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a b s t r a c t

Caesium-137 and Iodine-131 radionuclides released after the Fukushima Dai-ichi nuclear power plant
accident in March 2011 were detected at monitoring stations throughout the world. Using the CTBT
radionuclide data and the assumption that the Fukushima accident was the only source of these
radionuclides, it was possible to estimate their time-dependent source-term fourteen days following the
accident by using atmospheric transport modelling. A reasonable agreement was obtained between the
modelling results and the estimated radionuclide release rates from the Fukushima accident.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Following theT�ohokuearthquake and the resulting tsunamion11
March 2011 several reactors within the Fukushima Dai-ichi nuclear
power plant (FD-NPP) were severely damaged. According to esti-
mations published by the operator TEPCO (Tokyo Electric Power
Company), the first radionuclideswere detected on-site on 12March
2011; the series of eventswith radionuclide releases can be reviewed
on the International Atomic Energy Agency website (IAEA, 2011).

In order to assess an impact of the Fukushima accident on
regional and global environment it is of high interest to determine
radionuclide release rates from the FD-NPP site. A possible off-site
method could be based on the International Monitoring System
(IMS) currently installed by the Preparatory Commission for the
Comprehensive Nuclear-Test Ban Treaty Organization (CTBTO). The
IMS was designed for searching for undeclared nuclear activities
such as nuclear weapons tests, but it can also be used as an effective
monitoring system for tracing radionuclides released to the
re, Department of Physics,
ly. Tel.: þ39 0657337277;

ino).
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atmosphere from different sources. The IMS with a global network
of sampling stations provides radionuclide data which can also be
used for studying atmospheric processes (ZAMG, 2011). In this
paper, however, the IMS data is used in a different way - as an
inversion problem to reconstruct the Fukushima radionuclide
source-term on the basis of world-wide atmospheric radionuclide
measurements.

In the modelling exercise we have used three IMS stations: the
closest station to the FD-NPP is RN38 station located at Takasaki/
Gunma, south-west of Tokyo, Japan; RN79 station located on Hawaii,
USA, and RN70 station located in Sacramento (California, USA).

The atmospheric transport modelling was carried out using the
GRID computing facility of the Italian National Institute of Nuclear
Physics (INFN) at the University of Roma Tre. Preliminary results
were reported at the 7th International Conference on Natural
Computation (Plastino et al., 2011).

2. Modelling background

2.1. Atmospheric transport modelling

Particles, which are emitted in a certain time interval from
a given point on the globe, are transported through the
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Fig. 1. The IMS radionuclide network (small markers), the nine IMS stations with available data for 137Cs and 131I (squares) for the time period after the T�ohoku earthquake, and the
three stations selected for analysis (labeled): RN38 in Takasaki, Japan, RN79 on Hawaii, USA, and RN70 in Sacramento, USA. Position of the Fukushima Dai-ichi nuclear power plant is
also shown.
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atmosphere, and will arrive in a diluted concentration at certain
other locations. Atmospheric Transport Modelling (ATM) can be
used as a tool to estimate the time-dependent relation between
two locations on a global (or regional) grid. These two points shall
be called source and receptor, and the relation between them
source-receptor-sensitivity (SRS). If now the emission of a source
or the concentration at the receptor is known, the other param-
eter can be estimated via ATM. Of course, the results strongly
depend on the meteorological conditions during the transport
period, as well as on local atmospheric patterns that are not
resolved by the simulation, which can lead to altered signals
(Plastino et al., 2010). It is important to keep in mind that parti-
cles emitted in one certain time interval can contribute in
multiple times and at different arrival times to the concentration
at the receptor site via various trajectories through the
atmosphere.

The relation between a source, which emits particles into the
atmosphere, and the concentration at a receptor can be described
with a source-receptor sensitivity matrix. The concentration c (Bq/
m3) at any given receptor can be expressed as the product of
a spatio-temporal source field S (Bq) and a corresponding source-
receptor sensitivity field M (m�3) at discrete locations (i,j) and
time intervals n:

c ¼ Mijn$Sijn (1)

The field S is a multidimensional array of sources, which is
transformed by themultidimensional array of multiplicatorsM into
the concentration c that is measured at the receptor (Wotawa et al.,
2003). Here M presents the sensitivity between source and
receptor, whereas the inverse element of M can be depicted as
a dilution volume. However, while the underlying calculations are
naturally three-dimensional, the produced SRS matrix M is only
two-dimensional.

The ATM software can simulate the transport of particles
released from point, line, area or volume sources. The simulations
can include long-range and mesoscale transport, diffusion, dry
and wet deposition, as well as radioactive decay into the calcu-
lations. This means that the radioactive decay can be simulated
with the same time resolution as the output frequency of the
atmospheric transport modelling itself. In ATM it is usually
distinguished between a forward and backward modelling, where
both methods have advantages and disadvantages. Forward
modelling is usually more efficient when the number of known
sources is limited and the receptors are undefined. On the other
hand backward modeling is usually more efficient when the
number of receptors is limited and the sources are unknown. ATM
was proven to be a valid tool for determining the SRS matrices
(Wotawa et al., 2003).

In the case of the FD-NPP accident and the following IMS
measurements, both the source and receptor locations are known.
Therefore, both possibilities could be used in this case to determine
the sensitivity between the source and the receptor. The results
presented in this paper are based on the backward mode. In the
backward mode the source-receptor sensitivity M (m�3) is related
to the adjoint concentration output C (Bq/m3) of the model:

Mijn ¼ Cijn=A (2)

where A is the total (adjoint) activity released in the backward run
(Wotawa et al., 2003; Stohl et al., 2011). The assumed source
duration is equal to the time resolution of the model output.
A longer acting source can be included by adding SRS elements
from neighboring time intervals.
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2.2. Data sources

The German Federal Office for Radiation Protection (BfS) has
published the 137Cs and 131I concentrations at selected IMS stations
for the time period following the FD-NPP accident (BfS, 2011). Due
to the general west to east wind direction in the northern hemi-
sphere, the following three IMS stations have been selected for this
comparison: RN38 in Takasaki/Gunma, Japan (250 km distance to
the FD-NPP; RN79 on Hawaii, USA (6200 km); and RN70 in Sacra-
mento, USA (8800 km) (Fig. 1).

2.3. Software and parallel computing

The FLEXPART software package (Stohl et al., 2011) based on the
Lagrangian model was used for the ATM calculations presented in
this paper. The CTBTO also utilized this package to monitor emis-
sions from nuclear weapon tests (Wotawa et al., 2003; Zähringer
et al., 2009; Plastino et al., 2010). It is desirable to run multiple
FLEXPART jobs in order to calculate SRS fields for a number of
different sources and receptors. Since the FLEXPART source code is
highly linear, it is not efficient to parallelize it. Nevertheless, a user-
defined number of FLEXPART runs can be sent to a cluster (or grid)
computer for parallel execution. FLEXPART was ported to a local
cluster computer at the INFN and the Department of Physics of the
University of Roma Tre Grid in order to be able to do multiple
parallel runs with minimum time delay (Plastino et al., 2011). The
Fig. 2. Comparison of measured 137Cs and 131I concentrations at IMS stations RN38, RN79, a
day).
porting on the Grid Infrastructure is in progress and will allow
running the program on the geographically distributed nodes of the
EUMEDGrid-Support Grid Infrastructure.

The simulations were carried out for particles of 137Cs and 131I.
Distinguishing between both isotopes allows taking into account
different loss processes during the radionuclide transport. The
simulated loss processes are including radioactive decay as well as
dry and wet deposition.

2.4. Geographical setting

The FLEXPART simulations have been accomplished in the
backward mode and with 1� � 1� resolution (latitude � longitude)
for the IMS stations RN38 in Takasaki, Japan, RN79 on Hawaii, USA,
and RN70 in Sacramento, USA, during the first 30 days after the first
on-site detection of radionuclides.

2.5. Radionuclide release-rate scenarios

A worst case scenario of the emission of 1019 Bq/day for both
137Cs and 131I (constant release on the 12March 2011) was used and
the resulting estimations were compared with real measurements.
First estimations of worst case emissions served as input data for
atmospheric simulations. These estimations were then compared
with the actual IMS measurements. Further, an approach is pre-
sented to determine the time dependent source term for 137Cs and
nd RN70, with the simulated signals from an assumed constant source-term (1019 Bq/



Fig. 3. Estimation of a time dependent source-term for 137Cs and 131I from the
Fukushima Dai-ichi NPP. The estimations are based on the results from RN38, RN79,
and RN70 stations.
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131I at the FD-NPP. The resulting time dependent source term is
compared with the on-site events of the first two weeks after the
release of radionuclides, as far as these are publicly available.

3. Results and discussion

3.1. Worst case scenario

The calculated and measured results are compared in Fig. 2. As
can be seen the three comparisons between the estimations and
measurements are diverse and vary between the stations as well as
between the radionuclides. In the case of 137Cs, the simulation for
the Japanese station RN38 depicts some significant characteristics
of the measurement. However, for some sampling days the esti-
mations are clearly too high, while for other days clearly too low.
For the second closest station, RN79 on Hawaii, the general outline
of the signal is picked up well by the simulation; however, the
simulation tends to produce rather high estimations compared to
the measurements. The third station, RN70 in California, has
measured concentration quite below the estimations. On the other
hand, the comparisons in the case of 131I iodine show that the
estimation of a constant 1019 Bq/day source term produces esti-
mations, which are on average similar to the measurements.

The reasons for the divergence between simulations and
measurements can be manifold. The fact that the two remote
stations, RN79 and RN70, suggest a lower source term than the
worst case estimation, where the closest station, RN38, does not
hint to unaccounted regional meteorological conditions. In the case
of the FD-NPP and the Japanese IMS station the distance between
source and receptor is only about 250 km, which puts them on
neighbouring points of the global 1� � 1� grid. Therefore, local
weather patterns, which are not resolved by the simulation soft-
ware can be responsible for the transport of higher amounts of
airborne material from the source to the receptor (Plastino et al.,
2010). Naturally, this would result in measuring a concentration
which is higher than the estimated one, even if the estimation
would be based on a real source term, which has not been constant
in time.

It can be concluded from the other two contemplated stations
that the real source-term at the FD-NPP emitted fewer particles in
the case of 137Cs than assumed in the worst case scenario. Based on
these results a source term of 1017e1018 Bq/day seems reasonable.
For 131I, however, these first results suggest a source term not too
different from the worst case scenario of 1019 Bq/day.

3.2. Time-dependent source-term

Firstly, one has to distinguish between the release date and the
detection date, and furthermore remember that emissions from the
same release day can be detected at multiple detection dates. Vice-
versa, the concentration that was measured on one detection day is
likely to be a combination of different release days. Since the
experimental data from the IMS stations (BfS, 2011) have a time
resolution of one day, the same time resolution was chosen for the
source-term. In the case of one receptor and one source, each
detection date is characterized by its relationship to all possible
release dates by the SRS matrix, which determines the dilution
factors. This means that the SRS matrix of each detection day can be
split into different contributions from possible release dates.

Now it is necessary to adjust the source term for each release
day in a way to minimize the differences between the simulation
and the experimental measurement. In the frame of this study this
was done in order to test the applicability of this approach. Natu-
rally this is a highly recursive process of step by step optimization of
the single source-terms of each day. However, it is beneficial to start
with detection dates, which according to the transport model are
only affected by one release date. After adjusting these source-
terms it is possible to work on the detection dates, which have
various contributions from different release days. Of course, this is
affecting already adjusted values, so it might also be necessary to
readjust the already established source-terms.

The adjusted source-terms for the first two weeks after the
earthquake are presented together for the three IMS stations, but
separately for the two radionuclides in Fig. 3. This means that the
measurements of each station were used to develop their respec-
tive time dependent source-terms. The radionuclide data show that
the time dependent source-terms predicted by the measurements
at three different stations were not congruent for both radionu-
clides. Contemplating one radionuclide and three stations, peaks
and other characteristics of the time series appear at different
dates. On the other hand, when comparing both radionuclide
source-terms at one single station, a general compliance in the
development of the time series can be observed.

The main point is, of course, to compare these results with the
time-line of events at the FD-NPP. Multiple explosions took place
on 12, 14 and 15 March (IAEA, 2011). On 18 March high amounts of
smoke was observed; with a decreasing quantity in the following
days. However, published data from TEPCO (GRS, 2011) report
particularly high peaks in the on-site dose rate (mSv/h) for 15 and
16 March. Some of these event reports are depicted in the esti-
mated source-terms, e.g. the general increase of emissions for 18
and 19 March. On the other hand, for 15 and 16 March, when high
dose rates on site were reported, the source-terms show no
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particular increase. Other characteristics of the estimated source-
terms seem to be off by one day. For example, on 13 March when
explicitly no explosions occurred, the estimation from RN38 shows
a peak which could also correspond to the explosions on 12 or 14
March. Effects like these could be explained by local meteorological
patterns that would retain particles, and these are not resolved by
the simulation.

The partial compliance of the results with the time-line of
events shows a weakness of the ATM. It is natural that at certain
times a meteorological link between the release and the detection
is too weak to deduct a significant interpretation. At other times
this link can produce decent results. By putting the source-terms
from different stations in one diagram, each station can show the
resolved peaks. An occurrence of low values or a plateau can be
a sign for a weak meteorological link between the source and the
receptor, while a peak should be a sign for resolved emissions. Here
the combined results from different IMS stations can improve our
understanding of the situation. Especially on regional scales,
a smaller than the used 1� � 1� resolution could produce better
estimations than presented in this study.
4. Conclusions

The presented simulations with improved settings, i.e. dry and
wet deposition, resulted in a better estimation of the source-term
than previously reported (Plastino et al., 2011). The scenario
assuming a worst case situation suggests generally higher source-
terms, which are in reasonable agreement with the reported
values (IAEA, 2011). For 137Cs emissions of 1017e1018 Bq/day seem
to be reasonable, while for 131I even continuous emissions of
1019 Bq/day could be possible.

The introduced approach to determine the time dependent
emissions using the inversion problem approach led to an
improved estimation of the source-terms. However, the presented
source-terms do not perfectly describe the time-line of events
when each radionuclide and station were considered separately.
When they were considered together, it was possible to deduct
a much clearer picture. As mentioned, this is most likely due to
unavoidable weak links between certain release and detection
times caused by meteorological conditions. Nevertheless,
a network approach with multiple stations certainly improves the
situation.

Future work in this field aims with usage of a least squares
method, and furthermore an automated network analysis. This, of
course, can also be useful to determine other radionuclide sources
with the IMS network.
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