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Abstract. We present a methodology to compute 3-D global turn opens doors to incorporating full waveforms into in-
seismic wavefields for realistic earthquake sources in viscoversion algorithms, using, for instance, adjoint methods in
elastic anisotropic media, covering applications across th&onjunction with 3-D wave propagation (e.gromp et al,
observable seismic frequency band with moderate compu2005. Traditionally, global seismic tomography (consult
tational resources. This is accommodated by mandating axRawlinson et al.201Q for a comprehensive summary) has
isymmetric background models that allow for a multipole been based upon ray theory utilizing traveltimes rather than
expansion such that only a 2-D computational domain isfull waveforms. Indeed, phase delays relate to wavespeed
needed, whereas the azimuthal third dimension is computegariations in a more robust manner than amplitude informa-
analytically on the fly. This dimensional collapse openstion. So why would numerical methods, within the realm
doors for storing space—time wavefields on disk that can beof tomography at least, strive to capture the entire wave-
used to compute Fréchet sensitivity kernels for waveformform? Most modern measurements of “traveltimes”, such
tomography. We use the corresponding publicly availableas cross-correlatiomNplet, 2008, time—frequency phase de-
AXISEM (www.axisem.inf) open-source spectral-element lays (Fichtner et al.2008, or instantaneous phasBqzdag
code, demonstrate its excellent scalability on supercomputet al, 2011) are based on waveforms, and therefore ne-
ers, a diverse range of applications ranging from normalcessitate full wavefield modeling. Moreover, high-frequency
modes to small-scale lowermost mantle structures, tomowaveform modeling (e.g., Thorne et al., 2007) is often em-
graphic models, and comparison with observed data, and diployed to fit smaller-scale heterogeneities. Such studies are
cuss further avenues to pursue with this methodology. subject to significant tradeoffs, especially if secondary mea-
surements such as traveltimes were used. Thirdly, accurate
computation of the gradient of measurements with respect
) to model variations, often termed the Fréchet derivative, re-
1 Introduction quires the convolution of a forward-propagating wavefield
. . . with a backward or adjoint wavefield, both of which need
Seismology currently enjoys transformative progress upon a5 be sampled in 3-D space and tinNigsen-Meyer et a|.

simultaneous surge in instrumentation, software, and hard2007a). For the purpose of this paper, let us postulate a de-
ware. The dawn of high-performance computing and sophis- '

. . . o sire for a method to deliver

ticated numerical techniques to address seismic wave propa-

gation in a physically robust and realistic manner has enabled 1. 3-D wavefieldgor realistic sources and structures,
seismologists to capture relevant physics of wave propaga-
tion in the seismic far field, and resolve structures for which

direct comparisons with waveform data are feasible. This in 3. at areasonable computational cofstr tomography.

2. across th@bservable frequency band
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We will now delve into some of these issues in more de- 1p° : —— : — : :
tail, and present our compromise for a solution that covers ¢ S —g? —w¢ | %% Modes (Mineos)
significant, realistic and relevant fraction of these aspirations ©-© 3D (Specfem)
+—+ 2.5D (AxiSEM)

1.1 Effective Earth models and data

=
o
w

alent cores

Spherically symmetric models are widely established as ez
common basis for Earth properties not only in seismology, § 10° |
but also as a bridge to mineral physics and geodynamics®
This popularity stems not only from the relative simplicity otl
in modeling 1-D structures, but largely from the fact that
such laterally averaged models represent and fit a large me - L ‘ NS ]
jority of seismic (traveltime) data, as has been establishe( 0 ! 23 Seissmic pe:igd/s 2030 %0 %
since the traveltime tables Beffreys and Bullef1940 and

subsequent models such as PREDZziEwonski and Ander-  Figure 1. The cost of global wavefield simulations in “real time”
son 1981), IASP91 Kennett and Engdah1991), and ak135 (i.e., seismogram length equals wallclock simulation time) for dif-
(Kennett et al.1995. Our understanding and interpretation ferent_methods. Each data point is based on actual simulation tim_es,
of the Earth’s interior has come a long way from the detec-ar_'d gives as a result the numper of processors needed to achieve
tion of its radial structure, and has been significantly fueledt.h's’ assuming per.feCt scalability. The cost of normal-mode solu-
by means of seismic tomographRawlinson et al.2010). tions (Mineos, available frongeodynamics.ojgand wave propa-

. ation in 3-D domains (SPECFEMgodynamics.oigscales with
On the global scale, 3-D tomographic models usually amounlghe seismic period to the fourth power, whereas the axisymmetric

to a few percent of wavespeed perturbation from sphericallymethod (AxiSEM) scales to the third power. We calculate the cost

symmetric modelsRecker and Boschi2002, and behave  estimation upon saving £Gspatial points, a moderate task to com-

close to linear in seismic traveltimeMércerat and Nolet  pute wavefields. This is especially noteworthy for the mode solu-

2013. tion, whose cost scales directly with the number of saved spatial
Global tomographic models exhibit considerable agree-points.

ment up to spherical harmonic degreeBe¢ker and Boschi

2002 Auer et al, 2014, that is, for very large-scale struc-

tures, but often diverge at smaller length scales due to shorttention for achieving realistic wave propagation simulations

comings such as insufficient data coverage and modeling. Ifowards:

this multi-scale context, it is important to remember that any

discrete Earth model used in a numerical method is inher-

ently upscaled (either by its own nature, or by porting to  — usability of the method,

the discrete mesh), and at best a blurred rendition of reality.

The challenge lies in tying the background model to both the — availability of computational resources.

desired frequency range and type of measurement extract

from the wavefield in a feasible, realistic manner.

— feasible choices for source and structure,

e\ﬂ/hile all of these issues are common to any numerical

o X ._method and not easily resolvable, the latter point is espe-
Clearly, utilizing a maximal amount of broadband data is . . ) )
. . o cially stringent. Worse still, for global seismology the pro-
as desirable as capturing complexities in structure and wave., .- . ; . R
ibitive cost will remain a dominant limitation on the max-

physics. Even in times of a surge in data acquisition, source— : . . .
. . . . imally resolved frequencies and a exponentially increasing
receiver geometries are still largely controlled by continents,

) : : number of usable data with millions of recorded waveforms
tectonic boundaries and the Northern Hemisphere. It thu?lRIS annual report 2011 iris.edu) for years to come
seems desirable to seek a compromise for modeling be: P o Y :

tween broad frequency ranges, realistic effective Earth mod-F ull 3-D models in spherical geometry can be incorporated

els, while exploiting a maximal amount of usable data by spherical finite differencedgel et al, 2003, or spectral-
' P 9 ' element methodskKipmatitsch and Tromp2002a Chaljub

et al, 2007). As the computational cost scales with the fre-
1.2 Numerical wave propagation quency to the fourth power (three space, one time dimen-

sion), such comprehensive methods are still extraordinarily
Unlike disciplines subject to more complex, non-linear phys- expensive for global-scale wave propagation at high resolu-
ical systems such as fluid dynamics, the availability of ma-tion, and certainly more so if large numbers of simulations
ture, comprehensive seismic wave-propagation codes such ase needed as in most cases of geophysical interest. Alter-
SPECFEM (e.g.Komatitsch and Tromp2002h) seems to  native attempts such as high-order expansions of the Born
have resolved most challenges in capturing the underlyingseries Takeuchi et al. 2000 are similarly prohibitive for
physics of wave propagation. Instead, it appears to shift atcomplex media and high frequencies. This is unfortunate,
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as especially the domain of seismic periods below 10s (seenate sources, lack of fluid domains and anisotralahtke
Fig. 1) offers both a wealth of seismic data and a resolu-et al, 2008, and high dispersion errors for large propaga-
tion harboring many open geophysical questions. The plotion distances of interface-sensitive phases such as surface
in Fig. 1is an approximate, order-of-magnitude estimation of or diffracted waves. However, recent advances include a full
computational cost, and minor algorithmic optimization doesmoment tensor, attenuation, and the Earth’s ceftgrgkuni
not affect this overarching trend drastically. The slightly in- and Takenaka2012).
creased cost for AXISEM above 10 s represents the fact that The purpose of this paper is to introduce the axisymmet-
the thin crustal layers at these long periods start to dominateic spectral-element method for global wave propagation and
the smallest element size and thus increase the relative cofte corresponding publicly available, production-ready code
due to this geometric constraint on the global time step. ThisAXiSEM, which taps into parameter regimes that have been
is not seen in SPECFEM, since intra-crustal layers are nopreviously unavailable at similar computational cost. We mo-
explicitly meshed. Further commentary on Figs given in tivate the relevance of these parameter regimes by various ex-
Sect.2.7. amples and present ideas for further extensions and applica-
Considering desirable features for the inversion suchtions. Exploitation of moment-tensor source and single-force
as comprehensive model sampling, uncertainty analysistadiation patterns allow the computational domain to be col-
or probabilistic approaches, this represents not only dapsed to a 2-D semi-disk, and the azimuthal third dimen-
formidable challenge, but is essentially not computable eversion is computed analytically. Radiation pattern symmetries
with most optimistic estimates of the evolution of computa- require all sources to be located along the axis, and lateral
tion on a decadal timescale, especially in 3-D. heterogeneities are translated into a 2.5-D torus-like struc-
Several strategies for speeding up numerical methods exture. Due to the dimensional reduction, global wave prop-
ist, focused on either the physical system or the implementaagation at typical seismic periods can be tackled serially
tion. Code optimization may exploit dedicated hardware in-at workstations. Novel features in this manuscript with re-
frastructures such as GPURiétmann et aJ.2012), or algo-  spect to the methodology already describeNissen-Meyer
rithmic tasks such as tensor—vector produbtisgen-Meyer et al. (2007h 2008 include 2-D parallelization, scalability
et al, 20071, irregular meshingZhu et al, 2009 or lo- to > 8000 cores, benchmarks at 1 Hz and for normal modes,
cal time stepping. These approaches usually lead to a peextensions to visco-elastic anisotropic media, fluid spheres,
formance speedup of about 2-3 in total CPU time. Physics{inite sources, axisymmetric structures, tomographic models,
based approximations often limit the frequency range eithelcomparison with data, generic post-processing for arbitrary
on the high end (as implicitly done due to the prohibitive source—receiver settings, sensitivity kernels, and availability
cost in 3-D methods) or lower end (ray theory). Additionally, as an open-source code.
we commonly find cost reductions related to reduced dimen- This paper is organized as follows. A methodological
sionality (e.g., 2-DZhu et al, 2009, rheology (e.g., acoustic chapter briefly summarizes the mathematical background of
wave propagation), or structural complexity by means of ho-our approach, delegating more details to previous publica-
mogenizationCapdeville et al.2013. Such approximations tions, and focusing instead on practical matters such as scal-
can lead to orders of magnitude faster codes, but need to bability, runtime requirements, 1/O, and code availability.

chosen carefully, depending on each application. Chapter3 describes those source types that may be simu-
lated with AXiSEM, ranging from moment tensors, single
1.3 3-D waves in axisymmetric media forces, to finite faults and stochastic sources. Chapgam-

ilarly describes a range of background models to be dis-
Several methods have been developed to accommodate vadretized in AXISEM, including anisotropy, intrinsic attenu-
ous levels of complexity in background structures effectively. ation, classical 1-D Earth models, solar models, small-scale
For spherically symmetric Earth models, normal-mode sum-2.5-D heterogeneities and tomographic cross sections, ran-
mation Oahlen and Trompl999 elegantly tackles the grave dom media and explicit mesh representations of the crust
end of the spectrum including such effects as gravity andand oceans (oceans are not part of the current code as of
rotation Oahlen 1968. For higher frequencies, the direct- April 2014). Chapter5 shows simulation results for a se-
solution method Kawai et al, 200§, GEMINI (Friederich  lection of the previously mentioned ranges of applicability,
and Dalkolmg 1995, or Yspec Al-Attar and Woodhouse  covering the entire seismic frequency spectrum, 3-D wave-
2008 have proven efficient in delivering accurate seismo-field visualization, lowermost mantle structures, simulations
grams. While in principle doable, all of these methods for 2.5-D slices through a tomography model, comparison
become computationally expensive if an entire wavefieldwith observed data from lowermost mantle and core phases,
is needed as for sensitivity kernelbli§sen-Meyer et al.  and sensitivity kernels. A concluding chapter discusses the
20073, and do not allow for lateral heterogeneities. Ax- general applicability, limitations and an outlook for future
isymmetric finite difference method3dyokuni and Take- developments.
nakg 2006 Jahnke et a].2008 may accommodate this ef- AXiISEM is a mature methodology and code, able to ad-
fectively, but suffer various shortcomings such as approxi-dress a number of intriguing scientific questions. As should
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be commonly known from any software implementation, the
level of automatism for the applications listed here is diverse, é
and readers should refer to the manual of the most recent re \ _
. up = ui(s,2)
lease version for up-to-date features of the code.
2 Methodology

The mathematical foundation and validation of spherically
symmetric, solid—fluid lower-frequency settings is detailed
in previous publicationsNissen-Meyer et al2007h 2008.

In this section, we only sketch key methodological concepts,
while focusing on new additions and practical matters relatec
to usability, functionality and applicability. Our approach
accurately simulates 3-D wavefields in axisymmetric Earth
models, and distinguishes itself by

¢
\ u; = u(s,z) - fi(sing,cos )

1. decreasing the computational costs by orders of magni

tude compared to the 3-D method by running in 2-D, ¢

2. making no limiting assumptions about wave- \ ur = wi(s,z) - fi(sin(2¢),cos(2¢))
propagation physics (except for very long-period
effects such as rotation; see Seét7) or kinematic
earthquake radiation.

It therefore falls in between traditional end members that arg-igure 2. Radiation patterns for monopole (top), dipole (middle),
typically optimized for either end of the frequency spectrum and quadrupole angular orders of the respective moment tensor ele-
(e.g., ray theory, normal-mode summation) and 3-D mod-ments. The azimuthal radiation patterns encapsulateﬁ nger)d
eling, by not compromising on essential wave-propagation®” Multipole order: as well as componeitthat is, no summation
physics or the coverage of the entire recorded frequency band implied by the above products.

between 0.001 and 1Hz. The efficiency gain is grounded
upon assuming axisymmetric background models, which re-,

) . -~ azimuthal functions:
duces the numerical cost to a 2-D domain, whereas the thir

dimension is tackled analytically. We shall forego detailed us(X¥) cosng

treatment of classical spectral-element methods to highlights,, (x) = [ ug(®)sinme¢ |, (2)
the peculiarities associated with this axisymmetric setting. u,(x)cosng

2.1 Equations of motion wherem = 0, 1, 2 are monopole, dipole, and quadrupole ra-

diation types, respectively (Fi®), andx = (s,z) = (r,60)
The 3-D integral (weak-form) elastodynamic equations Ofspans a two-dimensional domain (Fig) by cylindrical
motion in the solid Eartkb read (s, ¢, z) or sphericalr, 0, ¢) coordinates, respectively. This

mass termM (u) stiffness termK (u) source termF () relation is accurate for axisymmetry in source f(x) and

structurep = p(x),C = C(x). After solving the set of 2-
fpw-afud3x+/Vw:C:Vud3x = /w-fd?’x (1) D problems, seismograms and wavefields at any location
o o o (s, ¢, z) are obtained by multiplication with these azimuthal
radiation factors in Eq.2) during the post-processing stage
(Sect.2.5). Conceptually, 3-D integrals id over any in-
tegrandy that contains azimuthal dependencies such as in
Eqg. (2) are then collapsed to 2-D integralsiinas

whereu is the sought displacement vectera suitably cho-

sen test vectorf the source termp the mass density, and

C the anisotropic fourth-order elasticity tensor with 21 inde-

pendent parameters (consNissen-Meyer et al2007§ for

details). It may be time dependent for intrinsic attenuation, 3 o

in which case the double contraction : implies a convolution./ vx) d°x = /W(x)d X, ®)
® D

2.2 Axisymmetric dimensional collapse
by evaluating the integration overanalytically. This deliv-

As shown inNissen-Meyer et al(20073, one may an- ers solutions for the 3-D displacement vectowithin a 2-
alytically separate radiation patterns into individual re- D computational domain (Fig). Symmetry about the axis
sponses to each moment-tensor elemiqt factorized in  (blue in Fig.3) mandates all structural heterogeneities away
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with two-dimensional Lagrange polynomials (Nissen-
Meyer et al, 2007. Partial derivatives)zu(§) are given
L by analytically differentiating;; alongé. These derivative

s operations are responsible for the bulk of the computational
cost in typical spectral-element methods. Having performed
iy PR these algebraic operations at the level of elements, these
elemental contributions are gathered to define the discrete
12000 global stiffnessKu and mass termMu. Our formulation
with cylindrical coordinates leads to singularities of the type
s~1 (Fig. 3) in the gradients at the symmetry axis. This is ac-
commodated by a different basis compared to the interior do-
main, 'Hospital’s rule Fournier et al.2005, and asymptotic
expressions to accommodate boundary conditidtissen-
Meyer et al, 20073. By the choice of either kind of basis
function, the mass matrix is exactly diagonal.

azimuth ¢

s
LS
e Sate
LR

2.4 Temporal discretization

Such a discrete system leads to a set of ordinary differential
Figure 3. The 2-D computational domaif upon which the col-  €duations in time, which may be rearranged as

lapsed numerical system operates with a symmetry axis (blue). The

method solves the three-dimensional equations of motion, but ali(t) =M~ (f(t) — Ku(r)). (6)

lows for an analytical representation within the azimuthal dimen-

sion (green). Sources and structure therefore obey axisymmetry Nis system is conveniently solved by various explicit
with respect to the axis. Colors denote compressional velocitiedime-evolution schemes such as second-order Newmark, or

of the PREM modelDziewonski and Anderseri981), and black  higher-order symplectic schemeéd¢igsen-Meyer et al2008

lines an elemental mesh for a seismic period of 20s. Zoom panelsip to eighth-order accuracy. Note that for the case of solid—
show a higher-resolution version (5s) with upper-mantle disconti-fluid domains, the time stepping becomes a combined system
nuities honored by the megh), as well as the rotated-coordinate of these two domains, which need to be linked appropriately
meshing below the inner-core boundary (ICBjgsen-Meyeretal. g transmit waves across the solid—fluid interfaGgljub
2008 and Valette2004).

from it to adopt a torus-shaped, azimuthally invariant elonga—z'5 Post-processing: summation, rotation, filtering

tion, whereas the point source remains along the axis. Suc
lateral in-plane heterogeneities may prove useful for param
eter studies at sufficiently high frequencies (see Sed}.

DJnIike most seismic wave-propagation codes, AXiSEM re-
quires a crucial sequence of post-processing steps to retrieve
the full solution; see Eq.2). While this may seem to be an
undesirable additional burden, it represents a high level of
flexibility, leaving a maximum amount of parameter choices

Finite element-based methods compute derivatives and intd0 this post-processing step instead of having them fixed
gration upon reference coordinates. This entails a mappindor the bulk simulations. For instance, one does not need
¥ = (&) from a generic reference coordinate fragn the 0 decide on the source mechanism, source-time function,

physical domair¥, represented by the Jacobian filtering, instrument response, and receiver components at
the time of the actual simulation, but can defer this to post-

, (4) processing. The only necessary geophysical choices at the
time of the simulation are source depth, receiver distances,
maximal frequency, and background model. Figidepicts

an example of an automated output from post-processing to
Pe read by Google Earth, containing source (red dot) and re-
ceiver (yellow pins) locations. Each receiver pin is linked to
an image of the corresponding post-processed seismograms,
and source information is provided as text (see BjgSec-

tion 5.3 sketches a generalization of this post-processing that

2.3 Spatial discretization

ax
&
where|.| is the determinant. This mapping is purely ana-
lytical for all element types of AXISEM’s automated mesh
generator, with the exception of the cube at the center o
the sphereNissen-Meyer et al2008. We then expand the

wavefield within each elemental integral upon a basis of or-
derN (typically 4,5, 6) as

JE&) =

N fully exploits its flexibility in the context of solving the for-
ué)~ Z uijlij(§), (5)  ward problem once and for all, deferring the choice of the
i,j=0 source—receiver geometry to post-processing as well.

www.solid-earth.net/5/425/2014/ Solid Earth, 5, 42545, 2014
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processed earthquake

Event details:

colat,lon [deg): 38.62 185.52
source depth [km] 20.22
Mrr= 1. 16E+18
Mit=-1.03E+18
Mpp=-1.30E+17

Mir= B.B4E+17

Mpr= 4 30E+17

Mtp= -4 23E+17

source period [s]: 5.00

Directions: To here - From here

Figure 5. A typical mesh decomposition for the PREM model run-
ning at a dominant period of 9s on 96 cores. Load balancing is ex-
act, and the arbitrary permissible multiplication between the num-
ber of horizontal and radial slices guarantees flexibility for adapting
numerical settings to existent hardware infrastructures.

2.6 Parallelization
Figure 4. A Google Earth rendition of the source-receiver geom-
etry used in an AXiSEM simulation. A generic output of the post- At frequencies around 1 Hz, the required run-time memory
processing embedded within AXiISEM, thiml file contains earth-  (roughly 20GB) for 1 Million elements exceeds the typical
quake parameters (red dot) and actual seismogram images as linkgemory of contemporary cluster cores. Also, as can be de-
at the station locations (yellow pins). duced from Fig. 1, the CPU time-to-solution becomes pro-
hibitively lengthy if the system is simulated on a single
core (although possible). We thus incorporated a generic, au-
tomated 2-D domain decomposition intdV@V, domains,
Recasting the 3-D equations of motion into a suite of 2-Dwhere Ny N, represent positive integers for the number of
problems yields a system of four independent wave equationfatitudinal and radial slices, respectively (see Fig. 5 for an
to represent all six independent elements of the moment tenexample with 96 cores). This guarantees the simultaneous
Sor My, Mypp, Moo, Mro, My, Mpy) Separately (see Fi). realization of the three crucial factors for scalability: (1) a
This collapse from six to four independent systems hon-minimal amount of neighboring domains (maximally eight),
ors azimuthal redundancy between the dipdlgs ~ M, (2) minimal interfaces size (i.e., length of messages), and
as well as quadrupol&dfyy — My4) ~ Moy (Nissen-Meyer  (3) exact load balancing. The non-blocking, asynchronous
et al, 20073. Consequently, AXISEM simulations are by message-passing implementation is entirely hidden behind
construction always given for each individual element of the computation of the stiffness term, which will be seen in
the moment tensor. The task of summing to a full mo-the excellent scaling in the next section.
ment tensor is described in Se8tl Additional features of
post-processing are rotation from a pole-centric to an ac2.7 Performance & scaling
tual source—receiver geometry, bandpass filtering, convolu-
tion with a source—time function, rotation to arbitrary seis- The reduction of 3-D wave propagation to a 2-D compu-
mogram component systems, choice between displacemetdtional domain is reflected by the method’s performance
and velocity seismogram. A similar set of operations appliescompared to 3-D methods (Fid). This equally holds true
to 3-D wavefield visualizations. Users may for this visualiza- against methods that are extremely efficient and fast in de-
tion case also specify rendering perspectives, wavefield comlivering singular seismograms such as normal-mode summa-
ponents, 3-D cuts, and hypersurface extractions within posttion or DSM, but whose computational cost depends on the
processing. In effect, this allows for in situ visualization and amount of desired output locations. To compute sensitivity
merges seismic trace analysis with visualization on the fly. kernels for the inverse problem, one needs to save the entire
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__strong scaling _ o 10% weakscaling 2.8 Excessive input/output
1 e — optimal(] — optimal

5§12 N e axisemfls . ° e axisem Spectral-element methods of the kind presented here have

Eh . g — excellent scalability properties in general (F&. The bot-

211//186 TR ‘é 0% ._“//// tleneck, espe(_:ially Wh_en r_novi_ng to higher re_solgtion and

" 1 U F larger parallelization, lies in disk access, which is neces-
L L 1T [ % sary for saving wavefields and seismograms at run time. For
200 512 A0 e ® 4096 81 8 3 13 Sz 2048 8192 gtgrage of synthetic seismic data, especially for a database

_ N _ _ of precomputed waveforms (see Se&i3), platform inde-
Figure 6. Scalability of AXISEM on a Cray XEG at CSCS (Switzer- pendence of the data is needed. However, the storage for-
land). Left: Strong scaling, i.e., fixed global problem size (8 Million mat of Fortran binary files is not even compiler indepen-

2-D elements) as a function of the number of used cores commuy 4 14 ensyre true platform independence, AXISEM fully
nicating via the message-passing interface, for 12 000 time steps

AXiSEM scales super-optimally, which is mostly due to the more supports the widely accepted NetCDMp://WWW'umdata'
ucar.edu/netcdf/format to store seismograms and wave-

efficient usage of run-time memory if less memory is used per core.” h ! )
Right: Weak scaling, i.e., fixed problem size per core (1000 ele-fields, but users may also revert to Fortran binary if desired.
ments) for 1000 time steps. The desired constant time-to-solution i€s NetCDF4 file is a container in which very large variables
exceeded by 4 % fas 8000 cores, in which case communicationis (e.g., wavefields) as well as single scalar values (e.g., gen-
not entirely hidden behind the computation of the stiffness terms. eral simulation information) can be stored. The format al-
lows transparent compression of the variables using the SZIP
algorithm Shu Yeh et a).2002, which saves around 50 %
space-time wavefield everywhere, and hence such dependegf hard drive space for a typical seismic wavefield with re-
cies become inefficient especially when moving to higherspect to generic binary format. The container character of a
resolutions. Figuré gives a flavor of the computational task NetCDF file means that direct access to selected data is pos-
along a typical range of global-scale seismic periods, quantisiple, i.e., small amounts of data such as time series can be
fied in terms of the required amount of CPU cores to aChiEVQead from a (poten“a”y very |arge) ﬁ|e, without |0ading the
real-time simulations (seismogram time equals CPU wall-yyhole file into memory. The code allows the storage of all
clock time), assuming perfect scalability. FiguBeshows  simulation output in one self-contained NetCDF4 file, which
the new implementation of 2-D parallelization and strong facilitates the handling of a large number of simulation re-
as well as weak scaling results on a Cray XE6 supercomsyjts, for example in parameter studies.
puter installed at CSCS, Switzerland. In both cases, the per- NetCDF4, which is based on the HDF5 format, allows for
formance is excellent: strong scaling (fixed global degreesyarallel writing into one file. Since this makes use of paral-
of freedom) is even super-optimal due to efficient memory g| file systems very efficiently, it might provide significant
usage. Weak scaling shows a slightly sub-optimal behavioperformance gains in the next generation of supercomputers.
at 96 % for> 8000 cores, indicating that message passing|n the current generation however, the installation of paral-
and parallelization are essentially hidden within the code. Itje] NetCDF4 is not generally reliable yet. Therefore, and to
is noteworthy to recognize that AXISEM has little run-time jncrease compatibility with older machines, AXISEM uses a
memory, and applications at the high-frequency end beneserial round Robin scheme for writing data to disk. All pro-
fit from vast multi-core systems mainly to reduce wall-clock cessors buffer their respective wavefield output locally. After
time, unlike 3-D seismic methods, which are often memory 5 set number of time steps, one instance spawns a new thread
bound. and transfers its wavefield buffer to it. This new thread then
As in any (2-D) time-domain discrete method, it is impor- gpens the output file and compresses and writes the buffer to
tant to recognize that half the dominant period takes about &jisk, while the original processor continues to simulate the
times longer if the seismogram length is fixed: the mesh isyavefield. This non-blocking 10 scheme has been tested to
about 4 times larger, and the time step about twice as smallyork well up to 224 parallel instances, in that wavefield stor-
Note that monopole source types run faster than dipolesage marginally affects CPU time and performance.
and guadrupoles due to their sparser stiffness teNizsén-

Meyer et al, 2007. 2.9 Implementation and availability
As arough estimate, each 2-D element occupies 1.5 wave-
lengths and about 2.5kB, and for seismic periods of 5s apThe AxiSEM code is written in Fortran2003 combined with
prOXimately 400000 elements are needed. The code I’equirqu| message passing, requiring Corresponding Comp”ers_
about eight microseconds simulation time per time step ambptional additional packages are NetCDIRef and Davis
element. 1990 for improved 1/ 0O, fftw3 §rigo and Johnsqr2005
for post-processing in the frequency domain, TaGR{well
et al, 1999 for traveltime picks, paraview for visualization
of vtk- andxdmf-based wavefields, Matlab for visualization
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of record sections, gnuplot for creating seismogram im-imuth along with the convolution:
age files, Google Earth for visualization of source—receiver
geometries and seismograms on the sphere, and python
wrappers for streamlined input/output and linkage to ob-*
sPy Beyreuther et al.2010. The Fortran2003 code is di-
vided into a Mesher utilizing OpenMP, a solver utilizing \yhereG?, represent 2-D vectorial Green's responses to each
the message-passing interface (MPI) for communication be'5|mulat|onm for point sourcep, andM,, read
tween separate domains, and extensive post-processing for
ease of visualization, filtering, source—time functions, var- M1(¢) = M,,, 9)
ious receiver component systems, and moment-tensor SOy
lutions. The numer and myeaning of input parameters focrhiIZ(qj) B (M99 +M¢¢)/2’ (10)
AXiSEM are kept at a generic, streamlined minimum, pro- M3(¢) = My coSp + M, Sing, (11)
viding a robust basis in an effort to reduce failure. This is y7, () = (Mgg — M) cOS 2 + Mg Sin 2p. (12)
amended by a comprehensive number of sanity checks prior
to the time loop, including critical tests upon mesh configura-Only these four independent types of radiation patterns ex-
tions, source, model, receiver setting parallelization, discretést (monopoles\/; and Ms, dipole M3, and quadrupoléZ)
volume and mass of the Earth, accuracy of internal surfacedn this axisymmetric framework. For a full earthquake mo-
numerical quadrature, mass matrix and boundary terms.  ment tensor, four independent simulations are thus under-
AXiSEM is available through a release version with GPL taken to account for the six moment-tensor elemeufts
license fromwww.axisem.info and comes with no guaran- whereas single forces (as needed for Lamb’s problem, ambi-
tee of functionality or support, but each version contains aent noise, impacts, or adjoint wavefields) require two simula-
detailed manual, examples, nightly builts and a tractable subtions (monopole vertical force, dipole horizontal force) to ac-
version control system as well as an existent user base. count for the three componentsi§sen-Meyer et al20071.
Figure7 depicts an example of the individual displacement
solutions for each,, (quadrant on the left), and the final
3 Seismic sources sum for a response to the full 2011 M9 Tohoku earthquake,
recorded at station BILL (Eastern Siberia) at 38stance.
In global seismology, it is customary to rely on the point- Note that the summed trace bears little resemblance to any of
source approximation and corresponding moment tensorghe generic solutions to radiation patterns (Egs. 9-12).
M? (not to be confused with the mass mathk in the
last section). The implementation of indigenous earthquake3-2 ~ Finite faults
sources or single forces locatedxat is detailed inNissen-
Meyer et al.(2007H. We use temporal Dirac delta functions
acting at timer,, in the simulations, such that a displace-
ment time series is obtained by convolving a source-time
functionS? (¢) (incorporated into a time-dependent moment-
tensor term aM ” (r) = M PSP (1)), with the Green tensor so-

4
(X, @)=Y Mh(¢,0)Gh(F, ), ®)
m=1

Kinematic rupture over a fault plane can be modeled as
a discrete sequence of point sources distributed across the
fault plane, each of which may have individual moment ten-
sors, magnitudes and source—time functions to mimic a time-
dependent slip. AXISEM is well positioned for an efficient

lution G?: incorporation of such finite faults: due to the rotational sym-
' metries outlined above, the number of simulations for an ar-
u? (x, ) = M? (@) : V,G (x, ), ) bitrary fault is simply given by its number of discrete depth

points. The solution for finite-fault displacements may be
written in terms of the solution to individual point-source so-

where we reverted to frequency domairfor concise nota- .
lutionsu?:

tion, andV, denotes spatial differentiation with respect to
the source coordinate (no summation implied). Here, we fo-, (x.1) = Zup(x 0. (13)
cus on basic necessary post-processing operations to obtain

the response to a full moment tensor, the extension to fi-

nite kinematic faults, stochastic sources (as for example irNote that the dependence on the point-source locatidns
noise seismology or helioseismology), and the problem oféxists for the moment tensdt” (by means of radiation pat-

handling Dirac delta functions(x) in a discrete world. tern and source—time function) and the Green te@bin
Eq. (7), requiring separate solutions to the wave equation
3.1 Moment-tensor and single forces for each locatiorx”. A significant shortcut can be made in

the case of spherically symmetric media by saving seismo-
To obtain the response to a full moment tensor (e.g., CMTgrams at “all” distances and applying rotational properties
catalog,www.globalcmt.orgy, one applies posterior summa- to the Green tensor. As such, all laterally distributed points
tion honoring the respective radiation patterns along the azx? are accommodated within one simulation, and only the
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Figure 7. Left quadrant: The four time series upon the generic moment-tensor types (s8eBEj)sRight: Summation to the full seismogram
for the 2011 M9 Tohoku (point-source) event. Plotted is the displacement indirection (i.e., perpendicular to the symmetry axis, see
Fig. 3), with a dominant period of 10 s recorded at station BILL (East Siberia) atd&3ance.

discrete depths need to be honored by separate simulationsme—frequency behavior to post-processing for rotations and
This is advantageous, as most finite-fault models are mainliltering, respectively.

distributed laterally, and only require a few depth samplings. This helps not only for generating a diffuse wavefield for
This allows for considerable flexibility should one wish to structural imaging, but also for inverting for ambient-noise
change certain properties of the fault model without con-source locations.

ducting new simulations. In light of the common problem

of local minima in (non-linear) source inversions, this of- 3.4 Discrete Dirac delta distribution

fers an efficient engine for performing comprehensive studies . . )

on the behavior of different fault models and methodologies!t i desirable to simulate Green's functions, as they offer
(Page et a).2011). The modeling of finite sources is thereby flexibility vy|th re§pect to filtering ar!d source'—tlme functhns
largely delegated to post-processing (see Se8}, such that afte_r thg S|mulat|or_1. The “source—'_ume fun_ctlon” for the_ sim-
existent AXISEM databases can simply be applied to finitetlation is then a Dirac delta *function”, which, from a rigor-
sources as well, and finite faults can be naturally embedde@US Perspective, is meaningless in any discretized system. To

within any application of AXiSEM with little additional com- retain its attractive properties as the “source—time function”
putational effort. to generate Green'’s functions, one instead utilizes a triangle

function that obeys integral properties of the Dirac distribu-
tion. Should one wish to extract a downsampled time series
3.3 Stochastic sources from a simulation of this kind, then the “width” of the delta
function must be adjusted to guarantee the tradeoff between
The rotational invariance also facilitates applications of spa-(1) its delta-function characteristics and (2) sufficient sam-
tially distributed stochastic sources such as ambient nois®ling below Nyquist frequency. This is automatically com-
generated by ocean—continent interactions or crustal scatteputed in the code, depending on the sampling and period
ing (e.g.,Boué et al. 2013, or random pressure fluctuations ranges.
in the Sun’s interior Gizon and Birch2002. Similar to fi-
nite faults, one simulates point sources at the relevant num-
ber of depths (for ocean—continent ambient noise, this is one
depth) and relegates the spatial distribution and stochastic
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Figure 8. A mesh for the Sun’s interior that accommodates the radial structure of the Sun for frequencies up to 5mHz. It honors acoustic
wavespeed variations of the Sun across two orders of magnitude (left), leading to seven coarsening (doubling) layers. Density (right) varies
by eleven orders of magnitude, but does not affect the meshing process so long as these variations are smooth at the scale of elements. Su
a mesh represents the basis for wave propagation and imaging the solar interior utilizing stochastic noise excitation within the framework of
time—distance helioseismology.

4 Structural properties 4.1 Spherically symmetric models

The definition, discretization and implementation of back- Spherically symmetric models such as PREM, IASP91, and
ground models are some of the most critical aspects for acak135 are automatically incorporated into AXISEM. The
curate wave propagation. Amongst the decision factors are code also allows for flexible inclusion of arbitrary 1-D struc-
L . tures in the meshing process, such that other Earth models
— the scale lengths of structural variations, and their fea- . . .

sible upscaling from a potentially smaller-scale model such as those based on mineral physics can be easily ac-

" commodated. One may also apply the methodology to other

— merging diverse models of source and structure, planetary bodies (e.g., Moon, Mars, Europa; not shown here)
including purely fluid media to facilitate acoustic wave prop-
agation (a computational shortcut still popular in the ex-

— local reliability and resolution, for instance in global to- Ploration industry), which drastically reduces computational

mographic models. cost.

) ) ) As a curious case of extreme medium variations readily
Uncertain choices amongst these points may lead 10 aRjscretized by our methodology, we reach out for our central
entirely wrong model and consequently useless wavegiar the Sun is a giant fluid sphere subject to turbulent redis-
propagation results. Discretization and meshing in finiteyp, ion of masses, magnetic field variations, and acoustic
element-_based methods usually strive to repllcat_e a_II ,Sha”Body wavesGizon and Birch2002). The background struc-
boundaries of the model. Apart from algorithmic limita- y,re"of the Sun covers many orders of magnitude in density
tions in meshing arbitrary hexahedral elements, any failureyq 15 its huge size and gravitational force, and about two
to mesh a desired interface leads to false solutions. _orders of magnitude in acoustic wavespeeds. Only the radial

AXISEM offers an internal meshing algorithm that opti- avespeed gradient matters for meshing, thus it is easily pos-
mally honors any discontinuities in spherically symmetric gipja to adapt the AXiISEM mesh to the Sun, as seen ingFig.
Earth models, as well as arbitrary discrete spheres of any ra- g face boundary conditions for acoustic waves (i.e., van-
dial distribution of sphd .and .flwd dorr_1a|ns. AX|'sym.metr|c ishing pressure) pose no technical difficulty, but are not yet
structures that are invariant in the azimuthal direction may;,cjuded in the first code release and shall be added in a
then be superimposed onto the background mesh on-the-flgmely future version.
in the solver. These structures can be of pre-defined shape
types, or arbitrarily superimposed by interpolation of discrete
external grids (see Seet.4).

— sharp versus smooth variations,
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Figure 9. Two examples of random wavespeed variations superim-Figure 10. An example of various lateral heterogeneities, repre-
posed onto PREM. Left: Variations with depth only. Middle: Varia- senting realistic deep-mantle structures projected onto the source—
tions in 2.5-D. Right (top): Zoom into the crust for the 2.5-D random receiver plane with azimuthal invariance. The large volume in yel-
medium. Right (bottom): Radial profile of these two realizations low denotes a Large Low-shear wave Velocity Province (LLSVP),
with respect to PREM. flanked by two exaggerated ultra-low velocity zones (50 km height,
10% P velocity decrease, 20 % velocity decrease, 10 % density
increase) underlying a detached uprising in the mid-mantle. The im-
plementation is done by assigning laterally heterogeneous proper-
ties to the coefficients of the basis functions, as commonly done
in high-order spectral-element methoéeter et al.2011) so long
Crustal thickness variations from 6-8km (oceans) toas elements are sufficiently small to capture variations in a smooth
60—-80 km (continental shields) owing to lithospheric com- manner.
position have a significant imprint on those seismic phases
that are sensitive to shallow structure, such as surface waves
that traverse the crust to large distances. Additionally, cover- = . _
ing 70 % of Earth's surface, the oceans are also a ContributoFelatlon betwe_en structural heterogeneities and seismic mea-
to wavefield modifications, even though most s;eismometer§ur('m'ems%:jwllg and Dahlen2003.
are installed on land.

The computational efficiency of a 2-D numerical method 4.4 Localized heterogeneities
allows for sufficiently small elements to mesh the crust ex-

plicitly, which is also necessary for wavelengths in the rangeThe next level of complexity in structural properties is rep-
of crustal thicknesses. This is also true for the actual oceangesented by axisymmetric media, which may have arbitrary
which may be discretized by actual fluid-domain elements,ariations in the source—receiver plane, but are invariant in
instead of resorting to a loading equivalelbmatitsch and  the perpendicular azimuthal direction. Especially in high-
Tromp, 2002 or a homogenized crusFichtner and Igel  frequency regimes, 3-D edge effects from large-scale struc-
2008. Similar to axisymmetric structures, this divides the {res may become less dominant given the decreased ratio
sphere into oceanic and continental pole-centric rings. Disyetween seismic and structural wavelengths, such that Fres-
cretized oceans are not available in the first code release, bye| zones reside within the azimuthal extent of an anomaly.

4.2 Crustal variations

will be added in the near future. Axisymmetry can then represent a tangible basis for wave-
form modeling of unknown arrivals, precursors, undetected
4.3 Random media arrival delays, and oblique reflectors. The only neglected

part of the wavefield compared to 3-D background models
Spherically symmetric or axisymmetric variations in proper- are 3-D wave effects from off-plane structures such as 3-
ties can be as general as desired in the method, including ram elastic lense focusing and off-plane back-scattering. All
dom media variations, so long as they are sufficiently smoottother scenarios in which structures vary preferentially in the
and mildly deviatoric. In Fig9, we show two types of such source-receiver direction are respected, as for instance wave
random variations, perturbing either radial structure (left) orpropagation through certain configurations for subduction
2.5-D structure by maximally 10 % velocity variations. Wave zones, or forward scattering of small-scale lowermost man-
propagation through such complex structures can deliver usele structures. Figl0 shows one example of lateral hetero-
ful insight into wave effects as a function of spatial scale de-geneities implemented in AXISEM, including a Large Low-
pendence, scattering and homogenization properties, or thBhear Wave Velocity Province (LLSVP), e.gqrdmanowicz
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and Gung20032, an Ultra-Low Velocity Zone (ULVZ), e.g.  ble to any higher-order finite-element method, are described
(Rost 2013, and a disconnected uprising (e ghaq 2001). in a separate papevdn Driel and Nissen-MeygP0141.

These variations are sufficiently smooth to be picked up
by the elemental basis functions within the spectral-elemen#.7 Lack of ellipticity and rotation
mesh (see left panel). The inclusion of such lateral het- ) ) ) )
erogeneities can be done by functional parameterization agh€ Earth’s radius differs, depending on latitude, by up to
shown here, but also by discrete external models. Such abrf*0 km between poles and Equator. For reasons of axial sym-
trary models are incorporated via a KD-tréée@ine| 2004 metry, AXISE'M does not allow waves to propagqte frlom a
search for nearest neighbors and interpolation, and therefor@on-polar point source through a pole-centric ellipsoid. To
allows for any shape and complexity. The accuracy of wavedccount for ellipticity a posteriori, three options are sug-
propagation through such models is governed by the scal@ested: (1) phase correction, (2) epicentral distance correc-
of heterogeneity versus finite-element size, in that strongi©n: (3) Born perturbation theory. Phase-specific ellipticity

variations on short spatial scales tend to be smoothed ifforrections may be applied by shifting waveforms according
the discrete model. to predicted traveltime shifts. This is useful only if individual

phases are assessed, such as in most cases of tomography,
and phase-specific waveform modeling. Epicentral distance
correction may be conducted by recalculating receiver coor-
dinates to account for the difference between purely spherical
In a spherically symmetric scenario, the most complexand ellipsoidal geometries, similar to the standard method in
anisotropy is transverse isotropy, with five independent pa+traditional tomographyKennett and Gudmundssoh996).
rameters. In axisymmetry, we may incorporate the full e|aS'FinaIIy, Born theory may be applied by assuming ellipticity
ticity tensor with triclinic symmetry and 21 independent pa- (including internal interfaces) to act as a boundary perturba-
rameters, so long as the anisotropy does not vary within thejons to the spherical model domain. This way, entire seis-
aZimUtha.I dil’ection Of the Fresnel Zone. Whlle IOg|Ca"y man- mograms are accounted for Jo|nt|y Th|s approach has not
dated, th|S theoretical faCt iS in |tse|f intriguing: An |nd|V|d' been imp'emented or tested at th|S point_ Rotation Of the po_
ual source—receiver wave senses only anisotropic variationgy axis can in principle be incorporated into AXISEM, but
within a Sufﬁently narrow azimuthal range of SensitiVity. If, 0n|y for a po'ar source, which C|ear|y is a rather unique case
however, a higher complexity of anisotropy is present butef rotation. On the scale of interest where rotation comes
varies at a scale larger than the sensitivity of the travelingjnto play (above periods of 100s), one could devise a torus-
wave, then this level of large-scale complexity is not ex- shaped, off-axis source in case its azimuthal radiation is of
tractable from singular seismograms but instead representgsser significance — as may be the case for free oscillations.
an effective image of the actual structuren Driel and  Thjs would be a field of further study and implementation.
Nissen-Meye(20144 provide a detailed analysis and imple- |n summary, such effects grow into a visible and recordable
mentation strategy for anisotropic wave propagation in ax-first-order issue for rather specific cases of seismic data anal-

isymmetry, including proofs related to the multipole expan- ysjs concerned with pathological body-wave paths and very
sion for the presence of general anisotropy in the axisymmetiong-period seismology.

ric environment.

4.5 Anisotropy

46 Attenuation 5 Wave-propagation applications

o _ _ . o Our methodology and the actual AXISEM code are
Intrinsic attenuation or visco-elastic damping is a natural prodyction-ready and may be used to tackle a diverse range
property of th_e bu_Ik real-Earth structure at relevant frequencyyy applications. Here, we sketch some of these, ranging from
ranges of seismic wave propagation. Although models forjasic validation against reference solutions across the fre-
the quality factorQ (inverse damping) of the mantle show gyency spectrum and indefinite solutions to wave propaga-
little agreement and the origin of damping may be inseparayjon 3-p wavefield visualization, lowermost mantle hetero-
bly coupled with elastic small-scale scattering, seismic at-yapeities, tomographic models, comparison with recorded
tenuation on waveforms is a well-detected and significantyaia and sensitivity kernels. All examples are deliberately

phenomenon. We implemented an improved methodologyyisconnected as a showcase for the diverse range of applica-
based on coarse-grain memory variables with negligible adyjgng.

ditional computational cost compared with purely elastic

wave propagation. This further includes attentuative bulk ands.1  High-frequency body waves

shear deformation, five relaxation mechanisms, a combined

linear/non-linear approach to identify optimal sets of param-Previous publications on an early version of this method
eters for the range of realisti@, and analytical time step- and implementation showcased the accuracy by compari-
ping. Details on this new implementation, which is applica- son against nhormal-mode summatidtigsen-Meyer et al.
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Figure 11. High-frequency validation (1 Hz dominant frequency) between AXiSEM and Y Spec. Top: Record section for vertical displace-
ments of an M 4.1 event in Tonga (depth: 126 km), recorded at the stations shown on the map (bottom left) as red triangles. The background
model is PREM, including anisotropy and attenuation, and the traces are filtered between seismic frequencies of 0.1-1 Hz, i.e., at the limit of
recordable signals in global seismology. The traces from AXiSEM and Yspec are virtually indistinguishable. The zoom sections for individual
seismograms (bottom right) iR and S waves (red boxes) represent phases that traveled 500 and 1200 wavelengths, respectively. Time in

these panels is normalized to the ray-theoretical phase arradsnell et al, 1999, and includes phase (PM) and envelope misfits (EM)
measured following (Kristekova et al., 2009).

2008. Normal-mode summation is difficult to achieve at and distances; the two solutions are indistinguishable almost
high frequencies due to the computational cost in generateverywhere out to 1600 propagated wavelengths. Minor dif-
ing mode catalogs, as well as numerical issues related téerences are amplitude differences, and most probably due to
determining the eigenfrequencies. Instead, we now use aa cut-off in the summation done in YSpec.

alternative frequency-domain reference solution capable of To our knowledge, this is the first accurate validation of
covering the entire relevant frequency band from 0.001 totwo completely independent methods for anisotropic, vis-
1Hz (*YSpec”Al-Attar and Woodhouse2008. Figure (L1) coelastic media at such a high frequencies.

shows a record section and some details for both AXISEM

and YSpec modeling results in an anisotropic, visco-elastics 2 Free oscillations

PREM model for a Tonga event at 126 km depth, simulated at

a dominant frequency of 1 Hz, i.e., at the limit of teleseismic At the grave end of the spectrum, free oscillations domi-
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Figure 12. Amplitude spectra simulated by AXISEM and Y Spec for
the PREM model@ziewonski and Andersqori981) for frequencies

below 0.02 mHz. The time-domain solution provided by AXISEM _ 3s hotofa 3 field ina f ie-sli
extended over 48 h time series using 1.7 Million time steps. While Figure 13.Snapshot of a 3-D wavefield emanating from a strike-slip

amplitude spectra do not exhibit issues related to numerical disper-event In ltaly after 400's. The background model is the isotropic,

sion, the fit between these two different methods is remarkable. anelastic PREM, and the simulation is done at a dominant period
of 10s. Note the effect of the radiation pattern on the wavefield

in 3-D. Similar snapshots are automatically generated in the post-
processing of AXISEM. A movie is available as supplementary ma-

structure, in particular Earth’s density structubplen and ~ terial.
Tromp, 1998. We strive to provide a numerical method ap-
plicable to wave propagation across the observable frequency . :
band. We thus compare amplitude spectra stemming from The computation of_such a once-and-for-all sglu'uo_n can
AXiSEM in a simulation over 48h, 1.7 Million time steps, be colnducted. by tak'”g mFo account the reC|.pr00|ty of
against YSpec in FiglQ). The fitis again excellent, which is G_reens fL!nct|on, resultlng n on_ly two s_|mulat|ons: one
not trivial considering that time-domain numerical methodsw't_h a vertical "_md one with a horizontal single force, upon
are exposed to steadily growing numerical dispersion erroré’."hICh the strain tensor needs to be st_ored for all _realls_—
with increasing numbers of propagated cycles. To the bes}® egrthquake dgpths 0-660km at all dlstan_c es. This reci-
of our knowledge, this is the first direct benchmark betweenProCIty shortcut IS fueled by the fact that AXISEM carries
time- and frequency-domain methods for free oscillations oft,h(,a full 3-D wavefield automatically, as opposed to reflec-

the Earth, even if for a spherically symmetric, non-rotating, 1Vity: DSM, Yspec or normal-mode solutions for which the

non-gravitating Earth model. Phase spectra, which may bé‘“m'?er of saved seismogram I_ocations fact(_)rs into the com-
more informative for actual studies with normal modes, areputatlonal COSt', The problem is thereby shifted from CPU
shown in gan Driel and Nissen-Meygp014a. t|m¢ to hard-drive storage. The permanent storage for the
entire parameter space spanning all source—earthquake con-
) figurations and several Earth models is feasible (tens of ter-
5.3 Instantaneous forward solutions abytes). Queries to such databases (such as a record sec-
tion of arbitrary source—receiver geometries, filters, source—
The reduced dimensionality of AXISEM opens doors to sim-time functions, and a range of spherically symmetric Earth
ulating the entire response due to a given background modehodels), can be completed within minutes by means of the
once and for all, for all possible source-receiver choicessame kind of post-processing as done upon the AXiSEM
This seemingly daunting task is rendered tractable by the rocode. This can be tremendously beneficial in studies that
tational properties of the displacement vector E), uch  need to sample a large range of parameters such as source
that seismograms only need to be stored along the onenversion problems, especially in a probabilistic framework
dimensional distance range 0-18f@r sources at a range (Stahler and Siglogl2013.
of depths. This is computable. The remaining problem lies
in deciding on a discrete sampling for source depth and re5.4 Wavefield visualization
ceiver spacing to mimic continuous coverage. In the case of
depths, this may be defined upon depth uncertainties in difMost of the applications in this section, as well as in the
ferent earthquake catalogs, and in the case of receivers bijterature, rely upon seismogram analysis. However, one of
choosing the closest one or interpolating upon epicentral disthe major benefits of this method is the availability of the
tance uncertainty levels. full global 3-D space-time wavefield, for both research and
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Figure 14. A forensic application of AXISEM to the in-plane detectability of an azimuthally invariant representation of two adjacent struc-
tures: a “ULVZ” near an “LLSVP” (see model in Fid0). Left: Seismograms for a model with a ULVZ as in Fif) (red traces), and one

exactly the same but without the ULVZ (black traces). The underlying Earth model is the isotropic FREM¢nski and Andersqii981),

dominant period 2 s. Th& -displacement record sections are at considerably large epicentral distance ranges. Right: Wavefield snapshot of
the same simulation with ULVZ, at time 604 s. Blue quadrants denote those parts of the wavefield that are most affected by the presence of
the ULVZ (in comparison to a similar plot for the simulation without ULVZ).

teaching purpose§horne et al.2013. This is possible only  deep interior. In many previous applications, such structures
due to the collapse to 2-D at run time and the conveniencédave been modeled as azimuthally invariant, with source—
of on-the-fly extraction of the 3-D radiation upon azimuthal receiver plane heterogeneity using approximations at fre-
factors. In practice, this means that one may save the entirguencies below 0.25 Hz to study core-mantle boundary scat-
2-D wavefield in space and time, and then subsequently detering (Thomas et a).2000, D”-layer (Thorne et al., 2007),
cide on any moment tensor, summation, source—receiver geand LLSVP structure3un et al.2007). Fig. 14 displays seis-
ometry, and rendering choices. Figurédepicts a shnapshot mograms and wavefield snapshots for the model in Hig.
of a typical simulation of a strike-slip event in Italy with a The record sections highlight phases and distances at which
dominant period of 10 s and isotropic, anelastic PREM back-the existence of a ULVZ may be tested, possibly with ar-
ground model. Note the characteristic dispersion in the surfay methods and stacking. The wavefield snapshots represent
face wave train, the large amplitudes in the PP phase, and complementary diagnostic for differential studies, from
the 3-D radiation pattern. A movie of this setting is avail- which the most significant imprints can be traced back to the
able in the supplementary material. Such visualization maysurface, affecting phases such’sP, ScS, andSPK S.
offer complementary insight into complex propagation pat- Modeling of such lateral heterogeneities taps into a regime
terns beyond singular trace analysis, in particular as they canf wave propagation that offers a grasp of wave effects at a
be devised as differential wavefields for diagnostic purposesesolution and computational cost that is difficult to achieve
in tracing the influence of changes in model parameters.  with alternative methods. Users should however, as always,
be cautioned to recognize the structural assumptions imposed
5.5 Wave propagation through in-plane heterogeneities on such in-plane features: these may either approximate ac-
tual 3-D structures well (if the above-mentioned scale separa-
As mentioned in Sect.4, we may readily insert lateral het- tion is warranted), or act as an upper bound of waveform ef-
erogeneities and compute 3-D wavefields upon those torusfects (by means of azimuthal overestimation), but conversely
like structures. To neglect the imprint of the torus-shapedthey may also neglect elastic focusing and thus underestimate
azimuthal invariance, seismic frequencies should be chosefi-D effects.
such that they represent local wavelengths that are smaller
than the expected azimuthal extent of a 3-D heterogeneity.6 Tomographic models
to be modeled. In the regime of 1 Hz, this is warranted for
a number of examples, and various lowermost mantle strucGlobal models derived from tomography can also be ap-
tures have been studied and constrained by waveform modsroximated by an in-plane rendition with AXISEM, in that
eling for decades (e.glgel and Weber1996 Cottaar and they usually deviate only mildly and smoothly from spher-
Romanowicz 2013. Constraining the geometry and struc- ically symmetric Earth models. Just as in the previous ex-
tural composition of these features is crucial for understand-ample, wavefield effects captured by this methodology are
ing the thermo-chemical dynamical regime of the Earth'sthose that obey forward scattering, whereas true 3-D-medium
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Figure 15. Modeling 3-D wave propagation through a 2.5-D version of tomographic model SAFRE8a et a).2017) (bottom left) for

an event near Antarctica (left top). Right: Seismograms filtered at 10 s from the receivers denoted in the cross section (bottom left) for the
1-D model, the 2.5-D tomographic model, and SPECFEM synthetics through S40RTS and CRUBESE2i0 €t al.2000, aligned with the

P-wave arrival time.

effects such as off-plane scattering are neglected. Of cours&.7 Relating to data

this azimuthal invariance does not represent our nature’s di-

mensionality, but mimics a substantial sub-set of those datd he ultimate raison d'étre of any seismic modeling is its ca-
that are actua”y used for waveform mode“ng or tomographypabi”ty to relate to actual observed data, at least in some
rather well and at a cost many orders of magnitude belowuseful fraction of the generally impenetrable overall pa-
that of simulating a 3-D domain. This can be seen in Efj.  rameter space. Here, we showcase a comparison of wave-
a comparison between synthetic modeling through a PREMforms at considerably high resolution (5s) with observed
an in-plane collapse of tomographic model S40RR#-(  data Scheingraber et a2013. This resolution is at the cut-
sema et a]2011), and SPECFEM synthetics for S40RTS and ting edge of supercomputing with 3-D methods (see Ejg.
CRUST2.0 Bassin et al.2000. As seen by the waveforms ata frequency range applicable to tomography, and also inter-
in Fig. 15, many phases are largely insensitive to the addedesting for waveform modeling of relatively small-scale fea-
complexity in these models, partly due to the smooth naturdures in the lower mantle. The map (top right) shows the
of tomographic models (as mandated by their inversion tech€vent and station locations (red triangles for PKiKP, blue for
nique). Direct body waves and other early arrivals barely no-Pdiff). Filtering has been applied at 5-15s (top) and 15-45s
tice the different models, whereas later arrivals and surfacdbottom). In the latter case, we included SPECFEM synthet-
waves exhibit considerable differences, most of which can bdcs for the S362ANI tomographic modeKistowski et al.
attributed to the crustal layer. The overall imprint of crustal 2008 and CRUST2.0Rassin et al.2000, which are accu-
variations overrides that of the tomographic model. The netate to about 17 sTfomp et al, 2010. AXISEM synthetics
glected effects such as 3-D back-scattering may indeed nddre based on an inverted moment tensor and depth, whereas
contribute all that significantly to resultant seismograms, butSPECFEM synthetics are taken from the IRIS database, i.e.,
this is subject to further parameter-space studies. In generag¢alculated for GCMT. All synthetics have been convolved
this provides an efficient new approach should one wish to\NIth an inverted source—time function. The phases have been
validate different tomographic models within a synthetic ex- aligned by frequency-dependent cross-correlation, forming
ercise, or modify local properties for a given source—receiverthe basis for tomographic inversions. The waveform differ-
geometry_ The actual incorporation of tomographic modelsences between all three traces fall within a feasible range of
is trivial in AXISEM for any model that is given by discrete conducting waveform tomography.

cartesian, spherical grids, or spherical harmonics.
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Figure 16. A comparison of AXISEM synthetics with recorded data and SPECFEM synth&tmsp et al, 2010 for an Mw 7.5 2009 event

in southern Sumatra at 82 km depth. Top right: Event-station distribution, where red triangles are for core-phase PKiKP, blue for the Pdiff
CMB-diffracted phase. Left: Pdiff synthetics and observed data filtered at 5-15s (top) and 15-45s (bottom). In the latter case, SPECFEM
synthetics are included, which are accurate down to 17 s. Bottom right: The same for PKiKIP. AXISEM synthetics are simulated through a
viscoelastic, anisotropic PREM model, SPECFEM synthetics through the S362ANI tomographic Kustelski et al. 2008, and both

sets are shifted by cross-correlation traveltimes to align with the respective phases (left: Pdiff, right: PKiKP). Traveltime shifts are about
2-6's (see main text).

The timeshifts based on the 13 Pdiff and 6 PKiKP measure-mapping seismograms to the Earth’s structure, and thus the
ments are model-to-data operator for the tomographic inverse problem
filter [s] method At(Pdiffy [s]  At(PKiKP) [g] (Fuji et al, 2012 Colombi et al, 2014. As such, it log-
ically extends existent ray-based or finite-frequency tomo-
graphies (which were based on approximate physics) by in-
145 AWSEM 402080 a4ci-0n  CODOG SomPls seEmogams avian e re
15-45 SPECFEM 3(s*=06) 60(c*=037) triplicated phases from the mantle transition zosah-
Such comparisons include (as per usual) inevitable differ-ler et al, 2012, core-mantle diffraction Golombi et al,
ences in processing such as event origin time and locatior012), or caustics. Figurel{/) shows a sensitivity kernel
and source time function. However, it is noteworthy to rec-for cross-correlation traveltimes with respect to compres-
ognize the waveform similarity confirming that wave prop- sional wavespeeds. This was computed with wavefields from
agation in spherically symmetric Earth models provides anAxiSEM, by time-integrating the velocity waveform of dom-
excellent basis for broadband waveform tomography, in parinant seismic period 10 s within a 20 s time window around

5-15 AXISEM 25(02=0.99) 23(c2=0.5)

ticular in the regime of periods below 10s. the P wave arrival time at 90epicentral distance. The kernel
] o exhibits considerable heterogeneity (partly due to saturated
5.8 Wavefield sensitivity kernels colorscales to highlight its complexity), notably missing the

As a final example, we present the essential and possi‘:donUt hole” tha_t Is present for purg wave kernelsrﬂun_g

bly most intriguing ’application to time- and frequency- et al, 2000. This stems from the fact that our wavefield-

dependent sensitivity kernelalissen-Meyer et 8120073 based approach honors the large time window, which obscurs
: : the purity of phase-based approaches, but correctly repre-

Th? ability to stpre _ent_lre spa_cg—nme waveﬂelds_ from sents the measurement corresponding to the time window.
AXISEM makes it principally trivial to compute time-

dependent sensitivity kernels as a comprehensive basis for
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ods (with local basis functions) such as SPECFEM (3-D
Earth models at intermediate frequencies), and asymptotic
ray theory (high-frequency regime with potentially complex
wavespeeds). As with any method, the realm of validity for
AXiSEM is limited, approximative and blurred, and any ap-
plication must be undertaken with caution despite the excel-
lent and robust validation shown here and with the actual
code available fromhttp://www.axisem.info This parame-

ter space promises a diverse range of applications that were
previously inconvenient, inexact, or unattainable due to lim-
ited computational resources or methodologies. Specifically,
the main factor attributed to its efficiency in a 2-D compu-
tational domain is the availability of space—time wavefields
for axisymmetric, viscoelastic anisotropic media and realis-
Figure 17. A sensitivity kernel computed with wavefields from tic earthquake sources.

AXISEM, time-integrated (time window: 20s) over the arrival of ~ We have touched upon a few key applications, far and
the directP wave at 90 distance for a dominant period of 10s. away from explaining or validating each one of them. Rather,
This denotes the “region of influence” in which this particular time the purpose of this paper is to present a new open-source
window .in the seismogram may “see” the compressional StrUCturemethodology and scan its usability specifically in those di-
that de\{lates from the background model. Such kerpe_ls gre n_ot _°n|¥ections that we deem most benefitting from this modeling
the basis for waveform tomography, but may also aid in identifying v, | petails on specific applications and implementation are
obscure arrivals in the seismogram. found in other publications to be submitted, and the state of
reliable features in the code should always be consulted in its

Time-dependent sensitivity (i.e., without integrating over concurrent manual. ,
the time window) is useful not only as a basis for tomogra- All limitations of the methodology are by construction re-

phy, but also in a forensic sense for detecting faint signals ofat€d to the existence of the symmetry axis, which mainly
sensitivity due to a given region or structure. Note that thetrf":fm":ilat(':'S into ngglectlndg ]Erue 3-D medclia (eflf-ec.ts suchhas 3-D
(separate) calculation of sensitivity kernels is not part of the®f-Plane scattering and focusing) and realistic Earth rota-

AXISEM release, but will be added in the future as a separatéion' All other limitations (lack of ocean layer, gravity and
package.

topography) mentioned here or in the code reflect the current
stage of the algorithm, but pose no fundamental restriction.

6 Conclusions 6.1 Future additions

This paper presents a mature method and implementation
for global seismic wave propagation across the seismic freCurrent and future extensions of the presented methodol-
quency spectrum. It describes crucial extensions with re-ogy include low-frequency effects like gravitatio€H{aljub
spect to the initial paperdfssen-Meyer et al2007h 2008 and Valette 2004, internal and external topography, and a
such as the inclusion of anisotropy, attenuation, lateral hetiocal-scale version of the method. Sensitivity kernels upon
erogeneities, finite sources, the basis for sensitivity kernelsAXiISEM also deliver the basis for scattering solutions to
and innovative visualization. The method is, to our knowl- wave propagation, which may then allow for considering
edge, the first time-domain local numerical method successmild effects of 3-D (Born) scattering, which can be applied
fully benchmarked against independent solutions across th& both 3-D volumetric and boundary topography. AXiSEM-
entire frequency band recorded in global seismology, andyenerated wavefields may also be injected into a small 3-
exhibits excellent scaling in large multi-core systems. TheD box of local 3-D heterogeneities in a hybrid sen¥eng
code offers a diverse range of realistic applications in for-et al, 2014). This will allow for the consideration of teleseis-
ward and inverse modeling and showcases promising commic wavefields to travel locally through 3-D heterogeneities
parisons with recorded data. The moderate computationalMasson et aJ.2013, for instance beneath a dense seismic
cost allows for reaching any desirable frequency with mod-array above a tectonically active region such as USArray in
erate resources and storage of full space-time wavefieldhe western USA or the Pyrenedddnteiller et al, 2012). It
for sensitivity kernels. may furthermore be useful to attempt a cost—accuracy bene-
The presented methodology is most accurate, efficient andit analysis across various wave-propagation codes that cover
useful in parameter regimes that are quite complementary t@a sensible overlapping parameter space. This is a non-trivial
well-established, mature methods such as normal-mode suntask, as efficiency depends highly on the actual problem at
mation (low-frequency seismology), 3-D numerical meth- hand (frequency range, distance range, number of sources,
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number of receivers, multi-scale models, source complexityBozdag, E., Trampert, J., and Tromp, J.: Misfit functions for full
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