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1

INTRODUCTION
Irwin Carr Ltd. have been commissioned to undertake an underwater noise modelling as part of an
impact assessment for Envirocentre Ltd. regarding the construction of a jetty at Hunterston.
As part of an impact assessment the noise generated by both vibratory and impact piling will be of
concern considering the rich marine life in the area. To better assess the potential impact of
construction noise on the marine mammals it is useful to model representative scenarios taking
into account environmental variables and animal hearing capabilities.
Figure 1. Overview of area close to Hunterston Jetty. Depth is coded in shades of blue, darker is deeper,
lighter is shallower. Midpoint of map is approx. N 55.74461; W 4.91382. Map data from (UKHO , 2018;
Google Inc., 2000-2018)

1.1

Underwater noise
Several activities will contribute to elevated noise level during the construction, with the two below
identified as the most significant:
1. Impact piling.
The mechanical driving of a pile into the sediment by means of an impact hammer
repeatedly striking the pile until sufficient depth has been reached.
2. Vibratory piling.
The driving of piles into the sediment by means of a vibratory driver.
As this is an initial assessment with no option of actual in situ measurements of the noise, we will
use impact piling as a base for impact assessment as it the louder of the two piling methods, while
commenting on the potential effects of prolonged periods of continuous noise stemming from
vibratory piling.

1.2

Assessment Criteria for underwater noise
A number of species of concern either occur regularly at the site or the habitat is suitable for them.
While the population impact of noise can be very hard to estimate, we can assess the expected
impact on hearing abilities, as well as possible damage due to noisy activities.
Aside from hearing impact, underwater noise can also impact a population by either masking
important sounds or by inducing behavioural changes to individuals or groups, potentially affecting
the fecundity of the population.
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1.2.1

UNITS
All references to sound pressure levels, peak pressure levels and sound exposure levels refer to a
logarithmic ratio between a pressure/exposure and a reference pressure/exposure. As an
example, a level of 220 dBz-p is equal to 100,000 Pascals (Pa) over ambient pressure while 120
dBz-p is equal to 1 Pa. To avoid dealing with these large number as pascals they are converted to a
decibel ratio (Table 1). This also corresponds better to how we perceive sound. Animals in general
perceive sound as relative steps, this means that an increase from 1 to 2 pascals sounds like the
same increase as from 100 to 200 Pa, even though the first step was only 1 Pa, while the second
was 100 Pa. This is better reflected in a logarithmic scale where both steps are 6 dB.
However while dB are practical they can be hard to compare between studies, due to vague
definitions, and so we have adopted the standards set by ISO 18405-2017.
For ease of reference please see following overview for unit definition.
Table 1: Definitions
Unit
dBRMS
ISO 184052017: 3.2.1.1

Definition

𝑑𝐵𝑅𝑀𝑆

dBz-p
ISO 184052017: 3.2.2.1

dBp-p
ISO 184052017: 3.1.2.8

dBSEL
ISO 184052017: 3.2.1.5

Comments

𝑡
1
∙ 2 𝑝(𝑡)2 𝑑𝑡
𝑡2 − 𝑡1 ∫𝑡1
= 10 ∙ 𝐿𝑜𝑔10 (
)
1 ∙ 10−12 𝑃𝑎

Functionally equivalent to
𝑅𝑀𝑆
deprecated 20 ∙ 𝐿𝑜𝑔10 ( −6 )
1∙10

𝑃𝑎

𝑃𝑎𝑚𝑎𝑥
𝑑𝐵𝑧−𝑝 = 20 ∙ 𝐿𝑜𝑔10 (
)
1 ∙ 10−6 𝑃𝑎

This assumes that 𝑃𝑎𝑚𝑎𝑥 is
equal or greater than √𝑃𝑎𝑚𝑖𝑛 2

𝑃𝑎𝑚𝑎𝑥 − 𝑃𝑎𝑚𝑖𝑛
𝑑𝐵𝑝−𝑝 = 20 ∙ 𝐿𝑜𝑔10 (
)
1 ∙ 10−6 𝑃𝑎

Often1 equivalent to
𝑑𝐵𝑧−𝑝 + 6.02 𝑑𝐵

𝑡

𝑑𝐵𝑆𝐸𝐿 = 10 ∙ 𝐿𝑜𝑔10 (

2
∫𝑡 𝑝(𝑡)2 𝑑𝑡
1

1 ∙ 10−12 𝑃𝑎

)

For continuous sound this is
equivalent to
𝑑𝐵𝑅𝑀𝑆 + 10 ∙ 𝐿𝑜𝑔10 (𝑡2 − 𝑡1 )

Unless otherwise stated dBRMS has an averaging period of 1 second, and dBSEL for the duration of
the specified event, sometimes indicated as dBSEL-“time”.
1.2.2

MAMMALS
A number of marine/aquatic mammals are known to use the area around Hunterston. All of them
have good hearing and this sense is vital to their fecundity, either directly for foraging or for
navigation and mating.
For the marine/aquatic mammals present we will adhere to the approach described in (NOAA,
2016), which determines impact from an assessment of area wherein the noise will induce either
“Temporary Threshold Shift” (TTS) or “Permanent Threshold Shift” (PTS) 2 as judged by the
weighted SEL level (dBSEL-24) over a typical 24-hour period or by dBz-p levels.
These hearing groups are specified by collating all available information on marine mammal
hearing available and generalising their hearing sensitivity into representative groups. This
grouping represents a significant research effort and are reviewed by the leading experts
(academic, industrial and conservation) on the topic worldwide. Because of the large amount of
work represented the thresholds and the methodology associated have become de-facto
standards for assessing noise impact on marine mammals.
Along with weighting curves, similar in function to the human dB(C) curves, a set of impact
thresholds for hearing effect and injury is associated with the framework and allows for
assessments to be made on the basis of best available and impartial evidence.
A full list of species in the different groups can be found in the NOAA reference (NOAA, 2016), but
in general the groups cover the following species:

1

If pulse is below ambient pressure and compression and rarefaction phases are of equal size.

2

TTS/PTS. A temporary/permanent change in hearing sensitivity caused by acoustic stimuli.
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-

LF (Low Frequency):
MF (Middle Frequency):
HF (High Frequency):

All baleen whales
Sperm whales, most dolphins, beaked whales and killer whales.
Porpoises, a sperm whale sub-species and few high frequency
specialist dolphins.
PW (Phocidae, under water): True seals.
OW (Otariidae, under water): Walruses, leopard seals, fur seals and remaining amphibious
mammals3.

Table 2. Summary of NOAA4 thresholds and groups for each of the prioritised species.

1.2.3

Species

NOAA
Hearing
group

Non-impulsive
TTS/PTS threshold
[dBSEL-24]

Impulsive TTS/PTS
threshold [dBSEL-24]

Impulsive TTS/PTS
threshold [dBz-p]

Harbour seal

PW

181/201

170/185

212/218

Grey seal

PW

181/201

170/185

212/218

Eurasian
otter

OW

199/219

188/203

226/232

Mike Whale

LF

179/199

168/183

213/219

Common
dolphin

MF

178/198

170/185

224/230

Bottlenose
dolphin

MF

178/198

170/185

224/230

Harbour
Porpoise

HF

153/173

140/155

196/202

FISH
The basking shark (Cetorhinus maximus) has been identified as a priority species in the vicinity of
Hunterston. We will include Atlantic salmon (Salmo salar) and European brown trout (Salmo trutta)
as well, due to their cultural and ecological importance.
There is very little information available on the acoustic sensitivity of fish (and even more so for
sharks), this is true for both accurate audiograms as well as noise impact on behaviour and
physical impact. We here use a composite hearing threshold as well as information on TTS and
PTS from a range of studies (Ketten, 1995; Mann, higgs, Tavolga, Souza, & Popper, 2001;
Subacoustec, 2004; DFO Canada, 2006; Brandon M. Casper, 2007; Southall, et al., 2007;
Carlson, Hastings, & Popper, 2007)
While it is clear that all of the species can detect sound (either by detecting pressure or particle
motion), there is no evidence to suggest that sound is important for their population fecundity.

3

The current framework does not include otter and polar bear, but research shows that the threshold associated
with this group is applicable to them.
4

National Oceanic and Atmospheric Administration, US Department of Commerce.
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Figure 2. The five relevant, generalised hearing thresholds for the marine mammals present close to
Hunterston (lines), as well as hearing thresholds from six elasmobranch species (sharks and rays) and
two salmonids (points). Some fish audiograms have been converted from particle acceleration to
acoustic pressure to facilitate comparison.

We will use the six elasmobranch species as an estimate of the hearing capabilities of the basking
shark. We acknowledge that this approach risks errors due to the extrapolation, but justify our
choice based on the lack of other applicable evidence pointing to lower acoustic thresholds for any
similar species. Also the two Salmo species have considerable lower thresholds than any
elasmobranch, and so basking shark should be covered.
Based on (DFO Canada, 2006; Carlson, Hastings, & Popper, 2007) we propose TTS and PTS
thresholds for fish as per Table 3 below
Table 3. Thresholds used for fish.

1.2.4

Non-impulsive
TTS/PTS threshold
[dBSEL-24]

Impulsive threshold
[dBSEL-24]

Impulsive threshold
[dBz-p]

TTS

185

185

197

PTS

213

213

206

APPLICATION OF HEARING THRESHOLDS
For the impulsive noise of impact piledriving no consideration is given to the hearing capabilities as
is standard for this type of noise (NOAA, 2016). For the vibratory piling, which is a more continuous
noise source and therefore less acutely dangerous to the hearing, weightings5 dependent on the
hearing capabilities of the species are considered, as the mechanism of injury is auditory stress
and fatigue rather than acute trauma.

5

Weightings are not equivalent to the presented thresholds (

Figure 2) in that same way that A-weighting for humans is not the same as the human hearing threshold. Rather
they are based on the same shape, and most sensitive regions. See (NOAA, 2016) for details.
Rp001 2018045 Hunterston Jetty

7

There are in principle six different exclusion zones for each haring group, each relating to a
particular limit. These limits are given in Table 2, p.6.
We will not present all these zones in the results section as some zones will be too small to
meaningfully represent on a map. E.g. the only hearing group that has a significant exclusion zone
for the impulsive dBpk threshold is the harbour porpoise (Figure 9, p.13), for which we can expect
temporary threshold shift if the animal is within 300 m of the piling during impact piling.
As harbour porpoise is likely to be the limiting factor in terms of acoustic impact we present maps
showing impact zones that include different mitigation. See results section for details.

2

MODELLING OF NOISE

2.1

Noise source
At this stage the detail of the equipment to be used during the construction of the jetty is yet to be
confirmed. As a result we have interpolated source levels from similar construction projects. Data
for this interpolation is partly from reviews (Washinton State Department of Transportation) and
earlier in-house work. This means that all results are based on a presumption that the work will be
carried out with similar equipment.
Figure 3. Graphic representation of data used to characterise the impact piling. dBz-p for a single strike
in this scenario is 241.6 dB re 1 µPa (213.2 dBSEL). Solid line is modelled interpolation. Grey area is 95
% confidence interval (± 1.38 dB) of the linear model. Residuals of model included to show lack of
systematic error.

While a 100 cm diameter steel pile will form the basis of the modelling we have presented levels
expected from piles of diameter 50 cm and 200 cm. This to show the variation that can be
expected due to pile size. The respective source levels are presented in Table 4 below.
Table 4. Source levels for various pile diameters. Levels are upper 95 % confidence interval levels.
Pile diameter [cm]

Single strike dBz-p

Single strike dBSEL

50

223.1

194.7

100

227.8

199.4

200

232.5

204.0

As per information provided to us by Envirocentre Ltd, impact piling will be carried out only if hard
substrate is encountered. Noise levels for the piling are based on this worst-case scenario.
Previous piling in similar sediment has shown that a reasonable worst-case scenario for the
number of strikes per pile is 500. Given that impact piling was only to be used in the unexpected
Rp001 2018045 Hunterston Jetty
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case of encountering harder sediment, we here assume that a maximum of 500 strikes will be
delivered on any given day. The peak noise levels for vibratory driving are negligible (> 20 dB less
for dBz-p), while SEL end up being comparable in level due to the higher duty cycle of vibratory
machines, and the fact that there is no night-time ban on this form of piledriving.
E.g. a generic vibratory pile driver with a 100 cm pile has a noise level of 175 dBRMS.
At 86400 seconds/day SEL is 175 dBRMS + 10 ∙ Log(86400) = 224 dBSEL.
Compare this to 500 strikes at 199.4 dBSEL + 10 ∙ Log(500) = 226 dBSEL for impact piling.
In other words, we assume 24-hour activity for the vibratory piling machine.

2.2

Modelling Software
We use the software package “dBSea6” for underwater noise propagation modelling. We have
included sediment (British Geological Survey, 2018) as well as bathymetry. A combination of three
modelling methods were combined for this scenario:
•
•
•

3

dBSea Ray: A ray tracing method that is especially suited to calculation of impulsive
sources as it can accurately calculate the interference patterns important for estimation of
dBz-p values.
dBSeaModes: A normal modes approach suited especially to lower frequencies and
shallower scenarios.
dBseaPE: Based on a wide-angle adaptation of the parabolic equation method, this
method excels in most conditions, and is especially suited for lower frequencies.

RESULTS
Note that all results are only valid for piledriving with piles of diameter 100 cm and for methods as
described in section 2.1, p.8.

3.1

General Comments
The impact area maps below are showing acute impacts or short-term impacts. Exceeding the
limits mean that there is either a risk to temporarily worsen the hearing of the relevant animal
(TTS-limits), or a risk to permanently worsen the hearing of an animal (PTS-limits).
Permanently worsening an animals’ hearing is a hearing injury and risks having lethal
consequences for the individual in the short term.
Temporarily worsening the hearing of an animal has the potential to limit is reproductive success,
by inhibiting navigation, foraging, mating, communication and evasion of threats – generally
longer-term impacts that have to be assessed in a population-wide view.
Noise not exceeding the limits can still have an impact on local populations if it displaces
significant numbers over significant time from important areas, either directly (noise overlaps
important area), or indirectly (noise “blocks” access to important area). Other effect include
masking, where the noise limits the effective range of acoustic cues for the animal, making
communication, foraging, evasion and navigation harder. These effects are much harder to
estimate the impact of, but the vibratory piling will arguably cause more masking than the impact
piling, due to the continuous noise from this source. Masking effects are though to have greatest
impact, in potentially making separation of mother-offspring pairs more likely, especially in murky
waters.
Table 5. Colour coding on maps

6

Map element

What’s displayed

Orange line

TTS limit for impact piling. dBSEL-24

Red line

PTS limit for impact piling. dBSEL-24

A simpler version of this software can be obtained for free from www.dBSea.co.uk/download
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Blue line

TTS limit for vibratory piling. dBSEL-24

Green line

PTS limit for vibratory piling. dBSEL-24

Orange area

TTS limit for impact piling. dBpk

Thin red circles

Representing a distance of 500 m, 1 km and 5 km from the jetty

Dashed lines

Same as colour but with suitable piling cushion (-15 dB)

If lines or colours are missing from map, it means the area given by the threshold was fully within
the berth and has been deemed insignificant.
We ask the reader to remember that dBSEL-24 is a limit that assumes that the animal is exposed to
noise for 24 hours. Animals can be exposed to higher levels for shorter periods with the same
cumulative effect. In practise the animals are assumed to swim away from areas of loud noise,
limiting their exposure time significantly (JNCC, 2010). See Figure 9 to Figure 11, pp. 13-14 for an
example of what this means for impact zone sizes. Given lack of information about the
construction method we have assume no soft starts. Meaning that the below results represent
impacts of full-power strikes. Adopting a soft start, by ramping up hammer energy will likely
encourage animals to move away from the noise source, resulting in fewer animals within the
impacts zones once full energy is reached.

3.2

Impact Maps
For all hearing groups the impact piling produced the largest impact zones, while vibratory piling
produced none, or small impact zones for all groups except harbour porpoises.
With a mitigating piling cushion, all groups, except harbour porpoise, showed exclusion zones
within a 1000m radius from the site with all acute effects limited to a radius < 500 m.
Figure 4. Impact zones for fish. Dashed orange is impulsive dBSEL-24 TTS limit.
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Figure 5. Impact areas for harbour seal and grey seal.

Figure 6. Impact areas for otter.
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Figure 7. Impact areas for minke whale.

Figure 8. Impact areas for dolphins.
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Figure 9. Impact areas for harbour porpoise. Unmitigated.

Figure 10. Impact areas for harbour porpoise assuming maximum stay in area exceeding threshold to
be 60 minutes during vibratory piling (blue line) and use of impact piling cushion (orange and red lines).
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Figure 11. Impact areas for harbour porpoise, assuming maximum stay in area exceeding threshold to
be 10 minutes during vibratory piling (blue line), use of impact piling cushion and limit of 50 strikes for
impact piling in any 24-hour period (orange and red lines).

3.3

Long Term Impacts
The part of the project assessed here is projected to be active for a duration of 4 months. This long
duration could lead to population effects if important sites for reproduction and or foraging are
made unavailable during the construction.
Table 6. Breeding times for important local breeding mammals (sea watch foundation, 2018; The
Mammal Society, 2018) & local NGOs.

Species

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Birth
Harbour seal
(Phoca
vitulina)

Lactation
Weaning
Birth

Grey seal
(Halichoerus
grypus)

Lactation
Weaning

Harbour
porpoise
(Phocoena
phocoena)

Birth
Lactation
Weaning

While the nearest seal colonies are reported to be 25 km south of Hunterston (Lady Isle) we could
find no strong evidence for excluding the site as a breeding site for harbour porpoise, but given
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that the site is not designated for protection of this species we assume that it is not a key
stronghold.

4

CONCLUSION
Given the adoption of the Basic Mitigation Measures outlined below (section 4.1) we are confident
that there will be no adverse impact on the local population, as well as no injury to any single
animal following from the radiated noise of the proposed activity.
The grounds for this assessment is the realization of an acute impact radius smaller than 1000 m,
as well as several conservative measures in the modelling and interpolation phase.

4.1

Basic Mitigation Measures
Previous results show that a suitable7 piling cushion can limit noise by >15 dB without impacting
piling penetration, however we don’t know the specifics for penetrating rocks
We suggest that a piling cushion is used during all impact piling.
Limit impact piling to 50 strikes in any given 24-hour period.
Implementation of the mitigation measures and methods in “Statutory nature conservation agency
protocol for minimising the risk of injury to marine mammals from piling noise” (JNCC, 2010), but
with the exclusion/mitigation zone being enlarged to 1000 m range in compass direction 240° to
60° (going clock-wise), taking in the whole seaward aspect of the site.

7

Spring constant 300-470 MegaNewton/metre. Coefficient of restitution ca. 0.75
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