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Desirable characteristics of model solution 

Converge with decreasing time step 

Produce an atmospheric-like state 



Converge with decreasing time step 

Ideally converge as Δx→0 and Δt→0 

Can for dynamical core 

Problem for parameterization suite and coupled system 

Dynamics example: centered x and t differences 

Converges to correct solution as 

Δx→0 and Δt→0,  (UΔt / Δx = 1) 

Converges to something reasonable as 

Δt→0, Δx =  constant,   but waves too slow 

Individual parameterizations and the complete suite 

should converge to something reasonable as Δt→0 

 



Produce an atmospheric-like state 

Easier to say what characteristics are not 

than what they are? 

Not  supersaturated 

No negative water 

Characteristics of atmospheric-like state 

determined by or consistent with dynamical core 

Finite Volume dynamical predicts grid box average 

Spectral methods predict Gaussian grid values 

but of a field with the spectral representation 



Q and S consist of: 

Cloud 

Radiation 

Surface Fluxes 

PBL 

Convection 

Large-scale condensation 



Atmospheric models consist of a number of highly complex, 

nonlinear processes which continually interact with each other. 

 

Combining these processes to create a computationally feasible 

set of approximations generally requires some type of operator 

splitting and often linearization of some highly nonlinear components. 



SIMPLE SPLITTING 



STRANG  SPLITTING 

Strang, 1968, SIAM Journal on Numerical Analysis, 5, 506-517 





PROCESS SPLIT 

TIME SPLIT 



PURE PROCESS SPLIT 

HYBRID PROCESS SPLIT 



(P) PARAMETERIZATION SUITE 

(M) Moist processes 

Deep convection 

Shallow convection 

Grid-scale precipitation 

(R) Radiation 

Clouds 

Radiation 

(S) Surface exchange 

(T) Turbulent mixing (PBL) 

Coupling within the parameterization suite 



PROCESS SPLIT 

TIME SPLIT 



Which method and what order is preferable? 

 

Are the approximations to the process designed to operate on 

an atmospheric-like state? 

a non-atmospheric-like state? 

Do the approximations produce 

an atmospheric-like state? 

a non-atmospheric-like state? 

an atmospheric-like forcing? 

Do several interact and depend on others? 

 

Should they be designed to operate on 

an atmospheric-like state? 

Can they be? 



Dynamics designed to work off atmospheric-like state? 

Yes, since it is calculating the forced fluid flow. 

If IC is not an atmospheric-like state, 

non atmospheric-like noise in the forecast 

 

but without forcing or with incorrect or partial forcing 

does not produce an atmospheric-like state 

e.g. no surface drag, storms spin up rapidly 

convergence produces super saturation 

 



Radiation designed to work off atmospheric state? 

Clear sky: Yes, but on a point, not region. 

All sky: Yes, for an ensemble of cloud distributions.  

 

But input state is box average from dynamical core 

water vapor in clear sky includes cloud region 

Fortunately, radiation is weakly dependent on T and q profiles 

upper and lower boundary fluxes more important 

 

Radiation produces an atmospheric state? 

Clear sky: Yes 

All sky: No, clouds produce large flux divergences 

balanced by other processes 

since atmosphere is slowly evolving 

 

If process split, will compensating processes see the radiation state? 



Time step size for parameterization suite? 

 

Often chosen for cost reasons rather than accuracy 

Conservation and stability are dominant concerns 

 

In past CAM based on semi-implicit dynamical core time step 

rather than accuracy of parameterization 

Currently retained with sub-stepped explicit dynamical cores 
 

But longer semi-Lagrangian time steps a problem 
 

Caya et al.: serious errors with long semi-Lagrangian time steps 

Murthy and Nanjundiah: variants to avoid certain splitting errors 

Dubal et al: erroneous solutions with long semi-Lagrangian time steps 

Caya et al., 1998, Mon. Wea. Rev., 126, 1707-2007 

Murthy and Nanjundiah, 2000, Mon. Wea Rev., 128, 3921-3926 

Dubal et al., 2004, Mon. Wea. Rev., 132, 989-1002 



Time step size for parameterization suite? 
 

Implicit schemes with linearization 

Allows relatively long time steps 

for processes with short time scales 

Brings profiles into equilibrium 

if other tendencies not taken into account 

can be wrong equilibrium 

Beljaars, 1991, Proc. ECMWF Seminar on Numerical Methods in Atm. Models, Vol.2, 1-42 



Studies of coupling parameterizations to dynamical core 

with simplified canonical model problems 

Staniforth et al., 2002a, Mon. Wea. Rev., 130, 3129-3135 

Staniforth et al., 2002b, Quart. J. Roy. Meteor. Soc., 128, 2779-2800 

Dubal et al., 2005, Mon. Wea. Rev., 133, 989-1002  

Dubal et al,. 2006, Quart. J. Roy. Meteor. Soc., 132, 27-42 

Model problems are considerable simplifications 

limit generality of conclusions 

But provide useful insight 

Bridge to full models still needs to be made 



Taking other tendencies into account 

implies a certain ordering 

Time evolution of atmospheric fields is much slower 

than that due to a single process 

One process often compensated by other processes 

Must balance different processes within a single time step 

Order processes by time scale 

Slow first followed by fast 

acting on fields incremented by the earlier processes 

Implies time splitting 

Sportisse: classical error analysis of Strang fails when 

time step is longer than fastest time scale 

order of operators is crucial for accuracy 

fastest process should be last 

Beljaars, 1991, Proc. ECMWF Seminar on Numerical Methods in Atm. Models, Vol.2, 1-42 

Sportisse, 2000: J. Comput. Phys., 161, 140-168 



Components should not depend explicitly 

on assumed (defined) time scales 

they do not yield atmospheric state 

and may not converge to atmospheric state as Δt→0 

They should complete their task in one time step 

 

But convective storms have a time scale. 

So does advection 

Convective parameterization not dealing with a single cell 

rather a set of cells 

occurring in a small fraction of the grid cell 

 

Example of problem from having different scales follows 

 



Example of unrealistic, intense precipitation events  in 

high resolution simulations with CAM4 

caused by assuming a convective time scale 

 

0.25 degree spectral transform 

5 minute time step 

Many parameterization constants left as the 1 degree model 



OMEGA  AT 600 mb  (mb / day)       EARLY PERIOD 



OMEGA  AT 600 mb  (mb / day)       EARLY PERIOD 



OMEGA  AT 600 mb  (mb / day)      LATE PERIOD 



OMEGA  AT 600 mb  (mb / day)   ---   SOLID  LINE 

PRECIPITATION  (mm / day)   ---   DASHED LINE 

EARLY  PERIOD LATE  PERIOD 



DEEP SHALLOW CLOUD WATER 

SPECIFIC  HUMIDITY  PARAMETERIZATION TENDENCIES 
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OMEGA  AT  600 mb  (mb / day) 



Problem arises because some individual parameterizations 

do not produce atmospheric-like state 

because constrained by assumed time-scale 

Other unconstrained parameterizations 

work in unintended ways 
 

As time step goes to zero 

convection parameterizations become less active 

large scale condensation takes over 
 

When time scales are shortened or 

time step is lengthened 

strong storms do not form 
 

There are simple model problems that illustrate the 

ramifications of the time-scale time-step mismatch 

 



Problem of excessive precipitation CAM5 caused by 

one inadequate (?) process followed by 

potentially competing processes 

 

0.25 degree Finite Volume Dynamical Core 

1 degree physics tuning parameters 

15 minute physics time step 

 

5-day forecasts initialized from 

ECMWF YOTC analyses 

00Z January 3 to January 24, 2009 

 

Compared to 

Precipitation from 3-hourly 0.25 degree TRMM (3B42) 

State from ECMWF and GMAO YOTC analyses 



AREA  AVERAGE 3-HR PRECIPITATION   (mm/day) 

FORECAST  ENSEMBLE  AVERAGE 

0 to 20N latitude 

140W to 85W longitude 



CAM5 TRMM 
IC = 3 January 2009 
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3-HR PRECIPITATION   (mm/day) 
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RAIN REGION NO-RAIN REGION TOTAL REGION 

VERTICAL INTEGRAL OF MOISTURE DIVERGENCE  (mm/day) 
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DECREASE  EVAPORATION  BY  25% 
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HEATING OMEGA qV  DIVERGENCE 
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HEATING  REDUCED  BELOW  750 mb,  INCREASED  ABOVE 



SPECIFIC HUMIDITY “ERROR”  

VERSUS  ECMWF VERSUS  GMAO 

RAIN REGION 

C
A

M
5.

2 



qV  DIVERGENCE HEATING OMEGA 

60  VERSUS  30  LEVELS 

RAIN  REGION        DAY 3 



RAIN REGION 

TOTAL DEEP  CONVECT SHALLOW  CONVECT 

MACROPHYSICS MICROPHYSICS 

CAM5.2  MOIST  PARAMETERIZATION  HEATING 
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PRECIPITATION 

(mm/day) 

COLUMN  WATER 

(mm) 

Decrease maximum shallow convection updraft 

fractional area by a factor of 2 and 10 



TOTAL DEEP  CONVECT SHALLOW  CONVECT 

MACROPHYSICS MICROPHYSICS 

Decrease maximum shallow convection updraft fractional area by 

a factor of 2 and 10                RAIN REGION   DAY 3 
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PRECIPITATION 

(mm/day) 

COLUMN  WATER 

(mm) 

Deep convection time scale 

60 min, 15 min, 5 min 



TOTAL DEEP  CONVECT SHALLOW  CONVECT 

MACROPHYSICS MICROPHYSICS 

Deep convection time scale   60 min, 15 min, 5 min 

RAIN REGION   DAY 3 
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PRECIPITATION 

(mm/day) 

COLUMN  WATER 

(mm) 

Increase deep convection evaporation efficiency 

by a factor of 5  or  to maximum possible evaporation 



TOTAL DEEP  CONVECT SHALLOW  CONVECT 

MACROPHYSICS MICROPHYSICS 

Increase deep convection evaporation efficiency 

RAIN REGION   DAY 3 

EVAPORATION 



Resolved dynamics transports moisture 

from no-rain region to rain region 
 

Resolved low level moisture convergence is forced by 

release of latent heat in lower troposphere 

 

Elevating the heating breaks the dynamical feedback 

and results in correct precipitation and precipitable water 

 

Two possible sources: resolved dynamics and parameterization 

Dynamics: Increased vertical resolution makes no difference 

Parameterization: no modification has yet elevated the heating. 



Eliminating the bias is difficult: strong, potentially compensating, 

responses from other parameterization components 

 

Experiments attempting to elevate the heating failed because when 

one process was restrained, another took over, presumably 

because of the water vapor present in the lower layers 

 

It seems difficult to prevent such compensation when individual 

parameterizations are capable of performing similar 

operations on a given atmospheric state 

 

Perhaps compensating behaviors arise because the components are 

developed somewhat independently and are unaware of how the 

preceding components acted other than through the state itself. 



Partition of the total tendency into individual process tendencies 

should not depend on the time step 
 

In the limit of small time steps there should be a reasonable 

distribution between parameterized processes 
 

Parameterizations should be formulated 

without an explicit time scale 

so they complete their processes in a single application 




