
Atmosphere Modeling II: Dynamics
the CAM (Community Atmosphere Model) FV (Finite Volume) and SE (Spectral element) dynamical cores

Peter Hjort Lauritzen

Atmospheric Modeling & Predictability Section (AMP)
Climate and Global Dynamics Laboratory (CGD)

National Center for Atmospheric Research (NCAR)

Quasi-uniform global spherical grids considered for next generation models

reg. lat-lon cubed-sphere Voronoi Yin-Yang

quasi-uniform grids (no polar filters needed) + local numerical method
) no global communication
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Figure 5: Performance of the CESM atmosphere component model on Intrepid (IBM BG/P)
when using the CAM-SE, FV or EUL dynamical core, showing the simulated-years-per-day
as a function of the number of processing cores. Atmosphere component times taken from a
CESM time-slice simulation, coupling the atmosphere (at 0.25� or T341 resolution), the land
model (0.25� resolution), and the sea ice and data ocean model (0.1�). The solid black line
shows perfect parallel scalability. When using CAM-SE, the CESM achieves near perfect
scalability down to one element per processor, running at 12.2 SYPD on 86,400 cores.

Performance in through-put for di↵erent dynamical
cores in NCAR’s global atmospheric climate model:
horizontal resolution: approximately 25km⇥25km grid boxes

EUL = spectral transform (lat-lon grid)

FV = finite-volume (reg. lat-lon grid)

SE = spectral element (cubed-sphere grid)
Computer = Intrepid (IBM Blue Gene/P Solution) at Argonne National Laboratory
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1 Atmosphere intro
Multi-scale nature of atmosphere dynamics
Resolved and un-resolved scales
‘Define’ dynamical core and parameterizations

2 CAM-FV dynamical core (current ‘work horse’ dynamical core)
Horizontal and vertical grid
Equations of motion
The Lin and Rood (1996) advection scheme
Finite-volume discretization of the equations of motion
The ‘CD’ grid approach
Vertical remapping
Tracers

3 Other dynamical core options in CAM
CAM-EUL (Eulerian): Based on spherical harmonic functions
CAM-SE (Spectral-Elements): Default dynamical core in CAM for high (hydrostatic)
horizontal resolution applications
CAM-MPAS (Model for Prediction Across Scales): non-hydrostatic (development version)
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Domain

Source: NASA Earth Observatory
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Horizontal computational space

Red lines: regular latitude-longitude grid

Grid-cell size defines the smallest scale that can be resolved ( 6= effective resolution!)

Many important processes taking place sub-grid-scale that must be parameterized

Loosely speaking, the parameterizations compute grid-cell average tendencies due to
sub-grid-scale processes in terms of the (resolved scale) atmospheric state

In modeling jargon parameterizations are also referred to as physics
(what is unphysical about resolved scale dynamics?)
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Effective resolution: smallest scale ( highest wave-number k = keff ) that
model can accurately represent

keff can be assessed analytically for linearized equations (Von Neumann analysis)

In a full model one can assess keff using total kinetic energy spectra (TKE) of, e.g.,
horizontal wind ~v (see Figure below)

Effective resolution is typically 4-10 grid-lengths depending on numerical method!
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Figure from Skamarock (2011): (left) Schematic depicting the possible behavior of spectral tails derived from model forecasts. (right) TKE (solid lines) as a

function of spherical wavenumber for the CCSM finite-volume dynamical core derived from aquaplanet simulations. The total KE is broken into divergent

and rotational components (dashed lines) and the solid black lines shows the k−3 slope.
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Multi-scale nature of atmosphere dynamics (from Thuburn 2011)

mm scale

Seasonal

Biweekly

Monthly

Hourly

Minutes

Seconds

Earth’s radius
few thousand km

tens of km
few hundred m

Figure indicates schematically the time scales and horizontal

spatial scales of a range of atmospheric phenomena (Figure from

Thuburn 2011).

O(104km): large scale circulations (Asian summer monsoon).

O(104km): undulations in the jet stream and pressure patterns associated with the largest
scale Rossby waves (called planetary waves)

O(103km): cyclones and anticyclones

O(10km): the transition zones between relatively warm and cool air masses can collapse in
scale to form fronts with widths of a few tens of km

O(103km− 100m): convection can be organized on a huge range of different scales (tropical
intraseasonal oscillations; supercell complexes and squall lines; individual small cumulus
clouds formed from turbulent boundary layer eddies)

O(10m − 1mm): turbulent eddies in boundary layer (lowest few hundred m’s of the atmosphere, where the dynamics

is dominated by turbulent transports); range in scale from few hundred m’s (the boundary layer depth) down to mm
scale at which molecular diffusion becomes significant.
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All of the phenomena along the dashed line are
important for weather and climate, and so need to be
represented in numerical models.

Important phenomena occur at all scales - there is no
significant spectral gap! Moreover, there are strong
interactions between the phenomena at different scales,
and these interactions need to be represented.

The lack of any spectral gap makes the modeling of
weather/climate very challenging

The emphasis in this lecture is how we model resolved
dynamics; however, it should be borne in mind that
equally important is how we represent unresolved
processes, and the interactions between resolved and
unresolved processes.

O(104km): large scale circulations (Asian summer monsoon).
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1◦ − 2◦ resolution)
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as the resolution is increased some ‘large-scale’
parameterizations may no longer be necessary (e.g., large
scale convection) and we might need to redesign some
parameterizations that were developed for horizontal
resolutions of hundreds of km’s
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Model code

Parameterization suite

Moist processes: deep convection, shallow convection, large-scale condensation

Radiation and Clouds: cloud microphysics, precipitation processes, radiation

Turbulent mixing: planetary boundary layer parameterization, vertical diffusion, gravity wave
drag

Strategies for coupling:
process-split: dynamical core & parameterization suite are based
on the same state and their tendencies are added to produce the
updated state (used in CAM-EUL)

time-split: dynamic core & parameterization suite are calculated
sequentially, each based on the state produced by the other (used

in CAM-FV; the order matters!).

different coupling approaches discussed in the context of CCM3
in Williamson (2002)

simulations are very dependent on coupling time-step (e.g.
Williamson and Olson, 2003)

‘Resolved’ dynamics

‘Roughly speaking, the dynamical core solves the governing fluid and thermodynamic equations on
resolved scales, while the parameterizations represent sub-grid-scale processes and other processes
not included in the dynamical core such as radiative transfer.’ - Thuburn (2008)
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Spherical (horizontal) discretization grid

CAM-FV uses regular latitude-longitude grid:

horizontal position: (λ, θ), where λ longitude and θ latitude.

horizontal resolution specified in configure as:

hgrid ∆λ×∆θ

where, e.g., ∆λ×∆θ = 1.9× 2.5 corresponding to nlon=144, nlat=96.
Changing resolution requires a ‘re-compile’ .
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Vertical coordinate: hybrid sigma (σ = p/ps)-pressure (p) coordinate

k=1/2

k=1

k=2

k=K

k=K-1
k=K-1/2

k=K-3/2

k=K+1/2

k=1+/2

Figure courtesy of David Hall (CU Boulder).

Sigma layers at the bottom (following terrain) with isobaric (pressure) layers aloft.

Pressure at model level interfaces

pk+1/2 = Ak+1/2 p0 + Bk+1/2 ps ,

where ps is surface pressure, p0 is the model top pressure, and Ak+1/2(∈ [0 : 1]) and
Bk+1/2(∈ [1 : 0]) hybrid coefficients (in model code: hyai and hybi). Similarly for model level
mid-points.

Note: vertical index is 1 at model top and klev at surface.
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Vertical coordinate: hybrid sigma (σ = p/ps)-pressure (p) coordinate

Time & zonally averaged zonal wind (Held-Suarez forcing); overlaid CAM5 levels (klev = 30).
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Aside: hybrid sigma (σ = p/ps)-pressure (p) coordinate

While terrain-following coordinates simplify the bottom boundary condition, they may introduce
errors:

Pressure gradient force (PDF) errors: 1
ρ
∇pz = 1

ρ
∇ηp + 1

ρ
dp
dz
∇ηz, (Kasahara, 1974) where ρ

is density, p pressure and z height.

Errors in modeling flow along constant z-surfaces near the surfaceOCTOBER 2002 2465S C H Ä R E T A L .

FIG. 4. Vertical cross section of the idealized two-dimensional advection test. The topography is located
entirely within a stagnant pool of air, while there is a uniform horizontal velocity aloft. The analytical solution
of the advected anomaly is shown at three instances.

that is, to a scale that is usually retained in digital to-
pography fields used in weather prediction and climate
models.
The topographic obstacle is submerged within a stag-

nant air mass, but aloft there is a uniform and purely
horizontal flow directed from left to right. This upper-
level flow is separated from the stagnant low-level pool
by a shear layer. The situation thus corresponds to the
not uncommon meteorological condition of a low-level
blocked air mass with submerged topography. The up-
per-level flow represents plain horizontal and linear ad-
vection, but in the presence of coordinate deformations
as implied by the underlying topography.
To test the performance of various schemes, a simple

scalar anomaly is initialized upstream of the topography
and advected by the flow. The transport of the anomaly
field r is described in conservative flux form by

]r/]t 1 = · (vr) 5 0, (22)
where v5 (u, y, w)5 (u(z), 0, 0) is the specified velocity
vector. On a regular grid, the advection is along the
coordinate surfaces. On a terrain-following computa-
tional mesh, however, the flow becomes multidimen-
sional. In two dimensions, the transformed equation
reads

] ] ]
21 21 21(J r) 1 (J ur) 1 (J Wr) 5 0, (23)

]t ]X ]Z
where W 5 DZ/Dt is the vertical velocity expressed in
the new coordinate framework. The prescribed wind
profile u(z) can be expressed as

(u, w) 5 (2]f/]z, 0)
using a streamfunction f 5 f(z). Transformation into
computational space then yields

]f ]f
(u, W ) 5 J 2 , . (24)1 2]Z ]X

Introducing (24) into (23), one obtains

] ] ]f ] ]f
21(J r) 1 2 r 1 r 5 0. (25)1 2 1 2]t ]X ]Z ]Z ]X

Choosing (25) rather than (23) as the governing equa-
tion for the numerical implementation has two important
advantages. First, (25) allows implementing the non-
divergence property of the specified flow field on the
level of the numerical approximation. Second, in (25)
the metric terms disappear in the flux-divergence com-
putation, such that the cancellation problems addressed
by KSF are avoided. In general, however, (25) is not
amenable, as the streamfunction may not be available,
or as the wind field may be divergent.
For all tests we use a computational domain that is

confined above by a rigid lid at H 5 25 km and that is
periodic in the x direction. The anomaly is initialized
at t1 and advected from left to right. Diagrams will be
shown at three times corresponding to positions of the
anomaly upstream, over and downstream of the obstacle
(see Fig. 4).
The standard experiments will be conducted using

explicit time stepping with centered finite differences
in space and time (leapfrog) on a staggered Arakawa C
grid. Other schemes to be considered include higher-
order versions of the leapfrog scheme, the upstream
scheme, and two versions of the Smolarkiewicz scheme
(Smolarkiewicz 1984). Unless stated otherwise, the nu-
merical experiments are conducted in the absence of
explicit diffusion.
Tests are conducted using the four different coordi-

nates shown in Fig. 5. The first mesh is obtained with
a sigma coordinate (Fig. 5a). The second mesh is a
hybridlike setting (Fig. 5b), based upon (11) with a scale
height of s 5 8 km. This coordinate is characterized by
a more rapid decay of the terrain features with height.
The third mesh (Fig. 5c) is a version of the SLEVE
coordinate (14). It requires splitting the topography ac-
cording to (13) into larger-scale and smaller-scale con-

Schär et al. (2002)
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FIG. 5. Vertical coordinates used for the idealized advection test:
(a) sigma coordinate, (b) hybrid coordinate with a scale height of s
5 8 km, (c) SLEVE coordinate using a scale-dependent decay of
terrain features (s1 5 15 km for large- and s2 5 2.5 km for small-
scale features, respectively), and (d) reference grid without topog-
raphy. The diagrams show the lowermost 15 km of the computational
domain with a depth of H 5 25 km.

tributions (see details in next subsection). For the two
scale heights, we use s1 5 15 km and s2 5 2.5 km. The
resulting mesh (Fig. 5c) has a much smoother structure
at upper levels. It is comparable to the hybrid coordinate
(Fig. 5b) in the sense that the maximum displacement
of the coordinate surfaces from their upstream level are
almost identical (e.g., the maximum displacement for
both these coordinates is ;500 m at a height of 15 km).

As a reference, an integration in the absence of topog-
raphy is also conducted (Fig. 5d). This integration will
allow distinguishing between the regular-grid truncation
error of the finite-difference scheme and the errors as-
sociated with coordinate transformations.

b. Detailed specification of the advection test

We consider a computational domain with a length
of 300 km and a depth of 25 km. The topography h(x)
is specified as the product of a large-scale mountain
h*(x) of halfwidth a, and a small-scale wavelike per-
turbation of wavelength l; that is,

px
2h(x) 5 cos h*(x), (26a)1 2l

where
 px

2h cos for |x| # ao 1 2 2ah*(x) 5 (26b)
0 for |x| $ a

and where ho denotes the maximum height of the ob-
stacle. In all examples we use ho 5 3 km, a 5 25 km,
and l 5 8 km. For the formulation with the new co-
ordinate, the topography is split into larger-scale and
smaller-scale contributions; see (13). To this end, we
choose for the larger-scale contribution

1
h (x) 5 h*(x). (27)1 2

This implies that the two contributions have the same
maximum amplitude of 1.5 km.
The discretization uses an Arakawa C grid. All nu-

merical operations are coded in conservative flux form.
An Asselin filter was implemented, but is not activated
for the tests presented. The height z of the coordinate
surfaces is discretized from (14) at the W points of the
grid, using the respective definitions for the three co-
ordinate systems considered, that is, (15), (16), and (17).
The Jacobian is then defined at the mass points of the
grid. The sheared wind profile is specified as

1 for z # z2 p z 2 z12u(z) 5 u sin for z # z # z (28)o 1 21 22 z 2 z2 1
0 for z # z 1

with uo 5 10 m s21, z1 5 4 km, and z2 5 5 km. The
wind field is defined by means of a streamfunction

z

f(z) 5 2 u(z) dz (29)E
0

and implemented according to (25). We define the stream-
function at doubly staggered locations fi11/2,k11/2, and its
derivatives (]f/]Z)i11/2,k and (]f/]X) i,k11/2 at staggered

Schär et al. (2002)
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Aside: hybrid sigma (σ = p/ps)-pressure (p) coordinate

While terrain-following coordinates simplify the bottom boundary condition, they may introduce
errors:

Pressure gradient force (PDF) errors: 1
ρ
∇pz = 1

ρ
∇ηp + 1

ρ
dp
dz
∇ηz, (Kasahara, 1974) where ρ

is density, p pressure and z height.

Errors in modeling flow along constant z-surfaces near the surface2468 VOLUME 130M O N T H L Y W E A T H E R R E V I E W

FIG. 6. Numerical solutions to the advection test using centered differences and a horizontal Courant number of a 5 0.25. (a),(c),(e),(g) The
advected anomalies at three consecutive times (t1 5 0, t2 5 2500 s, t3 5 5000 s) and (b),(d),(f ),(h) the error field at t3 (numerical minus analytical
field). The solutions are from numerical experiments using (a),(b) the sigma coordinate, (c),(d) a hybrid coordinate, (e),(f ) the SLEVE coordinate,
and (g),(h) a regular grid. The initial amplitude of the anomaly is 1; the contour interval in the left-hand panels is 0.1, and that in the right-
hand panels is 0.01 (zero contour suppressed, negative contours dashed). The coordinate systems are shown in Fig. 5.

stituents and water species. We consider both the non-
linear version of the scheme as described in Smolar-
kiewicz (1984), and a version using a linearized anti-
diffusive correction. Results are summarized in Table
1. Despite the excellent performance of the scheme in
the absence of grid transformations, the deteriorating
effects of coordinate transformations are evident.

The results of these tests can be summarized as fol-
lows: Schemes with implicit diffusion suffer particu-
larly large coordinate transformation errors. Diffusion
spreads out the solution in computational space, rap-
idly broadens the initial anomaly, and thereby makes
the scheme more susceptible to coordinate transfor-
mations.

Schär et al. (2002)
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Vertical coordinate

CAM-FV uses a Lagrangian (‘floating’) vertical coordinate ξ so that

dξ

dt
= 0,

i.e. vertical surfaces are material surfaces (no flow across them).
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Figure shows ‘usual’ hybrid σ−p vertical coordinate η(ps , p)
(where ps is surface pressure):

η(ps , p) is a monotonic function of p.

η(ps , ps ) = 1

η(ps , 0) = 0

η(ps , ptop) = ηtop .

Boundary conditions are:
dη(ps ,ps )

dt
= 0

dη(ps ,ptop )

dt
= ω(ptop) = 0

(ω is vertical velocity in pressure coordinates)
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Figure:

set ξ = η at time tstart (black lines).

for t > tstart the vertical levels deform as they move
with the flow (blue lines).

to avoid excessive deformation of the vertical levels
(non-uniform vertical resolution) the prognostic
variables defined in the Lagrangian layers ξ are
periodically remapped (= conservative interpolation)
back to the Eulerian reference coordinates η (more on
this later).

Why use floating Lagrangian vertical coordinates?
Vertical advection terms disappear (3D model becomes ‘stacked shallow-water models’; only 2D
numerical methods are needed)
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Vertical coordinate

Vertical resolution specified in configure as:

-nlev klev

where klev is the number of vertical levels, e.g., klev = 26 or klev = 30. Changing vertical resolution

requires a ‘re-compile’.

The vertical extent is from the surface to

approximately 40 km’s / 2hPa for CAM

approximately 100 km’s / 10−6 hPa for WACCM
(Whole Atmosphere Community Climate Model)

approximately 500 km’s / 10−9 hPa for WACCM-x
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Adiabatic frictionless equations of motion

The following approximations are made to the compressible Euler equations:

spherical geoid: geopotential Φ is only a function of radial distance from the center of the
Earth r : Φ = Φ(r) (for planet Earth the true gravitational acceleration is much stronger than
the centrifugal force).
⇒ Effective gravity acts only in radial direction

quasi-hydrostatic approximation (also simply referred to as hydrostatic approximation):
Involves ignoring the acceleration term in the vertical component of the momentum
equations so that it reads:

ρ g = −∂p

∂z
, (1)

where g gravity, ρ density and p pressure. Good approximation down to horizontal scales
greater than approximately 10km.

shallow atmosphere: a collection of approximations. Coriolis terms involving the horizontal
components of Ω are neglected (Ω is angular velocity), factors 1/r are replaced with 1/a
where a is the mean radius of the Earth and certain other metric terms are neglected so that
the system retains conservation laws for energy and angular momentum.
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Adiabatic frictionless equations of motion using Lagrangian vertical
coordinates

Assuming a Lagrangian vertical coordinate the hydrostatic equations of motion integrated over a
layer can be written as

mass air:
∂(δp)

∂t
= −∇h · (~vhδp) ,

mass tracers:
∂(δpq)

∂t
= −∇h · (~vh qδp) ,

horizontal momentum:
∂~vh

∂t
= − (ζ + f ) ~k × ~vh −∇hκ−∇pΦ,

thermodynamic:
∂(δpΘ)

∂t
= −∇h · (~vhδpΘ)

where δp is the layer thickness, ~vh is horizontal wind, q tracer mixing ratio, ζ vorticity, f Coriolis,
κ kinetic energy, Θ potential temperature. The momentum equations are written in vector
invariant form.
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= −∇h · (~vh qδp) ,
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= − (ζ + f ) ~k × ~vh −∇hκ−∇pΦ,

thermodynamic:
∂(δpΘ)

∂t
= −∇h · (~vhδpΘ)

The equations of motion are discretized using an Eulerian finite-volume approach.
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Finite-volume discretization of continuity equation

A

δp

∆

Integrate the flux-form continuity equation horizontally over a control volume:

∂

∂t

∫∫
A
δp dA = −

∫∫
A
∇h (~vhδp) dA, (2)

where A is the horizontal extent of the control volume. Using Gauss’s divergence theorem for the
right-hand side of (2) we get:

∂

∂t

∫∫
A
δp dA = −

∮
∂A
δp ~v · ~n dA, (3)

where ∂A is the boundary of A and ~n is outward pointing normal unit vector of ∂A.
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Finite-volume discretization of continuity equation

A

δp

∆

Integrate the flux-form continuity equation horizontally over a control volume:

∂

∂t

∫∫
A
δp dA = −

∫∫
A
∇h (~vhδp) dA, (2)

where A is the horizontal extent of the control volume. Using Gauss’s divergence theorem for the
right-hand side of (2) we get:

∂

∂t

∫∫
A
δp dA = −

∮
∂A
δp ~v · ~n dA, (3)

Right-hand side of (3) represents the instantaneous flux of mass through the vertical faces of the
control volume.

Next: integrate over one time-step ∆tdyn and discretize left-hand side.
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Finite-volume discretization of continuity equation

A

δp

∆

Integrate the flux-form continuity equation horizontally over a control volume:

∂

∂t

∫∫
A
δp dA = −

∫∫
A
∇h (~vhδp) dA, (2)

∆A δp
n+1 −∆A δp

n
= −∆tdyn

∫ t=(n+1)∆t

t=n∆t

[∮
∂A
δp ~v · ~n dA

]
dt, (3)

where n is time-level index and (·) is cell-averaged value.

The right-hand side represents the mass transported through all of the four vertical control volume
faces into the cell during one time-step. Graphical illustration on next slide!
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Finite-volume discretization of continuity equation: Tracking mass
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The yellow areas are ‘swept’ through the control volume faces during one time-step. The grey
area is the corresponding Lagrangian area (area moving with the flow with no flow through its
boundaries that ends up at the Eulerian control volume after one time-step). Black arrows show
parcel trajectories.

Note equivalence between Eulerian flux-form and Lagrangian form!
(Lauritzen et al., 2011b)
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Until now everything has been exact. How do we approximate the fluxes numerically?

In CAM-FV the Lin and Rood (1996) scheme is used which is a dimensionally split scheme
(that is, rather than ‘explicitly’ estimating the boundaries of the yellow areas and integrate
over them, fluxes are estimated by successive applications of one-dimensional operators in
each coordinate direction).
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Until now everything has been exact. How do we approximate the fluxes numerically?

(before showing equations for Lin and Rood (1996) scheme) What is the effective
Lagrangian area associated with the Lin and Rood (1996) scheme?
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Finite-volume discretization of continuity equation: Tracking mass

Figure: Red lines define boundary of exact Lagrangian
cell for a special case with deformational, rotational and
divergent wind field. Blue colors is Lagrangian cell
associated with the Lin and Rood (1996) scheme. Dark
blue shading weights integrated mass with 1 and light
blue shading weights integrated mass with 1/2. See
Machenhauer et al. (2009) for details.

Until now everything has been exact. How do we approximate the fluxes numerically?

(before showing equations for Lin and Rood (1996) scheme) What is the effective
Lagrangian area associated with the Lin and Rood (1996) scheme?
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The Lin and Rood (1996) advection scheme

δp
n+1

= δp
n

+ Fλ
[

1
2

(
δp

n
+ f θ(δp

n
)
)]

+ F θ
[

1
2

(
δp

n
+ f λ(δp

n
)
)]
,

where

Fλ,θ = flux divergence in λ or θ coordinate direction

f λ,θ = advective update in λ or θ coordinate direction
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The Lin and Rood (1996) advection scheme

δp
n+1

= δp
n

+ Fλ
[

1
2

(
δp

n
+ f θ(δp

n
)
)]

+ F θ
[

1
2

(
δp

n
+ f λ(δp

n
)
)]
,

Figure: Graphical illustration of flux-divergence operator Fλ. Shaded areas show cell average
values for the cell we wish to make a forecast for and the two adjacent cells.
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The Lin and Rood (1996) advection scheme

δp
n+1

= δp
n

+ Fλ
[

1
2

(
δp

n
+ f θ(δp

n
)
)]

+ F θ
[

1
2

(
δp

n
+ f λ(δp

n
)
)]
,

∆  t U* ∆west t U* east

u∗
East/West

are the time-averaged winds on each face (more on how these are obtained later).

Fλ is proportional to the difference between mass ‘swept’ through East and West cell face.

f λ = Fλ +< δp >∆tdynD, where D is divergence.

On Figure we assume constant sub-grid-cell reconstructions for the fluxes.
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The Lin and Rood (1996) advection scheme

δp
n+1

= δp
n

+ Fλ
[

1
2

(
δp

n
+ f θ(δp

n
)
)]

+ F θ
[

1
2

(
δp

n
+ f λ(δp

n
)
)]
,

east t U* ∆west t U* ∆

Higher-order approximation to the fluxes:

Piecewise linear sub-grid-scale reconstruction (van Leer, 1977): Fit a linear function using
neighboring grid-cell average values with mass-conservation as a constraint (i.e. area under
linear function = cell average).
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The Lin and Rood (1996) advection scheme

δp
n+1

= δp
n

+ Fλ
[

1
2

(
δp

n
+ f θ(δp

n
)
)]

+ F θ
[

1
2

(
δp

n
+ f λ(δp

n
)
)]
,

east t U* ∆west t U* ∆

Higher-order approximation to the fluxes:

Piecewise linear sub-grid-scale reconstruction (van Leer, 1977): Fit a linear function using
neighboring grid-cell average values with mass-conservation as a constraint (i.e. area under
linear function = cell average).

Piecewise parabolic sub-grid-scale reconstruction (Colella and Woodward, 1984): Fit
parabola using neighboring grid-cell average values with mass-conservation as a constraint.
Note: Reconstruction is C 0 across cell edges.
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The Lin and Rood (1996) advection scheme

δp
n+1

= δp
n

+ Fλ
[

1
2

(
δp

n
+ f θ(δp

n
)
)]

+ F θ
[

1
2

(
δp

n
+ f λ(δp

n
)
)]
,

east t U* ∆west t U* ∆

Higher-order approximation to the fluxes:

Piecewise linear sub-grid-scale reconstruction (van Leer, 1977): fit a linear function using
neighboring grid-cell average values with mass-conservation as a constraint (i.e. area under
linear function = cell average).

Piecewise parabolic sub-grid-scale reconstruction (Colella and Woodward, 1984): fit parabola
using neighboring grid-cell average values with mass-conservation as a constraint. Note:
reconstruction is continuous at cell edges.

Reconstruction function may ‘overshoot’ or ‘undershoot’ which may lead to unphysical
and/or oscillatory solutions. Use limiters to render reconstruction function shape-preserving.
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The Lin and Rood (1996) advection scheme

δp
n+1

= δp
n

+ Fλ
[

1
2

(
δp

n
+ f θ(δp

n
)
)]

+ F θ
[

1
2

(
δp

n
+ f λ(δp

n
)
)]
,

Advantages:

Inherently mass conservative (note: conservation does not necessarily imply accuracy!).

Formulated in terms of one-dimensional operators.

Preserves constant mass field for a non-divergent flow field (if the finite-difference
approximation to divergence is zero).

Preserves linear correlations between trace species (if shape-preservation filters are not
applied)

Has shape-preserving options.
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Namelist variables for outer operators

IORD: Scheme used for Fλ, JORD: scheme used for F θ

Options for sub-grid-scale reconstruction (IORD, JORD = -2,1,2,3,4,5,6):

-2 Piecewise linear (non shape-preserving), (van Leer, 1977).

1 Piecewise constant (Godunov, 1959).

2 Piecewise linear with shape-preservation constraint (van Leer, 1977).

3 Piecewise parabolic with shape-preservation constraint (Colella and Woodward, 1984).

4 Piecewise parabolic with shape-preservation constraint (Lin and Rood, 1996).

5 Piecewise parabolic with positive definite constraint (Lin and Rood, 1996).

6 Piecewise parabolic with quasi ‘shape-preservation’ constraint (Lin and Rood, 1996).

Defaults: IORD=JORD=4
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Namelist variables for outer operators

In top layers operators are reduced to first order:

if (k≤klev/8) IORD=JORD=1

E.g., for klev=30 the operators are altered in the top 3 layers.

The advective f λ,θ (inner) operators are ‘hard-coded’ to 1st order. For a linear analysis of
the consequences of using inner and outer operators of different orders see Lauritzen (2007).
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Adiabatic frictionless equations of motion

Hydrostatic equations of motion integrated over a Lagrangian layer

∂(δp)

∂t
= −∇h · (~vhδp) ,

∂(δpq)

∂t
= −∇h · (~vhδp) ,

∂~vh

∂t
= − (ζ + f ) ~k × ~vh −∇hκ−∇pΦ,

∂(δpΘ)

∂t
= −∇h · (~vhδpΘ)

The equations of motion are discretized using an Eulerian finite-volume approach.
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Adiabatic frictionless equations of motion

Hydrostatic equations of motion integrated over a Lagrangian layer

δp
n+1

= δp
n

+ Fλ
[

1

2

(
δp

n
+ f θ(δp

n
)
)]

+ F θ
[

1
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n
+ f λ(δp

n
)
)]
,

∂(δpq)

∂t
= −∇h · (~vhδp) ,

∂~vh

∂t
= − (ζ + f ) ~k × ~vh −∇hκ−∇pΦ,

∂(δpΘ)

∂t
= −∇h · (~vhδpΘ)
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Adiabatic frictionless equations of motion

Hydrostatic equations of motion integrated over a Lagrangian layer

δp
n+1

= δp
n

+ Fλ
[

1

2

(
δp

n
+ f θ(δp

n
)
)]

+ F θ
[

1

2

(
δp

n
+ f λ(δp

n
)
)]
,

δpq
n+1

= super-cycled (discussed later),

∂~vh

∂t
= − (ζ + f ) ~k × ~vh −∇hκ−∇pΦ,

∂(δpΘ)

∂t
= −∇h · (~vhδpΘ)
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Adiabatic frictionless equations of motion

Hydrostatic equations of motion integrated over a Lagrangian layer

δp
n+1

= δp
n

+ Fλ
[

1

2

(
δp

n
+ f θ(δp

n
)
)]

+ F θ
[

1

2

(
δp

n
+ f λ(δp

n
)
)]
,

δpq
n+1

= super-cycled (discussed later),

~vn+1
h = ~vn

h − ~Γ1
[
(ζ + f ) ~k × ~vh

]
−∇h

(
~Γ2κ

)
−∆tdynP̂,

∂(δpΘ)

∂t
= −∇h · (~vhδpΘ)

~Γ1 is operator using combinations of Fλ,θ and f λ,θ as components to approximate the
time-volume-average of the vertical component of absolute vorticity. Similarly for ~Γ2 but for
kinetic energy. ∇h is simply approximated by finite differences. For details see Lin (2004).

P̂ is a finite-volume discretization of the pressure gradient force (see Lin 1997 for details).
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Adiabatic frictionless equations of motion

Hydrostatic equations of motion integrated over a Lagrangian layer

δp
n+1

= δp
n

+ Fλ
[

1

2

(
δp

n
+ f θ(δp

n
)
)]

+ F θ
[

1

2

(
δp

n
+ f λ(δp

n
)
)]
,

δpq
n+1

= super-cycled (discussed later),

~vn+1
h = ~vn

h − ~Γ1
[
(ζ + f ) ~k × ~vh

]
−∇h

(
~Γ2κ

)
−∆tdynP̂,

Θδp
n+1

= Θδp
n

+ Fλ
[

1

2

(
Θδp

n
+ f θ(Θδp

n
)
)]

+ F θ
[

1

2

(
Θδp

n
+ f λ(Θδp

n
)
)]
,
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Adiabatic frictionless equations of motion

Hydrostatic equations of motion integrated over a Lagrangian layer

δp
n+1

= δp
n

+ Fλ
[

1

2

(
δp

n
+ f θ(δp

n
)
)]

+ F θ
[

1

2

(
δp

n
+ f λ(δp

n
)
)]
,

δpq
n+1

= super-cycled (discussed later),

~vn+1
h = ~vn

h − ~Γ1
[
(ζ + f ) ~k × ~vh

]
−∇h

(
~Γ2κ

)
−∆tdynP̂,

Θδp
n+1

= Θδp
n

+ Fλ
[

1

2

(
Θδp

n
+ f θ(Θδp

n
)
)]

+ F θ
[

1

2

(
Θδp

n
+ f λ(Θδp

n
)
)]
,

No explicit diffusion operators in equations (so far!).

Implicit diffusion trough shape-preservation constraints in F and f operators.

CAM-FV has ‘control’ over vorticity at the grid scale through implicit diffusion in the
operators F and f but it does not have explicit control over divergence near the grid scale.
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Adiabatic frictionless equations of motion

Hydrostatic equations of motion integrated over a Lagrangian layer

δp
n+1

= δp
n

+ Fλ
[

1

2

(
δp

n
+ f θ(δp

n
)
)]

+ F θ
[

1

2

(
δp

n
+ f λ(δp

n
)
)]
,

δpq
n+1

= super-cycled (discussed later),

~vn+1
h = ~vn

h − ~Γ1
[
(ζ + f ) ~k × ~vh

]
−∇h

(
~Γ2κ

)
−∆tdynP̂+∆tdyn∇h

(
ν∇`hD

)
, ` = 0, 2

Θδp
n+1

= Θδp
n

+ Fλ
[

1

2

(
Θδp

n
+ f θ(Θδp

n
)
)]

+ Fθ
[

1

2

(
Θδp

n
+ f λ(Θδp

n
)
)]
,

No explicit diffusion operators in equations.

Implicit diffusion trough shape-preservation constraints in F and f operators.

The above discretization leads to ‘control’ over vorticity at the grid scale through implicit
diffusion but no explicit control over divergence.

Add divergence damping (2nd -order or 4th-order) term to momentum equations.
Optionally a ‘Laplacian-like’ damping of wind components is used in upper 3 levels to slow
down excessive polar night jet that appears at high horizontal resolutions.

namelist variable: div24del2flag

More details: Lauritzen et al. (2011a); for a stability analysis of divergence damping in CAM see Whitehead et al. (2011)
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Total kinetic energy spectra

FV core
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Figure: (left) Solid black line shows k−3 slope (courtesy of D.L. Williamson). (right) Schematic of ‘effective resolution’ (Figure from Skamarock (2011)).

(left) Without divergence damping there is a spurious accumulation of total kinetic energy
associated with divergent modes near the grid scale.

(right) Note: total kinetic energy spectra can also be used to assess ‘effective resolution’
(see, e.g., discussion in Skamarock, 2011)
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Time-stepping: the ‘CD’- grid approach

Figure from Lin and Rood (1997).

Definition of Arakawa C and D horizontal staggering (Arakawa and Lamb, 1977):

C: velocity components at the center of cell faces and orthogonal to cell faces and mass
variables at the cell center. Natural choice for mass-flux computations when using Lin and
Rood (1996) scheme.

D: velocity components parallel to cell faces and mass variables at the cell center. Natural
choice for computing the circulation of vorticity ( ∂v

∂x
− ∂u
∂y

).
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Time-stepping: the ‘CD’- grid approach

Figure from Lin and Rood (1997).

For the flux- and advection operators (F and f ,
respectively) in the Lin and Rood (1996) scheme
the time-centered advective winds (u∗, v∗) for the
cell faces are needed:

An option: extrapolate winds (as in
semi-Lagrangian models) ⇒ can result in noise
near steep topography (Lin and Rood, 1997).

Instead, the equations of motion are integrated forward in time for 1
2

∆tdyn using a C grid
horizontal staggering.

These C-grid winds (u∗, v∗) are then used for the ‘full’ time-step update (everything else
from the C -grid forecast is ‘thrown away’).

The ‘full’ time-step update is performed on a D-grid.

For a linear stability analysis of the ‘CD’-grid approach see Skamarock (2008).
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Vertical remapping

CAM-FV uses a Lagrangian (‘floating’) vertical coordinate ξ.

ξ is retained ksplit dynamics time-steps ∆tdyn.

Hereafter the prognostic variables are remapped to the Eulerian vertical grid η (the vertical
remapping is performed using a mass and energy conserving method, see Lin 2004).

ksplit is set in namelist:

-nsplit ksplit
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The ‘physics time-step is set in the namelist:

-dtime ∆t,

where ∆t s is given in seconds.

At every physics time-step ∆t the variables are
remapped in the vertical as described above.

So the dynamics time-step ∆tdyn is controlled with
ksplit and ∆t in the namelist:

∆t = ksplit ×∆tdyn.

(in CAM5 there is also an option to vertical remap more often)
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Vertical remapping

CAM-FV uses a Lagrangian (‘floating’) vertical coordinate ξ.

ξ is retained ksplit dynamics time-steps ∆tdyn.

Hereafter the prognostic variables are remapped to the Eulerian vertical grid η (the vertical
remapping is performed using a mass and energy conserving method, see Lin 2004).

ksplit is set in namelist:

-nsplit ksplit

Default setting for the 1.9×2.5 resolution is ksplit = 4
and ∆t = 1800s (so ∆tdyn = 450s).

ksplit is usually chosen based on stability.

(meridians are converging towards the poles) To
stabilize the model (and reduce noise) FFT filters are
applied along latitudes North/South of approximately
36◦N/S.
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Super-cycling (also referred to as sub-cycling) of tracers

Continuity equation for air is coupled with momentum and thermodynamic equations:

thermodynamic variables and other prognostic variables feed back on the velocity field

which, in turn, feeds back on the solution to the continuity equation.

Hence the continuity equation for air can not be solved in isolation and one must obey the maximum allowable time-step restrictions imposed

by the fastest waves in the system.

The passive tracer transport equation can be solved in isolation given prescribed winds and
air densities, and is therefore not susceptible to the time-step restrictions imposed by the
fastest waves in the system.

For efficiency: Use longer time-step for tracers than for air.
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Super-cycling (also referred to as sub-cycling) of tracers

Continuity equation for air is coupled with momentum and thermodynamic equations:
thermodynamic variables and other prognostic variables feed back on the velocity field

which, in turn, feeds back on the solution to the continuity equation.

Hence the continuity equation for air can not be solved in isolation and one must obey the maximum allowable time-step restrictions imposed

by the fastest waves in the system.

The passive tracer transport equation can be solved in isolation given prescribed winds and
air densities, and is therefore not susceptible to the time-step restrictions imposed by the
fastest waves in the system.

For efficiency: Use longer time-step for tracers than for air.

dyn

t

∆ t ∆ t ∆ t∆ t dyn

∆ t trac

dyn dyn

∆

∆ttrac is time-step of the tracers. Specified in terms of nspltrac (default for 1.9 × 2.5 resolution is nspltrac=1).

Leads to a major ‘speed-up’ of dynamics.
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Free-stream preserving ‘super-cycling’ of tracers with respect to air ρ

Simply solving the tracer continuity equation for qδp
n+1

using ∆ttrac will lead to inconsistencies.
Why?

Continuity equation for air δp
∂δp

∂t
+∇ · (δp ~vh) = 0, (4)

and a tracer with mixing ratio q

∂(δp q)

∂t
+∇ · (δp q ~vh) = 0, (5)

For q = 1 equation (5) reduces to (4). If this is satisfied in the numerical discretizations, the
scheme is ‘free-stream’ preserving.

Solving (5) with q = 1 using ∆ttrac will NOT produce the same solution as solving (4) nspltrac

times using ∆tdyn!
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Graphical illustration of ‘free stream’ preserving transport of tracers

Assume no flux through East cell wall.
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Solve continuity equation for air ρ = δp together with momentum and thermodynamics
equations.
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Assume no flux through East cell wall.
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Solve continuity equation for air ρ = δp together with momentum and thermodynamics
equations.

Peter Hjort Lauritzen (NCAR) Atmosphere Modeling II: Dynamics August 10, 2016 24 / 36



Graphical illustration of ‘free stream’ preserving transport of tracers

Assume no flux through East cell wall.
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Solve continuity equation for air ρ = δp together with momentum and thermodynamics
equations.

Repeat ksplit times
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Graphical illustration of ‘free stream’ preserving transport of tracers

Assume no flux through East cell wall.
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Solve continuity equation for air ρ = δp together with momentum and thermodynamics
equations.

Repeat ksplit times
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Graphical illustration of ‘free stream’ preserving transport of tracers

Assume no flux through East cell wall.
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Solve continuity equation for air ρ = δp together with momentum and thermodynamics
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Graphical illustration of ‘free stream’ preserving transport of tracers

Assume no flux through East cell wall.
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Solve continuity equation for air ρ = δp together with momentum and thermodynamics
equations.

Repeat ksplit times

Brown area = average flow of mass through cell face.

Compute time-averaged value of q across brown area using Lin and Rood (1996) scheme:

< q >.

Forecast for tracer is: < q >×∑ksplit
i=1 δpn+i/ksplit

Yields ‘free stream’ preserving solution!
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CAM-FV accuracy

CAM-FV has a very efficient and quite consistent treatment of the tracers.

This is very important: Number of trace species in climate models are increasing and
accounts for most of the computational ‘work’ in the dynamical core.

Rasch et al. (2006) did a comprehensive study of the characteristics of atmospheric transport
using three dynamical cores in CAM (CAM-FV, CAM-EUL):

What is CAM-EUL? (Collins et al., 2004):

Based on the spectral transform method and semi-implicit time-stepping

EUL = Eulerian discretization in grid-point space.

Tracer transport with non-conservative semi-Lagrangian scheme (‘fixers’ restore formal mass-conservation)

The results from this study favor use of the CAM-FV core for tracer transport. Unlike the
others, CAM-FV

is inherently conservative
less diffusive (e.g. maintains strong gradients better)
maintains the nonlinear relationships among variables required by thermodynamic and mass
conservation constraints more accurately.
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CAM-FV accuracy

CAM-FV has a very efficient and quite consistent treatment of the tracers.

This is very important: Number of trace species in climate models are increasing and
accounts for most of the computational ‘work’ in the dynamical core.

Rasch et al. (2006) did a comprehensive study of the characteristics of atmospheric transport
using three dynamical cores in CAM (CAM-FV, CAM-EUL):

What is CAM-EUL? (Collins et al., 2004):

Based on the spectral transform method and semi-implicit time-stepping

EUL = Eulerian discretization in grid-point space.

Tracer transport with non-conservative semi-Lagrangian scheme (‘fixers’ restore formal mass-conservation)

The results from this study favor use of the CAM-FV core for tracer transport. Unlike the
others, CAM-FV

is inherently conservative
less diffusive (e.g. maintains strong gradients better)
maintains the nonlinear relationships among variables required by thermodynamic and mass
conservation constraints more accurately.

However, with respect to some other climate statistics CAM-FV needs higher horizontal resolution
to produce results equivalent to those produced using the spectral transform dynamical core in
CAM (CAM-EUL). Effective resolution is coarser in CAM-EUL! See Williamson (2008) for details.
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Idealized settings for CAM

Simplified CAM configurations ....
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Idealized settings for CAM

-PHYS ADIABATIC: No physics. See example of application in Jablonowski and Williamson
(2006) and Lauritzen et al. (2010a).
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Idealized settings for CAM

-PHYS ADIABATIC: No physics. See example of application in Jablonowski and Williamson
(2006) and Lauritzen et al. (2010a).

Show animation (CAM-SE NE30NP4)
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Idealized settings for CAM

-PHYS IDEAL: Held-Suarez test case (Held and Suarez, 1994):
Simple Newtonian relaxation of the temperature field to a zonally symmetric state
Rayleigh damping of low-level winds representing boundary-layer friction

A simple way to assess 
axial angular momentum conservation 

Held%Suarez+forcing:+flat%Earth+(no+mountain+torque),+physics+replaced+by+simple++
boundary+layer+fric@on+and+relaxa@on+of+temperature+toward+reference+profile++

LeE:+Zonal%@me+
averaged+T+

Upper:++
Zonal%@me+
averaged+U+

Note: this test case can be used to assess how well the dynamical core conserves axial angular
momentum (Lebonnois et al., 2012; Lauritzen et al., 2014)
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Idealized settings for CAM

-PHYS IDEAL: Held-Suarez test case (Held and Suarez, 1994):
Simple Newtonian relaxation of the temperature field to a zonally symmetric state
Rayleigh damping of low-level winds representing boundary-layer friction

Show animation (CAM-SE NE30NP4)

Idealized tropical cyclones with simple moist physics (Reed and Jablonowski, 2012)

More: DCMIP (Dynamical Core Model Intercomparison Project; lead by C. Jablonowski);
https://earthsystemcog.org/projects/dcmip-2016/
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Idealized settings for CAM

AQUA PLANET: Ocean only planet with zonally symmetric SST-forcing using ‘full’ physics
package (Neale and Hoskins, 2000). See example of application in Williamson (2008);
Blackburn et al. (2013). APE atlas (Williamson et al., 2012).M. BLACKBURN et al.July 2013 41

�DSDUW� IURP� VRPH� H[FHSWLRQV� GLVFXVVHG� EHORZ��� $W�
KLJKHU� ZDYHQXPEHUV� WKH� HIIHFWV� RI� WUXQFDWLRQ� DQG�
GDPSLQJ� OHDG� WR� D�ZLGH� UDQJH� RI� HQHUJLHV� DQG� VSHF�
WUDO� VORSHV�� 7KHUH� LV� DQ� DSSUR[LPDWH� FRUUHVSRQGHQFH�
EHWZHHQ�WKH�VSHFWUDO�VORSH�LQ�)LJ�����DQG�WKH�WUDQVLHQW�
HGG\�.(�PD[LPD�LQ�7DEOH����GLVFXVVHG�LQ�6HFWLRQ������
ZLWK� VKDOORZ� VSHFWUDO� VORSH� FRUUHVSRQGLQJ� WR� KLJK�
WUDQVLHQW� HGG\� .(� DQG� YLFH� YHUVD�� 5HVROXWLRQ� LV� DQ�
DGGLWLRQDO� IDFWRU�� ZLWK� KLJKHU� UHVROXWLRQ� FRQWULEXWLQJ�
HQHUJ\�DW�DGGLWLRQDO�ZDYHQXPEHUV��PRUH�VR�IRU�VSHFWUD�

ZLWK�VKDOORZ�VORSH��7KXV��WKH�RYHUDOO�OHYHO�RI�WUDQVLHQW�
HGG\� .(� LV� VWURQJO\� FRQWUROOHG� E\� WKH� H[SOLFLW� DQG�
LPSOLFLW�GDPSLQJ�LQ�WKH�G\QDPLFDO�FRUH�
7KH� (XOHULDQ� VSHFWUDO� WUDQVIRUP� PRGHOV� �$*8��

.�-$3$1�� /$6*�� 05,� DQG� 1&$5�� DOO� PDLQWDLQ� D�
VORSH�RI�±��WR�WKH�WUXQFDWLRQ�OLPLW�IRU�WKH�WRWDO�NLQHWLF�
HQHUJ\��*HQHUDOO\�� WKLV� LV� E\� GHVLJQ� DQG� REWDLQHG� E\�
DGGLQJ�D��� �GLIIXVLRQ�WHUP�ZLWK�WKH�FRHI¿FLHQW�FKRVHQ�
WR�\LHOG�D�VORSH�RI�±��� WR�EH�FRQVLVWHQW�ZLWK�REVHUYD�
WLRQDO�HYLGHQFH�RI�1DVWURP�DQG�*DJH��������DW�ODUJHU�

)LJ����� =RQDO�WLPH�DYHUDJH�FORXG�IUDFWLRQ��FOGBIUDF��DQG�DOEHGR�

Journal of the Meteorological Society of Japan Vol. 91A50

LWDWLRQ� UDWH� LV� FRQVLVWHQW� ZLWK� DQG� FOHDUO\� GRPLQDWHV�
YDULDWLRQV�LQ�WKH�VWDQGDUG�GHYLDWLRQ�RI�WURSLFDO�SUHFLSL�
WDWLRQ�LQ�)LJ������7KH�PRGHOV�ZLWK�D�ORQJ�WDLO�LQ�SUHFLS�
LWDWLRQ�IUHTXHQF\�DQG�ODUJHVW�PD[LPXP�YDOXHV�RQ�WKH�
���JULG�DUH� WKRVH�ZLWK�D�VLJQL¿FDQW�EDFNJURXQG�VSHF�
WUXP� LQ�)LJ�����DQG� LQWHQVH�TXDVL�VWDWLRQDU\�RU�ZHVW�
ZDUG�SURSDJDWLQJ�IHDWXUHV�LQ�WKH�+RYP|OOHU�GLDJUDPV��
7KH�PRGHOV�ZLWK�D�PRUH�OLPLWHG�IUHTXHQF\�GLVWULEXWLRQ�
KDYH�WURSLFDO�ZDYH�VSHFWUD�WKDW�DUH�UHVWULFWHG�WR�ORZHU�

IUHTXHQFLHV�DQG�SURMHFW� VWURQJO\�RQWR� WKH�.HOYLQ�DQG�
HTXDWRULDO�5RVVE\�PRGHV��5HFDOOLQJ�WKH�FRUUHODWLRQ�RI�
VWDQGDUG� GHYLDWLRQ� RI� SUHFLSLWDWLRQ� ZLWK� ,7&=� ZLGWK�
QRWHG� HDUOLHU�� D� SDWWHUQ� HPHUJHV� WKDW� D� QDUURZ� VLQJOH�
,7&=� JHQHUDOO\� RFFXUV� LQ� PRGHOV� WKDW� DUH� DEOH� WR�
JHQHUDWH�PRUH�LQWHQVH�HTXDWRULDO�SUHFLSLWDWLRQ�IHDWXUHV��
ZKHUHDV�D�EURDGHU�RU�GRXEOH�,7&=�JHQHUDOO\�RFFXUV�LQ�
PRGHOV�ZLWK�PRUH�OLPLWHG�SUHFLSLWDWLRQ�UDWHV�DVVRFLDWHG�
ZLWK�GRPLQDQW�ORZHU�IUHTXHQF\�YDULDELOLW\�

)LJ����� )UDFWLRQ�RI�WLPH�SUHFLSLWDWLRQ�LV�LQ��WRS�URZ����PP�GD\–1�ELQV�UDQJLQJ�IURP���WR�����PP�GD\–1��DQG��ERWWRP�
URZ�����PP�GD\–1�ELQV�UDQJLQJ�IURP���WR�����PP�GD\–1��*ULG�YDOXHV�EHWZHHQ����6�DQG����1�KDYH�EHHQ�FRQVHU�
YDWLYHO\�DYHUDJHG�WR�D����ODWLWXGH�ORQJLWXGH�JULG��$�JDS�LQ�WKH�FXUYH�LQGLFDWHV�WKH�IUDFWLRQ�LV�]HUR�IRU�WKDW�ELQ�

(left) Zonal-time average cloud fraction.(right) Fraction of time precipitation is in 1 mm/day
bins. Figures from Blackburn et al. (2013)
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The reformulation of global climate/weather models for massively parallel
computer architectures
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The reformulation of global climate/weather models for massively parallel
computer architectures

Traditionally the equations of motion have been discretized on the traditional regular latitude-
longitude grid using either

1 spherical harmonics based methods (dominated for over 40 years)

2 finite-difference/finite-volume methods (e.g., CAM-FV)

Both methods require non-local communication:

1 Legendre transform

2 ‘polara filters’ (due to convergence of the meridians near the poles)

respectively, and are therefore not ”trivially” amenable for massively parallel compute systems.

aconfusing terminology: filters are also applied away from polar regions: θ ∈ [±36◦,±90]

Rectangular computational space 

Next generation global models  
The dynamical core is the performance “bottleneck”  

in many coupled climate system models 

Regular latitude-longitude grids need non-local (global) filters in the 
polar regions (e.g., NCAR CAM) or use non-local spectral transform 
methods (e.g., ECMWF IFS). 
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Rectangular computational space 
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Next generation global models  
The dynamical core is the performance “bottleneck”  

in many coupled climate system models 

Regular latitude-longitude grids need non-local (global) filters in the 
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The reformulation of global climate/weather models for massively parallel
computer architecturesQuasi-uniform global spherical grids considered for next generation models

reg. lat-lon cubed-sphere Voronoi Yin-Yang

quasi-uniform grids (no polar filters needed) + local numerical method
) no global communication
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Figure 5: Performance of the CESM atmosphere component model on Intrepid (IBM BG/P)
when using the CAM-SE, FV or EUL dynamical core, showing the simulated-years-per-day
as a function of the number of processing cores. Atmosphere component times taken from a
CESM time-slice simulation, coupling the atmosphere (at 0.25� or T341 resolution), the land
model (0.25� resolution), and the sea ice and data ocean model (0.1�). The solid black line
shows perfect parallel scalability. When using CAM-SE, the CESM achieves near perfect
scalability down to one element per processor, running at 12.2 SYPD on 86,400 cores.

Performance in through-put for di↵erent dynamical
cores in NCAR’s global atmospheric climate model:
horizontal resolution: approximately 25km⇥25km grid boxes

EUL = spectral transform (lat-lon grid)

FV = finite-volume (reg. lat-lon grid)

SE = spectral element (cubed-sphere grid)
Computer = Intrepid (IBM Blue Gene/P Solution) at Argonne National Laboratory
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Quasi-uniform grid + local numerical method ⇒ no global communication necessary
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Figure 5: Performance of the CESM atmosphere component model on Intrepid (IBM BG/P)
when using the CAM-SE, FV or EUL dynamical core, showing the simulated-years-per-day
as a function of the number of processing cores. Atmosphere component times taken from a
CESM time-slice simulation, coupling the atmosphere (at 0.25◦ or T341 resolution), the land
model (0.25◦ resolution), and the sea ice and data ocean model (0.1◦). The solid black line
shows perfect parallel scalability. When using CAM-SE, the CESM achieves near perfect
scalability down to one element per processor, running at 12.2 SYPD on 86,400 cores.

Performance in through-put for different dynamical cores
in NCAR’s global atmospheric climate model:
horizontal resolution: approximately 25km×25km grid boxes

EUL = spectral transform (lat-lon grid)

FV = finite-volume (reg. lat-lon grid)

SE = spectral element (cubed-sphere grid)
Computer = Intrepid (IBM Blue Gene/P Solution) at Argonne National Laboratory

Note that for small compute systems CAM-EUL has SUPERIOR throughput!!
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New dynamical core options

CAM-SE (Evans et al., 2012): Spectral Elements
A dynamical core in HOMME (High-Order Method Modeling Environment, Thomas and Loft

2005).

For each element: Mass-conservative to machine precision and total energy conservative to

the truncation error of the time integration scheme

Conserves axial angular momentum very well (Lauritzen et al., 2014)

Discretized on cubed-sphere (uniform resolution or conforming mesh-refinement) and highly

scalable

1◦ ‘AMIP-configuration’ is scientifically supported

Longer term goal: 1/4◦ climate simulation with CAM-SE

Background Results Conclusions

HOMME (High Order Methods Modeling Environment)

HOMME

“A scalable and efficient spectral-element-based atmospheric
dynamical core” (http://www.homme.ucar.edu)

Elements are currently squares on a cube, projected onto a
sphere using gnomonic projection

CAM-HOMME dynamical core available in CCSM

Goal: replace squares with arbitrary quadrilaterals

MPAS (Skamarock et al., 2012): Finite-volume unstructured
MPAS = Model for Prediction Across Scales

Variable resolution centroidal Voronoi tessellation of the sphere

Fully compressible non-hydrostatic discretization similar to Advanced Research WRF (ARW)

model (Skamarock and Klemp, 2008)

Currently being integrated into CAM (S.-H. Park)

Figures courtesy of R.D. Nair (upper) and W.C. Skamarock (lower).

ECMWF Workshop on Non-hydrostatic Modelling, 8-10 November 2010

Global Non-Hydrostatic Modeling Using Voronoi Meshes:

The MPAS Model

Model for Prediction Across Scales

Based on unstructured centroidal Voronoi

(hexagonal) meshes using C-grid staggering and

selective grid refinement.

Jointly developed, primarily by NCAR and LANL/DOE,

for weather, regional climate, and climate applications

MPAS infrastructure - NCAR, LANL, others.

MPAS - Atmosphere (NCAR)

MPAS - Ocean (LANL)

MPAS - Ice, etc.

Bill Skamarock,  Joe Klemp, Michael Duda,

Sang-Hun Park and Laura Fowler NCAR

Todd Ringler    Los Alamos National Lab

John Thuburn     Exeter University

Max Gunzburger Florida State University

Lili Ju University of South Carolina
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New dynamical core options

Both CAM-SE and MPAS support mesh-refinement:
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CAM-SE (spectral element dynamical core); (Dennis et al., 2012)

CAM-SE uses a continuous Galerkin finite element method (Taylor et al., 1997) referred to as
Spectral Elements (SE):

+"

+"

Physical domain: Tile the sphere with quadrilaterals using the gnomonic cubed-sphere
projection

Computational domain: Mapped local Cartesian domain

Each element operates with a Gauss-Lobatto-Legendre (GLL) quadrature grid
Gaussian quadrature using the GLL grid will integrate a polynomial of degree 2N − 1 exactly, where N is degree of polynomial

Elementwise the solution is projected onto a tensor product of 1D Legendre basis functions
by multiplying the equations of motion by test functions; weak Galerkin formation

→ all derivatives inside each element can be computed analytically!
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CAM-SE (spectral element dynamical core); (Dennis et al., 2012)

CAM-SE uses a continuous Galerkin finite element method (Taylor et al., 1997) referred to as
Spectral Elements (SE):

Figures from Nair et al. (2011)

How do solutions in each element ‘communicate’ with each other?

The solution is projected onto the space of globally continuous (C 0) piecewise polynomials

→ point values are forced to be C 0 continuos along element boundaries by averaging.

Note: this is the only operation in which information ‘propagates’ between elements

MPI data-communication: only information on the boundary of elements!
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CAM-SE (spectral element dynamical core); (Dennis et al., 2012)
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Figure 5: Performance of the CESM atmosphere component model on Intrepid (IBM BG/P)
when using the CAM-SE, FV or EUL dynamical core, showing the simulated-years-per-day
as a function of the number of processing cores. Atmosphere component times taken from a
CESM time-slice simulation, coupling the atmosphere (at 0.25◦ or T341 resolution), the land
model (0.25◦ resolution), and the sea ice and data ocean model (0.1◦). The solid black line
shows perfect parallel scalability. When using CAM-SE, the CESM achieves near perfect
scalability down to one element per processor, running at 12.2 SYPD on 86,400 cores.

Figure from Dennis et al. (2012)

CAM-SE has superior scalability properties compared to other dynamical core options in CAM
→ given a sufficiently large machine we can run climate simulations at unprecedented resolutions
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CAM-SE (spectral element dynamical core); (Dennis et al., 2012)

Fig. 3. The kinetic energy spectra from high resolution aqua planet simulations of CAM-
SE and CAM-EUL. Left panel plots E(k) as a function of spherical wave number k. Right
panel plots E(k)k5/3 to better illustrate how the spectral matches the predicted k�3 and
k�5/3 scalings (black lines). Solid lines show the KE of �u, while the dotted lines show the
irrotational component �u�. CAM-SE at 0.25� matches the CAM-EUL T340 spectra quite
well at all scales resolved by CAM-EUL. But even higher resolution is needed to capture
the observed transition from a k�3 to a k�5/3 scaling, as seen in the result for CAM-SE at
0.125�, which has large regions which match each scaling regime.

25

Solid lines: total kinetic energy of ~v at 250hPa, E(k). Dotted lines: E(k) including only divergent component of ~v . Figure from Evans et al. (2012)

1/8◦ resolution: clear transition from k−3 to k−5/3 (Nastrom and Gage, 1985)!

Widely accepted that dynamics of k−3 regime correspond to downscale cascade of enstrophy;
there is less consensus about the k−5/3 regime (Lilly et al., 1998; Lindborg, 2006).

→The characterization of k−5/3 regime represents one of the major unanswered questions in
mesoscale atmospheric dynamics!

Some of the first global models to simulate k−5/3’s transition: Takahashi et al. (2006); Hamilton et al. (2008)
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CAM-SE physgrid and CAM-SE-CSLAM (please contact pel@ucar.edu)

(development version) CAM-SE has the option to run physics on a finite-volume grid that is coarser,
same or finer resolution compared to the dynamics grid as well as an accelerated tracer transport
option - with the CSLAM scheme (Lauritzen et al., 2010b, 2016).

12 Lauritzen et al.

(c)(b)(a)

Figure 3: (a) The latitude-longitude grid, (b) the cubed-sphere grid based on an equi-angular central projection and
(c) icosahedral grid based on hexagons and pentagons. The triangular grids used by models herein are the dual of the
hexagonal grid.

volume implementation (i.e., the Lin and Rood, 1996,
algorithm). An example of a two-dimensional extension
based on the PPM algorithm that is third-order is given
in, e.g., Ullrich et al. (2009).

CAM ISEN is an isentropic version of CAM FV. In-
stead of the hybrid sigma-pressure vertical coordinate
a hybrid sigma-θ vertical coordinate is used (Chen and
Rasch 2009). Apart from the vertical coordinate the
model design is identical to CAM FV.

3.2. Cubed-sphere grid models
The assessment includes two dynamical cores that are
defined on cubed-sphere grids. The finite-volume cubed-
sphere model (GEOS FV CUBED) is a cubed-sphere
version of CAM FV developed at the Geophysical Fluid
Dynamics Laboratory (GFDL) and the NASA God-
dard Space Flight Center. The advection scheme is
based on the Lin and Rood (1996) method but adapted
to non-orthogonal cubed-sphere grids (Putman and Lin
2007,2009). Like CAM FV, the GEOS FV CUBED dy-
namical core is second-order accurate in two dimensions.
Both a weak second-order divergence damping mech-
anism and an additional fourth-order divergence damp-
ing scheme is used with coefficients 0.005×∆Amin/∆t

and [0.05 × ∆Amin]
2
/∆t, respectively, where ∆Amin

is the smallest grid cell area in the domain.
The strength of the divergence damping increases

towards the model top to define a 3-layer sponge. In
contrast to CAM FV and CAM ISEN, the cubed-sphere
model does not apply any digital or FFT filtering in
the polar regions and mid-latitudes. Nevertheless, an

external-mode filter is implemented that damps the hor-
izontal momentum equations. This is accomplished
by subtracting the external-mode damping coefficient
(0.02 × ∆Amin/∆t) times the gradient of the vertically-
integrated horizontal divergence on the right-hand-side
of the vector momentum equation.

GEOS FV CUBED applies the same inner and outer
operators in the advection scheme (PPM) to avoid the
inconsistencies described in Lauritzen (2007) when us-
ing different orders of inner and outer operators. The
cubed-sphere grid is based on central angles. The angles
are chosen to form an equal-distance grid at the cubed-
sphere edges (undocumented). The equal-distance grid
is similar to an equidistant cubed-sphere grid that is ex-
plained in Nair et al. (2005). The resolution is specified
in terms of the number of cells along a panel side. As an
example, 90 cells along each side of a cubed-sphere face
yield a global grid spacing of about 1◦.

The second cubed-sphere dynamical core is NCAR’s
spectral element High-Order Method Modeling Environ-
ment (HOMME) (Thomas and Loft 2004, Nair et al.
2009). Spectral elements are a type of a continuous-
Galerkin h-p finite element method (Karniadakis and
Sherwin 1999, Canuto et al. 2007), where h is the num-
ber of elements and p the polynomial order. Rather
than using cell averages as prognostic variables as in
geos fv cubed, the finite element method uses p-order
polynomials to represent the prognostic variables inside
each element. The spectral element method is compat-
ible, meaning it has discrete analogs of the key integral
properties of the divergence, gradient and curl operators,
making the method elementwise mass-conservative (to

JAMES-D
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Lander	and	Hoskins	(1997):	
only	pass	“believable”	
scales	to	physics!	
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Questions?
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