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Emissions are rising faster than expected
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Skeptics argued that this “unrealistic” scenario 
was included only to make the problem look 
worse

This is where we need to be heading
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New York Times
May 24th 1953
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Morgan & Keith (1995)

Forest et al (2002)
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Forest et al, uniform     P>8=15%

Forest et al, expert prior (Morgan & Keith)    P>8=3%

Sanderson et al (2007)     P>8=7%



Human actions that
change climate
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Climate impact 
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El Chichon Pinatubo
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Temperatures after Mt. Pinatubo

Soden et al., 2002

USGS

If the radiative forcing from Mt Pinatubo 
were sustained, temperature changes may 
have been 10 times greater

(thermal inertia of ocean)
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Putting sulfur in the stratosphere

Of order 1-2 Mt-S per year offsets the radiative forcing of 2×CO2

(~2-4% of current global S emissions)

~3 gram sulfur in the stratosphere roughly offsets 1 ton carbon in the 
atmosphere (S:C ~ 1:300,000)

Assuming the NAS 1992 number of 20 $/kg 30 billion per year.

Methods:
1. Naval guns 
2. Aircraft
3. Tethered balloon with a hose



Models suggest 
the compensation

is quite good

2 x CO2

Caldeira et al., in prep, 2007

2 x CO2
and
1.8% reduction in
solar intensity
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NCAR Community Atmosphere Model

Middle atmosphere configuration
• Model top at about 80km
• 52 layers
• 2x2.5 Degree Horizontal resolution
• Finite Volume solution for dynamics 

with desirable properties for 
transport

Photochemistry includes only
that relevant to oxidation of 
DMS and SO2 –> SO4

Experiments by Phil Rasch, Paul Crutzen, Danielle Coleman 

Injection of SO2
• at 25km
• from 10N - 10S
• 1 Tg S/yr assuming a small (or 

background) aerosol size 
distribution

Pinatubo ≈10-30 Tg S 



Rasch et al: Annual Average Surface Temperature

Geo-SO4/2xCO2 
(1Tg Bkg)- Control

Geo-SO4/2xCO2 
(2Tg Bkg)- Control
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Engineered scattering systems

Alternative scattering systems
• Oxides

– H2SO4 or Al2O3

• Metallic particles (10-103 × lower mass)
– Disks, micro-balloons or gratings

• Resonant (104-106 × lower mass ??)
– Encapsulated organic dyes 

What you might get:
• Much lower mass
• Spectral selectivity
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Photophoresis

Uneven illumination

Temperature gradient across particle

Net force toward cool side
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warm

cool

Sun light

net force



Gravito-Photophoresis

Sunlight warms particle evenly

Particles more likely to rebound hot 
from bottom of particle

Net upward force
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α=0.7

α=0.9
net force

Sun light
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Photophoretic levitation of nano-engineered scatterers
for climate engineering

1. Long atmospheric lifetimes 
Lower cost and impact of replenishment
Can afford more elaborately engineered scatters 

2. Particles above the stratosphere
less ozone impact.

3. The ability to concentrate scattering particles near the poles
Concentrate climate engineering where it’s needed most.

4. Non-spherical scattering particle designs  
Minimal forward scattering.
Advanced designs that are spectrally selective.
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Is climate control impossible?

Improved observations
Improved models
Improved analysis/forecast systems 

A bigger lever Smaller 
perturbations needed to 
achieve a given degree of 
weather control

t1

t2

Not so!
Control of chaotic systems requires four things
1. A model  (initial conditions future state).
2. Observations.
3. An appropriate lever.
4. Feedback.

Chaos = extreme sensitivity to initial conditions

One might assume: Weather is chaotic control is impossible×

See Ross Hoffman, “Controlling the global weather”, 
Bulletin of the American Metrological Society February 2002 : 241-248
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Albedo modification

CO  Concentration2

Geoengineering 
instead of mitigation

R
ad

ia
tiv

e 
Fo

rc
in

g

21002000 2050



27

Albedo modification

CO  Concentration2

Geoengineering 
instead of mitigation
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Geoengineering to take 
the edge of the heat

21002000 2050
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Warning: Moral Hazard

Knowledge that geoengineering is possible

Climate impacts look less fearsome 

A weaker commitment to cutting emissions now



Value of knowing more about climate engineering

Assumptions:

1. The prior probability that climate engineering will reduce climate risk.

2. The cost of research to narrow the uncertainty about the 
effectiveness of climate engineering.

3. The probability of big climate impacts for CO2 above ~500 ppm.

Summary: you need to be very sure that climate engineering will never 
work, or think that the climate risk is very small to conclude that 
research is not justified. 



Value of knowing more about climate engineering
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Opinions
1. We need a serious research program

– Impacts, methods and implications
– International
– Need not be large $$ to make enormous progress.  

2. Current understanding of climate systems suggests that intelligently 
executed climate engineering would reduce climate risks.

3. Geoengineering should be treated as a means of managing the worst 
impacts of climate change, not as a substitute for emissions controls.

4. The science community should expect to loose control.

Questions
1. How can we best avoid the geoengineering mitigation trade off?

2. Should we work toward a treaty?  Norms? An alternate mechanism? 

Questions & Opinions
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www.ucalgary.ca/~keith/Bibliography.html

Username: carbon
Password: graphite
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Warning: Slippery Slope

“Interest in CO2 may generate or reinforce a 
lasting interest in national or international means 
of climate and weather modification; once 
generated, that interest may flourish independent 
of whatever is done about CO2.”

1982 US National Academy study, Changing Climate.
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