
Reminders

• Final Exam next week

• Via Canvas, Wednesday June 12, 

2:30pm – 5pm

• Contact me and/or Claire ASAP if you 

have a valid conflict (graduation, 

academic event, etc)



Cloud Forcings and Feedbacks

Low altitude thick clouds

→ Stratus

High altitude thin ice clouds

→ Cirrus



Clouds and Climate—a complex problem

Cirrus: Not so reflective, but 

absorb IR and emit at cold T

Low Clouds: Reflective, do absorb 

IR but emit like warm surface.  



Aviation Contrails—Positive Forcing

October 2004



Clouds and Cloud Feedbacks (two examples)
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Cloud Forcing Predictions by Different Models

Figure 10.11

IPCC 2007



Impact #3: Cryosphere Melting

Figure 4.1



Ice Stability and Climate



Mt. Rainier Glaciers

Paradise Valley and Stevens



Mt. Rainier Glaciers

Nisqually



Tropical Glaciers

Andes (Peru)



Glacier Lengths

Figure 4.13



Ice Stability and Climate



Ice Sheet Dynamics

With warming…



Ice Sheet/Shelf Instabilities?

Warmer water underneath?

Surface melt water 

→ Lower albedo

Liquid water between 

ice and rock is slippery

Potential for positive feedbacks and 

“tipping points”



Larsen Ice Shelf Collapse



Impact #3: Cryosphere Melting

Figure 4.1



Sea Ice Melting

• Record minimum sea ice extents 

• Sea ice younger

• Young ice is thinner



Sea-Ice Dependent Ecosystems



Impact #4: Sea Level

~ 20 cm = 8” ~ 0.5 ft

IPCC 2014



Two Contributions to Sea Level Rise

• Liq. Water expands as it warms

• Land-based glacier / ice sheet 

melting



Sea Level Projections

IPCC 2014



Bangladesh Under ~1.3 m Sea Level Rise



Sea level isn’t static: storm surges



Hurricane Sandy Surge Damage



Storm Surge Vulnerability

• From 1990-2008, population density increased 32% 

in Gulf coastal counties, 17% in Atlantic coastal 

counties, and 16% in Hawaii (U.S. Census 2010)

• Much of densely populated US Atlantic and Gulf 

Coast coastlines lie < 3 m above mean sea level

• Over half US economic productivity is within 

coastal zones



Storm Surge Vulnerability

• 72% of ports, 27% of major roads, and 9% of rail 

lines within the Gulf Coast region at or below 1.5 m 

elevation

• In the Gulf Coast (US) a storm surge of 8 m could 

inundate 67% of interstates, 57% of arterials, almost 

half of rail miles, 29 airports, and virtually all ports



Hurricane Intensity Change – Storm Surges…

Models predict more 

intense hurricanes 

occur more often in 

higher CO2 world



Multi-Millenial compared to 2000 yr Sea Level Rise

Thermal expansion

Glaciers

Greenland

Ice-sheet

1 2 3 4 oC Warming



Sea Level on Geologic Timescales
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Eastern U.S. 1 m of sea level rise



Eastern U.S. 30 m of sea level rise



Multi-Millenial compared to 2000 yr Sea Level Rise

Thermal expansion

Glaciers

Greenland

Ice-sheet

1 2 3 4 oC Warming



What can be done?



Stratospheric Ozone (O3) Importance

→prevents exposure of terrestrial and 

surface water life to harmful UV 

radiation (causes DNA damage, skin 

cancer and loss of eyesite)

→ absorption of UV radiation important 

for atmospheric energy balance

circulation, precipitation



Chlorofluorocarbons (CFCs)

Non-toxic, non-flammable, 

easily compressible gases

Used as refrigerants and as 

propellants in spray cans

Thought to be ideal…due to 

safety and durability.

“Aerosol” Spray Cans: NOT SAME AS 

ATMOSPHERIC AEROSOL PARTICLES



Early Warning Signs – But never predicted ozone hole!

Nature, June 28, 1974

Molina, Rowland, and Crutzen win Nobel Prize in 1994
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Discovery of Antarctic Ozone Hole

1950 1970 1980

Reality was worse than the predictions!



Antarctic Ozone Hole Theories

Also a real scientific debate 

➢chemistry versus meteorology

➢human versus natural

➢solar cycles (again!)
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“Human Finger Prints”: Chlorine

ClO and O3

anti-correlated



Montreal Protocol (Think “Paris Climate Accord”)

Montreal, 1987: First legally 

binding international agreement

By 1992: a near complete ban on 

production and use of CFCs.

Replacements for CFCs, known as 

HCFCs, fairly easily implemented



World Avoided: Health (Cancer and Cataracts)



Tipping Point Avoided

Tropical Ozone

Year

40% of world’s 

population!

Neuman, et al Atmos. Chem. Phys. 2009

Yikes!

Due to a vicious 

positive feedback



A Positive Feedback: CFC-Ozone Depletion-T
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Ozone Depletion Problem vs Global Warming

• Ozone depletion is not a cause of global warming, but it was a 

global scale environmental problem with major consequences in 

the distant future



Ozone Depletion Problem vs Global Warming

• Ozone depletion is not a cause of global warming, but it was a 

global scale environmental problem with consequences in the 

distant future

• Scope of the ozone depletion problem would have been far 

worse than expected at time solutions were put into action 

– Are global warming predictions too conservative (e.g. sea 

level rise debate)? Or are climate scientists “crying wolf?”



Ozone Depletion Problem vs Global Warming

• Ozone depletion is not a cause of global warming, but it was a 

global scale environmental problem with consequences in the 

distant future

• Scope of the ozone depletion problem would have been far 

worse than expected at time solutions were being sought and 

put into action 

– Are global warming predictions too conservative? Or are 

climate scientists “crying wolf?”

• Solution of the ozone depletion problem required (and still 

requires) international cooperation and changes to 

consumer/industry practices



Renewed CFC-11 Emissions?

Nature 2019



Ozone Depletion Problem vs Global Warming

• Ozone depletion is not a cause of global warming, but it was a 

global scale environmental problem with consequences in the 

distant future

• Scope of the ozone depletion problem would have been far 

worse than expected at time solutions were being sought and 

put into action 

– Are global warming predictions too conservative? Or are 

climate scientists “crying wolf?”

• Solution of the ozone depletion problem required (and still 

requires) international cooperation and changes to 

consumer/industry practices

• Solving the ozone depletion problem was the largest and most 

successful global warming mitigation policy to date – by banning 

CFCs which are potent GHGs



An Ozone Depletion – Global Warming Connection

CFCs are potent Greenhouse Gases!

CO2 Forcing

CFC Forcing

No Montreal 

Protocol

CFC Forcing

1st Montreal 

Protocol



Anthropogenic GHG Forcing

53



A Global Problem Requires a Global Solution



UNFCCC COP21 Paris Climate Agreement



Joel Thornton




Impact #1: Surface T Increases



Future: Representative Concentration Pathways



Projections of Future Emissions

59
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1.6
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See Carbon Mitigation Initiative

http://cmi.princeton.edu/
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Integrated Assessment Models



Climate Change, Policy, Impact Modeling



Projections of Future Emissions

69

Joel Thornton




Paris Agreement Requires Negative Emissions!



Negative Emissions Are Part of Emission Scenarios



Some Negative Emission Strategies

Bio-Energy Carbon Capture and Storage (BECCS)



Bioenergy Requires Land and Productivity



Bioenergy – Land Use – Food Are Connected

Bioenergy 

Land-UseFood Security



Supplement other pathways



Negative Emissions Strategy: Carbon Dioxide Removal (CDR)



Alternative to the Wedges Approach: Geo-engineering?

Solar Radiation Management

--increase albedo to offset GHG 

warming

Carbon Dioxide Removal (CDR)

--actively scrub CO2 from the 

atmosphere



Geo-engineering: Particles in Stratosphere

Estimates: Need 1 – 5 Tg S/yr to negate doubled CO2



Geo-engineering: Particles in Stratosphere

~20 Tg S in 
stratosphere

Need Mt. 
Pinatubo every 2-
4 years…



Marine Cloud Brightening

• https://twitter.com/i/status/112145560

9465974786



Various Geo-engineering Schemes

What laws and treaties exist or are 

needed?

Who will control the desired climate?

What happens if there is an 

interruption in the scheme (CO2 still 

increasing)?

Global average T is not the only 

problem associated with increasing 

CO2, what about those?
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International Agreements are Voluntary



Climate Club Example

“Club” of countries agree to emissions reductions

Countries not agreeing (and not meeting targets) are 

penalized via tariffs on imports



An Economic Approach



Climate Clubs

New York Times: Climate Deal Needs a Big Stick, Eduardo Porter

June 2, 2015

http://www.nytimes.com/2015/06/03/business/energy-environment/climate-deal-badly-needs-a-big-stick.html


Course Goals 

1. Introduce you to climate science 

and the scientific method

2. Give you tools to understand 

and critically evaluate modern 

environmental problems

https://uw.iasystem.org/survey/190740



It isn’t rocket science

1. Increasing greenhouse gases is 

a positive radiative forcing.

2. Temperature should increase 

(1880’s physics): natural positive 

feedbacks amplify warming

3. Impacts of increased 

temperature: ice melts, sea water 

expands, soil moisture 

evaporates faster, more water 

vapor means heavier rains



Some opinions (not necessarily endorsed by me)

http://thedailyshow.cc.com/videos/8q3nmm/burn-noticed

https://www.youtube.com/watch?v=3E0a_60PMR8

https://www.youtube.com/watch?v=YDL4Bs3NbB0

http://thedailyshow.cc.com/videos/8q3nmm/burn-noticed
https://www.youtube.com/watch?v=3E0a_60PMR8
https://www.youtube.com/watch?v=YDL4Bs3NbB0



