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ABSTRACT
The planning and consent stages of any wave farm
development
involve
both
resource
and
environmental impact assessments. Nearshore wave
models such as SWAN can potentially be used for
both these processes. For a resource assessment, wave
states recorded at locations other than the proposed
site, or at a substantial distance from the location of
interest within a large site, can be propagated to the
required location using the model, thus potentially
eliminating the costs involved in additional wave
recording devices. An estimate of potential impacts
on the nearshore wave climate can be achieved by
propagating wave states from an offshore boundary,
through the wave farm site, to the nearshore region.
By performing a model study with and without some
form of wave farm representation, nearshore changes
can be estimated.
It is common practice, when utilising a model such as
SWAN for a specific region, to calibrate model
coefficients for processes such as whitecapping,
bottom friction and non-linear interactions in order
to minimise differences between model output and
recorded wave data. However, calibration can be a
lengthy process and requires concurrent offshore and
nearshore recorded datasets. Most offshore wave
farms are likely to be sited in water depths greater
than 40m, and for many wave states this would be
considered a “deep-water” site. The necessity for a
calibrated
nearshore
model
then
becomes
questionable,
particularly
when
considering
parameters relevant to shallow water effects.
This paper investigates the potential gains in model
output accuracy that could be achieved with
calibration and thus the need for such a process, for
both a resource assessment and an assessment of the
impact of a wave farm on the nearshore wave
climate. A particular focus of the investigation is the
Wave Hub wave farm site in the southwest of the UK.
A SWAN model calibration for this region is
described, and both resource and nearshore wave
climate impact assessments are performed in order to
compare model output when using default coefficient
values with that for calibrated values. The results
indicate how the need for calibration for the purposes
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of resource assessment becomes more critical as
water depth decreases. They also illustrate that a
comparative study, where differences are calculated
between the output of near-identical models, is almost
unaffected by calibration and that this process could
be removed from future studies.

1. INTRODUCTION
The development of wave farms, defined here as arrays
of wave energy converters (WECs), is currently in its
infancy. At present, only a small number have obtained
planning consent, e.g. the Agucadoura Wave Park in
Portugal, Wave Hub in the southwest of the UK, and the
Orcadian Wave Farm in Orkney, Scotland, and only the
Agucadoura Wave Park is operational (since September
2008). Therefore, unlike for established industries such
as wind power, protocols for the planning and
development of wave farms have yet to be fully
established.
Two of the key issues for any wave farm development
are resource assessment and environmental impact
assessment (EIA). Resource assessment is a crucial first
stage of the planning process, establishing the available
power and its annual and inter-annual variability. The
results play a large part in assessing the viability of any
project, and it is therefore vital to developers that the
assessment is accurate. An over-estimation of the
available resource will lead to power outputs below
expected levels. Conversely, an underestimation could
result in the deployment of devices unsuited to larger sea
states, leading to increased down-time and potential
device damage or loss. In either case, the financial
implications for developers are severe. The importance
of EIAs lies in the consenting process; it is unlikely any
project will be approved if it likely to cause long-term
adverse effects, be they physical, ecological or socioeconomic. As no large wave farms are operational, it is
not yet possible to quantify impacts, but it is important
for all potential effects to be predicted with as high a
level of accuracy as possible, to avoid unforeseen
occurrences that might jeopardise future projects.
The focus of this paper is the role wave modelling can
play in both of these processes. By examining the
differences in the methodologies used, implications for
the modelling procedures can be assessed. In particular,
the necessity for model calibration, and thus the

2nd International Conference on Ocean Energy (ICOE 2008), 15th – 17th October 2008, Brest, France
particular region should be performed prior to any
modelling studies to ensure the quality of the output. In
practice, this does not always happen due to lack of data
availability.
In order to calibrate a nearshore wave model, at least two
sets of simultaneously recorded data are required, one
from an offshore and one from an inshore location. By
using the offshore dataset as the model input, and
propagating the wave states to the inshore location, the
model output can be compared with the recorded data.
Parameter values can then be adjusted to minimise the
error between the two.
A calibration was performed for the region off the north
coast of Cornwall where Wave Hub is to be sited (see
Figure 1). It used an offshore dataset recorded by a
Waverider buoy positioned at the Wave Hub location,
and inshore data recorded using a seabed pressure sensor
in approximately 10m water depth.

requirement for additional data collection, is addressed.
Currently, although modelling can be used to provide
long-term wave climate assessments, it is usually backed
up by measurements, typically using a wave buoy, at the
proposed site. EMEC’s draft standard for wave power
resource assessment [1], for example, recommends the
use of modelling to perform an initial assessment of a
potential site, using a global wave model to provide
boundary conditions for a coastal model, such as SWAN
or MIKE21, which will provide nearshore wave
transformations to the required location. It then proposes
that the modelling is followed up with a measurement
program at the site to corroborate the results. Some
planned developments, however, are proceeding on the
basis of modelling studies alone, such as the Wave
Dragon Demonstrator project off the south coast of
Wales. The advantage of not using measurement devices
for a resource assessment is a large saving in initial
expenditure as the deployment and maintenance of wave
recording buoys can be expensive. However, a high level
of confidence in the results of modelling studies would
be necessary to forgo measurement.
Until measurements can be made from operational wave
farms, modelling remains the only method by which
shoreline impacts, i.e. the change in the shoreline wave
impact due to the wave farm, can be predicted. There is
little available information from developers regarding
energy extraction by individual devices. However,
impacts can be predicted using models by extracting an
appropriate percentage of the wave energy along a
‘barrier’ representative of the wave farm, a method used,
for example, in the Wave Hub Environmental Statement
[2]. Resultant nearshore wave states can then be
compared with those obtained without the presence of
the wave farm to determine potential impacts.
However, to ensure accurate outputs when performing
modelling studies, the model should be calibrated for the
appropriate region. This requires a minimum of two sets
of recorded data, again costly to acquire. This paper
therefore aims to assess the need for calibration for both
processes. A particular focus is the region in the
southwest of the UK where Wave Hub, a 20MW precommercial test site, will operate. Section 2 describes a
calibration of the SWAN nearshore wave model
performed for the Wave Hub region off the north coast
of Cornwall. Section 3 then applies the calibrated model
to provide a resource assessment for sites at a range of
depths in the region, and compares results with those for
an uncalibrated model. A similar methodology is then
applied to a shoreline impact assessment in Section 4.
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Figure 1: Region over which the SWAN calibration was
performed.
The first stage in the process was a sensitivity study to
assess which parameters SWAN would be particularly
sensitive to in this region. A 200m resolution model grid
was defined for the area with a western boundary lying
in line with the wave buoy, as illustrated in Figure 1.
Three wave states, representative of small, medium and
large wave states for the region ( H s = 1m, Tm = 6s; H s =
2m, Tm = 9s; H s = 3m, Tm = 12s), were utilised as input
along the western boundary. The location of the
nearshore pressure sensor was defined as the model
output location. For each model run, a different
parameter was turned off, while all others were set to
their default values. This allowed an assessment of
whether, and to what extent, the model was sensitive to
the inclusion of each parameter. The effect of
incorporating tidal currents was also tested. The results
are shown in the bar chart in Figure 2. This illustrates the
percentage change in H s for each test run from the
baseline value obtained from a model run with all
parameters set to their default value.
The sensitivity study clearly showed that the model in
this region is most sensitive to the bottom friction

2. SWAN CALIBRATION FOR THE
WAVE HUB REGION
For wave modelling in coastal and nearshore regions
where wave energy devices are likely to be deployed, the
use of nearshore models such as SWAN is essential.
Such models explicitly account for shallow water
processes such as refraction, triad interactions and
energy dissipation via bottom friction and breaking.
SWAN contains user-tuneable parameters relating to
such processes that allow them to be adjusted to suit the
region of the model [3]. Although default values based
on previous theoretical and experimental work are
provided in SWAN, actual values may vary significantly.
In theory, a detailed calibration of the model for a
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parameter and to the inclusion of tidal currents. SWAN
offers three options for defining the bottom friction
coefficient: an empirical expression derived from the
JONSWAP project [4], Collins’ drag law model [5] and
the eddy-viscosity model Madsen et al. [6]. The
sensitivity of the model was tested further by adjusting
the value of each of the bottom friction coefficients
relative to its default value within reasonable limits, and
calculating the resultant change in wave height. The
results for the largest of the three input wave states are
shown in Figure 3. A similar trend in the results was
observed for the medium and small wave states, but with
smaller percentage changes in H s . The potential for a
30% decrease in resultant wave height illustrates the
possibility of modelling introducing large errors into a
resource assessment if parameters are not correctly
defined.
14

adjust the key parameters identified above to minimise
the difference. A 24-hr period of the observed datasets,
containing hourly records, was selected for the
calibration. The selected period comprised an
approximate sea state of H s = 2m, Tm = 7s, constant
winds, and a wave direction from west to east, i.e. from
the Wave Hub site to the shoreline sensor location. A
model run using default parameter values and hourly
input over the 24-hr period provided a baseline output. A
measure of the correlation between observed and
modelled data was calculated as the scatter index
between the two datasets (see Smith [8] for further
detail). The calculated scatter index for the baseline
model run was 0.234. The aim of subsequent
adjustments to the model parameters was to reduce this
value as far as possible.
Both the bottom friction parameter and the whitecapping
coefficients (to which the model proved slightly
sensitive) were varied over a range of values until the
scatter index was minimised to what appeared to be the
optimal value of 0.189. The baseline, calibrated and
observed values of H s are illustrated in Figure 4;
increases in the absolute wave height of up to 0.46m
over the 24-hr period can be seen. This result was
achieved with a bottom friction coefficient of 0.001. The
‘calibrated’ model was tested further using the same
coefficient values over a second 24-hr period. This
second period comprised larger input sea states of
approximately H s = 5m, Tm = 9s, and produced a
decrease in the scatter index from 0.214 to 0.148.
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Figure 2: Results of the SWAN sensitivity study prior to
calibration, illustrating the percentage change in the
output wave height due to individual parameters being
turned on or off.
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Figure 4: Modelled and observed significant wave
heights over the 24-hr calibration period, illustrating the
change in model output due to calibration.
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Figure 3: Percentage change in significant wave height
due to the variation of the bottom friction parameter
relative to its default value in a sea state of H s = 3m,

3. USE OF A CALIBRATED MODEL
FOR RESOURCE ASSESSMENT

Tm = 12s.

The calibration process described in Section 2 identified
bottom friction as a key parameter influencing the model
output in the Wave Hub region. However, the bivariate
distribution of one year’s worth of wave states recorded
at the Wave Hub site (Figure 5) illustrates that more than
95% of wave states have a mean period of less than 8s.
This equates to a wavelength, λ , of approximately
100m. Since bottom effects will occur at depths when
h / λ <0.5 ( h = water depth), waves of this size will
have little interaction with the seabed at the depths where
Wave Hub will be deployed (approximately 52m). As
the wave period decreases further, the depths at which
bottom effects will occur also reduce. This suggests that

Regardless of the bottom friction formulation used, it is
possible to obtain values for the other two formulations
that would produce equivalent results [7]. However, for
the purposes of this calibration, the Madsen formulation
was selected because it is the most closely related to the
physical environment of the three - the variable defined
in the SWAN model is the Nikuradse roughness
parameter of the seabed. Its default value in SWAN is
0.05.
The second stage of the calibration process was to
compare the model estimates of the shoreline wave
height with those measured by the pressure sensor, and
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first 50 input sea states are shown in Figure 7, and are
representative of the full dataset.

a model calibration focussed primarily on the bottom
friction parameter will have a greater impact on the
output in shallower waters.
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the modelled significant wave height due to model
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input sea states.
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Figure 7 clearly illustrates how the resultant wave height
is affected by the use of the calibrated model, and how
the scale of the effects varies with depth. The percentage
increase in wave height rises substantially as depth
decreases, to as much as 20 times the Wave Hub-depth
result at the 10m-depth location. Table 1 gives the
average and maximum percentage change in wave height
due to calibration at each location over the year.
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Figure 7: Percentage change in the modelled significant
wave height due to model calibration at a range of water
depths for the first 50 sea states of a full year’s record.
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An absence of recorded data at locations of varying
depth between the Wave Hub location and the shoreline
meant testing this hypothesis by comparing model output
with observed data was not possible. However, a
theoretical test was made by running both the calibrated
and uncalibrated model using a full year of Met Office
offshore data as model boundary conditions, and
deriving the wave height at five locations of varying
depth: at the Wave Hub site (depth approximately 50m)
and then on the 40m, 30m, 20m and 10m contours on a
projectory to the shoreline as illustrated in Figure 6.
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At the Wave Hub site, an average change in wave height
of 0.8% will equate to 1.6cm for a 2m wave, which will
not impact greatly on assessments of available power. In
contrast an average change of 4% at 10m depth
corresponds to an 8cm change in the height of a 2m
wave, and the maximum 13% change at 10m depth
equates to a change of 26cm, potentially significant if
part of a resource assessment.
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Figure 6: Output locations for the study of the impact of
model calibration on a resource assessment.
The model was run as a nested grid, with seven Met
Office UK waters model gridpoints providing input data
along three sides of a 5000m resolution coarse grid. The
output of the coarse grid runs provided boundary
conditions for the 200m resolution fine grid covering the
area shown in Figure 6. The input data files consisted of
significant wave height, mean period and direction
records at 12-hourly intervals from November 2005 to
October 2006, thus providing a full year of wave states.
Once gaps in the datasets were eliminated, a total of 674
input wave states remained. The same boundary
conditions were used in both the calibrated and
uncalibrated models, with wave heights derived at each
of the five output locations. The percentage increase in
wave height due to the calibration was calculated for
each input sea state at each location. The results for the

4. USE OF A CALIBRATED MODEL
FOR SHORELINE IMPACT
ASSESSMENT
There is currently no explicit international or European
requirement for a wave farm development to be subject
to an EIA. The European directive on EIAs (European
Council Directive 85/337/EEC as amended by Council
Directive 97/11/EC, on the Assessment of the Effects of
Certain Public and Private Projects on the Environment)
requires an EIA to be carried out for certain listed
projects. These include offshore wind farm
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developments, but, as an immature technology, wave
farms are not listed. However, in the UK, the consent
route for a project such as Wave Hub requires, amongst
others, consent for the project infrastructure and
installation of WECs under Section 36 of the Electricity
Act 1989. Under the European EIA directive,
applications under Section 36 of the Electricity Act
require an EIA. Therefore, in the UK, all wave farm
developments have been, or will be, subjected to the
process.
An EIA will generally consider the full range of potential
physical and ecological impacts caused by a wave farm.
However, the concerns of stakeholders meant that one of
the issues given particular attention in the Wave Hub
Environmental Statement [2] was the potential impact on
the nearshore wave climate caused by offshore wave
energy extraction. The Wave Hub Environmental
Statement presented an overview of the study into such
impacts, which is detailed in the Coastal Processes Study
Report [9]. A proprietary regional wave model
(MWAVE) was used to propagate five wave states,
selected through joint probability analysis and
stakeholder consultation, through a fixed obstacle
representing the wave farm. The change in wave height
due to the wave farm was then calculated at the
shoreline. The emphasis was on monochromatic waves
as these are favoured by surfers.
A study of a similar nature was performed by Millar et
al. [10], in which a full year’s worth of offshore wave
states from the Wavewatch III model were propagated
through a barrier representing a wave farm, allowing a
similar assessment of shoreline changes in wave height.
As there is little information available regarding the
likely percentage of wave energy that will be extracted
by a wave farm, results were obtained for energy
transmission percentages of 0% (i.e. all energy
absorbed), 40%, 70% and 90%. The authors estimated
that the results obtained for 90% wave energy
transmission, i.e. 10% of all incident wave energy
absorbed, would be closest to reality for early
developments. The results indicated a likely average
reduction of approximately 0.3% of wave height along
the affected shoreline, compared with a range of
suggested impacts from 3% to 13% given by the Wave
Hub environmental statement. Question marks over the
validity of the results centred on the adoption of model
default values throughout the study [10].
In order to investigate the impact of using a calibrated
model, the study of Millar et al. was repeated using both
the calibrated and uncalibrated SWAN model. Twelvehourly data from the Met Office UK waters model, from
November 2005 – October 2006, provided boundary
conditions at seven offshore gridpoints close to the
Wavewatch III gridpoints used in the original study.
Rather than being fixed at 30°, the modelled directional
spread for each sea state, calculated from the Met Office
spectra, were used. With 90% wave energy transmission
through the Wave Hub site identified by the Millar et al.
study as the most realistic scenario, all model runs used
this transmission percentage. The average percentage
change in significant wave height at 500m-spaced
shoreline locations over one year due to the wave farm
was calculated for both the calibrated and uncalibrated
model runs, and the results are illustrated in Figure 8. It
can be clearly seen that the use of the calibrated model
has a minimal impact on the results; the maximum

difference between the calibrated and uncalibrated
results is 0.024%.
0.7

Calibrated parameters
Default parameters

0.6

% change in Hs

0.5
0.4
0.3
0.2
0.1
0
135000

145000

155000

165000

175000

185000

x (mE)

Figure 8: Average percentage change in shoreline
significant wave height over one year, plotted against
National Grid eastings co-ordinate, due to a wave farm
transmitting 90% of incident wave energy for a
calibrated and uncalibrated model.
Smith et al. [11] demonstrated that two of the key
contributory factors to the regeneration of waves in the
lee of a wave farm are the directional spread of the
waves and the wind field. A wave state with a higher
directional spread, i.e. shorter-crested waves, will
regenerate faster than long-crested waves. This is due to
the spectral energy travelling at greater angles relative to
the mean wave direction and therefore propagating faster
into the area behind the wave farm. The presence of a
wind field will transfer additional energy to the waves in
the lee of the farm, causing wave growth and hence
faster regeneration. To test the impact of these processes,
the calibrated model was re-run twice: first, with the
directional spread set to the default value of 30° for all
sea states, and secondly with the varying values of
directional spread but with the wind field incorporated.
The results for these two runs, plus the results of the
earlier calibrated and uncalibrated model runs are shown
in Figure 9. The largest changes are due to the inclusion
of wind in the model, particularly at the eastern extremes
of the affected coastline. However, the differences in the
results due to the use of a varying directional spread
rather than a constant default value are also larger than
the differences purely due to calibration.
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Figure 9: Average percentage change in shoreline
significant wave height over one year, plotted against
National Grid eastings co-ordinate, due to a wave farm
transmitting 90% of incident wave energy for a range of
model set-ups.
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5. CONCLUSIONS
Nearshore wave modelling will undoubtedly continue to
play an important role in wave farm developments.
However, its application must be assessed prior to
commencement of modelling activities to determine the
necessity for a calibration process that may require the
collection of additional wave data. In this paper, the
requirement for a calibrated model for two processes in a
wave farm development has been tested for the region
off the north coast of Cornwall where Wave Hub is to be
sited.
For the case of a shoreline impact assessment
investigating the potential changes in wave height due to
Wave Hub, the calibration had little effect on the results
because the study was assessing the relative differences
between two similar wave states. Of greater importance
for the results was the accurate characterisation of the
offshore wave and wind states which contribute to wave
regeneration effects in the lee of the wave farm.
However, for the resource assessment in the region, the
issue of calibration was more important. It was shown
that calibrating a nearshore model for shallow water
parameters in this region has an average effect on the
wave height prediction of less than 1% in water depths
of approximately 50m. This rises to 4% in water depths
of 10m, with a maximum increase in wave height of
13%. As wave power is proportional to the square of
wave height, errors in wave height prediction of this
magnitude would lead to a 28% error in predicted wave
power.
On the basis of these results, it is evident that great care
would be required if a resource assessment were to rely
on modelling alone. Although modelling has a role to
play in assessing long-term trends in the wave climate,
for an accurate localised resource assessment,
measurement is always likely to be a more reliable
method.
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