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Abstract

Characterising tidal hydrodynamics in the vicinity of submerged features can be demanding given the

hostility of the marine environment. Logistical challenges in the measurement of such flows has promoted

research on wake studies through physical and numerical modelling. In this study, site measurements and

modelled data are combined to provide an insight into the regional hydrodynamics within a macrotidal

strait, namely Ramsey Sound in Pembrokeshire, Wales, UK. The site has received interest from tidal energy

developers but is characterised by various steeply inclined bathymetric features, including a semi-submerged

pinnacle known as Horse Rock. Understanding how prominent submerged features impact on flow conditions

can be crucial for the feasibility and deployment of marine (energy) infrastructure. Observational bed-

and vessel-mounted acoustic Doppler current profiler (ADCP) data are used to calibrate a coastal ocean

model. The depth-averaged model is generated using Thetis, a coastal flow solver based on the finite-element

engine Firedrake. Hydrodynamic characteristics are examined at different stages of the spring-neap tidal

cycle, highlighting the local and regional influence of prominent bathymetric features. In particular, this

study focuses on how common assumptions in tidal stream resource assessment models could hinder model

calibration. A variable Manning coefficient field is utilised to represent differences in seabed roughness; this

is an approach not generally undertaken in similar modelling studies where a uniform constant coefficient

is typically calibrated. Also highlighted is the effect of mesh resolution on capturing certain wake structure

characteristics, which points to the need to locally refine the mesh around key bathymetric features to a level

that is also not typically applied in modelling studies used for tidal resource assessment.
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modelling, Manning coefficient

1. Introduction

The eastern coast of the Irish Sea, UK, combines high tidal ranges [1] with an abundance of headlands,

islands and reefs, facilitating strong tidal currents suitable for tidal stream energy development [2, 3]. There

is an extensive body of research that aims to improve insight into shallow-water flows around water surface-

piercing obstacles, through laboratory experiments [4, 5, 6] and field-based observational [7, 8] or modelling5

[9, 10, 11] case studies around coastal features. Meanwhile, flow in the vicinity of idealised submerged
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obstacles has been studied experimentally [12], and with numerical modelling [13], highlighting the complexity

of unsteady flow and its sensitivity to a series of site-specific parameters, including relative submergence,

Reynolds number, obstacle characteristic length scale, aspect ratio, boundary layer roughness characteristics,

and free stream turbulence. However, field characteristics of these flows are poorly understood as relatively10

few field-based studies of the wake characteristics of submerged natural obstacles have been undertaken [14],

while even fewer combine these with detailed modelling exercises.

The reduction in streamwise velocity in the lee of an obstacle is termed a wake, with the ensuing effects

classified into near- and far- wake regions. Flow reduction is generally at its greatest immediately downstream

of the obstruction, with high shear stresses at the wake boundary [15]. The wake widens and flow velocity15

recovers with distance downstream until the wake effectively disappears, i.e. free-stream velocity downstream

of the obstruction recovers to the free-stream velocity upstream (termed “wake recovery”). An idealised wake

pattern is seldom observed in regions that are subjected to turbulent and non-uniform flow regimes. Irregular

bathymetry and asymmetrical coastlines disturb the wake structure such that quantification of the free-stream

velocity downstream of the structure becomes a challenging exercise.20

This study focuses on flow conditions around a natural pinnacle within Ramsey Sound, a tidal strait on

the Welsh coastline in the UK. A recent governmental report highlights the economic and power potential of

developing a marine energy industry in the UK [16]. Ramsey Sound was identified as a prime candidate for

harnessing tidal energy. Tidal Energy Ltd previously explored the viability of the strait in terms of its energy

output, through the testing of a single 400kW DeltaStream device [17]. The highly dynamic nature of the25

marine environment has hindered commercial progress, presenting challenges to the timing of maintenance

activities and disrupting operation. As a result, further insight into these flow conditions merits research to

inform future commercial activities in highly energetic and challenging sites that are focal for the development

of the marine energy industry.

Evans et al. [14] discusses how the submerged natural pinnacle, Horse Rock, is of sufficient size for its30

wake to have an impact on the flow experienced by turbines that could be positioned downstream at certain

periods of the tide. As a result, this suggests that under such conditions, tidal stream devices might be

within the wake regions exhibiting substantial velocity deficits, impairing the operational performance of

the turbines and their expected energy output. Furthermore, such areas can exhibit highly dynamic flow

structures [18] potentially contributing to turbine failure [19]. Other potential tidal-energy sites identified35

in the UK [20], such as the Pentland Firth [21], Rathlin Sound [11] and Kyle Rhea [14], also have physical

characteristics similar to those of Ramsey Sound.

Ramsey Sound presents a non-trivial case to simulate and highlight the capabilities and short-comings of

typical tidal resource assessment models in representing highly dynamic and localised flow conditions resulting

from obstructive bathymetric features. 2D depth-averaged modelling is a computationally efficient [22], and40

widely used method in marine energy applications for characterising tidal energy resource and investigating

suitable deployment locations. In representing the irregular shape of the coastline, such modelling studies

often discretise the domain horizontally by an unstructured mesh. These multi-scale numerical models typi-

cally refine the mesh to a greater extent in areas of interest, balancing computational cost and/or simplicity

with field data configuration precision. For the case study discussed above, and given the short distance45

over which Horse Rock protrudes horizontally, the minimum mesh element size applied in similar regional,

coastal or ocean models [9, 11, 21, 23, 24, 25, 26] would severely misrepresent its shape. The degree of mesh

refinement was suitable for their scope and area of focus, but the application of a similar mesh structure on

Horse Rock in Ramsey Sound could easily under- and/or over-appreciate the more localised hydrodynamic

impact it may have. In these studies, the finest part of the mesh is also generally applied in turbine deploy-50

ment zones, as opposed to areas containing prominent bathymetric features, furthering the likelihood that
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an obstruction with similar geometry to Horse Rock would remain under-resolved.
Previous literature examining 
ow dynamics in and around Ramsey Sound includes Haverson et al.

[17] who applied a highly re�ned mesh around Horse Rock in modelling regional morphological impacts of
turbine arrays, and Evans et al. [14], who analysed a comprehensive acoustic Doppler current pro�ler (ADCP)55

survey dataset to investigate turbine considerations stemming from 
ow conditions around Horse Rock. Both
recommend 3D modelling to characterise the local hydrodynamics. However, the favourable computational
e�ciency when depth-averaging o�ers numerous additional research possibilities, such as advanced array
optimisation [27]. In addition, the availability of both vessel- and seabed-mounted ADCP survey data to
calibrate the model presents the opportunity to validate over a wide spatial and temporal scale. Common60

assumptions with regards to certain physical parameters represented in 2D tidal models may inhibit the ability
to su�ciently calibrate the model against this available �eld data. For example, while application of a seabed
friction coe�cient has previously acknowledged variability [28, 29], it is often applied as either a constant
throughout the whole domain [11, 25], or varied solely through additional momentum sinks resembling friction
parameterisations as a representation for turbines [17, 21, 24, 26]. The e�ectiveness of calibrating a depth-65

averaged model against comprehensive survey data to represent wake hydrodynamics around a prominent
but small-scale submerged bathymetric obstruction, through applying both Manning coe�cient variability
and high localised mesh re�nement, warrants analysis.

2. Case study location: Ramsey Sound, Wales, UK

Ramsey Sound is a tidal strait approximately 3km long, ranging in width from 500-1600m. It is connected70

to the Irish Sea and separates Ramsey Island from the headland of St. David's, Pembrokeshire, Wales (Fig.
1). Key physical characteristics of the tidal strait have previously been noted by Evans et al. [14] and others,
and can be observed in Fig. 2c. The water depth generally varies between 20-40m below Lowest Astronomical
Tide (LAT) - also commonly referred to as Chart Datum (CD) - but reaches a maximum depth of 66m LAT
within a north-south trending trench. A roughly conical submerged pinnacle called Horse Rock dominates75

the northern portion of the strait (Fig. 3). It rises 23m above the surrounding seabed and has diameters
of � 100m at base and� 50m at half height (denoted by D). According to Admiralty Charts, it pierces the
water at +0.9m LAT [31]. Finally, a shallow rocky reef named \The Bitches" contributes to the narrowing
of the straight towards the southern section [14].

Tidal hydrodynamics in the wider Irish sea stem from the superposition of two Kelvin-type waves, resulting80

in zones exhibiting negligible tidal range but strong tidal currents [2]. Within Ramsey Sound, tidal elevations
are a result of a progressive tidal wave regime, with peak velocities occurring at high and low tide [32]. The
M 2 tidal constituent is dominant, with a period of approximately 12.42 hours [33]. The strong semi-diurnal
tides drives a range of approximately 1.6{5m from mean neap to mean spring, current speeds exceeding
3ms� 1 and zones of high turbulence [34].85

3. Methodology

This study employs a combination of measured and modelled data for the analysis of hydrodynamics
in and around Ramsey Sound. Post-processed acoustic Doppler current pro�ler (ADCP) data provides an
accurate indication of 3D 
ow conditions across speci�c areas of interest. Measured data is then used to
calibrate a 2D depth-averaged hydrodynamic model of the entire Ramsey Sound and surrounding waters.90

In turn, the hydrodynamic model provides further insight into near- and far-�eld hydrodynamics of its 
ow
regime over a larger temporal scale.
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Figure 1: Domain and computational mesh for Ramsey Sound and surrounding seas. Mesh element size ranges between a
maximum of 8km in the open ocean, 1km/300m at coastlines outside/inside of Pembrokeshire, 50m around small islands and
25m around Ramsey Sound. Minimum mesh element size ^ h, applied to areas exhibiting high bathymetry gradients in and
around Ramsey Sound, is set to ^ h=8m in frames a), c), d), with the e�ect on wake recovery when applying e) ^ h=16m, f)
^ h=32m and g) ^ h=64m assessed in this study. Also indicated are tide gauge locations [30] used for tide constituent validation
in the model.

3.1. 2D hydrodynamic modelling

Thetis (http://thetisproject.org/ ) is a 2-D/3-D 
ow solver for simulating coastal and estuarine 
ows
implemented using the Firedrake �nite element Partial Di�erential Equation (PDE) solver framework [22,95

35, 36]. Considered in this work are the non-conservative form of the nonlinear shallow water equations:

@�
@t

+ r � (Hd~u) = 0 ; (1)

@~u
@t

+ ~u � r ~u � � r 2~u + f ~u? + gr � = �
� b

�H d
; (2)
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Figure 2: Bathymetry data within the model domain interpolated onto the computational mesh, corrected to Mean Sea Level
(MSL) (m). Magni�ed areas indicate Ramsey Sound and identify Horse Rock and \The Bitches". The north-south trench can
also be observed down the centre-line of the entire channel.
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d

; (3)

where � is the water elevation, Hd is the total water depth, � is the kinematic viscosity of the 
uid and
~u the depth-averaged velocity vector with horizontal components ~u and ~v depicting easterly and northerly

ow, respectively. The term f ~u? represents the Coriolis \force", where ~u? is the velocity vector rotated
counter-clockwise over 90� and f = 2
sin( � ), in which 
 is the angular frequency of the Earth's rotation and100

� is latitude. Seabed roughness e�ects are represented using Manning's formulation (3) for bed shear stress
(� b), using the Manning coe�cient n (sm-1/3 ). Intertidal processes are treated using the wetting and drying
formulation detailed in K•arn•a et al. [37].

3.1.1. Model setup

The model itself is con�gured similarly to other tidal resource characterisation studies which applyThetis105

[38, 39, 40, 41]. A discontinuous Galerkin �nite element spatial discretisation (DG-FEM) is utilised through
the choice of aP1DG � P1DG velocity-pressure �nite element pair. A semi-implicit Crank-Nicolson timestep-
ping approach is applied. The nonlinear discretised shallow water equations are iteratively solved with
Newton's algorithm using the PETSc library [42].

3.1.2. Computational domain110

The mesh generation frameworkqmesh(https://www.qmesh.org/ , [43]), which applies the meshing tool
Gmsh [44], is used to produce unstructured meshes to represent the domain, spanning a large section of the
Irish Sea and encompassing parts of the Celtic Sea and Northern Channel, as indicated in Fig. 1a. A �ner
resolution is applied along the coastlines to capture intertidal processes [37]. The mesh is further re�ned
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