
David Keith 
(keith@ucalgary.ca; www.ucalgary.ca/~keith)

Director, Energy and Environmental Systems Group
Institute for Sustainable Energy, Environment and Economy

University of Calgary

Geoengineering

50th Anniversary of the Global CO2 Record 
Symposium and Celebration, 

30 November 2007, 
Kona, Hawaii



Human actions that
change climate

Climate
System

Climate impact 
on human welfare



Geoengineering AdaptationMitigation

Human actions that
change climate

Climate
System

Climate impact 
on human welfare



4



5

El Chichon Pinatubo
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Putting sulfur in the stratosphere

Of order 1-2 Mt-S per year offsets the globaly-averaged radiative 
forcing from 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

0 2 4 6-6 -4 -2
ºC



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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Gravito-Photophoresis

Sunlight warms particle evenly

Particles more likely to rebound hot 
from bottom of particle

Net upward force
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Conceptual design: A levitated disk

Radius ~10 mµ

50 nm Al
BaTiO3

Al O2 3

Electric field
100-200 V/m

Magnetic field
10  T-4

Magnetite (Fe O )3 4

~500 X 500 nm
3

Lifting force

Poleward force
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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.

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

CO  Concentration2

Geoengineering 
instead of mitigation
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Albedo modification
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Warning: Moral Hazard

Knowledge that geoengineering is possible

Climate impacts look less fearsome 

A weaker commitment to cutting emissions now
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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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Questions & Opinions

Opinions
1. We need a serious research program

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

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

3. 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?  An alternate mechanism? 
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