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ABSTRACT

Effects of tides and storm surges on wind waves in shelf seas are assessed by hindcasting three North Sea
storm cases. It is shown that tides and storm surges in shelf seas should be considered as an unsteady medium
for wind wave propagation if wave—current interactions are assessed. Tides mainly result in oscillations of mean
wave parameters, whereas surges result in systematic variations. Due to accumulation 9f eﬁ"ectsz small wind-
induced currents might have a larger impact on wave parameters than larger but oscillating tidal currents.
Although these results are obtained from typical North Sea conditions, it is expected that they are fairly rep-
resentative for tides and surges in shelf seas in general. For the North Sea relatively small tide and §urge-induced
modulations of mean wave parameters such as the significant wave height or the mean wave period have been
found (typically 5% to 10%). Modulations of the spectral density of the wave energy can be of the order of 50%
to 100%. Effects of current refraction appear to be negligible, whereas effects of bathymetry-induced refraction
is locally distinct in extreme wind and wave conditions. Observed modulations of mean wave parameters in
the storm cases considered here appear to be mainly wind induced.

1. Introduction

Wave-current interactions, in particular the influ-
ences of currents on waves, have been the subject of
several theoretical investigations in the last decades.
After some pioneering papers by Unna (1941, 1942,
1947) and Barber (1949), the theory for wave—current
interaction was developed by Longuet-Higgins and
Stewart (1960, 1961, 1962), who introduced the con-
cept of radiation stress, and by Whitham (1965) and
Bretherthon and Garrett (1968), who introduced the
concept of action conservation. The theory is now well
established and treated in numerous textbooks, review
papers and reports (e.g., Whitham 1974; Peregrine
1976; Phillips 1977; Mei 1983; Peregrine and Jonsson
1983; Jonsson 1990). Wave~current interactions are
for a major part governed by depth- and current-in-
duced changes of wavenumber and wave frequency.
Such changes depend on the character of the variations
of depth and current: variations in space result in
changes of the wavenumber, whereas variations in time
result in changes of the absolute frequency, ie., the
frequency as observed from fixed locations (e.g., Mei
1983, p. 96). The literature on wave~current interac-
tions is mostly concerned with small scale areas, for
which the (tidal) depth and current field are assumed
to be quasi-stationary with respect to the travel time
of wind waves, or with large-scale areas with quasi-
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stationary ocean current systems such as the Gulf
Stream. In these cases a quasi-stationary approach is
feasible, in which the absolute frequency is assumed
to remain constant during propagation. To the knowl-
edge of the author, only a few applications for unsteady
depths and currents have been presented. Wave-cur-
rent interactions in such cases are (properly) treated
by Unna (1941), Barber (1949) and Longuet-Higgins
and Stewart (1960). In several recent papers, however,
effects of unsteadiness are not accounted for, but a
quasi-stationary approach is used even for currents that
are explicitly stated to be unsteady (“nonstationary™)
currents (e.g., Chen and Wang, 1983).

Considering the above, the subject of wave-current
interactions for large scale, unsteady depths and cur-
rents seems to be poorly investigated.! Tides and surges
in shelf seas as considered in this study represent such
unsteady depth and current conditions, because the
typical travel time of wind waves through shelf seas
(order of magnitude of a few days) is much larger than
the time scale of current and depth variations (typically
12 h).

For highly academic situations the importance of
unsteadiness of tidal currents for wave-current inter-
actions is shown by Tolman ( 1990b). This study aims
to assess the relative importance of the unsteadiness of
tides for practical shelf sea conditions and to compare
effects of tides and surges. By hindcasting three North

! Parallel 10 this study, Yamaguchi et al. (1989) and Yamaguchi
and Hatada (1990) studied wind wave propagation over unsteady
currents, neglecting source terms.
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Sea storm cases, results are obtained that are expected
to be fairly representative for shelf seas in general. From
these hindcasts the magnitude of effects of interactions
is also estimated and finally a comparison with mea-
surements is presented to estimate to which extent tides
are responsible for observed modulations of mean wave
parameters (another source for observed modulations
is obviously the wind).

Wave height modulations measured in the southern
North Sea as presented by Tolman (1988, 1990b) sug-
gest that effects of currents on waves can be significant,
whereas studies of wave-driven currents suggest that
the significant effects of waves on currents mainly occur
in the surf zone. Therefore, only effects of tides and
surges on wind waves (and not vice versa) will be con-
sidered here.

The hindcasts have been performed with the model
WAVEWATCH (Tolman 1989, 1990a, 1991), which
was specially developed for this study. This model is
briefly described in section 2. Currents, water levels
and wave boundary conditions for this model are cal-
culated with previously available numerical models
(section 2). Selected hindcast results are presented in
section 3, and the results are discussed in section 4.

2. Numerical models

Wind wave hindcasts for this study have been per-
formed with the numerical wave model WAVE-
WATCH, which has been developed specially for this
study. This model contains all large-scale effects of
wave-current interactions as well as (explicit) source
terms for wave growth, decay and nonlinear wave-wave
interactions. A detailed description is given by Tolman
(1989, 1990a, 1991). The physics of the model will be
discussed here only as far as they are relevant for the
discussion of the present results. For numerics of the
model reference is made to the above three papers.

Random wind waves are generally described with a
spectrum giving energy or variance density as a func-
tion of wavenumber k, frequency f and direction 6
(normal to the crest of the spectral component). In
the linear theory of surface gravity waves, wavenumber
and frequency are interrelated in the dispersion rela-
tion.

w=0c+k-U, (1)
o? = gk tanhkd, (2)

where w (=2xf,) is the absolute radian frequency, as
observed in a frame of reference fixed to the bottom
and o (=2xf;) is the relative frequency, as observed in
a frame of reference that moves with the mean current
velocity U. The water depth is denoted as d (local av-
erage over the wave field), k is the wavenumber vector
with absolute value k and direction 6, and g is the ac-
celeration of gravity. In WAVEWATCH the wind
waves are described using the variance density spec-
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trum F(w, #). Changes of this variance density due to
propagation over varying depths and currents are de-
scribed using the following action balance equation:

%\I+Vx-[(cg+U)N]+%[CoN]+5%[CwN1=§’
(3)
cg=-§%—n%, n=%+sinﬁgkd’ “)

where N = F/¢ is the action density spectrum and S
represents the net effect of sources and sinks for wave
variance (e.g., wind input). The left-hand side of Eq.
(3) represents the local rate of change of the action
density ( first term) and effects of propagation. The sec-
ond term on the left-hand side represents rectilinear
propagation in the geographic space (including energy
exchanges between wind waves and the mean current),
the third term represents refraction and the fourth term
represents frequency shifts due to the unsteadiness of
depth and current (e.g., Mei 1983, p. 96). The right-
hand side of Eq. (3) represents all effects of wave gen-
eration and dissipation, including wave generation by
wind (Snyder et al. 1981), nonlinear resonant wave-
wave interactions (Hasselmann 1960; Phillips 1960),
whitecapping (Komen et al. 1984) and wave energy
dissipation due to bottom friction (Madsen et al. 1988).
The actual formulations are those of the WAM model
(WAMDI Group 1988), except for the formulation of
the bottom friction. To account for effects of currents
on the source terms, the source terms have been for-
mulated in a frame of reference moving with the mean
current. This introduces minor adaptations to account
for the wind speed in the moving frame and the effects
of the currents on the wave bottom boundary layer
(see Tolman 1990a, 1991).

To perform calculations with the numerical wave
model, a bottom grid, wind fields, depth and current
fields and wave boundary conditions at upwind model
boundaries are required. The North Sea bathymetry as
used in this study is presented in Fig. 1. Model wind
fields consist of UK6 wind fields of the British Mete-
orological Office (BMO). Depth and current fields have
been calculated with the numerical model DUCHESS
(e.g., Wang 1989, depth integrated shallow water
equations), using both wind forcing and typically six
tidal constituents at the open boundaries (taken from
Voogt 1985). Hence the depth and current fields de-
scribe both tides and surges. For northwesterly storms,
wave boundary conditions for the northern boundary
have been calculated with the deep-water no-current
ocean wave model DOLPHIN (Holthuijsen and De
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FiG. 1. The North Sea bottom contours and locations.

Boer 1988). The layout of the grids for the different
models is shown in Fig. 2, and information on discre-
tizations is gathered in Table 1.

3. North Sea case studies

a. Introduction

As mentioned in the Introduction, the main atten-
tion of this study is focused on the specific effects of
the unsteadiness of tidal depths and currents on wind
waves. This subject is studied by hindcasting the North
Sea storm cases as discussed in section 3b. Similarly
the differences between effects of tides and surges and
the magnitude and spatial distribution of effects of tides
and surges on wind waves are analyzed. Finally hind-
casted modulations of wave parameters are compared
with observed modulations, to estimate to what extent
tides are responsible for observed modulations. The
main attention is focused on the southern North Sea
since the largest current velocities (and therefore prob-
ably the largest effects of interactions) occur in this
region. The nature of the current fields for the North
Sea is illustrated here with current fields and maximum
current velocities for an arbitrary day of one of the
cases considered here (Figs. 3 and 4 respectively).

To perform the above numerical investigations, sev-
eral model versions of WAVEWATCH have been used,
in which different effects of tides and surges on waves
are either incorporated or neglected. For all cases con-
sidered here, hindcasts have been performed with all
model versions as discussed below. In the reference
version of the model (denoted as version A), all effects
of tides and surges are taken into account. The total
effects of wave-current interactions are assessed by
comparing the results of this reference version with the
results of a model version in which tides and surges
are neglected (denoted as version C). Similarly, the
effect of a single mechanism (e.g., refraction) is esti-
mated by comparing results of the reference version A
with results of a model version in which the corre-
sponding mechanism is neglected. In such a way effects
of unsteadiness, refraction, currents and surface level
variations are investigated (versions B, through By, see
Table 2).

Measured wind and wave data in the southern North
Sea were available for the locations LEG, Euro-0 and
K-13-A (see Fig. 1 and Table 3). The wind data at
LEG are used in combination with the wave data at
Euro-0. The wind data consist of wind speeds and di-
rections at 10 m altitude. The wave data consist of
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FiG. 2. Layout of grids for WAVEWATCH, DUCHESS and
DOLPHIN (DOLPHIN is used for the NW winds of cases II and III
only).

measurements with WAVEC buoys (e.g., Van der
Vlugt 1984). To limit the number of data presented
here, interactions are analyzed in detail for the locations
Euro-0 and K-13-A only.

The analysis considers integral parameters of the
wave spectrum, i.e. the significant wave height H;, the
mean absolute period T,, the mean relative period 7,
and the mean direction 6:

H= 4(ff Flw, 0)dwd0)”2,

(7
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T,=27/w, (8)

T, =2n/0, 9
ff sinfF(w, 0)dwdf

§ = arctan ,  (10)

ff cosfF (w, 0)dwdd

where the overbar denotes the average over the variance
density spectrum F(w, ), which for some arbitrary
parameter z is given as

ff z(w, 0)F(w, 8)dwdd

ff F(w, 8)dwds

Modulations of the isolated energy in fixed frequency
bands will be discussed briefly.

z_=

(11)

b. Case description

Three storm cases of the storm season 1987-88 are
considered. Cases I and II show tide-dominated con-
ditions and case III shows a significant surge.

Case I consists of a series of moderate southwesterly
storms ( Beaufort 7) in the southern North Sea in the
period 1-4 January 1988. These storms are caused by
four consecutive depressions moving over the northern
North Sea. Case II consists of one moderate north-
westerly storm (Beaufort 6 to 7) in the entire North
Sea in the period 26-28 September 1987. This storm
is caused by a stationary high pressure area over Ireland
and a stationary depression over the northern Baltic
Sea. These two cases have been selected to assess wave—
tide interactions for different wind (wave) directions
and to compare model results with measurements.

Case III consists of an extreme northwesterly storm
(Beaufort 10 to 12) over the entire North Sea during
the period 28 and 29 February 1988, caused by a high
pressure area over the Atlantic and a low pressure area
over Norway. No continuous wave data were available
for this case.

The tidal range in the southern North Sea is typically
1.5 m, and the tidal currents are typically 0.5 to 1.0 m

TABLE 1. Grid increments.

Space Time Spectra
Wind waves (WAVEWATCH) 24 km X 24 km 15 min 24 directions, A = 15°
26 frequencies, 0.041 Hz — 0.453 Hz
Satt=1.11%
Depth and current (DUCHESS) 8 km X 8 km 7.5 min Not relevant
Wave boundary conditions (DOLPHIN) 1° X 1° 1.5h As in WAVEWATCH
(appr.)
Wind fields (UK6) 1° X 1° 3h Not relevant

(output)
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s~! (see e.g., Fig. 4). Cases I and Il are near spring tide,
and case III is near neap tide. In cases I and II the
storm surge is negligible (i.e., less than 0.2 m in ele-
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FIG. 4. Maximum current velocities on 26 September 1987.

vation and less than 0.05 m s~ in current). In case III
the storm surge is significant, as is illustrated in Fig. 5.

In cases II and III significant wave energy enters the
northern North Sea from the Norwegian Sea. This
makes the explicit calculation of wave conditions at
the northern model boundary necessary.

¢. Numerical investigations
1) EFFECTS OF TIDES ON WIND WAVES

Effects of tides are analyzed by considering the results

. of cases I and II in which no significant surges occur.

In these moderate conditions waves are essentially in
deep water so that surface level variations do not con-

TABLE 2. Definition of versions of WAVEWATCH.

Version Description

A Including all effects of tides and surges.

B, Without frequency shifts due to the unsteadiness of depth
and current.

B, Without depth and current refraction.

B, Without (tide- and surge-induced) currents, i.e. surface
level variations only.

B, Without (tide- and surge-induced) surface level
variations.

C Without tides and surges, but including bathymetry-
induced shallow water effects (depth shoaling and
depth refraction).
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TABLE 3. Locations.

HENDRIK L. TOLMAN

Depth Wind Wave
Location Coordinates (m) data data
LEG 51°55'N, 3°40E 20 Yes No
Euro-0 52°00'N, 3°16'E 26 No Yes
K-13-A 53°13'N, 3°13E 29 Yes Yes

tribute to interactions. The latter is confirmed by the
numerical model since the model versions with all in-
teractions and with currents only (versions A and By,
see Table 2) result in practically identical values of
mean wave parameters. Consequently interactions are
essentially caused by (tidal) currents.

The tidal currents result in relatively small but rec-
ognizable modulations of the wave height H; and the
wave periods 7, and T, as is illustrated in Fig, 6 for
locations Euro-0 and K-13-A in case 1. In this figure
tide-induced modulations are observed as the difference
between the solid lines (with tides) and the dotted lines
(without tides). The effects of the tidal currents show
a clear modulation with the period of the tide, in par-
ticular at Euro-0. The mean wave direction 8 (not pre-
sented here) shows negligible effects of the tidal currents
(tide-induced modulations of less than 1°). Conse-
quently effects of refraction appear to be negligible for
Euro-0 and K-13-A in cases I and II. This was expected
for depth refraction since waves are essentially in deep
water. For current refraction this is less obvious but
not unreasonable since gradients in tidal currents are
generally small in this area (see e.g., Fig. 3).

Since effects of tidal currents on mean wave param-
eters are relatively small, they are isolated to allow for
a more detailed analysis. This is achieved by simply
considering the differences in the results obtained with
and without tides (and surges). For the significant wave
height H,, the modulation AH; for a given time and
place is calculated as

AHs = HS,A - Hs,Ca (12)

where the suffixes A and C indicate results of model
versions A and C. Modulations of the absolute and
relative period (AT, and AT,, respectively), are defined
similarly. Such modulations are particularly interesting
in relation with the local current velocity, since such
arelation can show to which extent tide-induced mod-
ulations can be estimated using local currents only. In
such a comparison, the current velocity U, in the mean
propagation direction of the waves is more relevant
than the overall current velocity U, as follows directly
from Eq. (1). The former velocity is defined here as

U, = |UJ cos(6y — 8), (13)

where 0, is the current direction. In Figs. 7 and 8 the
modulations of wave heights and wave periods at
Euro-0 and K-13-A are presented as a function of the
current velocity U,. These figures show a clear hyster-
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etic relation between the tide-induced modulations of
mean wave parameters and the (tidal) current. This
relation however, varies with place and case, so that it
appears to be difficult to estimate effects of tides from
the local tidal current only.

Modulations in fixed frequency bands of the spec-
trum can be much larger than the modulations of mean
wave parameters. In any frequency band, relative
modulations of the order of 50% have been found, as
illustrated in Fig. 9, with results for Euro-0 in case 1.
In determining mean wave parameters, such intra-
spectral modulations largely cancel out.

2) EFFECTS OF UNSTEADINESS OF TIDAL CURRENTS

From the kinematics of wave trains it follows that
unsteadiness of currents manifests as modulations of
the absolute frequency or period, whereas inhomoge-
neity manifests as modulations of the relative frequency
or period (e.g., Tolman 1990b). In the cases considered
here, the unsteady nature of tidal currents results in
modulations of the absolute periods, which are not
negligible compared to modulations of the relative pe-
riod. In fact, modulations of the absolute period dom-
inate for most cases and locations, as illustrated in Figs.
6 and 8.

The relative importance of unsteadiness and inho-
mogeneity is most elegantly studied by analyzing how
the local Doppler shift of Eq. (1) is balanced by mod-
ulations of either the absolute or the relative frequency,
or alternatively, how the local current is related to
modulations of either the absolute or the relative pe-
riods. For narrow-banded spectra the differences in (the

AN
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FIG. 5. Water levels 5 and current components U (suffixes N and
E for northerly and easterly directions) for case III at location
Euro-0. Solid line: with wind forcing; dotted line: without wind forc-
ing.
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FIG 6. Mean wave parameters at locations Euro-0 and K-13-A for case I (1988). Solid line:
with tides and surges; dotted line: without tides and surges; dashed line: with tides and surges,
dw/dt = 0 (quasi-stationary approach).
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FIG. 7. Tide-induced modulations of the significant wave height AH; as a function of the
current velocity in the mean propagation direction of the waves U, at locations Euro-0 and
K-13-A for cases I and II.

VOLUME 21



JUNE 1991 HENDRIK L. TOLMAN 773
Case I (1988)
Euro-0
05 05
AT AT
a a
AT AT
r r
© ©
0 0
0.5 05
-1 0 U ! -1 1
Case I1 (1987)
Euro-
05 ~ 0.5
AT N AT
a o . a
AT' .\ \f':':':.‘ X o AT’
@ o )
0 AT T 0
CrrrIll. \
AN
N
N
0.5 S 0.5
-1 0 U, s 1 -1 0 U, s 1

FI1G. 8. Tide-induced modulations of the mean absolute period AT, (solid lines) and the mean
relative period AT, (dotted lines) as a function of U, at locations Euro-0 and K-13-A for cases I
and II. Dashed line: Eq. (16) with AT, = 0 (quasi-homogeneous approximation ); dot-dash line:
Eq. (16) with AT, = 0 (quasi-stationary approximation). kd in Eq. (16) is estimated as the
average for the location and hindcast considered.

modulations of) the absolute and relative periods are
a function of the local current U,, as will be shown
below. For narrow-banded spectra, using Eq. (2), Eq.
(1) becomes

@ = 7 + o%[g tanhkd]'U,, (14)

which, using Egs. (8) and (9), can be written as
2 -1
T,( 1 z U,,) .

e
g tanh(kd) T,
For relatively weak currents, the second term within
parentheses is much smaller than 1, in which case the
difference between the modulations of the absolute and
relative period becomes

T, = (15)

—2r

AT, — AT, = =m

T,—-T, U, (16)
Thus the difference between the (modulation of the)
absolute and relative period follows directly from the
local current U, and the mean relative depth kd.

A quasi-homogeneous approximation to this equa-
tion (i.e., AT, = 0) can be used to estimate the mod-
ulation of the absolute period in cases where the effects

of unsteadiness of the current dominate. At Euro-0 in

cases I and I and at K-13-A in case I, such an equation
indeed describes the trend of the modulation of the
absolute period (see dashed line in Fig. 8). At K-13-A
in case II, however, the modulation of the relative pe-
riod dominates, suggesting a dominance of the inho-
mogeneity. The trend of the modulation of the relative
period for this location and case is well described by a
quasi-stationary approximation to Eq. (16), where AT,
= 0 (dash-dot line in Fig. 8). This inhomogeneous
behavior appears to be related to the two-dimensional
structure of the tide; waves approaching K-13-A from
northwesterly directions travel through areas with large
changes of current directions, resulting in large inhom-
ogeneities of the current velocity U, (see Fig. 3). For
waves coming from southwesterly directions such in-
homogeneities do not occur.

Two final remarks are made on the effects of un-
steadiness of tidal depths and currents. First, modu-
lations of the absolute period can also be caused in the
generation and dissipation process due to tide-induced
modulation of the relative wind speed or due to indirect
effects of tide-induced modulations of relative fre-
quencies and wavenumbers. This is illustrated in Fig.
6, where a modulation of the absolute period occurs,
even if effects of unsteadiness are neglected in the cal-
culations (i.e., in model version B,, dashed lines). In
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F1G.9. Tide-induced modulation of wave energy in fixed absolute
frequency bands (Fy) at Euro-0 for case L. (a) 0.1-0.2 Hz (b) 0.2
0.3 Hz (c) 0.3-0.5 Hz. Legend as in figure 6.

case II, however, modulations of the absolute period
disappear if the unsteadiness is neglected in the cal-
culations (figures not presented here). Apparently un-
steadiness is the only source for modulations of the
absolute period in case II. Second, effects of unsteadi-
ness on modulations of the wave height appear to be
smaller than similar effects on the modulations of the
wave periods, as is illustrated by the small differences
between the dashed and solid lines for the wave height
in Fig. 6.

3) SURGES VERSUS TIDES

Effects of surges are analyzed by considering the re-
sults of case III. In such severe wind and wave condi-
tions, waves are essentially in shallow water, so that
surface level variations can contribute to interactions
(unlike in the moderate conditions of cases I and II).
The numerical calculations indeed show effects of sur-
face level variations and of currents on mean wave
parameters, since results of calculations with and with-
out tides and surges, with surface level variations only
and with currents only (model versions A, C, B; and
B,, respectively) all show significant differences. This
is illustrated in Fig. 10 with the wave heights and ab-
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solute periods at Euro-0 and K-13-A as calculated with
the above model versions.

Since the time scale of computed interactions as
presented in Fig. 10 (in particular those of the currents
and water level variations separately, dash—double dot
or dash—dot lines versus dotted lines) is clearly larger
than that of the tide, the interactions appear to be surge
dominated. For the effects of surface level variations
this was expected since surface level variations are surge
dominated (see Fig. 5). For the effects of currents this
is somewhat surprising since local currents are still tide
dominated (see Fig. 5). It seems that the systematic
nature of small wind-driven currents results in more
lasting (i.e., accumulated) effects than the larger, but
oscillating tidal currents.

The higher surface level (Fig. 5) and corresponding
larger depth due to the surge result in higher waves
with longer periods (dash-dot lines versus dotted lines
in Fig. 10). The increase in wave height and period is
probably related to a reduced bottom-induced energy
dissipation due to the increased water depth. On the
other hand, currents reduce wave heights and periods
(dash—double dot lines versus dotted lines in Fig. 10).
This might be explained from the wind-induced cur-
rents, which in the southern North Sea are systemati-
cally in the propagation direction of the waves, reducing
the effective fetch and wind speed. The separate con-
tributions of surface level variations and currents to
the interactions are opposite and largely cancel out,
resulting in a practically negligible total effect of all
interactions in this specific case.

4) SPATIAL DISTRIBUTION OF INTERACTION EF-
FECTS IN THE NORTH SEA

Results for Euro-0 and K-13-A as presented above
show tide- and surge-induced modulations of wave
heights and periods of typically 5% to 10%. Numerical
calculations with a grid model make it possible to assess
the spatial distribution of such effects. This is done
here by considering the normalized rms differences be-
tween the local results of different model versions (i.c.,
the coefficient of variation CV'). For example, the coef-
ficient of variation of the wave height CV (H,) is defined
as:

172
(T’1 f [Hs — Hs,A]zdt) /

CV(Hy) = > (17)

T f H sdt

where the suffix A denotes the results of the reference
version (including all interactions) and where T is the
duration of the averaging period (typically several tidal
periods). The coefficient of variation is determined for
the mean wave parameters H;, T, and 7,. For the mean
direction @ the normalization of the rms deviation is
meaningless and it is therefore omitted. Since this study
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FIG. 10. Mean wave parameters at locations Euro-0 and K-13-A for case III (1988). Solid
line: with tides and surges; dashed line: without tides and surges; dot-dash line: surface level
variations only; dash-double dot line: currents only.

considers tides away from the coast only, shallow water
coastal grid points are not considered in the presen-
tation and the discussion of the results.

In general, areas with the largest effects of interac-
tions roughly coincide with areas with the largest cur-
rent velocities U, in the mean propagation direction
of the waves [Eq. (13)]. For case I, this is illustrated

in Figs. 11 and 12, which show coefficients of variation
for the wave height and absolute period (all interac-
tions, model version A versus C) and extreme values
of U,, respectively. Coeflicients of variations for the
wave height are up to 15% near the Dover Straits and
for the absolute period are up to 10%. For cases I and
III coefficients of variation of, in particular, the wave

CV(Hy) >10 %

F1G. 11. Coefficients of variation of mean wave parameters for the total effects of wave-tide and
wave-surge interactions (WAVEWATCH versions A and C), case I (1-2 January 1988).
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F1G. 12. Maximum and minimum current velocity in the propagation direction of the waves for case I (1-2 January 1988).

height are smaller, with largest values concentrated near
the British east coast (figures not presented here).

Effects of unsteadiness show similar spatial distri-
butions as the total effect of all interactions but, in
general, are significantly smaller [(CV(H,) < 4%,
CV(T,) < 7%, figures not presented here].

Effects of tides and surges on the mean direction are
negligible for the entire North Sea in all three cases
(Afms < 2°). Bottom-induced refraction is locally sig-
nificant in extreme conditions (Af,s up to 15°), as is

illustrated in Fig. 13 with the coefficient of variation
of the wave height and the rms difference of mean wave
direction for case III (model version A versus B,; the
reference version with all interactions and the model
version without refraction, respectively). Since current
refraction appears to be negligible and since surface
level variations are obviously much smaller than bot-
tom level variations, the thus-isolated differences are
caused by bottom-induced refraction (representing a
bias rather than a modulation ). Locations with signif-

FIG. 13. Coefficient of variation of mean wave parameters and rms differences of the mean wave direction
due to refraction for case III, 28-29 February 1988 (WAVEWATCH version A versus B, ).
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icant effects are near areas with relatively shallow water
and steep bottom gradients such as Dogger Bank, the
Skagerrak and Devils Hole (see Fig. 1).

d. Intercomparison of computed and observed modu-
lations

To estimate to which extent tides are responsible for
observed modulations of mean wave parameters, cal-
culated and observed modulations for the tide-domi-
nated situations of cases I and II are intercompared.
Calculated tide-induced modulations are obtained as
in Eq. (12), and are marked with the suffix ¢ (e.g.,
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AH; ). Observed modulations with periods comparable
to those of the dominant tide (i.e. the M, tide with a
period of 12 h, 25 min) are obtained with filtering
techniques (i.e., straightforward running averages to
obtain modulations with periods between approxi-
mately 9 and 15 h). Observed modulations are marked
with the suffix o (e.g., AH,,).

In Fig. 14 calculated and observed modulations of
the wave height and absolute period are presented. This
figure shows that observed modulations of the wave
height and the absolute period (AH,,and AT,,, dashed
lines) in general are clearly larger than the calculated
modulations (AH;. and AT, solid lines), except for
the modulations of the absolute period at Euro-0.

Case I (1988)
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FiG. 14. Observed and calculated modulations of the significant wave height and the mean
absolute period at Euro-0 and K-13-A for cases I and II. Solid line: calculated modulations; dashed

line: observed modulations.
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The residual modulations, defined as the difference
between observed and calculated modulations (AH,,
= AH;, — AH,, and AT,, = AT,, — AT,,, respec-
tively), might well be contributed to wind-induced
modulations in the observations, in particular, since
calculated tide-induced modulations are relatively
small. Wind-induced modulations can obviously not
be distinguished from tide-induced modulations by fil-
tering techniques. Furthermore, wind-induced mod-
ulations cannot be calculated like tide-induced mod-
ulations, since sufficiently accurate (high resolution)
wind fields are not available. Consequently, the hy-
pothesis that the residual modulations are truly wind-
induced, can only be checked by assessing their cor-
relation with observed wind speed variations AU,
(obtained in a similar way as observed modulations of
wave parameters). Since only local variations of the
wind speed can be considered in such a comparison,
good correlations between wind speed variations and
their presumed effects on wave parameters are expected
in conditions of active wave generation only. For the
second half of the period of case II waves at Euro-0
and K-13-A consist for a major part of swell, so that a
good correlation cannot be expected in this period, even
ife.g., AH,, indeed is caused by wind speed variations.

Residual modulations of the wave height and ab-
solute period are compared with wind speed modula-
tions in Fig. 15. For an intercomparison wind and wave
data are normalized with their rms value for the period
considered (denoted as AUy, AH,,, and AT,,). This
figure shows high correlations between residual mod-
ulations of the wave height AH, and wind speed vari-
ations AU, except (as expected) for the swell-domi-
nated second half of case II. The correlation between
residual modulations of the absolute period AT, and
wind speed variations AU\, is less pronounced but still
clear (except for the second half of case II). It therefore
appears that the residual modulations of mean wave
parameters (AH,, and AT,,) indeed are wind-induced
and that the above differences between hindcast and
observation are apparently not caused by model errors.

Figure 15 shows that the modulations of the wind
speed have the character of noise rather than that of a
systematic variation with a dominant frequency. Fur-
thermore, the magnitude of the variations is 10% to
20% of the overall wind speed, so that these variations
are not dominant. Consequently the wind speed mod-
ulations encountered here do not seem extraordinary
and probably occur frequently in wind fields. Unfor-
tunately wind speed variations on these time scales are
usually not investigated by meteorologists.

The above wind speed variations are expected to
occur in model wind fields commonly used in wave
models (time steps of 3 h for example), but are poorly
resolved in the time domain (four discrete values per
tidal cycle only). Therefore, the above wind-induced
modulations of mean wave parameters are expected to
be poorly represented by present wave models.
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4. Discussion

The results of the North Sea hindcasts presented here
show that the unsteadiness of tidal currents has a sig-
nificant influence on wave-tide interactions. As men-
tioned in the Introduction, this was expected, consid-
ering previous results for academic cases (Tolman
1990b) which, however, did not incorporate inhom-
ogeneities related to the two-dimensional structure of
the tide or to the bathymetry. In these academic cases,
the relative importance of inhomogeneity is conse-
quently smaller and the relative importance of un-
steadiness is larger than in realistic conditions. The
North Sea hindcasts of the present study show that
unsteadiness remains important in realistic shelf sea
conditions. Furthermore, the hindcasts show that the
relative importance of unsteadiness and inhomogeneity
varies in space and time so that effects of wave-tide
interactions cannot be estimated from local depth and
current parameters only, nor with a quasi-stationary
or quasi-homogeneous approximation.

Whereas tide-induced modulations of wave periods
are fairly well explained by the local and instantaneous
relative importance of unsteadiness and inhomoge-
neity, modulations of wave heights are not yet fully
explained. Figure 7 shows that in case I the larger cur-
rent velocities at Euro-0 result in larger modulations
of the wave height compared to K-13-A, as would be
expected. However, in case II (and case III, figures not
presented) tide-induced modulations of the wave height
at K-13-A are larger than at Euro-0, in spite of the
larger current velocities at the latter location. Further-
more, the wave height shows significant tide-induced
modulations in case I, but only small modulations in
cases II and III (compared to relative modulations of
the periods). Apart from the wind direction and speed,
there are two differences between the conditions of case
I, on the one hand and cases II and III on the other
hand, which might explain the above differences in
wave height modulations. First, in case I the waves in
the southern North Sea are locally generated, whereas
for cases Il and III waves are, for a significant part,
generated in the central North Sea. Second, the waves
in case I are essentially in deep water, whereas the waves
in case III are depth-limited. Both local generation and
relative depth (e.g., through variations in the energy
dissipation due to bottom friction) might have a sig-
nificant effect on tide-induced modulations of the wave
height. With the present study, however, this cannot
be investigated so that the above differences between
the results for H of cases I, II and III cannot be ex-
plained satisfactorily.

The tidal currents result in modulations of mean
wave parameters with an oscillating character (see e.g.,
Fig. 6), whereas currents and surface level variations
of surges result in more monotonic variations (see e.g.,
Fig. 10). Wave-tide interactions seem to accumulate
much less than wave-surge interactions, since case III
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FiG. 15. Normalized filtered wind speeds (solid) and residual modulations of
mean wave parameters (dashed) at Euro-0 and K-13-A for cases I and II.

shows that current-induced interactions appear to be
surge dominated, although the local currents are clearly
tide-dominated (as discussed in section 3c). In the
storm surge case considered here, effects of currents
and surface level variations largely cancel out and re-
sulting relative modulations of mean wave parameters
are much smaller than in the moderate cases. It might
therefore be concluded that the relative importance of
wave-tide and wave-surge interactions decreases with
increasing storm severity. However, the cancelling out
of the effects of currents and surface level variations
cannot be expected to occur in any complex storm
case. The potential magnitude of wave-surge interac-
tions, therefore, is given by the potential magnitudes
of the effects of water level variations and currents sep-

arately, which are roughly of the same order of mag-
nitude as the effects of tides in the tide-dominated con-
ditions considered here. Consequently, it cannot be
concluded from the present results that the relative im-
portance of interactions decreases with increasing storm
severity.

This paper focuses on modulations of mean wave
parameters. However, modulations of spectral densities
or of energy in fixed frequency bands, in general, are
much more pronounced than those of the mean wave
parameters (modulations of 50% or more in all parts
of the spectrum, e.g., Fig. 9). In particular, the effects
of the tides and surges on the low-frequency variance
(or energy) is striking, since wave—current interactions
for monochromatic waves suggest a decreasing effect
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of currents with decreasing frequency due to decreasing
Doppler shifts kU, and relative current velocities U/
cg. This large impact is explained from the steep gra-
dients in the low-frequency flank of frequency spectra,
where small shifts of the spectral peak frequency (or
mean frequency) can cause large modulations of the
total variance in fixed frequency bands. Like the fre-
quency shifts, these modulations of spectral densities
are strongly influenced by the unsteadiness of depth
and current and cannot be estimated from local depth
and current parameters only, or with conventional
quasi-stationary approaches {as discussed above). The
above (qualitative) results have been obtained for typ-
ical North Sea conditions, but they are believed to be
fairly applicable to tides and surges in most shelf seas.
The magnitude of interactions and the relative impor-
tance of wind speed variations in observed modula-
tions, however, are expected to be relevant for the
North Sea only.

Considéring the relatively small magnitude of effects
of wave-tide and wave-surge interactions on the sig-
nificant wave heights, H, and the mean wave periods,
T, and T,, (typically 5% to 10%), the implications for
North Sea wave forecasting seem to be small. Such a
conclusion is supported by the fact that observed mod-
ulations appear to be mainly wind-induced. However,
the calculated modulations might be significant when
assessing design wave heights for offshore platforms for
example. Furthermore, the large modulations of spec-
tral densities due to tides has implications for the dy-
namic analysis of structures, e.g., as is illustrated by a
study of the wave-induced movements and accelera-
tions of the Euro-0 platform (tide-induced modulations
of the order of 50%, Peters and Boonstra 1988).

5. Conclusions

This study on effects of tides and storm surges on
wind waves in the North Sea has given rise to the fol-
lowing conclusions. Tides and storm surges in shelf
seas should be treated as an unsteady medium for wind
wave propagation. Both the unsteadiness and the in-
homogeneity of depth and current play a significant
role in the interactions so that neither a quasi-stationary
nor a quasi-homogeneous approximation to wave-
current interactions can be used. In moderate wind
and wave conditions interactions are predominantly
caused by (tidal) currents, whereas in severe conditions
both currents and (mean ) surface level variations con-
tribute to the interactions. Due to accumulation of ef-
fects, relatively small currents of surges might have
larger impacts on mean wave parameters than larger
(but oscillating) tidal currents. Although these conclu-
sions are obtained from North Sea storm cases, they
are expected to hold for tides and surges in other shelf
seas.

For the North Sea the tide- and surge-induced mod-
ulations of mean wave parameters such as the signifi-
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cant wave height and the mean wave periods are rel-
atively small (typically 5% to 10%). Tide-induced
variations of spectral densities can be of the same order
of magnitude as the average spectral density over a
tidal period. In the three North Sea cases analyzed,
observed modulations of mean wave parameters (in
particular, wave height) appear to be wind-dominated
rather than tide-dominated.
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