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A B S T R A C T   

Seismic swarms triggered by magma migration at volcanoes often imply an impending eruption. Using Seismic 
Amplitude Ratio Analysis (SARA) we have a tool to detect these migrations without having to do in-depth 
analysis of seismograms. This study examines the detection capability of SARA and introduces a new method 
to quantify it for different seismic network designs for different magma migrations. This is computed using the 
location of the seismic stations as well as a detection threshold defined using real swarm data. As an example, we 
applied the analysis to the Piton de la Fournaise seismic network and computed the volume under the volcano 
where the seismic network is capable to detect vertical migrations. Moreover, we evaluated the impact removing 
or adding seismic stations has on the detection capability of the network. This method provides a quick and 
straightforward way for volcano observatories to identify any detection gaps in a network, as well as providing a 
way to identify the type of migration event a network is most likely to detect.   

1. Introduction 

Volcanic eruptions are frequently preceded by magma migration 
towards the surface, inducing stress perturbations in the surrounding 
rock (Rubin and Gillard, 1998) that create brittle fractures and trigger 
seismic swarms. Thus, seismic migrations are often related to magma 
dynamics (Benoit and McNutt, 1996; Tanaka et al., 2002; Passarelli 
et al., 2018; Métaxian et al., 2020) but are not exclusive (Zobin and 
Sudo, 2017). However, during a real-time seismic crisis, the intensity of 
the seismic activity leads to an overlap of the seismic events which 
prevents the identification of hypocentres by phase arrival time differ
ences for volcanic tremor earthquakes associated to magma movement 
(Koyanagi et al., 1987; Lahr et al., 1994). Therefore, it is crucial for the 
observatories to have alternative methods to analyse the continuous 
seismic waveform that allow the fast identification of magma migration. 

The amplitude decay of the seismic waves allows for the location of 
seismic sources without the need to compute the travel time delays 
(Yamasato, 1997; Jolly et al., 2002; Battaglia and Aki, 2003). Studies 
have made use of this effect to locate high frequency seismic events 
related to magma movements (Battaglia and Aki, 2003, Battaglia et al., 
2005a, Battaglia et al., 2005b; Kumagai et al., 2011, 2013; Ogiso and 
Yomogida, 2012; Kurokawa et al., 2016, Eibl et al., 2017). The 

amplitude source location method (ASL) used in these studies makes 
direct use of the seismic amplitudes and require corrections due the 
amplification factors of individual stations (Kumagai et al., 2013; Walsh 
et al., 2017). 

The Seismic Amplitude Ratio Analysis (SARA) method developed by 
Taisne et al. (2011) provides a method to image the dynamics of seismic 
propagation as it happens and allows us to infer the position of eruptive 
fissures in real-time using the amplitude ratio between two stations to 
cancel out the source amplitude and reduce the amplification factors 
effects. Previous SARA studies demonstrated successful applications of 
the method in detecting the migration of seismic sources related to 
magma movement (Caudron et al., 2015; Ichihara and Matsumoto, 
2017; Caudron et al., 2018; Tan et al., 2019) however, past studies do 
not provide any spatial constraints for successful SARA, limiting wide
spread applications. Furthermore, consideration of station locations, 
when designing a seismic network, for maximising migration detection 
capability, could be assessed. Therefore, this paper provides a strong 
basis for quantifying where the limits are for an optimal use of SARA, 
and for assessing how adding or removing a station from a network 
impacts its migration detection capability. Our study expands on the 
current SARA method to create a SARA detection capability tool which 
assesses the potential of a network to detect seismic migration. Our 
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general model accounts for the variability, length and direction of the 
possible seismic migrations and the number of seismic stations needed to 
effectively detect the trend in the seismic amplitude ratio. The output of 
our tool defines a volume (referred to as ‘detection capability volume’) 
which represents all locations with detection capability, defined as a 
region where we can detect a given, or longer, migration for a given 
network geometry. The results will inform volcano observatories 
whether it is likely to detect a specified, or longer, migration of seis
micity beginning from anywhere within the detection capability 
volume. 

As an example, we apply our analysis to a subgroup of 10 stations of 
Piton de la Fournaise’s seismic network. We provide the detection 
capability volume for vertical magma migrations of different lengths 
considering variability in event location along the path. The method
ology could be applied to more complex migrations that are not covered 
in the present study. Our research aims to provide a tool for volcano 
observatories to test the SARA detection capability of their seismic 
networks using only synthetic data and different migration scenarios. 

2. Methodology 

2.1. Seismic amplitude ratio for a pair of stations 

The SARA approach (as described in Taisne et al., 2011) uses the 
differences in seismic amplitudes recorded at different stations (Station 
1 and Station 2) due to seismic attenuation (Battaglia and Aki, 2003) to 
detect seismic migrations. Eq. (1) defines the amplitude ratio for a 
specified source and station locations. 

A1

A2
=

r2
n

r1
ne− Br1+Br2 (1)  

where Ai (with i = 1,2) is the mean amplitude of the seismic event 
recorded at the station Si (Fig. 1), ri is the distance between the source 
and the station and the exponent n is equal to 1 for body waves and 0.5 
for surface waves. B = (π f)/(Qβ), where f is the mean frequency, Q is the 
quality factor for attenuation, and β is the shear-wave velocity (Aki and 
Richards, 1980). The Q factor for attenuation is frequency dependent 
(Aki and Chouet, 1975) and can be estimated by calculating the 
amplitude decay over a given distance (Koyanagi et al., 1995). 

The amplitude Ai, that appears in Eq. (1) can be obtained from the (3 

or 1) velocity component seismogram by calculating the envelop of a 
band-passed filtered signal and integrating over a time window larger 
than the differential travel time (Battaglia and Aki, 2003; Taisne et al., 
2011). If the instrument and site response are removed from the 
amplitude, the SARA method can be used to locate events (Taisne et al., 
2011; Caudron et al., 2015). Otherwise, it can be used to alert in changes 
of the seismic location (Tan et al., 2019). In our analysis we calculate the 
theoretical seismic amplitudes directly from Eq. (1). We chose the pa
rameters values estimated from PdF’s January 2010 eruption by Taisne 
et al. (2011), that used band-passed data between 5 and 15 Hz (n = 1, Q 
= 170, f = 10 Hz, β = 1700 m/s). 

By tracking the amplitude ratios (Eq. (1)) through time, and between 
different pairs of stations, it is possible to infer seismic migration. We 
assume constant crustal properties (i.e. isotropic medium), as well as a 
high frequency isotropic radiative pattern for the s-wave seismic energy, 
since Eq. (1) is valid only in this regime (Morioka et al., 2017). Therefore 
f, Q, β and thus B are considered constant. 

As shown in Fig. 1 a the location of the pair of stations and the 
seismic event source defines a plane that can be used as a reference 
frame (Fig. 1 b) to explore the variation of the amplitude ratio. For a pair 
of stations separated by a distance s, and a seismic source with co
ordinates r = (x,z,ϕ), we have: 

r1 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

z2 + (x + s/2)2
√

(2)  

r2 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

z2 + (x − s/2)2
√

(3) 

Notice that since the ratios only depend on x and z, the problem has a 
cylindrical symmetry and the ratios are independent of the azimuth 
angle ϕ, around the axis x that joins both stations. Notice that the di
rection of this axis depends on the height difference of the stations. In 
general, the axis x will have an angle α with respect to the horizontal 
line. 

Substituting Eqs. (2,3) into Eq. (1), we can calculate the amplitude 
ratio for a “body” (n = 1) S wave seismic source at different positions 
(see Fig. 2 a). 

In a migration episode, the seismic source location continuously 
shifts along a given direction. The amplitude ratio change depends 
greatly on the path of the migration. Theoretically, if the magma path is 
along the contour lines of the amplitude ratio, the value of A1/A2 will 
remain constant as is the case of the magma paths P0 and P1, as shown in 
Fig. 2 b. Moreover, the amplitude ratio will also remain constant if the 
magma migration path moves along the azimuth angle ϕ, while keeping 
(x,z) constant. In contrast, if the magma migration follows a direction 
that crosses the contour lines of Eq. (1), there will be an amplitude ratio 
trend as is the case for P2, P3 and P4. 

Vertical magma migrations are of particular interest since they can 
mark an impending eruption. If the magma source is located exactly 
below the line that joins the stations (ϕ = 0) and that line is parallel to 
the horizon (i.e. the stations have the same altitude or the difference is 
neglectable so α ~ 0 in Fig. 1 c), the z axis direction will be equal to the 
depth and the path of the vertical magma migration will be similar to P3 
(the path P0 is a unique case when the migration is equidistance to the 
stations). Nevertheless, often the altitudes of the pair of stations are 
quite different and thus the vertical migration of magma won’t be par
allel to the z axis but along an oblique line similar to the paths P2 or P4 
(see Figs. 2 a & b). The maximum change is along the gradient of A1/A2 
as shown in Fig. 2 c, since this is the direction and rate of higher increase 
of Eq. (1). Most volcanic seismic networks are composed of several 
stations; thus, the amplitude ratio will vary from station pair to another 
according to each pair’s symmetry. The location of the pair of stations 
might favour the detection in certain directions like side vents (along the 
axis that joins the stations) and could potentially obscure other migra
tion paths. 

Another consideration is that in real magma migration events the 

Fig. 1. a) Plane defined by the location of the seismic stations S1, S2 (on the 
flank of a theoretical volcano, highlighted by the surface) and the source of the 
seismic event (red dot) located at r = (x,z,φ). b) Reference frame: The xˆ axis is 
along the line that joins the seismic stations, the ẑẑ axis is perpendicular to the xˆ 
axis and within the same plane as the vector r, φ is the angle between z axis and 
the vertical direction. c) If the altitude of the stations is different, the xˆ axis will 
make an angle α with respect to the horizontal axis ĥ. In the case α = φ = 0, the 
xˆ axis is along the horizontal axis and ẑẑ is along the depth direction. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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amplitude ratio would have some variability due to a non-perfect 
migration route, other unrelated seismic events and/or spread seismic 
sources along the migration (Rubin, 1993), see Fig. 3. This variability in 
the ratio and symmetry considerations limit the station pairs’ ability to 
detect migrations with small changes in amplitude ratios, and hence less 
obvious amplitude ratio trends are easily obscured, making it difficult to 
distinguish between a ratio change due to migration and that due to 
natural variability. 

In summary, there is a realistic boundary within which SARA could 
be effectively employed, and therefore, it is useful to have a detection 
capability tool – SARA Detection Capability Tool - that assesses the 
ability of the station network to detect a given migration confidently. 

2.2. SARA Detection Capability of a seismic network 

In this section we define the SARA detection capability of a seismic 
network. Instead of using the amplitude ratios for a station pair directly, 
we use the absolute log of the amplitude ratios (LAR, see Eq. 4), since by 
taking the absolute log value, the LAR is the same for each pair of sta
tions disregarding the station pair order: 

LAR(r) =
⃒
⃒
⃒
⃒log10

(
A1(r)
A2(r)

) ⃒
⃒
⃒
⃒ =

⃒
⃒
⃒
⃒log10

(
A2(r)
A1(r)

) ⃒
⃒
⃒
⃒, (4) 

We also define the LAR difference (ΔLAR) as the change of the LAR 
when the magma seismic source is at two different positions separated 
by the distance δ (Eq. 5). 

ΔLARδ(r) = ∣LAR(r) − LAR(r − δ)∣ (5) 

As mentioned before, during magma migration the seismic ampli
tude ratio (and thus the LAR) will have some variability. For instance, 
real vertical magma migrating along the path P3 in Fig. 2 will have a LAR 
similar to Fig. 3. If the variability for a 1 km migration path is smaller 
than the corresponding ΔLAR, we will be able to detect the 1 km 
migration (Fig. 3 a). Otherwise, if the variability for the 1 km path is 
larger or comparable to the ΔLAR 1km as in the 1 km section in Fig. 3 b, 
then we will not be able to detect the migration, since we won’t be able 
to attribute the change in LAR to a migration. 

Therefore, it is necessary to set a minimum detectability threshold 
for positive detection. Any ΔLAR larger than the detectability threshold 
is deemed as positive detection as we regard the difference as too large 

Fig. 2. a) Contour plot of the seismic amplitude ratio for an arbitrary pair of stations (yellow triangles) separated by 5 km, the colours indicate the value of Eq. (1) for 
different seismic source positions r = (x, z). The arrows indicate 5 possible magma paths Pi. b) Amplitude ratio as a function of time for the magma paths Pi. c) Vector 

field equal to ∇
(

A1
A2

)
= ∂x

(
A1
A2

)
x̂+ ∂z

(
A1
A2

)
ẑ. Parameters used: n = 1, Q = 170, f = 10 Hz, β = 1700 m/s. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 

Fig. 3. LAR for an arbitrary pair of stations separated by 5 km showing a vertical magma migration (P3 in Fig. 2) with small a) and large b) variability. For the 
magma migration in a) between − 3 to -2 km the variability = 0.008, while for the magma migration in b) the variability = 0.03. 
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to be attributed to natural variability. 
As an example, for an arbitrary pair of stations separated by 5 km we 

calculate the LAR for a seismic source located below the line that joins 
the stations (Fig. 4). We also calculate the ΔLAR1km for vertical migra
tions of 1 km starting at different locations (x,z). In other words, at every 
point in Fig. 4, the ΔLAR 1km is the absolute difference in LAR between 
that point and the point 1 km directly below. 

The ΔLAR is greater at shallower depths as the amplitude ratios 
become increasingly larger with decreasing depth (Fig. 4). In the area 
enclosed by the curve ΔLAR1km = 0.01, we will have positive detection 
for 1 km vertical migrations for magma paths with variability (or stan
dard deviation) below the 0.01 threshold. Positive detection for a 1 km 
migration and a threshold of 0.05 is only possible for depths (starting 
from the station position) shallower than 5 km and locations a few km 
around the stations (see the isoline ΔLAR1km = 0.05 in Fig. 4). Thus, a 
larger variability threshold limits positive detection to shallower depths, 
and for this example specifically, vertical magma migration paths of 1 
km with large variability can only be located in shallower depths. See 
Appendix for details about how to select an appropriate threshold. 

In this case we only consider one pair of stations, however, most 
seismic networks are composed of several stations. A seismic network of 
N stations generates N(N-1)/2 different station pairs. Thus, we need to 
calculate the LAR and ΔLAR for the N(N-1)/2 pairs of stations and for all 
points of the three-dimensional space where the seismic source could 
originate from. 

2.2.1. Detection capability volume 
We can determine the number of station pairs which have positive 

detection and are able to detect (for instance) a 1 km vertical migration 
below a certain variability threshold. If enough stations pairs have 
positive detection, we then deem that the network can detect the 
migration (positive final detection). 

We define the number of ‘sufficient’ station pairs needed for detec
tion to be the minimum number of stations pairs needed for indepen
dence. For a seismic network of N stations, if we have positive detection 
only for N-1 station pairs then the detection might be due to a single 
station (since one station generates N-1 pairs). Thus, we require that at 

least N stations pairs have positive detection ensuring that the output 
detection is not biased towards a single station. For example, using a ten- 
station network means a minimum of ten station pairs are necessary for 
positive final detection. 

In summary, for a network of N stations, we have a positive detection 
at a given point if at least N stations pairs have a ΔLAR ≥ threshold. We 
then define a detection capability volume (DCV), that encompasses all 
the starting locations from where it is possible to detect a 1 km (for δ=1 
km) or longer migration, beginning from anywhere within the volume. 

2.2.2. Factors that influence the DCV 
To explore the relation between the detection capability volume, the 

threshold and the vertical migration length, we use as an example two 
synthetic 5-station seismic network configurations as shown in Fig. 5. In 
this example all the stations of the seismic network are located at sea 
level, and we consider all vertical migrations starting at any point below 
the sea level. First, we calculate the DCV as a function of the threshold 
and different vertical migration lengths (Fig. 5 a). We observe how 
increasing the threshold decreases the DCV, and how increasing the 
vertical migration length increases the DCV. 

We further explore the dependence of the DCV as a function of the 
station interspacing, thus we perform the same calculations but increase 
the distance between the seismic stations (as shown in Fig. 5 b). We 
found that increasing the interspacing increases the DCV. Nevertheless, 
is important to note that in this example the stations are located at the 
same altitude whereas the topography of the volcanoes can vary greatly 
and thus any change in the east-west or north-south direction will also 
imply a change in altitude. 

3. Results 

3.1. Application to the seismic network of Piton de la Fournaise 

We apply our analysis to a subgroup of the PdF seismic network 
(OVPF & IPGP, 2008) shown in Fig. 6. This subgroup consists of 10 
stations chosen for being closest to the summit; thus, we have a total of 
45 different station pairs for which we calculate the LAR and the ΔLAR. 

As migrations often occur beneath the summit, we first simulate a 
vertical migration directly under the summit from a starting depth of 10 
km below sea level (bsl). In Fig. 7 we show the computed LAR and 
ΔLAR1km for each pair of stations in the seismic network, for this specific 
vertical magma migration. As explained previously ΔLAR1km is equal to 
the difference between the LAR at any given point, and the LAR 1 km 
below (Eq. 5 with δ=1 km for the coordinate towards the depth 
direction). 

The choice of the threshold is fundamental to define the positive 
detection. The threshold is related to the expected variability of the 
magma paths; for PdF we use real data (Tan et al., 2019) from a short 
migration episode that was recorded on July 31, 2015 (See Appendix & 
Fig. S1). We compute the variability of the detrended LAR and found a 
standard deviation ~0.1. Thus, for our analysis we select a threshold =
0.1. 

In Table 1 we show the final positive detection for different starting 
depths. For instance, a 1 km vertical migration below the PdF summit 
starting at 10 km bsl the ΔLAR1km < 0.1 for all the 45 station pairs and 
thus we have no final positive detection. For the vertical migration that 
starts at 1 km bsl the ΔLAR1km > 0.1 for 3 station pairs only, thus again 
there is no final positive detection. This changes for migrations starting 
at sea level where we have 10 station pairs with positive detection and 
thus, we do have final positive detection. 

3.1.1. Vertical migrations 
We extend the analysis by computing the network’s ability to detect 

migrations of at least 1 km long starting anywhere below the PdF’s 
surface. In other words, we compute the ΔLAR at every point in a three- 
dimensional grid and select the points where the ΔLAR1km ≥ threshold 

Fig. 4. LAR for 2 arbitrary stations (yellow triangles), separated by 5 km and 
located at sea level (i.e., Depth = 0 km). The colours indicate the value of LAR 
for a seismic source at different depths and horizontal distances (x, z). The 
thick-black lines indicate value of the isolines of the ΔLAR for horizontal mi
grations of δ =1 km (in the z direction, see Eq. 5), i.e., ΔLAR1km = 0.1, 
ΔLAR1km = 0.05, etc. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

K.E. James et al.                                                                                                                                                                                                                                



Journal of Volcanology and Geothermal Research 435 (2023) 107769

5

for at least 10 stations (Fig. 8). 
This inherently implies that at all locations within the obtained DCV, 

any vertical migration equal to or >1 km can be detected. Similar 

analysis could be performed for other migration paths by changing the Δ 
magnitude and direction in Eq. 5. The DCV reflects the network’s SARA 
detection capability. In general, the more locations that have positive 

Fig. 5. a) Two synthetic networks. The two networks are identical in shape but have different distances between the stations. b) The relationship between DCV, 
migration length and threshold for the two synthetic symmetrical five station networks. Data for the network with the better detection capability, and the greater 
interstation distance, is shown by the circle markers in 5a) and the dotted lines in 5b). 

Fig. 6. Location and seismic network (inset) map of 
Piton de la Fournaise (IPGP). The stations in Standard 
UTM 40S (easting, northing, elevation): CSS 
(363,499, 7,650,012, 2193), FJS (367,405, 7,651,918, 
2123), FLR (368,515, 7,650,682, 1947), FOR 
(367,062, 7,648,331, 2049), GBS (373,364 7,647,052, 
471), GPN (370,546, 7,650,803, 1413), HIM 
(367,174, 7,653,950, 1958), PRA(365,969, 
7,645,020, 2009), RVL(365,170, 7,648,977, 2110), 
SNE (366,958, 7,650,849, 2505). Summit (in red) 
location: (366,026, 7,650,467). (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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final detection, the greater the DCV, the better the detection capability 
of the whole network. Additionally, where the DCV is situated is 
important. A large DCV far away from expected migration locations 
might be less effective in detecting migrations than a small DCV near to 

expected migration locations, reflecting poorer detection capability. 
The DCV for 1 km vertical migrations are shown in Fig. 8. With a 

detectability threshold of 0.1, the DCV obtained indicates that migra
tions at least 1 km long in the north-east and south-west can be detected 
by the network, with the DCV extending approximately 4 km north and 
south. There is weaker detection capability in the north-west and no 
detection capability directly beneath or near stations GBS and PRA. 

Additionally, vertical detection capability is reasonable with the 
maximum and minimum depths of the DCV situated at 2.3 km above sea 
level (summit elevation) and 0.7 km bsl respectively. Vertical detection 
capability increases the further you horizontally travel from the summit. 
Detection is weaker directly beneath the summit as there are no seismic 
stations directly on PdF’s summit. Even though the depth of the DCV 

Fig. 7. a) LAR for a vertical magma migration path located directly below the PdF summit (2.3 km above sea level). b) ΔLAR for 1 km vertical migrations located 
directly below the PdF summit, the coloured lines indicate the station pair as described in the inset. 

Table 1 
Depth and final detection. Values are for a 1 km magma vertical migration 
location directly beneath the PdF summit, threshold of 0.1.  

Finishing Depth No. of pairs with positive detection Final Positive Detection 

1 0 km bsl 0 No 
1 km bsl 3 No 
0 km 10 Yes  

Fig. 8. DCV for the PdF network, for all vertical migrations of 1 km and a threshold = 0.1 for positive detection. The contour lines show the elevation and are at 250 
m intervals. 
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does not extend to depths >0.7 km bsl and the horizontal extent of the 
DCV is weaker is certain directions, for PdF, this is suitable as seismic 
swarms are usually shallow, concentrated between 0 and 1 km above sea 
level in a ring around the summit (Duputel et al., 2019). 

3.1.2. Larger vertical migrations for PdF 
For larger migrations the DCV is greater in both horizontal and 

vertical directions as the difference in amplitude ratios become greater 
and more easily exceed the threshold. We perform the same calculation 
as described above but for a 2 km and 3 km migration (Fig. 9). Increasing 
the migration from 1 km to 2 km increases the DCV by a factor of 5 
extending the coverage to include station PRA. Additionally, the 
maximum depth of the DCV increases by ~2 km. The DCV for a 3 km 
detection is more circular and uniform than the 1 km migration and 
covers all stations. 

3.1.3. Different thresholds for PdF 
Using a higher detectability threshold of 0.15 (for 1 km migrations) 

greatly decreases the DCV (Fig. 10) and instead of having one volume 
there are now four smaller disconnected volumes that do not cover the 
summit. If actual migrations produced LAR with variability about this 
threshold value, then the current network would not be able to detect 
fluid migrations that occur directly under the summit. However, using a 
lower threshold of 0.05 improves the coverage as it increases the DCV 
and increases the uniformity of its shape. Therefore, the choice of 
threshold strongly controls the shape and size of the DCV. An unsuitable 
threshold may lead to an inaccurate DCV. 

Fig. 11 shows the relationships between the DCV and the detect
ability threshold for different migration lengths for PdF. A larger 
threshold value and a smaller migration imposes a more stringent cri
terion for positive detection (larger ΔLAR are required), resulting in a 
smaller DCV, and vice versa. 

3.2. Assessing the impact of removing or adding stations to a network 

To enhance the usefulness of our SARA detection capability tool, we 
also included the analysis of the impact of station addition or removal to 
the detection capability of the network as this can influence the detec
tion of seismic migrations (Caudron et al., 2018). Removing stations can 
tell us: (1) the minimum number of stations needed for the network to 
remain effective at detecting fluid migrations and (2) which stations are 
most important for detecting fluid migration within a network. This is 
useful in the case where more than one station in a network fails, and in 
identifying the most critical station to maintain. Adding stations helps to 
inform volcano observatories where to add new stations based off the 
migration and detection variables they are interested in. We describe the 
station removal/addition analysis methodology using the network at 
PdF, with a 1-km vertical migration and a threshold = 0.1. 

For the reduced network simulation, we calculate the DCV for a 
reduced network (with N-1 stations) and compare it to that of the 
original network (with N stations) (Fig. 12 a). We perform the reduced 
network simulation N times and remove each station in turn. We use the 
same code workflow, migration distance and threshold for both the 
reduced and original network. The only variable which varies is the 
‘sufficient’ number of station pairs. As the reduced network has one less 
station, the minimum number of station pairs needed for independence 
is reduced by one; therefore, the number of ‘sufficient’ station pairs is N- 
1 for the reduced network and N for the original network. 

For the improved network simulation, similarly, we calculate the 
DCV and centroid of an improved network, N + 1 stations) and compare 
it to the original network (N stations) (Fig. 12 b). We define where we 
add the new stations using a two-dimensional grid of points. The new 
stations are added in turn onto the topography. Like the reduced 
network simulations, we use the same code workflow for both the 
improved and original network and the same variables except the 
number of ‘sufficient’ station pairs. As the improved network has one 

Fig. 9. DCV for any vertical magma migration of 2 km (left) and 3 km (right) for PdF. The contour lines show the elevation and are at 250 m intervals.  
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more station, the number of station pairs necessary for independence is 
N + 1. 

For both the improved and reduced network simulations we quantify 
the change in detection capability by calculating the change in the DCV. 
Additionally, we calculate the centroid which is the centre point of the 
DCV and the centroid shift, which quantifies the change in location of 
the modified network’s centroid compared to the location of the original 
network’s centroid. These allow us to summarise how location of the 
DCV has changed. In an ideal case, the centroid of the seismic network 
should be close to the main volcanic conduit. 

3.2.1. Reduced and improved network simulations in PdF 
Removing any station from PdF’s seismic network (Fig. 12 a & b) 

leads to a minimum reduction in the DCV of ~14% demonstrating how 
important all stations are in this network for maintaining detection 
capability. Removing stations furthest from the original centroid and 
summit leads to the greatest reduction in DCV. Removing GBS leads to 
the greatest reduction in the DCV (37%) even though there is no 
detection capability at GBS while removing SNE, which is close to the 
summit, reduces the DCV by 14%. However, removing SNE creates a 
detection capability ‘gap’ around the summit. Horizontal centroid shifts 

when removing any station are small (up to 0.9 km). 
For the improved network simulations, we create a grid of stations 

following the topography of PdF. The grid extends from easting 359.6 
km to 374.6 km and northing 7641.8 km to 7657.8 km. Stations were 
added at 5 km and 4 km intervals respectively (Fig. 12 b). Four locations, 
(364.6, 7649.8) km, (369.6, 7649.8) km, (364.6, 7641.8) km and 
(374.6, 7645.8) km have large and similar increases in the DCV 
(~50–55%) and the added stations in the south lead to larger increases 
in the DCV. Centroid shifts vary, most shifts are small (< 0.5 km) but 
adding a station at (364.67645.8) km and (374.6, 7645.8) km shifts the 
centroid 1.4 km south-west and 1.2 km south-east respectively. Addi
tionally, large variations in the increase in DCV are seen at added sta
tions which are relatively close together. For example, adding a station 
at (369.6, 7649.8) km increases the DCV by 53% but adding a station 4 
km directly north at (369.67653.8) km only increases detection capa
bility by 16%. 

As is clear from the calculations shown in Fig. 12, the DCV is highly 
susceptible to the topography of the volcano as this restricts the location 
of seismic stations. Shifting one station east or north will imply a change 
in the altitude that will alter the axis of symmetry. For volcanoes with a 
highly fluctuating topography the dependence of the DCV on the 

Fig. 10. DCV of the PdF seismic network for different thresholds for a 1 km migration. Increasing the threshold decreases the DCV showing the importance of 
choosing an accurate threshold. The contour lines show the elevation and are at 250 m intervals. 
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network configuration will be highly non-linear. 

4. Discussion 

4.1. Considerations with SARA 

We assume that the seismic amplitude decay depends only on the 
distance between the source and the stations, i.e., we consider as a 
constant the energy loss due to the anelasticity of the medium (eB in Eq. 
(1)) for a S wave isotropic radiation pattern (Morioka et al., 2017). 
Nevertheless, there can be anisotropy in the seismic energy transport 
caused by the frequency component (Takemura et al., 2009) or the 
changes in the shear wave velocity (Bannister et al., 2004; Chávez- 
García et al., 2007; Godfrey et al., 2017). For seismic waves with high 
frequency components and seismic stations that are relatively close this 
effect can be neglected, but the anisotropy can introduce some un
certainties in the ΔLAR for seismic stations far apart. Other sources of 
uncertainty are the variation of the Quality factor and the amplification 
factors that can affect the estimated LAR values for isolated stations 
(Caudron et al., 2018). In addition, in our calculations, we consider only 
seismic body waves (n = 1 in Eq. (1)). However, the exponent of decay n, 
can change at shallower depths (Hofstetter and Malone, 1986; Jolly 
et al., 2002) where the surfaces waves can play an important role and 
thus the values of LAR and ΔLAR can vary, causing small corrections in 
the DCV. 

4.2. Considerations with our method 

The detection capability can be influenced by the distance between 
the seismic source and the station. When the seismic source is far away 
from the station, the attenuation along the path and perturbations by 
other unrelated seismic signals will decrease the signal to noise ratio. 
Thus, the background noise can affect the identification of amplitude 
ratio changes (Tan et al., 2019) leading to a reduction in detection 
capability. When performing the simulations of adding or removing a 
station, we assumed that all the stations have the same ability to detect 
migration. However, with increasing distance from the seismic migra
tion the signal amplitude decreases and it could become smaller than the 
background noise. During pre-eruptive magma migrations, if noise was 

considered the increase in detection capability may be less for stations 
further away from the seismic migration and adding stations next to the 
summit (where most of the magma migration occurs) may have had 
more practical impact on the detection. 

An assessment of seismic network coverage should consider not only 
the absolute value of the DCV but also how this volume relates to the size 
of the volcano and the coverage of critical areas where lava extrusion 
has been observed. The definition of the DCV directly depends on the 
choice of the threshold which is directly related to the variability (or 
standard deviation) of the amplitude ratio along the migration path (see 
Appendix). The variability of the amplitude ratio depends on physical 
constraints controlling the migration (e.g., the stress field, the type of 
volcano activity, the media) and the location of the migrating fluid 
relative to the seismic network (that affects the noise at each station). 
Then, to apply our method, it is essential to carefully choose a threshold 
value that is comparable to the variability observed in previous real 
seismic migration episodes. Additionally, when analysing PdF’s seismic 
network we only considered vertical migration, although our formula
tion is general and other direction migration paths could be also 
assessed. 

4.3. Temporal effects 

We do not consider temporal effects related to the duration of the 
seismic event nor those related to the traveling time from the source to 
the seismic stations. To calculate the amplitude ratio in Eq. (1) we need 
to ensure that the seismic signal received at the stations correspond to 
the same seismic source. This can be achieved by comparing the seismic 
amplitudes in time-windows longer than the largest differential travel 
time across the network (Tan et al., 2019) and time-windows with 
similar variability (Ichihara and Matsumoto, 2017). Moreover, the size 
of the seismic source for magma migrations is spread along a volume 
(Rubin, 1993). Consequently, there could be different seismic sources 
radiating energy simultaneously at different locations making it neces
sary to use larger time windows (Tan et al., 2019) to compute the 
amplitude ratio. 

The variability of the migrating path can change along the migration 
path and thus this should be accounted when choosing an adequate 
threshold and migration length. At PdF vertical migration speeds have 
been estimated as 0.1 m/s and most fluid migration occurs between 
0 and 1 km above sea level near the summit (Duputel et al., 2019), that 
means it would take ~2.8 h for magma to ascend 1 km. The 0.1 
threshold chosen in Section 3.1 is based on the variability of an ~1 h 
magma path (see Appendix & Fig. S1), if there is no increment of this 
variability for 2.7 h, a 1 km migration length and 0.1 threshold are good 
parameters for our detection capability. According to our results this 
limits the detection to about 2 km below the surface to an area around 
the summit (Fig. 8) broadly matching the observed data. 

5. Conclusion 

The detection capability tests performed in this paper defines the 
spatial extent where SARA can be applied effectively if a threshold can 
be reliably defined. In addition, expanding on the SARA method to test 
the effect that adding and removing a station from an existing network 
has on the detection capability has real life implications. This method
ology can inform observatories which stations are most vital in a 
network and can be used to advise which locations are best for new 
stations. Hence, if adopted by volcano observatories our methodology 
will have practical implications. 

This paper opens new paths for research involving the detection 
capability of SARA. Future research could expand on the detection 
capability method used in this paper to make it more representative of 
real-life scenarios. This could be done by adding noise and exploring 
non-vertical migration paths. Additionally, it would be useful to 
compare the detection capability of this method with more traditional 

Fig. 11. The relationship between DCV, migration length and threshold for the 
PdF seismic network. As we increase the value of the threshold, the DCV de
creases. The inline colour indicates the different vertical migration lengths (δ =
50 m, δ = 100 m, etc.). The green and blue point corresponds to the DCV 
calculated using a 2000 m and a 3000 m migration in Fig. 9 respectively. Purple 
points correspond to DCVs calculated using thresholds of 0.05,0.1 and 0.15 in 
Fig. 10. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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seismic swarm detection methods and apply the analysis to the Global 
Volcano Monitoring Infrastructure Database GVMID (Costa et al., 2019). 
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