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Finite-volume cubed-sphere (FV3) dynamical core update

e Released with CESM2.2; in the process of updating FVV3 dynamical core from GFDL

e Working with Lukas Harris and Christiane Jablonowski (NOAA funded effort evaluating CAM-FV3)
on “final” configuration for the CESM dynamical core evaluation effort

Impact of the FV3 Divergence Damping on the Circulation Slide courtesy of C. Jablonowski
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Spectral-element (SE) dynamical core updates

e Switched to FV3 vertical remapping algorithm in SE (improved QBO simulation!)

p=0.4

| WACCM-SE-CSLAM |
W Y 0y

1 \”'* V\‘“% xm “ n“ s!

10

30
50
100
200
300

500
800

Pressure (hPa)

[

FETT TR

e
3B £
SRS
2859
21 O 3
O 0
14 T QO
o
7

1989 1992

1995 1998

Having several
dynamical cores in
SIMA and gaining
experience with them
has significant
synergetic effects!
(e.g., assess structural
uncertainty, algorithm
research etc.)

Pressure (hPa) 3

2001

2004

2007

100
200

800

" . WACCM-FV
\ ‘FﬁWV'\M'A(| ‘  W &3v\ ‘ﬂ“
0 ‘ ¢
‘; (VVRERAR I \“\p“”’\'v;“ ‘vv‘ﬁgt!“"w!\v%;'
| V) y \ 7 ik L IVEEAVR) (18 J‘\&\
N\ g (O “i ,/A\As\,ﬁ

TR

WU
iy
Hlp\\ﬁ

TR
Wi
v ‘»“l‘ Y

V)

FV.,nlev70

Vi
)

1|

—_

WACCM-SE-CSLAM

1989

1992

1989

1992

1995 1998

2001

2004

2007

— 1 T 1
1995

1998 2001 2004 2007

7onal wind speed [m/s]

Height (km)

Less diffusive vertical
remapping significantly
improves QBO; that
said, slightly higher
vertical resolution
needed in both models
for “good” QBO ...

Height (km)



Spectral-element (SE) dynamical core updates

e Changes to pressure-gradient force discretization and hyperviscosity

Modified Pressure Gradient Term Approximate Laplacian on pressure surfaces
Using this identity: cpgvn e va =) Motivated by approximation used in CAM-EUL (global spectral model)
% 4. =vAA 0 Laplacian on model surfaces: A
ot = Laplacian on pressure surfaces: A,
The pressure gradient term in the momentum equation can then be written: 00

0, VII+Vé =cp (0, —0) VII+ V (¢ — o)

Limit the p coefficient: preserve behavior for small values, gradually
thresholding at alpha:

In the continuum, the two formulations are identical. But under discretization, the 80/0p
second formulation can have much less truncation error. Apf ~ Af —

1+ 96/9p] /"

T AE—

Slides courtesy of M. Taylor (SNL, DOE); note CAM-SE uses T and not theta!

e WACCM-x: Species dependent thermodynamics, “horizontal” thermal conductivity and molecular
viscosity operators in the dynamical core + sponge layer modifications.



1 year average, AMIP-like (F2000CLIMO): (left) CESMZ2.2 version of SE, (right) CESM2.2 + topo mods
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Spectral-element (SE) dynamical core updates

e Changes to pressure-gradient force discretization and hyperviscosity

Modified Pressure Gradient Term Approximate Laplacian on pressure surfaces
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e WACCM-x: Species dependent thermodynamics, “horizontal” thermal conductivity and molecular
viscosity operators in the dynamical core + sponge layer modifications.



A generalized implementation of thermodynamics for

species dependent air (dry air composition and
condensates) in CAM-WACCM

<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)
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Model for Prediction Across Scales dynamical core (MPAS):
Consistent coupling with the CAM physics package

d

=3 14 - 4
mavapk 7m( %T,U,Ap,

24 MEAS proguosaervanablcs 2.1 CAM physics state variables
MPAS prognostic variables are (omitting horizontal index):

Not including state variables in specific parameterization, the CAM physics prog-

. 9,(;"): layer mean modified potential temperature . K L A . .
nostic state variables are (omitting horizontal index):

p,ﬁ,’”: mid-level dry density

Zr41/2: interface height; layer thickness is Azi = zp_1/2 — 2r41/2
mff): layer mean dry mixing ratio of constituent ¢ . Tk': mid-level temperature
velocity components at mid-level

e Apy: pressure level thickness

where k is level index. It is furthermore assumed that the mid-level is located at (2). ifi . o zo . f . /
1 * @, ': layer mean speci ¢/moist mixing ratio of constituent

: = = (2k41/9 s 2 1 . s
= 5 (enge +21ya) @ « velocity components at mid-level

The modified potential temperature in MPAS is defined as
R(@ - where k is level index.
2

(m) _ 1 (wv) : _
0" = [1 + Pyl ] 0y, where e = T

(Skamarock et al., 2012, see equation 2) where

6 = T (f‘f) 3)
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Constraints: \/l

e Mass conservation (straight forward assuming hydrostatic balance)

Apy = gAzgpr = gAkak 2 Z m(@
el

zation, the CAM physics prog-

stituent ¢
L={d/wv cddice cldliq') rain’,' snow'}

App = gAzkp( ) (1 + (wv)) . (CAM physics)

O, T, py” ,mO — T, 7, Ap, q(¥
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Constraints:

e Energy conservation: as a first step assume MPAS hydrostatic for energy purposes, assume heat
capacity of water vapor is that of dry air:

. (d) @ Total energy CAM physics (not incl.
/// (1\ +e;°T + <I>S) dA ;

latent heat terms)

- d . _ Total energy MPAS (not incl. latent heat
// (1\ I CE, )T . 3 _(jz,) /)dA dz terms) assuming MPAS hydrostatic

O, T, 2, mO — T, 7, Ap, ¢

Note: pressure diagnostic in MPAS (constant volume model); model top pressure not constant as in CAM physics

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



Half-level pressures are straight-forward to compute using MPAS prognostic state (assuming hydrostatic balance)

Api = gAzipr = gAzkpy” >, my
lel
but full level pressure needs to be computed carefully for consistency. For example, choosing

_ 1
Pk = 5 (pk+1/2 - pk—1/2>
is NOT consistent with MPAS where mid-level is defined by

1

* =5 (Zk:+1/2 = Zk—1/2)

Instead we use the equation of state to compute full-level pressure (and Exner pressure/function)

R(ll)/(_;)(l)
T, = p—‘} .
2 : (1-k) {Po
< : > = GIEvL)pk,R(‘I)
Pk N P(;L

(LT
=> height computed from CAM physics state (diagnostic) is consistent with MPAS height (fixed)

1 R(d)T(l’) 1 1 1 R(d)T()“)
Az = ( — Y —E _Ap,. 2 =2 6+ =Az; = 2z, o+ —( — M I, 778
k < pk> g Pk k k+1/2 9 k k+1/2 2 \ pr p Pk

R
[ /)(A-d) R(”)f);_’”) /po]
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Temporal evolution of total energy

3.0.0.1 CAM enerqgy equation The total energy equation used in CAM physics
(omitting surface fluxes and latent heat terms associated with phase transformations)

is given by . 2 .
9 (d) a _ T o
(%///(K—l—cp T+<I>s)dA ; ///{QHJ F] ZE (30)

(Kasahara, 1974) where (@ is the heating rate per unit mass per unit time and F is the
frictional force per unit mass. This energy equation assumes that the model top pres-
sure is constant in time and that all water species use the same heat capacity cg) = cl()d).

3.0.0.2 MPAS energy equation Assuming hydrostatic balance, constant z model

top and c;(f) = céd), MPAS conserves

%/// (K+C£d)T+gZ) pdAdz = /// [Q+U-ﬁ] dA pdz (32)

(Kasahara, 1974) in the absence of surface fluxes and latent heat terms associated with
phase transformations.

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



do nt=1,ntotal

Transformation from MPAS state to CAM physics state: We have made sure that mass is conserved and that z derived from hydrostatic

integral in CAM physics using physics state exactly equals z from MPAS. Energies in MPAS and CAM physics match exactly
before/after d_p_coupling

call d_p_coupling !
PARAMETERIZATIONS :

output '‘pBF’: State passed to parameterizations, before energy fixer
call check_energy fix |

output '‘pBP": State after energy fixer, before parameterizations

call all physics packages sequentially

call save state for energy fixer

output 'pAP’: state after last physics update in parameterizations

call dme_adjust

output ‘pAM’: state after dry mass correction (only diagnostic for MPAS

call p_d_coupling
Update tracers with physics increment before dynamics starts integration

SOME DIAGNOSTICS USING MPAS ENERGY FORMULATION:

output 'dBF’: State before physics tendencies are added to dynamical core state
t 'dAP": Upd:

a
dAM'": Update dAP state with water vapor changes

e with heating increment

output

DYNAMICAL CORE:

do dycore_step = 1, dycore_steps_per_physics_step (=2 default)

do dynamics_split=1, dynamics_split_steps (=3 default)
do rk3_step = 1, 2, 3

do acoustic_step = 1,num_acoustic_steps
[default is (rk3_step, num_acoustic_steps) = (1,1), (2,1), (3,2)]
RHS D
end do
end do
end do
do rk3_tracers_step =1, 2, 3
end do

end do (dycore_steps_per_physics_step)

call wshist !write all history (physics, dynamics) from cam_rund
!time stamp increment

end do

Total energy fixer in CAM

2.5. A Few Observations Regarding the Energy Budget Terms
It is useful to note that the energy fixer “fixes” energy errors for the dynamical core, pressure work error,
PDC, and TE discrepancy

—OER = BP0 + OB 4GB0 4 R, (23)

If the energy fixer uses a total energy formula
different than the dynamical core’s energy formula
then the energy fixer is not fixing what it is supposed
to fix which is

- “Actual’ energy dissipation in dynamical core

- “Actual’ energy errors in physics dynamics
coupling

- Moisture adjustment as “seen” by dycore

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



do nt=1,ntotal Level o conSistency:

call write_dynvar 'outfld calls for writing dycore variables (on dycore grid)
'to history file; actual file write at end of loop

i i aging il . Energy fixer that fixes dynamical core, physics-dynamics
R EEDMCIEATIIN; coupling and water adjustment energy errors, should use
ey v e a total energy formula consistent with z-vertical

output '‘pBP": State after energy fixer, before parameterizations . . . .

call all physice packages sequentially coordinate, i.e. energy fixer should be using

ca save state for energy ixer

.cu;tl;lm;;en.-\aldj;:s‘;ulu»!u! last physics update in parameterizations —

output ‘pAM’: state after dry mass correction (only diagnostic for MPAS)

call p_d_coupling l’:‘ | (d) l | dA d
Update tracers with physics increment before dynamics starts integration at /] Cv gz p Z

SOME DIAGNOSTICS USING MPAS ENERGY FORMULATION:

output 'dBF": State before physics tendencies are added to dynamical core state
output ‘'dAP’: Update state with heating increment
output 'dAM": Update dAP state with water vapor changes CAM phySiCS parameterizations Satisfy

DYNAMICAL CORE:
do dycore_step = 1, dycore_steps_per_physics_step (=2 default) 8 l( + C(d)T + @ dA p
S
do dynamics_split=1, dynamics_split_steps (=3 default) at p g
do rk3_step = 1, 2, 3

do acoustic_step = 1,num_acoustic_steps
[default is (rk3_step, num_acoustic_steps) = (1,1), (2,1), (3,2)]

‘ RHS of PDI Temperature increments in CAM physics are for constant
djﬂd pressure and are converted to heating increments under
oot drmserncriop s B constant volume so that energy increments in the two

= ; coordinate systems are the same:

end do (d)
Co
end do (dycore_steps_per_physics_step) A’lj — Acl“'
klp = klv
call wshist !write all history (physics, dynamics) from cam_rund c(d)
!time stamp increment 14

end. do National Center for Atmospheric ReseaM a major facility sponsored by the NSF under Cooperative Agreement No. 1852977



Water adjustment energy tendency (dme_adjust)

Moisture adjustment (dmeadj); cp mean: 0.34 W/m"2 Moisture adjustment (dmeadj); cv mean: -0.41 W/m~2
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Water adjustment energy tendency (dme_adjust)

Moisture adjustment (dmeadj); cv-cp mean: -0.75 W/m?2
e 4. .. . .. . ... 0. .. .0 .0 .0 .1

90N
Moisture adjustment (dmead))
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Still inconsistencies:

1. Static energy potential:

%pdel , state%rpdel ,

S =gz +dp*cp*T+gz

We made our heating increments consistent (equivalent to using dp*cv*T in static
energy) but z varies in CAM physics (updated after each physics call so the

parameterization”see” height changing whereas the MPAS vertical coordinate, height,
stays fixed)

2. Related: Top boundary condition in CAM assumes constant pressure (with MPAS
pressure at model top varies but not height)

3. Assuming hydrostatic total energy formula (i.e. vertical velocity term missing)
4. Energy formula does not incl. condensates (inconsistency with SE and FV3 as well)

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



NCAR

NATIONAL CENTER FOR ATMOSPHERIC RESEARCH

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



