
Representation of topography in 
dynamical cores 

ESM 

Peter Hjort Lauritzen 
 

Atmospheric Modeling and Predictability Section  
Climate and Global Dynamics Laboratory  
National Center for Atmospheric Research 

The Interaction of PRecipitation and Orography (IPRO) 
June 5-16, 2017 

NCAR, Boulder, Colorado 



Career path 

2003	summer	colloquium	
(organized	by	J.Tribbia)	



Career path 

2003	summer	colloquium	
(organized	by	J.Tribbia)	

1994-6: Undergraduate studies  
in Mathematics and Physics  

1996-7: Lead guitarist in funk-
rock band; rock music school  

1998: B.Sc. Physics (non-linear 
dynamics), Univ. of Aarhus, 
Denmark  

1998-9: Firefighter & Rescue 
worker, Danish Emergency 
Service 

2002: M.Sc. Geophysics,  
Univ. of Copenhagen, Denmark  

2005: Ph.D. Geophysics,  
Univ. of Copenhagen, Denmark  

2006-8: ASP Postdoc, NCAR  

2009-16: Scientist I, II, NCAR 
2016-…: Scientist III, NCAR 



Overview 

1. Introduction: modeling the atmosphere 
  
•  Resolved and un-resolved scales 
•  ‘Define’ dynamical core and parameterizations 
 
2. Representation of topography in models 
 
•  From DEMs (Digital Elevation Models) to climate/weather model 
•  Resolved scale and sub-grid-scale topography  
•  Topography smoothing for the dynamical core 
 
3. Vertical coordinates and topography 







Wavenumber analysis 



•  Approximate distribution with sum of different  
 amplitude sine waves 

Fourier decomposition (Fourier series) 





•  Power spectrum: ~ amplitude of the sine waves 

Fourier decomposition (Fourier series) 

p
o

w
er

 

Wave number 



Wavenumber analysis on the sphere: 
Spherical Harmonics 
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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
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From DEM to weather/climate model 
A digital elevation model (DEM) is a digital 
model or 3D representation of a terrain's 
surface created from terrain elevation data. 
https://en.wikipedia.org/wiki/Digital_elevation_model  
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Figure 1. Log–log plot of spectral energy versus wave number
K for the “raw” 1 km USGS data (GTOPO30), different levels of
smoothing for 100 km CAM-SE topography, and CAM-FV. La-
bels 04⇥, 08⇥, 16⇥ and 32⇥ CAM-SE refer to different levels of
smoothing, more precisely 4, 8, 16 and 32 applications of a “Lapla-
cian” smoothing operator in CAM-SE, respectively. Label CAM-
FV refers to the topography used in CAM-FV at 0.9� ⇥ 1.25� reso-
lution. 00x CAM-SE is the unsmoothed topography on an approx-
imately 1� grid CAM-SE grid. Note that the blue (4⇥, CAM-SE)
and brown (CAM-FV) lines overlap. Solid straight line shows the
K

�2 slope. The associated surface elevations are shown in Fig. 2.

Webster et al., 2003; Zadra et al., 2003; Kim and Doyle,
2005; Scinocca andMcFarlane, 2000) and incorporate the ef-
fects of sub-grid-scale topographic anisotropy (i.e., the exis-
tence of ridges with dominant orientations used to determine
the direction and magnitude of the drag exerted by sub-grid
topography). The importance of anisotropy in quantifying to-
pographic effects has been recognized for some time (e.g.,
Baines and Palmer, 1990; Bacmeister, 1993).
According to linear theory, gravity waves can propagate

in the vertical only when their intrinsic frequency is lower
than the Brunt–Väisälä frequency N (e.g., Durran, 2003).
For orographically forced gravity waves the intrinsic fre-
quency is set by the obstacle horizontal scale and the wind
speed. When obstacle scales are too small to generate prop-
agating waves, we expect drag to be produced by unstrati-
fied turbulent flow, a process which is typically parameter-
ized in models’ TMS schemes. For larger obstacles we ex-
pect both drag and vertically propagating waves to result,
processes which are dealt with by GWD schemes. Unfor-
tunately the scale separating TMS and GWD processes is
flow dependent. For typical midlatitude values of low-level

Figure 2. Surface elevation in kilometers for a cross section along
latitude 30� S (through Andes mountain range) for different repre-
sentations of surface elevation. The labeling is the same as in Fig. 1.

wind (10m s�1) and N (10�2 s�1), waves with wavelengths
less than around 6000m will not propagate in the vertical.
A separation scale of 5000m has been used by ECMWF
(1997) and Beljaars et al. (2004). Here we will generate two
sub-grid-scale variables derived from the topography data:
the variance of topography below the 6000m scale (referred
to as Var(TMS)) and the variance of topography with a scale
longer than 6000m and less than the grid scale (referred to
as Var(GWD)).
It is the purpose of this paper to document a software pack-

age (NCAR_Topo (v1.0)) that, given a “raw” high-resolution
global elevation data set, maps elevation data to any unstruc-
tured global grid and separates the scales needed for TMS
and GWD parameterizations. This separation of scales is
done through an intermediate mapping of the raw elevation
data to a 3000m cubed-sphere grid (3 ! A) before map-
ping fields to the target model grid (A ! �) as schemati-
cally shown in Fig. 3. This two-step process is described in
Sect. 2.2 after a mathematical definition of the scale separa-
tion (Sect. 2.1). In Sect. 2.2.3 we briefly discuss 8s smooth-
ing (if applicable). Output from the topography software is
shown and discussed in Sect. 3.

2 Method

2.1 Continuous: separation of scales

The separation of scales is, in continuous space, conveniently
introduced using spherical harmonics. Assume that eleva-
tion (above sea level) is a smooth continuous function, in

Geosci. Model Dev., 8, 3975–3986, 2015 www.geosci-model-dev.net/8/3975/2015/
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Fig. 13.8 Fraction of the time the tropical precipitation is in 1 mm day!1 bins ranging from 0 to
120 mm day!1 , calculated from 6-h averages for all grid points between ˙10ı. This frequency
distribution is an annual average. The aqua-planet simulations are (blue, yellow) CAM FV at the
coarse lat ! lon resolution 2:7ı ! 3:3ı L26 and (red) CAM EUL at the resolution T31L26 (with
time step !t D 1;800 s). Yellow FV curve: standard second-order divergence damping (13.70).
Blue curve: FV simulation with a doubled coefficient. The figure is courtesy of Peter H. Lauritzen,
NCAR

@D

@t
D !rD (13.77)

where r symbolizes an inverse damping time scale like 1=T . The damping time
scale determines the strength of the friction and is user-defined. In particular, the
damping has an initial e-folding time of T and linearly decreases to zero over a time
period of Td , usually set to 2 days. It yields

r D max
h 1
T

Td ! t

Td
; 0
i

(13.78)

where t stands for the elapsed time after the start of the model. In the CAM Eulerian
or semi-Lagrangian dynamical core the damping is computed implicitly in spectral
space via time splitting after the horizontal diffusion. If activated by the user it is
only applied at the beginning of a model climate simulation to damp the gravity
wave propagation arising from poorly balanced initial states. They usually result
from interpolating a model simulated state to a different resolution with no attempt
to maintain geostrophic balance. The initial behavior of a climate simulation is gen-
erally of no interest. This damping should never be used for short-term forecasts
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Figure 7. Diagnostics for 30 year AMIP simulations with CAM5.2. Upper and lower group of
plots are model level 16 vertical velocity and total precipitation rate di◆erences, respectively,
Except for the lower right-most plot on the lower group of plots, the diagnostics are for CAM-
SE with di◆erent amounts of smoothing of –s and di◆erent levels of divergence damping. The
amount of smoothing follows the same notation as Fig. 2 (right) and 1.0 x div, 2.5 x div, 5.0 x div
refers to increasing divergence damping by a factor 1.0, 2.52, and 5.02, respectively. The sec-
ond right-most plot on each group of plots (labeled FV) show results for CAM-FV. Lower right
plot in the second group of plots show TRMM observations, respectively.
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Figure 7. Diagnostics for 30 year AMIP simulations with CAM5.2. Upper and lower group of
plots are model level 16 vertical velocity and total precipitation rate di◆erences, respectively,
Except for the lower right-most plot on the lower group of plots, the diagnostics are for CAM-
SE with di◆erent amounts of smoothing of –s and di◆erent levels of divergence damping. The
amount of smoothing follows the same notation as Fig. 2 (right) and 1.0 x div, 2.5 x div, 5.0 x div
refers to increasing divergence damping by a factor 1.0, 2.52, and 5.02, respectively. The sec-
ond right-most plot on each group of plots (labeled FV) show results for CAM-FV. Lower right
plot in the second group of plots show TRMM observations, respectively.
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Figure 8. (left) Total kinetic energy spectrum for the velocity field at 200 hPa as a function of
spherical wave number K for CAM-FV and di◆erent configurations of CAM-SE. The labeling
for the CAM-SE configurations is the same as in Fig. 7. The solid-straight black line indicates
the K �3 reference slope 8. The middle and right plots show the kinetic energy partitioned into
divergent and rotational modes, respectively. The spectra have been computed using daily
instantaneous wind and surface pressure data for a 2 month period.
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Figure 7. Diagnostics for 30 year AMIP simulations with CAM5.2. Upper and lower group of
plots are model level 16 vertical velocity and total precipitation rate di◆erences, respectively,
Except for the lower right-most plot on the lower group of plots, the diagnostics are for CAM-
SE with di◆erent amounts of smoothing of –s and di◆erent levels of divergence damping. The
amount of smoothing follows the same notation as Fig. 2 (right) and 1.0 x div, 2.5 x div, 5.0 x div
refers to increasing divergence damping by a factor 1.0, 2.52, and 5.02, respectively. The sec-
ond right-most plot on each group of plots (labeled FV) show results for CAM-FV. Lower right
plot in the second group of plots show TRMM observations, respectively.
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Part 3: Vertical coordinates 
and topography 







z	







Cut cell method 

From	R.	Walko	

Terrain-following coordinates 
used in most models 

OLAM uses cut cell method 

Figure	from	Yamazaki	et	al.	



Final remarks 

Representation of topography in models remains a challenge! 
 
 
  
•  Resolved and un-resolved topography 
•  Numerical accuracy of fluid-flow solver near topography 
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