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Abstract Determining the direction of seismic waves is crucial for many applications, from monitoring
natural 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 ar-
rays 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 determine the direc-
tion 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 com-
paring 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 traditional array deployments, particularly
in challenging environments where multiple sensor installations are impractical. The successful application
of this method to vehicle tracking demonstrates its versatility beyond traditional seismic studies, opening new
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opportunities for geohazard early warning systems and urban and environmental seismic noise analysis.

1 Introduction

Seismic-based direction estimation is gaining increas-
ing interest in surveillance systems because of the
broadband sensitivities of seismic sensors (Fischer
et al.,, 2013; Wang et al., 2014; Valero et al., 2019;
Margheriti et al., 2021). 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 es-
timation across various fields. Avalanche monitoring
using seismic sensors has been developed and proven
effective at various sites over the past few decades (Al-
mendros 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, Venka-
traman et al. (2011) investigated seismic signals from
moving heavy military vehicles to track their move-
ments. Seismic data collected from dense networks has
also been used to monitor the evolution of meteorologi-

*Corresponding author: syuan@mines.edu

cal events, such as rainfall and thunderstorms, with un-
precedented 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 ele-
phants using seismic sensors, offering new insights into
their social interactions. In addition to traditional seis-
mic instruments, more recent technologies like dis-
tributed 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) de-
veloped 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 en-
ergy that propagates to a seismic array based on trial
slowness models. Alternatively, polarization analysis
can be performed using a single triaxial seismic sta-
tion, which is effective when pure modes of vibration
are present (Greenhalgh et al., 2018).
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Seismic sensors offer advantages over video or acous-
tic monitoring systems, as they are less affected by
adverse weather conditions or environmental interfer-
ence (Wang et al., 2014). However, when seismic sta-
tions are located very close to surface sources, Rayleigh
and Love waves reach these stations almost simulta-
neously, leading to significant overlap in both the fre-
quency 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 direc-
tional 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 for 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 cap-
tures 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 gy-
roscope 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) introduced the
6C method for earthquake rupture tracking using pri-
marily synthetic examples and limited real data from a
single wave type and station, this study advances that
work through three key aspects: (1) testing of emerg-
ing portable rotational sensors, (2) making use of mul-
tiple 6C observations, and (3) cross-validating results
with nearby permanent and temporary broadband seis-
mometers. Our validation strategy, employing various
methods, wavefields, and sensor types, thoroughly eval-
uates the advantages and limitations of the 6C measure-
ment technique. The results demonstrate its potential
for tracking various seismic and natural sources, partic-
ularly in scenarios where traditional array deployment
is impractical.

2 Data acquisition

In combination with a classic three-component (3C)
broadband seismometer, the newly built ring laser gy-
roscope (named ROMY) at the Geophysical Observatory
Flirstenfeldbruck N 48.164234°, E 11.275865°) near Mu-
nich, Germany, allows us to record additional, accurate,
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and broadband 3C rotational ground motions (Fig.1).
This setup enables simultaneous 6C recordings, i.e., 3C
translational and 3C rotational motions, satisfying the
requirements for geodetic and seismic observations at
various scales (Gebauer et al., 2020; Igel et al., 2021).
ROMY is a tetrahedral-shaped four-component rota-
tional sensor (one auxiliary vertical component aligned
on the horizontal surface) with each triangular side be-
ing 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 me-
ters away from each other and thus are treated as a sin-
gle 6C station. TON and FFB2-3, also serving as perma-
nent stations, are particularly chosen to identify train-
and car-related seismic signals considering their rela-
tive locations to the railway and highway nearby (blue
and green curves shown in Fig. 1). For verification of the
proposed 6C single-station measurements, we deployed
a small seismic array comprising seven broadband sen-
sors (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 seismome-
ter (Trillium Compact 120s) and a portable fiber op-
tic gyroscope (Exail, formerly iXblue, 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 capa-
bilities of the 6C method.

3 Traffic signal classification

The amplitude and frequencies of traffic-related seis-
mic signals are primarily influenced by engine vibra-
tions, vehicle speeds, and road conditions, generating
both Rayleigh and Love waves in the range of approxi-
mately 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 par-
ticle acceleration. The vertical component of continu-
ous acceleration data (Az) from 01:00 a.m. to 02:00 a.m.
is presented in Fig. 2 for stations TON, FFB2-3, DROMY,
and DRMY1-6. We select this midnight period to mini-
mize potential overlaps caused by heavy traffic or other
human activities during the day. Notably, similar events
are recorded at all stations except TON, which can be at-
tributed to their relative locations and distinct dominant
signal sources.

As shown in the site map of Fig. 1, all seismic sta-
tions, including ROMY, are near the highway, except
for station TON, which is closer to the railway. Be-
sides 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 (Fig. 2). To further analyze the signals, we extract
two segments of data within the red dashed squares in
Fig. 2 and present their time-frequency characteristics
in Fig. 3.

The top panel displays train-related signals recorded
at the station pair TON-FFB3, along with their corre-

SEISMICA | volume 4.2 | 2025



SEISMICA | RESEARCH ARTICLE | 6C source tracking

Figure 1 The site map and acquisition geometry at the Geophysical Observatory Firstenfeldbruck (N 48.164234°,
E 11.275865°), 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.

sponding spectrograms (Figs. 3a-b). The arrival time
difference 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. How-
ever, lower resonance frequencies at FFB3—specifically
5, 9, 12, and 14 Hz—are retained and correspond to
those detected at station TON. Furthermore, at TON,
specific monochromatic spectral lines are observed at
approximately 16, 26, 37, and 45 Hz. These resonant
frequencies are likely caused by mechanical vibrations
from a pump located near the measurement site.

The bottom panel of Fig. 3 presents car-related sig-
nals recorded at stations FFB2 and FFB3. The ampli-
tude and arrival time difference 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 Figs. 3c-d indicate that both sig-
nals originate from the same sources. The lack of higher
frequency components (above 20 Hz) at station FFB2,
compared to FFB3, is primarily attributed to attenua-
tion, similar to what is observed with the train signals

3

at station FFB3.

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
filter. This filter not only eliminates longitudinal waves
but also separates SV- and SH-type ground motions into
horizontal and vertical rotational components, respec-
tively.

4.1 6C single-station measurement using
Love waves

When focusing on SH and/or Love waves in an isotropic
medium, we can exclusively analyze the vertical com-
ponent of rotational motions. The Baz estimation pro-
cess involves rotating the horizontal translational com-
ponents through a range of trial Baz values (0° to 360°)
to obtain radial and transverse components. We then
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Figure2 Traffic-induced seismicsignals recorded by the seismometers shown in Fig. 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 filtered 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 3. The spectrograms for
the waveform enclosed by the red dashed square are shown in Fig. 3.

calculate the zero-lag cross-correlation (CC) coefficient
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 significantly smaller than the variance of Rayleigh
waves, the CC coefficient reaches its maximum when
the trial Baz aligns with the actual Baz, as both repre-
sent the same portion of ground motion. Importantly,
this 6C approach resolves the 180° ambiguity inherent
in conventional 3C single-station methods without the
need for prior knowledge of the source focal mecha-
nism, by analyzing the relationship between rotational
and translational motions. We apply the CC-based algo-
rithm to the same period of data shown in Fig. 2 for the
ROMY 6C station, with the results presented in Figs. 4a-
d. We also analyze a different time period for the BS1 6C
station, with results shown in Fig. 5.

Given the relative position of the 6C stations and the
highway (Fig. 1), we expect the Baz variations of in-
bound vehicles (moving from southeast to northwest)
to decrease from 100° to 0° and then continue decreas-
ing from 360° to 300°. The patterns for outbound ve-
hicles will be the reverse. Although the ROMY and
BS1 6C stations collect data from different time peri-
ods, the retrieved Baz should exhibit similar patterns
of variations due to their relative locations to the high-
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way (Fig. 1). Fig. 4d and Fig. 5c demonstrate the compa-
rable bi-directional variation patterns in the estimated
Baz for the ROMY 6C station and the BS1 station, re-
spectively. 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 sta-
tions. The shorter 1-second window at BS1 and BS2 is
chosen because these stations are closer to the source,
leading to faster-varying source signals. This allows
for better temporal resolution in capturing the more
rapidly changing motion at these locations. In contrast,
the longer 10-second window at ROMY is used to en-
sure more stable measurements, as it is further from
the source, where the motion is expected to vary more
slowly. The difference in window lengths balances the
need for higher resolution in the faster-varying source
signals at BS1 and BS2 with the potential for increased
noise and overlapping signals in shorter windows. We
apply 95% overlap for the sliding windows and retain
only Baz values with a CC coefficient higher than 0.4
to reduce interference from signals with low signal-to-
noise ratios.

From the zoom-in plots of two selected time windows
within the red squares in Fig. 4d at station ROMY, we
can calculate the moving speeds of vehicles through the
ratio of distance and time over a certain Baz variation
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Figure3 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 10in (a) and FFB3 is divided by 2 in (c) for visualization purposes.

range. The estimated average speed in Fig. 4f for the Baz
changing from 80° to 0° is approximately 90 km/h and
the one in Fig. 4g is approximately 65 km/h. Both es-
timates are considered empirically reasonable for this
time of night. The smaller slope of the Baz variation be-
tween 0° and 30° is thought to be associated with poten-
tial 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 mov-
ing vehicles, which can be detected through their hor-
izontal rotational components. This approach is akin
to the polarization analysis of P waves with a conven-
tional triaxial seismometer, as P and SH-type waves are
not included in the horizontal rotational components.
Specifically, we start by conducting a polarization anal-
ysis using singular value decomposition (e.g., Gal and
Reading, 2019) and then calculate the polarization an-
gle between the two rotational components using the
following equation:
Ry
0Bax arctan (Re > ,

(1)

where R,, and R. denote the north-south and east-

west components of rotational rate, respectively. The
0. value derived from the inverse tangent function is
between 0° and 180°. To remove the 180° ambiguity, we
then compare the rotated transverse component of ro-
tational rate (R,) based on 0z,, with the vertical com-
ponent of acceleration (A,) through zero-lag CC. If the
CC coefficient is positive, 180° should be added to 0p,..

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
Figs. 6a-c. In spite of the date difference, 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 Fig. 6c mostly result
from mode jumps of the laser due to the unstable cavity
length and/or outgassing effect.

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 Fig. 6e,
while that from Ae/An and Rz components using CC
method and Love waves is shown in Fig. 6d for com-
parison. Despite the relatively low signal-to-noise ratios
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of Re and Rn components, we could still identify con-
sistent Baz variation patterns within certain time win-
dows. When the stability of horizontal rotational com-
ponents of ROMY gets improved in the future, we expect
better agreement.

In contrast to the ROMY station, the horizontal com-
ponent of the portable rotation sensor at the BS1 and
BS2 stations does not experience instrumental instabil-
ity. We can clearly observe Baz variations due to moving
vehicles (Fig. 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
(Fig. 5) but also with those obtained from the ROMY sta-
tion (Fig. 6). By comparing the peak amplitudes of the
horizontal and vertical components of rotation at the
BS1 station (Figs. 5a-b and Figs. 7a-b), we can find 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 horizon-
tal components of the rotational recordings.

5 Tracking vehicle sources using
frequency-wavenumber analysis

A practical way to validate the proposed 6C single-
station measurement is to use a seismic array, which
can deliver similar information. Array-based beam-
forming or frequency-wavenumber (f-k) analysis, a
technique that decomposes seismic signals into their
spatial and temporal components, is commonly em-
ployed for wave-type identification, source direction es-
timation (i.e., Baz), and slowness estimation of incom-
ing waves. By examining the coherence and phase rela-
tionships between array sensors, f-k analysis is used to
characterize the propagation characteristics of seismic
waves, enabling the estimation of wave velocity and di-
rection of arrival. A detailed description of the method-
ology can be found in Gal and Reading (e.g., 2019). Ide-
ally, we should achieve very similar temporal variations
of the seismic source Baz through both array and single-
station measurements. Therefore, we deployed a small-
scale seismic array (DROMY and DRMY1-6 shown in the
zoom-in plot of Fig. 1) around the 6C station. Alongside
the permanent stations FFB1 and FFB2, we applied f-k
analysis to the array data over the same time period of
Fig. 4 to estimate Baz using a consistent sliding window.
One challenge in applying f-k analysis to Love waves is
the potential mixing of Rayleigh and Love waves when
tracking moving seismic sources using horizontal com-
ponents. Therefore, we restrict the f-k analysis to the
vertical component of the array recordings for Rayleigh
waves.

In Fig. 4e, we exclude samples of the estimated Baz
with a maximum amplitude smaller than 1.0e~* m/s?
within the corresponding time window. There is a
strong agreement between the Baz variations obtained
from the 6C measurement (Fig. 4d) and the f-k analy-
sis (Fig. 4e). The difference between Fig. 4d and 4e can
be mainly attributed to three factors. First, the array-
based f-k analysis relies on SV/Rayleigh waves, as it uses

7

the vertical components of acceleration, while the 6C
single-station analysis is based on SH/Love waves. The
radiation patterns of these different wave types may
vary, resulting in unequal signal-to-noise ratios within
the same time window. Second, we filter the estimated
Baz using the cross-correlation coefficient for the 6C
analysis, whereas in the f-k analysis, we apply an ampli-
tude threshold. Third, the geometry of the array affects
the resolution capabilities of the f-k analysis, which may
also contribute to discrepancies between the two mea-
surement methods. These factors combined may ex-
plain the differences observed when comparing the f-k
and 6C single-station measurements.

6 Tracking vehicle sources using
array-derived rotation

Rotational motions can essentially be represented by
spatial gradients of translational motions, allowing us
to calculate them indirectly using closely spaced triax-
ial seismometers (e.g., Spudich et al., 1995). This ap-
proach is known as array-derived rotation (ADR). De-
spite its band-limited accuracy (Langston, 2007), ADR
provides an independent way to validate rotational mo-
tions recorded directly by rotational sensors. To ver-
ify the proposed 6C single-station measurement, we
first compute the three components of ADR for the ref-
erence station DROMY using data from the surround-
ing stations DRMY1-3 (Figs. 8b-c). We then apply the
same processing strategy outlined in Section 4 to both
the ADR and acceleration records at station DROMY. As
shown in Figs. 8d-e, the estimated Baz variations from
SH/Love waves (At/Rz) and SV/Rayleigh waves (Re/Rn)
are not only consistent with each other, but also align
well with those obtained from the 6C single-station mea-
surement at stations ROMY and BS1 (Figures 4-7).

7 Tracking vehicle sources using mul-
tiple 6C stations

A single 6C station can track moving vehicles if their
path is known, as the real-time source location is de-
termined by the point where the calculated back az-
imuth intersects that path. When multiple 6C stations
are used, we can locate sources without prior knowl-
edge of their path. While Yuan et al. (2020a) demon-
strated this concept using synthetic data for earthquake
rupture tracking, our study extends this work by apply-
ing and validating the 6C method using real data from
multiple stations to track moving vehicles.

We use two 6C stations (BS1 and BS2) on opposite
sides of the highway, as illustrated in Fig. 1. Our analy-
sis focuses on Rayleigh waves recorded by the horizon-
tal components of the rotational sensors, following the
method detailed in Section 4.2. These horizontal com-
ponents were chosen for their superior signal-to-noise
ratios compared to the vertical component. For source
tracking, we project each station’s estimated back az-
imuth as a directional beam, calculating beam ampli-
tudes using the shape function from Equation 3 of Yuan
et al. (2020a). To demonstrate the effectiveness of vehi-
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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 the correlation coefficient (CC) values, while the dots
indicate the estimated Baz for each sliding window with a CC coefficient above 0.3. The correlation coefficient threshold of
0.3 was chosen to enhance the visualization of variations in the estimated source directions. This threshold helps to filter out
noise, ensuring that only relevant signals are considered.
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rate. (c) Estimated Baz from Re/Rn and Az components using polarization method and Rayleigh waves. The color of the dots
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cle tracking using multiple 6C stations, we present three
representative time windows. Fig. 9 presents the re-
sults: the top and middle panels show horizontal rota-
tional recordings from BS1 and BS2, respectively, while

8

the bottom panels display the projected source direc-
tions from each station. Comparing these projections
with the highway’s path (marked by white curves) re-
veals that the vehicle was traveling southbound. We ob-
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Figure 8 6C measurement applied onto array-derived rotation (ADR). (a) The north-south (An) and east-west (Ae) compo-
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Az components using polarization method focusing on Rayleigh waves. The background colors represent CC coefficients and
the dots denote the estimated Baz for each sliding window with a CC coefficient higher than 0.45.

serve a slight misalignment between the located mov-
ing cars and the driveway in the bottom panels of Fig-
ure 9. This misalignment may be primarily due to two
factors. First, the synchronized time windows from the
two 6C stations may not capture car signals originating
from the exact same location, given the unequal source-
receiver distances. Second, there may be an installation
misalignment at stations BS1 and BS2 between the seis-
mometer and the rotational seismometer, introducing
errors in the estimation of incoming wave directions.

8 Discussion

Although this study concentrates on traffic signals, the
6C measurements have the potential for wide appli-
cability to various seismic sources in both urban and
natural environments. The seismic source we refer to
here is any source that can generate ground vibrations
that seismometers can detect. Analyzing these diverse
source distributions could enhance our understanding
of natural processes such as river sediment transporta-
tion and bedrock erosion (Burtin et al., 2010), Earth-
ocean-atmosphere interactions (Kedar and Webb, 2005).
It could also provide insights into geological phenom-
ena including volcanic activities (Brenguier et al., 2011;
Obermann et al., 2013) and earthquakes (Hadziioannou
et al., 2011; Obermann et al., 2014). Furthermore, this
technique shows promise for monitoring natural haz-
ards like landslides (Surifiach Cornet et al., 2005; Ton-
nellier etal., 2013) and hurricanes (Davy et al., 2014; Fan
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etal., 2019). The rotational components of 6C measure-
ments naturally separate Rayleigh and Love waves, po-
tentially enhancing detection, classification, and moni-
toring of diverse seismic events based on their time and
frequency characteristics.

Ground vibrations from various sources provide valu-
able data for inferring near-surface structures. By de-
termining the directionalities of both static and dy-
namic sources, we effectively transform passive seismic
experiments into active ones. Moving objects, such as
vehicles, can be considered as moving impulse sources
that continuously generate ground shaking with varying
azimuth and distance. Recent studies have shown that
6C measurements can extract surface wave dispersion
characteristics and invert for shear-wave profiles (e.g.,
Wassermann et al., 2016; Keil et al., 2021). The continu-
ous nature of many anthropogenic and natural sources
allows for potential monitoring of dynamic changes in
subsurface structures over time, complementing con-
ventional active and passive techniques, especially in
complex geological and urban settings.

Traditional three-component single seismic station
can be used to estimate attenuation parameters from
traffic noise, which is crucial for near-surface charac-
terization (Zhao et al., 2023). With a 3C single seis-
mometer, the attenuation model is often simplified as
frequency-independent, a useful approximation partic-
ularly at low frequencies. However, using the proposed
6C method, which naturally separates wave types and
retrieves dispersion information from both Rayleigh
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in the top and middle panels. Brighter colors of the beams represent intersecting directions based on the estimated back
azimuth at BS1 and BS2, calculated using Rayleigh waves and polarization method described in Section 4.2. The white curves

denote the highway.

and Love waves (Yuan et al., 2020b), we can potentially
implement a frequency-dependent attenuation model.
This model may better capture the complexities of the
near-surface, especially at higher frequencies where
traffic noise becomes a significant factor.

Although the two types of rotational seismometers
are among the most sensitive options available, they
come at a higher cost compared to standard broadband
seismometers (Bernauer et al., 2018; Yuan et al., 2020Db).
The ring laser gyroscope, in particular, is too bulky
and expensive for seismological field observations (Igel
et al., 2021). Typically, the cost of rotational sensors is
proportional to their sensitivity and frequency range.
However, in many urban and environmental applica-
tions, target signals are band-limited and possess higher
energy levels than those observed in traditional earth-
quake studies. This presents an opportunity to develop
specific, cost-effective portable rotational instruments
using fiber-optic or alternative measurement principles
(Smith, 2010; Brokesova and Malek, 2013; Cao et al.,
2021).

9 Conclusions

We demonstrate that analyzing both translational and
rotational ground motions together can effectively track
moving seismic sources. The array-like capabilities
of 6C measurements make this approach particularly
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valuable in environments where deploying seismic ar-
rays is difficult, such as on the ocean floor, in moun-
tainous regions, or on planetary bodies. As a single-
station method, 6C analysis provides a flexible alter-
native to traditional array measurements, allowing for
the separation of different wavefield types, estimation
of source directionality, and characterization of near-
surface structures (Edme and Yuan, 2016; Wassermann
et al., 2016). This method opens up new possibilities
in seismology, especially in challenging environments
and for continuous monitoring applications. The versa-
tility of 6C measurements indicates their significant po-
tential to enhance our understanding of various Earth
processes and to improve monitoring systems for both
natural and human-made events.
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