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Earth’s Radiative Balance 

Stephens et al., Nature Geoscience 2012. All fluxes are shown in W/m2 



Solar: shortwave;  
Earth: longwave 
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Radiation from 
Sun and Earth 



How do greenhouse gases absorb 
Earth’s infrared energy? 
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Greenhouse gases: Undergo 
charge asymmetries (“dipoles”) 
when interacting with infrared 
photons of specific wavelengths 
•  CO2, H2O, CH4, N2O, CFCs, … 
 
 
 
 
Non-greenhouse gases: Cannot 
experience a dipole 
•  N2, O2, Ar 
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Sun emits 
shortwave radiation 
(mostly UV & 
visible) 

Earth emits longwave 
radiation (infrared) 

UV largely absorbed 
by oxygen & ozone, 
but visible passes 
through 

Longwave 
radiation absorbed 
by H2O, CO2 



Five Key Questions 
•  Has Earth warmed?    (Measurement) 

•  Are we responsible?    (Attribution) 

•  Will warming continue?  (Predictions) 

•  Is that a problem?   (Impacts) 

•  What should we do?   (Policy) 
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Source for most slides: 
 
IPCC Fifth Assessment Report: 
Summary for Policymakers (draft): 2013 
Technical sections: 2014 
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IPCC 2013 

IPCC 2007 & 2013: 
“Warming of the climate 
system is unequivocal” 

Has Earth 
warmed? 



Additional evidence of warming 
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IPCC 2013 
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National Geographic 

Global          US 



Arctic sea ice reached all time 
minimum extent, Sept. 2012 
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Yellow line shows average minimum, 1979-2010  

NASA 



Five Key Questions 

•  Has Earth warmed? 
•  Are we (greenhouse gases) responsible? 
•  Will warming continue? 
•  Is that a problem? 
•  What should we do? 
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Solar Variability 
•  Variability in solar energy output 

– Month-to-month: <0.2% variability as Sun rotates 
–  11-yr sunspot cycle: ~0.1% output variations 
– Past 2000 years: ~0.2% long term variability 

•  Recall that solar constant FS ~ 1360 W/m2 

– Earth absorbs Fs(1-albedo)/4 = 240 W/m2 

– Thus, each 0.1% change in solar output is 
equivalent to ~0.2 W/m2 radiative forcing 

– Recall: Radiative forcing from anthropogenic CO2 
so far is about 1.7 W/m2 



Orbital Variability: Milankovitch 
Cycles 

Eccentricity:	  Cycle	  of	  how	  circular	  or	  
ellip4cal	  Earth’s	  orbit	  is	  (100,000	  years)	  
	  
	  
Obliquity:	  Earth’s	  4lt	  oscillates	  
between	  22°	  and	  24.5°	  (41,000	  years)	  
• 	  Currently	  23.5°	  	  
	  
Precession:	  Cycle	  of	  when	  Earth	  is	  
closest	  to	  Sun	  (19,000	  &	  23,000	  years)	  
• 	  Currently	  closest	  to	  Sun	  in	  January	  
(Southern	  Hemisphere	  summer)	  
• 	  Northern	  Hemisphere	  has	  most	  land;	  
solar	  insola4on	  at	  65°N	  la4tude	  
influences	  glacia4on	  
	  

hRp://deschutes.gso.uri.edu/~rutherfo/milankovitch.html	  



Causes of natural glaciations and 
interglacial (warm) periods  

•  Milankovtich orbital cycles drive the 10 major 
glaciations of past 1 million years, but: 
– Direct radiative forcings are too small to explain ΔT 
– Appears that positive feedback cycles multiply the 

effects of an initial radiative forcing 
•  Water vapor feedback: ↑T à ↑ H2O (ghg) à ↑T 
•  Ice albedo feedback: ↑T à ↓ice à ↓albedo à ↑T 
•  Greenhouse gas feedbacks: CO2 and methane levels 

increase as temperature increases 
–  ↑T àmelt permafrost, ↑ microbial processesà ↑CH4 à ↑T 

–  ↑Tà ↓ solubility of CO2, ↑ respirationà ↑CO2 à ↑T 
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CO2,CH4 and estimated 
global temperature 
(Antarctic ΔT/2  
in ice core era) 
0 = 1880-1899 mean.   

Source: Hansen, Clim. 
Change, 68, 269, 2005.   

Strong correlation 
between greenhouse 
gases and Temp 
•  Consistent with positive 
feedbacks accentuating 
impacts of orbital cycles 



Pre-industrial and Recent Carbon Cycle 
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(IPCC 2007, Physical Basis Chapter 7) 
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CO2 Trends in Ice Core and Mauna Loa (inset) 
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IPCC, 2013 
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Models can replicate 
observed T trends iff 
anthropogenic forcings 
are considered 

IPCC 2013 

“It is extremely likely that human 
influence has been the dominant 
cause of observed warming since 
the mid-20th century.” 



Five Key Questions 

•  Has Earth warmed? 
•  Are we responsible? 

•  Will warming continue? 
•  Is that a problem? 
•  What should we do? 
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IPCC climate projections 
•  2016 – 2035 will “likely” be 0.3 – 0.7 °C warmer 

than 1986 – 2005 
•  “Continued emissions of greenhouse gases will 

cause further warming” 
•  Climate sensitivity to doubling CO2 from pre-

Industrial levels (275à550ppm) 
–  “Likely” in range 1.5-4.5 °C 
–  “Extremely unlikely” < 1 °C 
–  “Very unlikely” > 6 °C 
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IPCC Probability Speak: 
“Likely”: ≥66% probability 
“Extremely unlikely”: ≤5% 

“Very unlikely”: ≤10% 
IPCC 2013 
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IPCC Emission Scenarios and 
associated T and Sea Level predictions  

Note: 2011 CO2 emissions = 9.26 GtC 
Continuing this 2012-2100 would be 825 GtC (close to RCP 4.5) 

IPCC 
2013 
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IPCC 2013 



Five Key Questions 

•  Has Earth warmed? 
•  Are we responsible? 
•  Will warming continue? 
•  Is that a problem? 
•  What should we do? 

24 



25 

Expected Impacts of Climate Change 

Virtually certain: ≥99%    Likely: ≥66% 
Very likely: ≥90%    More likely than not: >50% 
 
Black is IPCC 2013 assessment; Blue and Red are earlier assessments 
Bold shows changes   



Impacts on T and Precipitation 

26 
IPCC 2013 

Stippling: ≥ 90% of models agree on sign of change 
Hatching: Direction of change is highly uncertain between models 



Impacts on 
ocean pH 
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IPCC 2013 

Observed Historical 

Projected Future 

Low & High Emissions Scenarios 



Impacts on Sea Ice 
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IPCC 2013 



Sea Level Rise Projections 
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IPCC 2013 
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What if Sea Levels Rose 25 m? 
(Paleoclimate data may indicate that 

3°C à ~25 m sea level rise long-term) 

Images from James Hansen 
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Other Negative and Positive Impacts 
•  More droughts 

– ↑T à ↑evaporation 
– Shifts in precipitation patterns 

•  More floods 
– ↑T à ↑evaporation à ↑precipitation overall 
– ↑T à greater portion of rain in extreme events 
– ↑ Sea surface T à Tropical cyclones intensify?? 

•  However, frequency may stay same or decrease??  

•  Tropical diseases 
•  CO2 fertilization of crops and forests 
•  Arctic shipping routes and resources 
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What should we do?? 
Policy Options 

•  Mitigation 
– Control CO2 emissions 

•  Who? 
•  How? 

– Control other greenhouse gases or black 
carbon particles 

•  Adaptation 
•  Geo-engineering 



U.S. Greenhouse Gas Emissions 
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US EPA 
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IPCC 
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Socolow and 
Pacala, Scientific 
American, 2006 
(and related 
Science paper) 

*Now need 8 wedges 
to stabilize at 500 ppm 
(vs. 850 ppm on 
current path) 
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Example “Wedges” 

Pacala and Socolow, Science, 2004 http://cmi.princeton.edu/wedges/ 



CO2 control options and costs 
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Controlling non-CO2 emissions 
•  Methane (rice paddies, landfills, cattle, etc.) 

–  Global warming potential (100-yr basis): 23 
–  Co-benefits: Reduce tropospheric O3; cost-effective 

energy source (e.g., burn landfill gas) 
•  Black carbon (diesel vehicles, other combustion) 

–  Controls would reduce the regional scale warming of 
atmosphere caused by absorption 

–  Co-benefit: Reduce PM2.5 (health, visibility) 
•  Halocarbons (CFCs, HCFCs, HFCs) 

–  Very high global warming potential (100-over 10,000) 
–  Co-benefit: Protect stratospheric ozone 
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Adaptation 

•  IPCC 2007: “Adaptation will be necessary to 
address impacts resulting from the warming that is 
already unavoidable due to past emissions. 
–  “Adaptation alone is not expected to cope with all the 

projected effects of climate change, and especially not 
over the long term as most impacts increase in 
magnitude.” 

–  “Sustainable development can reduce vulnerability to 
climate change.” 

–  Developing countries likely to face greatest challenges 
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Geoengineering 
Le

nt
on

 a
nd

 V
au

gh
an

, A
tm

os
ph

er
ic

 C
he

m
is

try
 a

nd
 P

hy
si

cs
 D

is
cu

ss
io

ns
, 2

00
9 



41 

Geoengineering 
•  Inject sulfur to create stratospheric aerosol 

–  Need equivalent of Mt Pinatubo eruption each 2 years 
(7% of fossil fuel SO2) to offset warming (Wigley, 2006) 

•  Sunshades orbiting Earth 
–  Need 4.1 million km2 of sunshades (135,000 

launches/year) to offset 2xCO2 (Lenton & Vaughan, 2009) 

•  Increase albedo of clouds (e.g., cloud seeding) 
or land (e.g., reflective surface on deserts) 

•  Ocean fertilization: phytoplankton uptake of CO2 
–  Unlikely to be effective (Lenton & Vaughan, 2009) 

•  Biochar: Burn biomass & bury to enhance soil 



Comments/Questions/Discussion 

•  Has Earth warmed?    (Measurement) 

•  Are we responsible?    (Attribution) 

•  Will warming continue?  (Predictions) 

•  Is that a problem?   (Impacts) 

•  What should we do?   (Policy) 
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