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Abstract: This study analyzes the long-term and seasonal variations in the GPS time series of the SPLT station, located in a seismically active region. By integrating data
on seismic events with a time series of GPS coordinates, we identify coseismic displacements, especially emphasizing the variability of the vertical component. In the
analysis, the Lomb-Scargle spectral method was used to estimate the spectral indices after the detection of seismic events, and to obtain detailed information about the
changes in the spectral characteristics of the series. The results show significant changes in vertical motion, with the largest coseismic displacement recorded on January
13, 2005, during the seismic swarm. Seasonal oscillations significantly affect the vertical components, which suggests the need for precise modelling to reduce inaccuracies.
We also find that seismic activity introduces higher frequency energy into GPS signals, changing the values of the spectral indices, especially in the vertical axis. These
studies highlight the effectiveness of integrating geodetic and seismic data for monitoring crustal deformations and their contribution to a more detailed understanding of

seismic dynamics in the Adriatic basin.
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1 INTRODUCTION

The surface parts of the Earth's crust are in constant
motion and can move significantly horizontally and
vertically. Sometimes changes in the Earth's state happen
instantly, but most changes occur gradually and slowly so
that they are not noticed at all. Modelling of tectonic
movements and quantification of deformations of the
Earth's crust using GNSS (Global Navigation Satellite
System) technology represents an important approach in
the study of geodynamics and seismic activity [5]. Analysis
of time series taken from GNSS stations, especially those
located near tectonic boundaries, provide valuable data for
monitoring deformations of the Earth's crust [3]. These
time series are often analyzed to identify periodic changes
(such as seasonal variations) and temporary events such as
earthquakes [5]. Time series of GNSS coordinates are
sensitive to real-time seismic motions during moderate to
strong earthquakes [9].

The influence of tectonic processes on seismic activity
can be better understood by integrating seismic parameters
and geodetic data [9]. Spectral indices are derived using the
Lomb-Scargle periodogram method. It enables the
identification of periodic components in GNSS data and
their connection with seismic activity [19]. This is the key
to understanding how ground motions are linked to tectonic
stress and earthquakes [5]. Integrating seismic and
geodetic data enables precise monitoring of deformations
of the Earth's crust at both global and regional levels. Tong
et al. [24] calculated interseismic deformation rates along
the San Andreas fault by integrating high-resolution GPS
and InSAR data, enabling a more precise assessment of
potential seismic risks. The study by Mavrommatis et al.
[14] emphasises the importance of long-term geodetic
observation in deciphering pre-earthquake deformation
processes, as seen in the analysis before the 2011 Tohoku-
Oki earthquake. Shen and Liu [23] use GPS and InSAR
data to quantify strain rates in seismically active southern
California, highlighting the association of strain patterns
with upcoming earthquakes. EIGharbawi and Tamura [7]
compare strain data from a single GPS station and an
InSAR source in the context of the 2011 Tohoku-Oki

earthquake, demonstrating the importance of multiple
methods for a more comprehensive analysis of coseismic
displacements.

Kai Liu et al. [10] analyze the post-seismic
displacements of the 2010 Maule earthquake through high
temporal resolution GPS data, which enables a precise
separation of co-seismic and post-seismic deformation
components. Murray and Segall [16] investigate the
spatiotemporal evolution of transient slip on the San
Andreas fault through a detailed analysis of time series
GNSS data. Cheloni et al. [4] analyzes earthquake
mechanisms in Friuli using the integration of geodetic and
seismic data and provides significant insight into seismic
activity and tectonic processes along the Adriatic
microplate boundaries.

One of the main goals of this research is the integration
of time series of GPS data from one station and multiple
seismic events that contain information about the time,
location and magnitude of the earthquake. GPS time series
are crucial for the analysis of crustal deformations, where
spectral analysis is used to identify discontinuities caused
by earthquakes. These time series often contain noise,
which is reduced by various techniques to obtain more
accurate measures of tectonic and earthquake movements.
This research aims to lay the foundations for a deeper
understanding of the interaction between tectonic and
seismic processes in the area of the Adriatic basin.

2 MATERIALS AND METHODS
2.1 Study of the Area

The territory of Croatia, as part of the Balkan
Peninsula, belongs to a seismically active area due to its
geological and tectonic position. The active tectonics of the
Balkans is conditioned by the continuous movement of the
Adriatic microplate towards the northeast. This movement
is a consequence of the pushing of Africa towards Eurasia,
which creates intense deformation and mutual interactions
between local tectonic units [2]. In the global geodynamic
context, the Adriatic microplate is surrounded by major
mountain ranges: the Dinarides in the northeast, the Alps
in the north and west, the Apennines in the west and
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southwest, and the Hellenides in the south. The Dinarides
play a significant role in absorbing and modulating the
movement of the Adriatic microplate, creating complex
tectonic conditions that contribute to the increased
seismicity of the area. The island of Sveti Andrija and the
volcanic island of Jabuka, which are located south of Split
in the Adriatic Sea, represent complex tectonic structures.
The island of Jabuka, with its volcanic origin, results from
magmatic processes shaped by tectonic activities on the
border between the African and Eurasian plates.

Areas like this, located along key tectonic boundaries,
are often affected by seismic events due to the continuous
movement of tectonic plates.

In this paper, a GPS station located in Split, localized
in the research area under the influence of the Adriatic
microplate, is used. Regional tectonic activity, accentuated
by the movement of the Adriatic microplate, makes this
area ideal for studying the relationship between GPS data
and seismic events.

2.2 Input Data

In this paper, the data of the GPS time series of
coordinates of the SPLT station were used, downloaded
from the Nevada Geodetic Laboratory (NGL) internet
service [11], which is known for the collection and analysis
of geodetic data. NGL provides access to a wide database
of GPS data through its MAGNET + Global GPS Network
Map service. The data was collected via a high-precision
GPS receiver that is part of a global network that
continuously records time series data. The technology
enables the monitoring of the surface movement of the soil
with millimetre precision, which is of key importance for
geodetic and seismological studies.

The data used is a time series of GPS coordinates
referring to the IGS14 reference frame established by the
International GNSS Service (IGS) in 2014. Although the
analyzed data refers to the period from May 5, 2004, to
April 2, 2012, all coordinates are expressed in the modern
IGS14 reference frame projected to the 2010.0 epoch,
following IGS reprocessing standards. The use of this
reference frame ensures homogeneity, accuracy, and the
ability to directly compare with other contemporary
geodetic and seismic data, as IGS14 is compatible with
ITRF2014 and includes velocity models that allow
coordinate transformation to the defined epoch.

Earthquake data was taken from the U.S. Earthquake
Catalog Geological Survey (USGS) [25]. The USGS
collects and stores earthquake data around the world,
providing open access to scientists and experts for research
purposes. In this case, the "Search Earthquake Catalog"
was used to obtain the relevant data [25]. The downloaded
data includes all earthquakes with a magnitude greater than
2.5 Mw in the period from May 5, 2004, to April 2, 2012.
These earthquakes were localized in the area of the islands
of Sveti Andrija and Jabuka, as well as in their immediate
surroundings (Fig. 1).

In the period from the end of 2004 to the middle of
2005, an earthquake swarm was recorded. An earthquake
swarm is a series of smaller earthquakes that occur in a
short period in the same region and can significantly affect
the spectral analysis of a GPS station, introducing

increased seismic noise and a series of smaller changes that
can accumulate over time.
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Figure 1 Display of observed earthquakes (drawing by author)

These fluctuations can affect the slope of the spectral
indices and signal changes in seismic activity. To facilitate
data analysis and integration, all seismic events are stored
in JSON (JavaScript Object Notation) format. This data
format is easy to read and interpret and provides easy data
transfer between different systems and analysis tools. Each
recorded earthquake in the USGS catalogues corresponds
to data recorded in the time series of the GPS station SPLT.

2.3 Methods

Fig. 2 presents a flowchart showing the steps of the
GPS and seismic data processing and analysis model. GPS
data goes through a time series cleaning process, then
long-term trends are modelled. After that, the GPS data is
analyzed to identify periodic variations.
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Figure 2 Flow diagram for seismic and GPS data modelling and analysis
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There are two parallel branches after periodic
variations. The first branch leads to the Lomb-Scargle
spectral analysis and gives the final model without
earthquake data, and the second branch leads to the
post-seismic Lomb-Scargle spectral analysis and the final
model with earthquake data. A model structured in this way
enables analysis with and without earthquakes, providing
two different interpretations of the data at the end of the
analytical process.

2.4 Mathematical Model of the Time Series of GPS
Coordinates of the Station SPLT

The mathematical model of the time series of GPS
coordinates consists of a deterministic and a functional
part. The deterministic part of the model refers to long-term
trends and seasonal changes in the data. These changes can
be caused by factors such as annual temperature variations,
atmospheric pressure or other natural phenomena that
systematically affect changes in the position of the GPS
station. The functional part of the model refers to stochastic
components, that is, to random and unpredictable changes
in the data, which remain present even after the
deterministic part is removed.

Before applying the mathematical model, it is
necessary to eliminate outliers, which may arise due to
measurement errors or temporary anomalies in the
environment. Outliers can significantly degrade model
accuracy, especially if they remain unidentified and not
removed from the data set. For this reason, the application
of algorithms for the detection and removal of outliers is a
key step in data preprocessing. The outlier identification
process in this paper includes the application of the
SIGSEG (SIGnal SEGmentation) algorithm, which is a
tool for detecting discontinuities in the GPS time series of
coordinates, originally developed in 1987 by Blake and
Zisserman for image processing [27]. Removal of outliers
in the GPS time series of SPLT station coordinates was
realized using a robust algorithm based on IQR
(Interquartile Range) for identification and rejection
decision level n=3[17]:

(5 ~median(¥;_yy/2. Fisw/2)| > 3 1OR (%imy/2. Fiaws2) (1)

where: 7, - the GPS coordinate value at epoch i, i.e., the

observed point in the time series,
Vi_y/2s Viswsa - DEighbouring values around epoch i, within

a sliding window of width w, and 3-IOR - the outlier
detection threshold: if the deviation from the median
exceeds three times the /QR, the value is considered an
outlier.

To mathematically model a time series of GPS
coordinates, it is necessary to take into account several
different factors that contribute to the overall variation in
the data. A complete mathematical model for a GPS time
series of coordinates for a single position component is
presented [30]:

(%) 7{a+2b }
{Zpl ¢;sin (278, p; )+ dicos (27, /pl))} )
Bt

Sz e

This term describes a complex mathematical model of
a GPS time series of coordinates that includes various
components that model both smooth variations of
coordinates over time (trends) and periodic variations and
impulsive events such as earthquakes. The first part of the
model is a polynomial model used to describe the long-
term trend and non-linear variations in time series data

where: y(ti)— the value of the time series at the time ¢, ,

a - constant that represents the initial value or average
value, b, - polynomial coefficients that represent unknown

parameters that define the shape of this trend and
f, - reference moment (eg the beginning of observations).

The second part models seasonal (periodic) variations,
such as seasonal oscillations or other periodic phenomena
that often occur in GPS data, usually due to atmospheric
effects. The periodic components are expressed through
sine and cosine functions with periods p;, while ¢; and d,

are the amplitudes of the sine and cosine components of
these oscillations for the corresponding period.

The third part models jumps in the time series. Jumps
can be the result of geophysical events such as earthquakes,
changes in GPS instrumentation or some other

discontinuities where: H (tl» —ly; ) — Heaviside's function

that includes the signal at the time tg]. . This part models

impulsive changes in the time series, such as sudden jumps
caused by earthquakes or other sudden changes and
g; - amplitude of the jumps at the time tgj .

The fourth part models the slow, gradual change that
can occur after an event such as an earthquake. The

coefficient ¢, determines the base value after the change,

AHis the amplitude of the change. The logarithmic
function describes the slow recovery or stabilization over

time after the change occurs, f,, is the moment when the

change started and 7 represents a time constant that
determines the speed of system adaptation, i.e. the speed
with which the effect of the earthquake decreases or "dies"
over time. A higher value 7 indicates a slower recovery
process after an earthquake.

The fifth part presents noise or measurement errors
that are not modelled by the previous parts. Noise is usually
random and may be due to atmospheric disturbances,
instrumental errors, or other sources of variability in the
data, describing residual random or nonlinear effects.

Defining a periodogram or spectral analysis of a time
series is used to detect dominant frequencies within a series
of data. Spectral density estimation is very important in
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seismology, especially before and during seismic events,
because it provides insight into ground movements and
internal mechanisms of tectonic activities. Time series of
GPS coordinates are often unevenly sampled, which is a
challenge in analysis. In the paper, the Lomb-Scargle
model was used to estimate unevenly sampled data and it
represents the basis for estimating the power spectral
density P.(w) as a function of frequency o [12]:

zw( S 3)
| [yt -]
ésinzw(lj -7)

where: P.(w) - power spectral density as a function of

frequency w and measures how much variation there is in
the data at different frequencies, y; - observed value of the

time series at the moment #;, y - mean value of the time

series, w - the frequency for which the power spectral
density is calculated, N - total number of observations in
the time series, 7 - time phase shifting the cosine and sine
functions, to achieve an optimal fit between the periodic
data components and the cosine and sine functions.

The spectral index « 1is used to describe how the
spectral power decreases with frequency in the time series:

o= dlogP(w) 4)
dlogw

The spectral index o can indicate the nature of the
process that generates these data and is divided into Fractal

Brownian motion (—3<a<—1) and Fractal Gaussian

motion (—1<a<+l), which are usually geophysical

phenomena in the range —3 < o <—1 [1]. Special cases of
spectral indices are the special cases of uncorrelated white
noise (a =0), flicker noise (a =-1) and random walk
noise (@ =-2).

3 RESULTS OF NUMERICAL RESEARCH
3.1 Time series of GPS coordinates of SPLT station

The original GPS-contaminated time series of SPLT
station coordinates (Fig. 3) illustrates position changes in
the E, N and Up components in the period from May 2004
to February 2012. The total number of epochs (daily
resolution) is 2839, with gaps of 1.7%. As can be seen,
there are no significant anomalies except for a few outliers
that may be the result of interference or technical problems.
The northern and eastern components show a linear trend
of constant movement towards the north and east through
the culvert. The up component shows significantly less
stability compared to the horizontal components.
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Figure 3 GPS time series coordinates for station SPLT

3.2 Detection and Removal of Offsets and Outliers from
GPS Coordinate Time Series

The displacements identified in the SPLT time series,
as shown in Fig. 4, show different amplitudes. Using the
SIGSEG algorithm allows us to identify and remove
irregularities in the data. It can be particularly useful in the
context of earthquake or post-seismic displacement
detection, where sudden changes in GPS data are crucial.
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Figure 4 Offset detection for station SPLT using the SIGSEG algorithm

Tab. 1 shows the data before and after discarding gross
errors, that is, all data in the SPLT time series whose
deviation was three times higher than the value of the
standard deviation on the entire time series sample
according to (Eq. 1).

The process of removing gross errors improved the
quality of the data. The percentage of gaps in the time
series increased, but anomalies that could distort long-term
trends, especially in the vertical component, were
removed.
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Table 1 Data availability and gaps in time series before and after cleaning

GPS time series coordinates for station SPLT

Contaminated time series Cleaned time series

Epoch 2839 2740

Gaps / % 1.7 52

3.3 Modeling the Basic Long-Term Trend and Seasonal
Changes in GPS Time Series

Fig. 5 shows the time series of coordinates of GPS
station SPLT for all three components N (North), E (East)
and Up, and their movement during the period from 2004
to 2012. The North and East components clearly show a
linear trend towards the north and east. This suggests
continuous tectonic activity. The vertical component
shows much greater variability and does not follow a linear
trend as the horizontal component.
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Figure 5 GPS station SPLT: long-term trends and seasonal variations

Tab. 2 shows the results of GPS station SPLT,
including WRMS (Weighted Root Mean Square), semi-
annual and annual variations, as well as estimated
velocities in the IGS14 frame. WRMS represents the
average deviation between observed and predicted values,
using weights for each value.

Table 2 The results of station velocity SPLT including WRMS, semi-annual and
annual variation and estimated velocity in the IGS14 frame

Solution SPLT
North East Up
component | component | component
WRMS /mm 1.61 2.82 4.72
Velocity-IGS14 / mm/yr | 17.76 + 0.01 | 21.73 % 0.02 | 0.02 £ 0.04
Semi-ann. /sin 0.13+0.04 | 021%0.08 | 034+ 0.13
mm
Semi-ann. / cos 027+ 0.04 | —0.06£0.08 | 0.18% 0.13
mm
Ann. /sin 029+ 0.04 | —0.93+0.08 | —1.17+ 0.13
mm
Ann. / cos 025+0.04 | 1.03+0.07 | —-1.82+ 0.13
mm

The northern component has the smallest WRMS
value of 1.61 mm, while the vertical component shows the
largest uncertainty with a value of 4.72 mm. WRMS
provides useful information about the stability of
measurement results over time and helps to assess the
reliability of the measurement system. Low WRMS values
show more consistent and reproducible measurement
results, indicating higher precision of the measurement
system. The SPLT station moves towards the northeast,
while the vertical component is almost unchanged.
Semi-annual and annual oscillations are present in all
components but are most pronounced in the vertical
component. Seasonal oscillations are most pronounced in
the annual components and show significant changes in
position during different seasons, especially in the vertical
component (—1.82 £ 0.13 mm for the cosine term).

3.4 Identification and Quantification of Coseismic
Movements of the GPS Station SPLT

By applying a complex mathematical model and parts
related to the Heaviside function and the gradual change
model for w = 1, the coseismic displacements of the GPS
station SPLT were quantified (Fig. 6).

Identification and quantification of coseismic movements of
the GPS station SPLT

Coseismic movements of the GPS
station SPLT

8.7.2008
4.4.2008

2.2007
1.6.2004

T T M on = =N

1
25,

Day of the year

—e—North component [mm] East component [mm] =e=Up component [mm]

Figure 6 Coseismic movements of the GPS station SPLT (North component,
East component and Up component)

The maximum coseismic displacement was identified
on January 13, 2005, and represents the largest seismic
event within the seismic swarm. All three components are
stable until the moment of increased seismic activity when
there is a clear jump in displacement values. The largest
displacement was recorded in the East component
(approximately 25 mm). Such data enable precise analysis
of earthquake dynamics and risk assessment of future
events, which is of crucial importance for the protection of
infrastructure and human lives.

3.5 Coefficients of Spectral Indices of Time Series of GPS
Coordinates

The importance of spectral indices is reflected in the
detection and characterization of crustal movements and
seismic activity. It is particularly useful for analyzing how
a GPS station reacts to tectonic stress and how these
changes are manifested in the frequency domain. Using the
Lomb-Scargle periodogram, the periodograms for all three
components of the SPLT station position were calculated
and displayed (Fig. 7). Spectral indices, without including
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data on earthquakes, contain key information about energy
distribution in different frequencies. The spectral index for
the northern component is —1.62+0.02, for the eastern
component 1.64+0.02 and the wvertical component
—1.53+0.03. These indices indicate how the energy of the
time series is distributed depending on the frequency.
Negative slopes indicate that energy decreases with
increasing frequency, which is common for natural
processes, where lower frequencies contain more energy,
while higher frequencies refer to faster oscillations and
smaller displacements.

SPLT Fit Spectrum

101 — north
—— north —1.62 + 0.02
—— east
—— east -1.64 0,02

.. — uwp
\ — up -1.53%0.03

1077 o 10° 10!
Frequeeny

Figure 7 Spectral indices of the GPS station SPLT.

Fig. 8 shows the estimated spectral indices for the
north, east and elevation components for each earthquake
for which the coseismic movements of GPS station SPLT
were identified and quantified. Negative values of spectral
indices indicate the dominance of low-frequency
components in the spectrum, which is often associated with
long-term or post-seismic ground movement. Spectral
indices of seismic activity and earthquake magnitude are
related, but not directly. The magnitude of the earthquake
measures the total amount of energy released, while the
spectral analysis provides insight into the distribution of
that energy by frequency.
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Figure 8 Spectral indices of GPS station SPLT for days of the year

Fig. 9 presents one of the spectral indices with
included data on the earthquake (January 13, 2005) and
shows changes in the time series of GPS coordinates due
to the seismic event. Spectral analysis with included
earthquake data shows clear differences compared to

values without seismic data. The introduction of
earthquake data changes the energy distribution at higher
frequencies, especially in the vertical component, which
indicates significant coseismic effects and changes in
station position due to the seismic event.
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Figure 9 Spectral indices on 13.01.2005. year
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Figure 10 Changes in the time series of GPS coordinates due to the seismic
event (13.01.2005. year)

4 DISCUSSION

The advanced development of modern geodetic
techniques, GNSS, has a significant contribution to the
evaluation of temporal and spatial changes in the Earth's
surface. Today, GNSS has reached the necessary accuracy
and precision for monitoring surface deformations at the
local and global levels. The great contribution of the time
series of GNSS coordinates is reflected in the detection of
geophysical phenomena, especially seismic ones. The
interaction of seismology and geodesy provides access to
the dynamic study of the Earth's interior and the
measurement of global deformations at different levels.
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In this analysis, we used data from the GPS station
SPLT for the analysis of long-term and seasonal variations,
as well as for the evaluation of spectral indices before and
after the inclusion of earthquake data. The results show a
clear difference in the spectral distribution of energy,
especially in the vertical component, when earthquakes are
included in the analysis.

When we analyze time series without earthquake data,
long-term trends and seasonal variations dominate. The
linear growth of the northern and eastern components
indicates a stable horizontal movement of the station,
which is expected considering the tectonic activities in the
region. The northern, eastern and vertical components are
stable over the years until the moment of increased seismic
activity when there is a clear jump in displacement values.
The largest displacement is observed in the East
component because the vector of the coseismic ground
movement was predominantly directed eastward, which is
typically directly related to the orientation and type of the
fault.

When earthquake data are included, the energy
spectrum shows significant changes, especially in the
vertical component. Seismic activity causes an increase in
energy at higher frequencies, indicating rapid ground
oscillations caused by co-seismic movements. Also, the
spectral slopes of all components become less negative,
which indicates a redistribution of energy in higher
frequencies. Negative spectral indices indicate the
dominance of low—frequency components, especially in
scenarios without earthquakes. This is expected because
long-term trends and seasonal changes usually dominate in
the absence of seismic activity. However, when
earthquakes are triggered, the spectral slopes become less
negative, indicating a redistribution of energy towards
higher frequencies, which is characteristic of seismic
events.

5 CONCLUSION

The biggest challenge in the analysis is seasonal
variations, where the most pronounced oscillations are in
the annual components and show the most significant
changes in the vertical component of —1.82 +0.13 mm for
the cosine term, which is why it is necessary to carefully
model these effects to eliminate possible inaccuracies.
Given that the SPLT GPS station is installed in the coastal
area, there are several factors associated with this
phenomenon. Changes in sea level, and tides, are often
rhythmic effects and can create seasonal or semi-annual
oscillations. The increase in water mass during high tide
can cause local deformations of the soil, which can result
in a temporary vertical movement of the GPS station.
Stations close to the coast may be more susceptible to
seismic and geological processes, such as micro-soil
movements or tectonic changes associated with soil
movement in coastal zones. Proximity to the sea can
significantly affect the vertical component of the SPLT
station due to a combination of hydrographic and
geophysical effects.

After modelling seasonal variations, data on long-term
position changes were obtained. The estimated velocities
show that the SPLT station, in the IGS14 reference frame
system, is moving at a rate of 17.76 mm/yr to the north and

21.73 mm/yr to the east. In comparison, the vertical
component showed a near-stationarity of 0.02 mm/yr.

Spectral indices with included data on earthquakes
indicate changes in the GPS time series due to the seismic
event. The introduction of earthquake data changes the
distribution of energy at higher frequencies, especially in
the vertical component, which indicates significant co-
seismic effects and changes in the position of the station
due to the seismic event. Spectral indices with included
data on the earthquake on January 13. 2005, show the
spectral slope of the northern component of —1.52
compared to the spectral slope without including
earthquakes of —1.62. The spectral index of the eastern
component also shows a slope of —1.54 compared to the
spectral slope without including earthquakes of —1.64. The
vertical component has a slope of —1.34 and shows a
significant increase in energy in higher frequencies
compared to the spectral slope without including
earthquakes of —1.53. This suggests the presence of an
earthquake that causes ground movements and increases
activity at higher frequencies. Earthquakes often cause
sudden changes in the vertical position of GPS stations,
which explains the significant drop in the spectral index in
the vertical component.

Although spectral indices are useful for the
identification of seismic events, analysis alone is not
sufficient for precise quantification of earthquake
magnitude. The magnitude of the earthquake does not
speak directly about the spectral composition of the signal,
so additional methods should be introduced for a better
assessment of the magnitude and intensity of seismic
activity. Additional care is needed when analyzing vertical
components in coastal areas because seasonal changes can
mask real tectonic signals. The inclusion of additional
methods, such as the analysis of atmospheric effects and
tides, is suggested to improve the understanding of
seasonal variations in the vertical components.

Unlike a single large earthquake, an earthquake swarm
creates a series of smaller fluctuations, which can add up
to an accumulated effect on ground motion. The
earthquake swarm produced seismic noise, which is seen
as increased activity in the indices, especially in the vertical
components. The noise caused by the swarm has fractal
characteristics, which are described by fractal Brownian
motion indicating complex geophysical processes. An
earthquake swarm can signal the accumulation of stress in
the crust, which can precede a larger earthquake, and
changes in spectral indices can help predict seismic events.
To improve future analysis, it is recommended to improve
the time resolution of the data, including external data from
other stations, continuous monitoring of seismic activity,
and additional research of local geological factors can help
in better understanding of variations in spectral indices.

This analysis shows that GPS stations can provide
significant insight into tectonic and seismic processes. In
this analysis, a complex mathematical model of the GPS
time series of coordinates was used, which models long-
term trends, seasonal variations, and jumps in the time
series that are the result of geophysical events -
earthquakes. Although atmospheric and geophysical
models are not included in this study, their inclusion in
future research could improve the accuracy of seismic
effects estimation.

Tehnicki viesnik 32, 5(2025), 1759-1767

1765



Sanja TUCIKESIC et al.: Integration of GPS Data and Seismic Events using Lomb-Scargle Spectral Analysis: a Study of GPS Station SPLT

Acknowledgement

This work is supported by Project
19.032/431—-1-22/23. of the Republic of Srpska Ministry
for Scientific and Technological Development and Higher
Education.

6 REFERENCES

[1] Agnew, D. C. (1992). The time-domain behavior of power-
law noises. Geophysical Research Letters, 19(4), 333-336.
https://doi.org/10.1029/91GL02832

[2] Bada, G., Grenerczy, G., Téth, L., Horvath, F., Stein, S.,
Cloetingh, S., Windhofter, G., Fodor, L., Pinter, N., & Fejes,
I. (2007). Motion of Adria and ongoing inversion of the
Pannonian Basin: Seismicity, GPS velocities, and stress
transfer. Special Paper of the Geological Society of America,
425, 243-262. https://doi.org/10.1130/2007.2425(16)

[3] Bletery, Q., Cavalié, O., Nocquet, J. M., & Ragon, T. (2020).
Distribution of interseismic coupling along the North and
East Anatolian Faults inferred from InSAR and GPS data.
Geophysical Research Letters, 47(16).
https://doi.org/10.1029/2020GL087775

[4] Cheloni, D., D'Agostino, N., D'Anastasio, E., & Selvaggi, G.
(2012). Reassessment of the source of the 1976 Friuli, NE
Italy, earthquake sequence from the joint inversion of high-
precision levelling and triangulation data. Geophysical
Journal International, 190(2), 1279-1294.
https://doi.org/10.1111/j.1365-246X.2012.05561

[5] Chen, X., Zhang, S., Wang, B., Jiang, G., Cheng, C., Zhou,
X.,Feng, Z., & Li, J. (2024). A Novel Method for Analyzing
the Spatiotemporal Characteristics of GNSS Time Series: A
Case Study in Sichuan Province, China. Applied Sciences,
14(1), 432. https://doi.org/10.3390/app14010432

[6] Ducellier, A., Creager, K. C., & Schmidt, D. A. (2022).
Detection of slow slip events using wavelet analysis of

GNSS recordings. Bulletin of the Seismological Society of

America, 112(5), 2408-2424.
https://doi.org/10.1785/0120210289

[7] ElGharbawi, T. & Tamura, M. (2015). Coseismic and
postseismic deformation estimation of the 2011 Tohoku
earthquake in Kanto Region, Japan, using InSAR time series
analysis and GPS. Remote Sensing of Environment, 168,
374-387. https://doi.org/10.1016/j.rse.2015.07.016

[8] Houlié, N., Dreger, D., & Kim, A. (2014). GPS source
solution of the 2004 Parkfield earthquake. Scientific Reports,
4(1), 3646. https://doi.org/10.1038/srep03646

[9] Kreemer, C., Holt, W. E., Goes, S., & Govers, R. (2000).
Active deformation in eastern Indonesia and the Philippines
from GPS and seismicity data. Journal of Geophysical
Research: Solid Earth, 105(B1), 663-680.
https://doi.org/10.1029/1999JB900356

[10] Liu, K., Wen, Y., Zeng, J., Geng, J., Li, Z., & Xu, C. (2024).
Rapid early afterslip characteristics of the 2010 moment
magnitude (Mw) 8.8 Maule earthquake determined with sub-
daily GPS solutions. Satellite Navigation, 5(1), 1-15.
https://doi.org/10.1186/s43020-024-00145-6

[11] MAGNET + Global GPS Network Map. (n.d.). Retrieved
March 4, 2024.

[12] Mao, A., Harrison, C. G. A., & Dixon, T. H. (1999). Noise
in GPS coordinate time series. Journal of Geophysical
Research: Solid Earth, 104(B2), 2797-2816.
https://doi.org/10.1029/1998JB900033

[13] Masson, F., Chéry, J., Hatzfeld, D., Martinod, J., Vernant,
P., Tavakoli, F., & Ghafory-Ashtiani, M. (2005). Seismic
versus aseismic deformation in Iran inferred from
earthquakes and geodetic data. Geophysical Journal
International, 160(1), 217-226.
https://doi.org/10.1111/j.1365-246X.2004.02465

[14] Mavrommatis, A. P., Segall, P., & Johnson, K. M. (2014). A
decadal-scale deformation transient prior to the 2011 Mw
9.0 Tohoku-oki earthquake. Geophysical Research Letters,
41(13), 4486-4494. https://doi.org/10.1002/2014GL060139

[15] Mohammed, A. (2024). Assessment of noise magnitude and
velocity uncertainty in continuous GNSS coordinate time
series. Advances in Geodesy and Geoinformation, 73(1).
https://doi.org/10.24425/agg.2023.146163

[16] Murray, J. R. & Segall, P. (2005). Spatiotemporal evolution
of a transient slip event on the San Andreas fault near
Parkfield, California. Journal of Geophysical Research:
Solid Earth, 110(B9). https://doi.org/10.1029/2005JB003651

[17] Nikolaidis, R. (2002). Observation of geodetic and seismic
deformation with the Global Positioning System. University
of California, San Diego.

[18] Nocquet, J. M. & Calais, E. (2004). Geodetic measurements
of crustal deformation in the Western Mediterranean and
Europe. Pure and Applied Geophysics, 161, 661-681.
https://doi.org/10.1007/s00024-003-2468-z

[19] Ren, Y., Wang, H., Lian, L., Wang, J., Cheng, Y., Zhang,
Y., Zhu, W., & Zhang, S. (2021). A method based on MTLS
and ILSP for GNSS coordinate time series analysis with
missing data. Advances in Space Research, 68(9), 3546-
3561. https://doi.org/10.1016/j.asr.2021.06.037

[20] Rontogianni, S. (2010). Comparison of geodetic and seismic
strain rates in Greece by using a uniform processing
approach to campaign GPS measurements over the interval
1994-2000. Journal of Geodynamics, 50(5), 381-399.
https://doi.org/10.1016/j.jog.2010.04.008

[21] Ruf, T. (1999). The Lomb-Scargle periodogram in
biological rhythm research: analysis of incomplete and
unequally spaced time-series. Biological Rhythm Research,
30(2), 178-201.
https://doi.org/10.1076/brhm.30.2.178.1422

[22] Search Earthquake Catalog. (n.d.). Retrieved March 4,
2024.

[23] Shen, Z. K. & Liu, Z. (2020). Integration of GPS and InSAR
data for resolving 3-dimensional crustal deformation. Earth
and Space Science, 7(4).
https://doi.org/10.1029/2019EA001036

[24] Tong, X., Sandwell, D. T., & Smith-Konter, B. (2013).
High-resolution interseismic velocity data along the San
Andreas Fault from GPS and InSAR. Journal of
Geophysical Research: Solid Earth, 118(1), 369-389.
https://doi.org/10.1029/2012JB009442

[25] USGS.gov | Science for a changing world. (n.d.). Retrieved
November 6, 2023.

[26] Vio, R. & Andreani, P. (2020). A critical comparison of the
Lomb-Scargle and the classical periodograms. ArXiv
Preprint ArXiv:1807.01595.

[27] Vitti, A. (2012). Sigseg: a tool for the detection of position
and velocity discontinuities in geodetic time-series. GPS
Solutions, 16(3), 405-410.
https://doi.org/10.1007/s10291-012-0257-9

[28] Ward, S. N. (1998). On the consistency of earthquake
moment rates, geological fault data, and space geodetic
strain: the United States. Geophysical Journal International,
134(1), 172-186.
https://doi.org/10.1046/j.1365-246x.1998.00556

[29] Weber, J., Vrabec, M., Pavlov¢i¢-Preseren, P., Dixon, T.,
Jiang, Y., & Stopar, B. (2010). GPS-derived motion of the
Adriatic microplate from Istria Peninsula and Po Plain sites,
and geodynamic implications. Tectonophysics, 483(3-4),
214-222. https://doi.org/10.1016/j.tecto.2009.09.001

[30] Wu, D., Yan, H., & Shen, Y. (2017). TSAnalyzer, a GNSS
time series analysis software. Gps Solutions, 21, 1389-1394.
https://doi.org/10.1007/s10291-017-0637-2

[31] Yu, S. & Su, X. (2023). A crustal deformation pattern on the
northeastern margin of the Tibetan plateau derived from
GPS observations. Remote Sensing, 15(11), 2905.

1766

Technical Gazette 32, 5(2025), 1759-1767



Sanja TUCIKESIC et al.: Integration of GPS Data and Seismic Events using Lomb-Scargle Spectral Analysis: a Study of GPS Station SPLT

https://doi.org/10.3390/rs 15112905

Contact information:

Sanja TUCIKESIC, Assistant Professor

(Corresponding author)

University of Banja Luka Faculty of Architecture,

Civil Engineering and Geodesy,

Bulevar vojvode Petra Bojovica, 78000 Banja Luka, Bosnia and Herzegovina
E-mail: sanja.tucikesic@aggf.unibl.org

Tanja BUKANOVIC, Teaching Assistant

University of Banja Luka Faculty of Architecture,

Civil Engineering and Geodesy,

Bulevar vojvode Petra Bojovica, 78000 Banja Luka, Bosnia and Herzegovina
E-mail: tanja.djukanovic@aggf.unibl.org

Branko BOZIC, Full professor

University of Belgrade Faculty of Civil Engineering,
Bulevar kralja Aleksandra 73, 11000 Belgrade, Serbia
E-mail: bozic@grf.bg.ac.rs

Ankica MILINKOVIC, PhD Student
Escuela de Doctorado,

Universidad de Jaén,

23071 Jaén, Kingdom of Spain
E-mail: am000087 @red.ujaen.es

Sandra KOSIC JEREMIC, Associate professor

University of Banja Luka Faculty of Architecture,

Civil Engineering and Geodesy,

Bulevar vojvode Petra Bojovica, 78000 Banja Luka, Bosnia and Herzegovina
E-mail: sandra.kosic-jeremic@aggf.unibl.org

Tehnicki viesnik 32, 5(2025), 1759-1767

1767




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


