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ABSTRACT

Wave-current interaction has always been a challenging topic in fluid mechanics. The research on bimodal waves has received much more
attention recently, but their evolutions influenced by underlying currents are not yet clear. This study aims to investigate the effects of
co- and counter-propagating currents on spatial evolution using a fully nonlinear wave-current tank based on the high-order spectral method.
The process of the wave focus is significantly shortened by the counter-propagating current, resulting in a sharper crest focus, followed by the
trough focus. Concurrently, the decrease in the total envelope height and width is accelerated before wave focus and then the increase is decel-
erated, accompanied by a delay in the envelope profile transition from the backward-leaning to the forward-leaning. The co-propagating cur-
rent exhibits the opposite phenomenon. The analysis of the spectral energy distribution aids in clarifying the variation of the envelope profile.
The energy redistribution, characterized by a downshift of the frequency band, and a decreased energy distribution at the second peak, along
with the slightly larger value of the root mean square frequency, indicates that the energy back-flow is obstructed by the counter-propagating
current. These findings contribute to our understanding of the current effect on the focused double-wave-group, providing valuable insights
for future research and applications in this field.
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I. INTRODUCTION

With more and more frequent marine activities, marine environ-
mental safety has become one of the most important issues in the field
of ship and ocean engineering."”” Wave—current interaction is one of
the main external factors, posing a serious threat to marine engineering
equipment, which receives increasing attention from experts and
scholars.” In addition to the unimodal waves,”° the bimodal sea state,
usually occurring in the intersection of the estuary and the open sea or
the passage of typhoons, is also more likely to deduce extreme waves
as well.”” However, the evolutionary characteristics are not identical to
that in the unimodal sea state.”'” Therefore, studying the influence of
the currents on the spatial evolution of extreme waves in the bimodal
sea states is of great significance for the understanding of the physical
mechanism of extreme waves.

Generous efforts have been made in the variation of the extreme
wave profile. Compared to the linear prediction of the two adjacent
troughs symmetrical relative to the maximum crest,'' nonlinear inter-
action results in an abnormal rise in the amplitude and asymmetry of
the extreme wave.'” This was observed in single wave packets,” ran-
dom wave fields,"* and other water wave conditions.'”'® Gibbs and
Taylor'” proposed a local envelope width to measure the horizontal
contraction of the extreme waves. They also found that the extreme
wave was shaped as a “wall of water” due to the nonlinear contraction,
which was proven by the analytical results of Adcock et al.'’
Afterward, other parameters were put forward to describe the strongly
nonlinear waves, even considering wave breaking.'”*" Adcock
et al.”""”* proposed two parameters to assess the horizontal asymmetry
influenced by the nonlinear dynamic, which was widely applied.
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One is f3, defined as a ratio of the envelope height at half of the average
characteristic period relative to the maximum height, and the other is
0, defined as the envelope width at 80% of the maximum peak height
of the wave envelope. They also pointed out that the largest wave with
sufficiently large steepness inclines to move to the front of the wave
group.”” Tang et al.” proved that nonlinear interaction indeed leads to
the increase in horizontal asymmetry as well as nonlinear contraction
with wave steepness increasing in the open ocean. Furthermore, the
spatial evolution of extreme waves was investigated by Tang et al.”**
They found that horizontal asymmetry reaches the maximum value
with the occurrence of the largest peak and then declines to a near-
zero steady-state value.

Recently, the influence of currents on the nonlinear characteris-
tics of wave groups has attracted more attention. The wavelength was
proven to be stretched by the co-propagating current but compressed
by the counter-propagating current.””’ As a result, extreme waves
were observed triggered more frequently in the counter-propagating
current.”® In circumstances such as random wave field,”’ Peregrine
breather™” as well as the focused wave’** colliding with the counter-
propagating current, wave profiles were more intensively altered rela-
tive to the non-current condition. It manifested in the amplification of
wave amplitude, the enhancement of envelope asymmetry, and the
increase in wave steepness. Merkoune et al.”> pointed out that the
changes in wave profile were accompanied by more energy transfers to
the relatively high-frequency partition, resulting in a broadened fre-
quency bandwidth. Concerning the focused waves, Wang et al.” found
that the focused position and time were lagged by the co-propagating
current, but otherwise for the counter-propagating current. Moreover,
the altered focused position and time seemed to be correlative with the
wave group velocity accelerated or decelerated by the currents.”**”

The aforementioned study mainly focused on the unimodal
waves. However, 33% of the open sea was observed to exhibit a
bimodal behavior.”**” Intermodal distance (ID) and sea-swell energy
ratio (SSER) were defined to describe the energy distribution of the
bimodal sea state. Their changes had a significant impact on the non-
linear characteristic of double-wave-group focusing, different from
that of single-wave-group focusing.” A closer ID (ID < 0.1) or asym-
metrical spectrum distribution (SSER# 1.0) was pointed to activate
more nonlinearities,””"’ manifesting as the increase in either extra
amplitude or the occurrence of extreme waves. Through the analysis of
the measured data, Halsne et al.” reported a 45% rise in significant
wave height when the bimodal sea state collided with a counter-
propagating current. Based on this, Zhou et al.” investigated the effect
of the uniform current on the double-wave-group focusing. Three
ranges were found in the focused amplitude influenced by current,
consisting of the reduction in co-propagating current, the rise in
weakly counter-propagating current, and the re-decrease in strongly
counter-propagating current. For the strongly counter-propagating
current, distinctive nonlinear characteristics were triggered.

Great progress is dedicated to the nonlinear characteristics at a
prescribed position.”*' However, the influence of the current on the
double-wave-group focusing is appreciably distinctive at different posi-
tions, impossible to predict the evolutionary features only by those in
one position. Therefore, the spatial evolution of the double-wave-
group focusing influenced by the co- and counter-propagating current
is numerically simulated. The novelties are threefold. First, in addition
to the focused parameters (e.g., actual focused position, focused time,
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and maximum magnitude), the occurrence of the crest focus and
trough focus influenced by various currents is also clarified. Second,
the concentration of wave energy around the largest crest as well as the
horizontal asymmetry of the envelope due to the wave-current interac-
tion is revealed. Third, the spatial evolution of the energy redistribution
and two typical characteristic frequencies is investigated to explain
changes in the wave envelope under the influence of various currents.

The rest of this paper is arranged as follows: The numerical setup
of the wave-current model is introduced in Sec. II, along with the
description of the wave-current configuration. The evolution of the
envelope profile and the spectral energy distribution influenced by co-
and counter-propagating various currents are analyzed in Secs. I1T and
IV, respectively. The main conclusions are summarized in Sec. V.

Il. NUMERICAL MODEL SETUP
A. Wave-current coupling model

The high-order spectral (HOS) method, " with significant advan-
tages in efficiency as well as accuracy using the Fast Fourier Transform
(FFT) to solve the velocity potential and derivative terms, is employed
in this study, in which the incompressible, inviscid, and irrotational
fluid within the two-dimensional field D satisfies the Laplace equation

2 2

(?97(? + (27(? =0 inD, (1)
where @ is the velocity potential within the domain. The origin of the
coordinate system is located at the intersection of the wavemaker
boundary and the still water line (SWL), in which the x-axis lies on the
SWL, along with the direction of the wave propagation defined as posi-
tive, and the z-axis is vertical to the SWL and its positive direction is
assumed upward.

When introducing a steady, irrotational, and uniform current
with a horizontal velocity of U, the water velocity potential in the fluid
domain can be composed of three parts:*’ the free surface spectral
potential @7, the addition velocity potential @, and the velocity
potential driven by the uniform current

O(x,z,t) = Op(x, 1) + Paga(x, 2, t) + Ux. )

Consequently, the corresponding free surface kinematic and
dynamic boundary conditions can be revised by introducing the effect
of the current”’
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where 7 denotes the water surface elevation.
The bottom boundary condition, wavemaker condition, and ini-
tial condition are given as

Z:ﬂ(x>t)7 (4)
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n(x,t=0)=0,
®j(x,t = 0) = 0, ()

(Dadd(x,z, t= 0) =0,

where h denotes the water depth, and S is the displacement of the
wavemaker.

The prescribed additional velocity potential @, can be obtained
from the wavemaker theory"* based on our expected waves. The free
surface velocity potential @7 and the water surface elevation # are to
be solved using the traditional high-order spectral method proposed
by Dommermuth and Yue"” and West et al."® The absorbing zone is
described by a local modification of pressure at the free surface,”"” in
which the damping coefficient is defined as a third-order polynomial.

A numerical wave-current tank is established, as illustrated in
Fig. 1. The computational domain is 32 m long (L,) and 1 m deep (h).
A wavemaker is set at the left side to generate waves and an absorbing
zone is at the end to reduce the reflected waves. When the underlying
current goes in the same direction as the wave group, it is defined as
co-propagating, otherwise, it is counter-propagating.

To ensure the spatial, temporal, and nonlinear order resolution is
sufficient to accurately capture the complicated nonlinear physical evolu-
tion, refer to the convergence analysis performed in Ref. 8. Per wave-
length is discretized with 50 modes in the x-direction, with time step
adopted as 0.02 s and the nonlinear order expanded up to 5. The experi-
ment conducted by Liu et al."® is used to validate the established numeri-
cal model. The water surface elevation at x=15m between the
numerical results and the experimental data is compared in Fig. 2, con-
sidering the non-current state, co-propagating current state, and counter-
propagating current state. The good agreement indicates the ability of the
numerical model to accurately simulate wave—current interactions.

B. Wave-current configuration

The bimodal sea state is characterized by sea-swell energy ratio
(SSER) and intermodal distance (ID), which are defined by’

2
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where m; is the 0-order spectral moment and f,, is the peak frequency.
The subscripts 1 and 2 denote the wave parameters of the swell system
(corresponding to the wave group with a relatively low peak frequency)
and wind-sea system (corresponding to the wave group with a rela-
tively higher peak frequency), respectively. Case A and case B represent
the cases corresponding to a focused single wave group with a rela-
tively low peak frequency and one with a relatively higher peak
frequency.

The double-wave-group focusing (named case AB in our study)
is generated based on their wavemaker signals, which are the linear
superposition of the corrected ones of the two corresponding single-
wave-group focusing.”"’ For each single-wave-group focusing (case A
and case B), the iterative method™” is applied to correct the deviation
of the actual focused position (i.e., x,;,) relative to the assumed (i.e., x;,),
as well as the focused time.

In the present study, SSER = 1.00 and ID = 0.10 (listed in Table
I) are set, where Ay, is the assumed focused amplitude, and kp is the
peak wavenumber associated with the peak frequency through the dis-
persion relation. The assumed focused position x;, is taken as 15m,
along with the assumed focused time #, taken as 50s. The advanced
JONSWAP spectrum proposed by Goda™ is employed in this study.
The frequency bandwidth is taken from 0.5 to 2.0 Hz uniformly dis-
tributed among 192 wave components. The peak elevation factor 7y is
valued at 3.3.

The current velocity normalized by ¢, o (valued at 0.64m/s in
this study), the group velocity in the bimodal sea state without cur-
rent,"” is chosen (listed in Table II) to interact with the wave group.
The actual focused position x,;, and the actual focused time f,, influ-
enced by the current are also given.

C. Analytical parameters

1. Dimensionless temporal and spatial parameters

(1) (t—tw 0)/T, 0, a normalized propagation time, is used to
describe the number of the characteristic period relative to the
actual focused time, in which T, represents the average zero-
crossing period,”” and the subscript “_0” denotes the corre-

o)
SSER = 2 sponding variables in the non-current state.
7 0} (8) (2) X, a normalized propagation distance, is used to denote the
ID =7p2 —Jpl , number of the characteristic wavelength relative to the actual
Jor focused position. It is defined as
z
Wavemaker
Wave direction Absorbing
x SVVVL — region W
s — ===
FIG. 1. Sketch of the numerical wave—
Co-propagating Counter-propagating current tank.
current h=lm current
_____ > é_-_--
..... > é_-_-_
----- > 6_-_-_

L =32m
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TABLE |. Detailed parameters of the wave configuration. of the upper and lower wave envelopes obtained by the peak detection
method. The non-current configuration is taken as an example. The
Case A Case B Case AB vertical axis 1/A;, represents the normalized water surface elevation,
N R and E/A,, represents the normalized value of the wave envelope.
b1 Jor b2 fe Ap To evaluate the effect of various currents on the evolution of

(m)  (Hz) kpdyy  (m) (Hz) kpAp, (m) ID - SSER wave envelope, two parameters are introduced.

0.025 0903 0.082 0.025 1.103 0.122 0.050 0.10 1.00 (1) ayp and aj,,, the height ratio of the extreme values of the upper

and lower envelopes relative to that in the absence of the under-
lying current, are defined as

TABLE II. Configuration of uniform currents and the actual focused information.

aup = |Eup|/|Eup_0|7 Alow = ‘Elow|/|Elow_0‘7 (10)
Ulcg: o 0.15 0.10 0.05 0.00 -0.05 -0.10 -—-0.15

where the subscripts “up” and “low” represent the extreme val-
ues of the upper and lower envelopes (i.e., corresponding to the
maximum and the minimum values), respectively. Once the
value of this ratio is larger than 1.0, it represents the extreme
value strengthened by the undergoing current compared to the
conditions without currents, otherwise, it is suppressed.

(2) Aty, and Aty the occurrence time deviation of the extreme
values of the upper and lower envelope from that in the non-
current state, are defined as

X (m) 2138 19.62 1674 14.16 12.64 10.36 8.36
tab () 53.64 53.02 50.68 4840 47.78 4556  43.46

X = (x — X))/ 2z, 9)
where 4, corresponds to the wavelength in different undergoing
currents, obtained through the dispersion relation considering
the effect of the current.”

2. Wave enVeIOpe Atup = tup - tup_O Atlow = tiow — tlow_0- (11)

6%:0€:%0 G20Z J9qWAAON 82

Wave envelope E(f) is beneficial to reflect the evolution of the non-
stationary process such as extreme waves over a bathymetry™”" as
well as the wave group focusing.”* Figure 3 shows the spatial evolution

The positive value of At denotes that the appearance of the extreme
value lags behind that of the corresponding non-current state, while
the negative denotes the early appearance.
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FIG. 3. Spatial evolution of the upper and lower envelopes in a non-current state.

3. Asymmetric parameter

The wave profile can reflect its nonlinearity, and it is true for the
wave envelope. Two parameters to be used in the coming analysis are
defined hereafter, as illustrated in Fig. 4.

(1) p, a ratio of the envelope height at T, (/2 relative to the maxi-
mum height [as illustrated in Fig. 4(a)], can be written as’!
B
|Emax‘ ’

|Ex|
‘Emax| '

where the subscripts p and f denote the preceding and following
wave envelopes, respectively. Note that, the preceding and fol-
lowing are defined relative to the direction of the wave propaga-
tion hereafter.

Psum> the sum of the relative height of the preceding and follow-
ing envelopes, can be used to express the energy concentration
of the wave group around the largest wave crest, written as

:Bsum = /))p + /))f (13)

The larger the value of fi,m, the more concentrated the energy
of the wave group is.

o is defined as the envelope width at 80% of the maximum peak
height of the wave envelope [illustrated in Fig. 4(b)]. Here, 0gym
and Ao are also introduced to measure their sum and difference
of the preceding and following wave envelopes, written as”*

ﬂp ﬁf = (12)

(2

~

Osum = Op + oy, (14)
Ac = g, — o1. (15)

Here, 04, reflects the horizontal width of the envelope at different
positions in the evolutionary process. Ag can be used to compare the
asymmetry of the preceding and following envelopes. The positive
value indicates a backward-leaning profile, and the negative value indi-
cates a forward-leaning profile.

4. Characteristic frequency

(1) frms the root mean square frequency (defined as the radius of
gyration as the spectra rotate around the y-axis™’) can be used
to measure the energy distribution in the frequency domain
during the wave propagation, given as

_ M
frms—\/;;, (16)

where m, denotes the second-order spectral moment. The
larger value of f, indicates more higher-frequency compo-
nents appearing.

(2) f.» defined as the corresponding frequency corresponding to the
valley between the two peaks in the frequency spectrum, is illus-
trated in Fig. 5 in blue, along with the corresponding energy dis-
tribution a,.

(3) fua> defined as the second peak frequency, is illustrated in Fig. 5
in red with the corresponding energy distribution a,,4. Note that
this parameter is different from the input peak frequency of the
wind-sea system f,, since this parameter will be variable in the
evolution of the wave propagation for nonlinear interactions
between fluids.

lll. EVOLUTION OF WAVE PROFILE INFLUENCED
BY CURRENTS

A. Upper and lower envelopes

Figure 6 compares the spatial evolution of the upper [Fig. 6(a)]
and lower envelopes [Fig. 6(b)] in the presence of various currents,
where the vertical axis is normalized by the assumed focused ampli-
tude of the double-wave-group focusing. The peak of the envelope
enhances first and then declines with the wave group propagating
from focus to defocus. Additionally, the presence of the underlying
current drives the wave group off the occurrence time in the absence
of the current, irrespective of the upper or the lower envelope.
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FIG. 4. lllustration of the asymmetric parameters of wave envelope. (a) f5 and (b) .

In Fig. 6(a.1), at the initial stage, even if the co-propagating modi-
fies the upper envelope being narrower and steeper, it lags the upper
envelope in the non-current or counter-propagating current. After the
swell (the wave group with a relatively low peak frequency) begins to
converge with the wind sea (the wave group with a relatively higher
peak frequency) [Fig. 6(a.2)], the counter-propagating current drives
the contraction of the envelope profile in the horizontal direction. Till
the focused position [Fig. 6(a.3)], the sufficient concentration of energy
attributes to maximum peak values and the narrowest envelope pro-
files. Passing by the wave focus [Figs. 6(a.4) and 6(a.5)], the evolution
of the components with different propagation velocities being spread
out is impaired by the counter-propagating current, causing the enve-
lope profile more slowly returning to the original state. In the evolu-
tionary process of focus and defocus, the spatial evolution of the
envelope profile is not an exact mirror regarding the focused position,
manifested as the asymmetry property of the envelope profile shifting
from forward to backward due to the various wave—current interac-
tions. In the lower envelope [Fig. 6(b)], the position where the maxi-
mum magnitude appears is drift, manifested as the phenomenon of
the advanced influenced by the co-propagating currents and delayed
by the counter-propagating currents. In the co-propagating current,
the trough focus occurs earlier than the crest focus, while in the
counter-propagating current, the trough focus occurs later than the
crest focus.

Jad f(Hz)

J

FIG. 5. Characteristic frequencies and their corresponding energy distributions.

B. Magnitudes and their occurrence time

The spatial evolution of the maximum magnitude and the corre-
sponding occurrence time of the upper and lower envelopes influenced
by various currents are given in Fig. 7.

For the upper envelope [Fig. 7(a.1)], at the initial stage, the maxi-
mum magnitude a,, in the co-propagating current is larger than that
in the counter-propagating current. Meanwhile, the larger the value of
the co-propagating current velocity, the larger the value of the maxi-
mum magnitude, and the opposite for the counter-propagating cur-
rent. At the three times characteristic wavelength before the wave
focus, ay, reaches a maximum value of 1.25 in the co-propagating cur-
rent with the velocity U/c,, o= 0.15 and a minimum value of 0.84 in
the counter-propagating current with the velocity Ulc,, o= —0.15.
Till the focused position, ay, in the co-propagating current decreases
to the value of less than 1.0, but most of that in the counter-
propagating current increases to the value larger than 1.0, except for
the state with Ulcg, o= —0.15, associated with the blocking effect
reported in our work.” As these two wave groups are gradually sepa-
rated, the value of ayp tends to be stable around 1.0, finally with
values in the counter-propagating currents larger than those in the
co-propagating currents. Although the wave group velocity in the
counter-propagating current is slowed down, the nonlinear interaction
is excited in the process of focus and defocus, manifested in the rapid
variation of the energy transfer in the maximum magnitude near the
focused position. For the lower envelope [Fig. 7(b.1)], all of the occur-
rence positions up-crossing or down-crossing the relative equivalent
value (ie., i, = 1.0) lag behind those in the upper envelope. It is
related to the occurrence order of the crest focus and the trough focus
under the effect of the water current.

Concerning the deviations of extreme value occurrence time rela-
tive to that in the non-current state [Figs. 7(a.2) and 7(b.2)], the co-
propagating current inclines to be larger than 0, but the counter-
propagating current prefers negative. The co-propagating current
delays the occurrence of the extreme values of the upper and lower
envelopes, while the impact of the counter-propagating current is the
opposite. Additionally, At,, and At tend to slightly decrease as the
wave propagation in the co-propagating current, but they almost
maintain constant values in the counter-propagating current. The
greater the value of the current velocity, the greater the deviation of
the occurrence time of the extreme values. This can be explained by
the fact that the counter-propagating current excites the nonlinearity
within the fluids, but the co-propagating current does the opposite.
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C. Asymmetry

Figure 8 presents the sum of the preceding and following enve-
lope heights [obtained from Eq. (13)], including the upper and lower
envelopes, to investigate the concentration of wave energy around the

largest crest. For the upper envelope [Fig. 8(a)], the initial values of
Psum_up are more than 1.9, irrespective of the co- or counter-
propagating current. As the wave propagates, fuy up dramatically
declines with the co-propagating current enhancement, but a slight
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FIG. 7. Influence of the current on the maximum magnitudes (1) and their corresponding occurrence time (2) relative to those in a non-current state. (a) Upper envelope and

(b) lower envelope.

reduction in the counter-propagating current, reflecting that the
energy of the adjacent components tends to converge toward the larg-
est crest influenced by the co-propagating current. When approaching
the focused position, all By up decreases to their minimum values.
Meanwhile, a stronger counter-propagating current induces a larger
magnitude of the decrease within such a limited distance. After that,
Psum_up turns out to increase up to above 1.8 till the wave groups are
peeled off from each other. This process is accelerated by the co-
propagating current but obstructed by the counter-propagating cur-
rent. Concerning the variation of the lower envelope [Fig. 8(b)], the
wave—current interaction is manifested as a relatively smaller mini-
mum in the co-propagating current before the wave focus but opposite
in the counter-propagating current. Since the measured points are
selected in the process of the wave components focused on the crest,
the ambiguous variation trend of Pgum jow In Various currents is
reasonable.

Figure 9 summarizes the spatial evolution of the envelope width
Oqum in the horizontal direction [obtained by Eq. (14)]. In Fig. 9(a), as
the value of the current velocity turns from positive (the co-propagating
current) to negative (the counter-propagating current), Ggum up
keeps getting larger, that is, the envelope width is getting broadened.

Then, 04y yp continues to reduce around 0.9 till the focused position.
It is consistent with the observation based on the detection of the natu-
ral ocean that the minimum of the envelope width occurred at the
focused position.”’”* Meanwhile, the decrease rate of O sum_up 18 speeded
up with the increase in the counter-propagating current velocity.
Behind the focused position, the envelope width becomes broadened as
the two wave groups are separated. In this process, the extending of the
envelope in the co-propagating current is faster than that in the
counter-propagating current, but the increase rate is much lower than
the descent rate before the wave focus. In addition, the departure of the
envelope width at the position seven times the characteristic wavelength
in front of the focused position (i.e, X=—7) and that behind the
focused position (ie, X=7) is enlarged by the counter-propagating
current, which may be attributed to nonlinearities activated by the
counter-propagating wave—current interaction can still modify the
envelope profile. A distinct difference in the lower envelope [Fig. 9(b)]
is that the narrowest envelope width (i.e., the minimum of Ggm_jow)
occurs before the focused position in the co-propagating current but
opposite in the counter-propagating current.

The total envelope width of the preceding and the following can
describe the energy gathering around the maximum crest, but it is
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FIG. 8. Evolution of the total horizontal asymmetry of the preceding and the following influenced by water currents with various velocities. (a) Upper envelope and (b) lower

envelope.

impossible to measure the energy transfer before and after the wave
focus. The difference between o¢and g}, [obtained from Eq. (15)] influ-
enced by various currents is consequently compared in Fig. 10. For the
upper envelope in Fig. 10(a), Ao starts as a negative value, suggesting
that the envelope profile presents an appearance of backward-leaning.
With the waves approaching, Ao still stays negative, but different
changes occurred. For instance, Ag remains stable in non-current,
while increasing in the presence of the co-propagating current and
decreasing in the counter-propagating current. Till the focused position,
A increases up to slightly less than 0 in non-current as well as the
counter-propagating current, while the co-propagating current forces
Ag increase to the positive, implying the co-propagating current accel-
erates the maximum magnitude of the envelope turning to forward-
leaning. After passing by, Ac becomes positive in all wave—current con-
figurations with no deterministic pattern. This shape correction is
attributed to not only the bound waves induced by wave-wave interac-
tions local in non-current™ but also the nonlinear superposition of the
complex wave—current interaction. For the lower envelope in Fig. 10(b),
as the waves propagate, most Ag decrease from negative values and

then increase to their positive maximum and finally slightly decrease.
Except for the configuration with Ulcg, o= —0.15, the evolution pro-
cess presents an approximate V-shape, with a minimum value of —0.4
appearing around the focused position. It can be pointed out that
whether the process of the energy transfer between the preceding and
following wave enveloped is accelerated or decelerated is determined by
the current is co- or counter-propagating in the double-wave-group
focusing.

IV. EVOLUTION OF SPECTRAL ENERGY DISTRIBUTION
INFLUENCED BY VARIOUS CURRENTS

The Fast Fourier Transform (FFT) is adopted to investigate how
undergoing currents affect the energy transfer in the process of wave
focus and defocus.

A. Frequency spectrum

Figure 11 compares the spatial evolution of the spectral energy
distribution influenced by various currents, where the vertical axis is
normalized by the maximum amplitude in the non-current state
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FIG. 9. Evolution of the total envelope width of the preceding and the following influenced by water currents with various velocities. (a) Upper envelope and (b) lower envelope.
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(defined as ayaxo)- The result in the absence of an underlying current
is shown in Fig. 11(b) for comparison. As described in Ref. 57, the
nonlinearity enlarges first and then declines with the wave evolution.
The great deviation is observed in the higher frequency range (ie.,
f>2.0Hz) at the focused position, accompanied by a continuous
decline in the valley between these two peaks as well as in the second
peak, which is recognized as one of the typical features in the forma-
tion of extreme events.” "™

The underlying current plays an undeniable role in the energy
transfer in double-wave-group focusing, which can be found in the
enlarger partial in red shadow. It is mainly manifested as the valley
between these two peaks and the second peak as well as their corre-
sponding characteristics frequency (ie., f, and f,q defined in Sec.
I1C4). Compared to the variation in the co-propagating current
[Fig. 11(a)], the magnitude of the changes in the second peak in the
process of wave evolution seems more significant in the strongly
counter-propagating current [such as Ulcg, o= —0.10 in Fig. 11(c)

and Ulcg, o= —0.15 in Fig. 11(d)], along with f,4 shifting downstream
appearing as a tri-modal spectrum when two wave groups are gradu-
ally separated. This suggests that the energy returns to the initial spec-
tral range are obstructed by the strongly counter-propagating current.
In addition, an abrupt increase near 2.0 Hz inclines to move to the
lower frequency range as the counter-propagating current enhances,
resulting from the effect of the Doppler downshift.”’

B. Analysis of characteristic parameters

The spatial evolution of the root mean square frequency fims
[obtained from Eq. (16)] is illustrated in Fig. 12. A larger fi,s repre-
sents a more intense nonlinear interaction. Away from the wave focus,
the value of f,,,s in the co-propagating current is a little larger for the
increase in nonlinearity, resulting in the rising steepness of the wave
envelope in Fig. 6(a.2). As the maximum crest appears at the focused
position, the effect of current on the magnitude of the focused
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FIG. 11. Spatial evolution of the amplitude spectra in water currents with various velocities. (a) Ulcg, o=0.10, (b) Ulcg, o=10.00, (c) Ulcg, o=—0.10, and (d) U/

Cgz 0=—0.15.
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amplitude is predicted by fi,s. After that, fi,s tends to go back to the
initialization with the dotted line above other lines. The dissipation of
nonlinear energy is due to the inhibition by the counter-propagating
current, leading to the appearance of a steeper and narrower wave
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group in Sec. I1I C. Finally, f,.,s almost reduces to the initial value syn-
chronous with the mixed field coming back to a stable state.

Statistical analysis is conducted on the evolutionary variation in
the energy distribution on the valley and the second peak as well as
their corresponding characteristics frequency (Fig. 13).

In Figs. 13(a.1) and 13(b.1), at seven times the characteristic
wavelength before the focused position, d,/dmax0 and a,4/dmaxo in the
co-propagating current are smaller than those in the counter-
propagating current, implying that the energy transfer to higher-
frequency forced by the co-propagating current has already happened
at the initial stage. With the wave propagating, a,/amaxo in different
currents slightly reduces, and their differences decline, while a,,4/@maxo
declines with faster speed than that of a,/a,.x0. It can be proven that
more energies transfer to higher-frequency partition, promoting the
frequency band upshift. Till the focused position, a,/d;.x0 and a,q/
Amaxo reach their minimum, indicating the energy transfer to the
higher frequency achieves maximum. The larger the counter-
propagating current velocity, the smaller the minimum, and the more
energy transfer. Passing by, a,/am,xo keeps increasing and tries to go
back to the fundamental frequency range. While a,4/aiax0 in the
strong counter-propagating current remains decreased within three
times wavelength off the focused position, suggesting that the nonline-
arity reduced by the counter-propagating current continues to
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FIG. 13. Spatial evolution of energy distributions (1) and their corresponding characteristic frequencies (2) influenced by water currents with various velocities, (a) correspond-

ing to the valley between the two peaks and (b) corresponding to the second peak.
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strengthen, which is the reason that the maximum magnitude in the
counter-propagating current exceeds that in non-current at that point
in Fig. 7(a.1). Moreover, in the process of the energy return, the
counter-propagating current with a larger velocity can induce a faster
decrease (within the relative distance from 0 to 3) or a faster increase
(within the relative distance from 3 to 7) of dna/dmaxo [Fig. 13(b.1)],
which is synchronous with the variation of the energy concentration in
Fig. 8(a) and horizontal asymmetry in Fig. 9(a). Finally, a,/dm.y and
And/Amaxo in the counter-propagating current are still below that
in the counter-propagating current. This indicates that compared
to the variation in the co-propagating current, there are still
more higher-frequency components remaining influenced by the
counter-propagating current.

Concerning the variation of the characteristic frequency, f, is
slightly affected by different currents [Fig. 13(a.2)]. There is only a little
deviation from 1.0Hz around the focused position. For the co-
propagating current, the frequency band shifts to a relatively high fre-
quency before the focused position, while for the counter-propagating
current, it occurs behind the focused position. This phenomenon may
be associated with the change in the occurrence time of the crest focus
and the trough focus influenced by various currents, which needs fur-
ther investigation. In Fig. 13(b.2), the characteristic frequency corre-
sponding to the second peak f,q keeps consistent in all current
configurations at the beginning. As the wave groups interact with each
other approaching the focused position, f,q decreases simultaneously
at the same speed in the currents with different velocities. When the
waves begin to defocus, f,4 in non-current and the co-propagating cur-
rent keep unchanged in the first three times characteristic wavelengths,
while f,4 in the counter-propagating current remains shifted down-
ward at the same speed. After that, f,4 continues to decrease separately,
with a minimum value of 1.08 Hz in the co-propagating current and
1.05Hz in the strongly counter-propagating current. The stronger the
counter-propagating current, the faster the speed of the spectral fre-
quency band downshift.

Generally, in the process of wave defocus, the wave groups gradu-
ally separate due to different propagation velocities and the higher-
frequency components decrease for the weakened interaction. From
the above, under the effect of the strongly counter-propagating current,
a downshift of the spectral frequency band and a decreased energy dis-
tribution (i.e., a decreased amplitude spectrum) at the second peak fre-
quency can be observed in this process. Considering that the
corresponding characteristics frequency f,,,s also remains a little larger
value for a while, this confirms that the energy transfer to the funda-
mental range is disturbed by the counter-propagating current with the
back-flow blocked, which consequently causes a sluggish evolution.
Furthermore, even if f,,,s almost returns to the initialization, the energy
distribution has undergone significant changes under the effect of the
various currents besides the wave—wave interactions. For instance, a
tri-model spectrum behavior appears in a strongly counter-
propagating current. This also reflects that the impact of the currents
on the nonlinear waves is rather than a linear superposition but more
complex physics, involving irreversible changes in the dispersion
relation.

V. CONCLUSIONS

In this study, the spatial evolution of the double-wave-group
focusing influenced by the co- and counter-propagating current is

ARTICLE pubs.aip.org/aip/pof

studied using a fully nonlinear numerical model based on the high-
order spectral (HOS) method. The main conclusions are as follows:

(1) The counter-propagating current has a different impact on the
focused parameters in the double-wave-group focusing from
the co-propagating current, such as actual focused position,
focused time, and maximum magnitude. The evolutionary pro-
cess of the wave focus is significantly shortened, with a sharper
crest focus followed by the trough focus, which is opposite to
the co-propagating current.

(2) The horizontal asymmetry of the wave envelope varies in the
spatial domain depending on the current velocity. The sum of
the envelope heights fs,, and the sum of the envelope widths
Osum decrease first and then increase as the waves focus and
defocus, with the minimum at the focused position. In the
counter-propagating current, the decreased speeds of f,, and
Osum €an be accelerated before wave focuses with the increased
speeds decelerated after wave focus and the transition from the
backward-leaning (negative Ac) to the forward-leaning (posi-
tive Ao) is also delayed.

(3) The influence of the underlying current on the energy transfer
in the evolution of the double-wave-group focusing is analyzed.
It manifested as the irreversible variation of the valley between
these two peaks and the second peak as well as their corre-
sponding characteristics frequency (f, and f,q), which aids in
clarifying the spatial evolution of the wave envelope profile
influenced by various currents.

(4) In the process of wave defocus, energy transfer to the funda-
mental range is disturbed by the counter-propagating current
with the back-flow blocked, consequently causing a sluggish
evolution. It can be deduced from the phenomenon that a
downshift of the spectral frequency band, and a decreased
energy distribution at the second peak frequency, as well as the
corresponding characteristics frequency f,ms also remain a little
larger value for a while in the strongly counter-propagating
current.

(5) The impact of the currents on the nonlinear waves is rather
than a linear superposition but more complex physics. Even if
the root mean square frequency f,s almost returns to the ini-
tialization, the energy distribution has undergone significant
changes under the effect of the various currents besides the
wave-wave interactions, like a tri-model spectrum behavior
appearing after wave focus in a strongly counter-propagating
current.

The above findings explain the spatial evolution of the double-
wave-group focusing influenced by the co- and counter-propagating
currents. It helps to understand the mechanisms of wave-current
interactions and even extreme wave formation. In future work, more
unknown but fascinating physical processes could be promoted, such
as non-uniform (in space) current interacting with focused waves,
sheer current interacting with extreme waves, and so on.
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