e The axisymmetric 5-region
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Introduction

Motivation: Prior to landfall in Puerto Rico, Hurricane Maria (2017)
underwent an eyewall replacement cycle during which its outer
convective ring remained robust while its inner ring first distorted into
an ellipse and then disintegrated.

WSR-88D images of
Hurricane Maria on

20 September 2017
before the radar was
destroyed. Each image
is ~100 km square.
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e Goal: This work seeks a simple interpretation of this type of event by
using an axisymmetric 5-region vortex to model the basic state of such a
TC and the nondivergent barotropic model (both the linearized version
and the full nonlinear version) to examine the barotropic instability of
several different families of such double-ring vortices.

Axisymmetric 5-Region Vortex

A tropical cyclone with a double eyewall structure has 5 primary
regions: eye, inner eyewall, moat, outer eyewall, and far field.

Schematic of the Axisymmetric 5-Region Vortex
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vortex provides a simple
model for the basic state
of such a TC.

A useful 2D family of such
double-ring vortices that all
have the same far-field
circulation can be defined by
specifying 7 parameters:

Basic State Vorticity (blue)
Basic State Tangential Wind (red)

Basic State Angular Velocity (green)
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and by varying 2 parameters: drog3 = r3 — rs2 and vy
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v, = Basic State Tangential Wind at r, (m s™!)

Linear Stability Analysis

BAROTROPIC INSTABILITY OF DOUBLE-RING VORTICES

Richard K. Taft, Wayne H. Schubert, and Christopher J. Slocum
Colorado State University, Fort Collins, CO, USA

Linearized, nondivergent,
barotropic vorticity equation:
Search for solutions
of the form:
Can also derive the conversion rate (C') between basic state KE and
eddy KE (&) which provides an objective measure of which region(s)
is/are energetically active for a given instability:
df. | < B ) ) —
el C = Z C; where C; =2w (@j_1 — @;) (ru/M )j
j=1
Note: C; = Cs =0 = Innercoreand far field NOT involved
energetically
Linear Stability Results
Example of a 2D family of double-ring vortices:
" Fixed parameters: {r1, r2, drsyg, rrer} = {10, 20, 20, 100} km
Vrer = 30 m/s a=1/2 ~=1/10
= Varying parameters: |5 < dras < 60km and 20 < 72 <70 m/s
Most Unstable Mode (MUM) and Growth Rate Energetically Active Region(s) for MUM
%
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Examples of specific vortices:  nstabilities:
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Nonlinear Evolution

e The nondivergent barotropic model:

e Model details:
= Double Fourier pseudo-spectral code with ordinary diffusion (v = 6.25 m?/s)
= Doubly periodic 600 km x 600 kmm domain with 2048 x 2048 collocation points
= Dealiasing of quadratic nonlinear terms = 682 x 682 resolved Fourier modes
= Standard 4t order Runge-Kutta scheme with At = 1.875 s

e |nitial condition: smoothed version of the desired 5-region vortex using
a basic cubic Hermite shape function over each r; == 2 km interface.

e Nonlinear evolution of vorticity for vortex A:
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e Vortex B: no instability observed through ¢+ = 48 h.

Summary & Conclusions

e The linear barotropic instabilities for several different 2D families of 5-
region (double-ring) vortices were examined. For most families:

= Many of the vortices with narrower moats (like A) have a mode 2 instability
across the moat as their most unstable mode, but many of the vortices with
larger moats (like B) do not have significant instabilities across the moat.

If dynamics beyond this simple nondivergent barotropic framework would
cause a vortex like B to develop a narrower moat like A, at some point it
would suddenly develop a strong mode 2 instability across the moat.

e The initial nonlinear evolution of vortex A is consistent with the
observed Hurricane Maria event: a mode 2 instability develops that
distorts the inner ring into an ellipse.

e |In the absence of any other forcing, the vorticity of vortex A undergoes
significant mixing and rearrangement into a stable tripole structure.
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