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Abstract We present observations showing that during episodes of volcanic tremors, the phase of inter‐
station cross‐correlations becomes stable. We propose a new quantity, the phase coherence, to identify the
differential phase stability in recordings obtained from a single pair of stations, which is extrapolated to the
seismic network. Then, we present a new approach based on the estimation of differential travel times through
the differential phase measurements, to locate the sources of tremors occurring at the end of 2015 at the
Klyuchevskoy Volcanic Group in Kamchatka, Russia. We present evidence supporting the existence of two
types of activity happening simultaneously during the tremor episode: the main tremor source, originating from
a region located between 7 and 9 km depth under the main volcanoes, and the widespread occurrence of weak
low‐frequency earthquakes occurring at random locations. We show how the phase coherence and the
differential phases can be used to provide information on the stability of the tremor source position and to
estimate its location.

Plain Language Summary Volcanic tremors are a type of seismic event occurring in the vicinities of
active volcanoes that are characterized by a gradual increase of energy (generally with a lack of clear impulsive
signals) that can last long periods of time (from hours to months). Tremors have been associated with the pre‐
eruptive stages of the volcanoes, although the exact mechanism producing them remains unknown. Recent
studies have also shown that the tremor activity can be used to identify the active parts of the volcanoes and to
have a deeper understanding of the processes at its interior. However, the lack of clear arrivals makes it difficult
to locate its sources by estimating directly the waves travel times. In this study, we propose a new approach to
identify and locate the tremor sources, based on the analysis of the seismic signals in the frequency domain. We
show that during a month‐long tremor episode at the Klyuchevskoy Volcanic Group, the seismic activity is
mainly produced by a source located close to the surface (between 7 and 9 km depth), and by earthquakes
occurring at a wide range of depths.

1. Introduction
Seismic activity in volcanic environments consists of a wide range of different phenomena related to complex
geological and chemical processes. One of them, volcanic tremors, is usually recorded as emerging signals
without a clear onset, contrary to the regular earthquakes (e.g., Konstantinou & Schlindwein, 2002; McNutt &
Nishimura, 2008; N. M. Shapiro et al., 2024). They have been observed to last for periods that range from hours to
months, between 1 and 8 Hz, which is usually lower than the characteristic frequencies of small volcano‐tectonic
earthquakes (e.g., Roman & Cashman, 2006). Volcanic tremors are often considered to be formed by high‐rate
emissions of low‐frequency volcanic earthquakes (e.g., Fehler, 1983). Low‐frequency volcanic seismicity is
generally related to the magmatic or hydrothermal fluid pressure variations within the volcano plumbing systems
(e.g., Chouet, 1996), although its exact mechanism is still investigated. Overall, tremors are an important indicator
of volcanic unrest, and a tool to help to monitor and forecast eruptions (e.g., Caudron, Aoki, et al., 2022) and to
image the inner structure of the magmatic system (e.g., Journeau et al., 2022).

Because of the lack of identifiable arrivals, the tremors cannot be analyzed with the same methods as regular
earthquakes. Most often, they are detected based on the increased amplitude of the signal at a given station (e.g.,
Endo & Murray, 1991). Alternatively, network‐based methods of analysis based on inter‐station cross‐
correlations have shown to be effective in identifying tremor occurrences and locating their sources (e.g.,
Almendros et al., 1997; Ballmer et al., 2013; Barajas et al., 2023; Droznin et al., 2015; Journeau et al., 2020, 2023;
Kuperman & Turek, 1997; Nanni et al., 2021; Seydoux et al., 2016; Soubestre et al., 2018, 2019, 2021). The
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mentioned studies explore either the amplitudes of the inter‐station cross‐correlation functions or properties of the
network covariance matrix. In this study, we propose a new approach that directly analyzes the phase of the cross‐
correlation function computed between a pair of stations that we will refer in this paper as “differential phase.”
First, we show that the differential phase stabilizes during tremor episodes. After, we propose a way to quantify
the stability of the differential phase that we call “phase coherence,” which can be efficiently used to detect
tremors. Then, we use the differential phases to estimate differential travel times between pairs of stations. These
measurements combined for a network of stations are then used to locate tremor sources.

We apply the proposed method to continuous records of seismic stations installed during 2015–2016 in the
framework of the KISS experiment (Klyuchevskoy Investigation—Seismic Structure of an Extraordinary Vol-
canic System, N. M. Shapiro, Sens‐Schönfelder, et al., 2017) in Kamchatka, Russia. In particular, we focus on a
strong tremor observed in December 2015–January 2016. We show that the differential phase method allows both
the identification of tremor episodes and the location of their sources. Based on physical considerations of the
differential phase stability, direct observations, and the tremor source locations, we identify two distinct groups of
tremor sources. The first group remains relatively stable at shallow depths (above 9 km). The second group
consists of more episodic and widespread activity occurring through a large range of depths.

2. Klyuchevskoy Volcanic Group and Its Seismicity
The Klyuchevskoy Volcanic Group (KVG) is one of the largest and most active volcano clusters in the world
(e.g., N. M. Shapiro, Sens‐Schönfelder, et al., 2017). It is located in the Kamchatka peninsula, Russia, under the
subducting Pacific plate. Elevated volcanic activity in this region is related to the unique tectonic setting at the
corner between the Kuril‐Kamchatka and Aleutian trenches (e.g., Levin et al., 2002; Portnyagin et al., 2005). The
enhanced supply of magmas from the mantle can be caused by the around‐slab‐edge asthenospheric flow (Levin
et al., 2002; Yogodzinski et al., 2001) and related crustal extension (Green et al., 2020; Koulakov et al., 2020) or
by fluids released from the thick, highly hydrated Hawaiian‐Emperor crust subducted beneath this corner
(Dorendorf et al., 2000).

The diversity of seismic activity in the area is often attributed to magma transfer processes (e.g., Dobretsov
et al., 2012; S. Fedotov & Zharinov, 2007; S. A. Fedotov et al., 2010; Senyukov et al., 2009) and pressure
transients (e.g., Frank et al., 2018; N. M. Shapiro, Droznin, et al., 2017) occurring through a large‐scale magmatic
system connecting different volcanoes of the KVG (Coppola et al., 2021). Long‐period earthquakes beneath the
KVG have been located at shallow depths (∼5 km) and at deeper zones (∼30 km) (e.g., Galina & Shapiro, 2024;
Galina et al., 2020; Levin et al., 2014; N. M. Shapiro, Droznin, et al., 2017). The deeper zone has been associated
with a strong Vp/Vs anomaly (e.g., Ivanov et al., 2016; Koulakov et al., 2017), most probably produced by a
magma reservoir inserted in the crust‐mantle transition (e.g., Green et al., 2020; Koulakov et al., 2020).

The KVG volcanic activity is accompanied by strong and long‐duration seismic tremors both during the eruptions
and their preparation periods. The locations of the sources of different tremor episodes at the KVG have been done
through the envelopes of the cross‐correlations (e.g., Droznin et al., 2015) showing that the active part of the
magmatic system under the volcanic group extends over a wide range of crustal depths, that experience seismic
activations probably as a result of rapid pressure migrations between them (e.g., Journeau et al., 2022; Soubestre
et al., 2019).

3. The Data
We use continuous vertical component velocity seismograms recorded at the seismic stations shown in Figure 1,
between May 2015 and October 2016. This network consists of stations from the permanent network managed by
the Kamchatka Branch of Geophysical Survey (KBGS) and from the temporary network station installed under
the project Klyuchevskoy Investigation—Seismic Structure of an Extraordinary Volcanic System (KISS) (N. M.
Shapiro, Sens‐Schönfelder, et al., 2017).

3.1. Data Preprocessing

The continuous seismograms are stored in daily records. For each record, the mean and the linear trend are
removed. Afterward, they are band‐passed between 0.01 and 10 Hz and downsampled to 25 samples per second.
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The records for each station i, are then divided into windows of duration δ̃t = 40 s, with an overlap of 50% (20 s),
tapered with a Hanning window and transformed into the frequency domain.

4. Methods
4.1. Cross‐Correlations and Cross Spectra

The seismic network consists of N stations and produces N continuous recordings which can be divided into
windows of duration δ̃t. We refer to each of these windows recorded at station i as ui(t). The frequency repre-
sentation of these time series, obtained through the Fourier Transform:

Ui( f ) = F(ui(t)) (1)

which can be described in terms of its magnitude ri and phase φi as:

Ui( f ) = ri( f )eiφi( f ) (2)

Figure 1. Klyuchevskoy Volcanic Group in the peninsula of Kamchatka, Russia. The triangles represent the active volcanoes.
The stars represent the stations from the permanent and temporary seismic networks. The red and blue lines link the pairs of
adjacent stations used for the calculation of the coherence in Figure 7.
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The phase φi( f ) depends on the source mechanism and on the propagation of seismic waves between the source
and the station. The amplitude factor ri( f ) is a combination of the source intensity with the interference pattern
between multiply scattered arrivals. This interference pattern strongly amplifies some spectral peaks (Barajas
et al., 2023). The multiplication between the Fourier Transform of the signal at one station Ui( f ), and the complex
conjugate at another station U†

j ( f ) gives a complex cross‐spectrum (the Fourier domain representation of the
cross‐correlation function):

Ci− j( f ) = Ui( f )U†
j ( f ) = ri( f )rj( f )e

iΔφi− j( f ) (3)

where Δφi− j( f ) is the differential phase between these two stations. This differential phase remains stable if the
source position and mechanism do not change. The amplitude factor ri( f )rj( f ) is dominated by the combination
of two interference patterns of multiply scattered waves, resulting in multiple spectral peaks. The position of these
peaks remains stable for unchanged source position and mechanism (Barajas et al., 2023). The cross‐spectrum,
Ci− j( f ), is the Fourier Transform of the cross‐correlation between station i and j, Ci− j(τ), as is shown in the
convolution theorem (McGillem & Cooper, 1991):

Ci− j( f ) = F(ui(t)⋆ uj(t)) = F(Ci− j(τ)) (4)

where ⋆ represents the cross‐correlation operation, and τ is the lag time of the cross‐correlation. Given that the
cross‐spectrum is calculated for several overlapping windows centered at different times, we use the notation
Ci− j( f ,t) to refer to the cross‐spectrum calculated between stations i and j with the windows that begin at time t,
and Ci− j(τ,t) to refer to the cross‐correlation calculated with the same windows.

We will mostly focus on the differential phase Δφi− j( f ,t). Our first observation is that it behaves very differently
for records containing noise and tremors. In the first case, the differential phase is randomly distributed, while it is
relatively stable in the second. The stability of the differential phase is a consequence of a fixed tremor source
position and constant travel times. Later, the inter‐station differential phases are used to compute inter‐station
travel times and to locate the tremor sources.

4.2. Differential Phase Stability

Figure 2 shows seismograms recorded at two stations during 4 days corresponding to the beginning of a tremor
episode occurring between December 2015 and January 2016 (Journeau et al., 2022). The continuous seismic
records for stations IR18 and SV13 (Figures 2a and 2c respectively) show the characteristic non‐impulsive slow
onset of seismic energy of tremor episodes. The recordings are divided into small windows and the Fourier
Transform is applied over each of them, as described in Section 3.1; Figures 2b and 2d show the phases of in-
dividual seismograms at a frequency of 0.5 Hz. For both stations, these phases remain random during the whole
considered period. However, it can be seen in Figure 2e that the differential phase between two stations
(Equation 3) develops a clear non‐random behavior nearly simultaneously with the emergence of the tremor. The
concentration of the differential phase around a certain level during long periods will be referred to as the dif-
ferential phase time stability, or simply phase stability, between the two stations. As explained in the previous
section, the stability of the phase implies that the tremor source mechanism remains stable and that its position is
constrained to certain points in the medium during this period. To identify this phenomenon at different fre-
quencies, and to estimate the mean value around which the differential phase stabilizes, we propose two possible
measurements based on the circular extrinsic mean (Hotz, 2013).

The cross‐spectrum at a given frequency and time can be represented as a vector in the complex plane with its
angle relative to the horizontal (real) axis being the differential phase, as shown in Figure 3. If the registered
wavefield is dominated by noise (as in the case depicted in Figure 3a) the differential phases will be random,
which implies that the vectors representing the cross‐spectra point in random directions. Therefore, the sum of
many cross‐spectra over the complex plane will have a small magnitude compared with the sum of the individual
magnitudes (red arrow in Figure 3a). On the other hand, if a tremor event dominates the registered wavefield, the
differential phase is approximately constant, which implies that the vectors representing the cross‐spectra point
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approximately in the same direction (as in the case depicted in Figure 3b). In this case, the sum of the cross‐spectra
will have a magnitude comparable with the sum of the individual magnitudes (blue arrow in Figure 3b).

These two simple scenarios suggest that the sum or the mean of the cross‐spectra over many windows, can be used
as a discriminator to identify the stability of the differential phase. However, there are two problems with this
approach: first, a signal can have very different levels of energy at different frequencies, which means that it is
possible to have a stable differential phase at two frequencies, and at the same time obtain very different mag-
nitudes of the cross‐spectra average. Second, suppose that an earthquake occurs during a period with no tremors.
In that case, the resulting magnitude of the cross‐spectra sum will be large despite the fact that the phase is not
stable, making it indistinguishable from the case with tremors. To address these problems, we propose two
normalization methods.

Figure 2. Phase stability observations. Continuous seismic recordings band‐passed between 0.3 and 5 Hz, during 4 days at the
beginning of a tremor episode at stations IR18 (a) and SV13 (c). The phases of overlapping 40‐s windows at 0.5 Hz during
this period for station IR18 (b) SV13 (d) are random. However, the differential phase Δφ between stations IR18 and SV13 at
0.5 Hz (e) shows a non‐random behavior after the beginning of the tremor episode. The simplified coherence, |γ̂|, between
stations IR18 and SV13 at 0.5 Hz (f) quantifies the stability of the phase.
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4.2.1. Simplified Phase Coherence

The first consists of normalizing the cross‐spectrum of each window before adding them together:

Ĉi− j( f ,t) = Ci− j( f ,t)/|Ci− j( f ,t)| ⇒
⃒
⃒Ĉi− j( f ,t)

⃒
⃒ = 1 (5)

We define the simplified phase coherence (or simplified coherence, for simplicity) as the average of these
normalized cross‐spectra:

γ̂i− j (f ,t0) =
1
N
∑
N

n=0
Ĉi− j (f ,tn) (6)

where N represents the number of windows included in the sum. The simplified coherence between stations i and
j, is a complex‐valued function of frequency and time. The argument t0 is the time at which the first window of the
summation begins. In analogy to the notation used for the cross‐correlations, the phase coherence in the time
domain will be represented by γ̂i− j (τ,t0), where τ is the lag time. This is a reformulation of the very well‐known
random walk problem in two dimensions (Hughes, 1996, p. 53) whose probability for many steps follows a
Rayleigh distribution (Wolfgang & Baschnagel, 2013, p. 69). The random walk problem has been adapted to
analyze the tidal triggering of earthquakes (Heaton, 1975; Schuster, 1897), the distribution of events on a catalog
(Rydelek & Hass, 1994) or to identify colocated earthquakes and tremors (Hawthorne & Ampuero, 2018), where
the quantity is known as phase walkout.

In the present study, we calculate the simplified coherence over a large window composed of nw = 45 windows of
δ̃t = 40 seconds, with an overlap o of 50%. Each of these large windows used to calculate the coherence, which we

will refer to as the averaging window, has a duration of δ̃T = nw(δ̃t) o = 15 min.

As a consequence of the applied normalization, the amplitude of the simplified coherence is always between 0 and
1. When at a certain frequency f′, the registered seismic field is dominated by noise, then

⃒
⃒γ̂i− j ( f′,t)

⃒
⃒ ≈ 0. On the

contrary, when the phase is highly stable, then
⃒
⃒γ̂i− j ( f′,t)

⃒
⃒ ≈ 1. The simplified coherence depends only on the

phase of the signals and not on their amplitude. Figure 2f shows that the simplified coherence for the station pair
IR18‐SV13 at 0.5 Hz, successfully quantifies the stabilization of the differential phase.

Figure 4a shows the simplified coherence amplitude for the station pair IR18‐SV13 between 0.3 and 5 Hz. While
the phase stability occurs in a broad range of frequencies, its behavior is very irregular with many narrow spectral

Figure 3. Schematic representation of the cross‐spectra for the case where the wavefield is dominated by (a) noise, (b) tremor
events. (c) Relation between the phase coherence γ and the differential phase Δφ.

Journal of Geophysical Research: Solid Earth 10.1029/2024JB029010

BARAJAS ET AL. 6 of 20

 21699356, 2024, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

029010 by C
ochrane C

olom
bia, W

iley O
nline L

ibrary on [25/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2024JB029010&mode=


bands, similar to the coherent spectral lines observed during volcanic tremors with the covariance matrix method
(e.g., Barajas et al., 2023; Caudron, Soubestre, et al., 2022; Journeau et al., 2020, 2022; Soubestre et al., 2018,
2021). Many of these lines remain fixed for several hours, likely indicating that some of the tremor‐generating
processes remain “stable” over long periods. At the same time, the change in the spectral content of tremor is
systematically observed, likely indicating modifications of the state of some parts of the active plumbing system.
Sometimes these changes are progressive, like the emergence of new lines at low frequencies at around noon on
December 5. In other cases, it can be very rapid, like the abrupt change of the lines structure at almost all fre-
quencies as it occurs around 20hr on December 6.

Earthquakes or high energetic seismic signals with durations shorter than 40 s, do not affect the simplified
coherence because their amplitude is removed, meaning that they are not detectable under this normalization.
However, the simplified phase coherence does not take advantage of the tremor energy levels being higher than
the noise energy levels, as it removes any amplitude information. To exploit this characteristic feature of tremors,
we propose a second normalization.

4.2.2. Phase Coherence

The second normalization method consists in dividing the cross‐spectrum by the auto‐spectra of each signal (that
are real‐valued). We call the resulting complex function phase coherence:

γi− j (f ,t0) =

1
N ∑

N

n=0
Ci− j (f ,tn)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(1N ∑
N

n=0
Ci− i (f ,tn)) (1N ∑

N

n=0
Cj− j (f ,tn))

√ (7)

The argument t0 is the time at which the first window of the summation begins. It is important to note that
although this definition is similar to the classical coherence (Prieto, 2022), in this case, the sum is not defined over
a single window (multiplied with different tapers) but over several windows, to evaluate the phase similarity
between them. The classical coherence is not calculated in this study and therefore, we will use the term coherence
to refer to phase coherence for simplicity.

It is clear from Equation 7 that the phase coherence can be interpreted as a normalized average cross‐spectrum. As
shown in Figure 4b, the coherence magnitude produces higher values than the simplified coherence, as it includes

Figure 4. (a) Simplified phase coherence and (b) phase coherence, for station IR18‐SV13, during the same period of Figure 2.
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both the phase and the amplitude of the tremor signals. However, this also has the effect of highlighting the
earthquakes, as can be seen around 2015‐12‐04h04 or 2015‐12‐04h13 where there are now single averaging
windows with high coherence. Earthquakes may also decrease the overall coherence when they occur simulta-
neously with tremors because their complex spectra may have different orientations, canceling each other at
certain frequencies. Automatic classification between noise, earthquakes, and tremors can be easily done by
comparing the simplified coherence and the coherence for the same period: the first case (noise) will not produce
high coherence in any case, the second (earthquake) will produce high values of coherence but not of simplified
coherence, and the third case (tremor) will produce high values for both coherence.

There are some similarities in terms between the method developed in this study and the Matched Field Pro-
cessing (MFP) (Baggeroer et al., 1993; Hawthorne & Ampuero, 2018; Schippkus & Hadziioannou, 2022; Wang
et al., 2015). At the same time, the two approaches are different. For this reason, we provide a comparison be-
tween the two methods in Appendix A. Additionally to inter‐station coherences, inter‐component coherences
from single stations could be used to detect tremors (e.g., Gombert & Hawthorne, 2023; Journeau et al., 2020;
Yates, 2023).

4.3. Differential Travel Times

An important property arises if we assume that one of the signals is a time‐shifted version of the other,
uj(t) = ui (t − Δti− j), with Δti− j representing the delay or differential travel time between the two signals. By
applying the time‐shift property of the Fourier Transform (Margrave & Lamoureux, 2019, p. 76), the cross‐
spectrum can be written as

Ci− j( f ) = r2i ( f )e
− i2πΔti− j f (8)

By matching Equations 3 and 8 we obtain that

Δφi− j( f ) = − 2πΔti− j f (9)

The determination of the differential travel times as the slope of the relation between the differential phase and the
frequency has been extensively used to locate repeating events (e.g., Frechet, 1985; Ito, 1985; Poupinet
et al., 1984), microearthquake clusters (e.g., Deichmann & Garcia‐Fernandez, 1992; Got et al., 1994), foreshocks
and aftershock sequences (e.g., Dodge et al., 1995; Shearer, 1997), as well as to hypocenter location optimization
(e.g., Schaff et al., 2004) and correction with the double‐difference method (e.g., Waldhauser & Ellsworth, 2000).
This approach also has been extensively used in the noise‐based seismic interferometry (e.g., Brenguier, Cam-
pillo, et al., 2008; Brenguier, Shapiro, et al., 2008; Clarke et al., 2011). Travel time differences Δti− j can be also
estimated from the time representation of the cross‐correlations (Michele et al., 2020; Valoroso et al., 2013),
which can be more robust and reliable for clearly impulsive signals (Schaff et al., 2004). However, this is not the
case with emergent signals like tremors where independent arrivals are not easily distinguishable.

The phase coherences, γ and γ̂, play a double role in our analysis. On one hand, the magnitude of the phase
coherences is related to the differential phase stability and therefore to the coherence of the wavefield as was
shown in Section 4.2. On the other hand, the argument (or angle) of the phase coherence is the mean differential
phase of the cross‐spectra within the averaging window, as illustrated in Figure 3c

Δφi− j = arg( γi− j) (10)

Therefore, the estimation of the differential travel times for each date starts by computing the phase coherence γ
for each station pair as described in Section 4.2.2. Then, the differential phases are estimated with Equation 10.
The coherence is used from this point forward, as it highlights the presence of tremors better than the simplified
coherence.

A first filter is applied by removing the differential phase points that are not stable enough (|γ|< 0.35), as shown
in Figure 5a. This value was found by inspection, and it is case‐dependent as it quantifies the degree of phase
variability on the recorded signals, which depends on the noise levels. This procedure creates “holes” or dis-
continuities in the frequency range (in this case 0.35–5 Hz), leaving smaller sets of contiguous frequencies at

Journal of Geophysical Research: Solid Earth 10.1029/2024JB029010

BARAJAS ET AL. 8 of 20

 21699356, 2024, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

029010 by C
ochrane C

olom
bia, W

iley O
nline L

ibrary on [25/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2024JB029010&mode=


which the differential phase is stable (Figure 5b). In the next step, the frequency intervals with less than 8
contiguous points, shown as the gray dots in Figure 5b, are discarded. For each of the remaining intervals, a linear
regression is performed between the differential phases and the frequencies to calculate the differential travel
times (Equation 9). Then, the intervals where the correlation coefficient ρ is lower than 0.9 are discarded, as this
indicates low linearity between the variables, possibly produced by the presence of multiple sources or unreliable
relative phase values.

The remaining intervals of this filtering process are represented by different colors in Figure 5b with their
respective differential travel times (Δts) marked over each of them. Finally, an estimation of differential travel
time between the two stations is obtained as a weighted average:

Δt =
∑snsΔts

∑sns
(11)

where Δts is the differential travel time and ns is the number of points of every set (s) of contiguous frequencies.
The numbers of points are used as weights because larger continuous sets provide more reliable slope estimations.
A positive differential travel time, as shown in this case, indicates that the second station of the pair (CIR) is closer
to the source. This depends on the order of the stations because the cross‐correlation (Equation 4) is not a
commutative operation. Inverting the order of the stations of the cross‐correlations will invert the directions of the
slopes in Figure 5b, without affecting the physical interpretation of the relative position of the stations to the
source.

There are practical and physical reasons to treat the continuous sets independently, instead of unwrapping all the
phase points together and estimating a unique differential travel time from them. The first reason is practical:
when the gap between contiguous sets is too big in the frequency domain, the expected phase correction may be
larger than 2π, rendering the unwrapping operation incapable of introducing a reliable shift between the sets. This
is the case of Figure 5b between 1.2 and 2.1 Hz. The other reason comes from physical considerations: different
sources may produce different contiguous intervals of stable phase. In this case, the differences in the differential

Figure 5. Phase coherence and differential phase between stations IR18 and SV13 for the 2015‐12‐07h06:15. (a) Amplitude
of the phase coherence |γ|. (b) Differential phase sets and their respective differential travel times. (c) Phase coherence in the
temporal domain band‐passed between 0.3 and 5 Hz (black line) and between 0.3 and 1 Hz (red line). The average differential
travel time obtained by measuring the slopes is signaled with the dashed line.
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travel times would be a natural consequence of these sources having different positions within the volcanic
system. If the travel times measured in these intervals are similar, then the positions of their sources are close to
each other. Another possibility is that the tremor is generated by a single source located in a heterogeneous
medium. The emitted radiation would scatter, creating packages of coherent waves that reach the receiver with
possibly slightly different travel times and interfere with each other. This interference would result in a complex
Fourier spectrum and explain why the differential phase is stable only in certain frequency gaps. Sharp slope
variations are also to be expected if at different frequencies the wavefield is dominated by different types of waves
(e.g., surface, body waves). Note that in any case, even when the frequency gaps are small, treating all the in-
tervals together (instead of analyzing them separately) may result in a strong bias because the linear regression is
made under the assumption of a common slope for the data, which may not be the case as is illustrated in
Figure 5b. For simplicity, we assume that the signal is produced by a single source (or by closely located sources)
by averaging the differential travel times. This justifies the application of Equation 11.

Figure 5c shows the phase coherence γ in the time domain (which can be interpreted as an average cross‐cor-
relation) between stations IR18 and SV13, band‐passed between 0.35 and 5 Hz, represented by a black line. The
average differential travel time obtained by measuring the slopes Δt = 6 s and applying Equation 11 is indicated
with the dashed line. Occasionally, individual arrivals can be easily identified in both the frequency and the
temporal domain: this is the case of the set of blue set of points in Figure 5b which corresponds to the high
amplitude arrival at 9 s in Figure 5c. This arrival is highlighted in the time domain when the phase coherence is
band‐passed between 0.35 and 1 Hz, represented by the red line in Figure 5c. However, it is important to note that
the estimation of the differential travel time is obtained with a subset of the points in the frequency range, while
the signal shown in Figure 5c is calculated using all the frequencies after the band‐pass, and therefore, differences
between the two are to be expected.

Comparison of Figures 5b and 5c show that the differential travel time estimation obtained from the phase
coherence is relatively close to the one that could be estimated from the cross‐correlation maximum and used in
some previous studies. This implies that the estimation based on Equation 11 is a good alternative to the
amplitude‐based estimation. At the same time, it is important to remember that both amplitude and phase‐based
estimations depend on several parameters selected for the data pre‐processing and for computing the cross‐
correlations and the phase coherences in the time and frequency domains. Overall, these estimations of differ-
ential times for tremors are associated with important uncertainties and are less accurate than travel times that can
be measured for impulsive arrivals recorded for regular earthquakes.

4.4. Source Location

The source is located through a back‐projection grid search. For the KVG/KISS data set the grid extends over
300 km in the west‐east direction, 200 km in the north‐south direction, with the vertical axis ranging from 5 km
altitude to 50 km depths, with a spacing of approximately 2.5 km on each direction.We compute travel times from
every position in the grid to every station in the network using the TauP Toolkit package (Crotwell et al., 1999)
with the 1‐D model velocity of Journeau et al. (2022), assuming that tremors are dominated by S‐wave energy.
Then, the differential times Δti− j are calculated from each position in the grid. At this point, another filter is
applied: the location of the source is estimated only for the dates where the number of station pairs that remain
after the previous filtering processes Ñp (described in the previous section) is greater than 100. This is done to
avoid unreliable source locations obtained through small sets of station pairs. For each position of the grid, the
error is calculated as the average of the absolute differences between the differential travel times obtained through
the 1D model (Δti− j,1D), and the measurement of the differential phases slopes in the frequency domain (Δti− j,Δφ)

Er(r) =
1
Ñp
∑

Ñp

|Δti− j,1D(r) − Δti− j,Δφ| (12)

where and r represents the position of each point in the grid. The mean absolute error (L1 norm) is used to avoid
over‐representing the outliers, which are common through this procedure. The position of the source is chosen as
the point with the lowest error. Finally, the sources located at the lower and lateral border of the grid are removed.
All the processing steps are summarized in Table 1.
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5. Results
5.1. Tremor Episodes at the Klyuchevskoy Volcanic Group

To detect the occurrence of tremors, the simplified coherence is calculated between all the possible station pairs in
Figure 1, between May 2015 and September 2016, using windows of 40 s and averaging windows of 15 min (45
small windows with 50% of overlapping). The stability of the differential phase over the seismic network is
estimated by averaging all the simplified coherence magnitudes:

|γ̂(f ,t0)| =
1
Np
∑
N− 1

i=0
∑
N

j=i+1

⃒
⃒γ̂i− j (f ,t0)

⃒
⃒ (13)

where N = 39 is the total number of stations, and Np = N(N − 1)/2 = 780 is the number of possible pairs be-
tween them.

The average of the simplified coherence magnitudes in Figure 6a, shows periods with relatively high stable phase
at the end of 2015 and between April and May 2016, which are consistent with previous results obtained through
the covariance matrix (Journeau et al., 2022) and machine learning (Steinmann et al., 2024) methods indicating
tremor activity in the same periods. The overall average values in this case, in comparison to the station pair IR18‐
SV13 in Figure 4, are lower as they include station pairs with much lower coherence values. Similar to the results
of the covariance matrix analysis, the high coherent spots at low frequencies correspond to strong microseismic
noise and teleseismic earthquakes. These events produce signals lasting several minutes which are registered as
several 45 s windows with similar differential phases, resulting in high phase coherence values. The changes of
the noise γ̂ values at the beginning and at the end of the analyzed period in Figure 6a are produced by a lower
number of stations available, which reduces the expected magnitude of the random cross‐spectra sum (Wolfgang
& Baschnagel, 2013, p. 69). Contrarily, the noise phase coherence is not affected by changes in the number of
stations available, as can be seen in Figure S1 of the Supporting Information S1.

Table 1
Source Location Procedure With the Differential Phase, With a General Description of Each Step and the Parameter Values Used on This Study

Description Parameters

1. For each station i, divide the continuous seismic record in small windows ui(t) of duration δ̃t
and apply to each of them the Fourier transform to obtain Ui( f )

δ̃t = 40 s

2. Calculate all the possible cross‐spectrum in the frequency domain Ci− j( f ) (Equation 3) –

3. The phase coherence γ (Equation 7) is calculated over an averaging window of duration δ̃T
using nw small windows with an overlap r

δ̃T = 15 min, nw = 45, r = 0.5

4. For each pair of stations, the differential phase is obtained as the angles of the phase coherence
within a frequency range

0.35< f < 5 Hz

5. The differential phase points Δϕ are filtered with a condition over |γ| (Figure 5a) |γ|> 0.35, 0.3> |γ|> 0.9

6. The remaining differential phase points are grouped into sets of contiguous points. The sets
with less than 8 points are removed (gray dots in Figure 5b)

ns > 8

7. The sets with correlation coefficients lower than 0.9 are discarded ρ> 0.9

8. The differential times for each set, Δts, are calculated as the slope between the differential
phases and the frequencies (Equation 9, Figure 5b)

–

9. The total differential time for each pair of stations is calculated as the weighted average of the
differential times of all sets (Equation 11)

–

10. The dates that have less than 100 pair of stations remaining after the previous filters, are
removed

Ñp > 100

11. For each date, the error at each position is calculated as the average difference between the
travel times obtained with the differential phase and with a 1D model (Equation 12)

–

12. The location of the source for each date is the point with the lowest error –

13. If the lowest error is in the lower or lateral borders of the grid, the location is removed –
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A more detailed observation of the tremor episode at the end of 2015 (Figure 6b) reveals the presence of fre-
quencies that exhibit stability of the phase for long periods. These spectral lines of coherent signal, have also been
observed through the covariance matrix method (e.g., Barajas et al., 2023; Caudron, Soubestre, et al., 2022;
Journeau et al., 2022; Soubestre et al., 2018).

The approach based on individual station pairs has some advantages over methods that use the whole seismic
network. For example, this approach makes possible to study how the coherent wavefield depends on the position
of the receivers. Figure 7 shows the amplitude of the phase coherence during a single day for the station pairs
joined by the blue and red lines in Figure 1. It is clear that for pair stations closer to the volcanoes (red ring in
Figure 1) the coherence magnitude is higher than for those stations further away (blue ring in Figure 1). Figure 7
also shows that the spectral lines at which the differential phase is stable rarely appear at the same frequencies for
different station pairs. These observations imply that the observed spectral structure not only depends on the
source properties and position, but is also strongly affected by the wave propagation between the source and the
receiver. Therefore, the discontinuities observed in Figure 5b are probably produced by this propagation effect,
which is highly dependent on the wave travel path and in the position of the stations. This supports a hypothesis of
Barajas et al. (2023) suggesting that the interference between multiply scattered waves causes the multiple
spectral lines observed during tremors.

5.2. Differential Travel Times During the December 2015–January 2016 Tremor Episode

The differential travel times are calculated for all the possible station pairs, between 0.35 and 5 Hz, during the
tremor episode occurring between 2015‐12‐04 and 2016‐01‐09 (shown in Figure 6b). The robustness of the
measurements for each pair of stations is evaluated with the total number of points contained in all frequency
intervals used. In the cases where ∑sns < 50, the pair of stations is discarded.

A set of differential times measured at 06:15:00 on 7 December 2015, is illustrated in Figure 8. For each pair of
stations, the differential travel time is plotted as an arrow pointing to the station closer to the source. The
transparency of each arrow is proportional to the differential travel time between the stations. In some cases, the
absence of an arrow between stations occurs because the signal is weak and the filtering process over the dif-
ferential phase removes all the points or discards the station pair. The general behavior of the travel times suggests
the presence of a source close to the station LGN, which is the closest seismic station to the Klyuchevskoy
volcano. There is also a second area with high values of differential travel time close to the Tolbachik volcano,
probably produced by a secondary source, although in this case, the interpretation is less clear. Movie S1 shows

Figure 6. (a) Average of the simplified phase coherence magnitudes between all the possible station pairs between May 2015 and September 2016 (Equation 13).
(b) Zoom of the average of the simplified coherence magnitudes between 2015‐15‐04 and 2016‐01‐09.
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that the high activity pointing toward the Klyuchevskoy volcano is observed during the whole tremor episode,
despite considerable fluctuations in the differential travel times.

5.3. Tremor Source Locations During the December 2015–January 2016 Tremor Episode

We use the differential travel times presented in Section 5.2 to locate sources of tremors corresponding to
respective time windows using the procedure described in Section 4.4. The results are illustrated and summarized
in Figure 9 with frame (a) showing a comparison between observed and predicted differential travel times for a
selected subset of station pairs and the same time window illustrated in Figure 8. Figure 9b shows the source
locations obtained for each 15 min window from 2015‐12‐04 to 2016‐01‐09, and in color is shown the harmonic
mean between the errors in the analyzed period, calculated as

Er(r) =
nt

∑nt (1/Er(r))
(14)

where nt is the number of windows in this period. The harmonic mean is used because the most probable position
of the sources is the reciprocal of the error. Figure 9c shows the errors of each window (Equation 12) during the
same period. Most locations are concentrated in a 5 km‐radius region beneath the Klyuchevskoy and Ushkovsky
volcanoes.

The location at depth at different dates, illustrated in Figure 9d, shows that the activity can be separated into two
categories: the first one, produced by a single or closely grouped sources extending approximately from 7 to 9 km
depth, and the second one extended over a large range of depths up to 50 km depth. This observation is similar to
the one by Journeau et al. (2022) who also detected some sources close to the surface and others extended in depth
over the whole crust. The migration patterns seen in the latter have been interpreted as possibly associated with
fast pressure transients within the plumbing system.

Figure 7. Coherence calculated the same day (2015‐12‐10) for different station pairs. (a) Coherences for the station pairs joined by the red line in Figure 1.
(b) Coherences for the station pairs joined by the blue line in Figure 1.
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At the same time, the source locations obtained in this study and by Journeau et al. (2022) are not identical. This
could be a consequence of the domain in which the locations are found: Journeau et al. (2022) obtain the locations
in the temporal domain, contrary to this study, where they are estimated in the frequency domain. The results in
both methods also depend on the election of several parameters. So far, Journeau et al. (2022) demonstrated that
the length of the analyzed time windows δ̃t defined in step 1 of Table 1 is critical to discriminate between shallow
and deep sources. Based on their method with relatively small values of, δ̃t they detected many deep tremors
characterized by irregular patterns and often appear as bursts of many impulsive events. However, only shallow
continuous tremors remained detected after increasing this window length above 55 s.

How the differential phase method “selects” between shallow and deep sources can be done with other param-
eters. For example, changing the conditions over the coherence magnitude in step 5 of the processing (Table 1),
from |γ|> 0.35 to 0.3< |γ|< 0.9, changes the “illumination” of the activity depth, as can be seen in Figure 9e,
revealing deeper activity in some cases, or showing the presence of the shallow source during periods where it was
not observed before. This can be explained by alternative interpretations of the effect of changing the range for |γ|:
first, decreasing the threshold for |γ| can be seen as accepting signals with lower phase stability, as the ones
produced by small earthquakes occurring at random locations. This has the effect of favoring deeper, less
localized activity, as can be seen by comparing Figures 9d and 9e between 2015‐12‐20 and 2015‐12‐25. Second,
lowering the threshold for |γ| can also help to capture activity produced by a stable source during periods when the
energy emission is weaker. This is the case of the period between 2016‐01‐05 and 2016‐01‐09, in which the phase
stability was relatively lower than during the rest of the tremor episode (Figure 6); lowering the threshold for |γ|
helps to highlight the activity of the shallow stable source (Figure 9e), that was otherwise not captured by stronger
conditions on the phase stability (Figure 9d). It is important to note that although the gamma thresholds in
Figures 9d and 9e have a big overlap, the effect of filtering in or out some points on the frequency domain has a

Figure 8. Differential travel times for the 2015‐12‐07h06:15. The direction of each arrow points to the station closer to the
source, and its transparency is proportional to Δti− j. For visualization purposes, only the station pairs under 30 km of distance
from each other are plotted.
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profound effect on the division, the length and the filtering of the contiguous sets in step 5 (Figure 5b). Overall,
these results suggest that the two types of seismic activity (originating by closed localized sources close to the
surface and by widespread low‐frequency earthquakes), are happening simultaneously within the volcanic sys-
tem. The conditions over |γ| help to “illuminate” one or the other, depending on the overall strength of the
wavefield. In that sense, a better way to separate the two types of activity would involve changing the |γ| threshold
depending on the intensity of the seismic activity, although this is a matter of future research.

Figure 9. Location of the sources of the tremor episode occurring between 2015‐12‐04 and 2016‐01‐09 obtained with the differential phase. (a) Comparison of the
differential travel times for the 2015‐12‐07h06:15, for a subset of station pairs that includes the example station pair IR18‐SV13 shown in Figure 5. The differential
travel times obtained with the differential phase method (black), and with the 1D model with the source located at the most probable position for this date (red), are
joined by the dashed lines. (b) Locations of the sources. The black dots represent the grid points where the source was found, with their size proportional to the number of
15 min windows on each grid point, projected over the respective plane. The color shows the harmonic mean between the errors. (c) Error of each window. (d) Source
depth as a function of time for the case with |γ|> 0.35. (e) Source location as a function of time for the case with 0.3< |γ|< 0.9.
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6. Discussion
The phase of a signal obtained through the Fourier Transform depends mainly on the beginning of the cycle
measured from the arbitrary point designed as time zero (Gatti, 2014, p. 47; O’Shea, 2017) (which is usually the
center or the beginning of the time window). For seismic tremors whose source function can be imagined as
random, the value of the phase of the signal at individual stations will also be random and usually devoid of
physical meaning. For this reason, the studies analyzing the frequency content of tremor signals are often focused
on the amplitude of the spectra.

The situation is very different when analyzing the inter‐station cross‐correlations. When a source produces a
signal, the lag time of the most energetic part of a cross‐correlation is equal to the difference of the travel times
from the source to each of the stations (the differential time) (e.g., Poupinet et al., 1984; Schaff et al., 2004). This
lag time, at each frequency, is directly related to the differential phase in the frequency domain (Equation 9). This
implies that if signals are emitted continuously from the same position, the phase of the inter‐station cross‐
correlation stabilizes. This stabilization is not observed for the noise whose sources are not localized. There-
fore, the fact that the occurrence of tremors correlates with high levels of phase stability, indicates that their
sources remain in relatively stable positions during the duration of the analyzed windows.

Such detector based on individual station pairs has some advantages over those using the whole network (e.g.,
Seydoux et al., 2016) because they can be calculated with only two stations and also can be used to study how the
coherent wavefield depends on the position of the receivers. So far, applying the differential phase method to
different station pairs in the KVG region has shown that the spectral lines at which the differential phase is stable
strongly depend on the station position and are, therefore, strongly affected by the wave propagation between the
source and the receiver. This supports a hypothesis of Barajas et al. (2023) suggesting that the interference be-
tween multiple scattered waves causes the coherent spectral lines observed during tremors.

Overall, the application of the differential phase method to the KISS data set (39 stations operated in the KVG
region in 2015–2016) resulted in a similar pattern of tremor activity as reported by Journeau et al. (2022),
including trans‐crustal activity extending from the surface to the crust‐mantle boundary. However, the location of
tremor sources obtained through the differential phase analysis shows that the wavefield is mainly dominated by a
cluster of sources located 7–9 km depth. This is consistent with the observed stability of the phase, which is a
natural consequence of the stability of the tremor source position.

Particular attention should be paid to the non‐uniqueness of the presented analysis, whose results depend on
choosing multiple parameters described in Table 1. This non‐uniqueness especially affects the results of the
source location when applied to complex tremor sequences with multiple sources acting nearly simultaneously.
This is a characteristic of the KVG tremors, where shallow and deep activities often coincide. In such a situation,
it is better to run a series of analyses with different choices of parameters to ensure that other possible sources of
tremors are detected and located. Comparing source locations obtained with phase and amplitude‐based differ-
ential travel times might also be useful. In the present study, we show that small variations on the thresholds
imposed over γ, help to highlight different types of sources over the same window.

Overall, analyzing the differential phase of individual station pairs is complementary to methods based on whole
networks and amplitudes of inter‐station cross‐correlations. In particular, this approach might help to better
discriminate between influences of different propagation paths and eventually to identify within the volcanic
plumbing systems regions particularly affected by strong scattering thanks to the direct physical relation with the
travel time.

Also, thanks to the simple way in which γ is calculated for the seismic network (Equation 13), it is easy to add or
remove stations to the analysis, and to compare with results in other networks. The set of observations of dif-
ferential phases in a seismic network is a natural candidate for machine learning applications that rely on vast
amounts of data. Finally, the phase coherence can also be an intermediate tool for assessing the quality of cross‐
correlation in seismic noise base studies, as some of them estimate travel time variations by analyzing the dif-
ferential phases in the frequency domain (e.g., Hadziioannou, 2011).
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7. Conclusions
We present evidence of the stabilization of the differential phase on inter‐station cross‐correlations during tremor
events in the Klyuchevskoy volcanic system (Figure 2). To quantify the level of stability, we propose two
alternative complex‐value quantities called phase coherences that take advantage of the cross‐spectra to highlight
the frequencies where the complex vectors have stable orientations, as a consequence of the phase stability
(Figure 3).

We show that the magnitude of the phase coherence for different frequencies is close to one during volcanic
tremor episodes. This relation is visible for individual station pairs (Figures 4 and 7), as for the whole seismic
array (Figure 6). A comparison of the coherence for different station pairs for the same period, shows that the
phase stability does not occur at the same frequencies over the seismic array, suggesting that the path effects are at
the origin of these differences (Figure 7).

We estimate the differential travel times for every station pair every 30 min window (Figure 8) by taking
advantage of the linearity of the differential phase with the frequency (Equation 9, Figure 5). Travel times es-
timations obtained by velocity model‐based ray tracing, reveal the presence of a stable source, located between 7
and 9 km depth, that remains active during the 1‐month tremor episode (Figure 9). The locations also show a
second type of tremor sources, located over a wide range of depths. The evidence suggests that both types of
source tremors are acting simultaneously. We also show that it is possible to highlight the tremor sources at
different depths through variations of the coherence magnitude threshold value in the analysis.

The phase stability observed over many station pairs and frequencies, is a natural consequence of a source
emitting energy continuously from the same position within the volcanic system, during extended periods. This is
consistent with the long‐lasting source found close to the surface with the beamforming during the tremor period
(Figures 9d and 9e). The analysis of differential phase together with the phase coherence is a simple and versatile
way to study the characteristics of the complex wavefield produced by volcanic tremors.

Appendix A: Comparison With Match Field Processing
There are fundamental differences between the approach and quantities defined in this study and previous studies
in Matched Field Processing (MFP). A fundamental aspect of MFP is the existence of a reference wavefield,
against which the observations are “matched.” In the first step of the method presented here, the estimation of the
phase coherence is made without any reference wavefield, but from the inter‐two‐station cross‐correlations. The
result of this step is independent of the source location procedure as it quantifies the coherence of the wavefield,
and it is obtained without any assumption about the type of waves or their propagation characteristics.

The quantifying statistic of MFP on its different versions is based on the evaluation of the (real‐valued) projection
of the observed over a reference wavefield (Baggeroer et al., 1993; Gombert & Hawthorne, 2023; Hawthorne &
Ampuero, 2018; Schippkus & Hadziioannou, 2022; Wang et al., 2015). The phase coherences, on the other hand,
are an average of the complex‐valued cross‐spectra over several time windows, for the same frequency. Having
the projection as the characterizing quantity allows the studies in MFP to have interpretable results with as few as
two windows; the phase coherences are not statistically reliable (especially the magnitudes) in this situation. The
complex nature of the phase coherences (Equations 6 and 7) is deeply intertwined with the statistical necessity of
using a considerable number of windows, as can be visualized from the schematics in Figure 3. Finally, in MFP it
is common to sum these projections over several frequencies, either within a small narrowband, across several
bands or both (Hawthorne & Ampuero, 2018; Nanni et al., 2021; Wang et al., 2015); this takes advantage of the
fact that if the wavefields are coherent, the individual normalized projections should be equal to 1 independently
of the frequency, or in the case where the real part of the cross‐spectra is used, that two coherent signals have
similar phases and the imaginary part of the cross‐spectra is approximately zero. However, this is not possible in
this study because the phase of the coherence changes with the frequency (this plays a fundamental role in the
travel times estimation, as shown in Figure 5), and therefore, summing or averaging them over different fre-
quencies would be conceptually wrong. For example, averaging the phase coherence over several frequencies
with completely coherent wavefields will have the opposite effect of reducing its magnitude. This is related to the
fact that the phase coherences can only be obtained in the frequency domain, in contrast to MFP, where the
quantities can be estimated in both the time and frequency domains.
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A quantity also named phase coherence is defined in Hawthorne and Ampuero (2018) to measure the similarity in
phase between two observations as

Cp = Re[
Ui( f )U∗

j ( f )⃒
⃒Ui( f )U∗

j ( f )
⃒
⃒]

(A1)

It can be shown that for N windows, Cp and the magnitude of the simplified coherence phase |γ̂i− j| are related by:

|γ̂i− j|
2 =

1
N
+

2
N2 ∑

N− 1

n=0
∑
N

m=n+1
Cp,n− m (A2)

Data Availability Statement
KISS experiment data are available from the GEOFON datacenter at GFZ‐Potsdam (KISS temporary stations: N.
Shapiro et al. (2015); permanent stations: https://geofon.gfz‐potsdam.de/waveform/archive/network.php?
ncode=D0&year=2015).
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