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A singular vorticity wave packet
within a rapidly rotating vortex:
spiraling vs oscillating motions

Philippe Caillol't

!Department of Fundamental Sciences, University of Bio-Bio, Chilldn, Chile

(Received xx; revised xx; accepted xx)

This paper considers a free vorticity wave packet propagating within a rapidly ro-
tating vortex in the quasi-steady régime, 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 7., 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 3D helical critical
layer, the region around r. where the wave/vortex interaction occurs. This interaction
generates a vertically sheared 3D mean flow of higher amplitude than the wave packet.
The chosen envelope régime assumes the formation of a mean radial velocity of the same
order as the wave packet amplitude, leading to that the streamlines experience a spiral
motion in the neighborhood 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 3D motion inside the
separatrices yields a leading-order non-uniform 3D 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 the previous
studies where a steady neutral vortical mode or a larger-extent envelope was involved.

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 of the tropical 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
et al. (2003); Corbosiero et al. (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

1 Email address for correspondence: pcaillol@ubiobio.cl
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vortex Rossby waves (Montgomery & Kallenbach (1997); Chen & Yau (2001)). These
inwardly spiraling 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,
upward and sometimes rotational winds, encountered in the vortex. Some rainbands
are likely to evolve into a secondary eyewall (Qiu et al. (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 wave packet radial propagation. 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 paper wishes to make progress in the understand-
ing of such waves in relation to vortex intensification. In particular, we wish to study
the wave packet/vortex interaction 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, firstly because the nonlinear CL development time scale is
faster than the intensification duration. Secondly, this weakly nonlinear approach may
give the right order of intensification magnitude; it indeed yields a higher intensification
than the traditional non-resonant interaction quadratic order obtained in the 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 onto the
basic vortex, provided resonance occurs, a first linear stage starts characterized by the
CL formation 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 interacting with the vortex but
in a more slowly way so 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 modeled a wave train
whose envelope had a 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
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instead of a single steady mode enhanced the wave/vortex interaction. The vortex was
however weakening in the long time asymptotic stage. We here consider a more compact
wave packet. The vertical envelope wavenumber is of order O(el/ 2), 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 dispersion characterized by a
coherent-structure (Leibovich 1970; Kivshar & Malomed 1989; Derzho & Grimshaw 2002;
Shagalov et al. 2009).

In a cylindrical geometry, the modulated amplitude slowly evolves 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 CL neighborhood than in the steady-state assumption. The
stagnation line is not here axisymmetric any longer 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 which uniquely parameterizes each
streamline (Davis 1969; Caillol & Grimshaw 2004). This variable takes into account
the deformed motion that streamlines experience in the CL neighborhood. Streamlines
deviate from the critical radius with a spiraling departure proportional to the mean radial
velocity. As a result, a secular azimuthal variable naturally arises to describe this spiraling
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 3D mean flow coupled with the wave packet
strongly affects the nonlinear wave dynamics. In the past quasi-steady 3D critical-layer
analytical studies, the induced mean flow was not however taken into account (Voronovich
et al. 1998a,b).

We assume that the critical layer forms in the outer vortex core where the mean abso-
lute axial vorticity is smaller than the absolute inertial frequency of the circular vortex,
which is relevant to large-scale rapidly rotating vortices (Caillol 2015). An azimuthal-
wavenumber m weakly singular vortical mode generates a CL pattern characterized by m
intersecting helical cylinders winding and spiraling along the vortex axis. These cylinders
are three-dimensional separatrices which bound two qualitatively distinct CL flows: the
flow outside them spans a 27 azimuthal range whereas the flow inside them spans a 27 /m
range (cf. figures 1-3). At each vortex height, a “cat’s-eye” pattern thus appears within
these cylindrical cavities exhibiting a recirculating flow.

The extended 3D 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 out at the non-trivial expansion
order by firstly, applying secularity conditions on both inviscid and viscous inner flows,
secondly matching both outer and inner flows on the CL edges, then 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 the leading-order nonlinear PDEs that
governs the slowly evolving amplitudes of the wave packet and CL induced mean flow.
The numerical system resolution will bring about a lot of information on the wave packet
+ vortex evolution in the quasi-steady stage.

The paper is hence organized as follows. Section 2 displays 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
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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 the CL numerical
results. At last, Section 8 offers 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, 8, z), the variable z being related to the height of the vortex
along its rotation axis, (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 = Vi Rimw /v, where v is the kinematic viscosity. The
inertial force f; due to the rotating framework is f; = v/r (ve, — ueg). The geopotential
(Earth’s 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 — C'0?/8r? and erroneously
called geopotential. A constant value of the Coriolis parameter Co = (fRpmw)/Vimw is
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
8tu+u~Vu+Coz><u:fifVFJrR—AquF, (2.1)
e

1 1
Du+-0gpv+0,w=0, D'e=0.e+—e.
T r

The velocities and geopotential are decomposed between the wave phase averaged flow
and the asymmetric perturbations under the following form

u=U(r,0,0) +cU.(£,1,0,0), v=V(r,0,0)+cUy&,r,06,9), (2.2)
w=W(r,0,0)+eU,(&r,0,0), I'=I(r,0,0)+eP(&r,0,0),

where the wave phase is £ = kz + mf — wt, with k and m respectively the axial and
azimuthal wavenumbers. The overbar notation defines the phase-averaged quantity g,
q=1/(2n) OQW qd€. The secular variable ©® = mf 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 w = kr./m and is taken 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 examples an impulse or a step-like condition.
We assume a quasi-steady asymptotic state, so the fast time ¢ only appears in the phase
¢, the WMFI evolving at the slow time scales T; = €//2t, 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 the friction in the boundary layer
and sea-air exchanges (Emanuel (1985)). For the sake of simplicity, these effects will
not be however modeled 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
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introduce the body force F that permits to discard the viscous diffusion effect on the
basic-state vortex evolution without altering the inner flow, to the profit of the WMFT.

The critical layer imposes its proper 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 T3 for the Korteweg-de-Vries equation (Leibovich 1970).
The amplitude modulation space and time variables are hence

m
b= e%—z, and 1 = T5.
c
Note that for the larger wave envelope in C17, the scalings were slower (¢ = ez, 73 = T3).
In this multiple-scale approach, the various partial derivatives are computed in this way

Ope = m(0; @ +0ge), 0,0 = e%rm@qs ° —l—l%@gq Ore = e%é)Tl o+elp, @ —Woe.

The modulation-modified wave number and frequency are: E=k— m/r.we Ty and
O =w+ e 2wr, Ty. In spite of the smaller wave envelope vertical scale with respect to
C17, the chosen régime is still the nonlinear critical layer, the wave packet linear effects
like dispersion do not prevail (Mallier & Maslowe 1999; Campbell 2004).

The system of equations (2.1) after the decomposition (2.2) yields two subsystems of
equations: the first describing the evolution of the perturbations, Egs. (2.3:a-d) and the
second the evolution of the mean flow, Egs. (2.4:a-d).

DU, _ _ _
2 = o(r)Us — D[P+ TU;) — (220, + U. 0.)7 + (U3 ~ T) (2.30)
e 1 U. 2
+eD* [UF) + € 0.0, + - [AU,. - - T—Qane},
DU@ — agP Ug — € 2T
_— = = r D’k - — \— z Uz _D T 2
== —Q:(U, —UD*[Ug] = %= — (=205 + U. 8.)V + DT, Ug] (2:30)
Uy S 1 Uy 2
—e=LU, +€0.U.00 + = [AUQ -+ T—Qanr},
D — _ .
D% — Qu(r)U, —~TD[U.] - 0.P — (%ag UL 0.)T + €D [T,07] (2.3¢)
— 1
+e0, U2 + — AU,
Re
1
D*U, + ;agUg +0.U, = 0. (2.3d)

As for the mean flow, we have the set of equations

2

DU — — 1— U, — sm,. —— A, —

- = 2)-D[l + = 2(ZL —D*U2]) — €2 —0sU,U, + —TU(2.4

Di V(Co+ ) I+ 2U]—|—e ( . [U2]) — €2 rC@qu U, + ReU( a)
DV — m_. — € S sm,. ——  Ap—

Y — 95T — —=DJr? —e2 = F, 2.4

Di QZU 7"8@ 2 [7“ U,«Ue] €2 rcaanZUg—l— R6V+ 0, ( b)
DW — im o, — — S 1 —

A — €2 —9g[I" + €U2] — ’D* — (AW — 2.4

S = QT = A0+ €T - ED O + o (AT +15), (240)
D*U—l—m—aiv +e%@8¢w =0. (2.4d)

c

The azimuthal gradients related to the diffusion terms and to the mean rotational wave
momentum fluxes dgUpU,, DU}, . .. have been omitted in (2.3) and (2.4) because they
appear at high orders and they are negligible in this study. The system (2.3) is coupled
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with the following boundary conditions

r— 00, (UT; Ug, Uza P) - (0,0,0,0); (25)
r—0, Up—0, and if |m|#1, U, —0.

The CL induced mean flow expands in two spiraling helical diffusion boundary layers
at either CL side, and far from r. vanishes. 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 Q(r) = —W (r) and the absolute inertial frequency o(r) = 22(r) +
Co. The prime denotes the radial derivative of the phase-averaged quantities when it
is not precised, otherwise D denotes the radial differential operator. We also have the
different notations

2
Eo =0; e +€[U,0, + % Og +U,0.) @ +020p 0 +W0,e, A.e=D[D*[e]] + 67:—28(%.,

Dt c
D — 1 1
o Thi € Op,0+mf2 Doe+e? %W&po, Ae = D*[D[O]]+T—2830+630, and e = Aez.

Here, the nonlinear CL theory shall be used, 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, e.g. for the radial velocity
U = Ui + AUy, + 0(A). The perturbations of velocity, geopotential and vorticity are
expanded according to the square root of the wave packet amplitude, for instance for the
radial velocity

Uy =U9 +ezUD +eUP + .., (2.6)

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), we will then assume that the basic-state vortex only contains a field of mean
azimuthal velocity. The WMF interaction will nevertheless yield induced mean vertical
and radial velocity fields. As a result, the mean radial, azimuthal and axial shear flows are
€'/2-expanded in the same way, like the frequency w(®) = wo + €/2w1 (P) + € wa (D) + . ..

2(r,0,9) N Us(r,0,8) + ...,

eU (2.7a)
Vo(r) + €2 Vi(r,0,8) + e Va(r,0,8) + €2 Vs (r,0,8) + . . . , (2.7b)
W1(r,0,8) + e Wa(r,0,8) + €3 Ws(r,0,8) + ..., (2.7¢)
(2.7d)
(2.7e)

U
Vv
w

QZ = QO(T) + G%Qz,l(ra@aé) + 6@2,2(r595¢) + .. L)
Qo =€Qp1(r,0,P) + € Qpa(r,0,P) + ...

The subscript 0 characterizes the O(1) phase averaged rotational flow at the end of the
transition stage, result 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 C'o expansion is restricted to the
first order: Co = Clog + €'/2Co,. The mean geopotential is determined by Eq. (2.4a) and
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FIGURE 1. Sketch of a few streamline envelopes projected on a horizontal plane, spiraling around
the critical radius r. (dotted line) at either side of the CL axis r = r,(&, P, ©) (dotdashed line),
m = 6.

to the first orders, it is defined by the gradient wind balance

— 1 1 /"

To = §lehe — Coirt + 7 [ o) - Cofrar (2.80)

_ _ 1 r

Iry=T4(re) + 5/ 0001 — CogCoq rdr, (2.8b)

= = L L9 2

I's =Ta(re) + 3 0002 + §(g1 — Cof) rdr. (2.8¢)
Te

3. The outer flow

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

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

T:rc+n+h(n7§a9a¢>a

where the deviation h from axisymmetry is assumed to be of order € (cf. figures 1 and
2). Owing to the vorticity erosion inside the CL occuring 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:

Qo=0 —at  r=r(s0,P) =rc+h(0,£,0,9).
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—— —_———

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

3.1. The amplitude-modulated singular mode

The linearized, inviscid and stationary system (2.3) 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 LZ()(U,EO)) = 0, namely

m U7(-())

D[S(r)D* U] + B2ULO + ((rD = 2)[S(1)Qo ()] + Mso«)@om) o,
' S muwg (r) wg (r)r?
(3.1)
The superscript D defines the Doppler-shifted frequency
D ~ LT r?
w?(r)y=0—mO(r)—kW(r), S(r)= oo Sy R

The equation (3.1) is singular at the critical radius r. where the Doppler-shifted frequency
wOD(r) vanishes, that is wg = m{2y .. But the solution is weakly singular around 7,
at the end of the strong vortex/wave packet interaction, since the local equivalent
Richardson number J(r) = (kr/m)? 0o(r)Qo(r)/[Qo(r) — 00(r)]?> 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 7 is expressed by two
Frobenius series of the variable r — r. = n + h(n)

U = (=6aln+ him)] + ¢oln + h(n)]) Uo(®) sin€ + %fba[n +h(n)]U(®) cos€, (3.2)

c
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where both Frobenius series ¢, and ¢ are expanded around r. in this way

n=n+Yy_ an", Go(n) =1+ Y bonn" +boda(n)Inn™.  (3.3)
n=2

n=2

The radius 7 inside the logarithm is normalized by n* = 1/n, where 79 = 7./v/2. The
complex logarithmic function in (3.3) induces an additional and in phase quadrature
term in (3.2) as r < r, caused by the logarithmic phase shift ¢ defining C as follows:

> T, ct=o0, and r <7, C™ =boreop(N) . (3.4)

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

3.2. Order €3 outer flow

The first-order inviscid disturbance is decomposed in five contributions. The radial

1)

velocity U,/ can be then written

vl =ul)+ul) +ul) + Ul + Ul

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 Uf,ll) is generated by the advection
of the mode by the first-order mean flow, the three next terms UT(,Z), UT( oq and U7(.1w)d
are respectively created by the vertical gradients of the modal amplitude UO, the phase

jump a and the frequency wi. The velocities U, ( ,) and U, @ )d are not @-secular at the
lowest expansion order near n = 0. So their secularlty can be neglected in the study. The

differentiation with respect to @ in the system (2.3) leads to the presence of coupled sine

(1

and cosine eigenfunctions. The U ) dependence on the phase £ is hence as follows

U, 6) = {0 (1) + wiaT1 6030 (r) + agdlV ()] Uo + 65V Up g} sin €
{02 (1) + asd’5? (M) Uo + 632 (1) Upa} cos€ + ¢4 () Uy cos(2€).

The feedback flow satisfies the homogeneous equation

Lo(UL3) = 0. with ¢4 (n) = 2204 (0) + rn16n ). (3.5)

c

The other terms satisfy non-homogeneous linear equations. The second contribution UT(,IZ)
satisfies the equation

Lo(U) = —£1,(UO) L1 6(UM P2, £(UGY) = —L1o(U) L1 (U, PY

7l

with the operators £1,1, £12 and £; ¢ defined by

wP (r)r?’
(3.7)

CwP(r (1D — ) [S()Qo(r)] + k2r? S(r)oo(r )[91(7") e (T)]QO(T)}LU and
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moo(r)

L10(U.P) = =53 )
0

90(r) 0 5 S0} U0 = m B 000U,
wy (1

m go(r) S(r)de[kP — m82y(r)U.]

k—
TP

Jr -
wP(r

The first-order Doppler shifted frequency is wf (r) = wy — m2y(r) — kW (r). The first-
order equivalent Richardson number, derived from (3.7) is given at r = r. by

w (,QZ .
(WQz1,c+Qo,1.c) — (L4 202 ) o,
00,c mQOC

The radial velocities UT(L), UT( a) 4 and Uﬁ 03 . satisfy the equations

mD) [S(r)a@ (gp + %Ue + mo(r)Uz)} .

ch

)

(3.9)

Lo(ULY) = —£16(US? P, Lo(ULY) = —L£1,a(60)Uo 0 cos€—L1,o(USY, PV,

(3.10)
Lo(US i) = —L1o(ULY PG?). Lo(Uped) = ~Lra(6a)asUo cos&—L1o(UL", Pay™)),
(3.11)
Lo(U)y) = —w16T1L1,a(¢)Upsing,
. 2km rm Qo(r) 5 m Qo(r)
th £ = — —D||S — D* :
with £1.4(8) = S [ 5505 = D] [S20) (T 155 00) + Dol
The Frobenius series related to each radial velocity have the same structure
= * % (6% i
) =3 (bjorm I [ [0 I " 5 1.0) ”nJF%l%*ﬂj,l‘bb’ j =1,d,ad, andwd,
n=0 ¢
(3.12)

o0
and ¢\"% () = > (e 0% [0* |+ Fj.1.0 10 0" [H-g5.1.0) 7"+ %’ S dathiady, j=1d; and ad.

n=0

(3.13)

The coefficients of the first terms in the series (3.3,3.12,3.13) are given in Appendix A.
The integration of the equations (3.6), (3.10) and (3.11) is simplified owing to the ©-
secularity assumption ; any physical quantity in both outer and inner flows is a polynomial
of the variable ©. As a result, the quantity ¢(©) can be written exactly in a finite Taylor
expansion

4(6) = 4(0) + Joq(0) © + %az)q(m 0%+

From now on, any ©-differentiation at © = 0 will be denoted ¢g(0).

4. Low-order inner flow

In this Section, we display the inner expansion, rescale the inner variables and solve
the two first orders.
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4.1. CL variables and equations

When the amplitude modulated neutral mode is weakly singular, the local equivalent
Richardson number at 7., .J, is small and is assumed to be O(e'/?): J. = J1c e/2 1 0(e).
The critical-layer width is then maximum and of order O(e!/?), we will thus take the
inner radial scaling r — r. = €!/2R. The outer-flow expansion following R gives the way
with which the inner expansion must proceed

U=eUs(ry) +¢ {U(O)Jre% IneUD ez U(2)+...},

V= Qo(ra)rJre%.Ql(ra)rJre% {V(O) +erlneV® 42 V@ +...},
W =e2Wi(ry) + €2 {e% IneW® 4 ez W +...},

1 1 1
P = g(gg(rc) —Co3)r? + e {’P(O) +ezlnePW 42 Pp® 4 }

In order to simplify the CL equations, let us make the following rescaling using the
zeroth-order mean flow evaluated at 7.

X=¢+ g(l — 8;), R=1rR, Th = mgo7ce”/2t, si = —sgnmoo..Uo],

2p(n),

V(n) = 00,cTc V(n)’ W(n) = wQO,crcW(n); U(n) = SimQO,cTCU(n)a P(n) = 5i937cr

V4 Nal 2 2
Vn,c = Vn0o,cTc, Wn,c = WWnQO,crm Un,c = muanO,cTw Fn,c = r‘pTLQO,crc’
_, 7’ 2
Fn,c = r‘anO,CTCa Wn = mUnQO,m Co, = COnQO,c; On,c = ©n00,c;
’

J— ’ ’
Qz,n,c = Qz,nQO,c; Wn,c = _QH,nQO,ca TCQO7C = CQO,C; TCQz,n7c = Cz,nQO,w

’

’ 2 " ’ 2 " 2 " ’
TCQG,n,c = (6,n00,c; TCQO,C =G 00,c; 7ﬂcCQ.z,n,c = Cz,ngo,cv 7ncCQG,n,c = CO,nQO,C;

’ A UO (@, TQ)
Uore’ meo,cre |
In the following analysis, the hat is dropped with the understanding that we are dealing
with the new variables. The rescaled wave amplitude A(®, 72) is 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 zeroth-order mean
axial vorticity is taken zero on the CL axis, the CL singularity strength is measured by
the axial vorticity radial gradient at r., i.e. the dimensionless number (. The radius 7.
and ¢ are finite but r. > 1 while ¢ is small, according to observations (Caillol (2015)).
If we consider the limit r. — 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 { — 0; 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 r. — oo, we suppose a critical layer
far away from the eyewall, where the basic radial gradient vorticity is quasi-zero and
vorticity waves are also strongly damped. Taking this limit would lead to { — 0 and a
weak WMFT as well, as the vorticity radial gradient fast decreases with r and TCQ;O — 0.

A

AP, ) = \
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A general expression of the streamline radius R is inside the critical layer

RZSiP+H(P,X,9,@,TQ), (41)

the function H being expanded following ¢'/? : H = €2 Hy + eHs + O(e%).
We undertake the change of radial variables R — p. The radius p is a function of R, X,
O, @ and 15 and its partial derivatives are
1 Hy Ho
si+H,’ px = S si+H, pe = 7si+Hp""

PR =
The resulting system of inner equations is displayed in Appendix B.

4.2. Zeroth- and first-order CL solutions

The zeroth-order inner equations lead to the simple solution as follows:
U = —5,Asinx, VO=_g5p  PO= %[51 — CoC1 — siplp + 5:%Pa.
Two compatibility conditions arise from the angular and axial momentum inner equations
v =0, w =o. (4.2)

The first-order flow is straightforwardly deduced from the Frobenius series (3.3) and
(3.12)

v = [C(1+ wQ)p — si(c1,1,0 + Cad,1,008)A — Sica1,0As] sin X

N | =

s
—é[(fm,o + fad,1,006)A + fa1,0As] cos X,

7)(1) S U .
> + §C70 [(Bi1,0 + Bad,1,000)A + Bi1,0As] sin X

¢
2
The resonance condition U{D = 0 results from the inner momentum equation solvability
conditions

+ (k11,0 + Kad,1,0086)A + Ka1,0As] cos X} = W =v® =24 cos X.

O =V + 1U2VV17 (4.3)

in addition to two other conditions

v =wl = g{[(ﬁz,l,@ + Bad,1,008)A + Ba,1,0As] cos X
— (k11,0 + Fad,1,000) A + Ka,1,0 As] sin X }.

The inner flow inside the separatrices is denoted by the superscript ® while the jump and
the mean of a quantity ¢ at either side of r. are respectively denoted by [q]f =qt —¢q
and {¢}* = (¢* 4+¢7)/2. The leading-order flow matchings on the separatrices show that

the flows are identical inside and outside the separatrices, so U™®) = Uy ym.0) =
V() . withn =0,1. A first consequence is the absence of jump for the mean flow at
re: V1T = W1]T = [Us]T = [PB2]T = 0. The pressure continuity leads to

[(Bi1.0 + Bad1.008) A+ Ba1.04s)T =0, [(Ki1.6+FKad1,.008)A+ k10487 =0. (4.4)
The radial velocity continuity implies

[(c1.1.0 + Cad.1.0a6)A + ca1,0As]T =0, and (4.5)
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[(fi,1,0 + fad1,008)A + fa1,048]T = 0. (4.6)

5. Low-order CL induced mean flow

In this Section, we characterize the O(e!/?) and O(e) induced mean flows in the CL
neighborhood by analysing the phase averaged system (2.4). We assume a CL confined
in a ring between r = rz <17, and r = rzg > r,. The CL thickness is defined at leading
order by d = rzg —rg = sirc(ng - pg) €'/ + o(e).

5.1. First-order mean flow

From respectively the equations (2.4d), (2.4¢) and (2.4b), we get the ©-independence
of the O(¢'/?) induced mean velocities and geopotential at r ~ r, ~ 7.

vl,@(r) = 0; WL@(T') = 07 TI,Q(T) =0.

While differentiating (2.4b) and (2.4¢) with respect to r, we obtain the same result for
the mean vorticities

Qz,l,@(r) = 0; QG,I,@(T) =0.
The mean vorticity radial gradient is however ©-dependent at the singularity r = 7.
After differentiating (2.4b) and (2.4¢) a second time with respect to r and simplifying
with the above @-independence of the first-order flow, we get

3
mV, o(r) = ~ S DT, 0y) - 26%D2[%m], T, o(r) = —AD2[D* [T,03]).

(5.1)

The r.h.s of both equations (5.1) are made of the divergence of the vorticity radial gradient

mean radial wave flux that 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 0(6_3/2) inside the CL; as a result, some nonlinear inner terms at the r.h.s.

are O(1). Next, rescaling and taking at the 1.h.s. of (5.1) the upper CL limit » — 7} of

the outer flow, corresponding at the r.h.s. to the inner boundary pE, we then have

U0l o= —UOVp5. X),  Uolf1e=mUOW(pE X).  (52)

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

BolCon.0)t = —{[UOVD (05, X) — [UOVD (05, X)),

with the similar relation for the azimuthal vorticity radial gradient (p1,0.
The subsection 7.1 will show that the ©-secular equations can be written at either CL
side in the general way

UOC§’179 = 2517 UOC5’179 = —wE;/ . (53)

As the zeroth-order flow must remain steady in the quasi-steady régime, 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

B0 g0 = —5i [UOVal (05, X) + Ffy = —s: [UOV 1 (p5. X) + Foy =0, (5.4)

BoQy 0,0 = 51w [UOWinp)(ph. X) = wFjy = siw [UOWi,) (05, X) — wF g = 0.
(5.5)
The eddy force ratio azimuthal /axial component is —w and the forcing F., is undistorted.
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5.2. Second-order mean flow
Next, from (2.45-d), we get the rescaled equations of the O(e) induced mean flow at r.
Poo+0oVs0 =0,  Pro+@0Wao =0, Uy +Us+mWig+Vre=0.

Note that the geopotential axial gradient in (2.4¢) generates a vertical wind at low orders.
This motion is however not relevant to the wave packet dynamics. The mean geopotential
is therefore assumed uniform to the first orders at r.: as a result, P16 = P20 = Po,o =
P30 = 0. We thus obtain the B-independence of the second-order mean velocities

Voo =0, Whe=0,
while the radial-velocity radial gradient at r. is given by

U2 == —UQ — le,qs. (5.6)

After r-differentiating the equation (2.4b), and simplifying with (2.4d) and (2.8¢), we
obtain the ©-secular equation for the axial vorticity Q. o evaluated at r ~ r,

m(r)Q..2.6(r) = %QO(T)WL@(T) — m[21(r) Q21 (r)]o — Qo(r)Ta(r)

— S {D[r?T, D*[U]) - D[(°0.U- + mrdoUs)Us} + =5 DIr*T,Us| - =€ D" [U-Ty .

The two first terms at the r.h.s. are negligible since Qo(r) ~ 0, Vie(r) = 0 and
Q:1,0(r) = 0. The fourth term at the r.h.s. 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 at the r.h.s.: the third term is the divergence of the radial flux of the
axial vorticity Qo by the radial velocity Uy 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 — pjg, then taking the upper CL
limit » — r for the other terms, and rescaling, we then have

BoQF 6 = —CUe — 5: [UOVD)(p}h, X). (5.7)

As for the mean azimuthal vorticity, the ©-gradient of the vorticity Qg 2 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-differenciating (2.4¢), simplifying with (2.8b), and rescaling as r — 7}

B0Qg0e =Vie+ s;iw[UOWD] (o}, X). (5.8)

Subsection 7.1 will show that the second-order mean vorticity ©@-secular equation can be
written at either CL side in the general way

B0Ql 00 =2 — (U, U0Qjoe=Vie—wy. (5.9)

Subsection 7.1 will also prove that, for a symmetric CL extent such as pg = pr, we
have X~ = Z;r . The second-order mean vorticity ©-gradient thus admits no jump accross
the CL. Taking the mean radial eddy vorticity flux driven forcings into account in the
inner equations then comes down to consider altered zeroth-order mean vorticity radial
gradients at r. such as

00Q. 2.0 = —Cls, 00Qs2.0 = Vi.g — Coolho, (5.10)
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with the modifications of the vorticity radial gradients given by

{=¢- Z—z Coo = (5.11)

a
w 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. So that the viscous diffusion may not damp these corrections,
the definition of the rescaled force F near r. has to be slightly modified and an axial
component has to be added

5.3. Ewvolution equations of the first-order mean velocity at 7.

We now determine the ms-evolution equations of V; and W;, knowing that these
velocities are inviscidly undistorted and that they do not depend on 6. The 0(63/ 2)
momentum equations (2.4b) and (2.4c¢) evaluated at r near r, are

1

— — m-— — €2 2FF T = B m—
Vi +miVse + T—W1V1,¢ = *T—QD[T UrUs) — Q:1Ua —m§ Voo — 7F3,9,
C
(5.12)

1

_ — M — €z — _ m—
W17T2 + m.QoW&@ + T_W1W1’¢ = *7D[7’UTUZ] + Q971U2 - m91W27@ — T—Fgg.
¢ c
(5.13)

The divergences of the mean radial wave momentum fluxes at the r.h.s of (5.12) and
(5.13) are O(1) inside the CL. Introducing the inner variables in these terms, taking the
limit » — rJ otherwise, assuming a uniform pressure at r., rescaling, and eliminating
V2,0 and Ws g, we obtain finally

Vi +@WiVie = X7 — QF Uz — BoVs o, (5.14)
oa

Wiz +@WiWie = X + ?’uz - UBoWs0, (5.15)

where ¥ = —[UOV?](p%, X). (5.16)

Let us decompose Q. ; in an undistorted and another distorted terms so that one may
separate first and third-order velocity evolutions in (5.14) and (5.15)

. s
Q.= {Q..}7 + Q14 Wwith QF, ,= g[Qz,l]J—r-

By considering a symmetric CL thickness, pp = —pE, subsection 7.1 will show that
{LF =050 %2, = v,a- The third-order terms UgV3 g and UgWV3 g are defined so that
they may remove the distorted terms in (5.14) and (5.15), we thus get

» , , » .9
UoVie = 25— Q5 Us, BoWio = 25 + %L@. (5.17)

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



16 P. Caillol
then denoted of the following way

A _ E’U _ _ Ev
Q.1=09:1 0 Qo1 =9p1+ WUQ .
The evolution equations of the CL induced velocity (V1, W) are therefore
+ {Qe,l}i
Vl,‘l‘z + levl,QS = *{szl}_UQ, Wl,‘l‘g + WW1W1,¢ = TUQ. (5.18)

The first-order mean velocity at r., (V1, W;) is vertically advected by W; and is driven
by the undistorted divergence of its radial flux generated by Us. The forcing X, is
absent since it is antisymmetric, it appears in the definitions of V3 and Ws. Jointly with
the distorted mean vorticities, it generates a @-secular growth of the third-order mean
velocities. In C17, the latter have a m»-linear growth.

6. The second-order inner flow

This section gives the analytical expressions of the leading-order non-trivial inviscid
flow in the critical layer. The azimuthal velocity V(?) defined through the streamfunction-
like function +(?) is solution of the azimuthal-momentum equation (6.1):

1
Ve = 5/)2 — 5 S1p+ Vo + 9P,
the vertical momentum equation (6.2) follows.
Asin Xp@) + ply — v = s+ Us — Vo Ha,0) ($2) — 5:Q:.1) + 5:00[V® — Vilo
S
+ 5,5, + [P® — siPBs)e + [(1 - 200)p — 5(31 —CoCy)|Hz0

AN @2 A+ M x(X), (6.1)

©,PPP
Asin XWP+p WP ) = siw,(ﬁ)l+(UQonHQ,@)(Wf)Jrsi%)JrsiUo[W(E’)—Wg]@
Vi,o e (2) ée,o
+ 8,2 + — P +A (W, + ?)A + I, x(X). (6.2)

The geopotential P(?) and the radial velocity U(?) are expressed as functions of 1) and
W®) via the radial momentum and mass conservation equations

1. S; 1
P (p, X) = 2P3 - 1(351 +CoCr)p” + [1(512 —C})+Va— Halp
Si

-+ 5(81 - CQC1)H2 -+ 1/)(2) + HQ(X) -+ Simgg , (63)
UP(p,X) =Uy+ Asin X — '3 — W, (6.4)
The equations (6.1-6.4) are valid inside and outside the separatrices but yield distinct
solutions. Note that the forcing X, appearing in both equations (6.1) and (6.2) results
from respectively substituting the evolution equations (5.14) and (5.15) for V4 -, and

Wi,7,, it vanishes inside the separatrices since the related forcing is there equal to the
mean {X,}* =0.
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6.1. Outside the separatrices

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

5 5 5
VO =V (p, X,0) + VI (p, X).

The matchings of V;(,?) and Ws(g) on the CL edges as p — p% give the asymptotic
behaviours

1 . R
Vs(;?) - §<Z,1,spp2 + Si[Qz,ZsP +(C+2)Halp + (B In |p*|Acos X

cos X

+ Vaop + Vssp(X) + 5:CA H>+0(p™2), (6.5)

1 s A N )
W) — *i%f —5i(Qo,2,5p + <G,OH2)£ + (B ln|p*|Acos X
cos X

+ WS,sp + W5,sp(X) + szé.A

Hy+0(p~?), (6.6)

the expressions of Vs s, and W5 4, being displayed in Appendix C.
The radial advections: Us w,(,i) and Us W,SQ), the spiraling motions 7)§§), %(,f’), WS) and the
forcing X, bring about a secularity with respect to the phase X in the angular and axial
momentum equations (6.1) and (6.2), which makes their integration uneasy. The second-
order outer flow gives a spiraling shift hq(n) = Ua(n)/[m$2(n)]6. This deformation can
be found out heuristically. Indeed, an air particle located on a streamline 7 undergoes
a radius variation 0r after a time interval 0t such as dr = edha(n) = eUa(n)dt while it
rotates of an angle 60 = £2y(n)dt. An expression for Hy can be determined by removing
the advection terms in (6.1) and (6.2)

Hy(6) = Lo, (6.7)

Oo

which can be easily matched with hy as n — 0: Hy = ha(0) in rescaled variables. The
deformation Hs has been found a second time in Appendix F while integrating the
streamline equations. Note that inside the separatrices, we have HY = Ho.
The remaining secularity must be eliminated by determining Vs(p5) and W§§” properly.

Let us now define Vs(p5) and W§p5) in this way

Vs(p5) = 55iCz,1,5p KO,p*lA% + 5i(Qz2,5p + 2H2)p + V3, 5p + V5 5p(X) + wif,?p, (6.8)

W§;’) = —s5s; %

;sp K07p71A% - 5i[Q9,2,sp + (Cw + CH,O)H2]£ +W3,sp + W5,sp(X) +1P£‘;’,?p

(6.9)
The unknown function Ko A2 must tend to |[p| > 1 as p — pﬁ. Substituting the
velocities (6.8) and (6.9) in the equations (6.1) and (6.2) simplifies the momentum
equations

Asin le(,i) + pwgg - E?) = Siwgi)l + siUo[wig?p + Vs.splo

—CUsp + 55, Koy 1 A + 5,5, + N (wg?;pp - é)A e+ sy, (6.10)
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FIGURE 3. Separatrices Z = A as functions of z,y and ®, m =2, e =0.1, w =2, 7. = 2,
Us =1, By = 0.5, A(P) = [1 + cos(P)/2]>.

AsinXW,EQ) + pW)(f) — g?) = Si¢,(327)1 + SiUO[w(B) + Ws splo — CUyp

sp,p
: X
+ 5T, Ko pr Ab + 5.8, + X (W) + =1

T )A +Ihx. (6.11)

A small equivalent Richardson number at r. enables one to uncouple the axial motion.
The vertical motion is thus absent from the equation (6.10), 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)). This equation
however possesses extra terms, owing to the spiraling motion generated by the mean
radial velocity Us, which makes this CL flow more complex. Solving the equation (6.10)
gives the second-order azimuthal velocity, then the resolution of Eq. (6.11) yields the
axial velocity. To solve (6.10), a second change of radial variables
(p,X) = (Z,x) is performed where

1
Z = 5p? + Acos X. (6.12)

Each streamline is described by a unique value of the variable Z but one value of Z
yields two streamlines located at 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 center to
Z = A on the separatrices, to reach large values on the CL edges. See in figure 3 the two
helical and spiraling 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 (6.12)
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 ., scales as d, = 4r. U(A€)1/2
with 1 <« o < € 1/2; 5 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,z) is denoted Z,(Z,z) = s5;[2(Z — Acosz)]*/2, pX stands for the
absolute value of p on the separatrix, p* (z) = V2A[1 — cos z]'/2. Putting the superscript
* A-normalizes pX and Z: pX* = pX JAY? and Z* = Z/A.
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Differentiating (6.10) with respect to p and introducing the variables Z and z, we get

Z, 2, = 50005 o — CUs + 55, Ko AR + X Z,47)

ppT

prpZ (6.13)

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

1/(27) 02 "¢(Z,x)dx. Let us decompose Spp between its z-averaged and oscillating
parts

&), = W8 ) + 8 Hs. (6.14)
Using the antisymmetry property of the forcing generated by the mean radial wave flux
of the axial vorticity radial gradient : Z‘; = 72;5 (cf. Section 7), the inviscid secularity

condition applied to (6.13) yields (1#2“;’,?,))
+

02 (5),) = s:(C

Hy
—). 1
271) ¢z (6.15)
The equation (6.13), after the wﬁ‘;’,)p substitution, admits the general inviscid solution
62 (Z,2) = Fo(Z%) + 5 / 02605 (Z,11) + 5 5(2") Go(Z", 1) A~ F diy s, (6.16)

D
where Z(Z*)=(— U—QA%/CO[Z*], and Gs(Z*,2) = M[Z*] — [2(Z* — cosz)] 2.
2
All mathematical functions needed in the paper are defined in the Appendix H.
The viscous secularity condition applied to equation (6.13) namely 82(1/1(2) Yy =0,

i,ppp
as well as the inner axial vorticity matching with the outer flow permit to define Fs,
Fo(Z*) = 55:C Kol Z*] A? + 5;0..1, where Ko[Z] = V2Z + K[Z]. (6.17)

From Egs. (6.5-6.6) and (6.8-6.9), the matching on the CL edges requires this asymptotic

behaviour for 1/1;50? P

— ——— cos X AH, as p—>pB

cos X 1,
H
)= 571

wépp(pa )—>516(p+A

According to Eq. (6.15), the x-average of l/fsp p asymptotes

X1
(p—3))[—[2_—q (§p2—|—A cosX+O(p_2)>H2 as p = pp.

W§(2)) = i ( 7

As a result, the expression of &psp p is firstly determined

1Y,
&pgg?p =3 L{ Acosz. (6.18)
Secondly, we deduce that the critical layer generates a small distorted and spiraling mean

outer flow near r. that opposes the ©-gradient of the mean vorticity radial gradient

(Cz,la C‘g,l)

V(r Wi(r Xor :
V0 W) Ll2¢ " jyep ),

OcTc WOcTe - 2 Z/l2 ( Te
the resulting vorticity radial gradient ((fz 1 (f.g 1) is thus ©-independent.

The vorticity w( p) o 1s invariant by the transformations Uy — —Us and * — 27 — x.
As a result, the CL study can be restricted to positive values of Us. The function F in



20 P. Caillol

(6.17) is similar to that used in 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 6 and the induced mean vorticity
QZ71 are now corrected by the mean radial wave fluxes. In quasi-steady 3D helical or 2D
critical layers, each iso axial-vorticity contour was 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 3D
features. The mean velocity Us consideraby 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 spiraling streamlines. As the leading-order mean radial velocity was
0(63/ 2), the present formulation applied to that study would imply to take Hy = 0 and
to define a first spiraling deviation: H3(@) = Us/UpO. The same function F3 in (6.17)
would be then deduced but the integral in (6.16) would appear in the expression of the
O(e) axial vorticity. The mean flow at r. would be however modified in the same way:

6 = C - Z‘11/1/{3; Qz,l = Qz,l - Ev/u?;-

The function G5 is singular on the separatrices, indeed the average (1/Z,) is infinite
there. The streamlines need be therefore 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[27], that is for || < p or
|2m — x| < p, with p < 1, and for |Z — A| < 1, we assume that the inner radius p has
the following behaviour

p

p=ss5:V2[Z — A(l — bacHV)]%, with b= (1 — cos p)pu~ 1+ ~ 5

Regularization requires an exponent v < 0. Integrating wg?p) o, over p yields the second-
order azimuthal velocity

N A .
wfp)(z r) = C(/ % +[Z(Z — Acosz)|? + Acosxln[/l(Z,ac)]) (6.19)
oo [2(z — cosx)]?
Z* prx =
Z(z)dz 1 A .
+5s; ] Gs(z,x1) dx Zp(Az,x)A Us + 5iQ:17Z, + Va(z), with

A cosz

ANZ,x) =VZ+VZ —Acosz and Vi(z)=—[a+1— g(l + 3w?) 7w69’0]m'

The solvability condition (4.2) implies 1/);29) = 0, which leads to Ag = ag = Uz,0 = 0.
The leading-order induced mean flow at r.: Vi, Wi, Q. 1, Qo,1, P1, Vo, Wa, Ba, and Us,
the phase jump a and the wave amplitude A are therefore ©-independent. The mean
velocity is thus very weakly spiraling since it starts to be ©@-dependent at the third order
whereas the mean vorticity becomes ©-dependent at the second order and the mean
vorticity radial gradient at the first order.
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Integrating once again over p gives 1)
v (Z,2) = g(—(zz) +{Z, [A(Z,2)] - 5527} Acos)
e
Kylz]d
W6 ( _ Kolz]dz

SV B x
+SSZ / /G5 z,x1) day Z:p((jl) f/ ( [])/7rG5(Z,x1)dﬂ?1 dz

+u—qA2/ F/ Gs(z,0) oy + dz)A Us + 5:0..1(Z — Acosz) + V()2
2

The matchings of the equations (6.10) and (6.11) on the CL edges give two distinct
expressions of the integration function I7;

Vi

—ss / olz ]dZA%)Af EZ‘ 'InZ* Asinx

N . 1
Iy x = ${Q,1sin X — §Zq/ In(4A) cos X} A — 5;00V5 sp.0(X) — Sﬂ/’pn 15 0
N . 1
=5{Q,18nX — §Z‘q/ In(4A) cos X }A — 5;00Ws sp,0(X) — siw/()i)l. (6.20)

The pressure matching on the CL edges gives a third expression. Equating the three
expressions come down to determine the @-gradients of the first-order coefficients (8
and k. From the definitions of the Frobenius series terms in Appendix A, the third Il
expression is

A X
II)(X) = —5;{Q,1cos X + Tq[ln(élA) —2]sin X} A

@ w3 (= + 2)

+ 80000 [(Oéu —9B1 + wlo,1 + (1 — wlo) z 6((1+ =2)

OBl C, s + o] (0)) A

X
+ (@1~ 9Ba) Ao + (Qad — Vo)A T
+ 5;0000 [(’71,1 - 50 (ng +w@Co0 —1)(,1.0(0) + 70@(9,1,@(0)
WU(QJ(E + 2) 3 1 " ~ 2 "
— ——0| Uolw(, ; + + @w[0oC(1 +@*) +4(Co —1)|¢, 1 )(0) )A
1+ o) 22 (Dol + Gl + w00 (14 %) 400 = 11 ) )
cos X
+ (Va1 — Vka,1)As + (Vaa, — 19/%@,1)@4514} T3 =2 (6.21)

with ¥ = (2 + 3w?) + w(po — 1 and = = {(1 — w?) — 2w{y .

The double radial gradients of the first-order mean vorticity: C;,l and (:é,l cannot be
calculated here be/g:aus% the/}/fl are deg}lced from the next-order radial wave fluxes. The
higher gradients ¢, 1, (y 1, (. ; and (p ; are calculated through higher-order wave fluxes.
As the ©-dependence increases algebraically with the order, we then assume that C; 1
and C(, 1 have a quadratic dependence on ©. We also assume that CZ 15 Ce e /1 and Cgll
have a ©-dependence at least up to the fourth power. Removing a O(e 8/2 /n) singular
outer radial velocity gives one condition on the fourth-order @-partial derivatives of (:z 1

and C971

98¢y1(0) = @I 1 (0). (6.22)

Supposing the first-order coefficients «, §, v and k linear in ©, we deduce that II,
is ©-independent. Introducing the expressions of Vs sy and Ws sy, (Cl) and (C2) of
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Appendix C in the equality (6.20), two relationships then appear, respectively involving
the coefficients 8 and k

53
6

0+ @)(Co + Co0)lBit + Baus 2 + Bugrasle = E3[wC, 1 + Coal(0), (6.23)

A

/

. A o : : NN
(Cw + Cp0)[kin + Hd,17¢ + Ked,108)0 = 703(%) [<9,1 — (Cw + 2(9,0)2’1}(0)
U2 E ~ 1 a 1"
TR [BoC(1 4+ ) + 4(To = D]y + B¢y + )| (0). (6:24)

Then, comparing (6.20) and (6.21), we find that the r.h.s of (6.24) vanishes and get
o Agp
OoC[Br1 + 5d,17 + Bad, 1000 = 0, (6.25)

if we take 1/)%()27)1 = —XAcosz. The O-gradients of C;,lv CéJ, (;’1 and w(!fl + (‘;/:1 are
thus linked in this way

-+ 908 [G G + 26002 0)

= %E@é [[Uoi(l + @?) + 4(0y — 1)]wC;’71 + UO(WC;/,/1 + Cg,’ﬂ} (0). (6.26)

The second no-jump condition of (4.4) is trivially satisfied, but insuring the first no-jump
condition imposes the existence of a 71-secular distorted evolution of the phase jump a

] 2 s
aj, = (1+@°) L% (6.27)
Next, combining (6.23) and (6.25) yields the same relationship (6.22) for the third-order
O-derivatives of (, ; and (p;
039.1(0) = ~@DRC. 1 (0). (6.28)

According to the expressions of the coefficients c;1,0 and fji10, j = [,d and ad in
Appendix A, the no-jump condition of (4.5) imposes

[J1.]t =0, (6.29)

while the condition (4.6) is straightforwardly satisfied. In order to derive the most general
evolution equations, any dependence relationships must be avoided between A, Ag and
agA, which imposes

Bjie =0, and k1,0 =0, 7 =1,d and ad. (6.30)

The particular solution is obtained through the viscous secularity condition 8Z<Wi(2p) —

1/)1(’2,)) o+ ¢ Z,) = 0 and the CL edge matching, the found axial velocity is then roughly

proportional to the azimuthal velocity, once again highlighting the helical motion inside
the nonlinear critical layer

w2, 2) = v (Z,x) — (Z ~ ssi%Ko [Z*]A% + W, (6.31)
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The expression (6.4) of the radial velocity U(?) can be then calculated

U (Z,2)=C(1+ wa)(z / % + {In[A(Z, z)] + %}Z,, - ssi\/ﬁ)Asinx

z* Z* px =
_. .\ Gs(z,2) Z(2)dz )
g8 2 () —2\ _ i i S
ssi(l14+w )(Zp/ H(Z)Zp(AZ7x) dz Zp/00 /7TG5(z,acl)dacl Zp(Az,x)3Asmm

oo

z* Z""‘ E-‘,; ) Z* cos
7/ ( [])GE,(z,x)deru—ZAi/ V22 Gs(z, x) + dz)A Us

o0

sin® x

Sq * . ’ ’
+§(1 + w2)2q/ ((1nZ —2) cosz — )A +[(1 = ¢ Asing — (1 4+ @)V, (2) + U] Z,
_SSiJI,c (K1 [Z*, I] + ln[/l(Z, x)])Asinx + TQ(I) + s;Us3.

(6.32)
The matching of U with the outer flow gives the integration function

Yo(z) = —si{[Bi1 + di,1,0 + (Buwdai + dwa1,0)01,6T1]A + (Ba1 + da1,0)A
+ (Bad,1 + dad,1,0)asAlsine — s;[(k1,1 + 911,0)A + (ka1 + ga,1,0)As
+ (Kad,1 + Gad,1,0)08A] cosx — kp 1A cos(2z), (6.33)

the different coeflicients d; 1,0 and g;1,0, j = [, d, ad and wd being given in Appendix A.
Owing to the extra terms in (6.16) generated by the velocity Us and the mean radial
wave fluxes, the symmetry with respect to the CL axis is broken due to the appearance of
a Fourier sine series in w,(JQp) (p, ), V2 and W® which allows for non-zero leading-order
inviscid mean radial wave fluxes since the zeroth-order radial velocity is simply taken
U = Asinz. The wave /vortex interaction is thus enhanced in the quasi-steady régime
when the wave envelope is taken with a short height scale O(¢~'/2) whereas the scale
O(e~1) postpones the appearance of the inviscid mean wave fluxes to the next order.

6.2. Within the separatrices

We here solve the second-order inner flow equations (6.1), (6.2) inside the cat’s eye and
match the solution with the preceding-subsection inner flow on the separatrices. Firstly,
we match the leading-order vorticity, then 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’eye is defined through the function ¢(%®)

1
Ve — §P2 — 5:S1p+ {Va} T + ).

An explicit and exact solution for the axial vorticity 1/)( '©) cannot be found. We then
seek an approxnnate solution through a Galerkin method. According to the symmetry

properties of d)pp , the vorticity 1/)( ) i expanded as a Fourier sine series:

W29 (p, X) = F§(Z,0) + Z(1 Zb s1nnX)u2

1
2

(6.34)

The order n term b, is itself a weighted sum of odd Chebyschev 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

F5(2,9) = (@).
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The fifth-order azimuthal and axial spiraling velocities are defined of the following way

Vo =5 <2H2 + {Qz,z,sp}f)/) + Vst + {Vssp(@)} T + 059, (6.35)

WD = —s,((Co+Go0) HaH{ Qo 2op}t ) L+ (Mo ip} £+ {Ws, (@)} +055). (6.36)

Differentiating the equation (6.1) with respect to p and substituting the expression (6.35)

for Vs(p5’®), we obtain the axial-vorticity equation inside the separatrices in the frame
(Z,x)

Z, 22 = 5000005 — Clto + X Z, 050, A (6.37)

The velocity wﬁ;’;; . is defined by introducing the function G such as

Z*

wgz% (Z,xz,0) = siéZpHg + 55(1)/1 GP(z,x) dzAzH, + V}f?sp(x, o), (6.38)
which results in the solution wz pp of (6.37)
- y . U
wﬁ;})(Z z)=Q3® +ssi:(1)/G?(Z , 1) day A—z (6.39)

We identify G by differentiating with respect to = the expression (6.34) of w(Q ©),

0 1

* — * . . —_ * Z* —cosw 2

GF(2°,0) = ssi 3 [balp(Z7 )] sin(ne)| - with p(27,0) = ssi (T =0)
n=1

The inviscid secularity condition applied to (6.37) is then straightforwardly satisfied on
a streamline Z < A. The axial-vorticity matching involving the expressions (6.16) and
(6.34) leads to the determination of the terms by, (1):

bp(1) = %<G5(1,1’)COS(TL x)), ¥Yn=>=1. (6.40)

The same matching also yields the first-order mean-vorticity jump and the uniform cat’s
eye vorticity Q(2®)
Jr

[O..]F =—2¢8A3,  [Q.4]t =2 QP =s5{Q.1}F,  (6.41)

2

where C = Ko[1] = V2 + 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 Section 7 that this jump is still proportional to ¢ A2 like
in previous studies (Caillol & Maslowe (2007); Caillol (2014)). The jump (6.41) again
shows the dynamical coupling between the induced mean flow and the wave packet,
coupling that has been omitted until now in wave packet studies in the presence of a
critical layer (Benney & Maslowe 1975). The uniform vorticity Q(*®) is still the average
between the mean vorticities at either CL side. Moreover, the wave packet assumption
keeps unchanged the steady nonlinear CL logarithmic phase shift (Caillol (2014)); it is
proportional to A as follows

p(\)
<

After Egs. (6.1) and (6.2), the inviscid axial velocity can be written in a general way

=4s5,CA"2, A —>o.
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within the separatrices

W2z, 2) = > (Z,0) = CZ + To(Z*) + {Wa}F, where (6.42)

i,p

S
U200 = 20 Y [ [t dr sinux)] U + Q2+ VP (X),
n=1 1

The function Jo must be s-independent owing to the continuity at p = 0 (see more details
in Caillol (2014)). Using Eq. (6.29), the azimuthal and radial vorticity matchings on the
separatrices yield the same results

jQI(l) =0, Jl,c =0. (643)

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

Qp1=—wQ 1. (6.44)

This relationship is identical to the previous studies: the steady vortical mode without
any mean radial velocity (Caillol 2014) and the O(¢*/?) mean radial-velocity wave packet
(C17). The equivalent Richardson number is therefore of order O(e) at r.. Moreover, the
relationship (6.44) implies the same driven term at the r.h.s of the equations (5.18) of
evolution of V; and W;. The trivial solution W; = Vi + Cst arises, which orientates the
CL induced mean flow toward 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 75 is here faster.
Next, we match the pressure P(?) that is given inside the cat’s eyes by

1. i
7)1_(2’6) = §p3 — 1(381 +CQC1)/) + [ (812 - C%) + {VQ}i_ - H2]p

+ 51'(31 — CoCh)Hs + ) + TP (X) + s, {Ps} . (6.45)

The pressure continuity through the separatrices enables one to determine V2®(:c):

V2 (x) = (f{[l - cosx]% + cosz In[A(A, x)] — : %Aé}fl
p )
0o pT = . X
= [ Gstean R g, s @yt
1 Jr [2(z — cosx)]?
oo 2+ 2

/ ( 2K0 /G5 z Il)dIl dZUQ EJr/ \/_/ G5 Z $1 dIl sin 7(1;*14
1 2z p**(z)

(z)
i {/ r)rdr sm(mc)} X Us;  (6.46)

it also yields the following jumps through the IT; expression (6.21) jointly with the
relationships (6.26), (6.28) and (6.30)

(B3]t = 25(2 /Ko Jdz—-C A% (6.47)
Oo |lau1 + g 1% + Qad, 1%]0} =0+w= H)[In(44) — 2]2#, (6.48)
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Asp + /
and ¢ {[W 1+ Ya1— + Yaa, 1a¢]@} =003, 1]F

A —
Uiw

TR0+ =)

{001 +2) + 400 ~ 1][94¢1(0)] + 00 [081¢y +¢;110)] )
(6.49)

Note that the ratios of the second and third double integrals in (6.46) over p* are not
singular at = 0[27]. The pressure continuity also permits to determine the function

1) (@) = {Ta(a)}* + 5 [Va() + V2] £p~.

Next, the rotational and axial velocity matchings on the separatrices yield the absences
of jump for the phase and the second-order mean velocity, then the value of J5(1)

[af =0, MJf=0, MW]f=0, R1)=0, (6.50)
as well as a second expression for V,” (z)

*© Kolz] dz

V2 (z) = (f{[l — cosx]? + cosz In[A(A, )] — 7, (Aza)]

A%}A

X

- [ eaaman O o, 1 et 1)
[2(z — cosz)]2

However, these matchings cannot be completed successfully since the distortion of a

secularly grows according to (6.27).

Equating (6.46) with (6.51), a second relationship constraining the series terms b,, arises,

whose projection on the n" harmonics sin(nx) is

1 00 +
5(1)/ [bn+1(7)+bp—1(r)—2by, ()] rdr = 4(/1 (C—i—q/hKo / G5(z, 1) dzy dz sin(nx))

-1

A /\/_/ Gs(z, 1) dzy + 20T g, sin(nx)) n>1. (6.52)

The equation (6.4) evaluated within the cat’s eye gives the radial velocity
© = 7P
U9z, z)=3(1)(1 +w?) Z [g / by (r) dr [cos(n — 1)z — cos(n + 1)x]
n=1 1

- (ﬁ /1pbn(r) dr—/opbn(r) rdr) [2n cos(nx)— (n+1) cos(n+1)z— (n—1) cos(n—1)x]| AZUs

7 Jh(2)de

Zp(Az,:E) Asinz+[(1—(w?)Asinaz— (1+w2)V2®/(x)+L{é]Zp+T2<9($)+3i{u3}j

(6.53)

+?

cos T

After a tedious calculation involving the equations (6.32), (6.51) and (6.53), the radial-
velocity continuity on the separatrices yields an equation determining 7,

COSl‘j( ) 1 )
2w? [ 22y ==-(1 SHA[L+4 —cos(22)] — Ua1F
w /1 7.(Az, ) sinz = 2( + w?) . [1+ 4cosz — cos(2x)] — [Us] T

— 5@t — (1 +@?)[Q.] A sine, (6.54)
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and the integration function 7y’
7P (@) = {B@)} - —(1 + @)V, (2)]Fp

Averaging the equation (6.54) over = leads to the the third-order mean radial velocity
distortion while the projection of the same equation on cos(nx), n = 1,2 gives, according
to the expressions of 75 in (6.33) and the terms g;1,0, j = [,d,ad, in Appendix A,
the jumps of ;1 and the sum of the O(e*/?) outer flow coefficients x. The latter is
a function of the mean radial wave flux E;C and the jumps of C;L@(O), 8%(;1(0) and

"

a@[WCZ 1 +<9 11(0).

el = S+ =) TEA [rnalt = (1 + @) 2, (6.55)

l\DI»—l

by using the relationships (6.28), (6.30) and (6.48), the jump of the sum of the coefficients
K gets simplified in this way

(k)T + [%d,l]f% + [Kaas|Tas) =
— {21+ @°) + [((1 +20%) + g0l [In(44) — 2} 5T = Bo[C1,6(0)]F
wU%

m{w{606(1+w2)+4(60—1)}[agc;',l(O)} 30 [03 [ + ¢ (0 )r},

(6.56)

O-derivating (6.54) projected on cosx then gives a relationship between various 6-
derivatives of the mean flow distortion

(1 + =2)031¢ 1 (0))F = w20 [0 + 6110

6 > 1"
et 2 [l(1+ @) + 4B~ D]OBIC 0], (6.57)
which yields, using (6.26), the link between the jumps of 0(%)(:;’1 and 8%%71

D31 1]T = w03 [Goa] (6.58)

Finally, the projection of (6.54) on sinz gives the following integro-differential equation

1+ As
A

+ [(Bada + dagr0] as — (1 +@)[Q.1] T }AZ.  (6.59)

cos x ! d
2@2/ M*{[511+dz10+(5wd1+dwd10)61¢ﬁ] +[Ba1 +da0)"
1 [2(z — cosx)|z

The previous matching conditions (6.43) and (6.50) imply the trivial solution J2(Z) = 0;
as a result, the r.h.s of (6.59) vanishes. The expressions of dj 1,0, j = {,d, ad and wd, in
Appendix A, jointly with the relationships (6.30), (6.41), (6.44) and (6.49) leads to a first
continuous coefficient: [de,l]f = 0, whereas the sum of the other coefficients 8 admits

" 1"

a jump linked to the distortions of Q. 1, .1, 0(%)(:;,1, 0@@“;1( ), 066..1(0), 06¢y.1(0),
93 [w(;l + (é',l]( ) and 9 [w(!Y + ¢ 1(0). The jump of the sum of the coefficients 3 is
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namely
EBA) + [Baalt 22 4 [Boa]Tas) = [Con]t — 20862 + 3?) + wipo) A}

— Uy [604[13 2+ 2w(w2 — 3)Cp0 + @2(5 + 2a) + 26(2 + w2 + )] — 26(1 + w?)

2] 081" w3
“ )]} 261 +w?) 3(l+w

(EMy 42050 14292+ o][B0L (14 2) +4(80— 1)]) [0 1 0)]

+ 200 [@(3 — 20Cp.0)do0 + ¢ (1 + [l + G0)]
@203
120C(1 + w?)?

U4w I~ "’ +

+ e+ w22 + o) 081y + Gl(0)]
WG3 " + wU4 v v +
e )[a@[ ey + MaG)(0)] +60(17+2U2){8§[w§271+§971](0)}7,

(6.60)

The coefficients Mj, M, and M, are given in Appendix A. Next, O-differentiating
(6.54) projected on sinz gives the jump relationship related to (6.28). The triple radial
gradients of the first-order mean vorticity (;/,1 and <g,1 are computed from higher-order
radial fluxes involving the O(e?) inner rotational and azimuthal velocities and the O(e%/?)
inner radial velocity.

The velocity V5®ép in Equation (6.38) is determined in such a way that the velocities

V(5 @) and Wé(;? ©) may not admit a jump on the CL axis at p = 0, that is
V5®ép( ) =—sZ(1) [{""GS (2, x) dz AY/2Hj. The expression of V;", , can be then deduced

from the relationship (6.52)

V5®p( Xy 1/00 cos T EJF
2 T — 1 Az 22G5(z,x) + dz / — L AT Gs5(z,x)dz.
e A VG (¢~ g-A Ko[=]) G5z, 0)

(6.61)

The matchings of the fifth-order azimuthal and axial spiraling velocities on the separa-
trices, that is the conditions Vg’) = V9(5’®) and Wg’ I/V(5 ©) a5 7 = A, according to
the equations (6.8-6.9), (6.14), (6.35-6.36) and (6.38) are only possible if [V5 s, (2)]T =
—E;’I JU2AIn(4A) Hy cos z, which is compatible with the relationships (6.48) and (6.49),
and if the mean velocities Vs 5, W5 5 are undistorted. However, the third-order mean
velocity distortion (5.17) implies

[VS,sp] [WB sp] — QCCA HQ; (662)

which means that Vs(,?) and Wg,(;’) are not matchable on the separatrices owing to the
presence of the third-order distorted 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 (4.1) jointly with a secular azimuthal angle is
here very convenient because permits to describe the spiraling streamlines and to get rid
of the time secularity used in C17 where the induced mean flow secularly evolved over
as soon as the first order for the mean vorticity (Q.. 1, Qg,1) and 02:0) The subsequent
CL blow up highlighted a wave breaking modeling weakness. The time secularity is not
nevertheless discarded. Indeed, the phase jump a evolves linearly over 7y but in a very
slowly way since the growth is proportional to Zq/. These variables structure all the
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other fields not modeled here like reflectivity, convection... 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 spiraling 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 Xy driven by the mean wave vorticity flux

According to Egs. (5.7-5.8) and Section 6, the ©-gradient of the second-order mean

vorticity is given for a CL symmetry with respect to the axis r, (pE = —ppz), by
B0 Q2 0.0 = sin Xty (i, X) A — (Us = T3 — U, (7.1)
B0Q) 00 = Vie — wsin Xbop (03, X) A= V1o — wZ. (7.2)

We define pp = |pf| and the corresponding variable Z: Zp = 1/2p% + Acos X. The
forcing is obtained after p-differenciating the axial vorticity w,(,%) in (6.16); its expression
(G1) is given in Appendix G, showing a first relationship between the forcings 27 and
S .
Eq,.
(14 A) X5 + s(As — Bo) ¥ A2 = CAslh, (7.3)

where the various coefficients A; and B; are X-averages at constant pp and are functions
of p% only. Their expression is displayed in the same Appendix G.

7.1.2. Forcing X/ driven by the mean wave fluz of the vorticity radial gradient

After Eq. (5.2) and Section 6, the ©-gradient of the first-order mean vorticity radial
gradient is given at either side of r,, for a symmetric CL, by

BoC: 1.0 = 5isin X0 (pf, X) A = X, (7.4)

BoGi 1.0 = —siwsin X (p, X) A = — 3% (7.5)

The calculation yields after twice p-differenciating w,(,%) in (6.16) the expression (G2) in
Appendix G. A second relationship between the forcings 27 and ZZ, is thus deduced:

slpp + Ag — By + p?(AG + 53)]22/14% + (As + p?Ag,)Z; =((As + p?AE))UQ, (7.6)

involving similar coefficients A; and B; expressed in Appendix G.

The forcings Xy and X/ are solutions of the linear system (7.3-7.6) whose variables
are only A, Uy and p}. For a symmetric CL extent, the rescaled radius p}; is linked to
the CL thickness: do =~ 21:p} (eA)l/ 2. This radius is roughly twice the ratio o of the
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CL thickness over the cat’s eye thickness and is thus bounded such as pj; > 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 75, namely

zy Ay — B

=s(BA 3, = _ (A2

U2 Us 14 .A3 1+ A3

where B is a ratio of various coefficients A; and B; and whose long expression is given in
Appendix G. For a symmetric CL, the forcing X’ , 1s antisymmetric vis-a-vis the CL axis

(7.7)

o and proportional to (Us A~'/? whereas X is symmetric and proportional to (Uo.
The expressions of the first-order spiraling mean vorticity radial gradient and second-
order spiraling mean vorticity are now derived

H. H

S =5CB f, (31ep=—5CwB A—2 (7.8)

Q.osp = —g(1 + (A — BQ)IB) TR (7.9a)
_ V1,0 Hy

Qs20p = (o (14 As) g — As + (As — Bo)B) 20 (7.95)

The leading-order mean radial velocity was determined in the second-order inner analysis
in C17 (Us = V1,6/(Cw)) but in the present approach, it will be necessary to go to the
next order to find Us out as a function of the first-order induced mean flow at r.. We
can heuristically determine a close value to Uy by introducing (A in the mean azimuthal
vorticity ©@-secular equation

009020 = V1,6 —wdy = Vie — (wlly + Caolhs.

Equating V) ¢ with (w U, then permits to write the © gradient of the azimuthal vorticity
as a slight correction of the vertical rotational-velocity shear Vi ¢: U9Qo,2.0 = (f IQZE2
Finally, we obtain the same result as in C17, the radial velocity is generated by the small
vertical wind shear, then we get the relationship Qg2 p = —@Q. 2 sp-

The advantage of taking the azimuthal variable as the secular variable is evident as soon
as the second order since V, and Q.o quadratically vary over 7, while Qg o cubically
evolves over 75 in C17. The dependence on 7 fast algebraically increases 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 subsection (5.3) and Section 6, the forcing on the first-order velocity
(V1, W) is given at either side of r,, for a symmetric CL, by

X fszszd)pp (p%,X) A. (7.10)
Substituting the expression (6.16) for the axial vorticity l/fpp , we straighforwardly get the

forcing (G3) in Appendix G. A relationship linking the forcing X% to the two previous
ones: X7 and E;/ is then found

X5+ s X5 A1 AS + 5% (Ar + B1) A = sCAL ASls,
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We deduce the expression of X3 as a function of only ¢, A and Uy as well as of the
coefficients A; and B; (cf. Appendix G).

D
Us - 1+ A3

[1+ (Ag — B2)BJA? — sC(Ay + By)B A= (7.11)

The forcing is antisymmetric with respect to 7, and is proportional to CA'/2Us. As for
the first-order mean axial vorticity, its jumps follows after (6.41)

Q)" C-A
2(Az 1+ A3

[1 + (.A4 - BQ)B] — (.Ag + Bl)B, (7.12)

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

Feg = C fea(pp) Us A~
Exerting a constant forcing Fpq at r. therefore links Us and A proportionally
_ Feq
C fealp)

The coefficients A; and B; being decreasing functions of the CL thickness, computation
shows that these are small for a value of pj; > 2. As a result, in practice, the rescaled
forcings X/ /(CUs)AY?, £,/ ((Uz) and X, /(CUs) A™/? are small and they are actually
very small for a value of p}; > 4. Figure 4 a) shows these forcings in a logarithmic scale
as a function of p%. Their magnitude steeply decreases with p%. The wave flux induced
vorticity radial gradient — X, /Us is thus a slight correction term with respect to the basic-
state vorticity radial gradient at r¢, ¢ in the expression of Q. 3 5». The wave flux induced
vorticity —X, /Us is also a slight correction with respect to the mean vorticity Q, ;. For
examples, as pj; = 3, Xy /Us induces a 2% correction to ¢ while X, /Uy and X, /Us induce
a 0.6% correction to the axial vorticity distortion [Q,1]F. As p%; = 4, the first correction
only reaches 0.6% and the second shrinks to 0.03%. The forcing X, /U, is negative, so Qt pe
(; the basic-state vortex stability at r. has then slightly disminished but the ©-gradient
of the second-order mean vorticity has decreased. The forcing X\ /Uy is positive, so
[Q..1]" < [Q-.1]"; the first-order mean vorticity distortion is hence reduced. In 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..,
the mean wave fluxes bring about smaller contributions of one order of magnitude. The
critical layer was unfortunately not resolved in these numerical schemes; we wonder what
the eddy contributions would be if the CL was properly modeled. Time and azimuthally-
averaged absolute angular momentum budget was computed from mesoscale resolving
Doppler observations of Hurricane Guillermo (1997), the tendency also results in stronger
axisymmetric contributions (Reasor et al. 2009).

Us A (7.13)

7.2. Resolution of the spectral method

The Fourier sine series in w,(,%@) of (6.34) is truncated at n = N. Every b,, n =
1,... N is a weighted sum of the odd Chebyschev polynomials 77 and T3, whose weights
are computed by using both matching conditions (6.40) and (6.52). Note that these
weights are independent on ¢, A and Us. They mainly depend on the mathematical



32 P. Caillol

properties of the function G5. They also slightly depend on the CL boundary pj and on
the corner parameters v and p. As new matching conditions involving the series terms
b, are encountered at higher orders, new polynomials T5, T7 etc. must be added. The
computation shows that the series convergence is slow; the fundamental mode n = 1
is weakly dominating (cf. figure 4 b)). As N = 20, adding the next harmonics n = 21
changes the integrated series L? norm [fol SOV B2(r) dr]/2 by 5% for any pl > 3; as
N = 30, adding another harmonics changes this integrated norm by 3%. From now on,
we will take the truncature N = 20. If p; > 4, the effect of the CL thickness is negligible.
For example, with v = 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,(,i). In figure 5 a) the
radial velocity Us is zero and in b) Uy = A. The isovorticity contours coincide with
the streamlines in a) and are symmetric with respect to the axis * = m. Inside the
separatrices, the axial vorticity is constant. The symmetry is broken in 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 F2(Z) and the inner vorticity profile then
follows the basic-vorticity profile. We study a linearly stable basic-state vortex; as a
result, ( < 0 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 * < m for
s = + and another one at x > w for s = — as Uy > 0; as a result, the fundamental
mode n = 1 is prevailing (sinz). Both upper poles are not of opposite strengths, the
negative pole is stronger. The CL emergence 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 Us > 0. The contours w,(JQp)Jr — Ssz1 = —0.177,—0.152 penetrate the cat’s
eye at x > m, go out at x < 27 on forming a bend to fulfil the 27 periodicity at
z = 2m. The particular contour w,(JQp) - Ssz1 = —5;/2[0.1]7 ~ —0.138 starts at

x = 0, on the meeting point of the separatrices and crosses the separatrix at =z = 7,
it coincides with the vertical axis x = 7 inside the cat’s eye. This contour coincides with
the separatrix as Us = 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 < m. The contour wéi) — siQAj,l = —0.198 has a first branch that does not cut
the separatrix. A second and closed branch is located at either side of the separatrix
for x > w. As the mean radial velocity Us is stronger, isovorticity lines are even more
deformed as we can see in figure 6 a) where Us = 10; more contours penetrate the cat’s
eye. The contour w,(JQp)Jr -5 le = 0 starts on the separatrix near the corner and forms
a positive-vorticity lobe that cuts the separatrix a second time at x < w. The contours

E)iH — siQAZl = —0.244,—-0.198, —0.177 intersect the separatrix at x > 7, go out and

bend at < 27. The contour w,(,%) - siQA:1 = —0.339 has a branch that does not cut
the separatrix and another one that is located at either side of the separatrix at = > .
The contour w,(,f,) — Ssz1 = —0.315 has an only branch that penetrates the cat’s eye at
x 2 m after making a large bend, goes out at © < 27 making a so large second bend that
quasi connects with the first. For a 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 27-range contour can penetrate the cat’s eye. Since A, p} and ¢ have not
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changed in figures 5 and 6, the same contour 1/)2? — 5 le = —0.138 divides the cat’s eye

at x = 7 into two parts in the same way. The vorticity extrema are higher in each pole,
of magnitudes greater than one, so they may be much stronger than the neighboring
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 linear-wave vertical speed, at the core of the cat’s eye and
at the crossing point of the separatrices, by the relationship (D2), topological property
which has previously been overlooked, see for instance (Benney & Bergeron 1969; Maslowe
1986). The variable Z does not allow to satisfy (D2) as soon as the first inner-flow order.
As aresult, 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[UD +e3lneUD 4203 + ..

Using these analytical expressions of the 3D velocity field, we were able to analytically
compute the CL streamlines (cf. Appendix F). For instance, the characteristic pattern
associated to 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 8§ = 0[27/m],7/m [27/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 Ry (x,P) in
the parameterized representation (Rs¢(z,®), zst(z,®)) of a 3D Zg-streamline. These
contours are drawn in the local referential moving with the vertical linear-wave speed
c. =Wk =a/k+W,./owwsT) =0/ + WUgeTi.

The parameters €A, 6 , w? and Uy/A are crucial as for the asymptotic-expansion
convergence. If these are large in absolute value, expansions may diverge. Increasing
the phase tilt |w| strongly reduces the values of ¢ and/or the wave amplitude eA; for
example in figure 9 a) w = 1/3, €A = 0.07 and ¢ = 0.5, in b) w = 20/3, € and
¢ are then reduced to eA = 0.04 and ( = —0.0125, in figure 6 b), @ = 20 so ( is
shrunk to ¢ = —0.0005 for eA = 0.1. We observe that the satellites become larger as |w)|
increases. This weakly nonlinear approach does not permit to model singular vorticity
waves with large phase tilts (see Caillol (2014, 2015) for more details about the limitations
on the parameter w). 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 k£ = 10 in a hurricane with R,,,, = 20 km is related to
a wavelength L, ~ 12.6 km. The critical radius is chosen r. > 1 since associated to 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 a
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a)
FIGURE 4. a) Forcings: X;/(¢U2) (solid line), Z’;C/(|C|L{2)A1/2 (dashed line) and

X /(|¢|U2) A™Y2 (dotted line) as a function of pj. b) b,(P) as a function of 7 as pl = 5,
7 =0, u=0.2and N = 20, b) Forcings: X4/(CUs) (solid line), I, /([¢[Ua) AY/? (dashed line)

and X} /(|¢|U2)A™"/? (dotted line) as a function of p.

FIGURE 5. Isovorticity lines: 1/1£2p)+ — siQZI =Cst,A=1,(=-01,s,=1,v=0, u=0.2,
P =052a)U=0,b) Uz =1, 2; JUsAY? =1.957 107, X, /Uy = —2.420 10~*. The vorticity
level is indicated on each curve.

velocity maximum location. The azimuthal velocity gradually decreases with the radius
inside the critical layer.

Figures 7 and 8 exhibit a vortex perturbed by a m = 2 vortical wave whose chosen
envelope is A = (14 0.5 cos®)2. Figure 7 shows the related tripole at various heights: a)
¢ = 0 where A = 9/4 is maximum and Uy = 0, b) & = 7/2 where A =1 and Uy = 2
is maximum. Figure 8 a) shows the horizontal plane ¢ = m where A = 1/4 is minimum
and Us = 0; the vortex is quasi-axisymmetric, both satellites are thin. For the heights
where Us = 0, the CL pattern is symmetric vis-a-vis the axis § = 7/2 and 7w but not with
respect to the critical radius. These symmetries are broken in 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 Us 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 @ = 67r/wel/2 > 2m. Note
that as the ratio: envelope period/vertical wave period = we /2 = \/5 is here irrational,
the vertical pattern is then not periodical and all cat’s eyes have a distinct shape. For
0 < @ < 7 [27], the spiral extends cyclonically and, for 7 < & < 27 [27] anticyclonically.

We can notice after the figures 6-9 that, though the critical layer is vertically un-
bounded and spiraling, the particles are trapped within the separatrices. As a result, a
generalization of the Batchelor integral condition applied to a steady and closed 2D flow
(Batchelor 1956) can be carried out here within the quasi-steady 3D cat’s eyes in order
to find a unique inviscid inner flow there.
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b)
FiIGURE 6. A = 1, s; = 1, v = 0, o = 0.2, pp = b5, a) Isovorticity lines:
Pt — 507, = Cst, ¢ = —0.1, Uz = 10, 7, JUs AY? = 1.957 1074, Ty /Us = —2.420 107*.
The vorticity level is indicated on each c1(11rve. b) Mode: m = 1, w = 20, ¢ = 0.1,
a = —1, Bo = 049, B +df o + (BF, + df, 0)As/A + (B, + diy 1 0)as = 1.5AY2,
nil + gffLO + (lﬂ;l + g;r’l’O)A¢/A + (“;Ld,l + g:d’lyo)a¢ = 1070, mean flow: ¢ = —0.0005,

QF, =0.00L, S1 =1, Up = 1, Up = —2.04, /U = —1.0299 107, 2;/u2A1/2 =9.783 1077
and I /U A~Y2 = 2.0 1075, The critical radius 7. = 2 is shown in dotted line.

a)
FIGURE 7. Mode: m = 2, w = 05, ¢ = 005 Gy = 049, a = -1,
A= (1+cos®/2)? si =1, B +df o+ (Biy +df 0)As/A+ (Bl +diy, o)ae = =24,
nt1+gﬁ1’0+(n;ﬁl+g;1,O)A¢/A+(/$:d,1+g2‘d,170)a¢ = 10"*O, mean flow: ¢ = —0.1, Qj’l = Al/Q7
S1 = 04AY2 402, U = —0.1sin®/(Cw), Uy = —U=/Vo, plg = 5, Xo/Us = —2.4198 1074,
2; JUs AY? =1.9566 10~* and T /Us A~/ = 4.0085 10* a) & = 0 b) & = 7/2. The critical

radius 7. = 1 is shown in dotted line.

The vorticity wave packet/vortex CL interaction could partly explain the formation of
spiral rainbands. Indeed, the latter are strongly associated to 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
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a
)
FIGURE 8. Mode: m = 2, £k = 1, a = -1, o = 049, ¢ = 0.05
A= (1+cosd/2)?, s = 1, ﬁ;ﬁ + le,rl,o + (5;,1 + dd+,1,o)A¢/A + ( ;d,l + d;rcl,l,o)aﬁlS = —24'/2,
K/il+gﬁ1,0+(’€;1+g;i‘:1,0)A¢/A+(H:d,l—i—g;fd,l,o)a@ =10"*0, mean flow: ¢ = —0.1, Q:l = AY?,
S1 = 04A4Y2 402, Uy = —0.1sin®/((w), Us = —Ua/Vo, ply = 5, Sq/Us = —2.4198 1074,
E;C JU AY? = 1.9566 10™* and T /U A™1/? = 4.0085 107 a) & = 7, b) § = 0 between the
heights ® =0 and @ = 67T/we1/2 ~ 2.68 w. The critical radius r. = 1 is shown in dotted line.

a)

FIGURE 9. Mode: m = 3, A = 1, s = 1, a = -=15 0o = 0.49,
ﬁlJ,rl + le,rl,o + (Bil + d:lr,Lo)A@/A + (B;d,l + djd,l,o)aé = _1~5A1/27
/ﬁfl + glJ,Fl,O + (H;l + gILO)Aqs/A + (H:il + 9&,1,0)‘145 = 107*O, mean flow: Q:l = 0.2,
Uy = —2.04, pls =5, p =02, y=0,a) k=17 =1, =—05 ¢ = 007, Uo = 0.5,
S =1, ¥y /Us = —1.2099 1073, E;r,/ugAW =9.7830 107* and X /Uy A~Y/? = 2.0043 1073
b) k=10, 7. = 2, ¢ = —0.0125, ¢ = 004, U = 1, S1 = —1, T,/Us = —3.025 1077,

2; JUs AV? = 2.446 107° and ¥} /Us A~/? = 5.0011 107°. The critical radius 7. is shown in
dotted line.

outward propagating PV waves that turn into circular filaments (Guinn & Schubert
1993; Montgomery & Enagonio 1998; Moller & Montgomery 2000; Wang 2002a,b; Wang
et al. 2018). Montgomery & Kallenbach (1997) suggested that PV waves are responsible
for the inner spiral rainband initiation. In the inner core, continuous modes decay to the
benefit of the vortex through the WMFI. Discrete unstable modes may be excited by
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the subsequent basic-state vorticity profile modification, favor 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 et al. 2014). Reasor et al. (2000)
found evidence in weakening Hurricane Olivia (1994) inner core 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 spiraling rainbands in Katrina
(2005) were also vorticity wave manifestations (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 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 vorticity-wave dispersion relationship.
They spiralled outward 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 the continuous vortex erosion
inside the critical layer. During the slowly evolving WMFI, the CL gradually expells
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 center, through a slow viscous diffusion process,
long, thin and spiraling 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 smaller, so filaments are not likely to be initially perfect spiraling 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 3D 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
has 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
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also advected by its own induced mean flow, forms a spiraling 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 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 2002b).

The chosen envelope régime induces a mean radial velocity of 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 WMFT occurs;
in C17, the mean radial fluxes appear at the next order and in the 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 3D features;
the streamlines and iso-axial vorticity lines do not coincide any longer 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 the vorticity wave packet breaking.
The first non-trivial order vorticity 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 still very weak as the amplitude-modulated neutral
vortical mode is very weakly singular like in the past CL steady or quasi-steady studies
in a vortex (Caillol (2014),C17).

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

A 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; that seems to be a
general result while 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 spiraling motion favors or opposes the breaking? if so, can it saturate it?
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A. The outer flow

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

The system (2.1) after the change of variables of Section 4 is turned into the following
inner momentum equations
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where @ = kr./m.
The divergenceless condition stands for
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For simplicity sake, only the leading-order terms in the viscous diffusions are mentioned.

C. Particular CL velocities

The long functions of integration obtained by CL edge matching are listed in this
Section.
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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: spiraling helices. The velocity at these
points must then satisfy certain relationships. The velocity field is expressed through the
strained coordinate Z so that the latter may be satisfied, for the velocity defined with the
independent variable Z does not generally satisfy them. The variable Z is thus expanded
as follows

Z=27+e2 InepM(Z,2) +e%g0(2)(2,:c) +eln?ep®(Z,x)+ ... (D1)

The deformation functions ¢(* describe how high the streamlines are deformed inside
the CL. A new radius p can be then defined by analogy such as Z = 1/2p% + Acosz. In
the distorted frame (p, ), the MPs are defined by p = 0 and x = 0[27] (Z = A). From
the expression of the height z, we deduce the first relationship after time-derivating

& —mb+ wt O+ m/r W we Ty
2= w =
k k
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

m -
_EH'

w(MP) = ‘z(% -2).

In the referential moving with the vertical speed w/k, the relative vertical velocity is
proportional to the rotational velocity. At CP defined by p = 0 and = = 7 [27] (Z =
—A), both velocities satisfy the same relationship that is written with the inner rescaled

variables

- \% N -
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The deformation functions calculated from (D2) are defined by
oW (Z,z) = o1 Z, ) = %(f(l + w?)Apcosz,
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where the phase xy = arccos[Z*] is the intersection of the Z-streamline with the new
CL axis p = 0. The continuity of Z at either side of the separatrix implies 50(279)(/1) =
¢ (A); this gives the condition

VEOMP) + ?WEO)(MP) = VO(MP) + w*W® (MP).
This condition is easily satisfied thanks to the matching conditions (6.50) and (6.51).

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 and closed domain: he proved that the vorticity
was a constant. That procedure has to be here adapted to the three-dimensionality of
the flow. The momentum equations are in the frame moving with the angular rotation
-Qc = QC,O + 61/2(2(:,1

: 1
8tu+e%8T2!2175><r+Q><u+VH:R—AquF, (E1)
e

with the absolute vorticity Q = V x u + (0o, + €/%01c)e. and H = P + 1/2[u|? —
(00.c +€Y%01,.)?r? /8. The air particles have coupled helical and spiral motions in the CL
neighborhood 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, has a funnel-like shape centered 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 1, intersection of the sheet Z = C'st
and, either the plane z = cst in which case 0 varies over a bounded range smaller than
27 /m, or the plane § = cst in which case z varies over a range smaller than 27 /k. We
then obtain two integral conditions on the cat’s eye viscous flow.

%[Qixuv]-dl+j{[Qvxui]-lere%y{[VxQi+ArVOe9]-d1:—?{8tuy-dl. (E2)

Both first integrands do not vanish like in Batchelor (1956) because 1 is not tangent
to a streamline.

E1l. Condition (E2) in a horizontal plane

The axial-vorticity solution (6.34) is assumed inside the cat’s eye and one integrates
at constant z over 6 on a Z-contour bounded by = = ¢ and 27 — 2, (E2) then becomes

27 /m—xo/m B B
[ el 2me) - w) - (Zme) s =0,

i,pPp 1,pPp
o/m

After the symmetry properties of the Sine Fourier series in (6.34), the above integral is
greatly simplified and we obtain

F(Z)=0. (E3)

E2. Condition (E2) in a vertical plane

The axial-velocity solution (6.42) is assumed and one integrates this time at constant
0 over z on a Z-contour, (E2) thus becomes

EEATA Y P (2.0)—( 5
/ /k Wi,p’p (Za k'Z) - Wi,pyp (Z, k'Z) dz = 07
z0
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we get the same condition (E3).

F. Streamlines

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

dr de dz

— =r— = =

u v w — =
The streamline geometry is here more complex than in the steady mode/vortex interac-
tion case. The streamline radius rs; becomes a function of £ and @ since the streamlines
are generated by the coupling of the wave induced oscillatory motion and the mean flow

induced spiraling motion. The first equality in (F1) yields

(F1)

v [(k% +m)0e + mOo|rst = urst. (F2)

Introducing dz/df from the second equality in (F1), the streamline radius r is given by
the integration of the equation

kree (w—&/k) + mv]0erst + muvdors = Ut (F3)
while the streamline height z; is given by
[Erse (w—&/k) + mv) Ozt + mvOozst = (W — &/k)rs. (F4)
The rescaled inner radius Ry is expanded in this way
Rt = R0+ €2 eRyp1 + €2 Ry + -
The zeroth-order equation of (F3) is Rst,0Rst,0,0 — $i0006Rst,2 = Asinx — Us,

whose solution is R0 = RS&,O = $8i\/2(Zst — Acosz), (F5)

in which the integration constant Z,; uniquely defines each streamline. The Us induced
spiraling motion appears in the © variation of R 2 which is integrated straightforwardly.
We obtain again the expression (6.7): Rst,2,sp = siH2(O).

The first-order solution of (F3)is  Rg1 = R?t,l = %6(1 + w?)Acos .

The second-order equation of (F3) is

[Rst,ORst,os,2]x - SiUOGORstﬁ =S; [V(Q) + w2W(2) - z32]7?«915,0,:10 (FG)
U
+5i(ARp st sinx — UP) + (V) — SiRst,O)6_2-
0
The terms in (F6) yielding a non-zero x-average at constant Zg; are eliminated. They
generate the spiraling motion of Ry 5. The solution R 2,05 is hence

1 X _ TVO(Zyu) .
Rst,Q,os = 5i{§R§t7O(ZSt7 x) — UQ + Rst,IO(ZSt7 x) |:A ) m Sln’U;d’U;
W Zy,, z ,
+ w?A % sinu du — / U (Zot,u) — Uy Rt 0(Zot, u) — sildz du
0 st, st 0

’ UQ

+ (U + U_o) /095 (Rst,0(Zst)) — Rst,0(Zst, u) du + C(Zst)} }
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The spiraling fifth-order motion is given by

% ;U
BodeRst,s = BodeRS, 5 = si(Us — ——Us) + (Uy + U_Z

The integration constant C'(Zs;) is chosen so that the singularity at the meeting point of
the separatrices (Zs = A, x = 0[27]) may vanish. After passing to the stressed variable
Zst, we get simpler expressions
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The radius 7%272 = 0 does vanish on the axis 7~25t70 =0 as Zst = A cosxg. The matching
of R4 on the separatrices, 7~€St 2(Ax) = Rt 2(A, x), is realized thanks to the appropriate

values of the deformation functions ¢(® and ga(Q ©) (cf. Appendlx D). Comparing R and
Rat, we deduce that the departure of Z from Zy is Z = Zg + O(e'/?).

G. The forcings and the related coefficients A; and B;

The expressions of the various forcings 17, E;, and X are displayed here

X
zs :/8ZG5(Z§,xl)d:cl Z(Zy)sin X ppUs

e sinX ,  s_, .1sin®X |
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X X .
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These expressions involve the following coefficients
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H. Special functions

The functions that we have used in the study are defined here:

e E[Z] is the complete elliptic integral,

23 L 2 27z [ 1
o SE[Z]= (241 E[Z—H}: - /O[chos:c] de,
2_% 2
e M[Z]= /[Z—cosx]‘?dx,
m 0
zZ
1 1
KolZ) = -
© Rol= ) wn v

N

1 1 1
o Ki[Za]=2"% - ) dz.

1
o m(SE[z] V22
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