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Abstract 
It is essential to develop long-term prediction models allowing follow-up of the radiological 
situation and the sustainability of the rehabilitation programme after the Fukushima Daiichi 
nuclear power plant accident. At the Japan Atomic Energy Agency, long-term prediction 
models have been developed to assess how ambient dose equivalent rates might change in the 
future and to analyze radiological situations within the 80 km radius of the Fukushima Daiichi 
nuclear power plant. The long-term prediction models described using a double exponential 
form with ecological half-lives for land use, enable affected population to receive information 
on the level of ambient dose equivalent rates and its space and time distribution for the next 
30 years after the accident. In the present study, uncertain predictions of future ambient dose 
equivalent rates arising from variability in model parameters were assessed using Monte 
Carlo simulations. The model parameters were the ecological half-life for the fast/slow 
elimination components and the fractional distribution of fast elimination component. It was 
found that ambient dose equivalent rates for the next 5-30 years after the accident would be 
predicted within a factor of approximately 2. The long-term prediction models would be 
useful for a better understanding of the radiological situation since they provide information 
on the time variation of the ambient dose equivalent rates in inhabited areas. 

Introduction 
The Fukushima Daiichi nuclear power plant accident that occurred in March of 2011 resulted 
in widespread radioactive caesium contamination in the eastern region of Japan. People in 
inhabited areas could be exposed to radiation from the radioactive caesium deposited on 
grounds. Models are needed to predict how ambient dose equivalent rates might change in the 
future and to understand the local radiological situations in the long-term contamination [1, 2, 
3, 4]. The Japan Atomic Energy Agency has developed long-term prediction models 
described using a double exponential form with ecological half-lives -the time for half the 
ambient dose equivalent rate due to natural removal phenomena and human activites- for land 
use. To describe the time variations of ambient dose equivalent rates from the radioactive 
caesium deposited on grounds, the model parameters such as the ecological half-lives for the 
fast elimination components and the fractional distributions of fast elimination component 
were derived from observations within the 80 km radius of the Fukushima Daiichi nuclear 
power plant [5, 6, 7, 8]. In the present study, uncertainties concerning future ambient dose 
equivalent rates were assessed using Monte Carlo simulations of model parameter variability 
in conjunction with the long-term prediction models. 
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Materials and methods 
Long-term prediction models and model parameters 
Based on the previous studies on the long-term prediction models [1, 2, 3, 4], the following 
expression can be deduced for the change with time in the ambient dose equivalent rate 
contribution from radioactive caesium on grounds:  
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where Y(t) is the ambient dose equivalent rate at time t; Y(0) is the ambient dose equivalent 
rate at time zero; αfast is the fractional distribution of fast elimination component; Tfast is the 
ecological half-life for the fast elimination component; Tslow is the ecological half-life for the 
slow elimination component; λ134 and λ137 are the physical decay constants of 134Cs and 137Cs, 
respectively; k is the ambient dose equivalent rate ratio of 134Cs to 137Cs at time zero, 2.7 (as 
of March 15, 2011) ; YBG is the background radiation, approximately 0.05µSv/h. 

The model parameters such as the ecological half-lives for the fast elimination component and 
the fractional distributions of the fast elimination component are summarized in Tables 1 and 
2, respectively [8]. They were evaluated using the changes with time in ambient dose 
equivalent rates through vehicle-borne surveys within the 80 km radius of the Fukushima 
Daiichi nuclear power plant. They were obtained from the best curve fit when plotting the 
ambient dose equivalent rates over time. The model parameters were mainly categorized into 
the evacuation order area and other than the area. The parameters for other than the 
evacuation order area were categorized according to the precise land-use and land-cover map 
by the advanced land observing satellite “Daichi” (ALOS) [9]. Eight categories were 
classified: water, urban, paddy, crop, grass, deciduous forest, evergreen forest and bare 
surface in ALOS. The parameters for the evacuation area were categorized based on whether 
or not the land use area falls under deciduous and evergreen forest areas. In accordance with 
the previous studies [1, 3], the ecological half-life for the slow elimination component is 
given: 45 y for the 5th percentile, 90 y for the median and 135 y for the 95th percentile. The 
distribution is assumed to be uniform. 

Uncertainty in ambient dose equivalent rate predictions 
Uncertainties in model predictions arise from model parameters. In the present study, the 
uncertainties in predictions of ambient dose equivalent rates for the next 30 years after the 
accident were assessed using Monte Carlo simulations of model parameter variability. The 
Monte Carlo simulations with Latin hypercube sampling (LHS) [10] were performed. Use of 
LHS method ensured that sampling occurred from the complete distribution of each model 
parameter. Each model parameter distribution was divided into equal probability sections, and 
random sampling from each equal probability section was carried out to produce a probability 
distribution function. Three model parameters were taken into consideration: the ecological 
half-life for the fast/slow elimination components and the fractional distribution of fast 
elimination component shown in Tables 1 and 2.  

  



29 

Table 1 Ecological half-lives for the fast elimination component [8] 

Evacuation 
order area 

Land-use  
in ALOS 

Ecological half-lives for the fast elimination component [y] 

5th percentile Median 95th percentile Distribution 

outside 

water  0.25 0.56 1.2 

log normal 

urban 0.35 0.60 1.7 
paddy 0.32 0.55 1.5 
crop 0.32 0.63 1.9 
grass 0.29 0.58 2.2 
deciduous forest 0.29 0.66 2.7 
evergreen forest 0.28 0.94 5.7 
bare surface 0.31 0.62 1.6 

inside forest 0.29 0.68 3.1 log normal other than forest 0.32 0.60 1.7 

In addition, to validate the long-term prediction models, the prediction values of ambient dose 
equivalent rates based on the seventh vehicle-borne survey data (from November 5 to 
December 12, 2013) were compared with the eighth vehicle-borne survey data (from June 23 
to August 8, 2014).  

Table 2 Fractional distributions of the fast elimination component [8] 

Evacuation 
order area 

Land-use  
in ALOS 

Fractional distributions of the fast elimination component [-] 

5th percentile Median 95th percentile Distribution 

outside 

water 0.53 0.76 0.89 

normal 

urban 0.52 0.77 0.93 
paddy 0.53 0.75 0.93 
crop 0.48 0.71 0.89 
grass 0.47 0.72 0.92 
deciduous forest 0.41 0.68 0.88 
evergreen forest 0.26 0.62 0.86 
bare surface 0.51 0.73 0.90 

inside 

difficult to return,  
forest* 0.32 0.45 0.55 

normal 

difficult to return, 
other than forest 0.33 0.47 0.57 

restricted residence, 
forest* 0.37 0.48 0.61 

restricted residence, 
other than forest 0.39 0.49 0.65 

cancel preparation, 
forest* 0.37 0.51 0.67 

cancel preparation,  
other than forest 0.29 0.51 0.69 

* deciduous and evergreen forest areas 
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(a) urban area outside the evacuation order areas 
Figs. 1 Relative ambient dose equivalent rates outside/inside the evacuation order areas 

(1/3). 

 
(b) evergreen forest area outside the evacuation order areas 
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(c) difficult to return area, other than forest area inside the evacuation order areas 
Figs. 1 Relative ambient dose equivalent rates outside/inside the evacuation order areas (2/3). 

Results and discussion 
Four examples of the time variations of the relative ambient dose equivalent rates 
outside/inside the evacuation order areas are shown in Figs. 1. They are predictions for land-
use. In all figures, the 5th to 95th percentile range –the 90% confidence interval- of relative 
ambient dose equivalent rates through the vehicle-borne surveys and the uncertainties in 
predictions of relative ambient dose equivalent rates for the next 30 years after the accident 
are indicated. From the figures, it can be stated that the medians (the 50th percentiles) of 
predictions of relative ambient dose equivalent rates are in good agreement with data through 
the vehicle-borne surveys. In addition, it is confirmed that almost all of data through the 
vehicle-borne surveys are within the prediction intervals. 
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(d) restricted residence area, other than forest area inside the evacuation order area 

Figs. 1 Relative ambient dose equivalent rates outside/inside the evacuation order areas (3/3). 

 

Fig. 2 Comparisons of ambient dose equivalent rates between predictions  
and the measurements through the eighth vehicle-borne survey. 

Figure 2 shows comparisons of ambient dose equivalent rates between those predicted using 
the long-term prediction models with the seventh vehicle-borne survey data and those through 
the eighth vehicle-borne survey. They are the ambient dose equivalent rates over 0.1µSv/h for 
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the outside the evacuation order areas. It was found that the predictions agree within a factor 
of approximately 2 with the actual data. Hence, the long-term prediction models would be 
useful for a better understanding of the radiological situation. 

Conclusions 

The uncertainties in predictions of ambient dose equivalent rates for the next 30 years after 
the accident were assessed using Monte Carlo LHS simulations. It was found that the ambient 
dose equivalent rates for the next 30 years after the accident would be predicted within a 
factor of approximately 2. The long-term prediction models would be useful for follow-up of 
the radiological situation. We plan in the near future to update the long-term prediction 
models using the latest survey data. 
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