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Overview:

1. Aside: Simpler models in the CESM2 |
(=Community Earth System Model version 2; release ~June 2017)

2. Dry-mass vertical coordinate version of NCAR CAM-SE
(incl. discussion on total energy including condensates)

3. Consistent finite-volume transport with SE dynamics (PDEs 2015)

4. Coupling to physics using a finite-volume grid
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Simpler models effort N\ NCAR
in the CESM

(started by L.Polvani and A.Clement)

Provide “out-of-the-box” support for:

Various DCMIP tests:
- several idealized baroclinic waves (Jablonowski, Ullrich and Polvani waves)

- Kessler Microphysics (kessler, 1969)
- Toy terminator chemistry (Lauritzen et al., 2015)

Held-Suarez forcing (Held and Suarez, 1994)

Moist Held-Suarez forcing (Thatcher and Jablonowski, 2016)

Aquaplanet configurations Medeiros et al., 2016; ...)
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Moist baroclinic wave with ﬁ NCAR
Kessler Micro Physics e

The cloud microphysics update according to the following equation set:

° o o ° ﬁz—iﬂ %+Er (78)
Ullrich et al. (2014) baroclinic with 3 e " (Qw) N
tracers (cloud ice, rain water, water R, o0
vapor)+Kessler (1969) physics b _ _5 4,400, &

. . where L is the latent heat of condensation, A,. is the autoconversion rate of cloud water to rain water,
P.H.Lauritzen, C.Zarzycki

C, is the collection rate of rain water, E,. is the rain water evaporation rate, and V;. is the rain water
& S.Goldhaber

terminal velocity.
CAM-FV, day 10 CAM-SE-CSLAM, day 10

mm/day Large-scale (stable) precipitation rate (liq + ice)

Large-scale (stable) precipitation rate (liq + ice)
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Overview:

2. Dry-mass vertical coordinate version of NCAR CAM-SE
(incl. discussion on total energy including condensates)

Note: NCAR CAM-SE # DOE ACME CAM-SE + CAM-HOMME!
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NCAR CAM-SE : dry-mass eta

Consider a ‘moist’ n-coordinate system: The
pressure is given by

p(n) = A(n)po + B(n)ps,

where ps is ‘moist’ surface pressure.
In a floating n-coordinate system, 1 = 0, the
continuity equation for p can be written as

0 Op o\ .| wp
ot Kf‘?n)] vy [(377) U] -
where SP(q,) is the source/sink term for pressure

(g» = specific humidity).
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where SP(q, ) is the source/sink term for pressure
(qv» = specific humidity).




NCAR CAM-SE : dry-mass eta

If one uses a dry mass vertical coordinate

p(na) = A(na)po + B(na)psd,

where psg is dry surface pressure, then the conti-
nuity equation for pressure does not have sources/sinks
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NCAR CAM-SE : dry-mass eta

The 19 -coordinate adiabatic and frictionless atmospheric primitive equations as-
suming floating Lagrangian vertical coordinates [Starr, 1945; Lin, 2004] can be written
as

ov 5 1, 1
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where p is the full density 3, p(©, p is the sum of the partial pressures p‘@ + p®) (dry
and water vapor pressure; note that cloud liquid and cloud ice do not exert a pressure), ©

is the geopotential height (© = gz, where g is the gravitational constant), k is the unit

vector normal to the surface of the sphere, { = k - VXV is vorticity, f Coriolis parameter,
and w = Dp/Dt is the pressure vertical velocity.

NCAR | National Center for Atmospheric Research

UCAR | Climate & Global Dynamics



Staniforth et al. (2006)

NCAR CAM-SE : dry-mass eta

The 19 -coordinate adiabatic and frictionless atmospheric primitive equations as-
suming floating Lagrangian vertical coordinates [Starr, 1945; Lin, 2004] can be written
as

a\_; 5 - 1—’2 1

E + ({ +f)k Xy +V,7(d) (Ev + (D) + ;Vn(d)p = 0’
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where p is the full density 3, p©

v) =0, ¢=d,v,clci,...

artial pressures p(? + p™ (dry
d ice do not exert a pressure), P

ational constant), k is the unit
vorticity, f Coriolis parameter,




Internal Energy

(similarly for total kinetic energy)

The total internal energy integrated over the entire atmosphere is given by

Lior = fffpcpT dz cos(0)rdA db

Using the hydrostatic balance this equation can be written as

I= ZI““:--Z f f f 2 (">T(ap(d))dn(d) cos(8)r dA db,

where 19 is the total internal energy of dry air, /") the total internal energy
of water vapor, etc.
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Energy

do n=1,nsplit
do r=1,rsplit

a. advance adiabatic equations of motion in floating Lagrangian
layer (Lin, 2004)

diagnostics for NCAR CAM-SE

—

b. advance hyperviscosity operators on u,v,T,dp > 2D dyn
c. add momentum diffusion back as heating
end do B
do vertical remapping of u,v,T and tracers } 1D dyn
end do : ] ]
Energy diagnostics (multi-year average values)
dE/dt of 2D dyn : 0.070 W/m?
dE/dt of frictional heating from (u,v) diffusion : 0.757 W/m?
dE/dt of T diffusion : 0.074 W/m?
dE/dt of dp diffusion : -0.003 W/m?
dE/dt of 1D dyn : -0.207 W/m?=
dE/dt dycore : -0.1367 W/m?
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Internal Energy

The total internal energy integrated over the entire atmosphere is given by

Lios = fffpcpT dz cos(@)r dA do.

Using the hydrostatic balance t}

equati

The internal energy in CAM physics is defined as

1
of water var I$AM = - ff f cpaT (1+my) (g%) dna cos()r dA do
d
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Overview:

3. Consistent finite-volume transport with SE dynamics (PDEs 2015)
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CAM-SE-CSLAM without moisture

MARCH 2017 LAURITZEN ET AL.

Monthly Weather Review

CAM-SE-CSLAM: Consistent Coupling of a Conservative Semi-Lagrangian
Finite-Volume Method with Spectral Element Dynamics
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MARK A. TAYLOR AND JAMES OVERFELT
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CAM-SE-CSLAM without moisture

MARCH 2017 LAURITZEN ET AL.
(a) Element GLL points (b) Element control volumes
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CAM-SE-CSLAM without moisture

Spectral-Element Method: CAM-SE
Mass change over CSLAM control volume A, implied by SE

4
(Bp™ - Ap") DA, = Zl[fﬁf) +FO 4 7S,

Lauritzen et al. (2017)

Finite-Volume Method: CSLAM

O O
%
1
afﬁ 0, O
\*/

CSLAM discretization is given by

(5 - &5 )AAk—Z[]-“éS)LAM Zskef Ap" dA.

e=1
Harris et al. (2011), Lauritzen et al. (2010)
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CAM-SE-CSLAM without moisture

Spectral-Element Method: CAM-SE
Mass change over CSLAM control volume A, implied by SE

4
(Apn+1 —Apn) AA, = Z []:,g_e) +];-ée) +];-ée):|,

e=1
(Lauritzen et al., 2016; in prep).

Fir For each face € in cell ax, find a swept area a,(f) so that

sphere without cracks or overlaps |

(€) (€) (€) (€)
Festam =Fp  +Fg  +Fp
Lagrangian consistency constraint. The upstream areas must span the

l | | [ | I l | |

CSLAM discretization is given by

(E?n+1 - E;?n) AAg = Z [‘7:((_%)LAM] §4I —T\+

€=1 €=
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CAM-SE-CSLAM without moisture

Marct 2017 (b) Local iteration problem 833

|

CAM-SE-C -Lagrangian
Fi cs
Departm alifornia

Y

In principle, the consistent CSLAM algorithm can be used with any fluxes
that obey the Lipschitz criterion ... and no search algorithm needed
anymore!

CAR | Climate & Global Dynamics



CAM-SE CAM-SE-CSLAM CAM-SE reference

CAM-SE ne30, day=0, level=20 CAM-SE-CSLAM ne30nc3, day=0, level=20 CAM-SE ne120, day=0, level=20

concentration kgkg concentration kgkg concentration kalkg
N 90N SN

CAM-SE ne30, day=15, level=20 CAM-SE-CSLAM ne30nc3, day=15, level=20 CAM-SE ne120, day=15, level=20

concentration kglkg concentration kglkg goncentration kgkg

CAM-SE ne30, day=17, level=20 CAM-SE-CSLAM ne30nc3, day=17, level=20 CAM-SE ne120, day=17, level=20
concentration kolkg concentration kglkg concentration kgkg
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Throughput

(a) Tracer transport, 1 degree (NE30NP4), 256 tasks

60 I T T
—4— CAM-SE (CESM1 release) total : :
50 |- —>¢— CSLAM: total R
—— CSLAM: boundary exchange ' :

CSLAM: iterate swept areas : :
40 CSLAM: compute high-order weights

—&— CSLAM: reconstruction

Time in seconds for 1 day simulation

Number of tracers
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Overview:

4. Coupling to physics using a finite-volume grid
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CAM-SE-CSLAM with moisture
“This is where the fun begins!” - Staniforth et al. (2006)
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Mapping u,v, T, omega from dynamics grid
(GLL) to finite-volume (CSLAM) grid

Temperature: Integrate basis function representation of dp*T over physics grid
control volumes (high-order remapping; conserves dry internal energy)

(u,v): Evaluate basis function representation of
08 [ contra-variant velocity components at physics
2 control volume centers (high-order interpolation)
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0.6 |- i
0.5 |- /.\ i
0.4 L // \.’/ —
036 ® ! ® ® ® | ® 4 ® | ®

1 1.5 2 2.5 3 3.5 4

NCAR | National Center for Atmospheric Research

UCAR | Climate & Global Dynamics



RRENT OF ¢
& ¢ I?/,A ° N
) SciDAC \
2\ & Scientific Discovery through
/,\7‘” 5 Advanced Computing

Mapping u,v, T, omega from dynamics grid
(GLL) to finite-volume (CSLAM) grid

.\ Note that physics grid averages/moves fields

0.6 |-

0.5

04 |-

osgoogoogoo\

NCAR | Natior

| Center f \tmospheric Researct
UCAR | Climate & Global Dynamics




CAM-SE with “rougher” topography

Held-Suarez fOfClng with real-world topography (6 months spin-up; 2 years and 9 months average )
Note: dry test so no moist physics feedbacks

bnd_topo —/home/pel/run_scripts/topo/ne30np4_nc3000_Nsw042_Nrs008_Co060_Fi0O01_ZR_test_vX_111416.nc

-01 -0.05




CAM-SE-CSLAM

Held-Suarez forCing with real-world topography (6 months spin-up; 2 years and 9 months average )
Note: dry test so no moist physics feedbacks

bnd_topo —/home/pel/run_scripts/topo/ne30np4_nc3000_Nsw042_Nrs008_Co060_Fi001_ZR_test_vX_111416.nc

CAM-FV topography (rougher than what SE uses)

-025  -02 -0.15 -01 -005 0 01 015 02
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CAM-SE-CSLAM configuration

No mapping of
tracers needed

)
=
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CAM-SE-CSLAM configuration

“Tendencies from
physics
parameterizations
are low order

anyway so I can just
use low order .

Mapping tendencies not state!




Temperature tendency: FT

| | | __ . I |

—4e-05  -2e-05 0 2e-05 4e-05 Ge-05  8e-05 0.0001
(7Z)1dvars (13)2d vars (26)3d vars

Dim: Name: Min: Current: Max: Units:

Scan: time 76.1 1-Apr-1989 0¢ 76.1 days since 1€

lev 3.64347 912.645 992.556 hPa
® 0 |X| interp_dir/cslam-cam5-ape.ave.nc.bilinear_to_nlon360xnlat180.nc




PRECT

(TOTAL PRECIPITATION RATE)
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CAM4 SE-CSLAM-physgrid: linear interpolation phys to dyn: 5 month average
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Temperature tendency: FT

B B B B
de-05 Be-05

oe-05 0.0001

CAM-SE-CSLAM with cubic tensor product interpolation from phys to dyn:
18 month average
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PRECT *

(TOTAL PRECIPITATION RATE)

CAM-SE- CSLAM w:th cublc tensor product mterpolatlon from phys to dyn:
18 month average
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Multiscale Modeling Framework (MMF)

“Cloud Resolving Convective Parameterization” or “Superparameterization”

Approach trying to improve the representation of cloud processes
by using the simulated statistics of 2D CRM.

Grabowski & Smolarkiewicz (1999), Khairoutdinov & Randall (2001), and many others.

/

Many studies have shown the ability of
the MMF to simulate various atmospheric
events with a wide range of time scales.

But, there are inherent limits:

- Confinement of CRMs with cyclic boundary conditions
- Use of 2D CRMs
- Need to choose a particular direction for the 2D CRMs



Quasi-3D Multiscale Modeling Framework
Q3D MMF

MMF

In Q3D MMF

ZZ GCM grid cell
o GCM grid point
« CRM grid point
CRM ghost point

® CRMs are seamlessly connected

@ Two perpendicular sets of CRMs

are used

¢ Each CRM is three-dimensional,
(although it is applied to a narrow

channel-like domain)







