
Citation: Creane, S.; O’Shea, M.;

Coughlan, M.; Murphy, J.

Hydrodynamic Processes Controlling

Sand Bank Mobility and Long-Term

Base Stability: A Case Study of

Arklow Bank. Geosciences 2023, 13, 60.

https://doi.org/10.3390/

geosciences13020060

Academic Editors: Katrien Van

Landeghem and Jesus Martinez-Frias

Received: 8 December 2022

Revised: 20 January 2023

Accepted: 10 February 2023

Published: 17 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

geosciences

Article

Hydrodynamic Processes Controlling Sand Bank Mobility and
Long-Term Base Stability: A Case Study of Arklow Bank
Shauna Creane 1,2,3,* , Michael O’Shea 1,2 , Mark Coughlan 3,4,5 and Jimmy Murphy 1,2

1 School of Civil & Environmental Engineering, University College Cork, College Road, T12 K8AF Cork, Ireland
2 SFI Research Centre for Energy, Climate and Marine (MaREI), Beaufort Building,

Environmental Research Institute, University College Cork, Ringaskiddy, P43 C573 Cork, Ireland
3 Gavin and Doherty Geosolutions, Unit A2, Nutgrove Office Park, Rathfarnham, D14 X627 Dublin, Ireland
4 School of Earth Sciences, Science Centre West, University College Dublin, Belfield, D04 N2E5 Dublin, Ireland
5 SFI Research Centre for Applied Geosciences (iCRAG), O’Brien Centre for Science East,

University College Dublin, D04 N2E5 Dublin, Ireland
* Correspondence: shauna.creane@ucc.ie

Abstract: Offshore sand banks are an important resource for coastal protection, marine aggregates,
and benthic habitats and are the site of many offshore wind farms. Consequently, a comprehensive
understanding of the baseline processes controlling sand bank morphodynamics is imperative. This
knowledge will aid the development of a long-term robust marine spatial plan and help address
the environmental instability arising from anthropogenic activities. This study uses a validated,
dynamically coupled, two-dimensional hydrodynamic and sediment transport model to investi-
gate the hydrodynamic processes controlling the highly mobile upper layer of Arklow Bank, while
maintaining overall long-term bank base stability. The results reveal a flood and ebb tidal current
dominance on the west and east side of the bank, respectively, ultimately generating a large anti-
clockwise residual current eddy encompassing the entire bank. This residual current flow distributes
sediment along the full length of the sand bank. The positioning of multiple off-bank anticlockwise
residual current eddies on the edge of this cell is shown to influence east–west fluctuations of the
upper slopes of the sand bank and act as a control on long-term stability. These off-bank eddies
facilitate this type of movement when the outer flows of adjacent eddies, located on both sides
of the bank, flow in a general uniform direction. Whereas they inhibit this east–west movement
when the outer flows of adjacent eddies, on either side of the bank, flow in converging directions
towards the bank itself. These residual eddies also facilitate sediment transport in and out of the
local sediment transport system. Within Arklow Bank’s morphological cell, eight morphodynami-
cally and hydrodynamically unique bank sections or ‘sub-cells’ are identified, whereby a complex
morphodynamic–hydrodynamic feedback loop is present. The local east–west fluctuation of the
upper slopes of the bank is driven by migratory on-bank stationary and transient clockwise residual
eddies and the development of ‘narrow’ residual current cross-flow zones. Together, these processes
drive upper slope mobility but maintain long-term bank base stability. This novel understanding of
sand bank morphodynamics is applicable to bedforms in tidally dominated continental shelf seas
outside the Irish Sea.

Keywords: Arklow bank; hydrodynamics; sand bank morphodynamics; offshore renewable energy;
sand bank stability; numerical modelling

1. Introduction

Offshore linear sand banks are elongated sedimentary bedforms located in tidally
dominated continental shelf seas. They are important features, providing a habitat for
many epifaunal, infaunal and fish species [1–3], as a source of marine aggregates [4,5], and
as sites for offshore renewable energy developments, for example, Scroby Sands Wind Farm
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in the North Sea. Consequently, a comprehensive understanding of sand bank dynamics
and stability is imperative for sustainable long-term marine spatial planning.

Arklow Bank, located off the south-east coast of Ireland, hosts Ireland’s only presently
constructed offshore wind farm (OWF) (Arklow Wind Park Phase 1), which is earmarked
for further expansion (Arklow Wind Park Phase 2) [6] (Figure 1). Additionally, a number of
OWFs are at the planning stage in the south-western Irish Sea, spread across the complex
inter-related sediment transport pathways identified by Creane et al. [7]. Arklow Bank
is proposed to have formed during the Early Holocene, during post-glacial marine trans-
gression conditions, when a stronger-than-present hydrodynamic regime and abundant
sediment supply supported the potential for submarine bedform formation [8–13]. The
glacial and post-glacial sediments comprising the bank and its surroundings continue to be
modified and re-worked by modern-day hydrodynamics [14–17]. Although the position-
ing of Arklow Bank (approximately 27.5 km in length and 1–2 km in width) is relatively
stable over a long-term period [13,18], it hosts an upper highly mobile layer of surficial
sandy sediments (medium to course sand) [7,14,18,19]. Coughlan et al. [14] developed a
mobilisation frequency index (MFI) to calculate the yearly exceedance of critical bed shear
stress under pure current, pure wave, and combined current and wave–induced bed shear
stress. Notably, areas of the Arklow Bank display an MFI of 55% to 70% under both pure
current and combined current and wave–induced bed stress. Only restricted parts of the
bank display an exceedance of the critical bed shear stress under solely wave conditions,
with an MFI of approximately 10% to 15%.

Global and local scour are important engineering challenges in offshore wind farm
design. Global scour is overall seabed movement, including migrating sand waves and
sand banks, whereas local scour is erosion around a foundation caused by the formation
of horseshoe vortices around the pile in a flow. Scour influences the bearing capacity of
the monopile foundation and the dynamic behaviour of the structure and thus could cause
structural instability. Therefore, the ability to accurately predict natural seabed level change
and local scour depth are important prerequisites to the calculation of design loads and the
determination of an optimized embedment depth of the monopile. This knowledge also
informs the selection of optimal mitigation strategies, which will ultimately reduce project
cost and risk. During the development of Arklow Wind Park Phase 1, turbine locations
on the bank were prone to the development of local scour, which led to infrastructural
instability, resulting in mitigation measures to be put in place [20,21]. However, relatively
little is known about the magnitude of the natural bed level changes along the length of
Arklow Bank and the underlying processes that drive bank seabed mobility yet maintain
overall bank base stability. This will be an important challenge to consider for Arklow
Wind Park Phase 2.

Creane et al. [7] show that Arklow Bank obliquely aligns to the prevailing tidal flow,
giving rise to a flood–ebb tidal dominance on either side of the bank. This characteristic
compares with other linear sand banks across the northern hemisphere [8,13,22,23]. The
nature of this tidal dominance is ultimately reflected in sand wave dynamics, where recent
studies show that on the south-eastern side of the bank, sand waves with a mean height and
wave length of 3 m and 140 m, respectively, migrate southwards at mean rate of 23 m/y [7].
Contrastingly, sand waves on the south-western side of the bank display a mean height
and wave length of 2.3 m and 123.5 m, respectively, and migrate northwards at a rate of
32.7 m/y [7] (Figure 1). Furthermore, sand wave analysis reveals the presence of a bed
load convergence zone at the southern tip of Arklow Bank, indicating the limiting point
of southward bed load sediment transport [7]. The convergence of a southward moving
flow on the eastern side of the bank with a north-westward residual current flow coming
from an offshore independent sand wave field located approximately 10 km south-east of
Arklow Bank influences these bed load dynamics [7].

Creane et al. [7,13] show that Arklow Bank’s local sediment transport system is linked
with offshore sand deposits unattached to sand banks and the bed load parting zone in
the central Irish Sea. During the flood tidal phase, the dominant M2 tidal wave enters the
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Irish Sea through the North Channel and St. George’s Channel to the north and south,
respectively. The complex rotation of these tidal waves around two amphidromic points
(one real and one degenerate) causes an intersection of the tidal waves between Ardanary
(52.860◦ N, 6.058◦ W) on the east coast of Ireland and Anglesey (53.248◦ N, 4.607◦ W)
on the UK coastline [13]. This interaction generates a tidal symmetry zone (Figure 1),
giving rise to a bed load parting zone (BLP) [13]. BLPs are areas of maximum bed shear
stress [24,25] that mark the ‘head’ of divergent sediment transport pathways and hence are
important components of the sediment dispersal regime on tidally dominated continental
shelves. This BLP directly influences the sediment transport regime across the south-
western Irish Sea, including Arklow Bank. Through the combined use of hydrodynamic
modelling, repeat geophysical bathymetric surveys, theoretical parameters, and multiple
environmental variables, Creane et al. [7] highlighted three residual circulatory transport
pathways in the south-western Irish Sea, whereby sediment is recycled between offshore
sand banks and offshore independent sand wave fields. Two of these systems include
Arklow Bank, the details of which are discussed in Creane et al. [7]. Evidence is provided
to support a semi-closed anticlockwise residual current flow around the bank, whereby
potential external sediment source pathways are identified through modelled residual tidal
currents. Adding to the complexity of this continental shelf sea’s oceanography, evidence
to support the presence of a semi-diurnal tidal node oscillation zone on the south-east coast
of Ireland is presented by Creane et al. [13], from which tidal ranges increase outwards
from this location across the Irish Sea (Figure 1).
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Figure 1. (a) Overview of Irish Sea oceanographic phenomena impacting the study site [7,13,23,26];
(b) the area of interest, Arklow Bank. Panel (a) bathymetry source: EMODnet [27], where MSL is
mean sea level; Panel (b) bathymetry source: INFOMAR (https://www.infomar.ie/, (accessed on
20 March 2020)), where LAT is lowest astronomical tide.

https://www.infomar.ie/
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This study will focus on addressing the following hypothesis: the upper mobile layer
of Arklow Bank and the long-term bank base stability are controlled by the positioning of
residual current eddies on and around this bedform.

From this, three research questions will be addressed:

1. How do the hydrodynamic processes and bank mobility vary along the length of
Arklow Bank?

2. What are the underlying hydrodynamic processes driving this variation?
3. What hydrodynamic phenomena control the bank’s long-term stable positioning?

Addressing these research questions is critical in order to reduce risk in the detailed de-
sign of wind farm foundations, export cables [28] and associated protection structures [29],
but also to aid the understanding of these bank systems in order to conserve benthic habitats
and reduce the risk of environmental instability due to anthropogenic seabed disturbances.
Knowledge derived from this study can be applied to other tidally dominated sand bank
systems around the globe.

2. Methodology

A dynamically coupled two-dimensional (2D) hydrodynamic and sediment transport
model was developed using DHI’s MIKE 21 suite of tools [30,31]. The setup of the model is
detailed in Creane et al. [32] and provided as supplementary material to this article along
with validation details for water levels, currents and suspended sediment transport. No-
tably, Creane et al. [32] successfully validate the suspended sediment transport component
of the 2D model using three newly tested model validation techniques. The locations of
the collected ADCP-based suspended solids concentration (SSCsolids) dataset and water
sample-based SSCsolids stations are displayed in Figure 2.
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Figure 2. (a,b) Numerical model boundaries, mesh resolution levels and validation points [7,32].
Panel (a) bathymetry source: EMODnet [27] where MSL is mean sea level; Panel (b) bathymetry
source: INFOMAR (https://www.infomar.ie/, (accessed on 20 March 2020)), where LAT is lowest
astronomical tide.

For this study, the levels of resolution of the unstructured triangular flexible mesh are
increased from four to five. The five levels of resolution are defined as (Figure 2):

• Level 5: 50 to 80 m over Arklow Bank and Seven Fathom Bank;

https://www.infomar.ie/
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• Level 4: 150 to 200 m, encompassing the Arklow Bank system, including offshore
independent sand wave field identified in Creane et al. [7];

• Level 3: 500 m to 600 m buffer zone, extending from the approximate −70 m water
depth contour to the coastline from Howth Head (53.37861◦, −6.057222◦) to Courtown
(52.645◦, −6.228333◦), and covering any sand banks outside these areas off the south-
east coast of Ireland;

• Level 2: 800 m to 1000 m, extending along the −70 m contour to the coast from
Courtown to Carnsore Point (52.17056◦, −6.355278◦);

• Level 1: 2500 m to 3000 m resolution for the rest of the model domain.

The set-up of the sediment transport model is consistent with Creane et al. [32]. As
in Creane et al. [32], artificial samples were placed in areas where a significant deficit of
measured samples was evident, in order to produce the most realistic interpolated dataset
when comparing against coarse seabed substrate maps, such as the EMODnet seabed
substrate map [33]. In this case, a constant D50 value of 0.7 mm, which correlates with
course sand according to the Wentworth scale [19], characterizes Arklow Bank.

As there were no publicly available time-lapse bathymetry datasets extending across
the upper bank, validation of simulated bed levels across the bank could not be carried
out. Instead, volumetric analysis of repeat bathymetry datasets and simulated bed level
changes was carried out in areas where limited repeat bathymetry data were available.
Three different sites were assessed (Figure 2), whereby targeted repeat bathymetry datasets
were collected during three offshore research survey campaigns (CV20010, CV21034 and
CV21035) under the research project ‘Mobility of Sand Waves and Sediment Banks (MOVE)
Phase 1 and Phase 2′ [7]. These sites are numbered 1a, 1c and 6 as per the nomenclature
in Creane et al. [7]. For each site, two bathymetry datasets were utilized. The volume of
sediment above a certain reference level was first calculated from the earliest measured
bathymetry dataset, followed by the later measured bathymetry dataset. The measured
volume change over this time period between the two surveys was calculated (Table 1).
Simultaneously, the earliest bathymetry dataset was interpolated to the model mesh, and a
simulation was run to predict bed levels for the second time-stamp using a time step of
30 s. The volume of sediment was then calculated above a certain reference level from the
interpolated bathymetry dataset and then from the final simulated bed level. The simulated
volume change over this time period was calculated. A comparison between measured
and modelled volume change was carried out. All three analysed sites present a variance
between measured and simulated bed levels of less than 1.1% (Table 1).

Table 1. Comparison of simulated bed level changes against measured repeat bathymetry datasets at
different sites in the model domain.

Site Location Data Type Date of Survey;
Simulation Start/End Date

Overlap Surface
Area (km2)

Volume Change
∆V (%) Variance (%)

6 8 km south-east
of Arklow Bank

Measured
bathymetry

27 September 2020

19.7
+3.5

0.2
06 December 2021

Modelled bed
level

27 September 2020
+3.7

06 December 2021

1A
South-eastern
side of Arklow

Bank

Measured
bathymetry

10 October 2020

0.7
+0.6

1.130 March 2021

Modelled bed
level

10 October 2020 +1.7
30 March 2021

1C
South-western
side of Arklow

Bank

Measured
bathymetry

10 October 2020

0.5
+1.8

0.830 March 2021

Modelled bed
level

10 October 2020
+1.0

30 March 2021



Geosciences 2023, 13, 60 6 of 24

This coupled hydrodynamic and sediment transport model was run over a typical
one-year period (12 lunar month tidal cycles) from September 2020 to September 2021 to
analyse the interaction between tidal current dynamics and morphological changes over
this time scale.

3. Results and Discussion
3.1. General Bank Morphodynamics from a Flood-Neap Tidal Cycle to Full Lunar Cycle

In order to assess bank morphodynamics over a flood-neap tidal cycle, simulated bed
level changes were calculated over two 6-h slack to slack tidal phases, ending directly after
a flood tide and an ebb tide. From Figure 3a,b, it is clear that the upper bank migrates from
west to east and east to west over the flood and ebb tidal phases, respectively, due to the
nature of the cross-flows during each tidal phase [34]. Peak flood and peak ebb currents
over this time period are presented in Figure 4. Over this time period, the bank moves in
the same direction along the full length of the bank, with the exception of at least three
morphologically ‘stable’ zones. These stable zones correlate with relatively shallow areas of
the bank (<3 mMSL). The maximum erosion over the flood and ebb tidal phases is −0.32 m
and −0.33 m, respectively, and the maximum accretion is +0.29 m and +0.76 m.

Analysis of bed level changes over a flood-ebb (Figure 3c), spring-neap (Figure 3d) and
one lunar month tidal cycle (Figure 3e) reveals an inconsistent pattern of tidal dominance
along the length of the bank, separating the bank into morphological sections. From the
northern tip moving southwards in Figure 3e, an approximate 3.3 km section of the bank
crest migrates westwards. Next, an immobile zone dominates for approximately 800 m,
followed by a successional eastward, westward, eastward, westward migration over an
8 km section of the bank. Another stability zone is then observed for approximately 1 km,
followed by 4 km of eastward migration and 600 m of stability, until finally, eastward
migration again dominates over a 5.8 km section of the bank. These upper bank migration
patterns coincide with the direction of tidal asymmetry presented in Figure 5a–c.

The impact of tidal asymmetry on upper bank migration patterns remains evident
over a one-year simulation period (e.g., Figure 3e–g). However, Figure 3h,i shows that
the nature of each individual lunar month’s dynamics are different from one another,
whereby over the mobile sections, erosion occasionally takes place in a previously noted
accretion zone and vice versa. This suggests that tidal current residuals alter from month
to month, dynamically adjusting in strength and direction, with a constant change in bank
morphology. As a result, although Figure 3g reveals relatively large bed level changes
along the bank (ranging from +14.5 m to −11 m), the direct comparison of t12mo bed levels
to t0 bed levels fails to capture the morphological changes of the sand bank occurring
over shorter timescales within this one-year period (as highlighted in Figure 3h,i). Thus,
a maximum bed level change of +14.5 m and −11 m over this time period (Figure 3g)
does not represent direct accretion or erosion; instead, these are resultant net changes
after continuous upper bank east–west fluctuation over time. Additionally, as the upper
bank fluctuates in an east–west migration pattern, bed level changes occur from the shift
in bank slope positioning over time rather than solely traditional erosion and accretion
processes. Therefore, bed level changes represented along the sand bank comprise the
resultant changes due to the shift in bank slope positioning and due to traditional erosion
and accretion processes and therefore must be interpreted with caution.
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To investigate this east–west morphodynamic fluctuation, the residual tidal currents
for each lunar month over a 12-month period were calculated (Figure 5). Hereafter, each
lunar month cycle will be referred to as ‘tXmo’, with the first and twelfth lunar month cycles
referred to as t1mo and t12mo, respectively. Similar to other offshore linear sand banks on
the European continental shelf [8,34], the first lunar month’s residual tidal currents reveal
a strong flood (northward) and ebb (southward) dominance on the western and eastern
side of the bank, respectively (Figure 5a–c). This correlates well with sand wave migration
dynamics on either sides of the bank [7] (Figure 1b). Clearly, a strong, anticlockwise residual
current eddy encompasses the bank, suggesting a semi-closed sediment transport system.
Multiple off-bank anticlockwise residual current eddies are pinpointed on the outside of this
cell (Figure 5a–c), including a complex partial anticlockwise curvilinear flow originating
from Seven Fathom Bank (Eddy G in Figure 5a–c). Additionally, a number of clockwise
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residual eddies are distributed along the length of the bank, the most prominent being
Eddy A and Eddy I, illustrated in (Figure 5a–c). These eddies are intermittent, with regions
of strong residual cross-flows and areas of limited cross-flows. For each lunar month up
to the 12th lunar month, similar features are noted with slight variations, reiterating the
potential for a hydrodynamic–morphodynamic feedback system along the length of the
bank. This is evident in Figure 5a–c, where the migration of the eddy centres from t1mo to
t6mo to t12mo are pinpointed. These notable monthly variations in bed levels and residual
currents are discussed in more detail in Section 3.2.

3.2. Detailed Analysis of Hydrodynamic–Morphodynamic Feedback Loop

From the combined cross-sectional analysis of simulated monthly bed levels and
monthly variation in residual tidal currents, a complex morphodynamic–hydrodynamic
feedback system is evident. Clearly, the development and migration of both clockwise and
anticlockwise residual current eddies both on and off the bank, and associated residual
tidal flows, are directly linked to both east–west migration patterns of the bank and vertical
erosion/accretion patterns. To present and discuss the variation of this phenomenon along
the length of the bank, the bank will be split into eight sub-cells, which directly link to
natural changes in the morphodynamic–hydrodynamic system.

3.2.1. Sub-Cell 1

The morphodynamics of sub-cell 1 (Figure 6), the most northern sub-cell, are highly
linked to

4. a clockwise on-bank residual current eddy (Eddy A) that migrates southwards,
5. the development of a clockwise on-bank residual current eddy (Eddy B) at the south-

ern extent of this sub-cell, and
6. a morphodynamic stability point controlled by two off-bank, adjacent, anticlockwise

residual current eddies (Eddy C and Eddy D).

At t1mo, the centre of the northern most clockwise residual eddy, hereafter referred to
as Eddy A, lies approximately over cross-section L5 (Figure 6a). Tracking the location of
the centre of Eddy A over the one-year simulation period reveals a continuous southwards
migration of approximately 1.3 km. At t12mo, it lies approximately between L11 and L14.
Due to the circular nature of this clockwise residual current eddy, the dominant cross-flow
over the bank is eastwards and westwards, respectively, directly north and south of the
centre of the eddy. Consequently, as the centre of Eddy A shifts southwards, the nature of
the surrounding flow vectors subsequently adjusts.

In particular, the northern tip of the bank, an area outside the migration route of Eddy
A’s centre, shows evidence of residual current vector adjustment, which directly impacts
the morphodynamic response of the bank. Over this northern tip of the bank, observations
show a simultaneous reduction in residual current magnitudes and consistent rotation of the
eastward current vectors southward, as Eddy A migrates south (Figure 6a). Cross-sections
L0 to L4 highlight the existing hydrodynamic–morphodynamic feedback loop, whereby the
bank crest simultaneously migrates eastward and shallows (up to 7 m), ultimately aligning
with the gradual rotation of residual current vectors, allowing a build-up of sediment on the
upper slopes and crest (Figure 6b). Additionally, the gradual development of a southward
flow on the east side of the bank acts as a limitation to accretion on the eastern slope and a
barrier to further eastward migration; thus, accretion takes place mostly on the upper stoss
slope or crest of the bank.
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Over a longer simulation period, the continuous rotation of these vectors at the
northern tip of the bank suggests the formation of another on-bank clockwise residual
eddy. In this way, as Eddy A develops and migrates southwards, another eddy develops in
its place, ultimately acting as a conveyor belt of continuous migratory clockwise residual
current eddies dynamically responding to and influencing the east–west morphodynamics
of the bank.

Over the one-year period, the upper bank from L5 to L12 shifts migratory direction
from westwards to eastwards, as the centre of Eddy A and the associated outer ring
flows migrate southwards across these cross-profiles (Figure 6a,d). The centre of the eddy
signifies a reduction of tidal residuals and an area of tidal symmetry, indicating potential for
sediment accretion. Therefore, as the eddy migrates south over one point along the bank,
a progressive morphodynamic response should be evident in the cross-sectional profiles;
these include (i) a westward migration of the bank, (ii) slowing of east–west migration in
conjunction with sediment accretion, i.e., increased bed levels, and finally (iii) eastward
migration of the bank. This is evident in cross-sections L5 to L12 (Figure 6a,d). As expected,
the timing of the shift in migration direction varies along the length of this section of
the bank, progressing through cross-sectional lines L5 to L12, aligning directly with the
continuous progression of the centre of the residual eddy southwards. Whilst the mobility
of the bank varies from above the −15 m contour to above the −25 m contour in some
areas of the bank, the base of the bank remains relatively stable over time.

Furthermore, L13 to L14 only display morphodynamic responses (i) and (ii), whereby
the slowing of westward crest migration and coincident sediment accretion at approxi-
mately t10mo and t12mo align with the ending position of the centre of the residual eddy
(Figure 6a,c).

Directly south of this region, approximately located between L15 to L19, at t6mo there
is a noticeable shift in the westward residual cross-flow to a north-westward direction.
From t6mo to t9mo, a continuous clockwise rotation of these residual current vectors is
noticeable, coinciding with the southward migration of Eddy A, until the full formation of
Eddy B at t10mo (Figure 6a). The centre of the eddy is located approximately between cross-
sections L18 and L19. The coverage area of Eddy B is approximately 500 m to 700 m wide
along the crest of the bank. The intersection between the northern-most eastward crossflow
of Eddy B and the southern-most westward crossflow of Eddy A lies between L16 and L17
(Figure 6a,e). As a result of reduced magnitudes of residual currents and reduced extent of
cross-flows both at (i) the centre of Eddy B and (ii) the intersection of Eddy B with Eddy A,
this area is characterised by westward migration and erosion of up to approximately 2 m,
directly followed by slowed migration and sediment accretion (Figure 6e). A temporary
stability zone is evident due to these two hydrodynamic phenomena.

Sub-cell 1 is bound to the south by sub-cell 2, which is characterised by a morphody-
namic stability point generated by the intersection of two off-bank anti-clockwise residual
current eddies (Eddy C and Eddy D). This is described in detail in Section 3.2.2.

3.2.2. Sub-Cell 2

A clear hydrodynamic and morphodynamic transition point is evident from approxi-
mately L20 to L21 (Figure 7a). The southern-most westward residual cross-flows of Sub-cell
1 (including the outer-most ring of Eddy B) remain stable in terms of direction and posi-
tioning over this one-year period (Figure 7a). The southward shifting of these residuals is
restricted by the dramatic change in bank morphology, shallowing from 5 to 10 m below
mean sea level (MSL) to close to MSL. This shallow, symmetrical structure of the bank
continues for circa. 800 m. Notably, relatively low mobility and high stability is observed
in cross-sections L21 to L24 over the one-year time period (Figure 7b). At L25 and L26,
the bank deepens in comparison to this first 800 m zone to approximately 3 m below MSL.
However, a relative low mobility and high stability is still evident in bank morphology for
approximately another 750 m (L25 to L29) (Figure 7c).
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Figure 7. Morphodynamics and hydrodynamics at Sub-cell 2 of Arklow Bank. (a) Simulated bed
level change after one lunar month and associated residual current vectors, overlain by the location
of the centre point of residual eddies from residual currents during each subsequent lunar month
simulation; ‘t6mo’ is the sixth lunar simulation month. (b,c) Simulated bed level over a one year
simulation at cross-sections 23 and 27; ‘t0’ is the starting bed level, and ‘mo’ is subsequent months.

The maintenance of this ~1550 m morphological stability zone is driven by the presence
of two anticlockwise residual current eddies located adjacently on the eastern and western
side of the bank, respectively. These will hereafter be referred to as Eddy C and Eddy D
(Figure 7a). The intersection of these eddies occurs along the crest/upper slopes of the
bank, directly limiting residual cross-flows at very shallow areas and reducing both the
width and magnitude of the cross-flows in other areas along this section. This ultimately
reduces east–west fluctuation of the bank crest and increases the potential for sediment
accretion/bank stability.

Unlike the transient and migratory nature of the on-bank clockwise residual current
eddies identified in Sub-cell 1, the existence of these off-bank eddies remains constant
throughout the simulation period. The positioning of the centre of Eddy C and D also
remain relatively stable over time (Figure 7a). For example, from t1mo to t6mo, Eddy C
migrates southwards by approximately 450 m, where it remains in the same location from
t6mo to t12mo. On the other hand, Eddy D migrates approximately 280 m southwards
from t1mo to t6mo. From t6mo to t12mo, it gradually migrates back up north, close to its
original position (Figure 7a).

The first 800 m of the on-bank intersection of Eddy C and Eddy D, where the bank
is at or above MSL, show little impact from these minor migration patterns; the length
and position of the stability zone remains relatively constant over the same time period
(Figure 7a,b). At the transition zone to the southern half of Sub-cell 2, the deepening of
the bank permits an increase in current-driven mobility at this location. A relatively weak
on-bank transient eddy (Eddy E) forms and disappears over time, corresponding to the
movements of Eddy D, influencing a shift in crest migration from eastwards to westwards
over a small section of the bank (L25-L27) (Figure 7a,c).

Overall, observations show that the general conveyor belt of clockwise on-bank resid-
ual current eddies tends to drive the east–west fluctuation of the bank in Sub-cell 1. This
area of mobility is restricted and bound to the south by Sub-cell 2, a zone of relative stability,
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ultimately maintained and driven by the stability of two off-bank anticlockwise residual
current eddies.

3.2.3. Sub-Cell 3

Sub-cell 3 marks a transition to a region of high mobility (Figure 8a). Initially, eastward
migration of the upper bank profile dominates the length of the bank. When a maximum
‘threshold’ of eastward asymmetry is reached, westward migration ensues. Unlike Sub-cell
1, on-bank residual eddy formation is absent. Instead, the reversal of crest migration
direction correlates with increasing and decreasing width of westward residual cross-flows,
combined with partial rotation of residual current vectors southward and northward on
the eastern and western side of the upper slopes of the bank, respectively. Although a full
rotation of vectors forming an eddy is absent, this reduction in width of the cross-flow and
the rotation of current vectors on either side of the bank stimulate migration of the upper
bank in the opposite direction, while the base of the bank remains stable. Reduced current
magnitudes facilitate sediment accretion both at the crest and on the stoss slope, whilst
the new southern flow stimulates erosion on the east side of the bank and inhibits further
eastward migration. In this way, the bank migrates back towards a more symmetrical
shape. Clearly, a morphodynamic–hydrodynamic looped response system controls the
east–west fluctuation of the crest while maintaining bank base stability.

Over the one-year time period, most of Sub-cell 3 is dominated by an eastward residual
cross-flow between 400 and 600 m wide. The area of reduced cross-flow (approximately
100 m wide), outlined previously, hereafter will be referred to as a ‘narrow’ area. This
narrow area coincides with bank rejuvenation and intermittently moves to different areas of
the bank over the one-year period. As the narrow area moves, the wider cross-flow replaces
it and dominates that same area once again. The migratory nature of this ‘narrow’ area over
the one-year simulation period is illustrated in Figure 8a. A number of representative cross-
sectional profiles presented in Figure 8c–f exhibit the expected morphodynamic response of
(i) eastward migration, (ii) bank rejuvenation back towards a symmetrical shape (westward
migration), and in some cases (iii) eastward migration once again. The variation in each
cross-sectional profile follows the timeline of successional wide-narrow-wide residual
current changes.

As there is evidence of a reversed migration pattern over the majority of Sub-cell 3, the
slope of the bank at this transition point was analysed from monthly extracted simulated
bed levels. Notably, at cross-sections L30, L33, L36 and L40, a shift in migration direction
occurred when the upper slopes reached an angle of approximately 5.5◦ to 6◦ (Figure 8b).
When this approximate angle is reached, a hydrodynamic response is stimulated that alters
the upper slope’s erosion–accretion regime, thus influencing the east–west fluctuation of
the crest and the bank’s shape. In this way, the slope angle of the upper bank acts as a
‘threshold’ that stimulates tidal residuals to alter and reverse upper bank migration in the
opposite direction. As the analysed bed levels are ‘snapshots’ at monthly intervals, this
threshold angle may vary. Although the bank alters its migration direction corresponding to
a certain slope threshold, the maximum horizontal displacement of the crest, the maximum
vertical bed level changes are difficult to quantify, even under pure current conditions. For
example, cross-section L30 shows that the lee slope has the ability to reach this threshold
angle multiple times during an overall eastward migratory direction over this one-year
time period (Figure 8c). An oscillatory-type upper slope migration exists, whereby multiple
‘reversals’ in upper slope migration occur in an overall consistently eastward migration.
Over this one-year time period, the maximum horizontal displacement along this cross-
section is not reached. The timing of this process varies along the length of Sub-cell 3.
Detailed analysis of simulated bed levels at each timestep would help to elucidate this
process at a finer scale. Furthermore, although sediment transport in this area of the
Irish Sea is predominately driven by tidal current, wind and wave conditions are known
to influence sediment transport in shallow water; thus, their influence on the east–west
fluctuation of the upper bank should be investigated in future studies. Sub-cell 3 is bound
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to the south by the approximate southern limits of the outer flows of off-bank residual
current eddies, Eddy C and D (Figure 8a).
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Figure 8. Morphodynamics and hydrodynamics at Sub-cell 3 of Arklow Bank. (a) Simulated bed
level change after one lunar month and associated residual current vectors, overlain by the location
of the centre point of residual eddies from residual currents during each subsequent lunar month
simulation; ‘t6mo’ is the sixth lunar simulation month. (b) Slope derived from the resulting bed
level after 10 lunar month simulation, overlain by cross-section L30. (c–f) Simulated bed level over
a one year simulation at cross-sections 30, 33, 36, and 40; ‘t0’ is the starting bed level, and ‘mo’ is
subsequent months.
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3.2.4. Sub-Cell 4

Sub-cell 4 is longitudinally bound between the intersection point of the outer flows
of Eddy D and Eddy F, and the approximate centre point of Eddy F (Figures 8a and 9a).
The outer flows associated with the northern half of off-bank Eddy F drive westward and
south-westward residual current flow toward the eastern side of the bank, potentially
inhibiting the dominant eastward cross-flows originating from the western side of the bank.
As a result, this region of the bank is characterised by a very complex morphodynamic
and hydrodynamic regime driven by the interaction between this anticlockwise, off-bank
residual eddy (Eddy F) on the eastern side of the bank, and the anticlockwise residual
partial eddy-type flow (Eddy G) on the western side of the bank, located between Arklow
Bank and Seven Fathom Bank (Figure 9a). The centre point of Eddy F maintains a relatively
stable positioning over the 12-month simulation period. On the other hand, the centre
point of the partial eddy, Eddy G, migrates 800 m south-westward from t1mo to t6mo,
where it migrates an extra ~100 m in the same direction over the final 6-month time period
(Figure 9a).
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Figure 9. Morphodynamics and hydrodynamics at Sub-cell 4 of Arklow Bank. (a) Simulated bed
level change after one lunar month and associated residual current vectors, overlain by the location
of the centre point of residual eddies from residual currents during each subsequent lunar month
simulation; ‘t6mo’ is the sixth lunar simulation month. (b–e) Simulated bed level over a one year
simulation at cross-sections 51, 58, 65 and 71, representing ‘stable’ areas; ‘t0′ is the starting bed level
and ‘mo’ is subsequent months; (f–i) cross-sections 52, 54, 61 and 62 representing ‘mobile’ areas.
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The line of intersection of Eddy F and Eddy G gives rise to a complex hydrodynamic
region of constant and transient on-bank clockwise residual eddies, where the centre point
and the intersection point of the individual eddies are dominated by reduced residual
current magnitudes and quantity of cross-flow. These points are intermixed with rela-
tively higher eastward and westward residual cross-flows that increase outwards from the
centre point of each eddy. This sequence of residual clockwise eddies along this section
directly influences the morphodynamics of the bank, where areas displaying a symmet-
rical bank shape in combination with high upper bank stability and relatively shallow
water conditions (ca. <3 mMSL water depth) (Figure 9a–e) alternate with relatively deeper
water conditions (ca. >3 mMSL water depth) and lower upper bank stability regions
(Figure 9a,f–i). Most notably, the relatively ‘stable’ areas over this one-year period are
evident in cross-sections L51, L58–59, L64–69 and L71–72 (Figure 9b–e). These areas gen-
erally display very shallow morphology and align with the central point or intersections
of the on-bank residual eddies. Over this time period, two notable regions show continu-
ously high westward crest migration, geographically located over cross-sections L52–L56
(Figure 9f–g) and L60–L63 (Figure 8h–i). Given the long-term stable positioning of the
bank, a longer simulation time period may highlight a threshold, as a result of which the
westward crest migration is restricted and a reversal in crest direction is stimulated. In
this way, the on-bank residual eddies might shift a few hundred metres to allow bank
re-generation until the cycle re-starts.

3.2.5. Sub-Cell 5

An abrupt change in hydrodynamics and bank morphology is observed at the tran-
sition from Sub-cell 4 to Sub-cell 5 (Figure 10a). Notably, the upper bank deepens and
transitions from a relatively symmetric to eastward asymmetric shape. This asymmetric
shape and direction remain relatively stable over the one-year period for approximately
3 km of the bank, with sediment transport only causing minor vertical fluctuations (within
±2 m bed level change) at the crest over the simulation period. This is visible in cross-
sections L82–L86 (Figure 10a,b).

Modelled current residuals align with these morphological observations, with rela-
tively consistent westward cross-flows noted. This hydrodynamic and morphodynamic
consistent zone is pinpointed between the approximate centre point of Eddy F and the in-
tersection of outer flows of Eddy F and Eddy H on the eastern side of the bank (Figure 10a).
The curvilinear southward and south-eastward flows associated with the southern half of
Eddy F on the eastern side of the bank generally do not converge against flows coming
from the western side of the bank, opposite to that observed in Sub-cell 4. Instead, they
align with the westward flows coming from the Seven Fathom Bank, partial Eddy G. In
this way, instead of a tidal asymmetric, morphologically ‘stable’ zone developing along the
upper bank, a consistent eastward bank asymmetry and eastward residual cross-flow is
evident along this section. This shows that the existence and positioning of the off-bank
residual eddies provide a strong control on long-term east–west fluctuation of the bank.

3.2.6. Sub-Cell 6

Similar to Sub-cell 2 and 4, the curvilinear south-westward, south-south-westward
and southerly flows associated with the anticlockwise residual eddy, Eddy H, located
on the eastern side of the bank, seems to inhibit westward cross-flows coming from the
western side of the bank, ultimately generating another morphologically ‘stable’ zone
(Figure 10a). Over the simulation period, the bank retains its symmetrical shape, and little
to no crest mobility is evident (see cross-sections L90 to L93) (Figure 10a,c). The centre point
of Eddy H remains relatively stable over the simulation period; it migrates northwards
500 m from t1mo to t6mo, where it remains in this position for t6mo to t12mo. This is a
similar migratory pattern to Eddy C but in the opposite direction.
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Figure 10. Morphodynamics and hydrodynamics at Sub-cells 5 and 6 of Arklow Bank. (a) Simulated
bed level change after one lunar month and associated residual current vectors, overlain by the
location of the centre point of residual eddies from residual currents during each subsequent lunar
month simulation; ‘t6mo’ is the sixth lunar simulation month. (b,c) Simulated bed level over a one
year simulation at cross-sections 82 and 92; ‘t0’ is the starting bed level, and ‘mo’ is subsequent months.

3.2.7. Sub-Cell 7

As the influence of the curvilinear flows from Eddy H on the upper bank is reduced,
westward residual current flows dominate once again (Figure 11a). Westward migration
of the upper bank dominates, but evidence of slowed migration and/or slight reversal in
migration direction is shown in some areas, for example, cross-section L96 (Figure 11c).
This may be related to the hydrodynamic–morphodynamic response described in other
sub-cells of the bank, whereby a maximum slope threshold is reached, which modifies
residual current flow dynamics, allowing bank rejuvenation of the bank through sediment
accretion build up on the upper slopes and ultimately causing further hydrodynamic
modification and a process re-start.
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Figure 11. Morphodynamics and hydrodynamics at Sub-cells 7 and 8 of Arklow Bank. (a,b) Simulated
bed level change after one lunar month and associated residual current vectors, overlain by the
location of the centre point of residual eddies from residual currents during each subsequent lunar
month simulation; ‘t6mo’ is the sixth lunar simulation month. (c–e) Simulated bed level over a
one year simulation at cross-sections 96, 120 and 125; ‘t0’ is the starting bed level, and ‘mo’ is
subsequent months.

3.2.8. Sub-Cell 8

Sub-cell 8 marks the transition of bank asymmetry from eastward to westward. This
transition occurs over an approximate 700 m section of the bank (Figure 11b,d,e). The rest
of Sub-cell 8 encompasses the tail of the bank, in which a westward asymmetry dominates.
This aligns well with the existence of an anticlockwise residual current eddy over the
southern extent of the bank, hereafter referred to as Eddy I, ultimately connecting the
dominant southward flow on the eastern side of the bank with the northern flow on the
western side of the bank (Figure 11b). The turning of the flows in an anticlockwise motion
re-iterates a semi-closed sediment transport regime over the bank. This is combined with a
residual current flow coming from the south-eastern side of the bank and pushing north-
westward across the southern tip of the bank and connecting with the residual northward
flow on the western side of the bank. This flow acts as an additional sediment source for the
bank [7]. The centre point of Eddy I notably migrates approximately 350 m north-eastward
from t1mo to t6mo, then 150 m in the same direction over the following 6-month period.
The mobility of sediment along the southern extent of the bank is mainly in the form of bed
load transport via sand waves [7].

3.3. Summary Discussion of Hydrodynamic Controls on Arklow Bank High Mobility and Bank
Base Stability

As a result of the flood and ebb tidal dominance on the west and east side of the
bank, respectively, an overall anticlockwise residual current eddy encompasses the bank,
ultimately recycling sediment material within the bank cell. However, two different
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phenomena play a role in controlling upper bank mobility and bank base stability: (i) off-
bank anticlockwise residual eddies; (ii) on-bank hydrodynamic-morphodynamic response.

The positioning of multiple off-bank anticlockwise residual eddies both facilitate and
inhibit east–west fluctuation of the bank and act as a control on long-term base stability.
They do this in two ways: firstly, when the outer flows of the residual eddy on the eastern
side of the bank are in a west to south-westward direction, these converge with residual
eastward cross-flows coming from the western side of the bank. This generates a zone of
absent or reduced residual cross-flow, inhibiting the mobility of the upper slopes of the
bank and preserving bank base stability. Secondly, when outer flows of the residual eddy
on the eastern side of the bank are in a south-east to eastward direction, these align with
residual cross-flows coming from the western side of the bank instead of converging with
them. This facilitates upper slope mobility.

In the case of this second mechanism, the control on the maximum limit or ‘thresh-
old’ of east–west fluctuation, and thus base bank stability, is the on-bank hydrodynamic-
morphodynamic feedback loop. This occurs in two forms:

7. a morphodynamic-hydrodynamic feedback loop allowing the generation of a con-
veyor belt of on-bank residual eddies and/or stationary transient residual eddies,
continuously influencing east–west fluctuation of the bank;

8. the reduction and expansion of a residual current cross-flow, ultimately allowing the
regeneration of the bank after a certain slope threshold has been reached.

The positioning of these off-bank anticlockwise residual current eddies on the outer
edge of the larger anticlockwise eddy encompassing the entire bank facilitates sediment
transfer in and out of the local morphological cell. An overview of each morphological
sub-cell and the controlling hydrodynamic processes are summarised in Figure 12.
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This new process-based understanding of Arklow Bank’s complex hydrodynamic
and morphodynamic regime can be used to guide the planning of offshore fieldwork to
measure these morphological changes across the bank, thus improving the predictability of
seabed level change in this region. This is crucial for the accurate and detailed design of
OWF turbine foundations, cables and associated protection structures on and surrounding
this bedform. Furthermore, by elucidating the baseline processes that maintain long-term
seabed stability, this improves the ability to assess the risk of environmental instability due
to future increased anthropogenic seabed disturbances in the south-western Irish Sea.

On a wider scale, this new comprehension of the hydrodynamic processes controlling
bedform mobility has potential applicability to other offshore linear sand banks in tidally
dominated shelf sea environments [8,22,34–36]. If proven similar, the outcomes of this
study may re-define how these sand bank systems are analysed. Consequently, using
similar methods as applied in this study to investigate the applicability of these controlling
phenomena on other sand bank systems is imperative.

4. Conclusions

This study uses a two-dimensional, dynamically coupled, hydrodynamic and sedi-
ment transport numerical model to investigate the hydrodynamic processes driving the
morphodynamics of the offshore linear sand bank, Arklow Bank. Over a one-year simula-
tion period, combined analysis of numerically modelled residual currents and bed levels
elucidates the complex interconnected hydrodynamic and sediment transport regime in
this area of the south-western Irish Sea. Ultimately, this study aims to define the hydrody-
namic processes controlling morphodynamic variability and long-term stable positioning of
Arklow Bank over time. The main conclusions drawn from this study are provided below.

9. A flood and ebb tidal dominance is evident on the west and east side of the bank,
respectively, generating a residual anticlockwise tidal current eddy encompassing the
entire bank. This ultimately recycles sediment material within the bank cell.

10. During an individual flood and ebb tide, sediment on the upper slopes is transported
eastward and westward respectively along the full length of the bank due to the
directional nature of tidal current cross-flow during these tidal phases. From a full
semi-diurnal tidal cycle (divided into two flood and two ebb tidal phases) onwards,
a variation in the direction of tidal asymmetry along the upper slopes of the bank is
evident. This divides the bank into a variety of morphological sections migrating in
different directions.

11. Eight unique sub-cells of the bank are identified, wherein a complex morphological-
hydrodynamic feedback system is evident. These individual sub-cells display a
variety of on-bank and off-bank hydrodynamic and morphological features, yet they
fit together as one linear offshore sand bank, with high upper slope mobility and
long-term bank base stability. The two main tidal phenomena that control upper bank
mobility and bank base stability are (i) off-bank anticlockwise residual eddies and (ii)
on-bank hydrodynamic–morphodynamic response.

12. The positioning of multiple off-bank anticlockwise residual current eddies on the
edge of this cell is shown to influence east–west fluctuations of the upper slopes of the
sand bank and act as a control of long-term stability. These off-bank eddies facilitate
this type of movement when the outer flows of adjacent eddies, located on both sides
of the bank, flow in a generally uniform direction. Whereas they inhibit this east–west
movement when the outer flows of adjacent eddies, on either side of the bank, flow
in converging directions towards the bank itself. Off-bank anticlockwise eddies also
facilitate sediment transport in and out of the local morphological cell.

13. The control of the maximum limit of upper bank east–west fluctuation is the on-bank
hydrodynamic-morphodynamic feedback loop through (i) the formation of migratory
and stationary transient on-bank clockwise residual tidal current eddies and (ii) the
formation of transient ‘narrow’ residual tidal current cross-flow zones.
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14. The concept of a ‘threshold slope angle’ is also introduced. When the upper slopes of
the bank reach a certain threshold angle, a hydrodynamic response is stimulated that
reverses upper bank migration in the opposite direction. By taking into consideration
this concept in conjunction with the identified controlling hydrodynamic processes,
analysis of this system at a higher temporal scale and over a longer time period could
help determine the maximum limits of vertical and horizontal bed level changes along
the bank, as well as the rate and frequency at which these limits are reached. The
information provided in this study can be used to guide offshore survey planning
for existing and planned OWF projects in order to measure these morphological
changes on Arklow Bank. The details provided in this study can reduce costs for such
an‘expedition.

15. The new process-based understanding of Arklow Bank’s complex hydrodynamic
and morphodynamic regime introduced in this study aids the predictability of future
seabed level changes in this highly mobile sand-dominated environment. Where
the maximum bed level change over a one-month period along the bank is +7.3 m
to −3.4 m, the magnitude and rate of bed level change varies hugely along the
length of the bank. This highlights the need for careful selection of scour and bed
level change mitigation strategies for each potential wind turbine generator (WTG)
position. Resultingly, the information provided in this study not only informs offshore
geophysical survey design to confirm these modelled morphological changes but also
informs concept layout design and foundation design.

16. This comprehension of Arklow Bank’s morphodynamic system has the potential to
re-define how we analyse offshore linear sand banks. Consequently, the methods
used in this study should be applied to offshore linear sand banks in other tidally
dominated environments to investigate this wider connection.
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