which it uses to create a grid of equally spaced 
analysis points. Or, users can manually select analysis points. 

¶ Acoustic Builder provides a graphical user interface for CASS/GRAB and runs the propagation 
model at every analysis point selected. 

¶ Acoustic propagation is run along 18 equally spaced radials (bearing angles) from an analysis 
point to 100 km, or until the received level has reached 100 dB. 

4.1.3. Impulsive Model 
The impulsive model used in the Navy’s current analysis described in this report is an upgrade from 
previous modeling efforts. The model uses CASS/GRAB to create a frequency band-limited transfer 
function that is combined with a similitude source signature to obtain a pressure time series. 
Advantages of using CASS/GRAB over REFMS include: 

¶ CASS/GRAB is OAML approved, REFMS is not. 
¶ CASS/GRAB can vary environmental parameters with range, more accurately representing the 

environment. 
¶ CASS/GRAB has a built in absorption model. 
¶ CASS/GRAB is more numerically stable.  

The impulsive model used in the Navy’s current analysis described in this report is OAML improved. The 
impulsive model uses five metrics to describe the sound received by animats: peak sound pressure level 
(SPL ) , root mean square sound pressure level (SPL ), sound exposure level (SEL), calf impulse, 
and adult impulse.  Sound pressure level is the logarithm of the ratio of sound pressure to a relative 
pressure. The peak sound pressure level is the maximum SPL over time. The root mean square pressure 
level is an average SPL over the duration of the signal. The (SPL ) criteria is only applied to airguns. 
Sound exposure level represents both the SPL of a sound as well as its duration. Impulse is the integral 
of positive pressure over a brief time period. Impulse is a function of animat mass and is calculated for 
both calf and adult. The impulse metric is only applied to explosive impulses.  

The main difference between impulsive and non-impulsive modeling is that the impulsive signal is time-
dependent, whereas the pressure field for non-impulsive sources is modelled as an instantaneous 
phenomenon (Deavenport & Gilchrest, 2015). This is because impulsive signals are time-dependent 
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Ὕ =
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ὖ
   (12) 

where ” is the density of water,  is the adiabatic exponent for air, ὓ is the animal mass, ὖ  is the 
atmospheric pressure, and ὖ  is the hydrostatic pressure (Goertner, 1982).  

Propagation for impulsive sources is run along 9 equally spaced radials from an analysis point to 30 km. 
The range is extended to 100 km if any of the metrics are still above threshold at 30 km. Each of the 
above metrics are summarized into tables for each bearing, range, and depth to be used in the impulsive 
simulator.   

4.2. Marine Species Distribution Builder 
Marine mammals and sea turtles are distributed into simulation areas, and multiple iterations (see 
Section 4.2) are run for each species to account for statistical uncertainty in the density estimates. Each 
iteration varies according to the standard error associated with the density estimate (U.S. Department 
of the Navy, 2017a, 2017b). The density data is provided as a geographic grid (typically 10 km x 10 km) in 
which each cell is assigned a species density (animals/km2). One density grid for each species or guild 
was provided. In many cells, a standard deviation was provided with the density estimate. However, for 
areas where density predictions were made for non-surveyed areas, the density cells were so far away 
from any survey measurement that the estimated statistical uncertainty would not be meaningful. In 
these cases standard error was not provided. Group size and dive profiles were taken into account and 
are discussed in Sections 3.3.1 and 3.3.2. As described in Section 3.3, animats were used during 
modeling to function as a dosimeter, recording energy received from all sources that were active during 
a scenario. 

The distribution of animats in NAEMO starts with the extraction of species density estimates from the 
NMSDD for a given area and month. In order to incorporate statistical uncertainty surrounding density 
estimates into NAEMO, 30 distributions were produced for each species for each season, each of which 
varied according to the standard deviations provided with the density estimates. The following steps are 
then taken to distribute the animats within the defined modeling space. 

¶ In each cell, the density estimate for that iteration is determined by randomly selecting a single 
value from a distribution defined by the density estimate (the mean of the distribution) and its 
standard deviation. These definitions were determined specific to each Study Area (e.g., for the 
HSTT Study Area, a lognormal distribution was used; for the AFTT Study Area, a compound 
poisson-gamma distribution was specified in the density regression model). If the density 
estimate did not have a corresponding standard deviation, the density remained constant at the 
mean for every iteration.  

¶ The density estimate (animals/km2) for that iteration is multiplied by the cells’ area (km2) to 
obtain the total number of animats in that cell. 

¶ The total number of animats in each cell is summed across the entire area to determine the 
total number of animats in the entire area. 

¶ Animats are placed into groups according to mean and standard deviation of group size (see 
Section 3.3.1). Groups are created until total abundance is reached.  

¶ Groups of animats are then distributed into cells according to the probability density function 
defined by the original density estimates provided.  

These steps result in a series of data files containing the time, location, and depth of each animat placed 
within the modeling area. The standard deviation was only used to vary the total number of animats in 
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the entire region. This is necessary because, as a consequence of extrapolating the regression models 
into areas without survey measurements, the statistical uncertainty in these cells was substantially 
higher than in areas with survey measurements. An unrealistically high number of animats was often 
selected for these cells, which warped the population’s spatial distribution. 

4.3. NAEMO Simulation Process 
The NAEMO simulation process combines all of the previously defined data and estimates the acoustic 
effects on marine mammals and sea turtles. The first module, Scenario Simulator, combines scenario 
definitions from Scenario Builder, data created in Acoustic Builder, and animat distributions created in 
Marine Species Distribution Builder to produce a record in NAEMO of the sounds received by each 
animat. The second module, Post Processor, reads the record created by Scenario Simulator, applies the 
frequency-based weighting functions, and conducts a statistical analysis to estimate effects associated 
with each marine mammal and sea turtle group based on the specified criteria thresholds. Results from 
each analysis are stored in NAEMO. The third and final module, Report Generator, provides a 
mechanism to assemble all of the individual species exposure records created by Post Processor and 
computes annual effect estimates. Estimated annual effects can be grouped by activity, season, and 
geographic region before outputting the results to comma-separated text files that can be used for 
further examination of the data. The following sections provide additional information for each module. 

4.3.1. Monte Carlo Simulation Approach 

Estimation of effects in NAEMO is accomplished through Monte Carlo simulations. This approach was 
chosen to account for the variability inherent in many factors of testing and training events such as 
platform location and movement, precise location of modeling area, and instantaneous distributions of 
marine mammals and sea turtles. Additionally, NAEMO incorporates individual animat movement 
vertically in the water column at a specified displacement frequency for sufficient sampling of the depth 
dimension.  Individual animats are not moved horizontally within NAEMO. The location of an event is 
randomly selected within a specified modeling area. NAEMO uses unique iterations of the simulated 
animal populations in each simulation, which allows it to provide sufficient sampling in the horizontal 
dimensions for statistical confidence. Monte Carlo simulations also produce statistically independent 
samples, which allows for the calculation of metrics such as standard error and confidence intervals. 
Thirty Monte Carlo simulations are run per event, per species, and per season. In each simulation, these 
factors are randomly selected: 

¶ Modeling box (the area to which platforms are restricted) 
¶ Geographic location of animats 
¶ Depth of each animat (updated at 4 minute intervals during simulation) 
¶ Platform start location within the modeling box 
¶ Platform track (unless platform is stationary or its track is defined by waypoints) 
¶ Time that sources first go active (unless timing is specified in scenario definition) 

4.3.2. Scenario Simulator 
The purpose of Scenario Simulator is to determine the level of sound received by each animat. This 
module references the scenario definition in NAEMO to determine the starting location, direction, and 
depth of each platform. Scenario Simulator then steps through time and interrogates each of the 
platform sources to determine which sources are actively emitting sound during that time step. 

The simulation begins with a time equal to zero and progresses incrementally in 1-second steps until the 
end of the scenario. For each active source, the beam pattern area and direction of sound source 
emission is computed. The beam pattern area is calculated from the horizontal beam pattern and 
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maximum propagation distance, which are stored in the source table in NAEMO. For example, the area 
for a source with a ninety-degree horizontal beam pattern and a maximum propagation distance of 100 
km would equate to a quarter of a circle whose radius is 100 km. The beam pattern direction is based 
on the direction of travel of the platform and any offsets defined for the horizontal beam pattern. The 
next step in the process identifies all animats that fall within each defined beam pattern area. 

Propagation data are computed at multiple points within each modeling box to account for platforms 
moving during the simulation (see Section 4.1). The exception to this is scenarios that involve only 
stationary platforms. At each time step, the position of each platform is compared to the locations of 
each propagation analysis point to determine the closest propagation file. 

For each animat identified in the beam pattern, a lookup in the sound source propagation file is 
performed to determine the received sound level for that animat. The lookup is conducted based on 
the bearing and distance from the platform to the animat and the depth of the animat. The closest 
matching point within the propagation file is used. 

Simulation output for each animat is stored in NAEMO. These outputs include simulation time, 
platform name, source name, source mode name, source mode frequency, source mode level, ping 
length, platform location (latitude/longitude), platform depth, species name, animal identification 
number, animal location (latitude/longitude), animal depth, animal distance from source, and sound 
received levels. A single animat may have one or more entries in the data file at each time step 
depending on the number of sources determined to be within hearing distance. 

4.3.3. Post Processor 
Post Processor uses output from Scenario Simulator to compute the impact of events on each marine 
mammal and sea turtle group. Criteria and thresholds (Section 3.4) are applied to Monte Carlo 
simulations which are then combined to provide a mean estimate of effects for each event.  

4.3.3.1. Non-Impulsive Sources 

For non-impulsive sources, Post Processor uses two metrics to describe sound received by animats, SPL 
and SEL. Post Processor computes maximum SPL and accumulated SEL over the entire duration of the 
event for each animat. The maximum SPL, which is used to determine behavioral effects, is simply the 
maximum received level reported in Scenario Simulator. Accumulated SEL is used to determine PTS and 
TTS, and represents the accumulation of energy from all time-steps and from multiple source 
exposures. For SEL, the appropriate auditory weighting functions defined by the marine mammal and 
sea turtle criteria (Section 3.4) are applied to adjust the received levels. SEL is given by: 

 SEL , = SPL , + 10 × log(ὖὒ ) (13) 

 Where ί is source ί, ὸ is time ὸ, SPL ,  is the received level adjusted by the species auditory 
weighting function at time ὸ, and ὖὒ  is the pulse length of source ί. The SEL values are then power 

summed across time to give a cumulative SEL for each source 

where n is the number of time steps for the given source. After these calculations, the cumulative SEL is 
once more power summed across sources for each animat to determine the final cumulative SEL. A 
mean number of SPL and SEL simulated exposures are computed for each 1-dB bin. The mean value is 
based on the number of animats exposed at that dB level from each track iteration. The Behavioral 

 
Cumulative SEL = 10 × log 10 , ϳ  (14) 
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Response Function (BRF) curve is applied to each 1-dB SPL bin to compute the number of behaviorally 
affected animats per bin. The number of behaviorally affected animats per bin is summed to produce 
the total number of behavioral effects. 

Mean 1-dB bin SEL exposures are then summed to determine the number of instances in which PTS and 
TTS thresholds were exceeded. PTS values represent the cumulative number of animats affected at or 
above the PTS threshold. TTS values represent the cumulative number of animats affected at or above 
the TTS threshold and below the PTS threshold. Each animat can only be reported under a single 
criterion (e.g., once an animat is reported for PTS, it would not additionally be reported under TTS or 
behavioral). Behavioral effects are only computed for animats that experience two or more pulses. 

4.3.3.2. Impulsive Sources 

For impulsive sources five metrics are used to describe the sound received by animats: peak sound 
pressure level (SPL ) , root mean square sound pressure level (SPL ) , sound exposure level (SEL), 
calf impulse, and adult impulse. SPL  is only applied to airguns. Calf and adult impulses are only 
applied to explosive sources. SEL is a cumulative metric and is adjusted if a group of sources is in a 
cluster where c is the cluster size. This is then power summed over all clusters of sources to get the final 
cumulative SEL for the animat. 

Unlike non-impulsive sources, criteria for mortality and injury to animats is evaluated. Mortality and 
lung injury are determined by calf and adult impulse. Gastrointestinal injury is driven by (SPL ). Both 
TTS and PTS have duel metrics: SPL  and SEL. Only one of these metrics needs to be above threshold 
to trigger TTS or PTS. Behavioral effects are based only on the SEL metric and are only computed for 
counts greater than one.  

4.3.3.3. NAEMO Output 

All scenarios analyzed in NAEMO were evaluated as single events occurring within a given season and 
location. Scenarios that occurred over multiple seasons and locations were modeled for each 
combination of season and location. The annual estimated effects for a single scenario are determined 
by taking the average of all seasons and locations modeled for that scenario. To create the average 
effects, each scenario was multiplied by a factor based on the number of seasons, locations, and events 
per season that scenario would be conducted. Each factored scenario effect is then summed together 
to produce the average scenario effect. Total annual effects resulting from all scenarios modeled are 
then the summation of each scenario’s averaged effect. 

Scenarios that may not occur every year are the exception to this methodology. Non-annual scenarios 
were modeled in multiple locations and seasons to provide coverage for all possible conditions, but 
these scenarios occur only one time within a given year. Therefore, the maximum effects from all 
modeled locations and seasons are used in place of the average values. To compute the maximum 
requires using a multiplication factor of one for each location and season and then determining the 
maximum per species effect from all locations and seasons. 

5. MITIGATION EFFECTIVENESS 
The Navy implements mitigation to avoid potential impacts on biological and cultural resources. 
Procedural mitigation is tailored to each specific stressor or training and testing activity category, and 
involves: (1) the use of one or more trained Lookouts to diligently observe for specific biological 
resources within a mitigation zone during the activity, (2) requirements for Lookouts to immediately 
communicate sightings of applicable biological resources to the appropriate watch station for 

 SEL = SEL + 10 × log(ὧ) (15) 
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information dissemination, and (3) requirements for the watch station to implement mitigation (i.e., 
halting an activity, powering down sonar, or shutting down sonar) until recommencement conditions 
have been met. The Navy will implement procedural mitigation for activities whenever and wherever 
that activity takes place within the Study Area, as described in Chapter 5 (Mitigation) of each Phase III 
EIS/OEIS document.  

Mitigation zones are designed to avoid injurious impacts on marine mammals and sea turtles and to the 
maximum extent practicable are measured as the radius from an acoustic, explosive, or physical 
disturbance and strike stressor (e.g., a ship hull, sonobuoy, pile driver, or vessel). The mitigation zone 
sizes represent the maximum range for which Lookouts can reasonably be expected to maintain 
situational awareness and visually observe for biological resources during typical at-sea conditions, or 
the predicted average range to PTS. 

Establishing a mitigation zone that extends out to the average range to onset of PTS also provides 
mitigation for the predicted average range to onset of mortality and onset of injury due to explosives. 
Because the mitigation zones are based off the acoustic bin with the largest range to effects within each 
stressor or activity category, the mitigation zones are even more protective during activities that use 
acoustic sources from lower source level bins. Furthermore, mitigation implementation will only be 
triggered by the sighting of an animal within a mitigation zone at or near the surface of the water; 
however, the benefits of implementing that mitigation will also extend to any animals that happen to be 
located at depth within the mitigation zone but were not available to be observed.  

The Navy Acoustic Effects Model estimates acoustic and explosive effects without taking mitigation into 
account; therefore, the model overestimates predicted impacts on marine mammals and sea turtles 
within mitigation zones. To account for mitigation for marine mammals and sea turtles, the Navy 
conservatively quantifies the potential for mitigation to reduce model-estimated PTS to TTS for 
exposures  to sonar and other transducers, and reduce model-estimated mortality to injury for 
exposures to explosives.  

5.1. Mitigation Effectiveness Factors 
The Navy quantitatively assessed the effectiveness of its mitigation measures on a per-scenario basis for 
four factors: (1) species sightability, (2) a Lookout’s ability to observe the range to PTS (for sonar and 
other transducers) and range to mortality (for explosives), (3) the portion of time when mitigation could 
potentially be conducted during periods of reduced daytime visibility (to include inclement weather and 
high sea-state) and the portion of time when mitigation could potentially be conducted at night, and (4) 
the ability for sound sources to be positively controlled (e.g., powered down).  

During the conduct of training and testing activities, there is typically at least one, if not numerous, 
support personnel involved in the activity (e.g., range support personnel aboard a torpedo retrieval boat 
or support aircraft). In addition to the Lookout posted for the purpose of mitigation, these additional 
personnel observe for and disseminate marine species sighting information amongst the units 
participating in the activity whenever possible as they conduct their primary mission responsibilities. 
However, as a conservative approach to assigning mitigation effectiveness factors, the Navy elected to 
only account for the minimum number of required Lookouts used for each activity; therefore, the 
mitigation effectiveness factors may underestimate the likelihood that some marine mammals and sea 
turtles may be detected during activities that are supported by additional personnel who may also be 
observing the mitigation zone.  
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¶ If the event could occur in high sea state (Beaufort sea state of 4 or higher), then visibility 
reduction factor = 0.25 

¶ If the event could occur in fog, rain, or high wind, then visibility reduction factor = 0.25 
¶ If an event could occur in high sea state and fog, rain, or high wind, the visibility reduction factor 

was not summed to equal 0.50.  To avoid doubling the reduction in visibility from inclement 
weather on the whole, the maximum reduction factor due to high sea state and fog, rain, and 
high wind is 0.25.   

5.1.4. Positive Control of Sound Sources and Explosives  
The final factor helps evaluate how effective mitigation will be based on the sound source’s ability to be 
positively controlled in response to a marine species sighting in the mitigation zone. Sound 
transmissions from most sonars and other transducers can be ceased within a few seconds after the 
operator has been notified of an animal sighting in the mitigation zone. Other sound sources are not 
positively controlled, such as explosives using a diver-placed time-delay firing devices (i.e., the 
detonation cannot be terminated once the fuse is initiated due to human safety concerns). 

  

¶ Positive control of sound sources and explosives was derived from data input into the Navy’s 
Acoustic Effects Model database by training and testing stakeholders. 

¶ If all sound sources involving mitigation are under positive control, then Positive Control = 1 
¶ If all sound sources involving mitigation are not under positive control, then Positive Control = 0 
¶ If most sources within a scenario involving mitigation are under positive control, with the 

exception of one source (e.g., torpedo), then Positive Control = 0.5  

5.2. Quantifying Mitigation Effectiveness 
The Navy used the equations in the below sections to calculate the reduction in model-estimated 
mortality impacts due to implementing mitigation. 

 

5.2.1. Sonar and Other Transducers 
To quantify the number of marine mammals and sea turtles predicted to be sighted by Lookouts during 
implementation of mitigation in the range to injury (PTS) for sonar and other transducers, the species 
sightability is multiplied by the mitigation effectiveness scores and number of model-estimated PTS 
impacts, as shown in the equation below: 

 

 

The marine mammals and sea turtles sighted by Lookouts during implementation of mitigation in the 
range to PTS, as calculated by the equation above, would avoid being exposed to these higher level 

 Positive Control = positive control factor of all sound sources involving mitigation (18) 

 Mitigation Effectiveness = Species Sightability [0–1] x Visibility [0.25, 0.5, 0.75, 1] x 
Observation Area [0, 0.5, 1] x Positive Control [0, 0.5, 1]  

(19) 

 Number of animals sighted by Lookouts = Mitigation Effectiveness x Model-
Estimated Impacts 

(20) 
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impacts. The Navy corrects the category of predicted impact for the number of animals sighted within 
the mitigation zone (e.g., shifts PTS to TTS), but does not modify the total number of animals predicted 
to experience impacts from the scenario. 

5.2.2. Explosives 
To quantify the number of marine mammals and sea turtles predicted to be sighted by Lookouts during 
implementation of mitigation in the range to mortality during events using explosives, the species 
sightability is multiplied by the mitigation effectiveness scores and number of model-estimated 
mortality impacts, as shown in equation 19 above. 

The marine mammals and sea turtles predicted to be sighted by Lookouts during implementation of 
mitigation in the range to mortality, as calculated by the above equation 20, are predicted to avoid 
exposure in these ranges. The Navy corrects the category of predicted impact for the number of animals 
sighted within the mitigation zone, but does not modify the total number of animals predicted to 
experience impacts from the scenario. For example, the number of animals sighted (i.e., number of 
animals that will avoid mortality) is first subtracted from the model-predicted mortality impacts, and 
then added to the model-predicted injurious impacts.  

5.2.3. Factors not Considered Quantitatively 
It is important to note that there are additional protections offered by mitigation measures that will 
further reduce marine mammal and sea turtle exposures to sound-producing activities, but are not 
considered quantitatively in the analysis. Consistent with the Navy’s impact assessment processes, 
mitigation effectiveness was incorporated conservatively (i.e., erring on the side of underestimating 
effectiveness) when quantitatively adjusting model-estimated effects to marine species within the 
applicable mitigation zones. Conservative considerations include the following: 

¶ The Navy did not quantitatively account for mitigation during scenarios that were given a 
mitigation effectiveness factor of zero. A mitigation effectiveness factor of zero was given to 
scenarios where less than half of the mitigation zone can be continuously visually observed. 
However, some protection from applied mitigation measures would be afforded during these 
activities.  

¶ The Navy only accounted for mitigation based on the required number of Lookouts, but did not 
account for detections that could be made by other personnel that may be involved with a 
scenario (such as range support personnel aboard a torpedo retrieval boat or support aircraft) 
or detections that could be made by watch personnel under implementation of Standard 
Operating Procedures, even though information about marine mammal sightings are shared 
among units participating in the training or testing activity. 

¶ The Navy did not quantify the potential for mitigation to reduce model-estimated TTS or 
behavioral impacts, although implementation of mitigation would likely prevent some TTS in 
many species and reduce the number and severity of some behavioral reactions.  

¶ Mitigation involving a power-down of sonar, cessation of sonar, or delay in use of explosives as a 
result of a marine mammal or sea turtle detection protects the observed animal and all 
unobserved (below the surface) animals in the vicinity. The consideration of implementation of 
mitigation in the post-model analysis, however, conservatively assumes that only observed 
animals, approximated by considering the species-specific g(0) and event-specific mitigation 
effectiveness factor, would be protected by the applied mitigation (i.e., a power down, cessation 
of sonar, or event delay). The quantitative post-model mitigation analysis, therefore, does not 
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capture the protection afforded to all unobserved marine species that may be near or within the 
mitigation zone. 

6. AVOIDANCE BY ANIMALS OF HIGH SOUND LEVELS FROM 
SONAR AND OTHER TRANSDUCERS  

The Navy Acoustic Effects Model overestimates the number of marine mammals and sea turtles that 
would be exposed to sound sources that could cause PTS because the model does not consider 
horizontal movement of animats including avoidance of high intensity sound exposures. Therefore, the 
potential for animal avoidance is considered separately. At close ranges and high sound levels, 
avoidance of the area immediately around the sound source is one of the assumed behavioral responses 
for marine mammals. Animal avoidance refers to the movement out of the immediate injury zone for 
subsequent exposures, not wide-scale area avoidance. Various researchers have demonstrated that 
cetaceans can perceive the location and movement of a sound source (e.g., vessel, seismic source, etc.) 
relative to their own location and react with responsive movement away from the source, often at 
distances of a kilometer or more (Au & Perryman, 1982; Jansen et al., 2010; Richardson et al., 1995; 
Tyack et al., 2011; Watkins, 1986; Würsig et al., 1998). A marine mammal’s ability to avoid a sound 
source and reduce its cumulative sound energy exposure would reduce risk of both PTS and TTS. 
However, the quantitative analysis conservatively only considers the potential to reduce some instances 
of PTS by accounting for marine mammals swimming away to avoid repeated high-level sound 
exposures. All reductions in PTS impacts from likely avoidance behaviors are instead considered TTS 
impacts. 

While in general, the louder the sound source the more intense the behavioral response, the proximity 
of a sound source and the animal’s experience, motivation, and conditioning were also critical factors 
influencing the response.  outlined an approach to assessing the effects of sound on marine mammals 
that incorporates these contextual-based factors. They recommend considering not just the received 
level of sound, but also in what activity the animal is engaged, the nature and novelty of the sound (i.e., 
is this a new sound from the animal’s perspective), and the distance between the sound source and the 
animal. They submit that this “exposure context,” as described, greatly influences the type of behavioral 
response exhibited by the animal [see technical report Criteria and Thresholds for U.S. Navy Acoustic 
and Explosive Effects to Marine Mammals and Sea Turtles (U.S. Department of the Navy, 2017c)].   

An extensive review of literature on marine mammal behavioral responses to sonar and other 
transducers occurred for the development of behavioral response functions in the Criteria and 
Thresholds for U.S. Navy Acoustic and Explosive Effects to Marine Mammals and Sea Turtles (U.S. 
Department of the Navy, 2017c). Due to the breadth of marine mammal behavioral response literature, 
individual studies will not be discussed in detail in this technical report. However, general conclusions 
can be drawn from the literature, such as the received sound level to which species will behaviorally 
respond:  

¶ Odontocetes (mid- and high-frequency cetacean species groups): Responses occurred between 
94 and 185 dB re 1 µPa with a mean response range between 126 and 169 dB re 1 µPa. 

¶ Pinnipeds (phocid and otariid species groups): In water responses occurred between 125 and 
185 dB re 1 µPa with a mean response range between 159 and 170 dB re 1 µPa. 

¶ Mysticetes (low-frequency cetacean species group): Responses occurred between 107 and 165 
dB re 1 µPa with a mean response range between 123 and 139 dB re 1 µPa. 

¶ Beaked whales (mid-frequency cetacean species group): Responses occurred between 95 and 
142 dB re 1 µPa.  
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¶ Harbor porpoise (high-frequency cetacean species group): A step function at an SPL of 120 dB re 
1 µPa is used for harbor porpoises as a threshold to predict potential significant behavioral 
responses.  

¶ Sirenians (low-frequency cetacean species group [surrogate]): Due to a lack of behavioral 
response data for sirenians, behavioral response data from mysticetes are used as a proxy due 
to similarities in behavioral traits and distant taxonomic relation. 

Per discussions with NMFS, the received sound level at which sea turtles are expected to actively avoid 
air gun exposures, 175 dB re 1 µPa SPL rms based on studies of sea turtles exposed to air guns 
(McCauley et al., 2000), is also expected to be the received sound level at which sea turtles would 
actively avoid exposure to sonar and other transducers during Navy training and testing activities. This 
behavioral threshold will be applied to sources up to 2 kHz. 

For Phase III analyses, with the exception of the high-frequency cetacean species group, all other species 
groups including sea turtles have an in water weighted PTS threshold greater than or equal to 198 dB re 
м ˃tŀ2 s for non-impulsive sources (U.S. Department of the Navy, 2017c). In addition, the majority of 
species groups have a weighted TTS threshold greater than 178 dB ǊŜ м ˃tŀ2s for non-impulsive sources. 
The high-frequency cetacean species group has lower TTS and PTS thresholds; however the hearing 
group is comprised of some species that have exhibited a high level of sensitivity to human activity. For 
example, dwarf and pygmy sperm whales are not often observed at sea, but they are among the more 
frequently stranded cetaceans (Caldwell & Caldwell, 1989; Jefferson et al., 2008; McAlpine, 2009). Rare 
sightings indicate they may avoid human activity, and they are rarely active at the sea surface.  

Generally, the sound levels necessary for animals to experience PTS are much higher than the behavioral 
response thresholds reported in the literature. Therefore, it is expected that animals would avoid 
repeated exposures and reduce cumulative sound energy exposure necessary to induce PTS. During the 
first few pings of a training or testing event, or after a pause in sonar activities, if animals are caught 
unaware and it was not possible to implement mitigation measures (e.g., animals are at depth and not 
visible at the surface) it is possible they could receive enough acoustic energy to suffer PTS. Based on 
nominal marine mammal and sea turtle swim speeds (i.e., 3 knots) and normal operating parameters for 
Navy vessels (i.e., 10-15 knots), it was determined that an animal can easily avoid PTS zones within the 
timeframe it takes an active sound source to generate one to two pings from a moving vessel-based 
source.  

Animals present beyond the range to onset PTS for the first three to four pings are assumed to avoid any 
additional exposures at levels that could cause PTS. This equates to approximately 5 percent of the total 
pings or 5 percent of the overall time active; therefore, 95 percent of marine mammals predicted to 
experience PTS due to sonar and other transducers are instead assumed to experience TTS. Although 
some of the predicted impacts are re-categorized, the overall number of animals predicted to be 
affected is unchanged.  

7. RANGE TO EFFECTS 
7.1. NAEMO Impulsive Modeling Comparison with Experimental Data 
The NAEMO Phase III explosive modeling process has been compared to experimental data collected in 
the VACAPES Range Complex and at the Silver Strand Training Complex areas.  Additional experimental 
data has recently been collected at the Pu’uloa range site but has not been compared to NAEMO data.  
However, in all of the available experimental data sets the explosive charge sizes (less than 24 lbs. net 
explosive weight) used for these experiments are at the lower end of the spectrum of charge sizes being 
modeled in Phase III.  Furthermore, the water depths and measurement distances (less than 10 m of 





Quantifying Acoustic Impacts on Marine Mammals and Sea Turtles                                                    May 2017 

 

28 
 

7.4. Ray Trace Model Limitations 
The NAEMO impulsive modeling process utilizes the Navy’s Comprehensive Acoustic System 
Simulation/Gaussian Ray Acoustic Bundle (CASS/GRAB) model as developed by Weinberg and Keenan 
(1996).  CASS/GRAB is the Navy’s standard ray trace model for computing the propagation of sound in 
an underwater environment.  As with any computational model there are inherent limitations on how 
and where the model should be used.  One of these limitations is the frequency of the source being 
modeled compared to the overall water depths at the location of interest.  In general the wavelength of 
the source should be small compared to the water depth, bathymetric features, and any internal 
features such as ducts (Jenson et al., 2000).  The approach used in NAEMO to model broadband 
impulsive sources is to break up the signature into 1/3 octave bins and model each bin separately and 
then combine the outputs from each bin to produce the overall effects of the impulsive source.  In 
creating these bins some of them will be centered at low frequencies which can have relatively large 
wavelengths compared to some of the environments being modeled for underwater detonations.  
Under some conditions the wave lengths may be too large in comparison to the water depth.  However, 
due to the small number of potential locations where this may occur and the initial comparisons made 
to the shallow water data, it was determined that there would be minimal impacts to the estimated 
effects and take numbers produced by NAEMO’s modeling process. 

 

8. GUILD AND STOCK BREAKOUTS 
Marine mammals and sea turtles in the Navy Marine Species Density Database, and therefore the 
NAEMO results, are grouped by species in most cases. In some cases species can be difficult to 
distinguish from one-another during surveys at sea and are only reported as a group of similar species, 
or ‘guilds’. The proportion of each species within each guild is estimated based on sightings where 
species can be determined. Based on these proportions, predicted impacts to guilds are separated out 
to the species level. Similarly, many species within the study area are divided into multiple stocks for 
management purposes. Depending on the area, predicted impacts are assigned to the stock that is 
present, or in the case of areas with overlapping stock, the predicted impacts are broken out by the 
estimated proportion of each stock that is present. In order to keep results consistent across regions, 
these guild-to-species and species-to-stock impact breakouts are assessed after the modeling is 
completed such that the final results are always presented at both the species level and the stock level, 
if applicable. For example, in AFTT, dwarf and pygmy sperm whale species, which combined make up the 
Kogia guild, have separate density estimates that are used in NAEMO, and also have Atlantic and Gulf of 
Mexico stocks that are broken out post-modeling. In contrast, in HSTT only the Kogia guild has a density 
estimate in the Southern California portion of the HSTT Study Area and is modeled as such in NAEMO, 
but in the Hawaiian region there are separate densities for dwarf and pygmy sperm whales and no 
further subdivisions for stock. As another example, bottlenose dolphins in HSTT are modeled in NAEMO 
at the level of the stock; after modeling these results are presented as stocks but are also combined for 
a single species-level value. In AFTT, bottlenose dolphins are modeled as a species and then the impacts 
are broken out by stock post-modeling; in this case, there are several stocks in the Gulf of Mexico and 
Atlantic Ocean that never overlap with Navy activity and therefore are excluded from this post-model 
breakout analysis. Finally, Bryde’s whales in HSTT are modeled in NAEMO as a single species but are 
broken out into two stocks after modeling. In AFTT there is only one designated stock of Bryde’s whales 
(the Gulf of Mexico stock); however, the species occurs in both the Gulf of Mexico and the Atlantic 
Ocean. Therefore, although impacts are assessed for the species as a whole, and although the stock in 
the Gulf of Mexico is very small (33 animals), all impacts are assigned to the single stock even though 
animals in the Atlantic were modeled to overlap with Navy activity as well. 
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9. APPENDIX A: RANGE TO EFFECTS TABLES 
9.1. AFTT Marine Mammals and Reptiles  
9.1.1. Impact Ranges for Sonar and Other Transducers 
The ranges to the PTS threshold for an exposure of 30 seconds are shown in Table 9-1 and Table 9-7 
relative to a functional hearing group. This period (30 seconds) was chosen based on examining the 
maximum amount of time a marine mammal would realistically be exposed to levels that could cause 
the onset of PTS based on platform (e.g., ship) speed and a nominal animal swim speed of 
approximately 1.5 meters per second. The ranges provided in the table include the average range to 
PTS, as well as the range from the minimum to the maximum distance at which PTS is possible for each 
hearing group. 

Since any hull-mounted sonar, such as the SQS-53, engaged in anti-submarine warfare training would be 
moving at between 10–15 knots and nominally pinging every 50 seconds, the vessel will have traveled a 
minimum distance of approximately 257 m during the time between those pings (note: 10 knots is the 
speed used in the Navy Acoustic Effects Model). As a result, there is little overlap of PTS footprints from 
successive pings, indicating that in most cases, an animal predicted to receive PTS would do so from a 
single exposure (i.e., ping). For all other bins (besides MF1), PTS ranges are short enough that marine 
mammals (with a nominal swim speed of approximately 1.5 meters per second) should be able to avoid 
higher sound levels capable of causing onset PTS within this 30-second period.   

For all other functional hearing groups (low-frequency cetaceans, mid-frequency cetaceans, and phocid 
seals and sirenia), 30-second average PTS zones are substantially shorter. A scenario could occur where 
an animal does not leave the vicinity of a ship or travels a course parallel to the ship, however, the close 
distances required make PTS exposure unlikely. For a Navy vessel moving at a nominal 10 knots, it is 
unlikely a marine mammal could maintain the speed to parallel the ship and receive adequate energy 
over successive pings to suffer PTS.  

The tables below illustrate the range to TTS for 1, 30, 60, and 120 seconds from five representative 
sonar systems (see Table 9-2 through Table 9-6 and Table 9-8 through Table 9-12). Due to the lower 
acoustic thresholds for TTS versus PTS, ranges to TTS are longer. Therefore, successive pings can be 
expected to add together, further increasing the range to onset-TTS. 

 

 

Table 9-1: AFTT Acoustic Ranges to PTS for Marine Mammals 

Hearing Group 
Approximate PTS (30 seconds) Ranges (meters)1 

Sonar bin LF5M Sonar bin MF1 Sonar bin MF4 Sonar bin MF5 Sonar bin HF4 

HF Cetacean 
0 

(0—0) 
192 

(170—270) 
31 

(30—40) 
9 

(8—13) 
34 

(20—85) 

LF Cetacean 
0 

(0—0) 
66 

(65—80) 
15 

(15—18) 
0 

(0—0) 
0 

(0—0) 

MF Cetacean 
0 

(0—0) 
16 

(16—16) 
3 

(3—3) 
0 

(0—0) 
1 

(0—2) 

Phocinae 
0 

(0—0) 
46 

(45—55) 
11 

(11—13) 
0 

(0—0) 
0 

(0—0) 
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