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The challenge of Energy budget
closure in Earth system models

“The Earth’s Energy Imbalance and its implications”, 13 - 16 November 2018, Toulouse, France



Research question

How large are the spurious total energy
sources/sinks in an atmosphere model and where

are they coming from?



WARNING: I NCAR
Total energy in Earth system models is ...
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Setting the stage: NCAR’s CESM NCAR
(Community Earth System Model)
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Climate model setup: dynamics, physics,
physics-dynamics coupling

Dynamical core module

i s 1 1
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8—T+ﬁ-VT—iw:yv4T,,
ot cpp
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o () v (o) =7 ()
ot \ On on
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

9 (%mi> LV, (%mig) — oV (mi), i=w,d,ci,...

Physics-dynamics
coupling layer

Climate/weather models
usually use low-order
coupling (Euler forward
time-stepping)

B NCAR

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




Climate model setup: dynamics, physics,
physics-dynamics coupling
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Dynamical core module Physics (parameterization) module
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coupling layer
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Approximates the solution tc Frictional heating

adiabatic equations of motic
scales):

processes that can
model grid
also referred to as

If a hyperviscosity term or some other
pomentum W) diffusion is added to the momentum
 Thermodynamic equation . .
FOUIITEEIIELEEY, equations, then one can diagnose the ZRUISEIES:
+ Continuity equation for o« e . convection
reerisswee  local energy dissipation from such
LTI TCARIINERAE - damping and add a corresponding

- quantities needed to repr . .
. P heating to balance it.

- chemical species




Climate model setup: dynamics, physics,

physics-dynamics coupling

Dynamical core module
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Physics-dynamics
coupling layer

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)
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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 in CAM

Advance dynamical core
(30 minutes)

CAM-SE, cpdry, ftype=1 (state-update) - CAM-SE, cpdry, ftype=0 (‘dribbling’)
Absolute surface pressure tendency Pa/s Absolute surface pressure tendency F'a/s
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Dynamical core is responsible for

updating dynamics state with

physics tendencies:
State-up-dating (ftype=1)

* “Dribbling” (ftype=0)




Total energy (TE) equation BNCAR

- dry atmosphere (height coordinates)

In the following it is assumed that the model top and bottom are coordinate surfaces
and that there is no flux of mass through the model top and bottom. In a dry atmosphere
the TE equation integrated over the entire sphere is given by

= Ztop = Ztop
ff vp(d)dAdz—f ff Fper p'¥dA dz,
Z=2s Z S

le.g., Kasahara, 1974] where F,,., is net flux calculated by the paran\eterizations (e.g.,
heating and momentum forcing), d/dt the total/material derivative, zg i
surface, S the sphere, p'@) the density of dry air, E, is the TE and dA is\an infinitesimal

area on the sphere E, can be split into kinetic energy K = l v> (v is the
internal energy cv DT where cf,d) is the heat capacity of dry air at constant v
potential energy ® = gz Calculated by
_ (d) parameterizations (e.g.,
Lauritzen and Williamson (2018, submitted) Ev =K+ Cy I+®. heating, momentum forcing)
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Total energy (TE) equation NCAR

- dry atmosphere (mass coordinates)

If the vertical integral is performed in a mass-based vertical coordinate, e.g., pressure,
then the integrated TE equation for a dry atmosphere can be written as

=Ptop P=Ptop
[] B andp+ 5 [[ @piar= " [ Fucs panap,
P=Ps S

le.g., Kasahara, 1974] where
E,=K+c\"'T.
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Total energy (TE) equation NCAR

- dry atmosphere (mass coordinates)

If the vertical integral is performed in a mass-based vertical coordinate, e.g., pressure,
then the integrated TE equation for a dry atmosphere can be written as

P=Ptop ) P=Ptop
ff oo dAdp+—ff Dy pydA = f fLmepdAdP,
=Ps

le.g., Kasahara, 1974] where

— (d)
E, = K+cp T.

In a moist atmosphere, however, there are several definitions of TE used in the literature
related to what heat capacity is used for water vapor and whether or not condensates are

accounted for in the energy equation. To explain the details of that we focus on the energy
equation for CAM-SE.

CAM-SE = Community Atmosphere Model - Spectral Element dynamical core (Lauritzen et al., 2018)
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Total energy (TE) equation NCAR

- moist atmosphere (mass coordinates)

Define the dry mixing ratios for the water variables (vapor 'wv’, cloud liquid ’cl’,
cloud ice ’ci’, rain 'rn’ and snow ’sw’)
p p(f)
m© = = where £ = ‘wv*, ‘cl’, ‘ci®, ‘rn‘, ‘sw",
o(d)

where p(? is the mass of dry air per unit volume of moist air and p®) is the mass of the
water substance of type £ per unit volume of moist air.

The density of a unit volume of moist air is related to the dry air density through

pzp(d)( Z m(f))_

telLann

Sl unit for density: kg/m3 Lo =1ds, ‘wys, ‘el ‘ci, ‘rn®, ‘sw*}




Total energy (TE) equation

- moist atmosphere (mass coordinates)

NATIONAL CENTER FOR ATMOSPHERIC RESEARCH

/ Dry versus specific (‘wet’) mixing ratios \

(£)
() = P

~ )@

q

(6 =

p(f )

coordinates

P

Similarly for dry versus moist mass vertical

Sl unit for density: kg/m?3

L(lll — {‘d‘, ‘wv‘, ‘Cl‘, ‘Ci‘, ‘rn‘, ‘sw‘}
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Total energy (TE) equation NCAR

- moist atmosphere (and per unit area)

dE  ~
Eaneh
where
n= lff (l BM(d))
(€) (€) (d)
m K+c T +®g )| dAdn ,
-l [ (o) % (oo
and

~ n=1 1 oM
Frop= —
et AS =0 ff (g an'd

where AS is the surface area of the sphere, @ is the surface geopotential and 6 refers to
the global average.

) [ (f)] F,-,(,,dAd]](d).
teLan



Total energy (TE) equation

4
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- moist atmosphere (and per unit area)

dE -
_f — Fn(’l‘v

-

N

Dynamical core (although it redistributes energy

S

locally) should conserve total energy globally:

/

L= L=



Total energy (TE) equation

- moist atmosphere (and per unit area)

4

= F,
el
)
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-

N

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

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

S

(!E 4
— < 0.01W /m~
dt
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Total energy (TE) equation NCAR

- moist atmosphere (and per unit area)

—_—

dE

E = Fll(’l‘s

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

dE 1
dt - AS fj; (pt"l’E'(’f _panez)dA.

" /

- —




Potential spurious sources/sinks of total energy in h NCAR
an atmosphere model.  reeememese

- 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.

(61.0Z “uoswreljIM pue uszjneT)

- 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.



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.
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Potential spurious sources/sinks of total energy in h NCAR
an atmosphere model.  reeememese

- 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.

(61.0Z “uoswreljIM pue uszjneT)

- 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.



Fixing spurious sources/sinks of total energy in h NCAR
an atmosphere model:. = o

- 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.

k —— . \ —— .. —— ® . .
_QE\ X = gppwerk) | gpladiab) g p(pde) | g p(discr)
phy s phys dyn

t f

_ Physics-dynamics coupling
Energy fixer
Dynamical core

Pressure work
Continuous TE formula discrepancy

(610C “uoswel[IM pue udzjrinei)



do nt=1,ntotal
PARAMETERIZATIONS:

Last dynamics state received from dynamics

phys

output 'pBE’
efix Energy fixer
output 'pBP’

param Physics updates the state and state saved for energy fixer

output 'pAP’

pwork Pressure work (dry mass correction)

output 'pAM’
Physics tendency (forcing) passed to dynamics

DYNAMICAL CORE
output 'dED’

do ns=1,nsplit
output 'dAF’

phys

adiab

2D

START PHYSICS-DYNAMICS COUPLING

Update dynamics state with (1/nsplit) of physics tendency (fty pc 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’
fheat  Add frictional heating to temperature
output 'dAH’
end do (ns=1,hypervis_subcycle)
end do (nr=1,rsplit)
output "dAD’

hvis

remap 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)

B NCAR
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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)
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Spurious sources/sinks of total energy in ‘ NCAR
atmosphere model.

Parameterization errors: Indjg
CAM parameterizations are requ
pressure remains constant durin
In other words, the TE change in
fluxes through the column.

Budget closed in CAM @

Pressure work: That said, if pa Pressure work: ~0.3 W/mz

(e.g., moisture entering or leaving
This is referred to as pressure wo

Continuous TE formula disc
a TE different from the one used i
as a whole. In CAM this mismatc
design; and should be eliminatec

TE formula discr.: ~0.6 W/m?

DYCO re: ~ '0.6 W/ m2 (decreases to -0.3W/m? with smoother topography)
Dynamical core errors: Energ (frictional heating is ~-0.6W/m?)

errors, can arise in multiple parts

Physics-dynamics coupling ( PDC errors (“dribbling”): ~0.5 W/m?

assed to the dynamical core wh
P Y (Lauritzen and Williamson., 2019)



Physics tendency, 1 year average, W/ mA2
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Pressure work tendency, 1 year average, W/ mA2
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2D dyn tendency, 1 year average, W/mA2
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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/m?

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

Outlook

* 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?
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CAM-SE, cpdry, ftype=1 (state-update) CAM-SE, cpdry, ftype=0 (‘dribbling’)
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Figure 3. One year average of the absolute surface pressure tendency for (a) the TE consistent configuration. (b) “dribbling” physics-dynamics coupling. (c) ftype=2 physics-
dynamics coupling and (d) CSLAM version of CAM-SE. respectively. (a) has a closed physics-dynamics coupling budget but spurious noise. (b) has no spurious noise but the mass-
budget in physics-dynamics coupling is not closed (see Figure 6). (c) has a closed mass budget in physics-dynamics coupling but some spurious noise at element boundaries which is
eliminated when using CAM-SE-CSLAM (d). Note. the smallest value in panel (a) is the largest in panels (b). (¢) and (d).



(a) Initial state & forcing (b) Apply forcing (ftype=1) (c) Advection (ftype=1)

% ftype=1 ftype=1
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(d) Initial state & % forcing (e) Apply % forcing & advection (f) Repeat (e)

-g ftype=0 S ftype=0
o
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x
=
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Figure 5. A schematic of state-update (ftype=1:row 1)and “dribbling” (ftype=8: row 2) physics-

dynamics coupling algorithms. See Section 3.2 for details.
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F2000climo, CAM-SE, cpdry, ftype=0 (‘dribbling’)
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Figure 6. One year average of mass [kg/m?] ‘clipped” in physics-dynamics coupling (so that state is not driven negative) when using ftype=8 (“dribbling’) physics-dynamics cou-
pling for (a) water vapar, (b) cloud liquid and (¢) cloud ice. respectively. Interestingly the element boundaries sysiematically show in the plots which is likely related to the anisotropy of
the quadrature grid [Hernngton et al.. 2018).



