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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
discussion are those of greatest importance in
the present stage of knowledge.

Turing The Chemical Basis of Morphogenesis

“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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Sir Isaac Newton

Isaac Newton
Principia 1687

Nature and nature’s law
lay hid in night,

Edmund Halley (1656-1742)

If the astronomers can make
accurate 76-year forecasts,
why can't the Meteorologists do|
the same?

Size of the problem
AFAFERIREU RS F

| frivesd of faase

d
Hie v [urgely responsible for persiiading Newtea to pul-
Tish b P Hathe et

Order versus chaos

rieszaran God said, LR AR S P
Let Newton be, —
and all was light. A. Pope
Halley 1686 Halley 1686

Sun heat

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

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

Fujita, 1971

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 formulated the equa-
tions for incompressible, in-
viscid Auid fAow:

vk RY 4 2
A F 2R Partial Differential Equations

WA > #2538 PDE 13

Mach number u/c
Gac=

] + 5 n

Fgen 1117 L A of
ey

Adiabatic Sound; Sonic Barrier

| = Ue,
19611, The oty 1 sppemacirs  cometass fox L vaes o 11,

Dead-water near the coast

Wave drag problem

u*u/(g*H)

ship in Bute
S
e el putten

Mg %2 ) Surface “Vicks” showing the presence of el waves i the wik
Coumbia. The vessed was travebig at 8.5 = 3~ in a selace kayer of almot fre
s 1.4 m ceatt, Th internal waves caumed horinontal mation at the siace that
sersth I e at s

Establishenent Pacic. Victorsa, Beiih Cohmribia ] 0 A laboratory experiment lirom Ekman (1041 showing
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deep water waves

Kelvin wedge

[Courtesy of Aerofilms Ltd.]

2xsin*(4)=2%19.5°

D’Alembert 1746

Math. Model for Atmospheric Motion
in aqua-planet

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

Solar and Lunar Force

v e Fourier 1768-1830

Fig 1 Tho same o Fig. 3, but o the anaral cscalarion
s bond by Thommsce {17} ased Ferost 118591

g2 A heman v of s markdisnd! oo
50 praeral cruducion 1 vivemiond by Hodey

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

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

Hadley (1685-1758) Ferrel (1859)

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?27]

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)
V1 S B

PV=nR*T il N2
B el

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)

18




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 Moles of oil =
— molecular size

— Avogadro’s number

478 104 mol
200g/mol M

(5) Avogadro’s number

25 % 109 molecul
drofs number = > 0?)24m01

.

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

G

Development of Thermodynamics Tg't" § 8 et T8

19 century ipitati
9 Precipitation
B e g EERINE i
First Iaw: Energy is what makes it go and Enthalpy
energy is conserved.
Entropy

AQ= AU+WORK gl =pP[§=+h
Second law: Entropy tells it where to go!
ot VSO FIRETR

Joule, Rudolf Clausius, Lord Kelvin and

Gibbs Free energy

others
BN i
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. LVDWIG

MANN
S=kLogW w'.l.,l_.'r,l_:_

Planck, Unwilling Revolutionary: the idea of quantization

. I 1900

2hc?

) oo BA(T):T 1 Hall of Fame in Science

I 2% -1) -

i 1| Gravitational Law
Z 1 Blackbody Radiation
‘ | E=MCM2
2 . :
Figwre &7 Spectra of emitsod inter

by of T cnivon

B

21

19 century weather map

16 January 1888
7 am Easlern Time ¢

The Ultimate Problem in Meteorology — Bjerknes 1911
F Ren¥ 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)

i_:: i vV
(&
Momentum oy ,
Conservation (18) 77 * 3. TEVE
o , J—
Mass conservation (18) Radiation
i i il i ) A
Energy conservation (19) g7 *ugy T rgs T wET Q (1?3 ﬁ)ﬁ%
- N Moisture
) ppRT, -T2
Equation of State(17,18,19) ot P Latent heat
& &
[ s A VS O Sk
s Ev* = F R p A (19) (19,20)

FE -8 n o fph-as

24




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?

26

Peter Lynch

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

Wexler von Nalmas Fjortoft
Neumann Frankel

Freeman
; .a‘ a‘ ﬁ ‘%'Chamey

Relcheldenfer

K
gﬁ

L

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)
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West Pac Track Errors Edward Fukada

JTwWC
Error cut in half since 1990 Total Forecast Error
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= A A RRAS PPeE B 4 ERFRTRFER AR RSk X%

- 380 _ 1800 =
L ] fwf - During the 3 days after the
& & | ] 9/11 /2001, statistical
E HE 1 Eal ] significant increase of 1.1C
§ o 1 s esle ] in the average diurnal
g il i % temperature range for
g L 1 2% ] ground station across US.
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YEAR YEAR

0 £ 03
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- i
g 20 - - § ot .
3“ ﬁ Fig. 10.43 Condensation trails. [Photograph courtesy
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1750 1800 1850 1900 1950 2000 1750 1800 1850 1900 1980 2000 of Art Rangno.] "
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Almosphenc 0O,

concentration (ppem by vohume)

Keeling Curve (1958- )

o : I,n?{.ﬁf"
.3 :
= Maina Lo Kﬁ ;

330 y W g
%o M’\‘“W Charles Keeling (left) at the dedication of
S0 @ 7o 78 @1 @5 @0 we migz  the Keeling Building at the Mauna Loa

Year Observatory, Hawaii (1997)

Dais foy 0P Bruegel, Pieter, the Younger

§ < Winter Landscape (1601) >
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Science Digest

February, 1973 o -f

Reports that the world’s |
climatologists are agreed

that “we must prepare for

the next ice age.” %

grown from 1968 to 1974

SPECIAL REPORT GLOBAL WARMING

BE
WORRIED.

3
WORRIED.

TH AT THE T
HOW IT THREATENS YOUR HEALTH
HOW CHINA B DL CAN HELP
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THE CLINAT

L OO0O0ON

dr’ ;
C— =S| IR
dt y 1
/ —_> 7
pe Sun energy > -
specific 5 §
heat / b

¥

S |=ma® s(1 — a)
/

* i+ albedo

IR 1= dma® eaT?

Bg W e
ORE S % QPCORFIRIE » RGE-SPIS)
SR SR P «

Time magazine’s June 24, 1974, story
showed how Arctic snow and ice had
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dt
! TEMP
~273K
Temperature S-IR
Don't Worry! Be Happy! = —\C TEMP
49 50
2 stable multiple equilibria
[average = 60%] Evidence Volcano Eruption
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06 A year without summe]
1991 1992 1993 1994 Memory effect
Mean Annual Cloud Cover (% i i
ual Cloud (%) (1982-2001) ML Pinatubo eruption
Fig. 8-6 Observed change of the Earth’s global mean
« The climate system is sensitive to cloud cover and cloud type surface temperature following the Mount Pinatubo erup-
. . . X tion (June 1991} Adapted from Imtergovernmental Panel
« There is conflicting evidence on changes in global cloud cover over on Climate Change. Climate Change 1994. New York:
past 2-3 decades; reported trends vary by cloud type Cambridge University Press, 1995,
« Deep convection impacts cirrus cloud coverage Jacob (1399)
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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

71
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correct result. It is a mystery how such
an error was missed by Levi and by the
editors and reviewers of the original
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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
(%)
79 80
81 82
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00l o 99 <,o o 8,00 Recent TC Intensity Trends Regional Structure of Tropical Cyclone Intensity Trends
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There is some statistical = s 4 55 » n " -
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, 2008y Source: Elsner et al., Natre, 2008, 82
Cuarals
83 " . 84
) ) ) ) The frequency of recorded storms (low-pass filtered) in the
There is some recent evidence that overall Atlantic hurricane . g . . .
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...
16, T T T - - -
e | = Aug-Oct HADISST 6-18N, 20-60W
1 === Annual Atlantic storm count
PR ]
g But is the
@ 12- storm record
2 274 s reliable
Il b enough for
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= sl =074 since 1970
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1950 1960 1970 1980 1990 2000 2010 |
Year
PDI rtional to the ti
m;;gag;ggbeg“; race 1860 1880 1900 1920 1940 1960 1980 2000 2020
" wind speeds accumulated across all §3 Year 84
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.

14




Two future projections of Atlantic tropical cyclone power dissipation
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! 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 13008)
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Atlantic Named Storms. a
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Parcant Tropical Cyclones Striking Land 4
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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 a8

Source: Vecehi and Knutson, J. Climate. 2008

ACE vs May-Nov SSTA (5-30°N, 120-180°E)
[10-year Gaussian-filtered; standardized]
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05 7 correlation = 0.87

.05 -

correlation = 0.23

1964 1969 1974 1979 1984 1989 1994 1999 89
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|:|
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Tropical Cyclone Track Density
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(b) La Nifia years

(3) E1 Nifio years
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< Wu et al. 2004 >
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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
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What are the controls

VEL PRESSURE
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21010

N 7™ 80 WD % %0 W 180 @0

AVERAGE RADIUS OF 50 k. SURFACE WINDS (r.mi.) from Weatheriond (1685)

Fig. B77 The ey of Category-5 Hi
afternoan August 28, 2005 as viewed from an aircraft flyng

Flgure 13, Inensity {minimum sea-level pressare) versus the radial extent of 50 ke (60

Fig. 876 The eye of Humicane lsabel, passing to the northeast | femsit
milesshaur) winds in nautical miles (n mi) for porthwest Pacific typhoons as measurcd by

of Pueto Rico at 1315 UTC September 12, 2003 Az this

tme hiabel was & category 5 storm with sustuned winds of At an akitude ~3.5 km. The photograph was taken locking reconnaissance aireraft [ Weatherford and Gray 1955], Ove n mi is equal to 1,85 ki, Large

~T0m 3", The eyewall clowd siopes radially outward with roward the east just 10 the south of the center of the eye. dots illustrate the large differences that can exist for cyclones of the same minimum sea-

it Lower clouds within the eye itself are amanged The darker clouds are shaded by the westemn eyewall cloud. level pressure (MSLP) of 940 mb. 23 ki versus 144 ki Mote also that the cyclones of shm-

in 2 symmetric parmem. [NOAA GOES-12 Satelice imagery. | The top of the eyewall cloud slopes radially cutward with ilar outer radius of 30 knot winds can have MSLP differences s great as 890 versus 075
increasing height like the bleachers in a stadivm. [Courtesy of mib. These measurements are also typical of the Atlantic.

Beadley F. Semull and RAINEX, |

97 Weatherford and Gray 1988 %8
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Politics are for the mome
An equation IS for e
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Lagrange 1781
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it P
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Rotation Vortex Lorentz Force Law g(—=VV +v = B)

07

Coriolis Force

Non-inertial Frame
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3D 2D (strong rotation)

Vortices with sharp edge

109

Kyoto Univ. GFD group

Waves with zero potential vorticity

rotation rotation

Non-rotation

Kelvin Waves
Edge waves

Gravity waves

110

Ocean Spice | .\ —

™ Buoyancy
(density)

Stratification

il

Multiple Scale Interactions in Vortex

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

2D turbulence 11

2D Turbulence

Stratification and/or Rotation
Vortex Waves Turbulence

ac  ac ac
ot Tuar g, T Ve

uo 2L 20
. Dy’ 1—5.
ot a(x,y)

113

Vor 100 50 10 5 1 107"
—

300km

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

Time = 12 hr

Time= 6hr ' Vorticity

Time = 18 hr

angular
impulse

1986

[[(a* + y*)¢ dudy

Melander et al.
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Electron density redistribution in experimental plasma physics

Smgle sign Charge Axisymmetrization i ¥ fi i

+
axial magnetic field

confinement / %
P @ \‘.’.‘J.',‘,Tf‘
, o\

VoE- vy L

ExB drift
E

A L 200 .

Coriolis force 116
Core is protected, thin filaments from edges

Huang and Robinson
1998

to zonal Harmonics

Inverse energy ascade

Forcing added ——4

[

16, 2. Fnergy spectrum Fiu. ) of n ensemble mean ai day 80 of 10 decaying torbulence exper-
iments. The magnitude of the spectrum is normalized by the masimum value on the 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 heavily shaded

Terwey and Montgomery, June JGR 2008
(LM TERWEY AND MONTGOMERY: MODELE

Tabike 1. List of Scccadary Eyewall Formetion Hypotheses With 5

Possible explansion

Vosnibly evplanation

Prossible explanstion

were sl it formleic Be Bypoenn. () st R obmers sastally- hased, A s for

119

Rotational period 9.84hr

VIILin Table 1 (the eight open circles in Fig 3. Fach grid on the
ahscissa represents | m s

Huang and Robinson 1998

Alternating Zonal
Structures
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A coffee lover's dream:
The best part of waking up, is the vortex in your cup!

Palinstrophy
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Coffee with white
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Bowmen and Mangus (1993)

B

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

;ﬁ.nl»?ﬁil-'i'j"

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.

FENE RN ICARATHEE

b R T
EENSGERERT - TRSETEN - SRARS-NEEs AnaIensd

B2 - “Ren SIS AN EROH TSN 8 A | C0(2.

STAE M

KR 1

gqift i
-

|
2

B






