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Abstract 30 

 31 

The process of aerosol rainout in wet deposition induces large uncertainties among 32 

atmospheric aerosol simulations, especially for particles in the fine mode. In this study, 33 

we performed an intercomparison study of four different rainout schemes on the model 34 

(the nonhydrostatic icosahedral atmospheric model or NICAM) to simulate particulate Cs-35 

137 in the emission scenario of the March 2011 accident at the Fukushima Dai-ichi 36 

Nuclear Power Plant. The schemes include global climate models (GCMs) approach with 37 

a simple tuning parameter to determine the scavenging coefficient, and another optimized 38 

for cloud resolving models (CRMs) to account for prognostic precipitation and realistic 39 

vertical transport. The third approach was the conventional method under the assumption 40 

of a pseudo-first-order approximation based on the surface precipitation flux. The fourth 41 

approach was involved in offline chemical transport models (CTMs) with a simplified 42 

parametric analysis approach to clouds and precipitation flux. In most experiments, 43 

statistical metrics of the Cs-137 concentrations using in-situ measurements were 44 

calculated to be within ±30% (bias), 0.6-0.9 (correlation), 67-112 Bq m-3 (uncertainty), and 45 

<40% (precision within a factor of 10). The CRM-type method yielded the best results but 46 

required a lower limit of tuning parameters to compensate for the results. Both the GCM-47 

type and the conventional methods were also useful by setting proper tuning parameters. 48 

The CTM-type yielded better correlation and lower uncertainty but larger negative bias. 49 
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These analyses suggest overestimation of the conversion rate from cloud droplets into 50 

raindrops by the NICAM. However, this cannot be resolved by simply interchanging cloud 51 

microphysics schemes. It was found that the sensitivity of the rainout scheme has a 52 

stronger influence on the Cs-137 concentration than the different treatments of cloud 53 

microphysics. Therefore, to replicate the observed Cs-137 distribution, it is essential to 54 

have a better meteorological field as well as a proper rainout scheme. 55 

 56 

Keywords aerosol wet deposition; aerosol rainout; radioactive Cesium-137; model 57 

intercomparison; sensitivity of cloud microphysics to aerosols 58 

59 
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1. Introduction 60 

Atmospheric aerosols are emitted or transformed from precursor gases in various sources, 61 

spatially and vertically transported, and eventually removed from the atmosphere through 62 

deposition processes. Deposition processes can be divided into dry and wet removal, the 63 

latter being further classified into washout and rainout. Washout is a scavenging process of 64 

aerosols from the atmosphere through collection by droplets of hydrometeors below clouds 65 

(often called below-cloud scavenging), whereas rainout is another scavenging process of 66 

aerosols through activation as cloud condensation nuclei and thus precipitation with 67 

activated aerosols (often called in-cloud scavenging). All processes contribute to the 68 

spatiotemporal distribution of aerosols but still contain large uncertainties in terms of their 69 

modeling approach. To reduce these uncertainties, great efforts have been conducted and 70 

recently performed via model intercomparison projects (MIPs) involving atmospheric 71 

transport models (e.g., Schulz et al., 2006; Shindell et al., 2008; Han et al., 2008; Myhre et 72 

al., 2013). The advantage of MIPs is the realization of model diversity in state-of-the-art 73 

models and the elimination of possible uncertainties under common boundary conditions. 74 

Among the more recent studies (Chen et al., 2019), the Model Intercomparison Study 75 

(MICS)-Asia project was conducted with 14 models including the same aerosol-chemistry 76 

model (the Community Multiscale Air Quality (CMAQ) with different schemes in each 77 

process, depending on the modeler) over East Asia, but unacceptable differences remained 78 

in the simulated aerosols among the participating models even considering the same 79 
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emission inventories and lateral boundary conditions. Furthermore, other MIPs are 80 

performed, including 12 models (Sato et al., 2018) and 9 models (Sato et al., 2020), with a 81 

common emission inventory and meteorological fields to simulate the radioactive Cs-137 82 

emissions of the Fukushima Dai-ichi Nuclear Power Plant (FDNPP) in March 2011. They 83 

assumed that the Cs-137 particles were the primary particles emitted by the point source of 84 

the FDNPP. Therefore, the studies of Sato et al. (2018) and Sato et al. (2020) limit the 85 

degrees of freedom between the models to reduce the differences in the experimental 86 

design and the assumption. In addition, they inspired us to further investigate each process 87 

in the model via thorough examination of the major processes determining the Cs-137 88 

concentration, depending on the period and area. On 15 March 2011, for example, a wet 89 

deposition process critically determined the Cs-137 distribution in East Japan, including the 90 

Tokyo Metropolitan Area (TMA) (e.g., Tsuruta et al., 2014; Sato et al., 2018). 91 

The observation by Kaneyasu et al. (2012) shows that most Cs-137 particles can be treated 92 

as sulfate particles, which are hygroscopic and exist in the submicron size range. For such 93 

particles, the rainout process is more important than the washout process because the 94 

efficiency of the collection between droplets of hydrometeors and the aerosols is very low 95 

(e.g., Henzing et al., 2006). Models of the aerosol rainout process have been designed and 96 

developed in various ways (e.g., Balkanski et al., 1993; Liu et al., 2001; Binkowski and 97 

Rossell, 2003), but most of them were based on the pioneering study of Giorgi and 98 

Chameides (1986), who introduced a first-order parameterization to express the rainout 99 
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process without calculating the hydrometeor cycle, especially the interaction among 100 

aerosols, clouds and precipitation. They assumed that the process was essentially based 101 

on a complicated cycle of atmospheric water vapor and could not be fully reproduced by a 102 

model. 103 

!"!
!#
= −Λ𝐶$,      (1) 104 

where Λ and Ci are the scavenging coefficient and the atmospheric concentration of species 105 

i, respectively. After Giorgi and Chameides (1986), most modelers adopted this 106 

parameterization scheme and developed various expressions of Λ as a function of the 107 

amount of cloud water, precipitation, and other factors (e.g., Balkanski et al., 1993; Liu et al., 108 

2001; Binkowski and Rossell, 2003). Leadbetter et al. (2015) investigated the sensitivity of 109 

Λ to Cs-137 deposition. Quérel et al. (2015) and Kajino et al. (2018) conducted many 110 

sensitivity experiments for wet deposition modules including a modification of Λ and a 111 

change in the rainout module. However, they found that wet deposition fluxes simulated by 112 

the various models greatly differ. Therefore, in this study, we focused on the sensitivity of 113 

the aerosol spatiotemporal distribution to the Λ formulation by using common modules and 114 

input data. The numerical simulation of Cs-137 particles was conducted on the scenario of 115 

March 11 accidental release at the FDNPP because its deposition and meteorological 116 

conditions at the time of release were well documented for model validation. We applied a 117 

sensitivity study of four different rainout processes, including three different Λ formulations 118 

and another with added time dependency to accommodate a small time-scale of cloud 119 
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resolving model of the nonhydrostatic icosahedral atmospheric transport model (NICAM; 120 

Satoh et al., 2014). Model intercomparison studies specific to particle rainout have rarely 121 

been performed in the past. 122 

Section 2 describes the NICAM and the aerosol rainout processes considered in this study. 123 

Section 3 presents and examines the results of the simulated Cs-137 concentration over 124 

East Japan in March 2011. In section 4, we conclude this study and remark on the 125 

improvements in the aerosol rainout process attained in the models. 126 

 127 

2. Methodology 128 

2.1 Model 129 

The global atmospheric model NICAM (Satoh et al., 2014), which simulates atmospheric 130 

aerosols at global and regional scales with uniform grids (the global model, as reported by 131 

Suzuki et al. (2008) and Goto et al. (2020b)), has regional derivations of the stretched-grid 132 

model (the semiregional model, as reported by Goto et al. (2015), Goto et al. (2016) and 133 

Goto et al. (2019)) and diamond-shaped grids of the limited-area model (as reported by 134 

Uchida et al. (2017) and Nakajima et al. (2017)). To focus on the atmospheric Cs-137 135 

particles emitted by the FDNPP in March 2011, a diamond-grid NICAM (hereafter referred 136 

to as D-NICAM) of the limited area model is adopted. A model description of D-NICAM for 137 

Cs-137 simulations has been provided in previous studies (the N-model in Nakajima et al. 138 

(2017), the NICAM in Sato et al. (2018) and the N1 model in Goto et al. (2020a)). The model 139 
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domain with a form of diamond is described in Fig. 1. The experimental designs considered 140 

in this study are identical to the previous studies of Sato et al. (2018) and Goto et al. (2020a), 141 

i.e., all experiments rely on the same emission inventory (Katata et al., 2015) and nudged 142 

meteorological fields, which are assimilated via the local ensemble transform Kalman filter 143 

on the nonhydrostatic model of the Japanese Meteorological Agency (JMA) (Sekiyama et 144 

al., 2015). Although other nudging data with a finer horizontal resolution of 1 km (Sekiyama 145 

and Kajino, 2020) are also available and were used in Sato et al. (2020), nudging data with 146 

a horizontal resolution of 3 km by Sekiyama et al. (2015) were used in this study. The main 147 

reason is that the model performance of NICAM with a 1 km resolution was generally worse 148 

than that with a 3 km resolution in the TMA area (Sato et al., 2020). Another reason is that 149 

the simulations with a 1 km resolution require more computer resources than those with a 3 150 

km resolution. A running 21 days (March 11-31, 2011) of integration periods in a 3 km 151 

resolution requires 10 (actual) days by the supercomputer with 1024 processors utilized. 152 

Out of the coverage domain of Sekiyama et al. (2015) as shown in Fig. 1, mesoscale 153 

objective analysis data (MANAL) from the JMA are used. In the vertical grids, the National 154 

Center for Environmental Prediction Final Analysis (NCEP-FNL) reanalysis data are used at 155 

where the two other nudging datasets do not cover. The model resolution is set to 3 km in 156 

the horizontal grid and 40 vertical layers (the bottom and top layers are 32 m and 23 km). 157 

The model timestep (δt) is set to 10 seconds. 158 

The cloud microphysics scheme adopts NICAM single-moment bulk with 6 water categories, 159 
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named NSW6 (Tomita, 2008), with the autoconversion process from cloud water into 160 

precipitation of Berry (1968), which is denoted as BE68 hereafter. In sensitivity tests, we 161 

also adopt a scheme of NICAM double-moment bulk with 6 water categories, namely, NDW6 162 

(Seiki and Nakajima, 2014), to examine the impacts of the different cloud microphysical 163 

processes on the Cs-137 simulations. The NDW6 scheme predicts both the mass mixing 164 

ratio of water vapor and 5 hydrometeors (cloud water, rain, cloud ice, snow and graupel) 165 

and the number concentrations of the 5 hydrometeors, whereas the NSW6 scheme 166 

preserves only the mass mixing ratio. Therefore, NSW6 assumes constant values of the 167 

number concentrations of the 5 hydrometeors. NDW6 assumes the generalized gamma 168 

distribution as the particle size distribution, whereas NSW6 assumes the Marshall-Palmer 169 

distribution. NDW6 diagnoses the mode radius by using both the mass mixing ratio and 170 

number concentrations, whereas NSW6 assumes the effective radius to be 8 µm (the liquid 171 

hydrometeors) and 20 µm (the ice hydrometeors). The aerosol-cloud interaction is not 172 

considered in this study. Another difference between NDW6 and NSW6 is the computational 173 

cost. NDW6 requires more than twice times as much as NSW6. Generally, NSW6 has more 174 

rainfall, whereas NDW6 has less rainfall, but the details are discussed in Seiki et al. (2015) 175 

and Sato et al. (2015). In regard to the extra sensitivity tests, a different autoconversion 176 

process developed by Khairoutdinov and Kogan (2000), which is referred to as KK00 177 

hereafter, is adopted. The rate of change in rainwater (Cr) through autoconversion is 178 

generally parameterized by the cloud water (Cw) and cloud droplet number concentrations 179 
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(Nc) as follows: 180 

%""
%#
= 𝛾𝐶&'𝑁(

)      (2) 181 

Where α, β and γ are constants. These parameters, especially the β value, depending on 182 

the parameterization, provide a difference in the autoconversion rate, clouds and 183 

precipitation (e.g., Michibata and Takemura, 2015). The β value are set to -1.0 (BE68) and 184 

-1.79 (KK00). BE68 is a traditional method and is used in global climate models (e.g., 185 

Watanabe et al., 2010), whereas KK00 is an advanced method that adopts the strong 186 

nonlinearity in Eq. (2) and used in some global climate models (e.g., Stier et al., 2005). 187 

These sensitivity tests were conducted to examine the variability in the simulated Cs-137 188 

distribution among the different cloud microphysics treatments. 189 

The aerosol model considered in this study is based on the Spectral Radiation-Transport 190 

Model for Aerosol Species (SPRINTARS) (Takemura et al., 2000; 2005). The model 191 

computes fundamental processes of tropospheric aerosols: emission, transport, vertical 192 

diffusion, re-evaporation from precipitation, wet deposition including rainout and washout, 193 

and dry deposition including gravitational settling, and four different rainout types were 194 

tested. The module description is well written in Appendix of Takemura et al. (2000), but 195 

several relevant processes in this study are described here. In this study, the Cs-137 particle 196 

size distribution is assumed to be a one-modal number size distribution with a radius center 197 

of 0.236 µm, similar to sulfate (Nakajima et al., 2017), according to observations (Kaneyasu 198 

et al., 2012). The dry deposition flux of the Cs-137 particle is proportional to the Cs-137 199 
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concentration with the deposition velocity. The deposition velocity depends on aerodynamic 200 

resistance, quasi-laminar layer resistance, surface or canopy resistance and gravitational 201 

settling, but for fine particle such as Cs-137 particles in this study, the quasi-laminar layer 202 

resistance has the largest impact on the dry deposition flux (Seinfeld and Pandis, 2006). In 203 

this study the velocity of the quasi-laminar layer resistance is set to 0.2 cm s-1, whose value 204 

is adopted in sulfate particles in the original SPRINTARS (Takemura et al., 2000). As shown 205 

in many previous studies (e.g., Textor et al., 2006), the contribution of the dry deposition to 206 

fine particles is generally much smaller than that of wet deposition, which is also found in 207 

section 3.4 in this study. 208 

Wet deposition can be divided into rainout and washout processes as explained in section 209 

1. The washout process occurs below the clouds by a collision between the aerosol and 210 

raindrop particles in the air. When the relationship is expressed in the form of Eq. (1), the 211 

coefficient is proportional to Λ’, which is defined in Eq. (A5) of Takemura et al. (2000) and 212 

as follows: 213 

Λ′ = 𝐸𝜋(𝑟* + 𝑟+,*)-(𝑣* − 𝑣+,*)𝑁*𝑁+,*     (3) 214 

The raer and vaer are the size of aerosols and the sedimentation velocity of aerosols. For 215 

simplicity, the size (rr) and terminal velocity (vr) of the raindrops are set to representative 216 

values of 500 µm and 0.5 m s-1, similar to the original SPRINTARS (Takemura et al., 2000). 217 

As a result, the collection efficiency (E), theoretically depending on the sizes of the aerosol 218 

and rain drop, can be set to 2.05×10-4, which corresponds to a typical collection efficiency 219 
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between fine particles and raindrops (Seinfeld and Pandis, 2006). Because the collection 220 

efficiency is very low, the contribution of the washout process to the total wet deposition is 221 

low, as shown in section 3.4. Nr and Naer are the total number concentrations of the aerosol 222 

and raindrop particles, which are diagnosed online in the model. vaer is calculated by Stoke’s 223 

law: 224 

𝑣+,* =
-
.
/#$"*#$"% 0

1
       (4) 225 

where g is the gravity constant and ρaer is the density of the Cs-137 particle, which is set to 226 

1.769 g cm-3 in sulfate (Weast, 1976). The air viscosity (µ) is assumed to be 1.78×10-5 kg m-227 

1 s-1. This terminal velocity is also used in the gravitational settling of the Cs-137 particle. 228 

The aerosol module also considers a reemission process of aerosols by evaporating 229 

raindrops, similar to the original SPRINTARS (Eq. (A10) of Takemura et al., 2000). When 230 

the precipitation flux is smaller than that next to the upper layer, the raindrops are evaporated, 231 

and the aerosols into the raindrops are released to the air. The amount of aerosols reemitted 232 

from raindrops is proportional to the ratio of the difference in the precipitation fluxes between 233 

the target layer and the next upper layer to the amount of precipitation at the target layer. As 234 

a result, the reemission process can modify the vertical profile of aerosols. Because aerosols 235 

in raindrops are formed from both washout and rainout processes, both processes cannot 236 

be discriminated in this model. Therefore, to estimate the contribution of the rainout and 237 

washout processes to the budget, a decomposition of the wet deposition fluxes into the 238 

rainout and washout processes is diagnosed online at each time step under the assumption 239 
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of ignoring each other’s processes. 240 

For the fine particles emitted from the sources as primary particles (i.e., Cs-137 particles in 241 

this study), the rainout process must be more important than the washout and dry deposition 242 

(e.g., Henzing et al., 2006; Textor et al., 2006). In the original SPRINTARS, the rainout 243 

process is described in Eq. (1) with the following Λ expression: 244 

Λ = 1 − 2
23"&

𝑓$4(𝐶5,      (5) 245 

where P is the vertical flux of hydrometeors, including rainwater, snow, ice, graupel and 246 

clouds, Cw is cloud water, finc is the fraction of the aerosol mass in cloud water to the total 247 

aerosol mass in the grid, and Cf is the cloud fraction (Eq. (A8) of Takemura et al., 2000). The 248 

finc variable, a tuning parameter, ranges from 0 to 1 and has often been applied in GCMs 249 

(e.g., Schulz et al., 2006). Although the finc against cloud water can be distinguished from 250 

that against ice water, this study does not assume the difference because of the simplicity. 251 

However, this may cause some bias of the simulated Cs-137 concentrations in this study, 252 

because mixed-phase clouds exist at midlatitudes in March. The aerosol rainout process 253 

based on Eq. (5) is called the GCM-type wet deposition process in this study, as shown in 254 

Table 1. 255 

Since the original SPRINTARS was originally implemented in a GCM with a coarse spatial 256 

resolution, not intended for a cloud resolving model (CRM), the scheme is optimized for 257 

CRM (Goto et al., 2019; 2020b). In the CRM, P is explicitly calculated as a prognostic 258 

variable (Tomita, 2008), while it is diagnostically determined through the air temperature and 259 
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total water amount in the GCM (Watanabe et al., 2010). Also, Cf is either 0 or 1, depending 260 

on the existence of cloud water at the grid in the CRM while it is parameterized according to 261 

the air temperature and total water amount (Watanabe et al., 2010) in the GCM. Additionally, 262 

the time scale of the CRM is much smaller (δt in seconds) than that of the GCM. To 263 

accommodate these differences, only the aerosols suspended in drops of hydrometeors, 264 

including rainwater, ice, snow, graupel and clouds, closest to the surface are removed by 265 

rainout in the updated scheme (wet deposition by fog is also considered in this model), 266 

whereas the aerosols at the other heights fall one vertical layer at each timestep. This 267 

aerosol rainout process is called the CRM-type wet deposition process in this study, as 268 

shown in Table 1. 269 

Another method to describe the aerosol rainout process is the conventional method, which 270 

has been widely applied in previous studies, such as Terada and Chino (2005). The 271 

scavenging ratio, Λ, is defined as follows: 272 

Λ = 𝐴 × 𝑃65(7,       (6) 273 

where coefficients A and B are parameters and are described in Table 1. Psfc, the surface 274 

precipitation flux, is calculated online in NICAM. Standard experiments considering 275 

conventional deposition have often adopted A = 5×10-5 and B = 0.8 (Terada and Chino, 276 

2005). In this parameterization, finc in Eq. (5) is set to 1 under the assumption that 277 

precipitating aerosols fall to the surface within one timestep, similar to the GCM-type method. 278 

The last method is the CTM-type method, which has typically been implemented in regional-279 
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scale models and offline chemistry transport models (CTMs), such as in the CMAQ (Byun 280 

and Schere, 2006; Morino et al., 2013) and NHM-Chem (Kajino et al., 2019). The scavenging 281 

ratio, Λ, is defined as follows: 282 

Λ = 89,:;(9='() ="#!*⁄ )
='()

,      (7) 283 

where τcld is the cloud timescale and assumed to be identical to the model timestep (Morino 284 

et al., 2013), and τrain is the time required for the clouds to precipitate on the ground 285 

calculated as follows: 286 

𝜏*+$4 =
"+!@
/'()2,

,       (8) 287 

where dz is the cloud thickness, which is defined as the model layer depth containing clouds, 288 

ρcld is the density of cloud water, and P’ is calculated via the surface precipitation flux (Psfc) 289 

and mass mixing ratio of hydrometeors, which has often been considered in CTMs to reduce 290 

the variables determining the boundary conditions. Even if the P’ is replaced into P used in 291 

Eq. (5), the simulated Cs-137 concentrations were not so changed in our experiences: The 292 

difference in the spatial distribution of the simulated Cs-137 concentrations is much smaller 293 

than those among the different schemes. The difference in the total amount of wet deposition 294 

in the domain is less than 1%. 295 

The experimental design applied in the aerosol rainout process is summarized in Table 1. 296 

The range of finc is set at 0.01 (very low) to 0.99 (high). Although finc theoretically corresponds 297 

to the activation ratio of aerosols into cloud droplets, it can actually be expressed as a tuning 298 

parameter because the model cannot fully describe the complicated interaction between 299 
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aerosols and clouds. Therefore, finc compensates for some assumptions and simplifications 300 

of the model to obtain realistic results. In CONV1, CONV2, CONV3 and CTM, finc set at 1, 301 

according to their concept. The range of B in Eq. (6) is set at 0.08, 0.8 and 8, which are also 302 

used in Morino et al. (2013) to investigate the sensitivity. The values of B of 0.08 or 8 may 303 

be unrealistic, but these values are used to check the sensitivity and compare it with the 304 

differences in the rainout schemes. The fluxes of the hydrometeors are calculated online in 305 

NICAM and common among all experiments because the aerosol-cloud-precipitation 306 

interaction to modify the mixing ratio of the hydrometeors is not considered.  307 

 308 

2.2 Observations 309 

The simulated Cs-137 concentrations are compared to both near surface Cs-137 310 

concentrations (Tsuruta et al., 2014; Oura et al., 2015; Tsuruta et al., 2018) and surface Cs-311 

137 deposits (NRA, 2012). The atmospheric Cs-137 concentration is measured from hourly 312 

products obtained at approximately 100 sites across eastern Japan, whereas the deposition 313 

map is the accumulated value obtained from aircraft measurements in April 2011 (NRA, 314 

2012). The surface precipitation fluxes are also compared to Japan Meteorological Agency 315 

(JMA) Radar/rain gauge-Analyzed Precipitation (RAP) data (Nagata, 2011). These datasets 316 

have been widely adopted in the validation of simulations of the radioactive materials emitted 317 

by the FDNPP in March 2011 (e.g., Morino et al., 2013; Kajino et al., 2019). 318 

 319 

2.3 Clustering 320 
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The Cs-137 observations are spatiotemporally dense in southern Tohoku and the TMA (Oura 321 

et al., 2015; Tsuruta et al., 2018), but the plumes of Cs-137 emitted by the FDNPP are highly 322 

nonuniform in space and time. For example, at some sites, the observed Cs-137 323 

concentrations changed significantly by 2 orders of magnitude within 3 hours (Oura et al., 324 

2015). This implies that it is statistically difficult to process the results pertaining to all sites 325 

and periods simultaneously. Therefore, in this study, plumes are separated into six groups, 326 

depending on the region and period (Table 2). The number of hourly Cs-137 observations 327 

at 100 sites (all but excluding the sites that are within 10 km of the FDNPP) includes 641 328 

samples (90 sites) with an observed Cs-137 concentration >10 Bq m-3 and 93 samples (22 329 

sites) with an observed Cs-137 concentration >100 Bq m-3. In contrast to Sato et al. (2018), 330 

we selected the criterion of Cs-137 >10 Bq m-3 to not overlook plumes of relatively higher 331 

concentrations. In addition, because sudden peaks in the observed Cs-137 concentration 332 

may be observation errors and are hardly reproduced by models, we choose wide peaks, 333 

with an observed Cs-137 concentration higher than 10 Bq m-3 for at least 3 hours. As a result, 334 

the number of samples was reduced to 418 (55 sites). These data include 234 samples at 335 

15 sites in Fukushima (FKSM) (located near the FDNPP) and 184 samples at 40 sites in 336 

other prefectures. With the use of these 418 samples, we separate six clusters according to 337 

the following rules: (1) The start time is set to 3 hours before a peak occurs at any site in the 338 

same cluster. (2) The end time is set to 3 hours after the last peak at any site in the same 339 

cluster. We also define one exception at the Nahara site located near the FDNPP on March 340 
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21 from 11-13 Japan Standard Time (JST) because the results are very localized. Finally, 341 

three of the six clusters occur in the TMA, two clusters occur in FKSM, and the remaining 342 

cluster is located in the Tohoku region (northern part of Japan). Information on the highest 343 

peak in each cluster is summarized in Table 2. 344 

 345 

3. Results and Discussion 346 

3.1 Precipitation 347 

The Cs-137 concentration largely depends on wet deposition through precipitation, and the 348 

simulated surface Cs-137 concentration can be compared to JMA/RAP observations. Fig. 2 349 

shows the spatial distribution of the accumulated precipitation amount from March 11 to 31, 350 

2011. The observed precipitation is lower than 30 mm on land along the Pacific Ocean, 351 

whereas it exceeds 30 mm along the coast of Japan Sea. This pattern occurs via 352 

precipitation along the central mountains after the passing of westerly moving low-pressure 353 

systems in spring over Japan. Generally, the spatial distribution of the observed precipitation 354 

is reproduced by the NICAM, but the NICAM overestimates the precipitation amount. In 355 

regard to the 24-hour accumulated precipitation amount, the NICAM-simulated results on 356 

March 14-15 and 19-20 generally agree with the observed results (almost no precipitation) 357 

over the FKSM and TMA regions. On March 20-21, however, over the TMA region, the 358 

NICAM-simulated precipitation is apparently higher than the observed precipitation. The 359 

NICAM simulates a precipitation higher than 10 mm over the TMA region, whereas the 360 
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observed precipitation ranges from 3 mm to 7 mm. This overestimation causes too efficient 361 

removal of the simulated Cs-137, as described in the next section. 362 

 363 

3.2 Horizontal distribution of the Cs-137 concentration 364 

To determine differences in the simulated surface Cs-137 concentration among the 365 

experiments, representative results at specific times are shown in Fig. 3 (March 15 9:00 JST, 366 

as clusters 1 and 3), Fig. 4 (March 20 21:00 JST, as clusters 2, 3 and 6) and Fig. 5 (March 367 

21 9:00 JST, as cluster 4). On the corresponding days, the simulated wet and dry deposition 368 

of the simulated Cs-137 is illustrated in Supplemental Figs. S1-S6. Although wet deposition 369 

can be divided into rainout and washout processes, in this model, the amount by rainout is 370 

much larger than that by washout. Therefore, it should be noted that the deposit by wet 371 

deposition is almost identical to that by the rainout process in this study. On March 15 9:00 372 

JST, Fig. 3 indicates that the observed Cs-137 concentration is the highest (102 to 103 Bq 373 

m-3) at the center of the TMA (140°E, 35.9°N), i.e., northwest Chiba and east Saitama 374 

prefectures, whereas the highest simulated Cs-137 concentrations (10 to 102.5 (=316) Bq m-375 

3), except for the CRM2 and CTM experiments, occur in slightly different areas based on the 376 

highest observed concentration peaks. This suggests that the simulated transport of Cs-137 377 

in these experiments is slightly faster than that in the real world, but similar differences have 378 

often occurred in other models, mainly due to the uncertainty in the meteorological fields 379 

(e.g., Sato et al., 2018). By ignoring this difference in the position of the highest peaks, most 380 
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of the experiments acceptably reproduce the observed Cs-137 concentration, except for the 381 

CRM2 and CTM experiments, which clearly yield lower simulated Cs-137 concentrations 382 

than the observed concentrations. This can be explained by the large values of the simulated 383 

wet deposition, especially around Saitama prefecture (Fig. S1). In the GCM1, GCM2 and 384 

GCM3 experiments, the removal rate from the atmosphere through wet deposition strongly 385 

depends on the tuning parameter, GCM2 with a low finc value provides high Cs-137 386 

concentrations, and a difference of approximately one order is observed at some locations. 387 

In the CRM1 experiment, the differences between the simulated and observed Cs-137 388 

concentrations on March 15 9:00 JST (cluster 1) are small. In the CONV1, CONV2 and 389 

CONV3 experiments, the simulated Cs-137 concentrations (Fig. 3) and their dry deposition 390 

(Fig. S4) are similar to the results obtained in the CRM1 experiment, whereas the differences 391 

in the horizontal distribution of the wet deposition of the simulated Cs-137 among them are 392 

large (Fig. S1). This can be explained by relatively small amounts of wet deposition in the 393 

CONV1, CONV2 and CONV3 experiments (Fig. S1). Since the results obtained with the 394 

conventional method are theoretically similar to those obtained with the CRM-type method 395 

in the case where the autoconversion rate from cloud water into precipitation is high within 396 

the boundary layer, this suggests that autoconversion rapidly occurs on March 15 9:00 JST. 397 

As already pointed out, in the CTM experiment, the simulated Cs-137 concentrations are 398 

largely lower than those obtained in the other experiments and the observed concentrations. 399 

This suggests overestimation of Cs-137 wet deposition. Because the CTM-type method 400 
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does not always yield lower Cs-137 concentrations than the observed concentrations (e.g., 401 

Morino et al., 2013; Kajino et al., 2019), the autoconversion rate from cloud water into 402 

precipitation in the NICAM may be overestimated. In cluster 6, including the FKSM region, 403 

there are similar differences in the horizontal distribution of the simulated Cs-137 404 

concentration among the experiments in addition to differences in the peak values. 405 

On March 20 21:00 JST, Fig. 4 reveals that the observed Cs-137 concentration is the highest 406 

(>102 Bq m-3) in FKSM, including Naka-dori (as shown in Fig. 2a) and west of Saitama in 407 

the TMA (139°E, 36°N), whereas the highest simulated Cs-137 concentrations do not occur 408 

in these areas. In Saitama, the model actually captures some peaks after the observed peak 409 

time, as shown in Fig. 6d. Although the precipitation simulation results generally agree with 410 

the JMA-estimated results (Fig. 2), differences in the simulated Cs-137 concentration among 411 

the experiments and between the NICAM and the observations occur. In Figs. S2 and S5, 412 

the wet and dry deposition of the simulated Cs-137 is not large in Naka-dori and west of 413 

Saitama. Therefore, NICAM cannot reproduce the transport of the plumes. Among the 414 

experiments, the differences in the simulated Cs-137 can be explained by the same reasons, 415 

as shown in Fig. 3. 416 

On March 21 9:00 JST, Fig. 5 shows that the observed Cs-137 concentration is the highest 417 

(>102 Bq m-3) at the center of the TMA (140°E, 35.9°N), similar to the case of March 15 9:00 418 

JST (Fig. 3). During this period, a precipitation amount of 1 mm h-1 is found over several 419 

hours within a large area of the TMA (as shown in Fig. 2 in this study and Fig. 7 in Nakajima 420 
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et al., 2017). Although the NICAM successfully captures this precipitation amount (as shown 421 

in Fig. 7 of Nakajima et al., 2017), the simulated precipitation in the NICAM before 24 hours 422 

is higher than the observed precipitation (Fig. 2). As a result, all of the experiments yield 423 

lower simulated Cs-137 concentrations than the observed Cs-137 concentrations. 424 

Apparently, the wet deposition of the simulated Cs-137, especially in the CRM2 and CTM 425 

experiments, over the FKSM region is larger than that in the other experiments (Fig. S3), 426 

whereas the dry deposition of the simulated Cs-137 in the CRM2 and CTM experiments 427 

over the FKSM region is slightly smaller than that in the other experiments (Fig. S6). 428 

In summary, as shown in Figs. 3 and 4, underestimation of the simulated Cs-137 429 

concentration in the CTM experiments is caused by overestimation of the wet deposition flux 430 

(Figs. S1-S3), which depends on the spatiotemporal distributions of clouds and precipitation 431 

in the atmosphere. This indicates that the conversion rate from cloud water into precipitation 432 

in the NICAM is high, which is a common problem, as previously pointed out in other studies 433 

(Suzuki et al., 2011; Jing and Suzuki, 2018). The uncertainty in the simulated Cs-137 434 

concentration with the GCM-type method considering various scavenging coefficient values 435 

(finc ranges from 0.01 to 0.9, which is within the range of the tuning factor) is comparable to 436 

the difference between the GCM- and CRM-type methods. Although no precipitation is 437 

observed in the TMA area on March 21 9:00 JST, there are small differences in the simulated 438 

Cs-137 concentration among the different tuning parameters under the GCM-type method. 439 

This indicates that the GCM-type method does not strongly depend on the surface 440 
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precipitation flux. Among the results of the CONV1, CONV2 and CONV3 experiments, the 441 

difference in the simulated Cs-137 concentration on March 21 9:00 JST (Fig. 5) is larger 442 

than that on March 15 9:00 JST (Fig. 3) and March 20 21:00 JST (Fig. 4). In particular, the 443 

simulated Cs-137 concentrations in the CONV1 and CONV2 experiments are closer to the 444 

observation and higher than those in the CONV3 experiments due to the high wet deposition 445 

in the CONV3 experiment, which sets too large values of B in Eq. (6). 446 

 447 

3.3 Temporal distribution of the Cs-137 concentration 448 

To examine the reproducibility of the simulated plumes (including Cs-137 concentrations 449 

higher than 10 Bq m-3), the temporal variations in each cluster are shown in Fig. 6. In cluster 450 

2, as shown in Figs. 4, 6b and 6f, most of the simulated Cs-137 concentrations over the 451 

Tohoku area (only Miyagi and Yamagata prefectures) generally agree with the observed 452 

results. In FKSM (cluster 6), as shown in Fig. 6f, the differences in the simulated Cs-137 453 

concentration among the experiments are small, and the wet deposition scheme is less 454 

important in this case, i.e., transport is more important. Fig. 6b shows coincidence of the 455 

start times of the observed and simulated peaks with a high variability in the end times of 456 

the peaks. At the end of a peak, the simulated Cs-137 concentrations are generally lower 457 

than the observed concentrations, except for CRM1, CONV1, CONV2 and CONV3. In the 458 

CRM2 and CTM experiments, the simulated Cs-137 concentrations at 3 hours before the 459 

peak are also underestimated. 460 
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In cluster 1, as shown in Figs. 3 and 6a, a high variability occurs in the simulated Cs-137 461 

concentration among the experiments, but none of the experiments succeeds in reproducing 462 

the temporal variation in the observed Cs-137 concentration. Before the start of a peak, the 463 

simulated Cs-137 concentrations are overestimated, whereas after a peak, the simulated 464 

Cs-137 concentrations are lower than the observed concentrations. This indicates that none 465 

of the models reproduces the high observed concentrations over more than 3 hours. Fig. 6a 466 

clearly shows the difference in the simulated Cs-137 concentration among the experiments, 467 

which supports the two findings described in section 3.2. First, the GCM-type method (i.e., 468 

GCM2) generally provides comparable results to those provided by the CRM-type method 469 

(i.e., CRM1). Second, the conventional method (i.e., CONV2) effectively reproduces the 470 

observations and generally yields much better results than those yielded by many physical-471 

based methods (the GCM- and CTM-type methods). This implies that the complex nature of 472 

simulating hydrometeors is close to the observation compared to approximating the surface 473 

precipitation rate. Figs. 6d and 6e show that the peak timings are off by approximately 3 or 474 

4 hours between the observation and simulations, and the magnitudes tend to be 475 

underestimated. Finally, Fig. 6c shows the entire underestimation range of the simulated Cs-476 

137 concentration, as shown in Fig. 5. This should be addressed via improvement of the 477 

transport patterns through modification of the meteorological fields nudged in the NICAM 478 

simulation. 479 

With the use of the hourly datasets at all available sites, statistical metrics such as the bias, 480 
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uncertainty and precision are compared among the experiments (Fig. 7). The definition of 481 

each factor is explained in Appendix A, and these metrics have often been adopted in other 482 

studies (Kitayama et al., 2018; Sato et al., 2018). In this study, the total sampling number 483 

was 6837 for all 100 sites. The geometric mean bias (GMB) values were within ±15% (GCM2, 484 

CRM1, CONV2 and CONV3) and ±30% (GCM1, GCM3, and CRM2), while outliers occurred 485 

(1.39 in CONV1 and 0.44 in CTM). The results of the experiments with a high GMB tend to 486 

provide high normalized mean bias (NMB) values at -55.9% (CTM) and +38.6% (CONV1). 487 

Except for these values, the calculated NMB was within ±15% (GCM2, CRM1, and CONV3) 488 

and ±30% (the remaining experiments). The correlation was determined with the Pearson 489 

correlation coefficient (PCC). The calculated PCC values in all experiments ranged from 490 

0.60 (CONV1) to 0.89 (CTM) (which indicates that the models generally exhibit a moderate-491 

to-high correlation). The uncertainty is expressed as the root-mean-square-error (RMSE). 492 

High negative GMB and NMB values (CTM) yield small RMSE values (53.5 Bq m-3), whereas 493 

low GMB and NMB values produce RMSE values ranging from 66.9-111.6 Bq m-3. The 494 

precision is expressed as the fraction of the observations reproduced by the simulations 495 

within a factor of 2 (FA2) or 10 (FA10). In this study, the values of both FA2 and FA10 were 496 

low, at <13% for FA2 and <41% for FA10. The FA10 values obtained in the GCM2, CRM1, 497 

CONV1, and CONV2 experiments exceeded 30% and were higher than those obtained in 498 

the other experiments. Overall, GCM2, CRM1 and CONV2 yielded better results. 499 

 500 
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3.4 Total amount of deposition in March 2011 501 

Fig. 8 shows the wet and dry deposition amounts and the fraction of the total deposition over 502 

land to that over all areas in March 2011. The horizontal distributions are shown in Fig. 9. 503 

The observed amount of Cs-137 deposited over land is 2.50 PBq, whereas the simulated 504 

amount ranges from 0.59 PBq (CONV1) to 3.16 PBq (GCM3). In section 3.3, the 505 

experiments (GCM2, CRM1 and CONV2) showed the better results of the surface Cs-137 506 

concentrations in the value of 2.01 PBq (GCM2), 1.57 PBq (CRM1) and 1.62 PBq (CONV2), 507 

which are lower than the observed amount by 20%-37%. For example, GCM2 has an NMB 508 

of -2.7% for Cs-137 concentrations and a bias of -20% for Cs-137 total deposition over land. 509 

In contrast, the results in the experiments (CRM2 and CTM) showed larger negative bias for 510 

the surface Cs-137 concentrations in section 3.3, likely high fluxes of wet deposition. The 511 

resulting value of 1.7 PBq is also lower than the observed amount by 30%. These seemingly 512 

inconsistent relationships are also found in the previous studies (e.g., Kitayama et al., 2018; 513 

Sato et al., 2018). This may be caused by the uncertainty of the emission source term 514 

(Katata et al., 2015) used in this study and these MIPs. In most of the experiments, wet 515 

deposition, which is mainly rainout in this study with a range from 1.35 PBq to 2.98 PBq, is 516 

larger than the dry deposition with a range from 0.10 PBq to 0.27 PBq, except for the CONV1 517 

experiment. The fraction of the wet deposition to total deposition over land ranged from 83% 518 

to 94% in most experiments, except for the CONV1 experiment. The CONV1 experiment 519 

has 0.27 PBq of the wet deposition, 0.32 PBq of the dry deposition and 45% of the fraction 520 



 26 

of the wet deposition to the total deposition over land. The possible reason is that the low 521 

value of B in Eq. (6) in the CONV1 experiment (B=0.08) forces less wet deposition and more 522 

dry deposition. 523 

The fractions of the total deposition over land to that over all areas range from 21.2% (CTM) 524 

to 44.4% (GCM3), which can be separated into two groups depending on the wet deposition 525 

amount. Most of the results range from 35% to 44%, which is comparable to the average 526 

value among MIPs (Sato et al., 2018). The CRM2, CONV1 and CTM experiments yield low 527 

fractions over land with values ranging from 21-25%. This indicates that these experiments 528 

(CRM2 and CTM) consider a large deposition amount of Cs-137 over the ocean, especially 529 

near the FDNPP (Fig. 9), whereas the CONV1 experiment has a low deposition amount of 530 

Cs-137 over all areas (Fig. 8a). In the FKSM prefecture, the observed fluxes of Cs-137 from 531 

the FDNPP to central FKSM (Naka-dori) are hardly reproduced by the NICAM and the other 532 

models, as reported in Sato et al. (2018), probably due to Cs-137 transport issues along 533 

complex terrain in the FKSM. In Tochigi and Gunma, underestimation occurs in all 534 

experiments, whereas in Ibaraki, slight overestimation occurs in the GCM1, GCM2, GCM3 535 

and CTM experiments, comparable results occur in the CRM1 experiment, and the 536 

underestimation occurs in the CRM2, CONV1, CONV2 and CONV3 experiments. In 537 

northern Miyagi, the observed deposition ranges more than 10 kBq m-2 mainly due to the 538 

wet deposition on March 22 as suggested by Sanada et al. (2018), but all experiments overly 539 

underestimate. 540 
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The above validation of the simulated Cs-137 distribution leads to the following conclusions. 541 

In regard to the validation of the surface Cs-137 concentration shown in sections 3.2 and 542 

3.3, the results of the GCM2, CRM1 and CONV2 experiments are closer to the observed 543 

concentrations compared to the other experiments with a mean bias of less than 20%. As 544 

shown in this section, the deposition results of these better experiments in the surface Cs-545 

137 concentration, i.e., GCM2, CRM1 and CONV2, are approximately 20-40% lower than 546 

the observations. These underestimations of both the surface concentration and deposit of 547 

the simulated Cs-137 may be explained by the uncertainty of the source term (Katata et al., 548 

2015) and the meteorological fields (Sekiyama et al.,2015). When the differences in the 549 

results among the experiments are focused, it is difficult to conclude the best method of the 550 

rainout process in this study, but it can be concluded that the GCM-type and conventional 551 

methods suitably reproduce the results obtained with the CRM-type method by tuning a 552 

parameter. However, the CRM-type method contains a more physical formulation than the 553 

GCM-type method because the newly formed hydrometeors flux used in Eq. (5) in the CRM-554 

type is explicitly prognosed. Even though the tuning parameters of finc are set to very low 555 

values (0.1 in the GCM2 experiment and 0.01 in the CRM1), which may not be accepted 556 

even within the uncertainty of finc, this implies another problem of our model, NICAM. That 557 

is, the overestimation of the conversion rate from cloud water to precipitation in the NICAM 558 

causes the overestimation of the wet deposition amount. To compensate for this, the finc 559 

should be set to low in the GCM 2 and CRM1 experiments. It should also be noted that when 560 
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the high conversion rate from cloud water into precipitation in the NICAM is correctly fixed, 561 

the CTM-type may have much better results since the CTM-type has high correlation and 562 

low uncertainty. 563 

 564 

3.5 Sensitivity of the simulated Cs-137 concentration to the cloud microphysics 565 

treatments  566 

Cloud microphysics treatments affect the simulated Cs-137 concentration via modulation of 567 

the aerosol-cloud-precipitation interaction. To investigate their impacts, a different cloud 568 

microphysics model, NDW6, developed by Seiki and Nakajima (2014), is adopted in the 569 

NICAM. According to previous studies, such as Sato et al. (2015), NDW6 tends to provide 570 

lower precipitation than NSW6. In this study, it was found that the difference in the simulated 571 

precipitation between NSW6 and NDW6 was small, and the results obtained with NDW6 572 

were still higher than the observations. The additional sensitivity experiments considering a 573 

different autoconversion process, KK00, also provided similar precipitation amounts to the 574 

results provided by the original autoconversion process of BE68. Fig. 10 shows the 575 

simulated Cs-137 concentration at the clustered sites, as shown in Fig. 6. The impacts of 576 

the various autoconversion processes on the differences between the simulated Cs-137 577 

concentrations are not zero but small at all clusters in both the CRM1 and CTM experiments. 578 

In cluster 2, for example, the Cs-137 concentration simulated by the CTM with NDW6 is 579 

closer to the observed concentrations than that simulated by the CTM with NSW6. However, 580 



 29 

the differences among the various cloud microphysics treatments are smaller than those 581 

among the various tuning results (CRM2) and wet deposition modules, as shown in Fig. 6. 582 

Fig. 11 shows the variability in the statistical metrics calculated based on the simulated and 583 

observed Cs-137 concentrations at the surface, as already shown in Fig. 7. This figure 584 

clearly shows that the variability among the different cloud microphysics treatments is lower 585 

than that among the different wet deposition modules and tuning parameters in wet 586 

deposition. One possibility explaining these results is that cloud fields, especially those 587 

related to aerosol wet deposition, are dominated not by aerosol-cloud microphysics but by 588 

synoptic-scale meteorological conditions. Another explanation is that the nudging of the 589 

meteorological fields, i.e., wind, temperature and water vapor, weakens the variability in 590 

clouds and precipitation. These findings suggest that the differences in the cloud 591 

microphysics treatments among the various models, similar to MIPs, do not primarily cause 592 

the differences in the simulated Cs-137 distribution. Therefore, to truly improve the 593 

reproducibility of Cs-137 aerosol simulations, basic meteorological fields such as wind and 594 

water vapor, which basically reproduce model cloud macrophysics, should be enhanced. 595 

 596 

4. Conclusions 597 

We newly categorized the observed Cs-137 plumes emitted by the FDNPP to six groups, 598 

depending on the region and period (Table 2). The 418 (55 sites) samples with observed 599 

concentrations >10 Bq m-3 are considered, including 234 samples obtained at 15 sites in 600 
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FKSM (located near the FDNPP) and 184 samples obtained at 40 sites in the other 601 

prefectures. With these 418 samples, we distinguished six clusters according to the following 602 

rules: (1) The start time is set to 3 hours before a peak occurs at any site in the same cluster. 603 

(2) The end time is set to 3 hours after the last peak at any site in the same cluster. Out of 604 

the six clusters, three are located in the TMA, two occur in FKSM and the remaining is 605 

located in the Tohoku region (northern part of Japan Island). 606 

While relatively simple GCM-type and conventional schemes of rainout process, which is 607 

the main deposition for the particulate Cs-137 in the fine mode, respond well to the tuning 608 

parameter and attains the good approximation of the aerosol simulations close to the 609 

observation, the CRM-type method can provide some of the best results on the Cs-137 610 

concentration, although it is highly sensitive to the physics of the model. The CTM-type 611 

method generally underestimates the Cs-137 concentration due to overestimation of the wet 612 

deposition flux, which depends on the cloud and precipitation distributions in the atmosphere 613 

(not only the surface). This indicates that the high conversion rate from cloud water into 614 

precipitation in the NICAM is common among GCMs and CRMs (Suzuki et al., 2011; Jing 615 

and Suzuki, 2018). 616 

In most experiments, the statistical metrics using the surface Cs-137 concentrations are 617 

calculated to be within ±30% (normalized bias: NMB), 0.6-0.9 (correlation: PCC), 67-112 Bq 618 

m-3 (uncertainty: RMSE) and <40% (precision: FA10). The simulated total deposition 619 

amounts over land are generally underestimated by 20-40% (most of the models: 1.6-2.1 620 
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PBq; observation: 2.5 PBq). In most of the experiments, the fraction of the wet deposition to 621 

total deposition over land ranged from 83% to 94% in most experiments. Since the 622 

deposition amounts of rainout are much larger than those of washout, it can be concluded 623 

that the effect of the rainout process on the overall removal process is overwhelmingly 624 

greater than that of other processes. The fractions of the total deposition amount over land 625 

to that over all areas range from 21% to 44%, with the variation relating the total deposition 626 

amount. Most of the results are approximately 40%, which is comparable to the average 627 

amount across MIPs (Sato et al., 2018). 628 

With regard to the surface Cs-137 concentration shown in sections 3.2 and 3.3, the results 629 

of the GCM2, CRM1 and CONV2 experiments are closer to the observed concentrations 630 

compared to the other experiments with a mean bias of less than 20%. In section 3.4, the 631 

results of these experiments, i.e., GCM2, CRM1 and CONV2, exhibit a 20-40% 632 

underestimation of the deposition over land. These underestimations of both the surface 633 

concentration and deposit of the simulated Cs-137 may be explained by the uncertainty of 634 

the source term (Katata et al., 2015) and the meteorological fields (Sekiyama et al., 2015). 635 

In terms of the wet deposition process among the sensitivity experiments, it is difficult to 636 

determine the best method of the rainout process in this study, but it can be concluded that 637 

the CRM-type method contains a more physical formulation than the GCM-type and 638 

conventional methods because the newly formed hydrometeors flux used in Eq. (5) in the 639 

CRM-type is explicitly prognosed. Therefore, the CRM1 experiment may be adopted as a 640 
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new formal version, even though the tuning parameter of finc is set to very low, which may 641 

not be apart from reality. This also implies the overestimation of the conversion rate from 642 

cloud water to precipitation in the NICAM, which causes the overestimation of the wet 643 

deposition amount. To compensate it, the finc should set to low. It should also be noted that 644 

both the GCM-type method with proper tuning parameters and the conventional method 645 

remain useful. The CTM-type may have much better results when the high conversion rate 646 

from cloud water into precipitation in the NICAM is correctly fixed since the CTM-type has 647 

high correlation and low uncertainty. 648 

Since a high conversion rate from cloud water into precipitation in the NICAM is suggested 649 

in this study, sensitivity experiments of various cloud microphysics treatments to the 650 

simulated Cs-137 concentration are performed. These extra experiments are conducted with 651 

different cloud microphysics treatments: (1) change in the cloud microphysics scheme from 652 

NSW6 to NDW6 and (2) change in the autoconversion scheme from BE68 to KK00. The 653 

impacts on the simulated Cs-137 concentration are smaller than those of the different wet 654 

deposition schemes. One possibility is that cloud fields, especially those related to aerosol 655 

wet deposition, are dominated not by aerosol-cloud microphysics but by synoptic-scale 656 

meteorological conditions. Another possibility is that the nudging of meteorological fields, 657 

i.e., wind, temperature and water vapor, weakens the variability in clouds and precipitation. 658 

These findings suggest that the differences in cloud microphysics treatments among the 659 

various models, e.g., MIPs, do not primarily cause the differences in the simulated Cs-137 660 
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distribution. Saya et al. (2018) suggested that a better simulation of precipitation provides a 661 

closer deposition amount of simulated Cs-137 to the observation. Sekiyama et al. (2021) 662 

implies that a high accuracy of the simulated Cs-137 needs much higher accuracy of the 663 

meteorological fields. To improve the reproducibility of Cs-137 aerosol simulations, it is 664 

important to have an accurate set of basic meteorological fields, i.e., wind and water vapor, 665 

which determine the transport and deposition of Cs-137 as well as proper rainout 666 

parameterizations and tunings. 667 

 668 

Appendix A: Definition of metrics 669 

To evaluate the statistical results, the following metrics are introduced (e.g., Chang and 670 

Hanna, 2004; Goto et al., 2020a): 671 

1. Geometric mean bias (GMB) in Eq. (A1) 672 

𝐺𝑀𝐵 = 𝑒𝑥𝑝<log 𝐶AB6@@@@@@@@@@ − log 𝐶6CD@@@@@@@@@@A     (A1) 673 

2. Normalized mean bias (NMB) in Eq. A2 674 

𝑁𝑀𝐵 = E∑EGHI "-./JJJJJJJJJJJ9GHI "/01JJJJJJJJJJJJKK
L

× 100[%]     (A2) 675 

3. Root-mean-square-error (RMSE) in Eqs. (A3a) and (A3b) 676 

𝑅𝑀𝑆𝐸 = ln(𝐺𝑉-)       (A3a) 677 

𝐺𝑉 = 𝑒𝑥𝑝J(log 𝐶AB6 − log 𝐶6CD)-@@@@@@@@@@@@@@@@@@@@@@@@@@@K     (A3b) 678 

4. Pearson correlation coefficient (PCC) in Eq. (A4) 679 

𝑃𝐶𝐶 = ∑(GHI "-./9GHI "-./JJJJJJJ)(GHI "/!19GHI "/01JJJJJJJ)
M∑(GHI "-./9GHI "-./JJJJJJJ)% ∑(GHI "/!19GHI "/01JJJJJJJ)%

    (A4) 680 
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5. Fraction of the data within a factor of two to the observations (FA2) in Eq. (A5) 681 

𝐹𝐴𝐶2 = 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑜𝑓	𝑑𝑎𝑡𝑎	𝑡ℎ𝑎𝑡	𝑠𝑎𝑡𝑖𝑠𝑓𝑦; 0.5	 ≤ GHI "/!1
GHI "-./

≤ 2.0  (A5) 682 

6. Fraction of the data within a factor of ten to the observations (FA10) in Eq. (A6) 683 

𝐹𝐴𝐶10 = 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑜𝑓	𝑑𝑎𝑡𝑎	𝑡ℎ𝑎𝑡	𝑠𝑎𝑡𝑖𝑠𝑓𝑦; 0.1	 ≤ GHI "/!1
GHI "-./

≤ 10.0 (A6) 684 

Statistical calculations are performed with the hourly datasets obtained at 100 available sites, 685 

which range from 0.01 (set to the minimum value in the observations as the detection limit) 686 

to 105 Bq m-3, and in the case where the observed Cs-137 concentration exceeds the 687 

detection limit. 688 

 689 

Data availability 690 

The model results used to support this article can be obtained from the corresponding author 691 

upon request (goto.daisuke@nies.go.jp). The observational data of Cs-137 are freely 692 

accessible in Appendix A of Oura et al. (2015) at 693 

http://www.radiochem.org/paper/JN152/jn15201_Appendix_A_rev.pdf (last access: 1 694 

March 2021).  695 
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Fig. 9 Horizontal distribution of the observed and simulated Cs-137 deposition amounts in 1017 

March 2011 (in units of kBq m-2). 1018 

  1019 
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 1020 

Fig. 10 Same as Fig. 6 but in regard to the additional sensitivity experiments related to the 1021 

cloud microphysics treatments. The names of the experiments are listed in the right panel, 1022 

which includes the observations, the original sensitivity experiments (CRM1, CRM2 and 1023 

CTM, as listed in Table 1), and the extra sensitivity experiments considering several 1024 

treatments, including autoconversion from clouds into precipitation, KK00, and the 2-1025 

moment bulk cloud microphysics model, NDW6. 1026 

 1027 

 1028 
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 1029 

Fig. 11 Uncertainties, i.e., variabilities among the categorized experiments, in the statistical 1030 

metrics ((a) mean value, (b) GMB, (c) PCC, (d) NMB, (e) RMSE (f) FA2, and (g) FA10), 1031 

as defined in Appendix A and shown in Fig. 7. The categorized experiments are d-1032 

schemes (different wet deposition modules), d-finc (different finc parameter values in 1033 

CRM1 and CRM2), and d-clouds (the additional sensitivity experiments based on CRM1 1034 

regarding the cloud microphysics treatments).  1035 
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List of Tables 1036 

 1037 

Table 1 Experimental design of the standard and sensitivity runs. 1038 

Name Wet deposition Parametera Reference 
GCM1 GCM-type finc = 0.8 Takemura et al. (2000) 
GCM2 GCM-type finc = 0.1 Takemura et al. (2000) 
GCM3 GCM-type finc = 0.99 Takemura et al. (2000) 
CRM1 CRM-type finc = 0.01 Goto et al. (2019, 2020b) 
CRM2 CRM-type finc = 0.8 Goto et al. (2019, 2020b) 

CONV1 Conventional finc = 1, A = 5×10-6, B = 0.08 Terada and Chino (2005) 
CONV2 Conventional finc = 1, A = 5×10-5, B = 0.8 Terada and Chino (2005) 
CONV3 Conventional finc = 1, A = 5×10-4, B = 8 Terada and Chino (2005) 

CTM CTM-type finc = 1, τcld =δt Binkowski and Roselle (2003) 
a finc is the fraction of the aerosols in the cloud phase or the fraction of the interstitial particles 1039 

to the total amount; A and B are coefficients used in the formulation of scavenging coefficient 1040 

Λ (e.g., Terada and Chino, 2005); τcld is the cloud timescale and set to the model timestep 1041 

(δt =10 seconds) (Morino et al., 2013). 1042 

 1043 

Table 2. Definition of the cluster numbers depending on the area and time. 1044 

Index 
(cluste

r) 

Start 
time 

(3 
hours 
before 

the 
peaks) 

End 
time 

(3 
hours 
after 
the 

peaks) 

Region Plume 
numbe

r*1 

Numb
er of 
sites 

Maximu
m of 
peak 
(MoP) 

[Bq m-3] 

Longitu
de of 
MoP 

[Bq m-3] 

Latitu
de of 
MoP 

[Bq m-

3] 

1 2011/3/
15 

4:00 
(JST) 

2011/3/
15 

 19:00 
(JST) 

TMA 2 12 101.0 139.56 36.08 

2 2011/3/
20 

10:00 
(JST) 

2011/3/
21 

13:00 
(JST) 

Tohoku 
(only 

Miyagi -
Yamagata

) 

8 3 343.0 140.82 37.86 
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3 2011/3/
20 

9:00 
(JST) 

2011/3/
21 

1:00 
(JST) 

TMA*2 7 11 40.2 140.61 35.79 

4 2011/3/
21 

3:00 
(JST) 

2011/3/
21 

13:00 
(JST) 

TMA 9 12 309.0 140.19 36.07 

5 2011/3/
20 

11:00 
(JST) 

2011/3/
21 

11:00 
(JST) 

Fukushim
a 

(FKSM) 

8 6 8300.0 140.99 37.266 

6 2011/3/
14 

21:00 
(JST) 

2011/3/
15 

20:00 
(JST) 

Fukushim
a 

(FKSM) 

3 14 360.0 140.92 37.80 

*1 The numbers are defined in Tsuruta et al. (2014). 1045 

*2 Tokyo Metropolitan Area 1046 


