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OUTLINE

* Origin of what became the CTBT IDC automatic processing algorithm

* Highlights in advancements of automatic hydroacoustic data
processing over 25 years

* Future hydroacoustic data processing capabilities. Near and long-term
development of the hydroacoustic data processing
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Group of Scientific Experts Technical Tests [Dahlman (2020)]

Group of Scientific Experts (GSE) proposal for experiments including multi-national contribution of seismic sensor data, distributed
(national level to provide Level | data) and centralized (data centre to provide Level |l data) data processing.
GSE Technical Tests GSETT-1 to GSETT-3 conducted during the period 1984 to beyond the final test-ban negotiations and the
agreement in 1996 on the Comprehensive Nuclear-Test-Ban Treaty (CTBT).
Features of the GSETT-3 system included:
* provide rapid acquisition and processing of data from a global network of seismic sensors and process this data at a central
facility
* provide as much automation as possible in the collection, processing, and distribution of data
* establish a monitoring system architecture flexible enough to allow any technical modifications and improvements that
might be needed in the future
While GSETT-3 was limited to seismic monitoring, its system design would be flexible enough to incorporate the collection,
archiving, and distribution of data from non-seismic techniques, such as hydroacoustics, infrasound, and radionuclide.
United States offered to host a Prototype International Data Center (PIDC) project at the Center for Monitoring Research (CMR) in
Arlington, Virginia, USA. This was running the GSETT-3 experiment at the time the Treaty was negotiated, starting in 1995.
GSETT-3 continued during the initial build-up of the International Monitoring System (IMS) starting in 1997, at the Provisional
Technical Secretariat (PTS) of the Prep. Comm. for the Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO) in Vienna.
The PIDC project continued at the CMR in Arlington until March 2000.
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Early implementation of IDC processing algorithm at CTBTO

* The United States generously donated the software and associated documentation to the PTS.
* The first delivery of the automatic processing algorithm (R1) at CTBT IDC was mainly configured for seismic network
processing [Gerstoft (2000)].
* The CTBT IMS hydroacoustic network was routinely monitored during the R1 release and was composed of:
* Two hydrophones WK30 and WK31 at Wake Island, Pacific Ocean, located around 240 km apart.
* One T-station VIB at Queens Island, Canada, with one vertical component.
* The CTBT automatic processing algorithm (R1) was still in a development phase and was mainly composed of:
* Detection and Feature eXtraction (DFX)
 Station Processing (StaPro)
* Global Association (GA)
* R1release was operational 15 May 1998 to 28 May 1999 and a later version was running at PIDC in Arlington, USA
* Release R2 of the automatic processing algorithm was transferred from PIDC in May 1999.
* Lessons carried forward as the IDC moved towards its final goal of building a system capable of fulfilling the relevant
Treaty obligations.
* Release 3 more complicated and included more auxiliary stations.

Disclai * The views expr d on this pr ion are those of the author and do not necessarily reflect the view of the CTBTO
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Release 3 of the IDC application software was installed, and

development and maintenance taken over by IDC. 5 CTBIO[
e Ad-hoc Expert Group on:
* Evaluation of Hydroacoustic Data Processing at the International Data Evaluation of Hydroacousti
Centre. Hevtions] Data Costre

A total of 3 meetings in 2002 and 2003 at the premises of the
CTBTO Preparatory Commission.
Recommended 6 High Priority Areas

» Station-specific processing parameters

e Multichannel processing of triad data

* Usage of T and H phases in event definition and location

* Modelling of travel time and transmission loss

* Characterization of arrival time is critical to location (refinement of PWT)
* Spectrogram tool for interactive phase identification.

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO
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4, CTBIO

INTERNATIONAL MONITORING SYSTEM

HAO1
HAO02
HAO3
: ‘ HAO4
V’ . H‘vdrophonetrip\els » . '-"f}-' HA05
[- A T-stations (3C seismometers) :
HAO6
» Hydroacoustic stations deployed HAO7
during the period 2001-2007 HAOS
» Gradual increase in number of -
sensors providing data
. . . HA10
» All hydroacoustic stations provided
data to the IDC Operation HA11

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO

10-DEC-2001
20-DEC-2006
14-NOV-2003
19-JUN-2017
30-JAN-2002
22-DEC-2005
21-NOV-2005
18-DEC-2000
22-DEC-2004
15-DEC-2004
08-JUN-2007

Treaty Number Certification IDC Operation Station Type

25-APR-2002
29-JAN-2007
09-JUL-2003
02-OCT-2003
06-MAR-2002
16-MAR-2006
28-JUL-2005
18-0CT-2001
23-MAR-2005
23-MAR-2005
17-DEC-2007

Hydrophone
T-station
Hydrophone
Hydrophone
T-station
T-station
T-station
Hydrophone
T-station
Hydrophone
Hydrophone

Source for table: [DOTS (2021)]
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Schematic of overall flow of IMS data from the three technologies, processing steps, and standard products of the IDC.
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Automatic Processing Software Components

Processing flow of hydrophone data from triplets

Global
Association/NET-

Raw data from Detection and Hydro Azimuth and

Station Processing

hydrophone Feature eXtraction Slowness izati
ystatipons (DFX) algorithm (Bakic) Estirfnator (HA)[S]E) VISA (contribute = b
b with arrival time)
- Real-time data transfer - STA/LTA detector - Grouping of arrivals on | - Seismic phase identification (P) - Blockage maps from 2D - LMS-type minimization of
Via satellite link - Multiple feature triplets . Back-azimuth estimation of propagation modelling observed and computed 2D
extraction tailored - Rule-based phase grouped arrivals on triplet by a - Asignal will be discarded  travel time differences
hydroacoustic data identification (H, T, N) Hydroacoustic Azimuth Estimator from event association if the - Can include back-azimuth
(HAE) or/and 2D geodesic propagation from observations and computations
Multi-Channel path is blocked assuming 2D geodesic propagation
Cross Correlation algorithm path differences
(PMCC)

Processing flow of seismic data from T-stations

Global
Association/NET-
VISA (contribute
with arrival time)

Detection and

Raw data from
hydrophone stations

Station Processing
(StaPro)

Event localization

Feature eXtraction
(DFX) algorithm

. STA/LTA detector on vertical - Grouping of arrivals on - Blockage maps from 2D propagation - LMS-type minimization of observed and computed 2D
. Beal—tirje déta transfer component only triplets modelling modi_fied_slightly to accommodate  travel time differences
Via satellite link - Detector setting is different - Rule-based phase partly propagation in ground - Can include back-azimuth from observations and

to hydrophone data identification (H, T, N) - Asignal will be discarded from event computations assuming 2D geodesic propagation

association if the 2D geodesic propagation
Disclai  The views expressed on this pr ion are those of the author and do not necessarily reflect the view of the CTBTO path is blocked
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Enhancement of Hydroacoustic Processing [Graeber (2006, 2006a)]

* Computation of Travel Time and Transmission Loss
* Computations along Nx2D radials from the CTBT IMS hydroacoustic stations.
* Seasonal varying oceanographic database information.
* Ocean acoustic propagation model KRAKEN.

e Detection and Feature eXtraction
* IDC to reverse-engineer libhydro to fulfil obligation, porting to other platforms and development of new tools.
* Calculation of multiple time metrics (arrival, start, termination, peak, probability weighted etc).
* Cepstral analysis to identify delayed echoes from bubble pulse oscillations from in-ocean explosions.
* Enlarged frequency processing band to enhance automatic phase identification.

Disclai * The views expr d on this pr ion are those of the author and do not necessarily reflect the view of the CTBTO
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Enhancement of Hydroacoustic Processing [Prior (2008, 2008a, 2011), Tuma (2016), Heaney (2017)]

* Phase identification

* Tuning of rule based phase identification based on extensive data analysis.

* Fewer wrongly identified H-phases that should have been identified as T-phases.

* Impact on automatic network processing as H-phases contribute and T-phases do not, i.e., fewer false events based on H-phases.

* Enhanced rule-set for H-phase identification (number of frequency bands and thinness added to the rules for identifying H-phases) [Prior
(2008)]1.

* First reported attempt to introduce Neural Net and Support Vector Machines for signal phase identification [Prior (2008a), Tuma (2016)].

* Identification of signal detections that were blocked by the Global Association algorithm (2-dimensional blockage maps) but were
detected because of 3-dimensional propagation effects justified by high-fidelity 3-dimensional modelling of ocean global-scale signal
propagation — [Heaney (2017)].

* Multi-Channel Processing/Azimuth and Slowness Estimation
* Refinement of hydrophone locations to eliminate bias in azimuth and apparent wave speed residuals.
* Introduction of PMCC-like coherent processing of hydrophone triads (HASE) to estimate back azimuth and apparent wave speed for H, T, N
and P phases.
* Introduction of DTK(G)PMCC stand-alone algorithm for signal detection, estimate of back azimuth and slowness for hydrophone triplets.

Disclai * The views expr d on this pr ion are those of the author and do not necessarily reflect the view of the CTBTO
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» Frequency band:
o LFB: 6-12 Hz
o HFB: 64-100 Hz
» No. Bands
o Number of processing bands
» Thinness (dB)
o  SUM(peak_level - total_energy)/No. Bands
» Energy Ratio (dB)
o total_energy (HFB) - total_energy (LFB)
» Time Spread:
o total_spread (LFB)
» Crossing Density:
o num_cross (LFB) / Duration(LFB)
» Fractional Time:
o total_time (LFB) / Duration(LFB)
» Duration:

o termination_time(LFB) - onset_time(LFB)

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO
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Attribute H phase T phase N N phase H phase
(Step 1) (Step 2) phase (Step 4) (Step 5)
(Step 3)
No. Bands >6
Thinness >0
Energy Ratio <5 <0.1 Missing or
Time Spread >3s >35s Missing or
! ? — H phase
if neither
TnorN
Crossing >8st >40s?! | Missingor phases
Density
Fractional <0.2 Missing or
Time
Duration <6s Missing
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Seismic Phase if:

Energy Ratio in dB

(LBF — MFB) >12

* Low Frequency Band (LBF ) centered on 1.5 Hz

*  Medium Frequency Band (MBF) centered on 3.5 Hz

Slowness (S)
S <= 30 s/degree (corresponding to apparent velocity of 3.7 km/s)

Hydroacoustic Phase if:

Slowness (S)
S >= 70 s/degree (corresponding to apparent velocity of 1.6 km/s)

Rejected if:

Slowness (S)
30s/degree < S < 70s/degree

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO
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HASE - Hydroacoustic Azimuth and Slowness Estimator [Graeber (2004)]

STA: HOBS | C_TIME: 2004/05/05 15:58:13 , F 0 2.0Hz | Fyoe 80.0Hz
T T T T

» Bay of Bengal Event, 05/05/2004. Sliding correlation windows of variable
> Raw time series recorded on three length and use of multiple frequency bands

hydrophones at HO8S (upper left) and GBS War ey S 1556 15200 1 L1111 ] Bl
corresponding calibrated spectrogram  ° o
(middle left). o el
> Cross-correlation of hydrophone time g "y F iy
series (lower left). T :f.ls
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T-phases may be of large duration and display large variations in azimuth. In the case, the T-phase from the main shock
records rupture propagation along the earthquake fault initially to the South and then mostly to the North.

» The Sumatra—Andaman earthquake 26/12/2004
00:58:53 UTC.

» HASE applied to estimate apparent wave speed and
back azimuth on HO8S time series of duration 20
minutes.

m
T
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T

e

a
™

» Time evolution of apparent wave speed (upper left).
» Time evolution of back azimuth (middle left).

» Raw time series (T-phase) recorded on one
hydrophone of HO8S (lower left).

» Back azimuth interval (white dashed lines), mean
back azimuth (red line) and estimated location of - | | N
ground-to-water wave coupling (magenta dots). o180 O o] orso

Time [hh:mm]

[
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&
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—
=
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Hydro-acoustic processing (HO4N) & automatic detection of technology. Software donated by the French NDC at CEA/DASE

Fle Edit Tools DTK-PMCC View Help

» Station Processing system: i ERLC e FE e o m
»Redesigned processing software integrating the Progressive Multi- m PSR —resremsemeer o e ae— oy e 5] G remma o [ oo 8
Channel Correlation method [Cansi (1995, 1997)].  — —=
»Software package allows for 2 modes: stand-alone and integrated in i |
a LAN linked to database. f U
| ] .o

» Extended from infrasonic waveform analysis to also include —_— R — P e e =
hydroacoustic processing capabilities in 2018. — —
>  DTK-PMCC . :
» Detection calculation software from the flow saved on the hard
drive. This software contains the core system algorithm.
»Command line software that can be coupled with interactive H
interface (DTK-GPMCC) or integrated into an operational pipeline
(such as IDC LAN)
> DTK-GPMCC:
»Software working in interactive or automatic mode, that allows RN i

making measurements or visualizing and modifying existing .
measurements from the raw flow and the automatic detections. our o wil " - e - *

»DTK-GPMCC is the graphical user interface linked with the DTK-PMCC
algorithm. It executes the algorithm, retrieves the results and e e | Fy—— " o
provides them for further analysis (advanced setting, computation . . . o

Time (hr:min:sec)

launch, graphical representations, etc...) T T e e T e oI A e R P AR T A S
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* Recorded time series at HO1W and HO8S hydroacoustic station: HOLW03-5ep-2017 03:30.00 03-3¢p-2017 0:00:0 HOBS D3:Sep-20]7 03:30:00 03-Sep-2017 0100:00
on 3 September 2017 (DPRK6). ‘
* Signal received at HO1W was detected by the IDC automatic 3 o + | ' 3 ’Ff
processing system as P-phases while the signal received at 5 5
HO8S was detected manually. Ry e——— o I E 2 FL "
* Calibrated spectrograms of signals received at HO1W and HO8S 2 z
hydroacoustic stations on 3rd September 2017. N — Ne— . ____,____*‘.P
* Filtering using a 3rd order Butterworth bandpass filter in the
band 0.8-4.5 Hz (seismic band).
0 500 1000 1500 0 500 1000 1500
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Manual detection
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Hydroacoustic detection and localization of DPRK6 [Nielsen (2018)]

Estimate of location and error ellipse using
125 seismic IMS stations (red ellipse) and
hydrophone stations only (blue ellipse)

Difference in event location using 125
seismic IMS stations and hydrophone
stations only:

— Difference: 27 km
Dimension of location error ellipse using 125
seismic IMS stations:

— Semi-major error ellipse axis: 6 km
— Semi-minor error ellipse axis: 5 km

— Ellipse strike/orientation: 88°

Dimension of location error ellipse using

hydrophone stations only: =
. 3 N DaKa_\S\O NOAA U b avy, NGA, GEBCO
— Semi-major error ellipse axis: 64 km SRR Covenicus Google Earth
— Semi-minor error ellipse axis: 27 km '
— Ellipse strike/orientation: 171 °

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO
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Network Processing NET-VISA [Arora (2013)]

* Travel time between any two points on Earth and the attenuation of various frequencies and wave types are not known
accurately

* Each detector is subject to local noise that may mask true signals and cause false detections

* Thousands of detections are recorded per day, so the problem of proposing and comparing possible events (subsets of
detections) is daunting

* Suggest that an approach based on probabilistic inference and combination of evidence might be effective

* Early tests of global signal associator NET-VISA [Arora (2013)]

* NET-VISA extended to include hydroacoustic together with seismic [Arora (2014, 2019), Le Bras (2020)]

* NET-VISA (relies on IDC signal features) and SIG-VISA operating on full waveforms [Moore (2017), Le Bras (2020)]

Disclai * The views expr d on this pr ion are those of the author and do not necessarily reflect the view of the CTBTO
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Network Processing. NET- and SIG-VISA [Arora (2013), Moore (2017), Le Bras (2020)]

Potential use of Machine Learning methods to improve data processing at CTBT IDC
Outcome of workshop in 2009 was initiation of proof-of-concept of Network Processing:
* NET-VISA as one-to-one replacement of the Global Association (GA) software using parametric detection data as
input
* SIG-VISA substituting Detection and Feature eXtration (DFX), Station Processing (StaPro) and GA using raw
waveforms as input.
Both stages of the VISA developments were aimed at a probabilistic framework based on a Bayesian approach instead of
the comprehensive exploration of all possible combinations of detections, followed by a heuristic approach to resolve
‘conflicts” where a detection is associated to multiple events used in GA.
Distributions of time, slowness and back azimuth residuals are derived from the large set of reviewed events.
Expectations:
* Missed event rate decreases by at least ten percent
* Better completeness of the events in terms of the number of stations associated to an automatic event
* Higher productivity of analysts and more in-depth understanding of each event.
Early tests of global signal associator NET-VISA [Arora (2013)]
NET-VISA extended to include hydroacoustic together with seismic [Arora (2014, 2019), Le Bras (2020)]

Disclai * The views expr d on this pr ion are those of the author and do not necessarily reflect the view of the CTBTO
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NET-VISA [Arora (2013, 2014, 2019), Le Bras (2019, 2020)]

NET-VISA hypothetical event location.

Physics-based, probabilistic model and an inference algorithm.

* Basic components of NET-VISA are a Generative Model (GM) and an Inference Algorithm (lA).
Addition of hydroacoustic to seismic

* Prior of hydroacoustic H phase event locations uniformly distributed at a rate of one (1) per hour

* Prior of remaining IDC derived signal features derived from reviewed by-analysts historical data

* Generative model (Geometrical spreading and absorption in water)

* Inference by considering all possible combinations of arrivals
that maximizes the likelihood for observed events.

* Possibility of Out-of-Plane (OOP) diffracted arrival modelled
in addition to blockage. Probability of detection
decreases exponentially with OOP angle.

* NET-VISA migration to operational network. 7 N -
* Enhancement of automatic event detection fromglobal TN Tt N
network using NET-VISA and improved contribution from -
the hydroacoustic network.

Disclai 2 The views expressed on this pr ion are those of the author and do not necessarily reflect the view of the CTBTO
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Interactive review of hydroacoustic data

* A large percentage of events in the reviewed event bulletin (REB) contain T phases. The numbers for year 2020 are shown below:

- Total number of events Events with T phases Events with H phases

2020 34195 8479 (24.80%) 23 (0.07%)

2019 35285 8392 (23.78%) 13 (0.04%)

* T phases do not contribute to the location of a event but are observed for small events and may lead to the building of mixed seismic-
hydroacoustic events in the REB which would be missed by a seismic-only network. They contribute to about a quarter of the REB events.

* Events with H phases are confirmed a few times within a year. H phases contribute to the location of the event. These events are in-water but
may also be recorded by on-land seismometers.

* The large REB bulletin accumulated over twenty years provides a high-quality record of seismo-acoustic events which contributes to the
advancement of knowledge in this area.

* Another major contribution of the hydroacoustic network is the post-analysis automatic screening step. If an event is shallow and its
epicentre in ocean deeper that 500m, it can be safely classified as natural if no H phases that should be observed (i.e. with no blocked path to

the station) are observed.

Disclai * The views expr d on this pr ion are those of the author and do not necessarily reflect the view of the CTBTO
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Oceanographic Modelling for Hydroacoustic Processing 2016-2021 [Heaney (2016)]

Meso-scale (10-100 km spatial scale) oceanographic
eddies are known to impact ocean acoustic signal propagation.

The spatial and temporal behaviour of eddies
are predictable by
global sophisticated oceanographic models.

Computational intensive and may require nesting
to obtain sufficient resolution.

Essential input to global-scale 3D acoustic signal
propagation models to predict arrivals
at IMS hydroacoustic stations.

The oceanographic models also predict ocean current
which may cause cyclic movements of individual
hydrophones in the hydroacoustic triplets.

Knowledge of local ocean current may allow
for corrections of temporal dependent

location of hydrophones in the IDC processing. ECCO2 Sea Surface Temperature

Disclai * The views expr d on this pr ion are those of the author and do not necessarily reflect the view of the CTBTO
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Sound in the southern Atlantic ocean generated by earthquakes in the region
between South Georgia and South Orkney Island is detected at HION [Heaney
(2017)].

* The underwater acoustic path is close to blocked for azimuths 194.5° between
199.5° by the South Georgia Island and its underwater plateau.

* The arrivals are not identified as T-phases propagating in the ground and
coupled into the ocean North of South Georgia as the travel times correspond to
signals travelling at the ocean sound speed. e

* Relative narrow trench-like underwater acoustic paths at azimuths 194.5° and S
199.5° (red lines in upper panels) where sound can escape around South Georgia
Island.

* A typical number of detections at H10N for 24 hours of acquisition is shown in
the lower panel with a distribution centred around azimuths of 194.5° and

3.0
199.5°. Minimum water depth along 500-km radials centred around South _ _\\ _
Georgia Island is shown as the black line. ;5 o \| 1000 E

* The detection of signals originating from behind and blocked £ E;g 15000 %
by South Georgia Island can be explained by 3D diffraction 28 ig : e
of the signals around South Georgia Island. 0 /3000

* The views expr d on this pr ion are those of the author and do not necessarily reflect the view of the CTBTO
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Modelling of 3D diffraction of signals

Bathymetry

CTBTO
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Pres. No.:

3D Parabolic Equation model SSF PE [Lin (2013), Kushida (2020)]
The authors are gratefully acknowledged making the 3D SSF PE available

1000
2000
3000
4000
5000
6000
7000

y (km)

* GEBCO bathymetry swath along a geodesic path from triplet HION at
(0,0) to a location close to South Orkney Island (6850,0) passing
through South Georgia Island (upper panel).

* Computation of 3D underwater signal propagation presented as TL at
5 Hz using the SSF PE [Lin (2013), Kushida (2020)] from H10N towards
South Orkney Island at a depth of 1500 m (middle panel).

* At least 32 events in the period 2006-2014 detected and stored in the
Standard Event Level 3 from the automatic processing although line-
of-sight blockage by South Georgia Island (white dots beyond 6000 » ; ‘
km ) . 1000 2000 3000 4000 5000 6000

» Diffraction of sound around South Georgia can make T-phase arrivals
visible at HION when blockage based on 2D computations predict they
would not be seen (middle panel) [Heaney (2017)].

TL (dB)
i 80

100

y (km)

TL (dB)
80

2000

» Diffraction fills the entire water column behind South Georgia making

E
N

it possible to detect the sound source at any receiver depth.
* [GEBCO Digital Atlas, Copernicus Marine Service Information]
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Modelling of 3D effects of signals

HA10

Refraction and diffraction from
seamounts, Islands and continents

* Hydroacoustic Anomaly

Last contact position ARA San Juan

* Signal of unknown origin detected on
November 15t 2017 in the vicinity of the last
known position of the lost Argentine submarine
ARA San Juan.

Controlled explosion test conducted by
Argentine Navy on December 15t 2017, with
source position and time information.

* The November 15t signal and the December 15
test source were both detected on CTBT IMS
hydrophone stations HA10 and HAO4.

Nbvember 15t event A

* Hydroacoustic Anomaly
Last contact position ARAESan Juan

& bh4
Google Earth 4 A
- ; . N

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO Data 810, NOAA, LS. Navy, NGA, GEBCO View from Space (Altitude: 7924 km)
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Observation of signal variability recorded at two hydrophone stations from the same event

H10N 15-Nov-2017 14:58:50 15-Nov-2017 14:59:50 A0 H10N3 15-Nov-2017 14:58:50 15-Nov-2017 14:59:50 “° ' 1P /Hz

110
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» November 15% signal received on H10N and analyzed using a
Multi Channel Cross-correlation (PMCC) processing algorithm [Cansi
(1995, 1997)].

» A sequence of 10 late arrivals following the direct main arrival (path
number 1) is identified by analyzing a 15 min time window after the main
arrival.

» Late arrivals are attributed to reflections off underwater bathymetric
features [Vergoz (2021), Dall’Osto (2019, 2019a)].

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO
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Modelling of 3D refraction and diffraction of signals

Refraction and diffraction 3D Parabolic Equation model SSF PE
f land [Lin (2013), Kushida (2020)]
rom Seamounts, Islands The authors are gratefully

and continents acknowledged making the 3D SSF PE
available

1000
2000
3000
4000
5000
6000
7000

y (km)

* The in-water acoustic anomaly associated with the loss of ARA San 0 1000 2000 P P e 6000
Juan was detected at the hydrophone station HA10. ) . Tiatz-1000mGOPD , e

* Horizontally refracted arrivals from the same event were detected .
up to 15 minutes after the primary arrival following the geodesic
propagation path.

* Refraction and diffraction can be observed from the top of Rio 200
Grande Rise (middle panel). \

'
i

=R g7

...........

y (km)
o

1000 2000 3000 4000 5000 6000

* The acoustic signal propagates in the SOFAR channel, interacts with
the Rio Grande Rise and reflected off the ocean bottom to pass the : D a% -
Rise. The signal is again trapped in the SOFAR after the Rise (lower | I e 92
panel). -

* The acoustic signal propagating in the ocean after the Rio Grande
Rise is a combination of 3D refracted and diffracted propagation

paths. 1000 2000 3000 4000 5000 6000

0
Disclai * The views expr d on this pr ion are those of the author and do not necessarily reflect the view of the CTBTO S O u rc e x (km) H A 1 0
o CTBTO.ORG
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Concept of estimating transfer function from in-ocean to in-ground event

. . 1S Sound speed (m/s)
Detection of in-ocean events st 1450
at on-land seismometers (modelling) < 1500
[Tromp (2008), Stevens (2020)]. g s

. o . 8  -1o 0 10 20 30 40 50 60

* Difficult to associate in-ocean events to signals - - - e
recorded at the CTBT IMS on-land T-stations because of £10°5 I TR ———
high ambient noise levels. B (2) i ' "ol T i i

* In-ocean events are observed in recordings from on- Modelled Pressure = | | ! '* ‘ J | |
land seismometers at different locations than CTBT IMS o . 10 20 30 60
T'Stations. . f<10 i UZ STA 61 R— -0mZ= 8 m

* Conversion from in-water pressure to in-ground seismic Vertical Ve'?CitV 5 _(5) — - T —WM W“‘
signals at T-stations may reduce or eliminate evidence modelled directly . = = =
of an in-ocean event. = x10% ' Transfer fuqctnon PX/U{ '

* Accurate computation of the transfer function (Greens Modelled Transfer £ - ‘ m% 1
function) from in-water to in-ground signals may function 80 ‘ ‘ i . 1
preserve these evidences. 0 105 10 L. - o 5° 60

H X V
 Convolution of a seismic signal recorded at a T-station Pressure estimated 2 i ' ' ’ '
. . . from transfer function g o} — - ‘ |
with this transfer function may recover features of an .
. . and model vertical 2 : , N s s .
in-ocean event at a virtual hydrophone closely located. velocity 0 10 20 30 40 50 60
Time (s)
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Estimate signal at virtual seismometer based on modelled transfer function

§, Sound speedl(m,as)
< '508 " AT-station 43

* Eventrecorded at the CTBT IMS hydrophone station H11N § 500 A Hydrophone 1500

close to Wake Island and the close-to-collocated WAKE < 1000
. 3 1500 = 1550
seismometer. g 10 o 10 20 30 40 50 60

* The transfer function of an in-water pressure signal converted Distance from T-station (km)
to an in-ground seismic signal is computed by the SPECFEM2D s x1071% ___ Modelled UZ ‘

[Tromp (2008), Stevens (2020)]. Vertical velocity modelled 2 MW—‘

* Model-based estimate of a virtual hydrophone signal by directly 5 = = 2 o = =
convolution of the modelled transfer function with the Measured pressure 5 %107 Estimate UZ from PX by Modelled Transfer Function
recorded vertical component of the seismometer data. convolved with modelled «

. . . . - £ "“’W‘“‘m""

* Experience reveals that it is more demanding to estimate the transfer function to & ; : ; : ;
signal at a virtual hydrophone than a virtual seismometer. estimated velacity 0 106 10 0 Measz:’ed . 40 o 60

T . . 5 % : ; - ; .

. Ir.nprove.d similarity between es.tlmatgs and obsgrvatlons of the Measured vertical o N e
virtual signals are sought by an inversion for optimum velocity on seismometer £ = } | | | 'W"“ o
underwater environmental parameters. o 10 20 30 40 50 60

.. . . oy e x10~ Estimated-Measured UZ
° 5 T T T T T
This is a new project and is still in progress. Estimated (red) and 2 . m' ' |
measured (black) vertical £ . ( ‘
velocity o 10 20 30 40 50 60
Time (s)
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Estimate signal at virtual hydrophone based on modelled transfer function

Sound speed (m/s)
1450

=
< '508 ' nT-station
Q.
9 500, f 1500
* Event recorded at the CTBT IMS hydrophone station H11N § oo IO 1550
close to Wake Island and the close-to-collocated WAKE 8  -1o0 0 10 20 30 40 50 60
seismometer. Distance from T-station (km)
. . . %107 Modelled PX
* The transfer function of an in-water pressure signal converted 1 ' ‘ o
to an in-ground seismic signal is computed by the SPECFEM2D Pressure modelled directly & of—— W‘"’w
3 . ‘ ‘ . J
[Tromp (2008), S’Fevens (2029)]. . Measured velocity 0 10 20 30 40 50 60
* Model-based estimate of a virtual hydrophone signal by convolved with 50 Estimate PX from UZ by Modelled Transfer Function
convolution of the modelled transfer function with the modelled transfer g o NMWW - :u:-{
recorded vertical component of the seismometer data. function to estimated -50, " ” ” p ~ -
* Experience reveals that it is more demanding to estimate the pressure % | _ MeasuredPX |
signal at a virtual hydrophone than a virtual seismometer. Measured pressure on £ 0 *__wm; .
* Improved similarity between estimates and observations of hydrophone o . 1 1 . J
. . . . . 0 10 20 30 40 50 60
the virtual signals are sought by an inversion for optimum Estimated-Measured PX
underwater environmental parameters. Estimated (red) and . 53 ' ' ' ) o
* This is a new project and is still in progress. measured (black) pressure = o , | | o -
0 10 20 30 40 50 60
Time (s)
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Enhancement of Hydroacoustic Processing

* Initiate exploitation of oceanographic,
seismo-acoustic and 3-dimensional
ocean signal propagation modelling
results ( phase conversion,

ﬁ

) SEL1

v o0
enhancement of blockage maps, travel ,%” = é
wn w»n
time tables, probability of detection and [Hydroacoustic g E g SEL2 &
estimates of back azimuth). — — 2 e o
] i ) ) [ Auxiliary Seismic A/ A~ 2
* Provide rigorous physical basis for £ f_’ 5
predicting and interpreting = =§ z g
icsi ' i 7 > SEL3 ) = > REB
hydroacoustic signals to train and assist —— N A SR—
in evaluating observations. f
* DTK(G)PMCC migration to operational — < — > —
network — quick long-term station
performance assessment, evaluate if < NET-VISA and GA

events are pertinent to CTBTO (trace
back repetitive events as an example)
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Near Future

Implementation of 3-dimensional ocean signal propagation modelling results as part of the automatic signal processing
of hydroacoustic data and to assist analysts in interpreting recorded signals on the CTBT IMS hydroacoustic network

* Assess the possibility of using high-fidelity seismo-acoustic models to predict the conversion of in-ocean propagating
pressure waves to in-ground propagating seismic waves to enhance performance and utilization of the CTBT IMS
hydroacoustic T-stations

* Finale report, PAGEOPH paper by Leidos.

* Introduction of Machine Learning as part of the automatic processing algorithm to identify and characterize recorded in-
water pressure waves at hydrophone stations and in-ground seismic waves at T-stations

* Evaluate necessary size of training of state-of-art Machine Learning algorithms to become part of the automatic
processing algorithm and eventually supplement with high-fidelity seismo-acoustic propagation modelling.

* Introduce seismo-acoustic wave propagation physics in Machine Learning algorithms

* Apply Machine Learning algorithms for noise reduction at T-stations

Long-term vision

* Substitute part of or entire automatic processing chain of hydroacoustic data all the way from detection to event
screening with feedback between station processing and network processing.

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO
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