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Overview

Total energy (TE) equation for large scale atmosphere model

Ways in which Earth System Models do NOT close their total energy budgets:

TE tendencies associated with falling precipitation and evaporation
coupling atmosphere with surface (ocean-atmosphere only!)
dynamical core energy dissipation

physics-dynamics coupling: (i) temporal, (ii) spatial and/or (iii) energy formula
discrepancy

Discrepancy between conserved quantity in parameterization and host model

The Coupled Earth System



Component level: Closed energy budget?
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... and similarly for other components, e.g., ocean
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How to define energy?

Eatm = Efeom T Eother-

(feom=fluid equations of
motion)
The total energy conserved by the governing equations of motion and associated
thermodynamics is referred to as the fluid equations of motion energy.

The fluid equations of motion and associated thermodynamics are approximated:

e Neglecting non-hydrostatic motion, breaking gravity waves and 3D turbulence
e Neglecting individual momentum equations for hydrometeors, and making single
temperature (T) assumption




How to define energy?

Eatm - E(res) 4 E(unres)‘

Even more complex problem. It is not possible to run models at the small scales
necessary to resolve all processes.

We must therefore homogenize (i.e., average) processes smaller than about 50-100
km in operational climate models, and roughly 0.5-3 km for cutting edge
convection-permitting global models

-> Energy will always have both a resolved and an unresolved component
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In general, we have a good idea of how averaging and subgrid modeling
works for fluid turbulence (LES closures such as Smagorinsky 1963,
Germano 1992, etc.)

However, subgrid models for, e.g., thermodynamics are problematic?
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where the generalized specific heat ¢”’? is the continuous formula replaced with dynamical core prognostic state

values (i.e., from the resolved fluid dynamics)
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How to define energy?

Eatm - E(res) 4 E(unres)

In addition to thi¢ In this talk | will assume that there is no re is an
even more comy sub-grid-scale reservoir of energy and simply  ples
necessary to res ggsume that the conserved energy is that of the

resolved scale ut 50—100

We must therefg
km in operational climate models, and roughly 0.5—-3 km for cutting edge

convection-permitting global models

-> Energy will always have both a resolved and an unresolved component




Dry hydrostatic primitive
equations

I€nnrma—Fflintiadl Arisadiane~e AFf rnaadian)
Efeom =Kp+1+®
e K is horizontal kinetic energy
e In a shallow-atmosphere geometry, ® = gz with g the constant acceleration of gravity.

e For an ideal perfect gas:

I = c,f)d)T, (dry air = ideal perfect gas)




Dry hydrostatic primitive

equations
Assuming constant p(?a%@flraRqeémﬂpowgrgptﬁQBgMﬁW equations of motion conserve:

(d)
///p(d)Efeode = ///p(d) (Kh + I+ % -|—<I>S)dAdz
o

-~

specific enthalpy

(Kasahara, 1974)

I+ p@/pd) = cj(od)T, (ideal perfect gas)




Dry hydrostatic primitive

Caution: Since its mass-weighted integral coincides with total energy, it is tempting to regard

" as total energy per unit mass. This is incorrect! In the derivation it has been assumed that Bas)

- Pressure is constant at model lid
- Integration by parts used

(d)
/// pY EfeomdV = /// (D) (Kh+ I+ % +<I>S>dAdz
P

(Kasahara, 1974) specific enthalpy

Ab

I+ p@/p@ = c](od)T, (ideal perfect gas)




TE for moist primitive equations

Lan = {°d, "wv’, "el’; ‘el ‘rm’; “sw’ }
where K, eal perfect gas)
. S 4 ¢ ¢ ¢ a0 ¢ ¢ ¢ ¢
Assuming L0 = {‘wv',‘cl, ‘ci’, ‘rn, ‘sn‘} ay
(pressure- _
Assumptions:
1. All constituents have the same temperature (T)
2. All constituents move with the same barycentric velocity >
3. Ideal perfect gas _ - |
The perfect gas law is often rewritten in the form
p= PR(d)Tm
(Kas with virtual temperature ,
h=T 1([') = ﬁ) ’

d)
Pl
) .
_ where ¢ = ,ﬁ,,l,, is the ratio between the dry and water vapor gas constants
r T [ TP \/p = (OOl PpUIItovUyU S0 )

..............



Specific Enthalpy of moist air

The specific enthalpy of an air constituent ¢ can be written on the form
O Y+ (T — T

pl+p= Y pY [hf)? + (T - Too)]
LeLa

Lo {'d; "wn®s ‘el ‘e’ vy ' 30}

pl+p = p DT+ p@ (hlQ — o0 ) + p™) (b + )T = Too) ) +

0 (4 + 0 3) ) (5 )




Specific Enthalpy of moist air

The specific enthalpy of an air constituent ¢ can be written on the form

RO — O O _T
Only enthalpy \7 00 T ¢ 00);

differences are of @

physical relevance

) 4,0 ¢
-> rewrite equations Pl =P = Z P( ) [hoo + Cg(a )(T - Too)]
using Kirchoff’s eLan

equations for latent heat Lo {¢d, wot, ‘clé, ‘i, ‘rn, ‘sw'}

~F

pl+p = pDOT+p@ (B — DT ) + o (B + )T — Too) ) +

0 (4 + 0 3) ) (5 )




Specific Enthalpy of moist air

The latent heat formulas for vaporization (liquid — water vapor):
L,(T) = Ly,00 + ( ) Uiq)) (T — Too) , where Ly o0 = h(wv) h(lzq) (44)

The latent heat formulas for sublimation (solid — water vapor):

Ly(T) = Lg 00+ ( (wo) — z(jce)) (T — Too) , where Lg g0 = h(wv) ht()%ce)a (45)
The latent heat formulas for fusion (solid — liquid):
Li (T) = Li,OO + (cgiQ) I()%C€)> (T TOO) where Lz ,00 = h(hq) h(()zbce)’ (46)

(Emanuel, 1994, see, e.g., p. 114-5). Note that the latent heat of fusion, L;(T") may also
be written in terms of latent heat of vaporization and sublimation

Lz’(T) = Ly (T) — L, (T) (47)




Specific enthalpy of moist air:
Reference state: ‘wv’, ’'liq’, ’ice

9

s = PO () 7 15+ i)
_p(liq)LU (7 — p(ice)Ls(T).

(water vapor reference state)
pl+p = p DT + p@ <h<()(é) — T, oo) + p#29) (hc(fSQ) + ey (T - Too))
0 Ly (T) — ) Li(T)

(liquid reference state)
pI+p = pDAT + p (hécé) — i 00) + plH20) (h&fe) + ey (T Too))
1 g ) (T - g0 L(T),

(ice reference state)




Specific enthalpy of moist air:
Reference state: ‘wv’, ’'liq’, ’ice

pl+p = p DT+ W f- gt (h(()qéw) + g U (T — Too))

_p(liQ)LU (7 — p(ice)Ls(T).

9

(water vapor reference state)

pl+p = pDIT + p( + pH39) (h(()z(;m + ey (T - Too))

+p™?) L, (T) — pt**®) Ly(T)

(liquid reference state)

pI+p = pWiT + p(+ pl) (h&fe) e ST Too))

1 g ) (T - g0 L(T),

When taking the global integral and time-derivative of
. enthalpy, crossed out terms are constant if dry air mass
(ice reference state) is constant




symbol description unit

o
c,(f) heat capacity at constant pressure of species £ J/K/kg
o a e n e ' g y e q u a ' o n Fﬁ?t net flux of water species £ into the atmosphere kg/m?/s
urb,rad)
3

F Radiative and sensible/turbulent fluxes into atmosphere (90) J/m?/s

nei

héf]) reference enthalpy for water form £ J/kg
m® dry mixing ratio (= p/p(®) kg/kg
K specific horizontal kinetic energy (= 39%) m?/s?
Ly 0- latent heat of fusion J/K
L 00- latent heat of sublimation J/K
Ly 00- latent heat of vaportization J, /K
P, surface geopotential m?/s?
Pd dry air density kg/m?
T temperature K

T, common temperature at surface K

7 horizontal velocity vector m/s

6 ice
= ///p(d){K + @, +cIT+ Y m® [K + &5 + ¢ (T — Too) + hiy )]

eeﬁHzo

+ m@V L, 0 + m<“'q)Lf,Oo}dA dz

= //{ Z F'r(z,?t I:R".S + P, + CI(>£) (Ts —Too | + hgi)ce)]+F7(L';Utv)Ls,00+F1§le1:tq)Lf,OO+F£21;rb’rad)}dA,

Ambiguous how to specify
temperature of falling
precipitation (more obvious

(ice reference enthalpy, Ts = Totmn.s = Tourt n) , _
with evaporation)!

Lauritzen et al. (2022)




%///pw){

Total energy equation

symbol description

unit

(£)

cp heat capacity at constant pressure of species £

)

t
(turb,rad)
F 3

L net flux of water species £ into the atmosphere

i Radiative and sensible/turbulent fluxes into atmosphere (90)

reference enthalpy for water form £

00
m® dry mixing ratio (= p([)/p(d))

K specific horizontal kinetic energy (= 39%)
Ly 00 latent heat of fusion

L 00- latent heat of sublimation

Ly 00- latent heat of vaportization

[N surface geopotential

Pd dry air density

T temperature

T, common temperature at surface

v horizontal velocity vector

J/K kg
kg/m?/s
J/m?/s
J/kg
kg/kg
m?/s?
J/K
J/K
J/K
m?/s?
kg/m?
K

K

m/s

K+®+cdT+ Y m® [K + &, + O (T — Too) + h&fe)]

£€£H2o

+ m@V L, 0 + m<“‘I>Lf,OO}dA dz

[Es + (I)s -+ CI(;e) (Ts - TOO) + h(()i)ce)]+Fyggtv)Ls,OO+

(ice reference enthalpy, Ts = Totmn.s = Tourt n)

Lauritzen et al. (2022)

F,gl;tq) Lf,oo +F,,($:rb’rad) }dA.

/\

a bulk source/sink of
atmospheric energy, not a
surface (or ToA)

for notational simplicity

The radiative fluxes represent

boundary term; only put here




Approximated TE equation

%//]p(d){K + &, + Céd)T + Z m(f) [K + &, + Céﬁ) (T . TOO) n h((;bce)]

£e£H2 o) \
— B = (@

£H20 =" wv’ o m(wv)Ls,OO -+ m(liq)Lf,OO}dA dz
_ // { Y F RO e Lo |+ 5 Lot FSS L oot Frggrb,rud)} ”
‘ee‘C’H2O — N 7 —

In CAM physics this
equation is

MZEZ tmhgggls (ice reference enthalpy, Ts = Tatm,s = Tsurf,s) | satisfied/(enforced) in each
assumptions: physics column when

pressure is held constant!

Lauritzen et al. (2022)



Approximz /[p(an( 3 T—ngf?)] E(F+6s+c§,d>T) dz

eeccond at
Imbalance by incl. all water in density mean: 0.0091 W/mA2
90N PO |V US| (PSSR [N | (AW [NV VRS NGNS US| (Y SvES pOROES| SRS
0 1
a p(d) K <+ (ps + C;d)T + Z m( 60N -+
ZE£H20 :
/ 30N
_/ / 1
LHZO = wv + m(wU)LS,OO ]

0 -

7N
w
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w
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s0s [ A7(CAM)

’ T m(H20)
- tn ]
908 T T T T T T T T T+ IS
180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180
Many models : . ;
makg o (ice reference enthal global min = -0.002551 global max=0.1103  {)
assumptions: . I w2 ad

-0.048 -0.032 -0.016 0 0.016 0.032 0.048

| WWIiiId WUl iL:

Lauritzen et al. (2022)



Approximated TE equation

FH20*K,,=FH20*K(nlev) mean: -0.00024 W/mA2

90N

0
g /// p<d){ Ki 971 Y m® e

ZEL:Hz o) 30N

Lr,0 = wv\/?n(w”)[zs,oo + o

¢ r e 30S
// { T(Le)t + QS =1 (_/(p) —
60S

ZE£H2O

N

7

i —~
WARNING: depends on reference state

90S

o 0 2 180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180
At very high vertical resolution and

using a no-slip boundary condition P} global min = -0.01385 global max=0.009894

the winds sh_ould Ige zero at the [ . L B
surface making this terms zero -0.0072-0.0036 0  0.0036 0.0072

Lauritzen et al. (2022)



Approximated TE equation

FPHIS=FH20*PHIS mean: -0.03W/m"2

90N

0 *
=, (d) (€) 60N
= /// p {K + &, + + > m
ZEL:Hzo
!

30N

30S
=//{ Z Frsi)tK+@s+o;p)( = [
\ 60S

-
WARNING: depends on reference state

90S
|deally the potential energy flux through the surface would 30W 0 30E 60E 90E 120E 150E 180

require one to track the altitude at which each water 4.295 global max=0.2962
molecule in the air evaporated from the surface, and . IEEm R
subtract the geopotential when that water molecule leftthe |5 4 o 04 08 12 16 2 WS
atmosphere as precipitation.

Lauritzen et al. (2022)



Approximated TE equation

FH20*cpd*T,,=FH20*cpd*T(nlev) ' mean: 0.076 W/m*2
l..l..l..l..l..l..l.....l..l..l..l..l

90N
0
= ///p(d){K + @, +cAT+ Y m® [K + oon
/ £e£H2o 30N-.
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teLm,o e 4. WARNING: depends on reference state |
A G0 e e e e e g T
180 150W 120W S90W 60W 30W 0 30E 60E 90E 120E 150E 180
Many models ) ¢ F global min = -82.12 global max= 33.11
1C€ reierence € D = y
make these ( Vi L e W/mA2
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Lauritzen et al. (2022)



Approximated TE equation

%//]p(d){K + &, + CI(9d)T + Z m(f) [K + &, + C;)E) (T . TOO) n h((;bce)]

£e£H2 o) \
_— O = (@

£H20 = ’LU’U/ + m(wU)LS,OO + m(l’Lq)Lf’OO}dA dz
_ // { Y F RO e Lo |+ 5 Lot FSS L oot F'rgitzrb,rad)} ”
‘ee‘C’H2O — N 7 —

At end of CAM physics
pressure is updated to reflect

MZEZ [EZSE'S (ice reference enthalpy, s = Tatm,s precipitation/evaporation; TE
assumptions: tendency is restored with

global energy fixer ...

Lauritzen et al. (2022)



Energy tendency associated with updating pressure matches neglected boundary flux terms well
(at least locally)

% /p(d){ (1 1 m(HzO)) I:F + 63 + cg)d) (T _ TOO)] + m(wv)Ls,OO + m(liq)Lf,OO}dz

AT AT _ FHEO @ (T _ T ) + K, + 8, |+ F VL, 00+ FCD L go+ FOvTomed)
om(H20) /ot m£g20) — L net Cp s 00 s s net *~s,00 net +f,00 net
d/dt(TE total H20 varying) imbalance mean: 0.35 W/m"2 FH20" (K, +PHIS+cpd*T,,) mean: 0.044 W/m~2 (a)-(b)
9ON 1 A 1 1 'l A 1 1 L 1 1 90N 'l 1 'l A 1 L A L 1 A 1 1
60N -_
30N =
0 -
30S =
60S = -
WARNING: depends on reference state
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global min = -89.89 global max= 32.67 global min = -96.14 global max=33.13 global min = -0.6855 global max= 6.551
| M \/mh2 | = R | . \v/mn2
30 24 -18 -12 -6 0 6 12 18 24 30 30 24 -18 -12 -6 0 6 12 18 24 30 2 -16-1.2-08-04 0 04 08 1.2 16 2

Figure 6. Modified (consistent) CAM total energy equation terms in W/m?: (a) Imbalance introduced by “dry-mass adjustment” using all forms of water in the kinetic,
geopotential and enthalpy terms, (b) missing flux terms, and (c) is the difference between (a and b). Note that the imbalance is locally much reduced when using the
modified total energy equation. Also, the imbalance does not depend on the reference state (as should always be the case).

Lauritzen et al. (2022)




Energy tendency associated with updating pressure matches neglected boundary flux terms well
(at least locally)

0
ot

H>;O
_AIam(H2O)/at_AI (110) = F( . )[ng)

net

d/dt(TE total H20 varying) imbalance mean: 0.35 W/mA2 FH20 (K, n*’PHIS+de Toun 4 Wim*2 (a) (b ) mean: 0.31 W/m*2
1 L 1 1 L 1 1 L 1 L L L

‘ - It is problematlc to use dry
, : & heat capacity when
ey coupling to other

/ <d){ (1 & m(HZO)) [F +, + (T - Too)] +m ) Ly 00 + T_n(“‘”Lf,OO}dZ

= (wv)
net

—(liq)

L3 00+Fnet Lf 00_|_F,(tu7‘b ,rad)

net

TOO) + K, + q>] +F

60N -L‘ 60N =

30N = 30N =

N L]
iR
. )

30S =

WARNING: depends on reference state WARNIN
908 L) L] L L) L) L L L] L L) L) 908 L) L L] L] L]
180 150W 120W 90W 60W 30W 0 30E 60E OQO0E 120E 150E 180 180 150W 120W Com ponentS E 90E 120E 150E 180
global min = -89.89 global max= 32.67 glob max= 6.551

e o e W2 e (see next slide) Y W2

Figure 6. Modified (consistent) CAM total energy equation terms in W/m?: (a) Imbalance introduced by “dry-mass adjustment” using all forms of water in the kinetic,
geopotential and enthalpy terms, (b) missing flux terms, and (c) is the difference between (a and b). Note that the imbalance is locally much reduced when using the
modified total energy equation. Also, the imbalance does not depend on the reference state (as should always be the case).

Lauritzen et al. (2022)




Enthalpy flux terms and coupling with MOM®6 (= CESM3 ocean model)

Ocean (liquid reference state + constant latent heats)

net net

F® o pUH20) [ aig) (T, — Too) + h(”‘”] + P CK:; Flor ()Q

net net
Atmosphere (ice ﬁrence state + dry heat capacity + constant latent heat)

= H20) — WY l
F,EZ) e Fnet [ng) (Ts - TOO) F( )LS 00+F( zq)Lf,OO'

net net
iy

Inconsistent ... | don’t see how this can be made consistent!




Current CESM3: MOMG6 passes its enthalpy flux to atmosphere through global fixer in the coupler
and atmosphere fixes its enthalpy flux using global energy fixer.

Loosely speaking: each components does it’s own thing and fixes its own thing
independently of each other ...

F w0 Fy? [ (T, = Too) + B3] + F” Lo 0 - Fs®L; (K

net net

Atmosphere (ice ﬁrence state + dry heat capacity + constant latent heat)

—(H.0 it
pr:lz) e Ffzet ) [CI()d) (TS — TOO) F(wv)Ls 00+F<lzg)Lf,00'

)

Inconsistent ... | don’t see how this can be made consistent!

net net




Solution (easier said than done though!):

Both components use variable latent heats (and be very careful with
different reference states)

vy, FO [ (T, - Too) + B%?] + F” Lugo — F& Lo MOM6

net 00 net net
el H2 o

(liquid reference state, Ty = Tum,s = Tours.s)

~ z F(f) [Cl(,f) (Ts — Too) + hgge)] + Frf:t)v)Ls,OO + F,fzq)Lf,oo,

CAM7

(ice reference state, Ts = Toms = surf,s)

ff@* “N\NCAR



Changing to variable latent heats is difficult in the atmosphere

Heating from phase changes must be updated to be T dependent
(variable latent heats)... which can not be done after the fact in CAM!

Also vertical mixing under variable latent heats is not straightforward!

Temporal/spatial coupling challenges: in CESM3 we have chosen to
compute enthalpy fluxes in the atmosphere and pass to other
components so that all components see the same enthalpy flux
(converted to the relevant reference state)

I’'d be happy to discuss my interim solution with anyone who is
interested and get feedback!




Overview

Ways in which Earth System Models do NOT close their total energy budgets:

e dynamical core energy dissipation

e physics-dynamics coupling: (i) temporal, (ii) spatial and/or (iii) energy formula
discrepancy

e Discrepancy between conserved quantity in parameterization and host model

The Coupled Earth System



Dynamical core total energy dissipation

1-year averaged total energy tendencies from spectral-element dynamical core
(horizontal resolution ~100km)

dE/dt dycore #9180 “dE/dt dycore” for FV3

Adiabatic dynamics can be divided into quasi-horizontal and vertical remapping: and MPAS (when run
in CESM) is ~1W/m”2

dE/dt floating dynamics (dAD-dBD) -0.1285 W/MA2
dE/dt vertical remapping (dAR-dAD)  -0.0565 W/MA2

Breakdown of floating dynamics:

dE/dt hypervis del4 (dCH-dBH)
dE/dt hypervis frictional heating (dAH-dCH)
dE/dt hypervis del4 total (dAH-dBH)
dE/dt hypervis sponge del2 (dAS-dBS)
dE/dt explicit diffusion total

dE/dt residual (time-truncation errors,...)

Lauritzen and Williamson (2019)



Dynamical core total energy dissipation

1-year averaged total energy tendencies from spectral-¢

Switching vertical remapping
dE/dt dycore -0.1850 W/MAZ method to 3rd order splines
(algorithm taken from FV3) from
piecewise parabolic method (PPM)
CAAD-dED)  0.1285 W2 reduced dE/dt by approximately 2x
R X R L R (USEU tO bE ~-0.12W/m2)

Adiabatic dynamics can be divided into quasi-horizontal and verti

dE/dt floating dynamics
dE/dt vertical remapping

Breakdown of floating dynamics:

dE/dt hypervis del4 (dCH-dBH) -0.6720 W/MA2
dE/dt hypervis frictional heating (dAH-dCH) 0.6211 W/MAZ
dE/dt hypervis del4 total (dAH-dBH)  -0.0509 W/MA2
dE/dt hypervis sponge del2 (dAS-dBS) -0.0193 W/MAZ
dE/dt explicit diffusion total -0.0702 W/MA2

dE/dt residual (time-truncation errors,...) -0.0584 W/MA2

o~

Lauritzen and Williamson(2019) — ~  ~ ~ /
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Aside: QBO and vertical remapping

‘_._‘n_‘n.-‘_.‘_n‘.

Time—height plot of monthly-mean, zonal-mean equatorial zonal wind: (left) PPM (right) splines

T | T T | T T
1989 1992 1995 1998 2001

zonal wind speed [m/s]

Height (km)

-40 -35-30-25-20-15-10 -5 0 5 10 15 20 25 30 35 4

Still need higher vertical resolution for good QBO simulation

1989 1992 1995 1998 2001 2004 2007

zonal wind speed [m/s]

T [ [ [ [ [ [ |

-40 -35 -30 -25 -20 -15-10 -5 0 5 10 15 20 25 30 35 40




Dynamical core total energy dissipation

1-year averaged total energy tendencies from spectral-¢ We use “frictional heating”, i.e.

kinetic energy change resulting

from hyperviscosity operators
Adiabatic dynamics can be divided into quasi-horizontal and verti@Yelel=Ye locally back as heating

dE/dt dycore -0.1850 W/MA2

dE/dt floating dynamics (dAD-dBD)  -0.1285 W/MA2 This is not supported by theory ...
dE/dt vertical remapping (dAR-dAD)  -0.0565 W/MA2 (next slide)

Breakdown of floating dynamics:

dE/dt hypervis del4 (dCH-dBH) -0.6720 W/MA2
dE/dt hypervis frictional heating (dAH-dCH) 0.6211 W/MAZ
dE/dt hypervis del4 total (dAH-dBH)  -0.0509 W/MA2
dE/dt hypervis sponge del2 (dAS-dBS) -0.0193 W/MAZ
dE/dt explicit diffusion total -0.0702 W/MA2

dE/dt residual (time-truncation errors,...) -0.0584 W/MA2

o~

Lauritzen and Williamson (2019) et
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Explicit diffusion operators and energy

Consider artificial Laplacian diffusion of momentum added to the momentum equations

v

_ =
T +wV 0,
The associated kinetic energy equation is
sy 2
a_K - a_ﬁ . "'+V2V2(K)— Vz(VhU) .
ot ot —— N
Diffusionof K Dissipation of K
Redistributes K (hence the global Dissipation of K (always negative); for
integral of that term is zero) closed energy budget must be added as

heating (Becker, 2003)

Lauritzen et al. (2022)



Explicit diffusion operators and energy

Consider a equations
For higher-order operators (e.g., V;) it is less obvious how

to assign a physical meaning to the terms and
separate them into diffusive and dissipative parts ...

The associ;
sy 2
a_K - 6_17 . "'+V2V2(K)— Vz(VhU) .
o o —— N
Diffusionof K Dissipation of K
Redistributes K (hence the global Dissipation of K (always negative); for
integral of that term is zero) closed energy budget must be added as

heating (Becker, 2003)

Lauritzen et al. (2022)



“naive” closure of the energy budget by transferring kinetic energy change into
heat is, in general, not physically correct (although done in CAM)
( NS
( Z m(")cl‘f)> T + ( Z m(f)) oK
fe[,a,, at feﬁa” at
sy 2
a_K - 6_17 . "'+V2V2(K)— Vz(VhU) .
ot o S i S g
Diffusionof K Dissipation of K
Redistributes K (hence the global Dissipation of K (always negative); for
integral of that term is zero) closed energy budget must be added as

heating (Becker, 2003)

Lauritzen et al. (2022)



Overview

Ways in which Earth System Models do NOT close their total energy budgets:

e physics-dynamics coupling: (i) temporal, (ii) spatial and/or (iii) energy formula
discrepancy

e Discrepancy between conserved quantity in parameterization and host model

The Coupled Earth System



90N

60N

30N

30S

60S

90S

0

Physics-dynamics coupling

CAM.SE, cpdry, ftype=1 (state.update) (a) Initial state & forcing (b) Apply forcing (ftype=1) & (c) Advection (ftype=1)
Absolute surface pressure tendency Pa/s o ? rev—1
2 /ﬂ\\
0 A5
Note: no spurious temporal
physics-dynamics errors but
30E :905 120E 150E I1so 150W 120W 90W e: 30W 0 nOise in SimUIationS
0.02 0.029 0.038 0.047 0.056 0.065 0.074 (See Ieft Flgure)

Lauritzen and Williamson (2019)




Physics-dynamics coupling: temporal errors

CAM'SE'CSLAM, ftype=2 (COmbined) (d) Initial state & % forcing (e) Apply % forcing & advection (f) Repeat (e)
A A
Absolute surface pressure tendency Pa/s

QN b Lo L L )] -% RN
X

60N =

30N —§
0

30S -4

60S

>

Figure illustrates “dribbling” tendencies throughout dycore
integration (not necessarily mass-conservative)

90S
0

A

Hybrid approach (ftype=2):
30E 60E 90E 120E 150E 180 150W 120W 90W 60W 30W 0

B T W - state-update tracers (inherently mass-conservative)
0.0042 0.0071 0.01 0.0129 0.0158 0.0187 0.0216 - “dribble” u,v, T tendencies

dE/dt =~ 0.05W/m2; if we “dribble” mass-weighted
tendencies then dE/dt = ~ 0.02W/m2

N\ NCAR Lauritzen and Williamson (2019)



Separate physics, transport and dynamics grid

For CESM3 we use pg3 grid for CAM
CSLAM grid GLL grid physics!

Separating grids is not trivial - mapping

between grids must be done carefully!
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019ms001684

pg3 Transport scheme:
Conservative Semi-LAgrangian

Multi-tracer scheme
(consistent coupling with spectral-elements dycore described here

https://journals.ametsoc.org/view/journals/mwre/145/3/mwr-d-16-0258.1.xml )

¢ hysics grid Finer physics grid i '
e ] e e Note: Dry-mass vertical coordinate
makes CSLAM-SE dycore coupling
more consistent!
pg2 pg3 ng41 DOE E3SM is using similar approach (but transport
scheme faster and supports variable resolution grids)

Figure 1. An overview of the different grids in CAM-SE-CSLAM.
UK Met Office is exploring separation of grids as well

CAM-SE-CSLAM




Physics-dynamics coupling: mapping errors

CSLAM grid GLL grid
©, Q
@) @ ©

Physics tendencies for u,v
i o o & |andT mustbe mappedto GLL
o grid:

pg3

dE/dt = .0025 ~ W/m2

Coarser physics grid Finer physics grid

(using 3rd-order Lagrange
interpolation)

pg2 ps3 P84

Figure 1. An overview of the different grids in CAM-SE-CSLAM.

fggﬁ "N\ NCAR Herrington et al. (2019)




Physics-dynamics coupling: energy formula discrepancy

errors

(a) Constant volume versus constant pressure
Constant volume and constant pressure models/components conserve different energies:

MPAS
%/// [K 4+ cgd)T + (I)] p(d)dA dz = 0, z constant, (35)
9 /// [K + DT + <I>] pDdAdz + 19 [/ptq)tdA = 0, p; constant (36)
ot 9 ot )
work doner p at top 55 P

(dry atmosphere)

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




Physics-dynamics coupling: energy formula discrepancy

errors

(b) Thermodynamic active water species discrepancy: (i) mass and/or (ii)

Dynamical cores used for high resolution incbn:trhlabp}e loading, however, most physics packages
(I know of) do not:

Y @) 0 /// @ @) @
9 o i e K + @, | dad
at///p d =5 P fezﬁ“um 5T )

FV3 and SE
use

2 : generalized cp

L. ={d,wv,cl,ci,rn, sw, gr} cefra' ) wo'}

Dynamical core with condensate loading! Physics package




Physics-dynamics coupling: energy formula discrepancy

errors
o . ,
e Change glokal ondrdy ¥RSMRlse Smares CSR SISt NSy Tormuia.

This is implemented using a dycore specific variable that is passed to energy subroutine:

(d)

Cp , FV
Y (8D
cp_or_cv_dycore = R — SE
2P B mif) 3
a
* 1d
Bael? , MPAS

e Before dT/dt from physics is passed to the dycore: scaled for energetic consistency:

dT/dt -> (cp(d)/cp_or_cv_dycore)* dT/dt

Equivalent to adding heating under the assumptions of the dycore!

See also Eldred et al., (2022)
https://doi.org/10.1002/qj.4353

Total energy equation (Lauritzen et al.; 2019)



Overview

Ways in which Earth System Models do NOT close their total energy budgets:

e Discrepancy between conserved quantity in parameterization and host model

The Coupled Earth System



Thermodynamic conserved variable
inconsistency leading to total energy errors

An example: Coupling CLUBB with CAM (problem identified by Chris Golaz in 2010)

CAM'’s conserved variable (only terms relevant to CLUBB
retained and excl. kinetic energy and surface fluxes) < Host model
/ (cDAT — Ly, 00AmYD) pi (1 + mi™) dz = 0. (158)
=
~— P N
arameterization
1
/ = (eWIAT — Ly oo Am"9) pi) (1 + mgi™) dz = 0. (155)
t'n,

CLUBB'’s conserved variable

..............



1-year column averaged imbalance in CAM (CESM)

hevap_lig_ref (OCN only)
| PR T

mean: -4.245 W/m"2
" BT T T

goN l 1 s l L 1 l L 1 l L L l
w — .
60N By it .
= - -~
. T - g°
30N
0 o
\\
30S =
P .
60S = .

C

90S M D L L L L L L B DL I B

180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E

global min = -25.54 global max=3.723

180

To make CAM physics with CLUBB
pass the energy budget checks in
CAM, the implementers chose to
add a temperature increment in
each column to compensate for
thermodynamic/energy
inconsistency!

(similarly for kinetic energy)




Overview

Ways in which Earth System Models do NOT close their total energy budgets:

TE tendencies associated with falling precipitation and evaporation
coupling atmosphere with surface (ocean-atmosphere only!)
dynamical core energy dissipation

physics-dynamics coupling: (i) temporal, (ii) spatial and/or (iii) energy formula
discrepancy

Discrepancy between conserved quantity in parameterization and host model

The Coupled Earth System



Recommendations for future directions and priorities

Inclusion of Neglected Physical Processes

Incorporating processes such as frictional heating caused by falling precipitation
and surface heating/cooling from precipitation.

Consistent Thermodynamic Treatment
Using more self-consistent thermodynamic methods (thermodynamic potentials).

Energy-Conserving Numerical Methods
Employing/deriving numerical methods that inherently conserve energy and/or
careful accounting of kinetic energy loss by the dynamical core

Lauritzen et al. (2022)
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Increasing horizontal resolution does not reduce TE

imbalance!
1 degree CAM6, CESM2.2 Ya degree CAM6, CESM2.2
Pressure work error T!E tencljency. (pwo.rk) | (3'3 .W/mz Pressure work error TE tendency (pwork) W/m?
o - — QONI..I..I..I..I..l..l..l..l..l-|l.-l..

90N PR R B

60N

30N

0

30S

60S

908 ~———————Tr—Tr—TTTrTr T
180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180 180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180

global min =-76.95 global max= 30.8 global min = -231.4 global max= 30
[T H N

I

20 16 -12 8 -4 0 4 8 12 16 20 20 -16 -12 -8 4 0 4 8 12 16 20




Richard Feynmann remarked that (Feynman et al., 1989),

The subject of thermodynamics is complicated because there are so many different ways of describing the
same thing ...with respect to the internal energy U“?, we might say that it depends on the temperature and
volume, if those are the variables we have chosen - but we might also say that it depends on the temperature
and pressure, or the pressure and volume, and so on.




Dynamical core total energy dissipation

Dynamical cores typically employ numerical filters (either implicitly or explicitly) to

control waves at or near the grid-scale:

FV core
. 250 mb
1 0 T T L B B B ] I T T | Bl B 0B R I T T
— 0.5x0.625 FV
102 no divergence

damping

kinetic energy (m2/s2)
3 3

—
(=}
[

——- ROTATIONAL
------ DIVERGENT

1 1 S B 0 ll 1 1 11 1 11 ll 1
10° 10’ 10?
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S
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o
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2 Ax wavelength

correct
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N
BES
-~
S
-~
~

model
spectra
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Figure: (left) Solid black line shows k=3 slope (courtesy of D.L. Williamson). (right) Schematic of ‘effective resolution’ (Figure from Skamarock (2011)).




