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Reviews of Geophysics  distills and places in perspective 
previous scientific work in currently active subject areas of 
geophysics. Contributions evaluate overall progress in the 
field and cover all disciplines embraced by AGU. 
 
Authorship is by invitation, but suggestions from readers and 
potential authors are welcome.  If you are interested in 
writing an article please talk with me, or write to 
reviewsgeophysics@agu.org,  with an abstract, outline, and 
explanation of how the paper fits the goals of the journal.   
 
Reviews of Geophysics  has an impact factor of 12.364 in the 
2011 Journal Citation Reports, highest in the geosciences. 
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http://data.giss.nasa.gov/gistemp/graphs_v3/Fig.A2.pdf 
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Climate System Energy Balance  

Kiehl and Trenberth 
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Global Warming Fundamental Questions 
1. How will climate change in the future?  

2. How will climate change affect us?  

3. What should we do about it? 

Considerable warming, glacier retreat, more 
precipitation, floods, droughts, extinctions, 
stronger storms, and sea level rise 

Some winners but more losers, including 
water, agriculture, pests, national security 

Mitigation (reduce emissions) now is cheaper 
than waiting, study impacts, adapt, but not 
stratospheric geoengineering 



Alan Robock  
Department of Environmental Sciences 



Alan Robock  
Department of Environmental Sciences 



Alan Robock  
Department of Environmental Sciences 

Global Warming Fundamental Questions 
1. How will climate change in the future?  

 
2. How will climate change affect us?  

3. What should we do about it? 

Intergovernmental Panel on Climate Change 
(IPCC) Working Group I  (WG I) 

 
IPCC WG II 

IPCC WG III 
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Intergovernmental Panel on Climate Change (IPCC) 
Established in 1988 jointly by the World Meteorological 

Organization and the UN Environment Programme 

2500 scientists from more than 150 nations 
 

Winner of 2007 Nobel Peace Prize 

First Assessment Report (FAR), 1990 

Second Assessment Report (SAR), 1996 

Third Assessment Report (TAR), 2001 

Fourth Assessment Report (4AR), 2007 
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In this Summary for Policymakers, the following terms 
have been used to indicate the assessed likelihood, using 
expert judgment, of an outcome or a result: 
 

 Virtually certain > 99% probability of occurrence 
 Extremely likely > 95% 

 Very likely > 90% 
 Likely > 66% 

 More likely than not > 50% 
 Unlikely < 33%, 

 Very unlikely < 10% 
 Extremely unlikely < 5% 
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In this Summary for Policymakers, the following terms 
have been used to indicate the assessed likelihood, using 
expert judgment, of an outcome or a result: 
 

 Virtually certain > 99% probability of occurrence 
 Extremely likely > 95% 

 Very likely > 90% 
 Likely > 66% 

 More likely than not > 50% 
 Unlikely < 33%, 

 Very unlikely < 10% 
 Extremely unlikely < 5% 

What is new:  It is 
now very likely that 
humans caused recent 

climate change. 
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“The unequivocal detection of the enhanced greenhouse effect 
from observations is not likely for a decade or more.” 
Climate Change – The IPCC Scientific Assessment (1990) 

“Most of the observed warming over the last 50 
years is likely to have been due to the increase in 

greenhouse gas concentrations.” 
Climate Change 2001 – The Third  IPCC Assessment 

“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.” 
Climate Change 2007 – The Fourth IPCC Assessment 

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

Climate Change 1995 – The Second  IPCC 
Assessment 
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Nitrogen (N2), oxygen (O2), and 
argon (Ar) make up for 99% of 
the atmosphere, but are not 
greenhouse gases. 

Water vapor (H2O), carbon 
dioxide (CO2), methane (CH4), 
ozone (O3), and nitrous oxide 
(N2O) are greenhouse gases. 

A greenhouse gas absorbs 
infrared radiation, which 
creates molecular vibration 
and bending. 

Collisions transfer energy to heat 
the surrounding gas. 

But, what is a “greenhouse gas” anyway? 

Water vapor (H2O) vibration modes 
 

http://www.lsbu.ac.uk/water/vibrat.html 
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NASA GISS 
climate model 
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IPCC AR4 Simulations  (from 13 different climate models from around the world) 
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IPCC AR4 Simulations  (from 13 different climate models from around the world) 
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CCSM Climate “Forecasts” 

(°C)  (°C)  
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 “For the next two decades a warming of about 0.2°C per decade is 
projected for a range of SRES emission scenarios. 

 “Even if the concentrations of all greenhouse gases and aerosols had 
been kept constant at year 2000 levels, a further warming of about 
0.1°C per decade would be expected.” 
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warming projections 



Alan Robock  
Department of Environmental Sciences 

http://data.giss.nasa.gov/gistemp/graphs_v3/Fig.A2.pdf 
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Some Proposed Geoengineering Schemes: 

A. Space 
Modifier of solar radiation at L1 point 

B. Stratospheric 
Stratospheric aerosols (sulfate, soot, dust) 
Stratospheric balloons or mirrors 

C. Tropospheric 
Modifying total reflection from marine Sc 

D. Surface 
Making deserts more reflective 
Modifying ocean albedo 
Reforestation (CO2 and evapotranspiration effects, 

but albedo effect causes warming)   
Direct absorption of CO2 
Ocean fertilization 

Carbon Capture and 
Sequestration (CCS) 

Solar Radiation 
Management (SRM) 
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Keith, David, 2001: Geoengineering, Nature, 409, 420. 
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Tropopause 

Space-based 
reflectors 

Stratospheric 
aerosols 

Cloud 
brightening 

Surface albedo 
modification 

Solar Radiation Management 

Earth surface 
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Matthews, H. Damon and Sarah E. Turner, 2009:  Of mongooses and mitigation: ecological 
analogues to geoengineering.  Environ. Res. Lett., 4, doi: 10.1088/1748-9326/4/4/045105.   
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Despairing of prompt political response to 
global warming, in August and September 2006, 
Paul Crutzen (Nobel Prize in Chemistry) and 

Tom Wigley (NCAR) 
suggested that we consider temporary 

geoengineering as an emergency response. 



 
Department of Environmental Sciences 

Are volcanic eruptions an innocuous 
example that can be used to demonstrate 
the safety of geoengineering? No. 

This talk focuses on injecting sulfate 
aerosol precursors into the stratosphere to 
reduce insolation to counter global warming, 
which brings up the question: 
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Flyer concept. The 0.6 m diameter, 5 µm thick refracting disc is 
faceted to improve stiffness. The three 100 µm thick tabs have 2% 
of the disc area, and contain the MEMS solar sails, tracker cameras, 
control electronics and solar cells. 

He envisions over a 10-yr period, vertical 2-km magnetic launchers 
with 800,000 flyers each, every 5 min from 20 sites simultaneously 
to put 20 Mt of flyers into orbit. 

Angel, Roger, 2006:  Feasibility of cooling the Earth with a cloud of small spacecraft near the inner 
Lagrange point (L1). Proc. Nat. Acad. Sci., 103, 17,184-17,189.  



Alan Robock  
Department of Environmental Sciences 

Angel, Roger, 2006:  Feasibility of cooling the Earth with a cloud of 
small spacecraft near the inner Lagrange point (L1). Proc. Nat. Acad. 
Sci., 103, 17,184-17,189.  
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http://io9.com/5665736/blotting-out-the-sun-to-slow-down-global-warming-could-be-outlawed  

From Web 



Alan Robock  
Department of Environmental Sciences 

http://io9.com/5665736/blotting-out-the-sun-to-slow-down-global-warming-could-be-outlawed  

RealPlayer 
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http://io9.com/5665736/blotting-out-the-sun-to-slow-down-global-warming-could-be-outlawed  

Media Player 
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This image of 
ship tracks was 

taken by the 
Moderate 
Resolution 
Imaging 
Spectro-

radiometer 
(MODIS) on 

NASA’s Terra 
satellite on May 

11, 2005. 

http://eobglossary.gsfc.nasa.gov/Newsroom/NewImages/Images/ShipTracks_TMO_2005131_lrg.jpg 
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Scheme by John Latham (University of Manchester, 
NCAR) and Steve Salter (University of Edinburgh) to 
increasing cloud albedo with by injecting more sea salt 
cloud condensation nuclei into marine stratus clouds. 
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Sea ice is affected 
by global warming 
and geoengineering 

Summer  sea 
ice goes away 
with a doubling 

of CO2 

Ice returns with 
geoengineering 

It is possible to 
overdo the effect 

Rasch et al. (2009) 
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Precipitation 
change for 

geoengineering 
with brighter 

marine 
stratocumulus 

clouds. 

Damage to 
Amazon would 

not be 
reversible. 

(Jones et al., 
2009) 

Jones, Andy, Jim Haywood, and Olivier Boucher (2009), Climate 
impacts of geoengineering marine stratocumulus clouds, J. Geophys. 
Res., 114, D10106, doi:10.1029/2008JD011450. 
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SRM will not operate “uniformly” 
(even for global averages)  (Rasch et al., 2009) 

(“Amount” of Geoengineering) 
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Making the surface brighter? 

http://www.treehugger.com/white-roof.jpg 

Oleson et al. (2010) found 
minimal global impacts of 
urban white roofs. 
Oleson, K., G. Bonan, and J. Feddema, 2010:  Effects of white roofs on 

urban temperature in a global climate model, Geophys. Res. Lett., 37, 
L03701, doi:10.1029/2009GL042194. 

Seitz (2011) proposed bubbles 
to brighten the ocean, but 
Robock (2011) found many 
issues with proposal. 
Seitz, R., 2011:  Bright water: hydrosols, water conservation and climate 

change. Climatic Change, 105, 365-381, doi:10.1007/s10584-010-9965-8. 
Robock, Alan, 2011:  Bubble, bubble, toil and trouble. An editorial comment.  

Climatic Change, 105, 383-385, doi:10.1007/s10584-010-0017-1. 

Seitz (2011), Fig. 1 

Doughty et al. (2011) found 
leaf brightening would have 
minimal effect. 
Doughty, C. E., C.B. Field, and A. M. S. McMillan, 2011:  Can crop 
albedo be increased through the modification of leaf trichomes, and 
could this cool regional climate?  Climatic Change, 104, 379–387,  doi:
10.1007/s10584-010-9936-0 
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Forget about a future filled 
with wind farms and hydrogen 

cars. The Pentagon's top 
weaponeer says he has a radical 
solution that would stop global 
warming now -- no matter how 

much oil we burn. 
 

Jeff Goodell 
Rolling Stone 

November 3, 2006 

Can Dr. Evil Save The 
World? 
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Reasons geoengineering may be a bad idea 

Climate system response 

 1.  Regional climate change, including temperature and precipitation 
 2.  Rapid warming when it stops 
 3.  How rapidly could effects be stopped? 
 4.  Continued ocean acidification 
 5.  Ozone depletion 
 6.  Enhanced acid precipitation 
 7.  Whitening of the sky (but nice sunsets) 
 8.  Less solar radiation for solar power, especially for those 

requiring direct radiation 
 9.  Effects on plants of changing the amount of solar radiation and 

partitioning between direct and diffuse 
 10.  Effects on cirrus clouds as aerosols fall into the troposphere 
 11.  Environmental impacts of aerosol injection, including producing 

and delivering aerosols 

Robock, Alan, 2008:  20 reasons why geoengineering may be a bad idea.  Bull. 
Atomic Scientists, 64, No. 2, 14-18, 59, doi:10.2968/064002006.  
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Proposals for “solar radiation management” 

using injection of stratospheric aerosols 
 

1.  Inject them into the tropical stratosphere, where 
winds will spread them around the world and 
produce global cooling, like tropical volcanic 
eruptions have. 

2. Inject them at high latitudes in the Arctic, where 
they will keep sea ice from melting, while any 
negative effects would not affect many people.  
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(In  response to New York Times Op-Ed “How to 
Cool the Globe” by Ken Caldeira, October 24, 2007) 

Screwing (with) the Planet 
James Fleming 

Colby College, Waterville, ME 

We would all like to see the polar bears 
flourish, but Ken Caldiera's suggestion to 
“seed” the Earth's stratosphere with acidic 
particles using military technology is not the 
way to do this.  

Naval artillery, rockets, and aircraft exhaust 
are all “manly” ways to declare “war” on 
global warming.  “A fire hose suspended from 
a series of balloons” alludes to the proposal 
by Edward Teller's protégé Lowell Wood to 
attach a 25-mile long phallus to a futuristic 
military High Altitude Airship.  If the 
geoengineers can't keep it up, imagine a 
“snake” filled with more than a ton of acid 
ripping loose, writhing wildly, and falling out 
of the sky! © New York Times, Henning Wagenbreth, Oct. 24, 2007 

Arctic geoengineering 
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Arctic geoengineering: continued 
(In  response to New York Times Op-Ed “How to 

Cool the Globe” by Ken Caldeira, October 24, 2007) 

Screwing (with) the Planet 
James Fleming 

Colby College, Waterville, ME 

The pair of overheated polar bears in the 
cartoon alludes to such nonsense.  And whose 
warships are those in the distance?  Better 
check with Vladimir Putin before we screw 
(with) the Arctic.  

The geoengineers have been playing such 
games with the planet since computerized 
general circulation models were developed 
back in the late 1950s.  While this kind 
research will undoubtedly continue, it should 
remain indoors between consenting adults.  
What needs to be aired out are the 
underlying assumptions. 

© New York Times, Henning Wagenbreth, Oct. 24, 2007 
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We conducted the following geoengineering simulations 
with the NASA GISS ModelE atmosphere-ocean general 
circulation model run at 4°x 5° horizontal resolution 
with 23 vertical levels up to 80 km, coupled to a 4°x 5° 
dynamic ocean with 13 vertical levels and an online 
chemistry and transport module: 

- 80-yr control run 
- 40-yr anthropogenic forcing, IPCC A1B scenario: greenhouse gases 

(CO2, CH4, N2O, O3) and tropospheric aerosols (sulfate, biogenic, 
and soot), 3-member ensemble 

- 40-yr IPCC A1B + Arctic lower stratospheric injection of 3 Mt SO2/
yr, 3-member ensemble  

- 40-yr IPCC A1B + Tropical lower stratospheric injection of 5 Mt 
SO2/yr, 3-member ensemble 

- 40-yr IPCC A1B + Tropical lower stratospheric injection of 10 Mt 
SO2/yr Robock, Alan, Luke Oman, and Georgiy Stenchikov, 2008:  Regional climate 

responses to geoengineering with tropical and Arctic SO2 injections.  J. 
Geophys. Res., 113, D16101, doi:10.1029/2008JD010050  
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We define the dry aerosol effective radius as 0.25 µm compared to 
0.35 µm for our Pinatubo simulations. This creates hydrated sulfate 
aerosols approx 0.30-0.35 µm for our geoengineering runs and 
0.47-0.52 µm for our Pinatubo simulations.  

It is difficult to say the size at which the aerosols will end up 
without a microphysical model that has coagulation but by injecting 
daily vs. one eruption per year, coagulation would be reduced since 
concentrations are lower and more globally distributed.  On the 
other hand, particles might grow larger than those typical of a 
volcanic eruption if existing particles grow rather than having new 
particles form. 

The smaller size aerosols have a slightly longer lifetime so this 
would reduce the rate of injection needed to maintain a specific 
loading. 

Aerosol properties 
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Heckendorn et al. (2009) showed particles would grow, 
requiring much larger injections for the same forcing. 
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Pierce et al. (GRL, 2010) showed emitting sulfuric acid 
directly and in dispersed pattern will produce larger 
particles, helping solve the problem of aerosol growth. 


