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Abstract: The current prototype of a fully automatic earthquake tsunami hazard assessment system,
“Tsunami Observer”, is described. The transition of the system to the active phase of operation
occurs when information about a strong earthquake (Mw ≥ 6.0) is received. In the first stage,
the vector field of coseismic displacements of the Earth’s crust is calculated by using the Okada
formulas. In the calculations, use is made of data on the coordinates, the seismic moment, the focal
mechanism, and the depth of the earthquake, as well as empirical patterns. In the second stage, the
initial elevation of the water surface at the tsunami’s focus is determined with the vector field of
coseismic displacements of the bottom and the distribution of ocean depths, and the earthquake’s
potential energy is calculated. In the third stage, the intensity of the tsunami is estimated on the
Soloviev–Imamura scale in accordance with the magnitude of the potential energy by using the
empirical relationship that is obtained as a result of a statistical analysis of historical tsunami events.
In the final stage, if the energy exceeds the critical value of 109 J, a numerical simulation of the
tsunami is performed, which allows the determination of the predominant directions of wave energy
propagation and estimation of the runup height on the nearest coast. In this work, data on the
operation of the system over the last 3 years are presented.

Keywords: submarine earthquake; tsunami; coseismic displacement; long gravity waves; numerical
modeling; early tsunami warning

1. Introduction

According to the NCEI/WDS Global Historical Tsunami Database [1] (hereafter,
GHTD), over 70% of all currently known tsunamis owe their origins exclusively to earth-
quakes. The formation of another 6% of tsunamis is somehow related to earthquakes
(questionable earthquakes, earthquakes and landslides, volcanos and earthquakes, vol-
canos, earthquakes and landslides). Non-earthquake sources (volcanos, volcanos and
landslides, landslides, meteorological events, explosions, astronomical tides) have led to
the formation of tsunamis in 13% of cases, which is comparable to the number of tsunami
events of unknown origin—about 11%.

The existing distribution of the number of tsunami events by causes of occurrence
quite naturally renders an earthquake-centric approach to tsunami warnings [2]. The
earthquake-centric approach has been applied and is currently applied in many national
tsunami warning systems [2–6]. It was this approach that provided the first successful
tsunami warning in the far field during the 1923 Kamchatka earthquake [7].

The speed of propagation of seismic waves is many times higher than the speed of
propagation of long gravity waves on water. Therefore, there is always a certain time inter-
val between the time of registration of an earthquake and the time of approach of tsunami
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waves to the coast, which ranges from several minutes to tens of hours. This makes it
possible to attribute tsunami waves of seismic origin to predictable natural marine disasters.

Currently, early tsunami warnings are usually based on earthquake parameters and
on the so-called decision matrices that link earthquake parameters with alert levels [5,6,8,9].
The use of the simplest set of parameters (magnitude, depth, and location of the seismic
source) in the formation of a tsunami forecast is characterized by a high level of uncertainty
and a tendency to overestimate the level of danger (false alarm). In addition, it is impor-
tant to keep in mind that the initial estimate of the magnitude of a strong earthquake is
often underestimated.

The disastrous Tohoku–Oki event on 11 March 2011 was a prototypical example of
such an initial underestimation of an earthquake’s magnitude. The initial estimate of the
Tohoku–Oki earthquake’s magnitude was Mw 7.9 (issued by the Japan Meteorological
Agency within 3 min of rupture initiation [10]). The next magnitude estimations were
Mw 8.8 (56 min after rupture initiation) and Mw 8.9 (2 h and 44 min after rupture ini-
tiation) [11]. In other words, the first estimation of the seismic radiation energy was
underestimated by more than 30 times! This prototypical example illustrates that rapid
magnitude estimation based on distant seismic data could be insufficient for the coastal
populations that are closest to a causative earthquake.

Over the last decade, there were significant developments in the methods of rapid
earthquake magnitude estimation and in new data types that are used for such methods. For
example, the most accurate method for the estimation of Mw, which is based on the W-phase
inversion and provides the so-called WCMT centroid moment tensor solution [12], has
become useful for regional tsunami warnings due to its improvement of the timeliness from
approximately 25 to 6 min after the earthquake’s origin time [13]. Regional implementations
of the W-phase method are operating in Japan, Mexico, Australia, Taiwan, China, and Chile.
In Chile, the W-phase method has been running automatically in real time for the Centro
Sismológico Nacional (CSN) since 2011 for regional distances, providing the WCMT and
Mw within 4–5 min of an earthquake’s origin time [14,15]. The Pacific Tsunami Warning
Center (PTWC) is testing a regional WCMT modification that will report Mw and the
moment tensor within ~15 min [16].

More timely warnings for local tsunamis can be obtained by supplementing measure-
ments of seismic accelerations with displacements from Global Navigation Satellite Sys-
tems (GNSS) instruments located close to the earthquake’s source [16,17]. Real-time GNSS
networks can measure precise (~1 cm single epoch) high-rate (1–10 Hz) displacements,
including the dynamic and static (permanent) co-seismic offsets, while not experiencing
clipping or magnitude saturation (e.g., [18–20]). Several early earthquake warning systems
have already incorporated GNSS displacement data into their magnitude determination
algorithms, including G-larmS [21] and BEFORES [22] in the Western U.S., G-FAST in the
Western U.S. and Chile [23], and REGARD in Japan [24]. In addition to rapid magnitude
estimation, numerous studies have demonstrated that GNSS displacements can provide
rapid centroid moment tensor solutions [25–27].

Along with taking the focal mechanism of an earthquake (moment tensor solutions)
into account, the enhancement of the accuracy of operational tsunami forecasting is also
possible owing to account being taken of the co-seismic slip distribution at an earthquake’s
source and the fault rupture dynamics (Finite Fault Model).

Despite the fact that FFM data appear in access at best 2 h after a seismic event, and
usually several days or even weeks later (see Section 3.2 below), some studies have demon-
strated that the finite fault slip distribution could be reconstructed in real time [22,24],
particularly with the use of GNSS displacement data (e.g., [28–30]). For example, in [24],
it was shown that the REGARD system allowed the reconstruction of the finite fault slip
distribution for the Tohoku–Oki earthquake with a high accuracy (>99%) in 2–3 min. How-
ever, at present, it seems that only the moment tensor solution (i.e., the focal mechanism)
can be considered widely spread operational data. The time spent on calculating the slip
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structure and the rupture dynamics does not allow the use of this type of data for early
tsunami warnings.

Another additional opportunity for the improvement of the tsunami forecasts on the
basis of actual data on tsunami wave parameters measured far from the coast appeared in the
21st century with the development of deep-ocean tsunami detectors (tsunameters) [31–35].

The main mechanism of tsunami generation during earthquakes is the displacement of
water by residual (co-seismic) displacements of the ocean bottom [36,37]. The contributions
of dynamic effects, which are clearly manifested in the generation of gravity waves by
surface seismic waves [38], are not predominant in the generation of tsunamis [39,40]. As
a result of the displacement of water in the tsunami source, an initial elevation of the
water surface is formed, the calculation of which, based on data on earthquake parameters
(e.g., moment tensor solutions), is well algorithmized. Operational information about the
parameters of a seismic source appears in the public domain shortly after an earthquake
has occurred. All of this creates prerequisites for the development of systems capable of
assessing tsunami hazards automatically. Automation of the process of determining the
level of danger allows not only the reduction of the time taken for decision making, but
also the elimination of the human factor.

The motivation of this work was the desire to explore the possibilities and limitations
of automating the process of assessing the tsunami hazard of an earthquake. The immediate
objectives of the work are to describe the principles of the functioning of an automatic
system for the estimation of seismotectonic tsunami hazards, “Tsunami Observer”, and to
analyze the experience of operating this system for the last three years.

It is important to emphasize that the system is, first of all, a convenient research
platform that allows us to automate a significant number of routine actions and calculations
when analyzing tsunami events of seismic origin. Moreover, the experience obtained in
operating the system permits the conclusion that it is possible, in principle, to automate the
tsunami hazard assessment of an earthquake. We emphasize that the Tsunami Observer
system, of course, cannot replace the Tsunami Warning Service—it is not intended to
form an operational tsunami forecast, although it can be used as an auxiliary tool. In this
connection, it is useful to mention that of all types of tsunami sources, the system considers
only earthquakes. In contrast to the considerable uncertainties associated with describing
the generation of tsunamis by landslides and volcanic eruptions, for earthquake-generated
tsunamis, the wave calculation process is fairly well algorithmized. The ability to determine
the location and focal mechanism of an earthquake with sufficient accuracy and lead time
for an operational tsunami forecast also plays an important role here. Note that along
with seismogenic tsunamis, meteotsunamis have good opportunities for the automation
of forecasting.

2. Materials and Methods
2.1. General Description of the “Tsunami Observer” System

The architecture of the “Tsunami Observer” system is shown in Figure 1. The initi-
ating block is shown in red, the calculation blocks are shown in blue, the external static
(immutable) data used are shown in green, and the results of the system operation are
shown in yellow.

The system receives information about the fact of an earthquake and the parameters
of the seismic source from various seismic services. Currently, requests are sent to the U.S.
Geological Survey (USGS) and to GEOFON (German Research Center for Geosciences—
GFZ) (every 5 min), and e-mails are received from the NIED (National Research Institute
for Earth Science and Disaster Resilience, Japan).

If the moment magnitude of the earthquake exceeds the Mw value of 6.0, then calcula-
tion of the vector field of coseismic displacements is initiated, according to which, taking
the digital relief model into account, the coseismic displacement of the bottom and/or land
surface is determined.
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Figure 1. Architecture of the “Tsunami Observer” system.

In the second stage, according to the coseismic displacement of the bottom surface
and taking the depth distribution into account, the initial elevation of the water surface
at the tsunami focus is calculated, which determines the available potential energy—the
tsunami energy.

In the third stage, by using the empirical relationship between the energy and intensity
of the tsunami obtained from the analysis of historical databases, the intensity of the
tsunami is estimated on the Soloviev–Imamura scale.

If the estimate of the tsunami energy exceeds the specified threshold value (E ≥ 109 J),
then the process of hydrodynamic modeling of the tsunami is initiated, which allows the
identification of the directions of wave energy propagation and the estimation of the runup
height on the coast.

The following sections contain a detailed description of the principles of operation
of each of the calculation blocks mentioned above. The “Tsunami Observer” system is
available online: https://ocean.phys.msu.ru/projects/tsunami-observer/ (accessed on
1 May 2022).

2.2. Calculation of Coseismic Displacements

At the beginning of the 21st century, significant progress was made in determining
the structure of the movement at an earthquake’s source [41–44]. Data on the structure of
the movement allow the restoration of the coseismic displacements at the tsunami source.
However, in the operational mode, the structure of the movement is not determined.
For operational calculations of a tsunami, the only possible option is to approximate the
earthquake’s source with a rectangular fault area with a constant displacement vector along
this site.

https://ocean.phys.msu.ru/projects/tsunami-observer/
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The geometry of a seismic source is shown in Figure 2. The origin of the rectangular
coordinate system, 0xyz, is located on the surface of the elastic half-space. The 0z axis is
directed vertically upwards, and the 0x and 0y axes are horizontal. The rectangular fault
area has a length L and a width W. The 0x axis is parallel to the long side of the fault area.
The position of the fault area in space is determined by two angles: the Strike (ϕ)—the angle
between the 0x axis and the direction to the north (counted in the positive direction)—and
the Dip (δ), which is the angle of incidence.
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The direction of the displacement vector, which lies in the fault plane, is determined
by the Rake angle (θ). The lower edge of the fault area is located at a depth d—it is precisely
this value that appears in the classical formulas for calculating coseismic displacements [45].
We will associate the depth of the earthquake with the depth of the central point of the fault
plane: h = d − 0.5 W sin δ.

The Strike, Dip, and Rake angles, the depth h, and the seismic moment M0 (or the
moment magnitude Mw = 2/3 log M0 − 6.07 that is uniquely related to the seismic moment)
are readily determined on the basis of the result of the primary analysis of wave forms after
an earthquake has occurred.

To determine the size of the fault area and the length of the displacement vector,
we shall make use of the empirical dependencies obtained in [46]. These dependencies
establish a relationship between the width and length of the fault area, as well as between
the displacement and the area of the fault area:

W = C1Lβ, (1)

D = C2
√

LW, (2)

where β = 2/3, while C1 and C2 are empirical constants. The first empirical constant is di-
mensional; its value is C1 = 17.1 (12÷ 25) m1/3 (the confidence interval 1σ is given in paren-
theses). The second constant is dimensionless; its value is C2 = 3.8 (1.5 ÷ 12) 10−3. The spec-
ified values of constants are taken from [46] for the case of interplate dip–slip earthquakes.
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By using empirical relations (1) and (2), as well as the definition of the seismic moment,
which, for a rectangular fault area, is written as [47]

M0 = µDLW [N m] (3)

where µ is the transverse shear modulus, it is not difficult to obtain a set of formulas that
relate the parameters of the earthquake source to the seismic moment:

log L [m] = 2/5 log M0 − 3/5 log C1 − 2/5 log C2 µ, (4)

log W [m] = 4/15 logM0 + 3/5 logC1 − 4/15 logC2 µ, (5)

log D [m] = 1/3 log M0 + 2/3 log C2 − 1/3 log µ. (6)

Following [46], we will choose a magnitude of the transverse shear modulus that is
equal to µ = 3.3 × 1010 Pa.

If we know the mechanism of an earthquake (Strike, Dip, or Rake), its depth h, and its
seismic moment M0, then by taking empirical relationships (4)–(6) into account, we have
at our disposal a complete set of earthquake source parameters, which are necessary for
calculating the vector field of coseismic (residual) displacements U = (Ux, Uy, Uz). The
displacements are calculated by using the formulas obtained by Okada [45].

The residual displacement of the bottom and/or land surface is determined by the
vector field of coseismic displacements and the depth distribution (in general, the relief of
the Earth’s surface) [48,49]:

η = Ux
∂H
∂x

+Uy
∂H
∂y

+Uz (7)

Note that tsunami sources are often confined to areas of steep underwater slopes, so
the contributions of the horizontal components of the vector D are very significant in many
cases [50].

2.3. Calculation of the Initial Elevation of the Water Surface at the Tsunami Source

The rupture speed at an earthquake source (Vr ∼= 0.75–0.95 cS), where cS is the shear
wave speed [47], always significantly exceeds the speed of propagation of tsunami waves
(Vts =

√
gH), where g is the acceleration of gravity and H is the depth of the ocean:

Vr � Vts. Therefore, the generation of a tsunami by an earthquake can be considered as an
instantaneous process. An approach based on the use of the concept of “initial elevation”
has found wide application in the numerical modeling of tsunamis [36,51]. Within the
framework of this concept, it is assumed that the coseismic displacement of the bottom
at the tsunami source instantly displaces a certain volume of water, and a disturbance
occurs on the surface of the water layer (also instantly), which is called “initial elevation”.
It is this initial elevation that is further used as an initial condition in the problem of
tsunami propagation. The flow velocities at the initial moment of time are assumed to be
zero [36,37,39].

Often, the initial elevation is equated to the displacement of the ocean-bottom surface,
which is calculated with Formula (7). However, due to the neglect of the smoothing effect
of the water layer [52–54], this method may lead to the introduction of short-wavelength
components into the tsunami spectrum that do not exist in reality and, consequently, to
a significant overestimation of the wave amplitude. The most correct, from the hydro-
dynamic point of view, is the calculation of the initial elevation from the solution of the
three-dimensional hydrodynamic problem [55,56]. However, the application of this method
in the practice of operational tsunami hazard assessment can be complicated by the sig-
nificant amounts of calculations. Therefore, to calculate the initial elevation, a high-speed
algorithm based on the weighted moving average method with a weight function f de-
pending on the depth of the ocean has been implemented. Due to the fact that the depth of
the ocean varies from point to point, the window function also undergoes changes. The
moving average is applied to the result of calculating the coseismic deformation of the
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bottom surface (7). The calculation of the initial elevation is performed in accordance with
the formula

ξ0
(
rj
)
=

∑i f
(∣∣ri − rj

∣∣)η(ri)

∑i f
(∣∣ri − rj

∣∣) , (8)

where ri = (Loni, Lati), rj = (Lonj, Latj), j is the number of points of the calculated area
for which the initial elevation is calculated, and i is the number of points inside the area
bounded by the window. By comparing the results of the numerical solution of a complete
three-dimensional problem with those of the method based on Formula (8), it was found
that the best agreement between the results is provided by a weight function of the form:

f
(∣∣ri − rj

∣∣) = 1
cos h2(∣∣ri − rj

∣∣/H(ri)
) . (9)

Due to the rapid exponential decrease in the weight function (9), the window size
during the calculations was limited to a square with the dimensions 6H × 6H.

Owing to the complexity of the relationship between tsunamis and earthquakes, the
tsunami magnitude forecast is not reliable enough. In [49], it was shown that the energy of
the initial elevation at the tsunami focus has a higher correlation with the intensity of the
tsunami than with the moment magnitude of the earthquake. To increase the reliability of
the assessment of earthquake tsunamigeneity, instead of the moment magnitude, we will
use the tsunami energy, which is estimated by taking the mechanism of the earthquake
source, its depth, and the distribution of ocean depths in the area of the tsunami source
into account.

The tsunami energy is defined as the available potential energy of the initial elevation
of the water surface according to the following formula (e.g., [57]):

E =
ρg
2

x
ξ2

0ds, (10)

where ξ0 is the initial elevation of the water surface and ρ is the density of water. In the
numerical calculations, it was assumed that ρ = 1030 kg/m3 and g = 9.81 m/s2. The area
integral involved in Formula (10) was calculated with the rectangle method. The area in
which the integration was carried out was a square, the center of which coincided with
the projection of the center of the fault area onto the Earth’s surface. The diagonal of the
square was determined by the length of the fault area and the depth of the earthquake in
accordance with the formula 2L + 7h. This choice of the integration area completely covered
the area of significant coseismic displacements. Above the land, the initial elevation of the
water surface was set equal to zero, so the coseismic displacements of the land did not
contribute to the tsunami energy. Using the energy of the initial elevation as a measure
of the tsunamigeneity of an earthquake allows one to automatically rank seismic events
according to the degree of tsunamigeneity without analyzing the position of the source
relative to the land or ocean.

2.4. Assessment of Tsunami Intensity

The analysis of earthquake tsunami hazards was carried out on the basis of the
assessment of the tsunami intensity on the Soloviev–Imamura scale, I [5,36], which was
based on the value of the potential energy E of the initial elevation at the tsunami source.
For this assessment, the empirical relationship between the intensity and energy obtained
from historical tsunami data was used. Further, we shall describe a way to obtain this
empirical relationship.

The parameters of tsunami events that were necessary for the analysis were borrowed
from two publicly available historical databases that are widely known in the scientific
world [1,58]: (1) the TL/ICMMG Global Historical Tsunami Database (previously known
as HTDB/WLD—Historical Tsunami Database for the World Ocean; Novosibirsk, ICM &
MG SB RAS) and (2) GHTD (NOAA).
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Below, the two mentioned tsunami databases will be referred to as “DB1” (TL/ICMMG
Global Historical Tsunami Database) and “DB2” (GHTD) for brevity. The indexes “1” and
“2” will show the relation to the first or second database, respectively.

In tsunami databases, an index is assigned to each event, and this characterizes the
degree of reliability of the information. In the DB1 database, this index is called the
“Validity index” (5 gradations: from 0 to 4), and in the DB2 database, it is called the
“Tsunami Event Validity” (6 gradations: from −1 to 4). The first criterion for selecting
data on tsunami events from the DB1 and DB2 databases was a high degree of informa-
tion reliability: the two upper gradations were selected (DB1: Validity index ≥ 3, DB2:
Tsunami Event Validity ≥ 3).

It is known that in some cases, tsunami waves can be caused not only by earthquakes,
but also by landslides (≈6%), volcanic eruptions (≈5%), and meteorological causes (≈3%),
as well as by combinations of these phenomena (percentages are indicated in accordance
with the DB1 database).

In the tsunami databases, a generation mechanism is specified for most events. We
identified only the tsunami events for which an underwater earthquake was indicated as
the source of waves—this was the second selection criterion. Combinations of sources, such
as “earthquake + landslide”, “earthquake + volcanic eruption”, etc., were not considered.
However, two exceptions were made to this rule: the tsunami on 1 April 1946 (Unimak
Is., Aleutian Islands) and the tsunami on 28 March 1964 (Gulf of Alaska, Alaska pen.).
In the databases, an earthquake and a landslide appear as the sources of these tsunamis.
However, these tsunamis were characterized by rarely occurring high intensities (4.0 and
4.5, respectively) with very significant moment magnitudes of the earthquakes that caused
them (8.6 and 9.1, respectively). The exclusion of these events from consideration would
lead to a noticeable impoverishment of the statistics of strong tsunamis.

The third selection criterion was the moment of time starting from which there were
definitions of the focal mechanism of the earthquake and seismic moment. To determine
these parameters, it is necessary to have seismograms recorded by a set of stations. Recall
that the beginning of the instrumental era in seismology dates back to the end of the 19th
century, and seismic networks arose much later. Routine definitions of earthquake source
mechanisms have been available since 1976 (Global CMT—“Global Centroid Moment
Tensor database”, Columbia University and Harvard University). The first tsunamigenic
earthquake for which we were able to find the definition of the mechanism of the source
in scientific publications dates back to 1928 [59]. In this regard, events from 1928 onward
were found in the DB1 and DB2 tsunami databases.

As the main characteristic of the strength of a tsunami, we rely on the magnitude I,
which is called the intensity of the tsunami on the Soloviev–Imamura scale [5,36]. The
largest number of definitions of tsunami intensity on the Soloviev–Imamura scale is con-
tained in the DB1 database (we denote this value as I1). The DB2 database is significantly
(several times) poorer in this regard. Due to the fact that we were interested in estimat-
ing the magnitude of the tsunami intensity, the events for which the magnitude I1 was
unknown within the DB1 database were excluded from further consideration. The sample
from the DB2 database could contain omissions of information on the intensity of the
tsunami (I2), but in this case, there must have been information about the maximum height
of the water rise (or the runup height, Hmax2). So, from the DB2 database, the events, for
which the intensity, the runup height, or both were known were selected.

The DB1 and DB2 database samples formed as a result of the procedure described
above contained 465 and 515 tsunami events, respectively. Further, these samples were
compared with each other in order to exclude unreliable or questionable information. To
achieve this goal, a cross-sample was formed, which included only the tsunami events
that were present in both the DB1 and DB2 databases. Identical events were identified
by minimizing the differences in times and distances between sources (tsunamigenic
earthquakes) that were indicated in the DB1 and DB2 databases.
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There could be no absolute coincidence of the times and positions of the sources due
to the fact that information about the coordinates of an earthquake and the time of its onset
was added into the DB1 and DB2 tsunami databases from various sources, and earthquakes
are always localized in time and space with some error. In the cross-sample, the time
difference did not exceed one minute, while the differences in the distances could be several
tens of kilometers.

The cross-sample included 379 tsunami events from 1928 to 2014. Further, in accor-
dance with the DB1 database that was involved in the cross-sample, a regression relation-
ship was built between the intensity of a tsunami and the logarithm of the maximum runup
height to base 2, measured in meters (log2 Hmax1 [m]). The pair of values I1 and Imax1
turned out to be known for 235 events from the cross-sample. The dependence of the pairs
of “intensity–runup height” values is shown in Figure 3. It can be seen that the maximum
runup heights and intensity correlated very well with each other (Pearson’s correlation
coefficient: 0.901). The black line in Figure 3 shows the regression curve constructed with
the least squares method. The regression equation was:

I1 = −0.206 + 0.770 log2 Hmax1 [m]. (11)
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Further verification and, in some cases, correction of the data on the intensity of the
tsunamis were carried out. At the same time, the specifics of the information provided
in the DB2 database were taken into account—the maximum height of the water rise
was, in many cases, determined by measurements from remote (sometimes thousands of
kilometers from the source) sea-level stations. In this regard, the value Hmax2 indicated in
the DB2 database often turned out to be clearly lower than the actual level of water rise on
the coast closest to the source.
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Data verification and correction were implemented as follows. The intensity of a
tsunami I1 (DB1) was compared with the intensity estimated by the magnitude Imax2 (DB2).
A comparison was carried out by using the regression relationship (11). In the rare cases
in which there was no information about Hmax2, the value I1 was considered a reliable
characteristic of the strength of the tsunami event (because there was nothing with which
to compare it), and it was this value that fell into the final sample. If the information about
Hmax2 was present, then the final sample included the value determined by the formula

I = max[I1, −0.206 + 0.770 log2 Hmax2]. (12)

Thus, if Hmax2 was underestimated, it did not affect the initial data on the intensity of
the tsunami from the DB1 database in any way. However, in cases in which the intensity
I1 was underestimated, its value was adjusted upwards—this was done in order to avoid
underestimating the danger of a tsunami. We should immediately note that the correction
of intensity values did not affect the data on strong tsunamis with an intensity of I > 2.

The final sample from the DB1 and DB2 tsunami databases contained information
on 379 events for the period from 1928 to 2014 (dates and times of the tsunamigenic
earthquakes, coordinates of the sources, definitions of the tsunami intensities I1 and I2,
the maximum levels of water elevation Hmax1 and Hmax2, and adjusted intensity values I).
Further, this final sample will be called TS379.

An earthquake from the Global CMT catalog was assigned to each tsunami event from
the TS379 sample (Supplementary Materials). This catalog of earthquakes, in addition
to the time, place, and depth of the seismic events, also contained definitions of the
mechanism of the source and the seismic moment since 1976. Cross-analysis of the TS379
sample (Supplementary Materials) and the Global CMT catalog gave a list of tsunamigenic
earthquakes, which contained 196 events for which the source mechanism and seismic
moment are known. In addition, in scientific publications [60–66], information was found
on the focal mechanisms for 22 other tsunamigenic earthquakes, including such well-
known powerful seismic events as those on 1 April 1946 (Unimak Is., Aleutian Islands),
4 November 1952 (Kamchatka), 22 May 1960 (Chile), 28 March 1964 (Gulf of Alaska), and
others. The final sample included data on 218 seismotectonic tsunami events for which
information on both the intensity of the tsunami I and all data on the seismic source (Lon,
Lat, h, M0, Rake, Strike, Dip) were known; these were necessary for the calculation of the
coseismic deformations of the bottom according to the Okada formulas.

Using a sample from the tsunami databases supplemented with data on the focal mech-
anisms of earthquakes, a retrospective analysis of the relationship between the potential
energy of the initial elevations and the intensity of the tsunamis on the Soloviev–Imamura
scale was carried out. Data on 218 tsunami events were analyzed. However, due to the fact
that for each earthquake, there were two versions of nodal planes (two sets of Strike, Dip,
and Rake angles), the calculation of the energy of the initial elevation was carried out for
436 cases.

The dependence of the tsunami Intensity upon the decimal logarithm of energy is
shown in Figure 4. The dependence is characterized by a rather significant spread of data.
There are no theoretical assumptions about the nature of this dependence. Therefore, to
highlight the trend curve, the averaging technique was used for groups of nearby points.
First, the points were sorted by energy value, and then the points were divided into groups.
The numbers of points in the groups (as the energy decreased) were: 15, 30, 60, 120, 170,
and 41 (in total, 436). Then, the groups of points were averaged. The average values
are indicated in Figure 4 by blue dots. The blue ellipses show the values of the standard
deviations (68% confidence interval). The sought dependence of intensity upon energy is
shown by a broken line that passes through the blue dots. This line, as well as the dotted
lines showing the 68% confidence interval, was constructed through linear interpolation
of the data. In the region of the maximum and minimum energies, the dependence was
slightly extrapolated to the energy values Emin = 109 J and Emax = 1016 J.
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Let us describe an algorithm for estimating tsunamigeneity. According to the parame-
ters of the earthquake source, the vector field of coseismic displacements (Okada formulas)
is calculated. Then, the displacement of the bottom surface is calculated, and—based on the
moving average—the initial elevation in the tsunami source is determined. According to the
initial elevation, the potential energy (tsunami energy) is calculated. According to the en-
ergy value, the magnitude of the tsunami intensity is determined on the Soloviev–Imamura
scale by using the dependence shown in Figure 4.

If the energy value falls within the interval 109 J ≤ E ≤ 1016 J, then we use the
interpolation function (blue line), and we estimate the intensity of the tsunami and the 68%
confidence interval. If the energy falls into the interval E < Emin = 109 J, then the result of
the algorithm is the conclusion that the intensity cannot be estimated (N/A). In the case
in which E > Emax = 1016 J, the conclusion issued is: “high probability of a catastrophic
tsunami with I > 4.5”.

The intensity of the tsunami on the Soloviev–Imamura scale is, by definition, associated
with the average height of the runup on the nearest coast <A>: I = 0.5 + log2<A>. In the
graph shown in Figure 4, the left ordinate axis reflects the intensity of the tsunami, while
the right one reflects the average height of the runup. Instead of intensity (or together with
intensity), the algorithm can output the average height of the runup on the nearest coast.

2.5. Hydrodynamic Modeling of a Tsunami

The numerical hydrodynamic model of a tsunami used in operational calculations
should give physically adequate results involving the minimal computational complexity
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of the task. The linear theory of long gravity waves on water meets these requirements.
Indeed, in most cases, the tsunami wave length significantly exceeds the depth of the ocean.
This makes it possible to apply a hydrostatic approximation, within the framework of
which the initial three-dimensional equations of hydrodynamics can be integrated along a
vertical coordinate, which allows us to pass to the two-dimensional equations of the theory
of long waves [36,51]. In addition, with the exception of the narrow coastal strip and the
runup zone, the amplitude of the tsunami is significantly less than the depth of the ocean,
which makes it possible to apply linearized equations.

For hydrodynamic modeling of a tsunami in the Tsunami Observer system, linear
equations of long waves written in spherical coordinates are used. The equations are solved
on a uniform Arakawa C-grid type with an explicit finite difference method (e.g., [67]). The
stability of the numerical scheme is provided by the choice of a time step while taking the
Courant–Friedrichs–Levy condition into account.

The initial elevation of the water surface was used as the initial condition, the method
of calculation of which was described in Section 2.3. The initial flow velocity field was
assumed to be zero. On the isobath of 10 m, the condition of reflection (non-flow) was set,
and on the outer borders passing through the ocean, the non-reflecting condition was set.

The GEBCO bathymetric dataset was used for calculations (The GEBCO_2014 Grid,
version 20150318, https://www.gebco.net, (accessed on 1 May 2022). The space increment
in the computational grid was set to 1 arcmin.

The center of the calculated area coincides with the projection of the center of the fault
area onto the Earth’s surface. The size of the calculation domain is set depending on the
moment magnitude of the earthquake. The maximum estimated time is calculated based
on the size of the estimated area and the median depth of the ocean in this area.

As a result of numerical hydrodynamic modeling, an animation of the dynamics
of tsunami wave propagation is formed, and the spatial distribution of the maximum
displacement of the free surface is calculated, which clearly demonstrates the directions of
propagation and the areas of concentration of the wave energy.

3. Results
3.1. Example of the “Tsunami Observer” System’s Operation

We shall illustrate the operation of the “Tsunami Observer” system with a concrete
example. On 25 March 2020, there were an earthquake and tsunami in the Northern
Kurils. The magnitude of the earthquake was Mw 7.4, and the data on the focal mecha-
nism were received in 20 min from the USGS and in 88 min from GEOFON. The results
of the operation of the Tsunami Observer system for this event are available at: https://
ocean.phys.msu.ru/projects/tsunami-observer/?id=us70008fi4, (accessed on 1 May 2022),
https://ocean.phys.msu.ru/projects/tsunami-observer/?id=gfz2020fxrv, (accessed on
1 May 2022).

The intensity of the possible tsunami on the Soloviev–Imamura scale was estimated
by the system to be 0.7 ± 1.6 (USGS) and −0.9 ± 1.6 (GEOFON), which approximately
corresponds to an average tsunami height of about 0.4 m at the nearest coast.

Figure 5a,b show the coseismic bottom displacements calculated by the system from
the USGS and GEOFON data, respectively. It can be seen that both versions of the focal
mechanism of this earthquake were, on the whole, similar, which was confirmed by the
bottom displacements having practically the same shape and amplitude, which reached
0.4 m. It can be noted that, in accordance with the GEOFON data, the origin was shifted
approximately 6 km to the southeast. Figure 5c,d show the initial elevations of the water
surface at the tsunami source. Taking the smoothing effect of the water layer into account
(e.g., [31,34]) resulted in an insignificant (by 0.02 m) decrease in the amplitude of the water
surface displacement as compared to the amplitude of the coseismic bottom displacement.

https://www.gebco.net
https://ocean.phys.msu.ru/projects/tsunami-observer/?id=us70008fi4
https://ocean.phys.msu.ru/projects/tsunami-observer/?id=us70008fi4
https://ocean.phys.msu.ru/projects/tsunami-observer/?id=gfz2020fxrv
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the Northern Kurils. Subfigures show the coseismic bottom displacements (a,b), the initial elevations
of the water surface at the tsunami source (c,d) and distribution of the maximum heights of tsunami
waves (e,f). Earthquake data origin: USGS (left column) and GEOFON (right column).

The distribution of the maximum heights of tsunami waves in the area of the northern
Kurils and Kamchatka is shown in Figure 5e,f. According to the hydrodynamic modeling
that was performed, the tsunami runup height in southern Paramushir Is. could be up to
1 m. According to GHTD data, the tsunami height in the city of Severo-Kurilsk (northern
Paramushir Is., eyewitness observation) was 0.5 m, which corresponds quite well with the
system estimates.

3.2. Results of Operation of the “Tsunami Observer” System

Since the start of its operation (from 28 January 2018 to 1 August 2022), the system
has processed 560 seismic events based on USGS data and 587 based on GEOFON data.
The tsunami intensity was determined for 170 and 150 of these events, respectively; these
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events were defined by the system to be potentially tsunamigenic. From the NIED F-net
data, 14 seismic events were processed, and three of them were recognized as tsunamigenic
events. This small number of events based on the data of the NIED F-net system is due to
its regional status and the fact that its tracking by the “Tsunami Observer” system began
only on 1 December 2020.

During the considered period of the Tsunami Observer system’s operation (from
28 January 2018 to 1 August 2022), 44 tsunami events of a seismotectonic nature occurred
according to the GHTD data (Cause Code = 1, 2, 3, 4, 5; Validity ≥ Definite Tsunami). In
only 5 of these 44 cases, the maximum runup exceeded 1 m.

Of the 44 above-mentioned tsunami events, the Tsunami Observer system tracked 41
and missed 3. The first of the missed events occurred on 6 May 2018 near Honshu Island
(Japan). According to the sole observation, the maximum runup did not exceed 0.15 m. In
this case, the earthquake magnitude was Mw 5.4, which was below the system’s response
threshold. Two other missed events were processed by the system, but these earthquakes
were recognized as non-tsunamigenic, i.e., the system did not estimate their intensity on
the Soloviev–Imamura scale. The reaction adequacy of the system in these two cases was
confirmed by the registration of waves of a centimeter amplitude (7 February 2020, Puerto
Rico, Mw: 6.4, maximum runup: 0.06 m (eight observations); 18 March 2021, Algeria,
Mw: 6.0, maximum runup: 0.06 m (four observations)).

Figure 6 shows a comparison of the maximum tsunami runups according to the GHTD
data and the maximum tsunami wave heights according to the results of hydrodynamic the
modeling performed by the Tsunami Observer system. It should be emphasized that the
comparison included the maximum wave heights over the entire computational domain.
As a rule, the maxima were reached near the shore. From Figure 6, it can be seen that in 75%
of all of the cases, the maximum wave height estimate differed from the observed values by
no more than a factor of 5; the corresponding corridors are marked with black dotted lines.
Next, we will comment on the cases for which there was a significant underestimation or
overestimation of runup heights (events that lay outside the specified corridor).
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The points in the lower-right corner of the plot in Figure 6 correspond to the three events
in which the Tsunami Observer system significantly underestimated the runup heights.
Now, let us consider the cases of underestimation in more detail.

The number 1 in Figure 6 denotes the points corresponding to the tsunami on
30 October 2020 in Turkey (Mw 7.0). The consequences of this event have been inves-
tigated by several expeditions [68–70]. There are 272 records of recorded tsunami runups in
the GHTD database. The maximum tsunami runup on the basis of which the points were
plotted was 5.3 m. This runup was most probably due to the local topographical features
of a subgrid scale. The average runup height for this event was 1.2 m, which matched the
system estimate much better.

The number 2 in Figure 6 marks the points corresponding to the tsunami on
5 August 2018 in Indonesia (Mw 6.9). Runups with heights of 1.7 and 2 m were estab-
lished by subjective evidence from eyewitnesses near the tsunami source at distances of
15 and 30 km from the source. Instrumental registration of the wave heights was made at a
greater distance (more than 60 km), and the wave heights from these data did not exceed
0.1 m, which is in reasonable agreement with the system’s assessment.

The number 3 in Figure 6 indicates the point corresponding to the tsunami on
28 July 2018 in Indonesia (Mw 6.5 GEOFON, Mw 6.4 USGS). This case was similar to
the previous one. In the GHTD database, there were data on two observations of tsunami
wave heights from eyewitnesses (1 and 2.5 m), and there were no objective instrumental
measurements. In this case, either the eyewitnesses overestimated the wave heights or the
runups were due to some local effects, e.g., landslides.

The overestimated tsunami hazards (the points in the upper-left corner of the plot in
Figure 6) refer to fairly strong earthquakes that occurred at a considerable distance from
the locations where the tsunami waves were recorded.

The tsunami event on 29 July 2021 near Kodiak Island, Alaska is marked with number 4.
The tsunami was caused by a strong earthquake with an Mw value of 8.2. Based on the
focal mechanism, the system showed a maximum wave height of up to 4.5 m. The GHTD
database contained data on three cases of the registration of this tsunami at source distances
over 350 km, and the measured wave heights were up to 0.25 m. There were no data on
tsunami manifestation in the near field.

The number 5 marks the tsunami event on 22 July 2020 on the Shumagin Islands,
Alaska. The tsunami was caused by an earthquake with an Mw value of 7.8. There was
a fact of coastal registration of a wave height of 0.24 m at a distance of 130 km from the
epicenter. In the other eight points of registration, which were distant from the source
at a distance from 400 to 1700 km, the wave heights did not exceed 0.05 m. In the near
field, the wave heights could certainly be closer to the estimates given by the Tsunami
Observer system (~1 m). The other cases of overestimation of the earthquake tsunami
hazard referred to events with centimeter-high runup heights, and it makes no practical
sense to discuss them.

A very important issue influencing the possibility of using the “Tsunami Observer”
system as an auxiliary tool for early tsunami warning is the timeliness of the arrival of
information on an earthquake’s origin mechanism. Figure 7 presents the time delays of
information arrival concerning a source in the case of the three databases: USGS, GEOFON,
and NIED. The figure is plotted for all of the data from 28 January 2018 to 1 August 2022.

The right part of Figure 7 presents histograms for each of the databases, which show
the numbers of events in the delay time intervals. It may be noted that the GEOFON
service prepares data on focal mechanisms somewhat more operatively in comparison with
USGS. The focal mechanisms of earthquakes are determined automatically in NIED without
the participation of on-duty seismologists, so the information is obtained much faster—
7–8 min—after the earthquake.
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The left part of Figure 7 presents the time delays as a function of the moment magni-
tudes of earthquakes. It can be seen that, for most seismic events, a significant magnitude is
a kind of mobilizing factor: for Mw > 7, the delay rarely exceeds one hour, while for weaker
events, the delays can amount to several days.

The possibility of using the Finite Fault Model (FFM) in operational tsunami forecast-
ing is periodically discussed in the scientific literature [3,71,72]. The time delays of the
relevant data (USGS) are also shown in Figure 7. It can be seen that FFM data accessibly
appear at best 2 h after a seismic event, but usually several days or even weeks later. Such
long delays indicate that it is actually impossible to use FFM for early tsunami warning. It
should also be noted that the FFM is calculated only for sufficiently strong earthquakes
(usually Mw > 7).

4. Discussion

In this paper, we purposefully did not discuss the speed of the Tsunami Observer
system because it is largely determined by the computing power used. However, in the
first stage, the system depends entirely on delays in the arrival of external information
about the earthquake. The stage of calculation of potential tsunami energy and estimation
of tsunami intensity according to the Soloviev–Imamura scale is already quite fast, taking
no more than one minute on a personal computer. The hydrodynamic modeling stage
has the greatest potential for speeding up the system. The numerical model used in the
current version applies a structured grid with a fixed step for the latitude and longitude,
which is not optimal. The most promising, here, are adaptive meshes with steps related to
the distribution of ocean depths. The use of such grids will allow one to significantly (by
thousands of times) speed up the calculation of tsunami wave propagation [73].

In subsequent versions of the Tsunami Observer system, it is planned to introduce
the possibility of calculating the tsunami source by using the Finite Fault Model. As
mentioned in the previous section, the delays in FFM data arrival are so great that this
model improvement will, in the near future, be for research purposes only, but not for
practical purposes.

Another step in the development of the system should be to automate the downloading
of data from deep-sea-level stations, such as DART (and possibly others). Comparison
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of the results of numerical modeling of a tsunami and the actually measured waves will
enable a rapid assessment of the adequacy of the numerical reproduction of tsunami events.

There are also some prospects for “teaching” the system by dynamically loading data
about tsunami events from available databases, such as GHTD. This will make it possible
to refine the empirical relationships used, which should eventually have a positive effect
on the predictive capabilities of the “Tsunami Observer” system.
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