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Based on the data of the earthquake catalog in Azerbaijan and adjacent areas from
2010 to 2023, a procedure for dividing earthquakes into clusters was developed using
the DBSCAN algorithm for Python. In the process of dividing into clusters, a number
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of indicators were used that allowed optimizing the number of clusters and the number
of earthquakes in the clusters. A comparison of the location of earthquake clusters with
tectonic faults in this region demonstrated their high correlation.
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Introduction. Studying the patterns of
earthquake location and their periodicity and
intensity is an urgent task given the danger
and consequences that earthquakes cause
to people, buildings, structures, and various
infrastructure facilities. This knowledge is im-
portant for understanding how earthquakes
occur and is also an integral part of the theo-
retical basis for seismic hazard assessment
methods [Scitovski, 2018]. It is well known
that earthquakes happen in areas located on
the boundaries of tectonic plates and faults
[Scholz, 2019]. These areas should be con-
sidered as complex systems, and such an ap-
proach to their study has recently become
quite widespread. The dynamic behavior
of complex systems is described by statisti-
cal methods. Many models and approaches
to studying dynamic processes in complex
systems have been developed [Holovatch et
al., 2017]. One of the most rapidly develop-
ing methods is the cluster analysis method,
which allows one to group data of seismic ob-
servations algorithmically, reducing the pro-
cedure's subjective [Georgoulas et al., 2013]
component.

Objects and Methodology. In this rese-
arch, we deal with earthquakes in the Cauca-
sus region characterized by strong seismicity
[Tsereteli et al., 2016; Semenova et al., 2024].
In particular, we consider the spatial patterns
of earthquakes in Azerbaijan and adjacent ar-
eas from 2010 to 2023. The earthquake cata-
log is clustered using the DBSCAN algorithm
[Scitovski, 2018]. The Silhouette index is used
for quality control as it provides the optimal
number of clusters. The clustering result is
not unique, so a similarity index, i.e. the Ad-
justed Rand Index (ARI), is used to compare
different partitions.

Results and discussion. Using the catalog
[ISC, 2024], the set of earthquakes containing
6201 readings is extracted. We will use a seis-
mic event's latitude, longitude, and depth. To
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get better results, it is recommended to that
the data be pre-processed. To do this, we scale
not all variables but only the depth according

to the relation ZJ- =2z; Z‘Zj‘ . The number of

earthquakes with a maénitude greater than
5.5 was also extracted from the catalog. The
epicenters of earthquakes are located be-
tween 38° and 42° N and 45° and 50° E. The
spatial patterns of the selected earthquakes
are shown in Fig. 1, a, where the earthquake
depth is marked in color. For the cluster anal-
ysis, we use the DBSCAN algorithm. It is a
density-based procedure governed by two in-
trinsic parameters — € and min_samples. This
algorithm does not require the pre-definition
of several clusters and can identify clusters of
arbitrary shapes. This is especially important
for seismic analysis. The result of DBSCAN's
work is the set of clusters accompanied by a
set of unclassified points (noise points). The
cluster testing procedure is implemented us-
ing the sklearn.cluster in Python.

Thus, selecting the parameter ¢ from the
range (0.1; 1.1) with a step of 0.1 and the pa-
rameter min_samples from the range (25; 151)
with a step of 10, we evaluate different par-
titions of the catalog into clusters. A valida-
tion index was applied to roughly evaluate the
clustering results. Among many indices, we
choose the Silhouette Index (SI), which ap-
proaches maximum when all clusters are well
separated and dense enough. It varies from -1
(poorly classified elements) to 1 (perfect clus-
tering). According to the dependence of ST on
the number of clusters (Fig. 1, b), SI grows for
the small number of clusters, achieves its local
maximum at 5 clusters, and then decreases.
Note that the same number of clusters can
be evaluated for different parameters and
min_samples.

Omitting the cases of the small number of
clusters, let us consider the partitions with
5—38 clusters in more detail. The DBSCAN's
parameters for themare written in Table.
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Fig. 1. The distribution of the earthquake epicenters in the selected region (a). The color bar marks the depth of
earthquakes from 0.1 km (dark color) to 90 km (light color) (b). The dependence of SI on the number of clusters.

Here, 1b_88 and Ib_81 mark the clustering cases.

The parameters of the DBSCAN algorithm

N 5(Ib_88) | 6(1b_74) |7 (Ib_62)|8 (Ib_81)
€ 0.4 0.3 0.3 0.4
min_sam-| 45 145 85 105
ples

Like most indices, SI cannot conclusively
confirm the correctness of clustering due to
its limitations. Therefore, we deal not only
with cases when SI reaches a maximum but
also with cases close to it.

In particular, for N=6 and N=7, we only take
cases with maximal SI because SIis not high
enough (for N=6) or SI is positive for a single
case (N=7). When we consider the partitions
containing five clusters (N=5), we analyze the
case labeled 1b_88 and, in addition, cases that
satisfy the constraint SI>0.1. There are four
such cases, as shown in Fig. 1, b. Similarly,
considering the partition consisting of N=8
clusters and the constraint SI>0.2, we obtain
9 cases.

To quantify the differences between the
four partitions selected for N=5, we apply ARI,
which measures similarity between two clus-
terings. This can help us to reduce the num-
ber of partitions that need to be separated.

ISSN 0203-3100. Geophysical Journal. 2025. Vol. 47. Ne 2

ARI ranges from -0.5 (especially discordant
partitions) to 1 (identical partitions).

The results of ARI evaluation for a pair of
clusterings are presented in Fig. 2, a in the
matrix form. The captions of the rows and
columns refer to the partitions for which ARI
is evaluated. The evaluated ARl is in the cor-
responding cell. Thus, ARIs for identical par-
titions are equal to 1 and depicted in dark
colors, while other combinations yield smaller
ARIs and are represented in lighter. We see
that for the pair 1b_88 and 1b_79, the ARI is
0.668; for the pair 1b_75 and 1b_73, the ARI
is 0.981.Therefore, the selected partitions are
highly similar. Other pairs are less similar
since their ARIs are around 0.3.

In the same way, the 9x9 ARI matrix is cal-
culated for partitions of eight clusters (N=8)
(Fig. 2, b). Note that all ARIs are greater than
0.54 (thus, the selected partitions are highly
similar).

Thus, we select the partition 1b_88 for N=5,
the partition Ib_62 for N=7, and the partition
Ib_81 for N=8. We map these cases (Fig. 3),
where the noise points are eliminated. In ad-
dition, the map also shows the network of
faults and locations of the strongest earth-
quakes (M>5.5). Analyzing Fig. 3, we can con-
clude that the sections correlate well with the
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Fig. 2. Adjusted Rand Index for the 5-cluster partition (a) and 8-cluster partition (b).
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Fig. 3. The partitions containing 5 (a), 7 (b), and 8 (c) clusters. The solid curves mark faults. Black bullets corre-

spond to the region's strongest earthquakes (M>5.5).

fault network and the distribution of strong
seismic events.

Conclusion and perspective. In this re-
search, the earthquake clustering procedure
is developed using cluster analysis tools. In
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particular, earthquakes in Azerbaijan and
adjacent areas from 2010 to 2023 were con-
sidered. The catalog of earthquakes as a da-
taset of elements characterized by longitude,
latitude, and depth was divided into clusters
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via the DBSCAN algorithm. The application
of the algorithm provides a variety of parti-
tions into clusters depending on the intrin-
sic algorithm's parameters. To validate the
DBSCAN results, the Silhouette Index was
used to identify the appropriate clusterings
with maximal Silhouette Indices. After this,
the final clustering of the earthquake cata-
log is still not unique. The further applica-
tion of the Adjusted Rand Index showed that
some partitions are similar and almost indis-
tinguishable. Another auxiliary criterion for
determining the correct clustering of earth-
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3aCcTOCyBaHHSI KAQCTEPHOI0 aHaAi3y A0 BUBYEHHH
IIPOCTOPOBUX IIaTEPHIiB 3eMAeTPYCiB A3epOanipKaHy
Ta IIPUAETAUX TEPUTOPIN

C.I CKypaTiBCme/"II, C.B. MI/IKYA}IKI, FO.B. CemenoBa’, K.C. CKypaTiBCbKaz, 2025

1IHCTI/ITyT reocizuku im. C.I. Cyo6orina HAH Ykpainu, Kuis, YKpaina
2YHiBepCI/ITeT ITapoBmy, IlapoBa, ITaria
Ha mipcTaBl AGHMX KaTaAOTy 3€MAETPYCIiB B A3epOaiakKaHi Ta MPUAETAUX AO HBOTO
paiioHiB 3a nepiop 3 2010 mo 2023 p. po3pOOAEHO IIPOLEAYPY PO30OUTTS 3€MAETPYCIB Ha
KAacTepu 3 BUKOpUcTaHHAM aaroputmy DBSCAN aag Python. V nponeci po3ourrs Ha
KAQCTEPU BUKOPUCTOBYBABCA PsA IHAMKATOPIB, Ki AAAM 3MOT'y OIITUMIi3yBaTH KIABKICTb
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KAAQCTEePIB i KIABKICTb 3eMAETPYCiB y KaacTepax. [TopiBHAHHSA pO3TalllyBaHHS KAACTEPiB
3eMAETPYCIB 3 TEKTOHIYHMMHU PO3AOMAaMHU B IIbOMY PErioHi IPOAEMOHCTPYBAAO 1X BUCOKY
KOPEAAIIITO.

Karo4oBi croBa: 3emaerpycH, AsepbaiipkaH, KracTepusaliisg, aaroputM DBSCAN,
MeperKa PO3AOMIB.
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