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Abstract. The Chernobyl nuclear accident, and more re-assessed. Accordingly, 105.9 PBq8H, 35.8 PBq of'32,
cently the Fukushima accident, highlighted that the largestl5.5 PBq of'3’Cs and 12 134 PBq of noble gases were re-
source of error on consequences assessment is the soureased. The events at FD-NPP (such as venting, explosions,
term, including the time evolution of the release rate and itsetc.) known to have caused atmospheric releases are well
distribution between radioisotopes. Inverse modeling meth-identified in the retrieved source term. The estimated source
ods, which combine environmental measurements and atmderm is validated by comparing simulations of atmospheric
spheric dispersion models, have proven efficient in assessindispersion and deposition with environmental observations.
source term due to an accidental situation (Gudiksen, 1989In total, it was found that for 80 % of the measurements, sim-
Krysta and Bocquet, 2007; Stohl et al., 2012a; Winiarek etulated and observed dose rates agreed within a factor of 2.
al., 2012). Most existing approaches are designed to use althanges in dose rates over time have been overall properly
sampling measurements (Winiarek et al., 2012) and some afeconstructed, especially in the most contaminated areas to
them also use deposition measurements (Stohl et al., 2012#e northwest and south of the FD-NPP. A comparison with
Winiarek et al., 2014). Some studies have been performe@bserved atmospheric activity concentration and surface de-
to use dose rate measurements (Duranova et al., 1999; Aposition shows that the emissions of caesiums tidare
trup et al., 2004; Drews et al., 2004; Tsiouri et al., 2012) butrealistic but that32 and132Te are probably underestimated
none of the developed methods were carried out to assesnd noble gases are likely overestimated. Finally, an impor-
the complex source term of a real accident situation like thetant outcome of this study is that the method proved to be
Fukushima accident. However, dose rate measurements aperfectly suited to emergency management and could con-
generated by the most widespread measurement system, atribute to improve emergency response in the event of a nu-
in the event of a nuclear accident, these data constitute thelear accident.
main source of measurements of the plume and radioactive
fallout during releases. This paper proposes a method to use
dose rate measurements as part of an inverse modeling ap-
proach to assess source terms. 1 Introduction
The method is proven efficient and reliable when applied
to the accident at the Fukushima Daiichi Nuclear Power PlaniThe Great East Japan Earthquake followed by a tsunami that
(FD-NPP). The emissions for the eight main isotop&¥e, occurred in Japan in March 2011 led to the most significant
134cg, 136Cs, 137Cg, 137mBg 134 132 3nd 132Te have been nuclear accident since the one that occurred at Chernobyl
in 1986. To assess the consequences of such accidents on
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11404 O. Saunier et al.: Fukushima Nuclear Power Plant accident

humans and the environment, it is necessary to know thet al., 2011; Stohl et al., 2012a). Assimilation methods have
temporal evolution of the release quantities of all emittedbeen developed to enhance the prediction of gamma dose
radionuclides. However, previous accidental situations havdield by using synthetic dose rate data (Astrup et al., 2004).
shown that estimating releases may be a difficult task duéNo source inversion has been done with real gamma dose rate
to strong uncertainties. For example, the source term relatedata.
to the Chernobyl accident remains uncertain (Devell et al., Inthe case of the Fukushima accident, simple methods for
1995). In the case of the accident at FD-NPP, incompletesource estimation and inverse methods have been applied.
knowledge of the state of the facility made the assessmenthe estimates of emissions obtained using simple methods
of releases particularly difficult. were first proposed by Chino et al. (2011) and later re-
To reduce uncertainty and improve assessment of atmoassessed by Katata et al. (2012) and Terada et al. (2012).
spheric releases, one solution consists of estimating th&heir approach is based on the use of activity concentrations
source term by combining measurements of the environmenand surface activity measurements and part of the dose rate
with atmospheric dispersion models. The following measure-measurements. The use of dose rate measurements requires
ments can be carried out in the event of a nuclear acciassuming the isotopic composition of the release.
dent: atmospheric activity concentrations, surface activities The Mathieu et al. (2012) and Korsakissok et al. (2013)
and gamma dose rates. Measurements of activity concentratudies are also based on a simple method for source estima-
tion provide the concentration of each radionuclide in the air.tion (IRSN, 2012). The isotopic composition of the release
While the measurement is accurate, it is, however, averagei based on the standard radionuclide inventory of a reactor.
over a period of time, usually on the basis of several hours oilt evolves over time depending on the quantities that have
even daily. Measurement of surface activity quantifies falloutalready been emitted and the volatility of the radionuclides
for each radionuclide. The measurement is integrated ove(D. Corbin and J. Denis, personal communication, 2012).
periods of time and in the case of Fukushima, for example Emission peaks and released quantities are assessed based
they are daily at best. Lastly, ambient gamma dose rate measn the detailed analysis of events that have occurred at the
surements sum the direct contribution of the plume (plumefacility and measurement of ambient dose rates.
radiation) and the gamma radiation emitted by radionuclides Stohl et al. (2012a) and Winiarek et al. (2012) propose
that fell to the ground (deposited radiation) through dry andestimates of source terms obtained by inverse modeling. In
wet deposition processes. The data interpretation is complekoth cases, measurements of activity concentration are used.
since the signal provides no information about isotopic com-Stohl et al. (2012a) and Winiarek et al. (2014) also use mea-
position or the respective contributions of the plume and de-surements of surface activity. Winiarek et al. (2012) demon-
position. Nevertheless, networks of gamma dose rate stationstrates that it is not possible to obtain complete source term
are generally dense and the devices offer a high temporal restsing only this very limited number of measurements avail-
olution. able in the Honshu island, which are mainly distributed south
Among the methods developed to estimate source ternof FD-NPP. Stohl et al. (2012a) and Winiarek et al. (2012)
from a nuclear accident by using environmental measureused a prior knowledge of the emissions (first guess) to com-
ments, certain approaches use all types of measurementgensate for the lack of measurements. Inverse modeling was
This is the case for simple approaches for source estimatiothen used to improve the first guess.
such as that proposed by Chino et al. (2011). These meth- For some accidental situations, it may be tricky to quickly
ods consider each monitoring location point independentlyestimate a reliable first guess. In such cases, it is relevant to
of the others. On an empirical basis, they estimate emissionsstimate the source term by using environmental measure-
that may explain the signal observed at each monitoring locaments without having to construct a specific a priori source
tion. It is the sum of all emissions that constitutes the sourcaerm. Given the configuration of measurement networks in
term. The disadvantage of these approaches results from theountries with nuclear facilities, it is highly likely that, as
algorithm not taking into account errors from the measure-in the case of the Fukushima accident, measurements of ac-
ments, from the dispersion model, and from the meteorolog4ivity concentration and surface activity are insufficient and
ical data that force the model. While these errors cannot bgrovide data which are not acquired with adequate frequency.
overlooked, the measurement points can no longer be indelt is thus crucial to be able to use a network of dose rate sta-
pendently considered from one another and agreement beions, which are usually dense. This paper proposes a method
tween simulations and all available observations must be opbased on inverse modeling techniques to estimate source
timized. term by using dose rate measurements. The approach can be
Methods based on inverse modeling have the advantage afpplied with or without a specific first guess. The method is
taking into account the various errors. Since the Chernobybuilt to be used in the management of an accidental situation.
disaster, inverse methods have been developed to estimate Section 2 describes the characteristics of the dose rate sig-
source term from measurements of atmospheric activity connal and the method used. In Section 3, the method is ap-
centration and surface activity (Gudiksen et al., 1989; Krystaplied to the Fukushima accident and the source term is es-
and Bocquet, 2007; Davoine and Bocquet, 2007; Winiarektimated based on dose rate measurements. The realism of
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Dose rate at 1 3 on Fig. 1). The difference results from the deposits that
ronftoring station | formed during the plume passage. At this point, the tempo-
/2 3 ral evolution of dose rate is mainly due to radioactive decay
of the radionuclides that constitute the deposit. The dose rate
l decreases over time and the signal slope results from the iso-
topic composition of the deposit.

2.2 Inverse modeling of accidental release using dose
rate measurements

0 time

Fig. 1.Idealized dose rate signal. (1) shows the detection of a pIume.The objective of the method is to estimate the release rate for

(2) shows the signal behavior when the plume moves further awayach radionuclide using the measurements of ambient dose
(3) shows the dose rate signal due to the deposition. rate given that the numbef of radionuclides contributing to
the dose rate signal may be significant (more than a hundred
in the case of a release from a nuclear power plant). We con-
the assessed source term is discussed in Section 4. First,stder that the source location is known. The reconstruction of
is compared with source terms that have already been pubthe source term can be expressed as the inverse problem de-
lished. The source term is then used to simulate atmospheriscribed by the source-receptor equation below. The equation
dispersion of the FD-NPP releases and the results are conrelates the measurements to the source term using an atmo-
pared with dose rate measurements, activity concentratiospheric dispersion model:
and surface activity. Section 5 provides conclusions and per-
spectives about this study. p=Ho+e. 2)
In our case,u € R? is the vector of dose rate measure-
. ) ] ments where/ is the number of measuremenésc R" is
2 Inverse modeling of accidental release by using dose  the source term vector wheté is the number of radionu-
rate measurements clides multiplied by the number of time stepsincludes the
temporal evolution of the release rates for each radionuclide.

This section presents the generic method developed to eSt'e'e R¢ is the error vector. It represents a combined model-

mate the source term due to a nuclear accident by using dosr%presentativeness and instrumental etroe R4<VN is the
rate megsuremgnts. The lmplleme.ntatlon of the method to th§acobian matrix that contains the results of the dispersion
Fukushima accident is described in Sect. 3. model at the measurement locations

Since the Jacobian matrix is ill-conditioned, the source
receptor equation constitutes an ill-posed inverse problem
The variable “ambient dose rate” includes various informa-(Enting, 2002) and cannot be solved directly. To compensate

tion. It is the sum of the contributions of all gamma-emitting fOr this problem, a Tikhonov regularization is added to en-
radionuclides. whether airborne or fallout: sure the existence and unicity of the solution (Tikhonov and

Glasko, 1965). Resolution of the inverse problem can then be
summed up by minimizing the following cost function:

2.1 Dose rate measurements

M M
Dambient= Dplum + Ddeposi s (1)
; ” ; ' J(@)=(m—-Ho) R (w—Ho)+ (0 —0,)" B (0 —0y). (3)
R=E[ee”] is the error covariance matrix related to the
measurements and modeglis the mathematical expectation.
The matrixB = E [(0 — o) (60 —0)” ] represents the error
covariance matrix of the first guess,. Release rate values

With Dambientthe ambient dose rat@pume, the contribution

of radionuclide to dose rate from plume radiatioDgeposij

the contribution of radionuclide to dose rate due to de-

posited radiation ang/ the number of gamma emitters. .
The temporal evolution of the ambient dose rate signalare positive or null. . -

measured when a contaminated air mass passes over a monj When the dose rate network is sufficiently dense and well-

toring station is given in TEPCO (2012). An idealized situa- istributed, it is possible to obtain a good solution without
tion is shown in Fig. 1 having to construct a specific a priori amg = 0 is used.
When the plume blows above the monitoring station, the Solving the inverse problem by using dose rate measure-

dose rate level rises and reaches a peak (e.g. event 1 ents and @, = 0 requires to reduce the size of the prob-
Fig. 1). This signal is due to radioactivity in the air and the em, i.e., reduce the number of parameters to solve and limit

deposition that gradually forms in the vicinity of the device. the solution space. To achieve this objective, we propose a

As the plume moves further away, the dose rate decreasé?ethOd' which requires proceeding by steps.
(e.g. event 2 on Fig. 1). After the plume has passed, the dose — The first step is to define the a priori information re-
rate level is higher than it was before the plume (e.g. event quired;

www.atmos-chem-phys.net/13/11403/2013/ Atmos. Chem. Phys., 13, 11403-11421, 2013
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— the second step is to identify the potential release peri- . . ,
S . —  Plume component
— the third step is to estimate the release rates during thes |
periods identified during the second step.

Tsukuriya Hokota City dist: 139 km
. L |

L 25
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2.2.1 Step 1: defining the a priori information

Ambiant dose
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For an accident involving a nuclear power plant, the main ©°° . o " — . "
part of the dose rate signal is due to few radionuclides. The * * [ ” ”
relevant radionuclides can be identified by using other types ) ) _
of measurements made in the environment or by using thé&19. 2. Extraction of plume component from the dose rate signal in
core inventory of the damaged facility. The number of un- Tsukuriya. The station is located in the Ibaraki prefecture, 139 km
known parameters is decreased by reducing the compositioﬁoum of the facility. Japan Standard Time (JST) is 9 h ahead of Co-
. . . ordinated Universal Time (UTC).

of the source term to this list of radionuclides.

To solve the inverse problem, the respective contributions

of the principal radionuclides must be distinguished usingexiraction of the plume component” is in red. Extraction pro-
only information contained in the dose rate measurementsgess is performed on data from all the monitoring locations
The temporal evolution of signal due to the radioactive de-5nq the “plume component extraction” constitutes the vector
cay of the deposit contains indirect information on the iso- ¢ measurementspiume

topic composition of the emissions. However, it is necessary specific first guess is not required amg = 0.The cost
that the half-lives of the selected radionuclides be sufficientlys,ction of Eq. (3) becomes the following:

different so that the inversion process can distinguish their

respective contribution to the dose rate signal. On a physical, (¢,) = (Hplume— ngl)T The (Mplume— H101) +0]B 1. (5)
point of view, the various radionuclides are released simulta-

neously in proportions that depend on their physicochemicaMinimization of J; provides an estimate of vecter;. The
properties and the core inventory, among other things. Thepotential release periods are encapsulated in vegiRme
inverse problem can be constrained by imposing that the rabased on vectar 1 according to the following rules:
dionuclides be released in realistic proportions. For example,

the release rates of radionuclidiem relation with radionu- {Uplume(t) =0ifo1(t) =0 ©)
clide 1 can be made to respect at each time sttye follow- oplume(t) = 1if 01(t) >0’

ing proportions:
1 0 ()

— = = aj,
bi — o (1)

with g; andb; the limit values of the isotopic relationships.
a; andb; can be estimated using the core inventory of the
damaged reactor and the measurements of activity conce
tration and surface activity. The constraints may be more o
less flexible depending on the emissions knowledge.

with ¢ € [0; N;], N; is the number of time steps angjyme €
RN,

The second step of the proposed method brings the number
of unknown parameters to the number of time steps corre-
sponding to potential release periods multiplied by the num-
ber of radionuclides selected. It remains to estimate the re-
?éase rates during the potential emission periods.

(4)

2.2.3 Step 3: estimating source term

2.2.2 Step 2: identification of potential release periods The purpose of the third step is to solve the inverse problem,

i.e., determine the source term,composed of the temporal

The purpose of this second step is to determine when thé

radionuclides responsible for the increase of dose rate dugvolution of the release rates for each radionuclide. The re-

ing the passage of a plume over the monitoring stations Weréease periods must be among those identified during the sec-

emitted. Inverse modeling techniques can be used to solv@Nd Step. Thé¥/seiecradionuclides that consitute the source
this problem following the subsequent process term are selected during the first step as being the main con-

It is assumed that the release is composed of a single rat_rlbutors to the dose rate signal. Finally, the source term,

dionuclide which acts like a passive tracer. The vector ofmu.St comp!y with t_he constraints on isotopic relationships
measurementgpiume i built with dose rate measurements defined during the first step. The cost function of Eq. (3) be-

as follows. An algorithm is used to analyze the slope in the®OMes

dose rate signal and the peaks corresponding to the d.ete.ctloE () = (g — Hoo)T Rgl (L —Hyo)

of the passage of plume are extracted. An example is given Mselec_1

in Fig. 2. The dose rate measured at the Tsukuriya Iocatlon+ (6 —ap)” Bz—l(o —op) + Z ri (o), @)

during the Fukushima accident is shown in black and “the =

Atmos. Chem. Phys., 13, 11403-11421, 2013 www.atmos-chem-phys.net/13/11403/2013/
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1 contains all the dose rate measurememfssiec— 1 is the whereAg =5 x 10~°h (mm1s~1) and pg is the rain inten-
number of constraints involving the isotopic composition of sity in mmh 1 (Baklanov and Sgrensen, 2001). The verti-
the source term; is the function that constrains the isotopic cal diffusion follows the Louis scheme (Louis, 1979) in sta-
relationship of radionuclidesand in relation with radionu-  ble meteorological situations, and the Troen-Mahrt scheme
clide 1. It is defined as a barrier-protection function in order (Troen and Mahrt, 1986) if the atmosphere is unstable.
to comply with the constraints: The Fukushima accident simulations are performed by
forcing the model with three-hourly operational meteoro-
" (o) = exp(ﬂ —m) +exp<ﬁ —bi), 1<i<Msec—1 (8) logical data from the European Center for Medium-Range
i o1 Weather Forecasts (ECMWF). The spatial resolution of these
data is 0.125x 0.125. At this resolution, Japan’s complex
orography cannot be fully resolved, and Mathieu et al. (2012)
and Korsakissok et al. (2013) state that some situations are
2.2.4 Towards an implementation of the method poorly reproduced by the forecast model. .
The spatial domain of the |dX simulations is [P35,
In summary, the implementation of the method requires a sel43 E], [32° N, 42° N], which encompasses Japan. The time

The Mgelec— 1 constraints are used to force the method to
release the different radionuclides simultaneously.

of a priori information: resolution is one hour and the model provide instantaneous
outputs. The spatial resolution is that of the meteorological
— the location of the source; data (0.125 x 0.125), and 11 vertical levels between 0 and

3400m are considered. The release height is taken for the
— the selected radionuclides identified as responsible ofirst two levels of the model, i.e. between 0 and 160 m.
the main part of the dose rate signal; Lastly, the dose rate at each measurement point is com-
puted from the activity concentrations and surface activi-
ties simulated by IdX. This is done with the C3X platform’s

When a nonzero first guess is used assuming it includes aﬁ:o_lflr?;]ngggsilén matribH. is computed under the approach
the release periods, the second step of the method becomes d by Abida et ' I 2009p nd sub ntlpp dopted
unnecessary and can be avoided. When no first guess is us%ppose y aetal. ( ) and subsequently adopte

the release events reconstructed by the inverse method a d‘%ls V\é'g;rﬁlfn? dagll’s(zrgil()).nzgiz ;OL%?:;]err;ngseegﬁitttzz for
only those that have been measured. P P y

Before being applied to a real accident situation, theeach radionuclide whose release rate is to be estimated. In

method was tested and validated on a synthetic case (resul ts]lé?r?xl simulations are carried outin order to construct the
not shown). The implementation on the FD-NPP accident is '
presented in the next section.

— the limit valuesq; andb; of the isotopic ratios (Eq. 4).

3.2 Step 1: defining the a priori information

3 Application: the Fukushima accident A total of 57 do_se rat_e mon.itoring stations Iocgted in Japan
are considered in the inversion process (see Fig. 3). Only ap-
The objective consists of estimating the Fukushima sourcéroximately thirty stations recorded the temporal evolution
term of atmospheric radiation emissions at hourly intervalsOf the dose rate at least hourly from the beginning to the end
between 11 March 2011 at 9a.m. (JST) and 27 March aff the accident. The other stations’ data are incomplete, as

6 p.m. (JST), for a total of 381 time intervals. their measurements generally begin after 15 March.
The large majority of the available measurements were
3.1 Model simulations obtained by the automatic detectors in the SPEEDI (Sys-

tem for Prediction of Environment Emergency Dose Infor-
We use the Eulerian IdX model to simulate the radionuclidemation) network. Other measurements were taken for each
dispersion. This model is part of IRSN'’s (French Institute for prefecture by the Japanese Ministry of Education, Culture,
Radiation protection and Nuclear Safety) C3X operationalSport, Science and Technology (MEXT) (MEXT, 2011a).
platform (Isnard, 2006). Itis based on the Polair3D chemistryOther measurements are available in different prefectures
transport model (Boutahar et al., 2004), which is itself part of (Tochigi Prefecture, 2011; Miyagi Prefecture, 2011; KEK,
the Polyphemus system, and has been validated on the Alg&011; Fukushima Prefecture, 2011a, b). Most of those obser-
ciras incident as well as on the Chernobyl accident (Quelo et/ations are now gathered in the International Atomic Energy
al., 2007). It takes into account the dry deposition and the wetAgency Fukushima Monitoring database (IAEA, 2012).
deposition as well as the decay products and the radioactive The measurements include those of the Chiba monitor-
decay. The dry deposition is modeled using a simple scheméng station (Nagaoka et al., 2012), which is the only station
with a constant deposition velocitydeP=2x 103ms™1. that measured the dose rate of each radionuclide. This sta-
The wet scavenging is parameterized in the fargn= Agpo, tion provides considerable useful information, as it detected

www.atmos-chem-phys.net/13/11403/2013/ Atmos. Chem. Phys., 13, 11403-11421, 2013
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enough (simulation run of 15 days) to detect the impact of
the decrease df“Cs and®’Cs concentrations on the dose
— rate signal. The time window is indeed too short so tR4Es
and’3“Cs can be differentiated by using the deposition dose
- rate measurements. On the other hand, an analysis of the ac-
tivity concentration measurements for the whole of Japan has
7 shown that the ratio between th&’Cs and the'**Cs was
37Nl constant over the time, and approximately equal to 0.94. The
following isotopic ratio was therefore required in order to
- calculate the emissions:
737cs() _ g4 (10)
35°N 0134c5(1)
e
; ; ; Ultimately, it is only necessary to explicitly assess the re-
N 139 140°F 14L°F lease rate of five radionuclides. Finally, flexible constraints

_ ) o ) have been defined for the isotopic ratios by comparing a typ-
Fig. 3. Location of the dose rate monitoring stations used for the g inventory of a nuclear plant core of the same type as the
inversion. The color varies depending on the start date of the SigFD—NPP with the activity concentration and dose rate mea-

nal concerned; blue: before 12 March, green: 12—15 March, yellow: . . . .
15-20 March, red: after 20 March. The white dashed lines show thesurements at Chiba (Corbin and Denis, personal communi

demarcation of the 4 geographical areas. The shape of the symb&at'on)' In the cost function, we specified that the emissions

is used to indicate to which geographical area the monitoring sta/USt meet at each instan),(the following constraints:

tions belong. The diamonds are for the North zone, the circles for 013270 (1)

the North-West zone, the down triangles for the West zone and thd.6 < ———— < 16,2 <

hexagons are for the South zone. The purple triangle indicates the or24cs(?) o124cs(7)

FD-NPP’s position. 01< 2@ 1500001 < 2% _g5 (1)
o134c5(1) 0134c5(1)

o13y () - 100

many releases during the accident. The radionuclides mea3.3 Step 2: identification of potential release periods
sured are therefore fairly representative of the radionuclides
released during the FD-NPP accident. The measurements inf-he method's second step, consisting of determining the po-
dicate that most of the dose rate signal is duBfes, 137Cs, tential release periods, is applied. The error covariance matri-
136cs, 137mBg, 13Y) 132 132Tg andl33xe. We therefore try €SB andR1 are chosen by using a simple parameterization
to assess the release rate of these eight radionuclides. (Winiarek et al., 2011). It is assumed that the two matrices
All of the noble gases emitted during the accident are@’® diagonal, and the error variance is the same for all di-
grouped and are estimated Y8Xe emissions. By defini- agonal elements of each matrix (homoscedasticity property):
tion, noble gases do not deposit and they only contribute to
the radioactive plume. By their very nature, noble gases ar
quickly emitted, and it is safe to assume that they were no

longer present in the emissions after a certain date. In thig,,, k; are the diagonal elements of the matriBasandR;.
study, we assume that all of the noble gases were emittel;, denotes the identity matrix.

before 21 March. e a7 S ~ Based on these assumptions, the cost funcfipmo be
The elements of th&™Ba/'3’Cs pair are in secular equi- minimized is reduced to the following expression:

librium. 132 (half-life 2.3h) is the son of32Te (half-life

3.26d). More than one day after the shutdown (i.e. a period;, (5,) = [r— H161||2 +22||o1]2, where:iy = ﬁ. (13)

of time greater than ten times the half-life period of #id my

element) thé32Te/132 pair can be considered in equilibrium. A threshold can be applied any to reduce the CPU time
At each instantz, the release rates of the two pairs obey the step 3 and not have any impact on the source term as-

1:m§Id,m1>OandR1=k%Id,k1>0. (12)

following rules: sessment. In our application, we usegd(r) > 10° for that
o132 (1) 0137mg4 (1) purpose.

——— =103 ——— =0.946 9) As the parametek; determines the scale of the source
013216 (1) 0137c4(1)

term’s fluctuations, it defines how much importance should
The half-lives oft3’Cs,134Cs, 31|, 136Cs and'32Te (respec-  be given to minimizing the source term’s norm. The errors
tively, 30.17yr, 2.06 yr, 8.02 days, 13.2 days and 3.26 daysyelating to the measurements and the model are contained in
are sufficiently different to have separate impact on the dethe parameterization df;. This parameter can be automat-
position dose rate signal. The simulations do not last longically determined by means of hyperparameter techniques
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Table 1.Evolution in the number of release instants and of the errorinversion process. Second, steps 1, 2 as well as the use of
diminution obtained after minimizing the cost functidp accord- a barrier-protection function for step 3 reduce the solution
ing to the value of1. The results obtained for, = 10712 (selected  space of the inverse problem. Third, the zero initial condi-

value) are in bold font. tion contributes to the regularization of the problem. In prac-
=) tice, this allows the use of very low valuesif. The results
A1 (%) Error # of potential shown hereafter are those obtained friom= 10-12.
reduction release instants
1079 0.6% 29 _
10-10 5.6% 121 4 Results and validation
1011 35% 113
10-12 26.2% 120 4.1 Source term
10713 46.9% 114

The quantities emitted in the source term estimated by
our inverse modeling approach (hereafter called retrieved

. ] e ST) are shown in Table 2 and compared with the other
(Davoine and Bocquet, 2007; Krysta et al., 2008; Wm'arekassessments. The retrieved ST'’s total emission$*5@s,

etal., 2012). In our case, it is set directly by the user. 137~ 131 132 133 5 6
) . ; Cs, 31, 137 and133xe are 3.8x 10'°Bq, 1.55x 10*®Bq,
The L-BFGS-B algorithm (Liu and Nocedal, 1989) is used 1.059x 1017Bq, 3.58x 10 and 1 2134?101ng respgc-

to mwy)r:mze ftheh_C(r)]sErfuchtfryl for ? wide ranlge I(_)vagg S tively, which is consistent with the other estimates. It should
lée.s 0 I'l"todw ich Table .;,)\:es?n S ? sgmp ef. b d- be noted that any events not detected by the dose rate mon-
IS a limited-memory quasl-INewton aigorithm for bound- itoring stations, such as releases transported directly to the
ponstramed optimization. The po§|t|V|ty of the source VeCtorPacific Ocean, could not be reconstructed correctly. The esti-
"c’f ?sSl:rT)eld ar:'d notﬁppelr lt)_ound is used. Tthzse(_:on?hwlu'ﬁﬂated quantities therefore provide a lower bound of FD-NPP
0 ef?h €s ?{V\;S te' r; ab|v$ error %orr;tpu edusing i € Valemissions. However, like the results of Stohl et al. (2012a),
ues of the cost functiony, beloré and after minimizalion. 4133y ¢ qantities obtained are slightly higher than the no-
The relative error is sensitive to the valuesigf the smaller ble gases inventory of the three damaged reactors. The xenon
the value ofay, the lower the relative error. The value of the releases are probably overestimated. As suggested by Stohl et

Saratmgtehtl h?sla slmaller'lnf:uetncecl;]pon 'thett;umbel,-r of (fas'al. (2012b), the releases of short-lived radionuclides as well
Imated potential release instants. Choosing the value, o s thel33 emissions, not taking into account in the retrieved

involves a compromise between reducing the error value an T, may explain the probable overestimation of xenon re-

increasing the number of potential release instants. As a Cloases

—_10-12
sult, A, = 10 was chosen as the vall{e: .Th? second step Figure 4 represents the temporal evolutiohBEs release
therefore enabled us to reduce the 381 initial instants to lz?ates resulting from various estimates. Until 20 March, the
potential release instants. retrieved ST's release periods are consistent with the other
assessments. Table 3 compares the chronology of the events
listed for the nuclear facility (TEPCO, 2012; Corbin and De-

The third step is applied in order to assess the release raté¥s, 2012) with our release periods. It shows that our ap-
from the dose rate measurementsl assurnipg: 0. The proaCh makes pOSSible to find all nuclear faCIllty events ex-

same error covariance matrix parameterization is used as iR€Pt two ventings on 17 and 18 March, when the resulting
step 2. The cost functios, is then written as follows: releases were not detected in Japan because they were trans-

ported directly towards the Pacific Ocean.

5 o 1o 4 From 20 to 27 March, the retrieved ST shows additional

J2(0) = |lma —HoolI"+ A3 llo 1" + Zri (0). (14)  release peaks compared to the other estimates. These releases
i=1 may not be related to specific events in the nuclear facility,

The homoscedasticity property of the parameterization leadbut the measurements clearly indicate that releases occurred.
to give more weight on the high values than on the low val- The variations in the water injection intensity of reactors 2
ues, as it is the absolute value of the model-to-measuremerand 3, combined with the pressure variations and the fact that
difference that is considered in the cost function to be mini-smoke was observed on the site could explain these emis-
mized. sions.

The sensitivity to the parametép has been tested for a The method is therefore effective in reconstructing the nu-
wide range of values (8 1> < 10°8). The results obtained clear facility events. This result is very important because the
are relatively insensitive to the value chosen. The methodsource term is obtained without requiring a prior knowledge
converges towards the same value/pfind the same source of the emissions.
term. Several reasons help to reduce the influence of the reg- Figure 4 shows that the different estimated release rates
ularization term. First, many observations are used in thevary considerably, illustrating how difficult it is to reconstruct

3.4 Step 3: estimating source term
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Table 2. Total emissions (in PBq) for the source terma#ixe, 131, 132 137cs and!36cs.

Source Term 133 xe 131 132 137¢cg 136 cg
Retrieved ST 12134 105.9 35.8 155 3.8
Mathieu et al. (2012) 5950 197 56.4 20.6 9.8
Winiarek et al. (2012) - 190-380 - 12-19 -
Terada et al. (2012) - 123.9 8.8 -
Stohletal. (2012a)  (13400-20000) — - (23.3-50.1) -
TEPCO (2012) 500 500 10

bias the atmospheric dispersion and deposition simulations,
e thereby preventing the signal observed at the monitoring sta-
vathiu et al. 5T tions from being reproduced. In this case, the source term
o estimated by the inverse modeling approach is a compromise
et 7 [1 between the simulations and the observations. The quality in-
§ dex associated with each event (5th column of Table 3) spec-
ifies the origin of the uncertainties that might bias the release
]; estimations. The index varies between 0 and 3. An index of O

a- Emi§sions from Mlarch 12 to Mqrch 18

1
T

300

Source rate (TBqg/s)
S
S
T

100

] corresponds to events that are not reconstructed. An index of
e - ‘ 1 corresponds to events that have been reconstructed using
2 w W% % 169 1% 90 too few measurements in number, too distant or too small
et (81 to have sufficient weight in the source term estimation. An
‘ ‘ index of 2 corresponds to situations in which there are suf-
reneeast 1 ficient measurements but the meteorological conditions are
ariosatal || poorly reproduced, possibly resulting in inconsistencies be-
. tween the simulations and the observations. Lastly, an index
miarek et . T[] of 3 indicates events that have been reconstructed properly.
300 | . Very few events have an index of 1 or less. The weather fore-
| casts are often insufficiently accurate, however, and many
episodes have an index of 2. It is why the release rates of
y ™ the retrieved ST must be validated by comparing it with the
Ay N EE B environmental measurements. This is the subject of the fol-

L LT Y L LR VY ARV N Tk lowing section.
Date (JST)

b- Em;ssions frpm Marclh 18 to IV!arch 27 )

Source rate (TBqg/s)

£l

Fig. 4. 137Cs release rate according to the estimated retrieved ST _ , _

(in red) and to Mathieu et al. (2012), Stohl et al. (2012a), Terada4'2 Comparison with observations
et al. (2012), and Winiarek et al. (2012). The gray vertical lines
indicate the main facility events that caused environmental release,

(see Table 3). The source term is validated by comparing the environmen-

tal measurements with the atmospheric dispersion simulation
obtained by forcing the model with the retrieved ST. The ob-
jective of the model to data comparisons is to check whether
the source term. All of the source term estimation methodsall of the release events are reconstructed properly and in the
inherit many uncertainties arising from the number of mea-right timescale, and whether the quantities and the isotopic
surements used, the quality of the meteorological data, theomposition of the releases are accurate.

realism of the first guess if the method uses one, and the qual- Of the source terms considered in Table 2, only the re-
ity of the atmospheric dispersion and deposition simulationstrieved ST and the Mathieu et al. (2012) ST afford the re-
The main limiting criteria affecting our method are the num- lease rate of the required radionuclides to simulate dose
ber of monitoring stations that detected each release eventate. The Mathieu et al. (2012) ST was assessed using the
and the quality of the meteorological data. Although a releasesame dose rate measurements and the same meteorological
event can be reconstructed if the plume is detected by onlylata as those we used in our study. Mathieu et al. (2012)
one or two detectors, the inverse problem is less constrainednd Korsakissok et al. (2013) have shown that the Math-
than if the release were detected by more monitoring stationseu et al. (2012) ST was realistic and highly comparable
Furthermore, errors in the wind or precipitation data canto the observations. If our inversion method is relevant,
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Table 3. Main facility events that caused environmental releases (TEPCO, 2012; Corbin and Denis, personal communication). Comparison

with the release periods identified by means of inverse modeling. The 4th column indicates the number of detectors used to reconstruct the
source term. The 5th column provides a reconstruction quality index. Index of O: events not reconstructed. Index of 1: events reconstructed
using too few measurements in number, too distant or too small. Index of 2: events reconstructed using sufficient measurements but using
meteorological conditions poorly reproduced. Index of 3: events properly reconstructed. The 6th column indicates the release trajectory.

Facility Retrieved ST

# Main plume
travel direction
Event Date (JST) Reconstructed release pét of detec- Quality in-
riod tors dex
1 Unit 1 — Ventings 12 Mar 12 Mar 08:00-13:00 UTC 1 1
~10:00 UTC;
~14:00UTC
2 Unit 1 — Hydrogen explo- 12 Mar 12 Mar 17:00 UTC- 1 1 North then
sion 15:36 UTC 13 Mar 09:00 UTC Pacific Ocean
3 Unit 3 — Ventings 13 Mar 13 Mar 1 1
~09:00 UTC; 09:00-18:00UTC
~12:00UTC;
20:00UTC
4 Unit 3 — Ventings 14 Mar 14 Mar 6 1 o A
~06:00 09:00-13:00 UTC Pacific Ocean without
being detected; it
then returned to the
South zone, where
it was detected a long
Unit 3 — Explosion 14 Mar 11:01UTC time after the emission
5 Unit 2 or Unit 3 Venting or 15 Mar 14 Mar 22:00— 17 3 South
other release ~00:00UTC 15 Mar 05:00 UTC
6 Unit 2 — Break in the sup- 15 Mar 09:10UTC ) )
pression chamber and de- 15 Mar 07:00-21:00 UTC 19 2-3 WeSs(zuth
pressurization North-West
Unit 3 — Venting 15 Mar North
~16:00UTC
7 Unit 3 — Pressure decrease 16 Maid 6 Mar 00:00-03:00 UTC 8 2 South
~02:00UTC
8 Unit 2 — Pressure decrease 16 Mar 16 Mar 1 1 South
~09:00UTC 10:00-12:00UTC
9 Unit 3 — Ventings 17 Mar - 0 0 Pacific Ocean
~21:00UTC;
18 Mar
~05:00UTC
10 Unit 3 — Venting 20 Mar 19 Mar 8 2
~11:00UTC 16:00 UTC-20 Mar
05:00UTC
or 20 Mar
15:00-17:00UTC
11 Unit 2 or Unit 3 — Signif- From 14 to 25 Mar 14 Mar 16:00-20h 11 2-3 South
icant day-to-day water in- 18 Mar 10:00-17:00UTC 8 1 North (the releases on
jection variations. Variation 19 Mar 16:00 UTC-20 Mar 8 24-25 Mar drifted to-
in pressure. White and gray 05:00UTC 7 wards the north of the
smoke observed 20 Mar 15:00-17:00UTC 12 facility)
20 Mar 20:00 UTC-21 Mar 10
04:00UTC 12

21 Mar 09:00-16:00UTC 6
22 Mar 01:00-08:00UTC 1
23 Mar 07:00-12:00UTC 1
24 Mar 04:00-12:00UTC 1
25 Mar 03:00-11:00UTC
26 Mar 08:00-16:00 UTC
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Table 4.Comparison of the observed and simulated dose rates using — The West zone is located at the edge of the most heav-
the retrieved ST and the Mathieu et al. (2012) ST. The statistics are ily contaminated areas. The area is crossed from north
the proportion of the measurements for which observed and mod- to south by a range of mountains, with the towns of

eled values agreed within a factor of 2 and the bias. They were pro- Tadami and Minamiaizu to the west and Shirakawa to
duced for Japan as a whole and for four zones located to the north,

the east.
the north-west, the west and the south of the FD-NPP. The results
obtained for Japan as a whole are in bold font. — The South zone is the second important area, as it
has been affected by many release events and includes
Zones Retrieved ST Mathieu et al. (2012) ST major Japanese cities, including Tokyo. It consists of
Fac2 (%) Bias{) Fac2(%) Bias4) the stations located in the Ibaraki prefecture (approxi-
Japan 70.8 0.42 60.0 059 mately 100 km to the south of the nuclear facility), on
North 63.7 0.70 63.8 0.66 the one hand, and stations further to the south-west,
North-West  75.2 0.49 32.8 0.75 such as Saitama, Chiba and Tokyo, on the other hand.
West 454 0.75 384 0.83 : : .
South 88.2 0.33 8.2 0.59 Table 4 shows the scores achieved by the simulations for

each zone. For the two most “emblematic” zones (North-
West and South), the retrieved ST provides simulations that

) ) ) are highly consistent with the measurements and greatly im-
the model-to-data agreement obtalngd with the retrleved_ S-E)roves upon the Mathieu et al. (2012) ST scores. The scores
must be at least as good as the Mathieu et al. (2012) ST is. gre significantly lower for the West zone (fac2 =45% and

A =0.75), even though the retrieved ST improves them. In
the North zone, the simulations are moderately consistent

The agreement obtained between the simulations and th\Q"th the measurements. The fairly good proportion of ob-

dose rate observations is summarized in Table 4. Fac2 repres_ervations where simulated and observed dose rates agreed

sents the proportion of the simulated dose rates that is withitl(v_'ft.hln ?ggctorfngZ tgaftzh: 64,[%) dc:j réc_)rt fc letpe.nsate the sig-
a factor of 2 of the observed values. The relative bias is giveHql Icantbias orU. 7that Ine retrieve ails to improve com-

4.2.1 Comparison with the dose rate measurements

by pared with the results obtained with the Mathieu et al. (2012)
ST.
2. d \dm; — do| Figure 5 shows examples, for each zone, of the compar-
A=-— Z; (15) ison of the observed and simulated dose rates for monitor-
d dm; +do;

i=1 ing stations for which the modeled values are consistent with
the measurements. Some examples of model-measurement

wheredmis the simulated dose raeo is the observed dose inconsistencies are shown in Fig. 6 for the North and West

rate, and! is the number of dose rate measurements. ones.

On average, the simulati0n§ performed With the retrievedz Column 7 of Table 3 indicates which zones are affected by
ST are in good agreement with the observations. For 80 O/‘é ch release event. Event # 6 stands out because it affected
Of. th_e measurements, obser_ved and _modeled values adr®eH four zones in turn. This is the episode responsible both
within a factor qf 2.The 0.4 t.)'as value is low. The proportion for the main contamination of the Japanese territory and for
of the observations where simulated and observed dose rat(?ﬁe

o - . moderately good scores obtained in the North and West
agreed within a factor of 2 is improved by 20 % and the blaszones. The releases firstly drifted southwards, then west-

is reduced by 29 % compared with the values obtained with, ..+« 21 north-westwards where the plume was washed-
the Mathieu et al. (2012) ST. out. Next, they were carried northwards then southwards

th In %r_d%r tg .a?alfyze the resrlts Itngrteettr(]er det?;]l, :[Jhapan \;\;]aﬁgain, and then westwards. The second drift westwards was
en divided into four zones located to the north, the nor “accompanied by wet scavenging.

west, th.e' we;:t and the south of the FD-NPP. F'Q‘%re 3 shows From 15 March onwards, the simulations significantly un-

the positioning of the Zones. The zones are defined on th?ierestimate the dose rates of the North zone monitoring sta-

baS|s_ of the dose rate signals’ and the detected release even{ins close to the Pacific coast (e.g. Fig. 6a) and overestimate

consistency: those of the stations further inland (e.g. Fig. 6b). Design the

— The North zone contains few monitoring stations and SOUrce term to obtain simulated values that are more consis-
the observations are only available from 17 March on- t€nt with the measurements for the monitoring stations near
wards, with the exception of the Minami Soma station, t0 the coast inevitably has the opposite result for the inland
which was operational from 12 March onwards. stations (or vice versa), as the wind data do not allow the

simulated plume to drift sufficiently towards the north.

— The North-West zone is the most highly contami- The comparisons for the eastern part of the West zone (up-
nated area, and includes the cities of Aizuwakamatsustream of the central mountain range crossing the island of
Fukushima, Yonezawa and Nihonmatsu. Honshu from north to south) show that the dose rate signal
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Fig. 5. Comparisons of the dose rate observations (black dots) with the simulated dose rate computed with the retrieved ST (red) and with
the Mathieu et al. (2012) ST (blue). Example of closely corresponding values in the four zones.

is generally well simulated with the retrieved ST. The resultsarea (see Fig. 6, Minamiaizu and Shirakawa stations) are in-
are much less satisfactory in the case of the stations locatedompatible is due to the distance and time lag affecting the
on the foothills of the range, however. The fact that the re-precipitation and wind data, which is probably because the
sults for the stations located on both sides of the mountaireffects of the complex terrain are not fully taken into account.
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Fig. 6. Comparisons of the dose rate observations (black dots) with the simulated dose rate computed with the retrieved ST (red) and with

the Mathieu et al. (2012) ST (blue). Example of poorly corresponding values in the North zone (top) and in the West zone (bottom).

Release event # 6 can nevertheless be considered as beislppes are highly consistent. Nevertheless, we can see that
properly reconstructed by the retrieved ST, as the stations itthe simulations’ slope is slightly less pronounced than that
the North-West and South zones (see Fig. 5) constrain it sufef the actual observations. These findings suggest that the
ficiently and marginalize the impact of the few incompatible retrieved ST’s composition is generally realistic but perhaps
stations in the West and North zones. slightly underestimates the proportion of radionuclides with

Figure 5 shows that, on average, the dose rate signal’s tenthe shortest half-lives, such &1 and'3?Te. In order to ver-
poral evolution is accurately reproduced by the simulations.ify this hypothesis and complete the validation of the source
Most of the peaks are simulated at the correct times, anderm, the simulations were compared with the activity con-
their intensity is perfectly consistent with the observations.centration and surface activity observations.

Some secondary peaks are occasionally poorly reproduced,

but. such events are marginal. As a result, these com'p'arisor)ﬁzlz Comparison with the atmospheric activity
validate the source term in terms of the release quantities and concentrations measurements

the temporal evolution of the emissions, leaving us to assess

the method’s suitability for reconstructing the releases’ iso- - .
The activity concentration measurements were not used to

topic composition. estimate the Mathieu et al. (2012) ST and the retrieved ST.

This is done by comparing the temporal evolution of the ) . ; X
: L - .~ As a result, comparing the simulations with these observa-
dose rate signal due to deposition irradiation when the sim-

- . tions is an excellent way of validating the source terms, al-
ulated and observed values are of a similar magnitude. The ". . .
. \ : . . . eit only partially, as most of the few measurements avail-
signal’s slope is mainly due to the radioactive decay of the

deposited species. The first-order simulated and observe%ble.are from the south zone (ME.XT’ 2011.b)' F|gure !
provides an example of a comparison obtained with the
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Fig. 7. Measured activity concentrations (white blocks), and activity concentrations simulated with the retrieved ST (red circle) and the
Mathieu et al. (2012) ST (blue circle) in Tokai, & 'Cs(a), 136Cs (b), 131 (c), and132Te (d). Circles are centered on the respective time
interval measurements.

Tokai measurements in the Ibaraki prefecture, a town locateé factor of 2 of the observations. The results are less conclu-
110 km south of the FD-NPP (Furuta et al., 2011). The Tokaisive in the case of th&?Te, as the activity concentrations
example is representative of the results obtained from all ofare underestimated by a factor 3 to 4 in the simulations. The
the available monitoring stations. Radioactive plumes are de232Te/132 pair has a relatively short half-life of 3.26 days.
tected during two periods: the first between 15 and 16 Marchf several plumes are detected above the same monitoring
(events #5 and # 6), and the second between 20 and 23 Mardtation for a short period, the dose rate due to deposition be-
(event # 11). The simulations properly reproduce the signal’dsween two successive plume passes is not measured for along
temporal evolution, validating the estimated temporal evolu-enough period to enable the inverse method to accurately es-
tion of the release for the observed episodes and confirmingimate the releases’ isotopic composition. In this context, the
the results obtained by comparing the simulations with theradioactive elements with relatively short half-lives, such as
dose rate measurements (Ishikawa monitoring station). those of the32Te/132 pair, are considered as noble gases by
As regards the released quantities and the emissions’ isahe inversion process and the method will tend to emphasize
topic composition, the degree to which the modeled value isghe 133Xe in the release rather than th&Te/3? pair. Two
consistent with the measurements is quite encouraging. Fgplumes are detected above the Tokai monitoring station on 15
the main episode on 15 and 16 March, the Tokai monitor-and 16 March. The underestimatetdTe value should there-
ing station detected the main peak over a longer period irfore be compensated for by overestimating #f#e value.
the simulations than in the actual measurements. The simufhis hypothesis cannot be checked, as we do not have si-
lation reproduces correctly the main peak on 15 March. Formultaneous noble gas ahéfTe measurements, but all of the
the rest of the episode, the simulation results are fairly concomparisons tend to support it.
sistent with the measurements in the case of the caesiums. The simulation made using the Mathieu et al. (2012) ST
The 136Cs activity concentrations are slightly overestimated tends to overestimate the activity concentrations, resulting in
by a factor of 2 to 3, and the simulation results are most conthe simulated dose rate being overestimated after 15 March
sistent with the measurements in the cas&&Es. The'®ll  due to deposition during the event.
activity concentrations are overestimated but remain within
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Table 5. Comparison of the observed and simulated daily depositions using the retrieved ST and the Mathieu et al. (2012) ST. The statistics
are the proportion of the measurements for which observed and modeled values agreed within a factor of 2, 5 and 10.

Radionuclide Retrieved ST Mathieu et al. (2012) ST
Fac2 (%) Fac5 (%) FaclO (%) Fac2 (%) Fac5(%) Facl0 (%)
136cg 31.6 47.4 57.8 21.1 42.1 57.9
137¢cs 38.9 55.6 69.4 27.8 44.4 63.9
131 (particle +gaz) 19.5 30.1 56.1 14.3 31.3 40.6
1327¢ 323 52.3 75.4 23.1 50.8 63.1

Table 6. Comparison of the observed and simulated daily depositions using the retrieved ST and the Mathieu et al. (2012) ST. The statistics
are the proportion of the measurements for which observed and modeled values agreed within a factor of 2, 5 and 10.

Radi lid Retrieved ST Mathieu et al. (2012) ST
adionuclid®  raco (%) Fac5 (%) FaclO (%) Fac2 (%) Fac5 (%) FaclO (%)

137cs 245 43.4 60.4 15.1 28.3 37.8

13y 20 33.8 46.1 15.4 33.8 44.6

No comparison can be done for the second episode be4.2.3 Comparison with the surface activity
tween 20 and 23 March because the simulated event is measurements
slightly late, undoubtedly explaining why the activity con-
centrations obtained with the two source terms are underes-
timated. The assessment of the release’s isotopic composition is com-

All of the available measurements have been taken intd?/eted by comparing the simulation results with the surface
consideration in the validation process. The scores measuringCtivity measurements. Like the activity concentration mea-
the agreement between the observed and the modeled valug§rements, these were not used to estimate the source terms;
are given Table 5. The proportions of the data where simu8S & r_esu_lt, they provide an effective and independent means
lations and observations agreed within a factor of 2 are lowef validation. -
especially for thé'3| but the proportions of the data where _ The daily deposition measurements by prefecture for
simulations and observations agreed within a factor of 5 and?@Pan, taken by the MEXT (2011c), are effective only from
10 are acceptable and similar for all the radionuclides. Nol8 March. No data could be collected in the Fukushima pre-
distinction between gaseous and aerosol-bound iodine haviecture. Table 6 gives the proportion of the simulated daily
been made in the simulations. The failure to take the complex@€position that is within a factor of 2, 5 and 10 of the ob-
behavior of iodine into consideration could be partly respon-Served values. For the whole of Japan, the scores are not as
sible for the lower performance with respect to iodine. The 900d as for activity concentration (the proportion of the sim-
results obtained with the retrieved ST are slightly better thartlated deposition that is within a factor of 5 of the observed
those obtained with the Mathieu et al. (2012) ST. value_s is 40 % for the retrieved ST and lonl_y. 30% fqr the

The comparisons between the modeled and observed aMathieu et al. .(2012) ST) but they are S|gn|f|cantly higher
mospheric activity concentrations partially validate the iso- when considering only the measurements in the South zone.
topic composition of the releases measured in the South zone. !N the northern zone (lwate and Yamagata), the deposition
They suggest that the released quantitie$&ts, 136Cs and amounts increased on 20 March (event # 11) but the event is
131 in the retrieved ST are realistic. TH82 and132Te re-  Poorly reconstructed, as the depositions caused by event # 6
leases are underestimated. Indeed, 72 % of the data where tifé€ overestimated (see Fig. 6). In the prefecture of Ibaraki
observed and modeléd2Te values agreed within a factor of (Hitachinaka) within the southern zone, the highest deposi-
5 are underestimated. Th#Te underestimation is balanced tion amounts were on 20 and 21 March (event # 11), and
by a probable overestimation of tA&3Xe released quanti- ©n 21 and 22 March towards Utsonomiya, Tokyo, Saitama,
ties. Tsuruta et al. (2013) presented a new set of activity coniofu and Chiba. Figure 8 shows the degree to which the
centration measurements in the Fukushima Prefecture (néimulations are consistent with the observations*fCs

: . . - 131, itori i i
public data) which should help to improve the validation of @d~""1, for two examples of monitoring stations. The first
the isotopic composition of the retrieved ST. activity peak is correctly reconstructed, whereas the second

is underestimated. In the case of the correctly reconstructed
peak, the simulatet?’Cs and'31l quantities are consistent to
within a factor of 2 of the observations, which confirms the
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Fig. 8. Daily surface activities o#37Cs (top) andt31 (bottom), observed (white blocks) and simulated using the retrieved ST (red circle)
and the Mathieu et al. (2012) ST (blue circle). Circles are centered on the respective time interval measurements.

comparisons made regarding the activity concentration datdhe north part of the most contaminated pattern is slightly
and tends to validate these two radionuclides’ release quaninder-estimated by approximately a factor of 2.
tities. To the south (notably the lwaki region), the simulation per-
The only available means of validating the releaseformed with the Mathieu et al. (2012) ST results in the total
episodes that have contaminated the other zones (Westieposition amount being considerably overestimated. The re-
North-West, and North) is the total surface activity map. trieved ST is much more consistent with the observations.
This is the result of several airborne measurement campaigns Other, less important, deposition areas can be seen, to the
(MEXT and DOE 2011; US DOE/NNSA, 2011). These mea- west, bordering the Tochigi prefecture, and to the south of the
surements, some of which were taken after the accident, arBukushima prefecture, 100-150 km away from the nuclear
especially useful for studying the deposition of long-lived ra- facility, upstream of the mountainous areas. These deposi-
dionuclides. Figure 9 compares the observed surface activityions resulting from the releases on 15 March (event # 6) are
of 137Cs with the simulations. incorrectly reproduced by the simulations. This explains why
The simulations performed using the two source termsthe dose rates are considerably underestimated in the western
produce different results. The deposition area to the northzone. The differences can be seen with the two source terms
west is largely underestimated using the Mathieu et al. (2012and are due to insufficiently precise meteorological data. As
ST. It is better represented using the retrieved ST, but it isa result, they do not invalidate the retrieved ST's realism.
too extensive and too far north compared with the obser- In conclusion, the simulations with the retrieved ST are, on
vations. This mismatch is consistent with the overestimatedaverage, consistent with the observations in the most heavily
dose rate levels in the Yamagata and Yonezawa prefecturesontaminated zones (the North-West and South zones). This
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Fig. 9. Map of depositions observed on 1 April 2011 (left) (MEXT, 2011d). Té&Cs and!34Cs deposition simulated using the retrieved
ST (middle) and the Mathieu et al. (2012) ST (right).

result helps to validate thE’Cs emission quantities in the to the dose rate signal is the greatest must be selected.
retrieved ST. The same can be said of tfi€s comparisons. In the event of a nuclear power plant accident, this list
can be a priori assumed.

5 Conclusions and prospects — The isotopic composition of releases can be con-

strained by requiring that the ratio between the differ-
In this paper, we have proposed an effective method of re- ent radionuclides’ release rates remain within defined
constructing the source term of a nuclear accident. The ap- limits. The defined limits may be more or less con-
proach is based on inverse modeling techniques, and differs straining, depending on the prior knowledge available
from the existing methods in that it is designed to use dose regarding the releases.

rate measurements. Dose rate stations are the most common
device and, in the event of a nuclear accident, they are thd he method has been validated on the Fukushima accident.
primary source of plume and deposition measurements dutWe have shown that it is appropriate for reconstructing the
ing releases. It is therefore crucial to be able to use dose ratgource term of a nuclear accident. Thanks to its flexibility (it
data in an inverse modeling approach to assess source terri$. not dependent upon Fukushima) and its effectiveness (the
This is a difficult task, as the measurements include the concalculation can be performed within a few hours), it can eas-
tributions of all gamma emitters on the ground and in the airily be used in crisis situations. However, it must be further
without distinguishing between them. improved in order to obtain a more reliable isotopic compo-
The proposed approach consists of three steps. The firstition of the estimated releases. This is because the method
step is dedicated to the determination of the a priori informa-is not always able to distinguish the respective contributions
tion required to solve the problem. The second uses inversef the noble gases and those of the radionuclides with short
modeling techniques to identify the periods during which re- half-lives. We plan to overcome this by extending the method
leases may have occurred. The third step consists of usintp integrate the activity concentrations and surface activities
inverse modeling to estimate the source term during the pointo the inversion process, in addition to the dose rate mea-
tential emission periods. surements. Properly used, these measurements should further
The method is generic, meaning that it can be applied tgconstrain the releases’ isotopic composition.
any nuclear accident when sufficient dose rate measurements The approach has been applied to the Fukushima accident,
are available. It can be applied with any atmospheric disperand it provides estimated release rates at hourly intervals be-
sion model. However, the nature of the dose rate measurégween 11 March at 00:00 UTC and 26 March at 21:00 UTC,
ments leaves too many degrees of freedom for the inverséor all radionuclides which mainly contribute to the dose.
problem, which is ill-conditioning as a result. The following There are eight of these radionuclides. They consi&ti@s,
prerequisites are therefore necessary in order to constrain the®Cs,137Cs, 13"MBa, 131, 132, 132T¢ and'33Xe. We use 57
problem: dose rate monitoring stations covering the Japanese territory.
The method is applied by using the IdX atmospheric dis-
— As more than a hundred different radionuclides may bepersion model and the ConsX dose calculation model from
emitted during an accident, those whose contributionthe IRSN C3X operational platform. It is estimated that the
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riods correlated with the FD-NPP’s events, without requiring References
ﬁ:aoZgg(;vgf?gteegfjnr:isgéoglsj'ril:]has coriflrmed and Vahdate(cjﬁbida, R. and Bocquet, M.: Targeting of observations for acciden-
g certain events and alrea

. . . . Ytal atmospheric release monitoring, Atmos. Environ., 43, 6312—
estimated in other studies. It has also helped to improve the 357 5959

reconstruction of several release episodes. Astrup, P., Turcanu, C., Puch, R., Palma, C. R., and Mikkelsen, T.:
In order to validate the temporal evolution of the estimated  pata assimilation in the early phase: Kalman filtering RIMPUFF,

release rates, the simulations of the atmospheric dispersion Riso National Laboratory report Riso-R-1466(EN), 2004.

and of the retrieved ST's consequences have been compar&ihklanov, B. and Sgrensen, J. H.: Parameterisation of radionuclides

with the environmental observations. On overall, this shows deposition in atmospheric long-range transport modelling, Phys.

that the simulations are consistent with the dose rate mea- Chem. Earth, B26, 787—799, 2001.

surements, since it was found that for about 80 % of the obBoutahar, J., Lacour, S., Mallet, V., Quelo, D., Roustan, Y., and

servations, simulated and observed dose rates agreed within SPortisse, B.: Development and validation of a fully modular

afactor of 2. The temporal evolution of the dose rate is gener- platfor_m for numerical modelling of air pollution: POLAIR, Int.

ally well reconstructed, particularly in the most heavily con- J Environ. Poll., 22, 17-28, 20.04'

. ' Chino, M., Nakayama, H., Nagai, H., Terada, H., Katata G., and
taminated zones to the north-west and to the south of the FD- " ya4,awa, H.: Preliminary estimation of release amount3%f
NPP. The results are more mixed in some zones to the north 5,4137cg accidentally discharged from the Fukushima Daiichi
and to the west of the FD-NPP, as the meteorological data do Nuclear power plant into atmosphere, J. Nucl. Sci. Technol., 48,
not take the complex orography of this region of Japan suf- 1129-1134, 2011.
ficiently into account. Concerning the isotopic composition Davoine, X. and Bocquet, M.: Inverse modelling-based reconstruc-
of the releases, the comparison with the activity concentra- tion of the Chernobyl source term available for long-range trans-
tion and surface activity observations suggests that although port, Atmos. Chem. Phys., 7, 1549-1564, doi:10.5194/acp-7-
the estimated caesium aféll emissions are realistic, they =~ 1549-2007, 2007.

are underestimated 882 and132Te and probably overesti- Devell, L.,_ Guntay, S., and Powers, D. A.: The Chernobyl Re_ac-
mated for the noble ga1§3Xe. tor Accident Source Term: Development of a Consensus View,

- ) CSNI Report, Organisation for Economic Co-Operation and De-
We plan to further improve the accuracy of the FD-NPP velopment (OECD), OCDE/GD(96)12, 1995.

releage estimations by utilizing more detgiled meteorologicaly q\ys M. Lauritzen, B., Madsen, H.. and Smith, J. Q.: Kalman fil-
data in the method, and adopting a multi-scale approach that iation of radiation monitoring data from atmospheric dispersion
would make it possible to use measurements that can either of radioactive materials, Radiation Protection Dosimetry, 111,
be close to the source or further from it. This assumes that 257-269, 2004.

the measurements’ relative importance is taken into accountDuranova, T., Bohunova, J., Bohun, L., Duran, J. and
At present, the absolute value of the model-to-measurement Stubna M.: Source term estimation based on gamma
difference is considered in the cost function to be minimized. dose rates measured by on-line on-site  monitoring
As a result, more weight is given to the most contaminated network, ~ RODOS  report =~ RODOS(WGS)-TN(98)-01,
zones. By adapting the method to a multi-scale approach, it http://www.rodos.fzk.de/Documents/Public/CD1/WG5_CD1_
should be capable both of reconstructing the releases that General/WG5_TN98_01.pdf,1999.

L . nting, I. G.: Inverse Problems in Atmospheric Constituent Trans-
were transported to the Pacific Ocean, and of utilizing the port, Cambridge Univ. Press, Cambridge, UK, 392 pp., 2002,

measuremems taken close to the FD-NPP, where the do%—eukushima Prefecture: http://www.pref.fukushima.jp/j/
rate gradients are very steep. 7houbu0311-0331.pdf (in Japanese, last access: 2 Decem-
ber 2011), 2011a.
Fukushima Prefecture: http://www.pref.fukushima.jp/j/
Supplementary material related to this article is 20-50km0315-0331.pdf (last access: 21 July 2011), 2011b.
available online at http://www.atmos-chem-phys.net/13/  Furuta, S., Sumiya, S., Watanabe, H., Nakano, M., Imaizumi,
11403/2013/acp-13-11403-2013-supplement.zip. K., Takeyasu, M., Nakada, A., Fujita, H., Mizutani, T., Mori-

sawa, M., Kokubun, Y., Kono, T., Nagaoka, M., Yokoyama, H.,
Hokama, T., Isozaki, T., Nemoto, M., Hiyama, Y., Onuma, T.,
Acknowledgements. We would like to thank H. Bonneville, Kato, C., and Kurachi, T.: Results of the Environmental Radia-

D. Corbin and J. Denis for providing their expertise in the knowl-  tion Monitoring Following the Accident at the Fukushima Dai-

edge of the state and the events of the FD-NPP which led to re- ichi Nuclear Power Plant — Interim Report (Ambient Radiation
leases in the atmosphere. We are grateful for helpful discussions Dose Rate, Radioactivity Concentration in the Air and Radioac-
with I. Korsakissok, J. Groell and J. P. Benoit. We would like to tivity Concentration in the Fallout), Radiation Protection Depart-

thank Météo-France for providing the meteorological data. ment, Nuclear Fuel Cycle Engineering Laboratories, Tokai Re-
search and Development Center, Japan Atomic Energy Agency,

JAEA-Review 2011-035, 2011.

www.atmos-chem-phys.net/13/11403/2013/ Atmos. Chem. Phys., 13, 11403-11421, 2013


http://www.atmos-chem-phys.net/13/11403/2013/acp-13-11403-2013-supplement.zip
http://www.atmos-chem-phys.net/13/11403/2013/acp-13-11403-2013-supplement.zip
http://dx.doi.org/10.5194/acp-7-1549-2007
http://dx.doi.org/10.5194/acp-7-1549-2007
http://www.rodos.fzk.de/Documents/Public/CD1/WG5_CD1_General/WG5_TN98_01.pdf
http://www.rodos.fzk.de/Documents/Public/CD1/WG5_CD1_General/WG5_TN98_01.pdf
http://www.pref.fukushima.jp/j/7houbu0311-0331.pdf
http://www.pref.fukushima.jp/j/7houbu0311-0331.pdf
http://www.pref.fukushima.jp/j/20-50km0315-0331.pdf
http://www.pref.fukushima.jp/j/20-50km0315-0331.pdf

11420 O. Saunier et al.: Fukushima Nuclear Power Plant accident

Gudiksen, P. H., Harvey, T. F., and Lange, R.: Chernobyl SourceMEXT (Ministry of Education, Culture, Sports, Science
Term, Atmospheric Dispersion, and Dose Estimation, Health and Technology) and DOE (U.S. Department of Energy):
Phys., 57, 697-706, 1989. MEXT and DOE Airborne Monitoring, (accessed 04.05.12.)

IAEA (International Atomic Energy Agency): Fukushima moni- http://radioactivity.mext.go.jp/en/list/203/list-1.html, 2011.
toring data base https://iec.iaea.org/fmd/search_by_ dataset.aspMiyagi Prefecture: available at: http://www.pref.miyagi.jp/gentai/
2012. Press/PressH230315-3(sokutei).html (in Japanese) (last access:

IRSN (Institut de Radioprotection et de Sdreté nucléaire): 4 May 2012), 2011.

Fukushima, One Year Later: Initial Analyses of the Accident Nagaoka, K., Sato, S., Araki, S., Ohta, Y., and Ikeuchi Y.: Changes
and Its Consequences, IRSN Report IRSN/DG/2012-003, of radionuclides in the environment in Chiba, Japan, after the

http://www.irsn.fr/EN/publications/technical- publications/ Fukushima nuclear power plant accident, Health Phys., 102,
Documents/IRSN_Fukushima-1-year-later_2012-003.pdf, 437-442, doi:10.1097/HP.0b013e31823bc2d3, 2012.
2012. Quelo, D., Krysta, M., Bocquet, M., Isnard, O., Minier, Y. and

Isnard, O.: C3X wune nouvelle plateforme d'évaluation Sportisse, B.: Validation of the Polyphemus platform on the
des conséquences d'un rejet atmosphérique, Report, ETEX, Chernobyl and Algeciras cases, Atmos. Environ., 41,
IRSN/DEI/SESUC/06-41, 2006. 5300-5315, 2007.

Katata, G., Terada, H., Nagai, H., and Chino, M.: Numerical recon-Stohl, A., Seibert, P., Wotawa, G., Arnold, D., Burkhart, J. F., Eck-
struction of high dose rate zones due to the Fukushima Dai-ichi hardt, S., Tapia, C., Vargas, A., and Yasunari, T. J.: Xenon-
Nuclear Power Plant accident, J. Environ. Radioact., 111, 2-12, 133 and caesium-137 releases into the atmosphere from the
doi:10.1016/j.jenvrad.2011.09.011, 2012. Fukushima Dai-ichi nuclear power plant: determination of the

KEK (High Energy Accelerator Research Organization): http:  source term, atmospheric dispersion, and deposition, Atmos.
[Irewww.kek.jp/norm/index-e.html (last access: 2 December Chem. Phys., 12, 2313-2343, doi:10.5194/acp-12-2313-2012,
2011), 2011. 2012a.

Korsakissok, |., Mathieu, A., and Didier, D.: Atmospheric dis- Stohl, A., Seibert, P., and Wotawa G.: The total release of
persion and ground deposition induced by the Fukushima xenon-133 from the Fukushima Dai-ichi nuclear power
Nuclear Power Plant accident: A local-scale simulation plant accident, J. Environ. Radioact. 112, 155-159,
and sensitivity study, Atmos. Environ., 70, 267-279, doi:10.1016/j.jenvrad.2012.06.001, 2012b.
doi:10.1016/j.atmosenv.2013.01.002, 2013. TEPCO (Tokyo Electric Power Company): Estimation of Ra-

Krysta, M. and Bocquet, M.: Source reconstruction of an accidental dioactive Material Released to the Atmosphere during the
radionuclide release at European scale, Q. J. Roy. Meteorol. Soc., Fukushima Daiichi NPS Accident, http://www.tepco.co.jp/en/
133, 529-544, 2007. press/corp-com/release/betul?_e/images/120524e0205.pdf (last

Krysta, M., Bocquet, M., and Brandt, J.: Probing ETEX-Il data  access: 15 November 2013), May 2012.
set with inverse modelling, Atmos. Chem. Phys., 8, 3963-3971,Terada, H., Katata, G., Chino, M., and Nagai, H.: Atmospheric dis-

doi:10.5194/acp-8-3963-2008, 2008. charge and dispersion of radionuclides during the Fukushima
Liu, D. C. and Nocedal, J.: On the limited memory method for large  Dai-ichi Nuclear Power plant accident. Part Il: verification of the

scale optimization, Math. Program. B., 45, 503-528, 1989. source term and analysis of regional-scale atmospheric disper-
Louis, J. F.: A parametric model of vertical eddy fluxes in the atmo-  sion, J. Environ. Radioact., 112, 141-154, 2012.

sphere, Bound.-Layer Meteorol., 17, 187-202, 1979. Tikhonov, A. N. and Glasko, V. B.: Use of the regularization method

Mathieu, A., Korsakissok, I., Quelo, D., Groell, J., Tombette, M.,  in non-linear problems, USSR Comp. Math. Math. Phys., 5/3,
Didier, D., Quentric, E., Saunier, O., Benoit, J.-P., and Isnard, 93-107, 1965.

O.: Atmospheric dispersion and deposition of radionuclides from Tochigi Prefecture: http://lwww.pref.tochigi.lg.jp/kinkyu/
the Fukushima Daiichi nuclear power plant accident, Elements, documents/20110312-18.pdf (in Japanese) (last access: 2
8, 195-200, 2012. December 2011), 2011.

MEXT (Ministry of Education, Culture, Sports, Science and Tech- Tsuruta, H., Oura, Y., Ebihara, M., Ohara, T., and Nakajima T.:
nology): Reading of Environmental Radioactivity Level by Pre-  Hourly atmospheric concentrations of Cs-134 and Cs-137 at
fecture, available at: http://radioactivity.mext.go.jp/en/list/192/  monitoring stations for suspended particulate matter in and south
list-1.html (last access: 4 May 2012), 2011a. of Fukushima after the Fukushima Daiichi Nuclear Power Plant

MEXT (Ministry of Education, Culture, Sports, Science and  accident, European Geosciences Union General Assembly, Vi-
Technology): Readings of Dust Sampling, available at: http:  enna, Austria, 7-12 April 2013.
/lradioactivity.mext.go.jp/en/list/200/list-1.html (last access: 4 Troen, I. B. and Mahrt, L.: A simple model of the atmospheric
May 2012), 2011b. boundary layer; sensitivity to surface evaporation, Bound.-Layer

MEXT (Ministry of Education, Culture, Sports, Science and Tech-  Meteorol., 37, 129-148, 1986.
nology): Reading of Radioactivity Level in Fallout by Pre- Tsiouri, V., Kovalets, I., Andronopoulos, S., and Bartzis, J. G.:
fecture, available at: http://radioactivity.mext.go.jp/en/list/194/  Emission rate estimation through data assimilation of gamma
list-1.html (last access: 4 May 2012), 2011c. dose measurements in a lagrangian atmospheric dispersion

MEXT (Ministry of Education, Culture, Sports, Science and Tech- model, Rad. Protect. Dosimetr., 148, 34—44, 2012.
nology) Results of the Fourth Airborne Monitoring Survey by US DOE/NNSA: Response to 2011 Fukushima Incident
MEXT. MEXT Report, Ministry of Education, Culture, Sport, — Raw Aerial Data and Extracted Ground Exposure,
Sciences and Technology — Japan, December 16, 2011d. https://explore.data.gov/Geography-and-Environment/

Atmos. Chem. Phys., 13, 11403-11421, 2013 www.atmos-chem-phys.net/13/11403/2013/


https://iec.iaea.org/fmd/search_by_dataset.aspx
http://www.irsn.fr/EN/publications/technical-publications/Documents/IRSN_Fukushima-1-year-later_2012-003.pdf
http://www.irsn.fr/EN/publications/technical-publications/Documents/IRSN_Fukushima-1-year-later_2012-003.pdf
http://dx.doi.org/10.1016/j.jenvrad.2011.09.011
http://rcwww.kek.jp/norm/index-e.html
http://rcwww.kek.jp/norm/index-e.html
http://dx.doi.org/10.1016/j.atmosenv.2013.01.002
http://dx.doi.org/10.5194/acp-8-3963-2008
http://radioactivity.mext.go.jp/en/list/192/list-1.html
http://radioactivity.mext.go.jp/en/list/192/list-1.html
http://radioactivity.mext.go.jp/en/list/200/list-1.html
http://radioactivity.mext.go.jp/en/list/200/list-1.html
http://radioactivity.mext.go.jp/en/list/194/list-1.html
http://radioactivity.mext.go.jp/en/list/194/list-1.html
http://www.pref.miyagi.jp/gentai/Press/PressH230315-3(sokutei).html
http://www.pref.miyagi.jp/gentai/Press/PressH230315-3(sokutei).html
http://dx.doi.org/10.1097/HP.0b013e31823bc2d3
http://dx.doi.org/10.5194/acp-12-2313-2012
http://dx.doi.org/10.1016/j.jenvrad.2012.06.001
http://www.tepco.co.jp/en/press/corp-com/release/betu12_e/images/120524e0205.pdf
http://www.tepco.co.jp/en/press/corp-com/release/betu12_e/images/120524e0205.pdf
http://www.pref.tochigi.lg.jp/kinkyu/documents/20110312-18.pdf
http://www.pref.tochigi.lg.jp/kinkyu/documents/20110312-18.pdf
https://explore.data.gov/Geography-and-Environment/US-DOE-NNSA-Response-to-2011-Fukushima-Incident-Ra/prrn-6s35

O. Saunier et al.: Fukushima Nuclear Power Plant accident

11421

US-DOE-NNSA-Response-to-2011-Fukushima-Incident-Ra/ Winiarek, V., Bocquet, M., Duhanyan, N., Roustan, Y., Saunier,

prr-6s35, 2011.

Winiarek, V., Vira, J., Bocquet, M., Sofiev, M., and Saunier, O.: To-
wards the operational estimation of a radiological plume using
data assimilation after a radiological accidental atmospheric re-
lease, Atmos. Environ., 45, 2944—-2955, 2011.

Winiarek, V., Bocquet, M., Saunier, O., and Mathieu, A.: Es-
timation of errors in the inverse modeling of accidental re-
lease of atmospheric pollutant: application to the reconstruc-
tion of the cesium-137 and iodine-131 source terms from the
Fukushima Daiichi power plant, J. Geophys. Res., 117, D05122,
doi:10.1029/2011JD016932, 2012.

www.atmos-chem-phys.net/13/11403/2013/

O., and Mathieu, A.: Estimation of the caesium-137 source
term from the Fukushima Daiichi nuclear power plant us-
ing a consistent joint assimilation of air concentration
and deposition observations, Atmos. Environ., 82, 268-279,
doi:10.1016/j.atmosenv.2013.10.017, 2014.

Atmos. Chem. Phys., 13, 11403-11421, 2013


https://explore.data.gov/Geography-and-Environment/US-DOE-NNSA-Response-to-2011-Fukushima-Incident-Ra/prrn-6s35
https://explore.data.gov/Geography-and-Environment/US-DOE-NNSA-Response-to-2011-Fukushima-Incident-Ra/prrn-6s35
http://dx.doi.org/10.1029/2011JD016932
http://dx.doi.org/10.1016/j.atmosenv.2013.10.017

