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Information sources
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« Satellite imagery — expensive and/or lack
temporal resolution
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* Reporters — expensive, dangerous, and
limited temporal/spatial resolution
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Seismo-acoustic signature of military activity

* There is a limited number of studies investigating the signature of military activity such as
firearms, vehicles, artillery, and mortar

» Forinstance, (Alegbi, 2015) showed example seismic signatures from military attacks

 However, a methodology to locate events in time/space is absent from the literature
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The Malin seismic array /- Malin array

Ukraine

*  NORSAR has real-time access to the Malin seismic array (24 sensors) in Ukraine (IMS station
AKASG)

* The Malin array spans over ~27 km with 2 km between each sensor

« Beamforming challenging at high frequencies but ... the large network aperture can be used to
locate non-planar waves

« Manual screening, arrival picking, and localization needed which is slow = Needs automation!



Methodology

« Arrival-time based inversions are challenging because no tailored phase picking procedure
exists for ground and atmospheric explosions

« Solution: Migrating + stacking signals in time based on theoretical moveouts
+ “Detection” and localization performed simultaneously
» Inversion does not require picks!
« Fast and adapted to real time applications
* |S phases were added ad-hoc from detected events

STAJ/LTA filters more stable than
signal waveforms or envelopes
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Automatic real-time monitoring of Kyiv region

Low stacking value = low detection likelihood

BELARUS

ZHYTOMYR

WAtk
i

CHERNIHIV

,_.—

—— | e

—

e

|

. .

:59:30

12:00:00
Possible time of explosion

12:00:20

For a given origin time and location all
signals will stack coherently

High location precision close to the
stations: ~1 km.

High detectability: magnitudes <0.1
(<5 kg TNT)

Runs in ~10 minutes behind real-time

NORSAR




Automatic real-time monitoring of Kyiv region

High stacking value = high detection likelihood

y | « Foragiven origin time and location all
BELARUS v signals will stack coherently
B « High location precision close to the
stations: ~1 km.
« High detectability: magnitudes <0.1
(<5 kg TNT)
* Runs in ~10 minutes behind real-time

ZHYTOMYR

~~
~
~~
~
~
~<
~.
~

11:59:30 12:00:00 12:00:20
Possible time of explosion

— - NORSAR
Aot




Examples of detected events

A) Hostomel Airport B) Oil depot, Chemyakhiv
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Event catalog

Event catalog here: http://dx.doi.org/10.21203/rs.3.rs-2613796/v1
Detection confirmed for high stacking values after migration-stacking of STA/LTA characteristics

Yet, STA/LTA filters not informed by explosion signal characteristics — large number of false positives

..But we have a lot of data
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http://dx.doi.org/10.21203/rs.3.rs-2613796/v1

Building a “context”-informed detection methodology

Current methodology
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From event catalog to picks & detection probabilities

» Picks were extracted in narrow theoretical arrival time window for each event using STA/LTA filters

» Phase pick probabilities were built as gaussian functions centered around the STA/LTA pick with
standard deviation varying from 0.5 (P and S) to 1.5 s (IS)
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Learning from the data

Vertical velocity

* Sequence-to-sequence architecture (U-net)

Input: vertical seismic records

Output: probability of given data point to be P, S, IS, or noise

« About 20000 waveforms in training dataset + augmentation (time shift, random noise, event overlap)
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Accuracy assessment

» Errors generally within 0.5s for seismic and 1s for IS
«  Asymmetric error distributions for IS

» Misclassifications particularly bad between IS and S
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Legend

Seismic phasesin  Unclear phase pick?

Spurious P-wave trigger
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Missed
S pick

Legend

Seismic phases in catalog

New IS phases
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Associating arrivals

+ Sequence-to-sequence architecture
* Input: list of relative arrival times, location, and phase
« Output: likelihood of each arrival to be associated with first arrival in time window
* Alot of augmentation: fake picks, random phase swap in arrivals, event overlap, noise in arrival time
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Preliminary results

The larger the time between P and S, the lower the likelihood

Challenging to capture all IS when numerous events present
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Preliminary results
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P rel i m i n a ry reS u |tS First cluster corresponds here to “Others”
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Perspectives

* Unique and extensive event catalog from (mostly) conflict-related explosions
* Deep learning approaches might provide an alternative to limit false positives in dataset in real time

+ The automatic extraction of picks introduce significant challenges to train a supervised model!

» lterative procedure to clean up the dataset: Human first labeling — machine assessment — Human review
» Comparisons between localization results using STA/LTA vs deep learning
« The latent space of the detector might inform us about specific source properties

+ Single-station approach — how to improve to leverage moveout across network
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How to assess the catalog’s reliability

100% TPR and FDR (3" February 2022) 100% TPR and FDR (20" May 2022)
—e— False discovery rate —e— False discovery rate
—e— True positive rate —e— True positive rate
80% 80%
60% 60%
40% 40%
20% 20%
0% 0%
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