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Key Points:

e Eruption end forecast was uncertain but possible using ground deformation
measurements.

e Hindcast improved analysis of the eruption end indicates bounds on practical
applicability of such forecasts.

e Real-time ground deformation interpretation could represent a simple and powerful tool
for volcano monitoring.
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Abstract (150 palabras)

Accurate forecasting eruptive activity is a core challenge in volcanology. Here, we describe an
end of eruption forecast during the 2021 La Palma eruption using continuous GNSS geodetic
data. We observed that co-eruptive deflation resembled a quasi-exponential trend and used it to
forecast when deflation would cease equating to when the eruption would end. The forecast was
done within the eruption, however was not operational due to large uncertainty in the unknown
pressure drop threshold needed to stop magma upflow. In hindcast, we explore minimum
datasets needed and how forecast uncertainty reduces with increase in ingested data. We
conclude that forecasts could be possible after the time-scale around the e-folding time of the
exponential decay and quite accurate ones after twice that time-scale. Our results also indicate
that the eruption was controlled by the dynamics of a Moho depth reservoir beneath Cumbre

Vieja volcano.

Plain Language Summary

The forecast, an actual prediction of the temporal or spatial characteristics of a future event, of
when a volcanic eruption will end is challenging. We were able to make such a forecast during
an eruption using GNSS geodetic data that help track the changes in Earth's surface deformation.
We exploited a temporal decaying deflating deformation pattern that could be interpreted as
when the eruption would stop. We made this forecast 42 days before the eruption ended,
although the forecast time window was too uncertain due to the unknown pressure needed to stop
the magma to have practical application. With the eruption already over, we looked back at the
data and found that the more information we could have analyzed, the more accurate their
forecast could have been. We conclude that accurate forecasts could be possible after a
characteristic time of the decay process has passed. Hence, we concluded that the volcano's

activity was controlled by a reservoir deep (10-14 km) beneath the surface.
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1 Introduction

Much attention is focused on forecasting the onset of eruptions by the interpretation of on-going
short-term unrest (e.g., Sparks, 2003; Pallister and McNutt, 2015) or using the statistical analysis
of the long-term record of repose periods (e.g., Marzocchi and Bebbington, 2012). Nevertheless,
accurately forecasting the style, size and duration of eruptions is as important as understanding
the mechanism by which volcanic eruptions are initiated and helps to support evacuation
strategies around volcanic areas. Particularly important for preventing casualties during eruptions
at which lava flows are one of its primary hazards is forecasting when an eruption will end. Place
attachment, protecting assets or poor shelter conditions during the eruption can push evacuees to

move back to their homes during high-risk periods.

Considerable efforts are made on relating changes in recorded unrest signals with specific
subsurface processes (e.g., Segall, 2013; National Academies of Sciences, Engineering and
Medicine, 2017; Poland and Anderson, 2019). Quasi-exponential trends on deformation have
been observed at several volcanoes in different periods of unrest (e.g., Biggs and Pritchard, 2017;
Rodriguez-Molina et al., 2021). During eruptions, there is observational evidence that effusion
rates and/or volume change of some volcanoes decrease exponentially. In such a way, many
effusive eruptions are characterized by effusion rates that exponentially decay with time (e.g.,
Machado, 1974; Wadge, 1981; Gudmundsson et al., 2016; Coppola et al., 2017). Furthermore, in
many basaltic-effusive eruptions, the temporal evolution of ground deformation (e.g., tilt,
vertical and horizontal displacement or volume of dome grow) follows quasi-exponential trends
(e.g., Dvorak and Okamura, 1987; Stasiuk et al., 1993; Lengliné et al., 2008; Mastin et al., 2009;

Hreinsdottir et al., 2014; Gudmundsson et al., 2016; Coppola et al., 2017) of the form:

s(t) = s,(1—e7t7) (1)
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where s(t) is the change in the measured deformation quantity since t = 0, s, is the constant
value at which s(t) tends when t — oo, and 7 is the characteristic e-folding time. Such trends can
be reasonably ascribed to elastic relaxation of a deep magma chamber and are well explained by
physics based models that couple magma flow with reservoir pressurization (see e.g., Mastin et

al., 2009; Anderson and Segall, 2011; Segall, 2013).

During the 2021 Cumbre Vieja volcanic eruption, a long-lasting (September 19 - December 13,
85 days of duration), hybrid eruption with alternation, or, more often, contemporaneous emission
of lava flows and tephra, continuous GNSS geodetic data were recorded at eight permanent
stations well spread around La Palma island (Figure 1 and S1). These geodetic data constitute a
great example of regional syn-eruptive deflation (Figures 1 and 2) with a gradually decreasing
rate. In this work, we show that this deflation significantly resembles the trend described by
equation (1). During the eruption, this approach allowed us to theoretically forecast time at
which deflation ceases assuming a close magma system in an elastic media. Therefore, we
obtained a forecast of the end of the eruption by November, 1st 2021 - 42 days before the end of
the eruption. Due to the large amount of uncertainty on the estimations this forecast was not

relevant in operational terms.

In this work, we describe the methodology followed to provide an appropriate forecast. We noted
that the uncertainties on data, on the extrapolation of the fitted trend as well as on the time-
dependence modeling of the measured quantity result in relatively low practical uncertainty
bounds on the exact forecasted eruption duration. In hindsight, with the eruption already ended,
we analyzed the methodology for making such forecasts and derived some constraints about the
magma system. We discuss the minimum dataset needed to make credible forecasts, as well as

how prediction uncertainty diminishes with real time increase of data.
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2 Data

La Palma Island has a well distributed continuously operating GNSS network formed by eight
stations (Figures 1 and S1). The Instituto Geografico Nacional (here and after IGN) installed
LPAL, the first station on the island, in 2001. In 2010 Grafcan (Cartografica de Canarias S.A.)
set up MAZO station. Finally, from 2015 to 2019 IGN developed a densification network for
volcano monitoring formed by the other stations (LPO1-LP06). We use 30-second sampling data
to produce daily coordinate time series in the International Terrestrial Reference Frame 2014
(ITRF2014) (Altamimi et al., 2016), by applying a double-difference regional network strategy
using the Bernese GPS software version 5.2 (Dach et al., 2015). The regional network is formed
by more than 30 stations located in the Canary Islands and surrounding areas (Azores, south of
Spain and north of Africa). Ocean-loading model FES2004 (Lyard et al., 2006), the IGS
(International GNSS Service) absolute antenna phase center models and satellite orbits (Kouba,
2009) are used in the computation. In order to align to the ITRF2014 minimum constraints to an

International GNSS Service (IGS) core site group of five stations are applied.
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Figure 1. Active southern sector of La Palma Island (Cumbre Vieja volcano). Black star

represents the 2021 eruption location. Black dots indicate the GNSS site locations (LP03 and

LP04 are disregarded as explained at text) with displacements registered for the 85 days of

eruption (red arrows). Deformation and seimicity sources are represented by the coloured

squares and dots, respectively. Depth is shown for vertical cross-sections in N-S direction (top

right panel) and E-W direction (bottom panel).
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2.1. Ground deformation observations

Figures 1 and 2 show resulting continuous GNSS measurements at some network stations. Daily
syn-eruptive GNSS time series (Figure 2) show a more or less radially inward pattern concordant
with a regional subsidence at the island that began with the onset of Cumbre Vieja eruption on
September 19, 2021. Whereas LPAL shows a southeastern displacement, LPO5 and MAZO show
a southwestern displacement and LPO1 a northeastern one. All the stations show a vertical
component of displacement which is more punctuated on LP06 station. Data from LP03 and
LP04 continuous GNSS stations are strongly affected by local deformation caused by the large
westerly dipping dike that fed the eruption (see e.g., De Luca et al., 2022; Fernandez et al., 2022)
and local changes in topography caused by lava flows. Therefore, we decided disregard data
from LP03 and LP04 stations for the forecast and focuses on regional syn-eruptive subsidence
registered by the stations furthest away from the eruption (LPO1, LP02, LP05, LP06, MAZO and

LPAL).
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Figure 2. Daily GNSS time series. (a) North (n), (b) East (e) and (c¢) Vertical (u) component

displacements at LPAL (red), MAZO (blue), LP06 (green) and LPO1 (orange) GNSS stations.

Gray shadow area corresponds to the eruption period in all figures.



137

138

139

140

141

142

manuscript submitted to Geophysical Research Letters

2.2. Temporal changes on GNSS stations baseline lengths

We investigated the changes in length of different baselines of network configuration (Figure 3a)
resulting from the ground contraction described above. Considering the distance and height
differences of the ground where stations are installed, just horizontal displacements are
considered to calculate temporal changes on baselines lengths. Changes in length resemble an

exponential trend for all baselines formed taking LPO1 as a reference station.
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Figure 3. (a) Temporal change in baseline lengths since the eruption onset (day 0) calculated
from LPO1 station. LPAL-LPO1, MAZO-LP0O1 and LP06-LP01 baselines changes are shown in
red, blue and green, respectively. (b) Daily number of earthquakes since the eruption onset. Light
orange corresponds to earthquakes at ~10-14 km depth whereas dark orange corresponds to

seismicity at ~33-39 km depth.
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2.3. Seismicity during the eruption

Seismicity was very weak and scarce during the first week of the eruption. However, a drastic
change in seismicity occurred on 27 September and a dense and intense co-eruptive swarm
started. Earthquakes were located under the central part of Cumbre Vieja and were distributed in
two clusters at different depths. According to the relocation of Del Fresno et al. (2023), the first
and most active cluster was located at ~10-14 km depth (Figure 1). The second cluster was
located at ~33-39 km depth and its activity did not start until 5 October. This deeper cluster
contained the largest earthquakes of the series (Local magnitude, ML>4.0). Seismic rates at both
clusters varied considerably throughout the eruption showing maximum intensification peaks in

November and December (Figure 3b).

3 Methods

3.1. Ground deformation magmatic source characterization

We analyze a possible temporal and spatial evolution of the source responsible for the observed
syn-eruptive deflation by inverting cumulative daily deformation from the day that eruption
started. We employ an analytical model of point pressure source (Mogi, 1958) because it is the
simplest model that explains the signal within observation uncertainties. The horizontal location
and depth of the source were computed using the MATLAB-based software package GBIS
(Geodetic Bayesian Inversion Software, Bagnardi and Hooper, 2018). An elastic, homogeneous,
isotropic half-space Poisson's ratio of 0.25 was assumed. GBIS estimates source parameters
through a Markov Chain Monte Carlo simulation and uses dMODELS software package

(Battaglia et al., 2013) for forward modeling.

11
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3.2. Parametric exponential model for cumulative shortening

Temporal changes in length baseline curves show an exponential trend (Figure 3a) with
gradually decreasing rates. We purpose a model of the form of equation (1) to estimate the
overall temporal evolution of length changes due to deflation of the media. Thus, according to

(1), time t,, corresponding to a change in length threshold, s, = s(t,) is given by:

t, = —tin(1 —s,/s,) , (2

i.e., if early monitoring data during the eruption can be used to constrain the value of 7, an
estimation of the time t, at which the change in length rises the threshold, s,, can be made.
Here, s, will correspond to syn-eruptive deflation stagnation and/or subsidence masked below

the GNSS detection limit.

4 Results

4.1. Source characterization

The lack of substantial changes in the trends of GNSS time series (Figure2) indicates that the
source responsible for regional subsidence might not have changed position during the eruption.
We revisited this assumption of location stability by tracking movements of the source of
deformation at different periods of time since the eruption onset. Some apparent movement of
the source (Figure 1) is observed. This could reflect different regions of a magma reservoir being
active at different times as seismicity mirror. However, due to data uncertainties, we assume that
the deformation source remained stationary during the eruption being not possible confidently

distinguished separate active regions.

12
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The depth of the source is consistent with the upper bounds of the hypocentral depths (~ 10-14
km) of the seismic cluster active beneath the central area of Cumbre Vieja during the eruption
(Figure 1). Although the depths obtained for this cluster are slightly shallower for other authors (
~7-11 km according to D'Auria et al. 2022), both depth ranges are consistent with Moho
discontinuity location at La Palma (see e.g., Banda et al., 1981; Ranero et al., 1995; Martinez-
Arevalo et al., 2013) where stagnation levels for ascending magmas at ephemeral reservoirs that
could last from decades to a few centuries are highly presumable (see e.g., Gonzalez et al., 2013;

Kliiegel et al., 2022; Ubide et al., 2022).

The estimated horizontal position of deformation source is approximately located in the middle
of the baseline between LPO1 and MAZO stations, i.e., LPO1 and MAZO would be able to
register horizontal displacements of maximum absolute magnitude according to Mogi model.

Therefore, LP01-MAZO baseline is excellent to study the syn-eruption subsidence.

4.2. Time series of cumulative shortening

We estimate the end of ground deflation by using LP01-MAZO baseline and the model (1).
Initially, when we started to analyzed length changes, we employed the available GNSS dataset,

that spans 38 days after the day that eruption started, for constraining the value of <.

Figure 4 shows the extrapolation of the best-fit exponential curves given by (1) based on some
datasets since the eruption onset (Models A, B1 and B2). Some discrepancies are observed
between the data and the best fit curve estimated from 38 days of data (Model A). Nevertheless,
the stabilization on the trend of the daily estimations of t, (Figure 5) pointed out that the
estimated e-folding time-scale, t = 18.6 days, was good enough to forecast a range for the

stagnation of subsidence signals. We forecasted a continuous deflation, at diminishing rates,

13
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lasting t, € [56,86] days (Table S1 and Figure 5a). Following equation (2), the interval bounds
correspond to some detection limits on horizontal displacements that are going to be dictated by
a change in length between the 5% and 1% of the change in length that could have been

registered before the eruption onset, (1 — s,/s,).
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Figure 4. Extrapolation of the best-fit curves (dark color lines) based on cumulative shortening
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correspond to the 95% uncertainty bounds of each model. Orange: Model A obtained from data
of 38 days since eruption onset; green: Model B1 the same considering 70 days and red: Model

B2 same as Model Bl considering an acceleration of the subsidence on day 62 (offset).
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scenarios for the eruption end based on pressure drop (4P *) thresholds that are reached as a

fraction (20, 10, 5, 2.5 and 1%) of the reservoir overpressure when the eruption started (Py).

5. Discussion
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5.1. Pressure drop as forecasting tool for the end of the eruption

The 2021 eruption of Cumbre Vieja is the best instrumentally recorded to date at Canary Islands.
Estimates of SO2 injected mass into the atmosphere and ash depositions during the eruption
(Milford et al., 2023) decay monotonically in parallel with our changes in baseline length
evolution. Specifically, the observed change in baseline length follows equation (1) and therefore

this change should asymptotically approach a final, constant value.

Within the elastic assumption of media, deflation (or any displacement measurement) is
proportional to reservoir decompression , i.e., the observed changes in length, s(t), are
proportional to a pressure drop (4P) that physically could be related to fluid depressurization due
to magma withdrawal and/or migration in a reservoir (see e.g., Stasiuk et al., 1993; Huppert and
Woods, 2002; Mastin et al., 2009; Anderson and Segall, 2011). Considering the magma
plumbing system of the island as a closed system where syn-eruptive, quasi-instantaneous
subsidence is expected in response to the removal of magma and gas during the eruption (see
e.g., Chaussard et al., 2013), we defined a threshold on pressure drop, 4P * as the pressure drop
needed for eruption coming to its end. AP * was given as a function of some fractions of the
overpressure of the reservoir needed to promote an eruption or an intrusion (P,) since, a priori,
we did not know the values at which those pressure changes were balanced during the eruption.
Therefore, we used the model (1) to project the eruption's final duration given that the
relationship between 4P and P, is proportional to the e-folding time, = = 18.6 days. The
forecast performed during the eruption for deflation end fell between [56, 86] days. Thus, 4P *
fell between [56,86] days in absence of new magma recharges or volatiles exsolution. These

limits correspond to a 5% and 1% fraction of P, respectively (Table S1; Figure 5a). The

16
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eruption ended on December, 13, i.e., the eruption end was consistent with a pressure drop of

AP* =0.01P,.

Historical records of the duration of La Palma eruptions are between 24 and 84 days (e.g.,
Romero, 1990). Our model, under simple assumptions and thanks to the good permanent GNSS
network, provides an estimate of duration of 86 days with a forecasting uncertainty window of
[79.3,92.7] days for AP * = 0.01P, (Table S1). Therefore, almost halfway along the duration
of the eruption, and even gas levels or other parameters did not point yet to the end of the
eruption (e.g., El Espaiol, 27/10/2021), the proposed model could help to point out that the

estimated duration resembles the longest duration of historical eruptions in La Palma.

5.2. Hindcast: validation of the tool for forecasting

Real-time updates on the estimations of the characteristic e-folding time, duration and cessation
of the eruption can be made using daily GNSS time series data. Here, we perform a post-eruption
analysis given daily hindcast updates. Unsurprisingly, we observe that the accuracy of the
estimations increases with the number of data points, therefore the end of the eruption forecast

can be improved including new temporal data.

Figure 5 shows the best-fit values of eruption duration as a function of the portion of initial
overpressure that remains in the reservoir (Py) versus the day of hindcast. During the first 5 to 20
days of eruption the fitting of the model (1) is poor since we do not have enough data to
accurately confirm an exponential trend. Therefore, the hindcast is too poor and it is not shown.
The estimations on the duration of the eruption, although the trend is mainly stable, present some
offsets and seem to increase with the number of data that feed the model parametrization (Figure

5a). A recharge pulse might increase the estimations of duration of the eruption with time.
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However, we would expect in response a geodetic re-inflation signal whereas we observe a
continued deflation at GNSS time series (Figures 2 and 3) that produces a downward-
propagating relaxation as proposed for the forecast (Figure 4). Furthermore, changes in length
data are within the 95% credible bounds calculated for the extrapolation of the best-fit curve
employed for forecast (Figure 4, Model A). In hindcast, we observe that these bounds are
narrowed as the number of days increases (Figure 4, Model B1). All these results would seem to
argue in favor of the model proposed for the cumulative change of baseline lengths to estimate

the end of the eruption.

The extrapolation of the best-fit model posed a divergence with data around the 58-65 day that
could not be explained by data uncertainty (Figure 4; Model A). A model that comprises around
70 days can account for the observed divergence although provides a poorer fit for the initial
days of eruption (Figure 4; Model B1). During the divergence period, an acceleration on the rate

of change in length is observed (Figure 3 and 4).

We propose adding an offset to model (1) on day 62 to estimate such acceleration (Figure 4;
Model B2). Such a model presents a very good fit and can account for the observed changes in
length. Furthermore, a stable hindcast is obtained considering data from the day around 47-48 of
eruption (Figure 5b). We note that, in hindcast, the most stable and accurate forecast was

achieved with a AP * = 0.025P condition.

The proposed offset on length changes temporally correlates with the opening of an unexpected
fissures and vents system during the eruption’s last phase (Gonzélez, 2022), the peak of shallow
seismicity registered at ~10-14 km depth, an increase of the number of earthquakes registered at

~33-39 km depth (Figure 3b) and it is anticorrelated with peaks of high daily effusion rates
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observed using satellite observations (Plank et al., 2023). Future work should include detailed
investigations on such correlations in order to increment the success and accuracy of the
proposed forecasting tool. The geophysical relevance of the specific value achieved for 4P *

should be investigated too, and compared across similar eruptive processes.

6. Conclusions

During the 2021 La Palma eruption, it was possible to generate an accurate forecast for the end
of the eruption. Nevertheless, the forecast was not significantly relevant in operational terms due
to the large uncertainty on the estimations of the threshold of pressure drop needed to the
eruption coming to an end that was given by some fractions of the overpressure needed to drive
the eruption. Such forecasting exercise was possible given the configuration of the GNSS
permanent stations and assuming pressure drop follows the asymptotic flattening of the
exponential changes in length of GNSS baselines. Under similar conditions (an exponential
decay), an actionable (under emergency managing circumstances) and credible forecast would be
possible after the time-scale around e-folding time. Based on the hindcast analysis, more
accurate forecasts could be obtained from the time-scale of 2t . This approach relies on a
chamber undergoing a release of elastic energy during an eruption. Considering this framework,
net magma withdrawal to feed the eruption seems to be dominated by the dynamics of a Moho

depth reservoir beneath Cumbre Vieja volcano.
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Figure S1. Location map of the island of La Palma within the Canary Islands and the GNSS continuous stations. Red
dots are IGN stations and green dot Grafcan stations. The 2021 eruption is marked with a black star.
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Days of End date of
Pressure drop . .
duration eruption
38 days forecast
30.04
AP *=0.2P0 October, 19
[27.64,32.44]
43
AP *=0.1P0 November, 2
[39.7, 46.3]
56
AP *=0.05P0 November, 13
[53.6,59.4,67.6]
68.85
AP *=0.025P0 November, 26
[63.45,74.25]
AP *=0.01P0 86 December, 14
) [79.3,92.7] ’
70 days forecast
41.780
AP *=0.2P0 November, 1
[39.68,43.88]
59.77
AP *=0.1P0 November, 17
[57.17, 62.37]
77.77
AP *=0.05P0 December, 6
[73.77,81.77]
AP *=0.025P0 95.76 December, 24




[90.96,100.56]

119.55

AP *=0.01P0 January, 17
[113.65,125.45]
70 (offset) days forecast
36.3
AP *=0.2P0 October, 25
[34.55,38.05]
51.87
AP *=0.1P0 N ber, 9
[49.37,54.37] ovember
7.
AP *=0.05P0 67.5 November, 24
[64.2,70.8]
83.11
AP *=0.025P0 December, 11
[79.11,87.11]
103.75
AP *=0.01P0 January, 1

[98.75,108.75]

Table S1. Forecast model for different scenarios considering a pressure threshold drop (AP *) is
reached as a fraction of the reservoir pressure when the eruption started (Py).




