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I. Executive Summary and Key Recommendations
On 2018.12.22, a tsunami inundated the coastline of Java and Sumatra, Indonesia, most likely as a result of volcanic 
activity associated with Anak Krakatau (Figure 1). The Anak Krakatau volcano had been erupting intermittently for several 
years, but more continuously in the months preceding this tsunami event. On 22 December, it is apparent that there was 
a large flank collapse, probably associated with an eruption. This flank collapse appears to be responsible for the tsunami 
that inundated the coastal areas along the Sunda Strait causing over 400 casualties and over 33,000 internally displaced 
persons.

Tsunamis generated by volcanic eruptions or volcaniclastic landslides are challenging to mitigate, largely because of the 
lack of a natural warning as associated with seismogenic tsunamis. In addition, damage to people and infrastructure (e.g. 
buildings and roads) can be at considerable distance. For example, the tsunami from the 1883 Krakatau eruption extend-
ed at least 152 km and possibly 3000 km (Paris et al., 2013).

Due to the lack of natural warning signs, there is a need to develop tsunami warning systems for these tsunamigenic 
mechanisms. We briefly mention the statistics of non-seismically generated tsunamis in the USA at the end of this report.

Possible contributors to the impact of this event include:

•	 There was an increase in population density because people were celebrating a holiday in the area. 

•	 There was no tsunami notification from any organization.

•	 Lack of public education about potential for this type of event to occur (considering there was an active volcano 
in the area).

Although scientific and engineering analyses are still on-going, initial evaluations have been completed and are summa-
rized in this report. The following studies and information have contributed to the content of this report:

•	 Pre- and post-earthquake remote sensing data have been used to estimate the change in shape of the volcano.

•	 Post-tsunami surveys have summarized the spatial extent of wave inundation.

•	 Social media was a source of real-time analyses following this event, including interpretations of post-event sat-
ellite imagery, video record of tsunami inundation, aerial video of post-event continued eruptions and volcanic 
activity, aerial video analysis of post-event volcanic sedimentation and erosion.

•	 Existing studies of the potential for tsunamigenesis from flank collapse of Anak Krakatau.

Public education and governmental warning and notification systems should be developed in this region and similar set-
tings to reduce impacts from future volcanogenic tsunamis.
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II. Purpose of Report
The 22 December 2018 tsunami caused over 400 casual-
ties. Unlike earthquake generated tsunamis, this event did 
not have any ground shaking that could have served as a 
natural warning sign for the public. There was no tsunami 
early warning system in operation and there were no tsu-
nami notifications issued to the public.

The Earthquake Engineering Research Institute (EERI) sup-
ports gathering and sharing information about the effects 
and damage caused by tsunamis as well as the lessons 
learned about tsunami notification, evacuation and re-
sponse activities. This report summarizes the initial obser-
vations and response outcomes of the tsunami generated 
by the partial collapse of Anak Krakatau on 22 December 
2018 (Figure 1). Although EERI-related field teams were 
not deployed specifically for the tsunami, this report pro-
vides information compiled by the authors from various 
references, colleagues, and their own personal experiences 
during and after the event. The information presented 
should be considered preliminary; for updates, the authors 
recommend readers visit the scientific and emergency 
management websites discussed herein.

Figure 1. Location map showing Anak Krakatau (yellow triangle) relative to Indonesian archipelago. Major Indonesian 
islands are labeled.

The authors who compiled this information include:

•	 Jason R. Patton, Engineering Geologist, California 
Geological Survey (CGS)

•	 Rick Wilson, Senior Engineering Geologist, Califor-
nia Geological Survey (CGS)

•	 Lori Dengler, Professor of Geology (Emeritus), 
Humboldt State University

•	 Yvette LaDuke, Tsunami Program Coordinator, 
California Governor’s Office of Emergency Services 
(Cal OES)

•	 Kevin Miller, Earthquake, Tsunami, and Volcano 
Program Manager, California Governor’s Office of 
Emergency Services (Cal OES)
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The authors’ objectives for this paper include:

1. Summarizing the background on the volcanic activ-
ity and the characteristics of the tsunami that was 
produced.

2. Reviewing the efforts to anticipate potential tsuna-
mi inundation from volcanic flank collapse events 
associated with volcanic or magmatic activity at 
Anak Krakatau.

3. Discussing potential lessons learned and future im-
provements for tsunami-related scientific research, 
engineering, notification and response (NOTE: 
discussion about lessons learned represent the 
opinions of the authors).

III. Volcanic Activity and  
Tsunami Effects

Tsunami Associated with Volcanoes

According to Latter (1981), approximately 5% of tsunamis 
from the past 4 centuries are associated with volcanoes. 
In addition, between 20 and 25% of deaths from volcanic 
eruptions are from the associated tsunami (Latter, 1981). 
The majority of these fatalities were due to the 1883 
Krakatau eruption and the 21 May 1792 Mayuyama flank 
collapse in Japan. Unfortunately, because the source mech-
anisms are complicated and remain poorly understood, 
monitoring locations for potential tsunamigenesis is just as 
challenging (Paris, 2015). Therefore, public education and 
outreach efforts are even more critical than for seismogen-
ic tsunamis.

Tsunami associated with volcanoes can be due to the 
eruptions, but also due to rapid uplift/deformation due to 

movement of magma in the subsurface or due to land-
slides triggered by volcanic or magmatic processes. Paris 
et al. (2013) suggested that we could classify five major 
types of triggering mechanisms for volcanogenic tsunami: 
earthquake, underwater explosion, caldera subsidence, 
pyroclastic flow, and subaerial or submarine flank failure 
(Figure 2). Table 1 lists more source mechanisms and some 
statistics about their relative impact upon the land and 
seascape. However, others suggest even more types of 
processes: Keating and McGuire (2000) list 23 processes 
that contribute to edifice collapse alone.

We can also look at the details for any of these processes 
to learn about how complicated volcanogenic triggering 
can be. Keating and McGuire (2000) focused on edifice col-
lapse (i.e. flank collapse). These authors break out edifice 
collapse into endogenic and exogenic processes related to 
the interior or the exterior of the volcano.

Volcanogenic tsunamis typically have short-period wave-
lengths and their impact is mostly localized, or near the 
source. (Paris, 2015). Though, there are rare examples 
where volcanic tsunami have travelled hundreds of km 
(e.g. 1883 Krakatau).

Paris et al. (2013) provide three criteria to include when 
considering the tsunamigenic potential of an active vol-
cano. However, they advise other information should be 
considered as well.

1. Whether the volcano has steep slopes, with an 
elevated H/D ratio, a measure of relief above sea 
level (H = elevation of summit above sea level; D = 
distance from summit to shoreline). This is typical-
ly considered for stratovolcanoes.

2. Whether the volcano belongs to a series of coastal 
or partially submerged eruptive centers. 

Table 1. Source mechanisms for volcanic tsunamis (from Paris et al., 2013).
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Figure 2. Illustration showing possible tsunami sources 
associated with volcanic activity.

3. Whether the volcano has a submarine edifice, 
particularly if located in shallow water and has 
explosive activity.

Volcanic Setting

The Sunda Strait is the seaway that is formed between 
the islands of Java and Sumatra, Indonesia (Figure 1). This 
area of the world is best known for the 1883 eruption of 
Krakatau (or Krakatoa). The Krakatau volcano is located 
along a ‘volcanic lineament’ trending N35E (35° azimuth; 
Camus et al., 1987).

The Plinian eruption in 1883 is known around the world 
because it had a global impact upon the climate for several 
years. Simon Winchester wrote a book entitled Krakatoa: 
The Day the World Exploded, August 27, 1883 and this is 
considered an excellent text that helps people learn about 
the eruption and the impact of volcanic and volcanogenic 
tsunami hazards.

The 1883 eruption also caused a tsunami that led to 
devastation along the coastline and killed ~36,500 people 
(Paris et al., 2013). There is still some debate about the 
precise source mechanism for the 1883 tsunami (Paris et 

al., 2013), possibly because several of these tsunamigenic 
processes can be associated. For example, the 1883 erup-
tion included five tsunamigenic processes. 

This volcanic source has seen multiple phases of develop-
ment in prehistoric and historic time, eventually leading 
to the subaerial growth of Anak Krakatau (Indonesian for 
son of Krakatau), a volcano located along the flank of the 
1883 eruption that began in 1928 (Hoffman-Rothe et al., 
2006). The 1883 eruption represented the end of a cyclic 
sequence of evolution in eruptive composition and geolog-
ic structures (Camus et al., 1987). This cycle, also present 
for the penultimate eruption (pre-1883 eruption), is in this 
order: basalts, basic andesites, dacites. The destructive 
phase is associated with dacitic compositions. The “Anak 
cycle” is characterized by eruptions of basalt and basic an-
desites (from 1927-1979) and then eruptions of more dac-
itic composition (1981), which matches the compositional 
development from the previous 2 cycles (Hoffman-Rothe 
et al., 2006). 

On average, since 1928, Anak Krakatau has had one large 
eruption every four years (Hoffman-Rothe et al., 2006). 
The 1981 eruption phase resulted in a tsunami observed 
on Rakata island during the night of 19-20 October, with a 
wave height of ~2m (Camus et al., 1987). Rakata Island is 
the island to the southeast of Anak Krakatau and is partly 
composed of the pre-1883 eruption Krakatau volcanic is-
land (Figure 3). Camus et al. (1987) proposed that because 
the 1981 eruptions were small (volumetrically and explo-
sivity), the tsunami was probably due to a small landslide 
on the flank of Anak Krakatau. They suggested that a 
future eruption, if more powerful, could displace land into 
deeper water (200 m deep), generating a possibly danger-
ous tsunami. Camus et al. (1987) estimate the volume of 
Anak Krakatau at 0.1 km3.

After the 1980s eruptive phase, the Center for Volcanolo-
gy and Geological Hazard Mitigation (CVGHM), within the 
Geological Agency of Indonesia, established a volcano ob-
servatory on the west coast of Java along the Sunda Strait 
(Hoffman-Rothe et al., 2006). Three permanent stations 
were placed in the Krakatau archipelago which include 
seismometers, video cameras, gas monitors, electromag-
netic sensors, etc. These data were all transmitted via radio 
signal to the data acquisition center in Pasauran, Java. This 
observatory, called Krakmon, no longer operates.

According to the Global Volcanism Program (2018), Anak 
Krakatau started its most recent eruption activity on 18 
June 2018. In September 2018, ash and steam were visible 
in Moderate Resolution Imaging Spectroradiometer (MO-
DIS) on NASA’s Aqua satellite data. Reports from the Global 
Volcanism Program show an escalation of events (seismic-
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Figure 3. Location map showing Sertung, Panjang, Rakata, and Anak Krakatau islands. The pre-1883 shoreline is shown 
as a dashed line. Pre- and post-2018 eruption shorelines are shown, based on preliminary analysis of Sentinel-1 satellite 
RADAR imagery provided by Copernicus.

ity, ash, steam) over the period from June culminating on 
22 December 2018.

Figure 3 shows the islands in the area as observed from 
Sentinel 1 satellite on 28 December 2018. We have out-
lined the spatial extent of the pre-1883 eruption shoreline, 
along with a comparison of the Anak Krakatau shorelines 
for 3 and 28 December. There are areas that show how the 
volcano has grown in spatial extent, as well as areas that 
are smaller in spatial extent.

In Figure 4 we present a spectacular comparison for Anak 
Krakatau between 2007 and 2018. These are TerraSAR-W 
preview images (a form of RADAR satellite imagery).

Following the 22 December tsunami, the Copernicus satel-
lite imagery system was activated in the region for emer-
gency response and management. Users were provided 
with satellite imagery to evaluate the level of visible dam-
age, creating products that grade the damage to affected 
population and assets such as settlements, transportation 
networks, industry, and utilities. The mapping products for 
this event are named EMSR335 and located online here: 
https://emergency.copernicus.eu/mapping/list-of-compo-
nents/EMSR335. 

Figure 5 shows a delineation/monitoring map for the 
region Anak Krakatau following the event. Delineation map 
products are derived from post-event satellite imagery that 
provides an assessment of the event’s extent and evolu-

Figure 4. Anak Krakatau historic satellite RADAR imagery 
comparison (used with permission from Mahdi Motagh; 
copyright 2018, DLR, German Aerospace Center).
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tion. The map shows the modified coastline delineation of 
Anak Krakatau derived from pre- and post-event imagery 
from the following dates: 16 November 2018, 29 Decem-
ber 2018, and 11 January 2019. Coastlines are plotted for 
each of these dates, along with the results of an overlay 
analysis to determine areas of accumulated lava (new 
land). There is an increase in spatial extent of the island on 
the east, but a decrease in spatial extent of the land on the 
west (where the caldera formed). Compare the linework 
from Figure 5 with the coastline in Figure 4. 

Figure 6 shows a subset of the damage grading map for the 
region of Carita Beach following the event. Carita Beach 
is at the location labeled “C” on the Giachetti et al. (2015) 
model results shown in Figure 7. Red colors represent 
observations of assets believed to be destroyed, orange 
represents assets that sustain damage, and yellow repre-
sent assets that are possibly damaged. Learn more about 
the difference between ‘grading’ maps and ‘delineation/
monitoring’ maps here: https://emergency.copernicus.eu/
mapping/ems/service-overview.

In the grading map (Figure 6), two significant impacts from 
this disaster are observed. First, there is damage along the 
coastline that diminishes with distance away from Sunda 
Strait. This damage is most likely associated with tsunami 
inundation. Also note the area outlined in dark brown, an 
area interpreted to have been inundated by the tsunami 
(labeled ‘flood trace’ in the legend). There is evidence 
that this area was flooded by the tsunami and may still 
be covered by water. Finally, there are some assets that 
are graded and may not be related to the tsunami (the 
buildings that are in the center of the map). These build-
ings were probably not damaged by the tsunami, which 
demonstrates the importance of “boots on the ground” 
observations of tsunami impact in the form of post-tsuna-
mi surveys.

Tsunami Modeling

There have been a couple of efforts to estimate the tsu-
nami hazards associated with Anak Krakatau in the Sunda 
Strait. Owing in part to the unstable nature of the post-
1833 volcanic deposits, Giachetti et al. (2015) simulated a 
0.28 km3 flank collapse directed southwestwards (the same 
direction of the 22 December 2018 collapse). Their results 
showed that the islands surrounding Anak Krakatau would 
be inundated by tsunami amplitudes ranging from 15 to 
30 m within 1 minute. The coastlines along the strait of Su-
matra and Java would be inundated ~35-45 minutes after 
the slide with maximum amplitudes of 1.5 m (in Merak and 
Panimbang) to 3.4 m (in Labuhan). These authors suggest 
that a rapid detection of such a collapse, coupled with a 
tsunami alert system, could prevent casualties.

Figure 7 A shows travel times from the flank collapse mod-
eled by Giachetti et al. (2015) showing that there are tens 
of minutes between the collapse and inundation along the 
Sunda Strait coastline. Figure 7 B shows maximum wave 
amplitude in meters. Note how there are some locations 
along the Sunda Strait coastline with localized large wave 
amplitudes (e.g. near C, Carita, Java). Giachetti et al. (2015) 
use a volume of 0.28 km3, which is three times larger than 
the estimated volume of the flank collapse (0.1 km3) esti-
mated by Williams et al. (2019). These estimates are within 
an order of magnitude. 

Tsunami Observations

On 22 December 2018 people along the coast of Sunda 
Strait were surprised by the inundation of a tsunami. It was 
a holiday, so the coastal area was filled with Indonesian 
tourists. There is a video on social media showing a band 
playing music when the tsunami hit, flowing from behind 
the stage towards the audience. The people along the 
coast were not aware of the potential for tsunami gener-
ation, even though the eruptions had been ongoing for 
several months and even though the tsunami hazard due 
to volcanic/magmatic activity was known.

Tsunami waves were observed by tide gauges operated by 
the Indonesian government. Figure 8 shows two examples, 
one along the coast of Sumatra, the other along the coast 
of Java. These have not been analyzed relative to tidal 
elevations but do provide a qualitative view of wave height 
and wave amplitude. The tidal range here is about 1 meter. 
The wave amplitude observed at Banten is also about 1 
meter. Given that the tsunami happened during an ebb 
tide, much of the tsunami happened when tidal elevations 
were lower. The maximum wave height at Banten did not 
exceed water surface elevations associated with high tide 
at the location of the tide gauge. Water surface elevation 
data from station Sebesi was not available at the time of 
the tsunami, so this station may have been installed after-
wards.

The tide gauge record reveals that there was about 40 
minutes from the first wave arrival to the highest and 
most destructive inundation. So, even without an expen-
sive tsunami warning buoy system, or without a Krakatau 
Island seismic and GPS monitoring network, we can see, in 
retrospect, that a warning was possible. A rate-of-change 
detector on tide gauges could have been effective if a 
signal were sent to cell phones. However, if the monitoring 
stations previously installed were still in operation, they 
could have been used to provide notifications to people 
along the coast of the Sunda Strait.

Following is a bulleted list of observations from all tide 
gauge locations as reported by the Geospatial Information 
Agency (BIG; MEMRGA, 2018 A). Time is relative to West-
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Figure 5. Delineation map version 1 for Anak Krakatau (unmodified from Copernicus). 
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Figure 6. Damage Grading Map example for Carita Beach, Java. Inset map shows location of the map extent relative to 
Sunda Strait and Anak Krakatau (labeled as Krakatoa on Google inset map).

ern Indonesian Time (WIB). There was a low frequency M 
5.1 strike-slip earthquake at 20:55 WIB (GEOFON, 2018; 
Williams et al., 2019), 32 minutes before the first tsunami 
was observed at tide gauges. It is possible that this earth-
quake may be related to the triggering of the tsunami (via 
flank collapse). There were no direct observations of flank 
collapse, but the time of this earthquake matches with the 
estimated tsunami travel time from Giachetti et al. (2015).

•	 At Marina Jambu Station (Bulakan Village, Cinangka 
District, Serang District, Banten) arrived at 21:27 WIB, 
with a height of 1.4 m.

•	 At the Banten Station (Ciwandan Port, Cilegon City, 
Banten) arrives at 21:40 WIB, with a height of 0.27 m.

•	 At Kota Agung Station (Kota Agung Subdistrict, Tang-
gamus Regency, Lampung) arrived at 21:35 WIB, with a 
height of 0.31 m.

•	 At Stasiun Panjang (Panjang Port, Bandar Lampung 
City, Lampung) arrived at 21:27 WIB, with an altitude 
of 0.36 m.

Table 2 lists the tsunami observations as reported by the 
National Centers for Environmental Information (formerly 
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Figure 7. Tsunami modeling results (modified from Giachetti et al, 2015). Coastal Cities labeled on the map include BL, 
Bandar Lampung; K, Kalianda; M, Merak; A, Anyer; C, Carita; L, Labuhan; P, Panimbang. A. Tsunami travel time in min-
utes. B. Tsunami maximum wave amplitude is shown with a color scale. The maximum wave amplitude is measured over 
6,000 seconds of simulation. 

National Geophysical Data Center). These come from a 
variety of sources, including eyewitness measurements, 
post-tsunami survey measurements, tide gauge measure-
ments, deep sea pressure transducer data, etc.

On 31 December 2018 the Ministry of Energy and miner-
al Resources, Geology Agency conducted a post-tsunami 
survey in the Pendeglang and Serang Districts (MEMRGA, 
2018 B). These districts are the two regions of Java that 
were exposed to tsunami inundation along the Sunda 
Strait (Figure 9). This Emergency Response Team, led by Dr. 
Supartoyo, collected data based on observations of tsuna-
mi flow depth, flow height, and run up distance (inunda-
tion distance). These observations are summarized in Table 
3.

The list of casualties, missing, injured, and displaced (Fig-
ure 9) was compiled by the ASEAN Coordinating Centre for 
Humanitarian Assistance on disaster management (AHA 
Centre; AHA, 2019). 

IV. Emergency Notification  
and Response

There was no notification of a tsunami by any organization, 
including InaTEWS-BMKG, NTWC, and PTWC. This was due 
to several reasons. First and foremost, the tsunami was 
related to volcanic/magmatic activity that is still ongoing. 
Because of the nature of volcanic/magmatic sourced tsu-
nami, there is no natural warning akin to ground shaking 
from an earthquake. The Anak Krakatau had recently been 
monitored, but this monitoring was not connected to 
possible tsunami warning systems and no longer in oper-
ation (though, it does appear the seismometer was still in 
operation; GEOFON, 2018).

The lack of a tsunami early warning system contributed to 
this as well. The tsunami was recorded at 21:27 in Panjang, 
Sumatra and at 21:27 in Marina Jambu, Java. This is 13 
minutes before it was recorded at the tide gauge in Bant-
en, Java. If there were a tsunami notification triggered by 
the tide gauges, it is possible that people would have had 
the time to evacuate.
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Figure 8. Tide gauge observations at 2 locations along the Sunda Strait, times in Western Indone-
sian Time (WIB). Tide gauge data come from http://tides.big.go.id:8888 
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Table 2. Tsunami observations from National Centers for Environmental Informa-
tion (NCEI), accessed 2019.01.12.

Table 3. Results of measurements of tsunami sedimentary deposits in Pendeglang and Serang Districts con-
ducted by the Ministry of Energy and mineral Resources, Geology Agency. 

No. Measurernent Location East South
FD* 
(cm) TH¥ (cm) RD† (m)

1 Banyuasih, Cigeulus 105.61205 ‐6.62732 320 321 274
2 Waterboom Cisiih, Cimanguu 105.59949 ‐6.64651 170
3 Tangkilsari, Cimanggu 105.59486 ‐6.65234 213
4 Tangkilsari, Cimanggu 105.58749 ‐6.65437 142
5 Legon, Sumberjaya, Sumur 105.59235 ‐6.65183 328 144
6 Legon, Sumberjaya, Sumur 105.59024 ‐6.65337 167
7 Basir, Sumberjaya, Sumur 105.58749 ‐6.65393 333
8 Sumur, Sumberjaya, Sumur 105.58537 ‐6.6556 390
9 Kota, Sumur 105.58322 ‐6.65819 244
10 Resort Tj Lesung 105.65436 ‐6.48011 155
11 Resort Tj Lesung 105.65376 ‐6.48175 232
12 Mekarsari, Panimbang 105.71942 ‐6.53265 100 115 41
13 Sinar Laut, Panimbang 105.79015 ‐6.49799 96
14 Sinar Laut, Panimbang 105.79039 ‐6.49821 56
15 Sinar Laut, Panimbang 105.79066 ‐6.49837 102
16 Kasepen, Skjadi, Carita 105.84164 ‐6.31078 107
17 Kasepen, Skjadi, Carita 105.84152 ‐6.31085 54
18 Kasepen, Skjadi, Carita 105.84093 ‐6.3113 176
19 Tawing Muhara, Kr Suraga Cinangka, Serang 105.85435 ‐6.16275 9 84
20 Pasauran1, Cinangka, Serang 105.83249 ‐6.22572 60
21 Cibenda, Skrame,Carita 105.82695 ‐6.28814 330
22 Cibenda, Skrame,Carita 105.82674 ‐6.28779 310
23 Cibenda, Skrame,Carita 105.82804 ‐6.28849 137
24 Cibenda, Skrame,Carita 105.82718 ‐6.28869 80
25 Dukuh, Sukanegara, Carita 105.82697 ‐6.24482 275
26 Dukuh, Sukanegara, Carita 105.82818 ‐6.24571 157
27 BTS Smartfern, Sukanegara, Carita 105.82884 ‐6.2617 562
28 BTS Smartfern, Sukanegara, Carita 105.82892 ‐6.26183 315
29 Hotel Bellmone, Psr Wuni, Pejamben, Carita 105.82707 ‐6.3332 310
30 Hotel Bellmone, Psr Wuni, Pejamben, Carita 105.82762 ‐6.33328 104
31 Kota Kec Labuan 105.82153 ‐6.37886 120
32 Kota Kec Labuan 105.8222 ‐6.37867 85
33 H. Padasuka, Carita 105.83583 ‐6.29468 34
34 Pasauran2, Cinangka, Serang 105.83182 ‐6.22966 27
35 Kontainer, Cinangka, Serang 105.82808 ‐6.26499 121
36 Kontainer2, Cinangka, Serang 105.8281 ‐6.26492 250

* FD: Flow Depth in cm
¥ TH: Tsunami Height in cm
† RD: Run up Distance in m

Name Latitude  Longtitude

Distance 
from 
Source

Maximum Water 
Height

Maximum 
Inundation 
Distance

degrees degrees km m m
Ciwandan Port ‐6.01800 105.95300 59 0.35
Marina Jambu ‐6.19000 105.84000 47
 Pandeglang ‐6.70000 105.60000 69 13.4 160
 Kota Agung ‐5.50000 104.62000 111 0.36
Panjang Port ‐5.46860 105.31970 0 0.28

Rakata Island (Krakatoa) ‐6.15000 105.44000 6 30
Serang ‐6.11690 106.15390 0 0.90

Sertung Island ‐6.10000 105.38000 5 25
source: https://www.ngdc.noaa.gov/nndc/struts/results?EQ_0=5699&t=101650&s=9&d=92,183&nd=display
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Figure 9. Summary showing population exposed and impacted by the 22 December 2018 tsunami (AHA, 2019).

V. Lessons Learned and  
Future Applications

The 22 December 2018 tsunami observations of damage 
and response provide learning moments for scientists, 
engineers, planners, and emergency managers. These 
learning moments can improve responses to future events 
and can improve the resilience of communities that face 
similar events.

Tsunami Science and Engineering

Potential lessons about tsunami science and engineering 
from this event:

•	 The volcanic activity at Anak Krakatau had been 
proceeding for months prior to 22 December 2018. 

•	 The modeling of flank collapse as a source for tsu-
namigenesis proved to be a good approximation of 
the observations (especially the travel time data). 

Tsunami Warning Notifications

Application of Lessons Learned to Other Regions

InaTEWS-BMKG (http://rtsp.bmkg.go.id/) is the official 
tsunami notification service provider for this region. There 
was no InaTEWS-BMKG public tsunami bulletin released 
for this event.

There was a prior knowledge about the potential for 
tsunamigenesis from volcanic/magmatic activity at Anak 

Krakatau. Monitoring at Anak Krakatau could have been 
used to inform emergency managers at many levels of 
government in Indonesia. The inhabitants and visitors to 
the coast along the Sunda Strait could have been notified 
of the potential that a tsunami might inundate the region, 
given the active processes at Anak Krakatau. If there were 
a tsunami early warning system tied to tide gauges in the 
Strait, or to volcano monitoring equipment on the island of 
Anak Krakatau (or the surrounding islands), this may have 
helped prevent casualties from this tsunami event.

Application of Lessons Learned to the USA

There were no tsunami warning notifications from the 
NTWC, PTWC, or any other federal or state agency, be-
cause this event was in the Indian Ocean and not within 
the geographic area of responsibility for notification by 
NTWC, and PTWC. However, there are an abundance of 
active volcanoes in American territory that may pose a 
local to regional tsunami hazard. The Aleutian Arc probably 
has the largest complement of active volcanoes that pose 
a tsunami hazard (Dixon et al., 2017). Some of these are in 
remote and unpopulated areas, so pose little tsunami risk. 

Some Aleutian volcanoes have been evaluated for tsu-
nami potential by Waythomas et al. (2009) and some 
have been studied for evidence of prehistoric landslides 
(e.g. Coombs et al., 2007). There is evidence for a recent 
volcanogenic tsunami in 2008 (Waythomas et al., 2010), 
with tide gauges located about 50 km distance from the 
Kasatochi Volcano observing wave height maxima about 20 
cm. There is also evidence for a much larger tsunami from 
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a caldera forming eruption 3.5 ka at Aniakchak Volcano 
along the western Alaska Peninsula (Waythomas & Watts 
2003). Based on modeling of a pyroclastic flow, calibrat-
ed to tsunami deposit elevations, show wave amplitudes 
in excess of 5 m reaching the coastline across Bristol Bay 
about 2 hours after the eruption. Tsunami deposits have a 
thickness up to 0.4 m and are deposited at elevations rang-
ing from 1 to 12 meters (Waythomas & Watts 2003).

Based on the numerical modeling of tsunami from sub-
marine mass flow sources along the Aleutian Arc, large 
local tsunami may be generated, but large transoceanic 
tsunami are also possible (Waythomas et al., 2009). Local 
volcanogenic or mass-flow tsunami in the Aleutians could 

produce local run up elevations between 10 and 20 m. The 
transoceanic tsunami may produce wave heights in excess 
of several m (offshore wave heights) along the coasts of 
Japan, Hawaii, and along the coasts of North and South 
America (Waythomas et al., 2009). Sometimes large erup-
tions are preceded by increases in seismicity rates, which 
makes monitoring an effective tool to provide input to tsu-
nami warning systems. However, large eruptions can also 
be impulsive without preceding activity. In the latter case, 
it is possible that other observational forms (tide gauge, 
buoys, etc.) could be used to inform these tsunami warn-
ing systems (Waythomas et al., 2009). Currently, tsunami 
early warning does not consider these types of events.

Figure 10. Map of active volcanoes along the Alaska/Aleutian subduction zone (from Dixon et al., 2017). 
Volcano monitoring is designated by symbol color (see legend).

There are additional tsunami sources that also are not 
associated with natural warnings, like meteotsunami. 
Meteotsunami are tsunami caused by a variety of mete-
orological phenomena and do not have a natural warn-
ing like seismogenic tsunami. There have been over 500 
meteotsunami on the east coast of the USA between 1996 
and 2017, for an average of 25 per year (Dusek et al., 
2019). Thirty of these had wave heights larger than 0.6 m 
and several had waves larger than 1 m. Tide gauges on the 
open coast observed the most frequent meteotsunami and 
some estuaries amplify the signal. The winter and sum-
mer months have a higher frequency of inundation, with 
July having the highest occurrence rate. Also, in the Great 
Lakes, there have been about 106 meteotsunami per year 
exceeding 0.3 m wave height (Bechle et al., 2016). These 
can be damaging and hazardous. For example, the 27 May 
2012 meteotsunami in Lake Erie pushed swimmers 0.5 

miles offshore and may have capsized a boat (Anderson et 
al., 2015). Clearly, this is an important type of tsunami that 
needs to be incorporated into the playbooks of emergency 
managers.

In the future, NOAA tide gauges could be used to prepare 
meteotsunami notifications. In addition, future climate 
scenarios suggest that the forcing factors (e.g. convective 
storms in the Great Lakes) are likely to increase in fre-
quency or intensity, leading to an increase in frequency or 
magnitude for meteotsunami (Bechle et al., 2016).
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tus/1079185883671220225

•	 https://twitter.com/simoncarn/sta-
tus/1079076586685677569
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tus/1078971620692279297

•	 https://twitter.com/Sutopo_PN/sta-
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tus/1078284142809362432

•	 https://twitter.com/CATnewsDE/sta-
tus/1079207738805309442
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