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Scope Document Name Document Number or 
Reference 

Document Revision 

Modelling (Revised March 
2026) 

Offshore Ornithology 
Technical Report - Seabird 
Spatial Distribution Maps 
(Revised March 2026) 

Appendix 12.8 Revised for RFI 
response 

Offshore Ornithology 
Technical Report - Review of 
Seabird Monitoring Data 2000 
to 2010 

Appendix 12.9 No updates required for 
RFI response 

Offshore Ornithology 
Technical Report - Kittiwake 
Population Viability Analysis 
(Revised March 2026) 

Appendix 12.10 Revised for RFI 
response 

Offshore Ornithology 
Technical report - Onshore 
Cable Route and Landfall - 
Baseline Bird Survey 

Appendix 12.11 No updates required for 
RFI response 

Offshore Ornithology 
Technical Report - Kittiwake 
Collision Risk Modelling at 
ABWP1 (RFI March 2026) 

Appendix 12.12 New for RFI response 

Offshore Ornithology 
Technical Report - Kittiwake 
Displacement Evidence 
Review (RFI March 2026) 

Appendix 12.13 New for RFI response 

Offshore Ornithology 
Technical Report - Kittiwake 
Displacement Matrices (RFI 
March 2026) 

Appendix 12.14 New for RFI response 

Offshore Ornithology 
Technical Report - Seabird 
Breeding Reference 
Populations (RFI March 2026) 

Appendix 12.15 New for RFI response 

Offshore Ornithology 
Technical Report - Wicklow 

Appendix 12.16 New for RFI response 

z lsse
Renewables GOBe

APEMGroup

Scope Document Name Document Number or
Reference

Document Revision

Modelling (Revised March
2026)

Offshore Ornithology
Technical Report - Seabird
Spatial Distribution Maps
(Revised March 2026)

Appendix 12.8 Revised for RFI
response

Offshore Ornithology
Technical Report - Review of
Seabird Monitoring Data 2000
to 2010

Appendix 12.9 No updates required for
RFI response

Offshore Ornithology
Technical Report - Kittiwake
Population Viability Analysis
(Revised March 2026)

Appendix 12.10 Revised for RFI
response

Offshore Ornithology
Technical report - Onshore
Cable Route and Landfall -
Baseline Bird Survey

Appendix 12.11 No updates required for
RFI response

Offshore Ornithology
Technical Report - Kittiwake
Collision Risk Modelling at
ABWP1 (RFI March 2026)

Appendix 12.12 New for RFI response

Offshore Ornithology
Technical Report - Kittiwake
Displacement Evidence
Review (RFI March 2026)

Appendix 12.13 New for RFI response

Offshore Ornithology
Technical Report - Kittiwake
Displacement Matrices (RFI
March 2026)

Appendix 12.14 New for RFI response

Offshore Ornithology
Technical Report - Seabird
Breeding Reference
Populations (RFI March 2026)

Appendix 12.15 New for RFI response

Offshore Ornithology
Technical Report - Wicklow

Appendix 12.16 New for RFI response

Schedule of Documents Submitted in Response to the RFI 5















 

Schedule of Documents Submitted in Response to the RFI 12 

Scope Document Name Document Number or 
Reference 

Document Revision 

Offshore Ornithology 
Technical report - Kittiwake 
Population Viability Analysis 
(Revised March 2026) 

Appendix 12.10 Revised for RFI 
response 

Offshore Ornithology 
Technical report - Onshore 
Cable Route and Landfall - 
Baseline Bird Survey 

Appendix 12.11 No updates required for 
RFI response 

Offshore Ornithology 
Technical Report - Kittiwake 
Collision Risk Modelling at 
ABWP1 (RFI March 2026) 

Appendix 12.12 New for RFI response 

Offshore Ornithology 
Technical Report - Kittiwake 
Displacement Evidence 
Review (RFI March 2026) 

Appendix 12.13 New for RFI response 

Offshore Ornithology 
Technical Report - Kittiwake 
Displacement Matrices (RFI 
March 2026) 

Appendix 12.14 New for RFI response 

Offshore Ornithology 
Technical Report - Seabird 
Breeding Reference 
Populations (RFI March 2026) 

Appendix 12.15 New for RFI response 

Offshore Ornithology 
Technical Report - Wicklow 
Head Seabird Monitoring (RFI 
March 2026) 

Appendix 12.16 New for RFI response 

Offshore Ornithology 
Technical Report - Kittiwake 
Flight Height Survey Report 
(RFI March 2026) 

Appendix 12.17 New for RFI response 

Offshore Ornithology 
Technical Report - Kittiwake 
Tracking Report (RFI March 
2026) 

Appendix 12.18 New for RFI response 

z lsse
Renewables GOBe

APEMGroup

Scope Document Name Document Number or
Reference

Document Revision

Offshore Ornithology
Technical report - Kittiwake
Population Viability Analysis
(Revised March 2026)

Appendix 12.10 Revised for RFI
response

Offshore Ornithology
Technical report - Onshore
Cable Route and Landfall -
Baseline Bird Survey

Appendix 12.11 No updates required for
RFI response

Offshore Ornithology
Technical Report - Kittiwake
Collision Risk Modelling at
ABWP1 (RFI March 2026)

Appendix 12.12 New for RFI response

Offshore Ornithology
Technical Report - Kittiwake
Displacement Evidence
Review (RFI March 2026)

Appendix 12.13 New for RFI response

Offshore Ornithology
Technical Report - Kittiwake
Displacement Matrices (RFI
March 2026)

Appendix 12.14 New for RFI response

Offshore Ornithology
Technical Report - Seabird
Breeding Reference
Populations (RFI March 2026)

Appendix 12.15 New for RFI response

Offshore Ornithology
Technical Report - Wicklow
Head Seabird Monitoring (RFI
March 2026)

Appendix 12.16 New for RFI response

Offshore Ornithology
Technical Report - Kittiwake
Flight Height Survey Report
(RFI March 2026)

Appendix 12.17 New for RFI response

Offshore Ornithology
Technical Report - Kittiwake
Tracking Report (RFI March
2026)

Appendix 12.18 New for RFI response

Schedule of Documents Submitted in Response to the RFI 12





 

Schedule of Documents Submitted in Response to the RFI 14 

Scope Document Name Document Number or 
Reference 

Document Revision 

Assessment (Revised March 
2026) 

Seascape and Landscape 
Visual Impact Visuals (Project 
Design Option 1) (Revised 
March 2026) 

Appendix 17.3 Revised for RFI 
response 

Seascape and Landscape 
Visual Impact Visuals (Project 
Design Option 2) (Revised 
March 2026) 

Appendix 17.4 Revised for RFI 
response 

Seascape and Landscape 
Visual Impact Assessment 
Figures (Revised March 
2026) 
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Marine Archaeology and 
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response 

Cultural Heritage Visual 
Impact Assessment Report 
(Revised March 2026)   

Appendix 18.2  Revised for RFI 
response 

Intertidal Archaeology 
Inspection Report 

Appendix 18.3 No updates required for 
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Climate Change Risk 
Assessment (RFI March 
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Appendix 20.1 New for RFI response 

Socio Economic Impact 
Report  

Appendix 21.1  No updates required for 
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economic Analysis (RFI 
March 2026) 
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Environmental Management 
Plan (Revised March 2026) 
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Marine Mammal Mitigation 
Plan (Revised March 2026)  
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response 
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290000 300000 310000

sse
Renewables

Arklow Bank Wind Park 2

Location of the Proposed Infrastructure
used in the Coastal Process Models

- 53 Turbine Layout Option*

Legend

| | ABWP2 Array Area

ABWP2 Cable Corridor and Working Area

ABWP Inter-Array Cable

........ ABWP2 Interconnector Cable

------- ABWP2 Export Cable

ABWP2 Offshore Wind Turbine Generator
Locations for Modelling

ABWP2 Offshore Substation PlatformǏ
Locations for Modelling

ABWP2 Offshore Wind Turbines Scour
Protection

ABWP2 Offshore Substations Scour
Protection

5
8

4
0

0
0

0
 

5
8

5
0

0
0

0
 

5
8

6
0

0
0

0

5
8

6
0

0
0

0

*This figure is solely for the purpose of illustrating the location
of the following proposed infrastructure used in the coastal
processes models for each design option applied for: All offshore
wind turbines and offshore substations including scour protection;
All cables including scour and cable protection. This figure has
been provided in response to RFI 1(g)

Notes
Esri, Intermap, NASA, NGA, USGS,
OceanWise, Esri, GEBCO, Garmin,
NaturalVue, Sources: Esri,
TomTom, Garmin, FAO, NOAA,
USGS, © OpenStreetMap
contributors, and the GIS User
Community. Contains Ordnance
Survey data © Crown copyright
and database rights (2022). OS
OpenData.

5
8

5
0

0
0

0

Coordinate System:
ETRS 1989 UTM Zone 30N

0 2
1 1 1 1 1 1 1

4 km
I l l i

0 1
1 1 1 1 1 1 1

2 nm
I l l i

Scale Date Drawn By Checked By Approved By

1:112,640 @ A3 01/04/2026 GB AK LK

GoBo
APEMGroup

Suites B2 & C2
Higher Mill
Higher Mill Lane
Buckfastleigh
Devon
TQ11 OEN
www.gobeconsultants.com
+44 (0)1626 323890

5
8

4
0

0
0

0

Figure Reference: Ark_Deltares_lnfrastructure_53TurbineLayout © This drawing and its content are the copyright of GoBe Consultants Ltd and may not be reproduced or amended except by prior written permission



312000
___i ___

N
Rathdrum

5
8

6
4

0
0

0
5

8
5

6
0

0
0

5
8

4
0

0
0

0

Seamount

288000 296000 304000

sse
Renewables

Arklow Bank Wind Park 2

5
8

6
4

0
0

0

Location and Boundaries of the
Proposed Development

Legend

| | ABWP2 Array Area

| | ABWP2 Cable Corridor and Working Area

| | ABWP1 Array Area

-------- ABWP1 Existing Export Cable

o ABWP1 WTGs

A ABWP1 Existing Met Mast

5
8

5
6

0
0

0

5
8

4
8

0
0

0

5
8

4
8

0
0

0

Notes
OceanWise, Esri, GEBCO, Garmin,
NaturalVue, Esri UK, Esri,
TomTom, Garmin, FAO, NOAA,
USGS, Esri, Ordnance Survey,
NASA, NGA, USGS, Esri UK, Esri,
TomTom, Garmin,
GeoTechnologies, Inc, METI/
NASA, USGS. Contains Ordnance
Survey data © Crown copyright
and database rights (2022). OS
OpenData.

Coordinate System:
ETRS 1989 UTM Zone 30N

Douglas

Dublin
o

AND

Ǐ

WALES

0

1 1 1
3

1 1 1 1 1 1 1
5 km

0

I l l i

1 2 nm
1 1 1 1 1 1 1

Scale Date Drawn By Checked By Approved By

1:125,000 @ A3 13/10/2025 GB CN CMc

5
8

4
0

0
0

0

Suites B2 & C2
Higher Mill
Higher Mill Lane
Buckfastleigh
Devon
TQ11 OEN
www.gobeconsultants.com
+44 (0)1626 323890

Go Be
APEMGroup

Figure Number 1
Figure Reference: Ark_Figl_ProposedDevelopment © This drawing and its content are the copyright of GoBe Consultants Ltd and may not be reproduced or amended except by prior written permission



288000 296000 304000 312000
____i ______________;______________.1____________________________________;_______i ____________________________ ____________________________________ _______i ____________________________ ___________________________________________i _____ sse

Renewables
hdrum

Broadscale Habitats (INFOMAR)

Circa littora I Coarse Sediment

Circa littora I Mixed Sediment

Circalittoral Mud

Circa littora I Sand

Infralittoral Sand

Offshore Circalittoral Coarse

Sediment

Offshore Circalittoral Mixed

Sediment

Offshore Circalittoral Rock and

Biogenic Reef

Offshore Circalittoral Sand

N/A

Arklow Bank Wind Park 2

5
8

4
0

0
0

0
 

5
8

4
8

0
0

0
 

5
8

5
6

0
0

0
 

5
8

6
4

0
0

0

5
8

6
4

0
0

0

Broadscale Habitats and Indicative Layout
(Option 1)

Legend

I I ABWP2 Array Area

ABWP2 Cable Corridor and
Working Area

• ABWP2 WTG Layout (53 Turbines)

Ǐ ABWP2 OSP Location

------- ABWP2 Export Cable Route

------- ABWP2 Inter-Array Cable Layout

------- ABWP2 Interconnector Cable

| | ABWP1 Array Area

------- ABWP1 Existing Export Cable

o ABWP1 WTGs

I | Dumping at Sea Exit Pit Location

I------1 Dumping at Sea Locations within
Array Area

Elbridge
Club

5
8

5
6

0
0

0

Notes
OceanWise, Esri, GEBCO, Garmin,
NaturalVue, Sources: Esri,
TomTom, Garmin, FAO, NOAA,
USGS, © OpenStreetMap
contributors, and the GIS User
Community, Esri, Ordnance
Survey, NASA, NGA, USGS.
Contains Ordnance Survey data
© Crown copyright and database
rights (2022). OS OpenData.

ETRS 1989 UTM Zone 30N

0 2.5 5 km

I I I I I I I I I I I

0 1.25 2.5 nm

I I I I I I I I I I I

Scale

1:125,000 @ A3
Date Drawn By Checked By Approved By

26/01/2026 GB CN CMc

Go Be
APEMGroup

Figure Number 2

Suites B2 & C2
Higher Mill
Higher Mill Lane
Buckfastleigh
Devon
TQ11 OEN
www.gobeconsultants.com
+44 (0)1626 323890

Figure Reference: Ark_Fig2_BroadBenthicHabitats_OptionOne © This drawing and its content are the copyright of GoBe Consultants Ltd and may not be reproduced or amended except by prior written permission.
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Mr. Mike Coleman 
on behalf of Arklow Bank Wind Park 2 
 
Re. An Coimisiún Pleanála - Case reference: OA27.319864 
 
Dear Mike and to whom it may concern, 
 
For the purposes of the planning application process as referenced above and in my capacity as AirNav 
Ireland Air Navigation Service Provider (ANSP) Manager Airspace and Navigation, the proposed 
development of the Arklow Bank Wind Park 2 documentation has been reviewed with the developers 
 
If regard to the Further Information Request and specifically Item 18: 
“Civil and Military Aviation  
a) The applicant is requested to reassess the potential for impacts on civil and military primary surveillance 
radar (PSR) systems together with the Codling Wind Farm (ABP-320768-24), noting that planning approval 
has now been formally sought for the latter project,” I can confirm that there are no expected issues for the 
Communications, Navigation or Surveillance (CNS) Infrastructure managed by AirNav Ireland, from the 
development of this project nor from the Codling Wind Farm (ABP-320768-24) development, which was the 
subject of separate correspondence with the developer to this end. 
 
Reference to Primary Surveillance Radar, while relevant, is not currently an issue, given the location of the 
proposed development. 
 
There are equally no impacts identified for the Flight Procedures serving Dublin and Weston Airports.  
 
I may be contacted for any clarification if required, as follows:  
 
Email:      cathal.maccriostail@airnav.ie 
   
Mobile: (+353) 86 0527130 
 
_________________ 
Cathal Mac Criostail 
AirNav Ireland Manager Airspace and Navigation 
6th November 2025 
 
cc. Paul Cumiskey, Gary Mackin, daa/ Aidan Fox, ANS Director Weston Airport/ Irish Air Corps 
      AirNav Ireland Corporate Affairs, Planning 
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Summary 

This report evaluates the choice for the use of 2DH modelling in the study for Arklow Bank, as 
presented in Deltares (2025). Depth-averaged (2DH) modelling is widely applied and 
considered standard practice for large-scale offshore morphodynamic studies. The evaluation 
is done by assessing the influence of the inclusion of vertical layers in the model developed in 
Deltares (2025), which used a depth-averaged (2DH) numerical model to evaluate long-term 
seabed behaviour. The work was commissioned by Sure Partners Limited as part of a Request 
for Further Information (RFI) related to the marine development application for Arklow Bank 
Wind Park Phase 2.  
 
The existing Stage 2 Arklow Bank model was converted into a three-dimensional (3D) 
hydrodynamic and sediment transport model featuring 12 vertical layers. The objective was to 
assess whether vertical resolution affects the predicted morphodynamic development of the 
bank, when compared with 2DH modelling. Only a minimal calibration adjustment was applied 
(increasing the sediment transport factor from 1.0 to 1.5), as full 3D recalibration was outside 
the scope of this study. Model outputs from the 3D simulation were compared with the 2DH 
results for flow patterns, residual sediment transport, and cumulative erosion and 
sedimentation. 
 
The comparison between the 2DH and 3D simulations demonstrates that the depth-averaged 
hydrodynamics from the 3D model closely match those of the 2DH model, with localised 
velocity differences generally below 5% of the total flow magnitude. The inclusion of vertical 
layers does not significantly alter the large-scale morphodynamic behaviour of Arklow Bank: 
both models reproduce consistent residual sediment transport pathways and spatial patterns 
of erosion, sedimentation, and migration direction. Importantly, the differences between the 
2DH and 3D simulations are smaller than the discrepancies between either model simulations, 
and available multi-year bathymetric measurements. The small differences between the 2DH 
and 3D results arise primarily from the need for a dedicated 3D calibration, rather than from 
any fundamental limitation of the 2DH approach.  
 
A review of public literature and industry practice further supports these findings. Research 
studies demonstrate that large-scale sandbank dynamics are predominantly governed by 
depth-averaged tidal processes. 3D modelling is only required for small-scale sand wave 
dynamics or environments characterised by strong vertical stratification. Christie et al. (2012) 
further shows that depth-averaged (2DH) and fully 3D numerical models yield near-identical 
system-scale morphodynamic outcomes for offshore wind farm settings. Turbine-induced 
vertical wake effects remain highly localised and do not propagate into the wider sediment-
transport system. Studies on the Irish Sea (including those focused on Arklow Bank) 
consistently apply 2DH modelling, as tidal currents are the dominant sediment transport driver. 
North Sea offshore wind farm assessments by Deltares (2016, 2019, 2020, 2022, 2023) 
similarly use 2DH modelling for regional morphodynamic simulations. 
 
In parallel, the literature on wave modelling confirms that spectral (phase-averaged) wave 
models are reliable and the standard choice for offshore windfarm-scale applications, while 
phase-resolving models are restricted to local studies near structures or short-duration events. 
 
Overall, the 2DH flow model and spectral wave model used in the Stage 2 Sediment Mobility 
Assessment are appropriate and according to industry standard for assessing the long-term 
offshore morphodynamic assessments. 

Summary

This report evaluates the choice for the use of 2DH modelling in the study for Arklow Bank, as
presented in Deltares (2025). Depth-averaged (2DH) modelling is widely applied and
considered standard practice for large-scale offshore morphodynamic studies. The evaluation
is done by assessing the influence of the inclusion of vertical layers in the model developed in
Deltares (2025), which used a depth-averaged (2DH) numerical model to evaluate long-term
seabed behaviour. The work was commissioned by Sure Partners Limited as part of a Request
for Further Information (RFI) related to the marine development application for Arklow Bank
Wind Park Phase 2.

The existing Stage 2 Arklow Bank model was converted into a three-dimensional (3D)
hydrodynamic and sediment transport model featuring 12 vertical layers. The objective was to
assess whether vertical resolution affects the predicted morphodynamic development of the
bank, when compared with 2DH modelling. Only a minimal calibration adjustment was applied
(increasing the sediment transport factor from 1.0 to 1.5), as full 3D recalibration was outside
the scope of this study. Model outputs from the 3D simulation were compared with the 2DH
results for flow patterns, residual sediment transport, and cumulative erosion and
sedimentation.

The comparison between the 2DH and 3D simulations demonstrates that the depth-averaged
hydrodynamics from the 3D model closely match those of the 2DH model, with localised
velocity differences generally below 5% of the total flow magnitude. The inclusion of vertical
layers does not significantly alter the large-scale morphodynamic behaviour of Arklow Bank:
both models reproduce consistent residual sediment transport pathways and spatial patterns
of erosion, sedimentation, and migration direction. Importantly, the differences between the
2DH and 3D simulations are smaller than the discrepancies between either model simulations,
and available multi-year bathymetric measurements. The small differences between the 2DH
and 3D results arise primarily from the need for a dedicated 3D calibration, rather than from
any fundamental limitation of the 2DH approach.

A review of public literature and industry practice further supports these findings. Research
studies demonstrate that large-scale sandbank dynamics are predominantly governed by
depth-averaged tidal processes. 3D modelling is only required for small-scale sand wave
dynamics or environments characterised by strong vertical stratification. Christie et al. (2012)
further shows that depth-averaged (2DH) and fully 3D numerical models yield near-identical
system-scale morphodynamic outcomes for offshore wind farm settings. Turbine-induced
vertical wake effects remain highly localised and do not propagate into the wider sediment-
transport system. Studies on the Irish Sea (including those focused on Arklow Bank)
consistently apply 2DH modelling, as tidal currents are the dominant sediment transport driver.
North Sea offshore wind farm assessments by Deltares (2016, 2019, 2020, 2022, 2023)
similarly use 2DH modelling for regional morphodynamic simulations.

In parallel, the literature on wave modelling confirms that spectral (phase-averaged) wave
models are reliable and the standard choice for offshore windfarm-scale applications, while
phase-resolving models are restricted to local studies near structures or short-duration events.

Overall, the 2DH flow model and spectral wave model used in the Stage 2 Sediment Mobility
Assessment are appropriate and according to industry standard for assessing the long-term
offshore morphodynamic assessments.
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1 Introduction 

1.1 Project background 
Sure Partners Limited (Client) is developing Arklow Bank Wind Park Phase 2 (hereafter Arklow 
Bank Wind Park) situated off the East Coast of Ireland.  
 
Figure 1.1 presents Arklow Bank Wind Park Phase 2 in relation to the Irish coast. The water 
depths at the wind park range from approximately 1 to 50 m LAT and are shallowest at and 
around the large sandbank (Arklow Bank) which runs parallel to the coastline. 
 

 
Figure 1.1 Overview of Arklow Bank Wind Park Phase 2 (black polygon) and the Cable Working Area (CWA) 
(dashed black polygon) within the larger physical system. 

1.2 Motivation 
Deltares has supported the Client throughout the development of the wind park by providing 
the Stage 2 Sediment Mobility Assessment (Deltares, 2025). The Stage 2 report provided the 
following: 
�‡ A data-driven analysis to assess trends in seabed dynamics across Arklow Bank based on 

available geophysical datasets. 
�‡ Tracking of the Arklow Bank crest using satellite imagery. 
�‡ A holistic review of the sediment transport processes at Arklow Bank. 
�‡ A calibration of numerical morphodynamic models using available bathymetric datasets. 

1 Introduction

1.1 Project background
Sure Partners Limited (Client) is developing Arklow Bank Wind Park Phase 2 (hereafter Arklow
Bank Wind Park) situated off the East Coast of Ireland.

Figure 1.1 presents Arklow Bank Wind Park Phase 2 in relation to the Irish coast. The water
depths at the wind park range from approximately 1 to 50 m LAT and are shallowest at and
around the large sandbank (Arklow Bank) which runs parallel to the coastline.

Figure 1.1 Overview of Arklow Bank Wind Park Phase 2 (black polygon) and the Cable Working Area (CWA)

(dashed black polygon) within the larger physical system.

1.2 Motivation
Deltares has supported the Client throughout the development of the wind park by providing
the Stage 2 Sediment Mobility Assessment (Deltares, 2025). The Stage 2 report provided the
following:
• A data-driven analysis to assess trends in seabed dynamics across Arklow Bank based on

available geophysical datasets.
• Tracking of the Arklow Bank crest using satellite imagery.
• A holistic review of the sediment transport processes at Arklow Bank.
• A calibration of numerical morphodynamic models using available bathymetric datasets.
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�‡ Long-term morphodynamic simulations covering a 20-year period to assess potential future 
seabed evolution. 

�‡ A probabilistic estimate of future seabed levels over the lifetime of the project which are a 
key input to the Client to the foundation and cable design. 

 
As part of their marine development application, the Client has received a request for further 
information (RFI) from An Coimisiun Pleanala. The objective of this report is to verify the 
influence of the vertical model discretization (3D numerical model) in the sediment transport 
and morphodynamic model results, in response to feedback received from the application 
review board. The report achieves this by presenting the results of additional 3D numerical 
model simulations and comparing these results to the original Stage 2 model (a 2DH model, 
developed in Deltares (2025)). 

1.3 Scope activities and limitations 
The below list presents a summary of the new activities undertaken as part of this scope. 
�‡ The 2DH morphodynamic model developed in Deltares (2025) is converted into a 3D model 

(Chapter 2). Comparisons are made to the 2DH model results. 
�‡ Summary of public literature and reports on offshore morphodynamic modelling, describing 

the purposes of the modelling activities, the models used, and the techniques applied (2DH 
or 3D) (Section 3.1). 

�‡ Summary of public literature and reports involving offshore wave modelling, to provide an 
overview of which modelling approaches (spectral or phase-resolving) are used in different 
settings and what the merits are of each approach (Section 3.2). 

  

• Long-term morphodynamic simulations covering a 20-year period to assess potential future
seabed evolution.

• A probabilistic estimate of future seabed levels over the lifetime of the project which are a
key input to the Client to the foundation and cable design.

As part of their marine development application, the Client has received a request for further
information (RFI) from An Coimisiun Pleanala. The objective of this report is to verify the
influence of the vertical model discretization (3D numerical model) in the sediment transport
and morphodynamic model results, in response to feedback received from the application
review board. The report achieves this by presenting the results of additional 3D numerical
model simulations and comparing these results to the original Stage 2 model (a 2DH model,
developed in Deltares (2025)).

1.3 Scope activities and limitations
The below list presents a summary of the new activities undertaken as part of this scope.
• The 2DH morphodynamic model developed in Deltares (2025) is converted into a 3D model

(Chapter 2). Comparisons are made to the 2DH model results.
• Summary of public literature and reports on offshore morphodynamic modelling, describing

the purposes of the modelling activities, the models used, and the techniques applied (2DH
or 3D) (Section 3.1).

• Summary of public literature and reports involving offshore wave modelling, to provide an
overview of which modelling approaches (spectral or phase-resolving) are used in different
settings and what the merits are of each approach (Section 3.2).
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Figure 2.1 Map of the depth-averaged velocity magnitude and direction for the 3D model (left) and velocity 
difference to baseline (right) during southward flow. 

 
Figure 2.2 Map of the depth-averaged velocity magnitude and direction for the 3D model (left) and velocity 
difference to baseline (right) during northward flow. 
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Figure 2.1 Map of the depth-averaged velocity magnitude and direction for the 3D model (left) and velocity

difference to baseline (right) during southward flow.
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Figure 2.2 Map of the depth-averaged velocity magnitude and direction for the 3D model (left) and velocity

difference to baseline (right) during northward flow.
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2.2 Cumulative erosion/sedimentation 

2.2.1 Spatial  comparison  
Figure 2.3 presents the 1-year cumulative erosion/sedimentation over Arklow Bank and the 
surrounding area for the baseline (2DH) and 3D models. The inclusion of vertical layers 
preserves the large-scale morphodynamic behaviour of the bank and the following description 
applies to both simulations: 
�‡ North of y = 5863 km, the direction of migration of Arklow Bank is towards the west. 
�‡ Between y = 5858 and 5863 km, the direction of migration is inverted towards the east, 

follow by westward migration again between y = 5855 and 5858 km. 
�‡ In the middle section of Arklow Bank, between y = 5849 and y = 5855 km, westward 

migration is simulated.  
�‡ South of y = 5849 the migration direction is westwards, with some accretion simulated 

between y = 5847 and y = 5848 km and at the southern tip.  
 
The difference map presented in Figure 2.4 shows that the inclusion of vertical layers causes 
mainly localized changes typically within +/-2 m (over the considered 1-year period). The spatial 
patterns of erosion and sedimentation remain consistent between the 2DH and 3D models, 
with differences occurring primarily in magnitude. These differences do not imply that the 2DH 
approach is inferior to 3D, they reflect that a 3D model requires its own dedicated calibration 
to achieve a comparable level of agreement with measured bathymetric changes (see  
Section 2.4 for further explanation).  
 
Differences between the baseline (2DH) and 3D models are significantly smaller than the 
discrepancies between the baseline model and bathymetry measurements. In conclusion, the 
2DH and 3D models result in equivalent morphodynamic behaviour for the purposes of this 
assessment. 

Cumulative erosion/sedimentation2.2

2.2.1 Spatial comparison
Figure 2.3 presents the 1-year cumulative erosion/sedimentation over Arklow Bank and the
surrounding area for the baseline (2DH) and 3D models. The inclusion of vertical layers
preserves the large-scale morphodynamic behaviour of the bank and the following description
applies to both simulations:
• North of y = 5863 km, the direction of migration of Arklow Bank is towards the west.
• Between y = 5858 and 5863 km, the direction of migration is inverted towards the east,

follow by westward migration again between y = 5855 and 5858 km.
• In the middle section of Arklow Bank, between y = 5849 and y = 5855 km, westward

migration is simulated.
• South of y = 5849 the migration direction is westwards, with some accretion simulated

between y = 5847 and y = 5848 km and at the southern tip.

The difference map presented in Figure 2.4 shows that the inclusion of vertical layers causes
mainly localized changes typically within +1-2 m (over the considered 1-year period). The spatial
patterns of erosion and sedimentation remain consistent between the 2DH and 3D models,
with differences occurring primarily in magnitude. These differences do not imply that the 2DH
approach is inferior to 3D, they reflect that a 3D model requires its own dedicated calibration
to achieve a comparable level of agreement with measured bathymetric changes (see
Section 2.4 for further explanation).

Differences between the baseline (2DH) and 3D models are significantly smaller than the
discrepancies between the baseline model and bathymetry measurements. In conclusion, the
2DH and 3D models result in equivalent morphodynamic behaviour for the purposes of this
assessment.
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Figure 2.3 Modelled cumulative erosion/sedimentation baseline (left panel) compared to modelled cumulative 
erosion/sedimentation 3D (right panel) over the 1-year simulation (2024-2025). 
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Figure 2.3 Modelled cumulative erosion/sedimentation baseline (left panel) compared to modelled cumulative

erosion/sedimentation 3D (right panel) over the 1-year simulation (2024-2025).
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Figure 2.4 Difference between the modelled cumulative erosion/sedimentation baseline (2DH) and the 
modelled cumulative erosion/sedimentation including vertical layers (3D) over the 1-year simulation (see  
Figure 2.3). 
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Figure 2.4 Difference between the modelled cumulative erosion/sedimentation baseline (2DH) and the

modelled cumulative erosion/sedimentation including vertical layers (3D) over the 1-year simulation (see

Figure 2.3).
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2.2.2 Integrated  comparison  
A volumetric comparison of simulated morphology changes over the 1-year period is given in 
Figure 2.5 for the baseline simulation (2DH) and the simulation including vertical layers (3D). 
The left panel corresponds to the integrated erosion and sedimentation volumes over cross 
sections through the bank, running from North to South (see Stage 2 report by Deltares (2025)). 
The middle panel depicts the sum of erosion and sedimentation volumes, i.e., net volumetric 
changes, and the right panel the absolute volumetric changes (right plot). To indicate the 
direction of bank migration, we assign a negative value to the absolute volumetric change when 
the zone of maximum deposition lies west of the zone of maximum erosion (westward 
migration). In the opposite case, when deposition occurs east of erosion (eastward migration), 
the absolute volumetric change is assigned a positive value. In this way, the metric captures 
both the magnitude and the direction of morphological change. From this volumetric 
comparison, it can be concluded that the difference in erosion/sedimentation between the two 
simulations is small. The spatial patterns of erosion and sedimentation remain consistent 
between the 2DH and 3D models, with differences occurring primarily in magnitude rather than 
in pattern or migration direction (see Section 2.4 for further explanation). 
 

 
Figure 2.5 Modelled erosion/sedimentation integrated along the transects for the 2DH baseline simulation 
(dark coloured) compared to the 3D simulation (light coloured) for the 1-year period. 

 

2.2.2 Integrated comparison
A volumetric comparison of simulated morphology changes over the 1-year period is given in
Figure 2.5 for the baseline simulation (2DH) and the simulation including vertical layers (3D).
The left panel corresponds to the integrated erosion and sedimentation volumes over cross
sections through the bank, running from North to South (see Stage 2 report by Deltares (2025)).
The middle panel depicts the sum of erosion and sedimentation volumes, i.e., net volumetric
changes, and the right panel the absolute volumetric changes (right plot). To indicate the
direction of bank migration, we assign a negative value to the absolute volumetric change when
the zone of maximum deposition lies west of the zone of maximum erosion (westward
migration). In the opposite case, when deposition occurs east of erosion (eastward migration),
the absolute volumetric change is assigned a positive value. In this way, the metric captures
both the magnitude and the direction of morphological change. From this volumetric
comparison, it can be concluded that the difference in erosion/sedimentation between the two
simulations is small. The spatial patterns of erosion and sedimentation remain consistent
between the 2DH and 3D models, with differences occurring primarily in magnitude rather than
in pattern or migration direction (see Section 2.4 for further explanation).

Acrretion/Erosion Net Acrretion/Erosion Absolute Accretion/Erosion

Y
-C

oo
rd

m
at

e 
[k

m
]

Figure 2.5 Modelled erosion/sedimentation integrated along the transects for the 2DH baseline simulation

(dark coloured) compared to the 3D simulation (light coloured) for the 1-year period.
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2.3 Sediment transport patterns 
Figure 2.6 presents the 1-year mean/residual sediment transport simulated over Arklow Bank 
and the surrounding area for the baseline (2DH) and 3D model, and a difference map between 
these simulations respectively: 
�‡ The highest mean sediment transports are observed between y = 5845 and y = 5851 km. 
�‡ Overall, the mean sediment transports are northward on the western side of Arklow Bank 

and towards the south on the eastern side of Arklow Bank.  
�‡ The inclusion of the vertical layers results in localized decreases in the mean sediment 

transport because the 3D model computes transport based on the near-bed flow, typically 
lower than the depth-averaged flow used in the baseline (2DH) model. As a result, transport 
magnitudes decrease locally, although overall transport patterns remain consistent 
between the two model setups. 

 

 

Figure 2.6 Modelled mean total sediment transport baseline without infrastructure (left panel) compared to 
modelled mean total sediment transport including Phase 1 and 2 infrastructure (right panel) for the 1-year 
period. 

2.3 Sediment transport patterns
Figure 2.6 presents the 1-year mean/residual sediment transport simulated over Arklow Bank
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• The highest mean sediment transports are observed between y = 5845 and y = 5851 km.
• Overall, the mean sediment transports are northward on the western side of Arklow Bank

and towards the south on the eastern side of Arklow Bank.
• The inclusion of the vertical layers results in localized decreases in the mean sediment

transport because the 3D model computes transport based on the near-bed flow, typically
lower than the depth-averaged flow used in the baseline (2DH) model. As a result, transport
magnitudes decrease locally, although overall transport patterns remain consistent
between the two model setups.
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Figure 2.6 Modelled mean total sediment transport baseline without infrastructure (left panel) compared to

modelled mean total sediment transport including Phase 1 and 2 infrastructure (right panel) for the 1-year

period.
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3 Literature review 

3.1 2DH vs 3D 
In this section relevant public literature and reports involving the 2DH (single vertical layer) or 
3D modelling of offshore morphodynamics are summarised (see Table 3.1). Overall, the 
reviewed literature and modelling studies consistently show that 2DH models are sufficient, 
appropriate, and standard for large-scale offshore sandbank morphodynamic applications, 
because 3D effects remain confined to localised processes and do not modify system-scale 
sediment transport. 
 
Table 3.1 Overview of relevant literature and reports regarding 2DH versus 3D modelling. 

Reference  Model  
Type 

Notes  

Coughlan  et al. (2021): A new seabed  
mobility  index  for  the Irish  Sea: Modelling  
seabed  shear  stress  and classifying  
sediment  mobilisation  to  help  predict  
erosion,  deposition,  and  sediment  
distribution  

2DH Develops a depth�æaveraged numerical modelling 
approach to quantify seabed shear stress and 
sediment mobility across the Irish Sea for predicting 
patterns of erosion and deposition. 

Creane et al. (2021): The Irish  Sea bed  load  
parting  zone:  Is it  a mid-sea hydrodynamic  
phenomenon  or a geological  theoretical  
concept?  

2DH Uses hydrodynamic modelling to determine whether 
present�æday tidal currents can explain the existence 
and location of the Irish Sea bed load parting zone. 

Creane et al. (2022): Development  and  
Dynamics  of  Sediment  Waves in  a 
Complex  Morphological  and  Tidal  
Dominant  System:  Southern  Irish  Sea 

2DH Analyses the formation and evolution of independent 
and bank�æassociated sediment waves in the Southern 
Irish Sea and their relationship with tidal forcing and 
sandbank morphology. 

Creane et al. (2023a): Hydrodynamic  
Processes  Controlling  Sand  Bank  Mobility  
and  Lon g-Term Base Stability:  A Case 
Study  of  Arklow  Bank  

2DH Demonstrates that tidal currents are the primary 
drivers of Arklow Bank mobility, while also quantifying 
the modifying influence of wind�æ and wave�ædriven 
processes. 

Creane et al. (2023b): Morphological  
Modelling  to  Investigate  the  Role of  
External  Sediment  Sources  and  Wind  and  
Wave-Induced  Flow  on  Sand  Bank  
Sustainability:  An  Arklow  Bank  Case 
Study  

2DH Uses morphological modelling to assess how external 
sediment supply, wind�æinduced flow, and wave 
forcing contribute to the long�æterm sustainability and 
sediment budget of Arklow Bank. 

Panigrahi  et al. (2009): Coastal  
morphological  modelling  to assess  the  
dynamics  of  Arklow  Bank,  Ireland  

2DH Applies hydrodynamic and sediment transport 
modelling to evaluate long�æterm sediment dynamics 
and morphological stability of Arklow Bank for 
potential offshore wind�æfarm siting. 

Deltares  (2016): Morphodynamics  of  
Hollandse  Kust  (zuid)  Wind  Farm Zone 

2DH Morphodynamic assessment of future seabed levels 
using a modelling and data-driven approach. 

Deltares  (2019): Morphodynamics  and  
scour  mitigation  for  Hollandse  Kust  
(noord)  Wind  Farm Zone 

2DH Morphodynamic assessment of future seabed levels 
using a modelling and data-driven approach. 

Deltares  (2020): Morphodynamics  for  
Hollandse  Kust  (west)  Wind  Farm Zone 

2DH Morphodynamic assessment of future seabed levels 
using a modelling and data-driven approach. 

Deltares  (2022): Morphodynamics  for  Ten 
noorden  van  de Waddeneilanden  Wind  
Farm Zone 

2DH Morphodynamic assessment of future seabed levels 
using a modelling and data-driven approach. 

Deltares  (2023): Morphodynamics  for  
IJmuiden  Ver Wind  Farm Zone 

2DH Morphodynamic assessment of future seabed levels 
using a modelling and data-driven approach. 

3 Literature review

3.1 2DH vs 3D
In this section relevant public literature and reports involving the 2DH (single vertical layer) or
3D modelling of offshore morphodynamics are summarised (see Table 3.1). Overall, the
reviewed literature and modelling studies consistently show that 2DH models are sufficient,
appropriate, and standard for large-scale offshore sandbank morphodynamic applications,
because 3D effects remain confined to localised processes and do not modify system-scale
sediment transport.

Table 3.1 Overview of relevant literature and reports regarding 2DH versus 3D modelling.

Reference Model
Type

Notes

Coughlan et al. (2021): A new seabed
mobility index for the Irish Sea: Modelling
seabed shear stress and classifying
sediment mobilisation to help predict
erosion, deposition, and sediment
distribution

2DH Develops a depth-averaged numerical modelling
approach to quantify seabed shear stress and
sediment mobility across the Irish Sea for predicting
patterns of erosion and deposition.

Creane et al. (2021): The Irish Sea bed load
parting zone: Is it a mid-sea hydrodynamic
phenomenon or a geological theoretical
concept?

2DH Uses hydrodynamic modelling to determine whether
present-day tidal currents can explain the existence
and location of the Irish Sea bed load parting zone.

Creane et al. (2022): Development and
Dynamics of Sediment Waves in a
Complex Morphological and Tidal
Dominant System: Southern Irish Sea

2DH Analyses the formation and evolution of independent
and bank-associated sediment waves in the Southern
Irish Sea and their relationship with tidal forcing and
sandbank morphology.

Creane et al. (2023a): Hydrodynamic
Processes Controlling Sand Bank Mobility
and Long-Term Base Stability: A Case
Study of Arklow Bank

2DH Demonstrates that tidal currents are the primary
drivers of Arklow Bank mobility, while also quantifying
the modifying influence of wind- and wave-driven
processes.

Creane et al. (2023b): Morphological
Modelling to Investigate the Role of
External Sediment Sources and Wind and
Wave-Induced Flow on Sand Bank
Sustainability: An Arklow Bank Case
Study

2DH Uses morphological modelling to assess how external
sediment supply, wind-induced flow, and wave
forcing contribute to the long-term sustainability and
sediment budget of Arklow Bank.

Panigrahi et al. (2009): Coastal
morphological modelling to assess the
dynamics of Arklow Bank, Ireland

2DH Applies hydrodynamic and sediment transport
modelling to evaluate long-term sediment dynamics
and morphological stability of Arklow Bank for
potential offshore wind-farm siting.

Deltares (2016): Morphodynamics of
Hollandse Kust (zuid) Wind Farm Zone

2DH Morphodynamic assessment of future seabed levels
using a modelling and data-driven approach.

Deltares (2019): Morphodynamics and
scour mitigation for Hollandse Kust
(noord) Wind Farm Zone

2DH Morphodynamic assessment of future seabed levels
using a modelling and data-driven approach.

Deltares (2020): Morphodynamics for
Hollandse Kust (west) Wind Farm Zone

2DH Morphodynamic assessment of future seabed levels
using a modelling and data-driven approach.

Deltares (2022): Morphodynamics for Ten
noorden van de Waddeneilanden Wind
Farm Zone

2DH Morphodynamic assessment of future seabed levels
using a modelling and data-driven approach.

Deltares (2023): Morphodynamics for
Umuiden Ver Wind Farm Zone

2DH Morphodynamic assessment of future seabed levels
using a modelling and data-driven approach.
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Clee and  Pan (2019): 2D versus  3D 
Modelling  of  Sandbank  Morphodynamics  

Both Compares 2D and 3D hydrodynamic and 
morphodynamic model performance to determine the 
influence of vertical flow structure on sandbank 
evolution. 

Clee (2020): 3D Hydrodynamic  and  
Morphodynamic  Modelling  of  Offshore  
Sandbanks  

Both Develops a 3D numerical model to investigate how 
vertical hydrodynamics affect sediment transport and 
long�æterm offshore sandbank evolution relative to 
traditional 2D approaches. 

Leenders  et al. (2021): Numerical  
modelling  of  the  migration  direction  of  
tidal  sand  waves  over  sand  banks  

3D Uses 3D process�æbased modelling to examine how 
vertical shear and phase�ælag sediment transport drive 
the migration direction of tidal sand waves. 

Roos  et al. (2004): The cros s-sectional  
shape  of tidal  sandbanks:  Modelling  and  
observations  

2DH Combines idealised modelling and observations to 
investigate the cross�æsectional structure, growth, and 
equilibrium shape of offshore tidal sandbanks. 

Roos  and  Hulscher  (2007): Nonlinear  
modelling  of  tidal  sandbanks:  Wavelength  
evolution  and  sand  extraction  

2DH Applies nonlinear morphodynamic modelling to 
analyse sandbank wavelength evolution and the 
influence of sand extraction on offshore sandbank 
systems. 

Brière  et al. (2010): Modelling  the  
Morphodynamics  of  the  Kwinte  Bank,  
Subject  to  Sand  Extraction  

2DH Uses morphodynamic modelling to assess natural 
evolution and dredging impacts on the Kwinte Bank in 
the Belgian offshore zone. 

de Vriend  (1997): Evolution  of  marine  
morphodynamic  modelling:  Time for  3D? 

- Presents a conceptual framework outlining when 3D 
hydrodynamic and morphodynamic modelling is 
necessary across marine process regimes. 

Christie  et al. (2012): Comparison  of  2D 
and  3D larg e-scale  morphological  
modelling  of  offshore  wind  farms  using  
HPC 

Both Evaluates differences between 2D and 3D 
large�æscale morphodynamic predictions for offshore 
wind farm infrastructure to determine whether 3D 
hydrodynamics affect system�æscale seabed evolution. 

Giardino  et al. (2010): Wave effects  on  the  
morphodynamic  evolution  of  an offshore  
sand  bank  

2DH Studies the wave effects on long-term sandbank 
dynamics 

Chatzirodou  et al. (2017): Modelling  3D 
hydrodynamics  governing  islan d-
associated  sandbanks  in  a proposed  tidal  
stream  energy  site  

3D Uses a 3D hydrodynamic model to investigate the 
influence of Tidal Energy Converters on bank 
morphodynamics at a complex location with highly 
energetic tidal flows 

Chatzirodou  et al. (2019): 3D modelling  of  
the  impacts  of  in-stream  horizonta l-axis  
Tidal  Energy  Converters  (TECs) on  
offshore  sandbank  dynamics  

3D Uses a 3D morphodynamic model to investigate the 
influence of Tidal Energy Converters on bank 
morphodynamics at a complex location with highly 
energetic tidal flows 

Li  et al. (2014): Sediment  transport  and  
development  of  banner  banks  and  sand  
waves in  an extreme  tidal  system:  Upper  
Bay of  Fundy,  Canada 

3D A 3D hydrodynamic model was utilised to study 
formation and processes of a sandbank and sand 
waves in a highly complex location (Upper Bay of 
Fundy) 

Leenders  et al. (2021) 3D A 3D sediment transport model was developed to 
highlight sand wave migration directions over a 
sandbank. 

3.1.1 Studies  on  2DH and 3D modelling  of  offshore  sandbank  and sand  wave dynamics  
Large�æscale tidal sandbanks are primarily governed by the depth�æaveraged tidal response to 
seabed perturbations. In contrast, small-scale bedforms such as sand waves depend strongly 
on vertical flow structure and boundary layer dynamics (Besio et al., 2006; de Vriend, 1997). 
Consequently, depth�æaveraged models are the standard and appropriate choice for sandbank 
morphodynamics, including offshore wind farm assessments. Fully 3D models are typically 
applied only when vertical processes dominate, such as in sand wave modelling Leenders et 
al. (2021); Li et al. (2014), or in environments with strong vertical stratification or complex local 
hydrodynamics such as Chatzirodou et al. (2017, 2019). 
 

Clee and Pan (2019): 2D versus 3D
Modelling of Sandbank Morphodynamics

Both Compares 2D and 3D hydrodynamic and
morphodynamic model performance to determine the
influence of vertical flow structure on sandbank
evolution.

Clee (2020): 3D Hydrodynamic and
Morphodynamic Modelling of Offshore
Sandbanks

Both Develops a 3D numerical model to investigate how
vertical hydrodynamics affect sediment transport and
long-term offshore sandbank evolution relative to
traditional 2D approaches.

Leenders et al. (2021): Numerical
modelling of the migration direction of
tidal sand waves over sand banks

3D Uses 3D process-based modelling to examine how
vertical shear and phase-lag sediment transport drive
the migration direction of tidal sand waves.

Roos et al. (2004): The cross-sectional
shape of tidal sandbanks: Modelling and
observations

2DH Combines idealised modelling and observations to
investigate the cross-sectional structure, growth, and
equilibrium shape of offshore tidal sandbanks.

Roos and Hulscher (2007): Nonlinear
modelling of tidal sandbanks: Wavelength
evolution and sand extraction

2DH Applies nonlinear morphodynamic modelling to
analyse sandbank wavelength evolution and the
influence of sand extraction on offshore sandbank
systems.

Briere et al. (2010): Modelling the
Morphodynamics of the Kwinte Bank,
Subject to Sand Extraction

2DH Uses morphodynamic modelling to assess natural
evolution and dredging impacts on the Kwinte Bank in
the Belgian offshore zone.

de Vriend (1997): Evolution of marine
morphodynamic modelling: Time for 3D?

- Presents a conceptual framework outlining when 3D
hydrodynamic and morphodynamic modelling is
necessary across marine process regimes.

Christie et al. (2012): Comparison of 2D
and 3D large-scale morphological
modelling of offshore wind farms using
HPC

Both Evaluates differences between 2D and 3D
large-scale morphodynamic predictions for offshore
wind farm infrastructure to determine whether 3D
hydrodynamics affect system-scale seabed evolution.

Giardino et al. (2010): Wave effects on the
morphodynamic evolution of an offshore
sand bank

2DH Studies the wave effects on long-term sandbank
dynamics

Chatzirodou et al. (2017): Modelling 3D
hydrodynamics governing island-
associated sandbanks in a proposed tidal
stream energy site

3D Uses a 3D hydrodynamic model to investigate the
influence of Tidal Energy Converters on bank
morphodynamics at a complex location with highly
energetic tidal flows

Chatzirodou et al. (2019): 3D modelling of
the impacts of in-stream horizontal-axis
Tidal Energy Converters (TECs) on
offshore sandbank dynamics

3D Uses a 3D morphodynamic model to investigate the
influence of Tidal Energy Converters on bank
morphodynamics at a complex location with highly
energetic tidal flows

Li et al. (2014): Sediment transport and
development of banner banks and sand
waves in an extreme tidal system: Upper
Bay of Fundy, Canada

3D A 3D hydrodynamic model was utilised to study
formation and processes of a sandbank and sand
waves in a highly complex location (Upper Bay of
Fundy)

Leenders et al. (2021) 3D A 3D sediment transport model was developed to
highlight sand wave migration directions over a
sandbank.

3.1.1 Studies on 2DH and 3D modelling of offshore sandbank and sand wave dynamics
Large-scale tidal sandbanks are primarily governed by the depth-averaged tidal response to
seabed perturbations. In contrast, small-scale bedforms such as sand waves depend strongly
on vertical flow structure and boundary layer dynamics (Besio et al., 2006; de Vriend, 1997).
Consequently, depth-averaged models are the standard and appropriate choice for sandbank
morphodynamics, including offshore wind farm assessments. Fully 3D models are typically
applied only when vertical processes dominate, such as in sand wave modelling Leenders et
al. (2021); Li et al. (2014), or in environments with strong vertical stratification or complex local
hydrodynamics such as Chatzirodou et al. (2017, 2019).

17 of 25 3D modelling of the Arklow Bank

11208610-010-HYE-0002, 20 March 2026

Delta res



 
 

 

18 of 25  3D modelling of the Arklow Bank  
11208610-010-HYE-0002, 20 March 2026 

Clee and Pan (2019) and (Clee, 2020) provide detailed comparisons of 2DH and 3D 
morphodynamic modelling for sandbanks in the southern North Sea. While 3D models 
reproduce near-bed processes and suspended load dynamics more accurately, 2DH models 
capture large-scale migration patterns effectively and remain the practical option for long-term 
regional simulations. These studies confirm that 3D modelling provides additional physical 
detail but is generally restricted to shorter timeframes or research-focused settings. 
 
Leenders et al. (2021) applies a 3D model to reproduce sand wave migration. Because sand 
waves depend on vertical shear, boundary layer processes and phase-lag interactions between 
flow and bedform, 3D modelling is required for sand wave physics. However, these 
mechanisms are not dominant for large-scale sandbank evolution, meaning 3D is not required 
for sandbank-scale morphodynamic analyses. 
 
Several key studies by Roos & Hulscher (Roos et al. (2004); Roos and Hulscher (2007) and 
Brière et al. (2010) on the Kwinte Bank) consistently use depth-averaged (2DH) models, even 
when analysing cross-bank morphology. Collectively, these works show that sandbank 
behaviour is governed primarily by the depth-averaged tidal response to seabed perturbations, 
that vertical flow structure plays only a limited role in large-scale sandbank dynamics, and that 
2DH models successfully capture the essential physics of sandbank formation, maintenance, 
and long-term migration 
 
Similarly, de Vriend (1997) provides a classification of morphodynamic processes and when 
3D modelling is recommended, with sandbanks not identified as a process class requiring 3D 
physics. 

3.1.2 Study  on morphological  modelling  of  offshore  wind  infrastructure  
The study by Christie et al. (2012) provides an evaluation of whether 3D hydrodynamics are 
required to capture the morphodynamic effects of offshore wind farm infrastructure. Their 
modelling work compares depth�æaveraged (2DH) and fully three�ædimensional simulations for a 
large wind farm and shows that both approaches produce nearly identical system�æscale 
patterns of seabed change. Although the 3D model resolves local vertical circulation, wake 
effects, and flow disturbances around individual turbine foundations in much greater detail, 
these effects remain confined to an area close to the structures and decay rapidly with distance. 
As a result, they do not propagate into the broader, regional sediment transport system. 
 
Christie et al. (2012) found that the dominant controls on large�æscale seabed evolution are the 
depth�æaveraged tidal currents, which are reproduced effectively by the 2DH model. Even when 
hundreds of turbines were represented, the overall morphodynamic trends remained consistent 
between the 2DH and 3D simulations. The 3D model provides additional physical realism 
locally, but this added complexity does not alter the regional sediment dynamics or the long-
term morphological response of the seabed. However, the use of 3D models also requires 
longer computational run times, which in practice often forces shorter simulated periods. 
 
The study demonstrates that infrastructure-induced changes to the seabed can be captured 
reliably using 2DH models for wind farm assessments. While 3D modelling may offer benefits 
for local, near�æfield process studies, it does not deliver substantially different or improved 
predictions of system�æscale morphodynamic behaviour and comes with computational 
demand. 

3.1.3 Journal  papers  on the Arklow  Bank  and  Irish  Sea 
The reviewed journal papers of Coughlan et al. (2021); Creane et al. (2022); Creane et al. 
(2021); Creane et al. (2023a, 2023b); (Panigrahi et al., 2009) all apply depth�æaveraged (2DH) 
hydrodynamic and sediment transport models using the MIKE 21 modelling suite. These 

Clee and Pan (2019) and (Clee, 2020) provide detailed comparisons of 2DH and 3D
morphodynamic modelling for sandbanks in the southern North Sea. While 3D models
reproduce near-bed processes and suspended load dynamics more accurately, 2DH models
capture large-scale migration patterns effectively and remain the practical option for long-term
regional simulations. These studies confirm that 3D modelling provides additional physical
detail but is generally restricted to shorter timeframes or research-focused settings.

Leenders et al. (2021) applies a 3D model to reproduce sand wave migration. Because sand
waves depend on vertical shear, boundary layer processes and phase-lag interactions between
flow and bedform, 3D modelling is required for sand wave physics. However, these
mechanisms are not dominant for large-scale sandbank evolution, meaning 3D is not required
for sandbank-scale morphodynamic analyses.

Several key studies by Roos & Hulscher (Roos et al. (2004); Roos and Hulscher (2007) and
Briere et al. (2010) on the Kwinte Bank) consistently use depth-averaged (2DH) models, even
when analysing cross-bank morphology. Collectively, these works show that sandbank
behaviour is governed primarily by the depth-averaged tidal response to seabed perturbations,
that vertical flow structure plays only a limited role in large-scale sandbank dynamics, and that
2DH models successfully capture the essential physics of sandbank formation, maintenance,
and long-term migration

Similarly, de Vriend (1997) provides a classification of morphodynamic processes and when
3D modelling is recommended, with sandbanks not identified as a process class requiring 3D
physics.

3.1.2 Study on morphological modelling of offshore wind infrastructure
The study by Christie et al. (2012) provides an evaluation of whether 3D hydrodynamics are
required to capture the morphodynamic effects of offshore wind farm infrastructure. Their
modelling work compares depth-averaged (2DH) and fully three-dimensional simulations for a
large wind farm and shows that both approaches produce nearly identical system-scale
patterns of seabed change. Although the 3D model resolves local vertical circulation, wake
effects, and flow disturbances around individual turbine foundations in much greater detail,
these effects remain confined to an area close to the structures and decay rapidly with distance.
As a result, they do not propagate into the broader, regional sediment transport system.

Christie et al. (2012) found that the dominant controls on large-scale seabed evolution are the
depth-averaged tidal currents, which are reproduced effectively by the 2DH model. Even when
hundreds of turbines were represented, the overall morphodynamic trends remained consistent
between the 2DH and 3D simulations. The 3D model provides additional physical realism
locally, but this added complexity does not alter the regional sediment dynamics or the long-
term morphological response of the seabed. However, the use of 3D models also requires
longer computational run times, which in practice often forces shorter simulated periods.

The study demonstrates that infrastructure-induced changes to the seabed can be captured
reliably using 2DH models for wind farm assessments. While 3D modelling may offer benefits
for local, near-field process studies, it does not deliver substantially different or improved
predictions of system-scale morphodynamic behaviour and comes with computational
demand.

3.1.3 Journal papers on the Arklow Bank and Irish Sea
The reviewed journal papers of Coughlan et al. (2021); Creane et al. (2022); Creane et al.
(2021); Creane et al. (2023a, 2023b); (Panigrahi et al., 2009) all apply depth-averaged (2DH)
hydrodynamic and sediment transport models using the MIKE 21 modelling suite. These
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models are used to investigate tidal dynamics, sediment mobility, bed shear stress patterns, 
sandbank behaviour, and sand wave fields across the Irish Sea and Arklow Bank. 
 
Across the publications, 2DH modelling is presented as sufficient and appropriate for 
system�æscale analyses, as tidal currents are the dominant sediment transport driver and can 
be represented effectively by a depth averaged approach. Wind and wave forcing mainly 
introduce short�æterm variability, whereas tidal processes govern the long�æterm evolution of 
offshore sandbanks. 
 
Water levels, currents, suspended sediment concentrations, and bed levels are validated 
against available measurements, demonstrating that the 2DH setups perform well.  

3.1.4 Morphodynamic  studies  for  wind  farms  in  the North  Sea by Deltares  
The Deltares (2016, 2019, 2020, 2022, 2023) studies use a consistent approach to offshore 
morphodynamic modelling for large wind�æfarm zones in the North Sea: all Delft3D models are 
run in depth�æaveraged (2DH) mode, even when the spatial resolution is increased to capture 
sand waves and sediment pathways more accurately. These reports justify the use of 2DH 
modelling on multiple grounds: 
�‡ Tidal forcing is the dominant driver of sediment transport and sand wave migration in the 

offshore North Sea, making a depth�æaveraged approach appropriate. 
�‡ Wave effects are of secondary importance in deeper offshore areas and included through 

a coupled spectral wave model (SWAN) when needed. 
�‡ Long simulation periods (months to years) are required to capture morphodynamic trends, 

and 3D modelling would be computationally infeasible at the required scales. 
�‡ Available field data and observed sediment patterns (e.g., sand wave migration rates) align 

well with results from the 2DH models. 
 
Across all Deltares reports, 2DH modelling is therefore considered sufficient for practical, 
large�æscale offshore wind farm assessments. The focus is on capturing sediment transport 
patterns and long�æterm morphological trends, all of which can be reliably modelled using 
depth�æaveraged methods. 

3.1.5 Summary  
Although 3D modelling can provide more accurate bed shear stress estimates, the added 
computational cost is not justified at the regional scale, and validated 2DH models produce 
results comparable to 3D for the phenomena of interest. 
 
The considered studies therefore support the conclusion that 2DH hydrodynamic and 
morphodynamic models are appropriate, efficient, and widely relied upon for large�æscale 
offshore applications in the Irish Sea and similar areas. 3D modelling is acknowledged as more 
detailed but not required for the system�æscale research questions addressed. 
 
The findings of Christie et al. (2012) demonstrate that infrastructure-induced changes to the 
seabed can be captured reliably using 2DH models for wind farm assessments. While 3D 
modelling may offer benefits for local, near�æfield process studies, it does not deliver 
substantially different or improved predictions of system�æscale morphodynamic behaviour and 
comes with computational demand. 

3.2 Phase-resolving vs spectral modelling 
In this section, relevant literature and reports involving wave modelling are summarised (see 
Table 3.2). The aim is to get an overview of what type of wave modelling, spectral versus 
phase-resolving, is used in which setting and what the advantages and limitations are of both 
modelling approaches.  

models are used to investigate tidal dynamics, sediment mobility, bed shear stress patterns,
sandbank behaviour, and sand wave fields across the Irish Sea and Arklow Bank.

Across the publications, 2DH modelling is presented as sufficient and appropriate for
system-scale analyses, as tidal currents are the dominant sediment transport driver and can
be represented effectively by a depth averaged approach. Wind and wave forcing mainly
introduce short-term variability, whereas tidal processes govern the long-term evolution of
offshore sandbanks.

Water levels, currents, suspended sediment concentrations, and bed levels are validated
against available measurements, demonstrating that the 2DH setups perform well.

3.1.4 Morphodynamic studies for wind farms in the North Sea by Deltares
The Deltares (2016, 2019, 2020, 2022, 2023) studies use a consistent approach to offshore
morphodynamic modelling for large wind-farm zones in the North Sea: all Delft3D models are
run in depth-averaged (2DH) mode, even when the spatial resolution is increased to capture
sand waves and sediment pathways more accurately. These reports justify the use of 2DH
modelling on multiple grounds:
• Tidal forcing is the dominant driver of sediment transport and sand wave migration in the

offshore North Sea, making a depth-averaged approach appropriate.
• Wave effects are of secondary importance in deeper offshore areas and included through

a coupled spectral wave model (SWAN) when needed.
• Long simulation periods (months to years) are required to capture morphodynamic trends,

and 3D modelling would be computationally infeasible at the required scales.
• Available field data and observed sediment patterns (e.g., sand wave migration rates) align

well with results from the 2DH models.

Across all Deltares reports, 2DH modelling is therefore considered sufficient for practical,
large-scale offshore wind farm assessments. The focus is on capturing sediment transport
patterns and long-term morphological trends, all of which can be reliably modelled using
depth-averaged methods.

3.1.5 Summary
Although 3D modelling can provide more accurate bed shear stress estimates, the added
computational cost is not justified at the regional scale, and validated 2DH models produce
results comparable to 3D for the phenomena of interest.

The considered studies therefore support the conclusion that 2DH hydrodynamic and
morphodynamic models are appropriate, efficient, and widely relied upon for large-scale
offshore applications in the Irish Sea and similar areas. 3D modelling is acknowledged as more
detailed but not required for the system-scale research questions addressed.

The findings of Christie et al. (2012) demonstrate that infrastructure-induced changes to the
seabed can be captured reliably using 2DH models for wind farm assessments. While 3D
modelling may offer benefits for local, near-field process studies, it does not deliver
substantially different or improved predictions of system-scale morphodynamic behaviour and
comes with computational demand.

3.2 Phase-resolving vs spectral modelling
In this section, relevant literature and reports involving wave modelling are summarised (see
Table 3.2). The aim is to get an overview of what type of wave modelling, spectral versus
phase-resolving, is used in which setting and what the advantages and limitations are of both
modelling approaches.
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4 Conclusions 

This study evaluates the choice for 2DH modelling described in Deltares (2025). Depth-
averaged (2DH) modelling is widely applied and considered standard practice for large-scale 
offshore morphodynamic studies. The evaluation is done by assessing the influence of vertical 
model discretisation on the simulated hydrodynamics, sediment transport, and morphodynamic 
evolution of Arklow Bank by converting the existing 2DH model into a 3D model with 12 vertical 
layers. Literature was reviewed to place the results in the wider context of offshore 
morphodynamic and wave modelling practices. 
 
The comparison between the 2DH and 3D simulations demonstrates that: 
�‡ The depth-averaged hydrodynamics produced by the 3D model closely match those of the 

2DH model, with localised differences in velocity generally <5% of the flow magnitude. 
�‡ The inclusion of vertical layers does not significantly alter the large-scale morphodynamic 

behaviour of Arklow Bank, the results are consistent. Both models reproduce the same 
spatial patterns of erosion, sedimentation, and bank migration direction. Differences 
between the 2DH and 3D simulations are smaller than the discrepancies between model 
and available bathymetric measurements. 

�‡ Part of the differences are due to the fact that the 3D model requires different calibration 
settings, as expected when moving from a depth-averaged to a vertically resolved system. 
Only a minimal adjustment (increasing the suspended load and bed load transport factor 
from 1.0 to 1.5) was applied here. A full 3D calibration was outside the present scope and 
would, if pursued, require computationally intensive simulations and extensive sensitivity 
testing.  Such an approach is not standard modelling practice for system-scale 
morphodynamics and, given the suitability of the 2DH modelling approach, was not 
deemed appropriate. 

 
The review of public literature further supports the choice for 2DH (depth-averaged) models: 
�‡ Literature comparing 2DH and 3D models shows that large-scale sandbank behaviour is 

governed by depth-averaged tidal processes, meaning 2DH models accurately capture 
their evolution. 3D modelling is only required for small-scale sand wave physics or 
environments with strong vertical gradients.  

�‡ Christie et al. (2012) demonstrates that 2DH and 3D models produce nearly identical 
system-scale morphodynamic outcomes for offshore wind farms, as vertical wake-driven 
flow effects of individual turbines remain highly localised and do not affect regional 
sediment pathways. 

�‡ Published studies on the Irish Sea and Arklow Bank consistently use 2DH (depth-
averaged) hydrodynamic and morphodynamic models for system-scale investigations. 
Across these studies, tidal currents are identified as the dominant sediment transport 
drivers in these environments and can be represented effectively by a 2DH approach. 

�‡ Furthermore, for all offshore wind morphodynamic assessments of Deltares (2016, 2019, 
2020, 2022, 2023) in the North Sea the focus is on capturing sediment transport patterns 
and long�æterm morphological trends, all of which can be reliably modelled using 
depth�æaveraged methods.  

 
In parallel, the literature on wave modelling confirms that spectral (phase-averaged) wave 
models are reliable and the standard choice for offshore wind farm applications, while phase-
resolving models are restricted to local studies near structures or short-duration events. To 
conclude, the 2DH flow model and spectral wave model used in the Arklow Bank Sediment 
Mobility Assessment (Deltares, 2025) are appropriate and according to industry standard for 
assessing the long-term offshore morphodynamic assessments. 

Conclusions4

This study evaluates the choice for 2DH modelling described in Deltares (2025). Depth-
averaged (2DH) modelling is widely applied and considered standard practice for large-scale
offshore morphodynamic studies. The evaluation is done by assessing the influence of vertical
model discretisation on the simulated hydrodynamics, sediment transport, and morphodynamic
evolution of Arklow Bank by converting the existing 2DH model into a 3D model with 12 vertical
layers. Literature was reviewed to place the results in the wider context of offshore
morphodynamic and wave modelling practices.

The comparison between the 2DH and 3D simulations demonstrates that:
• The depth-averaged hydrodynamics produced by the 3D model closely match those of the

2DH model, with localised differences in velocity generally <5% of the flow magnitude.
• The inclusion of vertical layers does not significantly alter the large-scale morphodynamic

behaviour of Arklow Bank, the results are consistent. Both models reproduce the same
spatial patterns of erosion, sedimentation, and bank migration direction. Differences
between the 2DH and 3D simulations are smaller than the discrepancies between model
and available bathymetric measurements.

• Part of the differences are due to the fact that the 3D model requires different calibration
settings, as expected when moving from a depth-averaged to a vertically resolved system.
Only a minimal adjustment (increasing the suspended load and bed load transport factor
from 1.0 to 1.5) was applied here. A full 3D calibration was outside the present scope and
would, if pursued, require computationally intensive simulations and extensive sensitivity
testing. Such an approach is not standard modelling practice for system-scale
morphodynamics and, given the suitability of the 2DH modelling approach, was not
deemed appropriate.

The review of public literature further supports the choice for 2DH (depth-averaged) models:
• Literature comparing 2DH and 3D models shows that large-scale sandbank behaviour is

governed by depth-averaged tidal processes, meaning 2DH models accurately capture
their evolution. 3D modelling is only required for small-scale sand wave physics or
environments with strong vertical gradients.

• Christie et al. (2012) demonstrates that 2DH and 3D models produce nearly identical
system-scale morphodynamic outcomes for offshore wind farms, as vertical wake-driven
flow effects of individual turbines remain highly localised and do not affect regional
sediment pathways.

• Published studies on the Irish Sea and Arklow Bank consistently use 2DH (depth-
averaged) hydrodynamic and morphodynamic models for system-scale investigations.
Across these studies, tidal currents are identified as the dominant sediment transport
drivers in these environments and can be represented effectively by a 2DH approach.

• Furthermore, for all offshore wind morphodynamic assessments of Deltares (2016, 2019,
2020, 2022, 2023) in the North Sea the focus is on capturing sediment transport patterns
and long-term morphological trends, all of which can be reliably modelled using
depth-averaged methods.

In parallel, the literature on wave modelling confirms that spectral (phase-averaged) wave
models are reliable and the standard choice for offshore wind farm applications, while phase-
resolving models are restricted to local studies near structures or short-duration events. To
conclude, the 2DH flow model and spectral wave model used in the Arklow Bank Sediment
Mobility Assessment (Deltares, 2025) are appropriate and according to industry standard for
assessing the long-term offshore morphodynamic assessments.
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