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Abstract—The catalog of moment tensor solutions, which

contains the information on spatial location, origin time and fault

mechanism type of earthquakes, has been interpreted by

researchers based on a wealth of past knowledge. However, the

long-term routine analyses have led to the accumulation of a huge

amount of data in the moment tensor catalog, and it is worth

considering moving away from the artisanal approach. In this

study, using dimensionality reduction of unsupervised machine

learning, we performed exploratory data analysis of the moment

tensor catalog in Japan to objectively obtain comprehensive images

of seismic activity and to acquire knowledge on the spatial and

temporal characteristics of the earthquake mechanism. Source

parameters of the moment tensor catalog in Japan, spatial location

(latitude, longitude, and focal depth) and source-mechanism dia-

gram information were embedded in two-dimensional space via a

non-linear graph-based dimensionality-reduction method, Uniform

Manifold Approximation and Projection. On the embedding map,

earthquakes in eastern and western Japan are distributed separately

and are further embedded to reflect their characteristic fault

mechanism and focal depth in each region. The similarity degree of

the earthquakes can be obtained as the distance on the embedding

map. This study demonstrates that the data visualization using

dimensionality reduction is useful for intuitively and objectively

understanding the regional characteristics of earthquake mecha-

nisms. The embedding map can also be employed to visualize

temporal changes in regional seismic activity and to perform a

similarity search with a past event.

Keywords: Earthquake moment tensor solutions, exploratory

data analysis, dimensionality reduction, earthquakes in Japan, data

visualization, similarity search.

1. Introduction

The information on spatial location, origin time,

magnitude, and fault mechanism of an earthquake is

contained in the catalog of moment tensor solutions,

where the earthquake source is described by sym-

metric second-order moment tensors of six

independent components at a point source (Ammon

et al., 2020). Moment tensor inversion is a method of

seismic source analysis to obtain the moment tensor

solution from seismic waveform data, using the linear

relationship between seismic waveforms caused by

an earthquake and each component of the moment

tensor (e.g., Dreger & Helmberger, 1993; Dziewonski

et al., 1981). Currently, moment tensor inversion has

been routinely performed (e.g., Dziewonski et al.,

1981; Ekstrom et al., 2012; Fukuyama et al., 1998;

Kubo et al., 2002). Based on the catalog of moment

tensors of earthquakes, numerous attempts have been

made the research on the tectonic stress field, the

spatial and temporal evolution of seismicity, and

others (e.g., Terakawa & Matsu’ura, 2010; Shuler

et al., 2013; Newton & Thomas, 2020).

To date, from a map plot of daily seismic activity,

seismologists have grasped the qualitative character-

istics of ongoing seismic activity corresponding to the

tectonic stress field, such as characteristic seismic

activity for each region, its temporal variation, and

similarity among earthquakes, jointly considering

seismological knowledge and history of seismic

activity (Fig. 1a). However, the long-term routine

analyses of moment tensor inversion based on seis-

mic observation networks developed in the second

half of the twentieth century have led to the accu-

mulation of a huge amount of data in moment tensor

catalog, and it is worth moving away from the arti-

sanal approach. This study aims to objectively obtain

images of seismic activity that have been intuitively

captured by seismologists and acquire knowledge on

the spatial and temporal characteristics of earthquake

mechanisms via the exploratory data analysis of the
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earthquake moment tensor catalog (Fig. 1b).

Exploratory data analysis (Tukey, 1977) is an

approach of analyzing datasets to summarize the

main characteristics using data visualization and

statistical graphics, thus providing fruitful insights

beyond the existing frameworks. Here, we adopt

dimensionality reduction, which is one of the unsu-

pervised machine learning techniques and transforms

data from a high-dimensional space into a low-di-

mensional space so that the low-dimensional

representation retains the meaningful characteristics

of the original data (Maaten et al., 2009). It is useful

for reducing the amount of data information and for

understanding the fundamental structure of data. In

this study, we apply this technique to a catalog of

moment tensor solutions and investigate the charac-

teristics of its embedding results to confirm its

validity. Because seismic activity and rupture mech-

anisms can be strongly influenced by previous

earthquakes (Asano et al., 2011; Hardebeck &

Hauksson, 2001; Yoshida et al., 2015) and the

detection of temporal variation of seismic activity is

important, we also examine whether the temporal

changes in the dataset can be obtained using the

learned model of dimensionality reduction. More-

over, we propose a new approach to the similarity

search of earthquakes based on the embedding map.

The target of the exploratory data analysis in this

study is the source parameters of earthquakes around

Japan because of the rich spatial diversity in their

moment tensor solutions caused by the complex

tectonic environment (Kubo et al., 2002; Terakawa &

Matsu’ura, 2010) and the large temporal variation of

them caused by the active seismicity including the

2011 great Tohoku earthquake (Asano et al., 2011;

Yoshida et al., 2015).

Figure 1
Schematic diagrams to grasp qualitative characteristics of ongoing seismic activity from the catalog of moment tensor solutions (a) to date and

(b) in this study
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2. Data and Methods

2.1. Dataset

National Research Institute for Earth Science and

Disaster Resilience (NIED) has developed and man-

aged the broadband seismograph network in Japan,

F-net (Aoi et al., 2020; Okada et al., 2004), which

consists of approximately 70 stations nationwide.

Using the F-net waveform data, NIED has been

routinely estimating moment tensor solutions of

earthquakes in and around Japan since 1997 (Aoi

et al., 2020; Fukuyama et al., 1998; Kubo et al.,

2002). In this study, we used the moment tensor

solutions of 15,812 earthquakes (Fig. 2) with a

moment magnitude Mw C 4 that occurred during

2003–2019. In 2003, the construction of the obser-

vation network was nearly completed and F-net

became similar to the current observation system. As

shown in Fig. 2, the spatial distribution of earth-

quakes around Japan is heterogeneous and locally

concentrated for tectonic reasons. The fault mecha-

nisms of earthquakes occurring at similar horizontal

locations vary with depth caused by the difference of

the tectonic stress field and the depth-dependent

thermal condition. In Fig. 2, the plots of the focal

mechanisms overlap each other, making it difficult to

understand the features of focal mechanism distribu-

tion directly from this map, and it is necessary to

spend an inordinate amount of time creating and

reviewing many maps divided by region and time.

The F-net moment tensor catalog has information

on origin time, latitude, longitude, focal depth, and

six moment tensor components. In the F-net analysis,

given the epicentral location of an earthquake on the

unified hypocenter catalog of the Japan Meteorolog-

ical Agency, the focal depth is determined by

choosing the best solution that has the smallest misfit

among several different trial depths. We processed

this catalog into a machine learning-friendly form.

The origin time is originally written in year, month,

day, hour, minutes, and seconds. Because it is

desirable to use time information in a continuous

manner, the origin time was converted to the elapsed

time from 2003–01-01 00:00:00 (UTC). The infor-

mation on six moment tensor components was

decomposed into a double-couple (DC) source and

a compensated linear vector dipole (CLVD) source.

Because the isotropic component is assumed to be

zero in the moment-tensor analysis of F-net, we

neglected it in this process.

From the DC source, we obtained the seismic

moment Mo and Mw as well as the azimuth and

plunge angles of the pressure (P) and tension

(T) axes. Moreover, we projected the DC sources

on the source-mechanism diagram (Kagan, 2005;

Kaverina et al., 1996) of the DC earthquake and

obtained the x and y components of this diagram that

represent the dominant fault-type component (reverse

fault, normal fault, or strike-slip fault) (Fig. 3). A

positive x value indicates that the reverse fault

component is dominant, whereas a negative x value

indicates that the normal fault component is domi-

nant. A large absolute value of x indicates that the

two nodal planes are close to 45�, whereas a small

absolute value of x indicates that one nodal plane is

nearly vertical and another nodal plane is nearly

horizontal. A large y value indicates that the strike-

slip fault component is dominant. Because the x and

y values of the source mechanism diagram are

calculated from the plunge angles of the P, T, and

null (B) axes, information on the strike angle is

removed in the representation of the source mecha-

nism diagram, although that on dip and rake angles is

retained.

From the CLVD source, we obtained the rela-

tionship between the DC and CLVD (ea), which is

represented by the modified spherical cylindrical

projection (j) in the study of Aso et al. (2016). In this

formulation, the DC source without the CLVD is

located on 0, - CLVD without the DC source is

located on - 1, and ? CLVD without the DC source

is located on ? 1. Compared to the Mo ratio of DC

and CLVD that has been popularly used, an advan-

tage of ea representation is that the sign information of

the CLVD source is preserved; however, the infor-

mation on the orientation of the CLVD source is not

included in this representation.

Figure 4 shows the distribution of source param-

eters in the newly developed dataset. The seismic

activity in low-angle reverse faulting earthquakes

became significant after the 2011 Tohoku earthquake,

which was a huge reverse faulting interplate earth-

quake along the Japan Trench. The relationship
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between the azimuth angles of P and T axes is

discontinuous because these parameters are not used

in the dimensionality reduction analysis. There

appears to be little dependence between ea and the

other parameters; therefore, ea is not used in the

dimensionality reduction analysis.

Figure 2
Map of the study area with the focal mechanism of F-net moment tensor catalog in the period of 2003–2019. The color of the focal

mechanisms indicates the focal depth. The broken lines and dash-dotted lines indicate the isodepth contours of the upper boundary of the

Pacific Plate and the Philippine Sea Plate of Slab2 (Hayes et al., 2018) with a 10 km interval

2692 H. Kubo et al. Pure Appl. Geophys.



2.2. Dimensionality Reduction

The dimensionality reduction method is divided

into linear and non-linear approaches. Considering

that earthquake spatial distribution is heterogeneous

and non-continuous and has a non-linear relationship

with the information on source mechanism diagram

(Fig. 4), it is desirable to adopt the non-linear

approach. Herein, we used a recently developed

method of non-linear graph-based dimensionality

reduction, namely, Uniform Manifold Approximation

and Projection (UMAP; McInnes et al., 2018), which

is a novel manifold learning technique for non-linear

dimensionality reduction constructed from a theoret-

ical framework based on Riemannian geometry and

algebraic topology. Although UMAP is competitive

with t-distributed Stochastic Neighbor Embedding (t-

SNE; Maaten & Hinton, 2008) for visualization

quality, it arguably preserves more of the global

structure with a superior run time performance

(McInnes et al., 2018).

From the dataset, five source parameters,

namely, latitude, longitude, focal depth, and x and y

values of the source mechanism diagram, were

embedded in the two-dimensional (2D) space by the

dimensionality reduction of UMAP. Information on

the earthquake magnitude was not used in this

analysis because the use of magnitude information

may lead to the close embedding of an earthquake

pair with a similar magnitude and a different focal

mechanism, and this situation is inconsistent with the

main objective of this study, which is to obtain the

qualitative characteristics of seismic activity corre-

sponding to the tectonic stress field. Information on

the occurrence time was not included here to exclude

the interrelationship of earthquake occurrence such as

the relationship among foreshocks, mainshocks, and

aftershocks. For data preprocessing of UMAP, we

performed axis transformation using principal com-

ponent analysis (PCA; Jolliffe, 2002) for the latitude

and longitude because the spatial distribution of

earthquakes around Japan extends in the northeast-

southwest direction and there is a strong correlation

between latitude and longitude information. Then, we

took the common logarithm of the depth and

standardized the five explanatory components. The

2D dimensionality-reduced components of the

embedding results were standardized so that we

could compare the embedding results of the different

methods. To optimize the hyperparameters of UMAP,

we used the k-nearest neighbor normalized error

(k3n-error; Kaneko, 2018), which was developed to

compare the visualization performance and optimize

the hyperparameters of non-linear visualization meth-

ods using only unsupervised data. The size of the

local neighborhood used for manifold approximation

(n_neighbors) is set to 15, the effective minimum

distance between embedded points (min_dist) is set to

0.25, and the metric to compute distances in high

dimensional space (metric) is set to Euclidean.

3. Embedding by Dimensionality Reduction

The 2D embedding map is shown in Fig. 5a. The

distance in the embedding map reflects the similarity

between earthquakes; that is, the shorter the distance

on the embedding map, the greater the similarity

between earthquakes. The characters A–H in Fig. 5a

indicate the embedding location of the nine selected

earthquakes shown in Fig. 4b and Table 1. The

earthquakes in eastern Japan (Fig. 5a, Events A, B, C,

Figure 3
Source mechanism diagram of focal mechanism (Kaverina et al.,

1996) with gray dots representing the events used in this study.

Gray solid lines are boundaries of strike-slip, normal, and thrust

mechanisms. Plunge angles 30� and 60� for all mechanisms are

denoted by gray broken lines
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D, and E) and those in western Japan (Fig. 5a, Events

G, H, and I) were separately embedded along Com-

ponent 1. Events A and C, which are interplate

reverse faulting earthquakes in eastern Japan, appear

close in the embedding map. Event E is a shallow

reverse faulting inland earthquake in eastern Japan,

and its embedding location is different from those of

Events A and C because of the difference in spatial

location and dip angle. Events B and D are normal

faulting earthquakes in eastern Japan, and their

embedding locations differ along Component 2,

which reflects the variety of their spatial locations

and dip angles. Event F, a normal faulting deep-focus

earthquake occurring in the subducting plate, is

located in the group of earthquakes in eastern Japan

on the embedding map, which is reasonable because

the occurrence of this event was related to the sub-

duction of the Pacific plate. The embedding locations

of Events G and I, which are shallow earthquakes in

western Japan, are adjacent, although these events

Figure 4
Heat map of the dataset of earthquake source parameters newly developed in this study with each histogram. Here, not only the parameters

used in the unsupervised machine learning but also all the parameters obtained during the preparation process are shown

2694 H. Kubo et al. Pure Appl. Geophys.



have different fault mechanism types. The focal

mechanism of Event G is strike-slip faulting, whereas

that of Event I is normal faulting. The reverse fault-

ing interplate earthquake H is embedded far from

Events G and I along Component 2, despite the fact

that the spatial location of Event H is close to that of

Event G compared with Event I.

The relationships between the 2D dimensionality-

reduced components and the five original source

parameters are depicted in Fig. 6. Component 1

strongly corresponds to the spatial location of

Figure 5
a Heatmap of UMAP embedding. b Map plot of the focal mechanisms of the double couple components for nine selected earthquakes shown

in a on the map and their relationship with x and y values of the source-mechanism diagram. The selected events are listed in Table 1. The

color of the focal mechanisms indicates the focal depth. Event A is a reverse faulting interplate earthquake (Honda et al., 2004), Event B is a

normal faulting intraslab earthquake (Suzuki et al., 2009), Event C is a reverse faulting interplate earthquake (Ji et al., 2011), Event D is a

normal faulting inland earthquake (Tanaka et al., 2014), Event E is a reverse faulting inland earthquake (Honda et al., 2005), Event F is a

normal faulting deep-focus earthquake (Kuge, 2017), Event G is a strike faulting inland earthquake (Kubo et al., 2016), Event H is a reverse

faulting interplate earthquake, and Event I is a normal faulting outer-rise earthquake. Gray points in Fig. 5b denote the events used in this

study
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earthquakes and is[- 0.3 for earthquakes in eastern

Japan and\- 0.3 for earthquakes in western Japan.

A large value of Component 1 corresponds to reverse

faulting interplate earthquakes with a low dip angle

along the Japan Trench, whereas a small value of

Component 1 corresponds to normal faulting and

reverse faulting earthquakes in western Japan. Com-

ponent 2 corresponds to the focal depth and x of the

source mechanism diagram. A large value of Com-

ponent 2 corresponds to shallow normal faulting

earthquakes along the Izu-Bonin Trench and the

Japan Trench as well as normal faulting inland

earthquakes in eastern Japan, whereas a small value

of Component 2 corresponds to reverse faulting

interplate earthquakes with low dip angle along the

Japan Trench, which have a deeper depth and steeper

dip angle than events with a large value of Compo-

nent 1. Reverse faulting interplate earthquakes in

western Japan and deep-focus earthquakes also have

a small value of Component 2.

Inverse transformation is useful for the interpre-

tation of dimensionality reduction results, which is

available in UMAP. Figure 7 shows the inverse

transformation of UMAP, in which several repre-

sentative positions of the embedding map are

inversely transformed into the five source parameters.

Here, 15 positions were selected so that the whole

embedding map is sampled uniformly. Shallow

reverse faulting earthquakes in eastern Japan are

classified into Groups 1 and 2. Most earthquakes of

Group 1 are located along the Izu-Bonin Trench,

whereas many events of Group 2 are located in the

inland area of eastern Japan. Event E in Fig. 5 is

close to Group 2. Interplate reverse faulting earth-

quakes in eastern Japan are classified into Groups 3,

4, and 6, which have different horizontal locations

and depths. Events A and C are close to Group 3.

Group 5 consists of earthquakes along the Kuril

Trench of which the reverse faulting component is

dominant. Shallow normal faulting earthquakes in

eastern Japan are distributed in Groups 7 and 8. Event

D is close to Group 7. Shallow strike-slip faulting

earthquakes in eastern Japan are distributed in Group

9. Group 10 consists of intermediate-depth earth-

quakes with a down-dip compressional focal

mechanism (Kawakatsu, 1986) in eastern Japan.

Deep-focus events in the subducting Pacific plate

including Event F are found in Group 11. Groups 12

and 13 include strike-slip faulting and normal fault-

ing shallow earthquakes in western Japan, which

correspond to Events G and I. The adjacency between

Groups 12 and 13 on the embedding map could be

caused by the adjacency of their spatial distribution,

although their focal mechanisms are different. Group

14 includes intermediate-depth earthquakes with a

down-dip compressional focal mechanism around the

islands of Taiwan. Reverse faulting interplate earth-

quakes along the Ryukyu Trench are found in Group

15, which is close to Event H.

These embedding results demonstrate that earth-

quakes with similar characteristics can be projected

on the embedding map by UMAP. The use of UMAP

leads to uniform re-distribution of focal mechanisms

as much as possible on the embedding map, although

the distribution of focal mechanisms is collapsed in

the direct mapping (Fig. 2). On the embedding map,

earthquakes in eastern and western Japan were

embedded separately and further embedded to reflect

their characteristic fault mechanism and focal depth

in each region. The degree of similarity of their

groups was represented as the distance between the

groups on the embedding map. The results indicate

that this map can be useful for intuitively and

objectively understanding the regional characteristics

of earthquake mechanisms and the relationship

among earthquake groups.

Table 1

List of earthquakes plotted in Fig. 5

ID Origin time (UTC) Focal depth (km) Mw Type*

A 2003-09-25 19:50 23 7.9 R, IP

B 2008-07-23 15:26 104 6.8 N, IS

C 2011-03-09 02:45 23 7.2 R, IP

D 2011-04-11 08:16 5 6.6 N, IL

E 2004-10-23 08:56 5 6.6 R, IL

F 2015-05-30 11:23 680 7.9 N, DF

G 2016-04-15 16:25 11 7.1 S, IL

H 2019-05-09 23:48 26 6.2 R, IP

I 2010-05-26 08:53 8 6.4 N, OR

*N normal faulting earthquake, R reverse faulting earthquake,

S strike faulting earthquake, IL inland earthquake, IP interplate

earthquake, IS intraslab earthquake, OR outer-rise earthquake, DF

deep-focus earthquake
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We also performed a dimensionality reduction of

PCA to evaluate the usefulness of the non-linear

dimensionality reduction method (Fig. 8). The

distribution of PCA embedding is highly skewed,

whereas earthquakes are distributed over the whole

region with little bias in UMAP embedding (Fig. 5a).

Figure 6
Relationships between the two-dimensional dimensionality-reduced components shown in Fig. 5a and the five original source parameters in

the UMAP embedding. ‘‘Ascending order’’ means that the higher the value, the later it is plotted in the sort order, and ‘‘Descending order’’

means the opposite
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Moreover, earthquakes in eastern and western Japan

are separately distributed in UMAP embedding,

which is not the case in PCA embedding. Although

the spatial location differs among the three reverse

faulting interplate earthquakes (A, C, and H), they are

concentrated in one place of the PCA embedding.

These results suggest that 2D PCA embedding does

not contain the data structure of the original moment

tensor catalog, whereas non-linear dimensionality

reduction methods such as UMAP are superior in

terms of data visualization of geospatial data

including the moment tensor catalog.

In the dimensionality reduction analysis of this

section, the azimuth information of P and T axes is

not considered for simplicity. Because consideration

of the azimuth information is important to determine

Figure 7
Inverse transformation of UMAP embedding of the five source parameters. The range of the blue circle of each number in the UMAP

embedding was inversely transformed into the five original source parameters, showing the mechanism solution and nodal plane. When

converting the x and y values of the source mechanism diagram to a double couple solution, the azimuth of the P axis is given at 0�. The color
of the circles and focal mechanisms indicates their depth

2698 H. Kubo et al. Pure Appl. Geophys.



the direction of principal stress, the use of the azi-

muth information in our dimensionality reduction

may lead to obtaining new insights into the spatial

variations of focal mechanisms through the explana-

tory analysis. Moreover, there are other source

parameters that were not considered in this study such

as time of earthquake occurrence, earthquake mag-

nitude, and CLVD source. Although the isotropic

component of moment tensor is neglected in the F-net

analysis, some studies have pointed out the impor-

tance of estimating the isotopic component in the

moment tensor analysis (e.g., Menke & Russell,

2020). The finiteness of the earthquake rupture zone

should also be considered in the explanatory analysis

to account for the spatial extent of the effect of an

earthquake, although the source information in

moment tensor catalogs is estimated assuming a point

source. How to incorporate the other information into

the dimensionality reduction is future work.

4. Further Use of Embedding MAP

4.1. Visualization on Temporal Change

A learned model of UMAP can be used to

transform new data into the learned space, which is

useful for understanding the trend change in new

compared to original data. Here, this technique was

applied to the visualization of the different-period

data of seismicity to investigate temporal changes in

seismic activity. First, we prepared a UMAP model

that learned the whole-period dataset (2003–2019),

which is identical to the one used in the previous

section. Then, we passed four datasets belonging to

different periods (2003–2010, 2011–2015,

2016–2019, and 2020–2021) to the learned model

and had it transform them in the learned embedding

map. The data of the first three datasets were included

in the whole dataset, whereas the last dataset was a

new one that was newly derived from the original

catalog of F-net and consisted of moment tensor

solutions of 1447 earthquakes with Mw of C 4 that

occurred during 2020–2021. Figure 9 shows the

embedding results of each dataset. The residual

distribution from the whole-data embedding in each

period (bottom panels of Fig. 9) pertains to the

relative activity of earthquakes in the target period

compared to the whole-period dataset. The relative

seismic activity differs among the four periods, and

we focus on the nine significant positive regions (P1–

P9) in the bottom panels of Fig. 9. In the period from

2003 to 2010, two significant positive regions, P1 and

P2, correspond to the activation of seismic activity

for earthquakes along the Kuril Trench (Group 5) and

shallow reverse faulting crustal earthquakes in east-

ern Japan (Group 2) including Event E. In the period

from 2011 to 2015, three regions are significantly

positive (P3, P4, and P5). P3 primarily corresponds to

the seismicity for shallow normal faulting earth-

quakes in eastern Japan (Groups 7 and 8), whereas P4

and P5 correspond to the seismic activity for reverse

faulting interplate earthquakes along the Japan

Trench (Groups 3 and 6). These trend changes in

seismicity after 2011 have also been reported in

previous studies; Asano et al. (2011) noted that the

occurrence of the 2011 Tohoku earthquake activated

the seismic activity of shallow normal faulting

earthquakes in eastern Japan and reverse faulting

interplate earthquakes along the Japan Trench. In the

period from 2016 to 2019, the seismicity in western

Japan (P6) was active, especially for shallow strike-

slip faulting earthquakes (Group 12), including the

2016 Kumamoto earthquake (Event H) and its

sequence. During 2020–2021, three distinct positive

regions (P7, P8, and P9) were found. P7 corresponds

to shallow strike-slip faulting and normal faulting

Figure 8
Heatmap of PCA embedding. Characters denote the embedding

location of the nine selected earthquakes shown in Fig. 5
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earthquakes in western Japan (Groups 12 and 13), P8

corresponds to shallow strike-slip faulting earth-

quakes in eastern Japan (Group 9), and P9

corresponds to shallow reverse faulting earthquakes

along the Izu-Bonin Trench (Group 1). Thus, the

temporal changes in regional seismic activity can be

visualized via dimensionality reduction of different-

period data with the learned model, which can be

useful for evaluating abnormalities in current seismic

activity compared to that of the past and the objective

detection of changes in the tectonic stress field. Such

time-varying trends would be difficult to find from

the direct mapping of focal mechanisms because of

the overlapping of their plots and the difference in the

amount of data from period to period. Recently, new

focal mechanism catalogs for hundreds of thousands

of small inland earthquakes in Japan have been

developed using machine learning techniques (e.g.,

Uchide, 2020; Uchide et al., 2022). The application

of our visualization method to such a catalog is

expected to enable the objective detection of spa-

tiotemporal changes in the tectonic stress field.

4.2. Similarity Search

Based on the UMAP embedding, we proposed a

new approach to similarity search of earthquakes. In

advance, source information on past earthquakes is

embedded by UMAP to obtain an embedding map

and pre-trained UMAP model. Here, we used the

UMAP embedding as shown in Fig. 5 where earth-

quakes in the period from 2003 to 2019 were

embedded. A given target earthquake was then

embedded with the pre-trained UMAP model, and

the Euclidean distances between the target event and

all past events on the embedding map were calcu-

lated. Based on the distance information, similar

events were selected. Two types of searches were

performed: one with no magnitude limitation (mag-

nitude free) and the other with a limitation of

Figure 9
Heatmap of UMAP embedding of five source parameters (top), normalized heatmap (middle), and residual from the normalized heatmap of

whole data (bottom) in the periods of 2003–2019 (left), 2003–2010 (second from the left), 2011–2015 (center), 2016–2019 (second from the

right), and 2020–2021 (right). The color scale of the heatmaps depends on the total number of events (n) in each period. The normalized

heatmaps are made by dividing the heatmaps by each n so that the effect of the number of events is removed from the appearance of the

heatmaps. In the bottom panels, red color means that the seismic activity of corresponding embedded earthquakes was active compared to that

during the period of 2003–2019 (whole-period data), and blue color means the opposite. Nine significant positive regions in the bottom panels

(P1–P9) are outlined by dashed circles
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magnitude range. In the magnitude-limited similarity

search, the search range of past earthquakes was

limited so that their magnitude was within a magni-

tude ± 0.5 of that of the target earthquake.

Figure 10 shows an example of the result of

similarity search where the target event occurred on

2021-10-07 at 13:41 [UTC] (Mw 5.9), and it was a

reverse faulting earthquake with a relatively deep

depth (68 km). The similarity search selected the past

earthquakes with similar mechanism solutions and

spatial locations to the target event, although the fault

strike varies among the target and selected events.

Approximately 16 years before the target earthquake,

an earthquake of almost the same magnitude (Mw 5.9)

at nearly the same location with a similar fault

mechanism occurred, which was selected as the event

with the top similarity in the magnitude-limited

similarity search. The earthquake similarity search

as shown here is useful for linking recent earthquakes

with past seismic activity to clarify the nature of the

recent earthquakes and rapidly estimate damage area

for them. Although it is possible to directly compare

Figure 10
Results of the similarity search for the event on 2021–10-07 at 22:41 [JST] (Mw 5.9). In top left, event information on the target event (black),

the top three similar events in the magnitude-free similarity search (cyan), and the top three similar events in the magnitude-limited similarity

search (blue) are shown. The top right figure indicates the heatmap of UMAP embedding with the target event (black cross), the top three

similar events in the magnitude-free similarity search (cyan characters), and the top three similar events in the magnitude-limited similarity

search (blue characters). In the bottom left and right figures, the target event and similar events are plotted on the map and the source-

mechanism diagram, respectively. Events in which the distance on the embedding map to the target earthquake is\ 0.08 are also plotted by

gray crosses in the bottom figures
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the source information without using embedded

maps, it is challenging to objectively compare various

types of seismic information with different geophys-

ical units and estimation methods. A weighting for

each source parameter is necessary to comprehen-

sively evaluate the earthquake similarity; however,

this weighting is where the uncertainty of the solution

arises. Our approach using unsupervised machine

learning is superior because the weights can be

learned directly from the parameter distribution of the

dataset.
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