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Abstract Simulating hurricane-generated waves is a challenging task due to rapidly fluctuat- 
ing wind speed and direction, simultaneous presence of swells propagating out of the previous 
location of the hurricane and following/opposing waves on either side of the hurricane track, 
and dissipation in wind speed radially from the center of the hurricane. Bulk wave parameters 
have been investigated using the source term packages ST3, ST4 and ST6 implemented in the 
WAVEWATCH-III model to determine the most appropriate formulation for simulating hurricane- 
generated waves in the Gulf of Mexico. Based on the comparisons between model results and 
in situ observations during the passage of Hurricane Ivan (2004), it is shown that ST3 is not 
as successful as other formulations for hurricane wave modeling. Calibrated ST6 variant, T12, 
has shown to be the best formulation for simulating bulk wave parameters at points within the 
range of hurricane wind forcing; however, for the area beyond, and also during fair weather 
conditions, calibrated ST4 formulation, T471-Ex4, is recommended. Although T471-EX4 and T12 
packages outperformed other cases, they overestimated waves propagating in the oblique and 
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opposing wind. Dependence of ST6 parameter a 0 on wind and wave direction is examined to 
improve the model performance. 
© 2020 Institute of Oceanology of the Polish Academy of Sciences. Production and 
hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

hird generation wave models (e.g. WAVEWATCH-III 
 Brenner et al., 2007 ), WAM ( Hasselmann et al., 1988 )
nd SWAN ( Booij et al., 1999 )) have been extensively used
o study wind generated waves. Simulated bulk wave pa- 
ameters using these models were in fair agreement when 
ompared with observations during usual storm conditions 
 Allard et al., 2014 ; Beyramzade and Siadatmousavi, 2019 ;
an et al., 2009 ; Kazeminezhad and Siadatmousavi, 2017 ; 
oon et al., 2003 ; Phadke et al., 2003 ). The governing
quation for such models is the conservation of the wave 
ction which is also valid in the presence of surface current.
t is written as follows: 
∂N 

∂t 
+ ∇. C g N = 

S tot 

σ
(1) 

here C g is group velocity, N( k, θ ) = 

F ( k,θ ) 
σ

is action density 
pectrum, F is variance density spectrum, and σ is intrinsic 
requency. The variance density spectrum is a function of 
avenumber k , direction θ, time t and space x . The term
 tot represents all energy fluxes contributing to wind-wave 
volution ( Komen et al., 1996 ; Tolman et al., 2019 ; Young,
999 ), and can be written as follows in deep water: 

 in + S nl + S ds = S tot (2) 

here S in is atmospheric input, S ds is wave dissipation, and 
 nl is nonlinear wave-wave interaction. Each of these terms 
an be further partitioned into smaller scale processes 
 Ardhuin et al., 2010 ; Babanin, 2011 ; Babanin and West-
uysen, 2008 ). In general, waves grow when wind speed is
igher than the wave phase velocity. Mitsuyasu and Honda 
1982) noted that the growth of wind-induced waves also 
elates to the wave steepness and the ratio of the wave
hase velocity to the shear velocity. Belcher and Hunt 
1993) showed that wave growth is maximum when C P 

u ∗ ≈ 12 , 
here C P is phase velocity calculated using peak frequency 

f p . In the case when 
C P 
u ∗ > 15 , an opposing current is gener-

ted close to the surface, which inhibits wave growth. The 
rag force on waves increases the energy transfer from wind 
o wave. When wind and waves are in opposite directions,
he wind does not transfer its energy to the wave. During
uch conditions, dissipation of wave energy depends on the 
ave steepness and wave age; such that increasing the wave 
teepness increases the energy dissipation ( Hasselmann and 
ösenberg 1991 ; Mitsuyasu and Yoshida, 2005 ; Peirson 
t al., 2003 ). The rate of wind-induced wave growth dur-
ng following winds is estimated to be 6.9 to 12.6 times
hat of the attenuation rate during opposing wind ( Young 
nd Sobey, 1985 ). In addition, the dissipation is greater for
igh-frequency waves than low-frequency waves. Donelan 
1999) estimated the negative growth rate as 2.5 times 
maller compared to the positive wave growth in following 

ind. 
The interaction between wind sea and swells and their
rowth and dissipation under varying wind effects have 
een studied earlier ( Cheng and Mitsuyasu, 1992 ; Donelan
nd Pierson, 1987 ; Mitsuyasu and Maeda, 2002 ; Mizuno,
003 ). This interaction results in the dissipation of wind
ea, and the dissipation rate depends on the steepness of
well and the ratio of peak frequencies of swell and sea
aves. 
Based on the Australian Shallow Water Experiment, and 

n situ observations from the Lake George in Australia,
onelan et al. (2005) proposed a new approach for measur-
ng microscale pressure-induced oscillations above surface 
aves and concluded that wave breaking plays an important
ole in the momentum exchange between wind and waves. 
onsistent wave growth was observed when U 10 

C P 
= 5 . 1 ∼ 7 . 1 ,

ccording to Donelan et al. (2006) . They concluded that
he rate of wave growth depends on wave steepness, which
akes the input term a nonlinear function of the wave spec-
rum. Moreover, full air-flow separation occurred for strong 
inds, in which the airflow detached from the crests and
eattached on the windward face, leaving a separation zone
ver the leeward face and the troughs. As a result, a re-
uction in the wind input source function was required,
ompared to intermediate wind conditions. Babanin et al. 
2007) proposed that energy transfer from wind to waves 
ould be parameterized using the sum of a nonbreaking in-
ut term and an additional term to include enhanced energy
ransfer to breaking waves. 
The dissipation term includes wave-breaking, swell at- 

enuation and negative input under opposing wind con- 
itions. Negative wind input is considered as a negative
rowth rate in the wind input term ( Donelan et al., 2006 ).
he wave-breaking dissipation term included two mecha- 
isms; the first one is an inherent breaking dissipation,
hich occurs at or below the spectral peak frequency and
he second mechanism is a cumulative dissipative effect 
hich accounts for dissipation of short waves caused by
reaking of longer waves ( Babanin and Young, 2005 ; Young
nd Babanin, 2006 ). Babanin (2009) evaluated and further
alibrated the above-mentioned formulations. Zieger et al. 
2011) implemented these new wind input and dissipation 
ource terms in WAVEWATCH-III (hereafter WW3) and vali- 
ated against buoy measurements for wind sea-dominated 
onditions. Rogers et al. (2012) implemented similar formu- 
ations developed by Babanin et al. (2010) in SWAN model.
well dissipation is based on turbulent kinetic energy dissi- 
ation ( Babanin, 2011 ). For waves below a critical steepness
hreshold, wave-breaking and white-capping dissipation are 
nactive, and swell dissipation is the main dissipation mech-
nism. Zieger et al. (2015) and Babanin (2011) also param-
terized swell dissipation using wave generated turbulence 
 Ardhuin et al., 2009 ; Babanin, 2006 ; Babanin and Chalikov,
012 ). 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Various source term packages have been implemented
in WW3 including: WAM3 known as ST1 ( Komen and Hassel-
mann, 1984 ; Snyder et al., 1981 ), ST2 ( Tolman and Chalikov,
1996 ), WAM4 + known as ST3 ( Bidlot et al., 2007 ; Janssen,
1991 ), ST4 ( Ardhuin et al., 2009 ; Ardhuin et al., 2010 ;
Rascle and Ardhuin, 2013 ) and ST6 ( Babanin and Young,
2005 ; Donelan et al., 2006 ; Rogers et al., 2012 ; Young and
Babanin, 2006 ). A comparison study between ST6, ST2 and
T471 (An alternative of ST4) showed that wave height es-
timated by ST6 is slightly larger than waves estimated by
others packages due to its stronger growth rates ( Zieger
et al., 2015 ). It also produced a broader directional distri-
bution in wave spectrum at the peak frequency, particularly
when employed in combination with Discrete Interaction
Approximation (DIA) for S nl . Bi et al. (2015) reported that
ST6 slightly better estimate swell dissipation. They showed
that ST2 (ST6) overestimated (underestimated) wave en-
ergy in tropical and subtropical environments, and ST4 re-
sulted in the best agreement with NDBC-buoy data in the
Pacific Ocean. Christakos et al. (2020) investigated the per-
formance of different formulations of the SWAN model in
narrow fetch geometries and showed the overestimation of
wave height by ST6. Kalantzi et al. (2009) showed none
of ST1 and ST2 was able to appropriately simulate waves
in the presence of swells. Applying WW3 for Northern In-
dian Ocean, Umesh and Behera (2020) concluded that ST4
outperformed other formulations for simulating the wave
height. 

Although WW3 is known to produce bulk wave parame-
ters during hurricane conditions ( Hanson et al., 2009 ; Jiang
et al., 2010 ; Ortíz and Mercado, 2008 ; Padilla-Hernandez
et al., 2004 ), performance of different packages is not
similar. Liu et al. (2017) compared performances of ST2,
ST3, ST4 and ST6 against measurements for Hurricane Ivan
(2004). They found that ST2 was the least accurate formu-
lation while ST4 outperformed other formulations in simu-
lating wave height and wave period. Chao et al. (2005) have
simulated waves during Hurricanes Lili (2002) and Isidore
(2002). They specified that reduced drag coefficient, C d ,
was required to avoid overestimation of wave height dur-
ing extreme events as suggested by Powell et al. (2003) and
Donelan et al. (2004) . Zhao et al. (2011) implemented re-
duced C d in the model and reported better agreement with
in situ observations. 

Mentaschi et al. (2015) simulated wave height and
period using ST4 during severe weather conditions
over seventeen case studies in the northern Tyrrhe-
nian Sea and off the Mediterranean Spanish coast. The
model overestimated highest wave heights during storm
events but underestimated wave height at fair weather
conditions. 

High quality wind is required to have successful wave
simulation (e.g. Siadatmousavi et al., 2015 ; Siadatmousavi
et al., 2011 ). Long-term reanalysis wind data such as
the National Centers for Environmental Prediction (NCEP),
the European Centre for Medium-Range Weather Forecasts
(ECMWF), and the Cross-Calibrated Multi-Platform (CCMP)
might be used for wave simulations ( Brenner et al., 2007 ;
Cavaleri and Sclavo, 2006 ; Mazaheri et al., 2013 ; Moeini
et al., 2012 ; Signell et al., 2005 ). To avoid wave height un-
derestimation close to the hurricane eye, those datasets
might be blended with H 

∗wind (e.g. Siadatmousavi et al.,
2011 ) or to be modified using data assimilation (e.g. Lakshmi
H Kantha, 2000 ). 

Among all factors affecting the simulation results, select-
ing a suitable source packages in the wave model is one of
the key decisions given its non-linear relationship with hur-
ricane forcing conditions. In this study, hurricane-induced
waves in the Gulf of Mexico were simulated using WW3 dur-
ing Hurricane Ivan (2004). NCEP and ECMWF wind datasets
were evaluated to select the most suitable wind data dur-
ing the study period. Performance different packages were
evaluated by comparing model results with NDBC buoys as
well as satellite altimetry data. The parameters control-
ling the wave growth as well as opposing wind interaction
with waves during hurricane passages are fine-tuned in each
package. Unlike earlier studies (e.g. Liu et al., 2017 ), skill
assessment for all aforementioned packages were used af-
ter calibration. 

2. Wind input and dissipation source terms of 
WW3 

Several packages for wind input and dissipation terms are
available in WW3 version 6.07 as explained in the following
section. 

2.1. WAM4 + package (ECWAM) 

The wind—wave interaction source terms of WAM4 (here-
after ST3) are based on the wave growth theory proposed
by Miles (1957) and modified by Janssen (1982) . The wind
input source term is defined as follows: 

S in ( k, θ ) = 

ρa 

ρw 

βmax 

κ2 
e Z Z 

4 
(u ∗

C 

)
cos p in ( θw − θu ) 

σN ( k, θ ) + S out ( k, θ ) (3)

Z = log ( k Z 1 ) + 

κ[
cos ( θw − θu ) 

( u ∗
C + z α

)] (4)

Z 1 = α0 
τ√ 

1 − τw 
τ

(5)

U 10 = 

u ∗
κ
log 

(
Z u 

Z 1 

)
(6)

where ρa and ρw are the air and water densities; βmax is a
non-dimensional growth parameter; C is wave phase veloc-
ity; κ is von Karman’s constant ; u ∗ is friction velocity; σ is
angular frequency and p in is a constant controlling the di-
rectional distribution of S in ; θu is wind direction; z u is the
height at which the wind is specified and z α is a wave age
tuning parameter. Wave-supported stress τw is calculated in
the model based on the high frequency tail of the spectrum.
Several sets of values for these parameters are proposed in
the manual. The last term in Eq. (3) is the swell feedback on
wind input term, and it is calculated according to Janssen
(2004) as follows: 

S out ( k, θ ) = 2 s 1 κ
ρa 

ρw 

(u ∗
C 

)2 
[
cos ( θw − θu ) − κC 

u ∗log ( k z 0 ) 

]
(7)
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here s 1 varies from 0 to 1 to control this phenomenon. The
eneral form of the WAM4 dissipation term is as follows: 

 ds ( k, θ ) WAM = C ds ̄α
2 σ̄

[ 

δ1 
k 

k̄ 
+ δ2 

(
k 

k̄ 

)2 
] 

N ( k, θ ) (8) 

here C ds is a non-dimensional constant, and δ1 and δ2 are 
eight parameters, and k̄ and σ̄ are mean frequency and 
ean wave number. 

.2. Ardhuin et al. (2010) package 

rdhuin et al. (2010) proposed a package for wind input
nd dissipation (hereafter ST4 package) in which a posi- 
ive part of the wind input is taken from ST3, with an ad
oc reduction of u ∗ to balance a saturation-based dissipa- 
ion of waves. By reducing the wind input at high frequen-
ies, the drag coefficient C d reduces for high winds. The 
well feedback on wind input is also included according 
o Ardhuin et al. (2009) . A weighted combination of wave
issipation in viscous and turbulent boundary layers is em- 
loyed for S out ( k, θ ) ( Rascle and Ardhuin, 2013 ). The dissi-
ation term S ds is defined as the sum of three terms: (1)
he saturation based term which combines an isotropic part 
nd a direction-dependent part; (2) the cumulative break- 
ng term S bk,cu which represents the effect of long waves on 
hort waves; (3) the wave-turbulence interaction term S turb 

ds 
 Ardhuin and Jenkins, 2006 ; Teixeira and Belcher, 2002 ). 

.3. BYDRZ package 

n BYDRZ package (hereafter ST6) the term describing the 
nergy transfer from wind to waves has the following fea-
ures: (1) full air-flow separation that leads to a relative
eduction in wind input for conditions of strong winds and 
teep waves; (2) dependence of wave growth rate on wave 
teepness, which signifies the nonlinear behavior of the 
ind-input source function. Following Rogers et al. (2012) , 
his source term can be written as follows: 

 in = 

ρa 

ρw 
σγ ( k, θ ) N ( k, θ ) (9) 

( k, θ ) = G 

√ 

B n ( k ) W ( k, θ ) (10) 

 n ( k ) = A ( k ) N ( k ) σk 3 (11) 

 = 2 . 8 −
[ 
1 + tanh (10 

√ 

B n ( k ) W ( k, θ ) − 11 
] 

(12) 

he omni-directional action density N(k ) is obtained 
y integration over all directions, and A (k ) is defined

uch that A 

−1 (k ) = 

2 π
∫ 

0 
[ N( k, θ ) / N max (k ) ] dθ, where N max (k ) =

ax{ N( k, θ ) } , for all directions θ ∈ [ 0 , 2 π] ( Babanin and
olov’yev, 1987 ). The growth rate in Eq. (12) is parameter-
zed by Babanin (2006) as follows: 

 1 ( k, θ ) = ma x 2 
{ 
0 , 28 

u ∗
C 

cos ( θu − θw ) − 1 
} 

(13) 

 2 ( k, θ ) = mi n 

2 
{ 
0 , 28 

u ∗
C 

cos ( θu − θw ) − 1 
} 

(14) 

 ( k, θ ) = W 1 ( k, θ ) − a 0 W 2 ( k, θ ) (15) 
n fact, Eq. (13 —15 ) are used to produce appropriate direc-
ional distribution for the growth rate by considering fol-
owing and opposing wind fields. The relation between wind
peed and friction velocity is U 10 = 28 u ∗ ( i . e ., Y = 28 ) based
n Snyder et al. (1981) and Komen and Hasselmann (1984) .
ogers et al. (2014) and Liu et al. (2018) proposed employing
 10 = 32 u ∗ to improve model skills in estimating tail level. 
The dissipation in ST6 includes a threshold function ( T 1 )

nd the cumulative dissipation effect ( T 2 ) such that: 

 ds ( k, θ ) = [ T 1 ( k, θ ) + T 2 ( k, θ ) ] N ( k, θ ) (16) 

etails on the formulations of T1 and T2 can be found
lsewhere (e.g. Babanin, 2011 ; Babanin et al., 2007 ; Liu
t al., 2018 ). The swell attenuation mechanism might be
ctive even in the absence of wave breaking. Babanin
2011) parametrized this phenomenon based on the inter- 
ction of waves with oceanic turbulence as follows: 

 swl ( k, θ ) = −2 
3 

b 1 σ
√ 

B n N ( k, θ ) (17) 

here b 1 is a non-dimensional coefficient. 

. Data and method 

.1. Wind data 

ridded wind data for the study area were extracted from
he European Centre for Medium-Range Weather Forecasts 
ECMWF) as well as National Centers for Environmental 
rediction (NCEP) including the National Center for Atmo- 
pheric Research (NCAR) and The North American Regional 
eanalysis (NARR). Due to different temporal and spatial 
esolution of these datasets, they were evaluated to find
he most suitable data for wave simulations. The data from
CMWF/ERA5 dataset was obtained from a meteorological 
odel with ∼ 30 km spatial resolution and at one-hour in-
erval. NCEP/NARR model with ∼ 32 km resolution at 3-hour 
nterval was the other available source used for evaluation.
ind data were extracted for the period September 12th —
7th, 2004 during which Hurricane Ivan traversed across the
ulf of Mexico. Datasets were compared with hourly met-
ata from NDBC buoys deployed in the Gulf of Mexico (see
igure 1 a). 

.2. Bathymetry 

athymetry data were downloaded from the National Geo- 
hysical Data Center (NGDC, available online at http: 
/www.ngdc.noaa.gov/mgg/gdas/gd _ designagrid.html ). US 
oastal Relief Model Grids and ETOPO 1 1-minute Global Re-
ief Grid were used to interpolate depth at computational
ertices which were 1 8 ° apart in both spatial directions. 

.3. Remote sensing data 

ignificant wave height data derived from satellite altime- 
ry compilation is unique for model assessment due to its
patial coverage. Available satellite-derived wave height 
ata from ERS2, ENVISAT, TOPEX, JASON1 and GFO satel-
ites were downloaded from GlobWave dataset via ftp 
erver of the French Research Institute for Exploitation 

http://www.ngdc.noaa.gov/mgg/gdas/gd_designagrid.html
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Figure 1 (a) Track of Hurricane Ivan that made landfall along the northern Gulf of Mexico in September 2004 and NDBC buoy 
locations used in this study; (b) tracks of satellites measuring wave height for the study period. 

Table 1 Parameter values employed in the sensitivity analysis of the source term package. 

WW3-ST4 WW3-ST3 

Parameter T405 T471f T471 T471-EX1 T471-EX2 T471-EX3 T471-EX4 Parameter WAM4 BJA BID BJA-EX1 

β 1.55 1.33 1.43 1.55 1.75 1.82 1.78 s_1 0 0 1 1 

WW3-ST6 

Parameter T1(V4.18) T2 T3 T4 T5(V5.16) T6(V6.07) T7 T8 T9 T10 T11 T12 

a_0 0.04 0.04 0.04 0.09 0.09 0.09 0.14 0.14 0.14 0.16 0.13 0.11 
b_1 0.00025 0.0032 0.0041 0.00025 0.0032 0.0041 0.00025 0.0032 0.0041 0.0028 0.0044 0.0038 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of the Sea ( ftp://ftp.ifremer.fr/ifremer/cersat/products/
swath/altimeters/waves/data ). The satellite tracks and
wave height data during Hurricane Ivan are presented in
Figure 1 b. 

3.4. Hurricane Ivan 

Hurricane Ivan, the strongest hurricane of 2004, resulted in
widespread damage in the Caribbean and United States, and
reached Category 5 strength on the Saffir-Simpson hurricane
Scale. It was active during September 2nd—24th and passed
across the Gulf of Mexico during September 13th—16th. The
maximum wind velocity and minimum pressure at the center
of the hurricane were reported as 165 kts and 910 hPa, re-
spectively. Hurricane Ivan (2004) was selected for this study
because the hurricane track passed almost through the mid-
point of two NDBC buoys (42001 and 42002). The time pe-
riod from the entry of the tropical storm into the Gulf of
Mexico until its landfall along northern Gulf coast was se-
lected for the wave simulations. The hurricane track and
available buoys used for model validations (42001, 42002,
42003, 42019, 42039, and 42036) are shown in Figure 1 a. 

3.5. Numerical experiments with WW3 

In order to quantitatively evaluate different source terms
implemented in WW3, 23 test simulations were conducted
for the selected source term packages ST3, ST4 and ST6. The
parameter values selected for each test are summarized in
Table 1 . Tests T1 to T12 use ST6 package but with different
values for coefficients a 0 and b 1 that control the interaction
of opposing wind and swell dissipation. T405 , T 471 , T 471 f
are three sets of coefficients proposed in WW3 v6.07 for ST4
( Ardhuin et al., 2010 ; Rascle and Ardhuin, 2013 ). It is gen-
erally accepted that T471 works well at global scales with
ECMWF winds; however, would cause a serious known prob-
lem of a negative bias when H s > 8 m . Test T471 f corre-
sponds to a retuning of coefficients to force the model with
CSFR wind reanalysis from NCEP / NCAR ( Saha et al., 2010 ),
and has almost no bias up to H s = 15 m . The test T405 has
relatively higher wave growth parameter β when compared
to T471 and T471 f. The tests T471 − EX 1 to T471 − EX 4
are variants of the test T471 but with higher wave growth
parameter β. The last configuration was to employ ST3
using BJA, WAM4, BID and BJA-EX1 values for coefficients
among which BJA is the default setting. In all models, a
regular 0 . 125 °× 0 . 125 ° grid covering entire Gulf of Mexico
(18—31 . 5 ° latitude, 98 —79W ° longitude) was used. The fre-
quency increment factor, the first frequency, the number
of frequencies and the directions for all simulations were
set as 1.1, 0.0425 Hz, 30 and 36, respectively. The bulk
wave parameters such as wave height were calculated from
hourly wave spectra using frequency range 0.0425—0.5 Hz
to be consistent with NDBC buoys data. 

3.6. Statistical indicators 

In this study, Normalized Bias ( NBI ) and symmetrically nor-
malized root mean square error ( HH ) indices were used for

http://ftp://ftp.ifremer.fr/ifremer/cersat/products/swath/altimeters/waves/data
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Figure 2 Wind speed data from the NCEP/ NARR and ECMWF/ERA5 plotted with observations at NDBC buoy locations. 

m

N

H

w
s
t  

i
t
N
u

N

N

w
(  

d  

t
 

s  

l
s

4

4

A
w  

s  

v  

F  

s  

M
w  

b  

E
s  

w
s  

M  

i  

o  

r  

v  

m  

w  

T  

i

l  

a
w  

t  

f
m

4

F
W  

f  

d  

v  

a  

S  

p  

t  

s  

4  

b  

t  

t  

t  

c  

(

odel assessment. Their definitions are as follows: 

BI = 

∑ 

( S i − O i ) ∑ 

O i 
(18) 

H = 

√ ∑ 

( S i − O i ) 
2 ∑ 

S i O i 
(19) 

here S i and O i are simulation output and observations, re- 
pectively. The NBI index represents the mean error and 
he HH index proposed by Hanna and Heinold (1986) exam-
nes the scattering of simulated values. To compare the sta- 
istical data for wind and wave direction, normalized bias 
B I θ and n ormalized root mean square error NRMS E θ can be 
sed: 

B I θ = 

∑ 

mo d −π,π ( θSi − θOi ) 
2 πN 

(20) 

RMS E θ = 

√ ∑ 

[ mo d −π,π ( θSi − θOi ) ] 
2 
/N 

2 π
(21) 

here module operator (mo d −π,π ) indicates that if 
 θSi − θOi ) > π, the 2 π angle is subtracted from the angle
ifferences, and if ( θSi − θOi ) < −π, the 2 π angle is added
o the angle differences. 
Another useful way to examine how close the model re-

ults are with respect to the observations is to use the Tay-
or diagram. The Taylor diagram schematically plots RMSE, 
tandard deviation ( σ ) and correlation coefficient ( ρ). 

. Results 

.1. Quantitative evaluation of wind data 

 comparison between the ECMWF/ERA5 and NCEP/NARR 
ind data with measured wind velocity from NDBC buoys are
hown in Figure 2 . For better evaluation, the NBIAS and HH
alues for wind speeds are presented in Table 2 . As shown in
igure 2 , there is a good agreement between model and in
itu data of wind speed from the NDBC buoys in the Gulf of
exico. However, the NCEP/NARR data at the time of peak 
ind speed is slightly higher than the values measured at
uoys. As inferred from Figure 2 and NBIAS values in Table 2 ,
CMWF/ERA5 underestimated the wind speed at relatively 
low speeds (see 42001, 42003, 42019 and 42039 buoys),
hile NCEP/NARR model tends to overestimate the wind 
peed during high wind events, consistent with findings of
eissner et al. (2001) . Based on HH and NBIAS values, there
s a good agreement between all wind models and in situ
bservations (both for NDBC buoys data and satellite de-
ived wind from the entire Gulf of Mexico); however, HH
alues confirm a slightly better quality for the NCEP/NARR
odel from different buoy sites; hence, this data product
ould be suitable for simulating the wave fields. As shown in
able 2 , NCEP/NARR data are better than ERA5 in reproduc-
ng the wind direction also at different buoys. 

To further improve the model wind input, data assimi- 
ation has been employed using the NDBC buoy data. It is
n optimization process using statistical methods, based on 
hich the model data are modified using a weight func-
ion. This function is based on the distances of model points
rom the observations. In this study, optimal interpolation 
ethod was used according to Hasselmann et al. (1997) . 

.2. Model assessment for ST3 

our sets of parameters are used for ST3 assessments: 
AM4, BJA, BID and BJA—EX1. The BJA and BJA—EX1 dif-
er only in s 1 value. The coefficient s 1 is set to 1 when swell
issipation is considered and 0 otherwise. In Figure 3 , the
alues of S in , S ds and S tot at 42001 and 42003 buoys locations
re presented for 08:00 on September 15th. When f < f p ,
 in is only negative for BID and BJA-EX1 at 42001, while S in is
ositive in other tests at 42001 and 42003 buoys. Note that
he buoys 42002, 42001 and 42019 are located on the left
ide of the hurricane track and the buoys 42003, 42036 and
2039 are located on the right side of hurricane track. The
uoys on the left side of the Hurricane track experienced
he young swell waves generated earlier. So, the interac-
ion between wind sea and the swell caused a decrease in
he wave height. NBIAS calculated for wave height is de-
reased for BJA-EX1 when compared to BJA at those buoys
see Table 3 ). 
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Table 2 Statistical comparison of wind speed and direction from NCEP/NARR and ECMWF/ERA5 with observations at buoy 
locations. 

NDBC-42001 NDBC-42002 NDBC-42003 NDBC-42019 

ECMWF/ERA5 NCEP/NARR ECMWF/ERA5 NCEP/NARR ECMWF/ERA5 NCEP/NARR ECMWF/ERA5 NCEP/NARR 

U 10 HH 0.17 0.17 0.49 0.40 0.11 0.10 0.28 0.20 
NBIAS -0.04 0.03 -0.04 0.09 -0.04 0.05 -0.12 -0.06 

Dir NRMS E θ 6.46 3.03 10.43 8.30 2.79 3.31 5.09 4.81 
NBIAS θ 0.70 0.48 1.48 1.62 1.88 -1.02 1.37 0.82 

NDBC-42036 NDBC-42039 All buoys Satellite 

ECMWF/ERA5 NCEP/NARR ECMWF/ERA5 NCEP/NARR ECMWF/ERA5 NCEP/NARR ECMWF/ERA5 NCEP/NARR 

U 10 HH 0.12 0.17 0.16 0.15 0.22 0.20 0.23 0.20 
NBIAS 0.05 0.12 0.04 0.07 -0.03 0.05 -0.03 0.02 

Dir NRMS E θ 3.91 1.75 4.45 2.41 5.52 3.94 
NBIAS θ 3.14 0.82 3.93 1.92 2.08 0.77 

Figure 3 S in , S ds and S tot values for the buoys 42001 and 42003 at 08:00 September 15th, 2004. 

Table 3 Statistical parameters to evaluate H s using ST3 at some buoy locations in the Gulf of Mexico and satellite data. 

NDBC-42001 NDBC-42003 

BJA WAM4 BID BJA-EX1 BJA WAM4 BID BJA-EX1 

H s HH 0.25 0.27 0.23 0.26 0.12 0.15 0.11 0.12 
NBIAS -0.16 -0.18 -0.14 -0.18 -0.07 -0.11 -0.06 -0.07 

NDBC-42019 NDBC-42036 

BJA WAM4 BID BJA-EX1 BJA WAM4 BID BJA-EX1 

H s HH 0.33 0.33 0.36 0.35 0.13 0.15 0.13 0.13 
NBIAS -0.17 -0.19 -0.19 -0.21 -0.09 -0.12 -0.08 -0.09 

All buoys Satellite 

BJA WAM4 BID BJA-EX1 BJA WAM4 BID BJA-EX1 

H s HH 0.23 0.25 0.22 0.24 0.24 0.27 0.23 0.25 
NBIAS -0.14 -0.17 -0.14 -0.16 -0.20 -0.26 -0.19 -0.21 
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Table 4 Statistical parameters to evaluate H s using ST4 at some buoy locations in the Gulf of Mexico and satellite data. 

NDBC-42001 

T405 T471 T471f T471-EX1 T471-EX2 T471-EX3 T471-EX4 

H s HH 0.30 0.15 0.18 0.15 0.14 0.13 0.12 
NBIAS -0.24 -0.09 -0.12 -0.06 0.02 0.02 0.03 

NDBC-42003 

T405 T471 T471f T471-EX1 T471-EX2 T471-EX3 T471-EX4 

H s HH 0.20 0.08 0.09 0.09 0.14 0.14 0.13 
NBIAS -0.18 -0.03 -0.06 0.01 0.07 0.08 0.03 

NDBC-42036 

T405 T471 T471f T471-EX1 T471-EX2 T471-EX3 T471-EX4 

H s HH 0.23 0.12 0.13 0.12 0.12 0.12 0.12 
NBIAS -0.19 -0.05 -0.08 -0.02 0.03 0.04 0.05 

All buoys 

T405 T471 T471f T471-EX1 T471-EX2 T471-EX3 T471-EX4 

H s HH 0.31 0.19 0.21 0.18 0.18 0.18 0.17 
NBIAS -0.23 -0.10 -0.13 -0.07 -0.02 -0.01 -0.01 

Satellite 

T405 T471 T471f T471-EX1 T471-EX2 T471-EX3 T471-EX4 

H s HH 0.31 0.20 0.22 0.19 0.19 0.20 0.19 
NBIAS -0.34 -0.14 -0.18 -0.10 -0.05 -0.02 -0.03 
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When f > f p , the wind and swell interaction was negli-
ible at buoy 42001. The BID and BJA-EX1 formulations have 
ifferent wave age tuning parameter z α, which affects the 
pectrum for f > f p ; i.e. the S in in the BID is higher than
n the BJA-EX1. The dissipation term S ds in BJA, BID and 
JA-EX1 was similar for all frequencies. In contrast, the dis- 
ipation in WAM4 was greater across all frequencies which 
ecreases S tot and wave height. Comparison between simu- 
ation outputs and in situ data from NDBC- buoys and satel-
ite data are shown in Table 3 . The values of NBIAS indicate
hat all ST3 alternatives underestimated the wave height 
nd period. Also, NBIAS values on the left side of hurricane
s higher than values from the right side of the track. The
H values of the buoy data and the satellite data are also
lose to each other for all scenarios. The BID formulation
ad superior results to other ST3 alternatives. 

.3. Model assessment for ST4 

rom the variation of coefficients in ST4 variants, it can be
nferred that the parameter β was the most important cali- 
ration parameter. Based on the NBIAS values (see Table 4 ),
405, T471 and T471 f underestimated H s at almost all sta- 
ions. Therefore, by increasing β, the amount of input en-
rgy can be increased, which led to increase in the wave
eight. A Newton—Raphson method was used to find the 
est β value to minimize the mean HH at all buoys and
atellite data for wave height. The optimum value for β was 
stimated as 1.78 in T471-EX4, which also led to improved
 w  
BIAS values. The HH and NBIAS values at two buoys 42003
nd 42036 for T471-EX1 and T471-EX4 showed that an in-
rease in the β value from 1.55 to 1.78 led to increase in HH,
hich is unfavorable. Note that for buoys on the right side of
he hurricane, due to the absence of the wave decay mech-
nism like swell dissipation and opposing wind, increasing 
he β parameter results in fast grow rate for Hs. In con-
rast, the grow rate of Hs by increasing β is relatively slow
or buoys on the left side of the hurricane path such as 42002
nd 42019. In Figure 4 , the wave heights from model were
ompared with observations from 6 buoys during September 
2 to 17, 2004. 
The wave periods ( T m 02 ) at times of hurricane peak in

ll buoys were very close to NDBC data, while there are
ome differences in other times. Also, for the wave direc-
ion, whenever the angle between the wind and the waves
educed, the discrepancy between model and the measure- 
ents also reduced. 
The T405 formulation significantly underestimated the 

ave height throughout the domain. Buoy 42003 was close 
o the hurricane center and located on the right side of
he hurricane track; hence it experienced wave height as 
igh as 11.04 m at 01:00 on September 15th. The ST4 al-
ernatives, i.e. T471-EX4, T471-EX1, T471, T471 and T405 
imulated H s as 11.43, 10.92, 10.64, 10.25 and 9.04 m, re-
pectively. The wind input term ( S in ), dissipation term ( S ds )
nd the total source term ( S tot ) at 09:00 on September
5, the time period when hurricane eye was close to buoys
2001 and 42003, are shown in Figure 5 . Note that for T471,
hich differs from T471f only in β values, S in values were
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Figure 4 Comparisons of different tests in ST4 for calculating H s at buoys in the Gulf of Mexico during Hurricane Ivan. 

Figure 5 S in , S ds and S tot values for the buoys 42001 and 42003 at 09:00 on September 15 th , 2004. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

greater at buoys 42001 and 42003. At the same time, the
S ds values were also higher in T471 than in T471 f because
both input and dissipation terms were defined as a function
of the wave action spectrum N( K, t ) . Finally, the values of
S tot were slightly higher in T471 than in T471 f. This same
was true for T471-EX1 and T471-EX4. The β values in T405,
T471 f and T471 were 1.55, 1.43 and 1.33, respectively. The
S in values are expected to be larger in T405 than in T471 f
and T471 (see Figure 5 ). 

In contrast, as shown in Figure 4 , the Hs was higher
in all buoys when T471 test was employed. As shown in
Figure 5 , the values of S tot in T471 f and T471 are larger
than those in T405 while opposite was true for S ds . The
added negative values of S ds in T405 relative to T471 and
T471 f would ultimately reduce the S tot value relative to
T471 and T471 f. Therefore, the necessary condition for in-
creasing Hs is an increase in S in , but this condition is not
sufficient. Under certain environmental conditions and con-
sidering the coefficients that have been used in the model,
stronger dissipation effects might be forced in the model,
which would result in lower Hs. Since buoy 42003 was lo-
cated on the right of the hurricane track with relatively
larger wind speed, the S in values are higher in 42003 than
that in 42001. The same was true for S ds and S tot values
at these two buoys. Note that the S in was negative at 42001
at low frequencies (less than ∼0.1 Hz) and the peak value of
S in occurred at 0.15 Hz. In contrast, the S in values at buoy
42003 were always positive and the peak value of S in was
at low frequencies close to the peak frequency. The main
reason for this difference was the presence of young swells
at buoy 42001. The negative values of the swell dissipation
term, S out reduce the S in in presence of swells throughout
the spectrum. Therefore, if S out = 0 , the effects of the swell
waves are ignored, and in this case, S in value in buoy 42001
would have a positive value at all frequencies. 

Based on NBIAS values presented in Table 4 , the ST4
model with all selected configurations underestimated wave
height at almost all stations. Comparing T451f and T405 in-
dicated that β value is not the only important tuning param-
eter because the β value is higher in T405 than T451 f, but
underestimation was more evident in T405 than in T471 f at
all buoy locations. In other tests, increase in β value would
make up for the wave height underestimation. The HH val-
ues at two buoys 42003 and 42036 for T471 and T471-EX3
show that an increase in the β value from 1.55 to 1.82 led
to an increase in HH, which is unfavorable. Note that for
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Figure 6 S in , S ds and S tot value in the buoys 42001 and 42003 during 09:00 on September 15, 2004. 
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uoys on the right of the hurricane track, there is no ef-
cient wave energy dissipation mechanism like swell dissi- 
ation. Therefore, increasing β cannot be done without a 
imit. 

The NBIAS values in all tests were negative for T m02 ,
hich indicated that the model underestimated wave pe- 
iod in all tests of ST4. Increasing the β parameter improved
he HH for the peak period. In all T471 variants, HH values
ere larger for buoys located on the left side than the right
ide of hurricane track. The statistics were also almost sim- 
lar for NRMS E θ . Therefore, based on statistical parameters 
or 6 buoys and satellite data, TEST451-EX4 is the most suc-
essful configuration for simulating wave height, peak pe- 
iod and wave direction in the Gulf of Mexico. 

.4. Model assessment for ST6 

s mentioned in section 3.5 , twelve scenarios were consid- 
red for ST6 package in which a 0 in Eq. (15) (the effect of
pposing wind) and b 1 in Eq. (17) (the effects of wave dis-
ipation due to the presence of swells) were changed. In-
reasing the coefficients a 0 and b 1 resulted in decreasing 
ave height simulated by the model. The two-dimensional 
ewton-Raphson method was used to find the optimum val- 
es for a 0 and b 1 that would minimize the mean HH at all
uoys and satellite data for wave height. The best values 
or a 0 and b 1 were estimated in T12 as 0.11 and 0.0038,
espectively. 
The S in , S ds and S tot values at buoys 42001 and 42003 at

9:00 on 15 September are presented in Figure 6 . Increas-
ng b 1 in T5 and T6 from 0.0032 to 0.0041 increased S in 
t f p = 0 . 07 Hz in buoy 42001 by 15%; while it decreased
 ds and S tot by 35% and 19%, respectively. At buoy 42003, the
ncrease in S in was 6% at the peak frequency while decrease 
n S ds and S tot were 18% and 4%, respectively. It indicates that
hanging b 1 was more effective at buoy 42001. Negative val- 
es of S in for low frequencies at buoy 42001 were highly sen-
itive to a 0 values such that increasing a 0 would decrease S in 
alues. In contrast, it has negligible effects on S in at high 
requencies. Reducing a 0 values increased S tot , especially 
lose to the peak frequency. Changing the a 0 value has al-
ost no effect on S in , S ds and S tot at buoy 42003. The S in 
alues at this buoy were all positive due to a relatively small
ngle between mean wind and wave directions. 
Comparing T5 and T8 shows that increasing a 0 from 0.09

o 0.14 increases S in and S tot at buoy 42001 by 44% and 180%,
espectively and decreases S ds by 7%. It can be concluded
hat the opposing wind and the presence of swells would
ffectively decrease H s only at the buoys located on the left
ide of the hurricane track (e.g. buoy 42001). 
The time series of wave height, wave period and wave

irection showed that there is a fairly good agreement be-
ween the model and in situ observations (see Figure 7 ).
he ST6 packages were relatively less accurate for buoys 
2019, 42020 and 42039; most likely due to shallow water
rocesses. At all buoys, the overestimation was observed 
hen H s > 3 m , while the model underestimated the wave
eight during fair weather condition. 
The NBIAS values were relatively smaller in all tests for

uoys at the left side of the hurricane track. The buoys
2002 and 42019 were located beyond the radius of the hur-
icane effect ( R he ) , and NBIAS were negative. The HH val-
es are much lower for the buoys on the right side of the
urricane track than the corresponding values for the left-
ide buoys. For the right-side buoys, changing the a 0 value
as negligible effects on the results because of small an-
le between wind and wave. In contrast, for buoys on the
eft of the hurricane track, the results highly depended
n a 0 value. The T12 configuration has the best statistics
n terms of reproducing wave height during study period
gainst buoys and satellite data. Change in a 0 and b 1 co-
fficients had negligible effects on the wave direction and
eriod of the wave. 
The statistical parameters NBIA S θ and NRMS E θ presented 

n Table 5 show that error in buoys 42001 and 42003 are
arger than those in other buoys. The wave direction in the
uoys on the right side of the Hurricane Ivan (buoys 42003
nd 42036) varies between 50 and 250 °, while for the buoys
n the left side of the track (42001, 42002 and 42019), the
ange is limited to ∼70 °. The wave period was suddenly in-
reased on September 13 at buoys on the right side of the
urricane such as 42001, due to emergence of young swells
rom the previous location of the hurricane. As hurricane
oved toward north of the Gulf of Mexico, the swells also
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Figure 7 Comparisons between different tests in ST6 for calculating H s , T p and θw at buoys in the Gulf of Mexico during Hurricane 
Ivan. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

propagated, and the same trend in wave period was also
observed at other buoys such as 42019. 

4.5. Comparison of source packages in WW3 

The best configuration for each source package; i.e. BID,
T471-EX4 and T12 as well as BJA, T471 and T6 as de-
fault configurations of ST3, ST4 and ST6 source packages
were compared in terms of bulk wave parameters at buoys
and satellite data locations using the Taylor diagram (see
Figure 8 ). The Taylor diagram ( Taylor, 2001 ) effectively sum-
marizes statistical indices of correlation coefficient (CC),
RMSE, Standard Deviation (SD). Each configuration is pre-
sented by a unique symbol on each diagram correspond-
ing to different NDBC buoys. For buoys on the left of the
hurricane track (42001, 42002 and 42019), the lowest CC
corresponds to BJA (0.77) and the highest CC (0.94) corre-
sponds to T471-EX4 and T12. Also BJA has the largest RMSE
(1.10 m) while T471-EX4 showed the lowest RMSE (0.61 m).
For buoys on the right of the hurricane track (42003, 42036
and 42039), the lowest CC corresponds to BJA (0.90) while
T12 and T471-EX4 had the highest CCs (0.96 and 0.95). Also,
BJA had the largest RMSE (1.11 m) while T471-EX4 showed
the lowest RMSE (0.83 m). Therefore, T471-EX4 outper-
formed other configurations at buoys on the left of the hur-
ricane while T12 had the best performance at other buoys.
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Table 5 Statistical parameters for bulk wave parameters using different ST6 alternatives. 

NDBC-42001 

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 

HH 0.21 0.17 0.17 0.2 0.16 0.15 0.19 0.15 0.16 0.16 0.15 0.15 
H s NBIAS 0.17 0.09 0.08 0.13 0.06 0.04 0.09 0.03 0.04 0.05 0.03 0.04 

HH 0.13 0.13 0.13 0.13 0.13 0.13 0.12 0.13 0.12 0.13 0.13 0.13 
T m 02 NBIAS 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

NRMSE θ 9.76 9.93 9 9.57 9.2 9.05 9.52 10.15 9.68 9.64 9.69 9.62 
θw 

NBIAS θ 2.13 1.49 1.88 1.76 2.33 1.99 1.65 1.9 1.68 1.73 1.63 1.7 

NDBC-42002 

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 

HH 0.29 0.26 0.22 0.25 0.23 0.23 0.25 0.25 0.28 0.23 0.24 0.22 
H s NBIAS 0.18 0.07 0.04 0.07 -0.03 -0.06 -0.02 -0.1 -0.05 -0.05 -0.07 -0.06 

HH 0.15 0.16 0.16 0.16 0.15 0.15 0.16 0.15 0.16 0.16 0.16 0.16 
T m 02 NBIAS -0.09 -0.08 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.08 -0.08 -0.07 

NRMSE θ 3.8 3.82 3.67 3.76 3.74 3.68 3.75 3.86 3.78 3.77 3.78 3.77 
θw 

NBIAS θ 3.02 2.98 2.98 2.99 3.04 2.99 2.98 3.01 2.93 2.99 2.98 2.99 

NDBC-42003 

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 

HH 0.22 0.19 0.18 0.22 0.19 0.19 0.22 0.19 0.16 0.19 0.19 0.18 
H s NBIAS 0.18 0.13 0.11 0.17 0.12 0.11 0.17 0.12 0.12 0.12 0.11 0.11 

HH 0.16 0.16 0.15 0.15 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 
T m 02 NBIAS -0.13 -0.12 -0.12 -0.12 -0.13 -0.13 -0.13 -0.13 -0.12 -0.12 -0.12 -0.11 

NRMSE θ 6.94 7.17 7.04 7.06 6.89 7.01 7.11 7.03 7.18 7.09 7.13 7.1 
θw 

NBIAS θ -3.61 -4.1 -3.62 -3.84 -3.32 -3.55 -3.91 -3.87 -3.91 -3.91 -3.99 -3.93 

NDBC-42019 

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 

HH 0.29 0.27 0.27 0.25 0.25 0.26 0.24 0.27 0.35 0.25 0.26 0.25 
H s NBIAS 0.09 -0.02 -0.05 -0.03 -0.12 -0.14 -0.11 -0.18 -0.16 -0.14 -0.12 -0.14 

HH 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 
T m 02 NBIAS -0.13 -0.13 -0.12 -0.12 -0.13 -0.13 -0.13 -0.13 -0.12 -0.13 -0.13 -0.12 

NRMSE θ 2.28 2.26 2.29 2.27 2.32 2.3 2.27 2.27 1.95 1.91 1.91 1.91 
θw 

NBIAS θ 0.01 -0.11 -0.04 -0.08 0.1 -0.02 -0.1 -0.05 0.01 0.09 0.08 0.09 

All buoys 

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 

HH 0.24 0.21 0.21 0.22 0.2 0.2 0.22 0.21 0.22 0.2 0.2 0.19 
H s NBIAS 0.13 0.05 0.03 0.08 0.01 -0.01 0.04 -0.02 -0.01 -0.01 -0.01 -0.01 

HH 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 
T m 02 NBIAS -0.09 -0.08 -0.08 -0.08 -0.09 -0.09 -0.09 -0.09 -0.08 -0.08 -0.08 -0.07 

NRMSE θ 5.24 5.26 5.06 5.17 5.15 5.08 5.16 5.32 5.15 5.13 5.14 5.12 
θw 

NBIAS θ 0.88 0.55 0.73 0.67 1.02 0.8 0.61 0.75 0.62 0.68 0.63 0.66 

Satellite 

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 

HH 0.25 0.25 0.24 0.25 0.24 0.24 0.26 0.25 0.25 0.24 0.24 0.23 
H s NBIAS 0.09 -0.03 0.01 0.05 -0.01 -0.03 0.03 -0.03 -0.07 -0.02 -0.03 -0.01 

T
(  

(  

f
p  

r
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f  
aylor diagram for satellite data during this time period 
 Figure 8 c) shows that T471-EX4 and T12 have the largest CC
0.97, 0.96) and the lowest RMSE (0.70, 0.56 m). The per-
ormance of all configurations were comparable for wave 
eriod ( Figure 8 d) but T471-EX4 was slightly more accu-
ate than other configurations. In sum, T471-EX4 showed 
he best performance for simulating wave height under hur-
icane Ivan condition. 
The distribution of mean NBIAS and HH values at all buoys

or different wave height range and wave period are illus-
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Figure 8 Taylor diagram for H s at buoys on the right of hurricane track (a), from buoys on the left of hurricane track (b), from 

satellite data (c) and T 02 at all buoys (d), in the Gulf of Mexico during Hurricane Ivan. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

trated in Figure 9 . When H s ≤ 3 m , which includes about 70%
of the data during study period, the T471-Ex4 has the least
underestimation of Hs. The T12 formulation overestimated
the wave height when H s ≥ 3 m , while T471-Ex4 formula-
tion underestimated the wave height in all ranges. HH val-
ues show that when H s < 6 m , T471-EX4 was the best config-
uration while T12 outperformed other configurations when
H s > 6 m . 

The model was more successful in reproducing wave pe-
riod for long waves than for short waves. When T m02 < 2 . 5 s ,
T471-EX4 was more successful while for T m02 ≥ 2 . 5 s , the T12
option was the best. Therefore, to simulate wave height
and wave period under hurricane conditions and at particu-
lar points located within the radius of the hurricane effect
( R he ) , T12 is recommended. For fair weather conditions and
also for the area beyond R he during hurricane conditions,
the T471-Ex4 is more appropriate. 

5. Discussion 

5.1. Effect of following and opposing wind fields 
during a hurricane passage 

Wind and wave directions are almost aligned in the right
front quarter of an advancing hurricane; while they are
in reverse alignment on the left side of the track. The
difference between the wind and wave directions can
be evaluated using the relation proposed by Donelan
et al. (1997) and Holthuijsen et al. (2012) where θuw =
min ( | θu − θwp | 360 ◦ − | θu − θwp | ) . Using this definition, there
is wind sea (hereafter WS) or following swell (hereafter
FS) when θuw ≤ 45 °, cross swell (hereafter CS) when 45 °
< θuw < 135 ° and opposing swell (hereafter OS) when
θuw ≥ 135 °. Liu et al (2017) divided CS into two parts: with
θuw ∈ [45 °, 90 °] (hereafter CSP ) , and with θuw ∈ [90 °,
135 °] (hereafter CSN). 

In Figure 10 , rotating wind velocity vectors around the
hurricane eye at 09:00 on September 15 is shown when hur-
ricane path was directed to 325 °N. The highest wind speeds
occurred in the NE quadrant where the most extreme waves
were generated. A blue symbol shows the eye of hurricane
at this time, and the red symbol shows location of eye at
earlier hours. Blue curved lines indicate locally generated
wind seas at current time and red curved lines indicate
young swells generated a few hours earlier from southeast,
from the previous of the hurricane. FS occurs where red and
blue lines have the same direction of propagation (NE of
eye), CS occurs where red and blue lines are perpendicular
to each other (NW and SE of eye) and OS occurs where red
and blue lines are in opposite direction (S of eye). At this
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Figure 9 The column chart of the NBIAS and HH values for comparing H s and T 02 in tests BJA, BID, T471, T471-EX4, T5 and T12. 

Figure 10 Wind/wave characteristics of Hurricane Ivan at 
09:00 UTC on September 15 in the Gulf of Mexico. Blue arrows 
show wind vector, A blue symbol and red symbol indicate the lo- 
cation of an eye of the hurricane at this time and earlier hours. 
Blue curved lines and red curved lines indicate wind sea and 
young swells. Purple circles are the locations of buoys 42001 
and 42003. 
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ime, buoy 42003 experienced FS and buoy 42001 experi- 
nced CF cases. 
Figure 11 compares the time series of direction of wind 

nd wave from 6 buoys while hurricane Ivan was active in
he Gulf of Mexico. For the left side buoys, the direction
f wind and wave are close together until a certain time.
hen the hurricane would pass by the buoy locations, the
ifference in direction of wind and wave would increase and 
he buoys located on left side of hurricane experienced CS 
nd OS cases. In contrast, for the right side buoys, the di-
ections of wind and wave were almost the same, and most
ften, these buoys experienced FS and CS case. 
.2. Wave attenuation d as a function of wind and 

ave directions 

t is clear from Eq. (13) and Eq. (15) that the wave growth
epends on the wave age and the difference between the
ind and wave angles, such that W is equal to the sum of
he following wind effects W 1 and the opposing wind effects
 2 . Donelan (1999) investigated the wave growth in labo-
atory conditions and proposed the following equation for 
alculating the wave growth: 

( f ) = s 
(
U λ/ 2 /C ( f ) − 1 

)∣∣U λ/ 2 /C ( f ) − 1 
∣∣ (22) 

 = 

{ 

0 . 28 f or U λ/ 2 /C ( f ) ≥ 1 
0 . 11 f or U λ/ 2 /C ( f ) < 1 

(23) 

here U λ/ 2 is the wind speed at the height of one-half of
he wavelength λ, C is the phase speed, s is the so-called
heltering coefficient. For U ( λ/ 2 ) /C( f) < 1 , the sheltering co-
fficient was estimated for swells travelling exactly under 
pposing winds i.e., OS and no information for CS case was
resented. Note that s values in Eq. (23) implies that the
ate of wave growth is 0 . 28 0 . 11 ≈ 2 . 5 times as high as the wave
ttenuation. Donelan et al. (2012) proposed another set of
heltering coefficients for γ using University of Miami Wave 
odel that considered the angle between wind and wave 
irection. 

( f ) = s 
(
U λ/ 2 /C ( f ) cos ( θuw ) − 1 

)∣∣U λ/ 2 /C ( f ) cos ( θuw ) − 1 
∣∣

(24) 

 = 

⎧ ⎨ 

⎩ 

0 . 11 f or U λ/ 2 /C ( f ) cos ( θuw ) ≥ 1 
0 . 01 for 0 ≤ U λ/ 2 /C ( f ) cos ( θuw ) ≤ 1 
0 . 10 f or U λ/ 2 /C ( f ) cos ( θuw ) ≤ 0 

(25) 

ence, the attenuation rate of CSN and OS 
when U λ/ 2 /C( f) cos ( θuw ) ≤ 0) and CSP when 
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Figure 11 Comparison of wind and wave direction time series at buoys in the Gulf of Mexico during Hurricane Ivan. 

Figure 12 Effect of a 0 value on wave steepness, wave age and W at buoys 42001 and 42003. 
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( 0 ≤ U λ/ 2 /C( f) cos ( θuw ) ≤ 1 ) are 0.91( 0 . 10 / 0 . 11 ≈ 0 . 91)
and 0 . 01 / 0 . 11 ≈ 0 . 09 of the growth rate of OS (when
 λ/ 2 /C( f) cos ( θuw ) ≤ 0) . Such variation should be included

in the a 0 value in the model. 
In contrast, a fixed value is suggested for a 0 in ST6 for-

mulation. To address this problem, five values of 0.04, 0.11,
0.14, 0.20 and 0.4 were tested for a 0 in combination with
constant value of b 1 = 0 . 0038 . In Figure 12 , the values of

 , the wave steepness H s /L and wave age C p / U 10 for buoys
42003 and 42001, corresponding to different a 0 values, are
presented while the Hurricane Ivan traversed through the
Gulf of Mexico. At buoy 42001, W was positive in the first
part of the diagram; i.e. energy was transferred from the
wind to the wave. As the hurricane approached and passed
close to the buoy at 09:00 UTC September 15, the W value
became negative for all a 0 values, indicating dissipated
wave growth and energy transfer from the wave to the wind.
At buoy 42003, when the storm passed close to the buoy,
cos (θuw ) was a positive value and W was significantly in-
creased as a result of increasing the ratio of wind speed to
the wave speed, and decreasing the angle between wind
and wave. The dimensionless parameters of wave steepness
H s /L, and wave age C p / U 10 are used to determine the nature
of the sea state. Thomson et al. (2013) divided the ocean
waves into four modes according to the wave steepness as
H s /L = 0 . 080 − 0 . 025 for the wave sea, H s /L = 0 . 025 − 0 . 01
for young swell waves, H s /L = 0 . 01 − 0 . 004 for mature swell
waves, and H s /L = 0 . 004 for old swell waves. The wave age
can also be employed to define the sea condition when
C p / U 10 ≤ 1 . 2 , and swells when C p / U 10 > 1 . 2 ( Alves et al.,
2003 ; Pierson and Moskowitz, 1964 ) . Hence, waves at buoy
42001 were generally considered older than the waves at
buoy 42003, and the wave steepness was relatively lower.
Also, about 85% of the waves at buoy 42003 were wind sea
and the remaining 15% were combined sea and swells oc-
curred on September 17. In contrast, 48% of the waves at
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Figure 13 Scatter plot of model H s during Hurricane Ivan in FS, CS, and OS cases against observations. 

Table 6 Statistical parameters to compare H s in T12 and a new model ST 6 m at buoys locations in the Gulf of Mexico and 
satellite data. 

NDBC-42001 NDBC-42002 NDBC-42003 NDBC-42019 

ST6 m ST6 ST6 m ST6 ST6 ST6 ST6 m ST6 

HH 0.17 0.18 0.20 0.19 0.16 0.16 0.23 0.22 
NBIAS 0.05 0.06 -0.02 -0.01 0.10 0.10 -0.10 -0.09 

NDBC-42036 NDBC-42039 All Buoys Satellite 

ST6 m ST6 ST6 m ST6 ST6 ST6 ST6 m ST6 

HH 0.18 0.18 0.15 0.14 0.19 0.18 0.23 0.22 
NBIAS 0.10 0.10 -0.04 -0.03 0.02 0.01 0.02 0.01 

locations in the Gulf of Mexico and satellite data. 
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uoy 42001 were a combination of swell and wind sea. It is
oted that when the Hurricane Ivan was close to the buoys,
ue to rapid increase of wind speed relative to the wave
hase speed, the wind sea dominated the sea state. At both
uoy locations changes were fairly similar until 04:00 on 
eptember 13; however, at buoy 42001, the wave age was 
uddenly increased due to presence of young swells and the
ave steepness reached a value less than 0.025 thereafter. 
t buoy 42003, the increase in wave age was low, and the
resence of young swells was not noticeable in the wave 
teepness. 
Appearance of more young swell at buoy 42001 than buoy 

2003 can be justified as follows: the young swell was pro-
uced under the influence of the Hurricane Ivan even before
t reached the buoys. Considering the angle of hurricane 
rack (325 °) and the high wave phase speed compared to
he hurricane translation velocity ( ∼10 vs. ∼4 m/s), these 
aves would reach buoys 42001 and 42003 much earlier than
rrival of hurricane eye. The larger distance of buoy 42001 
elative to buoy 42003 from the track of Hurricane Ivan 
enter results in lower steepness of propagated waves at 
uoy 42001; hence, it experienced young swell from 10:00 
eptember 13 to 10:00 September 14. The same occurred 
or buoys 42002 and 42019 during later hours. The change
n the coefficient a 0 did not affect the wave steepness and
ave age; while increasing a 0 would decrease the wave 
teepness and wave age at buoy 42001. 

.3. Numerical experiments to assess model 
erformance with variable a 0 

s mentioned in section 5.2, a constant value is used for
 0 in WW3. During the passage of Hurricane Ivan, all buoys
n the Gulf of Mexico experienced the FS, CSP, CSN, or OS
ases at different time periods. On the other hand, differ-
nt a 0 values were used in different experimental setups 
resented in Table 1 . Therefore, to select the best value for
 0 for all different cases, hourly model results at buoy lo-
ations during study period were classified as FS, CSP, CSN,
r OS cases. It can be showed that ∼19% of the waves were
S case, ∼66% were CSP case and 15% were CSN case. The
catter plot of model results using T12 formulation at all
DBC buoys are presented in Figure 13 for different a 0 val-
es. The SI and NBIAS indices indicate that changing the pa-
ameter a 0 has no effect on the wave height in the FS case.
he best statistics for CSP occurred when a 0 = 0 . 2 ( SI = 20%
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and NBIAS = 0 . 02) whereas for CSN or OS case in which
a 0 = 0 . 11 ( SI = 25% and NBIAS = 0 . 02 m ) was the optimum
value. It implies that by increasing the angle between the
wave and wind, it is necessary to use a smaller value for a 0 .
By drawing the best fit-line from three values of a 0 = 0 . 11 ,
0 . 20 and asymptotic value of 0 . 25 according to Figure 13 ,
a general exponential relationship can be deduced as a 0 =
max { 0 . 04 , 0 . 134 exp [ 0 . 62 × min (1 , U 10 C cos ( θuw )) ] } . 

Implementing the proposed equation for a 0 in the source
of the WW3 led to a new source term package ST 6 m . A
comparison between the NBIAS and HH results of the wave
height for ST 6 m and T12 are shown in the Table 6 . For the
buoys located on left side of the hurricane path that experi-
enced CS and OS cases, wave height values were increased
because the ST 6 m uses a lower value of a 0 . In contrast, al-
most no change was seen at buoys on the right of the hur-
ricane track. Overall, use of a more suitable value for a 0 in
the ST 6 m configuration improved the model performance.
The statistical indices both for NDBC buoys and satellite
data show superior performance of ST 6 m than ST6-T12 for
wave height. More improvement in results are expected for
slow moving hurricanes such as Hurricane Isaac (2012) than
Hurricane Ivan (2004) because of longer CS and OS periods. 

6. Conclusions 

Turbulent sea state and other fluctuating physical condi-
tions during the passage of a strong hurricane, such as rapid
change in wind speed and direction, make hurricane model-
ing a challenging test for different source packages in WW3.
In this study, NCEP/NARR wind data for hurricane Ivan were
used after implementing a data assimilation. Several vari-
ants of ST3, ST4 and ST6 packages were employed to assess
the model performance against in situ data from NDBC buoys
as well as satellite data. The important findings of this re-
search are summarized as follows: 

• Comparing the wind data extracted from NCEP/NARR
and ECMWF/ERA5 with NDBC buoys data and satellite
data show that NCEP/NARR slightly overestimated the
wind speed, while ECMWF/ERA5 underestimated it. Sta-
tistical indices showed slightly better performance of
NCEP/NARR in the Gulf of Mexico. 

• Among ST3 alternatives, the BID configuration had supe-
rior results due to inclusion of the swell parameter s 1 .
The HH and NBIAS values for simulating wave height using
BID configuration were ∼5% and ∼4% smaller than corre-
sponding values using default configuration of the model.

• In ST4 source package, the parameter β was the most im-
portant tuning parameter such that by increasing β, the
amount of input energy would be increased, which led to
increase in the wave height. In this research, A Newton—
Raphson method was used to find the optimum value for
β to minimize the mean HH. The outcome of this process
was β= 1.78 which led to T471-EX4 configuration. The HH
value for simulating wave height using T471-EX4 config-
uration were ∼5—10% smaller than corresponding values
using default configuration of the model. The NBIAS be-
comes ∼0 using T471-EX4. 

• Increasing β increases all three terms S in , S ds and S tot but
the increase in S in is more than other terms. For buoys
on the right side of the hurricane, increasing the β pa-
rameter results in fast grow rate of wave height due to
absence of the wave decay mechanism like swell dissi-
pation and opposite wind. In contrast, the grow rate of
wave height by increasing β would be slow for buoys on
the left side of the hurricane. 

• For the ST6 package, increasing the coefficients a 0 and b 1 

decreases the wave height predicted by the model. Op-
timization showed that a 0 = 0 . 11 and b 1 = 0 . 0038 were
optimal values for Hurricane Ivan (called T12). The
NBIAS becomes ∼0 for wave height and the HH value
was improved by ∼5% compared to default configuration
of the model. The model overestimation was observed
when H s > 3 m while the model underestimated the wave
height during fair weather condition. 

• Change in a 0 and b 1 coefficients in ST6 and β in ST4 had
negligible effects on the wave direction and wave period.
Although there was a fair agreement between simulation
results and observed data; however, the model was more
successful in reproducing the wave period at times near
hurricane peak. 

• Comparison between the results of WW3 models and the
measured data (NDBC buoys and satellite data) show that
closer to hurricane eye, T12 was the most successful for-
mulation. In fair weather condition and beyond R he during
hurricane condition, the T471-Ex4 is more appropriate 

• Changing the parameter a 0 has no effect on the wave
height in the FS case. The best value of a 0 for CSP case is
0.20 and for CSN or OS cases is 0.11; hence, by increasing
the angle between the wave and wind, it is necessary to
use a larger value for a 0 . To address this point, a para-
metric formulation for a 0 was suggested which improved
the model performance. 
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