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ABSTRACT

The effect of 2 wave-dependent drag coefficient on the generation of storm surges in the North Sea is studied.
To this end, a barotropic storm surge model is driven by stresses that explicitly depend on the ocean waves. To
estimate the effects of waves on the boundary layer the theory of Janssen is used. In this theory the aerodynamic
drag depends on the fraction of the stress carried by the waves. For waves limited in growth by time, fetch, or
depth this gives an enhancement of the drag. The importance to surges of radiation stress is also investigated,

The coupled wave and storm surge models have been tested for three recent storm periods. The calculations
with a Smith and Banke stress relation underestimate the surges by 20%. The calculations with the wave-
dependent drag give a significant improvement. When corrected for the effects of an external surge, the storm
surge caused by a fast moving depression was overestimated slightly. In this case, the generation of the storm
surge was dominated by relatively young waves. In the other two cases, the wave-dependent stress reproduced
the overall level of the surges within a few percent. The radiation stress increased the surge some 5% during one
storm, but the effect was negligible during the other two storms.

Most of the improvements can be reproduced by assuming an overall increase of the dimensionless roughness
parameter. If the Smith and Banke relation is replaced by a Charnock one with a dimensionless constant of «
= (.032, the difference in water level between this formulation and the wave-dependent calculation is smaller
than the uncertainty in the observations. Different basins would, however, give rise to different choices of a.
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Therefore, a wave-dependent drag is to be preferred for storm surge modeling.

1. Introduction

The stress on the water that generates storm surges
depends on the wind speed and roughness of the water.
This roughness depends on the waves that are present
on the water surface. Since waves are generated by the
wind, the roughness of the water surface can be ex-
pressed to a fairly good approximation in terms of this
wind. Charnock (1955) derived on dimensional
grounds an implicit relation between the roughness and
the wind. This leads to a roughly linear relation between
the drag coefficient and the wind. This type of drag
coefficient is commonly used in storm surge modeling,

Other variables enter the problem, however, if waves
are not fully determined by the wind. If the growth of
the waves is limited by fetch, time, or depth, these
quantities will influence, through the waves, the inter-
action between air and sea. The drag coefficient cannot
be fixed completely by the wind and depends explicitly
on the sea state. In recent years, several authors have
published experimental evidence of the wave state de-
pendence of the drag coefficient. Geerneart (1990)
shows that drag relations depend on the depth of the
basin in which they were measured. Among others,
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Maat et al. (1991) and Janssen (1992) find that the
roughness depends explicitly on the wave age.

Wolf et al. (1988 ) reported on a first attempt to cou-
ple dynamically a wave and a surge model. To calculate
the drag from wave parameters they used the theory
of Kitaigorodskii (1973). This theory gave values too
high for the drag coefficients. They had to be divided
by a factor 2.5 to give a reasonable mean stress.

In this paper, we will look at the effects of a wave-
dependent drag on storm surges in the North Sea. A
third-generation wave model will be used to calculate
the waves and the wave dependence of the drag coef-
ficient. To calculate the drag coefficient from the sea
state the theory of Janssen (1991) will be used. The
wave-dependent drag coefficient will be used to force
a barotropic storm surge model. The results will be
compared with two sets of reference runs for three re-
cent storms. In the first set of reference runs we used
the drag relation of Smith and Banke (1975). This
relation was chosen because it is commonly used in
storm surge calculations. As will be shown in section
5, calculations with the Smith and Banke relation sys-
tematically underestimate the surge. For this reason, a
second set of reference runs was created with a wave-
independent drag relation that did not have this flaw.
This was done by using the Charnock relation and tun-
ing the dimensionless constant in such a way that it
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reproduced the surge for one storm exactly. Comparing
the surges calculated with this drag relation with the
ones calculated with the coupled model will reveal the
effects of the wave-enhanced drag more clearly.

That waves influence the apparent roughness of the
sea surface is a consequence of the fact that waves have
momentum. Since growing waves extract their mo-
mentum from the atmospheric boundary layer, they
change the vertical distributions of turbulence and the
wind profile. Ultimately this causes an enhancement
of the apparent roughness of the sea. The impact on
storm surges, in the North Sea, of this change in the
apparent roughness of the sea surface due to waves is
the main subject of this paper. Another consequence
of waves carrying momentum is that propagating waves
cause an excess momentum flux. In the balance equa-
tions for the total mean momentum this gives rise to
a radiation stress term. Since this effect is so closely
related to the main topic of this paper, its impact on
storm surges has also been assessed by including the
radiation stress term in the storm surge model.

There is both theoretical (e.g., Christoffersen and
Jonsson 1985) and experimental (e.g., Gross et al.
1992) evidence that long waves in shallow water cause
an enhancement of the bottom stress felt by the cur-
rents. The orbital motions of the long waves cause an
alternating current near the bottom. This current causes
a thin boundary layer (typically a few centimeters) in
which the level of turbulence is increased. The apparent
bottom roughness felt by the current is increased in
this way. Several problems arise when one wants to
account for the effect of waves on the bottom rough-
ness. The roughness of the bottom is not a well-known
parameter in a storm surge model. Usually a quadratic
drag law is assumed, with a drag coefficient that is either
constant or a weak function of depth. This parame-
terization implicitly assumes a roughness length that
is proportional to the depth. The magnitude of the drag
coefficient is usually estimated by tuning the amplitude
of the tide in the model against time series based on
harmonic analysis of tidal observations. It is believed
by the authors that before the modification of the bot-
tom roughness by waves can be taken into account,
more accurate estimates of the bottom roughness,
without waves present, have to become available. The
assumption that the roughness is proportional to the
depth is a very crude one.

In the next section, the theory of Janssen (1991 ) will
be outlined. The governing equations of the wave
model and the storm surge model will be discussed in
section 3 and 4, respectively. In section 5, the results
of the coupled model are compared with observations
and with results of reference runs. A summary of the
conclusions will be given in the last section.

2. Wave-dependent roughness

In this section the effect of waves on the roughness
of the sea surface is discussed. First an expression for
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the drag will be presented in case the influence of waves
is negligible. Then a simple assumption will be made
regarding the effect of waves on the boundary layer.
This leads to a wind profile that deviates from a loga-
rithmic profile and to a wave-dependent drag. Finally,
an outline will be given of the theory of Janssen (1991).

In all three cases to be discussed we will neglect the
influence of viscosity. We also assume that a wind is
blowing in the positive X direction, which is indepen-
dent of time and the horizontal spatial coordinates.
For such cases the Reynolds equation for the X com-
ponent of the wind reduces to d7/9z = 0. In general,
the total stress is the sum of a turbulent part and a
wave-induced part: + = 7, + 7,,. In all cases the tur-
bulent stress is parameterized with a mixing-length hy-

pothesis:
U\?
Tl = pa(KZ)z( ) )
oz

where ¥ = 0.4 is the von Kirman constant and U(z)
the wind speed at height z. The three approaches dis-
cussed below differ only in their assumptions for the
wave-induced stress 7,,.

First we will neglect the influence of waves. Since
viscous effects are ignored, the stress 7 in the lower part
of the boundary layer will be dominated by turbulence:
7 = 7,. Integration of this equation, with the help of
(1), gives the well-known logarithmic wind profile:

U(z) = %m(i),

20

(1)

(2)

where u, = V7/p, is the friction velocity and the in-
tegration constant z is called the roughness length. On
dimensional grounds, Charnock ( 1955) argued that this
roughness length above the sea should be given by z,
= au/g. If the dimensionless constant « is given, an
implicit relation is found between the friction velocity
and the wind at a certain height. From (2) one can see
that the drag coefficient, defined by Cp = ui/
U(10)?, is fully determined by the roughness length.

We will now make a simple approximation of the
influence of waves on the boundary layer. Due to cor-
relations between pressure and wave slope, wave-in-
duced motions will contribute to the stress: 7 = 7,
+ 7,. Far away from the surface the wave stress 7,, goes
to zero. Since the mixing length hypothesis (1) is still
assumed to be valid for the turbulent stress, the velocity
profile will be logarithmic if z is large enough for 7, to
be ignored:

V4

U(z)=-’%1n(—), 2> A (3)

where A is the height for which 7, < 7. The value of
the effective roughness z, depends on the wave stress.
From numerical simulations of the turbulent boundary
layer, Makin and Chalikov (1986) found that the pro-
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file of the wave stress can be well approximated by a
step function (Chalikov and Makin 1991). They as-
sume 7,(z) =7, > 0 for z < X and 7,(z) = O for z
= \. The wind profile for z > \ is given by (3). For z
< A, another logarithmic wind profile is found:

Vr—1., (

n —), z <A
Pak

20
Continuity of the wind profiles (3) and (4) at z = A
demands that

Ze = zo(N/2g) VT, (5)

The height X is equal to the significant waveheight: A
= H,. For givén H; and z,, the larger the fraction of
the stress going into the waves, the larger the effective
roughness z, will be. The drag coefficient at height z
> A, which is roughly proportional to the logarithm of
z,, will be enhanced. This example illustrates quali-
tatively that the drag coefficient is sea state dependent.
For young wind sea, when waves extract a large amount
of momentum from the atmosphere, the drag coeffi-
cient will be enhanced.

The theory described in Janssen (1991) also starts
with the assumption that the waves contribute to the
stress close to the surface: 7 = 7, + 7,. Instead of as-
suming a profile for 7,(z) and deriving from this a
velocity profile, Janssen (1991a) follows this line of
reasoning the other way around. In agreement with his
numerical results (Janssen 1989), he assumes the wind
profile is given by

U(z) = 4)

(6)

Uz) = Eﬁln(ﬁi‘_@)_
K Ze

From this it is possible to derive the profile of the wave
stress. From Fig. 1 it can be seen that this wind profile
shows the same characteristics as the one derived with
the step-function approximation for the wave stress.
For the turbulent part of the stress we again assume
the mixing length hypothesis (1) to be valid. Since the
drag coefficient depends on the effective roughness z,,
we would like to derive an expression for z,.. If the
wind profile (6) is differentiated, squared, and com-
pared with the expression for the turbulent stress (1),
we find for z = z,:

Z0
Ze = T,
C V-1

where 7, = 7,.(zy). Comparing both approaches we
see that Janssen used the length scale z, — z to param-
eterize the height dependence of r,,. This leaves only
one variable to be parameterized: the roughness length
z,. For this Janssen assumes a Charnock-like relation
2o = &u/g is valid. The value for & is tuned in such
a way that z, = aul/g for old wind sea. In this way a
model is constructed that makes the stress behave ac-
cording to Charnock if 7.,/ 7 is small but enhances the
stress if 7,/ 7 approaches one.

(7)
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FIG. 1. Profiles of wind speed and wave stress. If the influence of
waves is neglected, a logarithmic wind profile is assumed. Representing
the wave stress by a step function gives rise to a wind profile with an
effective roughness z, larger than z,. The wind profile according to
Janssen (1991a) with the same effective roughness is also shown, as
is the corresponding wave stress profile.

In the last two theories discussed above, the wave
dependence of the drag coefficient follows from as-
sumptions concerning the wave-induced stress in the
lower part of the boundary layer. In this way the wind
profile is consistent with the surface stress and the wave
stress. In the past, several authors have followed a less
fundamental and more straightforward approach. They
parameterized the dimensionless roughness length or
the drag coefficient in terms of wave parameters like
the steepness and wave age. Several examples of this
approach can be found in the review article by Geer-
neart (1990). Unlike the quasi-linear approach of
Janssen (1991), however, these theories do not affect
the growth of waves.

3. The wave model

To calculate the wave state on the North Sea, a re-
gional version [see Burgers (1990) and Fig. 2] of the
WAM wave model has been used. This model solves
the energy balance equation for waves:

E(f, 0
a—# + V(¢ F(f, 0)) = Sin+ Sais + Spoc + Swi

d
(8)

where F(f, §) is the wave spectrum (in m? s), fis the
frequency of a wave component, and 8 its direction.
In this study, we disregard the influence of currents on
waves, as can be seen from the energy balance equation
(8). Each wave component travels with its group ve-
locity:

_d
dk’
with w = 2xf. On the right-hand side of (8), four so-

called source functions represent the wind input, the
dissipation due to whitecapping, the bottom dissipa-

&)

Ce
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F1G. 2. Map of the three models involved: the meteorological model LAM,
the wave model NEDWAM, and the storm surge model WAQUA.

tion, and the nonlinear wave-wave interactions, re-
spectively. Two source functions, S;, and S, were
changed with respect to WAMDI Group (1988) to fit
the scheme of Janssen. The approximations used to
calculate the nonlinear energy transfer S, are described
by Hasselmann et al. (1985). The bottom dissipation
is given by

0.076 k
g sinh(2kD)

where £ = |k| is the wavenumber of a wave compo-
nent. This formulation is equivalent to the one pro-
posed by JONSWAP Group (1973). The dissipation
due to whitecapping is parameterized in the spirit of
Hasselmann (1974 ) but tuned to give reasonable wave
heights combined with the input source term discussed
below:

Seor( S 0) =

F(f,0), (10)

2
Sais(f, 0) = ——2.25&)(E/€2)2(L;_+ %)F(f, g), (11)

where E is the wave variance in meters squared, @ is
the mean angular frequency, and k is the mean wave-
number. Following the scaling arguments of Miles
(1957), the input source term can be written as

2
Sin(f, 0) = wEB(%) cos’(6 — ¢)F(f, 6), (12)

where € = p,/p, = 1.25 X 1073, ¢ = w/k is the phase
speed of a wave component, and ¢ is the direction of

the wind. The friction velocity u, is defined as wu,
= V7/ps. In the theory of Janssen (1991), the Miles
parameter 3 is a function of two dimensionless param-
eters: the wave age u,./c and the wind profile parameter
gzo/u%. To determine the input source function, in-
formation about the surface roughness length z, is re-
quired. This surface roughness will depend on the input

_ source function, making the resulting set of equations

implicit. First, the expressions for the input source
function will be given. Using the fact that observed
wind profiles are described very well by (6) and fitting
the input source term to observations (Janssen 1991a),
the Miles parameter can be written as

1.2
B=~§-uln4u, w <l (13)
K
This parameterization of the Miles parameter is in
agreement with numerical calculations based on the
theory of Miles. The dimensionless critical height y is
given by

u (14)

= 52_" ex¢/ |l uxcos(6— o)\

> .
The effective roughness z, and friction velocity u, fol-
low from the theory of Janssen (1991 ) described in the
Introduction. In this theory, the wave stress 7,
= 7,(Z20) 1s required. Using conservation of momen-
tum, this wave stress equals the amount of momentum
going into the waves due to wind:
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© 27 k
1";,(20) = pwJ;) df b dawsin(f’ 0) % . (15)

Now the set of equations for 1, and z, is closed. Usually
the U, and the wave state F(f, ) are given, and the
problem is to find a proper u,. First, the wave stress
7., 1s calculated with the integration (15), using u, and
z, from the previous time step to determine the input
source function S;,. Then 7, z., and z, are found by
iteration of Egs. (6) (for z = 10 m), (7), and the Char-
nock-like relation z, = au/g. For old wind sea (7,,/
7 =~ 0.5) we want the coupled model to give the same
drag coefficient as a Charnock theory without wave
effects. This leads to & = 0.01.

The geographic grid of NEDWAM contains 612 grid
points, with a grid spacing of approximately 75 km.
The wave spectrum is defined on a wave-vector grid
of 25 frequencies by 12 directions. The lowest fre-
quency is given by f; = 0.0418 Hz, every subsequent
- frequency is 10% higher than the previous one. The
highest frequency is f,s = 0.4117 Hz. Since the com-
putation of S,y and r,, requires information about fre-
quencies beyond f;s, the spectrum for frequenc1es f
> f,s is assumed to be proportional to f

-5
F(f,, 0) = (J%) F(fs, 8), m>25 (16)

4. The storm surge model

The motions of tides and surges are assumed to be
described by the depth-averaged Reynolds equations.
The averaging procedure is performed in such a way
that the mass flux by the mean velocity u is the sum
of the mass flux by the Eulerian mean velocity and the
Stokes drift caused by wave motions (Hasselmann

1971; Battjes 1974). In Cartesian coordinates the

equations are given by

?9—1; u%+v%~yv— g%—;%
+£E(TX—75—?—XH—%), (17)
+£E(TY—T£ %_%)’ (18)

where u, v are components of the depth-averaged ve-
locity u; ¢ is time; «y the Coriolis frequency; g the grav-
1tational acceleration; { represents the sea surface ele-
vation; p is the density of water; p, the atmospheric
surface pressure; 7*, 7¥ are components of the surface
stress ; 7%, 73 are the components of the bottom stress
75; and A = D + { is the instantaneous water depth.
The radiation stress S;(i, j = x, y) represents the con-
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tribution of the wave motions to the mean horizontal
flux of horizontal momentum. Later in this section it
will be expressed in terms of the wave spectrum F.
Integration of the continuity equation over the depth
combined with the kinematic boundary conditions at
the surface and the bottom gives the third equation to
be solved:

Lly + d(hu) 4
ot ox

a(hv)
dy

The storm surge model WAQUA /CSM-16 (see Ver-
boom et al. 1992) solves this coupled set of partial
differential equations to obtain u, v, and ¢ on every
grid point. The wind stress and atmospheric surface
pressure are supplied by a meteorological model. Usu-
ally, the meteorological model supplies wind speeds at
a height of 10 m. From this U,y the surface stress is
calculated by

= 0. (19)

T = p,Cp|Uy0|Uno, (20)
where Cj, is parameterized according to Smith and
Banke (1975): Cp = (0.066|U| + 0.63) X 1073,
This parameterization will be replaced by a more elab-
orate scheme that takes waves into account. The bot-
tom stress in (17) and (18) is parameterized by

(21)

In theory, the bottom drag coefficient C;, depends on
the roughness of the bottom, the depth, and the velocity
profile. By tuning the model, the following parameter-
ization was found to reproduce optimally the tidal ele-
vations in the southern part of the North Sea:

1, = pCplu|u.

2.55 X 1073, D<42m
Co=1{ 981(D+20)2, 42<D<66m (22)
1.33 X 1073, D> 66 m,

with D given in meters.

The storm surge model WAQUA /CSM-16 solves:.
Egs. (17),(18), and (19) for u, v, and { on a staggered
C grid using an alternating direction implicit scheme
with a time step of 10 minutes. The model covers the
whole northwest European continental shelf with a grid
spacing of 1° in the W-E direction and £° in the N-S
direction. This results in a grid spacing of approxi-
mately 16 km and 4213 active points. The water levels
on the open boundaries, located in deep (>200 m)
water, are prescribed by ten tidal constituents.

The radiation stress can be expressed in terms of the
wave spectrum F as calculated by the wave model

(Battjes 1974):
2 o kiki (¢ 1
somae [ [z (2-2)4
X F(f, 8)dfds. (23)
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FiG. 3. Residual elevations at several stations along the English and Dutch coasts for the

February 1989 storm. The full line represents the observations, the dotted line corresponds to
the calculation with the Smith and Banke drag relation, and the dashed line shows the results of
the calculation with the wave-dependent drag coefficient. The times on the x axis are given with

respect to 0000 UTC 13 February.

In deep water, when ¢,/c¢ = 1/ applies, this expression
simplifies to

27 w© I 1.
s, =1 ,,gf 5k g royamas. (24)

2 o Jo Kk?
In the southern part of the North Sea, with a typical
depth of 40 m, the deep-water assumption breaks down
for long swell waves. In this case the full expression
(23) should be used. Since we do not expect the ra-
diation stress to be the leading forcing term to drive

the storm surge model, we will assume that the deep-
water assumption applies everywhere. The integrals
(24) are evaluated at every propagation time step of
the wave model, that is, each 20 minutes, and the results
are accumulated. Every 3 hours a mean radiation stress
is calculated, which is subtracted from the wind stress.
The resulting stress is used to force the storm surge
model.

In the original version of the storm surge model,
WAQUA /CSM-16 (without wave effects), the winds
at 10 m and the surface pressures are interpolated from
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the grid of the meteorological model LAM (resolution
55 km) to the WAQUA /CSM-16 grid. On the surge
model grid the stresses are calculated using the relation
proposed by Smith and Banke (1975). In the coupled
setup the 10-m winds from the meteorological model
are interpolated to the NEDWAM grid with an interval
of 3 h. Using the scheme described in the previous
section, the friction velocity u, is calculated. Every 3
h, the drag coefficient C; = U%,/u2 is interpolated back
to the meteorological grid. In regions where the wave
model and the meteorological model overlap, this
wave-dependent drag coefficient is used to calculate
the stress. Outside these overlap regions the Smith and
Banke relation is used. The resulting stress is interpo-
lated to the surge model grid. So in the original version,
wind velocities are interpolated from the meteorolog-
ical grid to the surge model grid, whereas in the coupled
version, stresses are interpolated. To estimate the in-
fluence of this difference, we performed a calculation
where the winds were transformed in stresses using the
Smith and Banke relation on the meteorological grid,
which were interpolated to the surge-model grid. Com-
pared to the original calculation, this resulted in surges
that were 1%-2% higher. Compared to other sources
of errors like the winds from the meteorological model
and the water levels at the open boundaries, the error
due to interpolation can be neglected.

5. Results

In the first part of this section we will concentrate
on what turns out to be the main effect of waves on
surges: the wave-dependent drag. In the model calcu-
lations discussed in this part, the effects of the radiation
stress and the Stokes drift will be neglected. This as-
sumption will be justified in the latter part of this sec-
tion.

The surges calculated with a wave-dependent drag
coeflicient were compared with observations for three
recent storms: 14 February 1989, 27 February 1990,
and 13 December 1990. These three storms have dif-
ferent characteristics. The depression causing the storm
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of February 1989 moved rapidly to the east over the
northern part of the North Sea. Due to its pace this
storm can be associated with relatively young waves.
By contrast, the depression of December 1990 moved
to the south slowly. During this storm waves became
fully developed under high wind conditions. The storm
surge of February 1990 was generated by a chain of
depressions. These depressions did not allow the winds
on the North Sea to drop under 20 m s~ for several
days. This resulted in a surge that lasted more than
4 days in the Southern Bight. So this February 1990 is
an example of a storm where we can expect relatively
old waves to be important.

In Fig. 3, the observed and measured surges of eight
stations are shown for the storm of February 1989. In
all cases except Wick, the reference run with the Smith
and Banke drag relation underestimates the surge sub-
stantially. The wave-dependent drag parameterization
of Janssen seems to perform well for this storm. This
is also reflected in the estimates of the model of the
highest water level that occurred at each station. As
can be seen in Table 1, the model estimates of the
highest water level reached during the storm are within
10 cm for stations located along the Dutch coast. When
using the Smith and Banke drag relation, the model
underestimates the highest water level 30 cm or more,
depending on the location.

In the case of a storm that moved a little slower,
December 1990, the wave-dependent parameterization
also performs well. The time series of this surge for the
Dutch stations are shown in Fig. 4. From Table 1 the
highest water level reached is estimated with an ac-
curacy of about 20 cm. This is less accurate than in
the case of the February 1989 storm but still an im-
provement of about a factor 2 compared with the model
using the Smith and Banke drag relation. That the pa-
rameterization of Janssen does not just enhance the
drag but also takes the wave state into account can be
seen if the drag coefhicient is looked at directly. In Fig.
5, snapshots of the drag coefficient as a function of the
wind speed at 10 m are shown at two different moments
during the storm. The upper picture shows the situation

TABLE 1. Observed and calculated surges along the English and Dutch coasts for the storms of February 1989 and December 1990. The
locations of the stations are marked in Fig. 2. The surge, defined as the difference between the highest water level that occurs and the highest

water level expected due to the tide, is given in meters.

14 February 1989

12 December 1990

Station Obs Sm&B Wave Charn Obs Sm&B Wave Charn
Wick 0.45 0.39 0.41 0.41 0.44 0.31 0.35 0.35
North Shields 0:18 0.01 0.00 0.01 0.86 0.60 0.81 0.73
Lowestoft 1.54 1.0t 1.41 1.31 1.12 1.06 1.42 1.28
Southend 1.38 0.73 0.97 0.93 0.83 1.14 1.00
Dover 0.53 0.30 0.55 0.50 0.71 0.91 1.20 1.11
Vlissingen 1.59 1.38 1.63 1.62 1.43 1.17 1.54 1.40
Hoek van Holland 1.80 1.54 1.91 1.84 1.63 1.16 1.49 1.40
Den Helder 2.03 1.56 1.90 1.86 1.85 1.40 1.67 1.70
Harlingen 2.25 1.74 2.08 2.10 2.29 1.82 2.12 2.21
Delfzijl 1.99 1.55 1.77 1.84 2.44 1.47 1.74 1.75
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FIG. 4. Residual elevations at stations along the English and Dutch coasts for the December
1990 storm. The different line styles are the same as in the previous figure. The times are given

with respect to 0000 UTC 11 December 1990.

at the beginning of the storm. Young wind sea with a
wave age ¢,/uy < 10 gives rise to drag coefficients of
up to 5 1073, two times the value of Smith and Banke
at the same wind speed. The picture below shows the
situation 9 h later. The wind has decreased only a few
percent, but the drag coefficient has been reduced to
slightly more than the Smith and Banke values. This
is consistent with the fact that waves with ages ¢,/u,
< 10 have disappeared.

In the third case, February 1990, the coupled model
also gives an improvement compared to the reference
run; however, for certain stations, Den Helder and

Harlingen, the surge is underestimated by about 0.5
m. This is probably due to poor wind and pressure
data. The meteorological situation is more complex
than during a storm caused by a single depression. This
may introduce spatial and temporal variations in the
wind field that are not well resolved in the meteoro-
logical model. The time series of the water level ob-
servations indeed show a lot of variations on short time
scales. Also, the fact that the mismatch between the
calculations and the observations varies considerably
for the different Dutch stations (see Table 2) indicates
that small-scale processes are important for this storm.
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FI1G. 5. Scatterplot of the drag coefficient against the wind speed
at 10 m. The first plot shows a snapshot of the drag coefficients on
all grid points of the wave model at 0000 UTC 12 December 1990;
the second 9 h later. In the first plot, many young waves are present.
This results in drag coefficients up to almost 0.005. Nine hours later
no young waves are present, and the maximum drag coefficient is
reduced to less than 0.0035. Wave age is defined as the phase velocity
of the peak frequency divided by the friction velocity: ¢,/ us.

It is clear from the results presented so far that the
calculations with a Smith and Banke stress relation
underestimate the surges substantially. The calculations
with the wave-dependent drag do not show this be-
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havior. This leads to the important conclusion that the
theory of Janssen gives a good description of the flow
of momentum from the atmosphere to the water. It is
clear that much of the improvement of the wave-de-
pendent drag can be reproduced by choosing a larger
drag coefficient than the Smith and Banke relation.
This can be done easily by adopting the Charnock re-
lation and determining the dimensionless roughness
length « by tuning the calculated surges to observations.
We expect that in a case where the sea is dominated
by young wind sea, like the February 1989 storm, the
stresses calculated with the wave model are relatively
high. If « is tuned to reproduce the elevations of such
an event, it can be expected to give elevations too high
in cases that are not dominated by young sea, like the
December 1990 storm. The calculations for the Feb-
ruary 1989 storm with the Charnock relation gave best
results for the dimensionless roughness length «
= 0.032. The elevations calculated with this parameter
are shown in Table 1. Also in Table 1 are the results
with this tuned relation for the December 1990 case.
For the English stations the surges are lower than the
surges calculated with the wave-dependent drag. When
the surge reaches the Dutch stations this difference has
disappeared. In Fig. 6, the surge in Hoek van Holland
is plotted as a function of time. In the beginning of the
storm the wave-dependent stress causes an elevation
20 cm higher due to the young wind sea. Some 15 h
later the sea state is dominated by old waves, which
reduces the water level compared to the Charnock cal-
culation. From this figure it is also clear that the dif-
ference between the calculations is of the same order
as the scatter due to small-scale processes in the ob-
servations. So the influence of drag enhancement by
young waves can be seen in the calculations, with a
typical magnitude of 5% of the total surge. Since this
difference is of the same order as the overall error of
the model and the scatter in the observations, the ob-
servations do not provide evidence in favor or against
the drag enhancement by growing waves.

As can be seen in the surge plot for February 1989
(Fig. 3), both the coupled model and the model with
the Smith and Banke stress relation underestimate the

TABLE 2. Observed and calculated surges along the Dutch coast of two consecutive high waters during the storm period of February 1990.
The surges, defined as in the previous table, are given in meters.

26-27 February 1990

27-28 February 1990

Station name Obs Sm&B Wave Charn Obs Sm&B Wave Charn
Wick 0.50 0.47 0.47 0.47 0.66 0.65 0.71 0.69
North Shields 0.62 0.50 0.54 0.53 0.53 0.46 0.51 0.51
Lowestoft 1.01 0.92 1.09 1.05 0.59 0.53 0.57 0.62
Southend 0.51 0.29 0.42 0.41 0.08 0.08 0.20
Dover 0.69 0.76 0.89 0.86 0.63 0.52 0.58 0.61
Vlissingen 1.08 1.03 1.21 1.23 1.21 1.02 1.13 1.20
Hoek van Holland 1.29 1.05 1.24 1.24 1.45 1.05 1.18 1.22
Den Helder 1.51 0.91 1.09 1.08 1.70 1.07 1.20 1.26
Harlingen 1.88 1.29 1.55 1.58 2.09 1.53 1.74 1.87
Delfzijl 1.92 1.50 1.63 1.71 2.23 1.67 1.79 1.92
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FIG. 6. Residual water level at Hoek van Holland during the De-
cember 1990 storm. The full line represents observations, the dashed
line the calculation with the wave-dependent drag coefficient, and
the dotted line the calculation with the Charnock relation. The wave
effect gives the surge an enhancement in the beginning of the storm.
Later this enhancement disappears and the Charnock relation, tuned
to reproduce the average elevation, produces higher elevations.

surge at Wick with some 20 cm for more than 10 h.
This underestimation propagates with the surge wave
along the English coast. In the case of the coupled cal-
culation, it disappears in the southern part of the North
Sea. This phenomena could be caused by an external
surge that entered the model area from the north. If
this is the case, the coupled model might overestimate
the stress since it is able to completely compensate the
surge lack as the surge propagates along the coast. To
investigate the influence of the possible external surge
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on the conclusions stated above, we used a version of
the surge model that can adjust the surge wave by as-
similating water level measurements. This technique
is based on Kalman filtering (Heemink 1990). To
make the model adjust to the external surge, we assim-
ilated the measurements at Wick. As can be seen in
Fig. 7, the coupled model overestimates the surge in
the southern North Sea by some 10% in the case of the
February 1989 storm if the possibility of an external
surge is taken into account. During the December 1990
storm the external surge was insignificant (see Fig. 7);
in the February 1990 case it was completely absent.
This leaves the conclusion for these two storms unal-
tered.

In most cases the radiation stress is negligible com-
pared to the wind stress. In some particular cases, when
the swell generated by the storms reaches the shallower
parts of the North Sea (the Doggerbank and the Ger-
man Bight), the radiation stress becomes as large as
0.40 N m~2. Usually it is only a fraction of this value.
This results in a small impact on calculated water levels:
in the case of the two single-depression storms, Feb-
ruary 1989 and December 1990, the impact is less than
5 cm. The water levels during the February 1990 storm
showed an increase of 10 to 15 cm when the radiation
stress was included in the calculation. So clearly, the
effect of radiation stress cannot be neglected in all cases.
Due to the poor quality of the meteorological forcing
in the case of the complex multiple-depression storm
of February 1990, which introduces an error of ap-

-proximately 30 cm at some stations, it is hard to say

if the radiation stress improved the performance of the
storm surge model in this case.

Hoek van Holland

Surge [m]

10 20 30 40 50
Time [hr]

Hoek van Holland

Surge [m]

Time [hr]

FIG. 7. Residual elevations at Wick and Hoek van Holland for the February 1989 (above) and
the December 1990 storms. The full line represents the observed surge. The dashed and the dotted
lines represent coupled calculations without and with assimilations of observations at Wick, re-

spectively.
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6. Conclusions

The main result of the research described in this
paper is that the description of the momentum transfer
to waves and currents by Janssen (1991) is consistent
with the storm surge elevations observed in the North
Sea. This result is obtained without tuning to wave or
surge observations in the North Sea.

Comparing the result of the coupled model with a
model using a standard Smith and Banke stress relation
for three selected storms, we find that the results im-
prove considerably using the coupled model. This im-
provement depends on the type of storm that caused
the surge. In the case of a fast moving depression (Feb-
ruary 1989), where the air-sea interaction is dominated
by young waves, the coupled model performs best.
When the effect of a surge generated outside the model
is taken into account, the coupled model slightly over-
estimates the surge in this case. For a storm that moved
more slowly (December 1990) the improvement is also
considerable. In the case of a storm caused by a chain
of depressions (February 1990) the improvement is
less impressive. Since the weather pattern is more
complex in the case of multiple depressions, this may
be due to a lack of resolution in both the meteorological
and the wave model. The storm of February 1990 was
the only event where the radiation stress significantly
affected the calculated surge. The effect of radiation
stress was negligible in the case of the two single
depression storms, February 1989 and December 1990.

Most of the improvements of the coupled model
can be reproduced by increasing the drag coefficient
with respect to the Smith and Banke parameterization.
By tuning the roughness parameter of the Charnock
relation for the February 1989 storm, we find that the
value « = 0.032 gives results comparable to the coupled
model. Compared to the calculation with the Charnock
relation, the wave-dependent drag enhances the water-
level rise in the beginning of the surge, causing a dif-
ference of about 5% of the total surge. This difference
remains within the uncertainty range of the observa-
tions. It is important, however, to realize that the tuned
Charnock parameter « is not universal. For ocean con-
ditions it will certainly be too large, and for smaller
and shallower basins even larger « are appropriate. For
this reason the use of a wave-dependent drag for storm
surge modeling is to be preferred.
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