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Abstract

Wave growth in slanting fetch (with wind blowing obliquely off a coast) is investigated with 7 years worth of routine wave measurements in
Lake IJssel in The Netherlands and with the SWAN wave model. Two aspects are considered in particular for this case: the validity of the concept
of effective fetch and the role of the non-linear four-wave interactions. For slanting and parallel fetch conditions, we found some significant
deviations from the effective fetch assumption, leading to 20–35% mismatch in either the peak period Tp or the significant wave height Hm0

respectively. However, the effect of discrepancies between various widely accepted wave growth formulas turned out to be even more important.
The wave directions during slanting fetch are significantly ‘steered’ by the coastline, especially in the first kilometre(s) off the coast. The role of
the non-linear four-wave interactions is investigated by running the SWAN (version 40.41) wave model with three different quadruplet
formulations. Exact quadruplet methods (Xnl) yielded relatively strong wave steering, despite the four-wave interactions being relatively weak.
Application of Xnl did not lead to better overall agreement with measurements — improvements for the mean wave period Tm01 were offset by
some deterioration for the wave height Hm0.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A special case of finite-fetch wave growth is the case of
slanting fetch, when the wind blows obliquely from the shore,
rather than perpendicularly. Both experimental studies (e.g.,
Holthuijsen, 1983; Donelan et al., 1985; Pettersson, 2004) and
modelling studies (Bottema and Van Vledder, 2005; Ardhuin et
al., 2006) have shown that in cases with slanting fetch, the
dominant wave direction may significantly deviate from the wind
direction. Directional wave spectra are also influenced as low-
frequency components tend to be largely alongshore, while wave
components well above the peak frequency tend to be alignedwith
the wind (Ardhuin et al., 2006).
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Throughout the last decades, various modelling approaches
have been used to model wave growth in slanting fetch con-
ditions, such as:

• wave modelling with parametric wave growth formulas.
• directionally decoupled wave modelling.
• full spectral wave modelling.

The use of parametric wave growth formulas is convenient
and computationally cheap, but it relies on the assumption that
cases with complex shorelines can be translated to equivalent
cases with straight shorelines, shore-normal wind and a so-
called ‘effective fetch’ that accurately predicts the wave heights
and periods at the location of interest. The formulas of
Bretschneider CERC, 1984, Kahma and Calkoen (1992), and
Young and Verhagen (1996) are examples of the basic formulas
used for this first approach. Seymour (1977) proposed a
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directionally decoupled approach as an alternative for the
straightforward use of parametric wave growth formulas.
Essentially, wave components are evaluated separately for
each wave direction, and then added. In this way, an important
phenomenon of waves in slanting fetch could be reproduced:
the fact that mean wave directions are not fully along wind, as
they are partly steered by the shoreline (Holthuijsen, 1983;
Donelan et al., 1985). Examples of this second approach are the
model of Seymour (1977) and the HISWAmodel of Holthuijsen
et al. (1989). However, Pettersson (2004) suggested that the
directionally decoupled approach is not fully adequate: non-
linear four-wave interactions (henceforth ‘quadruplet interac-
tions’) also play a key role in the prediction of alongshore wave
steering in slanting fetch conditions since they transfer energy
between wave components with different directions. As a result,
a full spectral approach including quadruplet interactions would
be required. The SWAN wave model (Booij et al., 1999) is such
a model and it is specifically designed for small-scale
applications on scales of roughly 0.3–300 km and is an
example of the full spectral approach. Despite significant
improvements in modelling technology (Ardhuin et al., 2006),
the physical mechanisms behind wave growth in slanting fetch
do not yet seem to be fully clear. As a result, there are also some
uncertainties about the general modelling approach that is to be
preferred.

So far the scientific interest of wave growth in slanting fetch.
The practical interest of this phenomenon is related to ship
traffic and flooding prevention. As for the ship traffic, ships
prefer to travel along the wave direction— if this is not possible
due to for example mixed seas, this can contribute to uncom-
fortable or even dangerous sea states (Toffoli et al., 2004). Such
conditions may occur when ships enter or leave a harbour
during slanting fetch, as low-frequency wave components then
Fig. 1. Lake IJssel, measurement location FL2 and the SWAN model domain (
tend to propagate along the coast, rather than along the wind
(Pettersson, 2004; Ardhuin et al., 2006; Bottema and Van
Vledder, 2005). Although such sea states are not exceptionally
high, it must be taken into account that many ships in the
present region of interest (Lake IJssel in the Netherlands, Fig. 1)
are designed for inland waters only.

As for the aspect of flooding prevention, historical sources
(summarized by Flameling, 2003) suggest that during the 1953
flooding disaster, many dike breaches in the Rhine–Scheldt–
Meuse estuary occurred at locations, which must have been
relatively sheltered from the wind and the waves. In the 1916
disaster, several dike breaches occurred along the former
‘Zuiderzee’ estuarine area. In this case, a dike breach at a
relatively sheltered location contributed to the flooding of the
‘Waterland’ region immediately Northeast of the city of
Amsterdam. Given these historical dike breaches at sheltered –
and therefore somewhat unexpected – locations, it is certainly
worth to investigate the phenomenon of wave growth in slanting
fetch conditions. This is all the more so because the waves in
slanting fetch conditions are considerably higher than in situations
with the wind blowing perpendicularly off the coast (Bottema and
Van Vledder, 2005).

A final practical issue is related to the current practice of
probabilistic evaluation of dike design conditions for the Lake
IJssel area in the Netherlands. For this probabilistic evaluation,
at least 540 different combinations of wind, lake water levels
and river discharges (into Lake IJssel) have to be considered.
Therefore, operational requirements (viz. small computing
times) are nearly as important for the underlying wave models
as the general accuracy of these models.

The latter issue brings us to the main research question of this
paper: Which general modelling principle is most suitable in
slanting fetch conditions: parametric wave growth curves, a
the rectangular box) and detail of bottom topography around location FL2.
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directionally decoupled approach, or a full spectral wave model.
It should be noted that this paper addresses only one of the wave
modelling issues relevant to dike design near Lake IJssel. For
problems related to depth-limited (rather than fetch-limited)
wave growth and for general model validation results, the reader
is referred to De Waal (2001) and Bottema et al. (2003)
respectively. Also, it is important to note that it is not the aim of
this paper to validate specific wave models and their tunings.
Rather, it is the aim to investigate the validity of two underlying
key assumptions:

• the validity of the effective fetch concept in slanting fetch, in
relation to the use of parametric wave growth curves.

• the role of the quadruplet interactions in slanting fetch, in
relation to the choice between either the directionally
decoupled or full spectral approach.

In this way, one can get an indication of the best modelling
approach without having to implement and validate several
individual wave models, and their tunings. Also, this focus on
model assumptions may shed some light on the dominant
physical processes in slanting fetch conditions and it may reveal
deficiencies and sensitivities of parameterisations of physical
processes. The latter will be done by investigating the effect of
different formulations of the quadruplet source term in the
SWAN wave model.

The contents of this paper are as follows. In Section 2 the
area of interest and some experimental details will be discussed.
Next, Sections 3 and 4 will present some numerical details, as
well as a comparison between the numerical (SWAN) results
and the present experimental data. In Section 5, the validity of
the effective fetch concept will be investigated, whereas the role
of the quadruplet interactions will be investigated in Section 6.
Finally the conclusions and some considerations for future work
will be presented in Section 7.

2. Area of interest and field data

The present area of interest is Lake IJssel in the Netherlands
(Fig. 1), a lake of roughly 20 by 60 km. Up till 1932, Lake IJssel
and Lake Marken used to be connected to the Waddenzee as
they were part of the aforementioned ‘Zuiderzee’. At present,
they are large lakes with a typical depth of about 4–5 m; a
significant part of their shores consists of dikes that were
constructed between 1928 and 1976. Because many of these
new shores are straight and artificial, it is potentially a highly
suitable area for slanting fetch studies. This is all the more so
because slanting fetch studies at sea tend to be hampered by
significant amounts of swell (as in the study of Ardhuin et al.,
2006) or tidal currents.

A disadvantage of Lake IJssel is that no well-aimed slanting
fetch measurement campaign has taken place. Rather one has to
rely on routine (non-directional) wave measurements that are
carried out year-round by Rijkswaterstaat IJsselmeergebied
(henceforth RWS IJG). The measurements mainly serve general
investigations on wave climate and wave loading of dikes, as
well as a number of aspects of wave model validation (Bottema
et al., 2003). Considering the coastline and the position of the
present measurement locations (Fig. 1), the location FL2 is best
suited for the present analysis. FL2 is about 1.15 km from the
eastern shore of Lake IJssel, which can be divided into two
sections: a North–South shoreline section of 11.5 km length to
the Southeast of FL2, and a SSW–NNE shoreline section to the
Northeast of FL2, with a length of about 8.5 km.

Since 2000, capacitance wires are used for the wave
measurements. In earlier years however, a step gauge with a
resolution of 5 cm was used. The wind is measured at 10 m
above the mean water level, using cup anemometers and wind
vanes. The sample frequency is 4 Hz for the wave data and 1 Hz
for the wind data. The wind data are stored as vectorial mean
values of wind speed and wind direction, but in order to reduce
scatter, hourly averages are used for the present analysis.

For the present study, seven years of data (1997–2004) are
available in which the percentage of available data increased from
order 50 to order 80%. A full description of the data set is
described in Bottema (2007). Yearly averaged wind speeds and
wave heights Hm0 for the full data set are roughly 8 m s−1 and
0.4 m respectively. The severest conditions observed typically
occurred during SW-winds of 21–24 m s−1 (9 Beaufort), with
significant wave heights Hm0 up to 1.4–1.8 m and peak periods
Tp up to about 5.5 s. In DeWaal (2001) and Bottema et al. (2003),
further details are given about the data set, the validation of the
SWAN wave model, and about the issue of depth-limited wave
growth.

For the present analysis, all summer data (May–September)
were excluded as a precaution. This was done because of the
risk of marine growth. Such growth is difficult to detect from
individual measurements but it may cause large errors,
especially when the significant wave heights are of the order
of 10–20 cm or less. Data were validated in three ways; first of
all by screening the data for noise, suspect trends and outliers.
Secondly, subsets of data for one location were inter-compared,
including a check on the consistency of the capa-probe data
with early step gauge data (Bottema, 2007). Finally, the results
of different locations were checked for consistency, while
taking into account any fetch and depth differences. After these
validations, a few specific subsets of the remaining winter data
were also excluded because of weather conditions (occasional
frost and icing effects) or because of operational problems like
temporary malfunctioning of electronic or communication
components, or general instrument failure. Finally, we focussed
on winds with an offshore (easterly) component and a wind
speed range of 10–11 m/s. It would have been preferable to
extend the range of non-dimensional fetches gxU10

−2 by using a
wide range of wind speed classes, but we restricted our analysis
to a single wind speed class for two reasons. The first reason is
linked to the lack of strong easterly wind data, when the wind at
FL2 is offshore. For wind speeds above 11 m/s too few data for
a few wind directions would be available to obtain statistically
reliable results. The second reason is linked to the fact that for
wind speeds well below 10 m/s, the scatter in the data becomes
too great. A significant part of the wave height scatter is
probably due to atmospheric stability effects on the wind and
wave growth. Young (1998) shows that large (10 °C) air–water

http://www.rijkswaterstaat.nl/rws/riza/home/publicaties/rapporten/2007/2007_020.html
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Fig. 2. Individual 20-minute samples (gray dots), averaged experimental data
(open circles), SWAN-2D model results with DIA (black squares) and SWAN-
1D model results with Xnl (closed triangles) for the measurement location FL2
and a wind speed of 10–11 m s−1. (a) Wave height Hm0 as a function of wind
direction. (b) Wave period Tm01 as a function of wind direction.
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temperature differences significantly affect wave growth (11%
effect on the wave height parameter Hm0, 21% on wave energy)
up to wind speeds of 10 m s−1. Inspection of satellite data and
air temperatures of nearby land-based weather stations suggests
that over Lake IJssel, 10 °C difference in air and water tem-
perature is uncommon but not impossible. Hence, the present
lower wind speed limit of 10 m s−1 seems to be justified by
Young's (1998) result. Another error source is related to the fact
that the peak period scatter during the weak winds discussed
above may even become so large that Tp for the first kilometres
of fetch (with Hm0-values of 0.2 m and less) becomes ill
defined. In this case, the main cause is probably linked to non-
local wave energy (swell-like conditions) and instationarity.

3. Numerical wave modelling

All model simulations were carried out with the SWANwave
model (Booij et al., 1999) in stationary mode. For the simulation
of wave growth in slanting fetch, both a large computational
domain (Fig. 1) and a fine resolution were needed. The large
domain is needed because some wave components in slanting
fetch conditions are actually propagating in an onshore direction.
The fine resolution is needed because slanting fetch wave fields
also contain short-fetch components. Recent studies of fetch-
limited wave growth showed that SWAN needs as much as 15,
30 and 100 upwind grid points to make certain that discretisation
errors at a given location are less than 10%, 5% and 2%
respectively. The latter two options were far from feasible.
Hence a domain size of 29×40 km was chosen, using a uniform
grid with a spatial resolution of 80 m. This domain is adequate to
simulate offshore winds at FL2, but for westerly (onshore)
winds, a much larger domain would be required. With the fine
resolution chosen, this was not feasible due to hardware
limitations. In spectral space, we used 31 frequencies geome-
trically distributed between 0.08 and 1.9 Hz, and a directional
resolution Δθ of 10°. Finer directional resolutions (Δθ=5°)
were tested, but they led to less than 1% and 0.5° change in wave
height and directional parameters. For the iteration process, a
strict convergence criterion of 50 iterations was prescribed to
make sure SWAN was well converged in all cases.

Except for the quadruplet interaction process, all physical
model settings were in agreement with the default settings for
SWAN, version 40.41. As for the quadruplet interactions, not
only the default Discrete Interaction Approximation (DIA) was
used, but also a slightly more accurate multiple-DIA technique
(mDIA; Hashimoto and Kawaguchi, 2001) and an exact
technique (Xnl; Van Vledder, 2006). The latter technique
requires lots of CPU-time as – with other things being equal –
Xnl requires over 300 times as much CPU as DIA. In addition
some numerical settings were modified as Van Vledder (2006)
recommends using a maximum frequency of at least 6 times the
peak frequency if Xnl is used in SWAN. Hence, the present
frequency domain was extended from 1.9 to 8 Hz (using 49
instead of 31 frequencies) while the number of iterations was
increased to 70 to ensure full convergence. As the Xnl-approach
in SWAN required about 300 times as much CPU time as DIA,
Xnl could be used for one-dimensional (1D) sensitivity studies
only. In those cases where Xnl was to be compared directly with
DIA and mDIA (as in Section 6), the SWAN-simulations with
DIA and mDIA were also run in one-dimensional mode. The
general set-up of these 1D-studies was identical to the 2D
simulations described above except for the absence of
alongshore variations allowing to drop one spatial dimension.
For all 1D simulations, the same computational domain was
used; only the wind direction was varied from shore-normal
(along the x-axis of the domain) to nearly shore-parallel. The
length of the 1D computational domain was set at 24 km to
make sure that even for nearly parallel fetch, the SWAN-1D
results for the first kilometres off the coast would not be
influenced by any potential disturbance originating from the end
of the computational domain. As for the input parameters, a
wind speed of 10.5 m s−1 was used, in accordance with the
selected data subset with 10–11 m s−1 wind speeds. By lack of
more detailed wind measurements or suitable wind model
results, the wind speeds were assumed to be spatially uniform.
Previous error estimates (Bottema et al., 2003) suggest that the
use of uniform wind fields especially causes some Hm0-
overestimation for fetches that are much smaller than the fetch
of the wind reference location. For FL2, the use of uniform wind
fields in cases with a wind blowing perpendicularly offshore
might result in 20% nearshore overestimation of Hm0 and about



Fig. 3. Wave spectra for South-Easterly wind (10.5 m s−1; 120–150°). The
SWAN-2D results with DIA and the SWAN-1D results with DIA and Xnl are
plotted as thick solid dotted and dashed lines respectively. Experimental data are
plotted as small circles (a) Wind direction 120°, 19 Nov. 1997, 10–11 h MET (b)
Wind direction 130°, 10 Oct. 2000, 3–4 h MET (c) Wind direction 150°, 7 Oct.
2001, 22–23 h MET.
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10% overestimation for most wave period measures. Additional
analyses showed that the effects at the wind reference location
itself (FL2) are order 5% on the wave height and order +3% on
the wave periods. For slanting fetch, these effects are expected
to be still smaller because of the increased fetch. In all cases, the
cape-like shape of the coastline near FL2 probably mitigates the
above effects. For the 2D simulations, we made use of the
available lakebed grid of Rijkswaterstaat, which had a spatial
resolution of 40 m. We also assumed a water level of 20 cm
below the NAP datum, in accordance with the averaged
experimental data. In the 1D simulations, a uniform water depth
of 4.2 m was used corresponding to the average water depth
over the first 15 km of the perpendicular fetch.

4. Measured and modelled wave parameters

Before discussing the tests on effective fetch and on
quadruplet interactions, a general impression on the experi-
mental and numerical data will be given. Fig. 2 shows the
measured and simulated significant wave height Hm0 and
spectral period Tm01 as a function of wind direction. It is clear
that at the FL2-location, strongly sheltered conditions (with low
and short waves) only occur for a wind nearly perpendicular to
the coast (wind direction close to 90°). When the angle between
the coast-normal and the wind increases, the wave heights (Hm0)
also quickly increase. To a lesser extent, this also applies to the
wave periods Tp, Tm-10, Tm01 and Tm02. Because of the natural
variability in the experimental data, not only individual 20-
minute data are plotted, but also the averages for each 10° wind
direction class. The relative uncertainty (one standard deviation
divided by the mean) in these Hm0- and Tm01-averages is
roughly 1.5%, while the relative scatter in the 20-minute values
of Hm0 and Tm01 is typically about 8%.

For general validation results of the SWAN model with
default settings, the reader is referred to Bottema et al. (2003).
With southwesterly (onshore) winds, the wave height Hm0 at
FL2 and similar locations is generally adequately predicted, but
Tp and Tm01 are roughly 15% too low. This general picture of
largely correct wave heights and underestimated wave periods
also emerged from a range of other studies, for example Ris
et al. (1999). As for the present SWAN results, Fig. 2 contains
both results of the standard two-dimensional SWAN with DIA
and SWAN-1D results with Xnl. For the latter, only the wind
direction range of 110°–170° was considered, as this was the
range with negligible differences between 1D and 2D simula-
tions with SWAN-DIA; the differences were less than 3% for
Hm0 and Tm01 and less than 1° for the directional spreading σθ

and the mean wave direction θ. For directions smaller (more
northeasterly) than 110° however, the kink in the coast line to
the northeast of the FL2-location apparently had a non-
negligible influence on the FL2 wave conditions. In all cases,
SWAN tends to overestimate Hm0 for slanting fetch (∼140°)
and especially parallel fetch (∼180°); see Fig. 2a. In Fig. 2a,
SWAN with DIA-quadruplets fits better with the measurements
than SWAN with Xnl, especially for slanting and nearly parallel
fetch. A small part of this effect may be caused by the fact that
with Xnl, SWAN was run in 1D mode, which tends to over-
estimate wave energy in along shore directions by up to a few
percent. The results for the wave period Tm01 are shown in
Fig. 2b. With DIA-quadruplets, SWAN underestimates the
measured Tm01 by about 25% for all wind directions. With Xnl,
SWAN does a slightly better job, especially for nearly parallel
fetch where the Tm01-underestimation is reduced to about 10%.

For a number of stationary data with Hm0-values representa-
tive of the means plotted in Fig. 2a, wave spectra were analysed
as well. In the spectral tail, SWAN-DIA and SWAN-Xnl
produced very similar results (Fig. 3). Both overestimated wave
energy while the slope of the tail was slightly underestimated.
Near and below the spectral peak, SWAN with Xnl has a
significantly more peaked spectrum than SWAN-DIA. For
these lower frequencies, the measurements do not immediately
show a clear preference for the spectral shape as predicted by
either SWAN-DIA or SWAN-Xnl. However, close inspection
suggests that like the advanced SWAN-Xnl, the experimental
spectra are somewhat more peaked than the standard SWAN-
DIA spectra.



Fig. 4. Measured wave steepness Hm0 /L(Tp) as a function of wind direction for
the location FL2 and for a wind speed of 10–11 m/s. Each dot represents a 20-
minute data point. Thick lines represent the theoretical range from Eq. (3); the
upper and lower line correspond to 1 and 30 km of fetch respectively.
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5. Validity of the effective fetch concept

Simple wave growth formulas like for example those of
Bretschneider (CERC, 1984), Kahma and Calkoen (1992) and
Young and Verhagen (1996) generally rely on the use of an
effective fetch tomodel thewave conditions in practical situations.
In the present section, the validity of the effective fetch concept
will be investigated using three different approaches:

– inspection of the wave steepness data (the relevance of this
parameter will be discussed below).

– describing the present measurements of wind, wave heights
and wave periods in terms of an effective fetch for the latter
two parameters, and comparing those fetch values.

– describing the SWAN wave heights and wave periods in
terms of an effective fetch by comparing the SWAN results
in slanting fetch with the SWAN results in a 1D-situation
with wind blowing perpendicularly off a coast.

The latter case with SWAN results has the advantage of a
self-consistent data set without experimental errors, as one no
longer needs to combine measurements with a given empiri-
cally-based parametric wave growth curve. On the other hand,
one should be strongly aware that SWAN is only an
approximation to reality. Finally, it is noted that only wave
heights and wave periods are considered in this section; the
wave directions and directional spreading will be discussed in
Section 6.

5.1. Verification of effective fetch concept with wave steepness
data

For wind sea, the wave heights, wave periods and wave
lengths are much more sensitive to fetch and wind speed
variations than the wave steepness, since the fetch- and wind-
related wave height and wave length trends tend to partly cancel
out each other. This suggests that a comparison between
measured steepness data in complex situations and predicted
steepness data from a wave growth formula might give clues
about the (local) validity of the effective fetch concept. As most
wave growth formulas are far too complex to allow for an easy
calculation of the wave steepness, we focussed on the work of
Kahma and Calkoen (1992). At the end of their paper, they give
some simple formulas to fit the dimensionless wave energy and
dimensionless peak frequency of their composite data set. These
can be converted to the following formulas for Hm0 and Tp:

Hm0 ¼ 4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5:2� 10�7

p U2
10

g
gx

U2
10

� �0:47

ð1Þ

Tp ¼ 2p
13:7

U10

g

gx

U 2
10

� �0:27

ð2Þ

where U10 is the wind speed at 10 m height, g the gravitational
acceleration (9.81 m s−2) and x the fetch (m). Note that both
formulas are valid in the deep water approximation only. The
next step is to combine Eqs. (1) and (2) into a deep water
steepness s=Hm0 /L(Tp)=2πHm0 / (gTp

2), yielding

sc0:086
gx

U2
10

� ��0:07

ð3Þ

Eq. (3) shows that the relation between wave steepness, wind
speed and fetch is weak indeed. For the present case, typical
ranges for x and U10 are 1–30 km and 10–11 m s−1 respectively.
This yieldswave steepness values in the range of 0.049bsb0.062,
where the largest steepness occurs for the shortest fetch. No such
simple Tp based steepness expressions exist for the Bretschneider
formulas of (CERC, 1984), which are to be presented in Section
5.2 The Bretschneider steepness has the same decreasing trend
with fetch, but the values are slightly lower. For the above fetch
range and a 10.5 m s−1 wind speed, the Bretschneider steepness
ranges from 0.040 to 0.061 in deep water, and 0.043 and 0.063
when the water depth is 4.2 m, like in Lake IJssel.

Fig. 4 shows that many of the FL2 measurement data are
outside the theoretical steepness range mentioned above; the
differences are clearly large enough to exclude any effect of
random errors. Systematic experimental errors in Tp are unlikely
anyway. For Hm0, drift and slight non-linearities in the capa-
probe response are potential error sources. However, errors
greater than 5% are unlikely as for given wind conditions and
sufficient sample sizes (at least 50), the relative Hm0 difference
between the present step gauge and capa-probe data subsets was
always less than +/−5%.

All in all, Fig. 4 gives clear indications that the real
steepnesses are lower than predicted by Eq. (3) during slanting
and parallel fetch. This is in line with the results of Pettersson
(2004), who found for wind blowing obliquely off a coast, the
dimensionless wave energy for a given dimensionless wave
frequency (and independent of the fetch definition) was roughly
50% lower than expected from Kahma and Calkoen (1992). It is
important to note that SWAN-simulations for the present case
suggest that noticeable bottom friction effects already occur for
wave heights of 0.5 m. In Fig. 4, this corresponds to wave
directions of 20° and less, or 160° and more. Hence, no defi-
nitive conclusions can yet be drawn for the parallel fetch case.
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For the slanting fetch case however, there are now some first
indications that at the location FL2, and during offshore winds,
the effective fetch concept may not be valid.

A final feature worth noting in Fig. 4 is related to the elevated
steepnesses for wind directions between 90° and 120° (E-ESE
winds). It is not yet clear whether the elevated steepness is
related to the short fetch for these wind directions, or to the
effect of the kink in the coastline.

5.2. Verification of effective fetch with inverse wave growth
formulas

The above wave steepness analysis is instructive but
sensitive to errors. In our case, a power mismatch in Eq. (3)
of only 0.01 yields already 8% wave steepness error. For the
present analysis, we chose an ‘inverse wave growth formula’
approach. Rather than calculating a wave height and wave
period from a given fetch and wind speed, we did the opposite
and calculated the effective fetch from the measured wind and
wave conditions. By comparing the ‘wave-height-fetch’ xH and
‘wave-period-fetch’ xT it is then possible to quantify deviations
from the effective fetch concept. By using such an inverse
approach, we do not need to select any particular method for
calculating effective fetches, and thereby, we avoid making any
a-priori assumptions about the directional wave energy distri-
bution. The concept of inversed wave growth formulas was
introduced by Donelan et al. (1992) to derive deep water growth
curves using an incremental growth analysis. Young (1997)
extended this method to shallow water growth curves. In our
study, however, inverse relations were applied to the full fetch to
determine fetch lengths as a function of wave parameters at a
specific location.

For the wave growth formulas of Kahma and Calkoen (1992),
the evaluation of xH and xT is fairly straightforward as the
expressions for these parameters can easily be derived from
Eqs. (1) and (2):

xH ¼ U2
10

g
1

4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5:2� 10�7

p gHm0

U2
10

� � 1
0:47

c253585 � g1:13U�2:26
10 H2:12

m0

ð4Þ

xT ¼ U2
10

g
13:7
2p

gTp
U10

� � 1
0:27

c17:94 � g2:70U�1:70
10 T 3:70

p ð5Þ

However, the above formulas are only valid for deep water.
Furthermore, previous research has shown that it may be
difficult to fit different data sets to a single wave growth curve
(Kahma and Calkoen, 1992). For that reason, other wave
growth formulas were chosen as well. For practical reasons, we
looked for formulas for Hm0 (or wave energy E) and Tp with
scaling on the U10 wind speed, which were applicable for both
deep and intermediate water. This resulted in adding the Lake
George formulas of Young and Verhagen (1996) and the well-
known Bretschneider formulas (CERC, 1984) to our analysis.
These formulas were too complex to express them in terms of an
effective fetch so we present them in their usual form. The
Young and Verhagen (1996) formulas for the wave energy read:

e ¼ 1
16

gHm0

U 2
10

� �2

¼ C1 tanh A1ð Þ½ � tanh B1

tanh A1ð Þ
� �� �p1

ð6Þ
where C1=3.64×10

−3, p1=1.74 and:

A1 ¼ 0:493d0:75 ¼ 0:493
gd

U 2
10

� �0:75

ð7Þ

B1 ¼ 3:13� 10�3v0:57 ¼ 3:13� 10�3 gx

U2
10

� �0:57

ð8Þ

while the Young and Verhagen (1996) formulas for the wave
frequency are:

m ¼ U10

gTp
¼ C2 tanh A2ð Þ½ � tanh B2

tanh A2ð Þ
� �� �p2

ð9Þ

where C2=0.133, p2=−0.37 and:

A2 ¼ 0:331d1:01 ¼ 0:331
gd

U 2
10

� �1:01

ð10Þ

B1 ¼ 5:215� 10�4v0:73 ¼ 5:215� 10�4 gx

U2
10

� �0:73

ð11Þ

The Bretschneider formulas (CERC, 1984; Young and
Verhagen, 1996) have largely the same form, but different
constants, parameters and powers. For the wave heights and
wave energies, these are: C1=5×10

−3, p1=2, A1=0.53δ
0.75

and B1=5.65×10
−3 χ0.5. For the wave periods, the Bretschnei-

der parameters are: C2=0.133, p2=−1, A2=0.833δ
0.375 and

B2=3.79×10
−2 χ0.33.

The results for all the above-mentioned wave growth
formulas are presented in Fig. 5. Fig. 5a shows the fetch that
would yield the same Hm0 and Tp as at the FL2 measurement
location, using the Kahma–Calkoen-derived relations (4) and
(5), and using the measured wind speed and water depth (about
10.5 m s−1 and 4.2 m respectively). Only results for wind
directions in the range of 20° to 160° are shown, as some bottom
friction effects may occur for the remaining wind directions (see
the previous sub-section). Inspection of Fig. 5a shows that the
wave height and wave period fetches xH and xT differ by more
than a factor 2 for most wind directions, especially during
slanting or parallel fetch. This corresponds to differences in
either Hm0 or Tp of 40% and 20% respectively (assuming
Hm0∼ x0.47 and Tp∼ x0.27). The only situation where the
difference between xH and xT is relatively small (b40%) occurs
for wind directions of 90°–110° (Fig. 5a) when the winds are
close to shore-normal.

It should be noted that the above differences in fetch, as
derived fromHm0 and Tp, are much larger than the effect of any of



Fig. 5. Effective wave height fetch (square points, solid line) and peak period
fetch (open circles, dashed line) that would yield the same Hm0 and Tp as
measured at the FL2-location if the wind speed and water depth are about 10.5 m
s−1 and 4.2 m respectively. The upper, middle and lower plots correspond to
estimates according to (a) Kahma and Calkoen (1992), (b) Bretschneider
(CERC, 1984) and (c) Young and Verhagen (1996) respectively.
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the assumptions and experimental errors. This certainly applies
for the peak period Tp (b3% error, random only). In Hm0, biases
of 5–10% are possible but unlikely (see previous sub-section) so
that even the largest error source cannot explain the above fetch
difference in xH and xT, which is equivalent to 40% Hm0

difference. As for the wind speed errors, 10% error is expected to
cause about 23% fetch error in xH and 17% in xT, see Eqs. (5) and
(6). As a result, these errorswill mainly affect the absolute fetches,
while the effect on the xH/xT ratio is rather small. Summarizing,
errors (biases) in the measured wind speed are unlikely to exceed
2% so the main error source (order 5% error) is related to the lack
of complete wind field data, which leads to the unavoidable
assumption of a spatially uniform wind (Section 3).
With the Bretschneider curves (CERC, 1984), the calculated
fetches (Fig. 5b) are typically 2.2 to 3 times larger (for Tp andHm0

respectively), but otherwise the trends are quite similar to the
results for the Kahma and Calkoen (1992) formulas. Again, the
wave period fetch xT during slanting fetch conditions is often about
twice as large as the wave height fetch xHwhereas xT and xH differ
only very little for nearly shore-normal winds with directions of
90°–110°. Remarkably, xT is also significantly higher than xH for
onshore winds (not shown in the plot), which implies that the
Bretschneider wave steepnesses are lower than the observed ones.
The fetch xT for onshore winds is about 37 km whereas xH then
roughly is 27 km. Especially the calculated xT-fetch appears to be
rather large as the actual distance between FL2 and the South-
Westerly shores of Lake IJssel is of the order of 20 km.

The results for the Young and Verhagen (1996) formulas
(Eqs. (6)–(11)) are shown in Fig. 5c. Their xH is nearly identical to
the Bretschneider xH in Fig. 5b. Their xT is smaller than the
Bretschneider xT in Fig. 5b, but it is quite close to the Kahma–
Calkoen value in Fig. 5a. Remarkably, the xT and xH of Young and
Verhagen agree best with each other in conditions with slanting or
near-parallel fetch (about 70° and 150°) while the xH and xT of
Kahma–Calkoen and Bretschneider seem to agree best for shore-
normal winds. These results seem to suggest that the Young and
Verhagen (1996) growth curves may be inadvertently tuned to the
special case of slanting and (nearly) parallel fetch. Actually, such a
‘tuning’ couldwell have occurred because of the slightly elongated
shape of LakeGeorge, and because the data selection ofYoung and
Verhagen (1996) focussed onwinds along the long axis of the lake.

All in all, the following can be concluded from this section:

• For most wind directions, our measured Hm0 and Tp cannot
be accurately predicted by either of the tested wave growth
formulas, unless different effective fetches are assigned to
Hm0 and Tp.

• Comparison of Fig. 5a, b and c shows that different wave
growth formulas yield considerable differences in xH and xT,
or inHm0 and Tp if they are used in the conventional way. Ris
et al. (2001) also found similar large differences The present
results suggest that differences in wave growth formulas are
not only caused by atmospheric conditions (as suggested by
Kahma and Calkoen, 1992) but also by the fetch geometry of
the underlying data, so that the optimum formula for a given
case also depends on the fetch geometry under consideration.

5.3. Verifying the effective fetch hypothesis with SWAN

Verifying the hypothesis of effective fetchwith a combination of
measurements and simple wave growth formulas is far from trivial,
as is shown in the previous sub-section. In the present sub-section,
the effective fetch hypothesis will be verified with SWAN model
results. Although there are certainly differences between SWAN
and reality (see Figs. 2 and 3), this SWANmodel approach still has
fourmajor advantages. Firstly, the effective fetch hypothesis can be
investigated for several locations, instead of just one. Secondly, the
effective fetches can be considered for several types of wave period
measures, instead of just one. Thirdly, the effects of various
modelling techniques affecting the directional coupling can be



Fig. 6. Fetch values xTp
(dotted line), xTm-10

(dash–dot line), xHm0
(square points)

and xTm02
(dashed line) in a SWAN-1D simulation with shore-normal wind that

yield the same Tp, Hm0, Tm-10 and Tm02 for the FL2-location as in a SWAN-2D
simulation with the same input and numerical settings. The results are plotted as
a function of wind direction.

Fig. 7. Fetch values xTp (dotted line), xTm-10 (dash–dot line), xHm0
(square points), xTm01

(thin solid line with circles) and xTm02 (dashed line) in a SWAN-1D simulation with
shore-normal wind that yield the same Tp,Hm0, Tm-10, Tm01 and Tm02 as in a SWAN-
2D simulationwith the same input and numerical settings. The results are plotted as a
function of distance to the coast as measured along a shore-normal axis (East–West)
through the FL2-location, both for wind directions of 150° (a) and 180° (b).

269M. Bottema, G. van Vledder / Coastal Engineering 55 (2008) 261–275
investigated. This approach is explored in Section 6 of this paper.
Finally, this approach allows one to verify the effective fetch
hypothesis for a consistent set of data and without the interference
of various assumptions. This in contrast with the previous analysis,
which assumes a uniform wind field and, more importantly, relies
on the assumption that the present experimental data can be well
described by the wave growth formulas under consideration. The
large differences between Fig. 5a, b and c suggest that the latter
assumption does not necessarily hold.

The effective fetches in the present SWAN analysis are not
calculated from the coast-line geometry but by comparing the
actual SWAN based wave height and wave period to a SWAN-
benchmark simulation. This benchmark simulation was a 1D
SWAN-calculation with shore-normal wind direction, and the
same numerical settings, wind speed and bottom depth as in the
actual simulations. For the latter simulations, we stored theHm0 for
each point of interest, andwe linked theseHm0-values to the shore-
normal distance to the coast in the 1D benchmark simulation. In
this way, we obtained SWAN-estimates for the fetches xHm0

, xTp,
xTm-10, xTm01 and xTm02, related to the wave height Hm0 and the wave
period measures Tp, Tm-10, Tm01 and Tm02 respectively.

In Fig. 6, the effective fetches for the FL2-location are plotted
as a function of wind direction; the underlying wave heights and
wave periods were already shown in Fig. 2. Fig. 6 shows that xHm0

and xTp only agree well for wind directions of 90°–110° (nearly
shore-normal winds). For other wind directions and especially for
slanting and parallel fetch, the peak period fetch xTp is up to a
factor 2 larger than the wave height fetch xHm0

. These trends are
highly similar to the general trends of Fig. 5a and b, where the
fetches were calculated from the present measurements and the
Kahma and Calkoen (1992) and Bretschneider (CERC, 1984)
formulas. The absolute values of the SWAN fetches tend to fall
somewhere between the (greatly differing) Kahma–Calkoen and
Bretschneider fetches. Another main feature of Fig. 6 is the fact
that the wave period fetches xTm-10

, xTm02
and especially xTm01 (not

shown) are much closer to the wave height fetch than the peak
period fetch xTp that has been considered so far. This would imply
that – at least for the present wave growth stage – the validity of
the effective fetch hypothesis strongly depends on thewave period
measure under consideration. A further point of interest is that in
slanting and parallel fetch conditions, the xTm-10

fetch is system-
atically larger than the xTm02

fetch. As Tm-10 is far more sensitive to
low-frequency contributions than Tm02, this may be an indication
that in those conditions, there is a relatively large contribution of
long fetch and on-shore wave components (or a small contribution
of short-fetch and high-frequency components) in the wave field.
Apparently, this seems to be evenmore true for the peak period Tp
and its fetch xTp. In fact, xTp during slanting fetch can be twice as
large as the other wave period measures. At first sight, this
difference seems extremely large. However, in terms of the wave
period ratios Tm-10/Tp, Tm01/Tp and Tm02/Tp, the difference is not
more than about 20%. A final point of interest is the step-like
behaviour of the peak period fetch xTp. This step-like behaviour is
caused by the fact that the SWANwave frequencies each are 10%
apart (as recommended by the manual), which implies that all
realisable SWANpeak periods are also 10% apart. It is noted that a
recent version of SWAN, version 40.51, uses a parabolic fit to
obtain smoother estimates of the peak frequency. However, it is not
expected that this fit will change the outcomes of this study, even
though this fit is doubtlessly a useful improvement to SWAN.

In Fig. 7, the effective SWAN fetches are plotted as a
function of distance to the coast along an East–West transect
through the measurement location FL2. Fig. 7a gives the results



Fig. 8. Wave height Hm0 (a) and mean wave period Tm01 (b) from SWAN-1D as
a function of wind direction (orthogonal fetch x=1120 m), where 90° is shore-
normal wind and 180° wind parallel to the shore (to be compared with easterly
and southerly wind in reality). Results with DIA, mDIA and Xnl-quadruplets are
indicated with squares, triangles and circles respectively.
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for slanting fetch (wind direction SSE/150°); Fig. 7b gives the
results for parallel fetch (S/180°). In both cases, the (fetches for
the) peak periods in the first 3 km off the coast are constant.
Notice that both the peak period and the other wave periods
yield non-zero fetch values very close to the coast. Finally, the
small kink at about 700 m off the coast is caused by a shipping
lane at 700 m off the shore (See Fig. 1). This interrupts the
otherwise flat bottom and yields a slight and localised wave
height and wave period increase.

Fig. 7 also shows that in slanting and parallel fetch
conditions, the effective fetch concept clearly does not hold
for the peak period Tp. Very close to the coast, xTp

is roughly 2.7
times as large as xH. Three kilometres off the coast, the
difference is still a factor 1.27. These differences in xHm0

and xTp

would correspond to a Hm0-mismatch of 60% and 12%
respectively, or a Tp-mismatch of 31% and 7%. For the fetches
xTm-10

and xTm02
, the absolute difference with the fetch xHm0

is
roughly constant along the transect. The relative differences
between xTm-10

and xHm0
decrease from 65% at the shore to 9% at

3 km offshore. Using xTm-10
to predict Hm0 then results in a Hm0-

mismatch of the order of 27% and 4% respectively. For the
xTm02

-fetch, the results are largely comparable. For xTm01
-fetch,

the mismatches are somewhat smaller in the parallel fetch case
and clearly smaller in the slanting fetch case.

All in all, the present results suggest that the validity of the
effective fetch concept strongly depends on the wave period
parameter that is used in conjunction with it. With the mean period
Tm01 (or with Tm-10 or Tm02), the effective fetch concept performs
much better than with the peak period Tp. If during slanting and
parallel conditions, the effective fetch concept is used too close to
the coast, the difference between thewave height fetch xH and some
of the wave period fetches xT may be well above 20% (see Fig. 7
and the above discussion), resulting in a potentialHm0-mismatch of
10% and more. For that reason, one should preferably not rely on
the effective fetch concept in the first 1–3 km off the coast. The
latter distance of 3 km applies for joint parametric predictions of
Hm0 and Tp.With other spectral wave period measures (such asTm-

10, Tm01, Tm02), a minimum shore-normal distance of up to 1 km is
typically sufficient to safely apply the effective fetch concept.

6. Role of the quadruplet interactions during slanting fetch

In the present section, the role of the non-linear four-wave
(quadruplet) interactions will be investigated, assuming that a
directionally decoupled approach is only valid if the effect of
the quadruplet interactions on the wave parameters is negligible.
Quantifying the effect of the quadruplets is no easy task because
no model is known where the quadruplets can be activated and
de-activated without affecting the whole source term balance.
Hence, we investigated the role of the quadruplets by leaving
them activated, but by considering three different quadruplet
formulations in SWAN: the DIA, mDIA and Xnl approaches
presented in Section 3. Any significant difference in more
complex situations might be attributed to the effect of the
different quadruplet formulations as in a 1D fetch-limited wave-
growth situation, each quadruplet approach yields virtually
identical wave growth in terms of Hm0 and Tm01.
To investigate the role of the quadruplet interactions SWAN
1D computations were made. These computations revealed that
only for very short fetches (b1 km), the mDIA and Xnl results
differed from the DIA results by more than 2% (for Tm01) to 3%
(for Hm0).

Fig. 8a shows the wave height as a function of wind direction,
for a fetch that is typical of the FL2-location. Wind directions of
90° and 180° correspond to perpendicular and parallel fetch
respectively, and to easterly and southerly winds in reality. In
comparison to DIA, mDIA yields up to 3% Hm0-reduction for
wind directions that are slightly off coast-normal and up to 3%
Hm0-increase for nearly parallel fetch. Similar trends were ob-
served for various wave period measures — Fig. 8b shows the
results for Tm01. The Xnl-simulations show trends similar to
mDIA, but the differences with DIA are up to 6%. Remarkably,
the lowest Hm0 in the Xnl-simulations did not occur for perpend-
icular fetch but for a 100° wind. This seems to be due to some
spurious low-frequency energy (as will be shown in Fig. 10) at
short fetches for the case of 90° winds.

In slanting and parallel fetch conditions, the mean wave
direction θ may deviate considerably from the wind direction, a
phenomenon that is not captured by the simple wave growth
formulas in Section 5. The deviations are such that the wave
directions appear to be ‘steered’ by the coastline. This ‘wave
steering’ Δθ (Fig. 9a) was investigated for three different wind
speeds (8, 10.5 and 13 m s−1) but no dependence of the wave



Fig. 9. SWAN difference between wind and wave direction (a) and SWAN direc-
tional spreading (b) as function of wind direction. Fetch and notation as in Fig. 8.

Fig. 10. SWAN variance spectra (log–log scale) with DIA- and Xnl-quadruplets,
for a shore-normal distance of 1120 m, for perpendicular fetch (90°) and for
slanting fetch (130°).
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steering on the wind speed was found. This suggests that the
wave steering does not scale with the dimensionless fetch (gx)
U10
−2. Rather, a strong dependence on the orthogonal fetch xN

(along the shore-normal) itself was found: for 0.8 kmbxNb5 km,
the wave steering was approximately proportional to xN

−0.5. The
wave steering parameterΔθ also seems to be relatively sensitive
to the effect of the quadruplet interactions. The maximum
amount of wave steering in Fig. 9a is about 28° for DIA but as
much as 36° for Xnl. This maximum occurs when the angle
between the wind and the coastline is about 45°. For nearly
parallel fetches, the differences between DIA and Xnl become
small. Still, the amount of wave steering is significant enough
(17°) to result in a wave direction that is (slightly) onshore while
the wind direction is (slightly) offshore. All in all, the following
approximate but convenient parameterisation for the amount of
wave steering Δθ at distances of 0.8 to 5 km from the coast is
proposed for a first guess of the local wave direction (to be used
if no model results are yet available):

Dh ¼ Dhmax sin
9
5
� 2p/

� �
xN
1120

� �0:5
ð12Þ

where ϕ is the angle between the coast-normal and the wind,
and Δθmax the maximum amount of wave steering in Fig. 9a
(28° for DIA, 37° for Xnl).

Compared to perpendicular fetch, the directional spreading σθ

initially tends to increase from normal to slanting fetch, and to
decrease from slanting to parallel fetch (Fig. 9b). These trends
appear to be strongest for fetches of the order of 1 km. A com-
parison of the different quadruplet formulations shows that σθ for
mDIA is about 4° lower than the other formulations for winds that
are close to shore-normal, whereas Xnl is about 3° lower for
slanting fetch conditions. The explanation of these trends is far
from trivial as the trends in σθ are reflected in none of the other
integral wave parameters. There is little experimental evidence to
verify the above σθ-trends, but Pettersson (2004) reports 10° σθ-
decrease for slanting and narrow fetch. The latter is confirmed in
our computational data, assuming that narrowandparallel fetch are
largely comparable cases. For slanting fetch, the agreement is not
so clear as our results suggest that (the reduction in) σθ strongly
depends on the degree of slanting fetch. For strongly slanting fetch
(160°), we found σθ-reductions of 6° (DIA, mDIA) to 10° (Xnl);
see Fig. 8b. For slightly slanting fetch (110°–120°) however, we
found no decrease but an increase in σθ of about 3°. All in all, the
Xnl-trends for σθ (Fig. 9b) seem to be much closer to Pettersson's
(2004) observational trends than the trends for DIA or mDIA.
Fig. 10 shows some variance spectra for perpendicular and slanting
fetch (90° and 130°). Only the results with DIA- and Xnl-
quadruplets are shown as the differences between the DIA- and
mDIA-results are relatively small. Overall, the DIA and Xnl-
spectra look quite similar, although the Xnl spectra are somewhat
more peaked. However, the Xnl-spectrum for perpendicular fetch
(90°) shows a small hump at about 0.4 Hz. The hump occurs for all
fetches of about 1 km and less, and in absolute terms, it remains
almost constant. In relative terms, its relevance is largest for very
short fetches (the first grid points off the coast). The aforemen-
tioned hump probably must be considered as spurious, since for
simple 1Dwave growth without swell, none of the current spectral
shapes (such as JONSWAP, TMA, etc.) include any humps or
secondary maxima below the peak frequency.

A remarkable result of both the DIA- and Xnl-simulations is
the fact that slanting fetch conditions can be recognised by the
shape of the one-dimensional wave spectrum, especially by the
normalised height of the spectral peak, max(Sf) / (Hm0

2 Tp). With
DIA max(Sf) / (Hm0

2 Tp) tends to be about 0.15 for perpendicular
fetch, and about 0.07 for slanting fetch, the latter being an
indication of a relatively flat spectral peak. With Xnl, both peak
values are roughly a factor 1.5 higher than with DIA. The
experimental data of Pettersson (2004) for inverse wave ages
U10/cp b2, where cp is the phase speed of the waves, also show
relatively flat spectral peaks for slanting (and narrow) fetch. In



Fig. 11. SWAN directional spreading (a) and SWAN mean wave direction (b) as
a function of normalised frequency f/fp, for the same cases as in Fig. 10, except
for Fig. 11b where slanting fetch (130°) is compared with near-perpendicular
fetch (100°).

Fig. 12. Wave steering as a function of wind direction at the location FL2.
Shown are the mean wave steering (SWAN-2D with DIA, dash–dot line with
circles), the wave steering at the peak frequency (SWAN-2D with DIA: solid
line; SWAN-1D with Xnl: black squares) and a simple estimate according to
Eqs. (13) and (14) (dotted line).
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the present slanting fetch case (Fig. 10), U10/cp, with cp based
on Tp, is about 4. This suggests that for a sufficiently straight
coastline, the above effects can also be observed for rather young
waves.

Fig. 11a shows the spectral directional spreading σθ( f ) as a
function of f/fp where f is the frequency and fp the peak frequency.
The differences between perpendicular and slanting fetch mainly
occur near and below the peak frequency, where the directional
spreading for slanting fetch is about 15° only. This is 2–5 times
lower than for perpendicular fetch. In the high-frequency tail,
locally generated waves dominate, and the fetch conditions have
little or no effect. For all frequencies, there are clear differences
between the DIA- and Xnl-approach. The irregular low-frequency
behaviour of Xnl at perpendicular fetch is probably due to the
spurious spectral hump mentioned before. Elsewhere, Xnl yields
slightly larger σθ( f )-values just above the spectral peak, but
roughly 5° lower values in the spectral tail. The Xnl trends for
f/fpN1 (and σθ( f )) agree excellently with Pettersson's (2004)
data for both normal and slanting fetch. For DIA, the agreement is
not as good as it overestimates σθ(f) by about 5° for f/fpN2. For
low frequencies f/fpb1 and slanting fetch, the performance of
SWAN seems to be poor anyway. Both DIA and Xnl then predict
a σθ( f ) of about 15° whereas Pettersson's (2004) slanting fetch
σθ( f ) values , for f/fpb1, are in the range of 40°–70°, of which
the latter is believed to be correct (Pettersson, pers. comm., 2006).

For the mean wave directions, a marked frequency depen-
dency was found. For high frequencies ( f/fpN2), the waves are
roughly parallel to the wind. For low frequencies ( f/fpb1.5 to 2),
the differences between wind and wave direction strongly
depend on the wind direction and fetch geometry, while they
steadily increase with decreasing frequency. The main differ-
ences between DIA and Xnl appear to occur for f/fpb2, where
the DIA mean wave directions tend to be much (10°–25°) closer
to the wind direction than the Xnl results. As an example,
Fig. 11b shows the 1D results for 130° (slanting fetch) and for
100° (wind is nearly shore-normal). The latter wind direction
differs from the shore-normal winds of Figs. 10 and 11b. This is
done because for shore-normal winds, the waves either pro-
pagate downwind or upwind. The former is the case for nearly all
spectral components, the latter for some low-frequency
components ( f/fpb0.6–0.8). These upwind propagating low-
frequency waves are probably unphysical and result from the
fact that their generation by the quadruplet interactions is
insufficiently damped by the dissipation processes in SWAN.

No experimental data were found to verify the above trends,
but for the evaluation of the quadruplet effects, it is instructive
to compare the present data with Donelan et al.'s (1985)
directional prediction method, where it is assumed that the wave
direction at the peak frequency, θ( fp), equals the direction with
the longest wave component along the wind. Following
Pettersson (2004), this can be implemented as:

h fp
	 
 ¼ hjTp hð Þ¼ max Tpð Þ ð13Þ

and

Tp hð Þ ¼ 0:459g�0:73 U10 cos h� /ð Þð Þ0:46x hð Þ0:27 ð14Þ
where Tp(θ) is the ‘peak period’ of a wave component with
direction θ and ϕ the wind direction. Eq. (14) is taken from
Pettersson (2004) and is equivalent to our Eq. (2), except that
the wind component U10(cos(θ−ϕ)) along the wave direction is
taken, rather than U10 itself.

As far as the wave directions are concerned (wave heights
and periods are not considered at this moment), the above is an
estimate without the effect of quadruplet interactions. In Fig. 12,
this estimate is compared with SWAN predictions. The results



Fig. 13. SWAN-ratio of quadruplet and net wave growth source terms as a
function of wind direction. Fetch and notation as in Fig. 8.
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for wind directions smaller than 110° are influenced too much
by the kink in the coastline, but from the remainder some useful
conclusions can be drawn. First it can be seen that θ( fp) is not a
good estimator for the mean wave direction as the wave steering
at f/fp=1 is much stronger than the mean wave steering.
Secondly, for wind directions around 145° (slanting fetch) and
near the spectral peak, SWAN generally predicts about 10° more
wave steering than Eqs. (13) and (14). This suggests that the
quadruplets indeed enhance the wave steering, as already
suggested by Pettersson (2004) and in accordance with Van
Vledder and Holthuijsen (1993) who suggest that in mixed
wave fields, the quadruplets tend to transfer energy from the
youngest to the older waves. Finally, Xnl predicts more wave
steering than DIA, as in Fig. 9a.

As Xnl yields more wave steering than DIA, it would be
expected that the relative magnitude of the quadruplet source
term in SWAN would be larger for the Xnl-approach than for
the DIA-approach. Actually, the opposite is the case. See Fig.
13, which shows the ratio of the absolute value of the quadruplet
source term Snl4 (with the absolute values of each spectral Snl4-
component summed over all SWAN wave frequencies and
directions) in SWAN and the net wave growth source term Sin–
Swcap–Sfric, where Sin is the wind input, Swcap the whitecapping
and Sfric the bottom friction. Apparently, the amount of wave
steering is not only significantly influenced by the relative
strength of the quadruplet interactions, but also by the
directional properties of these interactions. This would imply
that the type of quadruplet modelling (DIA, mDIA, Xnl, …) and
the resulting shape of the quadruplet configurations have an
important influence on wave steering in spectral models. Since
the trends in Fig. 13 only compare well with those in Figs. 9a
and 12, it appears that the quadruplets primarily affect the wave
steering, rather than the other wave variables.

Summarizing, the non-linear four-wave interactions during
slanting fetch conditions mainly seem to influence the amount of
wave steering, with typical effects of the order of 10°. The effect of
the quadruplets on the wave heights and wave periods seems to be
rather limited but it should be taken into account that it was not
possible to fully deactivate the quadruplets; rather a number of
different formulations were compared. The relatively limited
effect of the various quadruplet formulations onHm0 andTp (order
5%) also implies that even more accurate quadruplet source terms
almost certainly are insufficient to obtain a full match between
SWAN and the experimental data discussed in Section 4. This
finding agrees with those of Ardhuin et al. (2006) who state that
improvements in model performance for slanting fetch situations
can only be made by simultaneous improvements in the source
terms for whitecapping and wind input as well.

7. Conclusions and future research

In this paper, two main issues were discussed in relation to
some crucial wave model assumptions for cases with wave
growth in slanting fetch conditions. The first issue is the validity
of the effective fetch concept in the use of parametric wave
growth curves. The second issue is the role of the non-linear
four-wave (quadruplet) interactions in relation to the choice
between full spectral or directionally decoupled modelling
approaches. The main conclusions for these issues are:

• For slanting and parallel fetch, the effective fetch concept as
used in parametric wave growth formulas appears to be a good
approximation if the distance to the coast is at least 3 km. This
requirement may be relaxed to a shore-normal distance of at
least 1 km if not the peak period Tp is to be predicted, but one
of the spectral wave period measures (Tm01, Tm-10, Tm02).

• The effect of the quadruplet interactions on the wave heights
and wave periods seems to be quite moderate (roughly 5%).
The effect on the wave directions in slanting fetch appears to
be relatively strong (about 10°); the effect on the directional
spreading is rather ambiguous. This implies that for slanting
fetch cases, directionally decoupled wave models with suitable
wave direction estimation methods may already do quite a
reasonable job.

Several other conclusions can be drawn. As for the slanting
fetch phenomenon itself, we found a marked difference between
high- and low-frequency waves. The former (with f/fpN1.5 to 2)
have the properties of locally generated wind sea, the latter are
strongly influenced by the coastline. Overall, the mean wave
direction in slanting fetch can deviate more than 30° from the
mean wind direction (see Eq. (12)). It should be possible to
evaluate most this ‘wave steering’ by superposition of different
wave components since the quadruplet interactions appear to
contribute only for about one third (10°) to this ‘wave steering’.

As for the simple model approaches, the following con-
clusions can be drawn:

• Wave steering in slanting fetch is so strong that it has to be
accounted for.

• Directional decoupling appears to be a suitable practical
assumption in slanting fetch, at least when wave height and
wave period errors of about 6% are acceptable, and wave
direction errors of about 10°.

• For the presently available wind speed range (~10 m/s),
discrepancies between various wave growth formulas for
Hm0 and Tp appear to be more critical in slanting fetch than
the validity (or non-validity) of the effective fetch concept.
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As for the latter, it is interesting to note some interesting
differences between the Bretschneider (CERC, 1984) and
Kahma and Calkoen (1992) formulas on one hand, and the
Young and Verhagen (1996) formulas on the other hand. The
former formulas have trends that agree well with SWAN, and
suggest that the effective fetch concept does not hold well in
slanting fetch conditions. With the Young and Verhagen (1996)
formulas however, the opposite seems to be the case: slanting
and parallel fetch then are the only situation where the effective
fetch concept seems to hold. This suggests that the elongated
shape of Lake George has led to an inadvertent tuning to
slanting and parallel fetch conditions. This would imply that the
present discrepancies between wave growth formulas are not
only caused by wind-related factors (as investigated by Kahma
and Calkoen, 1992), but also by the fetch geometry and the
fetch definition of the underlying data.

As for SWAN, the following conclusions can be drawn:

• SWAN has proven to be a useful tool, not only to investigate
the role of the quadruplet interactions, but also to test the
effective fetch concept.

• SWAN overestimates the high-frequency tail of the spectrum
and underestimates the wave periods, both with the default
DIA-quadruplets and the exact Xnl-quadruplets. This
suggests that the deep water source term balance needs
some optimisation (new formulations) and/or retuning. The
development of a saturation based white-capping formula-
tion (Westhuysen et al., 2007) could help to solve this
problem, but its applicability has still to be thoroughly tested
for the very short fetches that are relevant for this type of
study.

• For frequencies above the peak frequency, SWAN predicts
the directional spreading quite well, especially with the Xnl-
quadruplets.

• SWAN unexpectedly predicts less wave steering with DIA
quadruplets than with Xnl-quadruplets, even though the
quadruplet source term is weaker in the latter case. This
suggests that not only the strength of the quadruplet source
term influences the wave steering in slanting fetch, but also
the spectral shape of the quadruplet configuration, both in
terms of wave frequencies and wave directions.

As for the future research with SWAN, it is certainly useful
to do some further comparisons between DIA and Xnl in order
to investigate the role of the quadruplets for various wave
conditions (e.g., shoaling waves, depth-limited wave growth,
rapid wave growth, …). Up till recently, Xnl in SWAN had
prohibitive CPU times for two-dimensional studies, but
significant improvements are underway (Van Vledder, 2006).

It is important to note that a single improved source term
(like Xnl) does not always lead to improved overall perfor-
mance of a model (see Fig. 2 and Ardhuin et al., 2006) as model
deficiencies may be masked by the retuning of other source
terms. Hence, improvements in a source term should always be
followed by retuning the complete wave model. The present
results show rather small differences between the integral wave
properties (Hm0, Tm01) obtained with DIA and Xnl, but rather
large differences for the wave directional properties and wave
spectra. This clearly demonstrates the importance of spectral
and directional measurements for future model (re)tunings;
well-documented measuring data for well-defined (not too
complex) cases seem to be preferable for this.

As for the physical processes during slanting fetch, addi-
tional research is still needed. The present slanting fetch data
agree well will Pettersson's (2004) data in many respects, but
there is one main aspect where the data sets do not seem to agree
very well. In Pettersson's (2004) data set, most slanting fetch
effects seem to occur mainly for relatively old waves and large
fetches (U10/cpb2;x∼30 km). However, the present SWAN-
data suggest that slanting fetch mainly occurs for small fetches
and young waves (xb5 km; U10/cp∼4), which is in line with
recent findings of Ardhuin et al. (2006). Additional well-
documented and high-quality slanting fetch data for the fetch
range of 1–30 km certainly are valuable to enlarge our present
insights on slanting fetch. Preferably, such data should be obtained
near relatively straight shorelines and in situations without swell,
currents and non-uniform wind fields. Even more important is the
choice of instrumentation: directional wave measurements are
needed to obtain further experimental insights in slanting fetch
processes, and for amore advanced validation ofwavemodels like
SWAN (and its quadruplet formulations) in those slanting fetch
conditions. However, directional measurements are not trivial for
the present case because thewave periods to bemeasured (Fig. 2b)
are very small for (directional) buoys, whereas footprint issues
may play a role for other types of instruments or instrument arrays
(remote sensing but also in-situ).

Additional measurement data, or further re-analyses of
existing data, are also needed to quantify the range of validity
(in terms of non-dimensional fetch and type of fetch geometry)
for each of the Bretschneider-like wave growth formulas
considered here, and elsewhere. In addition, it is highly
important to make explicit the effects of various assumptions
(about wind, atmospheric stability, fetch geometry, fetch
definitions) that are associated with those formulas. In that
way, one can hopefully resolve part of the large discrepancies
between formulas as reported in Section 5 and by Kahma and
Calkoen (1992) and Ris et al. (2001). This is a crucial task,
because many advanced spectral models rely on simple wave
growth formulas to tune their deep water source term balance.
For example, SWAN is tuned to a u⁎-scaled variant of the
Kahma and Calkoen (1992) formulas published in Komen et al.
(1994). In addition, the importance of simple wave growth
formulas for practical engineering applications cannot be
underestimated. This is yet another reason to make explicit all
assumptions associated with those formulas, and to resolve the
present discrepancies.
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