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In 1985, The WAM Model Was Published - WAVEWATCH
» 18t detailed balance model — response to Hasselmann parametric attempt?
3 sourcetermsincluded (S, S Sy)

o Initially tuned to fetch laws and fully-devel oped constraints

E =m&®, fp = m, X"

where E=g’E,u™*, pr =uf u?, x=gxu”*
 Also, tuned to give reasonable results in various operational tests —

improving skill! (but 0G, 1G, 2G were good at this, too)

» Parameterization of S; (DIA) not very accurate even for simple spectra in deep water
» Model accuracies are evaluated using “global” statistics (slowly varying wind systems)
* No significant attention paid to detailed spectral dynamics
» Does not do well in narrow or slanting fetches and shallow water (coastal areas!
 WAM4 overpredicts wave heights in strong hurricanes (25-30%) N
* Models require basin specific tuning (deep) site specific tuning (shallow) -

Premise:
Under standing the processes that produce dynamic balances
within wind wave spectra can help us attain accur ate wave model
performance correct without continual “tweaking” viatunable
coefficients.




MOTIVATION FOR THISSTUDY ISNEED FOR ACCURATE
WAVESIN SHALLOW COASTAL AREAS
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Does Detailed Balance Wave M odeling M ean
Better Physics? (LCA)

Do detailed-balance source termsin existing 3G
models provide a reasonable representation of
observed spectral balancesin coastal areas?



How can we obtain some useful information on the wave
generation process for modeling?

Option 1. Run models and improve their performance via continued
calibrations — very site/basin specific

Option 2. Perform careful detailed-balance
field studies to define wind input and wave
breaking — “micro-scale studies’ very difficult
and subject to interpretation

Option 3: Examine similarity constraints on
wave processes ( energy flux balances)

ks - “macro-scale” studies — The balance within
el each domain provides unique information
on the physics governing the processes.

| guess my option came up “3”.



For many year s spectral shapes have been based on the
characteristics of their “equilibrium range’ Phillips (1958)

Pier son-M oskowitz (1964), JONSWAP, Toba (1973),

Donelan et al (1985), Resio et an(20Q4), $mitband Vincent (2004)

From observed spectra we can define
b=<>=<?F(k)k>>> or a,=<?E(f)f*>
Wher e the <> represents an average over the

equilibrium range. For dimensional consistency
we expect:

a _
b :7O(ua' Ug)g "

Whereu isavelocity term expected torelateto
wind speed



Range of parameters included in Resio et al. (2004) data sets.

0.39 <u/c, <6.65
0.7 <kgqh< very deep [kh>>1]
0.0004<H, ,/h<0.4

0.05<k H;(<0.41

Based on Zakharov (1999) Stokes Number has

some stringent limits on weak interaction theory
N = ka3 << 1 {narrow- banded}
(kh)

N(kh)*<< 1  {broad - banded}

Data are roughly within these limits



Note that these are
plotted on alinear
scale.

Risrelated to
Toba' s equilibrium
constant (velocity)

But what do data
show that the I3
values depend on?

Most assume that
[3:wind speed

Since the equilibrium
Range gets written as

E(f) :ugf*
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equilibrium range coefficient on relative depth



f> normalized Currituck Sound spectra

Stratified by B ™M =<(2p)*E(f)f*/g?)>
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0oa-  FAnormalized Currituck Sound Spectra
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Normalized spectra |
stratified by inverse
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New definition of peakedness | — E( fp)
For -4 spectra: <a,ug(2p)° >

F

rmme 001 | 03 Hov 2004 |
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Thisversion of peakedness
removes the extra exponential
function that wasin the f
Gamma parameter. It’stime
to move on to f# physics!
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Essentially all recent studies have shown that the tail of the spectrum
bifurcates at about f/f;=1.4-2.0 Below we see datafrom Long and Resio
(2004) study in Currituck sound for “slices’ at f/f;>2.
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Directional distribution observed by Wang and Hwang (2001)
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Fra. 10. The lobe angle (a, c) and the lobe ratie (b, d) of the bimodal distmibwton. In {a) and (b)), the directional resolution is degraded
to have 3 uniform resolution as done for the Fourier decomposition procedure. Solid curves: from pelynomial fiting (coefficients listed in
Tsble I}, and dashed curves: computed by D, . (). In (<) and (), the directional resolution is not degraded. The dashed-and-dotted curves
are computad from Eqs. (200 and (21). MNwmwerical results of Banner and Young (1994) on the effect of dissipation functions are shown with
stars: guadratic, trisngles: cubic, and square: quartic frequency dependsnce. Cuasi-steady wave field.



GOOD NEWS/BAD NEWS;

o Lots of data suggests that nature may be fairly well organized in terms
of the “self-smilar” patterns generated in wave spectra

 These self-smilar patterns are not reproduced by existing third-
generation wave models, i.e. we need to revisit the physics.




A smpleway to
understand the parameter
fo Isthat

85, (f)df =0

It also is where the net
Flux =0

Region | —all net energy
IS retained — integral of
wind input —dissipation
from O to f,

Region [| — must provide
energy into equilibrium
range
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In deep water, with

g = gravity

u=appropriate wind speed scale (u;c,)""”
f =freguency

E(f)0 g*uPf "
E(f)Ja.g°f>®

E(f)0a,guf

Dimensionally consistent formsfor the equilibrium
range



Theradiative transfer equation for wind waves:

ﬂE(ﬂft’Q) = ¢, NE(f a)+a S(f.q)

“ Accepted” representation for source terms

a S(f,9)=3,(f.q9)+S4(f.q)+S,(f.q)

wind dissipation nonlinear interactions

M ethod of deflnitlon of f,
02p

OOSnI (f ,q)dCIdf = O
00

Fluxes through the equilibrium range via Hassel mann/Zakharov
Note: These 2 forms have been shown to be exactly equivalent —
There are no tunable coefficients for these interactions

Lb?
S ]




Any net external source term inside the equilibrium range MUST create
adivergencein S

TG e _ x L b’
.”Ef = 0S.(f.0) +Sx(f,q)dg » o
How certain arewe(t)hat the lopeis“0” for f4
n 2
Using Student’st aly- ¥y
test we have -
b=b'tt, o2

JxZ- /)& »?

b=0+0.14 (95% confidenceinterval)

Indicates that net external source inside equilibrium range is only about
10% of net external source inside Region ||



Rate of extraction of energy from the wind is given by [Lighthill, 1962)]

_:r

E duw> fu dz Where u,w are the horizonta
qt a qt And vertical wind components
0

This extraction rate can be related to the curvature of the wind profile

I ﬂ—u»r‘ ﬂ—<hW>

o qt 1z

And the total rate of energy and momentum loss from the atmosphere
can be written as

1 —
te=ad,, =—r L (z)

4 7 U'(z)

Thisin turn yields the conventiona form for the Miles wind input

S.(f,9)0 b, ,E(T,q)f cos(q - q,q)

Where hisasmall
displacement

WG



MEAN AIR FLOW

WATER SURFACE /

MEAN WATER FLOW

Flow field in air passing over waves “visualized” from smoke
Injected into a laboratory flume. Frame of reference is moving
with the phase speed of the spectral peak. Note that the “cats eyes’
are shifted with respect to the wave crests.

For infinitessmal waves the Orr-Sommerfield instability theory
provides a reasonable approximation for monochromatic waves,
but what about the air-flow above wave spectra



In this case we no longer have a vortex force concentrated exactly at a
critical matching height, but instead have a guasi-resonant interaction

i W5 (2)
(hw) =1lim "

sin(2wt) 1 O

_plu(z)- c]
W =
L

In this form we expect the approach to a delta function to be of the

typical exponential form
e &n)*  Or for frequency-

S.(f,q)0 b E(f,q)f, s direction input

2ps,
e (s,n)? N (549

" J20s,, \/2ps

S.(1,9)0 b E(T,q)f




In this case, the rate of extraction of momentum will be

) (54n)? ) (549
P E(f,.q)f
M total (ﬂjln ( q) p\/ZpSn \/2qu

If we choose the power of u/cin S, to be

dfdg

We have for the total rate of momentum transfer
2
u°c
p

9

t M;,, - total

Which is consistent with the power law in the relationship between
Dimensionless energy and dimensionless fetch being approximately 1



For the case of wave breaking, if thereislittle or no wind input
Into the equilibrium range, and if we no longer assume that we must
Force wind input and wave breaking to balance at “full-development”
we can allow S to operate primarily at high frequencies- where it
Must provide an energy sink that balances the flux of energy past f
Wozul d this create a change spectral shape — >, k3?

ooSds(f q)dfdg =G;_ [,

d

For as mpI e approximation within a model we can use a relaxation
Toward a parametric (dynamic) “saturation” limit

& aeE(f)oo
Su(fa)0- gl T oo 5B (F.0)

| mportant note for shaqmw water — existing breaking concepts do
not maintain a k-2 spectral balancein shallow water.
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But what about the need for wave breaking to “exactly”
balance the sum of wind input and nonlinear interactions
In the spectral peak region at full development?

The concept of full devel opment
has been a mainstay of the wave generation paradigm
for over 50 years?

Does this mean it’sreal?
Some data suggests that although the rate of energy growth

slows down, the peak frequency continues to propagate
Into lower values, but at a decreasing rate.



If spectra continue to evolve, what should they
look I1ke? What are the model consequences?
Comparison of front portion of wave spectra (frequencies below

The traditional P-M cutoff) to the constant action (inverse) flux
form [the f-1¥/3 form first shown by Zakharov (1966, 1982)]

14F
12F

1k

Corctant Adtion FluneForm

fn.a :
06 F

0.4 F

0.2k

I:I B I L

Note: Thisisa“work in progress’ and will be the focus of a subsequent paper



We may need a new
spectral region added
to thisfigure.

Asc, approachesthe
limit of effect feedback
from the Miles input,
the form/rate of wave
generation will be
drastically effected —
but will continueto
develop asymptotically
slower creating an
f-1Y3 form (Zakhar ov
range) at frequencies
lessthan the PM limit.
H will continue to grow
much along thelines
of what theWWw 3
model has been tuned
to do.
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Scaling for nonlinear interaction in > spectra
Si()ast, "G (f/f)
Scaling for nonlinear interaction in 4 spectra

S, (f)0 b3f IG,(f /)

Scaling for nonlinear interaction in -+ spectrawith Resio-Long
energy level coefficient

S, ()0 (Ue,)’G,(f /1)

Total momentum transfer rate into spectrum and fluxed

Through equilibrium range Same form as wind input so

u2c self similar shapeisareal
t, 0—2" Possibility — even in shallow
" g water — since shape of eq range

IS controlled by Snl.



Summary of Problemsin DIA

Sampling Is Inadequate to represent S, in even
simple spectra

In spectra with angular shear, the representation is
very bad

Herterich and Hasselmann scaling in SWAN type
models is not applicable to shallow coastal areas

Does this mean SWAN type models cannot be tuned
to work OK — no, but is does mean that SWAN
does not have “better physics’
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How well is S, approximated? Deep-water = DIA

— x10°%

For SlmplespeCtra_nOt We” -_;;‘l 10T T r VvV T rrrrr T T T
For complex spectra— very badly E s | v 7 |
For shallow water — even worse a -
o 0:-61 =
Shallow-water approximation ° 0.t i
Modified DIA - rx o
L SN .
Sn|(f,Q):R(|Zh)S¥(f,CI) ’ = =
— -0.2 4+ -
RKR) =1+ 22 (1- 2y exp(- 1.25) L |
X 6 =0, V) 2
X:3_kh —U.Er": \".1 .:f :
4 g f T
Problem: 4 to 20 sample points 08T ]
are used to represent integral over — 1;.{,}1%1:.““:1%1_
3D volumerequiring O(10%) points 0 0.2 0t 0.6 08 1.
for accurateintegral (R& P 1991) - FREQ [Hz]

Selection of “dominant” points depends EXACT CALCULATIONS
on shape of spectrum. —~—— DISCRETE INTERACTION APPROXIMATION



SML, 109

COMPARISON OF DIA AND EXACT SOLUTION
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Not a comparison
Of DIA —but of
deep full solution
versus scaled full
sol ution.

Frame 001 | 03 Jun2004 | WRTL Bolzmann Code R esuks - fp=0.100
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Scaled source term for T,
Scaled S 10 sec. JONSWAP spectrum
in 18 meter depth compared
Actua S, to actual computed values.
(k,h=.995)

0.1 0.15 02
frequency(hz)




ame 001 | 03 Jun 2004 | WR TL Boltzmann Code R esukts - fp=0.080 Theform of Snl in

Scaled source term for T 12 sec. SWAN cannot provide
B JONSWAP spectrum in 10 meters the self-smilar
: Compared to actual computed values. evolution in spectra
: " (k,h=0.55) shape observed in
e 4% aed 5, nature.
;ff \ o o
ok = o Thisisakey aspect

of the total energy
balance in waves
i\ / approaching a beach

\ / Actual S,

dE(Hctm**2)

fe— Without this term
W correctly specified,

. .. ;
\/But models such as SWAN are  [empirical tuning of

o
—
| T e, I | ) ! P | I | I | ) e P |

s often applied for kh valuesthat ~ [PH 04 SOUree
. termsisrequired to
sall o dne ol n TN ST o e tis achieve the energy
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'“"‘%;/ With this additional )

R source term | think we

sssnamaans | Ccan squeeze the last of

the bias right out of
our results!!!

L /

But can we get -
this new
concept to
wor k without
undue
tweaking?

Test:

fg>>f,

proportion of momentum into waves (Rl and RI11)= 10%,
frequency rms=0.25, and

angle rms=20°



Simulated relationship between dimensionless energy and
Dimensionless fetch compared to JONSWAP equation

Frame 001 | 01 Nov2004 |
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Simulated relationship between dimensionless peak frequency and

dimensionless fetch compared to JONSWAP equation
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Simulated normalized spectral (f4) shape
using New source terms

Frame 001 | 28 Oct 2004 |

Note: This spectral
balance will retain

a k>2form in shallow
water .

4L

s With no tunable coefficients

SN the Snl term from first

principles attains very reasonable
energy levelsin theeq. range.
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Simulated location of lobes relative to mean direction
using new source terms
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Simulated lobe ratio as a function of relative frequency based on
new source terms
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Alves-Banner source terms could only achieve lobe ratio of
about 1.4



Simulated lobe ratio at 41‘Io based on new source terms

Frame 001 | 28 Oct 2004 |
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Simulated lobe ratio at 4fp based on WAM4 source terms

Frame 001 | 06 Nov2004 |
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Loberatio isonly about 1.12



Simulated directional distribution of energy at spectral peak
using new source terms

Frame 001 | 28 Oct 2004 |
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Isistimeto moveto a new paradigm for wave generation?

«Conceptsof fully developed seasin 3G modelsrequire breaking
In the spectral peak region — Recent evidence suggests that
actual spectra may continueto evolve significantly past the PM limit.

eConcepts of distributed wind and wave input do not
duplicate the frequency-direction characteristicsin observed spectra.

e Snl in existing 3G models cannot replicate near shor e wave physics
due both to a lack of capability to represent complex spectra and
theincorrect scaling of Snl in shallow water

 Detailed-balance conceptsin contemporary models need to be
re-thought for coastal applications




CONCLUSIONS

 Detailed balance characteristics of spectral shape
should be used to rigoroudly test model performance

» Detalled-balance is not sufficient to argue better physics.

e A somewhat different set of physics than that embodied
In existing 3G models appears to be more consistent
with observed shapes and is being developed into a new

model. Three remaining challenges:
1. New Snl in arbitrary depth
2. Asymptotic development past PM limit
3. Replace source terms in SWAN-type model

— ;
L. Y







