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Orography	
  variables	
  

•  PHIS:	
  surface	
  geopoten6al	
  
•  SGH30:	
  standard	
  devia6on	
  of	
  topography	
  on	
  
scales	
  	
  approximately	
  <	
  3-­‐6	
  km.	
  
Used	
  for	
  turbulent	
  mountain	
  stress	
  (TMS)	
  parameteriza6on	
  	
  

	
  	
  	
  	
  	
  	
  (sub-­‐grid-­‐scale	
  orographic	
  drag)	
  

•  SGH:	
  standard	
  devia6on	
  of	
  topography	
  on	
  scales	
  
approximately	
  >	
  3-­‐6km	
  (and	
  <	
  grid	
  scale)	
  
(momentum	
  flux	
  deposi6on	
  due	
  to	
  unresolved	
  gravity	
  waves)	
  

•  (LANDFRAC:	
  land-­‐ocean	
  mask)	
  



ESMF Offline Supported Grids
• Grids with spherical (lon, lat) coordinates – any pair of:

Global 2D logically rectangular grids
Regional 2D logically rectangular grids
2D unstructured meshes composed of polygons with any number of 
sides:  triangles, quadrilaterals, pentagons, hexagons,…
Multi-patch grids (e.g. cubed spheres) currently supported via 
unstructured format

HOMME Cubed Sphere Grid with Pentagons
Courtesy Mark Taylor of Sandia

FIM Unstructured Grid
Courtesy ESRL GSD

Regional Grid

RESULT:
“use of the parallel 
ESMF offline regridding
capability has reduced 
the time it takes to 
create CLM surface 
datasets from hours to 
minutes”  - Mariana 
Vertenstein, NCAR

Conformal, Variable-Resolution Meshes

SCVTs
Spherical Centroidal 
Voronoi Tessellations 

(Michael Duda, MMM)

• Cell center is cell center-of-mass
• Edges of dual grid intersect 

edges of primary grid at right 
angles.

Solution to the C-grid problem of non-stationary 
geostrophic modes on hexagonal grids:

Thuburn, Ringler, Skamarock and Klemp, Numerical 
Representation of Geostrophic Modes on Arbitrarily 
Structured C-Grids.  JCP 2009.

Ringler, Thuburn, Skamarock and Klemp, Numerical Treatment 
of Energy and Potential Vorticity on Arbitrarily Structured 
C-Grids.  JCP, accepted.

USGS	
  raw	
  data	
  
(~1km	
  resolu6on)	
  

Lat-­‐lon	
  grid	
  
(~15km	
  resolu6on)	
  

Target	
  grid	
  

Default	
  topo	
  file	
  genera6on	
  for	
  
“unstructured”	
  grids	
  

Lat-­‐lon	
  grid	
  
(resolu6on	
  similar	
  
to	
  target	
  grid)	
  

Binning	
  
(compute	
  SGH30)	
   1D	
  remapping	
  along	
  

lon’s	
  and	
  lat’s,	
  respecDvely	
  
(compute	
  SGH)	
  

Bilinear	
  
interpolaDon	
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Less	
  isotropic	
  
separaDon	
  of	
  

scales	
  	
  

Variance	
  of	
  PHIS	
  
is	
  computed	
  

with	
  respect	
  to	
  
intermediate	
  
lat-­‐lon	
  grid	
  and	
  
not	
  target	
  grid	
  

Smoothing	
  of	
  
PHIS	
  is	
  not	
  

accounted	
  for	
  in	
  
SGH	
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USGS	
  raw	
  data	
  
(~1km	
  resolu6on)	
  

gnomonic	
  
cubed-­‐sphere	
  

(~3km	
  resolu6on)	
  

Target	
  grid	
  

Binning	
  
(compute	
  SGH30)	
  

New	
  soTware	
  

Rigorous	
  remapping	
  
using	
  CSLAM	
  technology	
  	
  
(compute	
  SGH)	
  

Lauritzen	
  et	
  al.	
  (2012),	
  in	
  prep.	
  



Zonal	
  temperature:	
  CAM-­‐FV	
  1	
  degree	
  

Control	
  

Control	
  and	
  OBS	
   Consistent	
  (SGH	
  &	
  SGH30)	
  and	
  Control	
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Abstract. It is the purpose of this paper to propose a standard
test case suite for two-dimensional transport schemes on the
sphere intended to be used for model development and facili-
tating scheme intercomparison. The test cases are designed to
assess important aspects of accuracy in geophysical fluid dy-
namics such as numerical order of convergence, “minimal”
resolution, the ability of the transport scheme to preserve fil-
aments, transport “rough” distributions, and to preserve pre-
existing functional relations between species/tracers under
challenging flow conditions.
The experiments are designed to be easy to set up. They

are specified in terms of two analytical wind fields (one non-
divergent and one divergent) and four analytical initial con-
ditions (varying from smooth to discontinuous). Both con-
ventional error norms as well as novel mixing and filament
preservation diagnostics are used that are easy to implement.
The experiments pose different challenges for the range of
transport approaches from Lagrangian to Eulerian. The mix-
ing and filament preservation diagnostics do not require an
analytical/reference solution, which is in contrast to standard
error norms where a “true” solution is needed. Results using
the CSLAM (Conservative Semi-Lagrangian Multi-tracer)
scheme on the cubed-sphere are presented for reference and
illustrative purposes.

1 Introduction

A basic building block in any fluid dynamics solver is the
transport operator that approximates the evolution of the
bulk motion of a scalar. Despite intense research in trans-
port schemes intended for global modeling on the sphere,

only test 1 of the widely used test case suite by Williamson
et al. (1992) seems to be the standard test, whereas other
(newer) test cases are, in general, only optionally used. Test 1
inWilliamson et al. (1992) is referred to as the solid-body ad-
vection test case, and the exact solution is simply the trans-
lation of the initial condition so that the center of the distri-
bution follows a great circle. The flow field is non-divergent
and does not challenge the transport operator with respect
to deformation or divergence. In the last decade other non-
divergent global test cases have been proposed such as static
(Nair and Machenhauer, 2002) and moving vortices (Nair
and Jablonowski, 2008) test cases that include deformation.
Also for these tests the analytical solution is known at all
times. Scheme developers do, in general, not publish results
for all test cases and, perhaps more importantly, they often
choose different parameter settings making it more difficult
to compare results for different schemes. A purpose of this
paper is to provide specific guidelines for test case setup in
terms of parameters, resolution, time step, and diagnostics.
Perhaps more challenging, analytical wind fields were

recently proposed by Nair and Lauritzen (2010). The La-
grangian fluid parcels follow complex trajectories (not great
circles or small circles) making it harder to compute the an-
alytical solution throughout the simulation. Following LeV-
eque (1996) the flow has a “time-reversing” component so
that after one period the exact solution equals the initial con-
dition. Half way through the simulation, however, the initial
distributions are deformed into thin filaments and an “over-
laid” translational flow transports the filaments as they de-
form. This problem is very challenging. A divergent wind
field is proposed in Nair and Lauritzen (2010) as well which
is in contrast to most idealized wind fields in the literature.
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Semi-Lagrangian scheme in HOMME Semi Lagrangian Scheme

Remapping

Two-dimensional transport equation on the sphere (no source/sinks):

d

dt

∫
A(t)

ψ dx = 0,

ψ . . . tracer density t . . . time A(t) . . . Lagrangian area

Christoph Erath 1/9



Semi-Lagrangian scheme in HOMME Semi Lagrangian Scheme

Remapping

Two-dimensional transport equation on the sphere (no source/sinks):

d

dt

∫
A(t)

ψ dx = 0,

ψ . . . tracer density t . . . time A(t) . . . Lagrangian area

Dk

Ak

The third order CSLAM scheme:

ψk

n+1
|Ak | =

∫
Dk

ψn
k,rec dx = reconstruction × weights

weights. . . can be reused for each tracer ->multi-tracer efficient!

Christoph Erath 1/9



Semi-Lagrangian scheme in HOMME Challenges in HOMME

Different Halo Zone and Grid
because of the departure cell and the reconstruction.

Face 1 Face 2 Face 3Face 4

Face 5

Face 6
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Elements
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Semi-Lagrangian scheme in HOMME Challenges in HOMME

Different Halo Zone and Grid
because of the departure cell and the reconstruction.

Elements

Gauß-Lobatto-Legendre Points
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Semi-Lagrangian scheme in HOMME Challenges in HOMME

Different Halo Zone and Grid
because of the departure cell and the reconstruction.

Finite volume grid

Christoph Erath 2/9



Semi-Lagrangian scheme in HOMME Challenges in HOMME

Different Halo Zone and Grid
because of the departure cell and the reconstruction.

Reconstruction

Christoph Erath 2/9



Semi-Lagrangian scheme in HOMME Challenges in HOMME

Different Halo Zone and Grid
because of the departure cell and the reconstruction.

One element with its halo zone!

Christoph Erath 2/9



Semi-Lagrangian scheme in HOMME Challenges in HOMME

Summary of CSLAM in CAM-SE (HOMME)

Why HOMME? Because it is scalable up to 170000 cores.

We want to have a multi-tracer efficient advection scheme.

Departure grid and order of the scheme define the depth of the
halo zone.

Departure and arrival cells are always on the same core.

Christoph Erath 3/9
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Semi-Lagrangian scheme in HOMME Challenges in HOMME

Summary of CSLAM in CAM-SE (HOMME)

Why HOMME? Because it is scalable up to 170000 cores.

We want to have a multi-tracer efficient advection scheme.

Departure grid and order of the scheme define the depth of the
halo zone.

Departure and arrival cells are always on the same core.

Communication

Reconstruction coefficients depend on the tracer value, only ONE
nearest neighbor communication for each time step (array of multiple
tracer values).

Mass conservation

The scheme in HOMME conserves mass to machine precision as well!

Christoph Erath 3/9



Semi-Lagrangian scheme in HOMME Performance

Scalability on NCAR/CU Blue Gene/L System

Standalone CSLAM, standard benchmark test.
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Semi-Lagrangian scheme in HOMME Performance

Communication Time

number of processors

ti
m

e
in

se
co

n
d
s

Number of tracers:
1
10
50
100

200
400
800

102 103

100

101

102

103
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Semi-Lagrangian scheme in HOMME Performance

Comparison: Spectral Elements (SE) advection scheme
versus CSLAM in HOMME on NCAR’s Cray XT5m

Integrated in the atmospheric primitive equations SE, calculate
CSLAM departure grid from SE velocities

Resolution 0.75 degree on the equator, tstep= 50 s for the
dynamics, running the baroclinic test case for 15 days

CFL SE < 0.28 with shape preserving mode, CFL CSLAM< 1
Tracer time steps: SE= 250 s, CSLAM= 800 s

Christoph Erath 6/9
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Semi-Lagrangian scheme in HOMME Performance

Advection schemes SE and CSLAM

number of tracers
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Semi-Lagrangian scheme in HOMME Performance

Advection schemes SE and CSLAM

number of tracers
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Semi-Lagrangian scheme in HOMME Performance

Performance

number of tracers
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Semi-Lagrangian scheme in HOMME Performance

Future Work

More robustness tests.

Consistent coupling of CAM-SE mass field and CSLAM.

Integrating in CAM-SE from HOMME “should be” straight
forward.

Christoph Erath 9/9



Semi-Lagrangian scheme in HOMME Performance

Future Work

More robustness tests.

Consistent coupling of CAM-SE mass field and CSLAM.

Integrating in CAM-SE from HOMME “should be” straight
forward.

Further Questions?

erath@ucar.edu

http://www.csc.cs.colorado.edu/~ce/
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