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Applving the Bavesian approach, the input parameters are modelled as random quantities, esti-
mated based on available measurements. The method, as well as providing a picture of the radi-
ological situation improved based on measurements, gives an estimate of the atmospheric dis-
persion parameters whose accuracy improves with increasing number of measurements. The
algorithm was tested on a simulated scenario of the release of ¥ Ar.

1. INTRODUCTION

When radioactive pollutants are released into the
atmosphere, a radioactive plume is passing over the ter-
rain. The released radioactive material causes pathway
specific irradiation of the population. Chernobyl accident
was the worst nuclear power plant disaster in history and
the only level 7 event on the International Nuclear Event
Scale. It resulted in a severe release of radioactivity into
the environment which had detrimental effects on popu-
lation health. Although we hope that this will never hap-
pen again, there is still nonzero probability of less seve-
re releases caused by either emergency or regular opera-
tion of nuclear power plants. In order to ensure efficien-
cy of countermeasures introduced in case of an accident,
it is necessary to predict spatial and temporal distributi-
on of the pollution. This is the purpose of so called deci-
sion support systems (DSS) exploiting complex mathe-
matical models of radionuclides propagation in the envi-
ronment. Performance of current DSSs (in terms of reli-
ability of radiation situation predictions) can be signifi-
cantly improved by taking into account data provided by
existing radiation monitoring network and employing
data assimilation (DA) in the decision support process
[5]. DA is the optimal way how to exploit information
from both the measured data and expert-selected prior
knowledge to obtain reliable estimates of radiological
quantities of interest. [t can be used for improvement of
predictions both in early and the late phase [2]. This
paper presents exploitation of advanced statistical DA
methods in the early phase of a radiation accident, when
a radioactive cloud is passing over the terrain.

2. ASSIMILATION SCENARIO

Radiation situation in the early phase is modeled via
atmospheric dispersion models (ADMs) with many
inputs regarding the source of release and actual conditi-
ons of the atmosphere and the surrounding environment.
In the proposed assimilation methodology we focus on
the inputs and exploit the fact that given the inputs, the
predictions are given deterministically (up to the sto-
chastic terms of atmospheric turbulence) by the used

model. Exact values of the inputs are uncertain due to the
stochastic nature of the dispersion, lack of accurate infor-
mation, etc. Typically, their choice is subject to an expert
opinion. Their subjective choice can introduce signifi-
cant errors into the predictions and thus decrease the
positive impact of the countermeasures. To avoid this, we
apply Bayesian approach and treat the parameters as ran-
dom quantities. Their early identification is essential for
reduction of uncertainty in the radiation situation predic-
tions. In this paper, particle filter [1] is used to evaluate
posterior distributions of estimated parameters and
improve their estimates on-line as the plume is passing
over the stationary measuring sites.

Let’s assume that there is an aerial release of a radio-
nuclide from a source. Let the radiological quantity of
interest is the activity concentration in air. We assume,
that there is a radiation monitoring network present
around the source which provides measurements of
gamma dose rate. For propagation of the puft is used sta-
tistical approximation of the 3-D advection-diffusion
equation, the Gaussian puff model (GPM), see [1], [3].
GPM gives us analytical expression for evaluation of acti-
vity concentration in an arbitrary spatial location and its
simplicity allows for good insight into obtained results.

A group of the most significant input parameters
affecting the dispersion process was selected using avai-
lable sensitivity and uncertainty studies performed on
dispersion models [3]. We attempt to estimate the four
parameters: magnitude of release, wind speed, wind
direction and the rate of horizontal dispersion of the puff
in terms of dispersion coefficients.

To estimate the parameters we employ Bayesian app-
roach to filtering. It is based on representing uncertainty
via probability distribution. This has many advantages in
contrast to “classical” estimation methodologies, which
usually provide us only selected moments of distribution
of the estimated quantity. Drawbacks of the Bayesian
approach is the fact, that evaluation of the optimal solu-
tion is in the most of real scenarios computationally pro-
hibitive. It involves multidimensional integration over
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complex spaces and thus we have to adopt some subop-
timal approach. In this paper we use particle filters [1].

Assimilation process can be summarized as follows:
We have got an ADM for evaluation of activity concentra-
tion in air in a set of grid points, measurements of the
gamma dose rate and a group of the most significant
model parameters. We want to on-line estimate the state
comprising of the activity concentration in air on the com-
putational grid and the selected parameters as the cloud is
passing over stationary measuring sites. Using posterior
distribution of parameter, we want to predict future evolu-
tion of the radiation situation. For the details see [3].

3. NUMERICAL EXPERIMENT

The algorithm is tested on a simulated scenario with
an instantaneous release of Ar-41. This isotope is not
dominant source of irradiation in case of an emergency
release. It was chosen because of its good physical and
chemical properties for purposes of algorithm testing [3].
Experiment is conducted as a twin experiment when the
measurements are simulated via a twin model and per-
turbed. We developed integral observation operator con-
verting the activity concentration in air in Bg/m’ to the
gamma dose rate in Gy/s [3], [4]. It is evaluated by the
means of numerical integration method of the Gaussian
quadrature. Twin model for simulation of measurements
assumes that the “real” release was smaller in magnitu-
de, with lower wind speed, directed by 37 deg anticlock-
wise and the puff dispersed more than was a priori assu-
med. Convergence of assimilated prediction to the twin
model is in the Fig. /. Results are visualized in terms of
time integrated concentration (TIC). In Fig. / top left is
the expected TIC without the DA. In Fig. I top right is
the cxpected TIC evaluated by the twin model. Expected
value of prediction of TIC displayed in Fig. I bottom left
is just after the first assimilation step. Even at this stage,
the wind direction was correctly recognized, however
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Fig 1. Results of numerical experiment
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other parameters, are still too uncertain and the predicti-
on differs from the twin model.

With increasing time the measurements provide
enough information and the expected values of TIC con-
verge to the twin model, see Fig. / bottom right.

For more details on the dose rate calculation, simula-
tion of measurements and details of the experiment see

[3).

4. CONCLUSION

The method gives us a joint estimate of spatio-tem-
poral distribution of activity concentration and parame-
ters of the dispersion model. Thus, we obtain improved
estimate of the radiation situation on the terrain and
a way how to easily cxtend this estimate to prediction on
an arbitrary time horizon. [ntroduced Bayesian methodo-
logy has very interesting properties suitable for the sol-
ved problem. However, a lot of work is required to incor-
porate the method into the existing decision support sys-
tems. We foresce the core of the future work in develop-
ment of more realistic models of the state evolution and
the measurements. For example, more realistic scenarios
should consider a mixture of radionuclides and extended
set of uncertain variables. Proposed methodology also
offers a tool for assessment of the influence of measure-
ments. This can be useful for purposes of designing the
topology of the radiation monitoring network and deter-
mination of sufficient number and density of measuring
stations.

Asimilace ¢asoprostorového rozloZeni radionuklida

v €asné fazi radia¢ni nehody

Prispévek pojednava o vyuziti data asimilacnich metod v ¢asné fazi
radia¢ni nehody. V pfipadé uniku radioaktivnich §kodlivin do ovzdusi
sc utvoii radioaktivni vlecka postupujici nad terénem. Uniklé radio-
nuklidy pfedstavuji zdravotni riziko. Pro planovani a nastoleni co nej-
efektivngj§ich protiopaticni je nutnd znalost budouciho ¢asoprosto-
rového vyvojc distribuce radionuklidi v prostiedi. Predpovédi se tvofi
pomoci numerickych disperznich modelt. Tyto modely maji mnoho
vstupli a jejich vystupem je piedpovéd radia¢ni situace pomoci radio-
logickych veli¢in. Pfesné hodnoty vstupnich parametri jsou Casto
neznamé. To je dano nahodnym charakterem turbulentnich procest
v atmosféte, ncdostatkem informaci o nehod¢ a zdrojovém ¢lenu atd.
Subjcktivni (cxpertni) volba vstupnich parametrd mizc vyuslit
v chybné pfedpovédi, na jejichZ zakladé neni moZno planovat efektiv-
ni protiopatieni. Proto navrhujeme pouziti Bayesovského pfistupu
a modclujeme vstupni parametry jako ndhodné¢ veli¢iny, které odhadu-
jeme na zakladé dostupnych meéfeni. Navrhovana metodika nam
poskytuje nejen odhad radiacni situace vylepSeny na zaklad¢ informa-
cc poskytnuté mefenimi, ale zdroven nam s piibyvajicimi méfenimi
dava zpfesnény odhad parametrl atmosférického disperzniho modelu.
Tyto zpiesnéné parametry mohou byt vyuzity pro predikovani dal$iho
vyvoje na libovolném horizontu. Algoritmus je testovan na simulo-
vaném scénaii tniku radionuklidu Ar-41.
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The paper deals with the prediction of the flux of subatomic particles ejected from the upper
atmosphere of the Sun. The Bayesian approach to this issue is presented and a method capable of
taking available expert knowledge into account is introduced.

1. INTRODUCTION

Besides the spacecraft systems, manned space-flights
and launchers, the exposition to space weather has
effects on high-altitude air flights, where the penetrating
particles must be taken into account as well. The solar
particles may pose problems both on human beings and
the electronic devices installed in modern airplanes,
where the potential malfunctions might be very dange-
rous. These effects comprise the SEE (Single Event
Effects), arising from ionising interactions of the solar
particles and leading to both soft errors involving single
or multiple bits and hard errors like burn-outs [4].

During the last two decades or so, the researches of the
effects of ionisation on aircrew and frequent flyers were
undertaken. The increasing awareness of the health risks
lead in Europe to Directive 96/29/EURATOM, which spe-
cifies the demands posed on the aircraft operators in con-
nection with the exposure to the ionising energy.

In face to this facts, the mathematical modeling of the
particles flux becomes still more significant, because it
would allow to issue early warnings on its grow and the
increase in the health and SEE risks. There already exist
several methods, e.g. [S][6][7]. However there still exists
a challenge in the prediction of the Solar Energetic Par-
ticle (SEP) events, when the flux intensity is significant-
ly higher. We can take advantage of the known physical
facts, e.g. that higher intensity solar X-ray flares are
more likely accompanied by Coronal Mass Ejection
(CME) [3]. Andrews statistical study [1] shows that all
the X-class flares (peak burst intensity 1> 107 Wm™2) in

his samples were associated with CME, however it this
is not a rule for lower intensities. The hardening of the
spectrum is observable approximately one day before the
Earth is hit by the intensified solar wind, which allows us
to tune the mathematical model to catch the changes in
the flux development.

2. BAYESIAN MODEL

For our purpose, the basic underlaying model descri-
bing the evolution of the particles flux measured by Par-
ticle Flux Units (pfu, [particles/cm?-s-sr]) is given by the
autoregression model

pfulzzaip.fut—i+k+er ()

where the new flux value is expressed as a combination
of the values in the previous time instant ¢-i weighted by
model parameters a, and an absolute term k. The model
order n has to be determined to sufficiently catch the evo-
lution of the flux, n = 2 seems to be adequate. The auto-
regressive property of the flux seems to be obvious,
because under general conditions and with the exception
of SEP events each new value follows from the last data.
The fluctuations around the mean value can be interpre-
ted as the noise effect e, caused e.g. by the sensor conta-
mination and the non-homogeneity of the environment.
The noise is often supposed to be white and normally
distributed with zero mean and variance 2, e, ~ N(0, 62).

The Bayesian methodology employs probability
distributions of the model parameters evaluated by mea-




