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Comparison of methods used for computing the impact of soartd@marine
environment
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bBiomimetica 7951 Shantung Dr. Santee, CA 92071, USA
CHLS Research 3366 North Torrey Pines Court, Suite 310 La Jolla, CA 92037, USA

Abstract

Concern about the impact of sound on marine mammals has increased over the last decade, causing governments to
take a more rigorous look at the potential impact of activities that introduce sound into the ocean. Environmental Im-
pact Statements (EIS’s) can be prepared usiffgritig analysis methods to estimate the impact on marine mammals.

To assess consistency in assessment methafistettices in the base assumptions were investigated; in particular,
differences that arise between assumptions of dynamic marine mammals (animat method) and static distributions of
marine mammals (static distribution method). Using several ocean environment scenarios and species, it is demon-
strated that dferences consistently arise between the two methods. The static distribution method underestimates the
number of behavioral harassments compared with the animat method. Repeating many simulations with the animat
method provides a robust risk assessment, provides a measure of variability, and allows the probability of “spurious
events” to be estimated.

Keywords: Animat, Acoustic, Eects, Environmental impact, ESME, Mammal, Mathematical models, Navy sonar,
Risk assessment

1. Introduction harassment as, “any act of pursuit, torment, or annoy-
. . . ance which has the potential to injure a marine mam-
The National Enwronment_al Policy Act (NEPA) [42 mal or marine mamr$1al stock in trjle wild.” It further
U'S.'C' 4321 et seq.] requires that all major fedeal defines Level B harassment as, “any act of pursuit, tor-
actions copducted by thg Uf"ted States (U,S5,)goyem- ment, or annoyance which has the potential to disturb
me”t consider t.he potential |mpac.t Of. Fhe pr'oposed 4C* 4 marine mammal or marine mammal stock in the wild
tion on _the enwronment.. When SIgNiEMg |mpa(_:ts FO by causing disruption of behavioral patterns, including,
th? enwronment are a|f1t.|C|pated, orgghen therg IS S19° hut not limited to, migration, breathing, nursing, breed-
nificant public or sqentn‘lc controversy over the |m.pact ing, feeding, or sheltering but which does not have the
of the proposed action, federal agencies are reguwed .topotential to injure a marine mammal or marine mammal
perform detailed qssessments of the potential impact in stock in the wild.” These definitions were later modified
an environmental impact statemeqt (EIS). The develop- for military readiness activities in the National Defense

ment of an EIS for an aptlon n t.h.e marine environment 4z ation Act (2004). However, regardless of the
may also have to consider additional state and federaldefinition employed, the MMPA requires that harass-

oversight of wildlife, water and air quality in the as- ment be quantified in an EIS that involves the potential
sessment. One such act, which has been at the cente{0 affect marine mammals

of litigation over the use of sonar by the U.S. Navy, is
the Marine Mammal Protection Act (MMPA) [50 CFR One of the first major EIS’s undertaken by the U.S.
2186]. Navy and which addressed the MMPA with respect to
Amendments to the MMPA in 1994 established and the potential impact of anthropogenic sound was the
defined categories of impact to marine mammals result- SEAWOLF shock-test (U.S. Department of the Navy,
ing from human activity. The MMPA defines Level A 1998), a test in which large underwater detonations were
sequentially placed in closer proximity to a new class
*Corresponding author: siderius@pdx.edu of submarine in order to determine the integrity of the

Preprint submitted to Marine Environmental Research March 30, 2011


http://ees.elsevier.com/mere/viewRCResults.aspx?pdf=1&docID=1234&rev=2&fileID=39543&msid={6FE9CD06-7153-4143-AE20-128AD816C281}

vessel design. Controversy existed over this action not A and Level B harassments is made. Over the last
only with respect to the potential to injure marine mam- decade this has been an evolving process; the criteria
mals directly by exposure to blast waves, but over the and thresholds for acoustic exposures equating to ha-
potential for acoustic trauma to occur as well. Since rassment have changed in response to new science and,
that time, the use of sonar for military purposes has where science is lacking, as a result of policy decisions.
come under increasing scrutiny and speculation regard-Complicating the issue is the fact that no definitive or
ing its potential as a causative factor in atypical beaked standardized modeling approach has been established
whale strandings (Cox et al., 2006; Fernandez et al., for determining the number of Level A or Level B ha-
2005; Frantzis, 1998; Jepson et al., 2003; Rommel et rassments experienced by marine mammals as a result
al., 2006; Simmonds and Lopez-Jurado, 1991). Both of sound exposure. The approach to modeling has typ-
mid-frequency (1-10 kHz) and low-frequencyl( kHz) ically been the decision of the action proponent and
sonar have been targeted in the speculation; howevermodeling approaches across the various EIS’s have of-
since an atypical beaked whale stranding event in the ten employed dferent assumptions. For example, the
Bahamas in 2000 that coincided in time and space with original approach to modeling the impact of sonar on
a multi-ship mid-frequency active (MFA) sonar exercise marine mammals for a proposed Undersea Shallow Wa-
(U.S. Department of Commerce and U.S. Department of ter Training Range assumed that animals were static in
the Navy, 2001), attention has predominantly focused the environment and that the exposure to sound emitted
on the potential for MFA sonar to impact marine mam- from a sonar system was “worst case” for any depth in
mals. The debate over the relationship between MFA the water column, i.e. it did not matter where the animal
and beaked whale strandings intensified with atypical was in the water column, the maximum exposure was
beaked whale strandings that coincided with the use assumed (U.S. Department of the Navy, 2005). This ap-
of MFA sonar in the Canary Islands (Fernandez et al., proach was conservative in that it reduced the problem
2005; Jepson et al., 2003) and putative relationshipsto a 2-dimensional space and it accepted that the level
between MFA sonar and beaked whale strandings in of impact would be overestimated.
Madeira (D’Amico et al., 2009; Cox et al., 2006). Not In contrast, the Hawaii Range Complex (HRC) EIS
surprisingly, concern about the impacts of MFA sonar assumed both a vertical (i.e. depth) and horizontal dis-
on other marine mammals, and marine life in general, tribution of animals, the former of which was based
has continued to grow in light of these stranding events. upon the known or estimated dive profiles of the marine
It has expanded beyond concern for injury to the po- mammal (U.S. Department of the Navy, 2008). This
tential for alterations in behavior that are “biologically 3-dimensional approach accounted for the probable oc-
significant” (National Research Council, 2005). cupation of a water depth by a marine mammal and per-
Concomitant with an increased controversy over the mitted the sonar sound field, which can vary dramat-
impact of MFA sonar to marine mammals was a real- ically in the vertical plane, to be more accurately ac-
ization that US Navy at-sea ranges used for MFA sonar counted for.
training and anti-submarine warfare (ASW) exercises  The third approach, utilized in the SURTASS-LFA
had not achieved NEPA compliance with respect to the EIS (U.S. Department of the Navy, 2001), was the use
potential impact of MFA sonar on the environment. of animats, or artificial representations of marine mam-
Furthermore, a new Surveillance Towed Array Sensor mals that move through a simulated environmentin both
System-Low Frequency Active (SURTASS LFA) sonar, time and space and account for the 4th dimension of the
garnered enough public attention that an EIS governing problem, i.e. time. This assessment relied heavily on
its use was also deemed necessary prior to its deploy-the Acoustic Integration Model to integrate animat be-
ment (U.S. Department of the Navy, 2001). In recent havior with simulated sound exposures (Frankel et al.,
years, additional acoustic sources have been added t@2002).
the list of items that must be considered as to their po- Each of the methods used by the U.S. Navy for
tential impact to marine mammals. As a result, there estimating impacts to marine mammals exposed to
has been a dramatic push to complete EIS’s for existing sound from Navy sources results inffdrent levels of
Navy ranges with a particular emphasis on the potential conservativeness and variability in impact estimates.
impacts of the numerous sources that may be deployedWithout adequate acknowledgment of the assumptions
on these ranges. that are made in each of these processes, misunder-
Each EIS developed by the US Navy for estimating standings and confusion over impact estimates that
impacts to marine mammals resulting from sound expo- are made across the various Navy EIS’s can occur.
sure requires that an estimate of the number of Level Therefore, it would be beneficial to document the
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expectation of model outputs from each of the methods whereP,ss = 1 uPa andT;ef = 1 s. Level B harass-
employed for estimating impacts to marine mammals ment due to a behavioral alteration (i.e. in the absence
arising from exposure to U.S. Navy sound sources. The of auditory fatigue) occurs when the maximum sound
guantification of the dferences and an understanding pressure level (SPL) received over the duration of the
of the reasons underlying theffirences are important  exercise is great enough to cause the mammal to signif-
to providing a more stable interpretive framework for icantly alter its normal behavioral patterns. Sound pres-
action proponents, regulatory agencies, and the legalsure level is defined in terms of the root-mean-squared
system that must judge the adequacy of an EIS if pressure fieldP as,

brought to trial. Within this paper we address two of the
base methods of modeling impacts to marine mammals
that have been historically implemented. The core to
each modeling approach is applied to several scenarios;
post-analysis correction factors are not applied (e.g. as  whereP,¢; = 1 uPa.

documented in Appendix J of the HRC EIS). Results  For simplicity, the modeling and discussion in this
are presented in context of expected variations in the article will be limited to Level B harassment due to be-
modeling output and the discussion focuses on the havioral disruption and in the absence of auditory fa-
relevance of the results to the real-world environment.  tigue. It will henceforth be referred to only as Level
B harassment, or harassment. The number of harass-
ments estimated to occur from an exercise involving
MFA sources is calculated by evaluating a risk func-
tion (defined in Appendix J of the HRC EIS) that re-
2.1. Harassment criteria and thresholds lates the risk of harassment to the maximum sound pres-
In this article we will consider only narrow band sure level received by a marine_mamma! (Us. _Depart-
MFA sources such as those typical for Navy MFA ment of the Navy, 2008). Th_e risk f_unct|on varies b.e—
sonars. For odontocete cetaceans (toothed whales), thd/€en 0 (no risk) and 1 (maximum risk) and can be in-
U.S. Navy currently implements three sets of criteria te/Preted as the probability that an individual may alter
and thresholds for estimating Level A and Level B ha- its behavior in response to a given max SPL. It is subse-

rassment resulting from exposure to MFA sources (U.S. duently interpreted as the proportion of the population
Department of the Navy, 2008). The criterion for a that would be taken under identical exposure conditions,

Level A take is considered to be the onset of Perma- @nd is summed with all other risk function outputs to de-

nent Threshold Shift (PTS), or a permanent reduction in {€rMine the number of harassments for an exposure sce-
hearing sensitivity. Two criteria exist for Level B takes. harlo. This value can then be extrapolated to the popu-
The first criterion is the onset of a Temporary Threshold lation Ieyel. o

Shift (TTS), or a temporary reduction in hearing sensi- Therisk,R is given by

tivity (i.e. the “rock concert” €ect). The logic behind A

using this as criterion for Level B harassment is that a (%)

reduction in hearing sensitivity, which is fully recover- R= 1 ﬂ)A (3)

able, may nevertheless impede the reception of sound K

that would normally alter the animal’'s behavior (e.g. whereL is the maximum received SPL level (dB).
sounds produced by conspecifics or predators). The sec-

ond criterion is a behavioral response, in the absence ofThe basement valu®, is 120 dB, and K is set to 45
criterion | 1avic SPONSE, | : dB so that a received level of 165 dB corresponds to
auditory fatigue, which is a significant alteration of a

7 . a 50% probability of harassment. We note that the al-
species’ normal behavioral patterns. . gebraic form of the risk function in the literature (U.S.
Thresholds for harassment determined by the OnsetDepartment of the Navy, 2008) has been recast into the
of PTS and TTS are based on the sound exposure [evel, ., gnqyn in Equation 3 in order to avoid a divide-by-

. 2. i . -
((de rte 1nya 9 Of. an.anlrlngl ac;;:;;\nulated ovesr thed zero error that would occur in the original formula when
uration ot an exercise invoving SOUrces. SoUNd | _ g = K. The risk transition sharpness parameter,

exposure level is defined as, depends on the marine mammal classification. For all

2
ref

SPL=10Ilo [Przms]
= Gio (2)

2. Materialsand methods

T 2t odontocetes (toothed whales, dolphins and porpoises),
SEL = 10log, fo 2p ® (1) except the harbor porpois'é’t(qcoena phqcoena), 'A =
Peos Tret 10. (The harbor porpoise is given special consideration



time, etc.). Parameterization of the behavioral states is
based on the current state of knowledge of the species in
question. The animat method begins with a distribution
of individual animats within the 3-dimensional ocean
volume. The distribution for a given animat “species”
is determined by the population density for the species
being modeled and the dive distributions resulting from
the initialized behavioral state. For the duration of the
exercise, animats move dynamically through the simu-
lated environment as governed by their behavioral state.
The animat positions in range, bearing and depth are
recorded over the duration of the exercise. At the con-
clusion of the exercise, the maximum received SPL re-
sulting from each animat’'s movement through the sim-
ulated sound field is determined. Then, for each animat,
this value is used in the risk function (Equation 3) to
Figure 1: The risk function indicates the proportion of determine the proportion of the population that would
apopulation that is expected to alter its behavior in re- pe harassed during the exercise. Thus, only a fraction
sponse to a given maximum received SPL. The risk of of each animat is harassed. The total number of harass-
harassment rises sharply when the SPL approaches 16Qnents for an exercise is then determined by summing
dB (re: 1uPa). the risk score across all of the animats in the simulation.
The static distribution method begins with the same
horizontal population density that is used in the animat
method, but then uses a depth histogram to distribute the
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as a particularly sensitive species.) The risk function for

odontocetes is plqtted n F|ggre L. . population density vertically in the water column. In ef-
When the maX|mum'rece|ved SPL IS near 120 dB, fect, the ocean is divided into sub-volumes into which a
the risk 9f harassmgnt is low. The risk rises sharply as fraction of the animal population is assumed to occur in-
the maximum rgcelved SPL approaches 160 d|.3 angd dependent of time. Historically, depth histograms have
reac_hes a maximum value of 1 when the maximum been derived from the published literature. However,
received SPL is 195 dB. for the comparisons in this paper, the depth histogram is
derived from the dive profiles of all of the animats run
o in the animat simulations. This permits some degree
2.2. Description of methods of equivalence between the methods in that the vertical
In this section we compare the dynamic animat distribution of animals is the same. However, whereas
method of distributing marine mammals with the 3- the animat method capitalizes on sound reception at in-
dimensional static distribution method (hereafter re- dividual animals, the static distribution method relies
ferred to as the animat method and the static distribu- on the fractional distribution of animals that are non-
tion method, respectively). Both methods were briefly moving. Following the distribution of the animals, the
described in the introduction but more details are given transmission loss from the sound source is calculated
here with respect to how they are implemented in this and the maximum SPL received at each sub-volume of
comparison. the ocean is determinede€ below). These values are
The animat method is a full 4-dimensional simula- compared to the risk function to determine the risk for
tion of marine mammal dive behavior that can be con- the sub-volume and then multiplied by the fraction of
sidered as one of the individual based model variants the animal population assigned to that volume. The
(DeAngelis and Gross, 1992; Houser, 2006). The an- summation of this product across all sub-volumes yields
imats are dynamic entities with behavioral states gov- the total number of harassments.
erned by 1st order transition probabilities. Diving be-  The sound pressure field varies with range and depth

havior within a behavioral state (e.g. deep foraging div-
ing, shallow transit diving) is determined by a stochas-
tic sampling of distributions that describe the various

potentially producing surface ducts or convergence and
shadow zones (Urick, 1975). This suggests that some
proportion of the animal population will exist “outside”

aspects of diving for that behavioral state (e.g. ascent of the convergence zones (or ducts) and receive rela-
and descent rate, maximum dive depth, surface intervaltively low SPL exposure, whereas dtdrent proportion
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of the population will exist “inside” the convergence
zones for the duration of the simulation. However, since
harassment is determined by the maximum SPL at a

Ocean Surface

given location in the ocean volume, the harassment for i Animat#1 l
any given sub-volume will be a fixed value dependent Surface || A > --—--L--- >
on the maximum SPL determined for that volume and Duct 7 PN SPL =195 dB

the proportion of the population that occupies it. That
is to say, the estimate lacks variability. In the animat
approach, an individual mammal is allowed to move
through the simulation space and therefore pass in and Below
out of a surface duct or convergence zone. This adds Duct
variability to the harassment estimate and can result

in higher estimates due to animats traversing through Range
multiple ocean sub-volumeseg below).

Animat #2° ~ { -

~

Depth
[

Figure 2: lllustration of the dive path for two animats in
. a simple 2 dimensional ocean environment containing
2.3. Comparison example a surface duct (shown in orange). The animat method
The following section provides a simple example to  considers both animats to be harassed due to their initial
illustrate the diferences between the static distribution  exposure to an SPL of 195 dB. For the static distribution
and animat analysis methods. We begin by considering method the space is divided into 4 quadrants; 2 range
a 2-dimensional simulation space and calculating columns and 2 depth bins. The movement of animat

the number of harassments for a small population of 4> pelow the surface duct results in the depth histogram
animals by each of the methods. The simulation space shown in Figure 3.

is divided into two depth bins and two range columns,

as shown in Figure 2. We assume that an underwater

sound source has a source level (SL, in dB re:PR) distribution from the dive patterns shown in Figure 2.
sufficient to produce a sound field with an SPL of 195 The animats occupy 4 depths across 2 time steps: 3
dB inside a surface duct (top depth bin in Figure 2). in the top depth bin (surface duct) and 1 in the lower
Below the surface duct (bottom depth bin in Figure depth bin (below the surface duct). The resulting depth
2) the SPL is 120 dB. The sonar emits 2 pings, each histogram for this hypothetical species is shown in
with duration of 0.49 seconds. Thus, the total SEL Figure 3.

is just below 195 dB and we do not have to consider

harassment due to the onset of TTS. Two animats are The depth distribution is then multiplied by the den-
in the first range column during the first ping and they sity of the range columns and the results are added to-
are both in the second range column during the secondgether to get the total number of harassmeHtsThe
ping. However, between pings, the second animat formula used for each quadrantis,

moves down below the surface duct.

Hz(cﬂr)xDxR (4)

According to the animat method, both animats expe-
rienced a maximum SPL of 195 dB at some point in
the simulation. Applying the risk function to this maxi- whereN is the total number of animats in the simula-
mum SPL we find there is a 100% chance that animat #1 tion space(; is the total number of range columms,
will be harassed (during either the first or second ping). is the depth bin distribution (taken from figure 3), &d
Likewise, from the risk function, there is a 100% chance is the risk from Equation 3.
that animat #2 will be harassed (due to the first ping).  In the upper left quadrant the number of harassments
Thus, a total of 2 harassments are predicted to occur asis, H = (2/2) x 0.75x 1 = 0.75, and in the bottom left
a result of the scenatrio. guadrant we havel = (2/2) x 0.75x 0 = 0, for a total

In the static distribution method the total number of of 0.75+ 0 = 0.75 harassments in the left range col-
animats is first distributed among the range columns. umn. Likewise, for the range column on the right side
Since, there are two animats in the simulation space andwe have the identical results. Thus, the static distribu-
two range columns; we will have on average 1 animat tion method arrives at a total of@b+0.75 = 1.5 harass-
per range column. Next, we consider the animal depth ments in this simulation space. We note that this is 25%

5



source to points in that environment. The sound pres-
sure levels are then applied via either the animat or static
distribution method to determine the total number of

ll';fl‘gte marine mammal harassments that occur in the simula-
- tion space over the duration of the exercise.
& Calculation of harassment numbers depends on three

components:

1. Acoustic source

2. Propagation loss (or transmission loss)

3. Marine mammal distributions and harassment
thresholds

0% 25% 50% 75% 100%

Percentage of Occurrence

We review the significant parameters for each of these
components and choose specific values to define three
Figure 3: The depth histogram for the static distribution different simulation scenarios.

analysis of the animats in Figure 2 places3of the

animats in the top depth bin and4lin the lower depth

bin. The permanent placement of 25% of the animats 3.1. Acoustic source

peloyvthe surface ductresults in 25% fewer harassments As discussed in the introduction, MFA sonars have
in this simulation method.

become an acoustic source of interest in recent years
and will therefore be used loosely as the basis for a hy-

less than the number of harassments determined usingoothetical acoustic source in all subsequent simulations
the animat method because the depth histogram (Fig-'"" this arlticle.' In particular, we will considgr a simpli-'
ure 3) distributed 25% of the animats below the surface fied and idealized hull-mounted surface ship sonar with
duct. Note, if animat #2 were to stay inside the surface Nominal source levels similar to the ABRQS-53.
duct, then the two methods would arrive at the same re- A pumbe_r of sound source chgracter|st|cs must be
sult. Therefore, it is possible for the animat method to c9n5|dered in an acoustic simulation. First, the_source
produce similar results to the static distribution method Will have some defined beam pattern that describes the
in some scenarios. directionality of the emitted sound. The waveform of
Although this is a trivial example, it illustrates the the outgoing signal, its amplitude, duration and duty cy-
essential reason for filerences between the static and €& Must be known to properly characterize the sound
animat methods. Removal of the temporal component flgld. For the S|mulat|ons in this e}rtlcle we will con-
eliminates the potential for existence in more than one Sider & hypothetical MFA sonar with a SL of 235 dB
sub-volume and reduces the risk of encountering higher 1d an omni-directional beam pattern. It is assumed to
level exposures. Intuitively, this becomes clear if we P€ hull-mounted from a surface ship with afieetive
imagine a sound source ensonifying a small region with SOurce depth 10 meters below the ocean syrface. It is
an SPL near 195 dB for an very long period of time. also assumed that the sonar emits each ping at a con-
The animat method would reveal that (given enough Stant frequency of 3 kHz; harmonic components of the
time) eventuallyall of the marine mammals would pass Fransmssu_ms will not be considered. The ping duration
through this high intensity region and be harassed. The S 1 S and is repeated once every 30 s for a total of 120
static distribution method, on the other hand, would ar- Pingshr. Finally, it is assumed that the ship remains
rive at a smaller, fixed number of harassments basedStationary at the center of the simulation space.
only on the typical volume distribution of the marine
mammals. In section 4, more realistic scenarios are 3-2. Propagation model
given to further illustrate this point. The propagation model used to predict the acous-
tic exposure is, in general, a complicated function of
many factors including the water temperature, pressure
and salinity, as well as the sediment characteristics,
In this section we discuss the elements needed toand reflections from both the bathymetry and sea sur-
create a simulated underwater environment and calcu-face. The sound speed profile (SSP) indicates how the
late the acoustic transmission loss from a hypothetical sound speed changes with increasing water depth and

6
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can be measured at a specific location (coordinates). In

a given region, the SSP may be range-dependent and o

could change with season and possibly even time of day.
Reflections from the sea floor and sea surface dfsgia

acoustic propagation. 500}

Even in a simplified environment with a flat
bathymetry and calm sea surface, multipath reflections
will sum (constructively or destructively) at various
points in the water column. These interferenfieas

create a spatially varying sound field. To capture the 1500

average sound field we calculate the incoherent trans-
mission loss (Jensen et al., 2000).
In more complicated scenarios reflections from the 2000

—animat 1
---animat 2
‘‘‘‘‘ animat 3

K ’
ey, .
RPN R

sea floor will depend on bathymetry as well as the sedi- 0
ment materials and the thickness of each sediment layer.

| |
1000 2000
Time ()

1
3000

Similarly, reflections from the sea surface will depend

on the sea state. Winds above the surface can generat&igure 4: Simulated (vertical) dive pattern for three

ocean waves which in turn scatter the underwater acous-déep-diving animats during a one hour period. Horizon-

tic waves. While these are important factors in deter- tal motion (not shown) is also included in the simulated

mining the exact characteristics of the sound field they dive path of each animat.

are less important for this analysis since we are compar-

ing methods and will use the same sound field with each

method being examined. software (.Houser, 2006).. The 3MB software was then
To evaluate and compare analysis methods we con-Uused to glmulate the swim and dive pqtterns of each

sider a square box ocean environment with a completely of the animats for a perlpd of 1 hour. Figure 4 sh.o\./vs

flat bathymetry and perfectly calm sea surface. The &N €xample of three animat tracks for a deep-diving

seabed is assumed to be a silty-sand with sound speed ofPECIes. Horlzonte_ll motion (not shown) is also mclu_ded

1550 ny's, density of 1.5 e and attenuation factor i thg S|mulated'd|ve path of each animat. The animat

of 0.2 dB/wavelength. Iocatl.ons (coordinates and depth) were then exported at
The Bellhop Gaussian Beam propagation model was 30-s mtervaI.s to corresp.ond with the emission times of

used to calculate the sound field and intensity for the the hypothetical sonar pings.

sound source described above (Porter, 1987; Jensen et

al., 2000). The pressure values were calculated every 5

meters in range and 5 meters in depth. Since the bottom . )

of the ocean environment is always assumed to be flat, 4 Resultsand discussion

it is only necessary to calculate the transmission loss

along a single transect, which can then be applied in at  In this section we will use the described propagation

any bearing. The box ocean environments to be con- and animat models to simulate thre@elient scenarios.

sidered in this article extend 400 km400 km, with a Section 4.1 considers a shallow-diving species in shal-

depth of either 200 m or 5000 m. To calculate the trans- low water. In section 4.2 a deep water environment with

mission loss at the corners of the box would require a both shallow and deep-diving species is evaluated. In

maximum range of 282 km (200km V?2); therefore, each scenario, the number of harassments is calculated

the sound intensity was calculated out to a maximum using both the static distribution and animat methods.

range of 300 km, for each of the box ocean environ- All three scenarios will demonstrate the same funda-

ments. mental diference between the two calculation methods.

The animat method described in section 3 was re-

3.3. Marine mammal simulations peated 50 times to provide 50 realizations in a Monte
Two “synthetic” odontocetes were used for this Carlo analysis (i.e. the simulation was run 50 times with

study; one deep-diving species and one shallow-diving varying start conditions and dive profiles for each run).

species. Each species was assumed to have the samAfter each realization, the number of harassments was

uniform population density of 0.0025 mammyars? recorded along with a running average of the harass-

and the species models were created using 3MB ments. The depth histogram for the static distribution
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method was created by binning the depth coordinates of

all of the animats in all 50 realizations. 6k ' [- - - Animat Realization ]
— Animat Cumulative Average
4.1. Shallow Ocean 5k += = Static Distribution |
In the first scenario we consider the box ocean, with 2 .‘, 4 \
dimensions 400 kmx 400 km and a depth of 200 84-:| L.l ;" . o, o o]
meters. The sound speed profile is shown in panel % N ':.' v .‘_‘,'n 1 'h‘ na o
A of Figure 5, and Bellhop was used to calculate the © 3 ".' g 'Hlfr*f}‘ﬂ}f%\}g@,;‘;g,,';ﬁﬁ:
incoherent TL (Figure 5, panel B)from a 235 dB source & " %{1 LT U ! AR Vi
at 5 meter increments in both depth and range. ‘_‘_“’_‘]_.‘_‘_‘_‘_“_‘_‘_‘_“\_:‘_‘_3"_‘_“_‘_‘_‘3‘.‘1"
L ' v }
Marine mammal movements from a shallow-diving ! ' ’
marine mammal species were simulated using 3MB 0 ' ' ' '
with 0.0025animat&m? for a total of 400 animats. 0 10 20 i _30 40 50
Four hundred animats with individually distinct dive Realizations

patterns were exported from 3MB and evaluated by both
the animat and static distribution methods. Coordinates

and depths for each animat’'s path are extracted from species in a shallgahocesPenvironment (Figure 5). Af-
the simulation and the maximum SPL for the overall ter 50 realizations the animat method results in a mean

dive profile is determined. The maximum received SPL of 2.78 harassments. The bars indicate the standard de-
value is applied to the risk function (Figure 1) to find viation O.f the a”'”.‘at r_nethod. Th.e static method, based
the “risk” of that animat being harassed. Due to the on the histogram in Figure 7, arrives at a lower number

randomized dive patterns of the animats in this scenario of haraggments.
the simulation was repeated 50 times, and the number
of harassments was evaluated for each realization. The
number of harassmentd;, for theith Monte Carlo re-
alization is indicated by the black dashed line in Figure
6. The (estimated) mean number of harassments (red

Figure 6: Number of harassments for a shallow-diving

confidence that the mean number of harassments for
this scenario wadisg = 2.78 + 0.047.

solid line) aftem realizations is The ability to account for the variability in predic-
tions resulting from variations in animat behavior is a
- 19 capability of the animat approach which is not readily
Hn = ﬁZHi‘ ) apparent when implementing the static distribution

method. Predictions of variability need not be limited to
For each realization, the bars above and below the es-the standard deviation and other statistical approaches
timated mean indicate the estimated standard deviation,could be implemented. Whatever estimate of variability

defined as is used, the stabilization of the measure across multiple
. runs can be used to limit the number of realizations
_ 1 < — ) (or iterations) in the Monte Carlo simulation. Con-
n= [n -1 Z;(Hi —Hn) ] ’ (6) versely, keeping record of the number of harassments
i=

across individual realizations permits the probability

Note that beyond 30 realizations, Figure 6 shows of maximum harassment events to be estimated. In
relatively little change in the estimated medt,, or combination with a measure of variability, both an
standard deviationg. When the number of realiza- estimate of the range of expected harassments and the
tions is large (more than 30) a confidence interval for potential for “spurious events” can be made, i.e. events
the mean may be calculated by assuming the probability that have low probability of occurrence but a high
density function (pdf) oH, is Gaussian due to the cen- number of takes, as functionally defined by the user.
tral limit theorem. However, since the true variance of Such information would be beneficial to quantifying
the distribution is unknown here, the pdf is assumed to the uncertainty in impact estimates involving marine
be a Student’s t-distribution and the estimated standardmammals and anthropogenic sound.
deviation is used to calculate the confidence interval
with n-1 degrees of freedom, (Haldar and Mahadevan, For the static distribution method, the random dive
2000). Therefore, after 50 realizations there is 95% patterns from all 20,000 animats (400 animat<50
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Figure 5: Panel A shows the Sound Speed Profile (SSP) for a 264 neep ocean environment. Panel B shows

the sound pressure field (in dB SPL) produced by a source (located at 0 km in range and 10 m depth). Sound
pressure levels are mapped to the risk function (Figure 1) for calculation of harassments in both the animat and static
distribution analyses. SPL values below 120 dB are not displayed here because the risk goes to zero.



4.2. Deep Ocean

In this section, another 400 ks 400 km box ocean
environment is considered, but with a depth of 5 km.
Bellhop was used to calculate the incoherent TL from a
235 dB source at 5 meter increments in both depth and
range. The SSP is shown in panel A of Figure 8. Note
that a “Munk” profile was used. This is a canonical
sound speed profile used for deep water scenarios and
produces the convergence zones every 65 km in range
from the source, as seen in panel B of Figure 8.

Marine mammal movements were simulated using
l l | | 3MB for the same shallow-diving species that was
0 10 20 30 40 50 considered in the previous section. The simulation was
Per centage of Occurrence repeated 50 times, and the number of harassments was
i i . evaluated for each realization. The average number
Figure 7: The depth histogram for a shallow-diving ot harassments is plotted (red solid line) in Figure 9,
species is used to calculate harassments in the static disyyere the bars indicate the total standard deviation after
tribution method. each realization. After 50 realizations there is 95%
confidence that the mean number of harassments for
this scenario wasisg = 0.155+ 0.00916. The depth
histogram for the shallow-diving species was identical
realizations) were used to calculate the depth histogramto the one in the shallow ocean case (Figure 7) because
shown in Figure 7. The 400 k400 km ocean surface  this species does not dive below 100 m. The number
was divided into 500 nx 500 m cells for a total of  Of harassments resulting from the static distribution
40,000 cells. The model then applied the same animatmethod (0.0194) is listed in Table 1 and plotted in
distribution of 0.0025 animatkm? to each of the cells Figure 9 for comparison with the animat method. Note
(which have an area of 0.25 Knto get 625 x 10 that the static distribution method produced a result that
animats per cell. In the column below each cell, the was lower than the animat method.
6.25x 10 animats were distributed according to the
depth histogram in Figure 7. The proportion is applied  Finally, a deep-diving animat species was evaluated
to the population distribution to arrive at the number in this deeper ocean environment. Again, the animat
of harassments for every column. Summing all of the analysis was repeated for 50 realizations, and the
harassments from all of the columns gives the total average number of harassments after each realization
number of harassments in the simulation space. Theis plotted in Figure 10. After 50 realizations there is
resulting number of harassments is plotted in Figure 95% confidence that the mean number of harassments
6 for comparison with estimates obtained from the for this scenario wasiso = 0.331+ 0.0679. For the
animat method. The number of harassments from eachstatic distribution method the depth histogram shown
analysis method is also listed in Table 1. in Figure 11 was created based on the dive patterns of
all 20,000 deep-diving animats. Results of the static
distribution analysis are plotted in Figure 10 and listed
Note that in this example the static distribution in Table 1 for comparison with the animat method. The
method arrived at 1.48 harassments which was 46.8%number of harassments in the static distribution method
lower than the mean harassment estimate obtained byis less than half that of the animat method.
the animat method. In fact, the static distribution es-
timate is below the lower limit of the 95% confidence
interval for the animat method (28 — 0.047 = 2.733).
Althoughin at least one of the 50 realizations the harass-
ment estimate was similar to that obtained with the static ~ Multiple methods of estimating the impact to marine
distribution method, the static distribution method con- mammals exposed to anthropogenic sound exist. In this
sistently underestimated the harassments obtained withmanuscript we compare two methods which have previ-
the animat method. ously formed the basis of EIS’s created by the US Navy;
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Table 1: Number of harassments in a 400 k400 km box ocean environment. The number of harassments in the
static distribution method due to the histogram distributions in Figures 7 and 11 are lower than the harassments from
the animat method with animats moving for 1 hour.

Ocean Depth Species Animat method Static distribution methoc % difference

200 m Shallow-diving 2.78 1.48 46.8 %

5 km Shallow-diving 0.155 0.0194 87.7%

5km Deep-diving 0.331 0.0484 85.5%
A B

500 b 500
220

1000 1 1000}

1500 4 1500F \ 1 L do00
2000 4 2000F 1
S
= - 4180
% 2500 4 2500F 1
2 3000 4 3000F 1
160
3500 4 3500F 1
4000 4 4000} i
140
4500 4 4500 \ 1
-~/
5000 5000 ‘ ‘ ‘ ‘ ‘ ‘ 120
1500 1550 1600 O 20 40 60 80 100 120 140 160 180 200
Sound Speed (m/s) Range (km) SPL (dB)

Figure 8: Panel A shows the Sound Speed Profile (SSP) for typlaa deep ocean environment. Panel B shows the
sound pressure field (dB SPL) resulting from a source (located at 0 km in range and 10 m depth). Sound pressure levels
are mapped to the risk function (Figure 1) for calculation of harassments in both the animat and static distribution
analyses. SPL values below 120 dB are not displayed here because the risk goes to zero.
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Figure 11: Panel A. The depth histogram for a deep-divingispén a 5 km deep ocean environment (Figure 8) is

used to calculate harassments in the static distribution method. Panel B shows an expanded view of the first 15 meters
below the surface.
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Figure 9: Number of harassments for a shallow-diving Figure 10: Number of harassments for a deep-diving
species in deep ocean environment (Figure 8). After species in a deep ocean environment (Figure 8). After
50 realizations the animat method results in a mean of 50 realizations the animat method results in a mean of
0.155 harassments. The bars indicate the standard de0.331 harassments. The bars indicate the standard de-
viation of the animat method. The static method, based viation of the animat method. The static method, based
on the histogram in Figure 7, arrives at a lower number on the histogram in Figure 11, arrives at a lower number
of harassments. of harassments.
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the static distribution method and the animat method. DeAngelis, D. L. and Gross, L. J. 1992. Individual-Based Models and
The two approaches both calculate behavioral harass-F APPF(;JaChXS I'EndECOZDQBS Cl\japtma?/agd ('j"f"‘”’ Ne‘AF’ Yféfk-, el
. _Fernandez, A., Edwards, J., Martin, V., Rodriguez, F., Espinosa de los
,ments of m_a”ne mammals baged on the calculated _max Monteros, A., Herraez, P., Castro, P., Jaber, J. R. and Arbelo, M.
imum received level of sound (in SPL) and the applica-  (2005). “Gas and fat embolic syndrome” involving a mass strand-
tion of this value to a risk function. The static distribu- ing of beaked whales exposed to anthropogenic sonar signals. Jour-
tion method is intuitively straightforward and reduces . ”"’I‘(' ‘?f Xetgnnél?‘/ Path\;’v'ogy 42(;4846'?]57- 1. “Auplication of
. _ Frankel, A. S, Ellison, W. T. and Buchanan J., “Application of the
,the complexny of the prOblem tF’ a 3D.space.. The a_n acoustic integration model (AIM) to predict and minimize envi-
imat method is more computationally intensive, but iS  ronmental impacts,” in Proc. Oceans 2002, 2002, pp. 1438-1443.
more realistic in its treatment of marine mammal expo- Frantzis, A. (1998). Does acoustic testing strand whales? In Nature,
sures to sound in time and space (i.e. a 4D problem). vol. 392, pp. 29. . - o
Th . dph (d P h ) h Haldar, A., Mahadevan, S., 2000. Probability, Reliability and Statisti-
. e gxgrmges presente gre _emonStrate that the cal Methods in Engineering Design, pp. 126-129, John Wiley and
static distribution method of estimating Level B harass-  Sons, New York.
ment of marine mammals consistently produces lower Houser, D. S. (2006). A method for modeling marine mammal move-
estimates than those produced by the animat method. ment and behaw_or for_enwronmental impact assessment. |IEEE
. . . Journal of Oceanic Engineering 31, 76-81.
Fundamentally, this occurs because the static distribu- jonsen Fg.. Kuperman, W.A., Porter,M.B., and Schmidt, H., 2000.
tion method forgoes the™dimension of the problem. Computational Ocean Acoustics. Springer-Verlag, New York.
It does not account for the occupancy of more than one Jepsokrh P.D, Afbeloyn'\/'d' Deaville, R., Patterson, I. A. R., CiStfﬁ' P,
sub-volume of ocean by individual animals. Marine ~ B2ken J. R. Degoliada, E., Ross, H. M., Herrez, P, Pocknell, A.
LT M. et al. (2003). Gas-bubble lesions in stranded cetaceans. Nature
mammals are dynamic in time and space and can tra- 425 575.576.
verse ranges and depths during military exercises or in- National Research Council (NRC). (2005). Marine mammal popu-
dustrial activities that move them through multiple sub- |Fi)itI0nS and ocean noise. Washington, DC: National Academies
. . ress.
volumes ,Wlt_h df,fe”ng_levelsl of Soun,d exp.osur.e. Al- Porter, M.B., 1987. Gaussian beam tracing for computing ocean
though distributing animals in space is an idealized and  acoustic fields. Journal of the Acoustic Society of America 82, 4,
intuitive approach to estimating sound exposure within ~ 1349-1359. N
a population of marine mammals existing in a region Rommel, S. A., Costidis, A. M., Fernandez, A., Jepson, P. D., Pabst,
f anthropogenic acoustic activity, marine mammals are o /= MeLellan, W. A, Houser, D. S, Cranford, T. W., Helden,
0 .\ p g ; ’ Y: . A. L. V., Aleen, D. M. et al. (2006). Elements of beaked whale
not “fractional.” Implementation of marine mammals as anatomy and diving physiology and some hypothetical causes of
distinct and individual entities in impact estimates pro- sonar-related stranding. Journal of Cetacean Research and Man-
vides a better approximation of the “real world” by ac- __2gement7, 189-209.
. PP . s . . y. Simmonds, M. P. and Lopez-Jurado, L. F. (1991). Whales and the
counting for the behaviors of individual animals in time military. Nature 351, 448,
and space. Urick, R. J., 1975. Principles of Underwater Sound, second ed.
The animat method additionallyffers some bene- McGraw-Hill, New York.
fits to the quantification of uncertainty. First, the abil- Y-S; Department of Commerce and U.S. Department of the Navy.
. e . (2001). Joint Interim Report Bahamas Marine Mammal Strand-
ity tq calculate Va”ap"'ty in harassment gstlmates €an  ing Event of 14-16 March 2000. Washington, DC: Department of
provide regulators with better understanding of the po-  Commerce.
tential impact to marine species. Second, the ability to U.S. Department of the Navy. (1998). Final Environmental Impact

; i u : ” : Statement, Shock-testing the SEAWOLF submarine. Washington,
determine a probability of a “spurious event,” in which DC: Department of the Navy,

many marine mammal harassments may occur, can bey s, pepartment of the Navy. (2001). Final Environmental Impact
calculated. Collectively, these pieces of information  Statement for Surveillance Towed Array Sensor System Low-
will better inform the regulator as to the potential for ~ frequency Active (SURTASS LFA) Sonar. Washington, DC: De-

. tt . | lting f the introd partment of the Navy.
Impact to marineé mammags resufirig from the introduc- g Department of the Navy. (2005). Draft Overseas Environmen-

tion of sound into the ocean by human-kind. tal Impact StatemerEnvironmental Impact Statement, Undersea
Warfare Training Range. Washington, DC: Department of the
Navy.
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*Research Highlights

We compare two analysis methods to estimate the impact of sound on marine mammals.
Differences in the number of behavioral harassments from each method are assessed.
The static distribution method assumes a fixed spatial distribution of mammals.

The animat method assumes dynamic mammals moving in space and time.

e The static distribution method underestimates harassment relative to the animat method.





