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Infra-AUV project SE01-09
Metrology for low-frequency sound and vibration (Sept 2020 — Dec 2023)
= To develop primary and secondary calibration methods in the low
frequency range
= To specify devices suitable for transferring measurement
traceability to sensors deployed in the field, e.g. at IMS
monitoring stations
= To develop new methods or augment existing methods of on-site
calibration, incorporating full measurement traceability
= To illustrate the impact of metrology considerations, such as
traceability and measurement uncertainty, in AUV monitoring
* To maximise impact by engaging widely with stakeholders
= station operators and other scientific users of data
* sensor manufacturers
= standardisation committees S 5 ‘@' Briiel & Kieor &5
= regulators
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Metrological traceability — International System of units (SI) SE01-09

calibration
Calculable pistonphone

Secondary

calibration
Comparison method

Metrological traceability

Property of a measurement
result whereby the result can
be related to a reference
through a documented
unbroken chain of
calibrations, each contributing
to the measurement
uncertainty.

The Primary method
of measurement
provides the essential
first link in the chain of
traceability from the
definition of a unit of
the International
System of Units (SI)

Field calibration of

reference sensor
SMIT method (comparison)

In-situ calibration of
measurement sensor
Gabrielson method (comparison)

Kristoffersen et al. (2025) https://doi.org/10.1121/10.0036380



https://doi.org/10.1121/10.0036380

? S nT 2&25 | 8 . Infrasound uncertainty propagation: ensuring traceability from the laboratory A

T NOw LT n -
CTBT: SCIENCE AND TECHNOLOGY CONFERENCE to th e fl eI d

S. Kristoffersen et al.

L

on
metrology

Wave parameter estimation SE01-09

Principle of Progressive Multi-Channel Correlation
(PMCC) is to determine the time-delay of arrival
(TDOA) at each detector.

Operational analysis method used at IDC.

From the TDOA's, back azimuth and trace velocity of
the source wave-vector is determined.

PMCC relies on the relative arrival times, errors In
sensor phase will result in errors in direction of the
source.

Sensitive to phase errors introduced by sensor
response (correctable using calibration).

https://www.ctbto.org/our-work/monitoring-technologies/infrasound-monitoring
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Estimation method Propagation model (TDOA)
 Three main sources:
« Estimation method (TDOA/PMCC)
« Instrumentation (calibration etc.) Monte Carlo method
Frequency band Measurands:

* Incoming signal (atmospheric
conditions etc.)
* Three measurands:
« Back azimuth
» Trace velocity Clock drift +
 RMS amplitude digitizer

(filtering)

Trace velocity vy,
Back azimuth 6
Amplitude RMS,

Environmental
noise

Instrumentation
Poorly understood effects

Incoming signal Negligible
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Calibration uncertainty budget SE01-09

In-situ calibration of the

* Field calibration of the reference microbarometer ELEERIERGTIGLER D,
(SMIT) — traceable to primary calibration (SI)

 In-situ calibration of operational sensor

e Sensor position uncertainty

Field calibration of the
reference microbarometer

« 15cminx,y
e I1minz Transfer function
« Sensor susceptibility of the sensor
- MB3, MB2005 and WNRS Attude Atmospheric Hsen
« Temperature and pressure Geometry PEssHTe H
Hpgps sOPE
Temperaturef H  prp
Hswngr

Station geography

Susceptibility
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In-situ calibration at local altitude and environment SE01-09

SMIT — Systeme de Métrologie Infrasonare de Terrain
(In-situ infrasound metrology system)

* Innovative on-field calibration system with comparison
with a standard microphone
« Calibration method:
« Comparison with a HBK4193 standard
a’éﬂf microphone (calibrated by LNE)
« Traceable to Sl

Portable infrasound generator, designed by CEA/DAM;

Working standard mic., calibrated in the laboratory (knowledge
of its susceptibility to P and T);

Infrasound sensor to be calibrated ;

Commercial field digitizer (Nanometric Centaur);
Low frequency amplifier, dev. CEA/DAM ;
Solenoid valves, static pressure balancing;

Mini weather station ;

Computer with Falcon software, dev. CEA/DAM ;
12 V battery;

Electronic conditioner for the microphone.
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Reference Element

i

Push resonance
higher with larger
diameter pipe, or with

two pipes

10

Magnitude

Addition of inlet pipe
affects frequency response o
of reference.

If inlet is offset from
phase center of WNRS,
both the magnitude and
phase will be affected.

Inlet pipe affects response

0
It vault is at WNRS N . W "
center, it may not be e T Tl
L= \ pipe
practical to align the -200 B internal volume
reference inlet if using a | § (need to know this)
single plpe b 00 e acoustic mass-compliance system
On-site cal_lbratlo_n uses amblent S|gn_als for a calibration Gabrielson, https://doi.org/10.1121/1.3613925
by comparison with the calibrated (primary & Green, https://doi.org/10.1093/gji/ggab155

secondary) reference sensor.
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Complete calibration chain

Infrasound uncertainty propagation: ensuring traceability from the laboratory

(a) Reference microbarometer Hgyt
Individual site s, SMIT calibration

. {,-—— Udgpr

(b) Measurement sensor Hgagp
Individual site s,, Gabrieslon calibration

Uagag

{c) Position and altitude error Hpgs
Individual site s, phase shift effects

i T _! \ y asmiT, Sm & ] ~a
S h | S5 aGAe, s,
E Udpos
o A-"—-——'__ U E E
= e ',(————— U gy —_ -
e — — o T
e PSMIT, 51 e = PGAB, s
[Hz] [Hz] [Hz]
(d) Reference microbarometer Hqper (e) Operational microbarometer Heppe (f) WNRS H.wnr
Susceptibility model effects in P, T Susceptibility model effects inP, T Susceptibility model effects in P, T
(%] /7 A
[hPa] SWNR, P
~ Asrer, P — AsopE, P
R R
[rad]
[hPa] é/ DQswir, P
[hPa] [hPa] (%]
rcl j— Aswnr, T
—_ —_ k\
2 —A £ /ASOPE,T [rad]
SREF, T e j Dswnr, T
[°C] [°Cl [Hz]
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Monte Carlo SE01-09
(1) Raw measurement signals (2) Raw signals (35) Transfer function, n*" run, Hsen = Hpos * Hsope * (HsmirHsrer) ™ * (HgaeHswng) 1 |
Time domain Frequency domain | Frequency domain, £ ~ 4710, 1), n €[0; N], N =10 runs I
_ | n,sy ANS: — 1 . 1 . Asope(Ps1, T51) 1
2 yRAW YRAW I HSEN SEN o, 51+ Uag, TE;{M 8cag, 1+ Uage€6a8, 51 Asper(Par, Te1) Aswnr(Ps1, Ta1) I
FFT . ® | ':D‘sgm = (@551 + Uogy Edgr, 51}~ (@68, 51 + Ung.,Eas, 510~ PsmalPs1, Ts1) + Uo.Eous 1 |

: n

: I
j— : ‘I I
| :
I M Sm 1 . 1 . Asope(Ps.,, Ts.,) |
Sy M Sm ™ Sm I H N, Sm SEN s, s, T Ua, ST E; AGAR, 5, T U EGA8. 5, ASREF[PE,-.! Tsﬂ.} Asvinin |:.P5l-.-|-' TE.-..J I
2 _LYRAW. _YRAW. I LFSEN” on.s,, _ o p T I
y [s] L sEnN — —(W0sam s, + U, Em, a5 ) — (058, s, T Us,. Ecas, s, )~ PawnalPs,, Ts, ) + UsEtpe. =0 |

iFFT,

| (4,) Deconvoluted signals, nth run_I r[ 5,) TDOA,, and RMS, , amplitude, n'™ run } (6) Monte Carlo propagation result
| Time domain I | Back azimuth @, trace velocity v,, amplitude RMS, , | Back azimuth 8 * ug, trace velocity v = uy and RMS, * ugms
I _ w1 |l ra . ns | i
I g "vl‘\"““ - | Xsen I I 8, : TDOA,({Xsen}), I 0 =(6,), +std(8,)
| : ITDDA | I{ =)
I : F-‘I F";
: ) ns
! I ] | vn: TDOA,({XseR}), . Vv = (Vp), * std(v,)
I | | |
) . |
I g X’;ES,{;_ I I RMS, , = z \/( XEES,;;‘ )t I 'RMS, = (RMS; ;}, = std(RMS; ;)
» [5]
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Sensitivity analysis
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Sobol sources
= Dcas
= Osur
= ®pos,x
Ppos, v
®pos, z
Dswivr, P
Doyng, T
Asper p
Asope, p
AsRer, T
ASOPE.T
= Acas
Asuir

Asivngr, P
Asivnr, T
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2D Bias

As with many IS stations, 1S26 is non-planar.

Failure to account for the 3D nature of the station results
in errors in the back azimuth and trace velocity estimations.

Azimuth Error (deg)

Biases depend on the direction of arrival (back azimuth and
Incidence angle).

Biases increase with increasing incident angle.

L
[ ]
Trace Velocity Error (m/s)
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Total uncertainty budget SE01-09
= MC + SNR 20 dB MC + SNR 10 dB = MC + SNR 0 dB — RMS amplitude
=== MC + 5NR 20 dB + 2D bias MC + SNR 10 dB + 2D bias === MC + 5NR 0 dB + 2D bias
Azimuth Speed RMS Amplitude
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« 2D bias introduces substantial errors relative to the other uncertainty sources

« At an SNR of 0 dB, uncertainty is dominated by noise, save for a small contribution from the
2D bias

« Even at an SNR of 10 dB, noise has a substantial contribution to uncertainty budget
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Calibration of 1S47 (South Africa) — Hunga-Tonga Eruption (Jan 15, 2022)
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Conclusion SE01-09

« Calibration uncertainties are generally less than the uncertainties associated with noise at SNRs
below 10 dB
« 2D analysis introduces measureable biases (dependent on station geometry and the signal DOA).
« Back azimuth biases are between 0.01 and 4°
« Trace velocity biases are between 0.1 and 5 m/s
« 3D analysis should be applied to IMS infrasound stations
« Sensitivity analysis
* On-site (Gabrielson) calibration is the most influential uncertainty source for all three
parameters
« Sensor susceptibilities to temperature and pressure are important for amplitude uncertainty
* Further research needs to be done on the phase susceptibilities of the microbarometers.
« Calibration curves can be used both to monitor data quality, and in post-processing to correct
defective data over the entire IMS band of interest (0.02-4 Hz).
« Potential for near real-time application using Gabrielson calibration curves (routinely calculated for
certain IMS stations) and implementation in PTS environment (CalxPy).
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