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Kinetic energy spectra observations 

Nastrom and Gage, 1985 

Atmosphere and Ocean 
exhibit a continuum of 
motion scales 

• Resolved scale treatment 
formulated on first principles 
conservation laws (energy, 
mass, momentum)   

• Unresolved scales represented 
using parameterizations based 
on highly-detailed process 
models formulated in statistical 
equilibrium with resolved scale 
motion field 
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Meteorological Primitive Equations 

• Applicable to selected motion scales; > 1hour, >20km 
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• dictionary.com  
– pa·ram·e·ter·ize:  To describe in terms of parameters  
 

Parameterization 

• dry and moist convection 
• cloud amount and optical properties  

– water, ice, particle size, phase, habit, overlap 
• radiative transfer 
• planetary boundary layer transports 
• surface energy exchanges 
• horizontal and vertical dissipation processes 
• ... 

Treatment of physical processes that occur on scales 
below  the numerical truncation limit 
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• If you have built a numerical model you have been 
guilty of “tuning” 

– fundamental element of all discrete approximations 

• Parameterized processes must be “tuned”  
– historical constraint is mean statistical behavior 
– other constraints relate to behavior of individual processes 

• unfortunately quantitative observational constraints are limited 

• Parameterized physics behavior varies with resolution 
– changes with horizontal resolution  (difficult challenge) 

• time and space truncation properties 
– changes with vertical resolution (extremely difficult challenge) 

• Problem is not an engineering exercise 

Simulating multi-scale multi-physics 
geophysical systems (atmospheric models) 
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A simple example from the distant past 

linearized tangential wind (axisymmetric vortex) 

first order Hankel transform 

Integrating by parts   

which can be transformed to give 

leading to the solution  

Time in days to 
halve initial total 
kinetic energy 

Very elegant approach, but in the end the 
decision comes down to an educated guess 
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Example of momentum phenomena  
• Orographic form and gravity-wave drag in stably stratified flow 

– orography creates obstacles, i.e. blocking drag 
– orography generates vertically propagating waves → transport 

momentum between their source regions where they are dissipated 
or absorbed in regions of wave breaking, i.e. gravity wave drag 

• Is of sufficient magnitude and horizontal extent to substantially 
modify the large scale mean flow 

• Coarse resolution models require treatment in the form of a sub-grid 
scale orography (SSO) parameterization 

 Details of wave 
generation forcing 
field and associated 
wave breaking 
mechanisms critical to 
simulation of the 
resolved scale flow 

“observation” 
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Growing list of parameterized processes 
• Many based on linear theory 

– implementation in non-linear framework becomes long and incomplete process 

• The collection of parameterized processes is highly coupled 
– non-linearities create a challenging environment for parameter evaluation 

• local and non-local 

Hack and Pedretti (2000) Hack (1998) 
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Global Modeling and Horizontal 
Resolution 
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Kinetic energy spectra observations 

Nastrom and Gage, 1985 

• Traditionally assume that 
effects of unresolved scales 
can be represented through 
parameterizations based on 
bulk formulae. 

• Inherently assumes that there 
is no coupling between 
dynamics and physics on 
these unresolved scales. 

• Essentially ignores upscale 
energy cascades  

 

Unresolved processes 

Original image from Julia Slingo 
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• If you have built a numerical model you have been 
guilty of “tuning” 

– fundamental element of all discrete approximations 

• Parameterized processes must be “tuned”  
– historical constraint is mean statistical behavior 
– other constraints relate to behavior of individual processes 

• unfortunately quantitative observational constraints are limited 

• Parameterized physics behavior varies with resolution 
– changes with horizontal resolution  (difficult challenge) 

• time and space truncation properties 
– changes with vertical resolution (extremely difficult challenge) 

• Problem is not an engineering exercise 

Simulating multi-scale multi-physics 
geophysical systems (atmospheric models) 
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Documented resolution dependence (CAM4) 
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Simple characterization of the tuning process 

• Outgoing Longwave Radiation = Absorbed Solar Radiation 

• Meridional structure of 
the component fluxes is 
strongly modulated by 
cloud processes 
 

• One requirement is to 
accurately reproduce this 
structure as observed by 
Earth Radiation Budget 
observations by exploring 
sensitivities in the 
parameterizations of 
moist physical processes 



14 Managed by UT-Battelle 
 for the U.S. Department of Energy 

Creation of T85 CAM4 Configuration 

• Simulation properties equal or superior to released Finite Volume configuration 
 

Long Wave Cloud Forcing Short Wave Cloud Forcing Implied Ocean Heat Transport 

Spectral 

FV 
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Creation of T341 CAM4 Configuration 

• Simulation properties exhibit systematic deterioration of radiation budget 
 

Spectral 

FV 

Need to 
restore 

extratropical 
cloud forcing 
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Cloud problem not addressable with available degrees of freedom 
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Creation of T341 CAM4 Configuration 
• Treatment of clouds with increasing resolution remains 1st order problem 

Apparent excessive liquid water path lengths 
(CAM3) 

Hack et al. (2006) 

Too many optically thick 
clouds 

Jennifer Kay, NCAR (2011) 

Diagnosed relationship between condensed 
water and ice inconsistent with newer 
observations and detailed microphysics 
simulations 

Andrew Gettelman, NCAR (2010) 
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Creation of T341 CAM4 Configuration 
• Treatment of clouds with increasing resolution remains 1st order problem 

Apparent excessive liquid water path lengths 
(CAM3) 

Hack et al. (2006) 

Too many optically thick 
clouds 

Jennifer Kay, NCAR (2011) 

Diagnosed relationship between condensed 
water and ice inconsistent with newer 
observations and detailed microphysics 
simulations 
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Creation of T341 CAM4 Configuration 
• More realistic diagnostic cloud condensate relationship (Hack and Archibald) 

T85 

T341 
114 gm/m2 
  82 gm/m2 

 19 gm/m2 
 27 gm/m2 

127 gm/m2 
  85 gm/m2 

20 gm/m2 
28 gm/m2 
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Creation of T341 CAM4 Configuration 
• Energetically similar atmospheric component model 

Very similar northward 
ocean transport 
requirements 
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Creation of T341 CAM4 Configuration 
• Points to need for fundamental research into maintenance of water cycle 
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Validation frameworks 
• Deterministic time scales 

 

 

 

 

 

• Climate time scales 
– aqua-planet configurations (Neale and Hoskins, 2000)  

Reed and Jablonowski (2012) 

Klein, Williamson, et al. 
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In context of new atmospheric test case 
• Identifying simple test cases that allow for phase change is hard 

Which solution is the “right” one? 
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Comprehensive explorations of parameter 
space moving far beyond expert capabilities 
• CAM5  

– far more complex and sophisticated framework than earlier models 
– manual optimization of parametric formulations too laborious and incomplete 

 

 
 

• All models more complex 
– disagreement in projections 

remain large 
– growing emphasis on 

understanding sources of 
uncertainty in global 
simulation tools 

– there is agreement that the 
answer likely lies in 
formulation of non-resolvable 
physics 
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Uncertainty Quantification 

• Uncertainty 
– how accurately does a mathematical model describe the true physics and what is the 

impact of model uncertainty (structural or parametric) on outputs from the model? 
– Structural uncertainty 

• do the equations accurately describe the physics? 
– Parametric uncertainty 

• how accurate are the model parameters? 
 

 
 

Uncertainty quantification in climate models is challenged by the sparsity of 
the available climate data due to the high computational cost of the model 
runs. Another feature that prevents classical uncertainty analyses from 
being easily applicable is the bifurcative behavior in the climate data with 
respect to certain parameters.   
 
Uncertainty Quantification in the Presence of Limited Climate Model Data 
with Discontinuities, Sargsyan et al. [2009] 
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Richard Klein, Curt Covey, Don Lucas, 
John Tannahill, Yuhing Zhang, Peter 
Gleckler, Steve Klein, Garder 
Johanneson, Carol Woodward, Jeff 
Hittinger, and many others 

One example of growing community efforts 
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Reducing uncertainty 
Climate Science for a Sustainable Energy Future (CSSEF) 
• Accelerate incorporation of new knowledge, including 

process data and observations, into climate models 
• Develop new methods for rapid evaluation of improved 

models. 
• Develop novel approaches to exploit computing at the 

level of tens of petaflops in climate models 

Identify the most important unresolved processes 
Identify critical underutilized datasets 
Develop comprehensive testbeds  
Formal incorporation of uncertainty quantification 

comprehensive multi-variate optimization, with formal parametric 
uncertainty estimates and characterization of error propagation 
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Uncertainty 
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Data 
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Ocean/ Sea 
Ice 

 
 
 
 
 
 
 
Land 
Surface 

Reducing uncertainty 
Climate Science for a Sustainable Energy Future (CSSEF) 
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Characteristics of Calibration and Validation Platforms 

  Calibration Platform Validation Platform 
Model Construction Global model with static mesh 

refinement above sites of interest 
Global model with uniform grid 

Forcing Weather-forecast mode with nudging 
to analysis data on coarse outer grid 

Free-running climate mode with 
initial condition from analysis data 

Initial Resolution 1/8° fine mesh transitioning to 1° 1/8° everywhere 
Uncertainty Quantification 
Methods 

Parameter tuning: calibration of 
uncertain parameters with local data 
sets 

Ensemble of simulations with 
parameter sets generated by 
parameter tuning 

Data sets Local water cycle data sets such as 
ACRF site data 

Global data sets such as satellite or re-
analysis data 
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CSSEF Testbed 
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Summary 
• Why are the models different from one another? 

– tied up in approximations and completeness of formulation 
– “tuning” is a part of the approximation process 

• Ideas for systematic approach to improving models? 
– exploit observations on hierarchy of time and space scales 
– exploit hierarchy of modeling tools to promote understanding 
– formally include systematic methods for exploring structural and parametric uncertainty  

• Observations are an essential component of this process  

• How can we judge whether the models are improving (metrics)? 
– depends on the question, but models frequently have strengths and weaknesses 

– demonstrating quantitative reductions in uncertainties provides a defensible argument  
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The End 
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