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Richardson’s Human Weather Computer (1917 --1922)

“Lewis Fry Richardson’s imaginary `forecast factor’ would have employed 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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• QM #2: Why we aren’t freezing
• QM #3: Deciphering ice and sediment records
• Fluid Dynamics: Single layer models

• Coriolis Force
• Stratification & Differential Heating
• Topography 

• Quantum field theory of global warming?
• Ecosystems and feedbacks
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Crisis in 19th Century Classical Physics

UV Catastrophe!

Intensity = function(Temperature, frequency)

[I] =
Watts

meter2
=

Joules

m2 s
[kBT ] = J [ν] =

1
s

c = 3× 108m/s speed of light
kB = 1.38× 10−23J/K Boltzmann′s constant

∆I(T, ν) ∝ kBTν2

c2
∆ν I =

∞∑

ν=0

∆I(T, ν)→∞



The Solution: Quanta



The Solution: Quanta
Light is composed of
particles -- quanta --
called photons.

Photons carry energy.ε = hν

h = 6.63 × 10
−34

Js Planck
′
s constant



The Solution: Quanta
Light is composed of
particles -- quanta --
called photons.

Photons carry energy.ε = hν

h = 6.63 × 10
−34

Js Planck
′
s constant

New constant of
nature makes it 
possible to write
the correct intensity.

∆I(T, ν) =
2πhν3

c2

1

ehν/kBT − 1
∆ν

→
2πkBTν2

c2
∆ν for kBT # hν

→ 0 for ν → ∞



The Solution: Quanta
Light is composed of
particles -- quanta --
called photons.

Photons carry energy.ε = hν

h = 6.63 × 10
−34

Js Planck
′
s constant

New constant of
nature makes it 
possible to write
the correct intensity.

∆I(T, ν) =
2πhν3

c2

1

ehν/kBT − 1
∆ν

→
2πkBTν2

c2
∆ν for kBT # hν

→ 0 for ν → ∞

Now we can
do that sum 
over frequency!

I = σT
4

σ ≡
2π5k4

B

15h3c2
= 5.67 × 10

−8 W

m2K4



Agree to better than
1 part in 100,000
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Albedo = a = 30%visible light 
reflected directly back to space 
(“earthshine” on the new moon).

fraction =
πR2

E

4πr2
E

× (1− a)



Energy Balance

Luminosity = Area × Intensity

= 4πR2
sun × σT 4

sun



Energy Balance

incoming
energy flux

Luminosity = Area × Intensity

= 4πR2
sun × σT 4

sun



Energy Balance

incoming
energy flux

Luminosity = Area × Intensity

= 4πR2
sun × σT 4

sun

πR2
E

4πr2
E

(1− a) 4πR2
sun σT 4

sun = 4πR2
E σT 4

E



Energy Balance

incoming
energy flux

outgoing 
energy flux (IR)

Space
Luminosity = Area × Intensity

= 4πR2
sun × σT 4

sun

πR2
E

4πr2
E

(1− a) 4πR2
sun σT 4

sun = 4πR2
E σT 4

E



Energy Balance

incoming
energy flux

outgoing 
energy flux (IR)

Space
Luminosity = Area × Intensity

= 4πR2
sun × σT 4

sun

πR2
E

4πr2
E

(1− a) 4πR2
sun σT 4

sun = 4πR2
E σT 4

E



Energy Balance

incoming
energy flux

outgoing 
energy flux (IR)

Space
Luminosity = Area × Intensity

= 4πR2
sun × σT 4

sun

πR2
E

4πr2
E

(1− a) 4πR2
sun σT 4

sun = 4πR2
E σT 4

E

rE = 150 × 10
9m

Rsun = 6.96 × 10
8m

Tsun = 5, 800K



Energy Balance

incoming
energy flux

outgoing 
energy flux (IR)

Space
Luminosity = Area × Intensity

= 4πR2
sun × σT 4

sun

πR2
E

4πr2
E

(1− a) 4πR2
sun σT 4

sun = 4πR2
E σT 4

E

TE = (1− a)1/4

√
Rsun

2rE
Tsun

≈ 251K = −22C

rE = 150 × 10
9m

Rsun = 6.96 × 10
8m

Tsun = 5, 800K



Energy Balance

incoming
energy flux

outgoing 
energy flux (IR)

Space
Luminosity = Area × Intensity

= 4πR2
sun × σT 4

sun

πR2
E

4πr2
E

(1− a) 4πR2
sun σT 4

sun = 4πR2
E σT 4

E

TE = (1− a)1/4

√
Rsun

2rE
Tsun

≈ 251K = −22C

FREEZING
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Planet Earth Mars Venus
calculated 

temperature -18 0C -56 0C -39 0C

actual 
temperature 15 0C -53 0C 427 0C

greenhouse 
warming 33 0C 3 0C 466 0C

Water Vapour: 65%   Carbon Dioxide: 21%





from Climate Change 1995: The Science of Climate Change

Why We Aren’t Freezing
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Principal greenhouse
gas: water vapor

Secondary: carbon
dioxide, methane,
CFC’s, …

Absorption lines are
pressure-broadened

IR photons are on 
average absorbed and
emitted about 2x on 
way out to space

Robert A. Rohde for the Global Warming Art project

http://en.wikipedia.org/wiki/User:Dragons_flight
http://en.wikipedia.org/wiki/User:Dragons_flight
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1 = σT 4

0 + σT 4
s − Fw + Fc + 0.5Fe + 0.3Fs

Fs ≈ 86 W/m2 Solar flux absorbed by atmosphere
Fe ≈ 80 W/m2 Latent heat from evaporating water
Fw ≈ 20 W/m2 IR flux directly to space
Fc ≈ 17 W/m2 Convective heat transfer

Excellent agreement
for such a simple model

T0 = 250K

T1 = 278K

Ts = 289K = 16C
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Figure 1 Schematic illustration of the change in emission level (Ze) associated with an

increase in surface temperature (Ts) due to a doubling of CO2 assuming a fixed atmospheric

lapse rate. Note that the effective emission temperature (Te) remains unchanged.

emitted from lower in the atmosphere, including most of those emitted from the

surface, are absorbed by infrared-active gases or clouds and are unable to escape

directly to space. The surface temperature is then simply Ts = Te + !Ze, where

! is the lapse rate. From this simple perspective, it is the changes in Ze, as well

as in the absorbed solar flux and possibly in !, that we need to predict when we

perturb the climate. As infrared absorbers increase in concentration, Ze increases,

and Ts increases proportionally if ! and S remain unchanged.

The increase in opacity due to a doubling of CO2 causes Ze to rise by ≈150
meters. This results in a reduction in the effective temperature of the emission

across the tropopause by ≈(6.5K/km) (150 m) ≈1 K, which converts to 4W/m2
using the Stefan-Boltzmann law. This radiative flux perturbation is proportional to

the logarithm of the CO2 concentration over the range of CO2 levels of relevance

to the global warming problem. Temperatures must increase by≈1 K to bring the
system back to an equilibrium between the absorbed solar flux and the infrared flux

escaping th space (Figure 1). In radiative-convective models with fixed relative

humidity, the increase in water vapor causes the effective level of emission tomove

upwards by an additional≈100m for a doubling of CO2. Water vapor also absorbs
solar radiation in the near infrared, which feeds back with the same sign as the
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The Past 160,000 Years

Carbon Dioxide

Temperature

Present

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

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

18O versus 16O in H2O:  Classically both molecules have same energy.
Quantum zero-point energy means that 18O water is slightly less likely
to evaporate during cold spells.

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

Small mass --> large
quantum zero-point
motion and energy.
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S. J. Johnsen et al. Tellus 41B, 452 (1989)
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N

Eccentricity: 100 and 413 kyr

S Change in tilt of axis
“obliquity”: 41 kyr

ecliptic

23.5o (now)

Precession: 19 to 23 kyr

Polaris
(now)

α  Draconis
(2000 BC)



Spectral Analysis of Isotope Records 
Figures from Ice Ages and 
Astronomical Causes: Data,
Spectral Analysis, and Mechanisms
by R. Muller and G. MacDonald



Spectral Analysis of Isotope Records 
Figures from Ice Ages and 
Astronomical Causes: Data,
Spectral Analysis, and Mechanisms
by R. Muller and G. MacDonald



What amplifies orbital 
forcing to produce 
ice ages?  



Why does 100 kyr 
eccentricity period 
dominate climate signal?

What amplifies orbital 
forcing to produce 
ice ages?  



Why does 100 kyr 
eccentricity period 
dominate climate signal?

What amplifies orbital 
forcing to produce 
ice ages?  

Why did the 41 kyr 
period dominate 1.5 
million years ago?



Laskar, Levrard, and Mustard,
Nature 419, 375 (2002); Head
et al. Nature 426, 797 (2003).

Martian Climate May Also
Show Orbital Forcing

North Polar Cap of Mars
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D. Lüthi et al. Nature 453, 379 (2008)



-3.5 ± 1

-2.6 ± 0.5

-0.5 ± 1
ice sheets

&
vegetation CO2

greenhouse
gases

aerosols

N2O

CH4

Ice Age Climate Forcings  (W/m2)

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/m2. Thus, the 5°C cooling

of the ice age implies a climate sensitivity of 0.75°C per 1 W/m2 forcing.

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

SLIDE 7



from Climate Change 1995:
The Science of Climate Change

Atmospheric Dynamics
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Single Layer Models
Dω

Dt
= 0

∂ω

∂t
+ #v · #∇ω = 0

!v = r̂ × !∇ψ

!∇ · !v = 0

ω = ∇
2ψ

∂ω

∂t
+ J(ψ, ω) = 0

J(ψ, ω) ≡
∂ψ

∂x

∂ω

∂y
−

∂ψ

∂y

∂ω

∂x

ω = r̂ · ("∇× "v)
Vorticity



Freely Decaying Turbulence
on Sphere
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Coriolis Force
∂q

∂t
+ J(ψ, q) = 0

f = 2Ω sin(φ)

q = ω + f

= ∇
2ψ + fAbsolute

vorticity

Relative vorticity

Coriolis term







Coriolis Force



Chelton et al., Science 303, 978 (2004)
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Stratification

q = ∇
2ψ + f −

ψ
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!2R =
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h

!R = O(1, 000 km)



Stratification Sets Synoptic Length 
Scale



Stratification Sets Synoptic Length 
Scale





7. The NADW Meridional Cell and Deep Western Boundary Current

-,c.b
Q. '"

=~,,-a

Figure 1-91 : A new version of

Figure 1-90 with schematic

meridional sections of

interbasin flow for each ocean

with their global linkages.

SAMW
AAIW
RSOW

AABW
NPDW
AAC

CDW
NADW

UPPER IW
IODW

Subantarctic Mode Water

Antarctic Intermediate Water
Red Sea Overflow Water

Antarctic Bottom Water
North Pacific Deep Water
Antarctic Circumpolar Current
Circumpolar Deep Water
North Atlantic Deep Water
26.8:: (Je:: 27.25

Indian Ocean Deep Water

There is a recent review article on NADW (Fine, 1995) containing a schematic

(reproduced here as part of Figure 1-92) which exhibits the essentials of the general

path of the DWBC in the North Atlantic, without recirculations. My take on

McCartney's (personal communication, 1996) recent ideas (see also SM93) about the

path of LNADW (8:: 2°C, about) are added to Figure 1-92 as a dashed line. One feature

that I have not yet had the time to include in Figure 1-92 involves newer data and ideas

on the interaction of the path of the DWBC and deep Gulf Stream (Pickart, 1994a, b;

Pickart and Smethie, 1993; Spall, 1996a, b). The flow of NADW (that is above LNADW,

World Ocean Circulation - Vol. i · 101

W. J. Schmitz, WHOI technical report 96-03
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City Latitude January (oF) August (oF)

Glasgow 56o 34 to 45 52 to 64

Sitka 57o 30 to 38 52 to 62



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

Topography & Angular Momentum



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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Hopf Functional Approach
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= x
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Ψ
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u
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〈x〉 = −i
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A. Sanchez-Lavega et al. Nature 451, 437 (2008)
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∂q

∂t
+ J [ψ, q] =

qjet − q

τ



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

FIG. 1. Absolute vorticity q as calculated by DNS for a jet relaxation time of τ = 25 days.

The left and right hemispheres are shown in each panel; each is inclined by 20◦ to make the

poles visible. Deep red (blue) corresponds to q = ±10−4 sec−1. Top left panel: Initial absolute

vorticity of the equatorial zonal jet. Bottom left panel: Early development of an instability.

Top right panel: Fully developed jet that is in a statistical steady state. Bottom right panel:

Mean absolute vorticity 〈q("Ω)〉 = c1(φ)+ f(φ) of the fully developed jet, showing the effect of

turbulence on the mean vorticity profile and the recovery of azimuthal symmetry in the statistic.
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2nd Cumulant = 2-point Correlation Function
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Vast Reservoirs of Carbon & Enormous Fluxes



J. B. Marston, M. Oppenheimer, R. M. Fujita, and S. R. Gaffin, “CO2 and temperature”
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Some Feedbacks Already Included in Models



Feedback Process Gain g
water vapor 0.40 (0.28 to 0.52)
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clouds 0.22 (-0.12 to 0.29)

Total 0.71 (0.17 to 0.77)
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Feedback Process Gain g
water vapor 0.40 (0.28 to 0.52)

ice & snow 0.09 (0.03 to 0.21)

clouds 0.22 (-0.12 to 0.29)

Total 0.71 (0.17 to 0.77)

Some Feedbacks Already Included in Models

∆T ≈ 1◦C/(1 − 0.71) ≈ 3.4◦C
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An estimate of the contribution to g from Vostok core data:

1oC/(1 - .71) = 3.4oC   

1oC/(1 - .71 – .05) = 4.2oC

General 
Circulation 
Models

But where is the carbon 
coming from?
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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 in 
sedimentary rocks over 
hundreds of millions of years.  
(Revelle and Suess, 1957)







shallowing of the spectrum is reminiscent of the n!5/3

mesoscale range that is seen in observational data near the
tropopause [Nastrom and Gage, 1985], but here it is more
likely an indication that eddy-eddy interactions prevent a
build-up of energy at these relatively small length scales.
[16] That the shape of the eddy energy spectrum is

recovered without eddy-eddy interactions over a wide
wavenumber range helps resolve the paradox that the
atmospheric energy spectrum has the power-law decay that
would result from a enstrophy cascade in an inertial range
even though there are significant terms in the atmospheric
spectral energy budget other than those related to eddy-eddy
interactions. Our results show that these other terms would
by themselves lead to a similar energy spectrum. We also
found similar results for other parameter settings in the
GCM and using an idealized GCM [Held and Suarez, 1994]
with different radiation and boundary layer schemes and
without a convection scheme. Therefore, our results for the
energy spectrum do not appear to be artifacts of specific
parameter settings or parameterizations. The approximate
n!3 spectrum in the simulation without eddy-eddy inter-
actions may be explained by an unconventional enstrophy
cascade in which the zonal-mean component plays a central
role [cf. Bartello and Warn, 1988], but this is difficult to
assess given the number of important terms in the spectral
energy budget. Although we have only considered the
atmosphere here, similar considerations may apply to the

energy spectrum in the ocean at length scales smaller than
the oceanic Rossby deformation radius.
[17] The eddy energy spectrum of the simulation without

eddy-eddy interactions (Figure 2) is more jagged than the
spectrum of the full simulation. One effect of eddy-eddy
interactions, then, is to smooth the spectrum by transferring
energy between wavenumbers. Eddy-eddy interactions
also tend to isotropize the eddies in the horizontal. The
two-dimensional spectral energy distribution reveals
isotropization of the eddy energy in the full simulation for
length scales smaller than the eddy length scale but anisot-
ropy at all length scales in the simulation without eddy-eddy
interactions.

4.3. Mean Circulations

[18] The general circulation of the simulation without
eddy-eddy interactions shares many features with that of the
full simulation, but there are also significant differences.
The mean zonal wind in both simulations exhibits upper-
level westerly jets, which illustrates that extratropical jets
can form as a result of eddy-mean flow interactions alone,
without nonlinear eddy-eddy interactions (Figure 3). How-
ever, the simulation without eddy-eddy interactions has a
second jet in each hemisphere, and the Eulerian-mean
circulation has corresponding extra eddy-driven cells. The
mean circulation of the simulation without eddy-eddy
interactions is compressed in the meridional direction rela-
tive to that of the full simulation. A possible explanation is
that although most eddy energy resides at the energy-
containing eddy length scale in the full simulation, and
there is no general cascade of energy to larger scales,
upscale energy transfer can still be expected to occur in
the region of spectral space close to zonal wavenumber zero
[Rhines, 1975; Vallis and Maltrud, 1993], leading to eddy

Figure 2. Vertically averaged eddy kinetic energy spec-
trum vs. spherical wavenumber for the simulation without
eddy-eddy interactions (solid line) and the full simulation
(dashed line). The total eddy kinetic energy of the
simulation without eddy-eddy interactions is 2.1 times
greater, and its energy spectrum has been divided by this
factor for ease of comparison of the spectral shapes.
Contributions from zonal wavenumber zero (the zonal
mean) are omitted in calculating the eddy energy spectra.
The solid straight line shows a reference power law of n!3.

Figure 3. Mean eastward wind (m s!1) 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.
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