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Abstract. In order to assess the radiological dose to the public resulting from the Fukushima Daiichi
Nuclear Power Station (FDNPS) accident in Japan, especially for the early phase of the accident when no
measured data are available for that purpose, the spatial and temporal distribution of radioactive materials in
the environment are reconstructed by computer simulations. In this study, by refining the source term of
radioactive materials discharged into the atmosphere and modifying the atmospheric transport, dispersion
and deposition model (ATDM), the atmospheric dispersion simulation of radioactive materials is improved.
Then, a database of spatiotemporal distribution of radioactive materials in the air and on the ground surface
is developed from the output of the simulation. This database is used in other studies for the dose
assessment by coupling with the behavioral pattern of evacuees from the FDNPS accident. By the
improvement of the ATDM simulation to use a new meteorological model and sophisticated deposition
scheme, the ATDM simulations reproduced well the 137Cs and 131I deposition patterns. For the better
reproducibility of dispersion processes, further refinement of the source term was carried out by optimizing
it to the improved ATDM simulation by using new monitoring data.

1 Introduction
The Fukushima Daiichi Nuclear Power Station (FDNPS)
accident in Japan, which was triggered by the magnitude
9.0 earthquake and resulting tsunami on March 11, 2011,
caused a month-long discharge of significant amount of
radioactive materials into the atmosphere. In order to
assess the radiological dose to the public resulting from
this release, there are some issues to be solved. One is
for the internal dose due to short lived radionuclides
such as radioiodine during the early phase of the
accident, which cannot be assessed by using measured
data. Another is for the external dose due to the direct
radiation from radioactive plume and the ground shine at
the point without measurement, which were considered
to have large temporal variation caused by several plume
passages. To solve these problems, the atmospheric
transport, dispersion and deposition model (ATDM)
simulation that can reproduce the spatial and temporal
distribution of radioactive materials is useful. By
simulating atmospheric dispersion conditions to be
consistent with measurements, calculation results can
complement spatiotemporally discrete measurements for
dose assessment.
The source term of radioactive materials released into
the atmosphere during the FDNPS accident is essential
to evaluate the environmental distribution of radioactive
materials. We have estimated the source term by
*

comparing measurements of air concentration of
radioactive materials or dose rate in the environment
with calculated results by ATDM [1-4]. The ATDM
used in these studies is WSPEEDI (Worldwide version
of System for Prediction of Environmental Emergency
Dose Information) [5] developed by the Japan Atomic
Energy Agency (JAEA). Our source term has been
validated by comparing with other estimations or by
using in simulations of ATDMs [4, 6, 7]. The United
Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR) has used our source term [4] for
estimating levels of radioactive material in the terrestrial
environment and doses to the public, because they were
derived from, and the models were already optimized to
fit measurements of radioactive material in the
environment [8]. However, UNSCEAR also pointed out
in its 2013 report that the source term has large
uncertainties and needs to be improved in future studies,
in particular as more information becomes available on
the progression of the accident, greater use is made of
measurements in the environment, and improved
assessment methods are implemented [8].
To improve our source term, we recently made
detailed source term estimation by using additional
monitoring data near the FDNPS and WSPEEDI
including new deposition scheme [9]. The simulation of
modified WSPEEDI and the new source term
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successfully reproduced the local and regional deposition
pattern of 131I and 137Cs derived from airborne
monitoring by the United States Department of Energy
(US-DOE) and Ministry of Education, Culture, Sports,
Science and Technology (MEXT) [10, 11].
In this study, new source term and updated
WSPEEDI simulations are used to reconstruct the spatial
and temporal distribution of radioactive materials in the
environment during the FDNPS accident. Then, a
database of spatiotemporal distribution of radioactive
materials in the air and on the ground surface is
developed from the output of the WSPEEDI simulations.
For the better reproducibility of dispersion processes
provided by the database, further refinement of the
source term is also carried out by optimizing it to the
improved ATDM simulation. This database is used for
the comprehensive dose assessment by coupling with the
behavioral pattern of evacuees from the FDNPS accident.
It can also provide basic information and simulation
techniques to understand environmental impacts by the
accident and to predict future conditions.

Fig. 1. Temporal change in estimated release rate of 131I.

2.2 Improvement of ATDM simulation
The ATDM used in this study is WSPEEDI [5]
developed by JAEA. The original WSPEEDI consists of
non-hydrostatic mesoscale atmospheric model MM5
[14] and Lagrangian particle dispersion model GEARN
[5]. MM5 is a community model having many users all
over the world. The Lagrangian particle dispersion
model GEARN calculates the atmospheric dispersion of
radionuclides by tracing the trajectories of a large
number (typically a million) of marker particles
discharged from a release point. By using meteorological
field predicted by MM5, it calculates the movement of
each particle affected by both the advection due to mean
wind and subgrid scale turbulent eddy diffusion. A part
of the radioactivity in the air is deposited on the ground
surface by turbulence (dry deposition) and precipitation
(wet deposition).
Both meteorological and dispersion models have
been changed in this study. For the meteorological
model, a new meteorological model (WRF) [15] and
data assimilation method (WRF-DA) [16] are introduced.
WRF is the updated model of MM5, and has many new
physical options and functions including advanced data
assimilation method WRF-DA. GEARN have been
modified to use a sophisticated deposition scheme. The
new scheme deals with dry and fog-water deposition,
cloud condensation nuclei (CCN) activation, and
subsequent wet scavenging due to mixed-phase cloud
microphysics (in-cloud and below-cloud scavenging) for
radioactive iodine gas (I2 and CH3I) and other particles
(CsI, Cs, and Te) as shown in Fig. 2 [9].

2 Materials and method
2.1 New source term
The source term, which is necessary for ATDM
simulations to set up release condition of radioactive
materials, was refined by considering the particle size
and chemical form of radionuclides, and giving temporal
change with short time step. For this purpose, the source
term estimated by Katata et al. [9] was the most
appropriate one in the published source terms, and was
used in this study. The temporal change in release rate of
131
I from 12 to 24 March 2011 estimated by Katata et al.
[9] is shown in Fig. 1. This source term (new source
term) is the latest update after the series of source term
estimations by the combined analysis of environmental
monitoring data and ATDM simulations at JAEA [1-4].
The major improvements from the source term used by
UNSCEAR [4] are as follows:
- Air dose rates from automatic monitoring posts of
Fukushima Prefecture [12], which are located within
20 km from FDNPS, during the period from March 12
-16, 2011 were used.
- Deposition distributions of 131I and 137Cs on April 3,
2011 derived from the US-DOE and MEXT airborne
survey [11] were used.
- The estimation method with coupled simulations of
atmospheric and oceanic dispersion models using
concentrations of 134Cs and 137Cs in marine surface
over the Pacific Ocean observed during the period
from April 2 to May 17, 2011 [13] was applied to
correct the release rate during the period when the
plume flowed toward the Pacific Ocean.
- The atmospheric dispersion model was modified to
include sophisticated deposition scheme [9].

Fig. 2. Processes considered in the new wet deposition scheme.
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ATDM simulations by the new model using the new
source term were carried out. Simulation results by
various calculation conditions including results by the
old model and source term used in UNSCEAR 13 report
(UNSCEAR source term) were compared with measured
surface deposition, and the reproducibility of new model
is evaluated.

In the database, dataset by ATDM simulations with
combinations of the meteorological model (MM5, WRF,
and WRF-DA) and modified dispersion model (new
GEARN) are stored. The spatiotemporal distribution of
air concentration and surface deposition of radioactive
materials can be reproduced by applying the source term
to the dataset of each ATDM simulation. In this study,
the new source term [9] was used as the most appropriate
one in the published source terms. Since this source term
was estimated by using the meteorological model MM5
and dispersion model (new GEARN) [9], it is considered
to provide the optimum result by applying to the dataset
of ATDM simulation with MM5 and new GEARN.
Although the new meteorological model WRF and data
assimilation method WRF-DA can possibly provide
better meteorological fields, the difference of
meteorological field from one by MM5 can cause the
increase of discrepancy between the measurements and
dispersion calculation results using the new source term.
In addition to this, new monitoring data that have hourly
atmospheric 134Cs and 137Cs radioactivity concentrations
derived by analysing suspended particulate matter (SPM)
collected at air pollution monitoring station [17] have
been available after the estimation of the new source
term. Therefore, optimization of the source term for
ATDM simulations with new meteorological field is
necessary.
The optimization of the source term was carried out
by comparing hourly air concentration of 137Cs between
simulations and new measurements derived from SPM
samples [17]. SPM samples at 99 sampling points have
been analysed and published as the dataset. In this
dataset 71 points using glass fiber sampling tape, which
is less likely to have cross-contamination due to the
apposition than polytetrafluoroethylene (PTFE) sampling
tape, and one point near the FDNPS using PTFE
sampling tape were used for the comparison. These 72
sampling points used for the comparison are shown in
Fig. 4.

2.3 Development of database
A database of spatiotemporal distribution of radioactive
materials in the air and on the ground surface has been
constructed by developing calculation and analysis
methods for database as shown in Fig. 3. At first,
meteorological calculations are carried out by using
MM5, WRF, and WRF-DA to make dataset of
meteorological fields. Then, the dispersion calculation
by using the modified dispersion model (GEARN-new)
is conducted with unit release condition for a time
segment (one hour) of release period. This calculation is
carried out for each combination of meteorological field,
nuclide type considering deposition property, release
height, and release time segment, and matrix outputs for
every calculation conditions are made.
The spatiotemporal distribution of air concentration
and surface deposition of radioactive materials for any
condition of source term can be reproduced immediately
by linear combination of matrix outputs. Therefore, it is
easy to compare results applying many kinds of source
term with monitoring data, and find out the optimum
source term with which the difference between
calculations and measurements can be minimized. The
optimum source term and resulting spatiotemporal
distribution of radioactive materials in the environment
are used for the assessment of radiological dose to the
public.

Fig. 4. Sampling points in (a) Fukushima, Miyagi, Yamagata,
and Niigata Prefectures, and (b) Kanto region used for the
comparison between simulated and measured air
concentrations of 137Cs.
Fig. 3. Calculation and analysis methods for database.

3 Results and discussion

2.4 Optimization of the source term using the
database and new monitoring data

3.1. Performance test of ATDM
Simulated deposition patterns of 137Cs by combination of
models (MM5 or WRF, old GEARN or new GEARN)
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deposition pattern was increased by using the new source
term and new GEARN, especially around southwestern
and northern areas from FDNPS, where the original
WSPEEDI (Fig. 5(a)) under- and over-estimated,
respectively, compared with the 137Cs deposition of
airborne monitoring (Fig. 6(a)).

and source terms (UNSCEAR source term [4] or new
source term [9]) are shown in Fig. 5. Also, deposition
patterns of 137Cs by the airborne monitoring by MEXT
[10] and simulation with the combination of WRF-DA,
new GEARN, and new source term are shown in Fig. 6.

Fig. 6. Deposition patterns of 137Cs of (a) the airborne
monitoring by MEXT, and (b) simulation with combination of
WRF-DA, new GEARN, and new source term.

Fig. 7. Local deposition patterns of (a) 137Cs and (b) 131I by the
airborne monitoring by MEXT, and (c) 137Cs and (d) 131I by
simulation with combination of WRF-DA, new GEARN, and
new source term.

Fig. 5. Deposition patterns of Cs by simulations with
combination of (a) MM5, old GEARN, and UNSCEAR source
term, (b) WRF, old GEARN, and UNSCEAR source term, (c)
MM5, old GEARN, and new source term, (d) WRF, old
GEARN, and new source term, (e) MM5, new GEARN, and
new source term, and (f) WRF, new GEARN, and new source
term.
137

The utilization of new meteorological model WRF
had both positive and negative effects on the
reproducibility of 137Cs deposition pattern (Fig. 5(b), (d),
(f)). For the deposition pattern of the eastern Japan scale,
simulations using WRF agreed better with measurement
than those using MM5. This indicates that WRF has

In the cases using the former meteorological model
MM5 (Fig. 5(a), (c), (e)), the reproducibility of 137Cs
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higher performance in meteorological field prediction
than MM5. However, the reproducibility of 137Cs
deposition pattern in the vicinity of FDNPS was
decreased by using WRF. It is considered that the source
term was optimized to the ATDM simulation with MM5
and a small difference in meteorological field between
MM5 and WRF may cause a large difference in timing
of plume passage and, consequently, deposition pattern.
By using the meteorological field by WRF-DA, the
reproducibility of 137Cs deposition pattern became higher
than that by WRF (Fig. 6(b)). It is considered that WRFDA successfully simulated actual meteorological field
more appropriately than MM5 and WRF by assimilating
observed meteorological data. Although MM5
simulation also used the data assimilation, the data
assimilation method of WRF-DA is more advanced and
can provide better meteorological field. The good
performance of ATDM simulation with WRF-DA is also
shown in the comparison of local deposition patterns of
137
Cs and 131I (Fig. 7). Therefore, it is considered that
ATDM simulation with WRF-DA and new GEARN can
provide better results of spatiotemporal distribution of
air concentration and surface deposition of radioactive
materials if the new source term is optimised to this
dataset.

3.3 Optimization of the source term
The optimization of the source term for ATDM
simulation with WRF-DA and new GEARN was carried
out by comparing hourly air concentration of 137Cs
between simulations and measurements [17]. Before the
optimization of the source term, statics of the
comparison: the percent within a factor of two, five, and
ten (FA2, FA5, FA10), correlation coefficient (CC), are
summarized in Table 1. In this comparison, statistics
were calculated for fractions of samples within specific
area and period regarding the plume passage as well as
for the total samples. The source term was modified to
reduce the discrepancy between simulations and
measurements especially for the area and period with
low scores (North of FDNPS, Mar. 12-14 and Mar. 1819), where the impact by this discrepancy on the dose
estimation is significant. After some modification of the
source term, statistics of the comparison became to have
higher scores for most cases. Although lower scores for
some cases were existed, the reproducibility of
atmospheric dispersion processes by the ATDM
simulation was improved as a whole by this optimization
of the source term. Simulations with the new source term
(Katata 2015 source) [9] and optimum source term are
compared for the regional 137Cs deposition (Fig. 9), local
137
Cs deposition (Fig. 10), and local 131I deposition (Fig.
11). Although differences between the simulations were
small, the deposition patterns by using optimum source
term agreed better with measured ones.

3.2 Database
A prototype of database of spatiotemporal distribution of
radioactive materials in the air and on the ground surface
has been developed (Fig. 8). The analysis method to
reproduce
spatiotemporal
distribution
of
air
concentration and surface deposition of radioactive
materials for any condition of source term by linear
combination of matrix outputs was validated by using
sample outputs. While it took several hours to execute
usual ATDM simulation, the same outputs were
reproduced from matrix outputs by using the analysis
function of database within a few minutes. With this
result, we confirmed the effectiveness of the analysis
method to optimize the new source term and provide
results of atmospheric dispersion analysis to other
studies for the dose assessment.

Fig. 9. Deposition patterns of 137Cs of simulations with (a) the
Katata 2015 source term, and (b) optimum source term.

Fig. 8. Schematic design of database of spatiotemporal
distribution of radioactive materials.

Fig. 10. Local deposition patterns of 137Cs of simulations with
(a) the Katata 2015 source term, and (b) optimum source term.
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4 Conclusion
In this study, the source term of radioactive materials
discharged into the atmosphere was refined and the
ATDM simulation was improved to use a new
meteorological model and sophisticated deposition
scheme for the accurate assessment of the radiological
dose to the public resulting from the FDNPS accident.
By using the ATDM simulations, a prototype of database
of spatiotemporal distribution of radioactive materials in
the air and on the ground surface is also developed. The
new ATDM simulation reproduced the 137Cs deposition
pattern for the eastern Japan scale better than the former
ATDM simulation. Furthermore, the source term was
optimized to fit the new ATDM simulation by using new
monitoring data that have hourly atmospheric 137Cs
concentrations derived by analysing SPM collected at air
pollution monitoring station [17]. As the result, the
reproducibility of atmospheric dispersion processes by
the ATDM simulation was improved, and it can provide
better information for the comprehensive dose
assessment by the collaborative studies.

Fig. 11. Local deposition patterns of 131I of simulations with (a)
the Katata 2015 source term, and (b) optimum source term.
Table 1. Statics of the comparison: the percent within a factor
of two, five, and ten (FA2, FA5, FA10), correlation coefficient
(CC), of hourly air concentration of 137Cs between simulations
before the optimization and measurements. Statistics were
calculated for fractions of samples within specific area and
period regarding the plume passage as well as for the total
samples.

Area and period
North of FDNPS
Mar. 12-14
Kanto
Mar. 15-16
Fukushima
Mar. 15-16
North of FDNPS
Mar. 18-19
Southern Tohoku*
Mar. 20-21
Kanto
Mar. 20-21
Total

FA2
(%)
12.0

FA5
(%)
24.0

FA10
(%)
42.0

CC
-0.20

16.2

37.3

49.0

0.19

13.5

35.4

44.8

0.27

11.4

25.7

34.3

-0.09

13.0

34.1

42.2

0.22
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