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Abstract

Determining the direction of seismic waves is crucial for many applications, from monitoring natu-
ral hazards like avalanches and landslides to detecting nuclear explosions and conducting surveillance.
Traditional methods rely on arrays of seismic sensors arranged in specific patterns, but deploying these
arrays can be challenging or impossible in many environments, such as cities, ocean floors, mountains, or
other planets. We present an alternative solution: a single-station system that measures six-component
(6C) ground motions to determine the direction of seismic sources. Using a collocated seismometer and
rotational sensor, we simultaneously record both translational and rotational ground motions to deter-
mine the direction of vehicle sources from a single 6C station. The 6C approach not only maintains a
small footprint but also extracts directional information from both Rayleigh and Love waves. We validate
our method by comparing results from different types of rotational sensors and conventional array-based
techniques, including frequency-wavenumber analysis and array-derived rotation. Our findings confirm
the 6C method’s capability to accurately locate vehicle sources while offering advantages over tradi-
tional array deployments, particularly in challenging environments where multiple sensor installations
are impractical. The successful application to traffic monitoring demonstrates the method’s potential for
broader applications, including real-time seismic monitoring and geohazard early warning systems. This
advancement in seismic source tracking methodology opens new possibilities for urban and environmental

seismic noise analysis.

1 Introduction

Seismic-based direction estimation is gaining increasing interest in surveillance systems because of the broad-
band sensitivities of seismic sensors. These sensors can detect not only natural events like earthquakes and
landslides but also various anthropogenic ground motions, including human and vehicle movements. Recent
studies have shown the effectiveness of seismic-based direction estimation across various fields. Avalanche
monitoring using seismic sensors have been developed and proven effective at various sites over the past few
decades (Almendros et al., 1999; Heck et al., 2019). Riahi and Gerstoft (2015) used an array of geophones to
analyze traffic-related signals, demonstrating the usefulness of seismic data for traffic monitoring. Manconi
et al. (2016) proposed a real-time method to detect and locate rockslides using seismic records. Additionally,
Venkatraman et al. (2011) investigated seismic signals from moving heavy military vehicles to track their
movements. Seismic data collected from dense networks has also been used to monitor the evolution of

meteorological events, such as rainfall and thunderstorms, with unprecedented detail (Diaz et al., 2023).



The range of applications extends into fields like astrophysics and biology. For instance, Tape et al.
(2020) employed seismometers to monitor auroras, while Reinwald et al. (2021) successfully located elephants
using seismic sensors, offering new insights into their social interactions. In addition to traditional seismic
instruments, more recent technologies like distributed acoustic sensing (DAS) have also been applied for
seismic-based direction estimations. Martin et al. (2016) analyzed signals recorded by DAS along highways to
locate sources of traffic noise, and Liu et al. (2019) developed a system for vehicle detection and classification
using the same DAS technology.

Determining the source directionality of incoming seismic waves is typically achieved through methods
such as beamforming or frequency-wavenumber (f-k) analysis (e.g., Krim and Viberg, 1996; Gal and Reading,
2019). These techniques extract coherent seismic energy that propagates to a seismic array based on trial
slowness models. Alternatively, polarization analysis can be performed using a single triaxial seismic station,
which is effective when pure modes of vibration are present (Greenhalgh et al., 2018).

Seismic sensors offer advantages over video or acoustic monitoring systems, as they are less affected
by adverse weather conditions or environmental interference (Wang et al., 2014). However, when seismic
stations are located very close to surface sources, Rayleigh and Love waves reach these stations almost simul-
taneously, leading to significant overlap in both the frequency and time domains. This overlap complicates
the distinction between these wave types, making it challenging to apply existing techniques for estimating
source directionality (Asgari et al., 2015). Additionally, the deployment and maintenance of seismic arrays
can be costly. DAS technology provides a more economical alternative, especially when existing fiber-optic
cables are used (Lindsey and Martin, 2021). However, its directional sensitivity may limit its ability to detect
sources from multiple azimuths. Each of these methods has its strengths and limitations, highlighting the
continued need for new methods to seismic source detection and localization.

In this study, we present a six-component (6C) single-station measurement system as an alternative
approach for real-time seismic monitoring. This system captures both translational and rotational ground
motions, allowing us to track the direction of seismic sources. Our study, conducted at the Geophysical
Observatory Fiirstenfeldbruck in Germany, begins with a description of the seismic acquisition setup and
potential source distributions. We then analyze the recorded signals based on their temporal and spectral
characteristics, followed by a demonstration of vehicle tracking using the 6C single-station measurement.

To ensure robustness and accuracy, we validate our results through multiple independent methods. We
cross-check the estimated source directionality using two different rotational seismometers (a ring-laser

gyroscope and a fiber-optic gyroscope) and compare our findings with array-based techniques, including



frequency-wavenumber (f-k) analysis and array-derived rotation (ADR). While Yuan et al. (2020a) intro-
duced the 6C method for earthquake rupture tracking primarily through synthetic examples, this study
advances that work through comprehensive real-data analysis. Our validation strategy, employing various
methods, wavefields, and sensor types, thoroughly evaluates the advantages and limitations of the 6C single-
station measurement. The results demonstrate its potential for tracking various seismic and natural sources,

particularly in scenarios where array deployment is impractical.

2 Data acquisition

In combination with a classic broadband seismometer, the newly built ring laser gyroscope (named as ROMY)
at the Geophysical Observatory Fiirstenfeldbruck near Munich, Germany, allows us to record highly accu-
rate and broadband 6C ground motions, i.e., 3C translational and 3C rotational motions, satisfying geodetic
and seismic observations at various scales (Gebauer et al., 2020; Igel et al., 2021) (Figure 1). ROMY is a
tetrahedral-shaped four-component rotational sensor (one auxiliary vertical component aligning on the hor-
izontal surface) with each triangular side being approximately 12 m. FUR is a permanent station, belonging
to the German Regional Seismic Network, equipped with a Streckeisen STS-2 sensor and a REFTEK RT130
datalogger. FUR and ROMY are just a few meters away from each other and thus are treated as a single
6C station. TON and FFB2-3, also serving as permanent stations, are particularly chosen to identify train-
and car-related seismic signals considering their relative locations to the railway and highway nearby (blue
and green curves shown in Figure 1). For verification of the proposed 6C single-station measurements, we
deployed a small seismic array comprising seven broadband sensors (Trillium Compact 120s), designated
as DROMY and DRMY1-6, which enabled f-k analysis. Additionally, we established two temporary 6C
stations (BS1 and BS2), each equipped with a collocated broadband seismometer and a portable fiber optic
gyroscope (blueSeis-3A). The ROMY ring laser gyroscope was used in conjunction with the blueSeis-3A
rotational sensors at stations BS1 and BS2 to cross-validate the vehicle monitoring capabilities of the 6C

method.



FFB2

Figure 1: The site map and acquisition geometry at the Geophysical Observatory Fiirstenfeldbruck, Germany,
are shown here. Red triangles represent seismic stations. The bottom-left zoomed-in plots highlight the
position of the 6C station (FUR+ROMY, with ROMY indicated by the blue dashed triangle) and the inner
array (DROMY and DRMY1-6) used for frequency-wavenumber (f-k) analysis alongside stations FFB2-3.
The upper-right zoomed-in plot shows the two additional 6C stations, BS1 and BS2, each equipped with
portable sensors: a collocated seismometer (in grey) and a blueSeis-3A rotational sensor (in black). Aside
from ROMY and blueSeis-3A, which are a ring laser and a fiber optic gyroscope recording rotational ground
motions, all other stations are triaxial broadband seismometers capturing translational ground motions. Blue

and green curves denote the train track and highway near the observatory, respectively.



3 Trac signal classi cation

The strength and frequencies of tra c-related seismic signals are primarily in uenced by engine vibrations,
vehicle speeds, and road conditions, generating both Rayleigh and Love waves in the range of approximately
2 to 50 Hz (Nakata, 2016; Diaz et al., 2017; Fuchs and Bokelmann, 2018). Raw particle velocity recordings
sampled at 100 Hz from seismometers are corrected for instrument response, detrended, and converted to
particle acceleration. The vertical component of continuous acceleration data (Az) from 01:00 a.m. to 02:00
a.m. is presented in Figure 2 for stations TON, FFB2 3, DROMY, and DRMY1 6. We select this midnight
period to minimize potential overlaps caused by heavy tra c or other human activities during the day.
Notably, similar events are recorded at all stations except TON, which can be attributed to their relative
locations and distinct dominant signal sources.

As shown in the site map of Figure 1, all seismic stations, including ROMY, are near the highway, except
for station TON, which is closer to the railway. Besides the prominent event around 400 s at station TON,
caused by a freight train, we also observe weaker events around 1400 s and 1750 s, likely attributed to
commuter trains (Figure 2). To further analyze the signals, we extract two segments of data within the red
dashed squares in Figure 2 and present their time-frequency characteristics in Figure 3.

The top panel displays train-related signals recorded at the station pair TON FFB3, along with their
corresponding spectrograms (Figure 3a b). The arrival time di erence of the peak ground motions at two
stations is approximately 30 s and can be attributed to the traveling time of the freight train from the nearest
point of one station to the other. The waveform amplitude at station FFB3 appears less pronounced than at
TON, likely due to rapid attenuation of high-frequency components. However, lower resonance frequencies
at FFB3 speci cally 5, 9, 12, and 14 Hz are retained and correspond to those detected at station TON.
Furthermore, at TON, there are speci c monochromatic spectral lines observed at approximately 16, 26, 37,
and 45 Hz. These are thought to be caused by nearby railway electri cation and its harmonics (Bormann
and Wielandt, 2013; Hu et al., 2018).

The bottom panel of Figure 3 presents car-related signals recorded at stations FFB2 and FFB3. The
amplitude and arrival time di erence of these signals are less pronounced than those at stations TON and
FFB3, likely due to their closer proximity. Common features in the spectrograms shown in Figure 3cd
indicate that both signals originate from the same sources. The lack of higher frequency components (above
20 Hz) at station FFB2, compared to FFB3, is primarily attributed to attenuation, similar to what is

observed with the train signals at station FFB3.



Figure 2: Tra c-induced seismic signals recorded by the seismometers shown in Figure 1 from 1:00 a.m. to

2:00 a.m on May 15, 2020. The vertical component of the raw particle velocity records from the seismometers
has been corrected for instrument response, detrended, converted to particle acceleration, and band-pass
Itered into 1-20 Hz. All waveforms are plotted to the same scale, except for station TON, where the

waveform amplitude has been divided by a factor of 2. The spectrograms for the waveform enclosed by the

red dashed square are shown in Figure 3.



Figure 3: Vertical components of acceleration waveform and spectrograms of the train- (a b) and car-induced
(c d) seismic signals recorded by the TON, FFB3, and FUR stations. The waveform amplitude at station

TON is divided by a scaling factor of 10 in (a) and FFB3 is divided by 2 in (c) for visualization purposes.



4  Tracking vehicle sources using 6C single-station measurement

The capability of 6C single-station measurements in estimating earthquake back-azimuth (Baz) has been
demonstrated in several studies (e.g., Igel et al., 2007; Hadziioannou et al., 2012; Yuan et al., 2020a; Chen
et al., 2023). The key principle underlying this method is that the rotational sensor acts as a polarization-
propagation Iter. This Iter not only eliminates longitudinal waves but also separates SV- and SH-type

ground motions into horizontal and vertical rotational components, respectively.

4.1 6C single-station measurement using Love waves

When focusing on SH and/or Love waves in isotropic medium, we can exclusively analyze the vertical
component of rotational motions. The Baz estimation process involves rotating the horizontal translational
components through a range of trial Baz values (0 to 360 ) to obtain radial and transverse components.
We then calculate the zero-lag cross-correlation (CC) coe cient between the transverse acceleration (At)
and vertical rotational rate (Rz) for each trial Baz. Assuming that the cross-correlation between Love and
Rayleigh waves is signi cantly smaller than the variance of Rayleigh waves, the CC coe cient reaches its
maximum when the trial Baz aligns with the actual Baz, as both represent the same portion of ground
motion. Importantly, this 6C approach simultaneously resolves the 180 ambiguity that is a challenge for
conventional 3C single-station methods. We apply the CC-based algorithm to the same period of data shown
in Figure 2 for the ROMY 6C station, with the results presented in Figure 4a d. We also analyze a di erent
time period for the BS1 6C station, with results shown in Figure 5.

Given the relative position of the 6C stations and the highway (Figure 1), we expect the Baz variations
of inbound vehicles (moving from southeast to northwest) to decrease fron100 to 0 and then continue
decreasing from360 to 300 . The patterns for outbound vehicles will be the reverse. Although the ROMY
and BS1 6C stations collect data from di erent time periods, the retrieved Baz should exhibit similar patterns
of variations due to their relative locations to the highway (Figure 1). Figure 4d and Figure 5¢c demonstrate
the comparable bi-directional variation patterns in the estimated Baz for the ROMY 6C station and the
BS1 station, respectively. For the cross-correlation (CC) analysis, we use a 10-second sliding window for
the ROMY station and a 1-second sliding window for the BS1 and BS2 stations. Shorter windows will o er
better temporary resolution in resolving faster varying Baz while being potentially more a ected by noise
levels and overlapping signals for individual windows. We apply 95% overlap for the sliding windows and

retain only Baz values with a CC coe cient higher than 0.4 to reduce interference from signals with low



Figure 4: Back azimuth (Baz) estimation of the car-induced Love waves from 6C single-station measurement
at station ROMY. The north-south (a) and east-west (b) components of acceleration at FUR station. (c)
The vertical rotational rate at ROMY station. (d) Estimated Baz from Ae/An and Rz components using
CC method. (e) Estimated Baz from the f-k analysis. The background colors represent CC coe cients and
the dots in (c) and (d) denote the estimated Baz for each sliding window with a CC coe cient higher than
0.3 and maximum amplitude larger than 10 4 m=s?, respectively. (f) and (g) correspond to the zoom-in

plots within #1 and #2 red squares in (d), respectively.
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Figure 5: Back azimuth (Baz) estimation of the car-induced Love waves from 6C single-station measurement
at station BS1. (a) The north-south (An) and east-west (Ae) components of acceleration. (b) The vertical
component of rotational rate (Rz). (c) Estimated Baz from Ae/An and Rz components using CC method

and Love waves. The color of the dots represents the CC coe cients higher than 0.4.

signal-to-noise ratios.

From the zoom-in plots of two selected time windows within the red squares in Figure 4d at station
ROMY, we can calculate the moving speeds of vehicles through the ratio of distance and time over a certain
Baz variation range. The estimated average speed in Figure 4f for the Baz changing froB0 to 0 is
approximately 90 km/h and the one in Figure 4g is approximately 65 km/h. Both estimates are considered
empirically reasonable for this time of night. The smaller slope of the Baz variation betweer0 and 30 is

thought to be associated with potential braking operations related to a road exit.

4.2 6C single-station measurement using Rayleigh waves

Our approach goes beyond just using SH-type waves. We also use SV and Rayleigh waves generated by
moving vehicles, which can be detected through their horizontal rotational components. This approach is
akin to the polarization analysis of P waves with a conventional triaxial seismometer, as P and SH-type waves
are not included in the horizontal rotational components. Speci cally, we start by conducting a polarization
analysis using singular value decomposition (e.g., Gal and Reading, 2019) and then calculate the polarization

angle between the two rotational components using the following equation:
!

Baz = arctan E’; ; Q)
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where R, and Re denote the north-south and east-west components of rotational rate, respectively. The

Baz Value derived from the inverse tangent function is betweerD and 180 . To remove the 180 ambiguity,
we then compare the rotated transverse component of rotational rate R;) based on g5, with the vertical
component of acceleration A;) through zero-lag CC. If the CC coe cient is positive, 180 should be added
t0 Baz -

As the horizontal rotational components of ROMY were under technical maintenance during the period
that we deployed the temporal array (DROMY and DRMY1 6), we chose another chunk of data a year ago
(from 00:00 a.m. 01:00 a.m., May 15, 2019) as shown in Figure 6a c. In spite of the date di erence, we expect
to see similar bi-directional patterns for the Baz estimate due to the generally unchanged road condition.
The horizontal rotational motions (Re and Rn) are noisier than acceleration and vertical rotational motions
(Rz). The glitches and spurious events in Figure 6¢c mostly result from mode jumps of the laser due to the
unstable cavity length and/or outgassing e ect.

The estimated Baz at the ROMY 6C station from Re/Rn and Az components using the polarization
method and Rayleigh waves described above is shown in Figure 6e, while that from Ae/An and Rz components
using CC method and Love waves is shown in Figure 6d for comparison. Despite the relatively low signal-
to-noise ratios of Re and Rn components, we could still identify consistent Baz variation patterns within
certain time windows. When the stability of horizontal rotational components of ROMY gets improved in
the future, we expect better agreement.

In contrast to the ROMY station, the horizontal component of the portable rotation sensor at the BS1
and BS2 stations does not experience instrumental instability. We can clearly observe Baz variations due
to moving vehicles (Figure 7c). The retrieved Baz primarily relies on Rayleigh waves since we are using
horizontal rotational components. The results are consistent not only with the Baz derived from Love waves
at the same station (Figure 5) but also with those obtained from the ROMY station (Figure 6). By comparing
the peak amplitudes of the horizontal and vertical components of rotation at the BS1 station (Figure 5a b
and Figure 7a b), we can nd that the car-induced Rayleigh waves exhibit higher signal-to-noise ratios. This
allows for more stable and robust Baz estimation through polarization analysis of the horizontal components

of the rotational recordings.
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Figure 6: Back azimuth (Baz) estimation of the car-induced Rayleigh and Love waves from 6C single-station
measurement at station ROMY. (a) The north-south (red) and east-west (black) components of acceleration
at station FUR. (b) The vertical rotational rate at station ROMY. (c) The north-south (red) and east-west
(black) components of rotational rate at station ROMY. The black dashed square represents a spurious
event caused by instrumental instability. (d) Estimated Baz from Ae/An and Rz components using CC
method focusing on Love waves. (e) Estimated Baz from Re/Rn and Az components using polarization
method focusing on Rayleigh waves. The background colors represent CC coe cients and the dots denote

the estimated Baz for each sliding window with a CC coe cient higher than 0.3.
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