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Setting the stage: NCAR’s CESM
(Community Earth System Model)
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Climate model setup: dynamics, physics,
physics-dynamics coupling

Dynamical core module

i s 1 1
ou +(+ flkxu+V (5112 +<I>) + ;Vp = Vi,

ot
8—T+ﬁ-VT—iw:yv4T,,
ot cpp

2 (d Opa i
o () v (o) =7 ()
ot \ On on
Approximates the solution to the
adiabatic equations of motion (“resolved”

scales):

* Momentum (u,v)
* Thermodynamic equation (T)
+ Continuity equation for air (p)
* Continuity equation for
- forms of water (water vapor,
cloud liquid, cloud ice, rain, ...)
- quantities needed to represent aerosols
- chemical species

9 (%mi> LV, (%mig) — oV (mi), i=w,d,ci,...

Physics-dynamics
coupling layer

Climate/weather models
usually use low-order
coupling (Euler forward
time-stepping)

B NCAR

Physics (parameterization) module

Roughly speaking, processes that can
not be resolved on model grid
(hence physics is also referred to as
sub-grid-scale processes):

Radiation

Boundary layer turbulence
Sub-grid-scale orographic drag
Shallow and deep convection
Microphysics

Aerosol processes

Vertical mixing




Climate model setup: dynamics, physics,
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Approximates the solution to the d/
adiabatic equations of motion (“resolve

scales): Topic of this talk:

Rethinking physics-
dynamics coupling with
high-order element-based
Galerkin method

* Momentum (u,v)

* Thermodynamic equation (T)
+ Continuity equation for air (p)
* Continuity equation for

- forms of water (water vapor, Part I: why?
cloud liquid, cloud ice, rain, ...) i :

" Part II: a solution
- quantities needed to represent aerosd\
- chemical species
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Physics (parameterization) module

Low photolysisrates

Roughly speaking, processes that can

not be resolved on model grid
ence physics is also referred to as
b-grid-scale processes):

diation

oundary layer turbulence
b-grid-scale orographic drag
allow and deep convection
icrophysics

erosol processes

ertical mixing
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The spectral-element method: B NCAR
discretization grid

Panel e Element
T
Gauss-Lobatto-
Legendre
_nm/"
Computational Domain GLL Quadrature Grid

For any arbitrary variable f (e.g., T, u, v, p, ...) one can approximate f as
a function of a tensor product of 1D basis functions on the 2D GLL grid:

f(x,y)= Z fi jhi(xi)hi (y;),

where f; ; is grid point values of f.




The spectral-element method: h NCAR
advancing solution
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Continuity equation for Ap:
@ Projection step

0A . *
(o 202) = (e, Bpi) + (i 79*85p). Ap"*t = DSS (Ap*)
o where DSS refers to Direct Stiffness Summation (also referred to as
where (hy-) is inner product assembly or inverse mass matrix step).

@ Choice of GLL quadrature based inner product and nodal basis

hi,f)=> wjihe(xi,y;)f(xi,y;) ~ || hef dA. _
i ) %: i, 1) F (5, 35) jj “ functions gives a diagonal mass matrix (Maday and Patera, 1987).
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The spectral-element method: S NCAR

Advantages of the spectral-element method:

* Halo is small (MPI message sizes are small)
» Easily adaptable for variable-resolution meshes
 Discretization is mimetic
(conserves mass and energy)
* High-order accuracy for smooth problems

“Disadvantages”:

* Need to rethink physics-dynamics coupling

L |




B NCAR

The physics dynamics coupling paradigm ™ X000

Assumptions inherent to the physical parameterizations require the state
passed by the dynamical core represent a ‘large-scale state’, for example,
in quasi-equilibrium-type convection schemes (Arakawa and Schubert 1974)




B NCAR

The physics dynamics coupling paradigm

Finite-volume methods : dynamical core state = average state over a control volume
Finite-difference methods : point value representative for dynamical core state - in the vicinity of point value
one can usually associate a volume with the grid-point that is representative of state.

For the regular latitude-longitude, cubed-sphere and icosahedral grids the distance between the grid-points is
gradually varying for finite-volume/finite-difference discretizations!




The physics dynamics coupling paradigm i NCAR
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* A unique aspect of the GLL quadrature rules is that the nodes within an element are
located at the roots of the basis functions, which may be irregularly spaced

* Resolved scales of motion are NOT determined by the distance between GLL nodes,
but rather the degree of the polynomial basis in each element.

« The nodes may be viewed as irregularly spaced samples of an underlying spectrally
truncated state.
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If we apply the conventional physics-dynamics coupling
paradigm to higher-order Galerkin methods ...
then state passed to physics is the state at the quadrature
node values
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If we apply convention the conventional physics- h NCAR
dynamics coupling paradigm to higher-order Galerkin
methods ...

1.0

0.8

state

0.6

—p @

0.4

0.2

x-direction

The physics forms a cloud on a boundary node




If we apply convention the conventional physics- h NCAR
dynamics coupling paradigm to higher-order Galerkin
methods ...
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If we apply convention the conventional physics- h NCAR
dynamics coupling paradigm to higher-order Galerkin

methods ...
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Lets say the cloud instead forms at an interior node...




If we apply convention the conventional physics- h NCAR
dynamics coupling paradigm to higher-order Galerkin

methods ...
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If we apply convention the conventional physics- h NCAR
dynamics coupling paradigm to higher-order Galerkin

methods ...
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The irregular physical distance between nodes seems to have less
bearing on the solution, compared with whether one is, or is not, on an

element boundary
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For an Aqua-planet simulation the climatology h NCAR

(of any variable) should be zonal:

.. so the climatology at any quadrature node should be the same!

T 1 | I B L E
o -
o] © ®
° -
o] o | o ]
-I L L I R |ﬁ
0.0 -0.5 -1.0 -1.5 -2.0 -

o (Pa/s)

Multi-year average of precipitation rate

- el -




Probability (fraction)

—_
o
A

10° F
10° F
107 F

10¢ Lo 100
-0.5

For an Aqua-planet simulation the climatology h NCAR

(of any variable) should be zonal:
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For an Aqua-planet simulation the climatology h NCAR
(of any variable) should be zonal:

... so the climatology at any quadrature node should be the same!

N TR RPN RPN PSSV PRI SRR RN RPN I SR RPREN SN BRI R B B
- 6ON
%~

30N

308

60S

QOS T T l T T l L} T I T T l T T l T T l T T ‘ll T I T T l T T l L} T I T T gos I T Ll l T T l T T I T T ' T T l T T I T T l T
0 30E 60E 90E 120E 150E 180 150W 120W 90W 60W  30W 0 0 30E 60E 90E 120E 150E 180 150W 120W 90W 60W  30W 0

Figure: (left) Mean and (right) variance of low level temperature tendency (using CAM4 physics)
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That said, the zonal means look very similar ...

1O!III I I I I I I I I I N

- e Ne30np4 CAM4 physics -
- e Ne30pQ3 -

Precipitation Rate (mm/day)




Held-Suarez simulation with real-world topography
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Figure: Mean OMEGA for CAM-SE at two model levels in the middle troposphere, in a Held-Suarez configuration outfitted
with real world topography. The data are contoured according to a ‘cell fill’ approach.
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-> using the conventional physics-dynamics
coupling paradigm leads to spurious
dependencies on location within element

Solution: Quasi-equal area physics grid
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Introducing an ~equal area physics grid

np =4 pg =3
o o o ®
® o o ®
® o o o
® o o o

Herrington et al. (MWR, revised)



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

1. conservation of scalar quantities such as mass (and dry thermal
energy),

2. for tracers; shape-preservation (monotonicity), i.e. the mapping
method must not introduce new extrema in the interpolated field,

in particular, negatives,
3. consistency, i.e. the mapping preserves a constant,

4. linear correlation preservation.

Other properties that may be important, but not pursued here, includes total
energy conservation and axial angular momentum.

Herrington et al. (MWR, revised)



Mapping u,v, T and tracer tendencies from finite-volume grid
to dynamics grid (GLL)

1. for tracers; mass tendency is conserved,

2. for tracers; in each tracer grid cell the mass tendency from physics must not
exceed tracer mass available in tracer grid cell (i.e. physics tendency will not
drive tracer mixing ratio negative on the GLL grid),

3. linear correlation preservation (at least for tracers),
4. consistency, i.e. the mapping preserves a constant tendency.

Other properties that may be important, but not pursued here, includes total
energy conservation (incl. components of total energy) and axial angular
momentum conservation.

Herrington et al. (MWR, revised)



@; To my knowledge there is no reversible map using the SE
Lagrange basis
(let alone shape-preserving and mass conservative)

Herrington et al. (MWR, revising)
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,@ To my knowledge there is no reversible map using the SE
Lagrange basis
(let alone shape-preserving and mass conservative)

R 09 - 1 Integrate SE basis functions
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\ \ volumes (lower right plot):
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@ To my knowledge there is no reversible map using the SE
Lagrange basis
(let alone shape-preserving and mass conservative)

Cubic tensor-product interpolation in
central angle coordinates

(high-order interpolation was found to be
important!)

* Preserves a constant
* Not scalar mass conserving

Reference y-coordinate

Herrington et al. (MWR, revised)



Conservative Semi-Lagrangian Multi-tracer

transport scheme
(Lauritzen et al., 2010, 2016)

CSLAM

To achieve scalar mass-conservation in physics-
dynamics coupling use CSLAM for transport:
conservation, consistency & shape-preservation
in tracer physics-dynamics coupling

Consistent coupling of CSLAM with the SE method is described

in detail in Lauritzen et al. (2016)
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CAM4 Aqua-planet simulation

Results - CAM4 Aqua-planets BNCAR

CAM-SE CAM-SE-CSLAM
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State the physics ‘see’ is now independent of location within element!



CAM-SE-CSLAM

Results - CAM4 Aqua-planets BNCAR
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Held-Suarez simulation with real-worid topography
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Figure: Mean OMEGA for CAM-SE (left), CAM-SE-CSLAM but on GLL grid and CAM-SE-CSLAM grid.
The data are contoured according to a ‘cell fill” approach.
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Held-Suarez simulation with real-world topography
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Figure: Mean OMEGA for CAM-SE (left), CAM-SE-CSLAM but on GLL grid and CAM-SE-CSLAM grid.
The data are contoured according to a ‘cell fill” approach. Herrington et al. (MWR, revising)
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Results - CAM6 AMIP simulations B NCAR

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

Vertical velocity at 500 mbar pressure surface Vertical velocity at 500 mbar pressure surface
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Figure: Multi-year mean vertical pressure velocity in ‘real-world’ (AMIP) simulation.
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Results - CAM6 AMIP simulations ‘NCAR

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

Absolute surface pressure tendency Pa/s Absolute surface pressure tendenc Pa/s
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Figure: Multi-year mean absolute surface pressure tendency.
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CAM-SE, C60 topo, ANN PRECT, 16.5yrs ave

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

60N

30N

30S

60S

AMIP simulation

- = =
| T T | T T | 'I_I_l_l' T | T T | T T | T T | T T | T T | T T | T T | T T |
180 150W  120W  90W 60W 30W 0 30E 60E 90E 120E 150E 180

6205 1 2 3 4 5 6 7 8 9 10 12 14 17

CAMBG release physics



NATIONAL CENTER FOR ATMOSPHERIC RESEARCH

CAM-SE-CSLAM, C60 topo, ANN PRECT, 16.5yrs ave

Large-scale (stable) precipitation rate (liq + ice) mm/day
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CAM-SE-CSLAM: varying physics grid resolution
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pel@ucar.edu
http://www.cgd.ucar.edu/cms/pel/index.html
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