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This paper considers a free vorticity wave packet propagating within a rapidly
rotating vortex in the quasi-steady regime, a long time after the wave packet strongly
and unsteadily interacted with the vortex. We study a singular, nonlinear, helical
and asymmetric shear mode inside a linearly stable, columnar and axisymmetric
vortex on the f-plane. The amplitude-modulated mode enters resonance with the
vortex at a certain radius r., where the phase angular speed is equal to the rotation
frequency. The singularity in the modal equation at r. strongly modifies the flow in
the three-dimensional helical critical layer, the region around r. where the wave/vortex
interaction occurs. This interaction generates a vertically sheared three-dimensional
mean flow of higher amplitude than the wave packet. The chosen envelope regime
assumes the formation of a mean radial velocity of the same order as the wave packet
amplitude, leading to the streamlines exhibiting a spiral motion in the neighbourhood
of the critical layer. Radar images frequently show such spiral bands in tropical
cyclones or tornadoes. Through matched asymptotic expansions, we find an analytical
solution of the leading-order equations inside the critical layer. The generalized
Batchelor integral condition applied to the quasi-steady, three-dimensional motion
inside the separatrices yields a leading-order, non-uniform three-dimensional vorticity.
The critical-layer pattern, strongly deformed by the mean radial velocity, loses its
symmetries with respect to the azimuthal and radial directions, which makes the
leading-order mean radial wave fluxes non-zero. Finally, a stronger wave/vortex
interaction occurs with respect to previous studies where a steady neutral vortical
mode or an envelope of larger extent was involved.

Key words: critical layers, waves in rotating fluids, wind—wave interactions

1. Introduction

Large-scale intense vortices are impressive and devastating coherent structures.
They intrigue researchers because they have not yet revealed their secrets regarding
their formation and evolution. The presence of asymmetric disturbances inside such
vortices is a possible intensification mechanism driven by the differential rotation.
A set of spiral rainbands, for instance, is frequently observed in most tropical
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cyclones. The evolutions of the eyewall and rainbands, as well as their mutual
interactions, are believed to play an important role in the vortex dynamics and its
intensification (Houze et al. 2006). According to wave analysis, spiral bands could be
partly explained by vorticity wave dynamics (Guinn & Schubert 1993; Reasor et al.
2000; Wang 2002b; Chen, Brunet & Yau 2003; Corbosiero, Molinari & Aiyyer 2006;
Judt & Chen 2010).

In geophysical vortices, potential vorticity (PV) wave packets are emitted by PV
anomalies generated, for instance, by latent heat release. These waves are stretched
by the radial rotational-wind shear into spiral bands and have been recently coined
vortex Rossby waves (Montgomery & Kallenbach 1997; Chen & Yau 2001). These
inwardly spiralling structures are localized areas of deep clouds in the lower and
middle atmosphere, providing heavy rains, strong winds and thunderstorms. Like
eyewalls, they are associated with local maxima of absolute vorticity, potential
vorticity, convection, and upward and sometimes rotational winds, encountered in the
vortex. Some rainbands are likely to evolve into a secondary eyewall (Qiu, Tan &
Xiao 2010; Didlake et al. 2018); conversely, an eyewall can generate spiral bands
(Corbosiero et al. 2006).

Wave activity analysis in numerical hurricane-like vortex models shows that vortices
only interact with vorticity waves and that the related modes are continuous (Chen
et al. 2003). Basic-state vortex radial shear increases their radial wavenumbers, which
slows down the radial propagation of the wave packets. The latter ceases at the
stagnation radius where the radial group velocity vanishes. In the WKB approximation,
this radius coincides with the phase-velocity critical radius where the phase angular
speed is equal to the basic-vortex rotation frequency (Montgomery & Kallenbach
1997; Gao & Zhu 2016). These waves are thus confined to the near-vortex region
and cannot propagate to infinity. They locally exchange kinetic energy and angular
momentum with the vortex around the stagnation radius. They can nevertheless
transport energy out of the vortex core, whereas wave momentum fluxes can cause
an inward transport of angular momentum, intensifying the basic vortex (Montgomery
& Enagonio 1998; Corbosiero et al. 2006; Houze et al. 2006).

This article focuses on the nonlinear dynamics of continuous vorticity modes
embedded in rapidly rotating vortices. Continuous modes are singular and neutral
modes related to resonating and propagating waves. The aim of this paper is to
make progress in understanding such waves in relation to vortex intensification.
In particular, we wish to study wave packet/vortex interactions and the subsequent
breaking through the nonlinear critical-layer (CL) theory. The vortical mode singularity
is removed by introducing nonlinearity in the CL motion equations, which is relevant
to large-Reynolds-number, large-scale atmospheric motions. This theory also sounds
relevant for tropical cyclone or tornado intensification because, on the one hand,
the nonlinear CL development time scale is faster than the intensification duration
yet, on the other hand, this weakly nonlinear approach may give the right order of
magnitude for the intensification; it indeed yields a higher intensification than the
traditional quadratic order of the non-resonant interaction in numerical simulations
that do not resolve the critical layer (Montgomery & Kallenbach 1997; Qiu et al.
2010; Caillol 2015). When an asymmetric neutral mode is superimposed on the
basic vortex, provided resonance occurs, a first linear stage starts, characterized
by the formation of the CL and the beginning of the wave/mean-flow interaction
(WMFI). Then, the nonlinear critical layer settles down in a transition stage where
the WMFI continues in an unsteady but decelerated way. We assume the existence of
a quasi-steady state when the wave packet has become weakly singular; it keeps on
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interacting with the vortex, but in a slower way, such that perturbation theory may
be handled. The emergence of a final quasi-steady state is related to the smoothness
of the radial eigenfunction. The weakly singular mode radial structure is indeed
sufficiently smooth to enable it to resist shear and store part of the basic-vortex
angular momentum, and subsequently to weaken the vortex in this asymptotic stage
(Nolan & Farrell 1999).

Caillol (2017) described a slowly space—time evolving asymmetric, singular, helical
and vorticity mode in a circular vortex with the same CL theory. This previous paper
will be referred to as C17. This amplitude-modulated wave modelled a wave train
whose envelope had an O(e!) vertical extent for a dimensionless wave amplitude e.
He derived the system of evolution equations governing the wave packet amplitude
and the wave/vortex interaction-induced mean flow a long time after the interaction
started. He observed that the wave packet always broke and noticed that considering
a wave packet instead of a single steady mode enhanced the wave/vortex interaction.
However, the vortex weakened in the long-time asymptotic stage. We here consider a
more compact wave packet. The vertical envelope wavenumber is of order O(¢'/?), and
we expect to obtain a faster and stronger interaction in the quasi-steady stage. This
regime usually corresponds to a balance between nonlinear effects and the dispersion
characterized by a coherent structure (Leibovich 1970; Kivshar & Malomed 1989;
Derzho & Grimshaw 2002; Shagalov, Reutov & Rybushkina 2009).

In a cylindrical geometry, the modulated amplitude evolves slowly over height and
time. Through the critical-layer coupling, we assume the same space-time scales for
the CL-induced mean flow around r.. This mean flow cannot be neglected because
it is of higher amplitude than the wave packet. Owing to the divergenceless-flow
condition, the presence of a mean radial velocity is necessary, which makes the
flow asymmetric and even more distorted in the neighbourhood of the CL than
in the steady-state assumption. The stagnation line here is no longer axisymmetric
but is given by a spiral located near r. that slowly varies in height and time in
the same way as the wave modulation. To perform the analysis, we use a stressed
radius-like coordinate that uniquely parameterizes each streamline (Davis 1969;
Caillol & Grimshaw 2004). This variable takes into account the deformed motion
that streamlines experience in the neighbourhood of the CL. Streamlines deviate
from the critical radius with a spiralling departure proportional to the mean radial
velocity. As a result, a secular azimuthal variable naturally arises to describe this
spiralling motion. Secularity is required to deal with the CL-induced varying mean
flow that thus evolves over the rotational direction as well. The preceding wave
packet study in C17 involved a secular time scale, which did not have a true physical
sense. In the present study, we argue that the existence of a three-dimensional mean
flow coupled with the wave packet strongly affects the nonlinear wave dynamics. In
past quasi-steady, three-dimensional CL analytical studies, however, the induced mean
flow was not taken into account (Voronovich, Pelinovsky & Shrira 1998a; Voronovich,
Shrira & Stepanyants 1998b).

We assume that the critical layer forms in the outer vortex core where the mean
absolute axial vorticity is smaller than the absolute inertial frequency of the circular
vortex, which is relevant to large-scale rapidly rotating vortices (Caillol 2015).
A weakly singular vortical mode with an azimuthal wavenumber m generates a
CL pattern characterized by m intersecting helical cylinders winding and spiralling
along the vortex axis. These cylinders are three-dimensional separatrices which bound
two qualitatively distinct CL flows: the flow outside them spans a 2w azimuthal range
whereas the flow inside them spans a 2m/m range (cf. figures 1-3). At each vortex


https://doi.org/10.1017/jfm.2019.374

https://doi.org/10.1017/jfm.2019.374 Published online by Cambridge University Press

A shear wave packet-vortex interaction 691

FIGURE 1. Sketch of a few streamline envelopes projected on a horizontal plane, spiralling
around the critical radius r. (dotted line) on either side of the CL axis r=r,(&, @, ®)
(dot—dashed line), m =6.

FIGURE 2. The vortex plus the wave packet m =2 and the various regions (bounded by
dashed lines) in a horizontal plane: the core outer flow COF characterized by n < 0, the
core inner flow CIF defined by s=— and Z > A, the cat’s eye flow CEF defined by Z <A,
the external inner flow EIF defined by s =+ and Z > A, and the external outer flow EOF
defined by n > 0. The CL involves CIF + CEF + EIF. The dotted line represents the
critical radius r. and the dot—dashed line is the CL symmetry radius r,.

height, a ‘cat’s eye’ pattern thus appears within these cylindrical cavities, exhibiting
a recirculating flow.

The extended three-dimensional Prandtl-Batchelor theorem predicts in the steady-
state assumption a leading-order uniform axial vorticity inside the separatrices (Caillol
2014); this result is no longer valid here. A Galerkin method is required to integrate
the motion equations within the cat’s eye. A unique inviscid CL solution is found at
the non-trivial expansion order by first applying secularity conditions on both inviscid
and viscous inner flows, then matching both outer and inner flows on the CL edges,
and finally matching the inner flow on the separatrices (cf. figure 2). The second
part of the study will be presented in a separate paper. We will derive the system
of leading-order nonlinear PDEs that governs the slowly evolving amplitudes of the
wave packet and CL-induced mean flow. The numerical resolution of the system will
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FIGURE 3. (Colour online) Separatrices Z=A as functions of x,y and @, m=2,
e=0.1, m=2,1r.=2U=1, U;=0.5, A(®) =[1+cos(®)/2]>.

reveal a lot of information about the evolution of the wave packet and vortex in the
quasi-steady stage.

The paper is hence organized as follows. Section 2 describes the general outer-flow
perturbation and phase-averaged equations. Section 3 gives the low-order, outer-flow
asymptotic solutions through Frobenius series. Section 4 formulates the CL motion
and gives the two first inner-flow orders. Section 5 examines the low-order CL-induced
mean flow. Section 6 describes the first non-trivial inner-flow order strongly altered by
the presence of the leading-order mean radial velocity. Section 7 presents numerical
results of § 6. Section 8 gives the conclusion.

2. Formulation and main assumptions

We consider the motion of an unbounded, axisymmetric, columnar and linearly
stable vortex on the f-plane in a slightly viscous, incompressible and dry atmosphere.
We use the cylindrical coordinates (r, 6, z), with the variable z being related to the
height of the vortex along its rotation axis and (u, v, w) being the velocity vector
in these coordinates. Quantities have been made dimensionless through characteristic
velocity and length scales: the maximum rotational wind of the vortex V,,, and the
maximum wind radius R,,,. The related Reynolds number is Re = V,,,,R,.,/v, where
v is the kinematic viscosity. The inertial force f; due to the rotating framework is
fi=v/r(ve. —uey). The geopotential (the Earth-rotation-driven centrifugal force and
gravity) with pressure p is inserted into the gradient force to form the variable I,
defined by I' = p + gz — Co*/8r* and erroneously called geopotential. A constant
value of the Coriolis parameter Co = (fR,,,)/Vmw 1s used throughout the study.
The dimensionless equations governing this motion are the momentum and mass
conservation equations in the ground-based frame of reference:

1
ou+u-Vu+Cozxu=f,—VI+ —Au+F,
Re 2.1)

1 1
Du+ —-dv+dw=0, D'e=0,e+ —e.
r r
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The velocities and geopotential are decomposed between the wave-phase-averaged
flow and the asymmetric perturbations in the following form:

u=Ur0,0)+cU &, r,0,®), v=V(r,O0,0)+ecUyE, r, O, D), 22
w=W(r, 0,0)+ecUE,r,0, ), I'=Tr 60, 0)+ePE, r,O,d), '

where the wave phase is & = kz 4+ mf — wt, with k and m respectively the axial and
azimuthal wavenumbers. The overbar notation defines the phase-averaged quantity g,

qg=1/2n) fozn qd&é. The secular variable ® = m6 characterizes the spiral motion.
The leading-order perturbation is namely an amplitude-modulated, free vortical mode
whose small dimensionless amplitude is ¢ and whose real and slowly evolving
frequency is w. The dimensionless wave phase tilt is denoted by @ = kr./m and
is taken as O(1) or smaller. The mode is neutral and singular in the nonlinear
theory, while it is assumed stable in the linear theory provided certain conditions
are satisfied in the basic-state vorticity profile (Caillol 2015). We consider that wave
packets propagate episodically in the vortex when they are excited by convective
pulses. The mode is then supposed to be generated by an initial, localized and
short-time forcing: for example, an impulse or a step-like condition. We assume a
quasi-steady asymptotic state, so the fast time ¢ only appears in the phase &, with
the WMFI evolving at the slow time scales T; =¢€”/*t, i=1, 2, that are omitted in the
notations. The quasi-steady-state assumption is not restrictive since it is often observed
among large-scale vortices due to a balance between friction in the boundary layer
and sea—air exchanges (Emanuel 1985). However, for the sake of simplicity, these
effects will not be modelled in the following equations. We will study the WMFI
above the surface boundary layer in order to neglect the effects of the latter on the
interaction and to neglect the mean radial flow of the inflow layer (Zhang et al.
2011). We will simply introduce the body force F, which permits one to exclude
viscous diffusion effects on the basic-state vortex evolution without altering the inner
flow, to the benefit of the WMFI.

The critical layer imposes its own scalings. The wave packet must be advected by
the leading-order O(e¢'/?) CL-induced mean vertical velocity, which leads to a time
scale T, faster than the usual time 73 for the Korteweg—de-Vries equation (Leibovich
1970). The amplitude modulation space and time variables are hence

_pm —
b =c z and 10,=T>. (2.3a,b)

re

Note that for the larger wave envelope in C17, the scalings were slower (® =€z, 13 =
T3). In this multiple-scale approach, the various partial derivatives are computed in the
following way:

_ _ 1M = _ap -
dgpe =m(0:® + dpe), 0.0=¢'"—0p0+kd:e, 0O,0=¢€'"0r0-+¢cipe—wi;e.
rC
(2.4a—c)
The modulation-modified wavenumber and frequency are k=k— m/r.we Ty and @ =
w+ €'?wr, T;. In spite of the smaller vertical scale of the wave envelope with respect

to C17, the chosen regime is still the nonlinear critical layer, and wave packet linear
effects like dispersion do not prevail (Mallier & Maslowe 1999; Campbell 2004).
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The system of equations (2.1) after the decomposition (2.2) yields two subsystems
of equations: the first describing the evolution of the perturbations, equations (2.5a—d),
and the second the evolution of the mean flow, equations (2.6a—d).

DUr — U@ — € 2 T2
= oUy—D[P+UU,] - | —0+ U, 0, | U+ —=(U, — Up)
Dt r r
- 1 U, 2
+eD' U] +€0,UU, + — |AU, — — — 50Uy |, (2.5a)
Re r2r?
DU@ — 89P U@ — € y——
= —Q.U, - UD'[Uy] — — — | —d + U.9, | V+ D[ U,Uy]
Dt r r r2
U, - 1 U, 2
— e U, +€d.UUy +— |AUy — — + Z3,U, | , (2.5b)
r Re 2 r
DU — U, _ -
th = QyU,—UDIU,] —0.P — (639 + U, 32> W + eD*[U,U.]
r
— 1
+ed,U?+ —AU,, (2.5¢)
*  Re
1
D*U, + -8, Uy + 8,U. = 0. 2.5d)
r

For the mean flow, we have the set of equations

DU S T N 47/ g spm, A
—=V(Co+R2)-D|I'+-U | +e¢ | —=D'[U?]| —€/"—0,U,U,+ —U,
Dt 2 r r. Re

(2.6a)

1% — om_ €, spM, ——  Arg
Br =—QZU—*8@F_*2D[’” U.Ugl — € 78¢UZU€+R7V+F0’ (2.6b)
r r re e

W s e L (AW
7:Q9U—€1/2T8¢[F+€2U72]_ezD*[UFUz]"i_i AW+ =), (2:60)
Dt . ) Re r?

m

_ 0oV _
DU+ m—2" + €229, W=0. (2.6d)
r

rC
The azimuthal gradients related to the diffusion terms and to the mean rotational wave
momentum fluxes 9o UyU,, d9U3, ... have been omitted in (2.5) and (2.6) because

they appear at high orders and are negligible in this study. The system (2.5) is coupled
with the following boundary conditions:

r— 00, U, Uy, U, P)— (0,0,0,0);
( 9, U, P)— ( ) } 2.7)

r—-0, Uy—0, and if ml#1, U,— 0.

The CL-induced mean flow expands in two spiralling helical diffusion boundary layers
on either side of the CL, and vanishes far from r.. No boundary condition is specified
in the vertical direction. The circular vortex is characterized by the mean angular
rotation £2(r) = V(r)/r, the absolute mean axial vorticity Q.(r) = 1/rD[rV(r)] + Co,
the mean azimuthal vorticity Qy(r) = —W/(r) and the absolute inertial frequency
o(r) = 28(r) + Co. The prime denotes the radial derivative of the phase-averaged
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quantities when it is not specified, otherwise D denotes the radial differential operator.
We also have the different notations

D Uy —
—e=0e4e |Ud+—20+U,0,| e+ 2 e+ Wde,
r

Dt
* m2 2
Are =D[D"[e]] +€—050,
re (2.8)
Do M
= T20+m9 8@.+6 W8¢.O,

Dt T,

1 1
Ae=D*[D[e]] + < dje+3’e, and — =21
r - Re

Here, we use the nonlinear CL theory, so we will assume that the Haberman parameter
A, the cubic ratio of the viscous CL thickness to the nonlinear CL thickness, is small:
A< 1 when it is not indicated, which allows for a A-expansion of the flow, dividing
it into an inviscid part and a smaller viscous part, for instance, for the radial velocity
U=U,,+ AU,, + o(1). The perturbations of velocity, geopotential and vorticity are
expanded in terms of the square root of the wave packet amplitude, for instance, for
the radial velocity

U=U"+e"7U"+eU? +- -, (2.9)

with the zeroth order characterizing the amplitude-modulated non-normal vorticity
mode. Although large vertical and radial velocities may occur in tropical cyclones
above the inflow layer, these are always smaller than the rotational velocities (Reasor
et al. 2000) and we will thus assume that the basic-state vortex only contains a field
of mean azimuthal velocity. The WMF interaction will nevertheless induce mean
vertical and radial velocity fields. As a result, the mean radial, azimuthal and axial
shear flows are expanded in terms of €!/? in the same way, such as the frequency
(D) =wy+ €0 (P) + € wr(P) + - -

U=¢€eU,(r,®, D)+ Us(r, ®, )+ - - -, (2.10a)
V=Vo(r)+€*Vi(r, 0, ®)+eVo(r, @, &)+ > Vs(r, @, @) +-- -, (2.10b)
W=€e"?W,(r,®, ®)+eWo(r,®, &)+ *Ws(r, @, &) +---, (2.10¢)
0. =0(N+€70,1(r, 0, P)+€Q.5(r, 0, P) + -, (2.10d)
Qy=¢€"70p 1(r, @, D) +€Qyr(r, O, D)+ --- . (2.10¢)

The subscript O characterizes the O(1) phase-averaged rotational flow at the end of
the transition stage, resulting from the strong interaction between the basic vortex and
the wave packet. As |r — r.| = oo, the zeroth-order mean flow tends to the basic
vortex. The body force is thus Fy(r) = —Q(r)/Re. We also assume that the expansion
of Co is restricted to the first order: Co = Coy + €'/>Co,. The mean geopotential is
determined by (2.6a) and to the first orders are defined by the gradient wind balance

Toy=1(05.— Copri+ 1 / 05(r) — Cog rdr, (2.11a)
T'=T(r)+3 / 0001 — CoyCo, rdr, (2.11b)
T=T,r)+1 / 0002 + (07 — Co}) rdr. (2.11¢)
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3. The outer flow

In this section, we give the outer-flow asymptotic solution near 7., which will be
useful to determine the CL flow in a unique way through matchings with the outer
flow.

The spiralling motion shifts the CL symmetry axis from the critical radius; this
difficulty is overcome here by introducing a coordinate 1 which is constant along a
streamline (Davis 1969). As a result, the representation, in cylindrical coordinates, of
a streamline is

r=r.+n+h(n, &, 0, D), (3.1

where the deviation i from axisymmetry is assumed to be of order € (cf. figures 1
and 2). Owing to the decay of vorticity inside the CL occurring during the WMFI, we
assume that the basic-vortex axial vorticity becomes zero on the CL axis r, =r(n=0)
a long time after the beginning of the interaction, but before the quasi-steady stage
starts:

Q=0 atr=r,(5,0,®)=r.+h(0,&, O, D). (3.2)

3.1. The amplitude-modulated singular mode

The linearized, inviscid and stationary system (2.5) can be reduced to a single
equation, the Howard—Gupta modal equation generalized to the f-plane and related
to the modal radial velocity U (Howard & Gupta 1962). This is expressed as
Lo(U®) =0, namely

%7 7(0) 277(0) Qo( r) m (O)
DIS(nD™U, "1+ 0, U,” + (rD—2)[S(r)Qo(r)]+ P () —5, - 3(NQu(r) D(r)r2
(3.3)
The superscript D defines the Doppler-shifted frequency
2
(1) =& — mR2(r) — kW), Sr)=— . (3.4a,b)

m2 + k2r2

Equation (3.3) is singular at the critical radius r. where the Doppler-shifted frequency

(r) vanishes (that is, wy = m$2.). But the solution is weakly singular around r,,
at the end of the strong vortex/wave packet interaction, since the local equivalent
Richardson number J(r) = (kr/m)? 00(r)Qo(r)/[Qo(r) — Q(,(r)]2 becomes small near the
CL symmetry axis r,, as the zeroth-order mean axial vorticity vanishes at r,. The
connection of this number with the linear stability of a rotating sheared flow is evoked
in Caillol (2014, 2015). The subscript ¢ characterizes the critical radius.

The neutral-mode radial velocity evaluated on the streamline 1 is expressed by two
Frobenius series of the variable r — r. =n + h(n):

a ) C
wmz(rmm+wmn+@m+wwn>Uaawms+r@m+wmnwmmCma
(3.5)
where both Frobenius series ¢, and ¢, are expanded around r. in the following way:

G =1+ aoa", S =1+ boun"+boga()Inn®.  (3.6a,b)

n=2 n=2
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The radius 5 inside the logarithm is normalized by n* =n/ny, where no=r./ V2. The
complex logarithmic function in (3.6b) induces an additional, in-phase quadrature term
in (3.5) as r <r,, caused by the logarithmic phase shift ¢ defining C as follows:

r>r., C"=0, and r<r, C =byr.p(d). (3.7a,b)

The superscript s = — will be used to characterize the vortex core, where r < r., and
the superscript s =+ the outer core, where r > r..

3.2. Order €% outer flow
The first-order inviscid disturbance is decomposed into five contributions. The radial

velocity U(l) can be then written as

U =U5+ U+ U+ Uy + U (3.8)

r.od

The first term constitutes a CL feedback into the outer flow. It is required while
matching the inner flow on the separatrices. The second term U;}l) is generated by the
advection of the mode by the first-order mean flow. The three next terms Uﬁlj, Ufla)d
and Uf .4 are respectively created by the vertical gradients of the modal amplitude
Uy, the phase jump a and the frequency w,. The velocities Uﬁ’ and Uﬁ g are not ©@-
secular at the lowest expansion order near n=0. So their secularity can be neglected
in the study. Differentiation with respect to @ in the system (2.5) leads to the presence
of coupled sine and cosine eigenfunctions. The dependence of Uf}i) on the phase £ is
hence as follows:

UD(r,6) = {[¢"" (1) + 01.0T1 905" (1) + aedls " (D1 Uy + ¢ Us o} sin &
+ [P (1) + apd (D1 Uy + @82 (r) Upo} cos & 4 L (r) Uy cos(2£).
3.9

The feedback flow satisfies the homogeneous equation

LoD =0, with ¢} (n) ="

(1) + kn,195(1). (3.10)

The other terms satisfy non-homogeneous linear equations. The second contribution
Uf’l,) satisfies the equation

LoU") = =L11(UD) = L1, P2
ol ") 11(U7) o(U 1) 3.11)

LU =—L1,(U) — L e(Uf1 DopitYy,

with the operators £, £, and L4 defined by

k
Li1(U) = {(rD ~2) [sm (Qz,l(") - ,;Qo,mr)ﬂ

S(r)eo(r) o)
e (mQ (r)+Q91(r)) o D = DISWI0)]

7 (g [glm D(r)} mU

- — 3.12

m B0 len ot PV e (3.12)
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and
k _ _
L12U) = rzgﬁ((:)) SW)Vde [KV1(r) = ZW1 ()]
m S(r)
0 [ Udo {le(r)—i- Vl(r)H (3.13)
£10U.P) = 280 [20) = 5500 o Uy = m g S0

kM 000 g (kP — mS20(r) U]
r C‘)o 2(r)
m ()

+ o0 [S(r)i)@ (ﬁP—F 2, + kSZO(r)UZﬂ . (3.14)

The first-order Doppler-shifted frequency is w?(r) = w; — m$2,(r) — kW, (r). The first-
order equivalent Richardson number, derived from (3.12), is given at r =r. by

rCQ;() c

Jl,c= s ,'+Q9,l,c) _(1 +2w2)(01DC 2, —. (315)
Qo,c ' mQy,¢
The radial velocities Uf,';, Uf';d and Uflc)ud satisfy the equations

Lo(U,") = =L1sU?, Py, .16

LoU") = =L14@ ") Uoo cos§ = L1oUy", Py ), '
Lo ==L1sWei" Pi”). a7

LoUL) = —Lia(@)asUycos & — L15(Us", Py,

Lo(Uy ) =—016T1L1a(p ) Upsin&, (3.18)

with

Ly () = 2m {m Qo) _ D] [S%r) (”: Q) 4+ D*[¢<r)])} . (3.19)

r. r a)g (r) wOD (r)

The Frobenius series related to each radial velocity have the same structure:

60 = 3 (b 10 7]+ o In |7+ ) o

n=0

+ By, j=1.d, ad and wd, (3.20)

and

oo
¢ 7)) =D (ejaaln |+ fona In 07| + i) 0"

n=0

+ K19, j=1I,d and ad. (3.21)
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The coefficients of the first terms in the series (3.6), (3.20), (3.21) are given in
appendix A. The integration of equations (3.11), (3.16) and (3.17) is simplified owing
to the assumption of ®-secularity; any physical quantity in both outer and inner flows
is a polynomial of the variable ®. As a result, the quantity g(®) can be written
exactly in a finite Taylor expansion:

q(©) =q(0) + 30q(0) © +195¢(0) ©* + - - - . (3.22)

From now on, any nth-order @-differentiation at & = 0 of g will be denoted by
954(0).

4. Low-order inner flow

In this section, we describe the inner expansion, rescale the inner variables and
solve the two first orders.

4.1. CL variables and equations

When the amplitude-modulated neutral mode is weakly singular, the local equivalent
Richardson number at r,, J. is small and is assumed to be O(e'/?): J.=J, . €'* 4+ O(e).
The critical-layer width is then maximum and of order O(e'/?); we will thus take the
inner radial scaling r — r. = €'/?R. The outer-flow expansion following R gives the way
in which the inner expansion must proceed:

U=eU,(r) +€{U? + € IneUV +€2U% + ..}, 4.1)
V=0 )r+e?2,r)r+ e VO + e Inevh +2vP ...}, (4.2)
W=€"2W,(r,) + €€ Ine WD 42 W®? ...}, (4.3)

P =1(05(ro) — Cop)r* + e{P?¥ + €' Ine PV + €2 PP .. ). (4.4)

In order to simplify the CL equations, let us make the following rescaling using the
zeroth-order mean flow evaluated at r.:

T
X=&+Z(=s), R=rR, 7= moo €"’t,  si=—sgn[moo . Uol,

V™ = 0.1, v e = w00, Fe we, ym = $iMQo T o», pw= siQS’Crf_ﬁ("),
Vie=Vutocre, Wie=@Wiocre, Upe=mlUp0ocre, T ne =017,
T, . =B.0t s @, =mU,000 €C0,=C0,00cs Onc=3Si00.c
Oene=n0cr Wpo==9u00c 1Qy.=800c 10, .= CenCocr

/ 2 /! ’ 2 /! / 2 A/ ’
rCQG,n,c = 6,000, r. QQ,C ={ 00.c» r. Qz,n,c = C;2Q0,c5 r, QG,n,c = C@_nQO,m
Uo(P, 1)

moo,cre

/l/

, AP, )= ‘

B UOrc
4.5)

In the following analysis, the hat is dropped with the understanding that we are
dealing with the new variables. The rescaled wave amplitude A(®, 1,) is the solution
of a nonlinear space—time evolution equation in the asymptotic quasi-steady regime, a
long time after the CL formation, when the vorticity wave packet is slowly exchanging
momentum and kinetic energy with the basic-state vortex. In this regime, where the
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zeroth-order mean axial vorticity is taken to be zero on the CL axis, the strength of
the CL singularity is measured by the axial-vorticity radial gradient at r. (that is, the
dimensionless number ¢). The radius . and ¢ are finite, but r. > 1 while ¢ is small,
according to observations (Caillol 2015). If we consider the limit ». — 0, we suppose
a critical layer in the eye of the tropical cyclone or the tornado. The basic-vortex
axial vorticity is nearly constant in the eye, so vorticity waves are strongly damped
there. Taking this limit would imply ¢ — 0O; the CL interaction would be weaker since
the leading-order CL equations would be postponed to a higher order. If we now
consider the limit . — 0o, we suppose a critical layer far away from the eyewall,
where the basic vorticity radial gradient is quasi-zero and vorticity waves are also
strongly damped. Taking this limit would lead to ¢ — 0 and a weak WMFI as well,
as the vorticity radial gradient decreases rapidly with r and r.Q. , — 0.
A general expression for the streamline radius R inside the crltlcal layer is

R=sip+H(p,X, O, P, 1), (4.6)

with the function H being expanded in terms of €'/?: H =¢e'?H, + eH; + O(€*?).
We undertake a change of radial variables R — p. The radius p is a function of R,
X, ®, @ and 1, and its partial derivatives are

1 Hy Hg 4.7 )
=) = g=———, ... Jla—c
PR s+ H, Px s+ H, Po s+ H,

The resulting system of inner equations is given in appendix B.
4.2. Zeroth- and first-order CL solutions
The zeroth-order inner equations lead to a simple solution as follows:
UY=—sAsinX, VO=—s5p, PO=1[S8 —CC —siplp+ 5B (4.8a—c)

Two compatibility conditions arise from the inner angular and axial momentum
equations

Ve =0, WS =o0. (4.9a,b)

The first-order flow is straightforwardly deduced from the Frobenius series (3.6), (3.20)
and (3.21):

1 .
U = 5[((1 + @) p — 5:(C11.0 + Cad1.000)A — 5iCa1.0A0] sin X
S
- 5[(]?,1,0 + fad1,000)A + fa10As] cOs X, (4.10)

PO s Uy
7 + = ;7{[(,31 1.0 + Bud1,000)A + Bu1,0As] sin X

+ (k11,0 + Kad,1,000)A + ki 1.0A0] cos X} = WD =V = ;A cosX. (4.11)

The resonance condition Y = 0 results from the solvability conditions of the inner
momentum equations as follows:

=V +@W,, (4.12)
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in addition to two other conditions:

e
Ve = Wy = 5{[(,51,1,@ + Bua1.000)A + Bii1.oAs] cos X
— (k11,0 + Kaa1,000)A + K4 1,0A0] sin X}, (4.13)

The inner flow inside the separatrices is denoted by the superscript ©, while the
jump and the mean of a quantity g on either side of r. are respectively denoted by
gl = ¢t — ¢ and {g}T = (¢" + q7)/2. The leading-order flow matchings on the
separatrices show that the flows are identical inside and outside the separatrices, so
Uno =ymw yeo) =ym  with n=0, 1. A first consequence is the absence of a
jump for the mean flow at r.: [Vi]f = [Wi1T = [lh]T = [B,]F = 0. Continuity of the
pressure leads to

[(Bi1.0 + But1.000)A + Ba1.oAsl” =0, [(ki1.0 +Kui1.000)A +Ki1.0A0]7 =0.

(4.14a,b)
Continuity of the radial velocity implies
[(cr1.0 + Cad.1.000)A + 41,0401 =0, (4.15)
and
[(fir.0 + fad.1.000)A + fa1.0A0]15 =0. (4.16)

5. Low-order CL-induced mean flow

In this section, we characterize the O(e'/?) and O(e) induced mean flows in the
CL neighbourhood by analysing the phase-averaged system (2.6). We assume a CL
confined in a ring between r =r5 <r, and r=r} > r,. The thickness of the CL is

defined at leading order by 8, =1} —rz = sir.(ps — pg) €/> + 0(€).

5.1. First-order mean flow

From (2.6d), (2.6¢) and (2.6b), respectively, we get independence of @ for the O(e!/?)
induced mean velocities and geopotential at »r ~r, ~r.:

Vl,@(”)=0» Wl,@(”)=0» F1,(~)(r)=0- (5.1la—c)

While differentiating (2.65) and (2.6¢) with respect to r, we obtain the same result for
the mean vorticities:

Q.10 =0, 0Op1e(r)=0. (5.2a,b)

However, the mean vorticity radial gradient is dependent on ® at the singularity r=r.
After differentiating (2.60) and (2.6¢) a second time with respect to r, and simplifying
using the above independence from @ for the first-order flow, we get

— 63/2 JE— 1
20V =—— DU, U, - 23D | -U, U, |,
miag 1,@(”) 2 [ o] € . 0 (5.3)

mQOW;/,@(r) = —63/2D2[D*[UrUz]]‘
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The right-hand sides of equation (5.3) are made up of the divergence of the vorticity
radial gradient mean radial wave flux, which is singular at » = r.. The CL flow
smooths this singularity out, so we have to compute the flux expressed with the
inner variables. The triple radial gradient is O(e~>/?) inside the CL; as a result, some
nonlinear inner terms on the right-hand side are O(1). Next, rescaling and taking at
the left-hand side of (5.3) the upper CL limit r — r of the outer flow, corresponding
on the right-hand side to the inner boundary pj;, we then have

Botl\ o = —UOVI(04 . X),  Votyf, o =@ [UOWS (05, X).  (5.4a,b)

Taking the lower limit yields similar relations, so the spiralling part of the first-order
axial-vorticity radial gradient admits a jump across the CL since

Bolt.10]t = —{[UOVS (o5, X) — [UOVS (05, X)), (5.5)

with a similar relation for the azimuthal vorticity radial gradient &y .
Section 7.1 will show that the ®-secular equations can be written on either side of
the CL in the general way

Boll o= Uols,o=—wZ5. (5.6a,b)

As the zeroth-order flow must remain steady in the quasi-steady regime, in addition to
the laminar force F, we must assume the existence of an eddy force with azimuthal
and axial components that prevents the basic-state vortex from being dependent on
O:

BoQ o =—si [U® éi%p](pB,X)JrF;— —s5; [UOVZ,1(05. X) + F, =0, (5.7)

B0 Q.0 =5 [UOWD0)(05 . X) — w Fly = s [UOWipny (5. X) — w Fy =0.
(5.8)

The ratio of between the eddy force azimuthal and axial components is —z and the
forcing F,; is undistorted.

5.2. Second-order mean flow

Next, from (2.6b—d), we get the rescaled equations of the O(¢) induced mean flow
at ry:

PBro+U0oV20=0, Pio+@0Whe=0, U+lUr+oWi o+ V2e=0.
(5.9a—c)

Note that the geopotential axial gradient in (2.6¢) generates a vertical wind at low
orders. However, this motion is not relevant to the wave packet dynamics. The mean
geopotential is therefore assumed uniform to the first order at r,: as a result, 3, o =
Br.o =P2.o =PP3.0 =0. We thus obtain the @-independence of the second-order mean
velocities:

Voo =0, Whe=0, (5.10a,b)
while the radial-velocity radial gradient at r, is given by

Z/I£=—U2—ZZIW1,¢. (511)
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After r-differentiating equation (2.60), and simplifying with (2.6d) and (2.11c), we
obtain the ®-secular equation for the axial vorticity Q,, evaluated at r >~ r,:

m$2o(r)Q.20(r) = ?QO(V)Wl,qb(”) —m[$2,(r) Q.1 (N]e — Q(,)(")Uz(")

- %{D[rzUrD*[UG]] — D[(r*0.U. + mrde Us) Uy 1}

+ S DIPTU,) — “ €29, DU U,) (5.12)
3 rUs - o Vsl .
The two first terms on the right-hand side are negligible since Qy(r) =0, V, o(r) =0
and Q,;e(r) =0. The fourth term on the right-hand side is O(1), since the double
radial gradient is O(e~!) inside the CL, whereas the three following terms are
negligible. Finally, two terms remain on the right-hand side: the third term is the
divergence of the radial flux of the axial vorticity Qp multiplied by the velocity U,
and the fourth term is the divergence of the leading-order mean radial wave flux of
the axial vorticity. Next, introducing the inner variables in the flux divergence and
taking the limit p — pj, then taking the upper CL limit r — r; for the other terms,
and rescaling, we have

B0, o = —Us — 5, [UOV1(0f, X). (5.13)

As for the mean azimuthal vorticity, the ®-gradient of the vorticity Oy, is generated
by the divergence of the leading-order mean radial wave flux of the azimuthal vorticity
and the vertical gradient of the leading-order mean geopotential radial gradient, so we
have, after r-differentiating (2.6¢), simplifying with (2.115), and rescaling as r — r,

B0Qy»0 =Vio + 5@ [UOWSL(0F, X). (5.14)

Section 7.1 will show that the second-order mean vorticity ®-secular equation can be
written on either side of the CL in the general way

BoQiho=2,—Clh, UeQy,o=Vie—wXZ, (5.15a,b)
Section 7.1 will also prove that, for a symmetric CL extent such as pz = —pg,
we have X~ = E,;r. The second-order mean vorticity ©&-gradient thus admits no

jump across the CL. Taking the mean radial eddy vorticity flux-driven forcings into
account in the inner equations then comes down to considering altered zeroth-order
mean vorticity radial gradients at r. such as

00920 = —C U, G0Qp20=Vio — E@,ouzy (5.16a,b)

with the modifications of the vorticity radial gradients given by

f=p-0 = (5.17a.b)
=—-—, =w—. A7a,
U " U

As the first-order vorticity radial gradient and the second-order vorticity vary following
the azimuthal coordinate under the effect of the wave packet, they therefore evolve
with the wave modulation. To prevent the viscous diffusion from damping these
corrections, the definition of the rescaled force F near r. has to be slightly modified
and an axial component has to be added:

Fp=s; (Q/ o) — ) Ae?, F,=sA quem (5.18a,b)
2 2
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5.3. Evolution equations of the first-order mean velocity at r,

We now determine the t,-evolution equations of V; and W, knowing that these
velocities are inviscidly undistorted and that they do not depend on ®. The O(e*?)
momentum equations (2.6b) and (2.6¢) evaluated at r near r, are

1/2

— - m— _ € N — - m—_.
Vir, +m§Vse + 7W1V1,<1> = _7D[r2UrU0] — Q.1 Uy —ms V30 — ?F3,c~),
(5.19)
— — m— — S — — — m—
Wir, +m2oWse + 7W1W1,¢ = _TD[rUrUz] + Qo1 Us —m§2, W0 — 7F2,¢-
(5.20)

The divergences of the mean radial wave momentum fluxes on the right-hand side
of (5.19) and (5.20) are O(1) inside the CL. Introducing the inner variables in these
terms, taking the limit r — r otherwise, assuming a uniform pressure at r,, rescaling,
and eliminating V, o and W, o, we finally obtain

Vi t@aWiVie =X — Q! U — 5oV, (5.21)
Win +@WiWie =X+ ng"uz — B3 6, (5.22)

where
Ty =—[UOV (o}, X). (5.23)

Let us decompose Q,; into an undistorted term and a distorted term so that we can
separate the first- and third-order velocity evolutions in (5.21) and (5.22):

) ; . ) N
Q;,l = {Qzl}t + Q;,l,d’ with Q;,I,d == E[QZdt (524)

By considering a symmetric CL thickness, pg = —ps, § 7.1 will show that {X,}T =0,
so X, =X, 4. The third-order terms GyVj3 o and GoWV; , are defined so that they can
remove the distorted terms in (5.21) and (5.22), and thus we get

oV o= 25— Q| jUb, UW; o =20+ %uz. (5.25a,b)

As was done in the preceding subsection, the contribution of the mean wave
momentum flux is included inside the first-order mean vorticity. The modified
vorticities at r. are then denoted in the following way:

R 2, R X,
Q.1=9,1— 72, Qo1 =91+ wﬁz. (5.26a,b)
The evolution equations of the CL-induced velocity (V;, W,) are therefore
+ {QO, 1 }t
V],‘[z + wwlvl,tb = _{Qz,l},uz, Wl.t2 + WW1W1’¢ = o Z/{Z- (52761,[7)

The first-order mean velocity at r, (that is, V;, W)) is vertically advected by W, and
is driven by the undistorted divergence of its radial flux generated by if,. The forcing
X, is absent since it is antisymmetric and it appears in the definitions of V; and W;.
Jointly with the distorted mean vorticities, it generates a @-secular growth of the third-
order mean velocities. In C17, the latter have a t,-linear growth.
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6. The second-order inner flow

This section gives the analytical expressions for the leading-order non-trivial
inviscid flow in the critical layer. The azimuthal velocity V® defined through
the streamfunction-like function @ is the solution of the azimuthal momentum
equation (6.2):

VO =1p"—sSip+ Vo + ¥, (6.1)
the vertical momentum equation (6.3) follows.
AsinXy? + oy} — ¥ = U — BoHao) WP — 5:Q.1) + s:00[VE = Vslo
+ 5.5, + [P? — s PBsle + [(1 —280)p — %(51 - COCI)} H 0
+ A (Wippy — OA+ Iox(X), 6.2)

A Sil'l XW;Z) + P W)((Z) — (2) (Z/{Q OQHZ,@) (W/()z) + Si%:I )
©) Vie @ Ce 0
+ 5;00[W® =Wl +5: 2, + ——p + A Wip+— | A+TLx(X). (6.3)

The geopotential P® and the radial velocity U® are expressed as functions of @
and W® via the radial momentum and mass conservation equations

1 ; 1
PP, X) = -p’ — %(331 + CoC)p” + {4(312 —CH+V— Hz} P

2
+ %(Sl — CoCOHy + Y2 + TH(X) + 5%, (6.4)
U2, X)=U,+ A sinX — 3 — oWy (6.5)

Equations (6.2)—(6.5) are valid inside and outside the separatrices, but yield distinct
solutions. Note that the forcing X, appearing in both equations (6.2) and (6.3) results
from respectively substituting the evolution equations (5.21) and (5.22) for V., and
W, ,; it vanishes inside the separatrices since the related forcing there is equal to the
mean {¥,}" =

6.1. Outside the separatrices

The CL flow is decomposed between a ®&-dependent spiralling contribution and a
purely oscillating one. For instance, for the fifth-order velocity V), we have

VO =vS(p, X, 0) + VI (p, X). 6.6)

The matchings of V&) and WS on the CL edges as p — p; give the asymptotic
behaviours

Vy(,f) — %Cz,l,sppz +5i[Qngp + (& +2)Halp + Z[(BiaA + BaiAs + Bua,1a6A) cos X
— (k1,1A + K4,1A0 + Kag1a0A) sin X] In | p*|

+ Vs + Vs.p(X) + 58 2, (6.7)
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1815
5 ol 2—S(Qazsp-l-é“eon)*+§[(,311A+/3d114<1>+,3ad16l¢A)COSX

— (k1,1A + K4, 1Ap + Kag1a0A) sin X] In | p*|
~ cosX 2
+ Wi + Ws o, (X) + SifAT H, +0(p™), (6.8)

5
va

with the expressions of Vs, and Ws, being given in appendix C.

The radial advections U ¥?) and Uy WS?, the spiralling motions P, V&) and W,
and the forcing X, bring about a secularity with respect to the phase X in the angular
and axial momentum equations (6.2) and (6.3), which makes their integration difficult.
The second-order outer flow gives a spiralling shift &,(n) = U,(n)/[m$2y(n)]®. This
deformation can be found heuristically. Indeed, an air particle located on a streamline
n undergoes a radius variation 8r after a time interval 8¢, such that 6r = €5h,(n) =
€U,(n)8t, while it rotates by an angle 80 = £2¢(n)8¢z. An expression for H, can be
determined by removing the advection terms in (6.2) and (6.3) as

U
Hy(©) = 6—2@, (6.9)

0
which can be easily matched with h, as n — 0: H, = hy(0) in rescaled variables.
The deformation H, has been found a second time in appendix F by integrating the
streamline equations. Note that inside the separatrices we have HS = H,.

The remaining secularity must be eliminated by determining V(> and W{ properly.
Let us now define VY and W as

VS(;) = ssié‘z,l,sp ICO,p’Uql/2 + Si(Qz,Z,sp + 2H2)IO + V3,sp + VS,sp(X) + W@ (610)

sp,p°

L1 2 2 p
WO = —ss; 0.0 Ko,p-1A"* = 5i[Qp25p + o + Co.0)Hal— + W + Ws (, X) + Y& .
P a w D, P
(6.11)

The unknown function KyA'/? must tend to |p| > 1 as p — p;. Substituting the
velocities (6.10) and (6.11) into (6.2) and (6.3) simplifies the momentum equations
to

A SlIleﬁ(z) +p w(z) w(z) =500l + Vs splo — 22/{2,0

sp.p
+ 52 Ko A+ 5,2, + X (W, — OA+ T + iy, (6.12)
AsinXW® + p Wy — ¥ = 500y, + Ws o — £ Usp
b))
+ 52, Ko, AV 452, + A ( l(i)p+L{">A+H2,X. (6.13)
2

A small equivalent Richardson number at r, enables one to uncouple the
axial motion. The vertical motion is thus absent from (6.12), which models the
leading-order, non-trivial dynamics inside a two-dimensional, cylindrical, steady and
unstratified critical layer (Haberman (1972), Caillol & Maslowe (2007), Caillol
(2014)). However, this equation possesses extra terms, owing to the spiralling
motion generated by the mean radial velocity U, which makes this CL flow more
complex. Solving (6.12) gives the second-order azimuthal velocity, then the resolution
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of (6.13) yields the axial velocity. To solve (6.12), a second change of radial variables
(p, X) = (Z, x) is performed where

Z=31p*+AcosX. (6.14)

Each streamline is described by a unique value of the variable Z, but one value of Z
yields two streamlines located on either side of the CL axis, each one characterized
by s = £ (cf. figure 2). The variable Z increases from Z = —A in the cat’s eye
centre to Z = A on the separatrices, to reach large values on the edges of the CL.
See in figure 3 the two helical and spiralling sheets corresponding to the outer and
inner separatrices for a m =2 CL and for an arbitrary profile A(®). Inside the frame
(p, X), the relationship (6.14) characterizes the classic cat’s eye CL pattern. Inside
the standard frame (r, 8), the CL pattern is even more deformed with respect to
the tangential basic flow; the symmetry with respect to the axis r =r, is lost. The
CL thickness 8, scales as 8, = 4r. o (A€)'/?, with 1 € 0 K €7 '/?; ¢ is the ratio of
the CL thickness over the cat’s eye thickness, whose value remains undetermined by
the nonlinear CL theory. The radius p expressed with the variables (Z, x) is denoted
Z,(Z, x) = 55,[2(Z — A cos x)]'/*. The absolute value of p on the separatrix is denoted
pX(x) = v/2A[1 — cos x]'/2. We use the superscript * to indicate normalization with
respect to A of pX and Z: p** = pX/AY? and Z* =Z/A.
Differentiating (6.12) with respect to p and introducing the variables Z and x, we
get
Z, 02 = 50008 0 — LU +5Z, KA + 22, 42 A (6.15)

pPX sp,pp©

The average over x at constant Z of the quantity ¢ is defined by (g¢(Z)) =

1/(2m) fozn q(Z, x)dx. Let us decompose v/ between its x-averaged and oscillating
parts:

&) — (., ®)
wxp,p - <1/fxp,p> + &pyp pHZ (616)
Using the antisymmetry property of the forcing generated by the mean radial wave

flux of the axial-vorticity radial gradient ¥, = —2;7 (cf. §7), the inviscid secularity
condition applied to (6.15) yields (¥ ) as follows:

~ Xf H
(5) _ Td 12 * 2
0z(Vg, ) = <C n AK[Z ]) <Zp > (6.17)

Equation (6.15), after the wgi)p substitution, admits the general inviscid solution

U (Z,x) = Fo(Z¥) + 5 / 3,808 (Z,x)) + s E(Z) Gs(Z*, x)A > dx, Uy, (6.18)

Lpp Sp,p
where
.~ XF
E(ZY=¢— #Al/leo[Z*] and Gs(Z*, x) = SM[Z*] — [2(Z* — cos x)] /2.
2
(6.19a,b)

All the mathematical functions needed in the paper are defined in appendix H.
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The viscous secularity condition applied to (6.15), namely 0 ifi)/)p) =0, as well as
the inner axial-vorticity matching with the outer flow permit one to define F;:

Fo(Z%) =ss:& KolZ1A? +5,0.,, where Ko[Z] =v2Z+Ko[Z].  (6.20)

From (6.7)—(6.8) and (6.10)—(6.11), the matching on the CL edges requires the

. . . ) .
following asymptotic behaviour for ¥

) A cos X 11X, N
Vo0, X) = si6 [ p+A ) H, — XA cosXAH, as p— pg. (6.21)
2

According to (6.17), the x-average of 1//5?/) asymptotes as

5) ~ cos X _3
(V5o (D)) — siC <p +AT +0(p ~)> H,

_ Xy l 2 -2 +
U 2,0 +AcosX+O0(p™") | H, as p— pg. (6.22)
2
As a result, the expression for &) is first determined as
11X,
& g
Swsp_’p = 57214 COS X. (623)

Second, we deduce that the critical layer generates a small distorted and spiralling
mean outer flow near r. that opposes the ®-gradient of the mean vorticity radial

gradient (.1, §o.1):

V(r,0) Wroe) 1,
Ocle B [oFery B 21/{2

2
(r _ 1) Hy(O) €' (6.24)

re

the resulting vorticity radial gradient (g:z,l, 29,1) is thus ®-independent.
The vorticity wﬁ)p is invariant under the transformations {/, - —U, and x — 27w — x.
As a result, the CL study can be restricted to positive values of U,. The function
JF> in (6.20) is similar to that used previously (Caillol & Maslowe 2007; Caillol
2012, 2014) because it was again derived from the secularity condition applied to
the viscous axial-vorticity equation. However, the axial-vorticity radial gradient z

and the induced mean vorticity Q.; are now corrected by the mean radial wave
fluxes. In quasi-steady, three-dimensional helical or two-dimensional critical layers,
each isoaxial-vorticity contour has been defined so far by a unique value of the
variable Z (Maslowe 1986; Caillol & Grimshaw 2007, 2012; Caillol 2014, C17).
Here, streamlines do not coincide with isovorticity lines because the CL flow has
stronger three-dimensional features. The mean velocity {/, considerably alters the
inner axial vorticity. The expression obtained in C17 is slightly different because
it was derived from the inviscid secularity condition appearing at the next-order
axial-vorticity equation. The chosen inner variables did not define weakly spiralling
streamlines. As the leading-order mean radial velocity was O(e*?), the present
formulation applied to that study would imply taking H, = 0 and defining a first
spiralling deviation: H3(®) = U;/Gy®. The same function F, in (6.20) would be
then deduced, but the integral in (6.18) would appear in the expression for the O(e)
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axial vorticity. The mean flow at r. would, however, be modified in the same way:
{=¢— 261/“37 Qz,l = Qz,l - X, /Us.

The function Gs is singular on the separatrices and indeed the average (1/Z,)
is infinite there. The streamlines therefore need to be regularized near the meeting
points of the separatrices. To do so, we consider that the corner angle made by both
separatrices is equal to 180° at this meeting point. For phases close to 0[2x] (that
is, for |x| <u or 27w — x| <, with u < 1), and for |Z —A| < 1, we assume that the
inner radius p has the following behaviour:

l—y
4+ ~ H

p=ssiv2[Z—A(1 —bx")]"?,  with b= (1 —cos u)u~ (6.25)

Regularization requires an exponent y < 0. Integrating w, “op over p yields the second-
order azimuthal velocity

-
2z, =t (/ m+[Z(Z—Acosx)]”z+Acosx1n[A(z, x)])

s / / Gz 1) dnn =Y pimy, 460,17 4 v, (6.26)
Z,(Az, x)

with

AZ,x)=~Z+Z—Acosx and

¢ , . ] Acosx (6.27)
1= 2143w — .
a+ 2( +3w7) —wiho e

Vo(x) =—

The solvability condition (4.9) implies 1/fp0 =0, which leads to Ag =ag =l e =0.
The leading-order induced mean flow at r,: Vi, Wi, Q.1, Qo1 Bi, Vo, Wh, B, and
U,, the phase jump a and the wave amplitude A are therefore independent of ©@. The
mean velocity is thus very weakly spiralling since it starts to depend on @ at the third
order, whereas the mean vorticity becomes dependent on @ at the second order and
the mean vorticity radial gradient at the first order.

Integrating once again over p gives @ as follows

1)/[i(Z) (Z, x) — 2 (%(22)3/2 4 {Zp ln[A(Z’ )C)] — SS,'\/i}A COS )C)

zZ* zZ*
. Kolz] dz 0
+ Z —_—— — S, Ko[z]dzAY? | A
c( , s 0 | Koldldz

— %Eq/ InZ* A sin x + ss; < / / Gs(z, x)) dx)———

z /. Xt
—/ (5 - Uq A'2Kolz ])/ Gs(z, x1)dx; dz

2+
+ Mq Al/z/ \/_/ GS(Z,X1)dX1+ﬂd >A1/2U2

2
+5:9.1(Z — Acosx) + Vo (x)Z,. (6.28)

E(2)dz
Z,(Az, x)
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The matchings of (6.12) and (6.13) on the edges of the CL give two distinct
expressions for the integration function I15:

My = s{Q.1sinX — 1 £, In(4A4) cos X}A — 500 Vs .0 (X) — [0
= 5{0.1sinX — 1 ¥, In(44) cos X}A — 5;5gWs g 0 (X). (6.29)
Pressure matching on the edges of the CL gives a third expression. Equating the three
expressions comes down to determining the @-gradients of the first-order coefficients

B and k. From the definitions of the Frobenius series terms in appendix A, the third
expression for I1, is

A~ 2 !
LX) = —s; {QZ,I cos X + Tq[ln(4A) -2] sinX} A

+ siang

<0l11 —?9,311+ZU§91+(1—W§00)§21

2

U N o N
+85%Aavgg+{xl—awwo—zavﬁgﬁm)

U4
12(()) (e g +15(1 = Gy o) — 4 w)¢! }(0)>A

sin X
1+ w?

+ (a1 — PBa1)As + (Xaa1 — VBaa,1)a0A

¢

U . I / U /
+ 50000 <)/z,1 — DKy — ?0 (202 + @80 — 1) Ciet 70?349,1,@

Uy 5 2 5 ;
_%é%uwgﬂ+ma—gwn—%wﬂdmm>A

cos X
+ (Va1 — Vka1)As + (Vaa1 — VKaa, 1)G¢A] g s+ 0(d%), (6.30)

with 9 =22+ 3w +wipo— 1.

The double radial gradients of the first-order mean vorticity (¢, ¢, ,) cannot be
calculated here because they are deduced from the next-order radial wave fluxes. The
higher gradients ¢, ¢, ¢, ¢/}, . .. are calculated through higher-order wave fluxes.
As the ©-dependence increases algebraically with the order, ¢/, and ¢;, are then
assumed to have a quadratic dependence on @. For higher-order mean-flow radial
derivatives, the mean flow ®-expansion is carried out up to the fifth power and is
assumed to converge rapidly. Supposing the first-order coefficients «, B, y and «
linear in ®, we deduce that [, is ®-independent and the velocities Vs, and Ws,,
are linear in ® too. The outer flow asymptotic solution of § 3.2 then imposes

Ip!1(0) =352, (0) =05¢,(0) =832, (0) = 6.31)

Introducing the expressions (C 1) and (C2) of Vs, and Ws,, from appendix C in the
equality (6.29), the sums of the @-gradients of the coefficients § and « appear as
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functions of the successive ®-derivatives of the mean flow
A U% 310l o o ”
{Cw +8o.0)d | B +,3d1 + Bud.100 =?39[§§9,1 — (B0 +2¢w)¢. 1 1(0)
U 5 A A
1203 [é“é“ — (59,0 +42@)E!1(0) + 0(d)), (6.32)

A UO 215 ot 2 2 ’
C(Cw‘F{oo)ao Kii+Ka1—— + Kag 100 =73@[§§g,1—(259,04'?(17)%},1]

A
3

U ~ R
"84 L(CC) — (4800 + 3C@) ¢ 11(0) + O(3E). (6.33)

Then, comparing (6.29) and (6.30), we find that the right-hand side of (6.33) vanishes
and we get

Bot de [,311 + ,3d1 2 Bua, 1Cl¢] =2,. (6.34)

Next, the combination of (6.32) and (6.34), then the right-hand side of (6.33) yield

two relationships, a first one between the odd-order ©@-derivatives of the high-order

radial derivatives of the mean flow: ¢}, &'y, ¢, ¢5Y, ..., a second one between the

" "

even-order @-derivatives of ¢/, ¢, . {Z T IATR

3
?0 9128, — (3Lo.0 +2¢w)E.,1(0)
6 ~ N
u&%udﬁ (586.0 +4c)EN10) + 03)) = ¢w 2, (6.35)

~ u2
92058, — 20+t 1= "84[440’”1 “&s.0 +35)E11(0) + 0(35).  (6.36)

According to the expressions of the coefficients ¢, j=1/, d and ad in appendix A,
the no-jump condition of (4.15) imposes

[y It =0. (6.37)

The no-jump condition (4.14b) is trivially satisfied, but insuring the no-jump
condition (4.14a) and the condition (4.16) impose the existence of two small
logarithmic-order outer flows to respective orders: O(e In € X)) and O(e¥/* In € X))
and whose radial velocity expressions are

2+
U =Ine {< ”°“¢a+¢,,> T 1€l (”h Al 4k, mq&;,)} Uycosé. (6.38)
z, 1= ¢

For simplicity’s sake, we will not mention the other modifications brought about by
these small corrections in the first-order inner flow. After the coefficients f; 1, j=1,d
and ad in appendix A, the condition (4.16) implies the following distortion of the
coefficient «y, 1,

[Kh1alt =1+ @)} (6.39)


https://doi.org/10.1017/jfm.2019.374

https://doi.org/10.1017/jfm.2019.374 Published online by Cambridge University Press

712 P Caillol

In order to derive the most general evolution equations, any dependence relationships
must be avoided between A, Ay and ayA, which implies

UolBlio=20 kie=0, Pue=0, and k10=0, j=d and ad.
(6.40)

The general solution of W(z) is determined by combining (6.12) and (6.13). The
particular solution is obtained through the viscous secularity condition 8Z(W(2) -
2 4 ¢Z,) =0 and the CL edge matching; the axial velocity found is then roughly

i,pp
proportional to the azimuthal velocity, once again highlighting the helical motion

inside the nonlinear critical layer

W2 (Z,x)=v3(Z, x) —¢Z— ssihé KCo[ZIAY? + W (6.41)
w

Note that the matchings of V® and W® on the CL edges with the velocities Uy"
and UV, respectively, give the relationships (6.34) and (6.35).
The expression (6.5) for the radial velocity U® can then be calculated as

: ? Kolz]dzAY?
U%Z,x) =t +o° (Z / =
Z,x) =t(l+o) (2, BRTATYEE

+ {ln[A(Z, 0]+ ;} z,— ss,-«/ﬁ> Asinx

Z*
b 5 G5 (Z, x)
—ss;(1+@°) ( / (Z)Zi(Az,x) dz

u(Z) Z
—Z/ /GS(Z’xl)dXIZ(Az, )Asmx

. Xt
— / (c— Zj Al/zKo[Z]) Gs(z, x) dz
2+
- u"A'/z/ V22Gs(z 0 + 2ty )Al/zuz
2 00

. 2
+30+2)5, ((mz* —2) cosx — Sl;f) A

+[(1 = ¢mHAsinx — (1 + @) Vy(x) +U;1Z,
— 5501 (K [Z", x] + In[A(Z, x) DA sinx + V> (x) + slf5.  (6.42)

The matching of U® with the outer flow gives the integration function

1o(x) = —sllBr1 +diio+ (Boadt +dwi1,0)010T11A + (Ba1 +da10)As
+ (Baa,1 + dag1.0)a0A] sinx — si[ (k1 + g1.1,0)A + (ka1 + 8a,1,0)As
+ (Kag,1 + 8ad,1,0)a0A] cOs x} — kj, 1A cOs(2x), (6.43)

with the different coefficients d;,o and gji0, j = [, d, ad and wd being given in
appendix A.

Owing to the extra terms in (6.18) generated by the velocity {4, and the mean radial
wave fluxes, the symmetry with respect to the CL axis is broken due to the appearance
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of a Fourier sine series in 1//5] (p,x), V@ and W, which allows for non-zero leading-
order inviscid mean radial wave fluxes, since the zeroth-order radial velocity is simply
taken as U® = A sin x. The wave/vortex interaction is thus enhanced in the quasi-
steady regime when the wave envelope is taken with a short height scale O(e~'/?),
whereas the scale O(e~') postpones the appearance of the inviscid mean wave fluxes
to the next order.

6.2. Within the separatrices

Here we solve the second-order inner-flow equations (6.2), (6.3) inside the cat’s eye
and match the solution on the separatrices with the inner flow from the preceding
subsection. First, we match the leading-order vorticity, followed by pressure and
velocity. We will finally obtain an unique inviscid CL solution at the first non-trivial
order.

The second-order velocity inside the cat’s eye is defined through the function y*®
as

V(Z'Q) — %,02 _ SiSI,O + {Vz}f + w[()Z,O)‘ (644)

An explicit and exact solution for the axial vorticity x/f/()f;@’ cannot be found. We then
seek an approximate solution through a Galerkin method. According to the symmetry
properties of (), the vorticity > is expanded as a Fourier sine series as follows:

Y2 (p, X) = FP(Z, ®) + "(1)21; @) sin(nx) 22 (6.45)

n=1

A1/2

The nth-order term b, is itself a weighted sum of odd Chebyshev polynomials of the
variable p = p/p*. Applying the Prandtl-Batchelor theorem inside the cat’s eye (cf.
appendix E) leads to the following restrictive condition:

FZ, @)= Q0% (). (6.46)

The fifth-order azimuthal and axial spiralling velocities are defined in the following
way:

V@ =5i2H, +{Qeapy Do + Vsp) D + (Vs Y+ 9 50 (6.47)

pp
WS’@) = —si(Cw + Ee,o)Hz + {Qe,z,sp}ir)% + (W} 4+ {Ws (0} + Ws(; ;D) (6.48)

Differentiating the equation (6.2) with respect to p and substituting the expression
(6.47) for V'@, we obtain the axial-vorticity equation inside the separatrices in the
frame (Z, x) as follows:

Z, Y2 = 5000 — CUs + X Z, Yo A (6.49)

sp,pp® i pppZ

The velocity ¥ is defined by introducing the function G§' such that

Z*
WS(;;D)(Z X, O)—s,g'Zsz—i—sE(l)/ G?(z,x)dZAl/ZHZ—i— 5sp(x ®), (6.50)
|
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which results in the solution I/f,%’f) of (6.49):

* U
YENZ, x) = Q% + 55, 8(1) / G?(Z*,xl)dxlﬁ. (6.51)
We identify G§ by differentiating the expression (6.45) for ¢>® with respect to x
as

ad 7* —cosx\ /?
1 —cosx '

G2(Z*, x) = ss; Z[b,, [0(Z*, x)] sin(nx)],, with p(Z*, x) = ss; <
n=1

(6.52)

The inviscid secularity condition applied to (6.49) is then straightforwardly satisfied
on a streamline Z < A. The axial-vorticity matching involving the expressions (6.18)
and (6.45) leads to the determination of the terms b,(1) as follows:

%(GS(L x)cos(nx)), VYn=>1. (6.53)

bu(1) =
The same matching also yields the first-order mean vorticity jump and the uniform
cat’s eye vorticity Q% as

+

~ n Yy ~
[Q.]t=-2C¢ A% [Q.,]t=2 u“ —2C¢ A", Q%9 =5{0.}F,
2
(6.54a—c)

where C = Co[1] = v/2 + Ko[1] ~ 1.3788. The jump of Q. is altered by the
mean-wave-flux-induced corrections. The C17 jump is thus erroneous since the mean
radial fluxes were omitted. We shall see in § 7 that this jump is still proportional to
¢ AY? like in previous studies (Caillol & Maslowe 2007; Caillol 2014). The jump
(6.54) again shows the dynamical coupling between the induced mean flow and the
wave packet; this coupling has been omitted until now in wave packet studies in
the presence of a critical layer (Benney & Maslowe 1975). The uniform vorticity
0% is still the average of the mean vorticities on both sides of the CL. Moreover,
the wave packet assumption leaves the steady nonlinear CL logarithmic phase shift
unchanged (Caillol 2014); it is proportional to A’ as follows:

d) 45,CA™'2, X = 0. (6.55)

r

After (6.2) and (6.3), the inviscid axial velocity can be written in a general way within
the separatrices:

VVi(Z,@) (Z,x) = wi(ZqG)(Z’ x)—¢Z+ T (ZF) + {Wz}t’ (6.56)

iy

where

Vi (0, X)=5(1)) [ / " () dr sinnX) | 97Uy + QP9 p 4 V2X). (657)
n=1 1
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The function 7, must be independent of s owing to the continuity at p =0 (see more
details in Caillol (2014)). Using (6.37), the azimuthal- and radial-vorticity matchings
on the separatrices yield the same results:

J, (=0, J;.=0. (6.58a,b)

The leading-order induced mean vorticities are then proportional in such a way that
the first-order local equivalent Richardson number is zero:

Qe,1 =—o Qz,l- (6.59)

This relationship is identical to the previous studies: the steady vortical mode without
any mean radial velocity (Caillol 2014) and the O(e¥?) mean radial-velocity wave
packet (C17). The equivalent Richardson number is therefore of order O(e) at
r.. This amplitude modulated vortical mode is however weakly singular unlike in
these previous studies. Indeed, the O(e¥?) outer radial velocity of §3.2 admits a
non-vanishing leading-order cosine-logarithmic term around 5 = 0:

U;(-,li) = {[(c1,1,0 + Cag1,0a0) Uy + ca1,0U0.01 I E + [(f11,0 + faa1,0a0) Uy
+far0Uo sl cos &} In n*| = 5;(1 + @) TyA cos X In ], (6.60)

according to the definitions of these coefficients in appendix A and the relationships
(6.35), (6.36), (6.40) and (6.58b).

The distorted parameter (1 4+ @?)X, can be hence assimilated to a O(e'/?) pseudo
equivalent Richardson number. Moreover, the relationship (6.59) implies the same
driven term on the right-hand side of equations (5.27) for the evolution of V; and
W,. The trivial solution W, = V, + Cst arises, which orientates the CL-induced
mean flow towards a helical motion perpendicular to the isophase lines, since on a
line & = Cst, axial and azimuthal velocities are linked by v = —ww at r ~r,. The
evolution equations are also identical to those in C17, the slow time 7, is faster here.

Next, we match the pressure P®, which is given inside the cat’s eyes by

2
+ %(Sl — CoC)H, + ¥ + IO (X) + 5,{P:) T (6.61)

1 ; 1
PO = —pi_ %(3& +CoC)p* + L(Sl2 —CH+ )L —Hz} p

Continuity of pressure through the separatrices enables one to determine V5 (x) as

Kolzldz A]/Z}A

V() = {[1 —cosx]'? + cosxIn[A(A, x)] — /l‘” Z,(Az, x)l

L‘ u
/ /GS(Z,xl)dxl DG— 5 () dzlhe +[Qz1]+ 4-{‘/2(96)}Jr

cos x)]1/2

A_Z'q 12 )/ dZuz
+/1 <§ 7 A" Kylz] : Gs(z, x1)dx; ——— ()

sinx dzA'/?
— E+ V2 Gs(z, d _—
/ / 5(2, x1) dxy + —— 2% ()

+EM Z [ / ba(r) rdr sin(nx)] 05 Us; (6.62)
~1

2

n=1
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it also yields the following jumps through the expression for I, (6.30) jointly with
the relationships (6.35), (6.36) and (6.40):

23/2 0
(P51t =2¢ ( — / Kolz]dz — c> A2, (6.63)
1

. A + .
Oo¢ Hou,l +Old,lf + aad'laqb] ] = {¢(1 + @?)[In(4A) +2] — 2}2;7
ol _
03 , US
— 1858 O)1F + 1955 01 + 03
(6.64)

and

3

+
i 6 n
+ Vad, 1%)] ] = —U[d5 Z,l]ir + — [3?) O]+ 0(35). (6.65)
ol _

Agp
CHVH'FV(H 5

A

Note that the ratios of the second and third double integrals in (6.62) over p* are
not singular at x = 0[2n]. Continuity of pressure also permits one to determine the
function

19 () = (L} + ;[Vz(x) F VN (6.66)

Next, the rotational- and axial-velocity matchings on the separatrices yield the absence
of jumps for the phase and the second-order mean velocity, and then the value of

D (D),
[alt=0, [AlE=0, W] =0, FK(1)=0, (6.67a—d)
as well as a second expression for V5 (x):

Vo) = ¢ {[1 —cosx]"? + cos x In[A(A, x)] —/loo AT x)I

5 () dzU A
/ /G5<z,x1)dx1 FQ&L s +{v2<x>}+ 6.68)

[2(z — cos x)]'/?

Equating (6.62) with (6.68), a second relationship constraining the series terms b,
arises, whose projection on the nth harmonics sin(nx) is

1
Z(1) / (b1 (r) + by—1(r) = 2b,(r)] rdr
—1

VN ' x
=4 </ <§ - qul/2Ko[Z]> / Gs(z, x1) dx; dz Sin(nx)>
1 2 .

E+ o0 X .
4uq N </ @/ Gs(z. xl)dx1+512£dz sin(nx)> n>1. (6.69)
2 1 T Z
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Equation (6.5) evaluated within the cat’s eye gives the radial velocity

Ur9Z,x) = EMU+w?) Y B /p b,(r) dr[cos(n — 1)x — cos(n + 1)x]
1

n=1

0 0
— <,o / b,(r)ydr — / b,(r)r dr)
1 0

x [2ncos(nx) — (n+ 1) cos(n+ 1)x — (n — 1) cos(n — Dx]| AU,

» [ T@dz
cos x Zp (AZ’ )C)

+[(1 = ¢camHAsinx — (1 + @ HVE () +Us1Z, + T2 (x) + s{Us) T

(6.70)

+o Asinx

After a tedious calculation involving equations (6.42), (6.68) and (6.70), continuity of
the radial velocity on the separatrices yields an equation determining J, as

Ccos X / d 1
2w2/ &A sinx = 5(1 + wz)Z‘;A [1 44 cosx — cos(2x)] — [Us]T
1

1Z,(Az, x)|
—sIHEIE - A+ @)[Q.1*A sinx,  (671)
and the integration function Y5> as
Si ,
2@ = {HhW} - 5(1 + @ )[Vy(0]"p". (6.72)

Averaging the equation (6.71) over x leads to the third-order mean radial velocity
distortion. According to the expressions of 7, in (6.43) and the terms g; 0, j=1,d, ad,
in appendix A, the projection of the same equation on cos(nx), n=1, 2 gives the jumps
of the O(e*?) outer flow coefficients: k;; and the sum of the «;, j=1/,d and ad. The
latter is a function of the mean radial wave flux 2;7 and the odd-order ®-derivatives

of the mean flow distortion ¢/, ¢/}, &'\, ¢/1, ...

1 i
A =S+ @) ZA, [kl =31+ o) 5], (6.73a,b)

By using the relationships (6.35), (6.40) and (6.64), the jump of the sum of the
coefficients « gets simplified as

. A ! 1
¢ <[Kl,1]+ + [Kd,l]ff + [Kad,45]+a<1>> =-2 {(M +D (2 In(4A) + 1~ W)

+i(l+w?)+ }EJ—mWM;©ﬁ

1+ @?
US 3 Go Y , +
— m a@ Mz4 - 36?(“ + 1) é-qu - U()w_M94 §9,1 (0) )

63 "
+ f[aﬁ)é“z,l(o)]f
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Uy ;
e | ([MMOO et 0] €+ Bl ) ©)
65
— 1o l0ash 1 + 0@, (6.74)

The coefficients wu, M, May, M s and Mys are given in appendix A. @-derivating
(6.71) projected on cosx then gives a relationship between various even ®-derivatives
of the mean flow distortion

2

0;
[05¢.,(0)]" = *[3(‘54“’”(0)] +0(35). (6.75)

Finally, the projection of (6.71) on sin x gives the following integro-differential

equation
2w_2 /cosx u72,(Z) dZ
, [2(z — cosx)]'/?

+ +A4’
={[Br1 +dii0+ (Boa1 +dwa1,0001,0T11° + [Ba1 + dd,l,O]_X
+[(Baa1 +dag 10l ae — (1 + @ ) 11AY2. (6.76)

The previous matching conditions (6.58a) and (6.67d) imply the trivial solution
J>(Z) = 0; as a result, the right-hand side of (6.76) vanishes. The expressions of
diro, j=1,d,ad and wd, in appendix A, jointly with the relationships (6.40), (6.54),
(6.59) and (6.65) leads to a first continuous coefficient [B,4]T =0, whereas the sum
of the other coefficients 8 admits a jump linked to the distortions of Qz,h ;z,l, the
even-order ©-derivatives of the mean flow ¢/, ¢/}, ¢/}, ... The jump of the sum of

the coefficients 8 is namely

~ A ~ A ~
¢ ([:31.1]+ + [,Bd,l]tf + [,Bad,l]+a<1>> 0) =217 —2CL[c 2+ 3% + @iyl A2

O +
_m |:8(%) (|:le+12 (M+1):| §11+UOWM91€91>:|
62
- 51956/,
o )
T 142001 + @) [ <{M 2= 240?(M + 1)} ¢! 4 Bomo Moy §9,1> (0)} .
U4
+o 1195 O] + 038 (6.77)

24

The coefficients M, My, M, and My, are given in appendix A. Next,
©®-differentiating (6.71) projected on sinx gives the jump relationship

1
— 500054, (1% + 4824”(0)]* +0@)) =2%;. (6.78)

The velocity VSOW in (6.50) is determined in such a way that the velocities VS([f'Q)

and WO© may not admit a jump on the CL axis at p = 0 (that is, V5, (x) =
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—sE(1) || ““* G2(z, x) dzAY?H,). The expression for Vs(?xp can be then deduced from
the relationship (6.69) as

VSQ,J(X) X, *© cos X
55 — AI/Z/ 2 G s 7(1
Al2H, U, 1 V27 Gs(z, x) + 2 z
© /. X%
- / (é - Z/;AI/ZK()[Z]> Gs(z, x) dz. (6.79)
1 2

The matchings of the fifth-order azimuthal and axial spiralling velocities on the
separatrices — that is, the conditions V(S) = S’G) and W(S) W(S ©) a5 Z = A,
according to (6.10)—(6.11), (6.16), (6.47)—(6.48) and (6.50) — are only possible if
[Vs.p (0]t = =X /ULA In(4A) H, cos x, which is compatible with the relationships
(6.64) and (6.65), and if the mean velocities Vs, Wi, are undistorted. However,
the third-order mean velocity distortion (5.25) implies

[V3,sp] [W'i sp] = 2C§ A1/2H2, (680)

which means that V&' and WY are not matchable on the separatrices owing to the
presence of the th1rd order dlstorted induced mean flow. The matching can be carried
out by adding a boundary layer along the separatrices.

The choice of the radial variable p in (4.6) jointly with a secular azimuthal angle
is here very convenient because it permits one to describe the spiralling streamlines
and remove the time secularity used in C17, where the induced mean flow secularly
evolved over 7, as soon as the first order for the mean vorticity (Q.;, Q1) and
Q29 The subsequent CL blow-up highlighted a wave-breaking modelling weakness.
These variables structure all the other fields not modelled here, such as reflectivity,
convection and so on, in spiral bands as well. The diffusion boundary layers located
at either side of the nonlinear critical layer are strongly coupled to the latter and
similarly exhibit a helical motion, as was proved in C17. The same variables describe
the spiralling motion in these layers.

Matching conditions have linked the Frobenius series term jumps with the mean
flow distortions. Those relationships will be relevant while deriving the evolution
equations, because most of the coefficients of those equations are proportional to the
mean flow distortions.

7. Numerical computation of the CL flow

This section uses the analytical results obtained in the previous sections to evaluate
the relevant mean radial wave fluxes and to solve the Galerkin problem inside the
separatrices in order to quantitatively describe the leading-order flow inside the critical
layer.

7.1. Computation of the mean radial wave-flux-induced forcings

7.1.1. Forcing X, driven by the mean wave vorticity flux
According to (5.13)—(5.14) and §6, the ®-gradient of the second-order mean
vorticity is given for a CL symmetric with respect to the axis r, (of = —pg), by

BoQ: 5 o = sin X¥rip (08, X) A — tly = X3 — ¢y, (7.1)


https://doi.org/10.1017/jfm.2019.374

https://doi.org/10.1017/jfm.2019.374 Published online by Cambridge University Press

720 P Caillol

B0Q) 20 =Vio — @ sin X (ph, VA=V, o — @ 5. (7.2)

We define pp = |pg| and the corresponding variable Z: Zy = 1/2p; + A cos X.
The forcing is obtained after p-differentiating the axial vorticity v in (6.18); its
expression (G1) is given in appendix G, showing a first relationship between the
forcings X7 and X, as follows:

(1+A) X+ s A XA = c Ay, (7.3)

where the various coefficients A; are X-averages at constant pp and are functions of
o5 only. Their expressions are given in appendix G.

7.1.2. Forcing X, driven by the mean wave flux of the vorticity radial gradient
After (5.4) and §6, the ©-gradient of the first-order mean vorticity radial gradient
is given at either side of r,, for a symmetric CL, by

Bo82 1.0 = i Sin Xsno (b, X) A= X, (7.4)
Bols 10 =—siw sin X (pj, ) A= —w 5. (7.5)

The calculation yields, after twice p-differentiating ¥ in (6.18), the expression (G 2)
in appendix G. A second relationship between the forcings X7 and X7, is thus deduced
as

slpp + As + ,023/16]2;/141/2 + (As + /)ESAS)E; =¢(As+ ;023«45)“2, (7.6)

involving the similar coefficients A; expressed in appendix G.

The forcings X, and X, are solutions of the linear system (7.3) and (7.6), whose
variables are only A, U, and pj;. For a symmetric CL extent, the rescaled radius p}
is linked to the CL thickness: 8. =~ 2r.p; (€A)"/?. This radius is roughly twice the
ratio o of the CL thickness over the cat’s eye thickness, and is thus bounded such
that p; > 2. The ratio can be taken constant (that is, we assume a CL extent that
varies according to the wave modulation, which is more realistic than a constant-extent
CL). Both forcings are hence only functions of the slow modulation scales @ and 1,
namely

X X A Ay
20 _seBATR, 0o B,
* ¢ T A

— — 7.7a,b
U, U, 1+ A (7.7a,5)

where B is a ratio of various coefficients .4; and whose long expression is given in
appendix G. For a symmetric CL, the forcing X, is antisymmetric vis-a-vis the CL
axis r, and proportional to {U> A~"/?, whereas X, is symmetric and proportional to
¢U,.

The expressions of the first-order spiralling mean vorticity radial gradient and
second-order spiralling mean vorticity are now derived by

H,

A (7.8a,b)

s H2 s
é‘z‘,l,sp:‘gg]Bm’ CO,I,S]): —S;W]B

Qz,Z.sp - é‘[l + A4B] 1 + .A3 ’ (790)
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Vi
(wlh,

H.
QG,Z,sp ={w <(1 + A3) —A; + A4B) 2 (7.9b)

1+ A;°

The leading-order mean radial velocity was determined in the second-order inner
analysis in C17 (s =V, ¢/((@)) but, in the present approach, it will be necessary
to go to the next order to find U4, as a function of the first-order induced mean flow
at r,. We can heuristically determine a close value to U/, by introducing Z in the
mean azimuthal vorticity @-secular equation as follows:

G0Qop0=Vie —@wX;=V o —(wlh+ Lalh. (7.10)

Equating V), o with {@w U, then permits one to write the @ gradient of the azimuthal
vorticity as a slight correction of the vertical rotational-velocity shear V) ¢: UgQp2.0 =
z/c V). ¢. Finally, we obtain the same result as in C17, that the radial velocity is
generated by the small vertical wind shear, then we get the relationship Qy,,, =
—w Qz,Z,sp'

The advantage of taking the azimuthal variable as the secular variable is evident
as soon as the second order, since V, and Q,, vary quadratically over 7, while Qg
evolves cubically over 1, in C17. The dependence on 7, increases fast algebraically,
with the expansion order making the expansions divergent if the vertical shear is not
assumed very small.

7.1.3. Forcing X, driven by the mean wave momentum flux
According to §§5.3 and 6, the forcing on the first-order velocity (V;, W) is given
on either side of r,, for a symmetric CL, by

5 =5, sin Xv2 (03, X) A. (7.11)

Substituting the expression (6.18) for the axial vorticity I/f;f), we straightforwardly get
the forcing (G3) in appendix G. A relationship linking the forcing X to the two
previous ones, E(‘; and ZJ; 1s then found as follows:

I 45D A AV 4+ B8 My A =sC A AU, (7.12)

We deduce the expression for X7 as a function of only ¢, A and Uf,, as well as of
the coefficients A; and B; (cf. appendix G).

XA

v _ 12 _ 12
7 s1+A3[1+A4B]A st A,BA'2, (7.13)

The forcing is antisymmetric with respect to r, and is proportional to {A'?U,. As for
the first-order mean axial vorticity, its jumps follows from (6.54b) as

[Qz,l]t _C_Al

Sea = Tyl ABI - AB: (7.14)

this is a correction of the steady-state jump —2C¢A'/? (Caillol 2014).
The eddy forcing F,; applied at r,, in order to keep the double radial gradient of
the basic-state axial-vorticity constant there, scales like ¢, /A. Let us write it as

Fea=¢ fea(pp) UbA™". (7.15)
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Forcings

FIGURE 4. (a) Forcings: X,/(¢U,) (solid line), X /(|¢[Up)A'? (dashed line) and
ZF/(1¢1Uh)A™Y? (dotted line) as a function of pj. (b) b,(p) as a function of p as pj =5,
y =0, £=02 and N = 20.

Exerting a constant forcing F,, at r, therefore links U, and A proportionally:
. F ed
¢ fea(pp)

The coefficients A; being decreasing functions of the CL thickness, computation
shows that these are small for a value of p; > 2. As a result, in practice, the
rescaled forcings X, /(¢Ub)A'?, X,/(tlh) and X,/(¢Ur)A™'* are small, and they
are actually very small for a value of p; > 4. Figure 4(a) shows these forcings
on a logarithmic scale as a function of pj. Their magnitude decreases steeply
with pj. The wave-flux-induced vorticity radial gradient —X, /U, is thus a slight
correction term with respect to the basic-state vorticity radial gradient at r., ¢ in
the expression of Q.,,,. The wave-flux-induced vorticity —X,/U, is also a slight
correction with respect to the mean vorticity Q.. For example, as p; =3, X,/U,
induces a 2% correction to ¢ while X,/U, and X, /U, induce a 0.6 % correction
to the axial-vorticity distortion [Q,,]T. As p; =4, the first correction only reaches

0.6 % and the second shrinks to 0.03 %. The forcing X,/U, is negative, so gc 2
the basic-state vortex stability at r. has then slightly diminished, but the ©&-gradient
of the second-order mean vorticity has decreased. The forcing X' /U, is positive, so

[Q.1]7 S [9Q.1]F; the first-order mean vorticity distortion is hence reduced. In the
literature, the eddy contribution to vortex intensification is generally weaker than the
axisymmetric contribution. Numerical simulations of a full-physics model of a tropical
cyclone-like vortex examine the intensification generated by moist-convection-driven
vorticity waves (Wang 2002a; Qiu et al. 2010). The mean rotational-wind acceleration
is observed near r., while the mean wave fluxes bring about contributions one order
of magnitude smaller. The critical layer was unfortunately not resolved in these
numerical schemes; we wonder what the eddy contributions would be if the CL
was properly modelled. An absolute angular momentum budget, averaged over time
and azimuthally, was computed from mesoscale-resolving Doppler observations of
Hurricane Guillermo (1997); the tendency also results in stronger axisymmetric
contributions (Reasor, Eastin & Gamache 2009).

U, (7.16)

7.2. Resolution of the spectral method

The Fourier sine series in ¥(>® of (6.45) is truncated at n=N. Every b,, n=1,...,N
is a weighted sum of the odd Chebyshev polynomials 7; and 75, whose weights
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(b)

FIGURE 5. Isovorticity lines: ‘ﬂ,(,iH — si@;l =Cst, A=1,=-0.1, s;=1, y=0, u=0.2,
pp=5.(a) U=0, (b) U,=1, qu/leA'/2 =1.957 x 10, X, /U, = —2.420 x 10~*. The
vorticity level is indicated on each curve.

are computed by using both matching conditions (6.53) and (6.69). Note that these
weights are independent of ¢, A and {f,. They depend mainly on the mathematical
properties of the function Gs. They also depend slightly on the CL boundary pj; and
on the corner parameters y and . As new matching conditions involving the series
terms b, are encountered at higher orders, new polynomials 75, T; etc. must be added.
The computation shows that convergence of the series is slow; the fundamental mode
n =1 is weakly dominating (cf. figure 4b). For N = 20, adding the next harmonic
n =21 changes the integrated series L?> norm [ fol SV BA(r)dr]'? by 5% for any
pp = 3; for N = 30, adding another harmonic changes this integrated norm by 3 %.
From now on, we will take truncation at N =20. If pj; >4, the effect of the thickness
of the CL is negligible. For example, with y =0, u = 0.2, N = 20, the departure
between the series computed with distinct thicknesses, p; = 3 and pj; = oo, in the
sense of the L? norm is only 2 %.

Figure 5 displays the contour lines of the axial-vorticity W,gf))- In figure 5(a), the
radial velocity U, is zero and in figure 5(b), U, = A. The isovorticity contours
coincide with the streamlines in (a) and are symmetric with respect to the axis x = m.
Inside the separatrices, the axial vorticity is constant. The symmetry is broken in
figure 5(b) for the contours outside and near the separatrix. Indeed, the new terms
brought about by the mean radial velocity only alter the flow near the separatrix.
Far from the separatrix, the vorticity is given by the radially monotonic function
F>(Z) and the inner vorticity profile then follows the basic-vorticity profile. We study
a linearly stable basic-state vortex; as a result, { < O and the inner axial vorticity
decreases with the radius. However, near the separatrix and inside the cat’s eye, the
axial vorticity is no longer monotonic. Inside the separatrices, the axial vorticity is
quadripolar, with one negative pole at x < 7w for s = 4+ and another one at x > m for
s=— as U, > 0; as a result, the fundamental mode n =1 prevails (sinx). Both upper
poles are not of opposite strengths, the negative pole is stronger. The emergence of
the CL in the presence of a O(e) mean radial velocity has thus generated secondary
vorticity extrema outside the eyewall. In spiral rainbands, these extrema are usually
associated in pairs of local positive and negative PV anomalies (Chen & Yau 2001).
The contours intersect the separatrix at an angle x 2 m for U, > 0. The contours

w/%)* — S,QZI = —0.177, —0.152 penetrate the cat’s eye at x > 7, then go out at
x <27 on forming a bend to fulfil the 27 periodicity at x = 2w. The particular
contour ¥ — s,-QAzfl = —si/Z[szl]Jj ~ —0.138 starts at x=0, on the meeting point of
the separatrices, and crosses the separatrix at x = ; it coincides with the vertical axis
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(b)

FIGURE 6. A=1, 5;=1, y =0, £ =0.2, p;=5. (a) Isovorticity lines: >+ — s,-QIl =Cst,
¢=-0.1, U, =10, EJ/UZAI/Z =1.957 x 107*, X, /U, = —2.420 x 10~*. The vorticity level
is indicated on each curve. (b) Mode: m=1, w =20, ¢ =0.1, a=—1, Gy, =0.49, ﬂz,+1 +
dfl,o + (/3;,1 + dZI,O)A¢/A + (/3;,;1,1 + d:d,l,())aQ =1.54"2, «, + g/j,Ll,o + (k1 + 841040 /A +
(Kgp1 + &i1.0)a0 = 107*©, mean flow: ¢ =—0.0005, QF, =0.001, S, =1, th=1, Us =
—2.04, X,/U,=-1.0299 x 1079, Ej,/uzAl/z =9.783 x 1077 and X /ULA™"?=2.0 x 107°.
The critical radius r. =2 is shown as a dotted line.

x = 7 inside the cat’s eye. This contour coincides with the separatrix as U, =0 in
figure 5(a). Two new branches depart at either side of this axis in a nearly symmetric
way and join both of the saddle points, forming a closed lobe at x < . The contour

wf,? — S A:, = —0.198 has a first branch that does not cut the separatrix. A second
and closed branch is located on either side of the separatrix for x > m. As the
mean radial velocity U, is stronger, isovorticity lines are even more deformed, as

we can see in figure 6(a), where U, = 10; more contours penetrate the cat’s eye.

The contour w(f)” — s,QZl = ( starts on the separatrix near the corner and forms a
positive-vorticity lobe that cuts the separatrix a second time at x < m. The contours

Yot — 5: O, = —0.244, —0.198, —0.177 intersect the separatrix at x > 7, then go

out and bend at x < 2. The contour ¥ — s,QZl = —0.339 has a branch that does
not cut the separatrix and another one that is located on either side of the separatrix

at x > 1. The contour l/f;f)) —5;QF, = —0.315 has a single branch that penetrates the
cat’s eye at x = m after making a large bend, then goes out at x < 2m, making such
a large second bend that it quasi-connects with the first. For greater clarity, the part
of the contour inside the cat’s eye is not drawn. The level —0.315 is thus nearly
the strongest negative-vorticity level for which a 2w-range contour can penetrate the

cat’s eye. Since A, pj; and ¢ have not changed in figures 5 and 6, the same contour

1//{,? — 5;QF = —0.138 divides the cat’s eye at x=T7 into two parts in the same way.
The vorticity extrema are higher in each pole, of magnitude greater than one, so they
may be much stronger than the neighbouring basic-state vorticity.

Owing to the inner-flow distortions, the cat’s eye is not strictly symmetric with
respect to the level p =0. As a result, though we have used a coordinate Z describing
the streamlines in a refined way, this variable Z only gives a first approximation of the
dividing-streamline location. A better variable, the stressed coordinate Z, is needed in
order to correctly describe the deformed trajectory of the streamlines inside the critical
layer. Thus, it is necessary to ensure that the tangential and axial velocities are linked
in the frame moving with the vertical linear-wave speed, at the core of the cat’s eye
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(b)

FIGURE 7. Mode: m =2, w =0.5, € =0.05, Uy =049, a=—1, A= (1 + cos ®/2)?,
si=1, B+ df o+ (Bl +dfi0) Ae/A+ (Bl +digi0) e =—2A"2 i + 810+ cf, +
8a10) Ao /A+ (kb + 851 0)ae =107, mean flow: { =—0.1, QF, =A"2, § =04A"> +
0.2, Uy =—0.1sin®/(tw), Uy=—U Vo, py=5, X,/Ur=—2.4198 x 107, E;/UZA‘/Z =
1.9566 x 10™* and X} /thA™"* = 4.0085 x 107*. (@) ® =0, (b) ® = /2. The critical
radius r, =1 is shown as a dotted line.

and at the crossing point of the separatrices, by the relationship (D 4), a topological
property which has previously been overlooked (see, for instance, Benney & Bergeron
(1969), Maslowe (1986)). The variable Z does not allow one to satisfy (D4) as soon
as the first inner-flow order. As a result, Z is rescaled in an asymptotic expansion
following Z; the method is explained in appendix D. The new fields, denoted by a
tilde, are thus expanded in the following way, for instance, for the radial velocity

UZ,x)=e[U 4+ Ine0V +720%+..1]. (7.17)

Using these analytical expressions of the three-dimensional velocity field, we were
able to analytically compute the CL streamlines (cf. appendix F). For instance, the
characteristic pattern associated with a nonlinear vorticity wave packet is shown in
figures 6-9, in a horizontal plane at a constant height @ and in a vertical plane at
a constant angle 6. For the three lowest azimuthal wavenumbers, the charts exhibit
dipolar, tripolar and quadrupolar vortices whose satellites wind and spiral along the
vortex axis and are asymmetric with respect to both the critical radius and the axis
0 =0[2n/m], n/m[2n/m] (the azimuthal angle being calculated from a reference
axis passing by a meeting point of the separatrices). These low-azimuthal-wavenumber
patterns dominate asymmetric disturbances in a rapidly rotating vortex (Reasor et al.
2000). The contours in these figures are not the trajectories of air particles but their
envelopes, the surfaces on which particles slide but cannot cross, given by the radial
coordinate R (x, @) in the parameterized representation (R (x, @), z,(x, ®)) of a
three-dimensional Z-streamline. These contours are drawn in a local reference system
moving with the vertical linear-wave speed c. = @/k = /k + W,/ wweT) = 8/ o +
WU@ T1. R

The parameters €A, ¢, @~ and U,/A are crucial for the convergence of the
asymptotic expansion. If these are large in absolute value then the expansions may
diverge. Increasing the phase tilt |@| strongly reduces the values of ¢ and/or the
wave amplitude €A; for example, in figure 9(a) @w =1/3, €eA=0.07 and ¢ =0.5, in
figure 9(b) w =20/3, € and ¢ are then reduced to €A =0.04 and ¢ = —0.0125, and

2
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(b)
Sw/2 -

2w -

FIGURE 8. Mode: m=2, k=1, a=—1, Uy=0.49, € =0.05, A=(1+cos ®/2)?, s;=1,
Bl + dﬁl,o + (,3;,1 +djg) Ae/A + (,3;1,1 + d:d,l,()) ap = —2A'7, Kz,+1 + ng,rLo + (k) +
8ar0) As/A + (ki + ghii0) ae = 1076, mean flow: ¢ = —0.1, 9, = A2, S =
04A12 + 0.2, Uy = —0.1 sin @/(Cw), Uy = —Us/To, pf =5, Z,/Us = —2.4198 x 107,
Z;T/UZAI/Z = 1.9566 x 10™* and X} /UhA™'? =4.0085 x 107*. (a) @ ==, (b) 6 =0
between the heights @ =0 and @ =67 /we!/?~2.68 7. The critical radius r.=1 is shown
as a dotted line.

(b)

FIGURE 9. Mode: m =3, A=1, s; =1, a= —1.5, U, = 049, ﬂ,fl + d,fw + (,31,1 +
dZI,O) Ao /A + (/3;4,1 + did,l.o) ag =—1.5A'72, K/J,rl + glJ,rl,O + (Kj,l + 83,1,0) Ao /A + (K;:i,l +
Sair0) o =1070, mean flow: QF =0.2, Uy=—-2.04, p; =5, £ =02, y =0. (@) k=1,
re=1,¢=-05 €=007, th =05, S =1, X,/ =—-1.2099 x 1073, EJ/Z/{ZA”Z =
9.7830 x 10™* and X /UbA~*=2.0043 x 1073. (b) k=10, r.=2, { =—0.0125, € =0.04,
=1, 8=-1, £,/U,=-3.025 x 107, ZJ;/L{ZA'/2 =2.446 x 107 and X} /UhA™'? =
5.0011 x 1073, The critical radius r, is shown as a dotted line.

in figure 6(b), @ =20, so ¢ is shrunk to ¢ = —0.0005 for €A =0.1. We observe that
the satellites become larger as |o| increases. This weakly nonlinear approach does
not permit one to model singular vorticity waves with large phase tilts (see Caillol
(2014, 2015) for more details about the limitations on the parameter @ ). Small phase
tilts are usually related to small-size intense vortices with small vertical wavenumbers
k and moderate r. > 1. For instance, the wavenumber k=1 in a tornado characterized
by R,, = 100 m is linked to a vertical wavelength L, >~ 628 m. The wavenumber
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k=10 in a hurricane with R,,, = 20 km is related to a wavelength L, >~ 12.6 km.
The critical radius is chosen as r. > 1, since it is associated with the outer eyewall
edge where the rotational-wind profile is decreasing monotonically. The plots of the
rotational and axial velocity (not shown) reveal that the cat’s eye is not the location
of a velocity maximum. The azimuthal velocity decreases gradually with radius inside
the critical layer.

Figures 7 and 8 exhibit a vortex perturbed by a m =2 vortical wave whose chosen
envelope is A= (1 +0.5cos ®@)>. Figure 7 shows the related tripole at various heights:
(a) ® =0, where A =9/4 is maximum and U, =0; (b) ® = 7/2, where A=1 and
U, =2 is maximum. Figure 8(a) shows the horizontal plane @ = 7w where A = 1/4
is minimum and U, = 0; the vortex is quasi-axisymmetric and both satellites are thin.
For the heights where U/, =0, the CL pattern is symmetric vis-a-vis the axis 6 = /2
and 7, but not with respect to the critical radius. These symmetries are broken in
figure 7(b). Though A in figure 7(a) is more than twice as large as in (b), the cat’s
eye thickness is roughly equal; the radial velocity U4, then affects the CL thickness
too. Figure 8(b) shows a vertical cross-section at § =0 that spans three vertical wave
periods, from @ =0 up to @ =67/we!/?> > 27. Note that as the ratio of the envelope
period to the vertical wave period = we~"/2=4/5 is here irrational, the vertical pattern
is then not periodic and all cat’s eyes have a distinct shape. For 0 < @ < w [2n], the
spiral extends cyclonically and, for m < @ <27 [27n] anticyclonically.

We can notice from figures 6-9 that, though the critical layer is vertically
unbounded and spiralling, the particles are trapped within the separatrices. As a
result, a generalization of the Batchelor integral condition applied to a steady and
closed two-dimensional flow (Batchelor 1956) can be carried out here within the
quasi-steady three-dimensional cat’s eyes in order to find a unique inviscid inner flow
there.

The vorticity wave packet/vortex CL interaction could partly explain the formation
of spiral rainbands. Indeed, the latter are strongly associated with vorticity wave
dynamics. Propagating PV waves characterized by spiral structures in PV fields in
the mid-lower troposphere are either neutral or nearly neutral discrete modes, or
the continuous modes described by the CL theory. The radial wind shear gradually
axisymmetrizes outward propagating PV waves that turn into circular filaments (Guinn
& Schubert 1993; Montgomery & Enagonio 1998; Moller & Montgomery 2000; Wang
2002a,b; Wang, Zhong & Wang 2018). Montgomery & Kallenbach (1997) suggested
that PV waves are responsible for the initiation of inner spiral rainbands. In the
inner core, continuous modes decay to the benefit of the vortex through the WMFL
Discrete unstable modes may be excited by the subsequent basic-state vorticity profile
modification, favour the formation of unstable inner spiral rainbands, mix vorticity
between the eyewall and the eye, and then lead to the vortex weakening (Moller &
Montgomery 1999; Ruan, Zha & Huang 2014). Reasor et al. (2000) found evidence
in the inner core of weakening Hurricane Olivia (1994) of a m =2 spiral PV wave
packet. Spiral rainbands detected by an enhanced reflectivity were observed in the
wave vicinity. The majority of inner vorticity bands observed in intensifying Hurricane
Guillermo (1997) were associated with enhanced reflectivity, and all coincided with
an enhanced upward motion (Reasor et al. 2009). Inner spiralling rainbands in
Hurricane Katrina (2005) were also manifestations of vorticity waves (Judt & Chen
2010). Chen & Yau (2001) detected inner spiral rainbands near spiral PV bands in
their numerical intensifying TC-like vortex model. A modal analysis inside the spiral
rainbands showed that the leading wave activity m = 1, 2 modes were continuous
PV modes (Chen et al. 2003). No discrete unstable PV mode was found in spite
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of the unstable vorticity profile. Inertia-gravity waves had a smaller wave activity
contribution, and their main components were unstable. Their propagation velocity
is much faster than the observed moving speed of spiral cloud bands (Wang et al.
1998). An earlier modal analysis of a f-plane shallow water vortex model showed that
banded features were composed almost entirely of vorticity modes (Guinn & Schubert
1993). Montgomery & Kallenbach (1997) suggested as well that outer spiral rainbands
could form around the stagnation radius, while the basic flow is intensifying. In the
numerical TC-like vortex simulations, Wang (2002b) observed the presence of outer
spiral rainbands at this radius. Radar observation of intensifying Hurricane Elena
(1985) showed four inner convective bands whose azimuthal and radial propagation
speeds were consistent with a vorticity—wave dispersion relationship. They spiralled
outwards to a stagnation radius where they began to thin and lose their convective
signature (Corbosiero et al. 2006).

Spiral vorticity anomaly bands are here produced by continuous vortex erosion
inside the critical layer. During the slowly evolving WMFI, the CL gradually expels
vorticity into the diffusion boundary layers. The erosion is generated by the presence
of hyperbolic points in the related Lagrangian flow located near the saddle points,
where the separatrices meet, in the quasi-steady regime. CL vorticity then flows away
along the unstable manifolds on forming filaments (Velasco Fuentes 2005). Owing
to the nonlinear CL coupling, the diffusion layers are also helical and elongated by
the mean radial velocity. They generate, far from the vortex centre, through a slow
viscous diffusion process, long, thin and spiralling high-vorticity filaments. In the
earlier, unsteady and stronger vortex/wave interaction, the expelled vorticity rate is
clearly higher, but the mean radial velocity is lower, so filaments are not likely to be
initially perfect spiralling helices.

8. Conclusions

The theory of the nonlinear critical layer has been extended to a quasi-steady state
to model the long-time asymptotic interaction between a compact and resonant three-
dimensional vorticity wave packet, and a linearly stable, columnar, dry and rapidly
rotating vortex.

The critical layer generates a mean flow of higher amplitude than the wave packet
that created it, and whose evolution is strongly coupled with the wave dynamics.
Indeed, the matching conditions of the CL flow on the separatrices and non-zero
mean radial wave fluxes at the critical radius show that the induced mean flow is
modulated in the same way as the wave.

Removing the secular terms generated by this mean flow in the motion equations
inside the critical layer is carried out by considering that the azimuthal angle
is a secular variable. The resulting complex CL motion, evolving with the wave
modulation but also advected by its own induced mean flow, forms a spiralling and
phase-oscillating helix winding around the vortex axis. Handling a secular azimuthal
angle is then more relevant than the secular time scale previously used in the wave
packet study of C17 that causes a CL flow blow-up, since spiral bands have been
observed near a critical radius in the presence of vorticity waves (Chen & Yau 2001;
Wang 20020).

The chosen envelope regime induces a mean radial velocity of the same amplitude
as the wave. This velocity breaks two CL pattern radial symmetries. Small inviscid
mean radial wave fluxes result as soon as the leading order, and subsequently a larger
WMEFI occurs; in C17, the mean radial fluxes appear at the next order and, in the
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steady case, they are viscous (Caillol 2014). In these previous cases, assuming a
leading-order uniform axial vorticity inside the cat’s eye at each vortex height was
possible through the Prandtl-Batchelor theorem, but it is no longer possible here. The
CL flow has stronger three-dimensional features; the streamlines and isoaxial vorticity
lines no longer coincide at leading order. They are therefore much more distorted
within the wave packet CL than within a steady CL or a large-extent wave packet
CL, highlighting a stronger vorticity wave packet breaking. The first non-trivial-order
vorticity and velocity can be nevertheless matched on the separatrices.

The leading-order induced mean vorticities are still proportional in such a
way that the first-order equivalent Richardson number is zero at r., the vorticity
wave packet/vortex interaction in the quasi-steady stage is, however, weak, as the
amplitude-modulated neutral vortical mode is weakly singular, unlike in past steady
or quasi-steady CL studies in a vortex (Caillol 2014, C17) where the vortical mode
was very weakly singular.

The nonlinear critical-layer theory could partly explain the formation of inner
spiral rainbands. Indeed, in spite of the absence of moist-convection modelling, spiral
vorticity bands are here produced by the vorticity wave packet CL breaking on either
side of the CL, through vortex erosion inside the critical layer.

Future work will consist of solving the inner-flow fourth and fifth orders and
deriving the leading-order phase-averaged outer-flow evolution equations so that the
coupled system including the wave packet with the leading-order induced mean flow
may be studied numerically. Dispersion should not appear in those evolution equations
with such an envelope scaling. A smaller envelope wavelength is required; this seems
to be a general result when handling waves resonating with a background shear flow
(Voronovich et al. 1998a; Caillol & Grimshaw 2008, 2012). New nonlinear terms
coming from the mean radial wave fluxes will be likely to be present but should have
a small amplitude. The crucial effect of the small wind vertical shear on the wave
dynamics will be examined; the smaller shear in C17 leads the wave packet to break.
An important issue will be to know if the spiralling motion favours or opposes the
breaking? If so, can it saturate it?
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Appendix A. The outer flow

This section gives the first terms of the Frobenius series, outer-flow solutions valid
around the critical radius r.,.

A.l. Order €
The first coefficients of ¢, and ¢, are

A A

¢ ¢ 1 1

— 2 _ 2
bo——z(1+w’ ), ao.zrc——g(l—kw )—E_m, (Alaab)
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A.2. Order €3?
The first coefficients of the Frobenius series related to the inviscid flow are
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Appendix B. Inner-flow equations
The system (2.1) after the change of variables of §4 is turned into the following
inner momentum equations (@ = kr./m):
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For the sake of simplicity, only the leading-order terms in the viscous diffusions are
mentioned.
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Appendix C. Particular CL velocities

The long functions of integration obtained by CL edge matching are listed in this
section.

S
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where p=C(1 420 +wioo—1, and x =l —w "o — 1.

Appendix D. New parametrization of the streamlines

The meeting points MP of the separatrices and the centre points CP (the core of
the cat’s eye) are located on specific isophases: spiralling helices. The velocity at these
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points must then satisfy certain relationships. The velocity field is expressed through
the strained coordinate Z so that the latter may be satisfied; as the velocity defined
with the independent variable Z does not generally satisfy them. The variable Z is
thus expanded as follows:

Z=7+€"Inep"(Z, x)+€?0PZ x)+eln’*c p®(Z, x)+--- (D1)

The deformation functions ¢ describe how much the streamlines are deformed inside
the CL. A new radius /5 can then be defined by analogy, such as Z=1/25%+ A cos x.
In the distorted frame (o, x), the MPs are defined by p = 0 and x = 0[2x]
(Z = A). After differentiating the height z with respect to time, we deduce the
first relationship:

— mb t D W.weT .
ZZMTM’ w=w+m/rk i 1—%9. (D 2a.b)

The angular time derivative 6 is linked to the azimuthal velocity at MP in this way:
v(MP) =r(MP) 6. So, the axial and azimuthal velocities are constrained at MP by the
following relationship:

k\r(MP) m)~

In a reference system moving with the vertical speed ®/k, the relative vertical velocity
is proportional to the rotational velocity. At the CP defined by p =0 and x = n [27]
(Z=—A), both velocities satisfy the same relationship, which is written with the inner
rescaled variables
W -0+ 4 =
1 +€'2(sip + H)

0, with 5=3+aWUsrt,. (D 4)

The deformation functions calculated from (D 4) are defined by

002,20 =¢" V(2.2 = SE (1 +@)Aj cos, (D5)
02(Z, x) = s:p (VP (MP) + &> W (MP) — ,), (D6)
9®(Z, x) = s,p(VPOUZ, x0) + T WEO(Z, x9) — ), (D7)

where the phase xo = arccos[Z*] is the intersection of the Z-streamline with the new
CL axis p=0. The continuity of Z on either side of the separatrix implies ¢*® (A) =
9@ (A); this gives the condition

VEO (MP) + oW (MP) = VP (MP) + &> WP (MP). (D8)

This condition is easily satisfied, thanks to the matching conditions (6.67) and (6.68).
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Appendix E. Prandtl-Batchelor extended theorem

Batchelor (1956) found a closure equation enabling him to determine the steady
motion in a unique way within a two-dimensional, closed domain: he proved that
the vorticity was a constant. That procedure has to be adapted here to the three-
dimensionality of the flow. The momentum equations are in the frame moving with
an angular rotation 2 = £2,, + €'/2§2y(,,, as follows:

1
a,u+e3/zanszl,cxr+qu+VH:FAu+F, (E1)
e

with the absolute vorticity @ =V x u + (0o(,,) + €/%01(,)) €. and H=P + 1/2|u|* —
(00, + €'%01(,))*r*/8. The air particles have coupled helical and spiral motions in
the neighbourhood of the CL, but inside the cat’s eye their trajectory is trapped since
they cannot cross the surface Z= Cst (cf. figures 6-9 and appendix D). The sheet Z =
Cst is an envelope of the air particle trajectories and has a funnel-like shape centred
around the axis of the vortex (see figure 3). Decomposing the motion into inviscid
and viscous components, a curvilinear integral is therefore performed over a line I,
the intersection of the sheet Z = Cst and, either the plane z = cst, in which case 6
varies over a bounded range smaller than 27w/m, or the plane 6 = cst, in which case
z varies over a range smaller than 2m/k. We then obtain two integral conditions on
the cat’s eye viscous flow

?{[Qixuu]-dl+7{[Qv xui]-dl+e3/27{[V in+A,Voe9]-dl:—7£8ruv-dl.
(E2)

Both first integrands do not vanish like in Batchelor (1956) because I is not tangent
to a streamline.

E.1. Condition (E2) in a horizontal plane

The axial-vorticity solution (6.45) is assumed inside the cat’s eye, and one integrates at
constant z over 6 on a Z-contour bounded by x =x, and 2n — x;. (E2) then becomes

21 /m—xo/m . ~
/ OO Z mB) — Y2 (Z.mB) 8 =0, E3)

i,ppp i,ppp
o/m

After using the symmetry properties of the sine Fourier series in (6.45), the above
integral is greatly simplified and we obtain

FP(Z)=0. (E4)

E.2. Condition (E2) in a vertical plane

The axial-velocity solution (6.56) is assumed and one integrates this time at constant
6 over z on a Z-contour. (E2) thus becomes

27 /k—xo/k 5 5
/ WEONZ k) — WEO(Z, kz) dz =0, (E5)

i,0p i.pp
o/k

we get the same condition (E4).
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Appendix F. Streamlines

This section gives the radius of the parameterized CL streamline representation. In
the frame moving with the linear wave vertical speed ®/k, the streamlines obey the
following differential equations:

dr do dz
— =r— = —. F1)
u v @
W— —
k

The streamline geometry is here more complex than in the steady mode/vortex
interaction case. The streamline radius r, becomes a function of & and @, since the
streamlines are generated by the coupling of the wave-induced oscillatory motion and
the mean-flow-induced spiralling motion. The first equality in (F 1) yields

d
v deg +m> 9 +m8@] Py =Ty (F2)

Introducing dz/df from the second equality in (F 1), the streamline radius ry is given
by the integration of the equation

[kry (W—d®/k) +mv]dsry +mvdgry =ury, (F3)
while the streamline height z, is given by
[kry (W— ®&/k) +mv] dszy +mv o2y = (W — O/k)1y. (F4)
The rescaled inner radius R is expanded as
Ry=TRuo+€?IneRy, +€PRys+--- (F5)
The zeroth-order equation of (F3) is
RoRr0x — 5i0000 Ry =Asinx — U, (Fo)
whose solution is
Ryo =R, =s5:\/2(Zy — Acos x), (F7)
in which the integration constant Z; uniquely defines each streamline. The -
induced spiralling motion appears in the & variation of R, ,, which is integrated

straightforwardly. We obtain again the expression (6.9), Ry = 5:H2(O).
The first-order solution of (F3) is

Ru1 =R, = 32(1 + @A cos x. (F8)
The second-order equation of (F3) is

[Rsf.ORsl,Z,os]x - SiUOBQ Rsl,5 = si[V(Z) + wZW(Z) - Z,\52]7?'3'1,0,)(
U
+5i(AR o sinx = UP) + (V) = 5Ru0) 35° (F9)
0
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The terms in (F9) yielding a non-zero x-average at constant Z; are eliminated. They
generate the spiralling motion of R s. The solution Ry, ,s is hence

FVO(Zy, w)

1 N
Rs‘ os — Si 77?'2 Zs ) -0 + R_l ZS s A —————sinud
51,2,0 s {3 5.0Zst5 X) 2 5.0 Zst> X) ' Rooo 1) udu

W (Z,,, x
+w? / = ((Zf Z)) sin u du — / UP(Zy, u) — UR.0(Zyy, 1) — 5:Us du
st,0\&st 0

U
(U’ 62) / (Rt.0(Zs)) — Ryt0(Zys, ) du+C(Zsz)] } (F 10)
0
The spiralling fifth-order motion is given by
o Vi , U
an@Rslj = an@RmS =; U3 — HUQ + U2 + Uﬁ (Rs,,()). (F 11)
0 0

The integration constant C(Z,) is chosen so that the singularity at the meeting point of
the separatrices (Z; =A, x=0[27x]) may vanish. After passing to the stressed variable

Z,, we get simpler expressions

Roo=RuoZy, ), Ru1=RS, =0, (F 12a,b)

S,zgs(x) =5 (1 +2tw? )RS,O + sil (ki1 + 811.0)A + (ka1 + 84.1.0)Aw

sin x
+ (Kad,1 + 8ad,1,0)00 Al =—
st,0

Si A(p
+ ) Bii+diio+ (Baa +dd,1,0)j

A s1n(2x)
+ (Bad,1 + daa1,0)a0 xt0+Kh1§

51,0

+ %[Sf(l + @) (2Zy)"* — 8 1R 0
— o (Zy—A) + (1 +?) F‘ {cosxIn[A(Z,, x)] — In(A"/*))A

+wm—w&+§@ﬁm

~ g 1 o0 1
+ s8¢ (/ Ko [2u2+ 1] du—/ K, Luz—l—cosx] du) A
0 *

st,0

1 x4 SINX
+NZ3 Us + 512~ InZ)) EjA |
st,0
Al2Y
+ quM@W@ N3(ZE, x) 2
u st0|
U,
- <u vz )
+/u&mam o)l dx S 024 (F13)
T stO
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where

/Gs (2, x1) dx;

Ni(Z, x) = /OOE(Z)[2(z—cosx)]'/2dz (F14)

Nz(Z,x)z/ J—/ GS(Zaxl)dxl'l‘SlzﬂdZ, (F15)
2 gt

N5(Z, x) = / <§—LZKo[z]A1/2) / Gs(z, x1) dx, dz, (F 16)

and inside the separatrices

S,z os(X) =i *(1 +2¢w? )Rs,o + s{(k1 + 811.00A + (ka1 + 8a1.0)Aw

sinx s; A
+ (Kaa1 + 8aa, 1,000 A} =—— + E{,Bl,l +dio0+ (Bai + dd.l,O)Xq}
st,0
A sin(2x)
+ (Bua,1 + dua1.0)a0 — S1}7T Ruo+{’<h1}+ =
2 7?/st,O

S J— EJr.() ESl‘,O
+ (14 w?) {25(1) Z (fzx,.o / b, (r) dr — / b,,(r)rdr) sin(nx)
n=1 1 0

% (liﬂAl/Zuz
7?'_vt,O
o 1
+&(1) / b,(r) dr sin(nxo) \/2(1 — Z2) U
02®
+ =5 Rao + V7)) = V(o)
x (o)
+ / <|Rst,0(zst)|> |Rst O(sz’ xl)| dX] 7|0 . (F 17)
b vt 0

The matching of RS, on the separatrices, RA,Z(A X) = S,Z(A x), is realized thanks to
the appropriate values of the deformation functions ¢® and ¢*® (cf. appendix D).
Comparing R and R, we deduce that the departure of Z from Z,, is Z=Z,, + O(e'/?).

Appendix G. The forcings and the related coefficients A;
The expressions for the various forcings E;, ZJ;;, and X are

X
= / 0,Gs(Zy, x1) dx; E(Z) sin X ppUs

_sTsAlR /Xc;5<zg,xl)dx1 sinX_ .. G1)
A SE[Z;]
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sin X

e X
Uy
) = s/ﬂ 9,Gs(Z, x1) dx, E(Zp) sz—ES/ﬂ Gs(Zs. ) dx1 gp 7]

Al/2 q

X
U,
bs [ 836s(25x) an SZ) sinX o1

sinX ,
SE[z;1"*

X SM[Z;]
P Gs(Zs, x1) dx) ———
+ q/JT 5(Zp, x1) dx, SE(Z3]

X
—25} / 0,Gs(Zs, x1) dxy

sin Xp;2, (G2)

and

ﬁ _ X * (7% of 1/2
0= s Gs(Zp, x1)dx; E(Zj)sin X A=, (G3)
2 b4

These expressions involve the following coefficients:

X X
A= / Gs(Zp, x)) dx; sinX, A, = / Gs(Zj5, x1) dx; Kol[Zg] sinX, (G 4a,b)

X
A3:/ 07Gs(Zg, x1) dx; sinX pg, (G5)
X X -
* #1 o X N sinX
A4=/ 0,Gs(Z}, x1) dx; KCo[Z5) 81nXpB+/ Gs(Zj, x) dx) ——— p;, (GO6)
T bid SE[ZB]
X
As= / 92Gs(Zs, x1) dx, sinX, (G7)
X X SM Z*
Aﬁ = / 8§G5(Z§,x1)dx1 ’Co[ZZ] sinX—/ G5(Z§,x1)dx1 #sinX
- n SE“[Zg]
+2/X8G(Z )dx, S X (G8)
i 7Us5(Z4p, X1) AX1 <=5 SE[ZB]
A S A
3+ pg As (G9)

:U%@%+A+W%meﬁﬁﬂﬁ

Appendix H. Special functions
The functions that we have used in the study are defined here:

(1) E[Z] is the complete elliptic integral
23/2 %) —-1/2
(if) SE[Z] = —[Z+ 11'°E {ZJF 1] / [Z — cosx]'? dx,

2—3/2 2
/ [Z — cos x]~ /% dx,
0

Z 1 1
1 —_— -
(iv) KolZ] = / SE[¢] o dz,

(iii)) SM[Z] =
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z 1 1 1
A12 -
V) KilZ,x]=2 /Do JzZ —cosx (SE[Z] v2z> &
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