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Summary

The Port of Rotterdam is expanding to meet the growing demand to accommodate
large cargo vessels. The construction of Maasvlakte 2 (MV2) started in September
2008. The ‘Milieueffectrapport Aanleg Maasvlakte 2’ [1]1 provided a preliminary
assessment of the underwater sound produced during the construction of MV2.
One of the licence conditions for Maasvlakte 2 is the monitoring of the underwater
sound produced during its construction [2], with an emphasis on the establishment
of acoustic source levels of the Trailing Suction Hopper Dredgers (TSHDs) during
the various activities at MV2: dredging, transport and discharge of sediment.

TNO carried out measurement and analysis activities for this monitoring. During an
initial measurement campaign in September 2008, background measurements were
performed in the absence of dredging. Those earlier measurements are described
in [3]. Source level and background noise measurements were made between

22 September and 1 October 2009 in the MV2 dredging activities area.

The measurement procedures are described in [4]. Analysis and results for the
2009 measurements are reported in [5].

The present report documents a final phase of the study of the underwater sound
during the construction of MV2. It is investigated how the sound radiated by the
various TSHDs propagates throughout the MV2 construction area and how it might
affect the marine fauna. The resulting noise maps, weighted separately for
cetaceans, pinnipeds and fish, are suitable for comparison with the effects
described in the Port’'s Environmental Impact Assessment [1]. The final phase
comprises the following three tasks:

Task 1  The computed contributions of the dredgers using the measured source
levels and the noise model AQUARIUS are compared with the
background noise measurements from the fixed underwater noise
measurement station SESAME, for the purpose of noise mapping.

The predicted 1/3-octave band sound pressure levels agree with the
measurements to within ca. £ 7 dB at frequencies between 31.5 Hz and
31.5 kHz.

Task 2  Noise maps of the broadband underwater sound pressure levels of the
dredgers, calculated using the model AQUARIUS, are presented for two
snapshots in time, corresponding to the point of closest approach of two
different dredgers (Dredger 1 and Dredger 7) to the measurement
position. Maps are provided for two different receiver depths, one
representative for animals swimming near the water surface and another
for submerged animals. It is concluded that the highest exposure levels
occur when an animal is in the vicinity of a single dredger and that
simultaneous exposure to the noise of more remote dredgers generally
does not contribute significantly to the total exposure.

Task 3  The risk of the possible effects of the dredging activities during the
construction phase of MV2 on the marine fauna has been assessed,
specifically for porpoise, seal and fish. Quantitative criteria are available
for permanent or temporary hearing threshold shift, PTS or TTS.

Two scenarios are considered: a stationary animal exposed to sound

1 Numbers between right brackets [#] refer to the reference list in section 6.
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from a transiting dredger; and an animal swimming past a stationary
dredger. Further, 24-hour cumulative exposures for stationary and
swimming animals are compared with risk thresholds from available
criteria.

Using the Southall et al. 2007 [6] criteria for auditory injury in marine

mammals it is found that:

the risk threshold for PTS is not exceeded for the porpoise

the risk threshold for TTS is not exceeded for the porpoise

the risk threshold for PTS is not exceeded for the seal

the risk threshold for TTS is exceeded at a distance of 90 m or less for
a seal swimming at depth 16 m (one metre above the seabed)

the risk threshold for TTS is exceeded at a distance of 15 m or less for
a seal swimming at depth 1 m.

Using the interim criteria of the US Fisheries Hydro acoustic Working

Group [13] for injury to fish it is found that:

— the risk threshold for injury is exceeded at a distance of 100 m or less
for fish (> 2 g) swimming at depth 16 m (one metre above the
seabed);

— the risk threshold for injury is exceeded at a distance of 400 m or less
for small fish (< 2 g) swimming at depth 16 m (one metre above the
seabed).
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List of abbreviations

SPL
TSHD
TTS
uTtcC

Automatic Identification System for shipping traffic

Closest point of approach

US Fisheries Hydroacoustic Working Group

Earth Topography Digital Dataset

Global Positioning System

knot (1 kn = 1 nautical mile per hour = 0.514 m/s)

multi-beam echo sounder

M-weighting for high frequency cetaceans

M-weighting for pinnipeds in water

Maasvlakte 2

Normaal Amsterdams Peil (standard reference height for sea level in
The Netherlands; datum for the European Vertical Reference System)
Permanent hearing threshold shift

Sound exposure level [dB re 1 uPa’ s] (subscripts ‘AM’ and ‘GM’ indicate
exposure calculated as an arithmetic mean and geometric mean,
respectively)

Sound pressure level [dB re 1 pPaZ]

Trailing Suction Hopper Dredger

Temporary hearing threshold shift

Coordinated Universal Time
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1

Introduction

The Port of Rotterdam is expanding to meet the growing demand to accommodate
large cargo vessels. The construction of Maasvlakte 2 (MV2) started in September
2008. The ‘Milieueffectrapport Aanleg Maasvlakte 2’ [1] provided a preliminary
assessment of the underwater sound produced during the construction of MV2.
One of the licence conditions for Maasvlakte 2 is the monitoring of the underwater
sound produced during its construction [2], with an emphasis on the establishment
of acoustic source levels of the Trailing Suction Hopper Dredgers (TSHDs) during
the various activities at MV2: dredging, transport and discharge of sediment.

Before the MV2 construction, little was known about the underwater sound
produced by dredging and land reclamation, and its possible effect on marine life.
Different dredgers and different activities can be expected to result in different
source levels, different underwater environments lead to differences in sound
propagation, and there are differences in the sensitivity of different marine animals
to underwater sound. Specific measurements on the MV2 dredging were used to
derive specific source levels for the MV2 conditions [5]. These source levels can be
used in future studies of the influence of the construction noise on marine life in the
area, e.g. seals and harbour porpoises.

The total study has been made in five phases. At first a measurement plan [1] was

written to plan and describe the background noise and source level measurements

in absence and presence of dredging activities. It follows the strategy ‘strategic

measurements and modelling’ [2], a decision made in consultation with

Havenbedrijf Rotterdam N.V. and the competent authority (Rijkswaterstaat, Dienst

Noordzee). The five phases were:

Phase 0: measurement and reporting of the background noise in absence of
dredging activities [3];

Phase 1: update of the measurement plan following lessons learned from ‘Phase 0’
[41;

Phase 2: measurement of the source levels and background noise during dredging
activities;

Phase 3: analysis of the source levels and background noise during dredging
activities [5];

Phase 4: noise maps and risk assessment of the dredging activities.

Phase 0

The objective of the baseline background noise measurements, held between 8
and 15 September 2008, was to determine the amount of background noise for
1/3-octave frequency bands (or smaller) in the frequency range between 20 Hz and
80 kHz and to investigate the statistics of these data. The recorded data were
analysed afterwards. The report [3] describes these measurements and the results
of the data analysis. The underwater noise levels are known to depend on
environmental conditions, such as shipping, and weather conditions. For this reason
it was investigated to what extent variations of the measured levels are related to
some of these conditions that are generally considered to be relevant in this
respect: the shipping conditions and the wind speed.
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Phase 1

Based upon the lessons learned from the baseline background noise
measurements an update has been made of the measurement plan [4]. The most
important change concerned the measurement of the background noise by an
autonomous measurement station (‘(SESAME’) at the seabed instead of from a
surface vessel as was applied during the Phase 0 measurements. In this phase a
safety and security protocol was also drafted.

Phase 2

One aim of the Maasvlakte 2 measurements was to determine the acoustic source
level of the dredgers during the various activities: dredging, transport, and
discharge of sediment. Another was to characterise the 2009 background noise
level for comparison with 2008 measurements. The measurements were made in
the period 22 September to 1 October 2009 in the MV2 dredging activities area.
The measurement procedures are described in the Measurement plan underwater
sound Maasvlakte 2 [4].

Phase 3

The objective of Phase 3 was to report on the results of the source level and

background noise measurements. The report [5] describes

— the methodology for the measurements, where during one week the
background underwater noise, including the noise of the trailing suction hopper
dredgers (TSHDs), was recorded from a fixed position;

— the measurement of source level for dredging activities that was carried out
from various positions using a mobile system;

— the procedure to estimate the source level from the underwater noise
measurements with the mobile system illustrated by several typical examples
with respect to tracking, underwater noise and propagation loss. The effect of
sediment parameters and source depth are also discussed,;

— detailed results for the source levels obtained from the mobile system for the
various dredging activities: dredging, rainbowing, direct sand dumping, pumping
ashore and transit;

— acomparison of the maximum underwater noise due to the various activities;

— background noise measurements with the autonomous platform SESAME
including a comparison between the sound pressure levels (SPL) for the 2009
and 2008 campaigns, the effect of TSHDs on the level of the background noise
and a comparison of SPL for day and night time.

Phase 4

The present document describes the results from Phase 4 where it is investigated
how the sound from the various dredgers propagates throughout the MV2
construction area and what possible effects of the dredging activities there might be
on marine fauna. The resulting noise maps are suitable for comparison with the
effects described in the Port’'s Environmental Impact Assessment [1].

The activities of Phase 4 were split into three tasks with the following objectives:

Task 1  Compare the computed contributions of the dredgers, using the
measured source levels and the noise propagation model AQUARIUS,
and the background noise measurements from the fixed station SESAME
for the purpose of noise mapping;
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Task 2 Obtain noise maps of the underwater sound levels of the dredgers at
characteristic moments during the construction phase of Maasvlakte 2,
using the model AQUARIUS;

Task 3  Obtain insights into the possible effects of the dredging activities during
the construction phase of Maasvlakte 2 on the marine fauna, and
specifically on porpoise, seal and fish.

This report describes in Chapter 2 the activities related to Task 1. The underwater
noise model AQUARIUS (referred to in previous documents as ‘ANOMALY’) [10]
has been validated using the measured source levels for Dredgers2 land7
(numbering from Reference [5]) at two characteristic moments in time. Chapter 2
also mentions the modifications that became necessary to AQUARIUS.

In Chapter 3 noise maps from Task 2 are presented for two snapshots in time
corresponding to points of closest approach of Dredgers 1 and 7, and two receiver
depths . A movie of the noise maps around these characteristic moments is
provided on DVD and attached to this report.

For two scenarios,

a) dredging vessel and swimming animal,

b) transiting dredger and stationary animal,
the sound exposure levels are presented as a function of lateral range in Chapter 4.
A comparison is also made with risk thresholds for temporary hearing threshold shift
(TTS) and permanent hearing threshold shift (PTS) in marine mammals and TTS in
fish. Further, 24-hour cumulative exposures for stationary and swimming animals
are compared with risk thresholds from available criteria.

Chapter 4 describes effects of dredging in terms of distance at which specified
effects are predicted, given the stated assumptions and criteria. Also calculated are
sound exposure for stationary animals and for animals swimming across the
dredging region from north to south and from south to north, and the proportion of
animals for which the predicted exposure exceeds certain risk thresholds.

Our main conclusions are reported in Chapter 5. For each task the conclusions are
given in the respective chapters.

The terminology used in this report conforms to [16].

2 Each of the seven TSHDs of which the acoustic source level was determined are here identified

by an integer between 1 and 7. The identity of the individual dredgers is proprietary and not
revealed in this report.
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2

2.1

2.2

2.2.1

Task 1 — Validation of the underwater noise model

Introduction

This chapter reports on the first of the three tasks. The purpose of Task 1 is to
‘validate’ the noise model AQUARIUS (previously known as ANOMALY) [10].
The accuracy of predictions made by this model relative to the measurement with
the SESAME platform is quantified, in order to gain confidence in its use as a tool
for predicting environmental impact.

This chapter comprises

— adescription of the scenario used for the validation;

— adescription of the measured source levels for the two dredgers in the
validation scenario;

— adescription of the modifications made to AQUARIUS to make it applicable to
the problem of dredger-associated noise;

— acomparison between measurements and model predictions;

— our conclusions.

Problem overview
All times of day mentioned are UTC times, on 29 September 2009.

Acoustic recordings and correlation with nearby shipping

Figure 1 (upper panel) shows broadband sound pressure level (SPL) versus time, in
third octave bands centred at specified frequencies between 125 Hz and 32 kHz, as
measured between 09:00 and 14:00. The lower panel shows a parameter
representing the density of nearby shipping during the same time interval [3].

The time dependent shipping density around the underwater noise measurement
station is parameterized via the parameter ‘N,’, defined as

K
N, =Y 1)

where K is the total number of ships in the area (and for which AIS data are
available) and ry is the distance from the measurement station to the K" ship.
This parameter was found to correlate well with shipping noise for the 2008
measurements [3].

Multiple peaks are visible in both SPL and N,. Four peaks for which the value of N,
exceeds 4 km™ are visible in Figure 1, all of which line up clearly with the peaks in
the SPL curve. For these four the high SPL is attributed to a ship at distance less
than 500 m from the measurement platform. In addition there are SPL peaks that do
not line up with any of the four N, peaks.

Our present purpose is to test the accuracy of AQUARIUS. As a means to this end,
we investigate the extent to which use of AQUARIUS is able to predict the peaks of
Figure 1, with special attention to the unexplained ones, i.e. those not obviously
associated with a passing ship. Peaks 1 and 3 are selected for special attention
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(explained quantitatively); peak 2 is investigated briefly (explained qualitatively);
other peaks are not investigated.

20-Sep-2009

125Hz |

!' =y S500Hz
7\ 4-._. A i 2000 Hz ||

5\ A Y 0 8000 Hz [|

| S/ w WY W Stooare]

10:00 11:00 12:00 S 1400

What causes these peaks?

2 —— e e .

» all shipping (N,)

10:00 11:00 12:00 13:00 14:00

Tien (h:mm}

Upper: Third octave band SPL (y axis runs from 70 dB to 130 dB re 1 pPaz2, in 10 dB
increments; centre frequencies in legend);

Lower: Shipping activity (N2 / km?2). Four of the SPL peaks are caused by nearby
ships. What is the cause of the peaks that do not align with a peak in N2?

Figure 1:

Local shipping activity

Peaks 1 and 3 are selected for further investigation. Of these, peak 3 is expected
from Figure 1 to be associated with the passage of a ship, whereas the cause of
peak 1 is initially unknown?®. In order to identify the ship responsible for peak 3, and
investigate possible causes of peak 1, we consider shipping activity during the time
intervals between 10:58 and 11:08 for peak 1 and between 11:58 and 12:08 for
peak 3 (see Figure 2). Peaks 1 and 3 are seen to correspond closely in time to the
transit of the dredgers “Dredger 1” and “Dredger 7", respectively. The paths of these
two vessels, and those of other shipping in the vicinity during the two time periods
are shown in Figure 2. At the time of the peaks, both vessels are in transit between
the dredging area (north-west of the map) and the MV2 area, loaded with sand. The
grey regions indicate either gaps in the bathymetry data, which are filled in using
the procedure described in Section 2.2.3, or land.

Peak 2 (around 11:30) corresponds to another dredger, Dredger 6, sailing from
west to east at a speed of 11.7 kn, North of the banana shaped feature, referred to
henceforth as the ‘banaan’ (Dutch for ‘banana’), but further south than Dredger 1).
This path is not included in the figure.

The co-ordinate system used for Figure 2, known as the Rijksdriehoekscodrdinaten
system [21], has its origin about 120 km south-east of Paris. Figure 3 and Figure 4
use the same co-ordinate system, as do the maps presented in Chapters 3 and 4.

% Peak 1 is chosen because of a) its prominence and b) its asymmetry, suggesting an activity
reaching an abrupt end. Peak 3 is chosen as a reference as it appears easier to explain.
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Figure 2:  Shipping activity between 10:58 and 11:08 (green dots) and between 11:58 and 12:08
(black dots). The ‘banaan’ is the banana shaped feature centred at 51.955N, 3.97E.
The triangle marks the position of the underwater noise measurement station
SESAME. The green and black dots mark GPS positions of ships as recorded by AlS.
The colours represent water depth (height above sea level) in metres relative to NAP
(Normaal Amsterdams Peil, the datum height for the European Vertical Reference
System).

2.2.3 Bathymetry
The colour coding in Figure 2 shows a high resolution MBES bathymetry map
provided by the Port of Rotterdam. The (dark) regions correspond to gaps in the
high resolution data set that need to be filled in by data from other (lower resolution)
sources. The ETOPO1 [20] global elevation database has been used to fill in the
gaps (Figure 3, upper). The final result of this process is illustrated by Figure 4.
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Figure 3:  Bathymetry: minus water depth in metres from ETOPO1 database, upper: before
interpolation; lower: after interpolation
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Figure 4:  Bathymetry: minus water depth in metres for situation x, y. Upper: original MBES
bathymetry; lower: merged with ETOPOL1 bathymetry. Small discontinuities are
apparent at the interfaces.

In order to merge ETOPO1 with the MBES data it was necessary to first resample
ETOPO1 on a finer grid. The result is shown in Figure 3, lower. The result of
combining the MBES and ETOPO1 maps is shown in Figure 4, lower.
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Source levels of dredgers

“Source level” is a quantitative measure of the sound radiated by an underwater
source in idealised conditions. The term can take on many different meanings.

For example, the sound radiated by a monopole (point omnidirectional source) is
characterised by the monopole source level (MSL, a property of point source that
can be combined with propagation loss (PL) from point source propagation model to
predict sound pressure level: SPL = MSL — PL). Also relevant is the dipole source
level (DSL), the equivalent quantity for a point source combined with its surface-
reflected image. The DSL is especially relevant for surface ships because of the
inseparable nature of these from the sea surface. At high frequency, DSL exceeds
MSL by about 3 dB. At low frequency, MSL exceeds DSL by an amount that
increases with decreasing frequency [11, 16, 17].

Dipole source levels

At the time of each of the two measurement periods, Dredgers 1 and 7 are both
travelling northwest to southeast, from the dredging site to the sand dumping site.
The vessels are therefore assumed fully loaded. The previously measured dipole
source levels [5] for these two dredgers while loaded are shown in Figure 5.

200 T

T T T T T T
—e— Dredger 1 @ 14.4 kn; SLlol =191.4dB

—ae— Dredger 1 @ 13 kn; SLlol =192.1dB

190b : : —e— Dredger 7 @ 9.6 kn; SL,, =179.8dB

180

level [dB]
3
[=]

160 ....;...._ JRUTTUTUTTUOU OPTOPPOOP O core, SO -, SN

A0 i .......i.. U SOUSUSSUOON FOUSORONOPRNY SUNOPUSOPUNIS SURPSROPRUINS USOSOOSUUONE RONURURROOIN OO

| | i i 1 | | i i I | 1
315 63 125 250 500 1k 2k 4k 8k 16k 315k 63k
frequency [Hz]

140

Figure 5:  Dipole source level [dB re 1 uPa2z m?]in third octave bands of Dredger 1 and
Dredger 7, from [5]. SL:«: in the legend is the total broadband source level. Ship
speeds 14.4 kn, 13.0 kn and 9.6 kn correspond to 7.41 m/s, 6.79 m/s and 4.94 m/s.
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2.3.2

2.4

Monopole source levels

The original monopole source levels as calculated from the measured SPL [5] were
converted to dipole levels as these are robust to the arbitrary choice of source
depth that is required for a monopole. However, the parameter required as input to
AQUARIUS is the monopole source level (SLy,), so the dipole values (SLg,) are
first converted back to monopole values, using the same monopole source depth as
assumed in the original measurement (4 m). This is achieved using the inverse
operation as the one used for converting from monopole to dipole in [5].
Specifically, the following equation is used

3 (1 1
22 acaisiig
— =1 |
SL,,, =SLg, +10log,, 3 : )
where k is the acoustic wave number (equal to 2 rtdivided by the acoustic

wavelength) and d is the monopole source depth and {6,} is the set of angles
{15, 30 and 45 deg}. The monopole source levels so derived are plotted in Figure 6.

200 T T | | T T | T
: —e— Dredger 1 @ 14.4 kn; SLtot =192.5dB

—eo— Dredger 1 @ 13 kn; SLlm =1857dB
190 E Jro i e | —e— Dredger 7 @ 8.6 kn; SL, , = 178.8dB |

180

170

level [dB]

160

150/ , j : Z : B

1404 i i i i i i i i i i i
315 63 125 250 500 1k 2k 4k 8k 16k  31.5k 63k

freguency [Hz]

Figure 6:  Monopole source level [dB re 1 pPa2 m?] in third octave bands of Dredger 1 and Dredger
7, after application of Eq. (2) to the dipole levels of Figure 5. The assumed monopole depth
is d =4 m. SL« in the legend is the total broadband source level. Ship speeds 14.4 kn, 13.0
kn and 9.6 kn correspond to 7.41 m/s, 6.79 m/s and 4.94 m/s.

Modifications to AQUARIUS

Changes were made to the noise model AQUARIUS as follows:

- the code was modified to accept a monopole source level at a specified depth,
and the propagation algorithms were adapted accordingly

— the code was modified to calculate the field as a function of depth instead of a
single depth-averaged value

— the range at which the transition occurs from ‘mode stripping’ to ‘single mode
propagation’ was corrected

— the implementation of absorption loss was corrected
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— the accuracy of the long range propagation algorithm was improved by adding
the contribution from the 2" mode to that of the 1% mode in the single mode
region; this reduces the size of the step change from the mode stripping region
to the single mode region.

Validation of AQUARIUS

AQUARIUS is validated by comparing its predictions first with measurements and
then with theoretical predictions.

Comparison with measurement

Figure 7 (upper figures) shows measured (left) and modelled (right) sound pressure
level spectra in third octave bands as a function of time for peak 3, involving a
transit of the Dredger 7. Levels are predicted to within £7 dB across the entire
frequency band (31.5 Hz to 63 kHz) and within £ 3 dB at high frequency (500 Hz to
63 kHz) , when assuming a sediment sound speed of 1760 m/s, which is
appropriate for ‘medium sand’ [11]. The actual sound speed in the sediment in the
area is unknown. Higher frequencies are underestimated by AQUARIUS. The point
of closest approach (CPA) is at a distance of 330 m.

Using the same sediment sound speed, the levels for peak 1, shown in Figure 8,
are less well predicted, with discrepancies exceeding 10 dB in places. In this case,
the propagation distance is greater, so small differences in the predicted decay rate
can result in large discrepancies in the propagation loss. The timing of the abrupt
end is nevertheless predicted to within £ 1 minute accuracy. The feature vanishes
at 11:07, as Dredger 1 disappears behind the 'banaan’ (see Figure 2 caption),
confirming that this dredger is indeed the source responsible for peak 1. Improved
accuracy of the calculated noise level is obtained at low frequency (ca. 125 Hz,
where most of the energy is concentrated) by increasing the sediment sound speed
to 1960 m/s, corresponding to ‘very coarse sand’ (Figure 9). The change results in
increased level at high frequency, except above 30 kHz, where the measurements
are probably dominated by wind noise [3].

In Figure 10, predicted third octave band levels versus time are compared with
those from Figure 1.
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Figure 8:

Sound pressure level [dB re 1 uPa?] in third octave bands for Dredger 1. Left:
measurement (ship speed 7.36 m/s (14.3 kn)); right: prediction (7.41 m/s (14.4 kn)).
CPA = 2250 m. Lower: measured and modelled spectra at CPA. Predictions use
sediment sound speed Cseq = 1760 m/s. SPLy: in the legend is the total broadband
sound pressure level. The measurements are dominated by background noise above

31.5 kHz.
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Figure 10: Upper and lower panels: repeated from Figure 1; middle panel: model prediction of
peaks 1 and 3 [SPL in dB re 1 pPa?]. Predictions use sediment sound speed Cseq =
1760 m/s.

Comparison with a reference solution

A theoretical validation is carried out by comparison with the full wave (fast field)
model OASES. OASES uses a Green'’s function integration method that is used
routinely to provide benchmark quality solutions to ocean acoustic waveguide
problems for stratified media [Jensen 1994]. We use it here to obtain a reference
solution for a smooth sea surface (wind speed 0; upper graph of Figure 11).

Good agreement between AQUARIUS and OASES can be seen at frequencies of
250 Hz and higher (Figure 11, upper graph). AQUARIUS overestimates loss at
frequencies below 200 Hz.

The effect of wind is illustrated by Figure 11 (lower graph). The result is to increase
the propagation loss predicted by AQUARIUS. This increased loss, not modelled by
OASES, is due to rough surface scattering and near-surface bubbles [18, 19].

The sole purpose of the lower graph is to demonstrate the expected sensitivity to
wind speed by comparing the AQUARIUS curve with that of the upper graph (no
wind). The RAYTRACE and OASES curves in the lower graph are identical to those
in the upper graph, and may be disregarded.



TNO report |TNO 2012 R10818 | Final report 25/62

H =22 m; r=300m; zs = 6 m; zr =21 m; windspeed Vi = Om/s

80 H H H 4 H H 4 T T T T T T
70k : : : :
—e— AQUARIUS
—e— RAYTRACE
& 60
£
259
18]
=
T 40

o
(=]

0 H i i i i H i
16 315 63 125 250 500 1k 2k 4k 8k 16k 31.5k 63k 125k
frequency [Hz]

H=22m;r=300m;zs=6m,;zr=21 m; windspeed Vo = 4.9 m/s

-~
(=]
T

—— AQUARIUS
——RAYTRACE
—— OASES

PL[dBre1m

ol L i i i i H i i i i i i i
16 31563 125 250 500 1k 2k 4k 8k 16k 31.5k 63k 125k
frequency [Hz]

Figure 11: Propagation loss vs frequency (effect of wind speed): comparison of AQUARIUS with
Raytrace and OASES in third octave bands. Upper: no wind; lower: wind speed 4.9
m/s at 10 m height. Source depth = 6 m; receiver depth = 21 m; water depth = 22 m.
Upper: wind speed = 0; lower: wind speed = 4.9 m/s at 10 m height.
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Conclusions

Predictions agree with measurements of dredger noise to within ca. + 7 dB in
individual third octave bands between 31.5 Hz and 31.5 kHz, with a consistent
underestimation at low frequency (< 500 Hz) and an overestimation at higher
frequencies, between 700 Hz and 30 kHz for Dredger 7 at CPA (2250 m).

This leads to underestimation of broadband sound pressure level by ca. 6.6 dB
(using a sediment sound speed of 1760 m/s, representing medium sand) because
most energy is concentrated at frequencies below 500 Hz. Increasing the sediment
sound speed to 1960 m/s, representing coarse sand, decreases the discrepancy
from 6.6 dB to 3.5 dB. The value of 1960 m/s is used in all subsequent calculations
in order to avoid underestimating the broadband sound pressure level.

Because the dominant noise occurs at low frequencies, and because Aquarius
overestimates the low frequency propagation loss, AQUARIUS underestimates the
broadband sound pressure level at the SESAME measurement station due to
Dredger 1 transiting at 2.2 km distance by 3.5 dB. A possible explanation is that
AQUARIUS overestimates propagation loss at frequencies below 200 Hz (good
agreement is achieved with OASES in the frequency range 250 Hz to 125 kHz).
Further investigation of the causes of these deviations falls outside the scope of this
study. The AQUARIUS predictions provide a useful first estimation of the
distribution of underwater noise from the TSHDs during the construction of MV2.
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3

3.1

3.2

Task 2 — Noise maps for selected snapshots

Introduction

This chapter reports on the second of the three tasks. The purpose of Task 2 is to
produce maps of dredger noise versus position in the vicinity of the dredging
activities. The noise model AQUARIUS (previously known as ANOMALY [10]),
which was validated against measurements in Task 1, is used to produce the maps.

Four maps are presented, for two snapshots in time and two receiver depths for
each snapshot.

This chapter comprises

— adescription of the scenario used for the maps

— adescription of the choice of source levels for all dredgers involved in the two
maps

— the four noise maps.

Scenario description
All times of day mentioned are UTC times, on 29 September 2009.

A map showing the geographical situation represented by the noise maps and the
tracks of selected vessels is shown as Figure 2. All maps are calculated using the
parameters presented in Table 1.

Noise maps are calculated for two snapshots in time. The first is the closest point of
approach (CPA) of Dredger 1 at ca 11:00; the second the CPA of Dredger 7 at ca
12:00. A movie of the period between these two snapshots is provided on the DVD
provided with this report.

Table 1: Input data used for noise maps.

Parameter value used for Task 2

Sediment sound speed 1960 m/s

Wind speed 0m/s

Source level selected according to closest match

with activity and speed;
for Dredger 5 we used the source
level of the sister ship (Dredger 4)

Receiver depth 1 m from seabed (representative for
animals in most of the water
column, except the top few metres,
dependent on frequency);

1 m from surface (representative for
animals swimming at the surface)

Snapshot times CPA Dredger 1 at 11:04
CPA Dredger 7 at 12:02
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Dependence of source levels on activity

Figure 12 to Figure 14 show dipole source levels for the different activities, from [5],
which reports full details of the measurement procedure. The source level at any
moment in time was selected according to activity and (if transiting) direction and
speed, as follows:

If a ship's speed was low and located in the dredging area, it has been assumed
that the ship was dredging and the measured spectrum with the closest match has
been used. Higher speeds (exceeding 2 m/s) are associated with transit, the speed
for which has been chosen as the one closest in magnitude to the actual speed,
and the sailing direction (to or from the dredging area) determines whether the ship
is 'full’ or 'empty'. Lastly, when in a dumping area, if the ship was located at the
‘banaan’ (see caption Figure 2), it has been assumed to be rainbowing; otherwise
dumping.
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Figure 12: Dipole source level [dB re 1 pPa2 m?] in third octave bands of Dredgers 1to 7 in
transit (upper) and Dredgers 1 to 4 and 6 to 7 while dredging (lower), from [5].
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Figure 13: Dipole source level [dB re 1 pPa2 m?] in third octave bands of Dredgers 2 and 3 while

pumping (upper) and Dredgers 1, 4, 5 and 6 while rainbowing (lower),

from [5].
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Figure 14: Dipole source level [dB re 1 pPa2 m?] in third octave bands of (maximum of all
measurements for each activity) for dredgers in transit, while dredging, dumping,
pumping and rainbowing, from [5].

Noise maps

Dipole source levels were converted to monopole source levels using the procedure
described in Chapter 2 (Task 1), assuming a point source depth of 4 m.

These monopole source levels were used in AQUARIUS. The bearing dependence
of the radiated noise is unknown. The source levels were derived from measurements
at broadside of the vessels, where the underwater noise levels are generally higher
than at bow and stern aspect [12]. The maps were made under the ‘worst case’
assumption that the beam aspect source level applies at all other aspects.

Maps of the resulting unweighted broadband sound pressure levels (in the
frequency range of the available source level measurement) are shown in Figure 15
(Dredger 1 at CPA) and Figure 16 (Dredger 7 at CPA). Maps are presented at two
different receiver depths, at one metre distance from the seabed (upper graphs)
and at one metre from the sea surface (lower). The received noise levels at 1 m
from the sea bed are representative of those received through most of the water
column, except for the upper few metres from the sea surface. The level at 1 m
from the surface is representative of what could be received by animals swimming
at or near the water surface. The choice of colour axis for Figure 15 and Figure 16
is explained in Section 4.6. The co-ordinate system used for Figure 15 and

Figure 16 is the same as for the bathymetry maps of Section 2.2, with its origin
about 120 km south-east of Paris.

For the maps at the Dredger 7 CPA (Figure 16), a source level for Dredger 5 while
dredging was needed. As this measurement was not available, the source level of
its sister ship, Dredger 6, was used instead. Further, the Dredger 1 was transiting at
a slow speed at this moment, after rainbowing. An exception to the source level
selection procedure was made for this case, as the Dredger 1 transit speed at the
Dredger 7 CPA was 3.6 kn (1.85 m/s), but the source level for full speed transiting
was used, because no source level for low speed transiting was available.

This ensures that the risk of underestimating the radiated noise is avoided.
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Figure 15: Broadband sound pressure level [dB re 1 pPa?] vs position for Dredger 1 CPA. Upper:
receiver at 1 m from seabed; lower: receiver at 1 m from sea surface. Sediment sound
speed Cseq = 1960 m/s. x and y axes are in metres [6]. The white triangle in the middle
fo the figure indicates the position of the SESAME measurement platform. Dredger 1
is the loudest source, just North of the ‘banaan’.
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Broadband sound pressure level [dB re 1 pPa?] vs position for Dredger 7 CPA. Upper:
receiver at 1 m from seabed; lower: receiver at 1 m from sea surface. Sediment sound
speed Cseq = 1960 m/s. x and y axes are in metres [6] The white triangle in the middle
fo the figure indicates the position of the SESAME measurement platform. Dredger 7
is the source close to SESAME. Dredger 1 is the loudest source (x=60 km,y=443 km).
The transmission of its sound to SESAME is blocked by the ‘banaan’.
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3.5

3.5.1

3511

These maps are ‘snap shots’ in time of the underwater noise distribution in the
Maasvlakte 2 area due to the activities of the dredgers. The size of the mapped
area is about 14 km x14 km. Background noise, e.g. due to wind and waves and to
other ships and harbour activities are not included. The yellow circles indicate the
location of the vessels. They radiate sound in circles because the actual radiation
pattern of the vessels is not taken into account. These circles can be thought of as
a maximum contour of the noise for an unknown orientation of the vessels. It is also
a worst case in the sense of lowest propagation loss (zero wind speed and coarse
sand sediment).

Eighteen movies have been made of SPL covering the 24 hour period under

consideration (0:00 to 24:00 on 29 September 2009), for:

— Two depths (1 m from surface and 1 m from seabed)

— Three weightings (high frequency cetaceans, pinnipeds in water and
unweighted)

— Three source distributions (regular shipping traffic with and without dredgers,
and dredgers only)

In addition there is one 90 minute movie, for a height of 1 m from the seabed,
covering the period 10:45 to 12:15 on the same day. This period is chosen to
include the CPAs of Dredgers 1 and 7.

All 19 movies, computed in one minute steps, are provided on a DVD with this
report.

Determination of source level

For all sources, in addition to position information (from AlS), a source level and
source depth is needed for input to AQUARIUS. The selected source depth is 4 m
for dredgers (consistent with [5]) and 6 m for all other ships. The source level is
selected as follows.

Determination of source level for dredgers

The amount of sound radiated by each dredger, characterised by its source level
[5], depends on the dredger involved and also on its activity. The identity but not the
activity of each dredger is known from AIS data. Therefore the activity is inferred
from available information such as speed and location, according to the following
set of rules.

Automatic activity determination
We distinguish between six different activities in which dredgers might be engaged.

1. Transit fully loaded (with sand)

A dredger is in transit with full hopper load if she is sailing from west to east (i.e.
from the dredging area to the banaan) at a speed of more than 2.06 m/s (4 kn).

2. Transit with no payload

A dredger is in transit with no payload if she is sailing from east to west (i.e. from
the banaan to the dredging area) at a speed of more than 2.06 m/s (4 kn).



34 /62

3512

TNO report | TNO 2012 R10818 | Final report

3. Dredging

A dredger is dredging in the sand borrow area if her longitude is less than 3.94° E
and her speed is equal to or below 2.06 m/s (4 kn). Dredger 5 seems to be engaged
in dredging the shipping lane; the condition for this is a speed equal to or less than
2.06 m/s (4 kn), a longitude between 3.94° E and 4.03° E and a latitude of more
than 51.98° N

4. Rainbowing

Although a ship that is rainbowing would be stationary, in practice the GPS might
register apparent movement, so a hon-zero threshold is necessary to identify a
rainbowing ship. The chosen non-zero speed threshold is 2.06 m/s (4 kn).

A dredger is therefore assumed to be rainbowing if her speed is equal to or less
than 2.06 m/s, her longitude is between 3.94° E and 4.015° E and her latitude is
less than 51.98° N.

5. Dumping

Dredger 5 is seen to dispose of the dredged material in the northeast of the area.
Judging from the location, well away from the land reclamation site, and from the
short turnaround observed for Dredger 5, this vessel is assumed to dispose of its
load by dumping rather than rainbowing. This assumption leads to the use of
geographical location as a criterion for distinguishing between rainbowing and
dumping. Thus, conditions for selecting the activity ‘dumping’ are a speed equal to
or less than 2.06 m/s (4 kn), a longitude greater than 4.03° E and a latitude equal to
or greater than 51.99° N.

6. Stopped

If a dredger has a speed of 2.06 m/s (4 kn) or less, a longitude of 4.015° E or higher
and a latitude of 51.985° N or less, it is in port and assumed to be stopped. Source
level measurements are available for speeds less than 4 kn, and dredgers travelling
below this speed that are neither dredging, rainbowing nor dumping, are considered
‘stopped’ and assigned a negligible source level.

Source spectrum selection

Recordings have been made of the dredgers during these activities (except
"Stopped") with various depths, speeds and distances. These recordings have then
been converted to source levels that can be used as input source spectra for the
AQUARIUS model.

Not every dredger is represented by a full set of spectra. No source measurements
are available for Dredgers 2, 3 and 7 while rainbowing, for example. Model
calculations for these cases are made with source spectra from one or more of the
other dredgers, where a selection is made based on similarity of physical
dimensions. (The dimensions can be found on www.marinetraffic.com using the
phrase "MMSI" and the AlS identification number).

1. Transit with full payload

There are measurements for all dredgers in transit with full payload. To compensate
for missing data points and dissimilarity of depths and speeds compared to the
geometry being modelled, a global worst case spectrum is made for each dredger
(provided there is more than one measurement available; otherwise the single
existing spectrum is used, such as for Dredgers 2 and 7).
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3.5.2

2. Transit with no payload

The same procedure is followed here. Dredgers 5 and 7 have only one spectrum
available. For Dredger 6 there is no measurement for transit with empty tanks; her
spectrum of transit with full payload is substituted here.

3. Dredging

Most dredgers have a set of several spectrum measurements with the exception of
Dredger 5, perhaps because of the fact that (at least on 29 September 2009) she is
employed in dredging the shipping lane. Dredger 5 has been assigned the dredging
source level of Dredger 4, on account of similarity of dimensions.

4. Rainbowing

Only Dredgers 1, 4 and 6 have complete spectra for rainbowing. There is a
spectrum for Dredger 5, but there are some frequencies missing. The spectrum of
Dredger 4 has been substituted here, while Dredgers 2, 3 and 7 have been
assigned the spectrum of Dredger 6.

5. Dumping

Only Dredgers 1 and 7 have been measured during dumping. For the AQUARIUS
calculations, only Dredger 5 is engaged in this activity, for which the source
spectrum of Dredger 7 is used.

6. Stopped
A stationary dredger is assumed to not contribute to the noise. In practice it is

assigned a very low dipole source level of 0 dB.re 1 uPa2 m?n each 1/3-octave
band.

Determination of source level for ships other than dredgers

For the regular shipping traffic in and out of the Port of Rotterdam, and for all ships
other than the dredgers directly involved in the Maasvlakte 2 construction, no
measurements of source level are available. The measurements of [22] show
negligible correlation between source level and ship type for large ships travelling at
cruising speed, and we therefore use data reported by [22] for all ships other than
dredgers travelling at a speed exceeding 3 m/s (selected on the basis of half of a
typical ship cruising speed). Specifically, the average source factor is estimated
from the mean source level from [22] using the method of [23].

Ships travelling more slowly than this are assumed to be stationary and are
assigned a negligible source level. On average, 68% of non-dredger traffic (strictly
speaking the proportion of the total number of AIS messages received, excluding
those from the seven identified dredgers) was travelling at speeds less than 0.5 m/s
(average speed 0.3 m/s), and 10% at speeds between 0.5 m/s and 3 m/s (average
speed 1.7 m/s). Therefore, in total, 78% of all non-dredgers were assigned a
negligible source level and are not included in the noise maps of Figure 15 and
Figure 16, nor in the films supplied separately on the accompanying DVD. Most of
these ships are stationary. If these stationary ships are anchored, they would not
generate cavitation noise and are therefore unlikely to make a significant
contribution to the noise field.
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4

4.1

Task 3 — Effects of dredging on the marine fauna

Introduction

This chapter reports on the third of the three tasks. The purpose of Task 3 is to
assess the risk of impact of sound on marine mammals, and in particular on the
harbour seal and harbour porpoise. Because the noise mapping in the previous task
showed that the highest exposure levels were likely to occur in the interaction
between individual animals and dredgers, the risk of hearing impairment is
assessed for the following two situations:

— dredger transiting past a stationary animal;

— animal swimming past a stationary dredger.

Underwater sound can cause various effects on marine life, both behavioural and
physiological. Behavioural response is not only determined by acoustic metrics, but
also by the context in which the animal is exposed to sound. Broadly applicable,
guantitative criteria for behavioural disturbance in response to underwater sounds
are lacking [6]. Consequently, in consultation with ecologist Floor Heinis, we have
chosen here to compare the exposure levels to published risk thresholds for
temporary threshold shift (TTS) and permanent threshold shift (PTS) in marine
mammals when exposed to ‘non-pulses’ [6] and with the interim criteria for injury to
fish [13]. The fish criteria are developed for exposure to piling noise. It is uncertain if
these are applicable for exposure to continuous noise sources like dredgers, but
these are the only criteria available for fish.

For each situation the sound exposure level (SEL) is calculated as a function of
lateral range (ie, distance to CPA), and compared with the above mentioned
thresholds.

Both scenarios are assessed first using a simple spherical spreading calculation,
assuming an exposure of infinite duration. This simple calculation demonstrates that
the scenario involving an animal swimming past a stationary dredger results in a
higher risk because of the lower relative speed for that situation. The swimming
animal scenario is therefore selected for more detailed analysis using the
AQUARIUS model.

This chapter comprises

— adescription of the scenarios used for the exposure calculations.

— adescription of the choice of source levels.

— adescription of available criteria for risk of hearing impairment.

— calculations of SEL versus lateral range + comparison with the risk criteria.

— calculation of sound exposure level accumulated over a 24 hour period (SEL,,)
for stationary animals.

— calculation of SEL for single and multiple transits across region in which the
dredging takes place.

4.2  Scenario descriptions

Two generic scenarios are considered. In the first a transiting dredger passes an
animal at a relative speed of 7 m/s; in the second the animal swims passed a



38/62

TNO report | TNO 2012 R10818 | Final report

dredger (while dredging) at a relative speed of 1 m/s. In each case we calculate the
total SEL during a passage as a function of lateral range (the distance at point of
closest approach) and compare this SEL with published risk thresholds.

A ‘worst case’ estimation of the exposure is chosen, by selecting the upper
envelope of all measured source level 1/3-octave band spectra for the transiting
and dredging TSHDs, i.e. the dipole source levels from Figure 14, converted to
monopole source levels. The environmental parameters are also chosen such that
they lead to a worst case estimation are a relatively high sediment sound speed
(1960 m/s) and no wind, which lead to good propagation conditions. The input
parameters used for the exposure calculation are summarized in Table 2.

Table 2: Input data used for exposure calculations (‘N/A’ = ‘not applicable’) with the spherical
spreading model (column 2) and the Aquarius model (column 3).
parameter spherical spreading AQUARIUS
Sediment sound speed N/A 1960 m/s
Wind speed N/A 0
Source level max while dredging or max max while dredging
while transit
dipole source level monopole source level
Receiver depth N/A 1m, 4 m, 16 m from surface
(water depth =17 m)
Swim speed (case 2) 1mls 1m/s
Transit speed (case 1) 7mls n/a (transit case not repeated
using AQUARIUS)
Absorption 0 Described by formula
according to Thorp [14], in the
version as given by Fisher and
Simmons (eq.14) [15]

4.3  Choice of source level

The source levels used for Task 3 are shown in Figure 17. The source is modelled
by AQUARIUS as a monopole at depth 4 m. The monopole source levels used
(upper graph) are calculated from the dipole source levels (lower graph) using the
method described in Chapter 2 (Task 1).
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Figure 17: Monopole (upper graph) and dipole (lower graph) source level [dB re 1 pPa2 m?] in
third octave bands: maximum of all measurements for transiting, dredging (monopole
upper; dipole lower). SL: in the legend is the total broadband source level. The curves
labelled “Transit” and “Dredging” are used, respectively, for the scenarios involving a
stationary animal with passing ship, and stationary ship with swimming animal.
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Criteria for risk of hearing impairment

Behaviour and injury are considered relevant [6, 24, 25], but:

— Natural behaviour is difficult to measure in a controlled experiment

— Deliberately exposing animals to levels of sound that might cause injury leads to
ethical problems.

By contrast there is relatively abundant information about TTS, which serves as a
proxy for injury (with a built-in safety margin of ca. 20 dB for non-pulses, ie
continuous sounds [6]) or for behaviour (if it is assumed that animal’s behaviour is
influenced by its ability to hear).

Southall propose two metrics for PTS risk threshold, one in terms of M-weighted
sound exposure (SEL,,) and one in terms of peak sound pressure. Both are
converted in [11] (see Tables 10.33, 10.34) to metrics for TTS using information
provided by Southall.

For fish the FHWG gives injury thresholds for SEL and for peak sound pressure,
where “injury” is understood by the present authors to be equivalent to TTS in this
context [26].

We adopt the SEL metric exclusively (thresholds listed in Table 6), in preference to
peak pressure, and there are two main reasons for this choice. One is the relative
ease with which sound exposure can be estimated using conventional sound
propagation models from knowledge of source level (by contrast, peak pressure
requires knowledge either of the precise radiated wave form of an equivalent point
source, or a means of characterising the motion of the entire ship).

The second reason for preferring SEL is that we consider peak pressure to be

unsuitable as a metric for the purpose of environmental impact assessment.

Specifically:

— peak sound pressure depends strongly on choice of frequency band, which is
not specified either by [6] or [13].

— the measurement of peak sound pressure requires special instruments with
known (calibrated) phase response; phase response is usually not known.

— peak sound pressure thresholds of [6], [13] are expressed as “peak SPL”, in
decibels. but the term “peak SPL" is not defined.

A final choice needed is the time duration for accumulation of the exposure.
Reference [6] suggests 24 hours for this duration, and according to [27] the FHWG
criteria are also intended for 24 hour exposure.” Therefore the value of

24 hours was used for this study.

4 The precise time duration for the FHWG Agreement in Principle is not exactly 24 hours, and is
now understood by the authors to depend on the timing and duration of breaks in piling [26].
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4.5

45.1

The review paper by Southall et al. [6] contains risk thresholds for PTS for the
porpoise (a member of the functional hearing group ‘high frequency cetaceans’) and
the seal (‘pinnipeds in water’) when exposed to sound that can be characterized as
‘non-pulses’. Risk thresholds for TTS are calculated by subtracting 20 dB from the
values for PTS ([11], page 562-563). Updated risk criteria, partly based on Southall,
are published in [28]. The US Fish Hydroacoustic Working Group (FHWG) has
proposed interim risk thresholds for “injury” to fish (interpreted as TTS ([11], page
562-563). The risk threshold values used in the study are those from Southall and
the FHWG, as reported in Table 3.

The FHWG interim criteria were developed for exposure of fish to piling noise. It is
not known whether these criteria are applicable to continuous noise exposure as
generated by TSHDs. The FHWG interim criteria have been used here because
these are the only threshold values currently available for fish.

Table 3: SEL thresholds, in dB re 1 pPa2 s for risk of PTS and TTS. Thresholds for mammals from
Southall et al. 2007 [6] and interim criteria for fish from FHWG [11].

functional hearing group ~ BTSrisk threshold ~ TTS ris k weighting
threshold

high frequency cetaceans 215dB 195 dB Mg

(e.g. harbour porpoise)

Pinnipeds (e.g. harbour 203 dB 183 dB Mpw

seals) in water

Fish (mass > 2 g) 187 dB none

Fish (mass <2 g) 183 dB none

Lucke [7] has measured the TTS threshold for harbour porpoise using air-gun
sounds. The threshold is about 30 dB lower than the value in Table 3.

Lucke’s measurement is not used here because it is for an impulsive sound, not a
continuous one.

Recent measurements have been made by Kastelein [8] for TTS due to exposure to
continuous octave-band noise of 4 kHz. Kastelein’s results became available as a
SEAMARCO report [9] towards the end of the present study. Like the FHWG
thresholds, these results have not yet been subject to peer review.

Sound exposure level vs lateral range

Spherical spreading
A simple situation, involving spherical spreading propagation, is considered first in
order to give some order of magnitude estimates, and to provide insight into the
relationship between source level, lateral range, swim or transit speed, and the
resulting sound exposure. Specifically, the exposure E between times t = t; and
t = t, for source factor S, defined as 10°"*° yPa2 m2 [11], where SL is the source
level (in dB re 1 yPa2 m?), is estimated as
t, dt

E=S) 7. ©)
where the range r is related to the lateral range y and swim (or transit) speed v
according to
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I’2:y2+V2t2 (4)

Converting the variable of integration to angle &, such that

vt
tan@ —v (5)
and
seéadd="dt
yo G)

this becomes

E:V_Sy(gz _91), @)

where
wt

tang, :7” _ ®)
Assuming a total exposure duration T from t; = -T/2 to t, = +T/2, the exposure is

E= §arctan\E

vy 2y ©

which in the limit of infinite duration becomes

E,=lim,_ _E =%S' (10)

Converting Equation (10) to decibels gives

T
SEL=SL +10log,,—
10 W (11)

where V and 9 are the numerical values of v (swim speed or transit speed) and y

(lateral range) when expressed in Sl units of m/s and m respectively.

This result plotted in Figure 18, both with and without a correction for M-weighting.
The upper graph is for an animal swimming passed a dredging dredger, assumed
stationary. The lower graph is for a transiting dredger passing a stationary animal.
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Figure 18: Sound exposure level in dB re 1 pPa? s vs lateral range for animal swimming past a
stationary ship (upper; swim speed = 1 m/s ) and ship transiting past a stationary
animal (lower; transit speed = 7 m/s ) using Eq. (11), with spherical spreading, and
source level from Figure 14. Black curves: total unweighted broadband exposure; solid
green curves: total M-weighted broadband exposure (pinnipeds in water); dash-dot red
curves: total M-weighted broadband exposure (high frequency cetaceans water); grey
curves: unweighted exposure in individual 1/3-octave bands. Horizontal lines are TTS
risk thresholds from Table 3 (see legend);Upper graph: swimming animal, lower graph:

transiting dredger.
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At a relative speed of 7 m/s and lateral ranges larger than 10 m, the cumulative SEL
is smaller than the selected TTS thresholds for porpoises, seals and fish.

At a relative speed of 1 m/s the exposure time is 7 times greater. In that case, the
TTS threshold for seals is exceeded at lateral ranges smaller than 15 m, for fish

(> 2 g) at ranges smaller than 25 m and for small fish (< 2 g) at lateral ranges
smaller than 55 m.

Rearranging (10) for y provides a simple estimate of the lateral range at which a
given exposure threshold E,, is reached as a function of source factor S and transit
speed v:

-5 12
. (12)

This equation is evaluated in Table 4 vs risk threshold for two different weighted
broadband source levels and two different swim/transit speeds. These are order of
magnitude estimates, and the risk threshold is varied in arbitrary steps of 10 dB to
investigate the sensitivity to the choice of this parameter. It can be seen that the risk
ranges associated with a transiting dredger (with stationary animal) are an order of
magnitude smaller than those for a stationary dredger (and swimming animal). More
accurate calculations are carried out next using the AQUARIUS model,
concentrating on the stationary dredger scenario.

The variables S and E., in Eq. (12) are related to source level SL and sound
exposure level SEL according to

S=10°"uPgm? (13)
and
— EL/10
E, =10>""°uP4ds. (14)
Table 4: Lateral range at which the SEL thresholds listed in Column 1 are exceeded (spherical

spreading), using (12).

SEL (dBre 1l SL =200 dB re pPa2 m? SL =190 dB re pPaz m?
HPazs)

v=1m/s v=7m/s v=1m/s v=7mls
195 dB 10m <3m <3m <3m
185 dB 100 m 14 m 10m <3m
175 dB 1000 m 140 m 100 m 14 m
AQUARIUS

Spherical spreading gives useful insight, but might underestimate exposure in
shallow water where the propagation loss can be lower. To guard against this
possibility, the calculations are redone in this section with AQUARIUS. Propagation
loss is calculated versus range and depth in third octave bands for a point source at
depth 4 m. The calculated propagation loss is then subtracted from the monopole
source level in each of the same third octave bands before weighting and adding to
produce the final exposure level for the swimming animal case (Figure 21).

The transiting case is not repeated, but the exposure for this case can be estimated
from the ratio of the relative transit speeds in a simple way. The total exposure is
the sum of contributions from all points along the transit track, whether the track is
caused by the motion of the dredger or the animal. The contribution to the exposure
from each point is proportional to the amount of time spent at that point, which is
inversely proportional to the relative speed of dredger and animal. Therefore the
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total SEL for the transiting dredger at a relative speed of 7 m/s can be estimated by
subtracting 10log,o 7/1 = 8.5 dB from the results of Figure 21. This estimate
assumes that there is no difference in source level for the transiting dredger.

The difference in broadband source level is small (see Figure 5).

Figure 19 to Figure 21 show worst case SEL in the following senses:

— maximum possible exposure duration, of 24 h (in reality the animal’s hearing will
be able to recover during part of the time, but the level at which this happens is
not known);

— maximum possible source level: transiting dredger from Figure 14 (which in the
computations is assumed stationary in combination with a swimming, which with
the exception of a single third octave centred at 40 Hz is also a worst case in
comparison with the source level of a dredging dredger — see Figure 17);

— minimum high frequency propagation loss (zero wind speed and sediment
sound speed Cgeg = 1960 m/s);
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Figure 19: Sound exposure level in dB re 1 pPa? s vs lateral range for an animal swimming at a
relative speed of 1 m/s at 1 m depth (AQUARIUS, with source level from Figure 14).
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Figure 20: Sound exposure level in dB re 1 pPa? s vs lateral range for an animal swimming at a
relative speed of 1 m/s at 4 m depth (AQUARIUS, with source level from Figure 14).
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Figure 21: Sound exposure level in dB re 1 pPa? s vs lateral range for an animal swimming at a
relative speed of 1 m/s at 16 m depth (AQUARIUS).

Table 5: Lateral range for which TTS risk threshold is exceeded for Southall or FHWG risk criteria
from Table 3 (top row) at depth 16 m (worst case). In all cases, the animal is moving at a
speed of 1 m/s relative to the dredger.

TTSrisk Porpoise Seal Fish>2g Fish<2g
threshold: (Southall [6]) (Southall [6]) (FHWG [13)])) (FHWG [13])
195 dB 183 dB 187 dB 183 dB
rel pPa’s rel pPa’s relpPa’s relpPa’s
Lateral range: n/a 90 m 100 m 400 m

The TTS risk threshold (Southall et al. 2007 criteria) for porpoises is not exceeded
at any distance. The TTS threshold for the seal is exceeded at distances (closest
point of approach) of 90 m or less (assuming a swimming depth of 16 m here and in
the following discussion). The risk threshold (FHWG) for fish is exceeded at
distances of 100 m or less for fish weighing more than 2 g and distances of 400 m
or less for fish weighing less than 2 g.

Sound exposure experienced by stationary and tr  ansiting animals

The SPL snapshots shown in Section 3.4, and accompanying movies, provide a
useful overview of maximum and minimum levels encountered, but it is difficult to
gain an impression from them of total exposure experienced by an animal, whether
stationary or swimming through the dynamic sound field. Similarly, the calculations
of Section 4.5 tell us, for a worst case situation, at what distance from a dredger a
given TTS risk threshold is exceeded, but this does not tell us how many animals
pass by closer than this distance, and thus incur a risk of TTS.
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The actual exposure depends not just on the position of the animal relative to the
sources, and the propagation conditions, but also on the behaviour of the animal.
A map of sound exposure accumulated over (say) 24 hours provides information
about the sound exposure experienced by a stationary animal at each location on
the map. This is the situation considered in Section 4.6.1. To address the situation
for a moving animal, in Section 4.6.2 we assume a transit in the north-south
direction and calculate cumulative exposure for single or multiple transits, for
different starting positions and starting times.

24 h exposure for stationary animals (SEL maps)

Cumulative SEL maps)

Maps of 24-hour cumulative sound exposure level (SEL,,4) have been prepared for

the following situations:

— regular shipping only, dredgers only, and regular shipping + dredgers (three
possibilities).

— depth 1 m from sea surface, height 1 m from seabed (two possibilities).

- unweighted, M-weighting for high frequency cetaceans(M;) and M-weighting for
pinnipeds in water (M) (three possibilities).

In all there are 3x2x3 = 18 possible combinations.

For each of the two depths, we estimate the effect of dredging activity by comparing
the contribution to SEL,, from shipping, with and without the sound from dredgers.
For each of these four cases, three different weightings are considered, making 12
graphs in all (Figure 22, Figure 23). The remaining six combinations (out of the
possible 18) are in Appendix A. The colour scale for these maps represents the
sound exposure experienced by an animal that is stationary at a point on the map
for 24 hours. The co-ordinate system used for Figure 22 and Figure 23 is the same
as for the bathymetry maps of Section 2.2, with its origin about 120 km south-east
of Paris.

The cumulative maps are obtained by addition of individual snapshots at time
intervals of one minute. This means that the contribution from individual ships
appears on the map as a sequence of dots, separated from each by the distance
travelled by that ship in one minute. For slowly travelling vessels, this procedure
gives the appearance of a continuum. For fast ships it results in the artificial dots
that are clearly visible, for example, in the middle right graph of Figure 22.

If a smaller interval had been used between snapshots, the individual dots would be
weaker (less bright) and closer to each other. In the limit of zero snapshot
separation interval, the result would be a continuous line.

The three weightings are intended for fish (unweighted, upper graphs), harbour
porpoise (My;, middle graphs) and harbour seal (M,,, lower graphs).

For the fish (upper graphs) and seal (lower graphs), for both depths considered the
region in which the TTS risk threshold is exceeded (bright regions coloured green,

yellow or white) is larger when dredgers are included than when they are not.

For the chosen risk thresholds, the region affected is smaller for seals than for fish.
For porpoises the selected TTS risk threshold is either not exceeded or exceeded
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by a very small amount (such that the SEL remains between 10 dB and 20 dB
below Southall's PTS risk threshold).

A cumulative SELtrs arises from exposure to sound pressure level of SPL+sand
duration tyrs: SELtrs = SPL17s +10l0g1o(trTs)-

A relevant scale for exposure duration runs from ca 1 minute (calculation step size)
to 24 hours (upper bound for accumulation of exposure using Southall criteria),
equivalent on a decibel scale to between 17.8 and 49.4 dBre 1 s.

The chosen colour scale for SPL maps is required to at least cover the range that
would exceed TTS risk threshold for exposures of duration between t,, and tyax,
implying a minimum SPL range from SPL i, = SELtrs-1010g10(tmax) 10 SPLmax =
SELqts-10log1o(tmin), indicated by column 4 of Table 6. The selected range is
column 5, chosen to ensure 24-hour TTS threshold appears as a distinctive cyan
band. The range of corresponding SEL values is calculated by adding 49.4 dBre 1
s to the SPL range. The selected range for SEL plot (column 6, see Chapter 4) is
obtained by rounding this difference to 50 dBre 1 s.

Table 6: Choice of SPL and SEL colour axes; the risk thresholds for TTS in column 3 are from Table 3.

animal weighting weighted risk minimum SPL,, selected SPL,, selected SEL,,
threshold for TTS range / dB re range / dB re range / dB re
(SELrrs) / dB re 1 pPa? 1 pPa? 1uPa’s
1uPa’s

fish (mass < 2 g) none 183 133.6 t0 165.2 100to 170 150 to 220

fish (mass > 2 g) none 187 137.6 t0 169.2 100to 170 150 to 220

seal Mpw 183 133.6 t0 165.2 100to 170 150 to 220

porpoise M 195 145.6 t0 177.2 110to 180 160 to 230

4.6.1.2 Conclusions from cumulative SEL maps

Using the thresholds of Table 6, the area of sea in which the threshold is exceeded
(from Figure 22, for receiver close to seabed) can be calculated with or without the
contribution from dredgers. Without this contribution the areas affected are 68 km?
for small fish (mass < 2 g) and 23 km? for large ones, increasing when the
contribution from dredgers is included to 97 km? and 72 km?, respectively.

For mammals, the areas affected excluding the contribution from dredgers are

10 km? (seal) and 0.0 km? (porpoise), increasing increase to 72 km? and 0.5 km?
with dredgers included. The areas affected for a receiver at the sea surface are
smaller than this.
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Figure 22: Broadband sound exposure level [dB re 1 yPa? s] at height 1m from the seabed vs
position for regular shipping only (left) and regular shipping plus dredgers (right),
unweighted (upper graphs, relevant to fish), weighted for high frequency cetaceans
(Mys, middle graphs, relevant to harbour porpoise) and for pinnipeds in water (Mpw,
lower graphs, relevant to harbour seal). The colour axis is adjusted according to the
TTS risk threshold for each species according to Table 6. Subtract 49.4 dB re 1 s for
correspondingly weighted broadband sound pressure level.
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Broadband sound exposure level [dB re 1 yPa? s] at depth 1m from the sea surface

vs position for regular shipping only (left) and regular shipping plus dredgers (right),
unweighted (upper graphs, relevant to fish), weighted for high frequency cetaceans
(M, middle graphs, relevant to harbour porpoise) and for pinnipeds in water (Mpw,
lower graphs, relevant to harbour seal). The colour axis is adjusted according to the
TTS risk threshold for each species according to Table 6. Subtract 49.4 dB re 1 s for
correspondingly weighted broadband sound pressure level.
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Sound exposure on transiting animals

The maps of Secs. 3.4 and 4.6.1 are presented on a grid of 100 m x 100 m.

The corresponding movies are calculated using a time step of one minute.
Therefore an animal swimming in either a north-south or east-west direction at a
speed of 6 km/h (approximately 1.67 m/s) crosses one grid point per timestep.
This speed is assumed to be relevant to seal, porpoise, and not to fish.

The maps are 15 km squares, so for the same swim speed the animal swims
across a north-south (or east-west) transect in 2.5 hours.

For the purpose of estimating sound exposure on transiting animals, it is assumed
that animals swim from 15 different starting positions along 436 km north, 500 m
apart, between 50 and 57 km east. They swim 15 km due north to 451 km north, at
the selected speed of 6 km/h. These tracks are selected to ensure that all tracks
have the same length, and the speed is selected to simplify the exposure
calculations. At the selected speed, the animals proceed from one grid point to the
next during precisely one time step of one minute, so that the total exposure can be
calculated as the sum of the calculated exposure ‘snap shots’. The swimming
speed is realistic for seals and porpoises [29]. The calculations for transiting
animals are not intended to apply to fish. Start times are chosen at 15 minute
intervals, starting at midnight and running through the 24 hour period from 0:00 to
24:00 UTC on 29 September 2009. In total, exposure is calculated for 96 (=24x4)
crossings for each of 15 tracks, making 1440 realisations in all. Histograms of SEL
for these 1440 realisations are shown in Figure 24 for same three frequency
weightings as in Section 4.6.1. Corresponding cumulative distribution functions are
shown in Figure 25.
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Figure 24: Histograms of broadband sound exposure level for regular shipping only (left) and
regular shipping plus dredgers (right), unweighted (upper), My (middle, relevant to
harbour porpoise) and My, (lower, relevant to harbour seal). Height = 1 m from
seabed.
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Figure 25: Cumulative distribution functions of broadband sound exposure level for regular

shipping only (left) and regular shipping plus dredgers (right), unweighted (upper), Mg
(middle, relevant to harbour porpoise) and M., (lower, relevant to harbour seal).
Height = 1 m from seabed.
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Results of exposure for transiting animals are summarised in Table 7.
The arithmetic and geometric means are the results of applying the operations

/N
10log,, N'lzi'\il E, 10|0910( iN:1 E,

(arithmetic mean) and (geometric
mean), where E; is the exposure for a single transit, expressed in units of yPaz s.

Table 7: Calculated SEL statistics for north-south transits (6 km/h). In the first column, ‘S’ = Regular shipping only, and
‘S+D’ = Regular shipping + dredgers.

shipping weighting threshold from arithmetic geometric median
Table 3 mean (single total 24 h mean +
transit) standard
SELrrs/ dB re exposure deviation
1upats (multiple
SELam . SElLgmt 0
transits)
/dBre 1l puPa?s /dBre /dBre
SELay + 9.8 1puPazs 1puPazs
/dBrelpyPa?s
S none n/a 172.4 182.2 170.6 +3.8 170.8
S+D none n/a 176.8 186.6 175.2+ 34 174.9
S Mg 195 160.3 170.1 159.2+3.1 159.3
S+D Mt 195 170.7 180.5 169.1 +3.3 169.8
S Mpw 183 166.2 176.0 164.8+3.5 164.9
S+D Mpw 183 172.6 182.4 171.5+3.0 171.4

The ‘arithmetic mean’ (SELay = 10l0g;10(Eanm), column 4) is appropriate for
estimating the cumulative effect of multiple transits. For example, a seal crossing
three times would experience a weighted SEL of approximately SELy + 10l0g14(3)
=177.4 dB re yPa?s.

The ‘total 24 h exposure (multiple transits)’ is the estimated exposure experienced
by an animal that swims repeatedly along the same north-south transect of 15 km
length for 24 h without pause. The value is calculated for swim speed 6 km/h but
(because the exposure per transit is approximately inversely proportional to swim
speed, while the number of transits is directly proportional to swim speed) this
column is approximately independent of this parameter. Specifically, this 24 h
exposure is calculated, assuming that the resulting exposure per transit is
independent of swim direction, by adding 10log;o(6 km/h x24 h / 15 km) = 9.8 dB to
SELAM.

The ‘geometric mean’ (SELgy = 10log:0(Ecwm), column 6) is also the average
(arithmetic mean) of the distribution of individual SEL values in decibels.

The standard deviation o of this distribution is given in the same column.

The quantity SELgy £ 0 may be used to estimate the spread about the centre value,
as follows: Assuming the sound exposure level (in decibels) per transit has a
normal distribution around SELgy, it follows that SELgy + 0 is exceeded for 16% of
transits, while SELgy — 0 is exceeded for 84% of transits.

Finally, the median, which is close to he geometric mean, is the SEL value that is
exceeded in 50% of transits.
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None of the values reported in any of the columns exceeds the Southall risk
threshold for TTS, listed in column 3. In fact, fewer than 0.1 % of seals and fewer
than 0.1 % of porpoises experience exposure exceeding this threshold.

Conclusions (lateral range)

Using Southall et al. 2007 criteria:

— the risk threshold for PTS is not exceeded for the porpoise.

— the risk threshold for TTS is not exceeded for the porpoise.

- the risk threshold for PTS is not exceeded for the seal.

— the risk threshold for TTS is exceeded at a distance of 90 m or less for a seal
swimming at depth 16 m (one metre above the seabed).

— the risk threshold for TTS is exceeded at a distance of 15 m or less for a seal
swimming at depth 1 m.

Using the interim criteria of the US FHWG:

— the risk threshold for injury is exceeded at a distance of 100 m or less for fish
(> 2 g) swimming at depth 16 m (one metre above the seabed).

— the risk threshold for injury is exceeded at a distance of 400 m or less for small
fish (< 2 g) swimming at depth 16 m (one metre above the seabed).

The FHWG interim criteria were developed for exposure to piling noise. It is not
known whether these criteria are applicable to continuous noise exposure as
generated by TSHDs.

Conclusions (SEL maps; stationary animal)

For stationary animal the relevant quantity is weighted SEL,, from Figure 22,
Figure 23. For fish and seal the area in which the risk threshold SEL++s is exceeded
increases when sound from dredgers is included. For porpoise the risk threshold is
not exceeded, whether or not the dredgers are included.

Conclusions (north-south transits)

For a transiting seal or porpoise (swim speed 6 km/h), the relevant quantity is the
cumulative SEL from Table 7. In this situation the TTS risk threshold is not
exceeded for seal or porpoise. Transiting fish are not considered because they are
expected to swim more slowly.
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5.2

5.3

Conclusions

Validation of noise model

— Measured and predicted SPL are compared for two dredgers at CPA, one at
330 m distance and one at 2250 m (water depth ca. 20 m; medium sand)

— For 330 m CPA the agreement is +/- 5 dB; the measured and predicted
broadband levels agree to within 1.5 dB

— For 2250 m CPA the measured levels are underestimated at low frequency (200
Hz and below) and overestimated at high frequency (250 Hz to 30 kHz);
broadband levels are underestimated by about 6.5 dB because much of the
sound energy is concentrated at low frequency

- Improved low frequency agreement is achieved by assuming a coarse sand
sediment instead of medium sand, reducing the discrepancy from ca 6.5 dB to
3.5dB

- Risk assessments are done with coarse sand to avoid the risk of
underestimating broadband sound pressure level; as a result the high frequency
contribution from a distant dredger is expected to be overestimated by ca 10 dB

— Good agreement is obtained with the full wave model OASES at frequency 250
Hz and above, as described in Section 2.5.2.

Risk assessment

— Environmental risk is assessed by comparing 24-hour exposure for stationary
animals and swimming ones with TTS risk thresholds published by Southall (for
mammals) and FHWG (for fish)

— For a stationary animal:

o The area affected for fish is increased from 23 km? to 72 km? (68 km? to
97 km? for small fish, of mass < 2 g) when the contribution from dredgers
is included

o The area affected for seals is increased from 10 km? to 72 km? when the
contribution from dredgers is included

o The area affected for porpoises is increased from 0.0 to 0.5 km? when the
contribution from dredgers is included

— For an animal that swims repeatedly back and forth across the dredging area

0 The TTSrisk threshold is not exceeded for seals

0 The TTSrisk threshold is not exceeded for porpoises

The information is presented in such a way that a different threshold can be applied
by the reader if required.

Knowledge gaps

An important knowledge gap for environmental impact studies is the lack of
knowledge of thresholds for behavioural effects and injury generally. This lack of
knowledge is the main reason for choosing to focus instead on TTS as a proxy for
these other effects. Given this choice, a further knowledge gap is the lack of
measurements of TTS (whether for seal, porpoise or fish) resulting from sounds that
would be of most relevance to this study, i.e., continuous broadband sound in a
frequency range relevant to radiated noise from surface ships and dredgers.
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A further knowledge gap concerns the time and conditions required for recovery
from TTS. This point is of relevance to the choice of integration time i.e. for
accumulation of sound exposure, and applies to all species considered.
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A Contribution to SEL from dredgers alone

Graphs similar to those of Figure 22 and Figure 23, but depicting SEL contribution
from dredgers alone are shown in Figure 26, for two different receiver depths, 1 m
beneath the sea surface (left) and 1 m above the seabed (right). These graphs are
not representative of any physical situation because dredgers are never present
without regular shipping traffic. They are included to give indication of contribution
from dredgers and aid interpretation of Figure 22 and Figure 23. These graphs are
nominally calculated for all dredgers, but the exposure due to transiting ships
seems to be dominated by a single dredger, Dredger 1, thus explaining the dotted
character of the individual tracks.
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Unweighted SEL at 1 m depth - dredgers
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Unweighted SEL at 1 m above seafloor - dredgers
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Figure 26: Broadband sound exposure level [dB re 1 yPa? s] vs position for dredgers only at 1 m
depth from surface (left) and 1 m height from seabed (right), unweighted (upper,
relevant to fish), high frequency cetaceans (My;, middle, relevant to harbour porpoise)
and pinnipeds in water (Myw, lower, relevant to harbour seal). Colour axis is adjusted
for each species according to Table 6. Subtract 49.4 dB re 1 s for broadband sound
pressure level.






