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Maxi mum Li kel i hood Met hod Techni ques for Directional Analysis
of Heave-Pitch—-Rol| data

F.P. Brissette and |I.K. Tsanis

Departnment of Civil Engineering, McMaster University
Hami | ton, Ontario, L8S 4L7

SUMVARY

Pitch-rol | -heave buoys are the nobst commonly used devices to obtain
measurenents of the wave directional spectrum as they provide a
relatively inexpensive and versatile way of obtaining an estimate of
the angular energy distribution from the pitch-roll-heave signal.
Since Direct Fourier transforns have been shown to produce sneared
estimates of the true spectrum one has to resort to use a different
estimte, such as given by the Maximum Likelihood Method (MM . The
M.M estimate, while adequate for many engineering applications, has
been shown to constantly overpredict the angular spreading of wave
fields. In order to circunvent this problem nodifications to the MM
have been proposed such as the Iterative MM (I M.M and Ei gen—Vect or
M.M (EVMLM estimtes. This paper conpares the different MM esti mates
with a new Normalized MM estimate (NMLM. The normalization takes
advantage of the MM estimte characteristic of consistently
overpredicting spreading by a constant factor independently of
direction and frequency. The NM.M estimate is conputed from the MM
estimate by normalizing the energy in every direction bin using a
fixed ratio of sech 2 distributions. The new estimate is shown to
outperformall of the other estinmates in cases of uninodal and bi nodal
distributions. Field data from the Surface Wave Dynam cs Experi nent
(SWADE) is also presented to illustrate features outlined in test
cases.

1. 1 NTRODUCTI ON

The energy distribution of a sea state has been traditionally
described as a function of frequency. It is fairly easy to obtain the
one dinmensional (frequency) spectrum since the record of the water
surface at one point is sufficient. A nore accurate representation of
a sea state also requires information on the directional spreading of
the spectrum This information is inportant to nost ocean and coast al
engi neering applications such as: wave forecasting, satellite
surveill ance, shore protection, upper m xed |ayer dynam cs,
envi ronnmental hazards and design of marine structures and vehicles.
On-site directional information can be obtained using neasurenments
fromeither a wave gauge array or a m xed—instrunents array. Although
hi gh resolution directional spectrum estimtes can be obtai ned from an
array of wave staffs (Brissette and Tsanis, 1991, Tsanis, Brissette
and Donel an, 1992), estimates of the directional wave spectrum are
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generally extracted from data obtai ned by a heave—-pitch-roll buoy, as
t hey provide a cheaper and nore versatile way of obtaining directional
i nformati on. Heave—pitch-roll buoys have al so been the traditional way
of measuring the directional spectrum since Longuet—Hi ggins,
Cartwright and Smth (1963) introduced a direct Fourier transform
nmethod to extract a directional spectrum estimate from their signal.
btaining directional information is a two—-fold problem The first
part of the problem deals with collecting and processing the data
while the second part is concerned with extracting a directional
estimate from the corrected data. Many spectral estinmators are now

available and it is of practical inportance to assess their
characteristics as one estimator mght be good in certain conditions
and inappropriate in others. In a recent review of sone of these

met hods, Brissette and Tsanis (1992) showed that the Maxinum
Li kel i hood Method (MM, despite giving estimates constantly
overpredicting angular spreading, was relatively insensitive to
extraneous factors such as, presence of background noi se, wavenunber
dependence, and that it was a relatively easy to inplenent, efficient
and robust estimator. These characteristics make the MM attractive if
the induced artificial spreading can be accounted for. Mdifications
to the MM schene have been proposed by Pawka (1983) and 4 tman-Shay
and Guza (1984) with the Iterative MM (IMM, Mirsden and Juszko
(1987) with the Ei gen—Vector MM (EVMLM and nore recently by
Brissette and Tsanis (1992) with a normalized formof the MM (NWMLM .

2. THEORY

The original derivation of the MM (Capon, 1969) was intended for wave
gauge arrays. This derivation of the MM was extended to m xed
instruments arrays by Isobe et al.(1984). They found that a general
formof the MM was given by:

E

S(B,- 0,) = -
» . i@, -%) (1)
EE Cmn ((‘Dk) Hm (er ,mk) Hn (el 0y )E

m n

where H(G ,w) is the transfer function which linearly relates any

m xed array nmeasurenent to the water elevation, C-l((l) )is the inverse
n Tk

of the cross—power-spectral—-density matrix, w 1is the angular
f requency, I is the wavenunber, ?is a vector of spatial

coordinates and € is a scaling factor which equates the total energy
at frequency w to the power in the point spectrum In the case of an
array of wave gauges, all the transfer functions H are equal to 1 and
Eg. (1) reverts to its original form Eq.(1l) can be rewitten as:
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50;.0) = — . (2)
Z(0,,0,)C (0,) E(O,,®,)
For a heave-pitch-roll signal
1
= = |ikcos® (3)
tk sinG
where k is the wavenunber which can be obtained from the |inear
t heory, or nor e appropriately directly from t he
Cr oss—Power —Spectral —Density (CPSD) esti nates:
. c 0.5
+
22 33
_ {7 (4)
C‘11

where the subscripts 11 22 and 33 respectively represent the heave,
pitch and roll signals.

The MM stens fromthe inability of the M_LMto give an estinmate which
is perfectly consistent with the data. In an attenpt to correct for
the inconsistency, Pawka (1983) and O tman-Shay and Guza (1984) used
an iterative schene to force the MM estimate to converge toward a
true solution of the spectrum One sinple iterative schene is the one
of Krogstad et al. (1988):

R
Sne1) =5, 40 [SMW“SMLM] (5)

where Symis the MM estimate and S:;LM is the MLM esti mate obtai ned

fromthe reconstructed CPSD natrix,_CF(uk) using Sp(Sc=Smm . S denotes
the directional spectrum S(0O, w).

The EVMLM has its origin in acoustic wave detection. The nethod

assunes that the CPSD matrix can be partitioned into noise W) and
signal (g) conponents, according to the CPSD matrix eigenvalues (V)

and corresponding eigenvectors (D). such that the values of the
cross—spectra can be expressed as:
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-1 -1 A a
éij = EV}:}:Dr‘kaj + X VDD =R +N (6)
k=] l=m+1

The energy estimate is then obtained by mnimzing the estinmate of the
system noi se (see Marsden and Juszko, 1987 for details).

Recently, using an hyperbolic secant squared (sech?) spreading
function S(0©)

5(0) = iﬁ sech’ [ﬁ(e)] (7)
2

Brissette and Tsanis (1992) investigated the response of the MM
toward distributions of variable spreading with values of the
spreading paraneter [ well enconpassing the normal range of 1.24 to
2.62 found in wind waves, as defined by Donelan, Hamlton and Hui

(1985). They found that the MM overpredicition of the spreadi ng was
constant over the entire range of val ues of the spreadi ng paraneter (3

This pronpted them to account for the artificially induced spreading
of the MM by forcing the estimate to a narrower form This was done
by normalizing the energy in each direction according to a factor ¢

defined as:

sech’(a 66,
(, =« (8)
sech 2([3 6,)

TABLE 1. Model Tests

TEST TEST spreading 1-D ] f5 W
# TYPE function spectrum
unimodal sea sech” - DHH 180 0.15 12
2 bimodal sea sech” DHH | 100,240 | 0.11,02 | 12,10

f, isthe frequency at the spectral peak and W is the ratio of wave celerily at the spectral peak to the wind
speed component in the direction of travel of the peak waves (5).

where B is the spreading paraneter of the sech2 distribution function
fitted to the MM estimate and o is a "constriction” factor whose
value is fixed at 0.82 (Brissette and Tsanis, 1992). Essentially, the
normal i zation factor ¢ sinply rescales the energy in every direction
according to a ratio of sech? spreading functions chosen as to exactly
account for the MM induced angul ar spreadi ng.
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3. TEST CASES

The two presented test cases attenpt to nodel realistic sea conditions
using a Donelan, Hamilton and Hui (DHH) frequency spectrum with sech?2

spreadi ng functions. Details on each cases are presented in Table 10.
For each test, the Maxi mum Entropy Method (Lygre and Krogstad, 1986)
estimate (MM is also presented for conmpari son  purposes.
Cross—Power —Spectral —Density natrices are reconstructed from the
nodel s and spectral estimates calculated. A mninmm anmount of noise
(0.25% is added to avoid a binodal solution of the MEM (Brissette and
Tsani s, 1992).

Test 1 nodels a uninodal sea. Figure 10 illustrates the results in

the form of 3D plots. Figures 20 and 30 summarize the results by
presenting a least square fit of the spreading paraneter [ and the
root nean square spreading (RMS spread) for each technique. As
previously discussed the MM technique consistently overpredicts the
spreading over the entire range of frequencies while the |IMM
overpredicts at |ow frequencies but behaves quite nicely in the upper
half of the frequency range. The MEM and EVMLM exhibit a simlar
behavior in the low frequency end as they both predict the RVS spread
very accurately despite underpredicting the spreading around the peak
frequency where the spread is narrower. At higher frequencies and
wi der spreading, the MEM becones nore consistent while the EVM.M
estimate | oses progressively its accuracy. For uninodal distributions,
the NMLM estimate significantly outperforns the others.

The second attenpts to recreate a realistic case of a m xed sea, and
at the sane tinme allows us to examne the response of the various
spectral estinmates to various binodal distributions at many different
frequencies. Figure 400 presents the results in the form of 3-D plots
while Figure 500 presents the results at a frequency of 0.24 Hz. The
t hr ee—di mensi onal plots presented in Figure 4L, allow a rapid visual
assessnment of each nethod. dearly, the MM IMM and EVMM
overestimte the energy, especially around the spectral peak, the MM
underestinmates the sane energy while the NMLM estinmate is close to
target. Figure 5[] presents typical results and while not being
perfectly on target, the NMLM outperforns the other nethods.
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4. FI ELD DATA

The field data case presented is from the Surface Wave Dynani cs
Experiment (SWADE) which took place from October 1990 to April 1991
(Weller et al., 1991). The anal yzed SWADE data cones fromthe Nati onal
Data Buoy Center (NDBC) SWADE Di scus—N buoy. The Di scus—N buoy (NDBC
buoy 44001) was |ocated at 73°48.9 Wl ongi tude and 38°11.6" N | ati tude,
at the edge of the continental shelf off-shore of Virginia. The water
depth at these coordinates is 120 m

The Discus—N buoy is a heave-pitch-roll NDBC/ SWADE 3 neters discus
directional buoy. The directional spectra presented represent a
one—hour average taken on Cctober 21, 1990 at 1200 GMI. Results are

presented in the form of 3D plots in Figure 6. This case shows a
swell at approximately 0.1 Hz and the trace of an old sea at 0.22 Hz.

Original results presented on the |eft—hand side of Fig. 6L indicate
that the NMLM is the only nmethod that detects a binodality in the
swell. In order to make sure that this observation was not spurious,
the NMLM estimate was used as a target and a CPSD nmatrix was
reconstructed, from which new spectral estimtes were conputed.
Essentially, if the NM.M estimate is close to the real underlying
spectrum the reconstructed estimate should all be close to their
original form The results presented on the right hand side of Fig.

6] show that all the reconstructed estimtes, despite being slightly
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narrower, keep the sane original features. This indicates that indeed
the NMLM estimate is a good representation of the true spectrum
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5. DI SCUSSI ON AND CONCLUSI ON

For conparison purposes, Table 200 presents values of two error
paranmeters Errl Err2 calculated for each test and each spectral
esti mat e.

£ 2n ) 0.5
far
[f |S(f,6)—6‘(f,e)|dedf {{ [S(f.e)—-s‘(f.e)] d0 df
00 (9)
Errl = f 2n Err2 = yre
[[s¢.eydodr [ [ 5¢.8)dear
00 00

The first parameter Errl is essentially the ratio of the volune (area)
of the summation of the errors over the total energy. Sone estinmates
have the tendency of being relatively accurate over nost of the
di stribution except at the peak. For this reason, the second paraneter
Err2 should provide a better neasure of this tendency, as its value
will be nore sensitive to over and underpredictions around the
spectral peak, where accurate neasurenents nust be nmade. Data in Table
2[1 indicate that for both test cases the NWMLM perforns the best,
followed by the MEM and IMM The performance of the NWMM is
particularly evident in both test cases. The error paraneter Err2 is
nore favourable to the IMM estimate, reflecting the tendency of the
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MEM and EVMLM estimtes to overestinmate nore severely the energy at
t he peak of the distribution.
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TABLE 2 Test Results

TEST#1 DHH specttum Unimodal sea
NMLM MLM IMLM EVMLM MEM
Errl 0.04 0.34 0.16 0.24 0.12
Em2 0.0015 0.0140 0.0088 0.0148 0.0093

TEST#2 DHH spectra Bimodal sea
NMLM MLM IMLM EVMLM MEM
Errl 0.14 0.35 0.22 0.28 0.17
Emr2 0.6053 0.0131 0.0101 0.0168 0.0075

The normalization technique, which is the basis of the NMM is a
sinple enpirically based corrective schenme, and this nmust be kept in
mnd when interpreting results, although the estimate has stable
properties which make it attractive from this point of view. One
drawback of the NMLMis that the estimate requires nore conputationa

time than the other nethods. The main reason being that it requires
the calculation of other estimates, in addition to |east square fits
to each identified distributions in order to conpute the normalization
factors (. This nakes the NM.M slightly nore expensive from a
conput ati onal viewpoint, than even the IM-M which requires iterations
and the calculation of nmultiple MM estinmates. Even though the |arger
part of the conputing cost lies within the sectors of quality control,
data correction and transformation in the frequency domain, an
increase in the cost of conmputing spectral estimates could be
significant, especially when dealing with routine analysis of |arge
data sets. Wth the ongoing advent of faster conputers and
wor kstations, this constraint will be rel axed and nore conpl ex nethods
can be envisioned such as an Iterative Nornalized schenme, or a
knowl edge based system meking optinmum use of all available spectral

estimates in order to achieve a best—possible estimte.
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Met hods for Directional Spectra Measurenents
by Small Arrays

| .K. Tsanis and F.P. Brissette

Department of Civil Engineering, MMaster University
Ham | ton, Ontario, L8S 4L7

SUMVARY

An accurate description of a sea state is essential to nmany ocean and
engi neering applications such as: wave forecasting, satellite
surveil |l ance, shore prot ection, upper m xed | ayer dynam cs,
envi ronnment al hazards and design of marine structures and vehicles.
Arrays of wave gauges have been shown to produce estimtes of the wave
directional spectrumw th good resolution and accuracy. Since a nunber
of different directional spectra nethods are available it is of
primary inportance to select the one that will give the best estinate.
Sonme considerations are resolution, accuracy, reliability and
efficiency. Direct Fourier Transform methods, the Maxi num Entropy
Met hod ( MEM and Maxi num Li kel i hood Method (MW and variants, including
a Normalization MM (NMLM are conpared in cases of uninodal and
bi rodal distributions. Results obtained from a symetrical six wave
gauge array at the National Water Research Institute’s Waves Tower on
Lake Ontario, are discussed to further outline the different nethods
characteristics. Results indicate that nost methods performreasonably
wel | but that the NMLMis the best estimate overall

1. | NTRODUCTI ON

The energy distribution of a sea state is wusually expressed as a
function of wave frequency and wave propagation direction. It is easy
to obtain the frequency spectrum because the record of the water
surface at one point is sufficient, but in order to obtain detailed
directional information, wave records from a |arge nunber of points
are needed. In practice, only several sinmultaneous wave records are
possible and it is inportant to obtain themin such a way so as to be
able to make the nost accurate estimte. Wave gauge arrays (Cakley and
Lozow 1977) are often used for estimation of wave directional spectra.
The purpose of this paper is to address the above question by using
different nethods for directional spectra neasured by small wave gauge
arrays. Conparison of the results is acconplished by using uninoda
and binodal directional distributions. Field data from Lake Ontario
will also be examned to illustrate the potential of the best
per form ng met hods.

The results of this study will be inportant to offshore activities,
e.g., exploration and use of offshore resources, for petroleum
production. It will also be a useful and practical tool for engineers
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and scientists involved in offshore petroleumactivities and concerned
wi t h engi neering design, operational efficiency, safety and protection
of the environnment. In addition scientists and |imologists will also
benefit because the results of this study wll lead to inproved
hi nd/ f orecasti ng net hods.

2. WAVE DI RECTI ONAL METHODS

The wave directional spectrum (energy distribution in frequency and
direction) is typically expressed as:

S(/, ©) =F(/) D(/, ©) (1)

where f is the frequency, © the direction, F(f) is the frequency
spectrum and D(f£, ®) is the normalized directional spreading function

Five directional spectra techniques are described below. One direct
Fourier transform nethod, three nmaximum |ikelihood nethods (MM and
one maxi mum entropy nethod (MEM .

The Pitch—-Roll Buoy (PRB) nethod is the first direct Fourier transform
nmet hod devel oped by Longuet-Hi ggins et al. (1963). The directional
spectra can be determ ned by the information yielded by the notion of
a buoy that neasures the vertical displacement and angles of pitching
and rolling. In the case of an array of wave gauges the slope
conponents dn/odx and dn/dy in x and y directions, respectively, have to
be approximated using the water elevation n from at |east two wave
gauges. The co-spectra Gj and quad-spectra Qj of any pair of
el evation and slopes are directly related to the first five Fourier
coefficients a, and b, of the directional spectrum expressed as a
Fourier sum

The Maxi mum Li kel i hood Method (MM was devel oped by Capon (1969) and
was applied to an array of sensors for determning the properties of
propagati ng waves. Jefferys et al. (1981) used the MLMto estimate the
di rectional spectra from wave hei ght neasurenents obtained by a wave
gauge array. The derivation of the MMis simlar to Lacoss (1971). If
a sea state can be represented by the summation of a nunber of
nonochromati c waves of power S(f, ©®;) coming fromdirections ©, wth
i=1, N, then the true cross spectral density matrix is given in terns
of S(f£,6;) in the frequency band near f by:

N

Cuf) = Ex,(F 0, 41 8) S 9, (2)

i=1

where N is the nunber of considered directions, x{f ©;) is the conplex
phase lag between the jth sensor and the origin for a wave of
frequency f approaching from direction ©;. The energy incident from
direction © is evaluated by mnimzing the influence from all the
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ot her conponents. The mnim zation uses Lagrange nmultiplier theory and
| eads to an estinmate of the energy in the plane wave:

Sm!m (f ’ei ):

E
X 00 s 8)

where ¢ is a normalization factor, and C1(f) is the inverse of the
cross spectral density matrix.

The Iterative Mxinmum Likelihood Method (I MM was devel oped by Pawka
(1983) and applied to determ ne the island shadows in wave directiona

spectra. Odtman-Shay and QGuza (1984) wused the IMM for point
nmeasur enent systens such as the pitch and roll buoy and slope array.

Krogstad et al. (1988) used the IMM to obtain high-resolution
directional spectra from horizontally nounted acoustic doppl er current
nmeters. Cenerally the cross—spectral density matrix reconstructed from
the MM estimate using Eg.(2) wll not be equal to the observed
cross—spectral density matrix. Krogstad et al. (1988) used a sinple
iterative schene to resolve this inconsistency

Sn+1) =S+ (SMMv-M &) ] with S=Sum (4)

where Syum is the MM estimate, MS,) is the MM estinmate obtained
fromthe reconstructed cross—spectral density matrix using S,, wis a
rel axation paranmeter slightly above 1 (a value of w = 1.2 appears to
yield convergence in about five iterations) and n is the iteration
nunber.

The Normalized Mxinum Likelihood Method (NMLM was first devel oped
for heave—pitch-roll buoys (Brissette and Tsanis, 1992a,b) in an
attenpt to correct for the artificially induced spreading of the MM
by forcing the estimate to a narrower form This was done by
normalizing the energy in each direction according to a factor ¢
defined as:

(3)

sech*(a B9
, =« (5)
sech 2(5 0,)

where B is the spreading paraneter of the sech? distribution function
fitted to the MM estimate and a is a "constriction” factor whose
val ue was found to be 0.82 for heave—pitch-roll data. Essentially, the
normal i zation factor ¢ sinply rescales the energy in every direction
according to a ratio of sech? spreading functions chosen as to exactly
account for the MM induced angul ar spreading. The extension to wave
gauge data sinply consists in recalculating the paraneter ao for a
given array geonetry.

The MEM estimate i s obtained by maxi mi zing the entropy of the function
f given by the partial Fourier series of the angular distribution of
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energy (first two ternms in conplex form c¢1 and c»2). According to its
spectral definition, the function to maxim ze is given by:

b4

H( ) = —[log (£ (©)d© (6)

—7T

whi ch yields an estimte

l . * : _a:
2n
W th
b, =(cl—cch)/(l—|cllz) ¢, = c,=C 9, (8)

See Lygre and Krogstad (1986) for details.
3. TEST CASES

Array geonetry and nunber of wave gauges are of primary concern. The
spaci ng between the wave gauges should be chosen in order to avoid
spatial aliasing and to match the waves period of interest. The nunber
of wave gauges depends on technical and econom cal factors and on the
needed resolution. Essentially the best wave directional nethod shoul d
give reasonably accurate estimates with a mninum nunber of wave
gauges.

Figure 100 displays four array configurations that were tested and

Figure 200 shows typical results for the MM Every nethod gives
estimates that will inprove with the nunber of wave gauges but the
behavi or of the different nmethods is only very weakly dependent on the
sanme nunber, provided that the array is approximately symetrical.
This neans that if a nethod overpredicts the spreading for a three

wave gauges array, it will also overpredict it for any array, although
by a | esser amobunt if the nunber of wave gauges is increased. For this
reason this paper will focus on the six wave gauge array presented in

Fig. 10. It can be seen from Figure 200 that anmount of inprovenent
does not necessarily justify the use of an extra wave gauge, at | east
for uninodal distributions. On the other hand, the extra wave gauge
will allow better resolution of binbdal seas. It is also interesting
to note that the four wave gauge array gives the sanme estinate as the
three wave gauge one for wuninodal distributions. This outlines the
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need of defining what the array can resolve and the inportance of
testing different geonetries before settling on a particul ar one.

To investigate the response of the different nethods to variable
spreadi ng, two hyperbolic secant squared spreading functions (Donel an
et al., 1985) given by:

D(O) = —l—ﬁ sech® [ﬁ(e)} (9)
2

were used with values of the spreading paraneter [ of 1.24 and 2.62.

Results are presented in Figures 3all and 3bLl. It can be seen that
the MEM severely overestimates the peak energy, the MM induced
artificial spreading causes it to underestinate it, while the NM.M and

| MLM are close to the target spectrum Figure 3b0 outlines a problem
of the MM which tends to settle toward a binodal estimate of the
spectrum at |low frequencies. This seens to be the result of a
non—-convergent iterative schene at |ow frequencies. These observations
are consistent with results obtained by Brissette and Tsanis (1992a)
for heave—pitch-roll data. This is not surprising since the
heave—pitch-roll signal is essentially equivalent to the one obtained

from a three wave gauge array. Figure 40 shows the MM and NWLM
estimates for a cos25(@®), S=10, spreading function to outline that the
M_M i nduced spreading is only weakly dependent on the shape of the
spreadi ng function.
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In order to investigate the response of the nethods to binodal
distributions, a case of mxed sea was sinmulated. Two DHH spectrum
(Donel an, Ham lton and Hui, 1985) centered at 100° and 240° with peak
frequency of 0.11 and 0.2 Hz were used for this purpose. Figures [5a
to 5f present 3-D plots for the target spectrumand all estinmates. The
nunber in parenthesis is a figure of nmerit of the estimte given by:

F 2
I IS(f.B)—S(f.B) 40 dr
[0 3 ¢ ] (10)

f 2o

| Jso.eaedr

0 O

All estimtes are reasonably accurate except the direct Fourier
transform method (PRB) which is. unable to resolve the binodality of
the spectrum The MEM and the I MM (at | ower frequencies) overpredict
the energy while the MM underpredicts. The NMLMis cl osest to target.

Fi gures 6ald] and 6bl] show the results at two distinct frequencies. In
Fig 6all the IMLM is again unstable but is shown to perform the best
for binodal distribution in Fig. 6bl. In Fig. 6b0 the MM and NMLM
outperformall the other nethods.

4. FI ELD DATA

The field data were collected from the National Wter Research
Institute’s (NWRI’s) tower on Lake Ontario during a three year period
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(1985-1987) for the "Deep Water Wave Breaking and Wave-Turbul ence
I nteraction” project (Tsanis & Donel an, 1987). The tower is in 12 m of
water, 1.1 kmoff the beach at the west end of Lake Ontario, see Fig.

700, In the tower’s location the shoreline is straight and the bottom
slope is gentle. The tides, seiches and wind set—-up can change the
wat er | evel by an ampbunt less than 0.1 m and the w nd-i nduced currents
are typically less than 10 cm's. The location of the tower nakes
possi ble fetches from 1.1 km for the prevailing west winds up to 300
km for east wi nds. Every year, Lake Ontario sees several episodes of
hi gher than 10 m's wind speed. Six wave gauges were arranged in a

pentagon with one at the center as shown in Fig. 20. Sanple data 31
m nutes long were FFT averaged to a frequency bandwith of 0.039 Hz,
giving spectral estimates with over 100 degrees of freedom

TABLE 1. Storm Case

Run segment | Julian GMT length Wind dir U, T, H

date time (min) deg (m/s) (0 C) (m)
87185 ab,c 349 11.54 93.0 84 14.5 0.33 1.68
87186 349 13.31 29.0 82 15.8 0.56 2.00
87187 ab 349 14.02 48.5 89 15.2 0.61 2.18
87188 ab 349 14.53 66.0 81 14.1 0.86 2.37
87189 a,b,c 349 16.01 84.0 85 13.1 1.34 2.51
87190 349 20.18 35.0 240 9.5 2.74 1.88
87191 atoh 349 20.56 250.0 220 11.4 1.93 1.11
87192 350 02.18 38.5 210 12.5 0.91 0.53
87193 ato 350 04.31 320.0 235 1.1 1.58 0.30

Directional spectra are shown for segmenis 87188a, 87191a and 87192.
U,,-wind speed at 12 m, T, - air temperature, H, - sign. wave height

Three runs taken from one storm case during the fall period of 1987
were anal yzed using the NMLM for estimating wave directional spectra.

Tabl e 10 gives detailed information on the physical paranmeters during
the storm such as wi nd speed and direction, air and water tenperature
and significant wave height (defined as four tinmes the rns of the
wat er surface elevation). The first run, R87188 is taken as the storm

(With strong winds fromthe east) is nearing its end. Figures [8a,b
show 3D and contour plots, which indicate that the peak waves cone
from about 75°. Run R87191a is taken a short tinme after the wnd
shifted from about 80° to 240°. The swell (Figures 0O8c,d) cones from
65° and the wind sea is not noticeable yet. Finally Figures [l8e,f

(run R87192) show the dying swell now comng from 55° with the w nd
sea now clearly visible. This sequence of plots, coupled with the high
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resolution of the spectral estimate clearly indicate that in cases of
strong easterly wi nds, the waves are forced and are not reaching the
west end of the |ake at about 60° (the long fetch direction) as
previously thought. As soon as the wind starts dying, the swell| starts
torealignitself with the longer fetch (Donelan et al., 1985).

5. DI SCUSSI ON AND CONCLUSI ONS

When analyzing wave data to extract an estimate of the directional
spectrum the choice of the appropriate technique can be a difficult
one. That choice may be influenced by such factors as: instrunentation
used, directional resolution needed and frequency of interest. A
nodel er |l ooking for the main direction of wave propagation does not
need the sane spectral representation needed by design engineers for
accurate cal culation of wave |oads on offshore structures. For these
reasons it is difficult to draw general conclusions that will apply to
all cases. Neverthel ess, certain points can be raised.

The direct Fourier transform nmethod is sinple to inplenent and does
not require any |engthy conputations such as matrix inversions or
iterative calculations common to other nethods. But for applications
needi ng good directional resolution, or in the presence of binodal
di stributions, the nethod is inadequate.

The nmaximum entropy nethod gives an estimate which tends to
overpredict the energy at the spectral peak but is able to resolve
m xed seas. The results presented in this paper are mainly based on a
Ssi X wave gauge array which puts the nethod at a di sadvantage since it
cannot use all of the available information. The calculation of the
sl opes makes use of all wave gauges but the new signals are in fact a
linear conbination of these and as such, do not contain all the
information. If the slope calculations are reasonably accurate, the
MEM estimate shoul d not be dependent on the nunber of wave gauges. The
relative performance of the nethod (when conpared to nmaxi num
i keli hood nethods) should increase as the nunber of wave gauges (and
t he accuracy of the MLM decrease.

The three maxi mum |li kel i hood nethods presented in this paper all give
good directional spectra estinmates. At | ow wavenunbers, the | MM tends
to be unstable due to convergence problens in the iterative schene but
gives the best estimate at hi gher frequencies for bi nodal
distribution. The MM tends to underpredict the wave energy at the

spectral peak but does well in every test case. The NMLM esti nate does
not have any mmj or drawback and overall it perforns best. The NMLM and
| MMM are nore conputationally expensive than all other nethods,

especially the I MM when the nunber of wave gauges is higher than 4.
The conputation tine of the NMLM is not dependent on the nunber of
wave gauges. The use of the NMLM to analyze field cases in Lake
Ontario indicates that high resolution directional spectral estinmates
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can be obtained which allow fine details of the evolution of wave
fields to be exan ned.
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Lake Onlario

Fig7 NWRI research tower in Lake Ontario.
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Wave Directional Spectra and Current
Interaction in Lake St.d air

F.P. Brissette and J. Wi

Departnment of Civil Engineering, MMaster University
Ham | ton, Ontario, L8S 4L7

SUMVARY

Anal ysis of wave data collected during a 1985 field study on Lake
St.Cair revealed inportant differences in certain cases between the
wind and wave directions. In cases of westerly w nd, peak waves were
found to propagate at an angle of up to 60° to the wind direction.
Detailed study of the wave directional spectra obtained from three
arrays of three wave staffs each indicates that the difference between
the wnd and wave direction increases with increasing westerly w nd
and that the difference decreases when higher wavenunbers are
consi dered. Both observations are consistent with the fact that these
differences may be due to the interaction between the waves and the
currents in the St.Cair/Detroit river system flow ng through Lake
St.Cair. In order to establish the water current structure, a
t wo—di nensi onal hydrodynam ¢ nodel was used to conpute the hydraulic
and wi nd—driven circulation in Lake St.Clair. The circul ation patterns
predict strong north currents needed to reconcile observations and
theory. The wave directional analysis indicates that the wave-current
interaction in Lake St.Cair is a conplex phenonenon.

1. 1 NTRODUCTI ON

Lake St.dair (Figure 1), located between Lake Huron and Lake Erie,
has a surface area of 1200 kn?¥ and is characterized by its
shal | owness, its maxi mum depth being just about 6 m and its average
depth of 4 m The St.dair River carries an outflow of about 6000 n?®
fromthe upper three Geat Lakes into Lake St.Cair. This high vol une
conbined with the shall owess of Lake St.Cair (residence tinme of 9
days) indicate that hydraulic and w nd-driven circulation are likely
to form strong currents (Schwab et al., 1989). During the fall of
1985, an experinment conducted by the National Water Research Institute
(NVRI) and the NOAA Geat Lakes Environnental Research Laboratory
(GLERL) allowed data to be gathered during a two and a half nonths
period at different |ocations on Lake St.Cair (Venkatesh et al.,
1987). Directional information was obtained at three |ocations on the
| ake, using a Direct Fourier Transform nethod (Longuet-Hi ggins et al.,

1963). Figure 201 presents a plot of the peak wave direction conpared
to the wind direction at the central |ocation on the take (C3). The
pl ot shows systematic deviations fromthe wind direction that are in
excess of those that would be expected due to the gradient in fetch
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with direction (Donelan, 1980). The |arge deviations seem conpatible
with the presence of a strong hydraulic current aligned roughly north
to south which would tend to deflect the waves toward the south

(Figure 30). There are data that are not consistent with this sinple
idea, so that, in addition to a detailed analysis of the current
structure, high resolution directional estimtes are warranted.
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Fig.2 Wave_ Direction vs Wind direction at C3 location. Wave

Fig.1  Lake St.Clair and position of wave staff arrays. 21"(31":,5},"3”) was computed following Longuet-Higgins et

2. DI RECTI ONAL SPECTRUM ESTI MATI ON AND RESULTS

In order to obtain wave directional information during the 1985
experinment, arrays of wave staffs were nounted on three towers, Cl, C2

and C3, see Figure 1. The three identical arrays consisted of three
wave staffs each arranged in the vertices of a isosceles (0.25 n

right triangle (Figure 400). Water surface elevation was sanpled at 4
Hz for 17 mnutes every two hours. Sanples were FFT averaged to a
frequency bandwith of 0.03 Hz, giving spectral estimates with 64
degrees of freedom Cross—Power—-Spectral-Density (CPSD) matrices were
conputed using the water elevations at each wave staff (n) but also
on the heave (n), pitch (dn/ox) and roll (on/ady) signals using:

n=n2 (1a)

d
A 4wy (1b)

X
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Fig.3 Refraction of a wave field entering a cumrent velocity Fig4  Geometry of wave staff array.
gradient

where the subscripts refer to a particular wavestaff. Using both CPSD,
a directional analysis was perfornmed and directional spectrum
estimates were obtained using a direct Fourier Transform nethod
(Longuet—Higgins et al., 1963), Maxinnum Likelihood Methods (Capon,
1969; Jefferys et al. 1981; Isobe et al., 1984) and Maxi mum Entropy
Met hod (Lygre and Krogstad, 1986). The follow ng discussion will focus
on the Nornmalized formof the MM (Brissette and Tsanis, 1992a,Db).

3. HYDRODYNAM C MCDEL OF LAKE ST. CLAIR

In order to further investigate the wave—current interaction in Lake
St.Clair, the water current structure needs to be established. A
t wo—di nensi onal nearly horizontal flow nodel is used to sinulate the
hydraulic and w nd-induced circulation in Lake St.dair. Using
standard assunptions for a two—di mensi onal approximation (Bl aisdell et
al., 1991), the equations of notion in the » and y direction and the
continuity equation can be reduced to:

W W d k
--+U-—+V—-=-g-T-l+2VQsm¢+-—IWIW -—U*JU1+ ’ (2)
o0 dr Oy ox h

.81+U—az+ EY-:-ga—n+2UQSln¢+'“|W|W-—'V‘JU+ (3)
ot 0y dy h
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an oJUkh oVh
—_—  — 4 — = q (4)
or ox dy

where U and V are the depth-averaged velocities in the » and vy
directions respectively, g is the gravitational acceleration, n the
water free surface elevation relative to the still water level, d is
the water depth, Q the angular rotation of the earth, ¢ the |atitude,
h the total water depth (h=d+n), W the wind speed at a 10 neter
el evation, g the specific discharge of a source or a sink, k a surface
friction coefficient and G is a dinensionless bottom friction
coefficient defined as:

TABLE 1. Field Data

RUN | Julin | Wind | WindSp. | WaveDir. | WaveDir. | Wavebir | f, (Hz) | f,{Hz) | f,(Hz)
cl c2

# Day Dir. (m/fsec) Clsup* C2sup * cl C3
£5270.22 270 326 4.5 329 331 353 031 031 0.32
$5311.20 i 273 11.2 _325 316 34 0.26 0.27 0.31
$5320.06 320 87 123 31 47 63 0.56 0.32 0.28
85320.16 320 110 11.7 109 88 82 0.72 0.34 0.26
85321.08 321 230 9.3 316 308 287 0.25 0.26 0.28

f. is the frequency at the spectral peak. Wave direction is for peak wave as obtained follc?wing Longuet-
}figgins et al.(1963). * Towers C1 and C2 are in shallow water and shoaling effects may be important.

C,= — (5)

2
nog
hl!B

where n is the Manning coefficient. Equations (2) to (4) are solved
nunerically using an explicit finite difference schene. The above
nodel was applied to Lake St.Clair (Tsanis and W, 1990), A quasi
t hr ee—di nensi onal nodel by W and Tsanis (1991), applied to Lake
St.Cair, was successfully tested against field data and gave siml ar
results to the 2-D nodel. Details on the hydrodynam c nodel and
nunerical scheme can be found in Blaisdell et al. (1991).

4. RESULTS

As shown in Table 10, five different cases will be briefly discussed
to illustrate sone of the characteristics of wave directional spectra
in Lake St. Cair. These cases have all in comon that the peak wave
direction is significantly different than the wind direction. The

first case illustrates a NNWwi nd and, as shown in Table 10, the wave
direction at C3 is alnost straight from the north while results from
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Cl and C2 are nore consistent with the wind direction (Table 10). The

water current structure for this case is shown in Figure 500 (for a
1.2 km grid), where the strong N-S current is thought to cause
refraction of the wave field. In the cast end of the |ake, where
currents are weak, wind and wave direction are consistent.

The second case is for a strong (11.2 msec) westerly wind. The
circulation pattern (Figure 60) predicts a strong al ongshore current

on the NE boundary of the lake. Data in Table 10 indicates that the
peak waves are comng fromthe NNW a difference of up to 60° fromthe

wind direction. Figure 7ald presents a 3-D plot of the directional

spectrum (NVMLM estimate) at C3 and Figure 7bl] presents the sane
spectrum rmultiplied by the frequency to the fourth power in order to

outline features at higher frequencies. Fig. 7b0 indicate that the
spectrum is binodal, one node is travelling with the wind direction
(270°), and the other node is probably being refracted by the strong
currents. The presence of a binodal spectrum in such a relatively
small lake is surprising and outlines the conplexity of the
wave—cur—rent interaction in Lake St.d air.

The third and fourth cases (85320.06, 85320.16) are 10 hours apart,
and the main difference between the two is a 23° wind shift to the ESE
fromthe east, which causes a 60° difference in the wave direction at

Cl. Figures 8all and 8bLl show circulation plots for both cases. It
can be seen that the circulation patterns are different despite the

small difference in wind direction. In Fig. 8alld, a strong al ongshore

current seens to control the wave direction whereas in Fig. 8b0,
strong currents are absent and the wave direction coincides with the
wi nd direction.

The last case is for a 230° wind, which is essentially opposite to a

strong North-East South-West current as shown in Fig. 90. Surface and
contour plots of the NMLM directional spectrum estimte (at Tower C3)

are presented in Figures 1000 and 110. The spectrumis agai n binodal,
but surprisingly, neither nodes are travelling with the w nd, one
coming from around 290° and the other from about 185° and gradually
turning to 150° at higher frequencies. At this stage of the work, it
is too early to speculate on the physics of the phenonmenon and nore
cases of southwesterly are presently being anal yzed.

5. CONCLUSI ONS

A 2-D hydrodynam ¢ nodel was used to investigate possible wave—current
interaction in Lake St.Clair. The shall owess and |arge surface area
of Lake St.Cair, coupled with the strong inflow from the St.Cair
River can result in strong hydraulic and w nd-i nduced currents. Wve
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direction seens to be very dependent on the water—current structure,
conplicating the task of forecasting wave direction. Significantly
different hydraulic and w nd-i nduced circulation patterns can result
from small differences in wind conditions, nmaking it even harder to
accurately forecast wave direction. The wave-current interaction in
Lake St.Clair is a conplex phenonmenon. Mre detailed work needs to be
done and nore field data need to be analyzed, especially in cases of
steady wind gromh and relaxation in turning winds before a clearer
pi cture energes.
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ABSTRACT

A 10-paraneter nodel representation of directional wave spectra is
described which can provide a concise description of individual
records and allows for both a statistical wave climte description and
t he devel opnment of design spectra. The useful ness of this approach is
denonstrated with three years of ODGP hindcast directional spectra
fromthe G and Banks. The 10-paraneter spectra are fit to the hindcast
data by neans of a non-linear, |east—-squares, variance conserving
procedure which resulted in acceptable fits for 92% of the records.
Probability analysis on the fit paraneters then allows for the
devel opment of design spectra associated with a given significant wave
hei ght or spectral group. The fit paranmeters can also be used in a
statistical wave climate analysis. The applicability of the results to
actual field conditions is discussed in light of existing ODGP nobde
assessnents.

1. 1 NTRODUCTI ON

Many scientific and engineering applications wuse established
rel ati onshi ps based on wave climate variabl es such as significant wave
hei ght, peak period and peak direction in order to examne the
structural response of offshore and shoreline structures and for ship
operability studies. The statistical distribution of these variables
allows for estimtes of the probability of occurrence of specific wave
conditions, risk assessnment of extrene conditions and establishnment of
design constraints. The wave climte variables are |limted in the
information they supply as they do not provide an understanding of the
spectral shape which is very inportant for frequency and/or direction
dependent response analyses. To renedy this, paranetric nodels (e.g.
Pi erson—-Moskowi t z, Pi erson and Myskow tz 1964; JONSWAP, Hassel mann et
al. 1973), incorporating selected wave statistics, have been used to
regenerate the anplitude frequency spectrum These paranetric nodels
were designed to reproduce single sea peaks assuming self-simlarity
in spectral devel opnent . Many  applications, however , require
understanding of rmultiple peak spectra (e.g. swell and sea) and the
associated wave direction and directional spread. Therefore, nore
conpl ex paranetric nodels are required. Cchi and Hubble (1976) suggest
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a six—paranmeter nodel conprised of two three—paraneter expressions
whi ch can separately nodel a maxi num of two wave conponents. They show
that by performing a statistical analysis on the individual paraneter
di stributions, one could generate sets of,design spectra, with a known
probability of occurrence, which enconpass the range of observed
spectral shapes. A simlar analysis was performed by Juszko (1990) on
a large nunber of field spectra recorded off Canada’s Wst Coast.
Hogben and Cobb (1986) suggest expanding the Ochi and Hubble nodel to
include direction information by adding a cos2P termto each conponent
providing a 10-paraneter directional nodel. This expression was used
successfully by Juszko (1989 a,b) in order to paraneterize directiona
wave spectra obtained from both a WAVEC buoy and a hindcast nodel
Application of the Gchi and Hubble statistical analysis to the
10-paraneter directional nodel is an obvious next step.

In this paper, a 1l0-paraneter directional nodel will be fit to
three years of ODGP (O fshore Data Gathering Program hindcast spectra
generated for the Hi bernia region of the Grand Banks. Hi ndcast spectra
are used as they provide a sufficiently large sample for the

statistical analysis. These data, as well as the nunerical and
statistical nethodology, will be described in Section 2L. In Section
300, the ’'goodness—of —fit’ of the 10-paraneter nodel will be discussed
and exanples of the predicted design spectra wll illustrate the

ability of the analysis to reproduce the wi de range of spectral shapes
encountered when records are grouped according to significant wave
hei ght and/or spectral type. The paper wll conclude with a di scussion

in Section 40 addressing the accuracy of the results in representing
field conditions in light of existing hindcast nodel assessnents.

2. METHODOLOGY
2.1 Dat a Sour ces

Hi ndcast directional wave spectra, produced by the ODGP deep
wat er spectral wave nodel, were supplied by the Mrine Environnental
Data Service (MEDS). The data cover the period from Cctober 1983
t hrough Septenber 1986, and were calculated for grid point 1106 (46
deg. 15 min. N, 48 deg. 45 mn. W on the Gand Banks. The data set
consisted of a total of 4382 directional spectra, sanpled every six
hours, and described using 15 frequencies and 24 directions. The
frequency resolution was variable with nom nal frequencies at: 0.2545,
0.2792, 0.3142, 0.3491, 0.3840, 0.4189, 0.4538, 0.5062, 0.5760,
0.6458, 0.7331, 0.8377, 0.9948, 1.309 and 1.9373 radians per second
(rps). The direction resolution was constant at 15 degrees.

2.2 Paraneterization

The paraneterization of the directional spectra and the details
concerning the non-linear fit procedure, first guess selection, and
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stop criteria are described in Juszko (1989b and 1991). Briefly, the
anal ysis consisted of a four step process. The first step involved
scanning the directional spectra for the |ocation of peaks, ranking
t hese peaks according to their spectral density value, assigning a
two—digit code (ICODE) to the record to denote "spectral type” and
storing the features of the tw mjor peaks (e.g. direction,
frequency, significant wave height) for possible use as first guess
values for the 1l0-paraneter nodel fit. The first digit of |CODE was
assigned the total nunber of scanned peaks and the second took on a
val ue based on the direction and peak period separation of the two
| argest peaks, given by:

2nd digit Spectral Peak Characteristics
0 single peak
1 | direction separation > 43°; period separation > 2 seconds
2 | direction separation > 45°; period separation < 2 seconds
3| direction separation < 45°; period separation > 2 seconds
4 | direction separation < 45° period separation < 2 seconds

These <code values wll allow for later grouping of records
according to spectral type to aid in both the assessnment of the
paranmetric fit and in establishing design spectra specific to spectra
type. It was found that close to 60% of the records were nultiple
peaked, justifying the use of a nore conplex paranetric nodel.

In the second step, an initial fit of the six—paraneter Ochi and
Hubbl e (OH) spectra, given by,

2 ﬁ!.ﬂ 4_ A 9
S(W) = -]... E ( 4 wm;) 5i e""[(4A"+1]/4](“"mi/w)4 (1)
4 I‘(A) w4r\i+1

was perforned to the surface displacenent spectra. Here S(.)
represents the OH spectrum ¢, w,, and A are paraneters describing
the significant wave height, nodal frequency and shape, respectively,
of the ith conmponent of the spectrum and I(.) denotes the gamm
function.

Each conponent three paraneter expression is identical to the
Wal | ops spectrum (Huang et al., 1981) given deep water, sinusoidal
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wave assunptions (Juszko, 1990). The fit procedure uses the
Levenber g—Mar quar dt non-I i near iterative process which is a
conbination of a steepest-descent and Newton's nethod. In this

application a weighted fit was performed in order to reflect the
different frequency bandwi dths of the hindcast spectra. A variance
conserving procedure was al so incorporated. The significant wavehei ght
of the spectra over the frequency range covered by the input spectrum
h1/3 1, was cal cul ated from

N
h1/3'1 =4 Z E(Wi)DF(W,’) (2)
1=1
where E(w ) represents the input spectral density at the frequency «,
DF(w) is the variable frequency resolution and the sumis perforned

over N frequencies. This value is less than hy/3 2 obtained from the
two significant wave hei ght paraneters via:

h1/3,2 =y 8 + 6 ¥

which is associated with the theoretical variance of the expanded
spectrum having a frequency range extending fromO to o. In order to
conserve variance, the fit procedure included an algorithm which
forced the total variance under the nodel OH spectrum over the
appropriate frequency range to equal that of the input ODGP spectrum

In the third step, the 1l0-paraneter directional nodel given by:
) L R
mp Y P il 4o
Mw,f)=- — AP oos™ TS ()
(’) 4; m‘,) ] ( ) 2

was fit to the hindcast spectra. Here, B are directional spread
paraneters, O are the nodal directions and A(P) is a normalization
factor for the area under a cos?P curve given by:

TP 41)
(P)= (2P + 1)

The six OH paraneters were used as first guesses for the equival ent
non-di rectional paraneters while the directional properties associated

(5)
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with the two nodell ed peaks were used as first guesses for O, and B
(see Juszko, 1991). The variance conserving, non-linear fit procedure
was simlar to that wused for the six-paraneter nodel. The
"goodness—of —fit” was assessed by calculating the percent residual
error, RESD,

gi ven by

o T 1So(wn,8;) - Saelws, 8] W
Tay oo [Sp(wr, 6;)) WT?

where Sy represents the input spectra, Sy the 10-paranmeter fit
spectra, W is a frequency wei ghting based on bandwi dth and the sumis
performed over N frequencies and M directions.

RESD =

(6)

In the fourth step, the 10-paraneter fit was re—perforned on
selected records, to see if the fit could be inproved, by using a set
of first guesses for the paraneters obtained from the peak scanning
procedure of step 1 with constant values of 2.0 and 1.5 for A; and Ay,
respectively. The records that were re—processed included single peak
spectra (1 CODE=10) whose RESD val ues were greater than 10% (i nplying a
poor first guess using the OH nodel paraneters) or if | CODE indicated
a multiple peak spectra, RESD>7% and, at the same tine, the difference
between the two nodal directions and the scanned peak directions was
greater than 45 degrees (inplying that a peak was m ssed).

2.3 Statistical Analysis

The statistical analysis followed closely the procedure described
by Gchi and Hubble (1976) for the six—paraneter spectra. In this
application, the statistics were calculated for the follow ng eight
paraneters: arctan (01/02), t, e, | N(A), I n(A2) I n(P)In(P2) and | O -
Omw|. The ratio 01/82 was used in order to reduce the nunber of
paraneters and taking the arctangent sinplified the fit of a Gaussian
form to the probability distribution. The natural logarithns were
taken for the shape and spread paraneters in order to limt the range
in these values. The difference in nodal direction, forced to lie
between 0 and 180 degrees, was used as the relative direction between
the two peaks was nore inportant than the absolute peak directions.
The data were divided into nine groups according to significant wave
hei ght. Records with RESD values greater or equal to 20% were
excluded. An occurrence probability histogram was generated for each

of the eight parameters and waveheight group. Table 1L lists the
group nunber, nunber of records per group and nean significant wave
hei ght of the group which will be used in |ater regression analyses. A
two—si ded bounded CGaussian distribution was then fit to the
probability histograns after outliers were renoved and upper and | ower
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bounds were determ ned. An exanple of the fit for hy3 group 3-4 mis
shown in Figure 100. A famly of probability spectra was devel oped for
each paraneter and wavehei ght group by locating the node or nedian
(50% probability) and the 80, 90 and 95% confidence limt paraneter
val ues. (The node and nedi an were often very close in value except for
the direction paraneter and for sone of the higher wavehei ght groups
where there were few data points.) These values were then treated as
target paraneters and the data were scanned for records whose
associ ated paraneters fell wthin 5% about the target value. The
remai ni ng seven paraneters were then individually summed and aver aged.
This procedure results in 24 sets of eight paraneters for each wave
hei ght group, eight of which are associated with the nedian (or nodal)
val ue. The eight median (or nodal) sets can be averaged together to
generate one average spectra for each group. The functional
relationship

Y = aXP + cX + d (7)

was fit to the results to allow for prediction of any paraneter val ue
(Y) froma known significant wave height (X).

-
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Figur‘e 1: PrF)bability histograms and fitted bounded Gaussian distribution (solid line) for fit parameters
associated with records havine significant wave heights between 3 and 4 m.
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wave hei ght group

EC 10

Nunber of records and average significant wave height per

GROUP | RANGE | NPTS h‘;}’;"“g‘
1 0-1m 61 0.88
2 1-2 843 1.60
3 2-3 1230 2.49
4 3-4 014 3.47
5 4-5 489 4.43
6 5-6 250 5.43
7 6-7 97 6.49
8 7-8 34 7.38
9 >8 24 8.98

The probability analysis was also perforned for

records grouped
according to spectral types (I CODE) and significant wavehei ght.

Thi s

all owed for further understanding of the range in spectral shape that
may be encountered as single and nultiple peak spectra are exam ned

separately and not

Tabl e 2: Persent joint occurrence of

% RESD and hq,3(m

"averaged” together as in the previous anal ysis.

Cdm| 19 | 23 | 34 | 45 [ 56]67]78 (89910 >10] TOTAL
00% 1 057 11203 | 2202 [17.98 [10.34 |5.20(2.170.80{037 007 0.09) TLT3
1090 1080 | 750 | 655 | 3.2 | 107 [0.6610.09]0.00 | 0.020.00 0.00) 19.99
2030 1068 | 250 | 148 | 0.34 | 0.05 |0.05|0.00(000{002]000]000] 3.13
2040 | 046 | 091 | 052 | 011 | 0.05 |0.02|0.00{000{000] 000} 000) 208
050 1 009 | 057 | 007 | 0.02 | 0.00 [0.000.00]000]000]000]000) 0.9
F060 1 009 | 0.1 | 005 | 000 | 000 |0.00]0.00]0.00|0.000.00(000] 025
6070 1 0.07 | 000 | 0.00 | 000 | 0.00 [000]0.000.000.000.00 000} 007
701000 | 0.00 | 0.00 | 0.00 | 0.00 |0.00]0.00}0.00]000)0.00]000) 0.00
TOTAL | 276 [ 2364 [30.69 [2175 [1150 |6.02]2.260.80 | 041 0.070.09
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3. RESULTS
3.1 Fit Assessnent

The ability of the 10-paraneter nodel to represent hindcast spectra
is illustrated by the distribution of RESD (Equation 6) wth

significant wave height, shown in Table 20, and with |ICODE in Table

3[]. These results indicate that approximtely 91.7% of the records
had acceptable fits (RESD =< 20%. The larger errors tend to be
associated with nultiple peak spectra (8% of the 8.3% unacceptable
fits were scanned as nultiple peaks) reflecting limtations of the
nmodel functional form and/or |low energies (5.5% had hy 3 < 2m when

smal | errors in the fit can result in large relative errors. Table 4[]
contains the distribution (i.e. mean average deviation, standard
deviation, coefficient of skewness and kurtosis) and conparison
statistics (i.e. nmean error, RVMS error, scatter index and correlation
coefficient) for spectral properties calculated on the hindcast and
regenerated paranetric spectra. The spectral properties included in
the conparison were significant wave height, the peak period TP (the
period associated with the spectral peak of the surface displacenent
spectrum), the peak direction PDIR (the direction associated wth the
maxi mum of the directional spectrum S(w, ®)), TDR (the period
associated with PDIR), and the vector nean direction VMD. Note that in
this table we are conparing hy3 1 Wwth hy3 2 (described in Section

200, Equations 2 and 3) since total variance is being conserved and,
as expected, hi/3,2 > hy3 1 (negative nean error). The high
correlations further support the accuracy of the paranetric
representation.
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Tabl e 3: Percent joint occurrence of | CODE and %
RESD

| | 0-10% | 10-20 [ 20-30 [ 30-40 [ 40-50 [ 50-60 | 60-70 [ >70 ]| TOTAL |
10 3918 | 137 | 0.18 | 0.05 | 0.00 | 0.02 | 0.00 [0.00]] 40.80
21 1013 | 434 | 0.71 | 0.27 | 0.05 | 0.05 | 0.00 |[0.00 | 15.54
22 8.0 | 399 | 094 | 021 | 0.07 | 0.00 | 0.00 [0.00 || 14.10
23 1.57 | 0.55 | 0.07 | 0.05 | 0.02 | 0.00 [ 0.00 [0.00 | 226
24 3.88 | 0.94 | 0.07 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 4.88
31 315 | 274 | 0.64 | 025 | 0.14 | 0.05 | 0.00 [ 0.00 | 6.96

32 1.48 187 | 0.8 | 0.39 | 0.18 | 0.02 | 0.02 | 0.00 4.75
33 1.03 1.05 0.41 | 0.11 | 0.02 | 0.02 | 0.00 | 0.00 2.65
34 1.16 094 | 0.25 | 0.07 | 0.00 | 0.00 | 0.00 | 0.00 2.42
41 0.43 0.75 | 0.32 [ 0.21 | 0.09 | 0.02 | 0.00 | 0.00 1.83
42 0.23 048 | 0.21 | 0.23 | 0.09 | 0.02 | 0.02 | 0.00 1.28
43 0.21 0.37 | 0.07 | 0.05 | 0.00 | 0.02 | 0.00 | 0.00 0.71

44 0.27 039 | 0.18 { 0.05 | 0.00 | 0.00 | 0.00 {0.00 0.89
>50 0.09 023 | 032 | 0.16 | 0.09 | 0.02 | 0.02 | 0.00 0.94

| TOTAL | 71.73 [19.99 [ 5.13 [ 2.08 [ 0.75 [ 0.25 | 0.07 | 0.00 | |
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Table 4: Sunmary statistics for spectral properties of the hindcast
nodel (M and correspondi ng 10—-paraneter (F) spectra (4382 pts)

his TP PDIR | TDIR | VMD
(m) (sec) (rad) (sec) (rad)

MEAN M | 2.999 9.243 1.574 9.955 1.437
F| 3120 | 9.335 1.556 0.688 1.447
ADEV M | 1.116 1.427 1.023 1.593 0.947
F| 1141 1.555 1.019 1.578 0.958
SDEV M | 1.429 1.834 1.257 1.990 1.220
F | 1.497 1.919 1.259 2.005 1.230
SKEW M | 1.081 0.141 0.502 0.274 0.409
F| 1.359 0.286 0.597 0.240 0.427
KURT M | 1.759 0.189 | -0.389 | -0.089 0.089
F [ 3.396 0.006 | -0.314 | -0.081 0.047

ME | -0.121 | -0.093 0.008 0.267 | -0.004
RMSE | 0.506 0.627 0.379 0.881 0.157
% SCAT | 16.549 6.754 | 24.227 8.972 | 10.918
CC | 0.945 0.946 0.895 0.912 0.935

3.2 Fam | ies of Probability Spectra

Al though famlies of probability spectra were developed for a
variety of probability levels, only the results for the nodal, nedian
and 95% limts will be discussed. Further information can be found in
Juszko (1991). The paraneter values for the average nedi an and nodal

spectra in each hy3 class are plotted in Figure 20L]. Exanples of the
95% confi dence paraneter values, as a function of hy3, are shown in

Figure 300 for the target paraneter arctan (&i/62). Results of the
regression anal yses (using Equation 7) are shown as the solid line in

Figures 20 and 300, The regression had various degrees of success.
The dependence of the shape and spread paraneters on significant wave
hei ght was poorly represented except when they were the target

paraneters. It can be seen in Figures 200 and 30 that there were
distinct trends in the paraneter values with significant wave height.
The decrease in nodal frequency (1 and 2) and direction separation
Wi th increasing energy is consistent with sea peak devel opnent during
storns. The behavior of the other paraneters reflect the relative
inportance of swell in the spectra as well as describing how the
10-paraneter nodel divides the spectral energy between the two

conponents in cases of single peaks. For exanple, in Figure 30, the
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shape paraneters (A1) show a distinct dip for hy3 between 2 and 6 m
At | ow energies, swell signals, which are narrow-banded, can provide a
relatively large contribution to the spectra and these are being
nodel led by the first set of conponents. At high hy3 values, the
10—paraneter nodel has a tendency to fit the sharp sea peak with the

first set of conmponents (i.e. large Ay value) while the second set
nodels the flat high frequency “tail” of +the single peak. At
m d—energy levels, the separation between sea and swell is not as
distinct as at Ilower energies and the developing sea peaks are
"flatter” than at higher energies, both effects |leading to a reduction
in )\]_.
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Figure 2: Average nedian (star) and nodal (dianond) paraneter val ues
as a function of significant wave height. The nedian regressions of

Tabl e

500 are shown as solid |lines.
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Tabl e 5: Regression coefficients for the overall median spectra

| Median Parameter | a | b I c | 4 |
arctan(&lfﬁz) 0.278 | 0.767 | -0.140 | 0.476
w1 -0.5b54 | 0.293 0.016 | 1.335
Won -1.085 | 0.353 0.081 | 2.174
' ln()tl) 0.004 | 2.436 0.022 | 0.650
In(Az) -3.472 | 0.185 0.229 | 3.679
In(P,) 20.461 | 0.609 | 0.116 | 3.364
In(P5) T0.425 1 0.779 | 0.153 | 2.370
[Bns — Bona] 17741 | 0.250 | 0.031 | 3.040
1.50 - 1.30

na}
0.0 10.0 0.0 wa %6 ' " T " e
’ hyss (m) ) ) k13 (m) ’ ) hisa (m) .
Figure 3: 95% confidence paraneter values as a function of significant
wave height for the target paraneter arctan(01/92). Squares: |ower
limt; circles: nedian; triangles: upper limt. The paraneter

regressions of Table 600 are shown as solid |ines.
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Tabl e 6: Regression coefficients for 95% confidence Iimts spectra. L:
Lower; U. Upper.

1; arctan(6; /é;) 2 Wi 3 wma 4: In{};)

a ] b ‘ c J d a I b | c | d a | b [ c | d a [ b I c [ d

L 11-0.268] 0.650| 0.151| 0.319] -0.113| 0.791| 0.045| 0.659}-1.259| 0.400| 0.140| 2.279{ -2.609| 0.727| 1.299| 2.767
U1l 0585 0.6271-0.229] 0.736| -0.133! 1.013| 0.094| 0.797] 0.048| 0.754|-0.092| 1.136] 1.710| -0.772{ 0.205!-1.463
L2l 0.199] 0.465/ 0.004| 0.171] 0.018] 0.806(-0.023| 0.492}-0.308| 0.691| 0.087( 1.124] -1.522| 0.459| 0.274; 2.675
U2l 0.179] 0.534{-0.040| 0.618| -0.502{ 0.659| 0.130| 1.428(-0.498| 0.692| 0.137| 1.559 0.322| 0.283| 0.111|-0.058
L 3/-0.264] 0.722] 0.127] 0.790( -0.001| 1.812|-0.015| 0.580(-0.264| 0.629| 0.067| 0.923| -2.675| 0.603| 0.982| 2.796
U3l 1.395] 0.398]-0.214]-0.584] -0.164| 0.805| 0.051| 0.920{-1.913( 0.433| 0.242| 3.384| 0.013| 1.932|-0.041} 0.688
L 4! 0.711] 0.757/-0.329| 0.117| -0.057| 0.883} 0.007]| 0.729|-2.548| 0.340| 0.243| 3.822; 0.006| 2.473|-0.020|-0.388
U 4| 0.685] 0.684]-0.281]-0.184} 0.502| 0.366|-0.092| 0.096]-0.265| 0.663; 0.055| 1.121| 0.146| 1.148}-0.148| 1.860
L5l 1.212] 0.846(-0.779( 0.056] -0.224| 0.849| 0.117| 0.836|-1.397| 0.412| 0.170| 2.528] 0.106|-11.493| 0.076| 0.413
U sl 0.280] 0.585!-0.076] 0.456| -0.675| 0.289| 0.014| 1.547| 0.531|-0.802(-0.034| 0.704] 1.350| -0.537| 0.246|-1.113
L6l 0415 0.6431-0.150| 0.425| -0.170( 0.719| 0.036| 0.938|-0.333| 0.657| 0.071] 1.320| 0.077| 1.607(-0.133| 0.233
U 6[-0.326] 0.645| 0.143| 0.678! -0.382] 0.446| 0.043| 1.035| 0.557|-0.782(-0.014} 0.521| 0.375| 0.344| 0.075| 0.112
L 7| 0.002]-37.786| 0.030| 0.696(-0.128| 0.289(-0.053| 1,010} 1,152} 0.315|-0.224|-0.005| 0.451] -0.757] 0.129| 0.122
U 7(-3.368] -0.164(-0.126] 4.147]| 0.290] 0.270(-0.059} 0.385]-0.509| 0.214|-0.021| 1.487|-1.843' 0.609 0.647| 2.046
L 8(-0.277] 0.683( 0.116| 0.895{ -0.473| 0.419| 0.036{ 1.281]-0.567| 0.753| 0.225| 1.452| 4.779| 0.316]-0.402|-4.484
U 8l-0.170] 0.605| 0.127{ 0.461{ -0.389¢ 0.363| 0.026 1.066|-2.108| 0.327| 0.191| 3.210|10.210] -0.084| 0.242|-9.616

5; ]n(Az) 6: ln(Pl) T IH(PQ) 8: |0m1 —0,,,g|

a | b | c [ d a l b | ¢ | d a | b | ¢ I d a ] b | c [ d

T 1] 1.606] 0.760]-0.778]-1.329] -7.118]-0.181]-0.280] 9.979]-0.639] 0.40] 0.010] 2.959] -0.235] -0.308[-0.218] 2.388
U1]-2439] 0.734| 1.147| 2.005| -4.239] 0.690| 1.868] 5.210|-6.980] 0.431] 1.198] 9.413 0.472| 0.426|-0.115] 0.418
D2/ 0.032] 0.930] 0.028]-0.060| 0.533| 0.623|-0.270| 3.350-1.786] 0.417| 0.114] 4.909| -1.873| 0.301]-0.040 4.203
U 2| 0.050]-20.229] 0.158|-0.668] 2.269-0.892] 0.154] 0.470]-1.663] 0.257] 0.021] 3.744] -0.762| 0.689| 0.290| 1.456
T3 5767 0.1911-0.238|-6.269] -1,010] 0.432] 0.114| 4.707|-0.689|-1.070|-0.294| 3.930] -1.977| 0.455] 0.176] 3.873
U 3| 2.532] 0.321]-0.203|-3.004] -0.124| 0.708| 0.068| 2.321|-0.427] 0.836] 0.172| 1.876| -4.162] 0.250] 0.217] 5.576
T 4]-0.713] -0.540]-0.188| 1.216] 0.000| 6.157|-0.021| 2.335| 3.206] 0.472|-0.732|-0.946| 4.489| 0.269] 0.274] 6.333
U4]-0406] 0.356] 0.108| 0.444] -3.105 0.695| 1.318| 5.731]-3.529] 0.416] 0.522] 5.927| 7.652| -0.228] 0.163|-5.711
L 5[-1.085| -2.695] 0.068|-0.510] -1.140| -2.561]-0.136| 3.332|-2.266]-0.480]-0.270| 4.058| -2.465| 0.396] 0.245| 4.009
U sl 1.240] -3.223] 0.025] 0.596] 3.696|-0.516] 0.287|-0.663|-0.028] 0.599|-0.001| 1.963| 0.944| 0.704]-0.509] 0.482
T 6-0.170| 0.454] 0.032] 0.463| 0.001] 2.891] 0.049] 1.039|-0.426] 0.006] 0.181| 2.386| 2.677| 0.328]-0.308|-1.842
U610.083] 0314] 0.076]-0.380] 0.270] 0.226|-0.184 4.407|-0.166] 0.562|-0.077| 2.731| 1.314| 0.250]-0.277] 0.182
L7 0011 1.867] 0.055]-0.438| -1.402] 0.567] 0.434] 3.913| 2.347]-0.281| 0.184|-1.899| -4.403| 0.266] 0.253] 5.921
T71-1356] 0.408] 0.243] 1.278| -3.893| 0.748| 1.976| 5.650|-1.677|-0.196]-0.289] 5.467] -2.320] 0.309] 0.313| 3.708
L 8[-0.359] 0.360] 0.087| 0.451| 1.200| 0.340(-0.130] 1.330]-3.308| 0.444| 0.510| 5.524( -0.660| 0.260| 0.047, 0.773
U8l 0.012] 2.191(-0.120] 0.371]|12.636! 0.160|-0.718)-9.8161-0.474{-2.569]-0.162| 2.579|-0.432( 0.441|-0.208| 3.604

The regression coefficient values for the nedian and 95% confi dence
limt spectra are provided in Tables 50 and 60, respectively. Table
6] may require some explanation. For each target paraneter, for
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exanple arctan (81/02), upper and Ilower confidence limts are
det erm ned for t he ei ght par anmet er s, arctan
(01/ 82) , W, Wy, I N(A) , In(A) In(P)In(P2) and |Gm - Oy, which are
| abel ed as paraneters 1 to 8 in the table. For exanple, the columms
under arctan (01/02) give the regression coefficients for paraneters 1
to 8, which define, wth Equation 7, the dependence of these
parameters on significant wave height. Plots of the resulting fits for

this target parameter are shown in Figure 30,

An understanding of the ability of the statistical approach to
provi de design spectra representing a wde range of spectral shapes,
can best be obtained through visual examnation of contoured
directional spectra. The average nedian directional spectra are

illustrated in Figure 4L]. They show the presence of both swell and
sea peaks, which are young in terns of spectral devel opnent, at | ower
energies (1 to 4) with increasing loss of swell signals and greater

directional symetry at higher energies. Figure 50 contains the |ower
confidence spectra for the target paraneter wm. The | ower 95% spectra
represent occurrences of multiple peaks at all energy levels while,
conversely, the upper 95% spectra (not shown) are single peaked. The
medi an spectra associated with the different spectral type groupings

are provided in Figure 60. In this case, fit parameters for single
and nultiple peaked spectra are not being averaged together so that
the nedi an spectra are consistent with their designation. Figures 40,
501 and 6L], though only a subset of the available information,
clearly illustrate the variability in spectral shape that can be
nodel | ed and predicted.
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Figure 4: Contoured average nedi an spectra by significant wave hei ght

group as described in Table 10. Contour levels set at: 0.01, 0.025,
0.05, 0.1, 0.25, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, 10.0, 15.0, 20.0 and
30.0 n?/rps—rad.

4. DI SCUSSI ON

The use of a paranetric representation of directional wave spectra
and subsequent statistical analysis of the probability distribution of
the paraneters, was shown to provide design spectra which reflect the
wide range in energy distribution that is observed. The probability
analysis based on significant wave height groups allowed for the
devel opnent of prediction relations for the nodel paraneters w thin
the significant wave height range examned. As there may be both
si ngl e and doubl e peak spectra with the sanme significant hei ght, whose
paranmeters are therefore averaged together, the results based on
spectral type groupings may be nore appropriate for sone applications.
Unfortunately, there were insufficient data to establish simlar
prediction relations. Al of the results nust be considered in |ight
of the basic limtation of the paranetric nodel to describe only two
spectral peaks.
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Design spectra, such as presented in this paper, will continue to
be an inportant tool for engineers as they provide a basis for nodel
and design testing. On the one hand, hindcast spectra are w dely used
for this purpose due to the absence of long records of field measured
directional wave spectra necessary for the statistical analyses. On
the other hand, hindcast nodels have only Ilimted success in
reproducing field conditions. Conclusions based on their design
spectra must be qualified due to the follow ng considerations. There
are intrinsic differences between nodel and field spectra. For
exanple, the directional resolution of field spectra, obtained using
existing analysis techniques, is limted to detecting the presence of
a maximum of two directional peaks per frequency (which are
under-resolved). The resolution limts of the nodel spectra are
determ ned solely by the direction grid. There is no isotropic noise
included in the nodel spectra which is present in the field. Beyond
t hese basic differences, Juszko and Graham (1992), through a coherence
analysis, show that a mgjor limtation of the ODGP nodel was an
inability to reproduce variability in the wave field on tinme scales
| ess than about 30 hours (for overall spectral energy) and that |ow
frequency energy (i.e. swells) were not repr esent ed, in a
statistically acceptable manner, on any tine scale. The latter does
not nean that swell signals are never nodelled but rather that their
occurrences do not correspond well wth the field data. These
observations inply that the underlying distribution of the paraneters
may be quite different between hindcast and field data fitted with the
10—paraneter nodel (i.e. expect greater variability in the field
values as well as possible differences in skewness and kurtosis) and
further, that design spectra which indicate the presence of swell/sea
peaks shoul d be used cautiously.



Directory  Table of Contents  List of Tables Figures

EC 10

d
-

Direction (deg)
180. 270. 360

90,

Direction [(deg
180, 270. 360. 0.

ml

0.

3800
—1

180, 270,
i .

Birection (deg)

80,
L

o™

a.

¥ T T 1 1 L] L L3 L Al LI T - N L) 1
o.u 0.8 1.2 1.6 2.0 0.0 0.4 0.8 1.2 1.6 2.0 0.0 0.4 0.8 1.2 1.6 2.0
Frequency (rps) Frequency (rps) Frequency (rps)

Figure 5: Contoured |ower 95% confidence spectra by significant wave
height group as described in Table 10 for target paranmeter .
Contour levels as in Figure 40l



Directory  Table of Contents  List of Tables Figures

I -
87 TICODE: 10, hyss: 0-3 m ICODE: 10, hy/3: 3-6 m
o -
3K , :
c -
o 8+ E
o (
£ :
o
o T ——1 ‘L T T ™ -
S - - - -
s ICODE: 21,31,..., hys: 0-3 m | ICODE: 21,31,..., Ay3: 3-6 m
6 g i
:'3 —
£ & 4
o [
(:; —Tr T T T - #
811CODE: 22,32,..., hyy3: 0-3 m  |ICODE: 22,32,..., ky5: 3-6 m 1 ICODE: 23,33,..., hi/a: 0-3 m
o -
SR
- o
(4]
- 4 «
a

d‘#"* T L LI L B | J" DL St T T 1 ‘L‘“*“!_’" T T T T

§' ICODE: 23,33,..., hi/3: 3-6 m TICODE: 24,34,..., hij3: 0-3 m [ICODE: 24,34,..., hy/3: 3-6 m
T .
SR
5 g
:: —
o
£ & \
S I
(:;'L— L — T T | LI T L T | "—“ L L ™ T |
0.0 0.4 0.8 1.2 1.8 2.0 0.0 0.4 0.8 1.2 1.6 2.0 0.0 G.4 c.8 1.2 1.6 2.0
Frequency (rps) Frequency (rps) Frequency (rps)

Figure 6: Contoured average nedi an spectra by | CODE group as descri bed
inthe text. Contour levels as in Figure 40.

5. ACKNOW.EDGEMENTS

This work was supported by a Department of Supply and Services
Contract No. W707-0-1301/01-0OsSC. The authors would |like to thank Dr.
Ron Wlson, as well as his support staff, of the Mrine Environnental
Data Service, Departnent of Fisheries and Cceans, for supplying the
hi ndcast dat a.

6. REFERENCES

Hassel mann K., T.P. Barnett, E. Bouws, H Carlson, D.E. Cartwight, K
Enke, J.A. Ewing, H Genapp, D E Hasselmann, P. Kurseman, A



Directory  Table of Contents  List of Tables Figures
EC 10

Meerburg, P. Miuller, D.J. Obers, K R chter, W Sell and H Walden,
1973. Measurenents of w nd-wave growth and swell decay during the
Joint North Sea Wave Project (JONSWAP). Dt sch. Hydrogr. Z.,
A8(12) : 1-95.

Hogben N. and F.C. Cobb, 1986. Paranetric nodelling of directional
wave spectra. Proceedings of the Ofshore Technology Conference,
Houst on, Texas, May 5-8, 1986. Paper OIC 5212, 489-498.

Huang N.E., S.R Long, C. C. Tung, Y. Yuen and C. F. Bliven, 1981. A
uni fi ed two—paraneter wave spectral nodel for a general sea state. J.
Fluid Mech., 112: 203-224.

Juszko B.—-A., 1989a. Paraneterization of directional spectra — Part 1.
Def ence Research Establishment Atlantic, Dartnouth, Nova Scotia.
Contractor Report CR/89/414. 141pp.

Juszko B.—-A., 1989b. Paraneterization of directional spectra — Part 2.
Vol. 1. Defence Research Establishnment Atlantic, Dartnouth, Nova
Scotia. Contractor Report CR/ 89/445. 115pp.

Juszko B.-A., 1990. Analysis of the Wst Coast wave climte. Defence
Research Establishnent Atlantic, Dartnouth, Nova Scotia. Contractor
Report CR/ 90/ 424. 105pp.

Juszko B.—-A., 1991. Devel opnent of a statistical wave clinate based on
10—paraneter spectra. Vol. 1. Defence Research Establishnent Atlantic,
Dart mout h, Nova Scotia. Contractor Report CR/ 91/458. 217pp.

Juszko B.—-A. and R Graham 1992. Frequency and directional eval uation
of the ODGP spectra at Hibernia. Atnosphere—Ccean, In press.

Cchi MK and E. N Hubble, 1976. Six—paraneter wave spectra.
Proceedings of the 15th Coastal Engi neering Conference, Honol ulu,
Hawai i, 1976. P301-328.

Pierson WJ. and L. Mskowtz, 1964. A proposed spectral form for
full y—devel oped wind seas based on the simlarity theory of S A
Ki tai gorodskii. J. Geophys. Res., 69: 5181-5190.




Directory  Table of Contents  List of Tables Figures
EC 10

W ND ESTI MATES FROM OBSERVED DI RECTI ONAL WAVE SPECTRA

Wl liam Perriel, Bechara Toul anyl and Zhengya Zhu?
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Scot i a—Fundy Regi on Dal housi e U.
Departnent of Fisheries and Cceans Hal i fax, Nova Scoti a

Bedford Institute of CQOceanography
Dart mout h, Nova Scotia

1. | NTRODUCTI ON

Marine wi nd neasurenents are not nade at all |ocations where waves
are neasured and this notivates us to search for wind information from
t he wave observations. Furthernore, wi nd nmeasurenments can have biases.
In situ wind neasurenents are wusually obtained from buoy—-nounted
anenmoneters or ship—-nounted anenoneters. The former are believed to
give reliable estimtes of surface wind speed by Pierson (1991) and
are the basis for wind observations in the Surface Wwve Dynam cs
Experiment (SWADE), described by Wller et al (1990), Mrsden and
Juszko (1989) suggest that wave slopes conputed fromthe tinme series
collected by directional wave buoys may also be used to calculate
surface wind direction and speed.

Renotely sensed data from scatteroneters or altineters estinmate the
winds with algorithns derived by conparing in situ data to the
renotely sensed data. It has recently been suggested by d azman and
Pilorz (1990) that w nd speed inferred fromaltinmeter neasurenents nay
have systematic errors that decrease wth increasing wave age.
Therefore observations about sea-state nmy be necessary for an
accurate determnation of the wnds. W expect the sane may be true
regardi ng the scatteroneter neasurenents.

Mar sden and Juszko (1989) Ilooked at tine series collected from
di rectional wave buoys in open ocean conditions on the G and Banks of
Newf oundl and. They found high correl ati ons between sea surface sl ope
and surface wind speed and direction. The present analysis extends
Mar sden and Juszko (1989) by considering the spectral data directly
recorded by directional wave buoys rather than the tinme series, and by
considering offshore wnds associated with fetch—- limted grow ng

waves. We first consider wind directions in Section 20. Section 30O
| ooks at calibrations of onshore wi nd speeds in terns of wave sl opes.
O fshore wind speeds are calibrated in ternms of wave slopes in Section
400, Finally, Section 50 considers wind speed as function of fetch
when wi nds are offshore.

2. Wnd Direction

In separating swell from wind sea during their analysis of
pitch/roll buoy data from the CASP observation period, Dobson et al



Directory  Table of Contents  List of Tables Figures
EC 10

(1989) found that the region of the wave spectrum above about tw ce
the spectral peak follows the shifting direction of the wind very

closely. The CASP array is shown in Figure 101,
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Figure 1: The CASP wave buoy array. Shoreline w nd neasurenents were
recorded near point 'R.

Vel | —behaved wave direction which is closely associated with the w nd

direction, may be conputed by constructing the mean wave direction €

for the upper equilibriumrange (the region of the spectrum above 0.4
Hz or 1.5f, : whichever is higher, where f,is the peak frequency of
t he wi ndsea spectrum
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min[3.0f , £ ]

. ,
° mn{3.0f ; T.] - mae[0.48z,1.57 ] J o(f) df (2.1)

maac[0.4Hz,1.5fm]

where ® is the wave direction at frequency f deternmined from the
guad— spectra between the heave signal and the north-south wave sl ope
Qi2, and the heave signal and the east-west slope Q3

Qw] (2.2)

8 = arctan|-—=
12

corrected for the magnetic declination. The nyquist frequency (0.64

Hz) is denoted by fn Figure 200 conpares the wind direction at the
nmet eorol ogical buoy (MNMET) with the wave direction as calcul ated
from equation (2.1) for the outernost CASP pitch/roll buoy when w nd
speeds less than 5 m's are not included in the analysis.
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Figure 2: Wnd Direction neasured at the M N MET as a function of the
hi gh frequency wave direction defined by equation (2.1) neasured at
VWAVEC WC31, in degrees true. Perfect agreenent is shown by the line —

The agreenment is alnost perfect for all the pitch/roll buoys in the
array. Correlation coefficients, for this and other CASP buoys, are
above 0.98 wth rms errors less than 14.7°. Marsden and Juszko
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(1989)'s analysis yields a correlation coefficient of 0.99 and rns
error 8.0°. The direction of the high frequency equilibriumregion of
the spectrum provides a good neasure of the observed wind direction
wi t hout the 180° anbiguity encountered by Marsden and Juszko (1989).

3. Onshore W nds

Wien the wind is onshore, there is no roughness change such as
occurs at the land-water boundary in the offshore case in the sense
that no boundary | ayer height adjustnment occurs over water. This is
the case of open ocean |long-fetch waves. In principle the fetch is
unlimted. In practice, the fetch is |imted dependi ng upon where the
waves were generated in the open ocean. Certainly the correspondi ng
wi nd sea spectrum used in the calibration of observed winds tends to
be different from the fetch-limted w ndsea arising from offshore
winds. Conditions are equivalent to Marsden and Juszko (1989)’s
directional buoy data from the Grand Banks or to that of any other
observation point in the open ocean.

Qur analysis considers situations where the neasured winds at the
M N MET are within a wi ndow of +60° to orthogonal from the coast to
elimnate contam nation due to winds interacting with the irregular
coastline. We calibrate the wind speed U neasured at the M N MET as a
function of the total north-south spectral wave slope energy (E2), at
the outernost pitch/roll of the array.

f
N

E2 = J C,,(f) df (3.1)
£

where fg is the boundary between swell and wi ndsea and Cyo is the
nort h—sout h wave sl ope spectrum Conparison is nade between w nd speed
and the total wave slope energy integrated over all frequencies of the
W nd sea spectrum Paraneterizations in ternms of the expression

U=4d, + dls + 4232 (3.2)

0

where s represents the spectral wave slope are consistent anong
t hensel ves and verify the tinme series analysis of Marsden and Juszko
(1989). In fact, our paraneterization of total spectral wave slope
energy E2+E3, where E3 is the east-west wave slope energy, gives
slightly better correlation coefficients and ower rns errors than the
Marsden and Juszko (1989) paraneterizations of total wave slope
vari ance.

4. O fshore Wnds: Wnds as a Function of \Wave Sl ope




Directory  Table of Contents  List of Tables Figures
EC 10

Whien the wind is offshore, there is a change in roughness at the
| and—wat er boundary. In fact, before the w nds pass over the water,
they pass over forest, swanp and low hills, according to the
trajectory that they follow at a given instant, and these factors
contribute to the effective boundary | ayer roughness which shapes the
wind field that finally reaches the water, as discussed in Dobson et
al (1989). At the | and-water boundary, the roughness changes once nore
and an associated boundary |ayer hei ght adj ust nment occurs.
Fetch-limted w nd— generated waves are therefore highly variable for
differing slanting fetch situations in the offshore case.

To correlate wind speed and wave slope we restrict our attention to
situations where the winds are within +£30° of orthogonal to the
coastline to elimnate contam nation fromslanting fetch cases. Figure
30 and Table 10 present the wind speed nmeasured at the M N MET as a
function of the north-— south wave sl ope (E2),

(=4
(3]

23

20

WIND SPEED
15
)
®

=}

0.000 0.002 0.004 0.006 0008 0010 0012
WAVE SLOPE E2 (WC33)

Figure 3: Wnd Speed as a function of wave slope E2 (north-south) for
of fshore winds within +£30° neasured by the M N METat WC33. Shoreline
wind directions are required to be within +£10° of high frequency wave
directions. Lease squares paranmeterization as given in Table 10 is
shown by ————— :
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Table 1: Quadratic paraneterizations given by equation (3.2),
correlation coefficients ® and rnms errors for wnd speed as a
function of wave slope in the north-south direction E2 for offshore

winds within +£10° and +15° to the high frequency wave directions for
WC33.

+10° +15°
E2 E2
4, |2.08 2.09
4, [1129.5 1172.3
4, |1.6x10* | 1.4x10
R |0.82 0.85
rms|1.73 1.66

Wnd direction as neasured at the shoreline is within +10° (and al so
within =£15° of the high frequency wave direction determ ned by
equation (2.1). Knowing the wave slopes at the other 2 pitch/roll
buoys, this calibration allows estinmation of the wi nd speeds at these
buoys during of fshore scenari os.

5. Wnd speed as a function of fetch

There are very few neasurenents of the variation of surface w nd
speed with fetch for offshore winds. Smth and McPherson (1987)
achi eved a set of aircraft observations at 50 m hei ght and, assum ng a
logarithmc profile, these may be reduced to winds at 10 m height as

presented in Figure 4[]. Although the Snmith and MacPherson (1987) data
is unique, the error bars are large. It is therefore inportant that
further observations be analyzed to give insight into the fetch
dependence of the wind speed. W were therefore notivated to try to
infer the wind speed dependence on fetch fromthe spectral wave sl ope
ener gy.
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Figure 4. Ofshore winds as a function of fetch from the Smth and
MacPherson (1987) neasured aircraft winds at 50-m el evation, show ng
nmeasured ratios and standard deviations winds at a 50-km fetch to
those at fetch , are denoted * with error bars. The paraneterization
derived from spectral wave slopes is showmn as o0.—.—. -0 with estinated
error bars.

To select wave slope data that are 'relaxed’ to the associated w nd
forcing, we required that wind direction at the shoreline agree with
t he high frequency wave direction at the buoys WC31, W32 and W33, as
calculated from equation (2.1), to +£10°. To elimnate contam nation
due to slanting fetch situations, only offshore winds within the +15°
wi ndow to orthogonal to the coastline are considered. Using the
rel ati on between north-south wave slope (E2) at W33 and w nd speed

measured at the M N MET as shown in Figure 30 and parameterized in
Table 10, we inferred the correspondi ng wi nd speeds at WC32 and WC31.

Results are conpared in Figure 400 to the measurements of Smith and
MacPherson (1987).

6. Concl usi ons

A wave direction can be conputed from the high frequency region of
the spectrum well within the equilibrium range. This wave direction
conpares well and is statistically identical with in situ nmeasurenents
of wind direction froma nearby M N MET buoy,
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For onshore wi nds, we derived paraneterizations of wi nd speed as a
function of spectral wave slopes in good agreenent with those found
earlier by Marsden and Juszko (1989) from tinme series. This differs
fromthe correlation of wwnd to wave slope for offshore winds. In the
|atter case the waves are w nd-generated and (short) fetch-limted.
Because of the change in roughness at the |and- water boundary, the
wi nd speed al so changes with fetch as observed by Smth and MacPherson
(1987).

We derived the variation of wind speed wth spectral wave slope
energy for offshore winds at the outernost WAVEC of the array shown in

Figure 100. Fromthese results we inferred the wind speed at the other
two directional buoys. In deriving these other w nds, we assuned that

the results of Figure 30 and Table 10 could be applied to the two
i nner directional buoys. This was necessary because w nd neasurenents
were only available at the outernost WAVEC where the neteorol ogical
buoy was | ocated. Thus we assuned that it is a good approximation to
regard the paraneterization of wind speed in terns of spectral wave
sl ope as independent of fetch. W were successful in obtaining
resultant winds as a function of fetch that agree qualitatively with
Smth and WMacPherson (1987)’'s neasurenents of offshore w nds. CQur
scatter is conparable to their error bars.
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ON THE STRUCTURE OF THE MARI NE SURFACE W ND FI ELD
I N EXTRATROPI CAL STORMS

Vi ncent J. Cardone

Cceanweat her |nc
Cos Cob, CT

1. 1 NTRODUCTI ON

Interest in surface marine winds has been stinulated in recent
years by the demands of increasingly accurate (i.e. well calibrated)
ocean response nodels. For exanple, the third generation wave nodel
(WAMDI, 1988) provides extrenely accurate specifications of integrated
sea state properties and of the wave spectrum in tropical and
extratropical stornms provided that surface winds are specified with
negligible systematic (bias in wnd speed and/or direction) or
spatially correlated errors, and possess random errors of |ess than
about 2 nmfsec in wnd speed and 20 degrees in direction.
Unfortunately, surface wnd analyses and forecasts produced at
operational nunerical weather prediction (NAWP) centers rarely achieve
such low errors (e.g. Genmll et al., 1988) resulting in fairly large
errors in operational sea state predictions (e.g. Eid et al., 1986).

The desire for accurate design criteria for offshore structures
(namely, peak | oads associated with surface w nds, waves and currents)
has led to increasing reliance on the hindcast nethod (Cardone et al.,
1989). For basins in which the peak load is associated with tropica
cyclones, wind fields are devel oped mainly through the application of
numeri cal nodels (Cardone et al. 1976). In nost md- and high-latitude
basi ns, peak | oads are associated with extratropical cyclones, and the
main work of a hindcast study is to describe the time and space
evolution of the wind field in severe historical stornms, working
mai nly from conventional historical neteorol ogical data.

Cardone et al. (1980) reviewed alternate surface wnd field
anal ysi s met hods and concluded that intensive subjective reanal ysis of
pressure charts, conbined wth selective application of manual
kinematic analysis techniques were needed to provide unbiased
hi ndcasts of storm peaks in md-latitude Northern Hem sphere basins.
These nethods depend upon conventional data, nmainly historical ship
reports. Were such data are too sparse (e.g. very high latitudes,
nost Sout hern Hem sphere basins) no anmount of reanalysis can reduce
the wind errors to tolerable levels. For exanple, in the Labrador Sea
Extreme Waves Experinent (LEWEX) so nmuch of the wave energy observed
in the neasurenent area originated far north and south of the
m d-l atitude North Atlantic shipping |anes, that when nine different
wave nodels were driven by a comon wind field, derived in a
post —anal ysis (Cardone, 1991) and the hindcasts conpared to
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directional wave neasurenents, comopn errors pervaded all nodels,
suggesting that wnd field errors msked the effect of any
deficiencies in wave nodel physics.

As the data density decreases, the analyst is forced to rely
increasingly on preconceived patterns of the structure of surface
pressure fields (which are then transfornmed to surface wind fields
using marine planetary boundary |ayer nodels such as Cardone, 1969)
and of the surface wind field. For extratropical cyclones, these
patterns tend to conform to the classical Norwegian frontal —cyclone
nodel , which describes the evolution of a marine cyclone from the
initial anplification of a wave on a preexisting front, through a
deepening stage acconpanied by frontal occlusion. This conceptual
nodel continues to dom nate operational surface marine analysis (which
are drawn at nost centers either by hand, or in a man—-nachine
interactive process), and, of course, analyses preserved in archives
of weather maps of the past half century, which form the starting
poi nt for nost hindcast studies. The Norwegi an nodel of cyclogenesis
has been questioned in recent years not from observational evidence,
but from nunerical sinulations using high-resolution NW nodels (e.g.
Hoski ns and West, 1979). The devel opnent of this new conceptual nodel
of cyclogenesis has been reviewed by Shapiro et al. (1991). The key
surface | evel elenents of the new nodel include (1) the devel opnent of
a pronounced "bent-back warm front” from the devel oping cyclone into
the polar air—stream westward from the devel oping cyclone formng a
"T-bone” frontal structure with the cold front; (2) the mgration of
the intensifying cyclone along the bent-back front as the T-bone
"fractures” fromthe stormcenter; (3) the developnent with tine of a
war m-core cyclone, or "warnsector seclusion” as polar air encircles
the center at |l ow levels. The theoretical basis for the new conceptual
nodel continues to be supported in nunerical nodel studies. For
exanple, Kuo et al. (1991) used a synoptic/nesoscale NW nodel to
simulate the details of the evolution of the Ocean Ranger storm . The
resulting integration exhibited the main features of the storm and
several ERICA storms have also exhibited the structural detail of the
new conceptual nodel (Neiman et al., 1991). The above conceptual node
joins several other nodern ”anomal ous” nodalities of extratropical
storm formati on such as pol ar | ows, cyclogenesis in polar air-streans,
and re—intensification of mature cycl ones.

The min purpose of this paper is to begin to explore the
inmplications of some of these new concepts for surface nmarine w nd
nodel ling of extratropical stornms. In particular, we ultimtely seek
answers to the questions: what is the nature of the anomalies of the
surface wind (relative to the sinpler classical picture) and are these
anonalies inportant enough to affect ocean-response? If so, has
failure to resolve these anomalies in historical hindcast studies
seriously biased extreme design criteria? This pilot study begins to
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address these issues with the description of surface wind field
"anomalies” in several recent severe east coast extratropical
cyclones, revealed through intensive kinematic analysis of greatly
enhanced (relative to typical historical coverage) surface marine
observati on networks.

2. DATA BASE AND CASES SELECTED

There has been steady inprovenment in coverage of high quality
surface marine observations off the east coast of North Anerica within
the past couple of years because of the growi ng depl oynent of noored
data buoys by NOAA and AES. In addition, during the wnters of
1988-1989, the Experinment on Rapidly Intensifying Cyclones over the
Atlantic (ERICA) (Hadlock and Kreitzberg, 1991) contributed an
extensive network of drifting buoys, and during selected periods
(so—called I1OPS) lowflying research aircraft sanpled the boundary
layer wind flow in the vicinity of explosively devel oping cyclones.
During the late fall and winter of 1990-1991, the buoy network off the
east coast of the US was further augnented by additional noored buoys
depl oyed for the Surface Wave Dynami cs Experinent (SWADE) (Weller et
al ., 1991).

Qper at i onal surface pressure and wnd field products have
apparently not inproved significantly during these periods, despite
the availability of nobst of these data in real tinme. Sanders (1990)
used reanal yses of surface pressure fields derived through intensive
subj ective hand analysis to docunent the evolution of ERI CA stornms and
to study errors in operational anal yses and conventional observati ons.
Hi s conparison of the manual and automated anal yses showed ”serious
deficiencies in the latter” in storm central pressure and position.
Graber et al. (1991) used objective analysis winds fromthe U S. Navy
Fl eet  Nuneri cal Cceanography Center (FNOC), the NOAA Nationa
Met eorol ogi cal Center (NMC), the NASA CGoddard Space Flight Center
(GSFC) and ECMW, to hindcast the severe SWADE storm of Cctober, 1990
with the WAM nodel. All of those wind fields provided hindcasts which
significantly underpredicted storm wave peaks in the SWADE array, and
wave height scatter indices (ratio of the standard deviation to nean
of neasurenent sanple) about a factor of 2 larger than wusually
achieved with WAM when research quality wind fields are used. Geatly
i nproved agreenent was found when this same storm was rehindcast by
WAM Usi ng wi nds devel oped by hand ki nematic analysis (Cardone et. al
in preparation).

For this study we draw exanples of anomalous surface wind field
structures from conplete kinematic wind field analyses produced for
the foll owi ng four scenari os:

Case 1. ERICA I OP 2 (5-15 Dec, 1988) Case 2. ERICA | OP-4 (4-5 Jan, 1989)
Case 3. SWADE | OP (20-31 Cct, 1990) Case 4. PERD Storm (10-15 Jan, 1991)
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Cases 1, 2 and 4 are characterized by explosive cyclogenesis,
(24-hour deepening exceeding 24 nb) while in Case 3, nmaxi mnum 24-hour
deepening observed was about 18 nb. Wnd fields for Case 1 were
devel oped at part of a nodel study of surface wave nodul ation of
momentum flux (Chin et al. 1991). Case 2 winds were prepared for this
study because this storm has drawn intense interest from ERI CA
at nrospheric nodelers. Case 3 wind fields were prepared in support of
SWADE. Case 4 winds were prepared nmainly to add an additional wave
hi ndcast to the popul ation of historical stornms hindcast for the PERD
sponsored Canadi an East Coast extreme wave climate study (Swail et
al ., 1989).

3. WND FI ELD ANALYSI S METHOD

The wind field analysis nethod adopted is basically the sanme as that
described and recomended by Cardone et al. (1980). Wile no
fundamental changes in the hindcast nmethod were necessary to account
for the greatly enhanced surface data in the western North Atlantic,
wind fields could be derived at tenporal (three-—hourly intervals) and
spatial scales (0.5 degree grid spacing) hardly justified for analysis
of ship report data in open ocean regions. The nethod consists of the
foll ow ng steps:

1. Assenbl e conventional surface weather maps (mainly NOAA NMC Fina

Analysis series and NGM initial analyses), six—hourly ship report
collections (including late reports and punched logs in NOAA NCDC
TDF-11 archive), US and Canadi an buoy and C-MAN data, including where
avai |l abl e, consecutive 10-m nute average w nds, surface observations
from drifting buoys (ERICA), aircraft wnds reduced to surface
(ERICA) .

2. Reduce neasured winds to effective neutral 20-m height hourly
averages. For ship reports, only the height and stability adjustnent
is possible for neasured wnds and Beaufort estimtes, follow ng
Cardone et al. (1990). For buoy and C-MAN stations w thout continuous
wi nd sanpling, hourly-average winds at three-hourly intervals are
synt hesi zed by averaging three consecutive hourly w nds (speed and
direction) with weights of 1/4, 1/2, 1/4. Measured air-sea tenperature
di fference (three—hourly) and anenoneter height are used to adjust the
average w nds to equivalent 20-m neutral, using a stability—-dependent
surface | ayer nodel

3. On conputer plotted base maps, carry out a detail ed hand-anal ysis
of surface pressure and surface air-tenperature at three-hourly
intervals, and sea surface tenperature once per day, carefully
mai ntai ning continuity of centers of action and frontal boundaries.

4. Digitize each analyzed map on a x-y digitizing table, including
digitization of isopleths, |ocations and val ues of nmaxi ma and m ni ma.
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5. Calculate gridded pressures and tenperatures by fitting a
paraboloid to seven or nore digitized points located within a small
circle about each point.

6. Calculate effective neutral wind fields over the whole donmain of
the analysis from the gridded pressures and tenperatures using the
mari ne planetary boundary |ayer nodel (MPBL) of Cardone (1969. That

nodel links the following external factors governing the near
surface-flow in a steady-state, horizontally honpbgeneous boundary
layer: latitude (Coriolis paranmeter, f), surface roughness paraneter

(Zo), air-sea tenperature difference (Ta-Ts), gradient w nd vector,
(Vgr) and horizontal air tenperature gradient, or thermal w nd vector
(Vth). Conpare the nodell ed (hence PRESTO and neasured w nds at each
buoy | ocation and conpute standard neasures of difference.

7. Over a nore limted domain, carry out a subjective Kkinematic
analysis of the adjusted w nd observations (the MBL wnds are
available to the analyst as an underlay to the analysis base nap),
digitize the wind speeds and directions at grid points, enter these
(hence KINEMA) winds to a disk file, and replace the PRESTO winds with
the KINEVMA wi nds inside the domain of the kinematic anal ysis.

8. Interpolate the final wnd fields to the neasurenents sites,
conpare tinme histories of neasured and nodelled w nds, and conpute
standard statistical measures of difference.

4. SURFACE W ND FI ELD ANOVALI ES

Case 1. ERICA 10P-2. The conplex evolution of the sea-level
pressure field is described in detail by Sanders (1990), and our own
pressure field reanalyses follow his closely. To illustrate this
conplexity we show only one of the fields (selected from 3-hourly

fields derived over a 10-day period) in Fig. 10 (a-d), which are
valid 1800 UT 13 Decenber, 1988. This figure shows, in order, the NOAA
NMC North Anerican surface analysis, PRESTO wi nds cal cul ated from our
reanal yzed pressure and tenperature analyses, the manual Kkinematic
analysis, and the final KINEMA wind field. Two weak depressions are
resolved in the NMC analysis, the southern | ow depicted as a partially
occl uded wave on a preexisting front, the northern systemin a trough
shown extending to the north-northwest from the southern low The
PRESTO wi nds nore precisely place the circulation centers of these two
systens. The KINEMA field, however, resolves a third distinct
circulation center. Continuity anal ysi s i ndi cat es t hat t he
sout hernnost systemitself had evol ved over the previous 24-hours, the
nort hernnost system has forned within the previous 12-hours, and the
central system is newy forned. These three separate circulation
centers could be tracked eastward and northward as indicted in Fig.

1d0 for at least the following 12 hours, with each deepening rapidly,
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until all three centers apparently coal esced into one intense center
by about 0900 UT 14 Decenber. By 1800 UT, 14 Decenber the central
pressure of the single center had |owered to 957 nmb, which is 43 nb
| oner than the | owest of the central pressures 24 hours earlier.

Conparison of Fig. 1b[ld and 1dl (difference plots shown at the
wor kshop) reveal |arge spatially coherent differences in wnd speed
and direction, especially in the area between the coast and the
northern | ow, and, as expected, in the region surrounding the central
| ow. Since the PRESTO wi nds were derived from reanal yzed pressure and
tenperature anal yses, we suspect that differences between KINEMA and
operational w nd products, or PRESTO wi nds derived from conventiona

pressure charts, would be even larger. Table 10 shows standard scal ar
wind differences between the analyses (over the whole PRESTO and
KI NEMA periods nodelled) and the adjusted neasured winds at all NOAA
buoys within the domain of the analysis. The errors for PRESTO are
typical of the lowest errors reported (e.g. Cardone, 1991) for nodel
di agnosed surface marine wi nds, and yet these errors evidently mask
| arge systematic errors relative to KINEMA. In general, ocean response
nodel s are nmuch nore tolerant of random errors than systematic w nd
errors.

The differences between the KINEMA and buoy wnds are about
one—hal f those of PRESTO. The buoy w nds were, of course, used in the
ki nematic analysis, but since the analysis process strives to resolve
only synoptic scales (albeit small—-synoptic scales) of notion (unlike
sone objective analysis schemes which can assimlate and natch
measured data al nost perfectly, but at the expense of adding noise to
the anal ysis), we suspect that these differences probably characterize
the surface wind fields in the domain of the kinematic anal ysis.

Case 2. ERICA 10P-4. This storm was anong the nobst intense
extratropi cal cyclones observed to nove off the md-Atlantic coast
this century. Between 00 UT 4 January, 1989 and 00 UT 5 January,
central pressure decreased from996 nb to 936 nb. Surface and aircraft
data revealed (Neiman et al. 1991) the evolution of the frontal
structure and the warm-sector seclusion during the deepening stage,
and several nesoscale cyclones which apparently propagated westward
al ong the bent-back front. W followed Neiman et al. (1991) pressure
anal yses closely in specification of PRESTO winds (after adding air
and sea tenperature analyses) and used all surface and aircraft
measured wi nds to develop three hourly wind fields during the period
of rapid intensification. It is very doubtful that the deepening rate
and extrene intensity of this system would have been detected from
analysis of typical historical data, since as soon as the cyclone
central pressure reached its mninmum of 936 nb, central pressure began
to rise gradually reaching about 946 nb when the center crossed
Newf oundl and at 12 UT 5 January.
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Fig. 20 conpares the PRESTO (Fig. 2all) and KINEMA (Fig. 2b[ll) wi nd
fields at 06 UT 4 January, during the explosive deepening. Data from
an aircraft probe of the center helped to define the frontal
| ocations, the field of notion on both sides of maor frontal
boundaries, and snapshots O tw nesoscale cyclones propagating
rapidly along the bent-back warm front. The latter are not well
resolved on the 1/2 degree wind grid, but KINEMA clearly shows greater
spatial variation in the surface wind field within about 300 m | es of
the "center”. The PRESTOw nd field is rem niscent of the depiction of
a nore classical frontal cyclone, while the KINEMA field indicates
consi derably nore shear in speed and direction along the warmfront to
the east, and the deformation of the wind field to the west of the
center nearly as far westward as the coast, associated with the
bent -back warm front, and the nore conplicated and highly irregular

wind field near the "center”. Fig. 30 conpares PRESTO (Fig. 3all) and

KINEMA (Fig. 3bL) winds with averaged neasured wi nds at buoy 44004
(38.5N, 70.7W. This conparison highlights the tendency for the PRESTO
winds to exceed KINEMA winds wthin the cyclonic part of the
circulation. The positive bias in PRESTO wind speeds (relative to
KINEMA) is probably related to the steady—state assunption in the MPBL
which inplies instantaneous adjustnent of the wind field to the

pressure—field (gradient wnd). Fig. 30 also gives wnd speed
scattergrans for PRESTO (Fig. 3all) and KINEMA (Fig. 3bLl) wi nds based

upon conparisons at ten NOAA buoys off the east coast. Table 10 gives
the difference statistics. The bias and scatter in PRESTO wi nd speed
and direction reflect not only random errors but the large spatially
coherent Systematic differences between the PRESTO and KI NEMA fi el ds.
The rather elongated circulation structure associated wth the
bent -back warm front west of the center and the occluding front
east—nort heastward of the center persisted throughout the explosive
deepeni ng phase.

Case 3. SWADE Special 10P. This storm occurred at the begi nning of
SWADE and has becone one of the nobst interesting SWADE | OP' s because
of the excellent neasured wave data base acquired in a fairly intense,
t hough sub-bonb, case of cyclogenesis. The center and nost intense
part of the storm passed directly over the SWADE array, thereby
allowwng the wind field to be resolved with an accuracy rarely

achieved in an open deep water region. Fig. 4all shows the NOAA NMC
Surface analysis of the developing storm The Systemis represented as
an open wave on a preexisting front, with warm front to the northeast
and cold front trailing southward fromthe "center”. The three-hourly

manual kinematic analyses (e.g. Fig. 4bll) indicated a far nore
conplex structure, as several small scale cyclonic centers propagated
along an elongated shear zone which extended eastward from North
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Carolina to just east of Cape Hatteras then northeastward nearly 1000
mles to near Cape Race, Newfoundl and. This frontal structure greatly
"linearized” the surface wind field about the "center” of the storm
t hrough nost of the devel opnment stage, as exenplified in the KI NEVA

field shown in Fig 4c0. The nearly linear fetch of northeasterly
winds from Nova Scotia to Cape Hatteras favored generation of
significant wave heights (HS) of about 8mjust offshore North Carolina
and Virginia. The KINEMA wi ndfields fit the buoy wind series very

closely (see Fig. 500. and Table 1) and when they were used to drive
the WAM nodel, the resulting hindcasts were so skillful, that residua
di fferences between the wave hindcasts and the neasurenents probably
do not arise in wind errors but instead probably will allow further
refinement of the wave nodel physics.

Case 4. Grand Banks Storm This case was studied mainly to provide
w nds for a hindcast of waves on the Canadi an east coast. The hi ndcast
was pronpted after three Canadi an buoys noored just south of the G and
Banks neasured peak HS each al nbst exactly equal (range 13 mto 14 m
to the 100-year return period maximum HS specified at these buoy
| ocations in the recently conpleted PERD study (Swail et al, 1989).
Interest in this storm was further stinulated when hindcasts using
operational wind fields and the sane wave npbdel as used in the PERD
study, failed to approach these peak wave heights. Indeed, a casual
exam nation of the intensity and track of the extratropical cyclone
associated with this event would not have ranked the Storm as one
capable of such extrene wave generation, using the storm selection
met hods applied in the PERD study. This paradox was resolved when
KI NEMA wi nds were developed for this storm from the enhanced surface
data base provided by the SWADE array (the beginning of its I10OP-2) and
the recently deployed Canadi an buoys and were used to drive the PERD
nodel . The resulting hindcast specified peak HS within 0.5 neters of
measured at each buoy | ocation.

The kinematic analysis revealed that a rapidly propagating
transient feature of the wind field in the peripheral circulation of
this storm greatly enhanced its wave generation potential, and was
mai nly responsi ble for the extreme wave hei ghts observed south of the

Grand Banks. Fig. 6al] shows the KINEMA wind field at 00 UT 10
January, 1991, about the newly fornmed stormcentered (m nimum pressure

1012 nb) east of New Jersey. Fig. 6b0 shows the KINEMA field 24 hours
|ater. The center has deepened to 980 nb and peak wi nds are barely 25
m's. The shape of this storm elongated northwest—-sout heast throughout
this period, conbined wth its northeastward novenent do not favor
strong wave generation in the right quadrants (where the peak waves
wer e neasured). However, by 00 UT 11 January, an inportant feature of
the wind field appears in the northern Gulf of St. Lawence as an area
of 30 ms northwesterly wnds. This 7"jet-streak” |I|ike feature
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propagat ed sout heastward through Cabot Strait and offshore (toward the
Canadi an buoy network) at nearly 15 m's as peak surface winds in the
core of the streak increased to 38 nis south of NF by 12 UT 11
January, 1991. This "streak” feature is alnost conpletely missing in
the PRESTO wi nds, which were derived from tediously hand-reanal yzed

pressure analyses, as exenplified in Fig 6dl, which shows the PRESTO
wind field for the same tine as for the KINEVA field shown in Fig.

6bl]l. This suggests that this feature is strongly ageostrophic and may
be linked to an upper—-air jet-stream streak which entered the upper
short wave trough associated with this storm further energizing the
storm as it noved over the Grand Banks, where by 00 UT 12 January
m ni mum pressure decreased to 955 nb.

Table 10 includes wind difference statistics for this storm
formed again from NOAA data buoys. Since these buoys are outside the
area of strongest cyclogenesis and surface wnd, they reflect
di fferences between the PRESTO and KI NEMA wi nds for the precursor and
early stages of this storm

5. PRELI M NARY CONCLUSI ONS

(1) The network of noored data buoys off the east coast of North
Anerica allows much nore accurate analysis of surface pressure and
wind fields in marine extratropical stornms than ever before possible,
especially during the winters in which the network was augnented for
t he ERI CA and SWADE experi nents.

(2) The potential of this enhanced surface data network has
evidently not vyet been realized in operational surface analyses
produced by objective analysis systens at major centers (FNOC, NMC
NASA, ECMAF). Mbst likely, this is because the analysis systens (such
as SCM d) which work well for over land surface and upper air
observati on networks, have not been optim zed for the buoy coverage in
this limted ocean region.

(3) Detail ed kinematic analysis of a few selected cases of intense
east coast extratropical cyclogenesis from the enhanced data has in
each case reveal ed conpl ex synoptic scale and nesoscal e surface w nd
field structures which we have ternmed ”"anomal ous” because they are not
resolved typically in wind fields devel oped from historical analyses
and ship reports. Sone of these "anomalies” nerely reflect conplex
frontal structures associated with a new energi ng conceptual nodel of
extratropi cal cycl ogenesi s, but nost ot her anonal i es defy
generalization at this tinme. Analysis of a nuch | arger sanple of cases
(ERICA and SWADE provide the opportunity to study dozens of cases)
m ght help discrimnate what is "typical” fromwhat is ”"anonmal ous”.

(4) This study suggests at least two areas for further research
beyond the sinple extension of study to a | arger sanple of cases.
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(a) Much nore efficient (than hand-anal ysis) surface wi nd anal ysis
schenmes are required. Fully autonated objective anal ysis schenes coul d
be inproved, especially systens which incorporate an ”"expert systeni
approach to learn the positive contributions of a skilled anal yst. But
we suspect the full potential of the enhanced data will be realized
only in a man-machine interactive system such as the prototype
systens being explored in AES (INGRED) and NOAA NMC for surface
pressure and frontal analysis. Devel opnent of these systens should be
extended to surface wi nd anal ysis.

(b) Sensitivity studies with calibrated ocean response nodels
should be carried out in order to assess the inpact of failure to
resolve surface wind field ”"anomalies” on surface wave and current
hi ndcasts and extrene wave and surface current clinmate descriptions
devel oped from such hindcasts. W suspect, for exanple, that features
such as mesocyclones propagating rapidly along the ”bent-back warm
front”, as observed in ERICA |0OP-4, though fascinating, have little
i npact on storm peak wave generation, while |arge deformations of the
surface wnd field north and south of the front do have significant
i npact. Systematic studies with a larger storm sanple, however, wll
be required to verify these specul ati ons.
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Table 1

Scal ar wind speed and direction differences between analyzed (PRESTO
or KINEMA) wind fields and averaged w nds mneasured (adjusted to
equi val ent 20m neutral) by NOAA East Coast buoys

Case Type Nunber of W nd Speed Wnd Direction
Pairs Mean diff. RMS diff. Mean diff. RMVS diff.

(n's) (nm's) (deg) (deg)
1 PRESTO 351 .22 3.10 7.3 38.2
KINEMA 135 —-. 09 1.58 1.9 20.7
2 PRESTO 83 1.86 4,37 16.8 24.2
KI NEMA 161 . 05 . 82 1.7 5.3
3 PRESTO 539 —. 41 2.87 11.1 32.8
KI NEMA 539 .12 1.25 3.0 18.9
4 PRESTO 309 -1.15 3.33 5.3 36. 4
KI NEMA 598 .30 1.79 .4 21.6

Conposite of previous studies for MPBL w nds (Cardone, 1991)
PRESTO vs buoys -3 2.9
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A COVPUTER-BASED KI NEMATI C ANALYSI S ROUTI NE
AND | TS APPLI CATI ON TO STORMS | N THE CANADI AN ATLANTI C REG ON

D.T. Resiol and VR Swail 2

IFlorida Institute of Technol ogy
Mel bour ne, Florida

2At nospheric Environnent service
Downsvi ew, Ontario

1. | NTRODUCTI ON

The objective of this paper is to describe progress toward the
devel opnent of an inproved conputer-based wi nd estimati on net hodol ogy.
During the last 15 years or so, agencies around the world have
devel oped extensive wi nd and wave climatol ogies on an ocean-basin and
even gl obal scale, Methodol ogies used to produce these data sets have
been based on objective conputer algorithnms, such as geostrophic w nd
approxi mations and planetary boundary layer (PBL) nodels. In sone
cases avail abl e observati ons have been bl ended into the pressure-based
surface wind fields in an attenpt to inprove the overall accuracy of
the estimated w nds, Such blending algorithnms have been based purely
on the basis of a spatial weighting function centered around the
observation point. Wnd estimtion nethodol ogies such as these are
referred to as nachi ne—only nethodol ogi es.

Studies during the 1980's (Cardone et al., 1989; Resio, 1982)
have shown that nmachine-only nethods, even those which have
observations included within them tend to underpredict nmaxi rum w nds
in storms. In wave hindcast st udi es, objective wnd field
underpredictions produce a consistent bias toward |low waves in
hi ndcast wave extrenes. A solution enployed by many wave nodel ers has
been to calibrate their wave nodels to mnimze this bias; however
this procedure distorts the overall distribution of waves and can | ead
to serious problens in extrapolating to | ong—term extrene val ues.

As a consequence of the apparent inability of machine-only
met hods to produce adequate wind fields within storns, a second
met hodol ogy has becone an accepted practice in the derivation of
"best —possible” wind fields. In this approach, terned a kinenatic
anal ysi s, an experienced neteorol ogi st anal yzes each weat her nap based
on concepts of continuity and past observations. Typically, the
nmet eor ol ogi st uses machi ne—only wi nds as a baseline consideration and
conbines these into his own w nds. This conbination of objective and
ki nematic anal yses has been terned a man—machine mx. Although this
nmet hodol ogy is nore costly than the nachine-only winds, its success in
i nprovi ng hindcast results and in direct conparisons in storm areas
has led to its application in recent studies (Cardone et al., 1989).
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The approach attenpted here is to develop a conputer-based
kinematic analysis (CKA) nethodol ogy capable of recognizing and
gquantifying natural organizations in synoptic-scale wind fields, As
shown in classic texts such as Petterssen (1940), the categorization
and understanding of streanmline patterns is considered to be an
essential conponent of an analyst’s kinematic analysis; consequently
an inportant conmponent of this work exam nes nachine based
constructions of streamlines and an interpretation of a ”natural”
coordi nate systemfor interpolating wind—field structure.

2. BASI C ASSUMPTI ONS

Shi ps’ observations have been shown to contain significant bias
and random errors wthin them consequently, they do not, by
t hensel ves, constitute a first-rate data set for accuracy assessnents.

Due to this, we shall <choose here to accept the available
ki nematically anal yzed (man—-machine mx) winds as "correct.” The goa
of our conputer—-based nethods then will be directed toward techniques

whi ch can reproduce the man-machi ne wi nds. A second point that should
be made here is that we are seeking to develop a tool that not only
can learn to enul ate past patterns but also one which can continue to

learn as new data becones available. In other words, this system
should be able to gain experience as additional wind fields are
anal yzed. Toward this end, we wll be developing data-adaptive

anal yses which can function at different |evels of human intervention,
rangi ng from zero—intervention to the ability to incorporate secondary
inputs from analyses. In this paper, the enphasis will be on the
zero—intervention limt of these anal yses.

3. DATA PROCESS| NG

The data sets available for this study are:

1. pressure fields and derived objective w nds,
2. ki nemati ¢ wi nds (man—-machi ne m x), and
3. shi p and buoy observati ons.

These data are available for 69 stornms over the interval 1959 through
1989. When one is dealing with techniques that incorporate actual
observations within them it is sonetinmes difficult to evaluate errors
in an independent nanner. For exanple, in a kinematic analysis all
available data is <considered in formulating a given wndfield,
consequently, attenpts to quantify the error in this approach are
i npeded by the lack of independent observations to be wused for
conparisons, To avoid this situation, we wll keep all storns that
occurred after 1980 out of the diagnostic anal yses. Stornms after 1979
will then be used as an i ndependent check on the rel ationships derived
fromthe set of stornms from 1959 through 1979.
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Figure 1. Gid points for basic data sets.

The spatial grid for these data is shown in Figure 10. The
southern limt of the grid is at 25 degrees North latitude and the
northern imt is at 75 degrees North latitude. The western limt is
at 80 degrees West longitude and the eastern Iimt is at 20 degrees
West longitude. The grid spacing is 1.25 degrees latitude and 2.5
degrees longitude. No data were saved at on-land |locations; thus, all
anal yses were devel oped to recogni ze the existence of a discontinuity
at the l|and-sea interface. Another potential problem in terns of
proceeding with a "straight forward” analysis is the existence of two

grid scales, as can be seen in Figure 100. In order to facilitate data
processing, the data set was expanded, via bilinear interpolation in
the area outside the fine-nesh region, to a single fine—nmesh grid with
69 rows and 49 col umms.

3.1 Pressure Fields and Derived Cbjective w nds

Once pressures fields were established from interpolations,
geost ophi c-l evel winds were estimated and surface w nds were derived
via the program MKW ND, supplied by AES. This w nd nodel was expected
to be equivalent to that used by Oceanweather in their own objective
anal yses. Since no fields of air tenperature and/or sea tenperature
were available, synthetic values based on wind direction and grid
| ocation were used to estinmate these quantities during actual nodel
runs. For consistency wth the available kinematic wnds, the
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reference level for predicted surface winds was taken at 19, 5 netres.
Since no pressures were included for land points in the archived data,
the objective wi nds cannot be specified except at |ocations greater
than one grid cell away froma | and point or a boundary.

3.2 Kinematic Wnds

Kinematic winds were obtained via a procedure analogous to the
i nterpolation nethod for pressure fields. Directions were interpol ated
i ndependently from winds via interpolating x-y vector conponents and
taki ng the arctangent based on these interpol ated val ues as argunents.
These wi nds represent careful kinematic analysis results produced by
Dr. Cardone of Oceanweather and, thus, should form a consistent data
set for anal ysis.

Kinemati c anal yses were only perfornmed for the fine nesh area

shown in Figure 10 and were perfornmed only for selected tine
intervals, not for the duration of each entire storm Four storns
(620306, 631114, 680104, and 770205) in the interval 1959-1979
cont ai ned no ki nemati c anal yses.

3.3 Ship and Buoy Qbservations

Shi p and buoy observations were extracted fromtape archives on a
storm by storm basis. Latitude-longitude values were converted to
equi val ent (rounded-off not truncated) i—-j locations within the grid

for conparisons which will be presented in section 40. No ships’
observations were available for three storns in the interval 1959-1979
(670427, 690209, and 691226).

4. BASELI NE ERROR EVALUATI ONS

Primary error assessnents here are,in terns of the deviations
bet ween ki nemati c wi nds and objective wi nd speeds; however, during the
course of this study it becane apparent that a second useful error
eval uation could be nade by conparing both sets of wnd fields to the
ship observations. This second analysis provides sone interesting
information relative to the potential for the ship observations al one
to reduce errors between the machine-only and kinematic w nds. Only
storms in the diagnostic interval (1959-1979) w Il be used in this
baseline error evaluation in order to retain stornms occurring wthin
the 1980’ s as an i ndependent data set for |ater use.

It was initially assunmed that the objective analysis routine
provided to us would be capable of exactly replicating the archived
machi ne—only winds (i.e. the parts of the wndfields outside the
fine—mesh region and the parts which were outside the tine limts
anal yses). This did not prove to be true. Conparisons between the
obj ective analysis perforned here to the earlier results indicate that
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which no kinematic analyses were conducted). Figure 20 shows the
hi stogram of nean deviations (bias) between the kinematic and

machi ne—only winds for all stornms. Figure 30 shows a sinilar
presentation for the distribution of error variances. As can be seen
from those anal yses, significant differences apparently exist between
the two data sets. Errors in these conpari sons appear to have a strong
spatial correlation. Cardone et al. (1989) has pointed out that this
spatial correlation is responsible for sonme of the significant
problens encountered in using objective winds in wave hindcast

st udi es.
The transformati on equation used here is given via the rel ationship
W = 2.16 W/?9

where W is the transforned wind speed and Wis the original wnd
speed. Surprisingly, deviations between the kinematic w nds (which
incorporate information from ships’ observati ons) and ships’
observations did not seemto be significantly smaller than deviations
bet ween objective winds (which do not incorporate information from
shi ps’ observations) and shi ps” observations.

5. DEVELOPMENT OF DI AGNOSTI C CKA METHODOLOGY

5.1 Introduction

In this report we concentrate on the developnment of a nethod

which requires no human intervention. This will serve as a baseline
guide to possible future inprovenents and provide an idea of the
utility of this approach. Another limtation in this first phaser of

devel opnment is the consideration of information only from one weat her
map at a tinme. This means that no concepts of map-to—-map "continuity”
wi |l be considered here.

A robust CKA nust be able to deal with analyses of wind fields
for a wide range of conditions, including cases with limted data
beyond a specified pressure field. Therefore, it nust be capable of
reasonabl e decision—-making relative to the appropriate usage of
available data. For this reason, the approach here includes three
different levels of CKA analysis, based on the data availability
beyond the gridded pressure field:

1. level 1 - (little or no data available) base wnd field
nodi fications only on persistent patterns of deviations observed
bet ween ki nemati c and objective w nds;

2. level 2 - (noderate information available) base wind field
nodi fi cations on conbination of level 1 patterns and consideration of
i nformation from shi ps’ observations; and

3. |l evel 3 — (considerable information available) base wind field
nodi fi cations on strean i ne analysis of additional w nd information.
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Each of these levels of the CKA are introduced in this paper; however,
as will be seen in subsequent sections, primry consideration this
year is given to the level 1 devel opnent.

The evaluation of the performance of these different levels wll
be judged by the following criteri a:

1. reduction in nean difference (bias);

2. reduction in variance of deviations (randomerrors);
3. reduction in correlated errors over |arge areas; and
4. reduction in errors in estimted maxi num condi ti ons.

5.2 CKA - Level 1
5.2.1 Fundanent al consi der ati ons

Three general types of CKA transformations are investigated here.
First, it is possible that, independent of all other factors, an
anal yst m ght reduce high values, raise |ow values, or perform sone
ot her consistent operation which he has determ ned appropriate from
past experience. In this case, a "universal” transformation for all
grid points and times should exist. Second, it is possible that an
analyst determned that wnds in certain geographic areas were
consistently incorrect, In this case, a geographical |l y-based
transformati on would provide an appropriate correction for all wnd
fields. Third, it is possible (and should be anticipated from the
actual procedures of nost analysts) that the CKA nust consider
transformati ons based on concepts of inherent natural organization in
the wind fields. In this case, the conputer nust be “taught” to
recogni ze certain synoptic situations and adapt its own analysis to
this basis. For an analyst, such recognition typically conmes in two
stages. First, he nust recognize the elenents that shape the map.
Second, he nust use concepts of continuity and streanline analysis to
develop a kinematic context for these elenents. For practical
pur poses, the prinmary el enents recogni zed by an anal yst consist of the
fol | ow ng:

1. | ow pressure centers,

2. hi gh pressure centers,

3. frontal boundaries, and

4. regi ons influenced by the above three el enents.

It should be noted that these four elenents have three different
topol ogi cal characteristics. The first two are points on a weather
map, The third represents lines on a weather map. And, the |ast
represents regions on a weat her map. Consequently, our CKA net hodol ogy
must be able to deal with these differences in a consistent fashion
O these four elenents, three (elenents 1, 2, and 4) are definable
frominformation readily available in the archived data. Thus, for our
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zer o—i nterventi on, initial stage of CKA developnent, we wll
concentrate on these three el enents.

5.2.2 Locating | ow-pressure centers

A two-stage algorithm for finding discrete |owpressure centers
is used here to locate |low pressure centers in a fashion consistent
with an analysts’'s identification of the sane feature. First, each
point in the grid and is considered to be a low center if that point
contains a mninmum pressure within a centered region of 7 grid cells.
The second stage of the analysis renoves extra points created by two
nearby mnim which have equal pressure values. This part of the
al gorithm exam nes each mninmum found by criterion 1 relative to each
other point found by this criterion. If any two of these points are
within 5 grid cells of each other, the point wwth the |owest pressure
is retained as a valid | ow center.

5.2.3 Locating hi gh—pressure centers

The algorithm for finding high-pressure centers is analogous to
that used in finding | ow-pressure centers.

5.2. 4 Det ermi ni ng domai ns of influence of | ows and highs

Several approaches to defining domains of influence based on
pressure gradients and pressures were tried and found not to provide
results consistent with an analysts’s interpretation. It turned out
that a relatively consistent estimate of the primary domain of
influence for a low could be found by starting at a |ow-pressure
center (as determ ned above) and marching outward along radials in
four cardinal directions, wuntil a pressure greater than 1012 was
reached or until the radial pressure gradient fell beneath a
prescribed threshold (1.4 mllibars per grid increnent). The distance
along these radials was found to be reasonably consistent with what
mght be ternmed a <closed circulation pattern. An equivalent
net hodol ogy was forrmulated for defining the domain of high pressures
ar eas.

5.2.5 Stream i ne anal ysi s

As part of this phase-1 effort a conputer—based program for
constructing streamines was undertaken. Unfortunately, devel opnent
has not progressed to the point where it is sufficiently general for
arbitrary wind fields, Conpletion of this program will is now a
priority itemin phase 2.

5.2.6 Definition of persistent wind speed deviations for
i ncorporation into CKA — |evel 1

In the sinplest type of transformation, one might hope to apply a
transformation that was independent of geographic position and/or
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position relative to <circulation <centers. 1In this context, a
"universal” regression equation mght then be applied to transform
objective wind speeds and directions into kinematic w nd speeds and
directions. However, after examning only the first six storm
intervals, this approach was found to be very ineffective in renoving
deviations between kinematic and objective wnds (consistently
removing less than 5% of the total variance and contributing no
reduction in nean deviation). No evaluations of this method s
performance relative to reducing large areas of correlated errors or
errors in maxi num conditions were nade, due to its poor performance
relative to bias and variance reduction. This approach can probably be
i gnor ed.

For the first six storm intervals, tests of mnethods based on
transforns with only a geographi c dependence consistently renoved | ess
than 7 percent of the total error variance and had little or no
apparent effects on the nean deviations. Hence, this too can probably
be i gnor ed.

In attenpting to replicate the processes that a human anal yst
undertakes in constructing kinematic wnd fields, one nust recognize
that a key element to all manual analyses is the recognition of the
natural organization of the wind fields. WMny past studies have
attenpted to neglect this aspect of wind field estimtion and have
attenpted to determine transformations which were in a sense
equi valent to those attenpted above.

G ven that we now have a conputer algorithm which can identify
natural features in an arbitrary wind field, we need to develop a
nmet hod for evaluating error characteristics within the context of this
structure. After exam ning several stormintervals, a persistent error
pattern relative to the |ows and highs becane sonewhat apparent. This
pattern was such that a negative bias persisted in the objective w nds
for the half-plane of directions centered approximtely around a
sout heasterly vector, and a positive bias persisted in the objective

wi nds for the opposite hal f—plane of directions. Figure 4[] shows the
average error characteristics in ternms of contours of nondi nensiona
mul tipliers around within a unit radius.

The pattern of deviation observed in Figure 400 appears to
isolate a potentially inportant source of bias between the kinenmatic
and objective winds. In particular, in the region of highest w nds
(usually the western, northwestern, or southwestern quadrants of a
storm, w nd speeds were found to be consistently underestimted. This
possi bly explains the tendency of hindcasts based on objective w nds
alone to underestinate extrene wave heights. Conver sel y, any
conparisons at locations in the opposite side of the storm suggest
that the nodel was overpredicts wind and wave conditions there. The
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determ nation of spatial correlation in the error field seens to
provide a basis for renoving a significant part of the total
correlated error by applying a transformation to the objective w nd of
the form

1. V\éka:V\éL(r’®)

where Wga is the CKA-transfornmed wind speed, W is the initial
objective wind speed, r is a dinensionless radial coordinate neasured
from the storm center, and ® is the relative angle of the radial
nmeasured counterclockwi se from northeast. The dinensionless radial
di stance is defined by the ratio

I = R/ Ryax

where R is the actual distance along the radial and Rpx is the limt
of the ow s domain along that radial.

N

/ +0.76
W F.

Figure 4. Contours of mean errors within |ow pressure areas for storm
begi nni ng 590206.

For consistency, it was decided to limt the error evaluation
only to regions determned to fall wthin the | ow pressure domain. For

our first approach, we will use the diagnostic information from these
transacts through the |ow pressure domains to form the basis for the
prognostic CKA nodel. In this case equation 1 can be used to estimate

the revised CKA wind directly fromthe objective winds, given that r
and © are defined.
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The form of equation 1 suggests that an anal ysts "climatol ogical”
transformations of certain storm regions (based presumably on past

experience) is scale dependent, i.e. it inherently nodifies an
objective value at a particular r,® location by a fixed percentage.
Besides strictly nultiplicative operations such as this, it 1is
possible that an additive operation can be inherent in a manual
anal ysis. For exanple, if an analyst limts mninum velocities to 10
knots within |low pressure systens, a purely nultiplicative operation
cannot represent this effect very well, In this case, a nore genera
(albeit still linear) formof the CKA transformation could be given in

ternms of a standard regression equation

2. Wka = Li(r,©) + Lp(r,0) W

where coefficients Li(r,®) and Ly(r,®) W can be determ ned by | east
squares fits to stratified sanples for various discretized values or r
and ©. Wen this was attenpted, the regression coefficients appeared
to be relatively invariant with regard to categories of r, while stil

mai ntai ning a strong dependence on ®. Due to inaccuracies in defining
r and variabilities in locations of strong maxi num conditions along r,
this perhaps should have been expected. Consequently, it was found
that a sinplified form for equation 2 which actually renoved nore
error variance and nean error in test applications could be witten as

3. Wka = L1(©) + L2(©O) W

where Li(®) and Ly(®) are regression coefficients determned from
sanpl es taken within 45° direction bands.

5.2.7 Definition of wind direction error characteristics
Due to length restrictions this is omtted here,
5.3 CKA - Level 2

At the CKA-2 approach, the concept is to use available wnd
information to nodify the basic patterns of differences determned in
the CKA-1. Since this first |evel analysis appears to be effective at
removi ng substantial portions of the deviations between objective and
kinematic winds, it is desirable to base additional |evels of inproved
CKA estimates on nodifications to the CKA-1 results. Furthernore,
since ships’ observations occur only as discrete sanples in tinme and
space, we nust consider two facets of this problem separately. First,
we mnust isolate the anount of additional (independent) infornation
actually contained in the ships’ observations over and above that
represented by the CKA-1 transformations. This information 1is
applicable to CKA-2 transformations for all points at which
observations actually exist. Second, a nethod of interpolating this
information for the entire grid nust be adapted, This interpolation
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function should be able to recogni ze the natural organization patterns
in various regions of the grid and take this organization into account
in formng the CKA-2 estimtes over the grid.

To determine the apparent information content of the ships’
observations, two hybrid variables were forned as foll ows:

4, AW, )k = Wka(i,j)k — Sk

and
5 AW(i,j)k = Wka(i.J)k — Win(i,j)k

where AW(i,j)kx is the deviation between the estimted CKA-1 w nd
speed at the i,j location closest to the kith ships’ observation and
Sk, the wind speed of the kth ships’ observation. Simlarly AW(i,])«k
is the deviation between the CKA-1 wi nd speed and the kinematic w nd
speed at the i,j location closest to the kth ships’ observation. If
AW and AW are uncorrelated, no information from the ships’
observati ons would contribute toward a net reduction of the deviations
bet ween the CKA-1 and kinematic wi nd speeds. Based on the results from

section 4], we do not expect any “"exact” relationship between the
kinematic wnd speeds and ships’ wnd speeds. However, when we
exam ned correlations between AW and AW we found consistently

significant correlations, inplying that the kinematic analysis did
take a substantial anmount of information on w nd speeds from the
ships. Overall, the regression based on all data up through 1979 gave

the followi ng result
6. AW = 0.25 + 0.248 W

with a correlation coefficient for this total sanple of 0.394.

Using the r,® coordinate system devel oped in section 500, we can
forman interpol ation functi on based on aspects of storm organi zati on.
Unfortunately, the |ow density of observations nakes a direct

i nt erpol ation, even in this structured cont ext, difficult.
Consequently, for this first phase effort a nodified interpolation
function was adopted which |imts the distance over whi ch
interpolation and extrapolation is perfornmed. In this approach, a
linear interpolation is wused in the ©-direction between two

observational points falling wthin 90° of each other and in the
redirection between two observational points falling along the sane

radial. It should be noted that this did not happen often; therefore,
an alternate estimate is used close to 100% of the tinme. In this
nmethod, the r,® concept is still used to estimate the size of the
domai n of i nfluence, and t he form adopt ed for t he

i nterpol ati on/ extrapol ation function is as foll ows:
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N

T WoaldiJ)p = Wea(1.3), * g;ak

where the sum in equation 7 is taken over all ships’ observations
falling within a particular low pressure area and is defined as
fol |l ows:

8. Ok = Oko exp[—(Ar or + Ar 8O)]

where 8o is the deviation defined fromequation 6 at the |ocation of
the kth ships’ observation or is the distance between a given i,j
| ocation and the location of the kith ships’ observation in nornalized
r coordinate units, 00 is the distance between a given i,j location
and the location of the kth ships’ observation in degrees, and A;, and
A» are enpirical coefficients. The enpirical coefficients are
estimated here purely from concepts of the size of storm velocity
fields and not from any optinmal estimtion nmethods. For this first
year report, they are taken to be A; equal to 0.3 and A» equal to 30°.
Based on the use of equation 8 in test applications of the diagnostic
CKA-2 net hodol ogy, it was found that the performance of CKA-2 was in
general superior to the performance of CKA-1l. As expected, there are
some cases in which the CKA-2 actually produced a slight degradation
in the results. As an observational note, the cases in which CKA-2
results degrade wind estimates appear to be cases in which CKA-1 is
al ready close to the kinenmatic w nds.

6. PROGNOSTI C APPLI CATI ONS OF CKA METHODOLOGY

At this stage of developnent, we wll be concerned with two
aspects of prognosis:
1. CKA predictions achieved w thout using additional observed w nd
data (CKA-1 prognostic performance), and
2. CKA predictions achieved wth the inclusion of observed w nds

(CKA-2 prognostic perfornmance).

6.1 CKA-1 Prognostic Perfornance

Table 10 lists the baseline wind speed errors (before CKA-1
application) for the 1980 stornms (our independent data set for

testing). Table 20 lists the wnd speed errors after CKA-1
application. The CKA-1 approach reduced the nmean errors by nore than
50% and reduced the error variance by about 40% Moreover, as can be

seen in Table 30, the CKA-1 nmethod appears to reduce the
underestinate of the objective wind speeds in the storm sector behind
the cold front by about 80% even though our nethodol ogy was not
derived specifically to acconplish this.
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6.2 CKA-2 Prognostic Performance

Unlike the injection of observational data wth only a
mat hematical context of [|ocation, we now have a concept data
assimlation within a natural coordinate system Using the nethods

di scussed in section 500, we were able to obtain a general inprovenent
over the CKA-1 nethodol ogy as seen in Table 30LI.

Table 1
BASELINE OBJECTIVE ERRORS

Date Mean Error ) Error Variance
800210 -.78 17.39
800118 -1.61 10.46
801121 -.93 10.73
810305 - .69 5.37
810315 -2.03 18.09
811229 -1.70 15.20
820113 .80 9.07
820212 -1.86 20.88
830210 2.70 26.95
830215 —-2.92 ’ 15.23
831024 1.34 19.54
831124 - .69 . 5.37
831219 -.58 10.68
840129 -2.54 20.98
840328 —-1.00 a9.28
850104 -.58 10.68
850125 -3.18 36.97
851215 -3.33 35.93
860102 -.20 17.19

880307 1.34 19.54
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Table 2
CKA—-—1 ERROR VARIANCE
Date Mean Error Error Variance
800210 - .39 11.48
800118 —-.78 . 6.77
801121 1.09 2.06
810305 —.40 6.83
810315 —-—.63 10.70
811229 - 55 8.82
820113 .66 5.52
820212 ) -2.07 14.71
830210 2.04 10.78
830215 —-2.25 12.25
831024 .11 1> . &7
831124 —.40 6.83
831219 .14 8.14
840129 -.98 11.62
840328 - 16 7 .44
850104 -14 8.14
850125 -1.62 23 .96
851215 -1.851 25.52
860102 1.35 -15.05
B80307 1.81 12.67
Tabl e 3
CKA-1 IMPROVEMENT OF PREDICTIONS
IN SOUTHWEST STORM QUADRANT
Mean Error Mean Error
Date Before CKA-1 After CKA-1
800210 -1.53 -0.39
800118 -0.45 0.33
801121 -1.29 -0.46
810305 -0.88 0.10
810315 -2.76 -0.97
811229 -0.91 0.05
820113 -0.22 0.56
820212 -3.85 -1.03
830210 1.16 1.71
830215 -2.42 -0.48
831024 1.77 2.04
831124 -1.80 -0.78
831219 -0.53 _ -0.66
840129 -1.67 -0.01
840328 -0.26 0.28
850104 -0.69 0.14
850125 -2.68 -1.12
851215 -2.81 -0.98
860102 0.50 0.94
880307 0.62 0.97
7. SUMVARY AND CONCLUSI ONS
1 The CKA-1 nethodol ogy appears to reduce deviations between the

obj ective and kinematic wind fields by about 50%
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2. The optinmal CKA uses both the CKA-1 met hodol ogy and the injection
of observed w nd speeds.

3. The characteristic deviations determned in the CKA diagnostic
application appears to be consistent with the docunented tendency of
objective winds to underpredict wind extrenes and hindcast wave
extrenes. In particular, the CKA appears to be able to reduce the
spatially correlated error nmagnitude along with the underesti mati on of
the extrenes in the objective wind speeds. Both of these attributes of
the CKA could be inportant in future applications.

4. The application of an ongoing diagnostic node of the CKA during
prognostic applications should allow the CKA to continue to "learn”
during future applications.

It should be noted that, although a foundation for the CKA
nmet hodol ogy is established here, this stage of developnent is still
quite rudi nentary.
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WAVE GROUPS | N COASTAL WATERS
Pet er Chandl er and D ane Masson

Institute of Ocean Sci ences
Sidney, B.C

Abstract

Wave groups are identified in wave data collected off
the coast of Nova Scotia during the 1986 CASP project. G oup
activity is paraneterized by the nean nunber of waves, 3 I n

a sequence of discrete wave heights larger than a given
threshold. This parameter is also conputed from wave fields
nunerically sinmulated, having a typical JONSWAP shape.
Several theoretical approaches to wave group analysis are
presented. First, Kinura' s theory is described which rel ates

j to the correlation between successive wave heights, Y,

by treating the sequence of wave heights as a Markov chain.
Al so included is an extension to this theory where spectral

properties are wused to estimate Yz The second theory
relates the length of a high run, defined in terns of a wave
envel ope, to the spectral wdth. Conparisons are nade
bet ween the average group | engths determ ned fromtheory and
those neasured from real and sinulated wave data. The

rel ati onship between ] and the correlation coefficient

bet ween successive wave heights is shown to agree well wth
Kimura’s theory. On the other hand, the data do not support
the rel ationshi ps between group statistics of discrete wave
hei ght s and spectral properties proposed by the two spectra
appr oaches.

1 | nt roducti on

A sequence of high waves is known as a wave group and is evident
in both visual observations of the sea and neasured wave data. Waves
occurring in groups represent a nore severe design condition than
ungrouped waves with a simlar height distribution (e.g. Mdina et
al ., 1990). Wave groups also introduce a tine scale into the notion of
the sea (on the order of one mnute) that is longer than the five to
20 second periods of the gravity wave spectrum (Longuet-Hi ggi ns and
Stewart, 1964). This longer tine scale may be inportant in phenonena
such as resonance with the natural oscillations of coastal enbaynents
or noored vessels, and generation of edge waves.

A neasure of the wave groupi ness can be determ ned by averaging
the nunber of waves in the groups of successive waves exceeding a
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hei ght threshold, H. By definition, the average group length j

equal s or exceeds 1, and increases with the groupiness of the wave
field. Wereas j is readily calculated from a sequence of wave

hei ghts derived from a tinme series of the sea surface displacenent,
nost of the wave information collected is comonly available as an
energy spectrum Thus the problem beconmes one of identifying a
robust—rel ati onshi p between sone groupi ness statistics conputed in the
ti me donmamin, such as i and a paraneter that can be derived fromthe

wave spectrum

The first part of this paper presents the theoretical basis of
sonme conmonly used approaches to wave group analysis: Kinura s theory
(Kimura, 1980) which considers the sequence of wave heights as a
Mar kov chain process, an extension to this theory proposed by Battjes
and Van WVl edder (1984) who added a new spectral wave groupiness
paraneter, and finally the one based on the wave envel ope function
(e.g. Longuet—Higgins, 1984). Following is a conparison of the nmean
nunber of waves in a group, 3, calculated from both simulated and

nmeasured wave data, wi th grouping paraneters derived fromthe various
theories. Finally, a conclusion has been included for the convenience
of those who want to avoid readi ng the whol e paper.

2 Kinmura' s theory

Ki mura (1980) introduced the correlation between successive wave
hei ghts into a nodel for the nmean group length. The joint probability
density function (pdf) of successive wave heights Hy and Hy is given
by Kinura as the two—di nensional Rayl eigh distribution:

11'2 H1H2 ZF_HIQ-{-H% ] I _ﬂ: K H1H2

SHI-a) T\ R (-0 \2-a R

where K is a correlation paraneter, Hp is the mean wave height, and
lo, the nodified Bessel function of zeroth order.

(1)

p(HlaHQ) =

The correlation coefficient between successive wave heights, vy,
is determned froma series of N wave heights by

R

= T V-1 (H;— Ha)(His1 - Hn) (2)

with o(H the standard deviation of the wave heights. The correlation

coefficient, vy and the correlation paranmeter kK, are related through
(e.g. Longuet—Hi ggi ns, 1984)

1=]
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- — k¢ -
= E(x) (11 _ni)K(n) ‘ -
4

Jood pv—

where E and K are conplete elliptic integrals of the first and second
ki nd, respectively.

To conmpute the probability of a sequence of high waves, Kinura
used the conditional probability that a wave height exceeds the
threshold value, H, given that the previous wave also exceeds H,
p22, conmputed fromthe joint pdf p(Hy, H)

— f}(}z ff‘}oc p(Hls H?)dHld.Hg

= poo o0 . (4)
Ju, Io° p(Hy, Hy)dH, dH,

P22

the probability that a group is conprised of j waves can be witten

N — (2-1
P(7) = (1= p2a) P ), (5)
gi ving an average group length

= 1 (6)
1 — pog

The present theory allows the nean nunber of waves per group to
be estimated fromthe correl ation coefficient between consecutive wave
hei ghts. Goda (1983) found vy; to adequately describe the run |engths
from an analysis of long-travelled swell. However, a shortcom ng of
Kimura’s fornmulation is that the groupiness is not defined in terns of
the energy spectrum Along this line, Battjes and Van VI edder (1984)
proposed a nodification to the theory in which a new spectral wave
groupi ness paranmeter is introduced. Based on the work of Arhan and
Ezraty (1978), they proposed to use, instead of <v; a new spectral

parameter Y, Wwhich can be determned from the frequency spectrum
E(w), via Egn. (3) and a new correl ati on paraneter Kg,

VX .

Ry = ———— ,
Mg

wher e
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X = /OOOE(w)cos(me)dw, (8)
Y = /DOOE(w)sin(me)dw,

and Ty, is the average period between zero up-crossings obtained from
t he spectrum
3 Wave envel ope theory

The wave envel ope theory was developed by R ce (1944, 1945) to
study noise in electrical circuits, and applied to groups of surface
gravity waves by Longuet—Hi ggins (1957).

Considering the sea surface elevation, n(t), as a random
Gaussi an process, the envelope function can always be defined. The
signal n(t) can be expressed as a linear conbination of sinusoids
wi th radi an frequency u,

W(t) = Re{zcn ei[w"tﬂ"]}, (9)

where the random phase, €, is uniformy distributed over the range

[0,27], and the fixed anplitude &= V2E(w)Aw.. By choosing a carrier

wave frequency, as a representative m dband frequency, n(t) may be
refornul ated as

?}(t] = RE{ Cimzcn eil(“’ﬂ‘lﬁ)t+cn|} (10)

= Re{R(t)e'*}. (11)

A conpl ex wave envel ope function can now be defined as

R(t)= Z Co gillun-d)tten] = a(t)ewm, (12)

where a(t) is the anplitude of the envelope function and ¢(# the
phase. For a narrow spectrum the variation of a with time is slowin
conparison to w, and the wave crests (troughs) closely follow the
envel ope functi on.
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From the known probability density of the envel ope function, an
estimate of the average nunber of waves in a group, oo can be derived

by dividing the average length of the episodes for which the wave
envel ope exceeds a given |evel by the mean zero upcrossing period, Tmy

Longuet —Hi ggi ns (1984) expressed H in terns of one single spectra

paranmeter, the spectral width, Vv

_ 2m, V1+v2 1 (13)
H= —_—
iy v H,

The spectral wdth paraneter, is defined as

0 7
| m, = [y W' E(w)dw |
with the spectral nonent . When V2«1 the spectrumis
considered to be narrow. In coastal waters, V typically ranges from

.10 to .50. The wave envelope function a(f) can be determned in
practice using either of two related techniques; the Hilbert transform
and conpl ex denodul ati on.

4 Wave data anal ysis

The sea surface elevation data were collected during the CASP
project carried out by the Atnospheric Environnent Service and the
Bedford Institute of Cceanography in 1986. The |ocations of the wave

buoys are shown in Fig. 10, and the data represent a range of coastal
wave conditions in water depths of 20 to 100 m (Dobson et al., 1989).
As enphasi zed by Longuet-Hi ggins (1984), the concept of a wave group
inplies the neglect of wave conponents of frequencies significantly
different fromthe peak frequency. It is then appropriate to bandpass
t he wave record around the peak frequency with the condition, however,
that the total energy, mg, should not be changed significantly by the
filtering. Thus, any spectrum that has energy distributed in two or
nore wi dely separated frequency bands is not suitable for sinple group
analysis. As the CASP data set maminly conprises binodal spectra from
the typical Atlantic conditions of a local wind sea devel oping on an
underlying swell, this requirenent was a serious limtation to the
sel ection of wave spectra used in our group analysis. In view of these
conditions, the tinme series were |lowass filtered at a frequency of
1.5 tinmes the peak frequency. A nodified wave spectrum was then
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conputed fromthe filtered tinme series, and the wave record selected
if the energy loss in the filtering process did not exceed 20% In
selecting the data, care was also taken to choose wave fields from a
wi de range of coastal conditions including growi ng and decayi ng seas,
low and high energy levels, and finally spectra of various w dths.
Following these criteria, 98 tine series were processed and used in
the group anal ysis described bel ow.

I v T

UM T

WH . WAVERIDER 8UCY
WC - WAVEC BUOY
AR- WAVE DATA

RECEPTION ST
@ USED o TT USED | ,4e0n
L
6320 10 8y°00 8250
LONGITUDE {*W)

Figure 1. The CASP study area with the l|ocations of the wave buoys
used to provide the neasured wave data. A e« indicates a buoy from
whi ch data were used in this analysis, and o for a buoy that was not
used.

A spectral analysis of the original (unfiltered) 30 mnute
records of surface elevation sanpled at 1.28 Hz provided spectral
estimates with a resolution of 0.005 Hz and 18 degrees of freedom
Each selected tinme series was |lowass filtered, despiked, and
detrended. The tinme series of discrete wave heights was then generated
using the standard zero-—upcrossing technique, the wave envel ope was
conputed wusing the Hlbert transform and a filtered spectrum
determned fromthe filtered data.

To provide an additional source of data, time series of sea
surface elevation were also generated nunerically. The random waves
are sinmulated using the random coefficient nmethod in which the signal
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n(#) consists of N values sanpled at discrete tines ¢, with intervals
At, such that

Nf2
N(tm) = Y {@n cos(watm) + by sin(watm)}, (15)
n=0 ‘
W == imrn
wher e m NAt  The random coefficients a, and b, are generated

from a Gaussian distribution with variance E(w,) Aw. This method is
preferred here to the comonly used random phase nethod as the latter
was shown to be adequate only for sufficiently large values of N
(Tucker et al., 1984). The wave spectrum E(w), was chosen as the
enpirical JONSWAP spectrum characteristic of growing seas, and the
time series sanpling and duration periods simlar to the ones of the
nmeasured data. A total of 150 tinme series were generated, and their
group characteristics exam ned.

The wave height threshold used in the group anal ysis was sel ected

as the nean wave height, Hoy = /27m0 as it is a famliar

characteristic of the wave field, and allows a greater nunber of wave
groups per record than a larger value such as the significant wave
height. Kimura's prediction of the nmean Iength of wave groups, j, in
terms of the correlation coefficient between successive wave heights,
Y5 as given by (1)—(6) is first examned. In Fig. 20, the j

nmeasured from the series of wave heights from both the simulated and
real data are shown to tightly scatter around the Kinmura s

relationship. It is also seen that, as the mean group |ength
i ncreases, the scatter of the data al so i ncreases because of a reduced
nunmber of wave groups detected in each record. In addition, data

presented in Fig. 20 (as well as in the following figures) do not
reveal any difference anong group statistics extracted from real and
sinmulated data. This supports the adequacy of the analytic linear
Gaussi an nodel for the surface elevation, Eqn. (15), to reproduce
measured wave characteristics.

Battjes and van WVl edder (1984) suggested to nodify Kinura' s

theory by relating b to a new correlation coefficent, Vs

conveniently conmputed directly from the spectrum (see (7)—(8)).

However, as shown in Fig. 30, the nodified approach consistently
under predicts the neasured wave group length. This is due to the fact

that the spectral correlation coefficient proposed, Y, 1is also

consistently smaller than the nmeasured coefficient, vy; extracted from
the time series of discrete wave hei ghts.
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The group characteristics of the wave field were then anal ysed in
terms of the wave envel ope theory. For each tine series, the predicted

average nunber of waves in a group, H  \as conputed from the

measured spectral width of the filtered spectrumas in Egn. (13). The
results were conpared with another estinmate of the nean nunber of

waves in a group conputed directly from the wave envel ope, 7 ens by

averaging the duration of the tinme intervals for which the anplitude
of the envel ope function, a(t), exceeds the nean wave anplitude, H,/?2,
and multiplying this value by the nean zero-crossing frequency.
Results of the conparison are given in Fig. 40 which shows a good
agreenent between the theory’'s predictions and the wave envel ope
groupi ness characteristics (r2 = 0.83).
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Figure 2: The average group |ength J as a function of the correlation

coefficient between discrete wave heights vy; for real (e¢) and
sinmulated (+) data. The solid curve represents Kinmura s theoretica
rel ati onship.

It is to note, however, the success of this spectral approach in
predicting jen does not guarantee its usefulness in predicting wave

group characteristics of the discrete wave heights. In fact, the wave
envel ope theory is strictly valid when V2«1, in which case the wave

crests follow the wave envel ope. As the spectral width increases, the
di screpancy between the wave crests and the envel ope increases, and
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t he wave group theory becones inadequate. This is well illustrated in
Fig. 50 where the mean number of waves in groups of discrete waves,
j, 1s conpared to the mean number of waves derived from the wave
envel ope, 7., The envelope paraneter, 3., is, over the present

range of spectral w dth, always snaller than j- Al so evident in the
figure, is the divergence of the two estinmates as the spectrum w dens,
or j decreases, as expected fromthe limtations of the theory.

5 Concl usi on

Several comonly used approaches to the study of wave groups are
first described: Kimura' s theory relating the nean nunber of waves in
a group, j, to the correlation coefficient between successive waves,

Ys . an extension of the latter in which vy; is conveniently replaced

by a spectral correlation paraneter, vy, and finally the wave envel ope
theory in which 3 is estimted from the anplitude of the wave

envel ope function. The predictions

5 O T T I T 1
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Figure 3: The average group |ength J as a function of the correlation
coefficient vys for real (¢) and simulated (+) data. The solid curve
represents Kinmura' s theoretical relationshinp.

of these three different nethods of wave group analysis are then
conpared with real and nunerically sinulated wave dat a.
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One striking but expected feature of the results presented here
is the simlarity between the wave group characteristics extracted
from the real and the sinmulated data. This gives support to the
commonly used linear Gaussian nodel of the sea surface to exam ne
statistical properties of ocean waves.

In terms of wave group predictions, Kinura's theory provides a
very good nodel for the data set analysed here, whereas the two
spectral approaches do not. The nodified Kinmura’s theory significantly
underpredicts the nmean group length due to the fact that the spectral

Ys» 1S not equal but consistently smaller than the neasured vy.
Al t hough the wave envel ope theory successfully predicts a nean nunber
of waves per group defined by the anplitude of the wave envel ope

function 7., it does not adequately nodel ; neasured from the time

series of wave heights. The difficulty with the spectral approaches to
wave groups cones from the fact that the interpretations in the
spectral domain are quite different from the ones derived from the
discrete waves identified with the standard zero-upcrossing nethod.

The practical need of a robust relationship between groupiness
characteristics conputed in the time domain and the wave spectrum
still remains.

4.0 ¥ T i v L) [ 3
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Figure 4: The average run length derived from the anplitude of the

wave envel ope jen @S @ function of # for real (¢) and sinulated (+)

dat a.
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4.5

Figure 5: The average run length derived from the anplitude of the
wave envel ope jen @S a function of 3 for real (¢) and sinmulated (+)

dat a.
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LOM-FREQUENCY RESPONSE OF A Cl RCULAR BASI N
TO A TI ME=DEPENDENT SPATI ALLY UNI FORM W ND

U mas Raudsepp

Institute of Ecol ogy and Marine Research
1 Pal diski Str.
200031 Tallinn, Estonia

ABSTRACT

The | ow-frequency response of a circular basin to a time—dependent but
spatially uniformwnd (this assunption is valid for a basin snmaller
than the size of the wind pattern) is investigated analytically by a
barotropic internmediate nodel of constant depth and Coriolis
paraneter. Dissipation effects are neglected. Wereas near—inerti al
and super—inertial frequencies are filtered out, it is expected that
resonant forcing takes place at sub-inertial frequencies.

Wnd stress is presented as a sum of linear trends of east-west and
nort h—-sout h conponents and cl ockwi se—anti cl ockwi se rotati ng conponents
of different anplitudes and initial phases at discrete frequencies.
Wnd stress is inposed at t=0 to the water basin initially at rest,
which leads to initial value problem

A fundanmental solution is obtained using Laplace transformation
techni ques, which leads to a final solution in ternms of convolution
integrals and initial wind stress. Uniform wind stress excites the
first natural basin node only, with radial dependence in the formof a
first order Bessel function.

Basin response to linear wind stress consists of static surface
elevation with linearly increasing anplitude and two anticl ockw se
propagating waves with different anplitudes and phase speed equal to
the first free basin node and phase shift mn/ 2.

The response to a rotary forcing conponent with frequency different
from the first natural node consists of two propagating waves. The
anticlockwise rotating wnd stress conponent generates a wave
propagating in the anticlockw se direction with phase speed half the
sum of forcing and the first natural node frequency with slowy
changing anplitude. A clockwise rotating wnd stress conponent wth
frequency less (greater) than first natural node generates a wave
propagating anticl ockwi se (clockw se). The phase speed is small, while
anpl i tude changes are nore rapid.

The Iimt of forcing frequency to be equal to the first natural node
gi ves a resonance condition, which leads to an anti—cl ockwi se rotating
first natural node of Ilinearly increasing anplitude and snal
anpl i tude standi ng wave response.
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The conplete response is the superposition of these waves and has a
conplicated pattern.
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NUMERI CAL EXPERI MENTS OF AN OCEAN WAVE MODEL
FOR THE SOUTH ATLANTI C OCEAN

Val dir I nnocentini and Dirce Maria Franco Pellegatti

Instituto Naci onal de Pesqui sas Espaci ai s
Sao Jose dos Canpos, Brazi

ABSTRACT

A spectral limted-area ocean wave nodel has been devel oped for the
South Atlantic ocean. It is a 2nd generation type with adjustnent to
t he Kreuseman spectra. A nunerical artifice is inplemented in order to
avoid excessive redistribution of energy in cases of changing w nd
direction. The energy generation-di ssipation tuning is obtained by the
duration-limted growh curve. The sem —Lagrangian schene is applied
in the advection. The nodel behaviour is discussed in neteorol ogica
situations of frontal systens and an artificially generated hurricane.
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CHANGES | N THE SPECTRUM OF W ND-WAVES BY THE OPPOSI NG SVIELL
Zhan Cheng

Nat i onal Research Center for Marine Environnent Forecast
No. 8 Da Hui Si, Hai Dian District, Beijing, China

1. 1 NTRODUCTI ON

Since the theoretical study of Longuet-Hi ggins & Stewart (1960),
it is well known that when gravity waves of short wavelength ride on
the surface of nuch longer waves then the anplitude of a short
irrotational wave of snmall slope is greatest at the |ong—wave crest
and least at the trough, partly as a result of the geonetrical
convergence at the crest and partly as a result of the working by
radi ation stresses. For finite water depth, the short-wave anplitude
is increased by a factor

a’' /a=1+AK[ (1/ 4) t anhKd+( 3/ 4) cot hKd] cosy (1)

where a denotes the anplitude of the short wave, A the anplitude, v
t he phase and 2a/ K the wavel ength of the | ong—wave; and d denotes the
mean wat er dept h.

Besides this change in the anplitude, the frequency of the
short—wave is also increased by a factor

o' / 0=1+AK][ ( 1/ 2) cot hKd—( 1/ 2) t anhKd] cosy (2)

Phillips (1981) pointed out that when the swell has a snall
steepness AK, as the water depth approaches infinite (relative to
| ong—wave), the second term on the RHS of equ. (2) vanishes and the
frequency of the short-wave varies with respect to the phase of the
swell (the long-wave) by a factor of (AK)2, the ’'Doppler effect’
associated with the convection of the short—-wave by the orbital
velocities of the |long ones dom nates the variation in the frequency
of the short—-wave. However, if the water depth keeps finite for the
| ong—waves, both effects described above contribute to the variation
in the frequency of the short-wave.

The suppression of short w nd-generated waves by a train of
| onger, nechanically generated waves of sane direction as wnd was
apparently observed by Mtsuyasu (1966) in |aboratory. As the sl ope of
the I ong waves increased, the total energy and the spectral density of
the short waves decreased progressively. Mre recently, Phillips &
Banner (1974) obtained the sane result in |aboratory and established a
dynam cal nodel to explain the phenonenon as the increase of the w nd
drift at the crests of a train of long waves Iimting the anplitude of
superi nposed w nd—-gener at ed waves.

The reduction in the energy density of w nd-waves by the swell
propagating in the direction of wind conceals the changes in the
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spectrum of w nd-waves due to the swell, which were expected by the
theory of Longuet—-H ggins & Stewart (1960), and that of Phillips
(1981). When the swell propagates against the wind, the case is likely
to be different. Mzuno (1976), Young & Sobey (1985), Tsuruya (1988)
and Mtsuyasu & Yoshida (1989) studied the interaction between w nd
and the opposing swell under the action of wind. Mtsuyasu & Yoshida
(1989) paid sone attention on the wi nd-waves and found that the energy
of the w nd—-waves was not reduced by the opposing swell.

In present study the changes in the spectrum of the w nd—waves by
the opposing swell are discussed in detail. In addition to what
reveal ed by Mtsuyasu & Yoshida (1989), the expansion of the w nd—-wave
spectrum by the opposing swell was found in the experinment. After
extending the theory of Longuet-Hi ggins & Steward (1960) and that of
Phillips (1981) into the spectral space, the author believes the
sources of the expansi on have been di scover ed.

2. EXPERI MENTAL CONDI TI ONS AND TECHNI QUES
2.1 The wi nd—wave fl une

The experinment was conducted in the w nd-wave flune of Kyushu

University in Japan. Figure 10 show a schematic of the flume, whose
interior dinensions are 0.8m high, 0.6m wide and wth a wusual
test—section of 15m long. The nean water depth was kept at 0.353m in
the experinment. A beach for absorbing swell energy, a centrifugal fan
for blow ng wind through the flunme and a transition plate for thicking
the air boundary |ayer situated upwi nd side of the test-section (the

fan is outside left of Fig. 10). At the downwind side, a filter nmade
of vinylon net was installed across the water section for absorbing
t he downw nd—pr opagati ng wi nd—waves. A flap—-type wave generator at the
downwi nd side was used for generating the swell (regular oscillatory
waves) .
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Figure 1. Schematic di agram of experinental arrangenents (units in cn
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Wnd speed U, in the flume was changed stepwise as U =3, 5 and
7ms, and nmonitored with a Pitot—tube installed above the transition
pl at e. Her e, the wnd speed U corresponds roughly to a
cross—sectional nean speed after the correction of a small change in
the cross—sectional area of the flunme. Vertical wind profiles over the
water surface were nmeasured with another Pitot-tube at a fetch of
F=8m where F was neasured fromthe tip of the transition plate. At a
definite fetch the wi nd—-waves generated by the | ow-speed wi nd are not
likely to break and of a high peak frequency, so it is easier to

di stingui sh the behavior of w nd-waves and that of the swell. This is
a reason why the maximum wnd speed is limted to 7nfs. another
consideration is that in the utilization of the theory of

Longuet—-Hi ggins & Stewart (1960) to discuss the experinental results,
| arge differences between short waves and | ong ones are al so needed.

The period of the swell in the flume was kept at T=1.024s, and
the swell steepness under no wind action was changed stepw se as
Ho/ L-0.01, 0.02, 0.03 and 0.04. For each wi nd speed the wave steepness
was changed successively as 0 (corresponds to pure w nd-waves), O0.01,
0.02, 0.03 and 0.04. The waves were neasured sinmultaneously at three
stations (F=6, 8 and 10m wth capacitance-type wave gauges. The
reason for the particular selection of the wave period T=1.024s is as
follows. Firstly the change of the swell of this period is very snal
along the fetch even under the wind action, which nmakes the analysis
of the data easier. Secondly if we digitize the wave record with a
sanpling frequency of 100Hz or 200Hz, 2h data, which is used for FFT
anal ysis, give an integral multiple nunber of the regular waves. The
| atter reduces the | eakage effect in the spectral analysis.

2.2 The experinental procedure

Calibration of r.p.m of the wind blower versus the reference
wind speed U and the stroke of the wave generator versus the wave
hei ght were done before the experinent. After the «calibration,
experinmental conditions, such as the reference wi nd speed, the period
and wave height of the regular water waves, could be controlled by a
m croconput er.

In each run of the experinent the wnd blower was started
i medi ately after the start of the wave generator. The neasurenent of
the wind profile over the water surface was done 5 mnutes after the
start of the wind blower to wait for a stationary state of the wave
system The waves were neasured i ndependently after the neasurenent of
the wnd profile, because the wave gauges would disturb the wnd
field.

3. WAVE DATA ANALYSI S

The wave records of each run were digitized at a sanpling
frequency of 200Hz. From the wave records of 11 mnutes for each run
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we obtai ned 32 sanples of the wave data, each of which contained 4096
data points. Power spectra of waves were conputed through a
fast—Fouri er—transform procedure for each sanple of the wave data. The
sanple nean of 32 spectra was used for further analysis. Due to the

procedure described in Section 20, the |eakage effect of the spectral
conponents of the regular waves was negligibly small. The frequency
resol ution of the wave spectra was Af=4.88X10-2Hz. .

4. RESULTS AND DI SCUSSI ON
4.1 Wnd profile over the water surface

Vertical wind profiles over the water surface U(z) were neasured
for pure w nd—waves and for the co-existing system of w nd—waves and
the swell propagating against the wnd. The |lower parts of all
profiles show logarithmc distributions. The friction velocity, usx,
and the roughness paraneter of the water surface, z, were determ ned
from the wind profile U(z) near the water surface by applying the
| ogarithm c distribution,

U(z)=(ux/ k) I n(zl zp) (3)

where Kk is the Karman constant (=0.4). The friction velocity so
determ ned is used for further analysis.

4.2. The drag coefficient of the water surface

The w nd speed at the height z=10m U, was determ ned by using
the data of u- and z,, and extrapolating the logarithmc wind profile
(3). By the definition of the drag coefficient Cp,

Cozt./(PuU,3) = (1./ULo) (4)

Co can be calculated from the neasured values of ux and Uy, where

T .= P U7 _ |
is the wind stress acting on the water surface and the

density of the air. It can be seen from Fig. 20 that the drag
coefficient of the water surface Cp increases clearly with the w nd
speed U but is not so nuch affected by the swell propagating agai nst
the wi nd except for the case of the |owest wi nd speed U =3m's. For the
wi nd speed U=3n's, the drag coefficient Cp increases clearly with the
increase of the swell steepness. According to (3) and (4), C is
uni quely determined by the roughness paraneter of the water surface
Zo. At low wind speed, the existence of the swell wll affect the
w nd—-waves overlapping on it and changes the roughness of the water
surface and then Cp
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Figure 2. The drag coefficient Cp(=(ux/Ug)?2) versus the swell
steepness Hy/L for the co-existing system of w nd-waves and the
opposing swell. U(nis): e 3; M5 A 7.

4.3 The change in the opposing swell under the action of w nd

Mtsuyasu & Yoshida (1989) studied the attenuation of the

opposi ng swell under the action of wind in detail. As the main purpose
of present study is to investigate the effects of the opposing swell
on the w nd—-waves, the wave height of the swell is just nonitored. The

spectra of the co-existing system of w nd-waves and the swell
propagating against the wind are shown in Fig. 30, where U=5ns,
F=8m In order to divide the total energy into the energy of
wi nd-waves and that of the swell, we first elimnated the fundanental
spectral peak of the swell by elimnating nine spectral points at and
near each spectral peak and applying a linear interpolation to each
spectral gap of the elimnated spectral points. By this way we

obt ai ned the spectrum of w nd-waves in the presence of swell. Then we
determined the energy of the wnd-waves E, by integrating the
W nd-wave spectrum The energy of the swell Es is obtained by

subtracting the w nd-wave energy E, from the total wave energy E of
t he co—existing system as

Es=E; —Ey, (5)

The present nethod for separating the energy of w nd—waves and
that of the swell is different fromthat used by Mtsuyasu & Yoshida
(1989). This is due to the followng reason: At low wnd speed,
spectral peaks corresponding to the higher harnonic of the swell,
which appear in the frequency region of the w nd-wave spectrum
contribute significant fraction to the spectrum of the co—existing
system From the value of Es determned above we calculated
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approximately the wave height H of the swell under the action of the
wi nd by using the rel ation H=8\/E".
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Figure 3. Wave spectra of the co-existing systens of w nd-waves and

the opposing swell. U=5ms, F=8m

As previously nentioned, relatively long regular water wave
(T=1.024s and L=1.5m) was used in the experinment in order to reduce
the change in the wave height of the swell propagating under the
action of the wind. In fact, relative changes in the wave height of

the swell due to the wind action were

(H-Hy) /Hy < 5%
for all runs in the experinment except for the case of U=7nls and
Ho/ L=0.01, for which the relative change was about 25% In (6) H is
the wave height of the swell under the action of the wind and Hy the
wave height of the swell without wind action. Therefore, the original
wave steepness Ho/L is used as a paraneter representing the swell

st eepness.

(6)

4.4 W nd-wave spectra

Fig. 40 shows the wi nd-wave spectra of the co—existing system of
w nd—waves and the opposing swell, where the spectrum of the swell is
elimnated. In this figure 11 point triangular filter is also used to
make the high frequency part of the spectruma nore clear picture. All

spectra shown in Fig. 400 are those for U=5ms and F=8m The swell
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st eepness changes stepwise from0.01 to 0.04. The spectrum of the pure
w nd-waves at sane wind speed and sane fetch is also sited for
conparison. In the presence of the opposing swell, the magnitude of
the spectral peak of the w nd-waves decreases, but the magnitudes of
the spectrumin the other regions around the peak increase (conpared
with the case of the pure wi nd-waves), especially in the region where
f<fm for H/L=0.03 and 0.04. In other words, the spectrum of
w nd-waves is expanded by the opposing swell. This phenonenon is also
observed for U=3ns and 7m's. Another feature shown in Fig. 40 is
that the high frequency potions of the w nd-wave spectrum where
f>10Hz, are not obviously affected by the opposing swell.
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Figure 4. Power spectra of the pure w nd-waves and the w nd-waves
affected by the opposing swell. U=bms, F=8m -.—-.— The pure
W nd-waves; the w nd-waves affected by the opposing swell.

In order to denonstrate the expansion of the w nd-wave spectrum
guantatively, we introduce the conventional spectral w dth paraneter
g2 into discussion. The ratio €2/(g2), indicates the relative change in
the spectral width of w nd-waves under the action of the opposing
swell, where (g2), is the spectral wdth paraneter for pure

wi nd—-waves. Fig. 60 shows the dependence of €2/(&2), on the swell
steepness Hy/L at different wind speed. there is no data locating in
the region where €2/(g2)o,<l. In general, when the swell steepness in
smal | (Hy/ L<0.03), ¢€2/(e2), increases with the swell steepness and
achieves its nmaximum around Hy/L=0.03, and then decreases. For
U=5nls, the case is a little different, in which there is no nmaxi mum
achi eved up to Hy/ L=0. 04.
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The scaled w nd-wave energy, Ey(Ewo 1S shown in Fig. 60,
where (Ey) o denotes the energy of the pure w nd-waves. The squares
with a tolerance bar are data obtained by Mtsuyasu & Yoshida (1989).
Taking the data as a whole, the present result is consistent with that
of Mtsuyasu & Yoshida (1989), despite different nethods were used in
calculating the w nd-wave energy. At the w nd-speed U=3ms, the

effect of the swell on the wnd-wave energy is nore obvious,
EwW (Ew) 0=6.7 when Hy/ L=0.04, which is out of the scope of the figure.
Wien the swell propagates against the wnd, which shows a quite

different trend from that when the swell propagates in the direction
of the wind (M tsuyasu, 1966).

1.3

. s 0
L n
(€2) N - »
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. 2 -
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Figure 5. The scal ed spectral wi dth parameter &2/ (&2), versus the swell
steepness Hy/L. U(ms): e 3; M5 A 7.

3
Ew o
{Ewl

Ho/ L

Figure 6. The scaled w nd-wave energy EW (Ew)o Vversus the swell
steepness Hy/L. U(nis): e 3; M5 A 7. 4 @ Data of Mtsuyasu and

Yoshida (1989). — — — — Mtsuyasu (1966).
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The scaled peak frequency of the w nd-wave spectrum fuf(fn) o,

versus the slope of the swell is shown in Fig.7L. Wen U=3nms,
fo{ (fn)o decreases with the increase of Hy/L. As the wnd speed
i ncreases the dependence of fp{(f)o On Hy/ L is weakened. \When we | ook

back at Fig.20 for the drag coefficient of the water surface Cp, we
find this result is physically reasonable. It is well known that at a
definite fetch, as ux increases, the peak frequency of the w nd-wave
spectrum decreases. At U=3nls, Cp increases obviously with the sl ope
of the swell, that is to say u» increases with the slope of the swell,
so fnhis like to decrease. As wind speed U increases, Cp tends to be
i ndependent of Hy/L, and so does fn

2

Fm
(Fmlo

0.01 0.02 0.03 0.04
Ho/ L

Figure 7. The scal ed peak frequency of the wi nd-wave spectrum f (fo
versus the swell steepness Hy/L. U(ms): e 3; M5 A 7.

As the short—-wave pattern is swept over the |ong-waves, the
anplitude and the frequency of the short-waves wll change.
Longuet—-Hi ggins & Stewart (1960) discussed rigorously the problem by
carrying out systematic evaluation of the wave notion by Stokes’
met hod of approximation, as far as the second order. Mre recently,
Crapper (1984) formulated the sanme problemin an easier way. However,
the previous discussions renmained in the physical space and nost of
W n—wave phenonena are described in the spectral space. In this study
effort is made to discuss the problem in the spectral space and to
apply it to investigate the effect of the opposing swell on the
w nd—wave spectrum Firstly, the previous results of Crapper (1984) is
sinply revi ewed.

We suppose we have a | ong wavel ength swell given by
NL=Acos( Kx1—Qt) (7)

on which is superinposed a short wavel ength 'sea given by
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Ns=anf0os[ (kncosy) X1+knsi ny) xo—ont ] (8)
where @ is the angle between K and kp

Under the assunptions that 1) the short—-waves are neverthel ess
| ong enough to be consider as pure gravity waves; 2) the changes in
paranmeters of short-waves, such as da, do and so on, are of order of
AK; 3) Cyg< C and 4) the water is deep enough for the short-waves to
be considered as deep—water type, the changes in the intrinsic
frequency and anplitude of the short-waves are

do/ op=—Cicos( Kx1—Qt) (9)
and
da/ aprCGecos( kx1—Qt) (10)

where C; and C, are two nondi nensional constants for the given waves.
They can be expressed as

Ci1=( cos2ycot hKd—t anhKd) AK/ 2 (11)
co=[ t anhKd+( cos2y+2) cot hKd] AK/ 4 (12)
where d is the water depth.

When the ' Doppler effect’ associated with the convection of the

short—-waves by the orbital velocities of the long ones (Phillips,
1981) is taken into account, the frequency of the short-waves neasured
at a fixed position will be further changed. Under the assunption that

orAK/ Q is the order of wunit, the ’'Doppler effect’ by the orbital
vel ocities of the |ong—waves dom nates the change in the frequency of
the short-waves. The frequency of short waves neasured at a fixed
position is

do/ op=—Czcos( Kx1—Qt ) (13)
which is correct to the first order and to the opposing swell. Were
Cs=(kn{ om) AQcot hKd (14)

The physical significance of Egs. (9) to (14) can be expl ained
as: Wen there is no long waves, if we neasured the spectrum of the
nmonochromati ¢ short—-waves at a fixed position, the nmeasured spectrum
is sharply peaked, with the peak |ocated at o = opn But in the
presence of the |ong—-waves, the spectrum of the short-waves 1is
expanded, with the frequency interval from o{1-CG) to on{1+C3). The
description is formulated as follows. For mathenatical convenience,
t he anplitude—-spectrumis used in discussion.

At a fixed position, Equ. (8) becones
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Ns=anf0S( Onf ) (15)
t he appropriate anplitude-spectrum function of it is
a( w) =an{ oy O( 1-w o) (16)
where & () is the delta function.
| |
| afw) |
1 F I |
C3a (W) Tm | I
am ] I
! {
: 1
05} | :
: af{w |
| i
I Sm :
04 L— 20 60

w (rad/s)

Figure 8. The theoretical prediction of the expansion of the
anpl i tude—spectrum of the nonochromatic short—-wave by the opposing
long wave. a(w) is the original spectrum of the nonochromatic short
wave; a (w) the expanded spectrum by the opposing | ong wave.

In the presence of the |[|ong-waves, the spectrum of the
short —waves recorded at the fixed position fromt to t+dt is

da’ (w) ={(an om [ 1+Cocos(Qt) ] d( 1-Czcos(Qt) —w/ o) } dt (17)

The long-tinme recording of the short—-wave spectrumis

' (0)z]/(10,) ITdt[nm(1+Cacou(0t) b (1-Cyeos(Q)-0/0,)] 19

Using the integrating feature of the delta function, we obtain
a’ () =an{ (TC30m) [ 1-Co( w-0m) / (0nC3) [ { 1-[ (w-0m) / (0nf3)]12}-1/2  (19)
where o 1-G3) <w<op{ 1+C3) .

Equ. (19) is the new spectrum of the short—-waves under the action
of the opposing |long wave, which is sonewhat conplicated. In order
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make it a nore clear picture, we draw a figure of a(w) a (w) and for
a particular set of waves. For exanple, let L=1.5m d=0.35m A/ L=0.02
and op=30rad/s, then (Cy=0.1331 and C3=0.628. As the |ong—-waves
propagate against the wind, at the crest of the |ong-waves the
frequency of the short-waves becones |least and the anplitude of the
short —waves achi eves maxi num but at the trough of the |ong—-waves the
case is reversed, so a’'(w) is asymetrical respect to w=oy (see Fig.

8Ll). This same asymmetry can also be found in Fig. 400 for the
w nd—-wave spectra affected by the opposing swell. the |ow-frequency
part of the w nd-wave spectrumis nmuch plunper than its hi gh—-frequency
part conpared with the spectrum of the pure w nd-waves. As
approaches to op{1-C3) or on{1+C3), a (w) approaches infinite, which
is due to the feature of delta the function. This does not happen to a
conti nuous w nd-wave spectrum

5. CONCLUSI ON

The expansion of the w nd—-wave spectrum by the swell propagating
agai nst the wind was observed in the wind wave flune. This phenonenon
is quite different fromthat observed when the swell propagated in the
direction of the wind, i.e. the energy density of the w nd-waves was
reduced by increasing the slope of the swell. The new finding is
qualitatively consistent with the theory of Longuet—-Hi ggins & Stewart
(1960) and that of Phillips (1981), when these theories are fornul ated
in the spectral space. In the presence of the swell, whether it
propagates in the direction of the wind or against the wind, it wll
change the energy of the w nd-waves or redistribute the energy anong
the frequencies of the w nd-wave spectrum These effects nust be
included in the future ocean wave prediction nodel.
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1. | NTRODUCTI ON
The purpose of this paper is twofold. Following a brief review of
wave nodeling, we wll introduce a new “generic” deep—water

t hird—generati on wave nodel. As part of this description, we will also
i ntroduce an accurate nmeans of estimating nonlinear energy transfers
within a spectrum suitable for wuse in any third-generation wave
nodel .

By the early 1960's. a |arge body of evidence had accunul ated which
clearly denonstrated that waves in nature are better represented by a
linearly superposed directional spectrum than by paranetric wave
trains. This notivated initial devel opnent of discrete spectral wave
prediction nodels. In this type of nodel, individual discretized
conponents of a directional wave spectrum are nodel ed independently.
Due to the work of Hasselmann in the early 1960's (Hassel mann 1962,
1963a, 1963b), a theoretical foundation for the estimtion of
nonli near energy transfers anong waves in a spectrum already existed.
However, nost researchers believed nonlinear interactions to be so
weak that they were insignificant. Since no field evidence existed to
contradict this belief and since nethods were not available to
eval uate the conpl ete wave—wave interaction integral, the evolution of
a wave spectrum was believed to be controlled only by direct wnd
i nput and wave breaking (Bunting, 1970). Under this assunption, the
concept of an equilibrium range in a spectrum was fornulated as an
absolute Iimt to wave steepness, controlled only by wave breaking
(Phillips, 1958). Consequent |y, early di screte—spectral wave
prediction nodels were based on the concepts that direct w nd input
was the primary mechanismin wave generation and that all spectra had
a universal value in their equilibrium range (Inoue, 1967; Bunting,
1970; Cardone et al., 1976) Models of this type have been terned
first— generation wave nodels. Such nodels have been calibrated to
predict a range of open—-ocean wave conditions reasonably, but have
been shown to have serious problens in their representation of
spectral evolution in fetch-limted situations (Resio, 1981).

Evi dence contradicting the direct—w nd-i nput concept of wave
generation began to appear in studies in the late 1960's (M tsuyasu,
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1968a, 1968b); and in 1973 data from the JONSWAP experinent, along
with a synthesis of several other data sets, Hasselmann et al. (1973)
denonstrated fairly conclusively that energy levels in the equilibrium
range varied systematically as a function wind speed and fetch. This
evi dence along with observations of ”overshoot/undershoot” in energy
| evel s near the spectral peak (Barnett and WIkinson, 1967; Barnett
and Sutherland, 1968) and the calculations of the form of net source
terms for wave spectra propagating along a fetch (Mtsuyasu, 1968a;
Hasselmann et al., 1973) were all consistent with the idea that
nonl i near effects (wave—wave interactions) were a dom nant source term
in the wave generation process.

Due to these revised concepts of the physics governing wave
generation, discrete-spectral nodels incorporating nonlinear wave-wave

interactions were devel oped. Such nodel s have been terned
second—generation nodels. Early nodels of this type (Barnett, 1968;
Ewi ng, 1971) still assuned that energy levels in the equilibriumrange

were controlled only by wave breaking; and hence, an absolute limt to
wave steepness existed in the equilibrium range. Such nodels still
produced spectral evolution in time and space simlar to that of first
generation nodels. Later second-generation nodels (Resio, 1981)
recogni zed the inportance of allow ng energy levels in the equilibrium
range to vary dynamically. Mdels of this type have been found to
produce results consistent with observed patterns of tenporal and
spatial wave grow h.

In second-generation nodels, the form of the wave spectrum is
assuned to be governed by a dynam c bal ance between wind inputs into
the equilibrium range and the nonlinear flux of energy out of this
region of the spectrumvia nonlinear wave—wave i nteractions Hassel mann
et al. (1976) argued that the strength of the shape-stabilizing
effects inherent in this dynamc balance was so domnant in the
spectral evolution equation that wave spectra in nature always stayed
fairly close to a prescribed equilibriumform In fact, Hassel mann et
al. argued that the domi nance of this dynam c bal ance was sufficient
to allow the spectrum to be nodeled by sinple paranetric nethods
conparable to those of Bretschneider (1952). Recently, however,
Hassel mann et al. (1985a, 1985b, 1985c) have introduced a class of
wave nodel in which it is assunmed that the shape-stabilizing effects
of wave—-wave interactions are not sufficiently domnant to control
spectral shape. Such wave nodels are ternmed third-generation nodels.
In these nodels certain spectral constraints (up to frequenci es about
twice that of the spectral peak) are renoved and energy |evels
t hroughout nmuch of the spectrum are allowed to vary as a function of
t he actual estinmated source terns.

Due to its inportance in controlling both spectral shape and wave
growt h, the proper evaluation of the nonlinear source function is of
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central inportance to the inplenentation of a valid third-generation
wave nodel and is critical to understanding the physics of wave
generation. For such reasons, Hasselmann et al. (1985b) investigated
four different nmeans of obtaining estimates of the nonlinear source
term As will be shown subsequently in this paper, none of the four
nmet hods investigated in that earlier study have been shown to produce
very satisfactory estimates of the nonlinear source term for a
reasonabl e range of spectral shapes.

2. THI RD GENERATI ON WAVE MODELI NG
2.1 Historical Perspective

To date, all third generation wave nodeling has been restricted
to a single wave nodel (WAM and nodeling group. This has primarily
been due to the existence of only a single representation of the
nonl i near wave-—-wave interaction source term appropriate for
third—generation nodeling. As wll be discussed in the follow ng
section, this representation has not been well tested and appears to
suffer from sonme serious inaccuracies which could seriously affect
nodel performance. It should be recognized here that, even though the
physics inherent in a third-generation nodel nmay be superior to
previous classes of nodels, if the nodel inplenentation of that
physics is not accurate the nodel itself may not exhibit superior
per formance characteristics.

2.2 Model structure for a generic third-generation nodel: AL

Due to length restrictions here, we can only outline the overal
nodel structure here. In essence, AL is partitioned into the follow ng
three parts:

1. i nput of options for nodel run,
2. initializations, and
3. time steps through the simulation interval.

In the time step part of the program the fundanmental radiative
transfer equation is solved for each grid point located in the water,
i.e.

N
) 35(;;9)11= ~C, VETE, BT, + 3 S¢(£.0) 4
1

where E(f,®) is the energy density at frequency f and propagation
direction ©® at grid location ij, Gy is the group velocity, and
S(f,® is the kth Jlocal source term The solution of this
i nhonogeneous partial differential equation is wusually obtained by
first solving the honobgeneous part of the equation (the advection
term and then adding the source term integration to this interim
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solution. There are sonme problenms with this sonewhat sinplistic
approach; however, they will not be addressed here. W will adopt a
sinmple explicit schenme for the nunerical approximation in AL. As can
be seen fromthe form of equation 1, we nust solve for the net change
in the energy at each spatial point in the grid, for each discretized
frequency, direction and tinme step.

Three source terns are used in AL, as is the convention in WAM
These are S, (wnd input), Sys (local wave breaking), and Sy
(nonl i near wave—-wave interactions). The forns for the wind input and
wave breaking source terns are taken from Hassel mann et al. (1988)

3. PREVI QUS REPRESENTATI ONS OF NONLI NEAR ENERGY TRANSFERS IN A WAVE
SPECTRUM

3.1 Representations of the conplete interaction integral

Hassel mann’s (1962) representation of the rate of change of
energy density at a given location wthin a wave spectrum invol ves
four interacting waves and is of the form (Hassel mann and Hassel mann,
1981)

o) = [[[[[[ctkkk k) Btk ki) 8 (0340,m0570)

000000

n(k)n(k,) [n(k,)-n(k,) ) +n(k,)n(k,) [n(k,) -n(k)] dk,dk,dk,

2)

where ki is the wavenunber vector specifying the location of the itp
interacting wave within the spectrum « is the radial frequency of
the itn interacting wave, n(kj) is the action density of the ip
interacting wave, C(.) is the coupling coefficient which describes the
strength of the interactions, and o6(.) is the Dirac delta function. It
should be noted that the form of equation 1 ensures conservation of
action, energy, and nomentum Webb (1978) provided a transforned
version of equation 2 as

on(k,)

3 - sz T(k,, k) dk,

where, T(ki,ks3) represents the transfer of action fromks to k; and is
gi ven by

T(k, fcucl,kz,k,,ku | 8(ky, ky k) ds
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In equation 3 the interactions are now prescri bed along an interaction
locus, with s and n representing unit vectors along and across the
| ocus, respectively and Wowitwp—uwz—wys. The function O(Kki, ks, kg) is
defined as

O(Kki1, k3, ka) 1 when | ki—ka| = Xx]|ki—Kj|

0 when | ki—ka| > | ki—ky4]

Webb (1978), Tracy and Resio (1982), and Resio and Perrie (1991) have
all shown that equation 3 provides a stable form for evaluating
nonl i near energy transfers within a spectrum Hence, the nunerical
met hod described in Resio and Perrie (1991), based on this equation

will be used here to in conparisons of given approximtions to the
full Boltzmann integral.

An advantage to the form of equations 3 over equation 2 is
inherent in the reduction of the integration over ko and Kkg. to
contributions along a specific interaction locus for each given
conbi nation of ki and k3. In a nunerical approximtion of equation 3
ks and ks can be specified precisely as the centers of integration
grid cells. The values of ky and ks are then fixed to fall along
appropriate interaction loci. The error in the evaluation of the
| ocation of ks and k4 (and the action densities at these locations) is
limted only by the accuracy of the nunerical solution of the |ocus
equation and can be specified independent of the size of the
integration grid cells.

In integration nmethods based on equation 2 interacting sets of
wavenunbers are all specified only within the discretized accuracy of
the integration grid. Any two of the wave nunbers can be arbitrarily
specified to coincide with points in the discretized integration grid,
with no loss of generality. The other two wave nunbers are also
approxi mated by values at the center of their grid cells. Al though the
delta functions are formally renoved fromthe integral, the value for
the energy density in taken from the discretized l|ocation of the
center of the integration grid cell. This allows an exploitation of
certain symetries in the interaction integral (Hasselnann and
Hassel mann, 1981); however, this leads to differences between the
| ocations of the actual position of wavenunbers 2 and 4 and the
di scretized |ocation of these wavenunbers, resulting in instabilities
in the integral and jaggedness in the results.

3.2 Representations of paraneterizations of the interaction integral

To date, nethods for estimating nonlinear source terns due to
wave—-wave interactions in a wave spectrum can be divided into four
mai n cat egori es:

1. direct paraneterizations based on spectral energy content
and shape;
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2. par anet eri zati ons based on enpirical orthogonal functions;
3. par anet eri zati ons based on | ocal interaction approximations;
4. paraneterizations based on selected integration domains of

the total integral

Direct Paraneterizations

Barnett (1968) and Ewi ng (1971) both devel oped paraneterizations
of the nonlinear source term which depended explicitly on total wave
energy, prescribed shape functions, and scaling frequencies related to
the location of the nean frequency. In this form the representation
for the nonlinear source term Sy, IS given by

4) Sy = "'aE—(afé"e"‘)‘ = ¢1(f0,90)¢2(f/fp)¢3(9-00)

where E; is the total energy in the wave spectrum given by

L4 ]

9 E, = [[E(£,0)dfd®
0o

E(f,®) in equation 4 is the spectral energy density at frequency f
and propagation direction O, and f, is a frequency scaling function
of the form

1
m

o £, = [ [E(H £7df]
136
0

where E(f) is the nondirectional spatial density, given by

2%
7 E(f) = fE(f.e)dB
0

and m is a positive integer (usually taken as 1 or 2 for wuse in
equation 6). In the equations, ¢; represents different nondi nensiona
shape functi ons.

Resio (1981) recognized certain exact simlarity characteristics
of equation 3 and chose to base his paraneterization of Sy in the
form

8)  Su(f,©) = hdfp=4ou(f/fp) ds(©-Bp)
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where o is the equilibrium range coefficient for an f-5 equilibrium
range, and fp is the frequency of the spectral peak. Since, at that
time, it was widely believed that the spectral equilibrium range did
follow an f-5 law (Phillips, 1958; Kitaigotodskii, 1961) and that
spectral evolution along a fetch and through tinme followed a
sel f-simlar form (Mtsuyasu, 1968; Hassel mann; 1973), this
paramet eri zati on appeared to provide a reasonabl e approximation to the
wave—wave interaction source term for spectra undergoing active wave
generati on.

Al'l paraneterizations of this type are accurate only for a narrow
class of spectral shapes (albeit spectral shapes which may be
preval ent during nost active wave generation scenarios) . Also, all of
t hese paraneterizations were fornmulated with the understanding that
side <conditions (such as the allowable <energy levels in the
equilibrium range) were to be invoked whenever they were used in
predictive schenmes. Hence, none of these paraneterizations can be
considered either sufficiently general or sufficiently unencunbered
wth constraints to be incorporated into a third-generation wave
nodel .

Enpirical Othogonal Function (ECF) Representations

The theoretical basis for EOF anal yses shows that, for a given
set of correlated variables, an ECF anal ysis provides an optinmal basis
for representing a data set in the sense that the maxi mum variance is
explained in the smallest nunber of functions. Vincent and Resio
(1977) showed that such an analysis for neasured spectra at a site was
capable of giving a good, efficient representation of nondirectiona
wave spectra in the absence of swell. However, in order to derive
t hese functions one would have to have an a priori set of all possible
spectra or Sy (or at least a very large set) in order to form the
covariance matrix for the eigenfunction analysis.

Hasselmann et al. (1985b) fornulated a set of EOFs for a
synthetic set of sinulated spectra based on conbi nations of different
nondirectional spectral shape paraneters and angular spreading
characteristics. Since an enpirical paranmeterization can be no better
than the data set on which it is based, it does not seemthat too nuch
is gained by using the EOFs in this instance instead of a direct
paraneterization based on the spectral shape and angular spreading
paraneters thensel ves. This approach offers interesting possibilities;
but is not likely to afford a viable approach anytinme in the near
future

Local Interaction Approxination

If one takes the full interaction integral and assunes that
contributions to this integral are dom nated by interaction which are
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close to k; (using the notation of equation 3, then a |ocal expansion
can be used to develop a diffusion operator for representing Sy
(Hassel mann and Hassel mann, 1981; Hasselmann et al., 1985b). However,
as shown by Webb (1978), significant contributions to energy transfers
cone from wavenunbers quite renoved from kj. Thus, although this
approxi mati on does conserve action, energy, and nonmentum and seenms to
follow the general shape of the actual form for S, it cannot be
considered as a general solution to the paraneterization problem

Discrete Interaction Approximation (Dl A)

A final paraneterization effort due to Hasselmann et al. (1985b)
is based on the representation of the total integral by an integra
over a reduced region of the interaction space. This nmethod is used in
the WAM nodel to evaluate S, . Details can be found in Hassel mann et

al. (1985b) and will not be repeated here, Figure 100 shows a
conparison of the DY A paraneterization of S, to the conplete
interaction integral for a JONSWAP spectrum from Hasselmann et
al . (1985b). As can seen from that figure, the agreenent is not very
good in the equilibrium range of the spectrum Since a
third—generation wave nodel’s purpose is to use the principle of
detail ed bal ance throughout the spectrum (up to at least 2.5 f, or
S0), msrepresentations of S, in the equilibrium range can pose a

serious problem Figure 10 contains the only previously published
conparison of the DIA to the full integral, known to the authors

Figure 20 shows a series of independent conparisons between the DA
and the total integral. As can be seen there, these results suggest
that the DI A does not provide a reasonable approxinmation to the total
integral in many cases.
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4. THEORETI CAL FORMULATI ON OF A NEW APPROXI MATI ON FOR Sy

It is clear that, for the purpose of representing S, in a viable
t hird—generation wave nodel, a accurate, generalized fornulation is
required. Gt herw se, the detail ed bal ance throughout the spectrum w ||
we incorrect. In this case, it is likely that a third-generati on nodel
will be less accurate than a well—-posed second-generation nodel. In
this section, we wll describe a representation for S, which is
accurate over a wi de range of spectral shapes.

Let us consider a spectrumwhich is represented as the sumof two
terns at each point within the spectrum i.e.

9 k) = n® + (k)

where the overbar denotes a broad-scale averaging and the prine
denotes a l|ocal departure from the broad-scale structure. The action
density termin equation 3 can now be represented in an expanded form
as
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Dik K. ko Ky ) =

n(k ) n(x,) [n(k,) -n(]_cz)]+n(1_<z)n(£‘) (ni{k,)-nik )]
Ak ' (k) +n! (k) 0(E) ) (AT -nTk) + n'(k,) -n'(k,)]
+ MK Atk (n'(k,) -n'(k,)] + n'{k)n'(k;) [ATKT-n(k,]]
+ MR, [n/(k) -n(k)] + n' (k) n'(k,) [ATKT-nTk]]
(AT Tn!(k,) + n'(k,)7TK,) [RTKT-0(K) + a'(k,) -n'(k)]
sn' (k) n'(k,) [n/(k,)n' (k) 1+n/ (k) n'(k,) [n/(k) -n'(k) ]

10)

as before the overbar here denotes a broad-scale feature of the
spectrum and the prinme denotes a local perturbation. If we expand
these terns and substitute them into separate integrals for Sy, we
can sum the two integrals to give an estimate of an actual spectrum
which contains variations at both scales and the effects of cross
interactions due to their superposition. In this representation, we
can assume that the perturbations wll <contribute to the total
integral only at a |local scale; consequently, we can wite the
representation for this interaction in terns of a local interaction

approxi mation (including cross—interaction effects). Figure 3] shows
the results of using this two—scale approximtion (TSA) to the full
Boltzmann integral for the sanme cases as tested with the DIA. As can
be seen here, the TSA approximtion clearly provides a nore accurate
representation for Sy .

5. TIME AND FETCH GROMH | N AL

Figures 4L and 50 show the evolution of nondinmensional energy
versus nondi nensional tinme and fetch. Al so shown are the equival ent
published relationships for the WAM nodel. Although AL's results
appear quite reasonable, it should be pointed out that this growh
rate could be varied substantially by changing assunptions in the
dynam ¢ bal ance of the spectral region above 2.5 fy,.
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6. DI SCUSSI ON AND CONCLUSI ONS

In this paper we have shown that AL contains a significantly nore

accurate nethod for than does the present

WAM It should be recognized that this accuracy is critical to a node
that attenpts to use the principle of detailed balance in place of
spectral energy constraints. Since this has been a major stunbling
bl ock in creating additional third-generation wave nodels, it is hoped
that this wll other nodel developers to continue

investigate the role of third generation nodels in inproving our
understanding of the wave generation process and in wave nodel

appl i cati ons.
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PROPERTI ES OF EVOLVI NG AND FULLY DEVELOPED W ND-GENERATED WAVES

W Perriel and D. Resi 02

1Physi cal and Chenical Sciences 2Depar nent of QCceanogr aphy
Scot i a—Fundy Regi on Florida Institute
Departnent of Fisheries and Cceans of Technol ogy

Bedford Institute of QOceanography Mel bour ne Fl ori da USA

Dart nout h, Nova Scoti a, Canada
ABSTRACT

The spectral energy balance equation for w nd—generated waves is
integrated in tinme for duration-limted growh. W use nonlinear
transfer due to wave-wave interactions from Resio and Perrie (1991:
JFM and variations of the WAM fornul ation (Hassel mann et al: 1989)
for energy input due to the wnd, and energy renoved due to
di ssi pative breaking. W show that the spectrum evolves to fully
devel oped state. W show the variation in tinme of total energy, peak
frequency, peakedness and Phillips’ a constant. W also conpute the
action fluxes cascading to high and low frequencies wthin the
spectrum and show their variation in tinme. Finally, we relate these
fluxes to total energy and peak frequency and we show the relation
bet ween these fluxes and both the evolution of the forward face and
the high frequency range within the spectrum

1. | NTRODUCTI ON

The spectral energy density for surface gravity waves in deep water
E(f,®) evolves in space and tine according to the relation

)y
at(ﬁ)-+c-VE(f,e)=3’ +¢ +¢ (L1
~g in nl ds

where fi, is the spectral energy input by the wind, Sy is the
di ssipation due to wave breaking and white-cap formation and ¥, is
the change in spectral energy due to nonlinear transfer resulting from
wave— wave interactions.

Paraneteri zations for wind input energy fi, are heavily notivated
by the observations of Snyder et al (1981). The formis

Jin =xB E(f, ©) (1.2)
where [, as specified by Hassel mann et al (1989), is given by

P, U,
B = max{O, 0.25 > [28 g cos 6 - 1]} W (1.3)
W



Directory  Table of Contents  List of Tables Figures
EC 10

air density is pa water density pw friction velocity in the wave
direction is ¥~ cos © with ©® the direction of the wind relative to

the wave propagation direction, phase velocity is & = wk and

angul ar frequency w is related to wavenunber K through the deep water
di spersion rel ation.

Di ssipation due to wave breaking fqs is assunmed to have a sinple
form notivated by Hassel mann (1974), as well as nunerical experinents
conpleted in Hassel mann et al (1989), and may be witten,

Jin =xg k-4 F (k4F(k)) (1. 4)
where k=| K|, F(K) is the energy spectrumin vector wavenunber space Kk
and % is an appropriate functional. It is usually taken as

=5 A A2 A, A (2

$ = ~2.33 x 1077 0 (u/ w)"(a/ o) E(f,9) (1.5)

wher e
-1

D = [E;‘J E(f,8) w! dfda] (1.6)

A = A -2 - d de 1.7

1=l E, JE‘(f,G) f (1.7
and

A _ 2 2( -1 4

- -2( - 1.8

o=3E 9 [Eo J‘E(f,e)wdfde] (1.8)

Pierson-Hoskowlitz

= 0.003

The conmplete Boltzman integral representation for nonlinear
transfer due to wave-wave interactions Jf, can be evaluated in an
efficient stable nmanner, using selected symretries. Resio and Perrie
(1991) transform the nonlinear transfer, represented in terns of a
6-fold Boltzmann integral in wavenunber space by Hassel mann (1961),

. 2
g (k) = mfs (k, ok ok ok, )DUK, Kk K,)

(K, +h, -k ok )8 (0 t0 00, ) dk dk die

(1.9)
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to the locus defined by the interaction resonance conditions, for
exanpl e Ki+ko—Kks—Kks = 0, which reduces the 6-fold integral to a 3—fold
integral in wavenunber space. Polar coordinates in wavenunber space
then allow all terns to scale, except the action densities.

The reader is referred to Resio and Perrie (1991) for details on € 2,

® and the evaluation of equation (1.9) in terns of energy or action
densities.

W make the assunption that
Cge DE(f,0) <« Fin + I + Fas (1.10)
which is valid for growi ng wi ndsea spectra at |arge fetch.

2. SPECTRAL GROMH TO THE FULLY DEVELOPED STATE

There are a nunber of paranmeters that could be conputed and used as
i ndi cators of spectral evolution and growh to maturity. These include
total energy Eo, peak frequency fp, Phillips’ (1958) al pha coefficient
o and JONSWAP peakedness function 9 .. Although field experinents have

tried to determne the variation of these paraneters in space and
time, considerable uncertainty remains. As pointed out in Perrie and
Toul any (1990), part of the problemlies in accounting for atnospheric
stability and determ nation of the conponent of the wind affecting the
wave growt h.

(7)) Total Energy E, and peak frequency f,
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variation in Ewith time

01

0.01 . . 1

! 10 ‘ ‘100
time F

Figure 1. Variation of total energy E, with tine. Balances of w nd
i nput, dissipation and nonlinear transfer are considered as presented
inthe text. Tinme is in hours, total energy, in n®

Five curves are shown. A sinple integration of equation (1.1) has been
conpleted using the formulations for wnd input S, nonlinear
transfer ¥, and wave-breaking dissipation Jfys described above. The
other four curves presented result from assuming w nd input ¥, that
are 25% or 50% in excess of the formulation given in equation (1.3),
or wave-breaking dissipation Y45 that is 25% or 50% below the
formul ation given in equation (1.7). Wnd input nonlinear transfer and
wave-br eaki ng dissipation nust achieve a balance if the systemis to
proceed to a state of full devel opnents Equilibrium values for E, and
fp can be varied by varying the balance between wind input f, and
wave-br eaki ng di ssi pation Las and t hus a mat ch to t he
Pi erson—-Moskowit z | evel , for exanple

E, =~ 3.64x107 U g~ (2.1)

where TU;g is wind speed at 10 m can always be achieved. Figure 10O
inplies 20 hr as a typical tinme for spectra to reach stationarity.

(z)) Phillips a coefficient

Assum ng the JONSWAP paraneterization of Hasselmann et al (1973)
for one—di nensi onal wave spectra E(f) we nay wite
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2,00 2,2
Ef)=a g ()£ exp(-1.25f’4/f:) 1exP(.(f-fp) f(2 fp)) (2.2)

where ¥ is the spectral peakedness and § is the spectral spreading.

We compute o, the high frequency coefficient proposed by Phillips
(1958) for an f-5 spectral tail, as the hourly average of

2.5
> = < J df (2m)* £° exp(1.25 x f:/f‘) E(f) /&> (23

1.7f
P

where the integration covers the equilibrium range of the spectrum
Results corresponding to Figure 100 are shown in Figure 20.

0.1 v e g

<alpha>

lima

Figure 2. As in Figure 10 for hourly averaged Phillips coefficient
<o>.

(111) Peakedness 7

The variation in the spectral peakedness ¥, as calculated from an
inverted formof equation (2.2),
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(2m)? f: el®
ad

is shown in Figure 300. During the 5-15 hr interval of the spectral
evol ution, these results approxi mate Donelan et al (1985)'s Fig. 14

Emax

variation in <gamma> with time
8 T T L] ¥ L] L L] Ll T

<gamma>

4} 5 10 15 20 25 30 3as 40 45 50

Figure 3. As in Figure 10 for hourly averaged peakedness <7¥->.

The two dominating factors which drive the variation shown for all

the integrations of Figure 300 are the maxi mum spectral wave energy
Ewax and the spectral peak frequency f,. The forner increases whereas
the latter decreases in tinme. Thus, they conpete with each other and
the resultant behavior is shown in <y> which first increases to a

maxi mum and t hen decr eases.

3. THE ROLE OF ENERGY FLUXES W THI N THE SPECTRUM

For given wind input and dissipation, the spectrum grows with the
nonlinear transfer driving the spectrum The action flux past a
reference frequency w fromhigh to | ow frequencies is

-1
I - m % %l ds H(|K| k(0 ) H(ko )|k |) dkdk o

-3 =~

and simlarly for the action flux fromlow to high frequencies, where
K(w) is the wavenunber corresponding to frequency  through the
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di spersion relation. The rate of change of action due to nonlinear
transfer ¥ may be witten as the 1-di nensi onal divergence,

a[r':(f) + r:(f)K)] (3.2)
yn1= ar

In the absence of wind input and dissipation, the energy fluxes are
shown in Figure 40 as functions of tine.

variation in flux past fp and ER with time: U=10nvs

2e-06 T T T T T T T T T
flux pastfp —
flux past ER (=1.5fp) — -
flux past ER (=2.25fp} - - -
1.5e-06 | B
2
e 1e-06 | .
]
2D
&
2
£ seo07} -
2
ok mEEemaes T T I T TS T T I L I T T i T e T T e
2
o
]
-5a-07 1 A 1 1 i 1 i A i
1] 5 10 15 20 25 30 35 40 45 50
time
. . . . . R
Figure 4. Variation in total action flux, , past a reference

frequency, as given for exanple by equation (3.1), corresponding to a
point high in the equilibriumrange (2.25f), lower in the equilibrium
range (1.5f)p, and the spectral peakPf . Wnd input and dissipative
wave—br eaki ng are assuned absent.

At sufficiently high frequencies, energy fluxes through the

equi librium range are to high frequencies, as shown in Figure 40,
Energy fluxes past the spectral peak fp are always domi nated by fl uxes
to | ow frequenci es, although the net flux to | ow frequenci es decreases
monotonically wth tinme. Convergence of energy fluxes past the
equi libriumrange and the spectral peak to zero, as shown after about
50 hr, coincides with the entire spectrum from spectral peak to
equi l i briumrange reaching stationarity.

Wien the wind input i, nonlinear transfer £, and wave breaking
di ssipation Jf4s are used in evaluating spectral evolution, energy
fluxes through the equilibrium range and past the spectral peak are
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al ways domi nated by fluxes to |ower frequencies. As shown in Figure
501, the fluxes past the equilibrium range initially begin with a
conparatively small nmagnitude and thereafter rise nonotonically wth
time, eventually achieving an equilibrium plateau after about 15-20
hours whi ch they maintain.

variation in flux past ER with time: U=10m/s
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Figure 5. Total energy fluxes past the equilibriumrange as a function
of time for the source term bal ances considered in Figure 101,

By contrast the fluxes past the spectral peak fp to the forward face

of the spectrum shown in Figure 60, although also having a very
small initial nmagnitude, quickly rise to maxim in nagnitude, during
the rapid devel opnment of the spectrum when the forward face of the
one—di nmensional energy spectrum is quickly mgrating to [|ower
frequencies. Thereafter, as the spectral devel opnent decel erates and
the system noves to a state of full devel opnent, the energy fluxes to
the forward face decrease in magnitude and after about 20 hours
achieve an equilibrium plateau which they maintain for the remainder
of the conputation. In either case, the plateau achieved by energy
fluxes past the equilibriumrange or the spectral peak fp has a nuch
| arger magni tude when wind input ¥, and wave breaking dissipation fgs

are present then when they are absent, as shown in Figures 50L1-601.
Mor eover, energy fluxes past a reference point above the spectral peak
fp, at for exanple 1.1f, achieve nmaxi ma which are nuch | ess pronounced
and the final plateaux to which the energy fluxes converge are higher.
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Figure 6. Total energy fluxes past the spectral peak as in Figure 50.

In each case presented in Figure 600 the final equilibrium plateau
of the energy fluxes to the forward face of the spectrumis noticeably
| ower than the equilibrium plateau achieved by the energy fluxes past
the equilibrium range. The spectrumis now driven by the energy that
is nmved to the forward face of the spectrum and which is not
di ssi pated there by wave—breaking or white— capping. This is clearly a
small factor conpared to the large anmount of energy that s
transferred past the equilibrium range and essentially dissipated in
the spectral region separating the equilibriumrange fromthe spectra
peak fp. Energy is not conserved in its transfer fromthe equilibrium
range to the forward face of the spectrum

4. THE ROLE OF ENERGY CHANGES | N ENERGY CHANGE AND SPECTRAL GROMH

Energy fluxes wthin the spectrum nust be related to the evolution
of spectral energy within the spectrum For exanple, the rate of
change of energy in the high frequency equilibriumrange and the rate
of change of energy on the spectral forward face and the region about
the spectral peak fp nmust be related to the energy fluxes that connect
these regions to the remainder of the spectrum A directly related
guestion concerns the partitioning of energy within the spectrum How
much is fluxed to the forward face, how nmuch is retained in the
m d-range frequencies and how nmuch is fluxed past the equilibrium
range and what is the tine-dependence of this partitioning with tine
for an actively evolving spectrunf

To explore the relation between energy fluxes within a region of
the spectrum and the rate of change of energy associated with that
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region, for exanple the forward face (ff) and spectral peak region, we
conput e

1.2f »
3 b 1.2f
= = 8E(f,86) 4.1
g, Z J?i(f) df J o ar (4.1)
1=] 0 0

and simlarly for the rate of change of energy in the high frequency
region (hf) of the spectrum above the equilibriumrange.

Figures 700-800 present the evolution of the rate of change of
energy dE/dt, as conputed fromequations (4.1), for the high frequency
equi libriumrange (hf) and the forward face (ff) regions as a function
of the energy fluxes past these regions. As tinme increases, the high
frequency equilibrium range experiences an increase in dE/ dt and
qui ckly reaches a stationary plateau |ong before the spectrum becones
fully devel oped. Thereafter it remains constant inplying that energy
increases linearly with tinme. By contrast, the forward face region
experiences a decreasing dE/dt with tinme, as shown in Figure 8LI.
Al though the latter only achieves stationarity as the system nears
full developnent it is 103 smaller than its initial value within a
few hours and, as in Figure 80, long before the spectrum has reached
full developnment. Thereafter the change in total energy within this
region is small.
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Figure 7. Total rate of change of energy in the equilibriumrange as a
function of total energy fluxes past the equilibrium range for the
source term bal ances considered in Figure 10.
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Figure 8. Total rate of change of energy in the forward face on the
spectrum as a function of total energy fluxes past the spectral peak

for the source term bal ances considered in Figure 1[].

5. CONCLUSI ONS

W have evaluated energy fluxes wthin the wave spectruns
specifically within the spectral peak region, and also past the
equi li brium range region. Wwen the wind input ¥, and wave-breaking
f4s source terns are present, energy fluxes to low frequencies
dom nate over energy fluxes to high frequencies. As the spectrum grows
and evolves, energy fluxes past the equilibrium range increase
nonotonically until they reach a plateau after about 15-20 hours when
t he spectrum becones fully devel oped. Energy fluxes past the spectral
peak region first increase dramatically to a maxi num during the very
rapid initial growmh and developnent of the spectrum and then
decrease to a nuch | ower value after about 15-20 hr at which tinme the
spectrumis becom ng fully devel oped.

The rate of change of total energy within the equilibriumrange and
the spectral peak region also exhibits two phases of devel opnent as
the spectrum evol ves and becones fully devel oped. The rate of change
of total energy in the equilibriumrange increases nonotonically until
it reaches a plateau after about 5 hr. There is a high correlation
bet ween di mensi onl ess energy fluxes past the equilibriumrange and the
rate of change of total energy within the equilibrium range. By
contrast the rate of change of total energy in the spectral peak
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regi on decreases nonotonically for about 15-20 hr and then falls to
zero.
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A SECOND-GENERATI ON WAVE MODEL
FOR THE NEW ZEALAND REGQ ON

Andrew K. Lai ng
New Zeal and Met eor ol ogi cal Service
Vel | i ngton, New Zeal and

1. 1 NTRODUCTI ON

The process of designing a wave nodel involves a great deal nore than
attenpting to gain the nost accurate description of the physics.
Wil st the nodel nust accurately represent wave growh, decay and
propagation, and nust be able to respond to extreme wind forcing, a
bal ance nust be reached between the |evel of sophistication in
physi cal description, the conputing resources available and the
tinmeliness with which the nodel estinmates are required.

Wave nodelling is sufficiently well advanced for there to now be a
nunber of good nodels available, all of which performreasonably well
in varied conditions. The state-of-the-art nodels such as the
so—cal | ed 3rd-generati on WAM nodel (the WAMDI group, 1988) gain nuch
of their performance froman ability to quite accurately cal culate the
resonant ener gy exchanges resul ting from weakly nonl i near
interactions. This mechani smredistributes energy anongst the range of
wave frequencies present (see, for exanple, Hasselnmnn, 1962) and
hence determ nes the shape of the energy density spectrum In fact it
plays a domnant role in the evolution of the spectrum (see for
exanpl e Konen et al, 1984).

Unfortunately, such nodels require high conputing power. Although the
conputations required for a single tinmestep can be achieved wth
reasonably nodest resources (a small workstation or PC is sufficient)
the large nunber of tinmesteps required and the size of array over
which the nodel is operated often make much nore substantial demands
of the conmputer. For nodelers with nodest resources a necessary
conpromse is to seek sinple but versatile paraneterisations of the
nonli near interactions which can be effectively inplenented in wave
nodel s and executed with | onger tinesteps.

This paper describes a wave nodel which has been devel oped for New
Zeal and waters. It also describes the verification of the nodel during
a study made covering a 5 nonth period in 1989.

2. THE WAVE MODEL

The waters around New Zeal and can be regarded as deep. Even in the
continental shelf margins depths of 80m are exceeded except for the
few kilonmetres closest to the coast. In the present nodel a grid
spacing of the order of 200kmis used and waves approaching the coast
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are little affected by the bottom until they are well wthin one
gridlength of land. This enables us to safely base the wave nodel on a
deep water sinplification of the energy balance equation (i.e. the
radi ative transfer equation).

Thus, the evolution of the energy density spectrum E(f,©®;X t, at
frequency f and direction ©, location X and time ¢ can be described
by

dEfox) _ EfOxN
da  ~ ot

where cg is the group velocity, O is the vector gradient operator in
the x plane and S represents the source term conprising contributions
from direct wind input (Sj,); dissipative |oss due to white-capping
and viscous dissipation (Sygis) and weakly nonlinear interactions
bet ween spectral conponents (Sp).

+¢g - VE(f,6,x,0) = § (1)

2.1 Advection

The partial differential equation (1) is solved nunerically in two
steps. The first is the advection equation dE/dt=0 To achieve this we
use a finite difference schene based on the nodified Lax—Wendroff
met hod suggested by Gadd (1978). Simlar schenes were enployed in
spectral ocean wave nodels by Gol ding (1983) and Lai ng (1983).

The schene is fourth-order and gives very accurate translation of a
field across the grid. A side effect of this accuracy is the so—called
"sprinkler” effect whereby the discretisation of the spectrum in
frequency (and hence propagation speed) and direction leads to a
spatial separation of conponents over long traverses. Although a
correction term (see Booij and Holthuijsen, 1987) can be applied it
effectively doubles the nunber of quantities to be calculated at each
timestep. Gven the limted spatial extent of the grid and the
reasonably dense discretisation in the present application the
additional conputation is not warranted. It should be noted that many
nmodel designs trade off nunerical accuracy against the occurrence of
this problem Low order nunerical schenes usually have considerable
i nherent nunerical diffusion. This acts to snooth fields and mask the
results of dispersion manifest in the "Sprinkler” effect.

Near boundaries or coastlines various adaptations of the schene are
necessary. Downstream |l and or grid boundaries are regarded as perfect
si nks, and upstream differencing of |ower order is required near such
boundaries. Upstream grid boundaries are kept "open” by assum ng the
conponent values remain constant (at the boundary val ue) beyond the
boundary. At wupstream |and boundaries the wave energy is forced to
zero at a nunber of points appropriate to the schene. The bal ance
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bet ween advection away from such boundaries and the source terns then
ensures fetch limtations on grow h.

2.2 Source terns

To conplete the solution for equation (1) the source terns are applied
by explicit forward differencing in time to solve the equation
OE/ 0t=S.

It is in the specification of these source ternms where nost of the
originality in designing wave nodels is to be found. The w nd i nput
term (Sjn) is reasonably consistently formul ated by wave nodelers in
terms of the results of Snyder et al (1981). Follow ng Konen et al
(1984), Janssen and Konen (1985) and the WAMDI group (1988) a
formul ati on based on the friction velocity u* is adopted:

4

o BS5whe28% -cos(B— 0,,)— 11E(,8),
. = 2
Sin/- &) 1f|9 8, < 90° 2

0, if 8- 8,,| = 90°

where py and p, are the densities of air and water respectively, Oy is
the wind direction, w=2Tf and c is the phase speed (g/ w).

This form does require sone care when specifying the drag coefficient
at high wind speeds. In its hindcast and forecast applications the
present nodel uses friction velocities <calculated from surface
pressure fields via a diagnostic boundary |ayer nodel akin to Cardone
(1969) and Laing (1983). In nodel tests a 10 nmetre wind is specified
and translated to a friction velocity (u*=UgVCqy) using a drag
coefficient as specified by W (1982), viz. C = 1.2875x10-3 for
U1o<7.5m's or (0.8+0.065 Ug) x10-3 for Uyp>7.5n s.

A dissipation term Sgjs, is also included, to represent white—capping
and viscous dissipation. This takes the form specified by Konmen et al
(1984) and used by the WAMDI group (1988),

$,.(18) =-2.3107 6 (w | )@ | 8" EL0) (3)

N
where @ denotes the inverse of the mean period, % is a wave
A
steepness paraneter defined by 2 =Eo g g2 (EBot is the total
A
integrated energy) and ¢ p\F3.04x10-3. There are sone indications that

it may be nore realistic to fornmulate a dissipation termw th greater
dependence on the high frequency tail, and hence a higher power for
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the ratio o @ | However, given the sinplified representation of the
source terns in this spectral range, fine tuning this aspect would not
serve any purpose here.

The weakly nonlinear interactions (Sp) are critical to accurate
spectral representation and a conputationally cheap way of cal cul ating
these is necessary. This can be achieved both by a sinple fornulation,
limting the anobunt of conputation per calculation, and by adopting a
formwhich is robust to large integration tinmesteps.

The Sp function usually displays two major | obes, one positive bel ow
the spectral peak and one negative at md-frequencies above the
spectral peak. Young (1988) recognised that it is the magnitude and
position of the positive forward | obe of this function which are nost
inmportant in controlling spectral evolution. Further, the position of
this lobe relative to the peak frequency of the spectrum and its
spread are dependent on the spectral peak nmagnitude neasured in terns
of the so-—called "peak enhancenent factor”, Yy (see JONSWAP spectrum
Hassel mann et al 1973). Young based his formulation for S5 on a
triangul ar shaped positive |lobe with the frequencies of the 3 vertices
determ ned as functions of Yy and a peak frequency neasure f,, nanely,
fi=0i(Y)fm where the functions D (Y) are deduced fromthe cal cul ations
of Hassel mann and Hassel mann. The magnitude of S, is found by scaling
from a reference function S,ref(®). This scaling depends on the
ratios of the spectral paranmeters f,, and a (Phillips’ paraneter) to
the reference values (fy /e and aref respectively) and a scaling
function A(Y):

—4

S = 5 (9)(%)3(5’1’-) A(Y) (4)

ni nl fef
m

For robust estimates of f,, a and Yy, they are calculated as integra
properties of the spectrum (for details see Young, 1988). f, is a
hi gh—order noment of the spectrum and closely approximates the peak
frequency.

For the present application Young's S, representation is used wth
nodi fications to inprove deep water spectral growmh rates and
mul ti nodal spectral developnent and decay. Firstly we address the
problem of a suitably long integration tinmestep for the nodel. Wnd
hi story, propagation and | ocal wave evol ution are recogni zed and | oca
wave evolution are recognised as having distinct tinmescales and are
often treated wth different tinmesteps. For the nobre accurate
representations of Shi integration is often stabilised, for
application over practicable tinmesteps, by enploying ~inplicit”
integration schenes. Even so, whilst 1 to 3 hours may be appropriate



Directory  Table of Contents  List of Tables Figures
EC 10

for propagation and up to 6 hours for the wind history, a tinmestep of
wel | under 1 hour may be required for the source terns. The WAM nodel
(WAMDI, 1988) uses 15-20 m ns.

One reason for poor results at longer tinmesteps is the inaccuracy
introduced by calculating Sy from conditions at the beginning of a
ti mestep. The spectral peak can change substantially in position and
magni tude over a period of 1-3 hours and failing to recognise this in
approximating Sy wll retard the spectral evolution. Thus, in the
present nodel the evolution of the peak frequency, fp, as specified by
Hassel mann et al (1976) (Equation 6.3) is used to estimate a new val ue
fm=fmtdf p. Simlarly the paraneter a is nodified to a*. These a* and
m are used in calculating Sy as specified above. The effect of this

modification is illustrated in Figure 10,

At  frequencies above the peak, where the signature of S, is
predom nantly negative, Young treats the nonlinear terminplicitly by
l[imting growh to a saturation spectrum This serves also to preclude
the need for explicit representation of dissipation processes.
However, with no negative source terns in this frequency range the
source function here is solely determined by the wind input (Sin)
until the saturation spectral density is reached. This results in
rapid growth. To a certain extent this excess growmh is offset by the
retarding effect of applying an s, calculated on the basis of the
spectrum at the begi nning of the tinestep.

The balance of source terns on the rear face of the spectrum
(frequencies above the spectral peak) is inproved by paraneterising
the negative | obe of the nonlinear transfer Sy (this is in addition
to including an explicit form for Sgis). The sane triangular form as
for the positive |lobe is enployed, and conservation of energy and
action density used to determne the magnitude and position of the
vertex. To avoid spurious binpodality in the spectrum sharp
di scontinuities in S, at high frequencies nust be avoided. Hence, a
hi gh frequency tail is included in S, and the negative |obe is given
double the directional spread of the positive |obe (hence the ow
anplitudes in the negative |obe for the function at 0° shown in Figure
100y .
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Figure 1. The general shape of the function S, at ©=0, show ng the
positive and negative |obes. The nodification of the original Sy
(fine line) for the spectrum E n(f) (dashed line) given the mgration
of peak frequency fn by an increnment df, is shown by the heavy line

(Snl*)-

It is recognised that the representation of the source function on the
rear face of the spectrumis not sufficiently accurate to naturally
limt wave growh and so a limt to growmh is inposed in the formof a
saturation spectrum here specified by the Phillips’ (1977) spectrum

2
14
E,(f.0) = a—= ﬁD(B) (5)
(2m)
where a is the Phillips’ paraneter determ ned fromthe total energy,
and D(®) is the directional distribution D(®) = %cos%@—@w) f or

0-0,<90° and 0 el sewhere.

In order to contend with nore conplicated situations it is necessary
to separate from the spectrum the energy density associated wth
| ocally generated waves and use this in calculating the Sy term This
is particularly inmportant in situations where w nds are varying or
there is appreciable energy advecting into a growh area from anot her

event (i.e. swell). Since the paraneters fp VYV, a and @ used in the
specification of S, and Syis, are determ ned fromintegral features of
the spectrum the inclusion of energy not related to input from the
local wind can lead to distortion of wave growth through poor

representation of f, and Yy and hence the positive |obe of Sy.
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Further, <calculation of the saturation spectrum from equation (5)
depends on a, which can be mnmisrepresented by inclusion of swell
energy in Eiot. This can | ead to under—devel opnent.

Accordingly, Eiot and f, for the wind sea portion of the spectrum are
found. To separate the w nd-sea, the frequency spectrumin the |oca
wind direction is calculated (by interpolation if necessary) and the
frequency range associated with the wind sea is isolated by finding a
distinct Jlocal maximum or, if this is not possible, wusing a
w nd-speed-rel ated | ower bound (0.8 of the peak frequency associated
with a fully devel oped spectrunm). Al energy within this frequency
range, and within an unbrella created by a cos4 spread around this
direction (wwth a 150% safety margin) is called local wind sea. Sy
and Egzt can now be cal cul at ed.

From the residual energy (swell) f,, nean direction and Eo are also

cal cul ated. These determ ne an additional contribution for S, which vy
A

is set to 1 and a to 0.01. Although the wave steepness, %, is snall

in decaying swell, the inclusion of Sgs, for swell necessitates a

corresponding Sy contribution to avoid over—-rapid decay.
3. TEST CASES

A nunber of sinple tests were nade to assess the performance of the
nodel in idealised conditions. A well docunented set of tests are
t hose used by the SWAMP group (1985). The HYPA nodel (Qunther et al,
1979) wuses paraneterisions based on results of the JONSWAP field
experinment (Hasselmann et al 1973) and hence is a useful target in
pure growmh cases. Further, a single point version of the 3rd
generati on WAM nodel (the WAMDI group, 1988) was avail able (PCWAM G
von VI edder, personal communication) and this provided an additiona
benchmark for testing tenporal aspects of the nodel.

Two of the tests are reported here. Specifically, Case Il, which tests
sinple generation in the presence of a 20ms wind, and CASE VII, in
which the wind is suddenly rotated by 900 when the sea-state reaches
hal f —devel oprent (i.e. when the peak frequency reaches twice the fully
devel oped peak frequencies. For these tests the nodel was set up with
15 frequencies (specified by 0.045x1.15(n-1)  where n=1,15) and 18
directions (at regular 20° intervals). A tinestep of 2 hours was used
for the new nodel (20 m ns was used for the WAM nodel ).

CASE Ila: To test the tenporal evolution a single—point version of the
nodel (representing uniform devel opnent across an infinite ocean) was
used. To match the SWAMP tests a 10 netre wind of 20m's in a neutrally
st abl e at nosphere was appli ed.

In Figure 2all] the growth of total energy for this nodel and PCWAM i s
shown with the JONSWAP growh curve (as used in the HYPA nodel) and
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the fully devel oped state specified by the Pierson-Mdskowitz spectrum
(EPM) . The present nodel agrees very well with both the HYPA and PCWAM
nodel s. The inclusion of the growh curve for the case when the Sy
termis calculated from conditions at the beginning of a tinestep (E
no dfp) illustrates the retardation in growth if this consideration is
negl ect ed.

In Figure 2bl] the evolution of the peak frequency parameter is shown.
Once again the present nodel agrees very well with the benchmarks and
once again the slow evolution of the "peak” frequency is seen when we
do not nmke provision for mgration of the peak frequency within a
timestep. Note that in Figure 2b0d the frequency paraneter plotted is
calculated fromthe full spectrumand so is only indirectly a function
of the peak frequency used in the S, calculation.

100.0
E model

50.0

EPM

20.0
10.0

5.0 -
E(m?2)
2.0

1.0 -

0.5

0.2 -
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Figure 2all. Gowh of total energy as a function of duration for

SWAMP Case Il. Also shown are the fully devel oped Pierson-Moskow tz
(EPM) level, the growh paraneterisation derived from JONSWAP data
(HYPA), growth given by the 1-d WAM nodel with a 20m n tinmestep (PCWAM

0.3) and growmh from the present
(E no dfyp).

nmodel

with no predictor

step for fp
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Figure 2b. Evolution of "peak” frequency paraneter f,,as a function of
duration for SWAMP Case Il. Also included are the fully devel oped
Pi erson-Moskowitz (EPM |evel, the evolutions for the HYPA and PCWAM
nodel s, and growth from the present nodel with no predictor step for
fm (no dfp).

CASE Ilb: Using a grid with 42km spacing and the same 20nms wind the
fetch characteristics were tested by allowing the nodel to run until a
bal ance was reached between the advection and source ternms. Full
devel opmrent was not reached wuntil about 1500km downwi nd of the
shoreline. This is consistent with expectations from the SWAWP tests
and also with nore traditional fetch-growth relationships (see for
exanpl e Pierson, Neumann and Janes, 1953 in which about 1400km is
required for a fully devel oped sea at 20nis)

Figure 30 shows the total energy as a function of fetch along wth
the full WAM results (from WAMDI group, 1988) and the JONSWAP (1973)
rel ati onship. Very good agreenent is evident.
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Figure 3. G owh of non-dinensional total energy E* as a function of
fetch for SWAMP Case Il. Also shown are the growh for the WAM nodel
the growth indicated by the JONSWAP data (with 5% margins) and the
envel ope of growmh curves fromthe nodels in the SWAMP (1985) tests.

CASE VII: In this test the 20nfs wind was again used but the direction
suddenly changed by 90° when ”half-devel opnent” was reached. Figure

400 shows the growth of the spectral peak in the new w nd direction
and the decay of the peak in the old direction for the first 12 hours
after the change in wnd direction. These are acconpanied by
conparable plots from the single point PCWAM nodel. The noticeable
differences are a less rapid gromh in the new wind direction, and a
slightly greater rate of decay. It is very difficult to assess the
difference in decay as good data is not readily available for testing
t he nodel ling of pure decay processes.

In general the present nodel perforns in test cases very simlarly to
the single point version of the WAM nodel with the sane
di scretisation. This is despite the 2 hour tinestep used for the
former and the 20 mnute tinmestep used for the latter. Further it
agrees acceptably well wth the enpirical benchmarks derived from
data. Simlarly inthe limted fetch tests using the full nodel
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Figure 4. Evolution of wnd-sea Eg (solid line) and swell Egg (dotted
line) for SWAMP case VII. The values (E) shown are the ratios of the
maxi mum spectral density in the directions 0° and 90° respectively to
the maximum fully developed value from the Pierson—Mskow tz
spectrum.

4. MODEL CONFI GURATI ON

In the above tests alternative concentrations were tested. Up to 40
frequenci es (0.04x1.05(n-1) for n=1,40) with 24 directions were tried
and the results were very simlar to those shown. Sone inprovenent in
early growh was noted, which was to be expected given the inproved
spectral representation at frequencies above 0. 35Hz.

However, such spectral resolution is unsustainable over a full grid.
For both forecast and hindcast applications high frequency wave energy
(above 0.35Hz) plays an insignificant role. Wilst it is an inportant
feature in the exact nonlinear wave-wave interactions the present
formul ati on does not rely on accurate representation in this frequency
range. For these frequencies a diagnostic tail taking the formpf4 is
added to the spectrum

Gven the conmputing resources available and seeking a realistic
bal ance between spatial, tenporal and spectral resolution a total of
15 frequencies ranging from 0.045Hz to O0.32Hz defined by 0.045x
1.15(n-1) were used. Directional resolution was set at 20° (18 bands).

The grid was selected to cover the entire New Zealand Exclusive
Economi ¢ Zone (EEZ) with sufficient space around the borders to ensure
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t hat nost events generating waves which affect the New Zeal and EEZ are
captured. A polar stereographic projection was used with a grid
spaci ng of 190km at 60°S. This choice coincides with part of the grid
of the Nunerical Wather Prediction (NWP) nodel of the New Zeal and
Met eor ol ogi cal Service. The wave nodel grid has dinensions of 39x29

and is shown in Figure 50L0. The gridpoints over land are marked with
grey circles.

Gven that the nunerical advection schene is still accurate for
nmovenent of up to a grid space per tinmestep, and the group velocity of
the fastest conponent (0.045Hz) was 17mls (62km hr), a propagation
timestep of 2 hrs was viable. The sane tinmestep was wused in
integrating the source terns.
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Figure 5. Area covered by the nodel showing the grid used and the
sub—grid, enclosed by the inner rectangle, in which the conparisons
W th CGECSAT data were nade. The land points are denoted with filled
circles, the grid point used in the verification by the open circle
(O) and the position of the Waverider (WR) by the cross (x).

5. VERI FI CATI ON

The nodel was run for the 5 nonth period May to Septenber 1989. For
this run the 10 netre winds required as input were derived from the
NWP nodel operated by the New Zeal and Meteorol ogical Service. This
provides 6 hourly fields of geopotential height from which a 1000hPa
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gradient wind is derived. A diagnostic boundary |ayer nodel produces
the required input for the wave nodel. For internmediate tinmesteps the
wi nds were interpolated (in speed and direction).

The 2-di nensional (frequency—directional) wave spectra produced by the
nodel at each gridpoint yield any required wave paraneter including
significant wave height, nean period, peak period, secondary peak
period, nmean direction, peak direction, secondary peak direction and
di rectional spread.

Over this test period two sources of wave data were available for
conparison with the nodel results. Significant wave heights derived
from the radar altinmeter on board the GECSAT satellite, although
becomng a little sparse at this |late stage of the m ssion, provided
accurate neasures over the full area of the grid. The only surface
measurenents available from exposed |ocations around New Zeal and
during this time were from a Waverider buoy which had been noored in
the Western Foveaux Strait by B.T.W Associates. Frequency spectra
were derived from the buoy neasurenents and saved hourly. The site is

marked in Figure 500 by a cross (x).

Since the site is sheltered fromthe North by the southwest corner of
the South Island and to the east by Stewart Island it was necessary to
apply a filter to the nodel spectra. This was constructed by limting
the wave energy in each spectral direction to the fetch dependent
maxi mum speci fied by the JONSWAP spectrum (Hassel mann et al, 1973) for
the | ocal w nd-speed.

At 6 hourly intervals the significant wave hei ght and nean frequency
fromthe filtered spectrum at the nearest grid point to the Waveri der
site (marked on Figure 50 with an open circle, O) were conmpared with

val ues derived fromthe neasurenents. Figure 600 shows the tinme series
of significant wave heights for these data for a 50 day period in
1989.

8

L T T 1
180 180 200 210 220 230
Day of Year (1989)

Figure 6. Tine series of significant wave height for Waverider (WR)
and nodel results (after filtering) for the site "x” narked on Figure
501,

”
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In Table 10 some bulk statistics for the conparisons are presented,
specifically, the nmean difference (bias), the root-nean-square error,
the correlation coefficient, and the scatter index (the ratio of
r oot —nmean—-squar e—error to nmean neasured val ue).

To put these values in context a root—nean-square error for
significant wave height of less than 1.0m or a scatter index of |ess
than 0.3 is regarded as a satisfactory perfornance. Si nce
verifications for frequency paraneters are generally not quoted there
is no indicative level for judging their performance here.

The CECSAT data is limted to significant wave heights. In making
conparisons wth nodel results it is first necessary to resolve the
different spatial scales over which the data are representative. The
nodel grid spacing is of the order of 200km whilst the GECSAT radar
altimeter has a footprint with a dianeter of about 7km Therefore,
after spurious data had been elimnated, the data from GECSAT were
averaged al ong 100km sections of sub-satellite track. Significant wave
hei ght fields from the nodel are then interpolated in space and tine
to the central point of these sections. The results of the conparisons

are included in Table 10.

Wil st the wave nodel results during the trial |ook very encouragi ng
it should always be borne in mnd that the quality of results is
totally dependent on the quality of the input winds. This paper has
not attenpted to validate these. In fact this would be a difficult
task given the scarcity of surface neasurenents over the ocean. This
is particularly so in the higher southern |atitudes where so nmany of
the waves which influence the Waverider site are generated. However,
sonme hope lies in the potential of wnd scatteroneter data from
satellites such as ERS-1.

6. SUMVARY

A 2nd—generation wave nodel has been described. This nodel includes
all the mpjor processes which contribute to spectral evolution. The
weakly nonlinear energy transfers, which domnate this evolution, are
explicitly paraneterised for the range of frequencies where they have
the controlling interest in the bal ance of source terns.

This nodel performs very well in controlled tests of growth under
steady wind and rapidly varying winds. In fact its performance was
conparable to that of the 3rd-generation WAM nodel . During an extended
run of the nodel over about 5 nonths the results conpared very
favourably wth neasurenents from a Waverider buoy and with data
derived fromthe GECSAT radar altineter. The forner gives a reasonabl e
i ndication that the tenporal devel opnment and decay of waves, at | east
near the Waverider site, are quite accurate. The CGEOCSAT data on the
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other hand gives us a good expectation that the nodel reasonably
accurately sinulates the spatial characteristics of wave events.

Table 1 — Verification statistics for significant wave hei ght (hg) and
mean frequency (fave, defined here as inverse of nean period)s The
mean and standard deviation, o, of the observations are given
foll owed by the bias, root-nmean-square difference (RMSE), correlation
coefficient (p), scatter index (SI) and the nunber of conparison

poi nts (N)

MEASURED MODEL PERFORMANCE

Mean o Bias RMSE »p SI N
(model-meas)
W/R vs WR
h (m) | 2.52 0.97 -0.04 0.60 0.80 0.24 500
f ,o(Hz)| 0.096 0.014 0.017 0.022 0.43 500
GEOSAT vs GEOSAT

h_(m) | 3.10 116 0.25 0.91 0.68 0.29 3519
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WAVE-CURRENT | NTERACTI ONS STUDY I N BRI TI SH COLUMBI A WATERS
D ane Masson and Peter Chandl er

Institute of QOcean Sci ences
Si dney, B.C

Abstract

In the coastal waters of British Colunbia, there are strong tida
currents which have the potential to significantly alter the surface
wave field. A research project ained at a better understanding of the
wave—current interactions was initiated in 1990 with PERD fundi ng. The
objective of the project was to collect wave and current data in an
area of strong tidal currents, and deternmine to what extent the
observations can be adequately nodelled by an operational wave nodel.
In August 1991, a field program was carried out in the vicinity of
Cape St. Janes over a period of three weeks. The surface currents were
monitored with a newy devel oped CODAR type radar (Seasonde) and with
surface LORAN-C drifters. Wave informati on was acquired with Waveri der
buoys and also fromthe radar. A prelimnary data analysis indicates a
strong current—-induced nodul ation of the wave field, and reasonable
agreenent between the neasured change in wave energy and the
predi ctions of a sinple wave—current interactions nodel.

1 Introduction

It is well known that, when sea waves propagate through a varying
current, their form is affected as well as their velocity. For
exanpl e, surface waves in a region of significant tidal currents have
been shown to exhibit some nodul ation of their properties at the tidal
period (e.g. Gonzales, 1984; Tolman, 1991). Wuat are |ess known
however are the actual magnitudes of such changes in the wave field.
This deficiency is certainly due in part to the difficulty of
adequately nonitoring waves and surface currents. Al so, wave—current
interactions can be a conplicated mathematical problem as it
represents wave propagation in an inhonogeneous, dispersive, and
di ssipative nmediumwhich also interacts wwth the wave. I n many aspects
of marine engineering, it may be inportant to include the wave—current
interactions to determne the wave climate (e.g. predicting extrene
wave events) in a location where currents are significant (e.qg.
Burrows and Hedges, 1985). However, this potentially inportant effect
is often overlooked, treating the wnd waves and the currents
separately. In order to conplenent the rather sparse data set on
wave—current interactions available in the literature, a project,
funded by PERD (Federal Panel on Energy Research and Devel opnent), was
initiated in 1990 to collect wave and current data in an area of
strong tidal currents.

In August 1991, a field program was carried out over a period
of three weeks in the region of Cape St. James at the southern tip of
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Moresby Island (Fig. 10J). In this area, the vigorous tidal driven
flow conbines with an active wave climte, conprised of |ong swell
fromthe Pacific Ccean as well as of local wind waves, to provide an
ideal site for nonitoring wave—current interactions. The surface cur-
rent data were collected using a new H gh Frequency (HF) radar, the
Seasonde, which has the ability to nmap surface currents on a fairly
| arge area of the ocean, and with a series of Lagrangian drifters. The
wave field was nonitored by three Waveri der buoys as well as by the HF
radar from which can be extracted sone characteristics of the wave
field. In this paper, the Cape St. Janes field program will be de-
scribed in greater detail, and the results of a prelimnary analysis
of the radar and buoy data presented.

2 Description of field program

The rugged coastline of the Cape St. Janmes area |eads westward to a
very narrow continental shelf and a remarkably steep continental sl ope
(10 to 15% grades), and eastward to a continental shelf of conplex
bat hynetry, including a broad trough reaching 400 m depth. The area
lies in one of the w ndiest regions of Canada and the coastal w nds
tend to blow parallel to the coast. In the summer nonths, prevailing
wi nds are noderate (around 5 ns-1) fromthe northwest, with occasional
stormactivity. Atine series of wind vectors recorded at the Cape St.

James weat her station is given in Fig. 200 for the period of the field
program For nost of the nonth, the relatively low wind speed was
typically blowing from the northwest. However, two storm systens
passed through the study area with high wind speeds of up to 23 ns-1
from the south-southeast. The wind data are one mnute averages
nmeasured at 90 m above sea level. The site is open to all directions
ot her than the north although the steepness of the island could affect
the wind data by inducing vertical turbulence. The strong tidal
currents around Cape St. Janes are m xed sem diurnal, wth maxi num ebb
current of the order of 1.5 ns-1 and | arge horizontal shears.

Three Waverider buoys were deployed in water depths of 115 m (Stn

295), 185 m (Stn 296), and 290 m (Stn 297) respectively (Fig. 10).
Stn 295 was | ocated about 10 km sout heast of the Cape where the tidal
currents axe known to reach a | ocal maxi num The second buoy, Stn 296,
was depl oyed sout heast of Lyman Point where one of the two radar units
was operating. Finally, Stn 297 was | ocated approximately 30 kmto the
sout heast of Cape St. James just outside of the strong tidal current
reginme that characterizes the region around the Cape. The wave buoys
recorded for 27 mnutes every half hour at a sanpling rate of 1.28 Hz.
A Fast Fourier Transform was applied to the tine series of the heave
signal (8 blocks of 256 records) to give a frequency spectrumwth a
bandwi dth of 0.005 Hz and 16 degrees of freedom The spectral data
were then reprocessed to average over several frequency bands to give
an average bandw dth of about 0.015 Hz and 48 degrees of freedom
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Figure 1. The study area with the locations of the wave buoys e, the
radar stations A, and the surface drifter tracks.

One inportant aspect of the wave—current interactions phenonenon is
the change in the wave field due to refraction by lateral current
shears. Such an effect can produce dranmatic increase in wave energy
due to local focusing, and can also lead to wave trapping (e.g.
Irvine, 1987). As the waves nay be very sensitive to small scale
features in the current field, these small features need to be
measured in order to obtain a realistic estimate of the wave—current
interactions. Unlike conventional current measurenent techniques, the
CODAR type HF radar used in the present experinent, Seasonde, has the
ability to nmeasure currents over an extended area and for an extended
time. This instrunent deduces current velocity from the first—order
echo scattered by Bragg reflection from ocean waves of wavel ength
equal to one half the HF signal wavel ength. The notion of the waves is
seen by the radar as a translation (Doppler shift) of the frequency of
the received echo signal from that of the transmtted signal due to
t he known phase velocity of the waves and the surface current. The
radar can thus neasure the conponent of current velocity along the
line between the waves and the radar, the radial velocity. Two sites
are required to obtain two radial current vector conponents in
different directions in order to construct a total current vector at a
poi nt on the ocean surface.
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Figure 2: Wnd vectors neasured at Cape St. Janmes from 30 July to 24
August 1991.

Seasonde operates at a frequency of about 12 MHz which is Bragg
scattered by short deep water ocean waves of 0.36 Hz frequency (12 m
wavel ength). If a linear vertical profile of the current is assuned,
it can be shown that the radar probes the current at a depth of
approximately 8% of the ocean wavelength or, here, at a 1 m depth
(e.g. Teague, 1986). In the field program two radar units were setup:
the main unit where nost of the data processing was done at the Cape
St. Janmes station, and a second unit on top of a rock outcrop near
Lyman Point. Each radar unit operated continuously while the average
radial files at each location were archived every 60 mnutes. The
radial current velocities were extracted for a series of range cells
having a width of 2.67 km and an angular resolution of 5° Finally,
t he combined current vectors were conputed over a 1 x 1 kmgrid using

a 5 km averaging radius. In Fig.3, the average radials fromthe two

radars as well as the conbined current field are given for one 60
m nute period on August 21, 10:33 GMI at maxi num ebb current.
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Figure 3: An exanple of the radar data: a) the radials nmeasured from
the Cape St. Janes station, b) the radials nmeasured from the Lyman
Point station, and c) the conbined current field.

Ei ght surface drifters enploying LORAN-C navi gati on and drogued at
a md-depth of 2.5 m were deployed in the study area from 21 to 24
August. The unit relays its position every 27 mnutes to a standby
vessel by VHF radio telenetry. The drift tracks are shown in Fig. 10
and clearly indicate a net drift to the southwest with a maxinmum
velocity of the order of 1.5 nms-1 passing south of the Cape. This is
in qualitative agreenment with the radar data, but a nore extensive
conpari son between the drifter and the radar data remains to be done.
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Figure 4: Significant wave height, H, neasured by the three wave
buoys from 30 July to 24 August 1991.

3 Prelimnary data anal ysis

The first three nonents of the frequency wave spectra derived fromthe
buoy neasurenents were conputed as

mr=]00f"E(f)df, for r=10,1,2, (1)

with f the frequency, and E(f) the frequency power spectrum From

H, = 4./ -
these spectral nonents, the significant wave height, * mo; t he

fm‘:%v y:wﬂgﬁ}.ﬂ._l,
mean frequency, 0 and the spectral width, : 1

were conputed for every 30 minute period (Fig. 40, 50, and e60).
Gaps in the tinme series represent a disruption of the data stream due
to either unlocking of the signal in high sea states or instrunent
mal function. The latter accounts for the lack of data from Stn296
after 14 August. It should be noted that the wave spectra used to
conpute the wave paraneters have not yet point been corrected to
account for the Doppler shifting due to the surface current.
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Figure 5: Mean frequency, f, measured by the three wave buoys from 30
July to 24 August 1991.

One striking feature of the H tinme series is the signature of the
two stornms (2-3 and 8-9 August) during which the buoys neasured high
| evel s of wave energy at the three |locations. In addition, the second
storm event is characterized by a sharp drop in the nean frequency,
fm» for all buoys. Also evident in the spectral wave data is the
relatively reduced exposure of Stn296 to the waves comng from the
Pacific Ccean, with a consistently lower H and higher f, at this
| ocati on.

O particular interest here, however, is the strong sem diurnal
oscillation in the tine series of the three spectral paraneters. This
feature becones nore pronounced in relatively |ow wi nd conditions when
tidal forcing, rather than storm driven forces, predom nates. Al so,
the semdiurnal oscillation of the wave paraneters is particularly
noti ceable at Stn295 where the tidal currents are the strongest.

In order to further exam ne the effect of the tidal currents on the
wave field, a tinme series of the current vector at one |ocation was
extracted fromthe hourly current maps produced by the radar. At each
hour, a nmean vector was conputed for the area surroundi ng Stn295 where
the surface current and its effect on the wave field appear to be the
strongest. The nean current at this location was sinply conputed as a
vector average of all current vectors extracted from the radar data
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within 2 km of the wave buoy. On Fig. 70, the resulting tinme series
extending over the period 7-24 August shows a mxed tidal regine
strongly dom nated by the sem diurnal M conponent. Over this period,
the strong current ebbing to the southwest reaches a maxi num of 1.5
nms-1, and the nuch weaker flood current flows to the east at a speed
of about 0.2 ms-1. A quick inspection of both the H, and the surface
current tinme series at Stn295 indicates that the |ocal wave energy
| evel generally follows the tidal oscillation of the surface currents.
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Figure 6: Spectral width, Vv, neasured by the three wave buoys from 30
July to 24 August 1991.

The way in which waves and a surface current are known to interact
depends on the exact nature of the directional wave field and on the
whol e two dinensional structure of the surface current. However, in
many cases, it may be possible to obtain a reasonable first
approximation of the interactions by using a sinple nodel in which a
deep water wavetrain enters a region of current from qui escent water.
Based on the principle of wave action conservation, this nodel
predicts that, if the waves propagate into a followng current, the
waves |engthen and their anplitudes are reduced. On the other hand,
for waves entering an opposing current, the wave conponents are
shortened and their anplitudes increased up to a point where their
grow h beconmes limted by the breaking process. Huang et al. (1972)



Directory  Table of Contents  List of Tables Figures
EC 10

applied such an approach to the case of a random wave field, and
derived an expression for the ratio of the spectrumin the current,

E (f), to the spectrumoutside the current, E(f):

Ef) _ ! i£8nUf[g > -1

B (14 T+ 20) iy o (2)

=0 otherwise,

where g is the gravitational acceleration, U the current velocity in
the direction of the waves, and f the absolute frequency. Gven this
transfer function for the surface displacenent spectrum it is an easy
matter to estimate the associated change in the significant wave

hei ght .
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Figure 7: Surface current speed and direction from the radar at
Stn295, from 7 August to 24 August 1991.

To apply this nodel to the present data set at Stn295, a 3 day
period, extending from 20 August to 23 August, was selected during
which H; shows no significant trend. The conponent of the surface
current in the direction of the waves, U was estinmated by assum ng
that the waves travel in the direction of the wind. This is a
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reasonabl e assunption as the effect of the wave-current coupling is
stronger in the high frequency part of the spectrumfor which the wave
conponents have a relatively short tine response to changes in the
wind forcing (e.g. Masson, 1990). The resulting tinme series of U on

Fig. 80, shows a succession of episodes of opposing and follow ng
currents with maximum anplitude of 1.0 -1, and 0.5 sl
respectively. For the same period, a relative change of energy |eve

of the wave field at the buoy |ocation was conputed as,

. }¥; - f;s
= ___}TZ___

with Eh the average significant wave height measured at Stn295 over

H' (3)

this period (Fig. 8Ll). The paranmeter Hs is, as predicted by the
nodel , negatively correlated to U wth an increase of H wth a
|l ocally opposing current, and the opposite effect in a follow ng
current.
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Figure 8: Tinme series of Hg (solid line) and U (dotted line) for the
period 20-23 August.

The neasured fluctuations of Hg over the studied period indicates a
maxi mum i ncrease (decrease) of about 40% (30% around the nean wave
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energy level. To conpare these results with the current induced
fluctuations predicted by the nodel, two values of surface current, U
= -1.0, and +0.5 ns-l, were used in (2) to change an incident
spectrum E(f), into a wave spectrum nodified by the current, E (f).
The incident wave field was chosen as having the spectrum neasured on
22 August 4:00 GMI. This period was selected at that tinme, the
measured current U was very snmall, and HS was nearly equal to the nean

EL . The resulting change in significant wave height is an increase of

31% for the opposing current, and a decrease of 9% for the follow ng
one. In view of the sinplicity of the nodel used here, these results,
al t hough underpredicting the current induced change in the wave energy
| evel, are reasonably close to the neasured change. However, because
of the particularly strong horizontal shears of the surface current in
the area, it is very likely that the neglected refraction effect plays
here an inportant role in changing the wave field.

4 Concl usi ons

In this paper, we have described wave and radar data neasured in the
Cape St. Janes area wth Wverider buoys and the Seasonde radar.
Significant nodul ations of the wave properties were observed at the
tidal period. Analysis of selected data collected at Stn295 reveals a
strong correl ation between the tidal phase and the changes in the wave
energy level. Furthernore, the measured nodulation in the wave field
agrees fairly well with the current induced changes predicted by a
si npl e nodel (Huang et al., 1972) applied at this |ocation. However, a
nmore conplete nodel, incorporating inportant processes such as
refraction by horizontal shear in the current, would undoubtedly
better reproduce the current induced changes in the wave field.

The observed nodul ations of the wave properties clearly indicate
that the currents have here a strong effect on the |ocal wave clinmate.
In addition to the obvious change in the nmean significant wave height,
the local current also causes inportant changes in paraneters such as
the wave groupiness, resulting from a change in the neasured nean
spectral width. This significant change in the wave climate is due to
the considerable bias in nagnitude between flood and ebb in the Cape
St. Janes area, in agreenment with Burrows and Hedges, 1985.

Acknowl edgenents: The acquisition of the data was nmade possible by the
fortitude of the field team who stalwartly endured isolation and
ti nned beans during the data coll ection program
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ABSTRACT

W present a coupled nodel for the dynam cs by which waves react on
the atnosphere in the planetary surface |ayer. Sea surface roughness
is related not only to the friction velocity, as suggested by Charnock
(1955), but also to sea state paraneters such as wave age. This is
consistent with the recent HEXOS experinent of Qost, Smth and
Kat saros (1988) and agrees with Kitaigorodskii (1968).

We use HEXCS paraneterizations for v+~ and Z,, as well as those of
ot her researchers. W couple the WAM wave nodel to the boundary | ayer
nodel of Delage (1988). Results denbnstrate that a large variation in
estimates for wave energy and significant wave height wll follow
depending on the paraneterization which is assumed for U and Z,.
Specifically, the Charnock (1955) relation for the roughness of a
full y—devel oped wind sea is found to lead to low estimates for
significant wave hei ght.

1. | NTRODUCTI ON

The recent successful launch of the ERS-1 satellite will provide a
dat abase of sea surface w nd speeds and directions and concom tant
directional surface wave spectra over the whole globe. Typically,
operational atnospheric weather nodels do not presently incorporate
coupling dynamcs wth ocean surface waves. There is no
paraneterization of sea surface roughness in terns of wave age, for
exanpl e. Furthernore, operational wave forecast nodels generally do
not consider any interaction with the surface boundary |ayer. The w nd
field is assuned to be the driving nechanism and no consideration is
given to the influence of the sea surface, as it evolves in tine, on
the surface winds that force it.

Using the third generation WAM (the Wave Modelling group supported
by the European Conmunity) wave nodel, Janssen et al (1988) eval uated
the effect on wave hindcast skill of including SASS w nds, using the
SEASAT altineter wave heights to check the wave heights predicted by
the nodel. They concluded that SASS winds had little effect on the
accuracy of their wave predictions and laid the blanme at the feet of
the SASS wind algorithm Since winds and waves are strongly coupl ed,
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it can be argued that a coupled w nd—-wave assinmlation schene is
needed, which would allow (a) quality assessnment and cross—validation
of scatterometer, altinmeter and even SAR data with in situ data over
the oceans, (b) consistent w nd-wave analysis from the atnospheric
data assimlation, and (c) iterative updating of the wind field which
drives the wave nodel .

Model s for boundary |ayer dynamcs need to be coupled to ocean
surface wave nodels. These coupled nodels nust then be fitted to
remotely sensed wind fields and surface wave data using

st at e—of -t he—art data assimlation nethods. In Section 2] we descri be
the wave nodel and the planetary boundary nodel. Section 3Ll presents

coupling nechanisnms. Finally, Section 40 describes the inplications
t hese coupling mechani sns have on total spectral wave energy Ey;, wave
hei ght #5, the drag coefficient and wind stress k.

2. MODELS
(i) \Wves

Ve i ntegrate t he spectr al ener gy bal ance equation for
w nd—generated waves in tinme for duration-limted growh. W use the
formul ati ons of the WAM nodel (Hasselnmann et al: 1989) for nonlinear
transfer, energy input due to the wind, and energy renoved due to
di ssi pati ve breaking.

The spectral energy density for surface gravity waves in deep water
E(f,®) evolves in space and tine according to the relation

9E(£,6) . . . _

where fi, is the spectral energy input by the wind, 45 is the
di ssipation due to wave breaking and white-cap formation and ¥, is
t he change in spectral energy due to nonlinear transfer resulting from
wave—wave i nteractions.

Paraneteri zations for wind input energy ¥, are heavily notivated
by the observations of Snyder et al (1981). The formis

fin = B E(f,0) (2.2)
where (B, as specified by Hassel mann et al (1989), is given by

P, U,
B = max{O, 0.25 5 [28 z— cos e - 1}} ) (2.3)
W

air density is pa water density pw friction velocity in the wave
direction is ¥~ cos ©® with ©® the direction of the wind relative to
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the wave propagation direction, phase velocity is €= w Kk and angul ar

frequency is related to wavenunber K through the deep water
di spersion rel ation.

Di ssipation due to wave breaking Jfqs is assumed to have a sinple
form notivated by Hassel mann (1974), as well as nunerical experinents
conpleted in Hassel mann et al (1989), and may be witten,

f9s = g k4 F (k4F(K)) (2.4
where k=|K|, F(K) is the energy spectrumin vector wavenunber space k
and ¥ is an appropriate functional. It is usually taken as

-5 A 2A
.?d= -2.33 x 10 (w/ W) (a ) E(f,8) (2.5)
5
wher e

A -1 -1 dfd -1 (2.6)

5 = [Eo ” E(f,0) w! df e]

a=EN g" = IE(f,G)dfde (2.7)
and

4 = % E_ g‘z[E:H E(f,e)wdfd9]4 (2.8)

Pierson—~Moskowitz

= 0.003

The conplete representation for nonlinear transfer due to wave-wave
interactions f, can be represented in terns of a 6-fold Boltzmann
integral in wavenunber space by Hassel mann (1961),

- 2
ynl”—tl) - 9 (_}f_lIE2153154)D(511521E31}_{4)

(k,+k,k -k )8 (0 +0,-0 0, dk dk dk

(2.9)

The WAM approxi mation to equation (2.9) is described in Hassel mann et
al (1989) and is based on the so-called discrete interaction
appr oxi mati on.
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W are interested in duration-limted waves, evolving in response
to forcing by wind that is initiated at an initial tine. For a very

| arge ocean, observations at very large fetch (» 103 km wll not
experi ence convective effects. W assune that
Qg.DE(f,) < j)|n + ::Pn| + .Lfds (2 10)

which is valid for growi ng wi ndsea spectra at |arge fetch.

(ii) The Pl anetary Boundary Layer

We consider the planetary boundary |ayer devel oped by Del age (1988)
and col | eagues at RPN Montréal. The steady state wind U(“#) at some
hei ght ‘¥ satisfies

fk x (U-Ug) = g_; (2.11)

where f is the Coriolis paraneter, k a unit vertical vector, the
geostrophic wind, tis the horizontal shear stress given by,

c = K g}{ (2.12)
3
and K is the vertical diffusion coefficient. In neutral conditions

this given by,

z2 |au (2.13)

The mixing length € of Blackdar (1962) satisfies

_ 1 177 )
3"[ETZ+T.)+X] (2.14)

where kis the von Karman constant, Z, i s the roughness | ength and
= ¢ U/ f (2.15)

for an appropriate constant ¢ For further details on solution of
t hese equations and characteristics of these solutions, the reader is
referred to Del age (1988) and associ ated papers.

It is inmportant to note that given U(#%) and paranmeters
characterising the sea state such as the total spectral energy Eo and
the peak frequency fp, the boundary l|ayer nodel will estimate both the

drag coefficient and the wind stress. This nay then be incorporated in
the nodelling of the evolution of the surface wave field at each tine
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step. If the tinmesteps thenselves are snmall enough, the integration
will be stable and the conputation of new wind stress at each tinestep
will be consistent with estinated wind stress used in computing the
wave paraneters at that tine step. If tinesteps are too |large, the sea
state will change rapidly as a function of tinme step. The wi nd stress
and drag coefficient will then not be consistent with the values for

wind stress and drag coefficient €G4 used to conmpute the wave
paraneters of the present tinmestep. O course, an inconsistency in
this study is that we assume that U(?%) is unaffected by the
evolution of the wave spectrum and the wind stress. In reality, as
drag coefficient and roughness length z, evolve in time, U(#) nust
al so change. Spatially this is seen in the aircraft neasurenents of
Smth and MacPherson (1987) which concluded that as the of fshore w nds
nmove from land to sea and experience a |large and sudden change in
roughness, the w nd speed al so exhibits a fetch-dependent vari ation.

3. COUPLI NG

Over the last few years several new paraneterizations have arisen
for the dependency of roughness on sea state variables. W present a
few of the nore promnent of these in the follow ng discussion. The
sea state dependence of roughness is the nechanism by which we couple
the planetary boundary |layer and ocean surface wave nodels. The
diversity of these paranmeterizations gives an indication of the
difficulty associated with knowi ng how the coupling should properly be
nodel | ed.

(a) Charnock

The nost conmonly used roughness length is due to Charnock (1955)
whi ch sinply puts

% = 0.0185 x Ui/g : (3.1)

For a constant wi nd speed and a drag coefficient that does not depend
on sea state, this inplies no dependence on sea state. The atnospheric
| ayer is then decoupled fromthe waves.

(6 Snith

Smth et al (1992) have suggested, based on neasurenents from the
HEXMAX experinment in the North Sea, that roughness be

Zo = 0.48 x UF /(g x G/U) (3.2)

where C is the wave phase velocity at the spectral peak and thus C/ Us
is the wave age.
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(o Toba

Based on an analysis of |aboratory and field data, Toba et al
(1990) suggested that

% = 0,025 x (8/W) x W /g (3.9)

which is in sone sense the inverse of Smth et al (1992)’s
paraneterization in equation (3.2), in putting wave age in the
denom nat or

(d) Nordeng

Nordeng (1991) has recently suggested the nore conplicated
expr essi on

0.75 )
Zo = 0,11 x (E/U) / 1y 1swiwiamnde) g (3:4)
where W = 2 X K C/ 1~ and K is the von Karnman constant. He was

notivated by Charnock (1955)’'s original fornulation, which he
generalized to consider the effects of turbulent stress in a reference
frame foll owi ng the waves.

(e) Hsu
Hsu (1974) suggested

%= 0.90 x /c/U% x U Jg (3.5)

based on experinental results and di nensional considerations.
4. RESULTS

(i) Total energy E, and wave hei ght 74

We present estimates of total energy E, and significant wave hei ght

#Hs in Figure 100-2[0. W have assuned a constant wind speed of 30 m's
at 10 mreference height and we have used the WAM nodel approxi mation
to equation (1.1) assumng equation (1.10) as described in the
previ ous section.
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Figure 1. Variation in significant wave height #5 (n) as a function of
time (hr) forced by a wind speed of 30 nmls. The 5 different
paraneteri zations for roughness Zz, are as i ndicated.
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Figure 2. As in Figure 100 for total spectral energy E, (n¥).
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W find that the Charnock (1955) paraneterization for roughness, as
given in equation (3.1) results in a serious underestimate of the
significant wave height %5 and the total energy E, as conpared to
results generated when we use roughness paraneterizations such as
Smith et al (1992) or Hsu (1974), which are dependent on sea state
maturity in terns of wave age, for exanple. Nordeng (1991)’s
paramneterization gives the same result as Charnock (1955)’'s and
therefore is essentially an uncoupled paraneterization of Z,. After
some 50 hr, the variation in estimated significant wave height %5 is
at least 50 %!

(ii) Drag coefficient Gy and wi nd stress e«

Drag coefficients CGq corresponding to Figures 100-2[0 are shown in

Figure 30, The uncoupl ed behavi or of the Charnock (1955) and Nordeng
(1991) paraneterizations of Z, are evident as conpared to the
variation of the other 3 paraneterizations shown. Wnd stress - has
the same variation as these curves because we have held w nd speed
Y(10) constant. A conplete coupling to a full atnospheric nodel would
cause U(10) to vary in response to changing surface roughness wth
increasing sea state maturity, which would result in wind stress
dependence different fromthe drag coefficient variation in tinme.
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Figure 3. As in Figure 10 for drag coefficient Cg.
5. CONCLUSI ONS

For 30 mls wind speed, using the WAM nodel of Hassel mann et al
(1989), we found an overestimate of as nuch as 50 % in the predicted
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val ues for significant wave hei ght %4, as conpared to results obtained
fromthe Charnock (1955) paraneterization for sea surface roughness.
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HI NDCASTI NG WAVES USI NG A COUPLED WAVE-TI DE-SURGE MODEL
Xi aom ng Wi and R A Fl at her

Proudman Cceanographi ¢ Laboratory
Bi dston Cbservatory
Bi r kenhead
Mer seysi de L43 7RA
U. K.

1. I ntroduction

Nurmeri cal wave prediction nodels have been used operationally for
many years to forecast sea conditions, either globally or regionally.
Very few nodels, however, consider the interaction between waves and
tide/surge notion. It becones clear now that the influence of changing
wat er depth and current on wave propagation can be quite significant
in shallow water continental shelf seas. Exanples of the interaction
bet ween waves and tidal currents in the southern North Sea were given
by Vincent (1979), who observed a tidal nodul ation of anplitude 25cm
in wave height. C ayson and Ewing (1988) al so found sem —di urnal tidal
current influence on the nodul ation of neasured waves in the North
Sea. A pronounced refraction effect of the bottom topography on
surface waves was found by Aranuvachapun (1977), who conpared wave
data obtained from a wave refraction diagram nmethod with measurenents
at sonme North Sea stations.

Storm surges generated in close association with waves produce
nodi fied total water depth and current. Calculations (WIf et al.
1988) showed that the refraction of waves by tide and surge currents
as well as water depth changes can be significant in shallow water,
with long period waves particularly affected. A nunber of idealised
cases were studied by Hubbert and Wl f (1991) in order to investigate
wave refraction due to tenporally and spatially varying depth and
current. Test runs with a third generation wave prediction nodel
including a depth and current refraction schene showed that effects of
depth and current refraction are not limted to just a turning of the
waves, but also involve significant changes in the shape of the wave
spectra.

A conbined wave and tide/surge nodel is being developed at the
Proudman Cceanographic Laboratory (PCL). This nodel, when fully
coupl ed, considers various aspects of interactions between waves and
tide/surge including the effect of wave refraction caused by
tide/surge currents and water depth variations. It is expected that
this conbined nodel will give inproved routine forecasts of waves as
wel | as sea surface elevation and current during storns.

In this paper we first give an outline of the wave-tide-surge
nodel. Then we examne interaction processes between waves and
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tide/surge notion wth particular enphasis on the influence of
tide/surge on the propagation of sea surface waves. Results of
sinmul ations of recent stornms will be presented.

2. The Wave-Ti de—=Sur ge Mbdel

The wave-tide-surge nodel consists of two major conponents — a
third generation wave nodel (WAM including a depth and current
refraction schene and a barotropic tidesurge nodel, calculating

directional wave energy spectra and sea surface elevation and
dept h—mean currents respectively. The two nodels run interactively,
exchanging <calculated data of sea paraneters at regular tine
intervals.

2.1 Wave Mbdel

The wave nodel solves for the wave action spectrum N(wg, ©; x,t), the
conserved quantity in the presence of currents (Bretherton and
Garrett,1969), with wy intrinsic angular frequency, © direction, x
two di nensi onal spatial coordinates and t tinme. Based on the equations
of wave energy spectrum N(wp, ©; x,t)(WAMD G 1988), noting that E =
woN, the wave action density equation in spherical polar coordinates
(latitude ¢, longitude ) is derived as follows

d_N+.a_(N@)+ B[Ndw,,]= S
[

dt 08\ at ow dt W,
wher e
aN aN
— D m— +¢ N
= + ¥e(utc)
(2)
= _8_1_\{ 1 + v+, cosB)Ncos
3 Reosh oy allrenn Rcos e oshivost]
® 4, |kx¥|D dw, \ ke |kx¥|u
a & k2 @D k2
- g _ 9% (gD &0‘;9?2) (3)
gooene RsinthD(sm 3  cosh 3y

, SinBf . o0u v _ cosOf. o g
R (smeatb °°Sea¢] Rcosd:[smeaw w)
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Rsin2kD\ cos$ 3y 36 m""’) ?“se[s"’ea?”““sa) (4)
+ ﬁﬂg 1 ﬂ‘. .gv.. - y +
2 cosd)(sme o +cos6 3‘!’) cosBtand(usin® vcose)] ,

where cqg is the wave group velocity, c=[cg|; k the wavenunber vector,
k = |Kk|; D denotes the total water depth, R the radius of the earth; u

represents the depth nean current velocity (u,vV), Ope the great
circle refraction term

The source term S = S n+Sy +Sys+Spf, represents the wind input, the
nonl i near wave-wave interaction, the dissipation due to white-capping
and bottom friction, respectively (WAMDIG 1988). An inplicit
integration schene is wused for the source functions and upw nd
propagation schene for the advective terns. At the open boundaries an
energy forcing schene is inplenented to allow swell to propagate into
the nodel. The inportance of the open boundary condition for a
regi onal wave nodel has been shown by Wi (1992).

2.2 Ti de/ Surge Mbde

The tide/ surge nodel devel oped at Proudman Cceanographi ¢ Laboratory
(Proctor and Flather, 1983) is based on the nonmentum and nass
conservation equations in depth-averaged form

T.~T
%w.y,“mxpgypf& +JJ+AHV2E=0, (5)
ot pg
%Sqwmw, (6)

where u is the depth averaged current velocity vector, { the elevation
of the sea surface above its undisturbed |evel; D represents the total
water depth, Q the planetary angular velocity; Is and TIg are the
surface wind stress and bottom stress respectively; p is the density
of water, pa the atnospheric pressure; g denotes the gravitationa
acceleration and Ay is a horizontal eddy viscosity coefficient.

The equations are solved by a finite difference schene, using tide
and surge input at the open boundaries, where a gravity wave radi ation
condition is enployed. (see Proctor and Fl ather, 1983).
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2.3 I nteraction Processes Between Waves and Ti de/ Sur ge

The coupled wave-tide-surge nodel considers two—way interactions
bet ween waves and tide/surge. The waves affect surges mainly through

enhanced surface wind stress and bottom stress, i.e. TIg and TIg and in
equation (5), and the nonlinear interaction through radiation stress.
The radiation stress, which causes wave set—-up or set—-down, s

inportant only in depths less than 10m with a grid resolution |ess
than 10km (see WIf et al. 1988). It can be neglected for the present
wave—t i de—surge nodel, which was set up on the European continenta
shelf grid (35km resolution) and the U K south-west coast (12km
resolution), with depth at nost grid points exceeding 10m The effects
of waves on surface and bottom stresses are found to be inportant in
the continental shelf seas. Various theories exist concerning wave
dependent wind stress (e.g. Kitaigorodskii,1973; Donel an, 1991 and
Janssen, 1991) and bottom friction (e.g. Christoffersen and Jonsson
1985 and Weber, 1991). They have been assessed with applications to
real stormsurge simulation and results will be reported separately.

The tenporally and spatially varying water depth and current caused
by tide/surge propagation influence wave generation, propagation and
dissipation. It may be deduced from the calculations of WIf et
al . (1988) that the effects of changing water depth and current on wave
generation and dissipation are at | east one order of magnitude smaller
than the effects of depth and current refraction in the continenta
shelf seas. The present nodel, therefore, does not account for the
i nfluence of tide/surge notion on wave generation. Although it also
uses tenporally updated water depth in calculating bottom dissipation
according to Hasselmann et al.(1973), the total change in waves is
mainly due to the effects of depth and current refraction, which is
represented by equations (2)-(4).

Coupling of the wave and tide/surge nodels requires the two nodel s
to run interactively, each providing updated sea status data for the
other. In particular, the wave nodel conponent provides wave fields
for the surge nodel conponent in calculating surface and bottom
stress, at the sane tine it receives updated water depth and cur-rent
fromthe surge nodel conponent to calculate the refraction

3. Sinulati on of Storm Waves

The wave and tide/surge nodels were first set up on a latitude and
longitude grid for the European continental shelf, covering an area
from 45°N to 62°N and 15°W to 13°E. The conputational grid for both
nmodels has a spacing of 1/3° in latitude and 1/2° in |ongitude,
resulting in a resolution of approximately 35km A directional
resolution of 15° is adopted for the wave nodel in order to study the
effects of depth and current refraction. The hourly neteorological
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data (atnospheric pressure and surface wi nds) used to drive the nodels
were extracted fromthe atnospheric nodel at the British Meterol ogical
Ofice. The wind speeds were converted from 19.5m to 10m assuming a
logarithmc profile, and a two dinensional |inear interpolation was
used to map the winds to the wave nodel grid. Two storm events were
sel ected, with one caused by the 'great storm in Cctober 1987 and the
ot her February 1990. The wave nodel, initialised with the JONSWAP
spectrum (Hassel mann et al.1973), was run with a tine step of 10
m nutes for both propagation and source integration. For each storm
two runs were carried out for 4 days. The first run wused the
prescribed bathynetry in the region and assuned zero current, wthout
depth and current input from the surge nodel. The second run was
performed using the refraction schenme with total water depth and
current obtained from a surge nodel run for the sane period. The
results fromtwo nodel runs were conpared and found al nost identical
It was concluded fromthese two sinmulations that a spatial resolution
of 35km is not fine enough to resolve the rather smaller scale
processes of wave refraction due to tides and surges.

Finer resolution wave and tide-surge nodels were then set up for
the U K south west coast. They were designed to study the interaction
bet ween waves and tide/surge, which has been considered an inportant
factor effecting the performance of the routine forecasting storm
surge nodels in the region. It is hoped that coupling of the wave and
the surge nodel will result in an inproved forecast of both waves and
sea surface elevations during stornms in the west and south coast of

Britain. The conputational grid for the nodel is shown in Figure 10l.
The spatial resolution is increased by a factor of 3, i.e. the grid
spacing is reduced to 1/9° in latitude and 1/60 in |ongitude. The
directional resolution of the wave nodel remains 15°, fine enough to
resolve the refractions (Hubbert and Wl f,1991). The storm of February
1990, which caused serious flooding at Town on the west coast, was
selected for the experinents. The wave nodel was run from Oz of the
24th. to 0z of the 28th. February, first wusing the prescribed
bat hynetry of the region and secondly using the tine-varying water
depth and current due to the presence of tides and storm surges. The
difference between the two calculations was found to increase wth
time, which shows an accunulative influence of the refraction. The
significant wave height and nean direction at 12z on the 26th. are
shown in Figure 200, This is around the time when flooding occurred in
Towyn. The difference between significant wave heights of the two runs
at the time is plotted in Figure 30. The directional wave spectra at
a location in the Bristol Channel for the two runs are plotted in
Figures 400 and 50. It is evident that the depth and current
refraction caused changes in both significant wave height and
directional wave spectra. Changes in local wave heights are
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particularly significant in shallower regions. In sonme areas the
significant wave height is increased (the Irish coast) or reduced (the
English Channel) by approximately 1 neter, with [ocal wave heights at
about 4 to 5 neters. To examne depth and current refractions
individually, the nodel was run with depth refraction only, assum ng
zero current. The resulting significant wave heights throughout the
region were found alnost the sane as those with depth and cur-rent
refraction. Only very slight change was found present in wave spectra.
(see Fig.50] and 60]) This suggests that the refraction due to water
depth changes played a domnant role in the total refraction, which
may be due to the fact that the depth-averaged currents were used in
t he nodel, instead of surface currents.

4. Concl usi ons

In this paper, we have presented sone exanples of wave refraction
due to changing water depth and current during a storm wusing a
coupl ed wave-tide-surge nodel. It has been denonstrated that the
refraction of waves by tide and surge currents and water depth changes
can be significant in continental shelf seas. The accunul ative effects
on both significant wave heights and spectra are particularly
inportant in the prediction of wave conditions in shallow water
regions. In order to provide an accurate forecast of waves in the
continental shelf seas, it is necessary to consider the influence of
depth and <current refraction on wave propagation. The coupled
wave—ti de—surge nodel may offer a solution to the problem However
val i dation of the nodel against neasurements is necessary before the
operational use of the nodel. This work is currently being carried out
at POL. A spatial resolution of 12km and a directional resolution of
15° is probably enough to resolve such depth and current refraction.
Further inprovenents may be achi eved when surface currents are used in
the wave nodel. This requires a 3D current nodel to be coupled wth
t he wave nodel
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Fig.1 The U.K South West Coast model (SWC3) grid, with a

spatial resolution 3 times finer than the continental
shelf grid.
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Fig.2 Waves at 12z on the 26th. of February 1990. Contours
indicate significant wave heights in meters and arrows
mean wave directions.
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Fig.3 The differences in significant wave height (in meters)
at 12z 26th.Feb.90, between model runs with and without
depth and current refraction.
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LAT « 51,28 LONG = 356.82
MAX = 66.30

CONTOUR INTERVAL = 1.00

AXI5 INTERVAL = 0.02

Directional wave spectrum at a location (51.28°N! 3,08°)
in the Bristol Channel, at 15z 26th.Feb.90, obtained from

model run without refraction.
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