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Abstract: An earthquake cycle can cause meters of displacement on the surface and at Global
Navigation Satellite System (GNSS) stations. This study focuses on the identification of GNSS stations
that have significant displacement because of a Mw 7.0 earthquake near Samos Island on 30 October
2020. The S-transformation method is used to examine 3D, 2D and 1D coordinate systems along with
threshold and statistical test approaches. The highest coseismic offset among the 21 GNSS stations is
displayed by SAMO, and CESM, MNTS, IZMI and IKAR also experience significant displacement.
Significantly displaced stations are successfully identified in both 3D and 2D analyses. In the up
component, SAMO is the only unstable station. The coordinate S-transformation method can be used
in detecting unstable points in a GNSS network and provide valuable information about the effects
of an earthquake on GNSS stations.
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1. Introduction

Stability analysis has a crucial role in deformation surveys for being sure of reliable
and accurate measurements. In the context of GNSS deformation, monitoring stations
measure the coordinates of stations on the Earth’s surface with high accuracy. These
stations are typically established at man-made structures or engineering projects as well
as regions prone to seismic activities. Repeatability measurements involve the repeated
measurement of the same GNSS station over multiple epochs to detect any changes or
deformation in the monitored station or area [1,2]. Reliable points away from deformation
are needed to determine the deformation that occurs in an absolute measuring network [3,4].
Reliable points or datum points should be selected delicately to conduct an analysis of
deformation. These reference points are chosen to be fixed in deformation analysis. These
points serve as stable references to detect changes in the monitoring area with repeated
measurements; therefore, the stabilization of reference points directly affects the results [5,6].
However, if a reference point is unstable or experiences deformation itself, utilizing this
point as a reference can lead to distorted results. This will bias the results so that actual
deformation cannot be detected. As a consequence, the selection of stable reference points
is of importance to ensure the integrity and validity of deformation analysis. Therefore,
reference points should be checked first, and any unstable points should be excluded.

To determine single-point displacement, different approaches have been tried in the
literature, such as the Gauss—-Markov method, the implicit hypothesis method, robust
estimation methods [7], the similarity transformation (S-transformation) method [8] and
Msplit estimation [9-11]. Besides this, Aydin [12] studied the power of the global test in de-
formation analysis, Jafari [13] used a Bayesian approach in stability analysis of monitoring
networks and Zienkiewicz [14] used squared Msplit estimation to identify unstable refer-
ence points. Among these research methods, S-transformation is a widely used approach
for researchers and engineers because of the simplicity and independence of datum points.

Lim et al. [15] worked on a monitoring network comprising seven stations, with four
IGS stations serving as reference points and three local CORS (Continuously Operating
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Reference Stations) from ISKANDARnet as test objects. They tested reference stations
with iterative weighted similarity transformation (IWST) and subsequent deformation
analysis using S-transformation, and concluded that no significant movements exceeding
the threshold were observed at the reference stations.

Guo et al. [16] developed the “threshold approach” and “statistical test approach”
based on a model of coordinate S-transformation to evaluate the stability of datum points
in a first-order GNSS deformation monitoring network. The goal of the research is to assess
the effectiveness and advantages of applied approaches in confirming the stability of the
reference stations. The proposed method has the advantage of simplicity of calculation, and
the results are insensitive to the choice of datum points. Furthermore, it ensures the unity
of the reference framework and reference epoch; in other words, the proposed method is
independent of the specific reference point or the time at which the measurements are taken.

Even-Tzur [17] suggested an algorithm based on sensitivity analysis of a network
in the north of Israel, where the method is investigated against the Simple Transform
Fault and the Locked Fault models. This shows that sensitivity analyses can be made
not only on human-made objects but also on earthquake-related studies. In a tectonic
sense, interseismic, coseismic and postseismic displacements on the crust alter due to strain
accumulation on a fault or the magnitude of an earthquake. Active faults in Turkey can
generate Mw > 7 earthquakes [18,19]. The North Anatolian Fault (NAF), East Anatolian
Fault (EAF), Oliideniz Fault, and Cyprus and Hellenic arcs are the main active faults in
Turkey [20]. North-south extension due to the subduction zone in the Hellenic Arc causes
Aegean fault systems to fail, like the north-dipping E-W trending fault of the Samos earth-
quake, which happened on 30 October 2020 [21,22]. The Mw 7.0 earthquake that happened
offshore Samos Island (Greece) hit the eastern Aegean Sea and the vicinity, especially Izmir
city (Turkey), and caused loss of lives and a lot of damage. Furthermore, this devastating
normal-faulting earthquake led to landslides, tsunamis and surface displacement.

Characteristics of the Samos earthquake were analyzed by researchers using seismic
data [23,24], a combination of INSAR and GNSS [25] and joint seismological and geodetic
data [21,26-30]. Papers that include coseismic surface deformations derived from GNSS
data generally used continuous stations [21,25-28]. Several research papers contain both
survey and continuous GNSS data [29,30]. Here, I only used continuously operating
reference stations to calculate coseismic deformation, and the result is compatible with
the literature.

In this paper, a network of continuous stations located approximately 200 km around
the earthquake epicenter was processed, and the stations that have significant coseis-
mic offsets were identified with ordinary least squares (LS) S-transformation, also called
the “Helmert-transformation” [7]. There is no need to perform a global test before S-
transformation here to see if the network has undergone deformation [3] because an
earthquake with a magnitude of Mw 7.0 is enough to slip the Earth’s surface by meters.
Therefore, S-transformation is used with two approaches, the statistical test approach and
the threshold approach, to identify unstable continuous GNSS stations. In this paper, I
used the method that was developed by Guo et al. [16] to detect GNSS stations that have
significant coordinate deformation in an earthquake’s vicinity.

2. Materials and Methods
2.1. S-Transformation

Conversion of a three-dimensional coordinate system into another reference frame
or coordinate system acquires seven parameters: three parameters for the translation or
shift of the origin between two coordinate systems for each axis, three parameters for the
rotation of one coordinate system into the other around each axis and a scale factor for
any scale differences between these systems. The S-transformation model for transforming
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3D cartesian coordinates with seven parameters in matrix format is carried out using the
following formula:

X’ ty 1 & =& [X
Y| =|t|+A+k)|-E 1 Ex | |Y (1)
VA t, & =& 1 ]|z

where ty, t, and t; are shift parameters; £y, £, and &, are rotation parameters; and k is the
scale factor. The first thing to do is to estimate these parameters using two measurement
cartesian coordinates (X', Y/, Z' and X, Y, Z). If the number of common stations is more
than three, LS adjustment can be used for estimating seven parameters [16].

The least squares method for this transformation in matrix form is represented by
Equations (2) and (3):

o
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where 9(n x 1) is the residual vector, A(n x u) is the design matrix and £(u x 1) is
the parameter vector, where n denotes the number of observations and u the number of
parameters. The residual vector plays a very important role both in hypothesis testing and
the threshold approach.

Hypothesis testing is a statistical test that determines whether the sample values
confirm a hypothesis or whether the hypothesis will be accepted. A null hypothesis and an
alternative hypothesis are created, and the likelihood that the observed data would support
or reject the null hypothesis is assessed using statistical tests in Equations (4)—(7):

Hy :E(I) =0, Hy :E(I) #£0 4)

where Hj is the null hypothesis and Hj is the alternative hypothesis.
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where Q.. is the cofactor matrix of the residual vector, sy is the standard deviation of unit
weight, T} is a test value and 771, /> is a critical value [31].

If T; < T¢1_4,/2, the null hypothesis is accepted, which means that all the stations are
stable at the « = 0.05 significance level. If T; > ¢, />, the null hypothesis is rejected; in
other words, the alternative hypothesis is accepted, which means that there is at least one
station that is unstable at the significance level.

The threshold approach is a statistical method to assess whether a value exceeds a
threshold or a critical value. Here, the threshold values are residuals which represent in
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Equation (8) the differences between the second epoch measurements and the transformed

first epoch measurements.
vigth*,/UiZH—i—afl 8)

where v is the residuals whilei = X, Y, Z, P [16]. Note that the residuals should be
absolute values. X, Y, Z are the coordinates, P represents the point and the variance of P

: 2 _ 2 2 2
1SO'P—0'X+0'Y—|—0'Z.

2.2. Data and Process

Data from 21 continuously operating GNSS stations in Turkey and Greece (Figure 1)
were gathered to analyze the deformation field. Permanent stations in Turkey are from the
CORS-TR network, and a local network works in the earthquake’s vicinity. In Greece, data
from NOA (National Observatory of Athens) and the private company Metrica S.A. are
used. The data are continuously operating GNSS data which are available 24 h a day, with
30 s intervals of gathering signals from GNSS satellites. Figure 1 illustrates the locations
of the continuous stations with brown triangles. As seen in Figure 1, even though the
earthquake happened in the sea, there are lots of GNSS stations that make it possible to
analyze the earthquake’s characteristics because of the islands surrounding the area.

GNSS data were processed using GAMIT/GLOBK (v10.71) GNSS software [32] with
the strategy of Ozarpaci et al. [33]. At first, GNSS phase observations from each day were
used to estimate station coordinates with loose constraints. Estimation of these coordi-
nates involved IGS data that link regional and global networks. In the next step, loosely
constrained estimates were used as quasi-observations to obtain consistent coordinates by
combining IGS stations. A coordinate was determined from data collected throughout the
day in 30 s intervals, and this is referred to as a daily coordinate. After estimating the daily
coordinates of GNSS stations, the coseismic offsets associated with the Samos earthquake
were calculated as the differences between coordinates before and after the earthquake
(before 30 October and after). The standard deviations were computed using the error
propagation law.

0km ,—; 100 km 200 km
25 2(7» ) 27 N ) 28 ) 29°

Figure 1. Map of the 2020 earthquake along with continuous GNSS stations. The yellow star indicates

the epicenter of the Mw 7.0 Samos earthquake and the green beachball illustrates the point source

mechanism solution of the U.S. Geological Survey (USGS). Brown triangles illustrate the GNSS
stations and the thin black lines show active faults in Turkey [34].
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The Samos earthquake happened on 30 October 2020 11:51 UTC time in the Aegean
Sea. Table 1 gives focal mechanism solutions from different agencies for this event.

Table 1. Samos earthquake focal mechanism solutions [22].

Agency Long Lat Mag Depth Strike Dip Rake Strike Dip Rake
AFAD 26.794 37.902 Mw6.9 17 km 95 43 —87 270 46 —91
USGS 26.79 37.918 Mw?7.0 21 km 93 61 -91 276 29 —88

3. Results and Discussion

Table 2 represents the 3D (XYZ) coseismic displacements of the GNSS stations along
with their uncertainties. As expected, the SAMO GNSS station, located closest to the
earthquake’s epicenter (as shown in Figure 1), experienced the highest displacement, and
CESM, MNTS, IZMI and IKAR follow SAMO.

Table 2. Coseismic XYZ displacements and st. deviations derived from GNSS measurements.

Station Name  dx (mm) dy (mm) dz (mm) oix (mm)  ozy (mm) 047 (mm)
ASTY —243 —6.82 —8.84 13.04 7.09 9.71
AYD1 —-1.91 —3.05 3.14 12.23 7.30 9.65
AYDN —10.11 —7.58 —4.17 10.37 6.24 8.25
AYVL —1.03 —2.37 6.06 8.61 4.86 7.09
BOZD —7.10 —6.33 —0.43 10.62 6.65 8.42
CESM —21.87 —26.18 42.38 10.37 5.79 8.19

DIDI 0.69 —2.63 —6.40 10.70 6.25 8.18
DIDM —11.65 —5.50 —17.56 12.21 7.08 9.55
IKAR 23.70 —4.45 —22.85 11.77 6.67 9.52
1ZMI —24.42 2.06 28.47 9.74 5.64 7.75
KALY 0.41 0.86 —12.33 12.07 6.77 9.07
KIKA —2.83 0.03 4.24 9.36 5.84 7.88
LESV —6.94 —4.53 6.66 12.38 6.78 9.99
MNTS —31.72 —11.77 35.76 9.26 5.27 7.32
MYKN 0.25 —2.00 —2.07 10.42 5.35 7.76
NAXO —2.06 —6.09 —4.14 11.04 5.74 8.15
PAMU —15.35 —9.92 —10.72 11.88 7.59 9.86
PRKV —4.30 —-3.69 3.45 8.99 4.98 7.35
RODO 1.44 —6.55 —0.03 13.54 8.46 10.18
SALH —6.01 —3.89 —0.97 10.72 6.21 8.41
SAMO 290.44 75.35 —236.92 13.79 8.03 11.05

dx, dy and dz are displacements in the X, Y and Z components; 0%, 04y and 0,7 are standard deviation values
for the displacement in the X, Y and Z components.

Stability analysis of GNSS stations was first performed by analyzing 3D Cartesian
coordinates of the stations the day before and after the earthquake. In the initial iteration,
with hypothesis testing, it was determined that the SAMO GNSS station was unstable.
The analysis was repeated after excluding SAMO, and the CESM station was found to be
unstable. By repeating the same procedure until no unstable stations remained, MNTS,
IZMI and IKAR were identified to have significant displacements. Figure 2 displays the
hypothesis testing process iterations, represented by various colors and corresponding
geometric symbols. The text values of the stations that exceed the critical values, which
provide quantitative evidence of substantial movement, indicate that those particular
stations have significant displacement.
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Figure 2. XYZ hypothesis testing results based on coordinate S-transformation model. Each iteration
is represented by a different color and geometric symbol, while a corresponding dashed line indicates
the critical values for that specific iteration.

In Figure 2, all iterations are presented simultaneously. All station data used in the first
iteration are indicated by red triangles. Following the first iteration, the SAMO station was
removed; therefore only the first-iteration T values for that station are available with red
triangles. For the second iteration, all stations are denoted by stars. In the second iteration,
the CESM station was found to be unstable, exceeding the critical value, and was therefore
removed. Stations exceeding the critical value were removed after the corresponding
iteration until no unstable stations remained.

Applying the threshold method based on the coordinate S-transformation model
confirmed the instability of the same stations for 3D cartesian coordinates. In Figure 3, red
triangles represent the residuals and light blue circles represent the double value of the
square root of the sum of the variances. If the residual exceeds the double value of the
square root of the sum of the variances of a component of a station, this means the station
is unstable. However, in the first stage, the model identified several stations and even
stable ones (SAMO, CESM, MNTS, IZMI, NAXO and RODO). A single-point deformation
presence on a network can contaminate not only the estimated parameters but also the
residual vector; therefore, locating single-point movements can be difficult or sometimes
impossible [7]. The large coseismic offset at the SAMO station made it difficult to identify
the IKAR station as unstable in the first stage and to include stations with no significant
displacements. By excluding the SAMO station, the model was repeated, successfully
capturing the deformation at the IKAR GNSS station, while confirming the stability of the
other stations (NAXO and RODO). Even though all the unstable stations were determined
in the second stage, the author continued to iterate the model, extracting the unstable
stations one by one, until none remained.
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Figure 3. XYZ threshold method initial iteration results based on coordinate S-transformation model.
Red triangles and blue circles represent the residual values and the double value of the square root of
the sum of the variances, respectively.

In Figure 3, the first iteration results are given as an example of the threshold method
in the X, Y, Z components and the P point. Residuals (red triangles) larger than the T values
(blue circles) define unstable points. In the first stage, it is seen that the largest residuals
belong to the SAMO GNSS station with the highest red circles in multiple components.

In a tectonic sense, determining earthquake characteristics and analyzing crustal
deformations are more suitable with a topocentric coordinate system that is aligned with
the Earth’s surface. This coordinate system allows for easy interpretation of displacement
in the north, east and up directions. In Figure 4, the coseismic displacements of the
Samos earthquake calculated using GNSS data are illustrated. Figure 4a,b provides visual
representations of the horizontal (east and north) and vertical (up) coseismic displacements
resulting from the Samos earthquake, respectively.
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Figure 4. Map of GNSS coseismic displacements. Red arrows are the (a) horizontal and (b) vertical
displacements with 95 percent confidence ellipses relative to Eurasia, and black lines are active
faults [34]. The coseismic slip distribution model (a) is taken from Chousianitis and Konca [21].

Figure 4a demonstrates that the horizontal coseismic displacements are dominant,
although vertical offsets are required to fit a proper model [21]. The coseismic slip dis-
tribution model indicates that the slip reaches approximately 2 km from the surface and
particularly in proximity to Samos Island, leading to the largest displacements observed at
the SAMO continuous GNSS station. Horizontal displacements indicate (Figure 4a, Table 3)
significant displacement at five stations (CESM, MNTS, IZMI, IKAR and SAMO) based on
their confidence ellipses, while only SAMO has significant coseismic displacement in the
up component (Figure 4b, Table 3).

S-transformation model-based hypothesis testing using north and east components
identified SAMO as an unstable station in the initial iteration, followed by CESM, MNTS,
IZMI and IKAR. The threshold analysis also identified the same stations as unstable. For
the up component, similar results were obtained, and the two models determined only
the SAMO station as unstable. Regardless of the method used, the results hold true for all
dimensions and with different coordinate systems. It should be noted that these approaches
do not provide displacement magnitudes, but rather determine significant displacements
in GNSS stations. The S-transformation method demonstrates effectiveness in detecting
unstable reference points and GNSS stations significantly affected by the earthquake,
making it suitable for deformation analysis.
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Table 3. Coseismic NEU displacements and st. deviations derived from GNSS measurements.

Station Name Long. E° Lat. N° dp (mm) dy (mm) o4 (mm) o4y (mm) dyy (mm) oy (mm)
ASTY 26.35332 36.54513 —5.02 —4.02 3.37 3.87 —9.45 16.98
AYD1 27.83788 37.84073 -1.79 441 3.80 4.03 —0.53 16.29
AYDN 27.84614 37.84700 —-1.97 437 3.09 3.24 —12.42 13.95
AYVL 26.68618 39.31144 —1.66 5.96 2.40 2.63 2.30 11.63
BOZD 28.31762 37.67294 —2.20 5.33 3.21 3.33 —7.58 14.37
CESM 26.37257 38.30381 —13.73 52.76 3.25 341 1.77 14.41
DIDI 27.26866 37.37213 —2.65 —4.74 3.10 3.49 —4.36 14.10
DIDM 27.27740 37.37335 0.45 —6.16 3.74 3.93 —20.89 16.15
IKAR 26.22423 37.62820 —14.45 —29.97 3.61 3.97 1.32 16.38
1ZMI 27.08182 38.39481 12.93 35.33 2.81 3.09 1.38 13.01
KALY 26.97615 36.95580 0.58 —10.34 3.73 451 —6.81 15.73
KIKA 27.67220 39.10599 1.34 4.88 2.70 2.89 0.74 12.97
LESV 26.55379 39.10008 —0.94 10.39 3.64 4.02 —-2.19 16.42
MNTS 26.71743 38.42658 3.75 49.06 2.60 2.87 —4.12 12.33
MYKN 25.32907 37.44164 —1.92 —1.27 2.79 311 —1.75 13.41
NAXO 25.38117 37.09819 —4.62 —0.60 3.03 342 —6.06 14.15
PAMU 28.54335 37.92378 —1.38 2.76 3.70 3.90 —20.96 16.33
PRKV 26.26500 39.24570 —1.40 6.16 2.46 2.68 —2.07 12.11
RODO 28.16166 36.29260 —6.45 1.05 3.95 4.57 —1.49 17.94
SALH 28.12354 38.48309 —0.60 3.70 3.06 3.37 —6.19 14.27
SAMO 26.70533 37.79277 —63.13 —368.04 421 4.76 86.61 18.34

Long: longitude (E°); Lat: latitude (N°); dg, dy: east and north displacements; ¢, 04N: standard deviations for
east and north displacements; dy;: up displacement; o;: standard deviation for up displacement.

4. Conclusions

This study focuses on the coseismic displacements recorded at numerous stations
during the Samos earthquake. According to the results, vertical offsets and horizontal
displacements both contribute to the overall deformation pattern. Due to its proximity to
the epicenter, the SAMO GNSS station experiences the largest displacement; however, other
stations including CESM, MNTS, IZMI and IKAR also experience significant displacements.

The S-transformation model with hypothesis testing is used to evaluate station stability.
Unstable stations are identified through iterations, and they are excluded from subsequent
analyses until no unstable station remains. Threshold analysis is also utilized and similar
results are yielded.

Additionally, the results obtained from different coordinate systems are compared
and produce consistent outcomes, indicating that the results are independent from the
selected coordinate system. The methods used in the study successfully identify stations
significantly influenced by the earthquake, providing valuable insights for deformation
analysis. Displacements obtained with geodetic methods may provide insights into the
behavior of the underlying faults, the potential for seismic activities and the associated
risks to nearby infrastructures. Additionally, the analysis used in this study may contribute
to the development of more effective seismic hazard models and early warning systems,
ultimately helping to improve resilience and preparedness in earthquake-prone regions.

It should be highlighted that stations with significant displacements can be found by
the analysis, but not their magnitudes. The S-transformation method proved successful in
detecting unstable reference points and stations with significant coseismic offsets, allowing
for accurate evaluation of the earthquake’s effects on GNSS stations.
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