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Parametric subharmonic instability arising in a narrow-band wave spectrum is
investigated. Using a statistical equation that describes weakly nonlinear interactions
in a random wave field, we perform analytical and numerical stability analyses
for a modulating wave train. The analytically obtained growth rate 1 = (—u +
\/? +4CEpg) /2 agrees favourably with the results from direct numerical experiments,
where p is the half-value width of the background wave frequency spectrum, Ejp is
the background wave energy density, and C is a constant. This expression has two
asymptotic limits: A ~ /CEp for u < +/CEg and A~ CEg/p for pu > /CEp. In the
terms of weak turbulence, these two growth rates correspond to the ones occurring in
the dynamic and kinetic time scales. In this way, our formulation successfully unifies
the two conventional types of parametric subharmonic instability and offers a new
criterion to determine the applicability of the classical kinetic equation in three-wave
systems.
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1. Introduction

Periodic variation of a system parameter drives oscillatory motion, which is known
as parametric excitation. Pumping a playground swing by standing and squatting on it
is a typical example. Parametric excitation is commonly observed in various systems
and, in the specific case of the ocean, it plays a vital role in the dissipation of
internal waves and resulting vertical water mixing (Hibiya & Nagasawa 2004; Hibiya,
Nagasawa & Niwa 2006). In the context of physical oceanography, enhancement
of fine disturbances in a higher-frequency and larger-scale ambient wave field is
in particular named parametric subharmonic instability (PSI). Despite many years of
ocean research, the actual efficiency of PSI remains uncertain, even today (MacKinnon
et al. 2017).

Because the spatial structure of an internal wave varies depending on the situation
in which it is generated and propagates, PSI has been separately investigated for
each case: e.g. spatially monochromatic wave trains (Sonmor & Klaassen 1997),
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low-vertical-mode wave trains (MacKinnon & Winters 2005; Young, Tsang &
Balmforth 2008; Hazewinkel & Winters 2011), vertically propagating beam waves
(Bourget et al. 2014; Karimi & Akylas 2014, 2017) and waves near boundaries
(Gerkema, Staquet & Bouruet-Aubertot 2006; Chalamalla & Sarkar 2016). Several
studies specifically considered irrotational cases, whereas the recent geophysical
interest is mainly directed to the effect of variation of the Coriolis parameter that
makes up the latitudinal dependence of the PSI efficiency (Hibiya, Nagasawa & Niwa
2002; Furuichi, Hibiya & Niwa 2005). The common factor in all of these studies is
the discussion of the stability of a temporally monochromatic wave. However, the
monochromatic assumption is not necessarily appropriate when applied to real ocean
systems.

In general, the most significant forces inducing periodic motion of seawater are
those exerted by tides. Variation in the gravity potential produces primarily a very
large-scale barotropic flow, which collides with seamounts or continental shelves
to generate secondary baroclinic motion, called internal tides. If we assume the
linearity in the response (i.e. ignoring advection), the generated internal tides can be
considered monochromatic in time with the same frequency as the original tidal force.
However, large-scale internal tides subsequently propagate as wave trains through a
temporally fluctuating geostrophic flow field, experiencing time-dependent refraction
and then producing ‘incoherent’ components (Zaron & Egbert 2014). From an in situ
observation, Alford & Zhao (2007) indeed reported phase modulation of the internal
tides far from their generation sites. As will be made clear in this paper, stochastic
phase modulation acts to disturb the frequency of a harmonic oscillation, broadening
its energy spectrum in the frequency space. All the studies mentioned above have
only investigated the complete line spectrum cases, leading to the effects of wave
frequency fluctuations on PSI being insufficiently considered.

In the stochastic problem, the ordinary deterministic approach for parametric
excitation, which is based on the famous Floquet theory, does not work. An
alternative approach is to employ statistical methods, which is rather effective when
stochastic noise exists. A standard model used to describe the statistical evolution
of a continuous spectrum is the kinetic equation. This equation is primarily utilised
for the study of weak turbulence, i.e. a turbulent system where weakly nonlinear
interactions among dispersive waves cause energy transfer over a broadly distributed
spectrum (Zakharov, L'vov & Falkovich 1992). Resonant interactions in the oceanic
wave field had been rigorously investigated using the kinetic equation until the 1980s
(Miiller et al. 1986). Also in this field, PSI is defined as a major class of resonant
triad interactions that acts to transfer energy towards large-wavenumber low-frequency
regions (McComas 1977).

Here, we recognise that PSI has two definitions, one being the instability of
a monochromatic wave and the second as a class of resonant interactions in a
continuous spectrum. A simple explanation for the difference between these concepts
can be given based on their interaction time scales. In the former case, disturbance
waves are exponentially amplified, with their maximum growth rate proportional to the
amplitude of the parent wave (Hasselmann 1967). In the latter case, the growth rate of
the disturbance energy is proportional to the energy density of the parent components
(McComas & Miiller 1981). Letting € be the typical size of the wave amplitude, the
time scale of PSI in a monochromatic wave is represented as t ~ O(e~'), whereas
in the broadband spectrum case, it is given as t ~ O(e2). In the theory of weak
turbulence, these two time scales are respectively called the ‘dynamic’ and ‘kinetic’
time scales (Kartashova 2013). We note that the specific definitions depend on the
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system being considered. For surface water waves, the dynamic and kinetic time
scales are respectively defined as t~ O(e~?) and t~ O(e*). The difference from the
case of internal waves comes from the fact that surface waves never cause resonant
triad interactions and, alternatively, four-wave interactions play the dominant role.
In any case, assuming that € is sufficiently small, the kinetic time scale will be
much larger than the dynamic time scale. Accordingly, the kinetic equation can be
interpreted as a model that describes the long-term evolution of the system.

Bearing in mind the ideas mentioned above, one may expect that the growth rate of
PSI in an internal tide derived using the kinetic equation becomes much smaller than
the deterministic counterpart. In reality, however, if the kinetic equation is applied to
a narrow-band wave spectrum, the growth rate of the instability becomes unnaturally
large and even diverges in the limit of a monochromatic wave train. This problem was
identified in Polzin & Lvov (2011), but a satisfactory explanation for this unphysical
result has yet to be given.

There has been another line of research that addresses the ‘decay rates’ of internal
tides caused by resonant interactions, which are also derivable from the kinetic
equation (Olbers & Pomphrey 1981; Olbers 1983; Eden & Olbers 2014; Onuki
& Hibiya 2018). Contrary to the disturbance growth rate, the decay rate of an
internal tide depends on the energy of the recipient waves, and not on the spectrum
shape of the internal tide itself. Therefore, the decay rate takes a finite value, even
for a monochromatic wave, so long as the overall spectrum is sufficiently smooth.
Young et al. (2008) compared the decay time of internal tides estimated by Olbers
& Pomphrey (1981) of O(100) days with the growth time of disturbances in a
monochromatic internal tide, which is O(10) days, and concluded that the classical
statistical approach overlooked the significance of PSI. This consideration may be
somewhat misleading, as the kinetic equation does not underestimate but extremely
overestimates the growth of disturbance energy if applied to monochromatic waves.

Since the conventional kinetic equation cannot be applied to PSI in a narrow-band
wave spectrum, we must reconsider the statistical theory of resonant wave-wave
interaction and formulate a new model that meets the present requirements. Although
our attention focuses mainly on internal wave dynamics, the theoretical considerations
have much in common with other research subjects, especially with surface water
waves.

The stability of a wave train on a water surface has been a major topic since
Benjamin & Feir (1967). It is currently known that a sinusoidal wave with slight
phase modulation is dynamically unstable. This type of phenomenon is called a
Benjamin-Feir instability and the concept has also been extended to a random wave
field. Alber (1978) formulated a stability condition for a narrow-band random wave
train from a two-dimensional nonlinear Schrédinger equation, in which a cubic term
causes four-wave interactions. He derived and analysed an evolution equation of a
two-point correlation function by assuming a Gaussian random wave field. As for
PSI caused by three-wave interactions, a different approach is required to construct a
statistical equation suitable for analysis. Moreover, the statistical features of PSI are
different from those of Benjamin—Feir-type instabilities, containing new and important
findings related to nonlinear wave dynamics in general, as we shall see in this study.

A summary of this paper is as follows. In §2, we start the story with a classical
stochastic oscillator equation. This simple linear model offers basic insights into the
difference between the dynamic and kinetic properties of general resonant phenomena.
In addition to the conventional two types of time scales, we introduce the ‘time
ranges’ to clarify the transition from the dynamic- to Kkinetic-type responses in
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the oscillator, which enables us to readily understand why the kinetic equation is
bankrupt for monochromatic wave cases. In § 3, we switch the discussion to a linear
parametric excitation model, dividing the section into two parts: we first investigate
the difference of the two types of energy growth in the stochastic parametric excitation
in a heuristic manner based on the consideration in the previous section; and, after
that, we introduce a more systematic approach by employing statistical assumptions.
The former approach is rather intuitive, whereas the latter, which leads to an identical
result, is more relevant to the weak turbulence theory. In § 4, we extend the discussion
to the finite-dimensional case. Following the derivation procedure of the classical
kinetic equation, we explain why it does not accurately represent the energy growth
of PSI and how it can be fixed. Using a generalised version of the kinetic equation,
we conduct analytical and numerical stability analyses for a modulating wave train,
to find a simple expression for the growth rate of PSI. In §5, we compare the
analytically obtained growth rate with the results from numerical experiments with a
one-dimensional model that mimics the parametric growth of small-scale waves in a
progressive internal tide. We confirm the favourable agreement between the analytical
and experimental results and discuss how the present study can be translated in terms
of real oceanographic research. Concluding remarks are given in § 6.

2. Statistical description of resonant oscillation

The statistical theory of resonant interactions has a long history. Above all,
Hasselmann (1962) presented a monumental work in which the kinetic equation
for surface water waves was derived for the first time. A key ingredient in his
approach is the consideration of the asymptotic behaviour of an undamped harmonic
oscillator in response to stochastic forcing. This type of problem frequently arises
from fluid equations expanded in Fourier space and thus has a wide range of
application including that to oceanic internal waves (Hasselmann 1966). In his original
formulation, however, the difference between the common deterministic theory and
the statistical approach is somewhat obscure. To elucidate the essence of the kinetic
equation, we revisit this basic problem from a different viewpoint.

Let us consider an ordinary differential equation

d’x

@ +x= Ef, (2 1)
the identical model to equation (3.6) of Hasselmann (1962), together with initial
conditions x(0) = x(0) = 0. The function f(f) represents an external driving force to
the harmonic system, with the parameter € specifying its typical size. In general,
equation (2.1) can be analytically solved as

xX=¢€ / sin(t — 1)f (t;) dt,, (2.2a)
0

Xx=¢€ / cos(t — t)f (t;) dty. (2.2b)
0

Using these expressions, the energy of the oscillator, E(f) = (x? +X?)/2, can be written
as

2 t t
E=S / / cos(ty — 1) (1)f () diy dos. (2.3)
0 0


https://doi.org/10.1017/jfm.2019.44

https://doi.org/10.1017/jfm.2019.44 Published online by Cambridge University Press

PSI in a narrow-band spectrum 251

Notice that the scale of E is limited to O(e?) so long as the time integration in (2.3)
does not grow secularly. We now assume f to be a stochastic stationary process, with
an associated autocorrelation function

(f+0f () =F(1), 2.4)

which we know in advance. It is specified here that the notation (-) represents the
expectation value or the ensemble average of the function within the brackets, and not
a temporal average. The Wiener—Khinchin theorem relates the autocorrelation function
to the power spectrum S(w) as

F(r)= % /00 S(w) cos(wt) dw. (2.5)

o0

Taking the average of (2.3), using (2.5), and integrating it with respect to both #, and
t,, we may write the expectation of energy in the form

2 o)
(E) = — / S(@)K (o, 1) do, (2.6)
21 J_o

where K(w, t) acts as the time-dependent kernel associating the forcing spectrum S(w)
with the energy of the system, (E(#)), at any time ¢. The specific expression for K is

_l—=cos((w+ 1))  1—cos((w— 1))
K(w, 1) = ot 1) + 1) . 2.7

Figure 1(a) shows plots of K(w, t) as a function of w for several values of t. As
time progresses, values of K at w ==+1 grow to form sharp spectral peaks, indicating
that most of the energy provided to the oscillator system comes from the narrow-band
components in the forcing spectrum. The peak frequency of K, in this case |w| =1,
corresponds to the natural frequency of the oscillator.

From the above considerations, we recall another, and perhaps more famous, case;
that is, a forced damped oscillator, which can be represented as

S i) w20 28)
— 4+ v—+x=c¢ v > 0). .
dr? dr

Also in this system, the time evolution of the energy can be represented in the form
of (2.6), using a different function K. Owing to the damping effect, K(w, t) uniformly
converges in the limit of t — oo as

14+ w?

K(w, ) — k(w) = m

(2.9)

Figure 1(b) shows the shape of the function k(w). The square root of k(w) corresponds
to the classical resonance curve, which represents the ratio of the amplitude of the
oscillator to that of the forcing for each frequency in a steady state. In contrast, for
the completely undamped case (2.1), K(w, t) diverges at w ==£1 in the long-time limit.
Therefore, (E) will never reach a steady state. In the following, excluding the damping
effect, we focus on such an unsteady process and discuss the rate at which the energy
grows in response to several types of driving forces.
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FIGURE 1. (a) Plots of the kernel K(w, t) as defined in (2.7) versus frequency w at
different times ¢. (b) Plot of k(w), the asymptotic form of the kernel K(w, t) for a damping
oscillator, as defined in (2.9).

2.1. Types of response
First, we consider a monochromatic forcing F(r) = cos(r). In this case, the
corresponding forcing spectrum forms a line shape S(w) = nw(§(w + 1) + §(w — 1)),
substitution of which into (2.6) yields

() = €’ N €2sin’ ¢t
4 4

(2.10)

As time progresses, the first term on the right-hand side of (2.10) quickly becomes
dominant. This result may seem natural because, as is well known, when an oscillator
is driven with its natural frequency, its oscillation amplitude becomes directly
proportional to time, and therefore the energy, being proportional to amplitude
squared, is proportional to the square of time.

Second, we consider stochastic white-noise forcing F(t) =§(t), which corresponds
to S(w) =1. In this case, (2.3) directly yields the energy expectation value

€t
(E) = 7 (2.11)

This result also corresponds to the familiar feature of a basic stochastic process:
variance of the spatial displacement of a randomly forced particle grows proportionally
with time.

The contrasting expressions (2.10) and (2.11), (E) oc#? for the former case and (E)
t for the latter case, represent the essential difference between dynamic and kinetic
responses. Moreover, an additional viewpoint can be introduced by focusing on the
amplitude parameter of the forcing term €. The energy expectation value reaches O(1)
in £~ O(e™!) in the former case and t ~ O(e~?) in the latter case. They are exactly
the dynamic and kinetic time scales, as defined in § 1.

From the above example, we have verified that the energy expectation value of the
oscillator in response to a simple white noise grows linearly with time. In fact, this
property holds for more general situations. To see this, we differentiate (2.6) with
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respect to ¢ and use an elementary asymptotic relation, sin(wt)/w — mé(w), that holds
in the limit of r — co. We then obtain

d(E) €> [*™
:/ S)S(w+1)+6(w—1)) dw. (2.12)

oo

Equation (2.12) shows that the long-term evolution of the energy expectation value
can be described by a first-order differential equation. This is the cornerstone of
Hasselmann’s work that underlies the derivation of the kinetic equation. However, a
problem arises at this point; the right-hand side of (2.12) never takes a finite value
when the forcing spectrum S(w) is also composed of delta functions, as is the case
for the monochromatic driving forces. Therefore, equation (2.12) never explains the
existing result (2.10), in which the energy expectation value grows nonlinearly with
time: (E) oc 2. Yet, this puzzle can be resolved if we consider the following.

We have already seen the responses of an oscillator to monochromatic and white-
noise forcing. Let us now consider the intermediate case, that is, a quasi-periodic
forcing with a narrow-band spectrum. A simple model is introduced as

() =~2sin(t + /2uW, +6), (2.13)

where W, represents the Wiener process, 6 is a uniform random number ranging from
0 to 2w, and p > 0 is an additional constant. In accordance with appendix A, the
autocorrelation of (2.13) is written as

F() = (f(t + 1)f (1)) = exp(—pu|t]) cos(r), 2.14)
with an associated power spectrum,

g w

S(w) =

The function (2.13) represents a phase-modulating wave, with p specifying the
intensity of modulation. The parameter p is interpreted physically as the reciprocal
of the correlation length in the time domain (see figure 2a) or the half-value width
in the frequency domain (figure 2b). Since S(w) and K(w, t) both include two terms
with their spectrum peaks occurring at w = %1, if we ignore cross-multiplication
terms, (2.6) can be calculated as

€t 2

(E) ~ o + e—z(exp(—ut) — )=V p), (2.16)
no2u

where a new function ¥ (t; u) is introduced. This function has two types of asymptotic

forms: )

t
—  for t~0
t exp(—ut) — 1 ’
R (2.17)
K K —  for t~ 0.
2u

Notice that the power laws with respect to ¢ in (2.17) correspond to the prior two
cases (2.10) and (2.11). Figure 2(c) presents plots of (2.17) on double-logarithmic
axes, showing the transition of energy growth from the dynamic- to kinetic-type
responses. Since the transition time can be scaled as t ~ u~!, let us define the
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FIGURE 2. (a) Autocorrelation function of the modulated sinusoidal function, as defined
in (2.14). (b) Power spectrum of the modulated sinusoidal function, as defined in (2.15).
(¢) Double-logarithmic plot of function ¥ (#; i), which represents the time evolution of
the energy expectation value of an oscillator in response to stochastic forcing (2.13). In
all panels, u=0.1 is adopted.

‘dynamic time range’ as t < wu~!, and the ‘kinetic time range’ as t > u~'. It is

interesting to note that conventional dynamic and kinetic ‘time scales’ are defined
in terms of the amplitude of forcing, but the new concept of ‘time ranges’ are now
introduced in terms of the spectrum width.

The above result provides a criterion that determines the validity of (2.12). For the
energy expectation value to be represented by (2.12), the measurement time ¢ must be
longer than the correlation time of the forcing p~'. This property is rewarded in terms
of the spectrum width. If we consider the integrand of the right-hand side of (2.6),
the spectrum width of K(w, f) becomes narrower with time, whereas S(w) remains
unchanged. For short times, S(w) is much narrower than K(w, f), whereas over longer
times the relation is reversed. The interchange occurs at ¢~ p~', corresponding to a
transition from dynamic to kinetic time ranges. In the line spectrum limit u — 0, the
transition time diverges to infinity, making the kinetic time range inaccessible. This
is the simplest explanation as to why the expression (2.12) becomes invalid for a
situation involving monochromatic forcing.

We can explain the difference between the two types of responses in an alternative
way. In figure 3, grey curves show the numerically calculated sample paths of
E, excited by quasi-periodic forcing (2.13), whereas the black curve depicts their
expectation value (E). In the dynamic time range, almost all of the sample paths are
close to the expectation value. In the kinetic time range, in contrast, each path shows
random variations, deviating around the expectation value. From this property, it can
be said that the transition from the dynamic to kinetic ranges corresponds to that
from deterministic to stochastic ranges.

3. Parametric excitation

In the case of a linear response, the division point between dynamic- and kinetic-
type responses depends only on the bandwidth of the forcing spectrum, which is given
by w in this paper. For a nonlinear system, we also need to take into account the
amplitude of oscillation that determines the intensity of self-interaction. Since the full
nonlinear equations are difficult to analyse directly, we begin with a linear parametric
excitation model, which can demonstrate the essence of self-interaction and resulting
wave amplification.
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FIGURE 3. Time evolution of the energy of the oscillator in response to stochastic forcing
as specified in (2.1) and (2.13), depicted in a double-logarithmic graph. The grey curves
are numerically obtained sample paths. The black curve represents their expectation value,
which is defined in (2.16). The parameters are chosen as € =1 and u =0.03.

Parametric excitation can be described by a differential equation with variable
coefficients. Here, we consider a model equation,

d*x

dr?
with associated initial conditions x(0) = 0 and x(0) = a. The parameter e, which
represents the typical amplitude of the variable coefficient, is assumed here to be
small. Unlike the case of linear response, parametric excitation shows an exponential
growth in energy, E ~ Ce". The constant A is generally called the growth rate.
If f(r) is a simple sinusoidal function, equation (3.1) reduces to the Mathieu
equation. Let us consider the special case where the frequency of f coincides with
twice the natural frequency of the system,

f=~/2sinQ2t +0), (3.2)

where 6 is again a random constant taking values ranging from 0 to 2m. In this case,
equation (3.1) can be solved in the usual asymptotic manner (appendix B). As a result,
the energy expectation value can be approximately expressed as

1 (™1 a? 2et
E)= — — (x> + x> do ~ — cosh ) 3.3
(E) 27:/0 2(x+x) 2cos<2> (3.3)

+(1+€f())x=0, 3.1)

Equation (3.3) shows that the growth rate is proportional to the coefficient €. In other
words, excitation occurs on the dynamic time scale.

For an arbitrary function f(f), it is difficult to solve equation (3.1) exactly. If f is
a periodic function perturbed by stochastic noise, in particular, the problem becomes
so-called stochastic parametric excitation. Although stochastic parametric excitation
has so far been investigated in several studies (e.g., Floris 2012), we revisit this topic
in connection with wave—wave interaction theory. In the following, we first present a
heuristic procedure to derive the growth rate of a basic model of stochastic parametric
excitation. After that, a more general statistical theory is introduced.
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3.1. Heuristic approach
Let us construct an asymptotic solution for (3.1) by first expanding x in terms of e:

x=xo+ex;+ex 4. (3.4)

The solutions up to the second order are as follows:

Xo=asint, (3.5a)
t
X1 =—Cl/ Sin(t—tl)f(tl)sint] dtl, (35b)
t 0 n
Xy = Cl/ sin(t — tl)f(tl) / sin(l‘l — tz)f(tz) sin 1) dtl dfz. (356‘)
0 0

In the same manner as in the linear response case, we assume f(f) to be a stationary
process and define its power spectrum as S(w). Using (3.5), the energy expectation
value (E(f)) = (x> +i%)/2 can be approximately written as

a*  €*a’
(E) = 5 + o S(w)K (w, t) dw + O(€?), (3.6a)
T J-o
1-— -t 1— 2)t
Ko, 1) = cos((w—2)1) cos((w+2) )' (3.6b)
2w(w — 2)? 20(w + 2)?
In this case, the kernel function K(w, t) has peaks at w = %2.
Let us now assume that the variable coefficient is a phase-modulating wave,
F(6) =2 sin2t 4+ \/2uW, + 6), (3.7)
and hence
S(w) = a a (3.8)

+ .
(@+2°+u  (0—2)+p

Ignoring the cross-multiplication terms and replacing the factors w in the denominator
of K by the peak frequency %2, we can calculate (3.6) as

a*? €ea® [t exp(—ut)—1
Ey=5+—F|7-+—5 57—
2 2 | 2u 2

+ 0(ed). (3.9)
The bracketed terms on the right-hand side of (3.9) are secular, which means that
the resonant feedback to the energy of the oscillator accumulates with time and thus
the solution (3.9) does not hold for large r. To obtain a global solution, a singular
perturbation approach is needed. Traditional singular perturbation methods such as
described by Bender & Orszag (1999) are not applicable to this problem; however,
the renormalisation theory developed by Chen, Goldenfeld & Oono (1996) may
be suitable. That is, we reconstruct a differential equation that is consistent with
the regular perturbation solution (3.9) in # < €~!. In fact, this idea has already been
employed in the derivation of (2.12). Although our method is not a strict mathematical
procedure, the result agrees well with the numerical solutions and, more importantly,
gives us basic insight into the applicability of the kinetic equation.
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To make the problem simpler, the regular perturbation solution (3.9) is rewritten as

(E(0)) = (E(0)) + *¥ (t; w)(E(0)). (3.10)

We then consider two special cases.
Firstly, the function ¥ is evaluated in the dynamic time range. The energy
expectation value (3.10) can then be approximated as
er
(EM) = (EO) + ——(EO)). (G.11)

The first and second derivatives of (3.11) at t =0 are written as

d d? €2
&(E)=O, @(E)=E(E). (3.12a,b)

Again, solving the latter equation of (3.12) with the initial condition of the former,

we obtain
V2et )

(3.13)

(E) = (E(0)) cosh ( >

This result coincides with the basic solution (3.3).
Another situation occurs when ¥ is evaluated in the kinetic time range. In this case,
equation (3.10) can be approximated as

2
(E() =(E(0)) + %[(E(O)). (3.14)
u

The first derivative of (3.14) at r=0 is

d €?
&(E> = @(E)a (3.15)
which is solved as ,
(E) = (E(0)) exp (”) . (3.16)
2p

For the kinetic case, the growth rate is proportional to the square of € and diverges
in the narrow-band limit, . — 0, as mentioned in § 1.

The difference between (3.13) and (3.16) originates from the choice of a time
range in which the resonance feedback is evaluated. How, then, should we adopt
the time range? The answer depends on when the secular terms reach O(1). That is,
if 2w (1) ~ O(1) occurs within the dynamic time range t < !, the approximation
(3.11) is valid. If €*¥(f) ~ O(1) occurs in the kinetic time range ¢ > u~!, the
approximation (3.14) becomes valid instead. Moreover, in the latter case, the time
evolution of the energy expectation value is described by the first-order differential
equation (3.15) in the same way as (2.12). The kinetic equation is generally derived
in this way.

We now seek a unified expression of the growth rate that is applicable to both the
dynamic and kinetic cases. In the derivation of (3.12) and (3.15), we have replaced
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FIGURE 4. (a) Double-logarithmic plots of ¥ (#; @) (solid black curves) and its
approximate form W(r; u) (broken grey curves) for p = 0.01, 0.03, 0.1, 0.3. The
expressions are defined in (2.17) and (3.18). (b) Growth rates of the energy expectation
value of the stochastically excited oscillator, as specified in (3.1) and (3.7). The
black curves represent analytical solution (3.21), whereas the grey symbols represent
experimental values. The numerical calculation was conducted 1000 times for each case
using the fourth-order Runge—Kutta method with a time interval A7r=0.03. The logarithm
of the average energy is linearly fitted for 90 <7 <450 to estimate the growth rates.

the secular terms in (3.10) by polynomial forms. Extending this idea, we consider a
rational function ,
t

a+ Bt

which approaches 1>/« as t— 0 and t/8 as t — oo. Choosing o =4 and B =2, makes
(2.17) and (3.17) asymptotically identical in both the short- and long-time limits. With
this in mind, we define a new function,

(3.17)

- £
Wt 1) = PRI

(3.18)

and replace ¥ (¢; u) in (3.10) by lI~/(t; ). Figure 4(a) compares ¥ (¢; 1) and ‘f/(t; Ww)
in double-logarithmic plots. Close agreement between the two functions is promising
regarding the validity of this approximation. Let us transform the equation (E(?)) =
(E(0)) + €2¥ (t; 1) (E(0)) into the following:

(4+2un((E(1) — (E(0))) — €’ (E(0)) =0. (3.19)
The second derivative of (3.19) at =0 yields

CﬁE EE—GfZE—O 3.20
B+ (B) - S () =0, (3.20)

The positive root of the characteristic equation of (3.20) is

_ 2 2 2
Q= Mt VZ“ e 3.21)
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The solution (3.21) has two asymptotic forms:

«/Ee
— for u<Ke,
A~ 622 (3.22)

— for u> €,

2p
in agreement with the dynamic and kinetic results, equations (3.13) and (3.16).
Figure 4(b) compares the analytical solution (3.21) with the experimentally obtained
growth rates. The unified solution (3.21) also agrees well with the results from direct
numerical integrations.

3.2. Statistical theory
In §3.1, the growth rate of stochastic parametric excitation was heuristically derived.
Here, a more systematic consideration is presented based on a general statistical
approach. Attention should be paid to the assumptions to be employed, as the
validity of these is a central concern in the resonant interaction theory.
First, we introduce a complex variable a = (x + ix)/ V2, and rewrite (3.1) as
da . i€ i€ : (3.23)
— =—ia— —fa— —fa', .
dr 2 2
where ¥ indicates the complex conjugate. Since the energy expectation value can be
expressed as (E) = (a'a), equation (3.23) yields a simple energy equation,

d

d7(15) = —e Im(fa?). (3.24)

This equation implies that the variation in energy expectation value is induced by
the triple correlation of the complex variable a and the forcing function f. Now, we
expand the complex variable as

a(t) = ap(?) + €a; (t) + O(€?). (3.25)

Substituting this into (3.23) gives the zero- and first-order equations:

da()
= —iay, 3.26

” 1ay ( a)

da, . ief ief i (3.260)

— = —ia; — —fayo — —fay. .

dr T TR

Equation (3.26b) is formally solved as
i€ ' —i(t—1) / / N ATy /
a=—=1¢ (f@)ao() +f(Dag(r)) dr’. (3.27)

Substituting a ~ ay + €a, together with (3.27) into (3.24) with the assumptions for the
statistical properties,

(f(Hao(1)?*) =0, (3.28q)
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(f()f (!)ag(D)ao(r)) =0, (3.28b)
(FOf()ag(Day(t)) = (FOF () (a(Day(t)), (3.28¢)

we obtain q ,
5 (B= €’ Im / e O (F(f () ao(t)al(r)) dr . (3.29)

Taking into account (f(Of()) = F(t — ¢) and making an additional assumption that
(ag(Daj(t)) ~ e " (E(r)), which comes from (3.26a), a closed equation

t

%(E) :ez/ cosQQ(t — ' )F(t — )E()) df (3.30)
is obtained. Conditions (3.28) argue that variations in the oscillator and the forcing
function are statistically independent at their lowest order and their correlations can
be evaluated from the perturbation terms. This corresponds to the classical Gaussian
assumption (see § 4.1 for details) frequently made in turbulence theory.

In (3.30), the evolution of (E) depends on its earlier values. As we would like to
discuss the long-term evolution of the system, the choice of initial condition at t=0
is inconvenient. Alternatively, we define the initial condition to be

(E) >0 for t— —o0. (3.31)

One may consider an additional Markovian approximation: to replace the energy
expectation value (E(¢')) in the integrand of (3.30) by the present value (E(¢)). This
allows the time integration on the right-hand side to be performed without solving
the differential equation. This coincides with the procedure in the derivation of (2.12),
which again breaks down if the correlation function F(t) involves a pure sinusoidal
function. To avoid this problem, we now directly solve (3.30), by assuming only an
exponential function (E(r)) =e" as its solution. Transforming the correlation function
F(7) into the power spectrum S(w) and integrating the right-hand side of (3.30) from
—oo to 0, we obtain the characteristic equation

=S 7 sw) 4 + 4 d (3.32)
‘Zn/_w “ (2((w+2>2+12) 2(((»—2)2“2)) @ '

which determines the growth rate A in response to a given power spectrum S.
A special choice of S for a phase-modulating wave, (3.8), reduces (3.32) to a simple
algebraic equation,

e2

A=,

214+ p)

where trivial cross-multiplication terms are neglected. The positive root of (3.33) is

given as A= (—u + \/u? +2€2)/2. This is equivalent to the result of §3.1, that is,
(3.21).

Although the heuristic method in §3.1 and the statistical theory introduced here
both produce the same result in the current example, the latter is a more useful
methodological approach than the former. The difference between them can be
clearly seen when we consider the effect of detuning. If the central frequency of the
external function in (3.1) deviates slightly from twice the natural frequency of the
system as

(3.33)

f=V2sin(@+mi+/2uW,+60) (<D, (3.34)
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the energy growth moderates as 7 increases. The heuristic method fails to cope with
this problem. On the other hand, the characteristic equation (3.32) derived from the
statistical theory in this case reduces to

€2 (A+ )

= m (3.35)

This is a reasonable result since the positive root of (3.35) coincides with the classical
solution (appendix B) in the limit of u — 0.

4. Finite-dimensional case

In §§2 and 3, the fundamentals of linear resonance and parametric excitation have
been explored for the zero-dimensional cases. In this section, being concerned with
real wave systems, we extend the discussion to the finite-dimensional cases. The
course is essentially the same as that in §3.2; we derive the growth rate of PSI
using a statistical theory of weak wave—wave interactions. Note that the methodology
developed here may apply to a wide range of weakly nonlinear wave systems,
including the oceanic internal wave field where resonant triad interaction plays the
dominant role in the energy transfer in wavevector space.

4.1. Statistical description of wave—wave interaction

Wave motions are generally described by partial differential equations in which all
the variables are defined as functions of both spatial and temporal coordinates. To
discuss the wave—wave interactions, however, it is rather convenient to take the
Fourier transform such that each spatial coordinate is replaced by the corresponding
wavenumber. As a result, the governing equations are transformed into an integro-
differential equation. Moreover, in many cases, a conservative wave system can be
represented in a simple Hamiltonian form, and a common procedure can be utilised
to derive a statistical equation that describes the energy transfer in wavevector space
(see Zakharov et al. 1992). The most standard model for a three-wave system in
d-dimensional space is described by the Hamiltonian

H=H2+6H3, (4.1(1)
H, = / wk)d' (k)ak) dk, (4.1b)

1
Hy = / {2V(k1, ka, k3)a' (ky)atky)a(ks)s(k, — ky — k)
1
+ EU(kla ks, k3)a(ky)a(ky)a(ks)d(k, + k, +k3)} dk, dk, dk; +c.c., (4.1¢)

and the evolution equation
da  §H
1= ="
at  da’
where a(k, t) is a complex variable defined as a function of wavevector k € R?, §(k) is
the d-dimensional delta function, coefficients w(k), V(k;, k>, k3) and U(k,, k,, k3) are
functions constant in time, € is a constant parameter, c.c. denotes the complex
conjugate of the previous terms, and integration is performed over the whole

4.2)
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wavenumber space. Without loss of generality, we may assume the symmetry of
the arguments of the coefficients: V(ky, k>, k3) = V(ky, k3, k>) and U does not change
under any permutation of the arguments. We further assume that w(k) > O holds
almost everywhere in R?, which assures the positivity of the Hamiltonian # in the
asymptotic limit € — 0. Appendix C briefly describes the formulation of this model
for the case of rotating long internal waves.

Variable a(k, 1) specifies the amplitude and phase of the wavevector k component;
it is translated to the real domain, r € R? by the inverse Fourier transform,
(2n)~¥? [ a(k, ne*" dk. Expanding the functional derivative of (4.2) leads to an
integro-differential equation:

.0a 1 ' s 1
187; =wa; +€/ <2V123aza351—2—3 + V31302058, 13 + 2U1Tz3a;a§81+2+3) dk,3, (4.3)

where, for conciseness, subscripts are used to represent the arguments of a variable;
specifically, a; = a(ky, 1), w; = w(ky), Vs = V(ki, ky, k3), Uiz = Ulky, ks, k3)
and 8, , 3 = §(k; — ky — k3). From (4.3), one may understand that w(k) represents
the linear dispersion relation, V(ky, k,, k3) and U(ky, k,, k3) represent the nonlinear
coupling coefficients for triad interaction, and € specifies the intensity of the nonlinear
interaction. We shall regard € to be small, that is, the nonlinearity is sufficiently weak.
In the following, we will construct a statistical model to describe the nonlinear
energy transfer among waves. First of all, as in the previous sections, let us introduce
the notation (-) to specify the ensemble average. Then, we assume the spatial
homogeneity of the system in a statistical sense; that is, any kind of statistical quantity
is invariant with respect to the coordinate change in the real domain, r — r 4. Since

this transformation changes the mth moment of a and a’ as
(@ ...aqq,, ...d)—(a .. «qa,, ... ad e ©+thckzek)r 4.4)

m

it can become non-zero only if k; +---+k, — ki, —--- — k, =0 is satisfied. This
condition allows the second- and third-order correlation functions (here we omit {(a;a,)
since it will not appear in the following discussion) to be represented as

(@ (ky, Datky, 1) =nlky, D8k — k), (4.5a)
(a?(klv t)a(k27 t)a(k3’ t)) :J(k17 k2’ k3’ t)8(k1 _k2 _k3)7 (45b)
<Cl(k1, l)a(kz, t)a(k3, f)) = K(k], k2, k3, t)(S(k] +k2 +k3) (45C)

In the following, we also utilise subscripts to represent the arguments of n, J, K, such
as n; = n(k], f), J123 =J(k], k2, k3, t) and K123 = K(kl,kz, k3, t). Multlplylng (43) by
al,, subtracting its complex conjugate, taking an ensemble average, substituting (4.5),
and integrating it with respect to ki, we obtain the evolution equation for the second-
order correlation function n as

n

0
m =e€lm /(V123112351—2—3 = 2Va1351382-1-3 — U13K 12381 4243) dko3. (4.6)
To calculate this equation, we need to evaluate the third-order correlation functions J
and K in terms of the second-order correlation function n. This closure problem can
be solved under the weak nonlinearity condition and the statistical assumptions.
Assuming that the nonlinear parameter € is small, let us expand the variable a as

a=d"4+ea' +---, “4.7)
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where the superscripts denote the order of perturbation. Substituting (4.7) into (4.3)
and evaluating the O(1) and O(e) terms, respectively, we readily obtain the leading-
order solution,

a(k, 1) =ad(k, 1)e @) (4.8)

where the ‘initial’ time ¢ can be arbitrarily chosen, and the first-order solution,

t
. —iwy (1—1' 1 / /
a = —1/ g ”/ <2V123613(t)a(3)(1)3123

/ / 1 / ! /
+ VisaS(@)as (£)85-1-5 + EUIzgaS* (t)ad (¢ )81%) dky;df. (4.9)

Next we employ the statistical assumptions for the different-time correlations of the
leading-order variable a°. (The assumption used here is referred to as the random
phase and amplitude (RPA) field (Nazarenko 2011), a generalised version of the
classical Gaussian field. Since the phase-modulated wave adopted in this study, such
as (2.13), is not Gaussian, RPA is more suitable in the present context.) Although
a similar assumption has already been introduced in § 3.2, here we explain it more
precisely. Let us separate a° into its amplitude and phase:

ak, 1) =ak, He?®. (4.10)

Then we regard a(k, t) and 0 (k, t) as statistically independent of all k € R? with 6 (k, t)
distributed uniformly from O to 2m. This assumption makes odd-order correlations
trivially zero. Besides, an even-order correlation can become non-zero only if a and
a' appear the same times in it; i.e. if m =2/ holds in (a)...a%)}, ...a%"). With use
of (4.8), the non-trivial second-order correlation is written as

(@ 0ay () =n )8k — ky)e 1. (4.11)

The non-trivial fourth-order correlation is evaluated by using the second-order
correlations as

(@laSad i’y = (ada3 ) (aday') + (alay Y (adas'), (4.12)

except for the special case of ky = k, = k; = k4, which we neglect since it will
not contribute to resonant interaction in dispersive wave systems. We substitute (4.7)
together with (4.9) into the left-hand sides of (4.5b) and (4.5¢), evaluate the correlation
terms using (4.11) and (4.12), perform the wavenumber integrations, and omit the
delta functions on both sides, to obtain

t
Jis =€ / el EOVE (ny (s (f) — m (Dns(t) — my(np(K)) A, (4.13a)

t
Kiy=—— [ e @t =0gh (ny()ny(f) +n (s (f) + na(@)ns(f)) '

(4.13b)

Consequently, the third-order correlations J and K can be evaluated by the second-
order correlation n, making (4.6) closed in terms of n.
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If we replace the past value of the second-order correlation n(¢) in (4.13) by its
present value n(f), i.e. using the Markovian approximation, and then integrate (4.13)
from —oo to ¢, (4.6) reduces to the usual kinetic equation,

8n1

W = e'n /{IV,23|2(n2n3 —nmng —mnp)d(ky —ky — k3)6(w; — w, — w3)

- 2|Vzl3|2(7’l1713 —nny —monz)d(ky — ki — k3)8(w, — wy — w3)} dkys.  (4.14)

(Here, we assume that w; + w, + w; never becomes equal to zero, so that the terms
involving U trivially vanish.) However, this procedure is valid only in a steady
state. For an unsteady process, especially for the instability problem, the Markovian
approximation might not be valid. In such a case, a set of equations (4.6) and (4.13)
is a more appropriate statistical model since it takes into account the ‘hysteresis’ of
the spectrum.

4.2. Stability analysis

We now analyse the stability of a modulating wave train using the statistical equation,
(4.6) and (4.13). To simplify the problem, some presumptions are made:

(1) The action density is decomposed into separable background and infinitesimal
disturbance components, n=Ng+n'. The background spectrum Ny(k) is idealised
as a strict stationary solution of the basic statistical equation, i.e. Np(k) is a
solution of the kinetic equation (4.14) with dn/dt=0.

(i) The background spectrum Ng(k) represents a modulating wave train with the
carrier wavevector kg. Therefore, Np(k) vanishes except in the vicinity of a sharp
peak at kg.

(iii) The disturbance spectrum n’(k) is enhanced through the resonant or near-resonant
interactions with the background components. Therefore, n’(k) vanishes except in
the vicinity of the (d — 1)-dimensional manifold where wavevectors k; and k,
satisfy the perfect resonance conditions:

k] +k2 — kB = 0, C()(k]) + Cl)(kz) — (l)(kB) =0. (415)

(iv) Terms that do not cause resonance, especially all the terms with the coefficient
U, are ignored.

Consequently, combining (4.6) and (4.13), we can obtain the approximate evolution
equation for »n' as

on'(ky, 1)

e 262Re/dkdk,36(—ka+k—kﬁ)
t
* / dr’ {elbeme e ®D DY (k, Ky, kg) "Ny (o' (g, 1)

+ KTk O (e, Ky, deg) PNy (k) (K, 1)} (4.16)

Supposing the solution of (4.16) to be an exponential function n' =N (k)e", integration
of the right-hand side with respect to ¢ from —oo to O yields a nonlinear eigenvalue
problem,

AN(k,) = ez/dkdkﬂB(—ka+k—k,g)

X{ P (0(ky) — w(k) + o(kp), VIV, ke, kg) *Ng(k)N (k)
+ @ (0(ky) — (k) + o(kp), VIV k, ko, kg) PNs(o)N ko)), (4.17)
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with an associated transfer function,

24

& (w, A)Em.

(4.18)

Equation (4.17) is a kind of self-consistent equation; the ‘renormalised’ transfer
function @ contains an unknown parameter A that is to be determined. It is worth
noting that, in the limit of 4 — 0, @(w, A1) approaches 2mé(w) and hence the problem
reduces to that obtained from the usual kinetic equation. In the following, we discuss
the solution of (4.17) with finite A4 using some simplifications.

4.3. One-dimensional case

Although interaction among oceanic internal waves is a three-dimensional process, we
make the discussion simpler by first considering a one-dimensional problem (d = 1).
In this model, both the analytical and numerical solutions for (4.17) are accessible.
Attention should be directed to the additional factor from the case in § 3, namely, the
shape of the disturbance spectrum N(k), which corresponds to the eigenfunction of
the unstable mode.

Let us write the solution of the resonant condition (4.15) as ky = k{, k, = k§
and decompose the disturbance spectrum as N(k) = N;(k) + N(k) with N; and
N, concentrated near k{ and kS5, respectively. We then redefine the wavenumber
coordinates as the deviations from kg, kS, kS, ie. k = kg + k' and (ky, k) =
(k{, k) + (K}, k) or (ky, kg) = (kS, k{) + (k}, k}). The first-order truncation of a Taylor
expansion in the denominator of the transfer function in (4.17) yields

22
P (w(ky) + wlky) — w(k), ) ~ ekt — T (4.19a)

21
= , 4.19b
((c =)k + (cr — c)k)* + 22 ( )

where the interaction condition k' = k| + k} is used, and the group velocity c,(k) =
dw/0k and the abbreviations ¢ = c,(kg), c¢1 =cy(k{), 2 =c,(k5) are defined. Since
the interaction is restricted in a narrow-band region, it may be natural to approximate
the coupling coefficients as a constant value, |V(k, ko, kg)|* ~ |V (kg, kS, kS)|? = |V|2.
Hereinafter, we rewrite the spectrum functions as N, (k) = Ny (k§ + k), Nz(k/z) =
Ny (k§ + k), Np(k') = Ng(ky + k).

For (4.17) to be solved, the background spectrum Ny (k) requires specification. In
fact, several model spectra for a modulating wave train have been suggested in studies
for surface waves (Stiassnie, Regev & Agnon 2008). In this paper, we choose

2Nk

) 4.20
T (420)

Np(k') =

where w; is the spectrum width in wavenumber space. In §2, we have derived the
frequency spectrum for a modulating sinusoidal function as (2.15), which is the same
form as (4.20) when the frequency w is replaced by the wavenumber k. From this
fact, one may understand that (4.20) represents the spectrum of a wave train subject
to spatial random phase modulation. The eigenvalue equation (4.17) is now explicitly
represented as
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itk = v / { ((c — )k’ + (ij— c)k))? + 22 k%zN_ilZiNZ(_kﬁ + k)

* ((c =)k + (ij— Y ACEE kiNilZ‘%M (kﬁ)} di’, (4.21a)
ANy (Ky) = VP / { s (if— S kiNi/ZgNI(_kQ "

T e—enk+ (if— c)ky)? + 22 kiNilZc%Nz(k’z)} dk’. (4.21b)

These equations are similar to (3.32) with (3.8) except that the present model involves
the unknown functions Nu to be determined along with A.

Let us tentatively set the disturbance spectra N, in the integrands to be constant,
to reduce the equations to

- 4ne*|VI*Ny - 4ne?|VI’Ny -
A, = 2TV g Vo g 4.22a)
lc —colux + 4 lc — ol + 4
- 4ne*|VI’Ny - 4ne?|VI’Ny -
AN, = N+ N,. (4.22b)
lc —cilp+ 4 lc —cilux+ 4

An additional condition |c| > |ci|, |cz|, which is generally valid for large-scale
background waves and small-scale disturbance waves in the ocean, further reduces
(4.22) to a simple quadratic equation for A. The growth rate can then be written in
the same form as (3.21), namely,

i+ /2 +4CE
A= P ’;JF CEp. (4.23)

where parameters are rearranged as

8me?|V|?
wy,, C=————  Eg=w(ks)N,. (4.24a—c)
kg w(kp)

Jw
ok

ME|C|#k:‘

Recalling that u, represents the spectrum width of the background wave in
wavenumber space, p corresponds to the spectrum width in frequency space in
the same way as the zero-dimensional case (§2). The parameter Ep represents the
energy density of the background wave. We again emphasise that the solution (4.23)
possesses two asymptotic forms: the dynamic limit A~ /CEp for u < +/CEp and the
kinetic limit A~ CEg/u for u > +/CEp. In this way, the two classical approaches are
unified.

Figure 5(a) plots the analytical expression (4.23) and the direct numerical solutions
of eigenvalue equations (4.21). See appendix D for the details of the numerical solver
of the eigenproblem. Despite the assumption that the disturbance spectra are taken to
be constant, the analytical expression coincides well with the numerical solution. This
favourable result can be attributed to the following.

Generally speaking, the integrands on the right-hand side of (4.21) possess
innumerable singular points in the complex plane of k'. Each singular point contributes
to the total integral through the residue theorem. The relative contribution of each
depends on the functional form. In the present case, since all the integrands are real
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FIGURE 5. Numerical and approximate analytical solutions to the eigenvalue
equations (4.21). (a) Solutions of growth rates versus the background action density Ny
with the group velocity of the background wave chosen as ¢ = 3.0, 5.0, 8.0. Numerically
obtained results are plotted as scatterplots, whereas the analytical expression (4.23) is
depicted as curves. (b—d) Spectrum shapes of the eigenfunctions N, that represent the
disturbance spectra, in comparison with the background wave spectrum Nz and the
transfer functions @. Each function is normalised such that it becomes 1.0 at k¥’ = 0.
Three cases (¢ =5.0, Ny =0.01), (¢c=5.0, Ny =0.16) and (¢ =8.0, Ny =0.1) are shown.
See appendix D for the details of the calculation.

and finite, singular points always occur as a set of conjugate numbers. Therefore, the
integrands may be separated into the factors of 1/((kK' —a)?+ %), the residue of which
is proportional to B~'. This means that the relative contribution from each singular
point strongly depends on its imaginary part, or the bandwidth of the factor. As the
bandwidth B becomes smaller, the contribution from its associated singular point
becomes more significant. With this in mind, we again consider the equations (4.21).
The integrands involve three factors: the transfer function @, the background energy
spectrum N and the disturbance spectrum ]Vl ,. To see the relative bandwidths of
these, figure 5(b—d) shows the numerically obtained elgenfunctlons N (k}) with @
and Ny for three cases. The bandwidth of the disturbance spectrum N, never becomes
smallest among those of the three functions. Therefore, at least in these examples,
the contribution to the integration from the singular points in N; is minor. Hence,
the disturbance spectrum can be regarded as constant in the integration, making the
analytical solution (4.23) a good approximation of the true solution of (4.21).
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Taking further estimates, supposing |c|>> |c1], |c2|, integration on the right-hand side
of (4.21) with N;, in the integrands taken as constants yields

~ 87e?| V2 No(lelpr + )

AN, 5~ —, (4.25)
Y (el + D%+ (1 — )k,

which shows that the half-value width of the disturbance spectrum is approximately
equal to (|c|ux + A)/|c1 — ¢2| = Bp. Again taking into account |[c| > |cy], |c;|, along
with the fact that the bandwidths of @ and Bj are, respectively, 4/|c|= Br and w, = Bp,
we find that §p is always larger than By or Bz. Consequently, the disturbance spectrum
Ni, can be regarded as constant in the integration, which is self-consistent with the
derivation of (4.25).

The considerations above can be reinterpreted from a physical point of view. When
the background spectrum Ny has a sharp peak at some wavenumber, the resonant
interaction specified by the transfer function @ produces peaks in the disturbance
spectrum N, as well. However, if the group velocity of disturbances is much slower
than that of the background wave, the spectrum width of N does not become as narrow
as Np and @. Therefore N can be taken to be constant in the integration.

We additionally consider the relative contributions from the singular points in the
transfer function @ and the background spectrum N, which are determined from the
relative magnitudes of B and Bg. If B7>> Bp holds, the singular point in Ny dominates
the integration; and if By < B, on the other hand, the singular point in @ becomes
dominant. These respectively correspond to the cases discussed in §2; we name the
situation when the spectrum width of K(w, f) is much larger than that of S(w) in (2.6)
the dynamic time range and its opposite the kinetic time range. The present situations,
Br > Bp and Br <K B, can be similarly called the ‘dynamic’ and ‘kinetic’ ranges of
PSI, respectively.

4.4. Three-dimensional case

For oceanographic applications, we should discuss the three-dimensional case,
analysing the eigenvalue equation (4.17) with d = 3. This problem is so complicated
that a significant effort is required to solve it for both N and A even numerically.
Nonetheless, also in this problem, imposing the assumptions on the group velocities
and the spectrum widths, we retain the main result in the one-dimensional case,
namely solution (4.23). Relegating the rigorous derivation of it to appendix E, let us
proceed to the numerical experiments in the next section.

5. Numerical experiments

In §4, the growth rate of PSI is obtained by solving the eigenvalue problem
(4.17) both analytically and numerically, but (4.17) is itself derived under several
assumptions. The most crucial one is the statistical assumptions as described in (4.10)
to (4.12). To assess the validity of the analytical result, we should conduct direct
numerical experiments excluding these assumptions. However, direct calculation for
the oceanic internal wave field, such as conducted by Lvov & Yokoyama (2009), is too
hard due to the following reasons. In general, numerical simulation of an interacting
wave field requires careful treatment. While the theoretical consideration so far is
aimed at continuous wave spectra, numerical computation requires discretisation of
wavevector space, the interval of which is determined by the size of the model
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domain L. Over the time scale of t = L/|Vw|, which represents the time for wave
packets to cross over the domain, resonant interaction is subject to the finite size
effect (Nazarenko 2011). Since t should be much longer than the interaction time of
PSI, a sufficiently large model size is required. Another problem is that, to discuss
statistical properties of the system, numerous trials for the same situation are needed.
To avoid the massive computation, we adopt a very simplified model here.

The motivation of this study originates from the speculation that parametric
instability within the oceanic internal tides might be impeded by the phase modulation
occurring due to geostrophic eddies. Therefore, the model should inherit the characters
of the interaction between modulated internal tides and enhanced disturbances. Based
on the understanding that internal tides form a progressive wave train exciting a
pair of disturbance waves with opposite wavenumbers (Young et al. 2008), the
suitable model is the one that mimics a one-way propagating background wave and
bi-directional unstable disturbances. Additionally, we may well consider the following
prescriptions: (i) dispersion is not important as long as the group velocity of the
background wave is much larger than that of disturbance components, (ii) amplitudes
of disturbances are so small that the feedback to the background wave is negligible,
and (iii) interaction is expressed through the fluctuation of the coefficient parameter
of the governing equation of disturbance components. Note that (i) comes from the
consideration in the previous section and, for (iii), phase velocity should be a suitable
coefficient parameter for a non-dispersive wave equation. Finally, we come up with
basic model equations as

P?u 9 du
- U)— =0, 5.1
o2 o TeUg (5-1a)
U U
_o. 5.1b
ot +68x ( )

in which U stands for the internal tide wave train and u the disturbance components
amplified through the interaction with U. Parameter ¢ represents the phase speed of
the internal tides and should be larger than that of the disturbance components, namely,
unity. On the other hand, the coupling parameter ¢ should be sufficiently smaller than
unity. The initial condition of the background component U is

Ux, t = 0) = /2 sin(kgx + /21 W, + 6), (5.2)

where W, is the Wiener process and 6 is a uniform random number ranging from O to
2. Definitions of the carrier wavenumber kp and the spectrum width w, follow those
in §4. Equations (5.1) along with (5.2) meet all the requirements for the present study.
In the following, taking the Fourier transform, we will solve (5.1) numerically in the
wavenumber domain.

Assuming periodic boundary conditions of length L, we determine the interval in
the wavenumber domain as Ak = 2n/L. To simplify the problem, we exclude the
homogeneous component in advance: [ udx=0. Accordingly, the set of wavenumbers
is specified as

K= {£+Ak, £2Ak, .. .}. (5.3)

The Fourier series expansion is applied:

U= Z ake™, U= Z Uk)e*. (5.4)

keK keK
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Peak wavenumber of the background wave kz=1.0

Phase velocity of the background wave c=5.0

Total number of grids for each component n=1025

Resolution in wavenumber space Ak=2.0/(n—1)

Time interval At=0.02

Standard value of variable parameters € =0.05, uy=0.02

Variation of parameters € =0.01, 0.03,0.06, ...,0.3
wr=0.0,0.01,0.02,...,0.1

Total number of trials 192

TABLE 1. Parameters for numerical experiments.

We then introduce a new variable a defined as

_1 (daty
a(k)_m< " +1|k|u(k)). (5.5)

The equations of motion (5.1) are consequently transformed into

.da(k)
1

B kk—=k) =
- = |k|a(k)+e]§< [2 |k(k_k/)|U(k)a(k k)
ke—=k) =~ o
+ p— UK)a' (k k)} , (5.6a)
idzgk) = ckU(k). (5.6b)

The first term in the square brackets in (5.6a) does not cause any resonance, so that
is completely omitted from consideration.

The following resonant conditions determine wavenumbers k{ and k§ which most
intensively interact with each other:

K+ K —kp=0, K|+ kS| — cky =0. (5.7a,b)

Without loss of generality, k{ > 0 and k§ < O can be assumed. Different from usual
spectral models in which grids are homogeneously distributed in the wavenumber
domain, calculation points are chosen to be concentrated near kg, k§, k§ in the
present study. Specifically, three sets of wavenumbers are arranged as

K = {kg, ks & Ak, ..., kg% (n — 1) Ak/2}, (5.8a)
K, = {k, K £ Ak, ..., k& (n— 1) Ak/2}, (5.8b)
K, = {kS, kS & Ak, ..., ks & (n— 1) Ak/2), (5.8¢)

and all of the possible triad interactions among components in K', K/, K, are taken
into consideration. Solving (5.6a) using the fourth-order Runge—Kutta method, we
simulate the time evolution of a(k) from initial white noise. Detailed settings and
parameters are listed in table 1.

Examples of the time series of average energy density E= (), |k| |a(k)|?) are shown
in figure 6. It is clear that, after a sufficiently long time, the energy expectation value
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FIGURE 6. Examples of the time series of the average energy density obtained in the
numerical experiments for the model equation (5.1). All of the data are normalised such
that £ =1 is satisfied at t = 0. The spectrum width of the background wave varies in
we = 0.0, 0.01, 0.02, ..., 0.1 with a fixed amplitude ¢ = 0.05. The energy growth rate
decreases monotonically as p; increases.
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FIGURE 7. Growth rates of the expectation value of energy density E for the model
equation (5.1) versus (a) the amplitude of the background wave € with a fixed spectrum
width pu;, = 0.02 and (b) wu;, with a fixed € = 0.05. Grey squares are empirical
values obtained from numerical experiments. Solid black curves show A = (—=5.0p; +
\/ (5.011)% 4+ 1.732€2) /2, which corresponds to (4.23), whereas broken curves correspond
to the two asymptotic limits.

grows exponentially. Linear fitting of log E versus ¢ gives an empirical growth rate A.
The parameter dependence of A is compared with the theoretical estimates in figure 7.
The unified expression (4.23), denoted as the solid black curves, seems to agree well
with the numerical results, the grey squares. We also point out that, when the spectrum
width p, takes a halfway value between the dynamic and kinetic ranges, both the
asymptotic expressions, the broken curves, overestimate the growth rates. Our unified
theory is useful to investigate the effect of weak modulation of the background wave.
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The results in figure 7(b) provide further insights. Let us define the intercept of the
analytical solution on the vertical axis as A, to rewrite (4.23) as

_ ThH V4% (5.9)
= 5 : :

a4

It is noticeable that the coupling coefficient C involved in the original formula
(4.23), which is generally hard to get, now disappears and A, appears instead, which
represents the growth rate in the case of u =0. This is an advantage since, without
conducting experiments for random wave fields as in the present simulation, we can
discuss quantitatively the effect of phase modulation on PSI combining the single
experimental result, 4y, with the information about the bandwidth, u. As discussed
at the beginning of §1, the previous experimental studies have deterministically
estimated the growth rate of PSI. Equation (5.9) serves as the correction formula
to give the actual growth rate of PSI from the conventional estimate, A,, with the
spectrum information of internal tides, u, in the real ocean.

6. Concluding remarks

Previous studies of parametric subharmonic instability can be classified into two
types that are concerned with the dynamic and kinetic time scales, which have
been carried out using, say, deterministic and statistical theories, respectively. The
applicability of the two theories depends on the spectrum width of the background
waves. The deterministic theory is applicable only to systems with discrete line
spectra. The classical statistical theory described by the kinetic equation works well
if the bandwidth of the frequency spectrum is sufficiently broad. Our new solution
(4.23), obtained by solving the nonlinear eigenvalue equation (4.17), unifies these
past two results and is valid even for the case of a slowly modulating wave train.

In this paper, we have also investigated the theoretical foundation of the general
wave—wave interactions. In the study of oceanic internal waves, the validity of the
kinetic equation has been questioned in terms of its two underlying assumptions:
the weak nonlinearity (Holloway 1980) and the random phase property (Young et al.
2008). The present study offers another viewpoint to this problem; that is, even
though the weak nonlinearity and the random phase assumption are both employed in
our formulation, the result still involves the rapid instability occurring at the dynamic
time scale r ~ O(e~!), which cannot be seen in the classical kinetic equation. We
further point out that the additional Markovian approximation is the crucial premise
for the derivation of the kinetic equation, which may break down when applied to
an unsteady process. From this perspective, formulations (4.6) and (4.13), which do
not involve the Markovian approximation, serve as extensions of the classical kinetic
equation.

Again, looking at (4.23) and figure 7, we notice that as the dimensionless
number § = (CEp)'/?/u decreases, the growth rate deviates from that observed in
standard deterministic (or dynamic) theory. This parameter § corresponds to the
so-called Benjamin-Feir index (BFI) for water surface waves (Janssen 2003). As
for Benjamin—Feir instability in four-wave systems, BFI has a threshold value below
which instability does not occur. On the other hand, in three-wave systems, as long
as the resonant conditions are satisfied, instability will always occur, but its properties
vary continuously from dynamic to kinetic types as § decreases. On this point, the
effect of phase modulation on the resonant instability is essentially different between
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surface and internal waves. In the study of the four-wave interactions among surface
gravity waves, a statistical model corresponding to (4.6) and (4.13) has recently been
referred to as the generalised kinetic equation (gKE) and applied to the non-stationary
spectra in response to wind forcing (Annenkov & Shrira 2006, 2015, 2018). However,
the applicability of gKE to the Benjamin—Feir instability is yet to be discussed.
To deepen understanding of the statistics of resonant interaction systems, thorough
comparison between the instabilities of surface and internal waves is required.

Based on the results of this study, we suggest a proposal that, towards the
quantification of PSI in the ocean, we need to take into account not only the
amplitude or the wavenumber of a wave train but also its spectrum shape. It is
expected that, utilising time-series data obtained from long-term mooring systems,
spectrum width u will be estimated empirically and applied to the formula (4.23) or
(5.9). There remains a lot of work to do for the detailed clarification of PSI in the
global ocean.
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Appendix A. Autocorrelation of the modulated sinusoidal function
The autocorrelation function of (2.13) is written as

(fa+Df0) = (c0s(z +/2uWer, = W)
- <cos(2t—|— T+ 2U(Wosy + W) + 9)> . (A1)

Given that 6 is a uniform random number, the last term identically vanishes. We shall
write W., — W, = W,, whose moments depend only on the lag time t. The basic
property of the Wiener process yields

<exp(i(r + \/EWI))> = exp(it) <exp(i@W,)>
2 G 2uW,)"
= exp(it) nZ:; <(1\/E ’)

> (-2 ".1.3..-2n—1
:exp(ir)z( pltl) e (2n—1)
n=0 :

= exp(it) Z %

n=0
= exp(it — plzl). (A2)

Using this, equation (A 1) reduces to (2.14).

Appendix B. Approximate solution of the Mathieu equation
Let us consider the Mathieu equation:

2

d°x .
@—l-(l—i-«/ie sin((2 4 n)t+6))x =0, (B1)
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with the associated initial conditions x(0) =0, x(0) =a. If € and 5 are small, following
Landau & Lifshitz (1976), we may assume an approximate solution of (B 1) as

x:usin(<l+g)t+z>+vcos<(1+2)t+z>, (B2)

where u and v are slow functions of ¢ such that & and ¥ are regarded as sufficiently
small. Therefore, the derivative of x is approximately

x~ucos<(1+g)t+i)—vsin<(1+g)t+z>. (B3)

From these expressions, the initial conditions are represented as u(0) =acos(6/2) and
v(0) = —asin(6/2).

We now consider the variation in # and v. Substituting (B 2) into (B 1) and ignoring
the second derivatives of u and v and higher-order harmonic terms yields

d 2
Zd—L;—nv+T€u=0, (B4a)
d 2
—2di; o+ Tév=0. (B 4b)
Solutions of its characteristic equation are
1 5 1/2
£l =45 <62—n2> . (B5)

Let us now assume €2/4 —n*> > 0 so that A, takes a positive real value. Taking into
account the initial conditions, the solutions of (B4) become u = u,e*’ +u_e ' and
v=v,e% +v_e "' where

a 2¢€a 6 na 0
u,=\|-— cos — n—, (B 6a)
2 84, 2 44, 2
_[a n 2ea 0 n na (B 6b)
CE TR, 2 T M
0 2 0
P LAy %) sin 2, (B 6¢)
4, 2 2 84, 2
na 0 a 2€a )
V= cos—— | = — sin —. (B 6d)
4, 2 2 81, 2

Regarding 6 as a uniform random number ranging from 0 to 2w, the energy
expectation value is calculated as

1 27 1 27
(E) = — P +xHdo ~ — (u* +v?) do
2'.TT 0 2'JT 0
2.2

L€ LY 2 eosh@an - T8 (B7)
= (= —— | a” cos o) — —.
2 1622 82 42

Note that the growth rate of the energy expectation value is twice that of the amplitude
of the oscillator, i.e. 4 =24,. In the no-detuning case n =0, equation (B 7) reduces
to (3.3).
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Appendix C. Hamiltonian description of long internal waves

A basic Hamiltonian description of long internal waves is summarised here. For a
more detailed derivation, refer to the work by Lvov & Tabak (2004) or Medvedev
& Zeitlin (2007). Let us consider an inviscid, incompressible, rotating, stratified fluid
under the hydrostatic approximation. We employ the isopycnal coordinate system r =
(x,y, p) and choose the horizontal velocities (u#, v) and the thickness /4 as dependent
variables. Further utilising the Boussinesq approximation with representative density
po. the thickness variable is defined in terms of vertical position z as h= —pyz, (here
the subscript represents the partial derivative). Note that z is also a function of (x, y, p)
and is always associated with A. The governing equations are

0 0 d 1 oM

R (Cla)

at ax ay Po 0X

av av av 1 oM

—tu—4v— =———, Clb

8t+u8x+v8y+fu 0 By ( )
8h+8uh+8vh_0 C10)
o ox oy ¢

where f is a constant Coriolis parameter and M is the Montgomery potential defined
such as M, = gz. As a reference field, we consider the state of rest u =v =0 with
horizontally uniform thickness & = hy(p), and then introduce the thickness deviation
as n=h — hy. The governing equations (C 1) are consequently rewritten in the form
of

9 [u SH/bu
— (v ]| =dJd|H/5v |, (C2)
9t \n SH /81

where the functional H and the skew symmetric operator J are defined as

2
Hzl/ ((ho-l-n)(uz—i—vz)—l—g(/ndﬂ) ) dr, (C3a)
2 Po

0 qg —0
J=| —g 0 -9, |, (C3b)
-9, —d, O

with the potential vorticity ¢ = (f + v, — u,)/(ho + n). The functional H is the
Hamiltonian that represents the total energy of the system.

To focus on the wave motion, we assume that potential vorticity is uniform on each
isopycnal surface: g =f/hy. As a result, the horizontal velocity can be decomposed
into

_8(]5 d S

N AL C4

T T oy h (C4a)
¢ 0 —1f’7

Ay AL Céb

V=0 Tt (C4b)

where Ay =92 + 8}? is the horizontal Laplacian and ¢ is the velocity potential. After
some algebraic manipulation, equation (C 2) is transformed into the canonical equation

o _SH 9 OH

== Z=__ (C5a,b)
ar 8’ ot on
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with the associated Hamiltonian
1 ~ 7’) 2 P 7) ) 2
’H:Z/ (ho+n)‘V¢—VlAH‘J;‘ +g</ d,o) dr, (Co)
0

Po
where V = (9,, 9,) and vVi=(,, —d,).
The reference thickness hy is related to the local buoyancy frequency N as hy=g/N>
and is assumed to be constant. We then take the Fourier transform

o) 1 o)\ —ikr
(W)> = 5 / (m)) —— 7

where k = (ky, ky, k3) is the three-dimensional wavevector. Writing the horizontal

wavenumber as p = \/lm and the vertical wavenumber as g = k3, we have the
variable transformation

1 [2N’w _ i [2gp? -
k)= k) — = k), (O]
al) = 5[~ 5100 = 5 15, 6®) (C8)
with the dispersion relation
/ gp
w(k) = f2+m, (C9)

which enables the canonical equation (C5) to be written in the form of (4.1) and (4.2).
Although the coupling coefficients U and V are somewhat complicated functions of
wavevectors, they are obtained in a straightforward manner.

Appendix D. Numerical analysis of eigenvalue equation (4.21)

Here we introduce a constant €?|V|*> = B and the additional functions M{’é(k’, k)
and L;(k}) such that (4.21) are transformed to standard linear eigenvalue equations:

ANy (ky) = 2B / Np(K)M5(K', k) dK' + 47t BNoLy (k}), (D 1a)

AN, (K)) = 2B / Np(K )M (K, k) dk' + 4BNoL, (K,), (D 1b)

AM{ (K, Ky) = Ny (—ky +K) = ((c — )k + (c1 — c) k)M (K, k), (D 1o
M (K, ky) = ((c — ek + (c1 — en)k) M (K, k), (D 1d)
AMG(K | k) = Ny(—kj +K) — ((c — ek + (ca — )M (K, K}, (D le)
AM, (K, ky) = ((c — ek + (c2 — )M (K K)), (D1f)

ALy (k) = Ny (k) — |e = eal Ly (ky), (Dlg)

ALy (Ky) = Ny (Ky) — |e — 1|l (k). (D 1h)

Each wavenumber domain is discretised with 64 grid points, the interval of which is
arranged as Ak = u;/6. Consequently, the right-hand sides of (D 1) are rewritten as
the product of a 16640 x 16640 sparse matrix and a vector. The largest eigenvalue
and the corresponding eigenvector of this matrix are numerically obtained. In the
calculation, the parameters B=0.01, ¢;=1.0, ¢; =—1.0 and u; =0.02 are assumed
to be constant, whereas Ny and ¢ are varied. The results are shown in figure 5.
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Appendix E. Approximate solution for (4.17) with d=3

Let us define the two-dimensional manifold M in (k;, k,) space that satisfies the
resonant conditions (4.15). We choose a point on this manifold as (k{, k) and define
a pair of unit vectors (e}, €5') which are normal to M at (k{, k3). From the conditions
(4.15), they can be written as
;I —C

erln:em:

— 2 =", (ED
ley — ¢

where the group velocities at k{ and kj are defined as ¢; = Vol and ¢; = Volgs.
Within the disturbance spectrum N, only wavevectors in the vicinity of M interact
intensively with the background waves. Accordingly, N may vary slowly along M,
but damp rapidly along e”. Therefore, the disturbance spectrum near kj, k5 can be
approximately written as

Nk + k) ~Ni(K]), Nk + k) ~Na(ky), (E2a,b)

where k] =k -e" and kK =k, - e"

We next examine the transfer function @. Given k;, a condition w(k;) + w(k —
k) — w(k) = 0 determines a manifold A, in the wavevector space of k. Similarly,
given k,, another condition w(k — k,) + w(k,) — w(k) =0 determines a manifold N,
in the wavevector space of k. Along these manifolds, the transfer function takes the
maximum value, @[y =2/1. We introduce unit vectors €| and e, which are normal
to Ny and N,. In the vicinity of k; = kS, k=k" or k, =k5, k=K", they can be
represented as

cC—C Cc—C;

n

_ n
e =

o = (E3a,b)

|C—Cz|’ |C—Cl|’

where ¢ = V|, is the group velocity of the background wave train.
Substituting k, = k{ + k{'e” or k, = k; + kj'e" into (4.17) and performing the
integration with respect to kg, we may write the equation formally as

/lﬁl,z(kﬁz)=€2/ \VI*®@(N>,1 + Ny 2)Ng dk. (E4)

Now we decompose the integration wavevector as k =kz + k"e} , +-k" with k" - ¢} , =0
and specify the arguments of the factors on the right-hand side of (E4): the coupling
coefficient V can be approximated by the constant value, |V|* = |V(kg, ki, k)|, the
transfer function @ is Taylor-expanded in terms of k;,, k" as

22

— E5
(Ile = erlk" — |ey — o]k 4 A2 )

or
21

_ , E6
(Ile —cilk" + ey — e]k5)? + A2 (E6)

the disturbance spectra N;, depend on ki',, k" and k", and the background spectrum
Np depends on k" and k”. In the same way as in the one-dimensional case (§4.3), let
us assume |c| > |cy], |c;| leading to e} ~ e =e", and regard N,, in the integrand as
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constant. Integration of (E4) with respect to k” can now be performed, yielding the
one-dimensional background spectrum,

Ny(k") = / Np(kp +K'e" + k") dk”, (E7)

(2m)?

where § indicates the two-dimensional plane orthogonal to e}. Adopting the phase-
modulated sinusoidal function as the background wave that yields

~ 2No ek
Np(k") = ———, ES8
2O =G it S
equation (E4) is calculated to estimate the disturbance spectrum,
- 32132 |V’ No(|e| i + A)
AN, 2 (k') ~ - (E9)

(lelpr + D%+ ley — e (K,)?

the same form as (4.25). Following the logic in the one-dimensional case, we can
conclude that the bandwidth of ]Vl,z becomes much larger than @ or N, which
justifies the assumption that N, in the integrands can be regarded as constant.

Finally, we solve (E4) algebraically with the conditions of k{’, = 0, N;, being
constant, and |¢| > |¢y], |c2], to obtain the growth rate A in the same form as (4.23)
with the parameters

32m3e?|V)?
w(kp)

n=lelpe=IVoly, e, C . Eg=w(kp)N,. (E10a—c)

Again, w is the spectrum width of the background frequency spectrum.

REFERENCES

ALBER, I. E. 1978 The effects of randomness on the stability of two-dimensional surface wavetrains.
Proc. R. Soc. Lond. A 363 (1715), 525-546.

ALFORD, M. H. & ZHAO, Z. 2007 Global patterns of low-mode internal-wave propagation. Part I:
Energy and energy flux. J. Phys. Oceanogr. 37 (7), 1829-1848.

ANNENKOV, S. Y. & SHRIRA, V. I. 2006 Role of non-resonant interactions in the evolution of
nonlinear random water wave fields. J. Fluid Mech. 561, 181-207.

ANNENKOV, S. Y. & SHRIRA, V. 1. 2015 Modelling the impact of squall on wind waves with the
generalized kinetic equation. J. Phys. Oceanogr. 45 (3), 807-812.
ANNENKOV, S. Y. & SHRIRA, V. I. 2018 Spectral evolution of weakly nonlinear random waves:
kinetic description versus direct numerical simulations. J. Fluid Mech. 844, 766-795.
BENDER, C. M. & ORSZAG, S. A. 1999 Advanced Mathematical Methods for Scientists and Engineers
1: Asymptotic Methods and Perturbation Theory. Springer.

BENJAMIN, T. B. & FEIR, J. E. 1967 The disintegration of wave trains on deep water. Part 1.
Theory. J. Fluid Mech. 27, 417-430.

BOURGET, B., SCOLAN, H., Dauxois, T., BARS, M. L., ODIER, P. & JOUBAUD, S. 2014 Finite-size
effects in parametric subharmonic instability. J. Fluid Mech. 759, 739-750.

CHALAMALLA, V. K. & SARKAR, S.2016 PSI in the case of internal wave beam reflection at a
uniform slope. J. Fluid Mech. 789, 347-367.

CHEN, L.-Y., GOLDENFELD, N. & OONO, Y. 1996 Renormalization group and singular perturbations:
multiple scales, boundary layers and reductive perturbation theory. Phys. Rev. E 54, 376-394.


https://doi.org/10.1017/jfm.2019.44

https://doi.org/10.1017/jfm.2019.44 Published online by Cambridge University Press

PSI in a narrow-band spectrum 279

EDEN, C. & OLBERS, D. 2014 An energy compartment model for propagation, nonlinear interaction,
and dissipation of internal gravity waves. J. Phys. Oceanogr. 44 (8), 2093-2106.

FLORIS, C.2012 Stochastic stability of damped Mathieu oscillator parametrically excited by a Gaussian
noise. Math. Problems Engng 2012, 1-18.

FURrvuICHI, N., HIBIYA, T. & N1wA, Y. 2005 Bispectral analysis of energy transfer within the two-
dimensional oceanic internal wave field. J. Phys. Oceanogr. 35 (11), 2104-21009.

GERKEMA, T., STAQUET, C. & BOURUET-AUBERTOT, P.2006 Decay of semi-diurnal internal-tide
beams due to subharmonic resonance. Geophys. Res. Lett. 33 (8), L08604.

HASSELMANN, K. 1962 On the non-linear energy transfer in a gravity-wave spectrum. Part 1. General
theory. J. Fluid Mech. 12, 481-500.

HASSELMANN, K. 1966 Feynman diagrams and interaction rules of wave-wave scattering processes.
Rev. Geophys. 4 (1), 1-32.

HASSELMANN, K. 1967 A criterion for nonlinear wave stability. J. Fluid Mech. 30 (04), 737-739.

HAZEWINKEL, J. & WINTERS, K. B.2011 PSI of the internal tide on a B plane: flux divergence
and near-inertial wave propagation. J. Phys. Oceanogr. 41 (9), 1673-1682.

HiB1YA, T. & NAGASAWA, M. 2004 Latitudinal dependence of diapycnal diffusivity in the thermocline
estimated using a finescale parameterization. Geophys. Res. Lett. 31 (1), 101301.

HiBivA, T., NAGASAWA, M. & NIwA, Y. 2002 Nonlinear energy transfer within the oceanic internal
wave spectrum at mid and high latitudes. J. Geophys. Res. 107 (C11), 28-1-28-8, 3207.

HIBIYA, T., NAGASAWA, M. & N1wA, Y. 2006 Global mapping of diapycnal diffusivity in the deep
ocean based on the results of expendable current profiler (XCP) surveys. Geophys. Res. Lett.
33 (3), 103611.

HOLLOWAY, G. 1980 Oceanic internal waves are not weak waves. J. Phys. Oceanogr. 10 (6), 906-914.

JANSSEN, P. A. E. M. 2003 Nonlinear four-wave interactions and freak waves. J. Phys. Oceanogr.
33 (4), 863-884.

KARIMI, H. H. & AKYLAS, T. R. 2014 Parametric subharmonic instability of internal waves: locally
confined beams versus monochromatic wavetrains. J. Fluid Mech. 757, 381-402.

KARIMI, H. H. & AKYLAS, T. R. 2017 Near-inertial parametric subharmonic instability of internal
wave beams. Phys. Rev. Fluids 2 (7), 074801.

KARTASHOVA, E. 2013 Time scales and structures of wave interaction exemplified with water waves.
Europhys. Lett. 102 (4), 44005.

LANDAU, L. D. & L1IFsHITZ, E. M. 1976 Mechanics. Butterworth-Heinemann.

Lvov, Y. & TABAK, E. G.2004 A Hamiltonian formulation for long internal waves. Physica D 195
(1-2), 106-122.

Lvov, Y. V. & YOKOYAMA, N. 2009 Nonlinear wave—wave interactions in stratified flows: direct
numerical simulations. Physica D 238 (8), 803-815.

MACKINNON, J. A. & WINTERS, K. B. 2005 Subtropical catastrophe: significant loss of low-mode
tidal energy at 28.9°. Geophys. Res. Lert. 32 (15).

MACKINNON, J. A., ZHAO, Z., WHALEN, C. B., WATERHOUSE, A. F., TROSSMAN, D. S., SUN,
O. M., LAURENT, L. C. ST., SIMMONS, H. L., POLzZIN, K., PINKEL, R., PICKERING, A.,
NORTON, N. J.,NASH, J. D., MUSGRAVE, R., MERCHANT, L. M., MELET, A. V., MATER,
B.,LEGG, S.,LARGE, W. G., KUNZE, E., KLYMAK, J. M., JoCHUM, M., JAYNE, S. R.,
HALLBERG, R. W., GRIFFIES, S. M., DIGGS, S., DANABASOGLU, G., CHASSIGNET, E. P,
BUIISMAN, M. C., BRYaN, F. O., BRIEGLEB, B. P., BARNA, A., ARBIC, B. K., ANSONG,
J. K. & ALFORD, M. H. 2017 Climate process team on internal wave-driven ocean mixing.
Bull. Am. Meteorol. Soc. 98 (11), 2429-2454.

McComas, C. H. 1977 Equilibrium mechanisms within the oceanic internal wave field. J. Phys.
Oceanogr. 7 (6), 836-845.

McComas, C. H. & MULLER, P. 1981 Time scales of resonant interactions among oceanic internal
waves. J. Phys. Oceanogr. 11 (2), 139-147.

MEDVEDEV, S. B. & ZEITLIN, V. 2007 Turbulence of near-inertial waves in the continuously stratified
fluid. Phys. Lett. A 371 (3), 221-227.

MULLER, P., HOLLOWAY, G., HENYEY, F. & POMPHREY, N. 1986 Nonlinear interactions among
internal gravity waves. Rev. Geophys. 24 (3), 493-536.


https://doi.org/10.1017/jfm.2019.44

https://doi.org/10.1017/jfm.2019.44 Published online by Cambridge University Press

280 Y. Onuki and T. Hibiya

NAZARENKO, S.2011 Wave Turbulence. Springer.

OLBERS, D. J. 1983 Models of the oceanic internal wave field. Rev. Geophys. 21 (7), 1567-1606.

OLBERS, D. J. & POMPHREY, N. 1981 Disqualifying two candidates for the energy balance of
oceanic internal waves. J. Phys. Oceanogr. 11 (10), 1423-1425.

ONUKI, Y. & HIBIYA, T. 2018 Decay rates of internal tides estimated by an improved wave—wave
interaction analysis. J. Phys. Oceanogr. 48 (11), 2689-2701.

PoLzIN, K. L. & Lvov, Y. V.2011 Toward regional characterizations of the oceanic internal wavefield.
Rev. Geophys. 49 (4), 1G4003.

SONMOR, L. J. & KLAASSEN, G. P. 1997 Toward a unified theory of gravity wave stability. J. Afmos.
Sci. 54 (22), 2655-2680.

STIASSNIE, M., REGEV, A. & AGNON, Y. 2008 Recurrent solutions of Alber’s equation for random
water-wave fields. J. Fluid Mech. 598, 245-266.

YOUNG, W. R., TSANG, Y.-K. & BALMFORTH, N. J. 2008 Near-inertial parametric subharmonic
instability. J. Fluid Mech. 607, 25-49.

ZAKHAROV, V. E.,L’vov, V. S. & FALKOVICH, G. 1992 Kolmogorov Spectra of Turbulence I —
Wave Turbulence. Springer.

ZARON, E. D. & EGBERT, G. D. 2014 Time-variable refraction of the internal tide at the Hawaiian
Ridge. J. Phys. Oceanogr. 44 (2), 538-557.


https://doi.org/10.1017/jfm.2019.44

	Parametric subharmonic instability in a narrow-band wave spectrum
	Introduction
	Statistical description of resonant oscillation
	Types of response

	Parametric excitation
	Heuristic approach
	Statistical theory

	Finite-dimensional case
	Statistical description of wave–wave interaction
	Stability analysis
	One-dimensional case
	Three-dimensional case

	Numerical experiments
	Concluding remarks
	Acknowledgements
	Appendix A. Autocorrelation of the modulated sinusoidal function
	Appendix B. Approximate solution of the Mathieu equation
	Appendix C. Hamiltonian description of long internal waves
	Appendix D. Numerical analysis of eigenvalue equation (4.21)
	Appendix E. Approximate solution for (4.17) with d=3
	References


