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Motivation
Most comprehensive physics packages, e.g., NCAR’s Community Atmosphere Model (CAM) physics,

● are formulated in hydrostatic pressure (/mass) coordinates and assume that pressure stays 
constant during physics updates (i.e. enthalpy conservation from 1st law of thermodynamics)

● only include dry air and water vapor in pressure/density
● used in coupled climate models are formulated for a closed total energy budget 

(closely related to thermodynamic consistency)

Many weather dynamical cores, e.g. NCAR’s Model for Prediction Across Scales (MPAS),

● are formulated in z (constant volume) coordinates
● are non-hydrostatic
● include all condensates in pressure/density (a.k.a. condensate loading)
● use a discrete prognostic state different from physics package prognostic state
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● are formulated in z (constant volume) coordinates
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● include all condensates in pressure/density (a.k.a. condensate loading)
● use a discrete prognostic state different from physics package prognostic state

How to couple dynamical core and 
physics package ensuring 

thermodynamic/energetic consistency?
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A. Issues from 1st principles
Continuous energy equations

Constant volume and constant pressure models/components conserve different energies. 
In the absence of source and sinks constant volume and pressure models conserve 

Note: only difference between hydrostatic and non-hydrostatic energy is K (2D or 3D)!



Dynamical cores used for high resolution incl. condensate loading, however, most physics packages 
(I know of) do not:
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B. Issues from 1st principles
Thermodynamic active water species discrepancy

Dynamical core with condensate loading! Physics package 



Dynamical cores used for high resolution have condensate loading, however, most physics packages 
(I know of) do not:
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B. Issues from 1st principles
Thermodynamic active water species discrepancy

Dynamical core with condensate loading! Physics package 

One year average of total
energy tendency due to
non-precipitating 
condensates at 1 degree
horizontal resolution

-> Effect small 
    (but will increase locally
    at higher resolution)

Lauritzen et al. (2022)
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C. Issues from 1st principles
1st law of thermodynamics

Heating under constant volume and constant pressure lead to different temperature changes

Aside: carrying dT/dt as prognostic variable in physics packages is ambiguous (“bad” idea)!

Enthalpy conservationInternal energy conservation
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Discretization issue
Prognostic and diagnostics variables

Discrete representation of state in physics and dynamics may differ (both in terms of prognostic 
variables and staggering) which can lead to inconsistencies. Example:

Problem: z is fixed in MPAS whereas z is diagnosed (from hydrostatic balance) in CAM physics! 
If not careful in physics dynamics coupling -> z discrepancies. Example below:
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CAM-MPAS physics dynamics coupling
(addresses some consistency issues but not all)

● Preserving hydrostatic relations (heights diagnosed in physics consistent with MPAS dycore by cleverly 
choosing how the mid-level hydrostatic pressure is computed from MPAS state)

● Energy increments in physics (under constant pressure assumption) matching energy increment in 
hydrostatic MPAS (by scaling temperature increment and careful conversion from temperature tendency 
to modified potential temperature tendency used in MPAS)

● Making sure CAM physics energy fixer uses total energy formula consistent with hydrostatic MPAS
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Other (1st principle) issues that can be 
present in modeling systems that resolution 

will not “magically” fix …



Some dynamical cores assume variable latent heats, i.e. they conserve the following total energy
[e.g., FV3, NCAR Spectral-Elements (SE), …]

whereas physics packages (I know of) use an energy formulation based on (constant latent heats):

Example: this inconsistency leads to ~0.5W/m2 error in CAM-SE (Lauritzen and Williamson, 2019)
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D. Issues from 1st principles
Specific heat discrepancy
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Comprehensive total energy equation (using single temperature and single velocity assumptions):

All physics packages (I know of) ignore the surface enthalpy flux terms (this term is locally large!)
Modern ocean models (e.g. MOM6, MPAS-O) do have explicit enthalpy flux terms …
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E. Issues from 1st principles
Important missing terms in total energy equation
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Comprehensive total energy equation (using single temperature and single velocity assumptions):

All physics packages (I know of) ignore the surface enthalpy flux; term is large (see next slide)
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E. Issues from 1st principles
Important missing term in total energy equation
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CAM physics conserves enthalpy (CAM’s thermodynamic potential) which under constant pressure 
assumption leads to total energy conservation (in pressure coordinates). Parameterizations may 
conserve another thermodynamic variable (such as moist potential temperature; e.g. CLUBB = Cloud 
Layers Unified By Binormals does that) which is not consistent with the CAM physics total energy 
equation. This leads to discrepancies:

National Center for Atmospheric Research is a major facility sponsored by the NSF under Cooperative Agreement No. 1852977

F. Issues from 1st principles
Thermodynamic inconsistency within physics
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Dynamical cores dissipate total energy (diffusion operators etc.). At 1 degree resolution modern 
dynamical cores dissipate ~0.3 - 1 W/m2. Luckily this error reduces at higher resolution (but, in my 
experience, only if resolution is increased in BOTH horizontal and vertical!)
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(G. Issues from 1st principles)
Dynamical cores do not inherently conserve total energy
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Fixed in MPAS

T diagnosed from modified potential T 
and non-hydrostatic mid-level p:

If we use non-hydrostatic 
pressure does NOT guarantee 
consistency:

Solution:
 



Some infrastructures to start tackling these issues
Building a library of thermodynamic functions and make sure that physics and dynamics call this library 
for derived quantities:
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MPAS

SE,FV3



A generalized implementation of thermodynamics for 
species dependent air (dry air composition and 

condensates) using namelist

Namelist specification of the composition of air, i.e. one can “easily” change composition of air and 
thermodynamically active water species (note: also applicable to other planets)
 
SE dynamical core and CAM-WACCM physics call the same module to get molecular viscosity and 
thermal conductivity coefficients, generalized cp and R, pressure (incl. weight of condensates if 
applicable), etc.

P.H. Lauritzen (CGD, NCAR), Hanli Liu, and Francis Vitt (HAO, NCAR)


