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Math & ClimateChange Nexus
•Model parameter estimation and 

calibration for predictions 
–Prediction: Time-scales? Spatial scales?Variables? Model 

errors?

•D&A Issues: Variability on long time-scales, 
Attribution of climate change 

•Dynamics v. Response - What are we 
learning from data analysis? 
(properties v. parameters?)

•Tools for Uncertainty Estimation
–Sampling, Parameters, Structure, ...



Assessing Uncertainty in Regional 
Climate Change Projections

• Factors affecting regional climate
–Large-scale response of atmospheric 
circulation 

–Topography,  tropical SSTs, local and global 
environment, etc.   

• Motivation 
–Need to characterize differences in climate 
models by building simplified models to 
capture uncertainty



Getting from global to regional scales

The regional climate 
prediction 

capabilities are not in 
sync with the state 

of the art forecasting 
methods

Forest et al. -  White Paper on NOAA Climate Services



Overview
• Other Simple Models

–  0D climate model

–  Stommel Box model (not discussed) 

• Introduction to Earth/Climate Models 
of Intermediate Complexity (EMICs)

• Intro to MIT IGSM
• Uses of the MIT IGSM

–  Reproducing 20th century record

–  Future Climate Change

–  Understanding AOGCM behavior
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Is the atmosphere transparent to 
Solar wavelengths?





0D Climate Model

• Incoming absorbed solar = outgoing IR 

• where Te = Effective blackbody 
temperature of Earth required to 
balance incoming radiation

Qo = So(1−α)
4. = σT 4

e

Te = (So(1−α)
4σ )

1
4 = 255K



Simplest Greenhouse Model

Marshall and Plumb: AOCD



So
4 (1 − α) = σT 4

e
So
4 (1 − α) = σ(T 4

s − T 4
e )

Ts = 2
1
4 Te = 1.19 ∗ 255 = 303.K

Simplest Greenhouse Model

Top Energy Balance:

Sfc Energy Balance:

Rearranging: 
Marshall and Plumb: AOCD



Simple 1D climate model

Marshall and Plumb: AOCD



Simple 1D climate model

Ts = ( 1
1−�/2 )

1
4 Te = 1.136 ∗ 255 = 289K

Marshall and Plumb: AOCD



Simple 1D climate model

Marshall and Plumb: AOCD



Introducing Climate Sensitivity

Climate sensitivity was introduced to measure the 
global response of the climate system to a change in 
the radiative forcing inputs to the system. 

“To make progress on a problem with the 
intimidating complexity of climate change, the 
proper response of a scientist is to begin by 
considering simple questions and then add 
complexity as understanding is gained. The lessons 
drawn from these simple models must be taken 
seriously, but with full realization that they may not 
be a faithful representation of nature.”

Quote from Hartmann, GPC, Chapter 9, p. 229



A Quick Estimate of 
Climate Sensitivity

• Defined as: 

• This is the response in surface temperature to a 
change in the energy increase.

• Now let’s return to the “leaky” atmosphere model 
and consider the sensitivity to the emissivity.

dTs

dQ
=

∂Ts

∂Q
+

∂Ts

∂yi

dyi

dQ

∂Ts
∂� = −Te

2 (1− �/2)−
5
4

• Suppose emissivity decreases by 1% (e.g., doubled 
[CO2]), this implies a temperature change of 2.4 K



A Hierarchy of Climate Models
• “Horses for Courses” - Jake Jacoby

–  Models suited for specific purposes 

• Energy Balance Models
–  great for concepts, good for uncertainty

–  okay for feedbacks with other components

• Global Climate Models
–  great for processes/feedbacks, good for 
predictions, but poor for uncertainty (just 
too expensive)

• Need for Intermediate Complexity
–  Difficult to define these days...  



The 16th slide
(via Google Images search)



EMICs: A History



EMICs: A History

Claussen et al (2002)



EMICs: A History

Claussen et al (2002)



EMICs: A History

Claussen et al (2002)



MIT Integrated Global System Model 
(IGSM2)

Sokolov et al. (2005, JP-Report 124)

Emissions Model

Earth System Model

Output



MIT Integrated Global System Model 
(IGSM2)

Sokolov et al. (2005, JP-Report 124)

Earth System Model

Output



MIT Integrated Global System Model 
(IGSM2)

Sokolov et al. (2005, JP-Report 124)

Output



MIT Integrated Global System Model 
(IGSM2)

Sokolov et al. (2005, JP-Report 124)



MIT IGSM Overview

•  Atmospheric Model (latitude-height)
–  Statistical Dynamic Model

–  Physical and Chemical Model

•  Ocean/Sea Ice Model (2D or 3D)
–  Physical, Biogeochemical, Biological Models

•  Land Model
–  Physical, Biological, Biogeochemical

–  Terrestrial Ecosystem Model (Melillo et al.)

•  MIT EPPA - Economic Model 



GISS Model II (8x10 grid) 
(basis for MIT IGSM Climate Model)
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Number of boxes: 
24x36x9 = 7776

Current models: 
~107 

IGSM Pressure Levels (9 levels)
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GISS/IGSM Model Grid Box

H
an

se
n 

et
 a

l. 
(1

98
3)

Statistical 
Components 
of Model
- Clouds
- Precipitation



GISS Model Equations
(needed to include eddy fluxes)

Hansen et al. (1983)



Development of 2D MIT Model 
required Eddy Flux parameterization



MIT 2D Climate Model Description

• 2D statistical-dynamical atmospheric model 
derived from 3D GISS II AGCM (Sokolov and 
Stone, 1998)  46x11 (lat-height)

• Q-flux mixed layer ocean model where 
temperature anomalies are mixed into deep-
ocean. Q-flux held fixed in transient runs.

• Adjustable model properties:
–Climate Sensitivity (via adjustable cloud feedback)

–Rate of deep-ocean heat uptake (via diffusivity)

–Net Aerosol Forcing (via scattering cross-section or 
loading)



Wind fields from IGSM 
(Sokolov & Stone,1998)



LUNCH BREAK



POST LUNCH BREAK

• Using the IGSM 
–  Uncertainty Analysis

–  Parameter/Property Estimation

–  Climate Model Evaluations

–  Scenario Analyses

–  Feedbacks and Response



MIT Integrated Global System Model 
(IGSM2)

Sokolov et al. (2005, JP-Report 124)

Emissions Model

Earth System Model

Output



MIT Integrated Global System Model 
(IGSM2)

Sokolov et al. (2005, JP-Report 124)

Earth System Model

Output



MIT Integrated Global System Model 
(IGSM2)

Sokolov et al. (2005, JP-Report 124)

Output



MIT Integrated Global System Model 
(IGSM2)

Sokolov et al. (2005, JP-Report 124)



The Greenhouse Gamble

http://globalchange.mit.edu/resources/gamble/



The Greenhouse Gamble

http://globalchange.mit.edu/resources/gamble/



Major Climate Projection Uncertainties

Consider the energy balance equation for the global-mean 
surface temperature anomaly (ΔT): 



Major Climate Projection Uncertainties

Consider the energy balance equation for the global-mean 
surface temperature anomaly (ΔT): 

Change in global 
mean heat content 



Major Climate Projection Uncertainties

Consider the energy balance equation for the global-mean 
surface temperature anomaly (ΔT): 

Change in global 
mean heat content 

Future 
Forcings



Major Climate Projection Uncertainties

Consider the energy balance equation for the global-mean 
surface temperature anomaly (ΔT): 

Change in global 
mean heat content 

Future 
Forcings Net Feedbacks 

λ =  1/S



Major Climate Projection Uncertainties

Consider the energy balance equation for the global-mean 
surface temperature anomaly (ΔT): 

Change in global 
mean heat content 

Future 
Forcings Net Feedbacks 
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Flux of heat 
into deep-

ocean



Major Climate Projection Uncertainties

Consider the energy balance equation for the global-mean 
surface temperature anomaly (ΔT): 

Change in global 
mean heat content 

Future 
Forcings Net Feedbacks 

λ =  1/S

Flux of heat 
into deep-

ocean

Conceptually:  This is a good framework for organizing where 
the uncertainty exists.  

In practice:  For state-of-the-art models, each uncertainty is an 
aggregate quantity and cannot be identified with any one specific 

model component or process. 



Global Climate System Energy Fluxes
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Global Climate System Energy Fluxes
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Global Climate System Energy Fluxes

Role of Clouds, 
Greenhouse Gases,  and 

Aerosols
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Global Climate System Energy Fluxes

Role of Clouds, 
Greenhouse Gases,  and 

Aerosols

Role of Land and Oceans Fr
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Historical Climate Forcing Factors

Anthropogenic

Natural

NB: Volcanic activity not included



Historical Climate Forcing Factors

Anthropogenic

Natural

Greenhouse 
Gas Forcings

NB: Volcanic activity not included



Historical Climate Forcing Factors

Anthropogenic

Natural

Aerosol 
Forcings

Greenhouse 
Gas Forcings

NB: Volcanic activity not included



Historical Climate Forcing Factors

Anthropogenic

Natural

Aerosol 
Forcings

Greenhouse 
Gas Forcings

Total Forcings

NB: Volcanic activity not included



Historical Climate Forcing Factors
Estimated Time-series of Radiative Forcings
Total Uncertainty = +/- 1 W/m2

From NASA GISS: http://data.giss.nasa.gov/modelforce/



No Volcanoes

Volcanoes

Two Simulations with 
Anthropogenic + Natural 
Forcings

Major concern is getting the forcings right.

(CS=3.5 K, KV=9. cm2/s,FA=-0.5w/m2)



Latin Hypercube Sample (n=250)

Transient Climate Response (5, 
50, 90%):  (1.5, 1.9, 2.3K)
Thermal SLR: (4, 8,13 cm)
at time of CO2 doubling 
(1%/yr  increasing CO2 conc.)

After: Forest et al. (2008, Tellus A)

NB: Climate Model Evaluation via model properties 
(see black diamonds)



Included Uncertainties
• Emissions Uncertainty from MIT EPPA4

• Population:  6-13 billion, Energy Resources, Efficiency/
Technology

• Climate System Response 
(Calibrated in Forest et al. 2008)

–  Climate Sensitivity
–  Rate of Heat uptake by Deep Ocean 
–  Radiative Forcing Strength of Aerosols

• Carbon Cycle Uncertainty:
–  CO2 Fertilization Effect on Ecosystem 
–  Rate of Carbon Uptake by Deep-Ocean

• Trends in Precip. Freq. on CH4 + N2O
(Statistics scaled using by AR4 model trends)



The Greenhouse Gamble

http://globalchange.mit.edu/resources/gamble/



The Greenhouse Gamble

http://globalchange.mit.edu/resources/gamble/



Risks of Global Mean Temperature 
Increase 1990-2100

ΔT > 2oC ΔT > 4oC ΔT > 6oC
No Policy 400 in 400 17 in 20 1 in 4

Stabilize at 750 400 in 400 1 in 4 1 in 400

Stabilize at 650 97 in 100 7 in 100 <1 in 400

Stabilize at 550 8 in 10 1 in 400 <1 in 400

Stabilize at 450 1 in 4 <1 in 400 <1 in 400

Sources:  Sokolov et al. (2009, J. Climate); Webster et al. (2009, MIT JP Report 180)



Cumulative Probability of Ts in 2100 
above Pre-industrial Temperature

Reference
890 ppm
780 ppm
660 ppm
560 ppm



Stabilization Scenario Example



Extra Slides



From:  Sokolov et al. (2003, J. Climate)



From:  Sokolov et al. (2003, J. Climate)



Climate Change Observations and 
Climate Model Hindcasts

Observations

Models using only natural forcings (n~21)

Models using natural and anthropogenic forcings
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Climate Change Observations and 
Climate Model Hindcasts
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Surface Temperature Records

From http://www.ucsusa.org/climatescienceupdate



Surface Temperature Records

GISTEMP


