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•  New	
  `raw’	
  topography	
  dataset	
  in	
  CAM	
  
•  CAM-­‐SE	
  development	
  (CMIP6	
  ¼	
  degree	
  model):	
  

-­‐	
  CAM-­‐SE	
  physgrid	
  
-­‐	
  CAM-­‐SE-­‐CSLAM	
  
-­‐	
  dry	
  mass	
  verRcal	
  coordinates	
  &	
  condensate	
  	
  	
  
	
  	
  loading	
  

•  CAM-­‐MPAS	
  (for	
  more	
  details	
  see	
  Sang-­‐Hun	
  Park’s	
  talk	
  from	
  yesterday)	
  
-­‐	
  typhoon	
  forecasts	
  with	
  CAM5	
  physics	
  versus	
  WRF	
   	
  	
  physics	
  using	
  
variable	
  resoluRon	
  MPAS	
  

Overview	
 



	
 
Part	
 I	
 

	
 
New	
 ~1km	
 source	
 elevations	
 data	
 



hYps://github.com/NCAR/Topo	
  	
  



hYp://pubs.usgs.gov/of/2011/1073/pdf/of2011-­‐1073.pdf	
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ElevaRon	
  differences	
  [meters]	
  	
  	
  
(on	
  3km	
  cubed-­‐sphere	
  grid)	
  	
  



GeopotenRal	
  height	
  differences	
  	
  
(on	
  FV	
  1	
  degree	
  grid	
  with	
  topo	
  smoothing)	
  	
  



Rasta	
  plot	
  on	
  3km	
  cubed-­‐sphere	
  grid	
  



PRECT	
  



Surface	
  wind	
  stress	
  



Surface	
  temperature	
  (TS)	
  



	
 
Part	
 II	
 

	
 
Dynamical	
 core(s)	
 development	
 



Getting	
 away	
 from	
 CAM-FV	
 …	
 
•  Scalability	
  
•  StaRc	
  mesh-­‐	
  

refinement	
  	
  
capability	
  

•  …	
  

CAM-­‐FV	
  	
  (finite	
  volume)	
  
Lin	
  (2004)	
  

CAM-­‐SE	
  	
  (spectral	
  elements)	
  
Taylor	
  et	
  al.,	
  (1997)	
  
Dennis	
  et	
  al.,	
  (2012)	
  

CAM-­‐MPAS	
  	
  (Model	
  for	
  PredicBon	
  Across	
  Scales)	
  

Skamarock	
  et	
  al.,	
  (2012)	
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•  CAM-­‐SE	
  and	
  CAM-­‐MPAS	
  are	
  
acBvely	
  being	
  developed	
  at	
  
NCAR	
  (with	
  collaborators)	
  
both	
  in	
  terms	
  of	
  numerical	
  
methods	
  and	
  code	
  
opBmizaBon	
  (with	
  CISL)	
  

•  SE	
  and	
  MPAS	
  represent	
  two	
  
very	
  different	
  numerical	
  
methods	
  and	
  grids	
  –	
  there	
  is	
  
no	
  agreement	
  (but	
  many	
  
opinions)	
  in	
  the	
  community	
  
on	
  which	
  method/grid	
  is	
  
“best”	
  

CAM-­‐EUL	
  	
  	
  
(spectral	
  transform)	
  

CAM-­‐SLD	
  	
  	
  
(spectral	
  transform	
  	
  
	
  semi-­‐Lagrangian)	
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  WACCM-­‐X:	
  Issues	
  with	
  represenRng	
  thermosphere	
  	
  

(1)	
  Specific	
  heat	
  dry	
  air	
  gas	
  constant	
  (R*/mbar),	
  and	
  
kappa	
  (R/Cp)	
  are	
  variables	
  (2)	
  CorrecRon	
  to	
  
thermodynamic	
  equaRon	
  in	
  terms	
  of	
  potenRal	
  
temperature.	
  
Hanli	
  Liu	
  (HOA,	
  NCAR)	
  



CAM-SE	
 development	
 

•  SeparaRng	
  physics	
  and	
  dynamics	
  grids	
  
-­‐	
  presented	
  at	
  2014	
  AMWG	
  meeRng	
  

•  More	
  accurate	
  and	
  faster	
  (if	
  enough	
  tracers)	
  	
  
tracer	
  transport	
  scheme	
  	
  
(CSLAM:	
  ConservaRve	
  semi-­‐LAgrangian	
  MulR-­‐tracer	
  scheme)	
  
-­‐	
  consistent	
  coupling	
  between	
  spectral-­‐element	
  dry	
  mass	
  and	
  
CSLAM	
  dry	
  mass	
  fields	
  was	
  presented	
  at	
  2015	
  CESM	
  meeRng	
  in	
  
Breckenridge	
  

•  Change	
  to	
  dry	
  mass	
  verRcal	
  coordinates	
  
•  Explicitly	
  represent	
  condensate	
  loading	
  the	
  

dynamical	
  core	
  (high	
  resoluRon)	
  	
  



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

CAM-SE-physgrid	
 configuration	
 

Dynamics:	
  Spectral-­‐element	
  
dynamics	
  on	
  Gauss-­‐LobaYo-­‐	
  
Legendre	
  (GLL)	
  nodal	
  values	
  	
  
	
  
(4x4	
  GLL	
  point	
  in	
  each	
  element;	
  
	
  degree	
  3	
  Lagrange	
  polynomials)	
  	
  	
  

Physics:	
  Coarser,	
  same	
  or	
  finer	
  
resoluRon	
  cell-­‐average	
  grid	
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Overview

A new model configuration based on CAM-SE:

SE: Spectral-element dynamical core solving for �v , T , ps
(Dennis et al., 2012; Evans et al., 2012; Taylor and Fournier, 2010; Taylor et al., 1997)

CSLAM: Semi-Lagrangian finite-volume transport scheme for tracers
(Lauritzen et al., 2010; Erath et al., 2013, 2012; Harris et al., 2010)

Phys-grid: Separating physics and dynamics grids, i.e. ability to
compute physics tendencies based on cell-averaged values within each
element instead of quadrature points
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CAM-SE-CSLAM	
 configuration	
 

Lauritzen,	
  Taylor,	
  Overfelt,	
  Ullrich	
  and	
  Goldhaber	
  (2016,	
  IN	
  PREP)	
  	
  

+	
  dry	
  eta	
  

+	
  new	
  consistent	
  coupling	
  version	
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Thanks	
  to	
  Rory	
  Kelly	
  (CISL)	
  for	
  collaboraBng	
  on	
  code	
  opBmizaBon	
  

Baseline	
  SE	
  numbers	
  are	
  not	
  from	
  the	
  version	
  of	
  
HOMME	
  currently	
  in	
  CAM.	
  This	
  is	
  an	
  opBmized	
  version	
  
(courtesy	
  of	
  John	
  Dennis	
  (NCAR))	
  which	
  is	
  25%	
  faster	
  

than	
  CAM5.1	
  trunk	
  for	
  25	
  tracers	
  (CAM5	
  –	
  nlev=30)	
  and	
  
50%	
  faster	
  for	
  135	
  tracers	
  (WACCM	
  –	
  nlev=70)	
  

	
  
=>	
  	
  4	
  months	
  ago	
  CSLAM	
  was	
  slower	
  than	
  SE	
  L	
  

=>	
  in	
  collaboraBon	
  with	
  Rory	
  Kelly	
  (CISL)	
  
I	
  have	
  re-­‐implemented	
  parts	
  of	
  the	
  CSLAM	
  algorithm	
  for	
  

speed	
  J	
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CAM-SE	
 development:	
 dry-mass	
 eta	
 



This	
  source/sink	
  (exists	
  in	
  CAM-­‐FV	
  and	
  CAM-­‐SE)	
  term	
  is	
  
problemaRc:	
  
•  Physics-­‐dynamics	
  coupling	
  
(violates	
  energy	
  conservaRon,	
  mixing	
  raRos	
  must	
  be	
  
adjusted	
  to	
  conserve	
  mass)	
  

•  An	
  inert	
  tracer	
  will	
  have	
  source/sink	
  terms	
  
•  Complicates	
  CSLAM-­‐SE	
  coupling	
  in	
  moist	
  
atmosphere	
  

CAM-SE	
 development:	
 dry-mass	
 eta	
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CAM-SE	
 development:	
 condensate	
 loading	
 



CAM-SE	
 development:	
 condensate	
 loading	
 
Maintains	
  excellent	
  
CAM-­‐SE	
  axial	
  angular	
  

momentum	
  
conservaBon	
  

properBes	
  (in	
  a	
  dry	
  
atmosphere)	
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