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and The best part of waking up, is the vortex in your cup!
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The two-dimensional turbulence, which may be stemmed either
from the fluid rotation or the fluid intemal stratification, has been
a paradigm for geophysical fluid dynamics. It s a remarkable fact
that for any type of random inital state or external forcing, a two- : !
dimensional fiuid will rapidly organize itself into a system of ] Coffee with white
coherent, interacting vortices swimming through a sea of passive

filamentary structure produced from earler vortex interactions.

This discipline has also been instrumental in the development of

single charge plasma physics, galaxy spiral, the Great Red spot,

the ozone-hole problem and the typhoon dynarmics. A brief

review of 2D and 3D turbulence wil be given. The typhoon

merger dynamics, the eyewall rotation and mixing, the i o

! b
successive formation of tropical vortices and the concentric -
eyewall formation dynamics will be presented. The essence of

Stirring  Mixing ; Tinw (b}

the scientific computing in 2-D turbulence will be addressed. An
efficient domain decomposed Chebyshev spectral method will be
discussed.

Politics are for the moment
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orologia Galileo's Thermometer
Aristotle (384-322 BC) was a past
master at asking questions. y
He Wwrote: tha first: book: on A= The Galileo Thermometer is a
- popular modern collectable and
Meteorology, the Merewpodoyia b= 5 -
o s . B i an attractive decoration.
(perewpor: Something in the air)
i i As te srature  rises,  the
This work dealt with the causes . " LR ‘_ 2 ?I‘Tﬁ -+ 2
il 3 r ° 4 fluid expands and its density
of various weather phenomena and ‘P / decreases
with the origin of comets. Heat and Buoyancy e o
Thi o e _ & The reduced buoyancy causes
While a masterly speculator, Aris A== the glass baubles to sink, indi-
totle was a poor observer: for ex- 3
. : cating temperature changes.
ample, he believed that the light- Potential temperature )
ning followed the thunder!
, ™ dp
4 = . , ) = —a a=-——x i
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Isaac Newton
Principia 1687

Nature and nature’s law
lay hid in night,

YeET T God said,

Let Newton be,

and all was light.

A. Pope
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Edmund Halley (1656-1742)

A Tricky Question??

If the astronomers can make
Accurate 76-year forecasts,

Why can’t the meteorologists dd
the same?

Size of the problem

Halley and his Comet AFAEIIRRN L EAF

Order versus chaos
* FARFERA Yok

Halley 1686

First proposed the atmospheric
motion is connected with the
distribution of sun heat

(follow the sun in the daily scale;
thus wind is westward.)

Halley 1686

Sun heat

HUFL!
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Y-Z Profile

P = force/area = ML/t"2/L"2 Material volume; Fluid parcel

= MILt2 B
INYm~2 = 1 Pascal :
1 millibar = 100 Pa = 1 hPa

Euler and Bernoulli regardgﬂ the
press i ting upon an

of the fluid exterior to the boundary
upon that interior to it.

Previous scientists had regarded the
pressure as the weight of a unit
column of fluid.

11

Galileo’s “suction vacuum”
Torricelli’s air pressure “pushing”

Evangelista Torricelli (1608

Air weigh 1000kg/m”2 14 stubent of Gallles,

first  accurate
1
Barometric Pressure

Vacoum

T - 2992 in. (76 cm!
- g of csbran
A ’"‘";" | l' Alr pressure
-
] e

T Mercury
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The pels
and the

D between the helglt of te mereury column
v of the wenther was soon soticed.

Euler's Equations  18{f]5#

9 |
DIDt=Y 4 . Vi = iV - Vb
o I

Momentum equation

flflrJ . L R
o R T = + p% -7 = 1  Continuity equation
&??‘}i " 4 equations 5 unknows
73
ﬁiﬁrﬁﬁ" p=rp [!’} Constitutive equation
Ti Fja Equation of State

Nonlinear Partial Differential Equations

*AM KA S &5 PDE 1




1717-1783
D’Alembert Wave Solution

Fu

— =
e

e, 0 = flo) mr ) =

wlr.t) —%_Jm -et) + fla+et)] +

D’Alembert Paradox

R R R
- .oor M Re << 1)
] o

Re small viscosity important
Re large viscosity unimportant
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D’Alembert 1746
Solar and Lunar Force

Math. Model for Atmospheric
Motion in aqua-planet (Won the
1746 Berlin Academy’s Award;
Euler's endorsement)

Hadley (1685-1758)

Distribution of sun heating
(north and south;
seasonal scale)

Earth rotation (conservation of
angular momentum) iegam

Energy transport and balance

Fig. J. The same as Fig. 2. &
an vivsalized by Thomios {

Ferrel (1859), Thomson (1857)
Centrifugal force B&&s

Thermal wind balance £/ i
Surface friction

Coriolis 1835
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Pierre-Simon Laplace
1740-1827

Observational net work 1800-1815

RGBT
Tidal equations

Laplacian Vi = f

ip

ip
dp )y

g ! _. 2 Adiabatic sound speed

L RSN
. Laplace Transform
Astronomer

18 January 1888 5. Black hole and gravitational collapse

T am Eastern Tuvs

!
Hydrostatic approximation e —P
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Benjamin Franklin ( 1773)

Oil spreads on water
— molecular size
— Avogadro’s number

Estimate Avogadro’s Number

(1) Molecular size

V_ 49’

A 20 %107 em?

=24% 107 em

(2) Number of molecules

NoAo 20x 107 em?
2 (24 % 1077 em)?

(3) Mass of the oil

m =V XD=49cm®x 095

=35 x 102 molecules

3

om

3= 47¢

(4) Number of moles of oil

Moles of oil = 0.024 moi

47g
200 g/mol
(5) Avogadro’s number

35 X 10% molecules

s number = 09k el

Now we know: N, =6.022142x 107 /thol

Ideal Gas Law  Equation of State 32 18 ¥ 42

W 1662, Boyle law, PV =c when T =c.

W 1787, Charles law, V/IT =c when P =c.

W 1803, Gay-Lussac law, P/T =cwhen V =c.

W 1811, Avagardro, 1 mole gas is 22.4 | in
volume.

Universal Gas Constant

P=1(V, T)
R* = 8314.3 J /(deg.. kmol)

V=h(P,T)
PV=nR*T

PV=m/MR*T P=m/VR*MT
P= p RT,R=R*M

Ra= 287 J/deg.kg (R*Ma)
Rv=461J/deg.kg  (R*/My)

F T el

VG [ S PR
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Development of Thermodynamics F § B et T8
1? Cemu‘ry . ' Precipitation
¥t FEBHE s fERIST TS
First law: Energy is what makes it go and
energy is conserved.
AQ= AU+ WORK
Second law: Entropy tells it where to go!
ot VSO FORER

Joule, Rudolf Clausius, Lord Kelvin and

Enthalpy
Entropy
Gibbs Free energy

others
BN i
Macro - Micro

Classical and Statistical Thermodynamics
e A

Ludwig Boltzmann, 1844-1906, whose work led

to an understanding of the macroscopic world on

the basis of molecular dynamics. LVDWIG
BOLTEMANN
_S=klogW ot

Fourier 1768-1830

1824 Why the earth not heating up when
receive sun energy continuously?

Heat emission or diffusion (by IR)

His calculations showed a very cold
surface (No green house effect)

Tyndall 1864
H:0 is a green house gas

Arrhenius 1896
CO: green house effect, but were
dismissed by scientists [WHY??]

Fovell, Taipei, 2008

Lord Rayleigh 1881
Rayleigh scattering

Why the sky is blue?? Jame Chappuis 1851

Chappuis band

dismi d by scientist
Chandrasekhara Raman 1928 smisseed by scientis

Raman scattering

Color of the sea Edward Olson Hulburt 1956

Twilight blue

layer
Os laye 20

The profound study of nature is the
most fertile source of mathematical
discoveries.

flx) = Z_{._—"'

Fourier, Jean Baptiste Joseph fu =

1768-1830
1807 at age 39; argued with Lagrange and
Laplace on the representation of a triangle
Heat emission or diffusion (by IR) wave with cosine and sine functions.

His calculations showed a very cold f(x) does not have to be analytical,

Planck, Unwilling Revolutionary: the idea of quantization

e 1900

™ 2hc?

Hww Bi(T)=—"%—— 1 Hall of Fame in Science
A1)

'_ \ 1| Gravitational Law

EEER © Blackbody Radiation

| E=MC™2

BLACKBODY FRADIANGE (MW =%
| 2
T

WAVELENGTH (um)

Figwre &7 Specira of emitsed intemity B,(T) for lackbodics st severnl lemperures, with

wavelongeh of maimars caivon 4,

surface (No green house effect)  f(x) does not have to be periodic? 1858-1947
Leonardo da Vinci 1452-1519 Brief History of Fluid Dynamics
. . Observe the mpvement of the surface Newton 1700s Viscosity ~ Law of motion
Multiple Scale Interactions of the water which resembles that of for a particle
hair which has two motions, of which Euler 1750s Equations for inviscid flow, Law of
%g] N =t one depends on the weight of the hair D. Bernoulli motion applied to fluids 185
Current vortices and the other on the direction of the -
curls. Thus water forms eddying Navier 1827 Equations for viscous fluid flow
whirlpools of which one part depends Stokes 1845
< . -:"_! e on the predominant current and the B . 1877 Turbul . ddy vi . 191} 5!
- w other on the incidental motion and the oussinesq 18 urbulent mixing, eddy viscosity
~ Sy, return flow. Reynolds 1880 Transition to turbulence, Reynolds
—_— Numbher_Reynolds stress
G. I. Taylor 1915-1970 Geophysical flows, rotating flows 2015
Prandtle 1904 Boundary Layer
Tii = —puuiu] Reynolds stress
i i (T 9 i — i
ar T o Dx; T a™ T a (”'”-) T

24
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Atmosphere is thermally forced, the
heating

mechanism are very complicated and
motion dependent.

20 Century

LE NG BT e T (2
3 symmetric cells
The dynamical response to the
heating is also

complicated because of eddies-mean
flow interaction. The eddies are
neither purely random nor purely s

o' =0

A

. Dove 1837 weather is
contributing; but was dismissed.

—~ Bigelow 1902
: Defant 1921
~ heat down-gradient transport

wo' =0
Jefferey 1926 momentum up-gradient transport

Confirmed by Starr and J. Bjerkness 1948
Starr: Physics of negative viscosity phenomena

Origin of the eddies?? Baroclinic Instability

27

26
regular. Eady 1950, Charney 1959
5 Wave-mean flow
> R / . .
) Dove 1837 weatheris ossby weyes ; interaction
) - contributing; but was dismissed. A
< \LS) V. Bjerkness 1937 T -0
— - — = ~ Symmetric component is unstable to ) X
2 . * the asymmetries . Heat down-gradient
= we' =0
sidas : e TN Momentum up-gradient
e e e Baroclinic Instability Baroclinic Instability (Stirring)
) Eady 1950, Charney 1959
q*&ﬁSEﬁ{f
By cRlins
ST

The Ultimate Problem in Meteorology — Bjerknes 1911
F e iRA AL

| The Present state of the atmosphere must be characterized
as accurately as possible. it FE e BLIR] + § Tk
[ £pF 3z = R]

11 The intrinsic laws, according to which the subsequent states
develop out of the preceding ones, must be known.
I REhA B ERE

Numerical Weather Prediction #ici& < § 754
[# - #5% *ENIAC, EBV model, 1950]

The Observation component #Lig|

The diagnostic or analysis component # %74 47
The prognostic component g 3%

4 4 (1819)

i_:: i vV
(&
Momentum oy ,
Conservation (18) 77 * 35 TV T
o, —
Mass conservation (18) Radiation
i i i ) A
Energy conservation (19) g7 *ugy T rgs T wET Q (1?3 ??)ﬁ%
rr o1 (P = Moisture
Equation of State(17,18,19) ¥~ #%a+ (F Latent heat
& &
[ s A VS O Sk
s gv* = F R p A (19) (19,20)

FE -8 n o fph-as
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Lewis Fry Richardson, 1881-1953.

During WWI, Richardson
computed by hand the pressure
change at a single point.

It took him two years !

His “forecast” was a
catastrophic failure:

Ap =145 hPa in 6 hours

His method was unimpeachable,

So, what went wrong?

Peter Lynch

flzAz) = flz —Az)

27

on+l _ -1
2 2

ot F

13x13=169 i ODE

169 p 4 &

32

Richardson’s Dream

 Parallel Processor

first weather forecast - ENIAC, 1950

| von Narmas Fjortoft
Wexler Relcheldenfer

4 Neumann Frankel Freeman o T,
e & | ='t' & ﬁ&
v b ,.y 3

b/

s
A

In front of the Eniac, Aberdeen Proving Ground, April 4, 1950, on the occasion of the first
numerical weather computations carried out with the aid of a high-speed computer. 34

e ENIAC  Etectronic Numerical Integrator and

Computer

18000 vacuum tubes
70000 resistors
10000 capacitor
6000 switches

140 K Watts power
No high-level language

Assembly language

500 Flops
Function Table 0.001 s

3,700,000,000 times slower than current day large computer

5T WEE R4

35

ENIAC - late 40s

~ 35tillio
il
NASDA, JAERI, JAMSTEC

3.5.km agua planet

36

(Satoh et al. 2006)




Observational study of eddy transport UCLA MIT
Haboratory study U of Chicago, MIT

mid 50 NWP —Charney, Fjortoft and Neumarn (1950) E Barotropic
Charney and Phillips (1953) 2 level QG model
Phillips’ numerical experiment ] Bab
- AP ) o e e v
Phillips (1956) = I :
two-level il O -

Quasi-Geostrophic model

V4l

to study meteorology
85 an experimental
" science

Lf {v.4.3) 2

To study meteorology as an
experimental science

Phillips:(195
(RN {1170 K1 T=V7 | I
Quasi-Geostrophic model

P R B3 0 5 TR B s

i

T

P D2 B BT < R B TR R T
TR F EHR15% 37— # 38470.3% »

West Pac Track Errors Edward Fukada

JTwWC
Error cut in half since 1990 rotal Forecast rror
500 —e— 24 Hr —=—5YrAwe
450 48 Hr 5Yr Ave
400 —%— 72 Hr —e—5YrAwe
350 /\
300 e \/A‘

Nautical Miles

2 BB RIS E
40

No progress with intensity

NHC Official Intensity Error Trend James L. Franklin
Atlantic Basin NHC/TPC

Forecast Error (ki)

EEEEIEREEEEEEIREE

The Downstream Influences of the Extratropical

Transition of Tropical Cyclones
Patrick Harr
NavI 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
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PRIEEREEY S {9 SR Bl
£3400mm
400mm =0.4m
9.4 m * 1000 kg m-3* 2.5x106J kg-
=10°J m?
1093 m2* 3.5x1010m?
=3.5x1019J ~10%J

1 235 142 91 1
N+ U Ba+, Kr+3;n

1.68* m * 103 /mol
+1.46x106 kg U 235 ( 6+10°mol )

R

ﬁff'igfgggﬂmﬁ 10203
{iM-=a0EE | 540473
H ST | 21070
gwﬁziﬁ# 2100
2] I%??%W 21023 %
o g | TR
s 15022 ) Eﬁ';ﬂ
TunguskalEz #1 rTe—
ﬁm%u;n‘:ls:)g | a0mey | PHPREE
FilEFlEe) Fi7i -

Quote from 1970
Tropical Conference by
Bill Gray:

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

44

pell R I 1)
ERARP
ﬁ%ﬁﬁ
x4

X kAo A
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Squall line

Mesoscale Organization

1867 S A 17 AR mRsTiNAE

BT

o=
(Houze 1977)

Mesoscale Organization

Stratosphere

Troposphere

Numerical Modeling of a Squall Line

Instability

Coupling Between Convection and Its Environment

“Gregarious Tropical Convection”

(Mapes 1993; Nicholls et al. 1991)

near

previous cells

Dispersion of gravity waves from MCS heating;
low-level ascent associated with “stratiform”
component can lead to new convective growth

ot
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The Atmosphere is Moist4! ™ %

Water vapor is an efficient absorber and emitter of
Long-wave radiation. [Green House Effect.]

A I SR
Water vapor stores energy in the form of “latent hea
[Evaporative cooling of surface.]

PIORRT AR JF[“
Water vapor can condense release latent heat.
[A variety of cloud and associated processes.]

Fifi

50

Conditional unstable atm.

Solar + IR
(Green house gas)

ENE
Finite amplitude forcing
Rooted in BL

High h* for instability

Deep Convectlon

22 e o
Tomparure (K]

Radiative Convective 1K/day cooling
Adjustment 1mlyear precipgation

ki

LR LK R

iﬂw 1r‘ ﬂk 1E'.3" Moist adiabatic lapse rate

52
Harteman, Climate text book

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.

Atmospheric and
Oceanic Fluid Dynamics

] 158 e85
#)2 +m§md[ i [ i
— pif dv = pis
Euler 1755  dt /.,

[ T Lo = [ Vpdv

dit
P = Vp

Lagrange 1781 Lorentz Force Law

it 1 ) F=¢(E+vxB)
— -—Np-VK -Vé

it P F=¢(-VV +v xB)
Rotation , Vortex

- ol
Helmhol 'I_T:w.v;'u'!r-r-f;‘-\'mé -
elmholtz o

1858 B=vx| le
»




Fig. 8.9. Vortices trailing form the wingtips of a Boeing 727. Figure courtesy
of NASA.

Biomath

/— Lift dintribution

é Trailing vortex

ah
Lanchester

/— Lif disgrsmtn

b

Poscas 1384 The vorices in the wake o

-

an oncillating wing. Kiealimd uader the

ot s i 1 b o very small. L b ke B o s che maghe o senach

—
it et e
{lﬂﬁ-\" 38 At amh e
- Y 3, s L
et e
8 G—mIE 2

Elliptic wing
o

Hm. (b Ll distribetion on a0 elliptic wisg.

Y. C. Fung

Far 1102 a} A horse-shos vorse reprrsenting & wing with s uriorm il Satribe- 56

OO OO

bert'1994

Hendricks et al. (2004)

Vortical Hot Towers

= 10km in diameter on average

1969/08/16 Debbie
A :increase its diameters from 50 to 100
km in ~2 hours.
C, D : grew into circular clouds with about
a 20 km diameter in less than 15 min.

DP_oP P, P P sz Potential Vorticity
Dt ot ox oy 0z P a?

— P->d
D¢ _o¢ o5 o o
E_E'FU&HIE Barotropic Vorticity
DSy 969,y %,y % ‘ ,
Dt ot 9 ox g oy Quasi-Geostrophic

5 5 Vorticity
Sy =Viy Uy :—EW Vq :672((/ (Strong Rotation)
V-V =0

L WD ey | |
ot o(x,y) Nondivergent Barotropic

Equation

59

2D Turbulence

Stratification and/or Rotation
Vortex Waves Turbulence

ac o ac
ot Tuar g, T Ve
_ oy el
u = Iy =3

ot o(x,

% W _,

V 2
y) > w

10




3D 2D (strong rotation)

=

Rotation

Taylor columns Vortex Tubes

Coriolis Force

Non-inertial Frame

Vortices with sharp edge

62
Kyoto Univ. GFD group

Waves with zero potential vorticity
Non-rotation rotation rotation = Stratification
il
Ocean Spice
% - I\'._ [ J
! | M
T 7 N Buoyancy
(density)
Gravity waves Kelvin Waves g
Edge waves
63 5_ 64

Kelvin-Helmholtz Instability Intermediate Multiple Scale Interactions in Vortex

Turbulent Mixing 5 3 §t 7t wavelength

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

2D turbulence o

11



¢ d . i
4 [F.uf.-w.f. =1, — ( [f.--!:.f.-..n.- = — [Zn‘.-:..fl- =1
dt | dt 3 dt

dfr .
T (I/.A- — Iy |'L.L-:-rn.) = )
d ) y |
= ( [%r(l e M.-uu.- s [I.-E-:}--n."k) 0

Non-divergent barotropic model (Nearly Inviscid Fluid)

Serivi)-ovie [Vu=¢

The energy and enstrophy relations

d ([ RE(k)dk .
= (—Ji' e ) <0, Kinetic energy moves dE E=[[ %(UZWZ Jdxdy Kinetic energy
' toward large scales s =202
d 3 PR TR .. 1 2
= (I/u\- — I E( ..n.) 0 z=[f 54 XAy enstrophy
; | | iz_ , o
L R TA A apk A _ = —
dt ([ Kakydk +k / F% i _/l 7/“) v dt P :” %chg dxdy palinstrophy
4 (M) .0 Enstrophy moves
dt \ [ Z(kyk ' toward small scles Batchelor 1969 68
KE & Enstrophy
. ) & 100f - . -y
Small viscosity led to E T
large palinstrophy and the 5 KE nearly conserved
large enstrophy cascade Ser S
- R Enstrophy cascade
= 0 12 2‘4 '36
Time (hr)
Palinstrophy .
g s00 : ‘ Selective Decay of
E 2D turbulence
Time (hr) 70
1=0hr t=24hr t=48hr
E~p2/L2 (KE) geostrophy
r'=1
Z~p?2/ L* (Enstrophy)
KE nearly conserved L~ p’
r'=4

Enstrophy cascade Lt (Lincrease Z decrease)
Selective Decay of 2D turbulence

The vortices become, on the average,
larger, stronger, and fewer.

Merger and Axisymmetrization Dynamics

71

Vor 100 50

300km

Fewer and stronger vortices !!!
JHmAig  Coherent structure with filamentations

in 2-D turbulence "

12




Weiss(1981,1991), Rozoff et al. (2004)

D
oV =3Vy.Q)

SV cexp(it) A :i%f: J_r%,/sf 152-¢

L= u_v (stretch deformation)
ox oy
S, = ol + a (shear deformation)
ox oy

Q > 0 (strain dominates)
—>vorticity gradient will be stretched
Q < 0 (vorticity dominates)
-vortex is stable (survival of eyewall meso-vortices)

73

Time= Ohr Time= &hr

-0 Vorticity

Time = 12 hr

Conserves the
angular
impulse
[(a* + )¢ dudy

Melander et al.
1986 7

Spiral Band in Hurricane and Galaxy

Airborne-radar reflectivity in Hurricanes
Guillermo (1997) (left panels) and Bret (1999) (rig|

Filamentation Time Diagnosis of Thinning

Troughs and Cutoff Lows

2 e Zutan gy Dutansd
Ta=29d4 |5, +57 - | (- -
a a

Kossin and Schubert 2001 75 Tsai et al. 2909
m
. . . . . . R 0 0 0 0 4 50 60
Electron density redistribution in experimental plasma physics Huang and Robinson I

single sign charge
+

axial magnetic field /F\
confinement ff

Axisymmetrization #h ¥ i i

\

® &

E = -V
V.E--vy-£
€
B
ExB drift
E

Coriolis force

Core is protected, thin filaments from edgeg7

1998

Forcing added — q |

Inverse energy ascade
to zonal Harmonics '

spectrum F(un. ) of an ensemble mean al day 80 of 10 decaying trbulence exper-

of the spectrum is normalized by the muximum val map. Contour
levels are 00001 0001, 0001, 01-0.9 with increment 0.1, Area with i #) = 0.1 is lighily shaded,
Eom, ) > 0.2 hewvily shaded
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Jupiter Rotational period 9.84hr

Bowmen and Mangus (1993)

The Great Red Spot ﬁ?u?ﬁféf;ﬁ:' g‘%“

Observations of deformation and
mixing of the total ozone field in the
Antarctic polar vortex

R R AR

g
ﬁiﬂ A l—v]

Fig.1: Daily TOMS images of total ozone
in the Southern Hemisphere for six
consecutive days in October 1983.
Latitude circles are drawn at 40°,60°,
and 80 °S. The outermost latitude is

20°S.
80
Fiogeh oFFRlA R Kuo etal. 1999 JAS
5 Eye rotation is nonlinear Wy o) > dy.()
i T=0min T=0min
» Kirchhoff vortex ( nonlinear ) Bt g, ot e s
ab |
¢ = 'f z
(@b ol Q : )
i _ 27 (a+b)’
rotating period P = ¢ 7ab .
Kelvin PV wave ( linear 2 T= 144 min T= 144 min
(finear) Cevdvg)=0 L .
ot
c:meaf%) m=2 N (7=
) Coherent vortex N j ' :
Vortex Rossby Waves &z \2/” * 4=2l* 4 Dispersion resistant -
Deep convections rotation 144 min 2-max ¢ 81 VOI’tI_CIty Dynam'(?s
r Nonlinear Dynamics
The evidence for the « we of Rossby-like "
1968 wavies in the h cane vortex X
Tellus } . ; by
By NORMAN 1, MACDONALLD, |l .«:»r.-n:"w Freasisrch Lavburatories, +
(i g ke n
o
90
® M
i -
i 3
"
+ A%
i
_ R s
TOOhPaz@ARLE [P,
- e —ts 1S
wri‘ﬁ:ﬂ; ﬂli-‘lg? = o
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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

central pressure

o

Fic. 15, Results of

L. ' 2:30»;
Time tima—.

the iz
of direet energy sapply from the ocean to tropical In

Case AE, 1§

he emergy to the Case A cychome {3 sudden

st f=134 hr, to simulate landiall. In Cases
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ELDORA data
show downward
motion between
the two eyewalls |

Subsidence

Concentric eyewalls near Taiwan

Bilis(2000)

Lekima(2001)
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Maemi(2003)

Dujuan(2003)
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WNPAC

Kuo et al. (2009)
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Saffir-Simpson Hurricane Scale
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category 3 (96-113 kts)  category 2 (83-95 kts)
category 1 (64-82 kts) TS(63- kts)

s

category 4 (114-135 kts)

93

Composite Time Series of the Normalized Intensity

1.1

Kuo et al. (2009)
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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.
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Binary vortex interaction Kuo et al. (2004)

[ Variables]
RaolRps AF Ghodn =

[ Parameters]

o Vortex radius ratio (r) = R
R, (TC core)

 Dimensionless gap (%)

e Vortex strength ratio () = %

2

® 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 o
third external parameters.
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A major issue in understanding changes in typhoon intensity

Black and Willoughby (1992)
TS Hurricane Gilbert (1988)
v 2L eI S Development of
12 seemer 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,

Dujuan J ) 1=0hr
(2003)
v i _
J @ -
2003107120 22182 o
{30:07731 D00 F 1 30ktn)
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(2003)

The contraction and
the increase of

the secondary wind
maximum by nonlinear
advection dynamics.
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Binary vortex interaction

@n Partial Mergght

p——

Complete Merger

Elastic
Interacfion

Complete Straining Out

(Adapted from Dritschel and Waugh 1992.)

g T (E&’F‘Ljﬁé) 4‘

-~ B PAT = RUTH

Cantroid-Rulative
Tracks

SRS (B
Kuo, H.-C., G. T.-J. Chen, and C.-H. Lin, 2000: Merging processes of tropical
cyclone Zeb and Alex. Mon. Wea. Rev., 128, 2967-2975.
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00 UTC 12 OCT 1558 GMS IR

et B8
130 14E

120E 10E - HOE o
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18.UTE 12 OCT 1098 GMS i

20

Clear gap between the Zeb and the remains of Alex

Multiple Scale Interactions!

* Waves, Turbulence, and Vortices

B -
« Cumulus Parameterization
ﬁﬁ‘% = (B8] (3D turbulence)

Concerning turbulence, Sir Horace Lamb is quoted

| am an old man now, and when | die and
Heaven there are two matters on which |

former | am rather optimistic.

“‘E (2D turbulence)

in an address to the British Association for the Advancement of Science as follow:

goto
hope for

enlightenment. One is quantum electrodynamics, and
the other is the turbulent motion of fluids. About the

Before too long, climate modelers
will have much more in common
with turbulence modelers and
micrometeorologists than either
group now seems to realize.

Tennekes 1978, Turbulent Flow in Two and Three Dimension
(Tennekes and Lumley, A first course in turbulence)

113

112

Spectral Method f

2. Orthogonality ( & 2 +)

=2 a¢

1. Completeness ( = #4%) —— Sufficient condition

3. Speed of convergence ( Yz &ci# & ) Application
4. Fast Transform ( £-i# 3% )
Sturm-Liouville equation
d L / . |
Lotr) = _f_{‘”['”” ()} +ala)ole) = MV L)olr)
oar
with snitable boundary conditions and restrictions on funcetions plr),
i), W), we have o conntably infinite set of solutions {o, ()}
corresponding to diserete eigenvalues { A, b,
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Performance of Chebyshev Collocation Method

Fulton & Schubert (1987 S h al I OW Wate r Eq U atl 0 n

du du 2 3h
E+u5+va—,—h+3—0 (1)
o
- & v ™ h
[ - E+u5+v5+ﬁn+5—o 2
b
5 BB B
g o= at+ua‘+vay+(li+i)(a‘+aj)—q 3)
F - —
0+ k where AmwE) =WP[—(%)!—(%)’]“='3"*""
N 2 ; i J. qg =6250m’s™%, x4 =y, =200km,
b 8 16 24 32 =
SPATIAL RESOLUTION N tg = € hours = 21600 sex, (x¥,) = (1000,~1000)

COL error exponential convergence F=¢?= zsoc:um;z
a2 116

FD error algebraic convergence

Domain Decomposition , Domain Decomposition
Numerical Results Numerical Results
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Domain Decomposition
Numerical Results

Domain Decomposition(2*2)
T=182hr, dt=30, NX=48+448 NY=48+48

Single Domain
Te192he, NX=08, NY=06
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1=0hr =3 hr =6 hr t=12 hr
=,
. . r=1 e (ON . .
Vortex radius ratio -
=12 @e @ @ &

=113 @e

® ©® ®©
® ® ©

S T T
T

=114 .t

200 km
Figure 5: The semsitivity of the vosticity fichd i the hinary vortey experiments
with respect b the vorex radiis ratio ¢ af boar 0, 3, 6 and 12 with the vorticity

strength fatio 75, and the dinscmsioaless gap AH=1
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Figure 6: Similar 1o Figure § except that the dimensionless gap AR;=0 and the

vorticity strength ratio v=10. 124

£= .\.’.'_r’r.\_é‘j‘ *ansug £ ;uzﬂsimp s

deep atmosphers shallow atmosphere z<<ga
[Jupitar??) (Earth)

traditional
approximation

Tayler Column 5

Cascade (Nonlinear Dynamics)

So, nat’ralists observe, a flea
Hath smaller fleas that on him prey;
And these have smaller yet to bite ‘em,
And so proceed ad infinitum.

————————— Jonathan Swift

Big whirls have little whirls
that feed on their velocity,
and little whirls have lesser whirls,
and so on, to viscosity.
----- Lewis Fry Richardson 1922
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Highly Nonlinear System

Turbulence, Order and Chaos

Multiple scale interaction

Cascade of kinetic energy and enstrophy
Deterministic and statistical dynamics

Laminar yields turbulence

Order (i.e. turbulence) emerges from chaos

Coherent structures emerge from chaos,
under the action of an external constraint

127

NPotal 2001 2001
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Symmetric Model

Ooyama & WAk (1969) —= s unmas
Ooyama ¥ fMf—Fobast e B2 D AN
aTRmR N TRRA, HEEFR

— MERR -RBRL - RN A f"
& il NE

= REALA -ATEREHMNE
& fial  linear theory is wrong

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

o p B i =
P - it 7T {
N 4
& B BTEHA GO iEN Importance of air sea interaction e T8 g vt i ) s et gt 4 s
SST WMMCAPE TS - (Initial CAPE NOT important) e et e, i . S 8 s |
(Bem e df 7 it R % & & ¢) CAPE ) Conservalion of nnj.fer e v @ S e
& PR T gm i . - gt (6 ;}--e'--‘\-l
i pinup Mid-level entrainment Etufiz VLR LA
SPBLWIRES TN, PBL and subsidence - ) e vt 7
— frictional driven divergencell! Frictional driven divergence and . : : l = A }
convergence - O . 8 Er;
129 Outward filaments ~ Contraction KE conserved 120
o Kirchhoff vortex (nonlinear) Lamb, 1932
XZ yZ
¥+F:1 a~30km  b~20km
ab ~ * ~ 3%103g1
angular velocity = {(a+b)2 =0 P~ @2niC)*4 (~ 3*103s
2
rotating period P = 2z(a+b)” Vmax ~ 50 ms?
¢ ab

o Kelvin PV wave (linear)
c:me(l—i) m=2
m

V,
angular velocity = % = %

rotating period P

L2 2y 27y,
[ 2Vmax C
r

Same as Kirchhoff vortex !!
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