Available online at www.sciencedirect.com
JOURNAL OF

ScienceDirect COMPUTATIONAL
PHYSICS

ELSEVIER Journal of Computational Physics 227 (2007) 55-78

www.elsevier.com/locate/jcp

Finite-volume transport on various cubed-sphere grids

William M. Putman **, Shian-Jiann Lin °

# NASA — GSFC Software Integration and Visualization Office — SIVO, Mail Stop 610.3, Greenbelt, MD 20771, United States
> NOA4 Geophysical Fluid Dynamics Laboratory, 201 Forrestal Road, Princeton, NJ 08540-6649, United States

Received 19 December 2006; received in revised form 6 July 2007; accepted 11 July 2007
Available online 7 August 2007

Abstract

The performance of a multidimensional finite-volume transport scheme is evaluated on the cubed-sphere geometry.
Advection tests with prescribed winds are used to evaluate a variety of cubed-sphere projections and grid modifications
including the gnomonic and conformal mappings, as well as two numerically generated grids by an elliptic solver and spring
dynamics. We explore the impact of grid non-orthogonality on advection tests over the corner singularities of the cubed-
sphere grids, using some variations of the transport scheme, including the piecewise parabolic method with alternative
monotonicity constraints. The advection tests revealed comparable or better accuracy to those of the original latitudi-
nal-longitudinal grid implementation. It is found that slight deviations from orthogonality on the modified cubed-sphere
(quasi-orthogonal) grids do not negatively impact the accuracy. In fact, the more uniform version of the quasi-orthogonal
cubed-sphere grids provided better overall accuracy than the most orthogonal (and therefore, much less uniform) confor-
mal grid. It is also shown that a simple non-orthogonal extension to the transport equation enables the use of the highly
non-orthogonal and computationally more efficient gnomonic grid with acceptable accuracy.
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1. Introduction

The finite-volume dynamical core (FV core hereafter; [1]) has been generalized for quasi-uniform cubed-
sphere grids in general non-orthogonal curvilinear coordinates using the National Oceanic and Atmospheric
Administration (NOAA) Geophysical Fluid Dynamics Laboratory’s (GFDL) Flexible Modeling System
(FMS), with the final goal of being a shared modular component within various global modeling efforts.
The original FV core ([1]; L04 hereafter) on the latitudinal-longitudinal grid is already an integral component
within the National Aeronautics and Space Administration (NASA) Goddard Earth Observing System
(GEOS) modeling suite (e.g. [2-4]), the climate modeling efforts at NOAA/GFDL [5], and the Community
Atmosphere Model at the National Center for Atmospheric Research (NCAR) [6,7]. The main objectives of
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the cubed-sphere development are to avoid the numerical difficulties of the spherical poles, explore a new level
of parallelism (two-dimensional X—Y domain decomposition) that is not practical within the current latitude—
longitude grid construct [8], and to facilitate the development of a unified regional-global modeling system for
both weather and climate applications. In addition, the cubed-sphere geometry is ideally suited for adaptive
mesh refinement [9-11], which could be effectively used for tropical cyclone predictions and simulations.

The cubed-sphere grid is a projection of a cube onto the surface of a sphere represented as six adjoining grid
faces which seamlessly cover the whole globe [12-15]. The cubed-sphere thus provides a quasi-uniform reso-
lution over the whole globe, which offers several significant computational advantages over the existing lati-
tude-longitude grid implementation. In particular, the quasi-uniform nature of the cubed-sphere grid
eliminates the parallelization difficulties associated with the poles, allowing a far more efficient implementation
of the horizontal 2D domain decomposition, a feature that will be required of a truly scalable ultra-high
resolution global cloud-resolving model. Furthermore, the convergence of meridians near the poles on the lat-
itude-longitude grid requires the “Flux-Form Semi-Lagrangian” (FFSL) extension for stability if a large-
time-step is to be used ([16]; LR96 hereafter). Due to the extreme grid aspect ratio, the FFSL extension on
the latitude—longitude grid creates a difficult load balancing issue due to a much larger halo region in the zonal
direction near the poles. In the full primitive-equation implementation, a polar filter is also required to stabi-
lize the high frequency gravity waves that are being over-resolved at high latitudes. The pole-less and quasi-
uniform nature of the cubed-sphere grid eliminates all of these issues.

For atmospheric modeling purposes, the cubed-sphere is not to be regarded as the perfect solution for grid-
ding the whole sphere, nor is any other known grid. But it is an excellent compromise when considering grid
uniformity, orthogonality, and ease of applying existing high-order finite-volume transport algorithms.
Regarding grid uniformity, although far superior than the latitude-longitude grid, the cubed-sphere is not
as uniform as the Geodesic grid (e.g. [17-19]). But it is relatively easier to apply higher order transport algo-
rithms due to its logically rectangular construct. It is also more natural for the implementation of a self-con-
sistent nesting or mesh refinement capability within a regional-global modeling framework.

The original cubed-sphere grids (the gnomonic grids) are highly non-orthogonal, which impacts the accu-
racy of the multidimensional algorithm of LR96 used in the FV core. This is because the LR96 algorithm for-
mally requires an orthogonal grid. To overcome the limitations on the use of the gnomonic grids, we have
extended the LR96 algorithm for implementation on a general non-orthogonal curvilinear coordinate system.
Alternatively, the cube can be projected onto the sphere to produce highly orthogonal conformal mappings
[14]. We note, however, the conformal mapping is only orthogonal in the interior, with coordinate lines still
intersecting at the 8 corners at a 120-degree angle. Therefore, some modifications to the algorithm still need to
be made to counter the non-orthogonality near the corners. It would then seem advantageous to further relax
the orthogonality requirement in order to allow for more uniformity, which not only enables a larger time-
step, but potentially better overall accuracy.

Starting from the highly non-orthogonal gnomonic grids, one can trade some grid uniformity for improved
orthogonality by various numerical grid generation techniques. One of the objectives of this paper is to study
the best compromise between grid uniformity and orthogonality for the overall better accuracy and compu-
tational efficiency (size of allowable time-step) versus the extension of the LR96 algorithm on the non-orthog-
onal gnomonic grids.

We investigate modifications to the original gnomonic mappings of [12] by the elliptic solver grid generators
(e.g. [20]) and the spring dynamics technique (e.g. [21]) to produce quasi-orthogonal mappings which preserve
uniformity to a greater degree than the conformal mappings. The extent to which the improved orthogonality
of the numerically modified grids improves accuracy over the original gnomonic mappings will be evaluated
through standard two-dimensional advection test cases.

The organization of this paper is as follows. In Section 2, a modified form of the LR96 transport algorithm
for the general non-orthogonal curvilinear coordinate on the sphere is presented. In Section 3, the gnomonic
grid, the conformal grid, and the two numerically generated grids, the elliptic grid and the spring dynamics
grid are inter-compared. We study, in Section 4, the sensitivity of the generalized LR96 flux-form transport
scheme on the various cubed-sphere grids via a standard solid body rotation test case. The generalized
LR96 algorithm is further explored on the gnomonic grid through a deformational flow experiment and a
recently introduced moving vortices experiment. Summary and conclusions are provided in Section 5.
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2. The multidimensional flux-form transport scheme on the general curvilinear coordinate system

The continuous differential form of the conservation law for a density-like field p in a general 2D curvilinear
coordinate system (x,y) is

op

- =0 1
o Y (7 -p) (1)
where 7 is the horizontal vector velocity. Following L04, the finite-volume mean of the continuous p field is

defined as p

——A//p(t;x,y)dxdy (2)

where the surface (double) integral covers the finite-volume under consideration, and AA = [ [dxdy is the
area of that finite-volume. Utilizing the divergence theorem, (1) can be integrated analytically in time (from

[T3E ]

time-step “n”” to “n+ 1”’) and in space (for the finite-volume):

5= - AA/MV (15,07 d}dt 3)

where 7’ is the normal outward vector and d/ is the elemental length along the cell wall. The contour integral
(around the finite-volume) in (3) can be approximated by decomposing the flux integral into two 1D compo-
nents using 1D flux-form operators along the two independent coordinate directions. The 1D operators rep-
resent updates for one time-step to the predicted field due to the transport process from the two independent
spatial directions (x, y). Defining (i1, ?) as the contra-variant and (u, v) as the covariant components of the vec-
tor wind

V =iie; + ves (4)
7 = —
u=V-e,o="V-e; (5)

and (u*, v*) as the corresponding time-averaged (from ¢ to ¢ + A¢), where (e7, ;) are the local unit vectors of
the curvilinear coordinate system, the 1D finite-volume flux-form operator F in the x-direction can be written
as

F(u', At,p") = AA S:[xAy sin(x)] (6)
At
== o[u o (u, At p) Ay sin(«)] ()
where y is the time-averaged mass flux across the cell wall
1 t+At " "
1= [ = A ) (8)
At J,

In the above derivation, p” is interpreted as the time mean density value of all material passing through the
cell edge from the upwind direction:

1 t+At
P At ) ~ At/ pdr 9)

and the following definitions are used: Ay the local curvilinear grid length along the cell edge in the y-direction,
o the “angle” between the two local unit vectors (e;, ;) of the curvilinear coordinate system
cos(a) = e - e, (10)

and the difference operator is defined as

5xqq(x+A2x) q< A;) (1)
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Similarly, the 1D flux-form operator in the y-direction, G, can be written as

G(v*, At, p") = —A%%[Yminw "
At N S0 ~n 1
= = 3700 (A ph)Axsin()] "

Note, in (7) and (13), the local metric factor due to grid non-orthogonality, sin(«), which originated from
the inner vector product in (3), reduces to unity for orthogonal grids. Following LR96, to achieve higher order
accuracy, the 1D flux-form operators are applied in a directionally symmetric fashion by averaging two anti-
symmetrical schemes, formally resulting in the use of four 1D flux-form operators (for two-dimensional
schemes). To avoid the flow deformation induced directional splitting error, the “inner operators” are
replaced by their 1D advective-form counterparts (f and g, in the x- and y-directions, respectively). Defining
the following short hand notation:

~n 1 ~ ~n

pr=0"+ 5 flu, A (14)
~n 1 ~ ~n

pr=p" el A ] (15)

The 2D transport algorithm can be written as

P = p" + Flur, At, p*] + G[v*, At, p¥] (16)

In principle, the inner operators can be different schemes and/or having lower order accuracy than the
“outer” flux-form operators. For economical reason, one may choose a lower order scheme for the inner oper-
ator. However, it was found, on modern parallel computers with substantial inter-processor communication
requirement, using the same higher order schemes (e.g. PPM vs. the second-order van Leer scheme) as “inner”
operators improved the accuracy with only minimal additional computational cost. L04 derived the inner
“advective-form” operators used in (14) and (15) using the same flux-form operators with an explicit diver-
gence correction term (see Eqgs. (7) and (8) in L04). To better preserve the monotonicity within the same
numerical framework as in L04, the divergence correction term can be made time implicit (with no additional
cost) as follows:

x_l ~n pn+F
P _2{/) +1—|—F(p*:1):| (17)
17 P+ G

N P

P 2{” +1+G(p*—1)] (18)
where

) At o~

Flpr=1)= —Méx[u*Aysm(oc)]
and

Glp" = 1) = — B 5,17 Axsin()]

A4

Eq. (16) together with (17) and (18) form the general 2D transport scheme that will be evaluated in subse-
quent sections. Practically any 1D forward-in-time finite-volume scheme can be used. LR96 and L04 argued
that the PPM scheme achieves an excellent balance between accuracy and computational efficiency, and as
such is our method of choice for the 1D operators. The use of the same inner and outer operator within
the LR96 algorithm also avoided a potential stability issue [22]. Alternative monotonicity constraints for
large-time-step has been studied in [23].

In Section 4, the performance of several schemes for determining the subgrid distributions on the cubed-
sphere are investigated. These include, (i) the optimized PPM operator used within the latitude-longitude
FV core, labeled as ORD = 4 (see B3 and B4 in L04), (ii) a quasi-monotonic scheme, using the base PPM with
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Huynh'’s second constraint [24] is labeled as ORD = 5, (iii) a non-monotonic quasi-fifth-order scheme, labeled
as ORD = 6 (described in full details in Appendix B), and, (iv) an extension of the ORD = 5 scheme with spe-
cial treatment of edge discontinuities on the cubed-sphere grid labeled as ORD = 7 (describe in details in
Appendix C).

3. The cubed-sphere grids

In our implementation, the cubed-sphere grid geometry is completely defined by the locations of the vertices
(of the finite-volumes). The cell areas (AA), grid lengths in the two cartesian directions (Ax, Ay), and a non-
orthogonal metric factor (sino), where o is the angle formed at the intersection of the coordinates connecting
the finite-volume vertices, are derived quantities. The cell vertices can be generated in several ways: the original
gnomonic mapping based on the equidistant [12] or equiangular projections [13], the highly orthogonal con-
formal mapping [14], or numerical modifications to these analytical mappings by an elliptic solver (see [25] for
details) or the spring dynamics generator [21]. Grid resolutions are defined in this paper as cM where M rep-
resents the number of grid cells along each of the edges of a cubed-sphere face thus the total number of cells
for a given resolution is M X M X 6.

Cell areas (AA) are computed by the spherical excess formula (Eq. (19) as in [26]) given the 4-sided spher-
ical quadrilateral for each finite-volume with internal angles (o, o, o3, o) and the radius of the sphere R

AA:Rz[OC1+O(2+O(3+OC4*21I] (19)

The cell edges for all grids are prescribed to be great circle arcs and thus this formula for the cell area is
exact and only degenerates on a perfectly orthogonal grid where [0y + o, + a3 + o4 — 2] = 0. The grid lengths
(Ax, Ay) are thus computed by great circle distances. Given the latitude-longitude coordinate of two points on
the sphere (4, 6,) and (1,,0,) the great circle distance 6/ can be computed as

0h = Rcos '[cos 0 cos 0, cos(4; — 4y) + sin 0; sin 0,] (20)

An alternative form, which is less sensitive to rounding errors for small angles can be used based on the
angle T between two vectors V', V', connecting from the center of the sphere to the two points

V,= R(cos 8; cos 4;, cos 0; sin A;, sin 0;) (21)

T = 00571 (VIR.Z VZ) (22)

. (T . .2 (0, —0 .o fla— A
dh = sin <§> =2 arcsm<\/sm2 ( 2 5 1) 4 cos 0, cos 0, sin” ( 2 5 1)) (23)

3.1. Gnomonic projection

The gnomonic mapping of the cubed-sphere is obtained by inscribing a cube within a sphere and expanding
to the surface of the sphere [14]. A local cartesian coordinate system is determined for each of the six faces of
the cube, and a transformation is applied to connect each point on the cube to the spherical surface. There are
two choices for the local coordinates on the faces of the cube. The mapping between local coordinates (x,y),,
ranging from [ a, +a] for cube faces f€ 1, 6 where a = fR and spherical coordinates (X, Y, Z) for the local
face centered in the —Y direction with an equidistant gnomonic mapping on a sphere of radius R takes the
form

X,Y,2) = R(x —a,y)

r=+/a*+x*+)”.

Alternatively, a gnomonic mapping can be defined based on an equiangular projection where local coordi-
nates are defined as
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X = atanx,

y =atany,

where the coordinates (x, y,) range from (—n/4,+n/4). The equiangular projection at 2-degree resolution is
displayed in Fig. 1c. The equiangular projection leads to a more uniform distribution of grid cells on the sphere
than the equidistant projection and an ideal scaling of the minimum grid length with increasing resolution
(Fig. 2). Either choice of gnomonic projection produces a cubed-sphere mapping which is highly non-orthog-
onal and non-conformal. A conformal mapping is one in which the angles are preserved between intersecting
smooth curves [14]. The gnomonic mapping produces a sharp angular discontinuity across the edges of the cube
faces. The conformal mapping maintains a smooth transition across these edges and produces the optimal
orthogonality for the cubed-sphere grid.
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Fig. 1. The cubed-sphere grids at 2° (c44) resolution displaying cells on the sphere, the image focuses on the distribution of grid cells near
one corner of the grid; (a) conformal mapping, (b) the gnomonic grid modified by elliptic solver, (c) equiangular gnomonic mapping and
(d) the gnomonic grid modified by spring dynamics.
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Scaling of the Shortest Grid Length
for Various Cubed-Sphere Grids
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Fig. 2. Scaling of the minimum grid length with increasing resolution for the gnomonic, conformal and elliptic cubed-sphere grid
mappings.

3.2. Conformal projection

A conformal projection preserves the angles between intersecting curves on adjoining faces of the cubed-
sphere and is differentiable to any order at all points except the eight singularities. The conformal mapping
is obtained as described in [14] via a reversible sequence of transformations between a plane and the sphere
using a stereographic projection and a Taylor series to complete the transformation from the intermediate ste-
reographic plane. The conformal projection (Fig. 1a) produces a grid with exceptional orthogonality traits and

a near uniform aspect ratio (% = 1) throughout the sphere. The corner singularities remain non-orthogonal

with angular deviation from 90° fixed at 30°, the vertices surrounding the corner also remain slightly
non-orthogonal with the first grid point off the corner maintaining a deviation from orthogonality near
8.5° regardless of grid resolution. The strict orthogonality constraints on the conformal mapping lead to a
convergence of grid cells near the eight singularities of the grid. While this convergence is far less severe than
that of the latitude-longitude grid at the spherical poles, the scaling of minimum grid length with resolution is
far from ideal. Stretching factors can be used to rescale the conformal mapping [26], or elliptic solvers or
spring dynamics techniques may be applied to reduce this convergence near the corners while maintaining
strong orthogonality constraints. Stretching does not compromise the conformal attributes of the grid, nor
the superior orthogonality traits of the conformal mapping. However, stretching leads to severe aspect ratio
distortion along the edges of each face as resolution increases, distortion so severe that it prevents effective
stretching of the conformal mapping for producing efficient high resolution grids.

3.3. Elliptic solvers
Elliptic grid generation is the iterative relaxation of a first-guess grid (via successive over-relaxation) to sat-

isfy a quasi-linear elliptic system of partial differential equations (PDEs) while imposing smoothness and
orthogonality constraints [20]. In the case of the cubed-sphere, the initial grid is the original equiangular
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gnomonic projection of the cubed-sphere. Each face of the physical grid in spherical coordinates is mapped to
a two-dimensional u-v parametric space (scaled from 0 to 1 in the X-Y direction). The elliptic solver solves the
system of PDEs in parametric space while imposing the desired physical constraints; orthogonality and uni-
form grid spacing are the most important constraints for this application. The symmetry of the cubed-sphere
can be exploited to reduce the number of points that actually need to be run through the elliptic solver; cal-
culations can be performed on §-th of a single face and the solution can be mapped symmetrically to the rest of
the cubed-sphere.

There are two options for imposing orthogonality constraints: the Neumann constraint that allows the grid
points to slide along the boundary of each face, and the Dirichlet constraint that holds the edge points fixed
while adjusting the interior points and maintaining a quasi-uniform grid cell spacing. The Neumann approach
computes a shift for each grid point along the boundary of the grid by forcing the dot product of u - v to be
equal to zero; this approach will produce a convergence of grid cells near the corners. To limit this conver-
gence, a weighting function can be applied to the first n grid points off the corner along each boundary of
the grid (Eq. (24)). The weight, rwgt, and n become tunable parameters to enforce a significant amount of
dependence on the orthogonality constraint while limiting the minimum grid length at the corners by the
desired amount (this implementation limits convergence to grid lengths to ~60% of the representative resolu-
tion or greater.) The rwgt ranges from 0.0 to 1.0, with typical values between 0.7 and 1.0

i rwgt(1.0-1)
wt = MIN (1.0, LOG <;> > (24)

Orthogonality may also be imposed through the use of orthogonal control functions, the Dirichlet
approach. These functions are evaluated at the boundary to impose orthogonality, while maintaining the ori-
ginal grid spacing along the boundaries. Transfinite interpolation is applied to interpolate the control func-
tions from the boundary to the interior of the grid. In addition, a blending function can be applied to
force the interior points to remain close to the original grid spacing. The blended control function can be used
to impose orthogonality and smoothing constraints within the elliptic solver.

A combination of these techniques allows the boundary points to slide a little to force orthogonality with
the Neumann constraint while blending uniformity and orthogonality functions throughout the domain with
the Dirichlet constraint. This leads to the quasi-orthogonal elliptic cubed-sphere grid with constraints on
orthogonality while maintaining a reasonable minimum to maximum grid cell length ratio. The elliptic solver
is initially run to convergence with the Neumann constraint and a given weight (rwg?) which varies with res-
olution to limit convergence to ~0.6 of the representative resolution. Typical weights for each resolution are
determined via experimentation to be (1.00, 0.925, 0.875, 0.800, and 0.775 for the resolutions 4° (c22), 2° (c44),
1° (c90), 0.5° (c180), and 0.25° (c360) respectively with a value of n = 0.25 * npts). The resulting grid is then
run to convergence with a smoothed Dirichlet constraint to enforce orthogonality/uniformity throughout the
remainder of the grid while keeping the edge lengths fixed. The result is a set of cubed-sphere grids (a c44
example is presented in Fig. 1b) with smoothly varying coordinate lines at cell edges and mean orthogonality
similar to the conformal grid, while restricting quasi-orthogonality to the immediate vicinity of the singular-
ities. As resolution increases, the aspect ratio grows along the edges of each face due to a stretching of grid
lines away from the face edges, however the maximum grid length remains much less ~2 times the represen-
tative resolution.

3.4. Spring dynamics

The spring dynamics modifications [21] to the cubed-sphere are formulated on a 3D cartesian coordinate
system. Two types of springs are used; the compression type and the torsion type (our modification to the
spring dynamics technique). The compression springs mostly made the grid more spatially uniform whereas
the torsion springs are for enforcing orthogonality by nudging the vertices in the direction that reduces the
local deviation from orthogonality. With the spring dynamics generator, one can tune the strength of the
springs to obtain grids that are (i) more orthogonal, (ii) more uniform, (iii) have a larger minimum grid length
(to allow larger time-step), or (iv) a compromise of the above. The spring tensions can be tuned to produce
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Table 1
Grid length (in kilometers) characteristics for the conformal, elliptic and spring cubed-sphere grids for increasing resolution from 4° (c44)
to 0.25° (c360)

Resolution Conformal Elliptic Spring
Min Max Min/Mean Min Max Min/Mean Min Max Min/Mean
c22 166 471 0.43 281 522 0.67 262 567 0.63
c44 66 235 0.33 140 288 0.67 134 289 0.64
c90 25 115 0.26 69 152 0.67 59 149 0.57
c180 10 58 0.20 33 80 0.63 29 73 0.57
¢360 4 29 0.16 15 44 0.60 - - -

quasi-orthogonal mappings in a similar way as the Neumann and Dirichlet constraints in the elliptic solver.
Grids generated by the spring dynamics (a c44 example is presented in Fig. 1d) tend to have smoother solu-
tions and fewer numerical artifacts than the elliptic solver grids. However, both techniques suffer from slow
convergence rates (for the generation), especially at fine resolutions ¢360 and finer. However for typical global
climate/weather applications this is a one-time procedure for a given resolution. Numerically modified grids
(such as the spring and elliptic grids) are not ideal for adaptive mesh refinement applications since refinements
to the grid would require further iterations and is thus not suitable for dynamic refinement. The gnomonic
grids, particularly at high resolutions, would seem to be ideal from the mesh refinement perspective.

3.5. Grid characteristics summary

We examine the characteristics of the gnomonic, conformal, elliptic and spring grids with an emphasis on
minimum grid length, orthogonality, and uniformity. Sample grids of the conformal mapping, modified ellip-
tic, and spring-dynamics grids are presented in Fig. 1. The minimum grid length for the conformal grid reduces
dramatically with increasing resolution, making the conformal mapping an inefficient choice for high resolu-
tion global modeling. The grids modified by the elliptic solver or spring dynamics have been tuned to over-
come this convergence problem (Table 1) by limiting the convergence to between ~0.5 and ~0.6 ratio of
shortest to mean grid lengths. Closer examination of the convergence of the minimum grid length with increas-
ing resolution (Fig. 2) reveals that the elliptic grids are converging at a much slower rate than the conformal
mapping and on a similar slope to the ideal gnomonic mapping (this is also the case for the spring grids, not
shown).

The numerically modified grids have also been tuned to prevent severe distortion in aspect ratio along face
edges (Table 3). The distribution of resolution across the sphere (uniformity, as represented by the cell area)
remains unchanged for the conformal and elliptic grids, while slight variations exists in the spring grids. Slight
non-orthogonality is present in the immediate vicinity of the corners, even with the conformal mapping. The
non-orthogonality converges with resolution for the conformal and elliptic grids as evidenced by the maxi-
mum and mean angle deviation from orthogonality (Table 2). The spring dynamics are producing smooth
grids with efficient uniformity and minimum/maximum grid length characteristics, but are not producing
the most efficient grids in terms of orthogonality. With further tuning it is expected that the spring dynamics
modified grids can produce orthogonality convergence characteristics similar to the elliptic grids.

Table 2
As in Table 1 but for angle deviation from orthogonality
Resolution Conformal Elliptic Spring

Max Mean Max Mean Max Mean
c22 8.52 1.13 13.87 1.89 9.36 0.99
c44 8.53 0.65 12.79 1.13 11.97 0.84
c90 8.53 0.34 11.97 0.69 10.93 0.51

c180 8.53 0.17 11.64 0.43 14.20 0.52
¢360 8.53 0.09 11.43 0.24 -
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Table 3
As in Table 1 but for aspect ratio (Ax:Ay)
Resolution Conformal Elliptic Spring

Max Mean Max Mean Max Mean
c22 1.09 1.07 1.33 1.10 1.50 1.20
c44 1.09 1.04 1.50 1.14 1.54 1.20
c90 1.09 1.02 1.77 1.16 1.67 1.24
c180 1.09 1.01 1.97 1.17 1.50 1.14
c360 1.09 1.00 2.25 1.17 - -

4. Numerical experiments

The coordinates at the 12 interfaces between any two adjoining faces of the cubed-sphere are discontinuous,
except the conformal grid where all edges are continuously differentiable excluding the eight corners. We eval-
uated four different variations (ORD =4-7) to subgrid piecewise parabolic reconstruction. Except the
ORD =7 scheme, all schemes treated the interfaces as if they were continuous. The ORD =4 scheme is
the optimized monotonic PPM described in 104, which behaves nearly the same as the original PPM except
that total operation count has been reduced. The ORD = 5 scheme is the same as ORD =4 but with the
monotonicity constraint replaced by Hunyh’s second constraint. The ORD = 6 scheme uses instead a fifth-
order interpolation for obtaining the edge values that are left unlimited (Appendix B). The ORD = 7 scheme
(Appendix C) is a further modification to ORD = 5 scheme with the face edges treated more accurately as dis-
continuities. For all schemes tested on all grids, mass is conserved to machine precision. Three types of the
prescribed advective winds are used: solid body rotation, deformational flow, and a combination of these pro-
ducing moving vortices, as described below.

4.1. Solid body rotation of a cosine bell

The 2D advection test case of [27] (a solid body rotation of a cosine bell) is used to evaluate the transport
algorithm derived in Section 2 on the gnomonic, conformal, elliptic and spring cubed-sphere grids. The fol-
lowing parameters for the radius of the earth (R), the rotation rate () and the acceleration due to gravity (g)

R=637122x10°m, Q=7292x10"s"' g=9.80616ms>
are used for this test. The initial height field is a cosine hill given by
hy r i
h(l,H)Z{(Z)(l+COS<R“>’ if » <Ry (25)
O, if = Ro

where o = 1000 m, Ry = R/3 and r is the great circle distance between (4, 0) and the center, initially given at
(e, 0.) = (3£,0).

The wind components normal to the cell walls can be explicitly defined on the C-Grid by taking the deriv-
ative of the prescribed streamfunction, Eq. (26)

W = —Ruy(sin 0 cos § — cos A cos Osinp), (26)
oy
u—=— a, (27>
_oy
= 8)

or computing directly in component form on a latitude-longitude orientation (u,4, v;9) using the analytic form,
Eq. (29) and (30), as in [27] and re-orienting to the cubed-sphere geometry (u,v) as in Appendix A

w9 = up(cos 0 cos ff + sin O cos Asin f3) (29)
V0 = —Up sin Asin f§ (30)
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Conformal ¢90 FV (Cosine-bell : SE-Flow)
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Fig. 3. Time traces of normalized /;, /, and /., errors for the cosine bell advection test with southeastward flow oriented over the corners of
the cubed-sphere with the ORD = 4 advection scheme on multiple cubed-sphere grids at c90 (1°) resolution.
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where £ is the angle between the axis of solid body rotation and the polar axis of the spherical coordinate sys-
tem, and uy = (2nR)/(12 days). The corresponding contra-variant components are simply
u v
1 = " 5 D = n 31
! sin (o) ’ sin(«) 3D

where « is the “local” angle of the coordinate system, (as defined by Eq. (10)). Solid body rotation experiments
reveal the choice of methods for defining the initial winds to be insignificant and all experiments herein use
winds defined in component form and re-oriented to the cubed-sphere geometry.

Gnomonic ¢90 FV (Cosine-bell : SE-Flow)
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Fig. 4. Time traces of normalized /;, /, and / errors for the cosine bell advection test with southeastward flow oriented over the corners of
the cubed-sphere for the gnomonic mapping using advection schemes top) ORD = 5, middle) ORD = 6 and bottom) ORD = 7.
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Gnomonic ¢90 FV Cosine-bell Height (SE-Flow)
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Fig. 5. The results from the solid body rotation of a cosine bell after one revolution (12-days) with southeastward oriented flow over the
corners of the gnomonic cubed-sphere grid at ¢90 resolution. Top) The analytic solution is display as solid black contours at a 100 m
contour interval, the results of the 12-day simulation on the gnomonic grid with ORD = 7 are shaded. Bottom) The difference between the
analytic solution and the 12-day simulation on the gnomonic grid with ORD = 7, contours are displayed every 2-m (solid contours are
positive, dashed are negative.)
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4.2. Deformational flow

A deformational flow test in spherical geometry (a detailed description of this test is available in the follow-
ing references [28-30]) is used to further evaluate the generalized FV advection scheme on the gnomonic
cubed-sphere. This test is an idealized cyclogenesis problem where two steady vortices are generated, centered
over two corners of the cubed-sphere geometry in a rotated spherical coordinate system where the north pole is
located at (4o, 0p) = (m — 0.8,7/4.8).

4.3. Moving vortices

The moving vortices experiment is an extension of the deformational flow test combined with a solid body
rotation to form two moving vortices over the surface of the sphere (details can be found in [31].) The hori-
zontal velocity components become time-dependent and are updated at every time-step based on the location
of the vortex centers along a pre-determined great-circle trajectory. In our case, the trajectory is chosen such
that the vortex centers pass over four corners and along two edges of the cubed-sphere.

4.4. Results

We first evaluated the conformal, gnomonic, elliptic and spring grids at varying resolutions increasing from
c12 (8°) to c192 (0.5°) for the solid body rotation test case. While varying grid resolutions and flow orienta-
tions were studied, results are presented for each scheme with southeasterly flow (ﬁ = g) oriented over four
corners and 2 face edges of the cubed-sphere at the c90 (1°) resolution. To maintain stability, the conformal
grid is tested with a time-step of 900 s, while all other grid types use a time-step of 1800 s. The standard /1, /5,
and /,, normalized errors as in [27] are evaluated at each time-step throughout one full revolution of the cosine

bell.

Gnomonic FV Convergence (Cosine-Bell : SE-flow)
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Fig. 6. Convergence of normalized /;, /; and /,, errors for the solid body rotation of a cosine bell test after one revolution (12-days) with
southeastward oriented flow over the corners of the gnomonic cubed-sphere grid with the ORD = 7 advection scheme at resolutions of
cl2, c24, 48, ¢96, and c192.
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For the ORD =4 scheme, time-traces of the normalized errors are presented in Fig. 3. The elliptic and
spring grids produce the smallest errors as they have been tuned to obtain a compromise between orthogonal-
ity, grid uniformity and smoothness. Even though the 12 face edges were naively treated as continuous, there is
no evidence of spurious spikes in the standard errors as the cosine bell passes smoothly over the corners on the
grid and along the face edges exhibiting no signs of discontinuity. While the elliptic and spring grids do pro-
duce the smallest errors, the gnomonic grid is slightly outperforming the conformal grid, and it is evident that
the gnomonic grid provides sufficiently accurate results. Since it allows the largest possible time-step, all fur-
ther tests presented in this paper will use the gnomonic grid projection.

Fig. 4 shows the time-traces of the normalized errors for the same cosine bell solid body rotation test on the
gnomonic grid for the other three finite-volume subgrid distribution schemes (ORD =5, ORD =6, and
ORD = 7). The non-monotonic ORD = 6 scheme produces significantly smaller /., errors, while the global
errors are increased, relative to ORD = 5 and ORD = 7 schemes. The ORD = 5 and ORD = 7 schemes apply
Hunyh'’s second constraint thus limiting the undershoots to near machine precision while the ORD = 6 is non-
monotonic leading to much larger negative values (—10~>). With the ORD = 7 scheme, all errors are slightly

Table 4
Normalized errors for the solid body rotation of a cosine bell on a ¢32 gnomonic cubed-sphere grid with southeasterly oriented flow for the
ORD =4, ORD =5, ORD = 6 and ORD = 7 advection schemes

Grid Scheme DT Min I b I

Gnomonic FV ORD =4 5400 3.369E—67 0.072 0.079 0.140
Gnomonic FVORD =5 5400 —7.813E-26 0.048 0.045 0.072
Gnomonic FVORD =6 5400 —1.271E-02 0.089 0.054 0.048
Gnomonic FV ORD =7 5400 1.308E—70 0.047 0.045 0.074

Gnomonic c90 FV Square-Block Height (SE-Flow)
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Fig. 7. The initial square block (heavy contour) and the final height field (shaded, values >15 — red, >35 — orange, >55 — yellow, >75 —
green, >95 — blue) after one revolution (12-days) with southeastward oriented flow over the corners of the gnomonic cubed-sphere grid at
c90 resolution with the ORD = 7 advection scheme. (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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reduced with the special edge treatment at the 12 discontinuous interfaces of the cubed-sphere. Due to this and
its monotonicity characteristics results presented from this point use exclusively the ORD = 7 scheme.

The spatial distribution of the height field after one 12-day revolution and the difference from the exact
solution is presented in Fig. 5. There is no clear distinction between the exact solution and the simulated height
field (top panel). Bottom panel reveals the largest error (about 1% of the exact) to be centered at the peak of
the cosine bell structure, which is due to the expected clipping effect from the monotonicity constraint.

The convergence of the ORD = 7 scheme is displayed for the solid body rotation test case (Fig. 6). These
results compare directly to Fig. 8b of [30] for the convergence of the discontinuous Galerkin (DG) scheme on
the cubed-sphere. Error levels with the FV scheme on the gnomonic cubed-sphere grid are consistent with the
higher order DG scheme. The FV convergence rates for the solid body rotation are 1.97, 2.54 and 2.68 for the

Iy, b, and [ errors respectively. Due to the more uniform cubed-sphere geometry and the improved inner

Gnomonic ¢80 FV Day-6 Height
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Fig. 8. The results from the static deformational flow with vortices centered on the corners of the gnomonic cubed-sphere grid at ¢80
resolution. The height field and difference from the analytic solution are presented at days 4 and 6 of the simulation. The height field plots
contours from 0.5 to 1.5 with solid contours for values >1 and a heavy solid contour for the contour = 1. Error plots display the £0.001
contours with negative values dashed.
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operators given by (17) and (18), these results are more accurate than the original LR96 algorithms on the
latitude—longitude grid at similar resolutions.

The results from each subgrid distribution scheme on the gnomonic grid are summarized in Table 4 at the
¢32 resolution, comparable to the 128 x 64 resolution used for the latitude-longitude grid in LR96 and the
results presented in Table 3 of [32] summarizing the results of various schemes (including the Semi-Lagrangian
inherently conserving and efficient (SLICE), the cell-integrated Semi-Lagrangian (CISL), conservative cascade
scheme (CCS) and a 2D forward-in-time upwind-biased flux-form scheme extended to the ‘reduced spherical
grid’ (RG2.8)) for rotation over the spherical poles. The FV gnomonic cubed-sphere results for the /; and /,
errors for the ORD = 5 and ORD = 7 schemes over the corner singularities produce the smallest errors, better
than any scheme presented with flow over the spherical poles, while the /,, errors are comparable to the
SLICE, CISL, and FFSL-4/FFSL-5 schemes.

A similar test case to that of [27] is designed to demonstrate the shape-preserving nature of the monotonic-
ity constraints within the finite-volume transport schemes. A square block with sy = 100 m is advected over
the corners with the ORD = 7 scheme on the gnomonic ¢90 grid with a time-step of 1800 s. Fig. 7 displays
the final height field after one full rotation over the corners. Overshoots and undershoots are clearly controlled
by the monotonic constraint, as there are no significant negative values. The edges of the block are smoothed,
however the peak value of the block is maintained and the general structure is preserved. Normalized errors
for this case are I, = 6.39e—1, [y =1.32e—1, and /, = 1.99¢—1.

Results from the deformational flow test on the ¢80 gnomonic cubed-sphere grid with the FV ORD =7
scheme and a 3600 s time-step are presented in Fig. 8. The top panels show the simulated vortices at days
4 and 6, and the bottom panels display the difference from the exact solution. The vortices (simulated at dia-
metrically opposite vertices on the cubed-sphere as in [30]) are well resolved and differences from the numerical
solution by day 6 are on the order of +1e—3. Further, there are no noticeable impacts of discontinuities along
the face edges, the errors reveal only a slight diffusion in the simulation as compared with the exact solution.

Gnomonic FV Convergence (Deformational Flow)

1.0E-01
—— L inf
—*—1_1
—0—12
1.0E-02
Z
£ L.OE-03
St
5 \
=
S
=
E 1.0E-04
z So
o
~N
~N
~
1.0E-05 \\o
1.0E-06 T T T T T T
cl2 c24 c48 c96 cl92 c384 c768

Cubed-Sphere Resolution

Fig. 9. Convergence of normalized /;, [, and [, errors for the static deformational flow with vortices centered on the corners of the
gnomonic cubed-sphere grid with the ORD = 7 advection scheme at resolutions ranging from c12 to c768.
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Gnomonic c80 FV Day-6 Moving Vortices Height Field

Fig. 10. The results from the moving vortices test case with flow oriented over the corners of the gnomonic cubed-sphere grid at c80
resolution. The height field is presented at days 6, 9 and 12 of the simulation. Contours range from 0.5 to 1.5 with solid contours for values
>1 and a heavy solid contour for the contour = 1.
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The convergence of the standard /;, /», and /,, normalized errors at day-6 are presented in Fig. 9 and they com-
pare favorably with results presented in [30] for the DG scheme on the cubed-sphere.

Results from the recently developed moving vortices test case of [31] are presented in Fig. 10 and the dif-
ference from the exact solution is presented in Fig. 11. The flow of the solid body rotation aspect of this case is
oriented southeasterly advecting the simulated vortices over four corners and two face edges of the c80 gno-
monic cubed-sphere. The FV ORD = 7 scheme is used for this simulation with an 1800 s time-step. The vor-
tices are again well resolved throughout the 12-day simulation, errors grow (isolated in the vicinity of the
generated vortices) on the order of three percent of the value of the exact height field. The time-traces of
the normalized /;, l,, and [ errors are presented in Fig. 12 and can be compared directly to results presented
in Fig. 7 of [31] for the FV scheme on the latitude-longitude grid. While the /., normalized error is slightly
larger than results presented in [31], the /; and /, errors produce comparable results and there is no evidence
of degradation in the simulation as the vortices pass over the corners and along face edges of the cubed-sphere.
The convergence of the /;, I, and [, errors with increasing resolution from c48 (2°) to c768 (0.125°) is pre-
sented in Fig. 13. The convergence rates are 1.52, 1.67 and 1.54 for the /., 5, and /| errors respectively.

Gnomonic ¢80 FV Day-6 Moving Vortices Height Errors

Fig. 11. Error plots from the moving vortices test case with flow oriented over the corners of the gnomonic cubed-sphere grid at c80
resolution. Errors are plotted as the difference between the simulation and the analytic solution at days 6, 9 and 12. Contours range from
—0.05 to 0.05 at a 0.02 contour interval.
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Gnomonic c80 FV (Moving Vortices : SE-flow)
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Fig. 12. Time traces of normalized /|, /; and /,, errors for the moving vortices test case with flow oriented over the corners of the cubed-
sphere for the gnomonic mapping at c80 resolution using the ORD = 7 advection scheme.
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Fig. 13. Convergence of normalized /;, [, and /., errors for the moving vortices test case with flow oriented over the corners of the
gnomonic cubed-sphere grid with the ORD = 7 advection scheme at resolutions ranging from c48 to c768.

The much sharper gradients in this test case and the increased activation of the monotonicity constraint con-
tribute to these lower convergence rates than that of the cosine bell solid body rotation test case.

5. Summary and conclusions

The conservative multidimensional flux-form transport scheme of LR96 has been extended to the cubed-
sphere geometry. Standard solid body rotation advection tests have been used to evaluate a variety of map-
pings for the cubed-sphere including the gnomonic, conformal, and grids modified by spring dynamics and
elliptic solvers. The gnomonic cubed-sphere grid has been shown to provide a suitable framework for the
discritization of the FV scheme on the cubed-sphere. A square block advection test with the monotonic
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constraint demonstrated the scheme’s ability to handle strong discontinuities/shocks, a feature unique to
finite-volume (flux-form) schemes, and we believe it would prove to be increasingly important as resolution
increases toward global cloud-resolving scales. Further evaluation via deformational flow and moving vortices
test cases reveal the generalized FV scheme on the gnomonic cubed-sphere grid to be performing adequately in
comparison with the original latitude—longitude implementation and a discontinuous Galerkin scheme on the
cubed-sphere.

The original transport scheme of LR96 assumed an orthogonal coordinate system; as such the conformal
mapping would appear to be the most ideal configuration for the finite-volume transport scheme. The con-
vergence of minimum grid lengths on the conformal grid with increasing resolution proves to be a severe
limitation on numerical stability as we approach cloud-resolving resolutions of 10 km and finer. Elliptic solv-
ers and spring dynamics techniques have been utilized to improve the numerical efficiency of the cubed-
sphere implementation by limiting the convergence of minimum grid lengths near the corner singularities.
Both grid modification techniques have been tuned to effectively reduce the impact of the minimum grid
length on numerical stability. The elliptic solver has been shown to scale the minimum grid length at the
same rate as the ideal gnomonic grid, without compromising accuracy due to non-orthogonality and
smoothness within the grid.

A non-orthogonal extension has been developed for the LR96 finite-volume transport scheme to allow the
use of the highly non-orthogonal, but more uniform, gnomonic mapping. Advection results over the non-
orthogonal regions near the corners of the cubed-sphere grid reveal the gnomonic grid with the non-orthogonal
extension to the flux-form transport scheme to become competitive with the conformal and quasi-orthogonal
elliptic and spring grids. Due to the improved uniformity of the gnomonic grid and the results presented for
these advection test cases the use of the gnomonic grid is preferred for all further FV cubed-sphere development
and implementation.

Alternatives to the traditional PPM schemes of [33] have been presented, including quasi-monotonic
schemes using PPM with Huynh’s second constraint with and without special edge treatment for the
cubed-sphere, and a non-monotonic quasi-fifth-order scheme. The quasi-monotonic scheme has been shown
to reduce errors in the standard advection tests for all normalized errors, while still effectively limiting over
and undershoots from the numerical solution. The non-monotonic scheme leads to a dramatic decrease in
the point-based infinity-norm error, while producing significant negative values on the order of (—1077).
The quasi-monotonic scheme using PPM with Huynh’s second constraint with special edge treatment for
the cubed-sphere (ORD = 7) proves to be overall the most accurate scheme.

The convergence properties for the FV ORD = 7 scheme on the gnomonic cubed-sphere demonstrates good
convergence rates, within an accepted range of the second order accuracy of the multidimensional scheme, for
resolutions as coarse as 8° down to mesoscale resolutions of 0.125°. A full shallow water model on the gno-
monic cubed-sphere grid has been developed and will be the subject of a future manuscript.
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Appendix A. Vectors in the general curvilinear coordinate system on the cubed-sphere

In Section 2 the flux-form multidimensional transport scheme is discretized in general non-orthogonal cur-
vilinear coordinates. The covariant and contra-variant wind vector components are presented in Egs. (4) and
(5) based on the local unit vectors (ef, e;) of the coordinate system. Given the angle (¢) between the two unit
vectors
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coso = e - e, (32)
the covariant and contravariant components are related by the following relationships:

u=1u+Uvcosa, (33)

v =10+ ucosq, (34)

or (solving for the contravaraint components)

[u—vcosal, (35)

=
Il

sin® o

[v — ucosda, (36)

ST
I

sin® o

The winds on the cubed-sphere can be oriented to/from local coordinate orientation to a spherical latitude—
longitude component form using the local unit vectors of the curvilinear coordinate system (e;, e;) and the
unit vector from the center of the sphere to the surface at the point of the vector location (e;,e;). Egs.
(37) and (38) represent the transformation from the spherical orientation (u;g,v;9) to the local cubed-sphere
form (u,v), and the reverse transformation is presented in Eqgs. (39) and (40).

u= (el - e uy+ (e - ) (37)
v=(es-&)uyp+ (e - e)vs (38)
— — —
. (e;-eg)u— (el -ep)v (39)
@ ee - a) — (@ e)e @)
by = (e3 - &h)u— (i - ) (40)
To(el- @) (e e) — (e €;) (el - )

Appendix B. A quasi-fifth-order finite-volume scheme

The scheme is a hybrid form of [34] and the original PPM of [33], using the ““fifth-order” interpolation of
Suresh and Huynh (their Eq (2.1)) to obtain the edge values as needed by the PPM methodology. Given the
cell mean values as ¢/, the “right” edge (departure from cell mean) is computed as

47 = aiql, + e +axq; + asqly +asqy., (41)
and the “left” edge (departure from cell mean) is a mirror reflection of the right edge, computed as
q; = asqi 5+ asq;, +asqi + axgiy, + gy, (42)

where a; = 1/30, a, = —13/60, a3 = —13/60, a, = 0.45, and as = —0.05.
The final 1D scheme (optimized for reduced floating point operations) is as follows:

4 =q+ Cio1)2q;_1 2 = Ci12G511 )2 (43)
for ¢; 1> 0

q;ll/z =q;,+ (1 —ciip) [qitl —cimp(q g + qj;l):l (44)
and for ¢; 1, <0

G =q + U +cip) g +eple +4)] (45)
where we defined the “upwind” CFL number as

Aty
o= ﬂ, for u;_1, >0 46)
A for u;_1, <0

and u is the local wind speed.
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Appendix C. Discontinuous treatment of the 12 face edges on the cubed-sphere

There are 12 interfacing edges between the 6 faces on the cubed-sphere. Regardless of the projection meth-
ods (Gnomonic, conformal, elliptic, and the spring dynamics grids), these edges where two locally continuous
coordinate systems intersect are discontinuous, at least at the 8 corners of the cubed-sphere. A straightforward
implementation of the PPM methodology for the construction of the subgrid distribution would potentially
lead to large error. This problem is most severe with the Gnomonic projection, as it is the most discontinuous
at the edges. To address this problem, we shall treat the 12 face edges as true discontinuities.

We only need to modify the subgrid reconstruction scheme for the two cells (i.e., finite-volumes) nearest to
the face edges. Given the volume means on the “left” and “right” sides of the edges as ¢/ (i =0,—1,-2,...)
and ¢ (i=1,2,3,...), respectively, the first guess (before the application of the monotonicity constraint) at
the edge (for the construction of the piecewise parabolic subgrid distribution) is computed as the average
of the two one-sided second order extrapolations (extrapolations from left and right sides independently)

113 1
9e=7|3 (¢; + 90) —5(615 +4)) (47)

Note, the averaging process results in the form of a fourth order interpolation (as in standard PPM), only
the coeflicients are different.

To ensure positivity for tracers, one can, at this stage, optionally apply the following simple positive definite
constraint:

g, + max(0,q,) (48)

The value computed as above is shared by the two adjoining faces. Therefore, the subgrid profile is still
continuous (before monotonicity constraint).

Focusing on the right face (the left face follows exactly the same procedure), the remaining task is to com-
pute the first guess value at the other end of the cell, which is determined by fitting a cubic polynomial that
meets the following four conditions: (1) vanishing second derivative at the edge discontinuity, (2) local area
mean equals the given cell means at the first cell ¢}, (3) local area mean equals the given cell means at the sec-
ond (to the right of the face edge) cell ¢4, (4) mean slope at the second cell equals that of the locally computed
value from the standard PPM algorithm (for the interior), m}. The resulting formula is

r 1 r r r
q,, = T2 (3q1 +11q, — 2m2) (49)

The subgrid piecewise parabolic profile is completely described using ¢7, g., and g/. .
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