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Figure 3: (a) The latitude-longitude grid, (b) the cubed-sphere grid based on an equi-angular central projection and
(c) icosahedral grid based on hexagons and pentagons. The triangular grids used by models herein are the dual of the
hexagonal grid.

volume implementation (i.e., the Lin and Rood, 1996,
algorithm). An example of a two-dimensional extension
based on the PPM algorithm that is third-order is given
in, e.g., Ullrich et al. (2009).

CAM ISEN is an isentropic version of CAM FV. In-
stead of the hybrid sigma-pressure vertical coordinate
a hybrid sigma-θ vertical coordinate is used (Chen and
Rasch 2009). Apart from the vertical coordinate the
model design is identical to CAM FV.

3.2. Cubed-sphere grid models
The assessment includes two dynamical cores that are
defined on cubed-sphere grids. The finite-volume cubed-
sphere model (GEOS FV CUBED) is a cubed-sphere
version of CAM FV developed at the Geophysical Fluid
Dynamics Laboratory (GFDL) and the NASA God-
dard Space Flight Center. The advection scheme is
based on the Lin and Rood (1996) method but adapted
to non-orthogonal cubed-sphere grids (Putman and Lin
2007,2009). Like CAM FV, the GEOS FV CUBED dy-
namical core is second-order accurate in two dimensions.
Both a weak second-order divergence damping mech-
anism and an additional fourth-order divergence damp-
ing scheme is used with coefficients 0.005×∆Amin/∆t
and [0.05 × ∆Amin]2 /∆t, respectively, where ∆Amin

is the smallest grid cell area in the domain.
The strength of the divergence damping increases

towards the model top to define a 3-layer sponge. In
contrast to CAM FV and CAM ISEN, the cubed-sphere
model does not apply any digital or FFT filtering in
the polar regions and mid-latitudes. Nevertheless, an

external-mode filter is implemented that damps the hor-
izontal momentum equations. This is accomplished
by subtracting the external-mode damping coefficient
(0.02×∆Amin/∆t) times the gradient of the vertically-
integrated horizontal divergence on the right-hand-side
of the vector momentum equation.

GEOS FV CUBED applies the same inner and outer
operators in the advection scheme (PPM) to avoid the
inconsistencies described in Lauritzen (2007) when us-
ing different orders of inner and outer operators. The
cubed-sphere grid is based on central angles. The angles
are chosen to form an equal-distance grid at the cubed-
sphere edges (undocumented). The equal-distance grid
is similar to an equidistant cubed-sphere grid that is ex-
plained in Nair et al. (2005). The resolution is specified
in terms of the number of cells along a panel side. As an
example, 90 cells along each side of a cubed-sphere face
yield a global grid spacing of about 1◦.

The second cubed-sphere dynamical core is NCAR’s
spectral element High-Order Method Modeling Environ-
ment (HOMME) (Thomas and Loft 2004, Nair et al.
2009). Spectral elements are a type of a continuous-
Galerkin h-p finite element method (Karniadakis and
Sherwin 1999, Canuto et al. 2007), where h is the num-
ber of elements and p the polynomial order. Rather
than using cell averages as prognostic variables as in
geos fv cubed, the finite element method uses p-order
polynomials to represent the prognostic variables inside
each element. The spectral element method is compat-
ible, meaning it has discrete analogs of the key integral
properties of the divergence, gradient and curl operators,
making the method elementwise mass-conservative (to
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Research question

How large are the spurious total energy 

sources/sinks in an atmosphere model and where 

are they coming from? 



WARNING:
Total energy in Earth system models is …
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CAM-FV: 1 degree
CMIP6 model

CAM-SE (Spectral Elements): 
¼ degree CMIP6 model with
mesh-refinement capability

12 Lauritzen et al.

(c)(b)(a)

Figure 3: (a) The latitude-longitude grid, (b) the cubed-sphere grid based on an equi-angular central projection and
(c) icosahedral grid based on hexagons and pentagons. The triangular grids used by models herein are the dual of the
hexagonal grid.

volume implementation (i.e., the Lin and Rood, 1996,
algorithm). An example of a two-dimensional extension
based on the PPM algorithm that is third-order is given
in, e.g., Ullrich et al. (2009).

CAM ISEN is an isentropic version of CAM FV. In-
stead of the hybrid sigma-pressure vertical coordinate
a hybrid sigma-θ vertical coordinate is used (Chen and
Rasch 2009). Apart from the vertical coordinate the
model design is identical to CAM FV.

3.2. Cubed-sphere grid models
The assessment includes two dynamical cores that are
defined on cubed-sphere grids. The finite-volume cubed-
sphere model (GEOS FV CUBED) is a cubed-sphere
version of CAM FV developed at the Geophysical Fluid
Dynamics Laboratory (GFDL) and the NASA God-
dard Space Flight Center. The advection scheme is
based on the Lin and Rood (1996) method but adapted
to non-orthogonal cubed-sphere grids (Putman and Lin
2007,2009). Like CAM FV, the GEOS FV CUBED dy-
namical core is second-order accurate in two dimensions.
Both a weak second-order divergence damping mech-
anism and an additional fourth-order divergence damp-
ing scheme is used with coefficients 0.005×∆Amin/∆t
and [0.05 × ∆Amin]2 /∆t, respectively, where ∆Amin

is the smallest grid cell area in the domain.
The strength of the divergence damping increases

towards the model top to define a 3-layer sponge. In
contrast to CAM FV and CAM ISEN, the cubed-sphere
model does not apply any digital or FFT filtering in
the polar regions and mid-latitudes. Nevertheless, an

external-mode filter is implemented that damps the hor-
izontal momentum equations. This is accomplished
by subtracting the external-mode damping coefficient
(0.02×∆Amin/∆t) times the gradient of the vertically-
integrated horizontal divergence on the right-hand-side
of the vector momentum equation.

GEOS FV CUBED applies the same inner and outer
operators in the advection scheme (PPM) to avoid the
inconsistencies described in Lauritzen (2007) when us-
ing different orders of inner and outer operators. The
cubed-sphere grid is based on central angles. The angles
are chosen to form an equal-distance grid at the cubed-
sphere edges (undocumented). The equal-distance grid
is similar to an equidistant cubed-sphere grid that is ex-
plained in Nair et al. (2005). The resolution is specified
in terms of the number of cells along a panel side. As an
example, 90 cells along each side of a cubed-sphere face
yield a global grid spacing of about 1◦.

The second cubed-sphere dynamical core is NCAR’s
spectral element High-Order Method Modeling Environ-
ment (HOMME) (Thomas and Loft 2004, Nair et al.
2009). Spectral elements are a type of a continuous-
Galerkin h-p finite element method (Karniadakis and
Sherwin 1999, Canuto et al. 2007), where h is the num-
ber of elements and p the polynomial order. Rather
than using cell averages as prognostic variables as in
geos fv cubed, the finite element method uses p-order
polynomials to represent the prognostic variables inside
each element. The spectral element method is compat-
ible, meaning it has discrete analogs of the key integral
properties of the divergence, gradient and curl operators,
making the method elementwise mass-conservative (to

JAMES-D



Climate model setup: dynamics, physics, 
physics-dynamics coupling

Dynamical core module

Approximates the solution to the
adiabatic equations of motion (“resolved” 
scales):

• Momentum (u,v)

• Thermodynamic equation (T)
• Continuity equation for air (p)
• Continuity equation for

- forms of water (water vapor, 
cloud liquid, cloud ice, rain, …)

- quantities needed to represent aerosols
- chemical species

Physics (parameterization) module

Roughly speaking, processes that can 

not be resolved on model grid
(hence physics is also referred to as
sub-grid-scale processes):

Radiation

Boundary layer turbulence
Sub-grid-scale orographic drag
Shallow and deep convection

Microphysics
Aerosol processes

Vertical mixing
…

Physics-dynamics 
coupling layer

Climate/weather models

usually use low-order
coupling (Euler forward

time-stepping)
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Frictional heating

If a hyperviscosity term or some other 
diffusion is added to the momentum 
equations, then one can diagnose the 

local energy dissipation from such 
damping and add a corresponding 

heating to balance it. 
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Mimetic discretizations

There are examples of numerical 
discretizations of the adiabatic 

frictionless equations motion that are 
designed so that total energy is 

conserved (in the absence of time-
truncation and filtering errors) 



Physics-dynamics coupling in CAM

Advance dynamical core 
(30 minutes)

Compute physics 
tendencies based 
on dynamics 
updated state

Dynamical core is responsible for 
updating dynamics state with 
physics tendencies:
• State-up-dating (ftype=1)
• “Dribbling” (ftype=0)

|dps/dt|



Total energy (TE) equation
- dry atmosphere (height coordinates)

Calculated by 
parameterizations (e.g., 

heating, momentum forcing)Lauritzen and Williamson (2018, submitted)



Total energy (TE) equation
- dry atmosphere (mass coordinates)

CAM-SE = Community Atmosphere Model – Spectral Element dynamical core (Lauritzen et al., 2017)



Total energy (TE) equation
- dry atmosphere (mass coordinates)

CAM-SE = Community Atmosphere Model – Spectral Element dynamical core (Lauritzen et al., 2018)



SI unit for density: kg/m3

Total energy (TE) equation
- moist atmosphere (mass coordinates)



SI unit for density: kg/m3

Total energy (TE) equation
- moist atmosphere (mass coordinates)

Dry versus specific (‘wet’) mixing ratios

Similarly for dry versus moist mass vertical 
coordinates



Total energy (TE) equation
- moist atmosphere (and per unit area)



Total energy (TE) equation
- moist atmosphere (and per unit area)

Dynamical core (although it redistributes energy 
locally) should conserve total energy globally:



Total energy (TE) equation
- moist atmosphere (and per unit area)

Conserving total energy to within ~0.01 W/m2 is 
considered “good enough” for coupled climate 

modeling (Boville, 2000; Williamson et al., 2015)



Total energy (TE) equation
- moist atmosphere (and per unit area)

Column physics: TE change in column should be
balanced by fluxes in/out of the top and bottom



Potential spurious sources/sinks of total energy in 
an atmosphere model:

• Parameterization errors: Individual parameterizations may not have a closed energy budget. 
CAM parameterizations are required to have a closed energy budget under the assumption that 
pressure remains constant during the computation of the subgrid-scale parameterization tendencies. 

In other words, the TE change in the column is exactly balanced by the net sources/sinks given by the 
fluxes through the column. 

• Pressure work: That said, if parameterizations update specific humidity then the surface pressure changes 
(e.g., moisture entering or leaving the column). In that case the pressure changes which, in turn, changes TE. 

This is referred to as pressure work [section 3.1.8 in Neale et al., 2012].

• Continuous TE formula discrepancy: If the continuous equations of motion for the dynamical core conserve 
a TE different from the one used in the parameterizations then an energy inconsistency is present in the system 
as a whole. In CAM this mismatch arose from the evolutionary nature of the model development and not by deliberate 

design; and should be eliminated in the future.

• Dynamical core errors: Energy conservation errors in the dynamical core, not related to physics-dynamics coupling 
errors, can arise in multiple parts of the algorithms used to solve the equations of motion.

• Physics-dynamics coupling (PDC):  Assume that physics computes a tendency. Usually the tendency (forcing) is 
passed to the dynamical core which is responsible for adding the tendencies to the state. 
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CAM-SE dynamical core 

CAM physics  
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Fixing spurious sources/sinks of total energy in 
an atmosphere model:

• Compensating Energy fixers: To avoid TE conservation errors which could accumulate and ultimately lead to a 
climate drift, it is customary to apply an arbitrary energy fixer to restore TE conservation. Since the spatial distribution 
of many energy errors, in general, is not known, global fixers are used. In CAM a uniform increment is added to the 

temperature field to compensate for TE imbalance from all processes, i.e. dynamical core, physics-dynamics coupling, 
TE formula discrepancy, energy change due to pressure work, and possibly parameterization errors if present.

Pressure work
Dynamical core

Physics-dynamics coupling

Continuous TE formula discrepancy

Energy fixer
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do nt=1,ntotal

PARAMETERIZATIONS:

Last dynamics state received from dynamics
output ’pBF’
Energy fixer
output ’pBP’
Physics updates the state and state saved for energy fixer
output ’pAP’
Pressure work (dry mass correction)
output ’pAM’
Physics tendency (forcing) passed to dynamics

efix

param

pwork

phys

DYNAMICAL CORE

output ’dED’
do ns=1,nsplit

output ’dAF’

START PHYSICS-DYNAMICS COUPLING
Update dynamics state with (1/nsplit) of physics tendency (ftype=2)
if (ns=1) Update dynamics state with entire physics tendency (ftype=1)

DONE PHYSICS-DYNAMICS COUPLING

output ’dBD’

do nr=1,rsplit
Advance the adiabatic frictionless equations of motion
in floating Lagrangian layer

do ns=1,hypervis subcycle
output ’dBH’
Apply hyperviscosity operators
output ’dCH’
Add frictional heating to temperature
output ’dAH’

end do (ns=1,hypervis subcycle)
end do (nr=1,rsplit)
output ’dAD’
Vertical remapping from floating Lagrangian levels to Eulerian levels
output ’dAR’

end do (ns=1,nsplit)
Dynamics state saved for next model time step and passed to physics
output ’dBF’

end do (nt=1,ntotal)

phys

fheat
hvis

2D

remap

adiab

Diagnosing TE errors:

Implemented using CAM history 
infrastructure by computing 
column integrals of energy at 
various places in CAM and 
outputting the 2D energy fields. 
CAM history internally handles 
accumulation and averaging in 
time at each horizontal grid 
point. 

(Lauritzen and Williamson., 2019)



Spurious sources/sinks of total energy in 
atmosphere model:

• Parameterization errors: Individual parameterizations may not have a closed energy budget. 
CAM parameterizations are required to have a closed energy budget under the assumption that 
pressure remains constant during the computation of the subgrid-scale parameterization tendencies. 

In other words, the TE change in the column is exactly balanced by the net sources/sinks given by the 
fluxes through the column. 

• Pressure work: That said, if parameterizations update specific humidity then the surface pressure changes 
(e.g., moisture entering or leaving the column). In that case the pressure changes which, in turn, changes TE. 

This is referred to as pressure work [section 3.1.8 in Neale et al., 2012].

• Continuous TE formula discrepancy: If the continuous equations of motion for the dynamical core conserve 
a TE different from the one used in the parameterizations then an energy inconsistency is present in the system 
as a whole. In CAM this mismatch arose from the evolutionary nature of the model development and not by deliberate 

design; and should be eliminated in the future.

• Dynamical core errors: Energy conservation errors in the dynamical core, not related to physics-dynamics coupling 
errors, can arise in multiple parts of the algorithms used to solve the equations of motion.

• Physics-dynamics coupling (PDC):  Assume that physics computes a tendency. Usually the tendency (forcing) is 
passed to the dynamical core which is responsible for adding the tendencies to the state. 

Budget closed in CAM !

Pressure work: ~0.3 W/m2

TE formula discr.: ~0.6 W/m2

Dycore: ~-0.6 W/m2 
(decreases to -0.3W/m2 with smoother topography)

(frictional heating is ~-0.6W/m2)

PDC errors (“dribbling”): ~0.5 W/m2

(Lauritzen and Williamson., 2019)
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Summary

• Total energy errors in numerical discretizations (dynamical core), 
physics-dynamics coupling and pressure work are ~-0.6 – 0.3 W/m2

• Local errors can be an order of magnitude larger (at least)!

• In next-generation models we should consider formulating physics in dry 
pressure coordinates (so that coordinate surfaces stay fixed during 
physics updates)

• Can we close the total energy budget locally in models?

• Integrating weather-climate models: parameterizations for weather 
models are, in general, not formulated to have a closed TE budget.
Major challenge?

Outlook



√∫



F2000climo, CAM-SE, lcpdry, ftype=1
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