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Waves propagating in shallow water dissipate energy in a thin, turbulent boundary layer near the bottom.
This friction can be estimated with a simple quadratic friction law scaled with an empirical coefficient.
Two values of this coefficient have been recommended by previous studies (for sandy bottoms): a high
value for waves in a storm and a low value for swell. We show here that, in contrast to current practise,
the lower value should be used for both applications. The reason is that the high value, dating from the
early 1980s, was inferred from observations in a severe storm using a relatively high wind drag. Our review
of a large number of more recent observations, gives a new wind drag parameterization with lower values.
With this new parameterization we infer from the same storm the lower value of the bottom friction coeffi-
cient. Using this lower value also improves the estimates of wave growth in shallow water and of low-
frequency wave decay in a tidal inlet, independent of the wind drag.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Waves propagating in shallow water dissipate energy in a thin,
turbulent boundary layer near the bottom (kd≤3, say, where k is
wave number and d is depth). The modelling of this dissipation varies
from rather simple to quite complex, but always involving some em-
pirical coefficient(s). Excellent reviews have been given by the WISE
group (2007) and others (e.g., Luo and Monbaliu, 1994). A relatively
simple but successful model has been suggested by JONSWAP
(Hasselmann et al., 1973) with a constant bottom friction coefficient
χ. JONSWAP suggested using a value χ=0.038m2s−3 for swell dissi-
pation over sandy bottoms. Later, Bouws and Komen (1983) sug-
gested for the same model but for fully developed wind-seas a
higher value χ=0.067m2s−3. We have reasons to re-examine
these values, in particular whether or not preference should be
given to the lower JONSWAP value. This is relevant for presently op-
erational wave prediction models which use this approach (e.g., the
WAM model, WAMDI, 1988; the SWAN model, Booij et al., 1999;
the Wavewatch III® model, Tolman and Chalikov, 1996; Tolman,
2009; the WWMII model Roland et al., 2009; the MIKE21 OSW3G
model; Johnson and Kofoed-Hansen, 2000; the STWAVE model,
Smith, 2007).

Hindcasts of waves in shallow water show that the high value of χ
tends to over-estimate the wave dissipation (Brown, 2010; Groeneweg
et al., 2008; Padilla-Hernández and Monbaliu, 2001; Van Vledder et al.,
2008). This high value was estimated from observations in a storm
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which requires estimates of wind and white capping effects. Recent ob-
servations of the wind drag coefficient Cd at high wind speeds suggest
that the wind effect was over-estimated in that storm. The low value
χ=0.038m2s−3 seems to be the more accurately as it was obtained
from swell observations, which do not require wind estimates.

This paper is organised as follows. In Section 2, we briefly
describe the bottom friction formulation and the background of
estimating the two values of the bottom friction coefficient. In
Section 3 we introduce an alternative parameterization of the wind
drag coefficient which affects the estimation of the bottom friction
coefficient. In Section 4 we show the effect of using the low bottom
friction on wave growth in shallow water and on the penetration of
low-frequency energy through a tidal inlet under storm conditions.
We conclude our presentation in Section 5 with a summary and
conclusions.

2. Estimates of the bottom friction

Hasselmann et al. (1973) observed swell in shallow water during
the Joint North Sea Wave Project (JONSWAP) and estimated the bot-
tom friction coefficient directly from the observed decay. Bouws and
Komen (1983) estimated the same coefficient in a severe storm by
closing the local energy balance of the waves. Both approaches are
briefly described here.

2.1. JONSWAP

During JONSWAP, Hasselmann et al. (1973) observed several hun-
dred spectra in shallow water with well-defined low-frequency swell
peaks. As these were tracked along a number of observation stations,
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Fig. 1. Left-hand panel: the bathymetry in the North Sea, the location of the observations (Texel) and the location of the Wadden Sea. Right-hand panel: the wind field for the Texel
storm (Jan. 3rd, 1976, 12:00 GMT) from the HIRLAM atmospheric model. Area shown is the computational area for SWANwith part of the computational grid (actual grid resolution
is 5× finer than shown).

1 Estimated from the observed spectra asHm0 ¼ 4
ffiffiffiffiffiffiffi
m0

p
, wheremn=∫0

∞fnE*(f)df is the
nth-order moment of the variance density spectrum E*(f)=∫E(f, θ)/(ρg)dθ).
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the dissipation of these swells could be quantified. The corresponding
bottom friction coefficient was estimated on the basis of a quadratic
friction law for the bottom shear stress:

τb ¼ ρwCbu
2
b ð1Þ

in which τb is the shear stress, ρw is the density of water, Cb is a bot-
tom drag coefficient and ub is the current velocity just outside the tur-
bulent bottom boundary layer. For spectral wave models, its effect is
formulated in terms a source term in the energy balance of short-
crested, random waves with an energy density spectrum varying in
time and space E(f, θ, x, y, t):

∂E f ; θ; x; y; tð Þ
∂t þ ∂cg;xE f ; θ; x; y; tð Þ

∂x þ ∂cg;yE f ; θ; x; y; tð Þ
∂y

þ ∂cθE f ; θ; x; y; tð Þ
∂θ

¼ S f ; θ; x; y; tð Þ ð2Þ

The first term in the left-hand side represents the local rate of
change of energy density in time, the second and third terms repre-
sent propagation in geographical space (with propagation velocities
cg, x and cg, y in x- and y-space, respectively, thus accounting for shoal-
ing in limited depth). The fourth term represents refraction (with
propagation velocity cθ in θ-space). The term S(σ, θ) is the source
term representing wave generation by wind, nonlinear wave-wave
interactions and dissipation. Using linear wave theory, Hasselmann
et al. (1973) formulate the source term for bottom friction Sb(f, θ)
based on Eq. (1) as

Sb f ; θð Þ ¼ −χ
ρgk2E f ; θð Þ
2πfð Þ2 cosh2kd

ð3Þ

in which f is frequency, θ is direction, k is wave number, d is depth, the
bottom friction coefficient χ=Cbgurms, b in which urms, b is the root-
mean-square orbital velocity near the bottom. In general bottom dis-
sipation depends on the bottommaterial and related parameters such
as grain diameter in the case of sand and also bed shapes such as rip-
ples, or wave induced bed movement. However, properly represent-
ing the effects of these variations requires detailed information
which is often not available. By default therefore, the engineer is
often forced to revert to a simple approach such as the JONSWAP
approach with a fixed value of χ. JONSWAP used 678 spectra from
10 cases to estimate this value from the observed swell decay. The
values per case thus found varied from χ=0.0019m2s−3 to χ=
0.160m2s−3 with an average of 0.038m2s−3 (weightedwith the num-
ber of spectra per case) and a standard deviation of 0.042m2s−3 (from
Table 3 in Hasselmann et al., 1973).

2.2. The Texel storm

Bouws and Komen (1983) obtained estimates of χ for locally gen-
erated waves by analysing the energy balance of the waves at a fixed
location during a severe storm in the southern North Sea (the Texel
storm). The location of the observations was 25 km west of the island
of Texel (Fig. 1) where the water depth is approximately 30 m. The
bottom material in the up-wind area where the waves were generat-
ed varies from fine sand to gravel.

The maximum wind speed at the location of the observations was
~26.5 m/s but it was ~30 m/s in the German Bight (to the North-
East). The observed significant wave height1 Hm0 at the Texel location
increased from ~5 m to ~7 m during the first 6 h of the storm but then
remained fairly constant for 15 h (between 6:00 GMT and 21:00
GMT; Fig. 2). The mean wave period Tm0, 1=m0/m1 correspondingly
increased from ~7 s to ~10 s.

This stationary character of the wind and the waves motivated
Bouws and Komen (1983) to remove time as a variable in their anal-
ysis. They averaged the observed spectra and estimated for this aver-
age spectrum the source terms for wind input, quadruplet wave–
wave interactions and white capping. Bottom induced breaking was
ignored and tidal effects were deemed to be negligible. The effect of
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Fig. 2. Upper panel: the wind speed during the Texel storm as computed with the
HIRLAM atmospheric model as a function of time at the location of wave observations.
Lower panel: the significant wave height (lower data points) and mean wave period
(upper data points) at the Texel location as observed and as computed with the
SWAN wave model with default wind drag and high and low bottom friction.
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propagation was estimated with a scaling of the spectrum that later
became known as the TMA scaling (Bouws et al., 1985). They estimat-
ed the coefficient χ and the scaling coefficient η for white capping by
closing the energy balance (using U10=25 m/s wind speed). They
thus found χ=0.067m2s−3 and η=1.9x10−4 s.

Later, Weber (1991) used a spectral wave model to hindcast the
waves in the same storm. In contrast to the approach of Bouws and
Komen (1983), this model accounts explicitly for the spatial variability
of wind, waves and depth. The model was identical to the WAMmodel
(WAMDI, 1988), except that refraction was not considered. With the
lowvalue for the bottom friction coefficientχ=0.038m2s−3, this hind-
cast over-predicted the significant wave height at the Texel location by
~1 m. This result supports the result of Bouws and Komen (1983) in the
sense that a higher Cb value would be required to obtain agreement
with the observed wave conditions. Further south, Weber (1991) con-
siders the waves to be swell. Here the hindcast results agreed with the
observations. This suggests that χ=0.038m2s−3 is a proper value to
use for swell, in agreement with the findings of JONSWAP.

We repeated the hindcast of this storm with the SWAN wave
model (Booij et al., 1999) in default mode. This model is also identical
to the WAM model (WAMDI, 1988) but only in the sense that the
same propagation formulations and the same source terms are used,
except that (a) a linear wind growth term has been added (to initial-
ize the wave field; Cavaleri and Malanotte-Rizzoli, 1981; Tolman,
1992) and (b) we shifted the dissipation due to white capping to
higher frequencies (Rogers et al., 2003). In both models, the formula-
tion of wind input is due to Snyder et al. (1981) and Komen et al.
(1984), for the quadruplet wave-wave interactions it is due in deep
water to Hasselmann et al. (1985) and in finite-depth water to the
Komen et al. (1994, p. 228) approximation of Hasselmann and
Hasselmann (1981). For white capping it is due to Komen et al.
(1984). In shallow water, SWAN additionally accounts for depth-
induced breaking and triad wave-wave interactions (both found to
be irrelevant for the present study). Otherwise the models differ
only in their numerical techniques. The wind field was based on a
re-analysis by blending a high resolution local area model (HIRLAM;
e.g., Cats and Wolters, 1996) in the large-scale wind fields of the
ECMWF archive (European Centre for Median-Range Weather Fore-
casts). The wind speeds at the Texel location thus obtained is ~10%
lower than those estimated by Bouws and Komen (1983) and
Weber (1991). We are not aware of observations that could be used
to verify these estimates. The wind field was given with a time step
of 1 h. The wave computations were carried out with a 10 min time
step. The spatial resolution was Δλ=0.0250 (longitude) and
Δφ=0.01670 (latitude) for both the wind field and the wave field.
Like Bouws and Komen (1983) and Weber (1991), we ignore bottom
induced breaking and tidal effects but unlike these authors, we in-
clude refraction. The spatial resolution in our wave computations
~1.8 km is considerably finer than 75 km as in the hindcast of
Weber (1991). The results for using either χ=0.038m2s−3 or
χ=0.067m2s−3 in our hindcast are shown in Fig. 2. It is obvious
that the high value of the friction coefficient is needed to obtain
good agreement with the observations.

These hindcast results of both Weber (1991) and the present
study are consistent with the χ values suggested by JONSWAP and
Bouws and Komen (1983) in the sense that χ>0.038m2s−3 is need-
ed in the storm and that χ=0.038m2s−3 is adequate for swell. How-
ever, we have two reasons to re-assess this finding. First, recent
observations of the wind drag suggest considerably lower energy
input to the waves by the wind and second, SWAN consistently
under-estimates low-frequency energy in tidal inlets and estuaries
when using χ=0.067m2s−3 (Brown, 2010; Groeneweg et al., 2008;
Van Vledder et al., 2008). In addition, Padilla-Hernández and
Monbaliu (2001) find better results predicting the significant wave
height and peak period of the waves in the shallowwater Lake George
(Australia) when using χ=0.038m2s−3.

3. Wind drag and bottom friction

The parameterization of the wind drag coefficient which is used in
SWAN dates from 1982 and gives fairly high values compared to more
recent observations, particularly at high wind speeds. Here, we pro-
pose a new parameterization and show that it is consistent with the
wave observations in the Texel storm if the low bottom friction coef-
ficient is used.

3.1. Wind drag coefficient

The source term for energy input by wind in SWAN is driven by
the friction wind velocity u

⁎
. Since the wind fields are formulated in

terms of the wind speed at 10 m elevation, U10, SWAN requires a
transformation from U10 to u

⁎
. This transformation is carried out

with the conventional expression u
⁎
2=CDU10

2 . The value of the wind
drag coefficient CD in SWAN is due to Wu (1982), supplemented
with an imposed lower limit (WAMDI, 1988):

CD ¼ 1:2875x10−3 for U10b7:5m=s
0:8þ 0:065 U10ð Þx10−3for U10≥7:5 m=s

(
ð4Þ

Recent observations indicate that this and similar parameteriza-
tion (e.g., Garratt, 1977) over-estimates the drag coefficient at high
wind speeds (U10>20m/s, say). This is sometimes remedied in oper-
ational wave and storm surge prediction models by capping the CD
value at a limiting value (e.g., ~2.5×10−3 in the CSOWM wave
model, Khandekar et al., 1994 and ~3.5×10−3 in the ADCIRC storm
surge and circulation model, Dietrich et al., 2011). In Fig. 3 we show
the CD values from nine authoritative studies. Smith and Banke
(1975; their Fig. 3) includes 3 data sets. We averaged these data
over 2 m/s wind speed bins. The study of Garratt (1977; his Fig. 3) in-
cludes 14 data sets which we averaged over 2 m/s wind speed bins.
Large and Pond (1981; their Fig. 6) give average values in 1.5–3 m/s
wind speed bands. Wu (1982) reviews 8 data sets from which we re-
moved the two hurricanes analysed by Miller (1964) as these were
affected by land. Powell et al. (2003) give values based on observed
wind profiles in 4 layers (differing in height and thickness) in the



Fig. 3. Observed values of the wind drag coefficient Cd from various studies and the weighted best-fit 2nd- and 4th-order polynomial (n is the number of independent data points
per study).
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atmospheric boundary layer for four different wind speeds
27.5bU10b50.5m/s. We averaged the values over the four layers.
This study included 6 other data sets. Black et al. (2007; their Fig. 5)
give average values at five wind speeds 12bU10b28 m/s. We averaged
the observations of Jarosz et al. (2007) over 2 m/s wind speed bins.
This study includes 1 other data set. Powell (2007a,b) gives average
values from 2 layers in the atmospheric boundary layer at five differ-
ent wind speeds 26.8bU10b61.5m/s. We use the average from the
20–160 m layer (at the advice of M.D. Powell, personal communica-
tion, 2011). Petersen and Renfrew (2009; their Fig. 8) give median
value in 1 m/s wind speed bins with at least 10 data points in each
bin. This study includes 4 other data sets. To avoid including data
sets twice or more in our averaging, we removed any overlap be-
tween these nine studies. If an older study A and a younger study B
shared the same data set Q, then data set Q was removed from the
younger study B. In this way any data set Q is considered only once.
Occasionally a data set Q could not be removed because it was already
included in averages of a study that included other data sets.

These observations show convincingly (Fig. 3) that CD increases al-
most linearly with wind speed up to ~20 m/s, then levels off and de-
creases again at ~35 m/s to rather low values at 60 m/s wind speed.
This is quite different from the behaviour suggested by the parame-
terization of Wu (1982), which is an unbounded linear function of
wind speed with (considerably) higher values for wind speeds over
20 m/s. The levelling off and decrease at high wind speeds is qualita-
tively supported by other field data (Amorocho and DeVries, 1980;
Wu, 1969), by laboratory observations (Donelan et al., 2004) and by
an inverse modelling of the wave hindcast in a hurricane (Yokota et
al., 2010). There is also theoretical support for such behaviour at
high wind speeds (Bye and Jenkins, 2006; Bye and Wolff, 2008;
Kudryavtsev, 2006; Kudryavtsev and Makin, 2007; Makin, 2005;
Soloviev and Lukas, 2010). However, it must be noted that the energy
transfer to the waves estimated from such airside observations seems
to under-estimate the observed wave growth (e.g., Belcher and Hunt,
1998; Peirson and Garcia, 2008). That would invalidate the scaling of
wave growth with a CD-based friction velocity. But, the above obser-
vations of Jarosz et al. (2007; Fig. 3) do not show such discrepancy.
These observations were derived from the momentum balance in
the upper ocean under a hurricane and show behaviour consistent
with the airside observations, certainly at very high wind speeds.
These aspects are important and need to be resolved but we consider
this beyond the scope of the present study.

We fitted a 2nd and a 4th-order polynomial to the data of Fig. 3,
using the number of independent observations in each data set as a
weight. This puts more emphasis on the solid black symbols than on
the grey or blank symbols in Fig. 3, and explains the preference for
the low observed CD values. The differences between the two best-
fit polynomials are barely noticeable and then only for very low
wind speeds (b5 m/s). We therefore adopted the simplest, i.e., the
2nd order polynomial:

CD ¼ 0:55þ 2:97 ~U−1:49 ~U2
� �

x10−3 ð5Þ

in which Ũ=U10/Uref and the reference wind Uref=31.5m/s is the
wind speed at which CD attains its maximum value in this expression.
These Cd values are lower than in the expression of Wu (1982) by
10%–30% for high wind speeds (15≤U10≤32.6m/s) and over 30%
for hurricane wind speeds (U10≥32.6m/s).

3.2. The Texel storm

We repeated the hindcast of the Texel storm with the 2nd order
polynomial estimate of CD. The results are given in Fig. 4. It is remark-
able that with the low bottom friction the results are close to the re-
sults obtained with high bottom friction in Fig. 2. The differences are
only noticeable in slightly higher mean wave periods in the tail of the
storm. We conclude from this that the energy balance of the waves is
consistent with the observations if (a) the default wind drag (Eq. (3))
is combined with high bottom friction χ=0.067m2s−3 or (b) the
new wind drag (Eq. (4)) is combined with χ=0.038m2s−3. No pref-
erence of one over the other combination can be based on these re-
sults. But in view of the larger data base of the new wind drag
parameterization, the second combination seems preferable.

4. Wave growth and decay

Before coming to a final conclusion, we consider the effect of using
the low value of χ on wave generation in shallow water and low-
frequency wave decay in a tidal inlet.

4.1. Shallow water wave growth

We consider waves generated by a constant wind blowing per-
pendicularly off a long and straight coast line over water with a con-
stant depth. Possibly the best sets of observations in such a situation
are due to Young and Verhagen (1996) and Young and Babanin
(2006) who obtained their observations in Lake George (Australia).
The bottommaterial of this lake is fine clay (personal communication
L.A. Verhagen, 1996). They presented the dimensionless wave energy
~E ¼ g2Etot=U

4
10 (where Etot=m0) as a function of dimensionless fetch

~F ¼ gF=U2
10 (where F is the fetch or the distance to the up-wind

coast), and dimensionless depth ~d ¼ gd=U2
10 (where d is the depth).

To emphasize the depth-limited results, we consider only the fully
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developed situation so that the dimensionless wave energy is a func-
tion of dimensionless depth only. In addition, we consider only those
cases in which bottom friction dominates depth-induced breaking
and white capping. We verified this by inter-comparing the integrat-
ed source terms for these cases as computed with SWAN over the
range of dimensionless depth 0:01b~db1. Although Young and
Verhagen (1996) and Young and Babanin (2006) presented their re-
sults in dimensionless form, we used for our final computations the
actually observed value of depth and wind speed U10. This limited
the cases to 10 cases of Young and Babanin (2006; Young and
Verhagen, 1996 do not provide the actual depth and wind speed).
The results of our computations are given in dimensionless form in
Fig. 5, which shows again that for χ=0.038m2s−3 the results agree
very well with the observations (located slightly below the envelope
of Young and Babanin, 2006) and much better than for
χ=0.067m2s−3. This result is remarkable in the sense that the bot-
tom material in Lake George is fine clay rather than sand for which
the JONSWAP bottom friction coefficient χ=0.038m2s−3 would
nominally be valid (coming from the southern North Sea). We veri-
fied that these results were insensitive to using the drag law of Wu
(1982) or the new parameterization of Eq. (5).
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Fig. 5. Observations and parameterization of Young and Babanin (2006) of dimensionless
wave energy for fully developed waves in shallow water as a function of dimensionless
depth (over the depth range with bottom friction dominance) and the computational
SWAN results with high and low bottom friction.
4.2. Low-frequency decay

Groeneweg et al. (2008) and Van Vledder et al. (2008) observed in
their hindcast studies of storms in the Wadden Sea (in the southern
North Sea; Fig. 1) that the decay of low-frequency wave energy over
the tidal flats is significantly over-estimated by SWAN in default
mode. Zijlema (2008) showed that this may be due to over-
estimating the bottom friction when using χ=0.067m2s−3. To fur-
ther investigate this, we repeated a number of these hindcasts with
emphasis on the Amelander Zeegat where the phenomenon was
most noticeable. This is the tidal inlet between the islands of Ameland
and Terschelling with a 25 m deep channel penetrating deep into the
Wadden Sea. The area is protected from the open sea by an outer tidal
delta with a minimum depth of ~7 m during the cases considered
here.

The wave conditions were observed during three severe westerly
storms with two arrays of 6 wave buoys each, but we verified that
the waves were sensitive to the value of the friction coefficient χ at
only 4 buoys — at the other buoys, low-frequency energy (below
0.15 Hz) was absent. These 4 buoys (AZB21, AZB22, AZB31 and
AZB32; Fig. 6) were located in the tidal inlet just inland from the
ebb tidal delta. A total of 3 representative cases were chosen around
the peak of these storms: January 11th at 13 h00, January 18th at
14 h00 and March 18th at 10 h00 (local time=GMT+1). These
cases are characterized by high wind speeds (U10=20 m/s on aver-
age). The wind directions of these cases remained in the 230°–280°
directional sector (Nautical convention). For each of the cases, water
level and current fields were computed with a circulation model
that includes tidal, wind and wave forcing (Groeneweg et al., 2008).
Up-wind wave information is taken from two deep water directional
buoys west of the area (ELD and SON; Fig. 6; we verified with compu-
tations on a larger scale that these boundary conditions barely chan-
ged from east to west). To accommodate the high geographic
variability of the bathymetry we used an unstructured grid for both
the bathymetry and the computations (Zijlema, 2008) with the high-
est resolution of 10 m near the 4 buoys. The travel time of the waves
through the model area is small compared to the time scale of atmo-
spheric and hydrodynamic variations, so that the simulations were
carried out in stationary mode. We show 4 of the most illustrative
spectra in Fig. 7. On the basis of the computed spectra we choose
f=0.15 Hz as the upper limit of the low-frequency band. It is obvious
from these results that the levels of energy density in this band agree
better with the observations when using the low bottom friction rath-
er than the high bottom friction. The choice between high and low
bottom friction has little or no effect at higher frequencies. The

,DanaInfo=ac.els-cdn.com+image of Fig.�4


The Netherlands

ELD

SON

0

-10

-20

-30

-40 m North Sea

10 km

N

AZB21

AZB31

AZB32

AZB22

bottom level

NAP

Fig. 6. Bathymetry of the Wadden Sea, buoy locations (bottom level in m relative to Amsterdam Ordnance Datum or NAP) and unstructured computational grid (fine resolution not
shown). Wave conditions of buoys ELD (green dot) and SON (blue dot) imposed along boundaries of the same colour as the buoy locations.

24 M. Zijlema et al. / Coastal Engineering 65 (2012) 19–26
comparison between observed and computed low-frequency signifi-
cant wave height H0.15 (defined here as H0:15 ¼ 4

ffiffiffiffiffiffiffiffiffiffiffiffi
m0:15

p
where m0.15

is the integral of the spectrum over the low-frequency band) is
given in Fig. 8. It is obvious that the results for the low-frequency en-
ergy are slightly better using χ=0.038m2s−3 than using
χ=0.067m2s−3 even if there is still a considerable under-
estimation of the high-energy observations possibly due to over-
estimating the dissipation by depth-induced breaking. The scatter
index for H0.15, defined as the rms-error normalized with the mean
0.0 0.20.1 0.3 0.4 0.5
0.0

1.0

0.5

1.5

2.0

2.5

3.0

f (Hz)

0.0

0.4

0.2

0.6

0.8

1.0

1.2

observed

AZB21
(Jan.  11, 13:00 hr)

AZB22
(Jan.  18, 14:00 hr)

E
(f

) 
(m

2 /
H

z)
E

(f
) 

(m
2 /

H
z)

Fig. 7. Observed and computed spectra in the Wadden Sea at locations AZB21, AZB22 and AZ
low bottom friction coefficient using default wind drag.
of the observed values, is reduced from s. i.=0.27 to s. i.=0.19
when the lower bottom friction is used. The corresponding bias is re-
duced from Δ=−0.30m to Δ=−0.19m (under-prediction). The re-
sults would improve further without bottom friction. In fact, we
found that the scatter index would reduce to s. i.=0.11 and the bias
to Δ=−0.05m. This is a considerable improvement. However,
there are four reasons against assuming such zero bottom friction.
First, it is physically unrealistic. Second, the reduction in bias is due
to an unrealistic increase in low-frequency energy compared to the
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observations (the bottom friction affects the higher frequencies only
marginally). Third, the wave growth in Lake George would be unreal-
istically high. Fourth, we found that reducing depth-induced breaking
(increasing the ratio of maximum wave height over depth ratio from
the default value in SWAN γ=0.73 to γ=0.8) gives virtually the
same improvement as a frictionless bottom, without the objections
just mentioned and without affecting the results of the other compu-
tations of this study.

5. Summary and conclusions

In this study our concern was primarily with the scaling of the
JONSWAP formulation of bottom friction for spectral wave models
(Hasselmann et al., 1973) which use the source terms of the WAM
model (WAMDI, 1988). During our analysis we formulated a new pa-
rameterization for the wind drag coefficient as a function of wind
speed on the basis of a large number of observations from authorita-
tive studies.

In default mode, the SWAN wave model uses the bottom friction
coefficient χ=0.067 m2s−3 as recommended by Bouws and Komen
(1983) for waves in storms. This recommendation is based on their
analysis of observations in an extreme storm in the southern North
Sea near the island of Texel. It is supported by the analysis of the
same storm by Weber (1991) and by the present study when using
a relatively high wind drag. However, we found that using both
lower wind drag and lower bottom friction, provides essentially the
same hindcast results in this storm. This motivated us to review a
large number of published observations of the wind drag coefficient.
Based on this, we propose a parameterization of the wind drag coef-
ficient with considerably lower values at high wind speeds than the
parameterization of Wu (1982) which is used in SWAN. This lower
wind drag may seriously affect estimating waves and storm surges
under design conditions for off-shore and coastal structures for
which often U10>30m/s. Using this new wind drag parameterization
requires using the low value of χ=0.038m2s−3.

This lower value of the bottom friction coefficient also improves
the agreement between the SWAN results and (generalized) observa-
tions of fully developed waves in shallow water in Lake George. This
finding does not depend on the proposed wind drag which is virtually
identical to the wind drag ofWu (1982) at the rather lowwind speeds
during these lake observations. The lower value of the bottom friction
also improves the agreement between SWAN results and the observed
penetration of low-frequency energy through the Amelander Zeegat
under storm conditions. This finding too does not depend on the pro-
posed wind drag as the distances involved are too short for the wind
to have any significant effect.

Our final conclusions are therefore first, that the low value of the
bottom friction coefficient χ=0.038m2s−3 due to JONSWAP
(Hasselmann et al., 1973) should be preferred for both swell and lo-
cally generated waves, at least for bottoms such as often found in
shelf seas, tidal regions and lakes, with sand, possibly mixed with
gravel and perhaps silt and fine clay but not for movable or porous
bottoms (e.g., mud or a thick layer of gravel). Secondly, we find that
our suggested parameterization of the wind drag given by Eq. (5)
fits a large number of wind drag observations much better than the
parameterization due to Wu (1982), particularly at high wind speeds,
even if the later would be capped at ~3×10−3 as in some operational
wave and storm surge prediction models.
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