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The climate system consists 
of the atmosphere, 
cryosphere, land, and 
oceans, each of which can be 
characterized by a set of 
state variables. Climate 
change is said to occur when 
a forcing generates an 
intercomponent flux of 
energy, mass, or momentum 
that inflicts prolonged 
changes to one or more state 
variables. The forcing may 
originate from within the 
climate system itself or from 
a source such as solar, 
volcanic, or human activity. 
(Adapted from ref. 4 .)
Citation: Phys. Today 69, 11, 
40 (2016)

The Climate System

http://scitation.aip.org/content/aip/magazine/physicstoday/article/69/11/10.1063/PT.3.3364;jsessionid=engTOa5bmrNBQbeezQJ4Oq6W.x-aip-live-02#c4


Earth’s Atmosphere
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Does the atmosphere get cooler
at higher altitudes?



So what does 
‘temperature’ mean 
when one goes from 
sea level up to outer 
space?

Atmospheric
temperature



How to measure global land and
sea surface temperatures

The atmosphere:  troposphere  and stratosphere
• Satellite imaging- microwave and infrared
• Radiosondes (balloon lofted instrumentation)

Land surfaces
• Weather stations
• Satellite infrared imaging

Sea surfaces
• Buoy arrays
• Ships
• Satellite infrared imaging



https://ghrc.nsstc.nasa.gov/amsutemps/amsutemps.pl?r=009

On line atmospheric temperature data

Advanced Microwave Sounding Unit

https://ghrc.nsstc.nasa.gov/amsutemps/amsutemps.pl?r=009


Trend in lower 
tropospheric 
temperature, 1979-
2011. 

Trend in 
middle 
tropospheric 
temperature, 
1979-2011. 

Trend in lower 
stratospheric 
temperature, 1979-
2011.



The atmospheric ‘greenhouse effect’



A tale of two greenhouses:

Why?
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greenhouse gases

Sunlight

Why? H2O, CO2, 
methane, N2O, 

CFCs
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greenhouse gases
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Solar 
radiation

Radiation Balance



Plank’s blackbody radiation law
(all hot things glow)





Earthlike planet

ENERGY IN Radiation 
balance

ENERGY OUT



Earthlike planet

ENERGY IN ENERGY OUT

Greenhouse gases CO2, methane, water vapor

Radiation 
balance?



Earthlike planet

ENERGY IN ENERGY OUT

Greenhouse gases CO2, methane, water vapor

Warmer 

Radiation
re-balanced



Dessler 2016

Energy balance and surface temperature in a simple atmosphere



Water vapor

Carbon 
dioxide





Our planet without greenhouse gases





How is it measured?
Concentrations over time
Sources and sinks
Post-industrial concentrations
Current ‘budget’
Effects on climate:  ice caps, oceans, global 

surface temperatures





The Carbon Cycle in ‘System Earth’



The Carbon Cycle in ‘System Earth’









So what is the trend in CO2 levels in our atmosphere?



Changes in Greenhouse 
Gases Record in Ice Cores.

Credit: Mann & Kump, Dire Predictions: Understanding 
Climate Change, 2nd Edition
© 2015 Pearson Education, Inc.



1750-
280 ppm

Where does the CO2 come from?





The world’s four largest carbon dioxide emitters—China, the US, the European Union, and 
India—account for about 60% of global emissions. Although those countries have made 
strides recently, their emissions and those globally (expected year-to-year percent change and 
error bars shown under each country) will probably tick upward in 2017. Credit: Global 
Carbon Project



Where do CO2 emissions go?



NOAA
Scripps

Can we identify the major source
of the CO2 increase?



Three versions (isotopes) of carbon:

stable radioactivestable





Annual global CO2 emissions from fossil fuel burning and cement manufacture in GtC
yr?1 (black), annual averages of the 13C/12C ratio measured in atmospheric CO2 at 
Mauna Loa from 1981 to 2002 (red). ). The isotope data are expressed as d13C(CO2) 
‰ (per mil) deviation from a calibration standard.



Rubino et al., http://onlinelibrary.wiley.com/doi/10.1002/jgrd.50668/full

Carbon13 isotope analysis of East Antarctica ice cores:



Carbon14 isotope analysis of Colorado air samples:



Modeled global Δ14C (in ‰) from 
all sources of carbon dioxide 
(above) and from fossil fuel 
emissions (in ‰) alone (below). 
The bottom figure is on a relative 
scale (because it only includes 
fossil fuel emissions), accounting 
for the difference in values 
between the two scales. 
https://www.esrl.noaa.gov/gmd/o
utreach/isotopes/c14tellsus.html

https://www.esrl.noaa.gov/gmd/outreach/isotopes/c14tellsus.html


Buried carbon = 
fossil fuels



What is “Radiative Forcing”?

Watts/sq. meter

-Watts/sq. meter









Global Carbon Dioxide Emissions, 1850–2030



Greenhouse Gas Emissions for Major Economies, 

1990–2020



Global Manmade Greenhouse Gas Emissions by Sector, 

2013





Increase in emission of carbon from fossil fuels since 1800  (wiki)



Let’s ‘do the math’:

Total fossil fuel emissions (1751 to present)             400 GtC
US portion 100 GtC

Current rate of emissions 10 GtC/yr

US current rate 1.4 GtC/yr trending down
China current rate 2.5 GtC/yr trending up

Top 10% of emitting countries do 50% of CO2 emissions
For example:  US 300 tons/personyear

Nigeria 300 pounds/person/year







Aerosol effect on the atmosphere-
a complicated dynamic






