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Abstract:

Seismic event classification plays a pivotal role in understanding Earth’s movements, from
earthquakes to human-made explosions. Distinguishing between these events is critical for both
natural disaster management and international security, particularly in the context of nuclear test
monitoring. However, traditional seismic detection methods often struggle to accurately
differentiate between the seismic waves generated by earthquakes and explosions. This paper
introduces MACREE (Modular Analysis for Classification and Refined Event Evaluation), a
novel system designed to intelligently separate earthquakes from explosions. By combining
advanced signal processing techniques with machine learning algorithms, MACREE enhances
the accuracy of seismic event classification. It employs time-frequency analysis, feature
extraction, and an adaptive classification model to analyze seismic signals and distinguish
between different types of events. The paper discusses MACREE's architecture, methodologies,
and its potential applications in disaster response, nuclear test ban verification, and

environmental monitoring.
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1. Introduction

Seismic waves are generated by the movement of the Earth's tectonic plates or by human
activities, such as explosions[1]. These waves propagate through the Earth’s crust and are

detected by seismometers placed on the surface. While earthquakes and explosions both produce
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seismic waves, they differ in their characteristics. Earthquakes are typically caused by the sudden
release of energy due to tectonic plate movement, while explosions are human-made events
designed to release energy, often in a highly controlled manner. However, when recorded by
seismometers, the seismic waves from both types of events can appear similar, leading to
challenges in classification. The ability to differentiate between earthquakes and explosions is
crucial for accurate event analysis and response, especially for applications such as disaster
management, verification of international treaties like the Comprehensive Nuclear-Test-Ban
Treaty (CTBT), and military monitoring[2].

Current seismic detection systems rely on traditional methods, such as amplitude thresholds or
arrival time differences, to distinguish between earthquakes and explosions. While effective to an
extent, these methods can be inaccurate in certain scenarios, such as when events are of low
magnitude or when seismic waves travel over large distances. Traditional systems often struggle
to correctly identify subtle differences in wave patterns, leading to misclassifications that can
hinder timely responses or result in unnecessary investigations. This problem underscores the
need for more advanced, intelligent systems that can more reliably classify seismic events based

on a wider range of features.

MACREE (Modular Analysis for Classification and Refined Event Evaluation) addresses these
limitations by combining advanced signal processing with machine learning techniques. The
system’s goal is to offer a robust solution for intelligent seismic event classification, capable of
distinguishing between earthquakes and explosions with high accuracy. At its core, MACREE
utilizes time-frequency analysis to capture the frequency content of seismic signals over time.
This allows the system to extract key features that differentiate earthquakes from explosions,
which often have different frequency distributions. Earthquakes tend to produce complex, low-
frequency seismic waves that evolve over a longer period, while explosions generate high-

frequency signals with sharp, impulsive characteristics[3].

Once the seismic data is preprocessed and analyzed in the time-frequency domain, MACREE
uses machine learning algorithms to classify the event. The system is trained on a large dataset of
labeled seismic events, including both earthquakes and explosions, allowing it to learn the

unique patterns associated with each event type. The classification model in MACREE
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incorporates a hybrid approach, combining the strengths of multiple machine learning
algorithms, such as decision trees, support vector machines (SVM), and neural networks. This
hybrid model enhances the system’s ability to handle different types of seismic data and

improves its classification accuracy.

MACREE’s modular design allows it to be adapted to different seismic monitoring
environments, from local networks to global systems. Its ability to process seismic data in real-
time ensures that event classification can occur quickly, enabling immediate responses to
potentially dangerous events. The system can be deployed in regions with a high risk of natural
disasters, such as earthquake-prone areas, or in areas where explosions are frequently monitored
for compliance with arms control treaties. By accurately distinguishing between earthquakes and
explosions, MACREE enhances the effectiveness of seismic monitoring systems, helping to

improve both safety and security[4].

2. Enhancing Seismic Event Classification with MACREE's Hybrid
Machine Learning Model

Seismic event classification involves the challenging task of distinguishing between different
types of seismic signals, such as earthquakes and explosions. These events, despite being
generated by vastly different processes, often produce similar seismic waveforms, making
accurate classification a difficult endeavor. MACREE (Modular Analysis for Classification and
Refined Event Evaluation) employs a sophisticated hybrid machine learning model to address
these challenges by combining various machine learning techniques, including decision trees,
support vector machines (SVMs), and neural networks. Each of these algorithms contributes
unique strengths, which, when combined, result in an enhanced classification accuracy that

surpasses traditional methods.

The hybrid approach used in MACREE is particularly effective because it leverages the
complementary strengths of different machine learning models. Decision trees are known for
their interpretability and ease of use in classification tasks. They help MACREE identify patterns

in the seismic data that are most indicative of certain events, such as specific waveform shapes or
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frequency distributions. Support vector machines, on the other hand, are adept at handling
complex and high-dimensional datasets. By constructing a hyperplane that best separates
different classes of data, SVMs can accurately classify seismic signals, even when the
differences between earthquakes and explosions are subtle. Neural networks, particularly deep
learning models, are effective in identifying non-linear patterns within large datasets, making
them particularly valuable for seismic event classification where the relationships between

various features may not be immediately apparent[5].

The combination of these models in MACREE creates a robust and flexible classification system
capable of handling diverse seismic event data. The hybrid model allows MACREE to adapt to
the complexities inherent in seismic waveforms, such as varying magnitudes, different
propagation characteristics, and regional variations in seismic data. By training the hybrid model
on a comprehensive dataset of labeled seismic events, MACREE learns to recognize the specific
features associated with each type of event. This results in a system that is not only accurate but
also capable of generalizing to new, unseen events, ensuring reliable classification in real-world

applications[6].

One of the key advantages of MACREE's hybrid machine learning model is its ability to improve
over time as more seismic data becomes available. As the system encounters a greater variety of
seismic events, the model's performance continues to evolve, leading to increasingly accurate
classifications. This dynamic learning capability is crucial in the context of seismic event
monitoring, where new event types and unforeseen conditions may arise. Additionally, the
hybrid model provides flexibility in adapting to different seismic environments. Whether
analyzing data from a local seismic network or a global monitoring system, MACREE can adjust

its classification strategies to suit the unique characteristics of each region[7].

The ability to classify seismic events accurately and efficiently has important implications for
various fields, including earthquake monitoring, disaster response, and nuclear test verification.
In earthquake-prone regions, MACREE can provide real-time alerts that enable authorities to
take swift action, potentially saving lives and minimizing damage. In the context of arms control
and treaty verification, MACREE’s precise classification capabilities ensure that nuclear tests are

accurately identified, preventing misinterpretations and promoting compliance with international
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agreements. By improving the accuracy and reliability of seismic event classification, MACREE

enhances the overall effectiveness of seismic monitoring systems worldwide.

3. The Role of Time-Frequency Analysis in MACREE's Seismic
Classification

Time-frequency analysis plays a critical role in MACREE's ability to distinguish between
different types of seismic events, particularly earthquakes and explosions. Seismic signals
generated by earthquakes and explosions often share similar low-frequency components, but
their higher-frequency characteristics can differ significantly. To accurately classify seismic
events, it is essential to analyze both the temporal and frequency components of the seismic
waves. Time-frequency analysis enables MACREE to capture the complex dynamics of these

signals and extract key features that aid in classification[8].

At its core, time-frequency analysis decomposes seismic signals into their frequency components
while preserving their temporal characteristics. This is particularly valuable in seismic
monitoring because it allows for the identification of transient features that may not be apparent
in the raw time-domain data. Seismic waves from earthquakes typically exhibit complex,
oscillatory patterns that evolve over time, while explosions tend to produce sharp, impulsive
signals that are more transient in nature. By analyzing how the frequency content of a seismic
signal changes over time, MACREE can extract meaningful features that differentiate these two

types of events[9].

One of the primary techniques used in MACREE for time-frequency analysis is the Short-Time
Fourier Transform (STFT). This method involves applying a sliding window to the seismic
signal and performing a Fourier transform within each window. The result is a spectrogram,
which provides a time-frequency representation of the signal. The spectrogram reveals how the
frequency content of the seismic signal evolves over time, allowing MACREE to identify key
features associated with different types of events. For example, earthquakes often exhibit
sustained low-frequency content with gradual variations, while explosions display sharp, high-

frequency peaks that decay quickly[10].
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Another powerful tool used by MACREE for time-frequency analysis is the Continuous Wavelet
Transform (CWT). Unlike the STFT, which uses fixed windows, the CWT applies a set of
wavelets with varying scales to the seismic signal. This allows for better resolution in both the
time and frequency domains, making it especially useful for detecting transient events such as
explosions. The CWT’s ability to analyze seismic signals at different scales enables MACREE to
identify fine-grained features in the signal that might be missed by other methods. For example,
the CWT can highlight the rapid rise and fall of an explosion’s seismic signature, making it

easier to distinguish from the more gradual buildup of an earthquake’s seismic waves.

The time-frequency representation of seismic signals is then used as input for the machine
learning classification model in MACREE. The features extracted from the time-frequency
domain provide the model with valuable information about the nature of the seismic event. By
incorporating both temporal and frequency information, MACREE can achieve a higher level of
accuracy in event classification than methods that rely solely on time-domain analysis. This dual
approach allows MACREE to distinguish between subtle differences in seismic signals, leading
to more reliable classifications and fewer false positives[11].

Overall, time-frequency analysis is a cornerstone of MACREE's seismic classification
capabilities. By enabling the system to analyze seismic signals in both the time and frequency
domains, MACREE is able to extract features that are critical for accurate event classification.
This approach enhances MACREE's ability to differentiate between earthquakes and explosions,
ensuring that seismic monitoring systems can respond more effectively to both natural and
anthropogenic events. As the field of seismic monitoring continues to evolve, the integration of
advanced time-frequency analysis techniques will remain essential for improving classification

accuracy and enhancing the reliability of seismic event detection.

4. Conclusion

MACREE represents a significant advancement in seismic event classification, offering an
intelligent solution to the challenge of differentiating between earthquakes and explosions. By

combining state-of-the-art signal processing with machine learning, MACREE provides a more
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accurate and reliable method for event classification than traditional seismic monitoring systems.
The system’s use of time-frequency analysis allows it to capture subtle differences in seismic
wave characteristics, which is essential for distinguishing between natural and anthropogenic
events. Furthermore, its modular design ensures that it can be integrated into existing seismic
monitoring networks, improving both local and global monitoring capabilities. Looking forward,
MACREE’s integration into global seismic monitoring networks will likely play a key role in
enhancing the effectiveness of these systems, providing accurate and timely information for both
scientific research and public safety. As seismic data continues to grow in complexity and
volume, the ability to automatically classify and process seismic events will become increasingly
important. The future of MACREE lies in its continued refinement, including advancements in
machine learning techniques and the incorporation of additional data sources, such as infrasound
or acoustic sensors. These improvements will ensure that MACREE remains at the forefront of

seismic event classification, contributing to a safer, more informed world.
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