HERMITIAN COMPACT INTERPOLATION ON THE CUBED-SPHERE GRID
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ABSTRACT. The cubed-sphere grid is a spherical grid made of six quasi-cartesian square-like patches.
It was originally introduced in [21]. We extend to this grid the design of high-order finite-difference
compact operators [4, 11]. The present work is limitated to the design of a fourth-order accurate
spherical gradient. The treatment at the interface of the six patches relies on a specific interpolation
system which is based on using great circles in an essential way. The main interest of the approach
is a fully symmetric treatment of the sphere. We numerically demonstrate the accuracy of the
approximate gradient on several test problems, including the cosine-bell test-case of Williamson et
al. [27] and a deformational test-case reported in [13].

Keywords: cubed-sphere grid - finite difference scheme - Hermitian compact perator - Spherical
Harmonics.

1. INTRODUCTION

Representing discrete data on the surface of a sphere is an important topic for the numerical
simulation of many problems in physics. Several spherical grids have been investigated, the most
classical being the longitude-latitude grid, which is particularly famous in climatology. Here we focus
on the cubed-sphere grid, originally introduced in [21].

Recently this grid regained interest for numerical simulations [19]. It is now widely used for
different applications. In climatology it is used with various kinds of spatial approximation of the
shallow-water system on the rotating earth. For example in [20, 16, 26] the finite-volume method is
used (one unknown by cell). In [25] the cubed-sphere is used with the Spectral-Element method. In
[14, 12, 10] the Discontinuous Galerkin approach is preferred. The cubed-sphere is also used for other
applications. An analysis of the earth gravitational field is performed in [8]. In cosmology, black holes
dynamics is studied in [5].

In this paper we focus on calculating a high-order accurate approximate gradient on the cubed-
sphere. Specifically suppose given pointwise values of a grid function on the cubed-sphere, then we
want to evaluate a high-order approximation to the spherical gradient (in the finite difference sense)
at the same grid points. The main properties of our discrete gradient are:

e The data are supposed to be classical “finite-difference” values u; ; located on the six faces of
the cubed-sphere.

o We take advantage of the fact that the coordinate lines of the cubed-sphere are sections of
great circles. The first step of the algorithm consists in calculating finite difference hermitian
derivatives along these great circles.

e In a second step an approximate value of the spherical gradient is deduced on each patch of
the cubed-sphere. It is numerically observed to be uniformly fourth-order accurate.
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FIGURE 1. The cubed-sphere grid with N = 16 (left) and N = 32 (right).
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FI1GURE 2. Topology of the six patches of the cubed-sphere grid. The number (1),
(II), (III), (IV), (V), (VI) correspond to the faces Front (F), East(E), Back (B),
West (W), North (N) and South (S).

The outline of the paper is as follows. In Section 2, we briefly recall the two main ingredients of the
study: the geometric setting of the cubed-sphere grid and the hermitian derivative of a grid function.
Section 3 is devoted to our interpolation procedure to define a uniformly fourth-order discrete spherical
gradient on the cubed-sphere. Finally in Section 4 we numerically demonstrate the practical accuracy
of our approximate gradient on several test-cases. First we show on two spherical advective test-cases
[27, 13] that a centered scheme gives accurate and stable results, in a similar fashion to wave problems
in aeroacoustics [24, 6, 3]. Second we show how to deduce an approximation to the spherical Laplacian
and this approximation is further used on a discrete eigenvalue problem.

2. BACKGROUND ON THE CUBED-SPHERE GRID AND HERMITIAN DERIVATIVES

Two main ingredients are used in the sequel. First in Section 2.1 we recall some geometric back-
ground useful to define the cubed-sphere. Then in Section 2.2 the principle of calculation of fourth-
order hermitian derivatives on an irregular one-dimensional grid is described.

2.1. The cubed-sphere grid. We consider a sphere of radius 1 centered at the origin O inscribed in
the cube with same center and edge length 2. The reference cartesian frame is (O, 4, j, k). The direc-
tions of the unit vectors ¢, 7 and k are associated with directions Front, Fast and North, respectively
[19]. The cubed-sphere grid is made of six identical patches, denoted by Front (I), East (II), Back
(III), West (IV), North (V), and South (VI), (Fig.2). The notation of the patches is indifferently:



englishHERMITIAN COMPACT INTERPOLATION ON THE CUBED-SPHERE GRID 3

the full name, letter notation F, B, E;, W, N, S or number notation I, II, III, IV, V, VI. A natural
reference frame on each patch is the equiangular coordinate system. It consists into the equatorial
angle ¢ and the latitudinal angle 1 with origin at the center of the patch. We thus have six coordinate
systems denoted by

(1) € ™), €8 n®), € "), @), (™), (€50°).
We simply note (£,7) whenever there is no ambiguity. The angles (£,7) are such that

™ 0

2 ——< < Z.
2) 1 S&6ns
Let N be the size parameter of the discretization. We consider on each patch a regular cartesian grid
in the local (£,7) system

3) (¢ = A&y = jAn), —M = —N/2<ij<M=N/2
The parameters A& , An are defined by

T
(4) Af*ﬁ» ATI*QN‘

The cubed-sphere grid is then obtained by mapping onto the sphere each point of these six cartesian
grids by the central projection of center O.

Each of the six patches on the cubed-sphere thus consists of N? cells having a squared shape.
Summing up the number of points in the six patches gives 6(N + 1)? points. However 12(N — 1)
points are counted twice along the interfaces between the patches and 8 points are counted three
times (the vertices of the cube), thus giving an effective grid size of 6 N2 + 2 points.

Some analytical formulas useful to perform the change of variable are given in the Appendix in
Section 6. See also [19, 10, 26].

2.2. Hermitian derivatives in one dimension. In this section we recall the principle of calculation
of the hermitian gradient in one dimension.

Consider first the design of the fourth-order hermitian derivative on a regular grid of the interval
Q = [0,1]. The discrete points are denoted by 0 =ty <t; =h <ty =2h < ...ty_1 = (N —1)h <
ty = 1. Suppose given periodic data u; at ¢;, (un = uo). The hermitian compact operator j — wu; ;
approximating ’(t;) is defined by the linear system
(5) éut,jﬂ + %um + éut,jJrl = L Z i Qhurl, ON4j =05, 0<j<N-L

The hermitian derivative u, ; is fourth-order accurate at ¢; in the finite difference sense, with a
truncation error

4
6 U =u (t;) — —u(t;) + ), 0<3< N —1.
(6) S =) — ) (1) + O N

We refer to the classical references [4, 11], and to [1] for a detailed numerical analysis.

Consider now the case of an irregular periodic grid on Q = [a,b] given by z;, 0 < j < N — 1.
The values z; are in increasing order. The function ¢ is selected such that z; = ¢(t;). The grid
t; = jAt is a regular discretisation of the reference interval Q = [0, 1]. The chain-rule at point ¢; can
be written as

(uo)'(t)

(7) w(p(0) =

According to (7) the hermitian derivative at x; is defined by

, 0<t<l.

(8) PR CLLL)TE Ry N

Pt,j
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where ¢, ; (respectively (u o @), ;) is the hermitian derivatives of ¢(t) (respectively (u o ¢)(t)) at
t;. In the case where o(t) is the cubic spline interpolating the values z;, then it is easily seen that
i = ¢'(tj). Thus (uo¢);; and ¢ ; are fourth-order accurate approximations of (u o ¢)’(t;) and
@' (t;), respectively. As a consequence, @, ; is a fourth-order approximation of u/(z;).

The calculation proceeds as follows. Define the periodic matrices P, K € My (R),

4 1 0 ... 1
1 4 1 ... 0
9) P = :
0 1 4 1
1 0 1 4
and
0 1 0 —1
-1 0 1 0
0 -1 0 1
1 0 -1 0

Let [u], [z] € RY be the vector data corresponding to (u;)o<r<n—1 and (z;)o<j<n—1, respectively.
Then the vectors [u,], [x;] € RV are solutions of

(11) Plu;] = 3K[u], P[x:] = 3K]x].

The vector of the hermitian derivative [4,] is deduced componentwise by

(12) Uy =t 0<k<N-—1.
Tt j

3. HERMITIAN GRADIENT ON THE CUBED-SPHERE

3.1. Isocoordinate systems of great circles. Our starting point in the observation that the co-
ordinate lines 1 = cste, £ = cste of each patch are great circle sections. Consider first an iso-n line of
patch Front. We call a the curvilinear absissa along this coordinate line with eastward orientation.
The angle « is such that

(13) —aop(n) < a <ag(n), ao(n) = atan (ﬁt;mn) ‘

As the angle « increases, the coordinate line extends to a full great circle going across the patches
FEast, Back, and West in this order. Fig. 3 displays the four patches E,W,B,W in local (§,n)
coordinates together with the great circle coordinate line n = nf". On the East patch it crosses the
grid along a set of points M), with local coordinates (f,f = k:A{,n,]f), 0 < k < N. Then it matches
on patch Back the coordinate line n? = 5= ng'. Again on the West patch it crosses the grid along a
set of points with local coordinates (£}V = kA&, n!V), 0 <k < N.

In a similar fashion we consider all the great circles defined as iso-{ coordinate lines of face Front.
These great circles are parametrized by the angle §, which is the curvilinear abscissa along them.

The other five patches E, B, W, N, S are treated in the same way. However due to the aforemen-
tionned match between patches Front/Back, East/West, North/South, respectively, it turns out that
six sets of such coordinate based great circles are sufficient to cover the cubed-sphere. We define
these six sets as follows:

(1) The two sets (I,) and () are based on patch Front. They are defined by the iso-n lines and
iso-¢ lines, respectively. They match the iso-7 lines and iso-£-lines on patch Back, respectively.
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FIGURE 3. Representation of a great circle of the set (I,). It coincides with the
coordinate line n = 7 of patch Front (top left). Then it crosses the patch East
(top right) along a set of points (£F,nF). Then (bottom left) it coincides with the
coordinate line n = m — g on patch Back. Finally (bottom right) it crosses the patch
West.

FIGURE 4. The set (I,) of great circles corresponding to the iso-n coordinate lines
of patch F. The great circles are plotted with the o’ symbol. They all cross the
East patch at the center point F. The displayed grid corresponds to N = 16 with
1538 points. Left: view of the Front Face. Right: view of the East Face.

(2) The two sets (I1,) and (113) are based on patch East. They are defined by the iso-n lines and

iso-¢ lines, respectively. They match the iso-7 lines and iso-£ lines of patch West, respectively.

(3) The two sets (V) and (V) are based on patch North. They are defined by the iso-n lines and

iso-¢ lines, respectively. They match the iso-n lines and iso-¢ lines of patch South, respectively.

The set (I,) is represented on Fig. 4. As already mentionned we adopt as a generic notation «

for the angle (curvilinear abscissa) for the circles of the sets (I,), (I14), (Vo). Similarly we call 5 the
angle for the sets (Ig), (I1g), (V3).

3.2. Hermitian derivatives along great circles. As explained above the coordinate lines of each
of the six patches are sections of great circles. This property is the basis of the calculation of our
approximate gradient at each grid point.
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Suppose given data uf j» —M < i,j < M at the coordinate points of each of the six patches
k=111 1I1,1V,V,VI . The computation procedure of the high-order gradient can be summarized
in the two following steps:

(1) Compute the Hermitian derivatives along the six sets of great circles (1), (1), (I1.), (I13),
(Vi) (V3) according to formula (8) and (12).
(2) Deduce the gradient at each point of the six patches using an appropriate change of variables.

Concerning the first step we limit ourselves to describe how the hermitian derivative along the circles
of the set (I,) is approximated.

Consider a great circle C of the set (I,). It corresponds to an isoline n = nf = joAn. The values
uZF ;o are located along the great circle with the index ¢ such that —M <4 < M. Continuing eastward
(see Fig. 3), the circle C crosses the patch East, on which data are interpolated as follows. The circle
C crosses each iso-£¥ lines £ = ¢F = igA¢ at a point with coordinates (€7, By,,,) in the (£7, )
coordinate system of patch Fast. The value (3, ;, is easily found as the solution of an intersection
system we describe now. The coordinate system on the set (I1g) is (¢¥,8). Tt is related to the

cartesian coordinates (z,y, z) by

x = —cos BsinF,
(14) y = cos Bcos &P,
z = sin 3.

The intersection system bewteen the circle 7" = 7l of the set (I,) and the circle £¥ = &, of the set

L
107

(I13) is the point with coordinate (£;”, 8;, j,) Where 3, j, is easily found to be (see Section 6),

(15) Bio,jo = atan (— sin §£ tan njFU) )

Since the point with coordinate (55 » Bio.jo) does not belong to the grid, we need an interpolated value

of the grid function uf ; at it. We adopt a cubic spline interpolation in the variable BF based on

the grid values u{o{j, —M < j < M. The “not a knot” end condition is selected. The third section
of the circle C' coincides with the iso-n coordinate circle on the Back patch with coordinate number
—7jo. As for the patch F the values uff_jo, —M < i < M, belong to the data along the great circle C.
Continuing eastward, the fourth section of the circle C goes across the West patch. Again a cubic
spline interpolation as on the East patch is performed. As a final output we obtain a set of data
along the circle C.

The periodic hermitian derivative operator (12) is applied to this set. The space variable is the
du(a,n)

angle a € [0,27). This gives a set of approximate values of o |n along the circle C'. Restricting

this set to patches I(Front) and IT11(Back) yields the approximations

I du(a,n) ! -
Uoii = | ™ 50 & mi)| » —M<i,j<M,
(16) @ n
dula,n) 17
3@ In
An analog procedure is used along each circle of the six sets (1), (Ig), (I1a), (I13), (Vo) and (Vp).
This finally provides approximate values of the two partial derivatives

u(a,m)  Ou(§, B)
ooy’ B |g7

(17)

along all the coordinate lines of each patch k, I <k < VI.
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3.3. Hermitian approximate spherical gradient. We now consider the expression of the spherical
gradient V u at each point of the six patches of the cubed-sphere in the local (£, ) coordinate system:

Ju ou
(18) Viau=— g°+-— g"

9, " ome
where (g€, g") is the contravariant basis at point (£,17), see (66).

Having at hand approximate values of the partial derivatives gal and gg " n (16), we deduce by
change of variables approximate values of gz‘ and ‘37“7' to be substituted into (18). We have
(19) u(€n) =u(a(& n),n) = u(& BEn),
so that the chain rule yields
du au da

(20) ou  du 98 ]

e~ OB om
In order to compute the two values 2 85| and 2 87” we use the relations between the system of angles

(&,m) and («, 8). It depends on the patch that is considered. Consider for example the Front patch
(I). We have the two trigonometric identities (see Section 6),

(21) { tana = cosntané,

tan 3 = cos & tanm.
Using (18), (20), (21), we thus obtain that the spherical gradient at each point of the Front patch is

d
deduced from {TZ\ and 3/3'5 by
ou 1+ tan?¢ ou 1+ tan?7n
22 Vsu=— |cosn————— £+— cosé——— | g".
(22) ® 8a|n( 7714-0052171:&1125 9B ¢ g14—(:082§taur1217 g
Our approximate spherical gradient is deduced from (22) replacing the derivatives gz‘ and g?m by
their hermitian approximations. On patch Front (I), this gives the pointwise approximation
1+ tan?§; I
Vepul . =ul cos &
shg ( Tbl—l—cos?n tan? &; i

(23)

1+ tan“ n; il
+ul . . cosé; 2
B:isj ( & 1 + cos2 &; tan? n;) "

Analog expressions hold for the five other patches.

3.4. Interface and corner points. Interface points correspond to the points of the cubed-sphere
located along the 12 “edges” at the interface of the patches. Each of these point belongs to two
patches. There are 12(N — 1) such points. The corner points match the eight vertices of the inscribed
cube. They are end points of the “edges” and each of them belongs to three patches. On a given
patch the indices in (3) of the 4(N — 1) interface points are

{i_iM, -M+1<j<M-1,

(24) M4+ 1<i<M-—1, j=+M.

The four corner points are
(25) (=M, —-M), (=M, M), (M,—M), (M,M).

Consider for example an interface point @ located on the boundary between the Front and the East
patches. At this point, the preceding calculation procedure provides two formulas for Vs u, the first
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one using the Front (I) coordinate system, the second one using the East (II) coordinate system.
By symmetry, we adopt as a final formula at this point the half-sum of the two discrete gradients.
Similarly the discrete gradient at one of the eight “corner” points . is obtained with a 1/3 weighting
of the approximations of gradients of the three patches where x. is located.

3.5. Summary and remarks. The algorithm above to approximate the spherical gradient can be
summarized as follows:

(i) Assemble the system of data along the six networks of great circles (I.), (I3), (1), (I1p),
(Vi) and (V). Each great circle has four sections. The data along the first and third sections
are copied from the primary data. The second and fourth sections require a cubic spline
interpolation along each coordinate line orthogonal to the circle (in the (£,7) system).

(ii) Compute the periodic hermitian derivatives along each circle of the six networks.

(iii) Compute the spherical gradient on each patch using formulas like (23).

An essential aspect of this procedure is that the discrete (hermitian) derivative along the six sets
of great circles approximates an intrinsic quantity (the derivative of the grid function with respect to
the curvilinear abscissa). Using a change of variables to the local equiangular coordinates (£,7) in
(23) to express the gradient is for convenience only; other local basis could be considered. This is in
contrast to [19, 26] where the local system (£, 7) is used to calculate approximations. In particular
no ghost points or specific boundary interpolation scheme are introduced. The treatment of the
interface of the patches is obained as a corollary of the great-circle approach. Note also that the
hermitian formula (11) can be easily replaced by any higher-order derivative compact operator [11].
The algorithm and most of the coding remain the same. In addition the algorithm is highly parallel
in nature. The computations in step (i) and (ii) are purely one-dimensional. The core of the solver
consists only in solving tridiagonal linear systems of size 4N. The global arithmetic complexity is
easily found to be O(N?).

4. NUMERICAL RESULTS

4.1. Spherical gradient accuracy. We report the accuracy of the approximate spherical gradient
in (23) when applied to a function u(x,y, z). The discrete data are the grid function

(26) ug; =u(@f,uf,2), —M<ij<M, I<k<VIL

The error is

(27) €oo = max |[V5(&,m)l — [V u(&oni)i| -

max max
I<k<VI, —M<i,j<M,1<I<3
The maximum is taken on the three components 1 <[ < 3 of the gradient and on all the points of
the cubed-sphere.

4.1.1. First test-case. We report in Table 1 the error obtained for the gradient of the oscillating
function
(28) u(z,y, z) = sin(107z) sin(2my) sin(67z),

restricted to the unit sphere. The fourth-order accuracy of the calculated gradient is observed.

4.1.2. Second test-case. The next test-case [23] consists in approximating the gradient of the function
u(zx,y,z) = exp(z) + exp(y) + exp(z) restricted to the unit sphere. The results, reported in Table
2 compare favourably with the ones in [23], where an approximation based on spherical harmonics
combined with an icosahedral grid is used. Again the fourth-order accuracy is observed in this case.
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[ N=8 [ rate [ N=16 | rate | N=32 [ rate [ N=64 [rate [ N=128 |

€co 23.475 | 2.99 | 2.949 | 4.61 | 0.121 | 4.07 | 7.205(-3) | 3.91 | 4.774(-4)
A in km 1250 625 312.5 156.25 78.12
Nb of grid points 386 1538 6146 24578 93306

TaBLE 1. Convergence rate of the hermitian gradient of the function u(z,y,z) =
sin(10mx) sin(27y) sin(67z) restricted to the unit sphere.

[ | N=8 [rate| N=16 [rate | N=32 [rate | N=64 [rate | N=I28 |

Coo 5.323(-4) | 4.07 | 1.912(-5) | 4.00 | 1.191(-6) | 4.00 | 7.432(-8) | 3.72 | 5.622(-9)
Ag in km 1250 625 312.5 156.25 78.12
Nb of grid points 386 1538 6146 24578 93306

TaBLE 2. Convergence rate of the hermitian gradient of the function u(z,y,z) =
exp(z) + exp(y) + exp(z) restricted to the unit sphere.

4.2. Cosine-bell advection test-case. We consider the cosine-bell convection problem described as
a first test-case in [27]. This problem serves as a preliminary test to evaluate the accuracy of numerical
methods for the shallow water system in global climatology on the spherical earth. Reference results
for this test-case are widely reported in the literature by various numerical schemes [16, 26, 2]. It
consists in a cosine-bell propagating at constant spherical solid velocity. The exact solution is the
unperturbed profile after one full rotation around the earth. The unknown is the height of the bell
h(zx,t), solution of the convection equation

Oth(x,t) + ¢ - Vh(x,t) =0,
h(x,0) = ho(x).

In the spherical longitude-latitude coordinate system (A,6), 0 < A < 27 and —7/2 < 0 < 7/2. The

tangent unit vectors ey, ey are

ey = —(sin )i + (cos A7,
ep = —(sinfcos )i — (sinfsin \)j + (cos6)k.

(29)

(30)

The solid body advective field is ¢ = ¢(x) = uey + veg with u(x) and v(x) expressed in the (A, 6)
coordinate system as

(31) u = ug(cos 0 cos o + sin @ cos A sin «v),
v = —up(sin Asin «).
The angle a € [0,7/2[ ! is the angle of the plane motion with the k axis of the poles. The initial
cosine-bell is
| (ho/2) (1 +cos(mr(6,\)/R)), r(0,\) <R,
(52) o) = { DG

The value 7(), 6) is the great circle distance between (A, 6) and the center of the cosine bell, initially
taken at (A, 0.) = (37/2,0). Tt is given by [27]
(33) (A, 0) = a arccos (sin(f.) sin(f) + cos(f.) cos(#) cos(A — X))

The numerical values associated with (30), (31), (32) are a = 6.37122 10%°m (earth radius), R = a/3,
ug = 2ma/(12 days), and hg = 1000m.

IThe angle a should not be confused with the curvilinear absissa introduced in Section 3.1.
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The semi-discrete approximation we consider is the centered finite-difference scheme (method of
lines) defined by

dhf ;(t)
dt

where the approximate gradient V j, is given in (23). The time-stepping scheme is the fourth-order
Runge-Kutta (RK4) scheme. The CFL number is defined by

At
(35) CFL = ug AE
The scheme is observed to be stable with a time-step given by CFL = 1. To reduce the dispersive
effects a filter of order 10 is applied at each time step along the great circles of the six networks
considered in Section 3.1. The purpose is to add some dissipation to cancel high-frequency dispersive
effects. Such a filtering is a common practice when using compact schemes for wave propagation
problemes, e.g. in aeroacoustics [24, 6, 3]. For a one-dimensional gridfunction (u;),;cz the filter is the
linear operator (u;) ez — (up ;) ez defined by

(34) i Venhij(t)=0, —-M<ij<M, I<k<VI,

(36) uF,j = Z kaj+k,
k
where the coefficients fj are given by [17],
fo 772/1024
fi=f 210/1024
(37) fo=/f_ _ 7130/1024
f3 = f,3 40/1024
fi=fu ~10/1024
fs = f_s 1/1024

Note that the filter is applied only at each time-step and not at each internal step of the time scheme.
Fig. 5 reports the history of the error using a discretisation with N = 40 (9602 unknowns) fand 160
time iterations with an angle o = 459°. The time step is At = 6480s (108’). Table 3 reports the
value of the relative errors I1, Is, I, as required in [27]. The error I, is defined by

(38) =A% o)y,

[[Prexcll
where e = hox — hea) 18 the difference between the exact and the calculated solution. The notation
I |l stands for the canonical discrete version of the continuous functional norm with same name on
the sphere, see (70), (71). The relative maximum and minimum errors are [26],

Finally we plot on Fig.6 the isolines of the calculated solution and of the difference between the
calculated solution and the exact one for the case « = 7/4 (propagation towards north-east). Results
on Fig.5 and Fig.6 compare favourably with analog results using schemes of same order. See for
example [26] where a MUSCL finite-volume scheme combined with a fourth-order reconstruction
procedure is used on a cubed-sphere of same size.

max hey — mMax hcal min heyx — min heay

(39) M(h) =

max | hex| max | hex|

4.3. A deformational test-case. A deformational flow test-case consists in calculating the evolu-
tion of an initial data which undergoes a severe deformation during a linear advection transport phase.
The analytic solution is not known during the transient but the solution returns to the initial state
after some time period T. The accuracy of the scheme is thus measured at time ¢ = T'. The maximal
deformation occurs at time ¢ = T'/2. Such a test-case offers an additional challenge compared to the
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FIGURE 5. History of the three relative errors L', L2, L*° for the cosine-bell advec-
tion test-case (29) for a cubed-sphere grid of size N =40 and o = 454°8,

[ CFL [ Direction [ L; error [ Lo error [ Loo error [ M(h) [ m(h) ]
1.0 | a=0%8 | 543601(-2) | 3.26394(-2) | 2.65404(-2) | 2.50503(-2) | -2.65404(-2)
o = 4598 | 5.11205(-2) | 2.93375(-2) | 2.24284(-2) | 2.11063(-2) | -2.24284(-2)
0.5 | =098 | 4.0020(-2) | 2.25259(-2) | 1.91928(-2) | 2.87524(-2) | 1.91193(-2)
o = 4598 | 3.45757(-2) | 1.86116(-2) | 1.43016(-2) | 1.27016(-2) | -1.43016(-2)

TABLE 3. Relative error for the cosine-bell advection test-case (29) with the fourth-
order centered hermitian scheme (34) and the RK4 time-stepping scheme. The mesh
size is 6 x 40% + 2 (9602 unknowns).

11

solid rotation test-case in Section 4.2. An example of deformational test is given [13] by the following
linear convection equation with velocity ¢(x,t)

(40)

The divergence-free velocity c(x,t) =

(41)

{ Och(x,t) + c(x,t) - Vih(x,t) =0,
h(zx,0) = ho(x).

Y(x,t) = ksin®(\/2) cos?(0) cos(nt/T), k >0,

The components u and v of ¢(x,t) in the basis (ey, eg) are, see (30),

(42)

)

(
{ u(x,t) = —1pp = ksin®(\/2) sm(29) cos(mt/T)
v(x,t) =x/cosf = (k/2)sin(N) cos(9) cos(nt/T).

Viy(x,t) is derived from the stream function t(x,t) by
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Cosine bell problem: calculated solution Cosine bell problem: max error
T

5 )

FicURE 6. Contours after one rotation with o = m/4. Left: numerical solution.
Right: error. The cubed-sphere grid uses N = 40. The propagation is oriented
towards north-east.

The initial condition is the double cosine-bell defined by

(43) ho(X, 0) = { (()f?r;a;/?’(liw; CfféW“’/R”’ ri(0:A) < R,

and r;(\, 8) = arccos (sin 6; sin 6 + cos 0; cos 6 cos(\ — \;)) is the great circle distance between (A, 6)
and()\;, 0;) on the sphere of radius @ = 1. The numerical scheme is fully centered with design given in
(34). It is formally fourth-order in space and time. The tenth order filter (37) applied at each time
step.

In Table 4 we report the numerical quantities I,, a« = 1,2, co and the indicators at time T defined
by [13]
max heyl — Max Rex , min Aga — min Aey

, m'(h) =

Ahg Ahg
The parameters of the calculation are T = 5 (final time in (41) ), k = 2.4 (strength of the stream-
function (41)), (A1, 61) = (7w, 7/3), (A2, 03) = (7, —7/3) (location of the two initial cosine-bells (43)).
Three grid sizes N = 20, N = 40, N = 60 are used. They correspond to a longitudinal angle dis-
cretisation of 4.59°8, 2.259¢¢ 1 59¢8 respectively. We report in Table 4 the results at time t = T
with grid size N = 20 (2402 unknowns), N = 40 (9602 unknowns), and N = 60, (21602 unknowns).
The calculations are performed using 200, 400, 600 time steps, respectively, which corresponds to an
approximate CFL number of 0.75.

With the finest grid (N = 60, 21602 unknowns), the error levels reported in Table 4 are of same
order than the ones reported in [13] where a Discontinuous Galerkin method was used using 38400
unknowns and 2400 time steps. On Fig. 7 are reported the initial cosine bells (43), the solution at
time ¢ = T'/2, the calculated final state at time ¢ = T where the two cosine bells return to their inital
positions, and finally the error hcsy — hex at time ¢t = T'.

(44) M'(h) = , Ahg = max hg — min hg.
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[ N [ Nb. of time steps [ Ly error | Ly error | Loo error | M'(R) | m/(h) |

20 160 0.1688 0.2666 0.2643 -0.2030 | 0.2627
40 320 0.0378 0.0636 0.0785 0.0006 | -0.0591
60 640 0.0084 0.0154 0.0255 0.0007 | -0.0213

TABLE 4. Relative error for the non divergent flow test-case (40) with the fourth-
order centered hermitian scheme (34) combined with the RK4 time-stepping scheme.
The grid N = 60 has 21602 (=6 x 60?+2) degrees of freedom, with a spatial resolution
of 1.59°¢ along the equator. The CFL number is approximately 0.75.

Again the results demonstrate the accuracy of the discrete spherical gradient operator (23) and
the capabilities of the centered scheme (34) with filtering (37) compared to high-order conservative
methods [13] on the sphere.

4.4. A spherical Laplacian test-case using Spherical Harmonics.

4.4.1. Discrete approzimate spherical Laplacian. In this section we show how to deduce from the
discrete spherical gradient (23) a simple formula to approximate the spherical laplacian at each point
of the cubed-sphere. The spherical laplacian is defined by

(45) Agu=V,-(Vu),

where V- and V, are the spherical divergence and the spherical gradient, respectively. In the
coordinate system (&, n) of the cubed-sphere, the spherical divergence operator of the vector field F
is expressed as

(46) VS-F:f< (VGF g +ng)

where G = /| det G| is the metric term and G is the covariant metric tensor (see (65)). From the
gradient Vs u, we deduce on each patch the grid functions w1 (€, n) and us(§,n),

(47) 5»7} fvsu g y U2 ga fvsu g
Using the discrete gradient (23) we obtain a discrete approximation of u; and ug as
(48) (ulh i, \/7V9 hu1] gfjv u2 h 1] fvs hU7] gz]

Applying the fourth-order hermitian derivatives to (ujz)¥ 5> and (ug, h) yields the approximate
spherical Laplacian

1
(49) As,huﬁj - ﬁ ((ul,h)gi,j + (UQ,h)Z,i,j) .

In (49) (u1,n)e and (ugp)y, stand for the hermitian derivatives using (5), calculated on each patch.
Using this setting boundary conditions for (u1,)¢ and for (ugp), are needed in order for (5) to
be applied at internal points. Here we adopt in the £ and 7 directions the one-sided fourth-order
approximate derivative given by [7],

1
— 7 (05) u; + O(n?),

(50) (@) = Fug — 3 (03 + 505w —

where at point z; the forward difference operator 67 is

(51) 5 uy = %
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Defarmational test-case: initial solution
] 1

Defarmational test-case: solution at t=T/2
a0

45 0.8 45 0.8
0.5 0B
0 1]
0.4 0.4
-15 -45
0.2 02
-an -0
] a0 180 20 360 0 90 180 pegit} 360
(a) Initial condition at t =0 (b) Solution at t = T'/2
Deformational test-case: caloulated solution at t=T Deformational test-case: errar at t=T
a0 1
0.02
15 He
0.01
0.8
0
0
0.4
3 10.01
0.2
-90
] 80 180 2 360

(c) Final position at t =T

(d) error heg) —hex at t =T

FIGURE 7. Non divergent flow test-case (40). The final time is 7' = 5. The number
of unknowns is 21602 for a resolution of 1.59°¢ around the equator. The number of
time-steps is 600 with an approximate CFL number of 0.75.

Formula (50) can be rewritten as the one-sided five-point operator
1
(52) Ug 5 = m (—251,61‘ + 48u;41 — 36u;42 + 16u;y3 — 3ui+4) .

Finally we adopt at “edge” points and “corner” points the symmetric 1/2 and 1/3 averaging procedure
of Section 3.4. This weighting is observed to retain the uniform fourth-order accuracy.

4.4.2. A spherical eigenvalue test problem. We demonstrate the numerical accuracy of the Laplacian
(49) on the following problem. The spherical harmonic with index (n,m), —n < m <n, 0<nis
the function defined in coordinates (6, A) by

(53) fm(x) = Pml(sin @)™, 0 <\ <2m, —71/2<6<7/2
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In (53) the function prl;m‘(z) stands for the associated Legendre polynomial of order n,m with the
standard normalization given by

1
(54) t/ PI™l(z)2d = 1.

—1
We refer to [9] for a general reference on spherical harmonics. Here we adopt the notation of [18]. The

main property of the spherical harmonics (53) is to be the eigenfunctions of the spherical Laplacian.
The consistency relation for the spherical harmonics f7, (z) that is numerically tested is

(55) e(fn) = |(Ansfm)s s = Al Fm)Esl,

where the maximum is taken over all the points of the cubed-sphere. The eigenvalue A, is

(56) An = —n(n+1).

max
—M<i,j<M,I<k<VI

Table 5 reports the accuracy of (55) for the functions f1, f2, f&, fi, on a set of cubed-sphere grids.
The results appear to be fourth-order accurate.

‘ ‘ N=8 ‘rate‘ N=16 ‘rate‘ N=32 ‘rate‘ N=64 ‘rate‘ N=128 ‘

e(fH 8.6508(-3) | 3.74 | 6.4381(-4) | 4.18 | 3.5512(-5) | 4.34 | 1.7496(-6) | 3.35 | 1.7066(-7)
e(f2) 2.3477(-1) | 3.70 | 1.8073(-2) | 4.06 | 1.0805(-3) | 3.68 | 8.3954(-5) | 3.51 | 7.3302(-6)
e(fh 1.9702(1) | 3.54 | 1.6991(0) | 3.24 | 1.7884(-1) | 3.98 | 1.1325(-2) | 4.00 | 7.0537(-4)
e(f7) 2.0246(2) | 2.92 | 2.666(1) | 3.06 | 3.1909 | 4.00 | 1.9809(-1) | 3.96 | 1.2696(-2)

A€ in km 1250 625 312.5 156.25 78.12

Nb of grid points 386 1538 6146 24578 93306

TABLE 5. Convergence rate of the error function e(f}") in (55) for several spherical
harmonics functions.

5. CONCLUSION

This work demonstrates the efficiency and the accuracy of a new finite difference approximation
method to the spherical gradient. It is based on the cubed-sphere grid and compact hermitian
derivative along great circles. This allows to design centered compact schemes in a fashion similar to
the planar case.

The present approach offers an interesting compromise with other high-order accurate approxi-
mation methods. In contrast to the longitude/latitude grid, it does not have the pole problem, yet
keeping the idea of approximations along great circles. This is an important property when uniformly
accurate approximations are required. In addition the degrees of freedom are pointwise values as in
the standard finite-difference method. This is in contrast with collocation methods using a more elab-
orate analytical background based on special functions such as spherical harmonics [18] or spherical
wavelets [22].

Applications to advanced mathematical climatology problems deserve further studies. A specific
challenge consists in analyzing the conservativity properties of finite-difference schemes similar to
(34). As in the non-spherical case it is a crucial issue for the numerical treatment of the shallow-
water system on the sphere. Conservativity is by definition satisfied in ab initio conservative schemes
such as finite-volume schemes [2, 26] or the Discontinuous Galerkin method [13]. However it turns
out that wave problems on the sphere, (e.g. linearized versions of the SW system [15]), which are
formulated in nonconservative form, are tractable using centered schemes similar to those presented
in Sections 4.2 and 4.3.
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Let us finally mention that a convergence analysis of the approximation procedure suggested in
this work clearly deserves further attention.

6. APPENDIX: CUBED-SPHERE COORDINATE SYSTEM AND METRICS

To perform the computation described in this paper we need several coordinate systems and the
relation between them.

The cartesian reference frame is denoted by (O, 4, j, k), with origin O at the center of the sphere.
The centers of the six patches I,11,111,1V,V,V I are the six points

(57) F(]‘ﬂO?O)v B(*].,0,0), E(Ov 170)a W(O,*l,O), N(0707 ]-)a S(an - ]-)a

respectively.
Particularly useful are the gnomonic coordinates defined by

(58) { X =tané,

Y =tann.

Using (X, Y) facilitates the actual coding of any computation using the cubed-sphere. For example,
the cartesian coordinates of a grid point (x,y, z) of, say, the patch Front, are given in terms of the
equiangular angles (£, 7n) by

(59)

On each patch, we use in Section 3 the coordinate system (a,n) and (&, 3). For the patch Front,
the two systems are related by expressing the cartesian coordinates in terms of either («,n) or (§, )
by

x = cosacosn = cos [ cos(—§),
(60) y = sina = — cos(0) sin(—¢),
z = cosasinn = sin f3.

Suppose given 77 € [—n/4,7/4] fixed and the corresponding iso-n line on any of the six patches
covering the cubed-sphere grid. Then the angle a(¢) corresponding to the point of equiangular
coordinates (&,7) is

o1 ot = (Frr)

Similarly the angle 3(n) corresponding to a point on any iso-¢ line & = £ is

N tann
(62) B(n) = atan <(1—|—tan?§)1/2) .

The two identities (61), (62) give on any patch the change of variables (§,1) — (a,n) and (§,7n) —
(&, 8). Using again the chain rule it is readily verified that

8£ ~ cos 1+ tan?¢
63 o€, T4 cos?ytan? €’
(63) ap 1+ tan?n

cosE—— .
on e 1+ cos? £ tan? 7
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These relations are used in (22). Let us conclude by some remarks on the algebra useful to derive the
metric elements on the cubed-sphere grid. If x(z,y, z) denotes a point on the sphere, the covariant
vectors g¢ and g, are given by [14, 26]:

ox ox
64 . ed el
(64) 9e P g, an
The metric tensor is
(65) G{Qg‘gg ge - Gn }
gn : gf g'r] : g17

The contravariant vectors are deduced by

£ Gll G12
g g§ + gnv
(66) { g" = G21g£ + G22gﬁ’

where

B Gll G12
(67) G t= { G2l @G22, }

The metric tensor can be expressed using gnomonic coordinates (X,Y) as

o ) [ 1+X2 —XY

where § = v/1+ X2 + Y2. The contravariant basis (g¢, g") is given on the patch Front (for example)
by

2

1 —X 1 -V
69 b — | 1 |, g | 1
(69) g z(1+ X?) 0 g z(14+Y?2) 0

Similar formulas are obtained for the other patches. R
Finally the integral Z(u) over the sphere of radius R of a function u(x) is approximated by Z([u} ;])
defined by

(70) I=>Y 1"

The approximate integral on each patch k is

M
Tk 2 ! X k
(D) I = R*AAn ) \JIGE i,
i,j=—M
where the prime indicates that the terms corresponding to the 4(N — 1) interface indices (24) are
multiplied by 1/2 and that the terms corresponding to the four corner indices (25) are multiplied by
1/3.
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