
Abstract: Boulder/rock mass movements generate 
ground vibrations that can be recorded by geophone 
networks. Generally, there are two methods applied to 
rockfall trajectory reconstruction or rockfall seismic 
localization. One method uses seismic wave arrival 
times and is achieved by minimizing the differences in 
signal arrival times between multiple stations by grid 
map searching. The other method uses seismic 
polarization and is achieved by calculating event-
source back azimuths from the seismic polarizations 
of rockfall signals. In this study, we proposed the use 
of an overdetermined matrix for joint localization 
based on the polarization method. The 
overdetermined matrix considers the contributions of 
all geophones in the network, and at each geophone is 
assigned a different weight according to the recorded 
signal qualities and the reliability of the calibrated 
back azimuths. This method shows a great advantage 
relative to the case in which only two sensors are 
employed. Besides, we suggested three marker 
parameters for proper frequency band selection in 

back azimuth calculations: energy, rectilinearity, and 
a special permanent frequency band (SPF). We found 
that the back azimuths calculated with energy and an 
SPF are generally close to the real back azimuths 
measured in the field, while the SPF is limited by 
seismic attenuation due to a long-distance 
propagation. The localization results of rockfalls were 
validated by using field camera videos and in situ 
calibrations. Three typical cases and 43 artificially 
released rockfalls are presented in this paper. The 
proposed method provides an interesting way to 
locate rockfall events and track rockfall trajectories 
and avoids the difficulties of obtaining accurate 
arrival times, as required by the arrival times method. 
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Introduction  

Landslides are ubiquitous in terrestrial 
environments with slopes and are driven by 
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tectonics, climate and/or human activities. 
Rockfalls, one of the major landslide hazards, are 
characterized by intermittent and rapid 
mobilization, various types of sliding, and volumes 
(Hungr et al. 2014). They are difficult to forecast 
and/or predict. Unobserved rockfall pose a 
significant risk to people and transportation, such 
as the T179 train derailment accident occurred on 
March 2020, in the city Chenzhou, China, that was 
induced by an unobserved small landslide 
deposited on the railway. Seismic monitoring of 
landslides allows to collect vast amounts of 
important information able to characterize the 
events (e.g., event-types, energies, durations, 
localizations, and the processes of event 
development) (Deparis et al. 2008; Vilajosana et al. 
2008; Helmstetter and Garambois 2010; Hibert et 
al. 2011; Coviello et al. 2019; Pazzi et al. 2019; 
Zhang et al. 2019; Zhang et al. 2020). This method 
could be popularly employed thanks to the cheap 
price of instruments. For slope stability evaluation, 
it is useful and practical to determine susceptible 
slope areas as soon as the localizations of the 
seismic events (e.g., crack breaking and rockfall) 
are found. This information could be also employed 
in transportation early warning systems, where the 
dangerous could be fast alarmed as soon as 
rockfalls and/or landslides occurred. Early warning 
systems (EWS), in fact, have been addressed by 
United Nations International Strategy for Disaster 
Reduction as powerful tool to reduce risks for a 
vast range of threats, including landslides, and the 
localization of seismic event is a dispensable part of 
an EWS. Seismic localization is commonly used in 
earthquake and has also been developed for 
volcanic, bombing, and geohazard non-tectonic 
events (Kao et al. 2004; Vilajosana et al. 2008; 
Guinau et al. 2019). 

Seismic polarization (polarization-bearing, P-
B in the following), is a method of localization, 
commonly used in earthquake, that deals with 
seismic source back azimuth calculations by means 
of the analysis of the seismic polarization of the 
signals recorded by three-component geophones 
(Flinn 1965; Samson and Olson 1980; Vidale 1986; 
Magotra et al. 1987; Jurkevics 1988). This method 
requires that the seismic signal is only composed of 
P-wave, so that the direction of polarization is the 
direction of the source. At present, Vilajosana et al. 
(2008) extended the P-B technique to an artificially 

triggered rockfall by using two three-component 
seismic stations located at the foot of the 
Montserrat massif approximately 200 m from the 
rockfall explosion point. They calculated the 
seismic polarization of the trace of the first block 
that fell onto the terrace, and the estimated 
propagation velocity was in a good agreement with 
the measured P-wave velocity. There are also many 
other methods applied in seismic localization, such 
as the method of arrival times based on the 
shortest-path method that minimizes the 
differences among seismic signal first-arrival times 
recorded by multiple stations and gridded 
topographic map searching (Moser et al. 1992; 
Rodi et al. 2000; Jolly et al. 2002; Kao et al. 2004; 
Dammeier et al. 2011; Lacroix and Helmstetter 
2011; Xu et al. 2011; Lacroix et al. 2012; Gracchi et 
al. 2017) and the method of beam-forming by 
combining the time-shift resulting in the maximum 
stacked amplitude of the signals and the positions 
of the sensors through map grid-searching (Rost 
and Thomas 2002; Heck et al. 2019). The method 
of arrival times is easily understood and widely 
applied, but the localization precision is heavily 
dependent on the accuracy of picking the first-
arrival times, especially for near-field microseismic 
monitoring, such as rockfall and/or landslide 
monitoring. Moreover, the seismic wave 
attenuation and propagation velocities are 
influenced by topography, lithology, and geological 
formations that strongly influence high-accuracy 
picking of the first-arrival times (Kao et al. 2004). 
In P-B, the localization is carried out by using the 
seismic signal polarization, so the accuracy 
requirement for picking arrival times is not as strict 
as the method of arrival times. The main problem 
of the P-B method is the determination of the P-
phase and the correct frequency bands for 
polarization and back-azimuth calculations from 
the recorded time series. 

Both the traces from an artificially released 
rockfall test performed in a limestone quarry and 
recorded by four geophones as well as the videos 
from four monitoring cameras were available. 
Starting with the P-B method drawbacks 
mentioned above (e.g., frequency band selection 
and multi-station joint localization), we decided to 
use these data to attempt to define marker 
parameters that would indicate the most 
appropriate frequency bands for calculations of 
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seismic polarization and back azimuths. Moreover, 
to use the signals recorded by all geophones 
deployed in the network, an overdetermined matrix 
was proposed for joint localization based on signal 
record quality and energy.  

1    Material and Methods 

1.1 Study area and data acquisition 

The seismic instruments employed in this 
study are four three-component geophones (S45 
triaxial velocimeter) produced by the SARA 
Electronic Instrument company. The natural 
frequency of these instruments is 4.5 Hz, and they 
were connected by means of cable to a 24-bit 
digitizer, that continuously recorded seismic waves 
in three directions (e.g., east-west direction – E, 
north-south direction – N, and vertical direction – 
Z). They acquired data at a sampling rate of 200 Hz. 
The localizations of the four geophones (TOR 1, 
TOR 2, TOR 3, and TOR 4) installed as a seismic 
monitoring network are shown in Figure 1. This 
monitoring network, placed in the upper part of a 
former quarry, Torgiovannetto, is located 2 km 
northeast of the city of Assisi (Central Italy), and 
the former quarry contains 182,000 m3 of unstable 
rock mass. More information about this test site, 
the seismic network, and the seismic signal 
characteristics can be found in previous studies by 
Lotti et al. (2014), Lotti et al. (2018), Feng et al. 
(2019, 2020). Moreover, in Gracchi et al. (2017), 
the methodology of arrival times for a fast and 
practical localization was utilized to locate rockfall 
events on the basis of 90 controlled-release 
limestone blocks, and its performance in locating 
the events was presented.  

To better evaluate the performance of the P-B 
method, one of the rockfalls released during the 
tests, N.39 (its localization is shown in Figure 1 as a 
white star), was chosen thanks to its clear signals 
and video recordings. The rockfall N.39 seismic 
signals and spectrograms, recorded by the four 
geophones, are shown in Figure 2. The localization 
estimation was performed only for the first impact 
onto the slope surface. The signal of the first 
impact is shown between the two vertical red 
dashed lines (in the following marked as rockfall 
N.39-impact #1). 

For back azimuth calculations and polarization 
processing, bandpass filters are employed to 
analyse the three-component seismograms. The 
choice of bandwidth of frequency band is subject to 
the usual trade-offs between resolution and 
estimation variance. Narrow bands are required to 
avoid smearing information to capture the 
frequency-varying properties of polarization, while 
wider frequency bands yield more stable and 
reliable estimates (Jurkevics 1988). For this reason, 
some kind of spectral balancing is needed by 
computing separate covariance matrices in a series 
of narrow frequency bands, and then normalizing 
and averaging. In this study, the fixed narrow 
bandwidth was set to 1 Hz, that’s enough to smooth 
particle movement, and more widely frequency 
bands can be obtained by normalizing and 
averaging them. Moreover, short time windows are 
selected to analyse signals corresponding to single 
seismic events. However, the length of the time 
window and the frequency bands of the P-wave are 
controlled by the event duration and the event type, 
respectively.  

1.2 Overdetermined matrix and weight 
assignments for joint localization 

The seismic polarization methodology refers to 
the studies by Jurkevics (1988) and Vilajosana 
(2008), based on bandpass filtering. In this section, 
we will focus on the seismic station differential 
judgement by using an overdetermined matrix and 
weight to more than two stations for joint 
localization. For the case of two geophones, an 
event localization can easily be obtained by 

Figure 1 The Digital Elevation Model (DEM) of the 
seismic monitored site, the site location was shown in 
the map of Italy as a red star. The white starred point is 
the starting position of rockfall N.39.  
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calculating two-point positions and their unparallel 
back azimuths. In practice, the errors in back 
azimuth calculations and incorrect frequency band 
choices limit precise localization when utilizing 
only two geophones. To obtain a more accurate 
result, more than two stations are required in a 
seismic monitoring network. Moreover, in multi-
station monitoring practice, the signal quality and 
the reliability of the back azimuths used are 
different from one station to the next, given wave 
propagation attenuation, geomorphology, and the 
recorded signal intensity. For example, as shown in 
Figure 2, the signal intensity at TOR 3 is 
significantly weaker than for the other stations. 
Therefore, in P-B localization with multiple joint 
stations, mutual calibration is necessary. 

Assuming that the back azimuths estimated in 
a horizonal plane are ߠ௦ , the event location is 
,௦ݔ̅)  ത௦), and the position of seismic station (s) isݕ

( ௦ݕ,௦ݔ ). Therefore, at seismic station s, the 
analytical localization equation will be: 

tanሺߠ௦ሻ ൌ
௬തೞି௬ೞ
௫̅ೞି௫ೞ

(1) 

and its matrix expression will be: 

ሾെ tanሺߠ௦ሻ , 1ሿ ൤
௦ݔ̅
ത௦ݕ
൨ ൌ ௦ݕ െ ௦ݔ tanሺߠ௦ሻ             (2) 

When more than two stations (S1, S2, S3, S4) 
are employed in a monitoring network, as shown in 
Figure 3, the analytical localization equation can be 
presented as the overdetermined matrix shown in 
Eq. 3: 

Mݔ ൌ N        (3) 

where  M ൌ	

ۏ
ێ
ێ
ۍ
െ tanሺߠଵሻ 1
െ tanሺߠଶሻ 1
െ tanሺߠଷሻ
െ tanሺߠସሻ

1
ے1
ۑ
ۑ
ې
, N ൌ 	

ۏ
ێ
ێ
ۍ
ଵݕ െ ଵݔ tanሺߠଵሻ
ଶݕ െ ଶݔ tanሺߠଶሻ
ଷݕ െ ଷݔ tanሺߠଷሻ
ସݕ െ ସݔ tanሺߠସሻے

ۑ
ۑ
ې

ݔ	 ൌ ሾ
ଵݔ̅ ଷݔ̅			ଶݔ̅ ସݔ̅
തଵݕ ଷݔ̅			തଶݕ തସݕ

ሿ.

Figure 2 Original signals recorded at four seismic stations (a, b, e, f) and their spectrograms of signals recorded by 
East-component (c, d, g, h); in figures, the short portion of the signal between the two red dashed lines is rockfall 
N.39-impact #1, and the color bar is intensity with unit of velocity (m/s).  
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Therefore, the optimal result for the event 
localization ( ,ݔ̅ തݕ ) will be the solution of the 
overdetermined matrix shown in Eq. 3, calculated 
as follows:  

൤
ݔ̅
ത൨ݕ ൌ argminሺሺMݔ െ Nሻ்ሺMݔ െ Nሻሻ            (4)

where, argmin is the function’s minimum value of 
࢞. 

Furthermore, considering that signal intensity 
and quality are different among stations, a weight 
is assigned to each station in the overdetermined 
matrix calculation. The weight is calibrated based 
on the seismic energy of the analysed signal 
recorded at each station, i.e., higher signal energy 
indicates higher reliability for the calculated back 
azimuth and a higher weight assigned. Moreover, 
when the signal energy is below the noise level, the 
weight is set to 0, and the station is not considered 
in the calibration of back azimuths. It is important 
to note that, the employed energy is a relative 
quantity and not an absolute quantity because it is 
calculated as the sum of squared amplitude at each 
station, as same as the energy (E) defined in 
section 1.3.1. Thus, factors such as attenuation 
effects and geometrical spreading are not included, 
and the chance of introducing processing errors is 
reduced (Dammeier et al. 2011).  

The weights, defined as (ݓଵ, ,ଷݓ,ଶݓ ସݓ ), for 
four seismic stations, form a matrix: 

܅ ൌ	൦

ଵݓ 0 		0	 0
0
0

ଶݓ 0
0 ଷݓ		

0
0

0 0 			0 ସݓ

൪			 (5) 

Finally, combining the overdetermined and 
weight matrices, the improved event source 
localization (ݔො,  :ො) isݕ

൤
ොݔ
ො൨ݕ ൌ ݔሺሺM݊݅݉݃ݎܽ െ Nሻ்WሺMݔ െ Nሻሻ        (6)

In addition, we usually obtain event 
localizations on a horizontal plane, but when the 
altitude of a rockfall induced seismic event is 
required, it can be determined by projecting the 
horizontal coordinates onto a 3D topographic map 
to find the correct altitude value. However, this 
approach is not working when the slope is steep. 

1.3 Marker parameters for frequency band 
selections 

To locate rockfalls by means of the P-B method, 
the detailed seismic wave mode of the rockfall 
signal has to be known and the appropriate 
frequency bands, for which the particle movement 
is in the direction of propagation (e.g., the P-wave), 
has to be determined. From the studies of Kao et al. 
(2012), the seismic characteristics of the landslide 
and mud/debris flow (LMDF) waveforms are 
significantly different from those of earthquakes. 
In fact, for rockfall detected in the near-field, 
LMDF signals are sharp and are characterized by 
irregular P/S bursts related to the landslide history. 
After a careful examination of all LMDF waveforms 
that were recorded in Taiwan by a broadband array 
in a seismograph network, the authors suggested 
the P and S-phases intermix as a robust feature to 
distinguish LMDF events and some particularly 
stronger bursts (mostly corresponding to P-waves) 
have slightly richer spectral contents (Kao et al. 
2012). Therefore, three marker parameters, energy 
(E), rectilinearity (l), and a special permanent 
frequency (SPF), were analysed in this study to 
determine the appropriate frequency bands for P-
wave for seismic polarization and back azimuth 
calibration. 

1.3.1 Energy (E) 

To evaluate the usefulness of energy as marker 
parameter, the energy and back azimuth of each 
bandpass filtered signal from rockfall N.39-impact 
#1 were calculated, and the back azimuths were 
then compared with the in-situ measurements to 
determine the correct frequency bands and their 
relationships with energy.  

The signal from rockfall N. 39-impact #1 was 
bandpass filtered into 96 frequency bands, each 
with a width of 1 Hz and ranging from 3 Hz to 99 

Figure 3 General sketch for the localization by means of 
multiple seismic stations. In picture, the yellow area is 
crossed by back azimuths that event probably located, 
and the red point is the optimal event location. 
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Hz. The frequencies (0 Hz-3 Hz) and the frequency 
band (99 Hz – 100 Hz) were discarded since noise 
dominated and there were filter and recording 
errors (Feng et al. 2019). For each of the 96 
frequency bands evaluated, the back azimuths and 
the FFTA (fast Fourier transform coefficient) were 
calculated. The FFTA values represent the energy 
of a signal in a given frequency band as defined by 
Feng et al. (2019). Figure 4 is a plot of the results. 
Moreover, the back azimuths measured in situ as 
illustrated in Gracchi et al. (2017) and referred to 
here as “real back azimuth” are also shown (dashed 
blue line) in Figure 4. 

The results show that the back azimuths 
calculated from the frequency bands from 15 Hz – 
45 Hz are mainly close to the real back azimuth, 
and in parallel, the energies in the frequency bands 
from 20 Hz – 40 Hz have the most energy in the 
full-frequency bands. This rule is valid for all 
rockfalls artificially released from the East-side of 
the test slope. Therefore, we assumed that the 
frequency bands with the greatest energy from 
rockfalls would be suitable for the P-B method, as 
assessed by the studies of Kao (2012) and discussed 
at the beginning of this section. To provide the 
most stable estimates, after compared different 
width of frequency band, the top 30 highest energy 
frequency bands (30E) were chosen considering 
the most widely and less smearing information. 
Seismic polarization was performed by normalizing 
and averaging these frequency bands (30E). The 

theory forming the basis of this methodology can 
be found in the studies of Jurkevics (1988). 
Moreover, the weights of rockfall N.39-impact #1 
data are set to (0.20, 0.62, 0, and 0.18) for stations 
(TOR 1, TOR 2, TOR 3, and TOR 4), respectively. 
In particular, the weight for TOR 3 is 0, as the 
energy at this the station is lower than the noise 
level according to the weights defined in section 1.2. 

The results of P-B are shown in Figure 5. The 
green point is located by only one frequency band 
with the maximum energy, and the cyan colour 
point is located by the frequency bands of 30E. 
From the results in this case, we found the 
localizations located by these two approaches are 
quite close to the rockfall in situ trajectory, and the 
marker parameter 30E is more precise and stable 
than when only one frequency band is applied. 

1.3.2 Rectilinearity (l)  

Rectilinearity (l) is a characteristic of particle 
motion that corresponds to the linearity of particle 
motion. Higher values mean that it is easier to 
obtain correct and precise ground motion 
directions. In contrast, planarity (p) indicates how the 
particle motion develops on a plane (Jurkevics 1988). 

The degree of rectilinearity is given by Eq.7: 

݈ ൌ 1 െ
௔మା௔య
ଶൈ௔భ

,  (7) 

and the degree of planarity is given by Eq. 8: 

݌ ൌ 1 െ
ଶൈ௔య
௔భା௔మ

, (8) 

Figure 4 The correlation between back azimuths that were calculated in frequency bands of 1 Hz width and FFTA 
(fast Fourier transform coefficient) (i.e., the coefficients of fast Fourier transform, that representing the energy 
distribution in frequency) from Impact #1 of N.39 recorded by TOR 2 (the original signal is shown in Figure 2b).  
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where the values of ܽଵ ൒ ܽଶ ൒ ܽଷ  are the 
lengths of the principle ellipsoid axes of the 
covariance matrix of the analysed signal in seismic 
polarization. When ܽଵ is infinitely large compared 
to ܽଶ  and ܽଷ  (ܽଵ ≫ ܽଶ ൒ ܽଷ), then ݈ ൎ 1, and ݌ ൎ 1, 
i.e.; the particle motion is linear. When ܽଵ and ܽଶ 
are equal and infinitely large compared to ܽଷ 
(ܽଵ ൒ ܽଶ ≫ ܽଷ ), then lൎ 0.5 , and pൎ 1 ; i.e., the 
particle motion moves in a plane. Finally, when ܽଵ, 
ܽଶ, and ܽଷ are equal, then	݈ ൎ 0 and pൎ 0; i.e., the 
particle motion moves in a sphere. 

The rectilinearity and planarity values are 

calculated for the 96 bandpass-filtered bands and 
are plotted in Figure 6 along with the calibrated 
back azimuths and the real back azimuths. We 
observe that the l and p trends do not show a 
significant correlation with the back azimuths. 
Moreover, repeating the P-B procedure to locate 
rockfall N.39-impact #1 by using the frequency 
band with the maximum rectilinearity value 
provides a localization result (Figure 7) from P-B-l 
that is not as precise as the results from either P-B-
E or P-B-30E.  

Figure 5 Panel (a): the particle motions and the back azimuths calibrated with bandpass filtered signals; in which 
a(I), a(II), a(III) and a(IV) are calibrated with frequency band 24 Hz – 25 Hz in TOR 1, frequency band 26 Hz – 27 Hz 
in TOR 2, frequency band 3 Hz – 4 Hz in TOR 3, and frequency band 17 Hz – 18 Hz in TOR 4, respectively; The 
rectilinearity (l) and back azimuth (θ) in a(I), a(II), a(III) and a(IV), respectively, are o.84, -0.9°, 0.87, -38.4°, 0.72, -
35.3°, 0.61, -22.5°; Panel (b): the localization results of P-B-E and P-B-30E.  

Figure 6 The correlations between back azimuths, and the rectilinearity and planarity values distributed in the 
frequency bands used for N.39-impact #1 in TOR 2.  
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1.3.3 Special permanent frequency bands 
for all stations (SPF) 

Assuming that the frequency bands created by 
rockfall as measured by the four stations are 
consistent, a special permanent frequency (SPF) 
band for all stations that refers to the maximum 
energy in the seismic station closest to the rockfall 
across the monitoring network was defined. For 
rockfall N.39, the nearest station is TOR 2, and the 

most powerful frequency band is from 26 Hz to 27 
Hz; hence, the SPF band for impact #1 is from 26 
Hz to 27 Hz. The localization results and the 
particle motions of the SPF band at each station are 
shown in Figure 8. Results show that the 
localizations by means of the SPF are better than 
those obtained for P-B-l and are quite similar to the 
results obtained using P-B-E, but are not as good 
as those obtained by using P-B-30E. 

Figure 7 Panel (a): the particle motions and back azimuths calculated for each station according to the mark 
parameter of rectilinearity, in which a(I), a(II), a(III) and a(IV) are calibrated with frequency band 22 Hz – 23 Hz in 
TOR 1, frequency band 39 Hz – 40 Hz in TOR 2, frequency band 19 Hz – 20 Hz in TOR 3, and frequency band 55 Hz 
– 56 Hz in TOR 4, respectively; The rectilinearity (l) and back azimuth (θ) in a(I), a(II), a(III) and a(IV), respectively,
are o.97, -16.9°, 0.91, -55.0°, 0.86, 55.9°, 0.87, -29.7°; Panel (b): the localizations obtained by means of the maximum 
rectilinearity procedure. The pink line indicates the real block trajectory measured in situ. 

Figure 8 Panel (a): the particle motions and back azimuths calculated in each station using the permanent frequency 
band (SPF), in which a(I), a(II), a(III) and a(IV) are calibrated with the same frequency band 26 Hz – 27 Hz in TOR 1, 
TOR 2, TOR 3, and TOR 4, respectively; The rectilinearity (l) and back azimuth (θ) in a(I), a(II), a(III) and a(IV), 
respectively, are o.90, 0.46°, 0.87, -38.4°, 0.59, -2.3°, 0.76, 33.5°; Panel (b): the localization obtained by the SPF band 
procedure in the 26 Hz – 27 Hz band. 
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2    Applications 

When comparing the estimations of the 
marker parameters, the P-B-SPF and P-B-E 
methods are quite similar, as both methods select 
the frequency bands on the basis of maximum 
energy. The P-B-SPF method choses the same 
frequency band for all seismic stations and does 
not consider the most powerful frequency bands 
recorded at the farther stations, which probably 
induces differences of frequency bands from the 
near stations because the frequency content is not 
only influenced by the event source but also by 
wave propagation. The rectilinearity marker 
parameter denotes particle motion, but a 
significant relationship between rectilinearity and 
the real back azimuth was not found. This finding 
probably means that rectilinearity is not very 
suitable for choosing frequency bands. Moreover, 
the results of marker parameter 30E, which 
considers the 30 highest power frequency bands, 
are as good as the results of the method of arrival 
times but avoids high accuracy onset time picks; 
therefore, it was suggested to apply P-B-30E for 
rockfalls in the following rockfall trajectory 
reconstructions in this study. Moreover, a similar 
method of frequency bands chosen according to 
energy can refer to the studies of Heck et al. (2019). 

In the following, the method of P-B-30E was 
applied to three typical artificially released rockfall 
trajectory reconstructions (N.39, N.40, and N.15), 
which were characterized by different movements 
and three or four impacts of each block were clearly 
recorded by at least three seismic stations. The 
localization results are shown in Figure 9. The cyan 
circles in Figure 9a, 9c and 9e are the positions 
estimated by P-B-30E, and the pink points on 
rockfall trajectories in Figure 9 are the calibrated 
positions of three impacts, please note that the 
pink positions are not absolute coordinates 
measured in situ but corresponding to the 
observation of camera records. The grey areas in 
Figure 9b, 9d and 9f indicate the periods of impacts 
applied in seismic localization. 

Rockfall N.39 is a type of sliding rockfall in 
which the block slides along a gentle slope that is 
covered by fragmented rocks, and the seismic 
signal shows numerous and continuous spikes. In 
this case, only three impacts were clearly recorded 
by three seismic stations and were chosen for test. 

From the results, the localization results of three 
impacts are quite near rockfall trajectory. The 
errors between located positions and calibrated 
positions are 8 m, 31m, and 45 m of impact #1, 
impact #2, and impact #3, respectively. 

Rockfall N.40 is also a sliding rockfall, but in 
this case the sliding slope was bare and smooth and 
was covered with a few fragmented rocks. Thus, the 
seismic signal shows only a few visible strong 
spikes. In this case, four impacts were selected for 
localization and are plotted in Figure 10b. From the 
results, all of the located positions are distributed 
along the rockfall trajectory. The errors of impact 
#1, impact #2, impact #3, and impact #4 are 13 m, 
22m, 16 m, and 37 m, respectively. 

Rockfall N.15 is a rebounding rockfall that took 
place on a steep slope and produced four clear 
impacts. The method of P-B-30E successfully 
located four impacts on the topographic map, as 
shown in Figure 9e and 9f, but the results are as 
good as rockfall N.39 and N.40, refer, in particular, 
to the results for P-B-30E. For the P-B-30E 
method, the localization errors for impact #1, 
impact #2, impact #3 and impact #4 are 174 m, 171 
m, 90 m and 94 m, respectively. 

This method was applied to all the rockfalls 
artificially released with clear seismic records, but 
only the first impacts were located. They are in 
totally 43 blocks, in which 24 blocks released from 
West-side near TOR 1 (i.e., released on a steep 
slope) and 19 blocks released from East-side near 
TOR 2 (i.e., released on a gentle slope). The 
released positions are marked as red points in 
Figure 10a, and the located results of the blocks 
from West-side and the located results of the 
blocks from East-side are marked by blue points 
and green points, respectively, in Figure 10. The 
localization results demonstrate that the blocks 
from West-side are located with minimum error of 
2 m, maximum error of 38 m, and mean error of 
15.6 m, while for blocks released from East-side the 
minimum error is 23 m, the maximum error is 222 
m, and the mean error is 101.7 m. All the 
localizations are still near the monitoring network 
within a distance of 126 meters. The errors of all 
rockfalls tested are shown in Figure 10b, please 
note that the errors of rockfalls include maximum 
one-meter distance error between the released 
position and the real position of first impact in 
calculation. Besides, we can find that for all blocks 
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released near station TOR 1 (released from a steep 
slope with clear impacts, such as rockfall N.15), the 
localization results are not as good as those for the 
blocks released near station TOR 2 (released from a 
gentle slope, such as rockfalls N.39 and N.40). 
Unfortunately, the causes of this phenomenon are 
still not clear. This problem likely arose from the 
instrument installation issues, geomorphology and 
the deployment of the geophone network. The 
slope on the west is steeper than the slope on the 
east, and this difference of geomorphology changed 
the impact angle between impactor and impacted 

ground, and therefore probably changed the 
seismic content (e.g. the distribution of P and S-
phases). Moreover, the rockfalls occurred inside 
the network of geophones seem to be localized 
more correctly. 

3    Conclusions 

In this study, an improved polarization-
bearing (P-B) method was proposed for rockfall 
localization and trajectory reconstruction by using 
seismic monitoring. We compared three marker 

Figure 9 Localization results of rockfall N.39, N.40 and N.15: panels a, c and e): impacts localized by P-B-30E 
(polarization-bearing-the top 30 highest energy frequency bands) (in cyan). The pink line indicates the real block 
trajectories as measured in situ, and the pink points on trajectories are calibrated positions according to camera 
records but not the absolute coordinates measured in situ; panels b, d and f): the original signal trace with the impacts 
highlighted in grey.  
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parameters (energy, rectilinearity, and SPF) to 
identify the proper frequency bands for seismic 
polarization and back azimuth calculation. Only the 
energy is correlated with the correct back azimuth 
distributions, while the rectilinearity was 
uncorrelated, and the special permanent frequency 
band (SPF) had shortcomings for the far stations. 
Therefore, this study suggests that the marker 
parameter defined by the 30 most energy 
frequency bands (30E) for rockfall localization 
combined with an overdetermined matrix and 
differential assignments of weights is the best 
solution to calculate back azimuths when utilizing 
more than two stations in seismic monitoring. This 
approach uses the great advantage of multiple 
station joint mutual calibrations that consider 
signal quality and energy. The requirements of P-B 
are not as strict as the method of arrival times 
because P-B can be achieved by using a rough 
period of the signal of an event, and the proper 
frequency bands are indicated by the marker 
parameter. For this reason, the improved method 
makes it possible to employ automatic processing 
with acceptable accuracy, moreover, the location 
accuracy can be improved by coupling the methods 
of polarization and arrival times in practice. This 
method provides an interesting way of tracking 
rockfall trajectories and can also be applied to 
susceptible-slope area evaluations by mapping all 
rockfall events occurring over a long monitoring 
period in an early warning system (EWS). 

Furthermore, since there are still some 

drawbacks for this improved P-B method, 
additional in situ artificially released rockfall tests 
or a long-period monitoring case are necessary a) 
to evaluate the impact factors that caused the 
localization differences between rockfall released 
from a gentle slope and the rockfall released from a 
steep slope, b) to make analysis with more 
influence factors and calibrate an empirical 
relationship between rockfall physical properties 
(i.e. mass, impact speed, potential energy) and 
seismic signal, and c) to quantify the seismic 
attenuation and influence of geomorphology with 
more geophone networks applied.  
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