








ppm=parts per million (by volume), or  
number of CO2 molecules in a million molecules of air 

The present  
concentration is 
~390 ppm, about 
24% above the 

value of 315 ppm 
in 1957 (when C. 

David Keeling 
began very 

careful 
measurements) 
and about 40% 

above the 
preindustrial 
concentration  

Source: NOAA http://www.esrl.noaa.gov/gmd/ccgg/trends/#mlo_full 

The rate of rise 
(ppm/yr) is rising, 
though not evenly 

1.3 ppm/yr 
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In 2010 



Carbon dioxide is the 
primary greenhouse gas 

W m-2 

Source: IPCC, 2007 

Sulfate aerosols exert a 
direct and indirect (via 

clouds) cooling influence 
of about -1.2 Wm-2 

Net positive forcing is 
currently about 1.6 Wm-2 
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The model results 
appear as a band 

because (1) the results 
are for multiple 

models, and (2) the 
model simulations 

account for the natural 
variability of the 

climate, unlike the 
observations which, 
although averaged 

over a decade, 
represent a single 

pass through climatic 
history. Observations 
also include biases 

due to changing 
spatial coverage and 
measurement errors. 

IPCC, 2007 



“The balance of 
evidence suggests a 
discernible human 
influence on global 

climate” 

“There is new and 
stronger evidence that 
most of the warming 

observed over the last 50 
years is attributable to 

human activities” 

“Warming of the climate 
system is unequivocal…. 

Most of the observed increase 
in globally-averaged 

temperatures since the 
mid-20th century is very likely 
due to the observed increase 
in anthropogenic greenhouse 

gas concentrations.” 
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Full range of IPCC 
individual scenarios 
used for climate 
projections 

A1B Models Average 
A1FI Models Average 
A1T Models Average 
A2 Models Average 
B1 Models Average 
B2 Models Average 

Observed 
Projected 

Time (yr) 
Slide from Global Carbon Project, 2010. Content updated from Raupach et al. 2007, PNAS; 

Data: Gregg Marland, Thomas Boden-CDIAC 2010; International Monetary Fund 2010  





Low scenario 
Medium scenario 
High scenario 
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Carbon Dioxide and 
Climate Changes 

Sea Level Rise 

Temperature 

Precipitation 

CO2 and GHGs 
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In considering 
options, 

recognize that 
everything is 

linked and 
interconnected 

Desire for 
improved 
well-being 

Demand 
for goods 

and 
services 

Demand 
for energy 

& farm 
products 

Impacts 
on 

humans 
and  

ecosystems 

Climate 
change, 
sea level 

rise & 
ocean  

acidification 

Higher 

 in  
atmosphere 

concentrations 
Emissions 
of CO2 & 

 gases & 
aerosols 

short-lived 



The first 
approach must 

be reducing 
demand and 
emissions-
otherwise 

climate change 
will continue 

Desire for 
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well-being 
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for goods 

and 
services 

Demand 
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& farm 
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Impacts 
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ecosystems 

Climate 
change, 
sea level 
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ocean  

acidification 
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atmosphere 

concentrations 
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 gases & 
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Assumes that net warming 
influence of non-CO2 gases 
and aerosols will continue 

to about cancel out 
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2000 2050 1950 1900 

“Dangerous” warming per 
Copenhagen Accord 

See http://www.unep.org/dewa/Portals/67/pdf/Black_Carbon.pdf 

BC emissions: -80% by 2030 
CH4 emissions: -25% instead 

of +25% by 2030 
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If cutting 
emissions 

does not do 
enough, can 
we scrub the 
atmosphere? 

Desire for 
improved 
well-being 

Demand 
for goods 

and 
services 

Demand 
for energy 

& farm 
products 

Impacts 
on 

humans 
and  

ecosystems 

Climate 
change, 
sea level 

rise & 
ocean  

acidification 

Higher 

 in  
atmosphere 

concentrations 
Emissions 
of CO2 & 

 gases & 
aerosols 

short-lived 







Fossil Fuel Emissions 8–9 GtC/yr 30,000-33,000 MMT/yr 

Deforestation, etc. 1-2 GtC/yr 4,000-7,000 MMT/yr 

Standing forests/grasslands 
 Soil detritus, etc. 

600 GtC (~63 GtC/yr) 
~2100 GtC (~60 GtC/yr) 

2,100,000 MMT 
7,700,000 MMT 

Fertilization of global ocean   1 GtC/yr (max) 4,000 MMT/yr (max) 

Reforestation, afforestation, 
Biochar and biofuels 

1 GtC/yr 
maybe a few by 2100 

4,000 MMT/yr 
maybe 10-20,000 MMT/yr 

Carbon scrubbing 1 GtC/yr 4,000 MMT/yr 

Source: Very rough estimates; similar to Royal Society, 2009 

Maximum of ~ 4 GtC/yr 
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Temperature 
change is still 

above the 
‘dangerous’ level—
so what more can 

be done? 



If cutting 
emissions 

does not do 
enough, the 

next option is 
to offset 

climate change 
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T Alipalo/UNEP/Topham  

Mt. Pinatubo  
eruption, 

Philippines,  
15 June 1991 



Govindasamy and Caldeira, GRL, 2000



2 x CO2 

0 2 4 6 -6 -4 -2 
ºC 

Caldeira and Wood, 2008 



Caldeira and Wood, 2008 

2 x CO2 
(Statistically significant change 
over 47% of the Earth’s area) 

2 x CO2 and 
1.8% reduction in 

solar intensity 
(Statistically significant change 

over 4% of Earth’s area) 



Govindasamy and Caldeira 2000 
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Addresses the cause of the problem 
Creates a counter-balancing intervention 

to one component of the problem 
(e.g., does not address ocean acidification) 

Response to intervention takes  
many decades 

Response to intervention 
 occurs over months to years 

Requires extensive investment  
and high sustained cost 

Some approaches appear to be relatively 
inexpensive 

Effect insignificant until emissions 
 are substantially reduced 

Potentially capable of offsetting 
significant warming 

Relatively few adverse  
side effects 

Potentially significant side effects 
(e.g., sky whitening, shifts in storms and monsoons, etc.) 

Can be undertaken at 
 local to national levels 

Gaining international agreement  
may be difficult 

Can be ended without causing a rapid 
change in the climate 

Must be sustained over many decades to 
avoid climate jump if terminated 





Hoffert et al., 2002

(or about 
1.5M km or 
1M mi) 





Modified from original by Lowell Wood 









Approach Scal-
ability 

Potential 
speed of  
deploy-

ment 

Risk  
per unit 
effect 

Cost 
Govern-

ance 
issues 

Space based 
reflectors 

Stratospheric 
aerosols 

Cloud albedo 
approaches 

Land albedo 
approaches 

best worst 





Access to the region will increase, leading to 
sovereignty claims and challenges for ensuring 

safety and environmental quality 
Adverse impacts on Arctic ecosystems 

and species (e.g., polar bear) 

Sea ice loss allows increased coastal 
erosion, which will force relocation of 

~150 Indigenous communities 

Melting of permafrost weakens soils 
and foundations for buildings and 

pipelines 









Two cases: 

•  Geo61.10 reduces solar radiation poleward 
of 61°N by 10% 

•  Geo71.25 reduces solar radiation poleward 
of 71ºN by 25% 

Both have the effect of reducing incoming 
global radiation by 0.37% (about 20% of the 
global offset for CO2 doubling) 



Caldeira and Wood, 2008. 
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Caldeira and Wood, 2008. 







Projected change in precipitation by 
 2080-90s compared to present 

Australia depends on the storm track 
striking its southern coastal zones 







Blue colors 
are sea level 

or below 

Source: Konrad Steffen, NSIDC data 













… continued global 
warming with  

ever increasing 
environmental risk 

. . . Or, with its many 
implications, pursue  
climate engineering 

approaches that allow 
slower changing of the 
global energy system 

while likely diminishing 
environmental risk 






