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Purpose & goals

This workshop is the next in a series of successful workshops held in various locations throughout Europe
approximately every 2 years, since 1989 (the three previous ones have been held in Carry-le-Rouet (2007),
Erice (2005), Hruba Skala (2003)), and it is generally regarded as the main European conference in
geodynamics. The main goals of this workshop are:

e (0 provide a forum for in-depth discussion on scientific and technical issues in geodynamic modelling, and
integration with other related fields,

¢ (0 introduce students and postdocs to the breadth of current geodynamic research, in an informal setting

e (o foster interdisciplinary and international collaboration.

The workshop has a five-day program with oral presentation provided solely by invited keynote speakers,
and a possibility for poster presentations for all other participants. Two types of lectures are planned:

e talks on the state-of-the-art research in geodynamics and directly neighbouring research fields
e cducational, tutorial-type talks to give scientific and technical background information for a specific research
area.

Apart from lectures and poster sessions, hands-on mini workshops on numerical modelling, and break-out or
discussion sessions on, for example, modelling benchmarks will be organized.

http://www.gfd.ethz.ch/~braunwald2009/index.html
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Tackley: 3-D Convection with Temperature-Dependent Viscosity
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YIELDING CAN PRODUCE PLATE TECTONICS

Low vyield stress: weak plates, diffuse deformation

Self-consistent
plate
tectonics
(2000ab)

viscosity cold T (downwellings)

by Paul J. Tackley 2000




YIELDING CAN PRODUCE PLATE TECTONICS

Low vyield stress: weak plates, diffuse deformation

Cartesian:
how 10 make

spherical¢

viscosity cold T (downwellings)

by Paul J. Tackley 2000




Grid-based spherical codes

Longitude-latitute mesh: Zebib, Iwase & Honda
O Finife-difference /ﬁinrie volume, Gauss-Seidel iterations. Pole
oroblem but possible solutior

socahedral mesh: TERRA (Baumgardner)
inite element, multigrid solver | '
(12) guadrilateral blocks mesh: CITCOM-S

, NO orrnogonal '
grid: Grasset, Hernlund, Harder







Yin grid

Yin-Yang' grid ¢
(Kageyama,
JAMSTEC ESC)

® Orthogonal => Yang grid
simple finite- "
differences
possible

® Overlapping
region (6% of
total)




Minimum overlap YY grid

(a) . (b) :

g

® Eliminates differing solutions in overlap
® Jagged boundaries of subgrids



Staggered grid primitive
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Truncated anelastic equations

Conservation of mass:

V-(py)=0 , (1)

momentum
V-0 ~Vp=Ra.tp(C.r.1)/ AP prormal 2)

and energy
pC, % =-Di,apTv, +V *(kVT)+ pH + 11)32 O (3)

In cases where bulk chemistry is treated the following must also be satisfied:



Spherical stress divergences
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[feration proceadure
(veloci /Q@S\SUP
© Pointwise (~like Patankar's SIMF
o Update x-velocities

D Upaate y-velociies
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A subtlety occurs in the treatment of normal strain rates (hence normal stresses)
when density is spatially varying, i.e., for compressible cases. The divergence of velocity

is then non-zero and the expressions for normal strain rate contain a —%V -y, If this is

calculated literally from the velocities, then instabilities can occur in an iterative solution

procedure, because Vv can be incorrectly very high or low during early iterations.

Thus, it 1s better to recognise that:

V-(pv)=0=pV-v+v-Vp = V-y=—= (8)

and use v-Vp/p in the strain rate expressions instead of V - v, because velocities is more
reliable than gradients of velocity. This simply appears as an extra term in the calculation

of the finite-difference stencils.



Iterations: details

é,RHmom
Velocity correction 5N . = — g RV i—.5jk
i—.5jk m~ “i—-Sjk é)VH
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Pressure correction IR
. (SP _ Rcont ijk
(to reduce divergence) jk = — & Ry
TPy
Velocity upd mom mom
y upcate IR\, op (RIS )| /[ 7R
for pressure OV,_si = | 0P, pr +0P,, - i)
correction i=ljk (ypijk Wi_s Jk




Calculatfi
cont cont Bmom
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A quick examination of (GR" /3P) reveals that it scales as 1/viscosity, as follows. If /
represents grid spacing, then (JR“™ [ov) =1/h, (JR™™ [oP) =1/, and

(dR™™ / ) =n/h*. Thus, the pressure correction in a cell can be approximated as
-nVv- ( pg), which was what was used in the original cartesian version of this code (e.g.,

(Tackley, 1996))

‘pseudo-compressibility’ also gives 1/viscosity factor (Kameyama)




Multiarid
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© Gauss-Seidel or Jacobl iferc u effectively
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Multigrid cycles

2-grid

E
@\@\ ; s gri @{@\ ;
E = E
f 4-grid %
E E E E E

Figure 19.6.1.  Structure of multigrid cycles. S denotes smoothing, while E denotes exact solution
on the coarsest grid. Each descending line \ denotes restriction (R) and each ascending line / denotes
prolongation (P). The finest grid is at the top level of each diagram. For the V-cycles (v = 1) the E
step is replaced by one 2-grid iteration each time the number of grid levels is increased by one. For the
W-cycles (v = 2), each E step gets replaced by two 2-grid iterations.






Residue affer repeated
[Tferanons

Start 5 iterations 20 1terations
rms residue=0.5 Rms residue=0.06 Rms residue=0.025

Residue gets smoother => iterations are like a diffusion process



Scalar Poisson problem - fine grid iters
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Scalar Poisson problem - MULTIGRID
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Multigrid viscous flow: solvers are
established In the communi:

® FINite-difference const VISC (potent
0 Sofin & Parmentier 1994: Cartesiar

® FInite volumey (“)I??argj!ra orimifive variable, variable viscosity

O |ackley 1773 (compressible
0 Trompert&Hansen 1996: implicit T, improved viscosity restriction
o0 Auth+Harder 1999: 2D, FAS, SCG smoo’r%r
lbers 2000: FAS, mesh refinement
lund+Tackley 2003: Cubed Sph'erle (constant vis
ama 2004: Cartesian, Earth Simulator
t 2004: Cubed sphere
, 006: Yin-yang spher
® Finite-element, variable visc

arresian, recrangular
COM-S (19972): Spherical, 8-sided elements
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Domain decomposition




Boundaries

® When updating Qoinﬁfy
eage ol supaomain, need
values on neighboring
SUpAaomMains

® Hold coples of these locally
using “ghost points”

g
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® Efficiency OK with ~millions of cells

128x384x64x2 (6.3M)



B YY multigrid V-cycles
3 (6.3 M cells)

V—evele

® Could be better
®@ Will be better (more points, cell relax)



Up to 1.2 billion unknowns on only 32 nodes (64 cpus)
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tima per F-cycla (s)
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id Advecting 20M tracers

Advacting 20M tracer particles Advecting 20M tracer particles
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The solution: Matrix-dependent
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Figure 9.7.3 Coarse and fine grid cells.
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ROBUST to large viscosity
variations

P Lt i A AR T

® Case apove has 13+ orders of
magnitude toral, 6 orders petween
adjacent cells



Geometries modelled

Change with single switch

full sphere regional spherical Cartesian -3D

Spherical axisymmetric




2D Spherical Annulus geome
(Hernlund & Tackley, 2008
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Figure 1: Comparison between the 2D approximations for rigid body translations on the surface
of a sphere (left) and a cylinder (right), with the circular 2D slice of interest indicated by dashed
lines. Arrows are shown to indicate a divergent motion such as that along a mid-ocean ridge
as well as convergent motion such as a subduction zone setting. In both cases, the angular
velocity vector & describing the 2D lateral motions in the slice is directed along the axes of the
coordinate systems if they are taken to be oriented perpendicular to the slice. The primary
difference between the two descriptions is that motions on a sphere are projected onto a surface
with two degrees of curvature, while a cylinder has only one degree of curvature.

Figure 2: Illustration of what is meant by the “virtual” thickness J/r of a 2D circular slice
through a 3D grid. In the constant thickness case (A), representative of a cylindrical model with
effective Jacobian J = r, the virtual thickness is constant everywhere. For a variable thickness in
the angular direction (B), representative of a spherical axi-symmetric grid with effective Jacobian
J = r?sin @, the virtual thickess depends on the angular location in the grid and the radius. In the
variable radial thickness case (C) with effective Jacobian J = r?, the virtual thickness increases
with distance from the center of the grid without any angular dependence.



Isoviscous viscosity(T)




Table 1. Basal heated, isoviscous convection

Ra Geometry <Nu> AI\Iupeak-pcak <Vrms> A(\/rms)pk—pk
10 3D 3.85 steady 42.3 0
annulus 4.18 steady 37.7 0
axisymmetric 4.01 steady 41.0 0
cylindrical 3.99 steady 35.6 0
10° 3D 127 0.5 160 11
annulus 7.39 0.3 160 14
axisymmetric 7.26 3.2 159 100
cylindrical 6.2 2:1 165 90
10° 3D 15.9 1.3 625 80
annulus 14.4 3.4 640 275
axisymmetric 15.7 6.0 520 500
cylindrical 14.4 5.5 613 460

Table 2. Basal heated, temperature-dependent viscosity convection

Ra 1/2 Geometl’y <Nu> ANu* peak-peak <\/Vrms> A(\/rms)pk-pk
10° 3D 6.30 0 405 5

annulus 5.71 0.1 463 90
axisymmetric 507 0.2 450 210
cylindrical 4.97 0.1 495 200

10° 3D 9.7 0 1804 100
annulus 10.1 0.1 1390 780

axisymmetric 10.45 0.1 1370 1040

cylindrical 104 0.1 1850 1200




Table 3. Internally heated, isoviscous convection

Ra Geometry <T> Noms I Voims)pkeple

10" 3D 0.311 23.3 0
annulus 0.308 23.5 0
axisymmetric ~ 0.330 25.8 0
cylindrical 0.319 228 0
10° 3D 0322 60.5 7
annulus 0.349 78.5 36
axisymmetric ~ 0.357 87.0 65
cylindrical 0.384 77.0 i3

10° 3D 0.337 180 10

annulus 0.350 265 160

axisymmetric ~ 0.349 270 2235

cylindrical 0.380 268 350

Table 4. Internally heated, temperature-dependent viscosity convection

Ra 1/2 GGOII]@tI'y <T> <Vrms> A(\/rms) pk-pk
10’ 3D 0.587 93 4
annulus 0.611 135 70
axisymmetric 0.610 142 95
cylindrical 0.623 148 90
10° 3D 0.665 565 65
annulus 0.667 575 300
axisymmetric 0.666 560 390

cylindrical 0.690 650 430
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Geoid & dynamic
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Calculated phase relationshif
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Numerical example: Thermo-

chemical with PERPLEX properties
Time = 4.5Gyrs after initial state

T-residuals (Red: +250K; Blue: -250K) C-isosurface (C=0.75)

Equatorial slice of S-anomalies .
0.04 _ +4%
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Numerical example: Linearized properties

Time = 4.5Gyrs after initial state

T-residuals (Red: +250K; Blue: -250K) C-isosurface (C=0.75)
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The usual benchmark tests




Transitfions mobile->sluggish->stagnant lid
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INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

Volume 361 No. 6414 25 February 1993 $7.75

Avalanches in the mantile

1993: supercompuer, -
spec’rrl oe

15 years of progress

2008: laptop,
multigrid code
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Henr Samuel:
Core formation (G3, 2008)
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Thermo-chemical evolution of the Takashi
mantle Nakagawa
Effect of PPV phase transition
Coupled core-mantle evolution
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Spherical results

S-anomalies




Mercury




Summary or Stagh
©Many geometries including spherical shell
Using the yin-yang gria
® Eficient & ss%cm@ble multigrid solve
[rACers 1or ComposIiion
® Large viscosity. contrasts due to MDPI '

pressipble fruncated anelastic
consistent mineralogy. '
® Melting, melt migration, crustal fermation
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