HERMITIAN APPROXIMATION OF THE SPHERICAL DIVERGENCE ON THE
CUBED-SPHERE

JEAN-PIERRE CROISILLE t}

ABsTRACT. Previous work [7] showed that the Cubed-Sphere grid offers a suitable discrete frame-
work for extending Hermitian compact operators [6] to the spherical setup. In this paper we further
investigate the design of high-order accurate approximations of spherical differential operators on
the Cubed-Sphere with an emphasis on the spherical divergence of a tangent vector field. The basic
principle of this approximation relies on evaluating pointwise Hermitian derivatives along a series
of great circles covering the sphere. Several test-cases demonstrate the very good accuracy of the
approximate spherical divergence calculated with the new scheme.

Keywords: Cubed-Sphere grid - spherical divergence - spherical laplacian - finite difference
scheme - Hermitian compact perator - Spherical Harmonics.

1. INTRODUCTION

Recently accurate approximations of partial differential equations on the sphere have become in-
creasingly demanded. Many fields in physics beyond Global Climatology Modeling, where calculations
on the rotating earth is a core practice, now require a significant use of the spherical context. These
include

e Medical imaging: The inverse Radon transform consists in approximating spectral data on
the sphere in a fast and accurate manner [20].
o Gravitational field analysis: Specialized satellite data (from the COBE satellite) must be
thoroughly worked out by interpolation and approximation [14].
e Celestial data analysis: Data given on the celestial sphere also require an accurate treatment
[25].
In this work the principle behind approximating spherical differential operators [7] is further applied
to the spherical divergence. Our compact approximation is performed on The Cubed-Sphere [16, 5,
11]. It uses a methodology based on the following steps [7]:

e Interpolation of data on a series of great circles using the fact that coordinate lines are great
circles sections.

e Calculation of Hermitian finite-difference derivatives along these great circles. This step is
purely one-dimensional and periodic, only requiring tridiagonal (periodic) linear systems to
be solved.

e Reconstruction of spherical differential operator on each panel of the Cubed-Sphere using a
suitable change of variables.

The expected fourth-order accuracy inherited from Hermitian approximations was observed. This is
particularly important for calculations where second order accuracy is not sufficient. It is the case for
example for calculating complex fluid flow patterns, such as turbulent flows, or quasi incompressible
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FI1GURE 1. The points of the Cubed Sphere are obtained as intersections of two
families of great circles. The circles in vertical (South-North) position are labeled

Cl-(l), —N/2 < i < N/2. The circles in horizontal (East-West) position are labeled

CJ@, —N/2 < j < N/2. The isovalues circles @« = 0 and § = 0 are indicated. The
point P serves as the center of each family of great circles.

flows. Other important examples can be found in Global Climatology Modeling, where several series
of test-cases have been suggested [21, 13, 12]|. These tests offer an excellent platform for assessing the
efficiency of numerical schemes for PDE’s approximations on the sphere.

The outline of the paper is as follows. In Section 2 the fundamental principle for Hermitian
approximation is recalled. In Section 3 the calculation of the spherical gradient [7] is recalled. Section
4 is devoted to calculating the spherical divergence of a tangential vector field. In Section 5 several
results showing numerical evidence of the fourth-order accuracy are presented. After the conclusion
(Section 6), standard geometric notation used throughout the paper is recalled in Section 7.

2. THE CUBED-SPHERE GRID

2.1. Panels and geodesic coordinate lines. In this section we present the Cubed-Sphere grid
described in [23]. This grid is commonly used for simulation of the dynamics of the atmosphere.
Refer to [28, 18] and the references therein. In the sequel we emphasize why this grid is well adapted
to calculate high order discrete differential operators in the Hermitian fashion. Note moreover that
all our calculations are done on the sphere itself and not on the faces of the cube in which the sphere
is embedded.

The design of the Cubed-Sphere is based on great circles, i.e. geodesic lines of the sphere S?

equipped with the standard metric. Consider the two sets of great circles called Cz-(l) and Cj(?) shown

in Fig.1. These two sets are constructed as follows. The set CZ-(I) consists of a collection of great
circles in South-North (meridional) position, passing through the South and North poles. A point
P is selected on one of these great circles and will serve as the center of the grid described in what
follows.
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FIGURE 2. The points of a typical panel of the Cubed-Sphere are classified in three
categories: (i) Circles correspond to internal points; (ii) Squares correspond to edge
points ; (iii) Pentagons correspond to corner points

FiGURE 3. The Cubed-Sphere grid with a grid parameter of N = 16. The total
number of points is 6 x 162 + 2 = 1538 in this case.
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CUBED-SPHERE : TOPOLOGY AND PERIODICITY
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FIGURE 4. Topology and spherical periodicity of the six panels of the Cubed-Sphere. The Latin
numbers (1), (II), (II11), (IV), (V) and (VI) designate the panels Front, East, Back, West, North
and South.
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FIGURE 5. The grid of Panel (I) in both (£,n) coordinates and in physical coordi-
nates. Left: regular Cartesian grid with coordinates (£,7). Right: = 1 cube face
with gnomonic coordinates (Y, Z) = (tan(§), tan(n)).

Let the set C(M) rotate by 90° around P: one obtains a second set of circles called CJ(-Q). The
circles C’j@) are orthogonal to the circle labeled C’él) (see Fig. 1). The points s; ; = C’i(l) N C’j@) form
a spherical section centered at P. Such a section will be called a panel.

Along each circle Cj@) the geodesic angle with origin along Cél) is called . Similarly the geodesic
angle along each circle CZ-(l) with origin along Céz) is called 8. A canonical tangent vector basis at
point s; ; is (eq(s:,;), ea(si,;)) where ey (s; ;), (resp. eg(s; ;) is the tangent unit vector to the circle
Cj@) (resp. Ci(l)) at s; ;. The basis (en(si;),es(si;)) is in general non-orthogonal, unless s; ; is
located on the circles a = 0 or g = 0, see Fig. 1.
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Let (e®(si;),e”(s;;)) be the dual basis defined by the relations

alg. . ) — B(g. . ) —
(1) { ea(sw)-ea(sw) L and { eﬂ(sm)'ea(sw) 0,
e(sij)-ep(si;) =0, e”(sij)-ep(si;) = 1.
For any regular function s € S? — u(s), let Vru(s) be the tangential gradient. It is expressed at
si,j by

ou ou
(2) Vru(si;) = 5-(sij)e(siz) + %(Si,j)eﬁ(é’m)

In (2) the partial derivatives 9%(s; ;) (resp. %E(Si,j)) stands for the derivation operators along C’J@)

(resp. Cfl)).

In the sequel, we assume that either one of the two sets of circles is symmetric respectively to the
great circle marked with a thick line in Fig. 1, so that the point P is actually the center of the panel.
In the next section we show how the right-hand-side of (2) can be evaluated with 4th order accuracy.

2.2. Definition of the Cubed-Sphere. Based on Section 2.1, the specific design of the Cubed-
Sphere is obtained as follows. First we need to introduce the (£,7) coordinate system associated to
the central circles in the panel. It is defined as follows.

e The £ = 0 and 1 = 0 curves are orthogonal great circles (shown with a thick lines in Fig.
1). They are referred to as the n— and the {— equators respectively. They correspond to the
circles C(()l) and C’(()2) respectively.

e The angles € is the geodesic angle o along the circle CSQ) and the angle 7 is the geodesic angle
B along the circle Oél).

e The coordinate value (£,7) of a given point s in a panel is therefore obtained by taking the two
great circles at s intersecting orthogonally the n— and £— equators respectively. Therefore £
and 7 correspond to angular measures along the £— and n— equators.

e The full panel P is defined by the two inequalities

™ T
3 —— < < —.
3) 1S6n< g
o The grid points s; ; on panel P are defined as the points with coordinates (&;,7;) given by
(4) & =1AE, n; =jAn, —N/2<1i,7<N/2, (N is supposed even).

In the sequel M is the integer defined by M := N/2.
e Equal spacing A¢ and An expresses equal geodesic distance along the £— and n— equators

of the panel, see Fig. 5 (Left).
Due to the fact that the length of a great circle is 27 in, say, the {— direction, there is exactly space
to insert four non-intersecting panels along the East-West direction. These four panels are called
Pre, Prre, Prire and Prye. Similarly in the n direction (South-North) the four panels are called
Pims Priys Priryg, Prvy. These two series of four panels clearly overlap: a simple geometric analysis
shows that we have the identities

(5) Pre="Pry Prire="Piiiy-
This allows to define the Cubed-Sphere grid:

Definition 2.1 (Cubed-Sphere grid). The Cubed Sphere is the grid of the sphere S? defined as
follows: it consists of the partitionning of S? into six identical panels referred as Front (I), Fast (1),



HERMITIAN APPROXIMATION OF THE SPHERICAL DIVERGENCE ON THE CUBED-SPHERE 6

Back (III), West (IV), North (V) and South (VI). Each panel is equipped with its own coordinate
system

T
(6) (€®n®), =2 <e®n® <2 (D) < k) < (VD).
The points of the Cubed-Sphere are called si’ . They have coordinates ({Z( ), nj(-k)) with
where the step sizes are
™ ™
Al =—, An=_——.
(8) =5y A=y

On Panel (k), the points st are classified in three categories:

i
(k ) correspond to the indices

~M+1<id,57<M-—1, (Clrcles on Fig 2).

(1) Internal points: The (N — 1)? internal points s;’

(2) Edge points: The 4(N — 1) edge points SE? correspond to
j=xtM,-M+1<i<M-1, andi=+M,-M+1<j <M —1,( squares on Fig. 2).
(k)

i,J
i=+M,j=+M, (pentagons on Fig. 2).

(3) Corner points: The four corner points s;; correspond to

Summing up the number of points s of each panels shows that the size of a gridfunction is 6 N2 +2.

Remark 2.2. The step size is the same on each of the six panels. The six panels are thus fully isometric
and the only discrete parameter is the integer NV, which stands for the number of intervals in the &
(or 1) direction of a panel.

Remark 2.3. Considering S? C R3 as the subset of points (z,v,2) such that 22 + y? + 22 = 1. The
relation between the coordinate (x,y, z) and the panel coordinate (£, ) is facilitated by the so-called
gnomonic coordinates (53, 54). Consider for example Panel (I). The gnomonic coordinate (Y, Z) is
shown in the right picture in Fig.5: they are the projection on the cube face at x = 1 of the coordinate
(€M n()). Observe that the grid of the face of the cube is not equally spaced in the (Y, Z) system.
(We are not in any way using this grid in the sequel for calculating approximate differential operators).

3. HERMITIAN DERIVATIVE ON THE CUBED SPHERE

In this section we briefly recall the method for approximating the tangential gradient to the sphere

(k)

§? as introduced in [7]. According to (2) the gradient at point ;" is expressed in intrinsic form as

8u (k)

0
S (st)en () + 5 o

G ee )

The great circle Ci(l) (resp. CJ(Q)) corresponds to an iso-¢ line (resp. iso-n line). The main idea is

now to approximate the two partial derivatives % and 8“ by discrete Hermitian derivatives as

ou ~ u(k) )
(1) T

(9) Voru(sl)) =

o5 = Ui
This approximation follows along the lines of Hermitian discrete derivative on irregular periodic grid,

as recalled in Section 7.3. The approximate tangential gradient at point s( 4) is given by
(11) Vrnugy = ull) e (si) +ufy) e (s)).
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Consider now the (£*), 7)) coordinate system. The basis (gé Z)],g;kzj) is defined by (see (59)),

k k k k
(12) 9 =gc@?), %) =g,=").

This basis is related to (eq(s; (k )) es(s (k))) by the relations:

g, = ealsi)5e | (51))
(13) ()J_ (k) ag' (k) -M<i,j <M, (I)< (k)< (VI).
9nij = es(s )3?7 ‘5( )
In (13) the functions & — «(€) and n +— B(n) are given in (56-58). The dual basis (g, g") associated
to the basis (g, g,,) satisfies
a(sk)y = Ba gk gL
(14) { (s, ) = g¢ (s y —M<ij<M, (I)< (k)< (V)

The approximated tangential gradient is therefore expressed in the basis (gf j(k), gz j(k)) by

1 + tan2 & £,(k)
v k) — 4 ®) (cos
Thti, g Yo i 14 cos2 n, tan? &; 9i.j

(15)
(k) L + tan” 7, (k)
+ - i .
B <COS Siy + cos? &; tan? ; 9ij

Refered to [7] for more details and for numerical results showing evidence of fourth-order accuracy of
the approximation (15).
4. SPHERICAL DIVERGENCE

4.1. Principle of calculation. Let F be a vector field tangent to the sphere S?. The spherical
divergence is expressed in the (£, 7) coordinate system as (see Section 7.2):

(16) divy F =

fF ) 8877(\/51?.9")

(4) (B)
First consider the term (A) at a gridpoint (&;,,7;,) of, say, Panel (I). According to Section 2.2, we

\/5

know that the iso-coordinate line n = n;, is a section the circle C](f). The geodesic angle along this
great circle is called a € [0, 27[. The term (A) is calculated using the change of variable

(17) € [-m/4, /4] = (€, mj,)-

where £ is the geodesic angle along the £— equator (called 052) on Fig. 1). According to the chain
rule, the term (A) can be expressed as

(18) ng )& mjo) = ng )= =njo 85 (5,77]0)
—_——
(A1) (As)

The term (Ag) is a metric quantity at point s(§,n;,) calculated once and for all (see Appendix 7).
Next we calculate an approximation of the term (A;) using the periodic Hermitian formula (72).
For that, we begin with extending the function & — ffo(€):

(19) fla i€ e [~n/a,7/4] = (VGF.g%) (&)
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to the full great circle as follows. The vector g¢ at point s is analytically given on Panels (I) and
(ITI) in terms of the Cartesian coordinate x(x,y, z) of s by, (see (61),

Y

1 2
(20) gi@)=—| &
1+ ‘gﬁ 0

Therefore the function ff= is well defined on the two sections of great circle located on Panels (I)
and (IIT). However due to the term 1/x the function x + g¢(zx) becomes singular on Panels (II) and
(IV). In order to extend the function x + g(z) to Panels (II) and (IV), the following vector function
x — §°(x) is introduced:

, o 1 —yp(z)?
(21) g (z) = 5 (@) @E)Tf)

In (21) the function = € [-1,1] — ¢(z), (resp. x € [—1,1] — ¢ (z)) are regular extensions to [—1,1]
of the functions z +— 1/ (resp. =+ 1/|z|). Examples of C? extensions using polynomials include

(22 () = 3o 20> 3,
) P(2) =\ 122 — 482° 4 64zt. |2| < 1
1 > 1
23 _ [z]° |1“ - 9
) 9 ={ B i, i<
In a similar fashion the metric term VG (see (60)) is
= 14+ X2)(1+Y?
(24) VG = 7’2( XU+ V) (r is the radius of the sphere).

(1+ X2 4+Y2)3/2
It is expressed in terms of the values X and Y given on Panels (I) and (III) by

Yy z
25 X== Y=—.
(25) Lov=r

A smooth extension to Panels (II) and (IV) is given by

(26) X =yplx), ¥ =zy().
This results in the following extension of VG:

= 1+ X2%)(1+Y?
o VG =0 04 7

(1+X24Y2)3/2°
The extended function « € [0, 27[— f’=(a) is now defined on the full great circle:
(28) fla(a) : a € (0,27 VGF - .

)
I), (III) and (IV), and matches with C? regularity the function

(
This function is regular on Panels (I), (I
I) and (IIT). Therefore we have

f1e which is defined only on Panels (

0 0 =
(29) afff(la)(ﬁ,njo) = afff(la)(&??jo)
_ 9 zuaye , 92
(30) - aaf (57 77]0) 66 ‘7]:7]]»0 .
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We can thus apply the periodic Hermitian compact operator given in (72) which provides the approx-
imation

Ofla =
(31) W(&ov”ﬁo) o fi(fio,jo-
The analog procedure in the direction 1 of Panel (I) gives
0 = 0 R
(32) 87(\/51?'9")%:&0 = %(\/aF.g")m:&O 67 .
n Me=¢:,

The final discrete formula for the spherical divergence at all point «; ; in Panel (I) is:

op
7J8n|£

. 1 s O ~
(33) divr FEIJ) = (féa (&i,my) + fl?i

ii e giv ) ) —MSZ,]SM,
= ,,jagln (&i,m;5)

.3

with the metric terms g—‘g(f,n) and g—g(ﬁ,n) given in (58). Importantly, Formula (33) also holds
for Panel (III) and therefore the approximate divergence on Panel (III) is an output of the same

calculation as the one for Panel (I). An analogous procedure is performed for the two other couples
of panels: (IT)/(IV) (East-West panels) and (V)/(VI) (North-South panels).

4.2. Further comments.

4.2.1. Interpolation procedure. The calculation (33) requires a grid along the great circle on which
the function fla is considered. This grid is shown on Fig. 6. It consists of four sections. First the
two sections on Panels (I) and (IIT), where the points coincide with the gridpoints having coordinates
(&,mj,)- Second on Panels (II) and (IV) the points are the intercepts of the circle CJ(-S) with the iso-¢
lines on these panels (the meridional segments, which are vertical on Fig. 6). An interpolation is
performed along each of these lines to assign values to these points. Numerical evidence has shown
that a cubic spline interpolation along each of these lines provides sufficient accuracy. Recall that
only Hermitian derivative components in Panels (I) and (III) are finally retained. Refered to [7] for
more details.

4.2.2. Computational cost. The extension of the function f= to a regular function defined on the
full great circle serves to apply the Hermitian derivative operator (72) in the periodic setting. This
results in solving a tridiaginal (periodic) system of size 4N (71). The total cost of these resolutions
is O(N?).

4.2.3. Redundancy. After solving the tridiagonal systems (72), only half of the components of the
vector flo € R4 is kept, namely the components located in Panels (I) and (IIT). The second half of
the components, located in Panels (II) and (IV), is discarded. This procedure may appear costly since
it has to be repeated six times (see Section 7.3 where the same principle is applied for calculating
the spherical gradient) but its goal is to avoid any specific inter-panel artificial boundary treatment
with e.g. ghostpoints [23]. As a consequence any alternative Hermitian (or spectral) differential
approximations can be easily implemented: the periodic setting remains the same and there is no
need to consider any specific interpanel treatment. It seems however possible to introduce a more
clever periodic interpolation method resulting in tridiagonal linear systems of size smaller than 4N
and retaining the same accuracy.

Further algorithmic and mathematical analysis of this interpolation procedure is postponed to
future studies.
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FIGURE 6. A typical coordinate great circle used in (19). The data on the great circle consist of
four parts: they are simply transfered from the gridfunction data on Panels Front(I) and Back(III).
On Panels East(II) and West(IV) they are deduced from the gridfunction data using cubic spline
interpolation performed along the iso-¢ lines (meridian like) lines. Hermitian derivative formula
(72) is then applied to these data

4.2.4. Alternative fomulas. Many formulas of differential geometry can be considered to calculate the
spherical divergence. Instead of (16), we could have considered for example, [24]

OF oF
34 divp F =g°.—— +g".—.
(34) vr B =g 50 +9" 5
To select a suitable formula, computational effort and efficiency have to be balanced. Formula (34)

clearly requires twice more computational efforts than (33) since four Hermitian derivatives must be

evaluated (two derivatives for % and two again for %—F.)
n

5. NUMERICAL RESULTS

5.1. Accuracy of the approximate spherical divergence. The numerical accuracy of our ap-
proximate divergence (33) is evaluated using the calculated divergence of several tangential vector
fields ¢ € S? — F(x) € R? of the form:

(35) F(z) = n(x) x (),

where n(x) is the normal to the sphere and () is some vector function. In Tables 1 and 2 we report
accuracy results on some examples of the so-called geometry compatible [2] vector fields F' (i.e. such
that divy F'(x) = 0) of the form (35). A specific example of such a vector field is given by

(36) p(x) = Vrh(z),
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where © € R® — h(x) is a scalar funtion. Table 1 considers the case of a slowly varying function
h(x) = exp(z1) + exp(z2) + exp(z3) with corresponding vector field

exp(z1)
(37) F(z) =n(x) x | exp(z2)
exp(zs)

In Table 2 the same results for the oscillating function h(x) = sin(27z1) + sin(6wxs) +sin(107x;3) are
reported. In this case, the vector field F(x) in (37) is

2 cos(2mxy)
(38) F(z) =n(x) x 6 cos(6mz2)
10 cos(107x3)

The numerical results show fourth-order accuracy between the calculated and the exact divergence
(which is 0 in this case). Note that N = 16 corresponds to an underresolved grid.

[ [ N=16 [ rate [ N=32 | rate N=64 [ rate [ N=128 [ rate | N=256 |
€oo 9.9693(-4) 5.53 2.1537(-5) 4.79 7.7587(-7) 3.89 5.2191(-8) 3.94 3.3952(-9)
A€ in km 625 312.5 156.25 78.12 39.06
Nb of grid points 1538 6146 24578 93306 393218

TABLE 1. Maximum error between the calculated and the spherical divergence for the vector field
F(x) = n(z) X Vrh(z) with h(z) = exp(z1) + exp(z2) + exp(z3), where © = (z1,2z2,x3). The

exact divergence is 0. The reported error is eco = max max__ | divy,s F(z¥ ). The
(N <k<(VI), —M<4,j<M, ’ J

values of A¢ along the terrestrial equator and the total number of points are also given.

[ [ N=16 [ rate [ N=32 [ rate | N=64 [ rate [ N=128 [ rate [ N=256 |
Coo 1.1565(2) | 4.46 | 5.2249(0) | 4.13 | 2.9603(-1) | 4.01 | 1.8465(-2) | 4.00 | 1.1558(-3)
A€ in km 625 312.5 156.25 78.12 39.06
Nb of grid points 1538 6146 24578 93306 393218

TABLE 2. Maximum error between the calculated and the spherical divergence for the vector field
F(x) = n(z) X Vrh(x)) with h(x) = sin(27z1) + sin(6mz2) + sin(107wz3), where © = (z1, 2, x3).

The exact divergence is 0. The reported error is e = max max | divy p F(zk ).
(N<k<(VI), —M<i,j<M, ’ »J

The values of A along the terrestrial equator and the total number of points are also given.

In the third test we consider ¢(x) = c(x) in (35) where 1 € R3 is a constant vector. Table
3 reports results for c¢(x) = exp(x1) + exp(z2) + exp(z3) and Table 4 for the oscillating function
c(x) = sin(27z) + sin(67y) + sin(1072). In both cases we take 1 = [1,1,1]7. The vector field is

(39) F(x) = c(x)(n(z) x ¢),
with spherical divergence
(40) divy F(x) = Vrce(z) - (n(x) x ).

Again a fourth-order accuracy can be observed in both cases.
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[ [ N=16 [ rate [ N=32 [ rate [ N=64 [ rate [ N=128 [ rate [ N=256 ]
€oo 3.2393(-3) | 5.42 | 7.5365(-5) | 4.71 | 2.8732(-6) [ 3.78 | 2.0855(-7) | 3.94 | 1.3516(-8)
A in km 625 312.5 156.25 78.12 39.06
Nb of grid points 1538 6146 24578 93306 393218

TABLE 3. Error between the calculated and the exact spherical divergence of F(x) = c(x)(n(x) x
), with ¢(x) = exp(z1) + exp(z2) + exp(x3), ¥ = [1,1,1]T. The exact divergence is divy F(x) =

Vre(x).(n(x) x 9). The reported error is eso (I)gnl’cl%)EVI)fMgi?;‘(gM,‘divT F(agf’]) —

divy p F(mf])| The values of A€ along the terrestrial equator and the total number of points
are also given.

[ [ N=16 [ rate [ N=32 [ rate | N=64 [ rate [ N=128 [ rate [ N=256 |
Coo 3.3626(1) | 4.45 | 1.5372(0) | 4.29 | 7.8530(-2) | 4.07 | 4.6704(-3) | 4.02 | 2.8817(-4)
A€ in km 625 312.5 156.25 78.12 39.06
Nb of grid points 1538 6146 24578 93306 393218

TABLE 4. Error between the calculated and the exact spherical divergence of F(x) = c(x)(n(zx) x
1) with the oscillating function c(x) = sin(27x1) + sin(6mz2) + sin(107z3), ¥ = [1,1,1]T
The exact divergence is divy(F(x)) = Vrype(x).(n(x) X ¥). The reported error is e =

max max divy F(zF ) —div F(x% .)|. The values of A£ along the terrestrial equa-
(I)SkS(VI)—MSi,J'SM,‘ T F(zf ;) 7.0 F (7 ;)| € along q

tor and the total number of points are also given.

5.2. Laplacian of spherical harmonics. In this section the accuracy of the approximate divergence
operator in (33) was measured using a numerical test on spherical harmonics. The spherical Laplacian
is expressed in terms of the spherical divergence and spherical gradient as, [4]:

(41) ATU = diVT(VTU).

Approximating (41) by composition of the discrete operators Vr; (15) and divyy (33) gives (see
also [7]):

(42) AT’hu(CL') = diVT’h(VT’hu?’j).

The spherical harmonic with index (n,m), —n < m <n, 0 < n, is the function [15] defined in the
standard spherical coordinates (6, \):

(43) fm(x) = PIml(sin @)™, —1/2<60<6/2, 0<\<2m,

where the function R‘Lm‘(z) is the associated Legendre polynomial of order n,m. The standard
normalization is [22]:

(44) / L piml ()2 = 1,

-1

Recall that the spherical harmonic f}(x) is an eigenfunction of the operator A with eigenvalue

(45) A = —n(n+1).
Thus at the continuous level we have
(46) Arfyt = A fyt =0.

which can be easily assessed at the discrete level for evaluating the accuracy of the approximate
Laplacian Ar . Table 5 shows the maximum value of the error

4 ) = AT ™k N (™).
( 7) e(fn ) (I)SkS(VIII)l,aj(MSi,jSM |( T,hfn )z,] (fn )Z,j|7

for several spherical harmonics with increasing number of oscillations. The results are observed to
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[ [ N=16 [ rate | N=32 [ rate | N=64 [ rate [ N=128 [ rate [ N=256 |
e(fI) | 5.5934(-4) | 5.93 | 9.1505(-6) | 4.00 | 5.7031(-7) | 2.85 | 7.900(-8) | 2.92 | 1.0370(-8)
e(fg) 1.9318(-2) 3.50 1.7162(-4) 2.92 2.2650(-5) 3.04 2.7450(-6) 2.57 | 4.6066(-7)
e(f&) | 2.5902(-1) | 3.93 | 1.6950(-2) | 3.21 | 1.8362(-3) | 3.10 | 2.1321(-4) | 3.06 | 2.5631(-5)
e(f7) | 7.9143(0) | 4.10 | 4.6076(-1) | 4.00 | 2.8678(-2) | 3.43 | 2.6665(-3) | 2.88 | 3.6298(-4)
e(fad) | 2.5510(2) | 4.16 | 1.4236(1) | 3.96 | 9.18320(-1) | 3.95 | 5.9231(-2) | 3.93 | 3.8755(-3)

TABLE 5. Convergence rate of the Laplacian of several spherical harmonics. The reported errors

are the max norm, e(f*) = max A me— An f.
s (fn) (I)SkS(VI),—NISi,j§M| h,sfn nfn |

be an order of magnitude better than the ones reported in [7] where a different discrete Laplacian
operator was used. The order of accuracy is around four (as long as the computer accuracy is not
reached).

5.3. Duality between divergence and gradient. An approximate Hermitian gradient which is
recalled in (15) was introduced in [7]. In this section we assess the compatibility of the gradient (15)
with the approximate divergence (33) in the sense of an approximate version of the identity

(48) /S (dive F(@))o@)do(z) + | F(@).Vro(e)do = 0.

First a suitable discrete quadrature formula on the Cubed-Sphere is required. The design of accurate
discrete quadrature formulas on the sphere is in itself a difficult numerical challenge. On this topic,
we refer to the study [10] and the references therein.

Let ¢ € S2 — w(=x) is a scalar function on the sphere of radius r. Let’s consider the approximation
of the integral

(49) I= /S2 w(z)do(x) ~ T,

where

(v
(50) I= Y 1"

k=(I)
The approximate integral on each Panel k, (I) < k < (V) is

M !
(51) IF =r2ALAn D T\ JIGE lwk G =GR my).
bj=—M

In (50) the prime (/) indicates that

e the terms corresponding to the 4(N — 1) interface points (9) are multiplied by 1/2.
e the terms corresponding to the four corner indices (9) are multiplied by 1/3.

Formula (50) was found to be fourth-order accurate. (This formula is the subject of ongoing research).
In Table 6 and Table 7 we observe as expected that (48) is exact up to order 4. Note in Table 6 that
a superconvergence for f F.V v occurs.

6. CONCLUSION

The present study demonstrates that it is possible to calculate with a high-order uniform accuracy
the approximate divergence of any regular tangential vector field on the Cubed-Sphere. It is observed
to be fourth-order accurate. Futhermore a discrete integration by part formula is numerically proved
to be valid. This ensures the consistency between the approximate spherical gradient introduced in
[7] and the approximate spherical divergence (33). In addition a preliminary test-case shows that a
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[ [ N=8 [ rate [ N=16 [ rate [ N=32 [ rate [ N=64 [ rate [ N=128 ]
[divy Fv 2.9844(-3) 1.6108(-5) 2.3363(-8) -1.0036(-11) -1.9540(-14)
JF. Vv -1.9984(-15) -3.3861(-15) -1.0089(-14) -1.8332(-14) -3.8747(-14)
[divy Fv+ [F.V v 2.9844(-3) 7.53 1.6108(-5) 9.43 2.3363(-8) 11.18 | -1.0054(-11) | 7.43 | -5.8287(-14)

TABLE 6. Convergence rate for the value (48) applied to the functions F(zx) = c(x)(n(z) x 9),
with ¢(2) = sin(nz1)+sin(27x2) +sin(3rz3), ¥ = [1,1,1]7 and v(x) = exp(z1)+exp(z2)+exp(zs).
A superconvergence of [ divy Fv is observed: the computer acurracy is reached with a relatively
coarse grid.

[ N=8 [ rate N=16 [ rate N=32 [ rate N=64 [ rate N=128 |
fdiVT Fuv 10.1069 10.1303 10.1326 10.1328 10.1328
fF.vT’U -10.1336 -10.1329 -10.1328 -10.1328 -10.1328
Tdivy Fo+ [ F.Nrv | -2.6651(-2) | 3.41 | -2.5067(-3) | 3.89 | -1.6896(-4) | 4.00 | -1.0054(-5) | 4.00 | -6.5581(-7)

TABLE 7. Convergence rate for the value (48) applied to the functions F(z) = c(x)(n(z) x 1),
with c(x) = sin(mz1)+sin(27z2) +sin(372s), ¥ = [1,2,3]7 and v(x) = exp(x1)+exp(z2)+exp(zs).
Fourth-order accuracy is clearly observed.

discrete version of the Laplacian is obtained from the composition of the discrete divergence and of
the discrete gradient. Further studies would be required to mathematically analyse the new method.
Applying it to systems of PDEs on the sphere including the Shallow Water equations of climatology
would be a natural sequel of this work.

7. APPENDIX: BACKGROUND ON THE CUBED-SPHERE

7.1. Coordinate systems on the Cubed-Sphere.

(54)

e Cartesian coordinate system

The cartesian reference frame is denoted by (O, 4, j, k), with origin O at the center of the
sphere. The cartesian coordinate system is denoted x(z,y,z). The centers of the Panels
(), (ID),(III),(IV),(V),(VI) are located at points

F(I,0,0), B(—l,0,0), E(O7 1a0)a W(07_1a0)7 N(0707 1)a S(an - 1)a

respectively.
(&,m) coordinate system

The coordinate system (&,7) on each Panel (k), (I) < (k) < (VI), is denoted by (¢, n(¥)),
¢ and 7 being the equatorial and meridional angles, respectively. Refer to Section 2.2 for a
description.
The gnomonic coordinate system

The gnomonic coordinates are defined by

X =tang,
Y =tann.

Using (X,Y) facilitates the practical coding of any calculation on the Cubed-Sphere. For
example, the cartesian coordinates of a grid point x(z,y, z) of, say, Panel Front(I), are given
in terms of the equiangular angles (£, 7) [23]:

X =

Y =2
2+ P+ 22 =1

Yy
T
Z



(56)

(57)
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Hybrid coordinate system

The coordinate systems («, n) and (£, §) were used on each panel in Section 5. For example,
on Panel Front (I), the two systems are related by expressing the cartesian coordinates in
terms of either (o, n) or (&, B):

x = cosacosn = cos B cos(—E),
y = sina = — cos(f) sin(—¢),
z = cosasinn = sin f.

Suppose given 77 € [—7/4,7/4] fixed and the corresponding iso-7 line n = 7 on any of the
six panels of the Cubed-Sphere. The angle a(£) corresponding to the point of equiangular

coordinates (§,7) is
tan &
a(¢) = atan ((thn)/) :

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

tann
o0 = (i)

Identities (56) and (57) give the two coordinate transforms (£,7n) — (a,n) and (§,n) — (£, 5)
on any panel. Using the chain rule again, it is readily verified that

da 1+ tan?¢

— =cosnN——i——5—,
€, 7 + cos2 ntan? ¢
ap 1+ tan?n

= =cosb—m———.
o ¢ 14 cos? £ tan? n

These relations are used in (33).

7.2. Metric tensor on the Cubed-Sphere. Let us mention some remarks, useful to derive the
metric elements on the Cubed-Sphere. If s denotes a point on the sphere with Cartesian coordinate
x(x,y, ), the basis (ge(x), g, (x)) is given by [19, 27]:

(59)

ge(x) = Z%(m), g, () = Z”Tj(m).

The metric tensor is

(60)

G= [ Je 9¢ 9 I ] G =|detG|.
g’r]'gg gn'gn

The associated dual basis (g¢, g") is deduced by

(61)

where

(62)

{ gﬁ — G“gi + Gugn,
gn — Gmgé + G22gn’

_ Gll G12
G 1{G21 Gzz}

The metric tensor is expressed in gnomonic coordinates (X,Y), (53), as

(63)

2
r
G:é‘j

) o [ 1+X2 —XY
(HX)(HY)[—XY 1+v2 |
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where § = /1 + X2 +Y2. The dual basis (g¢,g") is easily calculated in terms of x(z,y,z). For
example on Panel Front (I) we have

1 —X 1 —Y
(64) QE = ——57 1 , gl= ———— 0
z(1+ X?) 0 z(1+Y?) 1

Similar formulas are obtained for the five other panels.

7.3. Periodic Hermitian derivative. In the sequel we make intensive use of the so-called three
point Hermitian derivative. For data u; located on the grid x; = jAz, the approximation ug ; ~
u'(x;) is implicitely defined by the relation

1 2 1 Ujy1 — Uj—1

(65) 6%4-1 + gum + Euz,j—&-l = oh )

This approximation is fourth-order accurate and has a small truncation error: the leading term is
given by

jEL

4
(66) ug ;= u'(t) — %u“)(tj) +0(h%), 0<j<N-1.

Compact approximations of this kind were introduced earlier [6, 17]. Typical applications include
wave propagation [26, 8, 9] and incompressible flow simulations [1, 3].

Here we use the approximate derivative (65) in the following context: suppose given a great circle
Cj@) (see Section 2.1) with curvilinear abscissa « € [0,27[. Let «; be a periodic grid on OJ@), with
0 <4 < 4N, (the size is 4N, only to conform with the notation in the Section 2.2). The value «; is
defined by a; = ¢(t;), where t € [0,1] — ©(¢), an increasing function (the parameter ¢t stands for a
dummy argument). The grid ¢; is regular with ¢; = iA¢, 0 <4 < 4N. Using the chain rule:

!
t
(67) W (p(t)) = (“;“(’2)(), 0<t<l.
Therefore the fourth-order approximation of u/(«;) is
(68) (@) = g = L0y < <,
Pt.i

where (u o ¢)y; and ¢;; stand for the Hermitian derivatives (65) at point ¢; of ¢t — w o ¢(t) and of
t — ¢(t), respectively. Moving towards the practical calculation, we consider the periodic matrices
P, K € Myy(R),

4 1 0 1
1 4 1 0
(69) P = .
0 1 4 1
1 0 1 4
and
0 1 -1
-1 0 1 0
(70) K= :
0 -1 0 1



HERMITIAN APPROXIMATION OF THE SPHERICAL DIVERGENCE ON THE CUBED-SPHERE 17

Let [u],[x] € RY be the vector data corresponding to (u;)1<i<an and (z;)1<i<an, respectively.
Then the vectors [u,], [x;] € RV are solutions of the two linear systems

(71) Plu;] = 3K[u], Plx:] =3K]x].
The components of the vector [u,] € R*Y in (68) are given by
(72) T = =21 0<i <4N, T, = u'(a) + O(h?).

Tt,q

Acknowledgment: The author gratefully acknowledges an anonymous referee for the constructive
criticisms which greatly helped to enhance the paper.

REFERENCES

[1] M. Ben-Artzi, J-P. Croisille, and D. Fishelov. Navier—Stokes equations in planar domains. Imperial College Press,
2013.
[2] M. Ben-Artzi, J. Falcovitz, and P.G. LeFloch. Hyperbolic conservation laws on the sphere. A geometry compatible
finite volume scheme. J. Comput. Phys., 228:5650-5668, 2009.
[3] A. Briiger, B. Gustafsson, P. Lotstedt, and J. Nilsson. High order accurate solution of the incompressible Navier—
Stokes equations. J. Comput. Phys., 203:49-71, 2005.
[4] M. P. Do Carmo. Differential Geometry of Curves and Surfaces. Prentice Hall, 1st edition, 1976.
[5] S. Chevrot, R. Martin, and D. Komatitsch. Optimized discrete wavelet transforms in the cubed sphere with the
lifting scheme - Implications for global finite-frequency tomography. Geophys. J. Int., 191:1391-1402, 2012.
[6] L. Collatz. The Numerical Treatment of Differential Equations. Springer-Verlag, 3-rd edition, 1960.
[7] J.-P. Croisille. Hermitian compact interpolation on the Cubed-Sphere grid. Jour. Sci. Comp., 57,1:193—-212, 2013.
[8] D.V. Gaitonde, J.S. Shang, and J.L. Young. Practical aspects of higher-order numerical schemes for wave propa-
gation phenomena. Int. J. Numer. Meth. Eng., 45:1849-1869, 1999.
[9] I. Harari and E. Turkel. Accurate finite difference methods for time-harmonic wave propagation. J. Comput. Phys,
119:252-270, 1995.
[10] K. Hesse, I.H. Sloan, and R. S. Womersley. Chap. 40: Numerical Integration on the Sphere. In W. Freeden, M. Z.
Nashed, and T. Sonar, editors, Handbook of Geomathematics. Springer, 2010.
[11] L. Ivan, H. De Sterck, S. A. Northrup, and C. P. T. Groth. Three-dimensional MHD on cubed-sphere grids:
Parallel solution-adaptive simulation framework. Number 2011-3382 in 20th CFD Conf. AIAA, 2011.
[12] C. Jablonowski, P. Lauritzen, R. D. Nair, and M. Taylor. Idealized test cases for the dynamical cores of atmospheric
general circulation models. A proposal for the NCAR ASP 2008 summer colloquium, 2008.
[13] C. Jablonowski and D. L. Williamson. A baroclinic instability test case for atmospheric model dynamical cores.
Quart. J. Roy. Meteor. Soc., 132:2943-2975, 2006.
[14] B.A. Jones, G.H. Born, and G. Beylkin. Comparisons of the cubed-sphere gravity model with the spherical har-
monics. Journal of guidance, control, and dynamics, 33:415, sqq, 2010.
[15] M. N. Jones. Spherical Harmonics and Tensors for classical field theory. Research Studies Press, 1985.
[16] P. Lauritzen, R. D. Nair, and P. A. Ullrich. A conservative semi-Lagrangian multi-tracer transport scheme
(CSLAM) on the cubed sphere grid. J. Comput. Phys., 229:1401-1424, 2010.
[17] S. K. Lele. Compact finite-difference schemes with spectral-like resolution. J. Comput. Phys., 103:16-42, 1992.
[18] R. D. Nair and P. Lauritzen. A class of deformational flow test cases for linear transport problems on the sphere.
J. Comput. Phys., 229:8868-8887, 2010.
[19] R. D. Nair, S. Thomas, and R. Loft. A discontinuous Galerkin transport scheme on the cubed sphere. Mon. Wea.
Rev., 133:814-828, 2005.
[20] F. Natterer and F. Wiibbeling. Mathematical methods in image reconstruction. SIAM, 2001.
[21] C. Jablonowski R. D. Nair. Moving vortices on the sphere: a test-case for horizontal advection problems. Mon.
Wea. Rev., 136:689-711, 2008.
[22] V. Rokhlin and M. Tygert. Fast algorithms for spherical harmonic expansions. SIAM J. Sci. Comput., 27:1903—
1928, 2006.
[23] C. Ronchi, R. Iacono, and P. S. Paolucci. The Cubed Sphere: A new method for the solution of partial differential
equations in spherical geometry. J. Comput. Phys., 124:93-114, 1996.
[24] J. G. Simmonds. A Brief on Tensor Analysis. Undergraduate Texts in Math. Springer, 2cd edition, 1994.
[25] J.-L. Starck, Y. Moudden, P. Abrial, and M. Nguyen. Wavelets, ridgelets and curvelets on the sphere. Astronomy
and Astrophysics, 446:1191-1204, 2006.
[26] C.K.W. Tam and J. C. Webb. Dispersion-relation-preserving finite difference schemes for computational acoustics.
J. Comput. Phys., 107:262-281, 1993.



HERMITIAN APPROXIMATION OF THE SPHERICAL DIVERGENCE ON THE CUBED-SPHERE 18

[27] P. A. Ullrich, C. Jablonowski, and B. van Leer. High order finite-volume methods for the shallow-water equations
on the sphere. J. Comput. Phys., 229:6104—6134, 2010.

[28] D. L. Williamson. The evolution of dynamical cores for global atmospheric models. J. Meteo. Soc. Japan, 85B:241—
269, 2007.

tUNIVERSITE DE LORRAINE, DEPARTEMENT DE MATHEMATIQUES, F-57045 METz, Francg, C.N.R.S., INsTITUT
Evie CarTaN DE LorraINE, UMR 7502, F-57045 METz, FRANCE
E-mail address: jean-pierre.croisille@univ-lorraine.fr



