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INTRODUCTION

Information on the penetration of waves behind breakwaters is important for the design of
harbours and to assess the safety of mooring systems. Such information is usually obtained with
numerical modelling. The numerical modelling has to take care of all processes affecting the
waves as they approach and enter a harbour. In most cases harbours are located along a shallow
coast where refraction and diffraction affect the penetration of waves into a harbour. For large
harbour areas also local wave generation may play role.
The effects of refraction and local wave generation are easily accounted for with phase-averaged
models. Examples of such models are the discrete spectral models WAM and SWAN (Booij et al.,
1999). These models are not normally used to account for diffraction. Diffraction is usually
computed with phase-resolving models, like Boussinesq (e.g., Borsboom et al., 2001) or mildslope models (Berkhoff, 1972). Traditionally, phase-averaged models have been used to compute
the wave conditions in the coastal zone and phase-resolving models have been used to determine
the wave conditions in the harbour, if necessary coupling the models. A recent example of such a
coupling is given in Groeneweg et al. (2004).
Phase-averaged models are more efficient than phase-resolving models. Therefore, several
attempts have been made to include the effects of diffraction in spectral wave models (Rivero et
al., 1997) and Holthuijsen et al., (2003). Recently, version 40.51 of the SWAN model was released
(Holthuijsen et al., 2004). This version includes an approximation to diffraction according to the
equations given in Holthuijsen et al. (2003).
Since the SWAN model is widely used in coastal engineering practice, we were interested in the
applicability of diffraction in the SWAN model. The purposes of this paper are therefore:
- Test the implementation of diffraction in SWAN with an emphasis on numerical stability
and guidelines for proper usages;
- Verify the diffraction approximation against an analytical solution;
- Assess the importance of diffraction for wind waves and for swell waves;
- Formulate guidelines for modelling diffraction with SWAN.
As a first step, we have investigated the performance of diffraction in SWAN for a simple
situation; the semi-infinite breakwater in water of constant depth and omitting the growth by wind
and dissipation by depth effects. The input wave conditions consisted of a narrow banded
frequency spectrum with various amount of directional spreading.
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2.

IMPLEMENTATION OF DIFFRACTION IN SWAN

The SWAN model uses the action balance to compute the evolution of the wave field in time and
space. This equation is given by:
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Where the action density is defined as N = N (σ ,θ ) = E (σ ,θ ) / σ with σ the relative
frequency. The velocity cσ is the propagation speed in frequency space and cθ is the propagation
speed due to refraction. The term S is the source term describing all the physical processes of
growth, decay and redistribution of wave energy. In the case without diffraction the propagation
velocities in x-y and spectral space are given by (Holthuijsen et al., 2003):
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In these equations U is the ambient current vector, d is depth and m a local coordinate
perpendicular to the direction of wave propagation. In the absence of diffraction the separation
parameter κ is equal to the wave number k.
If diffraction is accounted for, a correction term δE is added to the above propagation velocities.
The equations then become:
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The diffraction parameter δE is based on a spatial averages of properties of the wave field
according to:
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where c and cg and the phase and group velocity, respectively. The diffraction parameter δE
adds a second order spatial derivative to the system of equations.
The SWAN model has a number of switches to control diffraction. Apart from a general switch for
turning diffraction on or off, there are two parameters that control the evaluation of the diffraction
parameter δE; SMPAR and SMNUM. To avoid numerical instabilities in the evaluation of the
diffraction parameter, its evaluation is based on a smoothed field of wave energy between
neighbouring spatial grid points. The SMPAR parameter controls the amount of smoothing
between neighbouring grid points. The parameter SMNUM controls the number of times that a
smoothing operation is performed.
Smoothing is performed on the basis of the directionally integrated energy E(σ) in neighbouring
spatial grid points according to:

Ein, j = Ein, −j 1 − SMPAR ×  Ei−i , j + Ei , j −1 − 4 Ei , j + Ei+1, j + Ei , j +1 
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The default value of SMPAR is 0.2 (see Eq. 17 in Holthuijsen et al., 2003).
The smoothing of the wave fields is only used for the computation of the diffraction parameter δE,
it does not affect the wave field as used in the action balance equation.

3.

METHODOLOGY AND FUNCTIONALITY TESTS

To evaluate the performance of SWAN with diffraction we consider the simple case of an infinite
breakwater in water of constant depth. The advantage of this approach is that numerical solutions
can be compared with analytical solutions. If it turns out that diffraction ‘works’ in SWAN, we
plan to investigate more complex cases.
For the present study we consider a rectangular domain with various dimensions. The semiinfinite breakwater is located halfway along the lower boundary pointing upwards. In the SWAN
model it is modelled as an obstacle object with zero reflection and zero transmission. Along all
up-wave boundaries an incoming wave conditions is prescribed. The basic case is a wave
travelling from left to right, with a period (T) of 8 s in water of depth 10 m. Three cases are
considered for the short-crestedness of the wave with rms energy weighted spreading of σ = 1.5°
(uni-directional), σ = 10° (swell) and σ = 30° (wind waves). The directional spreading is defined
according to Kuik et al. (1988).
The performance of diffraction in SWAN was tested in 2 phases. In the first phase we concentrated
on the implementation of diffraction in SWAN. To that end the following tests were performed:
• Effect of spatial resolution ∆s;
• Effect of the size of the computational domain;
• Effect of smoothing;
• Effect of depth;
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In the second phase we concentrated on the validation of the diffraction approximation in SWAN.
To that end the following activities were carried out:
• Comparison against an analytical solution;
• Determine the areas where diffraction is important;
• Determine the role of directional spreading on the results;
The entrance boundary condition was specified by a narrow banded Gaussian-shaped frequency
spectrum centered on the period of the wave T, with a width of 0.01Hz (standard deviation). This
condition was applied on the north and west sides, and on the section of the south side ahead of
the breakwater.
The directional resolution was kept constant for each of the three main cases. Following guidance
from the SWAN manual, we chose for the case σ = 1.5°, ∆θ = 0.5°; for σ = 10°, ∆θ = 2°; for σ =
30°, ∆θ = 10°.
4.

RESULTS

4.1

Analytical benchmarks

An analytical solution is available for the wave height and direction that accounts for the
diffraction around a semi-infinite breakwater (see Wiegel, 1962). This solution is for regular,
unidirectional waves. However, the solution can be extended for short-crested waves (waves with
directional spreading) and for irregular waves by using the principle of superposition.
Figures 1 and 2 show the solution obtained using the model for waves with a directional
spreading of 1.5° and of 30° respectively for the base case. The results are shown over an area of
about 1200 m by 1200 m, (16 by 16 wavelengths). As expected, the wave height variation for the
case with 30° of directional spreading is considerably smoother than for the case with 1.5° of
spreading. In addition, the area behind the breakwater is less sheltered when the wave field is
more directionally spread. In the case with 1.5° of spreading, wave heights up to 1.13 m are
found, as expected in the analytical solution.
4.2

Spatial resolution

An early finding was that SWAN computations with diffraction become unstable if the spatial
resolution is too fine. Computations were made for the case with 1.5° directional spreading for
various wave periods to establish the limits of acceptable spatial resolution. Regardless of the
wave period, it was found that computations carried out with 3.5 grid points per wavelength (L)
were stable, whereas computations with 4 grid points per wavelength were unstable.
Figures 3 (3.5 grid points per wavelength) and 4 (4 grid points per wavelength) give an example
of the results of SWAN computations with diffraction for a computational area of 1000 m by 1000
m for the base case with 1.5° spreading. The results of the instability for the case with 4 grid
points per wavelength are clearly visible in the top right hand corner of Figure 4, but also at some
points directly behind the breakwater.
The same limits were found for cases with more directional spreading and other water depths.
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The effect of the spatial resolution on the accuracy of the results was also tested. Figure 5 shows
the difference between the result of SWAN with 3 points per wavelength and the analytical
solution for the case with 1.5° of spreading. It can be seen that the results are within 5 cm over the
whole area except the area immediately behind the breakwater. Figure 6 shows a similar result for
a SWAN computation made with 1 point per wavelength. In this case there are significant areas in
which the error is greater than 15 cm and a large area behind the breakwater where the error is
greater than 10 cm. Similar but less pronounced results are obtained for the case with 30°
directional spreading (see below). We therefore conclude that it is beneficial to use resolution that
is as fine as possible given the upper limit of 3.5 grid points per wavelength and possible
restrictions on the size of the computational grid (see section 4.3).
4.3

Size of computational area

In SWAN computations with diffraction for a low directional spreading (1.5°) and a fine
directional resolution (0.5°), it was found that instabilities occurred if the number of grid points in
the computational area is too large. No practical limitation on the grid size was found for cases
with directional spreading of 30° or a coarser directional resolution (10°).
Figures 7 and 8 show the results of the SWAN computations for the base case with a grid of 67
points by 67 points (22 wavelengths) and of 79 points by 79 points (26 wavelengths) respectively.
In both cases, the spatial resolution was 3 points per wavelength. The effects of the instability can
be clearly seen in the top right corner of Figure 8, but not in Figure 7. This result was shown to be
independent of the wave period.
We therefore recommend that for computations with diffraction where narrow directional spectra
may occur, the size of the computational area be limited to about 65 grid points by 65 grid points.
4.4

The use of smoothing

The use of smoothing makes it possible to obtain stable results with a finer spatial resolution. The
accuracy of the results with smoothing (smoothing number = 6, smoothing parameter = 0.2) and a
finer resolution (5 grid points per wavelength) was therefore examined for the situation with 1.5°
of spreading. Five grid points per wavelength was chosen because this is the best accuracy that
can be obtained without instability with this smoothing number.
The results are given in Figure 9, which shows the difference between the results computed by
SWAN with smoothing and the analytical solution. This should be compared with Figure 5 in
which a resolution of 3 points per wavelength was used without smoothing for the same
conditions. It can clearly be seen that the results with smoothing are considerably worse for this
situation, particularly in the area directly behind the head of the breakwater.
It is therefore concluded that for incident waves with a small directional spreading it is not
worthwhile to use smoothing.
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4.5

The requirement to include diffraction

There is often discussion about the need to include diffraction in the computation for situations
with short-crested waves. Therefore computations were made with and without diffraction for the
base case with directional spreading of 30°. Figure 10 shows the relative difference between the
SWAN computation with diffraction (3 grid points per wavelength, diffraction, no smoothing) and
the analytical solution. Figure 11 shows the relative difference between the SWAN computation
without diffraction (6 grid points per wavelength) and the analytical solution. In general, the
solution without diffraction gives better results than the solution with diffraction. In the area
immediately behind the breakwater (where the wave height is very low anyway) the result with
diffraction is significantly better than the result without diffraction.
Figures 12 and 13 show similar results for the base case with 10° spreading. In this case, it can be
seen that the results with diffraction are considerably better than the results without diffraction.
It is therefore concluded that for situations with narrow directional spectra (say, less than 15°), the
model should be used with diffraction. In situations with wide spectra, it seems to be better
to use SWAN without diffraction. Further work should be carried out to investigate the effect of
directional resolution when diffraction is applied.

SWAN

5.

DISCUSSION

The present study revealed some practical limitations to the use of diffraction for narrow banded
frequency waves in the SWAN model. Especially, the limitations on grid resolution and grid size
are important for using SWAN with diffraction. In some cases instabilities occur, degrading the
results. These instabilities are probably related to the computational method of computing the
second order derivatives and they seem to originate at the boundary of the computational domain.
Therefore, further work is recommended to improve the numerical treatment of diffraction in
SWAN.
The tests for the semi-infinite breakwater revealed that the diffraction approximation works quite
well. As expected, the effect of directional spreading is to smooth out the typical spatial variation
due to diffraction, since local variations of different spectral component cancel each other. In
such cases, it is not needed to turn diffraction on.
Further tests are recommended to assess the performance of diffraction in SWAN. As a first step
numerical tests should be performed to assess the effect of broader frequency spectra and the
directional resolution on the computational results. An interesting case would be to assess the
combined effect of refraction and diffraction in an access channel towards a harbour. Also,
verification against two-dimensional phase-resolving models is recommended.
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6.

CONCLUSIONS

In this study the practical applicability of diffraction in SWAN 40.51 for narrow banded frequency
waves was evaluated leading to the following conclusions:
• Stable results can be found when the dimensionless parameter L/∆s is smaller than 3.5;
• Stable results can be found when the size of the computational domain is less than 65 by
65 grid points;
• Too much smoothing degrades the results since the diffraction parameter becomes
meaningless;
• For the case of a semi-infinite breakwater diffraction is computed reasonably well;
• The effect of directional spreading reduces the importance of diffraction;
• The practical limits are independent of water depth.
It is stressed that the present results are based on SWAN model version 40.51. Since the SWAN
model is continuously being developed, it is expected that the source of the observed instabilities
will be identified and resolved in future versions of the SWAN model.
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Figure 1:

Spatial variation of significant wave height behind a semi-infinite breakwater
based on an analytical solution. Incident wave conditions: H = 1.0 m, T = 8 s,
θ = 0° and σ = 1.5°.

Figure 2:

Spatial variation of significant wave height behind a semi-infinite breakwater
based on an analytical solution. Incident wave conditions: H=1.0 m, T = 8 s,
θ= 0° and σ=30°.
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Figure 3:

Spatial variation of significant wave height behind a semi-infinite breakwater
from a SWAN computation with diffraction. Resolution L/∆s=3.5. Depth = 11
m. Incident wave conditions: Hm0=1.0 m, T = 8 s, θ=0° and σ=1.5°
(NW corner: sample of the mesh over area 2L×2L).

Figure 4:

Spatial variation of significant wave height behind a semi-infinite breakwater
from a swan computation with diffraction. Resolution L/∆s=4. Depth = 11m.
Incident wave conditions: Hm0=1.0m, T = 8s, θ=0° and σ=1.5°. (NW corner:
sample of the mesh over area 2L×2L).
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Figure 5:

Spatial variation of difference between significant wave height predicted by
swan with diffraction and analytical solution (Hswan – Hanal). Swan
resolution L/∆s=3.0. Depth = 11m. Incident wave conditions: Hm0=1.0m, T
= 8 s, θ = 0°, σ=1.5 and ∆θ = 0.5°. (NW corner: sample of the mesh over area
2L×2L).

Figure 6:

Spatial variation of difference between significant wave height predicted by
swan with diffraction and analytical solution (Hswan – Hanal). Swan
resolution L/∆s=1.0. Depth = 11 m. Incident wave conditions Hm0=1.0 m,T =
8 s, θ=0°, σ=1.5 and ∆θ = 0.5°. (NW corner: sample of the mesh over area
2L×2L).
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Figure 7:

Spatial variation of the significant wave height behind a semi-infinite
breakwater from a SWAN computation with diffraction. Resolution L/∆s=3.
Grid size 22 by 22 wavelengths. Depth = 11 m. Wave period T=8 s, Hm0=1 m,
θ=0°, σ=1.5° and ∆θ=0.5°. (NW corner: sample of the mesh over area
2L×2L).

Figure 8:

Spatial variation of the significant wave height behind a semi-infinite
breakwater from a SWAN computation with diffraction. Resolution L/∆s=3.
Grid size 26 by 26 wavelengths. Depth = 11m. Wave period T= 8 s, Hm0=1 m,
θ=0°, σ=1.5°, ∆θ=0.5°. (NW corner: sample of the mesh over area 2L×2L).
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Figure 9:

As in Figure 5, but with a spatial resolution of L/∆s=5 and smoothing number
SMNUM=6. (NW corner: sample of the mesh over area 2L×2L).
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Figure 10: Spatial variation of relative difference between wave height predicted by
SWAN with diffraction and analytical solution (HSWAN-HANAL)/HANAL. Resolution
L/∆s=3. Depth = 11m. Incident wave conditions: Hm0=1.0 m, T = 8 s, θ=0°,
σ=30° and ∆θ = 10°. (NW corner: sample of the mesh over area 2L×2L).

Figure 11: Spatial variation of relative difference between wave height predicted by
swan without diffraction and analytical solution (HSWAN-HANAL)/HANAL.
Resolution L/∆s=6. Depth = 11m. Incident wave conditions: Hm0=1.0 m,
T = 8 s, θ=0°,σ=30° and ∆θ = 10°. (NW corner: sample of the mesh over area
2L×2L).
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Figure 12: Spatial variation of relative difference between wave height predicted by
SWAN with diffraction and analytical solution (HSWAN-HANAL)/HANAL. Resolution
L/∆s=3. Depth = 11m. Incident wave conditions: Hm0=1.0 m, T = 8 s, θ=0°,
σ=10° and ∆θ = 2°. (NW corner: sample of the mesh over area 2L×2L).

Figure 13: Spatial variation of relative difference between wave height predicted by
SWAN without diffraction and analytical solution (HSWAN-HANAL)/HANAL.
Resolution L/∆s=6. Depth = 11m. Incident wave conditions: Hm0=1.0 m,
T = 8 s, θ=0°, σ=10° and ∆θ = 2°. (NW corner: sample of the mesh over area
2L×2L).
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