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Abstract The crack density within a fault's damage zone is thought to vary as seismic rupture is
approached, as well as in the postseismic period. Moreover, external stress loads, seasonal or tidal, may
also change the crack density in rocks, and all such processes can leave detectable signatures on seismic
attenuation. Here we show that attenuation time histories from the San Andreas Fault at Parkfield are
affected by seasonal loading cycles, as well as by 1.5–3‐year periodic variations of creep rates, consistent with
Turner et al. (2015, https://doi.org/10.1002/2015JB011998), who documented a broad spectral peak,
between 1.5 and 4 years, of the spectra calculated over the activity of repeating earthquakes, and over InSAR
time series. After the Parkfield main shock, we see a clear modulation between seismic attenuation
correlated to tidal forces. Opposite attenuation trends are seen on the two sides of the fault up to the M6.5
2003 San Simeon earthquake, when attenuation changed discontinuously, in the same directions of the
relative trends. Attenuation increased steadily of over one year on the SW side of the San Andreas Fault,
until the San Simeon earthquake, whereas it decreased steadily on the NE side of the San Andreas Fault,
roughly for the six months prior to the event. Random fluctuations are observed up to the 2004M6 Parkfield
main shock, when rebounds in opposite directions are observed, in which attenuation decreased on the SW
side, and increased on the NE side.

1. Introduction

The physicalmechanisms of seismic attenuation have been thoroughly investigated (O'Connell &Budiansky,
1977; Winkler et al., 1979; Winkler & Nur, 1972), demonstrating that important parameters are related to
the presence of cracks (i.e., their density, connectivity, orientation, and saturation), with a strong role
played by interstitial fluids. Prior to an earthquake, the development of dilatancy predicts fluctuations in
crack density of crustal rocks (Gupta, 1973; Kaproth & Marone, 2013; Nur, 1972; Scholz, 2019), which
can leave a signature in seismic velocities (Scholz, 2019) and consequently also in seismic attenuation.

Recent studies showed that seismic velocity (and thus attenuation) is modulated by Earth tides at multiple
frequencies (12 and 24 hr; e.g., Takano et al., 2014), whereas short‐period tides have been documented to
modulate tremor and slow slip events in subduction zones and also at Parkfield (Hawthorne & Rubin,
2010; Nakata et al., 2008; Thomas et al., 2009, 2012; Van der Elst et al., 2016). Finally, annual stress variations
from hydrological loads appear to modulate Cascadia tremor (Pollitz et al., 2013), as well as California
microearthquakes (Johnson, Fu & Burgmann, 2017).

Because we are interested in precursory phenomena, and we are trying to recognize patterns on a path
leading to catastrophic failure, it is very important to understand the variations of rock crack density
throughout the seismic cycle (Gupta, 1973; Kaproth & Marone, 2013; Nur, 1972; Vasseur et al., 2017).
Increases in crustal crack density may be induced by raising the shear stress, and/or by relaxing the normal
stress, and the exact opposite is true for decreases in crustal crack density. Studies on this topic have been
performed by monitoring acoustic emissions of a rock sample under stress, and Vasseur et al. (2017) showed
that heterogeneous samples are characterized by a power law increase of acoustic emissions under an
increasing stress, and predictable times of failure. However, in studying crustal rocks we need to take into
consideration seasonal and tidal stress variations, pore fluid pressure, and thermal stress changes
(Johnson et al., 2017; Wang et al., 2017). Variations of a rock's crack density are also related to other
phenomena: for example, periodic 1.5–4‐year fluctuations of creep rates occur along the San Andreas
Fault (SAF) at Parkfield (Khoshmanesh & Shirzaei, 2018; Nadeau & McEvilly, 2004; Turner et al., 2015).
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Shaking‐induced damage also results in increased crack density; in contrast, fault healing reduce crack den-
sity, and each change in crack density will lead to a change in effective bulk and shear moduli, pore fluid
saturation, and anelastic attenuation (O'Connell & Budiansky, 1977; Winkler & Nur, 1972). Substantial var-
iations of crack density and pore fluid saturation are thus expected to occur in crustal rocks during the seis-
mic cycle, and in response to other sources of time‐dependent stress and deformation, including tides and
seasonal hydrological loads. All the mentioned sources of variations of crack density, pore fluid saturation,
and pressure should leave a signature on the seismic attenuation.

The goal of this study is to measure seismic attenuation as a function of time with high resolution (i.e., with
as many time domain measurements as possible), and we do so by analyzing seismograms from SAF
repeating earthquakes (Nadeau & Johnson, 1998). Repeating earthquakes rupture exactly the same set of
strong patches (asperities) embedded in a creeping, weak matrix, and the use of families of co‐located
events minimizes the effect of random event mislocations on measurements of seismic velocity (Uchida
& Bürgmann, 2019), or attenuation. Moreover, our data set contains a number of individual repeating
earthquake families that are in sufficient numbers to provide a dense temporal sampling of the seismic
attenuation (1,005 repeating earthquakes between 1987 and 1998, and 774 repeating earthquakes between
2001 and 2012).

Our repeating earthquakes have waveforms with correlation coefficients >0.98, which guarantees that all
events in a specific family are effectively co‐located and have highly similar focal mechanisms. Co‐location
helps reduce the error bars on attenuation measurements because seismic waves repeatedly travel along the
same paths, allowing smaller uncertainties in the results of our regressions. However, no assumptions are
made about the special characteristics of the seismic sources used for this study. The only simplifying
assumption we implicitly make is that the two sides of the SAF are laterally homogeneous. We believe this
is justifiable, since we sample a relatively narrow zone along the SAF, and consider effects relative to a vir-
tual path length of only 8 km, generally very close to (i.e., at a very shallow angle with) the fault surface
(see later).

We calculate seismic attenuation by means of a spectral ratio technique, which automatically eliminates the
instrument responses, as well as everything that affects the sites and sources in our regressions, including the
long‐term aging process that inevitably affects the geophones. Because we compute spectral ratios within
moving time windows, in the hypothesis that the aging of the geophones is the same for all instrument, aging
has no effects on our measurements.

2. Description of Data

Our data set comprises a total of 38,124 selected waveforms recorded at 12 borehole stations of the High
Resolution Seismic Network (HRSN; see Figure 1; HRSN, 2014). The HRSN is actually composed of 13 bore-
hole sensors, buried at depths between 73 and 572 m (e.g., Malagnini & Dreger, 2016), and is operated by the
Berkeley Seismological Laboratory. One of the available recording sites (station GHIB) was excluded from
the present study because it is too far from the center of the HRSN.

Our seismograms are from 1779 repeating earthquakes, divided in 165 clusters (Figure 1); the seismic events
are from a catalogmaintained by Robert Nadeau that also contains data used by Nadeau and Johnson (1998).
The same data set used here has already been studied with a similar technique by Malagnini and Dreger
(2016), who provided the average source parameters of all events (e.g., the individual seismic moments).

Here we focus on the different characteristics of crustal wave propagation of the two sides of the SAF, so that
each side of the fault is investigated separately and independently from the other. We obtain such division
and independence by separating the seismograms recorded at stations located on the Pacific side from the
ones recorded by stations on the North American side of the SAF, the two subsets of waveforms being gen-
erated by the same set of sources. By doing so we are able to focus on differences in wave propagation
between the two sides of the SAF.

Seismograms extracted from the repository of the Northern California Earthquake Data Center belong to
two different time windows: Epoch 1 runs from 1987 to mid‐1998 and Epoch 2 from 2001 to 2012.
Although Epoch 2 runs up to present, our catalog of repeating earthquakes is complete up to 2012.
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The 1,005 earthquakes belonging to Epoch 1 are the same ones that were used by Nadeau and Johnson
(1998), and were collected in trigger mode at a sampling rate of 500 sps. In contrast, the 774 events belonging
to Epoch 2 were detected using a cross‐correlation procedure on waveforms recorded in continuous mode, at
a sampling rate of 250 sps. Within an individual family, waveforms from different earthquakes recorded at
the same seismic station are virtually identical, with a coefficient of correlation >0.98 (Nadeau &
Johnson, 1998).

Repeating earthquakes are located in very tight clusters, a characteristic that reduces one source of uncer-
tainty in our calculations (that is, errors in the propagation lengths are minimized due to co‐location of
earthquakes), and contributes to the minimization of the error bars of our results. Between the two

Figure 1. Map of earthquake locations and cross section. (a) Map of the investigated region showing the line of the vertical
cross section A‐A′, shown in (b), indicating the clusters for which we have information for both Epoch 1 and Epoch 2
(red dots) and the ones for which we only have information for Epoch 1 (blue dots). The map also shows the surface trace
of the San Andreas Fault (SAF), and of the Southwestern Fracture zone (SWF; Langbein et al., 2005). For more clarity,
station triangles in map and section are upside down for the four sites to the southwest of the SAF.
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epochs, funding shortfalls prevented the HRSN from being active. We note that in the Nadeau catalog the
seismicity appears to be offset from the SAF, and differs somewhat from the Northern California Seismic
System and double‐difference catalog locations (e.g., Waldhauser & Schaff, 2008). However, because we
use amplitude ratios at two different hypocentral distances, a small systematic shift of the event locations
has no detectable effects on our results. Seismic spectra are evenly sampled in the log space between 2
and 50 Hz, using a set of 20 frequencies.

As previously mentioned our technique is based on effective spectral ratios, which is appropriate when
working with a set of instruments that was installed some 30 years ago and may well be subjected to aging,
and thus to unknown distortion of the parameters that constitute the individual transfer functions. By using
spectral ratios we can mitigate the effects due to changes in the instrument responses over time due to aging
of the instruments. The latter may represent a serious problem, even for spectral ratios, if one decides to mix
waveforms produced over very long periods of time. By using a relatively short moving time window, and
assuming a common aging history for all instruments, our spectral ratios are effectively independent of
aging. The moving time window is short throughout the entire analyzed period (it contains 40 consecutive
events), and moves along calendar time.

3. Methods for Determining Attenuation Time Histories

Quantifying fluctuations in the average energy loss experienced by radiated seismic waves is a difficult task,
because we need tomeasure very small differences in the amplitudes of seismic spectral ratios. Here we use a
regression technique that has long been applied to ground motion studies (Bodin et al., 2004; Malagnini
et al., 2000; Malagnini et al., 2011; Malagnini & Dreger, 2016; Malagnini & Munafò, 2017; Raoof et al.,
1999), which relies on a stochastic tool called Random Vibration Theory (RVT; Cartwright & Longuet‐
Higgins, 1956). RVT allows us to use the peak values of narrow band‐pass‐filtered waveforms, instead of
the Fourier amplitudes contained in the same frequency band. The considered peak value of a specific
seismogram must occur after the S wave pick. The narrow band‐pass filters are needed in order to make
the seismograms relatively “stationary,” as required by RVT, and the use of peak values maximizes the
signal‐to‐noise ratios of our results (i.e., the attenuation time histories).

It must be clear at this point that, if we know the effective duration of the ground motion in a specified band-
width around a central frequency fc, starting at the S wave pick, RVT allows switching between the Fourier
amplitude at that central frequency, and the peak value of a narrowband‐filtered version of the same seismo-
gram. As shown by Malagnini and Dreger (2016), the benefit from such switching is the ability to use the
Convolution theorem on the peak values of narrowband‐filtered seismograms.

RVT applies to relatively narrow band‐pass filters around specific sampling frequencies, allowing the substi-
tution of Fourier amplitudes with peak values at those frequencies (Malagnini & Dreger, 2016), and conse-
quently a dramatic increase of the signal‐to‐noise ratio of our “spectral”measurement. In this study we use a
moving‐window analysis in which the path terms obtained from a window containing 40 consecutive events
are associated to their median origin time. For each time window, at each sampling frequency, we invert for
source, site, and propagation. Regressions on the peak values of narrowband‐filtered versions of the original
seismograms are performed independently at 20 central frequencies. Central frequencies are evenly spaced
in log space between 2 and 50 Hz.

Given a central frequency (fc), individual seismograms (horizontal and vertical) are band‐pass‐filtered using

an eight‐pole high‐pass Butterworth filter with corner at f cffiffi
2

p , followed by an eight‐pole low‐pass Butterworth

filter with corner at
ffiffiffi
2

p
f c. Peak values of the S waves from the jth source, recorded at the ith site, are mea-

sured on the filtered waveforms, aij(t, fc), cast in the matrix form (1), and inverted for source (SRC), path (D),
and site (SITE) terms, one frequency at a time (Malagnini et al., 2000; Raoof et al., 1999):

A rij; f c
� � ¼ log10 peak aij t; f cð Þ� �� � ¼ SRCj f cð Þ þ D rij; r0; f c

� �þ SITEi f cð Þ: (1)

In order to stabilize the inversions of equation (1), and to give a physical meaning to source and site terms,
we apply the following constraints (Bodin et al., 2004; Malagnini et al., 2000; Malagnini et al., 2011;
Malagnini & Dreger, 2016; Malagnini & Munafò, 2017; Raoof et al., 1999):
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D r ¼ r0; r0; f cð Þ ¼ 0; (2)

and

∑N
i¼1SITEi f cð Þ ¼ 0: (3)

It is important to clarify that the ith SITE term in equation (3) indicates the ith individual component of
the ground motion; it follows that one specific station adds three site terms to the matrix (1). Constraint
(3), applied to the horizontal component of the ground motion, gives the source terms a specific physical
meaning; that is, the horizontal source “spectra” that would be observed at the reference distance r0, by the
average network site. In turn, the average site is the one relative to all the individual sites used
in equation (3).

We reiterate that the implicit hypothesis is that the crustal volume under investigation is laterally homoge-
neous. In this specific case our hypothesis is easily justifiable, since the stations of the HRSN sample a very
narrow zone along the SAF, and we choose to separately analyze the two sides of the SAF. Finally, in order to
obtain relatively smooth propagation terms, a minimum roughness constraint is applied to the path terms
(Malagnini et al., 2000). See Appendix A1 for more details on the technique.

Constraints (2) and (3) are simultaneously forced on each individual regression (that is, at each sampling fre-
quency, because we invert one frequency at a time). Constraint (2) decouples the path term from the sum-
mation of source and site terms: the path term is a relatively smooth, decreasing function, which we force
to assume a zero value (through constraint (2)) at an arbitrary reference distance. Because of constraint
(2)), all the source terms must be referred at such arbitrary hypocentral distance. Together with constraint
(3), which is applied to the horizontal components of the ground motion, they give a specific source term
the following physical meaning: namely, the spectral amplitude of the horizontal components of the ground
motion that would be recorded by the average network site, at the reference hypocentral distance (r = r0).
Here we use r0 = 4 km.

The seismic sources (i.e., the repeating earthquakes) and the source terms of our regressions are two distinct
items and should be regarded as such. In fact, the elements of the second set are measurements of the ground
motions induced by the elements of the first set, in a specific attenuative environment. Seismic attenuation
may be quantified by using the ground motions induced by many earthquakes: in case where the seismic
attenuation varies with time, the source terms relative to the quantification of the same earthquake in
two different time windows to which the event contributes must be different (assuming the same set of
recording stations to which constraint (3) is applied).

Solving equation (1) may give rise to trade‐offs that can be reduced by constraints (2) and (3), however not
completely removed, assuming that: (a) every source is sampled by observations at a number of different dis-
tances along the propagation paths; (b) every site samples multiple earthquakes, at many different hypocen-
tral distances; and (c) every distance along the propagation term is sampled by many sources and sites.
However, source and site terms are not totally separable, in the sense that any effect that would simulta-
neously and systematically act upon all stations gets mapped, through constraint (3), onto all source terms.

Crustal propagation is spatially sampled by a fixed set of hypocentral distances between 2 and 20 km. In
order to further reduce the regression uncertainties, for each time window of 40 events, we carry out 10 rea-
lizations of the regressions at all frequencies after removing 10% of the events, and the different results are
averaged. The basic idea of this procedure, which allows us to reduce uncertainties, is the same as in other
resampling techniques, that is, delete‐m jackknife, and bootstrap (Efron, 1981), and/or importance sam-
pling, Markov chain, and Monte Carlo (Madras, 2001).

At each frequency we take the ratio between the values of the term D(rij, r0, fc) in equation (1) at a pair of
arbitrary hypocentral distances: 12 km over 4 km (at all frequencies, at which they are the best‐sampled
and the first well‐sampled hypocentral distances, respectively). The obtained ratios are assigned to the med-
ian time of occurrence of the 40 earthquakes in the specific time window. The window is then shifted for-
ward in time by one event, and the procedure is repeated until we obtain M = 20 narrowband time
histories (one for each sampling frequency, see Table S1 in the supporting information) for both Epoch 1
and Epoch 2.
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Regarding the use of peak values of narrowband‐filtered time histories, instead of the Fourier amplitudes of
the ground motion in our regression, Malagnini and Dreger (2016) and Munafò et al. (2016) demonstrated
the complete equivalence of the spectral ratios calculated with the two approaches in calculating the seismic
moment of very small earthquakes. In terms of signal‐to‐noise ratios, the peak value‐based technique is bet-
ter than the one based on Fourier amplitudes, allowing more accurate and stable results.

The absence of crustal reflections in our data set, owing to the short distances, ensures that the observed
attenuation trends are simple, which means that if we were to use different pairs of distances for our mea-
surements, we would obtain time histories virtually identical to the ones shown here, in which the absolute
amplitudes of the spectral ratios would change by a predictable shift, which remains quasi‐constant as a
function of time.

The fact that we are using spectral ratios further protects us from the possible trade‐offs described above.
However, if the crustal attenuation is affected by a sudden discontinuity (see later the effect of the San
Simeon earthquake), an abrupt change in the path term affects only part of the earthquakes that are in a time
window that contains the discontinuity. The net result is a light smear of the discontinuity over the entire
moving window.

We expect no effects from the specific radiation patterns of the source terms, because our regressions average
over all azimuth and takeoff angles, as well as over all the sources that enter the specific time window.
However, as shown by Thurber et al. (2006), the mechanisms of microearthquakes at Parkfield show little
variation, if any, from the dominant right‐lateral strike‐slip geometry of the San Andreas Fault, adding to
the stability of our results and to the reduction of the associated uncertainties.

Within an individual family, our repeating earthquakes have waveforms with correlation coefficients >0.98;
at a minimum, such a characteristic guarantees that all events in such families are virtually co‐located, as
well as having highly similar focal mechanisms. Co‐location helps reducing error bars in our regressions,
because seismic waves repeatedly travel along the same paths. In our computation, however, we make no
assumptions about the seismic sources: not even about the similarity of their waveforms, probably their most
important characteristic.

The amplitude ratios of Figures 2 and 3, R[r2, r1, fc], are calculated from the path terms obtained empirically.
Although we strictly use only our empirical results, without interferences from any attenuation models, it
may be interesting to describe how the amplitude ratios of Figures 2a, 2b, 3a, 3d, and 4a–4d could be mod-
eled in terms of the two hypocentral distances, r2 and r1, of the sampling frequency, fc (Malagnini et al., 2000;
Raoof et al., 1999), and of a frequency‐dependent quality factor Q(f) = Q0(fc)

η:

R r2; r1; f c½ � ¼ log10
g r2ð Þ
g r1ð Þ exp −

πf c
βQ0 f cð Þη r2−r1ð Þ

� �� �
; (4)

where g(*) is a geometrical spreading function and β is the shear‐wave velocity. The exponential function in
equation (4) represents anelastic attenuation, where the exponent (0 ≤ η ≤ 1) accounts for its frequency
dependence. Higher values of η are generally found in cratonic environments (Bodin et al., 2004), and lower
values generally belong to more active regions (Malagnini et al., 2000; Raoof et al., 1999). At distances
shorter than the depth of strong crustal discontinuities, the geometric spreading may be very simple, g rð Þ≈
1
rγ1 , where γ1 ≈ 1, and

R r2; r1; f c½ �≈ log10
r1
r2

� �
−

πf c
βQ0 f cð Þη r2−r1ð Þ

� �
log10 e½ �: (5)

Because the two sides of the SAF have very different crustal structures and lithologies (Li et al., 2004;
Thurber et al., 2006), data collected on opposite sides of the SAF are inverted separately. Given the geometry
of the HRSN (within 10 km of the SAF; see Figure 1), the distribution of the hypocenters (3–9 km deep), and
the short sampling distances used to define the amplitude ratios (12 and 4 km), the volume sampled by our
regressions is very close to the fault, mostly just the damage zone of the SAF.

Some authors (Korneev et al., 2003) find that the damage zone of the SAF is very narrow and extends 100–
200 m on either side of the SAF at seismogenic depths. Others (Langbein et al., 2005) suggest that the
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southwest fracture zone (Figure 1) may represent an upper limit for the width of the active deformation zone
(1–2 km), and may indicate that on the Pacific side of the SAF the damage zone is much wider than on the
North American side. Where SAFOD crosses several strands of the SAF fault zone, the damage zone is ~200
m wide at ~3‐km depth (Zoback et al., 2010).

Our study aims to produce measurements with the smallest possible uncertainties. The described analysis is
possible only if the signal‐to‐noise ratio of “spectral” amplitudes obtained of very small earthquakes
(Mmax~1.6) is well above the noise.

Figure 2. Epoch 1: attenuation time histories and periodograms. (a and b) Relative amplitudes as a function of time
during Epoch 1, between the hypocentral distances of 12 and 4 km, for six different frequencies (out of the 20) between
2.0 and 50.0 Hz. Indicated are the times of occurrence of three major earthquakes that hit the area: Loma Prieta (LP),
Landers‐Big Bear (L‐BB), and Northridge (NR). (a) Pacific side of the SAF. (b) North American side of the SAF. Because
our technique uses the initial part of the data set to build the first data point in the attenuation time history, the derived
signals in Epoch 1 begin in late 1987. There is no clear effect of the LP, L‐BB, and NR events. (c and d) Periodograms
calculated at all sampling frequencies: x axes: period (days) and y axes: sampling frequency (Hz). (c) Pacific side of the SAF.
(d) North American side of the SAF. Indicated are the following periods: ann = annual, bi = biannual, tri = triannual,
polar = 14.2‐month polar tide period.
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Figure 3. Epoch 2: attenuation time histories and periodograms. (a and b) Relative amplitudes as a function of time during Epoch 2, at the four frequencies
indicated. Shown are the color‐coded time windows called T1, T2, and T3 in the main text, as well as the times of occurrence of the San Simeon (SS) and
Parkfield (PA) main shocks. (a) Pacific side of the SAF (b) North American side of the SAF. Even though the network started running in 2001, since our technique
uses the initial part of the data set to build the first data point in the attenuation time history, the derived signals in Epoch 2 begin in mid‐2002. (c and d) Period
(x‐axis)–frequency (y axis). Calculations are performed over the time window T2 + T3. (c) Pacific side of the SAF. (d) North American side of the SAF. Note the
periods of the solid Earth tides (multiples and submultiples of 28 days), and the clear response to the polar tide (~14.2 months). Figures 3c and 3d contain more
structure than the analogous frames in Figure 2, because of the Parkfield main shock increased the susceptibility of seismic attenuation to stress fluctuations.
Indicated are the following periods: semi = semiannual, ann = annual, bi = biannual, polar = 14.2‐month polar tide period.

10.1029/2019JB017372Journal of Geophysical Research: Solid Earth

MALAGNINI ET AL. 5843



4. Results: Attenuation Time Histories and Harmonic Analysis

We divide our attenuation‐related time histories into four different segments. The first one spans the entire
Epoch 1 (Figures 2a and 2b). Not only Epoch 1 lacks large local earthquakes on the small portion of the SAF
at Parkfield that is directly surveyed by the HRSN, but no obvious effect from major regional earthquakes is
evident; for this reason the observations made during Epoch 1 may be considered, in terms of attenuation,
the “regular” behavior of the area. Three major (M ≥ 6.9) California earthquakes during this time period
(Loma Prieta, Landers, Northridge) did not produce a notable effect in the time series (see Figures 2a
and 2b).

On the Pacific side of the SAF, attenuation time histories fluctuate coherently at all frequencies (Figure 2a),
and they all experience very similar attenuation, consistent with Q(f) = Q0 f (i.e., the increase in Q with
frequency counterbalances the fact that the energy is dissipated on a larger number of cycles; see
equations (4) and (5)).

On the North American side of the SAF (Figure 2b), the time histories at high frequencies (cold colors) fluc-
tuate in phase with their low‐frequency counterparts. Moreover, the time histories are spaced apart in ampli-
tude, consistent with a frequency‐independent quality factor Q(f) = constant. If Q(f) = constant, high
frequencies get attenuated more strongly than low frequencies, because the former undergo more cycles
than the latter when traveling the same distance; as a result, spectral ratios at different frequencies are char-
acterized by very different amplitudes. See equations (4) and (5). The complete set of attenuation‐based time
histories, at the 20 frequencies investigated in this study, between 2 and 50 Hz, are plotted in Figure S3.

For the spectral analysis of Epoch 1 we need a tool that can deal with unevenly sampled time histories,
because our time samples coincide with the occurrences of individual earthquakes. Our analysis is based
on Lomb‐Scargle periodograms (Lomb, 1978; Scargle, 1982; Eubanks, 1999; see Figures 2c and 2d), which

Figure 4. Zoom over attenuation time histories. (a) Zoom over time window T1, on the Pacific side of the SAF. Indicated are the occurrences of the M6.5 San
Simeon main shock (SS) and of the Parkfield main shock (PA). (b) Early part of time window T2, Pacific side of the SAF, for two frequencies. (c) Same as (a)
but for the North American side of the SAF. (d) Same as in (b) but for the North American side of the SAF.
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show clear periodic variations in attenuation (annual, biannual, and triannual), especially on the North
American side of the SAF. Appendices A2 A3 provide details of the different methods used in this study.

The annual periodicity of attenuation is due to seasonal stress variations caused primarily by hydrological
changes of surface load. Johnson et al. (2017) studied cyclic stress changes in central and Northern
California, characterized by annual periodicity; they showed that, at 8‐km depth on the SAF at Parkfield,
the peak‐to‐peak excursion of normal stress averages 1.9 kPa, and is dominated by snow and water loads
in the Central Valley and in the Sierra Nevada to the NE.

Due to the presence of the M6 Parkfield main shock, we divide Epoch 2 into three distinct segments, here-
after defined as T1, T2, and T3, and we indicate them by different colors in Figures 3a and 3b. T1 runs from
May 2002 (the beginning of Epoch 2 in our plots), when the network operations were resumed, and the
occurrence of theM6 Parkfield earthquake on 28 September 2004. During T1, the SAF at Parkfield is locked
to the SE, while it is creeping right laterally to the NW, and around the Parkfield rupture asperity (Murray &
Langbein, 2006; Nadeau & Johnson, 1998). Prior to the occurrence of the 2004 main shock, the Pacific side of
the SAF near Parkfield experienced decreasing compression, while the North American side of the SAF was
under increasing contraction (Titus et al., 2011; see Figures 5a–5c for a simplified cartoon representation of
the preseismic (Figure 5a), coseismic and postseismic (Figure 5b), and interseismic periods.

For the segment of the SAF that is responsible for the 2004M6 Parkfield main shock, T1 represents the very
last portion of the seismic cycle. During T1, changes in high‐frequency attenuation prior to the main shock
can be seen on both sides of the fault (Figures 3a, 3b, 4a, and 4b). Given the geometry of the system, and the
short hypocentral distances sampled by our seismograms, fluctuations of crack density that are likely
responsible for the preseismic variation in attenuation must be very close to the fault, probably within the
SAF damage zone, as schematically indicated in Figure 5. Before the occurrence of the Parkfield main shock,
the attenuation time histories are characterized by anomalies of opposite signs on the two sides of the SAF.
Whereas an increase in attenuation clearly affects the Pacific side of the SAF, the North American side of the
SAF is characterized by a moderate decrease of the seismic attenuation at high frequency.

The increasing attenuation trend experienced on the Pacific side of the SAF during T1 up to the San Simeon
earthquake, together with the discontinuity corresponding to the occurrence of the earthquake, are best
observed at frequencies >20 Hz, and particularly around 40 Hz (see Figures 3a, 3b, 4a, and 4b); that is,
the variations in crack porosity responsible for the anomalies observed before the Parkfield main shockmust
have wavelengths of less than 100m, down to approximately 10m. In fact, Li et al. (2004) assign to the Pacific

Figure 5. Simplified geometry of the fault system, schematically showing the first‐order geometry envisioned that can
rationalize the relation of fault slip to dilatation and attenuation on either side of the SAF. The creeping and the locked
portions of the fault are indicated by adjacent continuous and dashed lines, respectively. Our data do not sample the
locked portion of the SAF. (a) As the right‐lateral SAF is locked SE of Parkfield (toward the SE corner of the figure), and
continuously creeping NW of the locked portion (NW portion of the figure), the region close to the creeping‐locked
boundary increase and decrease their compression, depending on which side of the SAF they are. Relative motion is
indicated by the gray arrows. It is likely that, in the preseismic period, at the end of the seismic cycle, the effects induced by
increasing and decreasing compression on the crack density are more evident. (b) A stress drop is experienced due to the
Parkfield earthquake: the North American side suddenly relaxes some compression, as the Pacific side suddenly
relaxes some decompression. The same phenomenon continues throughout the postseismic response of the SAF. (c) In the
interseismic period, the Parkfield stretch of the SAF resumes increasing compression on the North American side of the
SAF, and increasing decompression on the Pacific side of the SAF.
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side of the fault a shear‐wave velocity of ~1.5 km/s in the first 2 km; the 20–50‐Hz band (the one affected by
the variations) would then be affected by structures comparable to the corresponding range of wavelength
(80–30 m), or smaller.

It is intriguing that the proposed precursory anomalies seem to end with a step change due to the San
Simeon earthquake, a behavior that is worthy of further investigation. Because we do not see a secular trend
in Epoch 1, one possibility is that the sensitivity of seismic attenuation to small fluctuations of stress (like the
one responsible for the San Simeon earthquake jump) becomes evident only in subcritical conditions (i.e.,
close to failure).

During T1, the SAF at Parkfield experienced a tensile normal stress change from theM6.5 San Simeon earth-
quake (Johanson & Bürgmann, 2010; Johnson et al., 2013), which leaves a clear signature in our attenuation‐
related measurements. Keeping in mind that more negative amplitudes mean higher attenuation, the time
series plotted in Figures 3a and 3b show that at higher frequencies there is an immediate increase in attenua-
tion on the Pacific side, and a decrease of smaller amount on the North American side (see close‐up in
Figures 4a and 4b). Such an opposite effect on the two sides of the SAF is not easily explained with just
the static stress changes, and there are conflicting results with regards to possible accelerations in the creep
rate at seismogenic depths during this time period (i.e., InSAR‐derived slip transient; Khoshmanesh &
Shirzaei, 2018) versus stable rates of repeater occurrence (Turner et al., 2015) and microseismicity (Aron
& Hardebeck, 2009). All these findings are consistent with our idea that during T1 the Pacific side of the
SAF was undergoing decreasing compression, and consequently increasing crack porosity. For an immedi-
ate effect, like the jumps of opposite signs shown in Figures 3a and 3b, it is necessary that the SAF moved, as
documented by Johnson et al. (2013), who actually calculated the San Simeon earthquake‐induced step‐like
transient creep on the SAF, in the direction of the fault motion.

Because we assume that attenuation variability is largely due to changes in crack density, we expect
pressure/dilatation or normal stress changes to be most important. In fact, the decrease in normal stress
from the M6.5 San Simeon earthquake was on the order of several tens of kilopascal on the SAF at
Parkfield (Johnson et al., 2013), well above our sensitivity threshold, as inferred from the observation of
the periodic modes (for example, the line at a period of 433 days, about 14.2 months (Figure 3d) most
probably corresponds to the stress perturbation due to the polar tide on the SAF, which is on the order
of ~100 Pa; see Johnson et al., 2017). Based on this information, the 42‐ and 50‐Hz plots in Figure 3b tell
us that, during a time period of over one year preceding the Parkfield main shock, the crust on the Pacific
side for the SAF underwent a release in the compressional stress of about 20 kPa. No further decrease in
compression is evident in Figures 3b and 4b between the San Simeon earthquake and the
Parkfield rupture.

Time window T2 starts with the occurrence of theM6 Parkfield main shock, where the immediate coseismic
effect was rock damage. A long postseismic effect lasted for several years after the earthquake; in terms of
wave velocity changes, the postseismic period ended roughly by the beginning of 2008 (Brenguier et al.,
2008), a date we assume corresponds to the end of T2 (Figures 3a and 3b). In other words, T2 represents a
relatively long rebound phase (both coseismic and postseismic), in which the coseismic stress drop reverses
the patterns that characterize T1, and anomalies of opposite signs are observed on the two sides of the SAF
(Figures 4a and 4c).

Period T3 is a smooth anomaly, generally toward lower attenuation, characterized by the same sign on both
sides of the SAF. A healing process is probably taking place during T3 within the damage zone of the SAF. In
what follows, however, we treat T2 + T3 as one individual window.

The results of the Lomb‐Scargle analysis on the T2 + T3 time window are shown in Figures 3c and 3d. Strong
seasonal oscillations (one‐year period) are evident. In addition, the perturbed system appears sensitive to
Earth tides, including the 14.24‐month period Chandler wobble (or polar tide; see Figures 3c, 3d and S2b
but also Text S1 and Figure S1 in the supporting information on the hierarchical clustering). As we described
earlier, the reason we specifically mention the Chandler wobble is because at a seismogenic depth of 8 km on
the SAF at Parkfield, the related stress perturbation is very small, on the order of ~100 Pa. Because the stress
sensitivity of an attenuation time history depends primarily on crack density (Niu et al., 2008), the observed
change in responsiveness at these periods may be due to damage induced in the SAF damage zone by the
Parkfield earthquake.

10.1029/2019JB017372Journal of Geophysical Research: Solid Earth

MALAGNINI ET AL. 5846



The early postseismic attenuation time histories of Figures 4a–4d show, again, opposite patterns on the two
sides of the SAF: increase in attenuation in the North American side versus a decreased attenuation in the
Pacific side. These opposite behaviors are consistent with a conceptual model (e.g., Figure 5) in which the
elastic rebound occurring after the Parkfield M6 main event causes opposite effects on the crack density
on the two sides of the fault.

5. Discussion

It is well established that the method used here enables the complete separation, one frequency at a time, of
the first of the three terms of equation (1), representing crustal propagation (D(rij, r0, fc)), from a linear com-
bination of the source (SRCj(fc)) and site (SITEi(fc)) terms of the same equation (Malagnini et al., 2000; Raoof
et al., 1999). With a version of the same method that allows a moving time‐window analysis, we determine
the characteristics of wave propagation within the HRSN as a function of time.

For any practical purpose related to ground motion analyses, seismic attenuation is usually considered a
time‐independent characteristic of crustal rocks, or at most a quantity that weakly depends of time, so that
such dependence can be neglected (Bodin et al., 2004; Malagnini et al., 2000; Malagnini et al., 2011;
Malagnini & Dreger, 2016; Malagnini & Munafò, 2017; Raoof et al., 1999), favoring the use of its average
properties in all situations. In general, however, seismic attenuation fluctuates due to reasons that need to
be investigated in detail, such as damage, for example, as shown for the area monitored by the HRSN after
the Parkfield main shock (Kelly et al., 2013).

The goal of this study is the quantification of even more subtle variations due to a number of causes, such as
preseismic, coseismic, and postseismic damage; fault healing; and various periodic loads. Of special interest
is the 14.2‐month attenuation periodicity that characterizes the North American side of the fault in both
Epoch 1 and Epoch 2, as shown in Figures 2d and 3d, considering what has recently appeared in the geophy-
sical literature, showing a correlation between variations of the Earth's rotation speed and seismicity (e.g.,
Bendick & Bilham, 2017).

Temporal changes in attenuation associated with the 2004 M6 Parkfield earthquake have previously been

investigated by Kelly et al. (2013), who analyzed anomalies of t* ¼ ∫
L

0

πf
βQ fð Þ dl (the integral is along the pro-

pagation path), and found a sudden coseismic increase in attenuation, followed by an exponential decay
with time. Kelly et al. (2013) did not look for differences in attenuation between the two sides of the SAF,
and no precursory anomalies could be detected on a sampling volume very similar to that of the present
study.

Kelly et al. (2013) observed a factor of 3–4 increase in the quantity 1/Q, between the onset of the Parkfield
main shock and three years later (2007.5–2008). In the hypothesis that the geometrical spreading functions
obtained by Malagnini and Dreger (2016) did not change with time on both sides of the SAF, a frequency‐
dependent increase of 1/Qmay be calculated from our results as a consequence of the 2004 Parkfield earth-
quake (Figure S4), with amplitudes and durations in agreement to what described by Kelly et al. (2013). Two
different geometrical spreading functions were calculated by Malagnini and Dreger (2016), one for each side
of the SAF.

It is important to stress that we are able to maximize the accuracy of our measurements in several ways.
First, based on the theoretical results provided by RVT (Cartwright & Longuet‐Higgins, 1956; Malagnini
& Dreger, 2016; Malagnini & Munafò, 2017; Munafò et al., 2016), we use peak values of narrow band‐
pass‐filtered time histories derived from the original seismograms, instead of the noisier Fourier amplitudes.
Second, we exploit the main characteristic of the repeating earthquakes recorded by the HRSN, that is the
fact that their seismograms are generated by ruptures that occur several times on the exact same strong fault
patch, so that all the seismic sources of a given family of repeaters are essentially co‐located in space. Third,
we apply a bootstrap approach to the inversion technique, reducing the statistical uncertainties of the
attenuation time histories. Finally, the HRSN is a borehole network, and its noise level is very low.

Because we use hypocentral distances shorter than 12 km, and we compute ratios with a reference hypocen-
tral distance of only 4 km, the frequency variations shown here must be related mostly to changes in the
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material properties of rocks within the SAF damage zone. In fact, also due
to their depths, many of the travel paths of the seismic waves we analyzed
are subparallel to the fault, which contributes to limiting the sampled
volume to the close vicinity of the SAF.

About the statistical significance of the periodograms, we test the hypoth-
esis that the appearance of the highest peak in a periodogram is statisti-
cally significant, and proceed as follows. The statistics considered is
Pmax/Pmean, that is, of the ratio between the maximum value of a period-
ogram and its average value. The cumulative distribution of such statistics
under the null hypothesis that the attenuation signal is white Gaussian
noise has been computed numerically by means of a simulation sample
with 10,000 units (Figure 6). No changes are observed when sample size
is increased further.

There is no influence of the white noise variance on this distribution. As
an example, we apply the test to the highest peak of each of the four aver-
age periodograms for Epoch 1 in Figure S2a, obtaining a p value smaller
than 10−3 in all cases. In principle, we could apply the test also to the

lower peaks after performing an analogous simulation. Finally, the locations of most of these peaks corre-
spond very well to physical tides (the 14.2 months polar tide, or multiples and submultiples of the revolution
period of either the Earth around the Sun or the Moon around the Earth), making it very unlikely that their
presence is due to random fluctuations.

6. Conclusions

Our results may be summarized as follows:

1. Seismic attenuation is not constant over time, and instead, it fluctuates with clear periodicities indicating
a sensitivity to seasonal hydrological loads and polar tides.

2. Whereas the results obtained before the Parkfield earthquake showed seasonal attenuation periodicity,
after the main shock we found additional periodicities, including at the period of the 14‐day fortnightly
solid Earth tide and its harmonics, as well as a period coincident with that of the 14.2‐month Chandler
wobble or polar tide.

3. The attenuation time histories on the two sides of the SAF show very different behaviors that at times are
mirror‐like. This is explained in terms of the different behavior of compressive loading and unloading
through the evolution of the seismic cycle.

4. Tidal (polar) and seasonal stress perturbations are very small at the depth of the earthquakes on the SAF,
roughly between ~100 Pa and ~1 kPa (Johnson et al., 2017), respectively, indicating a strong sensitivity of
attenuation to stress. Because of this strong sensitivity to external stresses, we need to explore the possi-
bility that attenuation measurements can be used for understanding the state of stress of the rocks sur-
rounding an active fault, including the recognition of a prefailure critical state.

5. At high frequencies, attenuation time histories show immediate coseismic attenuation changes asso-
ciated with the 2003 San Simeon earthquake, and with the 2004 Parkfield event, with opposite signs
on the two sides of the SAF. This mirrored response across the fault is in opposite sign to the mirrored
response in the preevent period.

6. The increasing attenuation trend observed at high frequency before the San Simeon earthquake, which
appears to be related to stress accumulation toward the end of the seismic cycle on the SAF, just before
theM6 Parkfield earthquake of 2004, may indicate that the fault is getting close to failure, but lacks spe-
cific information on when the earthquake will occur.

7. Changes in seismic attenuation, before and after the Parkfield earthquake, show opposite signs on the
two sides of the SAF. After about four years from the main shock we observe changes is seismic attenua-
tion, with the same sign on both sides of the fault. The fact that late postseismic periods show decreasing
attenuation on both sides of the SAF suggests healing is the dominant process.

8. In the crustal volume sampled by the HRSN, earthquake‐induced damage from the 2004 Parkfield main
shock increases the sensitivity of seismic attenuation to periodic stress fluctuations.

Figure 6. Test for statistical significance. Cumulative distribution of the test
statistics to assess statistical significance of the highest periodogram peak.
The horizontal line corresponds to a probability of 0.99.
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Appendix A
A1. Obtaining RVT‐Based Measurements of Relative Amplitudes

Given a(t), a stationary random time history of length T, Random Vibration Theory (RVT; Cartwright &
Longuet‐Higgins, 1956) may be used to relate to its peak value:

peak a tð Þð Þ≈ζaRMS (A1)

where the aRMS is its RMS‐value calculated over T and ζmay be calculated using the spectral moments of the
filtered time history (ζ = ζ(m0,m2,m4); see Cartwright & Longuet‐Higgins, 1956 ; Malagnini et al., 2000).
Given equation (A1) and the Parseval theorem, it can be shown (Malagnini et al., 2000; Malagnini &
Dreger, 2016) that the Convolution Theorem may be applied to peak values of the ground motions, if they
come from narrowband‐filtered time histories.

In fact, a sufficiently narrow band‐pass filter guarantees enough stationarity, and yet the presence of a clear
peak. Relatively to a band centered on a specific sampling frequency fc, we obtain such a filter by the appli-

cation of an eight‐pole low‐pass Butterworth filter with corner at
ffiffiffi
2

p
f c, followed by an eight‐pole high‐pass

Butterworth filter with corner at f cffiffi
2

p (Malagnini et al., 2000; Raoof et al., 1999). A band‐pass filter with the

described characteristics is also narrow enough to avoid large variations of the Fourier spectral amplitudes
within the filter's corner frequencies (Cartwright & Longuet‐Higgins, 1956; Malagnini et al., 2000).

For a narrowband‐filtered time history, excited by the ith earthquake, and recorded at the jth site, RVT
allows the following linear relationship:

PEAKij fð Þ ¼ log10 peakij fð Þ
	 


¼ SRCi fð Þ þ D rij; r0; f
� �þ SITEj fð Þ (A2)

Before the inversion, the matrix described by equation (A2) needs to be stabilized by the application of at
least two constraints: one on the site terms and one on the path term. In the present study the constraints
are the following: (i) null summation of the horizontal components of all sites; (ii) null path term (in log
units) at a fixed, arbitrary reference hypocentral distance; and (iii) a minimum roughness constraint for
the propagation term D(r, r0, f) (not in rigorous terms, since the term D(r, r0, f) is usually unevenly sampled
as a function of hypocentral distance).

About constraint (iii), following Yazd (1993), we parameterize D(r, r0, f) in equation (A2) as a piecewise con-
tinuous linear function with Nnodes nodes:

D r; r0; fð Þ ¼ ∑Nnodes
j¼1 Lj rð ÞDj fð Þ; (A3)

where

D r ¼ r0; fð Þ ¼ 0; (A4)

and

Lj ¼

r−rj−1
rj−rj−1

if rj−1≤r≤rj

rjþ1−r
rjþ1−rj

if rj≤r≤rjþ1

0 otherwise

8>>>><
>>>>:

(A5)

Constraint (iii) is finally forced onto the path term at each specific frequency, by requiring

Dj−1 fð Þ−2Dj fð Þ þ Djþ1 fð Þ ¼ 0: (A6)

In case of evenly spaced spatial sampling, constraint (A6) may be described in terms of minimum roughness.

All details of the method highlighted here are described by Raoof et al. (1999), Malagnini and Dreger (2016),
and Malagnini et al. (2000). Relative amplitudes of Figures 2–4 are calculated by taking the ratios between
the path term at 12 km (best‐sampled hypocentral distance) and at the reference distance of 4 km (shortest
well‐sampled hypocentral distance).
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Our analysis is performed on a window of N consecutive events, shifted of one event along time. Adjacent
windows overlap by N − 1 events. In fact, in order to maximize the resolution of the time histories plotted
in Figure 3 of the main article, the window is moved with time by one‐event steps. The median origin
time of the events in the nth time window is assigned to that window. Results shown in this paper have
been obtained with N = 40, which is the minimum to obtain stable results (we tried N = 60, N = 40, and
N = 30: whereas results from N = 30 were unacceptably unstable, the San Simeon earthquake‐related var-
iations became very small with N = 60. N = 40 was the best compromise between resolution and stabi-
lity). A bootstrap approach is carried out by obtaining 10 realizations of each regression, at all
frequencies (before each realization we remove 10% of the events), and the 10 different results are
averaged together.

The time resolution of our technique depends on the number of earthquakes. After the 2004 main shock,
resolution is very high (individual earthquakes are spaced by minutes to hours), but the resolution during
Epoch 1 may be on the order of months. About the different resolutions (in terms of periods) of the spectro-
grams of Figures 2 and 3, the x axes of the figures actually show the two entire sets of available periods. The
deep blue portions of Figures 2c and 2d show no energy at the shortest periods.

Finally, a clarification of the meaning of the source terms, because seismic sources (i.e., earthquakes) and
source terms are two distinct items, and should be regarded as such. In an environment of varying
attenuation, although the individual earthquake is obviously the same, its source term calculated in two
different time windows will necessarily be different. The two different realizations, in fact, represent the
amplitudes that would be recorded at the same reference hypocentral distance (not at zero distance) in
the two different crustal volumes (because attenuation has changed over time). The closer we approach
a null reference distance, the less variations we are to expect between the different source terms of one
specific earthquake.

To document the changes in source and site terms that occur throughout all the regressions, we added two
figures in the supporting information, Figures S5 and S6, that refer to the Pacific and the North American
side of the SAF, respectively, during the more interesting Epoch 2. From these plots we see that, on the
one hand, source terms fluctuate mildly and smoothly through the entire sequences in which they are
inverted, and fluctuations are generally unrelated to the ones of the amplitude ratios of Figure 3 (captions
of Figures S5 and S6 provide details). Individual site terms, on the other hand, are very smooth and flat, their
average showing aminimal fluctuation. The behaviors of source and site terms during Epoch 1 are very simi-
lar to what shown in Figures S5 and S6.

A2. Periodogram Analysis for Unevenly Spaced Time Histories

Let us consider a time series represented by the vector Y= (y1, … , yn), where yi= s(ti) is the signal sampled at
the time ti,i= 1, … ,n. Differently from the classical periodograms based on Fourier transform, here the sam-
pling times are unevenly spaced, since they correspond to earthquake occurrences. Then, the Lomb and
Scargle periodogram weight at period λ can be computed as (Lomb, 1978; Scargle, 1982)

PLS λð Þ ¼ ∑n
i¼1yi cos 2π=λ½ �· ti−τ λð Þð Þð Þ� �2
∑n

i¼1cos 2π=λ½ �· ti−τ λð Þð Þð Þ2 þ ∑n
i¼1yi sin 2π=λ½ �· ti−τ λð Þð Þð Þ� �2

∑n
i¼1 sin 2π=λ½ �· ti−τ λð Þð Þð Þ2 ; (A7)

where

τ λð Þ ¼ λ
4π

arctan
∑n

i¼1 sin 4π=λ½ �·tið Þ
∑n

i¼1 cos 4π=λ½ �·tið Þ
� �

: (A8)

The values of the period λj,j = 1, … ,m are chosen here in such a way that, after logarithmic transformation,
they are evenly spaced between 2 and (tn − t1)/2 days.

For each frequency fi,i = 1, … ,20, between 2 and 50 Hz, from Y(fi) we compute the periodogram PLS(fi, λj) at
all periods. In order to increase regularity, we apply a nonparametric smoothing along both variables (first
on λ, and then on f) based on the Nadaraya‐Watson kernel estimator (Eubanks, 1999):
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P′LS f i; λj
� � ¼ ∑m

k¼1PLS f i; λkð ÞK log λkð Þ− log λj
� �� �

=hλ
� �

∑m
k¼1K log λkð Þ− log λj

� �� �
=hλ

� � j ¼ 1;…;m (A9)

ePLS f i; λj
� � ¼ ∑20

k¼1P′LS f k; λj
� �

K log f kð Þ− log f ið Þð Þ=hf
� �

∑20
k¼1K log f kð Þ− log f ið Þð Þ=hf

� � i ¼ 1;…; 20; (A10)

where the kernel K() function used here is the standardized Gaussian.

A3. Estimating the Smoothing Parameters for the Periodograms (Figures 2c, 2d, 3c, and 3d)

To estimate the smoothing parameter h in the Nadaraya‐Watson estimator (Hastie & Tibshirani, 1990, and
references therein), different criteria may be used. Among them, there are the Mallows criterion and the
“leave‐one‐out” cross validation (Hastie & Tibshirani, 1990, and references therein). However, the first
one needs an estimate for the data noise variance, whereas both of them, although to different degrees,
may suffer for undersmoothing.

Here we propose a new criterion based on the maximization of the product p of the linear correlation coeffi-
cient between the data yi and the estimatedbyi sequences (i = 1, … , n), times that between the data yi and the
residuals ri ¼ byi−yi (i = 1, … , n):

p hð Þ ¼ y− yh ið Þ by− byh ið Þh iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y− yh ið Þ2 � by− byh ið Þ2

D Er ×
y− yh ið Þ r− rh ið Þh iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y− yh ið Þ2 �

r− rh ið Þ2 �q (A11)

where < > indicates the arithmetic mean.We notice that the first factor reaches themaximum possible value
1 for h= 0, for which we havebyi ¼ yi (i= 1,… , n). The value of this factor decreases toward zero as the value
of h increases toward infinity.

The maximum possible value 1 is reached asymptotically by the second factor when h tends to infinity, for
which we have byi ¼ yh i, and ri = yi − ⟨y⟩ (i = 1, … , n). The value of the second factor decreases toward zero
when h approaches zero. Therefore, p(h) approaches zero for very small or very large values of h. By maxi-
mizing p, we aim to find a good compromise between the data fidelity and the degree of smoothness of the
estimate byi ¼ i ¼ 1;…;nð Þ.
We compute different estimates for different values of h in a finite set of evenly spaced values. Within the set
of possible values, we select the optimal value of h that maximizes p(h). In practice, due to the different
ranges of values for the two factors of p for the different values used for h, we separately standardize between
zero and one the values of the two factors.

In order to obtain each one of the average periodograms, we first average the noisy Lomb‐Scargle periodo-
grams for the attenuation sequences of a given cluster, and compute a smooth version of the average period-
ogram corresponding to an optimal value of h.

We obtain each of the four images (in Figures 2c, 2d, 3c, and 3d of the main text) as follows. We first estimate
the optimal value hifor each of the 20 Lomb‐Scargle noisy periodograms, and calculate the smoothed version
of these periodograms by using the same value of h, equal to the average value of the individual values h1,… ,

h20. We estimated the optimal values h′i for each of n pseudo‐periodograms composed by the 20 values of the
above smoothed periodograms corresponding to n different periods. The image is obtained by applying non-
parametric smoothing to each one of the n pseudo‐periodograms with the same value of h, equal to the aver-

age value of these last values h′1;…; h
′

n.
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