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Doomsday clock is closest to midnight it has ever been
• Nuclear War
• Climate Apocalypse
• Population Explosion
• Pollution
• Resource Depletion
• Artificial Intelligence
• Pandemics
• Meteor Strike
• …

Bulletin of the Atomic Scientists
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NY Times, Feb. 1, 2020
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Air Composition

1,000,000
Air Molecules

N2: 777,700

O2: 208,600 Ar:    9,300

H2O: 4,000

CO2:    400
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Molecules with a dipole moment



A History of CO2
• Human activity measurably increased CO2 in the 

atmosphere since the beginning of the industrial age, 
~1750
• CO2 concentration in atmosphere measured in air samples 

since 1867
• Thorpe, T. E. (1867). On the Amount of Carbonic Acid Contained 

in Sea-Air, J. Chem. Soc. 20, pp. 189-199.

• Worries that increase in CO2 may cause global warming
since 1896

• Arrhenius, S. (1896). On the Influence of Carbonic Acid in the Air 
upon the Temperature of the Ground, Philosophical Magazine
41 (251), pp. 237-276.
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National Ice Core Laboratory 
(NICL) 
Denver Federal Center,
Lakewood, CO



GISP2 core segment, 1 m long, 
38 years of ice accumulated

from depth of 1837 m, ~16,250 
year old, 

Total depth of 
GISP2 ice core: 
3.05344 km 



Vostok station

Total ice core depth
3645 m



Atmospheric CO2
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• Concentration between 190 ppm and 290 ppm during the last half 
million years (ice core samples)

• Near exponential rise from burning fossil fuels since the beginning of the 
industrial revolution (hockey stick graph)

• 6-7 ppm seasonal oscillations from plant growth and decay
• Net addition of ~2 ppm/year from human activity



Atmospheric CO2
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Net addition of 2 ppm/year 
of CO2 to atmosphere
= 16 billion metric tons / 

year!
= 35 times the weight of all   

humans on the planet



CO2 Lingers For Decades
• Atmospheric nuclear 

weapons tests in 1950s 
increased 14C until test 
ban treaty in 1963
• Exponential decay

since then
• Fit line: CO2 half 

life of 16 years in
atmosphere

• Note: 
t1/2(14C) = 5730 years

W. Bauer (2016)
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CO2 and Air Temperature

CO2 between 190 und 290 ppmV during the previous 0.5 million years
Temperature variations between +3 °C and -9 °C during this time
Strong correlations between time series: strongly coupled system



Global Average Temperature
• How hot is it?
• Not really hot, right

here, right now …
• Careful averaging 

needed (over both,
space and time)



Global Average Temperature

https://www.climate.gov/news-features/videos/history-earths-temperature-1880

W. Bauer, MSU 163-Feb-21



Consequences

•Higher temperatures
• (Partial) polar ice cap and glaciers melting
• Sea level rise
•More and stronger weather events 
•Acidification of the oceans
• Species mass migrations and extinctions
• Food shortages / famines
•Human migration / wars

W. Bauer, MSU 173-Feb-21



“What can Palaeoclimate Modelling do for you?”
A.M. Haywood et al., Earth Systems and Environment 3, 1-18 (2019)
https://link.springer.com/article/10.1007/s41748-019-00093-1?shared-article-renderer

Carboniferous period

Yucatan meteor strike

Industrial Revolution
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https://link.springer.com/article/10.1007/s41748-019-00093-1?shared-article-renderer
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• Can we model this?
• For a Century?

https://www.nccs.nasa.gov/services/climate-data-services

Climate Models
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National Research Council 2012. 
A National Strategy for Advancing 
Climate Modeling. Washington, DC: 
The National Academies Press.
https://doi.org/10.17226/13430. 

Climate 
Models
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Climate 
Models

https://www.nccs.nasa.gov/services/climate-data-services
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http://edgcm.columbia.edu

Climate 
Models
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National Research Council 2012. 
A National Strategy for Advancing 
Climate Modeling. Washington, DC: 
The National Academies Press.
https://doi.org/10.17226/13430. 

1990

1995

2001

2007

… are getting better

(AR = Assessment Report)

Climate 
Models
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National Research Council 2012. 
A National Strategy for Advancing 
Climate Modeling. Washington, DC: 
The National Academies Press.
https://doi.org/10.17226/13430. 

Climate 
Models
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https://www.nytimes.com/interactive/2020/world/year-in-weather.html#lan

3 February 2021 UUMC 27



Pre-carboniferous Lansing (pure fiction): Let’s raise the temperature by 30 F!
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Hypothetical Lansing, Tave=78 F
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Hypothetical Lansing, Tave=78 F
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Solar radiation

O3

CO2, H2O

Gueymard, C. (2004). The sun’s total and 
spectral irradiance for solar energy 
applications and solar radiation models, Solar 
Energy 76 (4), pp. 423-453.
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Earth radiation

O3

CO2, H2O

O3

H2O

CO2

CH4

Data from: Hanel, R. A., Conrath, B. J., Kunde, V. G., Prabhakara, C., Revah, I., Solomonson, V. V., and 
Wolfrod, G. (1972). The Nimbus 4 Infrared Spectroscopy Experiment, 1. Calibrated Thermal Emission 
Spectra, Journal of Geophysical Research 77, pp. 2629-2641.
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Radiation balance

O3

O3

CO2, H2O

H2O CO2
CH4

Must be equal!

W. Bauer (2016)
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Planetary Surface Temperatures
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Venus Runaway Greenhouse Effect
• Early Venus may have had liquid water oceans
• High greenhouse gas concentration led to warming of planet and 

subsequent boiling and evaporation of its oceans
• Can Earth encounter the same fate?

3 February 2021 UUMC 35



“What can Palaeoclimate Modelling do for you?”
A.M. Haywood et al., Earth Systems and Environment 3, 1-18 (2019)
https://link.springer.com/article/10.1007/s41748-019-00093-1?shared-article-renderer

Carboniferous period

Yucatan meteor strike

Industrial Revolution
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US Power Plants

Source: EIA-860, EIA-860M
US Energy Information
Agency
December 2018
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US Electricity Generation by Type

https://en.wikipedia.org/wiki/Electricity_sector_of_the_United_States#/media/File:US_Electricity_by_type.png
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Energy Storage: Example Ludington Pump Storage
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363 feet

6 turbines
2.17 GW total
70% efficient

27 billion gallons
19.5 GWh110 feet

https://www.google.com/maps/



Green New Deal
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Alexandria Ocasio-Cortez
14th District, New York
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https://energyfuturesinitiative.org/grd-report

Ernest J. Moniz
President and CEO



Drawdown
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https://www.drawdown.org
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MSU Energy Infrastructure
• MSU operates own micro-grid

• Since 1894 (!)
• Co-gen heat and electricity: 

T.B. Simon Plant
• Significant cost savings vs. buying 

electricity
• Historic record of reliability

• MSU consumes as much energy as 50,000 Michigan 
households, ~ 6 peta-Joule (6 x 1015 Joule) per year
• Carbon emissions need to be reduced

• Man-made global warming is real
• Fossil fuel burning has adverse health effects

• Funds are tight, and energy expenses need to be 
reduced

W. Bauer, MSU 463-Feb-21



Year Campus 
Renewable 
Energy

Greenhouse 
Gas Emission 
Reduction

2015 15% 30% 

2020 20% 45%

2025 25% 55%

2030 40% 65%

• Timetable

• Approved by MSU 
Board of Trustees, 
April 2012

MSU Energy Transition Plan

3-Feb-21
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W. Bauer, MSU
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• Recycling center /surplus store
• Organic waste composting facility
• Geo-thermal array

• Nursing building

• Anaerobic digester
• Processing of food waste, reduction of artificial fertilizer use, electricity 

production

• Solar arrays
• Demand reduction

• M$5-10/year energy conservation measures
• Better building challenge
• Data center challenge
• Spartan treasure hunts

49

Sustainability / Renewables @ MSU

W. Bauer, MSU3-Feb-21
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East Lansing
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bing.com/maps
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Solar Panel
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• 72 cells on each panel
• Size:  6”x6”
• Monocrystalline silicon

• Panel Size: 3’x6’
• Maximum power output: 335 W
• Power degradation < 0.7%/year

• Year 25: no less than 80% of initial power

W. Bauer, MSU



Dimensions
• 5,000 parking spots
• 45 acres
• 40,000 solar panels
• 13.4 MW dc peak power
• 10.5 MW ac peak power
• 15,000 MWh/year of solar 

energy
• Enough electricity for 1,800 

US households
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14 ft

28 ft

9 ft



Finished Product (2017)
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18% of MSU peak power demand, 5% of MSU total annual energy

W. Bauer, MSU



Finished Product (2017)
Largest solar carport array in the USA
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Recognition (March 2018)

W. Bauer, MSU 56

2018 Smart Energy Decisions 
Onsite Renewable Energy Award 
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Recognition (October 2018)
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2018 US Environmental Protection Agency
Green Power Leadership Award

Direct Project Engagement 
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Recognition (November 2018)
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2018 Innovative Project Award
US Green Building Council of West Michigan 
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Proposed 20 MW 
Array
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~100 Acres 
of meadows

maps.google.com
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Dual Use
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https://www.princeton.edu/news/
2018/06/28/sheep-shear-maintenance-
princetons-solar-field

https://denison.edu/news-events/
featured/131013

Sheep Grazing Meadow Wildflower/Pollinator Habitat
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Proposed 20 MW Solar Array
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How many trees?
• 700 trees/acre
• 1000 pounds of CO2

sequestered during life of 
a tree
• Total CO2 emission 

reduction equivalent to 
planting 14 Baker 
Woodlots of trees 
(> 800,000 trees) each 
year.
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Baker Woodlot, MSU:  
78 acres (~ 320,000 m2)
~55,000 trees

W. Bauer, MSU

maps.google.com
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• Contact Info

Wolfgang Bauer
517 432 4762
bauerw@msu.edu
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