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Abstract

Passive seismic techniques have revolutionarised seismology, leading for example to increased resolution in

surface wave tomography, to the possibility to monitor changes in the propagation medium, and to many new processing

strategies in seismic exploration. Here we review applications of the new techniques to a very particular dataset, namely data

from the Apollo 17 lunar network. The special conditions of the lunar noise environment are investigated, illustrating the in-

terplay between the properties of the noise and the ability to reconstruct Green’s functions. With a dispersion analysis of re-

constructed Rayleigh waves new information about the shallow shear velocity structure of the Moon are obtained. Passive

image interferometry is used to study the effect of temperature changes in the subsurface on the seismic velocities providing

direct observation of a dynamic process in the lunar environment. These applications highlight the potential of passive tech-

niques for terrestrial and planetary seismology.
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1 Introduction

The insight that the omnipresent seismic noise is
nothing else than elastic waves propagating in random
directions is not new (Aki, 1957; Toksoz, 1964; Claer-
bout, 1968). However, it took until the beginning of this
century until a convenient technique to extract informa-
tion from these waves became available (Weaver and
Lobkis, 2001; Lobkis and Weaver, 2001). The discovery
that the correlation of a random wave field converges
towards the impulse response led to a tremendous de-
velopment of passive seismic techniques in terrestrial
seismology during the last decade (Campillo, 2006;
Wapenaar and Fokkema, 2006). Ambient noise tomo-
graphy that uses surface waves retrieved from the corre-
lation of ambient vibrations for dispersion analysis
(Shapiro et al., 2005; Sabra et al., 2005) has become a
routine tool for seismological investigations. A major
advantage of seismic noise as source of information
compared to impulsive sources such as earthquakes or
explosions is its permanent availability.
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The concept of monitoring changing medium
properties with ambient seismic noise was introduced by
Sens-Schonfelder and Wegler (2006) and Wegler and
Sens-Schonfelder (2007) with applications on volcanoes
and seismic faults under the term Passive Image Inter-
ferometry. It was confirmed by large scale experiments
(Brenguier et al., 2008a, b).

The power of passive seismology finds a convinc-
ing example in the application to the lunar data. The
seismometers installed on the Moon by the Apollo mis-
sions recorded the only available seismic dataset from
an extra terrestrial body. This data has been available for
more than 35 years, but the new concepts allowed to
obtain completely new information very recently.

In planetary seismology the passive techniques are
of extraordinary value since active sources pose an even
greater challenge on planetary bodies than on the Earth.
In this article we present a detailed analysis of the lunar
noise and its correlation properties. Two investigations
show how this data can be used for imaging the shallow
lunar subsurface and for the observation of a dynamic
process in the lunar soil related to the periodic changes
of surface temperature.

We will begin with a summary of lunar seismology
including a description of the instrumentation, sources
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section 1.1. The noise correlation method is shortly in-
troduced in section 1.2 as the fundamental tool of our
investigations. In sections 2 and 3 we discuss the most
important properties of the lunar noise and its correla-
tions before we show how the noise can be used for
structural studies and for monitoring by reviewing pre-
viously published investigations (Larose et al., 2005;
Sens-Schonfelder and Larose, 2008) in sections 4 and 5.
1.1 Specific environment of the Moon
1.1.1 Instrumentation

An important part of the US Apollo program was
to operate seismic sensors on the Moon. It provided the
only seismic data from a solar system body other than
Earth. Four of the five stations that were installed be-
tween 1969 and 1972 were operated until 1977. This
data formed the basis for a number of investigations of
the lunar interior (Toksoz et al., 1974; Khan and Mose-
gaard, 2002; Lognonné et al., 2003) and contributed
critically to our understanding of the Moon (Lognonné,
2005). To infer the shallow velocity structure of the
Moon active seismic refraction experiments were also
carried out by the Apollo 14, 16, and 17 missions (Coo-
per et al., 1974).

Data used in this study was collected by the Apollo
17 Lunar Seismic Profiling Experiment (LSPE) that was
aimed at the investigation of the subsurface with active
sources. The Apollo 17 landing site in the Tau-
rus-Littrow valley is located close to the rim of the
heavily cratered Serenitatis basin between massifs of
about 2 km height (Heiken et al., 1991). The experiment
comprised four geophones (velocity sensors of 7.5 Hz
natural frequency) denoted here as G,—G,, arranged in a
triangular array around a central station (Figure 1).
Sampled at 118 Hz, the sensors have a usable frequency
range between 3 Hz and 30 Hz (Kovach et al., 1973).
Data was logarithmically compressed and digitized with
a 7 bit resolution. Though the experiment was designed
for the analysis of active shots and impacts, it was epi-
sodically used for passive recording during 1974 to in-
vestigate weak surface activity generated by the thermal
stresses (Duennebier, 1976). An additional continuous
record of ground velocity was obtained during a period
of about 8 months beginning in August 1976. In this
study we investigate the LSPE data from the period be-
tween August 16, 1976 and April 24, 1977.
1.1.2 Sources of vibration

The Moon does neither show active tectonics nor
does it comprise atmosphere or oceans. Common sources
of vibration on Earth are thus absent on the Moon.

Central station:
Continuous simultaneous
sampling and transmission

\ L
1h 15min 00s 1h 15min 10s

Figure 1 Map of the experimental configuration. Geophones
G, to G4 are connected to a central station where signals are
conditioned, digitized and transmitted to the data center. N°
indicates direction north. Noise correlation functions and ex-
amples of raw data are shown along the connecting lines and in
the inset respectively.

Nonetheless the lunar seismometers recorded seismic
signals produced by tidal forces, thermal stresses or im-
pacts. Deep moonquakes occur repeatedly at distinct
places in the depth range between 700 km and 1 200 km.
About 1 000 deep moonquakes were detected per year
and assigned to about 250 nests of spatially clustered
events (Nakamura, 2003). The modulation of the deep
moonquake activity with periods of two and four weeks
as well as with a 206-day period (Lognonné and John-
son, 2007) and the polarity of the signals which appears
to be correlated with the tidal cycle (Lammlein, 1977)
suggest tidal stresses associated with the Moon orbit
perturbations as cause of the deep moonquakes.

28 shallow quakes were detected above 200 km
depth but below the crust with magnitudes between 4.8
and 5.5 (Goins et al., 1981; Oberst, 1987). Their corre-
sponding moments are about 10 times larger than those
of the largest deep moonquakes. They may be inter-
preted as tectonic stress released and may thus be com-
parable to intraplate earthquakes. The strongest impacts
generated vibrations that are comparable to the largest
moonquakes. They account for about one fifth of the
catalogued events in the Apollo data set.
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Of greatest interest in the present study are the so
called thermal moonquakes. These are widespread shal-
low events triggered by diurnal thermal stress changes
(Latham et al., 1973). Source mechanisms appear to be
reactivated repeatedly and produce almost identical sig-
nals at the same time of every lunation. The occurrence
time of the thermal moonquakes is connected to the
phase of the lunation with a remarkable precision. Du-
ennebier and Sutton (1974) noted for the thermal events
recorded with the short-period sensor of the Apollo 14
station that the occurrence time with respect to the phase
of the lunation has a standard deviation of only 2.8
hours. A special type of thermally induced signals
originates from the decent stage of the landing module
(LM), the man-made structure that remained on the lu-
nar surface. Accordingly they were termed LM-events.
They are strongly clustered at sunrise and sunset
whereas occurrence rate of thermal moonquakes is high
throughout the lunar day and decreases after sunset. A
delay of about 48 hours was reported by Duennebier and
Sutton (1974) between the increase of surface tempera-
ture and the increase of thermal quake activity.

1.1.3 Lunar material

Concerning the seismic signals under investigation
here the most influential part of the lunar subsurface is
the regolith in the uppermost kilometer of the crust that
is highly fractured due to meteorite impacts. It was
demonstrated in the early 1970s that this highly hetero-
geneous, weakly attenuating medium causes diffuse
propagation of seismic waves which leads to impulse
responses with emergent onset and long duration as
shown in Figure 2. In this medium the transport mean
free path /" that describes the distance a wave can travel
before it propagates independent of its initial direction,
was estimated to be only /'~100 m at a frequency around
8 Hz (Dainty and Tokséz, 1981). For comparison the
Earth’s crust is characterized by mean free path of sev-
eral tens of kilometers. Attenuation at 8 Hz in the re-
golith is expressed by an absorption length of about 5
km (Dainty and Toksdz, 1981).

Due to this combination of strong scattering and
weak attenuation the lunar subsurface appears to be ide-
ally suited for techniques that rely on the multiple scat-
tering nature of seismic waves. To illustrate the effect of
scattering Figure 2 shows the record of an LM-event
filtered between 10 Hz and 20 Hz. The theoretical pre-
diction for diffuse wave propagation with ['=40 m and
absorption length of 2 500 m is indicated by the black
line. These parameters are consistent with other avail-

able models and show the applicability of the scattering
concept. Differences from published models originate
from different source receiver distances in the different
data sets and the depth dependence of the heterogeneity.

1
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Figure 2 High frequency record of a thermal moonquake at
the central geophone G; with approximate diffusion model
envelope. Note the emergent onset, delayed maximum, and long
duration of the coda which are signs of the strong scattering.
Inset shows a zoom on the arrival of 8 s length.

1.2 Noise correlation method

The passive imaging technique is based on the
time-domain cross-correlation of acoustic or seismic
waves acquired at two passive sensors. The main as-
sumption is that the cross-correlation yields the Green’s
function (GF) between the receivers, i.e., the impulse
response recorded at one sensor, with the other acting as
a source. Initial applications of the method include heli-
oseismology, where it provided images of the Sun’s in-
terior (Duvall et al., 1993). More recently, it has been
tested in the ultrasonic domain using diffuse fields as
well as with noise (Weaver and Lobkis, 2001). Passive
imaging also found considerable applications in seis-
mology (Campillo and Paul, 2003; Shapiro et al., 2005).

The first step of the procedure is to select a pair of
sensors that can provide synchronized (and continuous)
records. Sensors have to be sensitive enough and prop-
erly amplified to resolve the low-amplitude background
seismic noise. Nevertheless, there is no special need of
large digitization dynamic, and low quality data coded
on a few bits only can provide very good input for pas-
sive imaging if no filtering is applied before correlation.
It was even demonstrated that retaining only the sign of
the data (1-bit processing) is enough to reconstruct the
impulse response from ambient vibrations (Larose et al.,
2004). This is a crucial point for the low quality data
provided by the LSPE.
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In the cross-correlations between the records from
stations i and j, seismic waves propagating in the direc-
tion j—i add up coherently, and contribute to the im-
pulse response for times >0 (causal part of the correla-
tions). Seismic waves propagating in the opposite direc-
tion (i—j) contribute to the impulse response for times
7<0 (acausal part of the correlations). Waves propagat-
ing in other directions add up incoherently and contrib-
ute to residual fluctuations in the correlations (Roux et
al., 2004). If the correlations are performed over very
long time series, these fluctuations are negligible and
only the impulse response remains. In the present case,
correlations still contain noticeable fluctuations. Yet, we
will demonstrate that we can image and monitor the lu-
nar subsoil.

2 Properties of the lunar noise

The basic data for the present investigations is the
ambient noise on the Moon. It will not be used directly
to study the lunar environment, but since its properties
influence the ability to retrieve information with the
noise correlation method we discuss some aspects of the
noise directly.

The dominance of the thermal stress release as
source of the short period vibration is manifested in the
temporal changes of the vibration amplitude. The enve-
lopes of the records from the four geophones show a
close relation to the lunation period of 29.5 Earth days
(Figure 3). Right after sunrise the amplitude increases
sharply and reaches a first maximum in the morning for
most of the geophones. During sunset the highest energy
levels are observed. After sunset the seismic activity
fades out gradually until next sunrise. This behavior
largely corresponds to the occurrence rates of thermal
moonquakes at the Apollo 17 site (Duennebier, 1976). A
puzzling feature in the time series shown in Figure 3 is
the peak of activity in the morning which does not cor-
respond to the increased activity of thermal quakes as
inferred by Duennebier (1976).

In contrast to the almost identical envelopes of the
four geophones during afternoon and night, the enve-
lopes differ significantly in the morning. This is most
pronounced for G; which does not show the local
maximum in the morning at all. It closely resembles the
thermal moonquake activity (Duennebier, 1976).

Envelope/du
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Figure 3 Envelopes of the continuous seismic records of the four geophones in the Apollo 17 short period network. Scale is
in digital units of the raw traces. Shaded background indicates lunar night. Note the difference between the geophones in the
morning and the high similarity during afternoon and night of the lunation.

Guided by these considerations we define three time
windows during a lunation that are compared in terms of
spectral characteristics. Window A4 during lunar night
would correspond to time of an Earth-day between 1 and
4 o’clock. Windows B and C during morning and around
sunset would correspond to times between 8 and 11
o’clock and between 16 and 19 o’clock respectively. Fig-
ure 4 show the spectra of the four geophones during the
three time windows, stacked over all available lunations.
The curves can be divided in two parts with different
characteristics. Below 3 Hz the spectra assume a maxi-

mum that is independent of geophone and lunation phase.
It most probably reflects instrumental noise that does not
carry information about the lunar surface vibrations.
Above 3 Hz the envelopes depend on the phase of
the lunation. The lowest level is observed during night
(Figure 4a) and may be seen as the background level.
Compared to this level the activity due to thermal
moonquakes around sunset is limited to frequencies
above 3 Hz with a maximum at 7 Hz (Figure 4c). This is
in agreement with the spectra of individual thermal
quakes. Please note the similarity of the envelopes from
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the different geophones during night and sunset in Fig-
ures 4a and 4c. During morning the situation differs and
the spectrum of G is significantly different from the
other geophones (Figure 4b). Since, as noted above, the
level of recorded vibration at G, closely reflects the ac-
tivity of thermal moonquakes, it appears that there is

another signal recorded by G, G3 and G4 during morn-
ing. This signal affects a broad frequency band and is
not related to thermal moonquake activity. The origin of
this signal will become clear when we analyze the noise
correlation in the next section.

Power
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Figure 4 Power spectra of the four geophones G, to G, during three different phases of the lunation.

(a) Night; (b) Morning; (c) Sunset.

3 Properties of the noise correlations

As shown above the lunar environment produces
ambient vibration, even though the processes are differ-
ent from the noise sources on Earth. This allows for ap-
plying the noise correlation method to retrieve Green’s
functions between the sensors of the LSPE array. Larose
et al. (2005) first obtained Rayleigh wave Green’s func-
tions from this dataset. Later on an attempt to identify
seismic velocity changes with Rayleigh waves obtained
at different phases of a lunation was made by Tanimoto
et al. (2008). A continuous measurement of seismic ve-
locity variations was obtained by Sens-Schonfelder and
Larose (2008) using coda waves from the noise correla-
tions.

Here we follow the approach of Larose et al. (2005)
and Sens-Schonfelder and Larose (2008) to divide the
noise records S; from geophone j into segments of about
3 h length. This results in 2 016 seismogram sections for
each geophone. To obtain approximations of the
Green’s functions the noise correlation functions (NCF)
C; between any pair of sensors including auto-
correlation are calculated according to

C,(d, 7) =["S(t+7)S,(t)d. (1)

Long term stacks of the noise cross-correlation
functions with participation of G; (Cj;) over the whole
available period are shown in Figure 1. The most pro-
nounced signal in these long term averages is the
Rayleigh waves. Causal and acausal arrivals are present

at positive and negative lapse times 7z which are sym-
metric in time but of slightly different amplitude. The
different amplitude of these ballistic waves indicates an
asymmetry in the illumination. Larose et al. (2005) used
this amplitude differences to estimate the dominant di-
rection of sources to be 22° east of the direction G3—Gj.

To illustrate the dynamics of the NCFs the 2 016
noise correlation functions Cs4(d, 7) between G; and G4
are shown side by side in Figure 5 for the whole study
period. A moving average has been applied over eight
neighboring NCFs resulting in independent traces about
every 24 h. Phase of lunation is indicated by the shading
at the bottom of the figure. The noise correlation func-
tions show some interesting coherent signals with dif-
ferent dynamics. The following signals can be observed
in Figure 5: 1) Ballistic Rayleigh waves with travel
times of 1.4 s; 2) Coherent coda wave arrivals with
travel times >1.5 s; 3) A dominant peak of energy at
correlation time 7= 0; 4) Short periods right after sunrise
in which the NCFs do not converge towards the Green’s
function; 5) Fluctuations of the NCFs at late times indi-
cating the imperfect convergence towards the Green’s
function. These signals and their temporal dynamics will
be discussed in the next sections.
3.1 NCFs right after sunrise

Right after sunrise there are about 24 h during
which the NCFs show neither a peak at zero correlation
time nor any sign of convergence towards the Green’s
function. They rather show high fluctuations for all cor-
relation times which appear completely random. Inter-
estingly these NCFs are almost identical every sunrise
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Figure 5 Noise correlation functions Cs4 of the geophone pair G;-G,. Phase of the lunation is indicated by the

shading at the bottom, gray indicating lunar night.
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Figure 6 Noise correlation functions Cs4 of the geophone
pair G5-G, for the time right after sunrise of all nine luna-
tions. Though the NCFs do not show any sign of conver-
gence towards the Green’s function they are almost iden-
tical for every lunation.

as illustrated in Figure 6 which shows the badly con-
verged NCFs of the pair G5-G4 for the nine lunations.
This leads to the conclusion that the NCFs do not result
from the correlation of random signals (e.g., electronic
noise) but rather from a repeatable distribution of
sources that does not meet the requirements of the
Green’s function reconstruction. In fact there is a single
source that can ecasily be identified. When studying
thermal moonquakes at the Apollo 14 site, Duennebier
and Sutton (1974) noticed a certain type of event with
short rise time indicating a local origin. These events
show perfectly repeating waveforms and occur pre-
dominantly one day after sunrise and sunset. Referring
to their presumed origin in the landing modul (LM) they
were named LM-events by Duennebier and Sutton
(1974). These events also occur at the Apollo 17 site

(Duennebier, 1976) and dominate the records after sun-
rise. The single repeating source clearly violates the re-
quirements for the convergence of the NCF towards the
Green’s function, which is that sources must be uncor-
related and evenly distributed on a surface surrounding
the sensors. About two days after sunrise the LM ap-
pears to be heated up to thermal equilibrium and signals
at the geophones are dominated by more equally distrib-
uted thermal moonquakes, leading to a convergence of
the NCFs towards the Green’s function.
3.2 Rayleigh waves

For the geophone pair G3-G4 shown in Figure 5
ballistic Rayleigh waves appear in the NCFs at travel
times of about 1.4 s resulting in a group velocity of
roughly 50 m/s. The identification of these phases as
surface waves results from their dispersion characteris-
tics that can be used to investigate the shallow velocity
structure (section 4). Variations of the Rayleigh waves’
amplitude appear to be related to the amplitude of the
recorded vibrations displayed in Figure 3. To quantify
this, the amplitudes of the NCF envelopes are shown for
three different windows of correlation time in Figure 7.
Data is shown for all combinations of the four geo-
phones by gray lines with their average in black. The
nine lunations are stacked. The y-axis is shown in arbi-
trary units but is comparable between the sensor pairs.
Window A (Figure 7a) ranging between correlation
times 1 s and 3 s (and the negative counterpart) contains
the ballistic Rayleigh waves for all geophone pairs. This
curve shows the high amplitudes of the NCFs after sun-
rise due to the LM-events. Around sunset the amplitudes
of the NCFs at arrival times of the Rayleigh waves reach
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Figure 7 Dynamics of the NCF amplitudes at different correlation times. Data from the six sensor-pairs are in gray lines and
average in black. (a) Correlation times between —3 s and —1 s together with 1 s and 3 s containing the ballistic Rayleigh wave.
(b) Correlation times between —20 s and —10 s together with 10 s and 20 s containing coda waves. (c¢) Correlation times between
—0.4 s and 0.4 s containing the peak at zero correlation time. Pairs that contain G are marked by dashed lines and pairs without
participation of G, are drawn with continuous lines in Figure 7c. Amplitude scale of (c) is three times that of (a) and (b).

a second maximum and decay during lunar night.
Curves of the different sensor pairs show the same dy-
namics but with different amplitude levels reflecting
geophone distance and orientation with respect to the
dominant noise sources (Larose et al., 2005).

The second window of correlation times between
10 s and 20 s contains the coda of the Green’s function
(Figure 7b). Though the amplitudes of coda waves show
dynamics similar to that of Rayleigh waves it is notable
that the differences between the different sensor pairs
are much weaker in the coda than at the arrival time of
the Rayleigh waves. This is a result of the spatial ho-
mogenization of energy density in the coda due to mul-
tiple scattering (Aki, 1969) and confirms that the NCFs
contain scattered waves even at correlation times much
larger than the travel times of ballistic waves.
3.3 Zero correlation time peak

The last signal in the correlation that we want to
discuss is the peak at zero correlation lag. This peak
represents simultaneous signals at all geophones. Dif-
ferent explanations for this phenomenon were discussed.
Larose et al. (2005) attributed this signal to electro-
magnetic cross-talking between the geophones. Such a
simple mechanism, however, fails to explain the tempo-
ral dynamics of the amplitudes of this signal as illus-
trated in Figure 7c. The six geophone pairs for which the
amplitudes of the zero lag time peak are plotted by the
gray lines fall into two groups. One that contains geo-
phone G, (dashed lines) and the other group of station
pairs that do not contain G, (continuous lines in Figure
7¢). The first group with participation of G; is lacking
the peak and resembles the dynamics of the Rayleigh
and coda waves. The other group without G, shows a

completely different behavior with a strong peak during
lunar morning and a small peak in the late afternoon.

Because of its different dynamics the signal that
causes the peak at zero correlation time must be differ-
ent from the vibrations by thermal moonquakes that
generate the Rayleigh phases in the NCFs. Also the sen-
sitivity of Gy to this signal appears to be significantly
smaller than that of G,—G4. Tanimoto et al. (2008) tried
to explain the zero correlation time peak as an electro-
magnetic phenomenon that occurs when the Moon re-
sides in the plasma of the Earth’s magnetotail but con-
cluded that the occurrence of the signal only in the lunar
morning contradicts this hypothesis. Instead they noted
that coincident signals for instrument operation may be
responsible. This, however, is in contrast to extended
periods of several seconds during which G,, G3, and G4
oscillate in phase.

Duennebier and Sutton (1974) described a mag-
netic type of event in the Apollo 14 short period data.
These are due to inductive coupling of sudden changes
of the magnetic field in the sensor coil when the Moon
enters or leaves the Earth’s magnetic tail. These impul-
sive events have high frequency content and last for
several seconds. Since the inductive coupling acts si-
multaneously at all sensors it will cause a correlation of
the waveforms at zero lag time. The variation of the
magnetic field due to the solar wind can also explain the
strong variability of the geophone amplitudes during the
morning of different lunations. Assuming that such
magnetic disturbances are responsible for the peak at
zero correlation time, two observations remain to be
explained. The first is the absence of symmetry about
lunar noon that would result in a similar peak in the late
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afternoon of the lunation. In fact this peak can be ob-
served in Figure 7c, but with much smaller amplitude. A
simple explanation for this effect is connected to the
logarithmic compression of the data. Due to this nonlin-
ear treatment the magnetically induced signal might be
masked by the high amplitudes of the thermal signals at
the end of the lunar day (cf. Figure 3). The second ob-
servation is the lack of this signal on G;. We can not
give a conclusive explanation but a possibility might be
that G| had a different electro-magnetic shielding. We
thus suggest that the zero lag time correlation is caused
by an external signal that affects the sensors simultane-
ously and occurs when the Moon enters or leaves the
Earth’s magneto-tail rather than by cross-talking when
the Moon resides in the magnetotail.

The alternative explanation for the zero correlation
time peak is that steeply incident body waves cause si-
multaneous movement of the array. This would require
that G, has a different sensitivity than G,—G4 for those
body waves though it has comparable sensitivity for
surface waves. We can not exclude this possibility but it
appears unlikely.

4 Imaging

A well-defined pulse is observed both for positive
and negative correlation times 7. The reconstructed
pulses are interpreted as Rayleigh waves between geo-
phones i and j, i.e., the ground velocity response of the
subsurface at j to a vertical impulsive force at i. They
are found to propagate with an average velocity of ~50
m/s, and are clearly dispersive, as shown in Figure 8.
The group velocity is evaluated by picking the envelope
arrival time of the Rayleigh pulse. This pulse is filtered
around 14 different frequencies, ranging from 3.6 Hz to
11.4 Hz (33% bandwidth). Velocities were calculated
when the signal-to-noise ratio (SNR) of the correlated
traces is >2. When possible we averaged velocities over
the three central pairs of geophones. The group velocity
dispersion curve is plotted (dots) in Figure 8b. The un-

certainties on observed velocities are estimated to be 5%.

This dispersion curve is used to retrieve the shear veloc-
ity profile through iterative linearized inversion
(Herrmann and Ammon, 2004). A four-layer model was
assumed with variable thickness and velocities. The ini-
tial model was deduced from the P-wave velocity model
of Cooper et al. (1974). The inverted shear-wave veloc-
ity profile is displayed in Figure 8c. The inversion was
stopped once calculated data (Figure 8b, crosses) fit the

observations (dots) within 3%. While obviously more
complex models can be found, our chosen parameterisa-
tion reflects the minimum number of layers that were
found needed to fit data. The velocity jump below 5 m
depth is interpreted as the base of the lunar regolith,
consisting of impact breccias. Cooper et al. (1974), us-
ing travel time inversion of refracted P-waves, found
that the compressional wave velocity beneath the Apollo
17 site was around 100 m/s from 0 to 4 m depth and 327
m/s from 4 m to 32 m depth. Our shear wave profile
thus complements their P-wave profile, giving the vp/vs
ratio of the lunar regolith at this site of ~2. The present
result is also consistent with the S-wave velocity pro-
files derived from the H/V spectral amplitude ratios at
other Apollo sites (Horvath et al., 1980), where they
generally increase from 40 m/s at the surface to about
400 m/s at depths between 95 m and 160 m.

60 0
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Group velocity/(m-s ')

x
o
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Figure 8 Dispersion analysis of the Rayleigh pulse. (a) The
wave packet is filtered in two nonoverlapping frequency bands
(around 4.5 Hz in solid line and 9 Hz in dashed line). (b) Ob-
served dispersion curve of the Rayleigh wave group velocity.
Dots denote observations and crosses are calculated data from
the profile shown in (c). (c) Result of the inversion of the dis-
persion curve showing the upper 10 m of the shear wave ve-
locity profile.

5 Monitoring

To investigate variations of the lunar subsurface we
stack the NCFs in segments of 24 hours length and
compare these stacked traces with a reference trace. The
reference trace is constructed by stacking NCFs from
the whole study period but excluding the NCFs with the
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strong influence of LM events (section 3.1). The inter-
action of the seismic waves with changes in the medium
during propagation alters the NCFs. In case of temporal
velocity changes the seismic waves speed up or slow
down compared to a reference state. If the relative ve-
locity change is homogeneous in space, the resulting
delay is proportional to the travel time of the wave: the
relative delay time (RDT), i.e., the delay of a seismic
phase divided by its travel time is constant.

Here the RDT (7%) is estimated as suggested by
Sens-Schonfelder and Wegler (2006). The NCF (C) is
stretched by a factor e=7"+1 and compared with a ref-
erence NCF (C") by means of the correlation coefficient
for travel times between 3 s and 10 s and the negative
counter parts. The e that maximizes the correlation coef-
ficient CC,

['C(ze)Cr(r)de
[ C(reyde] C*(z)2dr’

CC(e) = @)

gives the RDT according to the above equation. Doing
so, we implicitly assumed that the heterogeneity of the
velocity change is weak. If this is violated the paths of
the waves are altered and the NCFs decorrelate.

The same applies to changes in the illumination. As
pointed out by Hadziioannou et al. (2009) anisotropic

illumination does not hinder reliable monitoring of me-
dium changes. But we can not exclude that the illumina-
tion changes during a lunation and one might speculate
that this influences the monitoring results if the NCFs do
not sufficiently converge towards the Green’s function.
However, while variations of the anisotropic illumina-
tion might systematically influence the arrival time of
peaks in the correlation functions with lapse times
shorter than the travel time of ballistic waves, the effect
on scattered waves will be a decorrelation with random
phase shift. Thus, by using only waves with lapse times
larger than the travel time of ballistic waves we reduce
the effect of variable anisotropic illumination on the
measurements of the RDT.

Figure 9 shows the RDT from all cross- and
auto-correlations measured every 24 hours in the fre-
quency band between 6 Hz and 11 Hz. The average over
the ten sensor configurations is shown by the continuous
curve. Gray background indicates lunar night. The RDT
curve in Figure 9 shows a clear periodicity of approxi-
mately one month similar to the noise level. These
variations might be related to the position of the Earth
(tidal effect with a periodicity of 27.3 days) or to the
position of the Sun (solar heating with a periodicity of
29.5 days).
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Figure 9 Relative delay times of the whole study period. Individual measurements from the ten sensor combinations
are shown by gray dots and their daily average by the bold line. Shaded background indicates lunar night. Dashed line
indicates variable radiation due to changes in the Sun-Moon distance.

A Fourier analysis favors the latter periodicity
(Figure 10). The mechanism for the influence of the Sun
on RDT of seismic waves on the Moon is therefore
thermal heating. We hypothesize that the changes of the
temperature profile due to heating by the Sun’s radiation
during lunar day reduces the seismic velocity, causing
the variations of the RDT.

To support this hypothesis, a thermal modeling is
performed that simulates the heat conduction in the lu-
nar subsurface. Using the knowledge about heat conduc-
tivity in the shallow lunar crust, gained from the Apollo
experiments, it is possible to reproduce the observed
RDT variations under the following two assumptions. 1)
The velocity variations are proportional to temperature
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Amplitude

£/(29.5d)"!

Figure 10 Amplitude spectrum of the relative delay time
variations. Solid arrows denote harmonics of the 29.5 days
period oscillation caused by the Sun. Dashed arrows denote
harmonics of potential 27.3 days period oscillation caused by
the Earth.

variations. This is a first order approximation, but suffi-
cient for the relevant temperature range. 2) The RDT is
proportional to the average temperature change over 2 m
depth. This is an acceptable assumption because the
monthly temperature variations are limited to a very
shallow layer above about 2 m depth (Langseth et al.,
1973). The depth profiles of the thermal conductivity
and density are taken from Figures 9—10 of Langseth et
al. (1973). This structure contains a 2 cm thick top layer
in which heat is transferred not only by conduction but
also by radiation. The heat flux through the surface is
determined by the emission of thermal radiation (the
Stefan-Boltzmann law) and by the inflow of energy by
illumination from the Sun. In doing so the model is
completely determined by the changing incidence angle
of the radiation from the Sun, the Sun-Moon distance,
the emission coefficient (1.0 for infrared radiation from
the Moon’s surface), the absorption coefficient of the
Moon’s surface for radiation from the Sun (0.6), the
specific heat (600 kJ/(kg-K)) and the solar constant. The
theoretical prediction for the RDT that derives from this
simple model is shown by the thin solid curve in Figure
11. Measured RDT, averaged over eight different luna-
tions, is in the thick curve with the gray background that
indicates one standard deviation. The shape of the re-
sulting surface temperature curve from sunrise to sunrise
is shown by the dashed line in Figure 11. The agreement
with the measured curve of surface temperature
(Langseth et al., 1973) confirms the correctness of the
model. The phase shift of the measured RDT with re-

spect to the surface temperature is due to thermal diffu-
sion, and is well reproduced by our model. The agree-
ment between theoretical and measured RDTs supports
the hypothesis that the Sun causes the RDT variations.
The phase shift compared to the surface temperature
curve excludes the possibility that the RDT variations
are caused by technical effects due to heating of the in-
struments. It also means that it is inappropriate to as-
sume that the variation of subsurface velocity is in phase
with surface temperature as done by Tanimoto et al. (2008)
who compared the velocities during noon and early
night.

350
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Surface temperature/K

150
'

100

Sunrise Sunset
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Figure 11 Results of the thermal model calculations for one
lunation from sunrise to sunrise. Thick curve denotes stack of the
measured relative delay time variations from the eight lunations

()" ). Shading indicates the standard deviation. Model predictions
are shown for the relative delay times (£ ) and surface tempera-

ture (7, ) by the thin and dashed lines respectively.

Another observation that supports a relation be-
tween the RDT variations and heating by the Sun con-
cerns the amplitudes of the peaks of the RDT. They vary
systematically from one lunation to another. The peak in
January 1977 is about 20% higher than the peak in Sep-
tember 1976 (see Figure 9). This variability can be
qualitatively explained by variations in the Sun-Moon
distance and energy inflow due to the excentricity of the
Earth’s orbit. The qualitative course of the energy in-
flow at noon is shown by the dashed curve in Figure 9.
It is in agreement with the changes of the RDT peak
amplitudes.

6 Summary

In the previous sections we showed how the new
concepts of noise correlation imaging and monitoring
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can be used to analyze the historical dataset from the
Apollo 17 Lunar Seismic Profiling Experiment in a new
way resulting in novel information. We presented an
analysis of the lunar noise and its correlation properties
that illustrate the close relation between the limitations
of the noise correlation method and the character of the
noise sources. It also showed how information about the
noise sources can be obtained from the correlation
properties of the noise. Dominant source of the high
frequency noise that contributes to the reconstruction of
the impulse response are thermal moonquakes that re-
lease thermal stress in the regolith. Other signals that
“contaminate” the noise are acoustic emissions form the
landing module and inductive coupling of magnetic field
changes when the Moon enters or leaves the Earth’s
magnetotail. The effects of these contaminations can be
separated from the reconstructed parts of the Green’s
functions in the time or correlation-time domains.

Inversion of Rayleigh wave dispersion curves al-
lowed to measure the shear wave structure of the
shallow subsurface under the array which is character-
ized by a boundary at the bottom of the highly fractured
regolith. This is complementary information to the
P-wave velocities that were obtained with body waves
35 years ago. The temporal variations of the noise cor-
relation functions allowed to identify variations of the
seismic velocity in response to the temperature changes
caused by the changing illumination from the Sun. This
is the observation of a dynamic process in an environ-
ment that is usually regarded as stationary.

These results are encouraging for planetary seis-
mology as they show that ambient vibrations do neither
require fluid atmosphere nor active tectonics. Changing
thermal stresses are natural sources of vibration that al-
lows the application of passive seismology on many
planetary bodies.
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