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ABSTRACT
The application of distributed acoustic sensing in borehole measurements allows for
the use of fibre optic cables to measure strain. This is more efficient in terms of time
and costs compared with the deploying of conventional borehole seismometers. Nev-
ertheless, one known drawback for temporary deployment is represented by the freely
hanging wireline cable slapping and ringing inside the casing, which introduces ad-
ditional coherent coupling noise to the data. The present study proposes an explana-
tion for the mechanism of noise generation and draws an analogy with similar wave
propagation processes and phenomena, such as ghost waves in marine seismics. This
observation allows to derive a ringing noise filter function, to study its behaviour and
to consider known effects of the gauge length filter. After examining existing meth-
ods aimed at eliminating ringing noise and results of their application, we propose a
two-step approach: (1) developing a denoising method based on a matching pursuit
decomposition with Gabor atoms and (2) subtracting the noise model for imaging im-
provement. The matching pursuit method focuses on decomposing the original input
signal into a weighted sum of Gabor functions. Analysing Gabor atoms properties
for frequency, amplitude and position in time provides the opportunity to distinguish
parts of the original signal denoting noise caused by the vibrating cable. The matching
pursuit decomposition applied to the distributed acoustic sensing-vertical seismic pro-
filing data at the geothermal test site Groß Schönebeck provides a versatile processing
instrument for noise suppression.

Key words: Borehole geophysics, Distributed acoustic sensing, Noise, Signal process-
ing, Vertical seismic profiling.

INTRODUCTION

During the last decade, distributed acoustic sensing (DAS), a
technology of seismic data acquisition using fibre optic cable
as a linearly arranged array of sensors, has gained a wide range
of application in geoscience (Dou et al., 2017; Henninges
et al., 2017; Jousset et al., 2018; Mondanos and Coleman,
2019; Kobayashi et al., 2020; Naldrett et al., 2020). In com-
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parison with classical vertical seismic profiling (VSP), DAS
technology application allows recording a continuous data
set faster and more cost effectively. Currently, the majority of
surveys are obtained using fibre optic cables permanently in-
stalled behind the casing or along the tubing (Mateeva et al.,
2014; Correa et al., 2017; Grandi, Dean and Tucker, 2017;
Götz et al., 2018). However, there are a significant number of
drilled wells in which only the use of wireline DAS technol-
ogy is possible. Nevertheless, only a limited amount of data
examples recorded using temporarily installed wireline cable
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are available (Hartog et al., 2014; Borland, Hearn and Sayed,
2016; Yu et al., 2016a; Yu et al., 2016b; Willis et al., 2019).

One of the possible explanations to this fact might be that
the temporary cable installation causes problems with proper
cable coupling and, as a result, it increases additional coherent
noise in the data.

Miller et al. (2012) showed for the first-time data ac-
quired using a temporarily installed fibre optic cable at Devine
test site near San Antonio, Texas. The ringing signals are
present in the shallow depths for all source positions and were
explained as a poor coupling effect. For noise suppression a
single-channel notch filter and orthogonal projection opera-
tors were applied.

Later, several authors encounter the same noise patterns
during DAS data recording using wireline installation (Har-
tog et al., 2014; Dean et al., 2015; Yu et al., 2016a). Schilke
et al. (2016) and Constantinou et al. (2016) raised the idea of
providing slack to the cable during data recording to improve
cable coupling to borehole walls. It was studied using nu-
merical modelling methods and field tests from Rittershoffen,
France. However, the demonstrated data set example acquired
with recommended 2% slack showed a reduced amount of the
noise as well as decrease of the signal-to-noise ratio in the re-
gion of cable accumulation.

Barberan et al. (2012), Didraga (2015) and Daley et al.
(2016) report on ringing noise zones in the data acquired us-
ing a DAS cable clamped to the tubing. According to Didraga
(2015), a noise generation mechanism is associated with verti-
cal sections of the boreholes in which the tubing acts like a vi-
brating string between the contact points with an outer casing.
Daley et al. (2016) explain ringing noise events as reverbera-
tion waves trapped between two depths. Also, the above au-
thors suggest noisy regions in the data corresponding to wave
propagation in a poorly cemented steel casing.

Willis et al. (2019) further explored the properties of
the ringing noise and described different velocities of up- and
downgoing part of the zigzags of the noise. The noise genera-
tion is interpreted as a back-and-forth reverberation in depth
regions of a loose cable.

Given this variability, the comprehension of the noise na-
ture and the physical mechanism of its origin is essential for
the subsequent imaging quality improvement. In this study,
we add to the available approaches. For this purpose, we pro-
pose a physical model of so-called ringing noise and a means
for its elimination based on a matching pursuit decomposition
(MPD) with Gabor atoms.We evidence this by a case study at
the Groß Schönebeck site, Germany.

DISTRIBUTED ACOUSTIC
SENSING-VERTICAL SE ISMIC PROFIL ING
EXPERIMENT

The Groß Schönebeck research platform operated by the Ger-
man Research Centre for Geosciences (GFZ) is located 40
kilometres northeast of Berlin on the southern edge of the
North German Basin. It serves as a reference site for geother-
mal energy technology development for sustainable energy
production from low permeability deep geothermal reservoirs.
The target geothermal reservoir zone at depths of 4000 to
4300 m is represented by siliciclastic sediments and volcanic
rocks of Lower Permian (Rotliegend) age, overlaid by Zech-
stein salt (Zimmermann, Moeck and Blöcher, 2010).

A distributed acoustic sensing (DAS) vertical seismic pro-
filing (VSP) data set was acquired at the Groß Schönebeck
in situ geothermal laboratory in February 2017 (Henninges
et al., 2021) with the additional intent to support the high-
resolution 3D reflection seismic survey from the surface
(Stiller et al., 2018). The 3D seismic survey, covering an area
of 8 km by 8 km, has its focus on reservoir depths at 4 km. The
main goal of the 3D seismic survey was to enhance the com-
prehension of the geological structures and to reveal the spa-
tial configuration of fault structures (Krawczyk et al., 2019;
Bauer et al., 2020).

The VSP experiment, in its turn, was designed to enable
detailed imaging around the existing boreholes and especially
to additionally improve 3D surface seismic interpretation in
the reservoir target area.

Acquisition parameters

Two wireline, hybrid cables (electrical and optical; from SLB
(NOVA-F) and GFZ (Rochester) (Henninges et al., 2011))
were temporarily installed in the 4.3 km deep wells E GrSk
3/90 (maximum inclination 7.2°) and Gt GrSk 4/05 (maxi-
mum inclination 49°) (Fig. 1). The DAS sensor cable was freely
lowered inside the water-filled borehole until maximum mea-
sured depth in E GrSk 3/90 (4309 m measured depth (MD)),
and in Gt GrSk 4/05 it was deployed until an existing restric-
tion (4214.17 m MD). Data were recorded on single-mode
fibres using hDVS (the heterodyne distributed vibration sens-
ing, Schlumberger) technology. The spatial sampling along the
borehole was set to 5 m. The recorded physical quantity of
the fibre optic DAS/hDVS system is strain, distributed over
a gauge length (a section of the fibre over which the strain
is measured). Data were recorded using 20-m gauge length
but later adjusted to processing optimized 40 m to achieve a
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Figure 1 Location of the Groß Schönebeck geothermal site. Left: Position in the Northeast German basin in Europe. Right: Base map of the
Groß Schönebeck geothermal site with two boreholes (violet circles) in the centre and 61 VSP source points arranged in a spiral pattern around.
Borehole trajectories are shown in violet. VP locations are shown in different colours corresponding to the day of acquisition: 18 VPs on day
−1 (red dots), 18 VPs on day −2 (blue dots) and 25 VPs on day −3 (yellow dots).

compromise between S/N maximization and loss of the sig-
nal frequencies (see also Dean, Cuny and Hartog, 2017, for
further debate). During the experiment, we had 61 vibroseis
points (VP), located at different offsets (from 200 to 2000 m)
and azimuths, forming a spiral around the boreholes (Fig. 1).
Four heavy trucks vibrated simultaneously and repeatedly at
each VP location, with an average stacking fold of 16 per
source location. For the data acquisition, a linear sweep of
10–112 Hz and 36 s length was used. For several VPs with
larger offsets, we used a sweep from 10 to 96 Hz. Overall, the
VSP experiment measurements were conducted during four
acquisition days (one day for detailed pre-survey start-up tests
and three days of data acquisition). More experiment plan-
ning and data acquisition details can be found in Henninges
et al. (2021).

We performed different noise analysis and denoising tests
on the vertically stacked raw DAS strain data set recorded
at source position 10 (Fig. 1) in well Gt GrSk 4/05 during
pre-survey tests with 26 sweep repetitions with 1 m slack ap-
plied to the cable. This choice was dictated by the availability
of independent measurements with the versatile seismic im-
ager (VSI) tool string recorded in the same well with the same
sweep parameters 10–88 Hz and 36 s length. A direct compar-
ison of conventional acceleration point sensor measurements
and denoising results allows to get a better understanding of
DAS data and to perform additional quality control of the pro-
posed denoising processing workflow so that these data serve

as a reference for the DAS data processing. Checkshots were
recorded at 1200, 2400, 3600 and 4207 m MD.

RINGING NOISE

Yu et al. (2016a) and Willis et al. (2019) present examples
of distributed acoustic sensing (DAS) data sets recorded on
a wireline cable. The authors pose that such ringing noise is
most likely caused by poor coupling of the sensor cable and
the borehole casing, which is visible in certain depth intervals.
During wireline acquisition, the cable is not fixed and hangs
freely inside the borehole; thus, cable coupling inside the well
is not well controllable. Due to a borehole’s conditions, such
as inclination and completion at specific depth ranges, the ca-
ble contact with the borehole wall varies; therefore, some ar-
eas are likely subjected to reverberations caused by different
sources such as a vibroseis signal during data acquisition (Yu
et al., 2016a; Willis et al., 2019). Cable slapping creates a spe-
cific noise pattern, elimination of which leads to considerable
complication during data processing.

A typical DAS vertical seismic profiling (VSP) section
from Groß Schönebeck (Fig. 2a) presents this ringing noise
phenomenon, as described above. The recorded seismic data
show narrow-band noise trains with a stripe or characteristic
zigzag patterns in the time domain (Fig. 2b) over at least 19
different depth regions, for instance at 594–849, 1548–1702,
2984–3282 and 3735–3807 m measured depth (Fig. 2a). We
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Figure 2 Example of a typical DAS VSP section from Groß Schönebeck. (a) Common source gather contaminated with noise, recorded for VP10
after preprocessing (vertical stacking, correlation with the pilot sweep and subsequent differentiation to achieve acceleration-like characteristics;
seismic software ProMAX R5000, Halliburton). (b) The orange rectangle shows zoomed fragment of the seismic section for the depth range
2656–3138 m.

refer to this type of noise as ringing noise. In the time do-
main, the noisy intervals often follow one after another, form-
ing a larger noisy zone and even overlap like in depth interval
1755–2367 m. These zigzag patterns obscure important fea-
tures such as reflections.

In the frequency domain (Fig. 3), high-amplitude peaks
in the amplitude spectrum can be observed. The white ar-
rows illustrate periodic maximums corresponding to 18 Hz
frequency multiples (i.e. 18, 36, 54 Hz etc.) for the seismic
trace at 622.76mMD.A similar pattern of the high-amplitude
values, occurring with a certain periodicity, is also noticeable
at different depth levels. The amplitude values of the peaks
vary for each of the different depth levels and frequency val-
ues. Unlike in time domain displays, frequency domain dis-
plays allow for a better separation of the individual zigzag in-
tervals and provide a better understanding of the noise. It ap-
pears that the shallow part of the record contains more noisy
intervals in comparison with the deeper part (below 2000 m).
From one VP record to another, these affected depth regions
do not change significantly in the study presented. If we com-
pare depth section 1418–1490 m with depth section 1760–
1909m,we can recognize that both depth intervals contain co-
herent noise. However, there is a distinct difference in the level
of noise contamination. Furthermore, seismic data recorded,
for instance, in section 2670–2820m, show no signs of ringing
noise at all. Possibly, these differences in local amplitude and

Figure 3 FX amplitude spectra of the VP10 seismic section after
preprocessing. Irregularly occurring maximums correspond to reso-
nances. White arrows highlight examples of the ringing noise occur-
rence.

S/N ratio occur due to variable coupling conditions. Ringing
noise generation mechanism will be further investigated in the
next section of the paper.
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Figure 4 The FT amplitude spectrum, calculated for one raw uncorre-
lated strain seismic trace at 622.76 m MD, highlights frequency vari-
ations over time. A regular pattern of oval-shaped maxima can be
observed at 18, 36, 54, 72 and 90 Hz. The fundamental labelled as f1
and overtone modes as f2–f4.

RINGING NOISE ANALYSIS

Methodological background

To better understand the ringing noise, we have performed
the frequency–time (FT) spectrum analysis of a single seismic
trace, recorded at 622.76 m MD. We picked the data before
correlation from the interval affected by ringing noise, which
we already identified by examining the plot with the am-
plitude spectrum in the previous chapter. FT representations
transform original data from the time–space domain to the
time–frequency domain by performing a series of fast Fourier
transforms within moving time windows. Using this type of
analysis, we can study frequency–energy variations over time.

The energy of a vibrator sweep and its harmonics at VP
10 in Groß Schönebeck can be clearly visualized (Fig. 4) with
the method described above. Also, we see a repetitive pattern
of horizontally elongated zones with a significant amplitude
increase at frequencies 18, 36, 54, 72, 90 Hz etc., which are
marked with white arrows.

These high-energy areas at given constant frequencies
may correspond to the natural frequencies of the oscillating
system.When the instantaneous frequency of the sweep signal
or its harmonics coincides with the string’s natural frequency,
the condition for resonance is met, and the amplitude becomes
strongest. Reflected waves from both ends of the vibrating ca-

ble interval will interfere with each other constructively or de-
structively at different points of the wire and create a standing
wave, which represents an oscillation in time but does not ac-
tually move in space. Consequently, the resulting noise pattern
can be interpreted as interference of two separate waves trav-
elling opposite directions.

The harmonics of a system specify the frequency pattern
of the standing waves. The lowest natural frequency is called
fundamental, frequencies above it are known as overtones.
The place where the waves are superimposed destructively,
and which has no movement is called a node. On the con-
trary, the geometrical place where the waves are constructively
superimposed, and the string has its maximum amplitude is
called an antinode.

The freely hanging section of the cable can be approxi-
mated by a physical model of a string with fixed ends. In this
case, the antinodes are located at its ends and the nodes are
formed in-between. Figure 5(a) shows a string configuration
for the first four harmonics. The fundamental harmonic con-
tains one antinode in the middle of the string, the second har-
monic will have two antinodes, the third three antinodes etc.

The harmonics ( f ) for the standing wave can be described
via the formula:

fn = nV
2L

, (1)

where V is the velocity of the medium, L is the length of the
string, and n is an integer, harmonic number.

In case of standing waves formed on a string with free
ends, there will be the same formula for harmonics. However,
the position of the nodes and antinodes will be swapped.

For the fixed ends, there is a curious detail related to the
phase of the strain at the left and right ends of the string for
odd and even modes. In case of odd n, the motion of the string
ends is out of phase, and for even n it is in-phase (Fig. 5a).

As could be noticed from Figure 4 at a specific moment in
time, the resulting strain of the string represents a superposi-
tion of the different modes. The highest contribution belongs
to the modes generated by sweep energy.We will refer to them
as the main modes of the string. Resonances created by sweeps
harmonics add complexity to the resulting string motion, but
in principle do not change the main mode generated by the
sweep.

The transition of the main mode from odd to even will
change the phase of the one end of the string. The phase al-
teration to the opposite will happen only for one end, which
means that the string ends’ resulting phases will differ. This
disproportion in phases will create the zigzag pattern after
correlation with different up and down velocities. Thus, the
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Figure 5 Standing wave modes for fixed-end cable vibrations for different frequencies. (a) Theoretical description of fundamental (f1) and
overtone modes (f2–f4); the bold black line shows the cable strain for the corresponding frequency mode inside the borehole. (b) Reflection
strength attribute calculated from raw strain data for the depth range from 611.26 to 701.30 m MD.

resulting dips of the noise on the correlated seismogram show
phase velocities and depend on the standing wave frequency.

The reflection strength attribute (the modulus of the com-
plex trace, or trace envelope) is calculated based on raw ver-
tically stacked and uncorrelated distributed acoustic sensing
(DAS) strain data for the depth region 611.26 to 701.30
m MD (Fig. 5b). This interval includes the seismic trace at
622.76 m MD, which we previously inspected in Figures 3
and 4. Hot coloured areas of the plot correspond to the antin-
ode locations, black spaces between the loops show the posi-
tion of the nodes in the current mode. The length of the vi-
brating cable interval can be estimated by visual inspection
of the noise depth range, which in our example is approxi-
mately equal to 130 m. The fundamental mode (f1) and three
overtones (f2, f3, f4) are clearly visible and have an identical
configuration as the physical model (Fig. 5a).

Cable reverberation as a linear filter

Ringing noise has frequency characteristics similar to another
unwanted phenomenon – ghost waves – occurring in marine
seismic data. Backus (1959) described water reverberation

mathematically as a linear filtering process. Strictly speaking
in the case of the acoustically soft bottom (reflection coeffi-
cient = −1), the part of the equation corresponding to the
ghost wave describing the water layer filter will accurately de-
pict the standing waves formed inside the water medium.

Based on the equations described in Backus (1959), we
could write a mathematical formula for the ringing noise fre-
quency response function, with:

L: the length of the string = the length of the reverberat-
ing part of the cable,

V : the velocity of the acoustic wave travelling along the
wireline cable,

R: reflection coefficient at the end of the string,
τ= 2 L/V: two-way travel time between two ends of the

cable section,
n: integer index of reflection.
The resonance creates an impulse δ(t ),which reverberates

within a certain length of the cable. The resulting output at the
receiver point f (t ) could be presented as bouncing reflections
between two interfaces:

f (t ) = δ (t ) − Rδ (t − τ ) + R2δ (t − 2τ ) − · · · , (2)

© 2021 The Authors.Geophysical Prospecting published by John Wiley & Sons Ltd on behalf of European Association
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Figure 6 Effect of parameter variations on the ringing filter function (see text for the derivation of formula (9)). (a) Ringing noise frequency
responses calculated for a string with different lengths (30, 130, 230 m; colour-coded). Wireline cable velocity is 4680 m/s. (b) Ringing noise
frequency responses calculated for a string with different wireline cable velocities (2000, 3500, 5000 m/s; colour-coded). String length is 130 m.
(c) Frequency responses for different gauge lengths (GL; colour-coded; velocity 4680 m/s). (d) Frequency response functions expected from the
application of different gauge lengths (GL; colour-coded) to the ringing noise frequency response for a string length of 130 m and wireline cable
velocity 4680 m/s; ω, resonating frequencies.

f (t ) =
∞∑
n=0

(−1)nRnδ (t − nτ ) . (3)

The frequency response F(ω) is represented as

F(ω) =
∞∫

−∞

∞∑
n=0

(−1)nRnδ (t − nτ ) exp( − jωt )dt, (4)

F(ω) =
∞∑
n=0

(−1)nRn exp(− jnωτ ), (5)

which is the binominal expansion for

F(ω) = 1
1 + R exp( − jωτ )

, (6)

|F(ω)| = (
1 + R2 + 2R cos (ωτ )

)−1/2
. (7)

The phase response φ(ω) сan be described by the following
formula:

φ(ω) = tan−1 R sin (ωτ )
1 + R cos (ωτ )

. (8)

In the case of R = −1, a condition is required for standing
wave existence, and equation (7) will become

|F(ω)|R=−1 = |1/2 csc (ωτ/2)| (9)

with resonating frequencies described by formula (1). Thereby,
the resulting formula (9) corresponds to the classical equation
for standingwaves harmonics in the case of both free and fixed
ends.

Different effects of parameter variations on the ringing
filter function of formula (9) can be analysed (Fig. 6). The de-
crease in length of the string leads to an increase of the first
resonating frequency and overall stretching of the notch areas,
as well as the resonating areas (Fig. 6a). The reduction of the
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velocity values has the opposite effect: the smaller the veloc-
ity, the lower the fundamental frequency (Fig. 6b). It should
be noticed that the wireline cable velocity (V ) depends on the
parameters string tension (T ) and mass per length (μ) as fol-
lows:

V =
√
T/μ. (10)

Thus, a variation of the cable tension will change the ca-
ble velocity. Similar to the guitar tuning process, additional
tension will create a higher frequency of the fundamental tone.

For DAS measurements, the gauge length parameter has
a significant effect on the signal-to-noise ratio of the data as
well as on resolution. Basically, it acts like a spatially averag-
ing filter. Dean et al. (2017) describe the gauge length (GL) fre-
quency response Rgl(k) with wavenumber k by the formula:

Rgl
(
k
) = sin

(
πkGL

)
πk

. (11)

Figure 6(c) shows frequency responses for four different gauge
lengths calculated for a wireline cable velocity of 4680 m/s. It
can be seen from the graph that for such a high velocity, we do
not see any notches in the first 100 Hz. However, increasing
of the GL value leads to decreasing of the first notch position,
and the gauge length response function becomes steeper.

It is required to combine the frequency response of the
ringing noise with the frequency response for the gauge length
to estimate the influence of the ringing noise filter on the DAS
data. The resulting filter frequency response function (Fig. 6d)
evidences that an increase of the gauge length leads to stronger
attenuation of higher frequencies. In the example given, the
effect causes a decrease of the amplitude response from 0.5
(gauge length 10 m) to 0.1 (gauge length 40 m). This is im-
portant to note because such an effect will also smear out the
noise.

Ringing noise filter tests

To illustrate the impact of the ringing noise filter, we per-
formed simple modelling using the raw pilot sweep from the
start-up tests (10–88 Hz, linear, 36 s length), which we had
used for data acquisition and correlation (Fig. 7). The spec-
trum of the sweep has a rectangular shape with tapered ends.
Using formula (9), we modelled the ringing noise response
function. Notice that it has a series of narrow areas where
the amplitude is approaching infinity (around 18, 36, 54 Hz
etc.) alternating with notches, existing in the original spectrum
(around 27, 45, 63 Hz etc.). The application of the ringing

Figure 7 Comparison of an original sweep spectrum and colour-
coded the spectra after different filter applications (parameters used:
wireline cable velocity 4680 m/s; string length 130 m; gauge length
20 m).

noise filter causes disturbances at the sweep spectrum and cre-
ates a series of peaks and troughs in the spectra. Additional
application of the gauge length frequency response will lead
to loss of energy at frequencies higher than 80 Hz. A similar
amplitude spectrum behaviour we observe in the data.

NOISE ELIMINATION WITH KNOWN
PROCESS ING METHODS

Cable reverberations create a sequence of distinct peaks and
notches in the frequency spectrum. This decreases the use-
able bandwidth of the measured wavefield and, as a result,
reduces the vertical resolution of the data. The existing pro-
cessing methods for ringing noise elimination can be classified
into three main categories: wavefield extraction methods, sta-
tistical methods and subtraction of modelled noise.We briefly
summarize the first two approaches here, being accompanied
by the application to the Groß Schönebeck distributed acous-
tic sensing VSP data.

Wavefield extraction methods

Wavefield extraction methods attempt to reconstruct the
wavefield using information from neighbouring traces and
then substitute the noise. According to the Fresnel zone the-
ory, noisy traces should have similar characteristics as un-
affected neighbour traces. We have used the time–frequency
domain (TFD) filtering method (Elboth et al., 2008) that re-
places anomalous amplitude values with an amplitude esti-
mated from adjacent traces. Using a short Fourier transform
algorithm, a median magnitude of each trace’s spectrum is
calculated within a specified filter length and frequency sub-
band.

© 2021 The Authors.Geophysical Prospecting published by John Wiley & Sons Ltd on behalf of European Association
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Figure 8 Comparison of measured and filtered common source gather: (a) before denoising, (b) after time–frequency domain noise attenuation
and (c) after Burg adaptive deconvolution.

On the source gather before denoising (Fig. 8a), there
are many depth intervals with poor coupling. Application of
the TFD to the Groß Schönebeck data shows its potential to
significantly reduce the amount of ringing noise in the data
(Fig. 8b).We can see a particular reduction of the ringing noise
at 1200–1933 m depth interval. Nevertheless, when the spec-
tral amplitude values are similar, the algorithm will be unable
to clean the data completely. The residual noise can be seen in
Figure 8(b) at 488–970 m, 1933–2174 m and 2897–3138 m
depth ranges. This is the main drawback of this method.

Statistical methods

Statistical noise estimation relies on spectrum balancing
and adaptive filter construction without previous knowledge
about the noise. We have evaluated several deconvolution al-
gorithms for computing prediction error filters like Wiener-
Levinson, L1 or L2 Norm and Burg’s maximum entropy ap-
proach. Standard spiking or predictive deconvolution is ro-
bust under a wide variety of input conditions. However, a sub-
stantial improvement in pulse compression could be obtained
by the Burg algorithm (Burg, 1972; Burg, 1975) in an adap-
tive formulation (Griffiths, Smolka and Trembly, 1977; Hale,
Widrow and Stearns, 1985) for our type of data consisting
of non-minimum phase wavelets combined with sparse reflec-
tivity series. This method relies on the assumption that the
power spectrum is an output of the hypothetical linear sys-
tem, which has generated the signal. That, in turn, leads to an
improved spectral estimation and minimized end-effect prob-
lems if a moderate adaption rate is chosen.

The deconvolution has a dual effect on the data: it sup-
presses monofrequent noise and whitens the amplitude spec-
trum. By the use of the Burg adaptive deconvolution to
the Groß Schönebeck data, the signal of the seismic traces
is clearly sharpened. The application of the Burg method
(Fig. 8c) allowed cleaning the data from the ringing noise al-
most completely, with small residuals around the first-break
arrivals at the following depth intervals: 604–861 m, 2121–
2270 m, 2969–3138 m. As a result, we were able to improve
resolution and reflection continuity.

MATCHING PURSUIT DECOMPOSITION
WITH GABOR ATOMS

Supplementing the application of the two known methods
given above, we introduce here a new approach we termed
matching pursuit decomposition (MPD). It belongs to the cat-
egory of physical modelling of the noise and its subsequent
subtraction from the data. Cases described in the literature
mainly differ in their approach for noise modelling (e.g. Yu
et al., 2016a).

The problem of signal and noise wave separation is al-
ways relevant in a seismic data processing flow. Standard
approaches use frequency and velocity filters to eliminate
unwanted components from the seismic data. These filters
work without considering the spatial–temporal position of the
noise, and they do not allow to identify the signal patterns. In
response to this problem, various time–frequency decomposi-
tion techniques were developed, for instance, decomposition
of a signal with redundant dictionaries consisting out of Ga-
bor functions. Signal decomposition methods allow splitting
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the wavefield into waveforms, characterizing their frequency,
amplitude and duration of oscillations in time (cf. Mallat and
Zhang, 1993). These algorithms are applied in various areas,
including noise reduction and filtering (Wawrzyniak, 2006;
Ozbek, Özdemir and Vassallo, 2008; Wang, 2010; Ahmed,
2012; Chen, Li and Cheng, 2018).Nevertheless, there are only
a few examples of signal decomposition with redundant dic-
tionary techniques applied to the ringing noise problem.

Unlike previous works on the ringing noise problem (Yu
et al., 2016a; Chen et al., 2019),we advocate here (1) applying
atomic trace decomposition on raw strain data, (2) modelling
of the ringing noise with an overcomplete Gabor atoms dic-
tionary and, finally, (3) subtracting it from the signal. The hy-
pothesis to test is whether localization and elimination of the
noise before correlation prevents the smearing of the noise by
the correlation process and therefore leads to better denoising
and thus imaging results.

The matching pursuit (MP) algorithm is the successor of
the class of algorithms called ‘atomic decomposition’.We have
used the MP code from the MP5 and Svarog projects (Kuś,
Różański and Durka, 2013; The Svarog developers team,
2014; Durka et al., 2015; The Svarog developers team, 2016).
The code is distributed under the GNUGeneral Public License
v3.0.

The MP algorithm has four main steps:
1. Set the initial signal as a current residual of the decompo-
sition.
2. Select the basic function (atom) which provides the max-
imum magnitude of the scalar product of the selected atom
and the current residual of the signal. The selection process
also includes the mechanism of the local readjustment to the
local properties of the signal.
3. Calculate the new residual of the signal by subtracting the
selected atom from the current residual.
4. Check the stop condition of the signal decomposition.

In the implemented algorithm, there are two scenarios of
how the computation can stop. First, if the desired accuracy
of the signal approximation is achieved, i.e. when the sub-
selected atoms explain the pre-set percent of the signal’s en-
ergy, the calculation stops. A second stop criterion is based on
a reasonable runtime, implemented as a check for the maxi-
mum number of iterations, i.e. if the specified number of itera-
tions is exceeded, then the decomposition process emergently
stops. Usually, the valid number of iterations is determined
experimentally for a particular type of signal and specific dic-
tionary.

The reconstruction result of the original seismic trace is
a linear combination of waveforms (atoms). The result of the

processing is an ordered list of basic functions called ‘atoms’.
It starts from the atoms with the highest magnitude, with
the highest influence, and goes down to the signal’s weakest
parts. They are characterized by specific parameters (modulus,
amplitude, position, scale, frequency, phase), which represent
time–frequency properties of the corresponding waves.

The quality of decompositionwas evaluated using the for-
mula for cross-correlation (CC) between the original seismic
trace and the reconstructed trace (Semnani et al., 2019):

CC =
∑N

n=1

(
f (n) − μ f

) (
f̂ (n) − μ f̂

)
√∑N

n=1

(
f (n) − μ f

)2√∑N
n=1

(
f̂ (n) − μ f̂

)2
× 100%,

(12)

where f (n) is the original signal, f̂ (n) denotes the recon-
structed signal, μ f and μ f̂ represent the mean values of f(n)

and f̂ (n) respectively, and N is the number of signal samples.
The main property of MP algorithms is the suboptimal

selection of basic functions (atoms) from the dictionary. This
property allows to run the algorithm and to get the result in an
acceptable time. Such algorithms are called ‘greedy’. At each
step (iteration), only local optimization is performed. It is as-
sumed that the final result will be optimal for specific practi-
cal goals. Suboptimal algorithms are applied in practice when
there are no exact and efficient algorithms, or the existing al-
gorithm has such complexity that, in general, a solution to a
problem cannot be obtained in acceptable computation time.

The key advantages of this decomposition are the abil-
ity to perform a sparse representation of data and adapt to a
specific signal. Nonlinear methods help find the optimal rep-
resentation for a particular signal on the redundant set (called
a dictionary) of the basic functions. The overall procedure is
somewhat similar to the visual examination of the signal.

Decomposition results for the Groß Schönebeck data

We calculated the MPD of the whole vertical seismic profiling
section for VP 10 from the Groß Schönebeck data set. For
SEG-Y file reading we used the ObsPy 1.1.0 python library
(Krischer et al., 2015; The ObsPy Development Team, 2017).

The process of ringing noise model construction could be
described as follows:
1. Decomposition of each original distributed acoustic sens-
ing (DAS) seismic trace to 80 atoms with pre-set 95% recov-
ery of the original signal. A table with parameters (modulus,
amplitude, position, scale, frequency, phase) for each atom is
written to a separate csv file.
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Figure 9 Comparison of measured and processed common source gather: (a) before denoising (same as in Fig. 8a); (b) MPD noise model; (c)
after noise model subtraction.

2. Checking the current trace for the resonance conditions
(anomalous amplitude values in the recorded seismic trace):

a. Determining a threshold value for the trace selec-
tion process. The threshold value is determined as a prod-
uct of the mean value of the standard deviations for ampli-
tude values of the original DAS trace in 500 milliseconds
moving window and a multiplier.

b. Compare the standard deviation for amplitude val-
ues of the current atom calculated in 500 ms moving win-
dow with the threshold value estimated during step a.

- If the standard deviation of the current atom ex-
ceeds the threshold, then this trace will be used to define
atoms selection for the noise model.

- Otherwise, the trace is marked as ‘clean’ and fur-
ther analysis is not required.

3. Calculate kernel density estimation (KDE) for frequency
values of atoms (Waskom et al., 2017).
4. Find peak on KDE. A search of the peaks could be regu-
lated through adjusting the prominence parameter.
5. Select all atoms which have frequency parameters falling
into the interval (peak frequency −2.5 Hz, peak frequency
+2.5 Hz).

Computations are performed for each trace indepen-
dently, and hence, computations could be easily performed
parallelly, increasing the total processing speed.

After analysing the original seismic DAS traces and the
atoms of decomposition results, we generated a model of the
ringing noise, which we could use for data denoising (Fig. 9).
Compared with the original data (Fig. 9a; with standard pre-
processing consisting of vertical stacking, correlation with the
pilot sweep and subsequent differentiation applied), we ob-

serve that amplitude and phase of the modelled ringing noise
(Fig. 9b) accurately reconstruct the noise. The created noise
model was subtracted from the original raw strain data, and
the same preprocessing flow was applied to the seismic section
(Fig. 9c). A closer zoom clearly shows an improvement of the
seismic section after denoising (Fig. 10).Noise has beenmostly
eliminated (Fig. 10b, d, f and h). Nevertheless, in some parts
of the data, we see small residuals. At a depth interval around
719 m (Fig. 10b), the first-break arrival was already signifi-
cantly corrupted, and the noise model was unable to correct
for this effect. In some cases, the noise model does not include
ringing signals with a lower amplitude due to the threshold
parameter so that it leads to a low-amplitude residual, for in-
stance around depth 3138 m (Fig. 10f).

At the depth level of 1200 m, there is a DAS strain
trace, which contains a high amount of the studied high-
frequent noise (Fig. 11a). After subtraction of the noise model
(Fig. 11b), the main part of the ringing noise was eliminated.
The overall shape of the cleaned DAS seismic trace revealed
different characteristics (Fig. 11c). The areas where we see
the change of the seismic trace character are located at those
places where we had the maximums on the ringing noise
model. For instance, between 5 and 10 s and 15 and 20 s,
we see a lowering of the amplitude values and a change of the
envelope of the seismic signal. The highest amplitude occurs
now at 16.122 s and is 0.33, which is 3.3 times lower than
the highest amplitude of the original trace. Thereby, the pro-
cessed DAS trace also becomes more similar to the accelerom-
eter trace (Fig. 11d).

This amplitude and waveform behaviour can be further
analysed by calculating FT spectra (Fig. 12). The propagation
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Figure 10 Zoom of the seismic sections shown in Figure 9(a and c). Four upper panels (a, c, e, g) show four different parts of the seismic section
after preprocessing, and the four lower panels (b, d, f, h) after additional MPD denoising.

of the sweep energy from 10 Hz up to 88 Hz at the depth level
of 1200 mMD is clearly recognizable in the unprocessed DAS
trace (Fig. 12a), containing strong disturbing signals that are
revealed by ringing noise modelling (Fig. 12b). Around 45 Hz,
there are distinct oval-shaped, smeared high-amplitude areas
appearing at 2.3, 4.3, 7.7 and 18 s. These are resonances that
were reproduced accurately. After denoising, the strong ampli-
tudes at 45 Hz were significantly lowered down in the result-
ing DAS trace (Fig. 12c). Now we see the contributions from
other frequencies to the signal more prominently, even a much
smaller resonance at approximately 90Hz.These peaks do not
appear in our noise model, but they lie outside of the sweep
range and will be filtered out by the correlation process. The

strong continuous energy band around 45 Hz corresponds to
the natural frequency of the vibrating cable interval. In other
words, this is a frequency at which this part of the cable tends
to oscillate without the influence of an external force.

In order to get a better understanding of our denois-
ing results, we inspected amplitude-frequency spectra of the
same DAS trace after preprocessing and compared it with ref-
erence measurements. The DAS trace spectrum before noise
suppression has a distinct resonance peak at around 45 Hz
(Fig. 13a). The selected Gabor atoms for the ringing noise
model accurately mimic the shape of this peak. Consequently,
the DAS spectrum after denoising process follows the shape
of the original spectrum, except for the narrow range around
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Figure 11 Comparison of measured and denoised DAS strain traces (depth level: 1200 m MD): (a) uncorrelated original trace, (b) modelled
ringing noise, (c) trace after noise subtraction and (d) corresponding accelerometer point tool trace.

Figure 12 FT spectrum comparisons of DAS strain trace before and after noise subtraction (depth level: 1200 m MD). FT spectrum of (a) raw
trace, (b) MPD noise model and (c) trace after noise model subtraction.

the resonating frequency, which influence was lowered down.
It should be noticed that the spectrum of the VSI tool mea-
surements has greater levels for higher frequencies in com-
parison with the DAS trace spectrum, most likely due to the
filtering effect of the GL frequency response. In the time do-
main (Fig. 13b), we can also observe a significant improve-
ment in terms of ringing noise elimination. The original DAS
trace at 1200 m is strongly affected by ringing noise. After the
first-break arrival around 520 ms, we only see a sinusoidal

noise pattern, but after ringing noise subtraction the DAS trace
starts to resemble the VSI trace.

CABLE COUPLING IMPROVEMENT
METHODS

Processing-based solutions are always limited by quality of
the initially recorded data. A certain percentage of the en-
ergy emitted by vibrators is converted into standing waves on
the wireline cable, which reduces the S/N ratio. By reducing
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Figure 13 Comparison of DAS and accelerometer point tool traces (VSI). The preprocessing applied to all data sets comprised vertical stacking,
correlation with the pilot sweep and subsequent differentiation; depth level is 1200mMD. (a) Amplitude spectrum for DAS trace before denoising
(moderate dark blue solid curve), for DAS trace after ringing noise model subtraction (light blue solid curve), for ringing noise model (solid orange
curve) and accelerometer point tool (light green solid curve). (b) Comparison of a 350 ms fragment of the DAS trace before and after denoising
with accelerometer point tool measurements (same colour-coding as in a).

vibrations of the cable, either the problem of the ringing noise
could be avoided completely or the influence of it on the data
can be significantly reduced.

Noise caused by cable reverberations is common in en-
gineering (e.g. reverberations of power lines caused by wind)
and geoscience (e.g. vortex noise due to marine cable towing
behind the vessel) communities. In marine seismics, the prob-
lem is settled by the usage of cable fairings (Every, King and
Weaver, 1982; Niedzwecki and Fang, 2013) that reduce water
strumming and improve the quality of data acquisition.Munn
et al. (2017) have demonstrated an enhancement of data qual-
ity in borehole surveys through an improved cable coupling.
It was achieved by the application of a flexible liner, which
presses the cable against the borehole wall. This installation is
limited mainly to shallow boreholes with depths of 425 m or
less. Constantinou et al. (2016) and Schilke et al. (2016, 2017)
have described the idea that by adding slack to the wireline ca-
ble, one could create a twisting of the cable, and as a result,
improve the coupling and decrease the noise amount in the
data.

During the first day of acquisition in Groß Schönebeck,
we conducted several start-up tests, which also included a
slack test (Henninges et al., 2021).We have collected four data
sets for E GrSk 3/90 with 1, 5, 11 and 20 m slack applied to
the cable. The data acquisition was performed with a 36 s long
linear sweep 10–88 Hz and ten sweep repetitions. Figure 14
shows a comparison of these four data sets with some pre-
processing applied (diversity stack, correlation with the pilot
sweep, time differentiation).

We cannot observe significant changes in the ringing
noise distribution, although there is a certain improvement,
for example at 1878–2384 m depth between the 5 m and 11

m slack tests data sets (see Fig. 14b and c). After increasing
the slack due to cable redistribution, the coupling in this area
was probably improved. Nevertheless, the data set with 20
m slack shows some ringing again in the same depth range
(cf. Fig. 14d). The ringing noise between 2760 and 3016 m
shows similar behaviour. However, the noise zone at approx-
imately 2890 m MD is significantly decreased when 20 m
cable slack was applied (Fig. 14d), in comparison with the
recording of the same depth interval using 1, 5 and 11 m slack
(Fig. 14a–c).

After increasing the slack, we have also noticed a drop-
ping of the amplitude level from first arrivals close to the zone
with reduced ringing signals (cf. Henninges et al., 2021) and
Zechstein bottom reflections (see Fig. 14, green arrows) in the
deeper part of the seismic section. Since the experiment was
focused mainly on depths greater than 3700 m, we tuned the
best possible cable performance for this range. Therefore, af-
ter analysing the start-up test results, we continued the exper-
iment with almost full tension applied to the cable.

DISCUSS ION

Comparison of processing-based methods

During the past years, there has been considerable interest in
finding the appropriate approach to decrease ringing noise
in wireline distributed acoustic sensing (DAS) data and clean
the spectrum. A technical solution which will allow achieving
a better cable coupling during the data acquisition is prefer-
able. However, the improvement of the cable coupling during
wireline acquisition remains a nontrivial process. Moreover,
the results of the slack tests conducted at Groß Schönebeck
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Figure 14 Comparison of common source gathers recorded for VP10 in E GrSk 3/90 well and acquired with different cable slacks: (a) 1 m, (b)
5 m, (c) 11 m and (d) 20 m slack. Green arrows on seismograms annotate position of Zechstein salt bottom reflection.

showed that the suggested modifications of the current acqui-
sition techniques such as lowering of extra cable to the bore-
hole can lead to a decrease of the noise and the reflection sig-
nals. The observed reduction of the S/N ratio in the region
of cable accumulation is consistent with the results of the ex-
periment described by Constantinou et al. (2016) for the data
set acquired at Rittershoffen, France, and should be further in-

vestigated. Therefore, taking into account the mentioned tech-
nical limitations, in the present study, we concentrate on the
processing-based solutions and demonstrate several ways of
tackling the ringing noise problem for the data acquired at
the Groß Schönebeck geothermal site.

The comparison of the methods used for data denois-
ing in this study is shown in Figure 15. A significant part
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Figure 15 Comparison of the effect of different processing methods applied for ringing noise elimination. Common source gathers (a) before
denoising, (b) after time–frequency domain noise attenuation, (c) after Burg adaptive deconvolution, d) after noise subtraction based on signal
decomposition with Gabor atoms. Applied preprocessing consisted of vertical stacking, correlation with the pilot sweep and subsequent differen-
tiation. Moderate coherency enhancement was additionally applied post-processing with methods b, c and d. In all panels, green arrows indicate
reflections at different depth levels. In all panels, green arrows with numbers on seismograms mark positions of the main reflectors at different
depth levels: 1, Buntsandstein; 2, Zechstein top; 3, Zechstein bottom. Black arrows mark example of depth levels with residual ringing noise.
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of the observed noise (for example, at depth interval 1211–
2656 m in Fig. 15a) is suppressed after TFD noise rejec-
tion (Fig. 15b). Similar noise reduction results are obtained
by applying the Burg adaptive deconvolution, seen in Fig-
ure 15(c). Finally, yet importantly, our newly shaped and de-
noising method based on matching pursuit decomposition
(MPD) with Gabor atoms clearly outperforms previous de-
noising results (Fig. 15d). However, there are certain differ-
ences and limitations for the application of the techniques that
we discuss here.

The TFD noise rejection is a well-known standard
processing instrument, which is available in many profes-
sional software packages (e.g. Promax (Halliburton), Omega
(Schlumberger), Geovation (CGG)). It is used for elimination
of various noise types of different nature in seismic data such
as ground roll, swell noise, wind noise etc. The process will
improve a seismic record successfully, as long as the noise and
the signal have different amplitude and frequency character-
istics. In the case of similar characteristics, a reduction of the
filter amplitude threshold will lead to noise elimination and
to signal degradation at the same time. The application of the
TFD is a more advanced way of data filtering in comparison
with a median filter approach used by Bakku et al. (2014)
for gas exploration and a simple notch filter applied in Miller
et al. (2012) at the Devine test site in an active oil and gas
province. In practice, accurately tuned frequency sub-bands
selection criterion in TFD allows performing more accurate
filtering in the frequency band of the data. Moreover, the use
of the information from the adjacent traces makes the process
of the ringing noise elimination more robust and minimizes
the waveform distortion after filtration. Altogether, the TFD
method gives a quick and reasonable result with relatively low
computational cost.

For the Groß Schönebeck data, TFD noise rejection al-
lowed to suppress quite a substantial part of the ringing noise.
There are different depth levels with good (see 1211–1692
m; Fig. 15b) and reasonable noise suppression (for instance,
1933–2656 m; Fig. 15b). Although the signal-to-noise ratio of
the seismic section after TFD processing has been improved,
there are however still some areas with residual noise with
decreased amplitude (for example 2897–3379 m depth inter-
val in Fig. 15b) and one interval with particularly high noise
residuals and distorted first-break arrivals (see black arrows
in Fig. 15b).

The application of the Burg adaptive deconvolution is
also a quick and efficient tool for the ringing noise prob-
lem. This powerful spectral balancer has several advantages:
good results can be achieved even with a general mixed-

phase wavelet if the beginning of the wavelet rises sharply
and the reflection coefficients are not assumed to be quite ran-
domly distributed. The adaptive approach also takes account
of wavelets that are varying with time. The main drawback of
the technique is its sensitivity to high-frequency noise, which
will be often amplified. Therefore, careful amplitude balanc-
ing of the data is required before application of the Burg adap-
tive deconvolution approach.

Most recently, Willis et al. (2020) have developed an-
other statistical approach for ringing noise elimination based
on the analysis of the noise periodicity and gap deconvolu-
tion. The identification of the ringing noise period is based on
the identification of the X-like pattern on adjacent autocorre-
lated traces. The main difference with Burg adaptive decon-
volution is that adaptive operators are replaced by prediction
and adaptive subtraction. Burg adaptive deconvolution per-
forms general equalization of the spectrum. It works without
any prior information, while the application of the gap de-
convolution in the approach of Willis et al. (2020) requires
the knowledge of the noise period. If evaluated prediction dis-
tance is not accurate, this can lead to errors in ringing noise
multiple reflections, yielding distortions and leaving the resid-
ual noise energy behind. However, since both cable reverbera-
tion inside the borehole and ghost wave generation in marine
seismics represent a standing wave phenomenon, the applica-
tion of classical deghosting filters for source ghost elimination
(Song, Gong and Li, 2015; Wang et al., 2015) would also be
a valid option for DAS data denoising. The proposed method
for the ringing noise period evaluation by Willis et al. (2020)
can be used for calculations of the deghosting filters.

After application of the Burg method to the Groß-
Schönebeck data, almost all ringing noise is omitted with small
exceptions at some depth levels (for example, see black arrows
in Fig. 15c). Nonetheless, the Burg result has some signal dis-
tortions associated with deconvolution in the areas of ring-
ing noise residuals, for instance, at 2318 and 3138 m depth.
In general, adaptive deconvolution considerably improved the
denoising results in comparison with the TFD method here.

As a new approach, we calculated a noise model based
on the results of MPD with Gabor atoms and subtracted it
to clean the DAS data (Fig. 15d). The method of trace de-
composition allows in principle to separate the noise and the
signal, even for the case when they are overlapping both in
time and frequency domains. Thus, this processing technique
is a powerful tool, which in combination with the physical
understanding behind the noise generation process, allows to
perform a sophisticated data analysis and significantly im-
prove signal quality.However, the average computation time is

© 2021 The Authors.Geophysical Prospecting published by John Wiley & Sons Ltd on behalf of European Association
of Geoscientists & Engineers.,Geophysical Prospecting, 69, 1034–1054



Cable reverberations during wireline distributed acoustic sensing measurements 1051

estimated approximately three times higher than for TFD and
Burg adaptive deconvolution.

The application of MPD for coupling noise elimination
can be attributed to the group of methods which attempt to
use different ways of modelling for denoising purposes. The
first work in this direction was published by Yu et al. (2016a).
Although the authors have demonstrated the successful ap-
plication of their method on the real field data, the proposed
DAS coupling noise suppression requires the estimation of the
noise attenuation characteristics, which might be challenging.

Algorithms based on sparse optimization decomposition
can handle uncertainties such as amplitude fitting and con-
sider changes of the coupling noise characteristics between the
different zones of the well where the cable exhibits oscillation
motion. Such decomposition method has been employed by
Chen et al. (2019). Based on the morphological analysis of
the DAS data characteristics, the authors propose using the
continuous wavelet transform and the discrete cosine trans-
form as the sparse dictionaries to represent signal and cou-
pling noise, respectively. Arriving from a synthetic example to
field data, Chen et al. (2019) emphasize that decomposition
of the complex seismic response is a nontrivial process and
requires a combination of the overcomplete dictionaries. To
simplify this step, in our work, we came up with an idea of
applying a single overcomplete dictionary based on the Ga-
bor basic functions (atoms). The proposed dictionary is com-
monly used for seismic waveform representations and is easy
to handle. Tests performed on the Groß Schönebeck field data
demonstrate promising results. However, the application of
overcomplete types of dictionaries should be further investi-
gated in the future.

The use of MPD improves ringing noise detection and
suppression and therefore increases the overall reflection co-
herency in the data. Thus,MPDwith Gabor atoms has the best
potential in terms of applicability for ringing noise elimination
in wireline DAS data. The visual interpretability of the seismic
reflections, marked by green arrows in Figure 15, increases
gradually from Figure 15(a to d). Nevertheless, there are also
some noise residuals after MPD at the similar depth regions
as in the Burg adaptive deconvolution result (Fig. 15c and d;
black arrows). The distortion of the initially recorded strain
data in these parts of the seismic record was already quite
significant. Therefore, MPD, as well as Burg’s method, is not
able to restore it. Overall, accurate data analysis and the ap-
plication of the proper denoising method allowed to increase
data quality significantly. As a result, the corridor stacks (Hen-
ninges et al., 2021) and the vertical seismic profiling imaging
results at the Groß Schönebeck site were improved.

Effect of velocity on data acquisition

Overall, after analysis of our denoising test results, we can
conclude that there is still a valid signal below the noise but
depending on the number of peaks and notches (cf. Fig. 6), the
useful part of the signal might also be decreased.The efficiency
of the coupling noise removal from the data depends on dif-
ference between noise and signal characteristics, in particular
on the velocity values for fibre optic cables and velocity of the
formation. The estimation of the standing wave velocity can
be easily derived from equation (1):

V = fn2L
n

(13)

where n is the integer harmonic number, fn is the the frequency
of the nth harmonic, L is the length of the theoretical string,
which is equal to the length of the noisy interval in the data.
However, we must keep in mind that this simple calculation
can be used only for velocity estimation because it does not
account for the cable tension. Also, the gauge length smears
up the zone of the noise.

An average velocity of the noise for the presented data set
is approximately equal 4400 m/s, which is close to values typ-
ical for fibre optic cables (ca. 5000 m/s; Raisutis et al., 2016).
Chang and Nakata (2020) report similar values of the noise
velocities at the Brady geothermal field.

In the Groß Schönebeck case, the local reservoir rock led
to very uniform reflection dips for both the ringing noise and
the seismic reflections. Consequently, the denoising method is
sometimes not able to suppress ringing noise entirely in case
of reflections with similar slope lying under the noise; this
prevents the algorithm from distinguishing between noise and
signal. Therefore, a possible overlap of reflection and ringing
noise should already be considered during planning and inter-
pretation.

CONCLUSION

Wireline distributed acoustic sensing still has limitations dur-
ing field measurements that cannot entirely be overcome by
subsequent processing.However, since fibre optic methods de-
velop rapidly, the problem of coupling noise should be further
tackled also during the development of field acquisition tools.

The presented new denoising method based on a match-
ing pursuit decomposition with Gabor atoms adds to the ap-
proaches for the elimination of ringing noise. It especially al-
lows the separation of signal and ringing of the cable and effec-
tively stabilizes data interpretation even if those are superim-
posed. This finally increases the resolution and helps to assess
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small-scale effects during exploration, not only for geothermal
energy.
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Data will be made available after the projects embargo period
via the GFZ repository (dataservices.gfz-potsdam.de/portal).
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