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Background on project and funding 
 
This document provides a summary of the underwater acoustic vector sensing/particle motion 
workshop, organised by the National Physical Laboratory (NPL), UK, which took place at NPL 
on 27 November 2014, and was funded through the National Measurement System, 
Acoustics and Ionising Radiation Programme. This document aims to summarise the main 
discussion outputs, in addition to providing an outline of possible recommendations towards 
achieving a more holistic representation of particle motion in aquatic environments, and is not 
intended to be a verbatim report of the workshop discussions. The report summary is 
intended to be used as the basis for identifying a road map for 'particle motion'. 
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1 INTRODUCTION 
 

The measurement of underwater sound generally refers to the measurement of sound pressure in the 
water, primarily because the hydrophone, used to measure sound, is a pressure sensitive device. Marine 
mammals are sensitive to sound pressure in the water much the same way as land mammals are 
sensitive to sound pressure in air. However, it has long been understood that fish respond to particle 
motion in water, and there is increasing understanding that at least some marine invertebrates are also 
sensitive to particle motion.  
 
Many aquatic habitats are exposed to anthropogenic activities, which often produce radiated acoustic 
energy, generally into the water, and sometimes into the seabed. Examples span a range of activities 
including commercial fishing, boating, naval operations, shipping, offshore construction, energy 
generation, explosive discharge, marine surveying and resource exploitation.  
 
The potential for offshore activities to impact aquatic life is recognised in the European Commission’s 
(EC) Marine Strategy Framework Directive (MSFD) within Descriptor 11 for achieving Good 
Environmental Status (GES) with respect to underwater noise and other forms of energy. Under the 
MSFD, Member States are required to take steps to achieve or maintain Good Environmental Status for 
each of the descriptors by 2020. A technical subgroup has proposed advice and options for the 
implementation of MSFD Descriptor 11 through two indicators for underwater noise, relating to loud 
impulsive sounds, and ambient noise levels, respectively. In addition, national regulations can require 
environmental impact assessment (EIA), and monitoring of underwater noise for offshore 
developments. In general, existing regulation requires consideration of the sound pressure. The 
requirement to consider sound particle motion and seabed vibration is less clear, with no specific 
regulatory requirement to assess or monitor sound particle motion currently in existence. 
 
Any effort to reliably describe the response of particle motion sensitive organisms to underwater sound, 
understand the impact of anthropogenic noise on marine species, and quantify the levels of sound 
associated with a particular effect, requires a reliable characterisation of the sound particle motion in the 
water column and vibration of the seabed. 
 
For the purposes of this report, the term vector sensing refers to the measurement of acoustic vector 
quantities (e.g. sound particle displacement, sound particle velocity, sound particle acceleration, or 
sound intensity), and the instrumentation designed for the measurement of such quantities. The term 
particle motion is used to refer to the instantaneous motion (e.g. velocity, displacement or acceleration) 
of a material element due to the action of vibration or sound waves, specifically in the water column, 
along the interface between the seabed and the water, or within the seabed. 
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2 WORKSHOP AIMS AND CONTEXT 
 
The overarching aim of the workshop was to facilitate a discussion between biology and acoustics 
experts with the intention to: i) outline the principal information/ knowledge gaps, and requirements 
relating to particle motion in aquatic environments, and ii) identify ways forward to address these 
knowledge/data gaps.  
 
The workshop was structured to achieve this through a number of key questions, which were addressed 
during a series of presentations, a panel discussion, three parallel group discussions, and a plenary 
session. The discussion was generally guided by the following key questions: 
 

• Do we need to quantify particle motion, and why? 
 

• What are the main obstacles preventing us from quantifying particle motion? How can we 
make progress to remove these obstacles? 

 
• What are the priorities for examining the sound detection abilities of fishes and invertebrates? 

How can we achieve a better understanding of the mechanics and physiology of particle motion 
detectors in fishes and invertebrates? How do we translate this to an understanding of impact? 

 
• Under what circumstances is measurement of particle motion required? What are the 

measurement challenges? What steps are required to take this forward? 
 
The workshop provided an opportunity for a dedicated, cross-disciplinary, expert group discussion, 
focused on the needs and requirements for reliable quantification of underwater particle motion (sound 
particle motion in the water column and particle motion of the seabed), in the context of anthropogenic 
underwater noise. 
 
 



  NPL Report AC 13 

 
 

3 

3  PRESENTATIONS  
 

Four foundation talks, and an additional short talk, were presented to inform discussion during the 
workshop. 
 
The workshop presentation session outline, in chronological order, was as follows: 
 

• Tony Hawkins on ‘Biological drivers for particle motion measurement’  
• Michael Ainslie on ‘Sound, particle motion and sound intensity’ 
• Dick Hazelwood on ‘Part I. Circular water particle motion and ground roll – how should we 

assess this? Part II. Testing the bio-sensitivity – a potential solution?’ 
• Markus Linné on ‘The FOI particle motion sensor - a technical viewpoint’  
• John Dalen on ‘Sound exposure and its level’. 

 
Copies of these presentations are provided in Annex A. The slides have been reproduced with the 
permission of the presenters. 
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4 PANEL DISCUSSION - ‘DO WE NEED TO QUANTIFY PARTICLE MOTION, AND 
WHY?’ 
 

The requirement to quantify particle motion in the marine environment was acknowledged in a 
consensus view by workshop participants.  
 
Various applications that rely on the measurement of vector parameters were identified, notably 
directivity measurements employed by the oil and gas industry, and in naval surveillance, where vector 
sensing is common practice. The primary area where particle motion measurement is required, but 
currently not realised, was recognised to broadly correspond to the research into environmental effects 
from particle motion on fish and aquatic invertebrates. The foundation presentation on ‘Biological 
drivers for particle motion measurement’ by Tony Hawkins outlined the origins of this concern, 
highlighting that the research into fish sensitivity to particle motion dates back to the late 1960s and 
1970s.  
 
Further need for particle motion to be quantified was highlighted in the regulatory context, and with 
respect to the management of human activities that affect ecosystems and fisheries (for example, 
fisheries for invertebrates like the Norway lobster Nephrops norvegicus, and fishes like the mackerel 
Scomber scombrus), with concerns for economic and ecosystem-scale impacts. 
 
The discussion focussed on two main points: 

I) The expected spatial scale of the effect in relation to fish and aquatic invertebrates, and 
requirements of the European Commission’s Marine Strategy Framework Directive (MSFD); 
and 

II) The desired balance between modelling and measurement to fulfil the requirement to quantify 
particle motion. 

Descriptor 11 of the MSFD for Good Environmental Status (GES) does not explicitly prescribe that 
particle motion, as one of the parameters to describe underwater noise, needs to be monitored.  
 
In a 2010 Commission Decision, the European Commission produced a set of detailed criteria and 
indicators to help Member States determine what each descriptor means in practice and measure 
progress. Two indicators, one for impulsive sound sources and one for ambient noise were put forward 
by the Commission, based on the advice of a technical subgroup (TG11). Particle motion was suggested 
as a parameter of relevance during the early stage of discussions of TG11. However, that group did not 
consider particle motion of sufficient importance to include it as an indicator (see Tasker et al., 20101). 
The Commission Decision on indicators to describe GES will be revised regularly, and this will likely 
happen in 2015/2016. In addition, while the Directive itself is not intended to be revised in the near 
future, there is a 6-year cycle in which EU Member States should revise assessments and environmental 
targets. In the ongoing revision process, the present set of indicators will be evaluated, and experts from 
EU Member States are being consulted on the usability of the present set of indicators and the need for 
further indicators. The new EU technical subgroup TG Noise is assisting in this revision process, and 
has produced a rationale to determine whether new indicators are needed. The present status of noise 
monitoring in European marine waters is that there is still no structural monitoring in place, and the 
vision of the European Commission (and of most EU Member States) is that starting monitoring 
programmes, making use of the first two indicators, should have priority over introducing additional 
indicators. It is therefore unlikely that there will be large scale monitoring making use of a particle 
motion indicator within the scope of the MSFD within a few years. That does not exclude the 
possibility that particle motion can be monitored, e.g., for impact assessments of licensed activities such 
as piling and seismic surveys, however, this would then be guided based on other legislation. If 

                                                      
1 Tasker M.L., Amundin M., André M., Hawkins A., Lang W., Merck T., Scholik-Schlomer A., Teilmann, J., Thomsen F., Werner S., and M. 
Zakharia (2010) Marine Strategy Framework Directive – Task Group 11 Underwater noise and other forms of energy, EUR 24341 EN – Joint 
Research Centre, Luxembourg, p. 55. 
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information collected in such assessments shows that a particle motion indicator would have sufficient 
added value, particle motion can be taken up as an additional indicator in the next MSFD cycle.2 
 
Much of the discussion of the panel focussed on the spatial scales where particle motion is expected to 
have an impact on sensitive marine life (distance, area), and the circumstances where the free-field 
plane-wave relationship between sound pressure and particle motion breaks down. The latter formed 
the second part of the panel discussion (see below). 
 
It was noted that the work by Hawkins et al. (2014)3 had reported mackerel response to acoustic 
stimuli, a species believed to respond to particle motion rather than sound pressure, and that the sound 
levels at which the response was observed would be expected to occur at considerable distances (many 
kilometres) from the specific sound source (impact pile driving operation).  
 
Further discussion highlighted a number of key data gaps, where limited or no information exists: 

• Information on ambient noise particle motion values, and levels for particle motion associated 
with specific sound sources, both along the seabed, and in the water column;  

• Knowledge and understanding regarding expected reactions from marine life to particle 
motion, and the levels at which such response would occur (i.e. detection thresholds and 
sensitivity); and 

• Understanding of the expected spatial dimensions of impact from particle motion. 

 
With respect to environmental impact assessments (EIA)/consenting, and general regulatory advice, the 
requirement for informed decisions regarding the nature of impact was highlighted. This was 
substantiated by a further acknowledgement that no well-defined structure or system currently exists for 
assessing the impact of noise/human offshore activities on fish, as is the case for marine mammals and 
birds.  
 
In summary, it was agreed that there is a requirement for i) focussed studies that will provide an 
indication of the expected amplitudes associated with particle motion in aquatic environments, and ii) 
concerted efforts towards characterising any impacts, and associated implications from exposure to 
particle motion. 
 
The remainder of the panel discussion focused on propagation modelling, and the requirement to 
perform measurements. It was highlighted that quantifying sound particle motion in the water using 
numerical modelling solutions would be a reasonable approach in much the same way as this approach 
is suitable for applications where sound pressure needs to be quantified. In the foundation presentation 
on ‘Sound, particle motion and sound intensity’ Michael Ainslie showed that the existing propagation 
modelling approaches, generally used to describe the sound pressure component of the sound field, can 
be used as the basis to extract values for particle motion in the water column from calculation of 
pressure gradient, assuming that sufficient resolution is used in the calculation. The prospect of 
modelling particle motion raised a number of points of discussion, with the key points captured in the 
following conclusions: 
 

• Extraction of sound particle motion from acoustic propagation models is not widespread and 
not routinely provided as outputs by existing models; 

• Modelled results require validation with measurements of particle motion; and 
• Ocean propagation models are often ‘simple’ in their representation of the seabed (i.e. often do 

not support shear forces), and more detailed models might be required. This highlighted a 
further requirement for fully characterised seabed properties to support the modelling. 

                                                      
2 This paragraph contains supplementary information, in addition to that discussed at the workshop. 
3 Hawkins A. D., Roberts L., and S. Cheesman (2014) Responses of free-living coastal pelagic fish to impulsive sounds, Journal of the 
Acoustical Society of America, 135, 3101-3116. 
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In terms of measurements, there was general agreement that the characteristics of seabed vibration are 
not widely known or understood, and hence measurements would be desirable, and it was further 
acknowledged that specialised equipment would be required. In relation to impact assessments, it was 
noted that measurements ought to be considered only if the risk assessments indicate large scale impacts 
(i.e. several km). 
 
The discussion relating to the measurement of particle motion in the water column was mostly focused 
on the understanding of the relationship between sound pressure and sound particle motion within the 
water column, and whether particle motion always needed to be measured ‘directly’, i.e. under which 
circumstances would plane wave approximation be insufficient. It was further suggested that although 
the simple plane-wave relationship between sound pressure and particle motion breaks down in the 
interference regions (near field, and close to boundaries), the discrepancy might sometimes be less 
significant than it appears.  In regions of destructive interference (nulls in the interference pattern), the 
cancellation for vector quantities tends to be less complete than for a scalar quantity such as pressure, 
leading to a greater relative difference between the particle velocity value and that predicted from a 
plane-wave relationship.  
 
The following possible reasons were proposed as the main causes for the measurement of sound particle 
motion being a restricted activity, rather than a routine measurement; a) measurement historically not 
deemed important, b) general equipment unavailability, c) data analysis and interpretation not readily 
available or understood.  
 
It was further postulated that measurements cannot be realised everywhere, and may not always be 
required, and it was suggested that using validated prediction tools might be an appropriate alternative. 
This may particularly be the case when considering wider scale effects, for MSFD for example. It was 
also pointed out that the seismic industry routinely acquires particle motion data, however, the 
equipment is elaborate, and the measurement associated with a considerable cost.  
 
Overall, there was a clear desire to improve the confidence in modelling tools, and obtain validation 
data, and it was suggested that particle motion data held by the oil and gas industry might provide some 
opportunities for validation and quantification of particle motion under those conditions.  
 
In general, the mutual reliance of biology and acoustics was recognised, with the requirement for better 
overlap in expertise. At present, the understanding from biology is needed to inform the requirements 
for measurement and modelling, which in turn is required to support research programmes focused on 
improving the understanding of hearing abilities, sensitivities and potential impacts to particle motion 
sensitive receptors. 
 
Key conclusions from panel discussion: 

• There is limited data on ambient noise values for particle motion, and levels within the sound 
fields associated with specific sound sources, both, along the seabed and in the water column.  

• There is limited knowledge and understanding regarding expected reactions from marine life to 
particle motion, and the levels at which such response would occur (i.e. hearing thresholds and 
sensitivity). 

• There is little understanding of the expected spatial dimensions of any impact from particle 
motion. 

• There are no well-defined criteria for assessing noise impacts on fish, similar to those available 
for marine mammals and birds4. 

                                                      
4 Editors’ note: recent expert panel review (see Popper et al., 2014) considered existing information too limited to derive a set of sound 
exposure criteria for fishes akin to the Southall et al. (2007) framework for marine mammals, although where deemed appropriate Popper et al. 
provided guidance on likely threshold levels, or otherwise indicated the relative risk of an effect occurring. 
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• Numerical modelling of particle motion has been demonstrated, but is not commonly 
performed. 

• Further work is required to take into account the effects of seabed (also applies to the sound 
pressure field). 

• Predictive tools/models require validation (existing data might be acquired from the oil and gas 
industry to facilitate cost-effective validation). 

• A requirement exists for increased involvement of acousticians in projects involving effects of 
sound on fish, in order to advise on the conditions and applications when the plane wave 
approximation cannot reliably be used to quantify particle motion from sound pressure 
measurements. 
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5 FOCUSED GROUP FEEDBACK AND DISCUSSION 
 

Each break-out group was presented with a specific set of questions as follows; 
 

A. What are the main obstacles preventing us from quantifying particle motion? How can we 
make progress to remove these obstacles? 
The key points from group A in response to the above questions were that:  

• Modelling methods and measurement instruments are available, although the main 
obstacle to their use is the requirement of specialist knowledge, and in some cases, the 
cost associated with them; 

• Lack of funds and time has hindered the development of tools in this area which are 
required to bring down the cost; 

• There is limited access to survey data which could be used in propagation models and 
for their validation; 

• There has been a lack of collaboration between acoustic and biology expertise, which 
requires partnering in research projects and programmes; 

• There is a need for greater understanding of the requirements, which should be 
overcome with greater collaboration, training etc.; 

• There is limited measurement and modelling experience with regard to particle motion, 
requiring research and experience to enable standards to be developed; 

• Lack of instrument calibration specification means that traceable measurements cannot 
be made. 

 
B. What are the priorities for examining the sound detection abilities of fishes and invertebrates? 

How can we achieve a better understanding of the mechanics and physiology of particle 
motion detectors in fishes and invertebrates? How do we translate this to an understanding of 
impact? 
The key points from group B in response to the above questions were that:  

• There is an essential requirement for the reliable quantification of particle motion, 
particularly near the seabed and near the surface, where most of the biomass expected 
to be sensitive to particle motion resides; 

• There is a need to prioritise effort/research on the sensitivity and detection abilities of 
fish and marine invertebrates. The selection of representative species may provide a 
possible solution; with potential selection criteria for particle motion sensitive species 
being: i) environmental protection status of the species; ii) commercial importance; iii) 
ecological significance (e.g. stage in the food web and ‘ecosystem services’ of the 
species); iv) reliance on sound by the species (e.g. vocal species, species known to rely 
on sound); 

• There is a need to understand the nature of the effect of/response to particle motion and 
the associated level; 

• There is a need to understand the scale of effect (e.g. how might any observed effects 
have impacts upon animal populations and ecosystems; what are the spatial scales of 
certain impacts (e.g. distance from the sound source));  

• Effort should be directed towards examining larger scale impacts, and studies are 
required for a variety of sound sources to inform the potential for impact. 

 
C. Under what circumstances is measurement of particle motion required? What are the 

measurement challenges? What steps are required to take this forward? 
The key points from group C in response to the above questions were that: 

• In many cases sound particle motion in the water column can be derived from the 
measurement of sound pressure, and that even in shallow water for example, 
approximations might be reasonable; 
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• Relative impedance modelling (see presentation 2) may be used to show areas where 
there is a deviation from a plane wave approximation of particle motion; the deviations 
occurring as a result of pressure cancellation (i.e. a reduction in pressure levels, rather 
than an increase in particle motion) are due to pressure being a scalar quantity that 
experiences cancelling much more readily than particle motion, as a vector quantity; 

• The circumstances primarily requiring measurement of particle motion are in the near-
field and in shallow water (including tanks); 

• Understanding the coupling of sensors to either the water column or seabed is a 
particular challenge; 

• Understanding/measurement of seabed vibration, and its re-radiation into the water 
particularly in relation to pile-driving is essential; 

• An understanding is required of the frequency range, noise floor and sensitivity 
requirements of the instrumentation, which may be further informed by the biological 
drivers. The frequency range between a few hertz to a few hundred hertz is understood 
to be the most likely range where particle motion measurement is necessary; 

• There will be a requirement for measurement standards for particle motion, and for 
standards for the calibration of the measurement instruments; 

• There exists significant expertise within the oil & gas/seismic industry, which should 
be exploited. 

 
Potential options for funding were identified as i) the European Union, in particular the Horizon 2020 
framework, ii) national research funding bodies, and iii) the Offshore Renewable Energy (ORE) 
Catapult (UK). A potential collaborative route forward, through the ORE Catapult, was proposed by 
Steve Simpson, building on existing work led by Exeter University (Rick Bruintjes). 
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6 SUMMARY 
 
The existing information on particle motion in aquatic environments is mainly limited to particular 
specialist applications, such as geophysical surveying and naval surveillance. There is a requirement to 
increase the knowledge base and progress our understanding into the effects of noise on aquatic 
organisms. 
 
There is a specific concern relating to potential impacts of particle motion on fishes and marine 
invertebrates, many of which are of considerable ecological, and/or commercial importance.  
 
A number of research requirements and priority actions have been identified that will help establish a 
roadmap to quantify particle motion in the marine environment: 

• There is a requirement for coordinated effort to quantify (through measurement and modelling) 
particle motion in the aquatic environment, which should include sound particle motion in the 
water column, and particle motion at the seabed. 

• There is a requirement to increase confidence in modelling outputs through validation of 
models used for particle motion prediction (existing underwater acoustic propagation models 
from which particle velocity can be extracted). A possible solution might entail using existing 
measurement data of particle motion (e.g. from the oil and gas industry (although these 
typically have a limited frequency range between 3 Hz and 200 Hz)). The relationship between 
sound particle motion and sound pressure needs testing in shallow water environments. 

• There is a requirement for better accessibility to practical particle motion measurement 
instruments, readily available data acquisition systems, and analysis tools. Development of 
cost-effective, readily usable sensors is considered a fundamental issue inhibiting data 
collection. 

• There is a requirement for structured monitoring programmes in different environments, and 
for those sound sources where particle motion may be of particular significance. 

• Improved understanding is required of the detection and sensitivities of fish and aquatic 
invertebrates, the levels at which effects occur, and the scales at which impact occurs. This 
might be best achieved using representative particle motion sensitive species selected using a 
criteria design assessing their: i) environmental protection status; ii) commercial importance; 
iii) ecological significance; iv) reliance on sound. 

• There remains a requirement to grow the knowledge base to guide future research, and also to 
inform management, regulation and policy decisions. 

• Guidance is required on measurement methodology, deployment, data analysis and reporting, 
and standard procedures for particle motion measurement. 

• Calibration and associated standards for calibration of instrumentation are required to provide 
traceable measurements. 

• Training, knowledge transfer and collaboration are important between the technical specialists, 
particularly acousticians and biologists, and also practitioners in the seismic industry, and 
between research scientists and management, regulation and policy decisions makers. 
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7 REVISION OPPORTUNITIES 
 

The workshop was set up to identify knowledge gaps across the relevant disciplines and highlight 
particular challenges to inform actions, and point to possible research steps to address these knowledge 
gaps and challenges. In light of this, it is intended to hold a follow up meeting within 18 to 24 months, 
which would be organised jointly by NPL and TNO. 
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9 Annex A – Images of PowerPoint presentations  
 

Presentation 1: Tony Hawkins - Biological drivers for particle motion measurement 
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Presentation 2: Michael Ainslie - Sound, particle motion and sound intensity 
(Contains animations. Please contact the author if you require the original PowerPoint presentation). 
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Presentation 3: Dick Hazelwood - Circular water particle motion and ground roll – how should 
we assess this? (Contains animations. Please contact the author if you require the original PowerPoint 
presentation). 
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Presentation 4: Markus Linné - The FOI particle motion sensor - a technical viewpoint  
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Presentation 5: John Dalen - Sound exposure and its level 
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