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Abstract: - Atmospheric numerical simulation models play a very important role for understanding dispersion 
and deposition processes of radioactive materials. Dispersion and deposition process of radioactive materials 
emitted from the Fukushima Daiichi nuclear power plant after the nuclear accident accompanied the great 
Tohoku earthquake and tsunami on 11 March 2011 were simulated using a pair of numerical models: A2Cflow 
and A2Ct&d. The model reproduced clearly the observed spatial distributions of deposition amount in main 
part of East Japan. Although there were some discrepancies between the simulated amount and observed 
amount somewhere, the simulation can explain when and why the special distributions were formed. These 
discrepancies were likely due to uncertainties in the simulation of emission rate due to no detail information of 
the emission rate. 
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1 Introduction 
A huge amount of radioactive materials was 

emitted into atmosphere from the Fukushima 
Daiichi nuclear power plant (FDNPP) after the 
nuclear accident accompanied the 9.0 magnitude 
Tohoku earthquake and tsunami on 11 March 2011 
[1, 2]. These radioactive materials were dispersed or 
transported to East Japan, North America, Europe 
and cover much of the Northern Hemisphere and 
then deposited to the ground surface as shown both 
by actual measurements [e.g. 3, 4, 5, 6] and by 
numerical simulation [e.g. 7, 8, 9, 10, 11, 12, 13] 
soon after the accident. The short and long-range 
transport and deposition of the radioactive materials 
from FDNPP has been simulated by several 
numerical models soon after the accident [e.g. 7, 8, 
9, 10, 11, 12, 13] and several years later [e.g. 14, 
15]. In 2012 an in 2018, there were two special 
issues: Fukushima review and Fukushima review II 
on Geochemical Journal [16, 17], showing a number 
of researcher’s works on the observations and 
simulations of deposition of the radioactive 
materials. However, notwithstanding more realistic 
simulations, progress is still to be made to 
accurately estimate people exposure due to the 

release phase of the FDNPP accident [18]. In this 
study, we attempt to simulate this long-range 
atmospheric dispersion and deposition within East 
Japan (most of the Tohoku region and the Kanto 
region) with a pair of numerical models, A2Cflow 
and A2Ct&d by Yamada Science & Art [19, 20] to 
get a simulated accumulated deposition distribution 
map for explaining when and how the measured 
accumulated deposition distribution were formed for 
estimating people exposure at that time. 
 
 

2 Model description 
We used YSA’s (Yamada Science and Art) A2C 

atmospheric modeling system (NEW 
HOTMAC/RAPTAD model) to simulate the local 
circulation and radioactive material dispersion with 
local circulations. A2C offers a high degree of 
accuracy in simulating, forecasting, and visualizing 
airflow and gas and particle dispersion in an urban 
environment—around buildings or over complex 
terrain. Superior quality 2-D and 3-D graphics along 
with a user-friendly interface make A2C an 
indispensable tool. 
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HORMAT is a three-dimensional numerical 
model for weather forecasting. The governing 
equations for mean wind, temperature, mixing ratio 
of water vapor, and turbulence are similar to those 
used by Yamada and Bunker [19]. Turbulence 
equation was based on the level 2.5 Mellor-Yamada 
[21, 22]. Five primitive equations were solved for 
ensemble averaged variables: three wind 
components, potential temperature and mixing ratio 
of water vapor. In addition, two primitive equations 
were solved for turbulence: one for turbulence 
kinetic energy and the other for a turbulence length 
scale [23]. The basic equations of HOTMAC were 
described in detail by Yamada and Bunker [21].  
RAPTAD is a Lagrangian model in which a number 
of puffs are released at source and in which the 
change with time of puff characteristics, such as the 
location of the center and the size and age of the 
puff, is computed at every time step by using the air 
flow results deduced by MOTMAC. The basic 
equations of RAPTAD were described in detail by 
Yamada and Bunker [17] and some new features 
were discussed by Yamada [24] and Ushiyama et al. 
[20]. In this study, we added a deposition processes 
both dry and wet that will be described later. 
 
2.1 Model domain and initial and 
meteorological condition 
Three levels of model domain shown in Figure 1 
were set with a 30 layers vertical structure with a 
surface layer thickness of about 10m and top layer 
to 5000m as follows:  
Outer domain: 512km × 656km within 34°N-40°N 
and 137°E-143°E covered most of the Tohoku 
region and the Kanto region at an 8km grid 
resolution. Middle domain: 72km × 88km within 
37°01'N-37°49'N and 140°18'E-141°08'E covered 
most of Fukushima prefecture at a 2km grid 
resolution. Inner domain: 10km × 10km within 
37°22'N-37°27'N and 140°57'E-141°04'E covered 
the Fukushima Daiichi nuclear power plant 
(37°25'N, 141°02'E, FDNPP) at a 0.5km grid 
resolution.  
Topographical data of Global 30’ by U.S Geological 
Survey and the Japanese land use data for producing 
roughness, albedo, soil moisture, soil anthropogenic 
heat, soil conduction, soil specific heat, soil density 
and wetness were used in the simulation. The 
Japanese land use data is100 m in resolution and the 
USGS data is 30 sec (approximately 800 m at mid 
latitudes) in resolution.  
The three-dimensional meteorological fields from 
the Japan Meteorological Agency, GPV (Meso-
Scale Model) data sets with about 10km × 10km 

horizontal resolution for 3h intervals were used for 
initial and nudging analysis.  
 

 

   
Fig. 1 Topography and simulation domain and grids 
zize. a) Domain 1 and 2, b) Domain 2 and 3. 
 
2.2 Emission 
In the Raptad model the source material is 
represented by large numbers of model puffs 
released into the model atmosphere from any 
number of sources. Each puff of air represents a 
proportion of the mass or activity of a number of 
source species. In fact, an accurate assessment of the 
emission rates of the released radioactive materials 
would greatly enhance the accuracy of the 
deposition simulation. However, due to the 
uncontrolled nature of the release and the fact that 
the actual emission rate was not able to provide due 
to detailed information was not available for the 
study. Therefore, two possible emission scenarios, 
Chino et al.’s emission [8] and peak emission were 
used in our present simulations as shown in Figure 
2.  
Chino et al.’s data have a variable interval of 6–61 h 
(31 h on average), and we assumed that emission 

a  
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b  
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rates were constant in each interval and only the rate 
for Cs-137 in Chino et al.’s data were used because 
we only considered Cs-137 and Cs-134 due to our 
objective was to get an accumulated deposition 
distribution for a long period. The radio-active 
decay was not considered. 
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Fig. 2 Temporal variation of emission rate of 134C 
and 137C used in the model. 
 
Peak emission was assumed that emission was a 
continued process such as began at 4 am on 
March12 and reached its peak at 10am on March 15, 
2011 and then decreased gradually with a function 

(1)                    1)k0 and 0B 0,(a                         

   )/()/1(1( 1


 bb LtkLtaEr  

where Er is the emission rate (Bq/s) at a given time t 
(s), a, b and k are coefficients of the used function 
and L is the period length from 4 am on March 12 in 
which released radioactive materials can be detected. 
In this simulation we assumed a=168, b=3.75, 
L=600 hours for having the total emission amount 
12.6PBq as same as Chino et al.’s emission [8]. 
Therefore, our simulation was done for the period 
from 4 pm on March 12 to 0 am on April 1, 2011 
(476hours). 
 
2.3 Deposition 
Dry deposition velocity of Cesium used in the 
simulation was 5.0×10-4 m/s. 
For most pollutants wet deposition is the dominant 
means by which material is removed from the 
atmosphere to the ground. Two main processes are 
involved: washout, where material is ‘swept out’ by 
falling precipitation; and rainout, where material is 
absorbed directly into cloud droplets as they form 
by acting as cloud condensation nuclei. However, 
A2C Model does not simulate precipitation due to 
the precipitation microphysics are not tested well. 
We used Radar AMeDAS (Automated 
Meteorological Data Acquisition System ） rain 
amount data as a input data for wet deposition. 
Radar AMeDAS data was 1km in resolution. Thus, 

Rainout process was introduced only for the first 
rain encounter to dispersion of materials as 
following: 

(2)                        C Rainout     
where  is first rain coefficient. In this simulation 
we assumed as 0.1.  
The removal of material from the atmosphere by 
washout processes is considered below 1000m 
above the ground surface and based on the depletion 
equation  

(3)                         C-   
dt

dC
 

were C is the concentration of radioactive materials, 
t is time, and  the scavenging coefficient defined: 

 
where r is the rainfall rate and  and  are 
coefficients defined for different types of 
precipitation (e.g. rain and snow) as following [23]:  
 
rain:  = 8.4×10-5,  = 0.79. 
snow:  =   8.0×10-5,  = 0.305. 

 
 
3 Results and discussions 
 
3.1 Accumulated deposition and validation 

 Figure 3 shows the simulated spatial 
distributions of accumulated deposition (dry + wet) 
with a comparison with the observed results [3]. The 
deposition on the sea was ignored (deleted). The 
distribution pattern is very similar, especially for 
high concentration area No. ① and relative higher 
area No.④. Simulated relative higher areas No.② 
and No. ③ are bias to south. However, there are no 
relative higher concentration areas No. ⑤ and No. 
⑥  and there is more distribution to the north of 
FDNPP. These discrepancies were likely due to 
uncertainties in the emission rate, treatment of 
deposition processes in the model, especially the 
uncertainty of emission rate. Simulation result in 
Figure 1 is the result of peak type emission. Chino’s 
emission rate [8] induced a more discrepancy result 
due to his high emission rate in daytime on March 
12 which would not be transported to Kanto Plain 
and high emission rate on March 30 which would 
reduce large deposition in whole East Japan. 
Yumimoto et al. [26] conducted an inverse analysis 
to optimally estimate the emission rate using the 
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time series of the deposition map, but the result is 
very different from that of [8] and [27]. 

 

Fig. 3 a) Simulated (a) and observed [3] (b) spatial 
distributions of accumulated deposition of 134Cs and 
137Cs. Numbers show the special distribution areas 
for comparison. 

 

 

Fig. 3 b) Observed [3] spatial distributions of 
accumulated deposition of 134Cs and 137Cs. Numbers 
show the special distribution areas for comparison. 

 

 

 
Fig. 4 a) Simulated spatial distributions of 
accumulated dry deposition of 134Cs and 137Cs. 

 

 

 
Fig. 4 b) Simulated spatial distributions of 
accumulated wet deposition of 134Cs and 137Cs. 
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As shown in Figure 4, the spatial pattern of 
accumulated deposition distribution was mainly 
formed by dry deposition, especially near the 
FDNPP and wet deposition has made the special 
distribution more complex far from the FDNPP. The 
ratio of wet and dry deposition in most area was 
about 0.5 to 1, but very large in the relative high 
concentration areas No. ③ to No. ⑤. 
 
3.2 Dispersion processes 
Figure 5 shows a simple time series of the 
dispersion processes of the radioactive materials as 
following: 

1) Although emission was started at about 4am, 
Mar. 12, first dispersion to the land (area No. 

①) was started at 13pm, Mar. 12 (Julian day 71) 
(Fig. 5 a)) and ended at about 19pm on Mar. 12 
(Fig. 5 b)). This dispersion was due to 
combination of local land (at night) and sea 
(during day time) breeze and mountain (during 
day time) and valley (at night) wind. This type 
of dispersion was happened 11 times during the 
simulated 20 days such as shown in Fig.5 e) and 
h). Dispersion process was that the radioactive 
materials emitted from FDNPP dispersed 
directly to northeast (So called Iitatemura, area 
No. ①) in the afternoon and then back to east 
during night time. 

 

   

   

   

a)                                           b)                                c) 

d)                                e)                                f) 

g)                               h)                               i) 
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Fig. 5 a) – i) Temporal variation of three-dimensional special distribution of model puffs released into the model 
atmosphere showing the dispersion processes of radioactive materials. (day is Julian day of the year) 

    

    

   

    

j)                               k)                               l) 

m)                             n)                              o) 

p)                               q)                                 r) 

s)                            t) 
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Fig. 5 j) – t) Temporal variation of three-dimensional special distribution of model puffs released into the model 
atmosphere showing the dispersion processes of radioactive materials. (day is Julian day of the year) 
 
2) Basic dispersion was eastward during most of 

simulation time period as shown in Fig.5 c) and 
h) due to the prevailing west wind in March. 
Extensive dispersions to whole East Japan were 
only occurred 3 times: Mar. 15 to 16 (Fig. 5 d) 
to g)), Mar. 21 to 23 (Fig. 5 j) to m)) and Mar. 
30 (Fig. 5 r) to t)) due to low-pressure system 
traveling across Japan. This process was as 
following: The radioactive materials emitted 
from FDNPP was firstly transported eastward as 
show in Fig.5 c) and h) and then transported to 
south over the sea as shown in Fig. 5 d) and j).  
These large amount radioactive materials were 
transported westward to East Japan as shown in 
Fig. 5 e) and k) and then northward (Fig. 5 f) 
and l)) and then back to southeast (Fig. 5 g) and 
m)). These were responsible for the extensive 
deposition to East Japan. 

3) There were two times of dispersion only to the 
Tohoku region but not to the Kanto region: 
Mar.20 and Mar. 25 (Fig. 5 h) and i)) to 26 (Fig. 
5 o) to q) due to low-pressure system passing 
over.  

4) There was only one case that land and sea 
breeze in Kanto region bring the radioactive 
materials from sea to land as shown in Fig. 5 n). 

 

3.3 Deposition processes 
The processes of accumulated deposition 
distribution shown in Fig. 3 can be divided to 3 
steps due to the dispersion processes as mentioned 
above. Figure 6 shows the 3 steps as following: 

Step 1, 13pm to 19pm JST on Mar. 12: Higher 
concentration distribution area (so called Iitate 
mura) to the northwest of the FDNPP was formed 
soon after the emission during the first land and sea 
breeze from 13pm to 19pm JST on Mar. 12 as 
shown in Fig.6 a). Only dry deposition occurred 
during this step shown in Fig.6 b). 
Step 2, 4pm on Mar.15 to 12pm on Mar 16: Basic 
distribution pattern was formed during the first low-
pressure system traveling across Japan from 4pm on 
Mar.15 to 12pm on Mar 16 as shown in Fig. 6 c). 
This pattern was mainly formed by dry deposition as 
shown in Fig. 6 d). Only small amount of wet 
deposition occurred in the Kanto region and some 
wet deposition occurred to the northwest of FDNPP 
as shown in Fig.6 e).  
Step 3, Mar. 21 to 23: Final distribution pattern and 
amount was formed mostly after the low-pressure 
system traveling across Japan during Mar. 21 to 23 

as shown in Fig.6 f). Both dry and wet deposition 
was occurred. Wet deposition was the main process 
and more important for the formation of the 
distribution as shown in Fig. 6 g) and h). 
 

 

 

 
Fig. 6 Temporal variation of simulated spatial 
distribution of dry, wet and total (dry+wet 
deposition) showing the deposition processes of 
radioactive materials. (Time is GMT) 
 
 

4 Conclusion 
Dispersion and deposition process of radioactive 
materials were simulated using a pair of numerical 
models, A2Cflow and A2Ct&d. The model 
reproduced clearly the observed spatial distributions 
of deposition amount in main part of East Japan. 
Although there were some discrepancies between 
the simulated amount and observed amount 
somewhere, we can conclude that the basic 
accumulated deposition pattern was mainly formed 
by dry deposition and wet deposition has made the 
special distribution more complex. The dispersion 
and deposition processes can be summarized as tree 
steps. First step during the afternoon on Mar. 12 
formed higher concentration area to the northwest of 
FDNPP by dry deposition. Second step from Mar. 
15 to Mar. 16 forms the basic distribution pattern 
mainly by dry deposition. Third step determined the 

a)      b) 

c)      d)        e) 

f)      g)        h) 
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final distribution both by dry and wet deposition and 
wet deposition played more important rules. 
Detailed emission rate information and wet 
deposition process would improve the numerical 
simulation results.  
 
 
This paper is a revised version of a paper entitled 
“Numerical simulation of dispersion and deposition 
of radioactive materials from the Fukushima Daiichi 
nuclear power plant in March of 2011” presented at 
the 2nd International Conference on Integrated 
Systems and Management for Energy, Development, 
Environment and Health (ISMAEDEH '13) Morioka 
City, Iwate, Japan, April 23-25, 2013. 
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