
1. Introduction
Unlike most geohazards, volcanic eruptions are often preceded by warning signs, including increased seis-
micity, ground deformation, degassing, or thermal emissions from hours to months (or even years) before 
eruption (e.g., UNESCO, 1971). Such preeruptive unrest is defined as “the deviation from the background or 
baseline behavior of a volcano towards a behavior which is a cause for concern in the short-term because it 
might prelude an eruption” (Phillipson et al., 2013). Implicit in this definition of unrest is a quantification of 

Abstract An important aspect of volcanic hazard assessment is determination of the level and 
character of background activity at a volcano so that deviations from background (called unrest) can 
be identified. Here, we compile the instrumentally recorded eruptive and noneruptive activity for 161 
US volcanoes between 1978 and 2020. We combine monitoring data from four techniques: seismicity, 
ground deformation, degassing, and thermal emissions. To previous work, we add the first comprehensive 
survey of US volcanoes using medium-spatial resolution satellite thermal observations, newly available 
field surveys of degassing, and new compilations of seismic and deformation data. We report previously 
undocumented thermal activity at 30 volcanoes using data from the spaceborne ASTER sensor during 
2000–2020. To facilitate comparison of activity levels for all US volcanoes, we assign a numerical 
classification of the Activity Intensity Level for each monitoring technique, with the highest ranking 
corresponding to an eruption. There are 96 US volcanoes (59%) with at least one type of detected activity, 
but this represents a lower bound: For example, there are 12 volcanoes where degassing has been observed 
but has not yet been quantified. We identify dozens of volcanoes where volcanic activity is only measured 
by satellite (45% of all thermal observations), and other volcanoes where only ground-based sensors have 
detected activity (e.g., all seismic and 62% of measured degassing observations). Our compilation provides 
a baseline against which future measurements can be compared, demonstrates the need for both ground-
based and remote observations, and serves as a guide for prioritizing future monitoring efforts.

Plain Language Summary We have compiled the instrumentally recorded eruptive and 
noneruptive activity in terms of earthquakes, ground deformation, degassing, and thermal emissions 
for 161 US volcanoes between 1978 and 2020. There are 96 US volcanoes (59%) with at least one type of 
detected activity. But we think that more than 96 volcanoes had activity during this time period because of 
the limits in the data available. We report previously undocumented thermal activity at 30 volcanoes using 
data from the spaceborne ASTER sensor measured in the Thermal Infrared during 2000–2020. We identify 
dozens of volcanoes where volcanic activity is only measured by satellite (45% of all thermal observations), 
and other volcanoes where only ground-based sensors have detected activity (e.g., all seismic and 
62% of measured degassing observations). Our compilation provides a baseline against which future 
measurements can be compared, demonstrates the need for both ground-based and remote observations, 
and serves as a guide for prioritizing future monitoring efforts.
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the background level of volcanic activity such that increases can be discerned. However, many volcanoes in 
the United States (US) have inadequate background observations for one or more monitoring data types—
that is, seismicity, ground deformation, and gas or thermal emissions (Ewert, 2007; Ewert et al., 2005). Even 
where background volcanic activity has been measured at US volcanoes, there is no existing compilation 
that can be queried with fundamental questions such as How many US volcanoes have had detectable ac-
tivity? Are these detections made on the ground, by satellites, or both? Are certain erupting or nonerupting 
volcanoes more (or less) likely to show activity with multiple types of monitoring data (seismicity, deforma-
tion, and gas or thermal emissions)?

Here, we combine new analyses of ground and satellite monitoring observations with information from 
the scientific literature to create a compilation of multiparameter observations of volcanic activity at 161 
US volcanoes (Figure 1) between 1978 and 2020. We define volcanic activity as seismicity, thermal output, 
gas emission, and ground deformation of likely magmatic or hydrothermal origin as defined in the peer-re-
viewed literature. We also make note of deformation and seismic activity that have been measured at a vol-
cano but are not related to magmatic or hydrothermal activity, such as tectonic earthquakes or near-surface 
processes like lava flow subsidence, faulting, and geothermal power production (see Section 2.3). Our focus 
is on activity that has been instrumentally recorded by ground-, airborne, and satellite-based instruments, 
instead of inferred to have happened in the absence of measurements, as done in some previous studies 
(e.g., Ewert et al., 2018).

In our compilation, we characterize both background volcanic activity and volcanic unrest (i.e., deviations 
from background) in order to identify the highest level of activity whether associated with eruption or not. 
Volcanic unrest in the US was considered by Diefenbach et al. (2009) and updated by Ewert et al. (2018); this 
paper adds to those compilations by identifying any volcanoes with measured activity even if that activity 
is not considered unrest. For many volcanoes, the level of activity changes with time, but those changes are 
not considered here. By only recording the highest level of activity, we can highlight two critical measure-
ments: (a) for volcanoes that did not erupt, the highest amount of noneruptive volcanic activity present over 
∼40 years (between 1978 and 2020, including both unrest and background activity) and (b) for volcanoes 
that did erupt, the amount of instrumentally detected activity during eruption.

We characterize activity for 161 volcanoes in our compilation, taken from the U.S. Geological Survey (USGS) 
assessment of volcanoes that pose a threat (Ewert et al., 2018). While there are 169 US volcanoes of Holo-
cene age (i.e., eruptions in the last ∼12,000 years) listed in the Volcanoes of the World (VOTW) compilation 
(Global Volcanism Program, 2013), the eight volcanoes that are in the VOTW but not in our compilation 
are deep submarine or otherwise considered to have a very low threat even if they have eruptions since 
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Figure 1. The locations of the 161 volcanoes included in this study (red triangles), all within the territory of the United 
States.
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1978 (e.g., Lōʻihi, Hawaiʻi, NW Rota 1, Vailulu'u, and Mariana Back-Arc Segment at 15.5°N). The list of 
potentially active volcanoes changes with time as new information is collected and so should be revisited 
periodically—see Ewert et al. (2018) for detailed rationale of volcanoes added and removed relative to Ewert 
et al. (2005). We focus on volcanoes with Holocene activity as “potentially active,” along with some Pleisto-
cene US volcanoes that were included in the USGS threat assessment (Yellowstone, Long Valley, and Coso; 
Ewert, 2007; Ewert et al., 2005, 2018). Future work should better document mud volcanoes which erupt 
and pose hazards that can be monitored by satellite (e.g., Niu et al., 2019) and areas of potential magmatic 
unrest where there is no obvious associated vent such as Strandline Lake, AK (Kilgore et al., 2011) and So-
corro, NM (e.g., Fialko & Simons, 2001), as well as several seismic swarms in the western Great Basin (e.g., 
Hatch-Ibarra, 2020; Smith et al., 2004, 2016).

We use ground-based, airborne, and space-based observations of gas and thermal emissions and ground 
deformation, and ground-based observations of seismic activity. We build on previous work by including 
additional data sets, such as the first comprehensive survey of US volcanoes from 2000 to 2020 using medi-
um-spatial resolution satellite thermal observations (90 m/pixel) from the ASTER (Advanced Spaceborne 
Thermal Emission and Reflection Radiometer) instrument, newly available field surveys of gas emissions, 
and new compilations of seismic and deformation data. Over time, data quality and quantity have increased 
for all monitoring types that we consider (e.g., Carn et al., 2016; Hooper et al., 2018; Power et al., 2019; 
Wright et al., 2004); however, a major source of uncertainty in our compilation is that the quality of avail-
able data varies with space, time, and data type. We have chosen to include measurements from 1978 to 
2020 because the first satellite observations of volcanic activity in the form of elevated emissions of sulfur 
dioxide (SO2) begin in 1978 (e.g., Carn et al., 2016), even though for most US volcanoes monitoring data 
are not available from all techniques starting at that time. For example, satellite observations of ground 
deformation from Interferometric Synthetic Aperture Radar (InSAR) began in the 1990s, and the quality of 
those data has varied over time (e.g., Dzurisin et al., 2019; Lu & Dzurisin, 2014). Satellite thermal data were 
not used quantitatively until the 1980s, even though low-resolution data have been available from weather 
satellites since the 1960s (Harris, 2013). In Section 2, we further describe the different types of monitoring 
data that we include in our study.

We present our compilation of multiparameter observations of volcanic activity at 161 US volcanoes from 
1978 to 2020 as two supplementary files: one for volcanoes with eruptive activity (Table S1) and the other 
for volcanoes that did not have instrumentally recorded eruptions during that interval (Table S2). Future 
work could have separate Activity Intensity Level (AIL) during eruptive and noneruptive periods for each 
volcano, but in this study, there is a single, maximum AIL per volcano. For each volcano, we record whether 
activity has been detected from each of the four monitoring methods along with a reference to the source 
of information. Further, we include a numerical classification of the intensity of activity and whether the 
activity was detected by ground, airborne, or spaceborne sensors. Higher ranks indicate a higher level of 
activity, which, if seen in multiple data sets, may indicate a higher likelihood of magmatic activity. While 
the idea of using a single ranking across monitoring data types is inspired by the Volcano Unrest Index (Pot-
ter et al., 2015), we use a simpler ranking scheme that can be applied to a large number of volcanoes with 
heterogeneous data. We then use the compiled data to (a) develop an integrated ground- and satellite-based 
assessment of eruptive and noneruptive volcanic activity in the US (including intensity and type of activity) 
and (b) compare the activity among volcanoes in the US as measured by space- and ground-based sensors 
and different monitoring techniques to identify areas that may require additional attention when consid-
ered in a larger context of risk-mitigation or scientific objectives.

2. Methods
In the following subsections, we document the seismic, gas and thermal emissions, and ground deforma-
tion data that were used to characterize volcanic activity at the 161 volcanoes. For each type of monitoring 
data, an AIL from 0 to 3 has been defined and applied, with the highest value (AIL = 3) corresponding to 
detections made during eruption and AIL = 0 indicating no detections related to new magmatic activity 
(Table 1). For ground deformation, there may be detected activity that has an AIL = 0 if any ground defor-
mation is caused by cooling of older lava flows, faulting, or human activities (i.e., pumping/injection at 
geothermal power plants)—see Section 2.3. For all monitoring types, at rank 0, there may still be low-level 
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volcanic activity present, but not detected either because there are no local/satellite observations or the 
detection threshold of the available data sets is not low enough.

It is difficult to compare low levels of volcanic activity (AIL 1 and 2) from the different types of monitoring 
data (e.g., Potter et al., 2015), so slightly different criteria are used for each monitoring type. For gas and 
thermal emissions, we assume that only more vigorous activity can be measured from space, so volcanic 
activity detected by satellite has AIL  =  2 and activity only detected by ground or airborne sensors has 
AIL = 1. A rank of 0.5 is included for gas emissions that have been seen but not measured (see Section 2.2). 
It would be better to use the gas flux or measured temperatures in the AIL, but given the heterogeneity in 
types of data available (e.g., satellite pixel size, location where ground measurements are made, etc.) this is 
not yet possible. For the seismic and deformation techniques, AIL = 1 indicates activity with an ambiguous 
origin and AIL = 2 indicates a presumed magmatic source. Although it is difficult to separate magmatic and 
nonmagmatic activity (e.g., Pritchard et al., 2019), we cite previous interpretations of the origin of seismic 
and deformation activity. We acknowledge that the assessment of AIL is subjective and that different inves-
tigators might come up with different assessments; nevertheless, this assessment serves as a good starting 
point for understanding volcanoes whose magmatic systems may be more active than previously document-
ed—indeed, ambiguity and disagreement between experts highlights the need for a better understanding 
of causative processes.

The objective of creating the AIL is to quickly and easily identify volcanoes with high scores of activity 
seen in multiple data sets. For each volcano, we sum the AIL from the four monitoring techniques. The 
maximum summed AIL ranking is 12 and the maximum for a volcano without detected eruptions is 8. Our 
hypothesis is that volcanoes with high AIL in multiple categories are more likely to erupt and merit close 
scrutiny. An important caveat for the AIL ranking is that not all volcanoes are well monitored during the 
entire period—for example, some volcanoes could have magmatic seismicity but only ranked as AIL = 0 
because there is no seismic network to make the needed measurements.

2.1. Thermal Activity

Thermal activity was identified using satellite observations via automated detection algorithms and manual 
observation, as well as airborne and ground-based observations. An AIL = 3 for thermal denotes detections 
of thermal features that occurred during an eruption and were made through automated detection algo-
rithms, specifically Moderate Resolution Imaging Spectroradiometer Volcano (MODVOLC; Wright, 2016; 
Wright et al., 2004) and Middle InfraRed Observation of Volcanic Activity (MIROVA; Coppola et al., 2016). 
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AIL 
value Thermal Degassing Deformation Seismic

3 Eruptive detection by low-spatial 
resolution satellites (MODIS; ∼1 km/
pixel)

Eruptive detection by satellite 
monitoring

Directly related to eruptive 
magmatic processes

Eruptive seismic signals

2 Noneruptive detection by manual 
analysis of medium-spatial resolution 
(90 m/pixel) ASTER data

Noneruptive detection by satellite 
monitoring

Directly related to noneruptive 
magmatic processes

Noneruptive swarms (or other 
diagnostic seismic signals) 
with magmatic origins

1 Noneruptive detection through ground-
based or airborne sources

Noneruptive detection and 
measurement by ground-based 
or airborne instruments

Ambiguous origins may be 
magmatic or nonmagmatic

Swarms with unclear 
origins or background 
earthquakes of whatever 
type (VT, LF, VLP, LP, etc.)

0.5 Noneruptive identification 
by ground-based visual 
observations

0 No detection or clearly not of current magmatic origin

Note. A more detailed explanation of the criteria used in the rankings can be found in Sections 2.1–2.4.
Abbreviation: AIL, Activity Intensity Level.

Table 1 
The Types of Observed Activity That are Considered When Ranked Using the AIL
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These algorithms are based on Moderate Resolution Imaging Spectroradiometer (MODIS) data, which have 
a ∼1-km pixel size in the Thermal Infrared (TIR) wavelengths and span 2000–2020. For a thermal feature 
to be detected with this pixel size, it must either cover a relatively large area or have a high temperature 
(Poland et al., 2020).

AIL 2 classifications of thermal activity are noneruptive and are not large or hot enough to be routinely de-
tected by MODIS or any currently available automated detection algorithms. They can, however, be detect-
ed by the ASTER sensor, which has a higher-spatial resolution than MODIS—90 m/pixel in the TIR. Reath, 
Pritchard, Moruzzi, et  al.  (2019) found that the most sensitive automated detection algorithm based on 
MODIS data, MIROVA, was incapable of detecting thermal features with temperature <20°C above back-
ground in the 90 m/pixel ASTER images, while the sensitivity of ASTER is ∼2°C. The only automated de-
tection algorithm for these data, the ASTER Volcano Archive, is not optimized for low-temperature thermal 
features (Pieri et al., 2007). Therefore, we performed a manual analysis of the ASTER TIR nighttime image-
ry following the methods outlined by Reath, Pritchard, Moruzzi, et al. (2019) and Reath, Pritchard, Poland, 
et al. (2019) using the ASTER Product 8 temperature derived using the method of Gillespie et al. (1998). We 
focused on nighttime imagery because it is easier to detect low amplitude thermal anomalies at night. Other 
satellite data with spatial resolution <100 m/pixel in the TIR, like Landsat 8, do not routinely collect night-
time images and cannot currently be used for quantitative analysis (Reath, Pritchard, Moruzzi, et al., 2019).

Any noneruptive observation of thermal activity made from airborne or ground-based instrumentation 
that has not been detected by satellite has been classified as Rank 1. These detections primarily consist of 
airborne surveys made with a thermal camera but also include measurements made from a radiometer, a 
ground-based thermal camera, or any other nonsatellite heat-detection devices (e.g., Friedman et al., 1982; 
Hill & Prejean, 2005; Moxham, 1970).

2.2. Degassing Activity

We consider any volcanic gas species (e.g., H2O, CO2, SO2, and H2S) whether detected through ground-
based, airborne, or satellite remote sensing, or quantified by direct sampling of gas emitted from fumaroles, 
steaming ground, or bubbling springs to be indicative of degassing-related activity. In most cases, particular-
ly with satellite detections, these observations are limited to SO2 due to the relative ease of detecting this gas 
in the ultraviolet (UV) and TIR wavelengths. Many of these detections have been made by the TOMS and 
OMI sensors in the UV and the MODIS and IASI sensors in the TIR (e.g., Carn et al., 2016, 2017; Fioletov 
et al., 2016). However, the detection limit for these sensors is high due to large pixel sizes (e.g., 13  × 24 km 
for OMI) combined with the lack of automated detected algorithms for TIR data (e.g., Carn et al., 2008). 
At volcanoes where SO2 is detected and quantified by satellite during an eruption, AIL = 3. When satellite 
observations are made of noneruptive volcanic degassing, AIL = 2. While it is not always easy to distinguish 
eruptive from noneruptive degassing from space, for simplicity we use the catalog of Carn et al. (2016) to 
describe eruptive degassing and that of Carn et al. (2017) to describe noneruptive degassing.

For AIL = 1, we include degassing measurements made from ground-based methods as well as airborne 
sensors (e.g., Doukas & McGee, 2007; Symonds, Poreda, et al., 2003; Werner et al., 2011). Airborne meas-
urements have the advantage of lower detection thresholds compared to satellites, whereas ground-based 
observations have an increased level of sensitivity, can quantify a broader range of gas species, and certain 
techniques are capable of collecting near continuous data at the volcanoes with permanently installed sen-
sors (e.g., Lopez et al., 2017). Airborne and ground-based techniques also allow gases to be measured in situ, 
enabling volcanic gases such as CO2 and H2O to be quantified, even though those species are present in large 
quantities in background air and therefore extremely difficult to detect from space (e.g., Poland et al., 2020). 
Additionally, many ground-based detections are made through direct sampling using Giggenbach flasks, 
which are capable of making highly sensitive discriminations of volcanic gas compositions (e.g., Giggen-
bach, 1975, 1996) at the time of the sampling but cannot measure flux. All of these factors increase the sen-
sitivity of measuring volcanic degassing from the ground and airborne sensors beyond what can be detected 
by satellite monitoring. The disadvantage of the ground and airborne measurements of degassing is that not 
all volcanoes are monitored equally and/or consistently given limits on accessibility. For this reason, not all 
degassing volcanoes in the US have been measured with ground or airborne instrumentation.
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Many volcanoes emit plumes of steam or condensed water vapor (and potentially other gases) that can be 
seen visually but that have not been quantified. The presence of vapor plumes implies a subsurface heat 
source and in many cases corresponds with mixtures of hydrothermal and volcanic gases (e.g., Fischer 
et al., 2019). However, we do not consider observations of steam or bubbling hot springs to be indicative of 
volcanic degassing without compositional data to confirm or refute a magmatic source. Therefore without 
compositional data, we cannot assign visible observations of degassing AIL values with the same level of 
confidence as the previously mentioned ranks. Nevertheless, as there is a chance these volcanoes with only 
visual observations and no measurements are indicative of magmatic degassing, we have assigned them a 
degassing rank of 0.5.

2.3. Deformation Activity

Ground deformation at volcanoes is measured from space (InSAR) and by terrestrial sensors (Global Po-
sitioning System, tilt, Electronic Distance Measurements, etc.) (e.g., Dzurisin, 2006). The AIL values for 
recorded deformation activity are based on how the deformation correlates to eruptive and potential mag-
matic subsurface processes. Unlike with the thermal and degassing classifications, we have made no dis-
tinction between measurements made by satellite or the ground instruments because both can produce 
measurements of similar accuracy, although they have different capabilities in terms of spatial and tem-
poral resolution (e.g., Dzurisin, 2006). Deformation on or around volcanoes, however, is not always clearly 
attributable to subsurface magmatic activity (e.g., Hill & Prejean, 2005; Intrieri et al., 2013; Lu & Dzuri-
sin, 2014). Deformation observed during an eruption has AIL = 3. Deformation that can be directly related 
to magmatic processes but not eruption (e.g., Amelung et al., 2007; Lu, 2007; Poland et al., 2017) is given 
an AIL = 2. Volcanoes having deformation with ambiguous origins have AIL = 1—in these cases, it is un-
clear if the deformation is primarily related to magmatic, faulting/seismic, or other processes (e.g., Crowell 
et al., 2013; Lu, 2007; Poland, 2010). We have identified deformation that is known to be related to surficial 
processes, such as the cooling of lava or pyroclastic flows, flank creep, faulting, and anthropogenic activity 
like geothermal power production (e.g., Dietterich et al., 2012; Dzurisin et al., 2002; Ebmeier et al., 2012; 
Howle et al., 2003; Intrieri et al., 2013; Wittmann et al., 2017) in a separate column (Tables 2 and 3, Tables S1 
and S2). We include these types of deformation so that the surficial or anthropogenic activity is not confused 
in the future with deformation related to magmatic processes but do not assign an elevated ranking based 
on this deformation (i.e., AIL = 0).

2.4. Seismic Activity

Similar to deformation, the AIL in seismic activity is ranked based on whether seismic activity is thought to 
be related to eruptive, magmatic, or ambiguous activity. Sensitivity to seismicity is a function of the nature 
of seismic instrumentation surrounding a volcano. A comprehensive map and list of the locations of the 
permanent (and some campaign) volcano-seismic monitoring networks in the US can be found at ds.iris.
edu/gmap (network codes AV, CC, HV, MI, NC, NN, UU, and UW) and in Alaska by Power et al. (2019). We 
record the current seismic monitoring level as a column in Tables S1 and S2 based on the criteria of Moran 
et al. (2008).

An AIL ranking of 3 for seismic activity is assigned when seismicity can be directly linked with an eruptive 
event (e.g., Neal et al., 2019; Power et al., 2004; Roman & Cashman, 2018). AIL = 2 seismicity relates to 
swarms that are likely related to magma intrusion (e.g., Farrell et al., 2010; Roman & Power, 2011; Syracuse 
et al., 2015). There are additional potential seismic indicators of magma intrusion (e.g., deep LPs, some 
kinds of tremor, drum beats, mixed phase “hybrid” events) but we do not use these as catalogs do not rou-
tinely record them. Finally, seismic swarms or earthquakes that have an unclear cause (i.e., that may be due 
to magmatic activity or to tectonic/hydrothermal activity) (e.g., Dixon et al., 2015; Murphy et al., 2014) are 
assigned an AIL = 1. Additionally, systems with nonnegligible seismic activity (e.g., a nonzero background 
event rate or occasional LF events; e.g., Gareloi) are assigned an AIL = 1. For volcanoes with AIL = 0, no 
elevated seismicity has been observed, either because of a lack of earthquake activity or because the mon-
itoring was poor.
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Name
Submarine 

(Y/N)32 Year of eruption(s) (1978–2020)32,a

US 
volcano 
threat 

ranking1

Thermal 
activity 
(0–3)

Degassing 
activity 
(0–3)

Deformation 
activity (0–3)

Surficial 
or other 

deformation 
(Y/N)

Seismic 
activity 
(0–3)

AIL 
sum

Kīlauea N 2020, 1983–2018, 2020 1 3 3,4 3 10,11,99 3 19 Y136 3 29 12

Mount St. 
Helens

N 2004–2008, 1990–1991, 1989–1990, 
1980–1986

2 3 3,4 3 12,100,101 3 18 Y18 3 30 12

Redoubt N 2009, 1989 4 3 3,4 3 10,12,102,103 3 53,b Y17 3 30,121,122 12

Augustine N 2005–2006, 1986 12 3 3,4 3 10–12,104,105 3 16,17 Y17 3 30 12

Mauna Loa N 1984 16 3 4,88,93 3 12,88,116 3 20,88,b Y28 3 48, 88 12

Okmok N 2008, 1997, 1986–1988, 1983, 1981 19 3 4,7,9b 3 12,64,84 3 16,17 Y17 3 30 12

Veniaminof N 2018, 2013, 2008, 2002–2006, 1995, 
1993–1994, 1987, 1983–1984

29 3 3,4 3 10,11 3 17 N 3 123,124 12

Anatahan N 2007–2008, 2006, 2004–2005, 2003 63 3 3,4 3 10–12,106,107 3 25,c N 3 43 12

Korovin N 2006, 2005, 2004, 2002, 1998, 1987 31 2 4 3 10,64 3 17 N 3 108,125,d 11

Shishaldin N 2019–2020, 2014–2015, 2004, 1999, 1998, 
1997, 1995–1996, 1993, 1986–1987, 

1979, 1978

32 3 3,4 3 10–12,109 1 74 N 3 35 10

Pagan N 2012, 2011, 2010, 2006, 1996, 1993, 1992, 
1988, 1987, 1981–1985

44 3 3,4 3 10,12,40 3 23,135 Y65 1 40 10

Cleveland N 2020, 2016–2019, 2005–2015, 2001, 1997, 
1994, 1987, 1986, 1984

48 3 3,4,7 3 10,110,111 1 138 Y17 3 90 10

Semisopochnoi N 2018–2020, 1987 55 1 4 3 117 3 42 Y17 3 42 10

Spurr N 1992 10 2 4,95 3 10–12,15,112 1 17 N 3 35 9

Pavlof N 2016, 2014, 2013, 2007, 1996–1997, 1990, 
1986–1988, 1983, 1981, 1980

41 3 3,4,7 3 12,59 0 N 3 35 9

Bogoslof N 2016–2017, 1992 76 3 4,9b 3 75 0 13 N 3 44 9

Makushin N 1995, 1993–1994, 1987, 1980 9 2 4 2 55,64,73 2 16,17 N 2 34,87 8

Kasatochi N 2008 47 2 4,96 3 12 0 N 3 32 8

Fourpeakede N 2006 53 0 2 12,15,41 3 17 N 3 41 8

Akutan N 1992, 1991, 1990, 1989 8 2 4,98 1 54,55,73,76–78 2 16,17 N 2 34 7

Westdahl N 1991–1992 36 2 4,97 0 3 16,17 N 1 51 6

Kanaga N 2012, 1995, 1994 39 2 4,97 1 61 0 17 Y17 3 51 6

Great Sitkin N 2019, 2018 46 2 4 1 64 0 N 3 35 6

South Sarigan 
Seamount

Y 2010 119 0 3 32,118 0 N 3 32 6

Kiska N 1990 70 2 4 1 32 2 16,17 N 0 5

Seguam N 1993, 1992 50 2 4,97 0 2 16,17 Y17 0 4

Gareloi N 1989, 1987, 1982, 1980 60 2 4 2 10,11,73 0 17 Y17 1 89 4

Chiginagak N 1998 71 2 4,92 2 10,11 0 N 0 4

Table 2 
Activity Observed by Ground and Satellite Sensors for All US Volcanoes (N = 31) With Eruptive Activity Between 1978 and 2020
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2.5. Eruptive Activity

We use the database of eruptions and dates of eruption for US volcanoes from the VOTW (Global Volcanism 
Program, 2013), as it provides a uniform reference for all US eruptions. We include notes where eruptions 
listed as confirmed in the VOTW (for example at Korovin and Chiginagak) are not listed or are listed as 
questionable in the Alaska Volcano Observatory eruption catalog (Alaska Volcano Observatory, 2021). One 
phreatic eruption is included at Fourpeaked volcano where a shallow magmatic intrusion is inferred to have 
occurred (Gardine et al., 2011).

3. Results
Our compilation of volcanic activity detections is provided as two separate tables, for volcanoes with erup-
tions in the VOTW (Table S1; abridged version in Table 2) and those without recorded eruptions (Table S2; 
abridged version in Table 3). Of the 161 volcanoes considered here, 31 had instrumentally recorded eruptions 
during the study period; however, not all monitoring techniques have measurements during all eruptions.
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Table 2 
Continued

Name
Submarine 

(Y/N)32 Year of eruption(s) (1978–2020)32,a

US 
volcano 
threat 

ranking1

Thermal 
activity 
(0–3)

Degassing 
activity 
(0–3)

Deformation 
activity (0–3)

Surficial 
or other 

deformation 
(Y/N)

Seismic 
activity 
(0–3)

AIL 
sum

Ahyi seamount Y 2014, 2001 158 1 67 0 0 N 3 32 4

Amukta N 1997, 1996, 1987 91 2 4,97 0 1 17 Y17 0 3

Ruby Y 1995 159 0 0 0 N 3 46 3

Notes. Dates of eruptions and whether the volcano is submarine are from VOTW. Volcanoes are ordered by AIL values (explained in Section 2)—those with the 
same AIL are then ranked by their threat ranking from Ewert et al. (2018). Additional information for each volcano including comparison with Ewert et al. (2018) 
is available in Table S1. Superscripts refer to important references for each monitoring type at each volcano which is not meant to be complete (because some 
volcanoes have dozens of studies): 1Ewert et al.  (2018). 2Poland et al.  (2019). 3Wright  (2016). 4ASTER analysis performed for this study. 5Moxham (1970). 
6Friedman et al. (1982). 7Although a thermal feature was reported at a Katmai Lake by Dehn et al. (2000), subsequent analysis revealed it to be an artifact of 
solar reflection by Dehn et al. (2011). 8Bergfeld et al. (2006). 9Hill and Prejean (2005). 9bCoppola et al. (2016). 10Carn et al. (2017). 11Fioletov et al. (2016). 12Carn 
et al. (2016). 13Topographic change measured by satellite but not deformation: Waythomas et al. (2020). 14Werner et al. (2008). 15Doukas and McGee (2007). 
16Lu (2007). 17Lu and Dzurisin (2014). 18Poland et al. (2017). 19Poland et al. (2015). 20Amelung et al. (2007). 21Dzurisin et al. (2019). 22Marshall et al. (1997). 
23Banks et al. (1984). 24Crowell et al. (2013). 25Trusdell et al. (2005). 26Tizzani et al. (2007). 27Fialko and Simons (2000). 28Poland (2010). 29Neal et al. (2019). 
30Roman and Cashman (2018). 31Thelen (2016). 32Global Volcanism Program (2013). 33Dzurisin et al.  (2006). 34Syracuse et al.  (2015). 35Power et al.  (2004). 
36Prejean et al. (2002). 37Murphy et al. (2014). 38Roman and Power (2011). 39Farrell et al. (2010). 40Lyons et al. (2016). 41Gardine et al. (2011). 42DeGrandpre 
et al. (2019). 43Pozgay et al. (2005). 44Wech et al. (2018). 45Brumbaugh et al. (2014). 46Koyanagi et al. (1993). 47Wicks et al. (2001). 48Okubo and Wolfe (2008). 
49Miller et al. (1998). 50McGimsey et al. (2014). 51Cameron et al. (2017). 52Dixon et al. (2015). 53Grapenthin et al. (2013). 54Lu et al. (2000). 55Symonds, Janik, 
et al. (2003). 56Craig et al. (1978). 57Moran et al. (2008). 58Kwoun et al. (2006). 59Collected during field campaign by Lopez et al. (2017). 60Lopez et al. (2017). 
61Fischer and Lopez (2016). 62Werner, Kern, et al. (2020). 63Mitchell et al. (2010). 64Howle et al. (2003). 65Henderson et al. (2019). 66Crider et al. (2011). 67Embley 
et al. (2007). 68Baker et al. (2008). 69Hill (1984). 70Fierstein and Hildreth (2008). 71https://volcanoes.usgs.gov/volcanoes/coso_volcanic_field/. 72Carn et al. (2003). 
73Fischer et  al.  (2019). 74Gong et  al.  (2015). 75Lopez et  al.  (2020). 76Bergfeld et  al.  (2013). 77Motyka et  al.  (1993). 78Symonds, Poreda, et  al.  (2003). 79Evans 
et al. (2015). 80Cameron et al. (2020). 81Cameron and Snedigar (2016). 82Werner et al. (2009). 83Werner et al. (2011). 84Bergfeld et al. (2020). 85Evans et al. (2009). 
86Wech et al. (2020). 87Lanza et al. (2020). 88Lockwood et al. (1985). 89Caplan-Auerbach and Prejean (2005). 90Power et al. (2017). 91Reath et al. (2010). 92Schaefer 
et al. (2008). 93Patrick and Witzke (2011). 94Vaughan et al. (2012). 95Schneider and Rose (1995). 96Waythomas et al. (2010). 97Dehn et al. (2011). 98Kienholz 
et al. (2009). 99Elias et al. (2020). 100Casadevall et al. (1983). 101Gerlach et al. (2008). 102Werner et al. (2013). 103Lopez et al. (2013). 104Symonds et al. (1992). 
105McGee et al. (2010). 106De Moor et al. (2005). 107McCormick et al. (2015). 108Neal et al. (2009). 109Kearney (2005). 110Werner et al. (2017). 111Werner, Rasmussen, 
et al. (2020). 112Doukas and Gerlach (1995). 114Dixon et al. (2008). 115Lopez et al. (2019). 116Greenland (1987). 117TROPOMI analysis. 118AIRS, OMI, and GOME-2 
analysis. 119Hildreth et al. (2001). 120West et al. (2005). 121Chouet et al. (1994). 122Power et al. (2013). 123Cameron et al. (2018). 124Pesicek et al. (2018). 125Jiang 
and Lohman (2020). 126Lynch et al. (2013). 127Mazzini et al. (2011). 128Trugman et al. (2016). 129Christenson et al. (2007). 130Goff and Janik (2002). 131Sherrod 
et al.  (1997). 132Wagner et al.  (2018). 133Nathenson and Mariner  (2013). 134Embley et al.  (2004). 135Sako et al.  (1995). 136Dietterich et al.  (2012). 137Dzurisin 
et al. (2002). 138Wang et al. (2015). 139McLaughlin and Donnelly-Nolan (1981). 140Evans et al. (2004). 141Crankshaw et al. (2018). 142Ingebritsen and Mariner 
(2010). 143Moussa and Kiser (2018).
aTwenty-kilometer SSE of Hayes, deformation was seen along with seismic activity at Strandline Lake that is thought to be of magmatic origin (reference 17). 
bEruptive (AIL = 3) deformation only detected by ground-based sensors, not InSAR. cDeformation is only detected by ground-based sensors. dEruptions at 
Chiginagak in 1998 and Korovin in 2002, 2004, 2005, and 2006–2007 are confirmed in the VOTW eruption catalog but are either questionable or do not exist in 
the AVO catalog. eThe 2006 eruption at Fourpeaked is classified as a phreatic eruption, but that it was likely triggered by the intrusion of new magma.41
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Name
Submarine 

(Y/N)32
US volcano 

threat ranking1
Thermal 

activity (0–3)
Degassing 

activity (0–3)
Deformation 
activity (0–3)

Surficial or other 
deformation (Y/N)

Seismic 
activity (0–3)

Sum 
AIL

Baker N 14 2 4 1 32,55,73,78,82 2 18,a N 2 66 7

Yellowstone N 21 2 4,94 1 14,56 2 21 N 2 39 7

Martin N 25 2 4 1 15,60,73 2 17 N 2 50 7

Lassen Volcanic Center N 11 2 4,5 1 56,73 2 18 N 1 32 6

Long Valley N 18 1 8,73 1 8 2 21,22,26 Y64 2 36 6

Iliamna N 20 2 4 1 15,83,73 1 17 N 2 38 6

Aniakchak N 22 2 4 1 58,73 2 16,17 N 1 35 6

Mageik N 26 2 4 1 15,55,60,73,78 2 17 N 1 37 6

Trident N 27 2 4 1 55,60,73,78 2 17 N 1 37 6

Douglas N 54 2 4 1 15,73 2 17 N 1 52 6

Takawangha N 84 2 4 0 2 17 N 2 32 6

Three Sisters N 7 1 140 0 2 18 N 2 33 5

Atka N 30 2 4 1 64,73,77 2 17 N 0 5

Medicine Lake N 45 1 141 1 141 2 18 Y137 1 33 5

Salton Buttes N 56 2 4,91 1 126,127 1 24,125 Y125 1 128 5

Tanaga N 61 0 1 115 2 17 N 2 50 5

Mammoth Mountain N 90 1 9,73 1 9 1 9 N 2 36 5

Rainier N 3 2 4,5 1 55,78 0 N 1 31 4

Hood N 6 2 4,6 1 55,78 0 N 1 33 4

Ugashik-Peulik N 40 0 1 85 2 16,17 N 1 52 4

Fisher N 51 2 4 1 62 1 17 N 0 4

Coso Volcanic Field N 72 1 71 1 71,129 1 27,47 Y27,47 1 71,128 4

Little Sitkin N 75 2 4 1 49,79 0 N 1 51 4

Kupreanof N 93 2 4 0.5 80,81 2 17 N 0 4

Wrangell N 101 2 4 1 64 0 N 1 120 4

Shasta N 5 1 5 1 55,78 0 N 1 32 3

Newberry N 13 1 141 1 131,132 0 N 1 31 3

Novarupta N 37 2 4 0.5 80,81 1 17 Y17 0 37 3

Emmons Lake N 73 0 1 64,79 2 17 N 0 3

Mono-Inyo Craters N 24 0 0.5 69 2 22,26 N 0 36 2.5

Herbert N 113 2 4 0.5 80,81 0 N 0 2.5

Clear Lake N 33 1 139 0 0 N 1 32 2

Alamagan N 62 2 4 0 0 N 0 32 2

Recheschnoi N 67 0 1 64,84 1 17 N 0 2

Mono Lake Volcanic Field N 69 0 0 2 26 N 0 36 2

Adagdak N 79 0 1 64 0 N 1 35 2

San Francisco Volcanic Field N 80 0 0 0 N 2 45 2

Black Peak N 89 2 4 0 0 N 0 2

Ukinrek Maars N 92 0 1 85 0 N 1 32 2

Farallon de Pajaros N 95 2 4 0 0 N 0 2

Mauna Kea N 106 0 0 0 N 2 86 2

Table 3 
Activity Observed by Ground and Satellite Sensors for the Subset (N = 68) of US Volcanoes With AIL > 0 (or Surficial or Nearby Deformation: Hualālai, Hayes, 
and Yunaska) but No Eruptive Activity
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We do not consider the timing of activity relative to eruptions. For example, deformation recorded in Table 2 
and Table S1 with an AIL = 1 or 2 does not have to occur during the eruption—it could occur at any time 
during the evaluation period. Also, some eruptions were not instrumentally recorded and thus do not have 
AIL = 3 in any category (see Section 4.4 and Table 1 in Cameron et al., 2018). Every observation of activity 
includes a reference, either to one or more citations in the scientific literature (Tables 2 and 3, Tables S1 
and S2) or to the methods used to make this identification. Due to space limitations, we cannot cite every 
reference for every volcano but have cited sources that document different levels of activity.

We find that 96 of the 161 US volcanoes (59%) have at least one type of detected activity (AIL > 0). Each 
individual technique measured activity at between 47 and 71 volcanoes, with degassing having the most 
detections and deformation having the least (Table 4; Figure 2a). Most common are low levels of volcanic 
activity—the groups with AIL = 0 (66 or 41%) and AIL values from 0.5 to 6 (72 or 45%) make up 86% of the 
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Table 3 
Continued

Name
Submarine 

(Y/N)32
US volcano 

threat ranking1
Thermal 

activity (0–3)
Degassing 

activity (0–3)
Deformation 
activity (0–3)

Surficial or other 
deformation (Y/N)

Seismic 
activity (0–3)

Sum 
AIL

Tana N 108 0 1 62,79 0 N 1 90 2

Supply Reef Y 118 0 0 0 N 2 32 2

Wide Bay N 128 0 0 0 N 2 87 2

Kukak N 66 0 0.5 80,81 0 N 1 1 1.5

East Diamante Y 97 1 67 0.5 67 0 N 0 1.5

Kasuga 2 Y 156 1 68 0.5 68 0 N 0 1.5

Diakoku seamount Y 157 1 67 0.5 67 0 N 0 1.5

Glacier Peak N 15 1 141 0 0 N 0 1

Crater Lake N 17 1 142 0 0 N 0 1

Katmai N 28 0 7 0 0 N 1 37 1

Adams N 34 0 1 134 0 N 0 1

Griggs N 42 0 1 55,78 0 N 0 37 1

Agrigan N 57 0 1 63,73 0 N 0 1

Dutton N 64 0 0 0 N 1 49 1

Valles Caldera N 68 0 1 130 0 N 0 1

Sarigan N 96 0 0 0 N 1 32 1

Asuncion Island N 103 1 32 0 0 N 0 1

Maug Islands N 122 1 67 0 0 N 0 1

Indian Heaven N 131 0 0 0 N 1 143 1

Esmeralda Bank Y 160 1 67 0 0 N 0 1

Kaguyak N 43 0 0.5 70 0 N 0 0.5

Snowy Mountain N 52 0 0.5 119 0 N 0 0.5

Kagamil N 100 0 0.5 80,81 0 N 0 0.5

Zealandia Bank N 109 0 0.5 134 0 N 0 0.5

Hualālai N 23 0 0 0 28 Y28 0 0

Hayes N 35 0 0 0 b N 0 0

Yunaska N 98 0 0 017 Y17 0 0

Notes. The full list (N = 130) including additional information for each volcano is available in Table S2. Volcanoes are ordered by summed AIL values (explained 
in Section 2)—those with the same AIL are then ranked by their threat ranking from Ewert et al. (2018). Superscripts refer to references (see note to Table 2).
Abbreviation: AIL, Activity Intensity Level.
aDeformation is only detected by ground-based sensors. b20 km SSE of Hayes, deformation was seen along with seismic activity at Strandline Lake that is 
thought to be of magmatic origin (reference 17).
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total (Figure 2c). There are 23 volcanoes with summed AIL values >6 that 
make up the remaining 14%. In the following sections, we discuss the 
eruption/noneruption detections, the different contributions of satellite 
and ground-based observations, the role of surficial and anthropogenic 
deformation, and the new medium-spatial resolution TIR results from 
the ASTER satellite.

3.1. Detections at Eruptive Volcanoes

Eruptive detections are assigned the highest AIL value of 3 for each 
monitoring type; eight volcanoes have the maximum summed AIL of 12 
(Kīlauea, Mount St. Helens, Okmok, Redoubt, Anatahan, Veniaminof, 
Mauna Loa, and Augustine). These eight volcanoes have had some of the 
largest eruptions during the 1978–2020 period in terms of erupted vol-
ume and/or Volcano Explosivity Index (VEI); however, large eruptions 
(VEI = 4) at Kasatochi (2008) and Spurr (1992) did not have AIL = 3 in 
all categories. In fact, 23 out of the 31 volcanoes with eruptions do not 
have an eruptive AIL = 3 in every monitoring category (Table 2 and Ta-
ble S1). While all eruptions should have thermal and gas emissions, these 
are only included in the table if they have been directly measured. There 
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Measurement 
type

# volcanoes with measured 
activity (AIL>0, this study; 

1978–2020)

# volcanoes with 
measured activity by 

Ewert et al. (2018)

Seismic 64 77a

Deformation 4 7 31

Gas or thermalb 87 90

Degassing 71 (12 of these have AIL = 0.5) N/Ab

Thermal 67 N/Ab

Total 96 102

Abbreviation: AIL, Activity Intensity Level.
aWhile Ewert et al. (2018) included a rank of 0.5 for volcanoes without 
seismic monitoring, we do not include those volcanoes here. bEwert 
et  al.  (2018) grouped gas and thermal into a single category, so for 
comparison we both group them together and list them separately.

Table 4 
Number of Volcanoes With Detections of Activity for Each Type of 
Monitoring Data for This Study (See Figure 2a) and From Ewert 
et al. (2018)

Figure 2. Histograms showing characteristics of volcano activity and detections from Tables S1 and S2. (a) Number of volcanoes with satellite detections and 
total detections of activity for all monitoring techniques (see Table 4 for numeric values). (b) The Activity Intensity Level (AIL) for volcanoes with eruptive 
activity (Table 2 and Table S1) as a function of monitoring data type. (c) The number of volcanoes with each sum of AIL for the entire population and those 
with detected eruptive activity. (d) The AIL for volcanoes without eruptive activity (Table S2; abridged in Table 3) as a function of monitoring data type.
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are two primary reasons for eruptive-level AIL not being detected: (a) the activity was not present and (b) 
a lack of suitable observations. In the cases of small eruptions, signals may be below instrument detection 
limits or hidden by clouds (Section 4.4). Seismic monitoring is most likely to measure eruptive AIL = 3 
while deformation and thermal are the least likely (Figure 2b). Several volcanoes on this eruptive list have 
AIL = 0 in one or more categories. The missed detections and efficacy of different techniques are discussed 
in more detail in Section 4.4.

3.2. Detections at Noneruptive Volcanoes

There are 130 volcanoes in the US with the potential for volcanic activity but that do not have any eruptive 
activity during the study period (Table S2). Sixty-four of these volcanoes have volcanic activity that has been 
detected with at least one monitoring type given status quo capabilities (Table 3). For example, Seguam has 
satellite-detectable thermal and deformation activity but no detected seismic or degassing activity—this 
is not surprising considering there is no seismic network on Seguam and the nearest seismic network on 
Atka/Korovin ∼100 km west only became operational in 2004, after the most recent Seguam eruption. At 
the present time, thermal monitoring is the most likely method to detect activity (Figure 2d). Finally, 66 of 
these volcanoes have no detectable volcanic activity (although Hualālai has surficial deformation not relat-
ed to active magmatism [Poland, 2010] and Yunaska had a subsiding lava flow [Lu & Dzurisin, 2014]). This 
does not mean that there is no activity present at these 66 volcanoes, but rather that any activity is below the 
detection limit of satellite sensors and/or the volcanoes lack the necessary ground-based instrumentation 
for detection (Section 4.3), or that activity occurred prior to 1978, when our survey begins.

3.3. Advantages of Combining Ground-, Airborne-, and Satellite-Based Monitoring

When monitoring volcanoes, combining ground, airborne, and satellite techniques provides the most com-
prehensive view of activity, as these types of monitoring offer different temporal and spatial resolutions and 
thresholds of detection depending on the type of activity being detected (Figure 3). Seismic activity can only 
be detected from ground instrumentation, whereas the other three types of activity are detected though a 
combination of in situ and remote instruments. The majority of thermal detections are made solely by satel-
lites (30) with 18 volcanoes observed only through ground/airborne monitoring and 19 volcanoes observed 
by both ground and spaceborne instruments. Conversely, the majority of detections of volcanic gas emis-
sions (37) were made through nonsatellite observations (i.e., ground/airborne), while 18 eruptive detections 
of volcanic gas emissions were made by both ground/airborne and satellite detections, and only 4 volcanic 
gas detections observed by satellite alone (Bogoslof, Kasatochi, South Sarigan, and Chiginigak). Finally, the 
majority of volcanic deformation detections (24) were made by satellite, with 20 detections made by both 
satellite and ground/airborne sensors and only 3 detections were made by ground/airborne alone (at Mt. 
Baker, Anatahan, and Redoubt). Considering all monitoring techniques, 63 volcanoes have activity detected 
by satellite (with or without ground-based detections). The remaining 32 volcanoes have activity detected 
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Figure 3. Pie charts for all 95 volcanoes with detectable activity illustrating the number of different types of detections from satellite, ground/airborne, or both 
types of measurements. The gas pie chart does not include the 12 volcanoes with Activity Intensity Level (AIL) = 0.5.
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only by ground-based sensors—two of these volcanoes had eruptive activity but were submarine and thus 
difficult to detect by satellite (Section 4.4).

When interpreting these numbers, it is critical to consider the synergy among ground, airborne, and sat-
ellite monitoring. There are several reasons why there are four satellite-only detections for gas and three 
volcanoes where deformation is only detected by ground/airborne sensors. Satellites only detect degassing 
if there is a large volume emitted, so low-level degassing is only detected from the ground or aircraft. Sat-
ellite detection and monitoring of degassing is, at present, effectively limited to sulfur dioxide. The detec-
tion thresholds depend on sensor characteristics, vent elevation, ambient atmospheric conditions, latitude, 
among other parameters, and have varied with time and latitude. For ground deformation, most volcanoes 
do not have ground-based measurements, so satellite observations are the only data available for some vol-
canoes (although usually only during snow-free conditions). In recent years, satellite detections have often 
been used to inform ground monitoring for volcanic gas or ground deformation, and vice versa. Further, it is 
important to consider that only ground or satellite observations may be available at certain volcanoes during 
critical times. For example, only ground observations were able to measure surface deformation at eruptions 
before about 1991 (as a consequence, the 1984 Mauna Loa eruption could only be observed by ground-based 
deformation monitoring), while both ground-based and satellite InSAR have measured ground deformation 
since 1991 (although both data sets are not available at all volcanoes; see Lu & Dzurisin, 2014). Similarly, 
satellite thermal observations before 2000 (when MODIS and ASTER sensors went into orbit) were limited.

3.4. Nonmagmatic Deformation

Not all deformation detections made on or around volcanic edifices are directly related to subsurface mag-
matic processes. Some examples include deformation related to near surficial processes (e.g., lava flow 
cooling, flank creep, and faulting) as well as human activities in volcanic areas, like pumping/injection at 
geothermal power plants. We record with a Y/N column (Tables 2 and 3) whether this type of deformation 
(nonmagmatic and/or anthropogenic) has been detected. If this type of deformation is the only type of 
deformation recorded, the AIL = 0; however, it is much more common that this type of deformation occurs 
in addition to other types of subsurface activity (i.e., AIL > 0). It is important to account for surficial or 
anthropogenic deformation so that it is not mistakenly identified as volcanic activity, especially by ground 
measurements or partially coherent InSAR observations that are spatially restricted and do not measure 
the entire deformation pattern. We identify 20 volcanoes with this type of deformation (13 eruptive and 7 
noneruptive volcanoes), with most of the deformation related to subsiding lava flows, but with at least three 
geothermal power plants also contributing (at Coso, Salton Buttes, and Long Valley, all in California).

3.5. New ASTER Satellite Thermal Observations

Before undertaking this study, we were only able to find 17 volcanoes in the US with peer-reviewed pub-
lished thermal detections by satellite, although others were known from surveillance work by volcano ob-
servatories and others. We systematically surveyed 152 US volcanoes (we excluded submarine volcanoes 
and added in a few others, so the total is not 161, see Table S3) with the 90 m/pixel ASTER satellite TIR im-
agery. We found 47 volcanoes with satellite-detectable activity (Table S3) during 2000–2020 using ASTER, 
bringing the total number of volcanoes with satellite thermal detections to 49 in the 1978–2020 time frame. 
For the 30 volcanoes with satellite-detected thermal features documented here for the first time, we include 
an example ASTER image for each volcano in Figures S1–S30.

While we focused here only on whether the volcanoes had a satellite-detected thermal signal or not, we 
hope future work can investigate how temperature changes with time. The amount of ASTER data available 
for such work varies by volcano during 2000–2020. Of the US volcanoes, the most nighttime images were 
acquired at Kīlauea (>600), but some volcanoes had only a few acquisitions (Semisopochnoi had two); the 
average number was 164 over 20 years or 8.2 images/year. The number of cloud-free scenes, however, is less 
than this and varies from region to region (Figure 4) depending on local climatic conditions. The percentage 
of nighttime images that are cloud-free ranges over an order of magnitude from single digits at some Aleu-
tian volcanoes (e.g., Okmok, Alaska, has 7% cloud-free images) to >70% in eastern California (e.g., Long 
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Valley is 74%) and at Mauna Kea and Mauna Loa, Hawaiʻi. Future work will aim to create time series of 
temperature at the 50 or so volcanoes with sufficient data using the ∼20 years of available ASTER imagery 
(2000–2020), similar to what has been done in Latin America (Reath, Pritchard, Moruzzi, et al., 2019). In 
Section 4.3, we describe the limited prospects for continuing analysis using data similar to ASTER in the 
future.

4. Discussion
4.1. Comparison With Previous Work

As part of a comprehensive assessment of volcanic threat in the US, Ewert et al. (2018) created a supplemen-
tary table that noted whether each of 161 volcanoes considered by the report had seismic, deformation, or 
gas/thermal detections (they grouped gas and thermal emissions into a single category). Ewert et al. (2018) 
considered detected activity (what they called “historical unrest factors”) as one of 24 factors in a hazard 
and exposure matrix when creating the US Threat Rankings shown in Tables 2 and 3, Tables S1 and S2. The 
period considered by Ewert et al. (2018) was unconstrained, while the period of this work was limited to 
1978–2020. Considering that Ewert et al. (2018) have three monitoring categories for each volcano, there are 
a total of 483 activity classifications to compare with our analysis. In the Ewert et al. (2018) study, there was 
only a classification of whether activity was detected or not—which we can compare to our assessments of 
AIL > 0 or AIL = 0. We find that our assessments of volcanic activity correlate with 433 (∼90%) of the 483 
activity classifications by Ewert et al. (2018). They found 102 volcanoes with detected activity, while this 
work documents 96 volcanoes with detected activity. The differences in volcanic activity classification be-
tween the Ewert et al. (2018) study and our work are due to the different criteria, data sets, and time period. 
Of the 50 differences found, 26 were associated with detections only reported by Ewert et al. (2018) and 24 
were associated with detections made only through our analysis. These differences are highlighted with red 
numbers in Tables S1 and S2.

Table 4 shows how the detections vary by monitoring technique—Ewert et al. (2018) have more detections 
by seismic and degassing/thermal, and we have more detections for deformation. Detections made solely 
by our study are explained by the inclusion of new data sets (e.g., medium-spatial resolution ASTER ther-
mal satellite monitoring), new instruments and observations (e.g., Dzurisin et al., 2019, field observations), 
and the expansion of the definition of deformation activity (e.g., we consider uplift and subsidence while 
Ewert et al., 2018 only included uplift). Detections made solely by Ewert et al. (2018) can be attributed to 
the fact that their observations are not restricted to 1978–2020 and differences in the definition of what is 
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Figure 4. Percentage of nighttime cloud-free Thermal Infrared images for different US volcano subregions from 
the ASTER sensor on the Terra satellite between the years 2000 and 2020 (see Table S3). The yellow circle shows the 
average value and the line shows the minimum and maximum values for each region. CNMI is the Commonwealth of 
the Northern Mariana Islands.
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considered seismic volcanic activity (i.e., distal volcano-tectonic events without a clear volcanic origin). In 
summary, we see our results as confirming and building on the work of Ewert et al. (2018) by adding new 
data sets and providing more granularity through the AIL ranking. The differences in our results are mostly 
related to volcanoes where there are ambiguous signs of activity, for example, seismic or deformation ac-
tivity in areas with closely spaced volcanoes where distal VTs and offset deformation sources (e.g., Lerner 
et  al.,  2020) could correspond to two or more volcanoes (e.g., places on the Alaska Penninsula, Tanaga 
Island, Atka/Korovin, calderas with multiple stratocones on and adjacent to the caldera). If a particular 
volcano could not be singled out as hosting the activity, Ewert et al. (2005, 2018) allowed it to be counted 
toward the score of nearby possible systems. More detailed analyses are needed to assess the detections at 
these volcanoes (see Section 4.3).

To put the number of satellite detections of volcanic activity in context, we note that the most thorough 
available compilation of US eruptive and noneruptive volcanic activity is by Diefenbach et al. (2009), updat-
ed by Ewert et al. (2018). They summarized volcanic eruptions and unrest at Holocene volcanoes in the US 
from 1980 to 2017: 44 volcanoes produced 120 eruptions and 45 episodes of unrest. Diefenbach et al. (2009) 
defined “unrest episodes based on the criterion that a volcano observatory responded in some way to each 
episode listed in this report.” By these criteria, most of the activity documented at the 96 volcanoes in Ta-
bles 2 and 3, Tables S1 and S2 would not be considered unrest. With the AILs reported here, there are now 
baseline measurements at more volcanoes against which any departures from normal background levels 
can be gauged with expanded ground-based and satellite data (Section 4.3).

4.2. Comparison With Other Regions

We are not aware of any other country or region that has a similar compilation of space and ground-based 
multiparameter observations of volcanic activity to what is available for the US in Tables S1 and S2. We en-
courage efforts to make multiparameter compilations easier to create and access (e.g., World Organization 
of Volcano Observatories database: Newhall et al., 2017). The best comparison we can make is to a compi-
lation of global volcano satellite observations in Poland et al. (2019). The US has the most volcanoes (63, 
39% of 161 volcanoes) with satellite-detected activity (with or without ground-based detections), followed 
by Indonesia (45, 32% of volcanoes from VOTW), Chile (40, 38%), Japan (27, 24%), and Russia (24, 17%). 
The distribution of detections among monitoring types is also different in different regions. In Figure 5, we 
compare the US satellite detections (with or without ground detections as well) having N = 63 out of 161 
volcanoes, with those from Latin America (N = 105 out of 330) (Furtney et al., 2018; Pritchard et al., 2018; 
Reath, Pritchard, Moruzzi, et al., 2019; Reath, Pritchard, Poland, et al., 2019).
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Figure 5. The types and number of measured volcanic activity identified at (a) US (N = 63) and (b) Latin America volcanoes (N = 105). (b) Based on data from 
Reath, Pritchard, Poland, et al. (2019).
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In Latin America, 31% of the volcanoes have satellite-detected activity, compared to 39% of US volcanoes. 
Although it is possible that the volcanoes in the US have fundamentally different activity levels than in 
Latin America, they both share similar, but not identical, populations. Both have a mix of arc and hotspot 
volcanism (including oceanic islands like Hawaii and the Galápagos), span a range of tropical to semiarid 
to subpolar regions with varying cloud cover (Figure 4 and Reath, Pritchard, Moruzzi, et al., 2019), and 
have similar normalized eruption rates between 1978 and 2020 (152 eruptions in the US for 161 volcanoes 
compared to 314 eruptions at 330 volcanoes in Latin America according to VOTW). Instead, our hypothesis 
is that activity is underreported at Latin American volcanoes. While similar types of satellite data are used 
to study US and Latin American volcanoes, there are more ground-based instruments at US volcanoes (e.g., 
Brown et al., 2015), which could prompt more focused satellite observations. For example, satellite thermal 
observations are the only type of activity measured at 33% of Latin American volcanoes but only 17% at US 
volcanoes. We suspect that these volcanoes in Latin America with satellite thermal activity also have some 
other type of activity (gas emissions or deformation) that has been missed due to limited field observations 
and/or monitoring networks.

4.3. Incompleteness of Our Compilation

The US has 96 volcanoes with detected activity, but there are several reasons to believe that this number is 
an underestimate. Ground-based detections of volcanic activity rely on placing sensors close to the source 
of the activity, and it is well known that certain US volcanoes lack sufficient ground-based monitoring 
(e.g., Ewert et al., 2005; Moran et al., 2008). One indication of the lack of ground-based degassing obser-
vations is that eight subaerial and four primarily submarine US volcanoes have AIL rank 0.5, meaning 
that degassing activity has been visually observed but has not yet been quantified. Although thermal, de-
gassing, and deformation activity can be measured through satellite remote sensing, the available satellite 
data also have limits (Poland et al., 2020). Satellite observations do not have sufficient resolution to see 
quiescent degassing at most US volcanoes and satellite techniques are most suited to measure SO2, which 
may not be degassing at many volcanoes, especially those with mixed magmatic-hydrothermal systems. 
Our analysis of medium-spatial resolution (90 m/pixel) satellite thermal data has increased the number 
of satellite detections at US volcanoes by ∼175% (47 known now compared to 17 from previous work), 
but we wonder how many more volcanoes would be added if spatial resolution were increased by another 
order of magnitude. For example, higher-spatial resolution satellite observations of volcanic ash resulted 
in increased detections of less significant activity (Engwell et al., 2021). Further, we have recorded how 
the number of acquisitions and percentage of cloud-free ASTER scenes varies for each volcano in Table S3 
and Figure 4; thus, our ability to detect thermal activity also varies among volcanoes. Finally, the spatial 
and temporal variations in the quality of satellite InSAR monitoring of ground deformation at US volca-
noes are discussed in several publications (e.g., Dzurisin et al., 2019; Lu & Dzurisin, 2014). While satellites 
both currently in orbit and planned will increase our ability to monitor ground deformation, thermal 
emissions, and degassing of US volcanoes from space, observation gaps are also expected. Specifically, the 
available medium-spatial resolution TIR sensors (e.g., ASTER) are near the end of their missions, and a 
gap in such data in the future is a near certainty (e.g., National Academies of Sciences, Engineering, and 
Medicine, 2018). These satellite observations are essential for monitoring the subtle thermal features at 
∼29% of US volcanoes.

We suspect that for some volcanoes, the AIL is an underestimate due to a lack of suitable observations for all 
types of volcanic activity. In Section 4.4, we discuss the underestimate of AIL for eruptions, but this applies 
to noneruptive activity as well. Discrepancies in the AIL rank among monitoring techniques at a given vol-
cano can be a useful tool to target new deployments of certain types of ground-based sensors, prioritize field 
campaigns and/or to focus analysis on one or more type(s) of satellite data. For example, Veniaminof, Baker, 
Shishaldin, and Cleveland have low levels of seismic monitoring but high AIL scores. Similarly, Takawang-
ha and Kupreanof have high summer AIL scores but degassing AIL of 0 and 0.5, respectively, indicating 
that focused ground-based measurements would provide a more complete picture of background activity at 
these moderate to very high threat (Ewert et al., 2018) volcanoes.
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4.4. Missed Detections During Eruptive Events

As AIL = 3 in the classification system is reserved for detections made during a volcanic eruption, it stands 
to reason that all volcanoes with an eruption should have AIL = 3 values across the board. However, this is 
not the case—only 8 of 31 volcanoes in Table 2 have AIL = 3 detections for every type. Further, seven volca-
noes with confirmed eruptions in the VOTW catalog (but not necessarily in the AVO catalog) between 1978 
and 2020 (Akutan, Makushin, Seguam, Chiginagak, Amukta, Kiska, and Gareloi) do not have any AIL = 3. 
It is important to note that since 2002, no eruption at a US volcano has been completely missed when all 
types of monitoring data are considered (Cameron et al., 2018)—although there were multiple eruptions 
that were detected after they occurred and not in real time. Volcanoes that are missing AIL = 3 for one or 
more monitoring technique during eruption fall into four categories:

1.  Submarine volcanoes (e.g., South Sarigan Seamount, Ahyi Seamount, and Ruby): submarine eruptions 
are, by their nature, difficult to monitor. Satellite sensors cannot identify activity occurring underneath 
the ocean, although the largest submarine eruptions produce gas emissions that can be detected on the 
surface of the ocean (e.g., South Sarigan Seamount) or seismic signals large enough to be detected by 
nearby stations (e.g., Ahyi Seamount and Ruby).

2.  Volcanoes with short eruptive periods and/or cloudy conditions: For thermal and degassing detections, 
eruptive activity can be missed by satellites if the eruption is low intensity or the volcano is cloud cov-
ered—this is especially likely at eruptions that only last a few days or weeks in the often cloud-covered 
Aleutian arc (Figure 4). These types of eruptions can still be detected with ground-based seismic and 
infrasound observations (Coombs et al., 2018; De Angelis et al., 2012). To detect the thermal and degas-
sing emissions from these eruptions, ground and airborne sensors are needed. Satellites that can make 
frequent high- to medium-spatial resolution measurements could also exploit breaks in the clouds.

3.  Volcanoes that did not produce a detectable level of activity in a certain type of monitoring data: For 
example, Lu and Dzurisin (2014) argue that the lack of ground deformation associated with eruptions 
at Shishaldin, Cleveland, and Pavlof volcanoes (all listed in Table 2) is because these are open-conduit 
stratovolcanoes “where magma rises freely and rapidly shortly before and during eruptions, causing 
little or no surface deformation.” To detect deformation at these types of volcanoes requires ground-
based sensors near the edifice and/or high spatial and temporal resolution InSAR measurements (e.g., 
Salzer et al., 2014). Nine eruptions lack an AIL = 3 for seismic monitoring due to a lack of close-by 
instruments (Pagan, Makusin, Kiska, Seguam, Gareloi, Amukta, Chiginagak, Akutan, and Westdahl). 
There are 17 volcanoes that have an AIL rank less than 3 for degassing and thermal emissions (Table 2 
and Table S1)—we suspect that there were such emissions during the eruption, but that they could not 
be detected from space (see explanations in categories 2 and 4).

4.  Older eruptions when there were not sufficient satellite data available. Some of these eruptions may 
fall into categories 1–3 above, but there are also some significant eruptions, like Westdahl (VEI 3 in 
1991–1992, e.g., Lu & Dzurisin, 2014) where neither gas or thermal coeruptive emissions were detect-
ed. Westdahl emitted lava and would be detectable with currently available satellite thermal and gas 
observations.

5. Conclusions
We have developed a compilation of detected volcanic activity in the US that focuses not just on eruptions 
and unrest, but any type of instrumentally recorded observations. We integrate multiple types of satellite 
and ground-based data to quantify the level of activity through the AIL. This simple ranking provides a met-
ric to compare measured activity levels across four types of monitoring data and volcanoes with different 
background activity levels. Background activity at some volcanoes have AIL>0. AIL can be used to help pri-
oritize future measurements or analysis when considered in a larger context of risk-mitigation or scientific 
objectives. Volcanoes with high summed AIL scores that have a low AIL in one or more monitoring category 
could be good targets for enhanced monitoring—such as increased seismic monitoring at Veniaminof, Bak-
er, Shishaldin, and Cleveland, and gas emission observations at Takawangha and Kupreanof.

The AIL is not a perfect metric—for example, future work should include actual temperature measure-
ments and gas fluxes instead of the current ranking based on whether the thermal and degassing signals are 
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large enough (or not) to be seen from space. All monitoring techniques are equally weighted in the summed 
AIL, but some types of monitoring data should be more heavily weighted if they strongly correlate with fu-
ture eruptive activity. Similarly, recent activity should be weighted more heavily than older activity. Further, 
an improved AIL would account for changes in activity and detection threshold over time and would record 
whether measured activity levels from the different techniques were coincident, within a few years, or made 
decades apart. In the future, changes in AIL could be automatically detected using deep learning and other 
techniques (e.g., Anantrashirchai et al., 2018) and applied to other regions.

Our key conclusions are as follows:

1.  Out of the 161 US volcanoes analyzed, 96 were found to have detectable volcanic activity from ground-
based seismic monitoring and/or ground-, air-, and space-based measurements of gas and thermal emis-
sions, or ground deformation. The majority of the detected activity is not related to eruptions or unrest 
and serves as a baseline to compare against future episodes of increased activity. Although a significant 
fraction of US volcanoes have some type of detected activity (59%), we suspect that this is a lower bound. 
Many volcanoes have limited or no ground-based observations, and the available satellites may not be 
able to detect low levels of activity. For example, gas and thermal emissions for certain eruptions will be 
missed if there are clouds and the eruption is short lived. Also, there are 12 volcanoes with a degassing 
AIL of 0.5, indicating that degassing has been observed visually but not quantified.

2.  We document dozens of volcanoes where volcanic activity is only measured by satellite (especially for 
thermal observations) and dozens of other volcanoes where only ground-based sensors have detected 
activity (e.g., seismic and degassing observations). One goal of our analysis was to show that multipa-
rameter satellite data are one of the most effective tools for monitoring volcanoes and to overcome the 
perception that the capabilities of satellites are not widely known (Bally,  2012). We suspect that, for 
many volcanoes around the world, the data are not always acquired with the proper spatial and/or tem-
poral resolution. For example, the difference in the percentage of US volcanoes with activity detected 
by satellite (39%) compared to Latin American volcanoes (31%) could be related to insufficient satellite 
observations in Latin America. Our work confirms that satellite- and ground-based data must be used 
together to provide sufficient spatial and temporal coverage and sensitivity for US volcanoes.

3.  We find previously undocumented volcanic thermal activity at 30 volcanoes using medium-spatial reso-
lution (90 m/pixel) satellite imagery from ASTER acquired during 2000–2020. These satellite detections 
account for 45% of the 67 US volcanoes with detected thermal activity. On the other hand, satellite ther-
mal data are not being fully exploited—medium resolution TIR data are not acquired regularly at some 
volcanoes and some satellites acquire few nighttime images (e.g., Landsat-8 and Sentinel-2). Many US 
volcanoes are only covered by a handful of cloud-free nighttime medium-spatial resolution (<100 m/
pixel) TIR images per year (Table S3). Our work demonstrates the need for continuing and densifying the 
time series of high- to medium-spatial resolution nighttime satellite TIR observations to track thermal 
activity and exploring the use of higher-spatial resolution TIR satellite data sets.

4.  We document that ground deformation not associated with ongoing magmatic activity is widespread and 
must be considered when assessing the origin of ground deformation in volcanic areas. Twenty volca-
noes in the US have ground deformation associated with surficial processes (e.g., lava flow subsidence or 
faulting) or human activities from geothermal energy production.
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