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Why the Typhoon Intensity
Forecast so Difficult?

April 22 2010
NCDR

Hung-Chi Kuo
郭鴻基

Department of Atmospheric Sciences
National Taiwan University

台灣大學
大氣科學系

路徑： Track error cut half since 1990
衛星資料、數值模式與資料同化的大幅改進

強度 風切 冷空氣 洋溫 暖水層

雙眼牆 眼牆渦度混合

颱風科學研究四大方向

雙眼牆 眼牆渦度混合

生成 跨尺度問題(每隔7、8天)連續生成

颱風與氣候 生成頻率 生成區域強度 反饋

水循環

Lagrange 1781

Euler 1755

Lorentz Force Law

熱力學 ＋ 流體力學

Rotation ,  Vortex

Helmholtz
1858

19世紀煙圈表演

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



2010/4/26

2

旋轉
Rotation

Coriolis Force

Non-inertial Frame

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.

20th Century

2D Turbulence

Stratification and/or Rotation
Vortex    Waves    Turbulence
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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 
rotation)

Taylor columns Vortex Tubes

Vortices with sharp edge

Kyoto Univ. GFD group



2010/4/26

3

Fewer and stronger vortices  !!!
Coherent structure with filamentations 
in 2-D turbulence

小尺度變大尺度

Weiss(1981,1991), Rozoff et al. (2004)
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vorticity gradient will be stretched
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vortex is stable   (survival of eyewall meso-vortices)
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Airborne-radar reflectivity in Hurricanes y
Guillermo (1997) (left panels) and Bret 

(1999) (right panels).

Tortured Ocean?!

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

Courtesy of H.P. Huang

The Great Red Spot
Rotational period  9.84hrJupiter

Huang and Robinson  1998
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Complete Merger Partial Merger

Elastic 
Interaction

Binary vortex interaction

(Adapted from Dritschel and Waugh 1992.)

Complete Straining Out
Partial 
Straining Out

Kuo et al. 2008

雙颱風互繞（藤原效應）合併 ---- 颱風 PAT 與 RUTH

中尺度對流系統互繞 Simpson et al. 1998

Kuo et al. ( 2000 )  MWR Typhoons Zeb and Alex ; 
straining – out regime

Alex

Zeb

Alex

Zeb

Alex

Clear gap between the Zeb and the remains of Alex

Lander and Holland 
(1993)

Merger and Elastic Interaction Chaotic Behavior

1968
Tellus

144 min rotation period

賀伯颱風的橢圓形眼 Kuo et al. 1999 JAS

Lamb, 1932
Kirchhoff vortex ( nonlinear )
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颱風渦旋與摩擦作用

Convergence      Frictional induced divergence

Ooyama: 模式解析的颱風尺度因摩擦產生divergence,subsidence

Emanuel: 認為邊界層頂淺雲效應是關鍵

海氣交互作用

Cumulus Parameterization
- reduced the multiple scale problems
to one scale problem
(Be careful not to play with 
a loaded dice !)
-Buoyancy not exactly zero

Nonlinear Dynamics

Three Layer symmetric Model

Importance of air sea interaction
(Initial CAPE NOT important)

Mid-level entrainment

PBL and subsidence
Frictional driven divergence and 
convergence

The important of air-sea
interaction to the maintenance
of tropical cyclone.

“Tritium measurement indicates 
60%-80% of the water in the 
eyewall could have evaporated
from the ocean not so long ago.”

Ooyama 1969

No sea Huge CAPE

No seaVmax

“Tropical cyclone consumes a 
great deal more latent heat than 
it can collect from the 
pre-existing atmospheric vapor.”

Huge CAPE without air-sea 
interaction make NO tropical
cyclone.

No sea
Pc

time

The Downstream Influences of the Extratropical 
Transition of Tropical Cyclones

Patrick Harr
Naval Postgraduate School

0000 UTC 16 Sep 2003 
GFS Ensembles +00

Hurricane Isabel

GFS 500 hPa Ensembles
+108 h 

VT 1200 UTC 20 Sep 03

Acknowledgment: Office of Naval
Research, Marine Meteorology Program

Total Forecast Error
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Fiorino and Elsberry 1989

駛流最重要

300~400  公里外颱風結構對路徑有顯著影響

颱風眼附近詳細結構對綜觀尺度路徑預報不重要

Fovell et al. 2009

當駛流弱時，雲物理過程也可以改變渦旋結構，改變路徑。

V radial profile                                        Tracks

K = Kessler
L = LFO
W = WSM3

Tropical Cyclone Motion

Earth Gradient

• Horizontal Shear
• Vertical Shear
• Asymmetries
• Environmental Interactions
• Structure and Intensity Changes

33Holland EMC 0909

Motion processes are 
quite simple, so that if the 
large-scale is correct, 
then the motion will be 
correct. And details of the 
core are incidental

Track Models

Track improvements closely follow improvements in the 
large-scale models with an added benefit of ensembles

34Holland EMC 0909

Ensembles

Sustained improvement

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

www.nhc.noaa.gov/verification/verify5.shtml

Why such a big difference 
between track and intensity?

Courtesy of Dr. G. Holland

Zero improvement in last 15 years

颱風大小與強弱無明顯關係
What are the controls??

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, 
over region of strong vertical wind shear.

However, the variance of typhoon intensity change 
from climatology is not explained well by the synopticfrom climatology is not explained well by the synoptic-
scale environmental conditions. 

It is fairly typical for typhoons to strengthen or 
weakens rapidly without any clear commensurate 
changes in the environment.

Internal meso-scale processes matter!

份

極端強降雨颱風發生頻率統計
（依據1970~2009年排名前20名之綜合降雨指標）

2000象神 2001納莉 2001桃芝 2002娜克莉 2004敏督利 2005海棠
2007柯羅莎 2008辛樂克 2008薔蜜 2008卡玫基 2009莫拉克

1990楊希 1996賀伯
1998瑞伯

0 0.2 0.4 0.6 0.8 1 1.2

頻率

年
份

2000年以前發生極端強降雨颱風
的頻率約3~4年一次左右；
2000年以後發生頻率增加為
平均每年發生一次的極端強降雨颱
風

1987琳恩
1989莎拉

1973娜拉 1974貝絲
1978婀拉

Liu and Chan 2008

64-76 77-88

89 97 Decadal Variations89-97 98-05
Decadal Variations
十年際變化

Monsoon ?

Intensity and Structure Change

Holland and Merrill (1984)

External 

Internal

Holland and Merrill (1984)

Vorticity Dynamics

External 

?

Heating at lower level (400 hPa) is 
more efficient than at upper level 
(600 hPa).

600 hPa

500 hPa

System efficiency factor

42

Small changes in the diabatic heating 
profile can have such a profound 
impact on the evolution of the large-
scale flow.

400 hPa

Hack and Schubert 1986
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一樣旋度多樣情！

Potential Temperature      Reference pressure

Potential Vorticity            Reference thickness
(barotropic)

Potential Vorticity         Reference static stability
(baroclinic)

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.

dζ/dt ～ζ▽．V
St ζ th TC f th i dStrongerζ 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 
(2001)

- Regime 1: barotropic 
unstable regime

- Regime 2: barotropic 
stable regime

eyewall

U-shape

~ They hypothesized 
that these changes 
may result from 
horizontal mixing 
process.

Schubert et al. (1999)Gilbert

Guillermo

Vorticity mixing leads to 
Rapid Intensification !
What is intensity??

Kossin and Schubert (2001)

Importance of Asymmetric Vorticity Dynamics

A case where MPI theory failed!  (Montgomery 2006)

7

5

3

1

60

40

20

10

fil
le

d

1

ho
llo

w

thick thin



2010/4/26

9

 TO: trochoidal oscillation

MP: monopole

SP: slow monopole

6 End States

MP

SP

MV

PE

SP: slow monopole

MV: mesovortices

EE: elliptical eyewall

PE: polygonal eyewall

Hendricks et al. (2009)
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0.7 TO TO TO EE EE EE EE SP SP SP SP

0.6 TO TO TO EE EE EE SP SP SP SP MP

0.5 TO TO TO PE PE PE SP SP SP MP MP

0.4 TO PE PE PE SP SP SP SP MP MP MP

0.3 TO PE PE PE SP SP SP SP MP MP MV

0.2 TO PE PE SP SP SP SP MP MP MV MV

0.1 TO PE PE SP SP SP MP MP MP MV MV

ho
llo

thick                                                                                               thin 

0 TO TO PE SP SP SP MP MP MP MV MV

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85

Hendricks et al. (2009)

Meso vortices in Typhoon Nari

Vortical Swirls in Typhoon Eye Clouds

Kossin and Schubert 2002

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

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.

Dynamics and Modeling 
Research Group

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

e

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

e

Hurricane Rita
RAINEX (2005)

ELDORA 
data show 
downward 

dBZdBZ

Dynamics and Modeling 
Research Group

motion 
between the 

two 
eyewalls

w

Typhoon Ida
25, Sep., 1958Hub cloud

Temperature anomaly

Hurricane Cleo (1958)

Fletcher et al. (1961)

moat LaSeur and Hawkins(1963)
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Gray and Shea (1973)

Jorgensen (1984)

Vertical 
p-velocity

Dynamics and Modeling 
Research Group

Jorgensen (1984)

Physical space 
vertical velocity

Concentric eyewalls  near Taiwan

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

Maemi(2003)

WNPAC   Concentric eyewalls formation 
locations, intensity, and tracks Kuo et al. (2009)

：<120 kts

：>120 kts

Kuo et al. 2009

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.

Development of 
symmetric structure 
from asymmetric 
convection in 12 hours

The contraction of the 
Outer tangential wind
maximum

Black and Willoughby (1992) 
Hurricane Gilbert (1988)

A major issue in understanding changes in typhoon intensity

9/13

9/14 maximum

Core vortex intensity 
remains approximately 
the same during
the contraction period

Inner core dissipate, 
TC weakens

9/14

9/16

0935-1935 LST

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.

Typhoon Lekima  (2001) 
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Kuo et al. (2004,2008)

   )( ratio radiusVortex   
2

1

R

R
r 

(TC 

【Parameters】

【Variables】

212 1  ,   ;   ;  , RR

Binary vortex interaction

Beta-skirt

) ( gap essDimensionl  
1R




 )( ratiostrength Vortex   
2

1


 

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

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

(
core)

 = 0.7    = 7   r = 1/4   /R1 = 5

The formation of
concentric eyewalls

t=12hr

t=0hr

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

Kuo et al. (2008)
In skirt region:

JGR 2008

JGR 2008

Kuo et al. 2008

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. 

Filamentation time (Rozoff et al.,2006)

vorticity
angular velocity

: rapid filamentation time min30)(2 2/122
2

2
1   SSfil

 The strong differential rotation
associated with the core vortex
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Cat 5

1997-2006
62 CE cases

The rapid filamentation process tends to make an important contribution to 
the organization of the moat in strong typhoons, especially in cases 
where the maximum winds are greater than 130 kts.

Cat 4 else

Kuo et al. (Nov. 2009 MWR)

Vorticity

Conserves the 
angular 
impulse

Melander et al. 
1986

(km)

5 km

Large variability in vertical 
motion.

High resolution appears to be 
crucial in concentric eyewall 
simulation.

Rainex 2005
Rita

1.67 km

Shuyi Chen 2006

雙眼牆
過程

PN
+-

PP
++

49%

24%

NN
--

NP
-+

Kuo et al. 2009

22%

4%

Typhoon Morakot (2009) 

Interplay of Southwest Monsoon, Terrain, and Mesoscale Convection

2009/8/7 CloudSat

Courtesy of CloudSat web
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Chen et al. 2010
陳台琦等

Slow movement (long duration time)

Mesoscale convection

Southwest monsoon surgeSouthwest monsoon surge

Asymmetry in convection

Terrain

y = 3543.5x-0.789

R² = 0.3431
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颱風接近陸地時路徑偏折及移速改變

landfall

Track deflection
(cyclonic path = topographic strectching?)

離陸距離

離登陸時間

landfall

departure
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Fovell et al. 2010

Wu and Wang, 2002

台灣平均時雨量分布
和颱風中心位置關係圖

郭等，2001

迎風面雨量影響災情大小
0‐6小時、數十公里的雨量預報
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2009-Morakot 2008-Jangmi

Courtesy of NRL

2008-Kalmaegi 2007-Krosa

Courtesy of NRL

2001-Toragi2005-Haitang

Courtesy of NRL

2004-Mindulle 2001-Lekima

Courtesy of NRL

Concentric 2004-Mindulle

Concentric

Courtesy of NRL

Jangmi 2008

Concentric eyewall

Courtesy of NRL
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薔蜜颱風西南側的Mekkhala以及高壓
東退的環境，薔蜜颱風引進大量水氣

20080928

莫拉克颱風在高壓東退的環
境，配合季風槽引進大量水氣

20090808

颱風結構不對稱，西側或南側的對流結
構較為厚實或是強度較強

雙眼牆結構生成，
但是仍不對稱

大尺度環境與颱風環流之交互作用引發中尺度對
流，配合地形效應，帶來極端的強降雨

（例如莫拉克、卡玫基、海棠、敏督利…等個案，但因雷達資料有限，無法進行氣候變異
分析）

31 
hours

2009 莫拉克

20095 海棠

Wind shear line

Lee 2005

西南氣流以及中尺度對流

地形降雨或平地降雨？

晚上降雨或下午降雨？
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1987年琳恩颱風
台北市淹大水

東北季風與秋季颱風共伴環流

Northeast Monsoon surge

Typhoon Lynn (1987)

Flood in Taipei city

颱風位於巴士海峽，北部東北部持續降雨

中尺度對流系統與地形作用

Winter Monsoon Cold 
Surge Rossby wave train + 
long-lived thunderstorm 
system

Hong et al. 2010

Lau and Lau, 1990

H

L

Sobel and Bretherton(1998)

JJA 80-87

ECMWF 資料分析
1980~1987年6.7.8月850mb
平均氣流場與渦度擾動場

H

L

Lau and Lau, 1990

Sobel and Bretherton(1998)

利用1990年9月1日~9月30日
赤道~20oN、100oE~180oE衛
星雲圖

Kuo et al.(2001)
謝與陳(1963)

Beta Rossby number   (V/  r ^2) ~ 1 渦旋連續生成

2005/9/1

Kuo et al. 2001

K

2005/9/1
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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; 

Many more………….

Typhoon Intensity Forecasting with Limit Resources

Multiple scale interactions in the model;

High resolution model with explicit convection (expensive!);

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…………..

颱風

季風環境

中尺度對流

地形

跨尺度交互作用

A painting with filaments!

Thank you!

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.

dζ/dt ～ζ▽．V
St ζ th TC f th i dStrongerζ 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          
t th t d th i ll t f thvortex 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. 
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 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, g g g y ,
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?

   2,J
t





      2

Non-divergent barotropic  model (Nearly Inviscid Fluid)

The energy and enstrophy relations

 1

Z  2
dt

dE

P  2
dt

dZ
dydx   

2

1
 2Z

  dydxvu     
2

1
 22  E

dydx   
2

1
   P

kinetic energy 

enstrophy

palinstrophy

Batchelor 1969

揭開颱風的
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角動量

Nonlinear Response of Atmospheric Vortices to 
Heating by Organized Cumulus Convection

600 hPa

500 hPa

116

Hack and Schubert 1986

400 hPa

Total potential energies

Total kinetic energies

117

ot et c e e g es

Total heating

Rate of conversion of 
total potential energy to 
kinetic energy

Hack and Schubert 1986

118
Hack and Schubert 1986

System efficiency factor

Self-Adjoint property

Eye rotation is nonlinear            ,J,J 
EXP 1 EXP 2

T= 0 min T= 0 min

  0
t





     ,J
T= 144 min T= 144 min

Coherent vortex
Dispersion resistant
Vorticity Dynamics
Nonlinear Dynamics

Secondary circulation induced in a balanced vortex by 
(a) a heat source and 
(b) a cyclonic momentum source.
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Eliassen Transverse Equation ‧Hack and Schubert
‧Willoughby 1982, JAS
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