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ABSTRACT

The Flores back-arc thrust fissure is a significant contributor to earthquake events in the
Flores Sea region, as evidenced by seismic investigations. As part of the endeavor to
mitigate earthquake risk, seismic data investigations are necessary due to the high
potential for earthquakes in the Flores Sea. Background noise in earthquakes is the term
used to describe the micro vibrations that are perpetually produced as a result of
natural phenomena, such as ocean waves, wind, or human activities. It is crucial to
investigate this cacophony in seismology in order to distinguish the primary earthquake
signal. Its spectrum analysis can assist in the identification of land changes and the
prediction of tectonic activity. This analysis was conducted by employing the
Incorporated Research Institutions for Seismology (IRIS) client function as a fetch data
tool and the Modular Utility for Statistical Knowledge Gathering Data browser as a data
quality monitoring system to verify the health and reliability of seismic data. The three
station sites closest to the Flores Sea are the focus of this research data examination.
The study's findings indicate that the recorded data at the station is still dominated by
cultural noise, as evidenced by the analysis of the probability density function, power
spectral density, and noise spectrograms. Additionally, each station exhibits activity with
degrees of probability noise that are both high and variable. These results highlight the
need for advanced techniques to filter cultural noise and improve the accuracy of
seismic signal interpretation in this region. This analysis contributes to understanding
tectonic activity in the Flores Sea and underscores the importance of continuous
monitoring for earthquake preparedness and risk reduction.

©2024 Khusnani et al. Published by Avanti Publishers. This is an open access article licensed under the terms of the Creative Commons Attribution
Non-Commercial License which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is
properly cited. (http://creativecommons.org/licenses/by-nc/4.0/)
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1. Introduction

A significant disaster in Indonesian history occurred on December 12, 1992, when a massive earthquake with a
magnitude of 7.8 struck the northern coastal region of Flores, Indonesia [1-4]. This earthquake was a catastrophic
event that resulted in the destruction of over 25,000 buildings and a significant amount of infrastructure, as well
as the deaths of over 2000 individuals, the disappearance of over 500 individuals, and the injury of thousands of
others [5-8]. Flores Island is situated in an active tectonic region and is a part of the Pacific Ring of Fire, as
indicated by geological data [9, 10]. This results in the Flores region being susceptible to tectonic disturbances [11,
12]. The earthquake catalog indicates that the region has experienced earthquakes with a magnitude greater than
7, with three of these occurrences occurring in the Flores Sea in 1992, 1996, 2015, and 2021 [9, 13, 14].

The memory of the devastation remains vivid, despite the passage of more than 30 years. This memory is
intensified by the Flores Sea earthquake phenomenon on December 14, 2021, which had a magnitude of 7.3 [14-
16]. This necessitates seismic background analysis in the Flores Sea region. The analysis of seismic background
analysis can serve as the foundation for probabilistic seismic hazard analysis [17]. It is crucial to conduct this
analysis in order to determine the trend of seismic data in the Flores Sea region, which is derived from specific
stations. Furthermore, it will furnish information regarding the grade of the seismic data that has been acquired,
including noise values [18]. The fundamental capacity to detect seismic signals is significantly influenced by the
noise level at the station [19]. Additional findings will determine whether the earthquake phenomenon in the
North Sea of Flores is associated with the phenomenon influenced by the Flores back-arc thrust fault.
Furthermore, additional research recommends that the seismic context be analyzed using data from mainshocks
and aftershocks [18].

One can observe seismic background by analyzing data from seismic stations [20, 21]. The Signal-to-Noise
Ratio (SNR) value, which is of paramount significance in the fields of seismology and earthquake monitoring, will
be demonstrated in this analysis [22, 23]. The McNamara and Buland analysis method [24] will be employed to
evaluate the noise level by calculating the Probability Density Function (PDF). The SNR is determined by the PDF
and noise spectrogram, which employ distinct but complementary methodologies [25, 26]. PDF provides a
comprehensive overview of the average and extreme noise conditions at a specific location by describing the
statistical distribution of noise at various frequencies. This assists in evaluating the potential of a location to
generate optimal SNR measurements. However, PSD is a critical instrument for determining SNR by comparing
signal energy to noise at a specific frequency, as it quantitatively measures the distribution of noise energy over
frequency. Noise spectrograms add a temporal dimension by showing how noise energy changes over time. This
lets you find noise fluctuations or the best time to pick up signals with a high signal-to-noise ratio (SNR). A
comprehensive evaluation of the quality and reliability of seismic signals can be achieved by combining these
three categories of data to perform noise analysis statistically, spectrally, and temporally.

2. Study Area

The high seismic activity in the Flores Sea is a significant concern for geophysical research and disaster
mitigation [9], particularly in relation to the detection capability of seismic stations in the region and the level of
seismic background noise. The geological conditions of the Flores Sea, the seismic activity that takes place, and the
obstacles to seismic measurement and monitoring in this region will be the subject of this study.

2.1. Flores Sea Geological Conditions

The Flores Sea is situated in an active subduction zone, where the Indo-Australian Plate is moving northward
and sinking beneath the Eurasian Plate [27-29]. This subduction process results in the formation of a variety of
intricate geological features, such as active fissures, ocean trenches, and volcanoes [29, 30]. The Flores Trench, a
subduction zone where the deeply buried ocean crust subsides, is one of the primary features that is directly
associated with seismic activity [31]. Earthquakes and volcanic eruptions are frequently observed in the vicinity as
a result of the extremely high pressure generated by this subduction zone [32]. The Flores Sea is also impacted by
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lesser local tectonic activities, such as active faults and minor plate movements, in addition to the subduction
process [33, 34]. These processes result in crustal deformation, which can induce earthquakes of varying intensity,
ranging from minor to major. Consequently, the Flores Sea region is a region that is highly susceptible to
earthquakes and other natural disasters.

2.2, Seismic Activity in the Flores Sea

The seismicity of earthquakes in the Flores Sea is quite high, as it is situated at the convergence of two main
tectonic plates, which are characterized by substantial tectonic and volcanic earthquake activity [11, 35]. According
to the most recent data from the Meteorology, Climatology, and Geophysics Agency (BMKG), the Flores Sea is
classified as an area with a high incidence of earthquakes, particularly in the vicinity of the Flores Trench [36, 37].
This region has been the site of numerous significant earthquakes, including those with a Richter scale magnitude
exceeding 7.0, which frequently occur along subduction zones [14]. The risk of calamity for coastal communities is
frequently elevated by the presence of tsunamis in conjunction with these earthquakes [6, 15]. Furthermore, the
Flores Sea experiences substantial volcanic activity, which contributes to the rise in the frequency of non-tectonic
earthquakes, which are frequently more intense and shallow [34]. This rise in volcanic activity can result in an
increase in seismic noise levels, which complicates the monitoring and analysis of precise seismic data [38].

The potential for earthquakes in the Flores region is attributed to the Flores back-arc thrust fault, shallow and
intermediate thrust zones in Timor Through, intermediate depth thrusts, and subduction earthquake zones, as
determined by seismic study analysis [9, 13, 39]. This information is substantiated by research results that indicate
the 1992 Flores earthquake resulted in a fault rupture that was inclined toward the ENE (east-northeast) [27, 40].
This finding is related to the 2018 Lombok earthquake phenomenon [31, 41]. Nevertheless, other results indicate
that the Flores back-arc thrust fault has a greater impact on the region's earthquake potential [5, 42]. The 1992
Flores earthquake was a more destructive seismic event than Nicaragua, according to another study [8].
Furthermore, this phenomenon served as the catalyst for the establishment of the Tsunami Bulletin Board (TBB)
network [2]. The reason for this is that the absence of contemporary equipment leads to a limited quantity of
recorded data, as demonstrated by the existence of only one tidal gauge in Palopo, Sulawesi [5, 43].

2.3. Obstacles to Seismic Monitoring in the Flores Sea

The region's intensive tectonic and volcanic activities have resulted in a high level of seismic background noise,
which is one of the primary challenges. The capacity of seismic stations to detect and analyze minor earthquakes,
which are crucial in seismological research and disaster mitigation, can be impacted by this noise [44]. The
primary cause of this seismic disturbance is the vibrations produced by volcanic activity and the movement of
tectonic plates [45]. The data that is collected is frequently contaminated by seismic waves from non-earthquake
geological activities, such as volcanic eruptions or earth surface movements, when monitoring stations are
situated in close proximity to active zones like the Flores Trough or active volcanoes. Consequently, it is crucial to
locate seismic stations in an appropriate location, outside the active zone, in order to reduce the disturbance. The
Flores Sea's limited infrastructure is an additional obstacle to seismic monitoring, in addition to background noise.
While efforts have been made to establish a network of seismic stations in the region, the majority of these
stations are situated on land, which restricts their ability to detect earthquakes in remote areas or under the sea.

3. Methods

3.1. Research Area

The Flores Sea, located in eastern Indonesia, is renowned for its distinctive characteristics, which render it a
significant region in terms of both ecology and geology. The Flores Sea is situated in the convergence of two
significant tectonic plates, the Indo-Australian Plate and the Eurasian Plate, as part of the Pacific Ring of Fire [46,
47]. Active subduction zones, underwater volcanoes, and active faults are among the distinctive geological
phenomena that result from the interaction of these two continents [48, 49]. The seismic data used in this study is
data sourced from three stations that can capture seismic data in the Flores Sea region (Fig. 1, Table 1).
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Table 1: Research seismic station data.

Station Code Latitude Longitude Start Date End Date
(e]d0] -12.1901 96.8349 1996-12-15 2599-12-31
KAPI -5.0142 119.7517 1999-02-06 2599-12-31
WRAB -19.9336 134.36 1994-03-27 2599-12-31
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Figure 1: Map of the study area with the green star depicts the 14 December 2021 (Mw 7.3) epicenter and seismic station.
3.2. Sampling and Monitoring Methods

The seismic data from December 14-16, 2021, was accessed through the IRIS (Incorporated Research
Institutions for Seismology) web service for this study. The IRIS Modular Utility for Statistical Knowledge Gathering
(MUSTANG) system was employed during the analysis phase, as illustrated in Fig. (2). In general, tools that are
devised based on the appropriate Power Spectral Densities (PSD) and Probability Density Functions (PDF) are used
to evaluate background noise at seismic stations [24]. IRIS [50] has developed an open source software suite
known as MUSTANG.

MUSTANG is intended to satisfy the requirements of long-term statistical analysis, with an emphasis on the
monitoring of real-time and historical data integrity. The primary objective of MUSTANG is to assess and quantify

56



Seismic Background Noise Level and Station Detectability Khusnani et al.

the quality parameters of seismic data by employing a variety of metrics, including noise level, dynamic range, and
timing accuracy [50, 51]. In order to guarantee that the data collected satisfies specific quality standards and can
be utilized in scientific research without substantial bias or error, these parameters are examined. MUSTANG's
capacity to detect anomalies in seismic data, including instrumental interference, environmental noise, or
calibration inconsistencies, is one of its most remarkable capabilities. Therefore, MUSTANG contributes to the
enhancement of confidence in the reliability of seismic data, which serves as the foundation for disaster
mitigation and seismological research [52, 53]. To describe how the levels of seismic background noise change in
the BH1 (north-south horizontal direction), BH2 (east-west horizontal direction), and BHZ (up-down vertical
direction) directions [24, 50, 53]. The PDF analysis is crucial for the characterization of noise at each station.
Additionally, the PDF can view the results of a statistical approach that calculates the probability density function
to assess the full spectrum of noise at each station [54, 55].
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Figure 2: Research flow.

4. Results and Discussion

The level of earthquake activity that naturally and routinely occurs in a region or area over a long period of
time is referred to as seismic background [56]. This encompasses small and medium-sized earthquakes that occur
without any noteworthy significant earthquake activity or extraordinary earthquake events. The nearest
monitoring station location records continuous vibrations or signals detected by seismometers, which may include
earthquake activity and other noise [57, 58]. In order to determine the distribution of noise in the seismic data
recording at each station, seismic background noise is analyzed using the data that has been collected [59].

The noise spectrogram, PSD, and PDF were employed to conduct the analysis in the BH1, BH2, and BHZ
orientations. The direction component is the station code that is employed to identify the seismometer
component and the direction of seismic wave recording. The research data consists of event data obtained from
recording stations, including the COCO, KAPI, and WRAB stations in the IRIS client.

SNR is a metric that is employed to compare the strength of the intended earthquake signal with the noise
level (interference) in seismic data [60]. The distribution of seismic data for SNR, as determined by P waves,
indicates that the SNR increases as the magnitude of the earthquake increases [61]. Specifically, earthquakes with
high magnitudes generate more robust signals [62, 63]. The earthquake signal can be more easily identified and
distinguished from the noise level in the data as the SNR increases. Probability Density Functions (PDF), Power
Spectral Density (PSD), and noise spectrogram data can be employed to determine the SNR at a monitoring
station (Fig. 3). The distribution of SNR values at a station can be analyzed using PDF to demonstrate the
probability of the occurrence of various SNR values at the station. The PSD shows how the energy is spread out at
different frequencies. A higher SNR means that the signal peaks are clearer than the noise at different frequency
ranges. The frequency spectrum of noise or interference will be described by the noise spectrogram, which is
based on the frequency composition [53, 64].
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Figure 3 (contd....)
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Figure 3: Probability Density Functions (PDF), Power Spectral Density (PSD), and Residual noise spectrogram on December 14-
15, 2021 with (a) COCO stations in the direction of BH1, (b) COCO stations in the direction of BH2, (c) COCO stations in the
direction BHZ, (d) KAPI station in BH1 direction, (e) KAPI station in BH2 direction, (f) KAPI station in BHZ direction, (g) WRAB
station in BH1 direction, (h) WRAB station in BH2 direction, and (i) WRAB station in the BHZ direction.

The PDF, PSD, and noise spectrogram results obtained with MUSTANG are illustrated in Fig. (3 and 4). The
purpose of this study is to examine the noise characteristics that are not influenced by time at the station. The
results of the analysis, which were derived from the request for noise spectrum compilation data on earthquake
events, are presented in this study. The seismic data recording for December 14-15, 2021, is depicted in Fig. (3).
The data recording includes a significant main earthquake (Mw?7.3), while Fig. (4) depicts a seismic data recording
for December 15-16, 2021, with a magnitude value of approximately <4. Results in the form of noise spectrograms
demonstrate that the time series contains a substantial quantity of information [65]. The PSD distribution in the
seismic channel is characterized using PDF analysis [66]. The frequency and intensity of noise waves that surround
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the monitoring station are referred to as the spectral characteristics of noise [67]. The polarization of Rayleigh
waves is depicted in Fig. (3 and 4), which demonstrate the variation in noise levels based on the direction of the

BH1, BH2, and BHZ components [54].
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Figure 4 (contd....)
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Figure 4: Probability Density Functions (PDF), Power Spectral Density (PSD), and Residual noise spectrogram on December 15-
16, 2021 with (a) COCO stations in the direction of BH1, (b) COCO stations in the direction of BH2, (c) COCO stations in the
direction BHZ, (d) KAPI station in BH1 direction, (e) KAPI station in BH2 direction, (f) KAPI station in BHZ direction, (g) WRAB
station in BH1 direction, (h) WRAB station in BH2 direction, and (i) WRAB station in the BHZ direction.

Long period (0.01-0.1 Hz), microseismic (0.1-1.0 Hz), and short period (1.0-10 Hz) are the three frequency
categories into which the noise spectrum is typically divided. There are six different period bands that can be
found. These are the short period (0.1-1 s), the body wave dominant period (1-5 s), the secondary and primary
microseismic (5-10 s and 10-20 s), the medium period (20-50 s), and the long period (50-100 s) [53, 68]. In all three
components, each station exhibits minimal noise levels within the 1 to 10 s range (Fig. 3 and 4) [69]. The vertical
channel exhibits minimal noise levels during the protracted period of 10 to 100 s, whereas the horizontal
component is more akin to the high noise model. The noise observed in the brief period (0.1-1 s) is influenced by
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wind and noise generated from cultural activities [67]. The results indicate that each station produces fluctuations
at frequencies below 1 Hz in addition to those above 2 Hz. The results demonstrate the impact of external factors,
such as wind or cultural activities, on short-period noise levels, as well as the variation of noise between horizontal
and vertical components over a specific period.

The noise spectrum across various frequency bands is of considerable significance, as it provides a thorough
understanding of the dynamics within the seismic station environment and the reliability of the resulting data. The
exhaustive examination of the noise sources and attributes is facilitated by the categorization of noise into six
period bands, which range from short period (0.1-1 s) to long period (50-100 s). The station is capable of
capturing high-quality body wave signals, as evidenced by the low noise levels in all components during the 1-10 s
time interval. On the other hand, the horizontal component has more noise during long periods of time (10-100 s),
which suggests that it is more vulnerable to tectonic activity or topographic changes. Important indicators for
optimizing station placement include noise variations at high (>2 Hz) and low (<1 Hz) frequencies, as well as the
influence of external factors such as wind and cultural activities over brief periods.

The location and implementation of the seismic station have a significant impact on the noise level [70, 71].
Nevertheless, the signal is also plagued by issues such as interference, mass concentration, and damaged
components that develop over time [72]. The instrument response information used to convert the recorded
guantities may also be inaccurate. The PDF estimated from the PSD of ambient noise at a location can be used to
evaluate all vibrations caused by natural sources (e.g., earthquakes) or artificial disturbances [73, 74]. Some noise
sources may be unavoidable due to their origin, while others can be managed by relocating the afflicted station
[75]. The PSD is calculated to obtain statistical information about frequency by utilizing the PDF in seismic noise
monitoring. Nevertheless, the PDF is less suitable for monitoring small changes due to the substantial variation in
noise level over time and with frequency [76].

In-depth insights into the performance of COCO, KAPI, and WRAB stations on 15-16 December 2021 are
provided by noise intensity analysis using PDF, PSD, and residual noise spectrograms. The BH1 and BH2 directions
(horizontal components) at COCO station exhibit substantial noise variations, which are indicative of sensitivity to
surface activities such as wind or artificial disturbances. Conversely, the BHZ direction (vertical component)
exhibits more stable noise, which is consistent with the low-noise model at longer frequencies (>10 seconds). The
analysis at the KAPI station shows a pattern that is similar to that of COCO. The horizontal components (BH1 and
BH2) are more likely to be affected by transient noise than the vertical components (BHZ). This pattern may be
explained by the potential damage to sensor components or the influence of station location. The PSD at KAPI
suggests that there are substantial noise fluctuations at high frequencies (>1 Hz), which may be attributed to local
environmental factors. The optimal quality of the station location is evident in the reduced noise levels observed
in all directions (BH1, BH2, BHZ) at the WRAB station. Nevertheless, the horizontal component remains in close
proximity to the high-noise model at specific frequencies, suggesting interference from external sources. The
significance of assessing PDF and PSD to comprehend the noise distribution in a specific direction and frequency
is underscored by the comparison of these three stations. The residual noise spectrogram enables the
identification of temporal fluctuations [57], which is beneficial in the identification of environmental factors that
impact data quality.

The mathematical foundation for comprehending the propagation of elastic waves in the Earth is the seismic
wave equation, which is essential for modeling subsurface dynamics in the Flores Sea. The accuracy of earthquake
and tsunami predictions can be enhanced through model adjustments based on noise intensity data from
stations such as COCO, KAPI, and WRAB. Body waves (P and S) and surface waves (Rayleigh and Love) are essential
for obtaining information about geological structures, including subduction zones, active faults, and crustal strata
[77, 78]. These equations are employed to map the complexity of the tectonic system and to identify regions that
are at high risk of earthquakes and tsunamis. Their practical implementations are particularly pertinent,
particularly in the context of disaster mitigation. Rapid P-wave analysis can expedite the development of early
warning systems [79], thereby allowing coastal populations to evacuate in a timely manner. Furthermore, S-wave
velocities are crucial for the evaluation of soil characteristics and geological stability, which is essential for the
planning of infrastructure in vulnerable regions.
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The noise analysis results at the COCO, KAPI, and WRAB stations are congruent with the findings of Hakim et al.
[80] in their Flores seismic noise study. They indicate that stations with low noise within model constraints can be
utilized to analyze minor to medium earthquakes (magnitudes 3-5). Noise at low frequencies (<1 Hz) is often linked
to tectonic activity, while noise at high frequencies (>2 Hz) is more affected by ambient factors including human
activity and meteorological conditions. Despite the fact that the majority of stations recorded signal spectra
between low and high noise models, cultural activities, particularly during brief intervals (about 1 second).

The findings are interpreted within a geological and tectonic context, revealing a close relationship between
seismic activity and noise patterns in the Flores Sea region. This active subduction zone contains the Flores Back
Arc Thrust fault, which is the principal source of seismic instability. It is also influenced by the contact of the Indo-
Australian Plate and the Eurasian Plate [13]. The sensitivity of noise to external influences seen at COCO and KAPI
stations corresponds to the impact of station location on data quality [80]. These findings highlight the importance
of seismic monitoring in the Flores Sea region for disaster risk mitigation within the context of geotechnical zoning.
The optimization of station sites, such as WRAB, can improve geotechnical risk mapping in this region by recording
low noise in all components across short to long time periods. The combination of noise data, S-wave velocity, and
regional geological and tectonic settings will provide a more solid foundation for infrastructure development and
risk reduction in vulnerable places like the Flores Sea.

5. Conclusion

Normal faults dominate the Flores Sea region, which is a component of an active tectonic plate confluence
zone. These faults generate seismic activity of varying magnitudes. These events are recorded by seismic stations
such as KAPI, COCO, and WRAB, as demonstrated by the MUSTANG analysis, with a relatively high signal-to-noise
ratio (SNR). Despite this, the study found that high background noise, which includes things like human activities,
natural oceanic noises, and industrial operations that aren't related to earthquakes, is a huge problem. The
frequency and intensity of noise that dominates the station locations are revealed by spectral noise analysis. This
obscures the seismic signals and necessitates more intricate analysis methods, such as advanced signal
processing techniques or machine learning applications, to differentiate seismic signals from noise. Direct
implications for earthquake risk mitigation are demonstrated by this investigation. The results can be employed to
optimize the placement of seismic stations to reduce noise interference, thereby enhancing the precision of
earthquake and tsunami early warning systems. Furthermore, the data produced can be used to aid policymakers
in the creation of evidence-based mitigation strategies, including the development of more precise seismic risk
maps and effective emergency evacuation plans. Therefore, this research plays a role in the enhancement of
disaster preparedness infrastructure that is scientifically founded.
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