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Abstract. I present in this work the GHOST (Geoscientific HOllow Sphere Tesselation) software which allows for the fast

generation of computational meshes in hollow sphere geometries counting up to a hundred millions of cells. Each mesh is

composed of concentric spherical shells which are built out of quadrilaterals or triangles. I focus here on three commonly used

meshes used in geodynamics/geophysics and demonstrate the accuracy of shell surfaces and mesh volume measurements as a

function of resolution. I further benchmark the built-in gravity and gravitational potential procedures in the simple case of a5

constant density geometry and finally show how the produced meshes can be used to visualise the S40RTS mantle tomography

model. The code is open source and is available on the GitHub sharing platform.

Copyright statement. TEXT

1 Introduction

In the last 40 years numerical mantle convection studies have improved our understanding of mantle dynamics as a whole10

(Schubert et al., 2001). While early studies looked at aspects of fluid dynamics aspects (Busse, 1975; Christensen and Harder,

1991), more recent studies have been exploring a wide variety of topics. For example mantle mixing (van Keken et al., 2002),

melting (Tackley, 2012; van Heck et al., 2016; Dannberg and Heister, 2016), the effect of plate motion history on the longevity

of deep mantle heterogeneities (Bull et al., 2014), or assimilating lithosphere and slab history in 4-D Earth models (Bower

et al., 2015).15

To a first approximation the Earth is a sphere: the Earth’s polar diameter is about 43 kilometers shorter than its equatorial

diameter, a negligible difference of about 0.3%. As a consequence, modelling physical processes which take place in the planet

require the discretisation of a sphere. Furthermore, because core dynamics occur on vastly difference time scales than mantle

dynamics, mantle modelling usually leaves the core out, thereby requiring simulations to be run on a hollow sphere mesh (with

the noticeable exception of Gerya and Yuen (2007)).20

Although so-called latitude-longitude grids would seem appealing, they suffer from the convergence of meridians at the

poles (resulting in over sampling at poles) and the juxtaposition of triangles near the poles and quadrilaterals elsewhere. As

a consequence more regular, but more complex, grids have been designed over the years which tesselate the surface of the

sphere into triangles or quadrilaterals (sometimes overlapping). There is the ’cubed sphere’ (Ronchi et al., 1996; Choblet et al.,
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2007), the ying-yang grid (Kageyama and Sato, 2004; Yoshida and Kageyama, 2004; Kameyama et al., 2008; Tackley, 2008;

Crameri and Tackley, 2014, 2016), the spiral grid (Hüttig and Stemmer, 2008), an icosahedron-based grid (Baumgardner and

Frederickson, 1985; Tabata and Suzuki, 2002), or a grid composed of 12 blocks further subdivided into quadrilaterals (Zhong

et al., 2000) as used in the CitcomS code. Note that Oldham et al. (2012) have also presented a method for generating a

numerical grid on a spherical surface wwhich allows the grid to be based on several different regular polyhedrons (including5

octahedron, cube, icosahedron, and rhombic dodecahedron).

How such meshes are built is often not discussed in the literature. It is a tedious exercise of three-dimensional geometry and

it can be time-consuming, especially the connectivity array generation. In this paper I present an open source mesh generator

for three hollow sphere meshes: the ’cubed sphere’ mesh, the CitcomS mesh and the icosahedral mesh.

I first present the basic workflow which has been implemented to arrive at such meshes, then I showcase its efficiency10

and how accurate surfaces and volumes are represented. Finally, I provide a simple example of gravity and gravity potential

calculations on such meshes and compare the obtained values with the analytical solution derived in the Appendix.

2 Building the hollow sphere meshes

The open source code library GHOST allows three different types of hollow sphere meshes to be built , i.e. meshes bounded by

two concentric spheres:15

– The cubed sphere (’HS06’), composed of 6 blocks which are themselves subdivided into Nb×Nb quadrilateral shaped

cells (Sadourny, 1972; Ronchi et al., 1996; het, 2003; Burstedde et al., 2013). Four types of cubed spheres meshes have

been proposed: the conformal, elliptic, gnomonic and spring types (Putman and Lin, 2007). However only gnomonic

meshes are considered here: these are obtained by inscribing a cube within a sphere and expanding to the surface of

the sphere. The cubed sphere has recently been used in large-scale mantle convection simulation in conjunction with20

Adaptive Mesh Refinement (Alisic et al., 2012; Burstedde et al., 2013).

– The CitcomS mesh (’HS12’) composed of 12 blocks also subdivided into Nb×Nb quadrilateral shaped cells (Zhong

et al., 2000; Stemmer et al., 2006; Zhong et al., 2008; Arrial et al., 2014). Note that ASPECT (Kronbichler et al., 2012;

Heister et al., 2017), a relatively new code aimed at superseeding CitcomS can generate and use this type of mesh

(Thieulot, 2017) but is not limited to it.25

– The icosahedral mesh (’HS20’) composed of 20 triangular blocks (Baumgardner and Frederickson, 1985; Baumgardner,

1985) subdivided into triangles, which is used in the TERRA code (Bunge et al., 1996, 1997, 1998; Davies et al., 2013).

Given the regularity and symmetry of these meshes determining the location of the mesh nodes in space is a relatively

straightforward task. Building the mesh connectivity in an efficient manner is where the difficulty lies.

The approach to building all three meshes is identical:30
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Figure 1. Reference square and triangles meshes at level 5

1. A reference square or triangle is populated with cells, as shown in Fig. (1) parametrised by a level l: the square is subdi-

vided into l×l quadrilaterals while the triangle is subdivided into l2 triangles (implemented in the block_node_layout

subroutine.

2. This reference square or triangle is then replicated nblock times (6, 12 or 20) and mapped onto a portion of a unit sphere.

The blocks are such that their union covers a full sphere but they cannot overlap except at the edges, see Fig. (2). This5

takes place in the map_blocks subroutine.

3. All block meshes are then merged together to generate a shell mesh. This task is rather complex as duplicate nodes must

be removed and all connectivity arrays of the blocks must then be mended accordingly. This task is carried out in the

merge_blocks subroutine.

4. Shell meshes are replicated nlayer+1 times outwards with increasing radii. The nlayer shells are then merged together to10

form a hollow sphere mesh, as shown in Fig. (3). This is carried out in build_hollow_sphere.

More information on these steps is available in the manual of the code. In Table (1) the number of nodes and cells for a

variety of resolutions for all three mesh types is reported. Looking at the CitcomS literature of the past 20 years, we find that

the mesh data presented in this table cover the various resolutions used, e.g. 12× 483 (McNamara and Zhong, 2004; Arrial

et al., 2014), 12× 643 (Bull et al., 2014) 12× 963 (Bull et al., 2010), 12× 1283 (Becker, 2006; Weller and Lenardic, 2016;15

Weller et al., 2016). Note that in the case of the HS06 and HS12 meshes the mesh nodes are mapped out to the 6 or 12 blocks

following either an equidistant or equiangle approach as shown in Fig. (6) (see Putman and Lin (2007) for details on both

approaches).

It is also worth mentioning that the aspect ratio of the cells usually influences the accuracy of the computed solution. As such

the user should strive to generate a mesh which cells aspect ratios are (on average) close to unity by making nlayer a function20

of l.
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Figure 2. From left to right: HS06, HS12 and HS20 shells coloured by block number.

Figure 3. a) HS06 mesh composed of 6 blocks containing each 63 cells; b) HS12 mesh composed of 12 blocks containing each 63 cells; e)

HS20 mesh composed of 20 blocks containing each 63 cells.

2.1 Mesh generation performance

The total time to generate the coordinates and the connectivity of the final hollow sphere mesh was timed for all three mesh

types and is shown in Fig. (4). The reported times scale ideally with the number of nodes, i.e. linearly or O(N), up to 100

million mesh nodes and a mesh containing a million or so nodes can be built in less than a second on a laptop.
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type level N Nel structure

HS06 2 78 48 6× 23

HS06 4 490 384 6× 43

HS06 8 3,474 3,072 6× 83

HS06 16 26,146 24,576 6× 163

HS06 32 202,818 196,608 6× 323

HS06 64 1,597,570 1,572,864 6× 643

HS06 128 12,681,474 12,582,912 6× 1283

HS06 256 101,057,026 100,663,296 6× 2563

HS12 2 150 96 12× 23

HS12 4 970 768 12× 43

HS12 8 6,930 6,144 12× 83

HS12 16 52,258 49,152 12× 163

HS12 32 405,570 393,216 12× 323

HS12 48 1,354,850 1,327,104 12× 483

HS12 64 3,195,010 3,145,728 12× 643

HS12 128 25,362,690 25,165,824 12× 1283

HS12 256 202,113,538 201,326,592 12× 2563

HS20 2 126 160 20× 23

HS20 4 810 1,280 20× 43

HS20 8 5,778 10,240 20× 83

HS20 16 43,554 81,920 20× 163

HS20 32 337,986 655,360 20× 323

HS20 64 2,662,530 5,242,880 20× 643

HS20 128 21,135,618 41,943,040 20× 1283

HS20 256 168,428,034 335,544,320 20× 2563

Table 1. Number of nodes N and elements/cells Nel for the three types of meshes and for various levels. HS06: cubed sphere; HS12:

CitcomS mesh; HS20: icosahedral mesh.

2.2 Areas and volume measurements

The area of the shell of unit radius can be calculated by summing the areas of each cell. In the case of triangles Heron’s formula

is used, which states that the area of a triangle whose sides have lengths a, b, and c is

A=
√
s(s− a)(s− b)(s− c) (1)

where s is the semiperimeter of the triangle:5

s= (a+ b+ c)/2 (2)
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Figure 4. Measured times to build and assemble the mesh as a function of its number of nodes N .

In the case of quadrilaterals the four points composing each of them are not necessarily coplanar and the definition of the

surface is ill-posed. Each quadrilateral is therefore decomposed into four triangles sharing a vertex in the middle given by the

barycenter of the four points. The area of each quadrilateral is then approximated by the sum of the areas of all four inscribed

triangles.

The relative error on the shell outer area eA = (Ameas−Ath)/Vth where Ameas is the total measured area and Ath = 4πR3
25

is shown in Fig. (5) and for all three meshes the error is found to decrease linearly with the number of points for all three types

of meshes.

Fig. (6) shows shells which approximately count the same number of nodes. We see that the equiangle projection of the

nodes for the HS06 and HS12 meshes yields cells whose area are homogenous in value than when the equidistant projection is

used.10

Although the volume of the hexahedra could have been computed directly with the formula of Grandy (1997), a Gaussian

quadrature rule is used since it is also needed in the next section. The total volume of the spherical mesh is given by:

V =

∫ ∫ ∫
Ω

dV =
∑
c

∫ ∫ ∫
Ωc

dV (3)

where Ω stands for the volume inside the spherical shell, Ωc is the volume of a cell. The sum runs over all the cells c= 1, ...Nel

and a 2× 2× 2 quadrature rule is used in each cell.15

The measured hollow sphere mesh volume and its relative error eV = (Vmeas−Vth)/Vth where Vmeas is the total measured

volume and Vth = 4π(R3
2−R3

1)/3 is shown in Fig. (7) and for all three meshes the error is found to decrease with the number

of points for all three types of meshes with a −2/3 exponent.
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Figure 5. Relative shell area error as a function of its number of nodes N .

Figure 6. Elemental area for a) equiangular HS06 mesh, b) equiangular HS12 mesh, c) equidistant HS06 mesh, d) equidistant HS12mesh

and e) HS20 (level 7).
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Figure 7. a) Measured total volume for all three shells as a function of the number of nodes N ; b) Corresponding total volume relative error

as a function of N .

3 Gravity field and potential measurements

The gravity potential U can be computed by means of the Poisson equation ∇2U = 4πGρ where ρ is the density and G is

the gravitational constant (see Turcotte and Schubert, 2012, Chapt. 5). The analytical solution of this equation in the case of a

constant density spherical shell is given in Appendix A.
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Figure 8. Norm of the gravity vector |g| as a function of the radial coordinate r. The gray area symbolises the spherical shell.

The gravity vector and potential at location r′ can also be computed by means of volume integrals:

g(r′) =

∫
Ω

G ρ(r)

|r′− r|3
(r′− r)dr (4)

U(r′) = −
∫
Ω

G ρ(r)

|r′− r|
dr, (5)

and both expression can then be computed using the numerical quadrature described in the previous section.

In what follows I set the inner radius R1 = 1, the outer radius R2 = 2, the density of the material is ρ0 = 106 and G =5

6.673848×10−11m3 kg−1 s−2. Figs. (8) and (9) show the gravity g = |g| and potential U measured at 256 points along a line

between r = 0 and r = 4R2 for all three mesh types. Data points align along the analytical curves and the error is found to

decrease as a function of the mesh resolution.

4 Application: visualisation of a tomography dataset

The S40RTS model is one of the most widely used tomographic models of the mantle (Ritsema et al., 2011). It is based on 2010

million Rayleigh wave dispersion, 500,000 shear-wave Traveltime, and 1100 normal-mode Splitting function measurements.

The data is widely available, for instance on the website of the main author (http://jritsema.earth.lsa.umich.edu//Research.html)

or as part of the SPECFEM 3Dglobe code (https://github.com/geodynamics/specfem3d_globe).

I have adapted the Fortran interface provided with the dataset and for each node of the grid the shear-velocity variation δ lnVs

is computed, as well as the relative density variation δ lnρ= ξδ lnVs where ξ = 0.25 is assumed to be constant with depth for15
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Figure 9. Gravity potential U as a function of the radial coordinate r. The gray area symbolises the spherical shell.

Figure 10. HS06 grid with 64 layers and level=64. a) δ lnVs at the surface of the model (R= 6346km) and at depth down to the core mantle

boundary (R= 3480km); b) absolute density variation δρ (kg/m3).

simplicity (see Fig. 6 of Steinberger and Calderwood (2006)). The absolute density variation with regards to the PREM model

(Dziewonski and Anderson, 1981) is then obtained as follows: δρ= ρPREM ∗ δ lnρ. Results are shown in Fig. (10)
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5 Conclusions

The three types of hollow sphere meshes presented in this work are currently in use in the ELEFANT code (http://cedricthieulot.net/elefant.html).

Furthermore the HS12 mesh was recently used in Thieulot (2017) in which a family of analytical solutions for viscous incom-

pressible Stokes flow in a spherical shell is presented.

Following the example of CitcomS, each block of the final mesh could actually be built and used by a different MPI thread5

in the context of parallel calculations Burstedde et al. (2013). Each block could then subsequently be divided to allow for more

threads to be used than the original number of blocks.

Other tomography models than S40RTS (Ritsema et al., 2011) could have been chosen such as UUP07 (van der Meer

et al., 2017; Hall and Spakman, 2015) and other geophyical databases could have been coupled with it, such as the crust and

lithospheric model Litho1.0 (Pasyanos et al., 2014) to arrive at a more complete high resolution of the Earth. Gravity (anomaly)10

and geoid measurements could then be carried out.

Finally, this library is aimed at students and researchers alike. It provides the essential building block for many geophysical

applications: a non overlapping tesselation of the mantle. It also provides the starting point for any Finite Element or Finite

Volume Method based geodynamical code. Which of the three mesh types is best may be problem-specific and potential users

are encouraged to explore various combinations of resolutions and mesh types. However, under the assumption that the quality15

of the numerical solution correlates with the uniformity of the mesh cells volume, it appears that an equiangular projection

should always be prefered to an equidistant one.

Code availability. The code is written in Fortran90 and the development version is freely downloadable at

https://github.com/cedrict/GHOST.

GHOST v1.0 was released May 11th, 2018 with doi:10.5281/zenodo.1245533 as is available at20

https://github.com/cedrict/GHOST/releases/tag/v1.0.

Appendix A: Analytical solution for the gravity and gravitational potential fields inside and outside a constant density

spherical shell

The gravity potential can be computed by means of the Poisson equation ∇2U = 4πGρ where G is the gravitational constant

(Turcotte and Schubert, 2012). The density is non zero only inside the domain parametrised by R1 ≤ r ≤R2. Outside the25

spherical shell one then needs to solve the Laplace equation ∆U = 0 which simplifies to:

1

r2

∂

∂r

(
r2 ∂U

∂r

)
= 0 (A1)

by symmetry which has the simple solution:

g =
∂U

∂r
=
C

r2
(A2)
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where C is a constant. In order to avoid an infinite gravity field at r = 0, we need to impose C = 0, i.e. the gravity is zero for

r <=R1. Inside the shell, ρ= ρ0 and we easily obtain:

g =
∂U

∂r
=

4π

3
Gρ0r+

A

r2
(A3)

where A is an integration constant. We know that g = 0 at the inner boundary r =R1 (no mass within a radius r ≤R1 so we

can compute A and finally:5

g =
∂U

∂r
=

4π

3
Gρ0(r− R3

1

r2
). (A4)

The branch for r ≥R2 is given by Eq. (A2) and requiring the gravity field to be continuous at r =R2:

g(r) =
GM
r2

(A5)

where M = 4π
3 πρ0(R3

2−R3
1) is the mass contained in the shell. Turning to the potential, we obtain its expression for r >=R2

by integrating Eq.(A5):10

U(r) =−GM
r

+D (A6)

where D is an integration constant which has to be zero since we require the potential to vanish for r→∞.

For R1 ≤ r ≤R2, Eq. (A4) yields:

U(r) =
4π

3
Gρ0(

r2

2
+
R3

1

r
) +F (A7)

where F is a constant. Continuity of the potential at r =R2 requires that15

F =−2πρ0GR2
2. (A8)

Since gravity is zero for r ≤R1 the potential is then constant and continuity requirements yield

U(r) = 2πGρ0(R2
1−R2

2). (A9)

Competing interests. The author declares that he has no conflict of interest.

Acknowledgements. The author wishes to thank A. Plunder and S. Boulay for stimulating discussions in the early stages of this work and H.20

Brett for careful reading of the manuscript. Perceptually-uniform colour maps were used in this study to prevent visual distortion of the data

(http://www.fabiocrameri.ch/). Data visualisation is carried out with the Paraview software (http://paraview.org/).

12



References

Three-dimensional spherical shell convection at infinite Prandtl number using the ‘cubed sphere’ method, Proceedings Second MIT Confer-

ence on Compurational Fluid and Solid Mechanics June 17–20, 2003, Elsevier, 2003.

Alisic, L., Gurnis, M., Stadler, G., Burstedde, C., and Ghattas, O.: Multi-scale dynamics and rheology of mantle flow with plates, J. Geo-

phys. Res., 117, doi:10.1029/2012JB009 234, 2012.5

Arrial, P., Flyer, N., Wright, G., and Kellogg, L.: On the sensitivity of 3-D thermal convection codes to numerical discretization: a model

intercomparison, Geosci. Model Dev., 7, 2065–2076, 2014.

Baumgardner, J.: Three-Dimensional treatment of convective flow in the Earth’s mantle, Journal of Statistical Physics, 39, 501, 1985.

Baumgardner, J. and Frederickson, P.: Isocahedral discretisation of the two-sphere, SIAM J. Numer Anal., 22, 1107–1115, 1985.

Becker, T.: On the effect of temperature and strain-rate dependent viscosity on global mantle flow, net rotation, and plate-driving forces,10

Geophy. J. Int., 167, 943–957, 2006.

Bower, D., Gurnis, M., and Flament, N.: Assimilating lithosphere and slab history in 4-D Earth models, Phys. Earth. Planet. Inter., 238, 8–22,

2015.

Bull, A., McNamara, A., Becker, T., and Ritsema, J.: Global scale models of the mantle flow field predicted by synthetic tomography models,

Phys. Earth. Planet. Inter., 182, 129–138, 2010.15

Bull, A., Domeier, M., and Torsvik, T.: The effect of plate motion history on the longevity of deep mantle heterogeneities,

Earth Planet. Sci. Lett., 401, 172–182, 2014.

Bunge, H.-P., Richards, M., and Baumgardner, J.: Effect of depth-dependent viscosity on the planform of mantle convection, Nature, 379,

436–438, 1996.

Bunge, H.-P., Richards, M., and Baumgardner, J.: A sensitivity study of three-dimensional spherical mantle convection at 108 Rayleigh20

number: Effects of depth-dependent viscosity, heating mode, and endothermic phase change , J. Geophys. Res., 102, 11,991–12,007,

1997.

Bunge, H.-P., Richards, M., Lithgow-Bertelloni, C., Baumgardner, J., Grand, S., and Romanowicz, B.: Time scales and heterogeneous

structure in geodynamic Earth models, Science, 280, 91–95, 1998.

Burstedde, C., Stadler, G., Alisic, L., Wilcox, L., Tan, E., Gurnis, M., and Ghattas, O.: Large-scale adaptive mantle convection simulation,25

Geophy. J. Int., 192, 889–906, 2013.

Busse, F.: Patterns of convection in spherical shells, J. Fluid Mech., 72, 67–85, 1975.

Choblet, G., Cadek, O., F.Couturier, and Dumoulin, C.: OEDIPUS: a new tool to study the dynamics of planetary interiors, Geophy. J. Int.,

170, 9–30, 2007.

Christensen, U. and Harder, H.: 3-D convection with variable viscosity, Geophy. J. Int., 104, 213–226, 1991.30

Crameri, F. and Tackley, P.: Spontaneous development of arcuate single-sided subduction in global 3-D mantle convection models with a free

surface, J. Geophys. Res., 119, doi:10.1002/2014JB010 939, 2014.

Crameri, F. and Tackley, P.: Subduction initiation from a stagnant lid and global overturn: new insights from numerical models with a free

surface, Progress in Earth and Planetary Science, 3, 2016.

Dannberg, J. and Heister, T.: Compressible magma/mantle dynamics: 3-D, adaptive simulations in ASPECT, Geophy. J. Int., 207, 1343–1366,35

2016.

13



Davies, D., Davies, J., Bollada, P., Hassan, O., Morgan, K., and Nithiarasu, P.: A hierarchical mesh refinement technique for global 3-D

spherical mantle convection modelling, Geosci. Model Dev., 6, 1095–1107, 2013.

Dziewonski, A. and Anderson, D.: Preliminary reference Earth model, Phys. Earth. Planet. Inter., 25, 297–356, 1981.

Gerya, T. and Yuen, D.: Robust characteristics method for modelling multiphase visco-elasto-plastic thermo-mechanical problems,

Phys. Earth. Planet. Inter., 163, 83–105, 2007.5

Grandy, J.: Efficient Computation of Volume of Hexahedral Cells, Tech. Rep. UCRL-ID-128886, Lawrence Livermore National Laboratory,

1997.

Hall, R. and Spakman, W.: Mantle structure and tectonic history of SE Asia, Tectonophysics, 658, 14–45, 2015.

Heister, T., Dannberg, J., Gassmöller, R., and Bangerth, W.: High Accuracy Mantle Convection Simulation through Modern Numerical

Methods. II: Realistic Models and Problems, Geophy. J. Int., 210, 833–851, 2017.10

Hüttig, C. and Stemmer, K.: The spiral grid: A new approach to discretize the sphere and its application to mantle convection, Geochem. Geo-

phys. Geosyst., 9, 2008.

Kageyama, A. and Sato, T.: “Yin-Yang grid”: An overset grid in spherical geometry, Geochem. Geophys. Geosyst., 5,

DOI:10.1029/2004GC000 734, 2004.

Kameyama, M., Kageyamab, A., and Sato, T.: Multigrid-based simulation code for mantle convection in spherical shell using Yin–Yang grid,15

Phys. Earth. Planet. Inter., 171, 19–32, 2008.

Kronbichler, M., Heister, T., and Bangerth, W.: High accuracy mantle convection simulation through modern numerical methods , Geo-

phy. J. Int., 191, 12–29, 2012.

McNamara, A. and Zhong, S.: Thermochemical structures within a spherical mantle: Superplumes or piles?, J. Geophys. Res., 109, 2004.

Oldham, D., Davies, J., and Phillips, T.: Generic polyhedron grid generation for solving partial differential equations on spherical surfaces,20

Computers and Geosciences, 39, 11–17, 2012.

Pasyanos, M., Masters, T., Laske, G., and Ma, Z.: LITHO1.0: An updated crust and lithospheric model of the Earth, J. Geophys. Res., 119,

https://doi.org/10.1002/2013JB010626, http://gen.lib.rus.ec/scimag/index.php?s=10.1002/2013JB010626, 2014.

Putman, W. and Lin, S.-J.: Finite-Volume transport on various cubed-sphere grids, J. Comp. Phys., 227, 55–78, 2007.

Ritsema, J., Deuss, A., van Heijst, H., and Woodhouse, J.: S40rts: a degree-40 shear- velocity model for the mantle from new rayleigh wave25

dispersio n, teleseismic traveltime and normal-mode splitting function measurements, Geophy. J. Int., 184, 1223–1236, 2011.

Ronchi, C., Iacono, R., and Paolucci, P.: The ”Cubed Sphere”: A New Method for the Solution of Partial Differential Equations in Spherical

Geometry, J. Comp. Phys., 124, 93–114, 1996.

Sadourny, R.: Conservative Finite-Difference Approximations of the Primitive Equations on Quasi-Uniform Spherical Grids, Monthly

Weather Review, 100, 136–144, 1972.30

Schubert, G., Turcotte, D., and Olson, P.: Mantle Convection in the Earth and Planets, Cambridge University Press, 2001.

Steinberger, B. and Calderwood, A.: Models of large-scale viscous flow in the Earth’s mantle with constraints from mineral physics and

surface observations, Geophy. J. Int., 167, 1461–1481, 2006.

Stemmer, K., Harder, H., and Hansen, U.: A new method to simulate convection with strongly temperature- and pressure-dependent viscosity

in a spherical shell: Applications to the Earth’s mantle, Phys. Earth. Planet. Inter., 157, 223–249, 2006.35

Tabata, M. and Suzuki, A.: Mathematical modeling and numerical simulation of Earth’s mantle convection, Mathematical modeling and

numerical simulation in continuum mechanics, lecture notes in computational science and engineering, 19, 219–231, 2002.

14

https://doi.org/10.1002/2013JB010626
http://gen.lib.rus.ec/scimag/index.php?s=10.1002/2013JB010626


Tackley, P.: Modelling compressible mantle convection with large viscosity contrasts in a three-dimensional spherical shell using the yin-yang

grid, Phys. Earth. Planet. Inter., 171, 7–18, 2008.

Tackley, P.: Dynamics and evolution of the deep mantle resulting from thermal, chemical, phase and melting effects, Earth-Science Reviews,

110, 1–25, 2012.

Thieulot, C.: Analytical solution for viscous incompressible Stokes flow in a spherical shell, Solid Earth Discussions, 2017, 1–19,5

https://doi.org/10.5194/se-2017-71, https://www.solid-earth-discuss.net/se-2017-71/, 2017.

Turcotte, D. and Schubert, G.: Geodynamics, 2nd edition, Cambridge, 2012.

van der Meer, D., van Hinsbergen, D., and Spakman, W.: Atlas of the Underworld: slab remnants in the mantle, their sinking history, and a

new outlook on lower mantle viscosity, Tectonophysics, p. doi:10.1016/j.tecto.2017.10.004, 2017.

van Heck, H., Davies, J., Elliott, T., and Porcelli, D.: Global-scale modelling of melting and isotopic evolution of Earth’s mantle: melting10

modules for TERRA, Geosci. Model Dev., 9, 1399–1411, 2016.

van Keken, P., Hauri, E., and Ballentine, C.: Mantle mixing: the generation, preservation and destruction of chemical heterogeneity, Annu.

Rev. Earth Sci, 30, 493–525, 2002.

Weller, M. and Lenardic, A.: The energetics and convective vigor of mixed-mode heating: Velocity scalings and implications for the tectonics

of exoplanets, Geophys. Res. Lett., 43, 2016.15

Weller, M., Lenardic, A., and Moore, W.: Scaling relationships and physics for mixed heating convection in planetary interiors: Isoviscous

spherical shells, J. Geophys. Res., 121, 2016.

Yoshida, M. and Kageyama, A.: Application of the Yin-Yang grid to a thermal convection of a Boussinesq fluid with infinite Prandtl number

in a three-dimensional spherical shell, Geophys. Res. Lett., 31, 2004.

Zhong, S., Zuber, M., Moresi, L., and Gurnis, M.: The role of temperature-dependent viscosity and surface plates in spherical shell models20

of mantle convection, J. Geophys. Res., 105, 11,063–11,082, 2000.

Zhong, S., McNamara, A., Tan, E., Moresi, L., and Gurnis, M.: A benchmark study on mantle convection in a 3-D spherical shell using

CITCOMS, Geochem. Geophys. Geosyst., 9, 2008.

15

https://doi.org/10.5194/se-2017-71
https://www.solid-earth-discuss.net/se-2017-71/

