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Empirical Models
• Generalized 

mathematical 
formulation with 
adjustable 
coefficients

• Combinations of 
– polynomials

– exponential growth & 
decay

– Periodic sines and 
cosines

• Coefficients fit to data 
(e.g., least squares)



Deterministic Models
• Formulated as 

“cause and effect”

• Common in physics 
and chemistry

• Usually take the 
form of differential 
equations

• Initial & boundary-
value problems

• May still have 
adjustable 
coefficients



“General 
Circulation 

Models” 
(GCMs)

• Deterministic, not empirical

• “F = ma of a compressible 
fluid on a rotating sphere 
with radiation, 
thermodynamics, and 
phase transitions”

• Allow detailed prediction of 
future states at high 
resolution in both space 
and time

• Same equations:
– Weather forecasting 

(initial value problem)

– Climate simulation
(boundary value problem)



Climate Model Processes



Climate Model Structure

“Flux Coupler”



Climate Model Grids
Typical climate 
model
Dx ~ 100 km

Typical weather 
forecast model
Dx ~ 12 km



Topography at 
Different Resolutions



Climate Model “Hindcasts”



Warming under Cooling

Manabe and 
Wetherald (1967)

stratospheric 
cooling

tropospheric 
warming



Predicted 
Vertical 

Structure
• Greenhouse 
“signature” is 
tropospheric 
warming and 
stratospheric 
cooling

• Predicted in 
mid-1980’s 
by climate 
models



Balloons, 
Satellites, and 
Surface Obs



Hindcasts
of 20th Century

• Models without greenhouse 
forcing don’t predict enough 
warming

• Models with only greenhouse 
forcing predict too much 
warming

• Models with all forcing do a good 
job of predicting past climate 
change

No GHG forcing

Only GHG 
forcing

all
forcing



• Surface warming 
required to re-
establish thermal 
equilibrium at top of 
atmosphere

• Many lines of 
paleoclimate
evidence and most 
GCMs find about 3 
°C

Equilibrium 
Climate 

Sensitivity

°C warming 
for 3.7 W m-2

forcing 



Transient 
Climate 

Response
• Warming takes a long 

time because much of 
the heat is absorbed 
by the oceans

• TCR is warming at 
time when CO2
reaches 560 ppm

• Models and obs show 
TCR ~ 1 to 2.5 °C



Modern Climate Forcing



cooling warming

net

Anthropogenic Forcing
Cooling from 
reflective air 
pollution is harder 
to estimate

pr
ob
ab
ilit
y



Model 
Evaluation:

Precipitation
• General patterns 

and magnitudes 
very well simulated

• Problems with 
mountain ranges 
and some finer-
scale patterns

Observations

Simulations



Future 
Climate 

Scenarios



Climate Scenario Workflow
People

Demography/Population
Economic Development
Policy
CO2 & GHG Emissions Radiation

CO2 & other gases
Solar radiation in
IR radiation out

Climate
Atmosphere
Oceans
Land

Impacts
Sea levels
Agriculture
Economic damages



Scenario Names
• Called Representative Concentration 

Pathway (“RCP”) in IPCC AR5

– Future pathway of CO2 & other 
greenhouse gases that derived by social 
scientists from a set of self-consistent 
assumptions

– Named for radiative forcing (W m-2) in 
2100

– Each requires emissions to peak at 
different years in the future

• Renamed Shared Socioeconomic Pathways 
(“SSP”) in IPCC AR6 

– SSPs have two numbers: warming 
(Celsius) and forcing (W m-2) in 2100

“RCP 4.5”

“SSP3-45”



2020

2040

2070

2150
• Not predictions …

“what if” 
experiments

• None are more or 
less likely

• Depends on 
economics and 
policy (politics)

• Emissions peak in 
– 2020 (RCP2.6)

– 2040 (RCP4.5) 

– 2070 (RCP6.0) 
– 2150 (RCP8.5)

Emission Scenarios



Volcanoes

20th Century

sunspot
cycles

RCP 2.6

RCP 8.5

RCP 6.0

RCP 4.5

Radiative Forcing



Global Warming


