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INTRODUCTION

2

MODEL SET UP

1.1.1

Hydrodynamic flow modelling was carried out in support of the Environmental Impact
Assessment for Project One. As the Project Two development is very closely related
(spatially and in scope) to Project One, the flow modelling work carried out for Project
One is also relevant to Project Two.

2.1

Model Domain

2.1.1

The tidal flow model domain, covering much of the North Sea and English Channel, is
shown in blue in Figure 2.1. This large domain enables selection of reliable boundary
conditions. The coordinates of the model are metres WGS84 UTM Zone 31 North.

2.2

Model Mesh

2.2.1

The model was based on coastline data taken from the NOAA website
(http://www.ngdc.noaa.gov/mgg/coast/). The mesh includes over 760,000 triangular
elements. The mesh resolution ranged from approximately 5 km near the open
boundaries to 100 m in the area of interest. Between the Hornsea Zone and the north
Norfolk and Lincolnshire coasts, and around the Humber Estuary, mesh resolution is
250 m. The edge length growth rate for adjacent elements was confined to 8%. Mesh
nodes were included at the 332 WTG locations proposed for Project One, to facilitate
future modelling of the foundation drag effects without modification to the mesh.

2.2.2

The model mesh for the modelled area is shown in Figure 2.2.

2.3

Boundary Conditions

2.3.1

Tidal elevations were extracted from the TOPEX/POSEIDON global tidal model
(TPXO) and imposed at the model open boundaries. Elevations were imposed at
seven points evenly spaced along the north boundary (and linearly interpolated
between). Three TPXO points were used for the southwest boundary conditions.

2.4

Bathymetry

2.4.1

The bathymetry data used to set up the flow model were the same as those used to
set up the wave model (see Annex 5.1.2: Wave Modelling). These comprised project
specific multibeam surveys (covering the modelled area and the cable route), and
data from C-Map and POL.

2.4.2

Figure 2.3 shows the bathymetric data coverage and model bathymetry (interpolated
onto the mesh) over the model domain. Figure 2.4 shows the model bathymetry in
the modelled area. The model vertical datum is Mean Sea Level (MSL).

1.1.2

This annex provides details on the set-up, calibration and validation of the tidal
hydrodynamic model covering both far-field and near-field effects of Project One. The
model extents were designed to allow the assessment of the potential impacts over
the extent of the North Sea and also in the context of cumulative impacts. In addition,
the mesh refinement allowed for an assessment of the effects on the near-field
hydrodynamic regime to be included within the same model.

1.1.3

Tidal flows were modelled, using TELEMAC-2D, part of the TELEMAC Modelling
System. TELEMAC-2D is a powerful and flexible tool using finite elements which
enable accurate simulation of complex currents with maximum computational
efficiency. TELEMAC-2D is described fully in Appendix A of this annex.

1.1.4

The flow model has been set up and calibrated to represent the depth-average flow
regime at the site as accurately as possible, by comparison with observed currents
and water levels, using data collected during a metocean baseline monitoring
campaign comprising six locations in the Hornsea Zone, measuring tidal heights,
currents, waves, suspended sediment concentrations and meteorological
parameters. Further details of the metocean data is presented in Annex 5.1.3:
Metocean Data Summary.

1.1.5

Subsequently, the flow model has been modified to include the effects of the WTG
foundations on the flow regime. Volume 2, Chapter 1: Marine Processes presents the
results of the flow modelling, and draws upon this work to assess the effects of
Project Two on the flow regime.

1

Figure 2.1

Model domain.

2

Figure 2.2

Model mesh.

3

Figure 2.3

Bathymetry data coverage and model bathymetry.

4

Figure 2.4

Model bathymetry.
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3

CALIBRATION

3.1

Observations

3.1.1

At the time of setting up and calibrating the model, Acoustic Doppler Current Profiler
(ADCP) data were available at three locations in the central part of the Hornsea
Zone, providing valuable information about water levels and currents in the area. The
locations of the three ADCPs – L1, L2 and L3 – are shown in Figure 3.1. The period
covered by the observations is 29 June 2010 to 12 September 2010. Figure 3.2
shows the observed water levels, current speeds and directions, which have been
smoothed by harmonic analysis and reconstitution.

3.1.2

Note that more data were made available after the model had been calibrated. This
will be described in Section 4 (Validation).

3.2

Model Runs

3.2.1

Figure 3.2 also shows the calibration period used for running the model: a springneap cycle, capturing the biggest tides and currents during the observations, starting
on 5 August 2010 00:00 for 15 days. The model was run many times, with
adjustments to schemes and parameters (including friction, boundary conditions,
mesh resolution) to achieve the closest match to observed currents. Spherical and
cartesian coordinates were tested: the cartesian set up gave as good a calibration at
the ADCP sites as the spherical, and was preferred for practical reasons of
combining wave and flow model results for modelling sediment.

3.3

Model versus Observations

3.3.1

A time-series of the calibrated model water level with the reconstructed observations
is shown in Figure 3.3. The equivalent time-series for current speed and direction are
shown in Figure 3.4 and Figure 3.5.
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Figure 3.1

ADCP locations L1, L2, L3.
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Model (‘run 35’) versus observed water levels at L1, L2, L3.

Figure 3.4
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Model (‘run 35’) versus observed current speeds at L1, L2, L3.

L1

run 35

obs(predicted)

3.3.2

Mean absolute errors (MAE) have been calculated to assess the model performance
against observations, for water level and current speed. These MAEs are shown in
Table 3.1. For water levels, any difference in the mean value is removed before the
absolute errors are evaluated, to discount uncertainty in mean sea level.

3.3.3

After the model calibration was completed, and at the time of carrying out the model
validation, the predictions derived from observations at L1, L2 and L3 were
resupplied. Those resupplied predictions were updated for the calibration period
August 2010. The figures and table in this section refer to the data originally supplied.
A check was carried out on the model performance against the resupplied data; the
MAE statistics were of the same order as those shown in Table 3.1.
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3.3.4

The time-series comparisons and MAEs are considered to be satisfactory and the
model to be calibrated. The maximum current speed for a normal spring tide at
locations L1 to L3 are of the order of 0.8 ms-1, so the MAE speed error is between
about 4 and 8 % of the strongest current. The directions at L2 are mostly satisfactory
at the time of maximum current but they change from the peak in one direction to the
opposite, via slower currents that rotate in a different direction. These errors on weak
currents are not very significant and sometimes the observed flow rotates the same
way as the model, suggesting that a very small disturbance (e.g. wind) can change
the flow from rotating one way to the other. As the currents are weak at this time, a
not very strong wind could change the direction of rotation.

3.3.5

A further check on the model performance was made by comparing mean spring tide
current speeds and tidal ranges with published maps in MAFF (1981). The closest
tide to a mean spring tide was selected in the model (covering late 10/8/10 into early
11/8/10). Figure 3.6 shows peak current speeds for this mean spring tide in the
model, over the entire domain. When compared to Section 2.10 (maximum tidal
current speed during mean spring tides) in MAFF (1981), the modelled peak speeds
are found to have similar distribution and magnitude. Note that the model results are
plotted in knots, for ease of comparison with the Atlas. Figure 3.7 shows the
associated modelled tidal ranges, for comparison with Section 2.12 (tidal range at
mean spring tides) in MAFF (1981). The magnitude and pattern of tidal ranges, and
positions of amphidromes, agree well between the model and the Atlas.
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Figure 3.5

Model (‘run 35’) versus observed current directions at L1, L2 and L3.
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Figure 3.6

Modelled mean spring tide peak speeds.
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Figure 3.7

Modelled mean spring tidal range.
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4

Table 4.1

VALIDATION

4.1

Observations

4.1.1

After the flow model had been calibrated, further current and water level data were
made available, enabling the model to be validated. The records of observations at
L1, L2 and L3 were extended non-continuously to August 2011. Three further sites’
observations were made available at sites L4, L5 and L6, covering non-continuous
periods between September 2010 and September 2011. There was no period for
which all six locations measured currents simultaneously. A 15-day period starting 12
April 2011 00:00 was selected for the model validation run. This period was chosen
as it included the largest tidal ranges and currents for a period with 5 sites’
observations available (currents were not measured at L3 in this period).

4.1.2

The locations of sites L1, L2, L3, L4, L5 and L6 are shown in Figure 4.1.

4.2

Model Run

4.2.1

Model validation involves rerunning the calibrated model, with exactly the same setup (e.g. geometry, parameter choice) for a new period. The new period model run is
then compared against observations, and the model performance is evaluated. If the
model performs satisfactorily, then the model is said to be validated.

4.3

Model versus Observations

4.3.1

The model result is compared with observations in Figure 4.2 to Figure 4.4 for water
levels, current speed and current direction. The MAE calculation has been repeated
for the validation run, with results shown in Table 4.1.

4.3.2

The MAE values are all less than 6% of the maximum tidal range/current speed. The
model performance is validated.

Mean absolute errors (MAEs) of model Validation performance against
observations.
Position
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Figure 4.1

ADCP locations L1, L2, L3, L4, L5, L6.
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Figure 4.2

Validation model run versus observed water levels at L1, L2, L3, L4, L5 and L6.
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Figure 4.3

Validation model run versus observed current speeds at L1, L2, L4, L5 and L6.
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Figure 4.4

Validation model run versus observed current directions at L1, L2, L4, L5 and L6.
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5

MODELLED CURRENTS

5.1.1

The modelled flow field is plotted in Figure 5.1 to Figure 5.6, hourly through a mean
spring tidal cycle. Results shown are from the model calibration period; High Water
(HW) corresponds to 10 August 2010 18:30. Depth-average currents are shown as
vectors. Peak currents are near to high and low water, whilst the slowest currents
occur on the falling and rising tides. The direction of flow rotates anti-clockwise during
the tidal cycle.

5.1.2

The peak modelled depth-average speed during the mean spring tidal cycle is shown
in Figure 5.7. Over the modelled area, this ranges from 0.54 ms-1 to 0.76 ms-1. From
the observations during the metocean campaign, the current speeds vary between
0.59 ms-1 and 0.71 ms-1.
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Figure 5.1

Modelled mean spring tide currents: HW and HW+1h.
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Figure 5.2

Modelled mean spring tide currents: HW+2h and HW+3h.
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Figure 5.3

Modelled mean spring tide currents: HW+4h and HW+5h.
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Figure 5.4

Modelled mean spring tide currents: HW+6h and HW+7h.
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Figure 5.5

Modelled mean spring tide currents: HW+8h and HW+9h.
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Figure 5.6

Modelled mean spring tide currents: HW+10h and HW+11h.
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Figure 5.7

Maximum modelled current speed during a mean spring tide.
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problems as flow over a bump giving rise to locally supercritical flow and eddies
shedding behind flow obstructions.

APPENDIX A - TELEMAC 2D MODEL DESCRIPTION

A.1

Description of Model and Main Areas of Application

A.1.1

TELEMAC-2D is a sophisticated flow model, which was originated by LNH in Paris,
for free surface flows. It solves the 2D depth-integrated shallow water equations that
are used to model flows in rivers, estuaries and seas. It uses finite element
techniques so that very flexible, unstructured triangular grids can be used. It has
been developed under a quality assurance system including the application of a
standard set of validation tests.

A.1.2

The model can simulate depth integrated tidal flows in estuaries and seas including
the presence of drying banks. It can also simulate flows in rivers including turbulence
structures resulting from flow obstructions and transcritical flows.

A.1.3

The advantage of using finite elements lies primarily in the possibility of using a very
flexible grid. This is superior to using an orthogonal curvilinear grid as the user has
far more complete control over grid refinement with a finite element system.

The Propagation/Diffusion Step
A.2.4

A.1.4

The applications of TELEMAC have included studies of tidal flows, storm surges,
floods in rivers, dam break simulations, cooling water dispersion and infill of
navigation channels.

A.2

Theoretical Background and Solution Methods

A.2.1

TELEMAC solves the shallow water equations on an unstructured finite element grid
(usually with triangular elements). The various variables (bed elevation, water depth,
free surface level, and the u and v velocity components) are defined at the nodes
(vertices of triangles) and linear variation of the water and bed elevation and of the
velocity within the triangles is assumed.

A.2.2

Boundary Conditions
A.2.5

Boundary conditions are applied at solid boundaries where a "zero normal flow" and
either a slip or non-slip boundary condition are applied. At open boundaries a
selection of possibilities can be invoked depending on whether the flow is subcritical
or supercritical or whether a wave absorbing boundary using a Riemann invariant is
needed. A water discharge along a boundary segment can also be applied and the
software distributes the flow along the segment chosen. This facility is valuable when
running models of river reaches and the discharge in a cross section may be known
rather than the velocity at each point in the cross-section.
Grid Selection

A.2.6

When the model is used a time-step is chosen and the computation is advanced for
the required number of time-steps. There is no particular limit on the time-step for a
stable computation but it is best to ensure that the Courant number based on
propagation speed is less than about 10. It is found that if the solution is nearly
steady then few computational iterations are required at each step to achieve the
required level of accuracy, which in TELEMAC is computed according to the actual
divergence from the accurate solution. The computation at each time-step is split into
two stages, an advective step and a propagation-diffusion step.

The model can be run with a Cartesian grid for modelling rivers, estuaries and small
areas of sea, with the possibility to apply a uniform Coriolis parameter, or on a
spherical grid for larger areas of sea in which case the Coriolis parameter is
computed from the latitude at each node. The effect of a wind blowing on the water
surface and causing a set-up or wind induced current or of an atmospheric pressure
variation causing an inverted barometer effect can be included, as can a k-epsilon
model of turbulence if required.
Friction

A.2.7

The Advective Step
A.2.3

The finite element method used is based on a Galerkin variational formulation. The
resulting equations for the nodal values at each time-step are solved using an
iterative method based on pre-conditioned conjugate gradient (PCG) methods so that
large problems are solved efficiently. Several PCG solvers are coded and a selection
is available to the user. The complete matrix is not assembled. Instead an element by
element method is used so that most of the operations are carried out on the element
matrices; this is computationally more efficient, both in speed of execution and in
memory requirements. Rather than using Gauss quadrature exact analytical formulae
are used for the computation of matrices. Symbolic software was used to draw up the
formulae used. The software makes it possible to carry out a second iteration of the
solution at each time-step in order to represent the non-linear terms in a time centred
way, otherwise these terms are treated explicitly.

The advective step is computed using characteristics or stream-wise upwind PetrovGalerkin. The characteristic step makes it possible for the code to handle such
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The bed friction can be specified via a Chezy, Strickler or linear coefficient, or a
Nikuradse roughness length. A variable friction coefficient over the model area is a
possibility. Sidewall friction can also be included if wanted. Viscosity can be imposed
as a given eddy viscosity value or a k-epsilon model can be used if needed.

A.3

Inputs

A.3.1

TELEMAC requires as input a finite element grid of triangles covering the area to be
modelled. Bathymetric data from which the bed elevation at each node can be
computed is also required covering the area. A file of keyword values is used to steer
the computation (supplies bed roughness, time-step, duration of run etc).

Output Plots
A.4.3

Results from the TELEMAC system are processed using the interactive graphics
system RUBENS. This is a powerful and friendly environment in which figures can be
produced interactively. By pointing and clicking time history plots, cross sections,
vector plots and contour plots of any parameter at any position can be produced.
Parameters other than those input can be calculated in RUBENS and plotted.

A.5

General

Methods of Inputting the Data
A.3.2

The finite element grid may be provided by a standard FE grid generator such as IDEAS or SIMAIL. The software STBTEL (part of the TELEMAC suite) is used to read
the output file from the grid generation software. The bathymetry is input using a
digitising tablet and the SINUSX software is used to capture the bathymetry data. The
data is stored in a form to be read into the TELEMAC system and depths interpolated
to the model nodes.

Interaction and Compatibility of the Model with Other Models

Methods of Checking and Amending Input Data
A.3.3

SINUSX is a powerful interactive graphical software that can be used to check and
amend the input data. Bathymetric curves can be duplicated, deleted, smoothed,
moved etc.

A.5.1

The main modules apart from TELEMAC-2D itself (the 2D flow model code) are
SINUSX and RUBENS (described above).

A.5.2

The TELEMAC suite includes a bed load transport model (TSEF) and a suspended
load model (SUBIEF). Also a wave model ARTEMIS that solves the mild slope
equation.

A.5.3

The TELEMAC modelling suite also includes a quasi-3D random walk model for
pollution transport modelling and a detailed water quality model with many water
quality parameters including dissolved oxygen balance and particulates.

Time to Set up/Calibrate/Run/Amend Model
A.3.4

Quality Assurance

This depends on the form in which the data is supplied. Typically 1-2 days to digitise
the chart data and 1-2 days to create the finite element grid. Boundary conditions
may take a day to prepare. A run may take 1 to 5 hours to run a tide (for a 2000 cell
model). The duration of the calibration process is hard to generalise as it depends
entirely on particular circumstances.

A.5.4

The software has been developed under the quality assurance procedures required
by the French Electricity Industry. This has included the production of an extensive
dossier of validation tests.
Validation

A.4

A.5.5

Outputs
Output Parameters

A.4.1

The user can select from a range of output parameters including u and v velocity, u
and v discharge, water level, bed level, water depth, tracer concentration and Froude
number.

Validation tests on TELEMAC include:


Simulation of eddies produced behind bridge piers. This test case includes the
ability of the model to produce an unsteady solution from steady boundary
conditions (von Karman vortex street);



Drying on a beach;



Simulation of the tides on the continental shelf including the Bay of Biscay. This
model has been closely compared with the observed tides at coastal sites; and



Flow over a step in the bed with critical flow and a hydraulic jump. This solution
is compared with the analytically known solution to this problem.

Output Files
A.4.2

The TELEMAC output is contained in a single binary file which can be input to the
graphics post-processor RUBENS. A listing file contains reflection of the input
keywords and information on time-step reached, number of iterations to convergence
etc. This file can be used to monitor the progress of a run.
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