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Executive Summary

Underwater sound pressure levels were recorded at four sites while hollow steel piles were installed by
vibratory and impact pile driving for modernization of the Alaska Marine Highway System ferry terminals.
Construction activities were monitored at the Kake, Auke Bay, Kodiak, and Ketchikan ferry terminals in
southeast Alaska. JASCO Applied Sciences (JASCO) was contracted to deploy autonomous sound
recorders at each location at nominal distances of 10 m and 1 km from each pile. To target data collection
at intermediate ranges, a mobile hydrophone recording system drifted during measurements. JASCO
collected underwater recordings of noise generated by two methods of pile installation: vibratory pile
driving, followed by impact pile driving at Kake, Auke Bay, and Ketchikan, and socket hole drilling
followed by vibratory setting at Kodiak. An impact hammer was used for no more than five proofing strikes
at Kodiak. JASCO scientists analyzed data recorded when construction activities were not occurring to
characterize the ambient sound conditions.

The goal of the sound measurements was to quantify the underwater sound pressure levels (SPL) during
vibratory and impact hammer pile driving events. From these data, the sound transmission loss was
characterized and distances to marine mammal injury and disturbance thresholds were calculated. After
JASCO completed the hydroacoustic monitoring, the National Marine Fisheries Service (NMFS) finalized
new rules for marine mammal injury thresholds. Thus, threshold ranges in this report reflect previous and
current (new) guidance.

For impact hammering the mean SPL, measured in dB re 1 pPa, normalized to a range of 10 m, was
194 8 at Kake, 191.2 at Auke Bay, 181.3 at Kodiak, and 194.7 at Ketchikan. The less than 4 dB spread
for Kake, Auke Bay, and Ketchikan, where similar methods were employed, was consistent for peak and
single strike SEL metrics. For vibratory hammering the mean SPL, measured in dB re 1 pPa, at 10 m was
157.9 at Kake, 168.8 at Auke Bay, 155.0 at Kodiak, and 162.5 at Ketchikan. At Kodiak, the mean SPL for
drilling was 167.7 dB re 1 pPa. Although lower levels for pile driving were measured at Kediak compared
to the other sites, drilling activities were comparable to the highest vibratory driving levels at Auke Bay.

Computed transmission loss (TL) coefficients, derived from fits of the unweighted received sound level
data versus range, varied between sites, ranging from 14.6 to 20.3 for impact pile driving and from 12.0 to
21.9 for vibratory pile driving. For drilling at Kediak, the TL coefficient was 18.9. Kodiak and Kake had the
highest TL coefficients for both impact and continuous sources (vibratory hammer and drill), whereas
Auke Bay and Ketchikan had lower TL coefficients. The TL coefficients were combined with the near-
source levels to determine the range to marine mammal thresholds. Source levels and transmission loss
coefficients were estimated from linear fits computed for recordings that had been frequency weighted for
functional hearing group.

Distances to marine mammal disturbance thresholds were derived from regressions of unweighted SPL
versus range and weighted SEL versus range. Ketchikan had the greatest computed range (mean levels)
to the impact hammering disturbance threshold of 160 dB re 1 pyPa at 2703 m. The computed ranges for
disturbance from continuous sources (vibratory hammer and drill) varied from less than 1 km at Kake to
over 12 km at Ketchikan, with larger ranges resulting from extrapolation beyond the maximum range
measured. More realistic ranges to thresholds, especially the low level of 120 dB re 1 yPa, may be
obtained from numerical propagation modeling of proposed activities at each site. Ranges to injury,
calculated from weighted SEL according to the new guidance, were most often less than 10 m for impact
pile driving. The ranges to injury thresholds for low- and high-frequency cetacean functional hearing
groups were consistently above 10 m. The greatest ranges to injury, based on mean levels, was 35 m
and 82 m, for low- and high-frequency cetaceans respectively, whereas threshold ranges for injury
resulting from exposure to continucus sources were greater with the greatest range to injury resulting
from vibratory hammering at Ketchikan, estimated at 1288 m for low-frequency cetaceans.

Source levels estimated in this study could apply to other piling activities that are similar in terms of
hammer specifications, pile size, and sediment properties, but the TL coefficients are less applicable to
other locations. The wide range of TL coefficient estimates for weighted and unweighted metrics
underscores the challenge in determining the correct surrcgate to use for future proposed actions.
Conservative values from these empirical estimates could help determine criteria ranges. Numerical
propagation modeling at a proposed action site would provide TL estimates based on the specific
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environment, which would generate more realistic estimates of criteria ranges. Regardless of the method
of TL estimation, acoustic monitoring with bottom-mounted, autonomous recorders is advised because
such recorders collect data that allow researchers to calculate 24 h exposure metrics from all activities
used to determine the threshold levels following NMFS 2016 Technical Guidance for Assessing the
Effects of Anthropogenic Sound on Marine Mammal Hearing (NMFS, 20186).
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1. Introduction

Alaska Department of Transportation and Public Facilities (AKDOT&PF, or AKDOT) commissioned a
research project to determine empirical distances from various pile driving, pile removal, and drilling
sources to relevant sound level thresholds for marine mammal injury and harassment. The project was
conducted to inform noise impact assessments and to guide monitoring and mitigation requirements for
future AKDOT dock and ferry terminal modernization projects throughout the state.

From September 2015 to July 2016 JASCO Applied Sciences (JASCO) made hydroacoustic
measurements of construction activities involving steel cylindrical piles at Kake, Auke Bay, Kodiak, and
Ketchikan Alaska (Figure 1). Construction activities included vibratory pile extraction, vibratory pile
driving, impact pile driving, and socket hole drilling using a down-hole hammer. Vibratory extraction of
existing piles, measured at Kake, was achieved by clamping the vibratory hammer onto the pile and
operating the hammer while using a crane to pull the pile upwards. Vibratory pile driving was performed at
each site by clamping the vibratory hammer onto the pile wall, operating the hammer, and then lowering
the pile with a crane. When vibratory driving could no longer penetrate the substrate, the operator would
switch to impact hammering until refusal.

Pile installation at Kodiak was somewhat different than at the other sites because the seabed was
composed of a thin (13-18 1) sediment layer overlying bedrock. The sediment layer did not provide
enough structural suppont for the piles so a 15 ft deep pile socket was drilled into the bedrock. The
vibratory driver first set the piles into position in the sediment, and then the drill created a pile socket in
the bedrock. The vibratory driver then oscillated the pile into final {plumb) position and the impact hammer
operated at low power setting from one to five times to proof the pile in place. Table 1 lists the activities
monitored at each site.

5 W}Wm 4 HW\‘%JL Alaska Yukon

K@dlak 7

British
Columbia

Kake 9-12 Sep 2015 TRk

Auke Bay 10-12 Nov 2015 AR
Kodiak 1-6 Mar 2016 Kaker.
Ketchikan 18-21 July 2016 Q{é

Ketchl kan

—_——

O 100 200 400

Datum: NAD 1983
Projection: Alaska State Plane
Figure 1. Map of hydroacoustic measurement locations.
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Table 1. Monitored pile driving activities at the four measurement locations.

Location

Dates

Confined
channel

Geotechnical
information

Pile driving
activities

Total number of
piles monitored

Pile
specifications

Impact hammer

Hammer strikes

Vibratory
hammer

Vibratory
Duration {min)

Drill

Drill Duration
{hour)

Keke

9-12 Sep 2015
No

Alluvium and fill
(Thickness 10-15 ft)
Bedrock (> 15 ft)

Ref: (Dames & Moore
1973)

Impact driving
Vibratory driving
Vibratory extraction

4*

Diameter: 30 in*
Length: 96 ft*
Wall thickness: 0.5in*

Delmag D19-42

Max energy: 66 kNm
Piston weight: 1.82t
Blow rate: 35-52/min

106-118

HPSI 260

Frequency: 1600 rpm
Force: 890 kN
Weight: 4853 kg

5-18

Auke Bay

10-12 Nov 2015
No

Silty, gravelly sand
(Thickness: 13-23 ft)
Clayey silt
(Thickness: 15-30 ft)
Ref: (AK DOT 1996)

Impact driving
Vibratory driving

Diameter: 30 in
Length: 187.8 ft
Wall thickness: 0.75 in

Hydrohammer SC-200
Max energy: 200 kNm
Piston weight: 13.6 t
Blow rate: 38 blows/min

262-602

APE 200-6
Frequency: 0-1650
vpm

Force: 2270 kN
Weight: 8573 kg

19-30

Kodiak

1-6 Mar 2016
Yes

Sand and gravel with silt
(Thickness: 15-20 ft)
Phyllitic greywacke
Bedrock (> 38-401t)
Ref: (R&M Consultants
2013)

Impact driving

Vibratory driving (setting)
Vibratory driving
(oscillating)

Rock socket drilling

8

Diameter: 24 in
Length: 69 ft
Wall thickness: 0.5 in

ICE Model 1-36

Energy used: 91.8 kNm
Piston weight: 3.6 t
Stroke: 851t

1-5

ICE model 44-B with
caisson clamp
Frequency: 900-1800
vpm

Force: 1844 kN
Weight: 5647 kg

26

Power pack: APE 150
Drill bit: Numa Super
Jaws Qverburden Bit

Air compressars (5 total,
3-4 used): IR 1070 CFM
(x2), IR 1170 CFM,
Sullair 1150 CFM, Sullair
950 CFM

0.75-3.65

Ketchikan

18-21 Jul 2016
Yes

Very soft (0-5 ft)

Soft (5-181t)

Loose (18-31 ft)

Medium dense (18-42 ft)
Bedrock (42 ft)

Ref. (Dames and Moore 1972)

Impact driving
Vibratory driving

Diameter: 30 in
Length: 145 ft
Wall thickness: 0.51n

Delmag D46-32

Max energy: 145.5 kNm
Piston weight: 4.6 t
Stroke: 10.5 1t

959-637

ICE model 44-B with caisson
clamp

Frequency: 900-1800 vpm
Force: 1844 kN

Weight: 5647 kg

72-139

*Two piles were extracted and two were driven with the vibratory and impact hammer. The extracted piles were battered and had a diameter of
18 in with unknown length and thickness.
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2. Literature Review and Background

JASCO reviewed literature on pile driving noise and its effects on marine mammals (Appendix H),
focusing on construction projects that used smaller piles (15-42 in diameter), which are typical for AKDOT
pile driving activities. The document in Appendix H describes sound propagation generally and the
specific mechanisms of sound generation from impact and vibratory pile driving and from drilling. The
document compiles and summarizes measured sound levels from projects in Alaska, Washington,
Oregon, California, and Australia, reported either in journal articles or publicly available technical reports.
Impact pile driving sound levels from seven projects were summarized as were sound levels from
vibratory pile driving from five projects. Drilling sounds were only discussed in one reference.

The reported sound levels varied with hammer type and energy, pile material and diameter, water depth
and bathymetry. The variety of measurement protocols used in the studies complicated cross-project
comparisons. Notably, many recordings made from drifting vessels were made with hydrophones
suspended into the water column resulting in a variable distance to the sound source throughout piling.
Data collection using fixed acoustic recorders that maintain the same depth and distance to the sound
source while they record provides a more robust statistical sampling of the emitted sound levels. The
monitoring performed for this study made recordings from both fixed and drifting vessels.

Most studies in the literature described and analyzed broadband received sound levels from pile driving,
but few referred to the frequency content of the sounds or how marine mammals perceive sounds, likely
because regulations concerning underwater sound impacts were, at the time, based on broadband sound
pressure level criteria. The United States National Marine Fisheries Service (NMFS) policy and process of
assessing marine mammal injuries from sound exposure changed throughout the course of this research
project. Prior to August 2016 the guidelines stated that to avoid injuring cetaceans and pinnipeds (Level A
harassment), they should not be exposed to sounds that exceed SPLs of 180 and 120 dB re 1 pPa,
respectively (NMFS 2000). In August 2016, NMFS issued revised guidance for assessing acoustic injury
that included peak pressure level thresholds and SEL thresholds that are accumulated over the shorter of
the activity duration or 24 hours (Table 2). The peak pressure level criterion is not frequency weighted
whereas the SEL is frequency weighted according to one of five marine mammal species hearing groups:
Low-, Mid- and High-Frequency Cetaceans (LFC, MFC, and HFC respectively) and two classes of
Pinnipeds in water: phocids (PPW) and otariids (OPW).

The revised criteria (described in more detail in Appendix G) were developed to acknowledge that the
potential for noise to affect animals depends on how well the animals can hear it. Noises are less likely to
disturb or injure an animal if they are at frequencies that the animal cannot hear well. An exception occurs
when the sound pressure is so high that it can physically injure an animal by non-auditory means (i.e.,
barotrauma). For sound levels below such extremes, the importance of sound components at particular
frequencies can be scaled by frequency weighting relevant to an animal’s sensitivity to those frequencies
(Nedwell and Turnpenny 1998, Nedwell et al. 2007).

In computing threshold ranges, the injury range is conservatively estimated due to the assumption that
the marine mammal is stationary at a fixed range for 24 hours or the duration of the activity. This could be
appropriate for marine mammals that have strong fidelity to a location (e.g., sea lion aggregation at a fish
processing plant near the Kodiak ferry terminal), but not for transient animals whose exclusion zone could
encompass animals that are exposed to levels much lower than the thresholds for Level A harassment.
Calculating an animal’s true sound exposure level would require knowledge of the animal’s position as a
function of time.

NMFS assumes animals will be behaviorally disturbed (Level B harassment) by impulsive sounds (like
impact hammer pile driving) with SPL above 160 dB re 1 uPa and by continuous sounds (like vibropiling
and drilling) above 120 dB re 1 pPa. The sound level from vibratory pile driving at any point in time is
lower than that generated by impact pile driving, but the exposure is continuous. Therefore, the threshold
for Level B harassment—SPL 120 dB instead of 160 dB—is set lower than that for impulses. Due to the
40 dB difference between the two thresholds, behavioral disturbances from vibratory pile driving could
occur at much greater distances than from impact driving. Nonetheless, received sound level alone may
not be a reliable predictor of behavioral disturbance. Other mediating factors, particularly exposure
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context, relative background level, and chronic exposure, might be equally important (Ellison et al. 2012).
The NMFS Level B harassment criteria does not currently account for these factors.

Table 2 Marine mammal Level A thresholds based on NMFS (2016a) peak pressure level in dB re 1 pPa, and
auditory-weighted SEL (24 h) in dB re 1 pPa®s.

Impulsive source Non-impulsive source
Hearing group Peak pressurelovel Auditory-weighted SELun Auditory-weighted SELae
(dB re 1 uPa) {dB re 1 uPa*-s) (dB re 1 uPat-s)
Low-frequency cetaceans 219 183 199
Mid-frequency cetaceans 230 185 198
High-frequency cetaceans 202 155 173
Phocid pinnipeds in water 218 185 201
Otariid pinnipeds in water 232 203 219
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3. Study Plan

This research study was designed to compile empirical data to assist in establishing observation and
shutdown zones for marine mammal monitoring during AKDOT pile driving projects. At each project
location, JASCO used two bottom-mounted Autonomous Multichannel Acoustic Recorders (AMARS) to
measure underwater sounds over 2-4 days during dock construction activities. The AMARSs were placed
at nominal distances of 10 m and 1 km from the piles. Background noise was measured during periods
between construction activities and overnight when construction had stopped. When possible, additional
vessel-based spot sampling was conducted with a hand-deployed hydrophone to constrain transmission
loss estimates. Measurements were conducted and analyzed in accordance with NMFS Northeast
Regicn guidelines (NMFS 2016b) and a brief field report was written after each field measurement. This
final report summarizes the results from all four sites.

The JASCO field monitoring team'’s activities consisted of calibrating the recorders, deploying the fixed
recorders, collecting CTD measurements, calibrating and collecting acoustic measurements from drifting
vessels with the dipping hydrophone, retrieving deployed recorders, and a final recorder calibration.
Depending on weather and construction schedules, the order of activities could vary slightly. Detailed
monitoring activity tables are included with the supporting data in Appendices A through D of this report.

Acoustic recordings were analyzed to determine received levels for the different types of pile driving as a
function of range from the pile. Several sound level metrics were computed for each sound source and,
when appropriate, frequency weighting functions were applied for different marine mammal groups. The
individual field reports applied audiometric frequency weighting for marine mammals using M-VWeighting
filters proposed by Southall et al. (2007). Since completion of the field studies, NMFS released different
marine mammal weighting functions (Appendix G), which we applied to the data for this comprehensive
report.

A linear fit was computed between the logarithm of the range from the pile to the received level for each
hammer-pile combination. The resultant function provided insight into the source levels and effects of
local environment on the attenuation of sound energy. The derived source levels and attenuation terms
were used to determine the range to sound level thresholds for marine mammal injury and disturbance
determined by NMFS (2016a).

Version 2.0 7



JASCO APPLIED SCIENCES Alaska DOT Hydroacoustic Pile Driving Noise Study — Comprehensive Report

4. Methods

4.1. Monitoring Locations

Acoustic monitoring of pile driving activities at each site consisted of two measurement processes. First,
fixed-position recorders (AMARS) were deployed on bottom moorings with hydrophones positioned 1 m
above the sea floor. An AMAR with a low-sensitivity hydrophone was deployed within 10 m of the piles at
each site. Ancther AMAR, with a higher sensitivity hydrophone, was deployed approximately 1 km from
the piles. In addition to the two bottom-mounted, fixed-position recorders, a dipping hydrophone was
deployed from a vessel at locations between the two AMARSs at approximately 6 m below the surface.
During recording from the vessel, the engines of the vessel were turned off and the vessel drifted to
reduce flow noise on the hydrophone. Ranges from the piles to the recorders were determined through
the use of GPS. The subsections that follow detail the AMAR deployment locations at each measurement
site.

41.1. Kake

Table 3. AMAR deployment locations at Kake, Alaska. Water depths measured using vessel echo sounder.

Monitoring location  Deployment date (UTC) Deployment time (UTC)  Lafitude Longitude  Water depth (m)

AMAR 1 deployment 1 9-5ep-2015 21:53 56°67.662N = 133°55.280'W 1.8
AMAR 1 deployment 2 11-Sep-2015 16:47 56°57.662N = 133°55.280'W 1.8
AMAR 2 deployment 1 10-Sep-2015 17:05 56° 57.377' N 133° 56.278' W 336
AMAR 2 deployment 2 12-5ep-2015 22:50 56° 57.365'N | 133° 56.195' W 336
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AMAR 2 dep. 1

*
*

AMAR 2 dep. 2
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Figure 2. AMAR deployment locations during hydroacoustic monitoring at Kake, Alaska. Aerial orthophotos obtained
from USGS.

4.1.2. Auke Bay

Table 4. AMAR deployment locations at Auke Bay, Alaska. Water depths measured using vessel echo sounder.

Monitoring Daployment Deployment ; ;

Inestion dats (UTC) fime (UTC) Lafitude Longitude Water depth (m)
AMAR 1 . 2015-Now-10 0112 | 50707 662N | 133°65 280"\ 189
AMAR 2 2015-MNow-10 0151 56757 377N 1337 56 278" 479
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Figure 3. AMAR deployment locations during hydroacoustic maonitoring at Auke Bay, Alaska. Aerial orthophotos

abtained from USGS.
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Figure 4. Position of AMAR 1 (red star) at Pier E4 in relation to Piles 1-3. Piles 1-3 were not in place at the time of
AMAR 1 deployment, therefore the range from the hydrophone to the piles was calculated from the engineering
plans. An uncertainty of 1 m was included the range to AMAR, based on the logged deployment coordinates.
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4.1.3. Kodiak

Table 5. AMAR deployment locations at Kodiak, Alaska. Water depths measured using vessel echo sounder.

Monitoring Deployment Deployment . .

location date {UTC) time (UTC) Latitude Lengitude Water depth (m)
AMAR 1 2016-Mar-02 01:44 57°47 235'N 152°24 134"W 50
AMAR 2 2016-Mar-02 02:34 57°47.501'N 152° 23.133'W 15.2

Figure 5. AMAR deployment locations during hydroacoustic monitoring at Kodiak, Alaska. Aerial orthophotos
obtained from NOAA COffice for Coastal Management (2016a).

4 1.4. Ketchikan

Table 6. AMAR deployment locations at Ketchikan, Alaska. Water depths measured using vessel echo sounder.

Monitering Deployment Deployment S ;

location date (UTC) time (UTC) Latitude Longitude Water depth (m)
AMAR 1 2016-Jul-18 02:42 55°21.228'N 131°41.736"W 13.9
AMAR 2 2016-Jul-18 02:56 55°20.782'N 131°41.334'W 323
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Figure 6. AMAR deployment locations during hydroacoustic monitoring at Ketchikan, Alaska. Aerial orthophotos
obtained from NOAA Office for Coastal Management (2016b).

4.2. Data Acquisition

The following subsections contain the monitoring activity details for each site. Detailed AMAR parameters
used for the recording are provided in Appendix F.

42 1. Kake

Table 7. Acoustic monitoring activity details at Kake, Alaska.

Recorders 2 AMAR, 1 dipping hydrophone

Vessel Kalyn Ann

AMAR 1: 2015-09-09 21:09-2015-09-11 01:03
HeporGing finesTTE] AMAR 1: 2015-09-11 16:36-2015-09-13 02:55
AMAR 2Z: 2015-09-10 14:13-2015-09-12 03:19
AMAR 2: 2015-09-12 21:57-2015-09-13 03:02

AMAR1: 7-17m
AMAR 2: 1098-1161 m

Dipping hydrophone ranges | 61-69 m, 146-166 m, and 130-204 m
CTD casts performed 3

Monitoring ranges
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4.2.2. Auke Bay

Table 8. Acoustic monitoring activity details at Auke Bay, Alaska.

Recorders 2 AMAR, 1 dipping hydrophone

Vessel Eclipse

AMAR 1: 2015-11-09 00:52-2015-11-12 01:06
Recording times (UTC) AMAR 2: 2015-11-10 01:27-2015-11-12 00: 16
Dipping, non-continuous: 2015-11-10 00:33-2015-11-12 00:22

AMAR 1: 4.0-6.8 m
AMAR 2: 1184-1187 m

Dipping hydrophone ranges | 215-430 m

Monitoring ranges

CTD casts performed 4

4.2.3. Kodiak

Table 9. Acoustic monitoring activity details at Kodiak, Alaska.

Recorders 2 AMAR, 1 dipping hydrophone

Vessdl Bella-G

AMAR 1: 2016-03-01 23:22-2016-03-06 03:10
Recording times (UTC): AMAR 2: 2016-03-01 23:20-2016-03-06 03:07
Dipping, non-continuous: 2016-03-04 22:13-2016-03-04 23:28

AMAR1:9.8-31.1m
AMAR 2: 1117-1136 m

Dipping hydrophone ranges | 69-234 m

Monitoring ranges

CTD casts performed 2

4.2 4 Ketchikan

Table 10. Acoustic menitoring activity details at Ketchikan, Alaska.

Recorders 2 AMAR, 1 dipping hydrophone

Vessel Aluminum outboard cabin cruisers from Baranof Fishing Excursions

AMAR 1: 2016-07-18 01:28-2016-07-21 02:00
Recording times (UTC): AMAR 2: 2016-07-18 01:25-2016-07-21 01:58
00:15-2016-07-21 00:47

AMAR 1:16.3-18.4 m

Monitoring ranges AMAR 2- 947-949 m

Dipping hydrophone
ranges

66-248 m

CTD casts performed 2

Dipping, non-continuous: 2016-07-19 23:21-2016-07-20 00:04Dipping, non-continuous: 2016-07-21
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4 2.5 Calibration

A 42AC pistonphone calibrator (G.R.A.S. Sound & Vibration A/S; Auke Bay, Kake, and Kodiak s/n 85462;
Ketchikan s/n 201839) verified the sensitivity of the whole recording apparatus of both the AMAR and the
OSM systems. The pressure response of the recording system was verified by placing the pistonphone
and its adapter over each hydrophone independently while the pistonphone produced a known pressure
signal on the hydrophone element (a 250 Hz sinusoid at 152.2 dB re 1 yPa). Calibrations were performed
in JASCO’s warehouse before the recorders were shipped and again immediately before and after each
deployment to confirm consistency of the system sensitivity throughout the project. Readings were
verified between each deployment and before data analysis was performed.

4 2 6. Environment

Weather, specifically wind and precipitation, can impact underwater ambient noise conditions. Weather
data for the periods of acoustic monitoring were obtained from NOAA (National VWeather Service) weather
stations located near the construction sites. If there was no precipitation during the deployment period,
the data only included wind speed. The weather data for each site are in the respective Appendices of
supporting data.

The conductivity, temperature, and depth of the water column were measured with a Minos X (AML
Oceanographic, s/n 8413) at each site. CTD profiles were measured and the sound speed profile of the
water column was derived from the average of the profiles. At Auke Bay, four CTD profiles were
measured. At Kake, three CTD profiles were measured. At both Ketchikan and Kodiak, two CTD profiles
were measured. These data are also provided in the site-relevant Appendices of supporting data.

4.3. Pile Driving Activities

The subsections that follow detail the pile driving activities that were monitored at each site. Pile driving
logs received from the construction contractors at each site are provided in Appendix E.

4 3.1. Kake

Table 11. Log of pile driving activities at Kake, Alaska.
Date (UTC) Time (UTC) Activity

2015-09-10 | 18:05-18:20 | Vibratory extraction of 18" batter pile at west side of ramp.
2015-09-10 | 19:20-20:20 | Vibratory piling of 30" west restraint pile. Installation aborted after pile toe hit sub-bottom obstruction.

2015-09-10 | 22:20-23:10 | Vibratory piling of 30" west restraint pile at temporary location.

2015-09-11 1 17:05-17:20 | Vibratory extraction of 18" batter pile at east side of ramp.

2015-09-11 1 18:10-18:50 | Vibratory piling of 30" east restraint pile. Installation aborted after pile toe hit sub-bottom obstruction.
2015-09-11 | 22:30-22:50 | Vibratory piling of 30" east restraint pile at temporary location.

2015-09-11 | 23:15-23:30 | Vibratory piling of 30" east restraint pile at final [ocation.

2015-09-12 | 16:15-17:40 | Vibratory piling of 30" west restraint pile at fina location.

2015-09-12 | 21:29-21:33 | Impact hammering of 30" west restraint pile.

2015-09-13 | 00:44-00:48 | Impact hammering of 30" east restraint pile.
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4.3.2. Auke Bay

Table 12. Log of pile driving activities at Auke Bay, Alaska.
Pile Activity Date (UTC} Time {UTC)

1 2015-11-11 1 01:45:10
3 | Vibratory driving | 2015-11-11 | 16:55:35
2 2015-11-11 1 19:30:36
3 2015-11-11 1 22:53.44
1 | Impact hammering | 2015-11-12 | 00:00:55
2 2015-11-12 1 0:05:15
4.3.3. Kodiak

Table 13. Log of pile driving activities at Kodiak, Alaska.

Pile Activity Date (UTC) Time (UTC)
D22 31212016 | 181
D20 31412016 | 1829
D18 31412016 | 20:22
D16 31412016 | 22:07
Drilling
D13 31512016 | 19:38
D14 31512016 | 21:44
D13 31512016 | 23:38
D12 3/6/2016 | 0:30
D20 31412016 | 2:00
D14 31512016 | 17:43

D15 | Vibratory driving (setting) | 3/5/2016 | 17:49

D13 3512016 | 17:95
D12 3512016 | 18:01
D22 3aRrme 212
Vibratory driving (oscillating)
D16 3412016 | 2350
D18 352016 0:13
D16 | Impact hammering 3f5/12016 | 0:22
D22 352016 0:07
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Pile  Activity Date (UTC) Time (UTC)
D20 352016 0:09

4 3.4. Ketchikan

Table 14. Log of pile driving activities at Ketchikan, Alaska.
Pile Activity Date (UTC} Time (UTC)

2 2016-07-19 1 18:40

—_

Vibratory driving | 2016-07-19 | 23:19

3 2016-07-20 1 17:03
3 2016-07-21 1 00:16
2 | Impact hammering | 2016-07-21  01:01
1 2016-07-21 101:25

4.4. Data Analysis

Analysts used the proprietary software PAMIab to calculate calibrated metrics. Metrics were computed
over 1 s windows for vibratory driving. For impact pile driving, individual strike records were detected
using PAMIaby’s Impulse detection algorithm. The detector computed the Teager-Kaiser (TK) energy of
the acoustic file, and triggered detections when the value of the TK energy exceeded a threshold. TK
energy is useful for detection of impulsive sounds as it amplifies the effect of big changes between
subsequent samples within the acoustic record. The 90% energy window was determined from the
detection pericd. SPL metrics were computed over the 90% energy window. Detections were limited to
intervals greater than 0.5 s to prevent detecting multiple path arrivals as distinct pulses. Computed
acoustic metrics (Appendix G) included 90% sound pressure level (SPL), sound exposure level (SEL),
and peak sound level (peak level). Single-strike SELs from pile driving impulses received on the fixed
AMARs were summed, in pressure units, to yield SELs for each pile. Data from the fixed AMARs and
dipping hydrophone system were processed using this procedure.

PAMIab outputs were synthesized with the ranges of the recorders, fixed and drifting, to the pile. A linear
fit was computed between the SPL and the logarithm of the ranges to determine the transmission loss
(TL) coefficient, n, according to Equation 1.

RL =S8L-nlogR Equation (1)

The regressions were performed for a sub-set of the recordings when pile driving levels received
simultanecusly at all three recorders sufficiently exceeded background levels, determined by visually
examining the spectrograms of the recorded data. A sub-set of the data were used to avoid biasing the
empirical fit which could happen if more data were used from the AMARSs than the dipping hydrophone
system. Saturated signals, which occurred when the received level exceeded the maximum level that can
be digitized by the recording system were excluded from analysis as were periods that were
contaminated by noise from vessels or other sources. Notes are added in the Results section where such
data were excluded since this has the potential to bias the analysis. The TL coefficients thus calculated
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for each pile were then used in Equation 1 to back-calculate the source level (SL) statistics based on the
mean, median, and 90th percentile received levels (RL) computed from the full record of data from
AMAR 1 atrange R. The ranges to marine mammal impact threshold levels were computed from the
source level statistics and transmission loss coefficients for each pile, using Equation 1.

For each pile we present the following results:

¢ Arepresentative waveform (sound pressure versus time) and spectral density curve (sound pressure
level as a function of frequency, at a resolution of 1 Hz) received on each recorder for impact and
vibratory installation of each pile.

¢ A spectrogram plot (sound intensity as a function of time and frequency, 10 s window) for a few
representative pulses received at each recorder during impact installation of each pile.

e A spectrogram plot (sound intensity as a function of time and frequency, 10 s window) for data
received at each recorder during vibratory installation of each pile.

¢ Received sound pressure levels versus time for peak level, SPL, single-strike SEL (SELss), and
accumulated SEL (SEL), received on each recorder for impact and vibratory installation of each pile.

¢ Received sound pressure levels (SPL) versus range for a subset of data recorded on each recorder
during impact and vibratory installation of each pile.

¢ Marine mammal auditory weighting functions are covered in Appendix G.2. Frequency-weighting was
applied following the specific methods and thresholds for injury summarized by NMFS criteria for
injury (NMFS 2016a). The frequency-weighting filters were applied to the pile driving data. The SPL
and SEL values were computed as per Equation 1. The Medium and High Frequency Cetacean
functional hearing groups represent species with nominal hearing ranges of 150 Hz to 160 kHz and
275 Hz to 160 kHz, respectively (NMFS 2016a). While the predominant frequencies of noise in pile
driving activity are below 10 kHz, the signals are broadband and contain acoustic energy in higher
frequencies (Appendices A5, B.5, C.5, and D.5). The frequencies of best hearing for these functional
hearing groups extend beyond the highest frequency characterized by the AMAR data (32 kHz) and
the weighted levels computed for these species may be underestimated in these data. Measurements
should be made at higher sampling rates so that accurate weighted SEL can be computed for these
hearing groups.

¢ 1/3-octave band level box plots for vibratory and impact installation of each pile are provided in
figures in site-relevant Appendices of supporting data.

NMFS (2016a) criteria are based on peak pressure levels and 24 hour SEL. The SEL was calculated for
each 24 h day (24 hours, local time) in which pile driving occurred. If more than one pile was installed or
extracted, the SELs were calculated for all piles in that period. Impact and continuous sources—vibratory
hammer and drilling—were considered separately.

4.4.1. Weighting Function Adjustments

NMFS released an Optional User Spreadsheet when they issued the revised acoustic injury guidance
(NMFS 2016a). The User Spreadsheet provides Weighting Function Adjustments (WFA) to estimate
weighted SEL from unweighted SEL. The WFA depend on the marine mammal hearing group and the
90th percentile frequency of the source sound spectrum. The WFA frequencies for impact and vibratory
piling suggested by NMFS are 2 and 2.5 kHz, respectively. Table 15 lists the WFA for impact and
vibratory piling for each marine mammal group.
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Table 15. Weighting Function Adjustments for impact and vibratory piling assuming the source-dependent 90th
percentile frequency recommended in the NMFS Spreadsheet.

Functiond Hearing Group Impact Hammering (@ 2kHz) Vibratory Piling (@ 2.5 kHz)

LFC -0.01 -0.05
MFC -19.74 -16.83
HFC -26.87 -23.50
PPW -2.08 -1.29
OPW -1.15 -0.60

NMFS acknowledges the WFA likely result in conservative estimates of weighted SEL. In the site-relevant
Appendices of supporting data we provide the difference between the broadband-discounted SEL and
weighted SEL (i.e., (unweighted SEL + WFA) — weighted SEL) to assess this claim. For our analysis, we
assumed vibratory extraction had the same WFA as for vibratory piling.

The broadband-discounted SEL was calculated from the unweighted SEL by adding the WFA to the
broadband SEL. This value was used as the source level input in the NMFS Optional User Spreadsheet
to determine distance to threshold ranges.

The ranges to thresholds based on NMFS 2016 criteria were determined by two separate processes:

1. The Optional User Spreadsheet, included in NMFS (2016), was completed based on source levels
and numbers of strikes determined by analyzing the recordings. The WFA were selected based on
spreadsheet instructions.

2. Similar to the procedure used for solving Equation 1 for the unweighted levels, Equation 1 was solved
using 24 h SEL from weighted pulse levels with ranges calculated for thresholds specified in NMFS
{20186) according to the following process, we calculated:

¢ Weighted SEL for each pile at each AMAR (mean weighted value + 10%og(N)).
+ Weighted-level spreading loss for each pile and weighting function.

¢ Range at which the total SEL for all piles reached the threshold by applying the appropriate
spreading loss terms to the AMAR measurements.

¢+ Ranges as distances to Level A harassment thresholds for a fixed receiver.

4.4.2. Ambient Data Analysis

Ambient noise levels at each recording station were measured as:

+ Broadband and approximate decade band sound pressure levels (SPLs) over time for these
frequency bands: 10 Hz to 64 kHz, 10—-100 Hz, 100 Hz to 1 kHz, 1-10 kHz, and 10-64 kHz.

¢ Spectrograms: Ambient noise at each station was analyzed by Hamming-windowed fast Fourier
transforms (FFTs), with 1 Hz resolution and 50% window overlap.

e Statistical distribution of sound pressure levels (exceedance levels) in each 1/3-octave band and for
the power spectral density.
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5. Results

Received levels for pile driving activity sounds were analyzed at each recorder. A linear fit was computed
between the levels and the range to the piles to determine the source levels and transmission loss
coefficients. Received levels and empirical ranges to threshold distances are presented for each
construction site. All dates and times are reported in UTC. Spectrograms representing the entire
monitoring period, band-limited time histories, time histories of pile driving sound levels, and ambient
noise characteristics are provided in the appendices as supporting data.

5.1. Kake

JASCO field staff monitored pile driving activities at the Kake ferry terminal facility from 9-13 Sep 2015.
Activities monitored included extracting two batter piles and installing two restraint piles. Vibratory
extractions occurred on the east and west sides of the project location, as did installations.

Each vibratory extraction took 15 min. Vibratory driving of the east restraint at the final position took
15 min; impact hammering occurred over 4 min with 106 strikes. Vibratory driving of the west restraint
occurred over 95 min; impact piling ocourred for 4 min and included 118 strikes. Periods without
construction activity were analyzed to estimate the background noise levels at the Kake ferry terminal.
Pile installation was monitored at two fixed distances from each pile (west restraint: 9.5 m and 1098 m;
east restraint: 14 m and 1161 m). Pile extraction was monitored from two fixed distances for each pile
{west restraint: 7 m and 1149 m; east restraint: 17 m and 1157 m).

5.1.1. Impact Driving Noise Levels

A spectrogram showing multiple strikes of the impact hammer on the east restraint pile at a range of 14 m
displays the broadband frequency content of the impacts (Figure 7). The received levels at the recorders
decreased with range, whereas the durations of the signals increased with range (Figure 8). The SPLs
were relatively stable, within a few dB, over the course of the hammering. During the last impacts, the
AMAR at 1098 m from the east restraint pile did not record the entire signal because it was saturated,
meaning that the signal exceeded the recording system's capabilities.

A linear regression between the SPL and the logarithm of the range to the recorders is presented in
Figure 9. This regression provides estimates of the source level and transmission loss coefficient in
Equation 1. The strikes that saturated the AMAR were excluded from this analysis. The estimated source
level from this regression is 212.8 dB re 1 pPa, with a transmission loss estimate of 19.6 (nin

Eguation 1). The maximum SPL for all of the impacts recorded was 199.1 dB 9.5 m from the west
restraint. The mean, median, max, and 90% received levels for SPL, peak pressure, and single-strike
SEL (unweighted and frequency-weighted according to the 20186 NMFS guidance) are provided in

Table 16
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Figure 7. Spectrogram of multiple strikes by the impact hammer on the 30" diameter east restraint pile measured at
14 m range on AMAR 1.
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various distances from the pile. Background noise spectrum from the 0.5 s window preceding the pulse is shown in
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Figure 9. Peak level, SPL, and SEL versus range for impact driving of the 30" diameter east restraint pile. Line shows
best-fit transmission loss curve to SPL data. Levels included in this plot are from the 50 strikes that were recorded on
both AMARSs and the dipping hydrophone.

Table 16. Statistics of peak level, SPL, and single-strike SEL (unweighted and frequency-weighted according to the

2016 NMF S guidance) for impact driving 30" diameter steel piles. Unw = unweighted, LFC = low-frequency cetaceans,
MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans, PPVW = phocid pinnipeds in water, OPW = otariid

pinnipeds in water.

Sound level

West Restraint

AMAR 1-9 5 mrange (n= 118)
peak level (dBre 1 uPa)

SPL (dBre 1 uPa)

single-strike SEL (dB re 1 uPa%s)

East Restramt

AMAR 1-14m range (n= 106)
peak level (dBre 1 uPa)

SPL (dBre 1 uPa)

single-strike SEL (dB re 1 pPa’s)

Weighting

Unw
Unw
Unw
LFC
MFC
HFC
PPW
OPW

Unw
Unw
Unw
LFC
MFC
HFC

2088
196.1
181.0
180.3
160.3
1673
173.3
173.6

2017
180.9
176.3
176.4
163.6
150.3

Median

208.4
196.3
180.3
179.5
160.1
167.2
172.7
173.2

201.8
191.0
176.4
175.3
183.5
180.3

Max

2122
189.1
183.7
183.0
163.0
189.8
1761
176.4

2043
192.6
1781
177.2
165.6
162.5

80th percentile

2115
198.4
183.1
182.4
162.5
189.3
176.4
175.8

203.4
192.3
177.7
176.8
1851
161.8
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Sound level Welghting hisan Madlan Miax 90th parcentlle
PPW | 1681 1681 | 1703 169.5
OPW | 1685 168.3 170.7 169.9

AMAR 21098 m range (n= 106)

peak level (dB re 1 pPa) Uw 1645 | 1640 | 1665 | 166.4

SPL (dB re 1 pPa) Uw | 1541 154.0 155.7 155.2

single-strike SEL (dB re 1 uPas) Unww 142.2 142.2 144.1 1436
LFC | 1414 | 1M3 | 1433 | 142.8
MFC | 117.0 117.3 118.9 118.4
HFC 112.9 113.1 115.0 1146
PPW | 1330 | 1331 | 1347 | 134.1
oPW | 1330 133.2 134.6 134.1

5.1.2. Vibratory Driving Noise Levels

A spectrogram showing over 3 min of the vibratory hammer on the east restraint pile at a range of 14 m
displays the broadband frequency content of the vibratory hammering over time (Figure 10). The received
levels at the recorders decreased with range (Figure 11). Close to the piles, the SPLs clearly exceeded
the background levels, while at 1 km the levels did not exceed the background by the same margins.

A linear regression between the SPL and the logarithm of the range to the recorders is presented in
Figure 11. The estimated source level at 1 m from this regression is 174.9 dB re 1 yPa, with a
transmission loss estimate of 20.6 (r7in Equation 1). The mean, median, max, and 90% received levels
for 1 s SPLs (equivalent to SEL) and statistics of SPLs weighted according to the 2016 NMFS guidelines
are presented in Table 17 and Table 18. The maximum 1 s SPL was 170.6 dB, 9.5 m from the west
restraint.
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Figure 10. Spectrogram of vibratory driving of the 30" diameter east restraint pile measured at 14 mrange on
AMAR 1.
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Figure 11. Plot of SPL versus range for vibratory driving of the 30” diameter east restraint pile. Line shows best-fit
transmission loss curve to SPL data from AMARs 1 and 2 and the dipping hydrophone.

Range (km)

1.00

10.00

Table 17. Statistics of SPL (unweighted and frequency-weighted according to the 2016 NMFS guidance) for vibratory

driving of the 30" diameter east restraint pile. Unw = unweighted, LFC = low-frequency cetaceans, MFC = mid-

frequency cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid pinnipeds in

water.

Sound level

AMAR 1-74.m range (295 s)
SPL (dBre 1 uPa)

AMAR Z-1161 m range (290 s)
SPL (dBre 1 yuPa)

Weighting

Unw
LFC
MFC
HFC
PPW
OPW

Unw
LFC
MFC
HFC
PPW
OPW

150.8
144.6
1222
119.3
136.7
136.8

1101
107.8
88.3
8b.5
99.3
99.2

Median

147.5
142.2
174
1133
1349
135.2

108.2
108.7
87.3
84.5
98.7
98.5

Max

188.2
161.8
139.9
137.9
1455
145.6

118.8
1171
103.2
100.5
111.0
1111

90th percentile

186.9
148.8
124.5
121.4
1375
137.5

113.4
109.9
801

87.3
100.3
100.0
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Table 18. Statistics of SPL (unweighted and frequency-weighted according to the 2016 NMFS guidance) for vibratory
driving of the 30" diameter west restraint pile. Unw = unweighted, LFC = low-frequency cetaceans, MFC = mid-
frequency cetaceans, HFC = high-frequency cetaceans, PPV = phocid pinnipeds in water, OPW = otariid pinnipeds in
water.

Sound level Weighting Mean Median Max 90th percentile
AMAR 1-9 5 m range {1098 5)
SPL (dBre 1 uPa) Unw 160.4 1568.6 1706 163.8
LFC 151.9 149.2 166.7 1864.7
MFC 124.5 1209 1404 124.5
HFC 1211 115.7 138.5 120.1
PPW 140.3 139.1 152.1 140.8
OPW 139.8 138.8 152.5 140.3

5.1.3. Vibratory Extraction Noise Levels

Vibratory extraction of two existing 18" restraint piles were monitored to determine the level of noise
generated by this activity. The regression of recorded levels and logarithm to range provided a source
level estimate of 168.2 dB, with a transmission loss coefficient of 19.2 (Figure 12). Statistics of the
broadband and functional hearing group weighted SPLs are provided in Table 19.

180 — T T .H.mi — = rr—
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= 168.2- 19.2 log(R)
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Figure 12. SPL versus range for vibratory extraction of the 18" diameter west restraint pile. Line shows best-fit
transmission loss curve to SPL data from AMARs 1 and 2 and the dipping hydrophone.
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Table 19. Statistics of SPL (unweighted and frequency-weighted according to the 2016 NMFS guidance) for vibratory
extraction of the 18" diameter west restraint steel pile. Unw= unweighted, LFC = low-frequency cetaceans,

MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid
pinnipeds in water.

Sound level Weighting Mean Median Max 90th percentile

AMAR 1=7 mrange (n= 222)

SPL (dBre 1 pPa) Unw 156.2 151.0 167.3 161.1
LFC 1524 1451 165.5 156.5
MFC 137.4 1193 155.7 136.9
HFC 1344 115.2 1525 132.9
PPW 146.5 136.0 163.2 1493
OPW 146.8 135.8 163.6 149.3

AMAR 2-1149 m range {n= 222)

SPL (dBre 1 pPa) Unw 113.9 106.7 126.8 118.9
LFC 1126 104.9 126.2 1175
MFC 991 90.2 118.2 995
HFC 958 88.7 1151 947
PPW 108.9 978 125.2 1114
OPW 109.3 979 125.5 111.9

Table 20. Statistics of SPL (unweighted and frequency-weighted according to the 2016 NMFS guidance) for vibratory
extraction of the 18” diameter east restraint steel pile. Unw= unweighted, LFC = low-frequency cetaceans,

MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid
pinnipeds in water.

Sound level Weighting Mean Median Max 90th percentile

AMAR 1-17 m range (n= 320)

SPL (dBre 1 yPaj Unw 152.4 147.7 162.8 154.9
LFC 1490 1417 159.7 1525
MFC 127 4 113.6 144 2 1292
HFC 1246 109.4 1420 1258
PPW 140.3 131.0 1805 1447
OPW 140 4 130.9 152.7 145.0

AMAR 2-1157 mrange {n= 321)
Unw 1156 110.2 126.4 1193
LFC 114.0 108.3 125.0 117.9
MFC 940 818 1091 98.0
HFC 900 78.2 105.6 928
PPW 107.5 97.8 120.3 1120
OPW 107.9 971 120.9 1125
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5.1.4. Threshold Distances

Equation 1 was solved for the threshold criteria provided in Section 2, using the regressions and
statistical measures of source levels and transmission loss from Sections 5.1.1 through 5.1.3. For impact
pile driving, vibratory pile driving, and vibratory pile extraction, the ranges to the different thresholds are in
Table 21. Injury ranges were less than 86 m, and behavioral disturbance range was less than 1300 m.

Table 21. Distance to SPL thresholds determined from best-fit transmission loss coefficient and SPLs on AMAR 1
(90th percentile and mean). Threshold distances are maximized over the levels from the east and west restraint piles.

Threshold (SPL, dB re 1 uPa) 80th Percentile Distance {m) Mean Distance (m) Transmission Loss Coefficient

Impact dhiving 30" pifes

190 27 20 19.6
180 86 66 19.6
160 897 685 19.6
Vibratory driving 30° piles

120 1207* 825 206
Vibratory extraction 18" pies

120 1269* 940 19.2

*Extrapolated beyond maximum measurement range.

5.1.5. Weighted Transmission Loss Coefficients

NMFS 2016 functional hearing group weighting functions were applied to the received signals and when
possible, regressions between the weighted levels and the logarithm of the ranges were computed to
determine the transmission loss coefficient for each functional hearing group (Table 22-Table 24).
Transmission loss estimates ranged from 16.9 for the extraction of the west pile with OPW weighting to
19.7 for impact hammering of the east restraint for HFC.

Table 22 Transmission loss coefficients from mean AMAR measurements for impact hammering. N/A = data

excluded from analysis. LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-frequency
cetaceans, PPW = Phocid pinnipeds in water, OPW = Otariid pinnipeds in water.

Weighting West Restraint East Restraint

LFC NA 179
MFC NIA 19.3
HFC NA 19.7
PPW N/A 18.5
OPW NIA 18.7

Table 23. Transmission loss coefficients from mean AMAR measurements for vibratory driving. NfA = data excluded

from analysis. LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans,
PPW = Phocid pinnipeds in water, OPW = Otariid pinnipeds in water.

Weighting West Restraint East Restraint
LFC NfA 192

Version 2.0 27



JASCO APPLIED SCIENCES Alaska DOT Hydroacoustic Pile Driving Noise Study — Comprehensive Report

Weighting West Restraint East Restraint

MFC NIA 177
HFC NIA 177
PPW N/A 19.0
OPW NIA 192

Table 24. Transmission loss coefficients from mean AMAR measurements for vibratory extraction. LFC = low-

frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans, PPW = Phocid pinnipeds in
water, OPW = Oftariid pinnipeds in water.

Weighting West pile East pile

LFC 18.0 191
MFC 17.3 18.2
HFC 17.4 18.9
PPW 17.0 17.9
OPW 16.9 17.7

5.1.6. Weighted-Level Threshold Distances

For AMAR 1, peak levels were calculated from maximum peak measurements and back-propagated
using spherical spreading when measurements did not reach a peak threshold, and forward-propagated
using the practical spreading loss model when measurements exceeded a peak threshold (Table 25). The
peak threshold distances are less than the SEL-based threshold ranges for all hearing groups.

Table 25. Range in meters to onset of hearing injury based on NMFS 2016 criteria (Section 2) for pile driving at Kake
ferry terminal. LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans,
PPW = Phocid pinnipeds in water, OPW = Otariid pinnipeds in water.

Impact Vibratory

Waeighting
SEL 24h Peak SEL 24h

LFC 124 | 4 2
MFC 7 1 0
HFC 164 | 31 2
PPW ¥ | 5 0
OPW 4 1 0
5.2. Auke Bay

Pile driving activities at the Auke Bay ferry terminal were monitored by JASCO field staff from 9-12 Nov
2015. Activities monitored included installation of three piles. Vibratory driving of each pile took about
30 min. Impact hammering occurred for less than 15 min for each pile. Periods without construction
activity were analyzed to estimate the background noise levels at the Auke Bay ferry terminal. Pile
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installation was monitored at two fixed distances from each pile (Pile 1: 5.3 m and 1188 m; Pile 2: 4.0 m
and 1187 m; Pile 3. 6.8 m and 1184 m).

5.2.1. Impact Driving Noise Levels

Examples of sighals recorded on each AMAR are provided in Figure 13. The spectrum from AMAR 1, at
6.8 m from the pile is more clearly above the background noise level, throughout the frequency range,
compared with the signal recorded at AMAR 2. The peak level of the signal at AMAR 1 was over 100
times that at AMAR 2 in Figure 13. A spectrogram showing multiple strikes of the impact hammer on Pile
3 at arange of 6.8 m displays the broadband frequency content of the impacts (Figure 14). Received
levels were relatively stable, within a few dB, over the course of the hammering.

A linear regression between the SPL and the logarithm of the range to the recorders is presented in
Figure 15. Only pulses recorded simultaneously on each system were included in the regression. The
whiskers and dashed lines represent the variability due to GPS accuracy. The estimated source level at

1 m from this regression is 206.6 dB re 1 yPa, with a transmission loss estimate of 14.6 (nnin Equation 1).
The mean, median, max, and 90% received levels for SPL, peak pressure, and single-strike SEL
(unweighted and weighted according to the 2016 NMFS guidance) are provided in Table 26 through
Table 28. The maximum SPL for all of the impacts recorded was 203.8 dB 6.8 m from Pile 3.

L
2 -
i E
= A I
o (-]
= 3 F
e g i
g 2
@ [
& s [
=] o] H
é B E
e R SR N, g ol
0.0 0.1 02 03 0.4 . 100 1000 10000
Time (s) ‘: Frequency (Hz)
04 .................................................. 'E - v ———epy - -
o | RANGE = 1184 m 2 t RANGE = 1184 m
o v }
o | . . r
8 %) s}
@ : = t
z 00| it -~
g 02| B [
=V ARTURSPEN | S [NPUYL) [IPESTN P Py S ] g ol oo IR e
0.0 0.1 0.2 03 04 & 100 1000 10000
Time (s) o Frequency (Hz)

[Figure 13. Waveforms (left) and spectra (right) for impact hammering of 30" steel piles recorded at AMAR 1 (top) and
AMAR 2 (bottom). Background noise spectrum from the 0.5 s window preceding the pulse is shown in red.
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Figure 14. Spectrogram of multiple strikes by the impact hammer on Pile 3 measured at 6.8+1 mrange on AMAR 1.

220 L 1 L] lllllli L) ) lltllli 1 I I.Peak SPL (ka)
L ' | Arms SPL (L)
. | W SEL (L)
e i R sy
Tor F i ! ! -
o © h : i i
== | ’ |
% duilon Y N E & ]
n 2 180[ i
-S| i
5y | _
Ll e SRR A B | e R
: | | | :
140- 1 [ IIIIIIi 1 1 II!IIIE 1 1 IIIIIIi 1 1 lllll:'l
0.001 0.010 0.100 1.000 10.000

Range (km)

Figure 15. Peak level, SPL, and SEL versus range measured during impact driving of Pile 3. Horizontal whiskers
show estimated uncertainty in AMAR 1 range. Solid line shows best-fit transmission loss curve to SPL data
{(SPL=206.6-14.6x logR). Dashed lines show best fit curves incorporating uncertainty in AMAR 1 range. Only levels
from pulses recorded simultaneously on both AMARSs and the dipping hydrophone were used to estimate
transmission loss (n = 336 at each location).
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Table 26. Pile 1: Impact driving statistics of peak level, SPL, and single-strike SEL (unweighted and frequency-
weighted according to the 2016 NMFS guidance). Unw = unweighted, LFC = low-frequency cetaceans, MFC = mid-
frequency cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = ctariid pinnipeds in
water. Note that AMAR 1 data were clipped and are not presented.

Sound level Weighting Mean Median Max 90th percentile
AMAR 21188 mrange in= 22)

peak level (dBre 1 uPa) Unmay 1804 1811 1815 181.5
SPL (dBre 1 pPa) Unw 1637 1644 16438 164.7

single-strike SEL (dBre 1 puPa?s)  Unw 1536 1543 1546 1545
LFC 11521 1528 1532 153.0
MFC 1266 1274 1281 128.0
HFC | 1235| 1243 [1250 124.8
PPW 1422 1429 1436 1434
OPW 1419 1427 1434 1431

Table 27. Pile 2: Impact driving statistics of peak level, SPL, and single-strike SEL (unweighted and frequency-
weighted according to the 2016 NMFS guidance). Unw= unweighted, LFC = low-frequency cetaceans, MFC = mid-
frequency cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid pinnipeds in
water. Note that AMAR 1 data were clipped and are not presented.

Sound level Woeighting Mean Median Meox 80th percentile
AMAR 2-1187 m range {n= 262)

peak level (dBre 1 uPa) Unw 1816 1817 1825 182.1
SPL (dBre 1 uPa) Unw 1646 1646 1663 165.2

single-strike SEL (dBre 1 pPa?s)  Unw 1542 1541 1559 1549
LFC [153.0 1530 1547 153.6
MFC 1257 1255 1283 126.7
HFC | 122.1| 1220 (1250 1233
PPW 1434 1434 1450 1441
OPW 1432 1432 1449 143.9

Table 28. Pile 3 Impact driving statistics of peak level, SPL, and single-strike SEL (unweighted and frequency-
weighted according to the 2016 NMFS guidance). Unw = unweighted, LFC = low-frequency cetaceans, MFC = mid-
frequency cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = ctariid pinnipeds in
water.

Sound level Woeighting Mean Median Mex 90th percentile
AMAR 1-6 8+ { m range (n= 535)

peak level (dB re 1 uPa) Unw 2083 2084 2103 2093
SPL (dBre 1 pPa) Unw | 1936 1937 2038 1946

single-strike SEL (dBre 1 pPa?s)  Unw 1797 1798 1819 180.7
LFC 1788 1789 1810 179.9
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Sound level Woeighting Mean Median Mex 90th percentile

MFC | 1574 1573 1609 1591
HFC | 1548| 1547 1585 196.5
PPW 1713 1713 1738 172.6
OPW | 1717 1717 1743 173.1
AMAR 2-1184 m range {n= 602)
peak level (dBre 1 uPa) Unw 177 1751 1832 181.2
SPL (dBre 1 pPa) Unw 1611 159 168.1 164.8
single-strike SEL (dBre 1 pPa?s)  Unw | 1504 1484 1574 154.6
LFC 1491 1472 1561 153.2
MFC 1222 1191 131.1 126.5
HFC | 1185| 1152 (1277 122.8
PPW 11395 1375 1467 143.6
OPW 1393 1373 1466 143.4

5.2.2. Vibratory Driving Noise Levels

A spectrogram showing over 25 min of the vibratory hammer on Pile 1 at a range of 5.3 m displays the
broadband frequency content of the vibratory hammering over time (Figure 16). The received level at the
recorders decreased with range (Figure 17). Close to the piles, the SPLs clearly exceeded the
background levels, while at 1 km the levels did not exceed the background by the same margins.

A linear regression between the SPL and the logarithm of the range to the recorders is presented in
Figure 17. The estimated source level at 1 m from this regression is 178.2 dB re 1 pPa, with a
transmission loss estimate of 16.4 (nin Equation 1). The mean, median, max, and 90% received levels
for 1 s SPLs (equivalent to SEL) are provided in Table 29 through Table 31. The maximum 1 s SPL for
was 183.5 dB, 6.8 m from Pile 3. Statistics of SPLs weighted according to the 2016 NMFS guidelines are
also included.
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Figure 16. Spectrogram of vibratory driving of Pile 1 measured on AMAR 1.
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Figure 17. SPL (1 s average) versus range measured during vibratory driving of Pile 3. Horizontal whiskers show the
uncertainty of the range to AMAR 1. Solid line shows best-fit transmission loss curve to SPL data (SPL=178.2-16.4x
logR). Dashed lines show best fit curves incorporating uncertainty in AMAR 1 range. Only levels from vibratory driving
recorded simultaneously on both AMARSs and the dipping hydrophone were used to estimate transmission loss

(341 s at each location).

Table 29. Pile 1: Vibratory driving statistics of SPL (unweighted and frequency-weighted according to the 2016 NMFS
guidance). Unw = unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-
frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid pinnipeds in water.

Sound level (4B re 1 iPs) Welghting ; Mean ‘ Median Max 90th percentile
AMAR 1-5.321m range (1799 s) - '
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Sound level (dB re 1 uPe) Weighting Mean

SPL

Unw
LFC
MFC
HFC
PPW
OPW

AMAR 2- 1188 m range (2000 5)

SPL

Unw
LFC
MFC
HFC
PPW
OPW

173.9
172.2
163.3
161.2
1691
169.4

137.8
133.9
122.4
1195
129.6
129.8

Median Max 20th percentile

1731
171.1
199.9
157.5
167.1
167.5

138.2
133.7
119.3
116.4
127.2
127.4

181.6
180.6
175.0
173.1
179.1
179.1

141.6
140.8
133.3
130.8
139.5
139.8

176.5
174.7
167.3
163.2
172.4
172.7

140.3
136.6
126.0
123.2
132.9
133.1

Table 30. Pile 2: Vibratory driving statistics of SPL (unweighted and frequency-weighted according to the 2016 NMFS

guidance). Unw = unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-
frequency cetaceans, PPW= phocid pinnipeds in water, OPW = otariid pinnipeds in water.

Soundlevel {dB re 1 yPa)

AMAR -4 0+ 1 m range (1156 5)

SPL

AMAR 2- 1187 m range (1233 5}

SPL

Weighting

Unw
LFC
MFC
HFC
PPW
OPW

Unw
LFC
MFC
HFC
PPW
OPW

174.0
172.0
163.9
161.6
169.7
169.9

136.5
133.7
122.8
119.9
1301
130.4

Median

173.2
170.6
161.7
159.3
167.9
168.2

136.3
132.8
120.5
175
128.3
128.5

180.1
179.2
172.0
169.8
177.5
177.8

141.0
139.6
130.4
127.9
137.2
137.4

90th percentile

177.0
175.9
168.1
165.8
1736
173.9

139.3
137.4
127.4
124.6
134.4
134.6
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Table 31. Pile 3: Vibratory driving statistics of SPL (unweighted and frequency-weighted according to the 2016 NMFS
guidance). Unw= unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-
frequency cetaceans, PPW = phocid pinnipeds in water, OPW = ctariid pinnipeds in water.

Soundlevel {dB re 1 yPa) Weighting Mean Median Max 80th percentile

AMAR 1-6.8+ 1 m range (1589 5)

SPL Unw 1721 1712 1835 175.4
LFC 1702 1689 1827 174.0
MFC 1 159.7 1546 1758 164.3
HFC 1574 1521 1737 162.2
PPW 1665 1636 1803 170.7
OPW 1669 1639 180.4 171.0

AMAR 2- 1184 m range (1558 5}

SPL Unw 1391 1338 1448 143.2
LFC 1342 1311 1426 137.7
MFC 1197 1138 1337 124.5
HFC 1167 1102 1307 121.4
PPW 1278 1252 1408 132.2
OPW 11280 1252 1411 132.5

5.2.3. Threshold Distances

Equation 1 was solved for the threshold criteria provided in Secticn 2. Using the regressions and
statistical measures of source levels and transmission loss from Sections 5.2.1 and 5.2.2. Ranges to the
different thresholds are in Table 32 for both impact and vibratory pile driving. Injury ranges were less than
67 m, and behavicral disturbance range was less than 1600 m for impact pile driving. Behavioral
disturbance ranges for vibratory driving were extrapolated out to 16 km but there is significant uncertainty
with a value extrapolated to such an extent based on measurements at a maximum distance of 1188 m.

Table 32. Distance to SPL thresholds determined from best-fit transmission loss coefficient and SPLs on AMAR 1

{90th percentile and mean). Distances for impact pile driving were calculated for Pile 3 data only, due to clipping of
Pile 1 and 2 measurements.

Threshold 80th Percentile Mean Trensmission = 90th Percentile SL Mean SL
(SPL, dB re 1 JiPa) Distance (m} Distance (m) Loss Coefficient {dBre1puPa@1m) (dBre1Pa@1m)

Impact ahiving 30" piles

190 1442 1242 14.6+05 206713 205713
180 6745 5745 14.6+05 206713 2057413
160 1567+ 144 133831 14.6+05 206.7£1.3 2057413
Vibralory driving

30" piles

120 16.4+05 180.9£15 185.8+1.7

* Transmission loss coefficient was based on regression analysis of SPL vs range data for Pile 3 (Figure 17).
¥ Extrapolated beyond maximum measurement range.
A Extrapolated far beyond maximum measurement range. These values are unrealistic, see Discussion section 6.3.
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5.2.4. Weighted Transmission Loss Coefficients

NMFS 2016 functional hearing group weighting functions were applied to the received signals and when
possible, regressions between the weighted levels and the logarithm of the ranges were computed to
determine the transmission loss coefficient for each functional hearing group (Table 33 and Table 34).

Transmission loss estimates ranged from 13.3 for the impact hammering of Pile 3 with LFC weighting to
18.2 for vibratory driving of Pile 3 for HFC.

Table 33. Transmission loss coefficients from mean AMAR measurements for impact hammering of Pile 3 (using
nominal source-receiver ranges). LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-

frequency cetaceans, PPW = Phocid pinnipeds in water, OPW = Otariid pinnipeds in water. N/A = data excluded from
analysis.

Weighting Pile 3*

LFC 133
MFC 157
HFC 16.2
PPW 14.2
OPW 145

*AMAR 1 measurements were clipped near the end of piling so the mean levels from AMAR 1 may be somewhat low relative to AMAR 2

measurements {which included the higher-level pulses near the end of piling). This may result in underestimated fransmission loss coefficients.
T N/A represents data excluded from analyses.

Table 34. Transmission loss coefficients from mean AMAR measurements for vibratory driving (using nominal
source-receiver ranges). LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-frequency
cetaceans, PPW = Phocid pinnipeds in water, OPW = Otariid pinnipeds in water.

Weighting Pile1 Pile2 Pile 3

LFC 16.3 1 154 | 161
MFC 174 1165 | 17.9
HFC 177 1 168 | 182
PPW 16.8 | 159 | 17.3
OPW 16.8 | 159 | 174

5.2.5. Weighted-Level Threshold Distances

Peak levels were calculated from max peak measurements and back-propagated using spherical
spreading for AMAR 1 measurements lower than the peak threshold and forward-propagated using
15logR for AMAR 1 measurements higher than the peak threshold (Table 35). The peak threshold
distances are less than the SEL-based threshold ranges for all hearing groups.
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Table 35. Range in meters to onset of injury based on NMFS 2016 criteria (Section 2) for pile driving at Auke Bay
ferry terminal. LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans,
PPW =Phocid pinnipeds in water, OPW = Otariid pinnipeds in water.

Impact Vibratory

Weighting

SEL 24h  Peak @ SEL 24h
LFC 740 1 15
MFC 13 0 6
HFC 557 6 82
PPW 122 1 9
OPW 8 0 1
5.3. Kodiak

Installation of piles at the Kodiak ferry terminal utilized different methods. Rock sockets were drilled and
the piles were set in the sockets with vibratory hammer. Drilling occurred over a range of 40 minto 4 h
depending on the pile. The vibratory hammer was used for up to 6 min per pile. The impact hammer
struck the piles from 1 to 5 times. Drilling occurred for 45 min to 3 h 40 min. Periods of time without
construction activity were analyzed to estimate the background noise levels at the Kodiak ferry terminal.
Pile installation was monitored at nominal distances of 10 m and 1 km (Table 38).

Table 36. Range from piles to AMARSs.

Pile AMAR 1 range {m) AMAR 2 range (m)

D12 31.1 1136
D13 28.1 1133
D14 25.1 1130
D15 220 1127
D16 19.0 1125
D18 16.0 1122
D20 129 1119
D22 99 117

5.3.1. Impact Driving Noise Levels

Examples of signals recorded on each AMAR are provided in Figure 18. The spectrum from AMAR 1, at
9.9 m from the pile is more clearly above the background noise level, throughout the frequency range,
compared with the signal recorded at AMAR 2. The peak level of the signal at AMAR 1 was over 100
times that at AMAR 2 in Figure 18. Spectrograms showing individual strikes of the impact hammer on
Piles D22, D20, D18, and D16 at distances ranging from 9.9 to 19 m displays the broadband frequency
content of the impacts (Figure 19-Figure 22).
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A linear fit between the SPL and the logarithm of the range to the recorders is presented in Figure 23.
Only pulses recorded simultaneously on each system were included in the regression. The impact from
Pile D16 was excluded because the dipping hydrophone was not deployed for that impact. The estimated
source level at 1 m from this regression is 200.1 dB re 1 pPa, with a transmission loss estimate of 20.3 (n
in Equation 1). The mean, median, max, and 90% received levels for SPL, single-strike SEL, and peak
pressure are provided in Table 37 through Table 40. The maximum SPL for all of the impacts recorded
was 183.4 dB 12.9 m from D20. Statistics of SELs weighted according to the 2016 NMFS guidelines are

also included.
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|Figure 18. Waveforms (left) and spectra (right) for impact hammering of 24" steel piles recorded at AMAR 1 (top) and
AMAR 2 (bottom). Background noise spectrum from the 0.5 s window preceding the pulse is shown in red.

Version 2.0

38



J\S(O APPLIED SCIENCES Alaska DOT Hydroacoustic Pile Driving Noise Study — Comprehensive Report

¥
160 o
o
10000 =
140 2
m
— o
N S
= o
~ 1000 120 &
i
400 e
8
[4}]
Q.
g0 @
10 I I T 1 qg}
(o]
o

. 2 3 4

Time (s)

Figure 19. Spectrogram of the only strike by the impact hammer on Pile D22 measured at 9.9 m range on AMAR 1.

)

=L

160

o

10000 =

140 ©

m

—_— ©

- T

< 2

> 1000 120 8
|

g ]

¢

= -~ 100 2

B

@

=%

g0 @

10 T T T T T g

(=]

o

1 2 3 4
Time (s)

Figure 20. Spectrogram of one strike by the impact hammer on Pile D20 measured at 12.9 mrange on AMAR 1.
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Figure 21. Spectrogram of one strike by the impact hammer on Pile D18 measured at 16.0 mrange on AMAR

—_

¥
160
o
10000 =
140 2
m
— .c
N S
< 1
= 1000 120 3
g i
O
- 100 100 =
B
[«}]
Q.
80 0
10 S ‘ ..... SSIE L -, I 2
(o]
a.

1 2 3 4

Time (s)

Figure 22. Spectrogram of the only strike by the impact hammer on Pile D16 measured at 19.0 m range on AMAR 1.
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Figure 23. Peak level, SPL, and SEL versus range measured during impact driving of Piles D22, D20, and D18
{sound levels from the single strike on Pile D16 were not included in this analysis because the dipping hydrophone
was not deployed during the strike). Solid line shows best-fit transmission loss curve to SPL data. Only levels from
pulses recorded simultaneously on both AMARSs and the dipping hydrophone were used to estimate transmission loss
{n = 8 at each location).

Table 37. Statistics of peak level, SPL, and single-strike SEL (unweighted and frequency-weighted according to the
2016 NMFS guidance) for impact driving of Pile D22 (24" @). Unw = unweighted, LFC =low-frequency cetaceans,
MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid
pinnipeds in water.

Sound level (Plle D22) Welghting kdsan Radlan Max 90th parcentlle

AMAR 1-8.9 m range {(n= 1)

peak level (dB re 1 uPa) U 192.9 192.9 192.9 192.9

SPL (dB re 1 pPa) Unw 180.1 180.1 180.1 180.1

single-strike SEL {(dB re 1 pPas) Uy 167.0 167.0 167.0 167.0
LFC 166.2 166.2 166.2 166.2
MFC 151.2 151.2 151.2 151.2
HFC 148.8 148.8 148.8 148.8
PPW 160.7 160.7 160.7 160.7
OPW 161.2 161.2 161.2 161.2

AMAR 2-1117 m range (h= 1)

peak level (dB re 1 uPa) Urww 148.6 148.6 148.6 148.6

SPL (dB re 1 pPa) U 138.1 138.1 138.1 138.1

single-strike SEL {dB re 1 pPa?s) Urwy 125.6 125.6 125.6 125.6
LFC 125.0 125.0 125.0 125.0
MFC 102.6 102.6 102.6 102.6
HFC 97.0 97.0 97.0 97.0
PPW 119.0 119.0 119.0 119.0
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Sound level (Pile D22) Weighting Mean Median Mex 90th percentile
OPW 119.5 1195 119.5 119.5

Table 38. Statistics of peak level, SPL, and single-strike SEL (unweighted and frequency-weighted according to the
2016 NMF S guidance) for impact driving of Pile D20 (24" @). Unw= unweighted, LFC = low-frequency cetaceans,
MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid
pinnipeds in water.

Sound level (Pile D20) Weighting Meah Median Max 90th percentile

AMAR 1129 m range (n= 3)

peak level (dB re 1 uPa) Unw 193.7 1926 195.9 195.9

SPL (dBre 1 pPa) Unwy 181.3 181.2 183.4 183.4

single-strike SEL (dB re 1 pPa?s) Unw 168.6 168.7 169.1 169.1
LFC 167.8 168.0 168.2 168.2
MFC 150.3 151.0 1513 1513
HFC 147.7 148.3 148.8 148.8
PPW 161.0 1616 161.9 161.9
OPW 161.2 161.8 162.2 162.2

AMAR 2-1118 m range (n= 3)

peak level (dBre 1 uPa) Unw 1520 1914 153.3 153.3

SPL (dBre 1 uPa) Unwy 141.9 142.8 143.1 143.1

single-strike SEL (dB re 1 pPa?s) Unw 1287 1299 130.1 1301
LFC 128.0 1292 129.4 129.4
MFC 103.0 103.9 105.1 105.1
HFC 971 97.9 99.2 99.2
PPW 1206 1217 122.4 122.4
OPW 120.9 122.0 122.7 122.7

Table 39. Statistics of peak level, SPL, and single-strike SEL (unweighted and frequency-weighted according to the
2016 NMF S guidance) for impact driving of Pile D18 (24" @). Unw= unweighted, LFC = low-frequency cetaceans,
MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid
pinnipeds in water.

Sound level {Pile D18) Weighting Mean Median Max 80th percentile
AMAR 1-16.0 m range (n= 5)
peak level (dBre 1 uPa) Unw 187.9 187.7 189.7 189.7
SPL (dBre 1 pPa) Unwy 176.1 175.2 177.9 177.9
single-strike SEL (dB re 1 pPa?s) Unw 1627 1627 164.3 164.3
LFC 162.0 1621 163.6 163.6
MFC 146.5 147.0 148.7 148.7
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Sound level (Pile D18) Weighting Mean Median Mex 90th percentile
HFC 143.8 1443 145.8 145.8
PPW 156.4 156.6 188.7 188.7
OPW 196.6 196.7 159.0 159.0

AMAR 2-1122 m range (n= 5)

peak level (dBre 1 uPa) Unw 1493 148 6 150.5 150.5

SPL (dBre 1 pPa) Unwy 1381 138.1 139.2 139.2

single-strike SEL (dB re 1 pPa?s) Unw 1252 1247 126.8 126.8
LFC 124.6 1241 126.2 126.2
MFC 103.2 103.7 105.6 105.6
HFC 97.7 98.3 99.8 99.8
PPW 118.7 118.7 1213 1213
OPW 119.2 119.2 121.9 121.9

Table 40. Statistics of peak level, SPL, and single-strike SEL (unweighted and frequency-weighted according to the
2016 NMFS guidance) for impact driving of Pile D16 (24" @). Unw= unweighted, LFC = low-frequency cetaceans,
MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid
pinnipeds in water.

Sound level (Pile D16) Weighting Mean Median Max 80th percentile

AMAR 1-18.0 m range (n= 1)

peak level (dBre 1 uPa) Unw 184.9 1849 184.9 184.9

SPL (dBre 1 pPa) Unwy 174.8 174.8 174.8 174.8

single-strike SEL (dB re 1 pPa?s) Unw 161.0 161.0 161.0 161.0
LFC 160.3 160.3 160.3 160.3
MFC 140.3 140.3 140.3 140.3
HFC 137 137.7 137 137.7
PPW/ 152.3 152.3 162.3 162.3
OPW 1622 152.2 1622 1522

AMAR 2-1125 m range (n= 1)

peak level (dBre 1 uPa) Unw 1477 1477 1477 1477

SPL (dBre 1 Pa) Unw 138.4 138.4 138.4 138.4

single-strike SEL (dB re 1 Pa?s) Unw 1248 1248 124.8 124.8
LFC 124.2 1242 124.2 124.2
MFC 9.5 96.5 9.5 9.5
HFC 90.6 90.6 90.6 90.6
PPW 115.7 115.7 115.7 115.7
OPW 115.8 115.8 115.8 115.8
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5.3.2. Vibratory Setting Driving Noise Levels

Vibratory setting was monitored at two nominal distances and also from a mobile platform for piles D12,
D13, D14, D15, and D20. A spectrogram showing over 3 min of the vibratory hammer on Pile D20 at a
range of 12.9 m displays the broadband frequency content of the vibratory hammering over time

(Figure 24). One-second SPLs of vibratory driving are plotted against time in Figure C-7 and Figure C-8.
Close to the piles, the SPLs clearly exceeded the background levels, while at 1 km the levels did not
exceed background by the same margins.

The mean, median, max, and 90% received levels for 1 s SPLs (equivalent to SEL) are provided in
Table 41 through Table 45. The maximum 1 s SPL for was 161.8 dB, 12.9 m from Pile D20. Statistics of
SPLs weighted according to the 2016 NMFS guidelines are also included.
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Figure 24. Spectrogram of setting Pile D20 into the sediment with the vibratory driver (measured on AMAR 1).

Table 41. Statistics of SPL {unweighted and frequency-weighted according to the 2016 NMFS guidance) for vibratory
driving (setting) of Pile D20 (24" g). Unw = unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency
cetaceans, HFC = high-frequency cetaceans, PPV = phocid pinnipeds in water, OPW = otariid pinnipeds in water.

Sound level (Plle D20) Welghting Maan Madian Mao: 80th percentile
AMAR 1-12.9m range (292 )
SPL (dB re 1 uPa) Unw 154,6 1515 161.8 159.5
| LFc 1524 | 1451 | 1605 | 158.1
MFC 1283 1283 135.1 131.0
HFC 277 | 1216 | 1349 | 1305
PPW | 1408 135.4 1486 | 146.1
oPW | 1392 1347 148.2 144.1
AMAR 2-1119 m range (292 5)
SPL (dB re 1 Pa) Unw 1148 1088 | 1230 | 120.2
LFC 137 077 | 1224 119.0
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Sound level (Pile D20)

Weighting
MFC
HFC
PPW
OPW

87.4
83.1
103.9
103.4

Median

84.5
81.1
99.8
99.8

106.1
100.9
119.2
197

90th percentile

88.4
84.1

107.9
106.8

Table 42. Statistics of SPL {(unweighted and frequency-weighted according to the 2016 NMFS guidance) for vibratory

driving (setting) of Pile D15 (24" ). Unw= unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency
cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid pinnipeds in water.

Sound level (Pile D15)

AMAR 1-22 0 m range (133 s)
SPL (dBre 1 pPa)

AMAR 2-1127 mrange (133 5}
SPL (dBre 1 pPa)

Weighting

Unw
LFC
MFC
HFC
PPW
OPW

Unw
LFC
MFC
HFC
PPW
OPW

148.7
143.1
119.2
171
132.9
132.3

113.8
1129
86.0
82.4
103.7
103.6

Median

144.7
139.6
118.9
117.0
129.5
128.7

109.0
108.0
84.7
81.8
99.6
99.6

154.1
151.9
122.9
119.0
142.2
1421

122.2
121.4
93.2
87.4
113.6
114.0

80th percentile

150.4
146.9
120.3
117.9
136.0
134.8

117.8
116.7
88.6
84.0
107.2
107.2

Table 43. Statistics of SPL (unweighted and frequency-weighted according to the 2016 NMFS guidance) for vibratory

driving (setting) of Pile D14 (24" @). Unw= unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency
cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid pinnipeds in water.

Soundlevel (Pile D14)

AMAR 1-25.1 m range {194 s)
SPL (dBre 1 pPa)

AMAR 2-1130 m range (194 5)
SPL (dBre 1 pPa)

Weighting

Unw
LFC
MFC
HFC
PPW
OPW

Unwy

147.9
146.6
1321
129.0
142.0
142.4

173

Median

143.7
141.7
118.6
116.2
132.2
131.8

113.6

158.2
157.4
144.5
141.9
153.3
163.7

127.2

80th percentile

152.9
181.9
137.0
133.2
148.3
148.9

122.2
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Sound level (Pile D14) Weighting Mean Median Max 90th percentile
LFC 116.2 1123 126.4 1212
MFC 976 855 109.3 104.0
HFC 932 822 1051 99.5
PPW 1102 1025 1207 116.2
OPW 110.6 101.9 1212 116.8

Table 44. Statistics of SPL (unweighted and frequency-weighted according to the 2016 NMFS guidance) for vibratory
driving (setting) of Pile D13 (24" @). Unw= unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency
cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid pinnipeds in water.

Sound level (Pile D13) Weighting Mean Median Maix 80th percentile

AMAR 1-28 1 m range {1563 5)

SPL (dBre 1 pPa) Unw 145.0 1434 150.8 148.9
LFC 1435 1414 1499 148 1
MFC 129.0 1203 139.8 1341
HFC 1261 117.3 137.2 1305
PPW 1395 133.6 148.0 1447
OPW 140.0 133.6 1485 1451

AMAR 2-1133 m range (153 5)

SPL (dBre 1 pPa) Unw 1153 1131 1223 119.8
LFC 1147 111.9 121.9 1193
MFC 96.6 90.0 108.2 1012
HFC 923 87.7 1041 96.0
PPW 1101 1031 119.0 1152
OPW 1108 102.9 1195 116.0

Table 45. Statistics of SPL {(unweighted and frequency-weighted according to the 2016 NMFS guidance) for vibratory
driving (setting) of Pile D12 (24" 8). Unw = unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency
cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid pinnipeds in water.
AMAR 2 data are not shown because noise from numerous nearby vessels contaminated vibratory driving
measurements.

Sound level (Pile 12) Weighting Mean Median Maix 80th percentile

AMAR 1-31. 1 m range {343 s)

SPL (dBre 1 pPa) Unw 1428 1354 156.0 146.7
LFC 1402 133.2 1547 1436
MFC 1285 116.2 147.3 1267
HFC 126.4 115.0 145.3 1240
PPW 134.8 1228 1625 1359
OPW 134.8 121.7 1627 135.8

Version 2.0 46



J\S(O APPLIED SCIENCES Alaska DOT Hydroacoustic Pile Driving Noise Study — Comprehensive Report

5.3.3. Vibratory Oscillation Driving Noise Levels

Vibratory oscillation driving was monitored at two nominal distances and also from a mobile platform for
piles D16 and D22. A spectrogram showing over 2 min of the vibratory hammer on Pile D22 at a range of
9.9 m displays the broadband frequency content, with most of the energy below 1 kHz, of the vibratory
hammering over time (Figure 25). The received level at the recorders decreased with range (Figure 26).
Close to the piles, the SPLs clearly exceeded the background levels, while at 1 km the levels did not
exceed background by the same margins.

A linear fit between the SPL and the logarithm of the range to the recorders for Pile D16 is presented in
Figure 26. The estimated source level at 1 m from this regression is 178.2 dB re 1 yPa, with a
transmission loss estimate of 21.9 (n7in Equation 1). The mean, median, max, and 90% received levels
for 1 s SPLs (equivalent to SEL) are provided in Table 46, and Table 47. The maximum 1 s SPL for was

160.6 dB, 9.9 m from Pile D22. Statistics of SPLs weighted according to the 2016 NMFS guidelines are
also included.
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Figure 25. Spectrogram of oscillating Pile D22 into its socket with the vibratory driver (measured on AMAR 1).
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Figure 26. SPL (1 s average) versus range measured during vibratory driving (oscillating) of Pile D16. Solid line
shows best-fit transmission loss curve to SPL data. Only levels from vibratory driving recorded simultaneously on
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Table 46. Statistics of SPL {unweighted and frequency-weighted according to the 2016 NMFS guidance) for vibratory
driving (oscillating) of Pile D22 24" g). Unw = unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency
cetaceans, HFC = high-frequency cetaceans, PPV = phocid pinnipeds in water, OPW = otariid pinnipeds in water.

Sound level (Plle D22) Welghting Msan Meadian Max 80th parcentile

AMAR 1-8.9 m range {135 5)

SPL (dB re 1 uPa) Unwy 149.6 148.1 160.6 151.1
LFC 146.1 143.2 158.8 147.3
MFC 128.3 128.0 133.7 131.4
HFC 127.7 127.4 133.5 130.9
PP/ 135.7 133.2 149.0 136.2
OPW/ 135.0 132.6 148.9 135.1

AMAR 2-1117 m range {135 5)

SPL {(dB re 1 pPa) Unw 107.9 105.6 119.4 110.2
LFC 106.6 104.2 118.1 108.9
MFC 85.6 83.0 87.0 88.5
HFC 81.5 80.2 91.1 83.7
PP/ 99.4 96.3 111.3 102.7
OPW/ 99.5 96.0 111.9 103.1
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Table 47. Statistics of SPL (unweighted and frequency-weighted according to the 2016 NMFS guidance) for vibratory
driving {oscillating) of Pile D16 (24" @). Unw= unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency
cetaceans, HFC = high-frequency cetaceans, PP\ = phocid pinnipeds in water, OPW = otariid pinnipeds in water.

Sound level (Pile D16) Weighting Mean Median Max 80th percentile

AMAR 1-19.0 m range (208 5)

SPL (dBre 1 pPa) Unw 1452 140.0 157.0 150.2
LFC 1433 136.4 163.8 1496
MFC 127.9 118.8 1423 1336
HFC 1239 117.0 139.2 1290
PPW 1402 127 4 151.9 1472
OPW 1408 126.7 1524 148.0

AMAR 2-1125 mrange (212 s}

SPL (dBre 1 pPa) Unw 107.8 106.4 115.2 111.4
LFC 107 .2 105.5 1148 1110
MFC 88.4 859 97.0 922
HFC 838 81.9 926 86.8
PPW 1025 997 110.8 106.9
OPW 1031 100.2 1115 107.6

5.3.4. Drilling Noise Levels

Drilling of rock sockets was monitored at two nominal distances for each pile, and also from a mobile
platform. A spectrogram showing over 25 min of the drilling for Pile D22 at a range of 9.9 m displays the
broadband frequency content, with energy up to 10 kHz, over time (Figure 27). The received level at the
recorders decreased with range (Figure 28). Noise levels from drilling clearly exceeded the background
levels up to 1 km away.

A linear fit between the SPL and the logarithm of the range to the recorders for Pile D16 is presented in
Figure 28. The estimated source level at 1 m from this regression is 189.8 dB re 1 uPa, with a
transmission loss estimate of 18.9 (n in Equation 1). The mean, median, max, and 90% received levels
for 1 s SPLs (equivalent to SEL) are provided in Table 48 through Table 55. The maximum 1 s SPL for
was 174.3 dB, 12.9 m from Pile D20. Statistics of SPLs weighted according to the 2016 NMFS guidelines
are also included.
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Figure 28. Plot of SPL (1 s average) versus range measured during drilling of Pile D16. Solid line shows best-fit
transmission loss curve to SPL data. Only levels from drilling recorded simultaneously on both AMARs and the
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Table 48. Statistics of SPL {unweighted and frequency-weighted according to the 2016 NMFS guidance) for drilling of
Pile D22 (24" @). Unw= unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-
frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid pinnipeds in water. This pile socket was
particularly difficult to drill and took much longer than the others. Sound levels are also significantly lower than for
other piles so these measurements may not be representative of typical drilling levels.

Sound level (Pile D22) Weighting Mean Median Max 90th percentile

AMAR 1-8.9 m range {13163 5}

SPL (dBre 1 pPa) Unw 1489 1465 160.9 151.9
LFC 146.9 1428 160.4 150.6
MFC 135.8 1288 1529 139.9
HFC 131.7 1248 1491 135.8
PPW 144 4 138.6 1897 1485
OPW 1447 139.0 159.8 148.8

AMAR 2-1117 mrange (13185 s)

SPL (dBre 1 pPa) Unw 121.7 1148 1425 1233
LFC 1206 113.9 1413 1222
MFC 106.9 97.3 127.9 107 6
HFC 104.3 93.2 127.3 104.2
PPW 116.0 108.9 137.3 1179
OPW 1164 109.3 137.6 1183

Table 49. Statistics of SPL for drilling (unweighted and frequency-weighted according to the 2016 NMFS guidance) of
Pile D20 (24" @). Unw= unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-
frequency cetaceans, PPW= phocid pinnipeds in water, OPW = otariid pinnipeds in water.

Sound level {Pile D20) Weighting Mean Median Max 80th percentile

AMAR 1-12.8 m range (3215 5)

SPL (dBre 1 pPa) Unw 169.0 168.9 1743 1715
LFC 168.6 168.4 173.9 1712
MFC 1452 1445 1521 1483
HFC 1408 140.0 147.9 144 1
PPW 161.5 161.2 167 4 1642
OPW 162.0 161.5 168.1 164.9

AMAR 2-1119 m range (3219 s)

SPL (dBre 1 pPa) Unw 1321 131.8 138.3 134.6
LFC 1317 1314 137.9 1342
MFC 104.0 1034 1147 106.2
HFC 98.6 975 1121 100.7
PPW 1237 1233 1301 126.3
OPW 1240 1235 130.7 126.7
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Table 50. Statistics of SPL for drilling (unweighted and frequency-weighted according to the 2016 NMF S guidance) of

Pile D18 (24" @). Unw= unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-
frequency cetaceans, PPW = phocid pinnipeds in water, OPW = ctariid pinnipeds in water.

Soundlevel (Pile D18)

AMAR 1-16.0 m range (2766 5)
SPL (dBre 1 pPa)

AMAR 2-1122 m range (2767 5)
SPL (dBre 1 pPa)

Weighting

Unw
LFC
MFC
HFC
PPW
OPW

Unw
LFC
MFC
HFC
PPW
OPW

167.1
166.5
147.8
143.9
159.6
159.8

131.2
130.6
106.0
102.2
122.4
122.6

Median

167.0
166.4
1443
139.9
158.5
158.6

130.8
130.2
102.9
97.8
121.4
121.3

172.3
172.0
156.9
153.0
166.3
166.9

138.2
137.5
123.6
122.6
131.4
131.9

80th percentile

169.2
168.7
182.3
148.6
162.6
162.9

133.6
133.0
108.5
103.7
1251
125.4

Table 51. Statistics of SPL {(unweighted and frequency-weighted according to the 2016 NMFS guidance) for drilling of

Pile D16 (24" @). Unw= unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-
frequency cetaceans, PPW= phocid pinnipeds in water, OPW = otariid pinnipeds in water.

Sound level {Pile D16)

AMAR 1-18.0 mrange (2711 5)
SPL (dBre 1 pPa)

AMAR 2-1125 mrange (2713 5)
SPL (dBre 1 pPa)

Weighting

Unw
LFC
MFC
HFC
PPW
OPW

Unw
LFC
MFC
HFC
PPW
OPW

164.2
163.5
146.6
142.6
157.0
1571

130.3
129.8
105.4
100.4
122.2
122.6

Median

161.3
160.7
144.4
1401
154.9
1551

127.5
127.0
103.2
88.0
1191
119.4

1711
170.5
154.3
150.2
163.5
163.3

137.2
136.8
1143
113
128.9
129.2

80th percentile

168.2
167.6
150.9
147.0
161.0
161.0

134.4
134.0
109.4
104.4
126.4
126.7
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Table 52. Statistics of SPL for drilling of Pile D15 (24" @). Unw= unweighted, LFC = low-frequency cetaceans,
MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid
pinnipeds in water.

Sound level (Pile D15) Weighting Mean Median Max 80th percentile

AMAR 1-22 0 m range (3924 5)

SPL (dBre 1 pPa) Unw 1893 151.9 169.3 164.1
LFC 158.8 150.0 169.0 163.7
MFC 134.9 127.7 1454 1394
HFC 1301 1233 141.3 1344
PPW 151.9 141.0 162.6 156.8
OPW 1525 1409 163.3 157 4

AMAR 2-1127 m range (3979 s)

SPL (dBre 1 pPa) Unw 1294 126.9 1441 133.4
LFC 1288 126.0 1433 1329
MFC 107.9 1011 133.7 107 8
HFC 104.6 956 130.8 1038
PPW 1213 118.6 1415 1252
OPW 1215 118.7 1418 125.4

Table 53. Statistics of SPL {(unweighted and frequency-weighted according to the 2016 NMFS guidance) for drilling of
Pile D14 (24" @). Unw= unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-
frequency cetaceans, PPW= phocid pinnipeds in water, OPW = otariid pinnipeds in water.

Sound level {Pile D14) Weighting Mean Median Max 80th percentile

AMAR 1-25 1 mrange (4075 )

SPL (dBre 1 pPa) Unw 1571 148 4 168.3 162.2
LFC 156.6 147 1 167.8 161.8
MFC 134.9 1290 145.9 139.8
HFC 130.7 125.0 1422 1354
PPW 1495 1406 160.0 1547
OPW 1498 1408 160.3 155.1

AMAR 2-1130 m range (4082 s)

SPL (dBre 1 pPa) Unw 128.4 1234 1394 133.1
LFC 127.7 1227 138.1 1325
MFC 110.0 101.3 128.3 111
HFC 107 4 98.0 126.8 1079
PPW 1211 116.2 134.7 1253
OPW 1214 116.5 135.0 1256
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Table 54. Statistics of SPL {unweighted and frequency-weighted according to the 2016 NMFS guidance) for drilling of
Pile D13 (24" @). Unw= unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-
frequency cetaceans, PPW = phocid pinnipeds in water, OPW = ctariid pinnipeds in water.

Sound level (Pile D13) Weighting Mean Median Max 80th percentile

AMAR 1-28 1 mrange (2690 s)

SPL (dBre 1 pPa) Unw 1561 1625 165.5 160.3
LFC 185.7 1518 1651 160.0
MFC 138.1 133.6 146.5 1429
HFC 133.8 1294 1422 138.6
PPW 150.6 146.0 159.6 1550
OPW 1511 146 4 160.3 155.7

AMAR 2-1133 m range (2894 s)

SPL (dBre 1 pPa) Unw 127.6 1246 1356 131.7
LFC 1271 1241 1352 1313
MFC 106.8 1041 1204 1099
HFC 102.6 992 1181 1051
PPW 1206 117.8 1285 1248
OPW 121.0 118.2 129.0 1253

Table 55. Statistics of SPL {(unweighted and frequency-weighted according to the 2016 NMFS guidance) for drilling of
Pile D12 (24" @). Unw= unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-
frequency cetaceans, PPW= phocid pinnipeds in water, OPW = otariid pinnipeds in water.

Sound level {Pile D12) Weighting Mean Median Max 80th percentile

AMAR 1-31. 1 mrange (3167 s)

SPL (dBre 1 pPa) Unw 185.7 163.0 165.2 159.7
LFC 1654 1524 1651 1596
MFC 138.1 1354 147.6 1423
HFC 133.7 130.9 1434 1379
PPW 150.7 147 8 160.2 1552
OPW 1514 1483 161.2 156.0

AMAR 2- 1138 m range (3167 s)

SPL (dBre 1 pPa) Unw 1261 1248 139.0 129.0
LFC 1254 1243 135.8 1286
MFC 1137 1041 136.3 1103
HFC 1129 996 136.0 106.0
PPW 1198 118.2 1332 1226
OPW 1201 118.6 1328 123.2
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5.3.5. Threshold Distances

Equation 1 was solved for the threshold criteria provided in Section 2 using the regressions and statistical
measures of source levels and transmission loss from Sections 5.3.1, 5.3.2, 5.3.3, and 5.3.4. The ranges
for threshelds for each source are in Table 56.

Injury ranges were less than 12 m, and behavioral disturbance range was 183 m for impact hammering.
For continuous sources, vibratory setting and oscillation, and drilling the behavioral disturbance range
was varied from 455 m to almost 7 km for drilling.

Table 56. Distance to SPL thresholds determined from best-fit transmission loss coefficient and SPLs on AMAR 1
(90th percentile and mean). Threshold distances and source levels are maximized over data from all piles monitored
for each activity.

Threshold 90th Percentile Mean Transmission  90th Percentile SL Mean SL
(SPL, dB re 1 j4Pa) Distance (m) Distance (m) Loss Coefficient (dBre1pPa@1m) (dBre1pPa@ 1m)

Impact ahiving 24" pifes

190 dB re 1 yPa 6.1 4.8 20.3 205.9 203.8
180 dB re 1 yPa 19 19 20.3 205.9 203.8
160 dB re 1 yPa 183 145 20.3 205.9 203.8

Vibratory driving
(selfing) 24" piles

120 dB re 1 pPa 891 490 21 g 183.8 178.9

Vibratory dniving
{oscilfating) 24" piles

120dB re 1 yPa

495 269 219 178.2 173.2

Drilling 24" piles

120dBre T pPa 6846° 5049° 18.9 1925 190.0

* Transmission loss coefficient was based on regression analysis of SPL vs range data for vibratory driving (oscillating) Pile D16 (Figure 17)
because no dipping hydrophone measurements of vibratory driving (setting) were made.
¥ Extrapolated beyond maximum measurement range.

5.3.6. Weighted Transmission Loss Coefficients

NMFS 2016 functional hearing group weighting functions were applied to the received signals and when
possible, regressions between the weighted levels and the logarithm of the ranges were computed to
determine the transmission loss coefficient for each functional hearing group (Table 57—Table 60).
Transmission loss estimates ranged from 13.3 for the drilling of Pile D12 with HFC weighting toc 26.1 for
impact hammering of Pile D20 for HFC.

Table 57. Transmission loss coefficients from mean AMAR measurements for impact hammering. LFC = low-
frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans, PPW = Phocid pinnipeds in
water, OPW = Otariid pinnipeds in water.

Weighting D22 D20 D18 D16
LFC 201205 203 20.0
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Weighting D22 D20 D18 D16

MFC 237 244 235 242
HFC 252261 250 26.0
PPW 203208 204 202
OPW 203 208 20.3| 201

Table 58. Transmission loss coefficients from mean AMAR measurements for vibratory setting of 24" diameter steel
piles. LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans,
PPW = Phocid pinnipeds in water, OPW = Otariid pinnipeds in water.

Weighting D20 D16 D14 D13 D12

LFC 200 17.7 184 179 NA
MFC 211194 209 20.2 N/A
HFC 230 203 217 21.1 NIA

PPW 19.0 17.1/19.2/18.3 N/A
OPW 185 16.8[19.2/18.2 NIA

Table 5£9. Transmission loss coefficients from mean AMAR measurements for vibratory oscillation of 24" diameter
steel piles. LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans,
PPW = Phocid pinnipeds in water, OPW = Otariid pinnipeds in water.

Weighting D22 D16
LFC 19.2 203
MFC 208 222
HFC 225 226

PPW 177 212
OPW 173 212

Table 60. Transmission loss coefficients from mean AMAR measurements for drilling. LFC = low-frequency

cetaceans, MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans, PPW = Phocid pinnipeds in water,
OPW = Otariid pinnipeds in water.

Weighting D22* D20 D18 D16 D15 D14 D13 D12

LFC 12.8 119.0/19.4 19.0 175 175 178|192
MFC 141213226 232158 15.1 19.5/156
HFC 1331218 226 238 149 /141 194 133
PPW 13.8 119.5 202 196 179 172 187|198

OPW 138196 202 185 181172 187 20.0

*Several vessels passed close to AMAR 2 during these measurements which elevated the mean levels for that recorder. Transmission loss
coefficients may therefore be underestimated here.
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5.3.7. Weighted-Level Threshold Distances

Peak levels were calculated from max peak measurements and back-propagated using spherical
spreading for AMAR 1 measurements lower than the peak threshold and forward-propagated using
18logR for AMAR 1 measurements higher than the peak threshold (Table 61). The peak threshold
distances are less than the SEL-based threshold ranges for all hearing groups.

Table 61. Range in meters to onset of injury based on NMFS 2016 criteria (Section 2) for pile driving at Kodiak ferry
terminal. Drilling and vibratory hammer setting were considered together for exposure estimates within the continuous
category. LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans,

PPW = Phocid pinnipeds in water, OPW = Otariid pinnipeds in water.

Impact Continuous
Weighting
SEL 24h Peak Day1 Day2 Day 3

LFC 5 1 3 35 24
MFC 1 0 1 4 2
HFC 15 6 10 | 40 30
PPW 2 1 2 12 9
OPW 0 0 0 2 1

5.4. Ketchikan

Pile driving activities at the Ketchikan Ferry Terminal facility were monitored by JASCO field staff from
2016-07-13 to 2016-07-14 (UTC). Activities monitored included installation of three piles. Vibratory driving
of each pile took from 72 to 138 min. Impact hammering cccurred for less than 15 min for each pile.
Periods of time without construction activity were analyzed to estimate the background noise levels at the
Ketchikan Ferry Terminal. Pile installation was monitored at two fixed distances from each pile (west
restraint: 9.5 m and 1098 m; east restraint: 14 m and 1161 m). Pile extraction was monitored from two

fixed distances for each pile (Pile 1: 18.4 m and 949 m; Pile 2: 17.3 mand 948 m; Pile 3: 16.3 m and
947 m).

5.4.1. Impact Driving Noise Levels

Examples of signals recorded on each AMAR are provided in Figure 29. The spectrum from AMAR 1, at
16.3 m from the pile exceeded the background noise at low frequencies, compared with the signal
recorded at AMAR 2. The peak level of the signal at AMAR 1 was over 30 times that at AMAR 2 in
Figure 29. A spectrogram showing multiple strikes of the impact hammer on Pile 3 at a range of 16.3 m
displays the broadband frequency content of the impacts (Figure 30).

A linear regression between the SPL and the logarithm of the range to the recorders is presented in
Figure 31. Only pulses recorded simultaneously on each system were included in the regression. The
estimated source level at 1 m from this regression is 210.4 dB re 1 pPa, with a transmission loss estimate
of 15.0 (n in Equation 1). The mean, median, max, and 90% received levels for SPL, peak pressure, and
single-strike SEL {unweighted and weighted according to the 2016 NMFS guidance) are provided in
Table 62 through Table 64. The maximum SPL for all of the impacts recorded was 193.6 dB 18.4 m from
Pile 1 and 16.3 m from File 3.
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|Figure 29. Waveforms (left) and spectra (right) for impact hammering of Pile 3 (30" diameter steel pile) recorded at
AMAR 1 (top) and AMAR 2 {(bottomn). Background noise spectrum from the 0.5 s window preceding the pulse is

shown in red.
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Figure 30. Spectrogram of four strikes by the impact hammer on Pile 3 measured at 16.3 m range on AMAR 1.
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Figure 31. Peak level, SPL, and SEL versus range measured during impact driving of Pile 3. Shaded region indicates

dipping hydrophone measurements which were not used to estimate transmission loss because of a close-range,

near-surface acoustic shadow zone (see Discussion Section 6.2). Solid line shows best-fit transmission loss curve to
AMAR-based SPL data. Only levels from pulses recorded simultaneously on both AMARs and the dipping
hydrophone are shown (n= 392 at each location).

Table 62. Statistics of peak level, SPL, and single-strike SEL (unweighted and frequency-weighted according to the
2016 NMFS guidance) for impact driving of Pile 3 (30" @). Unw = unweighted, LFC = low-frequency cetaceans,

MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans, PPV = phocid pinnipeds in water, OPVV = otariid

pinnipeds in water.

Sound level (Pile 3)

AMAR 116 3m range (n= 582)
peak level (dB re 1 pyPa)

SPL (dBre 1 pPa)

single-strike SEL (dB re 1 uPa2s)

AMAR 2-947 m range (n= 582)
peak level (dB re 1 uPa)

SPL (dBre 1 pyPa)

single-strike SEL (dB re 1 pPazs)

Weighting

Unw
Unw
Unw
LFC
MFC
HFC
PPW
OPW

Unw
Unw
Unw
LFC
MFC

204.8
1915
1776
176.8
1544
151.8
168.7
169.0

178.0
1654
154.5
1534
1263

Median

2048
191.8
1776
1767
1545
1517
168.7
168.9

178.1
165.5
154.6
1535
126.0

207.0
193.6
179.6
178.9
168.2
185.7
171.4
171.9

179.8
167.3
156.4
1555
1295

90th percentile

2058
193.0
179.0
178.2
156.4
1539
1706
171.0

179.2
166.5
185.7
154.7
128.5
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Sound level {File 3) Weighting Mean Median Mex 90th percentile
HFC 121.8 1214 1251 124.0
PPW 1440 1440 146.9 1456
OPW 143.8 1437 146.9 1455

Table 63. Statistics of peak level, SPL, and single-strike SEL (unweighted and frequency-weighted according to the
2016 NMF S guidance) for impact driving of Pile 2 (30" @). Unw= unweighted, LFC = low-frequency cetaceans,

MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid
pinnipeds in water.

Sound level {Pile 2) Weighting Mean Median Max 80th percentile

AMAR 1-17.3 m range (n= 559)

peak level (dBre 1 uPa) Unw 2049 2047 2084 206.9

SPL (dBre 1 pPa) Unw 190.5 190.8 192.9 192.1

single-strike SEL (dB re 1 Pa2s) Unw 1772 177 1 179.7 178.9
LFC 176.4 176.2 179.0 178.3
MFC 154.9 155.3 158.5 156.5
HFC 162.3 152.5 196.4 154.0
PPW 169.2 168.8 172.2 171.3
OPW 169.6 169.3 172.8 171.9

AMAR 2-947 8 m range {n= 559)

peak level (dBre 1 uPa) Unw 1777 1777 180.6 179.5

SPL (dBre 1 pPa) Unwy 164.0 163.9 166.5 165.7

single-strike SEL (dB re 1 pPa?s) Unw 153.5 1532 156.1 155.2
LFC 152.5 152.0 185.2 154.3
MFC 126.2 126.0 129.9 128.4
HFC 1216 1216 124.9 123.4
PPW/ 143.4 142.7 146.6 145.7
OPW 143.3 1426 146.6 145.7

Table 64. Statistics of peak level, SPL, and single-strike SEL (unweighted and frequency-weighted according to the
2016 NMFS guidance) for impact driving of Pile 1 (30" @). Unw= unweighted, LFC = low-frequency cetaceans,

MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid
pinnipeds in water.

Sound level {Pile 1) Weighting Mean Median Max 80th percentile
AMAR 1-184 m range (n= 637)

peak level (dB re 1 uPa) Unw 205.2 2053 2074 2058
SPL (dBre 1 Pa) Unw 191.4 1917 193.6 192.6
single-strike SEL (dB re 1 Pa?s) Unw 176.7 176.7 179.5 177.7

Version 2.0 60



JASCO APPLIED SCIENCES Alaska DOT Hydroacoustic Pile Driving Noise Study — Comprehensive Report

Sound level {File 1) Weighting Mean Median Mex 90th percentile
LFC 176.0 1759 178.9 177.0
MFC 153.9 1536 159.9 155.8
HFC 151.1 1506 158.1 153.1
PPW 169.0 168.9 1731 170.3
OPW 169.6 169.5 173.9 170.9

AMAR 2-949 m range (n= 635)

peak level (dBre 1 uPa) Unw 1786 178.8 180.2 179.4

SPL (dBre 1 pPa) Unw 162.3 162.3 164.8 163.3

single-strike SEL (dB re 1 Pa?s) Unw 1518 1516 154.4 152.9
LFC 150.7 150.5 1836 152.1
MFC 1227 1220 1277 1254
HFC 117.9 171 1246 1201
PPW 1418 1414 1455 1434
OPW 141.8 1414 1459 1435

5.4.2. Vibratory Driving Noise Levels

A spectrogram showing over 8 min of the vibratory hammer on Pile 2 at a range of 17.3 m displays the
broadband freguency content, with most of the energy below 2 kHz, of the vibratory hammering over time
(Figure 32). The received level at the recorders decreased with range (Figure 33). Close to the piles, the
SPLs clearly exceeded the background levels, while at 1 km the levels did not exceed background by the
same margins.

A linear regression between the SPL and the logarithm of the range to the recorders is presented in
Figure 33. The estimated source level at 1 m from this regression is 172.5 dB re 1 pyPa, with a
transmission loss estimate of 12.0 (n in Equation 1). The mean, median, max, and 90% received levels
for 1 s SPLs (equivalent to SEL) are provided in Table 65 through Table 67. The maximum 1 s SPL for
was 169.0 dB, 17.3 m from Pile 2. Statistics of SPLs weighted according to the 2016 NMFS guidelines
are also included.
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Figure 32. Spectrogram of vibratory driving of Pile 2 {(measured on AMAR 1).
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Figure 33. SPL (1 s average) versus range measured during vibratory driving of Pile 1. Shaded region indicates
dipping hydrophone measurements which were not used to estimate transmission loss because of a close-range,
near-surface acoustic shadow zone (see Section 6.2. Discussion). Solid line shows best-fit transmission loss curve to
AMAR-based SPL data. Only levels from vibratory driving recorded simultaneously on both AMARSs and the dipping
hydrophone are shown (1294 s at each location).
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Table 65. Statistics of SPL (unweighted and frequency-weighted according to the 2016 NMFS guidance) for vibratory
driving (oscillating) of Pile 2 (30" @). Unw = unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency
cetaceans, HFC = high-frequency cetaceans, PP\ = phocid pinnipeds in water, OPW = otariid pinnipeds in water.

Sound level {Pile 2) Weighting Mean Median Max 80th percentile

AMAR 1-17.3 m range (6960 5)

SPL (dBre 1 pPa) Unw 162.6 1624 169.0 166.1
LFC 163.8 1624 165.2 156.4
MFC 130.8 119.6 1832 1254
HFC 1282 117.8 1515 1225
PPW 1435 136.4 160.4 1442
OPW 1435 1326 1611 1429

AMAR 2-948 m range (5251 s}

SPL (dBre 1 pPa) Unw 1432 1424 150.0 146.2
LFC 1342 1333 1420 137 4
MFC 107 4 1022 1240 1103
HFC 104.9 1001 1201 107 3
PPW 1207 117.6 137.0 1230
OPW 1196 1128 137.5 121.7

Table 66. Statistics of SPL (unweighted and frequency-weighted according to the 2016 NMFS guidance) for vibratory
driving (oscillating) of Pile 1 (30" @). Unw = unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency
cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid pinnipeds in water.

Sound level {Pile 1) Weighting Mean Median Max 80th percentile

AMAR 1-18 4 mrange (4374 )

SPL (dBre 1 pPa) Unw 157.8 156.8 167.6 161.7
LFC 1496 147.7 166.1 15619
MFC 130.2 1205 159.6 1254
HFC 127.9 118.5 158.0 1232
PPW 1409 134.0 163.8 1397
OPW 141.1 1322 163.9 139.2

AMAR 2-848 m range (1819 5)

SPL (dBre 1 pPa) Unw 140.0 1394 1452 1428
LFC 1331 130.7 1408 138.1
MFC 107.0 104.7 1191 1103
HFC 1041 102.6 1145 106.7
PPW 1208 116.7 133.8 1264
OPW 120.0 1147 134.3 1252
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Table 67. Statistics of SPL (unweighted and frequency-weighted according to the 2016 NMFS guidance) for vibratory
driving (oscillating) of Pile 3 (30" @). Unw = unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency
cetaceans, HFC = high-frequency cetaceans, PP\ = phocid pinnipeds in water, OPW = otariid pinnipeds in water.

Sound level {Pile 3) Weighting Mean Median Max 80th percentile

AMAR 1-16.3 mrange (8337 s)

SPL (dBre 1 pPa) Unw 1647 161.7 164.4 159.1
LFC 1482 1439 161.4 1529
MFC 121.9 116.8 1436 1221
HFC 118.9 1151 1414 118.8
PPW 137.3 130.2 1547 1407
OPW 136.9 128.3 1852 139.6

AMAR 2-947 m range (5356 s/

SPL (dBre 1 pPa) Unw 1356 1327 147.3 138.3
LFC 128.9 126.4 1401 1324
MFC 1024 98.6 1193 1052
HFC 996 953 1174 1023
PPW 116.3 113.9 130.0 1195
OPW 115.3 1125 1305 118.3

5.4 3. Threshold Distances

Eqguation 1 was solved for the threshold criteria provided in Section 2 using the regressions and statistical
measures of source levels and transmission loss from Sections 5.4.1 and 5.4.2. The ranges for
thresholds for each source are in Table 68. Injury ranges were less than 130 m, and behavioral
disturbance range was 2703 m for impact hammering. For vibratory driving, the behavioral disturbance
range was up to 120 km. Both of the distances for behavioral disturbance were extrapolated past the
range measured. Section 6.3 discusses the extrapolation past measurement range.

Table 68. Distance to SPL thresholds determined from best-fit transmission loss coefficient and SPLs on AMAR 1
{90th percentile and mean). Threshold distances and source levels are maximized over data from all piles monitored
for each activity.

'(I'shFr;ts Itli:{:e 90th Percentile Mean  Transmission Loss 80th Percentile SL Mean SL

1 Pa) Distance (m)  Distance (m) Coefficient (dBre1pPa@1m) (dBre1pPa@1m}

Impact dhiving

30" piles

190 27.4 22.8 15.0 2116 210.4
180 127 105 15.0 2116 210.4

160 2703* 2250* 15.0 2116 210.4
Vibratory driving
30" piles

120 120 181.0 1775

*Extrapolated far beyond maximum measurement range. These values are unrealistic, see Discussion section 6.3.
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5.4.4. Weighted Transmission Loss Coefficients

NMFS 2016 functional hearing group weighting functions were applied to the received signals and when
possible, regressions between the weighted levels and the logarithm of the ranges were computed to
determine the transmission loss coefficient for each functional hearing group (Table 69 and Table 70).
Transmission loss estimates ranged from 10.7 for the vibratory driving of Pile 1 with LFC weighting to
19.4 for impact hammering of Pile 1 for HFC.

Table 69. Transmission loss coefficients from mean AMAR measurements for impact hammering. LFC = low-
frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans, PPW = Phocid pinnipeds in
water, OPW = Ofariid pinnipeds in water.

Woeighting Pile1 Pile2 File3

LFC 14.8 | 13.7 | 133
MFC 182 | 165 | 15.9
HFC 194 177 | 170
PPW 159 | 148 | 14.0
OPW 162 1 151 | 143

Table 70. Transmission loss coefficients from mean AMAR measurements for vibratory driving. The coefficients were
calculated after accounting for fewer measurements from AMAR 2 (due to contaminating non-piling noise sources) by
assuming levels for the masked times corresponded to the 75th percentile levels. LFC = low-frequency cetaceans,
MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans, PPW = Phocid pinnipeds in water, OPW = Otariid
pinnipeds in water.

Weighting Pile1 Pile2 Pile 3

LFC 107 117 | 116
MFC 147 1 141 | 120
HFC 148 1 140 | 119
PPW 133 | 136 | 126
OPW 14.0 143 | 131

5.4.5. Weighted-Level Threshold Distances

Peak levels were calculated from max peak measurements and back-propagated using spherical
spreading for AMAR 1 measurements lower than the peak threshold and forward-propagated using
15logR for AMAR 1 measurements higher than the peak threshold (Table 71). The peak threshold
distances are less than the SEL-based threshold ranges for all hearing groups.

Table 71. Range in meters to onset of injury based on NMFS 20186 criteria (Section 2) for pile driving at Ketchikan
Ferry Terminal. LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-frequency cetaceans,
PPW = Phocid pinnipeds in water, OPW = Otariid pinnipeds in water.

Impact Vibratory

Weighting

SEL 24h Peak SEL 24h
LFC 1288* <10 10
MFC 21 <10 <10
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Impact Vibratory

Weighting

SEL 24h Peak SEL 24h
HFC 746 46 "
PPW 212 <10 <10
OPW 13 <10 <10

*Extrapolated beyond maximum measurement range. See Discussion section 6.3.
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6. Discussion

The goal of this measurement program was to quantify sound levels and transmission loss from typical
piling activities associated with AKDOT&PF construction projects to use in environmental impact
assessments of future piling projects in Alaska. Results from one of the four measurement sites could
apply to other locations; however, there are many factors to consider when selecting surrogate
measurements: construction activity and duration, hammer size/energy, pile dimensions, sediment
characteristics, bathymetry, and water sound speed profile. Effects from some of these factors were
observed in the measurements and are discussed at greater length in the subsections that follow.

The pile installation at Kodiak resulted in atypically low sound levels for both vibratory and impact
hammers that should only be used as surrogates for hammer operations asscciated with rock socket pile
installation. Due to the drilling of rock socket holes, vibratory and impact hammering source levels were
lower, and durations of hammer operations were reduced. These reductions in level and duration meant
relatively small harassment zones for impact and vibratory pile driving (less than 183 m and 821 m,
respectively). These measurements of impact and vibratory pile driving at Kodiak could be used as
surrogate only at sites with similar sediment types and drilling operations.

At Kake, Auke Bay, and Ketchikan, hammer sizefenergy and vibratory source level measurements were
correlated, but impact hammering source levels did not vary much. Thus, vibratory hammer size/energy
must be considered when surrogate source levels are selected. The connection between impact hammer
energy and source levels, although supported both in theory and in the literature (Laughlin 2005%), can be
affected by other factors either alone or in combination. In this study, sediment characteristics and pile
dimensions were confounding factors. Harder sediments are typically more difficult to drive into which
may result in relatively higher sound levels and longer piling duration.

The unweighted and weighted-level transmission loss coefficients depend on the source spectra and
frequency-dependent transmission loss at each site. Kake and Kodiak, the shallower sites, had higher
unweighted TL coefficients (approximately 20) relative to Auke Bay and Ketchikan, the deeper sites,
which had lower unweighted TL ceefficients (approximately 13). Sediment characteristics could have
contributed to this discrepancy, but it is difficult to assess the relative significance given their uncertainty
along the propagation path.

Geometric transmission loss coefficients of 10 and 20 correspond to cylindrical and spherical spreading
loss, respectively. Both values assume ideal environments, however in reality, the measured transmission
losses usually vary between these two values. Cecasionally, the transmission loss can be closer to 10
logR, and in some situations greater than 20 logR. Often, 15 logR is used as an estimate of transmission
loss when empirical measurements are not available. Because estimates depend on sediment types,
bathymetry, and other environmental characteristics, and are affected by the frequency-weighting
functions for the various functional hearing groups and source spectrum, selecting an appropriate
transmission loss coefficient for a given environment can be challenging without empirical data for the
location.

Numerical propagation modeling could be used to determine the relative importance of bathymetry and
sediment characteristics for a given source spectrum. Despite the observed decrease in TL coefficients
with water depth, this decrease is not likely appropriate for deeper water. In very deep water, spherical
spreading (TL coefficient of 20) is expected.

The weighted-level TL coefficients showed much more variability, from 11.6 to 26.0. The frequency-
dependent weighting functions greatly complicate establishing correlations between weighted-level TL
coefficient observations and source/environmental features. Numerical propagation modeling could be
used to predict weighted levels and their decay with range given the source spectrum and environmental
parameters.

The source levels estimated in this study could apply to similar piling activities (in terms of piling
operation, source, pile size, and sediment properties), but the TL coefficients are much more difficult to
predict using empirical data given their dependence on source spectra and environmental properties.
Weighted-level TL coefficients are especially difficult to predict using empirical data given the additional
complexity of frequency weighting.
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6.1. Comparing Sound Levels Across Sites

The broadband sound levels for impact hammering could be grouped by location with Kodiak separated
from the other sites due to the different site conditions and pile installation techniques used there. At
Kodiak, there were 1-5 impacts per pile, whereas at the other sites, the number of impacts varied from
106 to 637. The goal of hammering at sites differed by site. Impact hammering at Kodiak was for pile load
testing (“proofing”), whereas at Kake, Auke Bay, and Ketchikan, it was used for driving the piles into the
sediments and proofing the piles upon refusal. At Kake, Auke Bay, and Ketchikan, impact hammering
SPL and single-strike SEL were consistently within 3 dB when standardized to a range of 10 m from the
pile (Table 72). At Kodiak, the levels were consistently lower. The function of the impact hammering, and
consequently the number of strikes, coupled with sound levels more than 10 dB greater at Kake, Auke
Bay, and Ketchikan resulted in much higher cumulative levels and greater range to criteria thresholds
compared to impact hammer sounds at Kodiak.

The 1/3-octave band levels measured at AMAR 1 for impact pile driving are similar at Kake, Auke Bay,
and Ketchikan (Figure 34). At Kodiak, the 1/3-octave band levels above 50 Hz are lower than the levels at
the same frequencies at the other sites, particularly for frequencies between 50 and 300 Hz. The levels in
Figure 34 were not corrected for range from the pile, which accounts for some of the differences.
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Figure 34. The mean 1/3-octave band levels from all sites at AMAR 1. The levels were not corrected for range from
the pile, which accounts for some of the differences.

The broadband sound levels generated by vibratory hammering varied across all sites, even when
standardized to a common range of 10 m from the pile (Table 72). Kodiak had the lowest levels, followed
by Kake, Ketchikan, and Auke Bay. The 1/3-octave band levels at Auke Bay were consistently higher
than at other sites (Figure 33). The levels in Figure 35 were not corrected for range from the pile, which
accounts for some of the differences. AMAR 1 was closer to the piles at Auke Bay than at other sites. The
rock socket installation at Kodiak might have contributed to the lower broadband levels, but the
1/3-octave band levels for vibropiling showed a trend consistent with the impact hammering from Kodiak
with reduced energy from 50 to 300 Hz (Figure 34 and Figure 35), which is part due to the fact that the
shallow water at Kodiak that does not suppert propagation of sound at these frequencies. The 1/3-octave
band levels at Kake for extracting and installing piles with the vibratory hammer were similar.
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Figure 35. Mean 1/3-octave band levels recorded on AMAR 1 at each of the ferry terminals for the vibratory hammer.

Kake data includes extraction and installation. Kodiak data includes setting and oscillating. The levels were not
corrected for range from the pile, which accounts for some of the differences.

The mean drilling sound level at 10 m range measured at Kodiak was 168 dB, approximately 12 dB
greater than that generated by the vibratory hammer at Kodiak (Table 72). The 1/3-octave band levels for
drilling showed that most of the energy was between 200 Hz and 2 kHz (Figure 36). Unlike the impact
and vibratory hammer at Kodiak (Figure 34 and Figure 35), the spectral levels were higher—between 50
and 300 Hz—for drilling. The 1/3-octave band levels in Figure 36 were not corrected for range of the
recorder from the pile.
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Figure 36. Mean 1/3-octave band levels generated by drilling activity, recorded on AMAR 1 at Kodiak ferry terminal.
Spectral levels were not corrected for range from pile.

The size and energy of the hammers used to install the piles varied between locations. The same model
vibratory hammer was used at Kodiak and Ketchikan, with different models being used at both Kake and
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Auke Bay. Impact hammers differed at all sites (Table 1), Sound levels from impact hammering at all sites
did not correlate to the weight or energy of the impact hammers. Mean SPL for vibratory hammering was
correlated with force, which is intrinsically related to weight, at all sites where vibratory hammering
occurred (i.e. all sites except Kodiak). Higher sound levels were recorded when higher forces and weights
were impartted (Figure 37). Because the sample size was small, and there were multiple confounding
environmental factors—sediment, bedrock, sound speed, bathymetry—ather than to state a larger
wibratory hammer likely generates higher levels, it is specious to make predictions solely an hammer
specifications.
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Figure 37. Mean 1 s SPL(dB re 1 pPa @ 10 rmy as a function of vibratory bammer force (kM) Higher mean source
levelswere associated with higher hammer forces.

Environmental factors that affect sound propagation—subbottorn properties, water column sound speed
profile, and bathymetry—are the daminant factors that influence variahility of the ranges to thresholds for
Level Aand Level B harassment among locations (summarized in T able 73).

Measurement of sound speed profiles during monitaring of test pile installations (plotted in the site-
relevant appendices of supporting data) indicated both upwards and downwards refracting environments,
aswell asiso-velocity profiles. Howewer, none of the profiles were strong enough, given the shallow
weater, to strongly influence acoustic propagation.

sound propagation is also influence by sedimenttype and the subbottom, particularly the depth of
sediment through which a pile must be driven and the length of time and number of impacts required to
drive the pile. Excluding Kodiak, the site with the least amount of sediment overlying bedrock, Kake, had
shorter vibratory driving and fewer impact strikes than either Auke Bay or Ketchikan. The overburden,
sediment averlying bedrock, was approximately 15 ft at Kake 45 ft at Auke Bay, and 42 ft at Ketchikan
(see Table 1). The duration of vibratory hammering lasted 15 min at Kake, 30 min at Auke Bay, and over
an hour at Ketchikan. The depth and density of the overburden could help determine exposure levels due
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to pile driving. Sediment type also affects the amount of sound energy that is radiated into the water
column. Highly-reflective sediments typically result in higher in-water sound levels.

The ferry terminals that were monitored were either within a confined channel (Kodiak and Ketchikan), or
facing open water (Kake and Auke Bay). The bathymetric profiles between AMARSs show that Ketchikan
has the steepest slope and deepest channel (Figure 38), which contributed to discrepancies between
levels measured on bottom mounted and drifting recorders at that location (Section 6.2). The very shallow
water in Kodiak inhibited propagation of lower frequency sounds.
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Figure 38. Bathymetric profile showing depth as a function of range between the pile and AMAR 2 at each of the ferry
terminals.

6.2. Importance of Hydrophone Placement

Hydroacoustic pile driving measurements are typically conducted using a few hydrophones to sample the
underwater acoustic field. The hydrophone position in range and depth (and potentially azimuth) is
especially important for pile driving measurements due to propagation effects. At Ketchikan, effects in the
measured levels due to hydrophone placement were observed. Sound levels from both impact and
vibratory pile driving measured using the dipping hydrophone between AMARSs 1 and 2 were lower than
the linear trend formed between the AMAR data (Figure 31 and Figure 33). The mismatch between the
AMAR and dipping hydrophone data is a result of the directionality of the pile as an acoustic source,
bathymetry, and measurement locations.

When a hammer imparts a force on the top of a pile, it generates a stress wave that travels down the pile.
This wave deforms the pile wall, which generates sound waves propagating into the surrounding water.
The stress wave speed (~5000 m/s) is much faster than that of water (~1495 m/s in this study) so the
displacement creates an acoustic field that has a planar wavefront angled downwards at approximately
17.5° from horizontal. This wavefront is symmetric in all azimuthal directions, creating a “‘Mach cong”
propagating from the pile that dominates the acoustic field (Reinhall and Dahl 2011).

The Mach cone reflects off the seafloor and surface as it propagates and can be modeled using a ray-
tracing propagation model. Figure 39 shows a ray-trace diagram of the sound paths (black lines) that
emanate from the pile and travel through the water, using the Ketchikan environment as an example.
Sound levels are higher in areas where there are many ray paths compared with areas with few ray
paths. The sound rays were computed using the BELLHOP Gaussian beam acoustic ray-trace model
(Porter and Liu 1994) for 9 point sources spanning the water column (between 0.5 and 8.5 m depth) for
angles between 17 and 18° below horizontal to illustrate the range and depth coverage of the Mach cone.
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The bathymetry was obtained from water depth measurements during AMAR deployments at Ketchikan
and echosounder measurements along the track from AMAR 1 to 2. The bathymetry was interpolated
between 17 and 150 m range and extrapolated to O m. The downwards-refracting measured sound speed
profile from 20 Jul was modeled. The steep near-source bathymetry allows the Mach cone to propagate
downwards to ~50 m depth at 150 m range before it is reflected upwards. This creates a significant depth-
dependent acoustic shadow zone for the Mach cone at ranges less than ~270 m. The dipping
hydrophone measurements at Ketchikan were made in this shadow zone (10 m depth between 120 and
248 m range), where there are few ray armrivals, whereas the AMAR measurements were made in the path
of the Mach cone (10 m depth at 17 m range for AMAR 1 and 28 m depth at 948 m range for AMAR 2)
with many ray arrivals and, thus, more sound energy. The difference in the number of ray arrivals explains
why the dipping hydrophone sound levels were lower than the trend between the AMARs. Because the
dipping hydrophone measurements do not represent maximum sound levels throughout the water
column, they were therefore excluded from the fits in the sound level versus range plots (see Figure 17
and Figure 31).
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Figure 39. Ray trace diagram for propagation of the Mach cone (between 17 and 18 degrees below horizontal) for

sources spanning the water column. Grey region indicates subbottom. Ray coverage indicates a significant depth-
dependent acoustic shadow zone for the Mach cone at ranges less than approximately 270 m.

6.3. Extrapolated Ranges

Distances to threshold levels were determined using levels measured on AMAR 1 and TL coefficients
derived from both AMAR 1 and 2. In some cases, threshold distances were calculated by extrapolating
measurements beyond the maximum measurement range (nominally 1 km). Extrapolated threshold
distances can be highly uncertain because the TL coefficient determined between AMARSs 1 and 2 might
be inappropriate for long-range propagation beyond AMAR 2.

Table 68 lists the distances to the 120 dB SPL threshold for vibratory piling at Ketchikan as approximately
120 and 61 km for the 90th percentile and mean levels, respectively. These distances were extrapolated
from the empirical transmission loss fit (Figure 17) well beyond the maximum measurement range of
approximately 950 m. These ranges are overestimated for the measurement location given that land
blocks acoustic propagation beyond (at most) 12 km, and are likely overestimated even for the same pile
driver/pile combination in an open-water environment.

We modeled the vibratory driving levels in an open-water environment so we could compare the long-
range modeled sound levels to the empirical fit predictions. Sound propagation was modeled using
JASCO’s Marine Operations Noise Model (MONM). MONM computes acoustic propagation via a wide-
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angle parabolic equation solution to the acoustic wave equation (Collins 1993) based on a version of the
U.S. Naval Research Laboratory’s Range-dependent Acoustic Model (RAM), which has been modified to
account for a an elastic seabed (Zhang and Tindle 1995). The parabolic equation method has been
extensively benchmarked and is widely employed in the underwater acoustics community (Collins et al.
1996).

For the simulated open-water environment, we used the measured bathymetry to 1 km range (described
and shown in Section 6.2 and Figure 39) and extended it to 100 km range with a constant water depth.
The measured sound speed profile (Appendix D.2) and a very fine sand sediment model were used for
the environmental propetties (a less-reflective silt sediment model resulted in a poor fit to AMAR 2
measurements). The source levels were derived by back-propagating the 90th percentile 1/3-octave band
levels for Pile 2 assuming spherical spreading, i.e., 20 logR. The pile was approximated as a point source
at mid-water column and the receiver followed the seafloor to simulate a bottom-mounted recorder.

Although the pile is simplified as a point source and the sediment model might not be accurate, the
modeled levels agree well with measurements. Beyond the maximum measurement range, the
extrapolated empirical levels deviate from modeled levels. Although the long-range flat bathymetry might
not be realistic, the qualitative curve in SPL at long ranges is typical because energy is lost from
numerous interactions between sound waves and the seabed. Pulses measured at relatively close range
(less than 1 km) do not have significant bottom loss so the empirical fit has a low transmission loss
coefficient (12.0). This coefficient is appropriate between the AMARSs, but is likely underestimated beyond
AMAR 2, which can lead to overestimated distances to the 120 dB threshoeld from extrapolating from the
empirical fit.
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Figure 40. Modeled and measured SPL (90th percentile) for vibratory piling of Pile 2 at Ketchikan. Black line is
modeled using MONM.

NMFS behavioral disturbance threshold level, Level B harassment, for continuous sounds (vibratory
driving and drilling) is 120 dB. At two of the four sites, Auke Bay and Ketchikan, the received levels at the
AMAR 1 km from the piles exceeded this threshold. Using these received levels, the calculated range to
this threshold was much greater than the ranges at which recorders were placed. Extrapolation beyond
the maximum range sampled could lead to extremely high, and most likely conservative, threshold
ranges. More accurate ranges can be calculated with measurements at ranges greater than 1 km. While
some extrapolation might be necessary, additional sample points could indicate greater transmission loss.
The greater transmission loss at longer ranges could also be predicted and/or confirmed with numerical
sound propagation models.
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6.4. Drilling Sound Levels

Drilling source levels at the Kodiak ferry terminal were higher than the vibratory hammering source levels
at all sites except Auke Bay (Table 72). The recording signals were dominated by sounds produced by
the dril’'s hammer at the pile toe. The hammer struck the pile toe at a frequency of approximately 15.5 Hz.
Due to the relatively high rate of impact and overdapping pulse waveforms, drilling sounds were treated as
a continuous noise (Figures 41 and 42). The threshold distance is relatively large because the
disturbance criteria threshold for continuous noise is 120 dB re 1 pPa (Table 56).
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Figure 41. Spectrograms of down-the-hole drilling Pile D20 measured on AMAR 1 at 12.9 m (left) and AMAR 2 at
1119 m (right).
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Figure 42. Pressure waveforms of drilling for pile D20 measured on AMAR 1 at 12.9 m {left) and AMAR 2 at 1119 m
{right).

6.5. Suitability of Weighting Function Adjustments

The Weighting Function Adjustments (WFA) provided by NMFS for estimating frequency-weighted SEL
from broadband SEL measurements generally provide conservative estimates; however, when the WFA
were used for near-source impact hammering High-frequency cetacean (HFC)-weighted levels, all levels
were underestimated at all four measurement sites. This indicates impact piling contains significant high-
frequency energy that the WFA process underestimates. To be conservative, proponents would likely
need to use a higher percentile frequency for impact hammering above 2 kHz to estimate HFC-weighted
levels from broadband measurements.
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Using the WFA method at the longer-range AMAR 2 measurements did not result in underestimated
levels as was the case in the near-source measurements. The high frequencies in the passband of the
HFC weighting function typically experience greater transmission loss so at long ranges, impact piling
sounds contain less high-frequency energy. The increased transmission loss reduces the true 90th
percentile frequency with range, and by approximately 1 km, the WFA method resulted in conservative
estimates for HFC-weighted impact hammering levels, but this phenomenon might not occur in all
environments.
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7. Conclusion

Received levels standardized to 10 m range are summarized for each source type at each location
(Table 72). These values are averaged over all measured piles at each site. The resulting ranges to
thresholds at each site grouped by impact and continuous source type are in Table 73. Criteria ranges
are summarized from results sections for each location (Kake: Sections 5.1.4 and 5.1.6; Auke Bay:
Sections 5.2.3 and 5.2.5; Kodiak: 5.3.5 and 5.3.7; Ketchikan: 5.4.3 and 5.4.5). Transmission loss
coefficients (n in Equation 1) were calculated in linear regressions for each source type at each location
(Table 74).

Table 72. Summary of received levels at 10 m range. Values are computed as the linear average of the metrics for
each pile at a given site.

Hammer Site Metric Mean Median Max 90th percentile
Impact | Kake peak level 206.9| 2066 ' 210.0 209.3
(dBre 1 pPa)
Auke Bay 2059 2060 2079 206.9
Kodiak 1933 1928 19438 1948
Ketchikan 2086 2085 2112 209.8
Impact | Kake SPL 1948| 1944 |197 4 196.8
(dBre 1 pPa)
Auke Bay 1912 1913 2014 1922
Kodiak 181.3 1 1811 1827 1827
Ketchikan 1947 1950 197.0 196.2

Impact | Kake single-strike SEL | 1760.9| 1796 1823 1817
{dBre 1 uPaZs)

Auke Bay 1773 1774 1795 178.3
Kodiak 168.2 1683 168.8 168.8
Ketchikan 180.7 1807 11832 1821
Vibro Kake SPL 157.9| 1558 167.7 162.0
(dBre 1 pPa)
Auke Bay 1688 168.0 1781 171.8
Kodiak 1555 1523 164.8 160.0
Ketchikan 1625 1619 1703 166.2

Driling | Kodiak | SPL

(@B re 1 uPa) 167.7 | 1862 175.1 171.0
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Table 73. Summary table of range to threshold based on Level B or behavioral (NMFS 2016b) and Level A or injury
(NMFS 2016a) harassment criteria. All ranges are in meters. For Kodiak, drilling and vibratory hammer were
combined for Level A harassment, and kept separate for Level B harassment. Drilling ranges are in parentheses for
Kodiak Level B ranges. LFC = low-frequency cetaceans, MFC = mid-frequency cetaceans, HFC = high-frequency
cetaceans, PPW = Phocid pinnipeds in water, OPW = Otariid pinnipeds in water.

Keke Auke Bay Kodiak Ketchikan
T T 90th e 90th 80th
i v : i Mean Percentile Mean Perceentil Mean Percentile Meen Percentile
Level B (120 dB) 85 1207 (5?)3%*) (Ggié*)
Level A LFC <10 <10 15 23 | 35 50 10 14
Confinuous | Level AMFC <10 <10 <10 | 10 | <10 | <10 | <10 | <10
Level A HFC <10 <10 8 134 | 40 59 1 13
Level A PPW <10 <10 <0 13 1 18 | <10 | <10
Level A OPW <10 <10 <10 | <10 <10 | <10 | <10 | <10
Level B (160 dB) 685 897 | 133" | 1567 145 | 183 | 2050 | 2703"
Level A LFC 124 157 740 | 157 | <10 | <10 | 1288* @ 164T*
ot | LSVLAMEC <10 <10 13 13 <10 | <10 | 2 29
Level A HFC 164 207 557 | 807 | 15 17 746 | 977
Level A PPW 37 46 122 | 153 <10 | <10 | 212 | 293
Level A OPW <10 <10 <10 | <10 | <10 | <10 13 20

*Extrapolated beyond maximum measurement range.
A Extrapolated far beyond maximum measurement range. These values are unrealistic, see Discussion section 6.3.

Table 74. Summary of unweighted transmission loss coefficients calculated for each source activity and site.

Activity Site Transmission Loss Coefficient
Kake 19.6
o Auke Bay 146
Impact Driving _
Kodiak 203
Ketchikan 12.0
Kake 206
) o Auke Bay 16.4
Vibratory Driving _
Kodiak 219
Ketchikan 12.0
Vibratory Extraction  Kake 19.2
Drilling Kodiak 18.9
Version 2.0 77



JASCO APPLIED SCIENCES Alaska DOT Hydroacoustic Pile Driving Noise Study — Comprehensive Report

Glossary

1/3-octave band

Non-overlapping passbands that are one-third of an octave wide (where an octave is a doubling of
frequency). Three adjacent 1/3-octave bands comprise one octave. One-third-octave bands become
wider with increasing frequency. Also see octave.

A-weighting
Frequency-selective weighting for human hearing in air that is derived from the inverse of the idealized
40-phon equal loudness hearing function across frequencies.

absorption
The conversion of acoustic energy into heat, which is captured by insulation.

ambient noise

All-encompassing sound at a given place, usually a composite of sound from many sources near and far
(ANSI §1.1-1994 R2004), e g., shipping vessels, seismic activity, precipitation, sea ice movement, wave
action, and biclogical activity.

attenuation

The gradual loss of acoustic energy from absorption and scattering as sound propagates through a
medium.

audiogram
A graph of hearing threshold level (sound pressure levels) as a function of frequency, which describes the
hearing sensitivity of an animal over its hearing range.

auditory weighting function (frequency-weighting function)

Auditory weighting functions account for marine mammal hearing sensitivity. They are applied to sound
measurements to emphasize frequencies that an animal hears well and de-emphasize frequencies they
hear less well or not at all (Southall et al. 2007, Finneran and Jenkins 2012, NOAA 2013).

background noise

Total of all sources of interference in a system used for the production, detection, measurement, or
recording of a signal, independent of the presence of the signal (ANSI $1.1-1994 R2004). Ambient noise
detected, measured, or recorded with a signal is part of the background noise.

bandwidth

The range of frequencies over which a scund occurs. Broadband refers to a source that produces sound
over a broad range of frequencies (e.g., pile driving hammers, vessels) whereas narrowband sources
produce sounds over a narrow frequency range (e.g., sonar) (ANSI/ASA §1.13-2005 R2010).

bar
Unit of pressure equal to 100 kPa, which is approximately equal to the atmospheric pressure on Earth at
sea level. 1 bar is equal to 10° Pa or 10" pPa.

broadband sound level

The total sound pressure level measured over a specified frequency range. If the frequency range is
unspecified, it refers to the entire measured frequency range.
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cetacean
Any animal in the order Cetacea. These are aquatic, mostly marine mammals and include whales,
dolphins, and porpoises.

compressional wave
A mechanical vibration wave in which the direction of particle motion is parallel to the direction of
propagation. Also called primary wave or P-wave.

continuous sound

A sound whose sound pressure level remains above ambient sound during the cbservation period
{ANSI/ASA $1.13-2005 R2010). A sound that gradually varies in intensity with time, for example, sound
from a marine vessel.

decibel (dB)
OCne-tenth of a bel. Unit of level when the base of the logarithm is the tenth root of ten, and the quantities
concerned are proportional to power (ANSI $1.1-1994 R2004).

equal-loudness contour

A curve or curves that show, as a function of frequency, the sound pressure level required to cause a
given loudness for a listener having normal hearing, listening to a specified kind of sound in a specified
manner (ANSI $1.1-1994 R2004).

fast Fourier transform (FFT)
A computationally efficiently algorithm for computing the discrete Fourier transform.

frequency
The rate of oscillation of a periodic function measured in cycles-per-unit-time. The reciprocal of the
period. Unit: hertz (Hz). Symbol: . 1 Hz is equal to 1 cycle per second.

functional hearing group
Grouping of marine mammal species with similar hearing ranges. Commonly defined functional hearing
groups include low-, mid-, and high-frequency cetaceans, pinnipeds in water, and pinnipeds in air.

Global Positioning System {(GPS)
A satellite based navigation system providing accurate worldwide location and time information.

hearing threshold
The sound pressure level that is barely audible for a given individual in the absence of significant
background noise during a specific percentage of experimental trials.

hertz (Hz)
A unit of frequency defined as one cycle per second.

high-frequency cetacean (HFC)
The functional hearing group that represents odontocetes specialized for using high frequencies.

hydrophone
An underwater sound pressure transducer. A passive electronic device for recording or listening to
underwater sound.

impulsive sound

Sound that is typically brief and intermittent with rapid (within a few seconds) rise time and decay back to
ambient levels (NOAA 2013, ANSI $12.7-1986 R2008). For example, seismic airguns and impact pile
driving.
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low-frequency cetacean (LFC)
The functional hearing group that represents mysticetes (baleen whales).

median
The 50th percentile of a statistical distribution.

mid-frequency cetacean (IMIFC)
The functional hearing group that represents some odontocetes (dolphins, toothed whales, beaked
whales, and bottlenose whales).

M-weighting

The process of band-pass filtering loud sounds to reduce the importance of inaudible or less-audible
frequencies for broad classes of marine mammals. “Generalized frequency weightings for various
functional hearing groups of marine mammals, allowing for their functional bandwidths and appropriate in
characterizing auditory effects of strong sounds” (Southall et al. 2007).

mysticete

Mysticeti, a suborder of cetaceans, use their baleen plates, rather than teeth, to filter food from water.
They are not known to echolocate, but use sound for communication. Members of this group include
rorquals (Balaenopteridae), right whales (Balaenidae), and the gray whale (Eschrichtius robustus).

non-impulsive sound

Sound that is broadband, narrowband or tonal, brief or prolonged, continuous or intermittent, and typically
does not have a high peak pressure with rapid rise time (typically only small fluctuations in decibel level)
that impulsive signals have (ANSI/ASA §3.20-1995 R2008). For example, marine vessels, aircraft,
machinery, construction, and vibratory pile driving (NIOSH 1998 NOAA 2015).

octave
The interval between a sound and ancther sound with double or half the frequency. For example, one
octave above 200 Hz is 400 Hz, and one octave below 200 Hz is 100 Hz.

odontocete

The presence of teeth, rather than baleen, characterizes these whales. Members of the Cdontoceti are a
suborder of cetaceans, a group comprised of whales, dolphins, and porpoises. The tocthed whales’ skulls
are mostly asymmetric, an adaptation for their echolocation. This group includes sperm whales, killer
whales, belugas, narwhals, dolphins, and porpoises.

otariid

A common term used to describe members of the Ctariidae, eared seals, commonly called sea lions and
fur seals. Ctariids are adapted to a semi-aquatic life; they use their large fore flippers for propulsion. Their
ears distinguish them from phocids. Ctariids are one of the three main groups in the superfamily
Pinnipedia; the other two groups are phocids and walrus.

parabolic equation method

A computationally-efficient solution to the acoustic wave equation that is used to model transmission loss.
The parabolic equation approximation omits effects of back-scattered sound, simplifying the computation
of transmission loss. The effect of back-scattered sound is negligible for most ocean-acoustic propagation
problems.

peak level
The maximum instantaneous sound pressure level, in a stated frequency band, within a stated period.
Also called zero-to-peak pressure level. Unit: decibel (dB).
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peak-to-peak level

The difference between the maximum and minimum instantanecus sound pressure levels. Unit: decibel
(dB).

percentile level, exceedance
The sound level exceeded 1% of the time during a measurement.

permanent threshold shift (PTS)
A permanent loss of hearing sensitivity caused by excessive noise exposure. PTS is considered auditory

injury.

phocid

A common term used to describe all members of the family Phocidae. These true/earless seals are more
adapted to in-water life than are otariids, which have more terrestrial adaptations. Phocids use their hind
flippers to propel themselves. Phocids are one of the three main groups in the superfamily Pinnipedia; the
other two groups are otariids and walrus.

pinniped
A common term used to describe all three groups that form the superfamily Pinnipedia: phocids (true
seals or earless seals), otariids (eared seals or fur seals and sea lions), and walrus.

point source
A source that radiates sound as if from a single point (ANSI $1.1-1994 R2004).

power spectrum density
The acoustic signal power per unit frequency as measured at a single frequency. Unit: uPa%Hz, or
WPa?s.

power spectral density level
The decibel level (10logqe) of the power spectrum density, usually presented in 1 Hz bins. Unit: dB re
1 uPa?/Hz.

pressure, acoustic
The deviation from the ambient hydrostatic pressure caused by a sound wave. Also called overpressure.
Unit: pascal (Pa). Symbol: p.

pressure, hydrostatic
The pressure at any given depth in a static liquid that is the result of the weight of the liquid acting cn a
unit area at that depth, plus any pressure acting on the surface of the liquid. Unit: pascal (Pa).

received level
The sound level measured at a receiver.

rms
root-mean—square.

signature
Pressure signal generated by a source.

sound
A time-varying pressure disturbance generated by mechanical vibration waves travelling through a fluid
medium such as air or water.
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sound exposure
Time integral of squared, instantaneous frequency-weighted sound pressure over a stated time interval or
event. Unit: pascal-squared second (Pa?-s) (ANS| $1.1-1994 R2004).

sound exposure level (SEL)

A cumulative measure related to the sound energy in one or more pulses. Unit: dB re 1 uPa®s. SEL is
expressed over the summation period (e.g., per-pulse SEL [for airguns], single-strike SEL [for pile
drivers], 24-hour SEL).

sound field
Regicn containing sound waves (ANSI| $1.1-1994 R2004).

sound intensity
Sound energy flowing through a unit area perpendicular to the direction of propagation per unit time.

sound pressure level (SPL)
The decibel ratio of the time-mean-sguare sound pressure, in a stated frequency band, to the square of
the reference sound pressure (ANSI §1.1-1994 R2004).

For sound in water, the reference sound pressure is one micropascal (po=1 pPa) and the unit for SPL is
dBre 1 pPa:

SPL=10log,(p*/ p)=20l0g(p/ n,)

Unless otherwise stated, SPL refers to the root-mean-square sound pressure level. See also 90% sound
pressure level and fast-average sound pressure level.

sound speed profile
The speed of sound in the water column as a function of depth below the water surface.

source level (SL)

The sound level measured in the far-field and scaled back to a standard reference distance of 1 metre
from the acoustic centre of the source. Unit: dBre 1 uPa @ 1 m (sound pressure level) or dBre 1 yPa?s
{sound exposure level).

spectrogram
A visual representation of acoustic amplitude compared with time and frequency.

spectrum
An acoustic signal represented in terms of its power (or energy) distribution compared with frequency.

temporary threshold shift (TTS)
Temporary loss of hearing sensitivity caused by excessive noise exposure.

transmission loss (TL)

The decibel reduction in sound level between two stated points that results from sound spreading away
from an acoustic source subject to the influence of the surrounding environment. Also called propagation
loss.

wavelength
Distance over which a wave completes one oscillation cycle. Unit: meter (m). Symbol: A
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Appendix A. Supporting Data for Kake

A.1. Monitoring Activities

The activities of the JASCO field monitoring team during the Kake pile driving and extraction are provided
in Table A-1. The AMARs were deployed to different locations for extraction and installation of piles, thus
adding additional retrieval and deployment of AMARs.

Table A-1. Log of hydroacoustic monitoring of pile driving at Kake, Alaska.

Date (UTC) Time {(UTC) Activity

2015-09-09 1 18:19 AMAR 2: Cdibrated

2015-09-09  18:27 AMAR 1: Calibrated

2015-09-09 | 21:53 AMAR 1: Deployed at ferry terminal

2015-09-10 | 17:05 AMAR 2 Deployed in Keku Strait

2015-09-10  18:07 Dipping hydrophone measured vibratory pile extraction
2015-09-10 21:49 CTD cast in Keku Strait

2015-09-11 1 0:21 AMAR 1: Retrieved hefore ferry docked at terminal
2015-09-11  1:50 AMAR 2: Refrieved

2015-09-11 1 2:29 AMAR 2: Calibrated

2015-09-11 1 16:47 AMAR 1: Deployed at ferry terminal

2015-09-11  22:59 CTD cast in Keku Strait

2015-09-11 1 2321 Dipping hydrophone measured vibratory pile driving
2015-09-12 1 22:50 AMAR 2: Deployed in Keku Strait

2015-09-12  23.08 CTD cast in Keku Strait

2015-09-13 | 0:45 Dipping hydrophone measured impact pile driving
2015-09-13 1 1:15 AMAR 2 Retrieved

2015-09-13 | 2:06 AMAR 1: Retrieved

2015-09-13 | 2:52 AMAR 1: Célibrated

A.2. Weather Data

Over the course of the period of acoustic monitoring of construction activity at the Kake ferry terminal,
there was no recorded precipitation. Wind speeds varied between calm and 20 mph (Figure A-1). The
high winds began during daytime 10 Sep. Around midnight 11 Sep gusts were upwards of 30 mph.
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Figure A-1. Wind and gust speed recorded at weather at Kake airport (AFE). No precipitation was recorded during
this period.

At Kake, the sound speed profiles calculated from CTD casts made between the deployed AMARS on
three consecutive days, from 10-12 Sep 2015, were relatively constant with depth varying by no more
than 5 m/s over the entire depth of the water (Figure A-2). Although the maximum variation in the sound
speed profiles was limited, the trends from each of the three casts were different. On 10 Sep, there was a
sharp shift to a slower sound speed at about 10 m below the wind-mixed surface layer. On 11 Sep, the
velocity was relatively constant due to mixing from the high winds, but increased slightly with depth. On
12 Sep, there was a downward refracting profile characterized by a decrease in sound speed 2 m below
the surface, and then the profile followed that from 11 Sep with increasing depth.
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Figure A-2. Profiles of sound speed versus depth calculated from temperature and salinity data collected
in Keku Strait, Kake, Alaska. Profiles were sampled between AMAR 1 and AMAR 2 on three consecutive

days.
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A.3. Spectrograms
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Figure A-3. Band limited energy vs time (top) and spectrogram (bottom) generated from recordings at Kake ferry terminal.
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A 4. Pile Driving Noise Levels

A.4.1. Impact Pile Driving Time Histories
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Figure A-5. Peak level, SPL, and single-strike SEL vs time (UTC) for impact driving of the 30" diameter west restraint
pile. AMAR 1 data recorded at 9.5 m range.
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Figure A-6. Peak level, SPL, and single-strike SEL versus time (UTC) for impact driving of the 30" diameter east
restraint pile. AMAR 1 data (top) recorded at 14 m range, and AMAR 2 data (bottom) recorded at 1098 m range.
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A.4.2. Vibratory Driving Time Histories
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Figure A-7. SPL vs time (UTC) for vibratory driving of 30" diameter piles (1 s average). Top and bottom plots show
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data from AMARs 1 and 2, respectively. Left and right plots show data from driving the east and west restraint piles,

respectively. Distances to AMAR 1 were 14 and 9.5 m for the east and west piles, respectively. The distance to

AMAR 2 was 1161 m. AMAR 2 was not deployed during final vibratory driving of the west restraint pile.

A.4.3. Vibratory Extraction Time Histories
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Figure A-8. SPL versus time (UTC) for vibratory extraction of 18” diameter steel piles (1 s average). Top and bottom

plots show data from AMARs 1 and 2, respectively. Left and right plots show data from extraction of the west and
east restraint piles, respectively. Distances to AMAR 1 were approximately 7 and 17 m for the west and east piles,
respectively. Distances to AMAR 2 were approximately 1149 and 1157 m for the west and east piles, respectively.
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A.5. 1/13-Octave Band Levels

One-third octave band spectra are provided in which beige bars indicate the first, second, and third
quartiles {Ls, Lso, and Lys) in each 1/3-octave band. Upper error bars indicate the maximum levels {Lmax).
Lower error bars indicate the 95% exceedance percentiles (Lgs). The maroon line indicates the arithmetic
mean {(Lmean).

A.5.1. Impact Hammering
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Figure A-9. 1/3-octave band SEL statistics for impact driving of the 30" diameter west restraint pile, recorded at 9.5 m
range from Kake ferry terminal.
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Figure A-10. 1/3-octave band SEL statistics for impact driving of the 30” diameter east restraint pile, recorded on
AMAR 1 at 14 m range from Kake ferry terminal.
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Figure A-11. 1/3-octave band SEL statistics for impact driving of the 30" diameter east restraint pile, recorded on
AMAR 2 at 1098 m range from Kake ferry terminal.
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A.5.2. Vibratory Driving
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Figure A-12. 1/3-octave band SPL statistics for vibratory driving of the 30" diameter east restraint pile, recorded on
AMAR 1 at 14 m range from Kake ferry terminal.
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Figure A-13. 1f3-octave band SPL statistics for vibratory driving of the 30" diameter east restraint pile, recorded on
AMAR 2 at 1161 m range from Kake ferry terminal.
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Figure A-14. 1/3-octave band SPL statistics for vibratory driving of the 30" diameter west restraint pile, recorded on

AMAR 1 at 9.5 m range from Kake ferry terminal.

A.5.3. Vibratory Extraction
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Figure A-15. 1/3-octave band SPL statistics for vibratory extraction of the 18” diameter west restraint pile, recorded

on AMAR 1 at 7 m range from Kake ferry terminal.
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Figure A-16. 1/3-octave band SPL statistics for vibratory extraction of the 18” diameter west restraint pile, recorded

on AMAR 2 at 1149 m range from Kake ferry terminal.
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Figure A-17. 1/3-octave band SPL statistics for vibratory extraction of the 18" diameter east restraint pile, recorded on

AMAR 1 at 17 m range from Kake ferry terminal.

Version 2.0



]ASCO APPLIED SCIENCES

Alaska DOT Hydroacoustic Pile Driving Noise Study — Comprehensive Report

ﬁ 140 T I 1 Tlllll L] I T Illlll T 1 ] lllfl] T 1
0o
=]
E 120 ............................................................
m
Ke)
T il E=
D 100 [ Frovreeeeee .Iulli=ii-v"* S I R O R [y A
=R T ]
@ m 'I. I.| ] l
S 80 Al = II IT .....
g [ HH II
[ ] e 1 .!!

S Poen BE =]
: 60 1 I 1l|||l 1 IIIIIII | | ||l|l|| 1 1

10 100 1000 10000

1/3-Octave Band Frequency (Hz)

Figure A-18. 1/3-octave band SPL statistics for vibratory extraction of the 18" diameter east restraint pile, recorded on

AMAR 2 at 1157 m range from Kake ferry terminal.

A.6. Background Noise Levels

120 = T T T T . ;
= Broadband =
= 10-100 Hz H
= 100-1000 Hz H
E 1000-10000Hz |
110 = 10000-32000 ;z —
T = 3
D':g 100 = i —
: E N =
o = =
=l E —
a1 90 W' —
o = =
0 = =
80 — =
& p —
E S .w‘m E
70 E—1 1 \ | 1 1 I | | 1 | | \ 1 [
fe:00 00,00 06:00 12:00 18:

Sep 11 2015

Figure A-19. Background SPL versus time (UTC) recorded on AMAR 2 (60 s average). Periods containing pile driving
noise, tug noise, tidal flow noise, and ferry passes have been removed. Elevated background noise levels during the

first half of the recording were caused by heavy precipitation at the study site.
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Figure A-20. Exceedance levels of 1/3-octave band background noise levels recorded on AMAR 2. The Ln value is
the SPL exceeded by n% of the data. Pericds containing pile driving noise, tug neise, tidal flow noise, and ferry
passes have been removed.

Table A-2. Exceedance levels of background noise levels measured at Kake, Alaska (60 s average). The Ln value is
the SPL exceeded by n% of the data. Unw = unweighted, LFC = low-frequency cetaceans, MFC = mid-frequency
cetaceans, HFC = high-frequency cetaceans, PPW = Phocid pinnipeds in water, OPW = Otariid pinnipeds in water.

SPL (dBre 1 yPa)
Exceedance level
Unw | LFC MFC HFC PPW OPW

Ls 10631043 877 958 1024 1026
Los 103.0 1020 852 834 98.9 1001
Lgo (median) 895 0984 009 89.0 963 965
L5 918 909 825 806 883 886
Les 828 790 763 752 7r4 | 770
Lean 10091 997 929 911 977 979

A.7. Broadband-discounted SEL and weighted SEL differences

The NMFS Optional User Spreadsheet provides Weighting Function Adjustments (WFA) for estimating
weighted SEL from unweighted SEL. The broadband SEL corrected with the VWFA and the functional
hearing group weighted SELs were compared. NMFS suggests that estimates generated by using the
spreadsheet will conservatively estimate injury zones; however, this was not always the case. The WFA
discounted SELs for the HFC functional hearing group were often lower, and therefore less conservative,
than the frequency weighted SELs. Additionally, comparing the two calculations across functional hearing
groups, illustrated a range of differences that exceeded 10 dB.
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Table A-3. Difference between mean broadband-discounted SEL and weighted SEL for impact piling 30° diameter

steel piles.

PFile Hearing Group AMAR1 AMAR 2

West restraint LFC 07 N/A*
MFC 1 NFA
HFC 3.2 NAA
PPW 56 NIA
OPW 6.3 NFA

East restraint LFC 09 0.8
MFC 3 55
HFC 09 24
PPW 6.1 71
OPW 6.7 8.1

* NfA represents data excluded from analyses.

Table A-4. Difference between mean broadband-discounted SEL and weighted SEL for vibratory piling 30" diameter

steel piles.

Pile Hearing Group AMAR1 AMAR2

West Restraint LFC 85 N/A¥
MFC 19.1 N/A
HFC 15.8 N/A
PPWY 18.8 N/A
OPW 20 N/A

East Restraint LFC 6.2 23
MFC 11.8 5
HFC 8 1.1
PPWY 13.8 95
OPW 143 10.3

* NfA represents data excluded from analyses.

Table A-5. Difference between mean broadband-discounted SEL and weighted SEL for vibratory extraction of 18"

diameter steel piles.

Pile Hearing group AMAR 1 AMAR 2

West restraint LFC 3.8 13
MFC 2 2
HFC 17 5.4
PPW 8.4 3.7
OPW 8.8 4

East restraint LFC 3.4 1.6
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Pile Hearing group AMAR1 AMAR 2
MFC 8.2 48
HFC 43 2.1
PPW 10.8 6.8
OPW 11.4 71
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Appendix B. Supporting Data for Auke Bay

B.1. Monitoring Activities

Table B-1 lists the activities of the JASCO field monitoring team during the Auke Bay pile installation.

Table B-1. Log of hydroacoustic monitoring of pile driving at Auke Bay, Alaska.

Date (UTC) Time (UTC) Activity

2015-11-08  22:24:30
2015-11-09 22:35:25
2015-11-10 00:52:47
20151110 01:27:82
20151110 16:48:05
2015-11-10 17:.00:05
2015-11-10 17:13:45
20151110 17:32.02
20151111 00:33:40
2015-11-11 16:37:00
2015-11-11  18:45:00
2015-11-11  19:20:00
2019-11-11 22:46:35
2015-11-12  00:00:55
2015-11-12  00:05:00
2015-11-12 0:44:45
2015-11-12  1:00:40
2015-11-12 1:35:50
20151112 2:58:1%

AMAR 2: Calibrated

AMAR 1: Cdlibrated

AMAR 1: Deployed

AMAR 2: Deployed

CTD cast at ferry terminal

CTD cast 0.5 km from terminal

CTD cast 1 km from terminal

CTD cast 0.5 km from terminal

Pile 1: Dipping hydrophone recorded vibratory pile driving
Pile 3: Dipping hydrophone recorded vibratory pile driving
Dipping hydrophone: Celibrated

Pile 2: Dipping hydrophone recorded vibratory pile driving
Pile 3: Dipping hydrophone recorded impact pile driving
Pile 1: Dipping hydrophone recorded impact pile driving
Pile 2: Dipping hydrophone recorded impact pile driving
AMAR 2: Retrieved

AMAR 2: Calibrated

AMAR 1: Retrieved

AMAR 1: Calibrated
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B.2. Weather Data

Light precipitation was present throughout the pile driving activities at Auke Bay (Figure B-1). The rain
was accompanied by wind with gusts up to 40 mph.
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Figure B-1. Wind speed (blue) and precipitation (yellow) recorded at Juneau Internaticnal Airport, approximately 7 km
from Auke Bay, over the study period.

In Auke Bay, the sound speed profiles were consistent between samples taken near the terminal, 500 m
from the terminal, and 1 km from the terminal (Figure B-2). The sound speed profile showed increasing
sound speed with increasing depth, suggesting an upward refracting environment.
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Figure B-2. Profiles of sound speed versus depth calculated from temperature and salinity data collected in Auke Bay
10 Nov 2015. Profiles were sampled near AMAR 1 (Near Terminal), between the AMARSs (0.5 km), and
near AMAR 2 (1 km).

Version 2.0 B-3



J\S(O APPLIED SCIENCES Alaska DOT Hydroacoustic Pile Driving Noise Study — Comprehensive Report

B.3. Spectrograms
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Figure B-3. Band limited energy vs time (top) and spectrogram {(bottom) generated from recordings at terminal.
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Figure B-4. Band limited energy vs time (top) and spectrogram {(bottom) generated from recordings at 1 km from terminal.
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B.4. Pile Driving Noise Levels

B.4.1. Impact Pile Driving Time Histories
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Figure B-5. Peak level, SPL and single-strike SEL vs time (UTC) for impact driving of Pile 3. AMAR 1 data recorded

at 6.8+1 m range.
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Figure B-6. Peak level, SPL and single-strike SEL vs time (UTC) for impact driving of Pile 1. AMAR 2 data recorded

at 1188 mrange.
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Figure B-7. Peak level, SPL and single-strike SEL versus time (UTC) for impact driving of Pile 2. AMAR 2 data
recorded at 1187 m range.
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Figure B-8. Peak level, SPL and single-strike SEL versus time (UTC) for impact driving of Pile 3. AMAR 2 data
recorded at 1184 m range.
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B.4.2. Vibratory Driving Time Histories
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Figure B-9. Plot of SPL vs time (UTC) for vibratory driving (1 s average) measured on AMAR 1. Top left plot shows
data from Pile 1 {5.3+1 m). Top right plot shows data from Pile 2 (4.0+1 m). Bottom left plot shows data from Pile 3
(6.8+1 m).
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Figure B-10. Plot of SPL vs time (UTC) for vibratory driving (1 s average) measured on AMAR 2. Top left plot shows
data from Pile 1 {1188 m). Top right plot shows data from Pile 2 (1187 m). Bottom left plot shows data from Pile 3
(1184 m).
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B.5. 1/3-Octave Band Levels

One-third octave band spectra are provided in which beige bars indicate the first, second, and third

quartiles (Lzs, Lso, and L7s) in each 1/3-octave band. Upper error bars indicate the maximum levels (Linay).
Lower error bars indicate the 95% exceedance percentiles (Lss). The maroon line indicates the arithmetic

mean (Lmean).

B.5.1. Impact Hammering
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Figure B-11. Plot of 1/3-octave band SEL statistics for impact driving of Pile 3, recorded at 6.8+1 m range.
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Figure B-12. Plot of 1/3-octave band SEL statistics for impact driving of Pile 3, recorded at 1184 m range.
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B.5.2. Vibratory Driving
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Figure B-13. Plot of 1/3-octave band SPL statistics for vibratory driving of the Pile 1, recorded at 5.3+1 m range.
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Figure B-14. Plot of 1/3-octave band SPL statistics for vibratory driving of Pile 2, recorded at 4.0+1m range.
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Figure B-15. Plot of 1/3-octave band SPL statistics for vibratory driving of Pile 3, recorded at 6.8+1 mrange.
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Figure B-186. Plot of 1/3-octave band SPL statistics for vibratory driving of Pile 1, recorded at 1188 mrange.
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Figure B-17. Plot of 1/3-octave band SPL statistics for vibratory driving of Pile 2, recorded at 1187 mrange.
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Figure B-18. Plot of 1/3-octave band SPL statistics for vibratory driving of Pile 3, recorded at 1184 mrange.
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B.6. Background Noise Levels

Background noise: 10 Nov 2015
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Figure B-19. Background SPL versus time (UTC) recorded on AMAR 2 (60 s average). Periods containing
construction activity were removed.
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Figure B-20. Exceedance levels of 1/3-octave band background neise levels recorded on AMAR 2. The Ln value is
the SPL exceeded by n% of the data. Periods containing construction activity have been removed.
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Table B-2. Exceedance levels of background noise levels measured at Auke Bay, Alaska (60 s average). The Ln
value is the SPL exceeded by n% of the data. Unw= unweighted, LFC = low-frequency cetaceans, MFC = mid-

frequency cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = ctariid pinnipeds in
water.

Exceedance level SPL{dBre 1 IPe)

Unw LFC MFC HFC PPW OoPW
s 157 114.5 101.6 998 109.0 109.2
L 1049 101.2 936 921 972 97.2
50 (median) 103.5 100.0 905 88.5 956 955
L7 1025 98.8 864 84.5 917 95
Les 101.0 971 788 773 87.0 86.6
Linean 1121 109.1 948 93.0 1024 102.6
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B.7. Broadband-discounted SEL and weighted SEL differences

The NMFS Optional User Spreadsheet provides Weighting Function Adjustments (WFA) for estimating
weighted SEL from unweighted SEL. The broadband SEL corrected with the WFA and the functional
hearing group weighted SELs were compared. NMFS suggests that estimates generated by using the
spreadsheet will conservatively estimate injury zones; however, this was not always the case. The WFA
discounted SELs for the HFC functional hearing group were often lower, and therefore less conservative,
than the frequency weighted SELs. Additionally, comparing the two calculations across functional hearing
groups, illustrated a range of differences that exceeded 10 dB.

Table B-3. Difference hetween mean broadband-discounted SEL and weighted SEL for impact piling.

Pile Hearing Group AMAR1 AMAR2
1 LFC NIA* 15
MFC N/A 73
HFC N/A 32
PPW N/A 93
OPW N/A 10.6
2 LFC N/A 12
MFC N/A 8.8
HFC N/A 52
PPW N/A 87
OPW N/A 99
3 LFC 0.9 13
MFC 26 8.5
HFC -2 9
PPW 6.3 8.8
OPW 6.9 10

* NfA represents data excluded from analyses.

Table B-4. Difference between mean broadband-discounted SEL and weighted SEL for vibratory piling.

Pile Hearing group AMAR1 AMAR2

1 LFC 1.7 3.9
MFC 6.2 -14
HFC -10.8 52
PPW 35 6.9
OPW 39 7.4

2 LFC 2 28
MFC B.7 -3.1
HFC -111 69
PPW 3 5.1
OPW 35 55
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Appendix C. Supporting Data for Kodiak

C.1. Monitoring Activities

The activities of the JASCO field monitoring team during the Kodiak installation is provided in Table C-1.

Table C-1. Log of hydroacoustic monitoring of pile driving at Kodiak, Alaska.
Date(UTC) Time(UTC) Activity

2016-03-01 19.08 AMAR 1: Calibrated

2016-03-01 19:16 AMAR 2: Calibrated

2016-03-02  01:44 AMAR 1: Deployed

2016-03-02 0234 AMAR 2 Deployed

2016-03-04 2113 Dipping hydrophone: Calibrated

2016-03-04 2212 Pile D16: Dipping hydrophone recorded drilling
2016-03-04  22:45 CTD cast 130 m from terminal

2016-03-04  22:52 CTD cast 1 km from terminal

2016-03-04 2351 Pile D16: Dipping hydrophone recorded drilling (oscillation)
2016-03-06  00:.05 Piles D22, D20, D18: Dipping hydrophone recorded impact pile driving
2016-03-05 0154 Dipping hydrophone: Calibrated

2016-03-06 0225 AMAR 1: Retrieved

2016-03-06  02:38 AMAR 2: Retrieved

2016-03-06 0301 AMAR 2: Calibrated

2016-03-06  03.06 AMAR 1. Calbrated

C.2. Weather Data
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Figure C-1. Wind speed (blue) and precipitation (yellow) recorded at Kediak Airport approximately 6 km from the
Kodiak ferry terminal, over the study period.
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Near the Kodiak ferry terminal, the sound speed profiles measured between the AMARSs and near
AMAR 2 were consistent (Figure C-2). The sound speed measured between the two AMARs 130 m from
AMAR 1 and at AMAR 2 (approximately 1 km from AMAR 1) varied by less than 1 m/s over the 12—14 m
of water. The shallow water contributed to this consistency and is also suggestive of a well-mixed
environment.

Speed of Sound (m/s)
1460 1465 1470 1475

~——0.13 km

—1.km

Depth (m)

10

12

14

16

Figure C-2. Profiles of sound speed versus depth calculated from temperature and salinity data collected in Kodiak on
2016-Mar-04. Profiles were sampled near between the AMARs (0.13 km), and near AMAR 2 (1 km).
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C.3. Spectrograms
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Figure C-3. Band limited energy vs time (top) and spectrogram (bottom) generated from recordings at Kodiak ferry terminal.
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Figure C-4. Band limited energy vs time (top) and spectrogram (bottom) generated from recordings at 1 km from Kodiak ferry terminal.
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C.4. Pile Driving Noise Levels

C.4.1. Impact Pile Driving Time Histories
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Figure C-5. Peak level, SPL and single-strike SEL vs time (UTC) for impact driving of four 24" piles from AMAR 1
data. Piles D22, D20, D18, and D16 were struck 1, 3, 5, and 1 times, respectively and were at ranges of 9.9, 12.9,
16.0, and 19.0 m from the AMAR, respectively. Shaded time windows and annotations dencte data associated with
each pile.
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Figure C-6. Peak level, SPL and single-strike SEL vs time (UTC) for impact driving of four 24" piles from AMAR 2
data. Piles D22, D20, D18, and D16 were struck 1, 3, 5, and 1 times, respectively and were at ranges of 1117, 1119,
1122, and 1125 m from the AMAR, respectively. Shaded time windows and annotations denote data associated with
each pile.
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C.4.2. Vibratory Setting Driving Time Histories
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Figure C-7. Plot of SPL vs time (UTC) for setting piles into the sediment using the vibratory driver (1 s average) measured on AMAR 1. Plots show measurements
of Piles D20, D15, D14, D13, and D12 at distances of 12.9, 22.0, 25.1, 28.1, and 31.1 m, respectively.
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Figure C-8. Plot of SPL vs time (UTC) for setting piles into the sediment using the vibratory driver (1 s average) measured on AMAR 2. Plots show measurements
of Piles D20, D15, D14, and D13 at distances of 1119, 1127, 1130, and 1133 m, respectively. Sound levels for Pile D12 recorded on AMAR 2 are not shown
because noise from numerous nearby vessels contaminated vibratory driving measurements.
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C.4.3. Vibratory Oscillation Driving Time Histories
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Figure C-9. Plot of SPL vs time (UTC) for oscillating piles into their sockets with the vibratory driver (1 s average)
measured on AMAR 1. Left plot shows data from Pile D22 (9.9 m). Right plot shows data from Pile D16 (19.0 m).
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Figure C-10. Plot of SPL vs time (UTC) for oscillating piles into their sockets with the vibratory driver (1 s average)
measured on AMAR 2. Left plot shows data from Pile D22 (1117 m). Right plot shows data from Pile D16 (1125 m).
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C.4.4. Drilling Time Histories
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Figure C-11. Plot of SPL vs time (UTC) for drilling (1 s average) measured on AMAR 1. Plots show measurements of

Piles D22, D20, D18, D16, D15, D14, D13, and D12 at distances of 9.9, 12.9, 16.0, 19.0, 22.0, 25.1, 28.1, and

31.1 m, respectively
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Figure C-12. Plot of SPL vs time (UTC) for drilling (1 s average) measured on AMAR 2. Plots show measurements of
Piles D22, D20, D18, D16, D15, D14, D13, and D12 at distances of 1117, 1119, 1122, 1125, 1127, 1130, 1133, and
1136 m, respectively.

C.5. 1/3-Octave Band Levels

One-third octave band spectra are provided in which beige bars indicate the first, second, and third

quartiles (Lzs, Lso, and L7s) in each 1/3-octave band. Upper error bars indicate the maximum levels (Lmax).
Lower error bars indicate the 95% exceedance percentiles (Lgs). The maroon line indicates the arithmetic
mean (Lmean).
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C.5.1. Impact Hammering
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Figure C-13. Plot of 1/3-octave band SEL statistics for impact driving of Pile D22, recorded at 2.9 m range at Kodiak
ferry terminal. Number of strikes: 1.
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Figure C-14. Plot of 1/3-octave band SEL statistics for impact driving of Pile D22, recorded at 1117 m range at Kodiak
ferry terminal. Number of strikes: 1.
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Figure C-15. Plot of 1/3-octave band SEL statistics for impact driving of Pile D20, recorded at 12.9 m range at Kodiak

ferry terminal
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Figure C-186. Plot of 1/3-octave band SEL statistics for impact driving of Pile D20, recorded at 1119 m range at Kodiak

ferry terminal
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Figure C-17. Plot of 1/3-octave band SEL statistics for impact driving of Pile D18, recorded at 16.0 m range at Kodiak

ferry terminal
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Figure C-18. Plot of 1/3-octave band SEL statistics for impact driving of Pile D18, recorded at 1122 m range at Kodiak

ferry terminal

. Number of strikes: 5.
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Figure C-18. Plot of 1/3-octave band SEL statistics for impact driving of Pile D16, recorded at 19.0 m range at Kodiak

ferry terminal
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Figure C-20. Plot of 1/3-octave band SEL statistics for impact driving of Pile D16, recorded at 1125 m range at Kodiak

ferry terminal

. Number of strikes: 1.

Version 2.0



JASCO APPLIED SCIENCES

Alaska DOT Hydroacoustic Pile Driving Noise Study — Comprehensive Report

C.5.2. Vibratory Driving — Setting
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Figure C-21. Plot of 1/3-octave band SPL statistics for vibratory driving (setting) of the Pile D20, recorded at 12.9 m

range at Kodi
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Figure C-22. Plot of 1/3-octave band SPL statistics for vibratory driving (setting) of the Pile D15, recorded at 22.0 m

range at Kodi

ak ferry terminal.
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Figure C-23. Plot of 1/3-octave band SPL statistics for vibratory driving (setting) of the Pile D14, recorded at 25.1 m

range at Kodi
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Figure C-24. Plot of 1/3-octave band SPL statistics for vibratory driving (setting) of the Pile D13, recorded at 28.1 m

range at Kodi

ak ferry terminal.
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Figure C-25. Plot of 1/3-octave band SPL statistics for vibratory driving (setting) of the Pile D12, recorded at 31.1 m
range at Kodiak ferry terminal.
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Figure C-26. Plot of 1/3-octave band SPL statistics for vibratory driving (setting) of the Pile D20, recorded at 1119 m
range at Kodiak ferry terminal.
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Figure C-27. Plot of 1/3-octave band SPL statistics for vibratory driving (setting) of the Pile D15, recorded at 1127 m
range at Kodiak ferry terminal.
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Figure C-28. Plot of 1/3-octave band SPL statistics for vibratory driving (setting) of the Pile D14, recorded at 1130 m
range at Kodiak ferry terminal.
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Figure C-29. Plot of 1/3-octave band SPL statistics for vibratory driving (setting) of the Pile D13, recorded at 1133 m
range at Kodiak ferry terminal.

C.5.3. Vibratory Driving — Oscillating
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Figure C-30. Plot of 1/3-octave band SPL statistics for vibratory driving (oscillating) of the Pile D22, recorded at 9.9 m
range at Kodiak ferry terminal.
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Figure C-31. Plot of 1/3-octave band SPL statistics for vibratory driving (oscillating) of the Pile D16, recorded at

19.0 mrange at Kodiak ferry terminal.
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Figure C-32. Plot of 1/3-octave band SPL statistics for vibratory driving (oscillating) of the Pile D22, recorded at

1117 m range at Kodiak ferry terminal.
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Figure C-33. Plot of 1/3-octave band SPL statistics for vibratory driving (oscillating) of the Pile D16, recorded at
1125 m range at Kodiak ferry terminal.

C.5.4. Drilling
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Figure C-34. Plot of 1/3-octave band SPL statistics for drilling of the Pile D22, recorded at 9.9 m range at Kodiak ferry
terminal.
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Figure C-35. Plot of 1/3-octave band SPL statistics for drilling of the Pile D20, recorded at 12.9 mrange at Kodiak
ferry terminal.
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Figure C-386. Plot of 1/3-octave band SPL statistics for drilling of the Pile D18, recorded at 16.0 mrange at Kodiak
ferry terminal.
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Figure C-37. Plot of 1/3-octave band SPL statistics for drilling of the Pile D16, recorded at 19.0 mrange at Kodiak
ferry terminal.
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Figure C-38. Plot of 1/3-octave band SPL statistics for drilling of the Pile D15, recorded at 22.0 mrange at Kodiak
ferry terminal.
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Figure C-39. Plot of 1/3-octave band SPL statistics for drilling of the Pile D14, recorded at 25.1 mrange at Kodiak
ferry terminal.
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Figure C-40. Plot of 1/3-octave band SPL statistics for drilling of the Pile D13, recorded at 28.1 mrange at Kodiak
ferry terminal.
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Figure C-41. Plot of 1/3-octave band SPL statistics for drilling of the Pile D12, recorded at 31.1 mrange at Kodiak
ferry terminal.
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Figure C-42. Plot of 1/3-octave band SPL statistics for drilling of the Pile D22, recorded at 1117 m range at Kodiak
ferry terminal.
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Figure C-43. Plot of 1/3-octave band SPL statistics for drilling of the Pile D20, recorded at 1119 m range at Kodiak
ferry terminal.
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Figure C-44. Plot of 1/3-octave band SPL statistics for drilling of the Pile D18, recorded at 1122 m range at Kodiak
ferry terminal.
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Figure C-45. Plot of 1/3-octave band SPL statistics for drilling of the Pile D16, recorded at 1125 m range at Kodiak

ferry terminal.
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Figure C-486. Plot of 1/3-octave band SPL statistics for drilling of the Pile D15, recorded at 1127 m range at Kodiak

ferry terminal.
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Figure C-47. Plot of 1/3-octave band SPL statistics for drilling of the Pile D14, recorded at 1130 m range at Kodiak
ferry terminal.
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Figure C-48. Plot of 1/3-octave band SPL statistics for drilling of the Pile D13, recorded at 1133 m range at Kodiak
ferry terminal.
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Figure C-49. Plot of 1/3-octave band SPL statistics for drilling of the Pile D12, recorded at 1136 m range at Kodiak
ferry terminal.

C.6. Background Noise Levels

Background noise: 01 Mar 2016
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Figure C-50. Background SPL versus time (UTC) recorded on AMAR 2 (60 s average). Periods containing
construction activity were removed. Peaks in the level versus time plot correspond to vessels passing close to the
AMAR.
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Figure C-51. Exceedance levels of 1/3-octave band background noise levels recorded on AMAR 2. The L, value is
the SPL exceeded by n% of the data. Periods containing construction activity have been removed.

Table C-2. Exceedance levels of background noise levels measured at Kodiak, Alaska (60 s average). The Ln value
is the SPL exceeded by n% of the data. Unw = unwseighted, LFC = low-frequency cetaceans, MFC = mid-frequency
cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = otariid pinnipeds in water.

SPL (dB re 1 yPa)

Exceedance level

Uw LFC MFC HFC PPW OPW
Ls 126.6 1 125.0/110.9 108.1 120.3 1206
Los 107.6/106.2| 90.5  87.8 1018 1022
Ls0 (median) 1001 989 | 848 822|953 958
s 972 959 826 797 923 927
Los 941 929 810 783 89.4 896
Lnean 122.7 120.6108.7 107.2| 116.0 | 116.4

C.7. Broadband-discounted SEL and weighted SEL differences

The NMFS Optional User Spreadsheet provides Weighting Function Adjustments (WFA) for estimating
weighted SEL from unweighted SEL. The broadband SEL corrected with the WFA and the functional
hearing group weighted SELs were compared. NMFS suggests that estimates generated by using the
spreadsheet will conservatively estimate injury zones; however, this was not always the case. The WFA
discounted SELs for the MFC and HFC functional hearing group were often lower, and therefore less
conservative, than the frequency weighted SELs. Additionally, comparing the two calculations across
functional hearing groups, illustrated a range of differences that exceeded 10 dB.
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Table C-3. Difference between mean broadband-discounted SEL and weighted SEL for impact piling 24" diameter

steel piles.

Pile Hearing group | AMAR 1 AMAR?2

D22 LFC 0.8 0.6
MFC 39 3.3
HFC 8.7 1.7
PPW 42 45
OPYY 47 5

D20 LFC 0.8 0.7
MFC -1.4 )
HFC 6 4.7
PPW 2.5 ]
OPWY 6.3 6.7

D18 LFC 07 06
MFC 35 23
HFC 086
PPW 42 44
OPW ) 49

D16 LFC 0.7 0.6
MFC 1 8.6
HFC 3.6 73
PPW 6.6 7
OPYY 77 79

Table C-4. Difference between mean broadband-discounted SEL and weighted SEL for impact piling 24" diameter

steel piles.

Pile Hearing group AMAR1 AMAR2

D22 LFC 08 06
MFC -39 3.3
HFC -8.7 1.7
PPW 42 45
OPW 47 5

D20 LFC 08 07
MFC -1.4 6
HFC 6 47
PPW 55 6
OPW 6.3 6.7

D18 LFC 0.7 06
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Pile

D16

Hearing group AMAR1 AMAR2

MFC
HFC
PPW
OPW
LFC
MFC
HFC
PPW
OPW

-39
8
42
)
07
1
-3.6
6.6
77

23
06
44
49
06
8.6
7.3
7
79

Table C-5. Difference between mean broadband-discounted SEL and weighted SEL for vibratory setting of 24°

diameter steel piles.

Pile
D20

D15

D14

D13

D15

Hearing group AMAR1 AMAR2

LFC

MFC
HFC

PPW
OPW
LFC

MFC
HFC
PPW
OPW
LFC

MFC
HFC
PPW
OPW
LFC

MFC
HFC
PPW
OPW
LFC

MFC
HFC
PPW

22
895
34
12.5
14.8
3.6
10.7
6.1
12.5
13.8
1.3
-1
-4.6
46
49
1.5
0.8
-4.6
42
44
26
-2
-7
6.7

1.1
10.6
8.2
96
10.8
0.9
11
79
8.8
96
1.1
29
06
5.8
6.1
06
19
05
39
39
N/A*
NIA
NIA
NIA
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Pile

Hearing group AMAR1 AMAR2

OPW

74

NA

* N/A represents data excluded from analyses.

Table C-6. Difference between mean broadband-discounted SEL and weighted SEL for vibratory oscillation of 24”
diameter steel piles.

Pile
D22

D16

Hearing group AMAR1 AMAR2

LFC
MFC
HFC
PPW
OPW
LFC
MFC
HFC
PPW
OPW

3.5
45
-1.6
12.6
14
1.9
0.5
22
37
3.8

1.3
5.5
29
72
7.8
06
26
05
4
4.1

Table C-7. Difference between mean broadband-discounted SEL and weighted SEL for drilling.

Pile
D20

D20

D18

D16

Hearing group AMAR1 AMAR2

LFC

MFC
HFC
PPW
OPW
LFC

MFC
HFC*
PPW
OPW
LFC

MFC
HFC*
PPW
OPW
LFC

MFC
HFC

2
37
6.3
3.2
36
04

I
47
6.2
6.4
06
25
03
6.2
6.7
07
0.8
-1.9

1.1
-2
6.1
44
47
04
1.3
10
71
75
06
8.4
55
75
8
05
8.1
6.4
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Pile

D15

D14

D13

D12

Hearing group AMAR1 AMAR2

PPW
OPW
LFC
MFC
HFC*
PPW
OPW
LFC
MFC
HFC*
PPW
OPW
LFC
MFC
HFC*
PPW
OPW
LFC
MFC
HFC*
PPW
OPW

59
6.5
0.5
76
a7
6.1
6.2
05
54
29
6.3
6.7
04
1.2

-1.2

42
44
0.3
0.8

-1

3.7
37

6.8
7.1
06
47
13
6.8
7.3
07
16
23
6
6.4
0.5
4
1.5
57
6
07
-4.4
-10.3
)
54

* The greater than 20 dB difference for drilling recorded at AMAR 2 at these piles could be because other vessels and the navigation buoy were

present.
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Appendix D. Supporting Data for Ketchikan

D.1. Monitoring Activities

The activities of the JASCO field monitoring team during the Ketchikan installation is provided in
Table D-1.

Table D-1. Log of hydroacoustic monitoring of pile driving at Ketchikan, Alaska.

Date (UTC) Time (UTC) Activity

2016-07-17 1 18:50 AMAR 1: Calibrated
2016-07-17 1 18:16 AMAR 2: Calibrated
2016-07-17 1 19:.08 Dipping hydrophane: Calibrated

2016-07-18 | 02:42 AMAR 1: Deployed AMAR 2
2016-07-18 | 02:56 AMAR 2: Deployed

2016-07-19 | 22:46 CTD cast

2016-07-19 | 23:31 Pile 1: Dipping hydrophone recorded vibratory pile driving
2016-07-20  21:42 CTD cast

2016-07-21 1 00:15 Pile 1: Dipping hydrophone recorded impact hammering
20160721 01:54 AMAR 1: Retrieved

2016-07-21  01:46 AMAR 2: Retrieved

20160721 03:11 AMAR 2: Cdlibrated

2016-07-21 1 03:28 AMAR 1: Cdibrated

2016-07-21 1 15:46 Dipping hydrophaone: Calibrated

D.2. Weather Data

From 18-21 Jul, wind speeds at Ketchikan were ranged from 10 to 15 mph (Figure D-1). Small amounts of
rain were detected, mainly at the end of the monitoring period.
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Figure D-1. Wind speed (blue) and precipitation (yellow) recorded at Ketchikan International Airport during the study
period.

At Ketchikan, the sound speed profiles measured on 19 and 20 Jul 2016, were downward refracting
(Figure D-2). With increasing depth, the sound speed decreased. The overall variation in sound speed
was greater than 10 m/s from the surface to the maximum depth measured. The CTD casts were
conducted between the two AMARSs, 168 m and 208 m from AMAR 1, respectively.
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Figure D-2. Profiles of sound speed versus depth calculated from temperature and salinity data collected

in Ketchikan. Profiles were sampled between the AMARSs at distances of 168 and 208 m from AMAR 1,
respectively.
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D.3. Spectrograms
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Figure D-3. Band limited energy vs time (top) and spectrogram (bottom) generated from recordings at Ketchikan ferry terminal.
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Figure D-4. Band limited energy vs time (top) and spectrogram (bottom) generated from recordings at 1 km from Ketchikan ferry terminal.
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D.4. Pile Driving Noise Levels

D.4.1. Impact Pile Driving
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Figure D-5. Peak level, SPL and single-strike SEL vs time (UTC) for impact driving Pile 3 from AMAR 1 (top) and
AMAR 2 (bottom) data at ranges of 16.3 and 947 m, respectively.
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Figure D-6. Peak level, SPL and single-strike SEL vs time (UTC) for impact driving Pile 2 from AMAR 1 (top) and

Jul 21 2016

AMAR 2 (bottom) data at ranges of 17.3 and 948 m, respectively.
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Figure D-7. Peak level, SPL and single-strike SEL vs time (UTC) for impact driving Pile 1 from AMAR 1 (top) and

AMAR 2 (bottom) data at ranges of 18.4 and 949 m, respectively.

D.4.2. Vibratory Driving
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Figure D-8. Plot of SPL (1 s average) vs time (UTC) for vibratory driving Pile 2 measured on AMAR 1 at 17.3 m (left)

and AMAR 2 at 948 m (right).
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Figure D-9. Plot of SPL (1 s average) vs time (UTC) for vibratory driving Pile 1 measured on AMAR 1 at 18.4 m (left)
and AMAR 2 at 949 m (right).
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Figure D-10. Plot of SPL (1 s average) vs time (UTC) for vibratory driving Pile 3 measured on AMAR 1 at 16.3 m (left)
and AMAR 2 at 947 m (right).

D.5. 1/3-Octave Band Levels

One-third octave band spectra are provided in which beige bars indicate the first, second, and third
quartiles (Lzs, Lso, and L7s) in each 1/3-octave band. Upper error bars indicate the maximum levels (Lmay).
Lower error bars indicate the 95% exceedance percentiles (Lss). The maroon line indicates the arithmetic
mean (Lmean).
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D.5.1. Impact Hammering
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Figure D-11. Plot of 1/3-octave band SEL statistics for impact driving of Pile 3, recorded at 16.3 m range from

Ketchikan ferry terminal.
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Figure D-12. Plot of 1/3-octave band SEL statistics for impact driving of Pile 3, recorded at 947 m range from

Ketchikan ferry terminal.
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Figure D-13. Plot of 1/3-octave band SEL statistics for impact driving of Pile 2, recorded at 17.3 m range from
Ketchikan ferry terminal.
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Figure D-14. Plot of 1/3-octave band SEL statistics for impact driving of Pile 2, recorded at 948 m range from
Ketchikan ferry terminal.
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Figure D-15. Plot of 1/3-octave band SEL statistics for impact driving of Pile 1, recorded at 18.4 m range from
Ketchikan ferry terminal.
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Figure D-186. Plot of 1/3-octave band SEL statistics for impact driving of Pile 1, recorded at 949 m range from
Ketchikan ferry terminal.
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D.5.2. Vibratory Driving
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Figure D-17. Plot of 1/3-octave band SPL statistics for vibratory driving of Pile 2, recorded at 17.3 m range from
Ketchikan ferry terminal.

180 I T Tl 1T T TTITI I I T VO I 1 | I I

160

140

120

100

80

1/3-Octave Band SPL (dB re 1 uPa)

60 | IIIIIIIi I!IIIIIl | 1 I]IIII| | |

10 100 1000 10000
1/3-Octave Band Frequency (Hz)

Figure D-18. Plot of 1/3-octave band SPL statistics for vibratory driving of Pile 2, recorded at 948 m range from
Ketchikan ferry terminal.
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Figure D-19. Plot of 1/3-octave band SPL statistics for vibratory driving of Pile 1, recorded at 18.4 m range from
Ketchikan ferry terminal.
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Figure D-20. Plot of 1/3-octave band SPL statistics for vibratory driving of Pile 1, recorded at 949 m range from
Ketchikan ferry terminal.
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Figure D-21. Plot of 1/3-octave band SPL statistics for vibratory driving of Pile 3, recorded at 16.3 m range from

Ketchikan ferry terminal.
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Figure D-22. Plot of 1/3-octave band SPL statistics for vibratory driving Pile 3, recorded at 947 m range from

Ketchikan ferry terminal.
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D.6. Background Noise Levels

Background noise: 18 Jul 2016
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Figure D-23. Background SPL versus time (UTC) recorded on AMAR 2 (60 s average). Periods containing
construction activity were removed. Peaks in the level versus time plot correspond to vessels passing close to the
AMAR.

Ambient Noise Percentiles
140 I IIII{III I 1 [illI]l I IIIIiIIl

~ — Lmax

—— L5

120 [ vvre e e e =
—L50
L75

100 [ v rrre e r e e —

Lmean

lll/|||ll[llllll“

20 1 IIII]II| | | IIIIII| | IIIIIII| |

10 100 1000 10000
Frequency (Hz)

1/3-Octave Band PSD Level (dB re 1 uPa’/Hz)

Figure D-24. Exceedance levels of 1/3-octave band background noise levels recorded on AMAR 2. The Ln value is
the SPL exceeded by n% of the data. Periods containing construction activity have been removed.
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Table D-2. Exceedance levels of background noise levels measured at Ketchikan, Alaska (60 s average). The Ln
value is the SPL exceeded by n% of the data. Unw= unweighted, LFC = low-frequency cetaceans, MFC = mid-
frequency cetaceans, HFC = high-frequency cetaceans, PPW = phocid pinnipeds in water, OPW = ctariid pinnipeds in
water.

Exceedance level SPL(dBre 1 Pe)

Unw LFC MFC HFC PPW OPW
s 128711264 1101 108.9 119.0 119.0
L 123611215 1051 103.2 1135 1136
50 (median) 11741152 1002 972 1086 108.7
L7 11151078 935 913 1024 1022
Les 105011003 830 814 908 906
Linean 125011225 106.0 104.2 1146 1146

D.7. Broadband-discounted SEL and Weighted SEL Differences

The NMFS Optional User Spreadsheet provides Weighting Function Adjustments (WFA) for estimating
weighted SEL from unweighted SEL. The broadband SEL corrected with the WFA and the functional
hearing group weighted SELs were compared. NMFS suggests that estimates generated by using the
spreadsheet will conservatively estimate injury zones; however, this was not always the case. The WFA
discounted SELs for the HFC functional hearing group were often lower, and therefore less conservative,
than the frequency weighted SELs. Additionally, comparing the two calculations across functional hearing
groups, illustrated a range of differences that exceeded 10 dB.

Table D-3. Difference between mean broadband-discounted SEL and weighted SEL for impact piling 30" diameter
steel piles.

Pile Hearing Group AMAR1 AMAR2
1 LFC 0.7 1.1
MFC 3.1 94
HFC -13 7
PPW 56 79
OPW 6 8.9
2 LFC 08 1
MFC 26 76
HFC -2 5
PPW 59 8
OPW 6.5 91
3 LFC 08 1.1
MFC 35 85
HFC -1.1 5.8
PPW 6.8 8.4
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Pile Hearing Group AMAR1 AMAR2
OPW 78 9.6

Table D-4. Difference between mean broadband-discounted SEL and weighted SEL for vibratory piling 30” diameter
steel piles.

Pile Hearing group AMAR1 AMAR2
1 LFC 8.2 69
MFC 10.8 16.2
HFC 6.4 12.4
PPWY 15.6 17.9
OPW 16.1 194
2 LFC 8.8 9
MFC 15 19
HFC 10.9 14.8
PPW 17.8 212
OPW 185 23
3 LFC 6.5 6.7
MFC 16 16.4
HFC 12.3 12.5
PPW 16.1 18
OPW 17.2 19.7
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E.3. Kodiak

PILE DRIVINC .ECORD
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== Pile&Marine .
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I No: 14017 Date: 4 .7 .\\»s
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Diametar: ;L ¥ Cutoff Lengtie \ [y | o Hammar Type: ICE 448 Vibro /1CE 136 Impact
Tip Type: m\-p(ms f-::"mc, e e 55 . RewdSsemy {83iMRBs
Costed Length: (08" cuonesv: \S' Cushion Biock Type: Mizans
Tomplate Elov: \7 Tip Elev: ~ 7' saammepm: "0
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Mudico Elev. <8y 27 Embedded Length: 24’ End Time Oriti: Y2 "R _
Post.Orit Sounding Elev: Postimpact Sounding Slev: (.
Jm(:‘m\sbﬁ?‘m\ ettt angn: QX' DY e (O-\o o
tor: 214" Cutoftengt: \\ , A5 _ Hammer Type: ICE 448 Vibro /ICE 1-36 Impact _
i Type: \adadine ) 5_,\“,;,_ Final Length: 2. |Rated Energy: I S37a0ftibs.
Length: (9" CutCffglew: |\ S |Cushion Block Type: Micarta
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E.4. Ketchikan

STATE OF ALASKA Sheet of
DEPARTMENT OF TRANSPORTATION AND PUBLIC FACILITIES FORMULA USED TO DETERMINE BEARING
o ILE DRIVING RECORD Ru = [1.75VEr log(10Nb)}-100
NGTR. A SKETC AWITIL U SN OF THE P BY NUMBER SHALL BE LRGAVN 0N BACK OF THIS FOR N AN ]
STRUCTURE NAME CONTRACTOR PROJECT NAME BRIDGE NUMEBER
W5, W6, & E6 Dolphins | Turnagain Marine Construction Ketchikan Ferry Terminal
PROJECT NO DISTRICT TYPE CF BRIDGE
SAMHS00015/0911007
TYPE OF HAMMER MANUFACTURER WT OF RAM OR GRAVITY HAMMER | STROKE LENGTH MAX | NO. BLOWS PER MIN | MFG'S MAX. ENERGY RATING
Diesel Impact Hammer Pileco 19,580 Ibs. | 10.5FT 52 107,280 ft.lbs
NT i TENGTH PLACED[CUTORF | NET  [PENETRA o ENARKE
NO M‘*‘?‘ oy & ra . (INCHES) |'sBiowS | (TONS) |STOPPERS. EXTENSION LENGTHS USED
W5 | V1 | Pipe-30"1/2"WT 145 2 141 |99.51 | 23 -119.51 857 in | 332.497]
W5 | V2 | Pipe-30"1/2"WT 145 2 141 | 99.34 | 23 -118.34 1.09in | 323.047|
WS | V3 | Pipe-30" 1/2"WT 145 2 141 |99.495| 23 119455 .80in | 335.158
W5 | Bl [Pipe-30°1/2WT | 155 4 | 151 |101.68(30.03| -115.68 60in | 346.06 |
W5 | B2 | Pipe-30" 1/2°WT 155 4 151 |99.12 30_03| 1112 .375in | 363.254
W5 | B3 | Pipe-30"1/2°WT | 155 4 | 151 |99.80 |30.03 aizs 2667 in| 416.824
W6 | V1 | Pipe-30"1/2"WT 100 2 98 |62.01| 23 7701 1.5in |310.188
| W6 |v2 |Pipe-30"12°WT| 100 | 2 | 98 |61.04|23 | = [seca| | 12in |319.245)
1T we |81 |Pipe-30"172°wT | 115 4 | 111 |61.174 [30.60 761744 | 1.09in| 323.047
W6 | B2 |pipe-30*1/2°wr | 115 a 111 | 61.21 |30.60 2621 667 in| 392.102
ES | V1 | Pipe-30"1/2"WT 135
———tEmew T 1T—1T"71T - | | ——
€5 | Bl | Pipe-30"1/2"WT 155
E5 | B2 | Pipe-30"1/2"WT 150
i CESEDEY TR TR
DATE MNAME DATE
25D-099
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Appendix F. Recording Parameters

Table F-1. Acoustic equipment recording parameters and sensitivities for each location and each recorder.

Recorder Auke Bay Kake Ketchikan Kodiak
1 AMAR (s/n 218) AMAR (s/n 218) AMAR (s/n 217) AMAR (s/n 218)

Sample rate: 64 ksps
Resolution: 24-hit
Geospectrum M8-K hydrophone (sin | Geospectrum M8-K hydrophone | Geospectrum M36-V0-101 hydrophone | Geospectrum M36-V0-101 hydrophone
474) (sin 474) {s/n AQ04593) {s/n AQ04593)
Sensitivity: -210 dB//V/Pa (nominal) (Sn%”ni'ltr']‘glt)y ~20dBINIUPA | o nsitivity: 220 dBIVIPa (nomind) | Sensitivity: ~220 dBINV/uPa (nominal)
Deployment depth: 18 m Deployment depth: 8 m Deployment depth: 9.9 m Deployment depth: 5 m

2 AMAR (s/n 217) AMAR (s/n 217) AMAR (s/n 218) AMAR (s/n 217)
Sample rate: 64 ksps
Resolution: 24-bit
Deployment depth: 47 m Deployment depth: 30 m Deployment depth: 28.3 m Deployment depth: 15.2 m
Channel 1
Geospectrum M36-V0 hydrophone (Geospectrum M8-E hydrophone | Geospectrum M36-V0-100 hydrophone | Geospectrum M36-V0-100 hydrophone
(s/n AD02571) {sin 247) {s/n AD04593) {sin AD02571)
Sensitivity: ~202 dB/IVIuPa (nominal) (Sneonni'ltr']‘glt)y ~1BO dBIVIUPR | oo nsitivity: 202 dBIVIUPa (nomingl) | Sensitivity: ~202 dBIN/Pa (nomind)
Channel 2
Geospectrum M8-E hydrophone (s/n (Geospectrum M8-E hydrophone (s/n (Geospectrum M8-E hydrophone (s/n
247) 201) 222)
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Recorder

Dipping
hydrophone

Auke Bay Kake
Sensitivity: - 165 dB/V/UPa (nominal) | -

Sound Devices 722 hard drive recorder
Sample rate: 64 ksps

Resolution: 24-bit

Reson TC4043 hydrophone

Sensitivity: -201 dB/V/uPa (nominal)
Deployment depth: 6.1 m Deployment depth: 6.5 m

Ketchikan

Sensitivity: -165 dBiVipPa (nominal)

Deployment depth: 6.1 m

Kodiak

Sensitivity: -165 dBiVIpPa (nominal)

Deployment depth: 6.1 m
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Appendix G. Acoustic Metrics

Underwater sound amplitude is measured in decibels (dB) relative to a fixed reference pressure of
Po =1 HPa. Because the perceived loudness of sound, especially impulsive noise such as from impact-

hammer pile driving, is not generally proportional to the instantaneous acoustic pressure, several sound
level metrics are commonly used to evaluate noise and its effects on marine life.

The zero-to-peak level, or peak level (dB re 1 pPa), is the maximum instantaneous sound pressure level
in a stated frequency band attained by an acoustic pressure signal, p(f):

max|p* @)

0

Peak level = 1010810 (G-1)

At high intensities, the peak level can be a valid criterion for assessing whether a sound is potentially
injurious; however, because the peak level does not account for the duration of a noise event, it is a poor
indicator of perceived loudness.

The root-mean-square (rms) SPL (dB re 1 yPa) is the rms pressure level in a stated frequency band over
a time window (T, s) containing the acoustic event:

SPL =10log,, G j p(0)dt / p;] (G-2)

The SPL is a measure of the average pressure or of the effective pressure over the duration of an
acoustic event, such as the emission of one acoustic pulse. Because the window length, 7, is the divisor,
events more spread out in time have a lower SPL for the same total acoustic energy density.

In studies of impulsive noise, T is often defined as the “90% energy pulse duration” (Teo): the interval over
which the pulse energy curve rises from 5% to 95% of the total energy. The SPL computed over this Teo
interval is commonly called the 90% SPL (dB re 1 pPa):

1
90% SPL = 10l0g,,| — [Py / Pl (G-3)

90 I

The sound exposure level (SEL, dB re 1 uPa?s) is a measure of the total acoustic energy contained in
one or more (N) acoustic events. The SEL for a single event is computed from the time-integral of the
squared pressure over the full event duration (T1o0):

SEL = 10log,| | p*(¢)dt /TO P’ (G-4)

Tioo

where Ty is a reference time interval of 1 s. The SEL represents the total acoustic energy received at
some location during an acoustic event; it measures the total sound energy to which an organism at that
location would be exposed.
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SEL can be calculated over periods with multiple acoustic events (e.g., multiple pile driving impulses) or
over a fixed period. For multiple events, the SEL (dB re 1 uPa?s) can be computed by summing (in linear
units) the SELs of the / individual events:

N SHL

Cumulative SEI. = 10log, 21 010 (G-5)

i=1

Because the SPL and SEL are both computed from the integral of square pressure, these metrics are
related by the following expression, which depends only on the duration of the energy time window T:

SPL = SEI~1 OIOgO(T) (G-6)
sPI.= SEL-10log,(7;,)-0458 (G-T)

where the term —0.458 dB, which is 10log4(0.9), accounts for the SPL containing 90% of the total energy
from the per-pulse SEL.

G.1. 1/3-Octave Band Analysis

The distribution of a sound's power with frequency is described by the sound’s spectrum. The sound
spectrum can be split into a series of adjacent frequency bands. Splitting a spectrum into 1 Hz wide
bands, called passbands, yields the “power spectral density” of the sound. This splitting of the spectrum
into passbands of a constant width of 1 Hz, however, does not represent how animals perceive sound.

Because animals perceive exponential increases in frequency rather than linear increases, analyzing a
sound spectrum with passbands that increase exponentially in size is more meaningful to marine-
mammal hearing. In underwater acoustics, a spectrum is commonly split into 1/3-octave bands, which are
one-third of an octave wide; each octave represents a doubling in sound frequency. The center frequency
of the ith 1/3-octave band, fe(/), is defined as:

; if10
flny=10/ 68
and the low ( fie) and high { fni) frequency limits of the ith 1/3-octave band are defined as:
fo=10"7£(0) and £, =107 £() G9)

The 1/3-octave bands become wider with increasing frequency, and on a logarithmic scale the bands
appear equally spaced (Figure G-1).
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Linear Scale
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Figure G-1. One-third-octave bands shown on a linear frequency scale and on a logarithmic scale.

The sound pressure level in the ith 1/3-octave band (LE,O) is computed from the power spectrum S( )
between fi. and fii:

f;u'
LY =10log,,| [ S(f)df (G-10)
Jio

Summing the sound pressure level of all the 1/3-octave bands yields the broadband sound pressure level:

Broadband SPL =101og,, 3" 10%/° (G-11)

Figure G-2 shows an example of how the 1/3-octave band sound pressure levels compare to the power
spectrum of an ambient noise signal. Because the 1/3-octave bands are wider with increasing frequency,
the 1/3-octave band SPL is higher than the power spectrum, especially at higher frequencies.

8

— SPL (dB re 1 yPa)
Power Spectral Density Level (dB re 1 yPa®/Hz)

L 1/3-octave-band SPL

70| [_ f

kW \A

: W \
60 VA e A
Power spectrum
50 -
10 100 1000

Frequency (Hz)

Figure 5-2. A power spectrum and the corresponding 1/3-octave band sound pressure levels of example ambient
noise shown on a logarithmic frequency scale.

G.2. Marine Mammal Auditory Weighting Functions

The potential for noise to affect animals depends on how well the animals can hear it. Noises are less
likely to disturb or injure an animal if they are at frequencies that the animal cannot hear well. An
exception occurs when the sound pressure is so high that it can physically injure an animal by non-
auditory means (i.e., barotrauma). For sound levels below such extremes, the importance of sound
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components at particular frequencies can be scaled by frequency weighting relevant to an animal’s
sensitivity to those frequencies (Nedwell and Turnpenny 1998, Nedwell et al. 2007).

Prior to August 2016, the NMFS SPL criteria for acoustic exposure injury to marine mammals were set
according to recommendations for cautionary estimates of sound levels leading to onset of permanent
hearing threshold shift (PTS). These criteria prescribed injury thresholds of 120 dB re 1 pPa SPL for
pinnipeds and 180 dB re 1 uPa SPL for cetaceans. A corresponding injury threshold was not defined for
non-impulsive sounds at that time. NMFS indicated that the SPL criteria should be used for all sources
including sonars and explosives. These injury thresholds were applied to individual noise pulses and did
not consider the overall duration of the noise or its acoustic frequency distribution.

Criteria that do not take into account exposure duration or noise spectra are generally insufficient for
assessing hearing injury. Human workplace noise assessments consider the SPL as well as the duration
of exposure and sound spectral characteristics. For example, the International Institute of Noise Control
Engineering (I-INCE) and the Cccupational Safety and Health Administration {OSHA) suggests
threshelds in C-weighted peak pressure level and A-weighted time-average sound level (dB(A) Leq). They
also suggest exchange rates that increase the allowable thresholds for each halving or doubling of
exposure time. This approach assumes that hearing damage depends on the relative loudness perceived
by the human ear. It also assumes that the ear might partially recover from past exposures, particularly if
there are periods of quiet nested within the overall exposure.

In recognition of shortcomings of the SPL-only based injury criteria, in 2005 NMFS sponsored the Noise
Criteria Group to review literature on marine mammal hearing to propose new noise exposure criteria.
Some members of this expert group published a landmark paper (Southall et al. 2007) that suggested
assessment methods similar to those applied for humans. The resulting recommendations introduced
dual acoustic injury criteria for impulsive sounds that included peak pressure level thresholds and SELzan
thresholds, where the subscripted 24h refers to the accumulation period for calculating SEL. The peak
pressure level criterion is not frequency weighted whereas the SELasn is frequency weighted according to
one of four marine mammal species hearing groups: Low-, Mid- and High-Frequency Cetaceans (LFC,
MFC, and HFC respectively) and Pinnipeds in Water (PINN). These weighting functions are referred to as
M-weighting filters (analogous to the A-weighting filter for human). The SEL2an thresholds were obtained
by extrapolating measurements of onset levels of Temporary Threshold Shift (TTS) in belugas by the
amount of TTS required to produce Permanent Threshold Shift (PTS) in chinchillas. The Southall et al.
{2007) recommendations do not specify an exchange rate, which suggests that the thresholds are the
same regardless of the duration of exposure (i.e., it infers a 3 dB exchange rate).

Wood et al. (2012) refined Southall et al.’s (2007) thresholds, suggesting lower injury values for LFC and
HFC while retaining the filter shapes. Their revised thresholds were based on TTS-onset levels in harbor
porpoises from Lucke et al. (2009), which led to a revised impulsive sound PTS threshold for HFC of

172 dB re 1 yPa? s. Because there were no data available for baleen whales, Wood et al. (2012) based
their recommendations for LFC on results obtained from MFC studies. In particular they referenced
Finneran and Schiundt (2010) research, which found mid-frequency cetaceans are more sensitive to non-
impulsive sound exposure than Southall et al. (2007) assumed. Wood et al. (2012) thus recommended a
more conservative TTS-onset level for LFC of 192 dB re 1 pPa?s.

Also in 2012, the US Navy recommended a different set of criteria for assessing Navy operations
(Finneran and Jenkins 2012). Their analysis incorporated new dolphin equal-loudness contours to
update weighting functions and injury thresholds for LFC, MFC, and HFC. They recommended separating
the pinniped group into otariids (eared seals) and phocids (earless seals) and assigning adjusted
frequency thresholds to the former based on several sensitivity studies (Schusterman et al. 1972, Moore
and Schusterman 1987, Babushina et al. 1991, Kastak and Schusterman 1998, Kastelein et al. 2005,
Mulsow and Reichmuth 2007, Mulsow et al. 2011a, Mulsow et al. 2011b).

In August 2016, after substantial public and expert input into three draft versions and based largely on the
above-menticned literature, NMFS finalized technical guidance for assessing the effect of anthropogenic
sound on marine mammal hearing. The guidance describes injury criteria with new thresholds and

T An equal-loudness contour is the measured sound pressure level (dB re 1 pyPa for undenwater sounds)
over frequency, for which a listener perceives a constant loudness when exposed to pure tones.
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frequency weighting functions for five functional hearing groups described by Finneran and Jenkins
(2012).

In the NMFS proposed guidelines the SEL are computed as frequency-weighted sums of per-pulse SEL
at the receiver (animal) position. These levels are directly compared with set thresholds to determine if a
take has occurred. The frequency weighting filters and thresholds have been designed for up to five
marine mammal classes: Low-Frequency Cetaceans (LFC), Mid-Frequency Cetaceans (MFC), High-
Frequency Cetaceans (HFC), and two classes of Pinnipeds in water: phocids (PPW) and otariids (OPW).
These weighting functions are graphed in the figure below.

Relative Level (dB)

— Low-frequency cetaceans \
Mid-frequency cetaceans S 7
= High-frequency cetaceans
— Phoeid pinnipeds in water
— Otariid pinnipeds in water

2

10 10° 10
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Figure G-3. Frequency weighting filters defined the NMFS Guidance for Assessing the Effects of Anthropogenic
Sound on Marine Mammal Hearing (NMFS 2016a).
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1. Introduction

1.1. Background and Objectives

This report reviews literature about noise and its effects on marine life for pile driving construction projects
near the shore. Most pile driving sound assessments focus predominantly on how large-scale
construction projects—such as oil and gas exploration platforms or large offshore wind farms, which use
hammers with high energy ratings and large-diameter piles—affect the soundscape and marine life.
However, this document focuses on projects that used smaller piles (15-42 inches diameter) because the
Alaska Department of Transportation and Public Facilities (ADOT&PF) has proposed smaller piles for its
pile driving projects.

Although most studies described and analyzed sound emissions emanating from pile driving, some
studies also discussed their effects on marine wildlife, primarily marine mammals and fish, and impact
zones. Only one study addressed drilling noise that occurred during construction. Most studies reported
broadband sound levels and their potential to affect marine wildlife and/or zones of impact based on
threshold levels as set out by regulatory agencies such as NOAA/NMFS!. Few studies referred to the
spectral composition of underwater sound or how animals perceive sound, despite this issue having
spurred numerous discussions of the best ways to determine how noise affects animals’ hearing
sensitivities and their behavioral responses (Nedwell et al. 2005, Nedwell et al. 2007, Southall et al.
2007). Because existing noise impact assessments have not considered these influences, we have not
considered them in this literature review but have noted a few studies that analyzed the sound spectrum.

1.2. Sound Propagation

Sound is the result of mechanical vibration waves traveling through a fluid medium such as air or water.
These vibration waves generate a time-varying pressure disturbance that oscillates above and below the
hydrostatic pressure. Sound waves may be perceived by the auditory system of an animal, or they may
be measured using an acoustic sensor (typically a hydrophone, in water). Water conducts sound with a
velocity four times faster than air due to its lower compressibility and higher density. The speed of sound
traveling in water is approximately 1500 m/s (4900 ft/s). Sound is used extensively by marine organisms
for communication and for learning about their environment. Humans may use sound purposely to probe
the marine environment through technologies like sonar. More often, human activities such as marine
construction generate underwater noise as an unintended side-effect.

Sound pressure is most commonly measured on the decibel (dB) scale, and expressed in terms of the
sound pressure level (SPL). The dB scale is a logarithmic scale that expresses a quantity relative to a
predefined reference level (see Glossary). Sources of underwater noise, such as pile driving and drilling,
generate radiating sound waves whose pressure generally decays with distance from the source. The dB
reduction in sound level that results from propagation of sound away from an acoustic scurce is called
transmission loss (TL). The loudness of a noise source is guantified in terms of the source level (SL),
which is the sound level adjusted to some reference distance from a noise source. The standard
reference distance for underwater sound is 1 m. By convention, transmission loss is quoted in units of dB
re 1 m and underwater acoustic source levels are specified in units of dB re 1 yPa at 1 m. In the source-
path-receiver model of sound propagation, the received sound level RL is equal to the source level minus
the transmission loss along the propagation path between the source and the receiver (RL = SL - TL).

! hitp:/ivwww. westcoast fisheries.noaa.gov/protected species/marine_mammals/threshold guidance.html
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1.3. Noise Generated by Pile Driving

1.3.1. Impact Pile Driving

Impact pile driving is carried out using an impact hammer, which in essence consists of a falling ram that
strikes the top of a pile and drives it into the ground (Figure 1). The ram is lifted or driven by one of
several methods, including diesel combustion, pneumatic air pressure, or hydraulic pressure.
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Figure 1. Photo of a temporary pile being driven by a hydraulic impact hammer during construction of a
highway bridge in Queensland, Australia (from Erbe 2009).

When the ram strikes the pile the impact creates stress waves traveling down the length of the pile, which
couples with the surrounding medium, radiating acoustic energy into the water. Sound travels very fast
and with low attenuation through water. Pile driving also generates vibration waves in the sediment, which
can radiate acoustic energy back into the water from the seabed. The sound from impact pile driving is
transient, repetitive, and discontinuous, i.e., pulsed (Figure 2). Hydrophone array measurements (Reinhall
and Dahl 2011) and computational acoustic models (Zampolli et al. 2013) have been used to investigate
the different propagation paths of underwater sound waves generated by impact pile driving.
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Figure 2. Example of waveform, power spectrum and spectrogram of pulsed sounds produced by impact
pile driving. Panel (a) shows a pile driving pressure pulse (blue), with horizontal lines indicating the peak
pressure (red) and 90% rms pressure (black). Panel (b) shows the acoustic frequency spectrum. Panel
(c) shows the spectrogram of a series of pile driving pulses.

Figure 2(a) depicts two typical broadband (across a range of frequencies) measurement metrics (peak
pressure and rms pressure) that are generally reported as sound pressure levels in dB re-1uPa over the
duration of a single pulse. Other standard metrics of impact pile driving sound levels (expanded on in the
Glossary) include the following:

¢ Peak-to-peak sound pressure level: the pressure difference between lowest and highest pressures
¢ Sound exposure level (SEL): reflects the cumulative acoustic energy emitted by the source over a
specified time period; either from a single strike, or from an entire pile driving event.

The above levels are measured as received levels and, as such, are affected by the transmission loss
between the source and receiver locations.

1.3.2. Vibratory Pile Driving

Vibratory pile driving is conducted using a vibrating hammer which is clamped at the top of the pile.
Oscillating elliptical weights in the hammer generate strong vibrations in the pile, which liquefy the
surrounding sediments and allow the weight of the hammer to push the pile into the ground. Vibratory
hammers are also used to extract piles. As with impact driving, the vibration of the pile radiates acoustic
energy into the surrounding water. Unlike impact driving, sound from vibratory driving is steady and
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continuous. Vibratory driving peak and rms sound levels are typically lower than impact driving sound
levels (Figure 3).
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Figure 3. Example of broadband levels (peak and rms) and spectrogram of two intervals of non-pulsed
(continuous) sounds produced during vibro-hammering.

1.3.3. Pile Drilling

Pile drilling generally refers to auger drilling or down-the-hole (DTH) drilling, which are used to create pile
sockets and to install pile anchors. Limited information exists on noise generated by pile drilling, but the
available data suggest that sound levels generated by drilling are lower than either impact or vibratory pile
driving. DTH drilling employs a pneumatic percussion hammer (i.e., jack hammer) to chip away rock and
other material at the base of a pile. Auger drilling employs a rotating auger bit to drill away material at the
base of a pile. Sound from drilling is generally continuous (non-pulsed), though DTH drilling may produce
pulses in addition to continuous sound. Auger drilling is primarily used to install casings for DTH pile
drilling and it is likely the casing installation, rather than the drilling itself, that is the main source of sound.

1.4. U.S. Reqgulatory Guidelines

The Marine Mammal Protection Act (MMPA) aims to protect marine mammals from harmful effects
resulting from human activities and the Endangered Species Act (ESA) does the same for threatened and
endangered species, including species groups not covered under the MMPA. Commercial operations that
generate underwater noise that can negatively affect marine mammals, including species not listed under
the ESA, may require incidental take authorizations under the MMPA. Operations that could affect
species listed under the ESA (for example, Cook Inlet beluga whale or Steller sea lion) may need to meet
additional permitting requirements. The MMPA defines a take as harassing, hunting, capturing, killing, or
collecting, or attempting to harass, hunt, capture, kill, or collect an animal. The ESA defines a take as
harassing, harming, pursuing, hunting, shooting, wounding, Killing, trapping, capturing, or collecting, or
attempting to engage in any such conduct. Under the 1994 Amendments to the MMPA, harassment is
statutorily defined as “any act of pursuit, torment, or annoyance which could potentially injure a marine
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mammal or marine mammal stock in the wild (Level A Harassment), or which could disturb a marine
mammal or marine mammal stock in the wild by disrupting its behavioral patterns, including, but not
limited to, migration, breathing, nursing, breeding, feeding, or sheltering, but which does not have the
potential to injure a marine mammal or marine mammal stock in the wild (Level B Harassment).”

The NOAA/NMES policy about injury thresholds and the process of assessing marine mammal injuries is
currently under review. The current guidelines state that to avoid injuring (i.e., Level A harassment)
cetaceans and pinnipeds, they should not be exposed to pulsed sounds that exceed rms SPLs of 180 and
190 dB re 1 pPa, respectively (NMFS 2000). NOAA also assumes animals will be behaviorally disturbed
{Level B harassment) by impulsive sounds with rms SPL above 160 dB re 1 pPa. NMFS generally
requires pile driving stops when a marine mammal enters the Level A zone. NMFS regulations require
bubble curtains to mitigate sound in areas where they are likely to be effective. Pile driving and seismic
operations are generally required to have a soft-start. Regulations are often more stringent when mother-
calf pairs are present.

NMFS is currently reviewing its policy and guidelines of how to assess the impact of underwater noise on
marine mammals. Until new regulations become available NMFS assumes that Level A Harassment from
pile driving could oceur if a cetacean or pinniped was exposed to sound levels at or above 180 or 190 dB
re 1 uPa rms SPL, respectively. In the case of exposure to pulsed sounds, such as produced by impact
pile driving, sound levels of at least 160 dB re 1 pPa rms SPL, but below Level A Harassment thresholds,
could result in Level B Harassment.

For exposure to non-pulsed sounds, the current NMFS Level B Harassment threshold for marine
mammals is 120 dB re 1 pPa rms SPL. This includes noise generated by vibratory pile driving. The sound
level from vibratory pile driving at any point in time is lower than that generated by impact pile driving, but
the exposure is continuous. Therefore, the threshold (RMS SPL 120 dB instead of 160 dB) for Level B
Harassment is set lower than that for impulses. Due to difference of 40 dB between the two thresholds,
behavioral disturbances from vibratory pile driving may occur at much greater distances than from impact
driving. Nonetheless, received sound level alone may not be a reliable predictor of behavioral
disturbance. Other mediating factors, particularly exposure context, relative background level, and chronic
exposure, may be equally important (Ellison et al. 2012). These factors are not yet accounted for in the
NMFS Level B Harassment criteria.
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2. Review of Small Diameter Pile Driving Sound and Impact
Assessments

The studies are organized into three sections according to the type of pile driving or drilling that was
applied: impact pile driving, vibratory pile driving, and pile drilling. Within each section, studies listed are
published journal papers or publicly available reports. The beginning of each section summarizes studies
while important information from each study is listed in table format at the end of each section, exceft for
pile drilling for which only one example study was found.

Underwater sound levels depend on many operational and environmental factors, some of which are
listed below:

Pile size: diameter, thickness

Pile shape: cylindrical, H-pile, sheet pile
Pile material: steel, concrete

Hammer type and energy

Sediment type and thickness

Bedrock type and depth

Water depth and bathymetry

Water sound speed profile

MNot every study we reviewed contained information about all possible influential factors. Particularly,
information on sound speed profiles and sediment structure was often absent.

2.1. Impact Pile Driving Measurements

Erbe (2009) investigated the sound levels emitted by impact driving 30 and 60 inch diameter steel pipe
piles at various distances (Table 1). This study did not report distances to the NMFS Level A and B take
thresholds, but based on the reported rms SPLs data, levels of 180 dB re 1 yPa were not exceeded
beyond 1050 ft. (320 m) and levels of 160 dB re 1 pPa were not exceeded beyond 4230 ft (1290 m). The
water was, however, very shallow at the study location which likely increased the observed transmission
loss.

Data compiled by the Department of Transportation of California (ICF Jones & Stokes and lllingworth and
Rodkin 2009) indicate that steel piles most often exceeded Level A and Level B thresholds at 33 ft. (10 m)
from the source. Other types of piles (plastic and concrete) generally only exceeded the Level B threshold
at this range.

Laughlin (2005) showed that in addition to pile size, the actual hammer type used to drive the piles to
affects the emitted sound levels. He compared sound levels from diesel, pneumatic, and hydraulic
hammers driving the same pile sizes at the same location and tested the effectiveness of bubble curtains
at different heights along the pile. He reported that bubble curtain rings at the bottom of the piles reduced
sound levels by an average of 3 dB rms SPL.

Vagle (2003) studied the effects of sound levels emitted by impact pile driving using different pile
materials, such as wood and steel, on caged fish. He determined that pile size was a better indicator of
behavioral responses than pile material. Vagle (2003) alsc found that bubble curtains had little effect on
emitted sound levels from piles with small diameters (< 12 inches).

MacGillivray and Racca (2005) also measured sound levels and particle velocities when sound was
mitigated with a bubble curtain (released into PVC sleeve surrounding the steel pipe). Their results
showed that contained bubble curtains can reduce the rms and peak pressure levels by 10 dB, and
reduce the SEL by arcund 8 dB.

The collected data and resulting measurements vary greatly depending on the purpose of each project,
e.g., assessing sound for a NMFS take application or observing how sounds affect marine life.

Version 2.0 8



J;\S('ZO APPLIED SCIENCES A Literature Review of Pile Driving Noise

URS (2007) provides a good example of the kind of data collected and measurements taken to comply
with a take authorization permit process and to assess the risk of impact that necessitates mitigation
measures. To meet the requirements for a permit application the authors:

¢ Developed a sound index to represent noise levels associated with the marine construction project
¢ |dentified sound isopleths (ranges) that correspond to impact thresholds set by NOAA or NMFS for
each type of pile driving.

Their sound index characterized the spectral composition of the noise signals and measured the received
sound pressure levels, which together with an estimated transmission loss were used to determine safety
zones. The authors coordinated their measurements with data collected by a beluga whale observational
monitoring program to determine presence, absence, and behavioral alteration of whales when pile
driving occurred. Unusually high ambient noise levels (> 150 dB rms SPL) reported in this study suggest
that the measurements may have been adversely affected by the strong tidal currents in Cook Inlet, and
possibly by engine noise from the boat used to collect the data. The authors concluded that the pile
driving sounds were much louder than ambient noise at any given time and could always be distinguished
by investigating the spectral composition of the noise, but masking has not been considered as a
separate factor. This example illustrates that the procedure by which sound data is collected is an
important component of sound level assessment and all factors that could introduce errors need to be
carefully considered.

MacGillivray et al. (2007) measured the effectiveness of various sound attenuation methods, including
bubble curtains and isolation casings with foam layers (Figure 4). Received sound levels were measured
at 10 m, 50m, 100 m, 200 m, and 1100 m. The authors noted that both the foam-walled attenuation
systems (TNAP) and the bubble curtain effectively reduced sound pressure levels at short distances
(approximately 20 dB reduction at 10 m distance), but the effectiveness of the sound mitigation dropped
as the distance from pile driving increased (approximately 6 dB reduction at 1100 m distance). The
authors suggested that the roll-off in sound attenuation over distance might be attributed to sound energy
traveling through the sub-bottom and not in the water column. The 14° slope of the seabed at the pile
driving site likely contributed to the importance of the bottom-conducted sound energy.

220 | |@ R1 - Foam TNAP
e, R2 - Bubble curtain
.-f L i A2 - No mitigation
R3 - Foam TNAP
o 200 ! IV Re - DW TNAP
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Figure 4. (Left) Sound attenuation methods. The pipe on the left in the picture is a double walled steel
pipe with foam layer between walls. The pipe beside it on the right shows a single steel sleeve pipe with a
foam layer. (Right) The diagram on the rights shows the effects of sound mitigation methods on the
received 90% RMS SPL at four distances from the pile driver: 10 m, 50 m, 100 m, and 1100 m. All piles
were 36-inch diameter steel pipes.
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Table 1. Summary of sound level measurements of impact pile driving studies using piles with diameters of 12 to 60 inches. All reported metrics (SEL, rms SPL,
and peak SPL) are averaged. A dash (-) indicates data or value was not available. SEL values reported are single-strike measurements.

s 52 Single-strike Measured
Location Pile Type Wate(:nc)lepth s c::ﬁ;neter Hammer type h;n;p\er dli\g:rf:;e(?t) SEL ( dén:: ?Plﬁa) ( d%e?;(f PII;a) frequency
(kN-l?ﬁ)l (dB re 1 pPa2s) H H range (Hz)
California’ Stedl H (thin) <5 12 Diesel - 33 160 175
Stedl H (thick) ~5 12 Diesd - 33 170 183
~6 14 Diesel - 33 177 - 208
AZ steel sheet ~15 24 Diesel - 33 180 190 205
Sted pipe <5 12 Drop/Diesel - 33 - 177 192
~15 14 Diesel - 33 174 184 200
3 16 Drop/Diesel - 33 158 - 182
3 20 Diesel - 33 - 161 204
~5 24 Diesel - 33 177 190 203
=~ 15 24 Diesel - 33 178 194 207
23 30 Diesel - 33 177 190 210
<5 36 Diesel - 33 180 190 208
~10 36 Diesel - 33 183 193 210
Steel pipe CISS <5 60 Diesel - 33 185 195 210
Plastic 10 13 Diesel—ICE-60 - 33 - 153 177
Concrete <3 18 Diesel—ICE-60 & D-30 - 33 155 166 185
~5 24 Diesel—D-30, D62-22 - 33 160 170 185
~15 24 Diesel—D-30, D62-22 33 160 170 185
AOIOTRe:  Hsted G sheels | 1520 14| g APEDAmag 102 62 163 177 194 10-5,000
Bainbridge Sted pipe 10 36 Diesel—Delmag D 62 187 33 Unmitigated sound pressure

TICF Jones & Stokes and lllingworth and Rodkin (2009): Compendium report of pile driving measurements collected for CALTRANS.
2 URS (2007): Marine terminal construction which also included vibratory pile driving; all measurements from vessel suspended hydrophones (2 m of bottom and 7 m from surface).
Reported ambient sound levels appear very high, likely due to flow and drift noises leading to high background levels.
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Rated ’ .
" . Water depth | Pile diameter hammer Measured Bifigle ik rms SPL peak SPL Wgastred
Location Pile Type m) (in) Hammer type Anar distance (f) SEL (@B re1pPa) (dBre1pPa) frequency
9y {dBre 1 pPa2s) H H range (Hz)
(kN-m)
Isl., WA? 190.8 192.4 203 10-16,000
] Sound pressure with bubble curtain
10 36 Diesel—Delmag D 62 187 33
182 182.35 193.6 10-16,000
Friday Harbor, Steel i :
WA ed pipe 12-14 24 Diesel 814 30 180 189 199 10-16,000
24 Pneumatic 67.8 30 173 179 195 10-16,000
24 Hydraulic 119.3 30 178 183 198 10-16,000
Moreton Bay _ 30 Hydraulic 180 & 280 46 183 194 207 015,000
Australias ' | Sted pipe 1-1.5
ustralia 4232 107 115 126 0-15,000
60 Hydraulic 180 & 280 46 179 189 205 0-15,000
4,364 14 124 133 0-15,000
gplumbla Stesl pipe 10-11 24 |Diessl 64 33 Unmitigated
iver
ekl 175 190 205 10-40,000
Oregon
Open bubble curtain
163 176 190
Closed bubble curtain
169 183 197
10.5-11 48 Diesel 2%6.9 33 Unmitigated
184 201 214 10-40,000
Open bubble curtain
173 187 199

¥ MacGillivray and Racca (2005): Unmitigated sound levels were compared to those with bubble curtain mitigation; particle velocity measurements, which are important to assess
fish impacts, were also reported.

* Laughlin {2005): Restoration of Ferry terminal; compares sound levels from different hammer types.

5 Erbe (2009).

% David Evans and Associates (2011).
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Rated

" . Water depth | Pile diameter hammer Measured Bifigle ik rms SPL peak SPL Wgastred
Location Pile Type m) (in) Hammer type Anar distance (f) SEL (@B re1pPa) (dBre1pPa) frequency
(kN-l?ﬁ)l {dBre 1 pPa2s) H H range (Hz)
Closed bubble curtain
173 186 199
Mukilteo Ferry Sted 7-12 36 Diesel-Delmag D62 187 33 1801 196.3 206.2 10-16,000 Hz
Terminal, WA"| 1y it gatec) 20 165 1703 1843 197
30 330 161.4 173.9 187.7
280 3630 1447 156 166.3
Concrete 30 36 Diesel-Delmag D62 187 330 164.4 179 1907
60 660 154 .4 166.9 179.2

" MacGillivray et al. (2007): Estimated take zones for steel piles: Level A pinnipeds (190 dB): <66 ft; Level A cetaceans (180 dB): <331 ft; Level B both (160 dB): < 1650 ft.
Estimated take zones for concrete piles: Level A pinnipeds (190 dB): = 193 ft; Level A cetaceans (180 dB): = 301 ft; Level B (160 dB). =777 ft.
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2.2. Vibratory Pile Driving Measurements

Vibratory pile driving produces continuous sound, which usually generates lower instantaneous sound
levels than impulsive impact pile driving of the same pile at the same distance. The rms and peak sound
levels generally would only reach Level A (acoustic injury) thresholds at very close distances to pile
driving {less than 10 m). Because the sound exposure is continuous and the threshold level for these
sounds currently used by NOAA to identify Level B harassment (behavioral harassment or behavioral
disturbance) is 120 dB rms SPL, the threshold may be exceeded at considerable distance from the
source.

The rms SPL for vibratory pile driving is typically calculated as the mean over a certain time (Laughlin
2006), or over several pile driving events (David Evans and Associates 2011), whereas peak SPL is the
highest reported value during pile driving. Measurements of near field rms SPLs are sometimes used as
inputs in practical spreading (TL=15 x log range) and spherical spreading (TL=20 x log range)
transmission loss models, for estimating the distance to Level A and Level B thresholds. Estimates based
on practical spreading loss models generally result in larger threshold distances. Warner (2014)
compared practical spreading loss estimates to actual received level based on recordings made with
bottom-mounted recorders (AMARS) (Table 2) and concluded that the spherical transmission loss model
provided more realistic distances for vibratory pile driving noise assessments.

Figure 5 shows the spectral composition of sound during vibratory pile driving. Another important piece of
information the noise spectrum provides is that the frequencies with the highest levels of noise vary with
distance from the source.

Pile A4 Vibratory Spectra

= on |

w— J00M |

Power Spectral Densty (dbvme)

Figure 5. Example of a Power Spectral Density (PSD) plot for vibratory pile driving at various distances
based on a calculation of sound levels per 1 Hz steps (taken from David Evans and Associates 2011,
pages 4-8).
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Table 2. Summary of sound level measurements of vibratory pile driving. All reported metrics (rms SPL, and peak SPL) are averaged. A dash (-) indicates data or
value was not available.

Location Water depth  Pile Pile diameter Hammer Model Rated hammer Measurement rms SPL peak SPL Measured frequency
{m) type {in) force (kNm) range (ft) (dBre1pPa)  (dBre1 pPa) range
Anchorage, AK' 920 14 APE 200 - 33 168 - 10-10,000
Steel H
46 - 179
Port of McKenzie, AK? 18 Sted 36 APE King Kong 400 1011 184 164 - {400-2,500)
pipe
Vashon Island, WA? 10-12 Sted 30 APE King Kong 400 - 36 160-169 175-180 -
pipe
10-12 52 160 187-190
9 2592 126-130 159-168
30 2644 127-131 155-162
Columbia River, WA- ~20 Sted APE King Kong 400 - 33 157-162 - 10-22,000 (70-3,000)
OR# 24
pipe 167-176
161-181 -
48
170-174

T URS (2007) Port of Anchorage construction. Levels measured from a drifting boat. Reported ambient sound levels are high. According to this report, the distance to the 190 dB
{pinniped Level A) and 180 dB (cetacean Level A) thresholds would be less than 33 ft. Approximately 2625 ft is a conservative estimate of the distance to the 120 dB threshold

2 Blackwell (2005): Dock modifications; rms SPL exceeding 120 dB at a distance > 1,000 m

3 Warner (2014): Vashon ferry terminal repair and construction test pile driving and threshold distance modeling.

4 David Evans and Associates (2011): Pile driving and pile extraction was measured. rms pressure levels were averaged from actual pile driving periods recorded over 30 s.
*Measurements are from vibratory pile extraction.
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2.3. Pile Drilling and Extraction Measurements

Dazey et al. (2012) reported sound level measurements from pile drilling and pile extraction during pier
construction related activities in Bechers Bay, California. Acoustic data were collected during vibratory
hydraulic extraction, DTH drilling, and auger drilling. Received level rms SPL statistics were reported by
the investigators, but they did not report the specific ranges at which the different levels were measured
(Table 3). The investigators calculated source levels and threshold distances based on the unusual
assumption of cylindrical spreading transmission loss (TL= 10 x log range), but they did not justify why
they felt this assumption was appropriate. Their estimated distances to the 160 dB re 1 yPa rms SPL
safety threshold from drilling and extraction activities were 68-660 ft (21-200 m). The investigators
reported no statistically significant difference between source levels from the different activities they
monitored; however this conclusion may be misleading, given the large spread in received sound levels
that they measured.

Table 3. Descriptive statistics for rms SPLs from pile drilling and extraction measured during construction
monitoring in Bechers Bay.

Measurement Range (ft) Statistics rms SPL (dB re-1pPa)
Min 101
Max 165
155-636
Mean 133
SD. 12

2.4. Studies Reporting Sound Measurements with Impact
Assessments

While reporting the received sound levels and threshold distances is the first step in an acoustic impact
assessment, it is equally important to report any available information about the animals, such as their
acoustic exposure history (how many other noise producing projects take place in the same area and in
close temporal proximity) and duration of exposure, as this will affect the extent to which animals might
respond to the exposure (Southall et al. 2007). Furthermore, the occurrence or magnitude of a response
depends on the physiological, reproductive, and behavioral state of the animal at the time of exposure
(Nowacek et al. 2007).

Blackwell et al. (2004) reported no noticeable change in behavior of ringed seals (Phoca hispida) when
they were exposed to sounds from impact pipe and impact sheet pile driving (see Table 4 for sound levels
and measured distances). The authors also noted that previous studies assessing pile driving sounds and
impact on pinnipeds in the same area also failed to report long term disturbance responses and that other
types of noises, such as those produced by grading concrete slabs, were present during pile driving.
Because received levels of sound data were measured in very shallow water (6 m) and under fast ice,
measured received levels in this study are comparatively low to other studies.
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Table 4. Summary of sound level measurements from studies of piles with diameters of 12 to 94 inches reporting NOAA threshold exceedances
and reporting animal disturbance.

Rated rms | Peak
Pile Water de hammer Weasured | SEL | SPL | SPL | Meastre Threshold exceedance distances/ Impacts
Location depth = diameter Hammer Type distance (dBre (dB | (dB | Frequency .
Type : energy on Marine Mammals
(m) (in) (ft) 1p2s) rel  ret Range
(kN-m)
pPa) | pPa)
Prudhoe Steel 6 20 Impact/Diesel 224 207 146 | 152 | 158 | 10-10,000 | No exceedance and no behavioral impact
Bay, AK! observed
Port Philip | Steel | 8.5-13 28 2 Impact/Diesel 56-90 125 ~165- | - 198- = 20-12,000 | Level A pinnipeds at < 82 ft, cetaceans at
Bay, pipes 171 204 < 197ft™ Level B = 3,000 ft
Australia?
Port Sted | 19-23 36 Impact/Diesel 223 203 178- | 187- | 205 10-1200 | Level A cetaceans at < 738 ft; pinnipeds at
MacKenzie, | pipes 180 | 190 < 238 1t; Level B at < 7382 i,
AK3
18 36 Vibratory APE 184 - 164 - 10-12000 | Level B at <12,300 ft
4008
San Sted = ~7-9 945 | Impact/Hydraulic = 750 & 338 - 185- | 197- Level A pinnipeds: 607 ft (sm hammer) & 935 ft
Francisco, | pipe 1750 196 | 207 (Ig hammer), < 328 ft (both hammers) when
CA# mitigated with fabric barrier; Alert behavior at
1175 167- | 181- start but no avoidance behavior of safety zones
176 | 191 was observed during small hammer operation,

no seals or sea lions entered safety zone
during large hammer operations.

1 Blackwell et al. (2004): Construction of oil production island; all 20 inch pile driving under ice.

2 Duncan et al. (2010): Wharf repair and construction at two sites; has detailed information on sediment structure and sound speed profiles; *threshold distance
depends on location.

3 Blackwell (2005): Port MacKenzie; good representation of transmission loss of different pile driving sounds.

4 Caltrans (2001): Threshold exceedance and marine mammal monitoring, only pinnipeds detected; project study provides information on marine mammal
distribution in relation to study site and potential activities that could interfere with pinniped daily activities (harassment as defined in MMPA and ESA).
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2.5. Example for the Application of NOAA Regulations: Port of
Anchorage Expansion Project, Alaska

As an example of specific U.S. regulatory guidelines and take authorizations, on 20 Feb 2008, NMFS
received an application from the Port of Anchorage requesting a one-year IHA, which was based on the
sound assessment by URS (2007) to take, by Level B Harassment, up to 34 Cook Inlet beluga whales
{Delphinapterus leucas), 20 harbor seals (Phoca vitulina), 20 harbor porpoises (FPhocoena phocoena),
and 20 killer whales (Orcinus orca) incidental to the exposure to noise from pile driving. The applicant
expected Level B Harassment would consist of short term, mild to moderate behavioral (altered headings,
fast swimming changes in dive, surfacing, respiration, and feeding patterns, and changes in vocalizations)
and physiclogical (stress) responses.

Based on an acoustic study conducted at the Port of Anchorage in October 2007 (Table 2 B and 3 in URS
2007), average sound levels of impact pile driving were expected to be approximately 177 dBre 1 pPa
rms SPL at 19 m range in the frequency band of 100-15,000 Hz; vibratory pile driving sounds were
expected to be approximately 162 dB re 1 uPa rms SPL at 20 m range in the frequency band of 400—
2500 Hz. Further empirical data were collected to identify Level A and Level B Harassment thresholds.
For impact pile driving, the 190, 180, and 160 dB re 1 JPa thresholds were approximately 10, 20, and
350 m from the pile hammer, respectively. The pile driver used was a Delmag D30-42 diesel equipped
with a 13,571 Ib (6154 kg) hammer and a maximum rated energy of 74,750 ft-Ibs. (about 101 kJ).
Vibratory driving thresholds for 190 and 180 dB re 1 pPa rms SPL were both less than 10 m, and the

120 dB re 1 yPa rms SPL thresholds was reached at 800 m from the pile hammer.

NMFS authorized taking the animals in their stated amounts. As per its permit, the Port of Anchorage was
required to obtain three years of sighting data around the Port before beginning construction. Data,
including information on animal abundance, group size and composition, behavior, and presence relative
to tidal cycles were collected in all months that pile driving occurred and supplemented with commercial
vessel usage in the area. These data were used to calculate monthly densities and expected monthly
harassment based on hours of pile driving.

Bubble curtains were considered to mitigate sound, but were not used due to the strong prevailing
currents, which would disperse bubbles very quickly and render their acoustic dampening effect
inefficient.

NMFS had the following reguirements:

e Construction activities scheduled when few beluga whales were present.

¢ Pile driving was not to occur within 2 h of low tide because that was when the most animals were in
the area.

* [f one animal is seen within 200 m, operations would shut down.

¢ [|f more than five beluga whales in a group or calves are seen, operations shut down when animals
entered a 350 m radius.

¢ Pile driving could recommence only when no more animals were seen within 15 min.

¢ Once the maximum authorized take was reached, if any beluga entered a zone that exceeded the
Level B Harassment threshold, there must be a mandatory shut-down.

¢ Piles had to be driven with a vibratory hammer (less impact) to the maximum depth possible before
switching to impact pile driving.

NMFS required the Port to use a soft-start procedure at the beginning of each pile to allow marine
mammals the opportunity to leave the area before pile driving reached full energy. For vibratory piling,
this meant driving the vibrator for 15 s at reduced energy, followed by waiting for 1 min, three times in a
row. For impact pile driving, this meant three strikes at 40% energy followed by a 1 min waiting period,
then two subsequent sets of three strikes. If an animal moved into the 200 m safety zone during the soft-
start procedure, pile driving had to be delayed until the animal had left the zone or until it was not seen
again for 15 min.
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NMFS required pile driving to stop if weather conditions prevented adequate monitoring of the 200 m
safety zone. Only trained marine mammal observers were permitted to monitor the harassment zones,
which they did 30 min before and during pile driving. If animals appeared in the area, they called for the
area to be shut down for as long as animals were present and until no animals were seen for 15 min.

In addition to the marine mammal observers, an independent beluga whale monitoring team that
consisted of one or two observers stationed on land was required to report on the following:

¢ The frequency at which beluga whales appeared in the project area.

+ Whale habitat use, behavior, and group composition near the Port. The observers correlated this data
with construction activities.

+ Beluga whales' behavioral reactions and physiological responses to sounds.

NFMS asked the Port to install hydrophones or other effective methodologies to the maximum extent
possible necessary to detect and localize passing whales and to determine the proportion of beluga
whales not included in visual surveys. The reported study (URS 2007) was coordinated with the
concurrent beluga whale monitoring program; construction and noise exposures to operations were
correlated with beluga whale presence, absence, and any altered behavior observed during construction
and operations. Weekly monitoring reports were submitted to NMFS.

The major concern to increasing development in upper Cook Inlet was increasing noise and degrading or
losing habitat around prime feeding areas. The Port is not located within beluga whale prime feeding
territory, but whales used the area around it to migrate to such habitats. Although other marine mammal
species were seen in the area, their presence was irregular and the habitat not critical to their survival
(i.e., no rockeries, mating, feeding, or calving grounds). With proper mitigation and management, NMFS
expected that the project, alone or in conjunction with other actions, would not result in significant impacts
to Cook Inlet beluga whales (NMFS 2008). There were 245 detections of animals in harassment zones
and 13 takes (12 belugas and 1 harbor seal) during pile driving operations that occurred between 15 Jul
2008 and 14 Jul 2009 (Integrated Concepts & Research Corporation 2009).
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3. Conclusions

As expected, the reported variation in sound pressure levels from pile driving operations showed
influences of hammer type and energy, pile material and diameter, water depth and bathymetry. Most
studies reported broadband socund levels without considering the spectral composition of the emitted
sounds or the hearing abilities of the affected animals. This is likely due to regulatory requirements, which
are currently solely based on broadband noise level assessments. As NOAA/NMFS change their
guidelines for anthropogenic noise assessments on marine mammals, IHA application will likely need to
consider factors more relevant to animal biclogy (NOAA 2013). Studies often do not address sediment
composition except where it is has been shown to affect sound levels.

Most of the information on sound levels emitted by pile driving operations is in reports for regulatory
bodies. Currently, researchers collect data on pile driving sounds and use a range of methods and
reporting styles and it is not always obvious from reviewing the literature if potential confounding
influences on sound level measurements were adequately addressed. One common confounding factor
we noticed was that many drifting-vessel based recordings were made with hydrophones suspended into
the water column, resulting in a variable distance to the sound source. Acoustic data collection should be
standardized preferably using fixed acoustic recorders that maintain the same depth and distance to the
sound source while they record.
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4. Glossary

peak sound pressure
Peak pressure is the maximum absolute value of the amplitude of a pressure time series P(t). It is also
called the zero-to-peak amplitude.

peak sound pressure level (peak SPL)

The zero-to-peak SPL, or peak SPL (dB re 1 pPa), is the maximum instantaneous sound pressure level in
a stated frequency band attained by an acoustic pressure signal, p(t): The peak sound pressure level (dB
re 1 uPa) is the logarithmic ratio of the peak pressure to the reference pressure (Pres):

map* )

0

Peak SPL = 10log,,

peak-to-peak sound pressure level {peak-to-peak SPL)
The peak-to-peak sound pressure level (dB re 1 pPa) is the difference (expressed in decibels) between
the maximum and the minimum of the recorded pressure time series:

[maﬂp(t))—min(p(t))]z}

Peak-to-peak SPL = 10log, 2
Po

power spectrum density

Power spectrum density describes how the power of a signal is distributed with frequency.

power spectrum density level

The power spectrum density level is computed as 10logaoe of the squared sound pressure in 1 Hz bands
(dB re 1 uPa?Hz).

pressure, acoustic
The deviation from the ambient hydrostatic pressure caused by a sound wave. Also called overpressure.
Unit: pascal (Pa). Symbol: p.

pressure, hydrostatic
The pressure at any given depth in a static liquid that is the result of the weight of the liquid acting cn a
unit area at that depth, plus any pressure acting on the surface of the liquid. Unit: pascal (Pa).

rms sound pressure
The root-mean-sguare (rms) sound pressure is the root-mean-square value of the pressure time series
P(t) over some specified time period.

rms sound pressure level (rms SPL)

The rms sound pressure level (dB re 1 pPa) is the logarithmic ratio of the rms pressure to the reference
pressure:

rms SPL = 101og,, (% [pr e / p;]
T

For pulsed sound such as that from airguns or pile driving, the rms SPL depends on the duration over
which the pressure is averaged. This duration would ideally be the pulse duration. However, it is difficult
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to determine the pulse start and end times. By convention, the pulse duration is taken as the time
between the 5% and the 95% points on the cumulative energy curve, containing the central 20% of the
cumulative energy of the pulse. The 90% rms SPL is computed by averaging the squared pressure over
that time window:

1 Ts
90% rms SPL = 10log,| ——— [Prnyar

95 fs

sound exposure level (SEL)

The sound exposure level (SEL, dB re 1 yPa?s) is the time integral of the square pressure over the fixed
time window containing the entire pulse, Tioo

SEL = 10log,, J'pz(z‘)df/fopo2

Thoo

source level (SL)

The acoustic source level is the sound pressure level referenced to a distance of 1 m from a point source.
For practical purposes, the received level is measured at some range, and a sound propagation model is
used to adjust the sound level to 1 m range from an equivalent point source. The source level can be
expressed in terms of pressure (dBre 1 ypPa @ 1 m) or sound exposure (dB re 1 uPa?s @ 1 m).
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Appendix A. Southall Noise Exposure Criteria

After reviewing the literature on marine mammal hearing and physiological and behavioral responses to
anthropogenic sound, Southall et al. (2007) proposed injury criteria for marine mammals, based on the
peak SPL and SEL metrics. These criteria account for the type of sound (non-pulse, single-pulse, or
multi-pulse), as well as the approximate hearing ranges of the mammals involved. Marine mammal
species were assigned to one of five functional hearing groups: low-, mid-, and high-frequency cetaceans,
and pinnipeds listening in water and in air. The Southall injury criteria are for the onset of PTS in marine
mammals. They are dual criteria, in that if either criterion is exceeded, injury is assumed. The peak SPL
criteria are un-weighted, whereas the SEL criteria are frequency weighted for the relevant functional
hearing group (known as M-weighting).

The proposed exposure criteria for injury were derived from measured or assumed TTS-onset thresholds
for each hearing group plus TTS growth rate estimates, although data were limited to few species.
Available TTS data for two mid-frequency cetacean species (bottlenose dolphin (Tursiops truncatus) and
beluga (Delphinapterus leucas)) and three pinniped species (harbor seal (Phoca vitufina), California sea
lion (Zalophus californianus), and northern elephant seal (Mirounga angustirostris)) were used as the
basis for estimating PTS-onset thresholds (Table A-1). Scuthall et al. (2007) also outlined research
recommendations to enhance future marine mammal noise exposure criteria (Table A-2).

Table A-1. Proposed injury and behavioral disturbance threshold criteria for individual marine mammals
exposed to discrete noise events, as either single or multiple exposures within 24 hours (Southall et al.
2007). Non-pulses are defined as sounds that do not possess impulsive characteristics, such as fast rise
times.

Injury” Behavioral disturbancet
Functional hearing group
Single pulses | Multiple pulses Non-pulses Single pulses

Low-frequency cetaceans

unweighted peak SPL (dB re 1 pPa) 230 230 230 224

M-weighted SEL (dBre 1 ji2's) 198 198 215 183
Mid-frequency cetaceans

unweighted peak SPL (dB re 1 pPa) 230 230 230 224

M-weighted SEL (dBre 1 ji2's) 198 198 215 183
High-frequency cetaceans

unweighted peak SPL (dB re 1 Pa) 230 230 230 224

M-weighted SEL (dBre 1 ji2's) 198 198 215 183
Pinnipeds (in water)

unweighted peak SPL (dB re 1 pPa) 218 218 218 212

M-weighted SEL (dB re 1 p2's) 186 186 203 171

* All SPL injury criteria are based on the peak pressure known or assumed to elicit TTS-onset, plus 6 dB. SEL injury criteria are based on the
SEL eliciing TTS-onset plus (1) 15 dB for any type of marine mammal exposed to single or multiple pulses, {2) 20 dB for cetaceans or
pinnipeds in water exposed to non-pulses, or (3) 13.5 dB for pinnipeds in air exposed to non-pulses.

T Behavioral response criteria are based on (1) results for beluga TTS-onset thresholds for cetaceans, and (2) estimates of TTS-onset for
pinnipeds.
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Table A-2. Research recommendations to enhance future marine mammal noise exposure criteria
(Southall et al. 2007 Table 24).

Research topic

Acoustic
measurements of
relevant sound
sources

Ambient noise
measurements

Absolute hearing
measurements

Auditory scene
analysis

Marine mammal
behavioral responses
to sound exposure

Effects of sound
eXposure on marine
mammal hearing:
masking, TTS, and
PTS

Effects of sound
exposure on marine
mammal non-auditory
systems

General description

Detailed measurements needed of
source levels, frequency content,
and radiated sound fields around
intense and/or chronic noise
sources.

Systematic measurements of
underwater ambient noise are
needed to quantify how human
actlivities are affecting the acoustic
environment.

Audiometric data are needed to
determine functional bandwidth,
species and individual differences,
dynamic hearing ranges, and
detection thresholds for realistic
biclogical stimuli.

Measurements to determine the
sophisticated perceptual and
processing capabilities of marine
mammals that enable them to detect
andlocalize sources in complex,
3-D environments.

Measurements of behavioral
reactions to various sound types are
needed, including all relevant
acoustic, contextual, and response
variables.

Continued effort is needed on the
simultaneous and residual
physiological effects of noise
exposure on marine mammal
hearing.

Physidogical measurements are
needed for both acute and chronic
sound exposure conditions to
investigate effects on non-auditory
systems.

Critical information needs

Comprehensive, calibrated measurements of the properties
of human-generated sound sources, including frequency
dependent propagation and received characteristics in
different environments.

Comprehensive, calibrated measurements of ambient noise,
including spectral, temporal, and directional aspects, in
different oceanic environments; ambient noise budgets
indicating relative contribution of natural and anthropogenic
sources and trends over time.

Carefully contrdled behavioral and electrophysiological
measurements of hearing sensitivity vs. frequency for more
individuals and species, particulary for high-priority species,
such as beaked whales and mysticetes. Also, detection
thresholds for complex biclogical signals.

Measurements of stream segregation, spatial perception,
multidimensional source localization, frequency
discrimination, temporal resolution, and feedback
mechanisms between sound production and hearing
systems.

Carefully constructed observational and exposure
experiments that consider not only RL but also source
range, motion, signal-to-noise ratio, and detailed information
on receivers, including baseline behavior, prior experience
with the sound, and responses during exposure.

Masked hearing threshdds for simple stimuli in more
species and individuals, as well as complex biclogical
signals and realistic maskers; allowance for directional
effects; comparative data on TTS-onset and growth in a
greater number of species and individuals for non-pulse and
pused anthropogenic sources; recovery functions after
exposures and between repeated exposures.

Various baseline and exposure-condition measurements,
including nitrogen saturation levels; bubble nuclei; the
formation of hemorrhages, embdi, and/or lesions; stress
hormones; and cardiovascular responses to acute and
chronic noise exposure.

The equal energy hypothesis states that two sounds with equal energy are equally harmful (with the

exception of extreme pulsed noise, which can induce rupture of the tympanic membranes and fracture of
the ossicular chain). This implies that TTS data obtained from studies of impulsive signals could be used
to predict effects from exposure to longer lasting sounds. Several well-controlled TTS studies on marine
mammals provide data supporting this hypothesis, and most regulations regarding underwater noise
exposure have successively applied the so-called dual criteria of peak SPL and SEL as suggested by
Southall et al. (2007). However, new studies have found that hearing loss after noise exposure is not
necessarily correlated with the total energy of exposure. Exposure experiments with bottlenose dolphins
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Finneran et al. (2009) revealed that the correlation between SEL and TTS is limited to pulses and that the
equal energy hypothesis does not apply to long-duration exposures. Furthermore, rapid amplitude change
(kurtosis) was identified as another factor influencing the amount of TTS elicited (Le Prell 2010).

The sound received by an animal depends not only on the acoustic characteristics of the sound source,
but also on the receiver's position relative to the sound source and on the oceanographic characteristics
{bathymetry, sound speed profile, etc.) of the area. While some noise exposure criteria (e.g., in the US)
consequently focus on the received sound levels, other regulations include a stand-off distance from the
sound source where the noise exposure criterion must be met at its perimeters (e.g., Germany).

The aim of implementing noise exposure criteria into offshore marine regulations is to prevent negative
effects to marine fauna from exposure to intense anthropogenic sounds. This implies that all species at
risk should be equally protected from auditory damage if these criteria are to be enforced. The biggest
deficit, however, is the current lack of data on auditory sensitivity and tolerance to intense sound in many
marine species. Most data on TTS have been measured in only a small number of marine mammal
species, and the data indicate substantial differences with regard to hearing sensitivity and vulnerability to
TTS between functional groups (species using high-frequency echolocation signals vs. species emitting
mid-frequency signals, for example). Consequently, any noise exposure criterion may be effective only if
it is based on data from the most sensitive species occurring in the area of concern.
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