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Abstract: The variational method of data assimilation (DA)gafmma dose rate measurements in Lagrangian ateraspmhispersion

model DIPCOT is presented which allows for souraacfion correction. The method is suitable both ‘fauff mode of DIPCOT

calculations and for stochastic mode, with stoébastuations of particle’s movement. The DA metlisdvalidated against the field
experiment on Ar-41 atmospheric dispersion.

Key words: inverse problems, atmospheric dispersion modedpfie rate

INTRODUCTION

Real-time nuclear emergency response systems (ERBs)ate atmospheric dispersion and fallout follegvthe accidental
release of radioactivity using the atmospheric eisjpn models (ADMs). In emergency phase estimatedce term can
differ from the true one by the factor of 10 andrengJS NRC, 1990) and therefore uncertainty in sotec® dominates
among all other sources of uncertainty. One pdégilif improving source rate information is datssamnilation (DA) of
gamma dose measurements which are typically availatound every nuclear power plant. The Kalmanekilg (KF)
approaches are most widely used for that purpas@révious works (Astrupet al, 2004, Zhenget al, 2010) the KF
approach had been combined with different kindsADMs for source rate correction with assimilatiohgamma dose
measurements. Despite it's definite advantagesgfffaach is a computationally expensive proceduré that circumstance
becomes even more important in case of large den&gbf the first guess estimation of source fiorctrom the true one.
On the other hand variational approach to datardigsion which was extensively used in cases ofe®unction correction
with concentration measurements (e.g., Enting, 20@®ng, 2008, Bocquet, 2005) had been rarely apjitie source
function correction with DA of gamma dose measuneisien the present work the variational methodata assimilation is
combined with Lagrangian puff model DIPCOT (Androaafws,et al, 2009), which is used in EU nuclear ERS RODOS.
The data assimilation algorithm is described. #fxlication to source function correction by askition of fluence rate
measurements in field experiment on Ar-41 atmosphiispersion in Mol, Belgium (Drewst al,2002) is presented. The
comprehensive description of the method and requiesented here can be found in Tsioeirial.(2010).

DATA ASSIMILATION ALGORITHM
DIPCOT (Andronopoulosst al, 2009) is a 3D air pollution model, which simuktmospheric dispersion estimating puff's
trajectories. Puffs are transported by average \ield (puff mode) and optionally by stochastic difield fluctuations

(stochastic mode). Concentratidd at an arbitraggiabpoint of the 3D domair(x, Y, Z) at time t is calculated as sum
of contributions of all puffs:
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Here Np is the total (maximum) number of puff@g, Y, ;)are coordinates of i-th puffzg is ground height above sea
level,7 is time interval between releases of puftp, is the release rate corresponding to the time appee of thei -th
puff, 0,;,0, are the parameters characterising the spatialldition in the puff and the functiqn(t, T,i)= sgnt —i [7)

eliminates the influence of non-existing puffs. Tast multiplier in (1) accounts for the radioaetigiecay withA being the
decay constant and with tintecalculated from the start of release. Total reitecof the cloud from the underlying surface
is assumed in (1). Two options are available in @A for calculation of the gamma dose rate: ‘inénitloud’
approximation and method of Gorshkov (1995) whielnsforms three-dimensional integral to one-disnamal.

Consider the problem of modelling atmospheric disipar on time interve{O,T). Assume that during that interval

.
measurements are available fro measurement stations located in spatial poinfs= (xk,yk,zk) L 1<sk<K.
Assume also that the source of release acts dtirmgyinterval (O,TS), T, < T. Denote gamma dose rates, measured at

time t by the k -th station asdy (t) The available measurements during inter(&IT) can be used to improve the source
function information thus to improve the modelirggults. The adjustable parameters in the assionl@iocedure compose
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the control vectoy which consists of source rates correspondingnesiof releases of puffiUT = (oﬁ,...,qu ): (_11T .

The problem of data assimilation can be posednagptimal control problem of minimizing the follomg objective function
with respect to control vect@ (Dhall, et al, 2006):

1=3,+3, 3=(g-¢°) O'(p-0°)
No K T ' @

5=33(@(1)-d() =(a"- o) B (- @)

=1 k=1

>

Here l/7BiS first guess estimation of the control vect@,, § are covariance matrices of the errors of obsematand

background errors respectively; vectdf O R¥" consists of gamma dose ratd§(n, k) , measured on each subinterval

At, by k-th station. The elements of® are ordered sequentially as followks:=dp .., =d°(n K. The
corresponding vector that consists of the calcdlatese rates at thé stations at thé\, time intervals is denoted by

d" = G , where matrixG of the size(N0 [K x Np) is formally introduced relatingl and ¢ . Thus the minimization
of function (2) is a linear regression problem witmstraint:/ = 0. In the present work covariance matrices are asdum

be diagonal with constant observation ermig and background erroaé. Those error parameters entering can reflect

physical information concerning quality of measueets and of a priori information about backgrourstineations of
adjusted parameters. Alternatively since solutidnminimization problem obviously depends on onlyeoparameter

0™t =0?/ad it can be tuned using different heuristics methods.

As it immediately follows from (1) concentrationsgiven set of points are linearly related to vedtp: c :§°ﬁ. In case

of infinite cloud approximation gamma dose rateifsply proportional to concentration in a givenmpthus matrixG can

be computed simply by multiplication of the matlﬁ_i(C on constantd =G0 = Gy g_q where value of constant is easily
obtained from the relationships presented in (A]dpmulos, et.al., Z(ILO). In (;ise of dose rate tlon method of
Gorshkov (1995), computation of matri is performed using more complex relation, whichlofes from formulas of
Gorshkov (1995) and is explained in det;il in Tsipet.al. (2010).

The number of puffs in DIPCOT code is usually laeg@ugh. Puffs are released every 1-10 s, or scs fteudimension of
optimization problem can become very large whea dasimilation is performed in straightforward wasg.it will be shown
in the next section this can leed to poor perfomBaaf data assimilation. Another problem arisesase of stochastic

particle mode of DIPCOT operation. In that case elets of matrixG become random values (i.e, the same element in

different runs can have different value). Up toediatcase of stochastic Lagrangian ADMs variationathods had not been
used, because traditional variational data asdimlaapproach deals with deterministic differentéjuations. Both the
abovementioned problems can be solved with thelsitopntrol vector reduction’ (CVR) procedure whialas theoretically
investigated in the context of variational datdragation in Kovalets (2009).

Assume that during small enough intervAl sourcetion can be considered as constant with sufficécuracy. In

operational practice of ERSs values &f ~ 10* + 10's are used most often. At the same time DIPCOT uggsfisantly
smaller time step7 between appearances of neighdmticles (1-100 s) so thaht/7 =1 >>1. Then particles could be
joined in P= Np/I'I groups with Il particles in each group being characterized by sheme source function:

Oj-nn+1 = dj-pn+2=-+=Gn =7 , 1< j< P. Here q; are the values characterizing source functiomefjt—th group

of particles, which form the reduced control vectgrof the sizeP .

Instead of initial problem of minimization of (2)itw control vector( consisting of release rates corresponding to patfh
the ‘reduced’ minimization problem will be solved which the same function is minimized with respicthe reduced
control vectorq. The gr matrix of the reduced minimization problem hasesﬁNon P) . Formula for calculating the

elements of thé" matrix from the elements of th& matrix can be easily obtained:

N
g :Z;g'(("'l)”*m)’ OL1<1<N,K, 1< j<P. ®3)

Thus, when distributions of random variablg@ satisfy conditions of Central Limit Theorem (Shirya&996) which are in

fact quite non-restrictive and with large enoulgh, sums in (3) converge to stable values. As it diasussed in (Kovalets,
2009), that circumstance allows for using of theat@onal data assimilation method with CVR also as& of stochastic
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Lagrangian particle models. As it will be demonsdabelow another important advantage of using CVidsease in
computational efficiency and accuracy because diiciag the size of the control vector by the factbd1 . The described
above DA procedure had been implemented in DIPCQfe.cMatrix G is calculated during forward run mode and cost

function (2) is minimized with using the IMSL ® gage.

RESULTS OF CALCULATIONS
An atmospheric dispersion experiment by (Dreegtsal, 2002) was carried out at the BR1 research reattgiol, Belgium,
in October 2001. In the experiment, artificial sraokas released from the 60-m reactor stack togetithrthe routine

emission of *Ar . The measurements included: a) measurements of'the source term originating from the emission
stack of the BR1 research reactor; b) meteorologivahsurements by weather mast; c) the monitorinth@fgamma

radiation field from the decay of'Ar . The meteorological measurements were availaldeyel0 minutes and included
wind speed measurements at heights 69 m and 78nuh,divection at 69 m, temperatures at 48 m anth78
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Figure 1. Source function (s.f.) estimations as result @éfice rate assimilation performed for conditionMof experiment , 3rdf October

2001. Method of Gorshkov (1995) had been used Ktiieck line — true s.f., square symbols — firstggiestimation of s.f., circles — results

of DA run with P=999, dashed line — results of Dul with P=111, thin solid line — results of DA rwith P=27, dotted line — results of DA
run with P=1.

Table 1. Normalized mean square errors and fraaitioiases calculated on the basis of DTU-HPGeosemisich was not used in DA.

Cases of forward run with first guess s.f., as wsltases with different values of CVR parameleér)(are presented. Zero value for ‘Dose
calculation method’ correspond to infinite clougagximation, alternatively method of Gorshkov (%98ad been used. Non-zero value for
‘Stochastic mode’ of calculations correspond telséstic mode, while zero value correspond to puifienof calculations.

Case Stochastic mode of calc. Dose calculation rdetho | NMSE FB
First guess 0 0 18.2 1.75
DA, P=27 0 0 0.87 -0.52
DA, P=9 0 0 1.05 -0.58
DA, P=1 0 0 0.83 -0.76
First guess 0 1 8.9 1.03
DA, P=27 0 1 0.52 -0.36
DA, P=9 0 1 0.6 -0.4
DA, P=1 0 1 0.5 -0.6
First guess 1 0 29.2 1.35
DA, P=27 1 0 12.0 -1.72
DA, P=9 1 0 8.81 -1.63
DA, P=1 1 0 5.44 -1.42
First guess 1 1 19.2 1.13
DA, P=27 1 1 6.01 -1.45
DA, P=9 1 1 4.29 -1.33
DA, P=1 1 1 1.24 -0.58

The calculations had been performed for the casexpériment on Wednesday afternoofi, & October 2001. Four NAI
sensors of Danish Emergency Management Agency (BK-Mad been used in data assimilation procedurata of
Germanium detector of Technical University of DenknéDTU-HPGe) had been remained for independentpeoisons.
Two sets of simulations had been performed — usiagsemi-infinite cloud approximation in calculatsoof the fluence rate
and using the method of Gorshkov (1995). Also thlewations with both stochastic and puff mode éPOOT operation
had been performed. The first guess source funetias set by the factor of 10 greater than the saugce function. The
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value of o =10 had been used in all DA runs. Different number afups (parametelP of CVR procedure) had been
used in different runs. The total number of puffsibeen set tdN, = 999with time interval between puffs =10.5sand

thus the maximum value dP was 999.

Figure 1 presents examples of source function asitms as result of fluence rate assimilation. tAs seen from the figure
in the case ofP =999the source function is very poorly adjusted wite DA procedure. However results substantially

improve with decreasind® and the adjusted source functions in those casesnach better than the first guess source
function.

Table 1 present normalized mean squared errors @&JM8d fractional bias errors (FB) calculated istfguess runs and for
different DA cases on the basis of comparisons thighdata of DTU-HPGe sensor. As compared to teduess runs, DA
runs in all cases significantly (by the factor obma than 10 for NMSE and by the factor of up tooB FB) improve the
accuracy of calculations. Results of data assimitatuns with gamma dose calculation method of Gargh(1995) are
significantly better than the results obtained viite simpler infinite cloud approximation. Resultganed in DA runs with
stochastic mode of DIPCOT operation are worse thandsults obtained with the puff mode. Howeveiit ass shown by
additional analysis, that fact reflects the rekatimerits of the turbulence parameterization, butthme® drawbacks of the data
assimilation method, which is equally suitable hoth puff and stochastic mode of calculations. Hmwveas follows from
the results presented in Table 1 in stochastic ntbeeesults of data assimilation runs are morsitea to the value of
control vector reduction parameter P, and genedshyrease with decreasing P down to P=1. Suchgsttependence on P
possibly could be overcome by increasing the nurabpuffs in simulations.

CONCLUSIONS

The efficient algorithm is developed which allows fource function adjustment with data assimitatid gamma dose
measurements in the framework of Lagrangian puffoapheric dispersion model DIPCOT. The proposedrebwméctor

reduction allows for substantial improvement in muical efficiency and accuracy of the data assiiiamethod and
makes it possible to use the developed methodmalbe framework of stochastic Lagrangian atmosigtaispersion model.
The developed method is successfully validatednagdhe measurements in field experiment on atnergphlispersion of
Ar-41.
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