Marine mammals and noise: Problems with root mean square
sound pressure levels for transients
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Current mitigation levels for noise transients impinging on marine mammals are specified by rms
pressures. The rms measure critically relies upon choosing the size of averaging window for the
squared pressures. Derivation of this window is not standardized, which can lead to 2—-12 dB
differences in rms sound pressure for the same wave forms. rms pressure does not represent the
energy of the noise pulse and it does not prevent exposure to high peak pressures. Safety levels for
transients should therefore be given by received peak—peak sound pressure and energy flux density
instead of rms sound pressure levels. 2805 Acoustical Society of America.
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I. INTRODUCTION sures with the risk of causing physical damage in auditory
systemgqColeset al,, 1968. However, since the mammalian
The critical role of sound reception makes cetaceangar operates as an energy deted®lomp and Bouman,
susceptible to effects of manmade noise in terms of direct959; Green, 1985 it also seems relevant to implement
physiological damage, threshold shifts, masking, and disrupmeasures that include temporal integration when assessing
tion of normal behavio(Richardsonet al, 1995. The in-  sensation and damaging levels of transient noise.
creasing concerns about the effects of underwater manmade For marine mammals, a rms level of safe exposure has
noise on marine mammals calls for a standardized system dfeen adapted in an attempt to accommodate how the animal
how to quantify and mitigate noise exposure with relevantmay sense the received noise leve\VIFS, 2003. Broad
and reproducible measures. band received levels of 180 dB reuPa(rms) and 190 dB re
The magnitude of sound pressure levels in water is norl uPa(rms) are currently the lower limits for concern about
mally described by sound pressure on a dB scale relative totmporary or permanent hearing impairment in cetaceans and
reference rms pressure ofiPa(dB re 1 uPa. The nonin-  pinnipeds(NMFS, 2003, and these levels form the basis for
tuitive nature of decibels, and the different reference valuegstimating impact radii of active sound sources at (geg.,
and properties of air and water have led to a plethora oBlackwell et al, 2004; Tolstoyet al, 2004. This paper ex-
misconceptions concerning the magnitude and potential efplores the consequences of using the rms measure for safety
fects of noise levels in air and waté€hapman and Ellis, levels of different noise transients impinging on marine
1998. An absolute dB measure should always be providednammals.
with a reference value, but it is equally important to state
how the magnitude of the sound pressure was quantified.
Sound pressures in underwater noise studies and bioacoustitcsMATERIALS AND METHODS
are variously reportgd in terms of peak-peak, 0-peak, peak of Four commonly encountered transient signagsil
envelope, peak-equivalent rms and rms. For the same tran- . .
. . . sampled at 48 kHzfrom high level underwater sources with
sient wave form, levels in decibels may vary by 10 dB or ;
. .the same modeled peak—peak received level of 189 dB re 1
more between these different measures of pressure, makin : . ;
. . o a(pp) were chosen for analysi§l) an on-axis version of
comparisons futile. Thus, quantitative measures of underwds .
. . . . he pl pulse of a sperm whale usual clidR) a 390 ms
ter sound, and in particular, noise transients are haunted ) )
. : . . equency modulated pulse akin to that of a ping from a
inconsistency and lack of adequate information to reproduce : .
. mid-frequency sonak3) a short transient comparable to the
and compare measurements, and there is a need for clarit

and standardizatiofRichardsoret al,, 1995; NRC, 200D oh-axis S|gne_1ture from a powerful, impulse sou-nd source
such as an air gun array or an underwater explosion,(4nd

The sound pressure of a continuous signal is normall){ . S .
t}e same impulse sound after propagation in a highly rever-

parametrized by a rms measure, while the sound pressure .
S . . erant environment. The root of the mean of the squared
a transient is normally given in terms of peak pressure mea- . . )
. . ressurérms) of a plane wave in a time window from 0 T
sures. For a pure sine wave the ratio between peak—peak and”:

rms is 9 dB, but for aperiodic or low duty cycle signals the IS given by
difference between peak—peak and rms varies widely and 1 (7,
can often be 15 dB or more. Peak sound pressure values of Prms™ $J'0 p=(t)dt,

transient signals are relevant measures of high level expo-

1 (T
rms sound pressure levellO |O§<?J p2(t)dt
0
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wherep(t) is the instantaneous pressiftérick, 1983. The  medium (Urick, 1983. But since marine mammals only
analysis window is critical for rms measures of transient sigseem to detect the pressure component of the sound field
nals, the longer it is the lower the rms value will be. (Kastak and Schusterman, 1998; Hastings, 20 above-

In research on auditory traumas in humans, impulsaiven formula can be used when assuming exposure to a
wave forms are often modeled by a Friedlander wave thaplane wave well in the far-field of the sound souf&énne-
describes the idealized signature of a zero-rise time impulsean et al,, 2002a. This approach has accordingly been used
(Hamernik and Hsueh, 1991The rms value of such an im- to compare the energy flux density of the four pulse types
pulse can be computed using different temporal definitionsvith identical peak—peak pressure, but with varying dura-
that relates to nulls or amplitude thresholds in the wave forntions and rms levels.

(For review see, Hamernik and Hsueh, 19¥owever, un-

derwater noise pulses seldom render themselves suited fdi. RESULTS AND DISCUSSION

the temporal measures derived for the Friedlander wave. The
D duration, which is given by the 10 dB end points relative is shown in Fig. 1a), with its envelope in Fig. (b) and the

to the peak of th? envelope qf the wave fqrm, has .bee'aumulative energy flux density in Fig.(d. Figures 2a)—
applied to determine the duratlolns of biological trgn&entsz(c) is for a 390 ms sonar pulse and FigaBdepicts a
(Mghl et al, 1990. The envel.ope 'S Compmed by taking the custom generated single cycle 189 (&) transient repre-
absolute value of the analytical signilbert transformed sentative of the signature of an impulse sound source such as

wave form, relating the real and imaginary parts of the ana i gun or a chemical explosive. Figurégdisplays the

lytical signa) (Randall, 198Y. As a variation of this ap- . f .
wave form of the same impulse with similar peak—peak re-
proach, Madseat al. (2003 and Mghlet al.(2003 used—3 ceived level as in Fig. (&), but in this case the pulse has

dB end_ points relative to the peak of the_ envelope wherr}) opagated in a highly reverberant environment.
computing rms measures of reverberant air gun pulses a Figures 1b) and 1c) illustrate that the duration of the

pl pulses in sperm whale clicks. s
. . ) . . perm whale p1 pulse can vary between 47 and A2%le-
For signals with a good signal to noise rafBNR), a pending on how the duration is derived. The duration derived

more common approach Is to determine Fhe duration of tranfrom —3 dB re peak of the envelope covers less than a full
sients by using the relative energy in a window that incorpos ycle of the wave form, so it is not surprising that this dura-

rates the entire signal wave form along with short samples %ion measure renders the highest rms level of 183 dB re 1

noise on either side. In this approach the duration is often ; ;
. . Pa(rms). All the three other duration measures are approxi-
given by the part of the window that makes up 90% of the! (rms) Pb

total cumulative energy in the window including the soundrnately twice as long and render essentially identical rms
received levels 2—3 dB lower. However, the energy flux den-
pulse(Malme et al., 1986; Blackwellet al, 2004. For short 9y

. ; . ity of the pulse is within 1 dB d 141 dB gsf
duration, well-defined clicks from toothed whales a 97% en Sity ot the puise 1s within aroun rqupa's for

: i ‘the four duration measures. Consequently, for short, well-
ergy approach has also been implemeriid, 1993 Mad—. . defined transients such as odontocete clicks with good SNR,
senet al, 2004. To test the effects of these temporal defini-

i the durati f diff (1 ients. thé dB. —10 the rms measure is quite robust and not very sensitive to the
lons 0(? € uraolon ot dirferent transients, o) criterion used to establish the integration window, except that
dB, 90%, and 97% approaches have been applied to the fo%e —3 dB measure seems to lead to a rms sound pressure

transients s_ig_nal type_s. _ level that is significantly highef2—3 dB) than the three oth-
Acoustic impact is not only given by peak pressure, bUters(TabIe )

also by the energy flux density of the sound pu(g¢éard,
1997. The energy flux density or the sound exposure level o(,
a sound pulse propagating as a plane wave in an unbound
medium is given by the time integral of the pressure square
(Urick, 1983; McCauleyet al., 2003. The energy flux den-
sity in dB re 1uP& s of transients can thus be approximated
by 10log to the time integral of the squared pressure over th
duration of the pulsgYoung, 1970, which for the same
duration,T, is simply the rms leve(in dB)+10 log(T):

The p1 wave form of an on-axis sperm whale usual click

When comparing the different duration measures for a
ry different manmade transient like the sonar ping in Fig.
), it is seen that the-3 dB approach again yields a rms

vel that is 2 dB higher than the three others, which relates
to the higher average squared pressure in-tBalB window
than in a larger window where the sound pressures fluctuates
fhore due to interference of multipatfisig. 2(b)]. As is the

case for the sperm whale click, the3 dB duration covers
such a small part of the actual wave form that its use cannot
T be justified[Fig. 2(@)]. This argument is strengthened by the
Energy flux density 10 |09J p?(t)dt fact that the energy flux when using the& dB measure is 25
0 times smaller14 dB) than when using the three other dura-
1 (7 tion measures including a much larger fraction of the pulse
=10 IO%?j p%(t)dt|+10log T), (Table ).

° Although the sonar pulse of Fig.(&, has the same
whereT is the window length in seconds. This estimation of peak—peak received level as the sperm whale click, its rms
energy flux density is in line with Finneragt al. (20020 sound pressure level is between 177 and 179 dB depending
based on the assumption of individual pressure measuren the duration usetthe variance is caused by interference
ments of a plane wave. The intensity of a sound field is giverof multipaths. Thus, the sperm whale pl pulse exceeds the
by the product of the pressure and the particle velocity comsafety limit of 180 dB re 1uPa (rms), but the sonar ping
ponents divided by the specific acoustic impedance of thevith the same peak—peak pressure level does not. The
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FIG. 1. (A) Wave form of pl pulse of sperm whale click with a received FIG. 2. (A) Wave form ofpl pulse of a mid-frequency sonar pulse with a
sound pressure level of 189 dB reuPa (pp). (B) Envelope of the wave received sound pressure level of 189 dB reMPa(pp). (B) Envelope of the
form shown in(a). —3 and —10 dB levels for the durations df 5 45 and wave form shown in Fig. @). —3 and—10 dB levels for the durations of
t_,0dB are shown by dotted and solid gray lines. The resulting[iBsre t_3 gg @andt_,,dB are shown by dotted and solid gray lines. The resulting
1 pPa(rms)] and energy flux densitydB re 1 uP& s) levels are provided rms(dB re 1uPa(rms) and energy flux densitdB re 1 uP& s) levels are

for each of the duration measur¢€) The relative cumulative energy of the provided for each of the duration measuréS) The relative cumulative
wave form in Fig. 18). The duration measurds, andtg; is given by the energy of the wave form in Fig.(8). The duration measureg, andty; are
windows containing 90% and 97% of the total relative energy in a windowgiven by the windows containing 90% and 97% of the total relative energy
including the sound pulse. a window including the sound pulse.

multipath-induced pressure fluctuations of the sonar pingvhale click will exceed the 180 dB re LPa(rms) limit,

lead to a lower average squared pressure than the effectivelyhile the sonar ping will not, despite the fact that it is car-
single cycled sperm whale pulse. However, when looking atying more energy than the sperm whale click by three orders
the energy flux density of the sonar ping, using durationof magnitude(Table ). It is therefore not reasonable to com-
measures that essentially cover the pulse, the sonar ping fgre the acoustic impact of a mid-frequency sonar pulse with
seen to carry 1000 timég80 dB) more energy than the sperm that of a sperm whale clickMghl, 2002.

whale click for the same peak—peak received sound pressure. The impulse sound in Fig.(8 has almost the same
Thus, if the peak—peak pressure received levels of the twduration as the sperm whale click and about the same rms
transients were considered, they would have an equal impasbund pressure levels of around 182 dB. Accordingly, this
on the exposed animal. If the rms measures are used, nmpulse with a similar peak—peak received sound pressure
matter how the averaging duration is determined, the sperrevel as the three other transients of 189 dB rgPa (pp),
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2000 A depicted in Fig. &). In this case the-3 dB criterion win-
Eyp = 162 dB re. 1uPa’s RLyyp = 162 dB re. 1uPa (rms) dow clearly does not cover the full extent of the pulse and
B\ = 162 dB re. 1uPss RLygg = 181 dB re. 1uPa (rms) neither does the-10 dB window. The choice of integration
1000 . 1ot dor. tupes RLy, =162 dB re. 1uPa (ms) window of this slowly decaying pulse greatly affects the rms
measures. However, even the highest rms measure of 178 dB
re 1 uPa(rms for this pulse, achieved with a window de-
rived by the—3 dB criterion, is lower than the 180 dB re 1
pPa(rms) limit. Hence, multipath propagation plays an im-
T =10 mses portant role in determining whether the rms level received at
o = 13 msee the animal is considered too high or not, even if the energy is
- omees invariant. When using the rms measure for a transient noise
50 msec pulse like the one displayed in Fig(i8, it is evident that the
method of deriving the window may result in rms sound
2000 B A pressure levels that vary by as much as 12 t#ble ). If the
B e Rlsgp = 178 dB re. 1uPa (rms) 90% energy measure is used for the displayed pulse, giving a
tm 627 mesc Rl = 172 dB e. TuPa (ms) window length of 627 ms, a pulse with a received peak—peak
%y =821 msec RLg, = 167 dB re. 1uPa (ms) level of 202 dB re 1uPa(pp) would still not exceed the limit
of 180 dB re 1uPa(rms). Consequently, long, fixed averag-
ing times for calculation of rms sound pressures can yield
very short safety radii around a noise source. Unless there is
a specified protocol for determining the duration, it is pos-
sible to manipulate the rms level by varying the averaging
window: the longer the averaging time, the lower the rms
level. Measures for mitigation of sound exposure should not
E;; = 165 dB re. 1uPa’s 500 msec leave room for such analytical freedom.
The energy flux density measures the energy flow per
Time unit area received by the animal. With the signal of Figp) 3
FIG. 3. (A) Transient mimicking the far-field version of a sound pulse the animal is actually exposed to twice as much sound en-
produced by an impulse sound source in an acoustic free field. Duratiorergy (3 dB) as compared to exposure to the pulse of Fig.
rms, and energy measures are calculated by the same means as in Figs. 1 gqg) If the peak—peak sound pressure level is considered to

2. (B) Slowly decaying transient mimicking the situation where the |mpulseindicate exposure, the pulses of Fig@)&nd 3b) would be

of (a) has been propagating in a highly reverberant environment. Duration, . .
rms, and energy measures are calculated by the same means as in Figs. 1¢@Nsidered to have the same impact. If the rms measure was
and 3a). used, the pulse in Fig.(8 would exceed the 180 dB re 1
pPa (rms) limit, whereas the pulse of Fig.(8) would not

exceeds the 180 dB rePa(rms) limit. However, its energy ~ e€ven though the animal is exposed to two times the acoustic
flux density is 100 times larger than for the sperm whaleenergy by the pulse in Fig.(). It is also apparent that for
click of identical peak—peak and rms received le#lgy.  the energy measure, durations that cover as much of the
3(a)]. Thus, if energy flux density is not taken into account, pulse as possible given the signal to noise ratio provide the
the impulse would be regarded as having the same acoustidaighest number, which is the opposite of the rms measure.
impact on an animal as the sperm whale pulse, and a larger Energy flux density is therefore a better measure for safe
impact than the sonar ping having 10 tim@® dB) higher  exposure levels than rms measures as the energy unit takes
energy flux densityTable . into account the overall acoustic energy impinging on the

The wave form of Fig. & mimics the situation of a animal per unit are@McCauleyet al, 2003. Ears of terres-
pressure wave propagating from an impulsive sound sourciial mammals generally integrate sound intensity over a time
in deep water, approaching the situation for an acoustic freewindow of some 200 mgPlomp and Bouman, 1959; Green,
field. When such impulse sounds propagate in a highly re1985, and the same appears to be the case for cetaceans at
verberant environment such as shallow water, the energy bésw frequenciegJohnson, 1968 It seems therefore reason-
comes spread in time due to the variety of path lengths andble to use 200 ms as the maximum integration time from a
group velocities supporte@Greene and Richardson, 1983  detector or sensation point of vie@adsenet al, 2002.

Ey; =162 dB re. 1uPa’s RLg; = 181 dB re. 1uPa (rms)

Pressure (Pa)
(=]

-1000

Too
Ty; =10 msec

-2000

1000

RL,, = 166 dB re. 1uPa (rms)

Pressure (Pa)
(=]

Eyp = 160 dB re. 1uPa’s

E,ous = 164 dB re. 1uPa’s

-1000 + 10d8
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TABLE I. Pulse numbers refers to the pulses displayed in Figs. 1ip BL,, is the received peak—peak sound pressure in dBu@d(pp). t provides the
different duration measures in ms. rms provides the root-mean-square sound pressure in@Bar@nis) for each of the duration measurdsgives the
energy flux density in dB re LP& s for each the duration measures.

Pulse RLpp t3 48 t10 a8 too to7 ms; 45 USR] Msyo Mmsy; Ez s Eioas Eqgo Eo7

1 189 0.047 0.105 0.081 0.125 183 180 181 180 140 141 141 141
2 189 9 340 353 383 179 177 177 177 158 172 172 172
3A 189 10 13 9 10 182 181 182 181 162 162 161 162
3B 189 17 168 627 821 178 172 167 166 160 164 165 165
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This will lead © a 3 and 0.5 dB reduction for the pulses of medium. For example, 182 dB re AP& s=(1257 Pg,)?s/(1500 m/s
Figs. 2 and @), respectively. However, in terms of hearing x1040 kg/m)=0 dB re 1 J/m=1 J/nf.

impairment due to a single, high level impulse, it has been

established that the safety threshold for humans scales asroon, W. A., Hamernik, R. P., and Sheau-Fang(1996. “The effects of
10log(T), whereT is the exposure duration, even T is reverberant blast waves on the auditory system,” J. Acoust. Soc1A0).

. . 2247-2257.
much longer than 200 méWard, 1997. Since this issue ANSI (1994). American National Standard Acoustical Terminology, 1994

remains to be clarified for marine mammals, it may seem ans| s1.1-1994(Acoustical Society of America, New Yorkp. 9.
reasonable to apply a conservative approach and provide eas, W. W. L. (1993. The Sonar of DolphingSpringer, New York
ergy flux density integrated both over the entire pulse durablackwell, S. B., Lawson, J. W., and Williams, J. (2004. *Tolerance by

. . . . - ; - ringed seals(Phoca hispida to impact pipe-driving and construction
tion and with a 200 ms integration time if the actual duration sounds at an oil production islantld. Acoust. Soc. Am115, 2346—2357.

is longer than that. Such measures should additionally b&hapman, D. M. F., and Ellis, D. 31998. “The elusive decibel: Thoughts
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rrv very littl nerovPri nd Wan k 1 in (Tursiops truncatysand white whalgDelphinapterus leuca$ J. Acoust.
but carry very little energyPrice and Wansack, 198%ince Soc. Am. 111, 447..456.

physical damage and impairment of the auditory System iginneran, J. 3., Schiundt, C. E., Dear, R., Carder, D. A., and Ridgway, S. H.
caused both by high peak pressure and energy(fimoon (2002h. “Temporary shift in masked hearing thresholds in odontocetes
et al, 1996; Finneraret al, 2002a, b; Ward, 1997 safety after exposure to single underwater impulses from a seismic watergun,” J.

- : : Acoust. Soc. Am111, 2929-2940.
limits for sound exposure should include both a maXImumGreen, D. M.(1985. “Temporal factors in psychoacoustics,” ifime Reso-

received energy flux level along with a maximum received |ysion in Auditory Systemedited by A. MichelseriSpringer, New York,
peak—peak pressure level. Such a protocol addresses conpp. 120-140.
cerns for physica' damage due to Short h|gh pressure pu|sé5§eene, Jr., C. R., and Richardson, N].BB& “Characteristics of marine

as well as the effects of longer, high-energy transients with 2‘;?&“_";235“4“’63’ sounds in the Beaufort Sea,” J. Acoust. Soc. 8.

lower peak pressures. Hamernik, R. P., and Hsueh, K. 01991). “Impulse noise: Some defini-
It is concluded that rms safety measures are unsuited agions, physical acoustics and other considerations,” J. Acoust. Soc. Am.

a stand-alone mitigative measure for transient noise effects90 189-196.

. . . .Hastings, M(2004). “Noise exposure metrics for auditory and non-auditory
on marine mammals irrespective of what the absolute level is damage in Aquatic animals,” J. Acoust. Soc. AN, 2533.

[currently 180 dB re JuPa(rms) for cetaceans In line with Johnson, C. S(1968. “Relation between absolute threshold and duration-
Finneranet al. (2002a, b, it is recommended that levels set of-tone pulses in the bottlenosed porpoise,” J. Acoust. Soc. 480757~

to mitigate sound exposure of marine mamals include a 63 ) -
. ke k received sound pressure level in Ccn}}(_astak, D., and Schusterman, R.(1998. “Low-frequency amphibious
maximum peak—pea p hearing in pinnipeds: Methods, measurements, noise, and ecology,” J.

cert with a maximum received energy flux lev@cCauley Acoust. Soc. Am103 2216-2228.
et al, 2003. It is suggested that the energy flux is calculatedVadsen, P. T., Kerr, |, and Payne, 2004. “Echolocation clicks of two

; 0 At _ free-ranging delphinids with different food preferences: False Kkiller
byt.usml\% tlhe 9? A)I e;gg%y grprl?acn f[orld;g\(/)atlor_] of t’?he du whales(Pseudorca crassiderend Risso’s dolphiiGrampus griseys' J.
ration (Malmeet al, ; Blackwellet al, 2004, since the g, giol. 207, 1811-1823.

97% criterion requires high signal to noise ratios, and-#8e  Madsen, P. T., Mghl, B., Nielsen, B. K., and Wahlberg, (2002. “Male
and —10 envelope criteria underestimate the durations of sperm whale behavior during exposures to distant seismic survey pulses,”

; ; ; i« Aguatic Mammal28, 231-240.
slowly decaying transients. It is beyond the scope of thlsgtalme, C. I, Smith, P. W,, and Miles, P. RL986. “Characterisation of

paper to discuss the absolute levels for mitigation of recei_ve geophysical acoustic survey sounds,” OCS Study. Prepared by BBN Labo-
peak—peak pressure and energy flux density, but there is anatories Inc., Cambridge, for Battelle Memorial Institute to the Department

urgent need for a careful assessment of such in light of ana-of the Interior-Mineral Management Service, Pacific Outer Continental

. . . . . _ Shelf Region, Los Angeles, CA.
tomical, physiological, and behavioral data for different ma McCauley, R. D., Fewtrell, J., Duncan, A. J., Jenner, C., Jenner, M. J.

rine mammal species. Penrose, J. T., Prince, R. I. T., Adhitya, A., Murdoch, J., and McCabe, K.
(2003. “Marine seismic surveys: Analysis and propagation of air-gun
signals; and effects of exposure on humpback whales, sea turtles, fishes

ACKNOWLEDGMENTS and squid. Environmental implications of offshore oil and gas develop-

. ment in Australia: Further research,” Australian Petroleum Production Ex-
W. W. L. Ay, D. Cato, C. Greene, M. Johnson, A. Mich- ploration, Association, Canberra, pp. 364—521.
elsen, B. K. Nielsen, P. Tyack, M. Wahlberg, and W. M. X. Mghl, B. (2002. “Sperm whale rivals tactical sonar with source levels at

Zimmer provided constructive critique on previous versions 235 dB,” European Cetacean Society Newslet#2s41—-42.

; _n1 Mghl, B., Surlykke, A., and Miller, L. A(1990. “High intensity narwhal
of the manuscript, Work Supported by Contract No. 1435-01 click,” in Sensory Abilities of Cetacegnedited by J. Thomas and R.

02-CA-85186 from the US Minerals Management Service, yastelein(Plenum, New York, pp. 295—304.
Grant No. DACA72-01C-0011 from SERDP, and Grant No.Mghl, B., Wahlberg, M., Madsen, P. T., Heerfordt, A., and Lund(2Q03.
SAIC440000 from SAIC. This publication is Contribution “The monopulsed nature of sperm whale clicks,” J. Acoust. Soc. A,

: PR 1143-1154.
No. 11331 from the Woods Hole Oceanographlc Ir‘Stltuuon'NMFS (2003. “Taking marine mammals incidental to conducting oil and

_ gas exploration activities in the Gulf of Mexico,” Federal register 68,
'For a plane wave in an unbounded medium, the energy flux density in dB re 9991-9996.

1 uP& s can be converted to Jihy dividing the summed squared pressure NRC (2000. Marine Mammals and Low-frequency Souiithtional Acad-
on a linear scale by the specific impedaZcesound speeddensity of the emy Press, Washingtan

3956 J. Acoust. Soc. Am., Vol. 117, No. 6, June 2005 Peter T. Madsen: Root mean square measures



Plomp, P., and Bouman, M. A1959. “Relation between hearing theshold
and duration for tone pulses,” J. Acoust. Soc. ABd, 749—-758.

Price, G. R., and Wansack, §1989. “Hazard from an intense midrange
impulse,” J. Acoust. Soc. AmB86, 2185-2191.

Randall, R. B.(1987. Frequency Analysi¢Bruel and Kjeer, Neerum, Den-

Tolstoy, M., Diebold, J. B., Webb, S. C., Bohnenstiehl, D. R., Chapp, E.,
Holmes, R. C., and Rawson, N2004. “Broadband calibration of R/V
Ewing seismic sources,” Geophys. Res. Lé&tt, L14310.

Urick, R. J.(1983. Principles of Underwater Soun@Peninsula, Los Altgs

Ward, W. D.(1997. “Effects of high intensity sound,”Encyclopedia of
Acoustics(Wiley, New York), pp. 1497—-1507.

mark), 344 pp.
Richardson, W. J., Greene, C. R., Jr., Malme, C. I., and Thomson, D. HYoung, R. W.(1970. “On the energy transported with a sound pulse,” J.

(1995. Marine Mammals and NoiseAcademic, Londohn

J. Acoust. Soc. Am., Vol. 117, No. 6, June 2005

Acoust. Soc. Am47, 441-442.

Peter T. Madsen: Root mean square measures 3957



