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Summary
Ambient noise based monitoring of subsurface velocity
changes does not require the explicit retrieval of Green’s
functions by correlation. Velocity variations can directly be
observed from the fluctuations in the spectrograms of ambi-
ent noise time series or their cross-spectra. This approach is
more resource efficient than the conventional Green’s func-
tion based monitoring and ideally suited for edge process-
ing and the analysis of large volumes of data for example
from fibre-optic records. The spectral fluctuations result
from wave propagation in the heterogeneous subsurface and
interference between different scattering paths. The fluctua-
tions are directly related to the occurrence of coda waves in
the Green’s function. In contrast to coda wave interferome-
try in the time domain, monitoring the evolution of spectral
fluctuations allows for measurements of velocity changes
that are unbiased by changes in the source spectrum. Rec-
ognizing that the imprint of the subsurface heterogeneity
is directly encoded in the spectral fluctuations opens a new
perspective on the investigation of subsurface scattering and
attenuation.

1 Introduction
Seismic velocities are usually considered a stationary prop-
erty of the subsurface materials. Tomographic studies are
useful because the spatial differences that usually amount
to a few percent are larger than temporal variations. Mea-
suring temporal changes was facilitated by leveraging the
high sensitivity of scattered coda waves resulting from their
long travel time that accumulates changes (Poupinet et al.
1984). This high sensitivity of long travel times has two
significant consequences arising from the quasi random na-
ture of coda waves. Since the small scale medium struc-
ture that generates the coda waves (Sato et al. 2012) can-
not be resolved deterministically, the coda waveforms can-
not be compared to model predictions. Measurements are
thus only possible with respect to some observed refer-

ence signal with an identical source. Poupinet et al. (1984)
and Ratdomopurbo & Poupinet (1995) showed that repeat-
ing earthquakes—so-called doublets or multiplets—excite
nearly identical waveforms and can be used to infer the rela-
tive change in propagation velocity that occurred in between
the quakes. Snieder et al. (2002) applied the idea to a rock
specimen in the laboratory where active repeatable sources
can be used and coined the term Coda Wave Interferometry
(CWI). Details of how the coda signal changes in response
to changes in the sources, changes in scatterer properties or
changes in the propagation velocity were studied by Snieder
(2006). The second consequence of the quasi-random na-
ture of coda waves is that the spatial sensitivity of an ob-
servation can only be calculated statistically based on as-
sumptions about the heterogeneity of the medium (Pacheco
& Snieder 2005, 2006; Larose et al. 2010; Obermann et al.
2013; Kanu & Snieder 2015; Zhang et al. 2021; Dinther
et al. 2021; Zhang & Sens-Schönfelder 2022).

A fundamental limitation of CWI for field applications is
the need for repeatable sources. Though active sources had
been used (Yamaoka et al. 2001; Yamamura et al. 2003;
Wegler et al. 2006) the real breakthrough for monitoring
of temporal velocity variations was achieved by combin-
ing CWI with Greens’s function retrieval from ambient
seismic noise (Sens-Schönfelder & Wegler 2006). Since
then, noise based CWI—or Passive Image Interferometry
has been applied to monitor volcanoes (Brenguier et al.
2008; Sens-Schönfelder et al. 2014; Makus et al. 2024),
fault zones (Wegler & Sens-Schönfelder 2007; Brenguier
et al. 2014), environmental changes related to temperature
(Sens-Schönfelder & Larose 2010; Gassenmeier et al. 2015;
Lindner et al. 2021) and hydrology (Wang et al. 2017; Illien
et al. 2021; Mao et al. 2022) as well as subsurface mate-
rial damage (Illien et al. 2023) or Earth tides (Takano et al.
2014; Sens-Schönfelder & Eulenfeld 2019).

One of the difficulties with the noise based monitoring
is the separation of changes in the signals that are due to
changes in the subsurface and changes that are introduced
in the signals due to changes in the ambient noise field.
Seismic interferometry (Curtis et al. 2006) guarantees the
convergence to the Green’s function only under ideal con-
ditions that are rarely met in reality. Changes in source lo-
cations or power spectrum introduce a bias in retrieved sig-
nals that can lead to misinterpretations if the bias is system-
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atic and does not just add random fluctuations to the results
(Zhan et al. 2013). Furthermore the Passive Image Inter-
ferometry is a resource intensive method since continuous
seismic records need ot be obtained, correlated and stored
in order to perform the monitoring.

In this work I address these two issues by performing
the ambient noise based subsurface monitoring in the spec-
tral domain. I show in section 2 how CWI can be trans-
ferred to the spectral domain. In section 3 I demonstrate
that a potential bias resulting from changes in the source
power spectrum can be avoided or reduced in the spectral
domain. Computational demands of Passive Image Inter-
ferometry are addressed in section 4 where I show that if
the monitoring is performed on the amplitude spectrum one
can do so directly on the ambient noise trace without the
need explicitly retrieve the time domain Green’s functions.
Conditions and consequences of the spectral monitoring are
discussed in section 6 before I conclude with section 7.

2 Measuring velocity changes with
coda waves

Absolute seismic wave velocity in the subsurface is esti-
mated from travel time measurements for a known path.
Velocity changes can be estimated from variations of travel
times even without knowledge of the actual length of the
path travelled by the wave provided that source and receiver
locations are identical. If the relative velocity change is spa-
tially homogeneous the true velocity change can be mea-
sured, otherwise an apparent change is obtained that repre-
sents a residence time average along the path.

In the case of a spatially homogeneous relative velocity
change the effect on the Green’s function is given by the
transformation

T (ξ) : g(τ) → g(ξτ) = g′(τ) . (1)

Here g and g′ are the original and the perturbed Green’s
functions, τ is lapse time and ξ is the stretching factor that
is related to the perturbed velocity v′ and original velocity
v by

v′ =
1

ξ
v . (2)

The commonly used relative velocity change dv/v is related
to ε by

dv

v
=

v′ − v

v
≈ ε := − log(ξ) . (3)

This definition of ε has the advantage of being reversible,
i.e. T (ξ(−ε))T (ξ(ε)) : g = g (cf. Makus & Sens-
Schönfelder 2024).

For CWI scattered waves with a range of lapse times τ
are used to obtain accurate estimates of ε. To quantitatively
estimate velocity changes with CWI, essentially any coda
based monitoring study uses one of two (or both) methods
that we call moving time window or stretching technique in
accordance with Sens-Schönfelder & Brenguier (2019).

2.1 Moving time window and stretching
methods

Before discussing the methods of velocity estimation let us
introduce a model for recorded seismograms, which com-
bines effects of the medium and the source. It will help to
illustrate how to separate medium and path effects later. We
model the Green’s function g(τ) as a sequence of randomly
located delta functions with decaying amplitudes that rep-
resent the arrivals of scattered waves similar to a reflectiv-
ity function (Fig. 1a). The source wavelet s(τ) is a much
shorter signal that is convolved with the Green’s function to
obtain the recorded seismogram u(τ) (Fig. 1b, c):

u(τ) = g(τ) ∗ s(τ) . (4)

The aim of coda wave based monitoring is to measure
a velocity change described in 1 that acts on the Green’s
function from the recorded signal u given in 4.

The moving time window technique uses multiple short
time windows centered at different lapse times τi and esti-
mates the time shift ∆τi that maximizes the fit between the
g(τi) and g′(τi + ∆τi) in these time windows. According
to 1

∆τi
τi

= ξi − 1 (5)

and one can obtain an estimate ξ as an average over multiple
time windows:

ξ = ξ̄i . (6)

This approach has been introduced by Poupinet et al. (1984)
who estimated ∆τi from phase shifts in the spectral domain
while Snieder et al. (2002) maximised the shifted correla-
tion in time domain. The duration T of the time windows
has to be short, such that (ξ−1)T ≪ 1/fmax to ensure that
the distortion of the waveform within the time windows re-
mains small compared to the shortest period (1/fmax)) of
the signal.

The stretching method was introduced by Lobkis &
Weaver (2003) and Sens-Schönfelder & Wegler (2006) and
avoids the necessity of short time windows by directly sim-
ulating the stretching in time domain. It maximizes the fit
between u(τ) and u′(ξτ) = g′(τ) ∗ s(τ) where the latter
is created by interpolating u′ at the new sampling points
τ/ξ. Since the duration of the time window can be much
longer, the stretching method reduces the risk of cycle skip-
ping and usually provides more stable estimates of the ve-
locity change than the moving window method (Hadziioan-
nou et al. 2009). The fit of the waveforms u(τ) and u′(ξτ)
is usually quantified by means of the correlation:

C(ξ) =

∫
T
u(τ)u′(ξτ)dτ√∫

T
u(τ)2dτ

∫
T
u′(ξτ)2dτ

. (7)

Since the stretching is performed on u instead of g to es-
timate ξ, the source time function s is implicitly stretched,
too. Zhan et al. (2013) raised the concern that this implicit
stretching of the source signal would lead to a bias in es-
timates of velocity changes with the stretching method by
mapping real source changes into stretching that could then
be wrongly interpreted as resulting from velocity changes.
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Figure 1 Model for a recorded seismic coda signal. a)
Sequence of delta functions representing the medium’s
Green’s function. Only the maxima of the delta spikes are
shown for clarity. The situation of a stretched sequence for
a state with 5% lower velocity is shown in red. b) Source
time function that excites the medium. Blue shows a source
time function with 50% reduced frequency. c) Resulting
signals of the Green’s function convolved with the source
time function for a change in velocity (top) and a change in
source frequency (bottom) as illustrated in a) and b) respec-
tively.

A possibility to circumvent the unintended mapping of
source changes into estimated velocity changes is to work
in the spectral domain.

2.2 Equivalence of stretching in time and fre-
quency domain

Let g(τ) be the Green’s function from some source location
to some receiver as defined above. Its Fourier transform is

ĝ(ω) =

∫
g(τ)eiωτdτ . (8)

Let us again assume a spatially homogeneous change of the
wave velocity resulting in a stretching of the Green’s func-
tion g′(τ) = g(ξτ). The spectrum of the stretched Green’s
function is

ĝ′(ω) =

∫
g′(τ)eiωτdτ

=

∫
g(τ ′)eiω

τ′
ξ
1

ξ
dτ ′

=
1

ξ
ĝ

(
ω

ξ

)
(9)

where we used the substitution τ ′ = τξ. This shows that
stretching in time domain is equivalent to a compression
(inverse stretching) of the complex spectrum with an addi-
tional scaling by 1/ξ. Stretching in time domain by ξ corre-
sponds to a stretching in frequency domain by 1/ξ. In some
implementations of the stretching method this correspon-
dence is implicitly used to create stretched versions of the
reference trace by appending zeros to the spectrum which
results in a resampling of the frequency axis. Up to my
knowledge the only study that explicitly estimated velocity
changes by stretching of the spectrum in frequency domain
is Dai et al. (2013). The correspondence between velocity
changes and stretching in time (eq. 3) and frequency do-
main can thus be extended to

dv

v
= −dτ

τ
=

df

f
. (10)

Fig. 2 illustrates the stretching of the spectrum. It shows
the real and imaginary parts of the traces in Fig 1c. As de-
scribed by (9) the stretching of the time series due to a re-
duced velocity compresses the spectrum moving the spec-
tral patterns to lower frequencies. Since the phase of the
spectrum is rapidly varying, the velocity change can be in-
dependently estimated from the real or the imaginary part
of the spectrum.

3 Separating source and path effects
in the spectral domain

3.1 Phase Spectrum
Alternatively to the complex spectrum the stretching can be
evaluated in terms of the amplitude a(ω) and phase spec-
trum ϕ(ω):

ĝ(ω) = a(ω)eiϕ(ω) . (11)

The phase spectrum is strongly fluctuating and subject
to jumps of 2π from phase wrapping as shown in Fig. 3a.
Stretching thus not be done by simple interpolation of the
phase spectrum but requires an upsampling in the frequency
domain. The upsampling can easily be achieved by zero-
padding the timeseries prior to the Fourier transform. An
example of an enlarged section of the phase spectrum is
shown in Fig. 3b for the original trace u, the trace obtained
with perturbed velocity and a stretched version of the origi-
nal phase spectrum.

The phase spectrum has an interesting advantage in com-
parison to the time domain and the amplitude spectrum. As
Zhan et al. (2013) showed there is a possibility that changes
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Figure 2 Stretching of the complex spectrum (real part: a,
imaginary part: b) resulting from the velocity change un-
derlying the signals shown in Fig. 1c. The stretching of the
time series leads to a compression of the spctrum.

in the amplitude spectrum of the source map into time do-
main stretching. But how does this affect the phase spec-
trum? For impulsive sources a change in the amplitude
spectrum is linked to changes in phase. However, because
of the temporal coverage most coda wave monitoring stud-
ies are based on Green’s function estimates retrieved via
Seismic Interferometry (Curtis et al. 2006) from ambient
noise correlation functions (Sens-Schönfelder & Brenguier
2019). In frequency domain the correlation of noise traces
results in a signal that represents the difference of the ad-
vanced and retarded Green’s functions multiplied with the
power spectrum of the noise source time function (Snieder
& Larose 2013). Since the phase of the power spectrum
is zero, the effect of changes in the spectrum of the noise
source will be limited to the amplitude spectrum of the re-
trieved correlation function, while the phase spectrum is un-
affected (cf. Fig 3b). The phase of the correlation func-
tion is thus dictated solely by the Green’s function of the
medium. Stretching of the phase spectrum thus provides
an unbiased estimate of velocity changes in the propagation
medium.

This property of the phase spectrum has been used as
an argument in favor of the moving time window method.
So, how is it related to phase stretching? The original for-
mulation of the moving time window method by Poupinet
et al. (1984) estimated the time shift of waveforms in the
short time windows from their phase difference ∆ϕ = ω∆τ
where ∆τ = (ξ−1)τ it the arrival time difference at arrival
time τ . On the other hand the phase difference caused by
the stretching is ∆ϕ = (ξ − 1)ω ∂ϕ

∂ω . Both expressions are
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Figure 3 Effect of velocity and source frequency changes
on the phase spectrum. a) Phase spectrum of the original
signal and the signal resulting from a 5% velocity reduc-
tion at common spectral resolution. b) Interpolated phase
spectra in a narrow band. Shown are the original signal and
the signal with 50% lower source frequency in black and
blue, respectively. The curves are mostly identical since the
source frequency change of the zero-phase source does not
affect the phase of the signal. The phase of the signal with
the 5% reduced velocity is shown in red. It is overlain by
the orange curve that shows the original signal compressed
by 5% to simulate the effect of the velocity change.

equal for τ = ∂ϕ
∂ω , i.e. non-dispersive waves which corre-

sponds to the requirement of short time windows.

3.2 Amplitude spectrum

As shown above also the amplitude spectrum of recorded
signals can be used to estimate changes in the propagation
medium. Naturally the amplitude spectrum of a recorded
signal reflects changes in the spectrum of the source signal.
This also holds for noise correlation functions where spec-
tral changes are expected for example between the seasons
(Ardhuin et al. 2011; Hillers & Ben-Zion 2011). In Fig. 4a
we show the amplitude spectrum of the three signals from
Fig. 1c where it is easy to recognize the stretching between
the two graphs representing the spectra original signal and
the 5% stretched signal. Unfortunately the amplitude spec-
tra mix the influence of source and propagation. The spec-
trum of the signal affected by the 50% decrease in source
frequency has a significantly different shape in Fig. 4a.

However, while Green’s function and source time func-
tion are convolved in the time series they are multiplied in
frequency domain where their effects can be more easily
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Figure 4 Effect of velocity and source frequency changes on
the amplitude spectrum. a) amplitude spectra, b) separation
of amplitude spectra. The smooth part of the spectra is in-
dicated with dashed lines and the fluctuating part with con-
tinuous lines. Colours indicate the original signal (black), a
signal with 50% lower source frequency (blue) and a signal
resulting from 5% velocity reduction (red).

separated. As illustrated in the model used in Fig. 1 the
Green’s function usually is a long time series with randomly
occurring arrivals resulting in a broad spectrum with rapid
fluctuation. The source time function on the other hand is a
much shorter time series leading to a smooth spectrum that
is usually limited in bandwidth. In consequence the spec-
trum of the recorded signal is a rapidly fluctuating spectrum
that is modulated by a smooth band-limited envelope. By
extracting the rapidly fluctuating part of the amplitude spec-
trum one can thus extract the effect of the path and separate
it from the source effect.

Figure 4b shows how the source and path effects can be
separated. A simple high-pass filter is applied to the am-
plitude spectra in Figure 4a in order to extract the rapidly
oscillating part that fluctuates with more than 0.25 oscilla-
tions per Hz or equivalently those, whose fluctuation in fre-
quency domain are shorter that 4 Hz. This filter limit is an
inverse frequency that corresponds to the bandwidth of the
source signal, which is roughly 4 Hz in the present exam-
ple. Figure 4b shows the rapidly fluctuating and smoothly
varying parts of the original trace, the trace resulting from
a 5% velocity change, and a 50% decrease of the source
frequency. It is clear that the velocity change affects the
location of peaks and troughs while the peaks and troughs
of the signal affected by the source change overlay exactly
with those of the original signal.

Since the amplitude of the fluctuations in the spectra are
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Figure 5 Amplitude spectra corrected for changes in the
source spectra represented by the smooth part of the spectra
(dashed lines in Fig. 4).

roughly proportional to the source energy, the peak to peak
amplitude changes with the source spectrum. Fig.5 shows
that this can easily be corrected by a normalization. The
rapidly varying parts of the spectra are normalized by the
respective smooth parts and scaled with the geometric mean
of the smooth parts of the two different source signals. Scal-
ing with the geometric mean is useful to taper off spectral
bands in which one of the signals has vanishing energy. The
agreement of the two curves in Fig.5 shows that despite sig-
nificantly different source spectra one can retrieve the spec-
tral signature of the propagation medium from the ampli-
tude spectrum of a seismic signal.

4 Estimating velocity changes from
noise amplitude spectra

In section 3 above I show how a velocity change in the
propagation medium can be retrieved from changes in the
spectrum of a recorded seismic signal of an isolated source.
This is analogous to coda wave interferometry in frequency
domain. For a zero phase source signal as it is the case in
noise correlation functions, the phase spectrum can be used
to obtain a signal that is unbiased from changes in power
spectrum of the source. Also from the amplitude spectrum
a signal that is unbiased by source changes can be retrieved
by extracting the fluctuating part.

However, another advantage of the spectral approach be-
comes apparent in the context of ambient noise based mon-
itoring with seismic interferometry. In Passive Image Inter-
ferometry the signal that is used for monitoring is not di-
rectly recorded, but retrieved from ambient noise by cross-
correlation of the ambient field vibrations. The frequency
domain Green’s functions for acoustic waves can be written
as:

ĝ(rA, rB ;ω) + ĝ∗(rB , rA;ω) = 2iω

∫
∂V

1

ρ(x)v(x)

ĝ(rA, r;ω)ĝ
∗(rB , r;ω)dS (12)

(Snieder et al. 2007). Here ĝ(rA, rB ;ω) is the Green’s func-
tion for propagation from location rB to rA. Sources at lo-
cations r are on the boundary ∂V of the volume containing
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A and B. ρ and v are density and acoustic velocity, respec-
tively and ∗ denotes complex conjugation. We know from
equation 9 that a velocity change in the medium results in
a stretched Green’s function, i.e. ĝ′(·, ·, ω) = ĝ(·, ·, ω′)/ξ
for ω′ = ω/ξ. It is clear from equation 12 that a stretched
Green’s function ĝ(rA, rB , ω

′) on the left hand side can be
easily obtained if also the Green’s functions on the right
hand side are stretched, i.e. ĝ′(rA, r, ω) and ĝ′(rB , r, ω).
In the case of a homogeneous velocity change in V the
propagation from ∂V to the receivers rA and rB is affected
by the same velocity change such that: ĝ′(rA,B , r, ω) =
ĝ(rA,B , r, ω

′)/ξ. In this case we have

ĝ′(rA, rB ;ω) + ĝ′∗(rB , rA;ω) = 2iω′ 1

ξ2

∫
∂V

1

ρ(x)v(x)

ĝ(rA, r;ω
′)ĝ∗(rB , r;ω

′)dS . (13)

If the sources are far away from both stations and the
velocity change in the propagation medium is spatially het-
erogeneous in between the location of the sources and re-
gion of interest, the frequency stretching with the correct
stretching factor does not occur for each Green’s function
in the integrand separately, but only for their product, i.e.
their cross-spectrum which is equivalent to the time domain
correlation. This ensures that the signal of the travel time
differences is stretched and not the original travel times.

This discussion shows that instead of using seismic in-
terferometry to measure seismic velocity change from am-
bient noise cross correlations, one can observe a velocity
change directly from their cross spectrum. This means
that a velocity change can directly be measured from the
cross-spectrum of the noise without the need for an inverse
Fourier transform to retrieve the time domain Green’s func-
tion, hence reducing the computational costs. For auto-
correlations with rA = rB one can estimate a velocity
change in the propagation medium directly form the spec-
trogram of the noise.

5 Examples of velocity changes
To demonstrate that the proposed method to measure ve-
locity changes directly from the noise amplitude spectra
works in practical applications I show selected examples
from three different environments. Two of these examples
are re-processed datasets for which velocity changes mea-
sured with conventional passive image interferometry are
available in the literature.

5.1 Inter eruptive changes at Kilauea
As a first application I discuss data from Kilauea volcano
(Hawaii) where source and medium changes are superim-
posed. Kilauea entered an active period in December 2024
and generated a series of hour long eruptions with vig-
orous fountaining. The eruptive phase produced a spec-
tral signature that reflects the gliding dominant tremor fre-
quency and subsurface velocity changes at the same time.
Fig. 6 shows data from station WRM of the HV Hawaiian-
Observatory network (USGS Hawaiian Volcano Observa-
tory (HVO) 1956) for 15 days of an inter-eruptive episode

Figure 6 Decomposition of the cross-spectrogram between
the vertical and north component form an inter-eruptive
episode at Kilauea. a) raw spectrogram. b) smooth part
of the spectrogram with less than one fluctuation per Hertz.
The dashed line indicates the gliding of the dominant source
frequency c) normalized fluctuating part of the spectrum
with more than one fluctuation per Hertz. Colour scales
in a and b are logarithmic.

in January 2025. The spectrogram of the seismic signal
are shown in Fig. 6a. More precisely it is the amplitude
of cross spectrum (Ξ) between the north (uN ) and vertical
(uZ) components:

Ξ(ω) = |ûN (ω)û∗
Z(ω)|

1
2 . (14)

The Fourier transform is applied to 2048 samples long win-
dows at 20Hz sampling frequency, i.e. approximately 100s
long segments with 50% overlap. I show the cross spectrum
only for demonstration. Other cross spectra and individual
component amplitude spectra have the same properties.

Fig. 6b shows the smooth part of the spectrogram and
clearly indicates the high energy at low frequency due to
ocean microseisms and the high energy levels at all fre-
quencies during the eruptions in early and mid January. The
tremor with the gliding frequency that increases from 1.5Hz
to about 4Hz over the course of five days is indicated by the
dashed line.
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Figure 7 Relative frequency changes of the fluctuating part
of the spectrogram at 100s resolution. a) relative frequency
change estimated with the stretching method in the 1.5Hz-
5Hz band. b) Close-up of the spectrogram with superim-
posed estimates of frequency changes.

The fluctuating part of the spectrogram is shown in
Fig. 6c. The striations of persistent peaks and troughs are
clearly visible across times of drastically changing source
spectra due to the normalization described in section 3.2.
Note that the colour scale of Fig. 6a and b is logarithmic,
while it is linear in c. A close look at the pattern in Fig. 6c
reveals variability in the fluctuations as it is expected for
velocity changes in the propagation medium, i.e. a stretch-
ing of the spectrum. This variability is quantified with the
stretching technique Sens-Schönfelder & Wegler (2006);
Hadziioannou et al. (2009) and illustrated in in Fig. 7a. It
show that the fluctuating part of the cross-spectrum is com-
pressed by more than 1% between January 4 and 10. Fig. 7b
illustrates this compression of the spectrum with a close-
up around 4Hz and superimposed evolution of the spectral
lines as predicted form the measured df/f in a. Accord-
ing to section 2.2 the frequency stretching is the inverse of
the corresponding stretching of the time series which means
that the observed relative frequency changes is equal to an
underlying relative velocity changes: df

f = dv
v .

Interestingly the compression (i.e. the transition to lower
frequencies) of the fluctuating spectrum occurs at the same
time when the smooth part of the spectrum shows an in-
crease in frequency of the peak. The source and path path
effects can be clearly separated.

5.2 Co-seismic changes at Kilauea

The velocity changes inferred above occur during a phase
when the ambient wavefield changes quite strongly due to
the volcanic origin of the sources. To add further confi-
dence that the fluctuating part of the spectrum reflects the
subsurface wave propagation rather than the source proper-
ties, we investigate velocity changes that are not related to
dynamics of the volcanic sources. The most suitable signals

Figure 8 Same as figure 7 for the time around a local earth-
quake at noon on May 30 2025.
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Figure 9 Close-up of the time around the local earthquake
on May 30,2025. a) Vertical velocity seismogram. b) fre-
quency changes showing the instant and persistent drop of
the relative frequency.

to analyse are co-seismic changes.
The first example in Fig. 8 shows a shallow (0.9km)

Ml=2.8 event that occurred on 2025-05-30 11:39:38 (UTC)
at a distance of about 3km from station WRM. A clear
compression of the fluctuating spectrum is visible on May
30 that corresponds to a velocity drop of 1%. Again the
changes can be readily observed in the spectrogram.

A close-up in Fig. 9 shows one hour around the drop at
a 1-minute time resolutions together with the vertical com-
ponent seismogram. Coloured dots indicate measurement
from the six different spectra and cross-spectra, while the
black dots show the joint estimate form all components.
There is 50% overlap of the time windows. At the time
of the earthquake a fairly stable estimate of the frequency
change is interrupted and estimates stabilise after the event
at 1% relative decrease and with slightly larger scatter. The
two time windows containing the event have much larger
error.

As a second example we show the response to teleseis-
mic body wave excitation from the 609km deep Mw 8.3
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Figure 10 Relative frequency change in response to the ex-
citation by the Sea of Okhotsk earthquake in 2013. a) broad
band ground motion velocity in black and in the 1.5-5Hz
band used for estimation of the frequency changes in blue
with offset. b) relative frequency changes as in Fig 9.

Sea of Okhotsk earthquake that occurred on May 24, 2013.
In contrast to the local event there is no possibility for this
event to induce static stress changes or any other temporally
correlated process that could affect the local seismic veloc-
ities. As shown in Fig. 10 the strong first arriving P-wave
caused a sharp drop that began to recover immediately but
persisted for several hours. The excitation by the teleseis-
mic waves in the frequency band used for the measurements
lasted only for a few minutes (blue line in Fig. 10a) while
the lower frequency oscillations lasted much longer (Sens-
Schönfelder et al. 2015). To my knowledge this is the first
observation of seismic velocity changes caused by teleseis-
mic waves. In this particular case of a very deep source the
changes are caused by P -waves.

5.3 Observations in non-volcanic environ-
ments

Since changes in the amplitude spectrum have mostly been
observed at volcanoes (Yates et al. 2026) I show another ex-
ample here, that demonstrates the method in a non-volcanic
setting of northern Chile at the IPOC station CX.PATCX
(GFZ German Research Centre For Geosciences & In-
stitut Des Sciences De L’Univers-Centre National De La
Recherche CNRS-INSU 2006). We observed temporal
changes at this station before (Richter et al. 2014; Gassen-
meier et al. 2016; Sens-Schönfelder & Eulenfeld 2019)
which responds in a rather predictable way to seismic ex-
citations (Illien et al. 2025). Illien et al. (2023) investigated
a period when the permanent station was surrounded by an
array of nine stations in the 7F network (Sens-Schönfelder
2023) to improve the monitoring. A Mw6.2 event at 150 km
distance was recorded by the array and caused a 0.4% ve-
locity drop (Illien et al. 2023). Figure 11 shows the fluctu-
ating part of the vertical component spectrogram of station
7F.PA46 at a 10 minute resolution. Events have been re-
moved as described in Illien et al. (2023) by setting the seg-
ments affected by earthquakes to zero. As before persistent
peaks can be observed that allow to monitor the coseismic
0.4% velocity drop identified by Illien et al. (2023). How-
ever, the co-seismic changes are too small to be directly

Figure 11 Fluctuating part of the vertical component spec-
trogram of station 7F.PA46. Segments containing earth-
quake signals have been removed with the method de-
scribed in Illien et al. (2023). The dashed line indicates the
time of the earthquake.

observed in the spectrogram. In Figure 12 a heat map of the
changes observed on the 465 component combinations pro-
vided by the local network and their median is shown, again
with a 10 minute resolution. It clearly shows the co-seismic
velocity reduction. The period around 15:00 - 18:00 UTC,
i.e. early afternoon, locally, is regularly influenced by el-
evated wind activity that causes additional noise, a loss of
correlation and larger scatter of df/f on some of the tem-
porary installed stations (Illien et al. 2023).

As a last example I show data from Nepal that was anal-
ysed by Illien et al. (2021) and Illien et al. (2022). The
noise is recorded by stations of the Landscape Response to
the Mw7.9 Gorkha Earthquake- network (Andermann et al.
2015) on a terrace next to the Bhote Koshi river. Here the
ambient vibrations above 1Hz are dominated by the river
and has very different origin than in the previous examples
with noise originating from volcanic and marine sources.
Using ambient noise correlation Illien et al. (2021) observed
large seasonal velocity variations amounting to several per-
cent between dry and wet seasons. A hydrological model
provided very detailed explanation of the velocity varia-
tions solely based on independently measured precipita-
tion confirming the origin of the changes in the propagation
medium. Figure 13 shows the fluctuating part of the spec-
trogram and the measured relative frequency changes. They
perfectly track the velocity changes observed by Illien et al.
(2021) and Illien et al. (2022) despite significant changes in
the river noise during the monsoon seasons.

6 Discussion
Using a synthetic example in section 3 I show how the
estimation of medium changes in the frequency domain
can help to improve monitoring of wave velocity changes.
While the source and path effects are convolved in time do-
main and difficult to separate, they are multiplied in fre-
quency domain and can be separated under certain assump-
tions. Two strategies are presented that rely on different
properties of the phase and amplitude spectrum. In signals
retrieved with seismic interferometry the correlation of the
ambient vibration signal causes the phase spectrum of the
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Figure 12 Relative frequency changes observed by the local
array around station PATCX in in northern Chile. a) en-
velope of the vertical component velocity at PATCX in the
frequency band from 1 to 8 Hz. b) heat map of relative fre-
quency changes observed from the 465 possible component
combinations in the array and their median shown be grey
dots.

Figure 13 Relative frequency changes at the Chaku site in
Nepal. a) Relative frequency changes of all cross- and am-
plitude spectra averaged from station NEP10 in black. Red
dots (mostly covered) show the relative velocity changes of
Illien et al. (2022). b) fluctuating part of the spectrogram
of the vertical channel of station NEP10 with superimposed
absolute frequency changes at selected frequencies.

source to vanish–only the power spectrum of the source sig-
nal affects the retrieved Green’s functions. This means that
the phase spectrum of a noise correlation function is unaf-
fected by source changes and reflects the properties of the
propagation medium. It thus allows for an unbiased esti-
mate of velocity changes.

In contrast the amplitude spectrum of a signal is affected
by the source spectrum even when retrieved from ambient
field correlations. However, one can assume that the au-

tocorrelation function of the source signal is shorter than
the duration of the Green’s function–an assumption that is
implicit in most applications that use coda waves. Other-
wise the coda would represent the source signal rather than
the medium response. This combination of a short source
signal and a long and random (non-repeating) medium re-
sponse allows to separate both contributions by filtering
the spectrum into a smooth and a fluctuating part for both
contributions, respectively. Of course the fluctuating part
does not perfectly represent the amplitude spectrum of the
Green’s function, as demonstrated in section 3.2, since it
fluctuates around zero and can be negative. However, this
is irrelevant here, since we aim to extract temporal changes
and not the Green’s function itself. Accurate estimates of
temporal changes that are unbiased by source frequency
changes can thus be obtained from the fluctuating part of
the amplitude spectrum.

The real advantage of the spectral estimation of medium
changes, however, becomes apparent when we consider that
Passive Image Interferometry or noise based monitoring as
we developed it 20 years ago requires a transformation of
the continuous noise signal in the Fourier domain for cor-
relation, already. This is followed by an inverse transform
to obtain the Green’s function in time domain from which
we can estimate temporal changes either by CWI in time
domain or after another Fourier transform in frequency do-
main, as shown above. The innovation that I propose here is
that the possibility to estimate changes of the wave propa-
gation velocity from the amplitude spectrum allows to mea-
sure these changes directly from the continuous ambient vi-
brations without the need for an inverse transform into time
domain as required by seismic interferometry. There have
been speculations about this possibility based on the simi-
larity of temporal changes obtained from the noise spectrum
at volcanoes and the retrieved Green’s functions (Yates et al.
2026). Some uncertainty remained in Yates et al. (2026)
about the effect of changes in the source spectra and the ori-
gin of the fluctuations in the spectrum. The correspondence
between changes of individual peaks in the amplitude spec-
trum and material properties was also used by Compaire
et al. (2022). The authors found that certain peaks in the
power spectrum of the ambient vibrations recorded by the
SEIS instrument of the InSight on Mars co-evolved with ve-
locity changes inferred from repeating Mars quakes. Other
peaks did show very different dynamics that was attributed
to lander modes.

Realizing the possibility to estimate medium changes
directly form the noise amplitude spectrum or the cross-
spectra has a number of implications that deserve discus-
sion

1. numerical requirements for monitoring medium
changes from the amplitude spectrum

2. averaging properties of the amplitude spectrum are dif-
ferent from the averaging properties of the noise cor-
relation functions affecting the temporal resolution

3. the spatial sensitivity of the spectrum-based measure-
ments might differ from the noise correlations based
monitoring.
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6.1 Numerical advantages of spectrum-based
monitoring

Noise correlation based monitoring typically works in the
following sequence

1. calculation the pairwise correlation function of short
time windows of ambient noise most often by Fourier
transform, multiplications and inverse Fourier trans-
form.

2. stacking of the short time correlations to obtain a stable
signal and storage of the resulting stacked correlation
function

3. estimation of a reference signal and measurement of
the apparent velocity change with the method of choice
(stretching, moving windows, wavelet)

Since the spectral method does not require the inverse
Fourier transform, velocity changes can essentially be es-
timated on the fly without the need to store the intermediate
set of correlation functions. Of course there are details to be
considered especially when cross-spectra of many station
combinations are to be used. It might be useful to store the
spectra of individual channels to avoid recalculating them
for each channel pair. To estimate changes one would then
load the spectra, calculate the cross-spectrogram by multi-
plication of the individual spectra and estimate the velocity
change. This approach reduces the storage requirements,
since the spectrograms have essentially the same size as the
original data, while the pairwise correlation functions can
easily inflate the dataset. This is a significant advantage
especially for applications in edge computing where calcu-
lations are performed directly on the sensor with limited
resources. Another area where resources quickly become
critical is the application to fibre optic data. Here, the com-
putational advantage might be essential.

6.2 Averaging properties and temporal reso-
lution

Besides the numerical advantage of the spectrum-based
monitoring its performance needs to be compared to the tra-
ditional correlation-based monitoring. Yates et al. (2026)
show a number of examples from volcanic environments
that demonstrate the similarity between seismic velocity
changes observed with traditional noise correlations and
relative frequency changes observed in the spectrum. Part
of the differences observed by Yates et al. (2026) might re-
sult from the fact that these authors measured shifting of
the fluctuating part of the spectrum, not stretching. How-
ever, subjectively the striations of the spectrogram appear
more stable over time than the pattern of the Green’s func-
tions in time domain. Exact analysis of this difference is
required, but an indication is provided by comparing Fig-
ures 1c and 5. Filtering the spectra for the fluctuating part
and not using the full spectrum reduces the source effect
which is not possible for time domain Green’s functions.
This enhances the stability of the spectral estimates and is
similar to the difference between interferometry by correla-
tion and deconvolution. Nakata & Snieder (2012) compare

the stability of correlation and deconvolution of borehole
and surface sensors signals from earthquakes and conclude
that the lack of stability in the correlation approach is due to
the different power spectra of the earthquakes used in their
analysis, which is accounted for only by deconvolution. I
suggest that estimating changes only from the fluctuating
part of the spectra has a similar effect to reduce the source
imprint and improve the stability of velocity change esti-
mates resulting in higher temporal resolution.

6.3 Spatial sensitivity
A Green’s function in time domain represents travelling
waves. Despite the stochastic character of coda waves nor-
mally used for monitoring, there is probabilistic knowl-
edge of their spatial sensitivity (Pacheco & Snieder 2005;
Dinther et al. 2021; Zhang et al. 2021). But what is the sen-
sitivity of a spectral estimate? I think a good analogy to this
question can be build from audible sound and acoustics in
a room. A direct wave from an impulsive source is sensi-
tive to its path, only. In frequency domain, the travel time is
represented by the phase spectrum and the amplitude spec-
trum mostly reflects the source characteristics. Once coda
waves (i.e. reflections from walls) are included the sound
changes strongly and one can hear the acoustic properties
of the room. In time domain the late arriving coda waves
have been bouncing around, sensing the room with certain
probabilities. These coda waves (i.e. repeated versions of
the source) create the fluctuations of the spectrum and form
the sound of the room. The spatial sensitivity for tempo-
ral changes of the spectral estimate is thus similar to time-
domain estimate from coda waves. Hereby late coda waves
correspond to rapid fluctuations in the spectrum, while less
rapid fluctuations correspond to early coda.

Interestingly one can hear changes in the acoustic prop-
erties of the room not only from an impulsive source sig-
nal but also from a continuous random excitation due to the
spectral analysis of our auditory system whereas the time
domain estimate would require sensing, storage and inter-
ferometry. Not surprisingly the spectrum based estimate
of temporal changes means analysing the sound/tone of a
structure.

6.4 Conditions for applicability
To understand under which conditions it is possible and ad-
vantageous to perform the monitoring of temporal changes
on the fluctuations of the amplitude spectrum of the noise
rather than on noise correlation functions it is important to
understand the origin of the spectral fluctuations.

Spectral lines have be observed predominantly in vol-
canic environments where the occurrence of such stable
spectral features have often been attributed to volcanic
tremor, i.e. a resonance of the source process or a struc-
ture close to the source (Chouet 1996). To investigate this
connection Bracale et al. (2025) constructed a complicated
structural model resembling a subsurface volcanic structure
and performed wave field simulations in this heterogeneous
model. While the ballistic waves in their simulations have a
rather smooth spectrum, coda waves show much more fluc-
tuations, confirming the assumptions in section 2.1.
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The connection between spectral fluctuations and the
emergence of coda waves is well established in radiative
transfer theory. The intensity of the wavefield can be ex-
pressed as

I(ω,Ω) ≈ ω2∆ω

2π
⟨u(ω +Ω/2)u∗(ω − Ω/2)⟩ (15)

where u is the wavefield, ω is the central frequency of the
wavefield, ∆ω is the bandwidth and Ω is the frequency of
the intensity fluctuations (Margerin 2005). ⟨·⟩ denotes an
ensemble average. Equation 15 states that if the wavefield
on the right hand side has a large correlation bandwidth, i.e.
its spectrum is correlated over large values of Ω the Inten-
sity on the left hand side has fast fluctuations. A smooth
evolution of intensity, i.e. a long lasting coda on the other
hand requires the spectral correlation of the wavefield to de-
cay quickly. We can thus conclude that the duration of the
coda T is inversely proportional the the correlation band-
width of the spectrum Ω, i.e.the width of the fluctuations
in the spectrum. Based on this relation one can infer from
a rough comparison of figures 6c, 11 and 13 that Kilauea
likely is the most heterogeneous material since it shows
the largest number of fluctuations, i.e. the smallest corre-
lation bandwidth. The strong heterogeneity of volcanic en-
vironments is thus the likely reason why the spectral fluc-
tuations have mostly been investigated at volcanoes (Yates
et al. 2026) and potentially been misinterpreted as source
effects.

Spectral correlation (Eaton et al. 2024) or phase statistics
(Anache-Ménier et al. 2009) have been used before to in-
terrogate subsurface heterogeneity based on spectra of coda
waves. But the possibility to investigate heterogeneity di-
rectly from the spectrum of ambient noise records can com-
plement these approaches with particular benefits in seismi-
cally quite regions.

Interestingly Bracale et al. (2025) found that the spec-
tral peaks in their simulations are relatively stable and con-
sistently observed rather independent of the precise source
location. Knowing that the Green’s functions from differ-
ent source locations are very different (i.e. uncorrelated,
Snieder 2006), why are the fluctuations of the amplitude
spectra independent of the source location? Bracale et al.
(2025) argue that local resonances for example in fluid-
filled cracks generate the consistent spectral lines. And
indeed suitably shaped high impedance contrasts certainly
generate spectral lines. However, it is not necessary that
there are identifiable structures that create resonances. As
indicated by Bracale et al. (2025) it suffices that the coda
contains multiply scattered waves. The travel time τ of
waves between any two scatterers is repeatedly sampled by
multiply scattered waves which creates fluctuations in the
spectrum with a characteristic separation 1/τ irrespective
of the source location. Variations of the source location will
introduce time shifts of these ”echos” and quickly decorre-
late the time domain signal. The amplitude spectrum, how-
ever, will be unaffected explaining the surprising stability
of the fluctuations. Details about the stability of the spec-
tral fluctuations need to be worked out, however, the obser-
vations by Bracale et al. (2025) indicate that the monitor-
ing of medium changes from fluctuations of the amplitude
spectrum might be less dependent on the source distribution

than monitoring with time domain correlation functions.

7 Conclusion
After monitoring subsurface velocity changes for 20 years
with ambient noise correlations I show here, that the corre-
lation is in fact not needed and velocity changes can directly
be monitored through changes in the amplitude spectrum
of the noise. Details about the spatial sensitivity, tempo-
ral resolution and dependence of source locations have to
be investigated in more detail. But there are obvious tech-
nical advantages and the initial thoughts presented here in-
dicate that some methodological advantages might lead to
improved temporal resolution and better stability due to a
reduced dependence on source signal and location.
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Tilmann, F., 2024. Analyzing Volcanic, Tectonic, and Environ-
mental Influences on the Seismic Velocity from 25 Years of Data
at Mount St. Helens, Seismol. Res. Lett., 95(5), 2674–2688, doi:
10.1785/0220240088.
Mao, S., Lecointre, A., Hilst, R. D. V. D., & Campillo, M.,
2022. Space-time monitoring of groundwater fluctuations with
passive seismic interferometry, Nat. Commun., pp. 1–9, doi:
10.1038/s41467-022-32194-3.
Margerin, L., 2005. Introduction to radiative transfer of seismic
waves, in Seism. data Anal. with Glob. local arrays, vol. 157, pp.
229–252, eds Levander, A. & Nolet, G., AGU AMERICAN GEO-
PHYSICAL UNION.
Nakata, N. & Snieder, R., 2012. Estimating near-surface
shear wave velocities in Japan by applying seismic interferom-
etry to KiK-net data, J. Geophys. Res., 117(B1), B01308, doi:
10.1029/2011JB008595.
Obermann, A., Planes, T., Larose, E., Sens-Schönfelder, C., &
Campillo, M., 2013. Depth sensitivity of seismic coda waves to
velocity perturbations in an elastic heterogeneous medium, Geo-
phys. J. Int., doi: 10.1093/gji/ggt043.
Pacheco, C. & Snieder, R., 2005. Time-lapse travel time change
of multiply scattered acoustic waves, J. Acoust. Soc. Am., 118(3),
1300, doi: 10.1121/1.2000827.
Pacheco, C. & Snieder, R., 2006. Time-lapse traveltime change of
singly scattered acoustic waves, Geophys. J. Int., 165(2), 485–500,
doi: 10.1111/j.1365-246X.2006.02856.x.
Poupinet, G., Ellsworth, W., & Frechet, J., 1984. Monitoring
Velocity Variations in the Crust Using Earthquake Doublets: An
Application to the Calaveras Fault, California, J. Geophys. Res.,
89(4), 5719–5731.
Ratdomopurbo, A. & Poupinet, G., 1995. Monitoring a temporal
change of seismic velocity in a volcano: Application to the 1992
eruption of Mt. Merapi (Indonesia), Geophys. Res. Lett., 22(7),
775–778, doi: 10.1029/95GL00302.
Richter, T., Sens-Schönfelder, C., Kind, R., & Asch, G., 2014.
Comprehensive observation and modeling of earthquake and
temperature-related seismic velocity changes in northern Chile
with passive image interferometry, J. Geophys. Res., 119, 4747–
4765, doi: 10.1002/2013JB010695.
Sato, H., Fehler, M., & Maeda, T., 2012. Seismic Wave Propaga-
tion and Scattering in the Heterogeneous Earth, Springer, Heidel-
berg, 2nd edition.
Sens-Schönfelder, C. & Brenguier, F., 2019. Noise-based Moni-
toring, in Seism. Ambient Noise, chap. 9, pp. 267–301, eds Nakata,
N., Gualtieri, L., & Fichtner, A., Cambridge University Press.
Sens-Schönfelder, C. & Eulenfeld, T., 2019. Probing the in

12



situ elastic nonlinearity of rocks with earth tides and seismic
noise, Phys. Rev. Lett., 122(13), 138501, doi: 10.1103/Phys-
RevLett.122.138501.
Sens-Schönfelder, C. & Larose, E., 2010. Lunar noise correla-
tion, imaging and monitoring, Earthq. Sci., 23(5), 519–530, doi:
10.1007/s11589-010-0750-6.
Sens-Schönfelder, C. & Wegler, U., 2006. Passive image inter-
ferometry and seasonal variations of seismic velocities at Mer-
api Volcano, Indonesia, Geophys. Res. Lett., 33(21), L21302, doi:
10.1029/2006GL027797.
Sens-Schönfelder, C., Pomponi, E., & Peltier, A., 2014. Dynam-
ics of Piton de la Fournaise Volcano Observed by Passive Image
Interferometry with Multiple References, J. Volcanol. Geotherm.
Res., 276, 32–45, doi: 10.1016/j.jvolgeores.2014.02.012.
Sens-Schönfelder, C., Snieder, R., & Stähler, S. C., 2015. The lack
of equipartitioning in global body wave coda, Geophys. Res. Lett.,
42, 7483–7489, doi: 10.1002/2015GL065108.
Sens-Schönfelder, C., 2023. Patache stress observation (peso),
doi: 10.14470/2S162326.
Snieder, R., 2006. The Theory of Coda Wave Interferometry,
Pure Appl. Geophys., 163(2-3), 455–473, doi: 10.1007/s00024-
005-0026-6.
Snieder, R. & Larose, E., 2013. Extracting Earth’s Elastic Wave
Response from Noise Measurements, Annu. Rev. Earth Planet.
Sci., 41(1), 183–206, doi: 10.1146/annurev-earth-050212-123936.
Snieder, R., Grêt, A., Douma, H., & Scales, J., 2002. Coda wave
interferometry for estimating nonlinear behavior in seismic veloc-
ity., Science, 295(5563), 2253–5, doi: 10.1126/science.1070015.
Snieder, R., Wapenaar, K., & Wegler, U., 2007. Unified Green’s
function retrieval by cross-correlation; Connection with energy
principles, Phys. Rev. E - Stat. Nonlinear, Soft Matter Phys., 75(3),
doi: 10.1103/PhysRevE.75.036103.
Takano, T., Nishimura, T., Nakahara, H., Ohta, Y., & Tanaka, S.,
2014. Seismic velocity changes caused by the earth tide: ambient
noise correlation analyses of a small array data, Geophys. Res.
Lett., pp. 6131–6136, doi: 10.1002/2014GL060690.
USGS Hawaiian Volcano Observatory (HVO), 1956. Hawaiian
volcano observatory network, doi: 10.7914/SN/HV.
Wang, Q. Y., Brenguier, F., Campillo, M., Lecointre, A., Takeda,
T., & Aoki, Y., 2017. Seasonal Crustal Seismic Velocity Changes
Throughout Japan, J. Geophys. Res. Solid Earth, 122(10), 7987–
8002, doi: 10.1002/2017JB014307.
Wegler, U. & Sens-Schönfelder, C., 2007. Fault zone monitoring
with passive image interferometry, Geophys. J. Int., 168(3), 1029–
1033, doi: 10.1111/j.1365-246X.2006.03284.x.
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