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Course Outline

1. Building Blocks:  Some important concepts

2. Our Goldilocks Earth:  a Radiative Balancing Act

3. The Role of the Atmosphere: Greenhouse Gases & Clouds 

4. Global Circulation and Dynamics of the Earth System:
Oceans, Atmosphere, Biosphere, Cryosphere,  People, Lithosphere

5. Natural Variability of the Climate, short and long term.  Ice Ages

6. Carbon Dioxide and other Greenhouse Gases:
Where do they come from, where do they go, how are they regulated?

7. Impacts and Future Projections for Global Warming -- Uncertainties

8. Amelioration Strategies.  The Climate Debate.  Policy Options.
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Plan for Today

• How are Predictions made?

• The role of Chaos in Prediction

• How well have they worked?  Skill

• Progress on refining Predictions  Climate Sensitivity

• Current Understanding of the Prognosis

• Global and Regional Impacts

• Tipping Points
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Projecting Future Impacts:
Global Circulation Models
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Wikimedia

D. Bice, Penn State U



Projecting Future Impacts: Global Circulation Models (GCM)
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Wikimedia

Many Groups around the world build and test GCMs

Most belong to the CMIP6 Project

CMIP = Climate Model Intercomparison Project

Earlier:
CMIP5 → IPCC AR5

CMIP6 → AR6  (due in April 2021)

CMIP6 Members
CarbonBrief
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Many Groups around the world build and test GCMs

Most belong to the CMIP6 Project

CMIP = Climate Model Intercomparison Project

Earlier:
CMIP5 → IPCC AR5

CMIP6 → AR6  (due in April 2021)

CMIP6 Members
CarbonBrief

Heavy Hitters Include:
EC-Earth European consortium
UKESM UK Meterological Office + others
HADCM                   Hadley Centre  (UK)
GFDL                        Geophysical Fluid Dynamics Lab (Princeton)
CMCC Centro Euro-Mediterrano sui Cambiamenti Climatici

MIROC                     Tokyo University +
GISS Goddard Institute of Space Science (NASA)



Projecting Future Impacts:
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CMIP6 Contains many specific 
Model Intercomparison Projects 

and Experiments
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Intercomparison Test Example:  Historical  Global Temperatures from 1880
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Global Mean Surface Temp

CMIP5
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Two Requirements for a GCM Projection:

H2OT, P
CO2

“The Physics” “Human Behavior”
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“Human Behavior”

Human Factors handled with RCP’s in IPCC AR5
- Representative Concentration Pathways
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“Human Behavior”

Human Factors handled 
with RCP’s in IPCC AR5
- Representative 
Concentration Pathways

CH4
N2O

CO2

van Vuuren 2011

Human Emissions
that would give

these Concentrations
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“Human Behavior”

RCP’s to be replaced by SSP’s in IPCC AR6
-- Shared Socioeconomic Pathways
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SSP1-2.6 needs 
NEGATIVE CO2

Emissions after 
2075 !
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“Human Behavior”

RCP’s to be replaced by SSP’s in IPCC AR6
-- Shared Socioeconomic Pathways
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Stories:
• SSP1 “Sustainability & Equality”
• SSP2 “Middle of the Road – Historical Pattern”
• SSP3 “Resurgent Nationalism”
• SSP4 “Increasing Inequality”
• SSP5  “Unconstrained Growth”

CarbonBrief.org



Projecting Future Impacts: Global Circulation Models

3/16/21 Climate Change 7 16

Wikime
dia

Global Mean Surface Temp

CMIP5

Note the chaotic behavior of 
individual runs of the models.
Also note the chaotic behavior
of the actual observations.
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Global Circulation Models are Chaotic -- Just like the Earth itself!
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Guo Yan et al (2013)
Surface Air Temperature 
Simulations over China…

Temperatures in 
China 1906-2006:
26 GCM Models

versus
Actual
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Guo Yan et al (2013)
Surface Air Temperature 
Simulations over China…

Temperatures in 
China 1906-2006:
26 GCM Models

versus
Actual

• Chaotic Variation is Large
• Regional vs. Global

• Chaos in Models  Chaos in Reality
• Repeated Model Runs would show

totally different variability!
• Even re-running the Earth from 1906 would

produce a different chaotic variation!!
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Intercomparison Test Example:  Historical  Global Temperatures from 1880
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If we could rewind the Earth to 1880 
and play it again, what would we get?
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SMHI Rossby Centre (Sweden)
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Baked 
In?

Could we 
cool it off 

again?



2009
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Year

Future CO2 Pathways if we Stop Emitting at Various Concentrations

280
preindustrial

2%/year
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Future Temperature Pathways if we Stop Emitting CO2 at these Points

Year

450

550

650
750

850

1200

Global Warming is Sticky
The good news?

We have probably 
staved off the 

next Ice Age for a 
few thousand 

years…
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The mixed news?

Equatorial and 
High Latitudes will 

get Wetter…

Mid-Latitudes will 
get Dryer

Precipitation 
Trends 
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The mixed news?

Equatorial and 
High Latitudes will 

get Wetter…

Mid-Latitudes will 
get Dryer

Precipitation 
Trends 

White areas:  
CGM’s disagree



Questions about

Climate Prediction, RCP’s ,  

Chaos or Baked-In Warming?
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Climate Predictions:
How well did they do so far?
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Climate Predictions: 
How Well Did They Do?
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Data assembled by Z. Hausfather, 
CarbonBrief.org

Very Simple Climate 
Model

Wallace Broecker (1975)

Baseline Period
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Data assembled by Z. Hausfather, 
CarbonBrief.org

Very Simple Climate 
Model

Wallace Broecker (1975)

Baseline Period



Climate Predictions: 
How Well Did They Do?
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Simple Climate Model
James Hansen et al (1981)

Baseline Period Data assembled by Z. Hausfather, 
CarbonBrief.org



Climate Predictions: 
How Well Did They Do?
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3D Climate Model
James Hansen et al (1988)

J. Geophys. Res.

Baseline Period
Data assembled by Z. Hausfather, 

CarbonBrief.org

Where we 
are now



Climate Predictions: 
How Well Did They Do?
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3D Climate Model
James Hansen et al (1988)

J. Geophys. Res.

Baseline Period
Data assembled by Z. Hausfather, 

CarbonBrief.org

• Used Climate Sensitivity of 4.2C/doubling
• Assumed continued Freon gas increases 0 CO2 after 

2000



Climate Predictions: 
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3D Climate Model
James Hansen et al (1988)

J. Geophys. Res.

Baseline Period
Data assembled by Z. Hausfather, 

CarbonBrief.org

• Used Climate Sensitivity of 4.2C/doubling
• Assumed continued Freon gas increases 0 CO2 after 

2000

10Long
8 Lat

9 Layers



Climate Predictions: 
How Well Did They Do?
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Data assembled by Z. Hausfather, 
CarbonBrief.org

• Assumed much higher CO2 emissions than occurred
• Inadequate treatment of aerosols

IPCC First Assessment
Report (1990)

Baseline Period



Climate Predictions: 
How Well Did They Do?
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Data assembled by Z. Hausfather, 
CarbonBrief.org

• Used Climate Sensitivity 
of 2.5C/doubling

IPCC Second Assessment
Report (1995)

Baseline Period



Climate Predictions: 
How Well Did They Do?
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IPCC Third Assessment
Report TAR  (2001)

Baseline Period Data assembled by Z. Hausfather, 
CarbonBrief.org

• Used Climate Sensitivity of 2.8C/doubling
• Basically average of 7 General Circulation Models



Climate Predictions: 
How Well Did They Do?
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IPCC Fourth Assessment
Report AR4  (2007)

Baseline Period
Data assembled by Z. Hausfather, 

CarbonBrief.org

• Used multiple improved GCM models
• Average Climate Sensitivity 3.3 C/doubling



Climate Predictions: 
How Well Did They Do?
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IPCC Fifth Assessment
Report AR5  (2013)

Baseline Period Data assembled by Z. Hausfather, 
CarbonBrief.org

• Used CMIP5 GCM models
[CMIP5=Coupled Model Intercomparison Project 5]
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Basis of WCRP* Climate Sensitivity Estimates

• Analysis of Feedback Processes

– Water Vapor Feedback

– Surface Albedo Feedback

– Net Cloud Feedback      now thought to be net heating

– & others

• Historical Records:          Compatibility with models

• Paleoclimate Records:    Compatibility with models

• Use of Bayesian Statistical Methods
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* World Climate Research Programme
Sherwood et al (2020)



WCRP Climate Sensitivity Estimates
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–3

Blackbody 
Radiation

Sherwood et al 
(2020)



Climate Sensitivity Estimates over Time
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Range of “Likely” Temperature Rises for a CO2 Doubling

AR1          AR2          AR3          AR4         AR5

Sherwood et al 
(2020)

IPCC
(2021)

?

AR6



Current and Recent Predictions
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Excess Mortality for 49 Cities 

National Climate Assessment 4
(2018)  Fig. A5.10

– 6oC

Warming
Versus

Pre-
Industrial



AR5 Projections from ~2007
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IPCC AR5 11.25

Relative to 
1986-2005
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Max Planck Inst. für
Meteorologie (2015)
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Max Planck Inst. für
Meteorologie (2015)
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Questions about

Prediction Skill, Climate 

Sensitivity, Global Trends
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IPCC First 
Assessment

Report 
(1990)
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elin
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Climate Impacts Expected in This Century and Beyond

• Sea
– Sea Level Increases

– Acidification

– Warming

– Circulation changes

• Cryosphere melting

• Land
– Heat and Drought

– Precipitation/Floods

– Extreme Weather Events

– Food Production

– Biome

• People
– Migration

– Health

– Food Security

– Economic
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The Sea

2/23/2021 Climate Change 4
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Ocean Water 
Density Map

NASA
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100 mm

NASA
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Coastal Areas
Innundated by 

6 m
Sea Level Rise

NASA
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Sea Level Rise 
since Pre-

Industrial Times
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AR5 TSE 2.2

RCP 8.5

RCP 2.6

RCP 2.6
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IPCC AR5 Projections
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IPCC AR5 Projections

Low

Extreme

Probability < 1%

Adapted from Sweet et al, NOAA Technical 
Report “Global and Regional Sea Level Rise 
Scenarios for the United States” (2017)

Tidal Gauge 
Observations

Satellite 
Observations

Solid Color blocks at right show AR5 likely 
ranges for different Scenarios.
Upper alternate Scenarios show possibility 
of rapid ice melt favored by some experts, 
with much bigger impacts but low 
probability.
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Modeling 
Migration 
under Sea 

Level Rise of 
1.8m by 2100

Blue counties 
subject to 
flooding

Red counties 
receiving 
migrants

Robinson et al, 
PLOS|One (2020)

“Modeling Migration 
Patterns in the USA 
under Sea Level Rise”
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AR5 TS-20

RCP 2.6

RCP 8.5
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National Climate Assessment 4
(2018)  Fig. A5.30

RCP 8.5
[2090-2099

vs
1990-1999]



Effects of Ocean Warming + Acidification
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Effects are Scenario dependent:

• Under RCP8.5,  70-90% of Coral Reefs gone by 2100
• Under RCP 2.6, many could survive (big uncertainties)
• Huge impact on Fisheries
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Bergengren (2011)
NASA/JPL/Caltech

Percentage of Plant Species Changing by 2100
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(2015)
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(2015)
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The Great Climate Migration Has Begun
New York Times Magazine 7/23/2020

https://www.nytimes.com/interactive/2020/07/23/magazine/climate-migration.html

https://www.nytimes.com/interactive/2020/07/23/magazine/climate-migration.html
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The Great Climate Migration 
Has Begun

New York Times Magazine 7/23/2020
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April 2020

“

”
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Conclusion:

By 2070, under RCP8.5, 
Unlivable Zones extend 

to hashed area

Current Unlivable Zones

(in 2020)
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Xu et al, Future of the Human Climate Niche, Fig 4

2020

2070

Suitable Zones 
move toward poles

RCP8.5
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Xu et al, Future of the Human Climate Niche, Fig 4
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Xu et al, Future of the Human Climate Niche, Fig 4

We keep our 
Suitability 
rating….



Questions about

Global Projections:

Sea Level, Migration etc.
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Domestic Impacts
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NYT 9/18/2020
Based on data from 
The 427 Company

Darker Colors
= Higher Risk

OPINION | Every Place Has Its Own Climate Risk.  What Is It Where You Live?

2040
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NYT 9/18/2020
Based on data from 

427 Company

2040
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NYT 9/18/2020
Based on data from 

427 Company

2040
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NYT 9/18/2020
Based on data from 

427 Company

3/23/21

2040



Climate Change 8 80

NYT 9/18/2020
Based on data from 

427 Company
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NYT 9/18/2020
Based on data from 

427 Company

2040
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NYT 9/18/2020
Based on data from 

427 Company

2040
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NYT 9/18/2020
Based on data from 

427 Company

2040
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NYT 9/18/2020
Based on data from 

427 Company

2040
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National Climate Assessment 4
(2018)  Fig. 14.4

Excess Mortality for 49 Cities 
due to Heat and Cold

[2080-2099]
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RCP 8.5
[2080-2099]

National Climate Assessment 4
(2018)  Fig. 4.2
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Excess Mortality for 49 Cities 

RCP 8.5
[2080-2099]

National Climate Assessment 4
(2018)  Fig. 7.6

Corn
Soybeans

Wheat
Cotton
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RCP 8.5
[2080-2099]

National Climate Assessment 4
(2018)  Fig. 10.5

Milk Production in 
2030 vs 2010
[Heat Stress]

(2030)
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Excess Mortality for 49 Cities 

RCP 8.5
[2090 vs 2005]

National Climate Assessment 4
(2018)  Fig. 19.21
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Excess Mortality for 49 Cities 

National Climate Assessment 4
(2018)  Fig. 21.5

RCP 8.5
[2090-2099

vs
1990-1999]
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Excess Mortality for 49 Cities 

National Climate Assessment 4
(2018)  Fig. 21.5

How 78 Plant Species 
Actually Moved… 

How They Should
Have Moved… 

The Lag:  How much 
More They Should 

Have Moved… 
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National Climate
Assessment 4

(2018)  Fig. A5.29

RCP 8.5
[2050 vs 2000]
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National Climate Assessment 4
(2018)  Fig. 21.9

2050 
vs 

2000

2090 
vs 

2000

RCP 4.5 RCP 8.5

(per County)
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National Climate Assessment 4
(2018)  Fig. 21.10



Tipping Points
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ClimateTippingPoints.info
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International edition 3/2/2021
US Edition 3/13/2021

The 

AMOC

The Dreaded 
AMOC 

Collapse
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The Dreaded 
AMOC 

Collapse
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The Dreaded 
AMOC 

Collapse
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The Dreaded 
AMOC 

Collapse
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The Dreaded 
AMOC 

Collapse
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International edition 3/2/2021
US Edition 3/13/2021

The 

AMOC

The Dreaded 
AMOC 

Collapse



The “Hothouse Earth” Paper
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PERSPECTIVE

Trajectories of the Earth System in
the Anthropocene
Will Steffena,b,1, Johan Rockströma, Katherine Richardsonc, Timothy M. Lentond, Carl 
Folkea,e, Diana Livermanf, Colin P. Summerhayesg, Anthony D. Barnoskyh, Sarah E. 
Cornella, Michel Crucifixi,j, Jonathan F. Dongesa,k, Ingo Fetzera, Steven J. Ladea,b, 
Marten Schefferl, Ricarda Winkelmannk,m, and Hans Joachim Schellnhubera,k,m,1

Edited by William C. Clark, Harvard University, Cambridge, MA, and approved July 6, 2018 (received for review June 19, 2018)

We explore the risk that self-reinforcing feedbacks could push the Earth 
System toward a planetary threshold that, if crossed, could prevent 
stabilization of the climate at intermediate temperature rises and cause 
continued warming on a “Hothouse Earth” pathway even as human 
emissions are reduced….

Undefined:  1945 onwards?
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Temperature

Sea Level
“Hothouse Earth” Paper
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A. Mid-Holocene (5000 BP)
B. Eemian (120,000 BP)
C. Mid-Pliocene ( 4 million BP)
D. Mid-Miocene ( 15 million BP)

“Hothouse Earth” Paper



“Limit Cycles”
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“Hothouse Earth” Paper

70FT 

time →

House Thermostat



“Limit Cycles”
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“Hothouse Earth” Paper

70FT 

time →

House Thermostat
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“Hothouse Earth” Paper
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“Hothouse Earth” Paper
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“Hothouse Earth” Paper

Weakening of 
biological Carbon 

takeup (land & sea)



Questions about

Regional Projections:

Tipping Points, etc.
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NYT 9/18/2020
Based on data from
The 427 Company

Darker Colors
= Higher Risk

OPINION | Every Place Has Its Own Climate Risk.  What Is It Where You Live?

2040
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2. Our Goldilocks Earth:  a Radiative Balancing Act

3. The Role of the Atmosphere: Greenhouse Gases & Clouds 

4. Global Circulation and Dynamics of the Earth System:
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