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ABSTRACT

The behavior of a wind-sea is investigated for wave directions differing from the local wind direction.
To describe the phenomenon we added the mean wave direction as an additional prognostic quantity
to the JONSWAP parameters used in mathematical models of the wind-sea in previous publications
(Hasselmann et al., 1976; Ginther er al., 1979a,b).

A boundary is given for the frequency domain in which the spectral energy responds to a veering

wind field.

1. Introduction

The description of surface gravity wave genera-
tion has developed rapidly during the last two
decades. This includes the physical processes of
momentum transfer from the atmosphere to the
waves and the attenuation of wave motion (Gar-
ret and Smith, 1976; Snyder et al., 1980; Hassel-
mann, 1974; Phillips, 1977; Miles, 1957, 1959) as well
as the knowledge about the dynamics of energy
flux in phase space of surface waves (Hasselmann
et al., 1973). The basic behavior of the energy
distribution in a growing wind-sea for homogeneous
stationary wind fields will be reviewed in Section 2.
The basic equations for that case were first de-
scribed by Mitsuyasu (1968)!. The constraint of a
stationary and homogeneous wind strength is easily
removed and numerical models yield reasonably
good results as long as wind direction behaves
quasi-stationary. That means as long as the wind
direction can be considered constant for time differ-
ences within which the mean direction of the wave
spectrum could turn into the wind direction.

A few comparisons of different wave models with
sea truth for rapidly changing wind directions,
especially in hurricanes, do exist (Cardone et al.,
1977). The power spectra compare reasonably well.
Sea truth of the spatial distributions of mean wave
directions in hurricanes was obtained only recently
(King and Shemdin, 1978) and therefore has not
yet been compared to the models.

! Mitsuyasu, H., 1968: On the growth of the spectrum of
wind-generated waves. 1. Res. Inst. Appl. Mech., Kyushu Univ.,
Rep. No. 55, 459-482.
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The so-called NORSWAM model (Giinther et al.,
1979a) provides good results in comparisons be-
tween modeled and observed one-dimensional en-
ergy spectra for wind direction changes occurring
on time and space scales of midlatitude cyclones.
However, Giinther et al. (1979b) discovered sys-
tematic deviations between sea truth and model
results for small-scale veering wind fields sampled
during the JONSWAP 73 experiment. The devia-
tions seemed to be caused by the crude direc-
tional assumptions included in the hybrid model.
This motivated us to conduct a more systematic
investigation of the response of wind waves to
temporal changes of wind direction. We will devote
this paper to the mathematical description of the
effect and the experimental data supporting it; and
in a later publication we will display the performance
of the hybrid model, which includes directional
parametrization of the wind-sea applied to complex
field situations.

The field data from JONSWAP 73 shown here
already have been discussed in D. E. Hasselmann
et al. (1980). These authors describe the directional
relaxation of individual frequency bands by means of
a relaxation time. The behavior of the direction
for individual frequency bands is not suitable for
our ultimate purpose of simulating the surface wave
field by a model, nor is it suitable for rather
mixed swell wind-sea situations in which a clear
spectral separation of both of these parts has not
already taken place. We feel that the valid descrip-
tion of the spectral directional fine structure under
the combined action of nonlinear wave-wave inter-
action and wind changes on a rather small scale in
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space and time is beyond our present abilities.
We discuss possible steps to improvement at the end
of Section 3. Therefore, our considerations, pre-
sented below, result in a definition of a relaxa-
tion time averaged over all frequencies, which
react to a differing wind direction. In addition,
we propose a border for the frequency region, for
which the averaged wave direction turns into wind
direction.

Nonlinear interaction in wind-driven surface
waves has been shown to be the main shape-
stabilizing mechanism for the energy spectrum
(Hasselmann et al., 1973; 1976) and has been suc-
cessfully included in most recent wind-sea models
(Toba, 1978; Resio and Vincent, 1979; Giinther
et al., 1979a,b).

As a result, momentum transferred from the
atmosphere to the surface waves is distributed over
all frequencies by the nonlinear interaction mecha-
nism. This mechanism, therefore, should also be
taken into account for momentum input direction,
which deviates from the mean wave direction.

We therefore use the mathematical formalism of
Hasselmann et al. (1976) to include differing direc-
tions of the wind and the averaged wave field in a
parametric wind-sea model. In models of this kind,
the wind-sea is treated as a statistical ensemble of
interacting wave modes which is best described by
ensemble properties (using appropriate parameters)
rather than properties of the single wave modes.

In Section 2 we review the known development
of a wind sea for homogeneous stationary wind fields
and present the basic ideas of our mathematical
model of surface waves.

In Sections 3 and 4 we describe the derivation
of the prognostic equation for the directional param-
eter, and in Section 6 the relaxation time in that
equation is deduced from measurements. In Section
5 the modification of the low-frequency limit of the
wind-sea is discussed.

2. The behavior of a developing wind-sea and the
definition of swell

As an example of the behavior of a developing
wind-sea, we review the stationary ideal fetch
limited deep water case for an offshore wind blow-
ing perpendicular to a long straight coastline. In
this case the different wave modes, characterized
by their frequency f and propagation direction J, are
described as a statistical ensemble of interacting
‘“‘particles’’. The mean shape of the spectrum is
shown in Fig. 1. The following ensemble parameters
are chosen for describing the wind sea:

e The peak frequency f,,.

e The Phillips parameter « that describes
the f° decrease of the high-frequency
tail of the spectrum
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Fi1G. 1. The definition of the JONSWAP parameters
for a wind-sea spectrum.

e The peak enhancement factor v = E car/
Epu(fn) between the peak energy Epeax
and the peak Epy(f,,) of the Pierson-
Moskowitz-type spectrum Epy(f) with
the same f,, and «:

)]

(1)

Evn(f) = gof? exp[;(}{

(2m)*

o The left-hand peak width o = o, for
< fu

e The right-hand peak width o = o, for
f> o

The one-dimensional model spectrum is written
E(f) = Epu(f) exp{Iny-expl—(f — fu)*20%"1}. (3)

Fig. 1 gives the meaning of the five parameters. For a
more detailed description of the numerical connec-
tion between a specific spectrum and its connected
parameters we refer to Miller (1976).

The directional distribution of the full two-
dimensional spectrum can be written with a direc-
tional distribution function R:(5)

F(f, 8) = E(f)R«3),

)

4)
so that

E(f) = J dSF(f, 5). )

The exact shape of the directional distribution apart
from the mean direction does not seem to be critical
for our purposes. We use

RA6) = R0, 6,)
_ (277 cos¥ (0 — 6,), for |0 6] <m/2
0, for |0 — 8| =w/2.

Here 6, is the mean direction of the wind-sea. For

(6)
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stationary, homogeneous cases, 6, is the direction of 3. The inclusion of direction into the wind-sea

the wind vector.
With increasing fetch the peak frequency ap-
proaches the Pierson-Moskowitz frequency

fou = 0.13 X 5 ,

10

)

where g is the gravitational acceleration (9.81 m s~2)
and U,, the local wind strength at a height of 10 m
above the sea surface. The Phillips parameter «
decreases to the limiting value 0.0081 and the peak
enhancement factor y drops from its mean value 3.3
toward 1.

The establishment of the self-similar shape shown
in Fig. 1 of the wind-sea spectrum has been suc-
cessfully simulated by numerical calculation of the
Boltzmann integrals for the interacting wave modes
(see figs. 2.16-2.21 in Hasselmann et al., 1973).
Also, the migration of the spectral peak toward
lower frequencies has been demonstrated by com-
puter experiments (Hasselmann et al., 1973) to be
due to nonlinear interaction. However, at present
there is only a qualitative understanding of the
existence of the lower limit for that migration,
e.g., the Pierson-Moskowitz frequency. Although
this may be overcome in future through the
application of more powerful integration software,
in this publication we will treat the concept of the
limiting Pierson-Moskowitz frequency as an experi-
mentally proven fact. Experimental material for the
transition to the fully developed state with f,,
= fpm 15 given by Ewing (1980). The necessary
extension of this concept to the case of veering
winds is one subject treated in Section 5 and will
allow us to demonstrate that low frequency surface
waves do not respond to turning winds.

The energy and momentum of those surface wave
modes, which are in a frequency domain greater
than thé local Pierson-Moskowitz frequency, will
be referred to as ‘‘wind-sea’’ in this paper as long
as the connected mean wave direction is parallel to
the local wind vector. Energy propagating in wind
direction in frequency bands less than fpy is denoted
as “‘swell”.

This frequency border fpy is of course not a sharp
one in nature. For instance, the limiting case of a
wind-sea spectrum is the Pierson-Moskowitz-type
(2) which has the energy density peak at fre-
quency f, = fen and there also is energy in fre-
quency bands slightly less than fpy, diminishing
rapidly with decreasing frequency.

Surface waves belonging to the swell domain are
not influenced by the local wind. The swell energy
of a special propagation angle and frequency band
is advected by its associated group velocity.

parametrization

The concept of wind-sea parametrization and the
translation of the spectral energy balance equation

Fir, f, 9
8t

[where r is the location, & the propagation direction
(rad), f frequency (Hz), v the group velocity, F
the two-dimensional energy density spectrum and T
the appropriate source function] into prognostic
equations for the parameters has been treated in
previous publications (Hasselmann et al., 1976;
Ginther et al., 1979a). Tests have been carried
out successfully, which indicate that our concept of

+v(f, 8)-VF(r, f, 8) = I(r, 1, 8), (8)

parametric wind-sea description together with a

swell propagation treatment originally introduced by
Barnett et al. (1969)* is able to simulate surface
waves for many wind situations. We think it is
advantageous to give a summary of the simulation
of the surface wave field in our hybrid model
because the scheme is set up to reveal the natural
processes closely. According to the classification of
the surface wave field in wind-sea and swell, we use
a hybrid model in which the wind-sea is described
by the ensemble parameters, which obey the asso-
ciated prognostic equations. The wave energy not
included in this parametric description is treated
in a discrete spectral-type part of our hybrid model
by using characteristics similar to Barnett et al.
(1969).

Special care must be taken if energy must be
exchanged between the two parts of the hybrid
model, which is necessary: )

1) If the wind drops to a point where the asso-

ciated Pierson-Moskowitz frequency lies above the
local peak frequency f,,. (Wind-sea energy trans-
ferred to characteristics.)
- 2) If the peak frequency f,, has become less than
frequency bins of the characteristic part of the
model with non-vanishing energy. (Energy picked
up by the wind sea.)

This exchange is described in detail in Giinther
et al. (1979a). In the first case, the procedure is to
describe the new spectrum by a fully developed sea
with f, = fem characterized by the new wind
velocity, and shift the difference energy between
old and new wind-sea at each frequency band to the
characteristics. Energy in characteristic frequency

2 Barnett, T. P., C. H. Holland, Jr., and P. Yager, 1969: A
general technique for wind-wave prediction, with application to
the South China Sea. Contract N 62 306-68-C-0285, U.S. Naval
Oceanogr. Office, Washington, DC.



May 1981

bins higher than the local f,, is then reabsorbed
in the wind-sea by increasing the « parameter.

In the second case, the energy is purged on the
characteristics with frequency > f,,, and the wind-
sea energy is increased by the same amount. The
physical interpretation, in the first case, is that
after a wind drop the energy present in the wind-
sea domain will relax to the Pierson-Moskowitz
spectrum connected with the new wind velocity,
while the energy in the swell region will leave the
area by means of simple advection without sources
or sinks.

The interpretation in the second case is that the
energy is redistributed in the wind-sea domain by a
nonlinear interaction to achieve the self-stabilized
shape.

The parameters chosen in Section 2 for the one-
dimensional wind-sea energy spectrum show very
different temporal behavior. Calculations of non-
linear spectral shape restoring processes show that
vy, o, and o, relax to equilibrium values on a
much faster time scale than f,, and «. The relaxa-
tion time of the wind-sea to the prevailing wind
direction is of the same order of magnitude as that
for v, o,, and o, as can be seen from the field meas-
urements discussed in Section 6. In previous
applications of the hybrid wave model this rather
rapid relaxation justified our approximation of the
turning of the wind-sea into wind direction by an
instantaneous process, keeping the mean wave
direction always aligned with the wind direction.
This approximation gives reasonable results for
moderately rapid wind direction changes. Errors
are observed, for instance, during frontal passages
with essentially instantaneous changes in wind
direction.

To get an impression of what happens after a
change of the wind direction, we look at Fig. 7a
which is one of our field data sets which we will
discuss in more detail in section 6. We notice that
the one-dimensional energy spectrum does not
change remarkably. However, looking at the mean
direction 8,(f) of the different wave frequencies
(Fig. 7b) it can be seen that the short waves adapt
to the new wind direction rapidly while the low fre-
quencies appear to take up the new momentum di-
rection from the higher frequencies with some delay.
Due to the transfer of energy and momentum from
high to low frequencies by nonlinear interaction, it
seems obvious that after a change in wind direction
momentum in the new direction is given to the high-
frequency tail of the spectrum first and then this
momentum direction propagates by nonlinear inter-
actions to lower frequencies until the whole spec-
trum has a mean direction parallel to the new wind
direction.
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As a first parameter to describe this directional
behavior, we choose the mean direction averaged
over the wind-sea spectrum. The wave momentum
m(f, 8) for a frequency-direction band (f, 8) is de-
scribed by the energy F(f, §) and the phase
velocity ¢(f)

m(f, 8) = fi@—)‘” n(s),

where n(8) is a unit vector pointing into the wave
direction 8, and & is counted clockwise from north.
The components in the x (east) and y (north) direc-
tions are

&)

m,(f, 8) = |m(f, 8)| sind
m(f, 8) = |m(f, &) cosd|

We define the total momentum along the coordi-
nate axis by

(10

M, = J dfdsm (£, 8)
(1)

M, = j dfdsmy(f, )

The mean direction 6, of the spectrum is defined
as the direction of the vector

M = (M., M,), 12
which is given by
Sin00=Mx/lMl, 00500=MU/‘M‘} (13)
6, = arctanM,/M,,. '

Since 6, is a quantity derived by integrating over
frequency, it can provide us with information on
the directional distribution over frequencies only in
special situations. For simple cases we can qualita-
tively deduce the mean direction §4(f) in frequency
space, since we know that the high frequencies
adapt to the new wind direction very rapidly and
the main spectral energy, which determines the
6, value, is centered around the peak frequency
fm. In more complicated cases, for instance inter-
mittent clockwise and anticlockwise wind shifts (as
shown in Fig. 2), §,(f) cannot be reproduced from
a knowledge of §,. To describe these cases we have
to introduce further directional parameters. We de-
cided, however, that the experimental evidence is
not sufficient to determine the relaxation of the
directional parameters in addition to 6,. That means
we have chosen the spectral functions defined by
(3), (4) and (6) for an approximate description of
the wind-sea spectra with 6, defined by (13).
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F1G. 2. Wind history on 13 September 1973 derived from hourly measurements at a
tower near the meteorologic buoy.

4. The parametrical equations including the mean
direction 0,

Since we are now including direction in the de-
scription of the wind-sea, the master equation is
written for each wave component in wavenumber
space in terms of the momentum m(f, 8§) instead
of energy F(f, 8) as done in (8). The ratio of F(f, 8)
and |m(f, 8)‘ is the phase velocity c(f) [Eq. (9)].
The transport equation for each wave component is

Gmtf 8) _
o + v (f 3)-Vim(f,8) =7 a9

T=mn(f, 8 + Tnl(f, 3 + Tdis(fa d)

7 is the source function for the spectral momentum
density, and as usual divided into atmospheric input
T, dissipation 74, and nonlinear contribution 7.

We construct our functionals operating on m( f, §)
such that we reveal the parameters of the one-dimen-
sional spectrum. Since

E(f) = c() Idmmf(f, 3 + m2(f, O, (15

we can use the functionals ®,[E(f)],i = 1, ., 5,
defined in Giinther et al. (1979a), 'to arrive at the
JONSWAP parameters defining the shape of the

one-dimensional spectrum:
N

a; = m) = d>,~{c(f) J do[m (£, 0)

+ma opel L e
fm‘:al’ a=a2a 7=¢13,
Oqa = A4, Op = dj J

The parameter 6, = ag is already given by (13).
When mapping Eq. (14) into the parameter space
we arrive at

da; ) )
'_a— + Dy _8_‘1_3 + Dijy 8‘1) =38,
ot ox dy
=1, , 6
. 8 17
D, = &/ ( _E) uyzq)i,(vyﬁ) @
da;
= Q1) Uy = lvl sind
v, = |v| cosd
Here ®,/,i =1, ..., 6, are the functional deriva-

tives of the @; in (16) and (13), respectively. &g’
is shown in the Appendix. Details of ®;,i = 1,

5, are given in Hasselmann et al. (1973) and Gunther
et al. (1979a). The calculation of the D;;., D;;, and
S;also is given in the Appendix ifi = 6 and/orj = 6.

S. The definition of the swell region after a change
in wind direction

As has been described in section 2 the Pierson-
Moskowitz frequency (7) is the heuristic lower limit
for the peak frequency f,, of a wind-sea spectrum
aligned with the local wind direction. The total
source function S;,i = 1, . . ., 5, therefore vanishes
at this stage (if the other parameters are also at
their equilibrium vajue). We can compare this with
the behavior of the source function from the spectral
description section 3, which we approximate by the
source function proposed by Snyder and Cox (1966):
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=0 if [k(f, ) Ur)-2af1<0.

Snyder and Cox estimated the height in which
U(r) is measured to be equal to the wavelength
A = 27/ |k|. This is a parameter which depends on
local atmospheric conditions and air-sea tempera-
ture difference and is not easily accessible. We may
therefore estimate U(r) to be introduced in (18)
from the consideration that, if U in (18) is replaced
by 1.22 U,,, this equation becomes consistent with
(7), giving the lower limit of non-vanishing source
function. That means the solution of

Ty(r, f, 6,) = 0, (19)

where 6, is the direction of wind vector and U

= 1.22-U,,, is given by (7). For this reason, in-

stead of giving the height, where U(r) is to be meas-
ured we use 1.22-U,, as an estimate for U(r).

From (19) we conclude that the frequency border

f» between swell and wind-sea domain should be
defined angle dependent by

Ty(r, fo, 8 =0, U = 1.22U,,,
or explicitly
fb sz(Um, ew’ 8)

(20)

g

013 —— 2>
Uy cos(d — 6,)

for |8-6,|< n/2

Il

w0, . elsewhere.

That means, only energy in frequency and direction
bands larger than f,(U o, 6,, 8) constitutes the wind-
sea. In case of a wind and wave direction differ-
ence of +7/2 or more, for instance, the whole
frequency range belongs to the swell region. This
concept of vanishing source function for waves and
wind direction, differing by nearly or more than
90°, has been used already by Donelan (1977)® and
Kawai et al. (1979). We will find further confirma-
tion for the concept, that only the frequency domain
above f, has non-vanishing momentum input into the
surface wave field, in the field cases inspected in
the next section. As in the beginning of Section 3,
a description will be given of the implications of the
new swell/wind-sea border for the wave energy ex-
change between the two parts of our hybrid model.

In the beginning of Section 3 we described the
procedures of energy exchange between the wind-
sea part and the swell part of our hybrid model.
The frequency border between both parts was the
Pierson-Moskowitz frequency from (7). This con-
cept was sufficient for parallel wind direction 6,
and windsea direction 6,. We extend it now for

3 Donelan, M. A., 1977: A simple numerical model for wave
and wind stress prediction. Canada Center for Inland waters
(unpublished report).
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6, # 0,, and use f,[U,,, 0,(new), 6,] instead of £,
in the model description of energy transfer from
wind-sea to swell given in Section 3.

In case swell energy advances in areas where its
frequency and direction belong to the wind-sea re-
gion, this energy will be distributed by nonlinear
wave-wave scattering processes to become a
JONSWAP-type self-similar spectrum. In our hy-
brid model, we will approximate this effect by
purging the swell energy at frequencies higher than
the local wind-sea peak and by an instantaneous
change of the wind-sea parameter set so that the
sum of energy and momentum of the swell beam
and the old wind-sea is reproduced in the energy
and momentum of the new wind-sea. For con-
venience, we define the nondimensional peak
frequency

- 00),

@n
8

where 0,, is the wind direction and 6, is as defined
in (13); " for 6, = 6,, of course, becomes the
well known non-dimensional peak frequency v
= U/, fm/g usually used in the literature.

6. Determination of the source function for @, from
field data

The experimentally determined statistical depend-
ence of a and v already has been used to find the
source function for the energy spectral parameters
(Hasselmann et al., 1976; Gilinther ef al., 1979a). In
the same manner we use experimental data to find
the missing constant in the source function for
0y, defined in the Appendix. The prognostic equa-
tion for 6, = ag is from (12).

Sai fm2

ois— =3¢ = —xU. _g—’ (22)

where U, is the wind vector component perpendicu-
lar to wave direction 6,. For spatially homogeneous
cases this equation simplifies to

8a6 - fmz _ fm2

o XU X
To use (23) for determining x from field data we
must look for cases which can be considered to have
spatially homogeneous a,, . . . , ag, which means
that the one-dimensional energy spectrum should
not change in space. We need pairs of such measure-
ments, sufficiently close in time to replace the time
derivation in (23) by the ratio of the differences
Aag/At. During the JONSWAP 73 experiment four
events occurred which could be used for our pur-
pose. However, all of them are characterized by
low wind speed and a spectral peak much less than
the Pierson-Moskowitz frequency. The one-dimen-
sional spectrum does not show a partition in swell

U sin(9,, — 8,).(23)
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TABLE 1. Summary of parameters from our four cases. All angles are in degrees. 6y(t,), Goktz) are mean wave directions counted
clockwise from north. 6 is the ‘“‘effective angle’’ between wind and wave direction derived from (27).

Lowest
frequency
fm
Direction  influenced
Wind of wind by turning
Station speed vector wind 6 t Bo(t1) ty 0,(t2) X
Case no. Date (ms™) (deg) (Hertz) (deg) (LT) (LT) (deg)
a 8 13/9/1973 4.5 60 . 0.33 31 1800 32 1910 54 0.20
b 8 13/9/1973 4.5 changing 0.32 32 1910 54 2000 62 0.12
60-150 '

c 8 13/9/1973 4.5 140 0.43 49 2100 57 2200 85 0.12
d 10 21/9/1973 7.0 270 0.36 -59 0815 ~51 1019 ~86 0.06

and wind sea. To get an estimate of x, in spite of
this, we have to use some assumptions:

e The spectral energy responding to the change
of wind direction can be approximated by a
JONSWAP-type spectrum with the peak frequency
given by
fm :fb[Ulo’ O

_ 013 x ¢ [
Uy cos(fy — 6,)

or the equivalent equation

(new), 6]

8 — 6] <127- 24)

kD

e The lowest frequency in the experimental data

that responds to the change in wind direction is a
good approximation for f,,.

’ v =0.13 with |6,

The wind situation as measured at the central station
in hourly intervals for the 13 September 1973 is
shown in Fig. 2. The variations of wind speed
during the wave measurements can be neglected, but
the variation of wind direction, which is also in-
fluenced by sampling variability and errors of the
wind measurements, gives only a rough estimate of
the angle 6,, — 6§, necessary for Eq. (23) to deter-
mine x. We decided, therefore, to use (24) to cal-
culate an effective angle 6 = (6,, — 6,). and show
that the wind direction calculated from 6 to be

w = 0 + 6, 25)

lies within the measured wind angle range. The
parameter f,, in (24) is determined from the field data
according to our second assumption. That gives

(26)

The lowest frequency, which turns into the new wind
direction, can be determined quite accurately, as can

be seen in Figs. 3, 4, 5 and 7. This frequency
is regarded as the peak frequency f,, of our model
wind-sea. Now (26) determines the effective angle
#, which is then used to derive x from the differ-
ence approximation of (23), i.e.,

|Aas| _ |a6(t2) — aty)]
At -1,
_ S [ (0.13 x.g)z]”z
=Xx—U =11, @
X g Ufn

where 1, t, are the times of two adjacent deter-
minations of ag. The data we use are gathered with
the meteorological buoy (MB) of the Institute for
Meteorology, University of Hamburg and with a
Pitch-and-Roll buoy (PR) of IOS Wormley. As al-
ready mentioned, they are described in detail by
D. E. Hasselmann et al. (1980). Ten minute wind
averages from MB and the nearby central statlon 8
are available at hourly intervals.

We discuss the individual cases in the following
paragraphs A summary of the relevant data is given
in Table 1. From our four cases we get an average
value of

x = 0.12° = 0.21 x 1072 rad. (28)

The largest uncertainty comes from the determina-
tion of the angular difference between wind and
waves, which is represented by the square root in
(27). The value of f,, in that root can be deter-
mined by an accuracy of about +0.02 Hz which
results in an error of +30% for the x value of (28).
For small angles 6 = 6, — 6,, Eq. (23) can be
written as relaxation type equation

89 6
2o 2 29
ot T 29)
with
2 -1
7= (xfl"— U) . (30)
4
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The solution
6= 6(t = 0)e " €29}

means that the wind-sea requires a time 7 to be-
come approximately aligned with the wind, if it dif-
fers in direction by an angle 6 (¢+ = 0) at the
beginning. To give a numerical example we find
from (29) 7=6.48h for U =20ms™! and f,
= 0.1s"%.

The result (28) or (30) can be compared with theb

parameters derived by Hasselmann et al. (1980).
These authors investigated the directional relaxa-
tion of the mean propagation direction vo(f)
for individual frequency bands by fitting the equation

Ovo(f)
or

to a data set partially overlapping with the one used
in this paper. They found

b =3 x 1075 (33)

The relaxation described by (32) for single fre-
quencies is not equivalent to our description of
temporal directional behavior averaged over the
frequencies. But in cases where both descriptions
are applicable the relaxation to the wind direction
should be of comparable magnitude. Using our Eq.
(23) we may compare 27 fb forf = f, with x(f,.¥g)U.
If we choose the Pierson-Moskowitz limit 0.13 for
Uf.lg, we get

= 2m fb sin[8,, — vo(f N (32)
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F1G. 3. (a) Power spectra for case a. The high-frequency region
is shown 10 times enlarged. (b) The average wave direction
spectra for case a. fpy is the Pierson-Moskowitz frequency
defined in (7).
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FiG. 4. (a) Power spectra for case b. The high-frequency
region is shown 10 times enlarged. (b) The average wave direc-
tion spectra for case b. fpy is defined in (7).

Xfm X 0.13 = 0.27 x 1073,
and, with (33),
2afub = 0.19 X 1073,

Thus both results are of the same order of magnitude.

(34

a. 13 September 1973 1800-1910 LT (MB) at sta-
tion 8

The spectra of energy and mean direction are
given in figs. 3a and 3b. The power spectra in Fig.
3a do not differ, allowing for the clearly visible
scatter of the spectral energy density. The mean
direction changes for frequencies higher than 0.33
Hz. The effective directional difference between
wind and waves derived from (26) is 9 = 31°. This
may be compared with the directional difference of
20° between wind and waves at 1800.

b. 13 September 1973 1910-2000 LT (MB) at sta-
tion 8

The spectra are depicted in Figs. 4a and 4b. This
case looks more complicated than case a because the
energy bands influenced by the turning wind show
no clear indication that at high frequencies energy
is more aligned with the wind. Apparently, we see
in the directional spectrum the wind history during
the past 50 min, which is not resolved in our
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Fic. 5. (a) Power spectra for case c. The high-frequency
region is shown 10 times enlarged. (b) The average wave direc-
tion spectra for case c. fpy is defined in (7).
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hourly wind sampling. This case shows, by the way,
the difficulty to define directional parameters addi-
tional to 6, for resolving frequential distribution of
the wind-sea.

From Fig. 4b we find the lowest frequency in-
fluenced by the new wind direction to be f,, = 0.32,
From (26) this gives an effective angle 6 = 32°.
The wind direction between 1900-2000 LT changes
by about 100°, implying a change of 6,, — 6, from
0° to ~90°.

c. 13 September 1973 2000-2100 LT (MB) at sta-
tion 8

The power and mean directional spectra of this
case are given in figs. 5a and Sb. The wind vector
direction is fairly constant and the mean wave angle
changes by ~30°. The lowest frequency f,, which
‘“feels”’ the wind direction is 0.43 Hz, which by
(26) corresponds to 6 = 49°,

d. 21 September 1973 0815-1019 LT (PR) at sta-
tion 10

This case, depicted in figs. 7a and 7b, shows
slightly stronger wind than the previous ones. The
second measurement shows the mean direction al-
ready aligned with the wind for frequencies larger
than 0.36 Hz. If we take this as £, in (26) we get an
angle 6 = —59°.
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Fi1G. 6. Wind history on 21 September 1973 in the test area.
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Fi1G.- 7. (a) Power spectra for case d. The high-frequency
region is shown 10 times enlarged. (b) The average wave direc-
tion spectra for case d. fpy is defined in (7).

7. Summary

For a wind-sea spectrum of JONSWAP-type the
prognostic equations were derived if the mean wave
direction is added to the five JONSWAP param-
eters. The relaxation time for turning the mean wave
direction into wind direction is defined for small

angles to be
2 -1
T= (X‘Ln‘ Ulo) ,
4

where U,, is the wind velocity, g the gravitational
constant and f,, the peak frequency, with x = 0.21
x 1072 rad. We. estimate the error involved in the
determination of x to be within +30%.

In the wave directional spectrum only frequency
bands higher than the Pierson-Moskowitz frequency
fem react to small shifts 6 of wind direction relative
to the average wave direction.. For larger angular
differences @ this frequency border f;, shifts to higher
frequencies and the field data support

U" = Uy, cosb, lBl = % )

where f,, of course, becomes fpy for vanishing 6.
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APPENDIX
1. Functionals
The functional ®4(m) is defined in (13);
0, = ®¢[m(f, 8)] = arctanM /M, (A1)

with M ., M, defined in (11). The functional deriva-
tive calculated from (A1) is

J'dfjd‘o‘(Gy cosfy — 6, sinb,)

D' (G(f, O) = . (A2)
’ 8 f i ED
3m c(f)
The other functionals ®; (i = 1, ..., 5) of (16) re-
produce the JONSWAP parameters. The connected
functional derivatives therefore are taken from pre-
vious publications (Giinther et al., 1979a).

2. Advection terms
The advection terms previously determined were
oE

.8
Dy=—@/(|v| =), i,j=1,...
0= g (Iv‘e;a,.) i,J

The D;;., Dy, used in this paper easily can be shown
to be ’

, 5. (A3)

Dj;; = Dy, sing, } (Ad)

Dijll = Dij COSBO
The advection term coefficients D;g ., D;g,, i
=1,...,5 are evaluated by applying the func-

tionals ®;/,i=1,...,5:
Sm
q)il(vx—) = Digy
ém
q)i, —_— = Di
(”” 500) ™

It turns out that they are closely related to D,:

‘—agﬁig COSBO

D,;6$=[ i=1,...,5 (A6

a,D;, sing,

where D;, is defined in (A3) and calculated in
Giinther et al. (1979a). a, is the Phillips-parameter

«. For
5
D6j1' = q)s'(vx—E)
%/ 1, . ..,5 (AD)
5
Deyy = qas'(v,,—ﬂ)
éa;
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the calculation gives

[ariE
(Dm) _ 37 g da; ( coseo) (A8)
Dyg;y 8 l6n J dffE siné,
In the same way
D 3 J dfE 6
( ‘*“) T8 (Sm ") (A9)
Desy 8 8 cosé,

3. Source function

The treatment of the source function is again along
the lines given in Giinther et al. (1979a). In the treat-
ment of the nonlinear part S, of the source function
nothing changes. For the rest of the source function
we assume a Snyder-Cox wind dependence de-
fined in (18).

Now we apply our functionals ®,,i = 1, ..., 5,
on the source function and arrive at the same ex-
pression as in the paper already cited, except that
we get the wind component U” along the mean wave
direction 6, playing the part of |U]|:

S = 5,022 x 1073(")Baf,y, (A10)

where 1" is defined in Section 5 [Eq. (21)]. Generaliz-
ing all arguments we arrive at the full source function:

—0.586;",,,2(y — l)az, y>1
1 =
0, otherwise
Se = (5.022 x 1073(")*3 — 50P)afn
§3 = —16.0(y — Yo)&fn
S, = —[25.5(o, — 0.07h) — 0.5(c, — 0.09h)]10 s
Ss = —[25.5(cp — 0.094) — 0.5(c, — 0.07 )
3.3, v = 0.16
vo= 11423208 gi6=v =013
~ 0.03
1, 0.13 =
2
h = (—4'0 ) . (All)
v + 0.7
For S¢ we obtain
— Qin — f”’Z
Se¢=8¢§ = —xU,—, (A12)
14
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where U, is the wind vector component normal to
the mean wave direction.
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