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Abstract. We present a new method and implementation (In-
staseis) to store global Green’s functions in a database which
allows for near-instantaneous (on the order of milliseconds)
extraction of arbitrary seismograms. Using the axisymmetric
spectral element method (AXiSEM), the generation of these
databases, based on reciprocity of the Green’s functions, is
very efficient and is approximately half as expensive as a
single AXiSEM forward run. Thus, this enables the compu-
tation of full databases at half the cost of the computation of
seismograms for a single source in the previous scheme and
allows to compute databases at the highest frequencies glob-
ally observed. By storing the basis coefficients of the numer-
ical scheme (Lagrange polynomials), the Green’s functions
are 4th order accurate in space and the spatial discretization
respects discontinuities in the velocity model exactly. High-
order temporal interpolation using Lanczos resampling al-
lows to retrieve seismograms at any sampling rate. AXiSEM
is easily adaptable to arbitrary spherically symmetric models
of Earth as well as other planets. In this paper, we present the
basic rationale and details of the method as well as bench-
marks and illustrate a variety of applications. The code is
open source and available with extensive documentation at
Www.instaseis.net.

1 Introduction

Despite the exponential growth of computational power and
substantial progress of 3-D numerical methods for seis-
mic wave propagation in the last 15 years (lgel et al.,

2000; Komatitsch and Tromp, 2002a; Tromp, 2007; Tromp
et al., 2010), the simulation of the highest frequencies ob-
served in seismic waves on the global scale remains a high-
performance computing challenge and is not yet done rou-
tinely. This is why many seismologists still rely on approxi-
mate methods to compute and analyze high-frequency body
waves such as ray-theoretical travel times (e.g. the TauP-
toolkit described in Crotwell et al., 1999), WKBJ synthet-
ics (Chapman, 1978), the reflectivity method (Fuchs and
Miiller, 1971) or the frequency—wave number integration
method (Kikuchi and Kanamori, 1982). More recently, sev-
eral methods that include the full physics in solving the seis-
mic wave equation while reaching the highest observable fre-
quencies by assuming spherically symmetric models have
become available, see Fig. 1 for an example. These methods
include the direct solution method (DSM, Geller and Ohmi-
nato, 1994; Kawai et al., 2006), the frequency domain inte-
gration method (GEMINI, Friederich and Dalkolmo, 1995)
and a generalization of it including self gravitation (Yspec,
Al-Attar and Woodhouse, 2008).

As detailed by Nissen-Meyer et al. (2007b), the main
drawback of these methods when applied to computing wave
fields rather than single seismograms, is their scaling propor-
tional to the number of points in space where the wave field
is sampled. This motivated the development of a direct time-
domain approach, where the displacement as a function of
space and time is a natural field variable and only needs to be
written to disk (Nissen-Meyer et al., 20074, b, 2008). The im-
plementation of this axisymmetric spectral element method
AXxIiSEM was recently extended to include anisotropy and at-
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Figure 1. Global stack of 1 h of seismograms accurate to a shortest period of 2s for an earthquake in 27 km depth computed with Instaseis.
The displacement is color-coded analogous to the IRIS global stack (Astiz et al., 1996), i.e. red: transversal component, green: radial compo-
nent, blue: vertical component. An automatic gain control (AGC) with a window of 100 s length is used to balance large amplitude variations
between the various phases. Note that creating this plot does not require to define the source depth at the time of database calculation. A
high-resolution version of this plot and one for 5 h long seismograms is added as an electronic supplement.

tenuation (van Driel and Nissen-Meyer, 2014a, b), published
under public license (Nissen-Meyer et al., 2014) and is avail-
able at www.axisem.info.

As computing full global waveforms especially at higher
frequencies requires substantial computational resources,
several initiatives serve to deliver waveforms by means
of databases without having to run a full numerical
solver. The ShakeMovie project (http://global.shakemovie.
princeton.edu) provides synthetics for earthquakes from the
CMT (Global Centroid-Moment-Tensor) catalogue (www.
globalcmt.org) recorded at permanent Global Seismic Net-
work (GSN) and International Federation of Digital Seis-
mograph Networks (FDSN) stations in 1-D and 3-D veloc-
ity models (Tromp et al., 2010). The Pyrocko toolbox (http:
/femolch.github.io/pyrocko) provides a Python interface to
generate and access Green’s function databases, which for
the global case are based on GEMINI, several databases are
offered for download.

In this paper we present a method that uses AXiSEM to
generate global Green’s function databases and provides a
Python interface for convenient extraction of seismograms.
The advantage over ShakeMovie synthetics are the pos-
sible higher frequencies and arbitrary source and receiver
combinations independent of catalogues and real stations.
Compared to Pyrocko with GEMINI synthetics, AXiSEM
is more efficient in generating the databases, allowing to
routinely compute them for a large number of different
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background models or specialized applications (e.g. limited
depth/distance ranges). Also, by using the Lagrangian poly-
nomials in the SEM (spectral element method) mesh as basis
functions, it achieves higher spatial accuracy.

This paper is structured as follows. In Sect. 2 we present
the technical aspects and argue for the choices made in the
spatial and temporal discretization. Section 3 gives a short
overview of the Python interface. In Sect. 4 we show the per-
formance with respect to accuracy, speed and disk space re-
quirements for the databases. Finally, we depict a variety of
applications in Sect. 5.

2 Methods
2.1 Computing Green’s functions with AXiSEM

AXISEM was designed from the beginning with the appli-
cation of computing global wave fields rather then single
seismograms in mind (Nissen-Meyer et al., 2007b). This be-
comes apparent in the following main advantages in this ap-
plication: it uses a 2-D discretization (Fig. 2), with an ana-
Iytical decomposition of the 3-D wave field into several 2-
D wave fields. For moment tensor sources, four 2-D wave
fields are needed, for force sources, two. As it is a time do-
main method, the displacement field in space-time is a natu-
ral field variable of the numerical scheme and simply needs
to be written to disk without any extra computational cost

www.solid-earth.net/6/701/2015/
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Figure 2. The 3-D wave field is decomposed analytically into
monopole, dipole and quadrupole radiation patterns (left) and the
remaining 2-D problem is solved on a D-shaped domain (right) us-
ing the spectral element method. While the forward databases re-
quire a total of four 2-D computations, it is only two for the back-
ward databases using reciprocity of the Green’s function: one for
the vertical and one for the horizontal components (modified from
Nissen-Meyer et al., 2014).

when larger regions of Earth are included in the database.
AXISEM uses a spectral element scheme for spatial dis-
cretization which lends itself well to parallelization on High
Performance Computing (HPC) systems. As it is based on the
weak formulation of the wave equation, it naturally includes
the free surface boundary condition and allows for highly ac-
curate modeling of surface waves.

Nissen-Meyer et al. (2014) argued against using collec-
tive parallel 1/0 since the availability of the NetCDF li-
braries (Rew and Davis, 1990) was not granted on all su-
percomputers. For that reason, we implemented a round
robin 1/0 scheme, which remains advantageous when run-
ning AxiSEM on less than about 100 cores in parallel and
to avoid installation problems on systems where NetCDF is
not available as a pre-compiled package. On supercomputers
however, the situation has since improved and NetCDF com-
piled with parallel support seems now to be widespread. For
this reason, we implemented a collective parallel 1/0 scheme
that performs well, even when running on more than 1000
cores, see Table 1. In this scheme, all processes that have to
write data to disk communicate via the message passing in-
terface (MPI) and then write collectively at the same time to
the parallel file system. This way we achieved throughputs of
up to 4GB s~ on SuperMUC.
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Figure 3. Lagrangian basis polynomials ,, (¢) of fourth order in one
dimension. At the collocation points, all but one are zero, such that
the value of the interpolated function at this point coincides with the
coefficient in this basis expansion.

2.2 Forward and backward databases

Instaseis has the capability of dealing with forward wave
fields, i.e. the waves are propagated from a moment-tensor
point source at fixed depth (i.e. receivers exist throughout
the medium), as well as backward or reciprocal wave fields,
where the wave fields are propagated from a single-force
point source at fixed depth and recorded throughout the
medium (i.e. sources exist throughout the medium).
Potential applications of forward databases are the gen-
eration of 3-D wave-propagation movies (Holtzman et al.,
2013), the computation of incoming teleseismic waves in 1-
D/3-D hybrid methods (e.g. Monteiller et al., 2012; Masson
et al., 2013) or the forward field in the computation of sen-
sitivity kernels (Nissen-Meyer et al., 2007a) for seismic to-
mography. To generate a forward database, a total of four
runs with AXiSEM are needed (Nissen-Meyer et al., 2007b).
In contrast, reciprocal databases utilize the reciprocity of
the Green’s functions, and are useful in all cases where the
receivers are at fixed depth, thus for instance mimicking
earthquake catalogues recorded at stations along the surface.
The source can be located anywhere in the region where the
Green’s functions are recorded in the simulation, thus allow-
ing for unlimited choices in the source—receiver geometry.
To generate a reciprocal database, a total of two runs with
AXIiSEM are needed, one for the vertical component and one
for both horizontal components of the seismogram (Nissen-
Meyer et al., 2007b). It is also possible to compute a database
for the vertical component seismograms only, which is then a
factor of 3 faster and uses only about 40 % of the disk space.

2.3 The spatial scheme

For the spatial discretization we choose to keep the same ba-
sis as used in AXiSEM. The displacement u within each ele-
ment is expanded in terms of Lagrangian polynomials /; (see
Fig. 3) of order N defined on the integration points of the
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Figure 4. Lagrange interpolation points inside an element (gray)
and its neighbors. Coordinates & and  are the reference coordinates
of the gray element. Points on the edges (black squares) are shared
between neighbors and function values at these points need to be
stored only once if the function is continuous (e.g. displacement).
The number of global degrees of freedom per element of such func-
tions is thus approximately 16 compared to 25 for discontinuous
functions (e.g. strain).

spectral element scheme (see Fig. 4):

N
w0 = > uijOLELm): (1)

ij=0

& and n are the reference coordinates of the element and N
typically has a value of 4. This approach has several advan-
tages.

— The wave field is represented by polynomials, typically
of degree 4; interpolation is hence of 4th order accuracy.

— The basis is local and only few coefficients are needed
to represent the wave field inside an element (typically
25), in contrast to e.g. global basis functions such as
spherical harmonics.

— Discontinuities in the model that cause discontinuities
in the strain Green’s functions are respected by the
mesh.

— The strain tensor (representing the moment tensor in the
reciprocal case) can be computed on the fly from the
stored displacements at high accuracy. This reduces the
storage by a factor of 2 as the displacement has 3 de-
grees of freedom, compared to 6 for the strain.

— Since the displacement is continuous also at model
discontinuities and element boundaries, it needs to be
stored only once at all Gauss—Lobatto—Legendre (GLL)
points that belong to multiple elements, reducing the
storage by another factor of 16/25 = 0.64 (see Fig. 4).
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Figure 5. Snapshot of one component of the Green’s tensor (G )
as represented in the SEM basis for a shortest period of 50s. Discon-
tinuities such as caused by the crustal layers are exactly represented
and the wave field is smooth across doubling layers of the mesh.

— Storing the displacement allows to use force sources as
well without any extra computation or storage require-
ments.

Figure 5 visualizes the spatial representation for a long pe-
riod mesh (50s) for the Rayleigh wave train and the G, ,
component of the strain Green’s tensor: the strain is smooth
also across the doubling layer of the mesh where the back-
ground model (ak135f, Montagner and Kennett, 1996) is
smooth as well. Still, the discontinuities of the model and
hence the strain are explicitly represented by this discretiza-
tion and the resolution of the mesh is adapted to the local
wavelength, as for instance in the crust. Figure 6 shows an
example for 2 s shortest period and compares the SEM dis-
cretization to regular depth sampling. In the regular sampling
case with nearest neighbor interpolation, the phase and enve-
lope errors can be quite large, especially close to the model
discontinuities (up to 80% envelope misfit and 4% phase
misfit as defined by Kristekova et al., 2009) and for very
shallow sources (up to 40 % envelope misfit and 14 % phase
misfit).

2.3.1 Finite element mapping

One performance-critical step in the spatial scheme is to find
the reference coordinates (&, ) inside the spectral element
that includes a point given in global coordinates (s, z). While

www.solid-earth.net/6/701/2015/
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Figure 6. One component of the strain Green’s tensor (G,,) for a
distance of 30° as a function of time and depth with a shortest period
of 2s. (@) SEM basis vs. (b) regular sampling with 1 km distance
and (c) phase and envelope misfits (EM and PM in the legend, see
Kristekova et al., 2009) caused by the regular sampling computed
in the period range 1-20s. Dashed lines in the left panel sketch the
spectral elements. The crustal discontinuities of ak135f (Montagner
and Kennett, 1996) are indicated by solid lines and lead to disconti-
nuities in G, which are exactly represented in the SEM basis.

the opposite mapping is trivial because this is how the ele-
ments of the SEM are defined (Nissen-Meyer et al., 20073,
Appendix Al), it cannot be generally inverted easily. Hua
(1990) presents an analytical inverse solution for quadrilat-
eral elements, which is quite involved and not easy to gener-
alize for the semicircular elements used in AXiSEM.

We follow a two-step approach to finding the reference
coordinates. First, we find the six closest element midpoints
to limit the search to a small number of candidate elements
in which the point could be. The number six is specific to
the AXiSEM mesh, where each corner point can belong to a
maximum of six elements in the doubling layers, see Fig. 7.
This step can be seen as approximating the AXiSEM mesh
with Voronoi cells. For most points, the closest midpoint will
already indicate the correct element, in the worst case the
second step has to be performed for all six candidates.

www.solid-earth.net/6/701/2015/
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Figure 7. Voronoi approximation (colored) of the AXiISEM mesh
(black lines) using the midpoints of the elements (red circles) only,
zoomed onto a doubling layer for a 50 s mesh. For most elements,
the Voronoi cell coincides almost exactly with the AXiISEM element,
note that most of the AXiSEM elements have edges of concentric
circles while the edges of the Voronoi cells are all straight lines. In
the worst case, six AXiSEM elements have to be tested whether a
point is inside or not.

In a second step, the reference coordinates (&, n) of the
given point (sp, zp) are computed for the six candidate el-
ements sorted by the distance of the midpoints. If both &
and n are in the interval [—1, 1], the element is found.
The coordinates (&, n) are computed using an iterative gra-
dient scheme adopted from SPECFEM3D (Komatitsch and
Tromp, 2002b). Starting from the midpoint of the candidate
element, updated values are found by linear approximation
of the inverse mapping:

&1 _ (& -1 . sp—5(n, nn))
(nn+l) N (nn) + T G ) (Zp =z, m) )’ @)
with the Jacobian matrix defined as

_ [Oes Oys

and the mapping s(¢,7) and z(&,n) depending on the ele-
ment type as defined in Nissen-Meyer et al. (2007b). In the
AXIiSEM mesh, this iteration converges to numerical accu-
racy within less than 10 iterations and is not performance
critical for Instaseis as it is only used on the few candidate
elements. Also, this two-step approach requires only the mid-
points of all elements in the mesh to be read from file on ini-
tialization and can be implemented efficiently using the kd-
tree provided by the SciPy package (http://www.scipy.org/).

2.4  The temporal scheme

The design of the temporal scheme is guided by a number of
constraints on the spectrum of the source time function: the

Solid Earth, 6, 701-717, 2015
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Figure 8. Lanczos kernels used for resampling. For large values of the parameter «, it converges towards the sinc function, which is the
kernel that allows exact reconstruction for bandlimited signals as stated in the Nyquist sampling theorem (Nyquist, 1928).
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Figure 9. Resampling using a Lanczos kernel witha = 12 ofaP ar-
rival velocity seismogram convolved with the source time function
from Fig. 11 recorded at 40° distance, and the resampling error mul-
tiplied by a factor of 100. The relative error is on the order of 0.05 %
of RMS, see Fig. 10.
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Figure 10. RMS error of the resampling using the first 1800 s of the
seismogram from Fig. 9. Convergence is reached around a = 20. It
does not converge to zero because some high-frequency energy was
neglected in the downsampling, see Fig. 11.

spectrum should decay steep enough above the highest fre-
quency resolved by the mesh, such that the least number of
samples according to the Nyquist criterion can be used with-
out introducing aliasing. On the other hand, it should not de-
cay too steeply, such that it is still possible to deconvolve and
convolve with another source time function. Additionally, the
spectrum should be as flat as possible within the usable fre-
quency range as well as “earthquake-like” without the ne-
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Figure 11. Normalized amplitude spectra of the Gaussian source
time function (slip rate) used at 2 s mesh period and a vertical com-
ponent synthetic seismogram recorded at 40° epicentral distance.
The vertical lines denote the resolution of the mesh and the Nyquist
frequency of the downsampling using four samples per mesh pe-
riod.

cessity of deconvolution when extracting a seismogram from
the database. An actual delta function as would be required
for true Green’s functions cannot be represented in a discrete
approximation as it is not bandlimited.

We found a Gaussian source time function with o = /3.5
to fulfill these requirements, where t is the shortest period re-
solved by the mesh. Figure 11 shows the amplitude spectra of
this source time function as well as a corresponding velocity
seismogram at a distance of 40°. The two spectra have a very
similar general shape and decay to 10~ of the maximum at
half the shortest period. This motivates that sampling with
four samples per period will not introduce aliasing artifacts.

It is desirable to retrieve seismograms from the database
with arbitrary time steps, which requires interpolation or
resampling. Popular time domain schemes such as inter-
polation by low-order polynomials or splines do not work
well close to the Nyquist frequency. On the other hand,
frequency domain resampling by zero-padding the discrete
Fourier transform of the signal can only resample to rational
multiples of the original sampling interval. Finally, the kernel
from the theoretically exact reconstruction according to the
Nyquist-Shannon sampling theorem (i.e. the sinc function)
has infinite support which renders it impractical as well (see

www.solid-earth.net/6/701/2015/
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>>> import instaseis
>>> db = instaseis.open_db("./AK135")
>>> receiver = instaseis.Receiver(network="BW", station="ZUGS",
latitude=47.416, longitude=10.979)
>>> source = instaseis.Source(
latitude=89.91, longitude=0.0, depth_in_m=12000,
m_rr = 4.71e+17, m_tt = 3.81e+15, m_pp =-4.74e+17,
m_rt = 3.99e+16, m_rp =-8.05e+16, m_tp =-1.23e+17)
>>> st = db.get_seismograms(source=source, receiver=receiver
>>> print(st)
3 Trace(s) in Stream:
BW.ZUGS..LXZ | 1970-01-01T00:00:00.00Z - ... | 2.1 Hz, 7746 samples
BW.ZUGS..LXN | 1970-01-01T00:00:00.00Z — ... | 2.1 Hz, 7746 samples
BW.ZUGS..LXE | 1970-01-01T00:00:00.00Z — ... | 2.1 Hz, 7746 samples

Figure 12. The Instaseis Python APl demonstrated in a short in-
teractive Python session. A Source and a Receiver object are
created and then passed to the get_seismograms() method of
an InstaseisDB object. This will extract the Green’s functions
from the databases and perform all necessary subsequent steps re-
sulting in directly usable three-component seismograms in form of
an ObsPy Stream object. Please refer to the Instaseis documenta-
tion for details.

Burger and Burge, 2009, Sect. 10.3 for an extended introduc-
tion to interpolation).

Therefore, we adopt the Lanczos resampling scheme,
which is popular in image processing, and an approximation
to the sinc-resampling with finite support. The Lanczos ker-
nel is defined as the sinc function multiplied by the Lanczos
window function (Burger and Burge, 2009):

{sinc(t)sinc(t/a)
0

ifre[—a,al

L) =
else,,

(4)
where a is a parameter to control the number of samples to
be used in the interpolation and the sinc function is defined
as

sinc(¢) = Sin::t) . (5)

Interpolation is then performed by convolving the discrete
signal s; with this kernel and evaluating it at the new time
samples ¢; (Burger and Burge, 2009):

Ltj/At]+a

> siL(t/Ar—i), (6)

i=|tj/At|—a+1

S(l‘j)=

where | -] denotes the floor function and At the sampling in-
terval of the original signal. Figure 8 shows the Lanczos ker-
nel for different values of a, Fig. 9 shows a practical example
of resampling a seismogram. In Fig. 10 we test a number of
values for a for the first 1800s of the same seismogram and
we find a = 12 to be a reasonable compromise between cost
(using 25 samples in the interpolation) and accuracy (RMS
error of 0.03 %).

3 Python API

Instaseis is implemented as a library for the Python program-
ming language with some performance critical parts written

www.solid-earth.net/6/701/2015/

in Fortran. Furthermore it directly integrates with the ObsPy
package (Megies et al., 2011; Beyreuther et al., 2010) and
utilizes the Python bindings to NetCDF 4 (Rew and Davis,
1990). This enables it to take advantage of the strong scien-
tific Python ecosystem built on top of the SciPy Stack (http:
/lwww.scipy.org/). Reasons for choosing Python include its
growing popularity in the sciences and it being easy to learn
and use while still sufficiently powerful for complex scenar-
ios. Python is open-source and particularly well suited for big
data applications and the integration with web services and
databases which suits the potential uses for Instaseis.

Figure 12 shows how to use the Python API in
the most simple case. Instaseis provides an object-
oriented interface: in addition to the shown Source and
Receiver classes it furthermore provides ForceSource
and FiniteSource objects. These can also be created by
providing data in most commonly used file formats like Sta-
tionXML, QuakeML, and Standard Rupture Format. Please
refer to the Instaseis documentation for further details (www.
instaseis.net). Combining and integrating these features en-
ables the construction of modern and clean workflows to
solve new problems. A big advantage of this approach is
that no temporary files need to be created and the synthetic
seismograms can be extracted from the databases on demand
when and where they are needed.

The Python API furthermore implements a client/server
approach for remote Instaseis database access over HTTP.
This enables organizations to host high-frequency databases
and serve them to users over the internet. This eliminates the
need and upfront cost to calculate, store, and distribute Insta-
seis databases for most users while still offering enough per-
formance for many use cases. The Python interface is data-
source independent: from a usage perspective it does not mat-
ter if the databases are available locally or via the internet.

Instaseis is developed with a test-driven approach utilizing
continuous integration, i.e. every change in the code is au-
tomatically tested for a number of different python version
once committed to the repository. It is well documented, has
a high test coverage, and we intend to maintain it for the next
couple of years providing a solid foundation for future ap-
plications built on top of it. It is licensed under the Lesser
GNU General Public License v3.0, the source code and issue
tracker are hosted on GitHub.

4 Benchmarks
4.1 Accuracy

As we already provided some rigorous validation compar-
ing AXiISEM synthetics to a reference solution (Yspec Al-
Attar and Woodhouse, 2008) in van Driel and Nissen-Meyer
(20144, b), the purpose of this section is only to confirm that
using the new scheme with reciprocal computations, spatial
interpolation and temporal resampling does not decrease ac-
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Figure 13. Comparison of vertical displacement seismograms (bandpass filtered from 50 to 2 s period) for a moment magnitude My =5.0
event in 126 km depth under the Tonga Islands, computed with Instaseis, AXiSEM and Yspec in the anisotropic PREM model without ocean
but including attenuation. The traces are recorded at the GSN stations indicated in the map. The zoom windows are depicted with gray
rectangles in the record section and the time scale is relative to the ray-theoretical arrival. EM and PM (Kristekova et al., 2009) denote the
envelope and phase misfit between Instaseis and Yspec traces in the corresponding time window.
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Figure 14. Storage requirements of the reciprocal databases for
PREM after zip compression for all three components and several
parameter sets (maximum source depth, components, seismogram
length and epicentral distance range). Dashed lines are fitted func-
tions g(f) = a f27, where each point was weighted with the fre-
quency f to ensure better fitting at the higher frequencies. The ex-
ponent is slightly smaller than the expected 3 because the zip com-
pression is more efficient for longer time traces. At long periods,
element sizes are governed by the layer thickness rather than the
wavelength, resulting in the discrepancy from the power law at long
periods.

curacy. Figure 13 shows a record section and some details
for Instaseis, AXISEM and Y'spec seismograms computed in
the anisotropic, visco-elastic PREM model for an event at
126 km depth beneath Tonga bandpass filtered to 50-2 s pe-
riod.

While this figure is similar and the AXiSEM and Yspec ref-
erence data actually the same as presented in van Driel and
Nissen-Meyer (2014b, Fig. 11), it is important to note that
they were generated in very different ways: here we com-
puted a whole Green’s function database for all epicentral
distances and down to 700 km source depth and changing
source or receivers would cost a few milliseconds only. In
our previous approach, this would have required a full new
AXxiSEM simulation on the order of 10 K CPU hours compu-
tational cost. Also, in contrast to van Driel and Nissen-Meyer
(2014b), we used default mesh parameters for 2 s period and
time step close to the stability limit of the 4th order symplec-
tic time scheme (Nissen-Meyer et al., 2008). Still, the phase
misfit (Kristekova et al., 2009) is well below 1% in all zoom
windows and the maximum of the envelope misfit is 2 % for
the PPP phase on station ALE.

The fact that these traces are virtually indistinguishable
for such a demanding setup of wave propagation over 800
wavelengths (waves at 2s period traveling for 1600s) veri-
fies that the entire workflow of computing and querying the
database are correctly implemented. In particular, numerical
reciprocity (i.e. the different force and moment sources), on-
the-fly calculation of the strain tensor as well as temporal
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Table 1. I/O performance for a typical setup of AXiSEM on Super-
MUC. The simulation parameters were as follows: 2's shortest pe-
riod, 3600s simulation length, model: ak135f, vertical component,
maximum source depth 700 km. The resulting uncompressed wave
field file has a size of 675 GB. The 1/O throughput is not affected
much by the number of CPUs involved. The throughput between
different runs varies, which is probably caused by the changing 1/0
load on the system.

#CPUs Runtime 1/Otime Throughput rel. I/O time
4624 1091s 196s 3.44GBs™! 18.0%
2304 1802s  281s 240GBs™1 15.6%
1152 2359s  167s 4.04GBs~1 7.0%

576 4482s 193s 3.50GBs™ ! 4.3%
I I I
10° .\ =—a Earth, symplectic|.
0 [ NG \| .
5 v ~ & -A Earth, Newmark
2 1o¢ N \L\ =—a Mars, symplectic
z AR < ¥ -v Mars, N k |
§ NN \\\“\ ars, Newmar
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Figure 15. Computational cost in CPU hours (measured on Monte
Rosa: a Cray XE®6 for Earth and Piz Daint, a Cray XC30 for Mars)
to generate full Instaseis databases with 1h long seismograms for
two time schemes: 2nd order Newmark and 4th order symplectic.

and spatial sampling have no significant adverse effect on
accuracy, i.e. any remaining errors vanish within numerical
accuracy of the forward solver AXiSEM.

4.2 Database size

One major constraint for computing a database beside the
CPU cost is the permanent storage requirement. Here, we
summarize the most important parameters and the related
scaling of the required disk space. The amount of data scales
with the third power of the highest frequency resolved by
the mesh, but zip compression is slightly more efficient for
longer traces, resulting in an empirical exponent of 2.7, see
Fig. 14. Scaling with the length of the seismograms is slightly
stronger than linear, again because the compression is more
efficient on the zeros before the first P arrival. Scaling with
depth and epicentral distance range is linear, where the pref-
actor for depth scaling is halved at each doubling layer of the
mesh. The reciprocal databases for vertical (40 %) and hori-
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zontal (60 %) components are computed and therefore usable
independently.

Several examples are shown in Fig. 14: for Earth, a com-
plete reciprocal database including all three components, all
epicentral distances and sources down to 700 km and 1 h of
seismogram length accurate down to 2 s period, is about 1 TB
in size. Calculating such a database once and storing it on a
central server will give any user arbitrary and immediate ac-
cess to short-period synthetic seismograms without any fur-
ther cost. More specialized databases are possible: for exam-
ple to study inner core phases for shallow events in an epi-
central distance from 140 to 160°, 200 GB storage suffices to
store a database with a frequency of 2 Hz.

4.3 Performance

To evaluate the overall performance of Instaseis, two dis-
tinct parts have to be analyzed: first, the databases have to be
generated with AXiSEM. Though very efficient, the database
generation at short periods is a high-performance computing
task. However, AXiSEM scales well on up to 10000 cores
such that global wave fields can be computed at the high-
est frequencies within hours on a supercomputer. Detailed
performance and scaling tests of AXiSEM can be found in
Nissen-Meyer et al. (2014), here we just show the total CPU
time required to compute full databases (i.e. horizontal and
vertical component) for 1 h long seismograms for two differ-
ent time schemes (2nd order Newmark and 4th order sym-
plectic Nissen-Meyer et al., 2008) and two planets (Earth
and Mars) at a variety of resolutions, see Fig. 15. The gen-
eral scaling of AXiSEM is proportional to 73, where T is
the shortest period resolved by the mesh. The slight discrep-
ancy from this power law at longer periods is due to the thin
crustal layers causing a smaller global time step in the simu-
lation. Simulations for Mars are approximately a factor of 5
faster than for Earth, due to the smaller radius.

The performance of the second part, the seismogram ex-
traction, on the other hand is rarely limited by raw comput-
ing power. It scales linearly with increasing frequency of the
databases’ Green’s functions and can easily be accomplished
on a standard laptop. The limiting factor in most cases is the
latency of the storage system, e.g. the time until it starts read-
ing from the database. To alleviate this issue we implement
a buffering strategy on the functions reading data from the
files: the Green’s functions from a whole element of the nu-
merical grid are read once and cached in memory. If data
from the same element is needed again at a later stage it will
already be in memory, thus avoiding repeated disc access.
Once the cache memory limit is reached, the data with the
earliest last access time is deallocated, effectively resulting
in a priority queue sorted by last access time. This optimiza-
tion is very effective for most common use cases as they of-
tentimes require seismograms in a small range of epicentral
distances and depths.
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Instaseis comes with a number of integrated benchmarks
to judge its performance for a certain database on a given
system. The benchmarks emulate the computational require-
ments and data access patterns of some typical use cases like
finite source simulations and source parameter inversions. Fi-
nite sources within the benchmarks are simulated by calcu-
lating waveforms for moment tensor sources on an imagi-
nary fault plane along the equator ranging from the surface
to a depth of 25km. One source is calculated for each kilo-
meter in depth until the bottom of the fault is reached. This
is repeated each kilometer along the fault’s surface trajectory
until the benchmark terminates. A source parameter inver-
sion is simulated by calculating seismograms from moment
tensor sources randomly scattered within 50 km distance to
a fixed point. Results for four runs are shown in Fig. 16. As
is the case with all benchmarks they have to be interpreted
carefully, nonetheless they demonstrate the behavior and per-
formance characteristics of Instaseis on real machines.

5 Applications

In this section we depict several possible use cases of Insta-
seis. This list is not exhaustive and deliberately unconnected
to provide a broad overview.

5.1 Graphical user interface

To prominently highlight the features and nearly instanta-
neous seismogram extraction for arbitrary source and re-
ceiver combinations of Instaseis, we developed a cross-
platform graphical user interface (GUI), shown in Fig. 17.
It ships with the standard Instaseis package and is written in
PyQt, a Python wrapper for the Qt toolkit.

Most evidently, this may be used for visual inspection and
verification of any given AXiSEM Green’s function database.
Instaseis’ performance permits an immediate visual feed-
back to changing parameters. This also delivers quantita-
tive insight for an intuitive understanding of the features
and parameter sensitivities of seismograms. Examples of this
are the polarity flips of first arrivals when crossing a mo-
ment tensor’s nodal planes, the triplication of phases for
shallow sources, the Hilbert transformed shape of reflected
phases and the relative amplitude of surface waves (espe-
cially overtones) depending on the earthquake depth. Fur-
thermore, the GUI allows the calculation of seismograms
from finite sources and the exploration of waveform differ-
ences in comparison to best-fitting point sources.

5.2 IRIS web-interface

To enable usage of Instaseis seismograms to a broader com-
munity, we aim to remove all hurdles of computing and
storing large databases locally. To this end, and in collab-
oration with IRIS, we plan to establish a web interface to
the Instaseis databases. In contrast to the ShakeMovie ap-
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Figure 16. Results of benchmarks for four typical use cases run on different hardware with a variety of shortest periods. The graphs show the
inverse time for the calculation of the ith three-component seismogram. Each run calculated 1000 three-component seismograms, is repeated
10 times with the same random seed, the top and bottom values are discarded, and the mean of the remaining eight values is plotted. The CPU
and 1/0 bound scenarios illustrate the speed with a fully efficient and a deactivated cache, respectively. The two bottom scenarios emulate
real use cases, see the main text for details. Amongst other things they show the consequence of a too small cache in the source inversion

scenario for the 2's run and the efficiency of the buffer in the finite source scenario for the same database.
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Figure 17. Screenshot of the Instaseis graphical user interface (GUI). Aside from quickly exploring the characteristics of a given Green’s
function database it is a great tool for understanding and teaching many features of seismograms. The speed of Instaseis enables an immediate
visual response to changing source and receiver parameters. The left-hand side shows three-component seismograms where theoretical arrival
times of various seismic phases are overlaid as vertical lines. The bar at the top is used to change filter and resampling settings and the section

on the right side is used to modify source and receiver parameters.
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Figure 18. Computational cost to compute many synthetic seismo-
grams for finite-frequency tomography with a shortest period of 2s
using different methods. For Yspec we assume that for every source
there are 1000 receivers with 3 components each. The shaded re-
gions for Instaseis indicate the dependence of the performance on
the actual source receiver distribution, compare Fig. 16. Including
the cost to generate the database with AxiSEM, Instaseis breaks
even with Yspec for 14 000 waveforms, which is equivalent to about
5 sources in this configuration.

proach (Tromp et al., 2010), this interface will be able to
handle arbitrary sources and receivers independent from cat-
alogue data or other parameter limitations. The interface and
databases will be described and benchmarked in detail in a
separate publication, the status of this project can be viewed
on http://ds.iris.edu/ds/products/ondemandsynthetics.

5.3 Finite-frequency tomography

In finite-frequency tomography (e.g. Nolet, 2008) informa-
tion is extracted from recorded seismograms by matched fil-
ters in multiple frequency bands (Sigloch and Nolet, 2006;
Colombi et al., 2014). A matched filter correlates a predicted
signal with the measured signal to detect the predicted sig-
nal in the presence of noise. In the case of seismic tomog-
raphy, a synthetic seismogram is necessary, which is usually
created by convolving a Green’s function with an estimated
source-time function. For body waves, short periods down to
1sare commonly used (e.g. Stahler et al., 2012; Hosseini and
Sigloch, 2015). Typical data sets contain thousands of earth-
quakes (e.g. Auer et al., 2014), each recorded at hundreds
of stations, resulting in up to a million waveforms. For each
of these waveforms, a separate Green’s function has to be
calculated, which requires solving the seismic forward prob-
lem at the desired frequencies. For wave propagation meth-
ods that solve the forward problem separately for each event,
computing these reference synthetics presents a formidable
computational challenge, which is why previous studies re-
sorted to approximate solutions like WKBJ (Chapman, 1978)
or the reflectivity method (Fuchs and Miiller, 1971). The full
method implemented in Yspec (Al-Attar and Woodhouse,
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Figure 19. Comparison between observed seismograms (black)
and Instaseis synthetics for the Sumatra earthquake on 30 Septem-
ber 2009 with magnitude My 7.5 at 82 km depth. Vertical axis la-
bels are epicentral distances, horizontal is time relative to the ray-
theoretical arrivals. A Gabor filter with 3.7s central period is ap-
plied to all traces and the synthetics are convolved with an inverted
source time function (Sigloch and Nolet, 2006). The waveforms are
aligned by computing relative time-shifts between data and syn-
thetic seismograms using cross-correlation (similar to actual finite-
frequency tomography).

2008) is about an order of magnitude faster than AxiSEM
in computing seismograms for a single source. However, at
least in the current implementation, the cost scales linearly
with the number of events.

As Instaseis takes advantage of reciprocity of the Green’s
function, we can now build the whole database for all pos-
sible sources with only two runs of AXiSEM: one for the
vertical and one for the horizontal components. Figure 18
compares the computational cost of computing the reference
synthetics down to 2 s period assuming that each event was
recorded at 1000 three-component stations. Ignoring the cost
of computing the database, Instaseis is comparable in perfor-
mance to WKBJ, but actually returns full seismograms in-
cluding all phases, see Fig. 19. In contrast to WKBJ, where
each crustal reverberation has to be defined separately, it au-
tomatically calculates the full crustal response. Also, it ap-
propriately models diffracted phases such as Pdiff and trip-
licated phases from upper mantle discontinuities. If we in-
clude the database generation, Instaseis breaks even in com-
putational cost with Yspec already at about 14000 wave-
forms, i.e. five events with 1000 three-component stations
each. At about 5- 108 waveforms, the cost of extracting the
seismograms from the database becomes dominant over the
database generation. Assuming 2000 seismograms per event,
this is equivalent to 10000 earthquakes, i.e. in the order of
available earthquake catalogues. However, generating seis-
mograms with different source locations or moment-tensor
radiation patterns, which is often necessary in tomography,
does not require a new database generation.
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Figure 20. Stations used in the source inversion validation (SIV)
exercise. Circles mark 30, 60 and 90° epicentral distance. The fi-
nite source is a M 7.8 strike-slip earthquake in southern California
represented by ~ 10° point sources, the beach ball represents the
centroid moment tensor, i.e. the orientation and predominant direc-
tion of slip of the overall fault.

5.4 Probabilistic source inversion

Uncertainties in source parameters have been shown to have
a strong influence on waveform tomography (Valentine and
Woodhouse, 2010). Probabilistic point source inversion es-
timates the uncertainties of source parameters and their cor-
relation. From these, the effect on seismic tomography can
be estimated (Stahler and Sigloch, 2014). It requires the re-
peated calculation of synthetic waveforms for varying mo-
ment tensors, depths and source time functions to calculate
the likelihood and posterior probability density of models in
a Bayesian sense. Changing source time function and mo-
ment tensor is extremely efficient from an Instaseis perspec-
tive, and the limitation to a fixed epicenter means that the 1/0
buffering can be done very efficiently, which is reflected in
the Source Inversion test case in the benchmark (Fig. 13).

From a previous study (Stahler and Sigloch, 2014), we
assume that for an inversion for depth, the moment tensor
and the source time function, a 20-dimensional model space
has to be sampled, which requires to perform roughly 60 000
forward simulations. Using 100 seismic stations and three-
component seismograms, this means that roughly 1.8 -10’
waveforms have to be calculated for one source inversion,
costing on the order of 50-100 CPU hours (Fig. 18).
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5.5 Finite sources

Finite sources can be represented in Instaseis by a cloud
of point sources without limitations on the fault geometry
or source time functions. Each point source needs to be at-
tached with a moment tensor, a slip rate function and a time
shift relative to the origin time. These can for instance be
retrieved from standard rupture format (*.srf) or subfault
format (*.param) files as provided by the USGS for most
events with M > 6.5. As a show case, we computed the seis-
mograms for the source inversion validation (SIV) exercise
#3 (http://equake-rc.info). The source is a M 7.8 strike-slip
earthquake on the San Andreas Fault represented by ~ 10°
point sources, where each source has a different mechanism
and slip rate function. The 52 stations are in 30 to 90° epi-
central distance (see Fig. 20), where the P wave arrival is
supposed to be well separated (compare Fig. 1). Excluding
the cost of generating the database, it cost a total of 12 CPU
hours to compute the 52 1-hour-long three-component seis-
mograms accurate down to 5s.

Figure 21 compares the Instaseis seismograms to P-
phases computed with the frequency—wave number integra-
tion method (fk) by Kikuchi and Kanamori (1982), where
only direct and surface reflected phases where taken into
account. While the first arriving waves agree to certain ex-
tent with Instaseis providing systematically larger ampli-
tudes, there are significant differences for later time win-
dows. These are due to additional phase arrivals within the
time window (especially triplicated PP, compare Fig. 1) and
crustal reverberations not modeled by the fk method. For
events with long rupture durations as in this example (2005s)
this suggests that more accurate waveforms should be bene-
ficial for finite source inversions.

5.6 Insight/Mars

The upcoming NASA-lead Mars Insight mission (Banerdt,
2013), to be launched in March 2016 and scheduled to land
September 2016, will deploy a single station with both a
broad-band and a short-period seismometer on Mars. This
will be the first extra-terrestrial seismic mission since the
Apollo lunar landings (1969-1972) and Mars Viking mis-
sions (1975) with the goal of elucidating the interior structure
of a planet other than Earth. The instrument will record local,
regional, and more distant marsquakes (including meteorite
impacts) and send data back to Earth for analysis.

Our knowledge of the seismic structure of Mars is limited
because of lack of resolution of currently available areophys-
ical data (e.g., Khan and Connolly, 2008) and the limited
sensitivity of the Viking seismometers due to their installa-
tion on board of the lander. For this reason, we will generate
databases of “reference” seismic waveforms for a compre-
hensive collection (order of magnitude 1000) of 1-D Martian
models to be used by modelers and analysts in preparation
for the Insight mission. The models are constructed from cur-
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Figure 21. Seismograms for the SIV benchmark, Z-component aligned on the P arrival band-pass filtered between 5 and 100s period. The
labels denote the station code and epicentral distance. In the frequency—wave number integration (fk, Kikuchi and Kanamori, 1982), only
direct P and the depth phases were included, while Instaseis provides full seismograms, including PP, PcP and other phases. Especially for
the stations in less than 40° distance, the effect is profound, since PP arrives as a triplicated complex wave train only 70-100s after P. Due
to the long source duration, the PP arrival overlaps with the direct P wave train for several stations.

Figure 22. Seismic waves traveling in Mars after a meteorite impact
at its north pole computed with AXiSEM. P-waves are shown in blue
and S-waves and surface waves in red.
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rent areophysical data (mean mass, mean moment of inertia,
tidal Love number, and tidal dissipation) and thermodynamic
modeling methods and summarize our current understanding
of the internal constitution of the planet. AXiSEM and hence
Instaseis can readily be used to propagate waves on Mars, see
Fig. 22, allowing us to build these databases very efficiently.

5.7 Synthetic ambient seismic noise

As mentioned in Sect. 2.3, seismograms generated by force
sources can be extracted from the same reciprocal databases.
This is particularly interesting for studying ambient seismic
noise. By cross-correlating noise recorded at two stations, us-
ing long enough time series and under certain assumptions
(uncorrelated, isotropically distributed white noise sources),
it is possible to retrieve the Green’s function of the medium
between the two stations (e.g. Sanchez-Sesma, 2006; Goué-
dard et al., 2008). However, not all of these assumptions are
met in nature, e.g. the noise sources are not evenly distributed
(Tsai, 2009; Froment et al., 2010; Basini et al., 2013). Also,
the noise sources themselves are not yet well understood, es-
pecially with respect to the generation of Love waves in the
microseismic band (Nishida et al., 2008).

Instaseis provides a basis to quickly generate noise syn-
thetics to study such effects, which we illustrate in Fig. 23.
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Figure 23. Synthetic ambient seismic noise cross correlations computed with Instaseis. Left: 100 000 vertical force sources located in the
oceans and amplitude proportional to the significant wave height from the NOAA WAVEWATCH |1l model on 3 January 2015 (Tolman,
2009). Red crosses indicate the receivers located in Munich and Zurich. Right: cross correlations of 20 days of noise for (top) evenly
distributed noise sources and (bottom) the sources in the map, the traces are normalized to their maximum amplitude.

We computed noise cross correlations, accurate down to a
period of 5s, for a total of 20 days of noise data gener-
ated with 100000 noise sources. The calculation only took
1CPU hour. In the first case, the noise sources consist of
vertical forces with a random source-time function, all have
the same amplitude and are distributed evenly on the globe.
The resulting cross correlation is in good agreement with the
Green’s function, which is obtained by introducing an im-
pulse source at each of the stations in Zurich and Munich.
In the second case, sources are located in the oceans only,
their amplitude proportional to the significant wave height
(Gualtieri et al., 2013). For the two stations located in Zurich
and Munich, the close sources are thus solely located in the
west, which leads to strong asymmetry in the retrieved cor-
relations (Stehly et al., 2006). Instaseis thus enables users to
study noise on the global scale across the microseismic band,
by generating realistic waveforms at negligible cost.

6 Conclusions & Outlook

In this paper we presented a readily available methodology
and code to extract seismograms for spherical earth mod-
els from a Green’s function database. High efficiency in
the generation of databases and very fast extraction (on the
order of milliseconds per seismogram) of highly accurate
seismograms (indistinguishable from conventional forward
solvers) can then replace previously employed approxima-
tions such as WKBJ, reflectivity or frequency—wave number
integration methods that were used for computational rea-
sons in many applications of global seismology. Instaseis is
open source and available with extensive documentation at
Www.instaseis.net.

Future developments include Cartesian local domains with
layered models, which are not yet supported by AXiSEM. As
a large fraction of earthquakes are located below oceans and

www.solid-earth.net/6/701/2015/

receivers on continents, it may be beneficial for body waves
studies to take advantage of the axisymmetric capability of
AXISEM and place the receiver on a circular “island” of con-
tinental crust within a global oceanic crustal model.
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Instaseis, M. van Driel, S. C. Stéhler and T. Nissen-Meyer continu-
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