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Summary
Transport for London (TfL) are investigating an option of running a temporary ferry
crossing alongside the existing Hammersmith Bridge during the bridge’s refurbishment.
Thames Clippers supported by Beckett Rankine recently won the tender to design and
develop the ferry crossing and associated marine elements. HR Wallingford have been
commissioned to support the consents process, including hydrodynamic, scour,
underwater noise and ecological assessments.
On the Hammersmith side of the tidal River Thames, a floating walkway will be required to provide access to
the temporary ferry pier for passengers for crossing a relatively wide area of intertidal. Construction of the
walkway will require piles to be driven into the bed substrate. Sound may be introduced into the water
column during piling and hence an assessment of the potential impacts of this sound on marine animals in
the surrounding water is required. This report details the methods and results for the underwater noise
assessment.
Based on the assumptions about the piling methodology, source level and duration for piling, modelling was
undertaken to predict the underwater sound levels generated during construction of the floating walkway.
The model results indicate that sound levels are unlikely to exceed temporary threshold shift (TTS)
thresholds for marine mammals or fish, although there may be a localised behavioural impact on mammals
and some fish species which may be excluded from the area while the piling activity is ongoing.
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Introduction
An option for a temporary ferry crossing is being investigated by Transport for London
(TfL) to run nearby to the existing Hammersmith Bridge during the bridge’s refurbishment.
Thames Clippers supported by Beckett Rankine recently won the tender to design and
develop the ferry crossing and associated marine elements. HR Wallingford have been
commissioned to support the consents process, including hydrodynamic, scour,
underwater noise and ecological assessments.
The installation of two temporary piers, one on either side of the river, will be required to provide docking
facilities for the ferry. On the north side, at Hammersmith, a floating walkway will be required to provide
access for passengers to the temporary ferry pier across a relatively wide area of intertidal foreshore.
Construction of the walkway will require piles to be driven into the bed substrate. Installation of the piles may
occur when the intertidal area is covered by the tide. Therefore sound may be introduced into the water
column during piling and hence an assessment of the potential impacts of this sound on marine animals in
the surrounding water is required. This report details the methods and results for the underwater noise
assessment.

1.1. Project appreciation
Temporary piers to provide passenger access to the ferry will be located on either side of the river
(Figure 1.1), immediately downstream of Hammersmith Bridge. Hammersmith Temporary Pier on the north
bank will land at the end of Queen Caroline Street, while Barnes Temporary Pier will land on the Thames
towpath on the south bank.
Both the Hammersmith Temporary Pier and Barnes Temporary Pier which make up the Hammersmith Ferry
service are to be temporary installations for an intended period of 3 years with a maximum of 5 years. The
design of each structure has therefore been completed with ease of removal as a key criterion.
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Figure 1.1: General arrangement of the temporary ferry project.
Source:

1.1.1.

Beckett Rankine, Drawing 2048-BRL-02-XX-DR-C-3013 P03

Hammersmith Temporary Pier

The proposed Hammersmith Temporary Pier (Figure 1.2 and Figure 1.3) is to land on the public slipway
located at the end of Queen Caroline Street. The slipway is seldom used and is closed off with timber flood
boards. Access to the pier is to be via a lightweight steel ramp that will span over the flood boards.
A modular floating walkway (using units by EZ Dock) will span between the flood defence wall and a secondhand barge, modified for use as a pier. The walkway will be restrained by tubular piles of up to 0.5m in
diameter. The required piling is to be minimised to avoid major impacts and disturbance to the river
environment. As identified in Figure 1.3, parts of the floating walkway will ground at low water.
The barge will be restrained by a pair of spud legs – these have been selected given their temporary nature
and lesser impact when compared to piles. The pier is skewed downstream to facilitate passage of large
vessels beneath Hammersmith Bridge (the bridge is open for occasional navigation when no works are in
progress on the bridge). The position also makes use of the deeper water related to the nearby outfalls as
shown in Figure 1.2.
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Figure 1.2: Hammersmith Temporary Pier general arrangement.
Source:

Beckett Rankine, Drawing 2048-BRL-02-XX-DR-C-4100_P02 HSMTH BRG-GA
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Figure 1.3: Cross-sections of the floating walkway proposed to access Hammersmith Temporary Pier
Source:

1.1.2.

Beckett Rankine, Drawing 2048-BRL-01-XX-DR-C-2007_T01

Barnes Temporary Pier

The proposed Barnes Temporary Pier (Figure 1.4) is formed from the old Savoy pier, itself a temporary
structure, which will be repurposed for this development. The pier will be modified such that is restrained by
a pair of spud legs rather than its current radial arms to minimise the impact on the foreshore.
Access to the pier is by an aluminium linkspan, connecting to the landside towpath. The towpath is located
beneath Flood Defence Level and floods on some spring tides. As part of the works, a lightweight steel
frame walkway will be installed to allow dry access to the pier.
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Figure 1.4: Barnes Temporary Pier general arrangement.
Source:

1.1.3.

Beckett Rankine, Drawing 2048-BRL-02-XX-DR-C-3201 P06 BARNES PIER PROPOSED GA (002)

Program

Offsite construction activities are underway. Works on site are due to start in early September and are to be
completed by end of October. These dates continue to be subject to attaining the relevant licensing and
consents for the works.

1.1.4.

Construction

The first activity on site will be the bathymetric and UXO surveys. A proof dig at the pile line will also be
carried out. Following this, the temporary piers will be installed following Red7 Marine’s method statement.
All piles will be driven by the crawler crane mounted on a jack-up barge. In the case of the 4 most northern
piles, a landside excavator will act as the piling gate. For the remainder of the piles the excavator will be
mounted on the jack-up barge where it will also act as a piling gate. A supply barge will operate adjacent to
the jack-up barge to store the piles. Where necessary for the spud leg piles at Barnes Pier, the excavator will
be mounted on the supply barge.
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Non-percussive piling methods will be used to install the tubular piles. Soft-start vibratory piling methods
(high-frequency, variable moment resonant free vibratory hammer) will be used instead to embed the piles
~4 m into the riverbed, therefore, the noise and vibratory effects will be significantly reduced and less harmful
to the surroundings. Piles will be driven dry where possible, and in the minimum water level possible where
not possible. The plant requires a minimum water depth of 2 m to safely carry out the works. The
methodology utilises low water piling techniques to reduce noise and vibration effects throughout the works.

Background to underwater sound
Underwater sound is detected as a pressure wave that propagates through the marine environment and, due
to the low absorption characteristics of water, it can travel further and faster than sound in air. The amount of
sound generated by anthropogenic sources in the marine environment has been increasing due to the
growth in a number of areas e.g. shipping activity and construction of more offshore and coastal facilities.
There is a concern that the increased levels of underwater sound will adversely impact on marine life and, to
address this, the European Union have identified underwater sound as a form of energy which cannot be
introduced into the marine environment at levels which will be detrimental (Van der Graaf et al., 2012).
The propagation of sound underwater is affected by the frequency of sound emitted and the physical
properties of the water and seabed. Water depth is a key factor altering the propagation of underwater
sound. In shallow water (less than about 200 m deep) propagated sound will dissipate more quickly than in
deeper water due to numerous interactions with the surface and the bed, although this is also frequency
dependant. The seabed type will alter the rate of transmission loss (TL) of propagated sound, with softer,
muddy sediments tending to absorb sound whereas hard rocky surfaces will cause reflection and hence less
absorption. The vertical profiles of temperature and salinity through the water column are also important,
particularly in deep water, because these affect the speed of sound and thus the degree to which the sound
is refracted up or down as it propagates horizontally away from the source.
As the sound propagates from a source it will lose energy and so eventually the sound levels drop to the
same intensity as the ambient sound at which point it becomes indistinguishable from the background and
can no longer effectively be heard. The ambient sound is a combination of all natural sounds such as wind,
waves, rain, animals and other common sources of man-made sound in the area such as shipping. The term
‘ambient sound’ can be used to describe all sound not associated with the development or activity being
assessed in the present study.

Acoustic metrics and units
The unit of sound pressure is the pascal (Pa) and is most commonly described in terms of decibels (dB)
relative to a reference pressure, which for underwater sound is 1 µPa (expressed as ‘dB re 1µPa’). The use
of a logarithmic scale means that a 6 dB increase in the underwater sound level represents equates to a
doubling of the intensity.
The frequency spectrum of underwater sound is also important in terms of potential impacts. The power
spectral density for different anthropogenic sources of sound can vary greatly. For example seismic airguns
generally have most energy in the lower frequency range, from the low tens of Hertz (Hz) up to a few
hundred Hz, whereas the range of high frequency sonar, for example, is generally much higher, in the
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thousands to millions of Hz. Knowing the frequency range of the acoustic source being assessed means that
the potential adverse impacts on marine life can be assessed realistically, as hearing ranges of different
species can be taken into account.

Sound Pressure Level (SPL)
Most commonly, underwater sound is expressed as the root mean square (RMS) of the sound pressure level
(SPL) over a stated interval. This is a time-averaged value for the pressure, which is most useful for
assessing continuous sound sources such as drilling or shipping sounds, rather than impulsive sounds such
as pile driving or seismic surveying. This is calculated from the following:
𝑃𝑃

𝑆𝑆𝑆𝑆𝑆𝑆 = 20 log10

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟

(1)

Where P is the sound pressure and Pref is the reference pressure (1 µPa).
The SPL is described as the received level (RL) which is the sound pressure level at a distance from a
source with a source level (SL) minus the transmission loss (TL). For ESHIA purposes the RL is the more
useful metric as this will provide the sound level a receptor is being exposed to. Models are usually required
to simulate both the source level and the transmission loss.

Sound Exposure Level (SEL)
The sound exposure level (SEL) is a measure of sound energy in a pulse that takes into account both the
peak and the duration of the sound and is therefore useful for describing impulsive sounds, such as those
emitted by seismic airguns or by pile driving. SEL is calculated by integrating the square of the pressure
waveform over the duration of the pulse. The duration of the pulse is defined as the region of the waveform
containing the central 90% of the energy (E90) of the pulse. The calculation is given by:
𝑡𝑡95

(2)

𝐸𝐸90 = ∫𝑡𝑡5 𝑃𝑃2 (𝑡𝑡)𝑑𝑑𝑑𝑑

This is usually expressed as dB re 1 µPa2s and is calculated as follows:
𝐸𝐸90

𝑆𝑆𝑆𝑆𝑆𝑆 = 10 log10 �

𝐸𝐸0

�

(3)

where E0 is the reference value of 1 Pa2s.
Since the SEL is the time integral of the sound , it can also be related to the RMS SPL by the time duration T
over which the RMS was calculated, as:
𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑆𝑆𝑆𝑆 + 10 log10 (T)

(4)

Cumulative Sound Exposure Level (SELcum)
SEL is also used to express the amount of sound over time to which a receptor is exposed, this can be
called the SEL ‘dose’ or the cumulative SEL (SELcum).
For a sequence of pulses, the cumulative SEL is calculated as:

DER6480-RT002-R03-00

7

Hammersmith Temporary Ferry
Underwater noise assessment

𝑁𝑁

𝑝𝑝
𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐 = 10 log10 �∑𝑝𝑝=1
10

𝑆𝑆𝑆𝑆𝑆𝑆𝑝𝑝
10

�

(5)

For a sequence of equal intensity SEL exposures, this simplifies to:
𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑆𝑆𝑆𝑆𝑆𝑆 + 10 log10 �Np �

(6)

Where Np is the number of pulses.

Power spectral density and third-octaves
It is important to model the frequency spectrum emanating from a source because different marine species
are more sensitive to certain portions of the sound spectrum. Modelling of the full range of frequencies is
usually carried out by modelling discrete frequencies at third-octave intervals. The broadband sound is then
calculated by integrating the sound energy across the bandwidth (∆bf) for each third-octave frequency and
then summing across all the bands, written as:
𝑁𝑁

𝑓𝑓
𝑆𝑆𝑆𝑆𝑆𝑆𝑓𝑓 + 10 log10 �∆𝑏𝑏𝑓𝑓 �
𝑆𝑆𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏 = ∑𝑓𝑓=1

(7)

Where SELbb is the broadband sound exposure level, and SELf is the sound exposure level at each discrete
frequency, f.

Sound impact criteria for marine and estuarine species
Marine mammals, fish and reptiles are acoustically sensitive and use sound to communicate, navigate and to
find prey. The potential effects of increasing anthropogenic sound in the marine environment is of concern,
and national and international legislation is asking for robust assessments of the potential impacts to be
carried out for any new project or development. To carry out these assessments an understanding of the
sound detection capabilities of the species of interest is required, along with knowledge of the sound field
which will be generated.

Potential effects of underwater sound
Underwater sound from anthropogenic activities has the potential to have adverse impacts on fish, marine
reptiles (sea turtles) and mammals.
The potential impacts on these animals range from causing discomfort by changing the acoustic
environment, causing the animals to retreat from an area (i.e. behavioural response), to causing physical
injury. Generally physical injury is caused by either a large and sudden change in pressure causing
barotrauma e.g. bursting of swim-bladder or blood vessels, or by the cumulative amount of sound that an
animal is exposed to. The latter is usually associated with temporary threshold shift i.e. a temporary increase
in the threshold at which an animal can hear. For all of the available impact criteria, assessment of the
effects is related to the sound pressure levels in the far-field rather than to the associated particle motion in
the near-field area of the sound source.
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Lethal effects
Mortality from underwater sound is usually associated with being very close to the acoustic source due to the
high peak pressure levels, particularly from pulsed sounds such as seismic sources or pile driving. Severe
injury which leads to death of the individual is also possible within a certain distance from the acoustic
source. These injuries are associated with the rapid and large changes in pressure that an animal is exposed
to rather than whether they can hear the sound.
Threshold shift
Exposure to high levels of underwater sound can also cause impairment in sound detection capabilities of
marine species. The impairment can be a temporary threshold shift (TTS) where normal detection would
return after a length of time dependant on the intensity of the sound and the duration for which an animal
was exposed, or the impairment can be a permanent threshold shift (PTS) where no recovery is possible.

Marine mammals
The hearing frequency range of marine mammals is wide, and each species will differ slightly in the
frequency of greatest sensitivity. In general, baleen whales such as the blue, humpback and southern right
whale hear the lowest frequencies; dolphins and toothed whales hear mid-high frequencies; and porpoises
and their relatives hear the highest frequencies and have the largest range. Pinnipeds have different hearing
abilities dependent on whether they are underwater or not, with a greater hearing range underwater than in
air (Babushina et al, 1991; Kastak and Schusterman, 1999; Reichmuth, et al, 2013). Pinnipeds can also be
split into otariids, such as sea lions and fur seals, and phocids which are the true seals (e.g. grey or harbour
seal), as recent research has shown that they have markedly different hearing ranges (Hemilä et al, 2006;
Kastelein et al, 2009; Reichmuth et al, 2013).
The response of marine mammal species to underwater sound, and the potential physical impact of
anthropogenic sound, has been the subject of scientific study for several decades, although the results are
often uncertain due to the difficulties of identifying behavioural responses to sound in the open sea
(Weilgart, 2007; Boyd et al, 2011). The US Marine Mammal Criteria Group within NOAA developed criteria
for the impacts of underwater sound on marine mammals which allows an assessment of behavioural
response to be made based on the best scientific knowledge at the time (Southall et al, 2007).
Southall et al (2007) divided marine mammals into four distinct groups based on their known, or assumed,
auditory ranges – low-frequency cetaceans, mid-frequency cetaceans, high frequency cetaceans and
pinnipeds (in air and in water). For each mammal group, the hearing range of the animals was accounted for
using weighting factors (or M-weightings) to the received level sound at each centre frequency (f) of the
third-octave sound spectrum.
For impulsive sound sources such as seismic survey airguns or pile drivers, the zero-to-peak (referred to as
peak) sound pressure levels close to the source may be high enough to cause injury or mortality for marine
animals. The work of Southall et al (2007) therefore also determined impact criteria based on peak SPL of
impulsive sound using unweighted broadband values.
The criteria of Southall et al (2007) were not originally meant to become guidance for carrying out acoustic
impact assessments for estuarine or offshore developments but they became accepted as industry standard
for doing so (NOAA, 2013). It was also acknowledged that the Southall work was limited to the few marine
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mammal species which had been studied up to that point. As such, NOAA developed new impact criteria into
a guidance document which is designed to be used for assessing impacts of anthropogenic sound on marine
mammals (NOAA, 2016). These latest NOAA guidelines will be used to carry out the marine mammals
assessment required for this project.
Table 2.1: Marine mammal hearing groups and generalised hearing ranges
Generalised hearing range (Hz)
Hearing group

Mammals represented

Lower limit

Upper limit

Low-frequency (LF)
cetaceans

Baleen whales

7

35,000

Mid-frequency (MF)
cetaceans

Dolphins, toothed whales, beaked
whales, bottlenose whales

150

160,000

High-frequency (HF)
cetaceans

True porpoises, Kogia, river dolphins,
cephalorhynchid, Lagenorhynchus
cruciger and L. australis

275

160,000

Phocid pinnipeds (PW)

True seals

50

86,000

Otariid pinnipeds (OW)

Sea lions and fur seals

60

39,000

Source:

NOAA (2016). Generalized hearing ranges for the entire group are a composite (i.e., all species within the
group), where individual species’ hearing ranges are typically not as broad.

The recent NOAA guidance for assessing the impact of underwater acoustics on marine mammals updated
the auditory weighting functions defined by Southall et al (2007) and split the pinnipeds into phocids and
otariids rather than accounting for different hearing in air and water (NOAA, 2016). The estimated functional
hearing bandwidth for each of the hearing groups under the NOAA (2016) guidelines are shown in Table 2.1.
The form of the updated auditory weighting functions for the hearing groups is written follows:
𝑀𝑀(𝑓𝑓) = 𝐶𝐶 + 10log10 �[1+(𝑓𝑓⁄

(𝑓𝑓 ⁄𝑓𝑓1 )2𝑎𝑎

𝑓𝑓1 )2 ]𝑎𝑎 [1+(𝑓𝑓 ⁄𝑓𝑓2 )2 ]𝑏𝑏

(8)

�

Where M(f) is the weighted frequency. The constants for the above auditory weighting function for each
mammal hearing group are given in Table 2.2 and the resultant weighting curves are plotted in Figure 2.1.
Table 2.2: Summary of NOAA (2016) weighting and exposure function parameters
Hearing Group

a

b

f1 (Hz)

f2 (Hz)

C (dB)

Low-Frequency (LF) Cetaceans

1.0

2

200

19,000

0.13

Mid-Frequency (MF) Cetaceans

1.6

2

8,800

110,000

1.20

High-Frequency (HF) Cetaceans

1.8

2

12,000

140,000

1.36

Phocid Pinnipeds in water (PW)

1.0

2

1,900

30,000

0.75

Otariid Pinnipeds in water (OW)

2.0

2

940

25,000

0.64

Source:

Adapted from NOAA (2016)

Similarly to Southall et al (2007), the NOAA guidelines also determines impact criteria based on peak SPL
for impulsive sound using unweighted broadband values for both TTS and PTS thresholds (with PTS
calculated as 6 dB greater than TTS for each mammal hearing group).
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The SELcum and peak SPL criteria for TTS and PTS for each mammal functional hearing group are given in
Table 2.3 for impulsive sounds and Table 2.4 for non-impulsive sounds. In an assessment, both the SELcum
and peak SPL should be assessed, and whichever is the greater in terms of impact for each mammal
hearing group should be used.
Table 2.3: Weighted impact criteria of NOAA (2016) for marine mammal injury from impulsive sounds
TTS threshold

PTS threshold

Hearing Group

Peak SPL
(dB re 1 µPa)

SELcum
(dB re 1 µPa2s)

Peak SPL
(dB re 1 µPa)

SELcum
(dB re 1 µPa2s)

Low-Frequency (LF) Cetaceans

213

168

219

183

Mid-Frequency (MF) Cetaceans

224

170

230

185

High-Frequency (HF) Cetaceans

195

140

202

155

Phocid Pinnipeds in water (PW)

212

170

218

185

Otariid Pinnipeds in water (OW)

226

188

232

203

Source:

Adapted from NOAA (2016). Peak pressure is rms dB re 1 µPa un-weighted values; SELcum units are dB re
1 µPa2s, weighted for hearing range of the various categories and the SELcum accumulation period is 24
hours.

Table 2.4: Weighted impact criteria of NOAA (2016) for marine mammal injury from non- impulsive sounds
Hearing Group

TTS threshold

PTS threshold

Low-Frequency (LF) Cetaceans

179

199

Mid-Frequency (MF) Cetaceans

178

198

High-Frequency (HF) Cetaceans

153

173

Phocid Pinnipeds in water (PW)

181

201

Otariid Pinnipeds in water (OW)

199

219

Source:

Adapted from NOAA (2016). SELcum units are dB re 1 µPa2s, weighted for hearing range of the various
categories and the SELcum accumulation period is 24 hours.
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Figure 2.1: M-weighting using the NOAA (2016) assessment criteria
Source:

Adapted from NOAA (2016)

Fish
Fish are known to be able to detect sound through the use of otolith organs in their ears (Fay, 2011; Popper
and Fay, 2011). There are also species that can detect the pressure of a sound wave through gas filled
structures e.g. the swim-bladder (Fay, 2011). This is a very simplified way of understanding how fish detect
sound, as in reality most fish are somewhere on a scale between detecting particle motion caused by a
sound wave and detecting the pressure of the sound wave (Popper and Fay, 2011; Fay and Popper, 2012).
Flatfish, for example, are at one end of the scale as they do not have a swim bladder and are more likely to
detect the particle motion, whereas catfish, goldfish and their relatives are at the other end of the scale with a
swim-bladder connected to their otolith organs, and pressure will be the primary detection method for
underwater sound (Fay and Popper, 2012). Some fish which do have swim-bladders are less sensitive to
underwater sound than would be expected e.g. Atlantic salmon, as they don’t appear to use it to detect
sound (see Popper, A.N. et al., 2014 and references therein).
Studies of the ability of fish to detect sound have been limited to very few of the species present in the
marine environment, and have often been focussed on those of a commercial importance or those that are
easy to keep in laboratory conditions. Nevertheless, these studies have shown that fish in general detect
sound in the lower frequency range, from a few 10s of Hz to a few thousand Hz, although for the majority of
marine species the lowest thresholds of sound detection i.e. where they are most sensitive, are below 1 kHz.
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The assessment of underwater sound impacts on fish has been developed based on the hearing thresholds
of individual species (Popper et al, 2003; Smith et al, 2004; Nedwell et al, 2007; Popper et al, 2014). This
involves weighting the received level (RL) of sound so that the perceived sound according to the hearing
abilities of the fish were taken into account, meaning that frequencies outside of the fish detection range
were given lower weight than those which the fish could hear (Nedwell et al, 2007). Whilst this principle
works well for mammalian hearing, due to the way in which fish detect sound using a combination of particle
motion and sound pressure the method is not applicable for fish (Popper and Fay, 2011; Popper, et al,
2014). There is also a problem associated with the number of audiograms available for fish species, as this
is highly limited and proxy species are often employed in acoustic impact assessments. The methods for
collecting the audiograms have been called into question as artefacts negatively influencing the data may
have been introduced during the studies (Popper et al, 2014).
Injury
Guidance for assessing the impact of anthropogenic sound on fish from different sources is available
(Popper et al., 2014). The guidance is based on whether fish primarily detect the sound pressure component
of a noise, the particle motion component or a combination of both, which is particularly relevant to
behavioural responses rather than physical injury (see Table 2.5). The guidance also offers sound levels
where impulsive sound may cause permanent or temporary injury and TTS. As the guidance is becoming
‘industry standard’ for use in assessing impacts of impulsive sound on marine fish, it has therefore been
used to carry out the assessment required by this project.
Table 2.5: Fish categories for use in assessments of underwater sound impacts
Category
Explanation
Fish without a swim bladder or other gas
chamber e.g. dab and other flatfish

These species are more likely to only detect particle motion
rather than sound pressure. As they have no gas
chambers, they are less likely to suffer significant
barotrauma

Fish with swim bladders, or other gas
volume, which is not involved in the
detection of sound e.g. Atlantic salmon

These species are susceptible to barotrauma although
hearing only involves particle motion not sound pressure

Fish with a swim bladder or other gas
volume which is involved in sound detection
e.g. Atlantic cod, herring and relatives

These species are susceptible to barotrauma and detect
sound pressure as well as particle motion

Fish eggs and larvae

Fish eggs and larvae may contain gas bubbles/developing
swim bladders, rendering them susceptible to barotrauma

Source:

Adapted from Popper et al. (2014)

Using the categories defined in Table 2.5, and the most up to date scientific studies, the guidance identifies
impact criteria (i.e. levels of underwater sound which could adversely affect fish), via mortal and recoverable
injuries for a range of anthropogenic acoustic sources. The guidance also provides some data and impact
criteria for the potential effects of underwater sound on fish eggs and larvae, but these are not included in
the current study. The criteria for seismic sources are presented in Table 2.6. All impact criteria are based on
sound pressure levels as no information for the particle motion proportion of the potential impact exists.
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Table 2.6: Impact pile driving criteria for fish as defined by Popper et al (2014)
Category

Mortality or potential
mortal injury

Recoverable injury

TTS

Fish: No swim bladder

>219 dB SELcum

>216 dB SELcum

>>186 dB SELcum

OR

OR

>213 dB peak SPL

>213 dB peak SPL

210 dB SELcum

203 dB SELcum

OR

OR

>207 dB peak SPL

>207 dB peak SPL

207 dB SELcum

203 dB SELcum

OR

OR

>207 dB peak SPL

>207 dB peak SPL

210 dB SELcum

(N) Moderate

(N) Moderate

OR

(I) Low

(I) Low

>207 dB peak SPL

(F) Low

(F) Low

Fish: Swim bladder not
involved in hearing
Fish: Swim bladder
involved in hearing
Eggs and larvae

Notes:

>186 dB SELcum

186 dB SELcum

Adapted from Popper et al. (2014). Peak and rms sound pressure level dB re 1 µPa; SEL dB re 1 µPa2·s.
SELcum = Cumulative sound exposure level accumulated over a 24 hour period assuming stationary animals.

For non-impulsive (continuous) noise, such as shipping noise and drilling, sound exposure thresholds are
less well defined, largely being categorised as high, moderate or low potential impact (Popper et al 2014), as
shown in Table 2.7.
For fish with a swim bladder, Smith et al (2006) (in Popper et al, 2014) found that exposure to a continuous
noise with an RMS of 170 dB re 1μPa over a 48 hour period could cause recoverable injury in goldfish
(Carassius auratus). Another study (Amoser and Ladich, 2003, in Popper et al 2014) suggested that
12 hours exposure to an RMS sound pressure level of 158 dB re 1μPa could cause a temporary threshold
shift (TTS) in goldfish and catfish (Pimelodus pictus).
Table 2.7: Continuous sound criteria for fish as defined by Popper et al (2014)
Mortality or
potential
mortal injury

Recoverable
injury

TTS

Masking

Behaviour

Fish: No swim
bladder

(N) Low
(I) Low
(F) Low

(N) Low
(I) Low
(F) Low

(N) Moderate
(I) Low
(F) Low

(N) High
(I) High
(F) Moderate

(N) Moderate
(I) Moderate
(F) Low

Fish: Swim
bladder not
involved in
hearing

(N) Low
(I) Low
(F) Low

(N) Low
(I) Low
(F) Low

(N) Moderate
(I) Low
(F) Low

(N) High
(I) High
(F) Moderate

(N) Moderate
(I) Moderate
(F) Low

Fish: Swim
bladder

(N) Low
(I) Low

170 dB RMS
for 48 hours

158 dB RMS
for 12 hours

(N) High
(I) High

(N) High
(I) Moderate

Category
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Category
involved in
hearing
Eggs and
larvae

Mortality or
potential
mortal injury

Recoverable
injury

TTS

(F) Low
(N) Low
(I) Low
(F) Low

(N) Low
(I) Low
(F) Low

(N) Low
(I) Low
(F) Low

Masking

Behaviour

(F) High

(F) Low

(N) High
(I) Moderate
(F) Low

(N) Moderate
(I) Moderate
(F) Low

Source:

After Popper et al. (2014)

Notes:

Adapted from Popper et al. (2014). RMS sound pressure levels dB re 1 μPa. All criteria are presented as
sound pressure even for fish without swim bladders since no data for particle motion exist. Relative risk (high,
moderate, low) is given for animals at three distances from the source defined in relative terms as near (N),
intermediate (I) and far (F).

Behavioural response and masking
Behavioural response to noise will vary between species and between individuals of the same species. The
2014 guidance for assessing injuries to fish from anthropogenic noise do not provide definitive levels of
sound which would cause a behavioural response or lead to masking. Instead a subjective approach has
been adopted due to the lack of evidence for behavioural response in the majority of fish species of interest
and the sometimes contradictory information which is available for others. The relative risks for each of the
fish categories at each distance are presented in Table 2.8.
There is some debate over whether behavioural response is context specific i.e. if a fish is currently engaged
in another activity which is of biological importance such as spawning, it may ignore noise levels that it would
normally react to when not engaged in spawning activity or similar (e.g. see Kastelein, et al., 2008; Sivle. et
al., 2012).
Table 2.8: Masking and behavioural response impact criteria for fish from pile driving
Category
Masking
Behavioural response
No swim bladder

(N) Moderate
(I) Low
(F) Low

(N) High
(I) Moderate
(F) Low

Swim bladder not involved in hearing

(N) Moderate
(I) Low
(F) Low

(N) High
(I) Moderate
(F) Low

Swim bladder involved in hearing

(N) High
(I) High
(F) Moderate

(N) High
(I) Moderate
(F) Low

Eggs and larvae

(N) Moderate
(I) Low
(F) Low

(N) Moderate
(I) Low
(F) Low

Source:

After Popper et al. (2014)
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Key species of concern in the region
The marine mammal species that have previously been observed around the project site include grey seals
(Halichoerus grypus) and harbour seals (Phoca vitulina), both of which are phocid pinnipeds, as well as
harbour porpoise (Phocoena phocoena) which are high frequency cetaceans.
Several fish species have been identified as spending all or part of their lifecycle in the tidal Thames Estuary
and therefore have the potential to be impacted by the development (Table 2.9). Four of the species listed
are also known to spawn between Teddington Lock and Wandsworth Bridge, where the project is located
and the periods when spawning occurs are shown.
Table 2.9: Common and protected species between Teddington Lock to Wandsworth Bridge (Table derived
from ZSL Guidance document, 2016)
Local
spawning
event*

Type of
fish

Time period
near site

Salmo salar

4

A,B,C,D

Barbel

Barbus barbus

2

A,B,C,D

Brown/Sea Trout

Salmo trutta

4

A,B,C,D

Bullhead

Cottus gobio

2

A,B,C,D

Common Dace

Leuciscus

2

A,B,C,D

During B

Common Goby

Pomatoschistus microps

1

A,B,C,D

During A & B

European Eel

Anguilla anguilla

4

A,B,C,D

European Seabass

Dicentrarchus labrax

3

B,C

European Smelt

Osmerus eperlanus

4

B,C,D

Flounder

Platichthys flesus

3

B,C,D

River Lamprey

Lampetra fluviatilis

4

B,C,D

Roach

Rutilus

2

B,C,D

Common Name

Scientific Name

Atlantic Salmon

Notes:

During A & B

During B

Type of fish:
(1) Spend entire life in Tidal Thames; (2) Mainly present in freshwater dominated Tidal
Thames; (3) Use the Tidal Thames to spawn or grow whilst juveniles; (4) Migrate through the Tidal Thames
to freshwater or saltwater.
Timing Key:

(A) Jan-March; (B) April-June; (C) July-Sept; (D) Oct-Dec

Spawning events*:
The listed spawning events are known to occur at the specified time periods between
Teddington Lock to Wandsworth Bridge where the project is located.
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Methods
Underwater sound propagation model description
To account for the complexity of underwater sound propagation, the proprietary numerical modelling tool
UnaCorda (HR Wallingford, 2012; 2013; Rossington et al, 2013) was used to predict sound propagation from
the installation of the bridge piles. This model is used to predict the propagation of underwater sound from
one or more point sources throughout the water column and for 360º around each sound source. Underwater
sound is assessed for third-octave frequencies of sound across the spectrum from 10 Hz to 20 kHz and the
outputs from the model are presented as ‘sound maps’ for each frequency showing the transmission loss
(TL) or received level (RL) from the source in decibels (dB).
The underwater acoustic propagation model uses a parabolic equation approach based on the Range
dependent Acoustic Model (RAM) which has been modified to be computationally efficient and to produce
3D sound maps, rather than give results for single line. Being a range dependent model, it takes into account
changes in bathymetry, sediment type and speed of sound profile with distance from the source. The model
is used to predict the TL for discrete frequencies, allowing differences in attenuation that come with different
wavelengths to be included in the model. The seabed sediment type is taken into account using known
absorption coefficients for different sediment types and, if required, a variable seabed which differing
absorptions can be used as a base over which the sound is propagated in the model.

Model validation
The UnaCorda underwater sound propagation module (part of the HAMMER tool box) has previously been
validated by comparing modelled predictions against other models (HR Wallingford 2012). First, a Lloyd
Mirror test was carried out in which the model was compared against RAMGEO and also against a classical
analytical solution to sound propagation in deep water. Two further, more rigorous, shallow water validation
exercises were then carried using test results from a journal article for a wedge shaped bed profile
(Collins 1993), first with sediment and then with a reflecting bed. The results of the Lloyd mirror test are
presented below; details of the wedge tests can be found in HR Wallingford (2013).
Lloyd mirror test
The ability to accurately reproduce a deep water Lloyd Mirror interference pattern is a classic test for
assessing sound propagation models. In this test the water depth is set to be very large (>2000m).
Assuming the water is homogenous (i.e. there are no temperature or salinity gradients), then the sound
speed profile caused by pressure alone results in an upward refraction of sound waves. Consequently, in
the near-field, sound waves from a source located near to the surface are not able to reach the seabed, but
may reflect from the surface (Jensen et al. 2000).
The Lloyd mirror comparison is presented in Figure 3.1. Beyond a distance of about 50 m (the analytical
solution does not represent near-field attenuation correctly) it can be seen that the three solutions are
virtually identical. This shows that UnaCorda is performing well in terms of propagation of sound through the
water column with surface reflection.

DER6480-RT002-R03-00

17

Hammersmith Temporary Ferry
Underwater noise assessment

Transmission Loss (dB re 1uPa re 1m)

40

0

500

1000

1500

2000

Distance (m)
2500
3000

3500

4000

4500

5000

50
60
70
80
90
100
Analytical Solution

RAMGEO

UnaCorda

Spherical spreading

Figure 3.1: Comparison of noise module results for the Lloyd Mirror Test
Source:

Collins (1990)

Field validations
In addition to the benchmark test, UnaCorda has been validated against field measurements of underwater
sound. HR Wallingford (2013) found good agreement between predicted and measured sound levels for
underwater drilling (Figure 3.2). Further validation of the model was carried out during the Rampion
Offshore Wind Farm project (HR Wallingford, 2016) during which the predicted underwater sound levels
were compared with measurements taken during impact pile driving for an offshore windfarm. Again, good
agreement between the model and the measurements were found.

Fleeing animals
An important factor to consider when calculating a cumulative SEL metric is that mammals have the ability to
swim away from an acoustic source if the sound levels are not tolerable. Hence it is now common practice
(Lepper et al, 2007) to assume that as soon as surveying is initiated, the mammals affected by the sound
swim in a straight line away from the source. As the individuals move away into quieter water, the SEL
generally reduces with range. The cumulative SEL for each individual is therefore considerably less than if
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they were assumed to remain stationary. A value of swim speed for the mammals is usually taken to be
1.5 m/s (e.g. Lepper et al, 2007; RSK Environmental, 2012) and this value has been assumed in this study.
Fleeing models are not generally used for fish since different species tend to react differently and the
responses of many species have not been studied. Furthermore, certain fish species can be highly territorial,
for example when they are nesting, and so will tend to maintain their position. Therefore, in the case of fish
species it is initially assumed that they remain stationary. This is a conservative approach and considered
worst case scenario for these animals.
In order to accurate calculate the SELcum of fleeing animals in the Thames Estuary, assuming animals swim
in a straight line away from the sound is not appropriate because the Thames curves and they would reach
the bank if they had swum in a straight line. Instead, HR Wallingford’s agent-based model (Hydroboids) was
used to predict the movement of marine mammals and fish away from sound source.

Agent-based model description (Hydroboids)
HydroBoids is an agent-based model (ABM) for predicting the movement of fish (or other mobile marine
animals) and consequences of behaviours in response to stimuli such as sound or chemical tracers
(Rossington and Benson, 2019). In the model, individuals are represented as quasi-Lagrangian points, or
agents, in a three dimensional underwater space which are advected by the Eulerian hydrodynamic flows
calculated offline using the TELEMAC modelling system (www.opentelemac.org).
Agents are assigned characteristics or traits that are both physiological (e.g. swim speed), which are
assigned to each individual in the population from a normal distribution, and also behavioural (e.g.
schooling). The ability to model intra-population variability is a key reason why the ABM approach is useful
for modelling ecological impacts since not all individuals of the same species will respond in the same way
(Castro-Santos and Haro, 2013).
Of particular importance for the present study, a feature of the ABM is that the simulated agents are able to
actively avoid very shallow water and land boundaries. In the event of an agent finding itself stranded at the
end of a particular model time step, they iteratively reattempt the movement for that step, each time
modifying their heading in small increments, until they successfully remain in the water column and within the
model domain at the end of the step. This simulates avoidance behaviour and allows the animals to swim
away from the noise source without getting stuck on the river margins.
The model is described in more detail by Rossington and Benson (2019).

Calculation of SELcum for fleeing mammals
For each mammal hearing group, the specific M-weighting function was applied to the source spectrum (see
Section 2.2.2) and the weighted spectrum model results from UnaCorda were used to calculate the
instantaneous spatial SEL for that hearing group.
In the agent-based model simulations, cumulative sound exposure levels were calculated for fleeing
mammal individuals of each hearing group as they swam away from the noise source. At each model time
interval, the instantaneous M-weighted SEL at each animal’s position was added cumulatively (see
Section 2.1.4). This procedure was carried out for the duration of the ABM simulation for mammals to give
the total SELcum for each animal.
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Model set up
This section describes the inputs used for the underwater sound propagation model (UnaCorda). The
underwater sound model requires various input data, listed as:
 A source level spectrum for the activity undertaken;
 Source locations and bathymetry to take into account the spatially varying water depth; and,
 Geophysical bed parameters to simulate absorption by the seabed sediments.

Vibro-piling source level
Sound is likely to be generated by several activities required for the installation of piles for the floating
walkway at Hammersmith Temporary Pier. These include:
 Vessel engines;
 Repositioning of the jack-up rig;
 Vibro-piling to install the piles for the temporary floating walkway.
Of these, it is expected that the vibro-piling will introduce the highest levels of sound into the surrounding
water.
Pile driving will be carried out to install the floating walkway for the Hammersmith Temporary Pier using
vibro-hammer with variable moment (PVE 20VM), which has a maximum centrifugal force of 1100 kN and
vibration frequency of 2300 rpm (38 Hz).
Relatively little information for vibro-hammer source levels could be found in the literature. Two potentially
suitable sources of literature were identified (Blackwell, 2005; Dahl et al, 2015), each with distinctly different
source level spectra which are plotted in Figure 4.1.
Blackwell (2005) recorded sound pressure levels during Port MacKenzie dock modifications in Cook Inlet,
Alaska in which two 0.91 m steel pipes of length 46 m were driven approximately 15 m into the seabed in
water depths of 10-17m. The recorded RMS sound pressure levels at 56 m from the pile during vibro-piling
were between 162-164 dB re 1µPa.
Dahl et al (2015) recorded sound pressure levels emitted during the installation of a 17 m long pile, with a
diameter of 0.76 m, in 8 m water depth, which was being installed as part of the construction of a ferry dock
in Port Townsend, Washington. The measured RMS sound pressure level at 16 m was approximately
165-168 dB re1µPa.
Both of the reported frequency spectra were reported to show peaks low frequencies associated with the
vibration frequency of the vibro-hammer (approximately 15 Hz and multiples thereof). However, the spectra
of Blackwell (2005) shows a greater proportion of the total energy between 400 and 2000 Hz than the other
spectrum. Because of the larger amount of energy in the higher frequencies, this spectrum was chosen as a
worst case in terms of impacts. The reasons why this is considered worst case are twofold:
1. Lower frequencies (below a 1000 Hz) tend to be attenuated by the bed sediment more readily as the
sound propagates away from the pile. Therefore, if the two spectra had equal broadband source levels,
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the higher frequency spectrum would generally result in higher RMS sound levels further from the pile
than the lower frequency spectrum, and hence greater impacts.
2. The marine mammal species of concern in the area (i.e. harbour porpoise and seals) are more sensitive
to frequencies at and above 1000 Hz (as shown in Figure 2.1). Therefore the spectrum with more energy
at higher frequencies will result in greater predicted impacts.
Both of the plotted spectra have been corrected to give the same combined broadband source level of
175 dB re 1µPa. The source level value has been estimated based on the various stated source levels
derived from the literature.

Figure 4.1: Source level spectrum for vibro-piling (solid line used in the model)
Source:

The solid line shows the worst case spectrum adapted from Blackwell (2005) used for the modelling. For
comparison, the dashed line shows another spectrum adapted from Dahl et al (2015) which would result in
lower impacts if used in the present study,

Modelled pile location and bathymetry
The UnaCorda model requires a detailed bathymetry interpolated onto an unstructured mesh (with triangular
elements) as an input. One location was modelled, the position of which is given in Table 4.1. The triangular
elements, which are of irregular size and shape, allows a spatially non-uniform mesh resolution to be
defined. The highest resolution (smaller mesh size, minimum 0.5 m) was defined at the sound source, with
decreasing resolution (larger mesh size, max ~25 m) moving away from the source, with an element size
growth rate of around 0.2%. The water level was set to +4 m OD(N), representing high water on a spring
tide.
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Table 4.1: Coordinates of the modelled pile location
Location
Easting (m)
Deepest water depth pile

523081

Northing (m)
178000

The 3D model set up includes a vertical resolution of 10 horizontal sigma planes spaced uniformly between
the seabed and the sea surface. The individual planes do not represent a constant depth, but rather a
proportion of the water column position across the whole model domain.

Bed parameters
The geo-acoustic properties of the seabed sediment influence how sound is refracted and attenuated as it
propagates away from the sound source. In the absence of local geotechnical data, the acoustic properties
of the seabed within the near-field area have been estimated based on Richardson and Briggs (2004), which
describes empirical predictions of seafloor properties based on remotely measured sediment impedance in
both siliclastic and carbonate sediments. It was assumed that the sediments are best described as CLAY
and parameters selected accordingly. The values of the various properties derived from measurements of
sediment within this large dataset are summarised in Table 4.2.
Table 4.2: Physical properties of the bed sediment type as input into the UnaCorda modelling tool.
Physical Property
Value
3
Density (kg/m )
1500
Sound speed (m/s)
1500
Attenuation coefficient (dB/λ)
0.2
Source:

HR Wallingford using information from Richardson and Briggs (2004)

Fleeing animal model inputs
At the start of the ABM simulations, animals (mammals or fish) were initialised at the positions of the noise
model mesh nodes. At the onset of piling it was assumed the animals swam away from the sound source at
a swim speed of 1.5 m/s. Each animal’s cumulative SEL dosage was calculated over the estimated time for
installation of a single pile (40 minutes). In fact, this period was found to be sufficient for all animals to swim
around the bend in the estuary, out of the insonified area.
Since the depth of the animals is not known, the maximum SEL through the water column is used in the
calculations to be conservative.
A summary of the main parameters used in the fleeing animal modelling is given in Table 4.3.
Table 4.3: Parameters used in fleeing animal model
Parameter
Value used
Animal swim speed

1.5 m/s

Duration of cumulative sound exposure

40 minutes (estimated period for installation of a single pile)

3D sound levels used

Vertical maximum

Mammal weightings used

NOAA (2016)

Source:

HR Wallingford
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Results
Modelled broadband sound propagation
The modelled RMS sound pressure levels (broadband) emitted into the water during vibro-piling are plotted
in Figure 5.1. The plotted values are the maximum RMS sound pressure level that occurs vertically in the
water column. The modelled received levels for vibro-piling are up to 175 dB re 1µPa at the pile. Generally,
sound from the pile location propagates through the water until it reaches the estuary bank or shallow area.
The extent of the sound is therefore limited due to the bends in the estuary channel.

Figure 5.1: Modelled broadband sound propagation during vibro-piling
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Potential impacts
Potential impacts on fleeing mammals
Sounds maps of cumulative sound exposure levels over 30 minutes are given in Figure 5.2 and Figure 5.3
for high frequency cetaceans and phocid pinnipeds, respectively. The SELcum values are plotted at the start
locations of each animal to show the distance from the pile that an animal would need to be at the start of
drilling in order to receive a particular dosage of sound, i.e. based on Figure 5.2, a high frequency cetacean
situated in the centre of the channel under Hammersmith Bridge at the start of drilling would receive a
maximum SELcum dose of 130 dB re1µPa2s.
Vibro-piling noise is assumed to be non-impulsive and therefore the appropriate thresholds are those given
in Table 2.4. In all cases, the PTS and TTS thresholds for mammals are not exceeded.
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Figure 5.2: Cumulative sound exposure level for high frequency cetaceans (e.g. harbour porpoise) during
vibro-piling
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Figure 5.3: Cumulative sound exposure level for phocid pinnipeds (e.g. grey seal, harbour seal) during vibropiling

Potential impacts on fish
The threshold levels for PTS and TTS in fish caused by continuous/non-impulsive sounds are given in
Table 2.7. In this case the fish are assumed to be stationary because the available thresholds are RMS
sound pressure levels rather than cumulative sound exposure levels. There is a lack of data for defining
these thresholds, but thresholds of 158 dB re 1μPa RMS for TTS and 170 dB re 1μPa RMS for recoverable
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damage have been reported for fish with swim bladders used in hearing for periods of 12 hours and 48 hours
respectively (Popper et al, 2014).
The 170 dB re 1μPa threshold is not exceeded for the modelled vibro-piling (Figure 5.1) and the 158 dB re
1μPa TTS threshold is exceeded only within 10 m of the pile. It should be emphasised that the threshold
value of 158 dB re 1μPa assumes that the fish are subjected to the sound for 12 hours continuously whereas
the estimated piling installation time is 40 minutes per pile. Therefore it is highly unlikely that the piling
activity will cause hearing damage to any fish.
For fish eggs and larvae, the risk of TTS or damage is expected to be low (see Table 2.7) (Popper et al,
2014).

Conclusions
Based on the current assumptions about the source level and duration for the vibro-piling, it is predicted that
the underwater sound levels generated during construction of the floating walkway are unlikely to exceed
TTS thresholds for marine mammals or fish. There may still be a localised behavioural impact on mammals
and some fish species which may be excluded from the area while the vibro-piling activity is ongoing.
Behavioural impacts on fish species may be particularly important during periods when species are known to
spawn in the area (Table 2.9).
There are a number of reasons why predicted impacts are somewhat mitigated. The position of the proposed
temporary ferry is on a bend in the tidal River Thames, meaning that the extent of the underwater sound
propagation is limited by the estuary geometry. The methodology for installing the piles has also been
chosen specifically to minimise disturbance to both ecology and the surrounding human inhabitants.
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