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1. Internal structure & variability E5 .3
* Primary & secondary circulations ‘
 Thermal engine
 Eyewall replacement cycle
e External bands
o Circulation in the eye
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NHC Official Annual Average Track Errors NHC Official Average Intensity Errors EVOI utl 0 n Of
Atlantic Basin Tropical Cyclones

Atlantic Basin Tropical Storms and Hurricanes
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Which factors control the intensity of tropical cyclones?

 Internal: thermodynamics and dynamics of the eyewall and of the
external rainbands, ...

 External: SST, wind shear, dry zones, upper-level features, ...
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INSIDE TROPICAL CYCLONES

Primary circulation : tangential (few 10 m/s)
Secondary circulation: radial and vertical (few m/s),




THE PRIMARY CIRCULATION

The centrifugal acceleration of the win )dvades
the centripetal force toward the central pressure(IlBy;

The central pressure lo{lD) results fronthe presence of
warmair aloft ;
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TROPICAL CYCLONE AS A HEAT ENGINE :

The equivalent « Carnot Cycle > emanuel, 1986 3. Atmos. Si., 43 585-604 ]
« Cold Source » at T=T-r5p0

Radiative cooling= 0 |
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In the Evewall :
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Condensation- Heat + Precipitation
D<100 km : 10 cm/jour= 3000 W/n%
[ 1 storm = 2500 nuclear power plants |

Thermal energy : 0,
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TROPICAL CYCLONE AS A HEAT ENGINE :
Air-sea interactions (1)
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CBLAST (Coupled Boundary Layers Air-Sea Transfer, 203-04) :
processes controlling the ocean-atmosphere flux imoyckonditions with
strong winds, waves, sea spray, induced circulatiotiseimceanic mixed layer



TROPICAL CYCLONE AS A HEAT ENGINE :
Air-sea interactions (2)

Heat and moisture fluxes at the ocean surface are thesoaneces of
energy for cyclonic circulation.

Reciprocally, friction of the wind at surface transfersergy to the ocean
through the generation of waves et currents at variousdept

The « bulk » formulation expresses these fluxes as lnmebf the mean
flow and oftransfer coefficients:

Sensible heat flux de chaleur Qs =p Cq |V,i| G (05, 0.i)
Latent heat flux : Q. =pC [Vl L (Ot Gai)

[ Enthalpy flux : Qz = Qs+ Q, ]
Momentum flux (i) :  Qy; = p Cp Vil Vig)

(p = air density, |\,| = wind modulef = potential temperature, q = mixing ration,
Cr = specific heat at cst P , L = latent heat of vaporizajio

Cs = Santon number, C, = Dalton number, C, = surface drag coefficient



TROPICAL CYCLONE AS A HEAT ENGINE :
Air-sea interactions (3)

CBLAST Hurricane Component (2003 + 2004) airborne in situ
and remote sensing measurements + surface andidabesobservations
with dropped buoys and profilers, and platforms
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TROPICAL CYCLONE AS A HEAT ENGINE :
Air-sea interactions (4)

[ Powellet al. 2003 :Nature, 422 279-283 ] © 4r

The surface drag coefficier |

Cd reaches a maximum for g -}
40 m/s wind, andlowly |
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TROPICAL CYCLONE AS A HEAT ENGINE :
Air-sea interactions (5)
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TROPICAL CYCLONE AS A HEAT ENGINE :
Air-sea interactions (6)

Wu et al. 2005 :Mon. Wea. Rev., 133 3299-3314
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TROPICAL CYCLONE AS A HEAT ENGINE :
Air-sea interactions (7)

Chenet al. 2007 :Bull. Amer. Meteor. Soc., 88 311-317

. Surface heat and moisture fluxes
Atmospheric Model

(MMS or WRF)

Ocean Model
(3ADPWP or HYCOM)

A 4

3

Sea surface temperature

FiG. |. Schematics of a coupled atmosphere=wave=ocean modeling system with
the component atmosphere, surface wave, and ocean circulation models, as well
as the coupling parameter exchanges between each of the component models.

Wave Model
Hurricane Frances at 1200 UTC 31 Aug 2004 (WAVEWATCH 111 or others)
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TROPICAL CYCLONE AS A HEAT ENGINE :
Air-sea interactions (8)

200 EE—————————
jawave propagation direction (white vectors
150 S

=3
\"

------

,-.-.-a";.-.. z
!o_r ' C)

EaW HEW

14



TROPICAL CYCLONE AS A HEAT ENGINE :
Pumping the upper-ocean heat (1)
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TROPICAL CYCLONE AS A HEAT ENGINE :
Pumping the upper-ocean heat (2)

Rita weakens before it
reaches the Texas coast

Hurricane Rita
03:00 Sun September 18, 2005 to 08:00 Mon September 28, 2005 UTC

Decreasing « ocean heat content »
In the Gulf of Mexico
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GAMEDE du 19/02/2007 au 04/03/2007

TROPICAL CYCLONE AS A HEAT ENGINE :
Pumping the upper-ocean heat (3)
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TROPICAL CYCLONE AS A HEAT ENGINE :
Climatological Maximum Potential Intensity (1)
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TROPICAL CYCLONE AS A HEAT ENGINE :
Climatological Maximum Potential Intensity (1)
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THE SECONDARY CIRCULATION
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THE SECONDARY CIRCULATION
Observations (1)

Jorgensen 1984 J. Atmos. i, 41, 1287-1311 | .
a conceptual model for the inner careHurricane Allen (1980)
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THE SECONDARY CIRCULATION
Observations (2)

Willoughby et al. 1982[ J. Atmos. &ai., 39, 395-411 |
a mechanisnfor the formation of concentric eyewalls
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THE SECONDARY CIRCULATION
Numerical Models (1)

Liu et al. 1997[ Mon. Wea. Rev., 125 3073-3093 ]
Kinematic, thermodynamic and microphysical structunethe simuated
core region compare favorably to previous observatadrimirricanes.
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THE SECONDARY CIRCULATION
Numerical Models (2)

Liu et al. 1999[ Mon. Wea. Rev., 127, 2597-2616 |
Axisymmetric structuref the storm (6-km horizontal grid) :
» moist inflowin the boundary layer, outfloim the upper troposphere, slantwise
ascenin the eyewall where the tangential wind is maximum ;
» penetrative dry downdraétt the inner edge of the eyewall ;
» weak subsiding motiom the eye with warming/drying above an inversion
below warm/moist aicoming from the low-level inflow and downdraft
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THE SECONDARY CIRCULATION
Numerical Models (3)

VERTICAL MOMENTUM BUDGET

o/ 120 02T/ w
nz(/aoj p,ezﬁ with TI=Ty+71,0=0+0;
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THE SECONDARY CIRCULATION
Numerical Models (4)

Zhang et al. 2000[ Mon. Wea. Rev., 128 3772-3788 ]
vertical acceleratiom the eyewall results from a small differenoetween
vertical pressure gradient fordaioyancyand water loading
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THE SECONDARY CIRCULATION
Numerical Models (5)

RADIAL MOMENTUM BUDGET

u =radia wind componer ; v =targentia wind componer

2
Du u OTt Y
U= Mo (vOl = D) -Gt L+
—~ = total turbulent 5 T oriolis
total local advection diffusion radial centrifuga  force
tendency tendency pressure force
perturbaton
gradient
force
aT[]_ V2

gradientwind balance Cy0y0 +fv

or r
"super—gradient wind : "centrifuga+ Coriolis' forces>"rad presspert grad" force
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THE SECONDARY CIRCULATION
Numerical Models (6)

Zhang et al. 2001[ Mon. Wea. Rev., 129 92-107 ]
Departure from « thermal wind balance »

« supergradient » flow and radial acceleratm@ar the bottom of the eyewall.

V2l + V3 > C0,, omy/or
because of angular momentum
conservation

— net outward radial force




THE SECONDARY CIRCULATION
Numerical Models (7)

Braun and Tao 2000[ Mon. Wea. Rev., 128 1573-1592 ]
e 72-h simulation of Hurricane Bob (1991)6[Aug 00 UTC- 19 Aug 00 UTG using a
36-km gridA
e at 48 h, one-way nested 12-km gBdand a two-way nested 4-km gri@lare
activated (hourly boundaries from the 36-km grid)
e at 62 h (<V> =58 mst, P_. =970 hPa), a two-way nested 1.3-km dbids

ax min

initialized. Both 4-km and 1.3-km grids are moved wttle storm

Time (b



THE SECONDARY CIRCULATION
Numerical Models (8)

 Time-average structuief the horizontal flow is characterized by a wavenumber-

asymmetry(relative to the nearly aligned storm motiand wind shear vectbm the
low-level vertical motionsnhear-surface tangential winanflow and outflow above
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THE SECONDARY CIRCULATION
Numerical Models (9)

e Some air parcels originating from outside the eyewalhmlowest part of the
boundary layer penetrate furthest into the,dlien accelerate outward sharply
while risingout of the boundary layer

 Occasionally higit, air from the eye is drawn into the eyewall updyaftrough
episodic rather than continuous ventmithe eye air into the eyewall
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THE SECONDARY CIRCULATION

Yau et al, 2004 -
Mon. Wea. Rev., 132 3299-3314 Numerlcal MOdeIS (10)
mmwggﬁrfgce Wlnd Surface reflect|V|ty ~ W-E reflectivity
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height (km)

THE SECONDARY CIRCULATION
Airborne-Doppler Radar Observations

tangential wind
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THE SECONDARY CIRCULATION :
Microphysics (1)

Willoughby et al. 1984 [J. Atmos. Sci., 41, 1169-1186 |
impact of cloud microphysics on tropical cyclone stane and intensity
using a 2D axis-symmetric non-hydrostatic model witm2 lorizontal grid size

1020

1000
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Time series of minimum surface level pressure (MSLR) an 34
maximum tangential winds at 3.1 kmwater (W) andice (I) models.




THE SECONDARY CIRCULATION :
Microphysics (2)

Wang 2002a] Mon. Wea. Rev., 130, 3022-3036 ]
— sensitivity of the simulated TG&tructure and intensity to the details of cloud
microphysics parameterizatiomvarm-rain only{WMRN), crystal-snow-graupel
(CTRL), crystal-snow-haifHAIL), no evaporation of raifNEVP), no melting
(NMLT)

(a) Maximum wind speed (b) Minimum surface pressure
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The simulated TC develops more rapidiyd reaches a stronger intensity

for « warm-rain only» , « no evaporation and « no melting experiments
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THE SECONDARY CIRCULATION

Microphysics (3)

CTRL

(a) Cloud Ice
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THE SECONDARY CIRCULATION :
Microphysics (4)

Zonal vertical cross-section Surface reflectivity in 360 km x 360 km
of reflectivity ];_c‘ﬂ.}u,[
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THE SECONDARY CIRCULATION

Microphysics (5)

Taoetal. 2011 :
Asia-Pacific J. Atmos. &ci., 47, 1-16

Simulation of Hurricane Katrina (2005) with the triphested (15, 5 and 1.667 km) WRF model
with six different microphysical scheméscluding the ice phage
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THE SECONDARY CIRCULATION :
Microphysics (6)
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3ICE-Hail 3ICE-Graupel 2ICE WSM6 Lin Thompson
Liquid hydrometeor 46.6% 36.4% 24.8% 50.4% 65.3% 34.2%
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and solid (ice) water species for the Hurricane Katriaigec



THE SECONDARY CIRCULATION : Microphysics (7)

48h 850mb Radar Reflectivity (dBz) and wind vector (m/s)

Be e 4N
27

26

—950  —92.0 910  -900 -
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— Jice—graupel

_ e atent heating is largest in the lower and
middle troposphere for the warm rain only

physics, whereas it is larger aloft in both

« ice » schemes

— modeling studies suggest that the larger
the latent heating is in the lower and middle
troposphergthe stronger the storm intensity
and the larger the eyewalan be.
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THE SECONDARY CIRCULATION : Microphysics (8)

Braun 2006 J. Atmos. &i., 63, 43-64 |
Numerical simulation of Hurricane Bonnie (23 Aug 899

— Water vapor, cloud condensate & precipitation budget

Eyewall Outer Region
o (convective) 24 km (stratiform) 200 km
HFlux = 7> HFlux = 5>
total
In +18 +1—+19 In : +57+4+7=+68
water Out : -12-7=-19 Out : -45-18-5=-68
budget
<‘|F|UX =18 <‘|F|UX =57
[
L L
Precip =12 SFlux =1 Precip =45 SFlux =4
(55 mm/h) (30 mm/h)
[ 100 = 2Cond =2 10°kg s] 41




THE SECONDARY CIRCULATION : Microphysics (9)

TRMM radar reflectivity at 2km MSL Simulated radar reﬂectlww at 2 km MSL
FOUTC A~ 1050 UTC 24 Aug s : -

100

Distance (km)
(=]

1 .
(150" 100 ®
H i 8 L]
40 [
30 e

72 E = =
Longitude -200 100 0 100 200

TRMM 1

Height (km)
Height (km)

f:CFADz
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THE SECONDARY CIRCULATION : Lightning (1)

Molinari et al. 1994 [J. Geophys. Res., 99, 16665-16676 h

e il

! 04 utc 24 Aug 92 9

AT

Variation of lightning in Hurricane Andrew, superingsal on infrared
satellite images. The insets show>aview of the eye and eyewall.




THE SECONDARY CIRCULATION : Lightning (2)

a.c..

Molinari etal. 1999 [Mon.Wea. Rev., 127, 520-534 ]

Ground flash density (from NLDN) for 9 Atlantic hurrices: .

« weak maximum in the eyewalkgion (I before/during intensification
— ~ weakly electrified oceanic monsoonal convection

* minimum 80-100 km outside the eyew@lbsitive flashes)
— mostly stratiform precipitation

e strong maximum in outer rainban@0-300 km radius)

— Mmore convective

o i || [EERE e —g
b, | ZamEs
DR [ e
A Rh Y - k R g TR . . . .
k: #,;‘:é:?% | |5 At « Dotsindicateliquid hydrometeors;
Iatwed « Starsindicatefrozen hydrometeors
=

with increasing symbol size
representing larger graupel or hail.

Cecil & Zipser 2002 :
Mon. Wea. Rev., 13Q 785-801

44
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THE SECONDARY CIRCULATION : Lightning (3)

Fierro et al. 2007 [Meteor. Atmos. Phys., 98 13-33 ]

Katrina Rita
1000 [ T AARAAALLL e AARAMAAL RAAAALAAL 100 1000 T AAARAREAA AR AR T 1300
[ b . [ d ]
[ : ) 980 1 3
980 Joo i 1 2
- 1 - LANDFALL | -
L i B L b= ]
960l LANDFALL ] & . ssof 42002
= m L 4
I 460 = I 1 %
1 8 E i 1 &
940 o L 940 1 @©
s a | ] §
—H40 @ § [ 1 @
| o - . o
920 1 o © 920 =100 on
i £ I ] £
B . < | c
- H20 £ - 1 £
- on - J (=4
900 = 900 ] 3
Ba'u-"' sl i Laiiisnsn s lon s ae s iaal ouissas 1 -U B&u.‘ ......... | A S | P L en o0 04 s | ey _0
25 26 27 28 29 30 31 20 21 22 23 24 25
Days in Aug. 2005 Doys in Sept. 2005

Hourly eyewall total lightning flash ratéetected for Hurricanes Katrina and Rita of

2005 by LASA (Los Alamos National Laboratory’s StefArray)

— The eyewall lightning outbreaksight be a useful forecast tool to predict chaniges

hurricane intensity and therefore to diagnose storansification
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THE SECONDARY CIRCULATION : Lightning (4)

Vertical wind (m 5'1.}

processes to operate.
- theyproduce the
largest flash rates
the TC.

e z=1,028 km; Radar iref'leciivity (dB;Z) Ma;x:SB.?S % z(km}:ﬁ.l_ ; Max / Min = 16.5/ -7.3
t = 1300 min . t= 1300 min L. 9
500 + j" ‘&' *
w00+ K 4 1 S %o s The eyewalland the
| L A RY  NAVARS " strongest rainbands
T AR % AN i contained the largest
u s SR sl ' ugdraftsand mixing
o g\? S : ratios of graupel and
o, Lt - ; cloud water
100100 2;)9 3;30 450 502 GUN 300 : 400 50-0 R they are more
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o ziomn Ve whd(ms!) | N  Tvetdageomy con.dgcwe for
18-E~x(km).3zsu H. 0 ' Max Min =16/ 5.6 o X(km) =326 ' Max/Min=134/133nCm? 1 collisional « Non-
: 1o A N t = 1300 min 1 . .
K B Das " ' Qj 16 4 7 Inductive » charging
T (I '3 -
3 ( | E ]

200 250 300 350 400 450 500
Y (km)

COAms?! CO2ms! T T 46
1 g




THE SECONDARY CIRCULATION :
« Convective » Sources and « Thermal Wind » Balance

Willoughby et al. 1982
J. Atmos. ci., 39 395-411

Height

Heat source
Radius
Eﬂ Smaller N* source
" __*.....,......_‘_..,.___.
Surface —<&— .
Radius




Altitude (km)

THE SECONDARY CIRCULATION : Evolution

L5 %g Tangential

o wind
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THE SECONDARY CIRCULATION :
Eyewall Replacement Cycle (1a)

PRECIPITATIO RADIAL PROFILE OF V,

I
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2 A

T
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THE SECONDARY CIRCULATION :
Eyewall Replacement Cycle (1b)

PRECIPITATIQN RADIAL PROFILE OF VI
T q =
=0 I I S
Tu + 2-3 h

IizI
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THE SECONDARY CIRCULATION :
Eyewall Replacement Cycle (1c)

PRECIPITATION RADIAL PROFILE OF V,
T, I = T, T
| I
I I [:_:,P‘l"
<X
) A’
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THE SECONDARY CIRCULATION :
Eyewall Replacement Cycle (1d)
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THE SECONDARY CIRCULATION
Eyewall Replacement Cycle (2)

Hurricane Intensity and Eyewall Replacement
Robert A. Houze, Jr., et al.
Science 318, 1235 (2007);

Fig. 1. Forecast of surface rain-
fall intensity in Hurricane Rita.
(A) 0715 UTC 21 September, (B)
1115 UTC 22 September, (C)
1715 UTC 22 September. Colors
show the minfall rate (mm h~%
at the sea surface genemted by
the University of KMiami's high-
resolution, vortes-following, cou-
pled atmosphere-wave-ocean
version of the fifth-geneation
Pennsylvania State University'
MCAR nonhydrostatic mesoscale
miodel (MMS) (34) operating at a
horizantal resolution of L4T km.
Imitial fields at 0000 UTC 20
September 2005 and lateral
boundary conditions are from
the NOGAPS global numercal
forecast model (35).

RAINEX

Haight {km}

1]
TEkm

rl vy m il

-4.*- m ﬂvﬂw il w . -‘;-:Eallt

Fig. 2. Aircraft data tellected in Hurricane Rita belween 1800 and 182[} utc 22 September 2[}[}5
(A) and (B) are plan views; (C) is a vertical cross section across the northwest side of the storm
(along the white line in the plan views). Colored lines in (A) denote the flight tracks of the three
RAINEX aircraft: yellow and red are the NOAA aircraft tracks; blue is the NRL aircraft, which was
instrumented with ELDORA. The dots show aircraft locations as of 1830 UTC. The yellow track
segment is for the 80 min preceding that time; the red and blue track segments are for the
preceding 45 min. The yellow NOAA track was part of a wide pattern to determine the broad-scale
structure of the cyclone vortex. The red NOAA track was part of an intermediate pattem, with
shorter legs across the center of the storm to monitor the two eyewalls. The blue NRL track was the
circumnavigation that obtained the key radar and sounding data referred to in this article. The
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* The vertical linebelow the clouds indicates precipitation

» Thin arrowsshow the direction of air motiaelative to the storm. Dashed
segments indicate partially interruptibaiv ;

« Wavy arrowsat the sea surface indicate upward water vapor; flux

* The broad arrowmdicate the dry downward motion the eyewall ;

» The hatched zonehows the top of the near-surface moist laydrch is

capped by the stabilizing and drying effect of sulngjdiir above.
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THE SECONDARY CIRCULATION :
Eyewall Developements

NASA Lockheed ER-2

ER-2 Doppler Radar (EDOP) Views Detailed Super-Anatomy
Of Intense Hurricane Emily During NASA's TCS

Principal Investigator: Dr. Gerald Heymsfigld. NASA GSFC
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Hurricane Hugo
2232 -2310 UTC i'?;;'picmher 1989
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Fici. 2. Store-relative tangential wind profiles of Hurricane Gilbert
from 1012 w 1029 UTC 14 Scptember 1988 (bold, solid line), Hur
rcane Alicia from 1352 to 1413 UTC 17 August 1983 (thin, solid
limg), and Hurricane Gloria from 1932 o 1951 UTC 26 Seplemnber
1985 (thin, dashed line). The three shaded regions delineate the 20

PHASE 2
RAINBAND PBL STRUCTURE

Samsury & Zipser 1995N1on. Wea.
Rev., 123 3502-3517 £#30% of the
external rainbands show a secondary
maximum in tangential wind

INNER SIDE OUTER SIDE

FiG . 14, Schematic cross section of the thermodynamic structure in the Hurricane Earl rainband.
Outer solid contour indicates band cloud edges while other contours represent radar reflectivity.
Horizontal arrows represent crossband component of the wind, bold vertical arrows indicate
convective core updrafts and downdrafts, small downward arrows indicate mesoscale subsidence
regicns and larger downward arrows indicate penetrative downdrafis originating in the inner anvil
region.

EXTERNAL RAINBANDS (1)

Powell 1990 Mon. Wea. Rev., 118 891-

938 ] local convective donwdrafts reduc

B¢ in the low levels

B6




EXTERNAL RAINBANDS (2)

Wang 2001] Mon. Wea. Rev., 129 1370-1394 |
Triply-nested, 2-way interactive, movable mesh modelgiBydrostatiqrimitive
equations, with explicit « liquid+ice microphysicsinitialized with an
axisymmetric vortexembedded in uniform easterly flow of 5 m/s on a « f-plane »

6h

400 km by 400 km
30h

N N N G N G ; Model-simulated reflectivity at the surface
6 10 14 18 22 26 30 34 38 42 46 50 up to 48h in the control experiment




EXTERNAL RAINBANDS (3)

Romine & Wilhelmson 2006] Mon. Wea. Rev., 134 1121-1139 ]

TABLE 1. Summary of hypotheses that have been proposed to explain the formation of core and outer spiral rainbands within
hurricanes. Small-scale bands are defined as observed bands that have ~10 km horizontal scale.

Proposed banding

Case mechanism Brief description Comments

] Inertia-buoyancy waves Outward-propagating disturbance ~ Three gravity wave modes, all with horizontal scales
(Kurihara 1976) excited by eyewall convection much larger than small-scale bands (25-200 km)

2 Inertia-buoyancy waves Outward-propagating disturbance ~ Favored horizontal scale ~20 km
(Willoughby 1977) excited by eyewall convection

3 Inertia-buoyancy waves Inward- and outward-propagating ~ Unrealistic phase speeds relative to
(Willoughby 1978) Eliassen—Palm waves observations, large variation in proposed

horizontal scale with radius

- Rayleigh instability Ekman shear-induced circulations ~ 20-60-km horizontal scale, increasing with radius,

(Fung 1977) in the boundary layer, outward slow to stationary phase speed
propagating

5 Symmetric instability Primarily attributed to eyewall May act as a trigger mechanism for gravity or
(Braun 2002) convection potential vorticity waves of varying scale

6 Boundary layer rolls Outward propagating, driven by Deep horizontal roll vortices, structure and
(GTH98) boundary layer shear with deep propagation similar to small-scale bands

convection

7 Boundary layer rolls Shear parallel boundary layer rolls ~ Shallow roll vortices, over one order of magnitude
(Wurman and smaller scale than small-scale bands, not
Winslow 1998) suggested to cause rainbands

8 Potential vorticity waves Vortex shedding (outward) and/or ~ Slow outward velocity and horizontal scale
(Montgomery and potential vorticity source increasing with radius from center of 20-50 km
Kallenbach 1997) entrainment (inward)

9 Kelvin-Helmholtz instability Propagating gravity wave mode Scale and propagation characteristics similar to

[Testud et al. (1980) based
on mode III waves proposed
by Lalas and Einaudi (1976)]

generated under extreme shear
conditions

small-scale bands, applied to rainbands
associated with postfrontal precipitation




EXTERNAL RAINBANDS (4)

MacDonald 1968 [Tellus, 20, 138-150]

e potential vorticity: PV = L (Oxv+fk) O 06
B absglu'l'e po’ren’rial
air vorticity temperature
density | gradient |
. 4 : 1
» equation for PV D(PV) _ %a 006 +-|0Ox F |8
' Dt P, =>=. P &
latent friction
heating

* Rossby PV wavesin a basic state with a horizontal gradient of PV, a
perturbation of the PV contourgifich are material contoursin an adiabatic

flow) propagates relative to the basic flow.
In a tropical cyclone, the axi-symmetric PV field thvhighest
values in the center, is a basic state on which such vearegropagate®




EXTERNAL RAINBANDS (5)

Guinn & Schubert 1993[ J. Atmos. Sci., 50, 3380-3403 ]

Linearized non-divergent barotropic moddhe non-linear breaking of
Rossby waves in a TC-like PV field leads to irreversibEdatisionof the PV
contours and a horizontal spreadofd®V, until an_ axi-symmetric distribution
IS reached, with highest values in the center.

60



EXTERNAL RAINBANDS (6)

Montgomery & Kallenbach 1997[ QJRMS, 123 435-465 ]
Two-dimensional non-divergent inviscid flow in a « f-p&an:
wavenumber-N Rossby waves propadaben a basic stateharacterized
by a stable vorticity « monopole »

Wavenumber-1 H"..-Ti'mfz ] Wavenumber-2 |

v

153

0.5

0.0




EXTERNAL RAINBANDS (7)

Interaction between the waves and the mean feads to an acceleration of
the tangential wind inside the radius of maximum wawigich increases the
relative vorticity (2 \;/ r) at low radii (= « monopole » distribution )

@  WAVENUMBER-2
PERTURBATION

e LR YT LA I

mean tangential wind change

o
N
el
I
en
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EXTERNAL RAINBANDS (8)

Reasoret al. 2000[ Mon. Wea. Rev., 128 1653-1680 ]
An azimuthal wavenumber{2ature dominates the asymmetry in relative vorticity
below 3 km height in hurricane Olivia (1994)dm reflectivity and wind
composites from airborne Doppler radar data)

T —

Perturbation
vorticity at
3-km height
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EXTERNAL RAINBANDS (9)

Chen & Yau 2001][ J. Atmos. &ci., 58, 2128-2145 |
An initially axisymmetric hurricane was explicitely simated using MM5
(Liu et al. 1997) with constant SST=28°C
- continuous generation of PV through latent heat relaadesi
eyewall(+ spiral bands

T=00h _ j g I-..- |=qhh*

200 P

100 1

1 Horizontal distribution
of PV at 6 km altitude

Y (km)

PV (PVU)

Y (km)

64

\-:.:"703-:-’\-\ = =
200 -100 ©O 100 200 -700 -100 0 100 200
X (km) X (km)




SMALL -SCALE STRUCTURES (1)

Gall et al. 1998 Mon. Wea. Rev., 126, 1749-1766 |
S 89

Radar reflectivity at 0.5° elevation :
perturbation field = actual field — (7 gates x 7 rayg@rage
+ correlation between succesive scans

properties of the small-scale spiral structures.

1) They spiral out from the storm center in a clockwise
fashion.

2) The scale across the structures 1s of the order of 10

= = km.

Andrew - 24 Aug 92 3) They appear to extgnd m;ound the storm for dis-

S e tances, along the spiral, of up to 100 km.

4) From the animation, they appear to move with the
tangential wind.

5) Individual bands can be followed for periods of at
least 1 h.

6) The bands form an angle of perhaps 10° with circles
about the center of the hurricane.

7) Along a fixed radius from the hurricane center they
would appear to move outward.

8) The variation in reflectivity across the bands is about
10 dBZ.
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SMALL -SCALE STRUCTURES (2)

Opal (5 Oct 95) 1km grld

| Romine & Wilhelmson 2006] Mon. Wea. Rev., 134, 1121-1139 ]
.,@Kelvin-HelmhoItz instability combined with boundary-lkay
radial and tangential wind shear.

Nolan 2005] Dyn. Atmos. Oceans., 40, 209-236 ]
Quasi-streamlines rolls, with radial wavelength of 4-10
km, acquire their energy from the vertical shear.
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CIRCULATION IN THE EYE (1)

Subsidence
i f grcee seche
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Latitude

CIRCULATION IN THE EYE (2)

Category 5 Category 3
RITA_22sep05-1218Z W | =
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POLYGONAL EYEWALL (1)

Schubertet al., 1999[ J. Atmos. ci., 56, 1197-1223 ]
Tropical cyclone eyewall occasionnally show polygofiagngular to
hexagonal) shape®ther observations reveal the existence of intense
« mesovortices » within or near the eye region
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POLYGONAL EYEWALL (2)

Barotropic non-divergent model of 200 km x 200 kmtialized with
a ring of high PV in the eyewall, at some distance framgtorm center.

When the instability grows to finite amplitude, the voitiroof the
eyewall region pools into discrete areasesating the appearance of polygonal
eyewallswith embedded mesovortices

/
\._f OFrTiCI Initial Time




vorticity {(10-3 s-1)

POLYGONAL EYEWALL (3)

Barotropic dynamic# the presence of both a cyclonic mean flow
and a high PV gradient near the edge of the:eye
— the propagation of vortex Rossby waweshe cyclonic mean flow makes
the eye rotate cyclonically
— the rotation period is longdat the period of advected parcels because
the vortex Rossby waves propagate upwind
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POLYGONAL EYEWALL (4)

Kuo et al. 1999[ J. Atmos. <ci., 56, 1659-1673 |
The elliptical eyeof typhoon Herb (1996) with a semi-major axis of 30 km
and a semi-minor axis of 20 km rotated cyclonicaliyh a period of=145 min

1525 1543 1601 1619




POLYGONAL EYEWALL (5)

Kossin & Eastin, 2001[ J. Atmos. Sci., 58, 1079-1090 ]
Aircraft flight level data show two distinct regimes ottkinematic and
thermodynamic distribution within the eye and the eyewall :

— 18tregime: angular velocity is greatest within the eyewall and
relatively depressed within the eye

— 2 regime: radial profile of vorticity is nearly monotonic with
maximum found at the eye center

— transition from 1st to 2nd reginean occur in less than 1 h,

accompanied with dramatic changes in the thermodynanictate

: dregime 1
E
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POLYGONAL EYEWALL (6)

 Regime 1 the eyeiswarmand < Regime 2 relative humidity

dry, 0, is high in the eyewall IS close to 100% everywhere,
and depressed in the eye 0. Is maximum in the eye
35 L 1 360 35 | d """" """" { 360
H £ g
30 | 1 350 a0 & - ] 350
_ ¥ °“:I-"-..5 'J‘ 340 :,.-u-..__‘.---.._,..,-_"_-,,__._.-"-.I b ¥ st 1 340
é-) 25 ;§ 25 -
— 20 '330:;20- "’Q'L\M -330;;
15 1 320 '_15P<}‘-~""‘/ 1 320
10 b 1 310 10 | 1310
. 300 5[ 0543-0615UTC 128ep  Regime 2] 900
100 80 60 40 20 O 20 40 60 80 100 100 80 60 40 20 0 20 40 60 80 100
distance from center (km) distance from center (km)

This evolution can be explained through horizontal wigtimixing
— . (idealized 2D barotropic framework)

s o
3, 0h =
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POLYGONAL EYEWALL (7)

Nuissieret al., 2005[ Quart. J. Roy. Meteor. Soc., 131, 155-194 |
Perturbations of the horizontal and vertical wind indlibg (wavenumber-2)
Rossby-waves triggered spiral rainbands in the inner core.
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