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[1] Benjamin-Feir Index (BFI) and directional spread are measures of nonlinear
four-wave interactions and resultant indices of possible conditions for freak waves.
Temporal-spatial distributions of BFI and directional spread are examined with numerical
simulations of a spectral wave model using typhoon conditions. The spatial distributions
of wave characteristics such as significant wave height, wave period, BFI and directional

spread are different from each other around the eye of the typhoon. BFI is significantly
large in the fourth quadrant of the typhoon, while waves are steep and have narrow
frequencies and directional spectra. Freak waves resulting from nonlinear four-wave-wave
interactions have a greater potential of occurring in the fourth quadrant of the typhoon
than in the other quadrants. Furthermore, crossing sea states from two-wind-wave systems
can be observed behind the eye of the typhoon. The crossing, two-wind systems are

also dangerous sea states, although as observed, they are closer to linear wave conditions.
Finally, the characteristics of possible freak wave conditions during typhoons are

verified with field data.

Citation: Mori, N. (2012), Freak waves under typhoon conditions, J. Geophys. Res., 117, C00J07, doi:10.1029/2011JC007788.

1. Introduction

[2] Freak waves are sometimes featured with a single,
steep crest causing severe damage to offshore structures and
ships. Over the last decade freak waves have become an
important topic in engineering and science. Freak wave
studies started in the late 1980s [Dean, 1990] and high-order
nonlinear effects of freak waves were discussed in the early
1990s at several engineering conferences [Yasuda et al.,
1992]. Evidence of freak wave generation in the ocean was
reported from field observations in the North Sea [Guedes
Soares et al., 2003], the Sea of Japan [Yasuda and Mori,
1997] and the Gulf of Mexico [Guedes Soares et al.,
2004]. Due to the many research efforts, the occurrence of
freak waves, their mechanisms, and their detailed dynamic
properties are now becoming more clear [Trulsen and
Dysthe, 1997; Lavrenov, 1998; Osborne et al., 2000;
Onorato et al., 2001; Mori et al., 2002]. The state of the art
on freak waves was well summarized at the last Rogue Wave
Conferences, held in 2008, and in a review by Dysthe et al.
[2008] and Kharif et al. [2008].

[3] Freak wave generation is sometimes discussed in
the context of nonlinear instability of deep water waves
given the steep nature of the wave profile itself. Janssen
[2003] found that the ratio between steepness (a measure
of nonlinearity) and spectral bandwidth (a measure of dis-
persion) is an important parameter to determine the proba-
bility of finding a large wave. After Janssen [2003], this
ratio between nonlinearity and dispersion was named the
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Benjamin-Feir Index (BFI); its relation to kurtosis, fourth-
order moment of surface elevation, has been found by
Janssen [2003] in the limit of large times and for narrow-
banded spectra neglecting directional dispersion. Here we
define the Benjamin-Feir Index as

V2e
&

BFI = (1)

where ¢ and ¢, are the characteristic wave steepness and
relative bandwidth of the frequency spectrum, respectively.
For example, if the wave spectrum width is o, 0, = o./w),
where w), is peak of wave frequency spectrum. Assuming a
Gaussian shape of the frequency spectrum, ¢, is equivalent
to 1/y/7Q,, where Q, is the spectrum parameter defined by
Goda [2000]. Therefore, equation (1) can be simply used
given information from wave frequency spectra. The deri-
vation of BFI-kurtosis relates to four-wave interactions as
follows. For narrowbanded, unidirectional waves, consider-
ing four-wave interactions, kurtosis, (4 can be estimated as
proportional to the square of BFI [Janssen, 2003]
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where & is the wave number, w is angular frequency, m
is the total energy of the wave field, n is the wave action
density, T is a kernel function of four-wave nonlinear inter-
actions [Krasitskii, 1994], and R, is the real part of the
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nonlinear transfer function [Janssen, 2003]. The role of
skewness in the wave height distribution is less important
relative to kurtosis. The skewness usually results from
second-order corrections (bound modes) and is weakly
affected by the dynamics of free waves [Onorato et al.,
2005]. The analytical relationship between kurtosis, the
maximum wave height, and the occurrence probability of
freak waves has been discussed by Mori and Janssen
[2006]. For a given nonlinearity of kurtosis, the maximum
wave height for weak, nonlinear and narrowbanded spec-
trum waves follows:

Py(Hpax) =1 — exp{—Ne’HggaX[l + (g — 3)B[~1(Hmax)]}7 4)

where P, is the exceedance probability of maximum wave
height, H .. The maximum wave height is normalized by
Nms, N 18 the number of waves (corresponding to the storm
duration), and Az and By are polynomials of H ., [Mori and
Janssen, 2006]. For k40 = 0, the results are identical to those
following the Rayleigh distribution. If a freak wave is
defined as a wave whose height /... > 2H, integrating the
tail of equation (4) we obtain the following simple formula
to predict the occurrence probability of a freak wave as a
function of N and uy4:

Pprear = 1 — exp{—e *N[1 4 8(uy — 3)]}. (5)

Combining a series of equations, equations (1)—(5), the
straight forward expression for freak waves from wave
spectra can be obtained analytically.

[4] Recent work on numerical simulations of envelope
equations and wave tank experiments have illustrated the
influence of directional dispersion on kurtosis evolution
in deep water. Gramstad and Trulsen [2007] showed a
decrease in kurtosis and maximum wave height for direc-
tional waves when compared with unidirectional waves
based on a series of the modified Nonlinear Schrodinger
equation. Waseda [2006] and Onorato et al. [2009] inves-
tigated the monotonic decrease of kurtosis as directional
effects become significant. These results showed that direc-
tional dispersion effects suppress kurtosis enhancement in
directional sea states. Therefore, a more general expression
for kurtosis in directional sea states is required. For exam-
ple, Mori et al. [2011] proposed a semiempirical relation as
w4 = fABFI, oy) whereby kurtosis is reduced when direc-
tional effects occur, where oy is the directional spread of
spectra (directional dispersion)

09 = / df 6°D(6). (6)

D(0) is the directional distribution. The directional spread
defined here can be converted to a Mitsuyasu type cos*> 6/2
directional distribution analytically using the relation of

o9 =/2/(1 +8). They also discussed the ratio between
frequency dispersion and directional dispersion where
R = 0}/207 theoretically represents the relative magnitude
of directional dispersion effects. These kinds of directional
dispersion effects on kurtosis change were verified by

several authors experimentally and numerically [e.g.,
Onorato et al., 2009].
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[5] The discussion about the basic study of freak wave
prediction and parameterization has been evaluated mainly
under steady conditions, such as those resulting from
mechanically generated wave flumes and potential wave
theory. More research on freak waves in unsteady conditions
is required to understand and validate the theories and
mechanisms in realistic weather conditions. There are a few
studies analyzing nonlinear focusing conditions of freak
wave parameters in the ocean. Waseda et al. [2011] showed
that narrower directional spreading of the wave spectra was
observed in the North Sea. However, it is difficult to gen-
eralize the possible weather conditions for freak waves due
to the wide variety of weather patterns. Therefore an inter-
mediate study between unsteady conditions and real weather
conditions is necessary to understand the possible conditions
for freak waves due to nonlinear wave interactions.

[6] Following the above mentioned summary, freak wave
occurrence is significantly larger for waves that exhibit steep
slopes and narrow frequency and directional bandwidths, but
the contributing weather conditions are not clearly under-
stood. The present paper will examine the potential occur-
rence of freak waves under typhoon conditions as a case
study of realistic weather patterns, using a series of numer-
ical simulations with a spectral wave model. The possible
conditions when freak waves occur during typhoons will be
classified by typhoon regions and discussed in detail. The
validation of the numerical experiments with ocean wave
data will be discussed briefly.

2. Numerical Method

[7] Numerical experiments were conducted with a spectral
wave model, the SWAN model [Booij et al., 1999], using a
super gradient wind field (denoted SGW hereafter for sim-
plicity) generated by the empirical typhoon model of Fujii
and Mitsuta [1986]. The SGW gives an empirical wind
field of a typhoon as a function of central pressure, charac-
teristic wind radius r, and typhoon translation speed V. The
SGW was used to check the sensitivity of typhoon condi-
tions possibly generating extreme wave characteristics under
controlled and relatively realistic conditions. To understand
freak wave parameter changes in unsteady weather condi-
tions, the typhoon’s central pressure was maintained at a
constant value while the characteristic radius and moving
speed were allowed to change. Both temporal and spatial
wave growth and decay were analyzed to identify char-
acteristics indicative of dangerous freak wave conditions.

[8] The spectral wave model was configured as a linear
growth theory for wave energy input, S;,, and Komen’s
scheme for wave energy dissipation, Sy;,, was selected with
two different nonlinear transfer functions, S,,;, of the Discrete
Interaction Approximation (DIA) [Hasselmann et al., 1985]
and modified DIA (MDIA) [Hashimoto and Kawaguchi,
2000] to check the sensitivity of nonlinear interactions in
the wave field. Overall, the sensitivity of S,; to the target
results was not significant in most of the computational
domain except during crossing sea states; it will be briefly
discussed in section 3. The numerical simulations were
performed in a rectangular domain 2000 km by 2000 km
with 5 km resolution. The discretization of directional
spectra was 72 frequency bins and 36 directional bins.
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Figure 1. Parameters of the empirical typhoon model (¥, typhoon velocity; 7, typhoon radius), numerical

domain, specific locations for analysis and spatial distribution of H, (m, colored contours) and U (ms™ ',
and » = 50 km.

linecontours) for the case of ¥'=50 km h™

[9] The central pressure was fixed at —60 hPa, while the
typhoon speed ¥ ranged from 30 to 50 km h™', and the
characteristic wind radius r varied from 50 km to 100 km.
Figure 1 illustrates the parameters 7 and r for the typhoon
model. The typhoon moves from south to north, corre-
spondingly from bottom to top in Figure 1. Three marks, an
open circle, a triangle, and a cross, indicate the specific
locations for the analysis of wave characteristics discussed in
section 3. These three locations were selected as a cross
section of the typhoon path: 500 km west of the typhoon
center, the center itself, and 500 km east of the center.
Figure 1 also indicates the spatial distribution Hy (colored
contour) and U, (line contour) for the case of V' = 50 km
h™" and » = 50 km. The SGW gives asymmetric pressure
and wind distributions based on observed data, and the
results in Figure 1 also indicate asymmetric distributions. A
simulated typhoon moves with a constant speed; therefore,
the spatial distributions of wave characteristic statistics such
as Hy, T,, BFI and oy become constant if the coordinates
move with typhoon speed V.

[10] The analysis of the results focused on the following:
(1) spatial distributions of freak wave parameters around
the eye of the typhoon and (2) temporal changes of freak
wave parameters at different locations relative to the eye.
This numerical condition is not exactly realistic, but it will
yield information about the general behavior of freak wave

1

parameters and the conditions under which freak waves
occur.

3. Outline of Field Data

[11] The results of the numerical experiments are com-
pared with field observations. Wave data analyzed here were
obtained from the Japanese Nationwide Ocean Wave Infor-
mation Network for Ports and Harbors (NOWPHAS). The
wave data have been collected by ultrasonic wave gauges for
20 min durations every 1-2 h throughout the year. The
directional spectra are estimated from surface elevations and
two horizontal velocity components of water velocities by
the extended maximum entropy method. There are 72
observation stations, and two stations facing the Pacific
Ocean at a depth of 50 m were selected for analysis. One
station is Hososhima at Miyazaki Prefecture and another is
Shionomisaki at Wakayama Prefecture, indicated by a tri-
angle and solid circle on Figure 2. The two stations are
located at a similar latitude at a distance of approximately
400 km longitudinally from each other. The typical wave
period during typhoons is about 9-10 s; it corresponds to
kh =2 ~ 3 which is shallower than the deep water limit. As
discussed by Yuen and Lake [1982], Janssen and Onorato
[2007] and Toffoli et al. [2009], the shallower effects
reduce the instability of nonlinear waves until it becomes
neutral at k4 = 1.36. However, for the condition of
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Figure 2. Locations of two wave stations and typhoon tracks in 2004 (triangle, Hososhima; solid circle,
Shionomisaki; dashed line, typhoon track; solid line, analyzed typhoon tracks).

intermediate water depth, where k4 = 2 ~ 3, the enhance-
ment of freak wave generation still remains due to four-wave
interactions. A total of 19 typhoons approached Japan in
2004, which is double the annual average, and five of these
typhoons passed between the two stations as shown on
Figure 2. These five typhoons were selected for analysis.
[12] After careful quality checking of the data, the five
typhoon data were classified into four categories as east side
of typhoon before or after landfall (denoted TC-E-BP and
TC-E-AP) and west side of typhoon before or after landfall
(denoted TC-W-BP and TC-W-AP). These four categories
can be regarded as quadrants around the typhoon eye, spa-
tially, if land effects can be neglected. The time history,
wave statistics and both frequency and directional spectra
were analyzed, and nondimensional parameters were col-
lected 24 h from the closest approach for each typhoon.

4. Results and Discussion

4.1. Numerical Results

[13] The SGW wind and wave fields were propagated
from the south to north end of the computational domain
(see Figure 1). The eye of the typhoon passes through the
center of the computational domain 40—70 h after the initial
condition. At this time the wave field is at a quasi-stationary
condition because the fetch is not limited and sufficient time

has allowed for wave growth. The spatial distribution of
freak wave-related parameters are analyzed at this quasi-
stationary time. Temporal and spatial aspects can be inter-
changed with each other given the constant typhoon speed.
Both spatial and temporal characteristics of freak wave
related parameters of the typhoon will be discussed in
section 4.1.1.
4.1.1. Spatial Distribution

[14] Figure 3 illustrates the spatial distributions of several
freak wave parameters and the time series of directional
spectra at two locations. The vertical panels in the middle of
Figure 3 show spatial distributions of BFI, H; and o, around
the eye for the case of V=50 km h™' and » = 50 km. The
notation of # = ¢, in the figure indicates the time that the
typhoon eye is located at the center of computational
domain. The eye is located at the center of the figure, and the
typhoon moves from south to north (or from the bottom to
the top of the figure) with constant speed V. The distribution
of significant wave height H, exhibits asymmetry about the
center line (north—south) and H, values east of the eye are
larger than those to the west. This asymmetry results from
the asymmetric SGW field used as input, resulting from the
parameterized asymmetric pressure field and the cyclonic
nature of the wind field. As the typhoon translates with a
given speed, winds on the east are increased and winds on
the west are decreased. The maximum value of H; is located
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Figure 3. Spatial distribution of BFI, H and o around (middle) the typhoon eye and temporal change of
directional spectra ((left) eye of the typhoon and (right) +500 km east of the eye, time increases from the
top to the bottom of the figure) (¥ =50 km h™', » = 50 km).

at the center of the typhoon, and the values decrease rapidly
west of the eye. Increased values of H, continue eastward
from the eye.

[15] Previous studies indicate that wave fields with narrow
directional spectra, or large values of BFI and small direc-
tional spread, are possible conditions for freak waves.
Numerical experiments of typhoon waves yield impressive
spatial distributions for both BFI and directional spread oy.
The spatial distribution of BFI is large in the fourth quadrant
(relative to the eye). A ridge of elevated BFI values is
apparent in the fourth quadrant, extending southeast from
the eye with values that exceed 0.6 in that area. However,
BFI values in the third quadrant (the southwest) are always
less than 0.3. In this quadrant, freak wave occurrence fol-
lows linear Rayleigh wave theory under the conditions given
by Mori and Janssen [2006]. In the fourth quadrant, wave

steepness is large, and correspondingly the values of BFI
become significantly large.

[16] The spatial distribution of directional spread oy is
different from those of H; and BFI. Directional spread is
large both south and west of the typhoon center. Previous
studies [Onorato et al., 2009] indicate that large directional
spread suppresses the nonlinear enhancement of freak waves
as represented by BFI in equation (1). Thus, the wave field
in the third quadrant follows linear theory for the prediction
of freak waves. And, the wave field in the fourth quadrant,
with larger BFI values and narrower directional spread,
indicates an area of possible freak wave occurrence given
this typhoon condition.

[17] The directional spectra give different points of view
of extreme waves. The temporal changes of directional
spectra at the eye and along the east side are shown in
Figure 3. A single peak in the directional spectra can be
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Figure 4. Spatial distribution of wave age, c,/U,o (same condition as Figure 3).

observed on the east side but two peaks can be seen at the
eye after the closest approach of the typhoon; this explains
why directional spread becomes so large in the area south of
the typhoon. The qualitative characteristics of directional
spectra around the eye agree with field observations of
hurricane waves by Young [2006]. Although the nonlinear
enhancement of freak wave occurrence is weak in bimodal
sea states, these bimodal sea states are dangerous, generating
crossing/chopping waves. Tamura et al. [2009] reported that
mixed swell-wind sea states generate narrow spectrum
waves. However, the typhoon condition is different because
both of the components are young wind waves (wave age in
the range of ¢,/U,o < 1.5 as shown in Figure 4). Thus, pure
two-wind-wave system crossing can be observed in the area
south of the typhoon.

[18] Although a linear crossing sea state can easily gen-
erate chopping waves, the role of nonlinear wave interac-
tions on crossing sea states has been discussed during the
last decade [Shukla et al., 2006; Onorato et al., 2006; Toffoli
et al., 2011]. The particular angle of crossing sea states
changes kurtosis values on the scale of O(¢'T). However, a
parameterization of nonlinear crossing sea states has not
been conducted yet. A more detailed analysis in the area
south of the typhoon will be conducted in the near future.

[19] Figure 4 shows the wave age defined by c,/Uq,
where ¢, is the wave celerity of the peak wave number
spectra for the same conditions shown in Figure 3. Due to
the combination of faster wave speed and lower wind speed,

the wave age in the third quadrant (the southwest) is largest
and the eastern side of typhoon has the youngest wave age.
However, the wave age is still small, therefore, the bimodal
sea states in the area south of the typhoon can be regarded as
wind waves. Additionally, the spatial distribution of wind
and mean wave directions with the directional spread are
shown in Figure 5. Both wind and wave directions are within
45° of each other in the first and fourth quadrants. However,
the difference becomes more than 90° in the second quad-
rant. The wind and wave directions are in opposite directions
in the third quadrant, and directional spread becomes the
largest in this quadrant. The differences in wind and wave
directions show good agreement with the spatial pattern of
directional spread. This is one reason why directional spread
becomes so large in the third quadrant and why two-wind-
wave systems exist in this area.

[20] The previous discussion entailed the particular
typhoon condition of ¥ = 50 km h™' and r = 50 km. A
sensitivity analysis of typhoon velocity and radius was per-
formed, changing the values of 7 and r, respectively.
Figure 6 shows the spatial distribution of BFI for different
typhoon speeds for the case of » = 50 km. Changing the
typhoon radius yields results that are not significantly dif-
ferent, but changing the velocity produces different char-
acteristics in the freak wave parameters. Slower translational
speeds produce a concentrated distribution of freak wave
parameters around the typhoon eye, while faster speeds yield
a more axial, symmetric BFI distribution around the eye.

6 of 12



C00J07

MORI: FREAK WAVES UNDER TYPHOON CONDITIONS C00J07
time=hr

ﬁ LTI IIT e i
1 7 7 7 s 7 s> a>as>asad — Wave P
1 7 7 7 PR R i D I ]
1 7 7 7 7“'877> PO NS UU U G UENE  Y  NE NL N N
1 7 7 7 2z 2 2 2 P N N N N A o T Y N N N
1 7 7 7y 2 2 v 2 2> 2 S A AAAJIAJIARRKNRARRN
1 1 7 7Y 220> > > > 5SS XA AR AR RN
11 7 1177727722222 PSS N NN NN 0 N U N N N N NN
[T T B B B B B A D D 4 NSNS NN NN e 5 N N N N N NN
[T TIIITIIIDIVOOO DSOS SO DA DA N RN RRRARRARRRN
L1 AT I I AT Y Y Y YYD O > O S /S S S S A AR AR ARNNNANNNAN
LA I T I Y I YY Y A Y O P O O A S S SARAARANRARRNRARNAARA
TEECTR TR D Pt U TR U T B B T B b B S e SO A AR RARNRARRRRKRKRRKRYK
R LR R R R R R R R R A Y S S R R R R AR R R R R R R RN
B AR AR A 0 NN
R R RRRR RN, NN AN R AR AT B
NN A N R R e N NANAANNN AN
VNMEANANNNANNNNNNY \\§ \QQ‘QE\\\\\\\\\
N R ARRRRRRRN
N T T e NN §\\ MR
CRR RN RN NN N R R AN
N R VW \RARBRREREEEEN
NPT\ Ry Ay A AR R R R R RN
AR Rty R D A A R R
P A R N WL R VIR VAR VAR T A A A A T O O O O W
R S A S O V72 VR VR VR 0 A0 A A O A T T N W O
R AV AN CPR P V2 VA VR A 70 R AN A A N A R A OO O
R Y A A vy Y YYYYYY Y Yy eyt
o s e e e e [ SR SR PR P N 720 7 0 0 A A N A N AN N B N A O OO
RPN, ) JUS SSURNGAR S VRN VN ZN 2N 2 N N N AN A AN A N N O N O
N aSNG A AR A R A R R R R RN
\\\\\\\\\\\\\ SR VN PN T 2 2 A N A A A A A N N A O B O
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ R S N A A A A S A A A A A B A A B B
___________ el e\ rrrr vt Nt
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ ,_,_,.,,rrr,»rrrrrrrrrrrrVV’7’1’111
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ e e el o i G rvrrvvrrrrrrrrrrrrtr

S srrrrrrrrrrrrrrrtf

Figure 5. Spatial distribution of wind and wave di
(contours) (same condition as Figure 3).

Superimposing the wind gradient and translational speed
produces this asymmetrlc result, wherein the faster typhoon
(V=50 km h™") has a longer BFI tail in the area southeast of
the eye. The spatial distribution of H; as shown in the middle
panel of Figure 3 indicates a peak in H, in the east—west
direction, with a peak in BFI afterward in the fourth quad-
rant. Although the value of H, east of the eye is slightly less
than that at the peak of the storm, the potential for freak
waves occurs later, after H, peaks in the fourth quadrant.
This interesting result is unexpected and warrants further
discussion later in this section.

4.1.2. Time Series

[21] Comparing the time series of the freak wave para-
meters at different locations helps to qualitatively under-
stand the behavior of this phenomena. Figure 7 shows the
time series of freak wave related parameters at three dif-
ferent locations for the case of ¥ = 30 and 50 km h™' and
r = 50 km. The time 7 is normalized by V/r and zero
indicates the time the typhoon is located at the center of the
domain. Changing the typhoon radius generally yields a
similar time series with only a difference in duration;
therefore, we will focus on changing the typhoon speed and
locations.

[22] The history of H, along a north—south section at the
typhoon center indicates rapid growth until the time of
closest approach of the typhoon and subsequent decay near
the typhoon eye, with relatively mild changes in the

rection (red and blue arrows) and directional spread

surrounding area. As expected, the maximum value of H;
west of the eye is smaller than those calculated at the eye and
to the east. The typhoon translation speed changes the
maximum value of H; and the time history east of the eye
due to the changing effects of wind speed of the translating
typhoon.

[23] At all three locations, BFI started at the same values
initially (with very small H) and exhibited different beha-
viors afterward as shown in Figure 7b. As observed with Hj,
BFI values at the typhoon center (along a north—south sec-
tion) show rapid growth and subsequent decay, although the
mechanisms behind the growth and decay are different. BFI
relates wave steepness relative to wave frequency band-
width; the frequency bandwidth becomes broader near the
peak of the storm, and after the eye has passed in the area
west of the typhoon. On the other hand, for locations east
of the eye, BFI reaches a maximum a few hours after H,
reaches a maximum, and the values remain elevated for
about a day after the typhoon has passed. This illustrates
the main mechanism of how BFI ramps up after the peak of
a typhoon. Therefore, potentially dangerous conditions
for freak waves due to nonlinear wave interactions remain
longer in the area east of the eye. There is no significant
dependence of typhoon translation speed on BFL.West of
the eye, the values of BFI decrease, remaining below a
negligible level (e.g., BFI < 0.4). Additionally, kurtosis
exhibits the same behavior, which imparts some physically
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Figure 6. Dependence of the spatial distribution of BFI on typhoon speed (» = 50 km; (a) V=30 and (b)
V=30 kmh™").
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center; cross, 500 km east) (v = 30, 50 km h™!, r=50 km).

meaningful information. The kurtosis of surface elevation is
a measure of the deviation from the normal distribution, with
a value equal to 3 if waves follow a normal distribution.
Mori et al. [2007] and others investigated whether nonlinear
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enhancement becomes significant if kurtosis exceeds values
of 3.3-3.5. Such large values of kurtosis can only be
observed at the typhoon center for short durations, and they
continue east of the eye after the typhoon’s closest approach.
Thus, the nonlinear enhancement of freak waves is basically
significant in the area east of the typhoon eye after the
closest approach, the same conditions observed with the
spatial distribution discussed previously.

[24] Figure 7c shows the time series of directional spread,
a parameter that suppresses the nonlinear enhancement of
freak wave occurrence. The directional spread, oy, is small
initially but the values increase after the typhoon’s closest
approach. At the center, the value of oy fluctuates widely
and rapidly increases after the closest approach; this is due to
the bimodal spectra as shown in Figure 3. However, east of
the eye, the values for directional spread remain relatively
small (e.g., 0y <0.8). In other words, the fourth quadrant can
be regarded as quasi-steady state, similar to an experimental
wave flume. However, the third quadrant, in the area south
of the eye, exhibits unsteady, bimodal sea states with rapid

1 T T T T T T T T

(a) Ry
ool MDIA |

0.8fF 1

0.7

BFI

0.61\
0.5

0.4

40 =30 20 -10 0 10 20 30 40 50
nondimentional time t

1.3 T T T T T T T T

“40  -30 20 10 0 10 20 30 40 50
nondimentional time t

Figure 8. (a) BFI and (b) 0. Effects of S, on nondimen-
sional time series, 7 = ¢ X V/r, of freak wave related para-
meters at three different locations (solid line, DIA; dashed

line, MDIA; circle, 500 km west; triangle, typhoon center;
cross, 500 km east) (¥ =50 km h™', » = 50 km).
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Figure 9. Time history of wave statistics for Typhoon Dianmu (T200406) at Hososhima.

changes in wind and wave directions. Lower BFI values and
larger directional spread are observed in this area. Although
nonlinear effects can be neglected in the third quadrant, the
bimodal situation observed here is another important topic to
be discussed in future studies.

[25] In the discussion above, the combination of source
terms for the wave model was fixed. However, it is expected
that the wind input term, §;, and nonlinear transfer term, S,,;,
influence the results of wave evolution. A sensitivity anal-
ysis of the nonlinear transfer function in the source term was
also conducted. Two nonlinear transfer functions, DIA and
MDIA, are examined and integrated using the same typhoon
condition as discussed before. Figure 8 shows the time series
of BFI and oy using DIA and MDIA for the case of » = 50
and V = 50 km s~!. Overall, the differences between DIA
and MDIA are small except during bimodal sea states. The
major differences can be observed in the evolution of oy at
the center and west of the eye. The wave field south of the
eye becomes bimodal, suggesting that strong nonlinear
interactions are occurring. Although the differences between
two nonlinear source terms are relatively small, determining
the exact nonlinear transfer will be necessary to discuss
bimodal sea states quantitatively, and it will be examined in
the future.

4.2. Analysis of Field Data

[26] Two stations located at a similar latitude facing the
Pacific Ocean are picked up for analysis as shown in
Figure 2. Five typhoons that passed between the two

NOWPHAS stations were selected for analysis. Figure 9
shows the measured data for Typhoon Dianmu (T200406)
at Hososhima. Dianmu had a minimum pressure of 915 hPa
and the intensity reduced to 965 hPa when it made landfall
between the two stations. The time series Hy shows single
peaks ranging from 1 to 3.5 m at the height of the storm with
a period of 73 = 10 s. The time series H for other typhoons
show single peaks ranging from 3-8 m depending on the
typhoon intensities and tracks. The conditional sampling of
wave statistics for the typhoons was conducted based on the
relative locations of the stations and landfall times. The time
histories were collected £24 h from the peak values of
moving averaged H; for each typhoon. Typhoon conditions
such as track, central pressure, translation speed and radius
differ from each other; therefore, it is difficult to compare the
time histories directly. Thus, statistical analysis to calculate
the probability density function (pdf) of BFI and directional
spread was conducted for the typhoon location (east or west
of the eye, and before or after landfall) that corresponds to
the quadrants identified in section 4.1.

[27] Figure 10 shows the pdf of BFI, directional spread
and H,.x/H,; classified by the four categories classified by
the four categories described in section 3. Values of BFI on
the east sides of the typhoons are larger than on the west
sides, and the values continue to become larger after land-
fall. Overall, BFI reaches the largest values on the east sides
after landfall, and the mean BFI on the east side after landfall
is 2 times larger than on the west side before landfall. These
are consistent with the numerical results shown in Figure 7b.
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On the other hand, there is no significant difference in
directional spread before or after landfall. However, the
directional spreads are about 30 % different between the east
and west stations. This magnitude of difference in direc-
tional spread is also expected, as shown in Figure 7c.
Regarding the pdf of H,,./Hi;, the number of observed
freak wave conditions (Hyax/H1/3 > 2) amounts to three for
both sides of the stations. The peak of pdf on the east side is
slightly higher than on the west side. However, the total
number of samples is only 52 and is insufficient to discuss in
detail.

[28] The pdfs of BFI and directional spread show clear
increases of BFI and narrower directional spread east of the
typhoon after landfall, which is consistent with the numeri-
cal experiments. The pdf of maximum wave height nor-
malized by H,, not shown, and kurtosis are statistically not
different in comparison with BFI and directional spread. The
number of samples is insufficient to discuss statistically
sensitive wave parameters such as maximum wave height
and kurtosis. Based on the discussion of BFI and directional
spread, the potentially higher possibility of freak wave
occurrence does not directly reflect the observed extreme
wave conditions. Furthermore, it is necessary to consider the
influence of land to make quantitative comparisons with
coastal buoy data.

5. Conclusion

[29] Both numerical experiments and field data analysis of
typhoon conditions were conducted to obtain insight into the
possible condition of freak wave generation due to nonlinear
four-wave interactions. A series of numerical typhoon
experiments was conducted using a spectral wave model
with an empirical typhoon model and a super gradient wind,
while changing the typhoon velocity 7 and radius 7.

[30] Summarizing the results, the wave field in the fourth
quadrant of the typhoon (southeast of the eye in the Northern
hemisphere) exhibits larger BFI values and narrower direc-
tional spread. The nonlinear enhancement of maximum
wave heights in the fourth quadrant is significantly larger
than in the surrounding area. The third quadrant yields an
almost linear condition but bimodal spectra can be seen due
to the difference in wind and wave directions. The wave
field in the fourth quadrant (southeast of the eye) is more
prone to freak waves due to nonlinear enhancement, and
even though the third quadrant follows a linear condition, it
may present a dangerous condition due to bimodal, crossing,
sea states.

[31] The results of these numerical experiments were
verified by field-observed data. The observed pdfs of BFI
and directional spread show clear increases in BFI and nar-
rower directional spread on the east side of the typhoon after
landfall; this is consistent with numerical experiments.

[32] Under the assumed typhoon conditions of this study,
wave growth yielded a young sea state. The sensitivity of
source terms such as wind input and nonlinear transfer will
be validated against these results. Furthermore, the influence
of the relative speed of group velocity ¢, to typhoon trans-
lation speed V requires continued discussion since strong
energy transfer occurs when ¢, = V. The hindcasts for real
weather conditions, and more fully developed wave condi-
tions, such as those produced by an extratropical storm or a
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winter storm at high latitude, should be investigated in the
future.
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