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AB STRACT

The pa ram e ters in nu mer i cal wave mod els need to be cal i brated be fore a model can be ap plied to a spe cific re gion. In this

study, we se lected the 8 most im por tant pa ram e ters from the source term of the WAVEWATCH III model and sub jected them to

sen si tiv ity anal y sis to eval u ate the sen si tiv ity of the WAVEWATCH III model to the se lected pa ram e ters to de ter mine how

many of these pa ram e ters should be con sid ered for fur ther dis cus sion, and to jus tify the sig nif i cance pri or ity of each pa ram e ter.

Af ter rank ing each pa ram e ter by sen si tiv ity and as sess ing their cu mu la tive im pact, we adopted the ARS method to search for

the op ti mal val ues of those pa ram e ters to which the WAVEWATCH III model is most sen si tive by com par ing mod el ing re sults

with ob served data at two data buoys off the coast of north east ern Tai wan; the goal be ing to find op ti mal pa ram e ter val ues for

im proved mod el ing of wave de vel op ment. The pro ce dure adopt ing op ti mal pa ram e ters in wave sim u la tions did im prove the

accuracy of the WAVEWATCH III model in comparison to default runs based on field observations at two buoys.
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1. IN TRO DUC TION

For sev eral de cades, nu mer i cal wave mod els have been

an in te gral part of weather pre dic tion at weather fore cast

cen ters around the world. Ma jor me te o ro log i cal agen cies

now rely on so-called third-gen er a tion wave mod els such as

WAM or WAVEWATCH III (WW3). In these mod els, all

phys i cal pro cesses de scrib ing wave growth and de cay are

parameterized ex plic itly. There fore, there are many em pir i -

cal or tun ing pa ram e ters in the for mu las of mod els, and the

set ting of these pa ram e ters greatly in flu ences the re sults of

model sim u la tion. Con se quently, it is im por tant to first de -

ter mine the most in flu en tial pa ram e ters and then find their

optimal values so as to improve model outcomes.

Sen si tiv ity anal y sis (SA) (Saltelli et al. 2000) was cre -

ated to deal sim ply with un cer tain ties in model pa ram e ters.

Since its de vel op ment, SA has been used widely in many

fields. Gu and Li (2002) adopted SA to eval u ate river tem -

per a ture vari a tions in re sponse to changes in hy drau lic and

me te o ro log i cal con di tions. Vachaud and Chen (2002) an-

 alyzed a large-scale hydrologic mod el ing prob lem us ing

sensitivity the ory. Nagai (2002) per formed SA of a new at -

mo sphere-soil-veg e ta tion model set ting on sur face fluxes.

Lamoureux et al. (2006) used SA to iden tify which fac tors

had a greater ef fect on pond tem per a ture. These ef fec tive

ap pli ca tions of SA sparked our in ter est in adopt ing the SA

method for our wave model para met ric test in or der to in -

crease the ac cu racy of our model.

In this pa per, we first an a lyze the WW3 to de ter mine

which of the model’s many pa ram e ters most in flu ence the

model. We then con duct sen si tiv ity anal y sis on these para -

meters to rank them by sen si tiv ity; i.e., to which of the

selected pa ram e ters is the model most sen si tive. We then ap -

ply the adap tive ran dom search (ARS) method (Törn and

Zilinskas 1989) to de ter mine the op ti mal val ues of the most

im por tant pa ram e ters. Fi nally, the re sults of our anal y sis are

used to run the WW3; and a three-way com par i son is made

be tween ac tual buoy ob ser va tions, our model, and a de fault

run of WW3 (us ing de fault pa ram e ter set tings) for coastal

wa ters off north east ern Tai wan.
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2. PA RAM E TERS SE LECTED FROM THE WAVE

MODEL

2.1 The WW3 Model

WW3 (Tolman 2002) pre dicts the evo lu tion in the two-

 di men sional phys i cal space x and time t of the wave ac tion

den sity spec trum F of the wavenumber k and di rec tion q as

F(k, q). This model was se lected for our study be cause of its

in vari ant char ac ter is tics with re spect to the phys ics of wave

growth and de cay for vari able wa ter depths. The net source

term S con sists of four parts: (1) a wind-wave in ter ac tion

term, Sin; (2) a non lin ear wave-wave in ter ac tion term, Snl; (3) 

a dis si pa tion (white cap) term, Sds; and (4) a wave-bot tom in -

ter ac tion term, Sbot (e.g., Shemdin et al. 1978):

S = Sin + Snl + Sds + Sbot (1)

How ever, WW3 in cor po rates many em pir i cal and tun -

ing pa ram e ters that may or may not have im por tance from

the stand point of the phys i cal pro cesses that this model is

meant to de scribe. As a re sult, to im prove upon de fault runs

of the model, it is im por tant to se lect those pa ram e ters that

are most in flu en tial over the model and then test the sen -

sitivity of the model to these se lected pa ram e ters. The pa ra -

m e ters to be se lected are de fined in the for mula of the

source term.

2.2 De scrip tion and Se lec tion of Pa ram e ters

2.2.1 Non lin ear Wave-Wave In ter ac tions Term

Non lin ear wave-wave in ter ac tions can be mod eled us -

ing dis crete in ter ac tion ap prox i ma tion (DIA, Hasselmann et

al. 1985). Non lin ear in ter ac tions oc cur be tween four wave

com po nents (qua dru plets) with wavenumber vec tors k1 th -

rough k4. For these qua dru plets, the con tri bu tion, dSnl, to the

in ter ac tion for each dis crete (fr, q) com bi na tion of the spec -

trum cor re spond ing to k1 is cal cu lated as:

(2)

where F1 = F(fr, 1, q1), etc., dSnl, 1 = dSnl(fr, 1, q1), etc., g is the

ac cel er a tion of grav ity, and C is a pro por tion al ity con stant.

Non lin ear in ter ac tions are cal cu lated by con sid er ing a li -

mited num ber of com bi na tions (lnl, C). De fault val ues in

DIA for dif fer ent in put dis si pa tion are quite dif fer ent.

There fore, C was one of the se lected pa ram e ters here.

For mula (2) is de vel oped for deep wa ter, us ing the ap -

pro pri ate dis per sion re la tion in res o nance con di tions. For

shal low wa ter, the wave ex pres sion is scaled by the fac tor D:

(3)

where kd kd k k       = = æ
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. $ , $ , k is the wave num ber,

d is the mean wa ter depth, and c1, c2, c3 are de fault values

for the con stants (Hasselmann and Hasselmann 1985).

The shal low wa ter wave cor rec tion of Eq. (3) is valid for

in ter me di ate depths only. For this rea son, the mean rel a tive

depth kd is not al lowed to be come less than 0.5 and it can

be re set by the user in the in put files of the model.

2.2.2 Wind-Wave In ter ac tion Term and Dis si pa tion
Term

In this study, the in put source term is adopted from

Chalikov and Belevich (1993) and Chalikov (1995). How -

ever, dur ing test ing of a global im ple men ta tion of WW3

including this source term (Tolman 2002), it was found that 

its swell dis si pa tion due to op pos ing or weak winds was

severely over es ti mated. To cor rect this de fi ciency, a fil -

tered input source term is used. It is de fined as:

(4)

where b is a nondimensional wind-wave in ter ac tion para -

meter, f is the fre quency, fp is the peak fre quency of the

wind sea com puted from the in put source term, Si is the in -

put source term, and Xs (0 < Xs < 1) is a re duc tion fac tor for

Si, which is ap plied to swell with neg a tive b only (de fined

by the user). cs rep re sents a lin ear re duc tion of Xs with fp

pro vid ing a smooth tran si tion be tween the orig i nal and the

re duced in put. There fore, Xs is one of the se lected para -

meters here.

Test re sults of these source terms in a global model im -

ple men ta tion (Tolman 2002) sug gested that the wind speed u

can be re placed by an ef fec tive wind speed ue. In Tolman

(2002), the fol low ing ef fec tive wind speed is used:

(5)

(6)

(7)
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(8)

where ST is a bulk sta bil ity pa ram e ter, Ta, Ts, and T0 are the

air, sea, and ref er ence tem per a ture, re spec tively, and uh is the 

wind speed at h m height. Fur ther more, f1 £ 0, c1 and c2 have

op po site signs and f2 = f1c1 / c2. The de fault pa ram e ter co set -

ting can be re de fined by the user in the pro gram in put files.

2.2.3 Wave-Bot tom In ter ac tion Term

Wave-bot tom in ter ac tion has to be con sid ered in a shal -

low wa ter en vi ron ment. Here, us ing the no ta tion of Tolman

(1991), it can be written as:

(9)

where G is an em pir i cal con stant, which can be re de fined

by the model in put files, and n is the ra tio of phase ve loc ity

to group ve loc ity.

2.2.4 The Spec tral Shape of the Source Term

Due to the max i mum change in ac tion den sity, DNm is

de ter mined from a para met ric change of ac tion den sity DNp,

and a fil tered rel a tive change DNr.

(10)

(11)

(12)

(13)

where Xp, Xr, and Xf are user-de fined pa ram e ters in the

source term in te gra tion scheme, a is a PM (Pierson-

 Moskowitz) en ergy level, and kmax is the max i mum dis crete

wavenumber.

Sum ma riz ing the above anal y sis of the source term, the

fol low ing pa ram e ters were se lected to con duct sen si tiv ity

anal y ses and seek op ti mal ini tial val ues for the model: co in

Sin, rep re sent ing a di rect wind cor rec tion; C in Snl, be ing a

pro por tion al ity con stant; kd in Snl, be ing the mean rel a tive

depth; Xs in Sin, be ing a re duc tion fac tor dur ing op pos ing or

weak winds; G in Sbot, be ing an em pir i cal con stant; Xp, Xr,

and Xf, be ing the user-de fined con stants dur ing sim u lated

action den sity.

3. SEN SI TIV ITY ANAL Y SIS FOR THE

PA RAM E TERS

3.1 Sen si tiv ity Anal y sis and the Ob jec tive Func tion
Eval u a tion In dex

Gen er ally, SA is used to of fer in for ma tion on the ac cu -

racy of or er rors in model re sults. It shows how model re -

sponse re sults in slight changes to pa ram e ter val ues dur ing

sim u la tion. Here, we pro pose a method by which SA can be

used to an a lyze the sen si tiv ity of the model to the se lected

pa ram e ters. These sen si tiv i ties are then used to rank the se -

lected pa ram e ters.

To an a lyze the sen si tiv ity or er ror of a time se ries from

the re sults of the de fault run and the sim u la tion run for

model per for mance, this study adopts ob jec tive func tion

(OBJ) as an eval u a tion in dex to de ter mine the sen si tiv ity of

the pa ram e ters. In this sec tion, the sim u la tion run is de fined

as each pa ram e ter in creases at a fixed ra tio, for ex am ple,

±10%, ±20%, and ±50%, to the de fault value as an in put in

the model. Hence, there are six sim u la tion runs for each

para meter. The grid point of the model out put is close to the

buoy sta tion used to gather ac tual ob ser va tions. The fi nal

OBJ of each pa ram e ter is cal cu lated us ing the av er aged

value of the dif fer ence in the model re sults be tween the de -

fault run and the sim u la tion run af ter run ning the six si -

mulations. The OBJ is de fined as:

(14)

(15)

where Oi is the time se ries of the out put of the de fault run,

Mi is the time se ries of the re sult of the sim u la tion run, N is

the num ber of the time se ries, WTi is the weight ing co ef fi -

cient, and O  is the av er age of the time se ries of the de fault

run. The smaller the value of OBJ is, the lesser the er ror be -

tween the de fault run and the sim u la tion run will be. In this

pa per, we use OBJ anal y sis to de ter mine the sen si tiv ity of

each se lected pa ram e ter. We also use the re sults of OBJ

anal y sis in a lat ter sec tion to dis cuss er rors in sig nif i cant

wave height and mean wave pe riod for both the win ter

mon soon and Ty phoon Dujuan.

3.2 Ob jec tive Func tion Anal y sis Us ing the Data of
Tai wan ese Wa ters

In or der to cal cu late sen si tiv ity in the model, ba sic data

for the pe riod 1 No vem ber to 15 De cem ber 2003 (win ter

mon soon) was used to drive the model. In this case, the do -

main of the model cov ers lon gi tude 100 to 145°E and lat i -

tude 0 to 45°N, with a 0.5° grid res o lu tion in lon gi tude and
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lat i tude (Fig. 1, in set map). The do main of the wind field

data also cov ers the same re gion with a 0.5° grid res o lu tion

at 1-h res o lu tion. Two cor re spond ing buoy sta tions (Long-

 dong and Hualien) are also shown in Fig. 1.

The sen si tiv i ties of the eight pa ram e ters (co, Xp, C, Xs, G, 

kd, Xf, and Xr) se lected for this study by OBJ for the two ded -

i cated buoy sta tions are shown in Ta ble 1. The nor mal ized

OBJ of each pa ram e ter is shown in Fig. 2. The re sults re veal

that the most sen si tive pa ram e ter is co, which re p re sents a di -

rect wind cor rec tion. The re sults also in di cate that the sen si -

tiv ity dis crep ancy for each pa ram e ter is large.

Us ing the sen si tiv i ties of the eight pa ram e ters shown in

Ta ble 1, we now de ter mine the cu mu la tive er rors that oc cur

in the model as a re sult of chang ing the se lected pa ram e ters.

We start by us ing the pa ram e ter to which the model is most

sen si tive, a di rect wind speed cor rec tion (co). In this anal y -

sis, co changes, first, from the de fault value by a fixed ra tio of 

±10%, ±20%, and ±50% for each model sim u la tion. The

other seven pa ram e ters are kept at their ini tial de fault val ues. 

We then sum the dif fer ence be tween the de fault run and the

model out come for each run con tain ing a new value for co.

The cu mu la tive er ror for the six runs is 1.949, which rep re -

sents the sen si tiv ity in dex in the model for the pa ram e ter co.

Next, we per form the same anal y sis us ing the first two

ranked pa ram e ters from Ta ble 1; i.e., co and Xp, which gave a

cu mu la tive er ror of 2.012. The fi nal re sults of all se lected

pa ram e ters for the buoy sta tions at Longdong and Hualien

are shown in Ta ble 2.

The nor mal ized cu mu la tive av er aged er ror is shown in

Fig. 3. It is up to 99% for the four pa ram e ters co, Xp, C, and

Xs. This means that model re sponse is very sen si tive to these

four ma jor parameters.
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Fig. 1. Do main of model and buoy sta tions: 1, Hualien; 2, Longdong.

Fig. 2. Nor mal ized OBJ of each pa ram e ter.



4. SEARCH ING FOR THE OP TI MAL VAL UES OF
SE LECTED PA RAM E TERS

4.1 Adap tive Ran dom Search

Adap tive Ran dom Search (ARS) is a tool (Törn and

Zilinskas 1989) that can be used for ob tain ing re gional op ti -

mal val ues us ing the mac ro cosm search method.

The ob ject of the ARS is to find the op ti mal value of a

model pa ram e ter; i.e., a pa ram e ter value that ex hib its the least

er ror be tween the sim u la tion run and the de fault run. First, it is 

as sumed that any de fault pa ram e ter is a cen ter point along a

lin ear axis with spe cific pos i tive and neg a tive units as the up -

per and lower bound aries (Fig. 4). The ini tial value of the

model pa ram e ter is taken as one-tenth of the value be tween

the lower bound ary and the up per bound ary; for ex am ple:

ini tial value = (up per bound ary – lower bound ary) ´

[1 + (10%)i], i = 1, 2, …9 (16)

The min i mum er ror can be found be tween the sim u la -

tion run and ob ser va tion. At this point, the orig i nal de fault

value is re placed by this new value, which cor re sponds with

the min i mum er ror as the cen ter point. Next, the same pro ce -

dure again finds the op ti mal value, thus lo cat ing the sec ond

dig i tal value of this new de fault value. Fi nally, by re peat ing

this pro ce dure sev eral times, we can find the fi nal, op ti mal

value for this model parameter.

4.2 De ter min ing the Op ti mal Val ues of the Most
Im por tant Pa ram e ters

In the case of Tai wan ese wa ters, Tai wan’s sub trop i cal

lo ca tion in the west ern Pa cific means that the north east

mon soon brings high or even huge waves to the north east -

ern coastal wa ters of Tai wan. By ap ply ing the ARS met -

hod, we hope to find the op ti mal val ues of the model pa -

ram e ters that best de scribe wave be hav ior dur ing the win -

ter mon soon. The fi nal re sults of the op ti mal val ues for co,

Xp, C, and Xs (i.e., those pa ram e ters to which the model is

most sen si tive) in north east ern Tai wan ese wa ters are listed

in Ta ble 3.

5. VER I FI CA TION OF THE MODEL SIM U LA TION

To ver ify the ac quired op ti mal val ues of the model pa -

ram e ters (Ta ble 3) we need to test the model in Tai wan ese

wa ters. This study adopts the win ter mon soon and ty phoon

Dujuan for the model sim u la tions. The ex per i men tal pe ri ods 

are from 20 to 29 Feb ru ary 2004 and from 30 Au gust to 3

Sep tem ber 2003 for the win ter mon soon and ty phoon Du -

juan, re spec tively, us ing wind-field data at 1-h resolution

(Cen tral Weather Bu reau of Tai wan).

Fig ures 5 and 6 show the re sults of the time se ries of

the model sim u la tion for the Longdong buoy sta tion in the

win ter mon soon. Fig ures 7 and 8 show the re sults for the

Hua lien buoy sta tion in the win ter mon soon. In the di a -

grams, the dots, solid line, and dashed line rep re sent buoy

ob ser va tions, de fault sim u la tion, and ex per i men tal sim u la -

tion, re spec tively. The re sults from Figs. 5 and 7 re veal that

wave height from the ex per i men tal sim u la tion is more ac -

cu rate than that of the de fault sim u la tion. Whilst, the re -

sults from Figs. 6 and 8 in di cate that the mean wave pe riod

from the ex per i men tal sim u la tion is slightly better un der

the de fault sim u la tion.
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Fig. 3. Nor mal ized cu mu la tive er rors of the pa ram e ters.

Fig. 4. Di a gram of the search ing range of the ARS method.



Fig ures 9 and 10 show the re sults of the time se ries of

the model sim u la tion for the Longdong buoy sta tion dur ing

ty phoon Dujuan. Fig ures 11 and 12 show the re sults for the

Hualien buoy sta tion dur ing ty phoon Dujuan. In the di a -

grams, the dots, solid line, and dashed line rep re sent buoy

ob ser va tions, de fault sim u la tion, and ex per i men tal sim u la -

tion, re spec tively. The re sults from Figs. 9 and 11 re veal

wave height from the ex per i men tal sim u la tion is more ac cu -

rate than that of the de fault sim u la tion. Sim i larly, the re sults

from Figs. 10 and 12 in di cate the mean wave pe riod from the 
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Fig. 5. Hs time se ries at the Longdong data buoy in the win ter mon soon.

Fig. 6. Tm time se ries at the Longdong data buoy in the win ter mon soon.

Fig. 7. Hs time se ries at the Hualien data buoy in the win ter mon soon.

Fig. 8. Tm time se ries at the Hualien data buoy in the win ter mon soon.

Fig. 9. Hs time se ries at the Longdong data buoy in ty phoon Dujuan.

Fig. 10. Tm time se ries at the Longdong data buoy in ty phoon Dujuan.

Fig. 11. Hs time se ries at the Hualien data buoy in ty phoon Dujuan.

Fig. 12. Tm time se ries at the Hualien data buoy in ty phoon Dujuan.



ex per i men tal sim u la tion is more ac cu rate than that of the de -

fault sim u la tion.

The OBJ er rors from the ex per i men tal and de fault sim u -

la tions are listed in Ta bles 4 and 5. The er ror in for ma tion and 

the model sim u la tions in di cate that the model is much im -

proved for the ex per i men tal sim u la tion of Hs, which adopted 

the op ti mal val ues of the pa ram e ter. In other words, this

study im proved ac cu racy in mod eled wave height, but did

not im prove ac cu racy equally as well for the wave pe riod.

One rea son for this might be that the wave spec trum over es -

ti mated the high fre quency and un der es ti mated low fre qu -

ency dur ing wave-growth calculations (Lee et al. 2006).

pa ram e ters re vealed by sen si tiv ity anal y sis are: co (a di rect

wind cor rec tion), Xp (a con stant of the PM wave spec trum), 

C (a pro por tion al ity con stant), and Xs (a re duc tion fac tor

dur ing op pos ing or weak winds).

Af ter rank ing each pa ram e ter by model sen si tiv ity, we

adopted the ARS method to search for the op ti mal val ues of

those four pa ram e ters to which the model is most sen si tive.

This was achieved by com par ing mod el ing re sults with ob -

served data at two buoys de ployed at Longdong and Hualien

off north east ern Tai wan.

The ac cu racy of wave sim u la tions us ing op ti mal val ues

for the se lected pa ram e ters de rived in this study was greatly

im proved over the de fault runs at the two data buoys. How -

ever, the same can not be said for im proved ac cu racy in wave 

pe riod mod el ing. Here, slight im prove ment was ob served

for the sim u la tion of Ty phoon Dujuan but the win ter mon -

soon re sult was less con clu sive.
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6. CON CLU SIONS

This pa per pro vides a sys temic way to search for opti-

mal pa ram e ter val ues for im proved mod el ing of wave deve- 

lopment. The most in flu en tial pa ram e ters were se lected

from the source term of the WW3 and sub ject to sen si tiv ity

anal y sis and op ti mal value iden ti fi ca tion in or der to im prove

the ac cu racy of the model over de fault runs (i.e., model runs

us ing de fault pa ram e ter set tings) for coastal wa ters off of

north east ern Tai wan. Four pa ram e ters, the cu mu la tive in -

fluence of which was given at 99% of er rors, were found to

be the most im por tant fac tors in tun ing the WW3. These four
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