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SUMMARY

We test the feasibility of using Green’s functions extracted from records of ambient seismic
noise to monitor temporal changes in the Earth crust properties by repeated measurements
at regional distances. We use about 11 yr of continuous recordings to extract surface waves
between three pairs of stations in California. The correlations are computed in a moving
1-month window and we analyse the temporal evolution of measured interstation traveltimes.
The comparison of the arrival times in the positive and negative correlation time of Rayleigh
and Love waves allows us to separate time-shifts associated with any form of physical change
in the medium, those resulting from clock drift or other instrumental errors, and those due
to change in the localization of the noise sources. This separation is based on the principle
of time symmetry. When possible, we perform our analysis in two different period bands:
5-10 and 10-20 s. The results indicate that significant instrumental time errors (0.5 s) are
present in the data. These time-shifts can be measured and tested by closure relation and
finally corrected independently of any velocity model. The traveltime series show a periodic
oscillation that we interpret as the signature of the seasonal variation of the region of origin of
the seismic noise. Between 1999 and 2005, the final arrival time fluctuations have a variance of
the order of 0.01s. This allows us to measure interstation traveltimes with errors smaller than
0.3 per cent of the interstation traveltime and smaller than 1 per cent of the used wave period.
This level of accuracy was not sufficient to detect clear physical variation of crustal velocity
during the considered 11 yr between the three stations in California. Such changes may be
more easily detectable when considering pairs of stations more closely located to each other
and in the vicinity of tectonically active faults or volcanoes.
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easy task for the seismic imaging because the existing anomalies

1 INTRODUCTION could be well imaged even when using relatively rough traveltime

It has been recently shown that the time cross-correlation function
of seismic ambient noise (Shapiro & Campillo 2004) computed
between a pair of distant stations contains, at least partially, the
actual Green’s function between the two stations (Campillo 2006;
Larose et al. 2006, and references therein). The emergence of the
Green’s function is effective only after a sufficient averaging that is
provided by random spatial distribution of the noise sources when
considering long time-series as well as the scattering of seismic
waves on heterogeneities within the Earth crust (Shapiro & Campillo
2004; Sabra et al. 2005b).

Traveltime measurements of Rayleigh waves reconstructed from
the seismic noise has been used to produce high resolution regional
scale images of the crustal structure in California (Sabraetal. 2005a;
Shapiro et al. 2005). This region is characterized by strong contrasts
in seismic velocities within the crust and, therefore, was a relatively
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measurements. However, further applications require a more careful
analysis of the measurement errors. For example, Green’s functions
extracted from records of ambient seismic noise can be used for
monitoring temporal changes in the Earth crust properties by re-
peated measurements at regional distances. In this case, the noise-
based measurements should be accurate enough to allow us to detect
relatively small time-shifts associated with the structural changes.
Our goal here is to assess the accuracy of the Green’s function re-
constructed by cross-correlation of ambient seismic noise and to
determine to what extents the noise-based traveltime measurements
can be used to detect and to quantify station instrumental errors and
to monitor changes in the physical properties of the medium.

High precision measurements of changes of medium prop-
erties are possible using repeated analysis of seismic records
(e.g. Poupinet et al. 1984; Snieder 2006), or noise auto-correlation
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(Sens-Schonfelder & Wegler 2006; Wegler & Sens-Schdnfelder
2007), but this technique cannot be used to detect phase shift asso-
ciated with instrumental dysfunction.

We use 11 yr of continuous records to extract the surface waves
part of the Green’s function between three pairs of stations in Cali-
fornia by computing cross-correlations of ambient seismic noise in
amoving 1 month window in the two period bands: 5-10 and 10-20
s. We evaluate the apparent traveltime fluctuations of the surface
waves for both positive and negative cross-correlation times. The
comparison of the traveltimes estimated from positive and negative
time surface waves allows us to distinguish the fluctuations due to
any form of physical change in the medium from time-shifts re-
sulting from clock drift or other instrumental errors and finally to
estimate time errors caused by variations in the distribution of the
noise sources.

After presenting data and methods in Section 2, we present results
of our analysis in Section 3. First, we analyse traveltime fluctuations
measured during a period when no obvious instrumental problem
occurred. Then, we consider a different time interval to determine
what part of the observed time fluctuation is due to instrumental er-
rors and, finally, we correct the data from the measured instrumental
errors.

2 DATA AND METHODS

Our goal is to study the evolution of traveltimes of both Rayleigh and
Love waves measured by cross-correlating ambient seismic noise for
agiven path and period band. In an ideal case when noise sources are
distributed homogeneously over the medium, for a pair of stations
A and B (Fig. 1) the surface wave arrival time should be identical
on the positive (corresponding to wave going from the station A to
the station B) and negative correlation time (corresponding to wave
going in the opposite direction) as discussed in Lobkis & Weaver
(2001), Van Tiggelen (2003), Snieder (2004) and Sanchez-Sesma &
Campillo (2006), and should not change with time. However, three
main factors can leads to fluctuations.

(i) A physical change in the medium would result in either a
faster or slower traveltime measured in both positive and negative
cross-correlation time.

(if) Aclockerror in one of the two stations would produce a time-
shift of the whole cross-correlation resulting in a larger traveltime
in the positive time and a smaller apparent traveltime in the negative
time or vice versa. A change in the phase of the response of one of
the sensors would have the same effect.

(iii) A change in the spatial distribution of the source of the
noise should affect the positive and negative correlation time inde-
pendently, since the positive and negative time are sensitive to noise
sources located in different regions (Fig. 1)

The traveltime variation §t of surface waves reconstructed by
cross-correlation of seismic noise with respect to a ‘reference trav-

eltime’, for a given path and period band can be written:
87ij(t) = D(t) + o(t) + &(t);. (1)

In this equation §z(t) denotes the variation of surface wave travel-
time measured either on the positive or on the negative part of the
cross-correlation. ij is the couple of components of the noise records
which are correlated (either Z, R or T). For example, 8t zr(t) rep-
resents the variation of the arrival time of surface waves measured
on the the cross-correlation computed between vertical and radial
components. D is the time delay caused by a relative drift of the
two station clocks (or a phase shift of the sensor response). ¢ is the
time-shift due to a change in the medium. D is an even function
where as ¢ is an odd function: a relative drift of the two station
clocks would result in shorter arrival time in the negative time of
the cross-correlation, and larger arrival time in the positive time or
vice versa. This property was used in marine acoustics (Sabra et al.
2005c¢). On the other hand, a change in the medium would result
in either shorter or larger arrival time in both negative and positive
time. g is the time-shift due to a change in the spatial distribution
of the source. This last term is expected to decrease when increasing
the length of the correlated time-series because of the better spatial
homogenization of the distribution of noise sources.
By taking the even and odd part of the eq. (1), we obtain:

8ij(t) + i (—t) &ij(t) + & (1)

5 =D(t) + 5

@

8tij(t) —25Tij(—t) — o) + &ij(t) ; 8ij(t). @)
These two equations would enable us to evaluate surface wave trav-
eltime variations due to a change in the medium ¢ and to the relative
drift of the station clock D, under the assumption that D and ¢ are
large compared to M

Two strategies can be used to evaluate D and ¢.

(i) By using cross-correlation of ‘small’ time window (1 month)
one can evaluate the drift with an accurate time resolution. But with
such a time window we expect that the term ¢ to be quite large, so
only large instrumental errors can be evaluated.

(ii) By using cross-correlation of a larger time windows, we de-
grade the time resolution, but we expect the term ¢ to be smaller.
Therefore, smaller long term instrumental drifts or physical changes
of the medium can be identified more easily.

2.1 Data used

We analyse the fluctuations of the apparent traveltime of Rayleigh
and Loves waves reconstructed by cross-correlating seismic ambient
noise, by using 11 yr (1991-1996 and 1999-2005) of continuous
records on three components at three Californian stations: GSC,
PFO and PAS (see Fig. 2).
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Figure 1. Schematic representation of reconstruction of the causal and the anticausal parts of Green’s function from the noise.
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Figure 2. Map of Southern California showing the location of the 3 broad-
band stations used for this study.

Before computing the cross-correlations, records were corrected
from the instrumental response and bandpassed either between 5
and 10 s or between 10 and 20 s. To reduce the contribution of the
most energetic arrivals, we disregarded completely the amplitude
and considered one-bit signals only (Campillo & Paul 2003; Shapiro
& Campillo 2004). Horizontal components records were rotated
to radial and transverse directions assuming the propagation along
the interstation great circle. We correlated the signal recorded on
the components that correspond to non-zero term of the Green’s
function (ZZ, TT, ZR, RZ and RR). Correlations of 1-d records are
then stacked month per month or 6 months per 6 months.

2.2 Measurement of the time delay

First, we define a ‘reference Green’s function’ (RGF) for every path
in two period bands (5-10 and 10-20 s) and for all components (ZZ,
TT, ZR, RZ and RR) by computing the one-bit cross-correlations
of 6 yr (1999-2005) of continuous records of seismic noise. This
period was used because we found that no major instrumental errors
occurred during these years for any of the three stations considered.
The ZZ component of RGF for the path GSC-PAS in the 10-20 s
period band is shown on Fig. 3. This waveform is not perfectly
symmetric: the amplitude of the Rayleigh waves is larger for the
anticausal part than for the causal part of the cross-correlation. This
means than in average, between 1999 and 2005, more energy prop-
agates from PAS to GSC than from GSC to PAS (Van Tiggelen
2003; Paul et al. 2005; Pedersen et al. 2006; Stehly et al. 2006). We
can also notice that the shapes of the causal and the anticausal sig-

-200 -150 -100 -50 0 50 100 150 200
Time [S]

Figure 3. Reference Z-Z cross-correlation for GSC-PAS filtered between
10 and 20 s (grey solid line, red in the online version) and cross-correlation

of 2000 May (black dashed line, blue in the online version). Amplitude are
normalized to 1.
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nals are quite different because the spectrum of the noise travelling
from GSC to PAS and from PAS to GSC differs as well. We how-
ever checked that the two wavetrains are associated with the same
dispersion curve.

Once the RGFs are defined for all paths, bandwidths and compo-
nents, we computed cross-correlations for all 30 d periods during
11 yr (1991-1996 and 1999-2005). For every window, we compare
the arrival time of the surface wave of the current month, with the
reference for both the causal and anticausal parts. The variation of
traveltime are measured from the phase of the cross-spectrum com-
puted between the RGF and the Green’s function estimated in the
current window.

To obtain more robust traveltime measurements, we limit our
analysis to period bands close to two main microseismic peaks at
7 and 14 s that dominate the noise spectrum. At these periods, the
sensitivity of Rayleigh waves to the medium maximizes at approxi-
mate depths of 6 and 12 km, respectively. To determine what part of
the frequency band is usable, we divide our original frequency band
in several narrow-bands (8 for the cross-correlations computed be-
tween 10-20 and 16 between 5 and 10 s). In every narrow frequency
band, we compute the spectral phase difference between the RGF
and the current Green’s function as a function of frequency and use
a linear regression to evaluate the apparent time delay. We consider
that a measurement is valid if the variance is smaller than a given
threshold. This threshold corresponds to 0.003 s when processing
data in the 5-10 s period band and 0.01s when considering data
in the 10-20s period band. In the following, we take in account
only those narrow frequency-bands where this requirement is ful-
filled for the entire 11 yr of data. The measurement on each of these
subbands is then averaged to obtain the final apparent delay for the
5-10 and 10-20 s period bands. Note that the phase differences are
always measured at the same frequencies. Therefore, measured trav-
eltime variations are not affected by changes in the spectrum of the
noise. We average the time delay measured with ZZ, ZR, RZ and
RR correlations that we consider to be consisting mostly of Rayleigh
waves. We also compute a time delay associated with Loves wave
by considering TT correlations.

In average, when considering a single component, 33 per cent
of the period band correlated is actually used to measure the time
delay. However, when we average the measured time delay over
the components, we use 70 per cent of the period band correlated
because the measurement is not performed exactly on same periods
for the ZZ, ZR, RZ, RR and TT correlation.

3 RESULTS

Fig. 4(a) shows the variation of the arrival time of Rayleigh (left-
hand panel) and Love (right-hand panel) waves for GSC-PAS in the
5-10 s period band. Measurements performed in the positive time
of the correlation are in blue, and those performed in the negative
time are in red on the same scale. The positive part of the corre-
lation corresponds to waves travelling from GSC to PAS while the
negative time corresponds to waves travelling from PAS to GSC.
Two main periods can be distinguished. Between 1991 and 1996,
the apparent arrival times exhibit large fluctuations that can be up
to 2 s. We remark that the same main features of the time delay can
be seen for the averaged Rayleigh and Love waves measurements.
Between 1999 and 2005, arrival times are very stable and their
fluctuations do not exceed 0.2 s. The fluctuations are systematically
much larger for the positive time. Let us first consider the 1999-2005
period.
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Figure 4. Traveltime variations of Rayleigh (a) and Love (b) waves, for the path GSC-PAS measured from 1-month cross-correlations in the 5-10 s period band.
Traveltime of Rayleigh waves are obtained by averaging measurements performed on Z-Z, Z-R, R-Z and R-R cross-correlations. Loves waves are obtained
from T-T cross-correlations. Results from the positive and negative correlation time are shown with dashed and solid lines, respectively.

3.1 Time delay in the 5-10 s period band between 1999
and 2005

We consider the period 1999-2005, for which we did not detect any
obvious instrumental errors. Fig. 5 shows the apparent traveltime
variations of surface waves for paths GSC-PAS, GSC-PFO and PAS-
PFO in the 5-10 s period band, averaged over all components of the
Green’s function, that is including both Love and Rayleigh waves.
The correlations are performed day per day and are then stacked
month per month using a moving window. Results from the positive
time of the correlation shown with a blue line correspond to waves
going from the first to the second station (i.e. from GSC to PAS,
GSC to PFO and PAS to PFO). The red line shows results from the
negative part of the cross-correlations.

The negative time of the correlation of GSC-PAS is sensitive to
sources located in the Pacific Ocean and exhibits smaller fluctuations
than the positive time which is sensitive to sources in the Atlantic
Ocean (Stehly et al. 2006). The fluctuations on the negative time of
GSC-PAS never exceed 0.05s and has a variance of only 0.0007 s.

a) 1r

0.5r
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°
-0.51
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_ i i i i i i
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Figure 5. Variation of the surface waves traveltimes measured in the pe-
riod band 5-10 s and averaged on all components for different paths: (a)
GSC-PAS, (b) GSC-PFO and (c) PAS-PFO. Results obtained from positive
and negative cross-correlations time are shown with dashed and solid lines,
respectively.

As the traveltime of the Rayleigh waves is about 60 s, the maximum
amplitude of the fluctuations and its variance represents, respec-
tively, 0.08 and 0.0012 per cent of the traveltime of the Rayleigh
waves. This shows that the reconstruction of the Green’s function
is extremely robust. Also, the equal traveltimes measured from the
negative and positive time of cross-correlations demonstrate that no
significant instrumental errors occurred between 1999 and 2005.

Largest fluctuations are found for the causal part of the GSC-PFO
cross-correlation. The Green’s function reconstruction is less stable
for this path because it is not directed toward a nearly located oceanic
coast. However, even for this ‘unfavourable’ path the observed fluc-
tuations never exceed 0.75s (i.e. about 1 per cent of the traveltime
of Rayleigh waves), for a relatively short windows of analysis of
1 month. Moreover, the fluctuations measured from the negative
part are less than 0.19's (i.e. 0.3 per cent of the traveltime).

3.2 Time delay in the 10-20 s period band between 1999
and 2005

The upper panels of the Fig. 6 shows the traveltime variation of
surface waves measured in the 10-20 s period band and averaged
on all components. Cross-correlations were computed in a moving
1-month window. Similar to Fig. 5, positive times correspond to
waves going from GSC to PAS and from GSC to PFO. We do not
show the result for PAS-PFO, because the Green’s function for this
path is not well reconstructed in the 10-20 s period band.

The location of sources of the background primary microseism
(10-20 s period band) is not constant and has a clear seasonal depen-
dence (Stehly et al. 2006). As a consequence, the term ¢;; in eq. (1)
is expected to exhibit significant seasonal oscillations. This can be
clearly seen in the measured traveltimes that exhibit clear fluctua-
tionswith anearly 1-yr period whose amplitude reaches 0.5 s for both
paths and for the causal and the anticausal parts of cross-correlations
simultaneously. These fluctuations prevent us from achieving a sat-
isfactory accuracy from cross-correlating only 1 month of data in
the 10-20 s period band. To have a more stable Green’s function
reconstruction, we should use longer time windows.

The lower panels of Fig. 6 shows the variations of the arrival
time of surface waves when considering cross-correlation over a
moving window of 6 months. These variations never exceed 0.2s
for the GSC-PAS path (0.3 per cent of the traveltime) and 0.16 s for
the GSC-PFO path (0.25 per cent of the traveltime). These values
represents about 1 per cent of the central period of the signal.

3.3 Evidence of instrumental time-shifts during 1991-1996

3.3.1 Time fluctuation for GSC-PAS
Variations of the arrival time for the path GSC-PAS for the two
period bands 5-10 and 10-20 s during the period 1991-1996 are

© 2007 The Authors, GJI, 171, 223-230
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Figure 6. Surface wave traveltime variations measured in the 10-20 s period band and averaged on all components. (a) GSC-PAS using 1 month stacks (b)
GSC-PAS using 6 months stacks. (c) GSC-PFO using 1 month stacks (d) GSC-PFO with 6 months stacks. Results obtained from the positive and negative

correlation time are shown with dashed and solid lines, respectively.

1 I I I I I I I I I L I |
1991 1992 1993 1994 1995 1996 1999 2000 2001 2002 2003 2004 2005

years

1 . 1 1 . . 1 . . . 1 . i
1991 1992 1993 1994 1995 1996 1999 2000 2001 2002 2003 2004 2005
years

Figure 7. Surface wave traveltime variations averaged on all components for the path GSC-PAS at period ranging from (a) 5 to 10 s (b) 10 to 20 s. Results
obtained from the positive and negative correlation time are shown with dashed and solid lines, respectively.

shown in Fig. 7. Averaged relative time delays measured from the
positive and negative times of the reconstructed Green’s functions
are clearly correlated for the two period bands. In 1992, the time
delay 87 (t) exhibits a peak reaching 2 s, that can be observe both for
positive and negative correlation time with the same polarity. Also
a positive time-shift is observed during all the considered period
on the positive and negative time. This means that the apparent
arrival time become larger on the positive time and smaller in the
negative time. These observations cannot be related to changes of
the physical properties of the crust that would result in fluctuations
of opposite polarity for the positive and negative correlation time
(the function ¢(t) in eq. 1 is an odd function). It is also unlikely that
such almost perfectly even variations are due to the variations in
the distribution of the microseism sources because the positive and
negative cross-correlation times are not sensitive to sources located
in the same region (Fig. 1). Moreover, all these features can be seen
on the two period bands 5-10 and 10-20 s (Fig. 7b) while the source
of noise are not expected to be the same for the two period bands
(Stehly et al. 2006). Therefore, these even and period-independent
time fluctuations strongly suggest a clock drift or instrumental errors
at one of the two stations.

3.3.2 Evaluating instrumental errors for the GSC-PAS path

By taking the even part of the surface wave traveltime fluctuations
obtained from the positive and negative noise cross-correlation time,
we isolate instrumental errors (see eq. 2). Results from the two pe-
riod bands presented in Fig. 8 show several robust features (i.e. the
fluctuations that can be observed in the two period bands simultane-
ously): the main peak of 1992, the minor peak of 1994, the offset of
the curve between 1991-1996 and 1999-2005, as well as the small

© 2007 The Authors, GJI, 171, 223-230
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Figure8. Relative instrumental error between GSC and PAS measured in the
5-10 s (dashed line) and the 10-20 s (solid line) period bands by computing
the even part of 5t(t) following eq. (2).

positive trend between 1991 and 1996. Smaller instrumental errors
are masked by the fluctuations associated with changes in the spatial
distribution of the noise sources.

3.3.3 Comparing observed instrumental errors for different paths

We also evaluate instrumental errors for the GSC-PFO and the PAS-
PFO paths during 1991-1996 using a moving 1-month window. For
PAS-PFO, we only used the period band 5-10 s because the Green’s
function is not well reconstructed between 10 and 20 s. We show
the results in Fig. 9. Relative instrumental errors for GSC-PFO are
similar to those measured for GSC-PAS: the main peak of 1992,
the minor peak of 1994 and the shift in the arrival time between
1991-1996 and 1999-2005. These features are not observed for the
PAS-PFO path. Therefore, they are likely all caused by instrumental
problems at GSC.

One can note that the shape and the amplitude of the 1992 and
1994 peaks are not exactly similar for the two paths: GSC-PAS and




Table 1. Average values of the relative instrumental errors for three sta-
tions pairs: GSC-PAS, GSC-PFO and PAS-PFO computed with eq. (2) from
moving stacks of 1 month of cross-correlations of ambient seismic noise,
performed in the two period band 5-10 and 10-20's. The three-station closure
relation of relative instrumental errors is (GSC-PAS)—(GSC-PFO)+(PAS-
PFO).
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Figure 9. Instrumental errors computed using eq. (2) for different paths: (a)
GSC-PAS, (b) GSC-PFO and (c) PAS-PFO. Measurement performed in the
5-10 s period band are shown with a dashed line, and those between 10 and
20 s are shown with a dotted line. In solid line we show the ‘schematic’
relative instrumental errors defined as following. (i) During the peak of 1992
and 1994, we use the average value of the instrumental errors computed in
the period band 5-10 and 10-20 s using 1 month stack. We do not average
the measured value overtime. (ii) The rest of the time, we show the “slowly
evolving instrumental error’, by taking the average value of the relative clock
error evaluated during the three period of time: 1991 January-1992 March,
1992 August-1994 February and 1994 May-1995 December 1995. Again
we average measurements performed in the two period bands, 5-10 and
10-20 s. The value used are summed up on Table 1.

GSC-PFO. This apparent discrepancy is explained by the different
data availabilities for the two pairs of stations. As a consequence,
our measurements are not made exactly at the same dates. Moreover,
the amplitude of the 1992 peaks is equal to 2.41 s for GSC-PFO and
2.14 sfor GSC-PAS. This suggests there is also a small relative error
between PFO and PAS.

3.3.4 Slowly evolving instrumental time-shifts

We exclude the period of the two peaks of 1992 and 1994, and
we consider only long term variations of the time delay that are
much smaller than the 1992 peaks. One can notice in Fig. 9 that
the average values of the measured instrumental error change
slightly with time for the three paths. Three main periods can be
distinguished:1991-March 1992, August 1992—February 1994, and
may 1994-December 1995. \We average the measurement performed
in 5-10 and 10-20 s period band, in this three main periods to eval-
uate the long term instrumental errors. For example, for GSC-PAS
between 1991 and the beginning of the 1992 peak, the average error
is 0.585 s whereas it is 0.65 s between the 1992 and 1994 peaks and
0.67 s after the 1994 peak. This suggests long term drifts of the clock
at some of the stations, or others slowly evolving instrumental prob-
lems. Measurements of the different average values of the surface
wave arrival times measured from the noise correlations are sum-
marized in Table 1. We can check that they actually correspond to

1991-1992 1992-1994 1994-1996
GSC-PAS 0.585 0.658 0.675
GSC-PFO 0.814 0.714 0.709
PAS-PFO 0.226 0.041 0.013
Closure —0.0018 -0.014 —0.02

a relative instrumental errors of the stations, by verifying a closure
relation. The relative instrumental error of GSC-PAS - GSC-PFO +
PAS-PFO should be equal to zero. Observed closure amplitudes are
smaller than 0.02 s which is one order of magnitude smaller than
the measured long term instrumental errors.

3.3.5 Evaluating station time-shifts from relative time-shifts
measurements

In the previous sections, we evaluated the relative instrumental er-
rors between pair of stations. The next step is to obtain the absolute
instrumental errors at each stations. Obtaining individual station er-
rors from relative measurements is not straightforward, and has not
a unique solution: The relative clock error of GSC-PAS, GSC-PFO
and PAS-PFO give us three equations, but only two of them are in-
dependent whereas we have three unknowns: the error at GSC, PAS
and PFO. Concerning the major dysfunctions (the peaks of 1992
and 1994), we have already seen that they are all due to a problem
at GSC as seen on Section 3.3.3.

For the slowly evolving errors, although several scenarios could
fit our measurements, we propose the following model under the
arbitrary assumption that there is no error on PAS (this subjective
hypothesis is only considered to check how consistent are our mea-
surements):

(i) Between 1991 and the beginning of the peak of 1992 (see
Table 1), GSC has error equal to 0.58 s, PFO an error of about 0.23 s,
and PAS no error at all. This would explain that the relative error
for the GSC-PAS path is 0.58 s, the one for GSC-PFO is 0.81 s and
for PAS-PFO it is equal 0.23 s.

(ii) Between the peaks of 1992 and 1994: GSC has an error of
+0.65 s and PFO has an error of —0.056 s.

(iii) between 1994 and 1996, GSC would have an error of +-0.67
s and PFO an error of —0.03 s.

Our evaluation of individual station errors are summarized in
Table 2.

Table 2. Interpretative values of instrumental errors for the stations GSC
and PFO, under the assumption that there isno error at PAS and deduced from
the measurements of relative instrumental errors of GSC-PAS, GSC-PFO,
and PAS-PFO.

1991 1992 May 1992 1993

1994 April 1994 1995

GSC +0.585s +2.18s +0.65s +1.00s +0.67s
PFO —0.23s —0.056s —0.06s —0.03s
PAS +0s
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Figure 10. 5-10 s surface wave traveltime variations averaged on all com-
ponents for the GSC-PAS path after correcting the instrumental errors shown
on Fig. 9. Results obtained from the positive and the negative correlation
times are shown with dashed and solid lines, respectively.

3.3.6 Correcting instrumental time-shifts

After evaluating the instrumental errors D(t) (see eq. 2, and Fig. 9),
we remove them from the data. Fig. 10 presents the traveltime vari-
ations remeasured for the GSC-PAS path between 5 and 10 s after
removing the estimated instrumental errors. We corrected the data
from the average peak of 1992 and 1994 measured in the 5-10 and
10-20 s period band, using stack of 1 month of cross-correlation,
as well as the slowly evolving error evaluated by taking the aver-
age value of the time delay 8 (t) for the three periods 1991-1992,
1992-1994 and 1994-1996. This corresponds to the instrumental
errors shown in red on Fig. 9, and to the value in Tables 1 and 2.

Following egs (1) and (2), the measured time delay fluctuations
8t* after correcting the data from the instrumental errors are:

&‘ij(t) +8ij(—t):| @)

5150 = [D0) + 900 +55(0] - | DO + 2O

&ij(t) — &ij (=)
5 :

87j(t) = o(t) + ()

¢ is the time-shift due to a change in the medium and ¢ is the
time-shift due to a change in the spatial distribution of the sources
of noise.

The peaks of 1992 and 1994 have completely disappeared as
expected, as well as the time-shift between the 1991-1996 and 1999—
2005 period and the small trend between 1991 and 1996 (Fig. 10).

The measured time delay in the positive and negative time of the
cross-correlation are not correlated (Fig. 10). In other words after
correction of the instrumental errors, §t* is not an odd function,
whereas ¢ is an odd function (see Section 2). This means that in
eq. (4), ¢ is small with regard to G060 Therefore, we could
not detect any change of the medium and the fluctuations of the
remeasured time delay are mainly due to changes in the spatial
distribution of the noise sources.

Traveltime fluctuations after the correction of instrumental errors
have a variance of 0.012 and 0.0022 s on the positive and negative
time, respectively. This represents 0.02 and 0.003 per cent of the
traveltime of Rayleigh waves. This shows that the Green’s func-
tions reconstructed by correlating ambient seismic noise are accu-
rate enough to detect and to correct small instrumental errors and
to measure interstation traveltimes with a precision of a few tenths
of second for stations 200 km apart.

4 CONCLUSIONS

We studied variations of surface wave traveltimes measured from
cross-correlations of seismic noise records between three seismic
stations in California during 11 yr in two period bands: 5-10 and
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10-20 s. Simultaneous analysis of causal and anticausal parts of
cross-correlations allowed us to isolate and to correct various instru-
mental time-shifts occurred between 1991 and 1996. This measure
of instrumental error does not require any assumption on the wave
velocity and relies only on the fundamental properties of time sym-
metry. It could be used routinely to detect instrumentals problems.

Remaining traveltime fluctuations were attributed to errors
caused by variations in distribution of the noise sources. In the 10—
20 s period band, these errors exhibit strong fluctuations with a
clearly identified 1-yr period that is related to seasonal migration of
sources of the primary microseism (Stehly et al. 2006). These sea-
sonal fluctuations can be reduced by averaging the results in longer
time windows.

After introducing all discussed corrections, the interstation trav-
eltimes can be measured with a precision of a few tenths of a second
for stations separated by ~200 km. The achieved level of accuracy
was not sufficient to unambiguously detect traveltime variations as-
sociated with changes of the physical properties of the crust for the
three station pairs and during the considered 11 yr. The obtained
results are, however, encouraging because they demonstrated that
the traveltime variations can be measured with errors that are smaller
than 0.3 per cent of the interstation traveltime and than 1 per cent
of the considered wave period. First, this indicates that the precision
of the measurement is at least comparable with the one obtained with
earthquakes implying that the noise correlation is definitely a good
approach for high resolution seismic imaging. Second, the noise
based traveltime measurements over shorter paths are expected to
be more sensitive to localized changes in the media. Therefore, for
future experiments we suggest to consider pairs (or arrays) of sta-
tions separated only by a few tens of kilometres up to one hundred of
kilometres and located very close to tectonically active features such
as active faults or volcanoes. With such configurations the achieved
absolute level of accuracy of the noise-based traveltime measure-
ments that can be achieved may be sufficient to detect variations of
the physical properties of the crust caused by tectonic or volcanic
processes. Using surface waves extracted from the noise in the mi-
croseismic peak frequency bands will allow us to monitor relatively
deep parts of the crust where it is very difficult to obtain repeatable
measurements based on artificial seismic sources.
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