
Prospects	
  for	
  conver-ng	
  climate	
  models	
  
from	
  macroscopes	
  to	
  microscopes 

William	
  Collins	
  
Berkeley	
  Laboratory	
  and	
  University	
  of	
  California,	
  Berkeley	
  

	
  
	
  
	
  

	
  

NASA	
  



3  Water Cycle Workshop  Department of Energy  •  Office of 
Science  •  Biological and Environment 

Key space and time scales of the water cycle as case study 

Leung	
  et	
  al,	
  2012	
  



3  Water Cycle Workshop  Department of Energy  •  Office of 
Science  •  Biological and Environment 

Predictability of the water cycle 

Sp
at
ia
l	
  

Sc
al
e	
  

Season	
  

Time	
  Scale	
  
Minute 	
  Day	
   Week	
   1	
  yr	
   10	
  yrs	
   100	
  yrs	
  

1	
  

km	
  

km	
  

10	
  

1	
  

00	
  km	
  
	
  
	
  
	
  
	
  

00	
  km	
  

10	
  

1000	
  0	
  km	
  

User	
  Needs	
  Current	
  Skill	
  
Research	
  on	
  decadal	
  
predic-on,	
  global	
  
warming	
  impacts,	
  
role	
  of	
  land	
  use	
  
changes,	
  aerosols,	
  
etc.	
  

Improved	
  ENSO	
  
predic-on	
  and	
  
regional	
  response,	
  
downscaling	
  ,	
  
improved	
  land/
atmos	
  coupling,	
  
soil	
  moisture,	
  
snow	
  observa-ons	
  

Higher	
  resolu-on,	
  
improved	
  Rossby	
  
wave	
  impacts,	
  land/
atmos	
  coupling,	
  
land	
  ini-al	
  states,	
  
improved	
  atmos/
land	
  seasonal	
  cycle,	
  
weather	
  extremes	
  

Siegfried	
  Schubert,	
  http://drought.wcrp-­‐climate.org/workshop/ICPO_161_WCRP_Report.pdf	
  



Summary for Policymakers

20

Figure SPM.8 | Maps of CMIP5 multi-model mean results for the scenarios RCP2.6 and RCP8.5 in 2081–2100 of (a) annual mean surface temperature 
change, (b) average percent change in annual mean precipitation, (c) Northern Hemisphere September sea ice extent, and (d) change in ocean surface pH. 
Changes in panels (a), (b) and (d) are shown relative to 1986–2005. The number of CMIP5 models used to calculate the multi-model mean is indicated in 
the upper right corner of each panel. For panels (a) and (b), hatching indicates regions where the multi-model mean is small compared to natural internal 
variability (i.e., less than one standard deviation of natural internal variability in 20-year means). Stippling indicates regions where the multi-model mean is 
large compared to natural internal variability (i.e., greater than two standard deviations of natural internal variability in 20-year means) and where at least 
90% of models agree on the sign of change (see Box 12.1). In panel (c), the lines are the modelled means for 1986−2005; the filled areas are for the end 
of the century. The CMIP5 multi-model mean is given in white colour, the projected mean sea ice extent of a subset of models (number of models given in 
brackets) that most closely reproduce the climatological mean state and 1979 to 2012 trend of the Arctic sea ice extent is given in light blue colour. For 
further technical details see the Technical Summary Supplementary Material. {Figures 6.28, 12.11, 12.22, and 12.29; Figures TS.15, TS.16, TS.17, and TS.20}
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Traditional atmospheric model schematic 
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New types of climate models can bridge to local scales 
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Figure 7.8: Model and simulation strategy for representing the climate system and climate processes at different space 
and time scales. Also shown are the ranges of space and time scales usually associated with cloud processes (orange, 
lower left) and the climate system (blue, upper right). Classes of models are usually defined based on the range of 
spatial scales they represent, which in the figure is roughly spanned by the text for each model class. The temporal 
scales simulated by a particular type of model vary more widely. For instance, climate models are often run for a few 
time steps for diagnostic studies, or can simulate millennia. Hence the figure indicates the typical timescales for which a 
given model is used. Computational power prevents one model from covering all time and space scales. Since the AR4 
the development of global cloud resolving models (GCRM), and hybrid approaches such as GCMs using the "super-
parameterization" approach (sometimes called the multiscale modelling framework or MMF), have helped fill the gap 
between climate system and cloud process models. 
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Historical impacts of computing power 
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Technology is disruptive – and that can be empowering 
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Variable resolution can accelerate progress 
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6 P. A. Ullrich

Table 1. Overview of the numerical methods analyzed in this paper.

Method Acronym Compact? Staggered? Implicit Diffusion?
Upwind Finite-Volume UFV No No Yes
Central Finite-Volume CFV No No No
Spectral Finite-Volume SFV Yes No Yes
Discontinuous Galerkin DG Yes No Yes

Mass-Lumped Discontinuous Galerkin DG* Yes No Yes
Spectral Element Method SEM Yes No No

Modified-Basis Spectral Element Method MB-SEM Yes No No
Staggered Finite-Volume stFV No Yes No
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Figure 1. Shortest resolved wavelength in the (top) dispersive limit and (bottom) diffusive limit with error level ẽr = ẽi = 0.01 for all methods
considered in this paper and order of accuracy � 2. Only results with a shortest resolved wavelength below 15�x are shown.

which uses neighboring information to obtain an accurate
approximation to the underlying field.

The central finite-volume method on a stencil of girth
Ng = p/2 will have an order-of-accuracy of p, where under
the constraint of symmetry p must be even. Again, each
element has exactly one degree of freedom per state variable
which is interpreted as the element average. At second-
order accuracy, this method reduces to the well-known
central difference method. At fourth-order accuracy, this
class of methods includes the piecewise parabolic method of

Colella and Woodward (1984) when the non-linear limiting
procedure is not used.

For an arbitrary hyperbolic differential equation, both
upwind and central finite-volume methods are constructed
as follows:

1. For each edge j + 1/2 polynomials �L(x), �R(x),
uL(x) and uR(x) are fit through elements [j �
Ng + 1, . . . , j +Ng � 1] and [j �Ng + 2, . . . , j +

Ng] such that the element-averages of the polynomial

Copyright c� 2012 Royal Meteorological Society Q. J. R. Meteorol. Soc. 00: 2–25 (2012)
Prepared using qjrms4.cls
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CAM-SE attractive scaling properties; themodel has been
shown to scale nearly linearly to hundreds of thousands of
cores (Dennis et al. 2012; Evans et al. 2013). These char-
acteristics make CAM-SE a compelling option for future
high-resolution climate simulations on massively parallel
systems.
Because the discretization is localized on individual

elements, variable resolution can be introduced through
refined meshes provided the elements tiling the sphere
are conforming quadrilaterals. This setup allows VR
grids to maintain the key conservation and scalability
aspects that makeCAM-SE a desirablemodel choice for
climate simulations.

b. Experimental setup

This study utilizes version 1.1.17 of the Community
Earth System Model (CESM). CESM is a coupled cli-
mate system model combining CAM with other model
components such as land and ocean.
We run two simulations with two different CAM

grids. One is a globally uniform 18 (;111 km) CAM-SE
grid. We refer to this as the ‘‘coarse’’ simulation. This is
the default model grid for CAM simulations as of
version 5.3. The other is a refined mesh that uses the
same 18 grid with a patch of 0.258 (;28 km) refinement
embedded over the Atlantic Ocean. A small transition
band of 0.58 (;55 km) grid spacing separates the inner
nest from the coarser, background grid. This is referred
to as the ‘‘VR’’ mesh. Both grids can be seen in Fig. 1.
The irregular shape of the high-resolution patch was
determined by historical tropical cyclone activity in the
North Atlantic Ocean basin. The grid generation

procedure and refinement structure is detailed in Zarzycki
et al. (2014b).
There are only a few modifications required to utilize

CAM-SE in conjunction with VR grids. CAM-SE ap-
plies explicit fourth-order hyperviscosity both for nu-
merical stability and to simulate a realistic kinetic
energy spectrum (Dennis et al. 2012). This fourth-order
hyperdiffusion must be scaled with resolution such that
the proper damping is applied at the coarse grid scales
without harming dynamically resolved features in the
high-resolution nest. The fourth-order diffusion co-
efficient is scaled according to the grid size of each ele-
ment with higher (lower) values in larger (smaller) grid
boxes. Further discussion of the scalar hyperviscosity
used in this study can be found in Levy et al. (2013),
Zarzycki et al. (2014a,b), and Guba et al. (2014).
The default polynomial degree in CAM-SE is chosen

to be three, which is the operational default in CAM.
This selection leads to fourth-order spatial accuracy. We
utilize a finite difference approach in the vertical with
a hybrid sigma-pressure coordinate as well as a Runge–
Kutta time discretization. All simulations use 30 vertical
levels with a model top of approximately 2 hPa. The
model is therefore only refined in the horizontal di-
rection. The dynamical time step (Dtdyn) of the model is
restricted by the finest grid spacing in order to satisfy the
Courant–Friedrichs–Lewy constraint. For the 18 simu-
lation, Dtdyn is set to 360 s, while set to a shorter 100 s in
the VR model run. The physics time step Dtphys is set to
1800 s for both simulations. This is the CAM default for
18 grids but 4 times longer than the 0.258 default of 450 s.
Williamson (2013) showed that CAM’s deep convective

FIG. 1. The two meshes used for this study are (a) a uniform 18 resolution mesh and (b) a VRmesh that ranges from
18 to 0.258. Note that each element shown contains additional 3 3 3 collocation cells.
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the TRMM observations (Fig. 15c). Additionally, the
broad local minimum of precipitation over the Cordil-
lera Isabelia mountain range in Honduras and Nicar-
agua (approximately 148N, 888W) is present in both the
VR and TRMM data but not the 18 simulation. These
results are similar in nature to the TMQ analysis in Fig. 6
and represent improved regional results in the VR
simulation because of rougher topography.
There is a high bias in the local maximum in pre-

cipitation off the western coast of Colombia in both
simulations. This anomaly also appears in previous 18
CAM4 AMIP simulations using both the SE and FV
dynamical cores (Neale et al. 2013; Evans et al. 2013).
This bias is greatly reduced in the VR simulation. We
hypothesize that some of this improvement stems from

the fact that less smoothing of the western slopes of the
Andes is required in the VR simulation. Smoothing of
orography in the 18 simulation has pushed themountains
200–300km into the Pacific Ocean (Fig. 15e). This leads
to anomalously forced upslope flow over model grid
boxes still masked as ocean cells, leading to dramatically
increased precipitation. Neale et al. (2013) also showed
that the bias (at 18 resolution) was somewhat reduced
through coupling to an active ocean model.
The improved orography with the VR grid also sim-

ulates rain shadowing on the eastern side of the Andes
Mountains (manifested as areas of suppressed pre-
cipitation oriented from north-northeast to south-
southwest across northwestern South America) that is
not seen in the uniform 18 simulation. While the 18

FIG. 14. Precipitation histogram representing fraction (logarithmic scale) of instances where 3-hourly in-
stantaneous precipitation rates were in specific intensity bins for AMIP simulations. Statistics are averaged over
(a),(b) NorthAtlantic (NATL) region and (c),(d) North Pacific (NPAC) fromFig. 3. The uniform 18 simulation (UNI) is
plotted in red and the VR simulation in blue. Bin sizes are 1mmday21 on the left and 10mmday21 on the right.
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ties, the method guarantees conservation of volume and vol-
ume-weighted tracer substance. Extending this formulation to
a non-Boussinesq system is trivial. In terms of energetics, the
Coriolis force is computed so that it is energetically neutral
(see Section 3 of Thuburn et al., 2009), and exchange of kinetic
and potential energy is conservative (see (70) of Ringler et al.,
2010). In terms of vorticity, the curl of the discrete momentum
equation produces a discrete absolute vorticity equation where
circulation is conserved within closed loops moving along
Lagrangian trajectories, i.e. the method includes a discrete
analog of Kelvin’s circulation theorem (see (35) of Ringler
et al., 2010).

This method can be regarded as a generalized C-grid discretiza-
tion in the sense that the method holds for any conforming mesh
composed of convex polygons that are locally-orthogonal. The
requirement of conforming simply means that every edge of the
mesh is uniquely shared by two grid cells. The requirement of lo-
cally-orthogonal means that the line segment connecting two grid
points is orthogonal to their shared edge. It turns out that a very
large number of meshes meet these requirements: latitude–longi-
tude grids, dipole and tripole displaced pole grids, conformally-
mapped cubed sphere grids, Voronoi tessellations and Delaunay
triangulations.

The novel aspect of this C-grid algorithm is that its mimetic
properties are unaltered when configured on a multi-resolution
mesh. In a very real sense, it is the combination of the mesh tech-
nology outlined in Section 2 paired with this generalization of the
C-grid method that allows the exploration of global, multi-resolu-
tion ocean modeling. In the context of the shallow-water equa-
tions, Ringler et al. (2011) verified the robustness of this
approach by configuring the Williamson (1992) test case suite with
meshes that varied by up to a factor of 16 in grid spacing. All of the
conservation properties were confirmed using the shallow-water
test cases. This same numerical approach has been used to con-
struct full-physics atmosphere general circulation models based
on the hydrostatic (Rauscher et al., 2013) and non-hydrostatic
(Skamarock et al., 2012) primitive equations.

3.2. Vertical discretization

The vertical coordinate is Arbitrary Lagrangian–Eulerian (ALE),
which provides a great deal of freedom to specify the behavior of
the vertical coordinate that is most appropriate for the application.
The user may choose at run-time among z-level, where all layers
have a fixed thickness except for the top layer; z⁄, where all layer
thicknesses compress in proportion to the sea surface height

Fig. 2. This figure summarizes the quality and characteristics of the multi-resolution meshes. The top figure shows the mesh density with red values indicating q ! 1 and
blue values indicating q ! c. The lower left and right panels expand a portion of the mesh in the vicinity of the Florida Straits and tropical Atlantic, respectively. We note that
both the lower panels exhibit a very uniform mesh composed entirely of near-regular hexagons. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Critical role of numerical software package 
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Analogy to Richardson’s human computer for weather 
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  coordinated	
  for	
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•  On July 29, 2015, President Obama signed an 
Executive Order establishing the  
National Strategic Computing Initiative. 

•  The NCSI has 5 strategic themes: 
1.  Create systems that can apply exaflops of computing power to  

exabytes of data 
2.  Keep the United States at the forefront of HPC capabilities. 
3.  Improve HPC application developer productivity 
4.  Make HPC readily available 
5.  Establish hardware technology for future HPC systems. 

National Strategic Computing Initiative 
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