
Climate models: Climate models: General General concept, concept, 
hi t d i t ti d iti ithi t d i t ti d iti ithistory, design, testing and sensitivityhistory, design, testing and sensitivity



Global Climate ModelingGlobal Climate ModelingGlobal Climate ModelingGlobal Climate Modeling

• General philosophy:General philosophy:
– Simulate large‐scale motions of atmosphere, 
oceans iceoceans, ice

– Solve approximations to full radiative transfer 
equationsequations

– Parameterize processes too small to resolve
– Some models also try to simulate biogeochemicalSome models also try to simulate biogeochemical 
processes

– First GCMs developed in 1960sFirst GCMs developed in 1960s



Model Partial Differential EquationsModel Partial Differential EquationsModel Partial Differential EquationsModel Partial Differential Equations

• Conservation of momentum
• Conservation of mass
• Conservation of water
• Conservation of certain chemical species
• First law of Thermodynamicsy
• Equation of state
• Radiative transfer equationsRadiative transfer equations



The Conservation EquationsThe Conservation Equations
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The Conservation EquationsThe Conservation Equations
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Thermodynamics (atmosphere): 

             (  = specific volume,  = heating)p
dT dpc Q Q
dt dt

    

Equation of State:
(atmosphere)p RT               (atmosphere)

        = ( , , )  (ocean;  = salinity)
p RT
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Additional equations for radiative transfer, 
conservation of water (atmosphere) and salinityconservation of water (atmosphere) and salinity 

(ocean), etc.



Numerical solution of PDEsNumerical solution of PDEsNumerical solution of PDEsNumerical solution of PDEs

• Finite difference method e gFinite difference method, e.g.
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PDE’s written as finite difference PDE’s written as finite difference 
h d fh d fequations, or phrased in finite equations, or phrased in finite 

elements, or spectrally decomposedelements, or spectrally decomposed, p y p, p y p



Alternative Grids:Alternative Grids:Alternative Grids:Alternative Grids:

Classical spherical coordinates Conformal mapping of cube onto 
spheresphere



A spherical grid based on the Fibonacci sequence. The grid is 
highly uniform and isotropic. 



• Spectral methods, e.g.p , g

u uc 
  

sin cos

c
t x

n x n xu a b 


 

         sin cosn nn
u a b

L L
a n

     
   





,n
n

a nc b
t L

b n









 n

n
b nc a
t L


 



Must use spherical harmonics for equations on a sphere



Note:  Spectral method not used for vertical differences



Some Fundamental Numerical ConstraintsSome Fundamental Numerical Constraints

CourantCourant‐‐FriedrichsFriedrichs‐‐LewyLewy (CFL) condition:(CFL) condition:

1c t 1,c t
x





where c is the phase speed of the fastest wave in the system t is thewhere c is the phase speed of the fastest wave in the system, t is the 
time step used by the model, and x is a characteristic spacing between 
grid points. 

Typical size of model: 20 levels, grid points spaced ~120 km 
apart, 10‐15 variables to defines state of atmosphere or ocean 
at each grid point ~1 000 000 5 000 000 variables Typical timeat each grid point: ~1,000,000‐5,000,000 variables. Typical time 
step: 20 minutes. Thus 70,000,000 ‐350,000,000 variables 
calculated per simulated day. 



History of Climate ModelingHistory of Climate Modelingy gy g



Numerical Weather Prediction: 
Lewis Fry Richardson 1922Lewis Fry Richardson, 1922

Richardson’s “Forecast Factory”Richardson s  Forecast Factory

“Perhaps some day in the dim 
future it will be possible to 
advance the computations 
faster than the weather 
advances and at a cost lessadvances and at a cost less 
than the saving to mankind 
due to the information 
gained. But that is a dream.” 



The ENIAC: Electronic Numerical Integrator And Computer (1946)The ENIAC: Electronic Numerical Integrator And Computer (1946)

17,468 vacuum tubes, 7,200 crystal diodes, 1,500 relays, 70,000 resistors, 10,000 
capacitors and around 5 million hand‐soldered joints. Weight: 30 short tons. 350 
floating point operations per second (flops). (This PC: 21 Gigaflops!)



First Successful Numerical Weather First Successful Numerical Weather 
F i A il 1950F i A il 1950Forecast in April, 1950:Forecast in April, 1950:

JuleJule Gregory Gregory CharneyCharney, (1917, (1917‐‐1981)1981)g yg y yy, (, ( ))





Ob d (l ft) d 24 h f t ( i ht) f 500 hPObserved (left) and 24‐hour forecast (right) of 500 hPa 
geopotential heights (thick) and vorticity (thin) for 0300 GMT 31 

January 1949









Unresolved physical processes must be Unresolved physical processes must be 
h dl d llh dl d llhandled parametricallyhandled parametrically

• ConvectionConvection
• Thin and/or broken clouds
Cl d i h i• Cloud microphysics

• Aerosols and chemistry (e.g. 
photochemical processes, ozone)

• Turbulence, including surface fluxes, g
• Sea ice
• Land ice• Land ice
• Land surface processes



How Do We Know If We Have It Right?How Do We Know If We Have It Right?How Do We Know If We Have It Right?How Do We Know If We Have It Right?

• Very few tests of model as whole: annual and diurnalVery few tests of model as whole: annual and diurnal 
cycles, weather forecasts, 20th century climate, 
response to orbital variations

• Fundamentally ill‐posed:  More free parameters than 
tests

• Alternative: Rigorous, off‐line tests of model 
subcomponents. Arduous, unpopular: Necessary but 

ff f d l b d l h lnot sufficient for model robustness: Model as whole 
may not work even though subcomponents are 
robustrobust



Global mean temperature (black) and 
simulations using many different 
global models (colors) including all 

forcings

To some extent, “success” To some extent, “success” 
ff ththof 20of 20thth century century 

simulations is a result of simulations is a result of 
model curve fittingmodel curve fittingmodel curve fittingmodel curve fitting

Same as above, but models run 
with only natural forcings



Progress inProgress inProgress in Progress in 
Climate ModelingClimate Modeling

IPCC Terminology:

FAR=First Assessment Report

SAR=Second “  “

TAR=Third  “  “

AR4=Assessment Report 4



Selected Features of Some Climate Models, AR4Selected Features of Some Climate Models, AR4



RootRoot‐‐meanmean‐‐square errorsquare errorRootRoot meanmean square error square error 
in zonally and annually in zonally and annually 
averaged SW radiation averaged SW radiation 
(t ) d LW di ti(t ) d LW di ti(top) and LW radiation (top) and LW radiation 
(bottom) for individual (bottom) for individual 
AR4 models (colors) and AR4 models (colors) and 
for ensemble mean for ensemble mean 
(black dashed)(black dashed)



Observed time mean, zonally averaged ocean temperature Observed time mean, zonally averaged ocean temperature 
(black contours), and model(black contours), and model‐‐mean minus observedmean minus observed(black contours), and model(black contours), and model mean minus observed mean minus observed 
temperature (colors) for the period 1957temperature (colors) for the period 1957‐‐19901990



Model Climate SensitivityModel Climate Sensitivity

Feedbacks in Various ModelsFeedbacks in Various Models
WV=water vapor

C=Cloud

A=Albedo

LR=Lapse RateR apse Rate



IPCC Emissions ScenariosIPCC Emissions ScenariosIPCC Emissions ScenariosIPCC Emissions Scenarios



Projected Warming:Projected Warming:



GCM Projections by AR4 ScenarioGCM Projections by AR4 Scenario



How Are Projections Doing So Far?How Are Projections Doing So Far?How Are Projections Doing So Far?How Are Projections Doing So Far?



Global CO2 Emissions from Fossil Fuels



A genuine out‐of‐sample prediction

FAR:
1st Assessment
Report, 1990



ObservedObserved and modeled Arctic seaand modeled Arctic sea‐‐ice extentice extentObserved Observed and modeled Arctic seaand modeled Arctic sea‐‐ice extentice extent


