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 25 

Abstract (<300 words) 26 

This study examined the performance of Eulerian models in simulating dispersion fields at 27 

two coastal monitoring stations in the vicinity of a pollutant source (3.2 and 17.5 km distant) under 28 

the situation of the Fukushima 2011 nuclear accident using two horizontal resolutions (3 km and 250 29 

m). A 250-m grid simulation was newly performed for the examination and was able to reproduce the 30 

wind and concentration fields in detail over complex terrain. The 3-km grid model could not 31 

reproduce the details of the winds and plumes around the Fukushima Daiichi Nuclear Power Plant 32 

but occasionally yielded a higher performance with a lower undetected error rate than the 250-m grid 33 

model due to the large numerical diffusion of the former. A disadvantage of Eulerian dispersion 34 

models is expected to be the artificial numerical diffusion in the advection process near emission 35 

sources. The artificial numerical diffusion increases the false alarm ratio (number of strikeouts while 36 

swinging) but fortunately decreases the undetected error rate (number of strikeouts while looking). 37 

This characteristic is appropriate for environmental emergency response (EER) systems. Furthermore, 38 

the 250-m grid model result was robustly improved by a plume augmentation (i.e., max pooling) 39 

process, which enlarged the plume widths and masked short time lags and small plume drifts. Plume 40 

augmentation was advantageous to the high-resolution model to improve statistical scores, which is 41 

beneficial for EER systems. 42 

 43 
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1. Introduction 47 

The authors have previously investigated the dependence of dispersion model performance 48 

on the horizontal resolution using Fukushima 2011 nuclear accident data (Sekiyama et al. 2015, 2017; 49 

Sato et al. 2018, 2020; Sekiyama and Kajino 2020). These studies have essentially found that when 50 

using 15-km, 5-km, 3-km, and 1-km grid models, higher-resolution models yield better performance 51 

over complex Japanese terrain. Specifically, while the 3-km and 1-km grid models performed 52 

comparably over plain regions more than 100 km from the Fukushima Daiichi Nuclear Power Plant 53 

(FDNPP), the 1-km grid model was clearly superior to the 3-km grid model over mountainous regions 54 

approximately 50 km from the FDNPP. Unfortunately, the 15- and 5-km grid models exhibited poorer 55 

performance than the 3- and 1-km grid models. 56 

The Cs-137 concentration data used for validation in these studies were retrieved by Tsuruta 57 

et al. (2014) and Oura et al. (2015) and recorded at approximately 100 monitoring stations. However, 58 

most of the stations are located more than 50 km from the FDNPP; among them, the nearest station 59 

is 26 km away. Consequently, these studies did not evaluate the model performance in the area 60 

immediately surrounding the FDNPP. In principle, Eulerian models, which were used in these studies, 61 

are generally not expected to be good at simulating plume dispersion in the vicinity of emission 62 

sources (cf., Rood 1987). However, it is not theoretically trivial to estimate the poor performance of 63 

a Eulerian model, especially when the horizontal resolution is almost comparable to the distance 64 

between a monitoring point and an emission source. Therefore, the model performance should be 65 

evaluated with observations at not only distant but also close ranges. 66 
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In this paper, the close-range performance of Eulerian dispersion simulations is evaluated 67 

using two horizontal resolutions, namely, 3 km and 250 m. The 3-km grid simulation is derived from 68 

Sekiyama and Kajino (2020), while the 250-m grid simulation is newly performed for the evaluation. 69 

Fortunately, Tsuruta et al. (2018) released new Cs-137 concentration data retrieved at two monitoring 70 

stations in the vicinity of the FDNPP (3.2 and 17.5 km distant). This new dataset enables the authors 71 

to evaluate the close-range dispersion model performance. The 250-m grid plume dispersion is 72 

categorized as a sub-kilometer-scale simulation, which are currently being examined by an increasing 73 

number of studies, mainly for complex terrain (e.g., Bao et al. 2018; Wiersema et al. 2020) and urban 74 

pollution (e.g., Lateb et al. 2016; Nakayama et al. 2016; Li et al. 2018; Hamer et al. 2020). The authors 75 

would like to contribute to high-resolution geophysical model studies by focusing on the rural and 76 

coastal locations near the FDNPP. 77 

In addition, in the case of environmental emergency responses (EER; cf., World 78 

Meteorological Organization 2006), both Eulerian and Lagrangian plume dispersion models would 79 

be needed, especially in the areas very close to emission sources. Hence, we should comprehend 80 

beforehand what types of models, what model resolution, and what model configuration are needed 81 

for EER. The authors hope that this paper will provide insight regarding what model resolution and 82 

configuration are suitable for supporting EER. 83 

 84 

2. Methodology 85 

2.1. Models 86 
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The 3-km grid meteorological analysis was provided at an hourly resolution by Sekiyama et 87 

al. (2017) and Sekiyama and Kajino (2020). This simulation was performed by a 4-dimensional data 88 

assimilation system consisting of a nonhydrostatic regional weather prediction model (referred to as 89 

the NHM; cf., Saito et al. 2006; 2007), a local ensemble transform Kalman filter (LETKF; cf., 90 

Miyoshi and Aranami 2006; Kunii 2014), and Japan Meteorological Agency (JMA) operational 91 

observation datasets. The NHM was being operationally used by JMA at the time of the Fukushima 92 

nuclear accident (March 2011) for daily national weather forecasts with four-dimensional variational 93 

assimilation (cf., Honda et al. 2005). The analysis has 60 vertical layers from the surface to an 94 

elevation of 22 km within the model domain over eastern Japan, as shown in Fig. 1a. The boundary 95 

conditions for the model domain were provided by the JMA operational global analysis system. The 96 

details of the model and data assimilation settings are described in Sekiyama et al. (2017) and 97 

Sekiyama and Kajino (2020). This meteorological analysis has been used not only by the studies 98 

above referenced but also by Sato et al. (2018), Sekiyama and Iwasaki (2018), Iwasaki et al. (2019), 99 

Takagi et al. (2020), and Goto et al. (2020) for nuclear accident air pollution modeling. 100 

The 250-m grid meteorological analysis was calculated by the NHM nested by the 1-km 101 

meteorological analysis within the model domain, as shown in Fig. 1b. The 1-km analysis was 102 

provided by Sekiyama and Kajino (2020), who implemented a one-way nested data assimilation 103 

scheme (Kunii 2014) nested by the 3-km meteorological analysis mentioned above. Note that the 3-104 

km, 1-km, and 250-m grid analyses were calculated using the same model and physical configurations 105 

except for the model domains and horizontal resolution-dependent setups. All the resolution models 106 

Fig. 1 
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implemented the improved Mellor-Yamada level 3 closure model (Nakanishi and Niino 2004, 2006) 107 

as a turbulence scheme. A cumulus parameterization was not used for any models in this study. The 108 

250-m grid NHM calculation cost 20 hours for a 24-hour simulation using 96 cores of Fujitsu FX100 109 

with 840 × 980 grids. On the other hand, the 3-km grid NHM calculation cost 4 hours for a 24-hour 110 

simulation using 1 core of Fujitsu FX100 with 215 × 259 grids. 111 

Cs-137 plume dispersion was calculated by an offline Eulerian regional air quality model, 112 

which was driven by either the 3-km or the 250-m grid meteorological analysis. This model was 113 

previously developed and evaluated by Kajino et al. (2012; 2016; 2018; 2019a; 2019b) and Mathieu 114 

et al. (2018). The 3-km and 250-m grid meteorological analyses were input at 1-hour (3-km grid) or 115 

10-min (250-m grid) intervals into the offline air quality model, in which the dynamical time step was 116 

set to 24 s (3-km grid) or 2 s (250-m grid) using the time-interpolated meteorological analysis. The 117 

Cs-137 emission scenario was provided by Katata et al. (2015). In this model, Cs-137 was assumed 118 

to be mixed in sulfate-organic mixture aerosol particles, which were injected into a grid cell above 119 

the FDNPP at heights of 20–150 m following the time-varying emission scenario. The details of the 120 

model settings are described in Sekiyama et al. (2015; 2017) and Sekiyama and Kajino (2020). The 121 

250-m grid offline model calculation cost 12 hours for a 24-hour dispersion simulation using 112 122 

cores of Intel Xeon (Haswell) with the same domain of the 250-m grid NHM. On the other hand, the 123 

3-km grid offline model calculation cost 0.5 hours for a 24-hour dispersion simulation using 8 cores 124 

of Intel Xeon (Haswell) with the same domain of the 3-km grid NHM. 125 

 126 
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2.2. Observations 127 

The observational Cs-137 concentrations were retrieved hourly from filter tapes installed in 128 

prefectural governments’ suspended particulate matter (SPM) monitors, of which the theoretical 129 

detection limit was 0.1 Bq/m3 (Tsuruta et al. 2014; 2018). The two SPM monitoring stations, as 130 

reported by Tsuruta et al. (2018), were located at Futaba and Naraha in the vicinity of the FDNPP 131 

along the east coast of Fukushima Prefecture (Fig. 1c). The Futaba and Naraha monitoring stations 132 

were located 3.2 km northwest and 17.5 km south-southwest of the FDNPP, respectively. The plume 133 

arrivals were defined with a threshold of 1.5 Bq/m3 using hourly averaged concentrations. The 134 

modeled concentrations were spatially linear-interpolated at each monitoring station. Sekiyama et al. 135 

(2017) and Sekiyama and Kajino (2020) used a threshold of 1.0 Bq/m3; the reason why this study 136 

used a threshold of 1.5 Bq/m3 is described below. 137 

The major leakage of radioactive substances caused by the Fukushima nuclear accident 138 

lasted for two or three weeks beginning on March 12, 2011, the day after the great earthquake. Most 139 

of the plumes flowed offshore to the Pacific Ocean with the Siberian winter monsoon. Nakajima et 140 

al. (2017) reported that the time windows of onshore plumes were limited to less than 50 hours in 141 

total. However, the plumes often reached both Futaba and Naraha, as reported by Tsuruta et al. (2018), 142 

because these stations are near the FDNPP along the Pacific Ocean coast. Tsuruta et al. (2018) 143 

reported that high Cs-137 concentrations were found at Futaba intermittently at local time (LT) 144 

between March 12 and March 25, 2011, and at Naraha intermittently (LT) between March 14 and 145 

March 23, 2011. The observed concentrations are shown in Fig. 2 with closed/open circles, where 146 Fig. 2 
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closed (open) circles indicate the existence (nonexistence) of a plume defined by a threshold of 1.5 147 

Bq/m3. 148 

The background concentration seems to be approximately 1 Bq/m3 at Futaba (Fig. 2a), which 149 

is probably due to equipment contamination and filter tape cross-contamination (cf., Tsuruta et al. 150 

2014; 2018). The background concentration at Naraha is also higher than the detection limit (0.1 151 

Bq/m3) with a large deviation, in which the maximum values seem to exceed 1 Bq/m3 (Fig. 2b). This 152 

is also probably due to contamination and cross-contamination. Although turbulent diffusion may 153 

have partly influenced the background concentrations near the FDNPP, it is unnatural that the values 154 

did not fall below 1 Bq/m3 even during time slots in which winds are strongly directed toward the 155 

ocean at the FDNPP. Therefore, the threshold of plume existence/nonexistence was defined as 1.5 156 

Bq/m3 to avoid contamination errors at these two locations. The sensitivity of the statistical scores to 157 

the threshold value was small between 1.5 Bq/m3 and 3 Bq/m3, although the scores evidently 158 

deteriorated with the threshold of 1 Bq/m3. 159 

In this study, the model performance was evaluated by the following statistical scores: the 160 

proportion correct (PC), false alarm ratio (FAR), undetected error rate (UER), bias score (BS), and 161 

threat score (TS) (see Appendix). These statistics are based on the occurrence of a binary event, in 162 

this study, the existence/nonexistence of a Cs-137 plume. Thus, a threshold was needed to determine 163 

the plume arrival period. Plume arrivals can be detected by not only the concentration but also the 164 

radiation dose rate at each station. However, since the equipment for measuring the radiation dose 165 

rate is often seriously contaminated in the environment, especially after rainfall, concentration 166 



 9 

observations are favorable for detecting plumes with high temporal resolution (cf., Tsuruta et al. 2018). 167 

Unlike the observational plume arrivals, the modeled plume arrivals were easily detected without the 168 

influence of the threshold. This is because the plume edge concentration is increased by more than 5 169 

orders of magnitude in the model simulations (cf., Iwasaki et al. 2019). 170 

 171 

3. Results and Discussion 172 

3.1 Model Simulations 173 

Figure 2a depicts the modeled concentrations at Futaba, which is located in the grid 174 

immediately next to the grid of the FDNPP in the 3-km grid model. The 3-km grid model (blue lines) 175 

and the 250-m grid model (red lines) are often synchronized with each other. However, the 176 

concentration spikes in the 3-km grid model tend to be broader than those in the 250-m grid model. 177 

In other words, the plumes tend to stay for a longer time in the 3-km grid model than in the 250-m 178 

grid model once they have arrived. This tendency is expected because low-resolution Eulerian models 179 

experience large numerical diffusion near emission sources. Moreover, at Naraha (5 times farther 180 

from the FDNPP than Futaba), the synchronization between the 3-km and 250-m grid models is less 181 

prominent, as shown in Fig. 2b. The plumes in the 3-km grid model evidently arrive more often at 182 

Futaba than at Naraha. This is mainly caused by the large numerical diffusion of the 3-km grid model. 183 

Note that both models tend to overestimate the concentration at Futaba (nearer to the FDNPP), which 184 

is probably caused by the model’s dynamic errors rather than the emission scenario error, because the 185 

models are less likely to overestimate the concentration at Naraha. 186 
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Within the time windows shown in Fig. 2a and 2b, the statistical scores were calculated for 187 

Futaba and Naraha (Table 1). At Futaba, the PC is higher for the 3-km grid model because the UER 188 

(the number of strikeouts while looking, if using a baseball analogy) is much lower. In this case, since 189 

the FARs (the number of strikeouts while swinging, if using a baseball analogy) are similar between 190 

the 3-km and 250-m grid models, a lower UER results in a higher PC. The lower UER is caused by 191 

the larger numerical diffusion of the 3-km grid model. Since the BS is smaller than 1 for the 250-m 192 

grid model, the horizontal diffusion in the models might be weaker than the reality. This is because 193 

the model probably underestimates the frequency of high concentration events when the BS is much 194 

smaller than 1. 195 

In contrast, at Naraha, the 250-m grid model has a slightly higher PC than the 3-km grid 196 

model. In this case, the 3-km grid model has a much lower UER but a much higher FAR due to large 197 

numerical diffusion, as half of the alarms are false (“the boy who cried wolf” events). Consequently, 198 

the BS value is inflated and the TS value deteriorates in the 3-km grid model. The combination of a 199 

high BS and a low TS leads to people adopting a normalcy bias, which is not appropriate for an EER 200 

model. On the other hand, super high-resolution models generally tend to have a high UER because 201 

of the narrowness of plumes, which is also not appropriate for an EER model. Therefore, plume 202 

augmentation, or image processing for model results, might raise the statistical scores when using 203 

super high-resolution models. Such processing is described and evaluated in the next section. 204 

3.2 Max Pooling Model 205 

To augment the plume widths, a max pooling process was applied to the 250-m grid model 206 

Tab. 1 
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result. At each grid point, an alternative value was sampled by taking the maximum value inside of a 207 

circle with a radius of 1.5 km from the grid point. This process is equivalent to the max pooling layer 208 

of an artificial neural network with a 1-grid stride and a 12-grid pooling size. In the output 209 

distributions, the plumes were broadened to be comparable to the 3-km grid plumes. The timeseries 210 

of the concentrations and statistical scores for the max pooling 250-m grid model are shown in Fig. 211 

2 with green lines and listed in Table 1, respectively. 212 

As shown in Fig. 2a, compared to the original 250-m grid model, the plumes arrive more 213 

frequently at Futaba (nearer to the FDNPP) in the max pooling model, and the concentration spikes 214 

are obviously broader and higher for the max pooling model. Consequently, the BS value is improved, 215 

and the UER value is successfully decreased to the level of the 3-km grid model (see the rows for 216 

Futaba in Table 1). In the case of the original 250-m grid model, the BS value was much smaller than 217 

1 because FO was small while (FO + XO) was large. Therefore, the improvement in the BS indicates 218 

the increase in FO, which results in the improvement in the TS. Although the improvement in the PC 219 

is small because of the deterioration in the FAR, the TS value is notably improved from 0.47 to 0.55. 220 

In contrast, the difference between the original and max pooling 250-m grid models is very small at 221 

Naraha, as shown in Fig. 2b. This is probably because Naraha is farther from the FDNPP than Futaba, 222 

and thus, the pooling size (1.5 km radius) is relatively small in comparison with the plume width or 223 

distance between plumes and Naraha. Consequently, there is little improvement in the PC and FAR 224 

(see the rows for Naraha in Table 1). However, since the UER value is slightly improved, the TS value 225 

increases from 0.49 to 0.51. Note that the TS is higher than 0.5 for the max pooling 250-m grid model 226 
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at both stations, which is relatively good in comparison with the operational scores of heavy rain (> 227 

10 mm/h) weather forecasts (cf., Appendix). 228 

The scores were improved by the max pooling process, especially at Futaba (nearer to the 229 

FDNPP). These improvements are depicted in Fig. 3 for two time slots, [A] and [B], indicated in Fig. 230 

2a. At time [A], the 3-km grid model successfully simulates the observed high concentration, but the 231 

original 250-m grid model fails with a sharp drop in its concentration (see Fig. 2a). In this case, as 232 

shown in Fig. 3a, while the 3-km grid plume spreads over the monitoring station with large numerical 233 

diffusion, the original 250-m grid plume slightly misses covering the monitoring station. Since the 234 

difference between the 3-km and 250-m grid surface wind fields is small around the FDNPP, the 235 

plume coverage depends mainly on the magnitude of numerical diffusion. In contrast, the edge of the 236 

max pooling 250-m grid plume successfully covers the monitoring station. 237 

At time [B], while the 3-km grid model completely fails, the original 250-m grid model 238 

almost successfully simulates the observed high concentration (see Fig. 2a). However, since the 239 

observed concentration fluctuates rapidly, the original 250-m grid model regrettably fails with a very 240 

small time lag. In this case, as shown in Fig. 3b, the 3-km grid plume misses covering the monitoring 241 

station because the surface wind around the FDNPP continuously flows in one direction opposite to 242 

the monitoring station. However, in the 250-m grid model, the surface wind around the FDNPP is not 243 

homogeneous and instead follows the complicated terrain near the FDNPP. Consequently, while the 244 

prevailing wind is in the opposite direction to the monitoring station, the fluctuating edge of the plume 245 

sometimes covers the monitoring station. Even if the timing of plume intrusion at Futaba is slightly 246 

Fig. 3 
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lagged in the original 250-m grid model, the augmented plume constantly covers Futaba in the max 247 

pooling 250-m grid model, which provides a lower UER (but a higher FAR) and a better TS. 248 

This study examined concentration data from two monitoring stations situated along the 249 

Pacific coast (not in a mountainous region) in the vicinity of the FDNPP (only 3.2 and 17.5 km distant). 250 

The topographical difference was one of the reasons why a higher-resolution model did not perform 251 

overwhelmingly better than a lower-resolution model in this study. Previous studies (Sekiyama et al. 252 

2015; Sekiyama and Kajino 2020) mainly focused on inland complex terrain. Although the 3-km grid 253 

model could not reproduce the details of the wind direction and plume dispersion near the FDNPP 254 

(e.g., at time [B]), the low-resolution model was superior to the original 250-m grid model at Futaba 255 

owing to the large numerical diffusion therein. This empirical knowledge is not trivial for constructing 256 

EER systems. In addition, a max pooling (or plume augmentation) process is probably beneficial to 257 

high-resolution EER systems. However, the optimal pooling size (or plume augmentation width) 258 

depends on the situation. In this study, 4-grid (500-m radius) and 40-grid (5-km radius) pooling sizes 259 

were also tested (not shown), but the 12-grid (1.5-km radius) pooling size employed above was 260 

superior to the other options. 261 

 262 

4. Conclusion 263 

Generally, large numerical diffusion near an emission source is a disadvantage of Eulerian 264 

dispersion models, as increasing numerical diffusion increases the FAR (the number of strikeouts 265 

while swinging). Fortunately, however, this drawback will decrease the UER (the number of 266 
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strikeouts while looking). This characteristic is suitable for EER systems. We demonstrated that the 267 

performance of the 3-km grid model at Futaba (very close to the FDNPP) is better than that of the 268 

original 250-m grid model. On the one hand, it is scientifically important to seek the causes of plume 269 

errors case by case. On the other hand, it is technically troublesome that such a tiny plume location 270 

error can cause the pollutant concentration to not exceed a warning threshold. Therefore, it would be 271 

ideal for EER systems to use high-resolution models with augmented plumes, i.e., the max pooling 272 

process. Note that high-resolution models are able to simulate the wind and dispersion fields affected 273 

by complex terrain in detail, as shown in Fig. 3b. In addition, plume augmentation effectively masks 274 

short time lags and small plume drifts in sub-kilometer-scale high-resolution models. Unfortunately, 275 

however, the computational burden is theoretically 12 × 12 × 12 = 1728 times different between 3-276 

km and 250-m grid models when compared in the same area according to the Courant–Friedrichs–277 

Lewy (CFL) condition. Therefore, enhancing the model resolution to the sub-kilometer-scale is not 278 

cost effective considering the available computational resources as of 2021. The operationalization 279 

of sub-kilometer-scale dispersion models will be a future issue in the construction of EER systems. 280 

 281 
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Appendix 294 

This appendix highlights the statistical indices referenced in this study. First, we define the 295 

following: 296 

FO is the number of positive simulations and positive observations (correct hits), 297 

XO is the number of negative simulations but positive observations (misses), 298 

FX is the number of positive simulations but negative observations (false alarms), and 299 

XX is the number of negative simulations and negative observations (correct rejections), 300 

where positive simulations/observations indicate high Cs-137 concentrations (equal to or more	than 301 

1.5 Bq/m3) in this study. 302 

The proportion correct (PC) is the ratio of the number of correct events (hits and rejections) 303 

to the number of total events, defined by 304 

𝑃𝐶 ≡
𝐹𝑂 + 𝑋𝑋

𝐹𝑂 + 𝑋𝑂 + 𝐹𝑋 + 𝑋𝑋	,											
(0 ≤ 𝑃𝐶 ≤ 1). 305 

A higher PC indicates higher model performance, especially when the number of positive 306 
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observations is comparable to the number of negative observations. 307 

The false alarm ratio (FAR) is the ratio of the number of false alarm events to the number of 308 

positive simulations, defined by 309 

𝐹𝐴𝑅 ≡
𝐹𝑋

𝐹𝑂 + 𝐹𝑋	,											
(0 ≤ 𝐹𝐴𝑅 ≤ 1). 310 

Cases with a high FAR are likened to “the boy who cried wolf” (or the number of strikeouts while 311 

swinging). Therefore, a lower FAR is better to prevent people from adopting a normalcy bias. 312 

The undetected error rate (UER) is the ratio of the number of missed events to the number 313 

of positive observations, defined by 314 

𝑈𝐸𝑅 ≡
𝑋𝑂

𝐹𝑂 + 𝑋𝑂	,											
(0 ≤ 𝑈𝐸𝑅 ≤ 1). 315 

High-UER forecast models are apt to miss disasters (strikeout while looking), which is not desirable 316 

for an emergency management system. 317 

The bias score (BS) is the ratio of the number of positive simulations to the number of 318 

positive observations, defined by 319 

𝐵𝑆 ≡
𝐹𝑂 + 𝐹𝑋
𝐹𝑂 + 𝑋𝑂	,											

(0 ≤ 𝐵𝑆). 320 

If the frequency of positive simulations is equal to that of positive observations, the BS is unity, which 321 

is the best score. The models with a high FAR (the models that “cry wolf”) are more apt to yield a 322 

much higher BS than 1. 323 

The threat score (TS) is the ratio of the number of correct hit events to the number of events 324 

other than correct rejections, defined by 325 

𝑇𝑆 ≡
𝐹𝑂

𝐹𝑂 + 𝐹𝑋 + 𝑋𝑂	,											
(0 ≤ 𝑇𝑆 ≤ 1). 326 
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The TS is often referred to as the critical success index (CSI). When the number of negative 327 

observations is increased, such as no rain or no tornado, XX (the number of correct rejections) tends 328 

to be large. In that case, the PC approaches unity and is less affected by the informative values, namely, 329 

FO, FX, and XO. In contrast, the TS excludes correct rejection events and thus is applicable to 330 

validation with a large number of negative observations. While the best value of the TS is 1, the TS 331 

rarely approaches the best value. For example, operational TS values vary between 0.1 and 0.5 for 332 

heavy rain (> 10 mm/h) forecasts in Japan with 0- or 3-hour lead times (Japan Meteorological Agency 333 

2019). 334 

 335 
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Fig. 1. Model domains of (a) the 3-km grid model and (b) the 250-m grid model. (c) Detailed locations 472 

of the Fukushima Daiichi Nuclear Power Plant (FDNPP), Futaba monitoring station, and Naraha 473 

monitoring station with 50-m interval elevation contours. 474 

 475 

Fig. 2. Time series of the hourly averaged Cs-137 concentrations in March 2011 local time at the (a) 476 

Futaba monitoring station and (b) Naraha monitoring station. [A] and [B] indicate the snapshot times 477 

for Figs. 3a and 3b, respectively. Closed and open circles are observations defined as plumes (equal 478 

to or more than 1.5 Bq/m3) and non-plumes (less than 1.5 Bq/m3), respectively. 479 

 480 

Fig. 3. Hourly averaged surface Cs-137 concentrations (green shading) and lowermost layer winds 481 

(red arrows) near Futaba and the FDNPP calculated by the models at (a) 0800 – 0900 local time on 482 

March 14, 2011, and (b) 2100 – 2200 local time on March 16, 2011. The 250-m grid winds are plotted 483 

every 6 grids (1.5 km). Gray shading indicates the elevation used in the 250-m grid models. The open 484 

triangle indicates the FDNPP. The open circle indicates the Futaba monitoring station. 485 
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Fig. 2. Time series of the hourly averaged Cs-137 concentrations in March 2011 local time at the (a) 493 

Futaba monitoring station and (b) Naraha monitoring station. [A] and [B] indicate the snapshot times 494 
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to or more than 1.5 Bq/m3) and non-plumes (less than 1.5 Bq/m3), respectively. 496 
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Fig. 3. Hourly averaged surface Cs-137 concentrations (green shading) and lowermost layer winds 499 

(red arrows) near Futaba and the FDNPP calculated by the models at (a) 0800 – 0900 local time on 500 

March 14, 2011, and (b) 2100 – 2200 local time on March 16, 2011. The 250-m grid winds are plotted 501 

every 6 grids (1.5 km). Gray shading indicates the elevation used in the 250-m grid models. The open 502 

triangle indicates the FDNPP. The open circle indicates the Futaba monitoring station. 503 
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Table 1. Statistics (cf., Appendix) of each model at the Futaba monitoring station and the Naraha 509 

monitoring station. 510 

  FO XO FX XX Proportion 
Correct 

False Alarm 
Ratio 

Undetected 
Error Rate Bias Score Threat Score 

F utaba 

3 km-grid model 140 48 41 122 0.75 0.23 0.26 0.96 0.61 

250 m-grid model 104 84 35 128 0.66 0.25 0.45 0.74 0.47 

Max pooling  
250 m-grid model 139 49 67 96 0.67 0.33 0.26 1.10 0.55 

N
araha  

3 km-grid model 49 11 49 194 0.80 0.50 0.18 1.63 0.45 

250 m-grid model 41 19 23 220 0.86 0.36 0.32 1.07 0.49 

Max pooling  
250 m-grid model 44 16 27 216 0.86 0.38 0.27 1.18 0.51 
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