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A B S T R A C T   

The seafloor is increasingly being used for siting renewable energy and telecommunication infrastructure as well 
as supporting key fisheries and biodiversity. Understanding seabed stability and sediment dynamics is, therefore, 
a fundamental need for offshore engineering and geoscience and biological studies. In this study we aim to 
quantify the levels of sediment mobility in the Irish Sea: an area of increasing socio-economic interest and 
subsequent seabed pressures. The temporal and spatial interaction between bathymetry, hydrodynamics and 
seabed sediments leads to a complex pattern of erosion, bedload transport and deposition which can affect 
seabed infrastructure and modify habitats. Information on current and wave conditions were obtained from 
numerical modelling to assess their role in generating seabed hydrodynamic conditions. These outputs were 
coupled with observed seabed grain-size data to predict the exceedance of sediment mobility thresholds by bed 
shear stress values for a period of one year according to empirical formulae. Exceedance frequency values were 
used to calculate a number of sediment disturbance and mobility indexes to allow for a robust assessment of 
sediment dynamics. Sediment in the Irish sea, on average, is being mobilised 35% of the time during the year, 
with 35% of the spatial area studied being mobilised over 50% of the time. Even in areas of low sediment 
mobilisation frequency (<5%), there are implications for bedform dynamics. The spatial patterns of the calcu
lated sediment mobility are discussed in the context of current seabed geomorphology and the implications for 
both engineering and environmental considerations.   

1. Introduction 

The seafloor supports a wide array of critical services that underpin 
our daily lives. Located between the Irish and British mainland, the Irish 
Sea is the focus of increasing socio-economic interest through the 
development of offshore renewable energy installations (the Irish Gov
ernment is targeting 3 GW of offshore wind in the Irish Sea by 2030 
(DCCAE, 2019) as well as communications and energy infrastructure, 
such as the CeltixConnect cable and Greenlink interconnector. The Irish 
Sea is also home to a number of important fishing areas and contains a 
variety of benthic habitats as a result of its varied seafloor geology 

(Kaiser et al., 1996; Robinson et al., 2011). The spatial and temporal 
interaction between hydrodynamical processes and seabed substrate has 
a profound influence on seafloor evolution with direct implications for a 
range of offshore activities such as marine engineering, renewable en
ergy, and habitat mapping. Bed stresses induced by tidal currents, waves 
or a combination of both, can induce sediment mobility and bedload 
transport which can lead to erosion of the seabed, causing scour, or 
deposition of sediment causing burial. This fast-growing dependence on 
the seafloor demands better and forward-looking marine spatial plan
ning and decision making at a range of scales (O’Higgins et al., 2019). 
This includes a firm understanding the hydrodynamic processes that will 
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affect seabed mobility in the future. Static substrate maps are typically 
available at regional resolution and do not take into account temporal 
variations in near-seafloor currents that can dramatically sculpt the 
seafloor by redistributing sediments, in turn exposing vulnerable infra
structure and modifying habitat type and extent. Substrate changes can 
exert many effects on habitats, across a range of spatial scales, including: 
(i) changing extent and distribution of the habitats and species; (ii) 
changing structure and function of the habitat; and (iii) changes in 
supporting processes on which the habitat relies (sediment suspension, 
different hydrodynamics due to different bed morphology etc.). More 
heterogeneous habitats support more species per unit area for instance 
(e.g. Tilman, 1982). Coarse gravel beds and rocks are linked to increased 
species richness, abundance and productivity (Bolam et al., 2010; 
Cooper et al., 2011) and can promote reefs and fish spawning. Natural 
disturbance of the seabed can often be exacerbated by anthropogenic 
impacts (e.g. trawling (Martín et al., 2015)) or can exacerbate anthro
pogenic input to the seafloor causing environmental issues (e.g. radio
nuclides and microplastics (Hunt and Kershaw, 1990; Martin et al., 
2017)). A full understanding of present-day dynamics becomes even 
more important when considering the likely impacts of climate change 
to regional hydrography and metocean conditions (Olbert et al., 2012; 
Olbert and Hartnett, 2010). 

A number of studies have established the hydrodynamics and sedi
ment transport of the Irish Sea, including regional sediment transport 
pathways and localised phenomena such as bedload parting zones and a 
seasonal gyre in the western Irish Sea (Bowden, 1980; Hill et al., 1997; 
Holmes and Tappin, 2005; Pingree and Griffiths, 1979; Robinson, 1979; 
Van Landeghem et al., 2009). What is less well-understood is the rela
tionship between near-bed hydrodynamics and sediment dynamics in 
terms of disturbance, mobilization and bedload transport. Ward et al. 
(2015) considered the relationship between simulated tidal-induced bed 
shear stress conditions and observed seabed sediment grain-size distri
bution. Whilst important in helping to understand seabed substrate 
distribution, it does not qualify other driving physical processes of 
sediment mobility in the Irish Sea (e.g. waves) or quantify sediment 
mobilisation levels on an annual basis. Wilson et al. (2018) modelled 
seabed disturbance for the northwest European shelf based on bed shear 
stress values exceeding a critical Shields threshold. Aggregated 1-day 
interval windows were used by Wilson et al. (2018) to classify distur
bance events over monthly time periods at a regional scale (0.125◦ ×

0.125◦ resolution). The seabed stability model of Peters et al. (2020) 
used inferred values for critical bed shear stress (τcr) from mean reported 
values for individual sediment types based on a modified Folk classifi
cation, in combination with bathymetry and an inferred angle of repose. 
Estimated τcr data from Peters et al. (2020) suggests a range of values for 
the Irish Economic Exclusion Zone (EEZ) including the Irish Sea but does 
not utilise any hydrodynamic information to infer sediment 
mobilisation. 

The development of hydrodynamic and wave numerical models has 
allowed for the holistic computation of sediment mobilisation and 
transport due to currents and waves (e.g. Bever and MacWilliams, 2013; 
Dalyander et al., 2013). Sediment mobilisation can be assessed by using 
critical bed shear stress thresholds according to sediment grain-size and 
calculating how often these thresholds are exceeded by modelled bed 
shear stress induced by waves and/or currents according to 
well-established empirical formulae (e.g. Whitehouse, 1998). Typically, 
this is done for sediments which are non-cohesive in nature (Idier et al., 
2010). A number of studies have used these shear stress threshold ex
ceedance calculations to define regions of sediment mobilisation on the 
continental shelf based on the dominant hydrodynamic forcing and level 
of mobilisation frequency (Hemer, 2006; Porter-Smith et al., 2004). By 
developing standardised approaches to characterising sediment mobi
lisation based on the initial work of Porter-Smith et al. (2004) and 
Hemer (2006), Li et al. (2015) proposed three sediment mobility indices, 
which could be used universally on continental shelf settings, namely: a 
Mobilization Frequency Index (MFI), Sediment Mobility Index (SMI) and 

Seabed Disturbance Index (SDI). These indices collectively consider not 
only the frequency of sediment threshold exceedance for mobilisation, 
but also the magnitude of disturbance events and have been successfully 
applied to localised, as well as shelf-scale, studies of the impact of hy
drodynamic processes on sediment mobility (e.g. Joshi et al., 2017). In 
this study we apply the approaches proposed by Li et al. (2015) to 
develop a MFI, SMI and SDI for the Irish Sea and its approaches in order 
to consider the following: (1) the spatial variation of bed shear stress 
induced by currents, waves and a combination of both; (2) the frequency 
with which sediment mobility thresholds are exceeded by these hydro
dynamic processes and the regional importance of each; (3) the 
magnitude of these events, and; (4) the implications of model results for 
seabed substrate distribution and morphodynamics. By doing so we aim 
to deliver evidence-based understanding (calibrated from local to 
regional scales in the Irish Sea) of sediment dynamics in the Irish Sea and 
a predictive guidance tool to enable decision making by a range of 
stakeholders. 

2. Study area 

Situated on the north-western European shelf, the Irish Sea is a semi- 
enclosed body of water between the Irish and British mainland (Fig. 1). 
Bed stresses in the Irish Sea are driven by a combination of water depth 
and the hydrodynamic regime, which is dominated by semi-diurnal tides 
(Pingree and Griffiths, 1979). The bathymetry of the Irish Sea consists of 
a central north-south trending trough, the Western Trough, which is 
nearly 100 km long and up to 150 m deep (Fig. 1). To the west and east 
of this trough are shallower, inner-shelf platforms which are generally 
<100 m water depth and consist of variable seabed morphologies, 
including sediment waves, sediment banks, enclosed deeps and sedi
ment patches (Coughlan et al., 2020; Jackson et al., 1995; Mellet et al., 
2015). The Western Trough links the St. Georges Channel to the south 
and the North Channel in the north. The ocean tide propagates from the 
North Atlantic onto the northwest European Shelf Sea and into the Irish 
Sea via St Georges Channel and, to a lesser extent, the North Channel, 
hence the tidal energy predominantly propagates south to north within 
the Irish Sea. 

The wave climate in the Irish Sea is generally locally generated and 
usually consisting of waves that are short period and steep. Surface 
waves and storm surges are believed to have only a minor influence on 
regional bed stress patterns (Bowden, 1980). In the area west of the Isle 
of Man, seasonal solar heating induces thermal stratification causing 
density variations, which drives a cyclonic gyre forming during spring 
and summer (Hill et al., 1994; Horsburgh et al., 2000). 

Having been previously glaciated, the seafloor sediment of the Irish 
Sea largely comprises reworked glacial or post-glacial material (Dobson 
et al., 1971; Holmes and Tappin, 2005; Jackson et al., 1995). These 
sediments form a range of grain-size classes, which are susceptible to 
becoming mobilised and redistributed (Ward et al., 2015). This mosaic 
of sediment types in the Irish Sea is primarily composed of sand- and 
gravel-grade material which dominates the central and southern part of 
the Irish Sea. Often these sediments exist as a thin veneer over more 
consolidated glacial units at, or near the surface (Jackson et al., 1995). 
In the north Irish Sea, west of the Isle of Man where seasonal stratifi
cation occurs, there is a large patch of muddy sediments referred to as 
the Western Irish Sea Mud Belt (WISMB). The sediments found here are 
mud-to sand-grade and can be up to 40 m in thickness (Belderson, 1964; 
Coughlan et al., 2019). Closer to shore and within the central Western 
Trough, there is a heightened expectancy of gravel-grade material or 
exposed bedrock to be present, most notably offshore Anglesey and the 
southern Irish coast. Mapping the seabed sediments of the Irish Sea has 
been carried out at various scales and made available by the British 
Geological Survey (BGS) as a 1:250,000 scale digital map product called 
DigSBS250. The database behind the map comprises grab sampling 
grabs of the top 0.1 m, combined with core and dredge samples, with the 
standard Folk triangle being used for sediment classification, which is 
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based on the percentage gravel and the sand:mud ratio (Folk, 1954). 
For the purpose of this study, model boundaries were set extending 

from Magilligan Point in Northern Ireland to Islay in Scotland in the 
north, and from Ballycotton in Ireland to Land’s End in England in the 
south (Fig. 1). 

3. Materials and methods 

Uncoupled Hydrodynamics (HD) and Spectral Waves (SW) models 
were developed in the DHI MIKE 21 suite of tools (DHI Group, 2017a; 
2017b; 2017c; 2017d). The bathymetric data input to the models is 
described in section 3.1, with details of the HD and SW modelling 
strategy detailed in 3.2 and 3.3 respectively. Simulated outputs from 
these models consist of tidal water levels (surface elevation in m), cur
rent speed, significant wave height and wave period, which were vali
dated using a combination of instrument measured datasets (see section 
3.4). These simulated outputs were used to calculate bed shear stress 

conditions due to current (τc), waves (τw) and combined current and 
wave (τcw) at 1-h time intervals over the course of a year (2019), pro
ducing a map of spatial variation across the study area (Fig. 1). This 
domain was divided into discrete points where calculations were per
formed of sediment mobility. A database of seabed sediment grain-size 
information, detailed in section 3.5, used in conjunction with bed 
shear stress conditions outputs allowed for the computing of a variety of 
sediment mobility indices, as outlined in section 3.6. These indices 
include calculating the mobilisation frequency as well as the levels of 
seabed disturbance and sediment mobilisation and have been adopted 
from Li et al. (2015). 

3.1. Bathymetry 

Bathymetry was accessed from a combination of sources, including 
the European Marine Observation and Data Network (EMODnet) and the 
Integrated Mapping for the Sustainable Development of Ireland’s Ma
rine Resource (INFOMAR) programme. Regional data for the Irish Sea 
was derived from EMODnet data, which has a resolution of 1/16 * 1/16 
arc minutes (circa. 115 m grid) (EMODnet Bathymetry Consortium, 
2018). In the Irish sector of the Irish Sea, these data were combined with 
higher resolution bathymetry data available through INFOMAR pro
gramme. Data were accessed through the INFOMAR Interactive Web 
Data Delivery System (IWDDS) and downloaded as individual raster 
datasets, mosaiced and used at a resolution of 0.0005 * 0.005◦ (circa. 34 
m × 55 m grid). INFOMAR data is levelled to their shallowest possible 
occurrence at lowest astronomical tide (LAT), according to a Vertical 
Offshore Reference Frame (VORF) datum. For model input the EMODnet 
data was kept referenced to Mean Sea Level (MSL) whereas INFOMAR 
data was converted from LAT to Malin ordnance datum (OD). The ba
thymetry was applied to the domain utilising a natural neighbour 
interpolation scheme. For the HD model the mesh element size varies 
from 2 km resolution at the open boundaries down to a minimum 10 m 
in areas where validation instruments are deployed (section 3.4). For the 
SW model the mesh element size varies from 2 km resolution at the open 
boundaries down to a minimum 200 m in areas where wave buoys are 
located (section 3.4). 

3.2. Hydrodynamic model 

The MIKE 21 Flow Model FM Hydrodynamic (HD) Module is a 2- 
dimensional depth-averaged hydrodynamic programme that resolves 
the shallow water equations, or Navier Stokes Momentum, and conti
nuity equations (Constantin and Foias, 1988; DHI Group, 2017c). These 
are resolved using a finite volume scheme. The Riemann solver (Roe, 
1981) is used to determine the fluxes within the domain mesh, with 
various approximation schemes applied to resolve second order vari
ance. The flow velocity is derived from the depth integrated resolution 
of the shallow water equations. Tide-induced bottom stresses are 
determined by a quadratic friction law which utilises drag coefficient 
and flow velocity. The simulated drag coefficient is calculated by 
resolving the Manning number (M) for bed friction (Manning et al., 
1890). This model utilised a constant M-value for bed friction of 32 m1/3 

s-1 which was applied as a constant across the model domain. To drive 
the hydrodynamics a water surface elevation time series with a 15 min 
time interval was applied along both the north and south open bound
aries of the domain, based on tidal constituents from the DHI Global Tide 
Model (DHI Group, 2019) with a spatial resolution of 0.25◦ × 0.25◦. 
Model boundaries were set as fixed, but water level boundary conditions 
varied spatially along the boundary to represent the difference between 
the eastern and western sides of the Irish Sea. The astronomical con
stituents used to generate the boundary conditions included the major 
semidiurnal tidal constituents (M2, S2, N2 and K2) and diurnal (K1, O1, 
P1 and Q1). For validation and calibration, the simulated 
depth-averaged currents (magnitude and direction) and tidal elevation 
amplitudes were output at 10-min and 5-min intervals respectively 

Fig. 1. Irish Sea bathymetry with water depth to lowest astronomical tide 
(LAT) within the study area and geographic locations mentioned in the text. 
Bathymetric metadata and Digital Terrain Model (DTM) data products have 
been derived from the EMODnet Bathymetry portal - http://www.emodnet 
-bathymetry.eu. 
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(section 3.4). For the calculation of bed shear stress and sediment 
mobility in section 3.6, outputs at 1-h intervals were utilised. 

3.3. Wave model 

Wave generation is simulated utilising the MIKE 21 Spectral Waves 
(SW) module (DHI Group, 2017d). The model can simulate both swell 
and locally generated waves. The wave action conservation equation 
(Komen et al., 1996) is resolved using an up-winding cell centered finite 
volume difference scheme. The model can include wind, swell, and 
non-linear wave to wave interaction as well as dissipation due to white 
capping, bottom friction, wave breaking, shoaling refractions and tidal 
elevations. White capping driven energy dissipation is based on the 
formulation of Bidlot et al. (2007). Dissipation due to bottom friction is 
computed using a constant friction factor (Komen et al., 1996), geo
metric roughness (Weber, 1991), and mobile bed-based approach 
(Johnson and Kofoed-Hansen, 2000). Depth induced wave breaking is 
calculated based on empirical formulations by Ruessink et al. (2003). 
Wave diffraction is modelled by the approximation of the mid-slope 
equation (Holthuijsen et al., 2003). The effect of wind forcing on the 
surface stress is incorporated into the model using empirical relation
ships that include density, drag coefficient and wind speed. The wind 
velocity 10 m above the surfaces is used as an input for this stress 
calculation. The wind and wave input data used in this model is from the 
European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 
dataset, which is a 2-dimensional spatially varying hourly dataset. The 
wave generation was simulated by applying a time series of wave con
ditions at each boundary. The boundary condition comprised spectral 
wave height (Hm0), peak wave period (Tp), directional spreading and 
wave directions for both swell and wind-wave partitions of the wave 

spectrum from the ERA5 dataset. As with the astronomical tidal 
boundary in the hydrodynamic model, the wave field varied along the 
boundary lines both at the north and south open boundary. A time and 
spatially varying 2D wind field was derived from the ERA5 dataset and 
over-imposed to the computational domain. To account for bed friction 
a Nikuradse roughness value (Nikuradse, 1933) of 0.04 m was applied as 
recommended by Weber (1991). The wave model outputs include sig
nificant wave height (Hs), Tp, mean spectral wave zero-upcrossing 
period (T02), mean wave direction (MWD) and the near-bed horizon
tal orbital velocities (Uw), which were output at 1-h intervals for both 
model validation (section 3.4) and the computation of the wave driven 
component of bed shear stresses for sediment mobility calculations 
(section 3.6). 

3.4. Model validation 

The hydrodynamic (HD) model was validated using coastal tide 
gauge data for water elevation and acoustic Doppler current profiler 
(ADCP) data for tidal current magnitude and direction (locations in 
Fig. 2). Data from tidal gauges on the Irish coast were accessed from the 
Marine Institute and on the British coast from the British Oceanographic 
Data Centre (BODC) and subsequently underwent a harmonic analysis to 
filter out the storm surge residual and enable a direct comparison with 
modelled tides. Pre-existing ADCP data were used here, acquired 
commercially from Irish consultancy Aquafact. Data from the M2 and 
M5 wave buoys were downloaded from the Met Éireann online delivery 
system. The comparisons between in-situ measurements and simulated 
predictions showed a good fit generally, with bias expressed as the mean 
difference between the observed data and simulated outputs. The cor
relation coefficient (R) is a measure of the linear correlation between the 

Fig. 2. Left panel: the locations of the tide gauge stations (red dots), offshore ADCPs (black crosses), grid points from the ERA5-ECMWF dataset (pink diamonds) and 
wave buoys (blue triangles) used in the model validation. Right panel: comparison between simulated and measured astronomical water level at various tide 
gauge stations. 
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observed data and simulated values. The scatter index (SI) takes the root 
mean square error (RMSE) of the difference between the observed data 
and simulated values and normalises the RMSE using the mean of the 
observed data. 

Simulated water-levels were compared with timeseries from thirteen 
tidal gauges from around the Irish Sea from the period of May 01, 2019 
to May 31, 2019 (Fig. 2). Overall, the comparisons showed a strong 
positive relationship with an average R value of 0.98 (Table 1). 

Current measurements were taken at four locations in the Irish Sea 
using ADCP (Fig. 2). The ADCPs at these locations gathered data over 
non-synchronous time periods (Table 2). In general, the simulated 
values show good agreement with measured current speeds but tend to 
underestimate peak flood values (Fig. 3). A more significant discrepancy 
was noted in current direction, most notably in the Lucifer Bank dataset 
where there is a 30◦ shift in the major axis of the tidal ellipse between 
the measured and simulated value. Whilst no definite answer for this can 
be provided, it is attributed to issues with bathymetry resolution at the 
location creating a discrepancy in the simulated output. 

Data used in the validation of wave parameters came from two 
sources. Initially, wave measurements taken at the M2 and M5 wave 
buoy locations were used for the 2019 period (Fig. 2). The model 
showed satisfactory comparisons with significant wave height from both 
buoys, with some discrepancy between simulated and measured values 
for wave period (T) and MWD (Fig. 4). However, it is important to note 
that this is not a like-for-like comparison, with the M2 and M5 buoys 
recording the wave period as Ts, or the significant wave period, whereas 
MIKE 21 calculates the wave period as the spectral zero crossing period 
(T02). Due to the short period of available concurrent measured data for 
the M2 and M5 buoys for the time frame considered, a model-to-model 
comparison was also carried out against the ERA5 dataset from the 
ECMWF to ensure a more robust validation. Grid point values from the 
ERA5-ECMWF dataset were compared to values at the same location 
from simulated outputs from this study (Fig. 4) and statistical compar
isons were calculated (Table 3). Overall, this exercise provided a good 
comparison with an average R value of 0.97 across the six grid points 
chosen at random. 

3.5. Seabed sediment data 

Data characterizing seabed sediments were obtained from a number 
of public and academic sources, namely HabMap, the South West Irish 
Sea Survey (SWISS), the Irish Sea Aggregates Initiative (IMAGIN), 
Application of Seabed Acoustic Data in Fish Stocks Assessment and 
Fishery Performance (ADFISH), and data from the Joint Nature and 
Conservation Committee (JNCC) (for details on these see Ward et al. 
(2015) and references therein). Processed grab sample data from 
research surveys CV12007 (Van Landeghem et al., 2013) and CV09026 
(Wheeler and shipboard party, 2009) were included along with 

processed grab sample data from the INFOMAR dataset. The entire 
dataset consists of 2318 analysed sediment grab samples (Fig. 5A). The 
samples were analysed using either wet sieving or laser diffraction. The 
raw data output of both methods were analysed in more detail using the 
GRADISTAT software to calculate grain-size statistics (Blott and Pye, 
2001). These sample statistics are presented here using the graphical 
method according to Folk and Ward (1957). In particular, the median 
grain-size value (i.e. D50) was calculated for each sample location for 
use in sediment mobilization studies. Values ranged from 0.01 mm to 
355 mm indicating medium-silt to boulder grade material, respectively 
(Fig. 5B). 

Dense clustering of sediment samples in certain geographic locations 
is understandable given the focused and un-coordinated nature of the 
various surveys. Subsequently, the majority of samples are located 
within 25 km of the coastline. Similarly, large areas of the Irish Sea in 
this dataset have low to no sampling density. In order to help compar
ison with model output in areas where insufficient point sample data 
were available, a set of synthetic data points, complete with D50 values, 
were included from Wilson et al. (2018) (Fig. 5A). Whilst the Wilson 
et al. (2018) dataset represents synthetic values of grain-size, it is based 
on ground-truthing sediment sample data from a number of sources (e.g. 
INFOMAR and BGS) and uses rigorous geostatistical model approaches 
to interpolate the data into areas with fewer in-situ observational data. 
These models performed well in training tests (see Wilson et al., 2018). 

3.6. Calculating sediment mobilisation 

Sediments in shelf sea settings can be mobilised through the effects of 
currents, waves or by combined current and wave action. The primary 
acting mechanism is the frictional force exerted on the seabed by these 
phenomena, referred to as the bed shear stress (τ0), which can be 
calculated by the following: 

τ0 = ρu2
*

(1)  

where ρ is the density of water and u*
2 the frictional velocity. Outputs 

from both the 2D HD and SW models were used in this instance. Whilst it 
is accepted that 3D models provide more accurate results for calculating 
bed shear stress, 2D models have been shown to be comparable and 
requiring less computational time and resourcing (Glock et al., 2019). 
For non-cohesive sediments mobilisation occurs when the bed shear 
stress (τ0) exceeds the critical bed stress (τcr). In the marine environment 
it is often convenient to relate the τcr directly to the D50 where sediment 
characteristics data are available. 

Van Rijn (1984) proposes a set of relationships, as part of the 
well-established Shields curve, between the dimensionless grain-size 
(D*) and the critical Shields parameter (θcr), which are expressed by 
the following formulae: 

Table 1 
Comparison between the simulated and observed tidal elevation amplitudes 
from tidal gauge location. The indices shown are bias, the root-mean-square 
error (RMSE), the correlation coefficient (R) and the scatter index (SI).  

Location Bias (m) RMSE (m) R SI (%) 

Ballycotton -0.06 0.17 0.99 17.76 
Bangor -0.28 0.16 0.99 21.13 
Dunmore -0.23 0.14 0.99 15.22 
Fishguard -0.02 0.15 0.99 17.33 
Ilfracombe 0.01 0.25 0.99 12.06 
Milford -0.02 0.17 1.00 11.40 
Milport -0.06 0.21 0.97 28.25 
Portpatrick -0.04 0.15 0.99 16.72 
Portrush -0.03 0.13 0.97 35.60 
Rosslare -0.01 0.13 0.97 31.71 
Wexford -0.09 0.18 0.94 49.30 
Heysham -0.07 0.59 0.97 27.68 
Holyhead 0.02 0.12 1.00 9.73  

Table 2 
Comparison between the model and measured current data from ADCP loca
tions. The indices shown are bias, the root-mean-square error (RMSE), the cor
relation coefficient (R) and the scatter index (SI).  

Location Data collection period Bias 
(m/s) 

RMSE 
(m/s) 

R SI 
(%) 

Kish 
Bank 1 

August 23, 2012 (12:50) - 
September 19, 2012 
(11:20) 

-0.03 0.08 0.89 26.28 

Kish 
Bank 2 

August 23, 2012 (15:00) - 
September 18, 2012 
(05:10) 

-0.07 0.13 0.88 32.96 

Wicklow 
Trough 

September 30, 2009 
(01.40) - October 26, 2009 
(09:50) 

-0.08 0.21 0.83 32.14 

Lucifer 
Bank 

June 28, 2005 (01:30) - 
July 08, 2005 (11:10) 

-0.04 0.11 0.85 29.61  
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D* =D50
[
(s − 1)g

v2

]1/3

(2)  

θcr =
u*,cr

2

(s − 1)gD50
(3)  

where g is the gravitational acceleration, ρs is the grain density, v is the 
kinematic viscosity of water and s is the ratio of grain to water specific 
density (ps/p). By combining Equation (1) and Equation (3) it is possible 
to obtain the critical bed stress (τcr), which determines the threshold for 
sediment mobilisation: 

τcr = θcr(ρs − ρ)gD50 (4) 

The conditions for sediment mobilization require an understanding 
of the total shear stress acting upon the grain. In the marine environment 
the bed shear stress is often represented by the combined wave-current 
stress (τcw) generated by the non-linear interaction of current (τc) and 
wave (τw). 

In this paper τc and τw are separately calculated and then combined. 
This enables the calculation of sediment mobilization due to currents 
and waves as separate and combined effects. The current shear stress τc 
acting upon a grain can be calculated by: 

τc = ρCDU2 (5)  

where p is the water density, U the depth averaged current velocity and 
CD is the dimensionless drag coefficient expressed by: 

CD =

⎡

⎢
⎢
⎣

k

ln
(

h
z0

)

− 1

⎤

⎥
⎥
⎦

2

(6) 

With k = 0.4 being the Von Karman constant, h the local water depth 
described by the bathymetry and z0 the hydraulic roughness length 
which depends on the D50 through: 

z0 =
2.5⋅D50

30
(7) 

The wave induced shear stress (τw) is calculated as: 

τw = 0.5ρfwUw
2 (8)  

where p is the water density, Uw is the amplitude of the horizontal 
bottom orbital velocity induced by the wave passage and ƒw is the 
dimensionless wave friction: 

fw = 1.39
(

1
z0

UwTp

2π

)− 0.52

(9) 

Fig. 3. Calibration profiles at each of the 4 ADCP locations in Fig. 2 for current speed and direction. Model simulated value is in red. Measured ADCP output is 
in blue. 
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With Tp being the wave spectral peak period and z0 as expressed by 
Equation (7). 

With τc and τw calculated, the bed shear stress due to the non-linear 
combined effect of current and wave shear stresses is calculated using 
the following equation, as described in Whitehouse (1998): 

τcw =
[
(τm + τw cos φ )

2
+ (τw sin φ )

2]0.5 (10)  

where φ is the angle between the current speed and wave direction and 
τm is derived from the formula: 

τm

τc
= 1 + 1.2

(
τw

τc + τw

)3.2

(11) 

For calculating sediment mobility, sediment thresholds for mobi
lisation by bed shear stress, or the critical bed stress (τcr), were calcu
lated using measured sediment values (D50) according to Equation (4). 
Computed stresses for τcw, τc and τw at each point in the domain of in
terest were compared to the corresponding τcr value for that point to 
assess whether τcr was exceeded. This frequency of threshold exceed
ance can be expressed as a percentage of the timeframe modelled (i.e. 1 
year). Calculating the Mobilization Frequency Index (MFI) in this 

manner is similar to the approach of Li et al. (2015) and reveals the 
frequency of mobilisation but not the strength. Alternatively, the com
bined bed shear stress for current and waves (i.e. τcw) highlights the 
magnitude of force acting on the seabed but contains no information on 
the effect of the magnitude in terms of sediment mobilisation. To better 
quantify seabed disturbance and mobilisation in the Irish Sea, a further 
set of indices were adopted from Li et al. (2015), who in turn developed 
them from the initial work of Hemer (2006). These include a Sediment 
Disturbance Index (SDI) and a Sediment Mobilisation Index (SMI). The 
SDI considers both the magnitude and frequency of force exerted on the 
seabed by disturbance events (in this case by combined waves and 
currents, τcw) and quantifies that force regardless of mobilisation. The 
approach to defining SDI adopted from Li et al. (2015) calculates index 
values at each grid point as the maximum value of the function (τcw) 
1.5P, with P the point-dependant probability distribution of τcw. The 
Sediment Mobilisation Index (SMI) calculates a non-dimensional value 
for the level of sediment mobility which incorporates both the magni
tude and frequency of the event. Li et al. (2015) calculates the SMI as 
(τcw/τcr)(% of τcw > τcr), where τcw/τcr is calculated as the mean ratio of 
the values for when τcw exceeds τcr, therefore, the larger the value of τcw 
when it exceeds τcr the higher the ratio. 

4. Results 

The model outputs are for one year, 2019, with mean values calcu
lated over that time. It is important to highlight that ‘maximum’ values 
presented here are maximum values for each data point location in the 
series and are not temporally synchronous. 

4.1. Tidal current velocities 

The strongest mean values (1–1.5 m/s) are found in the North 
Channel (Fig. 6), whereas the rest of the Irish Sea generally shows values 
below 0.5 m/s with a mean value of 0.4 m/s. The strongest maximum 
values also occur in the North Channel (up to 3 m/s), although annual 
mean maximum values are around 1 m/s. Typically, low maximum 
values (<0.5 m/s) are noted in the areas of the Western Irish Sea Mud 
Belt (WISMB) and Eastern Irish Sea Mud Belt (EISMB) and in the Celtic 
Sea approach. These simulated current speeds were used to calculate 
bed shear stress values due to current (τc) according to Equation (5). 

Fig. 4. Top left and right: Calibration profiles for wave data at M2 and M5 for spectral wave height (Hm0), wave period (refered to here as ’T’ but expressed as Ts for 
measured wave buoy data and T02 for modelled output) and mean wave direction (MWD) . Model simulated value is in red and measured wave buoy output is in 
blue. Bottom panels show points derived from the ERA5-ECMWF dataset compared to simulated outputs (see Fig. 2 for locations). 

Table 3 
Comparison between the model and output from the ERA5-ECMWF dataset at 
locations shown in Fig. 2. The indices shown are bias, the root-mean-square 
error (RMSE), the correlation coefficient (R) and the scatter index (SI).    

Significant Wave Height 

Location Location Bias (m) RMSE (m) R SI (%) 

A Lat: 52.0◦

Long: -7.5◦

0.12 0.15 0.99 19.17 

B Lat: 53.5◦

Long: -6.0◦

0.09 0.13 0.93 33.9 

C Lat: 52.0◦

Long: -6.0◦

-0.06 0.17 0.98 18.24 

D Lat: 55.0◦

Long: -5.5◦

-0.03 0.11 0.96 20.37 

E Lat: 53.5◦

Long: -5.5◦

0.11 0.16 0.97 24.51 

F Lat: 51.5◦

Long: -5.5◦

-0.03 0.14 0.98 13.11  
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4.2. Waves 

Wave height and period are highest in the North Channel and St. 

George’s Channel, decreasing towards the central Irish Sea (Fig. 7). In 
general, values agree with simulated output from other sources. For 
example, annual mean Hs values of 1 m approximately reported by 

Fig. 5. A: Location of physical sediment samples (red points) and synthetic data points from Wilson et al. (2018) (blue points) used in this study for sediment 
characteristics. B: D50 (in mm) distribution based on sample distribution in left panel. C: Distribution of critical bed shear stress (τcr) based on D50 values. 

Fig. 6. Maps of depth-averaged current velocities in metres per second (m/s). Left panel displays mean values and the right panel displays maximum values. 
Additional locations mentioned in the text are highlighted. 
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Gallagher et al. (2014) broadly concur with those presented in Fig. 7B. 
Similarly, mean historical values for maximum Hs of up to 5 m in the 
central Irish Sea and 10 m in the Celtic Sea approaches reported by Tiron 
et al. (2015) also corroborate values presented in Fig. 7B. Whilst the 
difference between mean and maximum Hs is significant, the Hs 95th 

percentile value highlights the influence of extreme weather events on 
the maximum Hs value. Overall, values generated for the 95th percentile 
showed good agreement with those produced by Gleeson et al. (2017). 
In general, average wave conditions generate near-bed horizontal 

orbital velocities (Uw) in the Irish Sea that are low (less than 0.1 m/s; 
Fig. 7E), with stronger values confined to nearshore areas and along the 
Bristol Channel (Fig. 7E). These simulated wave values were used to 
calculate bed shear stress values due to wave (τw) according to Equation 
(8). 

4.3. Bed shear stress and sediment mobilisation 

The annual mean value for bed stress induced by both wave and 

Fig. 7. Maps of simulated wave characteristic outputs. A: mean significant wave height (Hs) in metres. B: maximum significant wave height (Hs) in metres. C: 95th 
percentile of the significant wave height (Hs) in metres. D: mean wave period (Tp) in seconds. E: mean near-bed orbital velocity due to wave (Uw) in metres per 
second (m/s). 
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current (τcw) in the Irish Sea is approximately 0.5 N/m2 (Fig. 8). Mean 
values are highest in the North Channel, Cardigan Bay, Caernarfon Bay 
and off the southeast coast of Ireland (Wexford/Waterford) (Fig. 8). 

Mobilisation Frequency Index (MFI) values for τc exceedance range 
from 0 to 98% (Fig. 9), with a spatial mean value of ~27%. High levels 
of exceedance (>50%) are noted in the North Channel and in the Bristol 
Channel. Values for τw exceedance range between 0 and 90% (Fig. 9), 
with a mean vale of ~6%. Areas which show greatest exceedance 
(>20%) are generally in shallower water depths of <20 m. Combined 
current and wave induced bed shear stress (τcw) increases the mean 
exceedance to ~31%. 

By evaluating the percentage time of exceedance, or mobilisation 
frequency, a spatial assessment of the relative importance of each of 
these physical processes in mobilising sediment was carried out. In this 
scheme, for “tide” to be classified the dominant disturbance process of 
an area, the time percentage of mobilization by tidal currents (in that 
area) must be greater than twice that of by waves. Areas dominated by 
“wave” processes are similarly defined, and areas where no process 
meets these criteria are set as “mixed”. Most of the sediment mobi
lisation in the Irish Sea is calculated as tide dominated (Fig. 10A). Areas 
of wave-dominated sediment mobilisation are mainly close to shore 
(<20 km). Results from the SDI and SMI calculations are presented in 
Figs. 10B and C respectively. The SDI is scaled from 0 to 1.6 with the 
highest levels of disturbance (>0.5) located in the North Channel, off the 
southeast coast of Ireland and around Caernarfon and Cardigan Bay. The 
mean disturbance is 0.01 and values are generally less than 0.1 
throughout the Irish Sea. The SDI scheme can potentially be used as a 
means of comparing absolute sediment disturbance in various conti
nental shelf regions (Li et al., 2015). Maximum SDI values of up 1.6 
found in this study are slightly lower than those for the Bay of Fundy of 
1.7–2 calculated by Li et al. (2015). The mean value for the areas of 
highest sediment disturbance in the Australian shelf is approximately 
1.3 (Hemer, 2006). Typically, the range of values for SMI in the Irish Sea 
is 0-3, although values >5 have been calculated in this study. The lowest 
indexed areas (0 - 0.5) correspond with the mud patches West and east of 
the Isle of Man (the WISMB and EISMB respectively), as well as in the 

Celtic Sea. With this range of values, the Irish Sea exhibits higher levels 
of sediment mobility in comparison to other studies for shallow conti
nental shelf settings using the SMI. For the Bay of Fundy, Li et al. (2015) 
estimated an SMI from 0 – 2. Whilst for Sable Island Bank an SMI of up to 
1.2 was found (Li et al., 2009). In a modelling study for the Canadian 
continental shelves the estimated range of SMI is from 0 - 2 and that the 
SMI values on the Australian Shelf should also be in the range of 0 - 2 
based on the magnitude of SDI values reported in Hemer (2006), (Li 
et al., 2021). SMI values presented in this study are more comparable to 
reported SMI values ranging between 0 and 4.5 under normal tidal 
conditions for Galway Bay off the Irish West Coast in Joshi et al. (2017). 
Despite the high levels of mobilisation frequency in the Irish Sea (Fig. 9), 
the mean SMI value is 0.8 with the highest indexed areas (>3) found in 
the North Channel, north of the Isle of Man and the Bristol Channel, 
where tidal currents are constricted and bed stresses increased, as well 
as embayments and along coastlines where wave action can play a more 
prominent role. 

5. Discussion 

A key outcome from this study is the spatial quantification of tidal 
current, wave and combined tide and wave induced stress on the Irish 
Sea seabed and the patterns of sediment mobilisation this induces. The 
combination of calibrated hydrodynamic and wave models with an 
extensive sediment properties database allows for a practical and flex
ible interrogation of seafloor sediment dynamics in terms of mobi
lisation frequency. Up to 35% of the sediment coverage spatially within 
study area (i.e. the Irish Sea and its approaches) is mobilised more than 
50% of the time in the timeframe studied (i.e. 1 year). Only 2% of the 
study area was calculated as experiencing 0% sediment mobility. Results 
highlight that tidal current induced bed stress is the driving force of 
sediment mobility, with wave induced bed stress mainly acting on 
nearshore areas <10 km from shore on the west coastline of the Irish Sea 
and <20 km on the eastern coastline. The data generated allows for a 
more holistic understanding of the controlling physical processes behind 
sediment dynamics in the Irish Sea, which has implications for the 

Fig. 8. Maps of bed shear stress for combined current and wave (τcw). Left panel displays mean τcw values and the right panel displays maximum τcw values.  
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understanding of seabed geomorphology, the installation of offshore 
engineering structures and benthic habitats. 

5.1. Model applications 

Simulated current velocities were highest (up to 3 m/s) in the North 

Channel, where speeds of 1.8 m/s have been recorded previously 
(Knight and Howarth, 1999). Areas of strong currents are notable near 
headlands such as Carnsore Point in southern Ireland, Wicklow Head, 
northwest of Anglesey, the Llŷn Peninsula, offshore Pembrokeshire, 

Fig. 9. Mobilisation Frequency Index (MFI) data showing yearly exceedance of 
A: τc > τcr, B: τw > τcr and C: τcw > τcr. Fig. 10. Fig. 10 A: regional importance of seabed disturbance by different 

dominant processes, B: Sediment Disturbance Index (SDI) and C: Sediment 
Mobility Index (SMI). 
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south of Mull of Galloway and north of Isle of Man (Fig. 6). Headlands 
commonly act as focal points for tidal energy with enhanced bed shear 
stress as a result (King et al., 2019). These areas have been identified as 
potential sites for tidal-stream renewable energy installations (Lewis 
et al., 2015; Robins et al., 2015). Considering sites for tidal energy 
converters typically require tidal current velocities in excess of 2.5 m/s, 
they are particularly susceptible to the mobilisation of sediment and 
especially the erosion of sediment causing seabed instability or ‘scour’ 
(Chen and Lam, 2014). Despite experiencing strong tidal current speeds, 
sediments in the areas of Wicklow Head, Anglesey, the Llŷn Peninsula, 
Pembrokeshire experience low mobilisation frequency of <5% (Fig. 9A). 
In these areas the sediments are coarse-grade sands and gravel patches 
with cobbles noted in places (Ward et al., 2015, Figs. 5B and 11). 
Regional seabed mapping by the BGS highlights rock and with thin 
sediment cover in the areas of Anglesey and the Llŷn Peninsula (Fig. 11). 
It is likely that the strong currents in these areas has mobilised finer 
sediment and transported it elsewhere. This winnowing, along with 
continued erosion, has exposed even coarser sediments resulting in a 

more stable seabed in terms of sediment mobilisation. Additionally, the 
hidden exposure effect of grains in sediment mixtures can require sig
nificant increases in the bed shear stress required to mobilise certain 
sediment fractions (McCarron et al., 2019). In this regard, it is possible 
that these areas of high current speed, but low sediment mobilisation 
frequency, may be preferable for siting tidal energy converters as scour 
may not have such a significant impact. 

Relatively high tidal current speeds (up to 2.2 m/s) occur in the 
central Irish Sea between Wicklow Head and the Llŷn Peninsula (Fig. 6). 
This area coincides with a degenerate amphidrome (an area where there 
the tidal range is nearly zero, but with strong tidal currents) which 
marks a bedload parting zone where there are divergent patterns in 
sediment transport direction (Holmes and Tappin, 2005; Van Land
eghem et al., 2009) (Fig. 11). Mean tidal current values progressively 
weaken northward from this parting zone. Sediments in the vicinity of 
bedload parting zones consist of coarse-grained material of sand and 
gravel, as well as areas of diamicton to the south (Figs. 5B and 11). The 
sediments form a range of bedforms which are known to be dynamic 

Fig. 11. Seabed substrate types in the Irish 
Sea according to BGS data. Highlighted in 
the main map are areas of low sediment 
mobilisation frequency (<1%). In the inset 
map sediment banks in the Irish Sea are 
noted in addition to sediment wave direction 
(Van Landeghem et al., 2009), bedload 
parting zones (Van Landeghem et al., 2009) 
and indicative, average bedform migration 
rates (Van Landeghem et al., 2012). Also 
highlighted are geographic locations and 
features mentioned in the text.   
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with average bedform migrations rates up to 32 m/yr (Van Landeghem 
et al., 2012, Fig. 11). Migrating bedforms typically correspond with 
areas where the mobilisation frequency of sediments is 10% or more. 
However, bedforms with higher migration rates (32 m/yr) can occur in 
areas where the mobilisation frequency values are typically less than 
10%, with some features with migration rates of up to 6 m/yr occurring 
in areas where sediment mobilisation frequency is less than 5% of the 
time. This highlights how considerable amounts of sediment movement 
can occur over long (interannual) time periods, even though mobi
lisation events occur infrequently. Another explanation could relate to 
the grain-size values used in the mobilisation frequency calculations. 
This study considers the mobilisation of sediment in terms of bed shear 
stress values exceeding sediment thresholds based on a median 
grain-size (i.e. D50) value. The sediments in the Irish Sea are typically 
reworked glacial deposits and so are generally poorly-sorted consisting 
of sand and sandy gravels (Fig. 11). Multi-modal sediments can have a 
fines component that may be mobilised by a bed shear stress value lower 
than the overall D50 value predicts (Griffin et al., 2008). Sediment 
waves in the Irish Sea are known to comprise of various sediment grades 
(Van Landeghem et al., 2009), often with fine-grained sediment veneers 
at the crest and coarse-grained flanks and troughs (Van Landeghem 
et al., 2009). It is therefore possible that the finer sediment component is 
mobilised more frequently resulting in changes in crest position and 
morphology with coarser sediments remaining more stable. In such 
areas of mixed sediment, estimating a median grain-size value that is 
representative is elusive (Ward et al., 2015). Whilst bathymetric varia
tion as a result of seafloor bedforms can be captured by the model, it 
cannot account fully for the smaller scale spatial variability of bed 
roughness produced by such bedforms. Such variation can have a 
localised influence on critical bed shear stress and current energy 
dissipation (Kagan et al., 2012; Van Landeghem et al., 2012). The link 
between sediment mobility and bedform migration has important im
plications for the siting of offshore infrastructure as it can lead to sig
nificant changes in seabed levels causing the burial or exposure of 
structures such as cables or pipelines. (e.g. Drago et al., 2015). Further 
work in this area could develop more localised models for areas of 
sediment waves using higher resolution bathymetry and a greater den
sity of granulometric analysis from sediment samples across bedform 
profiles to study hydrodynamic controls on sediment wave morphology 
and behaviour. 

In addition to sediment waves, a series of well-documented, linear, 
north-south trending sandbanks are found close inshore and parallel to 
the Wexford, Wicklow and South Dublin coast (Fig. 11). These banks 
form a punctuated line of bathymetric highs parallel to the coast, which 
are often <5m below sea-level, with breaks between them maintained 
by strong currents and sediment movement. Many of these bedforms are 
considered as relics, formed under more energetic tidal regimes in the 
geological past (Uehara et al., 2006; Wheeler et al., 2001) or with a 
partly glacial origin (Whittington, 1977). The banks themselves are 
believed to be quasi-stable over historical time, in dynamic equilibrium 
with hydrographic conditions (Warren and Keary, 1988; Wheeler et al., 
2001). Sediment banks are of considerable importance as they can offer 
coastal protection, areas for aggregate extraction and nurseries for 
fisheries (Dyer and Huntley, 1999). A number of these banks (including 
Arklow, Codling, Bray and Kish) are the focus of offshore windfarm 
development (Guinan et al., 2020). At present there are seven turbines 
erected at Arklow Bank since 2004, which experienced significant scour 
shortly after construction (Whitehouse et al., 2011). Understanding 
bank development and maintenance is difficult as morphology can 
evolve over long-term time intervals and observation may be episodic (e. 
g. interannual bathymetric surveys). Bank behaviour can be cyclical or 
part of a trend whereby changes might be episodic, as a result of 
high-magnitude low-frequency events like storms, or gradual as a result 
of tidal processes (Dolphin et al., 2007). As a combination of wave and 
tidal processes can influence bank morphological change, understanding 
both episodic and gradual changes on shorter term time scales than 

interannual surveys can help determine what the dominant processes 
are driving bank dynamics (Whitehouse et al., 2011). Despite the 
shallow water depths, tide is still the dominant process controlling 
sediment disturbance at these sediment banks with the exception of 
wave for Codling Bank (Fig. 10A). However, sediment mobilisation 
frequency values for Codling bank for current and wave are both very 
low at <1% and <5% respectively. Sediment mobilisation frequency 
calculations exhibit high values based on τcw for Arklow Bank (up to 
67%), more moderate levels for Bray and Kish Banks (approximately 
47%) and low levels for Codling Bank (typically <5%). Still, wave action 
can have an important role in mobilising sediment (e.g. up to 20% 
sediment mobilisation frequency for Arklow Bank) and would need to be 
considered as part of any scour analysis. Based on sediment mobilisation 
data, it would be expected that Arklow Bank is the most susceptible to 
morphological change and Codling Bank the least. The lower mobi
lisation frequency for Codling Bank can be explained by the fact that the 
seabed substrate in the area is coarser (sandy gravel to gravel) than at 
Arklow, Bray or Kish Bank (sand) resulting in a higher threshold for 
sediment mobilisation due to higher D50 values (Figs. 5B and 11). The 
notions that these sandbanks are relics and quasi-stable should be 
re-considered in light of the seabed shear stress and sediment mobility 
findings of the present study. 

Mud patches are also present (Fig. 11), and often correspond to areas 
with low to negligible sediment mobilisation (Fig. 9C). Sediment MFI 
values of near 0% and SMI values of 0–0.5 are calculated for the areas of 
fine-grained sediment located to the west of the Isle of Man, referred to 
as the Western Irish Sea Mud Belt (WISMB), and to a lesser extent the 
Eastern Irish Sea Mud Belt (EISMB) on the opposing side of the Irish Sea. 
The low MFI and SMI values calculated are likely due to the low tidal 
current speeds and corresponding bed stress conditions experienced by 
these areas (Figs. 6 and 8). As a result, it has been demonstrated that this 
area is a zone of sediment deposition rather than erosion, and that 
sediment has been deposited there continuously over the Holocene 
period (Coughlan et al., 2015; Kershaw, 1986; Woods et al., 2019). The 
approach adopted here for calculating sediment mobility here (i.e. 
Whitehouse, 1998) is primarily valid for non-cohesive sediments. It is 
well recognised that predicting the dynamics of clay-rich or mud-grade 
sediment is difficult due to the cohesive potential (Ward et al., 2015; 
Williams et al., 2019). However, it is likely that the sediments in the 
WIMSB are more silt dominated than clay-rich, and so the sediments are 
more non-cohesive than cohesive in nature (Coughlan et al., 2019). 
Despite the low levels of sediment mobilisation, the WISMB is subject to 
a seasonal hydrographic phenomena whereby surface heating of the 
water mass is sufficient to overcome tidal mixing generating density 
contrasts which drive a gyre effect (Horsburgh et al., 2000; Olbert et al., 
2011). The geographic extent of this seasonal gyre corresponds with the 
area of low sediment mobilisation within the WISMB, and reported 
current speeds of <0.2 m/s in Horsburgh et al. (2000) are comparable 
with current speeds simulated here (Fig. 6). However, the gyre is re
ported to affect current flow at the seabed and enhance the erosion 
potential, particularly around seabed obstacles (Callaway et al., 2009). 
Again, this can have implications for infrastructure (e.g. turbine foun
dations, cables, pipelines) in this area in terms of stability. In order to 
fully resolve the baroclinic conditions that are fundamental to the 
development of seasonal thermal stratification that drives the gyre, a 
comprehensive 3D hydrodynamic model (with heat input included in 
the model forcing) would be required (e.g. (Horsburgh et al., 2000). 

A number of modelling studies have demonstrated that storm- 
induced currents and background ocean currents are important in 
affecting bed shear stress and sediment mobilization on some areas of 
the continental shelves (Harris et al., 2000; Hemer, 2006; Porter-Smith 
et al., 2004). Whilst the occurrence of storm surge and associated cur
rents may impact locally on the hydrodynamic regime and, therefore, in 
turn the sediment mobilization, these storms are typically short-lived 
with respect to the timeframe simulated and their effect is mostly of 
importance in shallower water, typically <20 m (Fig. 9B; Ward et al., 
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2020). It can be expected that, at present, averaged over the year the 
sediment mobilization patterns will not be significantly impacted by 
occurrence of storms. 

5.2. Environmental implications 

Trawling using bottom fishing gear has been shown as an anthro
pogenic activity which can cause significant seabed sediment distur
bance and remobilisation (e.g. O’Neill and Summerbell, 2011; 
Palanques et al., 2001). Trawling intensity is most heavily concentrated 
in the WISMB for the Dublin Bay Prawn (Nephrops norvegicus) (Kaiser 
et al., 1996; O’Higgins et al., 2019). Whilst sediment mobilisation levels 
for the WISMB have been calculated to be naturally low, trawling has 
been shown to have a high impact on sediment disturbance with loss of 
seabed, sediment coarsening and weakening of sediment shear strength 
recorded (Coughlan et al., 2015). Given the low levels of sediment 
mobility in the WIMSB, this sediment coarsening is likely to persist. This 
could have implications on the habitat and ecological success of the 
Nephrops, which prefer sediment with moderately high silt–clay ratios (i. 
e. low sand) for burrow construction (Johnson et al., 2013). Given that 
the WISMB accounts for 25% of the total Irish Sea seabed trawled from 
April to December, with up to 55% fishing intensity (Kaiser et al., 1996) 
further work is required in order to understand the implications of 
trawling induced sediment mobilisation in this area. This is also true for 
areas where sediment is more frequently mobilised which are also 
trawled as induced remobilisation of sediment could similarly alter the 
habitats of the species being trawled. 

Whilst there is currently no database of microplastics in Irish Sea 
sediments, studies have found high levels of microplastic ingested by 
Nephrops norvegicus in the WISMB (Hara et al., 2020). Often micro
plastics are found shallower than 2.5 cm below the seafloor, with sub
stantial proportions in the upper 0.5 cm (Martin et al., 2017). Many 
microplastics examined have been linked to fishing gear, and their 
disintegration can be a consequence of physical forces and abrasion due 
to sediment transport (Martin et al., 2017). Given the significant amount 
of trawling that occurs in the WISMB, and the low-levels of sediment 
disturbance, it is possible that the WISMB could act as a long-term re
pository for microplastic accumulation, which could have implications 
for exposure and risk of human consumption. Models for the transport, 
deposition and accumulation of microplastics remain understudied, but 
they are known to reside in seafloor sediments and are so intrinsically 
linked with sediment mobilisation and transport (Kane and Clare, 2019). 

On the eastern side of the Irish Sea, the Sellafield nuclear complex 
(located in Cumbria, west coast of the UK) has been discharging low- 
level waste into the area offshore since 1951 (Gray et al., 1995). This 
area, the EISMB, is an important source of contaminant radionuclides, 
including 137Cs, 241Am and Pu, which have been incorporated into the 
sediments there (MacKenzie et al., 1999). These anthropogenic radio
nuclides were initially restricted to the area extending approximately 5 
km offshore from the point of discharge and, although overall levels of 
output from Sellafield into the Irish Sea have decreased steadily since 
the 1980s, radionuclides like 241Pu and 241Am have long-term avail
ability due their half-lives (e.g. 14 years for Pu) (Ray et al., 2020). Other 
radionuclides (i.e. 99Tc) have a low accumulation rate in sediment, but 
are known to have a long half-life and are transported by water circu
lation patterns to the east coast of Ireland (Olbert et al., 2010). Whilst 
concentrated in the EISMB, minimums in radionuclide concentrations 
are observed in areas of coarse sediments and high sediment dispersion 
due to strong currents, such as north of the Isle of Man and the North 
Channel (MacKenzie et al., 1999). Furthermore, 
radionuclide-contaminated particles are typically transported in the clay 
and silt range of sediment and instances of accumulation have been 
well-documented in cores from the WISMB (Coughlan et al., 2015; 
Kershaw et al., 1990; Mitchell et al., 1999). Therefore, remobilisation 
and suspension of sediment is a key process in the dispersion of radio
nuclides bound to sediment particles and understanding presently active 

sediment mobilisation and sedimentation processes is critical to accu
rately predicting the re-distribution and fate of sediment-bound con
taminants (Hunt and Kershaw, 1990; Kershaw et al., 1999; MacKenzie 
et al., 1999). Sediment MFI levels for the area offshore Sellafield range 
up to 30%, with a notable wave component (Fig. 9). This frequency of 
mobilisation is likely to have a significance influence in the mobilisation 
of radionuclide-contaminated sediment, which is particularly concen
trated in finer sediments, and preventing it from being buried by the low 
levels of sedimentation in the EISMB (Kershaw et al., 1988). Therefore, 
surface sediments are likely to remain a source of radionuclides to be 
transported elsewhere in the Irish Sea by hydrodynamic processes and so 
effective monitoring is required (e.g. Olbert et al. (2010). 

Seabed morphology, sediment type and bed shear stress are key 
parameters used in habitat mapping and prediction (Kostylev et al., 
2001; Todd and Kostylev, 2011). The highly variable substrate and 
geomorphology of the Irish Sea means it contains a diverse range of 
habitat settings (e.g. Robinson et al. (2011)). The use of static substrate 
maps severely hampers the ability to predict changes in biological 
environment and species diversity due to sediment mobilisation. Call
away et al. (2009) showed how sediment removal (i.e. scour) even in a 
low-energy environment In the Irish Sea can affect community compo
sition. Therefore, incorporating seabed disturbance and sediment 
mobility into seabed habitat mapping becomes important for predicting 
spatial and temporal changes (Kostylev and Hannah, 2007; Porter-Smith 
et al., 2004). In this regard, the MFI, SDI and SMI data presented in this 
study (Figs. 9 and 10B&C) can be used in combination with biological 
and other physical data to identify habitats or species potentially at risk 
as a result of sediment mobilisation from short to long-term timeframes 
(Huang et al., 2011). 

6. Conclusions 

The frequency of mobility of sediments in the Irish Sea has been 
calculated for the first time using a calibrated, regional-scale hydrody
namic and wave models and an extensive grab sample database. Sedi
ment mobilisation frequency by tidal current, wave and combined tidal 
current and wave induced bed stress was calculated based on the 
threshold exceedance of the Shields criterion. A Sediment Disturbance 
Index (SDI) and a Sediment Mobility Index (SMI) were calculated to 
characterise the magnitude in addition to the frequency of seabed 
exposure and threshold exceedance respectively. Sediment mobility is 
prevalent across the Irish Sea with only 2% calculated as experiencing 
0% sediment mobility. The spatial quantification of sediment mobility 
calculated in this study has greatly improved our knowledge and un
derstanding of sediment dynamics in the Irish Sea in terms of identifying 
areas where seabed mobility is low and so where sites are likely to be 
stable for the deployment of offshore infrastructure like wind turbines. 
Conversely, indices calculated have identified areas where sediment 
mobility is high and so potential areas where benthic habitats may 
already be under significant natural disturbances. As a result, the indices 
calculated are useful tools for marine spatial planning and for devising 
seabed management strategies. 

Model bounding coordinates 

7.63◦ W, 56.3◦ N 
1.77◦ W, 56.14◦ N 
2.56◦ W, 50.05◦ N 
7.68◦ W, 50.19◦ N 

Data availability 

The bathymetric metadata and Digital Terrain Model data products 
have been derived from the EMODnet Bathymetry portal - http://www. 
emodnet-bathymetry.eu. This paper contains Irish Public Sector Data 
(INFOMAR) licensed under a Creative Commons Attribution 4.0 
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International (CC BY 4.0) licence and accessed through https://www. 
infomar.ie. The digital seabed sediment map (DigSBS250) was made 
available by the BGS through https://www.bgs.ac.uk/datasets/marine 
-sediments-250k/. Tide gauge data are available from The UK Na
tional Tide Gauge Network, provided by the British Oceanographic Data 
Centre, and the Marine Institute accessed through https://www.digital 
ocean.ie/. Wave buoy data are available from Met Éireann and 
accessed at www.met.ie. This study uses ERA5 dataset available from 
Copernicus Climate Change Service (C3S) through the ECMWF website 
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era 
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