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ARTICLE INFO ABSTRACT

Following a nuclear accident, on-site gamma dose rates provide the most complete record of atmospheric re-
leases of both long- and short-lived radionuclides. However, they are seldom used for source inversion, because
the radionuclide composition is unknown. This prevents the estimation of short-lived radionuclide releases. In
this study, a method using on-site gamma dose rates is developed with the aim of determining the source term,
including both long- and short-lived radionuclides. To reduce the uncertainties involved in source inversion, the
proposed method uses reactor physics to obtain an a priori radionuclide composition and a reverse source term
estimate as an a priori release rate. A weighted additive model is derived to handle the conflicts between the
priors from different mechanisms and simultaneously incorporate them into the source inversion. The proposed
method is applied to the Fukushima Daiichi accident and validated against both the on-site gamma dose rates
and the regional measurements of Cs-137. The results demonstrate that the resolved a posteriori source term
combines the advantages of both priors and substantially improves the predictions of the on-site gamma dose
rates. Given a detailed a priori release rate, this approach also improves the regional predictions of both airborne
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and deposited Cs-137 concentrations.

1. Introduction

Large volumes of various radionuclides were released into the en-
vironment following the Fukushima Daiichi Nuclear Power Plant
(FDNPP1) accident, which was induced by a strong earthquake and
tsunami off the coast of Japan on March 11, 2011. The short-lived
radionuclides released in the aftermath of the accident are known to
make a considerable contribution to acute health hazards, whereas the
long-lived radionuclides cause long-term environmental pollution [1].
Therefore, the temporal release profile of both long- and short-lived
radionuclides, i.e., the source term, is a key factor in the nuclear
emergency response and consequence evaluation [2]. To determine
information about the release, many source inversion methods have
been applied, including both inverse modeling [3-5] and reverse esti-
mation [6-8].

However, most of these methods provide source terms for only a few
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(up to five) long-lived radionuclides, because they mainly rely on re-
gional measurements acquired far away from the release position
[3,7-91, and the short-lived radionuclides have decayed after such long-
range transport [10,11]. In addition, the long-range transport and
sparsity of remote measurements introduce uncertainties into the re-
gional measurements, which may ultimately lead to biases in the re-
lease rate estimates [3].

In contrast, on-site gamma dose rates are acquired within the
boundary of the nuclear power plant site. These dose rates quickly re-
spond to any release, and register the contribution of both long- and
short-lived radionuclides. Thus, the on-site gamma dose rates may be
useful for multi-radionuclide source term estimation and could help to
refine the temporal estimate of the release rate.

Unfortunately, neither inverse modeling nor reverse estimation uses
on-site gamma dose rates as the primary input data, because the un-
known radionuclide composition introduces considerable uncertainties
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Fig. 1. Radionuclide composition of the major radionuclides (calculated using
RASCAL). (a) RASCAL source term. (b) major five radionuclides. (c)
Magnification of part (b).

to the source inversion process [3,7]. Instead, the on-site gamma dose
rates are only used to allocate an existing total release estimate to
different time sections [12] or as a supplement to regional data for the
source term estimation of I-131 and Cs-137 (when insufficient regional
data are available) [7]. This strategy avoids the uncertainties associated
with on-site dose rate data, but also sacrifices the opportunity for source
term estimation of both long- and short-lived radionuclides.

To obtain a source term including both long- and short-lived
radionuclides, this study developed a source inversion method that uses
the on-site gamma dose rates as fundamental input data. This method
considers reactor physics to calculate the a priori composition of both
long- and short-lived radionuclides, and employs a reverse source term
estimate as the a priori release rate. Because these two priors come from
different mechanisms, they include conflicting information. To handle
this conflict, the standard inverse model is split into a weighted additive
model, which allows both priors to be simultaneously incorporated into
the estimation. The proposed method has been applied to the FDNPP1
accident and validated against both the on-site gamma dose rates and
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Fig. 2. Measured gamma dose rates and predicted dose rates using a constant
source term. (a) MP-4; (b) MP-8; (c) Main gate. The arrows indicate the peak
data that were selected for source inversion in this study (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article).

the regional atmospheric concentration and ground deposition mea-
surements of Cs-137. The performance of the a posteriori multi-radio-
nuclide source term was compared with the two a priori source terms to
provide validations at both scales.

2. Methods
2.1. Inverse modeling for multi-radionuclide source term

In the framework of inverse modeling, the relationship between the
dose rate measurements and the release rate can be described as:

B = Az M

where p € R is a vector of measurements and O is the total number of
measurements, which is the product of the number of sites (m) and the
number of time steps (N). The objective is to find z € R?, a vector
containing the release rates of n radionuclides at N different times
(P =n X N). A € RO is the transport matrix representing the sensi-
tivity of a measurement to the release rate of each radionuclide. Using
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Fig. 3. Calculation domain and locations of (a)
on-site gamma dose rate observation sites [30]
and (b) regional suspended particulate matter
observation sites. The red arrows indicate the
sites involved in source inversion in this study.
The dashed circle and rectangle mark the two
zones of Nakadori and the Tokyo metropolitan
area (TMA) [31] (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the web version of this
article).
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Fig. 4. Comparison of the a posteriori source term with the results of RASCAL
and Katata’s source term. (a) Weights for the whole period; (b) Cs-137 release
rate; (c) I-131 release rate; (d) I-133 release rate. The arrows in parts (b) and (c)
indicate that the details are different from Katata’s estimate.

one of the released radionuclides as a reference, the composition of the
radionuclides in z can be represented by the ratios between the other
radionuclides and the reference. Without loss of generality, Cs-137 is
chosen as the reference radionuclide in this study. Thus, Eq. (1) can be
rewritten as:

m=A(Rec) (2)

where R € RPN is a matrix containing the release rate ratios between
different radionuclides and Cs-137 at different times and ¢ € RV is a
vector containing the temporal release rates of Cs-137. Because the
gamma dose rates do not provide any radionuclide information, both
the radionuclide composition (R) and the release rate of the reference
radionuclide (c) are unknown variables. This makes Eq. (2) a highly
underdetermined problem, so a priori information of both variables is
needed to obtain a reasonable solution.

2.2. Weighted additive model for priors from different mechanisms

The currently available priors for solving Eq. (2) are the source term
estimates given by a reactor physics calculation and by source inver-
sion. The former provides both short- and long-lived radionuclide
compositions, but a less detailed release rate. The latter only covers a
few long-lived radionuclides, but provides a more refined release rate.
Therefore, we attempt to combine the radionuclide information from
the reactor physics calculation with the release rate given by source
inversion to solve Eq. (2). However, this combination is not straight-
forward, because these two priors have different radionuclide compo-
sitions and temporal resolutions.

To handle this conflict and incorporate these two priors into the
estimation, the radionuclide composition in Eq. (2) is split into two
groups and the following weighted additive model is proposed:

R = ARpX + RRBaY)'cInv 3

where Ry, € RP*N and Ry, = [Ry, Ry,...,Ry, 0,...,0]" is the composition
matrix of the first radionuclide group, which includes the k radio-
nuclides that are common to the estimates from both the reactor physics
calculation and source inversion. R; = diag (1, %, #3, -...hn) is the di-
agonal matrix containing the release rate ratios between the i-th
radionuclide and Cs-137 at different times. These radionuclides have
relatively long half-lives, so their composition can be measured and Ry,
is determined by the source inversion estimate.
Rieo = [0, 0,...,0, Ry, Riyo, ..., R,]T is the composition matrix of the
second radionuclide group, which includes the remaining radionuclides
that only appear in the estimate from the reactor physics calculation.
These radionuclides are often short-lived, so there are no corresponding
measurements and Rg,, is set according to the reactor physics calcu-
lation. ¢, € RN is the a priori release rate of Cs-137 given by the
source inversion method. X = diag (X1, X, X3, -y XN) and
Y = diag();, ¥5, 5, --»Yy) are two unknown weights that correct the a
priori release rate for each radionuclide group.

After solving X and Y from Eq. (3), the final multi-radionuclide
source term estimate is given by:
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Fig. 5. Measured gamma dose rates and air dispersion model predictions using the RASCAL, Katata’s, and a posteriori source term for MP-4, MP-8, and the main gate.
The arrows indicate that the predicted peaks are close to those in the measurements.

z = RpX + RgeaY)*Crny ()]

2.3. A priori release rate based on source inversion

This study uses Katata’s source term estimate as the a priori in-
formation of release rates, because of its fine temporal details [8]. The
four radionuclides (I-131, Cs-137, Cs-134, Te-132) in Katata’s source
term and their ratios form the first radionuclide group and the corre-
sponding composition matrix Ry, [8]. The release rate of Cs-137 in
Katata’s source term is used to form the a priori release rate cjyy.

2.4. A priori radionuclide composition based on reactor physics calculation

The Radiological Assessment System for Consequence Analysis
(RASCAL) code is used to calculate the a priori radionuclide composi-
tion (Rge,) for the second group. This is based on the preset boil water
reactor database and severe accident analysis results [13,14]. As cal-
culation parameters, RASCAL uses a reactor power of 1380 MWt for
Unit 1 and 2381 MWt for Units 2 and 3 [15]. The time that the core is
uncovered, is estimated to be 2.5 h for Unit 1 and 4.5 h for Units 2 and 3
[16]. Following the Fukushima accident, the major releases occurred
through the drywall, wetwall, and the building.

The RASCAL calculation provides a source term of 50 radionuclides,
of which 23 contribute to more than 99% of the dose rate. Therefore,
the release rates of these 23 radionuclides are the target of the esti-
mation (Fig. 1). These radionuclides all emit gamma rays and make
contribution to the on-site gamma dose rate measurement. The major
contributors are Xe-133, Xe-135, 1-131, 1-132, and I-133, which have
relatively short half-lives of between 2.3h and 8.03 days. Fig. 1 com-
pares the temporal variation of the above radionuclides, and shows that
the composition of these radionuclides varies as the Fukushima acci-
dent progresses. Excluding the four radionuclides in Katata’s source
term (I-131, Cs-137, Cs-134, Te-132), the remaining 19 radionuclides
and the corresponding ratios between their release rates are used to
form the composition matrix of the second group (Rgeq)-

2.5. Numerical implementation

The matrix-vector multiplication A(Rec) gives the on-site air dis-
persion for the multi-radionuclide source input Rec. The Lagrangian
mesoscale atmospheric dispersion puff model, Risg Mesoscale PUFF
(RIMPUFF), is used to perform the on-site simulations [17]. RIMPUFF
calculates the concentration and dose rates for released radionuclides
and takes radioactive decay as well as dry and wet deposition processes
into consideration. The dry and wet deposition rates vary between
different radionuclide groups [17]. In this study, the diffusion coeffi-
cients of RIMPUFF are upgraded to improve its performance over short
distances [18].

The EnKF model [19-21] is used to determine the state vector X

Y
from Eq. (3) for the whole measurement period, with the parameter

settings taken from a previous study [22]. EnKF is an extended Kalman
filter that describes the possible state and the corresponding error sta-
tistics of variables or model parameters using ensembles of random
samples.

2.6. On-site gamma dose rate data preprocessing

Fig. 2 shows the temporal dose rate measurements at MP-4, MP-8,
and the main gate. Three basic parts can be observed: a baseline, a
peak, and a gradual decay. Among them, the peaks provide a clean
record of the release events and their timing [12]. Thus, the source
inversion in this study uses peak data only.

In order to reduce the uncertainties in the meteorological data, an
air dispersion simulation with artificial constant release rates was
performed, and the results (the red curve in Fig. 2) were compared with
the dose rates measured on-site at FDNPP1. Because the release is
constant, the timing of the peaks in the simulation (the red curve in
Fig. 2) is determined purely by the meteorological field. The un-
certainties in the meteorological field are minimal when the simulated
peaks (red curve) coincide with those of the measurements. Therefore,
only those peak dose rate data whose timing could be reproduced by
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Table 1 3. Validation
Summary of performance measures for on-site validation using different source
terms. 3.1. On-site validation
RASCAL Katata’s A posteriori
The dose rate predictions using RASCAL, Katata’s, and the a pos-
FAC2 0.12 0.07 0.46 teriori source term were compared with the measurements from MP-4,
E:gfo S'Zé 8'52 g'g? MP-8, and the main gate at FDNPP1 (Fig. 3a). MP-4, MP-8, and the
MG 0:1 4 3:69 1:34 main gate are located to the northwest, south, and southwest of the
VG 1951.57 27.51 9.23 reactor, respectively. MP-4 and MP-8 are both 1.2 km, whereas the

main gate is "1 km from the reactor. The parameters and settings of

RIMPUFF were the same as those used for the source inversion.
the simulation (indicated by the arrows in Fig. 2) were adopted to form

the measurement vector p in Eq. (3).

Although discrete in time, the selected data cover the duration of
most release events (the blue and green shades in Fig. 2). Because it is For the purpose of independent validation, WRF-Chem was used to
reasonable to assume that the release is stable during each period [8], simulate the regional Cs-137 dispersion and deposition based on
the weights remain constant over the duration of each event. This as- RASCAL, Katata’s and the a posteriori source term. The dry deposition
sumption ensures that the solution of Eq. (3) covers the whole mea- was modeled with a constant deposition velocity of 0.05cm s~ * [23].
surement period. For the wet deposition, in-cloud scavenging was modeled using the

Roselle and Binkowski scheme [24] and below-cloud scavenging was
modeled using the scheme of Baklanov and Sgrensen [25]. The me-
teorological data generated by the non-hydrostatic model [26] and

3.2. Regional-scale validation



X. Li, et al.

Journal of Hazardous Materials 379 (2019) 120770

Y

N YRS
SOYYY YN N

RASCAL

>SS
>
> >

207 Y U N N N N U N U N R U )

A e e N T T T

2
Katata’s
SYYYYYYYYNYNN N NN Y
D U N T T W Y Y Y W U U U W W

SHNNNNN NN

AR YR Y Y Y VAV

A posteriori

T T N Y Y U U O U U U W WS Y

SYNYYSAYAAYYYL L
D N N N N U

001 0.1 1 10 50

3
1000 2000 Bg/m

100 200

500

Fig. 7. Spatial distributions of the atmospheric concentration for different source terms for the period March 15-16. From top to bottom: RASCAL, Katata’s and a
posteriori source terms. The barbs represent the wind speed and wind direction, and the colored squares indicate the measurement sites. The arrows indicate

representative differences in the predictions using the three source terms.

10! e 10 10
RASCAL S Katata’s A posteriori
1 ’ 10° 10°) e
10" 10'] 10
o ’
g 10 10°)
£
=
a 107 107|
s
£
=3
S 104 10]
2 .
2 LT 1-fold line
= 107 A - 10-fold line 10"
[ N
g, ¢
W AR S T FAC2 =019 ¥ FAC2=0.16 " FAC2 = 0.22
ST T R e * FACS = 0.44 . + FACS = 0.38 FAC5 = 0.5
w7 T % L, +* FACI0=0.58 w0l ** FAC10 =0.54 FAC10 = 0.63
S 4% %% 4+ FB=159 v * FB = 0.36 FB = 0.95
S N ; +  NMSE = 1.18e+02| . NMSE = 4.25¢+01] NMSE = 3.76e+01]
T w0 10 100 10 1 100 100 10 10 T 107 100 100 00 10 10 100 1 10t 100 100 100 10°
(a) Measurements (Bq/m’) (b) Measurements (Bq/m’) (c) Measurements (Bq/mj)

Fig. 8. Scatterplots for the whole regional-scale simulation period. (a): RASCAL source term; (b): Katata’s source term; (c): A posteriori source term.

local ensemble Kalman filter [27,28] were used for the regional simu-
lation. The spatial domain was constructed of 256 X 212 horizontal
cells centered on 37.49 °N, 140.48 °E. The simulation period started at
00:00 UTC on March 11, 2011, and ended at 00:00 UTC on March 17,
2011. The simulation used 30 vertical levels, with the highest at the
10,000 Pa isobaric surface.

At the regional scale, the simulation results were compared with

both the atmospheric concentration [10] and the cumulative deposition
density of Cs-137 [29]. The site distribution is displayed in Fig. 3b.

3.3. Sensitivity to different a priori information

The proposed method was tested with three different combinations
of a priori information:
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Summary of performance measures for surface deposition of Cs-137 using dif-

ferent source terms.

Katata’s RASCAL

A posteriori

Fig. 9. Spatial distribution of surface deposition of Cs-137 using different source terms.

RASCAL Katata’s A posteriori
FAC2 0.38 0.32 0.36
FAC5 0.73 0.62 0.79
FAC10 0.86 0.80 0.92
FB 0.36 -0.26 0.41
NMSE 9.58 5.34 4.26

1) TR case: Terada’s source term [32] and the same RASCAL settings as
for Fig. 1;

2) KRR case: Katata’s source term and a more realistic RASCAL cal-
culation with shorter venting and explosion durations;

3) KCR case: Katata’s source term and a more conservative RASCAL
setting with longer venting/explosion durations and higher leakage.

All of the settings and parameters of RIMPUFF and EnKF were as
described in Sections 3.1 and 3.2.
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Fig. 10. Cs-137 release rate estimates of the three cases.
Table 3

Summary of performance measures for on-site validation using different source
terms.

TR case KRR case KCR case

Terada’s A posteriori RASCAL A posteriori RASCAL A posteriori

FAC2 0.11 0.32 0.10 0.44 0.09 0.45
FAC5 0.19 0.64 0.43 0.71 0.42 0.71
FAC10 0.48 0.80 0.76 0.87 0.75 0.86
MG 9.64 2.29 0.12 1.62 0.10 1.61
VG 846.83 18.97 3464.16 10.71 9078.00 11.24

3.4. Performance evaluation

Several quantitative metrics were used to evaluate the validation
process [33-36], including the fraction of predictions within a factor of
2, 5, and 10 of the observations (FAC2, FAC5, and FAC10), geometric
mean bias (MG), geometric variance (VG), fractional bias (FB), and
normalized mean square error (NMSE) [33].

4. Results and discussion
4.1. RASCAL, Katata’s source term, and a posteriori source term

Fig. 4a shows the weights given by Eq. (3). Both weights vary with
time, indicating that the a priori release rate has different biases in
different periods. Weights of less than 1 imply that the a priori release
rate is overestimated at a specific time, and the weight corrects the
overestimation in the final estimate. For weights above 1, an initial
underestimation is corrected.

Fig. 4b compares the Cs-137 release rates. The release starts earlier
with the RASCAL source term than with the other two, because the
RASCAL model assumes leakage from the core being uncovered at
10:16 UTC on March 11. RASCAL and Katata’s source term match well
on the two peaks before 08:00 UTC on March 12 and one peak at 02:00
UTC on March 14, for which the discrepancy in peak values is within
70%. The first two peaks correspond to the Ul venting and explosion,
and the final one corresponds to the U3 hydrogen explosion [8]. This
consistency indicates that both methods agree well on the primary
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release events in the Fukushima accident. At about 02:00 UTC on March
13, RASCAL estimates a peak release that corresponds to drywell
venting [16], but Katata’s source term only slightly increases following
this event. This inconsistency indicates that the two methods may differ
in terms of secondary release events. For the non-peak release period,
the RASCAL source term provides less detailed information than Ka-
tata’s source term. The a posteriori source term has a similar temporal
profile as Katata’s source term. However, some details are different
from Katata’s source term, a result of the temporal variation of the
weights (indicated by the arrows in Fig. 4b). For the period shown in
Fig. 4, the total Cs-137 releases given by RASCAL and the a posteriori
source term are 2.28 X 10'® Bq and 9.11 x 10'® Bq, respectively,
whereas Katata’s source term suggests a release of 5.20 x 10'°® Bq [8].

Fig. 4c compares the release rates of I-131, which are all higher than
their Cs-137 counterparts for the three source terms (Fig. 4b). The total
I-131 release given by RASCAL, Katata’s source term, and the a pos-
teriori source term are 1.98 x 10'7 Bq, 6.35 x 10'® Bqg, and
1.06 x 10'7 Bq, respectively. Despite this difference, the profile of the I-
131 release is similar to that of Cs-137 for the three source terms.

Fig. 4d compares the I-133 release rates (note that this is not pro-
vided by Katata’s source term). For the RASCAL source term, the three
peaks before 04:00 UTC on March 14 are similar to those of I-131, but
the other two peaks are lower than those of I-131 (Fig. 4c), indicating
different behavior among radionuclides in the RASCAL source term.
The a posteriori source term inherits both the detailed releases in Ka-
tata’s source term and a slight decay trend that is similar to that of the
RASCAL source term.

4.2. On-site validation

Fig. 5 compares the predicted airborne, deposited, and total dose
rates at each site. For the airborne dose rate, the three predictions all
show considerable peaks, in which the contribution of the short-lived
radionuclides is over 90% (Fig. 5a—c). For the main gate (Fig. 5c), only
the RASCAL prediction produces peaks before 14:00 UTC on March 11,
because of its early start of release. For the same reason, the RASCAL
deposited dose rate is higher than that given by the other two source
terms in the early phase (the middle column of Fig. 5). For the de-
posited dose rates, the long-lived radionuclides make more than 80%
contribution.

For the total dose rate (the right column of Fig. 5), the RASCAL
predictions overestimate the baseline for most of the time at the three
sites. Katata’s source term produces mainly underestimations of the
baseline at MP-4 and MP-8, but mainly overestimations at the main
gate. Furthermore, the baseline exhibits no decaying trend, because
Katata’s source term does not contain any short-lived radionuclides. In
contrast, the a posteriori source term improves the baseline for about
the whole simulation period at MP-4, 1/2 of the period at MP-8, 1/3 of
the period at the main gate. In terms of the peak values, the RASCAL
predictions exhibit overestimations at MP-8, but show underestimations
and overestimations at different times for MP-4 and the main gate.
Katata’s source term produces underestimations for most of the peaks at
the three sites. Using the a posteriori source term, the predictions are
close to the measurements for a number of peaks at the three sites
(indicated by the arrows in Fig. 5g-i).

Fig. 6 compares the corresponding scatterplots. The RASCAL pre-
dictions generally give unsatisfactory correlation, and produce over-
estimations at MP-8 and the main gate. Katata’s predictions exhibit
better correlation than the RASCAL predictions, but produce under-
estimation for most measurements at MP-4 and the main gate. In
comparison, the predictions using the a posteriori source term are more
concentrated along the 1-fold line (Fig. 6i).

Table 1 summarizes several quantitative metrics for the on-site va-
lidation. Compared with the other two source terms, the predictions
using the a posteriori source term exhibit better FAC2, FAC10, MG, and
VG values. For FACS5, the performance of the a posteriori source term is
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Fig. 11. Spatial distribution of surface deposition of Cs-137 in the three cases.

between that of RASCAL and Katata’s source term.

4.3. Regional-scale validation

Fig. 7 compares the regional Cs-137 plume predictions for the
period March 15-16, 2011. This period is chosen because the plume
moved toward land, allowing most of the concentration data to be
collected. At 04:00, 07:00, and 12:00 on March 15, the RASCAL source
term results in overestimations in the west of the TMA, whereas Ka-
tata’s source term introduces some underestimation in the east of the
TMA. In comparison, the a posteriori source term alleviates the above
two biases in the TMA (indicated by the arrows in the first three col-
umns of Fig. 7). At other times, Katata’s source term leads to some
underestimation, whereas the RASCAL and a posteriori source terms
better reproduce the medium concentration data (1-10 Bq/m3) in the
TMA (indicated by the arrows in the 4th and 5th columns of Fig. 7).

Fig. 8 compares the scatterplots of atmospheric concentrations for
the whole simulation period of the regional-scale validation. The
RASCAL source term produces an overestimation, whereas Katata’s
source term produces an underestimation (Fig. 8a and b). With the a
posteriori source term, the above biases are reduced (Fig. 8c). Quanti-
tatively, the RASCAL source term exhibits slightly better FACs, but
worse FB and NMSE values than Katata’s source term. The a posteriori
source term produces the best metrics, except for FB.

Fig. 9 compares the cumulative dry, wet, and total deposition si-
mulated using different source terms. The top row displays the mea-
surements and a reference simulation using Katata’s source term (up to
April 1) and the parameters in section 3.2. All the predictions suggest
that wet deposition is dominant in this accident. The RASCAL predic-
tions give the largest area of deposition, but the spatial distribution
exhibits significant deviation from the measurements, especially for the
high-deposition area (indicated by the arrow in Fig. 9g). For Katata’s
source term, the dry and wet deposition (Fig. 9h-j) are fairly close to
the reference simulation (Fig. 9b—d) in both the Nakadori area and the

northwest of the FDNPP site, indicating that the deposition up to March
17 dominates the final deposition in these two areas. However, there
are underestimations in the above areas (indicated by the arrows in
Fig. 9d and j). For the a posteriori source term, the dry deposition is
similar to that using Katata’s source term. But, the wet and total de-
position are closer to the measurements in the above two areas
(Fig. 9m), although there are overestimations in the west of the Na-
kadori area.

Table 2 summarizes the quantitative metrics for the regional-scale
cumulative deposition predictions. RASCAL gives good FACs, but has
the worst NMSE, and the deviation in spatial distribution is not ac-
ceptable (Fig. 9g). Katata’s source term produces moderate metrics. The
a posteriori source term gives the best FAC5, FAC10, and NMSE scores,
but its FB is worse than that with Katata’s source term, mainly because
of the overestimation in the west of the Nakadori domain.

4.4. Sensitivity analysis

Fig. 10a shows the source term estimates of the three combinations.
Terada’s source term indicates fewer release events than Katata’s source
term, and so the a posteriori source term also has fewer release events
(Fig. 10a). The realistic and conservative RASCAL source terms produce
differences in the width of the release peaks (Fig. 10b and c). The
corresponding a posteriori source terms have similar release profiles,
but slightly different release rates. Thus, the a posteriori source term is
less sensitive to the RASCAL source term than the a priori reverse
source term. This is because that the release rate of the RASCAL source
term is not used in the proposed method.

Table 3 compares the quantitative metrics for the on-site valida-
tions. For all the test cases, the a posteriori method improves most of
the metrics over the two a priori source terms. In addition, the metrics
of the a posteriori source terms obtained with different RASCAL source
terms show no significant differences, but the metrics of the a posteriori
source terms obtained with Katata’s source term are better than those
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obtained with Terada’s source term.

Fig. 11 compares the regional Cs-137 deposition simulations. For
the TR case, the Terada and a posteriori source terms are visually si-
milar (Fig. 11a and b). The two RASCAL source terms (Fig. 11c and e)
exhibit considerable biases from the measurements in Fig. 9a. In com-
parison, the two corresponding a posteriori source terms make notice-
able improvements (Fig. 11d and f). However, they differ in the Na-
kadori area and the northwest of the FDNPP site because of the different
release rates on March 15, 2011 (Fig. 10b and c).

5. Conclusion

This paper has described a method that provides the source term for
both long- and short-lived radionuclides based on long-overlooked on-
site gamma dose rate data. The proposed method was validated against
data obtained following the FDNPP1 accident. Using a weighted ad-
ditive model, our method can handle conflicts between the priors ob-
tained from different mechanisms, allowing these priors to be si-
multaneously incorporated into the source inversion process to reduce
uncertainties. Such priors include the temporally varying multi-radio-
nuclide composition calculated with the reactor physics code RASCAL
and Katata’s release rate estimate obtained through source inversion. In
addition, a calibration simulation was performed to minimize the dis-
crepancies between the air dispersion model and on-site measurements,
further reducing the uncertainties. The resulting a posteriori source
term was validated by both on-site gamma dose rates and regional-scale
Cs-137 measurements. The results demonstrate that the a posteriori
source term successfully combines the details of long-lived radionuclide
release rates in Katata’s source term and the temporal variation of
short-lived radionuclides in the RASCAL calculations. The sensitivity
analysis indicates that the a posteriori source term is less sensitive to
the RASCAL calculation than to the a priori reverse source term. Given
different combinations of the a priori source terms, this allows the
model predictions of the on-site gamma dose rates to be improved. With
a detailed a priori reverse source term, the a posteriori source term
significantly improves the model predictions of the on-site gamma dose
rates. Additionally, it substantially enhances the accuracy of model
predictions for both atmospheric concentrations and the cumulative
deposition pattern at the regional scale compared with the two a priori
source terms. Given such improvements, the proposed method provides
a framework for the source inversion of both long- and short-lived
radionuclide releases.
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