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RESEARCH NEEDS FOR BETTER WAVE [ OGREC:

LEWEX PANEL DISCUSSION

ASTING:

‘

A panel discusston min nor be the best torum 1o proaduce rewsoned wpamenis and logcad proots,
but it does promote spotaneous Owhatiges. Wl the unguerded somarks and the peneralhy fooseh
woven tabric ot comversation amony colleagues wind Inends i an outhine of our percened needs tor sc
search 1o promote better wane forecasting. The problems and rescarch nevds presented i the edaed
panel discission have ¢osted for many vears, but adeguate observations from satetlites, thoughttal data
asstnttfation schemes, and a better undoerstandiny of the underhang phivacs promse o new day tor e

search i numerical wanve torecasting.

Opeming R marks

DONET AN The two things that fune struvk ow st aiwog
whar e have jearned i these past dew ddes wee that o
onie s 1o e very Laretal about understandioe wands, and
(2 e apparent that all maodeds doonot have sataeniiv
oo agrerntent that we can be complucent abad our un
Jerstandimg of the modehng phvis D woudd Bhe 1o ash
cach member of the panel To cotmmen: ot how we shouhd
TOCUS Ul atieniion an the Near THIUIS 70 anprose wane
modeling

FZRNEY  The most tmporiant thny to nw s the dit orenoes
I nase observed m the vanous evpersmaontal estunates of
the wind tields {am sod! woadering how we could o
avcurately tahe o decount e real nature and vanabihin
of the wind | woudd theretore hike to put this Guostion back
to the modelers How do vou plan 1o better desonibe thi
wind varabthiy i vour modeds and demonsrate swhether
1 Can, o turn, amprine the resuls?

BANNE R There are questions about the model We need o
somsider the ettest of wases on the drag coettivent and then
teed that eftecr mto the mput source function Proposed
dassipation souree tundtions need 10 be thorouehly tested,
tor example, with the extensne st o} measurements pro-
posed for swanr [Surtace Wave Dvoamues Eaperiment.
Donctan. 19871 in the wanter o) 19991 One could com-
pare the mode! predictions with vanous assmptonie hmsts
predicted for o terch-hmited stuanon

HASSELNMAAN In this symposium we have seen speciral i
tervomparisom among mne different modebs We reallh do
not have a hasts for deciding which model s correct or where
the model errors fie. | thunk the problem hies o the wind
field. 1 think knowledge of the wind i nevessary 1o e down
modefing inconsistencies. o ~swane, for example, that
should be top priorty The tewi v analvsis, on i< preseut
feve! with these mine model, reminds me very much of the
analvas we did with the swase [Sea Wase Modehng Pros
ect] Group study [T9RS] where we had no measured winds
at all. We just used several ideatized wind field cases 1o find
out how they were working ditterenthy | rhink one can suli
do g very niee joban rrwar s on this aspect of the problem,
but to assess the madel performances i absolue renms mas
not be possible. My suggestion would he to go bevond the
swoaste level of anabysis, look at the problem as a o™
wave-model plus wind-field analysis problem. and 1y 1o do
a data assimulanon, or imene modeling, to s to get the
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hentowand felld to Bt a given wave modell and then te o
amine the reiatton hetween wind ficld uncertasnues a. f
madel uncertamies. That would be a new approach, & leav
trom the pont of view of modehing

Fears has g very niee ~ak fanthetic apenture radar] data
wtandd a nice set o model resulic with buoy measurements
The riwis data st i vigque for fooking at the ik wave
spectram and how tooamert v [ am more ophimisne that
we can make progrea there than mothe dennfication of
the model errorc B owe want 1o understand the problems
with the models and 10 improne the phyacs, we have 10
develop third-generation madehs further, because wnen we
find a problem, for example. v o can deude )it 1 the source



tunction and then tin it 11 we have problems wah o s
or second-generation model, we are always takeony with
the model results and not with the obs o e moded

FJANSSEN: | agree with Mike [Banner] that o s really tugh wine

1o ook at the scastate dependence O the wind stresy. A
covwy JBEuropean Centre tor Medium-Range Weathe
Forecasts], we are attempting to couple the thurd-generation
wan [Wave Muodel] with the voswr anmospherte madel
We alreaddy have some encouragng mtial results. They show
that a vounp wind sea mcreases stress by 20% o 309,
When compared with the present w s, the wcreased stres
will produce faster growth m the sutial stages thar nugli
be Fairly important. So there s i need w couple the planc
tary boundary layer mde! with wase Sevond, there s @
need tor improved knowledge of wave energy dissipation
from wave breaking. Al tie moment, we are using disapa
tion as a souree term, which probably works very well tor
a wind sea. Bul we are not certain, when we hine comph
cated wind sea swell cases, whether this Tormulation works,

I have two comments on the tpwey intercomparbons,
Liwiy presents @ umaue oppoctunidy. we e compariny
two-chmensional spectra, both measured and modeled.
However, it 15 not ¢lear that the ditferences are statstically
stgniticant. | have not seen any error bars. People are wden-
titving peaks and directions, but probably the number ot
degrees of freedom in those peaks s o small thae § really
doubt the differences are significant, Second, { have the mn-
pression, looking at the measured spectra, that we should
compare only mean parameters, such as mean wave heghit,
mean direction, and mean angular spread.

PHILLIPS: 1 think this has been a fascinating mweting, and

some most remarkable results have been presented. There
iy a lot about the results that both contuses, as Klaus [Has-
selmann] said, and also sumulates. We have a set of mudeh
that sometimes produces results that are consistent among
themselves, but are very different from whar a buoy seenis
to produce. Somesumes there is no agreement even among
models. How then do we decide?

[t is clear that we need to improve the connection be-
tween the modeling and the observation. Iy the wind field
the problem? That seems 10 be the thing thar we blame,
in the way that tluid mechanicists, if their theory and ex-
periments do not agree, always blame turbulence. We can
always blame the wind field because it is not right to star!
with, have we used all the physics in the models that we
need? 1 suspect there are a few little bits and pieces even
in the third-generation models that are feft out. Should one
keep track of all the very-low-energy density levels in the
ocean that may serve as a starting point for future instati-
ities? Presumably, that part of the physics s involved, but
is it a part that we are going to keep track of? There are
a fot of things we can do with the rewes data. There i
a lot we can still learn from them.

DOBSON: My first comment is one that Bill Pierson will ap-

preciate. | have now been to four conferences of this na-
ture over the last five vears, and at every ong, the wind speed
and the wind field were blamed for inconsistencies in moxlel
results. So nothing has changed. Having said that, from
an experimentalist’s point of view, what measurements
might we consider over the next few vears in order to till
some of the gaps that | see here?

The first one is a set of careful sea-state versus wind-stress
intercomparisons, with microwave sensors present. Klaus
will agree with me that that is absolutely crucial 10 the suc-
cess of his highly optimistic plans for coupling wave models
with atmospheric-oceanic numerical models i the hope ot

widerstandditey e an sea Huses A the seneut e s v

sy fiee owanve pnsdel e tor reaiby aiudetag

cor Thecmennt, but Booeo giser sty Tha Be o wdbox

v ttioded to Calouiane the dhrag Corl oot 4

wlobe it ordet fo feann sonctiniy abaeat the an sca
Sor b s ant ieeonshier

uneht por wround that proble

RN SIS JET T3t BENTIG SRR SFTCINCI R S A ST AR

Poaew aonevd 1o somic vonny wase thicastentetie o
wpu! souroe fancoot wind somie detaded guanlitatne opt
b mactowave Invdrods s, Deld detersnations of wasy
divapation as sell T partvudar, Tor the powe s mtetoon
ey, the models shoald pot onhy have used the wagi
wistad fichd, they shoadd abho o osed the samie wind i
mp | do ot ik Al of them dud

Phe second thuny that readls struck me torectudiy about
s mifervompaton was et the Buos incasuatements, ad
fnusbe the s mauicnenis oo, were woctully nade
Gudte tor the b at hand . Thes dhid oo define the wase
Held ~suttiaentiy for snvtbung to e osard about how gosd
the mogdeds were, iy estnation. Whoeyet doeagns the
nest wird wase experpnent bas to think hard abowt an sde
Qudte measutement strategy 1 e oo the samwe thing
abwl the waind mcasuremients

DONEL AN From the preveding conunening 10 wems to me that

@ tew tungs emerpe as reprowniing a gunte deat sonsen
stns Frote sath the sy paned members who st that souroe
funcions need o b improsed. Boervone agrees that the
wind measurements need (0 be more carctully deadr with
Fhese seem (o be the owo ages that are the crun of the
miatter. There o, of counse, a need tor much better mes
surertivits oF waves, as well as of the wind Rlaus has pomnt
ed out that the sae may be a good candidate 10 measure
the waves, Other aucrowave switsors mas be also

The pewntt has been made, ponapally by Klaus, that thurd
generation wave modelh are needed 1o test the plivsie In
ather words, the madel has to be qructuraliv correct bee
fore one van hope 1o use 1 as @ toef 1o deternune where
the physics may bean shont supph

Peter [Jansen] raned the issue of atistival tosts, which
e my view i oone of the things that emerges most clearh
promontercomparisons of this sort. We daonot realls have
the necessdry structure (o say what i< corredt and what i«
e, or how well one estimate compares with another. al-
though Tom Gerling {this solume] has made some «andes
w1 the right direction. We need a consiient set of watsthcal
criteria that eservone agrees on.

Wind Measurements

P RNON | have been interested e measurements of the wind

for a very fong ume, oven betore Shviab and Seasat. when
problems of validating the winds recovered by a scatterom-
cter by means of conventional data first came up. foiomy
possible to get @ decent 10- or 20-nunute aserage froam a
comentional ship anemometer. Most observers are so poorh
rrained that they often cannot even obtan pue wind from
relative wind. Most modern <hips have nucroprocessors that
cowld keep a runmng account of the wind speed and dired
ton, Just as o the ships were data huovs. {arpe unprove-
ments could be made. wist by automating the present ship
observations. The poorest parameter 1 comentonal ship
report is the wand data, but it may be the casiest 10 correct,

My second potnt s the propagation of swell, From what
{ have seen of the vanous second- and third-generanion
models, T think many of them do net propagate swell cor-
recthe. Wave propagation is egually important i areas of
wavy generation. o that many of the discrepancies found

14"



LEWEX Panei Discussion

by Gerling [for example, the tendency tor all moded to pre.
dict the arrival of swell earlier than it wis actually mea-
sured] may be parually explained by thiy error. [1 swell
arrives 100 s00n, then it abso lett the area where it was gener-
ated 100 so0n. The waves 10 the areds of wave generation
diminish 100 soon when the wind dies down. For validat-
ing forecasts of sea plus swell with frequency spectra oft
the west coast of any continent, | think that within one win-
ter, from the data, it will be clear that was & not domy
it right. You might look at techmques used i the first-
generation sowat {Spectral Ocean Wave Model;, Pierson,
1982}, Grear circle propagation on a sphere 1s not difficult.
The gavelope of each spectral component should be trans-
lated at its group veloeity each tme step, with no change

hrate the models we have o tormes of the date tron o
perinients that we think ate good  bPor oantagee, the
ronswo v Hlom North Sea Wane Project] dista set could be
reattah sed wang sotne of the weas that camic cut of Mark
Donelan’s Lake Ontano expernent, wiach, as Hans Graber
of Woods Hole poited oul o me, allows sine to recon-
struct the wase direction at o givent tetch, howing the wind
direction. Even though you did aot have good directional
spectra, vou could stll go back through those date and cal-
ibrdte aganst the progection ot the wind m the duedtion
of the wase, mstead of the wind el We nead 1o hae
wvotspstent adibration for the moded @ terms of wind spesd
betore we will progress on other fronts.

Wind Vanabiliry
GLAZMAN A comment about wasd vanabibtv, In both wave
theony and measuremients, it & conunon o use the rmean wand

in form. [For this problem, Lagrangian methods are su-
perior to Eulerian methods. |

ARCHER: Regarding this problem of accurate wind measure-

ments from ships, Peter K. Tavior of 1os [Institute for
Oceanographic Science, Wormley, U.K.] has been work-
ing on it. The onlv way he has been able 10 get good wind
measurements is with instruments mounted over the bow,
They are now so equipping wymo [World Meteorological
Organization] ships.

The Inversion Problem
PHILLIPS: | would like to suggest that an effort be made to

use all the measurements during LEWEN that were gathered
from the buoys, the aircraft overflights, and so forth, Each
certainly has its own limitations, but surely they could be
put together in some way to get @n optimum estimate of
the wave field. Each of those measurement devices has its
own transfer function, and the spectra we see are the end
result of those separate transformations. For example, there
is a lot more information contained in the s [surface con-
tour radar] spectrum, which could serve as a constraint on
what you might call the *‘true”” spectrum. Of course, the
sCR has its own limitations, but all these sensors are sup-
posed to be measuring roughly the same thing, even though
each is reporting something different. It should be possible
to produce an optimum estimate of the wave field, using
all the information you have available. Such a goal is worth
pursuing.

HASSELMANN: If | understand Owen's [Phillips] comment

correctly, it 1s the same question that I was asking about
the inversc modeling problem: Can you get from the ob-
served wave data and the observed wind data to an optimal
estirnate both of the wind and wave field simultaneously?

I think you can solve that problem only if you have a wave-

model for a dynamic interpolation in space and time be-
tween the rather few-and-far-between measurements. At the
same time, you need the wind input to whatever extent it
is available. Then you try to find the best fit 1o all of the
available data that is consistent with the dynamics of the
wave model. 1 think if one tries to go through that exercise
with the LEwex data, one would learn a lot about the
models and also about the ability to reconstruct wind and
wave data simultaneously. This is the problem we will be
facing very much in the future, when we begin to acquire
global wind and wave data sets from satellites again. The
LEWEX data set is a good opportunity to pick up that chal-
lenge, and to gain some experience in one’s *‘backyard,”
with a smalier data set, over a reasonably well-defined area.

DOBSON: Just a brief addition to that, Klaus, I think that there

is another part that needs attention. Of course we have to
look at the inversion problem. But we must continue to cal-
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vetoviy. Hower, the contoponding wave number [A] spec-
trat tor air motion are dominated by an inertal range that
has the form & " or even A T magniude of this ea
pONENL s, 1 @ cortun sense, rather small, equinadent 10
cascade pattern v the geometry of the wind field or i
temporal history. As a result, the averages are ditficult 1o
define; stnctly speaking. a “representatne’” averaging pen-
od for the wind does not exsst. An alternatine approach o
the specification of such multiscale fields 3y being developed,
based on fractal and muluple fractal formalisms [Schertzer
and Lovejoy, 1989 This approach appears promusing alvwo
because it gives an adeguate characterizayon ol the hughly
ntermittent [gusty] field of ar moton.

Open ocean waves are usually highly developed. where-
as in LEwes, one 15 often dealing with a rather poorh de-
veloped sea. The inverse wave age fratio of wind velocity
i0 wase phase velooty] is tvpically greater than one or two,
or even three, Ay a result, there exists a significant portion
of the wave spectrum where the energy flows to larger scales.
This inverse energy cascade is. 1 think, impontant for wave
modeling. Since the energy eventually must be dissipated
somewiere, the inverse cascade necessitates alternative dis-
sipation mechanisms effective at large scales. For example,
one may consider large-scale internal waves or currents as
a possible sink of wave energy.

PHILLIPS: Energy transfer 1o larger scales 15 already intrinsi-

cally in the third-generation model, in the wave-wave in-
teraction caleulations.

KATSAROS: | wonder what the wind varability might do to

the wave field. The models perform so differently from the
measurements. Could it be that these fluctuations in the
wind generate something that interacts crosswise? Might
there be some kind of extra dissipation or changes in the
model assumptions that could come from these subscales
that are not described in the wind field? Might there not
be errors from the various grids that were used?

JANSSEN: Gustiness has an enormous effect on the growth of

the waves. especially the longer waves, which are affected
by a factor of 2 or 3. 1 have been looking only at the large-
scale effect, but t is enormous.

PHILLIPS: Perhaps one should reexamine some of the older

measurements on wave growth. After all, random functions
that depend upon each other in an other-than-linear way
are not going to be related according to their means. Per-
haps instead of trving to express our models in terms of
an average wind speed, we should use the cube root of the
average cubed wind speed, or something like that. depend-
ing upon the physics that is involved. If we look more care-



tudly at the physios, o find oul what function of the wind
speed ts producing i, we might ger a tot less seatter i some
of our expenmental plots.

JANSSEN: | think we can do that already . The usual wind

growth curve is tairly nonhinear. So Gerbrand {Romen) and
I have looked at the fluctuation m the spectrun wath the
proper probability distribution Yunction. From thar we can
calculate the etfieet of nonlinearity.

Surface Currents
VALENZUELA: | think we do need better measurement of the

wind feld, but geostrophic currents may abso be importane.
Local currents can focus and defocus waves, You may hinve
to do a modeling of waves with and waithout currents. Con-
verging wase ravs do not necessardy idenity the source le
cation.

HASSELMANN: This is an issue also for swane. My view

1s that currents are not very important in the ocean {or most
of the waves we are looking at, since we do not hiave a
monochromatic wave field in the ocean but a continuous
spectrum. | think a typical eddy current field will guasi-
focus only small parts of the spectrum at a given tme. The
eddies just mix up the wave field, and, as we have a Gauss-
lan wave field anvhow, they will not be noticed in a rea-
sonably broadband measurement of the spectrum. Across
a large shear zone like the Gulf Stream, they might be, bt
1 would think that even there the eddies would not be very
important. We are planning to do some experiments with
waM, both with and without large eddies, to see what ef-
fect they have on the wave field. In joxswap, tidal currents
of 1 m/s really had a negligible influence on the observed
waves. But { agree it is certainly a question to look at.

HOLTHUIJSEN {added in proof]: Recently. in the faft of 1989,

Hendrik Tolman and | transporied waves across a ring and
across a straight section model of the Gulf Stream, courte-
sy of Scott Glenn of Harvard, with a third-generation wave
model that included all relevant wave-current interactions.
The computed wave modulations were significant, some-
times creating a significant wave height enhanced from 8
10 10 m in the countercurrent part of a ring. The modula-
tions, in general, were restricted to an area of about two
ring diameters.

Friction Velocity

MITSUYASU: In this meeting, 1 was surprised to find rapid

progress in measuring technigues, in analysis techniques,
and also in numerical modeling. But 1 would like to stress
the importance of fundamental studies. In my opinion, we
have presently exhausted the stock of good results of fun-
damental studies. So we need again to accumulate good
data. 1 would like to show one example.

These [see Fig. 1] are laboratory data on the growth rate
of waves under wind action [Mitsuyasu and Honda, 1982,
Fig. 15]. At first sight, the result appears to show a reliable
relation between dimensionless growth rate of water waves
and dimensionless friction velocity of wind. However, be-
cause the coordinates are logarithmic, there is actually large
scatter in the data. The scatter is larger for waves contain-
ing a surfactant, that is, for waves with a smooth surface.
These data were obtained from a very carefully controiled
experiment. The friction velocity «, is also measured very
carefully. Therefore, there still remain problems in under-
standing even such a fundamental process.

PIERSON: The major difference between wam and other models

is that, in waMm, dimensionless variables have been pa-

KNovewt i £ Nogas ier Horier v oo Foores g
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Figure 1. Dimensioniess grow!n rate of waves as g tunction
of wind frnichon vetacity, both with surfactan! {sohg cucies; and
withou! surtactant open circtes: (Repnnted. with permission
from Mdsyyasu. H . and Honda. 7. ~Wind-induced Growth of
Water Waves, " J Fluit Mecn 123 p 440, 1982 by Cambrndge
Umiversity Press ;

rameterized in terms of u, instead ot the mean wind at a
10-m height. Thiy has a very impontant imphcation, having
to do with the fully developed sea. The first important pa-
rameter {rom any model is the significant wave height for
a fully developed sea. In the recent paper describing wam
[Wave Model Development and Implementation Group
twaAMDIGH 1988], one can pick off the asymptonie value for
large fetch and put that mio the dimensionless energy. With
a modest amount of algebra. one can get the significant
wave height as a function of the 10-m wind. It turns out
10 be equal 10 a constant times the square of the 10-m wind,
plus a second constant times the cube [Pierson, 1990]. We
have been working for many, many vears with the concept
that the significant wave height is proportional to the square
of the 10-m wind. One could try to see which assumption
looks better compared to the Ewing and Laing [1987] sig-
nificant wave heights for a fully deveioped sea, expressed
in terms of the 10-m wind. The was assumptions make
guite a difference; for exampie, they drastically change the
behavior of the first-generation Gsows [Global Spectral
Ocean Wave Model]. The waves grow much more quickiy
at high winds. Up around 15 or 20 m~s, they are much
higher than the square law would predict for the wamdrag
coefficient. There is a spread of about S m in height for
three or four of the most popular representations of the
drag coefficient in the simple version, where drag coeffi-
cient is proportional to some constant plus a second con-
stant times the 10-m wind. The crossover point 1s about 12
or 13 m/s. Below that, fully deveioped seas are lower, and
above that they are higher. It might be worthwhile to check
this discrepancy in as many ways as possible.

HASSELMANN: Both of the previous speakers have made very
good points. First of all, what Professor Mitsuvasu was say-
ing is very true. We are now discussing, for example for
waM, switching to a different input source function that
has this u° dependence. based entirely on lab data. We
really do not have in my view good convinging field data
that would force us to switch, except for some secondary
effects regarding the momentum transfer. But what really
forces us to switch are these lah data, so [ would very strong-
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Iy support the need to do more basie studies Tor the model-
ing. We cannot depend entirely on the field dati we are
very much dependent on sorting out the difterent process-
ey in the lab.

From the point of view of the ampliude, or peak tfre-
quency, you can live with the present source funcuon of
want or with the 17 source function. I does mo reath
make much difference, because the dissipation term can be
tuned 1o get the same results. The main ditterence between
the two source functions is in the momenium transler, which
depends more on the high trequencies Again, | think we
wouhd not have been forced so strongly 1o consider chang-
ing our source function if we did not have these very good
fab data.

To come 1o Bill Pierson’s point, it is obviousty verv in-
portant whether we have a u, or a U, [wind speed at
10-m height] dependence in our source tunction if the drag
coefficient is a function of wind speed. We looked at thar
question because we are aware, of course, that we would
get much higher wave heights at the higher wind speeds than
we had before. We talked 1o 2 lot of people. The general
teeling was that it was okay 10 go 1o w,, and we do indecd
get the higher wave heights, but the data supported it. Be-
cause most people agreed, | myself was very comfortable
just to relax and believe it. But if anvbody wants o look
at the data more closely and say that we should go back
10 Uy, we would immediately do it, because we really do
not care, from the point of view of modeling. We simply
put into the model whatever the latest theories on wave
growth tell us. In summary, Bill, we did look at the data
before we made that change. We were aware that it was
an important change at high wind speeds.

PHILLIPS: Underscoring the importance of v, versus LU, al-
though Professor Mitsuyasu did not mention it, the results
he showed were plotted versus «,, but the mean winds at
a given value of «, varied by a factor of 2. as I recall, be-
tween the absence or presence of a surfactant. Only when
vou use the u, does the scatter collapse. The mean winds
corresponding to a given u, were very different in the two
cases.

DOBSON: On Klaus's remarks, there are two important points.
One of them is in the usage of the model going from U,
to u,, which 1 understand Bill was talking about. The oth-
er is in the calibiation of the model. Both are important;
both matter in the final result. You say in the recent wan
paper [waMmbDIG, 1988] that we should refer our results to
u,. People who calibrate your model use U,,. They have
to use some drag coefficient to produce a result in u, so
that they can provide something for you to calibrate your
model] with.

PHILLIPS [with humor]): Sounds a bit circular to me.

JANSSEN: Regarding the w, scaling, if you assume the Char-
nock relation for the roughness, you analyze the boundary
layer, then you just end up with u, scaling. There is no way
around it.

DOBSON: That produces a number quite similar to all of the
long-fetch Uy, versus u, relations if you use the Charnock
relation. It does not reproduce the wave age dependence
that people like Mark {Donelan] see.

JANSSEN: Oh, no. That is why we are looking at it now.

LEWEX Error Bars

DUFFY: | would like to turn back to an earlier point regard-
ing verification of models and how we do that. Peter Jans-
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i miade d comunient about error Barss and Foam cutious

U the naredies Bunve samie sugpestions o] hos they o

be established. Inthe stmosphene soseioes we huse Lt
decent dita over the vontimerss We ity Jootins error
cotrelation covttictents, and o o Bur the data e are
around tor winve miodel ventication puiposes do e seein
(0 be wevurate enoueh o do that Ase the pasiehsis suy
gosting we mught do some dats unpact studies, perhaps i
the Southern Hemisphiese, esanuting difterent topes of duta,
reving to et an wWea 0f how those data are budled i the
moideh so that we can vents them?

FEASSE L MANN | was not mvselt ternbn concerned with thrs
prohlem ot error bars e ewe s 1 thinh all we hine w do
s put an error bar on the plot. We hnow how big o s fon
most o these spectra anywan 1 dud not undesstand bred
Dobson's comment carher that the datd were woctully e
adequate to test the models, unfess he was reternng © o
compass error ol M or sa, which occasionaly appeared
i ong of the buovs. But apart trom that, we have a farh
good idea of how pood these manimam entropy techniq e
are for reproducing two-dimensional spectra. | had the e
pression, from the structure of the spectra that we saw . that
they could be well reproduced by the maximum entropy
technigues. In other more comventional spectra, 1 s just
4 question of the number of degrees of treedom. So 1 did
not think it was mmportant, Mavbe | am contused there.
1t would be good practice abvioushy 1o put in the error bar
»0 people know how many degrees of {reedom vou have
But in nearly all the tewes data, it really was not o hig
problem,

DOBSON: The only things [ feli badly about were that there
was only a single measurement at cach ship and that there
were big differences between the modeled and observed
wave field at each shup. And [ thought that these single mea-
surements were inadequate 1o define the measured wave
field. There were some excellent wave measurements from
the Nasa aircraft instruments. | only wish that there had
been more.

DONEUAN: This raises a more general question. Do we need
some statistical structure different from the rather Joose one
we have now in order to compare models” And should a
group like this try 10 develop that?

Ship As Wave Sensor

BALES: Perhaps the ship is the best wave sensor of all. Know-
ing the wave field, vou can repeat over and over in a tow-
ing tank the ship responses, to sav 10%. through about sea
state 6. In Trondheim, Peter Kjeldsen it recreating the mo-
tions of the ship that were measured at sea, given s best
estimate of the wave field. Owen Phillips suggested earlier
that none of us would agree on which model is most cor-
rect. We might consider developing a standard set of ship
response transfer functions that could be applied to all types
ol wave data.

DONELAN: Wouldn't the same thing be true of buoys? How
does a ship differ from a buoy in that regard?

BALES: I do not think we have a good handle on the 6-degree-
of-freedom motions in a buoy. Buoy manufacturers might
disagree. There is a wealth of theory going back thirty vears
for predicting ship responses. 1t seems 1o work vers wel)
now, both in unidirectional and bidirectional scas.

HASSELMANN: | think many of you probably know that this
idea was followed up by Tucker in his shipborne wave
recorder. There is one problem: you can determine the ship



response given the wave field, but gome back o the wane
field trom the ship motions s more comphcated tor a stup
than it is tor a buoy. That was the main reanon that people
switched 10 buovs and gave up the shupborie ocecan wuse
recorder, | think Bill Pierson himselt worked guite o bt
with those data and was not wo happy with them. Vh
recollection was thit the datit were not as usetul as one
hoped they might be.

DONELAN {with humor}: Forgive me. Klaus, but | have the
suspicion that getting from the ship motion 0 the wane field
is probably no more difficult than getting trom the ~awm
age to the wave ficld,

HASSELMANN: It is a question of the platform welovity, |
know the velocuy of a sax. There v no captan owt there
fooling around.

PIERSON: The Tucker shipborne wuave recorder works hest
when the ship is hove (o, or progressing at perhaps 4 knot
nto head seas. There were problems in calibration wuh the
Tucker recorder. The most fascinating thing ever di tic was
t0 put the accelerometer on what we in the US. cal. a Fere
ris wheel and measure the acceleration. It worked urpris-
ingly well at very low frequencies. The equilibrium speciral
form. proposed by Pierson and Moskowitz, and which led
to the sowst, was developed using these data. Also, vou
can contro! the vector velocity of the ship. change ity head-
ing every 10° in a steady sea, and get a long record. Then
there is the horrible problem of matrix inversion to pull owt
the spectral components. You could not dream of trving
it five vears ago. but today vou could do it

Model Seeding Mechanisms

HOLTHUIISEN: | have been puzzled that in wav there is no
Phillips mechanism. I was not overly concerned until re-
cently. In wan, it is not really a problem, because an ini-
tial spectrum starts off the model. But that initial spectrum
has moved out of the model after a few days. If then the
wind turns, there is nothing in the new wind direction 10
start the waves from. So vou may have a much slower
growth because the initial spectrum has moved out of the
model, and there is no Phillips mechanism. 1 do not quite
understand, if the computational effort is marginal, why
we do not put that mechanism back into W am?

HASSELMANN: Maybe we could put that mechanism in as a
trigger to get things going. | guess that is the point vou are
making. It is apparently a very small term il vou just con-
sider the measurements of pressure fluctuations in the at-
mospheric boundary layer and make a reasonable assumption
on how they are distributed in the wave number domain.
You require the spectral density of that wave number distri-
bution on the dispersion curve. That triggers the growth, and
you come up with a factor that is about 10 7 smaller than
anything that you need in a model to get thing: going. So
I really do not think it is a very important term. The mech-
anism is still extremely interesting, though, as a physical pro-
cess. The reason it is small is because it goes as { 0y 7 Puye I s
rather than simiply ( pa, /Pumer -

But | think Leo Holthuijsen’s point was that one would
like to have something to trigger the waves. He is quite right.
The waves start off at very high frequencies. The way they
start does not really matter very much, because the time
it takes to grow through to equilibrium is short. So the mod-
el is not sensitive 1o how you seed the energy at high fre.
quencies. But you do have 1o have the energy in there in
the beginning. Because wasm has a prognostic cutof! fre-
quency of 0.4 Hz, we very often do not have any energy
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FEASSE D AMEASNS Wl | oehunb there o sone enerey there, baye
o probabby s oo weak, becuase the rs <
comprired to whar vou ieed tooeed thanes vom s
freguencs part b other words whess the wind s
e from another directions vou stan butddeng wreoo shon
wind sea with rather tugh sfope, and the nunbnear sranste
can prchoup pretny quichy trom that and brige o e

PHIETIPS Yoo, the nonlinear ranster widl certanby doost, soon
vr o fater. But D wonder swhether o natere the swand impa
mio those fonver componeizs s not tasiding the eoens up
more rapudh

HEASSEINEASS Wl the wind npur s a3 the wos e node] as
well,

PHITT RS You have the Mides medhanism, wiinch s bubduog
woup toe?

HASSEEAANN: Well) i a hvpothesis swe hanve not rested. in
we have the feeling har e high-freguenay . fow
buchground energy that v sfoshang around m the oeean alf
the ume, after the model has beers spun up. min not be
high enough 0 get the wave spectrum bl up quickh
enough when the wind turns suddenhy . You may be night:
i we actually look at the Miles mechaniom more closely,
it may be adequate. but 1 don’t realls think <o | shouid
mention—we did not discuss 1t in this miceting—that we have
been finding with one-year statistics of a guasi-operational
forecast study that s tends to be oo ddow i building
up rapid events in the ocean. We have a number of ditter
et hypotheses as to what the cause of this could be. That
is one of the hypotheses that we are considening. But we
do not really know at this point what the anvaer will he

DOBSON: | have histened to David Burridge trom tosm talk-
ing about this same problem with storme, that 1< that they
are 100 sow 1o spin up an the voswr model. He had
thought that it probably had 1o do with ~some teedback be-
tween the wave field and the wind ficld.

HOT THULISEN [added in proof]. Van Viedder of Deltr U
versity recenth [summer. 1989] did some tesis with the per-
sonal computer version of wawn with the Phillips mech-
anism added. He found only marginal etfects on the wane
growth in turning wind cases. Apparently, the nonhinear m-
teractivns provide enough “seeding.”

Operational Significance

KILLDSEN: | have seen the N ato portion of 11w\ grow from
the first idea in 1984, under the leadership of Susan Bales
and Warren Nethercote. as part o the Syvio Research
Study Groups R and ®ee 2] Their mam interest i 1w
N Was as an experiment to both improve safety ar sea and
aid the efficient operation of vessels 1n high sea sutes. Whae
vou have seen at this svmposium is only a small fragmen
of the work that actually has been doue in the area of
maodeling, predicting, and applving directional wave spectra.
that is. one sea trial consisting of five davs of data acquis
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non in refatvely low sea states. A stanstcal approach o
use all sensors simultaneousty —airborme, shipborne, and i
st wave sensors—has peen proposed, wherein cach sensot
15 assigned a weight, which s computed atter an assessment
of errors based on staustical comparisons with a common
key sensor. A more complete account of the ke s avail
able as a ~aro publication [k~ t report, 1991,

It wave forecasts wie 10 become practical operationalty,
I see no way to avoid developing a noolinear algorithun tor
wave-current interaciions. As a portion of rrwix, direc-
ticnal spectra were measured in a strong current shear be-
tween the Labrado Current and the Gult Stream. A treak
wave was also measured in this area, close to a busy ship
route [Kjcldsen, "989]. The etfect of meandering on the
directional spectra is pronounced [Saeveraas et al.. 1988].
The rms crest-front steepness of the individual waves in the
time series s wel, correlated with the moments derived from
the wave spectra.

Wave forecasts and hindeasts have already been run, giv-
Ing rms crest-Iront steepness a5 a new wave parameter. From
here, the next step to prepare a forecast for plunging break-
ing waves i« casy and already under preparation, based on
data assimilation in real time trom satellites, with current
and wave data combined.

There is a need for improvement of in site measurements.
Within a recent Norwegian experiment in the North Sea,
some wave buovs capsized in 1 1-m significant wave heights.
In LEWEX some of the same buoys survived, but the mea-
surement scatter among them, even in low sea states, is 100
high.

The directional pattern of gravity waves obtained recently
in high sea states is different from the results obtained in
low sea states during tEWEX. RsG-1 and rse:2 have therefore
put much more effort in sea trials that took place before
and after LEWEN {see the articles by Nethercote and Kjeld-
sen in this issue]. During the traasit of the Tvdeman from
Europe to Newfoundland just prior to t¥wex, Deluis
[1988] performed a hindcast with two wave models using
viao [U.K. Meteorological Office} wind fields as input to
both models. There was a discrepancy of 40% between these
two models in their prediction of significant wave height
during a severe gale in the North Atlantic. With access to
several independently prepared national wave forecasts,
there exists an opportunity to prepare a weighted forecast
to be used for large-scale coordinated operations at sea, such
as search and rescue. At present, a one-hundred-vear design
wave is prepared for the offshore industry, using a hindcast
database from only one wave model. The use of a weighted
hindcast would be a considerable improvement.

The few days of measurements taken during tEwgx do
not provide an adequate basis tfor an assessment of wave
models. Longer-terin wave statistics based on full-scale mea-
surements are needed to perform a complete scientific valida-
tion of wave models. SwDE can be an important milestone
in this area. | agree with Susan Bales that we should develop
a standard set of ship response transfer functions from the
LEwEX data. Also, { would like to emphasize that we are in-
terested in safety at sea, due to the many accidents we have
had in Norway. Therefore, we are interested in the reliability
of the wave forecast. In such an evaluation, a long-term study
would reduce the discrepancies among the various models
that were evaluated in LEWEX.

predictange, and seny httfe onothe appheation owaould hike
nreauest, o behigh of thie ship designers, that more con-
suderation he given to the sery nafrow band of wanelengths
roqutred Tor stup dewien) pormalhy e the range ot 3o
130 1

Earreme Waves

DONEL AN Since o sinp people have ransed pomts of this

B

L

sort, would fike o mention something that struck me this
morming. Barchier e the week, we tathed about vanous
aspects o the physios that seem 19 be s short suppls - Dure
g M Buchlev's presentation. T was struck by anothe
thung that seems 10 me g hde surprising, 1 wonder whae
the theoreticians i partcutar think about u, that s, the ap-
pearance of these walls of water that are called “episodic
waves' or rogue waves. " They appear—at feast in the
records that 1 have seen reported, and the shup people van
correct me if 1 am wrong—1to occur i only one size, the
economy size, the really farge size. Evervthing that we knos
about waves suggests that all of these thangs should be
scaled, and so vou should be able 1o see sinular effects—
afthough vou would not notice them with the same degrec
of panic—on & vers much smaller scale i a sinular sea.
Does that strike vou as surprising” Does anvone want to
comment on that?

CKLEY: We have something of a parados here. First of all,

1 behieve that as far as the mechanics of nonlinear. energy
conserving waves is concerned, what Dr. Donelan suggests
regarding the scaling of episodic waves 1s correct. But as far
as observation at sea is concerned, 1 am not sure that such
waves will be observed in smaller-scale seas. The reason for
this 1s that | suspect the two types of episodic wave packets
[te., “three sisters’” and rogue waves} are nonlinear evolu-
tions of the steep, long-crested wave [see Fig. 2]. Both the
ship masters and Coast Guard officers whom | have inter-
viewed indicated that this “parent™ wave—most common
of the episodic tvpes——would be encourtered onhy if a storm
with central winds of at least 25 to 30 m- < was in the vicini-
tv {ship masters” comments] or if waves at least 6 m high
in a storm were being encountered [Coast Guard officers’
comments]. If my conjecture is correct, these wave types will
not be seen until the parent waves have been generated.
Given a seaway that is almost invariably short-crested,
how do we end up with a single, huge, long-crested wave?

BROWN: As Peter Kjeldsen has said, we clearly need better data
in large sea states. The topics of this symposium include
measuring., modeling, predicting, and applying. Most of the
emphasis so far has been on the measuring, modeling, and

Figure 2. Example of an unusually large fong-crested wave.
(Reprinted with permission of the American Bureau of Shipping.
Surveyor. May 1968. p. 23)
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The wave crest s pertectly straight. How does 1t grow trom
a group of short-crested waves 1o a huge, long-crested wave
just breaking on the top? There must be a mechanism tor
that wave to acquire energy; otherwise, it would not grow
taterally. There is apparently also a mechanmism, and i s
obvious in the photo [Fig. 2], for dissipating energy. Other-
wise, a large, short-crested wave would result. Visual ob-
servations of these waves also suggest that they may be
nondispersive, at least within an observer's field ot view,
The long-crested uniform height of the wave implies that
it evolved over a fairly long time, not brietly ax in the case
of a typical short-crested wave. The governing eguation
must account for simultaneous acquisition and dissipation
of energy, which is ditferent from the usual modeling of
conservative gravity waves.

Also, in some of the radar wave images {rom satelfites,
the waves are moderately long-crested, but every now and
then some are inclined 10 the general wave direction at fairly
sizable angles, perhaps 15° or 20°. Why?

HASSELMANN: If you warch from a plane flying over the

ocean, you also see waves going at a different direction from
what you expect. These can normally be explained away,
by a theoretician at least, as being just random Gaussian
fields that you would expect occasionally. But this freak
wave that you described-——have these waves really been
recorded quantitatively so that vou can get theoreticians up-
set, or are they just discussed in narratives?

BUCKLEY: There are several different types of storm-driven

waves. So-called episodic waves are those that visually stand
apart from the others in the sea. They are very clear, so
that observers have absolutely no trouble telling you about
them. You suggest they are part of a *‘random sea.”” but
believe me, these waves stand apart. The type shown in the
photo is the most common, as far as I know. Coast Guard
officers characterized them as occurring every seventh or
ninth large wave in a severe storm.

The other type are the so-called three sisters waves, a
group of three waves that intervene in the seaway. Two
Coast Guard officers told me you can see these waves com-
ing at an angle of about 30° from the dominant wave direc-
tion, with a distinct intersection between this group of three
and the other large waves in the sea. Waves of a similar
character have been observed to evolve from steep, long-
crested, regular waves as the result of nonlinear instabili-
ties [see Fig. 19 in Su et al., 1982]. The intersection was
described as ‘‘walking toward you.” These waves coming
in at an angle are also of an appreciably longer period than
the others. Ship radars have tracked these wave groups ap-
proaching the observers.

PHILLIPS: There is a lot to learn about waves. It is not impos-

sible that there are a few things of this kind still to be fearn-
ed. After all, it was only twenty years ago that we first realized
that a train of finite-amplitude waves was unstable. The
Benjamin-Feir instability was discovered fairly recently. And
there has been a lot of numerical work on the instability of
periodic waves. | would not be a bit surprised if there is not
some sort of ‘‘instabifity phenomenon,” or maybe you can
imagine something on a storm-size scale analogous to the
wavemaker developed by Ken Melville ity that changes its
frequency. There may be some combination of winds that
produces high-frequency waves, and then low-frequency
waves that converge at one point to give you a couple of
great big waves, The fact that it is long-crested suggests that
it comes from a distance. It is not a random local superpo-
sition or anything like that. If it is a real phenomenon, it

Resvarots Novids For Holor W0 Forgeaiin,

s probabby the result oF sonwthing tarh distant that sonie
how accumudated m this particadar ares

hinplhicaiv, | behieve wr ol ot these tongs 1ok ten
wie overy challenpme 10 oy 1o undersiad We Clearhy Jdo
nog wnderstand thent now

HASSEL MANN. Owen's desoniption sounds taghhh speculatne

Of course, we do not kpow what 1s, ~saowe st specakate
Let me speculate more comnservatinely. Mavbe these freah
waves do not presenthy comie out of vur muodels. But i s
guite possible that ¢ vou take the small-scale pustiness of
the wind into account—mistead of faving just the norn!
homogeneous Gaussian fields with a centasn, mavbe not vers
lurge, probabilits oF something drastic happening on i
smaller scale—vou can get a modulation of that Gaussian
fiedd. You suddeniy get o furge focal rmy expectation sal
ue. Then mavbe yvou could do sometinng m the way of
producing freah waves just by chance superposition. But
that 1s just pure speculation.

In the present models, what Bill Piercon was refernng
ta, and [ think it is quite true, i that we have not really
calibrated or tested the models with respect to the dissipa-
tion of swell over tong distances. The reason we have not
done that is that we do not have good data ar thiy point.
And, of course, Bill was also complaining about our dis-
persion of swell, which Liana Zambresky [this volume]
showed in wan, and we also saw in the ~asa model of
Dean Duffy [this volume}, which does excessively spread
the wave energies. On the other hand, 1 refrained from say-
ing anything about your previous technique. Bill, because
vou were doing the “*water sprinkler’” technique, which we
know is also not good. So what you really need is a model
which has a linear dispersion as the waves propagate. and
none of the presemt numerical schemes do thal. On the other
hand, looking at the errors that we have, we do not think
this dispersion problem is a major one at this point. Other-
wise, we would all be much more upset. It is very easy
quantify and understand. If you want 10 improve it, vou
Jjust go to a higher-order scheme, if vou think it is worth
the effort. So I do not think it is a big problem 10 do that.
But just to go back to what we used to use, the sort of pure
Lagrangian propagation, with a little bit of jumping around
from one grid point to another, does not have the right char-
acteristics for a spreading, finite-bandwidth wave packet.

PIERSON [added in proof}: The water sprinkler technique for

GsowMm did not originate with me. The method used in the
sowss can be easily applied to spherical coordinates. Waves
do not diffuse, they disperse,

HOLTHULISEN: Van Viedder {1983] [ooked at the statistics of

wave groups, and he did find that roughly every sixth or
seventh Is the highest wave. So there is observational evi-
dence that every sixth or seventh wave is the highest.

PIERSON [added in proof]: Extreme waves are difficult to un-

derstand. but they have been modeled. Cummins {1962},
Smith and Cummins [1964}, and Davis and Zarnick [1964]
created extremely high transient wave forms for the study
of ship motions. Unfortunately, the analysis tools and the-
oretical concepts at that time were inadequate. These tran-
sient waves are very nonfinear, and these techniques do not
appear to have been pursued by naval architects. Present-
ly. two laboratories in Canada and one in the United States
have produced extremely high breaking waves for various
purposes, but most of their results are not vet available in
the literature.
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Closing Remarks

PERRIE. Do vou think | can hope that ail these 11w\ obser
vations will be understood, so that it | change the was
model or introduce a new disstpation function, | can go
back to this data set and check @ with the buoy data and
all the observations and be able to understand whether |
have made an improvement or not?

What about the Geosat windy? 1 am very naive abow
how those are derived. Will they improve the wind tield?
What is the next step bevond this present comparison?

BEAL {added in proof]: The next step will be to produce a per-
manent record of the tEwry intercomparisons, including
accurate documentation of the measured and modeled xpec-
tra. But 1 really doubt that the 1ewix observations will
ever allow one to choose unambiguously which model is
superior. As Peter Kjeldsen has commented, a much longer
database 1s required. Geosat passes during (FwiN are
sparse, but should at least illustrate the spatial structure of
the wind field errors.

DONELAN: That opens an opportunity for me to raise a ques-
tion regarding the role of future remote sensing systems.
How can the planned sir< sar flight be coupled with the
European rrs-1 scatterometer 1o improve our understand-
ing of winds and waves over giobal scales?

JANSSEN: One could use the SiR-C SAR spectra in a wave as-
similation scheme, supplemented by the winds derived from
ERS-1, and show that they improve the wind analysis over
the ocean. This improved wind analysis should. in turn, im-
prove the wave field analysis.

DONELAN: This seems to be a good point to call it a day. |
believe Bob Beal has some closing remarks. Does anyone
on the panel have anything else?

PHILLIPS: | would like to thank Bob and the people who were
responsible for the local arrangements. They have done a
splendid job for all of us during these last three days.

BEAL: To the panelists and to the audience, | want 1o express
my appreciation for your many insights and candid criti-
cism. Your comments will be part of the record, and will
certainly influence the way we handie the data and the way
that we look at this problem in the vears ahead. An impor-
tant step, of course, will be to produce a written record of
the LEWEX results that can be reviewed by the wave com-
munity. At the very least, tEWEX has stimulated many new
ideas on how to conduct future open ocean experiments,
such as SWADE, the Ers-1 validation and application efforts,
and the SIR-C/ERS-1 wave intercomparison work. Perhaps
the most valuable contribution of 1.ewex will have been 1o
serve as a unifying force to bring together those who pre-
dict and measure ocean waves with those who must live and
operate in them.
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