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The Alaska Volcano Observatory (AVO) monitors volcanoes in Alaska and issues

notifications and warnings of volcanic unrest and eruption. We evaluate the timeliness

and accuracy of eruption forecasts for 53 eruptions at 20 volcanoes, beginning with

Mount Redoubt’s 1989–1990 eruption. Successful forecasts are defined as those where

AVO issued a formal warning before eruption onset. These warning notifications are

now part of AVO’s Aviation Color Code and Volcanic Alert Level. This analysis considers

only the start of an eruption, although many eruptions have multiple phases of activity.

For the 21 eruptions at volcanoes with functioning local seismic networks, AVO has

high forecasting success at volcanoes with: >15 years repose intervals and magmatic

eruptions (4 out of 4, 100%); or larger eruptions (Volcanic Explosivity Index (VEI) 3 or

greater; 6 out of 10, 60%). Therefore, AVO successfully forecast all four monitored,

longer-repose period, VEI 3+ eruptions: Redoubt 1989–1990 and 2009, Spurr 1992,

and Augustine 2005–2006. For volcanoes with functioning seismic monitoring networks,

success rates are lower for: volcanoes with shorter repose periods (3 out of 16, 19%);

more mafic compositions (3 out of 18, 17%); or smaller eruption size (VEI 2 or less, 1

out of 11, 9%). These eruptions (Okmok, Pavlof, Veniaminof, and Shishaldin) often lack

detectable precursory signals. For 32 eruptions at volcanoes without functioning local

seismic networks, the forecasting success rate is much lower (2, 6%; Kasatochi 2008

and Shishaldin 2014). For remote volcanoes where the main hazard is to aviation, rapid

detection is a goal in the absence of in situ monitoring. Eruption detection has improved

in recent years, shown by a decrease in the time between eruption onset and notification.

Even limited seismic monitoring can detect precursory activity at volcanoes with certain

characteristics (intermediate composition, longer repose times, larger eruptions), but

difficulty persists in detecting subtle precursory activity at frequently active volcanoes

with more mafic compositions. This suggests that volcano-specific characteristics

should be considered when designing monitoring programs and evaluating forecasting

success. More proximally-located sensors and data types are likely needed to forecast

eruptive activity at frequently-active, more mafic volcanoes that generally produce smaller

eruptions.
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INTRODUCTION

Since its inception in 1988, the Alaska Volcano Observatory
(AVO; a joint program of the U.S. Geological Survey, the
Geophysical Institute of the University of Alaska Fairbanks,
and the State of Alaska Division of Geological and Geophysical
Surveys) has been responsible for providing timely and accurate
information on volcanic hazards, and warnings of impending
volcanic activity, to local, state, and federal officials and the
public. In December, 1989, a passenger jet inadvertently flew
through a cloud of volcanic ash from Mount Redoubt, causing
the loss of power to all four engines, and forcing an emergency
landing in Anchorage. The jet landed successfully with no loss of
life, but the aircraft sustained $80million in damages (Casadevall,
1994). This incident dramatically demonstrated the vulnerability
of jet aircraft to volcanic ash and prompted the ongoing effort
to instrument Alaska’s volcanoes, which present a constant
threat to trans-Pacific aviation in addition to hazards posed to
communities in the State. Alaska has 54 volcanoes considered
historically active (since 1760) and about 100 volcanoes active
in the past 11,000 years (Cameron and Nye, 2014; Cameron
and Schaefer, 2016). Since 1989, there have been at least 53
eruptions at 20 volcanoes in Alaska (Figure 1). AVO has also
provided formal notification on 23 episodes of unrest that did not
lead to eruption. AVO employs several monitoring approaches—
including seismic stations at 32 volcanoes, continuous Global
Positioning System (GPS) stations at 8 volcanoes, regional and
local infrasound sensors, and web cameras. In addition to
ground-based monitoring, AVO relies on satellite remote sensing

data, lightning detection, annual gas measurements (only for
Cook Inlet volcanoes), local observers, and pilot reports (Dixon
et al., 2017).

In reviewing AVO’s public warnings, we use the term
“forecast” to describe statements issued prior to expected
eruptive activity. AVO’s forecasts are typically relatively imprecise
statements about the timing and nature of expected activity
and are based on a synthesis of available monitoring data
that may include eruptive history as well as seismic, geodetic,
infrasound and satellite remote sensing data, gas measurements,
and visual observations (Power et al., 1995). Ideally, Observatory
notifications extend beyond forecast and into predictions
(Swanson et al., 1985) and encompass many additional pieces
of information: what is the probability of volcanic eruption? If
there is an eruption, when, where, and how long will it last; how
big will the eruption likely be; and what hazardous effects will it
have? For the numerous and variable eruptions in Alaska over
the last 30 years, it is impossible to fully evaluate how well AVO
provided all of these pieces of information to the public and other
agencies, as we do not have long-standing repeat surveys with
stakeholders. AVO forecasts typically do not prompt evacuations
because most eruptions are remote and the main hazard is the
impact of ash on aviation (Guffanti et al., 2010). The task of
forecast evaluation is especially hampered by the fact that many
eruptions were unmonitored by ground-based instruments, at
remote volcanoes, and it is sometimes difficult to determine when
or even if an eruption occurred. In order to look broadly across an
entire arc’s worth of eruptions, we focus on one important aspect
of volcano monitoring: was a formal notice of warning issued
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FIGURE 1 | Map showing location of active volcanoes in Alaska; volcanoes discussed in this report are labeled with red text. Map modified from Dixon et al. (2017).

Frontiers in Earth Science | www.frontiersin.org 2 July 2018 | Volume 6 | Article 86

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Cameron et al. AVO Alerts and Forecasting Timeliness

prior to the onset of the eruption? Complementing this paper, a
detailed analysis of the time lag between individual explosions
and AVO calldowns is found in Power and Cameron (2018), and
an analysis of seismic rate anomalies preceding Alaska eruptions
is in Pesicek et al. (2018).

In this paper, we report on the advance warnings issued by
AVO, and investigate how timeliness varies with parameters such
as monitoring capabilities, erupted magma composition, most
recent repose interval (a broad proxy for whether a system is
“closed” or “open”), and Volcanic Explosivity Index (VEI). We
show that for larger eruptions of andesitic magmas at seismically
monitored volcanoes, AVO consistently provides timely advance
warnings (forecasts). For smaller eruptions of moremaficmagma
at frequently active volcanoes (“open systems”) forecasting is
less successful, and for volcanoes without any ground-based
monitoring, not surprisingly, forecasting is extremely difficult.
These results can help guide future monitoring strategies
in Alaska, where only ∼32 of over 100 potentially active
volcanoes have any ground based monitoring, as well as in other
volcanically active regions.

METHODS

Monitoring Data
AVO, like other volcano observatories, monitors volcanoes to
“detect and correctly interpret the geophysical phenomena that
result from rising magma in the earth’s crust, in order to
provide early and accurate warnings of impending eruptions”
(Moran et al., 2008). AVO’s forecasting efforts have principally
relied on change detection in one or more monitoring data
streams. Of those, seismic data has been most relied upon
to provide real-time knowledge of a volcanic system. Some
volcanoes erupt with no or minimal detected pre-eruptive
seismicity (e.g., Okmok, Johnson et al., 2010; Fee et al., 2017;
Pavlof, Waythomas et al., 2017). However, in general, by tracking
increases in the rate, magnitude, and frequency content of
earthquakes located near the volcano along with other changes
in the character of the seismicity, it is often possible to forecast
volcanic eruptions (Minakami, 1961; Shimozuru, 1971; Chouet
et al., 1994; Ewert, 2007; McNutt and Nishimura, 2008; White
and McCausland, 2016; McCausland et al., 2017). This is
accomplished with a network of seismic instruments around a
volcano, and AVO has required a minimum of four operating
instruments with stable telemetry at a volcano to consider it
“seismically monitored” (McGimsey et al., 2008). In 1989, AVO
only monitored Augustine, Redoubt and Spurr volcanoes with
real-time seismic networks of four or more stations (Power et al.,
1993). In 1995, AVO began a major expansion of its seismic
monitoring program, eventually operating seismic networks on
as many as 34 volcanoes (Dixon et al., 2012).

Seismic data are analyzed in concert with other data
types when and where available. These data types include
satellite imagery that detects geomorphic change and provides
information about surface temperatures and volcanic clouds
(Wessels et al., 2013; Ramsey et al., 2015); continuous GPS or
interferometric synthetic-aperture radar data that reveals surface
deformation (Cervelli et al., 2010; Lu and Dzurisin, 2014); gas

measurements (Werner et al., 2012, 2017; Lopez et al., 2013);
and on-site visual and thermal imaging that reveal changes to the
edifice such as ice melt, heating, or increased fumarolic activity
(Bleick et al., 2013; Wessels et al., 2013). Increasingly over the
past several years, infrasound arrays have been used to detect
atmospheric disturbances that result from volcanic activity (De
Angelis et al., 2012; Fee and Matoza, 2013). For our current
analysis, however, we evaluate AVO’s effectiveness depending on
the presence or absence of seismic monitoring, since this is the
most likely real-time data stream in place at an Alaska volcano
for the longest period of time, and has often proved reliable for
forecasting imminent eruptive activity (e.g., Power et al., 1994,
1995; Power and Lalla, 2010; Ruppert et al., 2011; Buurman et al.,
2013; McCausland et al., 2017).

Forecasting Approach
AVO conducts routine checks of all incoming data: seismic,
satellite remote sensing, webcam, and community observations,
and posts daily (or more frequently, as needed) reports to a
common digital log system. In addition, automated alarms are
in use for several data streams, including seismic, infrasound,
lightning, ash clouds detected by satellite imagery, and emails
sent to the website. AVO duty staffing consistently includes a (1)
remote sensing scientist—who reviews and reports on satellite
and webcam data and alarms, (2) seismologist—who reviews and
reports on seismic and infrasound data, and (3) staff scientist
who incorporates all such data together and issues formal
notifications and makes and receives calls from interagency
partners and the public. Staff who receive specific alarms assess
their validity and report directly to duty staff. AVO may contact
(or receive observations from) citizens, pilots, mariners, and
others at remote sites for additional information as needed.
In recent years, the USGS National Earthquake Information
Center conducts scheduled checks of seismic data afterhours.
Volcanoes at elevated color code levels or with unusual activity
are monitored more closely—the frequency of checks on these
volcanoes depends on the intensity of the activity, and the
effectiveness of various alarms for that particular volcano, and
extends up to 24/7 in-office staffing during larger eruptions with
more major impacts. AVO collaboratively makes decisions about
issuing color code/alert-level changes and forecasts through
group discussion, and the ultimate responsibility rests with the
Scientist-in-Charge (SIC). During times of imminent or ongoing
eruption, responsibility is delegated to duty staff members
who have authority to issue warnings without compromising
timeliness. Although AVO has crafted event trees (Newhall and
Hoblitt, 2002) for some unrest episodes, AVO more commonly
solicits staff opinions and data during meetings and conference
calls, if time allows. These meetings and calls sometimes
involve non-AVO (usually USGS) scientists. Within the formal
definitions of the color codes/alert levels (Gardner and Guffanti,
2006), assignment of color codes/alert levels are crafted for each
volcano based on AVO’s level of knowledge and past experience
with eruptions at that volcano. AVO maintains close telephone
contact with critical agency partners such as the National
Weather Service (NWS), the Federal Aviation Administration
(FAA), and the State of Alaska Department of Homeland Security
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and Emergency Management (DHSEM) so that each agency
may provide updates on critical information. After making a
color code/alert-level decision, AVO begins a formal calldown
process to agency partners with urgent notification needs, such
as the FAA, followed by issuing a written notification. This paper
deals only with the timing of written notifications, but detailed
information on interagency communication is given in Neal et al.
(2010) and details of the calldown process are available in Power
and Cameron (2018).

Notification Schemes—Color Code and
Volcano Alert Levels Through Time
AVO’s notification history can be broadly grouped into three time
periods.

• 1989–1992: AVO developed the “color code” scheme during
the 1989–1990 eruption of Redoubt. This is a simple, color-
coded ranking focused primarily on ash emissions (Brantley,
1990; Miller et al., 2000; Guffanti and Miller, 2013). During
this time, AVO did not issue color codes for volcanoes without
seismic monitoring. In this scheme, Yellow included the
possibility of gas-and-steam plumes containingminor ash, and
Orange explicitly meant that ash did not rise greater than
25,000 ft above sea level.

• 1992–2007: AVO’s color code scheme underwent a number
of small adjustments. In 1997, the definition of Yellow was
broadened to include a forecast time period of “eruption
possible in the next few weeks” and AVO began gradually
issuing color-code changes for unmonitored volcanoes in the
late 1990s and early 2000s (Guffanti and Miller, 2013).

• 2007–present: AVO formally adopted the International Civil
Aviation Organization (ICAO) Aviation Color Code (with
slight deviations) and the USGS Volcano Alert Level
notification system (Gardner and Guffanti, 2006). This system
does not include time parameters for color codes, or ash-cloud
heights (Guffanti and Miller, 2013).

Since 1989, AVO has issued∼300 color code changes, in addition
to many written notifications of unrest or eruption that were not
associated with a color code change.

Event Classification and Evaluation of
Forecasting Effectiveness
We examined all Alaska eruptions and AVO notifications
since the onset of the 1989–1990 eruption of Redoubt.
Prior to this date, records of public statements issued
by AVO are incomplete. Notifications are classified on a
modified scheme from Winson et al. (2014), and are further
examined with respect to individual eruption and volcano
characteristics (Supplementary Data Sheet 1). We classify each
notification/eruption pair with respect to the definition used by
AVO at the time of the alert, so non-color code notifications
can qualify as warning and forecast of an eruption, or,
more commonly, formal notification of an eruption already in
progress.

Descriptions of Notification Classes
• Good: AVO provided notification prior to the eruption, either

by raising the color code or issuing a written statement.
Because of very long precursory phases in some cases, there is
no time limit set for how far in advance AVO raised the color
code prior to eruption, as long as the alert was issued within
the time period of significant unrest, and activity did not
decline to background levels before eruption. As all of AVO’s
color code definitions for “Yellow” include activity regarded as
precursory to an eruption (Guffanti and Miller, 2013) at time
of issuance; we do not require successive color code raises from
Unassigned or Green to Yellow and then Orange or Red.

• Detect Only: AVO increased the color code or published a
text notification of the eruption during (or after) the eruption,
but not before. For those volcanoes without ground-based
geophysical monitoring, timely Detect Only is a reasonable
goal, as satellite data, infrasound, and direct observations are
all data streams that generally detect eruptive activity after it
has commenced.

• Missed: Eruptions for which AVO did not issue any
contemporaneous notification. Missed eruptions are different
from Detect Only because for Detect Only, AVO did issue
a notification, although after eruption onset. For Missed, no
notification was issued proximal to the eruption.

• Uncertain: A small eruption may have occurred. As it is not
always possible to know or confirm that an eruption occurred
at remote volcanoes, these events are largely removed from the
analysis.

• Unrest without Eruption (UwE): AVO increased the color
code to a level lower than Red, or issued a written statement for
volcanic unrest, but no eruption ensued. These are not failed
eruption forecasts, as AVO often raises color codes simply to
notify the public of unrest, without an expectation of certain
eruption. As this classification depends on AVO issuing a
notification, there are many other known instances of unrest
in AVO’s history that are not recorded in this dataset, although
they are described in AVO’s annual reports of volcanic activity.

• False Alarm: AVO increased the color code to Red, which
means an eruption is expected (definition for early years of the
color code) or underway (current color code definition), but
no eruption occurred.

Volcano and Eruption Characteristics
There are several characteristics that make this dataset
heterogeneous. We tested the following characteristics
(summarized in Table 1) to see how specific differences
among volcanoes and eruptions affect AVO’s forecasting ability.

Seismic Monitoring
AVO currently considers 32 volcanoes to be seismically
monitored. This number has increased from three (in 1989),
and has fluctuated based on individual network health. For
this analysis, events are considered seismically monitored if the
volcano has a local seismic network, comprised of four or more
seismometers, operating at the time of the event, and operating
with sufficient time before the event in order to characterize
background seismicity, following Buurman et al. (2014) and
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TABLE 1 | Notifications/eruption-unrest classification (modified scheme from Winson et al., 2014).

Volcano Event start Notification

class

VEI Composition Repose time,

in years

Seismic

monitoring

Notice date Notice time

delta, in days

Akutan 27-Feb-89 Missed 2 BA 0.9 NO

Akutan 22-Jan-90 Missed 2 BA 0.9 NO

Akutan 6-Sep-90 Missed 2 BA 0.6 NO

Akutan 15-Sep-91 Detect Only 2 BA 1 NO 27-Sep-91 12

Akutan 8-Mar-92 Detect Only 2 BA 0.5 NO 8-Mar-92 0.875

Akutan 18-Dec-92 Missed 1 BA 0.8 NO

Akutan 10-Mar-96 UwE BA 3.2 NO 11-Mar-96

Amukta 17-Jul-96 Detect Only 1 8.8 NO 19-Jul-96 2

Amukta 2-Mar-97 Uncertain 0.7 NO 7-Mar-97

Kliuchef 4-Dec-93 UwE BA 181 NO 10-Dec-93

Kliuchef 1-May-95 Uncertain BA 183 NO 5-May-95

Augustine 2-Dec-05 Good 3 A 19.7 YES 29-Nov-05 −3

Augustine 16-Jul-07 UwE A 1.5 YES 22-Sep-07

Bogoslof 6-Jul-92 Detect Only 3 BA 66 NO 14-Jul-92 7

Bogoslof 11-Dec-16 Detect Only 3 BA 24.4 NO 20-Dec-16 9

Chiginagak 22-Oct-97 UwE A 3,100 NO 31-Oct-97

Chiginagak 00-00-2005 UwE A 3,100 NO 23-Aug-05

Cleveland 22-Oct-89 Missed A 2.3 NO

Cleveland 25-May-94 Detect Only 3 A 4.6 NO 25-May-94 0.5

Cleveland 5-May-97 Missed 2 A 2.9 NO

Cleveland 2-Feb-01 Detect Only 3 A 3.8 NO 19-Feb-01 17

Cleveland 27-Apr-05 Detect Only 2 A 4.4 NO 1-Jul-05 64

Fourpeaked 17-Sep-06 Detect Only 2 A 11,000 NO 18-Sep-06 1

Gareloi 17-Aug-89 Missed 1 BA 1.9 NO

Gareloi 27-Sep-96 Uncertain BA 7.1 NO

Great Sitkin 30-Jun-17 UwE A 43.4 YES 22-Nov-17

Iliamna 10-May-96 UwE A 4,000 YES 16-Aug-96

Iliamna 22-Dec-11 UwE A 4,000 YES 7-Mar-12

Kanaga 13-Jan-94 Detect Only 2 BA 51.6 NO 14-Jan-94 1

Kanaga 11-Jun-96 Uncertain BA 2.4 NO

Kanaga 18-Feb-12 Detect Only 2 BA 18.1 YES 18-Feb-12 0.375

Kasatochi 7-Aug-08 Good 4 A 4,000 NO 6-Aug-07 −0.75

Kiska 1-Jun-90 Missed 2 A 20.7 NO

Korovin 30-Jun-98 Detect Only 3 BA 11.3 NO 30-Jun-98 0.5

Korovin 00-Jul-2002 Uncertain BA 3.9 NO

Korovin 00-Jun-04 Uncertain BA 6 NO

Korovin 23-Feb-05 Uncertain BA 6.7 YES -

unofficial

24-Feb-05

Korovin 16-Jan-06 UwE BA 7.6 YES 22-Feb-06

Little Sitkin 22-Aug-12 UwE A ?? YES -

unofficial

30-Aug-12

Makushin 14-Sep-93 Missed 1 A 13.3 NO

Makushin 30-Jan-95 Detect Only 1 A 14.7 NO 3-Feb-95 3

Martin 8-Jan-06 UwE A 2,060 YES 10-Jan-06

Okmok 11-Feb-97 Detect Only 3 B 10.2 NO 13-Feb-97 2

Okmok 11-May-01 UwE BA 4.2 NO 11-May-01

Okmok 12-Jul-08 Detect Only 4 BA 11.4 YES 12-Jul-08 0.125

Okmok 2-Mar-09 UwE BA 0.6 YES 2-Mar-09

Pavlof 5-Jan-90 Missed 2 BA 3.7 NO

Pavlof 11-Sep-96 Detect Only 2 BA 6.7 YES -

unofficial

16-Sep-96 5

Pavlof 1-Jun-97 Uncertain BA 0.7 YES 2-Jun-97

Pavlof 14-Aug-07 Detect Only 2 BA 10.9 YES 14-Aug-07 0.125

Pavlof 13-May-13 Detect Only 3 BA 5.7 YES 13-May-13 0.25

(Continued)
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TABLE 1 | Continued

Volcano Event start Notification

class

VEI Composition Repose time,

in years

Seismic

monitoring

Notice date Notice time

delta, in days

Pavlof 30-May-14 Detect Only 3 BA 1 YES 31-May-14 0.125

Pavlof 12-Nov-14 Detect Only 1 BA 0.5 YES 12-Nov-14 0.375

Pavlof 27-Mar-16 Detect Only 2 BA 1.8 YES 27-Mar-16 0.125

Pavlof 7-Jun-17 UwE BA 1.2 YES 7-Jun-17 1

Redoubt 14-Dec-89 Good 3 A 23.9 YES -

unofficial

13-Dec-89 −0.5

Redoubt 15-Mar-09 Good 3 A 19.3 YES 5-Nov-08 −130

Redoubt 27-Dec-09 UwE A 0.8 YES 28-Dec-09

Redoubt 4-Apr-10 UwE A 1 YES 5-Apr-10

Seguam 27-Dec-92 Detect Only 2 BA 15.8 NO 28-Dec-92 1

Seguam 28-May-93 Detect Only 2 BA 0.4 NO 4-Jun-93 6

Semisopochnoi 9-Jun-14 UwE BA 27.2 NO 13-Jun-14

Semisopochnoi 1-Jan-15 UwE BA 27.7 YES -

unofficial

25-Mar-15

Shishaldin 26-Oct-93 Uncertain B 7.6 NO 29-Oct-93

Shishaldin 4-Oct-94 Uncertain B 8.6 NO

Shishaldin 23-Dec-95 Detect Only 3 B 9.8 NO 24-Dec-95 1

Shishaldin 16-May-96 Uncertain B 0.4 NO 2-Jun-96

Shishaldin 2-Jun-97 Detect Only 1 B 1.4 NO 2-Jun-96 0.375

Shishaldin 4-Nov-98 Uncertain B 1.4 YES

Shishaldin 17-Apr-99 Good 3 B 1.9 YES 18-Feb-99 −58

Shishaldin 25-Sep-99 Uncertain B 0.4 YES 3-Feb-00

Shishaldin 11-Aug-00 Uncertain B 1.5 YES

Shishaldin 17-Feb-04 Detect Only 2 B 5 YES 3-May-04 76

Shishaldin 8-Jan-08 Uncertain B 3.9 YES

Shishaldin 3-Jun-08 Uncertain B 4.3 NO

Shishaldin 5-Jan-09 Uncertain B 4.9 YES 6-Jan-09

Shishaldin 7-Feb-14 Good 1 B 10 NO 30-Jan-14 −8

Shishaldin 00-Nov-2017 UwE B 3.8 YES 6-Dec-17

Spurr 27-Jun-92 Good 4 BA 39 YES 8-Jun-92 −19

Spurr 2-Oct-92 False Alarm BA 0.3 YES 2-Oct-92

Spurr 00-Jul-2004 UwE A 12 YES 26-Jul-04

Takawangha 23-Jan-17 UwE BA ?? YES -

unofficial

24-Jan-17

Tanaga 1-Oct-05 UwE BA 91.4 YES 5-Oct-05

Veniaminof 30-Jul-93 Detect Only 2 BA 8.7 NO 31-Jul-93 1

Veniaminof 17-Apr-95 Detect Only 1 BA 1.7 NO 21-Apr-95 0.75

Veniaminof 24-Sep-02 Good 1 BA 7.5 YES 11-Sep-02 −13

Veniaminof 16-Feb-04 Detect Only 2 BA 1.4 YES 23-Feb-04 7

Veniaminof 4-Jan-05 Detect Only 2 BA 0.9 YES 4-Jan-05 0.25

Veniaminof 7-Sep-05 Detect Only 1 BA 0.7 YES 7-Sep-05 0.125

Veniaminof 3-Mar-06 Detect Only 1 BA 0.5 YES 3-Mar-06 0.25

Veniaminof 22-Feb-08 Detect Only 1 BA 2.5 YES 22-Feb-08 0.25

Veniaminof 8-Jan-09 Uncertain BA 0.9 YES 7-May-09

Veniaminof 13-Jun-13 Good 3 BA 4.4 YES 8-Jun-13 −5

Veniaminof 1-Oct-15 UwE BA 2.3 YES 1-Oct-15

Westdahl 29-Nov-91 Detect Only 3 BA 13.9 NO 29-Nov-91 1

Event start: Time eruption or unrest (for non-eruptive events) began. VEI from Smithsonian Global Volcanism Program (2013). See Supplementary Data Sheet 2 for compositional

information; A, Andesite; BA, Basaltic andesite; B, Basalt. Notice time delta, in days = notification latency for “Detect Only” eruptions, with positive values, in days, negative values

indicate forecast lead time for “Good” eruptions.

Pesicek et al. (2018). Events with a local seismic network and not
formally listed as monitored by AVO (often due to insufficient
time to categorize background seismicity, e.g., Pavlof, 1996)
are marked “YES-unofficial” in Table 1. Unrest events with a

local, degraded seismic network (e.g., Veniaminof, 2015) retain a
“YES” for seismic monitoring status if AVO did identify elevated
seismicity and use it as the basis for an elevated color code.
Although many events in our list barely meet this standard, other
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volcanoes have more dense seismic networks with as many as
17 instruments [Spurr has 17; Okmok and Akutan follow with
13], allowing for better detection of subtle seismic precursors
(Dixon et al., 2012). Seismic monitoring status at time of event
is based on network health analyses by Pesicek et al. (2018) and
Buurman, et al. (2014). For those events with seismic monitoring,
we also briefly examine whether or not precursory seismicity was
detected by our network, as do Pesicek et al. (2018).

Composition of Erupted Products
Events (unrest and eruptions) are grouped into andesitic (57–
63 wt. % SiO2), basaltic andesite (52–57 wt. % SiO2), and
basaltic (<52 wt. % SiO2) categories, following LeMaitre et al.
(2002). No recent eruptions or unrest have been associated
with more evolved magmas. We give the composition of
magma erupted during a particular eruption, if known. For
periods of unrest with no eruption, or for eruptions when
the erupted composition is unknown, we have compiled the
compositions from latest Holocene or historical activity and
use that as a proxy for composition of erupted products
(Supplementary Data Sheet 2).

Volcanic Explosivity Index (VEI)
The VEI numbers used here are extracted from the Smithsonian
Global Volcanism Program website1 (2013, https://volcano.
si.edu). In this dataset, those events that AVO classifies as
“uncertain” or “unrest without eruption” have no assigned VEI,
although the Smithsonian database may record a VEI for those
events.

Determining Event Onset
For all instances of unrest or eruption, the “start date” given
in the dataset is either the earliest known date of significant
unrest (for UwE events), or the known date of first “explosive
ejection of fragmental material, the effusion of liquid lava, or
both,” following the Smithsonian Global Volcanism Program’s
definition of eruption (Siebert et al., 2010; Global Volcanism
Program, 2013), using eruption information from the Alaska
Volcano Observatory online database2 (https://avo.alaska.edu).
This definition also requires that eruptive activity within 90
days of previous activity be counted as the same eruption as
the previous eruptive activity. Hiatuses of 90 or more days
begin a new eruption. While this arbitrary cut-off for breaking
activity into discrete eruptions is easy to apply where eruptive
dates are confidently known, the 90 day cut-off may not be
appropriate for volcanoes like Cleveland and Veniaminof, which
tend to have protracted eruptions that may have breaks longer
than 90 days, resulting in numerous, near-identical “eruptions”
over a period of years. Mount Cleveland is classified as not
“seismically monitored” for the purposes of this analysis, and has
been in near-continuous eruption since 2005—any apparent lulls
greater than 90 days result in the creation of a new “eruption.”
As Cleveland is both frequently-erupting and considered not
seismically monitored (Cleveland has just two seismometers
and an infrasound network, as of 2015), AVO tends to keep
Cleveland at an elevated color code—Yellow or Orange—for very
long periods (month to years), resulting in Cleveland erupting

at elevated color codes, although the color code elevation
may have occurred months prior. To correct this problem,
although Cleveland has 12 eruptions between 2005 and 2017,
we characterize these as a single eruptive period. Thus, because
of the nature of Cleveland’s activity, and AVO’s response to
it, these results are presented with only five total eruptions
for Cleveland—four eruptions between 1988 and 2004, and the
extended eruptive period between 2005 and 2017.

This definition of event onset includes phreatic explosions,
although for eruptions where an initial phreatic explosion is
not well-verified, a later date of more certain activity is used.
At unmonitored volcanoes, a phreatic explosion may be AVO’s
first notice of activity at the volcano. Unfortunately, for many
unmonitored volcanoes, these initial events are poorly reported,
creating an inability to discern whether the activity was phreatic
or not. These initial events may also constitute the only activity
for that event. To explore how these uncertainties in timing
of phreatic eruptions impact our results, we examined the
dataset twice—both considering initial phreatic explosions as
the eruption onset and again, considering the initial phreatic
explosion as precursory activity. There is no significant difference
in our results whether or not phreatic explosions are used as
the onset of “eruption,” except in cases where a single phreatic
event composes the entire eruption, as with Kanaga, 2012
and Fourpeaked, 2006, where those eruptions would simply be
removed from the dataset. In no case does changing the eruption
start date to include only knownmagmatic activity alter a “Detect
Only” result to “Good,” although it can significantly shorten the
lag time between eruption onset and AVO notification.

Recurrence Interval (Proxy for Closed vs. Open

System)
This value is the difference between the start date of an eruption
and the start date of the most recent prior eruption, although
some eruptions (notably those at Veniaminof, Cleveland, and
Shishaldin) extend for years. Start dates are used rather than
end dates because start dates are better characterized across the
dataset; not all events have well-known end dates. Values are
rounded to the nearest tenth of a year. When the event month
or day is not known, the 15th of June is arbitrarily used. These
values are listed as “00” in Supplementary Data Sheet 1; this
uncertainty occurs for three unrest events and two uncertain
events.

RESULTS

Overall classification results are shown in Figure 2. AVO
successfully forecast seven of the 21 seismically monitored
eruptions (33%; Figure 3), including eruptions at Augustine,
Redoubt, Spurr, Veniaminof, and Shishaldin. AVO has
successfully forecast all eruptions at Augustine, Redoubt,
and Spurr, representing 3 of the 8 seismically monitored
volcanoes that have erupted since 1989. The unforecasted
eruptions at seismically monitored volcanoes are from five
volcanoes: Okmok, Pavlof, Kanaga, Veniaminof, and Shishaldin.
At unmonitored volcanoes, AVO successfully forecast 2 out of 32
(6%) eruptions.
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FIGURE 2 | Pie chart of the classification of AVO’s event-notification pairs.

36% Detect Only (34 events, medium blue), 9% Good (9 events, orange), 11%

Missed (10 events, gray), 24% UwE (23 events, Unrest without Eruption,

yellow), 19% Uncertain (18 events, dark blue), and 1% False Alarm (1 event,

pink).

FIGURE 3 | Event classifications with respect to presence of seismic

monitoring. “SEIS YES” on left indicates events with seismic monitoring, “SEIS

NO” on right for events without seismic monitoring. Detect Only shown in

medium blue, Good in orange, Missed in gray, Uwe (Unrest without Eruption)

in yellow, Uncertain in dark blue, and False Alarm in pink.

Results by Notification Class
• Good: The dataset contains nine eruptions where AVO

elevated the color code prior to eruption. Most (7)
of these occurred at seismically monitored volcanoes.
Seismically monitored eruptions with “Good” notification
include Augustine 2005–2006, Redoubt 1989–1990 and 2009,
Shishaldin 1999, Spurr 1992, and Veniaminof 2002 and 2013.
Seismically unmonitored eruptions with “Good” notification
are Kastaochi 2008 and Shishaldin 2014.

• Detect Only: For those eruptions with seismic monitoring,
AVO detected an eruption in progress and issued a notification
14 times (out of 21 seismically monitored eruptions). At
unmonitored volcanoes, “Detect Only” comprises 20 of 32
eruptions. Detect Only events occur throughout the entire
history of AVO.

• Missed: No seismically monitored eruptions are classed as
“Missed.” For 10 eruptions at unmonitored volcanoes (out
of 32), AVO did not issue any contemporaneous notification.
The most recent known “Missed” event was in 2002. A typical
“Missed” event would be a case of an airplane pilot observing a
short-lived ash plume at an unmonitored, remote volcano, and
then contacting AVO days or weeks later about the eruption.
Such events are all small and short-lived, with a maximum
VEI of 2. AVO does not have any reports of negative impacts
resulting from these eruptions.

• Uncertain: Eight seismically monitored events and 10
unmonitored events are classed as “Uncertain,” for a total of
18 events. These events do not have enough documentation to
be certain that they qualify as volcanic eruptions, rather than
fumarolic activity. These events span a time range from 1993 to
2009. A typical “Uncertain” event occurs when local observers
or pilots report steam clouds with possible ash from a volcano
that often has eruptions and fumarolic activity.

• Unrest without Eruption: Seventeen events at seismically
monitored volcanoes and an additional six events at
unmonitored volcanoes are classified as “Unrest without
Eruption.” These are instances when AVO issued notification
for above background unrest, but no eruption resulted (e.g.,
AVO raised the color code and alert level at Iliamna in 2012,
due to increased seismicity, but Iliamna did not erupt). There
are more instances of volcanic unrest than recorded in this
dataset, as this dataset requires AVO to have issued a formal
notification about the unrest. Unrest without Eruption events
in this dataset span from 1993 to the present.

• False Alarm: On October 2 and November 9, 1992, in the
aftermath of the 1992 Spurr eruption, during strong episodes
of unrest, AVO raised the volcano color code to Red for Spurr
with no ensuing eruption (Eichelberger et al., 1995). This
dataset uses a determination of a 90-day gap for breaking
activity into multiple eruptive periods, but has no corollary
of absence of activity for determining a false alarm. Both of
these color code elevations occurred within 90 days of what
would be the final Spurr 1992 explosion (September 16–17,
1992), and during a time when color code Red could mean an
expected eruption, as well as an eruption underway. However,
the actual wording of these notifications was “large eruption
likely in 24–48 h” (Eichelberger et al., 1995). These events are
recorded in the dataset as a single “False Alarm” and remain
the only times not in the middle of an eruptive sequence where
AVO raised the color code to Red and there was no subsequent
eruption.

Results by Volcano Characteristics
Seismic Monitoring
Forty-seven events (out of 95) were seismically monitored; this
includes 21 eruptions (Figure 3). For the 21 eruptions with
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seismic monitoring, seven (33%) were classed as “Good;” and 14
(67%) were classed as “Detect Only.” No seismically monitored
eruptions were “Missed.” Forty-eight events were not seismically
monitored, including 32 eruptions. For these 32 unmonitored
eruptions, two (6%) were classed as “Good;” 20 (63%) were
classed as “Detect Only,” and 10 (31%) were “Missed.” The
following characteristics of repose time, composition, and VEI
necessarily include results for both monitored and unmonitored
volcanoes.

Repose Time
The interval between an eruption (or unrest event) and the
start of the previous eruption at a volcano varies from 0.3 years
to 11,000 years, with a median repose interval of 3.3 years.
Repose time is not given for Takawangha and Little Sitkin, due
to very sparse geologic knowledge. Neither of these volcanoes
has erupted in historical time. Twenty-five events have a recent
repose period greater than 15 years: 12 eruptions and 13 unrest
episodes. Of the 12 eruptions, five (42%) were classed as “Good,”
six (50%) were classed as “Detect Only,” and one (8%) was classed
as “Missed” (Figure 4). Seventy events have recent repose periods
less than 15 years, including 41 eruptions, 17 uncertain events,
11 unrest events, and one false alarm. For the 41 eruptions with
repose periods less than 15 years, four (10%) were classed as
“Good;” 28 (68%) were classed as “Detect Only;” and nine (22%)
were classed as “Missed.”

Erupted Product Composition
Twenty-four events in the dataset are classed as andesitic
(A), including four of the nine eruptions classed with
“Good” notification (Figure 5). Fifty-three events are basaltic
andesite (BA; three “Good”). Sixteen events are basaltic (B;

FIGURE 4 | Event classifications with respect to most recent repose time, in

intervals of less than 5 years, 5–10 years, 10–15 years, and greater than 15

years. Detect Only (medium blue), Good (orange), Missed (gray), UwE (Unrest

without Eruption, yellow), Uncertain (dark blue), and False Alarm (pink).

two “Good”) (Supplementary Data Sheet 2). There are no
dominantly dacitic or rhyolitic recent eruptions. One volcano,
Amukta, has no compositional data. A few volcanoes have
recent eruptions with compositional data that span the basaltic
andesite—andesite range: notably Cleveland, Kasatochi, and
Kiska.

Volcanic Explosivity Index
VEI values range from not applicable (for unrest and uncertain
events) to 4 (Figure 6). There are three VEI 4 eruptions in the
dataset: Kasatochi, 2008; Okmok, 2008; and Spurr, 1992, and two
are “Good” with one “Detect Only” (Okmok, 2008). There are
15 VEI 3 events, 21 VEI 2 events, and 13 VEI 1. Seven of 18
(39%) of the VEI 3+ eruptions have “Good” notification; the

FIGURE 5 | Eruption classification with respect to chemical composition of

most recently erupted products. A, Andesite; BA, Basaltic andesite; B, Basalt.

Detect Only (blue), Good (orange), and Missed (gray).

FIGURE 6 | Eruption classifications with respect to VEI values 0–1, 2, 3, and

4. Detect Only (blue), Good (orange), and Missed (gray).
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others are “Detect Only” (61%). For VEI less than 3, two of 35
(6%) are “Good,” 23 (66%) are “Detect Only” and 10 (29%) are
“Missed.”

Post-notification Analysis
We can also examine these results from a post-notification
perspective to answer the question: how often does an initial
elevation to Yellow result in an eruption? For those volcanoes
with formally-declared seismic monitoring and post-dating the
development of AVO’s color code (1990), AVO initially raised
the color code at a volcano from Green to Yellow 31 times;
eight (26%) of these elevations represent an eruption already in
progress; 17 Green to Yellow elevations (55%) resulted in either
no eruption or an uncertain eruption. Only 6 of these initial
Green to Yellow elevations (19%) were followed by an eruption
(Figure 7).

Although all of the eruptions classed as “Good” have an
initial color code change from Unassigned or Green to Yellow,
eruptions with seismic monitoring classed as “Detect Only”
include three jumps from Green to Orange (Pavlof, 2013; May
2014, and November 2014) and two elevations straight from
Green to Red (Okmok, 2008 and Pavlof, 2016). The “False

31

1

3

Green to Yellow

2

Seismically monitored

volcanoes, initial

color code change

false alarm

Green to Orange or Red =

eruption in progress

Forecast 
eruption

19%

Eruption 
in 

progress

26%

Unrest or 
Uncertain

55%

FIGURE 7 | Depiction of initial AVO color code elevations at seismically

monitored volcanoes. Elevations from Green to Orange or Red occurred at

volcanoes where an eruption was already in progress. The elevation from

Yellow to Red is the false alarm event at Spurr in October and November,

1992. For the 31 initial elevations from Green to Yellow, the pie chart shows

the eventual outcome of eruption, eruption already in progress, and unrest or

uncertain eruption.

Alarm” (two elevations, 1 month apart) jump from Yellow to
Red.

DISCUSSION

We can compare our notification class results to those of
Winson et al. (2014) and their global volcano alert classification
results, although they use different definitions and include
only 20 Alaska events. For Winson and others’ global dataset,
14% of those volcanoes with Level 0 or Level 1 monitoring
(comparable to this analysis’ “seismically unmonitored”) had
“Timely” or “Almost” notifications (comparable to this analysis’
“Good.”) For volcanoes they describe as having Level 2 or
higher monitoring, 21% of those eruptions had “Timely” or
“Almost” notifications. Our study finds a bigger improvement
in notification/forecasts between unmonitored and monitored,
with only 6% success rates for unmonitored and 33% for
monitored. The outcomes between these two studies are different
for several reasons: the studies analyze different sets of events;
they have different criteria for “monitored” status (including
differentiating monitored status at the time of each event);
and this study of an individual observatory is able to assess
notification/forecasting success based on specific observatory
alert levels, rationale, and procedures for use. For example, the
USGS Volcano Alert Level System used by AVO and other
U.S. Observatories states that Yellow indicates unrest behavior,
while Orange is appropriate for either increased unrest OR low-
level eruption (Guffanti and Miller, 2013). Historically, AVO
has also included low-level ash emission at Yellow, and still
has a tendency to call very low-level eruptive activity “Yellow”
(Brantley, 1990). Therefore our evaluation of notification success
only requires that a volcano be elevated to Yellow (or a non-
color code notification, for non-monitored volcanoes prior to
2007) to be included as appropriate color code elevation during
unrest or prior to eruption. Another instance of assessing
success within an institution’s specific needs is the case of long
unrest periods at remote volcanoes. Alaska may be more willing
than other, more populated areas to use elevated color codes
for long periods of unrest, as these remote volcanoes do not
often need disruptive mitigation measures. It is important to
analyze alert level use within the context of the agency using
it and the local users, in order to ensure “apples to apples”
comparisons.

We can more accurately resolve the characteristics that
influence successful forecasting by grouping characteristics
(eruption size, repose interval, erupted product composition,
and presence/absence of seismic monitoring; Figures 8, 9), as
individual volcano and eruption characteristics do not fully
explain the variation in forecasting success rates. Many of these
factors are not independent of each other, and are instead
highly correlative (e.g., Passarelli and Brodsky, 2012). However,
analyzing the success rates in overlapping regions of two or more
characteristics (Figure 8) shows additional insight into groups
of factors that correlate with eruption forecasting success or
failure, and, more importantly, guidance that could improve
AVO’s forecasting abilities.

Frontiers in Earth Science | www.frontiersin.org 10 July 2018 | Volume 6 | Article 86

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Cameron et al. AVO Alerts and Forecasting Timeliness

Pavlof 96, 07, 16, Nov 14

Shish 04

Veni 02, 04, 05, 05, 06, 08

11 D.O., 1 Good

Repose >15 yrs (closed)

Akutan 89, 90, 90, 91, 92, 92

Amukta 96

Gareloi 89

Pavlof 90

Seguam 93

Shish 97, 14

Veni 93, 95

1 Good

6 Missed

7 D.O.

Kanaga 94

Seguam 92

both D.O.

Kanaga 12

D.O.

No events

VEI 3+

Bogoslof 92

Bogoslof 16

both D.O.

Okmok 97

Korovin 98

Shish 95

Westdahl 91

all D.O.

Okmok 08

Pavlof 13, Mar14

Shish 99

Veni 13

3 D.O.

2 Good

Spurr 92

Good

VEI 0-2, repose <15 yrs (open), unmonitored, B, BA, U Seismically monitored

Andesitic

Cleveland 94, 01

both D.O.

Cleveland 89, 97, 05

Makushin 93, 95

3 Missed, 2 D.O.

Kasatochi 08

Good

Fourpeaked 06, Kiska 90

D.O. and Missed

No events

No events

Augustine 05-06

Redoubt 89-90

Redoubt 09

all Good

FIGURE 8 | Four-part Venn diagram of volcano, eruption, and notification classes examined in this paper. Abbreviations as follows: Shish, Shishaldin; Veni,

Veniaminof; D.O., Detect Only. For volcanoes with more than one eruption in a single year, the month of the eruption start is also given.

Efficacy of Seismic Monitoring
AVO has much better forecasting success at seismically
monitored volcanoes (33%) compared to non-monitored
volcanoes (6%). Clearly, in situ seismic monitoring, preferably in
concert with other geophysical instrumentation, is essential to
improving abilities to successfully forecast a volcanic eruption
(Sparks, 2003, and many others; Ewert, 2007; McNutt, 2008;
Tilling, 2008). The Moran et al. (2008) report suggests that part
of the instrumentation for a well monitored volcano includes
at least one seismometer within 5 km of the vent (also see
White and McCausland, 2016). It is interesting to note that the
forecasting successes at Augustine (closest seismic station AUP
= 0.6 km), Redoubt (RSO = 2.5 km), and Spurr (CP2 = 0.3 km)
have seismometers within 2 km of the vent, but the closest
seismometers at volcanoes without steady forecasting success
(Pavlof, PV6 = 4.4 km; Veniaminof, VNSS = 7.8 km; Shishaldin,
SSLS = 5.4 km) have seismometers more than 4 km from the
vent.

Seismic instrumentation at Alaska volcanoes does yield a
decrease in the lag time between eruption onset and AVO
notification of the eruption for those eruptions that were not
successfully forecast. The average notification delay for non-
seismically monitored “Detect Only” eruptions for eruptions
older than 10 years ago is 6 days (delay periods grouped into
3-h bins for delays of less than 1 day; days counted as integers
for delays greater than 1 day), but over the same time period,
the average notification delay for seismically-monitored “Detect
Only” eruptions is 2 days (excluding a 76-day delay outlier

from the 2004 eruption of Shishaldin). Looking at the most
recent 10 years, there is only one non-seismically monitored
eruption (notification delay of 9 days; Bogoslof 2016–2017), and
the average delay for seismically monitored eruptions drops to
¼ day. Seismic monitoring decreases notification delay, and this
notification lag is also decreasing with time. Faster eruption
notification is likely due to the concurrent use of infrasound,
lighting detection, alarm algorithms, improved satellite data, and
increased intra- and extra-agency communication.

Closed System Successes
AVO has successfully forecast all four seismically-monitored
VEI 3+ eruptions for volcanoes with repose periods longer
than 15 years, as well as the closed-system but unmonitored
VEI 4 eruption of Kasatochi in 2008 (lower right quadrant of
Figures 8, 9). AVO provided 130 days advance warning of the
2009 eruption of Redoubt, 19 days for Spurr 1992, 3 days for
Augustine 2005–2006 (3 days prior to the December 2 first
phreatic explosion; the initial magmatic explosion occurred on
January 11, 2006), and about 18 h for the Redoubt 1989–1990
eruption. These eruptions had precursory seismicity, recorded
on monitoring networks (Pesicek et al., 2018), allowing for
substantial forecast lead times; the precursory seismicity and
AVO response is detailed in Power and Cameron (2018). The
single longer-repose period and monitored event which was not
successfully forecast is Kanaga, 2012. This event is an outlier in
many ways: it is smaller than the others (VEI 2 instead of 3 or
4), phreatic (Herrick et al., 2014) rather than magmatic, located
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FIGURE 9 | Four pie charts, showing event-notification classes for eruptions,

based on seismically monitored/unmonitored status and repose less than or

greater than 15 years. Number of eruptions and percentage of the pie are

shown in each slice. For the lower right pie chart, showing those eruptions

with both seismic monitoring and repose times longer than 15 years, Kanaga

2012 (the single not-forecast event) is the only phreatic eruption of this group.

outside of Cook Inlet (Alaska’s most populous region), and had a
recent repose time of just 18.1 years.

A final closed system forecasting success occurred for the VEI
4 eruption of Kasatochi in 2008. Kasatochi has no local seismic
stations. This eruption had precursory seismicity of M >2, large
enough to be recorded on seismic stations operated by AVO on
Great Sitkin, Korovin, and Kanaga, beginning about 1 month
before the eruption. The largest earthquake was a magnitude
5.8. Felt earthquakes were noted by U.S. Fish and Wildlife
Service employees stationed on Kasatochi for about a week before
eruption onset (Neal et al., 2011; Ruppert et al., 2011; Nye et al.,
2017). This substantial precursory seismicity, attributed in part
to rapid magma ascent (Neill et al., 2015), enabled eruption
forecasting despite the absence of a local seismic monitoring
network (Waythomas et al., 2010).

Open System Challenges
Nearly all volcanoes in this dataset that erupt more frequently
and could be considered “open system” produce basalt or
basaltic andesite eruptive products. Cleveland and Makushin
are both classed andesite and are thus exceptions to this
generality.

All of the seismically monitored volcanoes with repose times
< 15 years are basaltic or basaltic andesite in composition
(upper right corner of Figure 8). These open system, low-
viscosity, variably-sized eruptions with seismic monitoring are

generally not forecast (three out of 16) due to their notable lack
of detected precursory seismicity (Pesicek et al., 2018). Most
(13 of 16; 81%) of these eruptions are from two persistently
active volcanoes (Pavlof and Veniaminof, neither of which has
a seismometer within 4 km of the vent) and most (11 of 16;
69%) are small eruptions of VEI 1–2. AVO failed to forecast
VEI 3 eruptions for Okmok, 2008, and Pavlof 2013 and 2014,
despite the presence of seismic monitoring at both and geodetic
monitoring in the case of Okmok. Okmok 2008, for example,
had less than 2 h of clear precursory seismicity despite a dense
proximal seismic network (Larsen et al., 2009), and a subtle
precursory change in long-term inflation was only clear in
geodetic data in retrospect (Freymueller and Kaufman, 2010;
Lu and Dzurisin, 2010). Pavlof is one of the most frequently
active volcanoes in Alaska, and has erupted seven times since the
founding of AVO. And, although some intra-eruptive explosions
have been successfully forecast (Power et al., 2018), AVO has
not successfully forecast eruptive onset at Pavlof. This likely
reflects the fact that Pavlof ’s persistently hot, open conduit allows
magma slugs, which ascend rapidly with little contamination
from crustal rocks (Mangan et al., 2009), to freely degas without
pressurizing the surrounding crust, possibly coupled with the
lack of a proximal seismic station. The three successful eruption
forecasts for this group (monitored, shorter repose period) were
Shishaldin 1999 and Veniaminof 2002 and 2013. Shishaldin
1999’s precursory seismicity and AVO response is covered in
Power and Cameron (2018).

For the frequently-erupting, basaltic and basaltic andesite,
seismically unmonitored volcanoes (upper left quadrant of
Figure 8), just one event was forecast, out of 18; Shishaldin
2014. AVO maintains a seismic network on Unimak
Island that monitors Shishaldin, but prior to and during
this eruption, the network was substantially impaired
due to equipment failures. AVO raised the color code to
Yellow on January 30, on the basis of increased surface
temperatures seen in satellite data and increased steam
emissions observed in webcam images (Cameron et al., 2017).
Eruptions in the short-repose period and unmonitored group
that AVO failed to forecast include eruptions of Akutan,
Amukta, Gareloi, Pavlof, Seguam, Shishaldin, Veniaminof,
Okmok, Korovin, Westdahl, Cleveland, and Makushin.
Notably, almost all of the “Missed” events occur in this
quadrant of Figure 8, but there have been no “Missed”
events in the past 10 years, suggesting that technologies
like infrasound and increased communications, including
interpersonal, interagency, and satellite coverage have improved
volcano notification even in the absence of ground-based
instrumentation.

Unrest Without Eruption (UwE)—How
Often, and Why?
This dataset contains 23 UwE events. Unrest which has prompted
formal notification by AVO falls into three broad categories. The
first is characterized by dominant volcano-tectonic seismicity
that may or may not be accompanied by other seismicity
such as low-frequency events or tremor, as well as increased
degassing, heating of the edifice or increased measured gas flux.
Some of these events have been described as “failed eruptions,”

Frontiers in Earth Science | www.frontiersin.org 12 July 2018 | Volume 6 | Article 86

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Cameron et al. AVO Alerts and Forecasting Timeliness

meaning magma intruded into but stalled within the shallow
crust (Moran et al., 2011). Some examples include Akutan
1996 (Lu et al., 2000), Iliamna 1996 (Roman et al., 2004),
Iliamna 2012 (Prejean et al., 2012), Martin 2006 (O’Brien et al.,
2012), Little Sitkin 2012 (Haney et al., 2014), Semisopochnoi
2014 (Cameron et al., 2017), Tanaga 2005 (Lu and Dzurisin,
2014), and Spurr 2004–2006 (Coombs et al., 2006). Other UwE
events have similar characteristics but the processes that led
to the unrest are more equivocal. In general, we describe this
category of event as “possible intrusion and/or activation of the
hydrothermal system.” The second category of UwE includes 4
incidents that occurred atmafic, open-system volcanoes andwere
characterized by increased low-frequency seismicity, infrasound
signals, and/or thermal output.We characterize these as “intense”
degassing episodes, although they may reflect intrusion and
“failed eruption” as well. As a final category, four additional
UwE events have occurred within 1 year of significant (VEI 3+)
eruptions, such as the unrest at Augustine 2007 and Okmok
2009. These may result from additional time periods of intrusion
not immediately associated with eruption, or they may reflect
adjustment of the crust after evacuation of magma.

An obvious question that arises is: for monitored volcanoes,
how often does unrest lead to eruption? To answer this question,
we look at events at monitored volcanoes that are classified as
either UwE, or Good. AGood classification implies that there was
enough precursory activity to warrant issuing an alert. We ignore
eruptions that did not exhibit detected precursors. When looking
at the 24 events that fit these criteria (i.e., UwE or Good, and
seismically monitored with eruption precursors), seven (29%)
resulted in eruption, and 17 (71%) did not. Looking only at
andesitic volcanoes, one in four unrest sequences resulted in
eruption. These are useful numbers to keep inmind during future
episodes of unrest, and assigning probabilities such as during an
event tree development.

Advancements in Monitoring and
Implications for Next Generation of
Volcano Monitoring Systems
AVO’s recent advancements in multi-disciplinary volcano
monitoring yield improved eruption forecasting capabilities,
even considering that many Alaska volcanoes have frequent,
small eruptions without much, if any, precursory seismicity.
“Missed” events—highly undesirable for a volcano observatory—
are not known to occur in AVO’s record since 2002, largely
due to improved monitoring and observations, including:
seismic; geodetic; satellite; infrasound; local observers
communicating with AVO via the Internet and telephone;
and AVO’s interagency coordination with the FAA to receive
pilot reports. The last ten years (2008–present) have seen
four successful forecasts, while the previous two decades
held only five, suggesting that the slow and continual
expansion from three monitored volcanoes (1989) to 32
(2017) has substantially increased AVO’s ability to forecast
eruptions.

When the USGS first introduced the concept of a
National Volcano Early Warning System, or NVEWS, a

threat assessment (Ewert, 2007) ranked all U.S. volcanoes
into four threat categories: very high, high, moderate,
and low, based on objective hazards and exposure to
population and infrastructure. At the same time, Moran
et al. (2008) made instrumentation recommendations
at four levels that were directly linked to the volcanic-
threat rankings of Ewert et al. (2005) and Ewert (2007).
Thus, low-threat volcanoes should have basic monitoring
capabilities, and higher threat volcanoes should have
subsequently denser and more sophisticated monitoring
networks.

We suggest that in addition to considering volcanic-threat
levels, instrumentation strategies also take into account more
granular details about volcanic systems in question. In particular,
“open-system” volcanoes require either denser seismic data,
including near-vent or borehole stations, to be forecast; or
additional data, including near-summit tilt, gas, and reliable web
camera data. Recent advances in gas monitoring are particularly
exciting for open systems (e.g., de Moor et al., 2016). Denser
multi-disciplinary networks are highly desirable for frequently-
active, low-viscosity systems, and may enable improved forecasts
and understanding of the underlying volcanic processes that
drive eruptions. In contrast, “closed-system” volcanoes can often,
but not always, be successfully forecast with more traditional
monitoring networks dominated by seismic instrumentation.
Alaska has ∼100 volcanoes active in the Holocene, although
only 30 of them have erupted in historical time, and AVO
currently seismically monitors a slightly different set of 32.
This leaves about 70 unmonitored volcanoes that, if they were
to erupt, would likely have substantial precursory seismicity.
The best chance to forecast these potentially large eruptions
would be to instrument these long-repose time volcanoes. This is
similar to the recommendation of the National Academy’s recent
consensus study report recommending working toward “sparse
ground-based monitoring of all potentially active volcanoes. . .
and that monitoring strategies need to be tailored to the type
of volcano in question” (ERUPT Report, National Academies
of Sciences Engineering Medicine, 2017). In a region such as
Alaska, with a large number of volcanoes over a vast swath
of remote wilderness, added insights into the nature of the
volcanoes, derived from dense multi-parametric monitoring
networks and geologic study, can further assist in prioritization
of instrumentation.

CONCLUSIONS

Our analysis demonstrates that it is important that measures
of success or failure at eruption forecasting take into account
an observatory’s rationale and procedure for use of alert levels
and alert notifications, as well as monitoring and individual
volcano and eruption characteristics. AVO has had the greatest
success forecasting larger eruptions (VEI 3+) at seismically
monitored volcanoes with longer repose times and relatively
more silicic magma compositions. Because these larger eruptions
have the greatest impact on aviation, they are also the most
critical for successful monitoring and forecasting. Eruptions
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at volcanoes with short repose times, typically with basaltic
or basaltic andesite composition, are generally poorly forecast,
due to a lack of detectable precursory seismic activity. Seismic
monitoring at these volcanoes significantly shortens the eruption
detection time, however. Denser multi-parametric networks for
these fluid and frequently-erupting volcanoes could improve
AVO’s ability to forecast an eruption. Successful forecasting could
also be aided by the continued development of volcano-specific
alarm algorithms to detect very subtle changes in seismicity and
infrasound. Fortunately, AVO is well-calibrated at interpreting
co-eruptive seismicity at these volcanoes (Haney et al., 2009),
so we can detect and make accurate assessments of eruptions
relatively quickly. Non-seismically monitored volcanoes pose
significant forecasting challenges, but improved communication,
satellite coverage, lightning data, and infrasound have reduced
eruption detection time and eliminated “Missed” eruptions.
Greater multi-disciplinary instrumentation of all volcanoes
in Alaska would reduce the chance of unforecast volcanic
eruptions.
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