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Coupling dynamics and physics is a science problem!
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L Motivation h NCAR

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

Most comprehensive physics packages, e.g., NCAR’s Community Atmosphere Model (CAM) physics,
e are formulated in hydrostatic pressure (/mass) coordinates and assume that pressure stays
constant during physics updates (i.e. enthalpy conservation from 1st law of thermodynamics)
only include dry air and water vapor in pressure/density
used in coupled climate models are formulated for a closed total energy budget
(closely related to thermodynamic consistency)

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

are formulated in z (constant volume) coordinates

are non-hydrostatic

include all condensates in pressure/density (a.k.a. condensate loading)

use a discrete prognostic state different from physics package prognostic state
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Most comprehensive physics packages, e.g., NCAR’s Community Atmosphere Model (CAM) physics,
e are formulated in hydrostatic pressure (/mass) coordinates and assume that pressure stays
constant during physics updates (i.e. enthalpy conservation from 1st law of thermodynamics)
only include dry air and water vapor in pressure/density
used in coupled climate models are formulated for a closed total energy budget
(closely related to thermodynamic consistency)

How to couple dynamical core and
physics package ensuring
thermodynamic/energetic consistency?

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

are formulated in z (constant volume) coordinates

are non-hydrostatic

include all condensates in pressure/density (a.k.a. condensate loading)

use a discrete prognostic state different from physics package prognostic state
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ST A. lIssues from 1st principles h NCAR

== Continuous energy equations o

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

% /// [K + DT + <I>] pDdAdz = 0, z constant, (35)
o /// [K Ly <I>] P YVdAdz + L0 //ptq)tdA = 0, p; constant (36)
ot v g Ot ’

work done by p at top

(dry atmosphere)

Note: only difference between hydrostatic and non-hydrostatic energy is K (2D or 3D)!
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¢ B. Issues from 1st principles h NCAR

/“ [ ] L] [ ] ®e . NATIONAL CENTER FOR ATMOSPHERIC RESEARCH
os Thermodynamic active water species discrepancy

Dynamical cores used for high resolution incl. condensate loading, however, most physics packages
(I know of) do not:

0 @) 0 /// @ @) @
9 B i e y K + @, | dad
0t///p d ool vo,e” 5T )

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

Dynamical core with condensate loading! Physics package
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B. Issues from 1st principles h NCAR

Thermodynamic active water species discrepancy

One year average of total ATGaM) —
energy tendency due to
non-precipitating / @ —w\|? [+ = _

. My — (K + &, +c9T) dz
condensates at 1 degree £ ZG; C) et ( P )
horizontal resolution , , ,

( Imbalance by incl. all water in density mean: 0.0091 W/m~*2
L L o o

-> Effect small
(but will increase locally
at higher resolution)
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Lauritzen et al. (2022) -0.048 -0.032 -0.016 0  0.016 0.032 0.048
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C. Issues from 1st principles i NCAR

1st law of thermodynamics oo

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

Aside: carrying dT/dt as prognostic variable in physics packages is ambiguous (“bad” idea)!
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Internal energy conservation Enthalpy conservation
DU'"_ DQ @y (v .54 IW Dh'® D
D " Dilw, P ¢ (V Ut E) (constant volume) D F? w. T aPw'?, (constant pressure)
v ey T
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Discretization issue ﬁ NCAR

Prognostic and diagnostics variables

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

(60,5, 00, A4E49), m(®)

k **k+1/2 y T g, (Tk)vk)pk+1/2a ) m;(:c))

Problem: z is fixed in MPAS whereas z is diagnosed (from hydrostatic balance) in CAM physics!
If not careful in physics dynamics coupling -> z discrepancies. Example below:
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CAM-MPAS physics dynamics coupling h NCAR

(addresses some consistency issues but not all)

e Preserving hydrostatic relations (heights diagnosed in physics consistent with MPAS dycore by cleverly
choosing how the mid-level hydrostatic pressure is computed from MPAS state)
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e Energy increments in physics (under constant pressure assumption) matching energy increment in
hydrostatic MPAS (by scaling temperature increment and careful conversion from temperature tendency
to modified potential temperature tendency used in MPAS)

e Making sure CAM physics energy fixer uses total energy formula consistent with hydrostatic MPAS

See Lauritzen, Skamarock, ...
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B NCAR

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

)
) N)
7 \\
o 774‘
3\@ﬁ\ X

Other (1st principle) issues that can be
present in modeling systems that resolution
will not “magically” fix ...
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¢ D. Issues from 1st principles h NCAR
szl Specific heat discrepancy <:| “““““““““““““““““““““““““““““““““““

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

0 ) 0 d) () (@) _
5///p EfeomdAdz—E///p Y m(K+®+c'T)| dAdz=0.

O

(all enthalpy reference states, adiabatic dynamical core with inert water species)

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

J (@) _ 9 @ @) (@)
E///p EfeomdAdZ—E//]p Z m” (K+®,+c¢,'T)| dAdz

CELal

Lauritzen et al. (2022

Example: this inconsistency leads to ~0.5W/m2 error in CAM-SE (Lauritzen and Williamson, 2019)
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NS E. Issues from 1st principles h NCAR

== Important missing terms in total energy equation T

Comprehensive total energy equation (using single temperature and single velocity assumptions):

% 1 o {K + @, +c'T+ Y m?[K+® +c, (T —To)+ his®]

00
I/ﬂEEHZO

+m(w”)Ls,oo + m(“q)Lf,oo} dAdz

_ //{ S EQ (R4, +¢0 (T, — Tuo) + S

I,”E[inO

net net net

Lauritzen et al. (2022)

(ice reference enthalpy, T, = Toms = Touwr f,s)

All physics packages (I know of) ignore the surface enthalpy flux terms (this term is locally large!)
Modern ocean models (e.g. MOMG6, MPAS-0) do have explicit enthalpy flux terms ...
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E. Issues from 1st principles h NCAR

Important missing term in total energy equation

Modified CAM total energy equation incl. missing flux terms
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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).



¢ F. Issues from 1st principles h NCAR

Sach Thermodynamic inconsistency within physics ™
CAM physics conserves enthalpy (CAM’s thermodynamic potential) which under constant pressure
assumption leads to total energy conservation (in pressure coordinates). Parameterizations may
conserve another thermodynamic variable (such as moist potential temperature; e.g. CLUBB = Cloud
Layers Unified By Binormals does that) which is not consistent with the CAM physics total energy
equation. This leads to discrepancies:

(/\I\ TE imbalance /w frictional heat mean: 0.41 W/m"2
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¢ (G. Issues from 1st principles) h NCAR

- 'a o I Y I Y T T e
" Dynamical cores do not inherently conserve total energy

Dynamical cores dissipate total energy (diffusion operators etc.). At 1 degree resolution modern
dynamical cores dissipate ~0.3 - 1 W/m2. Luckily this error reduces at higher resolution (but, in my
experience, only if resolution is increased in BOTH horizontal and vertical!)

Lauritzen et al. (2022)
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2.4 Heights derived from CAM physics state (temperature and pres-
sure) consistent with MPAS height

The layer thickness Az in CAM physics is diagnosed from the hydrostatic equa-
tion (13) by integrating it over layer k

Fixed in MPAS % Zk—1/2
Az k = / dZ, Apih) = gAzppr = gAzg pfcd) mef) (18)
Zk41/2 teL
If we use non-hydrostatic (h)
pressure does NOT guarantee . Pr-172 1] d 19
consistency: - (h) Y P (19)
Privy2
p{™ = [pgcd)R(d)al(cm)/PO] e el P pfgh»_)l/2 R(d)T(v)
= / S (20)
pM gp
kt1/2 Z T diagnosed from modified potential T
1 R(d)Tlgv) (h) and non-hydrostatic mid-level p:
So|ution: (h) g Ap k The modified potential temperature in MPAS is defined as

(d)

pas) o pk olim) _ [1 ae %miwv)] ), where ¢ = }im)
A RATY
p(MPAS) - _ Dy k (see equation 2 Skamarock et al., 2012) where
k AL MPAS) g
Kk R\
0, =Ty |
Py




Some infrastructures to start tackling these issues

Building a library of thermodynamic functions and make sure that physics and dynamics call this library
for derived quantities:

public =:: get dp
public :: get pmid from dp
public :: get ps
public :: get thermal energy
public :: get virtual temp
public :: get cp
fehget epidry
:: get sum species
public :: get virtual theta
public :: get gz
:: get gz given dp Tv_Rdry
:: get Richardson number
i get Ridry
:: get kappa dry
public =:: get dp ref
public :: get molecular diff coef
public :: get molecular diff coef reference

public :: get rho_dry
public :: get exner
public :: get hydrostatic_energy




select case (vcoord)
case (vc_moist pressure,vc_dry pressure
if (.not. present(ps) .or. .not.
write{iulog, *) subname//'
call endrun(subname // '::

Some infrastruct

endif

ke _loc = 0._r8
Building a library of thermodyna Eé’;?i §::§§
for derived quantities: Ly

do i = i0,il

ke_loc(i,j) = ke_loc{i,j) + 0.5_r8*(u(i,j,k)**2 + v(i,j, k)**2)*pdel(i,]j,k)/gravit
se_loc(i,j) = se_loc(i,j) + T(i,j,k)*cp_or_cv(i,j,k) *pdel(i,j,k)/gravit
wv_loc(i,j) = wv_loc(i,j) + tracer(i,j,k,1) *pdel(i,j,k)/gravit
end do
: end do
| end do

do g = 50 51
do i = 10,1l
po_loc(i,j) = po_loc(i,j) + phis(i,j)*ps(i,j)/gravit

public get dp (wzngpo
' get_pmid from dp case (ve_height)

e 9 feisinjoiE if (.not. present¥{)) then
.. get_thermal_energy write(iulog, *) subname(/‘
get virtual temp

call endrun(subname //

endif
get cp ke loc = 0. r8
public get cp dry se_loc = 0. 18
hlic T aum o q po_loc = 0._r8
public get sum species S = e
public get virtual theta do k = 1, nlev
public get gz diﬁ ?joﬂlq
T . do i = i0,1i
public get_gz_given dp Tv_Rdry ke loc(i,j) = ke loc(i,j) + 0.5 _r8*(u(i,q,k)**2 + v(i,j,k)**2)*pdel(i,j,k)/gravit
public get Richardson number se_loc(i,j) = se_loc(i,j) + T(i,3,k)*cp or_cv(i,j,k) *pdel(i,3, k)/gravit!

pUblic get_R_dry loc( ) Lol ) (z( k) +phis ( )/ t) #*pdel ( k)
g = poilociii SN =ipoilioe: (i st zd gk Ephis (i, ) /gravi pelesl s ey
pLﬁ?l%C. ge1;_ka;n;a_fjry wv_loc(i,j) = wv_loc(i,j) + tracer (1 5k, 1) *pdel (i, j,k)/gravit
pugilc get_derefl o . cmal B
public get molecular di coe end do
end do

public get molecular diff coef

get rho dry
get exner
get hydrostatic_energy

public

(E—




A generalized implementation of thermodynamics for
species dependent air (dry air composition and
condensates) using namelist

<dry_air_ composition

<dry_air composition waccmxz="1" =) N 02 i AH

moist_air_ composition >'0

<moist_air composition p 4" ','CLDLIQ', 'CLDICE'

<moist_air composition p 5 Y, \CLDLIQ' , 'CLDICE?®

<moist_air_ composition phys="camét" Q ','CLDLIQ', 'CLDICE"', 'RAINQM" , ' SHOWQL

Namelist specification of the composition of air, i.e. one can “easily” change composition of air and
thermodynamically active water species (note: also applicable to other planets)

SE dynamical core and CAM-WACCM physics call the same module to get molecular viscosity and
thermal conductivity coefficients, generalized cp and R, pressure (incl. weight of condensates if
applicable), etc.

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



