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Physics of Weather and Climate
for Poets

Weather is what you get, 
climate is what you expect. 

(E. N. Lorenz) 
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Weather and Climate
(Weather: Wind, Pressure, Temperature, Humidity & Precipitation)

Weather
(x, y, z, t) =

Expected
Weather
(x, y, z, t)

+
Unexpected

Weather
(x, y, z, t)

Climate
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The Climate of a Planet Depends On The Climate of a Planet Depends On ……
1. Energy from the Sun

(energy from the interior)

2. Planetary Albedo

3. Speed of Planet’s Rotation

4. Mass of the Planet

5. Radius of the Planet

6. Atmospheric Composition

7. Ocean-Land, Topography

S

α
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H2O, CO2, O3, clouds
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CLIMATE DYNAMICS 
OF THE PLANET EARTH
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hydrodynamic instabilities of shear flows; stratification & 
rotation; moist thermodynamics

day-to-day weather fluctuations; 
wavelike motions: wavelength, period, amplitude
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What Determines the Climate of a PlanetWhat Determines the Climate of a Planet

AGU Reference Shelf 1; Global Earth Physics, A Handbook of Physical Constants
(1995, T. J. Ahrens, Ed.) 



Multiple JetsMultiple Jets
on Jupiteron Jupiter

JupiterJupiter
Rotation Period: 9.93 hrs

Radius: 70,000 Km

Gravity: 23.12 ms-2





CLIMATE DYNAMICS 
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hydrodynamic instabilities of shear flows; stratification & 
rotation; moist thermodynamics

day-to-day weather fluctuations; 
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Examples of Weather and Climate VariabilityExamples of Weather and Climate Variability

•• Annual CycleAnnual Cycle

•• Daily WeatherDaily Weather

•• Seasonal ClimateSeasonal Climate

•• InterannualInterannual (ENSO)(ENSO)

•• Decadal Decadal 

•• Centennial (Climate Change)Centennial (Climate Change)
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InterannualInterannual Variability of Tropical Pacific SSTAVariability of Tropical Pacific SSTA
(NINO3, 150(NINO3, 150oo--9090ooW, 5W, 5ooSS--55ooNN ))
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1998 JFM SST [oC]

JFM SST Climatology [oC]

1998 JFM SST Anomaly [oC]

El Nino/Southern OscillationEl Nino/Southern Oscillation
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El Nino/Southern OscillationEl Nino/Southern Oscillation
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Summer 2003 European Heat Wave: 
Result of Global Warming? 

• The immediate cause of 
the heat-wave was a 
persistent high pressure 
center over Northwest 
Europe.

• There is currently no 
evidence that human 
influence on climate 
makes such circulation 
patterns more likely.

Summer 2003 temperatures relative 
to 2000-2004
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This figure shows the time series evolution of AISMR anomalies, 
expressed as percent departures from its long-term mean.
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North Atlantic 
Oscillation:

the major mode of 
variation in the extra-
tropical winter climate 
(contracted in summer)



Decadal Variability of North Atlantic Oscillation Decadal Variability of North Atlantic Oscillation 

The NAO index is defined as the anomalous difference between the
polar low and the subtropical high during the winter season 
(December through March).
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LAST CENTURY OR SO …
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Observations

Theory Modeling

The “Charney” Diagram
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Daily, Daily, IntraseasonalIntraseasonal, Seasonal, , Seasonal, 
InterannualInterannual, and Decadal Variations, and Decadal Variations

• PDO, Thermohaline circulation, Sahel drought, Decadal ENSOü Decadal 
variations

• ENSO, QBO, TBO, NAO, NAM, SAMü Interannual
variations

• Persistent droughts; Floods; Persistent “hot” and “cold” days; 
“Anomalous” number and tracks of cyclones 

ü Seasonal mean 
variations

• Solar, Volcanoes, Greenhouse gases, Land use changeü Climate change

• Madden Julian “Oscillation” (MJO), Monsoon Intraseasonal
variations, Pacific North American (PNA) variations, Annular 
modes

ü Intraseaonal
variations

• Blocking; Growth, decay of tropical, tropospherical
disturbances

ü “Medium range”
weather variations

• Hours; thunderstorms, tornadoes, squall lines, fronts, ….
• Diurnal cycle; Organized convection
• “Cyclones”, Eeasterly waves, Depressions, …. 

ü “Short range”
weather variation
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Mechanisms of Variability

Climate 
Change:

Climate:
(seasonal-
decadal)

Weather:

• Human effects: 
(Greenhouse gases, land 
use changes)

3. Internal Dynamics of 
Sun-Earth System

• Solar, Volcanoes2. Internal Dynamics of 
Coupled Ocean-Land-
Atmospshere

• Boundary Condition of 
SST, Soil wetness, Snow, 
Sea ice, etc.

1. Internal Dynamics of 
Atmosphere

External Internal

Center of Ocean-Land-
Atmosphere studies
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We may regard the present state of the universe as 
the effect of its past and the cause of its future. An 
intellect which at a certain moment would know all 
forces that set nature in motion, and all positions of
all items of which nature is composed, if this 
intellect were also vast enough to submit these data 
to analysis, it would embrace in a single formula the 
movements of the greatest bodies of the universe 
and those of the tiniest atom; for such an intellect 
nothing would be uncertain and the future just like 
the past would be present before its eyes.

Laplace
Essai philosophique sur les probabilités

LaplacianLaplacian DeterminismDeterminism



1.The Austrian School ~ 1893

The meteorologist of Austrian School considered 
forecasting to be unscientific.

Evoking the attitude of some members of this school:
forecasting is immoral, a danger to the character of a 
meteorologist, and an affair for romantics.

Historical Views of Predictability (1)Historical Views of Predictability (1)

(BAMS, 2006, Vol.87, pp1662-1667)
Center of Ocean-Land-
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2. The Norwegian School  (V. Bjerknes) ~1904
• Presented a set of equations that should be solved to calculate 

the future weather, as an application of Laplacian determinism.
• Considered weather to be predictable in principle.

3. The Chicago School ~ 1950s
• Optimistic followers of the Laplacian determinism (V. Bjerknes)
• Considered the limit of predictability of the weather restricted

only by the imperfections of observations of the initial 
conditions and the imperfections in the models.

(BAMS, 2006, Vol.87, pp1662-1667)

Historical Views of Predictability (2)Historical Views of Predictability (2)

Center of Ocean-Land-
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4. Lorenz (Deterministic Chaos, Predictability) ~ 1960s
• An irrefutable theory of the predictability of weather, nonlinear 

dynamical systems.
• Showed that for some physical systems, while Laplacian

determinism holds, the prediction of future behavior will 
necessarily be imperfect.

(BAMS, 2006, Vol.87, pp1662-1667)

Historical Views of Predictability (3)Historical Views of Predictability (3)

Center of Ocean-Land-



5. Predictability in the midst of Chaos  ~ 1980s
• Atmosphere-ocean interactions and atmosphere-land 

interactions enhance predictability of the coupled system far 
beyond the limits of predictability of weather.

• Forced response of the tropical atmosphere is so strongly 
determined by the underlying ocean, and the forced response 
of the tropical ocean is so strongly determined by the overlying
atmosphere, that there is no sensitive dependence on the initial
conditions.

• Coupled ocean-land-atmosphere system is predictable. 

Historical Views of Predictability (4)Historical Views of Predictability (4)

Center of Ocean-Land-



Three examples:Three examples:

1. A discrete nonlinear system with 1. A discrete nonlinear system with oneone variable (one equation)variable (one equation)

2. A continuous nonlinear system with three variables (the Loren2. A continuous nonlinear system with three variables (the Lorenz model)z model)

3. Weather and climate models with one million equations (GCM)3. Weather and climate models with one million equations (GCM)

)(1 nn YfY =+

A simple model to predict weather and climateA simple model to predict weather and climate

Center of Ocean-Land-



(Lorenz, E. N., 1964: The problem of deducing the climate from the 
governing equations. Tellus, 16, 1-11)

Quadratic Map:  A discrete deterministic nonlinear system
(Also called Logistic map in other fields.)

Using a linear transformation 

we obtain an alternate form of the quadratic map:

For specified values of c and X0, we get a sequence

X0, X1, X2, X3, X4, …..     at time steps n = 0, 1, 2, …..

)1(

)(

1

1

nnn

nn

YrYY

YfY

−=

=

+

+

cXX nn −=+
2

1

,24cand    21 2 rrrXY nn −=+−=

A simple model A simple model ofof climateclimate
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n    c=1.8000    c=1.8000    c=1.8010     c=1.800

0      0.5000      0.5010      0.5000       0.500
1     -1.5500     -1.5489     -1.5510      -1.550
2      0.6025      0.5990      0.6046       0.602
3     -1.4369     -1.4411     -1.4354      -1.437
4      0.2646      0.2767      0.2593       0.264
5     -1.7299     -1.7234     -1.7337      -1.730
6      1.1925      1.1701      1.2047       1.192
7     -0.3779     -0.4308     -0.3496      -0.379
8     -1.6571     -1.6144     -1.6787      -1.656
9      0.9459      0.8062      1.0170       0.942
10     -0.9052     -1.1500     -0.7667      -0.912
11     -0.9806     -0.4775     -1.2131      -0.968
12     -0.8384     -1.5719     -0.3293      -0.862
13     -1.0970      0.6708     -1.6925      -1.056
14     -0.5965     -1.3500      1.0635      -0.684
15     -1.4441      0.0225     -0.6699      -1.332
16      0.2854     -1.7994     -1.3522      -0.025
17     -1.7185      1.4378      0.0274      -1.799
18      1.1532      0.2672     -1.8002       1.436

cXX nn −=+
2

1Predictability experiments with quadratic mapPredictability experiments with quadratic map

Center of Ocean-Land-
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n    c=1.8000    c=1.8000    c=1.8010     c=1.800

.        .           .           .            . 

.        .           .           .            .

.        .           .           .            . 
85      0.0373      0.2580     -1.7333      -1.302
86     -1.7986     -1.7334      1.2033      -0.104
87      1.4349      1.2046     -0.3530      -1.789
88      0.2589     -0.3489     -1.6763       1.400
89     -1.7329     -1.6782      1.0089       0.159
90      1.2029      1.0163     -0.7831      -1.774
91     -0.3530     -0.7671     -1.1877       1.347
92     -1.6753     -1.2115     -0.3903       0.014
93      1.0066     -0.3322     -1.6486      -1.799
94     -0.7867     -1.6896      0.9168       1.436
95     -1.1811      1.0547     -0.9604       0.262
96     -0.4050     -0.6876     -0.8786      -1.731
97     -1.6359     -1.3272     -1.0290       1.196
98      0.8761     -0.0385     -0.7421      -0.369
99     -1.0324     -1.7985     -1.2502      -1.663
100     -0.7341      1.4346     -0.2379       0.965

Predictability experiments with quadratic mapPredictability experiments with quadratic map

Center of Ocean-Land-
Atmosphere studies



Introduce an ensemble of small initial errors and allow it evolve.
If E is the mean error, the exponential growth is given by the equation

Doubling time of the errors
The errors do not grow forever.  The nonlinearities limit the error growth.
Lorenz introduced a simple assumption that nonlinear error growth is 
quadratic in E.
The modified error equation is

where λ is the growth rate and s is so chosen that Es= λ/s is the saturation 
value of E.
λ is usually the largest Lyapunov exponent.

E
dt
dE λ=

2sEE
dt
dE

−= λ

LorenzLorenz’’s Empirical Formula for Error Growths Empirical Formula for Error Growth

td = (ln2)/λ.

Center of Ocean-Land-
Atmosphere studies



Model 1:                                     (Tropics)           a = 1.98

Model 2:                                     (Mid-latitude)    b = 1.60
An ensemble of 10000 initial 
random errors was allowed to 
evolve for each model.

2
2222

2

2
1111

1

EsE
dt

dE

EsE
dt

dE

−=

−=

λ

λ

aXX nn −=+
2

1

bYY nn 101.0 2
1 −=+

37.0
63.0

2

1

21

=
=
>

λ
λ

λλ

Growth of Random Errors in the simple modelGrowth of Random Errors in the simple model
of Tropics and of Tropics and midlatitudemidlatitude

Empirical fit for Error growth
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Lorenz model is a low-order convection model described by just 
three ordinary differential equations.  It is one of the simplest forced 
dissipative nonlinear systems.

bZXY
dt
dZ

YrXXZ
dt
dY

YX
dt

dX

−=

−+−=

+−= σσ

Lorenz Model Lorenz Model 

X, Y, Z: Dynamical variables
r: Forcing
σ, b: Dissipation
Parameter values:  σ = 10,    b = 8/3,      r = 28
Initial condition: X = 0.0,  Y = 1.0, Z = 0.0
Time increment for integration: ∆t = 0.01

Center of Ocean-Land-
Atmosphere studies



The Lorenz model is first integrated up to the time step n = 10000.

At n = 10001, this unpertubed integration is continued, and a new 
integration is carried out with a small perturbation added to the state from 
the unpertubed integration.

The same projections of unperturbed and perturbed trajectories are shown 
in different colors for different segments of time, the divergence of 
trajectories become clear.

Predictability Experiment 1 in Lorenz Model Predictability Experiment 1 in Lorenz Model 



From Strogatz, S. H., 1994: Nonlinear 
dynamics and chaos, Westview Press

An ensemble of 10000 nearby points 
at an initial t = 0 around a basic state 
is allowed to evolve in Lorenz model.

Blue points are from unperturbed 
integration.
Red points show the evolution of the 
perturbed initial states.

“As each point moves according to 
Lorenz equations, the blob is 
stretched into a thin filament…
Ultimately, the points spread over …
showing that the final state could be 
almost anywhere, even though the 
initial conditions were almost 
identical.”

Center of Ocean-Land-
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t=3

t=9

t=6

t=15

Predictability Experiment 2 in Lorenz Model Predictability Experiment 2 in Lorenz Model 



Historical Evolution: 1904Historical Evolution: 1904--19541954
• V. Bjerknes (1904) Equations of Motion

– Father of J.  Bjerknes, son and research assistant of C. Bjerknes (Hertz, Helmholtz) 

• L. F. Richardson (1922) Manual Numerical Weather Prediction
– Military background, later a pacifist, estimated death toll in wars

• C. G. Rossby (1939) Barotropic Vorticity Equation
– First “Synoptic and Dynamic” Meteorologist; Founder of Meteorology Programs at 

MIT, Chicago, Stockholm

• J. Charney (1949) Filtered Dynamical Equations for NWP
– First Ph.D. student at UCLA; Chicago, Oslo, Institute for Advanced Study, MIT  

• N. A. Phillips (1956) General Circulation Model
– Father of Climate Modeling; Chicago, Institute for Advanced Study, MIT 

Center of Ocean-Land-
Atmosphere studies



(Thanks to ECMWF!)





Evolution of 1Evolution of 1--Day Forecast Error, Day Forecast Error, 
Lorenz Error Growth, and Forecast Lorenz Error Growth, and Forecast 

Skill for ECMWF ModelSkill for ECMWF Model
((500 500 hPahPa NH Winter)NH Winter)

0.840.780.750.720.65Forecast skill [day 5 ACC ]

1.21.51.51.61.9Doubling time [days]

814141520
“Initial error”

(1-day forecast error) [m]

20021997199219871982
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Schematic diagram illustrating the error growth in the tropics (red) and 
the extratropics (blue). The thick lines in both panels depict the rates at 
which initially different states reach the boundary-forced state. The thin 
lines show typical spread of forecasts initialized with slightly perturbed 
initial conditions on day 0. 

Center of Ocean-Land-
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Tropics

Extratropics

Schematic Error Growth for the Tropics (Red) & Schematic Error Growth for the Tropics (Red) & ExtratropicsExtratropics (Blue)(Blue)
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From Numerical Weather Prediction (NWP) From Numerical Weather Prediction (NWP) 
To Dynamical Seasonal Prediction (DSP) (1975To Dynamical Seasonal Prediction (DSP) (1975--2004)2004)

• Operational Short-Range NWP: was already in place

• 15-day & 30-day Mean Forecasts: demonstrated by Miyakoda (basis for creating
ECMWF-10 days)

• Dynamical Predictability of Monthly Means: demonstrated by analysis of variance

• Boundary Forcing: predictability of monthly & seasonal means (Charney & Shukla)

• AGCM Experiments: prescribed SST, soil wetness, & snow to explain observed 
atmospheric circulation anomalies

• OGCM Experiments: prescribed observed surface wind to simulate tropical Pacific sea
level & SST (Busalacchi & O’Brien; Philander & Seigel) 

• Prediction of ENSO: simple coupled ocean-atmosphere model (Cane, Zebiak)

• Coupled Ocean-Land-Atmosphere Models: predict short-term climate fluctuations

Center of Ocean-Land-
Atmosphere studies











Simulation of (Uncoupled) BoundarySimulation of (Uncoupled) Boundary--Forced Forced 
Response: Ocean, Land and Atmosphere Response: Ocean, Land and Atmosphere 
INFLUENCE OF OCEAN 
ON ATMOSPHERE

– Tropical Pacific SST

– Arabian Sea SST

– North Pacific SST 

– Tropical Atlantic SST

– North Atlantic SST

– Sea Ice

– Global SST (MIPs)

INFLUENCE OF LAND 
ON ATMOSPHERE

– Mountain / No-Mountain

– Forest / No-Forest (Deforestation)

– Surface Albedo (Desertification)

– Soil Wetness

– Surface Roughness

– Vegetation

– Snow Cover
(Thanks to COLA!)

Center of Ocean-Land-
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1982-83

1988-89

Rainfall

Zonal Wind

1988-89

1982-83The atmosphere is so strongly 
forced by the underlying ocean 
that integrations with fairly 
large differences in the 
atmospheric initial conditions 
converge, when forced by the 
same SST (Shukla, 1982). 





Global changeGlobal changeGlobal change

Some Examples of Seamless ProcessesSome Examples of Seamless Processes
Tropical Convection

(SST)
Tropical ConvectionTropical Convection

(SST)(SST)
Rossby Waves
(Atmosphere)
RossbyRossby WavesWaves
(Atmosphere)(Atmosphere)

North America Forest Fires
(Land)

North America Forest FiresNorth America Forest Fires
(Land)(Land)

Surface Wind
(Atmosphere)
Surface WindSurface Wind
(Atmosphere)(Atmosphere)

Eurasian Snow
(Cryosphere)

Eurasian SnowEurasian Snow
((CryosphereCryosphere))

Pacific/IO SST
(Ocean)

Pacific/IO SSTPacific/IO SST
(Ocean)(Ocean)

Walker cell
(Atmosphere)

Walker cellWalker cell
(Atmosphere)(Atmosphere)

Asian Monsoon
(Land)

Asian MonsoonAsian Monsoon
(Land)(Land)

Propagation downPropagation downPropagation down Extra Trop. Surface WindsExtra Trop. Surface WindsExtra Trop. Surface WindsUpp. Stratosphere Circ.UppUpp. Stratosphere Circ.. Stratosphere Circ.

ENSOENSOENSOISO/MJOISO/MJOISO/MJO Global WarmingGlobal WarmingGlobal Warming

Regional SSTARegional SSTARegional SSTA HurricanesHurricanesHurricanes

Persistent Drought
(Land)

Persistent DroughtPersistent Drought
(Land)(Land)

Influence ENSO
(Ocean)

Influence ENSOInfluence ENSO
(Ocean)(Ocean)

Monson Droughts
(Atmosphere)

Monson DroughtsMonson Droughts
(Atmosphere)(Atmosphere)

Wet/Dry soil, Ts
(Land)

Wet/Dry soil, TsWet/Dry soil, Ts
(Land)(Land)

1.

2.

3.

4.

5.

7.

6.
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(Trenberth, et al. 1998)

Northward Propagating Northward Propagating RossbyRossby--Wave TrainWave Train

MJO

Convection
OUTFLOW

JET

Tropical ConvectionTropical Convection

Center of Ocean-Land-
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European Heat Wave of summer 2003 European Heat Wave of summer 2003 

(Xie Pingping data)

Tcmx JJA 2003

Anomaly of maximum 
surface temperature
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TMAX anomaly:
comparison between 
observations and 

global SST run

OBS



Evolution of 
Climate Models

1980-2000
Model-simulated and observed 

rainfall anomaly (mm day-1) 
1983 minus 1989
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Evolution of 
Climate Models

1980-2000
Model-simulated and observed 

500 hPa height anomaly (m) 
1983 minus 1989



Vintage 2000
AGCM



Probability Density Function of Extreme Winter 
Storms in Southeastern US (DJF 1949-1998)

Red - El Nino winters
Blue - La Nina winters
Dashed - observations
Solid - model  (9 member ensemble)

Maximum value of the intensity of storms affecting the southeastern United States 
(storms are identified from an EOF analysis of daily precipitation).  Values are the 
principal components scaled so that the model and observed EOFs have the same total 
variance.  Units are arbitrary.  The PDFs are the fits to a Gumbel Distribution.



Factors Limiting Predictability:
Future Challenges

Center of Ocean-Land-
Atmosphere studies







Variance of Model-Simulated Seasonal (JFM) Rainfall (mm2)



Boreal Summer (JJA) Rainfall Variance in Boreal Summer (JJA) Rainfall Variance in AGCMsAGCMs
Forced Variance Free Variance Signal-to-noise



Observed and Simulated Surface Temperature (°C)
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Outline
• Weather and Climate for Poets

• Mechanisms of Variability of Weather and Climate

• Predictability and Prediction of Weather and Climate
– Weather
– Climate (Seasonal, ENSO, Decadal)
– Climate Change

• Factors Limiting Predictability: Future Challenges
– Observational and Theoretical (Physics & Dynamics of the 

Coupled Climate System)
– Computational and Numerical

• Summary and Conclusions
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Evolution of Climate Models: Evolution of Climate Models: 
19551955--20042004

• Atmospheric General Circulation Models (1960-1965)
– Smagorinsky, Manabe, Arakawa and Mintz, Leith, …

• Oceanic General Circulation Models (1963-1967)
– Bryan, Sarkisyan, Bryan and Cox, Takano and Mintz, Semtner, …

• Land Surface Processes Models
– Manabe (1965); Dickinson (1984), Sellers et al. (1986), …

• Coupled Climate Models
– Manabe and Bryan (1969); Gates, Hansen, Hasselmann, Meier-Reimer, 

Mitchell, Washington, …
(Thanks to GFDL!)
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Skill in SST Anomaly Prediction for Nino3.4Skill in SST Anomaly Prediction for Nino3.4
DJF 1981/82 to AMJ 2004
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IRI Nino34 Forecast Archive
February 2002-September 2006

Running Seasonal Means

Dynamic CGCMs Only



Understanding Variations Understanding Variations 
in Forecast Skillin Forecast Skill

• What is the Overall Limit of Predictability?
• What Limits Predictability?

– Uncertainty in Initial Conditions: Chaos within 
Non-Linear Dynamics of the Coupled System

– Uncertainty as the System Evolves: External 
Stochastic Effects

• Model Dependence?
– Model Error

Center of Ocean-Land-
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Predictability Limited Due to Initial Condition Uncertainty:Predictability Limited Due to Initial Condition Uncertainty:
Two Time Scales in the Error Growth?Two Time Scales in the Error Growth?

dE1

dt
=α1E1 −

α1E1
2

E1∞

dE2

dt
=α2E2 −

α2E2
2

E2∞

E(t) = E1(t)+ E2(t)
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Goswami and Shukla (1991)
J. Clim.



Examples: 4 ENSO cases of NINO3 index in CFSExamples: 4 ENSO cases of NINO3 index in CFS

Observation (HadSST v1.1)
January Ensemble Mean
February Ensemble Mean
January individual runs
February individual runs
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Jin and Kinter, 2007



Forecast Error and Lorenz CurveForecast Error and Lorenz Curve
NCEP CFS daily forecast start from 9Apr to 3May (15 members)NCEP CFS daily forecast start from 9Apr to 3May (15 members)

Forecast Error
Lorenz Curve
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20 Years: 1980-1999
4 Times per Year: Jan., Apr., Jul., Oct.
6 Member Ensembles

Kirtman, 2003

Current Limit of Predictability of ENSO (Nino3.4)
Potential Limit of Predictability of ENSO



Outline
• Weather and Climate for Poets

• Mechanisms of Variability of Weather and Climate

• Predictability and Prediction of Weather and Climate
– Weather
– Climate (Seasonal, ENSO, Decadal)
– Climate Change

• Factors Limiting Predictability: Future Challenges
– Observational and Theoretical (Physics & Dynamics of the 

Coupled Climate System)
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Hence the term, “Greenhouse Effect”
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Net CONet CO22 Flux from Takahashi et al., 2002Flux from Takahashi et al., 2002
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LAST TWO MILLENIA OR SO …

Center of Ocean-Land-
Atmosphere studies



LAST CENTURY OR SO …
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WhatWhat’’s Happening in the Upper Atmosphere?s Happening in the Upper Atmosphere?
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What’s Happening in the Ocean?
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CLIMATE DYNAMICS 
OF THE PLANET EARTH
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Courtesy UCAR

1.0º C

Center of Ocean-Land-
Atmosphere studies



Global mean, volume mean ocean temperature

Courtesy of Tom Delworth (GFDL)

GFDL Model Simulations







Climate Model Fidelity and Projections of Climate Change
J. Shukla, T. DelSole, M. Fennessy, J. Kinter and D. Paolino

Geophys. Research Letters, 33, doi10.1029/2005GL025579, 2006

Model sensitivity versus model relative entropy for 13 IPCC AR4 models. Sensitivity is defined as the surface air temperature change 
over land at the time of doubling of CO2. Relative entropy is proportional to the model error in simulating current climate. Estimates of 
the uncertainty in the sensitivity (based on the average standard deviation among ensemble members for those models for which 
multiple realizations are available) are shown as vertical error bars. The line is a least-squares fit to the values.



• If we conjecture that models that better simulate 
the present climate should be considered more 
credible in projecting the future climate change, 
then this study suggests that the actual changes in 
global warming will be closer to the highest 
projected estimates (4-5 oC) among the current 
generation of models used in IPCC Assessment 
Report 4.

SummarySummary

Center of Ocean-Land-
Atmosphere studies



Conceptual/Theoretical

Modeling

Observational

Computational 

Institutional

Applications for Benefit to Society

Challenges
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Conceptual/Theoretical
ENSO: unstable oscillator?
ENSO: stochastically forced, damped linear system?
(The past 50 years of observations support both theories)

– Role of weather noise?

Modeling
• Systematic errors of coupled models - too large
• Uncoupled models not appropriate to simulate Nature in some 

regions/seasons: CLIMATE IS A COUPLED PROCESS
• Atmospheric response to warm and cold ENSO events is 

nonlinear (SST, rainfall and circulation)
• Distinction between ENSO-forced and internal dynamics 

variability

Challenges

Center of Ocean-Land-
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Challenges
Observational
• Observations of ocean variability 
• Initialization of coupled models

Computational
• Very high resolution models of climate system need million fold

increases in computing
• Storage, retrieval and analysis of huge model outputs
• Power (cooling) and space requirements-too large

Center of Ocean-Land-
Atmosphere studies



Climate Modeling and Computing

Models Today
• Weather

– T254: 5 d/hr on 144 CPUs

– T511: 2.5 d/hr on 288 CPUs

• Climate
– T85/ 1°: 2.0 yrs/d on 96 CPUs

– 2°X2.5°/1°: 5.25 yrs/d on 180 
CPUs

Models in 2015
• Weather

– T3800 (5 km): 4 d/hr (2,160 CPUs)
- or -

– T825 (25 km): 4 d/hr (468 CPUs)

• Climate
– T420/ 0.5°: 2.4 yrs/d (2,500 CPUs)

-or-
– T420/0.5°: 2 mo/d (2,500 CPUs)

[ 43%/yr (Moore’s Law ) -OR- 10%/yr ]

Center of Ocean-Land-
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Courtesy of P. Houser (GMU)





For Japanese people, this year For Japanese people, this year 
may be remembered as "the may be remembered as "the 
year of disasters" because of year of disasters" because of 
the unprecedented number of the unprecedented number of 
typhoon strikes against Japan typhoon strikes against Japan 
and subsequent disasters. and subsequent disasters. 

Some parts of China are Some parts of China are 
experiencing the worst experiencing the worst 
drought in 50 years. Some 9 drought in 50 years. Some 9 
million people are facing a million people are facing a 
shortage of drinking water shortage of drinking water 
while farmers across the while farmers across the 
country are looking out over country are looking out over 
parched land. Even though parched land. Even though 
irrigation systems are in place irrigation systems are in place 
there is little water to supply it. there is little water to supply it. 
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Duration and/or Ensemble size
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QuickTime™ and a
FF (Uncompressed) decompressor
are needed to see this picture.

Resources TradeoffsResources Tradeoffs



Complexity
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Current:
• Peak speed: ~2-3 Gflops per chip
• System integration: ~10,000 processors
• Sustained performance: ~ 5-15% of peak (fluid codes)
• Model examples:

• ECMWF T511L60 1X/day
• NCEP T382L64 4X/day
• NCAR CCSM T85L26 AGCM with 1° global OGCM 

By 2010:
• Peak speed: ~30-50 Gflops per chip (↑ 8X - Moore’s Law)
• System integration: ~30,000 or more chips
• Fluid codes are expected to continue to achieve sustained 

performance of up to 15% of peak
• Expected sustained capability: 150 TFLOPs (15% of 1 petaflops)

Technology Trends
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Suggestion for Accelerating Progress Suggestion for Accelerating Progress 
in Modeling and Prediction of the in Modeling and Prediction of the 

Physical Climate SystemPhysical Climate System
• National Efforts

• Multi-National Efforts

• National: (5-10 efforts worldwide)
– Reanalyze and reforecast (1-2 seasons) for the past 50 years 

each year (one year per week)
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Weather Prediction Model of ~2020Weather Prediction Model of ~2020

Coupled Ocean-Land-Atmosphere Model

~1 km x ~1 km
100 levels
Unstructured, adaptive grids

Landscape-resolving
(~100 m)

~1 km x ~1 km
50 levels
Unstructured, adaptive grids

Assumption: Computing power enhancement by a factor of 103-104
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Towards a Hypothetical “Perfect” Model

• Replicate the statistical properties of the past observed climate
– Means, variances, covariances, and patterns of covariability

• Utilize this model to estimate the limits of predicting the 
sequential evolution of climate variability

• Better model → Better prediction (??) 
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International Research and Computational 
Facility to Revolutionize Climate Prediction

Examples of International Collaboration

• CERN: European Organization for Nuclear Research 
(Geneva, Switzerland)

• ITER: International Thermonuclear Experimental Reactor 
(Gadarache, France)

• ISS: International Space Station 
(somewhere in sky..)
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International Research and Computational 
Facility to Revolutionize Climate Prediction

1. Computational Requirement:
- Sustained Capability of 2 Petaflops by 2011
- Sustained Capability of 10 Petaflops by 2015
Earth Simulator (sustained 7.5 Teraflops) takes 6 hours for 1 day forecast 
using 3.5 km global atmosphere model; ECMWF (sustained 2 Teraflops) 
takes 20 minutes for 10 day forecast using 24 km global model

2. Scientific Staff Requirement:
- Team of about 200 scientists co-located with central facility
- Distributed team of 200 scientists among interconnected centers
A computing capability of sustained 2 Petaflops will enable 100 years of 
integration of coupled ocean-atmosphere model of 5 km resolution in 1 
month of real time
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From Cyclone Resolving Global ModelsFrom Cyclone Resolving Global Models
toto

Cloud System Resolving Global ModelsCloud System Resolving Global Models

1. Planetary Scale Resolving Models (1970~): Δx~500Km

2. Cyclone Resolving Models (1980~): Δx~100-300Km

3. Mesoscale Resolving Models (1990~): Δx~10-30Km

4. Cloud System Resolving Models (2000 ~): Δx~3-5Km

Organized 
Convection

Cloud
System

Mesoscale
System

Synoptic
Scale

Planetary
Scale

Convective
Heating

Convective
Heating MJOMJO ENSOENSO Climate

Change
Climate
Change
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Conclusions, Conjectures 
and Suggestions
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• 25 years ago, a dynamical seasonal climate prediction was not 
conceivable.  

• In the past 20 years, dynamical seasonal climate prediction has 
achieved a level of skill that is considered useful for some societal 
applications. However, such successes are limited to periods of large, 
persistent anomalies at the Earth’s surface. Dynamical seasonal 
predictions for one month lead are not yet superior to statistical 
forecasts. 

• There is significant unrealized seasonal predictability. Progress in 
dynamical seasonal prediction in the future depends critically on 
improvement of coupled ocean-atmosphere-land models, improved 
observations, and the ability to assimilate those observations.

Conclusions, Conjectures and SuggestionsConclusions, Conjectures and Suggestions
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• Improvements in dynamical weather prediction over the past 30 
years did not occur because of any major scientific 
breakthroughs in our understanding of the physics or dynamics of 
the atmosphere

• Dynamical weather prediction is challenging: progress takes 
place slowly and through a great deal of hard work that is not 
necessarily scientifically stimulating, performed in an environment 
that is characterized by frequent setbacks and constant criticism by 
a wide range of consumers and clients

• Nevertheless, scientists worldwide have made tremendous progress
in improving the skill of weather forecasts by advances in data 
assimilation, improved parameterizations, improvements in 
numerical techniques and increases in model resolution and 
computing power

Conclusions, Conjectures and SuggestionsConclusions, Conjectures and Suggestions
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•• Improve understanding of physics and dynamics of (small Improve understanding of physics and dynamics of (small 
scale) cloudscale) cloud--system, and technique to assimilate and system, and technique to assimilate and 
initialize them is necessary to advance skill of weather and initialize them is necessary to advance skill of weather and 
climate prediction.climate prediction.

•• Coordinate world effort is needed to transition from cyclone Coordinate world effort is needed to transition from cyclone 
resolving models to cloudresolving models to cloud--system resolving global models.system resolving global models.

•• Global Global teleconnectionsteleconnections put a limit on the utility of regional put a limit on the utility of regional 
models.models.

•• Predictability of regional decadal variations remains a Predictability of regional decadal variations remains a 
challenging research problem.challenging research problem.

Conclusions, Conjectures and SuggestionsConclusions, Conjectures and Suggestions



THANK YOU!

ANY QUESTIONS? 
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