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Abstract

The third generation wind-wave model Mike21-SW was used to study spectral
characteristics of waves generated by the historical Cyclone Gonu in June
2007 along and off the Iranian coasts on the northern Oman Sea. The model
was forced with the cyclone wind field generated using a Holland (1980)
model based on cyclone data obtained from the Joint Typhon Warning Center
(JTWC). The wave model was calibrated for the northern Oman Sea using
bulk and spectral wave data at a station out of the Chabahar Bay. Evolution of
directional-frequency spectra during the cyclone was investigated for two lo-
cations near the entrance and off the Chabahar Bay. At the offshore station,
energy was contributed to the spectrum over an approximately 180 degree di-
rectional span that included different local and remotely generated waves. As
the cyclone proceeded northwestward, all spectral directions continuously ro-
tated in the clockwise direction at both locations. Frequency spectra at these
locations were investigated for four different times corresponding to different
locations of Cyclone’s eye and were justified using the sea growth parameter
of the Joint North Sea Wave Project (JONSWAP) experiment. Using the
modified JONSWAP parameters for hurricane conditions resulted in a fre-
quency spectrum consistent with simulation results.

Keywords

Cyclone Gonu, Oman Sea, Chabahar Bay, Wave Modeling, Wave Spectrum,
JONSWAP

1. Introduction

Tropical cyclones are energetic atmospheric phenomena with complex spatial
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and temporal structures. The ocean’s response to cyclones can be even more
complex due to many additional oceanographic and fluid mechanics processes
interacting with the atmospheric fields. The response is always associated with
extreme wave heights, large current velocities, and substantial water level varia-
tions (Allahdadi et al [1]). Furthermore, tropical cyclones substantially contri-
bute to transport of sediments and biogeochemical substances over oceanic and
shelf waters (D’Sa et al. [2]; Tehrani et al [3]; Chiaichtehrani [4]). Wave charac-
teristics are among the most relevant oceanic responses of these storms, due to
their destructive effects on structures and coastal communities as well as their
substantial effects on transport phenomena in the shelf waters. Extreme wave
heights generated by Cyclones are used as the main parameter for designing
offshore and coastal structures. The wave height is also used for studying beach
erosion which is a common phenomenon during severe storms.

In a random sea, waves are described using energy spectra as a function of
frequency and direction. The spectral characteristics of a random sea as a func-
tion of frequency during the fair weather condition and regular unidirectional
storms were well determined from JONSWAP (Hasselman et al. [5]). The direc-
tional distributions of sea waves under these conditions were studied by several
researchers including Mitsuyasu [6], Hasselman [7], and Donelan [8].

A pioneer study on the spectral pattern of ocean waves during a hurricane was
the study of Whalen and Ochi [9]. They analyzed the measured spectra during
hurricanes Camille, Celia, Edith, and Eloise. They found that as a hurricane ap-
proaches the recording location, the dominant spectra change from bi-modal
(frequency spectrum with two energy peaks) to uni-modal (frequency spectrum
with only one energy peak). They confirmed that the spectral patterns of
JONSWAP and Ochi-Hubble are appropriate approximations for the uni-modal
and bi-modal hurricane-generated spectra, respectively. Ochi [10] stated that the
frequency spectra resulting from measurements during hurricanes are different
from those of ordinary storms. By comparing spectra of similar severity for or-
dinary storms and hurricanes, he showed that for a hurricane-generated spec-
trum, energy is more concentrated around the peak frequency and a narrower
spectral range is observed. Using a comprehensive directional wave data set at
the location of a buoy off the northwestern Australian coast, Young [11] studied
patterns of frequency and directional spectra generated by passing tropical
storms. He concluded that although the spectra were composed of both swells
and locally generated waves, there was no tendency for the frequency spectra to
behave as bi-modal. In addition to the high similarity between the hurricanes’
generated frequency spectra and those of uni-directional winds, the parameters
for defining the spectra were similar. He suggested that this similarity is the re-
sult of the shape stabilization effect controlled by non-linear interaction. Ac-
cording to his results, the shape of the frequency spectra is mainly controlled by
non-linear interaction, while the effect of input energy and dissipation is minor.

Studies done by Walsh et al [12] and Wright et al. [13] were substantial de-

velopments in understanding the directional wave spectra produced by hurri-
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canes, especially in close proximity to the hurricane center, where measurement
of wave parameters and spectra using moored buoys are sparse. They used the
NASA Scanning Radar Altimeter (SRA) aboard one of the NOAA WP-3D hur-
ricane research aircraft to study the directional spectra of surface waves when
Hurricane Bonnie (26 August 2006) was passing between Charleston, South
Carolina, and Cape Hatteras, North Carolina, and during its landfall near Wil-
mington, North Carolina. Using this data, Wright ef al [13] studied the open
ocean directional spectra and characterized different components of the wave
field generated by the hurricane as well as the spatial variations of the spectra.
The analysis led to a simple model for estimating the dominant wave propaga-
tion direction. The result of the SRA data analysis by Walsh et a/ [12] during the
hurricane’s landfall was surprising since showed a remarkable similarity between
the directional spectra of the open ocean and the landfall region. They con-
cluded that the hurricane wave field can be parameterized using a few simple
parameters such as maximum wind speed, the radii of maximum wind, and
gale-force winds.

Due to their spatial and temporal flexibilities, numerical models are well
suited for studying the spectral pattern of waves generated by cyclones (Moon et
al. [14]; Kumar and Stone [15]; Zhou et al. [16]; Fan et al. [17]; Kim et al. [18]).
Zhou et al [16] used WAVEWATCH-III simulation results to study wave fields
and the spectral variations produced by Typhoon Damrey that passed over the
South China Sea in September 2005. By examining directional wave spectra, they
found that for distances up to 2R (where R is the radius of maximum wind) the
directional spreading was larger to the left of the typhoon, while a narrower
spreading was observed on the right side. Furthermore, the dominant pattern of
the frequency spectra on the right side of the typhoon was uni-modal (one peak)
compared to the more complex frequency spectra in the rear and left. The nu-
merical modeling studies mostly focused on just presenting the variations of 1-D
or 2-D wave spectra during the cyclones. This paper employs a numerical model
to investigate the evolution of wave spectra during Cyclone Gonu in the north-
ern Oman Sea and to evaluate them in terms of analytical spectral patterns. The
overarching aim of this study is to describe peaks of frequency spectra induced
by Cyclone Gonu using traditional JONSWAP parameters, and examining the
consistency between the simulated spectra and a modified representation of the
JONSWAP spectrum for hurricane conditions. This study is unique and un-
precedented for the northern Oman Sea, especially during Cyclones which are
not frequent phenomena in this area. One novel aspect of the study for this area
is using spectral data from a coastal buoy to evaluate model performance in si-

mulating wave frequency spectra.

2. Cyclone Gonu

A persistent area of convection in the eastern Arabian Sea on 1 June, 2007,
turned into a cyclone equivalent to a category 5 hurricane by 5 June as a result of

a favorable upper-level atmosphere and an enormous amount of heat flux from
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the warm sea surface. Sustaining a maximum wind speed of 240 km/h on 5 June
made Gonu the strongest tropical cyclone that had ever occurred in the Arabian
Sea. The Cyclone moved northwestward and dissipated after making the first
landfall over the eastern tip of Oman on 6 June. The Cyclone then continued its
northwestward movement and made the final landfall on the Makran coast of
Iran about 150 kilometers east of the Persian Gulf (Najar and Salvekar [19]).
Gonu caused the loss of 50 lives in Oman and 28 along the Iranian coasts. The
economic damages were about $4 billion in Oman and more than $200 million
in Iran. Figure 1 shows Gonu’s track at different times (Mashhadi et al [20]).
Atmospheric aspects and oceanographic responses to Gonu have been studied
by different researchers (Fritz et al [21]; Krishna and Rao [22]; Dibajnia et al
[23]; Wang et al [24]; Mashhadi et al [20]). Dibajnia et al [23] used the 3rd
generation WAVEWATCH-III wave model to simulate the wave field generated
by Gonu in the northern Oman Sea and along the Iranian coasts. They used
wave data measured out of the Chabahar Bay to evaluate the simulated wave
height and period. The simulated wave field was used to modify the database for
extreme wave height over the area. In the present study, wave data from the
same station outside of the Chabahar Bay (station AW2 in Figure 1) is used for
evaluating both parametric and spectral outputs of the Mike21-SW model.

3. Wind Field Generation

A parametric model suggested by Holland [25] was applied for the wind field of
Cyclone Gonu. This model has been successfully used for simulating cyclone-

induced currents, waves, and storm surges (Young and Sobey [26]; Phadke ef al
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Figure 1. Track of Gonu in the Arabian Sea and Gulf of Oman at different times (time
format is month/day: hour). Locations of wave measurement station AW2 and the offshore
station Off_Chab are shown with asterisks.

134

K2
o5
“t:o

Scientific Research Publishing



M. N. Allahdadi et al.

[27]; Rego and Li [28]; Rego and Li [29]; Allahdadi [30]). This single vortex
model uses parameters associated with the Cyclone to re-construct the spatial
distribution of wind and air pressure fields. Using V,(r) and p(r) to denote the
wind speed and air pressure, respectively:

B me i me i r-f ’ r|f|
Vg(r)_ (pn_pc)p_(Tj exp(_ j +(T) _T (1)

. r
R B

p(r)=p.+(p, - pc)eXp(— :Wj (2)

B =2.0—(p, —900)/160 3)

in which P, denotes the neutral air pressure, P. pressure at the center of hurri-
cane, R, the radius of maximum wind, r radial distance from the center of the
hurricane, fCoriolis parameter, and p, air density, respectively.

The data for generation of Cyclone’s wind field based on the above formula
include: the location of Gonu’s center at different times, pressure data at the
center of the Cyclone, and natural air pressure. They were obtained at 6-hour
intervals from the database for the best track data provided by JTWC. Selecting
the radius of maximum wind was challenging. In this study, the approach sug-
gested by Willoughby et al. [31] for hurricanes in the Atlantic basin was used for
estimating the radius of maximum wind. The generated wind speed was com-
pared with measurements at AW2 (Figure 2).

Figure 3 shows the generated Cyclone wind field at four different times cor-
responding to four different locations of the eye when the Cyclone was translat-
ing the Arabian Sea and the Gulf of Oman (Table 1). For two locations AW2

Measurement [m/s] ----
Holland Mobel [m/s] ———

.20
®
£ 451 .
3 \
3 !
(/) ‘.
© ]
.E l.
S
00:00 12:00 00:00 12:00 00:00
2007-06-05 06-06 06-07
Time

Figure 2. Comparison of generated Gonu’s wind speed with measured data at AW2.

Table 1. Geographic locations and Gonu’s average radial generated wind speeds at AW2
and Off_Chab for times t1-t4.

Time Date and Time Lon(Eye) Lat(Eye) Xr(AW2) Xr(Off Chab) Uave(AW2) Uave(Off Chab)

Unit degree  degree km km m/s m/s
tl  6/5/2007 15:00  61.00 22.00 328 252 14.3 19.2
2 6/6/2007 3:00 59.00 23.00 280 223 17.9 21.6
t3  6/6/2007 15:00  59.00 24.00 208 172 12.8 16.4
t4 6/7/2007 3:00 58.30 25.00 236 240 6.7 5.8
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Figure 3. Generated Gonu wind field over the Arabian Sea and northern Oman Sea at

different times (labels on x and y axis show the Grid number of the wind model. Gridlines
show the real longitude and latitude).

and Off_Chab as shown in Figure 1, the distances from Gonu’s eye and the
average wind speeds along lines between each location and the eye are pre-
sented in Table 1. These parameters will be used for further analysis of spec-
tral data.

In this table, Xr is the distance between Gonu’s eye and location of the station

for a specific time step and Uave is the average wind speed along this distance.

4. Model Implementation
4.1. Numerical Model
The 3rd generation wave model Mike21-SW prepared by the Danish Hydraulic

Institute (DHI) was applied to simulate waves generated by Gonu. The model

solves the wave action density equation in spherical coordinates (DHI [32]):

Tor o) Z e+ (e )+ S (e) = @
N = NR? cos ¢ (5)
N=E ©6)

o

where Nis wave action density, £is wave energy as a function of relative angular
frequency and propagation direction, ¢ is longitude, A is latitude, ¢, is wave
group velocity in the direction of longitude, ¢, is wave group velocity in the di-
rection of latitude, ¢, is wave group velocity in the frequency space, ¢ is the wave
group velocity in directional space, R is the radius of the earth, Sis the source
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term, and #is time. Source term Sis defined as:

S = Sin + SnI + Sds + Sbot + Ssurf (7)

This equation includes the effect of input wind energy S, energy transfer as a
result of non-linear wave interaction S, energy dissipation due to white capping
Sy energy dissipation produced by bottom roughness in shallow water areas S,
and energy dissipation induced by wave breaking in the surf zone S, White
capping is a process that limits wave growth with wind. The following formula-
tion is used in Mike21-SW for representing the energy dissipation rate due to
white capping:

Sds(f,e)z—cds[ a jm {(1_5)%+5(%)2}5E(f,0) (8)

Qo
oy =(3.02x107)” ©)
6=k |E, (10)

In the above equations Cj, is the white capping coefficient. The default value
for this parameter is 4.5. However, it can be used as a tuning parameter for
deep-water waves. Wave period can be partially tuned by changing parameter 4,
which has a default value of 0.5, to variations between 0 and 1. Parameter & is
wave number with the average of k while & is the average angular velocity.
The value of exponent m is assumed 1 following WAMDI group [33]. E,,

represents the total energy of the wave spectrum.

4.2. Modeling Area and Computational Mesh

The modeling area includes the northern Indian Ocean from latitude of 24 N,
the Oman Sea, Arabian Sea, Oman coast, and Iranian coasts along the northern
Oman Sea. The computational mesh is composed of triangular elements with a
general refining trend from the southern boundary toward the Iranian coasts.
Hence, the lowest resolution of 5000 meters is found along the southern model
boundary and the highest resolution of 500 meters is attributed to the Chabahar
Bay entrance along the Iranian coast (Figure 4).

4.3. Model Setup and Calibration

Different resources were used to obtain the most appropriate model parameters
(Table 2). The model time step was obtained based on the Courant stability cri-
terion, which was calculated using model spatial and spectral steps and the
maximum wave celerity in the modeling area. Since the main focus of the mod-
eling was the northern Oman Sea, specifically outside of the Chabahar Bay, wave
measurements at station AW2 were used for evaluation and tuning simulated
wave height and wave period. The process was completed by examining different
values of white capping parameters for wave height and wave period as men-
tioned in section 4.1. Model spectral parameters including number of spectral
directions, number of spectral frequencies, and the minimum frequency in mod-

el calculations were obtained from literature (Komen et al [34]; Moon et al.
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Figure 4. Model computational mesh over the Arabian Sea and northern Oman Sea.

Table 2. Model parameters for simulating Gonu’s wave field.

Parameter Symbol Unit Value Reference
Time step At seconds 100 Stability criterion
White capping Cyis - 6 Calibration
White capping ) - 0.5 Calibration
Number of spectral directions Ndir - 40 Literature
Number of spectral frequencies Nf - 30 Literature
Minimum frequency minf Hz 0.025 Literature

[14]; Kumar and Stone [15]; Allahdadi ef a/ [35]). The final parameters used for
the model are summarized in Table 2.

Comparisons of model results with measurements at AW2 for wave height,
mean period, and mean wave direction are presented in Figure 5. Using the si-
mulation’s wind field and the tuning based on data at AW2, the model could
appropriately simulate variations of wave height when the Cyclone was translat-
ing the northern Oman Sea. The model simulated almost the same wave height
peak of 4.5 meters measured at AW2. In addition to the bulk wave parameters,
simulated frequency spectra were compared with measured spectra at two spe-
cific times with measured wave heights of 3.5 and 4.5 meters (Figure 6). For
both times, the model was able to represent a satisfactory spectral pattern, peak

period, and spectral peak value.

5. Modeling Results and Discussion

5.1. Wave Height Variations

Using the verified generated Gonu wind field and the above wave model specifi-
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Figure 6. Evaluation of simulated frequency spectrum with measured spectrum at AW2.

cations, the wave model was run from 1 June 2007 to 7 June 2007. Since the fo-
cus of this paper is, studying wave spectra characteristics in the northern Oman
Sea, simulated wave fields are investigated from 5 - 7 June 2007, when the eye
was located between the Oman and Iranian coasts. Figure 7 shows snapshots of
the simulated wave height isobars as well as wave vectors. The times corres-
ponding to each panel are consistent with the wind fields shown previously in
Figure 3 (t1, t2, t3, and t4). At time t1 (6 June 2007 at 3:00 pm), Gonu’s eye was
located about 328 km southeast of the Chabahar Bay entrance and about 120 km
east of the Oman coast. When the eye was far from the Chabahar Bay, the gen-

erated waves at the Bay were as small as one meter with southeast direction,
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Figure 7. Simulated Gonu’s wave field over the Arabian Sea and Gulf of Oman at times t1
to t4.

while the maximum significant wave height close to the eye was over 10 meters.
At time t2, the Cyclone’s maximum wind speed decreased substantially due to its
first landfall along the Oman coast. At this time, the maximum simulated wave
height close to the eye was about 7 meters. In spite of the degrading Cyclone, the
generated wave height near the Chabahar Bay was larger than time t1 (about 3
meters) due to the northwestward movement of the eye, bringing it closer to the
Chabahar Bay (280 km). The reduced distance was associated with stronger
winds at the Chabahar Bay and the propagation of remote cyclone waves from a
closer distance. At time t3 (6 June 2007 at 3:00 pm), the eye was in the Gulf of
Oman midway between the northern Oman coast and southern Iranian coasts.
The distance from the eye and the Chabahar Bay entrance was about 208 km.
The maximum wave height generated by Gonu was similar to time t2. Although
at this time the eye was closer to the Chabahar Bay, due to the Cyclone’s shrink-
ing radius, wave height at the Bay was smaller (about 2.5 meters). At time t4, just
a few hours before the final landfall along the Iranian Makran coast in the
northern Gulf of Oman, Gonu’s eye was located about 280 km west of the Cha-
bahar Bay. The weakened Cyclone winds generated a maximum significant wave
height of about 3 meters in the Gulf of Oman, while southwestern waves about

2.5 meters in height were observed out of the Chabahar Bay.

5.2. Frequency-Directional Spectra

The spectral pattern of Gonu’s generated waves is investigated for two locations;
AW?2 and Off_Chab (see Figure 1 for locations). Figure 8 shows 2-D direction-
al-frequency spectra for location AW2 at times t1-t4. As in Table 1, the distance
from this location to Gonu’s eye varies between 208 and 328 km, with the far-

thest distance at time t1. Wave characteristics at these locations can be affected
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Figure 8. Simulated wave directional-frequency spectrum at AW2 at times t1 to t4.

by local Cyclone-induced winds, remote winds in the proximity of the eye, or
their combination. The effect of local and remote winds is clearly seen in the
AW?2 wave spectrum shown at time t1. While the major part of the wave energy
was the relatively low frequency zone confined between the south and southeast
sectors (resulting from the remote Cyclone winds), a minor isolated part of the
wave energy existed in the high frequency zone (periods less than 6 seconds)
with directions between east and southeast. This zone is consistent with the
predominant local winds at this time. As the eye moved northwestward, closer to
the station location, wave height and spectral energy increased. At time t2, the
low energy part of the spectrum corresponding to local wind evolved to a high-
energy zone. The zero energy area between the local and remote spectral energy
zones, as seen in time tl, was filled with high energy. Hence, a broad high-
energy band covering the directions from east to southeast (with a width of al-
most 120 degrees) was formed. The fact that the two independent patches of the
spectrum at time t1 were connected at time t2 and formed a high-energy zone,
shows that, closer to the eye, more high energy directions contributed to the
wave field due to a combination of remote and local winds. At this time, energy
was available for a wide frequency range including periods of 3 to 18 seconds. At
time t3 the general spectral pattern was similar to time t2. However, due to the
changing relative angle of the Cyclone’s wind with respect to AW?2, spectral di-

rections rotated about 25 degrees clockwise. Furthermore, because of degrading
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Cyclone winds, the maximum spectral period decreased from 18 to 16 seconds.
Rotation of spectral directions continued with the northward movement of the
eye. At time t4 the rotation was about 30 degrees relative to time t3. Spectral
frequencies changed to values corresponding to periods of 5 to 12 seconds. This
shrinking was mainly due to the weakening of remote winds around Gonu’s eye
and a more spatially uniform wind speed. Evolution of wave spectra from time
t1 to time t4 clearly showed a clockwise rotation of spectral energy (see the black
arrows in Figure 8). This rotation occurs because on the right side of a cyclone
in the Northern Hemisphere, the wind vector rotates clockwise with time (Al-
lahdadi [30]).

Station Off_Chab is located about 80 kilometers offshore of the Chabahar Bay
entrance. The distance between Gonu’s eye and this location varies between 172
and 252 km for times t1 to t4 with the closest distance corresponding to time t3.
Compared to AW2, a significantly wider range of directions contributes to the
spectral evolution of wave energy (Figure 9). The discrepancies can be attributed
to the specific location of AW2 along the eastern shoreline out of the Chabahar
Bay. The short distance from this location to the shoreline (about 5 km) limited
wave energy generation from the north and northeast toward this point. At time
tl a wide range of spectral directions, including energy from north to south,
composed the energy spectrum at Off_Chab. While the lower frequency (higher
period) part of the spectrum is related to the southwesterly and southerly waves
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Figure 9. Simulated wave directional-frequency spectrum at station Off_Chab at times t1
to t4.
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generated by the local Cyclone winds, the northeasterly energy portion is asso-
ciated with lower periods which is the result of weakened Cyclone winds at the
location of Off_Chab (see Figure 3 for the wind field). As the Cyclone pro-
gressed northwestward, more frequencies with larger amounts of energy contri-
buted to the spectrum (time t2, Figure 9). At this time, due to intense Cyclone
winds at Off_Chab, periods corresponding to the local wave energy (energy from
north to northeast directions) reached to an upper limit of 10 seconds, while the
directional range of the spectrum was more or less similar to time t1. The spec-
tral frequency range at this location substantially shrank due to the landfall on
the Oman Peninsula that occurred a few hours before time t3. At time t4, about
3 hours before the final landfall, the spectral frequency band included only ener-
gies between periods of 2 and 12 seconds. Similar to AW?2, spectral energy direc-

tions rotated clockwise as the Cyclone proceeded northwestward.

5.3. Frequency Spectra

The spectral pattern produced by Gonu are further investigated by examining
the frequency spectra at times t1 to t4 for stations AW2 and Off_Chab (Figure
10). The spectra were obtained by integrating the 2D directional-frequency
spectra discussed above with respect to direction. The 1-D spectra at these two
locations generally show single energy peaks at low frequencies. However, ener-
gy peaks and peak frequencies were different at different times. For both loca-
tions, peaks of energy were observed at time t3, while time t4 corresponded to
the lowest energy peaks. The smallest peak frequency occurred at time t1 for
both locations. Time variations of spectral peaks for these locations can be de-
scribed based on the data from the JONSWAP experiment (Hasselman et al. [5])
and the resulting JONSWAP spectral pattern. According to this experiment, the
frequency spectrum for a sea with growing waves can be expressed based on the
fetch length and wind speed along the fetch as follows:

2
o —1. - 4l
S0 e o
(11,2 /(20%12
a=e[(f 2% (12)

where:

o =0.07 when f < f
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Figure 10. Simulated frequency spectra at AW2 and Off_chab at times t1 to t4.
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o =0.09 when f > f

X -0.22
o= 0.076(3—2j (13)
359 gx ¥
f === = 14
" U (Uzj (14)
X —-0.143
y:7(8—2j (15)

where S5(7) is the spectral wave energy as a function of frequency fand gis acce-
leration due to gravity. Parameter a denotes the equilibrium coefficient which is
a function of the fetch length X and wind speed U along the fetch (Equation
(13)), yis the peak parameter and represents the ratio of the spectral energy peak
at a specific time to the fully developed sea spectral peak as presented by the
Pierson-Moskowitz spectral pattern, and £, is the peak frequency which is calcu-
lated based on the fetch length X and wind speed U (Equation (14)). The peak
parameter yis a criterion that shows the growth of the spectral peak with wind
speed and fetches length. It is shown that the energy peak in a growing sea is a
function of (Equation (15)). Hence, for stations AW?2 and Off_Chab, the spectral
peak evolution during Gonu can be described based on the peak parameter.
However, it should be noted that the relationships for the spectral pattern and all
associated parameters as presented by Hasselman et al [5] are for non-cyclonic
conditions with an almost constant wind direction along the wave fetch. Ochi
[10] stated that the wave spectra resulting from measurements during hurricanes
are different from those of ordinary storms. By comparing spectra of similar
wind speeds from ordinary storms and hurricanes, he showed that for a cyclone-
generated spectrum, energy is more concentrated around the peak frequency
and a narrower spectral range is observed. The least square fit analysis of hurri-
cane spectral data on the JONSWAP spectrum by Ross [36] showed that the
cyclone-generated spectrum follows the same spectral pattern of JONSWAP, but
the peak frequency, peak parameter, and the equilibrium parameter should be
modified based on the cyclone location and wind condition. He suggested the

following relationships for these parameters:

y = 4.70X,°% (16)
a =0.035F2% (17)
f =0097X % (18)

fo=1,U/g (19)
X, =X,g/u? (20)

In these equations X, is the radial distance from the eye of hurricane and U'is
the 10-meter wind speed above the sea surface.

Here, the modified forms of JONSWAP spectral parameters were used for es-
timating the peak parameter for both AW2 and Off_Chab stations. Equations

(18) and (19) were used to calculate the values of the peak parameter at each lo-
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cation. Values of X and U for each location and at different times are presented
in Table 1. The average wind speeds along the lines connecting each location to
the instantaneous location of the eye are presented in the table and were used in
calculation of the spectral peak parameter. Figure 11 shows the calculated values
of the peak parameter at different times for both AW2 and Off_Chab. At each
time step, the normalized value of the simulated spectral peak is shown. For both
locations, the increasing trend of the spectral peak parameter is consistent with
the increase of the simulated values of spectral energy (times t4, t1, and t3). The
trend at time t2 is different. While the largest spectral peaks among all time steps
were simulated at t2, the estimated values for the peak parameter y were not the
largest. It could be due to the significant variations of the wind speed and direc-
tion between the eye and the location of stations that violates the assumption of
using an average wind speed for the calculation of the peak parameter.

The above analysis assumed that the JONSWAP spectrum with modifications
suggested by Ross [36] is a valid spectral pattern during a cyclone. To evaluate
this assumption, the JONSWAP spectrum calculated at station AW2 was com-
pared with the simulated spectrum at a different time. The comparison result for
time t3 is presented in Figure 12. The JONSWAP spectrum was calculated using
Equations (11) and (12) with modified and y values based on Equations
(16)-(20). Instead of using the semi-empirical Equation (19) for estimating fm,
the value of the peak period measured by the buoy at AW2 was used. This is be-
cause inaccurate values for the peak frequency cause substantial discrepancies in
the peak parameter and total energy of the spectrum (Allahdadi et al [37]).
Comparisons showed a good agreement between the JONSWAP and simulated
spectra in terms of energy peaks, the general shape of spectrum, and the fre-
quency domain contributing to the spectral shape. Compared to the JONSWAP
spectrum, the energy for the simulated spectrum is more concentrated around
the peak frequency.

5.4. Directional Spectra

In the analytical representation of the frequency-direction spectrum, energy is

represented as the product of two functions:

S(f,0)=S(f)G(f,0) (1)
AW2 off Chabahar
1.6
1.6
1.2
1.2
0.8 0.8
0.4 0.4
0 0
t4 t1 13 t2 “ t 3 t2
s Gama —— Normalized Peak of energy mmm Gama  ——Normalized Peak of energy

Figure 11. Variations of normalized peak frequency with the JONSWAP peak parameter
y for stations AW2 and Off_chab.
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Figure 12. Comparison of simulated frequency spectrum at AW2 with hurricane mod-
ified JONSWAP spectrum at time t3.

in which S(?) is the frequency spectrum function as discussed above and G(6) is
a directional spreading function that can be a function of frequency as well as
direction. The analytic relationships suggested for the directional spreading
function are mostly in the form of cosine functions that depict a symmetrical
spreading around the peak wave direction (for example functions suggested by
Mitsuyasu [6], Hasselman [7] and Donelan [8]. The functions were obtained
based on the assumption of a uni-directional wind that results in the symmetric-
al shape of the function around the wind direction. During a cyclone, the com-
plex spatially varying wind direction can cause significant asymmetry around the
directional peak of the function. To examine this hypothesis, simulated wave
energy spectra at AW2 and Off_Chab were integrated in the frequency domain
to obtain the directional spectra at different times (Figure 13 and Figure 14).
For AW2 at time t1, directional spreading was almost symmetrical around the
peak of directional energy, while local wind direction showed a 120-degree dif-
ference from this direction. As the Cyclone proceeded northwestward, direc-
tional distributions exhibited a more asymmetrical pattern and smaller differ-
ences were observed between the local wind direction and the direction of the
peak. The symmetrical pattern of directional spectra at time t1 could be the re-
sult of weak local wind speeds compared to the remote winds, due to the large
distance between AW2 and Cyclone Gonu’s eye. At times when the eye was
closer to the station, local wind speed increased and could significantly contri-
bute to the directional energy spreading, although the energy peak was still pro-
duced by remote winds. At station Off_Chab, which was generally closer to Go-
nu’s center, the directional spectrum at time t1 was less symmetrical compared
to that of AW2 at the same time. For other times, the directional spectra were
highly asymmetrical, as the local wind contributed more to the spectral energy

spreading.
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Figure 13. Simulated directional spectra at AW2 for times t1 to t4. The dashed vertical
line shows the local wind direction at each time, while the solid vertical line represents the
direction of energy peak in the spectrum.
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Figure 14. Simulated directional spectra at station Off_Chab for times t1 to t4.

6. Summary and Conclusions

Wave fields generated by Cyclone Gonu in the Arabian Sea and the northern

Oman Sea were simulated using Mike21-SW, which was forced by a cyclone
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wind field generated using the approach of Holland [25]. The model was em-
ployed to study the spectral variations of wave energy at two locations in the
northern Oman Sea. Examination of the simulated frequency-direction spectra
for these two relatively remote locations from Gonu’s center showed that a wide
directional spreading was produced. For both locations, the energy was distri-
buted within a 100 - 180 degree band during different times of the Cyclone’s
translation northwestward. The range of energy spreading in the spectrum ob-
tained from the present study can be used as a guide for selecting the optimum
values of the spectral direction number in further simulations of cyclone-generated
waves. Due to the clockwise rotation of the wind vector on the right side of the
cyclone’s eye in the Northern Hemisphere, spectral directions rotated clockwise
as the cyclone progressed northwestward.

Frequency spectra at both stations generally followed the well-defined uni-
modal form of the JONSWAP spectrum with a designated peak in the lower
frequency zone. The simulated spectral peaks at different times could be appro-
priately described by the peak parameter as defined by Hasselman ez al. [5]) and
modified for cyclone conditions by Ross [36]. Simulated frequency spectra were
comparable with the spectra calculated using the modified JONSWAP. However,
using the estimated peak frequency from either the original or the modified
JONSWAP formulation resulted in unrealistic spectral peaks, which were signif-
icantly smaller than simulated values. Using the measured peak frequency in
calculating the JONSWAP spectrum substantially enhanced the consistency be-
tween simulated and JONSW AP spectra.

Directional spectra at both locations were almost symmetrical around the
peak of directional energy, in the case of weak local cyclone wind speeds at each
station. As cyclone’s eye progressed closer to the stations, the spectra became
more asymmetrical. In all cases, the difference between the direction of the spec-
tral peak and the local wind direction was considerable, although as the eye pro-

gressed closer to the stations, the differences decreased.
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