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Abstract Volcanoes are hazardous to local and global populations, but only a fraction are continuously
monitored by ground-based sensors. For example, in Latin America, more than 60% of Holocene
volcanoes are unmonitored, meaning long-term multiparameter data sets of volcanic activity are rare and
sparse. We use satellite observations of degassing, thermal anomalies, and surface deformation spanning
17 years at 47 of the most active volcanoes in Latin America and compare these data sets to ground-based
observations archived by the Global Volcanism Program. This first comparison of multisatellite time series on
a regional scale provides information regarding volcanic behavior during, noneruptive, pre-eruptive,
syneruptive, and posteruptive periods. For example, at Copahue volcano, deviations from background
activity in all three types of satellite measurements were manifested months to years in advance of renewed
eruptive activity in 2012. By quantifying the amount of degassing, thermal output, and deformation
measured at each of these volcanoes, we test the classification of these volcanoes as open or closed volcanic
systems. We find that ~28% of the volcanoes do not fall into either classification, and the rest show
elements of both, demonstrating a dynamic range of behavior that can change over time. Finally, we
recommend how volcano monitoring could be improved through better coordination of available
satellite-based capabilities and new instruments.

1. Introduction

Volcanic eruptions pose a risk to the life and livelihood of local communities by damaging infrastructure and
displacing populations and can have global impacts by disrupting climate, businesses, and air travel (e.g.,
Brown, Sparks, et al., 2015; Loughlin et al., 2015; Ridley et al., 2014). Eruptive hazards include, but are not
limited to, ash clouds, volcanic bombs, pyroclastic flows, lava flows, lahars, debris avalanches, and magma
intrusion-induced earthquakes (e.g., Blong, 2013; Wauthier et al,, 2013, 2015). There are ~1,400 subaerial
Holocene volcanoes around the world, and Brown, Auker, et al. (2015) found that 800 million people are
estimated to live within 100 km, and about 30 million people within 10 km, of these volcanoes. These
distances are within the striking distance of the hazards associated with large volcanic eruptions, and even
small to moderate eruptions could affect the people who live within 10 km (Brown, Auker, et al., 2015).

Many, but not all, volcanic eruptions are preceded by some form of unrest, including increased seismic
activity, ground deformation, gas emissions, and thermal anomalies (e.g., Barberi et al, 1984; Newhall,
2000; Potter et al.,, 2015; Reath et al., 2016). Long-term monitoring is the best means of recognizing these
signs of unrest and determining whether they are anomalous, particularly if they are indicative of an
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impending eruption (e.g., Phillipson et al,, 2013), or changing hazards during an eruption (e.g. Segall,
2013; Sparks, 2003). However, to determine whether activity is anomalous, a baseline for background
behavior must be established. Additionally, volcanic unrest does not always manifest in the same manner
or consistently lead to eruption and therefore should be monitored using multiple techniques (National
Academies of Sciences, 2017).

For past eruptive events, multidiscipline ground-based measurements of seismic activity, ground deforma-
tion, gas/aerosol emissions, and thermal anomalies have provided crucial information for tracking volcanic
unrest (e.g., Kauahikaua & Poland, 2012; Mothes et al., 2015; Wadge & Aspinall, 2014; Wadge et al., 2014).
In fact, increased instrumentation has been shown to improve both eruption forecasting (Cameron et al,,
2018) and alert-level assignment during volcanic crises (e.g., Winson et al., 2014). Unfortunately, ground-
based monitoring instruments are available at less than half of the volcanoes considered to be potentially
active (e.g., Brown, Sparks, et al,, 2015). Among these ground-monitored volcanoes, many lack the array of
instrumentation needed to provide multidisciplinary information, due to a lack of resources, lack of access
in remote locations, and the danger inherent to being close to an active volcano. Improved monitoring is
possible by utilizing available satellite resources, which can provide information on ground deformation,
gas and aerosol emissions, and thermal anomalies at all ~1,400 subaerial volcanoes (e.g., Bally, 2012; Biggs
et al, 2014; Carn et al,, 2017; Wright, 2016).

We focus on three types of remote sensing observations that provide insights into the processes occurring
within a volcanic system. SO, emissions reflect the mass and relative depth of magma degassing, the perme-
ability of the conduit, and can be used to identify magma recharge (e.g., Caltabiano et al.,, 1994; Galle et al.,
2010; Symonds et al., 1994). Thermal data can be used to identify volcanogenic heating, variations in which
have been related to pre-eruptive activity (e.g., Dehn et al., 2002; Pieri & Abrams, 2005; Reath et al., 2016).
During eruptions, thermal data have been used to estimate lava discharge rates (Coppola et al., 2009;
Harris et al., 2000, 1998) and, in some cases, to forecast the end of an effusive eruption (e.g., Bonny &
Wright, 2017; Coppola et al., 2017; Ripepe et al., 2017). Interferometric SAR (InSAR) data are processed from
Synthetic Aperture Radar (SAR) data, which measures changes in surface characteristics over time with all-
weather, day-night capability. INSAR can provide information on pre-eruptive, syneruptive, and posteruptive
deformation (e.g., Biggs et al., 2014; Biggs & Pritchard, 2017). SAR amplitude imagery is also valuable for asses-
sing changes in volcanic morphology over time—for example, SAR data were used to measure the growth
rate of the lava dome at Merapi Indonesia, in 2010. The results aided assessments that prompted evacuations
credited with saving thousands of lives (Pallister et al., 2012).

Despite this potential, there are challenges to using multisatellite remote sensing observations to study vol-
canoes on a global basis. Processing remote sensing data requires specialized knowledge and software, and
each data set has unique characteristics (Table 1). The detection threshold of unrest is limited by the magni-
tude of unrest as well as the spatial resolution of the measurement (i.e., pixel size), temporal resolution of the
instrument (i.e., repeat time of observations), and the sensitivity of the sensor (i.e,, ability to detect minute
changes above ambient background data values). In addition, remote sensing techniques are often used
in isolation by specialized groups or individuals (e.g., Carn et al,, 2016; Meyer et al., 2016; Wright, 2016),
despite the fact that manifestations of volcanic unrest are interrelated. This study seeks to demonstrate
the potential of systematically integrating multiple remote sensing data sets to better recognize processes
associated with volcanic unrest and eruption.

Here we present the first multidecadal (17 years) and multiparameter time series synthesis of remote sensing
observations of volcanic degassing, thermal activity, and deformation on a regional scale, with the goal of
demonstrating the utility of using multiple satellite data sets to understand the manifestations of volcanic
unrest and eruption. These data have been compiled from published literature, and, where needed, new data
collections and analysis were conducted to fill gaps in spatial, temporal, and sensor coverage. We target 47
volcanoes in Latin America (Figure 1) and, where possible, compare our satellite observations to ground
observations. By incorporating multiple data types, temporal variations in activity identified by one type of
technique can be reinforced by complementary cotemporal observations in other techniques. A specific goal
is to assess to capabilities of these data to establish pre-eruptive trends and to determine how consistently
they can act as indicators of eruption (e.g., Biggs & Pritchard, 2017; Carn et al,, 2016; Jay et al., 2013; Pieri &
Abrams, 2005; Reath et al, 2016). Further, we aim to investigate both individual and regional volcanic
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Table 1

Satellite Sensors That Contributed to Degassing (Rows 1-4), Thermal (Rows 5 and 6) and Deformation (Remaining Rows) Data Sets Used in the Time Series (Figures 2, 4, 5,

6, and Figures S1-547 in the Supporting Information)

Sensor Acronym Launch date Expiration date Space agency
Infrared Atmospheric Sounding Instrument IASI October 2006 Current Centre national d'études spatiales (CNES)
Total Ozone Mapping Spectrometer TOMS October 1978 May 1992 National Aeronautics and Space Administration
(NASA)
Total Ozone Mapping Spectrometer-Earth Probe TOMS_EP  July 1996 December 2006  NASA
(TOMS)
Ozone Monitoring Instrument OoMI January 2004 Current Netherland’s Agency for Aerospace Programs
(NIVR)/ Finnish Meteorological Institute (FMI)
Advanced Spaceborne Thermal ASTER December 1999  Current NASA/ Japans's Ministry of Economy, Trade,
Emission and Reflection Radiometer and Industry (METI)/ Japan Space Systems
Moderate Resolution Imaging Spectroradiometer MODIS December 1999 Current NASA
European Remote-Sensing Satellite ERS-1 July 1991 March 2000 European Space Agency (ESA)
ERS-2 April 1995 September 2011
RADARSAT RSAT-1 November 1995 March 2013 Canadian Space Agency (CSA)
RSAT-2 December 2007 Current
Advanced Land Observation Satellite ALOS-1 January 2006 May 2011 Japan Aerospace Exploration Agency (JAXA)
ALOS-2 May 2014 Current
Environmental Satellite ENVISAT March 2002 April 2012 ESA
Constellation of Small Satellites for the Mediterranean  CSK-1 June 2007 Current Italian Space Agency (ASI)
basin Observation (COSMO)-SkyMed CSK-2 December 2007  Current
CSK-3 October 2008 Current
CSK-4 November2010 Current
Sentinel Sentinel-  April 2014 Current ESA
1A
Sentenel-  April 2016 Current
1B
TerraSAR-X TSX January 2008 Current German Aerospace Center (DLR)
TanDEM-X TDX June 2010 Current DLR

behaviors and to use these data sets to classify volcanoes using the established “open” or “closed” system
definitions (e.g., Biggs et al,, 2014; Chaussard et al., 2013; Chaussard & Amelung, 2014; C.G. Newhall, 2007;
Oppenheimer et al., 1993) and identify if these classifications systematically change within the region.

1.1. Study Area: Latin America

As a step toward developing an international remote sensing geohazards monitoring effort, the Committee
on Earth Observation Satellites (CEOS), an umbrella organization of major international space agencies dedi-
cated to international coordination of space-based Earth observations, initiated a series of pilot projects for
geohazards (specifically volcanoes, earthquakes, floods, and landslides). The volcano pilot project focused
on a regional study of volcanic unrest and eruption in Latin America during 2014-2017 to demonstrate a
proof of concept for a global volcano observatory in space, resulting in an increase in availability of SAR data
in this region (Pritchard et al., 2018). The project chose Latin America as a test area due to its abundant vol-
canic activity and wide diversity of environmental conditions. Volcanoes within this region exhibit a variety of
eruption styles—including Strombolian to Plinian explosions, lava lakes, and episodic to continuous effusion
of basaltic to rhyolitic magma from both open and closed systems (e.g., Chaussard et al., 2013; Newhall, 2007).
Additionally, eruptions in this region strongly impact local populations and regional air traffic, yet they are
undermonitored by ground-based methods (Pritchard et al., 2018). This study focuses on the most active vol-
canoes in Latin America (Figure 1). However, we acknowledge that our sample size is of limited area; thus,
some volcano types or environments will be underrepresented. Additionally, a majority of the volcanoes in
this study are in a continental margin arc. Outcomes related to open and closed systems as well as other
topics may well be different in other areas (e.g., intraoceanic arc and continental rift).

REATH ET AL.

197



nnnnnnnnnnnnn
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2018JB016199

Cotopaxi

Figure 1. Map of the locations and names of all 47 Latin American volcanoes included in this study.

The 47 volcanoes of interest exhibit previously detected unrest that, in many cases, culminated in an erup-
tion. These are a subset of the more than 60 volcanoes in Latin America considered restless, including those
with eruptions since 2000 (49), those that have experienced seismic swarms without eruption (9), or other
satellite detected unrest (54) since 1990 (Pritchard et al., 2018). We have excluded most volcanoes where only
one data type exhibited unrest or detections are not clearly related to subsurface magmatic and/or hydro-
thermal processes (see Table S1). For example, we do not include subsidence at Paricutin volcano and
Lonquimay volcanoes that has been related to cooling of lava flows (Chaussard, 2016; Delgado et al., 2017;
Fournier et al., 2010). We also do not include deformation at volcanoes related to gravity-controlled flank
creep (Ebmeier et al., 2010), flow subsidence (Schaefer et al., 2016), or volcanoes that only deformed during
the Mw 8.8 Maule earthquake (Pritchard et al., 2013).

2. Methods

Four data types are compiled (where available) for each volcano in this study (example of Copahue volcano in
Figure 2): (A) ground-based volcano monitoring data compiled from the Bulletin of the Global Volcanism
Network (BGVN) provided by the Smithsonian Institute Global Volcanism Program (GVP) (Venzke, 2013), (B)
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Figure 2. All available degassing, thermal, deformation, and GVP compiled ground-based data for Copahue volcano (on the Argentina-Chile border). Similar plots
were compiled for all 47 Latin American volcanoes of interest. (a) Ground-based monitoring derived from BGVN data; abbreviations are as follows:

GVP = eruption timing as indicated by the GVP, numbers in this category correspond to volcanic explosivity index (VEI; Newhall & Self, 1982) values of eruption
determined by the GVP, Lhr = lahars, Hy = hydrothermal event, Dfm = deformation, Sm = seismicity, Gas = gas emission, Ash = ash emission, Exp = explosive eruption,
Lava = effusive eruption, Th = thermal anomaly. Black vertical bars indicate times where activity types have been noted. (b) Satellite-based SO, emission masses (kt)
from the OMI sensor (Carn et al.,, 2016, 2017). Gray-shaded areas designate times when data are limited. Before 2005, there are no OMI data, and only TOMS SO,
emission information, with lowered sensitivity and spatial resolution is available; no data were analyzed for 2017. Passive degassing is represented as a bar averaged
over a year, whereas active degassing from discrete measurements are represented by a single point (these are typically associated with explosive eruptions).

(c) Satellite-based thermal data. ASTER data are measured in °C above background (left axis), whereas the Middle InfraRed Observation of Volcanic Activity (MIROVA)
volcanic radiative power data (Coppola et al., 2016) are measured in Watts (right axis). The temperatures (section 2.3) from the two ASTER images shown in
Figure S48. (i.e., 24 July and 10 October 2012) have been surrounded by black stars. The MODVOLC alert data provide information on the timing of the alerts (when a
band ratio exceeds a threshold; Wright, Flynn, et al., 2004; Wright, Parsons, et al., 2004) and are always plotted in the center of the y-axis. (d) Satellite-based
deformation data. Data acquired from different sensors are marked separately. Envisat data are interpreted from Velez et al. (2016), ALOS, CSK, and RSAT-2 data
(the latter two from Lundgren et al., 2017) are from the point —37.838 (latitude), —71.171 (longitude). We found previously unreported subsidence at Copahue
associated with the 2010 Maule earthquake occurring before 26 March 2010 and surrounded by a black circle, which is similar to the subsidence documented at five
other Latin American volcanoes (Pritchard et al.,, 2013). The CSK and RSAT time series have some slight differences from 17 July to 6 June 2012 and from

29 March 2014 to 29 March 2016 (section 3.1). This is likely due to the 12° difference in look angle between these two instruments, which would have an effect on
line-of-sight (LOS) measurements.
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multisatellite observations of SO, degassing, (C) thermal output measured from space, and (D) satellite obser-
vations of ground deformation. All of the raw data used to make the plots have been provided to WOVOdat
(Newhall et al.,, 2017) and now populate their volcanic unrest database. We selected a start date of 1 January
2000 and end date of 1 June 2017, although not all sensors provided usable data at all volcanoes during this
time span. Setting the same defined time period provides a uniform format for data plots, facilitating
comparison between volcanoes. Details about data sources and their limitations are provided in the
following sections.

2.1. Ground-Based Observations

To incorporate ground-based observations into our data sets, we constructed timelines of volcanic activity
from BGVN reports and the Volcanoes of the World (VOTW) databases. Specifically, we pulled individual
events and periods of activity from the BGVN narrative descriptions and assigned start and end dates.
Events were classified into nine different types: lahars, hydrothermal (including changes in crater lakes or
hydrothermal systems), deformation, elevated seismicity (including tremor or earthquake swarms), gas emis-
sion, ash emission, explosive eruption (including magmatic, phreatomagmatic, or phreatic), lava effusion, and
thermal/incandescence (Figure 2a). The majority of the observations describing these events in BGVN are
ground based, but some satellite observations are also included (e.g., some BGVN reports include MODIS
alerts and InSAR data; however, reporting methods are not consistent). Wherever the type of activity is
reported, it is included independent of scale (e.g., a small ash puff is given the same value as a large ash
cloud). We note that as the BGVN relies heavily upon reporting by observatories, these reports contain
observation biases and omissions based on the degree of instrumentation available and the threshold for
reporting at the specific observatory. There is undoubtedly volcanic activity that is absent from the timelines
(e.g., seismicity at volcanoes with no seismic network would not be reported). Further, the BGVN does not
always receive and record all the data collected and used by volcano observatories.

In Figure 2a, the “GVP” row is used to track eruptive periods. The start dates of eruptions correspond with the
first appearance of new ejecta or lava as reported in the BGVN. Any eruption of tephra or lava occurring
within a 3-month period following the start date is considered to be part of the same eruptive event. The
numbers used in this row correspond with the eruption’s volcanic explosivity index (VEI) value, which is based
upon the largest volume of ejecta produced during any one eruption during the period (Newhall & Self,
1982). For simplicity, rather than citing each BGVN report, we cite the VOTW database (Venzke, 2013), which
contains those individual reports, and the profile webpage for each volcano from which the reports can
be accessed.

2.2. Degassing

The satellite derived volcanic SO, measurements presented here are from Carn et al. (2016, 2017) and Theys
et al. (2013) and were acquired using two methods depending on the style of emissions—active (e.g., emis-
sions detected during an eruption) and passive (e.g., emissions detected during noneruptive periods). For
active SO, emissions, which were released and measured during explosive and effusive eruptions, the
maximum SO, mass measured from a single satellite acquisition is reported in kilotons (kt), following the
methods of Carn et al. (2016). We assume this to represent the total SO, mass released during that eruption
and is limited to emissions contained within the upper troposphere to the lower stratosphere. These
measurements were acquired using a variety of ultraviolet and infrared sensors (Table 1), with SO, masses
compiled in Carn et al. (2016). The detection of SO, degassing from October 1978 to September 2004 was
generally restricted to TOMS measurements, which only captured degassing events from large explosive
eruptions. IASI data were also used to quantify active emissions after 2006 (Carn et al,, 2016; Theys et al.,,
2013). In September 2004 OMI became fully operational, and, with an increased spectral resolution and smal-
ler footprint size, it provided a previously unseen level of SO, sensitivity (Carn et al., 2016). OMI is currently in
operation and is capable of detecting explosive/high-altitude degassing from smaller eruptions than its pre-
decessors, as well as passive/low altitude volcanic SO, emissions (Carn et al., 2008). Where detectable, annual
mean passive SO, emissions from Carn et al. (2017) are included in the degassing data set. In Figure 2b, active
degassing measurements are presented in the plots as a single discrete point, while mean annual passive
degassing measurements are shown as a bar spanning the year where the measurements were made. In
some cases, the emissions from one volcano were impossible to differentiate from those of a neighboring
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volcano. Where this occurs the combined emissions for both the volcanoes are included in the degassing
data set, and this combined measurement is noted in the figure caption.

2.3. Thermal

Thermal infrared and middle infrared instruments like ASTER on the Terra satellite (launched in 1999) and
MODIS (Table 1) on the Terra, as well as the Aqua satellite (launched in 2002), have been utilized to detect
volcanic thermal anomalies (Dehn et al., 2002; Francis & Rothery, 1987; Kaneko & Wooster, 1999;
Oppenheimer & Francis, 1997; Oppenheimer et al.,, 1993). Although both sensors provide spectral radiance
values from which thermal flux and other metrics can be derived, the different spatial and temporal resolu-
tions of these sensors provide different sensitivities to volcanic activity. The ASTER sensor has a spatial reso-
lution of 90 m in the thermal infrared spectrum and a temporal resolution that is limited to 1-7 days in the
polar regions and 16 days at the equator (a cross-track pointing mirror can, in important cases, reduce this
repeat time; Ramsey, 2016; Yamaguchi et al.,, 1998). These data are sensitive to smaller changes in thermal
output than the MODIS sensor, but the low temporal resolution in areas with persistent clouds can result
in sparsely populated time series.

ASTER temperature data used in our time series were collected as part of the ASTER Volcano Thermal Output
Database (AVTOD) project and are presented as temperature above background (Figure 2c). This database
uses the kinetic surface temperature (AST_08) data product (Gillespie et al., 1998) and improves upon meth-
ods from Jay et al. (2013) and Reath et al. (2016). Temperatures above background were determined by cal-
culating the average temperature of a 10-by-10-pixel region adjacent to the thermal anomaly and
subtracting that from the maximum pixel temperature of the anomaly. In cases where the pixel temperature
was saturated, a temperature of 120 °C was assigned. This corresponds with the approximate temperature of
saturation in the ASTER brightness temperature algorithm (Abrams et al., 2002). All available cloud-free ASTER
nighttime acquisitions are included in this data set, meaning zero values are included. We define an image to
have clouds if atmospheric water vapor covers the anomalous area or if clouds are in close proximity to an
apparent anomaly and appear to have an influence on its temperature, based on the discretion of
the investigator.

Two MODIS-based volcano thermal archives are incorporated into the thermal data set used here: MODVOLC
(Wright, Flynn, et al., 2004) and MIROVA (Coppola et al., 2016). MODIS data are collected twice daily, resulting
in a much more complete time series of observations compared to ASTER, but with a spatial resolution of
1 km, resulting in a higher detection threshold for thermal outputs than ASTER. The majority of the
MODVOLC data we used come in the form of detected alerts, which are triggered whenever a thermal anom-
aly produces a thermal signature that exceeds the normalized thermal index (NTI) volcanic activity threshold
(Wright, Flynn, et al, 2004). This threshold is designed to limit false triggers; however, it also limits
MODVOLC's ability to trigger alerts for volcanic anomalies that produce a low thermal output. These alerts
are therefore focused on large thermal events such as active eruptions and lava flows (Wright, Flynn, et al,,
2004). At particularly active volcanoes, enough MODVOLC alerts have been triggered that the trend of
detected thermal energy can be plotted in J/month (Wright, 2016). Where applicable, these trends have been
included in the thermal plot as a bar spanning the month where increased thermal energy was detected.
However, in all but two of these cases volcanic radiative power data from MIROVA are also available, and,
due to the increased accuracy of these measurements, they replace the MODVOLC (J/month) trend in the
thermal plots. Volcanic radiative power measurements have increased accuracy due to the more complex
MIROVA algorithm, which incorporates both spatial and spectral filtering and provides increased sensitivity
to thermal anomalies with lower thermal outputs (Coppola, et al., 2016). These data are provided in Watts
and are included in the plots as a single yellow dot (Figure 2c). The MIROVA system is relatively new, and
previously acquired MODIS data are still being processed; therefore, measurements for some volcanoes of
interest in this study are not currently available.

2.4. Deformation

InSAR is used to detect ground deformation that arises from a variety of volcanic processes (e.g., Chaussard &
Amelung, 2014; Lu et al., 2010; Pinel et al., 2014; Pritchard & Simons, 2004). Compared to the degassing and
thermal data sets, the deformation data included here are much more heterogeneous with respect to satellite
source (15 sensors used) and analysis methods (Table 1). For example, ENVISAT had seven different
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acquisition modes, two of which are included in this study, Image Swath (IS)-2 (23° look angle), which was
used in the nominal mission from March 2002 to October 2010, and IS-6 (45° look angle), primarily used in
the extension mission from October 2010 to April 2012. Each of these acquisition modes is sensitive to differ-
ent components of deformation (e.g., Kouamé et al., 2006), restricting the data from being plotted as a con-
tinuous time series. ALOS-1/2 is also unique in that they use the L-band (~24 cm) wavelength, which
penetrates some vegetation (e.g., Lucas et al., 2010). Due to this characteristic, many heavily vegetated vol-
canoes only have deformation data from ALOS-1/2. Based upon the amount of deformation data available
for each volcano of interest, some combinations of data from each of these instruments have been used
to create each deformation time series plot (e.g., Berardino et al., 2002). Automated systems for processing
SAR data are not yet operational (although see Hua et al., 2013; Meyer et al,, 2016; Spaans et al., 2017);
therefore, all the deformation data included in these plots are from previous publications, as cited in the
figure captions, or the result of new work. The specific instruments used are always noted, and when multiple
acquisition modes or frames are used from the same instrument, they are plotted separately (Figure 2d).
Where possible, the location of measured deformation and the timing of the zero displacement reference
acquisition have been included in Table S2.

To facilitate interpretation of the deformation data sets, different markings are used to indicate the type of
method (Text S1) utilized to analyze the data. For example, a closed mark is indicative of the true measure-
ment of displacement as determined from the sensor data, although these values may include atmospheric
and spatial filtering corrections. An open mark is indicative of interpolated data—Each mark represents the
data acquisition times, but the displacement values are interpolated from the general trend of displacement
of these acquisitions. These trends are determined either from literature or from individual interferograms.
There are also sections of the plot with a light blue background, indicating periods with no ground displace-
ment above uncertainty. Error has not been calculated for every available deformation time series; therefore,
error bars are not included in these plots. Time series with previously calculated error values can be found in
Table S3.

3. Results

Time series figures depicting ground-based observations as well as coincident satellite observations of
gas emissions, thermal anomalies, and deformation for 47 volcanoes are included in this study as
Figures S1-S47. Because a discussion of each volcano's figure is impractical, we summarize general
trends and highlight a few examples to illustrate the utility and challenges of using satellite observations
to detect volcanic unrest and characterize volcano behavior.

3.1. Comparison of Unrest and Eruption Time Series: Copahue Volcano

We have performed an in-depth study of Copahue volcano, located on the Chile-Argentina border to demon-
strate how complementary data types can be used together (Figure 2). Since its 2000 eruption, Copahue has
been the subject of numerous ground-based studies aimed at characterizing baseline behavior (e.g., Agusto
et al, 2013; Caselli et al,, 2005; Ibaiiez et al., 2008). Our analyses expands upon previous studies (e.g., Carn
etal, 2017; Lundgren et al., 2017; Velez et al., 2011, 2016), through inclusion of new thermal time series data
and filling gaps in the deformation time series from 2008 to 2011.

At Copahue, local monitoring presented by BGVP (Figure 2a) reveals two periods of activity. The first period in
early- to mid-2000 corresponds with an eruptive event that lasted from 1 July to 18 October 2000 (maximum
VEI of 2). A wide range of ground-based detections were made, in contrast to the very limited satellite detec-
tions during that time (Caselli, Velez, et al., 2016; Naranjo & Polanco, 2004; Varekamp et al., 2001). After this
eruption, no new activity was detected until early 2012, when phreatomagmatic eruptions occurred and
intense bubbling of the crater lake leads to its complete evaporation (Caselli, Agusto, et al., 2016). These
signals heralded the onset of a new explosive eruptive phase that was categorized by GVP as occurring from
22 December 2012 to 10 December 2013. After this eruptive period, regular observations revealed seismic,
ash, gas, thermal, and explosive activity as Copahue continued to demonstrate cyclical behavior of eruption
and inactivity for the remainder of the study.

The degassing time series (Figure 2b) shows temporal variations in passive degassing as well as active degas-
sing from the largest eruption during the observation period. We observed no evidence of active degassing
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in TOMS sensor data during the 2000 eruption. In 2005, when OMI data became available, passive degassing
was episodically detected, in low quantity (<45 kt/year) until 2012. Passive degassing increased significantly
in 2012 and reached its peak in 2013. A large active degassing event on 22 December 2012 corresponded
with the emission of a large ash plume that led to the alert level of the volcano to be raised from orange
to red by the Observatorio Volcanolégico de los Andes del Sur-Servicio Nacional de Geologia y Mineria
(Venzke, 2013).

The thermal output (Figure 2c) reveals several different trends that we relate to eruptions, removal of the cra-
ter lake, and fumarolic activity. After 21 November 2009, temperature variability increased in the ASTER data,
leading to a trend of increasing temperature in both ASTER and MIROVA data types, between 5 September
2012 and 16 July 2012. When this trend reached its maximum on 16 July 2012, observers on the ground
reported intense bubbling of the crater lake and phreatomagmatic eruptions (Caselli, Agusto, et al., 2016;
Venzke, 2013). Based on our observations we speculate that during this period, the crater lake began to eva-
porate or was erupted away at a faster rate than it could refill. Removal of the crater lake produced lower ther-
mal readings for both ASTER and MIROVA by both removing a surficial element storing heat and by reducing
the area of the thermal anomaly from the full crater lake to that of a few hot fumaroles. This was observed
through analysis of ASTER data, which demonstrates that the anomaly detected on 19 October 2012
decreased in both area and intensity compared to the anomaly detected 24 July 2012 (Figure S48), suggest-
ing the partial or complete evaporation of the lake within this period. For the remainder of the study Copahue
underwent several eruptive cycles, and thermal output was highly variable and seemingly cyclical, with tem-
peratures varying as much as 0.92 °C/day (25 October to 26 November 2014), and the highest values were
recorded at the conclusion of explosive activity during the three separate eruptive periods.

Ground deformation at Copahue determined from multiple satellites (Figure 2d) demonstrated a long-term
trend in subsidence and then a change to uplift. The deformation data set begins on 16 December 2002 with
a consistent deflation trend of ~2 cm/year (LOS) in both Envisat IS-2 (Velez et al., 2016) and ALOS-1 data until
26 March 2010, where a transient spike in the deflation (circled in Figure 3d) is seen that we suggest may be
related to the 2010 Maule earthquake, similar to subsidence at five other volcanic systems in southern Chile
(Pritchard et al., 2013). After the 2010 subsidence event, deflation transitioned to inflation, which was first
observed by the 27 December 2010 acquisition (Velez et al.,, 2016). The correlation between the timing of
the deformation transition and the Maule earthquake provides evidence supporting the theory of Bonali
(2013) that earthquake-induced stress played a role in retriggering activity in the Copahue volcanic system.
After the transition to uplift, inflation continued at an initial rate of 12-15 cm/year before exponentially
decreasing over time (Lundgren et al,, 2017). Velez et al. (2016) proposed that during the 10-year deflation
period, subsidence was related to degassing of the hydrothermal system, while the inflation since 2012
was due to pressurization of a deeper magmatic source. The inflation persisted through several eruptive
cycles (Figure 2d; Lundgren et al,, 2017; Velez et al., 2016).

By comparing the different subpanels in Figure 2, it becomes evident that the near synchronous timing of
certain events and changes in observed trends could suggest common source processes. In all four data sets
the level of activity is limited between late 2000 and early 2010.1n 2011, an inflation trend begins at about the
same time as an upward trend in thermal output. Notably, these trends are observed in satellite data before
complementary ground observations were reported in BGVP, with the first ground reports starting in early
2012 and unrest in all three satellite parameters starting in early- to mid-2011. If new magma was introduced
into a shallow reservoir (e.g., Velez et al., 2016), it could have triggered the change from subsidence to uplift
and also provide heat to the fumaroles and the crater lake. In 2012, thermal output became variable, and the
rate of passive SO, degassing increased. Both observations are consistent with the removal of the crater lake
during the July and December 2012 phreatomagmatic eruptions, after which time the lake was not present to
provide a higher and more consistent anomaly temperature nor to scrub SO, gas. From 2014 to the end of
the observation period, higher temperatures with increased cyclical variability and slightly lower, but still
elevated passive degassing rates, are recorded.

3.2. Open and Closed Volcanic System Classifications

Our compilation of satellite data at 47 different volcanoes allows us both to compare how manifestations of
volcanic unrest relate to eruptions and to test conceptual models of open and closed conduit volcanoes.
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Figure 3. Classification of the 47 study volcanoes in Latin America based on the amount of degassing/thermal output pro-
duced compared against the amount of deformation. Volcano names were abbreviated as Al = Alcedo, Ar = Arenal,

Ca = Calbuco, CA = Cerro Azul, Ch = Chaitén, NC = Nevados de Chillan, Col = Colima, Cop = Copahue, CC = Cordén Caulle,
Ct = Cotopaxi, Da = Darwin, Fe = Fernandina, Fu = Fuego, Ga = Galeras, Gu = Guagua Pinchincha, Hu = Hudson,

NH = Nevados del Huila, Is = Isluga, La = Lascar, Ls = Lastarria, Lz = Lazufre, LI = Llaima, Ma = Masaya, LM = Laguna del
Maule, Mo = Momotombo, Pa = Pacaya, Pl = Planchon-Peteroa, Po = Poas, Pp = Popocatépetl, Re = Reventador, RV = Rincon
de la Vieja, Ro = Robledo, NR = Nevado del Ruiz, Sab = Sabancaya, SC = San Cristobal, SM = San Miguel, San = Sangay,
SaM = Santa Maria, SN = Sierra Negra, SH = Soufriere Hills, Te = Telica, Tun = Tungarahua, Tur = Turrialba, Ub = Ubinas,
Ut = Uturuncu, Vi = Villarrica, and Wo = Wolf.

Several definitions exist in literature for open and closed volcanic systems. The classification of Newhall
(2007), which we refer to as the “degassing definition,” focuses primarily on gas emissions—Open volcanic
systems passively degas any exsolved volatiles from the magma body due to a permeable conduit that
allows these gases to escape the system. In a closed system, these exsolved gases cannot separate from
their host magma due to a high magma viscosity or impermeable conduit (Text S2). Chaussard et al. (2013)
define open and closed systems based on their characteristics of surface deformation, and we refer to this
as the “deformation definition.” In an open system, when gases or pressure from an influx of magma
enters the system, pressure is relieved in a short time span through the open conduit without significant
observable surficial deformation. The opposite is true of closed systems, where detectable deformation is
common. Both of these studies rely on measuring different types of unrest but are related. Passive
degassing pairs with a lack of deformation within open systems and the opposite should hold true for
closed systems. While these classifications facilitate the understanding of particular aspects of volcanic
systems, they may not apply to all dynamic volcanic systems.

In order to explore the practicality of using this classification system, all 47 volcanoes included in the study
have been categorized in the context of these classification definitions using the remote sensing observa-
tions of deformation, degassing, and thermal data (Figure 3 and Table S4). The y-axis of Figure 3 shows the
relative degassing from each volcano, as the amount of passive SO, emissions (where such measurements
exist) and/or observed thermal output as a proxy for fumarolic activity where degassing data do not exist.
The reasoning behind including both thermal and degassing observations on the same axis is that a lack
of detected passive SO, emissions does not necessarily mean the volcano is not degassing. The emissions
may just be below the detection threshold for the OMI sensor (Carn et al., 2013), and/or the gas composition
is dominated by other gases (CO,, H,0, and H,S). Thermal readings can act as an expression of passive
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degassing where hot magmatic gases provide heat to the surface producing a thermal anomaly. Additionally,
even if these thermal anomalies are not directly related to hot gases, but to the rise of heat from the magma
body, the ability of the heat to reach the surface at a single persistent location likely indicates a semiperme-
able conduit. The x-axis of Figure 3 demonstrates the rate and location of measured ground deformation by
InSAR. Limitations inherent in each of these data types may have a nonuniform effect on average values and
detection limits based on the amount of data available and surrounding vegetation at these volcanoes; these
limitations are discussed further in section 4.1.

Each axis has three separate subintervals to represent three categories of activity observed at these volca-
noes (listed from high values to low values), including persistent degassing, episodic degassing, and thermal
signature with no measured degassing on the degassing/thermal axis (y-axis) and continuous deformation,
deformation within the edifice, and deformation offset from the edifice (see rationale in Text S4) on the defor-
mation axis (x-axis). Values within these subintervals are calculated using different gauges; both persistent
and episodic passive degassing category values are determined through calculating the average annual
SO, emissions from 2005 to 2015, limited to data collected from the OMI sensor. Thermal values are deter-
mined from the average temperature above background values determined from ASTER data during none-
ruptive periods of the entire time series (2000-2017). This includes thermal readings derived from the hottest
volcanic vent during pre-eruptive and posteruptive periods. All numeric values are shown in Table S4.

Deformation values are the absolute value of the amount of deformation (e.g., 3 cm of deflation followed by
6 cm of inflation would be measured as 9-cm total deformation). Deformation occurring during an eruptive
period is not included in the total deformation value; further explanation of how these values are calculated is
provided in S3. In the continuous-deformation category values in Figure 3 and Table S4 are determined by
the monthly average deformation rate for the full time series, whereas in both the deformation within the
edifice and offset from the edifice (explained in S4) categories, values are determined by the amount of defor-
mation measured 6 months before eruption onset as classified by the GVP. In the latter two categories, mea-
surements were limited to a 6-month period due to the transient nature of the deformation that frequently
occurs before an eruption. In this study, deformation activity was often detectable for at least a 6-month per-
iod at the erupting volcanoes.

For each volcano, we have applied the following rules in making Figure 3. The timing of each eruptive period
is determined by the values provided by the GVP, and the mechanics of this timing is discussed in section 2.1.
Only eruptions with a VEI values of 1 or greater are considered for this study. The scale for each of these cate-
gories in Figure 3 has been normalized so that the highest value is at the top (or right) of the axis whereas
zero represents the lowest value. We term unrest as “transient” if, at any point during this study, no unrest
can be detected. Volcanoes with no detectable deformation and/or thermal anomalies for the full study plot
at the zero lines of each of these axes.

In Figure 3, we use a color code for the different types of volcanic systems. The region shaded pink in the plot
fulfills the expected unrest of an open system and the blue region that of a closed system, as established by
both the degassing and deformation definitions. Volcanoes falling in to the yellow region produce both
passive degassing and surficial deformation and would be classified as open using the degassing definition
and closed using the deformation definition. Conversely, volcanoes in the purple region provided little to
no remotely detectable unrest. These volcanoes would be classified as closed by the degassing definition
and open by the deformation definition. These color codes only apply to unrest detected from 2000 to
2017—During other time periods the volcano behavior may differ.

If every volcano fit neatly into the open and closed definitions, before eruptions we would see open systems
degassing without deformation and closed systems without degassing, but with deformation. While this sim-
ple open or closed behavior is seen at a majority of the volcanoes (mentioned below), many do not fit neatly
into these two categories but are a combination of the two (Figure 3). Of the 47 volcanoes studied, 19 exhib-
ited the typical behavior expected in a closed system, and 15 exhibited that of an open system. Seven volca-
noes exhibited both passive degassing and clear deformation in the pre-eruptive period, and six volcanoes
had little to no detectable pre-eruptive unrest in either category. In both of these cases, the volcano could
be classified as either open or closed, dependent upon whether the degassing or deformation definition
was being used. To further complicate this issue, volcanoes are dynamic systems. In closed systems with
magma reservoirs at depth, compressible magma and/or ductile wall rocks can deform to accommodate
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the influx of new magma without transmitting a deformation signal to the surface (Anderson & Segall, 2011).
Further, eruptions can force open conduits in a closed system and collapse conduits in an open system, chan-
ging the system behavior, and thus our classification after eruption.

Whereas these classifications oversimplify a complicated issue, this study has identified some volcanoes that
seem to fit closely to the open and closed system definitions. Villarrica volcano presents a classic example of
an open conduit volcanic system (Figure S46). Villarrica is characterized by a ~40-m-diameter lava lake that
varies from 20 to 100 m below the crater rim (e.g., Moussallam et al.,, 2016; Shinohara & Witter, 2005).
Passive degassing is consistently above detectable limits, and variations in the annual emission rates corre-
late closely with thermal measurements for the period of study. These cycles of increased and decreased
thermal and degassing output are closely related to periods where the lava lake is or is not present, acting
as a reliable proxy of magma levels within the conduit. All exsolved gases and pressure from the influx of
new magma to the shallow reservoir are able to escape the open system from the conduit, causing a change
in the level of the lava lake before building up enough pressure to cause remotely detectable deformation.
Delgado et al. (2017) determined deformation relating to activity at Villarrica could be detected in the SE edi-
fice flank from mid-April to mid-May 2015 (after the March 2015 eruption) but did not detect deformation on
the volcanic edifice or anywhere else before the 2015 eruption.

In a closed system, overpressure builds in the magma reservoir, whether from the influx of new magma or
volatile exsolution, causing inflation. In many cases, the pressure of the reservoir exceeds the tensile strength
of the surrounding rock, opening a conduit that leads to an eruption (e.g., Chaussard et al., 2013). Wolf vol-
cano (Galapagos Islands, Ecuador) presents a classic example of a closed volcanic system (Figure S47). Wolf
is an active shield volcano that demonstrates a cyclical behavior of caldera collapse with partial caldera refill
between eruptive phases (e.g., Geist et al., 2005). In this system, the volcano is continuously inflating during
noneruptive periods, and no passive degassing can be detected. A thermal signature, while low relative to
the other volcanoes in our study area, is detectable with ASTER during noneruptive periods. In this closed sys-
tem, a very limited amount of volatiles and pressure are discharged through the conduit, resulting in enough
subsurface pressure buildup for deformation to be expressed on the surface as consistent inflation as well as
a thermal anomaly.

Both Villarrica and Wolf provide good end-members to demonstrate the utility of the open and closed
classification system, although in each of these cases attributes of the opposing system type are observed.
Deformation offset from the edifice has been identified at Villarrica by Delgado et al. (2017) and a persistent
thermal anomaly ~10 °C above background has been detected at Wolf (Figure S47). In fact, a majority of
volcanoes produce some attributes associated with both classifications. Copahue is an example of such a
volcano (Figure 2). Before the 22 December 2012 eruptive cycle, pre-eruptive behavior was observed using
all three techniques. Although this system does have a permeable conduit that enables passive degassing,
it must be constricted (Bruce & Huppert, 1989) to a degree that it cannot relieve subsurface pressure as
quickly as it builds (Girona et al., 2015). This forces the magma reservoir to inflate in response to the excess
pressure, thus producing detectable deformation. In such a system, the volcano would exhibit deformation
behavior similar to a “closed” system despite having an “open” conduit.

There are also cases where volcanoes erupt with seemingly no pre-eruptive unrest, such as Chaitén, which
exhibited neither degassing nor deformation before its 2 May 2008 VEI 5 eruptive event (Figure S5). In fact,
the only detectable pre-eruptive unrest manifested as an increase in seismicity 1 day before the eruption
(Wunderman, 2008). However, this volcano was not well monitored, with the closest seismometers several
hundred kilometers away. No measurable unrest was detected by any of the remote sensing techniques. It
is theorized that this eruption was caused by magma from a deep source, located well to the east associated
with Minchinmavida volcano, that rapidly ascended through existing faults (e.g., Wicks et al., 2011). This sys-
tem is characterized as a closed system; however, we speculate that the magma source is deep enough that
any pre-eruptive deformation in the magma reservoir was not expressed on the surface. After the eruption,
the thermal baseline increased due to a newly emplaced and actively effusing lava dome, indicative of an
open system and demonstrating the temporally dynamic nature of volcanic systems. If eruptive activity
occurs while the volcano is in an open state, it would likely be preceded by both an increase in thermal
and degassing output.
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Along with Chaitén, five other volcanoes in this study demonstrated similar pre-eruptive characteristics:
Calbuco, Nevados de Chillan, Momotombo, Planchén-Peteroa, and Rincon de la Vieja. Although of these
six volcanoes, only Chaitén and Calbuco truly lack any type of satellite detectable pre-eruptive unrest.
Measureable thermal unrest was detected at all other volcanoes, suggesting some form of open conduit.
Additionally, no deformation data are available for Rincon de la Vieja, and limited deformation data are avail-
able for Momotombo and Planchén-Peteroa. In these cases, a lack of detectable unrest may be due to the
limited availability of data, rather than volcanic characteristics.

Observed variations in the established classification scheme of open and closed systems demonstrate how
volcanoes cannot be simply categorized. Rather, the concepts of open and closed volcanoes should act as
endpoints for the dynamic possibilities of volcanic systems. As we demonstrate here, there exists a range
of volcanoes that fall outside of these classifications and volcanoes that are capable of transitioning between
end-member states. Additionally, volcanoes that most closely match the ideal open and closed systems com-
monly contain some aspects of the other system.

4, Discussion

4.1. Limitations of Satellite Volcano Monitoring

The amount and type of satellite data available greatly impact the effectiveness of remote sensing for vol-
cano monitoring, and it is common for volcanic activity to be missed because of poor spatial, spectral, or tem-
poral resolution of the available data types (e.g., Carn et al., 2016; Moran et al., 2006; Pieri & Abrams, 2005).
Each data type has different characteristics affecting the availability and quality of data.

SO, degassing data are continuously available from 2004 to present as part of the NASA Global Sulfur Dioxide
Monitoring home page. However, they are limited by the 13 x 24 km pixel size, masking from anthropogenic
SO, sources (e.g., Mexico City masks Colima), and atmospheric conditions. Additionally, passive degassing in
all but the most extreme cases was undetectable with moderate spatial resolution instruments until the OMI
sensor began operation in 2005. Further, UV sensors such as OMI only operate by day, and their detection
limits vary as a function of altitude, latitude, and season (e.g., Carn et al., 2003).

Thermal data are masked by cloudy conditions, which can be particularly problematic in forested tropical
areas, and high spatial/ low temporal resolution data can have significant data gaps. A study performed as
part of AVTOD found that only ~22% of ASTER scenes acquired for volcanoes in this study in Central
America and the North Andes were cloud free enough to be usable, compared to ~60% of scenes in the
Central Andes (Table S5). In addition, ASTER data are not continuously acquired and, in the case of AVTOD,
are limited to nighttime acquisitions. MODIS data for the entire time period of 2000-2017 are analyzed by
MODVOLC, but the MIROVA database is still relatively new, and the entire MODIS archive from every volcano
included in this study has not yet been processed.

SAR data, used to determine deformation, have the benefit of providing ground information through clouds
but are affected by tropospheric water vapor and surface decorrelation in heavily vegetated areas (e.g.,
Ebmeier et al., 2013a, 2013ab). Certain observation modes (using longer radar wavelengths or higher spatial
resolution at a given wavelength) improve coherence in vegetated areas, but these data are not always avail-
able at no cost. The benefits of these modes for Latin American volcanoes and their utility for monitoring are
described in Pritchard et al. (2018).

Table 2 acts as quick guide for the availability of SAR and certain types of thermal data for all 47 volcanoes and
identifies if the volcano has had an eruption (Y/N) during the period of study. Degassing data are not included
in this plot because OMI data are continuously monitored for SO,, since 2005—therefore, the current maxi-
mum level of coverage is already available, although the detection threshold varies with location (e.g., Carn
etal,, 2013). For simplicity, we consider all volcanoes to have the same availability of degassing data. Likewise,
the MODVOLC algorithm has consistently been applied to every volcano on this list on a twice-daily basis,
although MODVOLC alerts are generally limited to eruptive events. Data sets with increased sensitivity to
subtler thermal anomalies, like ASTER and MIROVA, are necessary to detect thermal activity occurring in
noneruptive periods. Thus, the analysis of thermal data availability is limited to the cloud-free nighttime
ASTER (i.e., AVTOD) and MIROVA data types. We define high thermal data availability as having an average
of over 10 AVTOD detections per year and/or the MIROVA data set has no gaps longer than 2 years. We
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Table 2

Data Quality Table of 47 Volcanoes with Time Series, Green(3) = High Data

Availability, Yellow(2) = Intermediate, and Red(1) = Poor

Volcano

Eruption

Thermal

Deformation

Alcedo

Arenal

Calbuco

Cerro Azul
Chaitén

Nevados De Chillan
Colima

Copahue

Cordén Caulle
Cotopaxi

Darwin
Fernandina
Fuego

Galeras

Guagua Pichincha
Hudson

Nevados del Huila
Isluga

Lascar

Lastarria

Lazufre

Llaima

Masaya

Laguna del Maule
Momotombo
Pacaya
Planchén-Peteroa
Poas
Popocatépetl
Reventador
Rincon de la Vieja
Robledo

Nevado de Ruiz
Sabancaya

San Cristobal

San Miguel
Sangay

Santa Maria
Sierra Negra
Soufriére Hills
Telica
Tungurahua
Turrialba

Ubinas

Uturuncu
Villarrica
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define intermediate data availability as having at least one AVTOD mea-
surement per year and/or any MIROVA detections, and poor data availabil-
ity as having less than one AVTOD measurement per year. For the
deformation data, the data availability is considered high if some form of
deformation time series data is available for 10 of the 17 years of this study,
intermediate data availability if there is less than 10 years of deformation
time series data, and poor data availability when there is no
deformation data.

The availability of data can have a large effect on the ability to make mean-
ingful interpretations. Using Figure 3 as an example, although all values
used are averaged over a 17-year period, a lack of data available can lead
to the overemphasis or underemphasis of short-term thermal and degas-
sing activity in this average, depending on when the data are acquired.
This issue can be exaggerated in low temporal resolution (i.e., ASTER) data
where values are, in some cases, determined from less than 20 acquisi-
tions. Further, in highly vegetated areas, subtler surface deformation is
more difficult to detect, potentially biasing the data toward open systems
in these locations. Additionally, without the proper amount of data to
establish a new trend in volcanic unrest, it becomes unrealistic to deter-
mine volcanic characteristics with satellite sources. Table 2 identifies the
variations in the availability of the satellite data for each volcano, in order
to determine where potential gaps in data coverage may exist. Our sim-
plistic criteria for data availability do not provide an overview of the data
quality, only quantity. A qualitative metric would require a more compre-
hensive analysis and is recommended for future work.

4.2, Pre-Eruptive Trend Identification

An obvious question is whether the satellite data provide any indication of
impending eruption. Here we have performed a qualitative analysis of
where the most common types of pre-eruptive trends are observed in
these data sets before some of the largest eruptions. A complete analysis
of the pre-eruptive trends in each of these time series would require a sta-
tistical analysis of the noneruptive period of each volcano to determine
the threshold of noneruptive variation and is beyond the scope of
this work.

During our study period, 20 eruptions at 14 volcanoes were classified as
having either VEI 3, 4, or 5 eruptions (Venzke, 2013). Using the satellite time
series for these volcanoes, we have identified whether a change in
satellite-detected unrest was observed before these eruptions (Table S6).
Specifically, we looked for characteristics that could be classified as a
pre-eruptive trend, including (1) inflation or an increase in inflation rate
in deformation data, (2) increases in thermal output, and (3) an increase
in SO, emissions. Future work will investigate whether an approach of rely-
ing on these features alone is overly simplistic or if the inclusion of more
complex parameterizations is more appropriate.

In this analysis, pre-eruptive changes in the trend were evident at fewer
volcanoes than expected. Only one eruption at Sabancaya (Figure S33)
had a pre-eruptive change in trend from all three data types (Table S5),
and only the Nevado del Ruiz (Figure S34) eruption had two types of iden-
tifiable pre-eruptive changes in trend (Carn et al,, 2017; Lundgren et al,,
2015). Nine eruptions had one type of identifiable change in trend, and
the final nine eruptions produced no easily identifiable pre-eruptive
trends. Though the number of volcanoes with a pre-eruptive trend is
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Figure 4. Satellite time series for Galeras volcano, Colombia. See Figure 2 caption for details about symbols. Deformation
data provided by (a). Morales from the point 1.2275, —77.3486 (Morales Rivera et al., 2016) these data have high
uncertainties due primarily to the variability of atmospheric water vapor in tropical regions (Ebmeier et al., 2013a, 2013b).
Red lines have been added to this figure to signify the timing of three VEI 3 eruptions.

low, there are a number of factors that smitigated the likelihood of detection. First is the simplicity of this
inspection. We are only looking for the most common types of trends; however, previous literature (Biggs
& Pritchard, 2017; Reath et al, 2016) has identified multiple other types of trends that are not being
accounted for in the study. Second, without a quantitative analysis, a qualitative inspection identifies these
trends with a limited degree of accuracy. Third, data limitations reduce the ability of the observer to
identify where pre-eruptive trends occur. This can be a significant limitation, as ground-based changes in
unrest that are diagnostic of coming eruptions often take place only days to hour preceding an eruption
(e.g., Mothes et al., 2015; Wadge & Aspinall, 2014; Wadge et al., 2014). In these cases, the unavailability of
near-real time data or infrequent satellite acquisitions can pose a serious issue.

Galeras volcano (Figure 4) provides an example of how data limitations can lead to an unclear perception of
pre-eruptive trends. Three VEI 3 eruptions were recorded at Galeras during our study period. Before the 16
July 2004 eruption of Galeras, OMI had not been launched, so any passive degassing would have been unde-
tectable, no deformation data were available due to the lack of a sensor with coherent observations given the
dense vegetation, and no ASTER scenes had been acquired for over 2 years. Although a lack of ground-based
reports makes it unclear if a pre-eruptive trend would have been detected, this is a case where a lack of data
eliminates any possibility of pre-eruptive evidence. Both degassing and deformation data are available
before the 17 January 2008 eruption; however, it is unclear if the measurements made by these techniques
can be related to a pre-eruptive change in trend. This is because there is a singular point of increased nega-
tive displacement before the event (Parks et al., 2011); however, the variations in these data are below the
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Figure 5. Satellite time series for Lascar volcano, Chile. See Figure 2 caption for details about symbols. TSX deformation
data provided by N. Richter from the point —23.363, —67.726 within the crater from (Richter et al,, 2018). From 04 May
2014 to 12 Jan 2015 there is a time series data gap; displacement during this time has been interpolated to be consistent
with displacement of both sides of the gap. The combined ERS/Envisat time series from the point —23.37, —67.73

(S.T. Henderson & Pritchard, 2013) does not show any consistent deformation, but because the ERS/Envisat InSAR data was
processed at much lower resolution, it could have missed the deformation detected by TSX during the later time

period. The light blue area of the deformation graph marks the time over which the rate of any magmatic deformation is
below the measurement threshold; any measured variability is believed to be the result of atmospheric interference.
The vertical red line signifies the timing of the 18 April 2006 VEI 3 eruption.

threshold for atmospheric noise. Whereas there is an increase in passive degassing in the same year as this
eruption, it is unclear if this increase occurred during the pre-eruptive period of this eruption, before the
next eruption or even during the eruption. Once again, no thermal data were acquired for over a year
before eruption.

Very similar issues affect the pre-eruptive data before the 14 February 2009 Galeras eruption; (a) the eruption
occurs too soon after the previous eruption to determine if there is a pre-eruptive increase in degassing, (b)
noise levels and data gaps make the deformation data unclear, and (c) a lack of ASTER data provide limited
thermal readings. MODVOLC did trigger some alerts during the pre-eruptive period; however, it is unclear
how these relate to the upcoming eruption and MIROVA data are unavailable, as they have only been pro-
cessed up to 2013 for this volcano.

Conversely, at some volcanoes with a dense satellite data set, pre-eruptive trends were identified. For example,
a subtle and temporally limited increase in thermal output was measured by ASTER before the 18 April 2006
eruption at Lascar (Figure 5), where ASTER data were acquired 12 days before eruption. Similarly, at Cordén
Caulle (Figure 6) a possible subtle increase in inflation rate associated with seismicity potentially caused by
a transient magma injection leading to the 4 June 2011 eruption as measured in Envisat 1S-6 data acquired
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Figure 6. Satellite time series for Cordén Caulle volcano, Chile. See Figure 2 caption for details about symbols. Each of these
data sets were collected from the points: CSK: —40.492, —72.211; sentinel: —40.495, —72.185. ALOS data based on

Jay et al. (2014) and Envisat 2003-2006 data based on Fournier et al. (2010). Envisat data from 6/1/11 to 3/13/12 generated
through the use of a Yang model (Yang et al., 1988) to calculate the deformation at the crater due to decorrelation
surrounding the main vent in during eruption caused by flows. All data sets with open points are interpolated from the
general displacement trend of the data and do not represent the measured displacements values of the data points.
The light blue area of the deformation graph marks the time over which the rate of any magmatic deformation is thought
to be below the measurement threshold; any measured variability is believed to be the result of atmospheric
interference. After the ASTER acquisition on 5/17/2011, the hottest thermal anomaly shifts from Los Bafios geothermal area
to the newly generated vent of the 6/4/2011 eruption. The vertical red line signifies the timing of the 4 June 2011

VEI 3 eruption.

27 days before eruption by Jay et al. (2014) (although see Euillades et al., 2017). In each of these cases, multiple
data points were available shortly before the eruption, providing enough data to establish a change in the
trend of the observed pre-eruptive parameters. This reinforces the importance of having regular data
acquisitions with a short temporal interval. Additionally, these finding suggest that pre-eruptive unrest is
unlikely to manifest in every data type, as only one eruption among the 20 inspected produced an
identifiable pre-eruptive change in trend in all three. This reiterates the need for observations from multiple
data types, including ground-based monitoring and established communication lines between volcano
observatories and the satellite remote sensing community, and implies that imaging a volcano over
multiple eruption and unrest cycles is necessary to fully understand how unrest can lead to eruption (or not).

4.3. Regional Trends

By plotting the system classifications and data values of these volcanoes on an area map of Latin America
(Figure 7), some regional trends in volcano classification emerge. For example, Central America and Peru
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Figure 7. Location and system classification of all 47 volcanoes in this study based on the information in Figure 3.

have mostly open volcanic systems, while the Galapagos Islands have only closed systems. In the Central
Andes, there are open systems north of —22°S, but closed systems dominate south of this latitude. These
differences between the Central Andes and Central America were noted by Ebmeier et al. (20133,
2013ab). They determined whether ground deformation in different volcanic arcs was greater or less than
what would be expected based on the global distribution of volcanoes with both eruptions and deforma-
tion. Their study found that the Central Andes had more deformation than expected; this is consistent
with the dominantly closed classification in this region found in our study. Further, Central America
had less deformation than expected, consistent with the dominantly open classification in our study.
Various explanations have been offered for these types of regional trends. For instance, Biggs et al.
(2014) emphasize the role of regional variations in magma composition (basalt and andesite vs.
rhyolite/dacite) and volcano type (calderas, stratocones, and shields) while Chaussard and Amelung
(2014) propose that the upper crustal structure and tectonic stress are dominant controls. Future work will
test these proposals for the driving forces of regional variations in classification when global data span-
ning a longer time period is available.
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5. Recommendations and Conclusions

By integrating the satellite data acquired through multiple techniques over 17 years, we generated a more
comprehensive representation of the behavior of 47 of the most active Latin American volcanoes than was
previously possible with satellite data. Although a lack of data availability affects the ability to interpret the
measured activity, a new understanding of the behavior of each volcano included in this study can be derived
from a majority of these plots. By analyzing different types of data together, we can see not just how a certain
type of behavior would influence a singular data type, but how the volcanic system is influenced as a whole.
For example, once the crater lake begins to episodically evaporate at Copahue, passive SO, degassing
increased, and thermal output became more variable (Figure 2). These data can also provide background
information for each volcano included in this study. If, in the future, a potentially concerning detection is
made at any of these volcanoes, 17 years of remote sensing material is now available as reference material,
and the raw data are publically available through WOVOdat (http://www.wovodat.org/).

These data are not only useful when analyzing individual volcanoes, but data collected for the entire region
provides information on the relation between different types of unrest and eruption at different volcanoes.
For example, the inadequacies in the established concepts of open and closed systems only become clear
when observed in the time series for several volcanoes. These data then enabled us to measure how volcanic
characteristics vary across the spectrum of open and closed volcanic systems. After analyzing all 47 volcanoes,
13 volcanoes could not be classified as either open or closed. Additionally, of the remaining volcanoes, many
had varying degrees of open or closed behaviors. This suggests that rather than being a classification that all
volcanoes must fall into, the open and closed ideals are more end-members in a spectrum of dynamic systems.

This is the first time multiple types of satellite observations have been directly compared on a regional basis
for volcanoes. Where thermal data are available with both ASTER and MIROVA data types, they track the same
general trends in thermal output. Additionally, the two data sets are complementary to each other, the
increased temporal resolution of MIROVA provides a more accurate measurement of thermal trends with
high thermal output, and the increased sensitively of ASTER provides low thermal resolution measurements
missed by MIROVA.

Integrating data for each of the 47 volcanoes in this study demonstrates how analyzing several different
satellite-sensor techniques in parallel improves understanding of the behavior occurring at these volcanoes
and stresses the need for a multitechnique analysis at other volcanoes. Sections 3.2 and 4.2 have demon-
strated that it is common for precursory behavior to be expressed in one form of unrest but not another,
dependent upon the type of volcanic system. Therefore, in order to monitor the full spectrum of volcanic
activity each of these techniques should be included and would ideally be coupled with ground-based data
(e.g., seismic monitoring, in situ observations).

This study also revealed that these remote sensing techniques are not being fully exploited. Despite collect-
ing all available satellite-based degassing, thermal, and deformation data over 17 years, several volcanoes
had time series plots that were incomplete and thus could not be easily interpreted. In some cases, (e.g.,
Galeras, Figure 6) we simply lack the temporal resolution needed to determine if a measurable change was
related to eruption. This emphasized to us the need to collect these data with the highest possible temporal
resolution. Only with enough consistently acquired data can satellite based instruments identify and classify
the typical behavior of a volcanic system, such as whether regional variations in composition or tectonic
stress play a role in different pre-eruptive trends. Environmental factors will always limit the quantity of clear
and interpretable acquisitions. Nevertheless, the operational limits currently in place on the acquisition of
thermal and deformation data do not allow the maximum efficiency of these sensors to be achieved. This
is important to consider in the near future, as automated processing systems for deformation data such as
COMET, SARVIEWS, and Aria (Hua et al., 2013; Meyer et al., 2016; Spaans et al., 2017) are now being implemen-
ted. Shortly, relevant phenomena will be observed with next-generation instruments that will improve the
accuracy and/or utility of all the measurements used in this study in development: TROPOMI for degassing
(Veefkind et al., 2012), HyspIRI/SBG for thermal and degassing (Lee et al., 2015), and NISAR for deformation
(Alvarez-Salazar et al., 2014). The advent of these sensors and systems is expected to provide an improve-
ment in the quality and quantity of remotely sensed data available to volcanologists. However, to properly
utilize these data, international coordination within the volcano remote sensing community will be neces-
sary, including the routine creation of multisensor time series plots like those used in this study.
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