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ABSTRACT:

Environmental risk assessment for impact pile driving requires characterization of the radiated sound field. Damped
cylindrical spreading (DCS) describes propagation of the acoustic Mach cone generated by striking a pile and
predicts sound exposure level (Lg) versus range. For known water depth and sediment properties, DCS permits
extrapolation from a measurement at a known range. Impact assessment criteria typically involve zero-to-peak
sound pressure level (L, px), root-mean-square sound pressure level (L, ms), and cumulative sound exposure level
(Lg cum)- To facilitate predictions using DCS, L, p and L, s were estimated from Lg using empirical regressions.
Using a wind farm construction scenario in the North Sea, DCS was applied to estimate ranges to recommended
thresholds in fishes. For 3500 hammer strikes, the estimated Lg ¢, impact ranges for mortal and recoverable injury
were up to 1.8 and 3.1 km, respectively. Applying a 10dB noise abatement measure, these distances reduced to
0.29 km for mortal injury and 0.65 km for recoverable injury. An underlying detail that produces unstable results is
the averaging time for calculating L, ;ms, Which by convention is equal to the 90%-energy signal duration. A stable

alternative is proposed for this quantity based on the effective signal duration.
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I. INTRODUCTION

Construction of offshore wind farms extensively uses
impact pile driving to install monopile, tripod, and jacket
foundations for each wind turbine. In Germany, measure-
ments of sound exposure level (Lg) and zero-to-peak sound
pressure level (L, k) were made during the construction of
the Borkum Riffgrund 1 (BR1) wind farm. Measured noise
levels reported at a range of 28 m from a 6 m diameter
monopile were 190-193 dB re 1 uPa” s (single strike sound
exposure level, Lg) and 218-221dB re 1 uPa® (L, ),
depending on the hydrophone depth (ITAP, 2015a). For oth-
erwise fixed conditions, the larger the pile diameter, the
higher the hammer energy needed to drive the pile into the
sediment. Values of Lg and L, pi increase with increasing
pile diameter and hammer energy, due to the increase in the
energy radiated from the surface of the pile wall (Heitmann,
2016). Risks to aquatic life associated with impulsive sig-
nals generated by pile driving include hearing threshold shift
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(Finneran et al., 2000; Finneran et al., 2002; Finneran et al.,
2003; Finneran et al., 2015; Lucke et al., 2009; Finneran,
2015; Kastelein et al., 2015; Kastelein et al., 2016;
Kastelein et al., 2017; Kastelein et al., 2018), tissue injury
(Halvorsen et al., 2011, 2012b; Halvorsen et al., 2012a;
Casper et al., 2012; Casper et al., 2013a, Casper et al.,
2013b; Casper et al., 2017), and avoidance (Tougaard et al.,
2009; Dahne et al., 2013).

Reinhall and Dahl (2011) showed that the sound radi-
ated close to the pile was in the form of a Mach cone travel-
ing at an angle of approximately 17° from the horizontal
(73° incidence angle). Propagation of the Mach cone away
from the pile leads to a region of damped cylindrical spread-
ing (DCS) of the acoustic signal (Zampolli et al., 2013;
Ainslie et al., 2014; Lippert et al., 2018; Martin and
Barclay, 2019). With a single measurement of Lz at a known
range, the DCS model (Lippert et al., 2018) provides a
means for predicting Lg as a function of range from the pile
when the water depth and sediment grain size are uniform
(independent of range) and known.

Environmental risk assessment typically requires
knowledge of Lgcym, Lypx (Popper et al., 2014; Southall
et al., 2019) and root-mean-square (rms) sound pressure
level (Lp ms) (Southall et al., 2007; Scholik-Schlomer, 2015;
GARFO, 2016).

For this study, the DCS method was expanded to esti-
mate L, px and L, s (given Lg) using the regression method
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used by Lippert et al. (2015). The DCS method is most
accurate near the pile, where the acoustic metrics Lg and
L, pk are calculated and compared with thresholds for injury
to marine life. By contrast, L, ms is of interest mainly at
long range from the pile, whereas DCS is applicable at short
range (at least up to 5 km for this study; see Fig. 10), where
the acoustic propagation is characterized by exponential
decay associated with the Mach cone. The value of L s
depends on the chosen averaging method, two of which
were considered, based on the effective signal duration
(Burdic, 1991) and the 90%-energy signal duration.

The basic DCS model (Lippert et al., 2018) is summa-
rized in Sec. II, followed by regressions for L,y and L, ims
(Sec. III), an investigation of possible measures of signal
duration and associated mean-square sound pressure (Sec.
1V), and validation of the DCS method (Sec. V).
Application of DCS for analyzing the influence of pile-
driving noise on fishes is discussed in Sec. VI, followed by
conclusions in Sec. VII.

Acoustical  terminology  follows ISO  (2017).
International standard reference values (ISO, 2015) of
1 ,uPa2 (L,) and 1 ,uPaz s (Lg) are used throughout.
Following ISO (2017), this paper distinguishes between
transmission loss (the difference between two L, i Or L g
values) and propagation loss (the difference between source
level and L), ).

Il. OVERVIEW OF DCS

An impact-driven pile does not have a source level for
two reasons. First, source level (ISO, 2017) is defined in terms
of the sound radiated by a source into its far field, where the
propagation is spherical. For an impact-driven pile, the extent
of the source throughout the entire water column from seafloor
to sea surface results in cylindrical spreading from the pile
wall (Dahl et al., 2012; Zampolli et al., 2013). Thus there
exists no region of spherical spreading, and therefore no far
field. Second, the same definition of source level invokes the
concept of “a hypothetical infinite uniform lossless medium of
the same density and sound speed as the real medium at the
location of the source,” and therefore a source level is only
defined if the source in question is in contact with a single uni-
form medium. The pile is in contact with a layered medium
comprising water and sediment, with at least two different
impedances, and therefore also does not meet this second crite-
rion for the definition (i.e., existence) of a source level.

Because propagation loss is defined in terms of source
level, if source level is undefined then so is propagation loss
(Ainslie et al., 2012; Heaney et al., 2020). A more useful con-
cept for a pile driver is the transmission loss (ALty ), which is
defined as the decrease in level from r; to r (ISO, 2017),

ALty (ryry) :== Lg(r1) — Le(r), (1)

where Ly is the sound exposure level integrated over one or
more complete hammer strikes. For acoustic propagation in
shallow water, it is common to parametrize ALt between
two points at ranges r and r; from a source, in the form of
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AL (r;r1) = 10 ﬁlogw;—l dB, )
which, defining the transmission factor Fpp = 10~ AL/ (lOdB),
implies Fr (r;r1) = (r1/r)”, with f = 2 and 1 corresponding
to spherical and cylindrical spreading, respectively.

Close to the pile, the radiated sound field is dominated
by a Mach cone (Reinhall and Dahl, 2011; Zampolli ef al.,
2013), which carries a certain amount of energy from the
pile. At range r, this energy is spread into area 2I1rH, where
H = water depth. Ignoring energy loss mechanisms, the
energy flux density is inversely proportional to range, corre-
sponding to cylindrical spreading (= 1) (Dahl et al.,
2012). However, the attenuation due to multiple boundary
reflections modifies this behavior, resulting in exponential
decay, thus leading to DCS (Frp o< e >*/r) (Zampolli
et al.,2013; Lippert et al., 2018), i.e.,

’
ALty (r1,r) = 10log;o 1 dB +a(r —r), 3)

r

where o is the horizontal decay rate, related to the plane
wave reflection coefficient (R) (Ainslie, 2010, p. 198) and
cycle distance (r., the horizontal distance between succes-
sive bottom reflections) (Lippert et al., 2018) according to

10 1log,o|R|* dB

I'c

“

If Lg(ry) and ALt (r;7) are both known, Eq. (1) can be
used to estimate Lg(r). Specifically, for the DCS model

Le(r) = Lg(r) — 10 1og10r'—l dB — a(r — r1). (5)
The DCS model [Eq. (5)] is used in Fig. 1 to plot Lg s versus
range for a pile strike sequence at the BR1 wind farm
(ITAP, 2015a), for r; =234 m, where the Lg (r;) = 178 dB.
The DCS prediction neatly explains the 10log,or (i.e.,
FrL, = ri/r) behavior at short range and the exponential
damping beyond 1km. This match between prediction and
measurement supports the DCS theory, thus providing confi-
dence in its predictions. By contrast, there exists no power
law [i.e., no value of f§ in Eq. (2)] that provides a similarly
close match. In addition to BR1, the suitability of DCS has
been demonstrated by Lippert ef al. (2018) for two other
German sites: BARD Offshore 1 (BO1) and Global Tech 1
(GT1). The water depths for the measurement sites are listed
in Table I.

The validity region of Eq. (5) is limited ultimately by
the attenuation coefficient o, which is determined by the sea-
bed reflection coefficient (Lippert et al., 2018). The expo-
nential decay ensures that when the product or becomes
excessively large, the amplitude of the Mach cone becomes
negligible compared with that of near-horizontal paths,
which are initially much weaker. The determination of a
precise limit, which would depend on water depth and bot-
tom type, is beyond the scope of this work. However,
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FIG. 1. (Color online) L (re 1 uPa’s) versus range using the DCS model
(curved solid line). Comparison with measurements from Borkum
Riffgrund 1 (Lippert et al., 2018), using r; = 234 m as the intercept point.
The straight dashed, dashed-dotted, and solid lines were calculated using
Eq. (2) with f=0.5, 1.0, and 1.5, respectively. Circles represent measure-
ments. Dotted lines illustrate the uncertainty in the DCS curve resulting
from a spread of =50% in the attenuation coefficient ().

Heaney et al. (2020) suggested a limit of or <20dB, based
on predictions to 50km from the COMPILE workshop
(Lippert et al., 2016). Further, the Heaney et al. (2020) report
suggests an upper limit on the measurement distance of ory
<3dB to limit uncertainty in the extrapolation caused by
uncertainty in the value of «. For example, use of o = 1.38 dB/
km estimated for BR1 (Lippert et al., 2018) results in an upper
limit on r; of 2.2km for the BR1 conditions. When a depth-
average measurement is used, then there is no lower limit
because the cylindrical spreading behavior continues up to the
pile wall (Zampolli e al., 2013). However, when a single
depth measurement is used, the lower limit on r; is about three
water depths (Dahl et al., 2012).

lll. REGRESSION ANALYSIS FOR L, ;x, Ly rms AND L, i

The DCS model provides a reliable means of predicting
Lg ¢ (and thereby Lg cym) up to a few kilometers (around or

TABLE I. Water depth and pile diameter for measurement sites. U8 and Z2
are two piles at the Gemini construction site. Similarly, EL.39 and EL42 are
two piles at Luchterduinen.

Water Nominal pile

Site depth/m diameter/m  Measurement report
BARD Offshore 1 (BO1) 40 3.35 OMK 1 (ITAP, 2014)
Borkum Riffgrund 1 (BR1) 27 6 OMK 3 (ITAP, 2015a)
Gemini U8 34.1 7.0 Gemini (ITAP, 2015d)
Gemini Z2 30.0 6.6 Gemini (ITAP, 2015d)
Global Tech 1 (GT1) 39.5 2.5 OMK 2 (ITAP, 2015b)
Luchterduinen EL39 21.5 5.0 Luchterduinen

(ITAP, 2015c¢)
Luchterduinen EL42 20.6 5.0 Luchterduinen

(ITAP, 2015¢)
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~ 20dB) from an impact-driven pile (Lippert et al., 2018).
Also of interest are L, px and Ly s (€.g., for acoustic impact
criteria), which cannot be calculated directly using DCS
because the output of DCS is sound exposure, not sound
pressure as either peak or rms. Nevertheless, a strong corre-
lation is known to exist between Lgg and L, (Lippert
et al., 2015; Martin and Barclay, 2019). This correlation,
and a similar one for L, s, can be exploited to estimate
L, px and L, ;s when L i is known.

A. Measurement sites and processing

This section presents regressions for L, and Ly ms
using measurements from BR1, BO1, GT1 (Lippert et al.,
2015), and a Dutch site called Luchterduinen (ITAP,
2015c). Unless otherwise specified, mention of the name
“Luchterduinen” implies use of combined data from two
monopiles EL39 and EL42. Similarly, “Gemini” implies use
of combined data from U8 and Z2. Medium sand was the
sediment type for all the sites; BR1, BO1, and GT1 (Lippert
et al., 2015), Luchterduinen (ITAP, 2015c), and Gemini
(ITAP, 2015d), shown in Fig. 2. Measurements from the
three German sites and Luchterduinen (all except Gemini)
were combined to produce a single regression equation for
L,k that was valid for these four sites. The reason for
excluding Gemini data from this regression analysis was to
provide an independent data set for validation; thus the
resulting combined regression formula was tested on
Gemini (ITAP, 2015d) (Table I). For the acoustic field mea-
surements, no noise abatement measures (e.g., bubble cur-
tains) were applied during the piling operation. Each step is
discussed below.

Acoustic data were recorded at sampling frequencies of
44.1 and 48.0kHz and processed in the acoustic frequency
band approximately between 14Hz and 18kHz.
Hydrophones were placed at two depths, at 2 and 10 m from

GT1: Global Tech 1 +54°
BO1: BARD Offshore 1 30'
BR1: Borkum Riffgrund 1

GM:  Gemini

LD:  Luchterduinen

+54°
15'
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FIG. 2. (Color online) Location of the relevant wind farms. Left: Wind
farm off the western Dutch coast. Right: Wind farms off the northern
Dutch-German coasts (background maps from thematicmapping.org, open-
streetmap.org and map.openseamap.org; shipping lanes and traffic separa-
tion scheme indicated by darker shading).
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TABLE II. Coefficients @ and b in Eq. (6). For BO1, BR1, and GT1, these
are obtained from Lippert et al. (2015), where a is rounded to two decimal
places. See surrounding text for explanation.

Site a b/ dB Measurement range / km
BO1 1.40 —49.1 0.26-1.52
BR1 1.43 —49.7 0.23-4.06
GT1 1.45 -52.0 1.09-5.19
3-site average [Eq. (16)] 1.427 -50.3 0.23-5.19
Luchterduinen [Eq. (12)] 1.162 -7.3 0.75-13.75
4-site average [Eq. (15)] 1.201 -12.8 0.23-13.75

the seafloor. Data from overloaded hydrophones were iden-
tified and discarded. For further data processing details, see
the measurement reports by ITAP (2014, 2015a-d).

B. Regression for German sites (L, ;x)

Lippert et al. (2015) demonstrated an empirical correla-
tion between sound exposure and the peak-to-peak sound
pressure (ppr-pk). However, interest lies in the zero-to-peak
sound pressure (pp) or (equivalently expressed in decibels)
the zero-to-peak sound pressure level (L, k) because this
quantity is widely used to predict impact ranges and ulti-
mately estimate the risk of underwater sound on marine life
(Southall et al., 2007; Southall et al., 2019; Popper et al.,
2014; NMFS, 2018). Specifically, regression equations were
obtained in the form

Lp,pk = aLE,ss + ba (6)

where, for each site, a and b are constants that resulted from
the regression analysis, the numerical values of which are
listed in Table II. The values for BO1 and BRI are from
Lippert et al. (2018), with the intercept adjusted to account
for the ratio of ppx to ppk-pk. The values for GT1 were calcu-
lated in the same way, correcting an error in the intercept a
and slope b from Table I of Lippert et al. (2018) for this
case. In Lippert et al. (2018), the code for GT1 incorrectly
combined the zero-to-peak and peak-to-peak sound pressure
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values, thereby leading to slightly different coefficients for
the trend line.

C. Regression for Luchterduinen site (L, ;. and L, ;)
1. Piling sequence

Lp measurements were available for the full piling
sequences for the two monopiles EL39 and EL42 at
Luchterduinen (ITAP, 2015c). The data covered the approxi-
mate range in Lg ¢ of 138—178 dB (Fig. 3), thereby extending
the previous range of Lg values (155-170dB), for which
similar regressions were carried out by Lippert ez al. (2015).
Using an integration time of 125ms, Martin and Barclay
(2019) demonstrated a curved fit for a tilted pile in the Lg g
range of 120-170dB. The short integration time would
explain part of the gradient change reported for weaker
(more distant) signals if these were more spread out in time.

2. Correlations between L, ,x and Ly

Figure 4 is a scatter plot of L, px versus Lg i for individ-
ual hammer strikes at Luchterduinen, which shows these
two metrics are linearly correlated over a 40dB range of
Lg ¢ (138-178 dB).

3. Correlations between L, ;s and L s

Different definitions of signal duration can be used to
determine the time-averaged sound pressure level L, i of a
signal with a known sound exposure level Lgg, and the
value of L, s can be significantly different depending on
the choice of this duration. For this study, two variants of
L, ;ms were considered, one based on the 90% energy signal
duration, 199 (ISO, 2017) and the other on the effective sig-

nal duration, T.¢ (ISO, 2017). The first is
Py
L, 009 = 1010 ———— ] dB, 7
p.90% 210 (1 ,uPaz) @)

and Py is the mean-square sound pressure averaged over
the 90% energy signal duration,
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FIG. 3. (Color online) L (re 1 ,uPa2 s) versus UTC time (d h:min) at the Luchterduinen wind farm for monopiles EL39 (top) and EL42 (bottom). Lg s val-
ues are for three measurement ranges (at 0.8, 5.0, and 13.5km), 2 m above the seafloor (ITAP, 2015c).
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FIG. 4. (Color online) Luchterduinen: Scatter plot showing correlation
between L,y (re 1 pPa®) and Lggs (re 1 uPa’s). The correlation remains
linear over a 45dB range in Lg . Dots are measurements; straight line is
the regression (coefficient of determination R?> = 0.996; residual rms
= 0.95dB).

E

- ‘690/0.9 ’ (8)

Py

where Eg is the sound exposure corresponding to a single
hammer strike.
The second variant is

P,
Lyt = 1010g,, (T;;Z) dB, 9)

where P is the mean-square sound pressure of a pulse
whose E is entirely compressed into time . (called the
effective signal duration), i.e.,

(10)

The concept of 7. is used in sonar signal processing as a
signal-weighted measure of the signal duration. The larger
the value of 7., the greater the frequency-domain resolving
capability of the waveform (Burdic, 1991, Sec. 8.4.2). The
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value of 7. is closely related to the sound pressure kurtosis
f on the interval (¢, 1), as (Miiller et al., 2020)

3 — 1
Teff ~ .

2 p

an

The kurtosis, which can be interpreted as a measure for the
variation in amplitude (Moors, 1986), is used as a measure
to reflect the impulsiveness of sound. Specifically, kurtosis
is used to quantify risk associated with impulsiveness of
noise in humans (Goley et al., 2011; Liu et al., 2015, Fuente
et al., 2018) and chinchillas (Hamernik and Qiu, 2001).

In Fig. 5, the spread in L, (left-hand graph) for a
fixed Lg g is noticeably larger than the corresponding spread
in L, 5 (Fig. 4). This spread is attributed to a spread in the
90% energy signal duration, t99. A signal consisting of two
bursts (a dual pulse), caused (say) by multipath or the
bounce of a hammer, will show variation in L, 9o, (as indi-
cated by the spread in Fig. 5), depending continuously on
the interval between the two sub-pulses, and discontinuously
on the proportion of the total energy contained in the
weaker sub-pulse. A simplified dual pulse is illustrated by
Fig. 6, which represents a single hammer strike with two
distinct arrivals. Therefore, L,.s; is proposed and was
investigated as an alternative to Lj,ggq for the L, .
Specifically, the effective signal duration, T, is proposed
to replace 799/0.9 in Eq. (8) such that L, ¢ is calculated
instead of L, 0%, thus precluding the need for an arbitrary
choice for the duration. The effective signal duration, 7.
(ISO, 2017), is strongly correlated with 19, but shows less
variability, as illustrated by Fig. 5. The only source of ver-
tical scatter in these graphs is the variation in the denomi-
nators of Eqs. (8) and (10) for fixed Lg . Thus, the larger
scatter in Ly 909 is a consequence of a larger spread in tog
that is not present in e, and use of 7.g in place of 799/0.9
yields a more stable metric for L, ;.

Results for the Luchterduinen regression analysis for
Lp,pk: ijg()%, and Lp@ff are (FIgS 4 and 5)

Lypx = 1.162Lg ¢ — 7.3dB, (12)
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FIG. 5. (Color online) Luchterduinen: Scatter plot showing correlations between Lp.90% (re 1 pPa®) and Lg ¢ (re 1 uPa®s) (left, coefficient of determination
R? = 0.995; residual rms = 1.02dB); and between Ly er(re 1 ,uPaz) and Lg (re 1 /zPa2 s) (right, coefficient of determination R> = 0.997; rms residual

= 0.795 dB). Dots are measurements; straight lines are regressions.
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FIG. 6. (Color online) A dual-pulse waveform representing a single ham-
mer strike with two distinct arrivals. Each sub-pulse has a duration (01),
with its respective amplitude (A; and A;), and separated by a period of
silence of duration (Af). In this dual-pulse waveform, the amplitude ratio
(A2/Ay) = 2.5, and the sub-pulse separation (Ar) = 50t.

Lyoos, = 1.150Lg ¢ — 15.0dB, (13)

and

Lyt = 1.176Lg ¢ — 15.8 dB, (14)

with 95% confidence intervals in L, sk, Ly 009, and L, ef of
1.8, 1.7, and 1.5dB, respectively (Lippert et al., 2015).
Based on Fig. 5, these regressions are considered applicable
in the approximate range 135-180dB of Lg .

D. Regression for four sites

One final regression was carried out, the combination of
L, pk data from Luchterduinen and the BR1, BO1, and GT1
sites, shown in Fig. 7, giving

Lypx = 1.201Lg ¢ — 12.8 dB. (15)
Included in Fig. 7 are the regressions for the four sites
separately.

Measurements from Gemini (ITAP, 2015d), the site not
used in any of the regression analyses, were compared with
the four-site regression of Eq. (15), shown in Fig. 8.
Included in the figure are regressions for Luchterduinen [Eq.
(12)] and the following average of the three German sites:

L,px = 1.427Lg s — 50.3dB, (16)

with a 95% confidence interval of 6.2dB over the range
128-183dB in L .

IV. PROPERTIES OF L, 99% AND L, it

As mentioned in Sec. III, it is common to use Tgy as the
averaging time for evaluating L, s, leading to the metric

L, 909%. It was shown in Sec. III that L, 94 is not as well
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BRI, and Luchterduinen. The peak-to-peak quantities reported by Lippert
et al. (2015) have been converted to their zero-to-peak equivalents accord-
ing to Sec. III B.

correlated than L, i with Lg . In the following, the proper-
ties of L, and L, 909 are investigated. Specifically, it is
shown that L, 999, is unstable when the signal comprises two
pulses (e.g., hammer bounce) separated in time.

The arguments Py and P.g of the logarithms in Egs.
(7) and (9) were evaluated for a compound signal compris-
ing two short pulses with identical durations (o) and differ-
ent amplitudes (A; and A,), separated in time by Az (Fig. 6).
The example dual-pulse test signal is not intended to capture
the complexities of measured signals, but to provide insights
into the causes of the observed instability in Pgy.

210
_ Lk=1.162L¢—7.276dB
EL39 and EL42 (Luchterduinen)
200 ... Lok =1.427Lg—50.3dB
BO1, BR1, and GT1
_ Lk=1.201Lg—12.8dB
BO1, BR1, GT1 and Luchterduinen
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o
g
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160 -
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p—y
06§ / K
140 L T T T T T
110 120 130 140 150 160 170 180 190

Less/dB

FIG. 8. (Color online) Scatter plot for the Gemini site showing correlation
between L, i (re 1 uPaz) and Lg g (re 1 uPa2 s). Dots are measurements for
monopiles U8 and Z2 (ITAP, 2015d). The dashed line is the regression for
Luchterduinen [Eq. (12)]. The dotted line is the average of the three regres-
sion formulas for the German sites [Eq. (16)]. The solid line is the com-
bined regression for the German sites and Luchterduinen [Eq. (15)].
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The sound pressure level of a transient is sometimes
evaluated using an averaging time equal to the duration of
the transient. However, the transient duration often is not
well defined because the signal does not have a clear start
and end (similar to the test signal if A; is either much greater
than or much less than A;). Therefore, the averaging win-
dow also is not well defined, which can create great variabil-
ity in the metric values depending on small variations in
definition and application of the averaging window.

The mean-square sound pressure of the signal depends
on the chosen averaging window applied to the signal. In
the following, Pyy and Py were applied to the signal shape
from Fig. 6 and compared with Py, the largest value of
mean-square sound pressure during the signal, where the
averaging window is one period of the sub-pulse’s sine
wave (Fig. 6).

A. Prax

Ignoring edge effects, the mean-square sound pressure
is A?/2 during the first sub-pulse, A,?/2 during the second
sub-pulse, and zero at all other times. An expression for

Ay
Ay
—1
1 24+ At/dt AX+AR 1
Poy = ~ +2/ 55— 1+2 = for
21 \09(A2 +A,%) 18A%A,

A? for

Az2 for

A large change in an acoustic metric value resulting from a

negligible change in the sound field is an undesirable feature

102 "
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= g
o //
At=5t g
~ “At= 256t
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Prax that is valid for all values of the amplitudes A; and A,
is therefore
1
Prax = Emax(Aﬁ,Azz). (17)

The left-hand graph of Fig. 9 shows this quantity plotted
versus A, /A, normalized by dividing by A?/2.

B. Py

Pyo is a measure of mean-square sound pressure that
accounts for 90% of a signal’s energy. The choice of averag-
ing time is arbitrary—it could just as well have been 50%
(Ps0), 95% (Pys), or some other proportion of the total pulse
energy. Ainslie (2010, Fig. 10.4) illustrates how the mean-
square sound pressure depends on the pulse type and the
choice of this percentage. The expression for Py takes on a
different functional form depending on whether the initial
pulse contains less than 5% of the signal energy
(Ay/A; > V/19), more than 95% (A, /A; < 1/+/19), or some
intermediate proportion (1/ V19 < Ay /A < \/E),

1

<—
V19

GV (18)
1

of any metric used as a correlate for the effects of underwa-
ter sound. The right side of Eq. (18) is discontinuous when
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FIG. 9. (Color online) Left: Mean-square sound pressure (P) normalized the mean-square sound pressure of the first sub-pulse. P« [Eq. (17)]; Poo [Eq.
(18)]; Petr [Eq. (21)]. Right: Reciprocal pulse duration PES’SI, normalized by the reciprocal of the sub-pulse duration. Both are plotted versus relative sub-

pulse amplitude A, /A;.
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the value of A,/A; passes through 1/1/19 ~0.229 and
V19 ~ 4.36. The larger the gap between the sub-pulses rela-
tive to their duration, the larger the size of the resulting step
change in Pyy (Fig. 9). For the example dual-pulse test sig-
nal whose P was plotted in Fig. 9 for three metrics, the dis-
continuity in Py increases from a factor of 6 (8 dB change
in sound pressure level) with Az =50¢ to a factor of 27
(14 dB) when At = 25 6t. When a signal consists of a larger
main pulse, and a far-apart smaller sub-pulse containing
about 5% of the total exposure (0.05 E), 19 can be unstable.
When the sub-pulse exposure is less than 0.05 E, 19y is
determined by the main pulse only, while a sub-pulse
slightly above 0.05FE can make 19y arbitrarily large and,
consequently, Pog arbitrarily small. In Fig. 5 (upper graph)
the furthest outliers are below the trend line, meaning that
Py is low for these pulses, which is consistent with a small
number of outliers with sub-pulse energy slightly over
0.05 E (Heaney et al., 2020).

C. Pyt

The effective mean-square sound pressure, P, iS a
self-weighted average of the squared sound pressure (p?),
such that the weighting function is also equal to p? (Miiller
et al., 2020), and is proposed as a robust alternative to Py.
For the dual-pulse test signal, P is found by substituting

1
E“:§m3+@%& (19)
and
2
(A2 +47)
off = ——F———— 0t 20
Teft AF AR (20)
into Eq. (10), giving
LAY +AS
Per==-—1—2 21
eff 2Al2+A22 bl ( )

which exhibits a dependence on A;/A; similar to that of
Prax. The metrics P and P, are both robust, while Peg
has the additional benefits of avoiding the arbitrary averag-
ing times (e.g., Pso, Poo, or Pys,) and the discontinuous gra-
dient at Ay /A; = 1.

Piax> Poo, and P are separately plotted as a function of
the sub-pulse amplitude ratio A, /A; in Fig. 9 (left). Py and
P are independent of the duration ratio A¢/dt, while the
value of Py varies with Az/dt, and is plotted for two Ar val-
ues, 5 and 25 dt. Also plotted in Fig. 9 (right) is the reciprocal
pulse duration PEs;1 with P equal to Py, Pog, Or Peg in the
denominator. It follows from the definitions of P9y and P
that E/Pegr is equal to e, and Eg /Py is equal to 19/0.9.

Figure 9 demonstrates that unless the amplitude ratio is
at least 4.4 (13dB), 199 is determined by the period of
silence, while P9y underestimates the mean-square sound
pressure inside the individual pulses. The value of Py
changes discontinuously because 19 does.
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Poy will also be a less stable measure than P.g; when
two strikes could accidentally be interpreted as one, for
instance, when the strike interval is not known. In this case,
E¢ will be roughly twice the intended value, while 79 will
be overestimated much more, leading to a low estimation of
Poyo. Tefr, on the other hand, would be roughly overestimated
by a factor of two, so that P would be close to the intended
value. When there is little variation between the strikes, Pt
is hardly influenced by the number of strikes present in a
signal, so that the concept of ‘a single strike’ does not need
to be defined to analyze P.g. Figure 5 (right-hand graph)
illustrates the elimination of low outliers exhibited by Pq in
the left-hand graph. Because P.s does not require the identi-
fication of individual strikes, this metric is less open to
human interpretation of the signal and more applicable in
situations where the individual pulses are harder to isolate;
for example, corresponding to the simultaneous arrival from
two nearby sources of transient sounds.

V. VALIDATION OF DCS (BR1)

Figure 10 shows measurements from BR1 of the
median Lgg and L,y values (ITAP, 2015a); DCS predic-
tions for the metrics also are plotted. The reported values of
L, px were the maximum from the entire series, which were
then adjusted to obtain a value closer to the median L, ,x by
subtracting the difference between the 5% and 50% Lg g
exceedance levels. Lg and L, were power-averaged over
the two available measurement depths. At 5km, only one
measurement depth (2m from the seafloor) was available;
therefore, averaging was not done at that range.

The lowest and highest solid curved lines are predic-
tions of Lg ¢ and L, ;; using the DCS model [Eq. (5)], both

220

200

190}

Level / dB

180 1

1701

160

Range /' m

FIG. 10. (Color online) DCS for Borkum Riffgrund 1. L, 5 (re 1 yPa?),
Ly esr(re 1 uPaz), Ly 00 (re 1 ,uPa2), and Lpg (re 1 uPa2 S) versus range.
Symbols are measurements (Lg s BR1 and L, ,x BR1); curved lines are DCS
predictions using Eqs. (5) (Le.s). (15) (Lpp)s (13) Lpoos), and (14) L),
with sound exposure at r; = 28 m estimated by averaging over the two mea-
surement depths [E(r;) = Ey(r1), solid] and over the water depth
[E(r1) = Ey(r1) using Eq. (22), dotted] and o = 1.38 dB/km (Lippert et al.,
2018); dashed lines are power law predictions with f = 1.5 (Lg s, and Ly, p).
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of which follow the trend of the measurements from 30 m to
Skm. The DCS lines are curved because of the exponential
decay. The corresponding dashed lines are estimates of L g
and L, p using the power law [Eq. (2)] with f = 1.5, as rec-
ommended by Buehler ez al. (2015). The DCS curves and
power law Lg g lines were forced to match the Lg g mea-
surement at 28 m. The power law L, x line was forced to
match the L, ;x measurement at the same distance, but the
DCS estimates of L, ,x and Ly, s require only the Lg ¢ mea-
surement. Relative to the measurements, the power law con-
sistently underestimates Lg s between 100 m and 2 km, and
overestimates L, ,x at ranges exceeding 3 km. DCS results in
accurate estimations of Lg s and L, at all ranges consid-
ered, with rms errors of 2.46 and 3.39 dB, respectively. By
comparison, the corresponding (ff = 1.5) power law rms
errors are 3.90 and 3.65 dB.

Also shown in Fig. 10 are estimates of L, 909, [Eq. (13)]
and L, s [Eq. (14)]. While a systematic validation of the
empirical regressions for L, ;. and L, ;s is needed, their use
permits extrapolation from Lg g to obtain estimates of L, px
and L .

The choice of r; = 28 m is less than the minimum dis-
tance of 3.3 water depths recommended by Dahl and
Reinhall (2012). Thus, some caution is needed in estimating
the depth-averaged sound exposure at this distance, E
(28 m). If the measurement depths are inside the Mach cone,
there is risk of overestimating the depth-averaged sound
exposure at 7, while measurements outside the Mach cone
may underestimate it. If Ey; is the (depth-averaged) sound
exposure inside the Mach cone where both receivers were
placed, the average for the entire water column can be esti-
mated by neglecting the sound outside the Mach cone,

Ey(r1) = (1 —ritan0/H) Ey(r1), (22)

where H is the water depth. For the scenario based on BRI,
10log,(EmdB = 10log,oE;; dB + 1.6dB.  This  change
would have the benefit of reducing the Lg g and L,y rms
errors to 2.09 and 3.24 dB, respectively (Fig. 10, dotted lines).

VI. RANGE TO INJURY THRESHOLD FOR FISHES
A. Guidelines

Injury to fishes with and without a swim bladder from
impact pile driving was investigated by Halvorsen et al.
(2011, 2012b), Halvorsen et al., 2012a), and Casper et al.

(2012), Casper et al. (2013a), and Casper et al. (2013b),
whose findings were used as the basis for guidelines by
Popper et al. (2014). Table III lists the injury thresholds for
L,px and (cumulative) unweighted sound exposure level
(Lgcum) for pile driving, as recommended by Popper et al.
(2014). The guideline thresholds depend on whether a swim
bladder is present and involved in hearing. The data for
these guidelines used 960 hammer strikes (except for mortal
injury in the fish without a swim bladder, which received
1920 strikes and had no observed injuries). The number of
hammer strikes and the Lgg are important variables to
include when reporting and investigating Lgcym. In both

. .1
cases, the strike rate was 40 min~ .

B. Impact ranges
1. Impact range versus number of strikes

Impact ranges were calculated for BR1 with up to 7000
hammer strikes. This is roughly the maximum number that
can be expected in 24 h during an offshore piling operation
(ITAP, 2015d). Estimated impact ranges, Rimpact(N), for
mortal and recoverable injury for fishes are compared in
Figs. 11 and 12 (top, SBO; middle, SB1; bottom, SB2). The
impact ranges for L, ., shown as vertical bars, were esti-
mated as the intersection between each guideline threshold
and the L,k versus range curve. Impact range based on
Lg cum increases with increasing number of hammer strikes
N. For all values of N up to 7000 strikes, the Lg cum impact
ranges were estimated as the intersection between each
threshold and the Lg.um versus range curve, and they are
plotted in Figs. 11 and 12. Impact ranges were calculated
twice for each threshold, for DCS [Eq. (5) with
o = 1.38 dB/km] and power law [Eq. (2) with § = 1.5] sep-
arately, using 7; = 28 m for both. The power law results in
the straight diagonal lines in Figs. 11 and 12, while—as
with Fig. 10—the DCS lines are curved because of exponen-
tial decay.

The main results of Figs. 11 and 12 are summarized in
Table IV. Results are listed with and without a hypothetical
noise abatement measure, resulting in a 10dB reduction at
all ranges. For this example, when the number of hammer
strikes exceeded 1000, the power law consistently underesti-
mated the impact range compared to the DCS prediction
by a factor of approximately 2.7 for fishes with a swim
bladder. This can be seen for SB2 recoverable injury, when
N =3 000. When applying DCS, the calculated impact range

TABLE III. Injury thresholds by Popper et al. (2014) for mortal and recoverable injury for fish groups based on data from 960 hammer strikes (SB1 and

SB2) and 1920 strikes (SBO).

Fish hearing group Metric Mortality and potential mortal injury Recoverable injury
SBO: No swim bladder Lgcum (re 1 ,uPa2 s) >219dB >216 dB
(particle motion detection) Ly px (re 1 uPa?) >213 dB >213 dB
SB1: Swim bladder is not Lgcym (re 1 ,uPa2 s) 210 dB 203 dB
involved in hearing (particle motion detection) Ly pk (re 1 uPaz) >207 dB >207 dB
SB2: Swim bladder involved in hearing Lgcum (re 1 ,uPaz s) 207 dB 203 dB
(primarily pressure detection) Ly px (re 1 Pa?) >207 dB >207 dB
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FIG. 11. (Color online) Borkum Riffgrund 1: Number of hammer strikes versus mortal injury range Rimpaci(N) for three fish groups, calculated using DCS
with o« = 1.38 dB/km and power law with # = 1.5. SBO, no swim bladder; SB1, swim bladder not involved; SB2, swim bladder involved. Vertical lines indi-
cate the impact range for L, . Straight diagonal lines indicate the impact range for L cym using the power law. Curved diagonal lines indicate the impact

range for Lg cym using DCS.

was 2870m, while the power law predicted an impact
range of less than 1080 m. In this situation, use of Eq. (2)
with f = 1.5 would underestimate the affected area by a
factor of (2870/1080)* ~ 7.

2. Estimated impact zone per pile

The impact zones for the fish group SB2 are considered
next, using Lg cum thresholds for recoverable injury (203 dB)
and mortal injury (207dB). The Lgcun thresholds were
based on 3500 hammer strikes per pile. The impact ranges
from Table IV are 1.8 km for mortal injury and 3.1 km for
recoverable injury, corresponding to impact areas of 10 and
30km,? respectively. With a 10dB abatement, the impact
ranges reduced to 0.29 km for mortal injury and 0.65 km for
recoverable injury, corresponding to areas of 0.3 and
1.3km,? respectively. Hence the 10dB abatement reduced
the maximum impact range by 79% and area by 96%.

For the Block Island site, which used 8000 hammer
strikes with a hammer energy of 0.392 MJ and pile diameter
1.52m, Martin and Barclay (2019) estimated the impact
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range for Lg cum recoverable injury to be 0.425 km, implying
Lg ¢ of 164.0dB at that distance. This is ~15 dB lower than
at the same range at BRI (Fig. 10), thus explaining the
shorter recoverable injury range at Block Island, even for
the larger number of strikes (8000).

We attribute the larger Lg for BR1 conditions to a
larger pile (6 m) and higher hammer energy (estimated to be
in the range 0.9—-1.5 MJ, based on measurements for similar
piles in the North Sea (ITAP, 2015c¢,d,). The application of
3500 hammer strikes implies Lg ¢ of 171.6 and 167.6 dB for
mortal and recoverable injury, respectively. These L ¢ val-
ues are 5.6dB lower than those used by Halvorsen et al.
(2012a) to determine the Lgcym thresholds based on 960
strikes used for the Popper et al. (2014) guidelines (Table
IIT). They are also 3.6dB higher than the Lggy values
implied by Martin and Barclay’s use of 8000 strikes.

The above estimates are based on Figs. 11 and 12 and
Table IV, which apply the solid curves from Fig. 10 using
E(r1) = Em(r1). For the reasons described in Sec. V, this
approach might overestimate E(r;) and the corresponding
effect distances. Application of the dotted lines [for
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FIG. 12. (Color online) Borkum Riffgrund 1: Number of hammer strikes versus recoverable injury range Rimpact (V) for three fish groups, calculated using
DCS with o = 1.38 dB/km and power law with # = 1.5. SBO, no swim bladder; SB1, swim bladder not involved; SB2, swim bladder involved. Vertical
lines indicate the impact range for L, ;x. Straight diagonal lines indicate the impact range for Lg cum using the power law. Curved diagonal lines indicate
the impact range for Lg cum using DCS. The middle and lower graphs are identical because the recoverable injury thresholds for SB1 and SB2 are equal
(Table III).

TABLE 1V. Borkum Riffgrund 1 (water depth 28 m; medium sand sediment): Estimated injury ranges (m) to Lg cum and L, . thresholds by application of

DCS. Abatement of 0 dB corresponds to the situation portrayed by Figs. 11 and 12, i.e., with Lg i (re 1 pPa*s) = 191.8 dB at 28 m, while 10 dB abatement
corresponds to Lg i = 181.8 dB at 28 m.

Estimated injury range / m

Fish group: SBO SB1 SB2

Injury type: Mortal Recoverable Mortal Recoverable Mortal Recoverable

Number of strikes ~ Abatement: 0dB 10dB 0dB 10dB 0dB 10 dB 0dB 10 dB 0dB 10dB 0dB 10dB

L cum
- - - - - - 4 - - - 4 -
7 - - - - 3 - 16 - 6 - 16
20 - - - - 9 - 44 4 18 - 44 4
70 <4 - <8 - 31 3 150 16 61 6 150 16
200 <11 - <22 - 87 9 398 44 170 18 398 44
700 <39 <4 <71 <8 287 31 1122 150 533 61 1122 150
2 000 <109 <11 <211 <22 721 87 2273 398 1234 170 2273 398
3500 <186 <20 <354 <39 1204 150 3103 647 1816 287 3103 647
7000 <355 <39 <648 <77 1818 287 4317 1122 2748 533 4317 1122
Lp pk
n/a <70 <7 <70 <7 <211 <22 <211 <22 <211 <22 <211 <22
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E(ry) = Ey(r1)] would result in systematically lower esti-
mates of Lpg and L,px by 1.6 and 1.9dB, respectively.
Applying this correction would reduce estimated effect dis-
tances by between 18% (applicable to the longest impact
range of 3.1km, which would be reduced to 2.5km) and
36% (applies to L,y in the cylindrical spreading region,
such that 211 m would be reduced to 136 m). The corre-
sponding reduction in impact area is between 33% and 59%.

3. Comparison with power law

The power law underestimates the (Lg cym) impact range
because it underestimates the sound exposure E at ranges
r > ry. Specifically, the power law is [using f = 1.5 in
Eq. (2)]

whereas the range dependence according to the more accu-
rate DCS [Eq. (5)] is

(23)

—1
Eoes(t) _ (L) gmatem), (24)
E(I‘l ) I
Taking the ratio of Eq. (23) to Eq. (24) gives
N 12
Epcs _ (7" on -, (25)
Eg_15 r

and the power law therefore overestimates by the same ratio
the number of strikes (at fixed E) that result in reaching a
specified threshold (we refer to this number as the
“threshold number” of strikes). The value of the ratio
depends on the value of r; (Fig. 13). For r < ry, the situation
is reversed, with the threshold number of strikes being
underestimated. At r, the DCS and power law estimates are
the same (234 m in Fig. 1) because r| is the fixed measure-
ment position from which both DCS and power law are
extrapolated. At r <ry, Lgcm 1s overestimated, so the
threshold number is underestimated. At r > ry, Lg cym (ini-
tially) is underestimated, and the threshold number is
overestimated.

VIl. CONCLUSIONS

We draw two main conclusions, first related to the suit-
ability of DCS for estimating Lg, L, pk, and L, s, and sec-
ond related to evaluating the range to injury threshold in
fishes.

A. The DCS is applicable to ranges at least up to 5 km

Both power law [Eq. (2)] and DCS [Eq. (5)] provide a
mechanism for extrapolating from a measurement of Lz at a
specified range, denoted ;. We have compared the accuracy
of these two methods for two different values of r;: 28 and
234 m. In both cases, the power law with ff = 1.5 overesti-
mates Lg(r) for r < r; and underestimates Lg(r) for r > ry,

J. Acoust. Soc. Am. 148 (1), June 2020

Ratio N,'}=1.5/NDCS

Range (r)/ m

FIG. 13. (Color online) Ratio by which the number of strikes required to
reach a sound exposure threshold is overestimated by the power law with
p =15 [using o =1.38dB/km in Eq. (25)]. This ratio decreases with
increasing value of ry, as indicated by the legend. When the ratio is less
than 1, the number of strikes is underestimated.

at least up to the maximum measurement range available
(5 km), whereas DCS reproduces the measured values in this
range.

Both L,y and L,y are linearly correlated with Lg
over a range of Lg ¢ between 138 and 178 dB. The correla-
tion with L, ;ms shows more scatter than for L, when the
90% energy signal duration is chosen for the averaging
time. This scatter is caused by a fundamental instability in
the 199 metric, leading to a corresponding instability in
L, 009%. A proposed solution is to instead apply tes for the
averaging time, which was shown to be a more robust mea-
sure of signal duration and greatly reduced data scatter. As
the values of L,.¢ are consistently higher than those of
L, 00%, risk thresholds could be adjusted upwards to avoid
an overly precautionary requirement.

B. The range to the recoverable injury threshold
in fishes is up to 3.1 km

The range to injury threshold was considered for fishes
from impact pile driving using the guidelines of Popper
et al. (2014). The scenarios assumed the same construction
conditions as at the BR1 wind farm. The following conclu-
sions based on DCS were reached. For both mortal and
recoverable injury, the predicted range to the L, 5 threshold
(Lp px impact range) was 211 m for fishes with a swim blad-
der (SB1 or SB2) and 70 m for fishes without a swim blad-
der (SBO0), independent of the number of strikes. The
predicted range to the Lg ¢y threshold (Lg cym impact range)
depends on the number of strikes: For up to 100 hammer
strikes, the L cym impact ranges were smaller than the corre-
sponding L, ,x ranges for all fish groups; for more than 2000
strikes, the Lg cym impact ranges were larger than the corre-
sponding L, px ranges for all fish groups.
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For 3500 hammer strikes, the predicted range to Lg cym
threshold for recoverable and mortal injury was 3.1 and
1.8km, respectively, corresponding to impact areas of
30km? for recoverable injury and 10km? for mortal injury.
By comparison, the power law (ff = 1.5) underestimates the
impact area by a factor 7 for conditions corresponding to
construction of BR1, with ; =28 m. An investigation of
the application of a noise abatement mitigation measure that
reduced noise by 10dB at all ranges was found to decrease
the maximum impact range by 79% and area by 96%.

The above estimates are based on the solid curves from
Fig. 10, which use E(r;) = Em(r1). This approach might
overestimate E(r) and the corresponding effect distances.
Application of the dotted lines [for E(ry) = Ey(r1)] would

result in systematically lower estimates of Lg ¢ and L, ,x by

1.6 and 1.9 dB, respectively. Applying this correction would
reduce estimated effect distances by between 18% (reducing
the longest impact range of 3.1 km to 2.5 km) and 36%. The
corresponding reduction in impact area is between 33%
and 59%.
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