2009/2/5

Beh XL BHRBEPREM G
What are the controls??

EAERR - B

$R&#&  Hung-Chi Kuo

RS S A kT

LB g LRBRIE
T BR R KR
TEF RV
2/9/2009
Weatherford and Gray 1988
The Downstream Influences of the Extratropical
Transition of Tropical Cyclones
Patrick Harr
Naval Postgraduate School 2-Fakrl
F)- S # 2
0000 UTC 16 Sep 2003
GFS Ensembles +00
GFS 500 hPa Ensembles
+108 h
VT 1200 UTC 20 Sep 03
Pt Fe] BE B & 1T 4 7 A R BRI SAD

CRAMER -ELAR - ETEMW




2009/2/5

Tk AT aEsie i Th BT R
B ol iy . i s
it & e FORALAAE | o, Kijam R (2001)
Fio%h thx S @ ga § " 1008 o
% 400mm - . gag e =
i FE-ETER | SOV apigeg
400mm=04m 3
0.4m*1000 kg m3*2.5x1000 kg | 24 K+ MBS | 24010 | sy oms )
B i d ~2*1020 F %
Co PR 8 e
AR < . g ERER
1099 m2* 3.5¢1010m2 i‘:i ﬂ 21020y o
=3.5x1019] ~1020) . - — —r—
HH-SREEL | ggny | FERTE i
B %A "',{ : =
o+ U—'EBa+ Kr+3;n Tunguskart £ 45 23l o
® (5 *1908% > | 1070y B4 \t
1.68% m * 1013 /mol 5 oflE) ik
:f1.46x105 kg U 25(6*10°mol )| | wmads sk (B pony | EERT® | [ ‘
R e WERB AR KB RIRA FHL
VR R g }\ © Bender et al. (1987) Yeh and Elsberry (1993a)

e R

> 1897# 3 2004& FF i 4
%k %3401% - Lok
& #3755 KR o

>3TA0E KRR T F LT
BEHLRITARA > 5
I R S | N
0.33% o

>i#ﬂ%#
® j agh 3 %

TAIWAN o

.15
—ocwon.

celeration

243 36 EE¥ § i 4 Rl
BLIEFALEA A RS
(3 28 e fs)

g S ¥
)8 R hf TR
5 §_Pe B

2001 B $%h » RIFE

A5 5 % C R

I )BT 355mmia >

E AR 20085 + S ARE £ A7
%

24-72/| PR 2 5 4R (Behk
A% ?)

Rl 204

CFza0 % X 4t RT3 I

THBFEZ

AMBER ¥ TORAJI§ /%

HHH6T ﬁ:.ilé

EE":'E)‘,J fF‘ "E;

fr:ti‘ﬂlﬁ‘;ikt ELS IR 2T Y

FLLIZYH #Fi
TORAJI e




2009/2/5

P ) n . Y %
1977-2007 & ®e b B EER ~ BFTERF
oy Y L
A % B Rh e Y- h A RS
BABHERMA RN R ArEH
/mn ma
ETer——) w-1162x 1 5284 5
f— e DO v ¥I0 L WE- 0
. v O e 50 3
Em 3000 £
-
=
-: 3000 3000 =
oo 2 2000 o
1000 i« 20008 wind>20
N . . * Il-l'ﬂ'l:lﬂnllfﬂl
n n W om o m om o3 om oan o i s
ELEL L ) i
Amn !
¥EUNTR =+ T0 ;
s R A
R vmtoseacen | ET . o i
= 7enn AT = L
= ., : .. o 5
S e e (LTS
2 1o ": wm . }’,/" + TOORPRzEAKG L
o = ot i}.t;"’.-, D . T )
- m i,’{,i i - ERAMT T s o i
. - £ e ) JE I (k)
L L o 3 10 15 2 %
£ B
Three Layer symmetric Model
Ooyama #) W&k (1969) —=§ uewms
Jian and Wu (2007) Ooyama 4k — £ oL L& 4 b B & AN Cumulus Parameterization
& Rl B TR MEERR - reduced the multiple scale problems
WRF-ARW modeling system CMERR - RSAR - LRN b to one scale problem
2005 typhoon Haitang s - (Be careful not to play with
4 mAUNE a loaded dice !)
; g‘ul. L L B k2 LU -Buoyancy not exactly zero
#* Best track & f#HaA  [linear theory is wrol
b T W = Nonlinear Dynamics
} ¥ .f' Vs T
I Y M m owm wm m m 4 - EEEHR o shw Importance of air sea interaction
Jd f — SST, WMH CAPE T § 8 S (Initial CAPE NOT important)
)} | == = (REwRETEATA R CAPE
30 = P 1 " g i
ol £ . M_L Mid-level entrainment
g2 Hurricane spin up
= 10 APBLMISE ", PBL and subsidence
: D — frictional driven divergencell! Frictional driven divergence and
timeghr) convergence

47 P AU 8 R

. Ooyama 1969
e important of air-
The important of air-sea o
B 0 . L T T T
i ey interaction to the maintenance
e 1ew s 2L 43 g .
it 37 2k (deflection point) ki3t # fic of tropical cyclone.
AT B A BATER S F D212 B “Tritium measurement indicates
315" 4 .
V{N 60%-80% of the water in the
& 65%(>20") ! eyewall could have evaporated
& oW from the ocean not so long ago.” CAPE
50+ N - 1
24 40/ o ° 1 “Tropical cyclone consumes a
.
20%(>20')  &a ] o v, . great deal more latent heat than
30" ® ] . .
23 .
P . % e o | it can §ol.lect from the . . o s
22. N -5 .{\ 18 wl o .0: o o o | pre-existing atmospheric vapor. L cantrel prassure ]
507100 km L Ceeeme Pa - o .0 . : ; e ‘li;g% ':-'k—-b‘ oo
A _ _ _ 9, oy — X . Huge C.APE without alr—sga .15 Rl o sprinent & A o
120 21 12 123 12 i latitude interaction make NO tropical Ce AE, e Soengy gy o Ton Case A Srchons s sudden
e [Crm0) at §=134 br, to simulate kndiall. In Cases
cyclone. s2d Es, in which 3 b injtially to be 2.0 and 40, respec
tively, there ks no energy sapply from




2009/2/5

+ Hack and Schubert
+ Willoughby 1982, JAS

9{ ﬂz+B§£)+Q{Bﬂz+c§zj:g29+ﬁﬁw
o ror oz ) oz\ ror o) @,or oz

Eliassen Transverse Equation

e
Srnaller 12
75 i

or

20
- gg%z static stability
B= *g% baroclinicity Symmetric Model
o O

erbis Sairee Raabins

v 2r) . " m
c =[f +%](f +7] inertial stability
. o . : 3
Fig. 23 Sccondary circulation induced in a balanced vortex by (a) a heaf sowrce and (b) a cyclonic momgnium
source, slhmyg the distortion induced by variation in incriial stability, 1%, and thermodynamic stability, A%, and
baroclinity, B2, The strong motions through the source follow lines of constant angular momentum lor 1 heat
source and of constant potential temperature for a momenlum source.

Secondary circulation induced in a balanced vortex by
(a) a heat source and
(b) a cyclonic momentum source.
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Fig. 878 Idealized radial cross section through an intense tropical oyclone showing the distributions of clouds, rain, radial
flow and equivalent potential temperature (@) on the left and znmuthal wind speed and angular momentum on the right. The
8, contours are congruent with angular momentum contours. [Adapted from Atmospheric Greulation Systems: Their Structure and
Physical Interpretation, E. Palmén and C. W. Newton, p. 481, Copyright {1969), with permission from Elsevier. Modificarions based ,f; #‘ 23 ok ]
on figures in Mon. Wes. Rev., 104 {1976) 418-442.] v
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Fig. 8.76 The eye of Hurricane Isabel, passing to the northeast
of Puerto Rico at 1315 UIC Septernber 12, 2003. Ar this

time ksabel was 2 category § storm with sustained winds of

F0ms~T. The eyewall dloud slopes radially outward with
increasing height. Lower clotds within the eye itssif are amanged

in a symmetric pattem. [NOAA GOES-12 Sacellite imagery.]

Fig. 8.77 The eye of Category-S Humicane
afternoon August 28, 2005 as viewed from an air
at an alttude ~3.5 km. The ph

aph wes taken looking
F the center of the eye.

toward the east just to the sout
The darker clouds are shaded by the western eyewall cloud
The top of the eyewall cloud slopes radially outward with
increasing height hike the bleachers in a stadium. [Courtesy of
Bradley F. Smull and RAINEX.]
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Kossin and Schubert (2002)
Mixing due to Barotropic Instability 20X20 km
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Advective rearrangement is different from the down-gradient diffusion
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Intensity at the concentric WNPAC

Kuo et al. (2008)25 eyewalls formation time 1997-2005
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Saffir-Simpson Hurricane Scale

® 64.3% in categories
4 and 5 in the western
North Pacific.
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Composite Time Series of the Normalized Intensity

Kuo et al. (2008)
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Non-divergent barotropic model (Nearly Inviscid Fluid)

§§+J(W:§)=UVZ§ vy

The energy and enstrophy relations

1
dE E-= _U E( u? +v? )dx dy kinetic energy
o vF
1., T e VBV IV 13 o o o e et by e
Z= ” — ¢ dxdy enstrophy Fic. 2. Evolution of verticity (shaded) and function con- o
2 tours (bold) for the numerical experiment of Kossin and N HURRIC SABEL
dZ [Schubert (2001). Yalues along the label bar are in units of ¢ o
—=-20vP 1 10~ 5. The shape of the streamlines transitions from a penta- e ERawor WoRH sy
dt P = J‘J‘ 5 \ e dx dy palinstrophy zon to a hexagon and back to a pentagon over & h.
Importance of Asymmetric Vorticity Dynamics
Batchelor 1969
KE & Enstrophy i - =
£ 100 T T 325 08 Complete Merger Partial Merger |
E 80| o8 i
£ i N 17 |
:: 60 EN -l Elastic
8 [ d Int D!
§ ‘ e Enstrophy cascade Bl nteractibn
0 12 24 36 1
Time (hr)
Palinstrophy . Complete Straining Out Partial
2 50 ‘ ‘ Selective Decay of Straining Out 1
2 2D turbulence
5 b ta 04 68 o8 1 12 13 18
= DRy
Time (hr) (Adapted from Dritschel and Waugh 1992.)

Hendricks et al. (2004)

“Vortical” Hot Towers

= The net effect of the hot towers
is to produce strong small-
scale (10km in diameter on
average) lower-tropospheric (
below z = 5km ) cyclonic PV
towers.

= The strong updrafts in the hot
towers converge and stretch
existing low-level vertical
vorticity into intense small-

Vor 100 50 10 " scale vortex tubes.
—— 300km
. m = Multiple
Fewer and Strong?r v9rt|ces o mergers / axisymmetrization
e ag+<h Coherent structure with filamentations of these tubes in the lower
in 2-D turbulence troposphere.
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(A)-(F) The locations of the two mesovortices A and B during the development of
Tropical Cyclone Oliver superposed on three-hourly satellite imagery for the period
0900 UTC February 4 to 0000 UTC February 5, 1993; (G) Tracks of four of the
vortices obtained from radar data. The positions are not evenly spaced and so times
(in UTC) of some of the vortex positions are marked; (H) three-hourly centroid-
relative tracks of mesovortices A and B from 0900 UTC to 2100 UTC February
4[Simpson et al., 1997].

Typhoons Zeb and Alex ;
straining — out regime

Q0 UTC 12 OCT 1668 GMS IR

Kuo et al. (2000 ) MWR

QOUTC 11 OCT 1908 GMS IR

0E 190 140E S0 120E 10E W0 [

Clear gap between the Zeb and the remains of Alex

B h 78 (Bhafy) &8 ——%h PAT &2 RUTH

Concentric eyewalls near Taiwan

'{b) il l uit HB'M GMS VIS JO0M
; *IRUTH \
= )
153 \ PAT
3 25
"J 4 - 2 L] H] a L] Ll
Lorqituce Ruistive 1 the Ceniroid (2003)
.‘" _ 00 UTC 27 SEPT 84 GME VIS
Maemi2003)
Lander and Holland

(1993)

Merger and Elastic Interaction Chaotic Behavior

Typhoon Lekima (2001)
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Formation of concentric vorticity structure in Lekima (2001)

EXPd1 T= 0.00 hr

Dujuan
(2003)

Imbude
(2003}

t=0hr

The contraction and
the increase of

the secondary wind
maximum by nonlinear
advection dynamics.

V(ms™")

distance from center (km)

Binary vortex interaction Kuo et al. (2004)

[ Variables )
Rl,Rz;AZ§1,§2 =

[ Parameters]

. . R
o Vortex radius ratio (r) = R—‘

3 (TC core)

. . A
o Dimensionless gap (E)
1

o Vortex strength ratio (y) = ?

2

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

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

Rankine vortex (a = 1.0)
favors the formation of a

concentric structure closer
= to the core vortex, while
the 2 =0.7 and a. = 0.5
vortices favor the
formation of concentric

e 7 7 7 + 5 & structures farther from the
core vortex.
e e o @ e e @ G
o o /le & & & &
w=07 . ¢ Go clelel e =' =' /
sf e
)
«f o -
3 2 7 + & ¢
e o o - f@V e & - c
e o o /& & ar
_ E] o o o o/e @@ [
a=0.5 » o 0 o ofe » = o
E P
o 2 2 o a4 a
- o o o O a4 a4 L=
e 7 7 37 4 & =&
14

Examples of Straining ' 7\
. -

the vorticity field at out - . .J/'

hour 12,

showing different
classifications of binary
vortex interactions
involving a skirted core

Concentric | &\

vortex.
- i )
Tripole @ (‘:)
Merger .
.
Elastic . . .
Interaction 0 o
. O
—  am m ey

200 km

Dujuan
(2003)

Examples of asymmetric =
symmetric concentric formations.

~12 hours. Imbude
(2003)

Initial A (outer deep convection

region - vortex core distance):

Typhoon Dujuan: nearly 0 km
Typhoon Imbudo nearly 50 km s
Typhoon Maemi: nearly 100 km
Typhoon Winnie nearly 260km

A wide range of radii of concentric

eyewalls s

1987}

10
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Tabde 1. List of Secondary Eyewall Formation Hypotheses With Suswmnary of Revance 1 cur Modelad Humicanes”

mie TERWEY AND MONTGOMERY: MODELED SECONDARY EVEWALL FORMATION [EITH

Tipe

P T — T ——

Typhoon Ida
25, Sep., 1958

Hub
cloud

moat

Fletcher et al. (1961)

Dynamics and Modeling
Research Group

(3 km) Hurricane Rita

Fits MMS$ sismisfation Rain Rase (nem he'')

]

Day —>

L]

e (UTEY

RAINEX (2005)

Fits MM3 simulation (Ski) Rain Rate (me br')
"

Hurricane Cleo (1958)

i e e

Temperature anomaly

i N

i o il — |

! | /N 1'|I\'|~ I \ .»’//’—‘ r
T AR .lu”‘ U N s
L’l, : \Il f

‘
i
—

Dynamics and Modeling
Research Group

[ -

NORTH gy

SOPING
waA_LE

CIRCULATION
CEMTER

Dynamics and Modeling
Research Group

Simpson and Starrett (1955)

1 13 Septembe . The bub cloud (near the center of the
e Uin stratocumulus, Because of e | eer
| (12-14 km tops) behind the hub clud (3 km top) appears or chtly higher
than the hub cloud itself. Photo courtesy of Sim Aberson
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Vertical
p-velocity

Gray and Shea (1973)

Physical space
vertical velocity

Jorgensen (1984)

Dynamics and Modeling
Research Group

Hekght (kimy

if ”ﬂﬂ(
MP z

1

Badiais

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

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.

195112 to 2002702 all vortex centers

% 5%k Vamei
FE- LAFRER

% i Rossby wave train
bHRYEE A S
TRE R A

Cold Surge Rossby wave
trair/ + long-lived
thyhderstorm system

Hurricane Rita
RAINEX (2005)

ELDORA
data show
downward
motion
between the
two
eyewalls

Dynamics and Modeling
Research Group

Cold air outbreaks

Rossby wave trains
Energy dispersion

None zero PV with T
Rossby wave response |

equator—

Day 6

R SR I
| Rdssby wave tesppnse
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Opposing zonal currents N-B 2500km &

8 days
N-B 2500km LB 2500km the wave forcing turned off ]

at day 15 and turn on at day 30

(e)Kinetic Energy (107'm%s %)

(@)finetic Energy (107'mfs %) (b) inetic Tnergy (10
® e

Time (day)
Time (day)

Time (day)

r‘//' 1

K —
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a1 s
X(100km)
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Kuo et al. 2001 155 NCEP ¥ # fray-tracing BERHO®ER 2 S5 W
1 ] ~Hg00Km R S
& s | 1 Y
g -
g0 ] -
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Sharpening of gradient by the 20 August 1994
e monsoon flow [y E% L) et
wiosem) i ot 190t
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Fra 11 Same as in Fig. 10 except for the nonlinear @-plane calculation 1o

Sobel and Bretherton(1998)

Kuo et al. 2001
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<Wu et al. 2004 >

Warming trend begins 1700A.D.
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Tropical Cyclone Track Density
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< Wu et al. 2004 >
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Mean Temperature over Land & Ocean

Lo ' -
= Land LR

8F — 5-Yr Mean L)
- Ocean HEE

Temperature Anomaly (°C)
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1880 1900 1920 1940 1960 1980 2000

Newsweek

April 28, 1975

In an article titled “The Cooling
World” said that meteorologists
are almost unanimous that

catastrophic famines might result

from global cooling.
¥ = SPECIAL REPORT rﬁ] ]
Bussness e Medla Instltute . (s
Cucrume o Exereararss m Asac
FIRE AND ICE N
e alists hi e for 100 yenrs,
bib san’t decide ..."";..,.'. Saviatng | & 9
A
A Time Magazine Time-line R
[ EEEE =) S g 4
and the s thery were Doys are quite Ing Increasingly appre- In ks happaning, and
advance of glaciers in right... weather men have (hensive, for the weather almost nobody questions
recant years have no doubt that the wrld at| | aberrat.ons they are the fact that humare
rise to conjectures of the | [least for the tims being is studying may be the ace of least party
possiile advent of & ew growing wamer. harbinger of anather responsibie. -
Ice age.” 1 i age.”
- i | 3 :
@ [Fumeza7574] Ao 250 ]
- + - + 1

Science Digest

February, 1973

Reports that the world’s |-
climatologists are agreed |
that “we must prepare for |

the next ice age.”

Time magazine's June 28, 1974, story
showed how Asctic snow and ice had

grown from 1958 to 1974,

F=27>

W

SPECIAL REPORT GLOBAL WARMING

HOWITT! |L'l !\IUNM.A!N
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ACE vs May-Nov SSTA (5-30°N, 120-180°E)
[10-year Gaussian-filtered; standardized]
1.5
1
] —SSTA
057 correlation = 0.87
0
05
.
s correlation = 0.23
- 1964 1969 1974 1979 1984 1989 1994 1999

j 2005 Hurricane Season _H

Courtesy of

Chris Landsea
(2006)

Open Atlantic
Ocean Differences

May-Nov SSTA; High vs. Low ACE (2]0.50])
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Atlantic Named Storms
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1070-B9 hurncane days: 921 storms and 3394 huricane days, SST> 2850
North Eastern Western N | North | Southwest Australia/ SE | Australia/ SW | Totals
Atlantic | N Pacific | Pacific Indian | Indian < 100E Indian Pacific
Average 9.7 16.5 25.7 5.4 10.4 6.9 9.0 83.7
Standard 3.1 4.1 4.1 2.1 26 24 31 78
Deviation
Global total | 11.6 19.8 30.7 6.5 12.4 8.2 10.8 100.0
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The best part of waking up, is to see vortex in your cup!!
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