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Outline 

•  Define the Problem of Physical 
Parameteriza'on 

•  How it integrates into a GCM 

•  Drivers and 'me stepping 

•  Represen'ng sub‐grid processes 
•  Basic Requirements 

•  Some cri'cal (or unappreciated) issues 

•  Examples  
Simple  Complex 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General Circula'on Modeling 

Already covered: 
•  Basics of General Circula'on Models 

•  Dynamics, Mo'on and Advec'on 

•  Now: lets talk about what we can’t resolve 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Hydrosta'c Primi've Equa'ons 

‘Hydrosta'c’ = ‘larger’ scale (> 10km) 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Scales of Atmospheric Processes 

Resolved Scales 
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Physical Parameteriza'on 

•  Physical parameteriza'on 
–  express unresolved physical processes in terms of resolved processes 
–  “resolved processes” are the atmospheric state 
–  generally includes empirical techniques (see below) 

•  Examples of parameterized physics 
–  dry and moist convec'on 
–  cloud amount/cloud op'cal proper'es 
–  radia've transfer 
–  planetary boundary layer transports 
–  surface energy exchanges 
–  horizontal and ver'cal dissipa'on processes 
–  ... 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Global Climate Model Physics 
Assume F, Q, and Sq  represent physical processes 

•  Equa'ons of mo'on, F 
–  turbulent transport, genera'on, and dissipa'on of momentum 

•  Thermodynamic energy equa'on, Q 
–  convec've‐scale transport of heat 
–  convec've‐scale sources/sinks of heat (phase change) 
–  radia've sources/sinks of heat 

•  Water vapor mass con'nuity equa'on, Sq 
–  cloud‐scale transport of water substance 
–  cloud‐scale water sources/sinks (phase change) 

•  Other con'nuity equa'ons for other tracers Sχ
–  Includes chemistry and aerosols 
– Wet deposi'on, scavenging, etc 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Earth’s Climate System 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Model Physical Parameteriza'ons 
Physical processes breakdown: 

•  Moist Processes 
– Moist convec'on, shallow convec'on, large scale 
condensa'on 

•  Radia'on and Clouds 
– Cloud microphysics, precipita'on processes, radia'on 

•  Surface Fluxes 
– Fluxes from land, ocean and sea ice (from data or models) 

•  Turbulent mixing 
– Planetary boundary layer parameteriza'on, ver'cal 
diffusion, gravity wave drag (several for different waves) 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What is a ‘Parameteriza'on’? 

•  A representa'on of a physical process 
•  Usually based on 
– Basic physics (laws of thermodynamics) 
– Empirical formula'ons from observa'ons 

•  In many cases: no explicit formula'on based 
on first principles is possible at the level of 
detail desired. Why 
– Non‐lineari'es & interac'ons at ‘sub‐grid’ scale 
– Oben coupled with observa'onal uncertainty 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Example: Clouds 

CAM Tutorial: Physics Overview 



Cloud Parameteriza'on 

•  Let’s build a simple parameteriza'on 
•  Need some basic theories 
– For example: water vapor cannot be supersaturated 

•  Add some rules to define it (‘closure’) 
– q(x,y,z,t) < qsat(x,y,z,t) where qsat = f(T,p) (t='me, T=temp) 
– if q > qsat then A (cloud flag) = 1, else A = 0 
– qc (cloud water) = q – qsat 

•  Done. Now you have a cloud parameteriza'on 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Process Models and Parameteriza'on 
• Boundary Layer 
• Clouds  

Stra'form 
Convec've 

• Microphysics 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Implementa'on: Grid Discre'za'on 

•  General Grids: discre'za'on on a sphere 
–  Horizontal, Ver'cal 

•  Terms S, F, Q are usually solved at each grid point: ‘Column’ 
Physics 
–  Physics are usually independent of other columns 
–  This assump'on is dependent on 'me/space scales 
–  Examples relevant for advec'on: CFL condi'on 
–  For physics the 'mescale < interac'ons 

•  e.g.: short enough that the heat of condensa'on can be added to 
dynamics in the next 'me step.  

•  Some'mes a ‘stencil’ or neighboring points are necessary 
•  Or sub‐steps can be run in a column (precipita'on) 
•  Boundary condi'ons necessary at the top and bo;om 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Horizontal Grids 

Spherical  
icosahedral 

Lat‐Lon 
(Gaussian) 

Cubed‐ 
Sphere 

Yin‐Yang 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CAM Grid Structure 

•  In general, a physics parameteriza'on does 
not know where it is on the earth.  

•  Code is broken into ‘chunks’ of columns and 
each ‘chunk’ is distributed to different a 
different processor on a machine 

•  This requires physics processes to be general 
(applicable for all possible atmospheric states) 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Horizontal Resolu'on 

•  Code generally does not know or assume a 
horizontal or ver'cal resolu'on 

•  However: most physics packages (or the 
combina'on of them) are resolu'on 
dependent (answers change with resolu'on) 

•  Oben parameters are set differently at 
different resolu'ons 
– This is in addi'on to dynamics changes ('me‐step) 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Ver'cal Grid 
•  Fixed pressure   

not suited to following terrain 

•  Sigma  σ = P / Ps 
0 < σ < 1, σ = 1 at surface 

•  Hybrid  
combines both at an interface  
(83hPa in CAM) 

•  CAM Usually 26 levels,  
31000 hPa 

•  CAM defines layer by 
Midpoints: State variables 
Interfaces: Fluxes 

•  CAM Codes are also 
dependent on ver'cal 
resolu'on 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Basic Logic in the Time‐step Loop 
For a grid of atmospheric columns: 
1.  ‘Dynamics’: Iterate Basic Equa'ons  

Horizontal momentum, Thermodynamic energy,  
Mass conserva'on, Hydrosta'c equilibrium,  
Water vapor mass conserva'on 

2.  Transport ‘cons'tuents’ (water vapor, aerosols, etc) 
3.  Calculate forcing terms (“Physics”) for each column 

Clouds & Precipita'on, Radia'on, etc 

4.  Update dynamics fields with physics forcings 
5.  Gravity Waves, Diffusion (fastest last) 
6.  Next 'me step (repeat) 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Basic Concepts: Time Itera'ons 

•  Mul'ple parameteriza'on models are run in a 
'me step. Can they run all at the same 'me? 
How do they interact? 

Two methods: 
•  Process split: Processes act at the same 'me (i.e. 
on the same state) 

•  Time Split: Processes act sequen'ally (one aber 
each other, on updated states) 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Time Itera'on 

In general: Physics processes are 'me‐split 
  Time‐scale of process < than model 'me‐step 

Coupling to Dynamics can be process split: 
•  Process Splipng used for Spectral Core 
– Extra dynamical terms arise from 'me‐splipng 

•  Time Splipng used for Finite Volume core 
– Dynamics sub steps (ver'cal remapping) make process 
splipng difficult (mul'ple interpola'on) 

CAM Tutorial: Physics Overview 



Ordering of Processes 

•  In theory the ordering of processes is arbitrary 
and should not ma;er ('me stepping is a loop) 

•  In prac'ce, fastest processes “last” (before next 
dynamics update, or aber coupling): waves 

• Moist processes (clouds) run before radia'on to 
ensure radia'on sees a consistent state 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More on Time Splipng 

•  Lenderink, G., and A.A.M. Holtslag, 2000: Evalua'on 
of the Kine'c Energy Approach for Modeling 
Turbulent Fluxesin Stratocumulus. Mon. Wea. Rev., 
128, 244–258.  

•  Williamson, D.L., 2002: Time‐Split versus Process‐
Split Coupling of Parameteriza'ons and Dynamical 
Core. Mon. Wea. Rev., 130, 2024–2041. (also in 
CAM3 Descrip'on) 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Q 

F 

F  Sq Sq 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CAM4 GCM physical processes 

Dynamics 

Turbulence 
Boundary Layer 

Macrophysics 

Microphysics  Shallow Convec'on 

Deep Convec'on 

Radia'on 

Aerosols 

Clouds (Al),  
Condensate (qv, qc) 

Mass, Number Conc 

A, qc, qi,qv, rei, rel 

Surface Fluxes 

Precipita'on 

Detrained qc,qi 

Clouds & Condensate:  
Ast, Aconv, Ash 

TKE 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Key Interac'ons 

•  Cloud Processes & Radia'on 
– Feedbacks 

•  Precipita'on & Scavenging 
– Chemical (gas phase) cons'tuents 
– Aerosols (condensed phase cons'tuents) 

• Microphysics and Aerosols 

•  Boundary Layer / Cumulus & Dynamics 

•  Resolved scales and unresolved scales 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‘Sub‐Grid’ Processes 

•  Not all processes assume uniform state for each 
grid cell. 

•  Generalized way to deal with small scales 
•  Some processes are highly non‐linear, so ‘sub‐
grid’ variability is assumed 

•  Simple example: ‘frac'onal cloudiness’ 
– Also called ‘cloud macrophysics’ 
– Used by microphysics and radia'on 
– This will take our simple cloud parameteriza'on one 
step further 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Sub‐Grid Humidity and Clouds 

Liquid clouds form when RH = 100%  (q=qsat) 
But if there is varia'on in RH in space, some 
clouds will form before mean RH = 100% 

Frac'on of Grid Box 

RH 

100% 

Mean RH 

0.5  1.0 

Clear 
(RH < 100%) 

Cloudy 
(RH = 100%) 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Assumed Cumula've 
Distribu'on func'on of 
Humidity in a grid box  
with sub‐grid varia'on 



Sub‐Grid Processes 
•  Frac'onal cloudiness used by many processes 
•  Also implica'ons for radia'on 
– This will be discussed later 

•  Also Sub‐grid distribu'ons of ver'cal velocity (w)  
– upward & downward mo'on even if mean w=0 

• More complex treatments:  
– Single & mul'‐variate PDFs 

– Star'ng to be used now in CAM 

•  Similar interac'ons with surface models 
– Frac'onal sea ice, frac'onal forest cover, etc 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Key ‘sub‐grid’ parts of the system 
Nearly Everything! 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Sub‐Grid Process 

Affected by 
Sub‐Grid Process 



Commandments 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Requirements or ‘Commandments’ 

1. Mass and Energy (Moist Sta'c Energy) must 
be conserved. 

2.  Reproducability: the same configura'on 
should produce the same answer  

Notes:  

  ‐S'll can have stochas'c elements  

    (same seeds for random number generators) 

  ‐Be careful of machine precision (1 + 1 ≠ 2) 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Fundamental Issues 

•  In many cases, no clean physical equa'ons 
define a problem 

• Many empirical formula'ons exist (e.g.: define 
a parameter based on model physical state 
and an empirical formula'on of the same 
from observa'ons) 
– Dangers: state ends up outside valid range! 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Hidden Dangers 

•  Even the simplest things are oben empirical or 
have hidden assump'ons 

•  Remember our simple cloud model: 
– A=f(RH) so that A=1 if q > qsat 
– What is qsat?  
– For cold temperatures, qsat for liquid, which is s'll 
important for driving condensa'on, is an empirical fit 
to laboratory observa'ons! 

– Few experiments exist below ‐20C! 
– qsat itself may be uncertain! 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Vapor Pressure Differences 

Murphy & Koop , 2005 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qsat is highly uncertain 
at low T.  

Also note: Goff 1965 is 
extrapolated! 



Computa'onal Issues 
•  Model code should be reproduceable 
•  Easy for it not to be for numerical reasons 

“x=2.” can be stored as 2. + whatever else is in the other 
byte of memory (e.g. 2.0000567) 

Or: variables defined but not =0. (need to clear memory) 
•  Careful coding and checking is key 
– We test for this (or try to) 

•  Column physics code is ‘stupidly parallel’ 
– Ideally does not care what next neighbor is doing 
– Run on lots of processors 
– Some'mes memory is an issue (large – look up tables) 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Sobware Interface Standards 

•  Goal is to allow the process parameteriza'ons 
to be model independent through a ‘physics 
interface’ 

•  Ideally you can just ‘plug‐in’ any process 
model. 
– Prac'cally there are requirements and standards 
– Will cover this in more detail in prac'cal session 4 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Summary 

•  ‘Physics’ provides forcing terms for the basic equa'ons 
•  It is usually discre'zed into independent columns 

•  ‘Parameteriza'on’ is the art of represen'ng complex 
processes below the grid scale from the model state: 
building a process model 

•  The 'me discre'za'on of the process models may be 
important 

•  Represen'ng un‐resolved scales is cri'cal 
•  Significant assump'ons are embedded in almost anything!  
•  Computa'onal issues can also play a role: minimize them! 
•  Let’s see how we can put this together... 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Rainbow Parameteriza'on 

• We have clouds, sunlight and precipita'on 
• Why not rainbows? 

•  Let’s build a ‘Parameteriza'on’ 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Rainbows? Frivolous?  

• Maybe a good indicator of: 
– rela'onships between clouds and precip 
– diurnal cycle of precipita'on 
– Maybe an indicator of climate change? 

•  Other examples that are similar: 
– Contrails  
– Heat or drought index  
– Polar Mesospheric Clouds 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Goal 

•  Suppose we want to know the frac'onal 
occurrence of rainbows 
– Test cloud & precip occurrence and diurnal cycle  

•  Definitely sub‐grid 
•  Purely diagnos'c  
– does not affect solu'on 
– diagnosed each 'me‐step independently 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Rainbow Physics 

•  Rainbows require light from the sun to hit a 
raindrop and be refracted back to the observer 

•  Need some frac'on clear sky 

•  Some precipita'on frac'on 

•  The refrac'on angle is ~42o 
•  So the solar zenith angle φ > 48o  

•  Lower sun = larger rainbow 
(coverage) 

CAM Tutorial: Physics Overview 



Now build some logic 
•  If φ > 48o  
•  and cloud frac'on A <0.5 (need some sun) 

•  and rain frac'on Fp > 0.5 (need some rain) 

•  Then rainbow frequency FRB = sin (φ-48) 
– This yields a rainbow frequency from 00.67 as f 
goes from 48o90o.  

– Maybe we want to add the rain frac'on in it 
(because more rain increases the odds, and 
rainbows really aren’t that common): 

            FRB = Fp * sin(φ-48) 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Evaluate and Adjust 
•  Look at different cases: In‐situ observa'ons 
– Need data on rainbows, precipita'on, sun, clouds 
– Evening Rainbows: Boulder 
– Morning rainbows: Field project in Hawaii 

•  Empirical factor to adjust the parameteriza'on? 
   FRB = URB * Fp * sin(φ-48)  
  Where URB is the ‘rainbow factor’  
•  Or we could fit URB = f(A,Fp) 
– Most likely, want to look at convec've clouds 

•  Maybe sine is not the right func'onal form? 
– perhaps there is something be;er from op'cs 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‘Parameteriza'on’ 

•  This is tongue in cheek, but the concept is to 
add a process model based on  
– Known physics  
– Known model state parameters 
– Empirical rela'ons (last resort) 

•  It is trivial to then add: 
– Sun Dogs (ice phase, specified habits, etc) 
– A pot of gold:  Just find the end of the rainbow 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Different parameteriza'ons 

•  Planetary Boundary Layer [F,S] 
•  Cloud Macrophysics (large scale condensa'on) [S] 

•  Cloud Microphysics (stra'form clouds) and 
Aerosols [S] 

•  Radia've Transfer [Q] 
•  Cumulus Parameteriza'on [F,S] 

• Momentum Transport and Gravity Waves [F] 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