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Abstract 

Understanding seismic tremor wavefields can shed light on the complex functioning of a volcanic system and, 
thus, improve volcano monitoring systems. Usually, several seismic stations are required to detect, characterize, and 
locate volcanic tremors, which can be difficult in remote areas or low-income countries. In these cases, alternative 
techniques have to be used. Here, we apply a data-reduction approach based on the analysis of three-component 
seismic data from two co-located stations operating in different times to detect and analyze long-duration tremors. 
We characterize the spectral content and the polarization of 355 long-duration tremors recorded by a seismic sensor 
located 9.5 km SE from the active vent of Copahue volcano in the period 2012–2016 and 2018–2019. We classified 
them as narrow- (NB) and broad-band (BB) tremors according to their spectral content. Several parameters describe 
the characteristic peaks composing each NB episode: polarization degree, rectilinearity, horizontal azimuth, vertical 
incidence. Moreover, we propose two coefficients CP and CL for describing to what extent the wavefield is polarized. 
For BB episodes, we extend these attributes and express them as a function of frequency. We compare the occurrence 
of NB and BB episodes with the volcanic activity (including the level of the crater lake, deformation, temperature, and 
explosive activity) to get insights into their mechanisms. This comparison suggests that the wavefield of NB tremors 
becomes more linearly polarized during eruptive episodes, but does not provide any specific relationship between 
the tremor frequency and volcanic activity. On the other hand, BB tremors show a seasonal behavior that would be 
related to the activity of the shallow hydrothermal system.
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Introduction
Volcanic tremors are sustained long-period seismic sig-
nals related to the internal flow dynamics of fluids feed-
ing volcanic and hydrothermal systems (Ferrick et  al. 
1982; Julian 1994). Due to its relation to eruptive activity, 
its detection and location are central for assessing haz-
ard mitigation, especially during volcanic unrest (McNutt 
and Nishimura 2008; Chouet and Matoza 2013; Tárraga 
et al. 2014). Generally, volcanic tremors have a spectral-
peaked nature, showing one peak (monochromatic) or 
multiple peaks, which can be harmonics of a fundamental 
period (harmonic tremor) or not (non-harmonic tremor) 
(Konstantinou and Schlindwein 2003). Moreover, vol-
canic tremors usually change in amplitude and spectral 
content over time, which is mainly attributed to source 
effects (Hotovec et al. 2013; Ogiso et al. 2015; Jolly et al. 
2020). Tracking the characteristics of the tremor wave-
field has allowed the development of conceptual models 
of the geometry and dynamics of the volcanic feeding 
system (Almendros et al. 2014; Unglert and Jellinek 2015) 
and eruptive conduits (Ogiso et al. 2015; Yukutake et al. 
2017; Konstantinou et al. 2019).

Apart from being a continuous signal, volcanic tremors 
can be composed of short-duration events in a tempo-
rally dense swarm (Almendros et  al. 1997) or emerging 
as regular, cyclic increases of amplitude (Cannata et  al. 
2010). This latter case is referred to as “banded” tremor 

and is usually associated with a hydrothermal origin 
(Fujita 2008). One of the well-accepted hypotheses about 
the origin of volcanic tremors is they are flow-induced 
oscillations (Rust et  al. 2008). A wide variety of mecha-
nisms have been proposed to explain volcanic tremors: 
transient hydraulic pressure pulses (Seidl et  al. 1981); 
resonant scattering by fluid-filled cavities (McMechan 
1982), acoustic resonance in fluid-filled conduits (Chouet 
1986), hydrothermal boiling (Leet 1988); non-linear flow 
effects in magmatic conduits (Julian 1994); gas coales-
cence in the crater vent (Ripepe and Gordeev 1999); pres-
sure perturbations in a bubble-rich magma (Neuberg and 
O’Gorman 2002); hydrothermal two-phase flow instabili-
ties (Fujita 2008); or periodic pressure perturbations trig-
gered by permeable gas flow (Girona et al. 2019), among 
others (Montegrossi et  al. 2019; Gestrich et  al. 2020; 
Takeo 2021).

The detection and location of volcanic tremors are 
mostly based on seismic networks, either applying cross-
correlation between station pairs (Droznin et al. 2015; Li 
and Gudmundsson 2020) or by using a small-aperture 
seismic array (Ferrazzini et  al. 1991; Almendros et  al. 
2004). Once the tremor is detected, several methods, 
such as the amplitude distribution, can be used for loca-
tion (Ichihara and Matsumoto 2017), whereas analyz-
ing the associated wavefield provides insights into their 
source mechanism. However, applying these methods 
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requires several stations deployed around the volcano, 
which may be difficult in remote areas (Jiménez Morales 
et  al. 2017; Naismith et  al. 2019; Park et  al. 2021) and 
expensive in low-income countries (Ayele et  al. 2007; 
Goitom et al. 2015; Barrière et al. 2019).

When only a single three-component (triaxial) seis-
mic station records the volcanic tremor, several analy-
ses exist for its characterization, such as measuring the 
nonlinearity (Konstantinou and Schlindwein 2003) or 
scaling behavior (Benoit et  al. 2003; Konstantinou et  al. 
2019) of the component with the lower signal-to-noise 
ratio. While detecting short-duration episodes (of the 
order of seconds to minutes) is usually achieved by a vis-
ual inspection of the seismogram, longer durations may 
require applying data reduction methods (DRM) (Carn-
iel 2014; Melchor et al. 2020; Caudron et al. 2021). This 
approach extracts successive features in short-length 
windows that can be parametric (such as the root mean 
square of the amplitude) or vectorial (such as the power 
spectrum density). Thus, DRM allows the detection and 
characterization of long-duration tremors. In these situ-
ations, the location of the tremor is not possible unless 
more information is known, such as with eruptive trem-
ors (McNutt and Nishimura 2008). Therefore, polariza-
tion analysis is the only method that allows inferring the 
direction of propagation of the waves composing the 

tremor through reducing the information of the three 
components of the seismogram into several attributes 
that describe the 3-D particle displacement (Anderson 
and Nehorai 1996).

In this work, we focused on dissecting and character-
izing the spectral content and polarization properties of 
long-duration (>1 h) tremor episodes, and comparing 
their characteristics with the activity of Copahue. Seismic 
data were acquired by two triaxial stations co-located at 
9.5 km from the active vent. The approach followed here 
represents a forward step for long-duration tremor char-
acterization using a triaxial sensor, and it can be applied 
to enhance our ability to investigate the volcanic system 
using limited seismic networks.

Copahue volcano and seismic data
Copahue volcano is an active polygenetic stratovolcano 
of basaltic–andesitic composition located in the intra-
arc region of Southern Andes Volcanic Zone ( 37◦51′ S, 
71◦11′ W, Fig.  1) (Folguera et  al. 2016). The crater hosts 
a highly active hyperacid lake with complex dynamics 
that depend on the interactions between volcanic gases 
and meteoric waters from rain, snow, and the glacier that 
melts and discharges into the crater (Agusto et al. 2017). 
In recent years, the activity of Copahue volcano has been 
characterized by strombolian activity with sporadic 

Fig. 1 Geotectonic setting for Copahue Volcano. At left, the geotectonic setting of Southern Volcanic Zone (SVZ) and Austral Volcanic Zone (AVZ). 
At right, the map locates the active crater, the seismic station (CNA), and the main geothermal areas
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low-energetic phreatic and phreatomagmatic eruptive 
pulses (Caselli et al. 2016; Hantusch et al. 2021a), contin-
uous changes in the volume, temperature, and chemical 
composition of the crater lake (Agusto et al. 2017; Can-
dela-Becerra et  al. 2020), high degassing rates (Tambu-
rello et al. 2015), and a continuous inflationary processes 
(Velez et al. 2016; Lundgren et al. 2017).

The Copahue volcano is hosted by an old (4–5 Ma) 
15× 20  km, active volcano-tectonic depression, known 
as Agrio Caldera. A fault-controlled geothermal sys-
tem located 4 km to the NW of Caviahue town (Fig. 1) 
(Lamberti et  al. 2019; Barcelona et  al. 2019) has shown 
to be seismically active, producing both volcano-tectonic 
events (Montenegro et  al. 2021) and volcanic tremors 
(Ibañez et al. 2008; Melchor et al. 2020).

Seismic data were collected by two co-located seismic 
stations composed of triaxial sensors 9.5  km SE from 
the crater: a short period (1 s) and a broad-band (20 s). 
Both sensors, which are called CNA in Fig.  1, operated 
at different times and controlled by a 24-bit A/D con-
verter sampling at 100 Hz. The short-period sensor is 
part of the seismic network of the National Institute of 
Seismic Prevention (INPRES) of Argentina, and available 
data correspond to the period between 1 June 2012 to 
31 December 2016 with some gaps. On the other hand, 
the broad-band sensor is part of the National University 
of Rio Negro (UNRN) seismic network, and continuous 
data have been recorded since 1 January 2018.

Detection of tremor episodes
Data preprocessing for the detection of long-duration 
tremors consisted of applying data reduction methods 
(DRM) to the three components of the seismogram in 
the range of 0.5–10 Hz. The idea behind this approach is 
to track relevant information associated with the long-
term volcanic process perturbing the local ambient wave-
field (Tárraga et  al. 2014). We followed the procedure 
described in Melchor et al. (2020) for computing energy, 
permutation entropy, spectrogram, and polargram in 
successive 20-min windows.

The permutation entropy is an information-theory 
measure introduced by Bandt and Pompe (2002) that 
measures the complexity of a time series. This parameter 
has proved to be a suitable parameter for distinguishing 
tremor and noise bursts at Copahue volcano (Melchor 
et al. 2020). Unlike spectrogram, which stacks successive 
power spectral density (PSD) functions over time, polar-
gram stacks polarization-degree (PD) functions. Using 
these two vectorial DRMs simultaneously allows visually 
detecting long-duration tremors in long time windows of 
weeks to months (Melchor et al. 2020).

Thus, the detection of long-duration tremors was 
achieved visually by inspecting the time evolution of 

reduced parameters. For this study, we established a spe-
cific definition for tremor episode, requiring a period 
longer than 1 h with (1) energy above its background; (2) 
permutation entropy beneath its background level (being 
this the mode of the corresponding year), and (3) spectral 
content showing well-defined ranges that correlate with 
high polarization degree. Thus, when these conditions 
were given, the period was classified as a tremor episode 
(Melchor et al. 2020).

In total, we found 355 episodes that satisfied these 
conditions. We classified them as narrow- (NB) or 
broad-band (BB) according to the shape of their spectral 
content. The former group has a spectral content charac-
terized by single or multiple peaks, whereas the second 
shows a broad frequency range.

Characterization of tremor episodes
For the characterization of tremors, we followed a similar 
approach to their detection. First, we divided the three-
component seismogram of each tremor episode into 
1-min windows. Then, we re-sampled at 40 Hz, removed 
the trend and instrumental response, and tapered using 
a 20% Tukey window. We computed the power spectral 
density (PSD) of the vertical component using the mul-
titaper algorithm (Prieto et al. 2009), which is based on 
multiplying data by different weights (so-called tapers). 
Finally, we derived the frequency-dependent polariza-
tion attributes using the three components of the seismo-
gram, which are: polarization degree PD, rectilinearity R, 
horizontal azimuth �H , and vertical incidence �V  (see 
Appendix 1).

Narrow‑band tremor
We identified approximately 7986 h of NB tremor, dis-
tributed in 85 episodes. In general, NBs are low-ampli-
tude with an unclear onset and end. As the duration of 
NB episodes varies from 1 to 103 h, we applied a moving 
average to reduce the time dimension (i.e., the number of 
1-min windows) of the frequency-functions DRM shap-
ing each episode. The chosen window length was propor-
tional to their duration, as shown in Table 1.

Table 1 Moving-average window applied for different duration 
ranges

Duration [h] Moving‑average 
window [min]

< 20 1

20–40 2

40–105 4

105–300 8

> 300 40
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From each PSD, we extracted all frequency peaks with 
energy above 95% of the maximum, from now on called 
samples. Then, we estimated the normalized probability 
density function (PDF) of all samples weighted by their 
spectral energy. The frequencies characterizing the NB 
episodes are all those peaks with a normalized density 
above 0.6.

Additionally, for each sample, we computed the aver-
age and standard deviation σ of PD, R, �H , and �V  in 
the frequency range ± 0.05 Hz centered at the central 
frequency of the sample. Where PD�0.8, and σPD and 
σR are �0.1 (i.e., when the sample is well-polarized), 
we estimated the normalized PDFs of R from all aver-
ages lying ± 0.1 Hz around the characteristic frequen-
cies. Likewise, PDFs of �H and �V  were estimated 
when R � 0.7 , and σH and σV  were � 5◦ (i.e., for line-
arly polarizations). Thus, for each polarization param-
eter (i.e., R, �H , and �V  ) describing each characteristic 
frequency of the NB episode, we extracted their range, 
defined as the difference between the minimum and 
maximum value of the normalized PDF at 0.5, and 
mode.

Figure  2 shows an example of a 16-h NB tremor that 
occurred in July 2019, whereas Fig. 3 depicts the followed 
characterization. Figure 2a and b shows the time evolu-
tion of the energy and spectral energy of samples. Note 
that the energy in 2a correlates with the spectral peak 
around 1.4 Hz in 2b. In fact, this is the only peak above 
0.6 in the corresponding PDF (Fig. 3a) and, thus, the only 
characterizing frequency of the episode. 

Figure  2c and d shows the time evolution of PD and 
R averages when samples are well-polarized (i.e., PD�
0.8, σPD � 0.1 , and σR � 0.1 ). Only those samples in the 
range ±0.1  Hz around the 1.4-Hz peak define the PDF 
that characterizes the peak rectilinearity. The well-polar-
ized 1.4-Hz peak shows a bimodal distribution (Fig. 3b) 
with values from circular ( � 0.3 ) to linear ( � 0.7 ), being 
elliptical (0.3 to 0.7) the most probable polarization. Sim-
ilarly, Fig. 2e and f shows the time evolution of �H and 
�V  when R �0.7, and σH , σV � 5 is satisfied, whereas 
Fig. 3c and d shows the PDFs corresponding to the 1.4-
Hz peak. The difference between the minimum and max-
imum values in the �H PDF shows a large dispersion, in 
contrast to the �V  that centers at ∼ 78◦.

Note that in Fig.  2, the number of samples of each 
attribute (from now on sample size) changes. Indeed, 
this value also characterizes the peaks of tremor epi-
sodes. We defined NT  as the sample size of the spectral 
PDF and NP the sample size lying in the range ± 0.1 Hz 
around each characteristic peak. Similarly, we also 
define NR , NH , and NV  as the sample size characteriz-
ing the R, �H , and �V  of the peak, as shown in Fig. 3. 

Although the 1.4-Hz peak is well-polarized with 792 NR 
of the 998 NP characterizing it, only 98 NH and 86 NV  
describe the polarization ellipse, i.e., around 1% of NR.

Therefore, we can define the polarization coefficient 
of a characteristic peak as

to express to what extent the characteristic peak is well 
polarized over the episode. Likewise, we define

as the coefficient that expresses to what extent the char-
acteristic peak is linearly polarized.

Thus if a specific peak of an NB tremor has CP ∼ 1 
and CL ∼ 1 , it is well and linearly polarized, and the 
parameters �H and �V  can be tracked over the episode. 
Otherwise, if CP is low and CL high, linearly polarized 
transient waves compose the tremor. In the tremor of 
Fig.  2, the 1.4-Hz peak is characterized by a CP of 0.8 
and CL of 0.1, which means the peak is well-polarized 
but not linearly, as noted in Fig. 2d.

Results
In total, we found 205 peaks in the range 0.6–3.6 Hz for 
the 85 NB episodes, of which 12 ( ∼14%) showed a mon-
ochromatic spectrum and 61 ( ∼72%) displayed two or 
three peaks. In fact, only 179 ( ∼87%) peaks were well-
polarized with a CP associated, i.e., NR  = 0 , of which 
94 ( ∼46%) had a CP > 0.25 . Moreover, only 25 peaks 
showed a CP value greater than 0.75. The frequencies of 
the peaks with higher CP were found above 1.0 Hz.

From the 179 peaks with a CP associated, 75 ( ∼35%) 
had a CL  = 0 , of which 58 had a CL > 0.25 , and 20 a 
CL > 0.75 . We found a slight trend of increasing the 
frequency as CL and CP jointly increase (Fig. 4a). Below 
2 Hz, peaks with high CL and low CP were observed. 

The polarization attributes of 19 polarized peaks 
with CP > 0.5 and with CL  = 0 are shown in Fig. 4b. At 
horizontal incidence ( �V > 70 ), only two peaks were 
found with low CL , whereas below 20◦ , linearly polar-
ized peaks, i.e., large CL , were found with a narrow azi-
muthal range. Only 11 have frequencies in the range 
2.4–2.9  Hz, whereas eight lie in the range 0.9–1.6  Hz. 
Our results showed scattered azimuthal angles. Never-
theless, five peaks at 2.4 Hz and one at 2.5 Hz showed 
similar azimuths and incidence in the range 14–33◦ and 
15–27◦ , respectively. Additional file  1 provides all this 
information for the 85 NB episodes.

(1)CP =
NR

NP

(2)CL =
NH + NV

2NR
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Second‑order features
The approach followed in the characterization of NB epi-
sodes did not consider all the observed characteristics. 
The parametrization of “second-order” features requires 
a different approach that we do not treat here. However, 
we shall mention three main behaviors observed in the 

time evolution of some NB episodes: secondary high-rec-
tilinearity peaks, low-intensity frequency shift, and “seis-
mic silences”.

Secondary peaks are short-duration and/or low-ener-
getic enough for exceeding 0.6 in the normalized PDF. 
For example, Fig. 5 shows a tremor episode characterized 

Fig. 2 Time evolution of reduced parameters for the NB episode occurred at 23:40:00 UTC on 21 July 2019. a Energy in the range 0.5–10 Hz. b 
Spectral peaks with energy above 95% of the maximum, i.e., samples. c Averaged polarization degree (PD) of each sample in the range ±0.05 Hz 
when PD� 0.8 and σPD � 0.1 . d Averaged rectilinearity (R) of each sample in the range ±0.05 Hz when σR � 0.1 . e Averaged horizontal azimuth 
( �H ) and f vertical incidence ( �V ) of each sample when R � 0.7 and σH , σV � 5◦ . Due to the large number of samples, only the third part of the 
information is depicted in b and c. The size of each circle is proportional to its spectral energy, given in b 
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by two circularly polarized spectral peaks at 1.0 and 
1.4 Hz. The energy of the NB episode gradually increases 
and reaches maximum values past 15 h (Fig. 5a), domi-
nated by the 1-Hz peak (Fig. 5b). When this peak began 

to decrease in frequency, a linear peak around 1.6  Hz 
appeared (Fig.  5b and 5c). However, its duration and 
energy were too weak to cross the 0.6-threshold in the 

Fig. 3 Statistical analysis for the NB episode of Fig. 2. a The normalized PDF of the samples and weighted by their spectral energy. The peak 
centered at 1.4 Hz, which is the only peak above 0.6, is the characteristic peak of the episode. The normalized PDF of averaged rectilinearities R 
(b), horizontal azimuth �H (c), and vertical incidence �V (d) in the range ±0.1 Hz around the characteristic peak. R, �H , and �V characterize the 
polarization of the peak by extracting the mode and range of each distribution. The range is the width of the distribution at 0.5 (blue horizontal 
lines in b–d). The upper part of each plot gives the sample size of each PDF

Fig. 4 a CP in function of the frequency of peaks and CL . b Azimuth and Incidence for peaks with CP > 0.5
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PDF (Fig.  5d), and no polarization attributes were ana-
lyzed (Fig. 5e). 

The 1-Hz peak in Figure 5 also shows a low frequency 
shift, which is known as “gliding effect” (Hotovec et  al. 
2013). We observed this effect in 14 peaks characteriz-
ing 14 NB episodes (Additional file 1), all of them below 
1.5 Hz. Only one gliding peak was linearly polarized with 
a CL of 0.4. The rest had values of CP in the range 0.2–0.8. 
In all cases, the shifts do not exceed 1.0  Hz, such as in 
the above example on which the 1-Hz peak glides down 
0.2  Hz in five hours; consequently, we termed them as 
“low-intensity gliding”. Moreover, in NB episodes char-
acterized by two or more frequencies, the gliding effect 
only affected one frequency, such as in the example.

The term “seismic silences” was first introduced by 
(Morales et  al. 2015) to describe the behavior of the 

tremor before the ash emissions of Copahue in Octo-
ber 2014. These episodes showed periods with a sudden 
decrease of amplitude, like a “silence”, of around 40 min. 
We have observed a similar pattern in 14 ( ∼16%) episodes 
since February 2013 (Fig.  6). Although we do not have 
evidence that all NBs with “seismic silences” occurred 
before ash emissions in the analyzed period (Additional 
file 1), the eruptive tremor of July 2020 showed a similar 
variation in amplitude (Hantusch et al. 2021b). 

Broad‑band tremor
Long periods of energetic and high PD values in a contin-
uous range of frequencies characterize BB tremors, which 
are the most characteristic seismic signal observed with 
a total of 270 episodes in the analyzed period. Most of 
them emerged in swarms of tens of episodes lasting from 

Fig. 5 The NB tremor occurred at 01:20:00 UTC on 01 January 2015. a Energy in the range 0.5–10 Hz. b Spectral peaks with energy above 95% of 
the maximum. c Averaged rectilinearity (R) of each sample in the range ±0.05 Hz when σR⩽0.1. The normalized PDF of averaged horizontal azimuth 
ΘH�H(d), and vertical incidence ΘV�H (e) in the range ±0.1 ±0.1 Hz around the characteristic peaks. Black rectangular boxes in b and c show the 
1.6-Hz secondary peak that is filtered in the statistical analysis in d 
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days to months. The longest (99 days) was composed of 
40 episodes (Table  2). Counting them was simple since 
they showed regular periods of occurrence centered at 12 
h with onset times in the range 13:00–19:00 UTC (Fig. 7). 

Swarm episodes showed a regular seasonality by gen-
erally occurring in spring. This high periodicity and sea-
sonality led us to consider that BB tremors are caused 
by a seasonal cycle and modulated by diurnal variations. 
Therefore, we compared BB episodes with meteorologi-
cal data provided by the Interjurisdictional Watershed 

Authority (http:// www. aic. gob. ar) of Argentina. However, 
we did not find any hint of correlation with temperature, 
wind speed or direction, snowfall, or rain (Additional 
file 7).

The similarities in the spectral content (Fig. 7c) sug-
gest a common source. Thus, we followed a different 
approach to characterize their polarization attributes. 
First, we characterized each episode by computing the 
energy e, dominant frequency fd , and frequency range 
frange in the most probable PSD (pPSD) of the vertical 

Fig. 6 Examples of “seismic silences” during long-duration NB tremors. The attributes of these tremors can de documented in Additional file 1 by 
searching for the codes shown at the top left of each plot

http://www.aic.gob.ar
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component. The procedure consisted of stacking all 
1-minute PSDs and extracting the spectral mode in the 
PDF by frequency (see Additional file 2 for details). Fig-
ure 8 shows an example of the followed procedure. Fig-
ure  8a shows the temporal evolution of the energy in 
successive 1-min windows, whereas in Fig.  8b we can 
see the 1608 PSDs composing the tremor and the pPSD. 
Note that the pPSD does not show a smooth variation 
since it expresses the mode of the spectral PDFs over 
frequency. 

The pPSD in Fig.  8b suddenly rises around 2.5  Hz, 
0.5-Hz after reaching a relative minimum. We consid-
ered this minimum as the spectral onset of the tremor; 

consequently, we define the frequency range frange by 
tracing a horizontal line from this minimum until it 
intersects the pPSD again. The dominant frequency fd 
is, then, defined as the mode of the distribution in the 
frange , and the energy e is the area between the pPSD 
and −160 dB (Fig. 8c).

The energy of BB tremors spanned from 5 to 90  dB 
without showing a clear central value. Individual epi-
sodes have, in general, higher values of energy. Most of 
the episodes lasted less than 20  hr. However, the long-
est was recorded during the 2013 swarm, lasting several 
days. Concerning its dominant frequency, most of them 
are found in the range 4–6 Hz, with no relationship with 
energy or duration. Additional file 1 also summarizes the 
characteristics of the 270 BB episodes.

Polarization analysis
Polarization attributes were, then, statistically analyzed 
for all BB episodes available by stacking all frequency-
dependent polarization attributes in their respective 
frange . Figure 9 shows the results. Figure 9a depicts 25th, 
50th, and 75th percentiles of stacked rectilinearity as a 
function of the frequency when PD � 0.8 . The 50th per-
centile varies between 0.3 and 0.7 and shows sporadic 
peaks above 0.7, which indicates that the polarization 
of BB tremors is almost elliptical. At frequencies above 
6  Hz, the polarization turns circular, reaching a mini-
mum of 0.2 at ∼6.4 Hz. 

Similar to NB tremors, we define the sample size as a 
function of the frequency according to R values. Thus, 

Fig. 7 Several days of October 2015 on which a BB swarm occurred. a Energy of vertical component in the range 0.5–10 Hz. b Successive 20-min 
(b) PSD and c PD side by side. Vertical red horizontal bars represent the onset of the BBs. A periodicity of 26.7 ± 8.3 h characterized it

Table 2 Periods of time on which BB tremor emerge in swarms 
and volcanic activity observed in the crater (Additional files 3, 4)

Start date Duration 
[days]

Nro. episodes Surficial activity

2012 Dec 18 9 8 Strombolian eruption of VEI 2

2013 Aug 27 14 8 –

2013 Oct 13 40 20 Ash emissions, explosions, 
no lake

2014 Sep 27 45 28 Ash emissions, explosions, 
no lake

2015 Sep 28 75 57 Ash emissions, explosions, 
no lake

2016 Sep 03 4 3 Ash emissions, no lake

2018 Aug 25 96 40 Ash emissions, no lake

2019 Sep 11 75 53 Ash emissions, explosions



Page 11 of 22Melchor et al. Earth, Planets and Space            (2022) 74:3  

we denoted the sample size of linear ( R � 0.7 ), ellipti-
cal ( 0.3 < R < 0.7 ), and circular ( R � 0.3 ) rectilinearity 
as NL , NE , and NC . Note that the total sample size of 
R, i.e., NL + NE + NC , depends on the frequency since 
the frange of each BB episode varies (Fig. 9b). We found 
the higher number of NE in the range 3.5–5.1 Hz and 
at peaks centered at 5.5 and 6.1 Hz. On the other hand, 
the higher values of NL lie in the range 4.5–6.0 Hz and 
at peaks centered at 3.0 and 4.1 Hz.
CP and CL are also estimated for BB tremors (Fig. 9c). 

The maximum value of CP is ∼0.5 at 4.7  Hz and cor-
responds to a CL of 0.18. The peaks with highest values 
of CL have lower values of CP , which means that the 
few well-polarized samples are linear. To exclude indi-
vidual episodes in the characterization of �H  and �V  , 
we applied a cut-off of 1.2 · 104 in the sample size since 
it is the maximum number of 1-min intervals that 
a BB episode could have (Fig.  9d and e). Our results 
show that the 50th percentile of �H  orientates in the 
direction SW–NE for frequencies below 5.5 Hz. Above 
5  Hz, the range between 25th and 75th percentiles 
becomes wider, whereas the 50th percentile moves 
tens of degrees south at 6 Hz. On the other hand, �V  

defines a sub-horizontal polarization in the range of 
60–90◦.

Discussion
To get insights into the source mechanism behind NB 
and BB tremors, information about the volcanic activity 
is essential. For example, eruptive tremors occur during 
eruptive periods, and they have particular characteristics 
(McNutt and Nishimura 2008). Before comparing the 
occurrence of observed tremors with the volcanic activ-
ity, we shall evaluate whether non-volcanic sources can 
also generate similar seismicity.

Many studies have shown that rivers (Díaz et al. 2014) 
and glaciers (Roeoesli et al. 2016) are prone to generate 
long-duration seismicity with tremor-like spectral con-
tent. However, due to the lack of large rivers and glaciers 
around the seismic station, these sources are not suitable 
candidates to explain the NB and BB tremors at Copahue. 
Other possible source is induced ambient noise during 
strong winds. However, associated wavefield are charac-
terized by high-entropy, unpolarized particle motions, 
and homogeneous spectrum (Melchor et al. 2020). There-
fore, we interpret that both NB and BB episodes must be 
driven by volcanic or hydrothermal processes.

Fig. 8 The broad-band tremor occurred at 09:20:00 UTC on 1 June 2012. a Time evolution of the energy in the range 0.5–10 Hz. b The 1608 1-min 
PSD composing the episode along with the most probable PSD (pPSD), in orange. c Schematic representation of the measures of dominant 
frequency fd , frequency range frange , and energy e 
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Copahue activity
We chronologically constructed the volcanic activity 
timeline from different sources and available data to 
compare it with tremor occurrence. The detailed activ-
ity of Copahue in the 2012–2019 period was obtained 
from reports of the Chilean Southern Andean Volcano 
Observatory (OVDAS) and the Global Volcanism Pro-
gram (GVP), which periodically summarize seismic 
and infrasonic events, deformation, and surficial activ-
ity (Additional file 3). We also tracked the deformation 
of the Copahue volcano using the descending synthetic 
aperture radar (SAR) imagery acquired during 2011–
2019 by the RADARSAT-2 satellite. The time series of 
cumulative displacements in the line-of-sight (LOS) 

direction was computed for each acquisition epoch, and 
the linear rate was estimated using linear regression.

The SO2 emission of Copahue is continuously tracked 
by the Global Sulfur Dioxide Monitoring Group 
(https:// so2. gsfc. nasa. gov), which publishes almost 
daily OMI and TROPOMI-based images of SO2 vertical 
column density at middle tropospheric altitudes (5–7.5 
km). We reviewed all available images to classify peri-
ods of “High”, “Low”, or “No” SO2 emissions.

Thermal and infrared bands of LANDSAT 7 and 
8 with high spatial resolution led us to estimate the 
Land Surface Temperature (LST) in the crater. Indeed, 
we tracked the maximum LST (from now on symbol-
ized as MVT) value inside the crater over time. Finally, 

Fig. 9 Polarization analysis of 226 BB tremor episodes. We excluded 44 episodes due to gaps or/and corrupted data in some of the three 
components. a The 25th, 50th (black line), and 75th percentiles of R when PD� 0.8 . b The sample size of R in function of the frequency and 
polarization class: linear ( NL ), elliptical ( NE ), and circular ( NC ). c The polarization coefficients CP and CL in function of the frequency. d The 25th, 50th 
(black line), and 75th percentiles of horizontal azimuth �H and (e) vertical incidence �V in function of CL when the sample size is greater than 103

https://so2.gsfc.nasa.gov
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ash emission and the presence/absence of the crater 
lake were estimated by observation of LANDSAT 7, 8, 
and Sentinel S2 true-color images. Additional files 3 
and 4 contain specific details of the methods and data, 
respectively.

Figures 10, 11, 12 compare the time evolution of erup-
tive activity with NB and BB episodes. The rows in 
Fig.  10, 11, 12a depict, from top to down, whether the 
crater lake was present or not, the intensity of the SO2 
anomaly, the presence of ash around the crater, and the 
explosions reported. Figures 10, 11, 12b and  10, 11, 12c 
show the deformation in the LOS-direction of the satel-
lite and the MVT, respectively. 

The LOS-displacement time series represents the 
evolution of the inflationary process centered NW 
from the crater, coinciding with the geothermal field. 
A two-source system has been proposed to explain this 
behavior (Velez et al. 2016; Lundgren et al. 2017). Both 
studies coincide in the presence of a shallow, elongated 
∼2.5km conduit beneath the active crater connected 
with a magmatic reservoir at 7–9 km depth below the 
surface. Moreover, (Lundgren et al. 2017) proposes that 
(i) the shallow conduit is above the hydrothermal sys-
tem and (ii) the magmatic reservoir has an elongated 

pipe-like shape plunging 25◦ to the east, reaching the 
center of the caldera. We observe that the inflationary 
process that stopped in 2016 activated in the last quar-
ter of 2019 (Fig. 12b).

Except for the ash emissions in 2016, when high val-
ues of MVT were observed, possibly, due to the high 
temperatures of the gas plume, the highest values of 
MVT coincides with the presence of the crater lake. 
Moreover, we observed a correlation between these two 
series from mid-first to second quarters of 2014, 2018, 
and 2019. In these periods, the progressive decrease of 
MVT coincides with the crater lake’s subsequent dis-
appearance. Similarly, the gradual increase of MVT 
coincides with the lake’s subsequent formation in the 
following periods: December 2013 to January 2014, 
June 2018 to January 2019, and in the last months of 
2014 and 2019. The temperature and volume of the cra-
ter lake depends on the balance between inputs (vol-
canic fluids and gases and meteoric water from a glacier 
that is constantly supplying) and outputs (evaporation, 
seepage, and other processes (Hurst et  al. 2015)). We 
noted a seasonality with the crater lake forming in sum-
mer, possibly, due to an increase in the volume of water 
caused by the thaw.

Fig. 10 Time evolution of (a) surficial activity, b LOS-displacement, c LST temperature, d frequency and CP of dominant frequencies of NB tremors, 
and e energy of BB tremors for the periods June 2012 to December 2014. Gray shadows in c and d depict periods without seismic data
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Eruptive and non‑eruptive tremors
The chronological description of the Copahue’s activ-
ity led us to classify BB and NB episodes as eruptive or 
non-eruptive, providing insights into their origin. We 
classified them as eruptive (E) when they coincide with a 
period classified as “Ash Plume”, “Recent ash”, “High SO2 ”, 
or “Explosions” (see Figs. 10, 11, 12d). Conversely, when 
they coincide with a period of “Low SO2 ”, “No SO2 ”, or 
“No Ash”, tremor episodes are classified as non-eruptive 
(NE). In case of no information during the occurrence of 
the tremor, this is classified as unknown (UK). The clas-
sification was done manually by comparing the accumu-
lated duration of each tremor episode and the number of 
days of activity (see Additional file 5: Table S4). In total, 
we classified 18 E, 42 NE, and 25 UK episodes.

NB tremors
Before discussing the difference of E, NE, and UK epi-
sodes, it is worth pointing out the observed independ-
ence in the frequency peaks of the NB episodes. For 
example, the 1.4 and 1.0-Hz peaks, which are the most 
common, can appear alone (as monochromatic episodes) 
or within other peaks. Moreover, observed gliding only 
affected one peak in episodes with multiple frequencies. 

This suggests that the frequencies characterizing the 
non-monochromatic episodes should be considered 
independently and not as harmonics of a fundamental 
period. With this in mind, we can classify as eruptive or 
non-eruptive either NB episodes and characteristic fre-
quencies (see Additional file 5: Table S5).

Most of the peaks showed low values of PD and, there-
fore, low CP . This can occur by an increase in isotropic 
noise or interference with other sources. When, for 
example, wind speed is high, both isotropic noise and 
surface waves increase in the wavefield, leading to the 
appearance of polarized directions modes in the complex 
space (Greenhalgh et  al. 2018). This mechanism would 
affect all the frequencies alike since wind increases noise 
at a wide spectral band (Withers et  al. 1996). However, 
the ambient noise could be polarized at specific frequen-
cies by site effects, interfering with the tremor wavefield 
and reducing the CP of some peaks. This can explain the 
low values of CP below 1 Hz, both for E and NE peaks 
(Additional file 5: Tables S6, S7). On the other hand, the 
loss of R produces low CL values. We observed that the 
range of R, defined as the distance between their mini-
mum and maximum value (see Figs. 3d and 5e), is low at 
frequencies above 2 Hz. This suggest that both E and NE 

Fig. 11 Time evolution of (a) surficial activity, b LOS-displacement, c LST temperature, d frequency and CP of dominant frequencies of NB tremors, 
and e energy of BB tremors for the periods January 2015 to December 2016. Gray shadows in c and d depict periods without seismic data
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peaks are more affected by scattering effects, noise, mul-
tipathing, or seismic interference (Neuberg and Pointer 
2000; Hellweg 2003; Greenhalgh et  al. 2008; Almendros 
et  al. 2012) below that frequency. Large values of the 
range of R may also suggest that the tremor wavefield 
is composed of multiple polarizations, as have been 
observed in other volcanoes (Goldstein and Chouet 1994; 
Saccorotti et al. 2004; Almendros et al. 2014).

A comparison between the number of E and NE peaks 
with CP  = 0 and CL  = 0 (Additional file 6: Figs. S6–S8) 
shows that E peaks are more linearly polarized ( ∼56%) 
than NE ( ∼37%), suggesting an increase of body waves 
in the wavefield during eruptive activity. E peaks have 
no particular characteristics that distinguish them from 
NE peaks and, therefore, a relationship between surface 
activity with the frequency of NB episodes cannot be 
stated (Fig. 13). In general, both E and NE peaks have 
the same number of occurrences. Thus, there is not 
clear evidence that a particular frequency, e.g., 1.5 Hz, 
is linked with ash emissions or intense degassing (see 
Additional fie 5: S5). For example, peaks at 0.7, 1.0, and 
1.5 Hz characterize both the 22 December 2012 strom-
bolian eruption (Fig. 10) and the continuous ash emis-
sions in February–June 2016 (Fig.  11). However, these 

frequencies are also excited during quiescent periods. 
Moreover, �H and �V  values for the frequencies of 
those E episodes are similar but also for NE episodes 
(see Additional file 1). 

In general, �H and �V  of E, NE, and UK peaks do not 
show clear patterns when they are compared (see Addi-
tional file 5: Tables S6–S8 and Additional file 6: Figs. S1–
S4). We interpret these result as strong path or site effects 
controlling the wavefields. If we also define the range of 
�H and �V  as the absolute difference between their mini-
mum and maximum value in the PDF (see Fig. 3e and f ), 
we noted these values decrease as CP , CL , and frequency 
increases (Fig. 13 and Additional file 6: Fig. S2, S4), being 
the peaks with frequencies above 2 Hz those with short-
est azimuth ranges. This suggests that the peaks below 
the 2 Hz are more influenced by path effects.

The time evolution of the �H reveals remarkable pat-
terns (Figs.  13c and Additional file  6: Fig.  S6). In 2012 
and 2013, frequency peaks showed an azimuth direction 
of ∼50◦ , whereas 2013 and 2018, albeit also present azi-
muths around this angle, spread its direction in a wider 
range (see Additional file  6: Fig. S6). This last observa-
tion can, therefore, reflect changes in the source or path 
conditions.

Fig. 12 Time evolution of a surficial activity, b LOS-displacement, c LST temperature, d frequency and CP of dominant frequencies of NB tremors, 
and e energy of BB tremors for the periods January 2018 to December 2019. Gray shadows in c and d depict periods without seismic data
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BB tremors
The similarity of BB episodes suggests a common source. 
However, they not always coincide with eruptive activity. 
For this reason, we do not consider this tremor as erup-
tive. Nevertheless, it is worth making some observations 
about their relationship with ash emissions. BB tremors 
show seasonal behavior, with 70% of the episodes occur-
ring in spring (see Additional file 5: Table S9). This sea-
son is also characterized by the highest number of days 
with ash emission and without crater lake (Additional 
file 6: Figs. S1 and S2).

We observed BB episodes 4 days before the 22 
December 2012 eruption; 3 days before the explosive 

activity of 5 March 2013; 8 days before the explosions 
of 28 October 2013 (Fig. 10); 6 days before the explo-
sions of 5 October 2014; during the explosions of Sep-
tember 2015 (Fig. 11); 3 days before the ash emissions 
of 22 June 2018; and during the explosions of Septem-
ber 2019 (Fig.  12). In these periods, they emerged in 
swarms with a trend to decrease their energy. Con-
versely, BB tremors also occurred without any sign of 
unrest at posterior periods. Thus, we cannot consider 
these tremors as a precursor of explosive activity but 
related to the internal dynamics of the volcano.

Fig. 13 Polarization attributes in frequency for all dominant peaks of NB tremors. (up) Horizontal azimuth (down) vertical incidence according to 
definition in Fig. 3
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Implications for the source of NB tremor
The peaked spectra of NB tremors are commonly viewed 
as a result of a flow-induced oscillations triggered by 
instabilities in the magmatic or hydrothermal systems. 
The seismic radiation released in the interface with elas-
tic medium propagates to the seismic receiver, leading 
to the duration of the tremor depending on the energy 
losses by elastic radiation and dissipation processes at the 
source (Chouet and Matoza 2013).

Eruptive episodes suggest a long-lived mechanism 
related to activity in the open conduit. For example, a 
possible explanation for the 2196-hr-long tremor related 
to 2016 ash emissions is the pressure turbulence in the 
vent (McNutt and Nishimura 2008). In non-eruptive epi-
sodes, long-duration tremors can be explained by acous-
tic resonance in closed pipe-like conduits filled with 
low-viscosity fluids (Neuberg et  al. 2000). However, the 
presence of an extended hydrothermal system (Barcelona 
et al. 2019) can also suggest a different origin, such two-
phase flow instabilities or hydrothermal boiling. Another 
mechanism able to explain the long-duration of NB epi-
sodes is the superposition of successive short-duration 
events too close together in time to be distinguished or 
a recursive feedback mechanism of long-period seismic-
ity (Neuberg et al. 2006). However, this mechanism pro-
duces harmonics through the Dirac comb effect that are 
unseen in the records.

The observed seismic silences cannot be only attributed 
to changes in the pressure conditions during ash emis-
sions (Morales et al. 2015) since it also was observed in 
NE episodes. To gain insight into the mechanism behind 
these silences, more seismic stations are required.

Polarization attributes provide insights into the prop-
agation direction of the tremor wavefield. However, the 
use of a three-component sensor to identify that direc-
tion is insufficient unless assuming that the major semi-
axis of the polarization ellipse is parallel to the direction 
of propagation (Anderson and Nehorai 1996). Indeed, 
only when the tremor wavefield is composed of P-waves 
and the medium is laterally homogeneous, �H and �V  
point out the source direction.

The most striking result is that NB episodes reveal 
neither a characteristic spectral pattern nor a clear rela-
tionship between their frequencies and surficial activity. 
This may suggest different but interconnected source ori-
gins, or a complex heterogeneous medium. At frequen-
cies around 2.4 Hz, �H centers 20◦ north (Fig. 13a and c), 
pointing towards the geothermal field, which has proved 
to be a source of long-duration seismicity (Ibañez et  al. 
2008). However, we also observed frequencies from erup-
tive and non-eruptive NB episodes with similar azimuths, 
which suggest strong path effects. Another possibility is 
that those eruptive frequencies are composed of S-waves 

and, thus, the propagation direction is 110◦ , coinciding 
with the crater-receiver direction. On the other hand, 
the high �V  (Fig. 13b and d) means that the propagation 
direction of the linear polarized waves composing the 
NB episodes has a vertical incidence, which reinforces 
the idea of strong heterogeneities along the propagation 
paths.

The hydrothermal nature of BB tremor
The origin of BB tremor seems to be different from NB 
tremor. As stated above, the correlation between BB epi-
sodes and ash emissions (see Table 2) is close enough to 
suggest their origin involves internal volcanic processes. 
By analogy with banded tremors observed in other volca-
noes (Cannata et al. 2010; Fujita 2008), we speculate BB 
tremor is triggered by instabilities of the hydrothermal 
system beneath the crater of Copahue, which behaves like 
a steam-water mixture system (Varekamp et al. 2009).

The observed seasonality is therefore easily explained 
by the recharge–discharge cycles of the hydrothermal 
system. This seasonality can affect the rate of the long-
period seismicity (Nakano and Kumagai 2005; Park et al. 
2019) and generate banded tremors (Gresta et  al. 1996; 
Cannata et  al. 2010). For example, in Mt. Etna, banded 
tremors occur mainly in springtime and this behavior 
was attributed to the recharge of the aquifer by snow 
melting at the summit of the volcano (Gresta et al. 1996). 
In this scenario, many factors can explain the duration 
and energy of BB episodes, including system geometry, 
the amount of water, and heating rate involved (Fujita 
2008). For example, the reduction of the hydrothermal 
system or the input heat flux would explain the low pres-
ence of BB episodes in 2016 or the observed decreasing 
energy of BB episodes in the swarms (Figs. 10d and 11d).

The polarization attributes are consistent with this 
conceptual model (Fig.  9). The rectilinearity R shows a 
mixture of polarized waves in the wavefield (Fig. 9b), pos-
sibly due to a high contribution of surface waves. The low 
values of �V  suggest a sub-horizontal incidence, which is 
interpreted as a shallow source, whereas �H points out 
in the SW direction (Fig.  9c), i.e., around 90◦ from the 
direction of the crater. Thus, we interpret this as S-waves 
propagating transversely from the crater. The increase of 
the azimuth range with frequency can be explained by 
scattering effects (Hellweg 2003).

The broader spectral content of BB tremor suggests a 
complex source mechanism, which is poorly understood. 
A simple attempt to explain it would be by the composi-
tion with other sources, such as assuming that the brit-
tle failure of the rocks constraining the fluid by pressure 
changes causes the higher frequencies of the spectrum. 
On the other hand, changes in the seismic velocity of the 
system can also cause spectral peaks to shift, leading to 
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a broader spectral content in the seismic record (Neu-
berg and O’Gorman 2002). This last mechanism has been 
used to explain the broad spectrum of the volcanic trem-
ors recorded at Bromo (Gottschämmer 1999) or White 
Island (Sherburn et al. 1998), among others.

Conclusion
Copahue is a highly active volcano in Southern Andes 
with low-energy strombolian-like activity dominated 
by sporadic emission of ash plumes and high degassing 
rates. We analyzed the continuous seismic data from June 
2012 to December 2016 and January 2018 to Decem-
ber 2019 and distinguished 85 narrow-band (NB) and 
270 broad-band (BB) tremor episodes. Their long dura-
tion (1–103 h) allowed us to define a statistical approach 
for characterizing the spectral content and polarization 
attributes (polarization degree, rectilinearity, horizontal 
azimuth and vertical incidence) of individual NB epi-
sodes. We found non-monochromatic NB episodes are 
not harmonics of a fundamental period. On the other 
hand, BB episodes were collectively analyzed since 
they showed a similar spectral and polarization-degree 
content.

A detailed comparison with activity reports and satel-
lite images led us to classify the tremor episodes as erup-
tive and non-eruptive. By comparing characteristics of 
NB episodes with eruptive activity, no relationship was 
observed. However, the comparison of eruptive and non-
eruptive episodes evinces an increase of linearly polar-
ized waves for the former, and strong path or site effects 
controlling the wavefield of NB tremors.

BB tremors show a different pattern of occurrence 
since they can emerge individually or in multiple highly 
periodic episodes of swarms. More remarkably, swarm 
periods of BB episodes follow a seasonal behavior that 
coincides on numerous occasions with periods of ash 
emissions, and it would suggest a close relationship with 
the internal dynamics of the volcano.

Our observations raise significant questions about the 
origin of NB and BB tremors for further studies: What is 
the source mechanism behind the long duration of these 
tremors? How are gliding effects and seismic silences 
explained in non-eruptive episodes? And more essen-
tially, what implications do BB tremors have for moni-
toring the Copahue volcano? Thus, forthcoming studies 
should be aimed to answer these questions, which can 
be addressed by deploying more stations (both conven-
tional, seismoacoustic, or seismic arrays).

Finally, the approach followed here can be applied in 
limited monitoring conditions for characterizing and 
tracking volcanic tremor wavefield when CP and CL are 
∼ 1 and, therefore, enhance monitoring systems. In situ-
ations where more seismic stations are available, it can 

be applied for improving the knowledge of site or path 
effects in the tremor wavefield.

Appendix 1: Polarization analysis
The polarization content was analyzed by computing the 
attributes that describe the polarization ellipse, i.e., the 
rectilinearity, azimuth, and incidence. Since we work in 
the frequency domain, the degree of polarization needs 
to be computed firstly. This parameter quantifies to what 
extent the wavefield is polarized or, in other words, how 
well a polarization vector expresses the largest fraction 
of seismic energy in a unitary complex space (Samson 
1983). The degree of polarization PD is mathematically 
expressed as (Samson and Olson 1980):

where W is the diagonal matrix resulting from the sin-
gular value decomposition (SVD) of the cross-spectral 
matrix (CSM), and tr denotes the trace function. The 
SVD also produces a 3 × 3 matrix that corresponds with 
the eigenvectors of the CSM (de Franco and Musacchio 
2013). The polarization vector d̂ is defined as the eigen-
vector associated with the principal singular value at fre-
quency f when the degree of polarization P(f) is near the 
unity. Otherwise, when P(f) is less than one, the direction 
of polarization is described by several polarized complex 
spaces and; hence, no clear direction contains the largest 
fraction of seismic energy (Park et al. 1987).

The polarization vector d̂ describes an elliptical particle 
motion at frequency f in a complex space. More generally, 
the three-component particle motion can be described 
by the real part of A(t)eiφ(t)d̂ , where A(t) is the phase-
independent amplitude and φ(t) is the phase. There-
fore, to evaluate the rectilinearity of the particle motion, 
we can rotate the polarization vector to orientate the 
two real vectors Re{d̂} and Im{d̂} in the direction of the 
semimajor and semiminor axis of the polarization ellipse 
(Morozov and Smithson 1996). Therefore, the rectilinear-
ity R is defined by the ratio between the semiminor and 
semimajor axis, i.e.,

We follow (Park et  al. 1987) to derive the azimuth and 
incidence, which are schematically represented in 
Figure 14. 

Azimuth �H is measured counterclockwise from 
north by projecting d̂ in the horizontal plane, i.e., 
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d̂H = d̂ − (êV · d̂)êV  , being êV  the vertical unitary direc-
tion. Then, rotating d̂H an angle θH in such that the hori-
zontal displacement is maximum, �H is finally expressed 
as:

where êW  and êN are the west and north unitary direc-
tions, respectively. Because the arc-tangent function is 
defined in the range −90◦–90◦ , the azimuth angle �H is 
defined in the range 0 ◦–90◦ when Re{d̂V · d̂

∗

W } < 0 and 
90◦–180◦ when it is positive.

Incidence �V  is defined as the angle between the 
semimajor axis and the vertical, and it is computed 
similarly by searching an angle θV  which maximizes the 
vertical displacement, i.e.,

on which the absolute value restricts �V  to be contained 
in the range 0 ◦–90◦.
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