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Energetics of a Planet (from the outside)

Energy in = Energy out
Solar in – solar reflected = heat energy emitted

(1/4) SO (1 – A)  =  σ Te
4

Te = 255 K = -17 °C = 1 °F



Energetics at the Earth surface

This energy is 
radiated down and 
warms the surfacewarms the surface

Without this energy,
earth surface would 
be some 30 °C 
colder



Increasing GHG concentrations

� MUST warm the earth surface

� Increases the absorbing potential of the atmosphere

� Increases the back 
radiation from the 
atmosphereatmosphere

� Surface warms

� Feedbacks exist;
tend to be positive;
increase warming



Increasing GHG Concentration



Antarctic Ice Core Data
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Data from Climatic Research Unit
University of East Anglia, UK

Black line is a smoothed curve with an approximately decadal time scale

Anomaly scale is arbitrary: difference from1961-1990 average



Scenarios

Projected 
warming

IPCC: Summary for Policy Makers, Figure 5IPCC: Summary for Policy Makers, Figure 5

Updated 13 Feb 2007Updated 13 Feb 2007



� Human activity is adding GHGs to the atmosphere –
the end product of all fossil fuel burning is CO2

� The result will be a warmer world – physics doesn’t lie

� Best estimates are 2 – 4 °C (4 – 8 °F) warmer globally
by 2100

Status

by 2100
� It may be greater than 4; it is very unlikely to be less than 2

� Even if we stopped emitting CO2 today, additional 
warming would occur because the climate system is 
not currently in equilibrium with CO2 amount

� Other effects such as ocean acidification are only now 
being studied and may be more threatening or as 
threatening as direct warming



� Reduce greenhouse gas concentrations

What is the solution?

9 GtC / year

5 GtC / year

Atmospheric conc.
~390 ppm
Increasing at ~2 ppm/yr

Human contribution to global carbon cycle
(1 Gt = 1 billion metric tons) 



� A major part of the solution is improved technology, e. g.,

� Dozens of new nuclear power plants

� Huge development of wind and solar farms

� Strict efficiency codes and standards

Drastic upgrade in car and truck fuel economy

How to reduce emissions?

� Drastic upgrade in car and truck fuel economy

� Development of carbon capture and storage

� Requires a major change in government policy and major 
investment in technology

� All within the next 20 to 40 years

� World wide, including developing countries



�Major energy policy changes are not occurring 
(and not likely to occur any time soon)

�Global warming produces some sort of 
“tipping point” event(s)

A possible scenario …

“tipping point” event(s)

� Unacceptable consequences

� Approaching irreversibility

� Society calls for immediate action to halt any 
further warming 



�Geoengineering!

� Deliberate modification of climate system to 
prevent global warming

� Two approaches

So, now what?

� Two approaches

� Carbon dioxide removal (CDR)

� Solar radiation management (SRM)



Carbon Dioxide Removal



Air scrubbing

Chemically remove CO2 by passing 
air through a scrubber

No working systemNo working system

Estimated cost  of prototype 
~$100,000

Require millions of these scrubbers

Lackner scrubber



Bio-energy with 
carbon capture and storage

No working prototype

Requires development of 
both biofuels (algae?) and 
capture technology 

Steps in process
• Grow biofuel
• Burn under controlled conditions to produce power
• Capture CO2
• Sequester underground

capture technology 



� Goal: amplify biological pump by 
providing iron (nutrient) to 
promote phytoplankton bloom

� Phytoplankton take up CO2, 
some fraction of which ends up 
in deep ocean 

Iron fertilization 

in deep ocean 

� Increase in zooplankton and 
higher order predators



How to reduce solar radiation …



� Move the earth to an orbit slightly further away 
from the sun …

� Estimate: move the earth about 220,000 km 
further “out” to compensate for doubled CO2

Moving the earth …

further “out” to compensate for doubled CO2

� Roughly 2000 km per
year should do it!

� About 1/3 of an earth 
radius per year!



Sunshade (mirrors …)

One estimate:

At 1.5 million km from earth towards 
the sun (Lagrange point)the sun (Lagrange point)

Require about 1700 km x 1700 km of 
sunshade (roughly 1000 miles x 1000 
miles)



Volcanic aerosol (smoke …)

Mt. Pinatubo, 1991
Need equivalent of one of 
these about every 2-3 years 



Low-level Clouds (Fog …)

Increase cloud brightness by adding sea salt particles to the air
Particles make more drops, more reflective clouds
One estimate: need to increase average brightness of marine 
stratus clouds by about 30% to offset doubled CO2



Overall analysis (Cox and Jeffrey, UK)

Risk:

Green – low
Yellow – med
Red - highRed - high



�Once you start “solar radiation management”, 
you cannot quit UNLESS you remove the 
CO2 from the atmosphere

A couple of other considerations

� SRM does nothing to compensate ocean 
acidification – the CO2 is still in the 
atmosphere, and being taken up by the ocean



�With research, including field trials?

�With active deployment, perhaps in the Arctic 
to save the Arctic sea ice and Greenland ice 

Ready to move ahead?

to save the Arctic sea ice and Greenland ice 
sheet?


