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Global Warming 
•  NASA, NOAA Find 2014 Warmest Year in 

Modern Record (NASA, 1/16/15) 
•  Climate change: 2015 will be the hottest 

year on record 'by a mile', experts say  
(Independent, 8/29/15) 

•  2017 was the 2nd Warmest Year on record 
(NASA Release 18-003 ) 

•  July 2019 was the warmest month on 
record for the globe (NOAA/NCEI)          
https://www.ncei.noaa.gov/news/global-climate-201907 



The Temperature of the Earth 

The Earth is in equilibrium with the Sun:  
   on average it is neither heating nor cooling. 

The equilibrium temperature is set by equating  
–  the heat absorbed from the Sun with  
–  the heat radiated by the Earth. 

                Heat in = heat out   



        ⇓ 
4πR⊕2σT⊕4 

(1-a) πR⊕2 (L¤ / 4π d2) 
                       ⇒ 

Energy Balance 



Heat In 
 
•  Energy input comes from the Sun 
    (internal heat is negligible) 

•  The Solar brightness = L¤ / 4π d2 (solar constant)  
–   L¤ is the solar luminosity 
–  d is the distance from the Earth to the Sun. 
–  The solar constant is 1360 W/m2. 



Heat Out 

•  Approximate the Earth as a blackbody. 
•  Output: L⊕ = 4πr2σT⊕4 (Stefan-Boltzmann law) 
•  Input: Lin = (1-a) πr2 (L¤ / 4π d2)  

•  a: albedo: fraction of light reflected back to 
space (=0.39) 

•  πr2: area of Earth intercepting sunlight 
•  4πr2: area of Earth radiating to space 



Energy Balance 
Earth is in equilibrium 
•  Output = input  
•  4πr2σT⊕4  = (1-a) πr2 L¤ / 4πd2  

Solve for T⊕ 
 
T⊕ =  247K  (-26C) 
 
For Venus:  a=0.75  ¨T=234K ( -39C) 
 d=0.72 au  a=0.39  ¨ T=293K (+20C) 
 
 



Earth is Not a Blackbody 



Greenhouse Effect 
In equilibrium, T⊕ =  247K 

In actuality, T⊕ =  287K (14C) 
The 40K difference is due to the greenhouse effect. 

–  At 247K, the Earth tries to radiate in the IR (Wien‘s law) 
–  The atmosphere is not transparent in the IR 
–  ∴ Heat is trapped 

 
 



Greenhouse Effect 
The blackbody is the most efficient radiator possible 
The Earth is not exactly a blackbody 
Since thermal emission scales as T4,  
   the Earth must heat up to stay in equilibrium 
 
Greenhouse gases include 

–  carbon dioxide  (CO2) 
–  Methane  (CH4) 
–  water vapor  (H2O) 
–  nitrous oxides  (NOx) 
–  chlorofluorocarbons,  

These all absorb infrared light. 



Heat Trapping: 
Not a New Concept 

•  1827: Joseph Fourier recognized the 
terrestrial atmosphere is transparent to 
solar radiation, but largely opaque to 
thermal (IR) radiation. 

•  1861: John Tyndal showed that the 
greenhouse gases are not O2 and N2, but 
the trace constituents H2O and CO2. 

•  1896: S. Arrhenius and T.C. Chamberlain 
recognized importance of CO2 feedback. 





CO2 - H2O Feedback 
•  H2O is the dominant greenhouse gas. 
•  The H2O concentration depends on T 

How does increasing CO2 concentration 
affect H2O concentration? 
•  Increasing CO2 increases T, increasing 

the H2O partial pressure (positive 
feedback) 

•  Relative humidity cannot exceed 100% 



Consequence of Doubling CO2 

Increasing CO2:  
–  Increases amount of heat trapped. 
– Doubling CO2 increases T⊕ by 1oK 

•  Increases absolute amount of H2O at 
constant relative humidity 

Detailed estimates: doubling CO2 
increases T⊕ between 1.5 and 4.5K 
 
•  Reference: “Water Vapor Feedback and Global Warming”, 

Held & Soden, (2000) Ann. Rev. Energy Environ. 25, 441 



Aside: Earth’s Twin? 

  



Venus 
A twin of the Earth? 
•  0.81 M⊕ 
•  0.95 R⊕ 
•  ρ = 5.25 g/cm3 

Equilibrium temperature: 234K (333K for ⊕-like atm) 
Surface temperature: 743 K (470C)  
Surface pressure: 90 bars 
CO2 atmosphere with H2SO4 clouds 
No continental plates 

Venera 13 



Venus: What Went Wrong? 

The CO2 
cycle 



Venus: What Went Wrong? 

The temperature cycle 



Venus: What Went Wrong? 
Venus and Earth have similar masses 
Venus and Earth probably outgassed similar amounts of CO2 
Venus has no magnetic field 
 
Venus is closer to the Sun, and has twice the insolation 
(offset by higher albedo) 
 
A runaway greenhouse: 
•   H2O evaporates; re-enforces greenhouse 
•   H2O dissociates from UV radiation; removed by solar wind 
•   CO2 can’t dissolve in oceans 
•   carbonate (xCO3) rocks do not form 
•   H2O evaporates from crust 
•   plate tectonics slows 
•   carbon is not sequestered in mantle; stays as CO2 



Back on Earth…  
•  There has been liquid water on Earth for at 

least 3.8 billion years 

•   ∴ the surface temperature has been 
between 273 and 373 K. 

•  Fossils suggest a much narrower range in T⊕ 
– For metazoa: 

•  273 <T⊕(K) < 313 
•  0.15 < ρ(O2) < 0.26 
•  Ocean pH stable within ranges 

A stable equilibrium 



Ancient 
History 

https://skepticalscience.com 



What Causes Global 
Warming? 



What Causes Global Warming? 
A better question: 
•  Why is the current global warming 

(following the ice ages) accelerating? 

Source: Wikipedia 



Global Temperatures, 
1850 - 2006 

Source: 
http://www.ncdc.noaa.gov/
img/climate/globalwarming 
 



Temperatures through 2016 

Note: this excludes the internal oceanic heating  

Source: 
https://www.climate.gov/  



2017 Temperatures 

•    

Source: NOAA 



Source: 
http://
www.ncdc.noaa.gov/
img/climate/
globalwarming 
 
 

Mean global 
temperature, 
700 - 2000 CE 



Reconstructed Global 
Temperatures 

•    

Source: No evidence for globally coherent warm and cold periods over the 
preindustrial Common Era. Neukom, R.  et al., Nature 571, 550 (2019)  
 



TSI / Sunspot Correlation 



Solar Irradiance? 



Predicted Change in Irradiance 
4πr2σT⊕4 = (1-a) πr2 (L¤ / 4πd2)  
-a) πR⊕2 (L¤ / 4π d2) 
T⊕ = [(1-a)  (L¤ / 4πd2) /4σ] 1/4 

•  A 
•  ∂Τ/∂a ∝ -0.25a-3/4πR⊕2 (L¤ / 4π d2) 
•  ∂Τ/∂d ∝ -0.5d-1/2 

•  ∂Τ/∂L ∝ 0.25L-3/4 

ΔL of 0.15%  a ΔT⊕ ~ 0.1K 



Terrestrial 
temperatures 
are not 
tracking the 
Solar 
luminosity 



If not the Sun, Then What? 

Geological 
Processes: 
the Carbon 
Cycle 
 
Timescales are 
thousands to millions 
of years 



The Geological Record 

Source: Jeff Bennett 

Current mean: ~410 ppm 
Previous maximum: 300 ppm  



Human Activities? 



Human Activities? 

May 15 2019 
Mauna Loa 
415.7 ppm 



Anthropogenic CO2 

(dashed): from fossil fuel + cement production 
(solid):      in atmosphere above pre-industrial baseline 



   



What Causes Global 
Warming? 

•  Not the Sun.  
•  Our atmosphere. 

– Most likely anthropogenic factors 
– Warming has not stopped 



Heat Content of Oceans 



Source:  
NOAA 



Sea Level through 2017 

Source: 
https://www.climate.gov/  



Contributions to Sea Level 
Rise 

   

Source: https://www.climate.gov/  



Anthropogenic Causes? 

•  Burning fossil fuels will decrease the 
amount of O2 in the atmosphere 

•  Geological CO2 sources will not 
decrease atmospheric O2 



Evidence of Anthropogenic 
Causes 

  

https://www.skepticalscience.com/anthrocarbon-brief.html 



  

Evidence of  
Anthropogenic  
CO2 

https://www.skepticalscience.com/anthrocarbon-brief.html 



Anthropogenic Causes? 

1.  Burning fossil fuels will decrease the 
amount of O2 in the atmosphere  

2.  Isotopic ratios indicate source of 
burned Carbon 

–  12C/13C ~ 89 in the universe 
–  12C/13C  is enhanced in biota to about 120 
–  Combustion of plant material should 

increase 12CO2 at the expense of 13CO2 



Evidence of Anthropogenic 
Causes 

  

https://www.skepticalscience.com/anthrocarbon-brief.html 



Source: https://www.climate.gov/news-features/understanding-climate/ 
climate-change-global-temperature-projections 

Predicted global temperatures in the next century 



Consequences of Increasing 
Temperatures 

•  In oceans 
– Anoxia 
–  Increasing acidity 
– Sea life migrates towards poles 
– Weakening of conveyor system 
– Melting clathrates (CH4 releases) 

•  On land 
–  “habitation zones” migrate poleward 
– Flora/fauna must adjust 
– Agricultural yields decrease 

 



Consequences of Ocean Acidity 
Reduces concentration of CO3

- -  

•  Calcium carbonate (CaCO3) is the 
principle ingredient in shells (limestone) 

•  Carbonic acid dissolves CaCO3 
•  Affects metabolism of marine organisms 

Most mass extinctions coincide with times 
of oceanic acidification 



Consequences of Sea Level Rise 
•  Flooding of cities/low lying land 

–  5 million Americans live within 4 ft of high tide 
line 

–  634 million live within 9m of sea level 
•  Increased coastal erosion 
•  Increased storm-surge flooding in storms 
•  Disappearance of low-lying island nations 

•  Note: continents are rising too 



Consequences of a Warmer 
Atmosphere 

•  A warmer atmosphere holds more water. 
•  Energy release from H2O condensation drives 

weather. 
•  Atmospheric circulation patterns change 
•  Extreme weather events 

–  More severe storms 
•  Increased erosion 
•  Weaker jet stream/steering currents 

–  Longer droughts 
–  Damage from storms 
–  More wildfires 

•  111 $1B events 2010 - May 2019 (>$761B) 
•  28 extreme events 1980-1989 ($111B) 



Consequences of Increased CO2 

Current level about 415 ppm 
Current increase ~ 50 ppm/30 years 
•  600 ppm (for hours): may cause lethargy/

reduced mental acuity 
•  1000 ppm (for hours): reduced test scores 
•  10000 ppm (1%): causes drowsiness 
•  20000 ppm (2%): toxic 



Solutions 
•  Believe the science! 
•  Stop burning Carbon (fossil fuels) 

– Solar 
– Wind 
– Hydro 
– Nuclear 

•  Reduce CH4 emissions (64% anthropogenic) 

– Fossil fuel production (fracking) 
– Livestock farming and waste 

•  Plant trees / stop deforestation 




