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Abstract 20 

A set of atmospheric dispersion-deposition model integrations was conducted with a 21 

hypothetical emission of radioactive materials consisting of 137Cs, 131I, and 134Cs from 22 

the Tomari Nuclear Power Plant in Hokkaido, Japan, which is a snow climate site. Each 23 

integration was driven by Japan Meteorological Agency’s meso-scale model analysis 24 

data with 5-km horizontal resolution. The initial conditions were those on each day 25 

from January 2010 to December 2016 and the integration period was at most 4 days. 26 

The target was the area within 30 km of the plant. Extending a unit-mass emission 27 

concept, the measure of relative risk is the probability of exceeding the threshold of the 28 

maximum effective dose rate based only on exposure from groundshine. Considering 29 

that the measure increased monotonically with the ratio of the total emission amount to 30 

the threshold, we evaluated the probabilistic risk with its median. The results suggested 31 

that the risk was higher in the eastern part of the target area due to the prevailing 32 

westerly. The frequent snowfall in winter drags radioactive materials down in the target 33 

region, even under an active turbulent condition with strong vertical shear. The 34 

composite analysis for wind direction averaged over the target area revealed that the 35 

risk was high in the leeside, but that mountains effectively blocked the inflow of the 36 

radioactive materials. The results were insensitive to a wet deposition parameterisation. 37 

The risk was reduced when we replaced the emission altitude with a higher one than 38 

the standard setting. The snow shielding effect was negligible on the short-term 39 

radioactivity just after the emission but was substantial on the seasonal change in 40 

radioactivity.  41 

 42 

Keywords: Radioactive material transport, Probabilistic risk assessment, Disaster 43 

prevention planning, Atmospheric dispersion-deposition modelling 44 
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1 Introduction  48 

The massive release of radioactivity in the atmosphere caused by the accident at the 49 

Fukushima Daiichi Nuclear Power Plant (NPP) in March 2011 has been evaluated in 50 

many publications. Due to the difficulty of bottom-up estimates of the emission from 51 

the nuclear reaction inside the plant, an atmospheric dispersion-deposition model 52 

(ADM) combined with radioactivity monitoring data was used to assess the time-53 

evolution of various radioactive materials emitted from the plant inversely (Kajino et 54 

al. 2018). Since a preliminary estimation by Chino et al. (2011), modelling studies have 55 

steadily updated the emission information with an accurate simulation of the surface 56 

deposition of radioactivity (Terada et al. 2012; Saunier et al. 2013; Winiarek et al. 2014; 57 

Katata et al. 2015; and a comprehensive review in Mathieu et al. 2018). Compared with 58 

earlier studies (Yasunari et al. 2011; Stohl et al. 2012), recent studies input finer-59 

resolution meteorological data into more sophisticated schemes, especially for wet 60 

deposition (Morino et al. 2012; Katata et al. 2015). Wet deposition is a crucial process 61 

in surface deposition, but the physics and chemical reactions are so complex that the 62 

wet deposition estimated with a parameterisation is still uncertain (Science Council of 63 

Japan 2014; Querel et al. 2015). Moreover, due to complex topography, the observed 64 

surface deposition was entirely different from the estimation with a Gaussian plume 65 

model and flat topography (Leelössy et al. 2011). The surface deposition was 66 

influenced by local wind and precipitation patterns (Sekiyama et al. 2015, and 67 

following studies ongoing), deposition processes along the wind side of small-scale 68 

mountains, and fog or cloud deposition, as indicated by Hososhima and Kaneyasu 69 

(2015).  70 
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 Based on the evacuation response to the accident of the Fukushima Daiichi NPP, 71 

the Japanese Nuclear Regulation Authority (NRA) was established and has enforced 72 

nuclear emergency response guidelines, which follow the safety standards determined 73 

by the International Atomic Energy Agency (IAEA). According to the guidelines as of 74 

October 2018, at emergency action level ‘general emergency’, residents in the 75 

Precautionary Action Zone (PAZ), within 5 km of the NPP should start evacuation. 76 

Residents in the Urgent Protective action planning Zone (UPZ), between 5 and 30 km 77 

from the plant, should implement protective actions such as seeking nearby shelter. 78 

After the release of radioactive materials, the Operational Intervention Level (OIL) is 79 

set based on environmental radioactivity monitoring that measures the in situ effective 80 

dose rate from groundshine. The guidelines also recommend evacuation within hours 81 

in the OIL-1 area exceeding 500 μSv h−1 and a temporary relocation with an intake 82 

restriction in the OIL-2 area exceeding 20 μSv h−1. Radioactive nuclide concentrations 83 

in food and drink are detected in the area exceeding 0.5 μSv h−1. Each local government 84 

where NPPs are located publishes detailed nuclear emergency planning, including 85 

annual evacuation drills, deployment of environmental monitoring posts, prescription 86 

of stable iodine, and designated evacuation routes.  87 

 The probabilistic risk assessment (PRA) of potential accidents based on an 88 

analysis considering radioactive material transport (Rentai 2011) can be performed with 89 

an ADM. Studies related to the PRA include a hypothetical accident during the recovery 90 

of a Russian submarine (Brown et al. 2016), public member dose assessment of an 91 

Iranian NPP (Zali et al. 2017), and meteorological uncertainty of ADM results 92 

(Sørensen et al. 2014). A simple PRA for 16 NPPs in Japan was published by the NRA 93 

(NRA 2012), but the PRA is not always reasonable for detailed planning including UPZ 94 

because meteorological data are sampled from a 1-year observation at an NPP site, at 95 
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which the surface wind is generally different from the flow that determines the 96 

advection direction of aerosols. Moreover, the PRA did not implement the wind block 97 

effect by orography or some snow effects. A common problem with these PRAs is the 98 

arbitrariness of the emission amount and radioactive nuclide types in the emission. For 99 

example, an inventory from the Fukushima Daiichi NPP was used as a severe accident 100 

in the NRA estimation, but this was simply one case. According to the emergency 101 

planning, an evacuation is decided with the OIL criteria, determined by exposure from 102 

groundshine. In general, these criteria are tunable, such as when the acceptable level of 103 

radiation exposure is changed. That is, a large emission with a severe criterion would 104 

result in a high-probability risk, and vice versa. An absolute risk evaluation is then 105 

impossible under these arbitrary parameters and it is better to apply a unit-mass 106 

emission to the PRA.  107 

 In this study, we extend a unit-mass emission concept for PRA to present a 108 

relative evaluation of risk, and we apply this method to Tomari NPP (Hokkaido Electric 109 

Power Co., Ltd.), located on the west coast of the Shakotan Peninsula, Hokkaido, Japan 110 

(Fig. 1). This NPP is out of operation, and a safety review is being conducted for a 111 

restart as of October 2018. A set of ADM integrations driven by meteorological data 112 

with 5-km resolution is performed to obtain detailed geographical distributions of 113 

deposition and atmospheric burden; the meteorological data resolution expectedly 114 

brings not a fine result inside of PAZ but an overall result in the UPZ. The effective 115 

dose rate based on exposure from groundshine is computed from radioactivity on the 116 

ground surface with a simple formula described in Section 2. This paper only examines 117 

the exposure from groundshine, on which the government determines the short-term 118 

nuclear emergency response, although a human dose assessment should include 119 

ingestion from contaminated foodstuffs and inhalation of radionuclides. Internal 120 
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exposure could be formally estimated, but we would require numerous hypotheses on 121 

what residents or tourists would ingest and how they would evacuate, because a human 122 

dose strongly depends on human activity and individual predisposition, including age 123 

and gender. Hence, this paper excludes the estimation of internal exposure, which is 124 

covered by radiology. Moreover, the snow effects are implemented in the effective dose 125 

rate estimation from groundshine because the snow season lasts for more than 5 months 126 

around this NPP. Section 2 also presents the meteorological data, the ADM with a 127 

treatment of snow effects, and the details of the experiments. Section 3 introduces our 128 

PRA method to provide a relative evaluation of risk with the mathematical statistics in 129 

Appendix A. Section 4 briefly documents the characteristics of the local climate. 130 

Section 5 presents the geographical distribution of the relative risk and its dependence 131 

on season, precipitation, and wind. The effects of atmospheric turbulence, snow, and 132 

emission height are also described. The risk assessment with a different threshold is 133 

provided in Supplement. Section 6 provides a discussion related to the evacuation 134 

planning and using the ADM beyond the target area. Section 7 concludes this paper.  135 

 136 

 137 

2 Data and Model Experiments 138 

The ADM that we use in this paper is a Lagrangian particle model including horizontal 139 

and vertical diffusion, advection by flow, gravitational settling, dry and wet depositions, 140 

and radioactive decay. This model was validated, and most of the optimal parameters 141 

were determined with a hindcast simulation for the Fukushima Daiichi NPP accident in 142 

March 2011. See Kajino et al. (2016) for more details of the schemes and validation. 143 

This study uses the same model framework as Kajino et al. (2016), although they only 144 
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predicted 137Cs and used a common scavenging parameter for both rain and snow. We 145 

include 131I and 134Cs in addition to 137Cs as Lagrangian particles discharged into the 146 

atmosphere. The half-life periods are shown in Table 1. Moreover, we distinguish snow 147 

and rain based on relative humidity, RH (%), and air temperature, 𝑇𝑇 (°C), just above 148 

the surface. Snow falls if RH ≤ 92.5 − 7.5𝑇𝑇, and rain falls otherwise (Matsuo et al. 149 

1981). We replace the original scheme of wet deposition in Kajino et al. (2016) with 150 

Scott (1982) in the standard setting of this paper. The scavenging rate 𝛬𝛬  (h−1) is 151 

calculated as a function of precipitation rate 𝑃𝑃 (mm h−1) as  152 

𝛬𝛬 = 1.28 𝑃𝑃0.78 for rainfall, and  

𝛬𝛬 = 0.88 𝑃𝑃1.00 for snowfall.  
(1) 

The sensitivity experiments are performed with another parameterisation with 153 

scavenging coefficient formulae 154 

𝛬𝛬 = 0.30 𝑃𝑃0.79 for rainfall (Baklanov and Sørensen 2001), and  

𝛬𝛬 = 0.115 for snowfall (Kyrö et al. 2009),  
(2) 

both assuming that the radioactive nuclei have a uniform size of 0.3 µm. 155 

 We perform ADM experiments with the hypothetical emission of radioactivity 156 

from the Tomari NPP located at 140.513°E and 43.036°N. The ADM in a single 157 

integration runs for 4 days or until all the particles are fallen or left from the calculation 158 

domain, and the radioactive materials are constantly released 20 m above the NPP 159 

during the first 24 h in the standard setting. The release rate of Lagrangian particles is 160 

120 h−1. The emission ratio of 137Cs, aerosol-form 131I, gaseous-form 131I, and 134Cs is 161 

1:5:5:1, similar to an inventory for the Fukushima Daiichi NPP accident (Katata et al. 162 

2015). We exclude gaseous-form 133Xe, of which the total amount released was huge 163 

in the Fukushima Daiichi NPP accident, because it hardly fell to the ground and did not 164 
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affect the monitoring of exposure from groundshine substantially. We also exclude 165 

other minor nuclides, such as 90Sr and 132Te, regardless of their lifetime. The 166 

topography with a resolution of 5 km is used in the ADM (Fig. 1a). As shown in Fig. 167 

1a, the topographic data include Mts. Yobetsu and Inakura-Ishiyama to the north, Mts. 168 

Raiden and Niseko to the south, and Mt. Sankaku to the east of the Tomari NPP. 169 

 A set of ADM experiments is performed with initial dates every day 170 

from 1 January 2010 to 31 December 2016. Because the e-folding times of the auto-171 

correlation function for precipitation, zonal wind, and meridional wind are 6, 27, and 172 

18 h, respectively (not shown), the result of each integration can be regarded as 173 

independent. The ADM is driven with the grid point value mesoscale model (MSM) 174 

analysis data of the Japan Meteorological Agency (JMA), which has been calculated 175 

with the JMA operational system developed based on Honda (2005). The horizontal 176 

grid resolution is approximately 5 km and the time interval is 3 h. The horizontal wind 177 

vector, air temperature, humidity, and precipitation variables in the domain including 178 

Hokkaido Island, as shown in Fig. 1b, are imposed on the ADM model. The output time 179 

interval is 1 h. The gridmesh for the output of the accumulated total deposition (units: 180 

Bq m−2) of 137Cs, 131I, and 134Cs is the plane-polar grid cells with the origin at the NPP 181 

(Fig. 1a). We restrict the results to the PAZ and UPZ to maintain statistical stability. 182 

The radioactive materials are retained on the surface above the ocean to the west of the 183 

NPP (Fig. 1a), only because we want to see the advection effect of the easterly. To 184 

convert surface deposition data, D (Bq m−2), to the effective dose rate based on exposure 185 

only from groundshine, S (μSv h−1), we use simple formulae (Table 1, IAEA 2000) 186 

𝑆𝑆 = 2.1 × 10−6 𝐷𝐷 for 137Cs,  

𝑆𝑆 = 1.3 × 10−6 𝐷𝐷 for 131I, and  
(3) 
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𝑆𝑆 = 5.4 × 10−6 𝐷𝐷 for 134Cs.  

We implement the snow shielding effect: when a radioactive snow particle is 187 

accumulated at a depth, the radioactivity is reduced by 1% by passing through 1 cm of 188 

the snowpack above (Kajino et al. 2016). The accumulation, packing, and melting of 189 

snow are numerically calculated with a simple snow depth model given in Inatsu et al. 190 

(2016). This model parameterises snow accumulation by assuming that the fresh snow 191 

density is 0.1 g cm−3, snow packs at a rate of 2% day−1, and snow melts above the 192 

freezing point at a rate of 1 cm (°C day)−1 for snow depths greater than 20 cm and 2 cm 193 

(°C day)−1 otherwise. The removal of radioactivity by snow drift, interstitial waters 194 

penetrating the snowpack, and water immersion at the snowpack base is not considered. 195 

We also roughly implement the snow exclusion effect: snow particles selectively 196 

incorporate aerosol forms but exclude gaseous forms in the wet deposition process. The 197 

standard setting completely switches off the effect of gaseous-form 131I to the 198 

groundshine estimation in snowy days, by neglecting the dry deposition effect.  199 

 200 

3 Relative Risk Assessment 201 

We extend a unit-mass emission concept for PRA to evaluate relative risk. First, for a 202 

given emission amount, 𝐸𝐸0, a single ADM integration and simple conversion formulae 203 

[Eq. (3)] provide a time series of effective dose rate for a particular grid point, 204 

corresponding to the radioactivity measured by a monitoring post in the evacuation 205 

planning. For example, if the maximum value at the point in an integration exceeds 20 206 

μSv h−1, the point satisfies the OIL-2 criterion. Following this concept, the number of 207 

integrations, 𝑛𝑛 , where the maximum effective dose rate exceeds a criterion 𝐶𝐶0 , is 208 
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counted at every grid point shown in Fig. 1a. The probability of risk is then evaluated 209 

as  210 

𝑝𝑝 =
𝑛𝑛
𝑁𝑁, (4) 

where the total number of integrations is N = 2557. The conditional probability in the 211 

composite analysis, by sampling integrations to meet a condition, can be defined 212 

similarly. We consider a set of maximum effective dose rates at a fixed grid point in 213 

each integration with the descending order, 214 

{𝐶𝐶1,𝐶𝐶2, … ,𝐶𝐶𝑁𝑁}. (5) 

The risk probability is 𝑝𝑝0 = 𝑛𝑛0 𝑁𝑁⁄ , if 𝐶𝐶𝑛𝑛0 > 𝐶𝐶0 ≥ 𝐶𝐶𝑛𝑛0+1. The emission amount is 𝛼𝛼-215 

fold, and then the same risk probability is obtained for the 𝛼𝛼-fold criterion, because 216 

𝛼𝛼𝐶𝐶𝑛𝑛0 > 𝛼𝛼𝐶𝐶0 ≥ 𝛼𝛼𝐶𝐶𝑛𝑛0+1 . Extending this discussion, the 𝛼𝛼 -fold emission amount is 217 

equivalent to the 𝛼𝛼−1-fold criterion. Hence, we naturally introduce a single parameter 218 

of the ratio of emission amount to the criterion, hereafter called the E/C ratio, and only 219 

the emission amount of 137Cs is used because the ratio among 137Cs, 131I, and 134Cs is 220 

fixed at 1:10:1. The probability can be calculated for a given emission amount and a 221 

given criterion of effective dose rate, and then represented as a function of the E/C ratio 222 

and grid point. We call the line plot for a grid point the risk curve because the concept 223 

in the original use of this terminology in insurance is similar.  224 

 Figure 2 displays risk curves for each grid point in the target area based on the 225 

ADM integrations. A higher probability with a fixed E/C ratio or a lower E/C ratio with 226 

a fixed probability both indicate a higher risk; for example, an upper, leftward curve in 227 

Fig. 2 shows a higher risk. The risk curve for a grid point in the PAZ shows the highest 228 

risk. The risk in the eastern quadrant of the UPZ is much higher than that in the western 229 

quadrant. Because a risk curve is not always represented as the same function form, the 230 
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comparison between two risk curves is generally difficult unless the probability is fixed. 231 

However, the result in Fig. 2 suggests that the Z-value associated with the probability 232 

for each grid point has a similar shape as a function of the E/C ratio: the curve is steep 233 

on the negative side of Z, whereas it is gentle on the positive side. This notion is 234 

supported by a mathematical consideration of random sampling from the analytic 235 

solution of the two-dimensional linear advection-diffusion equation (Appendix A). The 236 

method of relative risk evaluation in this paper is to show the E/C ratio at 50% 237 

probability, that is, the median, on a map. To evaluate the relative risk at a higher or a 238 

lower probability, the fitting function in Appendix A might be helpful, but we provide 239 

the risk evaluation with the E/C ratio at 5% probability in Supplement for readers’ 240 

convenience. 241 

 242 

 243 

4 Local Climate  244 

We briefly describe the climate around the target area (Fig. 3). The low-level westerly 245 

prevails in this area throughout the year related to the subtropical jet stream above the 246 

planetary boundary layer (PBL). The summer climatological wind is south-westerly in 247 

the north-western edge of the Bonin high. The annual precipitation is around 1000 mm 248 

near the NPP, but precipitation is more than 2000 mm at Mts. Yobetsu and Inakura-249 

Ishiyama in the Shakotan Peninsula and at Mts. Raiden and Niseko (Fig. 1a). Kutchan, 250 

the capital of Shiribeshi subprefecture (Fig. 1a), has heavy snowfall with an annual 251 

maximum snow depth near 200 cm, mainly due to cloud bands brought in by the 252 

westerly in the cold season. In contrast, snowfall is lighter along the coastal line, with 253 

an annual maximum snow depth of only 73 cm at Suttsu (Fig. 1a).  254 
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 255 

 256 

5 Results 257 

5.1 Overall Features and Seasonal Variation 258 

The results of the ADM integrations are presented as relative risk for radioactivity with 259 

the median of the E/C ratio as the index. The annual mean risk is distributed 260 

anisotropically from the NPP where radioactive materials were hypothetically released 261 

(Fig. 4a). The high-risk area spreads to the east because radioactive materials emitted 262 

from the NPP are advected by the westerly wind (Fig. 3). Despite many possible 263 

weather patterns that produce a southerly, the risk is low in the leeside of the Shakotan 264 

Peninsula. Similarly, even though a northerly pattern would mainly send particles south, 265 

the high-risk area is limited around the NPP. These results are explained by Mts. 266 

Yobetsu and Inakura-Ishiyama in the north and Mts. Raiden and Niseko in the south 267 

(Fig. 1a) blocking the inflow of the radioactive materials. The no-deposition days show 268 

a similar horizontal distribution with counts less than 20% in the eastern quadrant of 269 

the UPZ and 40–60% in the western quadrant (Fig. 4b). 270 

 Figure 5 shows the relative risk in each season. In boreal winter (Fig. 5a), the 271 

relative risk is the highest. The distribution of risk area is similar to the annual mean, 272 

but the median of the E/C ratio is smaller than 1 PBq (µSv h−1)−1 in most of the eastern 273 

quadrant. This is closely related to the fact that approximately 45% of emitted 274 

radioactive materials would fall in the target area (Figs. 6a, 7a). More than 80% of the 275 

maximum effective dose rate is attributed to wet deposition in the eastern quadrant, and 276 

dry deposition is much less effective even in the ocean area (Fig. 6a). In contrast, the 277 
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relative risk is much lower in boreal summer (Fig. 5c). Only a few grid points near the 278 

NPP satisfy <1 PBq (µSv h−1)−1. This is related to less than 20% of the emission falling 279 

in the target area with dry deposition explaining about half the maximum effective dose 280 

rate (Figs. 6b, 7b). In contrast to other seasons, the risk area expands not only east, but 281 

also northwest. The risk is low in the north of Shakotan Peninsula and south of the NPP. 282 

Spring and autumn show relative risks intermediate in character between those of 283 

winter and summer (Figs. 5b, 5d).  284 

 285 

5.2 Effect of Precipitation and Wind 286 

The overall features and seasonal variation of the relative risk distribution are attributed 287 

mainly to wet deposition by precipitation and partly to dry deposition by settlement due 288 

to atmospheric turbulence, which depends on static stability and vertical wind shear. 289 

Horizontal wind, especially in the PBL, controls the direction and speed of particles. 290 

Hence, precipitation and wind are two major factors that determine where radioactive 291 

particles move and fall.  292 

About half of the total days in 7 years experienced a daily precipitation amount 293 

exceeding 1 mm at the NPP (Table 2). For these days, the risk is higher than that in the 294 

annual mean (Fig. 4a); the median of the E/C ratio probability reduces to almost half 295 

(Fig. 8a). The high-risk area spreads over the eastern quadrant of the target area, similar 296 

to that of the annual mean. A quarter of days were categorised into heavier precipitation 297 

exceeding 5 mm day−1. The composite for this category shows that the E/C ratio is even 298 

lower (Fig. 8b). The E/C ratio decreases much more, and the risk is higher near the NPP 299 

site for heavy precipitation of >10 mm day−1 at the NPP (Fig. 8c). About 13% of the 300 

total days fell into this category. These results are explained by the high sensitivity of 301 
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the scavenging coefficient to precipitation intensity [Eq. (1)]. Although the index is 302 

now based on the precipitation at the NPP, it is highly correlated with the precipitation 303 

at many grid points in the target area (not shown). The risk difference between summer 304 

and winter is mainly caused by the precipitation frequency. The precipitation exceeded 305 

1 mm day−1 on only one third of summer days (Table 2). The atmospheric burden in 306 

summer reaches 20% of the total emission amount in the first 24 h in the simulation 307 

(Fig. 7b) because the lower frequency of precipitation leaves more than 80% of the 308 

radioactive material suspended in the air. In contrast, on 77% of winter days, 309 

precipitation exceeded 1 mm (Table 2), increasing wet deposition in the target area (Fig. 310 

7a). The atmospheric burden and radioactivity leaving the target area in winter are much 311 

less than those in summer.  312 

The composite analysis for each wind direction is summarised in Fig. 9. The 313 

westerly blew in the PBL for one third of cases, pushing radioactive particles toward 314 

the east (Fig. 9f). The north-westerly and south-westerly are the second and third 315 

frequent cases, respectively, but the north-westerly has a higher risk in its downstream 316 

region than the south-westerly (Figs. 9c, 9i). This is because the north-westerly is 317 

mainly observed in winter with heavy snowfall, whereas the south-westerly occurs in 318 

warm seasons (Fig. 9e). The southerly case is frequently observed in summer. However, 319 

the risk just north of the NPP is reduced by the mountains (Fig. 9b). The flow tends to 320 

bend along the western coast of the Shakotan Peninsula, so that the risk area spreads 321 

toward the northwest. Similarly, because Mts. Raiden and Niseko block the flow, the 322 

high-risk area extends to the southeast in the northerly composite (Fig. 9h). Other minor 323 

cases also show downstream deposition; most of the radioactivity would fall in the 324 

ocean in the easterly and south-easterly cases (Figs. 9a, 9d). Because the composite for 325 

the wind direction at 950 hPa, almost 500 m above sea level, explains the annual mean 326 
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and seasonal variations of risk (Figs. 4a, 5), the advection of particles is mostly 327 

controlled by wind at this level (Fig. 3). 328 

The number of particles that reach the upper atmosphere is affected by 329 

atmospheric turbulence. The climatological vertical diffusion coefficient is large at the 330 

bottom of the PBL in winter (Fig. 10a) because of the strong vertical wind shear in the 331 

baroclinic zone (Fig. 10b) and weak static stability in the PBL owing to the lake effect 332 

accompanied by shallow convection (Fig. 10c). However, most particles do not reach 333 

the PBL and fall to the ground within several hours of their emission (Fig. 11a). In 334 

contrast, weak wind shear and stable stratification characterise the PBL in summer, 335 

resulting in a small diffusion coefficient (Fig. 10a). Despite the small diffusion 336 

coefficient, most particles stay in the PBL in summer (Fig. 11b). Hence, the effect of 337 

atmospheric turbulence is limited to the timing just after emission, and the degree of 338 

risk in the target area is controlled by wet deposition rather than atmospheric turbulence.  339 

We finally examine how much the snow shielding and gaseous-form excluding 340 

affect the results. Figure 12 shows the E/C ratio in DJF estimated without the gaseous-341 

form effect. The risk estimate is almost same as that with the effect (Fig. 5a), probably 342 

due to the low conversion rate for 131I [Eq. (3)]. This comparison clearly shows little 343 

impact of this gaseous-form exclusion effect to risk assessment. We next think of snow 344 

shielding effect that radioactivity decreases by passing through the snowpack. This 345 

effect was measured during monitoring after the Fukushima Daiichi NPP accident, 346 

when unpolluted new snow covered the polluted ground (Kajino et al. 2016). Our 347 

experiment runs the ADM for only 4 days in each integration, so that the snow depth 348 

above the radioactive materials on the ground or in the snowpack would not be enough 349 

to reduce radioactivity. This effect would be less than 5% of the wintertime average 350 

(Fig. 13a). However, the snow shielding would substantially decrease the radioactivity 351 
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during the snow season after the emission date. For example, because the annual-352 

maximum snow depth often exceeds 200 cm in Kutchan town centre (Figs. 1a, 3; 353 

Katsuyama et al. 2017), the decay rate of the radioactivity would be noticeable in an 354 

integration where the emission happened in early winter. Figure 13b shows an example 355 

of radioactivity decay rate relative to the initial-day value at Kutchan for an emission 356 

on 1 December 2010. A simple snow depth model simulation extends until the end of 357 

May, forced with bias-corrected surface temperature and precipitation of the MSM 358 

analysis at the grid point nearest Kutchan. The simulated snow depth is slightly 359 

overestimated, but the snow accumulation period is almost reproduced. Considering the 360 

ratio of radioactive nuclei types (Section 2) and their conversion rate (Table 2), the 361 

contributions of 131I and 134Cs to the effective dose rate on the initial day were similar. 362 

After the half-life period of 131I of 8 days, the effective dose rate would drastically decay 363 

regardless of snow accumulation. Because the snow depth exceeds 100 cm in January 364 

in this example, the effective dose rate would decrease by more than 90% and would 365 

remain at this low level throughout the snow season. The radioactivity would then 366 

increase again at the end of April, when the snow completely melted. The results 367 

suggest that the snow shielding effect is negligible in the short-term risk assessment 368 

that is the focus of this work, although it is substantial in the seasonal change in 369 

radioactivity. 370 

 371 

5.3 Sensitivity Test 372 

A sensitivity test of the wet deposition parameterisation is performed. The wet 373 

deposition parameterisation with Scott (1982) in the standard experiment [Eq. (1)] 374 

allows many particles to fall to the ground, compared with other size-resolved 375 
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scavenging coefficient formulae (Wang et al. 2010; Zhang et al. 2013). We replace the 376 

parameterisation with an empirical rain (Baklanov and Sørensen 2001) and snow (Kyrö 377 

et al. 2009) scavenging parameterisation. We find a similar spatial distribution of 378 

relative risk with the empirical parameterisation (Figs. 4a, 14a), although a high-risk 379 

region extends eastwards in the sensitivity experiment due to inefficient scavenging. 380 

Even in the heavy precipitation composite, the wet deposition parameterisation is 381 

insensitive to risk distribution in the UPZ. 382 

A further sensitivity test of the emission height is performed. The emission 383 

height is fixed at 20 m above the ground level in the standard experiment, following the 384 

Fukushima Daiichi nuclear disaster (Katata et al. 2015). However, changing the 385 

emission height to 200 m does not alter the relative risk distribution greatly in the UPZ 386 

(Fig. 15). The risk in the PAZ and UPZ is lower in the experiment, presumably because 387 

particles at a greater height would move faster initially, and thus the dry deposition is 388 

less effective above 50 m.  389 

 390 

 391 

6 Discussion 392 

  This study gives some different results from the NRA simulation (NRA 2012 393 

or link to a Japanese document at http://www.nsr.go.jp/data/000024448.pdf), which 394 

only used the surface wind at the NPP to drive a Gaussian plume model. The NRA 395 

simulation may be accurate within a few kilometres of the NPP because the particle 396 

motion close to the ground just after emission is controlled by near-surface wind for a 397 

short time, until the particles fall to the ground or are lifted several hundreds of metres. 398 

However, the wind direction in this simulation is strongly influenced by the mountains 399 

http://www.nsr.go.jp/data/000024448.pdf
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behind the NPP (Figs. 1a, 16a) and is different from the PBL flow (Figs. 2, 9e). 400 

Although the westerly is dominant in the PBL flow, the southerly and south-westerly 401 

are less frequent due to the mountains blocking the winds. The surface flow above the 402 

NPP tends to be aligned with the western coast of the Shakotan Peninsula, and thus the 403 

southeasterly is dominant instead. This observation is consistent with the risk 404 

distribution in summer (Fig. 5c), but the NRA result greatly deemphasised the 405 

advection toward the north. However, when the NRA performed the simulation for 406 

every-hour emission, their approach may maintain a higher temporal resolution than 407 

ours with 24-h continuous emission, even though this was not discussed in the NRA’s 408 

report. According to the surface wind rose in summer at the NPP (Fig. 16b), the 409 

prevailing wind is easterly in the morning and westerly in the evening. This is probably 410 

due to the sea breeze created as cooler air over the land moves to the relatively warmer 411 

sea surface in night to morning and vice versa in the evening. This diurnal cycle is 412 

prominent in summer, but not dominant in cold seasons due to the strong westerly flow 413 

(not shown). We did not deal with this problem directly, but it could be resolved if the 414 

daily emission were replaced with an hourly emission like the NRA’s simulation with 415 

a prudent treatment for the independence of integrations.  416 

 The spatial resolution and sampling number in our ADM experiment are 417 

sufficient to resolve the local features of wind, precipitation, and topography in the 418 

target area. The relative risk assessment in this study could formally extend out of the 419 

target area, but there are two obstacles that could reduce the robustness of results. First, 420 

this study uses 2880 Langrangian particles emitted from the NPP. If the particles were 421 

to travel straight radially and isotropically, 80 particles could pass over a grid cell in 422 

the outermost grid of the target area. However, the number of particles that would pass 423 

over the boundary of a 100-km circle would be less than 20, which is not sufficient to 424 
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maintain statistical stability. In the other words, a locally high-concentration area out 425 

of the UPZ, called a hot spot, could appear, as in the Fukushima Daiichi NPP accident, 426 

but because the trajectory of particles is sparsely distributed far from the emission site, 427 

sufficient particles are needed to evaluate the probability. The PRA commonly suffers 428 

from this problem, which can be solved by intensive computation with enough particles 429 

and integrations. The other problem is related to the complex geography to the east of 430 

Tomari NPP, where a range of mountains is located with Mt. Yoichi (> 1000 m) as the 431 

highest. Many small valleys and ridges may produce precipitation patterns along with 432 

the wind side of the ridges and a complex diffluence and confluence pattern. The 433 

simulation with 5-km resolution cannot resolve such small-scale phenomena. Hence, 434 

an additional high-resolution simulation, such as dynamical downscaling (Inatsu et al. 435 

2015) or regional reanalysis (Mesinger et al. 2006), is necessary for a reliable risk 436 

assessment out of the target region for Tomari NPP, but this is beyond the scope of this 437 

paper.  438 

 439 

 440 

7 Conclusion 441 

We performed a set of ADM integrations, each of which contains 4-day radioactive 442 

material transport, including dry and wet deposition with a hypothetical emission 443 

during the first 24 h of 137Cs, 131I, and 134Cs from Tomari NPP, Hokkaido, Japan, a snow 444 

climate site. The ADM was driven by meteorological data with 5-km horizontal 445 

resolution from January 2010 to December 2016. Extending a unit-mass emission 446 

concept, the results were arranged in light of Japanese nuclear emergency planning, in 447 

which evacuation is triggered based on the effective dose rate, which only considers 448 
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exposure from groundshine measured by monitoring posts dispatched in an emergency. 449 

We demonstrated that the probability of the maximum effective dose rate exceeding a 450 

criterion is a monotonic function of the E/C ratio (Appendix A). The relative risk is 451 

assessed with the median of the E/C ratio. The risk was high in the east of the NPP in 452 

autumn, winter, and spring, due to the westerly flow prevailing in the PBL, whereas it 453 

expanded north-westwards as well in summer (Figs. 4a, 5). The composite and budget 454 

analysis revealed that wet deposition played a primary role in risk distribution (Figs. 7, 455 

8); the risk in winter with frequent heavy snowfall was higher than that in summer with 456 

many sunny days (Table 2). The atmospheric turbulence contributed to lifting particles 457 

just after the emission, but the wet deposition dragged most of the particles to the 458 

ground (Figs. 7, 10, 11). The wet deposition parameterisation was insensitive to the risk 459 

distribution (Fig. 14), while the emission at a higher level reduced the risk (Fig. 15). 460 

The snow shielding effect was negligible on the short-term radioactivity just after the 461 

emission but was substantial on the seasonal change in radioactivity (Fig. 13). 462 

 463 

Supplements.  464 

Supplements provide the results with the E/C ratio at 5% probability. 465 
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 483 

Appendix A. Mathematical consideration of the risk curve. 484 

This Appendix demonstrates that the risk curve shown in Fig. 2 has a steep slope on the 485 

low-probability side and a gentle slope on the high-probability side. First, we assume 486 

that the deposition follows a bivariate Gaussian with its centre drifted by wind and is 487 

an analytic solution of the two-dimensional linear advection diffusion equation. We do 488 

not explicitly include the effect of precipitation, but the following consideration can 489 

partially reflect heavy rainfall, creating a high-concentration area following a bivariate 490 

Gaussian. The statistics in this paper are rewritten as a sampling from many sets of 491 

drifted data following bivariate Gaussianity at a fixed point. This is equivalent to 492 

sampling at a randomly moving point from a fixed Gaussian. Without loss of generality, 493 

the Gaussian can be normalised as  494 

𝐹𝐹(𝑟𝑟) =
1

2𝜋𝜋 exp �−
𝑟𝑟2

2 �, (A1) 



23 

 

where 𝑟𝑟  is the distance from the origin. The sampling point is assumed to follow 495 

another Gaussian of  496 

𝑓𝑓(𝑥𝑥, 𝑦𝑦) =
1

2𝜋𝜋𝜎𝜎2 exp �−
(𝑥𝑥 − 𝑥𝑥0)2 + (𝑦𝑦 − 𝑦𝑦0)2

2𝜎𝜎2
�, (A2) 

where (𝑥𝑥0,𝑦𝑦0) = 𝜌𝜌(cos𝜑𝜑 , sin𝜑𝜑) is the central point of sampling and 𝜎𝜎 is the standard 497 

deviation of this distribution. The probability density function (PDF) for this sampling 498 

is written as 499 

𝑃𝑃(𝐹𝐹) = � �
𝑑𝑑𝑟𝑟
𝑑𝑑𝐹𝐹
�  𝑓𝑓(𝑥𝑥,𝑦𝑦) 𝑟𝑟 𝑑𝑑𝑑𝑑

2𝜋𝜋

0
, (A3) 

where 𝑑𝑑 is the angle of polar coordinate. Noting 𝑑𝑑𝑟𝑟 𝑑𝑑𝐹𝐹⁄ = − 1 𝑟𝑟𝐹𝐹⁄ ,  500 

𝑃𝑃(𝐹𝐹) =
1

2𝜋𝜋𝜎𝜎2𝐹𝐹 exp �−
𝑟𝑟2 + 𝜌𝜌2

2𝜎𝜎2 �� exp �
𝜌𝜌𝑟𝑟
𝜎𝜎2 cos 𝑑𝑑�𝑑𝑑𝑑𝑑

2𝜋𝜋

0

=
𝑒𝑒−

𝜌𝜌2
2𝜎𝜎2

𝜎𝜎2
(2𝜋𝜋𝐹𝐹)

1
𝜎𝜎2−12𝜋𝜋I0 �

𝜌𝜌
𝜎𝜎2 �−2 log 2𝜋𝜋𝐹𝐹�  �0 < 𝐹𝐹 ≤

1
2𝜋𝜋
�, 

(A4) 

where I0 is the modified Bessel function of the first kind and has the Maclaurin series 501 

of 502 

I0(𝑥𝑥) = �
1

(𝑝𝑝!)2 �
𝑥𝑥
2�

2𝑝𝑝
∞

𝑝𝑝=0

. (A5) 

Introducing new variables 𝑌𝑌 = log 2𝜋𝜋𝐹𝐹 and 𝑎𝑎 = 𝜎𝜎−2, the PDF is rewritten as 503 

𝑃𝑃(𝑌𝑌) = 𝑎𝑎𝑒𝑒−
𝑎𝑎𝜌𝜌2
2 𝑒𝑒(𝑎𝑎−1)𝑌𝑌2𝜋𝜋I0�𝑎𝑎𝜌𝜌√−2𝑌𝑌�        (𝑌𝑌 ≤ 0). (A6) 

The cumulative density function (CDF) is then  504 

Φ(𝑋𝑋) = � 𝑃𝑃(𝐹𝐹) 𝑑𝑑𝐹𝐹 =
1
2𝜋𝜋

𝑋𝑋
𝑎𝑎𝑒𝑒−

𝑎𝑎𝜌𝜌2
2 � 𝑒𝑒𝑎𝑎𝑌𝑌 I0�𝑎𝑎𝜌𝜌√−2𝑌𝑌� 𝑑𝑑𝑌𝑌

0

𝑏𝑏
     (0 < 𝑋𝑋 ≤

1
2𝜋𝜋), (A7) 

where 𝑏𝑏 = log(2𝜋𝜋𝑋𝑋) (< 0). Using Eq. (A5), the integral in part, and the Taylor series 505 

of exponential function, the asymptotic solution of the CDF is 506 
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Φ(𝑏𝑏) = 𝑎𝑎𝑒𝑒−𝜉𝜉�
(−𝑎𝑎𝑎𝑎)𝑝𝑝

(𝑝𝑝!)2

∞

𝑝𝑝=0

� 𝑒𝑒𝑎𝑎𝑌𝑌 𝑌𝑌𝑝𝑝 𝑑𝑑𝑌𝑌
0

𝑏𝑏

= 1 − 𝑒𝑒𝑎𝑎𝑏𝑏 + 𝑎𝑎𝑏𝑏 𝑒𝑒𝑎𝑎𝑏𝑏�1 − 𝑒𝑒−𝜉𝜉� −
𝑎𝑎2𝑏𝑏2

2 𝑒𝑒𝑎𝑎𝑏𝑏�1 − 𝑒𝑒−𝜉𝜉(1 + 𝑎𝑎)�

+
𝑎𝑎3𝑏𝑏3

3! 𝑒𝑒𝑎𝑎𝑏𝑏 �1 − 𝑒𝑒−𝜉𝜉 �1 + 𝑎𝑎 +
𝑎𝑎2

2 �
�

−
𝑎𝑎4𝑏𝑏4

4! 𝑒𝑒𝑎𝑎𝑏𝑏 �1 − 𝑒𝑒−𝜉𝜉 �1 + 𝑎𝑎 +
𝑎𝑎2

2 +
𝑎𝑎3

6 �
� + ⋯, 

(A8) 

where 𝑎𝑎 = 𝑎𝑎𝜌𝜌2 2⁄ . By taking the limit of 𝑏𝑏 → −∞, then Φ → 1. Therefore, the PDF 507 

satisfies the condition that the total probability is unity. Finally, using Fisher’s Z-508 

transformation, the Z-value is explicitly written as a function of criterion X as  509 

𝑍𝑍(𝑋𝑋) = √2 Erf−1 (2Φ(𝑋𝑋) − 1). (A9) 

The graph of 𝑍𝑍(𝑋𝑋) is displayed in Fig. A1. Because 𝜌𝜌 is the distance from the sampling 510 

centre to the origin, with a fixed sampling range 𝜎𝜎, it represents the dominance of 511 

diffusion compared with the advection effect. Sampling at a point strongly affected by 512 

advection or near the emission point corresponds to sampling the data near the PDF 513 

peak. Figure A1 indicates that the effect of advection makes the risk curve steeper at 514 

the low-probability side.  515 

516 
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Tables  647 

Table 1. Emission ratio, half-life period, and conversion rate from radioactivity to 648 

effective dose rate based on exposure from groundshine for 137Cs, 131I, and 134Cs. The 649 

conversion rate is based on IAEA (2000) or Yoshida et al. (2016), with the 650 

comprehensive table summarised here.  651 

 652 

 137Cs 131I 134Cs 

Emission ratio 1.0 10.0 1.0 

Half-life period (y) 30 8/365 2.1 

Conversion rate (μSv h−1/Bq m−2) 2.1 × 10−6 1.3 × 10−6 5.4 × 10−6 

 653 

  654 
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Table 2. Number of integrations with the precipitation on the initial day at the Tomari 655 

NPP grid point exceeding 1, 5, and 10 mm in each season, based on MSM analysis data.  656 

   657 

Precipitation/ 

Season 
1 mm 5 mm 10 mm 

Dec-Jan-Feb 495 286 132 

Mar-Apr-May 255 103 47 

Jun-Jul-Aug 208 119 77 

Sep-Oct-Nov 299 171 85 

Total 1257 679 341 

 658 

 659 

  660 
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List of Figure Captions  661 

Fig. 1. (a) Surface height from the sea level in plane-polar grid cells with 5-km 662 

horizontal resolution with the origin at the Tomari Nuclear Power Plant (NPP). The 663 

shading is as per the reference in the bottom right of panel. Y, II, S, N, and R denote 664 

Mts. Yobetsu, Inakura-Ishiyama, Sankaku, Niseko, and Raiden, respectively. The 665 

square and triangle indicate Kutchan and Suttsu town centres, respectively. The dot-666 

dashed line denotes the coastal line. (b) Geographical location of Hokkaido in Eastern 667 

Asia. The square indicates the calculation domain of the set of atmospheric dispersion-668 

deposition model (ADM) integrations. The circle inside the square corresponds to the 669 

outer boundary of the gridmesh in (a).  670 

 671 

 672 

Fig. 2. Probability of exceeding a criterion of maximum effective dose rate at a grid 673 

point in each integration as a function of the ratio of total 137Cs emission amount [PBq 674 

(μSv h−1)−1]. The Z-value is indicated in the right label. Black lines correspond to the 675 

grid points in the Precautionary Action Zone (PAZ), and red, green, blue, and yellow 676 

lines correspond to the grid points in the eastern, northern, western, and southern 677 

quadrants of the Urgent Protective action planning Zone (UPZ), respectively, as shown 678 

in the inset map in the upper left corner.  679 

 680 

Fig. 3. (Contours) Annual precipitation (mm), (shading) annual snowfall estimated with 681 

an assumption of rain-snow discrimination following Matsuo et al. (1981), and 682 

(vectors) annual mean wind vector at 950 hPa, all based on meso-scale model (MSM) 683 

analysis data that we gave in the ADM integrations as the forcing. The contour interval 684 
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is 100 mm with the 1500, 2000, and 2500 mm lines thickened; the shading is as per the 685 

reference in the right; and the reference vector is 5 m s−1 in the bottom right corner.  686 

 687 

Fig. 4. (a) Median of the ratio of total 137Cs emission amount to the maximum effective 688 

dose rate criterion (E/C ratio). The units are PBq (μSv h−1)−1. The shading is as per the 689 

reference in the bottom and grey shading means that no total deposition days exceed 690 

half of the total. (b) Ratio of no total deposition cases (%) with the colour reference in 691 

the bottom. 692 

 693 

Fig. 5. Median E/C ratio in integrations starting from dates in (a) December-January-694 

February (DJF), (b) March-April-May (MAM), (c) June-July-August (JJA), and (d) 695 

September-October-November (SON). 696 

 697 

Fig. 6. Contribution ratio of dry deposition to maximum effective dose rate averaged 698 

over integrations in (a) DJF and (b) JJA (units: %). No deposition days (Fig. 4b) are 699 

excluded from these statistics. 700 

 701 

Fig. 7. Cesium-137 ratio to total emission amount (%) across the lead time of the 702 

integration averaged in (a) in DJF and (b) JJA. The dot-dashed line is the accumulated 703 

137Cs emission amount, the dotted line is the deposition on the target area, the solid line 704 

is the atmospheric burden summed over the area, and the dashed line is the radioactivity 705 

out of the area.  706 

 707 
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Fig. 8. Median E/C ratio in integrations with the precipitation on the initial day at the 708 

NPP exceeding (a) 1, (b) 5, and (c) 10 mm. The number of integrations for the 709 

composite is shown in the bottom right corner.  710 

 711 

Fig. 9. (a–d, f–i) Median E/C ratio in integrations with the wind direction on the initial 712 

day at 950 hPa averaged over the target area being (a) southeast, (b) south, (c) southwest, 713 

(d) east, (f) west, (g) northeast, (h) north, and (i) northwest. The number of integrations 714 

is shown in the bottom right corner. (e) Wind rose at 950 hPa over the target area in 715 

(blue) DJF, (green) MAM, (red) JJA, and (yellow) SON, based on the MSM analysis 716 

data.  717 

 718 
Fig. 10. Vertical profile of (a) vertical diffusion coefficient (m2 s−1), (b) horizontal wind 719 

speed (m s−1), and (c) the period of buoyancy oscillation (min) over the target area (solid 720 

line) in DJF and (dashed line) in JJA. The vertical axis shows the height above the 721 

ground level and the bin is 100 m from 100 m above. 722 

 723 

Fig. 11. Percentage (%) of Lagrangian particles in the air in a time from the emission, 724 

averaged (a) in DJF and (b) in JJA.  725 

 726 

Fig. 12. Median E/C ratio in the integrations with an emission height of 200 m above 727 

ground level. 728 

 729 

Fig. 13. (a) Median E/C ratio in DJF integrations without snow accumulation. (b) 730 

Effective dose rate from groundshine relative to the value at 24 h after the emission at 731 

Kutchan town centre (Fig. 1a) for the hypothetical emission from Tomari NPP on 732 
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December 1, 2010, based on the estimation (black line) with and (grey line) without 733 

snow shielding effect (units: %). The thin line denotes snow depth (cm) simulated by a 734 

simple snow model forced with surface temperature and precipitation at the MSM grid 735 

point value nearest to Kutchan, for which the biases were corrected in advance.  736 

 737 

Fig. 14. (a) Median E/C ratio in the sensitivity integrations with a wet deposition 738 

parameterisation given as Eq. (2). (b) Same as (a), but for integrations starting from the 739 

date when the precipitation at the NPP exceeds 10 mm. 740 

 741 

Fig. 15. Median E/C ratio in the integrations with an emission height of 200 m above 742 

ground level.  743 

 744 

Fig. 16. (a) Same as Fig. 9e, but 10 m wind at the NPP. (b) Wind rose for 10 m wind at 745 

the NPP at (red) 1800, and (blue) 0600 Japanese standard time in JJA.  746 

 747 

Fig. A1. Probability of exceeding a criterion based on random sampling from data that 748 

follow a bivariate Gaussian. 749 

  750 
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積雪域における仮想的な放射性物質放出に対する相対的751 

なリスクの評価 752 

稲津 將・鈴木 隼人・梶野 瑞王 753 

積雪域である北海道泊原子力発電所から放射性物質 137Cs、131I、および 134Cs754 

が仮想的に排出されたとしたときの、大気拡散沈着モデル積分を実施した。755 

各積分は 5 km 水平解像度の気象データで駆動した。各積分の初期条件は 2010756 

年 1月から 2016年 12月までの毎日であり、積分時間は 4日である。対象は発757 

電所から半径 30 km の範囲である。単位質量放出の概念を拡張し、相対的な758 

リスクの指標は地面からの曝露による最大実効線量の閾値を超える確率とし759 

た。この指標が総放出量と閾値の比に対し単調増加する点を考慮し、この中760 

央値でリスクを評価した。相対的なリスクは卓越する西風のため対象領域の761 

東側で高いという結果を得た。また、強い西風シアによる不安定な場にもか762 

かわらず、冬季における高頻度な降雪は対象領域への放射性物質の沈着を促763 

す。対象領域での平均風向による合成図解析の結果、相対的なリスクは風下764 

で高くなるが、山岳によって放射性物質の流入を効果的に防いだ。なお、本765 

結果は湿性沈着のパラメタリゼーションには依存しなかった。また、放出高766 

度を標準実験より高いものに置き換えると、リスクは低減した。積雪による767 

遮蔽は放出直後の短期における放射線量には無視できるが、放射線量の季節768 

変化には本質的だった。 769 

 770 

 771 
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Figure 1 1 

 2 

Fig. 1. (a) Surface height from the sea level in plane-polar grid cells with 5-km 3 

horizontal resolution with the origin at the Tomari Nuclear Power Plant (NPP). The 4 

shading is as per the reference in the bottom right of panel. Y, II, S, N, and R denote 5 

Mts. Yobetsu, Inakura-Ishiyama, Sankaku, Niseko, and Raiden, respectively. The 6 

square and triangle indicate Kutchan and Suttsu town centres, respectively. The dot-7 

dashed line denotes the coastal line. (b) Geographical location of Hokkaido in Eastern 8 

Asia. The square indicates the calculation domain of the set of atmospheric 9 

dispersion-deposition model (ADM) integrations. The circle inside the square 10 

corresponds to the outer boundary of the gridmesh in (a).  11 

 12 
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Figure 2 14 

 15 

Fig. 2. Probability of exceeding a criterion of maximum effective dose rate at a grid 16 

point in each integration as a function of the ratio of total 137Cs emission amount [PBq 17 

(μSv h−1)−1]. The Z-value is indicated in the right label. Black lines correspond to the 18 

grid points in the Precautionary Action Zone (PAZ), and red, green, blue, and yellow 19 

lines correspond to the grid points in the eastern, northern, western, and southern 20 

quadrants of the Urgent Protective action planning Zone (UPZ), respectively, as 21 

shown in the inset map in the upper left corner.  22 

 23 

 24 
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Figure 3 26 

 27 

Fig. 3. (Contours) Annual precipitation (mm), (shading) annual snowfall estimated 28 

with an assumption of rain-snow discrimination following Matsuo et al. (1981), and 29 

(vectors) annual mean wind vector at 950 hPa, all based on meso-scale model (MSM) 30 

analysis data that we gave in the ADM integrations as the forcing. The contour 31 

interval is 100 mm with the 1500, 2000, and 2500 mm lines thickened; the shading is 32 

as per the reference in the right; and the reference vector is 5 m s−1 in the bottom right 33 

corner.   34 



Figure 4 35 

 36 

Fig. 4. (a) Median of the ratio of total 137Cs emission amount to the maximum 37 

effective dose rate criterion (E/C ratio). The units are PBq (μSv h−1)−1. The shading is 38 

as per the reference in the bottom and grey shading means that no total deposition 39 

days exceed half of the total. (b) Ratio of no total deposition cases (%) with the colour 40 

reference in the bottom. 41 

 42 

 43 
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Figure 5 45 

 46 

Fig. 5. Median E/C ratio in integrations starting from dates in (a) December-January-47 

February (DJF), (b) March-April-May (MAM), (c) June-July-August (JJA), and (d) 48 

September-October-November (SON). 49 
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Figure 6 51 

 52 

Fig. 6. Contribution ratio of dry deposition to maximum effective dose rate averaged 53 

over integrations in (a) DJF and (b) JJA (units: %). No deposition days (Fig. 4b) are 54 

excluded from these statistics. 55 
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Figure 7 57 

 58 

Fig. 7. Cesium-137 ratio to total emission amount (%) across the lead time of the 59 

integration averaged in (a) in DJF and (b) JJA. The dot-dashed line is the accumulated 60 

137Cs emission amount, the dotted line is the deposition on the target area, the solid 61 

line is the atmospheric burden summed over the area, and the dashed line is the 62 

radioactivity out of the area.  63 

 64 

 65 
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Figure 8 67 

 68 

Fig. 8. Median E/C ratio in integrations with the precipitation on the initial day at the 69 

NPP exceeding (a) 1, (b) 5, and (c) 10 mm. The number of integrations for the 70 

composite is shown in the bottom right corner.   71 



Figure 9 72 

 73 

Fig. 9. (a–d, f–i) Median E/C ratio in integrations with the wind direction on the 74 

initial day at 950 hPa averaged over the target area being (a) southeast, (b) south, (c) 75 

southwest, (d) east, (f) west, (g) northeast, (h) north, and (i) northwest. The number of 76 

integrations is shown in the bottom right corner. (e) Wind rose at 950 hPa over the 77 

target area in (blue) DJF, (green) MAM, (red) JJA, and (yellow) SON, based on the 78 

MSM analysis data.  79 
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Figure 10 81 

 82 

Fig. 10. Vertical profile of (a) vertical diffusion coefficient (m2 s−1), (b) horizontal 83 

wind speed (m s−1), and (c) the period of buoyancy oscillation (min) over the target 84 

area (solid line) in DJF and (dashed line) in JJA. The vertical axis shows the height 85 

above the ground level and the bin is 100 m from 100 m above.  86 



Figure 11 87 

 88 

Fig. 11. Percentage (%) of Lagrangian particles in the air in a time from the emission, 89 

averaged (a) in DJF and (b) in JJA.   90 



Figure 12 91 

 92 
 93 
Fig. 12. Median E/C ratio in DJF integrations without gaseous-form exclusion effect 94 

of snow particles. 95 
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Figure 13 97 

 98 

Fig. 13. (a) Median E/C ratio in DJF integrations without snow accumulation. (b) 99 

Effective dose rate from groundshine relative to the value at 24 h after the emission at 100 

Kutchan town centre (Fig. 1a) for the hypothetical emission from Tomari NPP on 101 

December 1, 2010, based on the estimation (black line) with and (grey line) without 102 

snow shielding effect (units: %). The thin line denotes snow depth (cm) simulated by 103 

a simple snow model forced with surface temperature and precipitation at the MSM 104 

grid point value nearest to Kutchan, for which the biases were corrected in advance.   105 



Figure 14 106 

 107 

Fig. 14. (a) Median E/C ratio in the sensitivity integrations with a wet deposition 108 

parameterisation given as Eq. (2). (b) Same as (a), but for integrations starting from 109 

the date when the precipitation at the NPP exceeds 10 mm. 110 
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Figure 15 112 

 113 

Fig. 15. Median E/C ratio in the integrations with an emission height of 200 m above 114 

ground level.  115 
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Figure 16 117 

 118 

Fig. 16. (a) Same as Fig. 9e, but 10 m wind at the NPP. (b) Wind rose for 10 m wind 119 

at the NPP at (red) 1800, and (blue) 0600 Japanese standard time in JJA.  120 
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Figure A1 122 

 123 

Fig. A1. Probability of exceeding a criterion based on random sampling from data 124 

that follow a bivariate Gaussian. 125 

 126 
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