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Abstract

Many wave energy converter devices are currently
designed for offshore deployment (~50-60m depth).
However, there are potential benefits, both financial
and operational, to deploying offshore devices in
shallower water regions, i.e. 30-40m depths. These
benefits include lower cost of moorings and easier
access to the site and therefore reduced costs for
cabling, installation and maintenance. However, the
benefits may be offset against a potential reduction in
power. Furthermore, waves could become more nonlinear in shallower water. More complex wave physics
could make load and power estimation more difficult.
In addition to changes in the wave climate, depthrelated changes in extreme waves are important since
the device must be designed to survive them.

For device developers and operators, the decision
of where to deploy a wave energy converter (WEC)
is a compromise between the available wave power
and site accessibility. The advantage of deploying a
WEC further offshore is that wave energy is larger
than in shallower depths. However, the costs of
cabling, installation and maintenance may be
significantly reduced if deploying further inshore.
In this paper the effect of the water depth on the
wave energy resource and extreme wave conditions
is studied. A generic study as well as a case study for
the northern Cornish coast, in the region of the
Wave Hub development, is conducted. Special
attention is paid to the difference in wave power in
the depth range of 50 to 30 meters. This study shows
that energy losses in this range are relatively small
compared to the energy losses in the breaker zone.
Furthermore, the results from the Wave Hub site
are compared with the idealized study. The
comparison shows that the power loss is for most
circumstances in the same order of magnitude as the
power loss for the matching idealized case.
Keywords: nearshore wave modelling,
assessment, SWAN, wave power

Introduction

Folley et al. [1-2], as well as Mollison [3], have
analysed the transformation of wave climates from
offshore to nearshore for the western coast of Orkney.
Additionally, Folley et al. [1] showed that the way
wave power is defined can have an effect on the
apparent difference in wave power at shallower depths.
They therefore recommend calculating the exploitable
wave energy resource instead of the gross wave energy
resource when looking at the difference between the
offshore and nearshore wave energy resource.

resource

In this paper the effect of the water depth on the
wave energy resource and extreme wave conditions is
studied, with special attention to the depth range of 50
to 30 meters. The response to shallow water may
depend on additional processes, such as bottom
1

4th International Conference on Ocean Energy, 17 October, Dublin
roughness or seabed slope. An idealized study is set up
to study the generic dependencies for a range of
operational and extreme wave conditions, slopes,
bottom roughness and wave directions using the
SWAN wave model. The set-up of this study and its
results are discussed in section 2. Furthermore, a case
study is carried out for the northern Cornish coast in the
Southwest UK, in the region of the Wave Hub, a
facility for wave energy developers to test their
devices. The change in available wave power with
water depth is evaluated for different wave transects
towards the shore, based on a 23-year hindcast for the
region. This is described in section 3. Finally, the
results from the Wave Hub site are compared with the
idealized study in order to evaluate the applicability of
an idealized approach to real-world sites, and
conclusions drawn for the deployment of WECs in
shallower water regions.
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Parameters
Significant wave height,
Hm0
Mean wave period, Tm01
Slope
Wave direction
SWAN bottom friction
Directional spreading

2.2 Results: Idealized case
The wave power is calculated using the spectral
output and the omni-directional power equation:
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The power loss at point xi is defined as
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It can be seen that the reduction in significant wave
height at a 30 meter water depth is approximately 1 to
1.5 meters for extreme wave conditions depending on
the wave period. A significant power loss of
approximately 25% is observed at 30 meter water
depth.
The power loss may differ from the illustrated case
when the slope, the wave direction, the bottom friction
or the directional spreading is varied. Therefore, for
those variations, the influence is shown in Fig. 3a-d for
a mean wave period of 10 seconds.

slope
x2

% × 100%

Fig. 2 shows the significant wave height and the
power loss against the water depth for a range of
incident wave heights and wave periods. For every
incident wave height the longer period waves start
losing energy earlier on the slope than the shorter
period waves. The largest reductions in significant
wave height and power losses can be observed in the
breaker zone between 0 and 15 meters, depending on
the wave height. The power loss at a depth of 30
meters is very small in this case for the operational sea
states.
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where )# is the power at a certain location along the
slope and )$ is the power at a water depth of 50 m at
the foot of the slope, see Fig. 1.

The incident wave conditions, slope, wave direction,
bottom roughness and directional spreading were
varied for different model runs to study the generic
dependencies for waves propagating towards the shore.
Table 1 shows the input variations. Each combination
of wave height and wave period was translated into a
Pierson-Moskowitz wave spectrum, which was input at
the offshore boundary of the model. The operational
range for wave energy converter devices is represented
by Hm0 = 1-5m with the system assumed to lock at
higher wave heights, while the extreme wave height
that the system must withstand is represented by Hm0 =
15m.

x0

(1)

where the group velocity is

2.1 Model description: Idealized case
The third-generation spectral wave model SWAN
[4] has been used to simulate waves travelling towards
the shore. A 1-dimensional model with a uniform beach
slope was established, see Fig. 1. In this set-up the
water depth ranges from 0 to 50 meters, where 50m is
effectively deep water for the waves considered here.
SWAN default parameterizations for depth-induced
breaking, whitecapping and triad wave-wave
interactions were used [5]. No wind and therefore no
nonlinear quadruplet wave interactions were taken into
account. Output was generated at points corresponding
to increasingly shallow water, or x0,x1,x2,x3,x4 and x5 in
Fig. 1.

H, T, dir.

3-20 s
1:50, 1:100, 1:200, 1:500
0, 15, 30, 45°
0.038, 0.067 & 0.1 m2s-3
2.5, 30 & 60°

Table 1: Input variations idealized study

Idealized study

50 m

Input
1-5 & 15 m

x5

Figure 1: Model set-up idealized study
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Figure 2: Significant wave height (a) and Power loss (b)
against water depth for Hm0 range [1:5 &15] m, Tm01 range
[3:20] s, slope: 1:100, wave direction: 0°, bottom friction:
coefficient: 0.067 m2s-3, directional spreading: 2.5°.

A sloping bottom can cause large changes in wave
height and wave direction. The power loss is larger for
a relatively gentle sea bed slope than for a steeper
slope, see Fig. 3a. At a depth of 30 meters, a 5 meter
high wave, with a 10 second period, experiences about
6% power loss for a 0.002 slope compared to less than
1% for a 0.1 slope. Waves experience more bottom
friction as they have to travel over a longer distance
and therefore lose more energy when the slope is
gentle.

Figure 3: Power loss against (a) slope, (b) wave direction, (c)
bottom friction, (d) directional spreading at a water depth of
30 meters, for Hm0 range [1:5] m, Tm01 = 10 s.

When waves propagate into shallower water at an
angle to the normal to the shore, they experience
refraction. Refraction is the change in wave direction
due to a change in its speed. It is important to note that
in this process no energy is lost. However, the
refraction disperses a wave spectrum into different
directions and therefore the available power at a certain
point along the slope is lower than for a 0° angle. In
addition, the waves lose more energy to bottom friction
than for the 0° angle, because of the longer distance the
waves have to travel on the slope. Fig. 3b shows that
the power loss increases when the angle to the normal
to the shore increases. At a depth of 30 meters, a 5
meter high wave, with a 10 second period, experiences
about 11% power loss for a 45° angle compared to less
than 2% for a 0° angle.

Fig. 4 shows how the spectra change due to the
water depth for waves with a 1 meter incident wave
height and a 5 second incident wave period. From 20
meters water depth the spectral shape starts to deviate
from the incident spectral shape. First the waves start
shoaling at a water depth around 20 meters, as shown
by the slight increase of energy around the peak
frequency in the upper panel. At a depth of around 15
meters, triad wave-wave interactions start and shift the
energy from the peak frequency to multiples of the
peak frequency, in this case to 0.015 Hz. Finally,
depth-induced breaking can be observed around 10
meters water depth, see the lower figure. For
operational conditions smaller than Hm0 = 5 m and Tm01
= 10 s, shallow water processes become dominant at
even shallower depths than 20 m.

Fig. 3c shows that the influence of the sea bed
roughness in the studied range is relatively small. The
difference in power loss between a smoother and a
rougher bottom is about 1%.

3

Case study for ‘Wave Hub’

3.1 Model description: Case study
In order to assess idealized results for a real site as
well as to provide information on a location where
wave energy devices will be deployed, a 23 year
hindcast has been carried out for the Cornwall coast for
the period between the 1st January 1989 and the 1st
November 2011. SWAN default parameterizations for
wind, quadruplet wave-wave interactions, bottom
friction dissipation, depth-induced breaking and triad
wave-wave interactions are used. For whitecapping the
formulation proposed by Rogers [6] is used. The

A higher directional spreading spreads the waves
over a larger area and therefore the wave height and
wave power in the main direction of propagation are
lower. At a depth of 30 meters the difference in power
loss between 2.5° and a directional spreading of 60° is
about 10% for a 5 meter high wave, with a 10 second
period, see Fig. 3d.
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it can be seen that the number of small and short waves
(bottom) increases with decreasing water depth,
whereas the number of long and large waves decreases.
For rays 1 and 2 similar behaviour is observed (not
shown).

hindcast set-up and validation is described in more
detail in van Nieuwkoop, 2012 [7].

Figure 4: Wave spectra and physical processes for Hm0 = 5
m, Tm01 = 10 s, a slope of 1:100 and a wave direction of 0°.
Figure 5: Bathymetry for the Cornish coast and output rays

The model covers the area of 4 to 7 degrees west and
49 to 51 degrees north. The model grid comprises the
whole Cornwall coast and part of the Devon coast,
including the Isles of Scilly. A grid resolution of 1 km
x 1 km is used for the model domain. Nests with
smaller grid resolutions, down to 100 m x 100 m are
used for the areas of interest. The bathymetry for the
model is constructed from data obtained from Marine
DigiMap [8]. Furthermore, the European Centre for
Medium-Range Weather hindcast data [9] is used for
the wave and wind input. No water level variations and
currents are taken into account. Fig. 5 shows the
bathymetry in a selection of the model domain.

The hindcast results have been screened to find data
close to the wave heights, periods and directions used
in the idealized study in order to provide a direct
comparison. A bin of +/- 0.1 meter is used around the
wave height [1:5 and 15] m, a bin of +/- 0.2 seconds
around the wave period [3:20] s and a bin of 5 degrees
is used around an angle parallel to each ray.

For this study, output is generated for three cross
shore rays perpendicular to the depth contours. The
rays are indicated with dotted lines in Fig. 5 and ray 2
starts at the Wave Hub location. Ray 1 shows the
nearshore transformation of waves coming from
western directions. Rays 2 and 3 give more insight into
the waves coming from north-western directions. Ray 1
will not be taken into account in the comparison with
the idealized study, as the slope is far from constant
over the cross section. For ray 2 and ray 3, an
approximate slope of 1:70 and 1:500 is calculated for
depths between 30 and 50 metres. The results for ray 2
and ray 3 will be compared with matching idealized
results.
3.2 Results: Case study
The wave transformation is studied looking at the
difference between the joint probability distributions
for significant wave height and mean wave period at
water depths of 50 and 30 meters. Fig. 6 shows the
joint probability distribution for ray 3. For every bin the
percentage of the sea state occurrence is shown. In 50m
water depth (top), the highest frequency of occurrence
is for waves with a significant wave height of 1-2
meters and a mean period of 4-5 seconds. As expected,

Figure 6: Joint probability distribution for ray 3, at a water
depth of 50 m (top) and 30 m (bottom)

The data are averaged and a standard deviation has
been calculated for cases where more instances are
found for a particular combination of wave height and
wave period. Two examples are shown in Fig. 7 and 8.
In these figures the power loss is shown against the
water depth. The figures show the mean (black thick
line) and the range (2 times the standard deviation) in
4
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yellow. The matching idealized study results are shown
in the dashed black line.

•

It can be seen that for the two wave height/period
combinations there is slightly less power loss along this
ray than there is for a matching idealized case. For the
other combinations of ray 3 and ray 2 a similar
behaviour is seen (not shown).

Figure 7: Power loss against water depth for selected
hindcast instances of ray 3 (Hm0 = 1 m & Tm01 = 5 s) in thick
black line compared to the idealized study (dotted black line).

Figure 9: Power loss against water depth for Hm0 = 2 m, Tm01
= 10 s, slope: 1:00, wave direction: 0°, directional spreading:
2.5°, bottom friction coefficient: 0.067 m2s-3, wind velocity:
20 m/s and wind direction: 0°.

•

Figure 8: Power loss against water depth for selected
hindcast instances of ray 3 (Hm0 = 3 m & Tm01 = 7 s) in thick
black line compared to the idealized study (dotted black line).
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Wind:
The wind has not been taken into account in the
idealized study. With a wind coming from a northwesterly direction, there could be wave generation
due to the wind. This can enhance the waves as can
be seen in the example in Fig. 8. As the wind is
taken into account in the hindcast, this could result
in a difference between the hindcast and idealized
study.

Discussion

There are a few factors that have not been taken into
account in the idealized study that could explain the
differences between the hindcast and the idealized
study:
• Directional spreading:
The hindcast results have been compared to a case
of the idealized study with a directional spreading
of 30° at the peak frequency. However, in reality
the directional spreading is not 30° for every sea
state. Furthermore, the directional spreading varies
with the frequency. It can be expected that the
directional spreading at frequencies other than the
peak frequency is much higher.
• Refraction due to complex bathymetry:
In the hindcast complex bathymetric features were
taken into account to some extent in contrast to the
idealized study. Shoals or islands can focus waves,
in some cases enhancing the wave height behind
the shoal. On the other hand sea bed troughs can
reduce the wave height.

Multi-peaked spectra:
A spectrum can consist of energy from various
events. This is not taken into account in this
comparison. Often the swell energy comes from a
different direction than the wind sea. However, for
the comparison the results were compared based
on the mean direction. This means that part of the
energy could have crossed very different
bathymetry than the bathymetry on which the slope
was based. For that reason the hindcast results
could differ from the idealized results.

Finally, there are variables that have been simplified
in the hindcast, which could be present in a real wave
transformation to the shore. A process that has not been
taken into account in the hindcast is the effect of
currents on wave height and period. Generally, currents
opposing the main wave direction enhance the wave
height, whereas currents following the main wave
direction decrease the wave height as can be seen in
Fig. 10 for a relatively strong current. In the hindcast
no currents were imposed on the model. The offshore
tidal computation software POLPRED™ v.2.4.1.1 [10]
predicts a maximum velocity of approximately 0.6 m/s
near Wave Hub, which is relatively weak for wave
current interactions. It is therefore expected that the
currents at a water depth of 30 meters on the Cornish
coast do not influence the hindcast results at that water
depth significantly.
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This study has shown that for wave energy devices it
can be worthwhile considering deployment depths of
30-40 m instead of 50-60
60 m, as power losses are
relatively low in most cases and might well be offset by
reduced costss of moorings, cabling etc.;
et in addition,
extreme waves and thus survival loads are reduced.
reduced

Acknowledgements
The Research reported in this document has been
made possible through the funding of the Technology
Strategy Board and the South West Regional
Development Agency. The authors also gratefully
acknowledge EMCWF for providing modelled wave
and wind data.

Figure 10: Power loss against water depth for Hm0 = 2 m,
Tm01 = 10 s, slope: 1:100,, wave direction
direction: 0°, directional
spreading: 2.5°, bottom friction coefficient
coefficient: 0.067 m2s-3 and
current velocity: 2 m/s for a current direction of 00°
(following) and 180° (opposing).
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Energy losses at the depth range of 50 to 30 meters
are mainly due to bottom friction
on and are relatively
small compared to the energy losses in the breaker
zone. For most operational and environmental
conditions the power loss in this range is less than 10%.
In general it can be said that the higher the wave height,
the more power loss occurs
ccurs and the longer the period,
the more power loss occurs when waves travel towards
the shore.
For a steeper slope, power loss due to bottom
friction decreases, as the wave spend less time in
shallow water.. The larger the angle of propagation, the
larger the power losses when waves travel towards the
shore. This is mainly due to the larger distance the
waves travel and not due to refraction which is an
energy-conserving, non-dissipative
dissipative mechanism. The
bottom friction range used in this study resulted in little
difference in wave power. Finally, a higher directional
spreading spreads the waves over a larger area and
therefore the wave height and wave power in the main
direction of propagation are lower.
Extreme sea states experience a considerably la
larger
energy loss than operational sea states. Depending on
the case the power loss for extreme sea states is
approximately 25% at the depth range of 50 to 30 meter
water depth. This is beneficial for wave energy devices
since it indicates lower survival loads.
ads.
The case study of the northern Cornish coast at a
candidate site for the deployment of wave energy
devices showed that the power loss is for most
circumstances within
in the same order of magnitude as
the power loss for the matching idealized case.
Directional
ectional spreading, complex bathymetry, mixed sea
seastates, wind and possibly currents may also influence
the energy transformation for waves travelling into
shallower water. Hot-spots
spots and cold
cold-spots of wave
energy can occur and therefore the real wave
transformation
formation can be different from the idealized wave
transformation towards the shore.
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