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Equidistant Spectral Lines in Train Vibrations
by Florian Fuchs, Götz Bokelmann, and the AlpArray Working Group
ABSTRACT
We analyze in detail the seismic vibrations generated by trains,
measured at distance from the track with high sensitivity
broadband sensors installed for the AlpArray project. The geometrical restrictions of the network resulted in a number of
instruments deployed in the vicinity of railway lines. On seismic stations within 1.5 km of a railway, we observe characteristic seismic signals that we can relate to the passage of trains.
All train signals share a characteristic feature of sharp equidistant spectral lines in the entire 2–40 Hz frequency range. For a
site located 300 m from a busy track, frequency spacing is between 1 and 2 Hz and relates to train speed. The spectrograms
of individual trains show acceleration and deceleration phases
that match well with the expected driving profile for different
types of trains. We discuss possible mechanisms responsible for
the strikingly equidistant spectral lines. We search for Doppler
effects and compare the observations with theoretically
expected values. Based on cepstrum analysis, we suggest quasistatic axle load by consecutive bogies as the dominant mechanism behind the 1–2 Hz line spacing. The striking feature of
the equidistant spectral lines within the train vibrations renders
them outstanding seismic sources which may have potential for
seismic imaging and attenuation studies.

Electronic Supplement: Figures showing the seismic station distribution and examples of Doppler effect visible in the spectrograms.

INTRODUCTION
Train-induced vibrations are mainly regarded as a source of
unwanted noise for classical seismological applications such
as earthquake monitoring. Seismic installations usually avoid
sites near railways, and distances of several kilometers between
railways and seismic stations are generally recommended
(Trnkoczy et al., 2012; Plenkers et al., 2015). A few seismological studies try to utilize train vibrations, for example, as
active sources for subsurface imaging (Nakata et al., 2011;
Quiros et al., 2016) but do not focus on the characteristics
of the train signal itself.
Most available studies on train-induced vibrations take an
engineering approach and aim to better understand the generation and short-distance propagation of train-induced vibra56
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tions, mainly for mitigation and construction purposes (Sheng
et al., 2003; Connolly et al., 2015). Studies target the generation of vibrations by moving sources (Ditzel et al., 2001;
Wu and Thompson, 2001), the effect of train speed (Kaynia
et al., 2000; Degrande and Schillemans, 2001), or ground response and soil characteristics (Yang et al., 2003; Jones, 2010),
with a focus on the maximum train-induced ground motion.
The majority of those studies rely on numerical simulations
and/or short-period or accelerometer recordings obtained directly on the train track or up to few hundred meters away, and
almost no studies exist with seismic recordings further away
from the track. Chen et al. (2004) analyze train vibrations with
an array of broadband instruments placed up to 2 km from the
track and suggest train vibrations as a potential source for
shallow structural imaging. However, their study does not
elaborate on the specific characteristics of the train signals
themselves. Both Chen et al. (2004) and Quiros et al. (2016)
observe sharp and equidistant peaks in the spectrum of the
heavy freight train vibrations but do not attempt to explain
them further.
Here we show and analyze various train vibration signals
obtained from a set of seismic broadband stations installed in
the context of the temporary, large-scale regional seismic
network AlpArray (Hetenyi et al., 2016) in central Europe.
The geometrical restrictions of this network resulted in a small
number of broadband instruments initially deployed in the
vicinity of railway lines. On these stations, we observe very
characteristic seismic signals associated with different types of
trains, all showing pronounced equidistant spectral lines over a
wide frequency range. This study analyzes the nature of those
signals and discusses if they are generated by a source effect or
resemble wave propagation effects in near-surface soil layers.
The striking features of train vibrations render them interesting potential sources for seismologists, and identification of
train-induced seismic signals by means of their typical characteristics might also facilitate automatic detection of such signals
inside data streams.

OBSERVATIONS
Seismic Installation and Methods
As part of the international AlpArray seismic network, we
installed 30 broadband seismometers in eastern Austria and
western Slovakia (Fuchs et al., 2016) (see Fig. 1 and Ⓔ Fig. S1,
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To assess how cultural noise affects our
seismic stations, we created daily 1-hr-long spectrograms of the vertical component for all 30
stations for a time window at working times
(10 a.m. local time) and night times (3 a.m.
local time). We computed all spectrograms
(window length 5 s with 90% overlap) from
raw (not instrument-corrected) ground velocity
data which were high-pass-filtered for frequencies above 2 Hz to suppress dominant longperiod noise and the microseisms. On all stations that were close to railways, during day
times we observed repeating signals of a very
prominent shape and characteristics which are
associated with passing trains. We describe
and discuss these in the following.
Train Signals
The most well-documented seismic train signals
we observe on a site located in the sedimentary
Vienna basin, 20 km northeast of Vienna,
Austria (see Fig. 1 and Ⓔ Fig. S1). The station
A002A was installed 300 m from the main
railway line connecting Vienna to the north,
in particular to the Czech Republic. Generally,
▴ Figure 1. Aerial view of station A002A near Vienna, Austria, where we first distrains fall in the two categories of passenger
covered the characteristic spectral features of train vibrations discussed in this
trains and freight trains. Passenger trains follow
article. The red dot in the inset denotes the location within Europe. The sensor is
a fixed schedule and are usually serviced by a
offset 300 m from the train track. Railway stations for local commuter trains are in
fixed number of wagons of a fixed type. Freight
1.4 km distance from the sensor into both directions along the track.
trains run irregularly and may be operated in all
kind of configurations of numbers or types of wagons. During
available in the electronic supplement to this article). Followa site visit, we observed four different types of trains that pass
ing the strict geometrical constraints of the regular network
the sensor during the 1-hr time window of the spectrogram. In
layout and taking into account other site factors such as accesthe following, we introduce these four train types (see Table 1
sibility, safety, and power supply led to the temporary deployfor structural train details).
ment of several broadband sensors in the vicinity of railways
1. Local commuter trains pass the sensor four times per hour
(some of which were later relocated to improve the noise
and stop at train stations at 1.4 km distance to both sides
conditions). We installed all stations discussed in this article
of the sensor. When leaving or approaching a stop, local
in the basement of abandoned or rarely used , such as small
commuter trains accelerate and decelerate with a rate of
huts or farm houses and within 300–1300 m from a railway
∼1 m=s2 , respectively. In between they run at constant
track. All sensors are Ref Tek 151 models with a flat instruspeed due to speed limits on the track. At the time of
ment response from 50 Hz to 60 s and are equipped with
our observations, wagons of type declaration OBB class
Ref Tek 130(S) dataloggers, recording continuous data at
4020 were in operation for the local commuter trains.
100 samples per second (see Data and Resources for data
2. Regional bi-level commuter trains pass the sensor once an
availability).
hour and stop only at one train station at 4 km distance
Table 1
Structural Details of the Trains Observed at A002A, Strasshof an der Nordbahn, Austria and Discussed in This Article
Train
Railjet high-speed train
Class 4020 commuter train
Bi-level commuter train
Freight train

Wagons Length of Wagon (m)
7 + loc.
26.5
2×3
23
5 + loc.
27
5–60 + loc.
10–20

Weight on Axle (t) Axle Distance (m)
17
2.5
10.6
2.3
17
2.5
10–20
2–9

Bogie Distance (m)
19
18.5
20
7–15

For freight trains, the parameters may strongly vary from train to train, and only rough estimates are given (loc. = locomotive).
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▴

Figure 2. Ground velocity waveforms (upper panels) and spectrograms (lower panels) at station A002A, 300 m from a busy train track.
Left and right panels show the same 1-hr time window starting at 10 a.m. local time on a (a) Sunday and (b) Saturday, respectively, when
there is little cultural noise other than the train signals. Colored vertical arrows mark the train signals, with the color indicating the type of
train (see Table 1 for train details). See Figures 3–5 for a detailed view of individual signals. Spectrograms were calculated with time
windows of 5 s and 90% overlap, and the color scale is logarithmic. Note the frequency cutoffs toward 50 Hz (due to the 100-Hz data
sampling rate) and below 2 Hz (high-pass filtering to enhance visual signal-to-noise ratio).

ahead of the sensor. There is no stop within 10 km into
the other direction. The bi-level trains also accelerate with
a rate of ∼1 m=s2 when leaving the train stop until reaching the speed limit. All observed regional bi-level commuter trains were composed of one locomotive and five
bi-level wagons.
3. High-speed trains pass the sensor once an hour with no
stops within several kilometers distance and at constant
speed. The high-speed trains are of type declaration Railjet
and consist of one locomotive and seven wagons.
4. Freight trains (both loaded and unloaded) pass the station
at irregular intervals (not following a fixed schedule).
All of the above trains potentially create individual seismic
signals which we analyze separately in the following. The
hourly spectrograms obtained on the vertical component for
station A002A are dominated by several pronounced peaks
that repeat each day and correlate with passing trains (see
Fig. 2). The common and most prominent feature of all such
peaks is a line spectrum with equally spaced frequencies ranging
from < 10 to > 40 Hz. We related visible peaks in the spectro58
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grams to specific trains by referring to train schedules, the site
visit, and a web-based real-time train radar application.
Commuter, high-speed, and freight trains showed individual
characteristic shape in the time-frequency representation,
but the regular frequency spacing is visible for all of them.
The onset of local commuter trains seismic recordings
(Fig. 3) is characterized by an ∼20 s long gradual increase of
amplitudes and frequencies. The central part of the signal
shows almost constant frequencies, the strongest amplitudes,
and pronounced spectral lines. Frequencies and amplitudes
again decrease gradually within the signal coda. These general
features are similar among all local commuter train peaks on
any given day. Still, individual trains each have a slightly different shape in the time–frequency representation (see examples
in Fig. 3).
The seismic signals of regional bi-level commuter trains
(Fig. 4) resemble those of the local commuter trains during
the onset phase (increasing frequencies and amplitudes). However, later into the signal we measure constant frequencies with
constant line spacing (Δf  1:27 Hz) that continues into the
January/February 2018

▴

Figure 3. A002A, Strasshof an der Nordbahn, Austria: Detailed view of two examples of local commuter train signals.

▴ Figure 4. A002A, Strasshof an der Nordbahn, Austria: Detailed view of two examples of regional bi-level commuter train signals. The
frequency spacing within the flat part is Δf  1:27 Hz.
coda, when amplitudes decrease again. Among different days,
these main features remain, and despite slightly different onset
phases for individual trains the frequencies during the constant
part of the signal are almost identical among all days (see
e.g., Fig. 4).
High-speed trains induce the most striking vibrations
(Fig. 5). The respective spectrograms are dominated by very
marked and sharp spectral lines with constant frequency and
spacing (Δf  1:25 Hz) over the entire signal duration. The
vibration spectra of the high-speed trains are remarkably
similar (see e.g., Fig. 5) for any individual train on any day.

We relate the seismic signals of the strongest amplitude
and the longest duration to freight trains (Fig. 2), due to their
heavy weight and large length. The respective records also show
equidistant spectral lines, yet the spectrograms of freight trains
are more complex in shape.
All train-induced signals show the largest amplitudes
around 10 Hz, with a secondary maximum that is sometimes
observable around 40 Hz (in particular for local commuter
trains, see Fig. 3). Passenger trains induce a maximum vertical
ground velocity of ∼10–12 μm=s at 300 m distance from the
track (Fig. 2). This peak ground velocity is only surpassed by
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▴ Figure 5. A002A, Strasshof an der Nordbahn, Austria: Detailed view of two examples of high-speed train signal. Note the remarkable
similarity of the signal on different days (panel a compared to panel b) and the striking regularity of the frequency spacing (Δf  1:25 Hz)
from below 5 to 40 Hz and above.
heavily loaded freight trains, which induce stronger ground
motion.
After the discovery of the train records on station A002A,
we searched for similar characteristic signals on all our temporary stations near railways. On all such stations, we discovered
seismic signals similar to the ones described above that correlate
in time with passing trains (see Ⓔ Fig. S1). Figure 6 shows
selected examples from other installations. Station A024A
(Fig. 6c,d) recorded traffic from multiple trains from a 600-m
standoff distance to the main east–west railway line in Austria.
Hourly vertical-component spectrograms reveal multiple peaks
that show the same characteristic sharply delimited spectral
lines as the train signals described above for station A002A.
However, we did not attempt to relate the seismic recordings
to individual trains. Some records resemble the high-speed
train signature that we described above (sharply delimited spectral lines of constant line spacing), albeit of narrower frequency
spacing Δf  1:03 Hz (see Fig. 6c). Yet, many peaks have a
more complex shape in the time–frequency representation
(Fig. 6d). Figure 6a,b shows additional examples of train
records measured on two different sensors, both installed at
1.3 km distance from a railway. Again, multiple spectral lines
are visible, yet there are several notable differences: (1) The
spectral lines are much wider compared to the observations
described above, (2) the spectral lines separate into major
maxima with minor maxima in between, and (3) spectral amplitudes are comparable in the entire 10–30 Hz frequency
band (Fig. 6a) or decrease constantly toward higher frequencies
from a maximum of around 2 Hz (Fig. 6b).
Seismic signals matching the train schedules and similar to
the ones described above are also observed on two more stations (A010A, 500 m from a single-track railway and A017A,
60
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360 m from and 175 m above a single track railway) but are not
shown in this article. We did not analyze these signals in detail.
Still, we conclude that we observe characteristic train signals
with regular frequency spacing on all our temporary broadband
stations that are or were installed within 1.5 km of a railway.

DISCUSSION
Our seismic data obtained near railway lines show strong
signals that are consistent with train-induced vibrations.
The dominant features of these signals are pronounced spectral
lines with constant spacing over wide frequency intervals that
require explanation. Chen et al. (2004) also report line spectra
with frequency spacing of ∼1:6 Hz observed for heavy-load
freight trains in China and speculate they might be due to resonance features among multiple carriages of the train or reflect
predominant frequencies correlated with crustal structure.
Degrande and Schillemans (2001) show similar line spectra
for high-speed trains but do not comment on it. Quiros et al.
(2016) show spectrograms of slowly moving freight trains in
New Mexico, U.S.A., which strikingly resemble the ones in our
study, yet they also do not comment on it.
Our observations show spectra with changing frequencies
and frequency spacing (Figs. 3 and 4) and spectra with constant
frequencies and spacing throughout the entire signal (Fig. 5).
The signal shape in the time–frequency representation is a distinct feature among different types of trains and consistently
relates to train speed. For local commuter trains (Fig. 3), the
acceleration phase (increasing frequencies when leaving the
first stop), the constant speed phase (almost constant frequencies when passing the sensor), and the deceleration phase
(decreasing frequencies when approaching the next stop) of
January/February 2018

▴ Figure 6. Additional examples for characteristic train signals. See Ⓔ Figure S1 (available in the electronic supplement to this article)
for a map of the locations of the seismic stations. (a) Example from A005B, Stockerau, Austria. Sensor is 1.2 km from a two-track railway
close to a train stop. Major and minor maxima can be identified with spacings of Δf 1  2:54 Hz and Δf 2  Δf 1 = 2  1:27 Hz, respectively.
We could only identify the source as a local commuter train but the specific type of wagons is unknown to us. (b) Example from A333A,
Gbely, Slovakia. Sensor is 1.3 km from a single-track railway. The time window matches a scheduled passenger train, but the specific type
of wagons is unknown to us. The frequency spacing is Δf  2:58 Hz, with minor maxima exactly centered between the major maxima and
a corresponding frequency spacing of Δf  1:29 Hz (which is similar to the observations at stations A002A and A005B). The continuous
signals around 25 Hz seen in the spectrograms are unlikely to be attributable to train traffic. (c,d) A024A, Marchtrenk, Austria: Two
examples recorded at 600 m from a busy two-track railway that is the main east–west connection in Austria. (a,c) Note the sharp
and regularly spaced spectral lines, similarly to the lines observed for high-speed trains at station A002A (Fig. 5), but that occupy
the lower portion of the frequency axis. The frequency spacing is Δf  1:03 Hz. (b,d) Example of more complicated train patterns that
likely represent two distinct trains. The regular frequency spacing within individual signals is evident. The continuous signal around 34 Hz
is unlikely to be attributable to the trains and instead likely reflects an artificial disturbance, coupling either mechanically or electromagnetically into the seismic acquisition system (Bokelmann and Baisch, 1999).
the trains are visible in each spectrogram. The approximate
20 s duration of the rising flank of the signal corresponds to
the time the trains need to accelerate to 70 km=hr with an
acceleration of 1 m=s2 . The slightly different shape of the

two examples in Figure 3 reflects different driving profiles. For
regional bi-level commuter trains, only the acceleration part is
visible when the trains approach the seismometer (e.g., up to a
time of 60 s in Fig. 4a). Later in time into the signal, constant
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frequencies reflect constant train speed, whereas trains pass the
seismometer and depart. Our data show that the frequency
spacing between the spectral lines seems to vary proportionally
to train speed (see e.g., Figs. 3 and 4). The spectra of the highspeed trains show constant frequency features throughout the
entire signal duration. We attribute this to the remote deployment of A002A from any high-speed train stop. No acceleration or deceleration can be inferred from the spectrograms,
and supposedly the speed of high-speed trains is constant
within several kilometers distance from the seismometer.
Several spectrograms reveal a continuous spectral line at
16.7 Hz (visible in Figs. 3a, 4a, and 5a), which corresponds
to the frequency of the railway power system. We suggest that
this feature is not generated by passing trains but is likely coupling electromagnetically into the seismic acquisition system
(Bokelmann and Baisch, 1999).
Trains generate ground coupling vibrations through two
distinct mechanisms (Connolly et al., 2015): Irregularities on
the surface of the wheels or the track (Wu and Thompson,
2001) and the quasi-static load of the ground by the weight
of each axle (Kaynia et al., 2000; Yang et al., 2003). Propagation within the shallow subsurface structure additionally shapes
the resultant signals recorded at distance (Jones, 2010). In the
following, we discuss which effect could create the characteristic line spectra we observe. For simplicity, we focus on the
characteristics of the high-speed train signals because they
are well documented, reveal the most striking features, and
likely represent the simplest case of a train passing at constant
speed without any stops nearby.
Track and Wheel Irregularities
We rule out any local stationary sources of vibrations such as
bridges or switches (transitions between neighboring, parallel
rails) because the observed signal duration (up to 2 min) is
much longer than the time needed for the trains to pass any
potential stationary irregularity (10 s for a 200-m-long train
running at 20 m=s  72 km=hr). Additionally, no such irregularities were present at the track near station A002A that
records some of the most prominent train vibrations. Gaps
between segments of the rail are no longer common in
modern-day tracks. Small-scale irregularities on the rail surface
may create vibrations, but we do not expect those to create
constant frequencies (as observed for the high-speed trains)
over a distance of several kilometers which the trains travel
during the signal duration. In any case, track irregularities
should be regarded as repeatedly excited stationary sources.
Wheel irregularities (out-of-roundness) can be a strong
source of vibrations. From many of the freight train wagons
passing A002A, and from one single high-speed locomotive,
a rattling noise originated from the wheels, with frequencies
of ∼5–7 Hz. This frequency corresponds to the rotation rate
of the train wheels (of ∼900 mm diameter) for trains running
at 50–70 km=hr, a speed which we also confirmed during the
site visit. If we consider wheel irregularities as sources of seismic energy, they could be described by delta pulses hitting the
rail and repeating at 5–7 Hz. The resulting spectrum would
62
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contain 5–7 Hz as a fundamental frequency with overtones
at n times this fundamental frequency. However, most spectra
show the strongest amplitudes for frequencies around 10 Hz or
higher, and thus we conclude that wheel irregularities may only
partly explain the elevated amplitudes around 10 Hz for trains
traveling at greater speed. More importantly, the observed frequency spacing of 1–2 Hz is too narrow to reflect overtones of
wheel-related fundamental frequencies. We also note that
strong wheel irregularities are only expected for old passenger
wagons or freight trains which have block brakes but not for
present-day passenger trains. Thus, wheel irregularities might
only be relevant for a few individual trains but probably do
not play a major role in the creation of the line spectra we
commonly observe. Additionally, we did not observe any audible rattling for essentially all passenger trains at A002A. We
therefore conclude that wheel irregularities do not explain the
frequency spacing that we observe in our data. In any case,
wheel irregularities would represent moving sources, resulting
in measurable Doppler effect.
Static Axle Load
The weight of a train wagon is distributed along the four axles,
assembled in pairs of two to the bogies on each end of the
wagon. The heavier the load on each individual axle, the bigger
the resulting amplitude of ground motion. The quasi-static
load of each train axle would result in periodic forcing of
the ground, depending on the axle geometry of the respective
wagons and the train speed. Table 1 lists the axle geometry of
the three train classes studied here in detail. Class 4020 wagons
of the local commuter trains have the least axle load (10.6 t)
which relates well to the slightly lower amplitudes recorded for
all such trains compared to others. High-speed and bi-level
wagons have a heavier axle load (17 t) and show up with similar
amplitudes in our recordings, only surpassed by freight trains.
The frequencies emitted by the repeating axle load depend
on the axle geometry of the train. All types of train wagons
passing at A002A have 2.5 m axle distance within one bogie
and ∼19 m within bogies of the same wagon. Neighboring
bogies of two consecutive wagons are ∼7:5 m apart. Thus,
the respective loading periods are 0.1 s (axle distance), 0.3 s
(neighboring bogies of consecutive wagons), and 0.8 s (within
the two bogies of one wagon) for a train speed of 85 km=hr.
This corresponds to frequencies of 10, 3, and 1.25 Hz, respectively. If we consider one bogie with two axles as the primary
source of a periodic load, this mechanism could generate the
observed frequency spacing of Δf  1:25 Hz. This requires a
train speed of 85 km=hr, which is reasonable for the highspeed and bi-level commuter trains at the measuring point
of A002A. Thus, we conclude that repeated axle loading of
spatially stationary points is the most likely source of the equal
spectral line spacing. If we consider segments of the ground
below the rails as stationary sources repeatedly excited by the
overpassing bogies, the quasi-static axle load mechanism should
not involve any Doppler effect.
January/February 2018

Propagation Effects
Seismic energy of rail vibrations in the 1–40 Hz frequency
range is mostly carried by Rayleigh waves (Jones, 2010;
Connolly et al., 2015), which propagate through a shallow and
layered soil structure. If the observed regular frequency spacings were due to propagation effects, train signals might potentially facilitate detailed studies of shallow wave propagation,
soil layering, and attenuation. However, we conclude that shallow soil layers cannot explain the observed regular frequency
spacing for the following reasons.
The observed line spacing is too regular and extends over a
frequency range too wide to reflect higher modes of Rayleighwave propagation. Jones (2010) calculates Rayleigh-wave
dispersion diagrams specifically for the setting of railway tracks
on top of a layered structure, but the resulting mode structure
cannot explain the regular frequency spacing. Furthermore,
individual peaks in the spectra are too narrow to be caused by
reflection resonances within soil layers (e.g., peaks in commonly observed horizontal-to-vertical spectra are usually
several hertz wide). To create such sharp resonance, peaks
would require unrealistic seismic impedance contrasts between
shallow layers. Additionally, different train types show different
frequencies, and most importantly the generated frequencies
clearly depend on the train speed. If the spectral lines were
caused by a propagation effect due to ground features, the
effect should be similar for all trains and should not vary
smoothly with train speed. Only certain frequencies could resonate within soil layers and thus a continuous transition from
lower to higher frequencies with increasing line spacing should
not be possible, but is clearly observed.
All of the train-related mechanisms above would generate
frequencies proportional to the train speed, but only the quasistatic axle load in combination with the bogie geometries seems
capable of creating the observed narrow frequency spacing of
1–2 Hz. We performed two additional tests to narrow down
the possible source mechanism.
Cepstrum Analysis
To identify potentially repeating sources in the train waveforms that may create the observed frequency spacing and
relate to one of the source mechanisms above, we performed
a cepstrum analysis. The cepstrum is an analysis tool that
reveals repeating patterns in continuous waveforms such as
echoes (Oppenheim and Schafer, 2004). A cepstrum is calculated as the inverse Fourier transform of the logarithmic absolute value of the original spectrum. Peaks in the cepstrum
correspond to periods at which certain patterns in the waveforms repeat. Figure 7 shows the cepstrum calculated for a
high-speed train in comparison with the time-domain waveform and the common frequency domain spectrum. The cepstrum main peak indicates a waveform pattern repeating each
0.8 s; we visually confirmed these repeated patterns within the
waveforms. This corresponds exactly to the frequency spacing
Δf  1=0:8 s  1:25 Hz which is observed in the spectrum.
Similarly, when analyzing, for example, the flat part of the
bi-level commuter trains, a cepstrum peak is found which cor-

responds to the inverse frequency spacing. Hence, the cepstrum
analysis reveals that our records of trains running at constant
speed are dominated by a signal pattern that repeats each 0.8 s.
This matches well the expected forcing period for a bogie distance of 19 m (as is the case for both the high-speed train and
the bi-level commuter train) and a train speed of 85 km=hr
and may thus explain the observed line spectrum with a frequency spacing of Δf  1:25 Hz. The cepstrum also contains
a peak at 0.3 s, which potentially relates to the distance between
the two neighboring bogies of consecutive wagons (7.5 m) and
a speed of 85 km=hr. We cannot identify any peaks at shorter
periods that could relate to individual axles (2.5 m apart) or the
railway ties (0.6 m apart), using our cepstral analysis.
Doppler Effect
Irregularities on the wheels should be considered as repeating
and moving sources, whereas both irregularities on the track
and the static axle load are stationary repeating sources. For any
moving source, we would expect a Doppler effect visible in the
spectrogram or by comparison of spectra of the approaching
and departing train. Previous studies, for example, Quiros et al.
(2016) claim to observe Doppler effect in spectrograms, judged
from higher frequency content in the approaching part of
signal as compared to the departing part. Chen et al. (2004)
observe a Doppler effect seen by comparison of spectra of the
approaching and departing train.
To assess if the source of the vibrations is stationary or
moving, we analyzed potential Doppler effects for the geometry at station A002A. In most of the train spectrograms in this
work, there is no clear indication of a Doppler effect (see e.g.,
Figs. 3–5). In particular, the signals for the high-speed trains
show constant frequencies over the entire signal duration
(Fig. 5). Bi-level commuter trains which pass the station at supposedly constant speed do also not show any indication of a
Doppler effect (Fig. 4). For other trains such as the local commuter train class 4020, the spectrogram is dominated by effects
of varying train speed rather than a potential Doppler
effect (Fig. 3).
To check if a Doppler effect should leave a notable signature in our spectrograms, we calculated the expected frequency
shift for a passing source for various parameters (see Fig. 8).
Frequency shifts of up to 2 Hz between an approaching and
departing train would be expected for a station 300 m from the
track (such as A002A), depending predominantly on train
speed and the seismic wave propagation velocity. However,
Figure 8a demonstrates that such a frequency shift would be
difficult to observe in spectrograms scaled from 0 to 50 Hz.
Thus, we compared the spectra of approaching and departing
trains separately but could not identify any clear frequency
shifts. Additionally, the main cepstrum peaks of the approaching and departing part of the signal are identical.
Only on one seismic station, some records resemble the
theoretically expected frequency shifts in the central part of
the spectrogram (Ⓔ Fig. S2). However, the station is comparably far from the track (1.2 km), which reduces any Doppler
effect, and at this track we expect only moderate train speeds.
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▴ Figure 7. Cepstrum analysis for a high-speed train (Fig. 5). (a) Waveform in units of velocity. (b) Spectrum of the waveform shown in (a).
(c) Cepstrum of the waveform shown in (a). (c) Magnified profile of the main peaks in the cepstrum. The highest peak in the cepstrum
(0.8 s) corresponds to a frequency spacing of Δf  1= 0:8 s  1:25 Hz. The peaks at longer periods are higher orders of the main peak. A
patch of signal repeating each 0.8 s is also visible in the waveforms when the horizontal axis is dilated (zoomed in).

▴ Figure 8. Calculated Doppler effect with variable parameters. The distance of the seismometer to the track is fixed to 300 m. (a) Variable
source frequencies, train speed v  70 km= hr, and propagation velocity c  1 km=s; (b) variable train speed, source frequency
f  20 Hz, and propagation velocity c  1 km=s; and (c) variable propagation velocity, train speed v  70 km= hr, and source frequency
f  20 Hz. Frequency shifts of up to 2 Hz between an approaching and departing train would be expected, depending on train speed and
seismic wave-propagation velocity. Note that given the frequency scale of the spectrograms in this work (see panel a, 0–50 Hz), clear
Doppler effects may only be directly observed for slow seismic velocities and higher source frequencies because Doppler effect is
proportional to the source frequency.
64
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Thus, very low-seismic velocities would be required to create a
Doppler effect.

CONCLUSIONS AND OUTLOOK
We analyzed in detail the seismic vibrations generated by trains
and measured at distance from the track with high sensitivity
broadband sensors. We recorded seismic signals within 1.5 km
of railways for which frequency characteristics appear quantified by train passage loading. All train signals share the main
feature of sharp equidistant spectral lines in the entire 2–40 Hz
frequency range. We could not analyze higher frequencies
because of Nyquist frequency limitations. For one site located
300 m from a busy track, we studied the train records in detail
and were able to relate them to individual trains. The frequency spacing is 1–2 Hz and relates to train speed. We further
identify acceleration, constant speed, and deceleration phases
using spectrograms of the individual trains, which we could
then attribute to specific train driving profiles.
Based on the missing Doppler effect and the cepstrum
analysis of repeating signal patches, we conclude that the
observed spectral lines are likely no overtone phenomenon
as, for example, observed for seismic helicopter noise (Eibl et al.,
2015). Rather, we suggest that the dominant mechanism
behind the 1–2 Hz line spacing is a repeated forcing of the
ground by quasi-static axle load which primarily acts through
the bogies of each train wagon. For a reasonable train speed of
85 km=hr at the measuring site and a typical bogie separation
of 19 m, the loading period of 0.8 s matches well the inverse
frequency spacing of 1.25 Hz for high-speed trains that pass the
site at constant speed.
We note, however, that the overall train signal might be
shaped by more factors than just the quasi-static axle load.
Especially, the amplitude distribution in the frequency domain
requires additional mechanisms, and likely a combination of
many factors is responsible for the cumulative signal characteristics. The complex, yet puzzling features of the train records
still require more explanation, and we plan to perform targeted
field experiments with portable short-period arrays in the
future.
The striking feature of equidistant spectral lines within the
train vibrations was already documented in earlier studies
(Degrande and Schillemans, 2001; Chen et al., 2004; Quiros
et al., 2016), yet was never properly commented on or analyzed. Based on our documentation, seismic train signals could
be automatically identified and removed from data streams in
case they are considered unwanted noise. However, we also
highlight the potential use of such signals as training material
for students, especially when made audible (Kilb et al., 2012).
The particular characteristics of the train vibrations render
them quite outstanding among the seismic sources which seismologists usually deal with. Nakata et al. (2011) and Quiros
et al. (2016) suggest to use train vibrations as a source for structural imaging, even without making use of the distinctive signal
characteristics. Because some of the train vibrations, for example, those of high-speed trains observed in this study, almost

represent a source which could be called a seismic frequency
comb, we speculate that such signals might be particularly
useful, for example, frequency-dependent attenuation measurements, near-surface wave propagation studies, or certain applications such as targeted subsurface imaging.

DATA AND RESOURCES
This study is based on data from the AlpArray Seismic Network (2015) which at the time of publication was not publicly
available (www.alparray.ethz.ch, last accessed October 2017) for
more details on data access. Visit http://data.datacite.org/10
.12686/alparray/z3_2015 (last accessed October 2017) for
more information on the AlpArray seismic network. All data
processing and plotting were done using the ObsPy toolbox
(Krischer et al., 2015).
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