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' Cosmic radiation: muons
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Cosmic radiation: muons

Airborne radionuclides: 222Rn series, 220Rn series

Terrestrial nuclides: 238U series, 232Th series, 40K




Environmental

radioactivit

Airborne radionuclides: 222Rn series, 22ORQ series

Terrestrial nuclides: 238U series, 232Th series, 40K



Early-warning networks: ring stations
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Early-warning networks: ring stations
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Comprehensive inverse modelling framework
using Bayesian inference
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Comprehensive inverse modelling framework

using Bayesian inference
« Observations (y)

« Formulation of the priors for x and likelihood (x — y)
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Comprehensive inverse modelling framework

using Bayesian inference
« Observations (y)

« Formulation of the priors for x and likelihood (x — y)
* Model for atmospheric dispersion
* Model for background radiation
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Comprehensive inverse modelling framework
using Bayesian inference

(V1R Fa(R
» Parameter estimation E[x] Foo(Z]7) = leX(Y| )fx( )
» Source term Xy f+()
* Dispersion coefficients

 Uncertainty quantification Var[x]
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Comprehenswe inverse modelling framework

usmg Bayesian inference
« Observations (y)

» Formulation of the likelihood and priors
* Model for atmospheric dispersion
* Model for background radiation

« Parameter estimation E[x]
* Source term
* Dispersion coefficients

 Uncertainty quantification Var[x]

sckcen

<generated automatically>




Atmospheric Dispersion & Dose Equivalent Rates
ADDER

sclicen Frankemolle, J.PKW. et al. J. Environ. Radioact. 255, 107012 (2022)
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Atmospheric Dispersion & Dose Equivalent Rates
ADDER

 Extended Gaussian plume model
* Site-specific parameterisation
« Ground and capping inversion reflection
* Buoyant plume rise

A

Frankemolle, J.PK.W. et al. J. Environ. Radioact. 255, 107012 (2022)

ISC: Restricted

sckcen

<generated automatically >




A Atmospheric Dispersion & Dose Equivalent Rates
ADDER

* Dose (rate) calculation
« Air kerma and ambient dose equivalent rate
 3D-integrated (no dose coefficients)

sclicen Frankemolle, J.PKW. et al. J. Environ. Radioact. 255, 107012 (2022)
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Atmospheric Dispersion & Dose Equivalent Rates
ADDER

* Currently extending it for out-of-the-box inverse
modelling using PyMC framework

sclicen Frankemolle, J.PKW. et al. J. Environ. Radioact. 255, 107012 (2022)
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Simulating the 2019 7°Se incident at BR2, Mol
ADDER
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A Simulating the 2019 7°Se incident at BR2, Mol
ADDER
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'£) PYTENSOR
H Model for background radioactivity PYM[:

» Stochastic representation of the background ="
iIn a detector network with k detectors
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H Model for background radioactivity e

Using No U-Turn Sampling (PyMC)
- Calibration: estimate i and ¥
Prediction: estimate i, and §u|o
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-ediction: estimate jiy . and £,
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Observations, likelihood and priors required to
obtain the posterior (i, S,R|H)

* Observations
¢ ‘7:[ — [Ht=t1' ...,thtN]
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Observations, likelihood and priors required to
obtain the posterior f(i,S,R|H)

* Likelihood
N
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Observations, likelihood and priors required to
obtain the posterior f(i,S,R|H)

* Priors
.S Half-normal distribution @ PYTENSOR
* R LKJ Distribution
. Exponential distribution PYMC

Frankemolle, J.PK.W. et al. Submitted for publication (2024)
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Posterior predictive check of calibrated model

— (Qbservations
—— Posterior draw
- == (Posterior draws)

60 70 80 90 100
Ambient dose equivalent rate [nSv/h]
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Predictions using multivariate normal

distribution
* Another Bayes's thereom

—

f(ﬁunobserved Hobserved) X f(ﬁolﬁu )f(ﬁu)

- If H~N(iX):
* Analytical solution exists!
* We can calculate iy, and Zy,

sclicen Frankemolle, J.PK.W. et al. Submitted for publication (2024)
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Predictive modelling of unobserved detectors
with the calibrated Bayesian model

IMR/D01 - IMR/D02 IMR/D03 p—
Unobserved
51.328°N IMR/DO3 IMR/D18
A IMR/D02 IMR/C 1.
IMR/D04 IMR/DO05 IMR/D06 Ly
- 51.326°N o e | IMR/D17
IMR/DO5_ ! '
" s
51.324°N |M|:‘(/5|\82/DOI7MR .
A . JMR“DOQ % J IMR/D16
IMR/D08 IMR/D09 : Ay
: ‘@ IMR/D14
SN s “IMR/D13
IMR/D10-
IMR/D11
‘ . oo PRET ; T e I 2LSRPH IMR/D12
100 200 300 0 100 200 300 400 100 200 300 400 rv
Time index Time index Time index Observed
51.318°N
—— Mean pred. | 1-sigma pred. 2-sigma pred. *  Measurement
4.2525°E 4.2575°E 4.2625°E 4.2675°E
scl: cen Frankemolle, J.PK.W. et al. Submitted for publication (2024)

<generated automatically >

ISC: Restricted



Predictions work 60 km
apart: very powerful!
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Simplified source inversion framework incl.

background estimates

* Observations
_ (Observation by det. i) — (Background estimate for det. i)

Qo,i ADDER estimate for det. i
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Simplified source inversion framework incl.
background estimates

 Likelihood

k
f(@o]Qa) = (2m)2 ‘ ‘0 -exp [_E n[0 ég L
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Simplified source inversion framework incl.
background estimates

* Priors
0} half-normal distribution @ PYTENSOR
* Qg exponential distribution

c U Fixed to ensure E|Q,;/Q.] =1 PYMC
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Source term estimate and dispersion model error

C

Source term Q, (MBq/s) * Most likely source term:
+ Q =200 GBq/h
* Model error

e 0=0.3
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Model error o
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Source term estimate and dispersion model error

C

Source term Q, (MBq/s)

56 56.5 o7 >/.5 >8 °8> < In line with previous work on
Model error o source term estimation at BR1

* Bijloos et al (2020)
* Frankemolle et al (2022)

0.285 0.290 0.295 0.300 0.305 0.310 0.315 0.320
Bijloos, G. et al. J. Environ. Radioact. 225, 106445 (2020)

Frankemolle et al. HARMOZ21 (2022)
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Conclusions and outlook

Towards a comprehensive framework
« ADDER dispersion model
« Works in forward (""Se@BR?2) and backward mode (*'Ar@BR1)

 Univariate lognormal likelihood works for the ring detectors

« Work in progress: extending to multivariate lognormal likelihood to capture
downwind correlation of errors
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Conclusions and outlook
Towards a comprehensive framework

« Background model
« Multivariate normal parameterisation for likelihood is very good
* (Spatial) predictive modelling works well
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Conclusions and outlook
Towards a comprehensive framework

- ADDER + Background model:
« Work in progress: Calculate the entire posterior in one go?
sckeen ° Work in progress: Estimate, e.g., dispersion coefficients?
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