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“Lewis Fry Richardson’s imaginary “forecast factor’ would have eployed some 64,000 human
computers to keep up with the pace of the weather, The workers sit in tiers inside a great
spherical theater; the director, atop a pedestal in the middle, shines a beam of light on those

places where the calculation is getting ahead or falling behind.” [Brian Hayes, American Scientist
80, 10 -- 14 (2001).]
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* Quantum Mechanics #1: blackbody radiation
e QM #2: Why we aren’t freezing
e QM #3: Deciphering ice and sediment records

e Fluid Dynamics: Single layer models

e Coriolis Force
o Stratification & Differential Heating
e Topography

e Quantum field theory of global warming?

e Ecosystems and teedbacks
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The Solution: Quanta

Light 1s composed of

. e = hr  Photons carry energy.
particles -- quanta --

—  6.63 x 1073*Js Planck’s constant

called photons.
INT: = 2mhys 1 A
(T,v) = 2 ohufkgT _ 1 7
2rkpTv?
—— B2 < Av for kgl > hv
C
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Intensity, 10-4 ergs / cm? sr sec cm-1

CosMIC MICROWAVE BACKGROUND SPECTRUM FROM COBE
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The earth 1s (almost) 1n a thermal
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Albedo = a = 30%visible light
reflected directly back to space
(“earthshine” on the new moon).
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Terrestrial Planets
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Planet Earth Venus
calculated ) ;
temperature -18°C -39°C
actual ; '
temperature 15°C 421°C
greenhouse
warming 33 0C 466 °C

Water Vapour: 65%

Carbon Dioxide: 21%







Why We Aren’t Freezing

107 Reflected Solar Incoming 235 Outgoing
Radiation 342 Solar Longwave
107 Wm ™2 Radiation Radiation

‘ 342 Wm™ 235 Wm™
Reflected by Clouds,
Aerosol and /7 ,
JAtmosphere Emitted by Atmospheric
77 Atmosphere 165 Window
Absorbed by Greenhouse
67 Atmosphere Gases
24
350 Back
Surface Radiation
390
"/ 168 F~ 24 /8 Surface
Absorbed by Surface  Thermals Evapo- Radiation 324 -
transpiration Absorbed by SurfaCe~._

from Climate Change 1995: The Science of Climate Change
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20 W/m? IR flux directly to space

, Excellent agreement
17 W/m?* Convective heat transfer

for such a sitmple model
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Tropopause

Held & Soden (2000)

Z.+ AZ,

Ze

Altitude

Temperature T, T, T+ AT

Figure 1 Schematic illustration of the change in emission level (Z,) associated with an
increase in surface temperature (7) due to a doubling of CO, assuming a fixed atmospheric
lapse rate. Note that the effective emission temperature (7,) remains unchanged.



The Past 160,000 Years

J. M. Barnola et al., Nature 329, 408 (1987)
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Classically: All motion ceases at absolute zero temperature.
Everything freezes into a solid.

Quantum physics: There 1s still some motion even at T = 0.
This 1s why liquid helium never freezes!

Small mass --> large Vv o= — £\ — Q Q Q

quantum zero-point
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(Harold Urey, “The thermodynamic properties of isotopic substances,” 1946)



Quantum Zero-Point Motion

Classically: All motion ceases at absolute zero temperature.
Everything freezes into a solid.

Quantum physics: There 1s still some motion even at T = 0.
This 1s why liquid helium never freezes!

1 2k
Small mass --> large = e
quantum zero-point 2m V. om
motion and energy. B, = 1 b
2

180 versus 160 in H2O: Classically both molecules have same energy.

Quantum zero-point energy means that 180 water is slightly less likely
to evaporate during cold spells.

(Harold Urey, “The thermodynamic properties of isotopic substances,” 1946)



_-30F

s
S

O
@

(do)

-35 g
+ North Central (NC)
1 | 1
-35 -30 -25 -20

Temperature (°C)

Fig. 3. Mean 680 of snow deposited on the Greenland
ice sheet plotted against the annual mean surface
temperature as represented by the temperature at 10 or

20 m depths.

S.J.Johnsen et al. Tellus 41B, 452 (1989)



Eccentricity: 100 and 413 kyr

I
1 —
\




o, Draconis * * Polaris
(2000 BC) (now)

Precession: 19 to 23 kyr

Eccentricity: 100 and 413 kyr




o, Draconis * * Polaris
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Spectral Analysis of Isotope Records

Figures from Ice Ages and

Astronomical Causes: Data,
Spectral Analysis, and Mechanisms

by R. Muller and G. MacDonald

100 200 300 400 500 600 700
Age (kyr) using original time scale

Fig. 4.4. SpEcMmAP 6'0 stack with marine isotope stage numbers.




Spectral Analysis of Isotope Records

100

Fig. 4.4. SPECM

spectral power
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Figures from Ice Ages and
Astronomical Causes: Data,
Spectral Analysis, and Mechanisms
by R. Muller and G. MacDonald
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Fig. 4.5. Spectrum of original SPECMAP stack.
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Relative temperature ("C)

T

Vostok 6180
insolation Aug 45N

amplitude

50 100 150 200 250 300 350 400
age (kyr)

Fig. 4.40. Vostok oxygen and August 45N insolation. No phase lag used.

Why does 100 kyr
eccentricity period
dominate climate signal?
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Why did the 41 kyr
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Martian Climate May Also
Show Orbital Forcing

Brightness
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Nature 419, 375 (2002); Head ; b _
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D. Liithi et al. Nature 453, 379 (2008)
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Ice Age Climate Forcings (W/m?)

aerosols
greenhouse 051
1ce sheets gases
&
vegetation CO,
CHy
N>O
-2.6 £0.5
35+1

Fig 2. Global radiative forcings during the last ice age relative to the current
interglacial period. The total forcing is -6.6 + 1.5 W/m?Z. Thus, the 5°C cooling
of the ice age implies a climate sensitivity of 0.75°C per 1 W/m? forcing.

Hansen, J. et al., The missing climate forcing, Phil. Trans. R. Soc. London. B, 352, 231-240, 1997.



Net Radiation

Atmospheric Dynamics
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Single Layer Models

Dw
=)
Dt
Vorticity -
TS w = 7 (VX7

5 v - Vw =0
7 = #x Vi
V-0 =
w = V=



Single Layer Models
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Freely Decaying Turbulence
on Sphere
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Coriolis Force

dq
- J(¢,q) =0
5 T/ 4)
/Relative vorticity
q = wH+ [ < Coriolis term

Absolute
vorticity



Coriolis Force

dq
-FJ(Y,q) =0
5 T/ 4)
/Relative vorticity
/ q = wH [ < Coriolis term
. 2

Absolute = VYt f
vorticity

f =2Qsin(¢)
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Coriolis Force



Wind Stress Divergence
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Stratification Sets Synoptic Length
Scale




Stratification Sets Synoptic Length
cale




Great ocean conveyor belt

Heat release
to atmosphere
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Topography & Angular Momentum
~_

Richard Seager, “The Source of Europe’s Mild
Climate,” American Scientist (July-August 2006)



Quantum Field Theory
of Global Warming?

"More than any other theoretical procedure,
numerical integration is also subject to the criticism
that it yields little insight into the problem. The
computed numbers are not only processed like data
but they look like data, and a study of them may be
no more enlightening than a study of real
meteorological observations. An alternative
procedure which does not suffer this disadvantage
consists of deriving a new system of equations
whose unknowns are the statistics themselves."

Edward Lorenz, The Nature and Theory of the General Circulation (1967)
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Hopt Functional Approach
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Hopt Functional Approach

dx 5

o — tux(t)
=3 U(t,u) =e
0, 0? 0 — 0° —
za—\If—uau2\If za\If—uaqﬂ\If
HU, = 0
. 1
Wo(u) = expfliu(x) 2,u2(<$2> — (x)%) +
<CE> = [ 8’(1/ s
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Mean Zonal Velocity <u(¢)> (1/s)
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Mean Zonal Velocity <u(¢)> (1/s)
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Direct Numerical Simulation of Jet

jet relaxation time = 25 days

J.B.M, E. Conover, and T. Schneider, J. Atmos. Sci. 65, 1955 (2008)



Direct Numerical Simulation of Jet

jet relaxation time = 25 days

0.0 days 547.6 days

13.2 days 547.6 days

J.B.M, E. Conover, and T. Schneider, J. Atmos. Sci. 65, 1955 (2008)
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Mean Absolute Vorticity (1/s)
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2nd Cumulant = 2-point Correlation Function
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Carbon Dioxide (ppm)

Ecosystems & Feedbacks

Mauna Loa and Antarctic Carbon Dioxide
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Vast Reservoirs of Carbon & Enormous Fluxes
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Temperature and CO,, Moving in Tandem

lf Research results indicate a strong correlation between variations in temperature and variations in
9 atmospheric carbon dioxide concentration. Some scientists say that the temperature increases often
precede the carbon dioxide rises, meaning that warming could build on itself to create further warming.
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Physics of Feedbacks
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Physics of Feedbacks
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Variations of the Earth’s surface temperature: years 1000 to 2100

Departures in temperature in °C (from the 1990 value)

Global
Observations, Northern Hemisphere, proxy data instrucrzmntal

observations

IPCC 2001
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Variations of the Earth’s surface temperature: years 1000 to 2100

Departures in temperature in °C (from the 1990 value)
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Global Carbon Cycle

Small change in g causes large AT

Asymmetries
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An estimate of the contribution to g from Vostok core data:

Torn and Harte, GRL33,
L10703 (2006)

General
Circulation
Models

T  9|COy)

900z = 9[COs] 0T ~ 275ppmu 1°C

10C/(1 - .71) = 3.4°C
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= 0.053

But where is the carbon
coming from?



(a) Global Temperature Change (°C) (b) 2007 Surface Temperature Anomaly (°C)

—— Apnua} Mqan
—— S5-year Mean

; t

_.ZMAW ﬁ@

-4 |
1880 1900 1920 1940 1960 1980 2000 -35 3 -2 -1 -5 -2 2 S 1 2 3 4




Temperature Anomaly ("C)
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“Human beings are now
carrying out a large scale
geophysical experiment of a
kind that could not have
happened in the past nor be
reproduced in the future.
Within a few centuries we are
returning to the atmosphere
and oceans the concentrated
organic carbon stored 1n
sedimentary rocks over
hundreds of millions of years.

(Revelle and Suess, 1957)






L22301 O'GORMAN AND SCHNEIDER: GCM WITHOUT EDDY-EDDY INTERACTIONS L223801
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Figure 1. Typical instantaneous vorticity fields (107> s ') in (a) the full simulation and (b) the simulation without eddy-
eddy interactions. The horizontal surface shown is in the mid-troposphere at o = 0.5. The fields are shown at times after the
simulations have reached statistically steady states.



1 PT(K/
T

~60° -30° 0°
Latitude

Figure 3. Mean eastward wind (m s~ ') in the meridional
plane in (a) the full simulation and (b) the simulation
without eddy-eddy interactions. The mean is a zonal, time,
and interhemispheric average with mass weighting. The
thick solid lines are the zero-wind lines.



Antarctic Dome C

Siegenthaler et al. Science 310, 1313 (2005)



Antarctic Dome C
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Lake Mead



