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Abstract we report on earthquake and temperature-related velocity changes in high-frequency
autocorrelations of ambient noise data from seismic stations of the Integrated Plate Boundary Observatory
Chile project in northern Chile. Daily autocorrelation functions are analyzed over a period of 5 years with
passive image interferometry. A short-term velocity drop recovering after several days to weeks is observed
for the M,, 7.7 Tocopilla earthquake at most stations. At the two stations PBO5 and PATCX, we observe a
long-term velocity decrease recovering over the course of around 2 years. While station PBO5 is located in
the rupture area of the Tocopilla earthquake, this is not the case for station PATCX. Station PATCX is situated
in an area influenced by salt sediment in the vicinity of Salar Grande and presents a superior sensitivity

to ground acceleration and periodic surface-induced changes. Due to this high sensitivity, we observe a
velocity response of several regional earthquakes at PATCX, and we can show for the first time a linear
relationship between the amplitude of velocity drops and peak ground acceleration for data from a single
station. This relationship does not hold true when comparing different stations due to the different
sensitivity of the station environments. Furthermore, we observe periodic annual velocity changes at PATCX.
Analyzing data at a temporal resolution below 1 day, we are able to identify changes with a period of 24 h,
too. The characteristics of the seismic velocity with annual and daily periods indicate an atmospheric
origin of the velocity changes that we confirm with a model based on thermally induced stress. This
comprehensive model explains the lag time dependence of the temperature-related seismic velocity
changes involving the distribution of temperature fluctuations, the relationship between temperature,
stress and velocity change, plus autocorrelation sensitivity kernels.

1. Introduction

Traditionally, seismic noise has been seen as useless and as a nuisance in the interpretation of seismic
signals. However, seismic noise opens the field to a range of new applications by using noise-based
Green'’s functions [Shapiro and Campillo, 2004] with other techniques as surface wave tomography or coda
wave interferometry [Snieder et al., 2002]. Especially monitoring applications benefit from the permanent
availability of ambient noise, because the necessity of repeating sources, like earthquake multiplets or
repeatable active sources, is eliminated.

Passive image interferometry introduced by Sens-Schénfelder and Wegler [2006] combines noise-based
Green'’s functions with coda wave interferometry. The method is suitable for monitoring seismic veloci-

ties in the subsurface. Sens-Schénfelder and Wegler [2006] detected seasonal velocity changes caused by
changes in fluid saturation of the medium due to precipitation and groundwater level changes. Seasonal
velocity changes were also detected by Meier et al. [2010], Hobiger et al. [2012], and other authors. Coseismic
velocity drops were detected for different events, e.g., the 2004 M,, 6.6 Mid-Niigata earthquake [Wegler and
Sens-Schénfelder, 2007; Wegler et al., 2009], the 2008 M,, 6.9 Iwate-Miiyagi Nairiku earthquake [Hobiger et
al., 2012], and the 2011 M,, 9.0 Tohoku earthquake [Takagi and Okada, 2012; Sawazaki and Snieder, 2013]. In
most cases the velocity recovers in the course of several years after the earthquake. Rivet et al. [2011] related
the velocity change due to a M 7.5 slow-slip event in Mexico not emitting any seismic waves to the strain
rate. Maeda et al. [2010] speculated about a fluid-induced origin of velocity decreases correlating with earth-
quake swarms in a geothermal environment. Sens-Schénfelder and Wegler [2011] discussed possible reasons
for coseismic velocity changes in a review of passive image interferometry.
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Figure 1. Map of the IPOC network indicating velocity decrease at the 0.5 Hz do not show any distinct VeIO.CIty
time of the Tocopilla earthquake at different stations in two different change. Because we suppose a possible
frequency bands. The rupture slip distribution from Schurr et al. [2012] ~ impact of the Tocopilla event on seismic
is displayed in gray isolines (0.5 m to 3 m). Stations with no data had velocity to be located near the surface,

not yet been installed at the time of the Tocopilla event. we use higher frequencies in this study.

Above 1 Hz waves are subject to strong
attenuation, and the coherence between cross correlations of station pairs is often lost depending on the
interstation distance. Autocorrelations, of course, do not have this shortcoming and are therefore analyzed
in this study.

Before calculating the autocorrelation, the data have to be prepared. We use the vertical component of the
data. For each day, we detrend, filter, and downsample the data to 50 Hz. Finally, the data have to be nor-
malized to reduce the effects of earthquakes in the correlations. An overview of normalization methods
was presented by Bensen et al. [2007]. In northern Chile we have to deal with a high amount of local seis-
micity which leads to corrupt noise correlations for some days even when normalization is applied. This

is because earthquakes do not only have a higher amplitude than noise which is successfully dealt with
by the normalization but also occur during a significant time span. Therefore, we suppress a part of the
earthquakes completely with an automated method. Samples with an envelope larger than 10 times the
root-mean-square of the envelope in quiet periods are set to zero. We then additionally apply the 1 bit
normalization. All samples are set to +1 if they are positive and —1 if they are negative. Gaps and data sup-
pressed in the first step stay at zero. This combined normalization approach enhances the noise correlation
of days with numerous local events. The quality of noise correlations of interesting days immediately after
moderate earthquakes is improved in spite of a potentially large number of aftershocks.

Daily autocorrelations are computed in the frequency domain by calculating the square of the absolute
value of the Fourier spectrum for all available data. The daily autocorrelations are normalized after back
transformation to the time domain so that the value at 0 s lag time equals 1. These autocorrelations are used
as input for the passive image interferometry.

Relative traveltime variations can be determined for different lag time windows in the autocorrelation func-
tions that start at ¢, and end at t,. We use the 5 s long time windows (55, 10s), (105, 15s), and (155, 20 s).
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Figure 2. Similarity matrix of the autocorrelation function at PATCX for the frequency band 9 Hz to 11 Hz and lag time
window 7 s to 9 s as produced by equation (1) for different days. The vertical line marks the time of the Tocopilla earth-
quake. The relative velocity changes cause neighboring phases to occur at the same lag time for different times in the
year (see box). This corresponds to a phase shift of 2x between the respective noise correlation functions. We adapted
the interferometry method to deal with this—first by the iterative reference calculation described in section 2, second
by the alternative fitting procedure for long-term changes in section 3.2.

First, a reference autocorrelation ¢, is computed as the mean over all available daily autocorrelations for
this station. Then the daily autocorrelations ¢ are stretched and compressed on the time axis with respect
to zero lag time. For determining traveltime fluctuations, the similarity between the unstretched refer-
ence and the stretched daily autocorrelation function in the chosen time window is determined for each
stretching factor e by the correlation coefficient

S Ba(t(1 + eDpreg(Dt
ccle) = : 7 (M
(/2 4361 + edt [ 42, (0

adopting values between +1 and —1. The stretching factor with the highest similarity can be directly trans-
lated into relative traveltime variation —At/t, which corresponds to the relative velocity change Av/v if this
change is homogeneous:

e=-Al_ &Y P)
t v

For an illustration of this method we refer to Wegler et al. [2009, Figure 3]. This procedure can be repeated
for every available daily autocorrelation to construct a similarity matrix which displays the correlation coef-
ficients cc(e) for the different stretching factors € for each day. The maxima of the similarity matrix for each
column (day) can be used to trace the relative velocity change over time. Both observed velocity changes
and stretching factors will be termed ¢ in the following. If the velocity change is not homogeneous in space,
we obtain an apparent relative velocity change that we also term e.

As we work in a comparably high frequency range, we observe the velocity variations to cause phase shifts
at late lag times that are significant compared to the dominant period. Consequently, a reference correla-
tion function ¢, calculated by simple stacking of all daily autocorrelation functions will be deteriorated,
because correlation functions from different periods interfere destructively for high frequencies (Figure 2).
We therefore introduce a new scheme to calculate the reference autocorrelation in an iterative manner.
Using a stack of the correlation functions as preliminary reference, we first obtain a preliminary estimate €,
of the relative velocity variations. The final reference function is not calculated as the mean of daily autocor-
relations over all N days t;, as before, but as the mean of all autocorrelations corrected for the preliminary

estimate of the velocity change e,:

Pre(t) = Z¢d(r (1 = pral(t))) 3)

I*'I

This enhances the resulting correlation between the reference and the stretched daily correlation functions
and thus improves the measurements when dealing with high frequencies or late lag times as in Figure 2.
We will come back to the iterative reference calculation in sections 3.2 and 3.5.

Zhan et al. [2013] demonstrated that spurious velocity changes can be caused by changes in the ambient
noise frequency content. A stretching of the amplitude spectrum can introduce spurious velocity changes if
measured with the stretching technique at early lapse times. Scaling the tests performed at a frequency of
0.1 Hz by Zhan et al. [2013] to the frequency and lapse times used in the present study, we can be sure that
this effect would be smaller than 2 x 1072% even for the rather extreme case of a perfect frequency stretch
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of 20%. Moreover, in contrast to the test by Zhan et al. [2013] the time windows used here contain multiple
wave packets. In this case also an ideal velocity change in the medium introduces a stretch in the amplitude
spectrum of the Green'’s function, independently of the source spectrum. Consequently, a change in the
amplitude spectrum does not indicate that an observed velocity change is spuriously caused by a change in
the source spectrum.

3. Observations

3.1. Velocity Changes Associated With Tocopilla Event

Autocorrelations of all stations installed at the time of the Tocopilla earthquake are analyzed using the
method described in the previous section. We use the two frequency bands 1-3 Hz and 4-6 Hz for the anal-
ysis. An electronic supplement shows the daily autocorrelation functions for all analyzed stations and the
respective results of the stretching procedure, i.e, the similarity matrices. A velocity drop larger than 0.2% is
detected at the time of the Tocopilla earthquake at 10 of 13 running stations (Figure 1). Stations PB04 and
PBO5 located near the maxima of the slip distribution as calculated by Schurr et al. [2012] show the high-
est velocity drop in the 1-3 Hz frequency band (Appendix A). Station PATCX more than 100 km north of the
epicenter and outside the rupture area shows the highest velocity drop in the 4-6 Hz frequency band. At
all stations except for stations PBO5 (1-3 Hz) and PATCX (4-6 Hz) the velocities return to the level before the
earthquake in several days to weeks. In the case of stations PBO5 and PATCX this recovery takes about 2 years
(Figure 3a, Appendix A).

3.2. Long-Term Velocity Changes at Station PATCX

Contrary to the other IPOC stations, station PATCX shows additional velocity drops at smaller earthquakes
and periodic annual velocity changes. Figure 3a presents the results from the stretching procedure for sta-
tion PATCX in the 4 Hz to 6 Hz frequency band for lag times from 10 s to 15 s together with daily mean
temperatures at Iquique airport. First-order observations are the annual velocity change which correlates to
temperature and a velocity drop at the time of the Tocopilla earthquake recovering in the course of around
2 years. We can fit these observations with the function

2n
€mod(t) = €y + €p COS [1_yr(t —tpo — tp)]

— €gq €XP (— In10 ﬂ) H(t - teqo)
teq

with t; marking the day 1 January 2010 and t;, marking 14 November 2007, the day of the Tocopilla earth-
quake. H is the Heaviside function yielding 0 for negative arguments and 1 otherwise. The fitting parameters
are associated with different causative processes. ¢, is the amplitude of the relative velocity change with
annual period. t, is the phase of the maximum velocity of this periodic change relative to 1 January 2010.
€gq is the amplitude of the velocity drop at 14 November 2007 and t;, the recovery time to 10% of this
earthquake-related change. The meaning of these four parameters is indicated with thick, black arrows in
Figure 3a. ¢, is a constant offset and of no further importance.

For calculating the five optimal fitting parameters the most obvious solution would be to minimize the sum
of the quadratic difference between ¢4 and the stretching factor with the best similarity over all N days
t;: Zf; 1Emod (1) — Emax(t))2. This strategy, however, has two serious drawbacks: First, days with erroneous
outliers tend to be overweighted. Second, due to cycle skip the maxima of the similarity matrix could be at
neighboring phases for different days as illustrated by Figure 2. To avoid such cycle skipping, we maximize

the mean of correlation coefficients at the stretching factors ¢,,,o4

2=

ccmean

N
Y cClmog®)) - )
i=1

This approach finds the model curve which runs along the highest ridge of the similarity matrix. The opti-
mization uses the Nelder-Mead simplex algorithm [Nelder and Mead, 1965; Wright, 1996] implemented in
the SciPy library [Jones et al., 2001] with reasonable starting values. We use the estimated long-term veloc-

ity changes e,,4 for the a posteriori calculation of the reference trace introduced in section 2 (€pe) = €moq)
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Figure 3. (a) Similarity matrix of station PATCX for the time window of 10 s to 15 s of the autocorrelation function in the frequency band 4 Hz to 6 Hz. The stretch-
ing factors resulting in the best correlation to the reference trace for each day are connected by a cyan line and represent the observed velocity variations. Note
that the y axis displays velocity decrease (—¢). There is a clear correlation between temperature variations (blue line, daily mean temperature at Iquique airport)
and the periodic component of the velocity changes. Additionally, there is a sudden drop of seismic velocity at the time of the Tocopilla earthquake. Seismic
velocity is recovering to the level before the Tocopilla event in the course of around 2 years. These two effects are fitted to the similarity matrix with an expo-
nentially decaying offset (broken orange line) added to a sinusoidal function (orange line). The fitting parameters amplitude of periodic relative velocity change
ep, amplitude of coseismic relative velocity drop egq, phase of periodic velocity change t,, and recovery time of coseismic velocity drop tgq are marked by thick,
black arrows. (b) Same similarity matrix as described in Figure 3a with long-term effects subtracted. Therefore, the orange line in Figure 3a was used. Additionally,
the peak ground acceleration for each day is plotted at the bottom. A clear correlation between peak ground acceleration and short-term velocity drops can be
observed. Most of the high values of peak ground acceleration (PGA) originate from local earthquakes within 200 km with a magnitude above 5.5. An apparent
velocity increase is visible in June and July 2007. We ignore this change as it is related to a low correlation and probably unphysical.

and repeat the calculation of the similarity matrix and the fitting. For the plot in Figure 3a the final optimal
parameters are

€p = 0.19%, €eq = 0.68%, € =—0.10%,
t, =61d and teq =770d.

3.3. Shaking-Induced Velocity Changes at PATCX

Here we analyze short-term velocity changes not contained in the above model. Removing the long-term
trend at station PATCX as provided by the function in equation (4) produces the plot in Figure 3b. An addi-
tional short-term velocity decrease at the time of the Tocopilla earthquake shows an overlap of different
effects with different timescales. At other days velocity drops can be observed, too, recovering in the course
of several days to 1T month. Such days show a high peak ground acceleration caused by regional earthquakes
as indicated by the green bars at the bottom of Figure 3b. The bar plot shows the peak ground acceleration
on the vertical component of each day as it was sensed by an accelerometer right next to the seismometer.
We measure the amplitude of the short-term velocity decreases by taking the difference of mean velocity
during the 10 days prior to the event and minimum velocity after the event with a correlation above 0.5

RICHTER ET AL. ©2014. American Geophysical Union. All Rights Reserved. 4751
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Tocopilla event at different stations. A linear relationship of seismic earthquake at different stations as pre-
velocity drop and peak ground acceleration can be observed at station ~ sented in Figure 4 (right). Obviously, the
PATCX. This relationship does not hold true when considering different  media around different stations have

stations because of different environmental settings. different sensitivity to velocity changes

caused by ground acceleration.

Hobiger et al. [2012] analyzed peak ground accelerations and coseismic velocity changes observed with
cross correlations for the 2008 M 6.9 Iwate earthquake at different stations. They found a trend linking strong
acceleration to high velocity drops. Considering the scatter and the averaging of station sensitivities inher-
ent to their inversion procedure the relation is not very clear. Both Takagi and Okada [2012] and Sawazaki
and Snieder [2013] found for the M 9.0 Tohoku earthquake that amplitudes of coseismic changes are in a
better agreement with dynamic strain data than peak ground acceleration. Maxima of dynamic strain are
estimated with the ratio of peak ground velocity and average shear velocity of the uppermost 30 m. We ana-
lyze for the first time coseismic velocity changes for different events at a single station which guarantees
constant sensitivity. Dynamic strain is in this case proportional to the peak ground velocity. Our results favor
a linear relationship to peak ground acceleration (coefficient of determination r?> = 0.95 for the linear regres-
sion) over dynamic strain (r> = 0.79). We emphasize that this comparison is only possible at station PATCX
because its superior sensitivity results in a velocity response to the moderate shaking caused by numerous
small events, whereas other stations respond only to the largest events.

3.4. Velocity Changes in the Course of 1 Day

Section 3.2 suggests that the long-term periodic velocity changes at station PATCX are related to temper-
ature variations. Still, other factors showing a similar annual periodicity as temperature could result in a
similar effect. Precipitation or groundwater level changes are unlikely to cause the velocity changes because
of the Atacama desert’s very dry conditions. Hydrological effects might be observed due to lateral flow

in the vicinity of the river valleys that transect the desert. But such effects are unlikely as regular as the
observed velocity variations that are well fitted by a sine curve. Especially, the changes with a daily period
are unlikely to be caused by groundwater flow. Here daily velocity changes are analyzed at station PATCX to
test the hypothesis that velocity changes are temperature related.

For calculating the daily velocity changes, we autocorrelate the 4 Hz to 6 Hz data in bunches of 1 h with an
overlap of half an hour. We then perform the stretching procedure for the 48 autocorrelations for each day
using the mean of all functions of this day as a reference. The result is demeaned and days with less than 48
data points because of missing data are discarded. Finally, the stretching factors with the highest correlation
coefficient and of the same hour of day are stacked for all remaining 1570 days. Figure 5 shows the veloc-
ity changes together with error bars of a length of twice the standard error of the mean. The mean of the
correlation coefficients of each hour of the day are displayed in Figure 5 (right). We observe a daily relative
velocity change with a peak-to-peak value of around 0.18% for 5 s to 10 s lag time and a peak-to-peak value
of 0.04% for the later two time windows. For larger lag times the errors tend to be higher, and the correlation
coefficient tends to be lower. The mean air temperature over all available days is plotted together with the
daily velocity changes in Figure 5 (left). The temperature data come from a creepmeter installation (station
CHO2) 32 km south of station PATCX with a similar distance to the coast and a similar elevation as PATCX.
The velocity change measurements show the same pattern as the air temperature. The only difference is a
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Figure 5. Velocity change at station PATCX in the course of 1 day for
three different time windows of the autocorrelation function com-
pared to air temperature (red line). Additionally a fit (stretched on y-axis
and delayed on x axis) of the temperature curve to the observations

is shown (dashed red lines). The velocity changes follow clearly the
course of the temperature with a time delay of 1.5 h, 3.3 hand 145 h
for the 5—10s, 10—15s, and 15—20s window, respectively. Data for the
last time window have low correlation and high error bars as compared

phase shift of 1.5 h, 3.3 h,and 14.5 h
between the two measurements for
the lag time windows 5—10's, 10—15 s,
and 15-20 s, respectively. The almost
perfect fit of the velocity change and
the phase-shifted temperature curve

is a strong indication that velocity
changes are caused by changes of

air temperature. It supports the idea
that temperature changes are also
responsible for the annual variations of
subsurface velocities. We discuss ampli-
tude and phase of the periodic velocity
variations in section 4.

3.5. Frequency and Lapse Time
Dependence of Long-Term

Velocity Changes

Now we analyze long-term velocity
changes at station PATCX as a function
of frequency and lag time. Therefore, we
filter the data in the preparation step
(before autocorrelation and normaliza-
tions) with different frequency bands
ranging from 2 Hz to 12 Hz. The rest of

to the first two time windows, and fits the temperature least well. the processing is the same as described

in section 2 except that lag time windows of 2 s length are chosen as input into the stretching procedure to
increase the resolution in lapse time.

To easily compare the long-term velocity changes, we compare the parameters of the fit function ¢, q.
Figure 6 (top) displays the amplitude of the annual periodic velocity change ¢;, the velocity drop due to the
Tocopilla event e, and the parameter that was maximized during the optimization process—the mean cor-
relation at the different stretching factors ¢,,.4. Figure 6 (bottom) displays the phase delay between annual
periodic velocity change and air temperature change t, — t,m, and the recovery time of the coseismic drop
to 10% t¢q is together with a legend and mean autocorrelations. All parameters are displayed as a function
of lag time and frequency. The phase of the temperature t,,, = 30d is determined from a sensor at the
creepmeter station CHO2 in around 50 cm depth. We can observe the following features:

1. The mean correlation generally decreases with higher lag time, because the fraction of waves contribut-
ing to the autocorrelation function is decreasing compared to random energy. This effect is even larger
for high frequencies. The coherence is therefore completely lost for late lag times and high frequencies.

2. The amplitude of the periodic velocity change ¢, ranges from 0.1% for low frequencies to 0.8% for
high frequencies. Trends we observe are higher amplitudes for higher frequencies and slightly lower
amplitudes for later lag times.

3. The amplitude of the Tocopilla earthquake-related velocity change eg, ranges from 0.5% to 1.2%. We
observe the same trend—higher amplitudes for higher frequencies—as for ¢,. The magnitude of fre-
quency dependency, however, is much smaller. It is just a factor of around 1.6 for amplitudes between
7—9 Hz and 2—4 Hz compared to a factor of 4 for ;. The amplitude is constant with lag time for
most frequencies.

4. The phase delay between periodic velocity changes and the temperature t, — t,op,, is around 30 days for
late lag times and most frequencies. For earlier lag times the phase tends to be smaller for low frequencies
(except 2 Hz to 4 Hz) and higher for high frequencies.

5. The recovery time tg, is nearly independent of lag time and frequency and is around 2 years.

Two major points that we want to highlight are first that we observe higher amplitudes for higher fre-
quencies, both for e, and e, and second that this effect is larger for ¢, than for eg. If we assume higher
frequencies to be more sensitive to shallow depth (which is reasonable, e.g., for multiple-scattered bulk
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Figure 6. Fitting parameters of equation (4) corresponding to the thick arrows in Figure 3 and the optimized mean correlation coefficients cCean as a function of
lag time window and frequency band for station PATCX. The width of the time windows is 2 s, and the data are filtered in the frequency band before performing
the autocorrelation and normalization. Bottom left figure displays the phase delay of the periodic change against the phase of the temperature course. Bottom
right figure shows the legend and the mean autocorrelation functions with values above 0.02 clipped.

waves due to the increased scattering of high-frequency waves), we can conclude qualitatively that the
local velocity variation is stronger at shallow depth than at deeper depth and that the periodic local
velocity change is located more shallow than the earthquake-induced velocity change. This fact adds
another indication that the periodic velocity changes are induced by a shallow penetrating fluctuation of
atmospheric temperature.

4. Model for Periodic Velocity Change

4.1. Temperature Fluctuations in the Subsurface

Our results for station PATCX show a velocity variation with annual and daily period. Section 3.3 indicates
that these changes are caused by changes of the subsurface temperature. Furthermore, station PATCX
shows, contrary to all other stations, velocity drops at low ground accelerations. The environment of sta-
tion PATCX is strongly influenced by sedimented salt in the whole area including the nearby Salar Grande
(Figure 7). This is not the case for the other IPOC stations, even for PB02 which is at a similar distance but
upslope from the Salar Grande. We therefore suspect that the particular geological conditions at station
PATCX are the reason for the medium’s superior sensitivity to ground acceleration and temperature changes.

To improve our understanding of the periodic velocity changes, we model the effect of temperature
changes with periods of 1 day and 1 year. Our aim is to demonstrate that temperature changes are able to
explain the observed velocity changes with reasonable medium parameters. This is specifically motivated
by the fact that studies of elastic constants and their temperature derivatives generally show a negative cor-
relation between seismic velocity and temperature for constant pressure [e.g., Anderson et al., 1968, Table 1],
opposite to our observations, which show a positive correlation. A possible process explaining this discrep-
ancy is thermally induced stressing. Increased temperature can lead to stress buildup. This again changes
elastic properties and the velocity of the medium [Toupin and Bernstein, 1961, and references therein].

Here we construct a model based on thermal stressing which explains our observations. We have to consider
the following: distribution of temperature fluctuation in the subsurface, thermally induced stress, its
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70.2°W 70°W implications on local velocity changes, and
i finally, autocorrelation sensitivity kernels

to model the phase delay and ampli-

‘ tude of velocity changes observed in the

20.8°S [reeeeeees g  PATCXE Y g7 20.8°S  autocorrelation function.

For modeling the subsurface temperature
fluctuations T we assume a temperature
fluctuation field at the surface of

Ttz = 0,1) = T, L COSKX iox

. ot . (6)
21°G | faem 17 ) ¥l 21°S

: as similarly described by Berger [1975]. T,
is the amplitude, w the angular frequency,
and k the wave number of the spatial fluc-
tuations. Cartesian coordinates x, y, and z
point eastern, southern, and downward,
respectively. The term (1 + cos kx)/2 rep-
resents the influence of topography and
the ocean [Berger, 1975]. Its wavelength
2nt/k is in the order of several kilometers.
Station PATCX is located around 3 km away
from the ocean. We assume k = 21/10 km
so that for the station near x = 0 temper-
ature fluctuations over the ocean are small
with no fluctuations 2 km away from the
coast. With the approximation k? < w/k

21.2°S | AR A S 21.2°S

21 .4 e g1 21.4°S

70.2°W 70°W

Figure 7. Shaded relief map with seismic stations PATCX, PB02, and
creepmeter installation CHO2. Contour of Salar Grande is from Reijs R .
and McClay [1998]. The environment of station PATCX is influenced by valid for typical values of k, », and ther-

salt sediment, unlike PB02, which is at a similar distance but upslope mal diffusivity k, we can ignore horizontal
from the Salar Grande. heat conduction. The solution of the heat

conduction equation then reads

T(x,z,t) =T, 1+ coskx elwt=r-yz

/ @)
= T(X,Z = 0, t)e‘(H—i)}’z with y = 22 )
K

The resulting temperature fluctuations are exponentially decreasing with depth, and they are subject to a
phase delay increasing with depth. At the skin depth z = 1/y the amplitude of the signal is 1/e compared to
the amplitude at the surface and the phase delay is 1 rad.

We can determine x and T, from daily and annual temperature fluctuations with the help of temperature
sensors installed at the creepmeter station CHO2 32 km south of PATCX. Bach [2010] describes an experi-
ment with four temperature sensors installed at different depth for a period of 4 days. The absolute values
of the daily temperature fluctuation are taken from Table 3.1, and the phase shifts are estimated from
Figure 3.5 of Bach [2010]. The data point for annual temperature fluctuation is taken from the tempera-
ture sensor installed directly at the creepmeter buried at around 50 cm depth. These data points and the
expected temperature variation with depth for annual and daily periods are displayed in Figure 8.

By fitting the data points we infer values for the thermal diffusivity of x = 0.3 mm?/s, the peak-to-peak
amplitude of daily temperature fluctuation 27,4, = 38 K, and amplitude of annual temperature fluctuation
2Ty, = 12K (assuming x = 0). The resulting skin depth is 1.9 m for annual and just 10 cm for daily changes
(Table 1). The daily temperature fluctuations directly at the surface are larger than the daily air temperature
variations of around 9 K because of heating by absorption of radiation.

4.2. Thermally Induced Stress

The next step is the calculation of stress changes induced by the fluctuating temperature. Berger [1975] thor-
oughly analyzed the relation between these two quantities with a “plane strain” assumption. Ben-Zion and
Leary [1986] added unconsolidated cover at the surface to Berger’s model. The unconsolidated layer takes

RICHTER ET AL.

©2014. American Geophysical Union. All Rights Reserved. 4755



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2013JB010695

0.0 T part in the diffusion of heat but does not
support stress. This leads to a larger time
05 k- i delay between surface temperature and
= strain which better fits their data. Tsai [2011]
= 1ol i 1 tried to explain periodic velocity variations
= ' observed by Meier et al. [2010] in Southern
° — daily California with these models.
15} 4 F
annual Berger [1975] describes thermally induced
X data CHO2 . .
20 . . . . stress by supplying the stress-strain rela-
—2r - 0 5 10 15 20 tionship with an additional term to allow for

phase amplitude of temp fluct Tjexp(—~t) (K) thermal expansion :

Figure 8. Phase and absolute value of daily and annual temper-

ature ﬂuctuatio.ns as a function of depth. The skin depth .is 1.9m g = 14+ VUU (v z o —aT )5, ®
for annual and just 10 cm for daily changes. The respective E E 3
peak-to-peak amplitudes are 12 K and 38 K. Data points of daily

temperature fluctuations are from Bach [2010]. . .
Here ¢ is strain, o stress, E the Young's mod-

ulus, v Poisson’s ratio, a the linear expansion coefficient, T temperature variation, and & is the Kronecker
delta which yields 1 for i = j and 0 otherwise. The stress change is estimated as a linear superposition of the
principal stresses in all three directions

0 =04+0,+0,. 9)

Using equation (8) and the plane strain assumption ¢, = 0, we express the stress as a function of strains and
temperature fluctuation:
E

0= ——(&y +€,—3al). (10)
1-2v

Finally, we insert the solution of Berger [1975, equation (8), reproduced in Appendix B] for the approximation
k < y together with our temperature field from the previous section to get
aET(z =0)

o= —— <—2e‘“ T4+ v - i)l;(e‘kz> (1)

neglecting one term with k% /y2. We expect higher velocities for compressional stress, which corresponds to
negative (extensional) stress o. The compressional stresses —o,,, —o,,, —0,,, and —c are plotted in Figure 9
at location x = 0andtimet = O for periods of 1 year. The solution for stress includes two exponential
terms decreasing with depth: one decreasing with e7Z and the other with e~* as illustrated in top and bot-
tom of Figure 9. The first term is directly proportional to the temperature fluctuation field in the subsurface
and clearly dominates near the surface when z is in the order of the temperature skin depth 1/y. For larger
z the second term dominates. The phase for compressional stresses of the first term is the same as for the
subsurface temperature field. The phase delay for the second term compared to the surface temperature
is constant at —5x/4. When comparing with Berger’s publication, one has to keep in mind that compres-
sional stress —¢ and extensional strain e show the same variation with depth. The phase delay for the first
near-surface term is also the same for —¢

Table 1. Thermal Diffusivity, Resulting Skin Depth, and Delay Time and e. However, the phase delays of the

of a Periodical Surface Temperature Field for Daily and Annual second term are different being —5x/4

Periods® for —c and —x/4 for . When assuming a
Kin Skin Depth  Delay Time 1/w constant sensitivity with depth, the inte-
mm2/s  Period  yinm™! 1/yinm at Depth 1/ grated first term for stress is proportional
03 1 e 0.54 19 53d to (=1 + i)/2y (phase delay —x/4) while

the second term integrates to a value
proportional to (1—i)/y being by a factor
of 1+ v larger than the first term but with
opposite phase.

1 daily 104 0.10 3.8h

aThermal diffusivity is derived from the temperature data in
Figure 8.
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0 =T — T T 4.3. Relationship Between Com-
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s L | Velocity Change
.20 1 L L L L The next step is to discuss the rela-
% 20 T — tionship between stress and velocity.
‘g 1000 |- . e ] Velocity variations induced by stress
© 5000 i — o, L can be caused by opening and clos-
3000 k- _ - O] ing of cracks in the material. Therefore,
4000 L I ) Zw i rheology models on microscopic scale
5000 | | | : et were developed by different authors

D 000 05 10 15 20 25 [e.g., Budiansky and O'Connell, 1976;
phase amplitude of stress in aT) E Lyakhovsky et al., 1997]. We want to fol-
low here a macroscopic approach based
on the expansion of the energy-strain
function to cubic terms in strain lead-

Figure 9. Stress due to temperature changes in the subsurface for a
period of 1 yearand fort = 0,x = 0,and v = 0.2. (top) The y axis
scales from 0 to ~10/y for y = 0.54 m~". (bottom) The scale ranges up

to a depth of n/k for k = 2r/10 km. The scale of the x axis in the bot-  ing to the third-order elastic constants.
tom right is exaggerated by a factor of 1000 compared to the displayed By measuring velocity variations due to
scale. The phases are displayed for compressional stresses. In the bot- uniaxial tension or hydrostatic pressure,

tom left figure, phases of stresses in y and z directions are the same
as for the stress invariant. Figure 9 (top) is dominated by the first term
and Figure 9 (bottom) by the second term of equation (11).

the third-order elastic (TOE) constants
can be determined for different materi-
als [Hughes and Kelly, 1953; Toupin and
Bernstein, 1961; Thurston and Brugger, 1964]. TOE constants of rocks are found to be very high compared to
the second-order elastic Lamé constants [Winkler and Liu, 1996; Winkler and McGowan, 2004]. This means
seismic velocities in rock are relatively sensitive to stress changes as indicated by the increase of velocity
with depth in the subsurface. We estimate the relative velocity change due to compressional stress o, with
the help of experimentally determined values of dpv? /do.:

Av ov _ opv?

Vv T Vo, 0T 2pvide,

dpv? (1 —v)Ac,

b —_—
do E

C

Oc

(12)

pv? is the shear modulus for S waves and the P wave modulus for P waves. When using the relationships
between different elastic moduli pv? = £/2(1 + v) and pvf) = E(1 = v)/(1 +v)(1 = 2v) [Birch, 1961, Table 4],
constant b can be expressed as

2(1 —v)2

a+v 15 for Swavesand v =0.2.

) { v -2 ~ 0.6 for Pwavesand v = 0.2,
a-v

Moreover, we assumed dp = 0 in equation (12) because the effect of density change is negligibly small
compared to the effects of stressing due to dpv?/de, > 1 (Table 2). Combining equations (11) and (12) with
Ao, = —o we get
Table 2. dpv? /0o, as an Expression of Third-Order Elastic Constants, Linear
Thermal Expansion Coefficient, and the Resulting Relative Velocity Change

Due to Temperature Change Predicted by Our Model Using Equation (14)
for Different Rock Materials®

dpv?

%(x,z, t) = ba T(x,z=0,t)

Oc

i .k
200 +rz _ (g 1-i=e™
Material "a”—f ain 1076 K~ % in %K=" (1 +v)( )y
C
(13)

Berea sandstone #1 320, 480, 160° 10d 0.36, 1.44, 0.48
Indiana limestone 240, 160, 80P gd 022,038,020  When only considering the first
Westerly granite 670, 160, 40¢ gd 0.60, 0.38, 0.10 term, which is reasonable for a sen-

sitivity kernel decreasing rapidly

3Reproduced are the values for P waves and the two modes of S waves . .
with depth, the equation further

for uniaxial stress. dpv?/da, for hydrostatic stress is even higher up to a

factor of 10. simplifies to
bWinkler and McGowan [2004]. A oov?
SWinkler and Liu [1996]. —V(x, z,t) = 2ba p T(x,z,t).
dSkinner [1966]. v c

(14)
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We roughly estimate the temperature effect on seismic velocities due to the exp(—yz) term in Table 2 with
equation (14). These values seem to become very high for temperature fluctuations up to 30 K, but we have
to consider that such velocity variations are only observed near the surface. We still need to link the local
velocity changes in the subsurface to the observed velocity changes by determining sensitivity kernels of
our measurements. Although equation (14) is a reasonable approximation, we will use equation (13) with
both terms for calculating the local velocity changes.

4.4. Autocorrelation Sensitivity Kernels

We assume here that the scattered waves recorded by the autocorrelation function are mainly body waves.
This assumption is supported by simulations of Obermann et al. [2013] accentuating the dominance of
body waves against surface waves for late times and high heterogeneity. In the long-time limit the scat-
tered waves can be described in the diffusion regime with the normalized energy distribution Py(r, t) in
the absence of absorption given by, e.g., Paasschens [1997, equation (1)]. Py(r, t) is a function of the dis-
tance to the source r = |r| and traveltime t. Furthermore, it depends on the diffusion coefficient D = c//3
with velocity ¢ and mean free path /. Because the traveltimes of the waves in our observations are quite
small in the order of the mean free time //c, this approximation is not strictly valid anymore and we have
to consider low-order scattered waves, too. For this we use the analytic approximation of the solution for
three-dimensional radiative transfer [Paasschens, 19971:

_ ct\ | 6(r—=ct) 4 -3 r? 5 s r? 3
Prt(r, t) = exp <—7> [W + <§TEIC> <1 - ﬁ) t G<7 <1 - m) )H(ct—r)] (15)

with G(x) = €* 1+2'())(£.

The term with the Dirac delta function § describes the direct wave, while the other term describes scattered
waves. In the limit case r,/ < ct equation (15) transforms to the corresponding equation for the diffusion
approximation. The traveltime kernel for the autocorrelation in the diffusion approximation is a special case
of the kernel for the cross-correlation function for colocated source and receiver [Pacheco and Snieder, 2005]
and given by

t
Kyp(r,t) = 1(t) /O P(r.t — ) P(r,t')dt’ . (16)

PO
Planés et al. [2014] derived this equation independently based on scattering theory. Py(t) is a normalization
constant. In the diffusion approximation it is given as P(0, t), the energy of the wave field at the position
of the receiver at time t. K5 5 (r, t) represents the time of multiple-scattered waves spent inside an infinites-
imal volume at location r—under the condition that the waves start at the receiver and are detected by
the receiver after the traveltime t. According to the definition of K; 5, the traveltime can be expressed as
the integral

t= /K3_D(r, td r (17)
v
over the whole volume V [Pacheco and Snieder, 2005]. Pacheco and Snieder [2005, equation (19)] show how
to calculate the traveltime change as a function of slowness perturbation in the medium with the help of

equation (17). The result, rewritten, connects the observed velocity changes e from section 3 with the local
velocity changes Av/v(r):

=1 / Ky o (r, t)ﬂ(r)dP. (18)

Furthermore, Pacheco and Snieder [2005] give the solution for the autocorrelation kernel in the diffusion
approximation as

1 —r?
K3 paire(r. t) = 570 P (E) . (19
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8 T T T T Equation (19) can be derived by inserting
7L — t=7.5s | equation (1) from Paasschens [1997] without
~ 5l — t=12.5s| absorption into equation (16). For calcu-
;5 <L/ . — t=17.5s | lating the kernel in the radiative transfer
] rt. approximation, we use the definition of the
= N : diff I kernel in the diffusion approximation in
fﬂ 3 T equation (16) as done by Planes et al. [2014].
&2y T This neglects the sensitivity of direct waves
1E B because equation (16) has been derived in
ot L L the diffusion approximation, but the radia-
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distance r (m)

tive transfer allows adding sensitivity of
low-order scattered waves. A disadvantage

Figure 10. Sensitivity kernel K3_p, as a function of distance for trav-  of this approach is that Py(t) = P(0,1)is
eltimes t = 7..5 s,12.5s,and 17.5 s withc = 1 km/s anFl I = 500 m. not valid anymore under the condition that
The kernels diverge for r — 0 and are therefore multiplied by
4nr? to represent the sensitivity to an infinitesimal spherical shell
volume. Furthermore, the kernels are divided by t.

equation (17) holds true. We circumvent this
problem by a renormalization of the kernel.
Py (t) is then given by

t
Po(t) = 1? / / P(r,t — ) P(r,) dt'dP . (20)
vJo

We finally calculate the 3-D autocorrelation kernel in the radiative transfer approximation by inserting
equations (15) and (20) into equation (16). The kernel calculated in this way is not exact even in the radiative
transfer approximation, because first we use the analytic approximation given by equation (15) and second
the sensitivity of the direct wave term is not considered. Still, the kernel is more reliable than the kernel in
the diffusion approximation because it includes correction terms for low-order scattering.

The integration is performed partly analytically for terms involving the Dirac delta function and partly

numerically (Appendix C). The 3-D solution for the autocorrelation kernels are displayed in Figure 10 for

¢ = 1km/sand/ = 500 m and three different traveltimes. With the approximation that the temperature T
does not vary laterally in the main scope of the sensitivity kernel (cos kx ~ 1 in equation (13)), Av/v becomes
a function of just z and t. We can therefore further integrate the kernel in x and y directions to isolate the
depth dependence. We choose a cylindrical coordinate system with radius p and depth z for this purpose.
Equation (18) then reads

e(t) = 1 / K,(z, t)g(z)dz (21)
t Jo v
with
(o]
K,(z,t) = 2/ 2mpK; (\/p2 + zz,t) dp
3.5 , , : %
3ok — t=7.5s | = 2/ 2arK; o (r, t)dr.
— t=12.5s z 22)
:E 1 Insertion of equation (19) and rewriting
S the integral with the substitution r =
= r'+/Dt gives us the analytic solution in
M 1 the diffusion approximation
' v ] nt z
_ ) szdiff(z,t)=\/5<1 —erf<—>>
0 500 1000 1500 2000 VDt 93)

depth z (m)
with the error function

Figure 11. Sensitivity kernel K, divided by t for traveltimes t = 7.5 s, erf(x) = 2/\/5 fox exp(—x2)dx’.
12.5s,and 17.5 s with ¢ = 1 km/s and | = 500 m. Only the regularized
version of the kernel is shown. In Appendix C we show that the contribu-
tion of the irregular part of the kernel to the modeled velocity change is
negligible.

Figure 11 compares this solution with
the numerical integration for radiative
transfer. As expected waves arriving
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at earlier times have a higher sensitiv-
ity to velocity changes at shallow depth
than later arriving waves. Low-order

Table 3. Model Parameters and Assumed Values

Temperature Field

Angular frequencies @ds g 2n/1d, 2n/1a scattered waves in the radiative transfer
Amplitudes Tod: Toa 6K 19K solution further intensify the sensitivity
Skin depths 1/va: 1/7a 10 cm, 1.9m close to the receiver.
Wave number k 2r/10km 4.5. Periodic Velocity

Elastic Properties of the Medium Changes—Observed and Modeled
I e v vz Finally, we are in the position to calcu-
Factor (Poisson’s ratio) bv) 06-1.5 late observed relative velocity changes
Linear thermal expansion @ 10=6m=1-10=>m"" predicted by our model. Parameters
Velocity change due apv? /oo, 200-1000 (uniaxial) defining the model are summarized
to stress 500-5000 (hydrostatic) in Table 3. The parameters of the tem-

Scattering Parameters for Sensitivity Kernel perature field determine its spatial

Velocity ¢ 1 km/s characteristics, namely, the phase and

amplitude. They are determined from
temperature data from station CHO2 as
described in section 4.1. The wave number k of the temperature field is chosen as 2z/10 km to reflect the
influence of the ocean that we assume to remain at constant temperature. With the elastic properties of the
medium, we can determine the stress field in the subsurface and infer the relative change of seismic veloc-
ities with equation (13). The spatial characteristics of the local velocity change are just controlled by the
parameters of the temperature field. Except for k, the parameters of the temperature field are determined
well by experiments. Poisson’s ratio is set to 0.2 resulting in values of b in equation (12) equal to 0.6 for P
waves and 1.5 for S waves. For the scattered mixture of wave types that we analyze in the autocorrelation
function, b is between these two values. The velocity change due to stress dpv?/dc, is not very well deter-
mined even if we would know the material and the polarization properties of the contributing waves. We
choose b = 1.5, = 107> m~', and dpv?/ds, = 5000 (hydrostatic pressure changes) from the upper end of
the possible intervals maximizing the estimate of the temperature-dependent velocity changes. These three
factors have a linear impact on the amplitude of the modeled local velocity changes. They do not influence
the phase delay (equation (13)). Note that the chosen value for dpv?/dc, is 10 times higher than the largest
value presented in Table 2. This corresponds to the exceptional sensitivity observed at PATCX. Moreover, the
values in Table 2 are lab estimates for compact rocks. The nonlinearities giving rise to the stress sensitivity
are clearly higher in sediments. Together with the autocorrelation depth sensitivity kernels that are deter-
mined by the scattering parameters and equation (21), we finally calculate the predicted velocity change.
Here we choose ¢ = 1 km/s as a near-surface velocity and / = 500 m for the scattering mean free path. This
is a rough guess based on information from volcanoes [Wegler and Liihr, 2001; Yamamoto and Sato, 2010] as
there is no information available from this area or one with similar conditions.

Mean free path / 500 m

A comparison of the modeled and observed daily and annual periodic velocity changes is presented in
Table 4 for 4 Hz to 6 Hz. The modeled values are calculated for the lag times 7.55,12.5 s, and 17.5 s. These lag
times represent the middle of the 5 s long lag time intervals used for the observations of velocity changes
of daily periodicity. For annual periodicity six observed values from the overlapping 2 s long time windows

Table 4. Comparison of Modeled and Observed Daily and Annual Periodic Veloc-
ity Changes (Amplitude ep and Phase Delay tp — tiemp) for 4-6 Hz and Different

Lag Times
Model Observation

Period LagTime Phased. Amplitude Phase d. Amplitude
75s 28h 0.058% 1.5h 0.09%

1 day 1255 28h 0.037% 33h 0.02%
175s 28h 0.028% 14.5 h 0.02%
75s 41d 0.26% 25+11)d  (0.29 +£0.06)%

1 year 1255 41d 0.17% (38+12)d (0.17 £0.03)%
175s 41d 0.13% (33+4)d (0.19 + 0.04)%
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from Figure 6 are averaged to determine the mean value and its sample standard deviation for each of the
5 s long time windows. The first-order observation that amplitudes decrease with lag time both for daily
and annual periods can be reproduced by the model. The amplitude values roughly agree within a factor
of 2. The modeled annual phase delay is 41 days and therefore just between 3 and 16 days away from the
mean of the observed phase delays in the three lag time windows. The modeled daily phase delay is 2.8 h
and close to the observed value at 12.5 s lag time. The phase delays for the two other lag times are not
predicted well.

The biggest impact on the modeled phase delay originates from the sensitivity kernels. The phase delay is
mainly determined by the parameters ¢ and /, still it does not change significantly for reasonably chosen
values of c and /. Furthermore, the phase delay is still approximately constant over lag times (as in Table 4)
for different values of cand /.

Despite the poor fit of some observations, the model shows that the measured daily and annual tem-
perature variations are within the range of values that are to be expected for thermally induced stress
changes. We believe that the temperature field is well determined from the data of the nearby station CHO2.
There are three sources of uncertainty in our model that could cause discrepancies. First and foremost, the
assumption of the horizontal confinement that directly relates expansion to stress might be inappropriate.
Ben-Zion and Leary [1986] included an unconsolidated surface layer in their model that takes part in the
heat conduction but does not transfer stresses and would thus not influence velocities. Our choice not to
include such a layer is based on the observation of sediment that is firmly cemented by salt crystals at the
surface. The second assumption of our model that is not well constrained is the wavelength of the spatial
temperature variation. Changing k affects mostly the ratio between the terms in equation (13). But as the
model is dominated by the first term, the results will not change significantly for a large range of k. Finally,
the third assumption with considerable uncertainty is that information about velocity changes is carried by
body waves that propagate in a medium with depth-independent mean free path. Our choice of body wave
kernels was motivated by the observed lapse time dependence of the velocity changes. Surface wave prop-
agation would not be consistent with this observation but could in turn explain the frequency dependence.
In fact Obermann et al. [2013] showed that the sensitivity of measurements with scattered coda waves is a
combination of surface and body wave sensitivity with time-dependent partitioning that gradually transi-
tions from surface to body wave sensitivity with increasing lapse time. Such an effect would indeed allow
to explain the small phase delays at early lag times for daily periods as well as for annual periods in some
frequency bands. The exceptionally high phase delay of 14.5 h for 17.5 s lag time and daily periods could be
explained by a reduced sensitivity for the topmost layer (=10 cm) and/or a much larger value of the tem-
perature wave number k because of the influence of small-scale topographic effects for daily periods. Then
the second term in equation (13) would dominate for daily periods but the first term for annual periods.
This would explain why the observed lag time has the same phase delay of 51/4 (corresponding to 15 h)

as the second term of the stress distribution. However, the measurement at 17.5 s lapse time has a sig-
nificant uncertainty. The relatively strong fluctuations of the frequency and lapse time characteristics of
our measurements (Figure 6) partly result from deterministic arrivals in the autocorrelations. This could be
responsible for the extraordinary high phase delay of low-frequency autocorrelations at 13 s that appear as
outliers in our model that is valid for an ensemble average only.

We summarize that key features and rough amplitudes of our observations can be reproduced by the model.
Periodic velocity variations result from thermal stresses in the uppermost 10 m. Even high deviations from
average observations for some lag times and frequencies could be explained by sensitivity kernels, resulting
from direct reflections, surface wave contributions, or locally varying scattering parameters.

5. Conclusions

By using autocorrelations of seismic noise, we are able to observe velocity variations that correspond

to changes in rheological properties caused by temperature variations and ground shaking. As previ-
ously reported for other earthquakes [e.g., Wegler et al., 2009], we observe a coseismic decrease of seismic
velocities in and around the fault zone of the Tocopilla earthquake. The amplitude of this drop decreases
with distance but shows large scatter. Velocity changes and peak ground acceleration (PGA) measured at
different seismometer locations are not correlated in any simple way.
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At station PATCX we observe a strong coseismic decrease with the Tocopilla event despite the comparatively
large distance from the fault area and the small PGA. This indicates a high sensitivity of the subsurface veloc-
ity to shaking. The observation of velocity changes coincident with other regional earthquakes confirms
the high sensitivity and allows to investigate the relation between PGA and the amplitude of the velocity
decrease without the need to involve different stations. We identify a linear correlation between PGA and
the observed velocity changes at PATCX. This means that the coseismic changes are due to shaking and
consequent damage of the near-surface material and not related to changes of the ambient static stress.
Previous attempts to establish a relation of Av/v with PGA or dynamic strain suffered from the necessity to
include data from different stations as usually the distribution of changes following a single event are ana-
lyzed [e.g., Sawazaki and Snieder, 2013]. This shows that the local subsurface conditions have a major effect
on the amplitude of the velocity changes. As the velocity changes are due to changes in the elastic moduli
that are an important quantity in earthquake engineering, the slope of the PGA-Av/v relation might add
important information to the site characterization in seismic hazard analysis. A high sensitivity of the subsur-
face material at station PATCX is also found for compressional stress. We observe periodic daily and annual
velocity changes that we model with stress induced by atmospheric temperature changes. This model
takes into account the chain from the subsurface temperature field — subsurface stresses — local velocity
variations — observed velocity changes. The central relation between stress and velocity uses third-order
elastic constants as a mathematical description of the physical process that introduces nonlinearity in the
elastic behavior.

The third observation that is important for understanding the physical origin of the velocity changes is the
recovery process of the coseismic changes. Following the Tocopilla earthquake, we observe a recovery pro-
cess of exponentially increasing velocity with a duration of 2 years at station PATCX. Recovery following
the smaller regional events is faster in the order of days to 1 month. These three observations—high sen-
sitivity of velocity to shaking (PGA), pronounced velocity changes due to thermal stress, and postseismic
recovery integrate in a model that relates the elastic moduli to compliant porosity and microcracks. The out-
standing property of the material at station PATCX is the firm cementation of salt at the surface resulting in
an above-average consolidated layer at shallow depth supporting stress. The temperature changes there-
fore change the seismic velocity through the straining of compliant pores as described by Shapiro [2003]
and Shapiro and Kaselow [2005] and as is reflected in the third-order elastic constants. Shaking causes dam-
age and the opening of compliant pores and microcracks. Healing is the process of gradually closing these
cracks again and reestablishing the cementation. The salt content in the sediments at PATCX is therefore
likely to be the major reason for the high sensitivity of the velocity changes to stress and shaking.

Appendix A: Similarity Matrices for Stations PB04 and PB05

Figure A1 shows the similarity matrices of stations PBO4 and PBO5 located near the maxima of the slip
distribution of the Tocopilla earthquake. The matrices show the results in the 10-15 s time window of
the autocorrelation function which is calculated in the 1-3 Hz frequency band. Clearly visible is the
coseismic velocity decrease at the time of the Tocopilla earthquake and the subsequent recovery of the
seismic velocity.

Appendix B: Berger’s Solution for Thermoelastic Strain

We reproduce here Berger’s solution of equation (8) for a periodic surface temperature field with the approx-
imation k < y and under consideration of the plane strain assumption. Berger [1975, equation (8)] used a
different coordinate system, a different definition of y, and a different surface temperature field T(x,z = 0, t).
We rewrite his equations for the principal strains with our definitions:

1+v k _k. k _ i
_ 21 — —k z _ R - +iyz T =0.t
=T ATy {( (1 =v)—k2)e 0 i)ye }a x,z=0,0 .
_1+vf & ek o o=+ iz =
€2 =7 { T i)y(Zv kz)e ™™ +e al(x,z = 0,1).
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Figure A1. Similarity matrices of the autocorrelation function for stations PB04 and PBO5 (frequency band 1-3 Hz, time window 10—15 s). The vertical bar marks
the time of the Tocopilla earthquake. Maxima of the similarity matrices for each day are connected by a cyan line. While station PB04 shows only a short-term
velocity decrease because of the Tocopilla earthquake, the velocity decrease of station PB05 does not recover until around 2 years after the event. The orange
line is a fit of the long-time changes at the similarity matrix. The long-time changes are described by the empirical model of equation (4) plus a constant velocity
decrease caused by the Tocopilla earthquake.

Appendix C: Radiative Transfer Kernel for Autocorrelation

We want to insert equation (15) into equations (16) and (22) and perform the integrations to derive the 3-D
and depth sensitivity kernels for autocorrelation functions in the radiative transfer approximation. We define
three terms A, B, and C in the energy distribution given by

A(t) B(t.r) - .
— 1 3

b ct 5(r—ct) l_% r2 E‘EG ct r?\? H
o =e (-5 )| T+ (57) <1‘ﬁ> e 7(“@) (c=n

which leads to

Al

XA B(t t)B(t)+[B(t —t')C(t') + B(t')C(t —t")|+C(t — t')C(t')dt’.
0

(C1)
There are three contributions to the kernel. First, waves scattered just one time at position r (term BB), then
waves not scattered while traveling to r but scattered while traveling back or vice versa (terms BC), and

finally waves scattered on the way to r and back (term CC). We will name the resulting contributions to the
kernel Ky, K;, and K;. The last term can be integrated numerically without problems to get K; and K, 5:

t
K3-D,rt(r’ t= PL(t)‘/OP(r, t— t’)P(r, t’)dt/ _
0

A(t)
Po(t) 0

t
Ky(r,t) = Cit-t,nC{,ndt .

The first integration for the second term collapses because of the Dirac delta function:

__A® _r
Kort) = 2nrcho(t)C<t c’r> :

Inserting into equation (22) gives

o = C(t=57)

dr.
Po®) /, r d

K,,(zt) =
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We can integrate again numerically but have to be careful because for z — 0 the kernel diverges. We exclude
therefore a small hemispherical proximity with radius ¢’ when integrating and define

20 [ C(t—f_,r)

dr
CPO(t) max(z,e’) r

Kz,,z (z,t)=

which can be integrated without problems. The observed velocity change €, due to K, can then be
calculated with equations (18) and (21) as

_1[2A0 , Av Ty AV
b=+ [CPO(t)e Ct.0)== ) + /0 K@D~ (z)dz] .

The first term will have a vanishing contribution if ¢’ is chosen small enough. This leaves us with the first
term in equation (C1). The term includes two Dirac delta functions, so the first integration still leaves one:

A(t)6(r —ct/2)

D = @

Under the assumption of validity of equation (16) the calculated 3-D kernel for single scattering is sensitive
only to a spherical shell volume at a distance of ct/2—the location where it is scattered. This is obviously
not correct. The kernel should be sensitive to the whole spherical volume with a radius of ct/2. This fact
reflects the tradeoff of using the definition of the kernel given by equation (16) which is strictly valid only in
the diffusion approximation. Performing the second integration over depth gives a nonzero, constant depth
kernel forall z < ct/2

2A(tH(ct/2 — 2)

K. t)=
Z,'I(z! ) TCPO(t)C4t3

For reasonable scattering parameters c and / the contribution of K; and K, ; to the whole kernels is insignifi-
cant. The contributing terms for the 3-D and depth kernels for radiative transfer and autocorrelation are

Ksp, e =K + K5,
Ko =Ky + K3
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Erratum
In the originally published version of this article, on page 17, equation (C1) was printed incorrectly. This error
has since been corrected and this version may be considered the authoritative version of record.
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