
1 

 

Simulation study of the effects of buildings, trees and paved surfaces on ambient dose 1 

equivalent rates outdoors at three suburban sites near Fukushima Dai-ichi 2 

 3 

Minsik Kim1*, Alex Malins1, Kazuya Yoshimura2, Kazuyuki Sakuma2,3, Hiroshi Kurikami1,3, 4 

Akihiro Kitamura1,3, Masahiko Machida1, Yukihiro Hasegawa4, Hideaki Yanagi4 5 

 6 

1 Japan Atomic Energy Agency, Center for Computational Science and e-Systems, 178-4-4 7 

Wakashiba, Kashiwa, Chiba 277-0871, Japan 8 

 9 

2 Japan Atomic Energy Agency, Fukushima Environmental Safety Center, 45-169 Sukakeba, 10 

Kaibana, Haramachi-ku, Minamisoma City, Fukushima 975-0036, Japan 11 

 12 

3 Japan Atomic Energy Agency, Fukushima Environmental Safety Center, 10-2 Fukasaku, 13 

Miharu-machi, Tamura-gun, Fukushima 963-7700, Japan 14 

 15 

4 Research Organization for Information Science and Technology, 2-4 Shirakata, Tokai-mura, 16 

Ibaraki-ken 319-1106, Japan 17 

 18 

 19 

*Corresponding author: kim.misik@jaea.go.jp 20 



2 

 

Highlights 21 

 Simulations of �̇�∗(10) at three suburban locations near to FDNPP with 3D models of 22 

individual buildings, trees and roads. 23 

 Correlation demonstrated between simulated and measured �̇�∗(10). 24 

 �̇�∗(10) was on average 5.0% higher when buildings and trees were removed from the 25 

models. 26 

 Low retention of 134Cs and 137Cs by buildings and asphalt was on average more 27 

important than shielding by buildings. 28 

 The results help clarify the extent to which buildings, trees and asphalt affect �̇�∗(10) 29 

at these sites. 30 
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 Abstract 31 

The influence of buildings, trees and paved surfaces on outdoor ambient dose equivalent rates 32 

(�̇�∗(10)) in suburban areas near to the Fukushima Dai-ichi Nuclear Power Plant (FDNPP) was 33 

investigated with Monte Carlo simulations. Simulation models of three un-decontaminated sites 34 

in Okuma and Tomioka were created with representations of individual buildings, trees and 35 

roads created using geographic information system (GIS) data. The 134Cs and 137Cs radioactivity 36 

distribution within each model was set using in-situ gamma spectroscopy measurements from 37 

December 2014 and literature values for the relative radioactive cesium concentration on paved 38 

surfaces, unpaved land, building outer surfaces, forest litter and soil layers, and different tree 39 

compartments. Reasonable correlation was obtained between the simulations and 40 

measurements for �̇�∗(10) across the sites taken in January 2015. The effect of buildings and 41 

trees on �̇�∗(10) was investigated by performing simulations removing these objects, and their 42 

associated 134Cs and 137Cs inventory, from the models. �̇�∗(10) were on average 5.0% higher in 43 

the simulations without buildings and trees, even though the total 134Cs and 137Cs inventory 44 

within each model was slightly lower. The simulations without buildings and trees were then 45 

modified to include 134Cs and 137Cs in the ground beneath locations where buildings exist in 46 

reality, and the inventory of paved surfaces modelled as if they had high retention of 134Cs and 47 

137Cs fallout like soil areas. �̇�∗(10)  increased more markedly in these cases than when 48 

considering the shielding effect of buildings and trees alone. These results help clarify the 49 

magnitude of the effect of buildings, trees and paved surfaces on �̇�∗(10)  at the un-50 

decontaminated sites within Fukushima Prefecture. 51 

 52 

 53 
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1. Introduction 55 

The ambient dose equivalent rate (�̇�∗(10) in μSv/h) at 1 m above the ground is used to 56 

quantify radiation levels in areas contaminated with fallout from nuclear power plant accidents 57 

(IAEA, 2006; Saito and Petoussi-Henss, 2014; Andoh et al., 2015; Mikami et al., 2015). The 58 

relationship between radioactive fallout and �̇�∗(10)  is complicated as �̇�∗(10)  strongly 59 

depends on the local distribution of fallout radionuclides within the environment, and shielding 60 

by terrain, buildings, vegetation, etc. (Jacob and Meckbach, 1987; ICRU, 1994; Furuta and 61 

Takahashi, 2015; Malins et al., 2015a, 2016; Gonze et al., 2016; Ishizaki et al., 2017). 62 

Radioactivity concentrations can vary significantly even within a single land cover and use. 63 

Tyler et al. (1996) and Mishra et al. (2015) reported large variations between the radioactivities 64 

of environmental samples collected repeatedly. Systematic variations also exist between the 65 

radioactivity of different land uses, as forests, buildings, paved and unpaved surfaces all retain 66 

radioactive fallout to different extents under the influence of various environmental and 67 

anthropogenic processes (Evrard et al., 2015; Akimoto, 2015). 68 

Yoshimura et al. (2017) recently studied the retention of radioactive cesium within un-69 

decontaminated urban areas four years after the Fukushima Dai-ichi Nuclear Power Plant 70 

(FDNPP) accident. They found that 134Cs and 137Cs had largely been removed from paved 71 

surfaces, which retained less than 20% of the initial radioactive cesium fallout on average. 72 

Inclined and vertical surfaces on the outside of buildings (walls, windows, pitched roofs etc.) 73 

retained less than 2% of the initial fallout on average, while the corresponding result for 74 

horizontal building surfaces (e.g. flat roofs and gutters) was below 10%. 75 

The inhomogeneous distribution of radioactive cesium in the environment has been used 76 

to explain why �̇�∗(10) inside buildings are generally lower than outdoors (Matsuda et al., 77 

2017). A review by Yoshida-Ohuchi et al. (2018) found that �̇�∗(10) reduction factors for light-78 

construction wooden buildings in Fukushima Prefecture are typically in the range 0.38-0.55, 79 
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and for heavier construction buildings, such as steel-reinforced concrete buildings, in the range 80 

0.1-0.19. Matsuda et al. (2017) suggested that the magnitude of the reduction factors for light-81 

construction buildings was mainly a consequence of the ‘un-contaminated effect’. Here the 82 

patch of un-contaminated ground beneath the building causes �̇�∗(10) to be lower indoors, as 83 

points indoors have greater separation from the radioactive source than points outdoors. For 84 

heavier-construction buildings, Matsuda et al. (2017) proposed that the even smaller reduction 85 

factors were a consequence of both the un-contaminated effect and the substantial shielding 86 

capacity of the building walls. 87 

The amount of radioactive 134Cs and 137Cs in trees tends to be small a few years after a 88 

radioactive fallout event (Gonze and Calmon, 2017). Imamura et al. (2017a) reported 89 

measurements from 2014 indicating that only 2-10% of all 137Cs in forests (both conifer and 90 

deciduous) was present in the aboveground biomass. The rest of the 137Cs was present in the 91 

forest litter layer and the underlying soil. 92 

Previously Jacob and Meckbach (1987) used Monte Carlo simulations to investigate how 93 

the varying contamination levels of different environmental surfaces, e.g. lawns, buildings, 94 

trees and paved areas, affect air kerma rates in models of typical European urban and suburban 95 

areas. Kis et al. (2004) performed a similar Monte Carlo analysis for an industrial area. Eged et 96 

al. (2006) reviewed various Monte Carlo models developed for simulating external doses in 97 

urbanized areas. More recently there have been developments in creating realistic Monte Carlo 98 

models of urban environments by using data from geographic information systems (GIS) 99 

(Kramer et al., 2013; Li et al., 2015). 100 

In this study Monte Carlo simulations were used to investigate the effects of buildings, 101 

trees and paved surfaces on �̇�∗(10) at three un-decontaminated suburban sites near to the 102 

FDNPP. The models incorporated representations of individual buildings, trees and roads based 103 

on GIS data. The radioactive cesium distribution in the models was assigned based on in-situ 104 
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measurements of radioactivities from December 2014, and the results validated against �̇�∗(10) 105 

measurements from January 2015. It was expected that the main effect of buildings and trees 106 

would be to shield gamma rays and lower �̇�∗(10) compared to open areas of land, as the 134Cs 107 

and 137Cs inventories retained by buildings and trees are low. This hypothesis was tested by 108 

comparing simulations that included models of buildings and trees to simulations without these 109 

features. Further simulations were conducted to investigate the effects of different retention 110 

rates of radioactive cesium fallout between surface types. Ground covered by buildings and 111 

asphalt in the first simulations was instead modelled as open areas of soil with high radioactive 112 

cesium retention. The effects of radioactive cesium loss from building outer surfaces and paved 113 

areas on �̇�∗(10) were quantified by comparing the different simulation cases. 114 

 115 

2. Methods 116 

2.1 Study areas 117 

Two sites in Okuma Town, Fukushima Prefecture, denoted sites A and B, and one site in 118 

Tomioka Town, Fukushima Prefecture, denoted site C, were modelled in this study. Sites A and 119 

B are located ~5 km west of the FDNPP, and site C is located ~7 km to the south of the FDNPP 120 

(Fig. 1(a)). All three sites were evacuated in March 2011 due to receiving large amounts of 121 

radioactive fallout from the FDNPP accident, and are classified as zones where it is difficult to 122 

allow the return of residents (Ministry of Economy, Trade and Industry, 2017). No 123 

decontamination work had taken place prior to December 2014 when the measurement surveys 124 

reported in this paper were conducted. 125 

A model was created of a 200×200 m square area of land at each site. Site A consists of 126 

abandoned wooden residential houses and rice paddies, along with a Japanese cedar plantation 127 

in the north-west quadrant (Fig. 1(b)). Site B, located 200 m to the south of site A, contains two 128 

large, single-story, wooden community buildings and a farm (Fig. 1(c)). Site C includes 129 
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concrete and wood-frame residential buildings, rice paddies and a small Japanese cedar 130 

plantation (Fig. 1(d)). 131 

 132 

2.2 Model creation 133 

2.2.1 Land topography 134 

The simulation models of sites A, B and C were created using bespoke software developed 135 

for creating 3D representations of the land surface topography, buildings and trees at sites in 136 

North East Japan. Digital Elevation Model (DEM) data, representing the elevation above sea 137 

level (a.s.l.) of the land surface (excluding man-made structures or vegetation), were extracted 138 

for each of the sites from larger datasets covering Fukushima Prefecture (Geospatial 139 

Information Authority of Japan, 2012; RESTEC, 2017). The horizontal resolution of the DEM 140 

data was 0.5-2.0 m. The land surface topography was modelled using a triangular mesh of 141 

10×10 m cells (Fig. 2, pastel green lines). The elevation a.s.l. of each vertex on the mesh was 142 

set to the value of the nearest datum in the DEM dataset. Sites A, B and C are located in 143 

relatively flat lowland areas of Fukushima Prefecture. The maximum difference in elevation 144 

between the highest and lowest vertices on the triangular meshes was 4.2 m for sites A and B, 145 

and 3.1 m for site C (Table 1). 146 

 147 

2.2.2 Buildings 148 

The locations of individual buildings within each site were determined using ortho-149 

photographs of the areas (Geospatial Information Authority of Japan, 2012; RESTEC, 2017). 150 

Rectangular boundary lines were drawn around the footprint area of each building (Fig. 2, blue 151 

lines). The width and breadth of each building model was set according to these rectangles. 152 

Individual buildings were modelled following the designs used by Furuta and Takahashi 153 

(2015) in Monte Carlo simulations for the dose reduction factors of typical Japanese buildings. 154 
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Three classes of building were modelled: wooden construction, concrete construction, and sheet 155 

metal buildings. Wooden buildings were predominantly single or two story houses or 156 

community buildings. Concrete buildings were either two or three story apartment blocks. Sheet 157 

metal buildings were all single story storage buildings or workshops. The number of stories of 158 

each building was determined using Google Street View (Google, 2017). Wooden buildings 159 

were given either hip or gable roofs, based on the ortho-photographs, while the concrete and 160 

sheet metal buildings were all assigned flat roofs. 161 

Building heights, construction materials and densities were the same as those used by 162 

Furuta and Takahashi (2015). Full details on the building models are given in Fig. S1 and Table 163 

S1. Furuta and Takahashi (2015) found that wooden buildings with 2 cm thick walls gave 164 

�̇�∗(10) dose reduction factors in the range 0.4-0.6, which is consistent with measurements from 165 

Fukushima Prefecture (Yoshida-Ohuchi et al., 2018). Likewise concrete buildings with 15 cm 166 

thick walls gave reduction factors in the range 0.1-0.2 (Furuta and Takahashi, 2015), again 167 

consistent with the measured range (Yoshida-Ohuchi et al., 2018). Therefore these wall 168 

thicknesses were adopted in this study. The numbers of buildings in each type in the completed 169 

3D models of sites A, B and C, along with the total land area occupied by buildings, are listed 170 

in Table 1. 171 

 172 

2.2.3 Trees 173 

Trees were modelled as either Japanese cedars or konara oaks. Sites A and C contain small 174 

Japanese cedar plantations. The area of each plantation (Table 1) was determined by the number 175 

of cells of the triangular mesh covered by the plantation, as indicated by the ortho-photographs. 176 

Imamura et al. (2017a, 2017b) reported measurements of a plantation of Japanese cedars in 177 

Otama, Fukushima Prefecture, including tree density (ha-1), mean height (m), mean diameter at 178 

breast height (m), and mean aboveground biomass (kg/m2). The 3D models of the plantations 179 
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within sites A and C were based on the Otama plantation data. In total 212 and 95 Japanese 180 

cedars were randomly inserted into the plantation areas of sites A and C respectively, in 181 

accordance with the tree density reported for the Otama plantation. 182 

Each Japanese cedar tree was modelled as a cylindrical trunk consisting of outer bark and 183 

inner wood sections, and an upper cone of diffuse organic material representing the branches 184 

and needles (Fig. S2). The dimensions of these components, along with the material densities 185 

(Table S2), were all determined based on the mean tree height, diameter at breast height, and 186 

biomass of the cedars in the Otama plantation (Imamura et al., 2017a; 2017b; Ohashi et al., 187 

2017). 188 

Other trees spread across sites B and C were modelled as deciduous konara oaks. These 189 

trees were added manually into the models in locations where individual trees were identifiable 190 

on the ortho-photographs. The modelling parameters for these trees were based on 191 

measurements of konara oaks in a plantation in Kawauchi, Fukushima Prefecture, reported by 192 

Imamura et al. (2017a) and Ohashi et al. (2017). Each konara oak was modelled as a cylindrical 193 

trunk of bark and wood, and an upper ellipsoid of organic material to represent the branches 194 

and leaves (Fig. S2). The dimensions and material densities (Table S3) of the konara oak tree 195 

models were set in accordance with the measurements of Imamura et al. (2017a) and Ohashi et 196 

al. (2017). Total numbers of trees in the completed 3D models are listed in Table 1. 197 

 198 

2.2.4 Ground types 199 

The ground within each cell on the 10×10 m triangular mesh was assigned as either asphalt 200 

or soil type. Cells were modelled as paved surfaces if the ortho-photograph indicated the main 201 

cell coverage was a road or a paved parking lot (Fig. 3, dark grey areas). The ground in paved 202 

cells consisted of a dense surface layer representing asphalt, followed by soil beneath (Table 203 

S4). 204 
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The ground in other cells was modelled as soil. Soil cells were subdivided into three 205 

categories depending on the main land cover indicated by the ortho-photograph. Ground in 206 

uncovered areas, such as paddy fields, farmland and gardens, was modelled as eight layers of 207 

soil (Fig. 3, light green areas) with thicknesses and densities given in Table S5. The ground in 208 

the Japanese cedar plantations at sites A and C, was modelled as four layers of soil topped by a 209 

layer of forest litter (Fig. 3, green areas). Soil and litter layer thicknesses and densities (Table 210 

S6) followed Imamura et al. (2017a). Land underneath buildings was modelled as eight layers 211 

of soil (Fig. 3, brown areas), similar to the uncovered areas (Table S5). 212 

The 10×10 m triangular mesh was somewhat coarse for representing the ground surface 213 

type in the built-up areas of each site, in particular around buildings where the surface type in 214 

reality changes on the meter-scale between building foundations, gardens and paved surfaces. 215 

The choice for the 10×10 m mesh size was made as a trade-off against the computational 216 

memory requirements of the large PHITS models created by this modelling process. 217 

 218 

2.2.5 Inventory and distribution of 134Cs and 137Cs within the models 219 

In situ gamma spectroscopy measurements of the 137Cs inventory retained by three paved 220 

surfaces at sites B and C were performed in December 2014 (Table S7). These measurement 221 

results, coupled with measurements reported by Yoshimura et al. (2017) for the relative 222 

concentration of 137Cs on different environmental surfaces, were used to assign the 137Cs 223 

distribution within the simulation models. 224 

The 137Cs inventory of paved surfaces at sites A and B used in the models (Table S8) was 225 

derived from the mean of the two inventory measurements at site B, followed by decay-226 

correction to the applicable simulation date (January 18, 2015). The 137Cs inventory of paved 227 

surfaces at site C was derived from the paved ground measurement at site C. The 137Cs 228 

inventory of the paved areas was modelled as being dispersed homogeneously within the top 229 
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0.1 cm layer of the ground (Table S4), as radioactive cesium only penetrates small distances 230 

into asphalt surfaces (ICRU, 1994; Inoue et al., 2017). 231 

The total inventory of unpaved areas, such as paddy fields, gardens, farmland and forests, 232 

was set in proportion to the inventory of paved surfaces. Yoshimura et al. (2017) reported a 233 

ratio of 0.18 for the inventory of paved surfaces relative to the initial fallout on neighboring 234 

unpaved permeable surfaces. The 137Cs inventories of unpaved surfaces and forests in the 235 

simulation models were determined using this factor and appropriate decay correction to the 236 

simulation modelling date (Table S8). 237 

In uncovered areas (paddy fields, gardens etc.) the 137Cs inventory was apportioned 238 

between the eight soil layers approximating an exponential depth distribution with a relaxation 239 

mass depth of 2.86 g/cm2 (Table S5). This relaxation mass depth is a representative value for 240 

unpaved and open sites on January 18, 2015 according to equation (1) of Yoshimura et al. 241 

(2017). For the Japanese cedar forests at site A and C, the total 137Cs inventory listed in Table 242 

S8 was apportioned between the tree compartments, forest litter, and forest soil layers according 243 

to the Imamura et al. (2017a) measurements of the Japanese cedar plantation in Otama (Tables 244 

S2 and S6). The inventory of konara oak trees (Table S3) followed the measurements made in 245 

fall 2014 for the Kawauchi plantation (Imamura et al., 2017a). 246 

The 137Cs inventory on the outer surfaces of buildings, i.e. walls, windows and roofs, 247 

(Table S8) was calculated based on a factor 0.012 for the relative inventory for the building 248 

surfaces compared to the initial fallout on unpaved ground (Yoshimura et al., 2017). All 134Cs 249 

inventories in the model were assigned in proportion to the corresponding 137Cs inventory. The 250 

134Cs/137Cs activity ratio used was 0.30, which is the value applicable on January 18, 2015 251 

assuming a 134Cs/137Cs activity ratio of 1.0 on March 11, 2011. 252 

 253 

2.3 Monte Carlo simulations 254 
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The distribution of �̇�∗(10) at 1 m above the ground within the models was simulated 255 

using the Particle and Heavy Ion Transport code System (PHITS). PHITS is Monte Carlo 256 

radiation transport code developed by a collaboration of research institutions in Japan and 257 

Europe (PHITS, 2017; Sato et al., 2018). The 3D models of sites A, B and C were exported 258 

from the model creation software and converted into PHITS input files. The various features in 259 

the 3D models (land topography, ground layers, building structures, trees etc.) were represented 260 

by PHITS surface, cell and coordinate transform functions. Cesium-134 and 137Cs radioactive 261 

sources were defined using cylindrical, rectangular and triangular prism source types. Gamma 262 

ray emission intensities were calculated for each source region in the models based on the 134Cs 263 

and 137Cs radioactivity concentrations in Tables S2 to S6 and S8. 264 

To evaluate the effects of shielding and the distribution of 134Cs and 137Cs in the 265 

environment on �̇�∗(10), three simulations of each site were performed with the inclusion of 266 

different features of the models (Table 2). The first simulations (case 1, Figs. 3 and 4(a)) 267 

included all buildings and trees in the model, and 134Cs and 137Cs were present on building 268 

external surfaces, within tree canopies, bark and wood. 269 

In the second simulations (case 2, Fig. 4(b)) the buildings and trees, and their associated 270 

134Cs and 137Cs radioactivity, were removed from the model. The purpose of the case 2 271 

simulations was to evaluate the shielding effect of buildings and trees on �̇�∗(10) within each 272 

area. 273 

The third simulations (case 3, Fig. 4(c)) were similar to the case 2 simulations in that the 274 

buildings and trees were removed from the models. The additional difference was 134Cs and 275 

137Cs was added into the ground in cells occupied by buildings in the case 1 simulations. The 276 

radioactivity and depth distribution of these cells was set equal to the values for the uncovered 277 

soil areas at the same site (Table S5). The purpose of the case 3 simulations was to evaluate the 278 
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extent that radioactive cesium loss from building outer surfaces due to weathering, and the lack 279 

of contamination of soil beneath buildings, has on lowering outdoor �̇�∗(10) values.  280 

The PHITS simulations were executed on a seven node computing cluster with dual Intel 281 

Xeon 2.67 GHz 12-core processors. �̇�∗(10) at 1 m above the surface was tallied on a mesh 282 

with 10×10 m cells covering each study site. Each simulation consisted of 332 million gamma 283 

ray histories, which was sufficient to converge the relative errors of all tallies to below 3%. A 284 

0.05 μSv/h contribution was added to the result of each tally to represent the contribution of the 285 

terrestrial gamma-ray component of natural background radiation to �̇�∗(10)  values in the 286 

environment (Mikami et al., 2015; Yasutaka et al., 2013).  287 

Only tally regions within the central 160×160 m part of the 200×200 m study areas were 288 

used for the analysis. The underestimation of �̇�∗(10) in simulation tallies at the edge of the 289 

central 160×160 m area by failure to simulate 134Cs and 137Cs present outside the full 290 

200×200 m model would be lower than 15% assuming a spatially homogeneous 134Cs and 137Cs 291 

distribution (Malins et al., 2015b; Malins et al., 2016). As the focus of this study was �̇�∗(10) 292 

in the outdoor environment, 10×10 m tally regions which overlapped by more than 50% by area 293 

with the inside of buildings were excluded from the analysis. The entire modelling process is 294 

summarized with a schematic in Fig. S3. 295 

 296 

2.4 Comparison with measurements of �̇�∗(𝟏𝟎) 297 

Simulated �̇�∗(10) were compared against �̇�∗(10) measurements taken on December 10, 298 

2014 using KURAMA-II apparatus. KURAMA-II consists of a CsI scintillator, GPS device and 299 

CompactRIO controller by National Instruments (Tsuda et al., 2014; Tanigaki et al., 2015). The 300 

KURAMA-II apparatus was carried in a backpack by an operator on foot through the three sites. 301 

To offset operator related attenuation effects (Buchanan et al., 2016), the KURAMA-II 302 

measurements were corrected to estimate �̇�∗(10) at 1 m above the surface in the absence of the 303 
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operator and detection equipment. No decay correction was applied to the measurement results 304 

for comparison with the simulation results, which apply on January 18, 2015. The 305 

measurements were compared to the simulation results by taking the average of all 306 

measurement points coincident with each 10×10 m simulation tally region. 307 

 308 

3. Results and discussion 309 

3.1 Comparison between simulation and measurement results 310 

�̇�∗(10) at 1 m above the ground from the case 1 simulations (including buildings and 311 

trees) and the KURAMA-II measurements are shown in Fig. 5. The simulated �̇�∗(10) in built-312 

up areas are generally lower than for areas with open agricultural land and Japanese cedar 313 

plantations (Fig. 6). This result is expected as the 134Cs and 137Cs inventories on buildings and 314 

asphalt surfaces are lower than the inventories of unpaved agricultural land and forest areas, 315 

and because shielding by buildings and trees acts to lower �̇�∗(10). 316 

Fig. 6 shows the correlation between the case 1 simulation results and the averaged 317 

measurements in each 10×10 m tally region. The majority of the simulation results are within 318 

a factor 2 of the measurement results. The root mean square deviation (RMSD) of the simulation 319 

results from the measurements is 1.6 μSv/h, when considering sites A, B and C collectively 320 

(Table 3). 321 

The mean absolute percentage deviation (MAPD) between the simulations and 322 

measurements is 23% over all sites. This result is comparable with the MAPD of 30% found 323 

by Malins et al. (2016) in more simplistic simulation models for �̇�∗(10) above flat, undisturbed 324 

fields (locations away from buildings and trees) across Fukushima Prefecture. In that study the 325 

main source of error in the simulation results was attributed to uncertainty in the input 134Cs 326 

and 137Cs radioactivity values. There is similar uncertainty in the simulations in this study. The 327 

inputted 134Cs and 137Cs radioactivities are all derived from in situ gamma spectroscopy 328 
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measurements of the inventory of paved surfaces at sites B and C (Table S7). Therefore the 329 

simulations cannot account for fluctuations of 134Cs and 137Cs levels across each site, which are 330 

typical in fallout contaminated areas (Tyler et al., 1996). This limitation is expected to be the 331 

main factor underlying the scatter of the data points in Fig. 6. 332 

The Pearson correlation coefficients for sites A (0.62) and B (0.54) are higher than for site 333 

C (0.26). The largest Pearson correlation coefficient is for all sites collectively (0.77). This 334 

suggests the range of measured �̇�∗(10) across the sites (Table 3), and hence the range of 137Cs 335 

inventories, is a factor affecting the Pearson correlation coefficients.” 336 

 337 

3.2 Effect of 134Cs and 137Cs inventory on buildings and trees on �̇�∗(𝟏𝟎) 338 

It was expected that the contribution to �̇�∗(10) of the 134Cs and 137Cs inventory adhering 339 

to the outer surfaces of buildings, and the inventory within trees, would be minor. This is 340 

because this 134Cs and 137Cs inventory totals less than 1% of the entire 134Cs and 137Cs inventory 341 

at each site (Table 2). A variation of the case 1 simulation for site A was performed to check 342 

this hypothesis. This simulation included the building and tree models but set their associated 343 

134Cs and 137Cs radioactivities to zero. �̇�∗(10) from this simulation were on average 0.8% 344 

lower than from the results of the original case 1 simulation, which included the 134Cs and 137Cs 345 

inventory associated with buildings and trees, thus confirming the hypothesis. 346 

 347 

3.3 Effect of shielding by buildings and trees on �̇�∗(𝟏𝟎) 348 

The case 1 simulations were modified into the case 2 simulations by removing the 349 

buildings and trees from the models (Fig. 4(b)). On average over all sites, �̇�∗(10) was 5.0% 350 

higher in the case 2 simulations than the case 1 simulations (Table 4). The low importance of 351 

the 134Cs and 137Cs inventory on buildings and trees means that the shielding they provide must 352 

be the main explanation for this difference in results between the case 1 and case 2 simulations.  353 



16 

 

 354 

3.4 Effect of 134Cs and 137Cs loss from buildings on �̇�∗(𝟏𝟎) 355 

The effect on �̇�∗(10) of the lower retention of 134Cs and 137Cs by buildings than soil areas 356 

was investigated by performing the case 3 simulations. The case 3 simulations were variations 357 

of the case 2 simulations, i.e. without building and tree models, that were modified to include 358 

134Cs and 137Cs within the ground in ‘building’ cells on the triangular mesh (cf. Fig. 4 (b) and 359 

(c)). The radioactivities and depth distribution used were the same as for the unpaved open 360 

areas (Table S5). 361 

�̇�∗(10) from the case 3 simulations were on average 15% higher than from the case 1 362 

simulations, which included the buildings and trees (Table 4). The case 3 simulation results 363 

were 10% higher than the comparable case 2 simulation results on average. This difference 364 

suggests that on average the low retention of 134Cs and 137Cs by building outer surfaces and the 365 

lack of contamination beneath buildings is of greater importance than shielding by buildings 366 

and trees for �̇�∗(10) over these three sites. It is not possible to generalize this result to specific 367 

locations within the sites however. The relative importance of these two factors at any specific 368 

location depends on the size of the buildings and trees, as well as the types, thicknesses and 369 

densities of their materials.  370 

 371 

3.5 Effect of 134Cs and 137Cs loss from paved surfaces on �̇�∗(𝟏𝟎) 372 

�̇�∗(10) above roads and paved parking areas in Fukushima Prefecture are generally lower 373 

than �̇�∗(10) above neighboring unpaved land (Takeishi et al., 2017). In a similar manner to the 374 

outer surfaces of buildings, 134Cs and 137Cs fallout is easily cleaned off from asphalt surfaces 375 

by natural weathering processes (ICRU, 1994). A calculation was performed to quantify the 376 

effect of 134Cs and 137Cs loss from paved surfaces on �̇�∗(10). In the calculation, each site was 377 

modelled as an infinite half-space geometry (ICRU, 1994), representing a wide and open area 378 



17 

 

of 134Cs and 137Cs contaminated soil, without features such as land topography, building and 379 

trees. The 134Cs and 137Cs inventory was dispersed in soil as per the unpaved and open areas in 380 

simulation cases 1-3 (Table S5). �̇�∗(10) were estimated using conversion coefficients for 381 

radioactivity distributed exponentially within soil (Saito and Petoussi-Henss, 2014; Malins et 382 

al., 2016). The results of these calculations are equivalent to modifying the case 3 simulations 383 

to model asphalt areas as soil areas instead. Note land topography is not a significant factor 384 

affecting �̇�∗(10) at these three sites due to their flat nature. 385 

�̇�∗(10) from the open field calculations were significantly higher than those from the case 386 

1 simulations, by 48% on average (Table 4). This represents an additional 33% increase in 387 

average �̇�∗(10) over the case 3 simulations. The total area of paved land at sites A, B and C is 388 

greater than the area occupied by buildings (Table 1). Thus the result suggests the loss of 134Cs 389 

and 137Cs fallout from asphalt surfaces is more important for �̇�∗(10) across these three sites 390 

than the loss from building out surfaces. This is despite the fact that the radioactive cesium 391 

retention ratio of paved surfaces was measured as being slightly higher than that of building 392 

outer surfaces (Yoshimura et al., 2017). 393 

Collectively the results in Table 4 highlight the significance of 134Cs and 137Cs loss from 394 

the outer surfaces of buildings and from paved surfaces in reducing �̇�∗(10) within suburban 395 

areas compared to locations that have not been built up. An important aspect that needs to be 396 

considered is the ultimate fate of this 134Cs and 137Cs. A component of the washed-off 134Cs and 397 

137Cs ends up in storm drains, and ultimately transfers through surface water management 398 

systems and through rivers (Pratama et al., 2014, 2015). Some radioactive cesium also 399 

accumulates along the borders and verges of paved areas and around the edges of buildings 400 

(Akimoto, 2015). This 134Cs and 137Cs will contribute to �̇�∗(10)  in reality, but was not 401 

modelled explicitly in the simulations described above. 402 

 403 
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4. Conclusions 404 

Models were developed of three suburban sites near to FDNPP for Monte Carlo 405 

simulations of �̇�∗(10) . The topography, structures, trees and land use at each site were 406 

modelled using DEM data and ortho-photographs. The distribution of 134Cs and 137Cs within 407 

the models was set based on in situ measurements of the radioactivity of different land uses and 408 

urban surfaces from December 2014, and literature values for the partitioning of 134Cs and 137Cs 409 

radioactivity in Fukushima forests. 410 

The results from the full-detail simulations, i.e. including models of individual buildings 411 

and trees (case 1), showed reasonable correlation with KURAMA-II measurements taken at 412 

each site in January 2015. The quality of the agreement between the simulations and the 413 

measurements at these suburban sites was comparable to the results found by Malins et al. 414 

(2016) for simulations of open field sites. It was assumed that the main factor limiting the 415 

accuracy of the simulation predictions for �̇�∗(10) was the uncertainty in the input 134Cs and 416 

137Cs distributions to the models. However only a limited number of inventory measurements 417 

were available for the study sites, so it was not possible to quantify the uncertainties in the input 418 

activity distributions. 419 

Different simulation cases were compared to evaluate the effects of shielding by buildings 420 

and trees, and the low retention of 134Cs and 137Cs by building outer surfaces and paved areas, 421 

on �̇�∗(10). On average, the losses of 134Cs and 137Cs from building outer surfaces and paved 422 

areas were more important for lowering �̇�∗(10)  across the three sites than shielding by 423 

buildings and trees. However this result cannot be generalized to specific locations, as the 424 

relative importance of these factors depends locally on the sizes of the buildings, trees and 425 

asphalt areas, as well as the material types, thicknesses and densities at each location. 426 

We encourage future studies to measure the relative radioactivity levels of areas known to 427 

accumulate radioactive cesium due to wash off and weathering processes, such as areas around 428 
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the edges of buildings, roads and paved parking areas. This information would be useful to use 429 

in simulations to quantify the importance of these accumulations for �̇�∗(10). Other potential 430 

applications of the modelling approach described in this study include understanding the 431 

temporal dynamics of �̇�∗(10) within fallout contaminated areas in Fukushima Prefecture, and 432 

studies evaluating remediation options for as yet un-decontaminated sites. 433 

 434 
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Figure Captions 570 

Figure 1. (a) Overview showing the locations of the sites modelled within Fukushima Prefecture, 571 

and proximity to the Fukushima Dai-ichi Nuclear Power Plant. (b), (c) and (d) Satellite 572 

photographs showing the 200×200 m square areas of land modelled at sites A, B and C, 573 

respectively. Imagery ©2018 Google. Map data ©2018 ZENRIN. 574 

Figure 2. Screenshots from the bespoke software during the creation process of 3D models of 575 

(a) site A, (b) site B and (c) site C. Buildings are shown with blue outlines. Individual Japanese 576 

cedar and konara oak trees are shown in light blue and red, respectively. The triangular mesh 577 

of the land topography model is shown by thin pastel green lines. 578 

Figure 3. Rendering by PHITS of the completed case 1 simulation models of (a) site A and (b) 579 

site B. 580 

Figure 4. Renderings of the three simulation cases for site C. (a) Case 1 (with buildings and 581 

trees), (b) case 2 (without buildings and trees), and (c) case 3 (without buildings a trees, and 582 

including 134Cs and 137Cs in the cells beneath building locations). Colors are as per legend of 583 

Fig. 3. 584 

Figure 5. Distribution of �̇�∗(10) at 1 m above surface obtained the from the case 1 simulations 585 

(square mesh) and the KURAMA-II measurements (circle markers). Results for 10×10 m tally 586 

regions with more than 50% overlap by area with building structures are excluded from the 587 

analysis. Satellite imagery ©2018 Google. 588 

Figure 6. Scatter plot showing correlation between case 1 simulation results and �̇�∗(10) 589 

measurements. Marker shape is used to distinguish each site. Marker color indicates 590 

predominant land use in the environ of each 10×10 m region. Dashed lines indicate equality 591 

and a factor of two deviation from equality. 592 
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Table 1. Number of buildings and trees, and other features of models for site A, B and C. 610 

  Site 

  A B C 

Land surface model Average elevation a.s.l. (m) 66.1 64.3 51.1 

 Minimum elevation a.s.l. (m) 63.9 62.6 49.7 

 Maximum elevation a.s.l. (m) 68.1 66.8 52.8 

 Area of roads and paved parking lots (m2) 4150 6400 5700 

Buildings Total footprint area of buildings (m2) 3700 4000 5100 

 Number wooden, single-story  25 7 10 

 Number wooden, two-story  29 3 26 

 Number concrete, two-story 1 - 4 

 Number concrete, three story - - 2 

 Number sheet metal, single-story 3 2 - 

 Total 58 12 42 

Trees Area of Japanese cedar forest (m2) 1900 - 850 

 Number Japanese cedars 212 - 95 

 Number Konara oaks - 105 81 

 Total 212 105 176 

Table 2. Total 137Cs inventory in three simulation cases. 611 

Simulation Total 137Cs inventory (GBq) 

 Site A Site B Site C 

Case 1 – with buildings and trees 147.8 138.3 65.09 

Case 2 – no buildings and trees 147.0 137.9 64.60 

Case 3 – no buildings and trees, 134Cs and 137Cs 

included in soil beneath building locations 

163.5 155.7 75.48 

612 
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Table 3. Summary of �̇�∗(10)  measurements averaged in 10×10 m regions, and statistics 613 

comparing case 1 simulations against measurement results. 614 

 Site 

 A B C All 

Number of 10×10 m regions 67 31 42 140 

Mean �̇�∗(10) measurement (μSv/h) 7.0 4.9 3.7 5.6 

Min �̇�∗(10) measurement (μSv/h) 4.4 2.8 3.0 2.8 

Max �̇�∗(10) measurement (μSv/h) 11.9 8.5 5.2 11.9 

Statistics comparing case 1 simulation & measurements 

Root mean square deviation (μSv/h) 1.7 2.1 0.8 1.6 

Mean absolute percentage deviation (%) 21 35 18 23 

Pearson correlation coefficient 0.62 0.54 0.26 0.77 

Table 4. Comparison of three simulation cases. Table shows mean �̇�∗(10) results over entire 615 

160×160 m central area of each site (excluding 10×10 m tally regions predominantly inside 616 

buildings). Relative differences of results compared to the corresponding case 1 simulation are 617 

shown in the parentheses. 618 

Simulation Mean �̇�∗(10) (μSv/h) 

 Site A Site B Site C All sites 

Case 1 – with buildings and trees 8.8 8.6 3.9 7.2 

Case 2 – no buildings and trees 9.3 

(+5.5%) 

8.9 

(+3.1%) 

4.2 

(+7.8%) 

7.6 

(+5.0%) 

Case 3 – no buildings and trees, 134Cs and 137Cs 

included in soil beneath building locations 

10.3 

(+16%) 

9.6 

(+11%) 

4.7 

(+20%) 

8.3 

(+15%) 

Simple open field calculation with mean 

unpaved surface 134Cs and 137Cs inventory 

(infinite half-space geometry) 

12.6 

(+42%) 

12.6 

(+46%) 

6.0 

(+54%) 

10.6 

(+48%) 

 619 
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Supplementary Material to Simulation study of the effects of buildings and trees on 620 

ambient dose equivalent rates outdoors at three suburban sites near Fukushima Dai-ichi 621 

Table S1. Densities and elemental compositions of materials in PHITS models. 622 

 Material Density 

(g/cm3) 

Elemental composition 

(wt%) 

 Air 0.012 H:0.06, C:0.01, N:75.1, O:23.6, Ar:1.3 

Ground 

materials 

Soil Various b H:2.2, O:57.5, Al:8.5, Si:26.2, Fe:5.6 

Litter in Japanese cedar 

forests  

0.24 H:5.7, C:48.1, O:42.3, N:1.2, Na:0.05, 

Mg:0.2, P:0.05, Si:0.02, K:0.2, Ca:1.9, 

Fe:0.2 

Trees Japanese cedars and 

konara oaks 

Various c H:6.1, C:50.5, O:43.4 

Building 

materials a 

Construction wood 0.53 H:6.1, C:49.7, N:0.1, O:44.2 

Clay tiles 2.2 O:48.4, Na:0.8, Mg:1.1, Al:12.2, 

Si:29.4, K:2.0, Ca:1.9, Fe:3.7 

Concrete 2.15 H:0.4, O:50.7, Mg:0.1, Al:0.4, Si:38.6, 

Ca:6.9, Fe:2.9 

Glass 2.4 O:46.0, Na:9.6, Si:33.7, Ca:10.7 

Sheet metal (galvalume) 7.85 Al:3.0, Fe:91.0 Zn:6.0 

a Material densities and compositions from Furuta and Takahashi (2015). 623 

b See Tables S4, S5 and S6. 624 

c See Tables S2 and S3. 625 

Table S2. Distribution of 134Cs and 137Cs in Japanese cedar trees a. 626 

Layer Density 

(g/cm3) 

Concentration (mBq/cm3) 

Site A Site C 

134Cs  137Cs 134Cs  137Cs  

Leaves and branches 0.011 0.080 0.26 0.038 0.13 

Bark 0.25 1.1 3.8 0.54 1.8 

Wood 0.26 0.092 0.31 0.044 0.15 

a Distribution calculated from 2014 measurement data for Japanese cedar site OT-S, Otama, 627 

Fukushima Prefecture, reported in Imamura et al. (2017a). 628 

629 
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Table S3. Distribution of 134Cs and 137Cs in konara oak trees a. 630 

Layer Density 

(g/cm3) 

Concentration (mBq/cm3) 

Site B Site C 

134Cs 137Cs  134Cs  137Cs  

Leaves and branches 0.001 0.072 0.24 0.034 0.11 

Bark 0.74 250 840 120 400 

Wood 0.75 160 530 76 250 

a Distribution calculated from 2014 measurement data for konara oak forest KU1-Q, 631 

Kawauchi, Fukushima Prefecture, reported in Imamura et al. (2017a). 632 

Table S4. Cesium-134 and 137Cs concentrations as a function of depth for paved areas. 633 

Layer Thickness 

(cm) 

Density 

(g/cm3) 

Concentration (Bq/cm3) 

Site A, B  Site C 

134Cs 137Cs 134Cs 137Cs 

1 0.1 a 2.4 260 890 130 420 

2 9.9 1.6 0 0 0 0 

a Inventory dispersed within 0.1 cm thick surface layer is approximation of exponential depth 634 

distribution with relaxation mass depth of 0.1 g/cm2 (ICRU, 1994).635 
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Table S5. Depth distribution of 134Cs and 137Cs in soil for unpaved areas without tall 636 

vegetation cover such as paddy fields and gardens a. 637 

Layer Thickness 

(cm) 

Density 

(g/cm3) 

Concentration (Bq/cm3) 

Site A, B Site C 

134Cs 137Cs  134Cs  137Cs  

1 0.5 1.6 66 220 32 110 

2 0.5 1.6 50 170 24 80 

3 0.5 1.6 38 130 18 60 

4 0.5 1.6 29 95.6 14 46 

5 1.0 1.6 19 62.8 9.0 30 

6 2.0 1.6 8.1 27.1 3.9 13 

7 2.0 1.6 2.6 8.8 1.3 4.2 

8 3.0 1.6 0.7 2.2 0.3 1.0 

a Depth distribution is a step-wise approximation to an exponential depth distribution with 638 

relaxation mass depth 2.86 g/cm2. 639 

Table S6. Distribution 134Cs and 137Cs in litter and soil in Japanese cedar forests at sites A, C a. 640 

Layer Thickness 

(cm) 

Density 

(g/cm3) 

Concentration (Bq/cm3) 

Site A Site C 

134Cs  137Cs  134Cs  137Cs  

Litter 0.88 0.24 23 76 11 36 

Soil 1 5.0 0.24 17 57 8.2 27 

Soil 2 5.0 0.35 3.4 11 1.6 5.4 

Soil 3 5.0 0.40 0.9 3.1 0.4 1.5 

Soil 4 5.0 0.48 0.5 1.6 0.2 0.8 

a Distribution calculated from 2014 measurement data for Japanese cedar site OT-S (Otama, 641 

Fukushima Prefecture) reported in Imamura et al. (2017a).642 
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Table S7. Portable Ge detector measurements of 137Cs inventory on paved surfaces. 643 

Site Surface 137Cs inventory 

(kBq/m2) 

Measurement 

date 

B a Paved parking area 1000 Dec. 16 2014 

B b Paved road 720 Dec. 18 2014 

C b Paved parking area 420 Dec. 17 2014 

a Measurement of paved ground denoted site No. 2 in Yoshimura et al. (2017). 644 

b Previously unpublished portable Ge detector measurements taken as per Yoshimura et al. 645 

(2017). 646 

Table S8. Cesium-134 and 137Cs inventories of different land covers, decay-corrected to 647 

January 18, 2015. 648 

Site Surface 134Cs inventory 

(kBq/m2) 

137Cs inventory 

(kBq/m2) 

A, B Paved a 260 880 

A, B Unpaved and forest b 1300 4500 

A, B Building outer surfaces c 18 59 

C Paved 130 420 

C Unpaved and forest b 640 2100 

C Building outer surfaces c 8.5 28 

a Decay-corrected mean of the two paved surface measurements at site B in Table S7. 649 

b Inventory ratio of 0.18 between paved ground and unpaved permeable ground (Yoshimura et 650 

al., 2017), and decay correction. 651 

c Inventory ratio of 0.012/0.18 between building outer surfaces and paved ground, where 652 

0.012 is calculated as the average of four walls and a roof (Yoshimura et al., 2017). 653 

654 
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(a)  (b)   655 

(c)  (d)  656 

(e)  657 

Figure S1. Models of building in the simulations: (a) wooden, single-story, (b) wooden, 658 

two-story, (c) concrete, two-story, (d) concrete, three-story, (e) sheet metal, single-story. 659 

Material thicknesses parameters are (i) 2 cm wood; (ii) 2.5 cm clay tile and 2 cm wood; (iii) 660 

15 cm concrete; (iv) 0.4 cm glass; (v) 0.06 cm galvalume; (vi) 0.1 cm galvalume. Designs 661 

follow Furuta and Takahashi (2015).662 
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 663 

Figure S2. Models of Japanese cedar and konara oak trees. Trunks were modelled as two 664 

concentric cylinders representing bark and wood. Branches and needles of Japanese cedars 665 

were modelled as diffuse cones of organic material, whereas branches and leaves of konara 666 

oaks were modelled as ellipsoids. References for dimensions: a Imamura et al. (2017a), b 667 

Imamura et al. (2017b), c Ohashi et al. (2017), d Kajimoto et al. (2014), e modelling 668 

assumption.669 
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 670 

Figure S3. Block diagram showing schematic of calculation process, along with various 671 

inputs.672 
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