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Abstract. In recent years, seismic station coverage in polar regions has been increasing steadily, providing new insight into the

deep structure and dynamics of these remote parts of the globe. Numerical seismic wave propagation through polar regions is

complicated by the presence of ice sheets. At periods relevant for regional-scale waveform tomography, the ice acts as a thin

layer that, for an exact solution, needs to be meshed by elements that are small compared to the minimum wavelength. As a5

consequence, computational costs may become prohibitively high.

In this study, we investigate the effects of various simplifications of the mesh using spectral-element simulations of regional

seismic wave propagation, with propagation distances of several hundred kilometres. Our goals are to quantify errors in phase

and amplitude, and to identify simplifications that significantly reduce computational costs while producing numerical errors

that are tolerable given a concrete application, dataset and frequency band. Using the example of western Greenland, we10

specifically consider meshes where 1) the ice sheet is replaced by bedrock, 2) where the ice sheet is removed but bedrock

topography is honored, and 3) where any topography and the ice sheet are ignored.

For periods of 10 s we find that the group velocity of fundamental-mode surface waves can be off by more than 2 % when

the ice sheet topography is ignored (2 and 3). The actual elastic properties of the ice play a comparatively smaller role.

Furthermore, the ice sheet-related traveltime errors diminish with increasing period, whereas the topography-related errors15

are more frequency-independent. This suggests (1) that regional-scale topography with height much less than a wavelength

should be modelled also in ice-free regions, and (2) that computational-costs may be reduced substantially by replacing ice

with bedrock in the simulations, while fully honoring topography.

Amplitude errors in the fundamental-mode surface waves are equivalent to variations in attenuation that easily exceed 100 %,

regardless of the type of simplification. It follows that the ice sheet should be meshed accurately when amplitude information20

is used to infer regional-scale Earth structure.

1 Introduction

Accurate structural models of the Earth are essential for the characterisation of earthquakes, the study of geodynamical pro-

cesses, natural hazard assessment and exploration geophysics. Seismic tomography is used to image the Earth and to recover its

seismically relevant parameters, such as velocities, attenuation, and density. Since the first applications of seismic tomography25
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(e.g. Aki et al., 1977; Dziewonski et al., 1977), images of the Earth have improved greatly, thanks to the increasing volume and

quality of data, but also as a result of methodological innovations. The latter include ray theory for arbitrary anisotropic media

(e.g. Cerveny, 1972; Červenỳ et al., 1977), finite-frequency kernels and tomography (e.g. Yomogida, 1992; Dahlen et al., 2000;

Friederich, 2003; Yoshizawa and Kennett, 2004), ambient noise tomography (e.g. Shapiro and Campillo, 2004; Shapiro et al.,

2005; Sabra et al., 2005), and full-waveform inversion (FWI) (e.g. Igel et al., 1996; Chen et al., 2007; Fichtner et al., 2009;5

Tape et al., 2010).

To accurately image the Earth with FWI it is essential to produce synthetic data in the most accurate way possible with respect

to the investigated wavelengths and computational resources available. In particular, properly accounting for the presence of

topographically irregular ice is key to further progress in tomography for ice covered regions.

In this manuscript we aim to quantify the effect that ice sheets and topography can have on the regional wave field at periods10

down to∼10 s and propagation distances on the order of 1000 km. This is intended to assess the extent to which simplifications

in the forward modelling, such as ignoring topography or replacing ice with bedrock, may be justified in the interest of lower

computational requirements.

1.1 Numerical modeling of wave propagation

Accounting for the presence of ice and topography requires numerical methods for the solution of the seismic wave equation.15

Several of these methods are widely used, including the finite-difference (FD) method, employed since the late 1960’s (Alter-

man and Karal, 1968; Virieux, 1984; Robertsson et al., 1994; Igel et al., 1995; Moczo et al., 2002). Various modifications of

the method have been proposed to improve the handling of irregular topography and the free surface (e.g. Boore, 1970; Moczo,

1989; Robertsson, 1996; Kristek et al., 2002; Bohlen, 2002).

As an alternative to finite differences, the finite-element method (FEM) discretizes the medium by disjoint elements. In 3-D, the20

elements can either be tetrahedra, hexahedra or a mixture of both. The wave equation is approximated on each of the elements

with the Galerkin method where the solution of the wave equation is represented by a finite superposition of basis functions.

The elements can be aligned with boundaries and topography by using deformed shapes, and the sizes of the elements can be

varied to account for the heterogeneous seismic medium. Based on the weak form of the equations of motion, FEM naturally

accounts for the free surface and it can take any shape. Despite the flexibility of FEM, applications in seismology are compar-25

atively rare (e.g. Lysmer and Drake, 1972; Bao et al., 1998). Reasons include the non-diagonality of the mass matrix which

renders the implicit time stepping computationally expensive.

The spectral-element method (SEM) in the variant proposed by Faccioli et al. (1996, 1997), constitutes a modification of FEM

where basis functions and collocation points for numerical integration are chosen to produce a diagonal mass matrix. Further-

more, SEM largely reduces Gibb’s phenomenon, which leads to more rapid convergence with increasing polynomial degree,30

compared to regular FEM. Today, a wide range of SEM codes are available, all implementing a slightly different flavour, de-

pending on specific target applications (e.g. Komatitsch and Tromp, 2002; Capdeville et al., 2003; Peter et al., 2011; Cupillard

et al., 2012; Gokhberg and Fichtner, 2016; Nissen-Meyer et al., 2014).

For this study we use SEM for its accuracy and efficiency, and for its natural ability to handle complex media with topogra-
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phy and ice cover. Specifically, we employ the newly developed solver Salvus (Afanasiev et al., 2018). We prefer hexahedral

elements because of substantially lower computational costs compared to the tetrahedral once (Cohen, 2003).

1.2 Modelling wave propagation in ice-covered regions

The challenge of modelling wave propagation in ice-covered regions is related to the presence of topography and the small

thickness of the ice compared to the seismic wavelength.5

At local (exploration) scales, Nuber et al. (2016) showed that neglecting topography with an amplitude fluctuation greater

than half the minimum seismic wavelength leads to appreciable inversion artifacts. Similarly, Li et al. (2017) demonstrated

the importance of including topography when inverting for S-wave velocity from Rayleigh wave dispersion curves. Although

these studies were done for smaller scales and shorter wavelengths where the effect of topography is clearly larger than in our

case, we will find that topography may need to be included for regional wave propagation at intermediate periods.10

At periods of ∼10 s, attainable in regional-scale waveform tomography (Tape et al., 2010; Fichtner and Villaseñor, 2015;

Çubuk Sabuncu et al., 2017), the minimum wavelength is around 40 km. This is one order of magnitude larger than the thickest

ice sheets on Earth, reaching ∼4 km in central Antarctica (e.g. Drewry et al., 1982; Fretwell et al., 2013). As a consequence,

the elements used to mesh the ice sheet are much smaller than those used to mesh the underlying crust and mantle. The

small elements representing the ice sheet force a reduction of the minimum allowable time step in the numerical simulation,15

and therefore increase the computational costs significantly. In the following sections, we investigate simplifications of the

structural model and the mesh in order to sidestep this limitation.

1.3 Outline

This manuscript is organized as follows: In section 2 we describe the meshing of an ice sheet using the example of Greenland,

where the maximum ice thickness is around 3 km. We propose several simplifications of the mesh that lead to computational20

savings, at the price of some numerical inaccuracies. Section 3 briefly describes measures of time and amplitude misfits

that we then use in section 4 to quantify the time- and frequency-dependent numerical errors that result from the proposed

simplifications. Finally, in section 5, we discuss the implications for regional-scale seismic tomography in ice covered regions,

the potential reductions in computational requirements, as well as alternative approaches.

2 Meshing and numerical wavefield simulations25

Without loosing generality, we focus this study on NW-Greenland. To build a numerical mesh, we begin with a spherical

section, extending 400 km in depth, 1600 km in longitude, and 950 km in latitude, as shown in Figure 1. Material parameters

for the mesh are taken from the isotropic version of the Preliminary Reference Earth Model (PREM, Dziewonski and Anderson,

1981). Subsequently, we deform the elements to honor topography, using the model of Hirt and Rexer (2015) with spherical

harmonic degree up to 10800.30
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Figure 1. An overview of the studied area. The left panel displays the bedrock topography model from Hirt and Rexer (2015), the right

panel shows the ice thickness model from the same source and the central panel has the two models summed together in what is called the

Topography Bedrock Ice (TBI) model. The side panels show the surrounding area with the region used for simulations marked with black.

The central panel illustrates the synthetic receiver configuration with black (coarse array) and white triangles (dense array) while the location

of the simulated earthquake is marked with a yellow star.

2.1 Meshing the ice sheet

According to the work of Smith (1997), the P and S velocities of ice are around vp = 3.84 km/s and vs = 1.95 km/s, respec-

tively. Since the ice sheet has distinctly different elastic properties than the underlying bedrock, it must be implemented as an

extra layer of elements. Owing to the CFL criterion (e.g. Courant et al., 1928; Quarteroni et al., 2000), the maximum allowed

time step in the numerical simulations is controlled by the minimum grid point spacing within the entire mesh which is a5

function of the element size and the polynomial degree (4 in our case) used to approximate the wavefield (e.g. Fichtner, 2010;

Igel, 2016).

We implemented the ice sheet by adding a layer of elements above what would normally be the top layer. The new layer is

deformed in order to fit the Topography Bedrock Ice model of Hirt and Rexer (2015) (Figure 1). Elements with zero thickness

in areas without ice sheet were subsequently deleted. A significant meshing problem occurs where the ice sheet becomes thin10

towards its edges. As the element size approaches zero, the available time step approaches zero as well. This limitation could

potentially be overcome by meshing with tetrahedra. However, since hexahedra result in much faster simulations (e.g. Cohen,

2003), we opted for a pragmatic approach where elements thinner than 100 m are removed. The meshing process is illustrated

in Figure 2. The ice sheet forces us to reduce the maximum allowable time step from 0.09 s to 0.002 s, which corresponds to

an increase of computational requirements by a factor of ∼45. The explanation for this significant difference in allowable time15

step is that compared to the 100 m minimum element thickness in the ice sheet, the minimum thickness of an element which
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does not belong to the ice layer is 8.5 km. This variation in minimum element thickness along with the velocity differences in

the two layers (vices = 1.95 km/s and vrockp = 3.5 km/s) explains the reduction in the allowable time step when the ice layer is

included in the mesh.

Figure 2. Schematic illustration of mesh building. The thin blue line in the left picture indicates a zero-thickness elements in areas without

an ice sheet. Thin elements near the edge of the ice sheet were removed in order to obtain a computationally tractable time step.

2.2 Mesh simplifications

Although the edges of the ice sheet were removed, the limitations that the thickness of the ice sheet impose on the time step5

still remain. To overcome these limitations, we analyse the frequency-dependent numerical errors induced by three different

simplifications. This will provide information on the application-dependent usefulness of the simplifications, and it will estab-

lish limits beyond which the full problem with the complex mesh needs to be solved.

The mesh where the ice sheet is fully implemented, described in section 2.1, serves as a reference mesh and will be compared

to the simplified meshes. The first approximation made is to deform the bedrock to follow the topography of the ice, meaning10

that ice is replaced by bedrock of equal thickness. We refer to this simplification, illustrated in Figure 3, as S1. In S1, the extra

layer of elements needed for the ice sheet is not necessary, thus bypassing the before-mentioned time step problem. The next

level of simplification, referred to as S2, is to remove the ice sheet while still honoring bedrock topography (Figure 1). Finally,

in the simplest possible mesh, we removed all topography and simply kept the 1D velocity model (S3).

By comparing the different simplifications to the reference, different ways in which the ice sheet influences the wavefield can15

be quantified. Comparison with S1 isolates the effect of the elastic parameters of the ice while the comparison with S2 recovers

the combined effect of topography and the elastic parameters of the ice sheet. The comparison with S3 provides information

on the general effect of topography/crustal thickness.

2.3 Numerical wavefield simulation

We simulate an earthquake that occurred on the 7th of July 2009 below Baffin Bay, off the west coast of Greenland (see20

Figure 1). The earthquake had a depth of 16.5 km and CMT magnitude 6.0 (Dziewonski et al., 1981; Ekström et al., 2012,

www.globalcmt.org). To study the wavefield in detail as it crosses the boundary between ice-free and ice-covered regions, we
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Figure 3. Schematic illustration of meshes. Top left is the reference mesh. Top right S1 (ice replaced by bedrock), bottom left S2 (ice

removed) and bottom right S3 (any topography removed).

compute synthetic seismograms for 1523 receivers, shown in Figure 1).

As source time function, we used a Heaviside function, bandpass filtered between 10 and 120 s. This corresponds to the period

range that would typically be used in regional-scale waveform tomography (e.g. Tape et al., 2010; Zhu et al., 2012; Lee et al.,

2014; Fichtner and Villaseñor, 2015; Simute et al., 2016). Since the duration of a magnitude 6 earthquake is usually below 5 s

(e.g. Vallée and Douet, 2016), that is, below our minimum period, we ignored the source duration effect for this purely synthetic5

study. The wavefield simulation itself was performed using the SEM wave propagation solver Salvus (Afanasiev et al., 2018)

on 96 CPUs of the high-performance computing cluster Piz Daint, operated by the Swiss National Supercomputing Center

(CSCS).

3 Waveform comparison

To compare synthetic seismograms for the reference and the simplified meshes, we compute time- and frequency-dependent10

time shifts and amplitude differences, following the concept of Plonka et al. (2016). For this, we lowpass filter the time series

to a specific minimum period Tmin. Subsequently, we apply a moving Gaussian window ω(t), with standard deviation equal

to Tmin to the filtered time series u(t). This yields the windowed version ûτ (t) = ω(t− τ)u(t), where τ is the moving center

of the Gaussian window. To compute time shifts, we cross-correlate windowed synthetic seismograms from the simplified

meshes with those from the reference mesh ûref
τ . The time shift δT is then defined as the argument of the maximum of the15
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cross-correlation, that is,

δT (τ) = argmaxt

∫
ûref
τ (t′)ûτ (t+ t′)dt′ . (1)

The Gaussian window is then slid along the seismograms measuring δT for every time window resulting in the time shift

between the synthetic seismograms as a function of time. To stabilize the time shift measurements, we exclude windows where

the maximum amplitude is below 10 % of the maximum amplitude of the complete time series.5

To obtain a single-valued measure of extremal time shifts per trace, we will also use the signed maximum time shift absmax(δT ) =

sign |δT |max |δT |. In section 4, we will see that the maximum time shift generally occurs within the fundamental-mode surface

wave. The Gaussian window can also be used to measure amplitude misfits. For this, we compare the square root of the signal

energy of the two seismograms within moving Gaussian windows, that is,

δA(τ) =

√∫
[ûτ (t+ δT (τ))]2dt−

√∫
[ûrefτ (t)]2dt .√∫

[ûrefτ ]2dt
(2)10

To avoid biases of the amplitude misfit that result from time shifts, the time series are aligned prior to the computation of

δA(τ).

We note that numerous alternative measures of seismic waveform differences have been proposed, often tuned to specific

applications (e.g. Gee and Jordan, 1992; Kristeková et al., 2006; Fichtner et al., 2008; Kristekova et al., 2009; Bozdağ et al.,

2011). Our decision to use the time and amplitude differences defined above is largely motivated by their simplicity, robustness15

and ease of interpretation.

4 Results

In the following we present an analysis of the ice sheet and topography effects. This is primarily done by using the subset of

synthetic receivers shown in Figure 4, where time and amplitude misfits are computed at each of the stations. The stations have

constant latitude and variable longitude, thereby allowing us to monitor misfit changes as the waves travel towards and across20

the ice sheet. For each of the simplified meshes we show time series and time-dependent misfits at receiver 5, right before the

ice, and receiver 13, located 560 km behind the ice sheet boundary. Furthermore, the signed maximum time shift is displayed

for each of the receivers along the line. To detect propagation off the great circle path or related to back scattering, we show

the results of f -k analyses performed with the dense array of synthetic receivers shown in Figure 1.

4.1 No topography (S3)25

We first consider simplification S3, where all topography has been removed. Results are shown in Figure 5 for the full band-

width of 10 to 120 s. By completely neglecting topography, a negative time shift exceeding 1 s is introduced before the surface

waves reach the ice. This means that the surface waves arrive earlier when topography is included. The topography west of the

ice sheet is mostly negative meaning that the relatively slow velocity top layer is thinner when topography is included, thereby
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Figure 4. Schematic (not to scale) 2-D illustration of the stations used to quantify the effect of the ice sheet. Seismic stations are marked

with triangles. Detailed time series and time-dependent misfits will only be displayed for the two receivers marked in red. The yellow star

indicates the location of the earthquake.

leading to faster velocities, which explains the negative time shift.

This effect is reversed as the waves travel across the ice sheet. The topography becomes positive in the reference mesh and

a lower-velocity ice layer is added on top of the bedrock. The extended bedrock layer and the ice layer introduce a steadily

increasing misfit as the waves travel across. When the waves have traveled around 560 km across the ice sheet, a positive time

shift approaching 5 s can be observed. If the initial negative time shift before reaching the ice sheet is taken into account, this5

corresponds to about 2.3 % difference in surface wave velocity along the ray path across the ice sheet.

As detailed in section 4.4, time shifts generally increase with decreasing period, indicating a dispersion effect by the ice sheet.

The higher frequency surface waves are more sensitive to the top layers, and adding a lower velocity layer on top of the bedrock

increases the surface wave dispersion. Though time shifts are displayed only for the vertical component, the radial and tangen-

tial components display similar results, with maximum time shifts of 4 - 5 s. The misfit for the tangential component is more10

localized in time as Love waves are mostly less dispersive than Rayleigh waves.

The time shift as a function of frequency of surface waves is quasi linear. It shows that if, in regional waveform tomography, an

ice-sheet would be approximated as a flat surface with no topography, the inversion would yield artificial structural anomalies

with intensities inversly proportional to depth.

The amplitudes of the recordings from S3 are generally up to 40 % higher compared to the reference mesh. This could partly15

be due to inefficient transmission of energy into the ice layer, a longer propagation distance along an irregular surface, or scat-

tering due to topography. The whole train of surface waves shows a similar difference in amplitude compared to the reference

mesh showing that, when inverting for attenuation, neglecting the ice sheet would result in an artificial reduction in inferred

attenuation.

4.2 Bedrock topography (S2)20

For simplification S2, where the ice sheet is omitted but bedrock topography is honored, the negative time shift from the S3

comparison (before the surface waves reach the ice-covered region) has disappeared, as shown in Figure 6. This result is largely

expected, as the S2 model is identical to the reference outside the ice-covered region. It indicates that missing back-scattering

off the ice sheet plays a negligible role.
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Figure 5. Time and amplitude misfits between vertical-component (Z) synthetic seismograms computed for the reference mesh and the

simplification S3 without any topography. Results are displayed for receivers 5 (left) and 13 (right). Colored vertical lines indicate the

approximate arrival times of selected body wave phases, calculated using the taup package (Crotwell et al., 1999) implemented in ObsPy

(Krischer et al., 2015; Beyreuther et al., 2010) and the 1D PREM model. Shaded areas indicate intervals where misfits were not computed

because of too low amplitudes (below 10 % of maximum amplitude). The waveforms are both normalized with respect to the maximum

amplitude for the reference mesh.

Despite honoring bedrock topography, surface wave time shifts again accumulate to nearly 5 s, as the wave propagates 560 km

towards station 13. The S2 mesh causes a time shift that is slightly less than for the S3 mesh, but the improvement is minimal.

Again, only the results for the vertical component are displayed, but the time shifts for the radial and tangential components

are similar.

As for the S3 mesh, the amplitudes recorded for S2 are larger than for the reference, though the difference is slightly smaller.5

This supports the hypothesis that the difference is, at least partly, due to differences in scattering due to topography.

4.3 Ice topography (S1)

When the bedrock is deformed to fit the topography of the ice sheet (S1), the effect of the elastic parameters of the ice is

effectively isolated. As shown in Figure 7, misfits are again negligible before the waves reach the ice sheet. At receiver 13,

time shifts on the vertical component are mostly below 25 % of the values for scenarios S2 and S3. The maximum time shift10

on the transverse component is slightly above 2 s. This translates to effective velocity differences along the surface wave ray

path of 0.6 % (vertical) and 1.2 % (transverse), respectively.

The time shift for the longer-period surface waves has faded while a time shift for the shorter period surface waves is still

existent although it has diminished by 75 %. An inversion would thus not yield an artificial deep structure but rather a shallow

structure. The inversion could thus yield a homogenised version of the ice sheet in the top layer of the model.15
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Figure 6. The same as Figure 5 but for simplification S2, where the ice sheet is omitted but bedrock topography is honored.

The amplitude misfit on the vertical component has diverged from the flat misfit resulting from the prior simplifications. This

misfit pattern largely results from a change in waveform that is more significant than the previous examples. It suggests that

S1 tends to affect dispersion (frequency dependence of phase velocity) in a more complex way than S2 and S3, which tend to

perturb phase velocities in a more homogeneous manner as a function of frequency, thereby preserving the surface wave shape.

The same applies to the T component.5

Table 1 summarizes maximum time shifts on the vertical, radial and transverse components for the three scenarios. It indicates

that Rayleigh waves (vertical and radial) benefit most from the correct modelling of topography. Love waves (tangential) also

improve, but their time shift remains clearly above the Rayleigh wave value due to the different elastic properties within the

thin ice sheet. This observation is in accord with the depth sensitivity of surface wave phase velocity (e.g. Takeuchi et al.,

1972), which has a maximum near the surface for Love waves, but a minimum for Rayleigh waves.10

Table 1. Maximum signed time shifts for all components for all the simplified meshes.

Mesh type Vertical Radial Tangential

S1 1.28 s 1.34 s 2.49 s

S2 4.80 s 4.86 s 4.48 s

S3 4.54 s 4.54 s 4.28 s

4.4 Frequency dependence

As a consequence of frequency-dependent sensitivity to Earth structure, misfits induced by various simplifications are frequency-

dependent as well. Figure 8 summarizes maximum signed time shifts for mesh S1 as a function of both the minimum period

and the distance that surface waves travelled across the ice sheet. As expected, time shifts decrease with increasing period,
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Figure 7. The same as Figure 5 but for simplification S1, where the ice sheet is replaced by bedrock, thus fully honoring topography.

Vertical-component (Z) seismograms are shown on top, transverse-component seismograms (T) below.

reaching ∼0.5 s after 560 km propagation for 25 s period. This beneficial effect may in practice be compensated by the in-

creasingly featureless character of longer-period seismograms that carry less information on Earth structure. Misfit curves for

the other scenarios are similar.

4.5 FK analysis

Using the seismic array illustrated with white triangles in Figure 1 an FK analysis (Capon and Bolt, 1973) was performed. FK5

analysis is an array processing technique where beamforming is performed for varying back azimuths and slownesses and the

energy is calculated for each combination. The results can then be plotted on a circle with back azimuth on the azimuthal axis,

slowness on the radial axis and relative energy as a colour scale. This was done to see whether any off great circle propagation
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Figure 8. Maximum signed time shifts for scenario S1 as a function of minimum period and distance that surface waves travelled across the

ice sheet. Filtered seismograms, shown to the right, become increasingly featureless for increasing periods.

paths could be detected related to scattering resulting from the ice sheet or guided waves travelling within the ice sheet. The

results shown in Figure 9 show that no off great-circle propagation could be detected on any of the meshes and thus the ice

sheet does not seem to influence the propagation direction of waves in this period range.

Figure 9. FK-Analysis of the Z-component recorded on the different meshes which shows the amount of energy measured by beamforming

in terms of different slownesses and backazimuths. The plotted backazimuths are limited to W to S as the rest of the azimuth displayed zero

energy.

5 Discussion

Depending on the simplifications made, traveltime misfits at 10 s period for surface waves correspond to fractional velocity5

variations, δ lnv, of ∼0.3 to 2.3%. Similarly, amplitude misfits correspond to absolute variations in attenuation, ∆Q−1, of

∼5 · 10−3 to 20.0−3. (This corresponds to relative variations in attenuation). Both effects can significantly bias regional-scale
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tomography where velocity and attenuation heterogeneities are of that same order (e.g. Bezada et al., 2013; Bonnin et al., 2014;

Palomeras et al., 2014; Schurr et al., 2003).

Avoiding these biases requires their detailed quantification, as well as a balanced choice involving application-dependent

requirements on numerical accuracy, computational cost, and algorithmic complexity. These issues will be discussed in the

following.5

5.1 Simplification- and frequency-dependent misfits

Though body waves are affected by the mesh simplifications, the most significant effect is seen in surface waves, and Love

waves in particular, due to their comparatively large sensitivity to shallow structure. For this reason, our discussion of time and

amplitude misfits is mostly focused on surface waves.

A summary of the maximum signed time shifts at 10 s period as a function of distance travelled across the ice sheet is shown10

in the left panel of Figure 10 for the three scenarios considered. The comparison of meshes S2 and S3 with S1 at 10 s period

suggests that the effect of topography is very substantial, roughly accounting for 4 s (out of 5 s) in maximum time shift. The

remaining 1 s for mesh S1 results from the elastic effect, that is, from replacing the properties of ice by the properties of

bedrock.

As expected, maximum time shifts decrease with increasing minimum period, which is illustrated in the right panel of Figure15

10. This improvement is most pronounced for scenario S1, but hardly relevant for S2 and S3. It follows that the simplification

of topography cannot easily be compensated by increasing period.

While time shifts can be reduced significantly by accounting for topography, amplitude misfits are generally on the order of tens

of percent for all three simplifications. This suggests that amplitude information should not be used, for instance, to constrain

attenuation, unless the ice sheet is fully meshed.20

5.2 Computational Gain

The main reason for using a simplified mesh are computational savings related to a potentially larger maximum time step in the

numerical simulations. Table 2 displays the differences in computational cost, measured in CPU hours relative to the reference

case, for the various mesh simplifications and for a minimum period of 10 s. Replacing the ice sheet with bedrock (S3), reduces

the computational cost by a factor of 1/0.0189≈ 53. This difference would increase for longer periods where the time step is25

still limited by the ice sheet in the reference mesh, whereas the elements in the simplified meshes could be enlarged.

The absolute number of CPU hours is highly system-dependent. Running on 96 cores of Piz Daint, a Cray XC40/XC50

operated by the Swiss National Supercomputing Center (CSCS), required 155 CPU hours for the reference mesh and 400 s

long synthetic seismograms. A typical full-waveform inversion requires at least 3 orders of magnitude more resources than

a single forward simulation, meaning that the possible savings from using simplified meshes are very significant. We note30

that these numbers are of course specific to the scenarios considered here. They are intended to provide the rough order of

magnitude.
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Figure 10. Maximum signed time shifts on the vertical component for the three different mesh simplifications. Left: Time shift at 10 s period

as a function of distance travelled across the ice sheet. Right: Time shift increase per 100 km traveled across the ice sheet as a function of the

minimum period.

Table 2. Number of elements, maximum time step and CPU hours (relative to the reference case) needed to compute 400 s long synthetic

seismograms for the various mesh simplifications.

Mesh type Elements Maximum time step [s] CPU hours w.r.t. reference

Reference 171998 0.002 1.0

S1 145920 0.09 0.0193

S2 145920 0.09 0.0192

S3 145920 0.09 0.0189

5.3 Alternative approaches

In addition to the simplifications described in detail above, we also implemented a rock equivalent topography model (e.g.

Hirt and Rexer, 2015) which replaces the ice sheet with bedrock of equal weight rather than equal thickness. This approach is

similar to the modelling of an ocean layer by an equivalent weight (e.g. Komatitsch and Tromp, 2002), and may be justified

theoretically as a first-order homogenization of a thin near-surface layer (Capdeville and Marigo, 2008). The results from these5

simulations produce time and amplitude misfits between those of scenarios S1 and S2, meaning that S1 would still be the

preferred option.

Further improvements of the numerical solutions have been suggested in the context of homogenisation theory (Capdeville

and Marigo, 2008, 2013). These include source and receiver corrections, as well as modifications of the free-surface boundary

condition into a Dirichlet-to-Neumann condition. Especially in the presence of irregular topography, these approaches involve10

significant increases in algorithmic complexity.
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Finally, to reduce the computational bottleneck induced by small elements, various local time stepping schemes have been

proposed (e.g. Dumbser et al., 2007; Rietmann et al., 2017). Their range of efficiency is, however, limited to meshes where

the number of small elements is very small. This is not the case in our application where the ice sheet is meshed by several

thousand elements.

6 Conclusions5

We studied numerical seismic wave propagation through ice covered regions at scales of several hundred kilometers and periods

of 10 s and more. This was intended to identify simplifications in the numerical mesh that can reduce computational costs and

thereby contribute to the feasibility of seismic waveform tomography in polar regions.

From our simulations we can draw the following conclusions: (1) As expected, fundamental-mode surface waves, and Love

waves in particular, are most affected by mesh simplifications where the ice sheet is removed. (2) Most of the traveltime10

errors of Rayleigh waves, around 75 %, are due to simplifications in topography. This suggests that traveltime errors may be

reduced to a tolerable level by replacing ice with bedrock, while fully honoring topography. Of course, this will depend on the

properties of a concrete dataset. (3) The actual elastic properties of the ice play a comparatively smaller role. Also, in contrast

to the topography-related effect, the elastic effect of the thin sheet decreases with increasing period. (4) Amplitude errors in

the fundamental-mode surface waves are generally large, exceeding tens of percent, unless the ice sheet itself is meshed.15

In the context of regional seismic waveform tomography we conclude that topography of the ice should be honored to obtain

reliable surface wave traveltimes. This statement holds also for ice-free regions and even when topographic variations are only

a fraction of the minimum wavelength (around 10 % in our case). Furthermore, the ice sheet itself should be meshed in case

amplitude information is used to infer Earth structure.
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