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Abstract. Seismic noise strongly influences the accuracy and reliability of earthquake monitoring,
particularly in tectonically active regions such as North Sumatra. This study investigates the quality of
seismic stations by analyzing noise characteristics using Power Spectral Density (PSD), Probability
Density Functions (PDFs), and machine learning clustering. PSD was computed through the Fast Fourier
Transform (FFT) and compared against the New High Noise Model (NHNM) and New Low Noise Model
(NLNM) benchmarks. Noise variability was further quantified using PDFs, while fuzzy c-means (FCM)
clustering was applied to classify temporal noise patterns. Results from the MUTSI seismic station
demonstrate strong diurnal and weekly variability, with horizontal components (SHE and SHN) exhibiting
significantly higher noise levels and fluctuations than the vertical component (SHZ). Noise amplitudes
peaked during morning hours (06:00—09:00 UTC), correlating with anthropogenic activity, and decreased
substantially at night, indicating that optimal recording conditions occur during late evening to early
morning. FCM clustering identified five dominant noise regimes, separating stable low-noise baselines
from sporadic high-noise anomalies likely associated with human activity or instrumental disturbances.
These findings highlight the importance of integrating spectral analysis with clustering techniques to
evaluate seismic station performance, improve real-time monitoring, and guide optimal site selection and
operational scheduling for earthquake detection.
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INTRODUCTION

Sumatra Island, located on the western side of Indonesia, lies within an active seismic zone. This region
has a complex tectonic system consisting of the Sumatra Fault and the subduction zone, caused by the
convergence of the Indo-Australian and Eurasian plates. Such tectonic activity results in very high seismicity.
As of 2024, the Meteorology, Climatology, and Geophysics Agency (BMKG) has operated 512 seismic
sensors across Indonesia, with around 20% located in Sumatra. Historically, several damaging earthquakes
have occurred within the last 50 years. Therefore, the accuracy of earthquake information delivered to the
public is highly dependent on the quality of seismic signals.

However, seismic signal recordings always contain noise (Stutzmann et al., 2012; Parolai et al., 2006;
Anthony et al., 2020). Seismic noise refers to unwanted signal components recorded by seismometers (Johnson
et al., 2020). Physically, seismic noise primarily originates from surface or near-surface sources and mostly
consists of elastic surface waves (Stutzmann et al., 2012). Seismic noise sources can be classified into two
categories. The first is natural noise, generated by tectonic earthquakes, volcanic earthquakes, and rockfalls
(Johnson et al., 2020). The second is anthropogenic (man-made) noise, also known as environmental noise.
This type of noise arises from human activities near or on the Earth’s surface, such as underground explosions,
drilling, mining, industrial operations, and traffic.

Environmental noise propagates as surface waves in the high-frequency range (5-10 Hz), decaying with
distance (Zhong et al., 2021; Ke et al., 2023). Digital seismic data allows spectral analysis to be performed
using relatively simple operations. This method involves examining the frequency domain within seismic
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noise. In addition, seismic noise has practical applications, including estimating seismic microzonation maps
by characterizing local and regional site responses during earthquakes (Tchawe et al., 2020; Janiszewski et al.,
2023). The quality of seismic stations reflects evaluations of the sites where seismometers are installed (Birnie
et al., 2021). These evaluations are fixed and do not change over time.
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Figure 1. Distribution of seismic sensors across Sumatra Island and the epicenter location of the 2022 Pasaman
earthquake. This map provides spatial context for station placement and highlights the regional tectonic setting relevant
to noise analysis.

One key parameter is geology, assessed by classifying sensor site conditions according to rock age. This
makes it possible to analyze geological conditions for each seismic sensor site in North Sumatra. Therefore,
this study evaluates seismic signal quality by considering both natural noise levels and subsurface geological
models of seismic sensor sites. The results of this research are expected to significantly improve earthquake
monitoring, enabling earthquake information to be delivered more quickly, accurately, and reliably.
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METHODOLOGY
Data Acquisition

Seismic data were obtained from the MUTSI seismic station in North Sumatra, operated by the
Meteorology, Climatology, and Geophysics Agency (BMKG). The dataset consisted of continuous digital
waveform recordings across three components: east-west horizontal (SHE), north-south horizontal (SHN), and
vertical (SHZ). Data were collected in counts and converted to physical units as m?*/s*/Hz, representing
digitized ground motion amplitudes, and analyzed primarily within the frequency range of 1-10 Hz, which is
highly sensitive to both local seismic events and anthropogenic disturbances.

The dataset used in this study consists of 30 days of continuous broadband seismic with 40 Hz sampling
rate for all three components (SHZ, SHN, and SHE). Prior to processing, the raw waveforms were subjected
to a comprehensive quality-control workflow. First, the continuity of the time series was evaluated to ensure
zero data gaps, and any segments containing gaps longer than 0.5 seconds were removed. Second, amplitude
stability and instrument performance were assessed to eliminate intervals affected by clipping, timing drift, or
sensor saturation (Simanjuntak & Jihad, 2017; Maryana et al., 2021). Third, signal quality was measured using
a signal-to-noise ratio (SNR) threshold of 3 or higher within the 1-10 Hz frequency band to retain only reliable
segments for spectral analysis (e.g Simanjuntak et al., 2021; Sirait et al., 2025). Segments with SNR values
below 3 or with spectral anomalies exceeding three standard deviations from the median Power Spectral
Density (PSD) curve were excluded. These procedures ensured that the final dataset consisted of high-quality
broadband recordings suitable for accurate PSD estimation and machine-learning-based clustering.

In addition, geological information was integrated by classifying station site conditions according to rock
age, allowing correlation between subsurface structure and noise characteristics. Power Spectral Density (PSD)
analysis is used to evaluate the noise characteristics of seismic stations. The standardization of seismic noise
levels, whether high or low, refers to Peterson’s (1983) model, namely the New High Noise Model (NHNM)
and the New Low Noise Model (NLNM). The PSD was computed via the Fast Fourier Transform (FFT), which
decomposes time-domain seismic signals into their frequency components (Cooley & Tukey, 1965).

This approach enables efficient identification of frequency-dependent noise characteristics. Noise
evaluation was further supported by geological characterization of the seismic station sites. Geological
conditions were classified based on rock age, enabling correlation between subsurface structure and noise
levels. This integration allows site-specific interpretation of seismic signal quality. The PSD results were
interpreted relative to three main noise bands (McNamara et al., 2009):

1. Short-period noise: 0.1- 1 s (high-frequency range)

2. Microseismic noise: 2 - 20 s (intermediate range)

3. Long-period noise: 20 - 900 s (low-frequency range)

Additional anomalies such as instrumental disturbances (e.g., sensor malfunctions, digitizer errors, or
power supply instability) were also considered. Noise originating from short-period characteristics (0.1 - 1 s),
microseismic characteristics (2 - 20 s), and long-period characteristics (period 20 - 900 s) (McNamara et al.,
2009). Noise originating from other causes such as sensor disturbances, digitizer issues, power supply
problems, and so forth. The method used to analyze the level of seismic noise is PSD. Referring to the studies
of Peterson (1983) and McNamara & Buland (2004), PSD is calculated using the direct Fourier transform
method (Cooley & Tukey, 1965). This method employs the Fast Fourier Transform (FFT) to identify frequency
components contained within seismic noise signals in the time domain over a limited range, thus providing
efficiency in computation.

In addition to analyzing PSD values, statistical analysis is also carried out by calculating the Probability
Density Function (PDF) of seismic signals for all PSD results. The probability density function is obtained
from a random variable as a function that represents each member of the sample space S in real numbers. The
PSD solution is considered as a function f{x), which is the probability distribution function of X for continuous
random variables. The PDF of a continuous random variable X must satisfy the following properties:
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0 <fX (x) <1, meaning the PDF ranges from zero to one.

[x fX (x) dx = 1, ameaning the PDF of random variable X over the sample space equals one.

P (a <X <b)=[xb=afX (x) dx, where a and b are arbitrary values of X such that a < b.

P (X <x) = P (X < x), meaning that the inequality symbols (< and <, or > and >) are considered

equivalent.

Procedurally, The Power Spectral Density (PSD) estimates in this study were computed using a windowed
Fast Fourier Transform (FFT) following standard procedures for ambient seismic noise analysis. A Hanning
window with a length of 1024 samples (approximately 25.6 seconds at a 40 Hz sampling rate) was applied,
together with a 50 percent overlap between adjacent windows to improve spectral stability. Each PSD estimate
was obtained by averaging a minimum of 10 overlapped segments to reduce variance in the spectral estimates,
consistent with recommendations for noise characterization in continuous broadband data.

Machine Learning Clustering

To further classify temporal patterns of seismic noise, we employed Fuzzy C-Means (FCM) clustering
(Bezdek et al., 1984). Unlike hard clustering methods such as k-means, FCM allows each data point to have
partial membership across multiple clusters, providing greater flexibility in representing seismic noise, which
often exhibits ambiguous and overlapping characteristics (Nuranna et al., 2021). Five clusters were identified,
corresponding to baseline low-noise conditions, moderate anthropogenic noise, and sporadic high-noise
anomalies. Temporal distributions of these clusters were analyzed on both daily and weekly scales to evaluate
the influence of human activity and environmental factors.

For temporal pattern classification, the fuzzy c-means (FCM) algorithm was implemented with five
clusters (k = 5), selected empirically based on the temporal variability observed in the PSD and RMS
distributions. The fuzziness coefficient was set to m = 2.0, a standard value widely used in seismological
clustering applications to balance cluster separation and membership ambiguity. The algorithm was run with
a convergence threshold of 10 and a maximum of 300 iterations. These parameter choices provide a stable,
reproducible framework for capturing the dominant noise regimes at the MUTSI station while avoiding
overfitting.

RESULTS AND DISCUSSION

We successfully analyze all responsible station that influenced by the noise by hourly analysis as show in
Figure 2. The hourly noise illustrates the noise pattern over a 24-hour period at the MUTSI seismic station.
The plot includes all three component channels: east-west horizontal (SHE), north-south horizontal (SHN),
and vertical (SHZ), recorded on January 5, 2025 (Sunday). This visualization provides insights into the
distribution of seismic noise amplitude, where the radial axis indicates amplitude and the angular axis
represents time (00-23 hours). From this analysis, we observed that the horizontal components (SHE and SHN)
experienced greater noise fluctuations than the vertical component (SHZ), as indicated by the longer radii of
the blue and green curves compared to the red curve.

The highest noise amplitude occurred between 06:00-07:00 on the SHE component (blue), most likely
associated with anthropogenic activities such as morning traffic or increased human activity before working
hours. Meanwhile, the lowest noise amplitude generally occurred at night until early morning (around 00:00-
05:00 and 18:00-23:00), indicating that the environment during these hours was relatively quiet. The SHZ
(vertical) component showed higher stability throughout the day, consistent with studies stating that vertical
components are more resistant to surface disturbances, as explained by McNamara & Buland (2004) in the
context of background noise in global broadband seismic networks.
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Figure 2. Example of daily polar plots of seismic noise amplitude at the MUTSI station (a) Vertical component (SHZ)
over a 24-hour period. (b) Combined east-west horizontal (SHE), north-south horizontal (SHN), and vertical (SHZ)
components. The radial axis represents amplitude, while the angular axis corresponds to time (00-23 hours).

High and fluctuating noise patterns, especially in the horizontal components, can reduce the signal-to-
noise ratio (SNR), making it difficult to detect small waves from micro-earthquakes or distant earthquakes. By
understanding daily noise patterns like this, station operators and researchers can select optimal times for high-
quality waveform analysis and design more effective frequency filtering and signal preprocessing strategies.
Overall, this graph shows that noise activity is strongly influenced by local environmental factors and time,
reinforcing the importance of noise monitoring in managing seismic networks.

The highest noise amplitude occurred between 06:00 and 09:00 UTC, with RMS values reaching around
600 m?*/s*/Hz. This indicates that the station experienced increased seismic disturbances in the morning,
generally associated with anthropogenic activities such as traffic, industrial machinery, or local community
activities. Noise amplitude decreased significantly after 10:00, particularly in the afternoon to evening,
between 17:00 and 20:00 UTC, with RMS dropping to around 100-150 m?/s*/Hz. The vertical component
(SHZ) was more stable against noise compared to the horizontal components, as it is more resistant to lateral
disturbances. Surface waves (Rayleigh waves) can increase noise, especially if sensors are located in open or
soft-soil areas. From a data quality perspective, this pattern shows that the best time to obtain clean seismic
signals with a high signal-to-noise ratio (SNR) is at night when noise amplitudes are low.

The two graphs presented technically show the statistical daily distribution and trends of seismic noise
levels (RMS noise) based on the three recording components of the seismometer at the MUTSI station: east-
west horizontal (SHE), north-south horizontal (SHN), and vertical (SHZ). The analyzed noise values are
represented in digital count units, converted from ground vibration amplitudes by the digitizer system. It is
assumed that RMS noise values are measured in the frequency range of about 1-10 Hz, a band sensitive to both
local seismic waves and anthropogenic noise (McNamara & Buland, 2004; Bensen et al., 2007). Thus, this
analysis is highly relevant for evaluating signal quality for detecting small earthquakes and early warning
systems. The first graph (boxplot) shows that statistically, the SHE component has a very wide RMS noise
distribution and is prone to extreme outliers, with maximum values exceeding 40,000 m?/s*/Hz at certain hours
(especially between 02:00-06:00 UTC).
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Figure 3. Boxplot of hourly RMS noise values for the MUTSI station across three components: SHE, SHN, and SHZ.
Horizontal components exhibit higher variability and extreme outliers compared to the vertical channel, indicating
stronger sensitivity to anthropogenic disturbances.

The median RMS noise value for this component reached around 5,000-7,000 m?/s*/Hz in the early
morning hours, with a wide range and many extreme values, indicating the presence of non-Gaussian noise
spikes most likely caused by anthropogenic disturbances such as heavy vehicle vibrations, industrial
machinery, or local soil-structure interactions. The SHN component also showed a similar distribution pattern
but with lower medians, around 2,000-3,000 m?/s*/Hz. Meanwhile, the SHZ (vertical) component showed a
more concentrated and stable distribution, with a median of about 300-500 m?/s*/Hz, a narrow interquartile
range (IQR), and relatively few outliers, indicating that the vertical component is more resistant to lateral
disturbances. The summaries result for the RMS noise level in the three components is shown in the Table 1.

Table 1. Numerical comparison of RMS noise levels between daytime and nighttime at MUTSI station.
Horizontal-to-

Component Daytime RMS Nighttime RMS Reduction (%) Vertical Ratio
SHE (E-W) 5,500-7,000 800-1,200 ~80-85% 8-10x higher than SHZ
SHN (N-S) 3,000-4,000 700-1,000 ~70-80% 5-7x higher than SHZ
SHZ (Vertical) 500-600 200-300 ~45-60% Reference

The table above shows that the horizontal components (SHE and SHN) experience substantially higher
noise amplitudes compared to the vertical component, with daytime values reaching up to 7,000 counts, while
nighttime noise is reduced by as much as 80—85 percent. In contrast, the SHZ component remains more stable,
with only modest diurnal variations. These numerical differences reinforce the interpretation that horizontal
channels are more sensitive to anthropogenic activity, local surface conditions, and site environment.

This pattern confirms that early morning hours (03:00-06:00 UTC) are the worst periods for noise, while
16:00-22:00 UTC are the best times for recording high-quality seismic signals with optimal SNR. Physically,
noise in the frequency range 1-10 Hz is highly sensitive to exogenous sources such as traffic, human activity,
structural resonance, and wind (Withers et al., 1996; Groos & Ritter, 2009). The statistical analysis shown by
the boxplot and median patterns together demonstrate that noise characteristics have strong temporal

dependence. Therefore, noise mitigation strategies such as placing stations far from settlements, using
381
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underground vaults, and applying bandpass filters of 1-10 Hz in pre-processing are highly recommended.
Understanding these noise dynamics can also be used to schedule automatic earthquake detection and adjust
trigger thresholds (STA/LTA) in real-time systems.
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Figure 4. Diurnal variation of median RMS noise at the MUTSI station. Horizontal components (SHE, SHN) show
strong fluctuations with a peak around 04:00 UTC, while the vertical component (SHZ) remains more stable throughout
the day.

The second graph (line chart) presents daily median RMS noise values as a function of time. It can be
seen that the median value for the SHE component peaked around 04:00 UTC, at about 7,300 m?/s*/Hz, before
decreasing sharply after 06:00 UTC. This decline was exponential, approaching 800-1,000 m?/s*/Hz in the
afternoon to evening. The SHN component showed a similar pattern, although at lower amplitude levels. The
SHZ component, as a reference for vertical signal stability, showed small fluctuations, with the highest median
value only around 600 m?/s*/Hz, decreasing to 200-300 m?/s*/Hz at night.

The boxplot above presents the weekly distribution pattern of seismic noise based on the three recording
components at the MUTSI station, namely east-west horizontal (SHE), north-south horizontal (SHN), and
vertical (SHZ). Noise levels were measured in RMS (Root Mean Square), directly correlated with ground
vibration amplitudes in the dominant frequency range of 1-10 Hz, which is relevant for detecting local and
regional waves (McNamara & Buland, 2004; Bensen et al., 2007). Statistically, the horizontal components
showed the highest and most fluctuating RMS noise distributions throughout the week.

Median RMS noise on weekdays (Monday to Friday) ranged from 2,500 to 3,000 m?/s*/Hz, with upper
quartiles reaching 5,000-6,000 m?/s*/Hz and many outliers exceeding 20,000 m?/s*/Hz, even approaching
40,000 m?/s*/Hz on some days. This indicates the dominance of anthropogenic noise, likely originating from
human activities such as traffic, industrial operations, and other environmental disturbances (Groos & Ritter,
2009). The north-south horizontal component showed a similar trend but at lower median levels, generally
below 2,000 m?/s*/Hz and with more controlled distribution. Conversely, the vertical component showed the
most stable and lowest noise distribution throughout the week. Median RMS noise generally remained below
600 m?/s*/Hz, with a narrow interquartile range and without extreme outliers.
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Weekly Noise Patterns by Channel
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Figure 5. Weekly distribution of RMS noise at the MUTSI station across horizontal and vertical components. Horizontal channels
display higher noise during weekdays, with reduced levels during weekends. The vertical channel shows consistently lower and more
stable values.

This reflects the relative resistance of the vertical component to lateral disturbances, making it more
suitable for capturing primary seismic waves (P-waves), which are crucial parameters in early detection
systems and earthquake source analysis (Bormann, 2012). Weekly trends also showed that noise levels were
relatively lower on weekends (Saturday and Sunday), reflecting reduced anthropogenic activity. This indicates
that seismic signal quality can improve significantly when human activity decreases. The technical
implications of these findings are the need to consider timing and specific components in optimizing automatic
earthquake detection algorithms and determining ideal times for earthquake parameter extraction.

In addition, this information is very useful for selecting new seismic station locations to minimize the
effect of surface disturbances on recordings. The hourly spectrogram pattern in Figure 5 shows the distribution
of seismic noise levels in the east-west horizontal component (SHE) at the MUTSI station based on time on a
daily and hourly scale for one month. The colours represent RMS noise values, reflecting the strength of
seismic disturbances in the dominant frequency range of about 1-10 Hz.

This frequency range is important because it is within the sensitive zone for detecting surface and body
waves from local and regional seismic events (McNamara & Buland, 2004; Bensen et al., 2007). In general,
most RMS noise values were in the low-to-moderate range (dark purple to blue), but there were significant
anomalies recorded as green, yellow, and bright orange. Extreme noise peaks were identified on several days
and times, such as on the 18" day around 10:00-11:00, with RMS values exceeding 45,000 m?/s*/Hz. Other
significant spikes occurred on the 5, 8, 14™", 23t and 31% days, usually around 10:00-12:00 noon, which are
the busiest hours of human activity.

This is consistent with anthropogenic noise patterns that usually increase during the day, particularly due
to vibrations from heavy vehicles, construction, or industrial activity (Groos & Ritter, 2009). Statistically, daily
noise fluctuation patterns showed uneven distribution, with high variance at certain hours. This analysis
reinforces the results of the previous boxplots and median graphs, showing that the SHE component is most
vulnerable to surface disturbances. High and unpredictable noise can reduce the signal-to-noise ratio (SNR),
thereby disrupting the sensitivity of automatic detection of weak seismic waves (Withers et al., 1996).
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Therefore, information from this heatmap is very useful for disturbance mitigation strategies, such as frequency
filters and scheduling analysis based on optimal times.

Noise Levels by Day and Hour
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Figure 6. Hourly spectrogram of RMS noise in the east—west horizontal component (SHE) at the MUTSI station over a
one-month period. Colors indicate noise intensity (counts in physical units m*/s*/Hz) within the dominant frequency
range of 1-10 Hz, with extreme anomalies observed during daytime hours.

The first figure shows the noise distribution pattern based on clustering results using the fuzzy c-means
(FCM) algorithm, while the second figure shows the distribution of each cluster by day of the week. From the
FCM results, five main clusters (from cluster 0 to 4) successfully grouped noise characteristics based on their
temporal patterns. Cluster 0 dominated with more than 380 observations, representing low-noise or stable daily
baseline conditions. Cluster 1 was also significant with more than 200 observations, possibly indicating
consistent moderate noise. Clusters 2, 3, and 4 had fewer observations and tended to represent anomalies or
sporadic high-noise conditions.

In terms of temporal distribution, cluster distribution per day showed that cluster 0 dominated on
weekdays (Tuesday to Friday), indicating relatively stable and low noise during those days. Meanwhile, cluster
1 tended to appear more on Mondays and Saturdays, possibly associated with anthropogenic fluctuations at
the start and end of the week. Cluster 4, which visually increased on Wednesdays and Thursdays, may be
related to specific local activity increases. Clusters 3 and 2, although rare, are important to note because they
may represent significant disturbances in seismic signals, such as local large earthquakes, mining activity, or
instrumental disturbances.
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Distribution of Noise Patterns Across Clusters Cluster Distribution by Day of Week
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Figure 7. Fuzzy c-means (FCM) clustering of seismic noise at the MUTSI station. (top panel) Distribution of five noise
clusters (0-4) based on temporal characteristics. (bottom panel) Cluster occurrence by day of the week, highlighting
stable baseline noise during weekdays and increased variability at the beginning and end of the week.

Physically, the fuzzy clustering method provides flexibility in representing noise data that contain spatial—
temporal ambiguities (Bezdek et al., 1984). Each observation has a degree of membership in each cluster,
allowing for richer interpretation compared to hard clustering methods such as k-means. This is highly relevant
in seismic noise analysis, where variability is strongly influenced by environmental, anthropogenic, as well as
weather and soil conditions (McNamara & Buland, 2004). Therefore, these cluster distribution patterns can
serve as a basis for developing mitigation strategies and seismic data acquisition planning, including
scheduling optimal times for recording earthquake signals with the best signal-to-noise ratio (SNR).

CONSLUSION

This study provides a comprehensive evaluation of seismic site quality in North Sumatra by integrating
spectral and machine learning approaches. Power Spectral Density (PSD) analysis successfully characterized
noise levels across short-period, microseismic, and long-period frequency bands, revealing strong temporal
variability driven by both environmental and anthropogenic factors. Probability Density Function (PDF)
statistics further quantified the distribution of noise, highlighting the greater stability of vertical components
(SHZ) compared to horizontal channels (SHE and SHN), which are more susceptible to lateral disturbances.
In addition, fuzzy c-means clustering effectively classified noise characteristics into five temporal regimes,
distinguishing stable baseline conditions from sporadic anomalies linked to local activity or instrumental
effects. Collectively, these findings demonstrate that seismic site quality is highly time-dependent and
emphasize the importance of combining spectral density analysis with machine learning to improve earthquake
monitoring, optimize site selection, and enhance the accuracy of real-time seismic detection systems in North
Sumatra and similar tectonically active regions.
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