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Polygonal eyewalls and eye
mesovortices in hurricanes




Shiao Lin village, Taiwan, drastic changes after typhoon Morakot.

Before Aftermath (near 500 people got killed)

Typhoon Morakot 2009
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Typhoon Research Topics

Track : Track error cut half since 1990

satellite data, model, ensemble
technique, data assimilation

Intensity and structure

wind shear, SST, ocean heat content,

land fall, internal dynamics

Genesis clustering (one after another)

Climate genesis frequency, area, track
decadal, global warming

Thermodynamics
Clouds and cloud systems
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Quote from 1970
Tropical Conference by
Bill Gray:

“If little cumulus weren't
important, God wouldn’t
have made so may of
them”

Photos from 1957
Pacific flights

Joanne Simpson at WHOI

“So | was interested in clouds for
just themselves because they were
fascinating,” explains Simpson.
Rossby said that no one was very
interested in them, so it was a
good subject “for a little girl to
study.”

— U. Chicago, late 1940s
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Riehl, H., and J. S. Malkus, 1958: On the
heat balance in the equatorial trough zone.

Geophysica, 6, 503-538.

Energy balance of equatorial
trough zone requires undilute
vertical transport through the 6, or
h minimum in the midtroposphere

« About 2,000 “hot towers" needed
to satisfy the global balance

Update: Zipser (2003) provides
evidence that undilute ascent
over tropical oceans is relatively
rare: freezing is important source
of additional buoyancy
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The water speeds up
5) and gets narrower. Buoyancy makes the
updraft narrower.




s RBE AR Conditional Unstable Atmosphere
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High 6, for vigorous convection
900 = — — o ——————
1000 ; P e l Convection rooted in PBL
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Temperature (K) Finite amplitude forcing required
Fig.11.1 Typical sounding in the tropical atmesphere showing the vertical profiles of potential tem-
perature &, equivalent potential temperature &, and the equivalent potential temperature.
67 of a hypothetically saturated atmosphere with the same temperature at each level. This
figure should be compared with Fig. 9.10, which shows similar profiles for a midlatitude

squall line sounding. (After Ooyama, 1968. Reproduced with permission of the American
Meteorological Society.)

PBL structure is of vital importance for the air-sea interaction!

Up moist, down dry!

Convective Rain with

large intensity

More condensation
more latent heat

i

Latent heat release with
Cloud condensation

i

Expansion and get cold

i

Hot and moist air pushed up
High 6, air
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Water vapor and wind shear (wind speed difference)

LREEE, ELREERBEAER, SEE

Moist environment

Humid environment
Small wind shear g

Relative Humitity (%)

Convection deep

Dry environment

Dry environment
large wind shear

Relative Humidily (%)

Convection shallow

©The COMET Program
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Mechanical lifting, system of cloud.
Conditional instability not necessary.

@ Brooks/Cole, Cengage Learning

RS

© Brooks/Cole, Cangags Learning




Federation of American Scientists

Early 70s: Development of Ideas Related to the Problem of
Cumulus Parameterization (Arakawa, Yanai, Ooyama, Gray)

Yanai, Esbensen, and Chu (1973)

o0E TRAINMENT

TRAINMENT

ENTRAINMENT

Gray (1973)

“Up moist —
down dry”

2010/6/30
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Mesoscale Organization §1 RS

Line Islands, GATE, etc. - convection observed with distinct
mesoscale organization _and found that such
systems (squall lines)

(Houze 1977)
* were commonplace in the
- 100 Ku - tropics
W R + contained convective-scale
,~ £ and mesoscale downdrafts

[ ’ - RADKR EGHO BOUNDAR b RS TR
- e . - enhanced the surface
sensible and heat fluxes over
large areas J&@ X GAEH
- contained stratiform “anvil”

T _/‘— T regions that contributed

e ~40% of the total
Conveciive area precipitation 40%@iAF
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Flash-Flood- Producmg Storms

» 184 cases from 1999-2003;
75% were MCSs.

» Three dominant patterns
emerged.

* BB MCSs are more
dependent on mesoscale and
storm-scale processes,
particularly lifting provided by
storm-generated cold pools,
than on preexisting synoptic
boundaries.
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Frequency
TL/AS 34%

BB 20%

TS 20%
Schumacher and Johnson (2005, 2006)
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¥n*¥ & . Convective rain

— " g%, B2 § hotand humid air

— R Kk large rain intensity

— B 4r3 B ¢ & & small spatial and time scale
2% * . Stable rain

—Z&JuH3 # + B lifting required

— & Fo) rain intensity small
—-FF{rz B R& large spatial and time scales
LR a > R -KFH% - Long duration need
water vapor supply.

? T B * & % 4% Mesoscale system -

4 SR R ot e ' & 2 o System vs convective

cell

Typhoon Basic Physics

2010/6/30
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Typhoon Structure
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hundreds of kilometers in horizonlal scale radial distance (km)

Latent Heat during typhoon made landfall

Precipitation ~1600mm
1600 mm =1.6 m
1.6 m * 1000 kg m3* 2.5x106J kg!
=4 x10°J m?
4x10°J m?* 2.5x10°m? ~1019]

Annual energy usage in Taiwan 107] (108] in States)

2010/6/30

14



CWB is capable of 24 hr
and 100km scale
precipitation (phase locked
with topography)

0 to 12 hr and 10 km ppn
remain biggest challenges

355mm in 5 hr in the city of
KaoShung (5 pm to 10 pm
at the beginning of the rush
hour)

Dygzon e

e SR A

—

Small wind shear

=
pressure

[ Ow pressurg

temperature
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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.”

“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.

Ooyama 1969

CAPE

Pc.o

-60- L
centrol pressure -
mP: A ' 'S AL 1 1 1 ]
Yo S S S T
0 100 200 hr

time timte===y.
Fie. 15. Results of experiments demonstrating the im rt.ance
of direct energy supply from the ocean to tropical cycl
Case AE, the energy Sllp‘Dl{] to the Case A cytlone is audd
j:ped (Cx 0) at #=134 hr, to simulate landfall. In Cases
nd E,, in which » is initially assumed to be 2.0 and 3.0, rcspcc-
tweiy, there is no energy supply from the ocean.
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No relationship between size and intensity
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AVERAGE RADIUS OF 50 ki. SURFACE WINDS (n.mi.) from Weatherford (1985)

Figure 13. Intensity (minimum sea-level pressure) versus the radial extent of 50 kt (60
miles/hour) winds in nautical miles (n mi) for northwest Pacific typhoons as measured by
reconnaissance aircraft [Weatherford and Gray 1988]. One n mi is equal to 1.85 km. Large
dots illustrate the large differences that can exist for cyclones of the same minimum sea-
level pressure (MSLP) of 940 mb, 23 kt versus 144 kt. Note also that the cyclones of sim-
ilar outer radius of 50 knot winds can have MSLP differences as great as 890 versus 975
mb. These measurements are also typical of the Atlantic.

Weatherford and Gray 1988

2010/6/30
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Gray (1968) identified 6 necessary (not sufficient) conditions of tropical
cvclone genests. They are

o Pre-cxisting synoptic disturbance with convection;

o Significant planetary vorticity (means some distance away from the

equator);

o Favorable vertical shear pattern;

* Moist mid-troposphere;

o Warm ocean (SST> 26.5°C) with deep mixed layer;

¢ Conditionally unstable atmosphere.

The annual global tropical cyclones from 1945~2001.

Global Tropical Cyclones, 1945-2001

120

100+~

Number of Storms

1950 1960 1970 1980 1990 2000
Year

The annual number of tropical cyclone has not changed much globally.
The annual number seems to be around 90 with about +/- 15.

2010/6/30
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Global Genesis Events 1971-2001
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Global distribution of tropical cyclongenesis during 1971~2001

 Taiwan is usually attacked by an average of three to four typhoons every
year.

¢ 50 percentage TYs which attacked Taiwan occurred in JUL.,AUG. & SEP.
About 10% occurred in OCT.,NOV, & DEC.

e Summer Monsoon (South-westerly flow) (July & Aug & early-Sep)

¢ Winter Monsoon (East-northerly flow) (late-Sep,Oct,Nov,Dec)
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Kuo, Wu & Lee (2001)

2010/6/30

18



Number of Storns per 100 Years

Tropical Cyclone Average Seasanal Cycles

Average annual cycle of

tropical cyclone occurrence
for each ocean basin.

The abscissa spans the
months of the year and the
ordinate is the number of

storms per hundred years.
\The blue line represents all
ropical cyclones (surface
inds greater than 17 m/s or
34 knots) and shading
represents tropical cyclones of

North Atlantic (1886-1989) Eastern & Central North Pacific (1966-1989)
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Typhoon motion affected by

Steering flow
Beta-drift
Shear

Drag effect

Fujiwhara effect
Topography effect

2010/6/30
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Beta Drift
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Simulation of Fujiwhara effect

Efastic interaction {Fujiwara effect)

Typhoon lope & Kristen = Typhoon Emmy & Frances

The unusual south movement
of Typhoon Bopha

Saomai

Wu etal. 2002
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Simulation of Fujiwhara effect
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Nautical Miles

West Pac Track Errors cut in half since 1990

Total Forecast Error
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Aircraft observation stopped DOTSTAR

Edward Fukada
JTWC

Typhoon Intensity and Structure
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The Downstream Influences of the Extratropical

Transition of Tropical Cyclones
Patrick Harr
Naval Postgraduate School

< =—

0000 UTC 16 Sep 2003
I 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

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

NHC Official Annual Average Track Errors NHC Official Annual Average Intensity Errors

Atlantic Basin Tropical Storms and Hurricanes Atlantic Basin Tropical Cy
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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
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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 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!

ciote’)y

g 2

= &

Kossin and Schubert (2001)

Schubert et al. (1999)

distance from center (km)

Vorticity mixing leads to
Rapid Intensification !

H  h
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wwen pppase Elliptical Eye  Kuo et al. 1999 JAS

1525 1543

144 min rotation period

Lamb, 1932
« Kirchhoff vortex ( nonlinear)

_ab
(@+b)’

27 (a+b)?

rotating period P = c ab

¢

Kelvin PV wave ( linear)

irmage The majec axis
retation pericd of L44

Vortex Rossby Waves 2r 2w, 4o 2r 4
Deep convections rotation 144 min

Binary vortex interaction
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ARy Kuo et al. 2008
(Adapted from Dritschel and Waugh 1992.)
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Fic. |. Defense Metearological Satellite Program (DMSP) image of Hurricane
Isabel at 1315 UTE 12 Sep 2003, The starfish pattern is caused by the presence
af six mesovortices in the eye—ane at the eye center and five surrounding it.
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\ortical va‘i'_r'ls in Typhbon Eye Clouds

Kossin and Schubert 2002
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1.1 T - T T
Knaff and Kossin (2003)
10} annular
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09}
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s
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0.3 . . — —
-80 -60 -40 -20 0 20 40 60 80
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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

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)

2010/6/30

28



Climate and Typhoons
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Atmospharic GO,
concantration (ppm by volume)
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Charles Keeling (left) at the dedication of
the Keeling Building at the Mauna Loa
Observatory, Hawaii (1997)

Wauna Loa Observatory

» 40 Ann'vf; sary *

Midlatitude air temperature

Warm  Cold

Warming trend begins 1700A.D.

Bruegel, Pieter, the Younger
< Winter Landscape (1601) >

pR?e

Ae 77
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= SPECIAL REPORT [

Mean Temperature over Land & Ocean

LoF

Business & Media Institute {4 —

Agwancwve TRE CuLrurs oF FREE ENTERPRISE v AMERICA - Lﬂl’ld.

Susionss & Wetls duatitens . 325 AUTH FATIMN BT . ALERANSALA, T 22044 . (100/000-0133 . wre. Rusibesasndtintls. BF 5-Yr Mean
e Ocean

Max 17, 2006 o — 5-Y1 Mean

FIRE AND ICE

Journalists have warned of elimate change for 100 vears,
but can’t decide weather we face an ice age or warming

By . WARFES

Temperature Anomaly (*C)

RESEARCH ANAL

. L L I . L n L s I
1880 1900 1920 1940 1960 1580

A New York Times-line

“MacMillan Reports Signs “America in Longest “Scientists Ponder Why “Past Hot Times Hold
of New Ice Age” Warm Spell Since 1776; World’s Climate is Few Reasons to Relax
Temperature Line Changing; A Major About New Warming”
Records a 25-Year Rise” Cooling Widely
Considered to Be
| Inevitable™
Sept. 18, 1924 |
[Sept. 18, 1924] Tarch 27155 Dec.27, 2005
May 21, 1975

2000

The Pacific Decadal Oscillation (PDO)

(Hare 1996; Mantua et al. 1997)
WARM PHASE COOL PHASE

monthly values for the PDO index: 1900—Nov 2005
CLIMATE REGIME —>

_1%00 1920 1940 1960 1980 2000
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Maonthly values for the AMO index, 1856 -2008
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0.4 -
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AMO Depariure
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The 1970s cooling scare

2010/6/30

32



January, 1977 April, 2006

SPECIAL REPORT GLOBAL WARMING

BE
WORRIED.

BE
WORRIED.

pace. He"‘i‘slmn itaffects you, your
kids and their kids as well

EARTH AT THE TIPPING POINT
HOW IT THREATENS YOUR HEALTH

HOW CHINA & INDIA CAN HELP
SAVE THE WORLD—OR DESTROY IT

THE CLIMATE GCRUSADERS

B2 20 EEEMDAFF L o gizw
1988 B IR 1993

2 o& 498F £, 1913

SFETRE ’.ﬁ
Heavy rains in the summer of 1993 produced floods along most of the Misassippi River in the . o
entral United States, as shown in these Larth satellite photopraphs of St. Lowis, Missouri A I V b I ty
on_fuly 4, 1988 (left) and July 18,1993 (vight). Extreme climatic events may be inereasing n n u a arl a I I

i frequency as a consequence of added nadiative absorbing gases in the atmosphere
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f5E8%8{t Local Change

Temperatures rose at this station
when the nearby tennis court was built

Tennis court

Tahoe City, CA
Tennis court added
in early 1980s

During the 3 days after the
9/11 /2001, statistical
significant increase of 1.1C
in the average diurnal
temperature range for
ground station across US.

LI B1% - 3RIRIEIZ
R > SEE H ROR =P
{E3NL.1C -

Fig. 10.43 Condensation trails. [Photograph courtesy
of Art Rangno.]
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-150 - -90 -60 - [+] &0 50
Mean Annual Cloud Cover (%)
[average = 60%] (dato: 1SCCP)

(1982-2001)

¢ The climate system is sensitive to cloud cover and cloud type

e There is conflicting evidence on changes in global cloud cover over past 2-3
decades; reported trends vary by cloud type

« Deep convection impacts cirrus cloud coverage

+ ®7RPER  Hurrican Katrina

e E:XFEREII BE BR
f;i‘%‘_‘ﬂ*’:‘&lu"iféf'- » IPCC» #-%
TR

« Any extreme weather event
should not be blamed on the
global warming. (IPCC)

© BV ERR TR Ry
BEoRlZESR (2010)

« There is no direct evidence
of global warming has impact
on tropical cyclone.

2010/6/30
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Regional Structure of Tropical Cyclone Intensity Trends

Maximum wind spead (m s-1)

32 40 48 55 2 n 3 .
T T 319812006 /E 2%
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0.6 1 (corrected)
0.4 {
02l =ty e—al| .| - There statistical evidence that the
_g'g_ | = e strongest hurricanes are getting
’ T . . . stronger is most convincing for
30 35 41 47 26 30 38 45 the Atlantic (1981-2006).
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@ .
=021 Ny The North and South Indian
a 40 5 51 o5 a 1%‘0\ Ocean data also suggest
nad e ISouth Palcific ] 4 f l:lorth Indilan ’ ’ increased |‘nten5|ty, but data .
06 1 «—] homogeneity concerns are still
0.4 . being debated for those regions.
3 -
02) o o e 17 el et
' - - H [ e—e—e?-— — - - —_
0279 .—g .y *| g
02 04 06 08 02 04 06 08
Quantile

Source: Elsner et al., Nature, 2008.

The intensity change signal is
quite weak for the Pacific basin.

72

There is some recent evidence that overall Atlantic hurricane
activity may have increased since in the 1950s and 60s in

association with increasing sea surface tempe
27.8
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b3
26.6
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Source: Kerry Emanuel, J. Climate (2007).

ratures...

2000 2010

PDlI is proportional to the time
integral of the cube of the surface
wind speeds accumulated across all
storms over their entire life cycles.
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[ 1] 2005 Hurricane Season |~

Open Atlantic
Ocean Differences

Courtesy of

Chris Landsea
(2006)

FE SRR A A |

Data uncertainty!
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It is premature to conclude that human activity--and particularly greenhouse
warming--has already had a discernible impact on Atlantic hurricane activity.

2009

(a) Atlantic HURDAT Storms (Adjusted for Estimated Missing Storms) 1878-2006

Hurricanes, Tropical, and Subtropical Storms
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Linear Trends:
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Trend from 1878-2006
Trend from 1900-2006: Is significant at p=0.05 level

Source: Vecchi and Knutson, J. Climate, 2008.
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. Not significant (p=0.05, 2-sided tests, computed p-val ~0.2)

Typhoon in Taiwan Region

Monsoon and Typhoon
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ACE vs May-Nov SSTA (5-30°N, 120-180°E)
[10-year Gaussian-filtered; standardized]
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Tropical Cyclone Track Density
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Fall of La Nina years more typhoons make landfall SE of China coast.

<Wu et al. 2004 >
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(a) TC oceurrence EOF1 (26.8%)
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Fic. 2. Anomalous TC frequency of occurrence during the periods of (a) 1964-76, (b) 1977-88, (c) 1989-97, and
(d) 1998-2005. Dark and light shadings indicate the areas with anomalies significant at the 95% and 90% confi-
dence levels, respectively. Plus-shaped boxes (rectangular-shaped) indicate the areas with higher {lower) TS
frequency of occurrence.

Liu and Chan 2008

Much larger precipitation intensity during the landfall.
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Rain amount before and after the landfall may be
larger than rain amount during the landfall.
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January Sea level Pressure and Wind
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(a) (c)
Nonlinear b-plane day 18 Vorticity Nonlinear,b-plane day 26  Vorticity
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Typhoon Morakot (2009)

Interplay of Southwest Monsoon, Terrain, and Mesoscale Convection
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Typhoon-monsoon-topography interaction
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Slow movement (long duration time)
Mesoscale convection

Southwest monsoon surge
Asymmetry in convection

Terrain
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Dynamical Implications of Heating Profiles

P=—(S,+ f)? = potential vorticity
p

0 P is created by vertical gradients
d_P — _(é’a + f )%4_ ... =mmp |inheating
dt op
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Key point: if the diagnosed Q, profile is incorrect, it will feed back to
contaminate the dynamics and energetics.
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