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The capability of a parametrical surface wave model to predict the sea state on a small array for highly
variable wind fields is shown for three examples. The model treats the wind sea, for which the nonlinear
interaction is most effective, in a parametrical sense. The swell is propagated along characteristics, and the
source function for the swell is assumed to be zero. The model output is compared with wave measure-

ments from the JONSWAP 73 experiment.

1. INTRODUCTION

This paper is the third in a series of related papers. The first
paper (Giinther et al. [1979], henceforth referred to as Paper I)
gives a general description of the hybrid parametric wave
prediction model which is based on the parametrical wind-sea
model described by Hasselmann et al. [1976]. The second
paper [Ewing et al., 1979] considers the validation of the
hybrid model on a large scale and its application to calculate
extreme value wave statistics for the North Sea from a set of 40
storms selected from the last decade. This paper is concerned
with the small scale capabilities of the model in highly non-
stationary cases to test its performance under rather limiting
conditions.

For this study we use environmental data gathered during
JONSWAP 73 in the North Sea west of the Island of Sylt,
using essentially the same station array as described by Hassel-
mann et al. [1973]. Although for such a relatively small region
the input value of the wave spectrum along the boundaries of
the area have generally had a rather strong influence on the
form of the wave field within the region, for strongly variable
wind fields the spectral development within the prediction area
was still sufficiently large to provide a meaningful test of the
model capability.

2. STRUCTURE OF THE MODEL

As described in more detail in paper I, the spectrum is
divided into a swell region, in which nonlinear interactions are
insignificant, and a wind-sea region, in which the energy bal-
ance is strongly controlled by nonlinear transfer.

Wind-Sea Domain

The standard energy transport equation in water of infinite
depth reads

a—F+vVF=T

a1 Q)]
where F = F(r, f, 8) is the two-dimensional energy density
spectrum with respect to frequency f (in Herz) and direction 6
(in radians); r is location; v = v(f, #), group velocity; and T is
the source function. Equation (1) is first transformed into an
equivalent equation in parameter space:

Copyright © 1979 by the American Geophysical Union.

Paper number 9C0286.
0148-0227/79/009C-0286$01.00

da g _
at + D[lk axh S[ (2)

where in our case the parameters chosen are the JONSWAP
parameters:

a, = fn = peak frequency;

a; = a = Phillips constant;

a, = v = peak enhancement factor;

a, = o, = peak width at low frequency side;
as = o, = peak width at high frequency side.

The transformation method as well as the resultant transport
coefficients D, and source functions S, are given in paper I, so
that we may restrict ourselves here to a short review.

In the papers of Hasselmann et al. [1973, 1976] it is shown
that growing one-dimensional wind-sea spectra E(f) can be
described by a class of functions specified by the five parame-
ters listed above:

E(f) = ag’(2n)~*f~* exp [_%(fim)-‘ + In v exp
()] o

6 [<fm
f>m

(see Figure 1). The two-dimensional energy spectrum F(f, 6)
was constructed from (3) by assuming a fixed cosine square
spreading factor defined relative to the local wind direction 8,

where

g

0 = 0p

F,0) = B> cost 0 - 0) 16— 8] <5

_ 4)
H{,0)=0 |(0—0o)|>7

We note that the directional distribution is not treated prog-
nostically, and that the parameter set a,, - -+, a5 accordingly
includes no directional parameters. This approximation can be
justified for wind felds which are not too rapidly varying [cf.
Hasselmann et al., 1976] but is a shortcoming which may be
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Fig. 1. Definition of JONSWAP parameters.

expected to (and indeed will) reveal itself in the present appli-
cation of the model to rapidly changing wind fields. As a next
step, however, it is planned to extend the model (using, among
other analyses, the results of the present investigation) to
include prognostic directional parameters.

The numerical procedure used to solve (2) is a predictor-
corrector scheme originally described by McCormack, but
modified for our more complicated system of equations. In-
troducing the parameter and source function vectors

A = &y, ag, Qy, 4y, as C = sl! sh Ss, Sh SH (5)
and the two coefficient matrices
B, = (Dy;.1) B, = (Dy,)2) (6)

(2) may be written
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[Z

—r )
Let A,~, A, and A,*, A;* denote upwind and downwind
difference operators, respectively, in the coordinate directions
Xx; and xg:

oA 04
P +Bla_xl+Bx-E— C

A A= (Al,h - Al—g‘k)e AryA = (Al.k Al,k—u)l-‘
A1+A = (Al+e.h - A,,,,)e A2+A = (Al.k+u - Al.k)l-‘ (8)

where the indices /, k denote grid points and ¢ and u take the
values +1, depending on the sign of the associated wind com-
ponent,
The value A™*+! is first predicted by
~ At _ _

Al = A" — E{B{‘A, + B;"A;"}A™ + AtC” 9
(predictor). From this value, 4", coefficients #,*+?, B;**'and
the source field C*** are calculated. Finally, the corrected field
A"+ is determined by
1 At

2 Ax

Antl =

%( fn+1 + A'n) —

{B‘ln+1Al+ + §3"+1A2+}14."+1 + %AICIH-l (10)
(corrector). The use of upwind (downwind) differences in the
predictor (corrector) fields ensures that only the boundary
values associated with incoming parameter fields affect the
predictor equation.

The scheme is of second order in space and time, and the
stability criterion of the corresponding homogeneous equa-
tion with a constant coefficient matrix is

e ST

Fig. 2. Hindcast site, grid pattern, and meteorological situation during hindcast period A. Note that the positions of
the two fronts correspond to two different times. Arrows indicate frontal velocities. Circles indicate stations of the

JONSWAP array.
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Fig. 3. Time series of hindcast A for station 7. Solid line represents
hindcast; circles represent measurements.

% 2 Dmax
where Dy, is the largest eigenvalue of the coefficient matrix.
The condition requires that the ratio of grid spacing to time
step Ax/At be larger than the largest group velocity of the
waves encountered in the prediction area.

For downwind boundaries (wind blowing out of the area)
the corrector equation cannot be used, since there exist no
adjacent grid points in the downwind direction. Therefore we
set

(1m

Artr = jn+1 (12)

at those points.
At the upwind boundaries, (9) and (10) are replaced by the
prescribed boundary values 4**! of the incoming waves.

Swell Domain

For swell, the wind induced part of the source function (in
(1)) vanishes, and the nonlinear interaction can be neglected
(by definition). As in our case studies, the waves are treated as
deep water waves; we also neglect dissipation of swell. Thus
the right-hand side of (1) is zero, and the wave energy for
different frequencies and directions propagates unattenuated
along characteristics which, in our case, are straight lines. We
have accordingly adopted a characteristic representation of the
swell domain [cf. Barnett et al., 1969]. The transfer of energy
from the cartesian to the characteristic grid can be managed by
several procedures. In order to extend the model later to
shallow water and therefore to curved characteristics we
adopted the simple method described briefly in the following.
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The space region covered by the Cartesian and also by the
characteristic grid is divided into conveniently shaped space
elements of finite size. Each space element covers at least one
characteristic grid point per direction and one Cartesian grid-
point. The energy exchange between the two grids is carried
out, when required, for each space element separately. The
transfer occurs at each time step. The model includes a transfer
of energy from wind-sea to swell and back. Details of this
transfer are described in paper I.

3. MEASUREMENTS

The wave and wind measurements used for the model were
selected from the data set obtained during the JONSWAP 73
experiment. Surface wave measurements were made with wave
riders and pitch-roll buoys at a sampling rate of 2 Hz. Power
spectra were computed as averages of the individual spectra of
10 successive time series pieces of 128-s duration by the FFT-
technique. Directional parameters were computed from the
pitch-roll data by the technique described by Cartwright [1961]
and Hasselmann et al. [1973]. The peak frequency f, of the
wind sea was estimated by fitting a parabold to the three
highest spectral values of the wind sea part of the spectrum.
The significant wave height H, was taken as 4 times the rms
surface displacement, i.e., as the square root of the integral of
the power spectrum [cf. Kinsman, 1965].

4. MOoODEL PARAMETERS, BOUNDARY, AND
INITIAL VALUES

As prediction area, a 44 X 44 km? square within the JON-
SWAP array [Hasselmann et al., 1973] was chosen, in which
observed spectra were available with high temporal and spatial
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Fig. 4. Time series of hindcast A for station 9. Solid line represents
hindcast; circles represent measurements.
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Fig. 5. Spectra at station 7 of hindcast A. Solid line represents

measurements; dotted line represents hindcast.

density (Figure 2). The grid resolution of the model was 2 km,
the integration time step 5 min. The swell propagation routine
contained 24 direction bins of 15° width and 24 frequency
bands each of bandwidth 2/128 Hz, covering the range 0.078-
0.45 Hz.

Boundary Values for the Wind Sea

Boundary values on the eastern boundary, needed for winds
with a positive westerly component, were calculated using
fetch laws [Hasselmann et al., 1973]. For winds blowing into
the array across the southern and western boundary the re-
quired boundary values for the wind sea were obtained from
the measurements at stations 8S and 10, respectively (Figure
2). For winds blowing to the NW the upwind boundary values
were obtained by interpolating between the measured values at
station 8S and the fetch-derived spectra at the SE corner. For
winds blowing toward SW we used for the northern boundary
an interpolation between the measured values at station 10 and
the fetch law derived boundary values at the NE corner of the
array. For winds blowing toward SE we inserted the measure-
ments at station 10 for the entire northern boundary.

Boundary Values for Swell

Frequently, swell entered the array from the NW or SW
directions. The appropriate boundary values were also ob-
tained from stations 8S and 10. As shown later, swell energy
entering over the northern border and appearing at the eas-
terly stations appears to have been considerably overestimated
by considering it equal to the station 10 values. This is prob-
ably due to the neglect of bottom dissipation processes, which
is not permissible for longer period swell in this area [cf.
Hasselmann et al., 1973].
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Initial Values

The initial values for the wind-sea part were obtained by
spatial interpolation from the station measurements. For the
swell energy we assumed zero energy over the entire interior
region of the array. Hindcast and observation therefore dif-
fered in the swell region of the spectrum during the first hours
of the integration, before the swell had propagated into the
region from the boundaries.

5. THE WIND FIELD

The wind field analysis for the three test cases was kindly
provided by D. Heinricy from the Max-Planck-Institute for
Meteorology in Hamburg, using data from surrounding
weather stations of the German Weather Service and the sur-
face winds- measured continuously at the JONSWAP land
station and at stations 8 and 10 of the JONSWAP array.

6. HiINDcAST A, SEPTEMBER 19, 12:00 HOURS TO SEPTEMBER
20, 12:00 Hours

Wind Situation Over the German Bight

Throughout most of the day on September 19 the German
Bight experienced moderate southeasterly winds (Figure 3).

At night the frontal system depicted in Figure 2 crossed the
JONSWAP array. After the arrival of an occluded front in the
evening, the wind slowed down and shifted toward southerly
directions. In the morning of September 20 a rather strong
front with a pronounced shift in wind direction crossed the
area from SSW to WNW. Behind the front the wind speed
increased sharply to 12-15 m s-%,

To make best use of the detailed surface wind measurements
(10-min averages each hour) available from three stations of
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Fig. 6. Spectra at station 9 of hindcast A. Solid line represents
measurements; dotted line represents hindcast.
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Fig. 7. Time series of hindcast B for station 7. Solid line represents
hindcast; circles represent measurements.

the array, the following procedure was adopted to determine
the wind vector at the model grid points:

Station 8 winds measured from a wind buoy [see Briimmer et
al., 1974] were regarded as the most reliable for modeling wind
variation over the area. Therefore hourly measurements at
station 8 were propagated with the speed of the frontal system
across the area, assuming that the variations are propagated
with large-scale motion. Perpendicular to this base line the
wind field was deduced under the restrictions of vanishing
horizontal divergence and minimal wind vector deviation from
the base line values. The validity of this procedure was verified
by comparing with the other two continuous wind measure-
ments,

Hindcast Results

The hindcast results were compared with measurements at
stations 7 and 9, since these stations lie near the center of the
area and thus have the largest distance to all boundaries.

Figures 3 and 4 show the time series of the wind field at
stations 7 and 9, the measured hindcasted time series of the
wind-sea parameters fn, «, v, and the significant wave height
H, (for the complete spectrum). In the presence of broad band
swell, determination of the wind-sea parameters from the ob-
served spectra was not always possible, since a unique wind-
sea peak frequency could not always be identified in the super-
imposed wind-sea and swell spectra. Thus no observed param-
eters are shown in the figures for these periods. The observed
and hindcast spectra at stations 7 and 9 for various times of the
hindcast are shown in Figures 5 and 6.

Comparing Figures 3 and 4, we see that during the period
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September 19, 12-18 hours, the wind-sea parameters fn, « are
hindcasted better at station 9 than at station 7, although the
general time evolution is also well reproduced by the model at
station 7. This can be attributed to the stronger influence at
station 7 of the initial values and of southern boundary
values, which were obtained by interpolation of the values at
station 8S and the calculated fetch-limited values at the eastern
boundary. The error in the hindcast indicates that the effective
fetch was larger than assumed.

Because of lower windspeeds in the following period, Sep-
tember 19, 18:00 hours to September 20, 06:00 hours, most of
the energy of the wave spectrum lies at frequencies less than
the Pierson Moskowitz frequency, and is thus treated by the
swell part of the model. Here only a comparison of H, is
meaningful; this is good for both stations considered.

The last hindcast period, September 20, 06:00-12:00 hours,
is governed by stronger winds from the NW. The peak fre-
quency is well reproduced by the model, but « and H, are
overpredicted at station 7. This is probably due to shallow-
water effects, which affect station 7 more than station 9. The
wavelength corresponding to the measured peak frequency is
about 70 m, and the water depth at station 7 and in the region
to the NW, from which the waves originate, is about 14 m.
Thus bottom dissipation, not included in the present model,
can probably not be neglected.

Comparison of observed and hindcast spectra is satisfactory
at both stations 7 and 9. Occasional overprediction of the wind
sea is probably due to the crude directional model we have
used. This comes out more clearly in the next test cases and
will be discussed there.
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Fig. 8. Time series of hindcast B for station 9. Solid line represents
hindcast; circles represent measurements.
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Fig. 10. Spectra at station 9 of hindcast B (September 20). Solid line
represents measurements; dotted line represents hindcast.

GUNTHER ET AL.: JONSWAP, 1973 WAVE PREDICTIONS

Sept 21 Sept 21

900

Sept. 2
10%

A

o] 01 02 03 04 O o1 02 03 04

5 15
m-m/Hz Sept 21 1 Sept 21
10F 1100 10} 1130
05} s . oS}t A
0 o o 0 o 1Y )
0 01 02 03 046 O 01 02 03 . 04
Hz H
JONSWAP 73, Station 9
——observed Wave spectra
----- - computed Wave spectra
Fig. 11. Spectra at station 9 of hindcast B (September 21). Solid line

represents measurements; dotted line represents hindcast.

Windspeed and Direction | ‘ l I
i 7// |
/j //14 l ‘\'\KFTW“T_‘;
Vi

Hz _Peok frequency fo,

03 1 -
S —
| [

_Phnlhps ‘constant’ ot

Wave height Hg

OIS" 1h b oh 3h gh gh 12h  i5h
21. Sept. 1973 22.Sept. 1973

JONSWAP 73, Station 7

— computed o observed

Fig. 12. Time series of hindcast C for station 7. Solid line represents
hindcast; circles represent measurements.



GUNTHER ET AL. JONSWAP, 1973 WAVE PREDICTIONS

Windspeed and Directr '
n 5p|ee an : irec :Oﬂ ‘ - ‘ L\\\
by
|

‘ NT | 0 0 m/s

Hz %i | Peak fr'equency' fm
03

02

01
0025
0020
0015
0010
0005

T ! |

WO =NWwWH~un

Och 8" 2" o 3h gh ob 12" sh
21.Sept. 1973 22.Sept. 1973

JONSWAP 73, Station 9

—— computed o observed
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7. HiINDcAST B, SEPTEMBER 20, 12:00 HOURS TO
SEPTEMBER 21, 12:00 HouRrs

Wind Situation Over the German Bight

Gradually decreasing WNW winds prevailed during the af-
ternoon of September 20. In the evening a large-scale wind
gradient region crossed the area, so that the wind field could be
modeled as homogeneous over the hindcast area, the time
evolution at station 8 simply being extended to the whole area
(see the upper panels of Figures 7 and 8).

Hindcast Results

During most of the period, non dispersed swell governs the
wave spectrum, so that the measured wave spectra do not
provide clearly defined wind-sea parameters with which to
compare the model. However, wave height is well modeled,
although always slightly overestimated.

Comparing the spectra (Figures 9-11), the energies at low
frequencies again show better agreement at station 9 than at
station 7. As before, we attribute this to energy dissipation due
to bottom effects in shallow water. A conspicuous feature is
the overprediction of high-frequency energies (for instance
from 03:00 to 10:30 hours of September 21 at station 9). This
can be attributed to the assumption of the model that the mean
wave direction of the wind sea coincides always with the
instantaneous wind direction. This approximation is based on
the concept of a very rapid redistribution of wave energy by
nonlinear wave-wave interaction, and must break down-for
rapidly turning winds [cf. Hasselmann, 1978]. In the present
case, the wave direction changes by 130° at 0.4-Hz frequency
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during the period in question, as shown by the pitch-roll
measurements at station 10, and lags the change in wind
direction significantly. Methods of improving the model in
regard to this shortcoming will be discussed briefly in section
10.

8. HinpcasT C, SEPTEMBER 21, 15:00 Hours TO
SEPTEMBER 22, 15:00 HOURS

Wind Situation

East to northeasterly winds increased to about 15 m s~! by
the evening of September 21. After passage of a warm front,
the wind shifted to SE and decreased. In the morning of
September 22 a slowly progressing cold front crossed the array
from SW. It caused an abrupt wind shift to a westerly direction
and a sharp increase in the wind speed to about 15 m s~

During the actual frontal passages, a very complicated wind
pattern occurred across the area. We feel unable to reconstruct
it in detail from the three wind time series of the array, and
have assumed simply, as in Hindcast B, that the wind mea-
sured at station 8 is representative of the entire area. The upper
panels of Figures 12 and 13 show the time series of the wind as
assumed over the entire hindcast area.

Hindcast results

Figures 12 and 13 show good agreement for hindcast and
measured wind sea and swell parameters as well as for wave
height. The hindcast spectra (Figures 14 and 15) at stations 7
and 9 at 15:00 hours do not show the swell because it was not
included in the initial field. The same holds for the spectrum at
15:30 hours at station 7. The time of sharp wind shift between
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Fig. 14. Spectra at station 7 of hindcast C. Solid line represents
measurements; Dotted line represents hindcast.
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Fig. 15. Spectra at station 9 for the first half of hindcast C period.
Solid line represents measurements; dotted line represents hindcast.

17:00 and 19:00 hours shows differences between hindcast and
measured spectra. However, as already mentioned, we could
not resolve the passage of the warm front with sufficient accu-
racy to define a reliable wind field during that time.

Subsequent spectra show an overestimation of the wave
energy by the model, especially at station 7. Again, this is
presumably caused by the oversimplified directional response
discussed earlier. A contributing cause to the overestimation at
station 7 could also be bottom friction, since the long waves
coming from the south cross shallow water in the southern
part of the hindcast area; this effect persists until the wind and
wind sea become more westerly in the latter part of the hind-
cast period.

This is supported by the spectra for the deeper station 9,
which show good agreement between model and measurement
after September 22, 03:30 hours (Figure 16).

9. INFLUENCE OF THE BOUNDARY VALUES

As described in section 4, measured spectra enter the model
as boundary value input along the upwind boundary of the
region. Although this is necessary for a small array with open
boundaries, it raises the question whether there is any signifi-
cant influence of the source function on the results or whether
the model merely propagates wave energy into the interior
from the boundary with the group velocity of the appropriate
wave components. In considering this question it is important
to note the hybrid structure of the model. While the swell part
operates in a simply propagating mode, the wind-sea part, by
definition, cannot exist without a source term. To show the
difference between pure energy propagation from the bounda-
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Fig. 16. Spectra at station 9 for thé’second half of hindcast C
period. Solid line represents measurements; dotted line represents
hindcast.

ries and the complete prediction including generation within
the region, the model was run with a vanishing wind field (to
include a wind-sea component, the wind was actually not set
identical to zero, but was restricted to stay below 3 m s—'). As
to be expected, for the swell frequencies there is no difference
between the zero and nonzero wind calculations, and one finds
only minor changes of the significant wave height in swell-
dominated situations. Figure 17 shows the significant wave
height calculations for the zero-wind case together with the full
predictor calculations reproduced from the last panel of Fig-
ure 4. There is no difference between the two cases for the low
wind speed period, September 20, 02:00-07:00 hours. At other
periods, significant differences between both curves can be
observed.

Even when most of the wave energy is concentrated in swell
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m | Wave height Hg
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1-—‘%.:":'\_ ol -
c T T I h T T T T h T T
120 18 2t 6 12h
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Fig. 17. Time series of significant wave height of hindcast A for
station 9 for nonvanishing (solid line) and vanishing (dashed line)
wind. The circles are measured values.
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Fig. 18. Two spectra of hindcast B from station 9 for non-
vanishing (dotted line) and vanishing (dashed line) wind. The solid
line shows the measurement.

frequencies, so that the significant wave height for both cases
does not differ significantly, the effect of the source function
can generally be clearly seen in the wind-sea part of the spec-
trum. This is illustrated in Figure 18 by two successive spectra
at station 9, taken from hindcast B.

As a third example, Figure 19 shows a comparison of the
two hindcasts for the case of an onshore wind component
producing considerable spectral development inside the test
area. Here the propagation calculation without a source func-
tion differs appreciably from the complete prediction (repro-
duced from Figure 15).

10. CoNCLUSIONS

Figures 20 and 21 show the linear regression line between
observed and modeled peak frequency and significant wave
height, respectively, for all periods of the three events for
which measured values were available. The regression line is
not restrained to go through the origin to show a possible
systematic error for small values of wave height or peak fre-
quency. As standard deviation from the 45° line through the
origin, we obtain for the peak frequency Af,, = 0.02 Hz and
for the significant wave height AH, = 0.30 m.

As long as there does not exist a set of synoptic surface wave
situations which is generally accepted for testing wave models,
such an error statistic can of course only serve to show in a
condensed manner the hindcast capability of a special wave
model for the special data set of windfield and boundary
conditions; it cannot be used to intercompare different wave
models. In the present case, our data set is characterized by a
relatively small prediction area and rather accurate knowledge
of the wind field. Both factors tend to reduce the hindcast
errors. On the other hand, the wind fields are chosen to be
extremely nonstationary and in one case strongly in-
homogeneous, thereby testing the model under rather extreme
conditions.

From the inspection of our hindcasts we conclude that the

m-mle. 4 Sept. 21
. it 4
2.0 i 1900
1.54
1.0
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0.0 T
0.0 01 02 03,6 04
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Fig. 19. A spectrum of hindcast C from station 9 for non-
vanishing (dotted line) and vanishing (dashed line) wind. The solid
line shows the measurement.
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Fig. 20. Regression line between observed and hindcasted peak fre-
quencies.

model is in the present form acceptable as a first-order deep-
water surface wave prediction model. However, three impor-
tant improvements should be made in the present version of
the model: (1) inclusion of shallow water effects such as refrac-
tion and bottom dissipation, (2) incorporation of a directional
relaxation time for turning winds, and (3) a physically more
realistic algorithm for the transformation between wind sea
and swell.

Item 1 can be improved in a straightforward manner, since
the principles of refraction are known and investigations on
dissipation have been made (for a review see Shemdin et al.
[1977]). Item 2 can also be readily treated by the parametrical
projection method, as outlined in paper I. This requires the
inclusion of additional directional parameters 6, in the basic
parameter set, the time evolution of these parameters then

Correlation of significant waveheight Hg

standard deviation: 022 m]

correlation coefficient: 0.88 . . &6‘
L)

Observed Hg (m)

] 05 10 13 20 25 )
Model Hg (m)
Fig. 21. Regression line between observed and hindcasted signifi-
cant wave heights.
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being obtained by projecting the complete energy transport
equation onto these parameters with appropriate projection
functionals. The derivation of the corresponding source func-
tion in parameter space can be made by analysis of the direc-
tional measurements obtained during JONSWAP, or also by
numerical evaluation of the nonlinear directional relaxation
processes. Work on both aspects is in progress. Item 3 will
require more detailed numerical integrations and subsequent
parametrization of the nonlinear energy transfer between wind
sea and swell in the critical transition region between the two
regions of the spectrum.
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