Two-Dimensional Turblence, Typhoon Dynamics ,

and Chebyshev Spectral Method
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" _ X / discussion are those of greatest importance in

, N the present stage of knowledge.
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This model will be a simplification and an
idealization, and consequently a falsification. It is
to be hoped that the features retained for

“Six monkeys, set to strum unintelligently
on typewriters for millions of years, would
be bound in time to write all the books

in the British Museum.” Huxley
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2xsin*(4)=2%19.5°

Isaac Newton
Principia 1687

Nature and nature’s law
lay hid in night,
God said,

Let Newton be,
and all was light.

Sir Isaac Newton
(1642-1727)

A. Pope
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Edmund Halley (1656-1742)

If the astronomers can make
Accurate 76-year forecasts,

Why can’t the Meteorologists dd
the same?

He v bargely ruspuonsilile fr perstiading Newten to ol

tsh bl Prepen Size of the problem
Halley and his Comet AFAEIIRRN L E4F

Order versus chaos
* FARFERA Yok
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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.)

-
A
( HiGH

i
= A

Fujita, 1971

Halley 1686

Sun heat

D’Alembert 1746

Solar and Lunar force

Euler's Equations for Fluid Flow

Leonhard Euler, born on 15
April, 1707 in Basel. Died on
18 September, 1783 in St Pe-
tersburg.
Euler for
tions for i
viscid Huid flow:

ted the equa-

ompressible, in-

Partial Differential Equations
& A~ 258 PDE 16

D’'Alembert 1746

Math. Model for Atmospheric Motion
in aqua-planet

(Won the 1746 Berlin Academy’s
Award; Euler's endorsement)

v
£ Solar and Lunar Force

~ Fourier 1768-1830

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

Thomson (1857) Heat emission or diffusion (by IR)
Ferrel (1859)

Hadley (1685-1758)

His calculations showed a very cold
Distribution of sun heating surface (No green house effect)
(north and south;

seasonal scale)

Centrifugal force

Coriolis 1835  Arrhenius 1896

Earth rotation (conservation of
angular momentum) CO:2 green house effect, but were

dismissed by scientists [WHY?7]

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
R* =8314.3 J /(deg.. kmol)

PV=nR*T

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

Ra= 287 J/deg.kg (R*/Mua)

Rv =461J/deg.kg (R*Mv)
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Estimate Avogadro’s Number
———

- . (1) Molecular size
Benjamin Franklin (1773) v

49 e’
A 20 %107 em?

=24% 107 cm

(2) Number of molecules
A 20%107em?

== L, =35 % 10 molecules
27 (24 x 107 em)?

(3) Mass of the oil

m=VXD=49cm®x 095

3

om

5=47g

(4) Number of moles of oil
Oil spreads on water
— molecular size
— Avogadro’s number

Moles of oil = = 0.024 mol

47g
200 g/mol

(5) Avogadro’s number

35 % 102 molecul
dro’s number = - S

Now we know: N, =6.022142x 10% /{hol

s

Development of Thermodynamics F §
19 century L
¥t FEBHE s fERIST Y
First law: Energy is what makes it go and
energy is conserved.
AQ= AU+ WORK
Second law: Entropy tells it where to go!

R & HRIV = > IR
Joule, Rudolf Clausius, Lord Kelvin and
others
BN e
Macro - Micro

Classical and Statistical Thermodynamics
L A
Ludwig Boltzmann, 1844-1906, whose work led
to an understanding of the macroscopic world on
the basis of molecular dynamics.
S=kLogW

Precipitation

Enthalpy
Entropy
Gibbs Free energy
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Planck, Unwilling Revolutionary: the idea of quantization

\ s 1900
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' Gravitational Law
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Z o 1 Blackbody Radiation
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19 century weather map

16 January 1888
7 am Easlern Time ¢

The Ultimate Problem in Meteorology — Bjerknes 1911
F hen¥ iR 3L

| The Present state of the atmosphere must be characterized
as accurately as possible. it F& sBLR] + F IRk
[$ £z = R]

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

1REeh §E R

Numerical Weather Prediction #icie % § g4
[3 - #57% “ENIAC, EBV model, 1950]

The Observation component #.ip|
The diagnostic or analysis component & %74 17

The prognostic component g 37 2

4 4 (1819)

u
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Momentum oy
Conservation (18) Fy

G
ot
Mass conservation (18)

. i i il i
Energy conservation (19)  Z7 “ U5y *'a b

- p—s
Equation of State(17,18,19) ¥ PRI, 61 (_
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vV
= + V-

g+ vV

Radiation

Q F e
(19,20)

= Moisture

Latent heat

(19) (19,20)
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Lewis Fry Richardson, 1881-1953.

During WWI, Richardson fle+ Ax) — flx — Ax)

computed by hand the pressure
change at a single point.

27

!

n+l _ n-1
It took him two years ! @ Q

ot F

His “forecast” was a
catastrophic failure:

Ap =145 hPa in 6 hours 13x13=169 # ODE

His method was unimpeachable. o 169 f ¢ &

So, what went wrong?
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Peter Lynch

first weather forecast - ENIAC, 1950 [ Richardson’s Dream

Wexler von Nalmas Fjortoft
Neumann Frankel

Freeman
; .a‘ a‘ ﬁ ‘%'Chamey

Relcheldenfer

K
gﬁ
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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. 27 s o :
64,000 Computers:

The first Massively i’.nullnl Processor

e ENIAC  Etectronic Numerical Integrator and

Computer

ENIAC - late 40s

18000 vacuum tubes
70000 resistors
10000 capacitor
6000 switches

140 K Watts power

No high-level language
Assembly language

~ 35tillio
il
NASDA, JAERI, JAMSTEC

500 Flops = ot
b t
Function Table 0.001 s e i ;I)Iane

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

W TR : :

(Satoh et al. 2006)




West Pac Track Errors Edward Fukada
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Science Dlg

February, 1973

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

e

the next ice age.”

Time magatine’s June 24, 1974, story
showed how Arctic snow and ice had
grown from 1968 to 1974




SPECIAL REPORT GLOBAL WARMING
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Sea level rise of up to 20 feet (7 metres) will be caused by melting of
either West Antarctica or Greenland in the near future

Low lying inhabited Pacific atolls are being inundated because of
anthropogenic global warming

Shutting down of the "Ocean Conveyor*

Direct coincidence between rise in CO, in the atmosphere and in
temperature, by reference to two graphs

The snows of Kilimanjaro
Lake Chad etc

Hurricane Katrina

Death of polar bears
Coral reefs
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1970-89 hurricane days: %21 storms and 3394 hurricane days. S5T>26.5C

o
iE IB ﬁ;&- 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 31 4.1 4.1 21 26 24 31 78
Deviation
Global total | 11.6 198 307 6.5 124 82 108 100.0
(%)
73 74
75 76
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00l o 99 <,o o 8,00 Recent TC Intensity Trends Regional Structure of Tropical Cyclone Intensity Trends
= L a8 g 977
E ST WA S0 im 87
There is some statistical = L 55 » B " -
g ewd_ence that the strongest DSI ™ Westem North Pacific b Eastern North Pacific
H hurricanes are getting stronger. osd (corrected)
E This signal is most pronounced in Dl!
E ] the Atlantic. However, the oMy e ey There statistical evidence that the
& iy satellite-based data for the global 1 AR strongest hurricanes are getting
E P J| IEEIT . ' ! analysis are only available for . - . stronger is most convincing for
w0 e e o m 1981-2006. U I . the Atlantic (1981-2006).
il Tl P Vi e rrT— e
1981 1088 1981 1008 2001 2008
Yaar
B Maskrum wind npesd jm s)
E 18 a @
LEE N
. The North and South Indian
Quantile regression Ocean data also suggest
037 computes linear trends for intensity, but data
[ particular parts of the homogeneity concerns are still
distribution. The largest being debated for those regions.
increases of intensity are
found in the upper quantiles
(upper extremes) of the
distribution.
The intensity change signal is
a4 quite weak for the Pacific basin.
0z 04 [ o Source: Elsner etal, Nature, 2005 Source: Elsner et al., Natre, 2008, 76
Cuarals
7 " . 78
) ) ) ) The frequency of recorded storms (low-pass filtered) in the
There is some recent evidence that overall Atlantic hurricane Jantic basin i I lated with ical Atlanti
activity may have increased since in the 1950s and 60s in Atlantic basin is well-correlated with tropical Atlantic SSTs
association with increasing sea surface temperatures...
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1 === Annual Atlantic storm count
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g But is the
@ 12- storm record
2 274 s reliable
Il b enough for
g€ =22 10+ this?
£
8
2
26.8
= sl =074 since 1970
@
[
286
1950 1960 1970 1980 1990 2000 2010 |
Year
f;?e‘;;g‘;;g‘gg;‘;g;r;‘gzm 1860 1880 1900 1920 1940 1960 1980 2000 2020
" wind speeds accumulated across all 17 Year 78
Source: Kerry Emanuel, J. Climate (2007).

storms over their entire lfe cycles.

Source: Emanuel (2006

lann and Emanuel (2006) EO:

ee also Holland and Webster (2007) Phil.
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Two future projections of Atlantic tropical cyclone power dissipation

ow s wA e Al

(& =TT .

! Projection 1:
§ as I Tropical Atlantic SST

Some worrisome

i . time series...
.:3 i o e e Some alternative

perspectives...

Projection 2:
Tropical Atlantic SST
Relative to Tropical
Mean SST

Source: Vecchi et al. Science'(0008)

Toe, Vol o5, No. 18, T May 200

Atlantic Named Storms. a
196015 2005

BCpcicna Sinpac Over Dcen
B Cpotona Sruck Land

TEHITHR TR |

f
H
5
L

o

e swos | CLATTERRT Ll
Post 1965 59% T '

Parcant Tropical Cyclones Striking Land 4
154810 2008

i

Terk 500 1 1368

Open Atlantic
Ocean Differences

Courtesy of

Chris Landsea
(2006)

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

+1.60 storms/century (1878-2006)
+4.39 storms/century

T —

Hurricanes, Tropical, and Subtropical Storms

Trend from 1878-2006: Not significant (p=0.05, 2-sided tests, computed p-val ~0.2)

Trend from 1900-2006: Is significant at p=0.05 level a2

Source: Vecehi and Knutson, J. Climate. 2008

ACE vs May-Nov SSTA (5-30°N, 120-180°E)
[10-year Gaussian-filtered; standardized]

15

05 7 correlation = 0.87

.05 -

correlation = 0.23

1964 1969 1974 1979 1984 1989 1994 1999 83
Chan 2005

-1.5

May-Nov SSTA; High vs. Low ACE (2|0.5¢])

HOAA Extendad S5T -
High ACE Ssurface ssr (c) cumpus.tu Anomaly 1871-200 dlima
s MOAA—CIRES AClimate Dingnostica Center

Chan 2005 HOAS Extendad S5T B P- L)}
Low ACE Surfose 85T (£} Cumpnsllc Anomaly 1971— 200 |:||m|:|

[ EIE 1I0E 180 1200 [T [}
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Tropical Cyclone Track Density
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(3) E1 Nifio years (b) La Nifia years
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< Wu et al. 2004 >

ﬁ?’?%ﬁ%ﬁ SRR T
’E@’E*f;%
4 SR

AL
T %E?%Uﬁ*“ ﬁtﬁé‘@ ﬁm

FLESE 1187

ER %m £ S
F 5% e S ST V@ 2
RER R o R D

Rty ]%Er;r?wev AT

TR SRt a

& RSB IEEERE T RL

T g e R YRR

ga;ﬁ@ ? ,

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

B+ T

Euler 1755

% [ pif dv = [ pis
O Sy o
[ pt;: dv = _[ Vpdv

dit

’”E_ Vp

Lagrange 1781

. |
o -i V) - VK -V
ot P

Lorentz Force Law

F=glE+v=B)
Rotation Vortex F=g-VV+v=B)
88

Coriolis Force

Non-inertial Frame

2D (strong rotation)

Vortices with sharp edge

EY
Kyoto Univ. GFD group|
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Waves with zero potential vorticity

Non-rotation rotation rotation
Gravity waves Kelvin Waves
Edge waves

91

: = p Stratification
. \/ _ i
Ocean Spice -""

N o ,Buoyancy
(density)

92

Multiple Scale Interactions in Vortex

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

2D turbulence o3

2D Turbulence

Stratification and/or Rotation
Vortex Waves Turbulence

ac o ac
ot Tuar g, T Ve
Y e
i?y ’ U= dx’

LW _ er
ot o(x,y) w

1=0hr 1=24hr t=48hr

Vor 100 50 10 S 1 107
EE———

300km

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

in 2-D turbulence o

Time= Ohr Time= 6he <0 Vorticity

Time = 12 hr

angular
impulse

[(a* + )¢ dudy

Melander et al.
1986

(km)
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Electron density redistribution in experimental plasma physics
single sign charge
+

axial magnetic field
confinement

Axisymmetrization i ¥ fi i

E=-Vy¢
v.E--—v- L
3

Huang and Robinson 6 L~
1998

Forcing added ——4

B
ExB drift
E Inverse energy Cascade
to zonal Harmonics v
- - TG, 2. F Et f sembl day 80 of 10 d bul, -
Coriolis force e, T bt of b spatrus s awnalied b he s o o U oup. oot
) L 97 levels are 00001, 001, 001, 0.1 1.9 with increment 01, Area with £(oe, 1) = 0.1 is lighily shaded,
Core is protected, thin filaments from edges Eom, ) = 0.2 heavily shaded
. . Terwey and Montgomery, June JGR 2008
Rotational period 9.84hr L (I ' v 9 Y

<

URY

A\
v

Jupiter 0
VI in Table 1 (the eight open circles in Fig. 3). Fach rid on the
ahscissa represents | m 5!

Huang and Robinson 1998

Alternating Zonal
Structures

99

The Great Red Spot

(LM TERWEY AND MONTGOMERY: MODEL
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[
Numerical Method
|

O Grids Method ( Finite Difference

Finite Volume

Finite Element

O Series Method — (Spectral Method

|
Spectral Method =2 a4,
EEEEEEEE

1. Completeness (= #1) —— Sufficient condition
2. Orthogonality (& 2 %)

3. Speed of convergence (cacid & )
4. Fast Transform ( £-i# # 4 )

Application

Sturm-Liouville equation

f,

1 : ”
_?{Ii(.a‘}ﬁ)'{_;-)} 4 q(,a'};_-;(_r) L (

with = Ble boundary conditions and restrictions on funeti

s plr),
qloe ), W) we have a countably infinite set of solutions {o, ()},

corresponding to diserete eigenvalues { A}, 102
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Series Expansion Method Fourier, Jean Baptiste Joseph

du
- + Lu=10 Qypn = ("I)m (') (I]u{“')}
ot

- bun = (LD (), By (1))

Yinn — ). s
uy = Z r}_j{f}(I‘_,-{J’) ! ' "
iy, X
- U”.\' Amp—— + brrrr:”n =0
Rz, ;) ot + Lun ‘ 1768-1830
Qn = {3,,”, Heat emission or diffusion (by IR)

1807 at age 39; argued with Lagrange and
Laplace on the representation of a triangle
wave with cosine and sine function.

His calculations showed a very cold
Orthogonal; no matrix solving surface (No green house effect)
Residual orthogonal to the basis function,

Smallest error in the least square sense; Finite element; tridiagonal matrix f(X) does not have to be analytical;

f(x) does not have to be periodid®

103

Pafnuty Lvovich Chebyshev Cornelius Lanczos
Russian mathematician ~ Moscow State University penipesiu

State University Hungarian mathematician & physicist 1928 ~ 1929: He served as an

(1821~1894) .
. (1893~1974) assistant to Albert Einstein.

Main Contributions:
{ General relativity

Quantum mechanics
Applied and computational
mathematics

Main contributions:

Probability = Fast Fourier Transform ( FFT )
Statistics => Chebyshev Tau method
Number theory = ill-posed problems

| => Chebyshev's inequality
| = Bertrand-Chebyshev theorem
Chebyshev polynzmials Technical University of Budapest — University of Freiburg — Purdue University

\ -> Chebyshev filter — Theoretical Physics Department at the Dublin Institute ( 1952 ~ 1974 )
105

106

Speed of Convergence -- Efficiency Exponential Convergence

s
f=>ad

1 1 Lf
a =—[p(f ¢= )]+ (4, —
i L G Bl Gl

a,=<f,g,>w o
:be(x)¢n(x)W(x)dx If fis p times differentiable,
i’* we can do integration by parts p times.

= JL F0OE- 1004, 091 + a2 (0} ox

Integration by parts twice, we have

T PR
2= [t g 1ol 7620

1
a, ocO(F) , P sufficiently large
n
Exponential Convergence

y Boundary term Chebyshev Equation — Sturm-Liouville Singular Problem
P(a)=P(b)=0 — P(f'¢,~ fg). =0

the speed of convergence depends
107 only on the smoothness of the function. 108

If boundary term does not vanish

1
a, « O(;L—) algebraic convergence

n




Efficient Methods :
O(N) operations for O(N) degrees of freedom

® Matrix operation
Ax =y O(N?
® Inner Product <u, ¢,> O(N?)
FFT , Chebyshev Transform O(N)
® Gaussian Elimination
Alb=x O(N

® Relaxation (Gauss-Seidel method)
V2y=x O(N*) for 2D O(N?) degrees of freedom

Accuracy: same CPU time, more accurate solution

Efficiency: same accuracy, less CPU time
109

Chebyshev Polynomials

{Tn (cos@) =cosné _To

X =C0s6

Recurrence Formula: 3 T
Toa(X)+T, 4 (X) = 2xT (x) Ta T

T.(-1)=(-1)
T.(1)=1

Fast Chebyshev Transform

Transform pair is:
{ G, =<U,4, >
u :zﬁk¢k

Chebyshev Polynomials {

physical space to spectral space
spectral space to physical space
T,(cosd) =cosné
X =C0sé

O Could take advantage of Fast Fourier Transform ( FFT))
( Cooley and Tukey, 1965 )

2
General Transform { 1D O(N°)
2D O(N3)
Fast Transform { 1D O(NInN)
2D O(NZInN) w

67[1 ou 10°
ot

L; ERROR AT t = 1.0

10 F

e % -
-0 -0.5 0.0 0.5 ] b B 18 24 32
¥ SPATIAL RESOLUTION N

COL error exponential convergence

FD error algebraic convergence

Application of Chebyshev Spectral Method

in Oceanic Modelin
y
\—~ X

Chebyshev

O Haidvogel ( 1976 )

With pseudospectral method, employing an
orthogonal expansion in Fourier and Chebyshev
functions, to investigate the sensitivity and
predictability of mesoscale eddies in an idealized

model ocean.
Stream function

Eddy

Fourier

113

Application of Chebyshev Spectral Method

in AtmosEheric Modelin%

0O Kuo & Schubert (1988 )

Applied the Fourier-Chebyshev method
in a Boussinesq nonhydrostatic model to
study the entrainment instability of
marine boundary layer stratocumulus.

20 mins
L e 4 Ti |t

€ 0.000E400 1521 i
oelemminnaleinsi

Initial field
ern € AU %1 T
P

40 mins
el F ook o

Chebyshev

0 s @0 sm g
i .

Fourier
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Domain Decomposition

Original Problem:

PC cluster

N

Domain Decomposition:

1) Same degree of freedom
less time
increase Efficiency

4 4 4 4

2) Same time
more degree of freedom
increase Accuracy

VaaTa

T

#

AL

(a7 & al &
TN

115 116
N N N N
Advection Equation with
Chebyshev Domain Decomposition
Burger's equation: _ cEOMAt=0MO 52004
Advection, Diffusion, Non-linear shock formation 1.25
E — Analytical
) ) 1f—FD4
_ z — -COL n=24,M=4
ou +(+u) ou o°u H 075 cor meanes
e _—= —2 y
ot oX OX B
5
o an
Exponential Convergence
117 118

Inviscid Burger’'s Equation

* AtanIC

* Analytic sol. obtained
by fixed point iteration
(tol. = 1013)

« BCs are give as

analytic sol. at

boundaries

Scale collapse at t=1

Aim to find error

confinement

%hﬂ?‘-i bk ggallieata) (B

e LR e S S S )

Lt B i o S B R WL )
B

Wi e S—-wine -ad (38

Ubar =05,M=1,n=80

Inviscid Burger’'s Equation
Shock formation with advection

Ubar=0.5, Pos =-0.5,M=1,n=72

Ubar =0.5, Pos =-0.5,M=3,n=24

— —Analytical
15 ——COL N=72, M=1
1
05l | Ubar=pS
, .
05
= 05 05 1

0
X

Ubar =05, Pos=-05M=1.n=72

u(x,1)

— —Analytical
——COL N=24, M=3

1
05 umens
o |,
0.5
B 0.5 0.5 1

xXo

Ubar =05, Pos = 0.5 M=3.n=24

Al
;
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Additional Speed-up Factor

Additional Speed-up Factor

N g«:om.zw:-s'
: g ] ® oronEmeny
m-wgg-mmaﬂm o . ::;am:ew;_-: "OB
¢ Speed-up =
* Ny/N1asx £ &
o At /At asy ’ .
E —
« Slope = Additional Sp! ‘ o
. I
As large as 6!! o — ; - !
» Max. 48 times faster!! i
121

Shallow Water Equation

du du_  du dh
E+u5+va—,—h+3—0 (1)

& N dh
E+u5+v5+fu+5—0 @)
dh 2k

dh TR
it 'a_y"(“ i)(;+a—j) =Q (3)
where AmwE) =WP[—(._TRE)!—(%)’]“"3"'H"

qg =6250m%s%, x, =y, =200km,
tg = 6 hours = 21600 sec, (x..¥,.) = (1000,—1000)

2

m'
=al =
E=c?=2500 12

Shallow Water Equation

« Initial Condition

¥ —Va

,0) = —U; LT,
u(x,y, 0) tm[ﬂ(yII — ,-)]-
Wxy0)=0
oh
—(xy0)= —F
w(!-.v )

where U=75ms™, y,=—2000km, ,=32000kn

» Domain Decomposition : Overset

. . - . .

pa—

Tt

.. . . - .

Domain Decomposition
Numerical Results

Domain Decomposition(2*2)
T=24hr, dt=30, NX=48+48, NY=48+48

Single Domain
Te2dhe, NX=06, NY=0E

yikmi)
£

Domain Decomposition
Numerical Results

Domain Decomposition
Numerical Results

Single Domain
TedBhe, NX=06, NY=0E

Domain Decomposition(2*2)
T=d48hr, di=30, NX=48+48, NY=48+48

Single Domain

T=96he, NX=06, NY=0E

Domain Decomposition(2*2)
T=88hr, di=30, NX=48+48, NY=48+48

2000 2000
e VE—— E—— P —
1000 - 1000, ;
500 500
E o E o
~ so0 ~ so0
1000 1000
1500 1500
2000 -2000
2000 -1000 [ 1000 2000 2000 1000 [ 1000 2000
skm) skm)
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A Domain Decomposition Domain Decomposition
' Numerical Results Numerical Results
Single Domain Domain Decomposition(2*2) Single Domain Domain Decomposition(2*2)
Tatashs, NX=08, NY=96 T=14dhe, dt=30, NX=48+48, NY=4B+48 Ta192hs, NX=08, NY=96 T=102he, dt=30, NX=48+48, NY=4B+48
2000 2000 2000
o0 1500 L —
1000 1000 1000,
500 s s
o E o E o
500 I ——
1000 1000 1000
1500 1500 1500
2000 2000 2000
2000 -1000 [ 1000 2000 -2000 -1000 (] 1000 2000 2000 -1000 [ 1000 2000 -2000 -1000 (] 1000 2000
alkm) x(km) alkm) x(km)
g .
Tedaw
Toreie
) b
s - ,_7",- B average vorticiy .
! il
g
H \ bl ] Example of Domain Decomposition: CReSS Model (Tiling) 7 days simulation
ot Precipitation rate (mm/hr) at 5 days from initial time.
Red line: JMA best track of Typhoon 18.
PR . 130
Cw e v w m s e d w w
A coffee lover's dream: Bowmen and Mangus (1993)
The best part of waking up, is the vortex in your cup! o g
P g Hidln g B
Do 0 . " - u Falinaleophy Observations of deformation and
i Y=y S Stirri mixing of the total ozone field in the
' y 3 Antarctic polar vortex
C=—[vo.-vedr g } 1
ol o pREEsa
dC : i S 3 " i
I.—j[: -cfsn?- 0 db -vj{f! E]}{“ £ ! s
Stirring Mixing Tienw e

Coffee with white

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.
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Chebyshev Transform vs. FFT

-1 -x
-2 .
3l | Fast Fourier
Transform
-4
a5
E 6l ]
2 7 Unusual scple dependent accuracy
= -8 Kuo & Williams ( 1998 )
9r
-10
1 . | Fast Chebyshev
12 domain=[-pi,pil” | Transform
00 05 10 15 20 25 3.0

a
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Reliable And Efficient Methods Exist
More Issues Need To Be Considered Other Than Efficiency !!
® Geostrophic Adjusment
C-grid for Finite Differences
Z-grid for Spectral and Finite Element

® Axisymmetrization Dynamics
r2 conserved

® Selective Decay (Statistical Dynamics)

® Improvement over simple /2 diffusion
in global or regional or hurricane models

= Anticipated potential vorticity method
O Sadourny and Basdevant 1985
O Arakawa and Hsu 1990

O Kazantsev et al. 1998 (Boltzmann mixing entropy
maximized under energy conservation constraint)

@ Coherent Structure vs 2D Turbulences

® Conservations :
Enstrophy, Vorticity, Kinetic Energy, Available Potential
Energy, Water Substance, angular momentum etc

® Topography
hurricane spin-down, turbulence structure

® Positive Definite Method

® Hybrid 8 — o coordinate
(quasi-Lagrangian vertical corrdinate)

High Resolution Direct Simulations
Cumulus Parameterization Abandoned?!
Direct simulations of Micro-states

Collective Effects, Scale Interactions
Statistical Physics, Macro Model
Efficient Numerical Methods 136

Chebyshev Collocation & Tau Method
s

O Chebyshev Collocation Method: Doing derivation in spectral
space, then inverse transform to physical space to do
integration, applying boundary conditions in physical space.

( pseudospectral )

O Chebyshev Tau Method: Doing all derivation, integration,
and applying boundary conditions in spectral space, after all,
inverse transform to physical space.

( Lanczos, 1938b, 1952c,d, 1956 )

Nonlinear computational instability
and the Arakawa Jacobian (1966)

J(y. <)

When the Arakawa Jacobian is used for the advection
terms in the QG baroclinic model, together with the vertical
differencing, the sum of kinetic energy and available
potential energy is conserved, as well as potential
enstrophy, in the absence of heating and friction.

=>energy and enstrophy conservation
DRLAAF 0 A F RALEKERS

{4 oA
Nonlinear energy transfer }' I"g v T
Aliasing error ‘ \\W -

38
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Orthogonality of Chebyshev series

(u,v)= ﬁ% dx as inner product

In particular T 0T, (9
1T, ()T, (X
Mot =[ 8y

T,(Xx)=cosm¢ T, =cosng X=cos¢

dx = —sin ¢ dgp = —(1—cos® g)* d¢
=—(1-x%)%dg

T T) :I:cosmgbcosmﬁ dg

139

DV 1 2
— +20x V=—=V,p+2VV.
Dt ]

v Y Geostrophy
o ik V= ﬂwy Rotation Dynamics

3 f ko= V= -V |®\—'3v:

N\

Boundary Layer Dynamics
Nearly Invicid

Singular Perturbation Problems
Quasi-balanced Dynamics
T Rotation time scale / Advective time scale

Re = — Diffusion time scale / Advective time scale
140
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