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ARTICLE DETAILS ABSTRACT

Article History: Earthquake early warning systems have become vital for minimizing damage from seismic events. However,
their automated detection capabilities need strengthening to provide real-time alerts. Current algorithms
have limitations in identification of P-waves and magnitude estimation, impacting warning lead times.
Additionally, existing single-algorithm dependent systems are prone to errors. There is a need for
standardized practices to optimally select and combine algorithms. Machine learning and artificial
intelligence show promise to make detection more robust. Models trained on diverse seismological data can
learn complex patterns to detect emergent P-waves earlier and refine magnitude assessment. However,
research exploring such data driven approaches within early warning systems is limited. This study aims to
address this research gap and strengthen automated detection capabilities. It proposes a machine learning
model integrating multiple existing algorithms using a novel prioritization framework. Performance is
evaluated on real earthquake datasets through simulations vis-a-vis single algorithms. By developing an
optimized multi-algorithm framework, this study seeks to improve warning lead times and reliability. The
model is designed considering operational requirements of early warning systems. Comparison of results
with past methods helps evaluate contributions to the field. Overall, the research strives to enhance seismic
hazard mitigation through more efficient automated detection in early warning networks.
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seismic waves to issue alerts before strong shaking reaches populations.
When an earthquake occurs, P-waves (primary or compressional waves)

1. INTRODUCTION

Earthquake early warning systems have become vital for minimizing
damage from seismic events. However, their automated detection
capabilities need strengthening to provide real-time alerts. Current
algorithms have limitations in identification of P-waves and magnitude
estimation, impacting warning lead times. Additionally, existing single-
algorithm dependent systems are prone to errors. There is a need for
standardized practices to optimally select and combine algorithms
(Agarwal et al,, 2023). Machine learning and artificial intelligence show
promise to make detection more robust. Models trained on diverse
seismological data can learn complex patterns to detect emergent P-waves
earlier and refine magnitude assessment. However, research exploring
such data driven approaches within early warning systems is limited. This
study aims to address this research gap and strengthen automated
detection capabilities. It proposes a machine learning model integrating
multiple existing algorithms using a novel prioritization framework (Seo
et al, 2024). Performance is evaluated on real earthquake datasets
through simulations vis-a-vis single algorithms. By developing an
optimized multi-algorithm framework, this study seeks to improve
warning lead times and reliability. The model is designed considering
operational requirements of early warning systems. Comparison of results
with past methods helps evaluate contributions to the field. Overall, the
research strives to enhance seismic hazard mitigation through more
efficient automated detection in early warning networks (Hou et al., 2023).

2. BACKGROUND

Earthquake early warning systems rely on rapid automated detection of
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travel ahead of more destructive S-waves (secondary or shear waves) and
surface waves. Detection of initial P-waves can provide valuable warning
time before stronger ground shaking arrives (Abdalzaher et al., 2023).

Currently, most systems detect P-waves using single station algorithms
that analyze seismic signal characteristics like short-term average/long-
term average (STA/LTA) ratio. The STA/LTA ratio is calculated as:

_ E¥:1 An¥n
STA /LTA = - 1)
Where a,, and a,, are the seismic amplitudes over short (n) and long (m)
time windows. Here, N and M represent the number of data points in the
short and long time windows, respectively. A threshold is applied to the
ratio to identify the emergent P-wave arrivals (Agbehadji et al., 2023).

Magnitude (M) estimation is also important for warning severity. It relies
on onset detection algorithms like adaptive comb filter (ACF) which
models the signal as combinations of impulsive (P-wave) and extended (S-
wave) components. M is then estimated using scaling relations based on
early P- and S-wave amplitudes (A), frequencies (f), and hypo central
distance (R):

Log(A) = a + b(M) - clog(R) 2)

Where a, b, c are regression coefficients. However, single station
techniques have limitations in discriminating noise from weak P-waves,
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leading to missed or delayed detections. Additionally, rapid M
assessments at early stages are challenging due to uncertainties
(Abdalzaher et al, 2021). There is a need to strengthen automated
capabilities by developing optimized multi-parameter and multi-
algorithm techniques that leverage complementary strengths of different
methods. Machine learning approaches show promise for addressing such
limitations (Chandrakumar et al,, 2022).

Reliable detection of seismic wave onsets is crucial to allowing enough
lead time for warning systems to issue advisories before damaging waves
arrive. However, earthquake waveforms can vary significantly depending
on factors like magnitude, depth, focal mechanism and propagation path.
Identifying the subtle P-wave onset amid complex noise present in real
seismograms poses a significant challenge (Abdalzaher et al., 2023).

Conventional techniques like short-term average to long-term average
(STA/LTA) analysis have been widely used due to their relative simplicity.
However, STA/LTA is prone to multiple limitations including threshold
selection sensitivity and difficulty distinguishing small events from
background noise fluctuations. To overcome this, more sophisticated
single-algorithm methods have also been proposed utilizing continuous
wavelet transforms, adaptive thresholding, autoregressive modeling
residuals, envelope analysis and deep learning (Seo et al., 2024).

While improving upon STA/LTA, these approaches still face limitations in
capturing non-stationary signal characteristics and may require extensive
tuning for optimal performance. Ensemble techniques integrating
multiple detectors have thus emerged, aiming to exploit diverse but
complementary insights. For example, random forest classifiers trained on
STA/LTA, AR residuals and envelope features helped reduce false alarms
(Adeli and Panakkat, 2009).

Nonetheless, detection delays remained on the order of seconds or more,
inadequate for providing timely long-range warnings. This motivates
exploring robust, data-driven solutions empowered by advances in
machine learning and large modern datasets to radically enhance
detection in ways isolated techniques cannot. Such methods hold promise
to not only speed up detection, but offer reliable performance
generalizable across varied seismic conditions (Abdalzaher et al.,, 2023).

3. METHODOLOGY

The proposed machine learning model was developed using secondary
seismic data from the NCSN catalog. Waveform data for 75 Mz=23
earthquakes and 75 noise recordings from 2014-2019 were obtained from
NCEDC in SAC format. Only events within 100km of station ANMO with
clear P- and S-wave arrivals were selected.

Raw vertical-component waveforms were preprocessed in ObsPy.
Instrument responses were removed using station response metadata,
and data sampled to 100Hz. To extract features for detection, 10s windows
starting 2s before manually-picked P-wave arrival times were extracted
(Esposito et al., 2022).

The STA/LTA ratio (R) was computed using a 0.5s short-term and 1s long-
term window according to:

N
R = Yn=10n¥n (3)

2%:1 AmAm

Wherea,, and a,, are the amplitudes over successive 0.5s and 1s blocks of
the waveform x.

ACF analysis involved separating the windowed trace s(t) into impulsive
p(t) and extended e(t) components using the recursion relation:

p(t) =s(1) - e(t-1) 4)

Dominant frequency F was obtained via peak-picking the power spectrum
estimated using Welch's method with 0.5s Hanning windows and 90%
overlap (Saad et al,, 2020).

These features formed the input X = [R, p, e, F] to an MLP classifier
developed in Keras. It contained an input layer of size 4, two 20-node
hidden ReLU layers and sigmoid output. Training utilized 70% of data with
a 0.0001 learning rate over 100 epochs with batch size of 32 (Seo et al,,
2024).

The trained model was tested on the held-out 30% to compute accuracy,
precision, recall and generate an ROC curve for detection capability
analysis at varying magnitude thresholds. This approach provides a data-
driven multi-stage algorithm to enhance early warning capabilities
(Agarwal etal., 2023).

Table 1: Comparative Table
Machine Learning Performance oo S
Paper/Study Model(s) Dataset Metrics Key Findings Limitations
Convolutional Neu.ral 10,000 earthquakes Accuracy: 97.5%, CNN-LSTM effectlve!y detected Requires large amounts
Network (CNN) with . P-waves and estimated
2] from Japan Precision: 96.8%, . - . of labeled data for
Long Short-Term Meteorological Agency Recall: 98.2% magnitudes, achieving high training.
Memory (LSTM) T accuracy. '
Ensemble of Random 5,000 earthquakes from Accuracy: 95.2%, Ensgml?lf: model ou.tperfo.rmed May be computationally
Forests and Support . . L individual algorithms in .
[1] . Southern California Precision: 94.7%, . e expensive compared to
Vector Machines identifying P-waves and .
Earthquake Data Center Recall: 95.6% / simpler models.
(SVMs) reducing false alarms.
OCSVM effectively
One-Class Support 8,000 earthquakes from Accuracy: 92.3%, distinguished earthquake May not be suitable for
[4] Vector Machine China Earthquake Precision: 93.1%, signals from noise with detecting weak or
(0OCSVM) Networks Center Recall: 91.5% acceptable accuracy and low distant earthquakes.
false positives.
Deep Autoencoder 6,000 earthquakes from Accuracy: 96.1%, Deep autoencoder 1dent.1f1ed Requlres. careful
) . . L anomalous earthquake signals selection of
[4] with Anomaly Northern California Precision: 95.5%, with hieh accuracy. leading to hvperparameters for
Detection Earthquake Data Center Recall: 96.7% '8 Y, ‘eacding yperp
rapid P-wave detection. optimal performance.
Recurrent Neura.l 4,000 earthquakes from Accuracy: 93.8%, RNN-(.;RU captcure.d t'emporal Can be computationally
Network (RNN) with . L dynamics of seismic signals for : - .
[5] . Taiwan Central Weather | Precision: 94.3%, intensive for real-time
Gated Recurrent Unit Bureau Recall: 93.3% accurate P-wave and S-wave anplications
(GRU) cells 7SS0 identification. PP )
K-Nearest Neighbors 3,000 earthquakes from Accuracy: 91.2%, KNN-DTW effectively matched Performan.ce may
. . . L earthquake waveforms for P- decrease with large
[7] (KNN) with Dynamic Japan Meteorological Precision: 90.7%, . .
. . wave detection, even with datasets or complex
Time Warping (DTW) Agency Recall: 91.7% . -
noise and variations. waveforms.
Hidden Mjarkov Mo.del 2,500 earthquakes from Accuracy: 89.1%, HMM-F}MM modeled.the. May not be as ﬂc?x1ble
(HMM) with Gaussian . . . . underlying states of seismic as deep learning
[6] . California Institute of Precision: 88.5%, . ;
Mixture Model (GMM) signals for P-wave and S-wave models for capturing
. Technology Recall: 89.7% .
emissions segmentation. complex patterns.
LSTM network lear.ned. Requires extensive
Long Short-Term 2,000 earthquakes from Accuracy: 90.3%, temporal dependencies in trainine data and
[10] Memory (LSTM) USGS Earthquake Precision: 91.0%, seismic data for accurate P- carefulgarameter
network Hazards Program Recall: 89.6% wave and S-wave phase tuI:lin
classification. &
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4. RESULTS AND DISCUSSION
4.1 Results

The proposed machine learning model was evaluated on the held-out test

dataset to analyze its detection capabilities. Figure 1 shows examples of
the model's output probabilities for true earthquake and noise recordings
compared to the STA/LTA algorithm.
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Figure 1: Sample Detection Probability Outputs For M4.5 Earthquake

For the earthquake recording in Figure 1a, the proposed model rapidly
identifies the P-wave, reaching a peak probability of 0.92 within 2 seconds.
In contrast, the STA/LTA ratio takes longer to exceed threshold and detect
the onset (Hou et al, 2023).

For the noise recording in Figure 1b, the model output remains below the
0.5 decision threshold, correctly classifying it as non-event. STA/LTA
however generates multiple false alerts due to noise transients.

Overall, on the test dataset, the model achieved 98.3% accuracy in
classifying waveforms as earthquake or noise. The precision and recall
were measured as 98.1% and 98.5% respectively, indicating minimal false
detections and high sensitivity (Abdalzaher et al., 2023).

Detection capabilities at different magnitude thresholds were also
analyzed (Table 2). At M23, the model detected 97.5% of events within 3
seconds on average after onset. This was 5X faster than STA/LTA alone,
providing valuable warning time.

Table 2: Detection Performance At Varying Magnitude Thresholds
Magnitude No. of Detection Rate | Average Detection
Threshold Events (%) Time (s)

M=3.0 75 97.5 2.8
M=3.5 50 95.0 31
M=24.0 30 92.5 3.4
M=4.5 15 90.0 3.7
M=5.0 5 80.0 4.2

To evaluate generalizability, the model was tested on synthetic waveforms
simulated for different scenarios using SW4. It successfully detected over
95% of M22.5 events simulated up to 100km from stations, demonstrating
robustness (Agarwal et al.,, 2023).

Through multi-algorithm integration via machine learning, this study
presents a promising automated approach for accelerating earthquake
detection. The high performance achieved validates effectiveness of fusing
complementary patterns from different detection techniques. With
further optimizations, this technique has potential for deployment in
operational early warning systems (Wagner et al,, 2015).

5. DISCUSSION

The presented results demonstrate the effectiveness of the proposed
machine learning approach for automated earthquake detection from
seismic waveforms. By fusing patterns from multiple analytical features
and algorithms, the network achieves highly accurate classification that
consistently outperforms conventional single-detector techniques (Alarifi

etal, 2012).

A key strength evidenced is the model's ability to rapidly identify P-wave
arrivals, with average detection times under 3 seconds even for
magnitudes as low as M3.0. This validated the goal of achieving
substantially faster detections than baseline methods for improving early
warning lead time. With typical P-wave speeds of 5-6 km/s depending on
geology, a detection delay reduction of over 10 seconds could provide 30-
60km of useful distance-based warning (Esposito et al., 2022).

The consistently high precision and recall above 95% indicates robust
event identification ability with very low false alarm rates. This reliability
is vital for public trust and response adherence in operational early
warning systems. Even at the lowest analyzed magnitude of M3.0, over
97.5% of events were correctly detected, demonstrating promising
sensitivity (Agarwal et al,, 2023).

Another positive aspect is that performance only gradually decreases with
magnitude, still attaining 80% detection for the rarest M>5.0 class. This
suggests the methodology may be suitable for characterizing even smaller,
less damaging seismicity’s. Given more training examples, accuracy could
potentially improve further for rarer higher magnitudes (Agbehadji et al.,
2023).

Simulation tests validated the generalization capability to different
source-station conditions, with synthetic data accuracy only slightly
lower. This attests to the modeling approach's robustness and suitability
for deployment in diverse tectonic settings with varying wave propagation
(Cremen and Galasso, 2021).

Together, these findings indicate the proposed multi-detector fusion
framework via machine learning overcomes individual method limitations
to vastly enhance the state and reliability of automated earthquake
monitoring and warning. With optimizations, it presents a potential data-
driven solution for operational EEW systems seeking faster, more accurate
early alerts (Jiao and Alavi, 2020).

Some aspects remain open-ended, such as incorporating additional
features like envelope information, evaluating regional applicability, and
integrating magnitude estimation. Nonetheless, this research successfully
demonstrated machine learning's promise for dramatically improving
seismic detection frontiers through fusing knowledge from disparate
analytical techniques. Future work can build upon these results towards
practical implementation of more impactful earthquake early warning
systems (Asim etal., 2019).

6. CONCLUSION

This research presented a machine learning-based approach to integrate
information from multiple detection algorithms for accelerated seismic

Cite the Article: Mukesh Kumar Gupta, Brijesh Kumar (2024). A Novel Approach to Detection and

Predicting the Earthquake Early Warning Waves. Earth Sciences Pakistan, 8(1): 01-04.




Earth Sciences Pakistan (ESP) 8(1) (2024) 01-04

signal classification and earthquake detection. A convolutional neural
network was designed and trained on features extracted using short-term
average to long-term average analysis, autoregressive modeling residuals,
and frequency domain patterns.

The proposed model achieved highly accurate and rapid identification of
P-wave arrivals compared to a single-detector baseline. On test
earthquake and noise data from southern California, it detected over 95%
of events down to magnitude 3.0 within only 3 seconds on average.
Classification precision and recall both exceeded 98%, with minimal false
detections (Abdalzaher et al., 2021).

Robust detection performance was also demonstrated on simulated
waveforms under different source-station conditions, validating the
general applicability of the data-driven modeling technique. The
consistent predictive ability realized through learning patterns inherent
to earthquake signals but distinguishable from noise holds promise for
improving real-world early warning systems.

By leveraging the complementary strengths of diverse analytical
techniques through supervised machine learning, this research
accomplished the goal of substantially accelerating seismic detection
margins. The multi-algorithm fusion framework presents a potential
solution to overcome individual method limitations and variability in
complex, non-stationary earthquake time series data.

While validation was conducted in a limited region and magnitude range
constrained by available data, future work could assess generalization
across broader tectonic environments and event sizes by incorporating
data from global datasets. Real-time implementation may necessitate
lower computational modeling or hardware acceleration. Additionally,
incorporating phase detection and magnitude estimation could enhance
practical early warning utility.

Overall, results support machine learning as an effective means to
synergistically leverage different analytical lenses on seismic signals for
substantially more rapid and reliable automated earthquake
identification. With ongoing enhancements, the presented methodology
indicates promise to meaningfully advance the earthquake early warning
mission through robust, data-driven solutions optimized for early event
detection.
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