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Abstract We present numerical modeling of SH-wave

propagation for the recently proposed whole Moon model

and try to improve our understanding of lunar seismic wave

propagation. We use a hybrid PSM/FDM method on

staggered grids to solve the wave equations and implement

the calculation on a parallel PC cluster to improve the

computing efficiency. Features of global SH-wave

propagation are firstly discussed for a 100-km shallow and

900-km deep moonquakes, respectively. Effects of fre-

quency range and lateral variation of crust thickness are

then investigated with various models. Our synthetic

waveforms are finally compared with observed Apollo data

to show the features of wave propagation that were pro-

duced by our model and those not reproduced by our

models. Our numerical modeling show that the low-ve-

locity upper crust plays significant role in the development

of reverberating wave trains. Increasing frequency en-

hances the strength and duration of the reverberations.

Surface multiples dominate wavefields for shallow event.

Core–mantle reflections can be clearly identified for deep

event at low frequency. The layered whole Moon model

and the low-velocity upper crust produce the reverberating

wave trains following each phases consistent with

observation. However, more realistic Moon model should

be considered in order to explain the strong and slow decay

scattering between various phases shown on observation

data.

Keywords Whole Moon model � Seismic wavefield � SH-
wave propagation � Hybrid method � Parallel computing

1 Introduction

The Apollo Passive Seismic Experiment consisted of a net-

work of four seismometers deployed on the near side of the

Moon during the Apollo missions between 1969 and 1972,

which operated continuously until 1977 and recorded more

than 12,000 moonquakes (Lognonné 2005). These data pro-

vided the basis for seismic studies of the lunar interior.

Analyses of the lunar seismic data revealed the one-dimen-

sional (e.g., Nakamura 1983; Khan and Mosegaard 2002;

Lognonné et al. 2003; Gagnepain-Beyneix et al. 2006), lateral

heterogeneous (e.g., Chenet et al. 2006; Zhao et al. 2008)

lunar seismic velocity structure in the crust and mantle, the

possible mechanism of moonquakes (e.g., Nakamura 1978;

Nakamura et al. 1979; Koyama and Nakamura 1980) and

their implications on the composition and physical properties

of the lunar interior (e.g., Khan et al. 2006, 2007). Recent

reanalysis of lunar seismograms (Weber et al. 2011; Garcia

et al. 2011) determined the velocity structure of the lunar core

and core–mantle transition zone. Based on both seismological

and geodesic data, Garcia et al. (2011) constructed a very

preliminary reference Moon model (VPREMOON).

Lunar seismograms differ greatly from the typical ter-

restrial seismic signals. They are characterized with re-

verberating wave trains of very long duration and a slow
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decay of amplitude. Except for the direct P wave and S

wave for some events, various secondary seismic phases

and surface waves are difficult to identify from the intense

scattering and reverberating waveforms. Therefore, the

process of seismic wave propagation inside the whole

Moon is still not well understood from the observed lunar

seismograms. However, numerical modeling of seismic

wave propagation in the whole Moon model had been

conducted to improve our understanding of lunar seismic

wavefield. Dainty et al. (1974) and Nakamura (1977) ap-

plied the diffusion theory to a Moon model with randomly

distributed scatters near the surface and closely reproduced

the envelope of typical lunar seismograms from impacts

and moonquakes. Their results explained some features of

the scattering and reverberating lunar seismic signals of

long duration and suggested the existence of a shallow

scattering zone near the surface. Lawrence and Johnson

(2010) and Blanchette-Guertin et al. (2012) applied a

seismic phonon method to calculate global synthetic lunar

seismograms and investigated the effects of seismic scat-

tering in a highly heterogeneous regolith layer on high-

frequency lunar signals. Wang et al. (2013) recently per-

formed P-SV seismic wave propagation modeling for a 2D

lateral heterogeneous whole Moon model with a pseu-

dospectral (PSM) and finite difference (FDM) hybrid

method. They calculated P-SV body wave propagation in

the whole Moon radiated from both shallow and deep

moonquakes, compared synthetics with observed Apollo

seismic data, and found that the near-surface low-velocity

layer contributes significantly to the development of

waveform reverberation.

In an isotropic 2D whole Moon model, the horizontally

polarized SH-waves are recoded in the transverse component.

SH-waves are decoupled from P and SVwaves; therefore, the

SH-wavefield contains only the direct SH-waves and their

interactions with interfaces are much simpler than the P and

SVwavefields recorded in the radial and vertical components.

For a similar 2D whole-Earth model, several numerical

methods had been applied to simulate global SH-wave

propagation. Cummins et al. (1994) proposed a direct solution

method to calculate global SH-wavefield for a spherically

symmetric model. Igel and Weber (1995) calculated 2D

global SH-wave propagation with a high-order FDM for a 2D

axisymmetric whole-Earth model. Igel and Gudmundsson

(1997) investigated the frequency-dependent effects of S and

SS waves with the similar FDMmethod. Thorne et al. (2007)

studied lateral heterogeneity in the lower mantle beneath the

Cocos Plate with a 2D global SH-wavefield simulation based

on FDM. Jahnke et al. (2008) performed 2D global SH-wave

modeling on a parallel computer. Toyokuni et al. (2005)

presented a new quasi-spherical FDM approach for 2D global

wavefield simulation. Wang and Takenaka (2011) applied a

PSM method to calculate 2D global SH-wave propagation

with arbitrary lateral heterogeneities. Wang et al. (2014) de-

veloped a parallel PSM/FDM hybrid method for calculating

global SH-wave propagation on PC cluster. The SH-wave

component observation data had often been used to study the

localized shear-velocity heterogeneities in the Earth’s interior

for its simple waveforms (e.g., Wen 2002; Wang and Chen

2009).

In this paper, we attempted to simulate global SH-wave

propagation in a 2D whole Moon model proposed by

Weber et al. (2011) and Garcia et al. (2011). We apply a

hybrid PSM/FDM method on staggered grids to solve the

2D SH-wave equations. We implemented parallel com-

puting on a PC cluster for the hybrid method to improve

computing efficiency. The 2D whole Moon model is de-

composed into sub-domains in the radial direction and

assigned to different processors of a PC cluster. We applied

the parallel hybrid method to a lateral homogeneous whole

Moon model for both deep and shallow moonquakes to

show the process of SH-wave propagation in the whole

Moon. Comparisons between the synthetics and observed

Apollo seismograms from typical moonquake events were

performed to illustrate wavefield features that our simula-

tions reproduced and those that were not achieved. We also

investigated the effects of lateral varying crustal thickness

and frequency content on synthetic waveforms with various

numerical models.

2 SH-wave equations and the parallel PSM/FDM

scheme

2.1 Elastodynamic wave equations

Considering a cylindrical coordinate system (r; h; z) and

assuming invariance for all field variables in z, we get a 2D

cylindrical coordinate system (r; h). For an isotropic and

elastic medium, SH-wave propagation in such 2D coordi-

nates can be formulated by the following equations of

momentum conservation in velocity-stress form:

q
ovz

ot
¼ orzr

or
þ 1

r

orzh
oh

þ rzr

� �
þ fz; ð1Þ

where vz is the velocity component in anti-plane direction,

q is the mass density, rzr; rzh are components of stress

tensor, and fz is the body force component in z direction.

The constitutive relations between stress and velocity are

given by:

orzr
ot

¼ l
ovz

or
orzh
ot

¼ l
r

ovz

oh
;

ð2Þ

where l is the shear modulus of the medium.
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2.2 The parallel hybrid PSM/FDM scheme

We calculate SH-wave propagation in a 2D whole Moon

model, which corresponds to a cross section of the 3D

Moon cutting through a great circle. The 2D model is de-

fined from the Moon’s surface down to a depth of

1485.0 km in the liquid outer core in the radial direction

and 0�–360� in the lateral direction. In order to solve

Eqs. (1) and (2) for the 2D model, we discretize the whole

Moon long r and h directions with staggered grids as

shown in Fig. 1. The two stress components are discretized

into half grid spacing between the anti-plane velocities in

both directions. In radial direction, the grids are distributed

uniformly with constant grid spacing Dr. In lateral direc-

tion, the number of grids is the same for all radii and hence

the grid spacing reduces gradually with increasing depth.

We apply a PSM/FDM hybrid scheme to solve Eqs. (1)

and (2) for the discretized model on the staggered grids

(Wang et al. 2014). In the lateral direction, derivatives with

respect to h are calculated with the PSM method. Let

f ðjDhÞðj ¼ 0; 1; 2; . . .;N � 1Þ represent discretized field

variable in h direction, we need to evaluate its derivative

half-way between grids at ðj� 1=2ÞDh. The derivative is

calculated in the wavenumber domain by multiplication

and inverse Fourier transformation:

d

dh
f j�1

2

� �
Dh

� �
¼Dk
2p

XN�1

l¼0

iðlDkÞe�ilDkDh=2FðlDkÞei2pjl=N ;

j¼ 0;1;2; . . .;N�1; ð3Þ

where FðlDkÞðl¼ 0;1;2; . . .;N�1Þ is the Fourier

transformation of f ðjDhÞ. In the radial direction,

derivatives with respect to r are calculated with a fourth-

order accuracy FDM on staggered grids. For field variable

f ðiDrÞði¼ 0;1;2; . . .;M�1Þ, its derivative half-way

between grids at ði�1=2ÞDr is calculated with:

d

dr
f iDrð Þ ¼ 1

Dr
c1 f iþ 1

2

� �
Dr

� �
� f i� 1

2

� �
Dr

� �� ��

þ c2 f i� 3

2

� �
Dr

� �
� f iþ 3

2

� �
Dr

� �� ��
;

ð4Þ

where c1 ¼ 9=8; c2 ¼ 1=24. The time domain calculation

of vz is performed with a second-order FDM scheme (Fu-

rumura et al. 1998). Time interval Dt is determined from

the minimum grid spacing and the maximum seismic ve-

locity in the model by satisfying stability condition for both

PSM and FDM schemes (Wang et al. 2014).

The artificial boundary condition at the bottom of the

model located in the outer core is treated by introducing a

damping zone of 20 gird points (Cerjan et al. 1985). The

free surface boundary condition at the Moon’s surface is

introduced into the calculation by satisfying a traction-free

condition. Body force component fz in Eq. (1) is calculated

by a combination of corresponding moment tensor com-

ponents as given by Wang et al. (2014). Distribution of

body force component in space and source-time function is

approximated with a bell-shaped Herrmann’s function of

unit area (Herrmann 1979).

Lunar seismic observation and numerical modeling for

P-SV wavefield (Wang et al. 2013) showed that the lunar

seismograms are dominated with high-frequency waves.

Hence, it is important to model high-frequency wavefield

in order to enhance our understanding of lunar seismic

wave propagation. Comparing with the common hybrid

method used by Wang et al. (2013), the parallel PSM/FDM

algorithm used in this study enables us to improve calcu-

lating efficiency and hence calculate for higher frequency

wavefield. FDM used in the radial direction is a localized

derivative operator and hence allows us to divide the whole

Moon model into sub-domains along the radial direction. In

each sub-domain, the number of grids in both radial and

lateral directions is the same. Each sub-domain is assigned

to a processor of a PC cluster. In each time step, spatial

derivatives are calculated in each processor simultaneous-

ly. Since the fourth-order staggered grid FDM is used in the

radial direction, the values of the top and bottom two layers

in each sub-domain are exchanged between neighboring

processors. Overlap regions of two layers of grids are

added to both the top and bottom of each sub-domain to

store the exchanged data. The data exchange and inter-

process communication are implemented by the Message

Passing Interface. The good accuracy and efficiency en-

hancement of the parallel PSM/FDM scheme were dis-

cussed for 3D regional model by Qin et al. (2012) and SH-
Fig. 1 Discretization of stress and velocity components for the 2D

global model on staggered grids
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wave propagation modeling for 2D whole-Earth model by

Wang et al. (2014). The following is the procedure to solve

Eqs. (1) and (2) with the parallel PSM/FDM scheme at

each time step: Firstly, the whole Moon model is divided

into sub-domains along the radial direction and assigned to

processors; In each sub-domain, the spatial derivatives of

velocity in Eq. (2) are then evaluated with PSM or FDM

and data in the overlap regions are exchanged; Stress

components are calculated in Eq. (2) with time differenc-

ing and then their spatial derivatives in Eq. (1) are

evaluated with PSM or FDM and data in the overlap re-

gions are exchanged; Finally the velocity component in

Eq. (1) are calculated with time domain differencing.

3 SH-wave propagation in the whole moon

We first show characteristics of global propagation of SH-

wave in the whole Moon model. Recent reanalysis of

Apollo seismic waveforms suggested the existence of a

liquid outer core and a solid inner core. Our 1D whole

Moon model is derived from the recently proposed velocity

and density model by Weber et al. (2011) and the Qs value

given in VPREMOON model by Garcia et al. (2011) as

shown in Fig. 2. The Moon’s crust in this model is 39 km

thick that includes the upper and lower layers. The upper

crust is thinner but has a very low S-wave velocity (1.8 km/

s) as compared to that in the lower crust (3.2 km/s). The

Moon’s mantle extends to a depth of 1257.1 km with a

discontinuity at 738.0 km deep. Variation of S-wave ve-

locity in the mantle is smoother than that for the P-wave

velocity. A transition zone of 150.0 km thick was proposed

by Weber et al. (2011) between the mantle and outer core.

It has S-wave velocity as low as that in the lower crust. The

1-km layer just below the free surface is considered as a

fractured and fragmented zone that has very low S-wave

velocity.

The whole Moon is discretized into 8192 grids in the

lateral direction that leads to a maximum lateral grid

spacing of 1.33 km at the surface and a minimum grid

spacing of 0.19 km at the base of the model. In the radial

direction, the model is discretized into 1650 grids with

uniform grid spacing of 0.9 km. Width of the bell-shaped

source-time function is 3.0 s. The minimum wavelength in

the calculation is 5.4 km considering the minimum S-wave

velocity in the upper crust. The number of grid points per

minimum wavelength equals to or great than 4.0 in the

lateral direction and equals to 6.0 in the radial direction that

is sufficient for PSM and fourth-order staggered grid FDM,

respectively. The time interval determined from the mini-

mum grid spacing, the maximum wave velocity, and the

stability condition is 0.015 s in the calculation. We cal-

culated 200,000 time steps for wave propagation of 3000 s

in the whole Moon. The whole model is divided into 30

sub-domains along the radial direction and assigned to 30

processors on a PC cluster. Comparing with the modeling

for global P-SV wave propagation in the whole Moon

(Wang et al. 2013), the parallel modeling for SH-wave in

this paper requires less parameters and less computer

memory and computation time for the same number of grid

points. Therefore, it is possible to discretize the whole

Moon with finer grid spacing and extend the higher

Fig. 2 The whole Moon model used in the modeling. a S-wave velocity and density distribution along depth (Weber et al. 2011), b anelastic

attenuation factor for S wave (Garcia et al. 2011)
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frequency range in the modeling. Characteristics of global

SH-wave propagation can be investigated at higher fre-

quency range than that for global P-SV wave propagation.

3.1 The shallow moonquake

Except for the thermal moonquakes and meteoroid impacts,

most identified moonquakes occurred inside the Moon are

classified into shallow moonquakes and deep moonquakes.

Focal depth of the 28 detected shallow moonquakes is

between 50 and 220 km in the upper mantle. Number of

shallow moonquakes is much less than the deep moon-

quakes, but their magnitudes are larger. Although the focal

mechanisms of shallow events are not well understood

from the Apollo observation, it is inferred that they are

comparable to intraplate earthquakes and are quite likely

caused by tectonic reason (Nakamura et al. 1979). Wang

et al. (2013) applied a double-couple line source corre-

sponding to a 45� dipping fault for P-SV wave modeling.

For SH-wave modeling in this study, a seismic source with

moment tensor component Mrz ¼ 1:0 is used that is com-

monly adopted in whole-Earth seismic wave propagation

modeling (Wang et al. 2014). The focal depth of the

simulated moonquake is 100 km as shown in Fig. 3.

Figure 4a shows synthetic seismograms at the Moon’s

surface for the shallow moonquake together with theore-

tical travel time curves for major phases. Direct S wave

with large amplitude can be seen up to epicentral distance

of 145�. Surface reflections and multiple reflections such as

sS, SS, sSS, and SSS appear at epicentral distance greater

than 45�. Interactions between the direct S and these re-

flections cause large amplitude between 45� and 150�.
Core–mantle reflection ScS is strong and clear at all dis-

tances followed by sScS. Reflection from the top of the

core–mantle transition zone is also visible before ScS. The

core–mantle reflections (ScS)2 and (sScS)2 are still clearly

identified at about 1300 and 1400 s. The most important

features of wave propagation at later time are the devel-

opment of wave trains of surface multiples such as SS,

SSS, and SSSS. Comparing with SH-wave propagation in

the whole Earth (Wang et al. 2014), waveforms of all

phases for the Moon show strong reverberations following

the first arrivals. The duration of the reverberating wave

train increases with the propagation distance that is very

obvious for SS, SSS, and SSSS. Such phenomenon is ob-

served for global P-SV wave propagation in the Moon as

well (Wang et al. 2013). This can be explained as the

trapping wave effect in the low-velocity upper crust. The

S-wave velocity in the upper crust is much lower than that

in the lower crust and mantle. Transmission of energy from

lower crust into this layer is rather efficient than that pro-

pagates back into the lower crust. Multiple reflections oc-

curred in this layer causes reverberations that are observed

on the synthetic waveforms. With increasing epicentral

distance, constructive interference between the multiple

reflections and later incident waves enhance the reverber-

ating wave trains. This suggests that the trapping effect and

the reverberations occurred within the low-velocity upper

crust which contributes partly to the long wave trains ob-

served for the moonquake.

3.2 The deep moonquake

Most of the identified moonquakes are deep events oc-

curred repeatedly at depths of 700–1200 km within about

300 distinct foci. Magnitudes of the deep events are smaller

than that for the shallow events. Their occurrence is sup-

posed to be related to the tidal force raised on the Moon by

the Earth and could be slipping along a nearly horizontal

plane (Nakamura 1978; Koyama and Nakamura 1980).

Zhao et al. (2012) presented a new tomographic model for

the Moon. They found a correlation between the distribu-

tion of deep moonquakes and seismic wave velocity var-

iations in the deep lunar mantle that is similar to

earthquakes. They suggested that the occurrence of deep

moonquakes is affected by the lunar structural hetero-

geneity in addition to the tidal stresses that is quite similar

to the shallow and deep earthquakes occurred in the crust

and upper mantle of the Earth. In global P-SV wave

propagation modeling for a deep moonquake, Wang et al.

(2013) applied a double-couple source corresponding to a

horizontal plane. For SH-wave propagation in this paper,

we adopt a seismic source with moment tensor component

Fig. 3 Configuration of the whole Moon model used in the modeling.

Shallow and deep circles show crust–mantle and core–mantle

boundaries. Dashed circles are mantle discontinuity, top boundary

of core–mantle transition zone, and inner–outer core boundary. Stars

are locations of the shallow and deep moonquakes used in the

modeling
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Mhz ¼ 1:0 that describes a horizontal slipping. The focal

depth of the simulated deep moonquake is 900 km (Fig. 3).

Figure 4b shows synthetic seismograms for the deep

moonquake with theoretical arrival times for major phases.

We see very clear direct S waves with strong energy.

Comparing with shallow moonquake, surface reflections

and multiples do not interfere with direct S wave that al-

lows S waveforms to be identified clearly at all distances.

The core–mantle reflection ScS is rather obvious for deep

event as compared to shallow one. Reflection from the top

of core–mantle transition zone can be clearly discerned

before ScS. Later reflections from core–mantle boundaries

such as sScS and (ScS)2 are also clearly identified at later

time. Comparing with the waveforms for shallow events,

reverberations following direct S and core–mantle reflec-

tions are weaker. The most significant differences between

two events are the very weakly developed surface reflec-

tions and multiples for the deep one. This can be explained

by the very small incidence angle for all epicentral distance

for deep event for which the waves are efficiently trans-

mitted into and out of the low-velocity upper crust layer.

Hence the wave trapping effect and multiple reflections

within the low-velocity layer is much less developed for

deep event than that for shallow one. This is observed in

case of P-SV wave propagation as well. The most impor-

tant feature for the deep event is the very clearly shown

reflections from the core–mantle boundary. Comparing

with the shallow event (Fig. 4a) and the P-SV wave cases

(Wang et al. 2013), the ScS for SH-wave is the most clear

and identifiable for a large range of epicentral distance.

Garcia et al. (2011) showed that the amplitude of the core–

mantle reflection for vertically polarized S wave (ScSV) is

smaller than that for horizontally polarized S wave (ScSH).

They suggested that ScSH can be detected from the Apollo

data and can be used to support the existence of the liquid

core and constrain the radius of the core rather than ScSV.

Our modeling for the deep moonquake shows that the

ScSH is the most clearly identified core–mantle reflection

and thus supports their suggestions. Hence ScSH observed

from deep moonquake should be the most efficient seismic

phase for the study of the Moon’s core.

4 Frequency effects on synthetic waveforms

The observed moonquake waveforms are dominated with

high-frequency reverberation and coda. For global P-SV

wave propagation in the Moon, numerical modeling

showed that amplitude and duration of reverberations in-

crease with dominated frequency (Wang et al. 2013). In

this section, we study frequency effects on synthetic

waveforms for SH-wave propagation. In order to model

higher frequency wavefield, we reduced the range of the

model used in previous modeling from 360� to 180� in the

lateral direction. The number of grids in the lateral direc-

tion is still 8192 and lateral grid spacing ranges from

0.67 km at the surface to 0.09 at the bottom of the model.

The number of radial grids is 3000 with uniform grid

Fig. 4 Synthetic seismograms at the surface for the whole Moon model. a is for a 100-km and b is for a 900-km deep moonquake. The ray-

theoretical arrival times for major phases are shown in red curves. The amplitude of all seismograms are multiplied by a factor of 1.0 9 106
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spacing of 0.5 km. With the reduced grid spacing, the

width of the bell-shaped source-time function reduces to

1.67 s. The minimum wavelength in the calculation is

3.0 km. Time interval determined from stability condition

is 0.01 s. The calculation is carried out for 150,000 time

steps to show wave propagation of a duration of 1500 s.

The whole model is divided into 30 sub-domains along

radial direction and assigned to 30 processors. In order to

compare with waveforms of the previous models, the same

focal mechanisms are used in the modeling.

Figure 5 shows comparing of synthetic waveforms up to

epicentral distance of 150�. Figure 5a shows results cal-

culated for the 360� model with source-time function of 3.0

s duration in previous section. Figure 5b is the result for the

180� model with source-time function of 1.67 s duration

calculated in this section. We see that the amplitude of the

direct wave and the following reverberations increases with

increasing frequency. For higher frequency model, the re-

verberations decay slower and their duration becomes

longer. Hence the reverberations enhance with increasing

frequency. Similar phenomenon is observed for P-SV wave

propagation in the Moon as well (Wang et al. 2013). The

reason is that for shorter wavelength component, the

trapping effect and multiple reflections occurred within the

low-velocity layer is stronger. The comparison indicates

that the seismic phases could be identified more clearly on

lower frequency waveforms.

Comparing of synthetic waveforms of different fre-

quency for deep moonquake is shown in Fig. 6. The

strength and duration of reverberations following each

phase increase with frequency. However, identification of

direct wave and reflections from core–mantle boundary

become less distinct with increasing frequency. Comparing

with shallow moonquake, the enhancement of rever-

beration with frequency is weaker. This is because waves

from deep moonquake propagate into the low-velocity

layer with very small incidence angle at all epicentral

distances. The trapping effect and multiple reflections oc-

curred within the low-velocity layer is weaker for deep

event than that for shallow one. Garcia et al. (2011) com-

pared observed waveforms at two different frequency

ranges and found that the energy of ScSH is lower at high

frequencies than at low frequencies and suggested that the

search for this seismic phase should be performed at fre-

quencies as low as possible. Results of our comparison

show similar phenomenon and support their suggestion.

5 Effects of crustal thickness on synthetic waveforms

For seismic wave propagation on the Earth, numerical

modeling showed that the low-velocity near-surface layer

has significant effects on seismic body wave and generates

seismic coda (e.g., Robertsson and Holliger 1997). Ana-

lysis of observations and numerical modeling suggested

that the lateral variation of crust thickness and velocity has

pronounced effects on regional seismic wave propagation

and the thick zone of lower seismic velocities in the con-

tinental crust acts to trap S-wave energy and generates

crustally guided phases (Furumura and Kennett 1997;

Kennett and Furumura 2001). The most recent research

shows that the lateral variation of crust thickness on the

Fig. 5 Comparing of synthetic seismograms for different frequency

for a shallow moonquake with focal depth of 100 km. The duration of

source-time function for a and b is 3.0 and 1.67 s, respectively. The

amplitude of all seismograms are multiplied by a factor of 5.0 9 105

Fig. 6 Comparing of synthetic seismograms for different frequency

for a deep moonquake with focal depth of 900 km. The duration of

source-time function for a and b is 3.0 and 1.67 s, respectively. The

amplitude of all seismograms are multiplied by a factor of 5.0 9 105
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Moon is much larger than that on the Earth, especially

across some young impact basins where crust varies from

near zero to about 60 km drastically (Hikida and Wiec-

zorek 2007; Wieczorek et al. 2013). Hence, it is very in-

teresting to investigate the effects of lateral variation of

crust thickness on wave propagation on the Moon.

Similar to the modeling performed in Sect. 3, we cal-

culated SH-wave propagation for a 100-km shallow

moonquake and a 900-km deep moonquake. The whole

Moon model, the number of grids, grid spacing, time in-

terval, width of the source-time function, and focal

mechanism are the same as used in Sect. 3 except for that

the crust thickness varies laterally. Considering the average

crust thickness of 40 km on the Moon, the crust incorpo-

rated in the modeling varies from 20 to 60 km laterally.

The top 8 km and 20 km layers are set to be the upper crust

for the 20 and 60 km crust, respectively. For the shallow

moonquake modeling, the crust is 20 km thick between 0�
and 180� and 60 km thick from 180� to 360�. For the deep
moonquake modeling, thickness of the crust is 60 km be-

tween 0� and 180� and 20 km between 180� and 360�. The
seismic source is located at 180� for both models. With

such models, it is possible to show difference of wave

propagation caused by varying crust thickness.

Synthetic seismograms for both the shallow and deep

moonquakes are shown in Fig. 7. For shallow moonquake,

the basic features of synthetic waveforms for both the thin

and thick crust parts are similar to that for the whole model

shown in Fig. 3. We see clear direct wave and core–mantle

reflections. Surface reflections and multiples dominate the

latter of the wavefield with increasing strength. Comparing

between the thin and thick crust regions shows that the

reverberations following each phases become stronger in

the thick crust region. This suggests that wave trapping

effects and multiple reflections are more efficient in the

thick crust region. Such phenomenon is similar to the

S-wave trapping effects in thick zone of lower velocity

continental crust on the Earth (Kennett and Furumura

2001). One interesting phenomenon that is not observed in

Fig. 3 is the very efficient transmission of waves from

mantle into the low-velocity thick crust region occurred at

the boundaries between two regions at 180� and 360�. The
transmitted waves are very strong and propagate as trapped

waves and dominate the whole wavefield above the 60-km

thick crust region. Hence the identification of each phase is

not so easy at this region as compared to the 20-km crust

region. For deep moonquake, the basic features of wave

propagation are similar to the model shown in Fig. 4 as

well. We still observe the enhancement of reverberations

following each phase at the thick crust region. Transmis-

sion of waves at the boundaries at 180� and 360� from

mantle into the thick crust region are efficient and cause

multiple reflections that contaminate the wavefield.

However, the effects of crust thickness on wave propaga-

tion are not so obvious for deep moonquake than that for

shallow one and suggest that each phase could be more

easily identified on deep moonquake waveforms even

considering the lateral variation of crust thickness.

6 Comparison with the observed waveforms

In this section, we try to make comparison between our

synthetics with Apollo observation data tentatively to show

features of wave propagation that exhibited in our results

and those not reproduced by our modeling. We compared

with two shallow (SH1, SH2) and one deep (A1) events

typically recorded on three Apollo stations (S12, S14, S16).

Fig. 7 Synthetic seismograms at the surface for the whole Moon

model with lateral varying crust thickness. The upper and lower

panels show results for 900 km deep and 100 km shallow moon-

quakes with crust thickness distribution, respectively. ‘‘H’’ means the

thickness of the crust thickness. The seismic source is located at 180�.
The amplitude of all seismograms are multiplied by a factor of

1.0 9 106
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These events were used for comparisons with global P-SV

wave propagation modeling as well (Wang et al. 2013).

The original waveform data are processed with the same

procedure as used by Wang et al. (2013). We first band-

pass filter the data between 0.1 Hz and the Nyquist fre-

quency (3.3127 Hz), remove large amplitude noise by a

despiking algorithm, and then correct the gain difference

between the two horizontal components. The two corrected

horizontal components are finally rotated into the radial

and transverse components for comparison. Wang et al.

(2013) compared the radial and vertical components for

P-SV waves. In this paper, we compare the obtained

transverse component with our synthetic SH-waveform.

Since our calculation is performed for a 2D model, we

firstly corrected our synthetic waveforms from 2D to 3D

for geometric spreading and source radiation and then

band-pass filtered them with the same frequency band as

used for observations before comparing.

Figure 8 shows comparison of waveforms at each

event–station pair. For shallow events, the calculated direct

S wave corresponds to a sharp increase of amplitude in

observation that was identified as S wave. Because of the

trapping effects and multiple reflections within the low-

velocity surface layer, the direct S wave, the following sS

and core–mantle reflections form reverberating wave trains

lasting for about 400 s and they are not clearly separated.

The wave train following the direct S wave is consistent

with the observations and suggests that it contributes

mainly to this portion of the observations. The second wave

train lasting for about 1000 s is formed by the reverberat-

ing surface multiples SS, SSS, and SSSS. They contribute

mainly to the middle portion of the observations and are

consistent with data. At later time of the synthetics, re-

verberations caused by trapped waves in the surface layer

agree well with observations and suggest their contribution

at later portion. For deep event, the most interesting feature

is the clearly identified and separated core–mantle reflec-

tions on synthetics. However, the corresponding arrivals

cannot be identified on observations that are similar to the

case for shallow events. Each phase shows reverberating

Fig. 8 Comparison between observed transverse component Apollo seismograms (black) with synthetic SH-waveforms (red). Blue lines show

theoretical arrival times for major annotated phases. The maximum amplitude of observation (unit in DU) and synthetics (unit in cm/s) are

annotated for each waveform. The event–station pair for each figure is: a SH1-S12, b SH1-S16, c SH2-S12, d SH2-S14, e A1-S12, f A1-S16.
Epicentral distance for each pair: SH1-S12: 89.13�, SH1-S16: 85.73�, SH2-S12: 69.73�, SH2-S14: 67.43�, A1-S12: 18.15�, A1-S16: 51.22�
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waveform caused by surface low-velocity layer that is

consistent with observation. With increasing epicentral

distance, strength and duration of the reverberating wave

train and their contribution to the waveform increase.

Although our modeling produced the reverberating

features of each wave train that are consistent with the

observations, the decay of our synthetic wave train is not as

slow as that shown in the data. The strong scattering effects

between seismic phases presented on observation are not

reproduced in our synthetics. A similar phenomenon is also

shown for global P-SV wave propagation modeling (Wang

et al. 2013). This suggests that the low-velocity surface

layer presented in our model contributes significantly to the

development of reverberating waveforms, but it is not

enough to produce the strong scattering and slow decay

features of the observations with the present layered model.

Similar phenomenon can be observed for earthquake as

well. The spindle-shaped waveforms frequently appeared

in the crustal earthquakes due to wave trapping effect in

low-velocity layer (e.g., Furumura and Kennett 1997;

Kennett and Furumura 2001). These features also appeared

due to strong seismic wave scattering from small-scale

heterogeneity with characteristic scale of several kilome-

ters (e.g., Nielsen et al. 2003; Furumura and Kennett 2005;

Takahashi et al. 2007; Kennett and Furumara 2008; Sato

et al. 2012; Takemura and Yoshimoto 2014). This implies

that small-scale heterogeneities should be required for

modeling of realistic Moon structure. For earthquake ob-

servation, there is no wave before the direct SH-wave on

transverse component for isotropic medium. However,

transverse components for moonquakes in Fig. 7 show very

strong energy before direct SH-wave and after direct P

wave that do not appear on our synthetics. This discrepancy

again suggests that the present isotropic 1D layered model

is not enough to produce the characteristics of observations

and more realistic models should be considered in order to

well understand seismic wave propagation in the Moon.

7 Conclusions

We applied a hybrid PSM/FDM method to model global

SH-wave propagation in the whole Moon and try to im-

prove our understanding of lunar seismic wave propaga-

tion. In order to model high-frequency wavefield as

presented on lunar seismic observations, we implemented

parallel modeling on a PC cluster to improve the comput-

ing efficiency. The modeling is performed for shallow and

deep moonquakes, respectively, to show SH-wave

propagation in the whole Moon. Effects of frequency range

and lateral variation of crust thickness on wave propagation

are investigated with several models. Finally, we compared

our synthetics with Apollo observation data and showed

major features of wave propagation that are produced by

our modeling and the limitations of our present models.

For shallow moonquake, the direct wave and core–mantle

reflections can be identified at a limited range of epicentral

distance because of interactions between them and other

phases. Waveform of each phase shows strong reverberations

caused by wave trapping effects and multiple reflections oc-

curred in the surface low-velocity upper crust. Strong rever-

berating surface multiples dominate later in the wave

propagation. For deep moonquake, the direct wave and core–

mantle reflections can be clearly identified over wide range of

epicentral distance. Reverberations in waveform and surface

multiples are weaker than those for shallow event.

Increasing frequency enhances the strength and duration

of waveform reverberation and reduces the possibility of

phase identification. This suggests that body wave phases

such as core–mantle reflections can be more clearly iden-

tified for deep moonquake at low-frequency range.

Development and deployment of very broad band seis-

mometers in the future lunar mission could provide further

data to constrain the inner structure of the Moon. Lateral

variation of crust thickness significantly influences lunar

seismic wave propagation. Wavefield above the thick crust

region tends to be more complicated because of transmitted

wave from mantle into the crust.

Comparing with Apollo observation data that show that,

our modeling produces the reverberating features of each

phase but cannot reproduce the strong and slow decay

scattering between each phase. For earthquake observation,

similar phenomenon can be explained with wave trapping

effect in low-velocity layer and scattering from small-scale

heterogeneity. This suggests that more realistic Moon

model should be considered in the future numerical mod-

eling in order to improve our understanding of lunar seis-

mic wave propagation.
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Dainty AM, Toksöz MN, Anderson KR, Pines PJ, Nakamura Y,

Latham G (1974) Seismic scattering and shallow structure of the

moon in Oceanus Procellarum. Moon 91:11–29

Furumura T, Kennett BLN, Furumura M (1998) Seismic wavefield

calculation for laterally heterogeneouswhole Earth models using

the pseudospectral method. Geophys J Int 135:845–860

Furumura T, Kennett BLN (1997) On the nature of regional seismic

phasesd—II. On the influence of structural barriers. Geophys J

Int 129:221–234

Furumura T, Kennett BLN (2005) Subduction zone guided waves and

the heterogeneity structure of the subducted plate: intensity

anomalies in northern Japan. J Geophys Res 110:B10302. doi:10.

1029/2004JB003486

Garcia RF, Gagnepain-Beyneix J, Chevrot S, Lognonné P (2011)
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