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A major goal of volcano monitoring is the rapid identification of volcanic explosions

and subsequent warning of associated hazards. Between 1988 and 2016 the Alaska

Volcano Observatory (AVO) responded to at least 54 separate volcanic eruptions. During

this period, AVO’s monitoring program relied principally on seismic and satellite remote

sensing data, supplemented with geodetic, gas, and visual observations to track volcanic

unrest. In this study we focus on AVO’s response time, or the time required for AVO to (1)

identify seismic signals associated with large ash-producing volcanic explosions and (2)

initiate public warnings. We restrict this analysis to volcanoesmonitored by a local seismic

network and explosive in character. We focus on the 1989–90 eruption of Redoubt

Volcano (VEI 3), the 1992 eruption of Mount Spurr (VEI 4), the 1999 eruption of Shishaldin

Volcano (VEI 3), the 2006 eruption of Augustine Volcano (VEI 3) and the 2016 eruption of

Pavlof Volcano (VEI 2) as detailed records of the timing of formal warnings are preserved.

These eruption sequences allow us to evaluate AVO’s response time under a number of

monitoring scenarios, including both expected (those with recognized precursory unrest)

and surprise eruptions (those without identified precursory unrest) as well as individual

and repetitive sequences of explosive events. Recorded response time ranges from ∼1

to 86min. The shorter response times (∼1–13min) were achieved during sequences of

explosive events at Redoubt (1989–90), Spurr (1992) and Augustine (2006). The longer

response times (31– 86min) are recorded for unexpected or surprise explosions such as

Spurr (August 18, 1992) and Pavlof (2016) and the only or first explosions in an eruptive

sequence such as Shishaldin (1999) and Augustine (2006).

Keywords: volcanic explosion, response time, Alaska, aleutian, warning

INTRODUCTION

The Alaska Volcano Observatory (AVO) is responsible for monitoring active volcanoes in Alaska
and providing warnings of hazards associated with volcanic activity. The observatory was founded
in 1988 and is a cooperative program of the U.S. Geological Survey, the University of Alaska
Fairbanks Geophysical Institute, and the Alaska Division of Geological and Geophysical Surveys.
Since 1988, AVO has responded to 54 eruptions in Alaska at 18 volcanic centers as well as numerous
episodes of volcanic unrest that did not result in eruption. The principal hazard from explosive
eruptions of Alaska volcanoes is airborne volcanic ash to aircraft, and ashfall on local communities
(Casadevall, 1994b).
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During this time, AVO principally relied on seismic
observations for real-time monitoring and eruption forecasting.
From 1988 to 1995, AVO seismic instrumentation was focused
on just Mount Spurr, Redoubt Volcano, Iliamna Volcano, and
Augustine Volcano. These four volcanoes are in the Cook Inlet
region, and are closest to the major population centers in
south-central Alaska. In 1995, AVO began to expand seismic
monitoring to volcanic centers further to the west, and currently
networks of 4–15 seismometers are in operation on 32 of the
54 historically active volcanoes in Alaska. Seismic monitoring is
supplemented with geodetic measurements (Cervelli et al., 2010),
measurements of gas emission such as SO2 and CO2 (Werner
et al., 2013) and Satellite Radar Interferometry (InSAR) (Lu and
Dzurisin, 2014). Additional data streams from infrasound, web
cams, lightning, remote sensing, and visual observations serve
principally for eruption detection and confirmation. Geologic
studies are used to define eruptive history and character and
identify hazardous areas.

AVO’s response to volcanic unrest includes increasing
surveillance of real-timemonitoring of seismic activity, and near-
real-time remote sensing data, up to and including round-the-
clock staffing at offices in Anchorage and/or Fairbanks. AVO
also increases other monitoring data streams if possible. When
large ash-producing explosions are detected, AVO conducts
a “call down” and communicates warnings immediately by
telephone, using an ordered list. Entities on the list include
relevant government agencies such as the Federal Aviation
Administration (FAA), the Division of Homeland Security
(DHS), the National Weather Service (NWS), the Alaska
Governor’s Office, and others. When sufficient staffing is
available, warnings are transmitted simultaneously through a call
down from both the Anchorage and Fairbanks offices of AVO.
Either office could complete the entire call down if the other
office was not staffed (Neal et al., 2010). During the later years
of this study call downs could be made from remote locations as
themonitoring data wasmore widely available through computer
networks. The amount of time required to identify and warn of
a volcanic explosion is critical as delays in warning increase the
chance of an encounter between and aircraft and a volcanic ash
cloud and decreases the amount of time that communities have
to prepare for ash fall. Once other government agencies such as
the FAA, NWS, and DHS receive information from AVO they
produce and disseminate additional warning products specific to
the current volcanic activity and hazard (Neal et al., 2010).

During the 1989–90 eruption of Redoubt Volcano, AVO
developed a four-step Volcano Alert Level, called the “Color
Code,” that used four colors to reflect both the level of volcanic
unrest and associated hazards and as well as expected activity
(Brantley, 1990). In 2006 the U.S. Geological Survey expanded
the Alert-Notification system used for volcanic hazards to a
dual system to more effectively communicate hazards on the
ground (lahars, pyroclastic flows, lava flows, ash fall, and others)
and to aircraft (airborne volcanic ash). Ground based hazards
are communicated through four alert levels: normal, advisory,
watch, and warning, and the aviation Color Code remained
four colors, green, yellow, orange, and red, but with slightly
different definitions. The new alert-notification system (Gardner

and Guffanti, 2006) communicates current hazards and unrest as
well as forecasts anticipated activity. This standardized system is
now in use at the five volcano observatories in the United States.
Immediate warnings are still communicated by a telephone call
down to affected government agencies and these are followed by
several forms of written communication that include Volcanic
Activity Notice (VAN), Volcano Observatory Notice for Aviation
(VONA), Status Report, and Information Statement (Neal et al.,
2010). These notifications are transmitted by email, web posting,
Facebook, FAX, and shorter statements may be released through
Twitter (Schaefer et al., 2012).

In this study we evaluate the time required for AVO to
identify a large ash producing explosion and initiate a call
down to appropriate authorities. We restrict this analysis to
those volcanoes that were monitored by a local seismic network,
were explosive in character and produced large high-altitude
ash plumes. We use the call down initiation time as earliest
warning that AVO issues. It often takes a longer period of
time to formulate and distribute a VAN, VONA or Information
Statement. For this analysis we focus on explosions that
occurred at Redoubt (1989–90), Spurr (1992), Shishaldin (1999),
Augustine (2006), and Pavlof (2016), as each of these eruptions
were characterized by explosive activity that produced large ash
plumes, and because we retained accurate records of call down
timing. All times in this manuscript are reported in Coordinated
Universal Time (UTC). We generally do not consider small
explosive events that may have preceded larger eruptions unless
those events played a role in changing AVO’s level of monitoring.
Fortunately, this suite of volcanoes covers a range in type and
intensity of precursory unrest and eruptive style and allows us
to evaluate AVO’s response time in a variety of monitoring
situations such as the expected onset of eruptive activity (Spurr,
1992, Shishaldin, 1999, Augustine, 2006), sequences of successive
explosive events (Redoubt 1989–90, Spurr, 1992, Augustine,
2006) and unexpected or surprise eruptions (Pavlof, 2016). A
review of AVO’s efforts to forecast eruptions and provide advance
warning of hazards during the 1988–2016 time period is given by
Cameron et al. (2018).

REDOUBT VOLCANO, 1989–90

Redoubt Volcano is a stratovolcano located in south-central
Alaska on the western side of Cook Inlet (Figure 1) that erupts
andesitic magma (Coombs et al., 2013). The volcano has erupted
four times in recorded history in 1902, 1966, 1989–90, and 2009.
The 1989–90 and 2009 eruptions are characterized by explosive
events that are often separated by periods of lava extrusion in
the summit crater that form domes (Miller, 1994; Schaefer et al.,
2012). Explosive events produce high altitude ash plumes that
endanger overflying aircraft, regional aircraft transiting to other
communities, and traffic landing at Anchorage International
Airport (Casadevall, 1994a). A network of 5–12 seismic stations
has monitored Redoubt since 1988. Figure 2 is a map of the
seismic stations operating at the end of the 1989–90 eruption.

A subtle increase in seismic events beneath the volcano and
observations of increased steaming preceded the eruption by
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FIGURE 1 | Map showing locations of historically active volcanoes in Alaska as triangles. Labels indicate locations of volcanoes discussed in this report.

FIGURE 2 | Map showing locations of seismic stations that operated

surrounding Redoubt Volcano, Alaska between 1989 and 2010 from Power

et al. (2013). Triangles correspond to short-period vertical seismometers while

hexagons reflect 3-componet broadband instruments. Contours reflect 3,000,

6,000, and 9,000 foot elevations.

several weeks and an intense 23-h swarm of long-period seismic
events occurred immediately prior to the onset of eruptive
activity on December 14, 1989 (Power et al., 1994). In response
to the increase in seismicity, AVO began 24-h on site monitoring
on December 13, 1989 and continued until June of 1990.
The eruption began with a small explosive event at 18:47 on
December 14, followed by a sequence of 24 additional explosive
events. These explosive events were often separated by periods of
lava extrusion, which formed short-lived domes in the volcano’s
summit crater. Dome growth ceased in June 1990. The explosions
are considered to be Volcano Explosivity Index (VEI) 3 and
were often associated with dome collapse and destruction (Miller,
1994). Many of the explosions during the 1989–90 eruption
were preceded by short swarms of Long-Period seismic events
that lasted from 1 to 170 h (Stephens et al., 1994) and were

used to forecast the individual explosive events (Chouet et al.,
1994). Seismic data were transmitted to AVO offices in Fairbanks
and Anchorage in real-time, and during the 1989–90 eruption
the principal method of real-time analysis was drum recorders.
Figure 3 shows the drum record from the February 21, 1990
explosion at Redoubt from station RED. The 1989–90 eruption
of Redoubt allows us to evaluate the time required for AVO to
identify and respond to individual explosive eruptions while 24-h
staffing and analysis was in place and the volcano was generating
explosive events that were similar in character and relatively
repetitive.

For this eruption the response time was the difference between
the explosion onset time and the recorded time of the call to the
FAA, made from AVO offices in Fairbanks (Table 1). The onset
time of the explosion was taken as the time when the seismic
signal exceeded twice the normal background on seismic station
SPU (located near Mount Spurr) and was rounded to the nearest
minute (Power et al., 1994). The call down time in Fairbanks was
manually recorded in a logbook. Unfortunately, records of call
down times do not exist for the first 11 explosions that occurred
before January 11, 1990, and the explosive event on January
17, 1990 (Table 1). The range of recorded response times was
1–9min and the average was 3.5min with a standard deviation of
2.0. For this calculation we have not considered smaller explosive
events that either did not create a seismic signal detectible on
station SPU or produce a large ash plume.

MOUNT SPURR, 1992

Mount Spurr is a large composite volcano on the western side
of Cook Inlet about 80 km west of the city of Anchorage Alaska
(Figure 1). Spurr has erupted twice in historic time from the
Crater Peak vent, a single explosive event on July 9, 1953 (Juhle
and Coulter, 1955) and a series of three sub-plinian explosions
(VEI 4) in the summer of 1992. Eruptive products from the
1992 eruptions of Mount Spurr’s Crater Peak vent are andesites
(Nye et al., 1995). A network of 11 short-period seismic stations
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FIGURE 3 | A portion of a drum record for station RED (Figure 2) from February 21, 1990 showing explosion at Redoubt Volcano at 09:32 UTC. Labels note relative

onset time of explosion and recorded time AVO call down began. Time marks represent 1min intervals. In this case, response time was 4min after the explosions

onset.

TABLE 1 | Explosions onset, call down, and response time for explosive events

that occurred at Redoubt Volcano in 1989 and 1990.

Date Explosion time Call down time Response time

(UTC) (UTC)

12/14/1989 18:47 NR –

12/14/1989 19:09 NR –

12/15/1989 10:52 NR –

12/15/1989 12:38 NR –

12/15/1989 19:13 NR –

12/16/1989 15:17 NR –

12/16/1989 15:33 NR –

12/19/1989 15:29 NR –

01/02/1990 02:49 NR –

01/02/1990 04:27 NR –

01/08/1990 19:10 NR –

01/11/1990 22:42 22:44 2

01/17/1990 07:48 NR -

02/15/1990 13:03 13:14 9

02/21/1990 09:32 09:36 4

02/24/1990 14:06 14:09 3

02/28/1990 18:47 18:51 4

03/04/1990 05:39 05:42 3

03/09/1990 18:51 18:53 2

03/14/1990 18:47 18:49 2

03/23/1990 13:04 13:09 5

03/29/1990 19:34 19:38 4

04/15/1990 22:52 22:53 1

04/21/1990 14:12 14:15 3

NR, No Record.

monitored the 1992 eruption (Power et al., 1995) and data were
telemetered to Anchorage and Fairbanks in real-time. During the
1992 eruptions, the principal means of real-time review of seismic
data was drum recorders. For response analysis during the 1992
Spurr eruption sequence we used the onset times of explosive

events and the time call downs reported by Eichelberger et al.
(1995).

The 1992 explosions occurred on June 27, August 18–19 and
September 17, 1992 and each lasted 3–4 h and produced large
plumes of volcanic ash that reached altitudes of 14,000–15,000m
above sea level (Eichelberger et al., 1995). The June 27 explosion
was preceded by a long-term sequence of earthquakes that began
in August of 1991 and increased in rate in November of 1991
and April 1992 (Power et al., 1995). In the weeks prior to the
June 27 explosion, increased steaming from Crater Peak and
changes in lake color attributed to SO2 scrubbing, and geysering
were observed in the lake area (Doukas and Gerlach, 1995).
Strong tremor began at 20:04 on June 26 and a shallow swarm
of earthquakes preceded the onset of explosive activity by just
4 h (McNutt et al., 1995; Power et al., 1995). In response to this
activity AVO raised the Color Code to yellow on the evening of
June 26 and began 24-h monitoring from both Fairbanks and
Anchorage. The June 27 eruption began at 15:04 and the first
warning that an eruption was in progress was issued 12min later
at 15:16, following receipt of a confirming report from an aircraft
pilot. The June 27 explosion was followed by relative seismic
quiescence at shallow depths, although the deeper portions of the
magmatic system in the lower crust remained seismically active
(Power et al., 2002). The Color Code was lowered to Green and
24-h monitoring was suspended on July 8.

The August 19, 1992 main explosion was preceded by a small
“premonitory explosion” at 23:41 on August 18 that was observed
by passing aircraft. It produced a small plume of steam and ash
to 300–600m above the Crater Peak vent. In response to this
small explosion, AVO began a call down and raised the Color
Code to Yellow at 00:25, 44min after the premonitory explosion,
and began close review of drum records in both Anchorage
and Fairbanks. This small explosive event was unexpected, but
occurred during the normal workday so the repose time was
relatively short. The major explosion on August 19 began at 00:42
and AVO issued a warning 5min after the onset at 00:47 raising
the Color Code first to Orange and then to Red (at 00:58) as
the eruption grew in strength (Eichelberger et al., 1995). Figure 4
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FIGURE 4 | Drum records from station CRP between 00:05 UTC August 18 and 02:25 UTC on August 19, 1992 that show both the premonitory explosion at 23:41

on August 18 and the main explosion at 00:42 on August 19. Time marks represent 1min intervals. These records show 26h and 20min of seismic data and the

paper on the drum was changed between 00:16 and 00:21 UTC on August 19. Times of call downs at 00:25 and 00:47 UTC are also noted and followed the

explosions onset by 44 and 5min, respectively. Following the onset of the main explosion at 00:42 the drum recorder pen was manually offset to prevent the high

amplitude explosion signal from over writing the record on the drum.

shows drum records from 00:05 UTCAugust 18 to 02:25 UTC on
August 19, 1992 for station CRP that show the onset of both the
premonitory and main explosions as well as the time of the call
down following these explosions. A map showing the location of
station CRP can be seen in Figure 1 of Power et al. (1995).

The September 17 explosion was preceded by 3 h of increasing
tremor and a small premonitory explosion at 06:36. AVO issued
a warning for the premonitory explosion at 06:45, raising the
Color Code to Red. A strong seismic signal beginning at 08:03
is attributed to the start of the main eruption on September 17.
Eichelberger et al. (1995) did not record the time of a call down
following the onset of this major explosion, however a warning
was issued when the Color Code was raised to Red 9min after the
smaller premonitory explosion at 6:36.

The three major explosive events during the 1992 eruption
sequence at Mount Spurr all exhibited strong precursory activity
that was easily captured by the seismic network, complementary
visual observations of the volcano, and gas measurements.
The 1992 Spurr eruption sequence allows us to analyze AVO’s
response capability when the AVO offices were staffed 24-h per
day and close monitoring was taking place as well as a surprise
explosion while the office was fully staffed. The response times
of the 1992 eruptions of Mount Spurr were 12 and 5min for
the major explosive events on June 27 and August 19, and
44 and 9min for the premonitory explosions on August 18
and September 17 respectively (Eichelberger et al., 1995). These
warnings result in an average response time of 17.5min with a
standard deviation of 17.8.

SHISHALDIN VOLCANO, 1999

Shishaldin Volcano, located in the central portion of Unimak
Island (Figure 1), is highly active, with 31 recorded eruptions
since 1775 (McGimsey et al., 2004). The volcano typically
erupts products that are basaltic andesite in composition, and
its eruptions are often characterized by activity ranging from
extrusive with occasional strombolian fountaining to large
explosive events that reach VEI 3 or 4 and produce large,
high-altitude ash plumes (Nye et al., 2002). The VEI 4 1999
Shishaldin eruption sequence was monitored by a network of
six seismometers surrounding the volcano that had been in
operation since the summer of 1997 (Jolly et al., 2001). The
primary medium for real-time recording and analysis during this
eruption was drum recorders.

The 1999 eruption sequence was preceded by months of
unrest that included Deep Long-Period events (Power et al.,
2004), small repetitive seismic events that were first noted
on February 2 (Moran et al., 2002), and increased steaming
and thermal output from the volcanoes summit that began on
February 12 (Nye et al., 2002). Volcanic tremor was first observed
on February 18, prompting AVO to raise the Color Code to
Yellow. A shallow magnitude 5.2 earthquake located 10–15 km
west of Shishaldin occurred on March 4, followed by numerous
aftershocks (Moran et al., 2002). On April 7 the strength of
tremor increased further and AVO raised the level of Concern
Color Code to Orange and began 24-h monitoring that would
continue until June 18. Strombolian explosions were observed by
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AVO staff members from an aircraft using a Forward Looking
Infrared Radiometer (FLIR) on April 17 (McGimsey et al., 2004).
Rasmussen et al. (2018) provide a multidisciplinary analysis of
unrest and volcanic processes that proceeded the 1999 Shishaldin
eruption.

The 1999 Shishaldin eruption sequence had only one large
explosive event that took place at 20:33 on April 19, 1999, and
was associated with a large increase in seismic tremor. This
explosion continued for 7 h, and eventually the ash cloud reached
an estimated altitude of 17,000m (Nye et al., 2002). The April
19 eruption of Shishaldin allows us to evaluate AVO’s response
time for a large explosive eruption at a volcano that was the
subject of heightened monitoring 24-h per day. Records indicate
that the call down from the AVO Fairbanks Office to the Alaska
Governor’s office occurred at 21:04 UTC. The Alaska Governor’s
office is the second notification in the Fairbanks call down and
consequently we surmise that the first warning was issued to the
FAA in just under 31min after the onset of explosive activity.

AUGUSTINE VOLCANO, 2006

Augustine Volcano is a stratovolcano located on a small island
in lower Cook Inlet (Figure 1). The volcano erupts frequently
with recorded eruptions in 1812, 1882, 1902, 1935, 1963–64,
1971, 1976, 1986, and 2006. The Augustine volcanic cone has
experienced frequent sector collapse events in the recent past and
the 1882 eruption generated a small tsunami in Cook Inlet (Waitt
and Beget, 2009). Augustine magmas are typically andesitic in
composition (Larsen et al., 2010) and eruptions are characterized
by an explosive onset followed by sequences of explosive events
that are often separated by the extrusion of lava from the
volcano’s summit, forming lava domes and lava flows. Seismic
monitoring of Augustine began in 1970 and the 1976, 1986,
and 2006 eruptions have remarkably similar precursory seismic
sequences that allowed AVO to very accurately forecast the onset
and style of the 2006 eruption (Power et al., 2006). The VEI 3
2006 eruption consisted of 13 larger magmatic explosions that
occurred between January 11 and January 28, separated by the
extrusion of magma within the summit crater. Magma extrusion
continued until mid-March 2006 (Coombs et al., 2010).

During the 2006 eruption of Augustine, the volcano had a
network of 8 permanent seismometers (Figure 5) and seismic
data were transmitted in real-time to both the Anchorage and
Fairbanks offices where staff monitored the incoming seismic
data 24 h per day. Seismic waveforms were displayed using a
variety of computerized techniques that included the capability to
view the seismic signals in both the time and frequency domain
(Cervelli et al., 2004; Thompson and Reyes, 2017). The onset
times of explosions were determined at seismic station OPT,
located 16 km north of Augustine’s summit, and were rounded
to the nearest minute (Power and Lalla, 2010).

The 2006 eruption of Augustine provides a good opportunity
to evaluate AVO’s response time to both the initial onset of
explosive activity for an eruption that had well-recognized
precursory seismicity and 24-h staffing in place, as well as a
sequence of similar explosive events. For this eruption, the

recorded response time reflects the time at which the call
down was initiated in Fairbanks to the Alaska State Division of
Homeland Security, which is the first number in the Fairbanks
call down (Table 2). Both the Anchorage and Fairbanks offices
of AVO were staffed 24-h per day, so this time is comparable
to the time the Anchorage office called the FAA (records for the
Anchorage call downs have not been recovered).

Response times during the 2006 Augustine eruption ranged
from ∼1 to 86min. The average response time was 20.7min
with a standard deviation of 30.2. Unfortunately, records of
the call times for the first two explosions on January 13, the

FIGURE 5 | Map showing the location of seismic stations on Augustine

Volcano in 2006 from Power and Lalla (2010). Solid triangles represent

short-period stations, the solid square is a permanent broadband station at

AUL, open squares represent temporary broadband stations, and the circle is

a strong motion instrument at AU20.

TABLE 2 | Times of explosions onset, call down time, and response time for

explosive events that occurred at Augustine Volcano in 2006.

Date Explosion time Call down time Response time

(UTC) (UTC) (UTC)

01/11/2006 13:44 15:10 86

01/11/2006 14:12 15:10 58

01/13/2006 13:24 NR –

01/13/2006 17:47 NR –

01/13/2006 20:22 22:30 8

01/14/2006 01:40 01:40 0

01/14/2006 03:58 04:05 7

01/14/2006 09:14 00:20 6

01/17/2006 16:58 17:02 4

01/28/2006 05:24 NR –

01/28/2006 08:37 08:37 0

01/28/2006 11:04 11:12 8

01/28/2006 16:42 16:55 13

NR, No Record.
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explosion on January 17, and the first explosion on January
28, have been lost (Table 2). For the remaining explosions the
comparatively longer average response time is because the first
two explosions in the sequence were small (durations of 3.5 and
7minwhereas later explosions had durations in excess of 10min),
with indistinct seismic waveforms, and were not immediately
recognized (Figure 6). A formal call down was not initiated
for these two explosions until 15:10 (86 and 56min after the
first and second explosions, respectively), when satellite data
could confirm the presence of an ash plume (Table 2). If we do
not consider the response times for these two explosions and
consider only those later in the sequence where we have records,
the average response time decreases to 6.0min with a standard
deviation of 4.6.

PAVLOF VOLCANO, 2016

Pavlof Volcano has had more than 40 eruptions since 1817
and is generally considered to be the most active volcano
in North America (Waythomas et al., 2006). Eruptions at
Pavlof are characterized by Strombolian activity that produces
minor amounts of volcanic ash and small lava flows from the
summit crater. Pavlof magmas are typically basaltic andesites
(Waythomas et al., 2017). Occasionally Pavlof erupts more
explosively, producing ash plumes reaching altitudes higher than
15,000m and vigorous lava fountaining (McNutt et al., 1991;
Waythomas et al., 2006). Eruptions at Pavlof typically occur with
little observed precursory unrest and is often described as an
open-conduit system (Lu and Dzurisin, 2014; Cameron et al.,
2018). AVO has operated a six-station seismic network on the
volcano since 1996 (Dixon et al., 2013), and an earlier seismic
network monitored the volcano from 1973 to 1990 (McNutt and
Beavan, 1987). During theMarch 2016 eruption of Pavlof, seismic
data were transmitted to AVOoffices in Anchorage and Fairbanks
in real-time and a variety of computerized real-time displays
allowed the data to be reviewed in both the time and frequency
domain.

TheMarch 2016 eruption of Pavlof began unexpectedly on the
afternoon of Sunday March 27, with a relatively small increase
in tremor at 23:55 (Figure 7). A pilot from a passing aircraft
reported the volcano in eruption with an ash cloud reaching
6,000m at 00:18 on March 28. AVO initiated a full call down at
00:55, raising the Color Code from Green to Red 60min after the
onset of tremor thatmarks the start of explosive activity. At 01:33,
satellite imagery revealed an ash plume rising to an altitude of
9,000m. The tremor signal intensified at about 02:23 (Figure 7)
and strong ash emission continued on March 28 with a plume
reaching as high as 11,000m. Lava fountaining was observed
from the town of Cold Bay. Lower altitude ash plumes were
observed for several days and activity then subsided and AVO
lowered the Color Code to Orange on March 28, Yellow on April
6 and Green on April 22.

TheMarch 2016 eruption of Pavlof provides an opportunity to
review AVO’s response time at a volcano that had no recognized
precursory activity and on-site monitoring of real-time seismic
data was not in place at the onset of activity. For this eruption,

the first warning phone call to the FAA from AVO Anchorage
office was made 60min following the onset of explosive activity
at 00:55.

DISCUSSION

The review of AVO’s response times from eruptions at Redoubt
Volcano (1989–90), Mount Spurr (1992), Shishaldin (1999),
Augustine (2006), and Pavlof (2016) allows us to evaluate the time
required to produce a warning under a number of monitoring
scenarios including: repetitive sequences of explosive events that
occurred over months to days (Redoubt, 1989–90, Spurr, 1992,
Augustine, 2006), single explosions with clear seismic precursors
(Shishaldin, 1999), and unexpected explosions (Spurr, August 18,
1992; Pavlof, 2016). All of these volcanoes were monitored by
local seismic networks of 5–12 individual stations that ranged
in distance from <1 to 28 km in distance (Dixon et al., 2013).
Response times at these five volcanoes range from ∼1 to 86min
for the 28 explosions where records of the call down times are
preserved.

The shortest response times were from Redoubt and
Augustine when the volcanoes were producing sequences of
explosions with well-known similar seismic characteristics. For
these sequences of repetitive explosive events, response times
ranged from ∼1 to 13min (Tables 1, 2). Faster response times
were also observed at volcanoes with strong precursory activity
that prompted AVO to move to 24-h continuous monitoring,
such as Spurr in 1992 where response times ranged from 5 to
12min. Of the 28 volcanic explosions considered in this study
23 had response times of <13min.

The longest response times occurred for either the first or
opening explosions in an eruptive sequence or for unexpected
or surprise explosions when heightened review of incoming
seismic data was not in place and ranged from 31 to 86min.
Only five of the 28 response times considered in this study
took longer than 13min. Many times the desire to confirm the
presence of an ash cloud using alternative monitoring data such
as satellite imagery or reports from aircraft pilots contributed
to the longer response times. The 41-min response time for the
premonitory explosion on August 18, 1992 at Spurr results from
a smaller and less distinct seismic signal and the time to receive a
confirming pilot report (Figure 4). The 2016 Pavlof eruption was
not expected and 24-h monitoring was not in place. The 60-min
response time results from time spent to contact and organize
AVO staff, evaluate the incoming seismic data, and review other
monitoring data to confirm the explosive character of the event
and the presence of an ash plume. The 86-min response time for
Augustine in 2006 occurred because the explosion was relatively
small and the seismic envelope resembled a larger earthquake
(Figure 6). The single call down for the first two explosions in
2006 was not made until satellite data could confirm an ash cloud.

The style and amount of precursory unrest is also a
determinant in the response time. Many of the explosions at
Redoubt in 1989–90 were preceded by swarms of Long-Period
events (Stephens et al., 1994) and response times were all
<10min. The June 27, August 19 and premonitory explosion on
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FIGURE 6 | A 5-day velocity seismic record from station AU13 (Figure 4) that shows the eight explosive events that occurred at Augustine Volcano between January

11 and January 14, 2006. Labeled events are explosions that occurred at A, 13:44, B, 14:12, January 11, C, 13:24, D, 17:47, E, 20:22 January 13, F, 03:58, G, 9:14

January 14, 2006. Arrows correspond to time of AVO call down 1, 15:10, January 11, 2, 20:30, January 13, 3, 01:40, 4, 4:05, 5, 00:20 January 14, 2016. Records of

call downs do not exist for explosions at 13:24 and 17:47 UTC on January 13, 2016.

FIGURE 7 | A 24-h velocity seismic record from station PVV that shows the onset of the 2016 eruption of Pavlof Volcano. The eruption began with the subtle increase

in volcanic tremor at 23:55 on March 27 and the AVO call down occurred at 00:55 on March 28.
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September 16 at Spurr in 1992 all had well recognized seismic
precursors and notifications were issued 12, 5, and 9min after
the explosion’s seismic signal began. Given that the April 19,
1999 explosion at Shishaldin had well-recognized precursory
activity and 24-h monitoring, the response time of 31-min is
long. However, eruptions at Shishaldin are often characterized by
extrusive and strombolian activity, and the April 19th explosion
was the only explosive event during the 1999 eruption sequence.
Consequently, the longer response time for a single explosion,
which is identical to the first explosion in an eruptive sequence, is
somewhat expected.

Many of the longer response times at the start of an
eruptive sequence or for single explosive events often result
from a desire to confirm the presence of an ash cloud using
monitoring data independent from seismic observations, such
as satellite imagery or reports from aircraft pilots. During the
period of this study, satellite imagery used to identify and track
ash clouds (GOES) can have a lag time of 15–30min (Dave
Schneider, Pers. Comm, 2017). Once the seismic waveform
character of explosive events is established, AVO’s confidence
in issuing warnings based only on a seismic interpretation
increases, as demonstrated for Redoubt 1989–90 and Augustine
2006. It may be that the best method of reducing response
time would be to develop automated software tools that would
identify and characterize the seismic signature of explosions
and the incorporation of additional data streams to assist with
confirmation of explosive activity and identification of large ash
plumes. These techniques include infrasound (DeAngelis et al.,
2012), lightning (Behnke et al., 2013), and radar (Schneider and
Hoblitt, 2013). AVO has recently made efforts to incorporate
these data streams into real-time use in developing warnings
(Coombs et al., in preparation) and this may lead to shorter
response times.

The observed response times do not seem to change
significantly through the 28-year period of this study. The
response times from sequences of events during the 1989–90
eruption of Redoubt, displayed on drum recorders, are not
significantly different than the response times during the 2006
eruption of Augustine when computerized display and analysis
packages were used. This is a surprising result, as we would
have expected response times to shorten, given the additional
analytical capability in the computerized displays.

SUMMARY AND CONCLUSIONS

Based on our analysis of 40 explosive events with available
historical records: Redoubt Volcano 1989–90, Mount Spurr
1992, Shishaldin 1999, Augustine 2006, and Pavlof Volcano
2016, we can offer the following observations on AVO’s ability

to seismically recognize and provide warnings of volcanic
explosions.

The response time for AVO to provide notification—here
defined as a telephone call to the FAA—of a major volcanic
explosion ranges from∼1 to 86min.

Shorter response times ranging from ∼1 to 13min were
achieved during eruptive sequences at Redoubt 1989–90, Spurr
1992, and Augustine 2006 that contained numerous explosive
events with seismic waveforms that were similar in character and
occurred when AVO offices were staffed 24-h per day.

The response times for unheralded volcanic explosions that
lacked recognizable precursory unrest ranged from 44 to 60min.
Examples are the August 18, 1992 premonitory explosion at
Spurr and that on March 27, 2016 at Pavlof.

Longer response times were also recorded for a single or first
explosive event in an eruption sequence. The response time for
the single explosive event at Shishaldin in 1999 was just under
31min. The response time for the first two explosive events at
Augustine in 2006 were 58 and 86min, respectively.

The response times to volcanic explosions are similar
throughout the period of study (1989–2016) and do not seem
to be affected by a move from drum recorders to computerized
seismic display and analysis tools that provide the capability to
view waveform data in both the time and frequency domain.
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