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A British Airways Boeing 777-200 aircraft is approaching to land at
Gatwick Airport traveling at 170 kts at approximately 1800 ft. The cloud base
Is 2200 ft, RH = 83%, T = 16.8, Td = 14.5, p = 1022.2 hPa, wind = 6.4 km/h.

Jean Leon Foucault 1851
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Rotation

Coriolis Force

Non-inertial Frame

20th Century
Geophysical Fluid Dynamics (GFD)

Atmospheric Oceanic Fluid Dynamics (AOFD)
is for those interested in doing research in the
physics, chemistry, and/or biology of Earth fluid

environment.
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Multiple Scale Interactions in Vortex

Wave mean flow interaction in stable stratified fluid
Turbulent feed back to the vortex mean flow

2D turbulence
Kyoto Univ. GFD group

3D 2D (strong

Taylor columns Vortex Tubes
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Vortices with sharp edge

Kyoto Univ. GFD group
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Weiss(1981,1991), Rozoff et al. (2004)
D
— (V) =-I(Vy.,0)
iy Dt
- V() exp(At) 1:%(:%,/512 +8,°-¢?
S, = M_N (stretch deformation)
. ox oy
S, = ol L (shear deformation)
oX oy
B Q > 0 (strain dominates)
Var 100 S0 10 & 1 1078 Bt .. . .
— 300km ->vorticity gradient will be stretched
Fewer and stronger vortices !!! Q < 0 (vorticity dominates)
IRE#gARE Coherent structure with filamentations —vortex is stable (survival of eyewall meso-vortices)
in 2-D turbulence

The eddies are small, numerous, and
with long filaments.

Tortured Ocean?!
A serendipitous observation

Time= 12 hr

tion of “ecean color”
ankton), NW North Atlantic

Satedlite (Nir
Photograph taken on board Space Shuttle Challenger {co

aiti
over Meditorranean Sea (Source: NASA) Source: NASA GSFC

Courtesy of H.P. Huang

Jupiter Rotational period 9.84hr

Huang At Robingors; 1998
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(Adapted from Dritschel and Waugh 1992.)

Kuoetal. (2000 ) MWR  Typhoons Zeb and Alex ; Lander and Holland
straining — out regime
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M d Elastic Interacti Chaotic Behavior
Clear gap between the Zeb and the remains of Alex erger and Elastic Interaction
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}E;ﬁﬁﬁ:{'ﬁﬁﬁ Convergence Frictional induced divergence
v

Ooyama: 5 iz g E < IR EE 22 77 4= divergence, subsidence

Emanuel: 52 Ry 5Us THRE B S R

Three Layer symmetric Model The important of air-sea Ooyama 1969
Ooyama & K&k (1969) —= 4 nswmr interaction to the maintenance
Coyama 4 TMs —# L 8w EE LN Cumulus Parameterization of tropical cyclone.
T T A T - reduced the multiple scale problems
to one scale problem “Tritium measurement indicates

MEER - RBAR .
) (Be careful not to play with

. 1 aloaded dice 1) 60%-80% of the water in the
MEMAA - RS R0 -Buoyancy not exactly zero eyewall could have evaporated
. i linear theory is wrong from the ocean not so long ago.”

Nonlinear Dynamics

“Tropical cyclone consumes a

& B BEEHN Importance of air sea interaction

S i (Initial CAPE NOT important) great deal more latent heat than
(BB M0 F 4 2 A B4 CAPE ) I ﬂllle )
T re-existing atmospheric vapor.”
bt LT Mid-level entrainment P € P P
Hurricane spin up -bog ) 200 hr
aPBLEMSS "B PBL and subsidence Huge CAPE without air-sea Fio. 15, Resslts of e ing the |
Trctional drven iivargancédll Frictional driven divergence and interaction make NO tropical et encrey enpply from the ocean to tropical Sy In
convergence 1 o ey i e G
cyclone. tively, there Is m0 eoerRY sapply from the oeemm.
The Downstream Influences of the Extratropical West Pac Track Errors cut in half since 1990
Transition of Tropical Cyclones
Patrick Harr
500
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Hurricane Isabel
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GFS 500 hPa Ensembles
+108 h
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Aircraft observation stopped

Edward Fukada

Acknowledgment: Office of Naval
Research, Marine Meteorology Program JTWC
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Fiorino and Elsberry 1989
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Fovell et al. 2009
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| K = Kessler
- i L=LFO
| — x W = WSM3

V radial profile Tracks

Tropical Cyclone Motion

Earth Gradient

1

Horizontal Shear

e \Vertical Shear Motion processes are

° Asymmetries quite S|mplg, so that if the
large-scale is correct,

e Environmental Interactions then the motion will be
e Structure and Intensity Changes correct. And details of the
core are incidental
“ Holland EMC 0909 33
NCAR

Track Models

48-h Track Errors - Model Guidance
Atlantic Basin Tropical Storms and Hurricanes

Forecast Error (n mi)

Ensembles FasE

L TTRETT 1880 1885 1890 199 000 2008
Year
Holland EMC 0909 34

Error cut in half since 1990 No progress in the last 20 years

NHC Official Annual Average Track Errors.

HHC Official Annual Average Itensity Errors.
Atlantic Basin Tropical Storms and Hurricanes. Atlantic Basin Tropical Cyclones
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www.nhc.noaa.gov/verification/verify5.shtml
Why such a big difference
between track and intensity?

Courtesy of Dr. G. Holland

BRI TSR

What are the controls?? _
... . ¥

Figure 13. Intensity {minimum sea-level pressare) versus the radial extent of 50 ki (60
miileshour) winds in natical miles (n mi) for porthwest Pacific typhoons as measured by
recomnaissance aireraft |Weatherford and Gray 1988]. One n mi is equal 1o |85 km. Large
dats ilkustrate the large differences that can exist for cyclones of the same minimum sea-

level pressure (MSLP) of 940 mb, 23 ki versus 144 ki Note also that the cyclones of skm-
ilar outer radius of 50 knot winds can have MSLP differences as great as 890 versus 975
mb, These measurements are alsa typical of the Atlantic

Weatherford and Gray 1988
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Environmental Factors

Typhoon weakens
over region of cold water or low ocean heat content,
over land or region of decreased humidity,

58 i 528 P2 °F0 6 [ 3¢ E SR R A 5t

( fki%1970~2009F HE R AI208 Z R A PEFIE1R )

20005208 200144%T 2001862 20028K55% 20048 F] 2005%85E
O 2007FIEES 200822885 200884 2008-RECK: 2009355

over region of strong vertical wind shear. o
. ) ) 19908537 1996
However, the variance of typhoon intensity change Ul oot
from climatology is not explained well by the synoptic- ﬁ v e
scale environmental conditions. 1 i
o HISRELZ~4EFE—RER ;
o ) o 20005 DU B3 LSRR IB MR
It is fairly typical for typhoons to strengthen or T i :pjg§¢§§$_:5gag@?ﬁg§pgm;§g
weakens rapidly without any clear commensurate « IR - &
changes in the environment. Kl
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scale flow.

Hack and Schubert 1986 @
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Potential Temperature  Reference pressure

Potential Vorticity
(barotropic)

Reference thickness

P Gtf (_1ﬂ) Potential Vorticity Reference static stability

=Lz TM" (baroclinic)
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Thoughts from the 80’'s and 90's

Shapiro and Willoughby (1982) and Schubert and
Hack (1982) proposed that heating-vorticity
interaction can lead to convective-ring contraction.

df/dt~{¢\/ -V
Stronger¢ near the TC core favors the inward
response

Symmetrical Model

Moat formation and eyewall replacement are
related to the subsidence and the moisture cut-off.

. » Kossin & Eastin

N0 16 UTC 1] Sep

AN (2001)
AN - Regime 1: barotropic

"/\ = unstable regime

" \‘\/d eyewall . . .
A hapd - Regime 2: barotropic

-»a b ’ | onoranas I('i‘:.s.‘r Stable reg'me

Hegime 2

~ They hypothesized
that these changes
may result from
horizontal mixing

Schubert et al. (1999)

IREEEEE]

St b i

Kossin and Schubert (2001)

Vorticity mixing leads to

A case where MPI theory failed! (Montgomery 2006)

process. o Rapld'ln'tensm'cahon !
) What is intensity??
f=ll.,,‘5=lld f=ll.$‘i=ﬂl iy
B 60
= 40
e |t o il
10
7
. . H s
¥ y=0i=02 y=0i=08 H 3
] 1
Tt 4 1R UTE 13 g, 380 T s potor o vt bt ravens L J L
Fic. 2. Evolution of vorticity (shaded) and i ion con- o 3 o o
jtours (bold) for the numerical experiment of Kossin and HURR e}
[Schubert (2001). Yalues along the label bar are in units of . %
10~ 57, The shape of the streamlines transitions from a penta- #rj . Koo no Wing . Sovmt =
jgon to a hexagon and back to a pentagon over & h. L L
Importance of Asymmetric Vorticity Dynamics thick &
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6 End States -

> TO: trochoidal oscillatior "

MP: monopole
SP: slow monopole
MV: mesovortices

EE: elliptical eyewall

PE: polygonal eyewall _

Hendricks et al. (2009) - : os o
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Hendricks et al. (2009)

o A

Vortical Swirls in Typhoon Eye Clouds

v 4 Kossin and Schubert 2002

v'Maximum intensity of 3.5 m/s at
z=7 km is about 1/3 more than that
in the 6-km model.

v'The wavy vertical motion structure
in the upper outflow layer is
indicative of inertial gravity waves
and may be caused by the use of too
coarse vertical resolutions.

v'The largest 6, at the lower levels is
not located at the eye center, but
rather in a very irregular ring-shaped
zone right inside the eyewall

Hiight (km)

v'This high 6, ring may lead to the
development of stratocumulus in the
eye below the inversion as a result
of strong potential instibility.

Hurricane Rita
RAINEX (2005)

ELDORA
data show
downward
motion
between the
two
eyewalls

Dynamics and Modeling
Research Group

Temperature anomaly

Typhoon Ida
Hubcloud 25, Sep., 1958

Hurricane Cleo (1958)

moat LaSeur and Hawkins(1963)
Fletcher et al. (1961)
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i H [ ] . | Gray and Shea (1973)
Vertical s
p-velocity .Q.M ' ' t
£ .
fud
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Distance from RMW (=)

Jorgensen (1984)

Physical space &
vertical velocity i.-

Dynamics and Modeling
Research Group

Concentric eyewalls near Taiwan

Bilis(2000) Lekima(2001) Dujuan(2003)

Maemi(2003)

WNPAC Concentric eyewalls formation

locations, intensity, and tracks Kuo etal. (2009)

40N
— Apr, May, Jun
—Jul, Aug, Sep
a ——O¢t, Nov, Dec
WN -
200N
10N
£
=]
(=)

qIODE 1M0E 120E 130 E 1401 &

Q: <120kt o
®: >120kis 4

11
Knaff and Kossin (2003)
1.0 annular
WNPAC con
0.9 48
0.8
- WHNPAC non-con
> 07
0.6
0.5 Emanual (2000) WNPAC
. 72
0.4 Emanual {2000) ATL
‘ 56
0.3
-80 -60 -40 -20 0 20 40 60 80

time(hr)

Key feature of concentric eyewall formation appears to the maintenance
of a relative high intensity for a longer duration prior to formation, rather than
a rapid intensification process that can reach a high intensity.

Kuo et al. 2009

A major issue in understanding changes in typhoon intensity

Black and Willoughby (1992)
i Hurricane Gilbert (1988)

B 2211
i - 4

2182 pisa

122 Development of
12 sestener 9/131 symmetric structure

| from asymmetric
convection in 12 hours

The contraction of the

Outer tangential wind
-~ maximum

Core vortex intensity
remains approximately
the same during

the contraction period

Inner core dissipate,
TC weakens

Concentric Eyewall formation

Kuo, H.-C., L.-Y. Lin, C.-P. Chang, and R. T. Williams, 2004: The formation of
concentric vorticity structure in typhoons. J. Atmos. Sci., 61, 2722-2734.

Kuo, H.-C., W. H. Schubert, C.-L. Tsai, and Y.-F. Kuo, 2008: Vortex interactions and
barotropic aspects of concentric eyewall formation. Mon.Wea. Rev., 136, 5183-5198.

0935-1935 LST

10
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Binary vortex interaction  Kuo etal. (2004,2008)

[ Variables)

R,,R,; A; §,,4,| Beta-skirt G2

[ Parameters] %
e Vortex radius ratio (r) = % .

2
o Dimensionless gap (% )
1
o Vortex strength ratio (y) = %
2

® An extension of Dritschel and Waugh'’s (1992) work.

B |n addition to the radii ratio and the normalized distance
between the two vortices, the vorticity ratio is added as a
third external parameters.

=07 y=7 r=1/4 AIR,=5

1=0hr t=6hr t=12hr
The formation of @~ .
e formation o e \ 4
- o @ B
concentric eyewalls ’ N R
o e
e
-
wor 0100 B8 36 10 0t

200 km

The contraction of

the secondary wind
maximum by nonlinear
advection dynamics.

Double eyewall of different sizes maybe explained
by the binary vortex interaction with skirted parameter

Pt

2003/09/10 09252
0 0000 Z 150kts)  (PO0XTH/0 12002 150Kts)

2003/09/09 2200 Z
(2003TAM.

[THTH TERWEY AND MONTGOMERY: MODELED SECONDARY EVEWALL FORMATION [THTH
JGR 2008

Tabke 1. Lt of Secondary Eyewall Formation Hypotheses With Sumwmary of Refevance 1 our Modelad Hurricnes’

Nefevance w Cumet
Hyprehenis Sumvenary Mol sl Tipe

Diom altats foen e pracmary
eyrwall forve 3 ring
of comvertne updrafh.
Intermal rescrunce berw em No sdematic st matken A
cal irtia perid and e malited shorron
wymmenc rction doe 10
.

Mowkion [1965] |'!I\". Feage- N opographic kercieg. o
Maemi . ) nth wommlationn
{2003] Wilkmgphby o ol [19%] e moroplysace. A
prodoces sewndary eyew all
Molimars and Snd Symope-scale forcmg o symoptcacale forcmps o
frise—— .. il wstpe, he smabatane
sectiel
Interral dyramice st [ErTP—— )
1997/08/14 10312 1997/08/16 0154 2 .
(1907/08/14 12002 110kts)  (1997/08/16 0000 Z B5kis)
;JW-‘ - N nd Bt 12000} [P — A
e e h s v . [3084 2006] Tossdble explasaion 5
Winnie a
(1997)
“The type cokime refers 10 e Type of el or cheeey atmoes hat were esedd w formubee e Bypofess. [ sunds o observeumally- hased, A s for
syt mwddd. N ands for sotnoy oy model
Kuo et al. (2008)
Kuo et al. 2008
wo o wos S sveany iz meweans msz Filamentation time (Rozoff et al.,2006)
JGR 2008 "In o
e
| ?:g:a‘- D_tm = _m u PITAY ®om
I 1 L \
[ e | 1 “’] [
G T 531 =, — v Stretching deformation .| | / Tt
", " 1 £*IM  angular velocity 7
- = = ticit
= ! P zs,_v,ﬂ,,mm yorticity “
- P Imbudo !
1 ‘:' 9] (2003) of o
=i - I when 52 4 52 — 72 o« 1), rostwrtlon chominmited e el

T & Prpes T pere—

Importance of the vorticity axisymmetrization dynamics +
convections.

Need to understand both the vorticity generating meso-
scale processes in the TC environment and the detail core
structure.

atarece trom husmicara certer e

1
TE(E) o EPEW - S} - S%}!t] > The strong differential rotation

associated with the core vortex
) whea 55 + 55—° > L strain dominated

i
W) o exp5 57 + 53 - %]

» 7w =2(5+55 -¢?)"? <30min : rapid filamentation time

11



2010/4/26

B Time= Ohr Time= Ghr
1

1997-2006

- Vorticity
62 CE cases | a4 T .
1 Lt r- )
| 2
| s 4 cat5 I
| S _—
1™ e - I {s
a 1 oS ’/-"' | L
| 1 {— B =
P a8 e e e e » OF 18 1% 0 3%
d, ! :
fe) masl¥) () 'l
] 3 .
28 ¥- 0328 uaa?;g 28 o
Cat4 i F=010 i ot clse Tima = 12 hr 'lle = 18hr
[ -
=g £
- o
" e B — Conserves the
asl= 0s angular
% us s 15 20 a5 3 %o 8% 18 13 =0 23 impulse
dyir, d,ir,

P gn .
The rapid filamentation process tends to make an important contribution to ” Ty (8 i ”I'r"l
the organization of the moat in strong typhoons, especially in cases
where the maximum winds are greater than 130 kts.

Kuo et al. (Nov. 2009 MWR)

Melander et al.
1986

Large variability in vertical
motion.

Rainex 2005

49%

High resolution appears to be
crucial in concentric eyewall
simulation.

24%
PP
++

22%

1997 Winnic
Type:NN

2004 Ch
Type:NF

Kuo et al. 2009

ot o = 503 W

Typhoon Morakot (2009) : kLl . 5 2009/8/7 CloudSat

Interplay of Southwest Monsoon, Terrain, and Mesoscale Convection s

Courtesy of CloudSat web
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Chen et al. 2010

Slow movement (long dura
Mesoscale convection
Southwest monsoon surge
Asymmetry in convection

Terrain
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Northeast Monsoon surge
Typhoon Lynn (1987)

Flood in Taipei city
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Research Issues in Typhoon Intensity (and Structure)
Spatial correlation of potential vorticity and diabatic heating;

Why no concentric eyewall in some intense typhoons? Why
different intensity change in CE;

Multiple scale interactions;

Triggering mechanism for outer bands dissipation before RI;
Inertial gravity wave radiation from the inner core;

Target observation and data assimilation;

Air-sea interaction;

Typhoon Intensity Forecasting with Limit Resources
Multiple scale interactions in the model;

High resolution model with explicit convection (expensivel!);
Data assimilation, bogus vortex initialization;

High resolution deterministic and low resolution probabilistic
forecasts;

Relevant details of air-sea interaction (parametric or explicit);

More observations and to fully utilize observations in the
models;

Many more..............
Many more.............
Thank you!
e b
A painting with filaments!

R BB - e

A ¥

¥ A5

Thoughts from the 80’s and 90's

Shapiro and Willoughby (1982) and Schubert and
Hack (1982) proposed that heating-vorticity
interaction can lead to convective-ring contraction.

d/dt~{¢\/ -V
Stronger¢ near the TC core favors the inward
response

Symmetrical Model

Moat formation and eyewall replacement are
related to the subsidence and the moisture cut-off.

@ Tropical cyclones of sufficient strength (e.g.
sustained wind speed > 120 kts) often form double
eyewalls. Inner eyewall weakens and/or die.

® Area of asymmetric convection outside the core
vortex that wraps around the inner eyewall to form the
concentric eyewalls in about 12 hours.

@The contraction of the secondary wind maximum
and the formation of the moat are features of the
vorticity dynamics. The moat formation by subsidence,
rapid filamentation, and advective dynamics.

18



2010/4/26

® Double eyewall of different sizes maybe explained
by the binary vortex interaction with skirted parameter.

® The pivotal role of the vorticity strength of the core
vortex in maintaining itself, and in strectching,
organizing and stabilizing the outer vorticity field,
and the shielding effect of the moat to prevent
further merger and enstrophy cascade processes

in concentric eyewall dynamics.

@ Formation of concentric eyewalls is important for
the TC intensity problem. A self-limiting process for
TC intensity. A natural “STORMFURY”.!!

® The organizational aspects of outer eyewall
formation from an asymmetric vorticity field outside
the cyclone core. The importance of core vortex
structure, the moat, and the spatial characteristics of
the vorticity field outside the core in the formation of
double eyewalls.

@ Need to understand the vorticity generating meso-
scale processes in the TC environment.

Summary
The interplay of southwest monsoon, terrain,
and mesoscale convection are the key factors
to the tremendous rainfall in Typhoon Marokot
(2009).

Monsoon + typhoon + mesoscale convection
in multiple scale interaction.

Terrain effect on the typhoon translation speed

Annual and decadal variations?

Non-divergent barotropic model (Nearly Inviscid Fluid)

Serivg)=ove [Vu=¢

The energy and enstrophy relations

d_g =207 2:” %(“Z +V? )dx dy kinetic energy
dt .
z= H B ¢ dxdy enstrophy
dz
—==-20%P , | .
dt (P=” EVCV{ dxdy palinstrophy

Batchelor 1969

Fig. 876 The eye of Humcane lsabel, passing to the mortheast
of Puerto Rico at 1315 UTC September 12, 2003. Ac this
time biabel was a category § storm with sustained winds of
-70m s, The eyewall cloud slopes radially our
...... sirgg herght. Lower clowds within the eye itself
ina symmetric pattemn. [NOAA GOES-12 Satelice imagery |

Fig. 8.77 The eye of Category-5 Humicane Katrna laze

tri
reraf
at an akitusde 3.5 km. The phocograph was raken looking

toward the east just ta the south of the center of the ope
The darker clouds are shaded by the westen eyewall cloud

The tap of the eyewall clowd sopes radially outward with
increasing height ke the bleachers in a stadism. [Courtesy of
Bradiev F. Smull and RAINEX |
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Racius {km)

Fog. 8.78 Ideakized radkal cross section through an intense trapical cyclane showing the distibutions of clowds, rain, radial
flaw ard equivabentt potential temperature (6.} on the left and azimuthal wind speed and angular momentum on the right. The
#, comtours are congruent with angular momentum contours. [Adapted from Atmessheric Cimulation Systems: Theie Structure and
Physal Interpertation, E. Palmén and C. W, Newtan, p. 481, Copyright (1969, with permission from Elsner. Modifications based
on figares in Mon. Wea. Rev., 104 {1976) 418442,

Nonlinear Response of Atmospheric Vortices to
Heating by Organized Cumulus Convection

200 ; 40.
| I
5 600 hRh 1

.

RADIUS OF MAXMUM WIND (km)
MAXIMUN LOW LEVEL WIND (m/s]

TIME [hours)

Fic. 3. Radius of maximum wind and maximum low-level tan-
gential wind as a function of ime for the invariantly forced balance
system. Dotted lines correspond 10 a maximum forcing at 400 mb, 116
solid lines correspond to maximum forcing at $00 mb, and dashed
lines correspond to maximum forcing at 600 mb.

Hack and Schubert 1986

dP

x H-C, (3.1)
dK _

-G (3.2)

where
P= IJ. ¢, Tprdrdz, (3.3) Total potential energies

K= jf % Pordrdz,

(3.4) Total kinetic energies

(3.5) Total heating

H= J‘I Qpordrdz,

(3.6) Rate of conversion of
total potential energy to
kinetic energy

c= I f £\ bprdrdz.
fy

c= f f £\ *9pRdRdZ. a7
bo o[ 3Ry
“"“‘““”"(‘EE'R&R
o[y
c Ifu’a soaRRdeZ. (3.8)
*, =£§2 "=.§-a—s-
AT L =4 3R

C= ~f Y*L*x*RdRdZ = —” x*L*Y*RdRdZ
Self-Adjoint property

C= f f 1*QpRARAZ == C = J. f nQprdrdz

J-J- qurdr&z

)

-_C .
Hack and Schubert 1986 n= ﬁ = System efficiency factor
17 ff Qprdrdz 18
Hack and Schubert 1986
Eye rotation is nonlinear Wy o) > 3yd)
T=0 min T=0 min | =
b ¥ sht e 1 | N <618 I-piane Tt 4 Smaller
__ . L | L T 7
ol | % e = g = eonstant &
‘. [ : ' i : o & ] Smaller N?
—— . - = Surface —i
L] () A s Sanrce Raabins
2 T= 144 min T= 144 min S0, howtpe (b ditortion iduced by vaition n sl it ‘:*;‘J::,T.:(L“’,.:,?f;::;:ﬁim and
—¢+3(w,¢)=0 . ) ) Baroclinity, B*. “The sirong euotions through Lhe sourc follow lincs of coastant angular mementum for a'heat
61: ! source and of constant potential lemperature for a momentum source.
p— = Secondary circulation induced in a balanced vortex by
Coherent vortex L } : (a) aheat source and
S (b) a cyclonic momentum source.

Dispersion resistant
Vorticity Dynamics
Nonlinear Dynamics
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Eliassen Transverse Equation - Hack and Schubert
+ Willoughby 1982, JAS

(a2 o2). 2 o2y . c2v). 820, e

or\ ror oz ) oz\ ror o) @,or oz
20
A static stability .
Bzfgi‘j—f baroclinicity Symmetric Model
X
c :[f +5%“’](f +5j inertial stability
ror v

PV=AC-B’>0

elliptical equation

A large C large
B~0 B~0 B#0
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