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Magma opening new fluid pathways through the crust can generatemigrating seismic sources following the trail
of the magma. By using Seismic Amplitude Ratio Analysis (SARA), it is possible to detect this seismic migration
simply from the amplitudes of continuous data recorded at different stations in a network, without having to
do any picking of seismic phases. In this study, we present a modified method – Red-flag SARA, which adapts
SARA for real-time monitoring. Red-flag SARA provides a quantitative tool to analyse amplitude ratios between
stations in a network and detect temporal changes in these ratios. Since such changes imply seismic source loca-
tion variations, Red-flag SARA is a handy tool during seismic crises to quickly answer the question of whether
seismic activity, and therefore magma, is migrating or not. We tested Red-flag SARA on synthetic data and vali-
dated it using real data from two volcanoes – Piton de la Fournaise, Reunion Island, and Gede, Indonesia, for three
scenarios: 1) magmamigration ending as intrusion, 2) migration leading to eruption and 3) a burst of seismicity
with no magma migration.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

One of the primary aims of volcano observatories is to monitor vol-
canoes and provide timely warnings of impending eruptions. Having
more specific tools to analyse monitoring data would improve the fore-
casting capability of observatories. Typically at observatories, seismic
monitoring is focussed on conventional techniques such as tabulating
event counts, calculating RSAM, and when time permits, locating
hypocentres of events. Less emphasized is the tracking of seismicitymi-
gration, particularly in real-time. Volcanic eruptions are often heralded
by magma movement, which induces stress perturbations that are re-
vealed by seismic swarms consisting of larger, discrete brittle-failure
events, as well as less detectable smaller signals still contributing seis-
mic energy. Any seismic migration indicates potential magma motion,
and detecting such motion as early as possible is crucial for observato-
ries. While seismic migration can also be inferred from computing
hypocentre locations based on phase picking, during swarms of huge
numbers of events, with events sometimesmerging, this is not practical
and, if feasible at all, requires post-processing for more precise results.
isne@ntu.edu.sg (B. Taisne),
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Here we address this shortcoming by improving upon the Seismic Am-
plitude Ratio Analysis (SARA) method (Taisne et al., 2011), making the
analysis more quantitative and robust so that automated real-time
monitoring can easily be employed at observatories.

SARA was implemented to simply detect seismicity migration by
tracking the temporal evolution of seismic amplitude ratios from
different seismic stations in a network, i.e. Amplitudestation_i/
Amplitudestation_j. In contrast, previous studies by Battaglia and Aki
(2003) and Jolly et al. (2002) made use of the varying seismic ampli-
tudes recorded at different stations in a network together with the at-
tenuation law to map out source locations. However, these methods
require good knowledge of the site amplification factor and instrument
response of each station, which might not be readily available. If only a
simple yes/no answer to migration is required, the need for all this in-
formation is eliminated. Hence, the main objective of this study is to
provide an automated process to alert observers to changes in seismic
source location, not the actual location itself. We name this tool Red-
flag SARA, as migrating seismicity will take the shape of a red-flag in
ourfinal step of the analysis. Of course, if the seismic traces are corrected
for instrument response and site amplification, event locations can be
deduced (Caudron et al., 2015; Taisne et al., 2011), and seismic sources
can be tracked from the starting point all the way to the eruptive vent
(or intrusion point), as demonstrated by Caudron et al. (2018) at
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Bárðarbunga. We tested Red-flag SARA by applying it to synthetic
seismograms simulating seismic migration, and validated it using real
seismic data which was associated to known magma migration.

2. Data sources

2.1. Synthetics

We used synthetic seismograms simulating migrating events to test
our methodology. Each event is separated by 2 s, at the source location,
and the source-receiver travel time is computed using shear-wave ve-
locity in order to get a new time series representing arrival times of
waves reaching a given station. The seismogram at a given station was
then generated by convolving a 10 Hz, 5 s long Morlet wavelet with
the associated time series of spikes. The 2 s interval ensure that the
events are overlapping in the seismogram. Amplitudes of events were
calculated using the following equation (Battaglia and Aki, 2003):

A rð Þ ¼ A0
e−Br

rn
;

Fig. 1. Top: Seismic network and location map (inset) of Ge
with,

B ¼ πf
Qβ

;

where A0 is the amplitude at the source, n=1 for body waves and n=
0.5 for surface waves, f is mean frequency, β is seismic shear-wave ve-
locity and Q is the quality factor for attenuation, and r is the distance be-
tween source and station. Since we are interested only in the temporal
changes in the amplitude ratios, the exact values used for the various
parameters are not relevant for our analysis. Constant crustal properties
and a constant n are assumed. Even though it is possible for earthquakes
to become dominated by surface waves rather than bodywaves as they
approach the surface in a vertical migration and become shallow
enough, this is not an issue since in both cases, migration will still effect
a temporal change in the amplitude ratios.

The actual seismic network geometry at Gede Volcano, Indonesia
(Fig. 1) was used for the migration simulation. After defining the start
and end locations as well as the migration speed, regularly-spaced mi-
gration points from the start to the end locations were determined
based on migration speed and a 2-second event interval (Fig. 2(a)).
de Volcano (Top) and Piton de la Fournaise (Bottom).



Fig. 2. Results for simulated vertical migration from 2 km below sea level to 2 km above sea level. (a). 3-D plot showing seismic network and event locations. (b). Raw synthetic
seismogram for station PUN. (c). Enveloped, decimated, processed 1-minute data for station PUN. (d). Time series of amplitude ratios for all possible station pairs. (e). Time series
showing the percentage of station pairs exhibiting changes in amplitude ratios. Red colours indicate greater confidence that migration is happening. Calculation was done with moving
windows, shifting by 1 min from one window to the next. Every point plotted in time reflects the ratio changes in the time window just before the point. We assumed similar random
events before the start of the plot in order to have data for the beginning of the time series before a complete time window. The smallest time window which shows clear detection of
amplitude ratio changes gives an estimation of when migration ends. With larger time windows like 7-h or 8-h windows, the end of the migration seems to be later than it actually is
because at this later time, the larger windows still capture the earlier amplitude ratio changes. (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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Migrating event locations were generated following Gaussian distribu-
tions around themigration pointswith pre-defined standard deviations.
This was done instead of directly using themigration points as event lo-
cations in order to introduce some uncertainty, and hence mimicking
natural system variability (see Section 5.3).We refer to the volume con-
taining events within one standard deviation as ‘source volume’.

The final synthetic seismogram was completed by superimposing
the migrating events to random events before, during and after the mi-
gration throughout thewhole network to simulate background seismic-
ity. Although such background seismicity might not be very realistic, it
serves to create a high level of uncertainty in the amplitude ratios and
thus demonstrate that the method will work even under such circum-
stances. However, more realistic examples of background seismicity
like a distal VT swarm (White and McCausland, 2016) or seismicity
along a local fault, were also considered to illustrate the type of ampli-
tude ratio patterns that might be expected from these common situa-
tions. Since these situations do not involve any migration, they are not
expected to affect the amplitude ratio patterns. The results for these ex-
amples are described in Appendix A. During the migration, the rate of
occurrence of migration events was set to be four times the rate of
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background events. It is not necessary for themigration event rate to be
higher than the background event rate in order for a trend in amplitude
ratios to be detected (see Appendix C). All events (both migration and
random) had source amplitudes which varied randomly over two or-
ders of magnitude.

2.2. Real data

Seismic data from two volcanoes, Gede (West Java, Indonesia) and
Piton de la Fournaise (La Réunion) were used to validate ourmethodol-
ogy (Fig. 1). At both volcanoes, data from a mix of short period and
broadband instruments with sampling frequencies of either 50 Hz or
100 Hz were used. No site amplification or instrument response was
corrected for. At Gede, seismic swarms often occur with no associated
eruptive activity. We selected a swarm in July 2015 with N120
volcano-tectonic (VT) events to which we apply our method. For Piton
de la Fournaise, an intrusive event in May 2017 and an extrusion
event in July 2015, both with associated seismic activity, were used.

3. Method

The basic concept behind tracking seismic amplitude ratios between
different stations in a network over time has been described in Taisne
et al. (2011). Considering that independent pairs of stations are used
and that attenuation is likely to stay relatively stable over the timescale
of short swarm periods, any change in the amplitude ratios will have to
be attributed to a change in the seismic source location,which therefore
points to stress migration and, potentially, fluid migration. Since we are
interested in the higher frequency regime, we can assume an isotropic
radiative pattern (Morioka et al., 2017).

3.1. Data processing to obtain amplitude ratios

Raw data have been first filtered between 5 and 15 Hz. The Hilbert
transform has been applied and the absolute value obtained to get the
amplitude envelope of the signal. The resulting data are decimated by
taking the median for every second in order to remove transient spikes
arising from telemetry, electronic or instrument noise and/or the way
gaps are filled by data acquisition systems. Further processing has
been applied by summing the data over a given time window which
needs to be longer than the largest differential traveltime across the net-
work, defined by the furthest distance between two stations and the as-
sumed s-wave velocity. This is to ensure that the seismic energy
calculated at every station for each moment in time is from the same
source. Consideration of data size, computational time and ease of com-
putation and result interpretation in later steps should also be factored
into the decision on the timewindow size to sum over. In our study, the
amplitude ratios for all possible station pairs are computed using sum-
mation over a 1-minute window, corresponding to a differential
traveltime across a network well beyond the size of most networks.

3.2. Using correlation to quantitatively determine temporal amplitude ratio
changes

In previous studies employing SARA, the amplitude ratios were plot-
ted and any changes through timewere identified simply by eye. This is
sufficient if the ratio changes are large and obvious. However, for small
changes and low signal to noise ratios, the results could be subjective
and inconsistent. Here we suggest a quantitative approach to detect
changes in the amplitude ratio using the Mann-Kendall trend test
(Kendall andGibbons, 1990), which identifiesmonotonic trends in data.

The general idea is that if the amplitude ratios increase or decrease
with time, they would be more highly correlated with time than if the
ratios are staying constant. The Mann-Kendall trend test involves com-
putation of Kendall's correlation coefficient, τ, and the statistical param-
eter p-value. In our case, we set a null hypothesis that there is no trend
in the amplitude ratios, and a significance level of 0.01, i.e., if the calcu-
lated p-value is b0.01, we are N99% confident that the observed trend is
not due to randomness and thus we reject the null hypothesis and con-
clude that there is a trend in the amplitude ratios. Due to the way τ is
calculated, a step function can also result in a p-value that is smaller
than 0.01, giving rise to a trend detection. This is demonstrated in
Appendix B, and explains why in some of the examples presented
later, a strong trend detection occurs at the start and end of a migration
episode.

For each pair of stations, the trend test is applied through a moving
time window across the whole time series of amplitude ratios, and a
simple 0 (p-value N 0.01, no trend) or 1 (p-value b 0.01, trend exists)
is assigned to each time window. Because the length of the time win-
dowused in determining a potential trendgreatly influences the results,
and the dynamics of the migration can vary, we conduct the trend test
for a variety ofwindow sizes. The process is repeated for all possible sta-
tion pairs and the total number of station pairs which exhibit a trend in
each timewindow is recorded. A final figure is then generated to display
the percentage of station pairs which show changes in amplitude ratios
through time for all time window sizes (Fig. 2). Note that at each point
in time, the result/colour plotted is for the analysis of the data in the lat-
est time window up to that point in time. The range of window sizes
used should include windows sufficiently small to facilitate estimation
of when migration ends (see Fig. 2), and windows sufficiently large to
capture slow and noisy migration where trends become apparent only
after a relatively long time.

3.3. Background noise removal

At some locations, it is inevitable to record the background noise
contributed by diurnal and (to a smaller extent) seasonal cycles
(Fig. 3). Therefore, changes in the computed amplitude ratios implying
seismic migration could be masked by background noise cycles which
cause amplitude ratios to change aswell (see Section 5.5). The following
steps were taken to estimate the diurnal background noise:

1. Select a period of quiet time, at least one week.
2. Sort the 1-minute data into 24 hourly bins, for the entire time period.
3. Compute for each hourly bin the median and median absolute

deviation.
4. Plot medians for each bin to obtain the hourly background noise pro-

file over the course of all days considered (Fig. 3).

To isolate the relevant seismic activity from the diurnal background
noise, we considered each hour of the day and kept only data three me-
dian absolute deviations above the estimated background noise.

As data not significantly higher than background noise are
discarded, data gaps are created whichwill affect the percentage of sta-
tion pairs showing changes in amplitude ratio – a low percentage does
not always reflect that most station pairs have constant amplitude ra-
tios, but might instead be due to the fact that station pairs have these
data gaps. In light of this, when background noise removal is involved,
it should be noted that the percentage of station pairs displaying
changes in amplitude ratio is actually the percentage of station pairs
having detectable seismic energy and showing changes in amplitude
ratio.

3.4. Testing on synthetics

We applied our method to synthetic seismograms simulating both
horizontal and vertical migration. The synthetic seismograms were
put through themethods described in Sections 3.1 and 3.2, exceptfilter-
ing, since they were generated at 10 Hz, hence in the 5–15 Hz range.
Background noise removal was also unnecessary because there was
no diurnal or seasonal variation introduced in the synthetic
seismograms.



Fig. 3. Left: Seismogram at station MWG, where diurnal cycle is obvious. Right: Hourly background noise profile for station MWG computed using 1 week of data, with median absolute
deviation shown.
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For horizontal migration, events were set to migrate 10 km from
west to east across the part of the network closest to the summit, and
at a depth of 1 km below sea level. For vertical migration, events were
set to migrate from 2 km below sea level to 2 km above sea level (but
Fig. 4. Results for simulated horizontal migration fromwest to east at a depth of 1 km below se
start of detectable migration where the percentage of station pairs showing a change in amplit
high (red). At the end of the eruption, the ratios show a rapid change back to the background va
interpretation of the references to colour in this figure legend, the reader is referred to the we
not reaching the surface), and also from 2 km below sea level all the
way up to the surface. In all cases, migration speed was set at 10 km
per day, typical for magma movement (see Section 5.3 for discussion).
Fig. 4 shows the results for a simple episode of background seismicity
a level. Panels as for Fig. 2. A distinct change (green to red) can be clearly identified at the
ude ratios undergoes a significant increase. During the migration, the percentage remains
lues and this change shows up clearly in a similar fashion to the start of themigration. (For
b version of this article.)
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shifting to horizontalmigration fromwest to east and then back to back-
ground seismicity. A higher percentage of station pairs showing a
change in amplitude ratios signifies greater confidence that migration
is happening within the network at a location near to most stations. A
distinct change (green to red) can be clearly identified at the start of de-
tectable migration where the percentage of station pairs showing a
change in amplitude ratios undergoes a significant increase. During
the migration, the percentage remains high (red). At the end of the mi-
gration, the ratios show a rapid change back to the background values.
As this change in amplitude ratios affects all station pairs detecting the
migration, the result is that the termination of the migration is marked
Fig. 5.Results for simulatedverticalmigration from2kmbelowsea level to the surface, followed
at the start of detectablemigration and at the end of the eruption. Eruption tremor appears as g
the references to colour in this figure legend, the reader is referred to the web version of this a
by a high percentage of station pairs showing a change in amplitude ra-
tios, in a similar fashion to the start of themigration. The results for this
horizontalmigration are similar to the results for verticalmigration pre-
sented in Fig. 2.

Fig. 5 shows the results for amore complex episodewhere the back-
ground seismicity shifts towards migration, then to eruption tremor at
the surface (simulated by localisedmerged events in a small source vol-
ume) and back to background seismicity when the eruption ends. As
with the simple horizontal and vertical migration examples, the start
of the migration and the end of the eruption are distinctly marked,
and the migration can be clearly identified. However, the percentage
by an eruption. Panels as for Fig. 2. A distinct change (green to red) can be clearly identified
reen because the seismic source location does not vary significantly. (For interpretation of
rticle.)
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of station pairs showing a change in amplitude ratios drops back to al-
most zero (green) once themigration ends and eruption tremor begins.
Because the tremor is assumed to be generated at the eruptive vent,
which is essentially where the migration stopped, there is no further
change in location and amplitude ratios remain roughly the same,
thus the percentage of station pairs showing a change in amplitude ra-
tios falls back to a low value.

In some situations, amplitude ratios can show a reversal in trends,
and this would give rise to a period during the migration when the
red is interrupted by a short duration of green before returning to red,
as seen in Fig. 5(c) at ~20:00. A more detailed explanation is provided
in Appendix D.

4. Results – application to real data

4.1. Piton de la Fournaise, July 2015

After 24 h of seismic unrest accompanied by changes in deformation
and gas measurements, a fissure eruption producing lava fountains
started on 31 July 2015, lasting for 2 days. 90 min of high seismicity
and 80 min of major deformation were recorded just before the start
of the eruption (OVPF, 2015). This event is captured as shown in
Fig. 6, similar to the results using synthetic seismograms (c.f. Fig. 5).
Due to the short duration of the migration and given the variability in
the ratios, window sizes larger than the migration duration would be
needed for some station pairs to detect the migration – these station
pairs would have detected the migration only after the migration had
ended and eruption had started. However, about 40–50% of the station
pairs would still detect a change approximately 20min before the erup-
tion started using smaller time windows.

4.2. Piton de la Fournaise, May 2017

On 17 May 2017, a seismic crisis with accompanying deformation
was detected. However, no surface activitywas observed except the for-
mation of two new zones of fumaroles, suggesting an intrusive event
where fractures opened but no lava was erupted. Volcanic-tectonic
earthquakes were located at two zones, one under the summit and
the other to the north-east sector (OVPF, 2017a, 2017b). Fig. 7 shows
the results for this event. The start and end of the migration during
the tremor is clearly detected, although a reversal of the amplitude
ratio trends at mid-migration causes some difficulty in identifying the
short trends, hence resulting in a green segment despite the continuing
migration. This reversal of the amplitude ratio trends is possibly due to
vertical or horizontal migration passing by one or two stations (see
Appendix D). In the fewhours from the start of the seismic crisis,migra-
tion is unclear. Detected changes in the amplitude ratios aremore likely
to have been triggered by the step change than a trend. This step change
could be due to seismicity focussing at one source region, such as the
initial rupturing of the magma storage region, then returning to ele-
vated background levels similar to that recorded on 16thMay. More de-
tailed analysis would be needed to verify this.

4.3. Gede, July 2015

Fig. 8 shows the results for the July 2015 seismic swarm at Gede. This
swarmwas one of the many occurring occasionally with no subsequent
eruptive activity. Although there were nearly 130 VT events recorded
over the course of almost 48 h (PVMBG, 2015a), therewas no indication
Fig. 6. Results for an eruption event at Piton de la Fournaise in July 2015. (a). Raw vertical-com
station HIM. (c). Time series of amplitude ratios for all possible station pairs. (d). Time series sho
amplitude ratios. Calculation was done with moving windows, shifting by 1 min from one win
beyond the migration period is due to the larger window sizes used – the migration is still c
period. (e) & (f). Zoom of Fig. 5(c) & (d). (For interpretation of the references to colour in this
at all of migrating seismic sources – amplitude ratios were not changing
for themajority of the station pairs. This result is in linewith hypocentre
locations computed for the VT events (Dannie Hidayat, personal com-
munication), which were found to be spread out and did not follow
any migration pattern. A further analysis was performed employing
only the summit stations, to look for potential, shallow, localisedmigra-
tion. The results show that only one station is affecting the ratios (see
Fig. 8 and discussion Section 5.5).More examples of non-migrating seis-
micity at Gede are included in Appendix E.

5. Discussion

5.1. Burst of seismicity with no/very slow migration versus seismic crises
with magma movement

The July 2015 swarm at Gede was a case of a burst of seismicity but
nomigration of seismic sources. In contrast, for the seismic crisis in July
2015 at Piton de la Fournaise migration is evident. Comparing the re-
sults from these two episodes demonstrates that our method is able to
clearly distinguish between bursts of seismicity with and without asso-
ciated migration. This distinction could be useful in helping to deter-
mine if a volcano with detected increased seismicity is heading
towards eruption.

5.2. Intrusion versus extrusion

Besides detecting the onset and ending of a migration episode, our
method also provides additional information on how themigration con-
cluded – as an intrusion or an eruption.We used synthetic seismograms
to provide proof of concept. If the migration ends in an eruption, the
resulting pattern would be as described in Section 3.4 (Fig. 5). On the
other hand, in the case of magma stalling at depth in an intrusive
event, after themigration stops, seismicity returns to background activ-
ity, resulting in a rapid change in the amplitude ratios, as depicted by
Figs. 2 and 4. In short, the difference in the patterns between an intru-
sive event and an extrusive one is that for an intrusion, there is a lack
of the section corresponding to eruption tremor where the percentage
of station pairs showing a change in amplitude ratios is low.

However, differentiation between an intrusion or eruption would
not be possible if, 1) the eruption is a very short-lived one, too short
to record the drop in percentage of station pairs showing a change in
amplitude ratios before the percentage increases again at the end of
the eruption; or 2) there is no continuing seismicity above background
levels after the end of the eruption and hence no detection marking the
end of the eruption, as was the case for Figs. 6 and 7.

5.3. Dynamics of seismic migration

During an episode of migration, seismic events will exhibit varying
amplitudes and seismic sources are spread out in a certain volume
around the migration front (Rubin, 1993) rather than moving sequen-
tially forward with the migrating front. This variability in amplitude
and location introduces a respective uncertainty in the amplitude ratios,
hence, affecting how easily and reliably trends in the amplitude ratios
are detected. This uncertainty is mapped into the percentage of station
pairs exhibiting changes in amplitude ratios. A higher uncertainty
makes it more difficult and requires larger time windows to detect
trends. This is illustrated in Fig. 9, which depicts results from applying
Red-flag SARA on synthetic data with varying source volumes
ponent seismogram for station HIM. (b). Filtered, enveloped, decimated 1-minute data for
wing the percentage of station pairs with detectable seismic energy exhibiting changes in
dow to the next. Migration shows up clearly in red colours. The extension of the red area
aptured within the large window although the end of the window is past the migration
figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Results for an intrusive event at Piton de la Fournaise inMay 2017. Panels as for Fig. 6. Again,migration shows up in red colours. In the few hours from the start of the seismic crisis,
migration is unclear. Detected changes in the amplitude ratios could be due to seismicity focussing at one source region, such as the initial rupturing of the magma storage region, then
returning to elevated background levels. The green portion during themigration is due to the trends in amplitude ratios changing in opposite directions, hence appearing as ‘no trend’ if the
time window is large enough to include the opposing trends. (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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Fig. 8. Results for seismic swarm atGede in July 2015. Left set offigures: Results usingmost of the network. Right: Results using only the summit stations.Most of the eventswere recorded
only on these stations. (a). Raw vertical-component seismogram for station PUT. (b). Filtered, enveloped, decimated 1-minute data for station PUT. (c). Time series of amplitude ratios for
all possible station pairs. (d). Time series showing the percentage of station pairswith detectable seismic energy exhibiting changes in amplitude ratios. Calculationwas donewithmoving
windows, shifting by 1 min from one window to the next. Note the effect of one station on a small network compared to a larger network.

40 C.T. Tan et al. / Journal of Volcanology and Geothermal Research 384 (2019) 31–47
(Table 1), and noting theminimum timewindow size required to detect
themigration. Only one pair of stations (onenear the summit [PUN] and
the other on the flank [MWG]) was used, and migration was set to be
vertical from deep (2 km below sea level) to near surface (2.5 km
above sea level) not far from the summit station, at the same location
as the example described in Section 3.4. The minimum detection time
window sizewas determined by theproportion of time steps that detect
a trend compared to a reference case with negligible source volume
(Fig. 9). The size of the source volume, as defined in Section 2.1, can
Fig. 9. (a). Plot showing the effects of migration speed and source volume size on the minimu
plotted at 1 m3 rather than 0 m3 to enable a logarithmic scale plot. Slower migration requires
of generating event locations with Gaussian distributions. Repetition of the event location gen
the important point of the plot is the trends observed, which remain similar with different ite
Left: Reference case with no spread of data. Right: Case with horizontal and vertical spreads o
to objectively determine the minimum time window size. Towards the end of the migration,
correlation coefficient is calculated and is explained in Appendix B.
be related to the state of stress of the volcano. A volcano which has
not erupted in a long time would likely have a larger volume over
which the sources are distributed in contrast to a recently active system
that has established areas of stress release. If two similar consecutive in-
trusions occur at a particular volcano in a short time interval, the second
intrusion will generate less seismic events due to stress being already
released during the first one.

Another result of this variability in the amplitude ratio time series is
its influence on the ease of detecting slowmigration. Seismic migration
m time window size required to enable detection. The minimum source volume used is
larger time windows for detection. Note that the plot was created based on one instance
eration using the same parameters would not produce the exact same results. However,
rations of event location generation. (b). Amplitude ratio for station pair MWG/PUN. (c).
f 100 m (standard deviation = 100 m). Percentage thresholds (90%, 75%, 50%) were used
there is a short duration where detection of trend is lost. This is due to the way Kendall's



Table 1
Migrating event locations were generated following Gaussian distributions around the migration point with varying standard deviations (σx, σy, σz). Source volume is the volume con-
taining the events within one standard deviation and represents the overall spread of the data.

Horizontal spread
σx, σy (m)

0 5 20 35 50 100 100 100 100 500 500 500 1000

Vertical spread
σz (m)

0 5 20 35 50 100 300 500 1000 100 300 500 500

Source volume
(106 m3)

0 0.001 0.064 0.343 1 8 24 40 80 200 600 1000 4000
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could be the product of magma movement through dyke propagation,
movement of hydrothermal fluids by pore-pressure diffusion, or re-
gional tectonic stresses. In the case of dyke propagation, migration can
occur at speeds from the order of 0.01 m/s to a few metres per second
(Battaglia et al., 2005; Brandsdóttir and Einarsson, 1979; Hayashi and
Morita, 2003; Hensch et al., 2008; Klein, 1982; Maccaferri et al., 2016;
Passarelli et al., 2018; Peltier et al., 2005; White et al., 2011; Einarsson
and Brandsdóttir, 1979; Spence and Turcotte, 1985), while for pore-
pressure diffusion or regional tectonic stress triggered migration,
speeds of 0.001 m/s up to ~0.3 m/s have been observed (Antonioli
et al., 2005; Hensch et al., 2008; Klein et al., 1977; Noir et al., 1997;
Passarelli et al., 2018; Shelly et al., 2013; Waite and Smith, 2002).

When migration is slow, larger time windows are needed before
trends can be picked up (Fig. 9). To ensure capturing migration for a
range of speeds, we therefore used a variety of time window sizes
when conducting the trend test for amplitude ratio changes. The selec-
tion of which time window sizes to use is flexible.

It is tempting to conclude thatwhen comparing betweendifferentmi-
gration episodes or different phases in the same migration episode, the
relative speed of the seismicmigration can be inferred from theminimum
timewindow size required to detect a trend in the amplitude ratio. How-
ever, this is only true if the uncertainty of the amplitude ratios is constant,
hence the source volume remains unchanged throughout this episode.

5.4. Impact of background noise removal

Fig. 10 demonstrates the importance of background noise removal. If
backgroundnoise is not removed, thediurnal cycle causes amplitude ra-
tios to change, creating misleading false positives (c.f. Fig. 8). Note the
drop in percentage of station pairs showing a change in amplitude ratios
Fig. 10. Results for the seismic swarm at Gede in July 2015, with no removal of background no
station pairs. (b). Time series showing the percentage of station pairs with detectable seism
windows, shifting by 1 min from one window to the next. Without the removal of background
upon losing one station (see discussion Section 5.5) towards the end of
the analysis. The selection of both the quiet period and the threshold for
background noise removal are important for effective background noise
removal. Adjustments could be made to what was described in
Section 3.3 as needed, through testing.

5.5. Limitations of the method

1. As seen in the example for Piton de la Fournaise in Section 4.1, detec-
tionmight be difficult or even impossible if themigration duration is
too short. In such cases, if an eruption occurs at the end of themigra-
tion, only a very late or no warning could be given.

2. Likewith any other seismic location technique, uncertainties will de-
pend on the overall signal-to-noise ratio, as well as the network con-
figuration with respect to the location of the seismic sources. If
seismic sources are outside the network and too far away, the differ-
ences in relative source-station distances are negligible, so even
when there ismigration, the amplitude ratios recorded across all sta-
tions pairs would essentially stay the same.

3. When the migrating seismicity is only recorded by a small portion of
the network, the percentage of station pairs detecting amplitude
ratio changes would be low and detection might be missed alto-
gether. This could be overcome by selecting just the stations record-
ing the activity to do the analysis.

4. Strong local wind might generate increase in seismic noise at a few
stations that is not removed by the background noise removal pro-
cess and be misinterpreted as a migration. Although there are possi-
ble ways to deal with wind noise, putting too much effort into
removing short term changes might remove actual short term seis-
mic migration too.
ise. The diurnal cycle is clearly visible. (a). Time series of amplitude ratios for all possible
ic energy exhibiting changes in amplitude ratios. Calculation was done with moving
noise, it is impossible to distinguish diurnal cycles from actual migration.
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5. The proposed approach is tuned for high-frequency, VT type of earth-
quake associated with pressure/stress changes into the system, as
opposed to long-period/hybrid events that are already associated
with a fluid phase, and by essence already a concern in terms of
changes in the state of the volcano.

We believe our method is robust enough to be applicable for a wide
variety of volcanoes. However, it should be used in tandem with other
monitoring parameters. The idea of our method is to get a quick yes/
no answer on whether there is migration. It would be difficult to
judgewhether the amplitude changes were caused by a single ormulti-
ple sources. It would also be impossible to infermuch about the location
and direction of migration without either analysing individual ampli-
tude ratios or further analysis like setting up an inverse problem using
actual displacement or velocity amplitudes (which would require site
amplification factors, instrument response, etc.). While this is possible,
it is not our focus and defeats the purpose for a rapid real-time assess-
ment tool.

5.6. Towards practical application

The ultimate aimof this study is to have a practical tool which obser-
vatories can use for real-time monitoring of seismic migration. To this
end, there are a few points to consider regarding a realistic application
and interpretation. Firstly, automated migration detection and alert is
essential for a real-time monitoring tool. With Red-flag SARA, it is sim-
ple to set a criterion such as: more than X% of seismic station pairs must
show a sustained change in amplitude ratios for at least Y hours. When
met, a red flag is raised and an alert can be sent to observers. The deter-
mination of X and Y would depend on the local conditions (network
configuration, typical migration timescales and locations, etc.) and the
accepted level of false alarm,with tests done on local datasets. Secondly,
it is important to bear in mind that detected migration could either be
real or simply an artifact due to a local effect at one particular station
in the case of a sparse network. A malfunction or irregularity at one sin-
gle station will affect all the station pairs in which this station is in-
volved, which could be a significant percentage of station pairs. Taking
this into account, the minimal value for X chosen could be the percent-

age of station pairs affected by one station:
2
N
� 100% (where N is the

number of recording stations). Lastly, if the network covers a vast
area, migration detection would be more robust if parallel analyses are
done – one using all stations and another using a relevant sub-
network. The sub-network consisting of stations near to expected mi-
gration would enhance detection by discarding station pairs that are
less sensitive to or not even recording the migration.

For the datasets for Piton de la Fournaise and Gede that we have
tested our tool on, the choice of timewindows to use for trend detection
as well as the threshold for background noise removal have worked
well, although a threshold of 4 median absolute deviations, rather
than 3, could be slightly more effective for some cases at Gede (see
Appendix E). The selection of the quiet period for background noise re-
moval is important when the background noise levels are not constant.
Selecting a period just before the period of interest produces better re-
sults as background noise levels would be closer to that during the pe-
riod of interest. It would however, mean that background noise levels
have to be recalculated often when running the tool in real time. An al-
ternative would be to use a very long period for the calculation of the
background noise levels.

6. Conclusion

For volcano observatories, extracting as much information as possi-
ble about the state of the volcano, and doing it as quickly as possible is
crucial, especially during volcanic crises. Our improved SARA method
to track magma migration via the time evolution of amplitude ratios
provides an additional potential real-time monitoring parameter to as-
sist observatories in doing so. Thismethod can be employed quickly and
without needing any prior knowledge of site and instrument character-
istics which traditional amplitude source location methods require. The
time evolution and trend is what gives insight, rather than absolute
values of seismic amplitude. In addition, the method works for overlap-
ping events recorded as continuous data, and can provide a time series
processed in real time just like any other typical monitoring parameter.

We tested our improved SARAmethodwith synthetic as well as real
data, and the results are promising. Not only does Red-flag SARA detect
the start of seismic migration, but it can also differentiate between seis-
mic episodes ending as an intrusion or a tremor-generating eruption,
and, therefore offers indications about the dynamics of the processes
driving the migration. We hope that this method would be widely
adopted at observatories in future, either in the form of a stand-alone
tool, or embedded within existing packages like MSNoise (Lecocq
et al., 2014) or WebObs (Beauducel et al., 2010).
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Appendix A. Background seismicity

Fig. A.1 and A.2 show the respective results of using distal VTs and
seismicity along a local fault as background seismicity before, during
and after a verticalmigration episode. Distal VTswere simulated byhav-
ing normally distributed events spread about a point on the flank of the
volcano where its distance from the summit is the same as its depth, as
commonly found to be (White and McCausland, 2016). As can be seen
in Fig. A.1, the amplitude ratios during the migration are still showing
the same pattern as before (Fig. 2), except that their level of uncertainty
is reduced.

Similar results are obtained for the case of background seismic activ-
ity being seismicity along a local fault. Events were normally distributed
along a NE-SW trending line at a depth of 10 km (Fig. A.2). Selection of
the location of the fault was based on an existing fault at Gede (Nugraha
et al., 2017).

Appendix B. Kendall's rank correlation coefficient, τ
Kendall tau coefficient (Kendall and Gibbons, 1990) is defined as the

proportion of concordant pairs minus the proportion of discordant
pairs:

τ ¼ number of concordant pairsð Þ− number of discordant pairsð Þ
1
2
n n−1ð Þð Þ

where n is the number of data points. τ is thus expected to be in the
range−1 ≤ τ ≤ 1, giving a value close to zero when amplitude ratios re-
main relatively constant, and values closer to±1when amplitude ratios
display a trend. If the amplitude ratios undergo a step change, as illus-
trated in Fig. B.1(a), τ would also produce a value close to ±1, even
though there is no increasing or decreasing trend. This explains why
there is a strong detection at the beginning and ending of the simulated



Fig. A.1. Results for simulated vertical migration from 2 km below sea level to 2 km above sea level, with distal VTs as background seismicity. (a). 2-D and 3-D plots showing seismic net-
work and event locations. (b). Time series of amplitude ratios for all possible station pairs. (c). Time series showing the percentage of station pairs exhibiting changes in amplitude ratios.
Results are similar to results for random background seismicity spread throughout the network (Fig. 2).
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episodes. In the Piton de la Fournaise examples described in Sections 4.1
and 4.2, the strong detection at the beginning and ending of the migra-
tion is absent because the background seismicity before and after the
migration is weak and hence there are too few data points, like in the
extreme case depicted in Fig. B.1(b).

In Fig. 9, towards the end of the migration, there is a short duration
where detection of trend is lost. The amplitude ratio has a decreasing
trend, but steps up after the migration ends. Because of this contrast
of decreasing and increasing values, at a certain pointwhen thewindow
includes both the decreasing trend and the background seismicity, the
number of concordant and discordant pairs become almost equal
(Fig. B.2), leading to a non-detection. Later on, when the window in-
cludes more of the background and less of the decreasing trend, the
number of concordant pairs will dominate and hence lead to detection
again.

Appendix C. Migration event rate versus background seismicity
event rate

Fig. C.1 shows the effect of relative rates between migration and
background seismicity events for the episode of vertical migration
described in Fig. 2. The migration speed was set at 10 km/day. At
this speed, down to a relative rate of 0.25 between migration and
background seismicity events (every 1 migration event is followed
by 4 background events), migration can still be detected when
using window sizes of at least 5 h, but at a relative rate of ~0.1, migra-
tion is difficult to be detected, and requires window sizes of at least
8 h.

Despite background seismicity event rates being higher than migra-
tion event rates, detection of migration is possible because of the way
Kendall's correlation coefficient τ (see Appendix B) is calculated – the
number of concordant and discordant pairs would not be equal. How-
ever, when the background seismicity event rates becomemuch higher
than the migration event rates, the number of concordant and discor-
dant pairs would become much closer and τ would approach zero, los-
ing detection.
Appendix D. Amplitude ratio trend reversal

Whenmigration passes relatively near by a station, the ratios involv-
ing this station and a station further away can increase then decrease, or
vice versa. Fig. D.1 shows three different scenarios where this can occur.
To illustrate this effect more clearly, hypothetical stations located at the
same elevation were used, and no uncertainty was introduced in the
event source locations during the migration. However, source ampli-
tudes were still allowed to randomly vary over two orders of
magnitude.



Fig. A.2. Results for simulated verticalmigration from2 kmbelowsea level to 2 kmabove sea level,with seismicity along a local fault as background seismicity. Panels as for Fig. A.1. Results
are again similar to results for random background seismicity spread throughout the network (Fig. 2).
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When thewindow is framing the opposite trends together, the num-
ber of concordant and discordant pairs is almost equal and τ approaches
zero, resulting in no trend detection (Fig. D.1(d)). However, once the
window moves out of the first increasing (or decreasing) part of the
time series on to framing only the second decreasing (or increasing)
part of the time series, the resultant is a trend detection. This explains
the effect seen in Fig. 5(c).
Fig. B.1. (a). Example of the effect a step change in amplitude ratios. The amplitude ratios were
described by Fig. 5. A step change involving all the station pairs results in a strong detection. (b)
influence of a step change before and after the migration and eruption.
Appendix E. Other Gede swarms

Fig. E.1 and E.2 show twomore examples of seismic swarms at Gede
where seismicity did not show any obvious migration. For the March
2015 swarm, N110 VT events were recorded over 48 h (PVMBG,
2015b), while for the October 2016 swarm, ~230 VT events were re-
corded over 4 days (PVMBG, 2016).
simulated by removing themigration section of the vertical migration to eruption example
. Example showing how the results formigration and eruption should look likewithout the



Fig. B.2. Contrasting trend and step at results in loss of trend detection at certain windows. (a). Time series of amplitude ratio for station pair MWG/PUN. (b). Kendall tau coefficient τ
calculated over 5-hwindows. (c). Corresponding p-values calculated from (b). (d). Time series showing the percentage of station pairs exhibiting changes in amplitude ratios. Thewindow
in black has approximately equal proportions of concordant and discordant pairs, resulting in τ being close to 0 and p-valueway above the threshold of 0.01, and hence no trend detection.

Fig. C.1. Results for simulated vertical migration from 2 km below sea level to 2 km above sea level, with varying relative rates between migration and background seismicity events.
Detection is possible even if migration events occur at lower rates than background seismicity events, though at a relative rate of ~0.1 (d), detection becomes much more difficult.
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Fig. D.1. (a), (b) and (c). Results for vertical migration, horizontal east-west migration, and horizontal north-southmigration respectively. In each case, the amplitude ratio increases then
decreases as it passes close by Station A. (d). Amplitude ratio time series for PUT/CTK for the example given in Fig. 5. When the window is framing opposing trends (green rectangle), τ
approaches zero, and no trend is detected. When the window frames only the increasing or decreasing part of the time series (red rectangle), trend is detected.
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A threshold of 4 median absolute deviations to remove background
noise was also tested for these two swarms. Results show a slight im-
provement in preventing the diurnal cycles from being detected as
Fig. E.1. Results for seismic swarm at Gede in March 2015. (a). Results using background noise
removal threshold of 4 median absolute deviations. Slightly more of the effect of diurnal cycles
migration. The selection of background noise removal threshold should
be restrictive enough to eliminate the diurnal cycles but yet not too re-
strictive such that relevant volcanic seismic energy is also removed.
removal threshold of 3 median absolute deviations. (b). Results using background noise
was removed with the use of 4 median absolute deviations.



Fig. E.2. Results for seismic swarm at Gede in Oct 2016. (a). Results using background noise removal threshold of 3 median absolute deviations. (b). Results using background noise
removal threshold of 4 median absolute deviations. Slightly more of the effect of diurnal cycles was removed with the use of 4 median absolute deviations.
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