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Motivation

1 degree CAM6, CESM2.2
Pressure work error TE tendency (pwork) 0.3 wm?
90N SN S B B B R B R B BT T

60N

30N

30S

60S

908 =TT
180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180

global min = -76.95 global max= 30.8
[ [N

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

Plots show one year averages using cam6_2_017 using CAM-SE-CSLAM; % simulation courtesy of Adam Herrington
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1 degree CAM6, CESM2.2
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Motivation

Ya degree CAM6, CESM2.2

Pressure work error TE tendency (pwork) 0.3 wm? Pressure work error TE tendency (pwork) W/m?
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Plots show one year averages using cam6_2_017 using CAM-SE-CSLAM; V4 simulation courtesy of Adam Herrington
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1. What is the total energy equation for a dry atmosphere (e.g. CESM/CAM)?

Dynamical core total energy errors and physics-dynamics coupling errors in CESM/CAM

2.  What is the total energy equation for a moist atmosphere with condensates?

What approximations do we make in CESM/CAM?
Assess energy budget errors in CESM/CAM physics

Path forward

Eatm = Efeom + Eother-

(feom=fluid equations of motion)




- Un-averaged TE equations ™ =2

(feom=fluid equations of motion)

The energy Efeom associated with the governing equations of motion is the energy
of a fluid subject to gravity and rotation:

Eteom =K+ 1+ Q. (6)

The various equation sets discussed below have different expressions for kinetic energy
K, internal energy I and geopotential ®, which depend on the particular assumptions
made and the choice of thermodynamics.

Common assumptions:

e (Geometric : shallow atmosphere, spherical geoid
e Dynamic : quasi-hydrostatic, Boussinesq
e Thermodynamic : much of this talk!
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‘N Dry hydrostatic primitive equations = =220

(feom=fluid equations of motion)

Efeom:Kh_I_I—l_q)

e [ 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= cq()d)T , (dry air = ideal perfect gas)



l@ TE for dry primitive equations -t

Assuming constant pressure at model top the hydrostatic primitive equations of motion conserve:

(d)
///p<d>Efeode=///p(d) (Kh+ I+% +<I>s>dAdz
P

~

specific enthalpy

(Kasahara, 1974)

I+ p@/p@ = céd)T, (ideal perfect gas)
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- TE for dry primitive equations = =

Caution: Since its mass-weighted integral coincides with total energy, it is tempting to regard
(d)
Ky +cp 1T+ &4
" as total energy per unit mass. This is incorrect! In the derivation it has been assumed that

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

Ab

N

N

p(@)
/// p\D EfeomdV = /// (d)<Kh+ 1+p() +<I>S>dAdz
)

(Kasahara, 1974 specific enthalpy

I+ p@/p@ = céd)T, (ideal perfect gas)

sssssssssssssssss

gas)



Experiments with CAM: h NCAR
Held-Suarez (dry)

Total energy errors (CAM-SE dynamical core) B e e
(1 month spin-up; 2 month ave)

Horizontal inviscid dynamics: Energy errors

) ; o > . . Total adiabatic dynamics :-0.03 W/M?2
resulting from solving the inviscid, adiabatic equations

of motion. (zero up to time truncation errors) 2D dynamics : -0.015 W/MA2
Vertical remapping :-0.015 W/IMA2
Hyperviscosity: Energy errors resulting from filtering Explicit diffusion total  : -0.015 W/MA2
operators
Hypervis :-0.16 W/MA2
Note that we use frictional heating, i.e. kinetic energy e DeEl] A O e
. . . Hypervis + fric heat : -0.015 W/IMA2
change resulting from hyperviscosity operators added Sponge - -3.416-05 W/mA2

locally back as heating
Residual (time truncation
= q q q . 4 A
Vertical remapping: Mapping from Lagrangian to L B L
Eulerian reference surfaces does not conserve TE.
3.4. Mimetic Discretization
A numerical method is mimetic (or compatible) if key integral properties of divergence, gradient, and curl

operators are mimicked in discretized space. The CAM-SE discretization satisfies the divergence/gradient
adjoint relation

/¢v-vds+/v-v¢ds:0 (89)

in discretized space (Taylor & Fournier, 2010). This property can be used to show the inherent conservation .
properties of CAM-SE in the horizontal discretization (see Taylor, 2011, for details). Mass is conserved, and, in La_U.”tzen and
the absence of viscosity terms, energy is conserved with exact time stepping. Lauritzen et al. (2018) Williamson (2019)



Experiments with CAM: h NCAR
Held-Suarez (dry)

Total energy errors (CAM_SE dynamica| core) 1 degree, 32 levels, CESM2.2 updates, FHS94 1/4 degree, 32 levels, CESM2.2 updates, FHS94
(1 month spin-up; 2 month ave) (1 month spin-up; 2 month ave)

Horizontal inviscid dynamics: Energy errors

) . e : . . Total adiabatic dynamics :-0.03 W/M”2 Total adiabatic dynamics : -0.03 W/M"2

resulting from solving the inviscid, adiabatic equations
of motion. (zero up to time truncation errors) 2D dynamics : -0.015 W/MA2 2D dynamics : -0.002 W/MA2

Vertical remapping :-0.015 W/IMA2 Vertical remapping : -0.03 W/MA2
Hyperviscosity: Energy errors resulting from filtering Explicit diffusion total  : -0.015 W/MA2 Explicit diffusion total  : -0.002 W/MA2
operators

Hypervis :-0.16 W/MA2 Hypervis : -0.0216 W/MA2
Note that w frictional heating. i.e. kinetic ener Frictional heating 1 0.14 W/IMA2 Frictional heating : 0.0198 W/MA2

r?e a eltl.Jsef c oh a e? g’.t e et ce ngyd Hypervis + fric heat : -0.015 W/MA2 Hypervis + fric heat : -0.0018 W/M*2

chamnge restiiing ro_m Yperviscosily operators acae Sponge : -3.41e-05 W/m"2 Sponge : -9.94e-05 W/m”2
locally back as heating

Residual (time truncation Residual (time truncation

errors) : 4.69e-06 W/MA2 errors) : 3.65e-07 W/MA2

Vertical remapping: Mapping from Lagrangian to
Eulerian reference surfaces does not conserve TE.

TE budget convergence for horizontal
dynamics



Experiments with CAM: h NCAR
Held-Suarez (dry)

SE-CSLAM

Vertical velocity at 500 mbar pressure surface Pa/s
e 0 .. 4 .., .,.9$. ..., ....93. 1.1

Real-world topography
L

Strong grid-scale forcing
=
Activates
diffusion/viscosity
operators
— =
More total energy
dissipation
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Experiments with CAM: i NCAR
Held-Suarez with topography

Total energy errors (CAM_SE dynamica| core) 1 degree, 32 levels, CESM2.2 updates, FHS94 1 degree, 32 levels, CESM2.2 updates, FHS94
(1 month spin-up; 2 month ave) (1 month spin-up; 2 month ave) - /w topo

Horizontal inviscid dynamics: Energy errors

) . e : . . Total adiabatic dynamics :-0.03 W/M”2 Total adiabatic dynamics : -0.14 W/M"2
resulting from solving the inviscid, adiabatic equations
of motion. (zero up to time truncation errors) 2D dynamics :-0.015 W/M*2 2D dynamics : -0.13 W/M"2
Vertical remapping :-0.015 W/IMA2 Vertical remapping : -0.01W/MA2
Hyperviscosity: Energy errors resulting from filtering Explicit diffusion total  : -0.015 W/MA2 Explicit diffusion total  : -0.14 W/MA2
operators
Hypervis :-0.16 W/MA2 Hypervis : -0.30 W/IMA2
Note that w frictional heating. i.e. kinetic ener Frictional heating 1 0.14 W/IMA2 Frictional heating : 0.17 W/IMA2
r?e a eltlleef c oh a e? g’.t e et ce ngyd Hypervis + fric heat : -0.015 W/MA2 Hypervis + fric heat : -0.14 W/IMA2
change resulting from hyperviscosity operators adde Sponge . .3.416-05 W/mA2 Sponge -3.16-05 W/mA2
locally back as heating
Residual (time truncation Residual (time truncation
errors) : 4.69e-06 W/MA2 errors) : 0.006 W/MA2

Vertical remapping: Mapping from Lagrangian to
Eulerian reference surfaces does not conserve TE.

Topography alters TE budget!

e Almost all terms increase



Experiments with CAM: i NCAR
Full physics

Total energy errors (CAM-SE dynamical core) 1 degree, 32 levels, CESM2.2 updates, 1 degree, 32 levels, CESM2.2 updates, FHS94

F2000climo (1 month spin-up; 2 month ave) (1 month spin-up; 2 month ave) - /w topo
Horizontal inviscid dynamics: Energy errors Total adiabatic dynamics  : -0.24 W/MA2 Total adiabatic dynamics : -0.14 W/MA2
resulting from solving the inviscid, adiabatic equations
of motion. (zero up to time truncation errors) 2D dynamics :-0.12 WiM*2 2D dynamics : -0.13 W/iMA2

Vertical remapping :-0.12 W/MA2 Vertical remapping : -0.01W/MA2
Hyperviscosity: Energy errors resulting from filtering Explicit diffusion total  : -0.13 W/MA2 Explicit diffusion total  : -0.14 W/MA2
operators

Hypervis :-0.62 W/MA2 Hypervis : -0.30 W/IMA2
Note that w frictional heating. i.e. kinetic ener Frictional heating 1 0.49 W/IMA2 Frictional heating : 0.17 W/IMA2

r?e a eltlleef c oh a e? g’.t e et ce ngyd Hypervis + fric heat : -0.13 W/IMA2 Hypervis + fric heat : -0.14 W/IMA2

change resulting rom yperviscosity operators adde Sponge - -0.0002 W/mA2 Sponge - -3.1e-05 W/m*2
locally back as heating

Residual (time truncation Residual (time truncation

errors) : -0.005 W/MA2 errors) : 0.006 W/MA2

Vertical remapping: Mapping from Lagrangian to
Eulerian reference surfaces does not conserve TE.

Full physics increases TE dissipation by ~70%:

e \ertical remap 10x larger
e Explicit diffusion approximately the same
but frictional heating 2x larger



Experiments with CAM: h NCAR
Full physics

Total energy errors (CAM-SE dynamical core) 1 degree, 32 levels, CESM2.2 updates, 1 degree, 32 levels, CESM2.2 updates, FHS94
F2000climo (1 month spin-up; 2 month ave) (1 month spin-up; 2 month ave) - /w topo
Horizontal inviscid dynamics: Energy errors Total adiabatic dynamics  : -0.24 W/MA2 Total adiabatic dynamics : -0.14 W/MA2
resulting from solving the inviscid, adiabatic equations
of motion. (zero up to time truncation errors) 2D dynamics :-0.12 WiM*2 2D dynamics : -0.13 W/iMA2
Vertical remapping :-0.12 W/MA2 Vertical remapping : -0.01W/MA2
Hyperviscosity: Energy errors resulting from filtering Explicit diffusion total  : -0.13 W/MA2 Explicit diffusion total  : -0.14 W/MA2
operators
Hypervis :-0.62 W/MA2 Hypervis : -0.30 W/IMA2
e i i Ryt Frictional heating 1 0.49 W/IMA2 Frictional heating : 0.17 W/IMA2
e use elon he?tmg’. e, MEHS EIETE] Hypervis + fric heat : -0.13 W/MA2 Hypervis + fric heat : -0.14 WIMA2
change resulting from hyperviscosity operators added Sponge - -0.0002 W/mA2 Sponge - -3.1e-05 W/m*2
locally back as heating
Residual (time truncation Residual (time truncation
Vertical remapping: Mapping from Lagrangian to errors) :=0.005 W/M*2 errors) : 0.006 W/M*2
Eulerian reference surfaces does not conserve TE.
FV and FV3: ~-1.1 W/m”2 (SE clearly an improvement) e \ertical remap 10x larger

e Explicit diffusion approximately the same
Will have numbers for MPAS soon but frictional heating 2x larger
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CAM_SE, dery, ftype=1 (State-update) (a) Initial state & forcing
Absolute surface pressure tendency Pa/s 2 frype-1
©
=
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Physics-dynamics coupling

(b) Apply forcing (ftype=1)
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(c) Advection (ftype=1)

ftype=1

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

0.02 0.029 0.038 0.047 0.056 0.065 0.074

Lauritzen and
Williamson (2019)



Physics-dynamics coupling h NCAR

CAM-SE-CSLAM, ftype=2 (combined)

(a) Initial state & forcing (b) Apply forcing (ftype=1) (c) Advection (ftype=1)
Absolute surface pressure tendency Pa/s A
QN =t L L L L L L] 2 ftype=1 ftype=1 ftype=1
— — ©
e :
60N :g
=
30N
i 0 > —> >
(d) Initial state & % forcing (e) Apply % forcing & advection (f) Repeat (e)
30S 4.
1 ET\ ftype=0
60S E)
S 1 1
2 1 1
908 > i ) '
0 30E B0E 90E 120E 150E 180 150W 120W 90W 60W 30W 0 ) !
. . = e 0 ) L 1 )
B I @ b \V

“dribbling”
Energy error is 0.05W/m”"2 (CAM-SE) Lauritzen and

Williamson (2019)



—0 E(eflx) _ aE(Pwork) + 0 E(adlab) + 0 E(pdc) + 0 E(dlscr)

phys

TE formula discrepancy error

e Different heat capacity for
water vapor

(SE,FV3: ~0.5 W/m”2)

e Different vertical coordinate
+ prognostic variables

(e.g. CAM-MPAS)

phys

i}

Dynamical core:

SE
FV3
FV

: -0.24 W/m”2
:-1.1 W/m”s
-1.1 W/m”?2

|

Phys-dyn coupling:

SE :-0.05 W/m”2
FV3 : 0.015 W/im”s
FV - W/m”2

A\

Lauritzen and
Williamson (2019)



l@ TE for dry primitive equations S NCAR

Assuming constant pressure at model top the primitive equations of motion conserve:

(d)
///p<d>Efeode=///p(d) (Kh+ I+% +¢s>dAdz
P

~

specific enthalpy

(Kasahara, 1974)

I+ p@/p@ = céd)T, (ideal perfect gas)



B NCAR

TE for dry primitive equations

- ¢ ¢ ¢ ¢ ¢ ¢ *¢ ¢ ¢ ¢ ¢
where K, £CL” — { d7 wv 9 Cl ) Cl 9 rn 9 Sw } eal perfect gas)
Assuming — J¢ ¢ CLJ¢ €06 ¢ ¢ ¢ ¢ 9y
(pressure- Lm0 = {"wv', ‘d’; “ei’, “rn’; ‘sn’}
Assumptions:
All constituents have the same temperature (T) >

1.
2. All constituents move with the same barycentric velocity
3 Ideal perfeCt gaS The perfect gas law is often rewritten in the form

(Kas p=pROT,
with virtual temperature
1+ lm(wv) © f)(é)
Tu =T 57[ s m = W
Zkeﬁnu m(® p
d)

@ . .
where ¢ = £ is the ratio between the dry and water vapor gas constants

D(wv)




Specific Enthalpy of moist air IR
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The specific enthalpy of an air constituent ¢ can be written on the form
h(e) = h(()%) + Cg) (T — TO()),

pl+p= Y pY [hé@ + e (T — Too)}
LELay

Lo {'d; "wn®s ‘el ‘e’ vy ' 30}

i = JO4IT 40 (48— 0 T) o (57 T~ o)
0 (5 + 0T ) 7 (45 + 4 - )

CI()ice) _ CI()sn) _ }()CZ) axid C}(?liq) _ CI()rn) _ Cg(od)
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Specific Enthalpy of moist air IR

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

B = hgg + (T — Too),
Only enthalpy
differences are of \7 @

physical relevance y
pl+p=3_ p [nd + (T — Too)|
LeLa

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

-> rewrite equations
using Kirchoff’s

equation Eall {‘d, CU)'U‘, ‘Cl‘, ‘CZ", "I"’I”L‘, ‘SU)‘}
pI —|—p = ,O(d)Céd)T + ,O(d) (h(()cé) (d)Too) + ,O(wv) (h(wv) + C}(;UU)(T — Too)) +

) (B 4 059(T — Tyo)) + 900 (s 4 ¢ (T~ i) )

CI()ice) _ CI()sn) _ Céc') Al C( 1q) _ CI()rn) _ (cl)



Specific Enthalpy of moist air IR
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The latent heat formulas for vaporization (liquid — water vapor):
Lo(T) = Lyo + (e = ™)) (T — Ton) , where Lyoo = A" = h§s?  (44)

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

Ly(T) = Lygo + (€0 = o)) (T = Too) , where Ly o0 = hlg” = hig”,  (45)
The latent heat formulas for fusion (solid — liquid):
Li (T) = LZ',O() + (CgiQ) — céice)) (T — TQ()) y where Lz’,OO = h(()lozq) — h(()’i)ce)’ (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

Li(T) = Ls(T') — Ly(T). (47)



; Specific enthalpy of mqlst alr: h NCAR
il Reference state: ‘wv’, ’liq’, ’ice’

s = OTE () 5 ()
_p(liq)LU (T) _ p(ice)Ls (T)

(water vapor reference state)
pl+p = p DT + p@ (h((fé) — T, 00) + p#29) (hc()lgq) + ey (T - Too))
0 Ly (T) — ) Li(T)

(liquid reference state)
pI+p = pDdT 4 p@ (hécé) — i 00) + plH20) (h&fe) + ey (T Too))
1 g ) (T - g0 L(T),

(ice reference state)



; Specific enthalpy of mqlst alr: ﬁ NCAR
il Reference state: ‘wv’, ’liq’, ’ice’

_p(liQ)LU (7 — p(ice)Ls(T).

(water vapor reference state)

pI + p = p(d)Cz(jd)T + p( -+ p(H2O) (hél(;q) =+ Cz(fiq) (T — T00)>

+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




4 ; Specific enthalpy of mqlst alr: N NCAR
aal Reference state: ‘wv’, ’'liq’, ’ice’

pI+p = pDIT 4 plH29) (hffé’“) + ey"N(T - Too)) — pPDL,(T) — pU Ls(T),
(water vapor reference state)

pl+p = pPDeIT 4 plH29) (hél(fQ) + ¢ (T - Too)) + p Ly (T) = pl*? Ly(T),
(liquid reference state)

pI+p = pDeIT 4 plH0) (h&ce) + ¢ N (T - Too)) + Ly (T) + p" D Li(T),

(ice reference state)

Ice reference state is used by CAM

Water vapor reference state is a “weird” choice for coupled
system



Raa (“unapproximated”)
[ oBremyaaaz= [ 0] PORIEEEoE

cz(jd)T . m(H2O)c§)’;CC)T

1 (H20) [h(()zbce) B Cz(jz'ce)TOO]

+mW L (T) + m(liq)Li(T)] dA dz

(ice reference state)

If we choose zero specific enthalpy reference at OK then third term on r.h.s. vanishes
(if non-zero reference state is chosen the term is cancelled by a boundary flux term)

RS . Total energy equation - no fluxes Y

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA



/// p (Efeom) dAdz = /// p<d>[

If we choose zero specific enthalpy reference at OK then third term on r.h.s. vanishes
(if non-zero reference state is chosen the term is cancelled by a boundary flux term)

Total energy equation - no fluxes ﬁ

(“unapproximated”)

el

Céd)T L) m(HZO)Cg'CC)T

m(HQO) [h 1C

Z mY) (K + ®,) +

+mW L (T) + m(liq)Li(T)] dA dz

(ice reference state)

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA



Total energy equation - no fluxes ﬁ NCAR

(“unapproximated ”) RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR

[ oErmandz= [l 0] ¥ w0 @ +a+

el

C](jd)T ki3 m(HgO)cz(jicc)T

m(HQO) [h 1C

p

+mW L (T) + m(liq)Li(T)] dA dz

If we expand latent heat and water terms, assume water is constant and remove constant terms in
the global integral, then it can be shown that the equation can be rewritten as

///p (Efeom) dAdz = ///p(d) [ Z m(ﬁ) (K + (I)S + CZ(f)T) ]dA dz. IL:]Sg(é|Sn|\/|(;A2|\/|-SE

LeLlgit

Which is the same as the pseudo energy derived in Lauritzen et al. (2018)



Flux at the surface B NCAR
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Flux from atmosphere to surface

Processes:
_ - (£)1,(£) lig’ : rain
Fo = Z | g h (Ta’swf) ‘ice’ : snow
t={"wv’,'liq’,"ice’ } ‘wv’ : deposition to surface

. (0), _ through dew and rime
where 1, is flux of water species ¢from atmosphere to surface.

Y,
F, = m((lHZO) ho + m((lice) [CI()ice)Ta,SUTf] 4

T'nng) [Ls (Ta,surf) =T Cgce)Ta,surf] + mgliq) [Li(Ta,surf) T Cz(’ice)Ta’surf} ’

(ice reference state: hg = h(()%ce) — cz(fce)TOO)




A

@ Flux at the surface N NCAR

Flux from surface to atmosphere e e

F, = Z mgf)h(f) (T curs) liq’ - spray
Pl Vi Tl Pt ice’ : snowdrift
={'wo!,'lig’ fice'} ‘wv’ : evaporation

where mge)is flux of water species ¢from surface to atmosphere. -

P = mgH20)h0 i mgz’ce) [cgce)Ts,swf] I

mng) |:Ls(Ts,su’r'f) G Cz(jce)TS,su"’f] 0 m-(sliq) |:Lz (Ts,surf) + Cl(jce)TS’surf]

(ice reference state: hg = h(()%ce) — cl(fce)Too)



{ i Net flux at the surface B NCAR

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

Net flux into atmosphere at surface:

Fs = Fa = hO [mc(zHQO) - mgH2O)] = céice) [mng)Ts,surf - mc(zwv)Ta,surf +
mgliq)Ts,surf — mgiq)T ,sur f " m(we) s,surf — mgjce) a,surf] .y (78)
mng)Ls (Ts,surf> - mng)Ls (Ta,surf) 4 mgzce)Lz (Ts,surf) - mgjce)[/i (Ta,surf)
(ce) _ e Leoo = 2834700.0J kg~
(ice reference state: hg = hy Too) Ligy — 333700.0J kg

If we assume same temperature for atmosphere and surface as well as zero reference enthalpy then

F, — F, = {9 Tn"20) 4 i) [ (T) + 19 L(T)

(ice reference state: hg = h(we) gce)Too =0and T = To.surf = Ts surf)



; Net flux in column B NCAR

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

In the above only surface enthalpy fluxes have been discussed which ignores the tur-
bulent (sensible) heat flux at the surface as well as the radiative flux leaving/entering
the system. Hence the total net flux into the atmosphere from the surface and model top
18
Fres = Fy — F, + Flturd) _ p(rad) | ple) (84)

where F(##7) which is the turbulent (sensible) heat flux from the surface to the atmo-
sphere, F(Td) ig radiative energy flux leaving the atmosphere and F(¢) is a residual term
that holds energy transfers that we are not accounting for.



& Total energy equation B NCAR

C  NATIONAL CENTER FOR ATMOSPHERIC RESEARCH
> (\
e o

%///P(d){ (m(d) -+ m(H20)> (K i (I)s)+CI()d)T+m(H2O)(T§)i(I(')T’TL’m(wU)Ls(T)+m(liQ)Li(T)}dA A
= // {(jl()i(_:(.z)fm(hQO) + m(w’U)LS(f) + m(lZQ)LZ(T) +F(t’u7‘b) - F(rad) + F(G)}dA, (87)

(assuming ice reference enthalpy: hg = hggcc) - cSCC)TOO =0and T = bsmmr = semr)



@@; Simplified energy equation

3 /// { (d) 4 m(H2O)) (K + <I>s)+c§)d)T+m(H20)cgce)Tij(w”)Lgo,s—l—m

B NCAR

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

(sg) LOO,i } dAdz

= // {cgw)’fm(hz@) LM Lgq o MO Ly, , 4 D) _ pirad) y p(e) }dA, (88)

Assume constant latent heats <=> heat capacity for water the same:

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

Ls(T) = Lsgo + ( (wa) gce)) (T —Too) , where Lg oo = h(()l(;w) — h(%ce)

The latent heat formulas for fusion (solid — liquid):

Li (T) = Li,()o + (CI()”(I) - c}()z'ce)) (T - TOO) y where Li,OO = hélgq) - hg)zoce)




Simplified energy equation h NCAR

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

8t W { —|— m(HzO)) (K e Q)S)+C§)d)T+m(H20)CI()ice)T_i_m(wv)L00,8+m(liq)LOO,Z’}dA dz

= // {cgiffe)Tm(W) + 1l Log o + 18D Lo ; + FUUrE) _ plrad) o pie) }dA, (88)

Further simplifications in CAM:

H
e Assume m( 20) = m
i.e. condensates do not contribute to kinetic, internal or geopotential energy (they are mass-less!)

(ww)

e Assumethat m(H29) during physics updates: ,,,(H20) _ il B2

e Discard enthalpy flux at the surface

e Use heat capacity of dry air for all forms of water




CAM energy equation h NCAR

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

3 /// (d){ m(d) + mf%?)] (K+® )—l—c(d)T+m§Ij2¢?) ](Dd)T—I—m(w”)Loo,s—i—m(liQ)Loo,i}dA dz
— ﬂ {LOO,sm(wv) k2 LOO,’im(liq) + F(turb) o F(rad)} dA. (90)

(assume cé ) = (d) for ¢ € Ly,0, ho = h(we) I(,ZC@)TOO =0and T = Lo wmref = T5 aupf)

Further simplifications in CAM:

H
e Assume m( 20) = m(
i.e. condensates do not contribute to kinetic, internal or geopotential energy (they are mass-less!)

wo)

e Assumethat m(H29) during physics updates: ,,,(H20) _ il B2

e Discard enthalpy flux at the surface

e Use heat capacity of dry air for all forms of water
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CAM energy equation h NCAR

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

PR

3 /// (d){ [m(d) + m,g o )] (K + @ )+c(d)T—|—m§Ij29) (d)T—l—m(w”)LOO,S—i—m(MQ)LOO,i}dA dz

— ﬂ LOO,sm(wv) k2 Loo,im(lz’q) + F(turb) o F(rad)} dA. (90)

Consider a physics column (no interaction between columns so equation holds in column!):

e Phase change: E.g. water vapor to cloud liquid -> total water remains constant so K and PHIS terms
remain unchanged (different story for falling precipitation)

e [f there is mixing of momentum there is a corresponding T-change
e Each parameterization (in theory) satisfies this equation in CAM

e |If precipitation is formed it immediately falls out of the atmosphere (but m129) smains constant)
i.e. the precipitating water droplet or snowflake does not carry any energy in atmosphere

This system is energetically consistent - and cleverly chosen to keep energetics simple




CAM energy equation N NCAR

g ///p(d){ [m(d) + mﬁfﬁo)] (K + &y )+c(d)T—|—m§H20) (d)T+m(w”)Loo,s+m(”q>Loo,i}dA dz
J

T // (wv)LOO + il )Loo,q; 4 pturd) _ p(rad) }dA. (95)

J
Y

Flux into atmosphere mean: -0.47W/m”"2

dE/dt parameterizations (p constant) mean: -0.47W/mA~2

90N
60N = %
30N —

]
0 =
30S —

60S =

90S - T 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

1 year ave, F2000climo, ne30pg3, CAM6 144 108 72 36 0 36 72 108 144 Diagnostics coded inline in CAM!




CAM energy equation N NCAR

0 .
= /// p<d>{ [m(d) +m§f§79)] (K + @)+ D T+m{20) (d)Ter(w”)Loo,s+m(“q)Loo,i}dAjdz

T // ) Log o + 12 Log s + FE® — pCed L4 (95)

J

dE/dt parameterizations (p constal Res|dua| plot( )mmus (b) mean: -5.7e-06W/m”2 mean: -0.47W/mA2
n P P I PR N TR R R "

90N
60N = =

30N =
1

0 =

30S =

60S =

90S = — T -
180 150W 120W 90W 60W 30W 0 180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180) 30E 60E 90E 120E 150E 180

1 year ave, F2000climo, ne30pg3, CAM6 -144 108 -72 36 0 36 72 108 144



CAM energy equation N NCAR

a .
a ///p(d){ [m(d) - mﬁfff))] (K — (I)s)+c§)d)T+m§gt2nO)C§)d)T+m(wv)LOO,S‘*‘m(lzq)LOO,i}dA Az

— // {m(wv)LOO,s + m(liq)LOO,i + F(turb) . F(rad) _ }dA (95)

\r Jw J

Enean | 86V\ll/m’\2

Latent heat flux terms
L. ... .1 . 1. .1..1

Turb+rad flux into atmosphere mean: -87W/m”"2

90N

90N

60N 60N

30N 30N

0

30S 308

60S = 60S

908 L L L L L DL L D e | 90S
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

L .

1 year ave, F2000climo, ne30pg3, CAM6 -144 108 -72 36 0 36 72 108 144




CAM energy equation N NCAR

a .
ot /// P(d){ [m(d) + mgf;?)} (K + q)s)+cl()d)T+m§H20) (d)Ter(“’”)Loo,s+m(“q)Loo,z- dA d»

Why is latent heat fl ;
mogtlljpi):i?iveevi‘herl:):/vater = // {m(wv)Loo,s + T.n(llq)Lo(),i + F(turb) — F(Tad) - } dA. (95)

flux is both positive and

negative? (¢ j N
\/ <

Latent heat flux terms mean: 86W/mA2 Flux of total water mean: -1.4e-08 @

1 1 ) T N T [N PR R T TP B PR PPN B B PR R Q
90N 90N Q
)

L >

60N 60N = o
- TI

' S

30N 30N = S
o

5 o

0 oy —
3

| o

30S 30S = 5
1 o)

; w

60S 60S = o
i Q@

- - ~.(,\)

%08 +—r—"—r1"—"—T1T"—"T"TT"T"T T T T T 90S ep=r=r o
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 g
I ~ I o ] =

144 -108 72 -36 0 36 72 108 144 -8e-05 -4e-05 0  4e-05 8e-05



[m(d) + m,(gf;o)

-/

Latent heat flux terms (liq)

mean: -10W/m”2
M T TR

m(wv)LOO,s 4+ m(lz’q)LOO,i + F(turb)

CAM energy equation

] (K + s >+C(d)T‘|‘m§H20) ST +m™) Log s +m "9 Log ;

_—

90N s
- 4 .
60N
% &
30N
0 . 1
o
<,

30S =

60S =

90S

I I L) I I I ] I
180 150W 120W 90W 60W 30W 0 30E 60E

-30 24 -18 -12 6 0 6

©
=
<C
@)
oo}
)
[o%
o
152)
@
c
o
=
©
o
S
)
N
L
)
>
©
—
®©
)
>
-

90E 120E 150E 180

12 18 24 30

90N =4

_ p(rad)

B NCAR

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

dAdz

}dA. (95)

60N

30N

60S =

90S r—

Latent heat flux terms (wv) mean: 97W/mA2 F‘ F
M PN B P | M P R bb
S S
Il
w DN
o 0o
w W
N =~
S
o O
o L
. ()
>~
<&
180 150W 120W 90W 60W 30W O 30E 60E 90E 120E 150E 180 -
=

-144 -108 -72 -36

0 36 72 108 144



%///pu){ m(@ —{—mthzf)} (K + (I)s)+C§)d)T+m§ft2710)Céd)T+m(wv)LOO’S_{_m(liq)LOO’i}dA 1

o B atmosphere)

-0.048 -0.032 -0.016 0  0.016 0.032 0.048

turb ad
// (“’“)Lo 4 D Lo ; + FEurd) _ plrad). }dA. (95)
dE/dt aII H20 in rho (tot H20 const , mean: o 0092W/m"2
© 90N [ .|.|.|. R
= 1 Instead of
O 6on
. 1
> ]
% 30N = m/(H20) — , (wo)
S 0 lets include all forms of water:
£ ]
§ 308 = (H»0) 0
Hy _
S 1 m = m
N 60S = Z
5 : - €€£H20
&  90s - T T T T T T (total water still remaining constant - stays in
§ 180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180 atmosphere so energy change should stay in the
>




1 year ave, F2000climo, ne30pg3, CAM6

©  Using heat capacity for water vapor

///p(d){ @ 4+ mZED] (K + ®y)+DT+m|

IIQO) (wU)T+m(wv)LOO’S—}—m(liq)LOO,

B NCAR

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

_ // {m(wv)LOO,s + 9 Log s 4 P F(rad)}dA. (93)

dE/dt using cpwv (const. p)

. .1 .0 0. .0 . 0. .2 . .11

mean: 9.23V¥/m"2

90N L

60N =

30N =

%8 A ————— T
180 150W 120W 90W 60W 30W 0 30E 60E
e

-1 -0.8-06-04-02 0 0.2 04 06 08 1

J I LI
90E 120E 150E 180

Note: this heating should remain in
the atmosphere (flux terms are
“balanced” in this experiment).




K energy associated with water ﬁ NCAR
Change RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR

at /// (d) { (d) + m(HzO)] K—{—|: (d) -+ mg;ﬂ (I)5+C(d)T+m(H2O) (d)T_+_m(wv)L00 b_+,m( Q)LOO }dA dz

// (wv) 0.5 1 m(liq)LOO,i L F(tuq-b) . F(y-ad)} dA. (98)

d/dt( KE tot H2O varymg) mean: -0.0026W/m"2
90N"' L. 4. .0 . ... 0.9 .1, .
Kinetic energy lost - _;ixﬂ,r?'
= S X
to surface 60N -
Very small term 30N
] O -
Part of “dme_adjust” )
|n 30S = Flux of total water mean: -1.4e-08
CAM physics :
60S =4
90S LA LA LA DL DL L AL DAL DR BN BELAELEN BELEELEN B |
180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180 eos

.
iy g
180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180

1 year ave, F2000climo, ne30pg3, CAM6 -0.0072-0.0036 0  0.0036 0.0072




Internal and geopotential energy h NCAR
aa associated with waterchange @

)
PR

/// pld { m(D + m,” ;)} K+ [m B) ot 711(”'-’())] ‘D(g+(:§,")T+/rrz,( DT 4+m W) Loy s +m D Lo ,}(IA dz

— // {ﬁl(“”')[z()()’s + 7;1,(“{1)1;()(),,', + F(“”.b) — F(“”I)} dA. (99)

Much larger term

d/dt(l1+PHI tot H20 varyin - A
and mostly due to 9ON et .(:-. . |y. 9)1 N TN T T m.ean£)34V¥/m2
cp*T term: | [
60N = =3
Part of “dme_adjust” 30N -
in 0o L
CAM phyS|CS ] R : o Flux of total water mean: -1.4e-08
30S = o -
4 N 60N o
60S = b . -
90S ] r—y—— [ 30S -- .
180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180 60S =
-I - - :Smw 12(.)W Ql)lW GOlW SO'W (.7 B;E 6;E SK;E 12'0E 15'0E 180

1 year ave, F2000climo, ne30pg3, CAM6 30 24 -18 -12 6 0 6 12 18 24 30



;ﬁ@f Enthalpy flux at surface h NCAR

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

using TS at the surface

% /// p<d>{ (m<d> 53 mg’:;g:z) (K + )+ DT+m{ ) DT 4 m® Log y+m) LW} -

_ Cz(od)j:’m(H2O) It m(wv)LOO,s &l m(liq>L00,z’ + F(turb) o F(rad).

Enthalpy flux at the surface mean: 0.1W/m*2
90N . 0 . 4 . 4., . .. .. .. ..0..0..0...1. .

I

30N =

30S =

60S =

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

1 year ave, F2000climo, ne30pg3, CAM6 30 24 -18 12 6 0 6 12 18 24 30




@ Enthalpy flux at surface h NCAR

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

using TS at the surface

a wv WU - ;
5///%){ (m(d> +m§:t2) (K + ®,)+cDT+m DT +m® Lo +ml Q)LOO,i}dAdZ

Cz(jd)j:m(HQO) k! m(wv)LOO,s &l m(liq)LOO,i + F(turb) o F(rad).

d/dt(cp*T term tot H20 varyin . A
Enthalpy flux at the surface mean: 0.1W/m"2 . .( lp. A T T yl .g). [P I I mleans)37V:I/m2
NI BN B B B B PR AP BN R I 90N
90N J "
} =
60N = 60N -
30N = 30N -'
0 = 0 =
30S - 30S =
60S = 60S =
R R B B o o m o e o o o 908 =frr=
180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180 180 150W 120W 90W 60W 30W O 30E 60E 90E 120E 150E 180

1 year ave, F2000climo, ne30pg3, CAM6 30 24 -18 -12 6 0 6 12 18 24 30



Enthalpy flux at surface h NCAR

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

using TS at the surface

0 - woy) Local error is reduced significantly:
7 /// p\P (m(d) +m§:t2) (K + @)+ DT +mi) dAdz

B Pacific evaporation zones 20W/m#2
— cz(jd)Tm(HQO) + 1 (¥V) L . imbalance reduced to <1W/m"2 )

d/dt(cp*T term tot H20 varying)
TS e B BT B e B e |

Enthalpy flux at the surface mean: 0.1W/mA2 ‘ mlean937V:I/m"2
e

BT o e T e e e e B Eam e e
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

1 year ave, F2000climo, ne30pg3, CAM6 30 24 -18 -12 6 0 6 12 18 24 30



They match up pretty well in terms of pattern but not entirely in magnitude! Why?
- Some of the energy probably stays in the atmosphere: frictional heating of falling rain and rain slowing down winds! 3

- We use same temperature in surface enthalpy (wv enters atmosphere with same T as precipitation leaves atmosphere)

) v J vV - T(k:r:lev) E:"“'TS (Sf‘") N L jmean: -1.6
Fs—F, = ho [77.)'511120) - 7;7’.(9[120)] + (:1()“'(’) \‘7;”.&“'1')Ts'.sm'f - 77)/((1l )ﬂl.slll'f +
ﬁli“(I>T§~*’“".f - 7;1’51“(1)ir(l,‘s'u.rf + T}IVL'-'(‘(’)T«.S“J-,/' - 7}1’((1j(‘())7:1.5'11"f.:| (79)
hl'gllm)L""(T"\S“"'f) - 7;1'51llm)L-"'(Tw”--""”'f) + 7’.”.(9“'(‘)Li(Ts‘.sUﬂl'f) - 7/}"((11'/(1‘)[/1:(ﬂl,.‘;lll'f)

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

global min =-6.796 global max= 6.944

Enthalpy flux at the surface (using TS) mean: 0.1W/m"2 —— B
9ONl..l..l..l..l..l..l..l 0. . 0. 0. 90N 90N N 0, 0. 0.0 .00,
60N 60N 60N
30N 30N 30N
0 0 0
30S 30S 30S =
60S 60S 60S =
90S ....'..'..'..'..'..'..'..'........'903908 B B NI B BN ML B e M ma e s e |

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

EEEEEN
~ m e e

1 year ave, F2000climo, ne30pg3, CAM6 18 24 30 2 -16-12-08-04 0 04 08 12 1.6 2



;@r Enthalpy flux at surface h NCAR

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

using TS at the surface

0 wv - ;
a [//p(d){ (m(d) -+ m§:t2> (K -+ ®S)+C§)d)T+m(HZO)CZ(Dd)T+m< )L00,3+m(l q)LOO,z'}dA d

_ C}()d)fm(HgO) + m(wv)LOO,s + m(”q)LOO,i + F(turb) . F(’r‘ad).

Estimate of TS to balance cp*T term minus TS mean: 20
L., . 5. ..4..4..91..9. .9 . .9 . .9_..2__.02_..92_ .

90N
How much should TS be increased/decreased by for

surface enthalpy and “cp*T” term to balance? 60N

(purple area is where water flux is below threshold value |50y
so discard those areas)

Over ocean I should be ~10+K less than TS in model!

30S
60S
908 N BREREN BLELSN BLELEN BLELEN BLELEN BLELEN BLARAN BLELEN ELELEN ELELEN ELERE |
180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180
i [

-30 24 -18 -12 6 0 6 12 18 24 30



Lsina TS at

Enthalpy flu;

Pacific evaporation zones:

Atmosphere is colder than ocean

-> consistent with <TS for enthalpy term.

Large precip zones:

Measurements and theory for the surface rainfall
temperature show that it is approximately equal to the
surface wet-bulb temperature (Byers et al., 1949; Kinzer
& Gunn, 1951; Gosnell et al., 1995), which will be

warmer than the temperature at which condensation
occurs, on average.

E.g. pacific warm pool: droplets 5K < SST=TS
(Anderson, 1998)

-> consistent with < TS for enthalpy term

TS (skin)-T(k=nlev) atm
1 |l 1 [l [l

©

ON

60N

h 30N =

30S =

60S =4

C 90S =

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

global min = -6.944 global max= 6.796
o

-4 -32-24-16-08 0 08 1.6 24 32 4

,5+m(liq) L()()’i }dA dz

turb) F(?‘ad).

Estimate of TS to balance cp*T term minus TS mean: 20
1. . 0.4, ...0_._.4._ .1 | I . |

90N

60N

30N

30S

60S

90S

180

N BREREN BLELSN BLELEN BLELEN BLELEN BLELEN BLARAN BLELEN ELELEN ELELEN ELERE |
150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180
o [
-30 24 -18 -12 6 0 6 12 18 24 30
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e Importance of doing total energy budgets - there can be compensating errors as in CAM-SE:

dE/dt energy fixer (efix) . -0.02 W/mA2
dE/dt dry mass adjustment : 0.31 W/m?2
dE/dt total adiabatic dynamics : -0.24 W/m”"2
dE/dt phys-dyn coupling error : -0.05 W/m”2

e Dynamical core errors are large

e Physics: Surface enthalpy flux is a large term and should not be neglected
(and, if included, will reduce dry-mass adjustment error); but not straightforward how to formulate term!

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



3 B NCAR

Possible path forward = ™ ==

(with many “details” to work out)

Need continued research on energy conserving discretizations for dynamical cores

Move towards more consistent/accurate thermodynamics in physics:

Do not ignore surface enthalpy flux term (implementation challenge?)

Changing to more comprehensive energy formula requires changing the static energy formula used in
physics (latent heats should be functions of T, density should incl. all water, move to dry mixing ratios, ...)

Changes to individual parameterizations: all should use same/consistent thermodynamics
(extent of problem unknown, e.g. CLUBB uses different thermodynamic variables than CAM)

Ideally parameterizations should call libraries or be passed functions to compute thermodynamic
variables (can we move to a coding paradigm supporting this?)

Consider specifying thermodynamic quantities in terms of thermodynamic potentials from which they can
be derived






