
The Solar-Terrestrial 
Connection



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  
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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, 1 au
– The solar constant is 1.36 x 106 erg/cm2/s, or 

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



Energy Balance
Earth is in equilibrium
• Output = input 

(if not, the mean temperature would change)

• πr2σT⊕4 = (1-a) πr2 L¤ / d2

Solve for T⊕

For the Earth, T⊕ =  247K
In general, Tp ~ (L*/d2)1/4



The Habitable Zone

Tp ~ (L*/d2)1/4

For life as we know it, we want 
273 < Tp < 373K

This defines the Habitable Zone



Water
Phase Diagram

•



Earth is Not a Blackbody
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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
It must heat up to compensate

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

These all absorb infrared light.



A New Concept?
• 1827: Joseph Fourier recognized the terrestrial 

atmosphere is transparent to solar radiation, but largely 
opaque to thermal radiation.

• 1856: Eunice Newton Foote shows that CO2 and H2O 
absorb sunlight. 

• 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.

"An atmosphere of that gas would give to our earth a high 
temperature; and if, as some suppose, at one period of its 
history, the air had mixed with it a larger proportion than at 
present, an increased temperature from its own action, as 
well as from increased weight, must have necessarily 
resulted.” – Eunice Newton Foote, 1856



Report from Popular Mechanics, March 1912, in “Remarkable 
Weather of 1911: The Effect of the Combustion of Coal on the 
Climate — What Scientists Predict for the Future”

Reprinted in Waitemata and Kaipara Gazette (NZ), 4/14/1912





CO2 - H2O Feedback
H2O is the dominant greenhouse gas.
• The H2O concentration depends on T
• Relative humidity (RH) cannot exceed 100%
• How does increasing CO2 concentration 

affect H2O concentration?
• Increase CO2 and:

– T increases
– H2O fraction increases at a given RH 
This is positive feedback



H2O and Increasing T⊕
• Relative humidity (RH): amount of water air can hold at 

a given temperature relative to saturation
• Absolute humidity (AH): amount of water in the air 

– units: g/m3 or kg/kg

• At a fixed RH, a
1oC increase in T
increases AH ~7%



Consequence of Doubling CO2
• Effective emitting surface of Earth is in mid-

troposphere.
• Increased CO2 opacity increases height of 
t=1 surface by 150m.

• For fixed lapse rate of 6.5 K/km, DT⊕=1K 
(6.5 K/km x 0.15km)

• For fixed relative humidity, t=1 surface climbs 
by 100m and DT⊕=0.7K 

• 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



Consequence of Doubling CO2:
Models Including Aerosols



Equilibrium

Other things being equal, the Greenhouse Effect
keeps the Earth in equilibrium, but at a hotter
temperature than in the absence of the 
greenhouse.

How do we know the Earth is in equilibrium?



Equilibrium
• 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 < r(O2) < 0.26
• Ocean pH stable within ranges



Global Warming
• July 2019 was the warmest month on 

record for the globe (NOAA/NCEI)          
https://www.ncei.noaa.gov/news/global-climate-201907

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

• Climate change: 2015 will be the hottest 
year on record 'by a mile', experts say  
(Independent, 8/29/15)

• NASA, NOAA Find 2014 Warmest Year in 
Modern Record (NASA, 1/16/15)



Global Temperatures, 
1850 - 2006

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



2017 Temperatures

•



Temperatures through 2016

Note: this excludes the internal oceanic heating 

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



Source:
http://www.ncdc.noaa.g
ov/img/climate/globalw
arming

Mean global 
temperature,
700 - 2000 CE



What Causes Global 
Warming?



Solar Irradiance?



TSI / Sunspot correlation



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
• ∂T/∂a µ -0.25a-3/4πR⊕

2 (L¤ / 4π d2)
• ∂T/∂d µ -0.5d-1/2

• ∂T/∂L µ 0.25L-3/4

DL of 0.15%  a DT⊕ ~ 0.1K



Terrestrial 
temperatures 
are not 
tracking the 
Solar 
luminosity



If not the Sun, Then What?



Human Activities?



CO2 Abundance

Monthly 
Averages
(PPM)

Aug 2019  
409.95
Aug 2020  
412.55



Natural Variations



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



Has Warming Stopped?



No
• July 2019 was the warmest month on 

record.
• 2017 was the 2nd Warmest Year
• Global warming slowdown answer 

lies in depths of Atlantic, study finds
• Excess heat being stored hundreds of meters down in 

Atlantic and Southern oceans – not Pacific as 
previously thought 

– http://www.theguardian.com/environment/2014/aug/21/global-warming-
slowdown-answer-lies-in-depths-of-atlantic-study-finds

– Science 22 August 2014:  Vol. 345 no. 6199 pp. 897-903 

http://www.theguardian.com/environment/2014/aug/21/global-warming-slowdown-answer-lies-in-depths-of-atlantic-study-finds


Heat Content of Oceans



Sea Level through 2017

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



Contributions to Sea Level 
Rise



Source: 
NOAA



Anthropogenic Causes?

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



Evidence of Anthropogenic 
Causes

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



Evidence of 
Anthro-
pogenic

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
– Combustion of plant material should 

increase 12CO2 at the expense of 13CO2



Evidence of Anthropogenic 
Causes

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



The Future?• Irreversible Damage Seen From 
Climate Change in UN Leak 

– http://www.bloomberg.com/news/2014-08-
26/irreversible-damage-seen-from-climate-
change-in-un-leak.html

• Hundreds of Methane Plumes 
Erupting Along East Coast

– http://news.sciencemag.org/climate/2014/08/n
umerous-methane-leaks-found-atlantic-sea-
floor

– https://news.yahoo.com/hundreds-methane-
plumes-erupting-along-east-coast-
170504645.html

– Nature Geoscience 2014 Aug 24

• Mysterious Siberian crater attributed 
to methane

– http://www.nature.com/news/mysterious-
siberian-crater-attributed-to-methane-1.15649

• Across The Arctic, Lakes Are Leaking 
Dangerous Greenhouse Gases

– Washington Post, 9/25/18

http://www.bloomberg.com/news/2014-08-26/irreversible-damage-seen-from-climate-change-in-un-leak.html
http://news.sciencemag.org/climate/2014/08/numerous-methane-leaks-found-atlantic-sea-floor
https://news.yahoo.com/hundreds-methane-plumes-erupting-along-east-coast-170504645.html
http://www.nature.com/news/mysterious-siberian-crater-attributed-to-methane-1.15649


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

Predicted global temperatures in the next century


