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Abstract: Tsunami monitoring and early warning systems are mainly established to deal with seis-
mogenic tsunamis generated by sudden seafloor fault displacement. However, a global tsunami
triggered by the 2022 Tonga volcanic eruption promoted the need for tsunami early warning and
hazard mitigation of non-seismogenic tsunamis in coastal countries. This paper studied the spatiotem-
poral distribution characteristics of historical volcanic tsunamis and summarized high-risk areas of
volcanic tsunamis. The circum southwestern Pacific volcanic zone, including the Sunda volcanic
belt and the Indo-Australian plate, is a concentrated area of active volcanoes and major volcanic
tsunamis. In addition, the challenges associated with adapting seismogenic tsunami techniques for
use in the context of volcanic tsunamis were elucidated. At the same time, based on historical records
and post-disaster surveys, typical historical volcanic tsunami events and involved mechanisms were
summarized. The results show that a majority of volcanic tsunamis may involve multiple generation
mechanisms, and some mechanisms show geographical distribution characteristics. The complexity
of volcanic tsunami mechanisms poses challenges to tsunami early warning by measuring tsunami
sources to evaluate the possible extent of impact, or using numerical modeling to simulate the process
of a tsunami. Therefore, a concise overview of the lessons learned and the current status of early
warning systems for volcanic tsunamis was provided. Finally, a conceptual scheme of monitoring
systems for volcanic tsunamis based on historical volcanoes, real-time volcanic eruption information
and sea level data, as well as remote sensing images, was presented.
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1. Introduction

Tsunamis may be caused by earthquakes, landslides, volcanic activity, meteorite falls,
etc. On 15 January 2022, the Hunga Tonga-Hunga Ha’apai (HTHH) volcano erupted
violently and caused a distant tsunami [1-3]. The wide scope and impact on various fields
of this tsunami have attracted widespread attention around the world [1,4,5].

The generation of a volcanic tsunami is the process of energy transfer from volcanoes to
the ocean. The transfer process of energy can be triggered by multiple secondary disasters
caused by volcanic activity, such as landslides [6,7], pyroclastic flows [8] and explosions [9].
For example, when a landslide is triggered by volcanic activity, the gravitational potential
energy of the landslide body is released into kinetic energy, and the interaction between the
landslide and the ocean can generate a tsunami. Volcanic activity can erupt continuously,
with a time scale of minutes to hours, and generate tsunamis with different mechanisms.
Moreover, volcanic tsunamis are difficult to numerically simulate and often leave only a few
minutes for early warning [10,11]. Although the area affected by the volcanic tsunami may
cover a relatively limited area, many very large tsunami amplitudes have been monitored
in the vicinity of volcanoes [12], which means that they can cause significant hazard to local
and regional areas.
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A variety of methods have been adopted to analyze volcanic tsunamis, and monitoring
technology is the primary support for volcanic tsunami warning and disaster mitigation [13-16].
The current global tsunami warning system is designed to respond to tsunamis caused by
earthquakes and relies on automatic processing of seismic wave data [17]. This kind of system
is not suitable for dealing with volcanic tsunamis, as confirmed by the 2022 Tonga tsunami.

The monitoring capacities and tsunami warning needs are different due to the diverse
geographical distribution of volcanoes. Currently, there is no global warning system for
volcanic tsunamis. To ensure the flight safety of aircrafts, the International Civil Aviation Or-
ganization (ICAQO) has developed a worldwide network of Volcanic Ash Advisory Centers
(VAACs), including nine affiliated agencies, with focus on a particular geographical region
individually. The VAACs issue a volcanic ash advisory based on all of the available obser-
vations to aviation and meteorological offices. However, the volcanic ash advisory mainly
focuses on the volcanic ash and eruption, without analyzing the occurrence of volcanic
tsunamis. Meanwhile, due to the complexity of the mechanism of volcanic tsunamis, the
tsunami generation mechanism of an identical volcano can differ across different periods.
Therefore, it is difficult to assess the tsunami hazard and carry out tsunami warning by
measuring volcanic tsunami sources and numerical simulations. There is a clear need to
establish a system for monitoring volcanic eruptions and the subsequent tsunami waves.

The purpose of this paper is as follows: (1) analyze the spatiotemporal distribution
characteristics of volcanic tsunamis, the high-risk regions of volcanic tsunamis and the
different generation mechanisms and disaster characteristics of volcanic tsunamis; (2) de-
sign a volcanic tsunami monitoring system by using the volcanic eruption and sea level
monitoring data to achieve timely observations and offer a warning service against vol-
canic tsunamis.

2. Historical Volcanic Tsunami Analysis

To interpret the disaster characteristics of volcanic tsunami events, this study analyzed
the spatiotemporal distribution of volcanic eruptions and tsunamis, which can provide
data support for the volcanic tsunami monitoring system. The volcanic tsunami data used
in this study mainly involve two types: the volcanic eruption data and the global historical
tsunami data. The volcanic eruption data are from the Global Volcanism Program (GVP) of
the Smithsonian Institution [18]. The volcanic eruption datasets include the eruption time
and locations of historical volcanoes since the Holocene and currently active volcanoes,
also providing information on eruption type, maximum volcanic explosivity index (VEI),
initial and end dates, and the type of evidence for the eruption. A significant eruption
is classified when it meets at least one of the following criteria: caused fatalities, caused
moderate damage, had a VEI of 6 or larger, caused a tsunami or was associated with a major
earthquake. The NCEI/WDS global historical tsunami database collected information on
over 2400 tsunami events from 2100 BC to the present [19]. The data information includes
the date and location of the tsunami source, cause and validity of the source, tsunami
magnitude and intensity, maximum water height, etc.

2.1. Spatial Distribution

This paper analyzed the volcanic eruption data of the GVP, covering the period from
12,000 BC to the present. The data show that the Pacific Rim is the region with the highest
number of volcanic eruptions, and there are about 1300 volcanoes that have erupted since
the Holocene. Considering the global volcanoes and plate boundaries, it can be seen that
most of the volcanoes are located at plate boundaries, especially those along the Pacific
Ring of Fire, where more than 95% of the world’s volcanoes are concentrated.

Figure 1 shows the maximum water height distribution of volcano-related tsunami
events from the global historical tsunami database [19]. Most of these volcanic tsunami
events were concentrated on the west coast of the Pacific Ocean, with a small number of
volcanic tsunamis distributed in the Caribbean and the Mediterranean. Also, it is found that
nearly half of the maximum wave heights of the volcanic tsunami events were greater than
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3 m, which shows the destructive threat potential for volcanic tsunamis. Minor volcanic
tsunamis were not recorded may be due to the lack of observation methods. Based on
the relationship between the cause of a tsunami and the maximum water height, wave
heights are larger on earthquake and landslide tsunamis induced by volcanic activities.
The VEI of a volcano that triggers a tsunami is mainly concentrated in the range of 1-5,
with a maximum value of 7.
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Figure 1. Maximum water height distribution of volcanic tsunamis.

Figure 2 indicates the types of volcanoes that generate tsunamis. Stratovolcano,
submarine volcano, shield volcano and complex volcano are the types that produced the
most tsunami events. The caldera also generated a number of tsunami events.
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Figure 2. Types of volcanoes that generate tsunamis.

2.2. Temporal Analysis

The time of volcanic eruption events from 12,000 BC to the present is shown in
Figure 3a. It shows that the number of recorded volcanic eruptions increased sharply from
1800 AD (Figure 3b); with the increase in population and the improvement in communi-
cation, volcanic eruption data have been well recorded and preserved. Figure 4 reflects
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the time distribution of volcanic tsunami events in the NOAA database. As can be seen,
volcanic tsunamis have shown a significant increase since the beginning of the 20th century.
The number of volcanic tsunamis from the 20th century are more than three times the
historical volcanic tsunamis before the 20th century. The western Pacific Rim region has
the most volcanic tsunami events in recent years.
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Figure 3. (a) Volcanic eruptions over time from 12,000 BC to present. The red dashed box shows the
time range from 1800 to present. (b) Volcanic eruptions over time from 1800 to present.
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Figure 4. Volcanic tsunamis’ occurrence time.

2.3. Major Volcanic Tsunamis

The major volcanic tsunami events in the world since 2000 include the Stromboli
volcanic tsunami in 2002, the Anak Krakatau volcanic tsunami in 2018, and the HTHH
volcanic tsunami in 2022. The maximum tsunami water height of each of the three events
exceeded 10 m. The geographical locations are shown in Figure 4.

(1) Stromboli tsunami (2002)

On 30 December 2002, two landslides occurred on the northwestern side of the Strom-
boli volcano and triggered a tsunami [20]. The tsunami struck the Stromboli Island, spread-
ing over 130 m inland with more than a 10 m high tsunami runup, and destroyed houses
severely in many locations, particularly in the northern part of Stromboli [21]. There were
two injuries in this event. A variety of new monitoring methods were used during this
event to monitor the volcano, including broadband seismographs, GPS networks, side-scan
radar, optical radiometers, infrared camera, etc. [22,23].
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(2) Anak Krakatau tsunami (2018)

On 22 December 2018, a tsunami struck the coastal areas of the Sunda Strait in Indone-
sia. There were no signs before the tsunami and no tsunami warning from the authorities.
The tsunami caused 437 casualties, 31,943 injured, 10 missing and more than 16,000 people
displaced. The damage costs reached to USD 250 million.

The tsunami was caused by the flank collapse of the Anak Krakatau volcano, located in
the center of the Sunda Strait [24]. Takabatake et al. [25] investigated the affected areas and
showed that the measured inundation height of Cipenyu Beach on the island of Java was
more than 10 m. The maximum runup of Panjang island was 83.1 m. Since the Indonesia
Tsunami Warning System (InaTEWS) is designed for seismogenic tsunamis, the coastal
communities did not receive tsunami warnings during the event.

(3) HTHH tsunami (2022)

On 15 January 2022, a massive explosion occurred at the HTHH volcano in Tonga,
leading to a transoceanic tsunami caused by the coupled ocean and atmospheric waves.
The tsunami first reached the coast of Tonga and propagated to the shores around the
world [26]. The maximum water height was 22 m. The unusual wave characteristics of this
tsunami in different places reflect the complexity of the volcanic, atmospheric and oceanic
processes [2,26]. There were 6 casualties and 20 injuries during this event, and the total
damage cost was about USD 110 million.

The remote sensing technique was used to analyze the volcanic plume, ionospheric
disturbances and atmospheric Lamb waves from the volcanic eruption. Satellite data
played an important role in monitoring this volcanic tsunami. Several lessons have been
learned from this event for volcanic tsunami monitoring and early warning. Rapid tsunami
warning and emergency response can help to reduce losses. Therefore, it is necessary to
establish a volcanic tsunami warning system, and apply new tsunami monitoring methods
such as remote sensing.

3. Mechanism Analysis of Volcanic Tsunamis
3.1. Differences between Volcanic Tsunamis and Seismogenic Tsunamis

Monitoring and early warning of seismogenic tsunamis has long been focused on
and studied. In recent years, with the occurrence of non-seismogenic tsunamis, the so-
called type of atypical tsunamis have been studied broadly. Different from seismogenic
tsunamis, volcanic tsunamis normally occur with a relatively low frequency, only ap-
proaching 5%, whereas seismogenic tsunamis have the highest rate of almost 80% [27,28].
However, many historical events have demonstrated that volcanic tsunamis could gener-
ate considerable wave heights in local and regional areas. According to the NCEI/WDS,
seismogenic tsunamis have caused 510,000 casualties, and volcanic tsunamis have caused
more than 50,000 casualties, accounting for about 1/4 of the casualties caused by volcanic
activities [19,29,30]. The generation mechanism of volcanic tsunamis is very complex,
unlike seismogenic tsunamis which are usually caused by a single mechanism of fault
motion. The mechanisms of volcanic tsunamis have been summarized in detail in many
studies [30-32]. In fact, volcanic tsunamis are generally the result of multiple generation
mechanisms, and the more violent the volcanic eruption, the more mechanisms may be
involved. Therefore, they pose difficulties in interpreting tsunami signals corresponding to
distinct mechanisms in tsunami data, as well as selecting and optimizing tsunami models.

Another difference between volcanic and seismogenic tsunamis is the dominant wave
periods. The wave periods of volcanic tsunamis are usually several minutes. However,
the wave periods of seismogenic tsunamis are larger, about tens or even hundreds of
minutes [33]. Thus, compared with tsunamis triggered by earthquakes, tsunamis associated
with volcanic activities have the characteristics of relatively short periods, large dispersion
and a limited propagation range [34,35], unless there is a giant flank collapse landslide
or explosive volcanic eruption [31]. For example, by comparing the wavelet analysis
results of tidal station data of the 2011 Japan earthquake and the 2022 HTHH volcanic
tsunami, Hu et al. [36] showed that the volcanic tsunami produced similar far-field tsunami
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energy and diverse wave period bands and persisted for a long time, in contrast with the
seismogenic tsunami.

Tsunami monitoring and early warning for earthquakes are relatively mature [37-39],
and the current operational ranges for tsunami warning agencies are mainly for seismo-
genic tsunamis, and most have fixed standard operating procedures. The widely adopted
approach is to determine the event information of the submarine source location, magni-
tude, depth, etc., when an earthquake happens. In accordance with quantitative tsunami
scenario-based databases or numerical modeling methods, it is possible to evaluate tsunami
generation, launch subsequent early warning operational procedures and then, based on
real-time sea level observations, to determine whether a tsunami happens. Thus, it is
unlikely to transfer early warning techniques for seismogenic tsunamis to the field of
volcanic tsunamis.

Meanwhile, installing, powering and maintaining observation equipment for volcanic
islands in the ocean is much more difficult than on land. Therefore, the monitoring
conditions also restrict ocean volcano monitoring and early warning [40]. So far, real-time
early warning of non-seismogenic tsunamis is still challenging, and how to efficiently
establish volcanic tsunami monitoring and early warning has become a vital issue that
needs to be resolved.

3.2. Multi-Mechanism Analysis of Volcanic Tsunamis

Due to the concealment of volcanic tsunami generation (mostly underwater explosive
eruptions and underwater landslides) and the lack of monitoring, there are difficulties
in recording volcanic tsunamis. From 2000 BC to now, there are 64 recorded events that
were definitively generated volcanic tsunamis [19]. With the development of underwater
investigation and detection technologies, more than 60% of events were recorded in the
past century [19]. Based on previous literature records, post-disaster destruction impact
and completeness of monitoring data, 37 typical historical volcanic tsunami events and the
involved causes in generating the tsunamis were categorized, as shown in Table 1. This
table selects the five most common causes related to volcanic tsunamis, namely, volcanic
earthquakes, explosions, collapses, pyroclastic flows and landslides. About half of the
events show two or more generation mechanisms, among which subaerial and underwater
explosive eruptions are both classified as explosive factors, and debris avalanches falling
into the sea are classified as landslide mechanisms. Underwater explosions are the most
frequent mechanism, accounting for about 25% [29]. However, this mechanism is lower
than landslides and pyroclastic flows in records with definite tsunami generation, indicating
that there are still certain gaps in the monitoring of underwater explosive tsunamis, which
may be underestimated. According to the geographical distribution of these events, the vast
majority of volcanic tsunamis are concentrated at the edge of the convergent plate boundary
of the western Pacific, and also the Sunda and Philippine Trenches, the Mediterranean
sea, the Caribbean Sea, the central Pacific hotspot volcanoes and the west coast of North
America. Interestingly, tsunamis due to volcanic landslides and explosions do not show
evident characteristics of geographical distribution. However, seismic and pyroclastic
flow tsunamis occur more often at the junction of the southwestern Pacific plate. This
phenomenon may be related to the regional characteristics of the geological structure and
the volcanic magma in the volcanic zone. The circum southwestern Pacific volcanic zone,
including the Sunda volcanic belt and the Indo-Australian plate, is a concentrated area of
active volcanoes and also a gathering area for major volcanic tsunamis. It is noteworthy
that volcanoes at some regions still remain active and have regularly produced multiple
volcanic tsunamis, such as Krakatau in Indonesia, Banua Wuhu in Indonesia, Rabaul in
Papua New Guinea, Stromboli in Italy, Montserrat in the Caribbean Sea, etc. Although these
volcanoes are under long-term monitoring by local agencies, volcanic tsunami disasters are
still unavoidable.
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Table 1. Representative major volcanic tsunami events in history and their associated mechanisms.

Explosive Caldera Pyroclastic Flank Failure/
No. Year Volcano Earthquake ErI:lption Collapse ’ Flow Landslide
1 1640 Komagatake Vv
2 1650 Kolumbo Submarine Vv
3 1673 Gamkonora V1 Vv
4 1716 Taal Submarine
5 1741 Oshima-Oshima Vv
6 1792 Mount Unzen vV Vv
7 1815 Tambora Vv Vv
8 1856 Awu Vv
9 1857 Umboi Vv
Kilauea and
10 1868 Mauna Loa 4
11 1871 Ruang Vv
12 1878 Tanna Island Vv Vv
13 1878 Rabaul N4
14 1883 Augustine v
15 1883 Krakatau Vv Vv Vv Vv v
16 1888 Ritter Vv
17 1889 Sangihe Vv
18 1918 Banua Wuhu Submarine
19 1919 Banua Wuhu Submarine
20 1928 Paluweh v v
21 1928 Krakatau Submarine
22 1930 Krakatau Submarine
23 1937 Rabaul Vv v Vv
24 1939 Kick ‘em Jenny Submarine Vv
25 1952 Myojin-Sho Submarine
26 1966 Tinakula v
27 1971 Tinakula Vv Vv
28 1975 Kilauea Vv Vv
29 1979 Iliwerung Vv
30 1994 Rabaul V4 Vv
31 1996 Karymsky Lake Submarine
32 1997 Montserrat Vv Vv Vv
33 2002 Stromboli Vv Vv
34 2003 Montserrat vV Vv
35 2018 Kadovar v
36 2018 Anak Krakatau Vv
37 2022 HTHH v v V v v

1/ represents the mechanism is involved in the corresponding event.

The two influential historical events have generated transoceanic tsunamis; one
is Krakatau in 1883 and the other is HTHH in 2022. Both explosive eruptions caused
widespread atmospheric and tsunami waves which were measured across the oceans glob-
ally. A series of tsunami wave components generated by air-sea coupling were recorded
and analyzed. Another possible main cause of the two events that is widely considered
to be responsible for the severe local and regional tsunami disasters is pyroclastic flow.
Maeno and Imamura [8] demonstrated that pyroclastic flows contributed to the majority
of the 1883 Krakatau tsunami through methods of numerical simulations. By utilizing
ship-mounted acoustic instruments for submarine survey, a scientific team NIWA (National
Institute of Water and Atmospheric Research) from New Zealand identified that the HTHH
volcano edifice remained almost intact underwater and left traces of erosional channels of
pyroclastic flows and volcanic ash deposits on the seafloor, proving that pyroclastic flows
were the main mechanism related to the near-field tsunami in Tonga [41]. These studies
showed the complexity of volcanic tsunami mechanisms, which need further research.
The diversity of volcanic tsunami mechanisms increases the difficulty of separating and
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interpreting tsunami signals, as well as optimizing numerical models and parameterization
schemes. Technique applications for volcanic detection and monitoring and geological
investigations of pre- and post-disaster will help us to understand and verify volcanic
tsunami mechanisms.

4. Lessons Learned for Volcanic Tsunami Early Warning

Based on the reaction to the early warning and post-disaster field survey of volcanic
tsunamis in agencies from different regions, the following points of view are given.

First, it is necessary to establish strong communication and information-sharing mech-
anisms under existing conditions [42]. Among the tsunami warning centers in countries,
especially those centered on active sections of the subduction zone, national tsunami warn-
ing centers should set up a good communication channel with their respective coastal
emergency management departments. The 2022 Tonga tsunami indicated the importance
of real-time data and information sharing during an event. The promotion and application
of public information sharing platforms within and between countries, encouraging end-
to-end participation of departments at all levels in the early warning system, and even the
media and the public, to share data and disaster information in real time through online
media will greatly benefit coordination and cooperation of early warning and emergency
response, post-disaster investigation and scientific research [43]. Also, connections between
academic agencies and the operational community should be improved. For example, the
potential structural instability and tsunami risk of Anak Krakatau had been pointed out in
2012 [44], long before the volcanic tsunami of Anak Krakatau occurred in 2018.

Second, monitoring volcanic eruptions and sea level fluctuations are prerequisites for
volcanic tsunami early warning and hazard mitigation. A variety of monitoring techniques
have been studied [6,7,45,46]. Current techniques for volcanic eruption observations
mainly consist of earthquake monitoring, ground deformation monitoring, gas emission
monitoring, thermal imaging and remote sensing. Seismic instruments are used to detect
ground vibrations caused by volcanic activities, such as magma movement or rock fracture.
Changes in seismic activity, including the frequency and magnitude of earthquakes, can
provide insight into the movement of magma beneath the surface and indicate possible
eruptions [47,48]. Volcanic activity can cause ground deformation due to magma movement.
Instruments such as GPS and satellite radar can measure volcanic ground deformation
to help scientists understand the possibility of magma migration and eruption [49,50].
Before a volcanic eruption, volcanic gases like sulfur dioxide and carbon dioxide may
be released in large quantities. Gas monitoring may help to assess the accumulation
of pressure inside the volcano and provide information about the rise in magma [51].
Temperature changes on the volcanic surface can be detected by infrared cameras, and rises
in temperature may imply magma moving toward the surface. At the same time, satellites
equipped with various sensors can provide valuable information about activities such as
thermal anomalies, gas emissions and ground deformation of a remote volcano island [52].
Relying on the integration of interdisciplinary research, the incorporation of more extensive
monitoring approaches, and the calibration and development of numerical modeling in
volcanic eruption and tsunamis are also key factors for the operationalization of tsunami
early warning services. Some routine operational monitoring services for active volcanoes
have achieved good early warning effects, such as the combination of pressure sensors and
marine noise identification algorithms currently used at Stromboli volcano, which detected
the volcanic tsunamis generated by Stromboli in 2019 and 2021. InaTEWS has integrated
and operationally runs several inexpensive sea-level devices (IDSL) and plans to build
a network of 500 IDSL in the future [53]. This device can monitor sea levels in real time
and is suitable for countries like Indonesia that have regional near-source tsunami risks. It
can strengthen the ability of the tsunami early warning systems [54]. Han et al. [55] used
CubeSat GPS to detect ionospheric disturbances in the propagation of the atmospheric
waves generated by the 2022 Tonga volcanic explosion, revealing the application potential
of atmospheric remote sensing in tsunami warning. The scheme of tsunami early warning
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based on real-time measurements of hydro-acoustic waves has been proven to be effective
and can be used as a supplement to the operational tsunami early warning method in the
future [56]. If the continental shelf width is large enough, high-frequency ocean radar can
capture the first appearance of tsunami currents at the shelf edge, and this also may be
used to support a tsunami early warning system [57]. Supplemental tsunami monitoring
data can support the optimization of numerical models, enabling non-seismogenic tsunami
models to be embedded in early warning systems for application.

Additionally, the volcanic tsunami sources are usually close to the coastline in many
areas, which may not lead to enough time for tsunami early warning. For example, the first
large tsunami wave from the 2022 Tonga volcano had hit the western coast of Tongatapu
in 30 min without the issuing of a tsunami warning. Therefore, the public cannot rely
too much on tsunami warning. Education and outreach, as well as the enhancement of
self-evacuation capabilities are also very important.

5. A Scheme for Volcanic Tsunami Monitoring Systems

Improvements in identifying volcanoes with a single generation mechanism have been
studied, for example, an early warning system for tsunamis was developed for the collapse
of Anak Krakatau volcano, Indonesia [58]. Based on the analysis of previous sections,
the complexity and diversity of generation mechanisms of volcanic tsunamis may lead to
difficulties in evaluating the tsunami characteristics. A preliminary monitoring system
regardless of the generation mechanisms for volcanic tsunamis is proposed. A hypothetical
scheme for the determination of volcanic tsunamis by integrating volcanic eruption mon-
itoring, historical record analysis, remote sensing images and sea level monitoring data
is given.

Figure 5 shows the framework of the volcanic tsunami monitoring system, which
mainly includes three parts: volcanic eruption monitoring, historical data analysis and
tsunami wave monitoring. After receiving the volcanic ash advisory information with
confirmation of volcanic eruption from a VAAC, the occurrence of a volcanic tsunami is
determined by analyzing the historical volcanic tsunamis, volcanic eruption monitoring
and the characteristics of tsunami waves.

| Volcanic ash information |

Remote sensing monitoring || Ground monitoring |

‘ Historical tsunami analysis ‘

| Possible tsunami |

NO Yes

| Water level data | [ Tsunami travel time |

| Remove tide signal |

!

| Tsunami generation

NO Yes

| Volcano database | | Tsunami monitoring information |

Figure 5. Framework of a volcanic tsunami monitoring system.

(1) Volcanic eruption monitoring
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For volcanoes with high risk or confirmation of eruptions, volcanic ash information is
obtained in near-real time from the websites of VAACs. After receiving the eruption infor-
mation, the meteorological satellite data and ground monitoring equipment (seismographs
and cameras) are used to monitor volcanic eruptions, and the hazard of volcanic eruption
is preliminarily analyzed.

The volcano ash can be monitored by infrared remote sensing data which come from
Himawari 8/9, GOES and Modis, while volcano lava could be monitored by near-infrared
bands from EO-1, Landsat-8 and Sentinel-2. Ground monitoring methods should include
all of the state-of-art instruments that can monitor volcanic activity. Seismometers can be
used to measure earthquakes occurring near an eruption. Tiltmeters and GPS satellites
are used to monitor any ground deformation. Gas-trapping bottles can be used to capture
gases such as carbon dioxide (CO,) and sulfur dioxide (SO;) from volcanic eruptions.

(2) Historical events database

Historical volcanic data were retrieved from the database and used to analyze the
relationship between historical volcanic activities and tsunamis. When a volcanic erup-
tion potential occurs, it is helpful to assess whether the volcanic eruption can cause a
tsunami as well as the mechanism that may be involved and the extent of the eruption and
tsunami. Historical data are derived from the GVP eruption data and the NOAA historical
tsunami database.

(3) Tsunami wave monitoring

The real-time monitoring data from tidal stations and buoys around the volcano are
used to analyze tsunami waves. Currently, the Global Sea Level Observing System (GLOSS)
provides real-time sea level data from more than 600 stations. A high-pass filter is used
to remove the tide from sea level data. If a tsunami wave greater than 5 cm is detected at
multiple stations adjacent to the volcano, it can be confirmed that there is a tsunami. The
tsunami travel time is then calculated and compared with the arrival times of observed
tsunami waves to analyze whether the volcanic eruption may have caused a tsunami. If the
tsunami travel time from the volcano and the tsunami arrival are consistent, the volcanic
eruption is likely to have caused a tsunami. Then, the tsunami monitoring information is
released in a short time.

6. Discussion

A volcanic tsunami monitoring and warning system should be established according
to the characteristics of volcanic tsunamis. Some volcanoes are located in inaccessible
regions, making it inconvenient to install monitoring instruments on site. In this paper, a
volcanic tsunami monitoring system is proposed by using volcanic eruption information
and water level data. This system utilizes the long-term monitoring characteristics of
remote sensing monitoring to detect volcanic eruptions.

This scheme for a volcanic monitoring system is designed especially for volcanoes with
limited eruption observation tools. However, the design has several limitations. (1) Some
volcanic eruption events with tectonic activities or underwater sites have less volcanic
ash and may not be monitored by remote sensing data. Some volcanic eruptions may be
missed. Therefore, more ground monitoring instruments should be deployed to supplement
volcanic eruption monitoring and address the limitations of remote sensing data. (2) Sea
level monitoring is limited by the location of measuring stations. Tsunami waves cannot
be monitored in areas without sea level stations, which may affect the timely monitoring
of volcanic tsunamis. Hydrophones, cabled bottom pressure sensors, buoys and satellite
SAR data can be used as supplements to monitor the tsunami wave. (3) Remote sensing
may be affected by weather conditions when monitoring volcanic eruptions. (4) The time
latency from volcanic ash observation to volcanic ash advisory issuance is about 20 min on
average. It also takes approximately 10 min to analyze the historical tsunamis and produce
tsunami monitoring information. Therefore, the total time would be approximately 30 min.
Compared with the automatic seismogenic tsunami early warning message issuance time,
it still needs improvement.
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7. Conclusions

The spatiotemporal distribution of historical volcanic eruptions and tsunamis was
analyzed. The western Pacific is a high-risk area for volcanic tsunamis. Seismogenic and
landslide tsunamis induced by volcanic activities tend to generate larger tsunami wave
heights. Analysis of typical historical volcanic tsunami events reveals that a majority of vol-
canic tsunamis may involve multiple generation mechanisms, and some mechanisms show
systematic geographical distribution characteristics. The monitoring of volcanic eruptions
and tsunamis is essential for volcanic tsunami warning and disaster mitigation. Current
volcanic tsunami early warning status and post-disaster lessons learnt from operational
communities are reviewed. Based on these results, a conceptual volcanic tsunami monitor-
ing system is proposed. This system can achieve the monitoring of volcanic tsunami events
in a short time by integrating volcanic ash information, historical tsunami analysis, remote
sensing monitoring and tsunami wave monitoring.
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