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Prediction of Ambient Dose Equivalent 
Rates for 30 Years after the Fukushima 
Accident and its Technological Development
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The Japan Atomic Energy Agency (JAEA) has been developing a model designed 
to predict the distribution of ambient dose equivalent rates within 80 km of the 
Fukushima Daiichi Nuclear Power Plant (hereinafter referred to as the “Fukushima 
Daiichi NPP”). A vast amount of measurement data on ambient dose equivalent rates 
was used to predict changes in the distribution of such rates over a period of 30 years 
following the Fukushima Daiichi Nuclear Accident by deriving model parameters 
according to the respective local characteristics inside and outside the evacuation 
zones. Both uncertainty analysis and validation of this model were conducted. This 
commentary characterizes the prediction model for the distribution of ambient dose 
equivalent rates and its parameters. It also presents ambient dose equivalent rate fore-
cast maps that have been generated using this model.
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I. Introduction

The Fukushima Daiichi Nuclear Accident has compelled us to establish a method for con-
ducting long-term impact assessments to predict the distribution of radioactive cesium depos-
ited in the environment and associated changes in ambient dose equivalent rates. This method 
is necessary for the provision of basic information that allows residents to keep track of radia-
tion levels, for the selection of appropriate protective measures (including decontamination), 
and for the reassignment of evacuation zones. Although the deposited radioactive cesium 
should be identified as a source of radiation for the protection of the public, it is difficult to 
choose appropriate protective measures due to a lack of sufficient information concerning 
current and predicted Cs depositions. The experience gained prior to the Fukushima Daiichi 
Nuclear Accident proved that temporal changes in the radioactive cesium deposited on the 
ground surface depends on not only radioactive decay, but also weathering effect i.e., impact 
from changes in the natural environment, such as wind and rain. Making highly reliable pre-
dictions is difficult because the radiation levels thus vary in accordance with the natural 
circumstances of each location and time.
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The JAEA has been developing a distribution prediction model for ambient dose equivalent 
rates under a project commissioned initially by the Ministry of Education, Culture, Sports, 
Science and Technology (MEXT) in FY2012 and subsequently by the Nuclear Regulation 
Authority (NRA) from FY2013 onwards 1-3). In this model, measurement data on ambient dose 
equivalent rates within 80 km of the Fukushima Daiichi NPP and data related to land use 
classification are used for solving an initial value problem. The solutions change from the ini-
tial conditions over time until a final solution is produced to predict future distributions. In 
other words, the model relies on a statistical induction method derived from generalized em-
pirical rules to describe phenomena based on a vast amount of data obtained from extensive 
investigation of changes in ambient dose equivalent rates according to land use classification. 
This commentary characterizes the model developed so far for predicting the distribution of 
and changes in ambient dose equivalent rates. It also presents forecast maps of ambient dose 
equivalent rates within 80 km of the Fukushima Daiichi NPP that have been generated using 
this model to aid the further restoration efforts to be made in Fukushima.

II. Distribution Prediction Model for Ambient Dose Equivalent 
Rates

This model was developed based on a vast amount of measurement data on ambient dose 
equivalent rates obtained from sources such as a vehicle-borne survey conducted after the 
Fukushima Daiichi Nuclear Accident. It is aimed at aiding the forecasting of ambient dose 
equivalent rates from the radioactive cesium deposited extensively within 80 km of the 
Fukushima Daiichi NPP. This two-compartment model applies ecological half-lives as pa-
rameters derived for the various types of land use within 80 km of the plant. Here, an ecolog-
ical half-life is the time required for the ambient dose equivalent rate in the environment to 
halve due to weathering, human activity, and various other factors other than the decay of ra-
dioactive cesium.

1. Model Equation

The two-compartment distribution prediction model for which radioactive cesium (134 Cs 
and 137Cs) is the source of the ambient dose equivalent rates is expressed in Equation (1) be-
low.

In this equation, D(t) is the ambient dose equivalent rate at the elapsed time of t, DBG is the 
average background ambient dose equivalent rate of 0.05 μSv/h, Tslow is the ecological half-life 
of 92 years for the slow-decaying component, k is the initial ratio of 2.7 for the ambient dose 
equivalent rate of 134 Cs to that of 137Cs (with the same concentration), λ  134 is the decay con-
stant for 134 Cs, and λ  137 is the decay constant for 137Cs. In Equation (1), the initial ambient 
dose equivalent rate D0 is assigned after data from the vehicle-borne survey and other 
measurements has been converted into an ambient dose equivalent rate within the habitation 
zones. The values for both Tfast, which is the ecological half-life of the fast-decaying component, 
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and ffast, which is a proportion of the fast-decaying component, are derived and assigned based 
on measurement data obtained from the vehicle-borne survey according to the classification 
of land use (the cumulative frequency distribution is calculated).

Equation (1) represents the model based on statistical induction. Both Tfast and Tslow depend 
on the conditions of the deposited radioactive cesium and the types of deposition surfaces. It 
is difficult to associate these elements quantitatively with the migration mechanism for radio-
active cesium in the environment. Tfast is presumably influenced by the shielding effect of the 
soil as the radioactive cesium migrates deeper into the soil as well as by the reduction in ra-
dioactive cesium due to weathering, decontamination, and other forms of human activity. Tslow 
is most likely influenced by the partial retention of radioactive cesium by moisture on the 
deposition surface as well as by the redistribution of radioactive cesium by resuspension or 
human activity. Tfast and Tslow can arguably be considered similar to a distribution phase and 
an elimination phase, respectively.

2. Measurement Data on Dose Rates and Model Parameters

(1) Examination of ambient dose equivalent rate measurement data
The ambient dose equivalent rates measured since the accident occurred can be roughly 

divided into data obtained from continuous measurements at monitoring posts and other fixed 
positions (continuous-time data) and data obtained from irregular measurements taken using 
mobile instruments during vehicle-borne surveys or the like (discrete-time data). When ap-
plied in the distribution prediction model, these two types of data have both advantages and 
disadvantages in relation to reflecting the characteristics of the ambient dose equivalent rate 
distributions in terms of time and the relevant location. On the one hand, continuous-time 
data provides information frequently enough to allow changes in ambient dose equivalent 
rates in the same spot to be analyzed over time. However, these measurements are taken in a 
limited number of locations so they are unable to represent an extensive area. On the other 
hand, discrete-time data provides sufficient information for the characteristics of the ambient 
dose equivalent rates to be analyzed across an extensive area. However, measurements taken 
several times in the immediate aftermath of the accident are not sufficient to identify trends 
over time. For this reason, ecological half-lives were derived as one of the model parameters 
for developing a distribution prediction model for ambient dose equivalent rates in FY2012. 
The calculations were based on the results of measurements taken within 20 km of the plant 
by TEPCO and an emergency monitoring survey of environmental radiation by Fukushima 
Prefecture (continuous-time data), as well as the results of vehicle-borne surveys, airborne 
monitoring, and the like (discrete-time data). With about five years having passed since the 
accident occurred, sufficient data has been collected from extensive and frequent 
vehicle-borne surveys and other measurements of the ambient dose equivalent rates within 
the habitation zones. Such data has made it possible for us to derive and assign the appropriate 
model parameters for the habitation zones of local residents. Table 1 presents the dates of the 
vehicle-borne surveys conducted and the number of data items used to derive and assign the 
model parameters. The eight vehicle-borne surveys commissioned by MEXT and the NRA 
were conducted within 80 km of the plant (Surveys 1–8). Other vehicle surveys were conduct-
ed inside the evacuation zones in line with a comprehensive monitoring plan (approved at the 
Monitoring Coordination Meeting).
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(2) Mesh size within 80 km of the Fukushima Daiichi NPP
Ideally, the mesh size of the model for predicting the distribution of ambient dose equiva-

lent rates within 80 km of the plant should be the same as the zoning of data obtained from 
the measurements taken so far in order to ensure the convenience and reliability of the predic-
tions. Given that 137Cs has an approximate mean free path of 108 m in the air (i.e., the average 
distance a gamma ray travels before colliding with a molecule in the air), a mesh size of about 
100 m was chosen for within 80 km of the plant. This size corresponds to one-tenth mesh of 
the third regional compartment adopted for vehicle-borne surveys.

(3) Assignment of initial ambient dose equivalent rates
In the distribution prediction model for ambient dose equivalent rates, any measurement 

data obtained from a vehicle-borne survey was applied as initial values as long as such data 
was available for all meshes within 80 km of the plant. Otherwise, the measurement data ob-
tained from airborne monitoring was converted into equivalent measurement data by taking 
into consideration the correlations between data from vehicle-borne surveys and airborne 
monitoring. In either case, the assigned values were modified according to their proportion in 
relation to survey data from on-foot surveys to cover the habitation zones of local residents. In 
the evacuation zones (consisting of difficult-to-return zones, restricted residence zones, and 
evacuation order cancellation preparation zones), the model mainly applied the detailed moni-
toring results obtained from vehicle-borne surveys conducted in line with the comprehensive 
monitoring plan.

Table 1  Vehicle-borne survey data
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(4) Derivation and assignment of model parameters
In this model, the ecological half-lives of the slow-decaying component and the range of 

changes were adopted from values provided by the Atomic Energy Society of Japan and the 
Nuclear Regulatory Commission of the United States (median value: 92 years; range: 45 to 
135 years) with respect to the Level 3 PRA. The ecological half-lives of the fast-decaying 
component and the range of changes were adopted from values derived by applying the least 
squares fitting method to the ambient dose equivalent rate measurement data obtained from 
vehicle-borne surveys. To ensure the reliability and rationality of each ecological half-life for 
the fast-decaying component in the evacuation zones, two types of half-lives were derived ac-
cording to the land use classifications by the Advanced Land Observing Satellite (ALOS), 
which were for deciduous, evergreen and other types of forests as well as other areas. Beyond 
the evacuation zones, the half-lives were derived by conducting statistical analysis according 
to the ALOS land use classifications.

Table 2 presents the results of an analysis of the ecological half-lives of the fast-decaying 
component. The table demonstrates that these ecological half-lives in meshes classified as de-
ciduous or evergreen forests are longer than meshes with other land uses according to the 
classifications used by the ALOS. In contrast, the latest analysis suggests that the half-lives 
do not differ significantly for different land uses according to the ALOS classifications. In-
stead, the difference is notable between inside and outside of the evacuation zones (the eco-
logical half-lives of the fast-decaying component tend to be longer inside evacuation zones 
with less human activity compared to outside of these evacuation zones). Within a confidence 
interval of 90%, the statistical distribution of the ecological half-lives of the fast-decaying 
component could be regarded as a lognormal distribution.

The proportions of the fast-decaying component were derived for both inside and outside 
of the evacuation zones based on detailed monitoring data obtained from vehicle-borne sur-
veys conducted in line with the comprehensive monitoring plan and ambient dose equivalent 
rate measurement data obtained from the first eight rounds of vehicle-borne surveys 
(Surveys 1–8). More specifically, the proportions were derived by applying a non-linear least 

Table 2  Ecological half-lives of the fast-decaying component
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squares fitting method with the initial ambient dose equivalent rates and the proportions of 
the fast-decaying component as the two parameters while assuming a constant ecological 
half-life for the fast-decaying component. The obtained proportions of the fast-decaying com-
ponent were classified into forests (deciduous and evergreen) and areas under other types of 
land use according to the ALOS classifications in evacuation zones comprising the following: 
difficult-to-return zones, restricted residence zones, and evacuation order cancellation prepa-
ration zones. The proportions for outside of the evacuation zones were classified by land use 
according to the ALOS classifications. Subsequently, their median values and ranges were 
derived.

Table 3 presents the proportions of the fast-decaying component. Outside the evacuation 
zones, these proportions are notably different according to land use based on the ALOS clas-
sifications. In particular, the proportions in meshes classified as evergreen forests are less 
than those in meshes classified as urban or other land use areas. A comparison among the 
difficult-to-return zones, restricted residence zones, and evacuation order cancellation prepa-
ration zones that commonly comprise the evacuation zones demonstrates greater proportions 
and variance of the fast-decaying component in evacuation order cancellation preparation 
zones with relatively high levels of human activity. Within a confidence interval of 90%, the 
statistical distribution of all proportions of the fast-decaying component could be regarded as 
a normal distribution.

Table 3  Proportions of the fast-decaying component
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3. Uncertainty Analysis and Validation of the Model

(1) Uncertainty analysis of the model
The prediction model was employed to forecast the distribution of ambient dose equivalent 

rates for up to 30 years following the Fukushima Daiichi Nuclear Accident both inside and 
outside of the evacuation zones. In the uncertainty analysis of the model, changes in the am-
bient dose equivalent rates were estimated using the Monte Carlo method, which considers 
the statistical distributions of the model’s three parameters, as shown in Equation (1); in other 
words, the proportions of the fast-decaying component, the ecological half-lives of the 
fast-decaying component, and the ecological half-lives of the slow-decaying component. A 
uniform distribution was assumed for the statistical distribution of the ecological half-lives of 
the slow-decaying component based on the findings of earlier studies.

Figures 1(a) to (c) present examples of time changes in the ambient dose equivalent rates 
estimated using the prediction model. Figure 1(a) presents forecasts for a mesh from an ur- 
ban area outside of the evacuation zones according to the ALOS land use classifications. 
Figure 1(b) presents forecasts for a mesh in an area not classified as a deciduous or evergreen 
forest in a difficult-to-return zone according to the ALOS land use classifications, while 
Figure 1(c) presents that for the same type of area in an evacuation order cancellation prepara-
tion zone. These figures were commonly normalized using the initial ambient dose equivalent 
rates, excluding the background ambient dose equivalent rates. These figures suggest that the 
ambient dose equivalent rates predicted by the model attenuate faster compared to scenarios 
in which only the decay of radioactive cesium is considered and that the attenuation is slower 
with less human activity. They also plot the relative values of the ambient dose equivalent 
rates after normalization, as well as the relative values (with each measured value being di-
vided by the corresponding initial ambient dose equivalent rate after subtraction of the back-
ground ambient dose equivalent rate) of the measurement data for the ambient dose equivalent 
rates from the first eight rounds of the vehicle-borne surveys (Surveys 1–8) and up to Trip 17 
of the vehicle-borne surveys conducted in line with the comprehensive monitoring plan. The 
relative values (median values) for the estimated ambient dose equivalent rate agree well with 
the ambient dose equivalent rates measured in the vehicle-borne surveys, most of which were 
within the estimated change ranges while taking into consideration uncertainties in relation to 
the model parameters.

(2) Validation of the model
The distribution prediction model for ambient dose equivalent rates based on the measure-

ment data obtained from the seventh vehicle-borne survey was validated by comparing the 
estimate results with the ambient dose equivalent rates measured in the eighth vehicle-borne 
survey conducted outside of the evacuation zones. The results are presented in Figure 2. The 
estimated ambient dose equivalent rates and measurements agree well within a factor of 2 for 
0.1 μSv/h and greater, and their agreement improves as the ambient dose equivalent rate 
grows larger. The discrete trends of the distribution of the ambient dose equivalent rates with-
in the range of around 0.1 to 0.2 μSv/h is ascribable to the effective digits of the reference 
measurement data used for the estimation.
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Figure 1  Changes in relative values of ambient dose equivalent rates over time
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III. Forecast Maps of Ambient Dose Equivalent Rates

The physical half-life of 137Cs is around 30 years. With this in mind, forecast maps of the 
ambient dose equivalent rates were generated for the range within 80 km of the plant after  
5, 10, 15, and 30 years after the nuclear accident. The initial ambient dose equivalent rates 
were adopted from the measurement data obtained from the eighth vehicle-borne survey, Trip 
17 of the on-vehicle survey conducted in line with the comprehensive monitoring plan, and 
the eighth airborne monitoring (as of November 19, 2013). The predictions were conducted in 
meshes for ambient dose equivalent rates (including the background ambient dose equivalent 
rate) of over 0.20 μSv/h by taking into account uncertainties concerning data derived using 
the ecological half-lives and other model parameters for the distribution prediction model. 
The forecast was visualized in gray scale according to the estimated levels. Meshes for ambi-
ent dose equivalent rates of less than 0.20 μSv/h are expressed using the same brightness as 
the level corresponding to 0.20 μSv/h. Meshes without any measurement data from airborne 
monitoring and vehicle-borne surveys were left blank. Examples include the waters of Lake 
Inawashiro and the area located within 3 km of the plant. Figures 3(a) to 3(d) present predic-
tions made using the median values of the model parameters. The ambient dose equivalent 
rates (including the background ambient dose equivalent rate) were predicted for the habita-
tion zones of local residents. The forecast suggested that the total area with an annual dose 
rate of over 20 mSv (3.8 μSv/h) would decrease within 30 years of the accident to about 
one-twentieth the level that prevailed five years after the accident.

Figure 2   Comparison between ambient dose equivalent rates estimated using the distribution prediction 
model (based on the seventh vehicle-borne survey) and measurements taken in the eighth 
vehicle-borne survey
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IV.  Conclusions

A model was developed to predict the distribution of ambient dose equivalent rates within 
80 km of the Fukushima Daiichi NPP. A forecast was made using this model for a period of 
up to 30 years after the nuclear accident. Because the model applies ecological half-lives and 
other such parameters, it can easily estimate the distribution of ambient dose equivalent rates 
in habitation zones both inside and outside of the evacuation zones. The model is expected to 
facilitate the restoration of Fukushima by helping residents to gain an understanding of radia-
tion levels.

This commentary mainly presents the outcomes of the measurement surveys of radioactive 
materials commissioned by the NRA in FY2014 (consolidation of data on the distribution of 
radioactive materials produced by the nuclear accident that occurred at TEPCO’s Fukushima 
Daiichi NPP and the development of a migration model). Forecast maps of the ambient dose 
equivalent rates were generated based on knowledge gained by the JAEA in conducting the 
commissioned surveys. The distribution prediction model for ambient dose equivalent rates 
will be revised and reviewed whenever any new measurement data or knowledge is gained.
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