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e Physics of Typhoons

e Current understanding /BN
e Challenging issues \ | ® %
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Annual Global Surface Mean Temperature Anomalies
Mational Climatic Data Center/NMESDIS/MNOAA
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Climate-change science

—a complicated and interdisciplinary subject
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Beaut and the Beast

LS
(high rotation)
NS4S IR Rttt
(strong divergence)
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(fast air-sea interaction)
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(multi-scale interaction)

(terrain effect)



Challenging scientific issues related to TCs

TC movement

TC genesis and intensity change
TC-ocean-biogeochemistry interaction A
TC response and feedback to climate change |

TC-tectonics-geomorphology-seismology
(Dadson et al. 2003, Nature, Links between erosion,
runoff variability and seismicity in the Taiwan
orogen)

Significant societal impact of TCs in Taiwan

Direct/indirect damages, losses, and casualties
Cost of the false alarm or over-warning
Impact on landscape: erosion/landslide/debris flow

Management of water resources

* Intellectually challenging £t
* Significant contributions to the society | s




Hurricane as a Carnot Heat Engine
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Ratio of exchange Outflow Air-sea enthalpy
3 coefficients of temperature  disequilibrium
enthalpy and
A momentum Emanue | 995

t IS Important to have beauty in one’s equation than to have
hem fit experiments. Paul Dirac (1902-1984)




Climatological Theoretical MPI MAP




Accumulated rainfall from Aug. 6 to 10 associated with Typhoon Morakot

Be = = B e —
A hotel building fell into the
river. (Taitung)

A bridge linked Ping

An aerial view in Chiatu

Taimali, Taitung

Landslide in Pingtung A railroad in Taitung




Typhoon Morakot: Radar imageries during 0600 UTC 06
Aug ~ 1200 UTC 10 Aug
(102 hours)
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Forecast Error (n mi)

Long-term decreasing trend in TC track prediction errors

NHC Official Annual Average Track Errors
Atlantic Basin Tropical Storms and Hurricanes
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Why?
Push the limit of predictability?
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Track of Typhoon Torajie on July 29-July 31, 2001.



Accumulated rainfall (with contour interval of 30 mm)
during passage of Typhoon Toraji (July 29 — 31, 2001).



Very limited progress in TC intensity prediction

NHC Official Annual Average Intensity Errors
Atlantic Basin Tropical Cyclones
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Internal dynamics — VRW, spiral rainbands, mesoscale vortices, eyewall processes
Environmental control — shear, trough-interaction

Boundary processes — sfc. fluxes, ocean mixing, sea spray, waves, land/topography

(Wang and Wu 2004)
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Numerical Weather Prediction

Governing equations

sEquation of state.

(u,v,w,p, T, p,r)

Momentum equation.(Newton’s Law)
«Continuity equation.(Conservation of mass)

*Thermodynamic equation.
*\Weather vapor equation.

\ 4

Difference equations

Artist’s Representation of the Earth Simulator

+

Numerical algorithm

model

=
Idealized I.C.
\ Numerical —

@

e prediction
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Plate 23: Two trajectories on the Lorenz attractor with color indicating distance to unstable
steady states.

Prof. Edward Lorenz

The magic of coffee!

Chaos — butterfly effect —

Sensitivity to Initial conditions; nonlinearity;
complexity; non-periodicity.



Sensitivity to Initialization

Tracks of Typhoon ZANE (1996,/09/27/12)

: Lupit, Oct. 2009

ZANE_TFS99GNB
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120E 125E 130E 135E 140E

Wu et al.
(2000)




Improving the understanding and
prediction of the TC systems

USWRP (1995-) (in memory of Dr. Yoshio Kurihara)
e Optimal mix of obs.

e Hurricane at Landfall

* QPF Dynamics of the
typhoon system

/\.

Dynamics of
the model

Added values Initial condition

New
Observation

Multi-scale interaction
Data assimilation

and/or Initialization
(Wu and Kuo Terrain/PBL effect
1999, BAMS)

Air-sea interaction




(Wu et al. 2006, JAS)

- Tracks of Typhoon Zeb (1998) =Y
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(Chun-Chieh Wu)

(Wu et al. 2002, WF)

(Wu et al. 2009a, b, MWR)
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Typhoon-terrain interaction

Typhoon movement

(Jian and Wu 2008, MWR)

(Wu et al. 2003, MWR)
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Typhoon-ocean interaction

Typhoon-climate

(Wu et al. 2007b, JAS)

(Wu et al. 2007a JAS)
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Dropwindsonde Observations for Typhoons near the Taiwan Region

Astra Jet (DOTSTAR)
g - Global/TC model
ma, ec | T
CMC, KMA
v.
“ | NCEP/FNMOC
A‘:al time
- P CWB

- o Global/TC model Ana./Fcst. <
Satellite comynunication (Inform. Center) | ® ( Forecastin g
center )

AVAPS l /
On-board data reception NTU/Research team |,
(Wu et al. 2005a) Archive Research

Research Grants: NSC, CWB, ONR, Academia Sinica




Dropwindsonde Observations for Typhoon Survelllance
near the Talwan Region (DOTSTAR, 2003 — 2009)

——E— Up to 2009, 45 missions have been
o Foitiiow b [ 7 conducted in DOTSTAR for 35 typhoons,

+ 2008 Mission:

+ 2006 Missions é T
+ 2007 Missions ), m .

ot
2X

iy S O with 751 dropwindsondes deployed
RN during the 239 flight hours.

T@Q’ ' 30 typhoons affecting Taiwan

20N O\ g ;
Y \‘:,\‘ s, 351
AN . '7 | 21 NSl
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115E 1%E‘”;& 130E 135E 3 typhOOHS affeCting Korea

25N -

23 typhoons affecting (mainland) China
T typhoons affecting Japan

10 typhoons affecting Philippines

» Useful real-time data available to major operational forecast centers

 Positive impact to the track forecasts to models in major operation
centers (NCEP/GFS, FNMOC/NOGAPS, JMA/GSM
Wau et al. (2005 BAMS, 2007a JAS, 2007b WF, 2009a,b,c
 Targeted observation MWR), Chou and Wu (2008 MWR), Chen et al. (2009 MWR,
JAS), Yamaguchi et al. (2009 MWR), Chou et al. (2009 JGR)



NCEP GFS Impact from 2003 to 2008

(All 36 cases)

40

400
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N
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Track error reduction (%)

Paired t-test statistical examination
* : statistically significant at the 90% confidence level

** . statistically significant at the 95% confidence level

Wu et al. 2010a



Background on targeted

observations

 Adaptive observations : observations targeted In sensitive
regions can reduce the initial condition’s uncertainties, and thus

decrease forecast error.
e Targeted observation is an active research topic in NWP, with

plans for field programs, tests of new observing systems, and
application of new concepts in predictability and data

assimilation. (Langland 2005) ran—
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15 X 66 19 5 B S 1 S ( FDA ) B BIEA
RRAUIERE © (5 I S0 GR ) U R LR 08 I3 £ W ST
S04 ERCEDMIMESE - 5058 1T A SRS i iR
2 WISIUSEImE - TR A AR A
’ # - TILURHE - BESHIRSHnRIGER RS

» e ®-
A 25 1L R 0 I AN O A BB T ¢ VR
BB - RS RIS
WIS BRI« FBTE TG - CLLBIEES
B o
B2 ﬁﬂwﬂlﬂﬁ!ﬂﬁi’éﬁuﬁ? RRATHEI D= :
e : O — SR G S B0\ D T
ARIFEFHE ( Tarcova ) FIHSHITE/ BERENSS - 28

(Wu et al. 2006, IWTC-VI, San Jose, Costa e s nrmm




What means “sensitivity”?

» Direct sensitivity — very inefficient.

1%, > model >X

|

« Adjoint sensitivity: an estimate of sensitivity of model

output with respect to input based on the adjoint model
(Errico 1997).

Wu et al. (2007a JAS) )




Adjoint Sensitivity

Non-linear model : X, ,=m(X,)
If there is a perturbation A X, , we can use a first-order Taylor series
approximation to get :

BX gy > T

n = M3X,, --—-Tangent linear model

_ _/ @R _/ @R
R=R(X,,) ——|8R = <ax X oy >_ <ax M 6xm>

out out

Yoo

8X " ! AdJO|nt
R o R relationship
axin_ _ axout ‘ :<I\/IT °R ,5Xin>
Adjoint model « OX ou

Wu et al. (2007a JAS)



Impact of targeted observation in DOTSTAR :

DS Pos
2500 [ty Sensitive analysis result
- L e Sensitive region
2 = shows vertically
accumulated total
energy by the 1st moist
singular vector,
|| @ Targeted area for the
C(i>NSON’smc:enter positi SV calculation is 25N-
15TJ‘?;S“DO' 117°30° 120°00" 122°30 125“‘02):5‘00‘ SON’ 120E-130E.

OSE result on CONSON'’s (2004) track forecast

| Wind & Z at 500hPa

120° 130°

T i e T . ™| Red:(l) all dropsonde obs
o o v
+ ram) Blue: (I1) no dropsonde obs
— {bs Green: (I11) Three dropsonde
B obs within the sensitive

region

- 20

[
T
120° 130°

Significant improvement of a “bust” case ~ (Yamaguchi et al. 2009, MWR)




THORPEX-PARC Experlments (2008) and Collaboratmg Efforts
72 Uogrdcled - .- TR
/" RadigsibE Net o)k rorJ

Understand the Ilfec cle of TC
and improve its predictability —

» Genesis

* Intensity and structure change : NRL P-2 and

 Recurvature (targeted obs.) _ £ SEAIAPER Wlth the §
ss— a2 < | D! R Wind Lidar

. Extra troplcal transmon (ET)

DOTSTAR



THORPEX
pacific Asian Regional ca'""ar'gn
obeX TCS-08 Tpy ou
DOTSTAR
S

T-PARC Operations
Science Leadership

Science Steering Committee (SSC) rearcpianing mectng. sapan, 200
Chair: Harr (US), Co-Chairs: Nakazawa (Japan), Weissmann (German),
TCS-08 Rep: Elsberry Korea: Lee, PRC: Chen, Canada: McTaggart-Cowan,
Ex-Officio: Moore (NCAR), Parsons Toth (NCEP).
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: aljyoperations cer
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! P Al Tropic of Saneer
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DOTSTAR + Falcon + P3 + C130,
52h + 85h + 165h + 215h = 507h flight hours, unprecedented!
173 + 328 + 604 + 343 = 1448 dropwindsondes

ARSHALL
Sli.ﬁ.NDS A




SW SINLAKU EFS
Ua-1 89H
SAT IR

Typhoon Smlaku
NRL

j' ; 19 Sep 127 2ah
: 19 %Lpf}lﬁf

/g— 9 bcp 00Z

18 Sep 127418 Sep 182

: 18500024 "~ Extratropical  Hi
Recurvature . o115 122 2" Transition ,
15 SLTD |-:'\r|',\b‘§{;pd-] E‘Z:-*ﬂl '; SCD {':":':IZ i ..l!-\ ™ !énellbllnsst_product “html
I'55Sep ﬂﬁ?’g 16:Sepl06Z : z = 245 |25 265
14iSep 06Z4l 4 Sep 112 A
o, Terrain effect _
12 Sepil8Z O The concentric eyewall structure can be

2 Sep na?q{sw 122 clearly viewed from the satellite images at
12 Sep 00Z 0445Z , 0900Z, and 1134Z on September 11.

11 Sep 1278 11-8¢p 182

Targetecl]1 o {11 xnr 06Z

00240 s.p IRtensification :
ObSEWQIJQOgM i S;w O When Sinlaku went through an eye wall

! replacement cycle on September 11,
TC-oteah™ '\ Structure change P Yy P
%09 Sep 122 started to weaken.

09 Sep 067

interaction . ..
08 Sep 187

01 Sephgy ¥ 11 SEP.

S SV Qsepoz D The new primary eyewall formed at 213227
0 %




Sinlaku. Concept for Targeting Operations. 21 UTC, 20080908

Potential threat Uncertainty in ensemble
of TC to land track forecasts
T — *i:% .

GFS (20)

Courtesy CIMSS/U.Wisconsin CMC (16)

Uncertainty about strength of steering flow, and landfall location (if any)
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| 11 September, 2009, Typhoon Sinlaku
DOTSTAR + Falcon + P3 + C130 Flight tracks

T-PARC ‘
L WEY . SR
First time with four aircrafts observing typhoons B
N !

over NW Pacific ocean




Impact of dropwindsondes to NCEP GFS forecasts of Sinlaku
00 UTC Sept. 10, 2008; 00 UTC Sept. 11, 2008

110E 115E 120 | 1255/ 130E 135E LISE 1208
30N - : : = 35K

30N

™~

------------------ O T i Y SETEE St rLL o TETPRPEE SRR P22

———————————————— 208
---------------- 154
10N
135E
Tracks of Typhoon Sinlaku (2008) Tracks of Typhoon Sinlaku (2008)
30N 1 30N
{ rd
25N 25N -
—e— GFS(drop) —=— GFS(drop)
—=e&—— GFS(nodrop) —=&—— GFS(nodrop)
— 5 BSTK(JTWC) —&— BSTK(JTWC)
20N 1 20N -
TIME | 6h | 12h | 18h | 24h | 36h | 48h | 60h | 72h [MEAN TIME | 6h | 12h | 18h | 24h | 36h | 48h | 60h | 72h |MEAN
15N TKE(ND) | 31 40 40 25 44 | 136 | 278 | 409 | 354 15N TKE(ND) | 56 | 79 78 33 35 | 143 | 232 | 956 | 331
TKE(WD) | 16 | 95 | 56 | 40 | 70 | 74 | 104 | 67 | 80 TKE(WD) | 11 | 35 | 74 | 70 | 59 | 49 | 49 | 89 | 89
IMP(km)| 16 | 5 |-18|-15]|-26] 62 | 175 [ 242 | 273 IMP(km)| 45 | 45 | 4 |-37]-24| 04 | 183 [ 266 | 242
IMP(%) | 50 | 12 | -41]|-61| 58| 46 | 63 | 84 | 77 nMP(%) | 80 | 56 | 5 |-111]-70] 66 | 70 | 75 | 73
115E 120E 125E 130E 135E 144 115E 120E 125E 130E 135E 140E

(Wu et al. 2010b) From National Geographic Channel



Data
THORPEX Pacific Asian Regional Campaign

( T-PARC)
. 2008/09/08 17:00 ~ 09/13 03:00 UTC

Conv.

radiosonde DOTSTAR

ASTRA

DLR Falcon

36
(2 flights)

34
(2 flight)

Total

available 623

30N

200 {5
<, r

10N F--smmmer

Spatial Distribution

of Observations

e \ o
B’ {wo i
oiBs ? | o F H/i{’a'
& _' T

1 ® A oW Oy P

Ny, ! a +

o

110E

120E 13

OE

140E

* * ) - -
O conv. sonde ;C‘IJU outer 3 C130 inner =+ P3 4 Falcon 5 DOTSTAR

Dropwindsondes

NRL P-3

12
(1 flight)

Inner
core

USAF C-130

Others

9 flight missions with 159
dropwindsondes

20

S7

(4 flights)




Methodology

EnKF data assimilation/ WRF model

05:04, 06:36 09 SEP fava §i¥§ Kt
« Observation operators related to TCs B Brertaa)
(Wu et al. 2010a, Lienetal., 4:30pm, 7.
11C5) _
center position / motion vector/

- - - ; 06:06, 07:53 10 SEP
axisymmetric wind structure ook e |
— 3 hour best track data R M—

— TC radius (34, 50 kts) data from JTWC. B
— Surface wind from the T-PARC data e
(dropsondes and SFM R) ) 12:06, 13:31 11 SEP

s004®  DOTSTAR dropsonde
(09/10 212 ~ 09/11 022)

* Rapid update Cycle (RUC): 30 mins
 horizontal resolution : 5 km

35 vertical layers

« 30-min output interval

e 28 ensemble members

0 50 100 150 200 250 300 350 400 450 500 550 600

16:46, 18:09 12 SEP

wind (m/s)
a
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CTL Experiment - plan view
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Radii of the local Vmax (km)
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EXP1003 = Forecast at 10037

Ensemble forecast started from

Ensemble Tracks and Observation Track
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EXPII03 = Forecast at 11037

Ensemble forecast started from

Consistency of the
ensemble members

Ensemble Tracks and Observation Track
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ut at the lowest model level (ms™)
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Typhoon-ocean interaction in Sinlaku (2008)
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Track forecast — EnKF ensemble mean

Tracks of Typhoon Sinlaku (2008)
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Ensemble spread
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48-h accumulated rainfall 091200~091400LT associated with

Sinlaku(200

High predictability
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48h-rainfall PDF over Taiwan
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Summary

DOTSTAR (2003-2009)

T-PARC (2008)

Targeted observations: theories and intercomparison

Impact of Targeted observations

EnKF data assimilation for TC

Sinlaku: Targeted observation and impact
Internal dynamics (concentric eyewall)
TC-ocean interaction (cold eddy and wake)
TC-terrain interaction (track and rainfall)
Predictability (ensemble spread)

Future challenges



Internal wave and Typhoon-Ocean interaction Project in the

Western North Pacific and Neighboring Seas (ITOP, 2010)

International
collaboration:
DOTSTAR ITOP planning meeting, Taipei, 2008

e DOTSTAR, TCS-10, and ITOP coordination
 Investigation of the roles of upper ocean
thermal structures (eddies and/or wakes) on _
typhoon-ocean interaction. Fow A
« Understanding the feedback of the typhoon- _A o [
ocean interaction to typhoon intensity and . i.-d" P onng
structure evolution. swver A T |
 Numerical simulation experiments (WRF-PWP hadl N K \”\
coupled model) with the T-PARC (and TCS-10) joer B L\
and ITOP data. oo v




30°N

25°N

20°N

15°N

GustavX

15°N

Potential break-through from numerical models
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Vision: Pushing the envelope of predictability of typhoons

- Predictability and Collaboration between basic-
dynamical processes research and operational-

— Observing systems forecasting communities, as well
— Modeling, data as domestic and international
assimilation and observing communities

strategies (et al. 2010)

societal Applications
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