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Abstract 72 

 73 

Model performance of a regional-scale meteorology – chemistry model (NHM-Chem) 74 

has been evaluated for the consistent predictions of the chemical, physical, and optical 75 

properties of aerosols. These properties are essentially important for the accurate 76 

assessment of air quality and health hazards, contamination of land and ocean 77 

ecosystems, and regional climate changes due to aerosol-cloud-radiation interaction 78 

processes. Currently, three optional methods are available: the 5-category 79 

non-equilibrium, 3-category non-equilibrium, and bulk equilibrium methods. These three 80 

methods are suitable for the predictions of regional climate, air quality, and operational 81 

forecasts, respectively. In this paper, the simulated aerosol chemical, physical, and 82 

optical properties and their consistency were evaluated by using various observation 83 

data in East Asia. The simulated mass, size, and deposition of SO4
2- and NH4

+ agreed 84 

well with the observations, whereas those of NO3
-, sea-salt, and dust needed 85 

improvement. The simulated surface mass concentration (PM10 and PM2.5) and spherical 86 

extinction coefficient agreed well with the observations. The simulated aerosol optical 87 

thickness and dust extinction coefficient were significantly underestimated.  88 

 89 

Keywords  Air quality; Atmospheric chemistry; Aerosol microphysics; Aerosol optical 90 

property, Model evaluation methods 91 

92 
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1. Introduction 93 

Atmospheric trace components, including gases and aerosols, affect regional to global 94 

climate in various ways. However, especially the magnitude of the impact of aerosol-cloud 95 

interactions on climate is still highly uncertain (Boucher et al., 2013), even though more 96 

than 40 years have passed since it was first noted (Twomey, 1977). Some studies have 97 

indicated that aerosols are important, while others have not (Stevens, 2013). Aerosols 98 

affect both cloud microphysics and dynamics and thus affect precipitation, but the 99 

aerosol-cloud-radiation interaction mechanism is highly nonlinear and complex (Stevens 100 

and Feingold, 2009) and aerosols can cause different impacts depending on the cloud type 101 

(Rosenfeld et al., 2008; Li et al., 2011). While the impact of aerosols on climate is uncertain, 102 

it is quite certain that aerosols together with the relevant gases can have negative impacts 103 

on ecosystems and health (WHO, 2001; Cohen et al., 2004; Burns et al., 2011).To simulate 104 

the climatological and environmental impacts of atmospheric trace components, various 105 

numerical models depicting atmospheric chemistry, dynamics, and microphysical 106 

processes have been developed, which are roughly grouped as follows: (1) global or 107 

regional; (2) with or without chemistry to meteorology feedback processes; (3) with or 108 

without inline photochemical reactions; (4) with or without aerosol microphysics1 (either 109 

resolved or parameterized); and (5) representations of aerosol mixing states. It is 110 

                                               
1   In meteorology, the term “microphysics” indicates the condensation, coalescence, and 
phase transition of hydrometeors, whereas those of aerosols are referred to as “aerosol 
dynamics” in aerosol science. In order to unify this terminology, “microphysics” is also used 
for aerosols in this paper.  
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impossible to introduce all of these models, but some are listed in Table 1. Certainly, 111 

whether the model implements feedback processes or not is critical for the capability of 112 

climate simulations. Models with no feedback processes can only be used for air quality 113 

simulations or can provide implications of their impacts on climate by showing 114 

climate-relevant quantities, such as cloud condensation nuclei (CCN) and aerosol optical 115 

thickness (AOT), as presented in this paper. The implementation of photochemistry, 116 

including hundreds of chemical reactions, may not be needed for the mass predictions of 117 

sea-salt, dust, black carbon (BC), primary organic carbon (POC), and even sulfur oxides 118 

(as sulfur chemistry is not very nonlinear and is well predicted by using climatological 119 

oxidant fields; e.g., Goto et al., 2015b), whereas it is indispensable for the predictions of O3, 120 

nitrogen oxides, and secondary organic aerosols (SOA). It is noted here that 121 

photochemistry is essentially important for the simulations of aerosol microphysics. Aerosol 122 

particles can rapidly grow from 1 nm to several hundred nm in several hours by coagulation 123 

and condensation processes. Brownian coagulation is more responsible for the growth of 124 

particles under several 10 nm, and condensational growth is responsible for growth from 125 

several 10 to 100 nm (Kajino et al., 2013a). Because oxidants are abundant in the air, trace 126 

gases such as sulfur dioxides, nitrogen oxides, and organic vapors are oxidized, become 127 

less volatile, and are thus condensed onto pre-existing aerosols. This roughly shows how 128 

atmospheric chemistry drives the microphysics processes of submicron particles (from 1 129 

nm to 1 μm in diameter). Because oxidized vapors are hygroscopic when they are 130 

Table 1
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condensed, the hygroscopicity of aerosols increases during transport. The change in 131 

hygroscopicity is certainly more significant for the case of less hygroscopic particles, such 132 

as fresh BC. Aerosol microphysics is important in terms of both climatological and 133 

environmental aspects, as it determines the size and hygroscopicity of submicron particles, 134 

both of which are important parameters for the predictions of CCN concentrations and thus 135 

the in-cloud removal of submicron particles (Kajino et al., 2013a) and lung deposition 136 

(Kajino et al., 2014; Ching and Kajino, 2018). Aerosol microphysics is less important except 137 

gravitational settling for coarse-mode (> 1 μm) particles, such as sea-salt and dust.  138 

In order to consider the complex nature of aerosols as mentioned above and to simulate 139 

regional climate, air quality, and chemical weather forecast, a regional-scale meteorology – 140 

chemistry model has been developed (Kajino et al., 2018a). Three options for aerosol 141 

representations, i.e., 5-category non-equilibrium, 3-category non-equilibrium and bulk 142 

equilibrium representations, are currently incorporated for the three respective purposes of 143 

regional climate, air quality, and operational forecast. The model descriptions, with a focus 144 

on the differences between the three options, are briefly given in Sect. 2. The detailed 145 

description is given in a separate paper (Kajino et al., 2018a). The chemical and optical 146 

observation data described in Sects. 3.1 and 3.2 were compared with the simulation results 147 

in Sects. 4.1 and 4.2, respectively. In addition to the aerosol representations, there is 148 

another feature of this study: the method of model evaluation. We evaluated the model 149 

performances in terms of two aspects: (1) the consistency in terms of the chemical, 150 
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physical, and optical properties of aerosols, and (2) the consistency of surface 151 

concentration and deposition together with chemical transformation, as discussed in Sects. 152 

4.3 and 4.4, respectively. The consistent evaluations will prevent misleading interpretations 153 

of the discrepancies between the model and observations. Improving the model based on 154 

these misleading interpretations will alienate the model results even further from reality. In 155 

terms of the importance of chemical-physical-optical consistency, for example, improving 156 

the model by increasing the aerosol emission flux to compensate the underestimation of 157 

AOT, without knowing that the mass concentration is already overestimated and the 158 

conversion from mass to extinction is underestimated, will improve the simulated AOT but 159 

further aggravate the overestimation of mass concentration. Additionally, as for the 160 

importance of the emission-transport-transformation-deposition consistency, improving the 161 

increasing emission flux after observing the underestimation of mass concentration without 162 

knowing that the wet deposition amount is already overestimated due to the overestimation 163 

of the wet scavenging rate will improve the simulated mass concentration but further 164 

aggravate the overestimation of the wet deposition amount. 165 

Conclusions and future perspectives are summarized in Sect. 5. Because the current 166 

model is now open to the scientific community, R&D information, such as its current status 167 

and ongoing development, are summarized in Appendix. To ensure that the discussion is 168 

simple and straightforward, some of the model evaluations performed using observation 169 

data are presented in the Supplement. 170 
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 171 

2. Model description 172 

The detailed description is given in Kajino et al. (2018a) and thus refrained from 173 

repeating here, except some important parameters such as boundary conditions, because 174 

it is also an independent research paper.  175 

 176 

2.1 Coupling of Meteorology and chemical transport models 177 

NHM-Chem is coupled either offline or online with the Japan Meteorological Agency 178 

(JMA)’s non hydrostatic model (NHM; Saito et al., 2006, 2007). Online coupling indicates 179 

that the chemical transport simulation package is embedded in the NHM program; thus, the 180 

chemical and aerosol microphysical processes are synchronized with every time step of the 181 

meteorological processes (e.g., Grell et al., 2005). There are 1-way and 2-way online 182 

meteorology-chemistry couplings. The 2-way online coupling indicates that the chemical 183 

fields simulated by the chemistry model modify the meteorological fields (i.e., so-called 184 

aerosol-cloud-radiation interaction processes) (e.g., Chapman et al., 2009: Vogel et al., 185 

2009), whereas the 1-way online coupling indicates that only meteorology influences the 186 

chemical fields, and no feedback from chemistry to meteorological processes is considered. 187 

The offline coupling indicates that a meteorological simulation is first performed for a certain 188 

period and that subsequently a chemical transport simulation is performed by using the 189 

meteorological simulation result (e.g., Byun and Schere, 2006). 190 
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There are several drawbacks to use offline coupling. (1) Offline coupling is usually 191 

restricted to 1-way coupling, such that aerosol-cloud-radiation interaction processes cannot 192 

be studied (2-way coupling is feasible using a coupler; e.g., Yoshimura and Yukimoto, 2008, 193 

though). (2) Because output time intervals of 1 hour to several 10s of minutes are selected 194 

in a meteorological model (which is then input to a chemistry model), interpolations over 195 

time must be made between time intervals. Sudden or fast changes in meteorological fields, 196 

such as wind speed and direction or cloud processes, cannot be reflected in the chemical 197 

simulation. (3) Usually, chemical models utilize independent grid-scale/sub-grid-scale wet 198 

deposition schemes from the cloud and precipitation schemes of meteorological models 199 

(e.g., Byun and Schere, 2006; Kajino et al., 2012a, 2012b), which cause discrepancies in 200 

the wet deposition calculations of offline-coupled simulations. Practically, still, the 201 

offline-coupled models perform quite successfully in chemical transport simulations and are 202 

widely used for air quality studies (e.g., Carmichael et al., 2008; Chatani et al., 2014; 203 

Shimadera et al., 2014; Uno et al., 2017; Chatani et al., 2018). 204 

However, there are also merits of the offline-coupled simulations. (1) The offline 205 

simulations are computationally more efficient during sensitivity simulations of chemistry 206 

and transport/removal processes of aerosols (e.g., this study; Kajino et al., 2013b; Oshima 207 

et al., 2013): a meteorological simulation is required only once for an offline-coupling model, 208 

whereas meteorological simulations need to be done for every sensitivity simulation in an 209 

online coupling model. (2) Additionally, a multi-meteorological model inter-comparison can 210 
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be easily performed under offline-coupling frameworks without modifying the source code 211 

of the meteorological models. Currently, the Weather Research and Forecast model (WRF; 212 

Skamarock et al., 2008) and the next-generation non-hydrostatic model of JMA, asuca 213 

(Asuca is a System based on a Unified Concept for Atmosphere) (JMA, 2014) can be 214 

alternatively used for the meteorological model part of NHM-Chem.  215 

 216 

2.2 Chemical transport model 217 

The CTM part (or Chem) of NHM-Chem consists of advection, turbulent diffusion, the 218 

photolysis rate and gas-phase chemistry, secondary organic aerosol chemistry, liquid 219 

phase chemistry, heterogeneous chemical reactions, and aerosol microphysical processes. 220 

The aerosol microphysical processes consists of new particle formation, surface equilibrium 221 

vapor pressures of inorganic and organic compounds, condensation and evaporation, 222 

Brownian coagulation, dry deposition, grid-scale in-cloud scavenging (CCN activation, ice 223 

nuclei (IN) activation, and subsequent cloud microphysical processes), grid-scale 224 

below-cloud scavenging, subgrid-scale convection and scavenging, and fog deposition 225 

processes as presented in Kajino et al. (2018a). 226 

There are currently three options for the representations of aerosol categories (or types), 227 

i.e., the 5-category non-equilibrium method, the 3-category non-equilibrium method, and 228 

the bulk equilibrium method (Fig. 1). The 3-category method (ATK: Aitken mode, ACM: 229 

accumulation mode, COR: coarse mode) is a global standard method, originally developed 230 

Fig. 1 
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for the purpose of air quality predictions, such as acid deposition, photochemical oxidants, 231 

and PM2.5 (Byun and Schere, 2006; Grell et al., 2005) but. they have been also used for 232 

regional climate predictions, too (Chapman et al., 2009; Wong et al., 2012; Kajino et al., 233 

2017). However, the 3-category method does not consider the two aspects that are critically 234 

important in climate simulations and are thus often resolved by climate models: (1) 235 

differences between light-absorbing and non-light-absorbing aerosols and (2) differences 236 

between mineral dust and sea-salt particles. To consider these two differences, the 237 

5-category method is implemented by dividing the accumulation mode (ACM of the 238 

3-category method) into the ACM (soot-free accumulation mode) and AGR (accumulation 239 

mode mixed with soot aggregate) categories and dividing the coarse mode (COR of the 240 

3-category method) into the DU (mixture with dust; i.e., both mineral and anthropogenic 241 

dust) and SS (mixture with sea-salt) categories (Kajino et al., 2018a). 242 

The 5-category and 3-category methods solve full aerosol microphysical processes by 243 

using the triple-moment modal method (see red, blue, and pink arrows in Figs. 1a and 1b). 244 

On the other hand, for the purpose of obtaining an operational forecast, the computationally 245 

efficient bulk equilibrium method is developed, which does not solve aerosol microphysical 246 

processes, such as new particle formation, condensation, and coagulation (see sky blue 247 

arrows in Fig. 1c). Aerosols are categorized into three categories, namely, SUB (submicron), 248 

DU (dust), and SS (sea-salt). The total dry mass of SUB can be used for the prediction of 249 

PM2.5 and the mineral dust mass (denoted as MD) in the DU category. Thermodynamic 250 
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equilibrium is assumed for the inorganic components and all of the aerosol-phase 251 

components are assumed to exist in SUB, except for NaNO3, which is mixed with sea-salt 252 

in the SS category.  253 

NHM-Chem considers 12 tracers including two moments (0th (number) and 2nd 254 

(proportional to surface area)) and mass of ten components (UID (unidentified mass, or 255 

anthropogenic dust), BC, OM (organic mass), MD (mineral dust), NS (non-volatile 256 

components of sea-salt; sea-salt mass minus Cl-), SO4
2-, NO3

-, NH4
+, Cl- and H2O) for each 257 

category. The 3rd moment (proportional to volume) is diagnosed based on the mass 258 

concentrations of each component and their prescribed densities. The list of aerosol tracers 259 

in each category and the rules for the transfer of moments and mass from one category to 260 

another are presented in Kajino et al. (2018a). In all three methods, the compositions of the 261 

sea-salt and mineral dust particles are defined after Song and Carmichael (2001) as 262 

follows: the MD mass contains 6.8, 1.6, 0.91, and 0.78 wt% of Ca2+, Na+, K+, and Mg2+, 263 

respectively, and the NS mass contains 68.1, 17.1, 8.21, 2.58, and 2.45 wt% of Na+, SO4
2-, 264 

Mg2+, Ca2+, and K+, respectively. It is assumed that the UID mass does not contain any 265 

cations and is thus hydrophobic and inert. 266 

 267 

2.3  Simulation settings 268 

Because the simulation settings are the same as Kajino et al. (2018a), they are briefly 269 

described here. The offline coupling version is used for the simulation. Fig. 2 shows the 270 Fig. 2 
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simulation domain, which covers East Asia with 200 × 140 horizontal grid cells with a grid 271 

resolution of ∆x = 30 km. The numbers of the vertical grid cells of NHM and CTM are 38 272 

(reaching up to 22,055 m M.S.L.) and 40 (reaching up to 18,000 m M.S.L.), respectively, 273 

with terrain-following coordinates. The analysis period is the entire year of 2006. The 274 

locations of the observation sites used for the model evaluation are presented in Fig. 2 and 275 

summarized in Table 2. In order to study the long-range transport of air pollutants in Japan, 276 

the domain needs to cover entire East Asia including deserts and populated regions in the 277 

Asian continent as shown in Fig. 2. Consequently, due to the computational resources, the 278 

selected grid resolution was not enough fine to resolve local-scale meteorology and cloud 279 

microphysics processes, but enough fine to resolve long-range transport due to the 280 

synoptic-scale disturbances. Simulations with such a crude grid resolution often fail to 281 

reproduce observed surface air concentrations near the emission source regions (i.e., air 282 

pollutants at urban sites and sea-salt near the coastal regions), due to the unresolvable 283 

horizontal heterogeneity of emission sources and surface-layer meteorology. The sub-grid 284 

scale cloud processes parameterization schemes contain large uncertainties, but the 285 

sub-grid scale contribution to precipitation and wet deposition amounts become larger as 286 

the horizontal resolution is cruder. All these facts should be considered when the simulation 287 

results are compared with the observed surface concentrations and wet deposition results.  288 

The JRA-55 global reanalysis (Kobayashi et al., 2015) was used for the initial and 289 

boundary conditions of the NHM. Spectral nudging was applied to constrain the simulated 290 

Table 2
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meteorological field toward the global analysis (Nakano et al., 2012). The 3-hourly lateral 291 

and upper boundary concentrations of gases and aerosols were obtained from the 292 

simulation results of the global models of MRI-CCM2 (Deushi and Shibata, 2011) and 293 

MASINGAR-mk2 (Tanaka and Ogi, 2017), respectively. We used REASv2 (Kurokawa et al., 294 

2013) for the anthropogenic emissions with monthly variations. Li et al. (2017) was used for 295 

the hourly and vertical profiles of the emissions. We used the monthly Global Fire 296 

Emissions Database (GFED3; Giglio et al., 2010) for open biomass burning emissions and 297 

the Model of Emissions of Gases and Aerosols from Nature (MEGAN2; Guenther et al., 298 

2006) for biogenic emissions. The hourly volcanic SO2 emissions in Japan developed by 299 

Kajino et al. (2018a) were used. The volcanic emissions from other volcanoes in the world 300 

were taken from Andres and Kasgnoc (1998). The methods of Han et al. (2004) and Clarke 301 

et al. (2006) were used to predict the emissions of mineral dust and sea-salt particles with 302 

modifications given by Kajino et al. (2018a).  303 

Figure 3 shows diagrams of the physical and optical measures with respect to σg and 304 

several types of diameter scales that are useful for the consistency evaluations discussed 305 

in this study, such as the PM2.5 to total mass ratio (-), the PM10 to total mass ratio (-), the 306 

Ångström exponent (α) (-), the ratio of mass concentration to extinction coefficient (MEF: 307 

the mass/extinction conversion factor, as defined in Sugimoto et al., 2011) of mineral dust 308 

(μg m-3 km), and the number to dry mass ratio (106 μg-1). The acronyms for the aerosol 309 

parameters used in this study are summarized in Table 3. Note that here, the simulated PMx 310 

Fig. 3 

Table 3
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was derived as a proportion of the dry mass in which the aerodynamic ambient (wet) 311 

diameter was exactly smaller than x μm. As can be seen in Fig. 3 and Table 3, aerosol sizes 312 

should be carefully defined because both their physical and optical measures significantly 313 

vary depending on whether their diameters are number-equivalent or mass-equivalent, wet 314 

or dry, and actual or aerodynamic. The width of the distribution σg, hygroscopicity κ, and 315 

aerosol density ρp are also key parameters because they affect the magnitudes of their 316 

physical and optical measures. Certainly, shape factors can also significantly affect these 317 

measures, as well as aerosol microphysical processes; however, all of the modeled 318 

particles are assumed to be spherical in the current version of NHM-Chem, as they are in 319 

most other CTMs.  320 

As presented in Kajino et al. (2018a), the prescribed size parameters were applied to the 321 

emission of all species, except for mineral dust and sea-salt, and are defined as follows: 322 

(Dg,n,aero,dry , σg) = (0.01 μm, 1.3), (0.1 μm, 1.5), (0.1 μm, 1.5) and (2 μm, 1.8) for the ATK, 323 

ACM, AGR, and DU (applied to anthropogenic dust only, denoted as UID) categories of the 324 

5-category method; (0.01 μm, 1.3), (0.1 μm, 1.5), and (2 μm, 1.8) for the ATK, ACM, and 325 

COR (applied to UID only) categories of the 3-category method; and (0.1 μm, 1.5) and (2 326 

μm, 1.8) for the SUB and DU (applied to UID only) categories of the bulk equilibrium 327 

method, respectively. 328 

 329 

3. Observation data 330 
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3.1  Chemistry data: EANET, CHAAMS, and Qingdao 331 

In this section, the simulated aerosol chemical compositions, together with their size 332 

factors, i.e., PMx, were evaluated using the observation data obtained from the Acid 333 

Deposition Monitoring Network in East Asia (EANET) stations, the Cape Hedo Atmosphere 334 

and Aerosol Monitoring Station (CHAAMS) station, and a station on Tianheng Island in 335 

Qingdao city, China (denoted as Qingdao). The locations and characteristics of these sites 336 

are shown in Fig. 2 and Table 2. Note that the locations of CHAAMS and the Hedo station 337 

of EANET neighbor each other. The Hedo sites of SKYNET and AD-Net belong to 338 

CHAAMS. Therefore, the Hedo sites of all monitoring networks used in this paper are 339 

simply referred to as Hedo.  340 

For EANET, the guidelines, technical documents, monitoring reports and quality 341 

assurance and quality control programs are available at http://www.eanet.asia/product/ (last 342 

access: October 17, 2018). For the model evaluation, we used the hourly SO2, NO, NOx, O3, 343 

PM2.5, and PM10 surface air concentrations; 2-weekly (1-weekly for Ogasawara) surface air 344 

concentrations of gases (SO2, NH3, HNO3, and HCl) and aerosol components (SO4
2-, NO3

-, 345 

Cl-, NH4
+, Na+, Mg2+, K+, and Ca2+) using the filter pack method (FP); and the daily wet 346 

deposition amounts of inorganic ions (SO4
2-, NO3

-, Cl-, NH4
+, Na+, Mg2+, K+, and Ca2+) and 347 

precipitation amount obtained at seven remote Japanese stations. PM2.5 data were only 348 

available at Rishiri and Oki for the year 2006. We only selected remote stations in Japan to 349 

evaluate the current simulation with a coarse grid resolution of Δx = 30 km. To avoid artifact 350 
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problems in the gas-aerosol partitioning of the long-duration FP method (EANET 2003, 351 

technical documents about the filter pack method in East Asia, available at 352 

http://www.eanet.asia/product/), only the total (gas plus aerosol) concentrations of 353 

semi-volatile gases, such as NO3
-, NH4

+, and Cl-, were compared with the simulation results. 354 

Since there is no size cutoff for the FP inlet, FP data can be regarded as representing total 355 

suspended particles (TSP). However, it is notable that the air flow moves from the bottom 356 

up at a very low rate of 1 L min-1; thus, the averaged flow rate of the entrance of FP is 357 

estimated to be 0.2 cm s-1 (Kajino et al., 2012b), which is lower than the gravitational 358 

settling of a particle with an aerodynamic diameter of 10 μm of approximately 1 cm s-1. 359 

Particles larger than 10 μm may not be analyzed using the FP method. To evaluate the 360 

simulated long-range transport, we used data obtained from the EANET stations in China. 361 

We selected three stations in China, i.e., two urban stations and one rural station, where 362 

daily air concentrations of SO2, NO2, and PM10 were available. FP, O3, and PM2.5 data were 363 

not available in Chinese EANET stations. 364 

We also used size-resolved measurements of the surface air concentrations of the 365 

aerosol compositions for the model evaluations, i.e., (1) the hourly SO4
2-, NO3

-, NH4
+, and 366 

OM measured by an Aerodyne quadrupole aerosol mass spectrometer (Q-AMS) with a 367 

cutoff size of PM1 at CHAAMS for the year 2006 (Takami et al., 2007) and (2) the daily 368 

SO4
2-, NO3

-, Cl-, NH4
+, Na+, Mg2+, K+, and Ca2+ of PM2.5 and PM10, measured by ion 369 

chromatograph analyses (Dionex, DX-500) at Qingdao in April 2006 (Takami et al., 2006; 370 
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Takiguchi et al., 2008).  371 

To avoid the influences of sea-salt on chemical compositions, we defined non-sea-salt 372 

(nss-) SO4
2- and nss-Ca2+ using the following equations (except for Q-AMS data, for which 373 

Na+ data were not available) and compared them to the simulation results:  374 

[nss-SO4
2- ] = [SO4

2- ] 0.251  [Na+]  (1) 

[nss-Ca2+] = [Ca2+]   0.038  [Na+] (2) 

where [] denotes the weight concentrations or deposition amounts in μg m-3 or μg m-2. 375 

Note that here, PM2.5 and PM10 were derived as the proportions of dry mass exactly 376 

smaller than aerodynamic ambient (wet) diameters of 2.5 and 10 μm, respectively. The PM1 377 

of a Q-AMS equipped in a container was also defined as an aerodynamic ambient diameter 378 

because outdoor air directly enters the aerodynamic lens of the Q-AMS without passing 379 

through any heating or drying devices. The simulated PMx can be calculated using the error 380 

function (erf) as follows:  381 
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where i and Mi indicate the category and dry mass of the category, respectively.  382 

 383 

3.2 Aerosol optical data: SKYNET and AD-Net 384 

SKYNET is a ground-based international remote sensing network dedicated to 385 

aerosol-cloud-radiation interaction studies (e.g., Takamura and Nakajima, 2004; Nakajima 386 



 19

et al., 2007). All SKYNET sites are equipped with one or more sky radiometers (Prede Co., 387 

Ltd, Tokyo, Japan) as their main instrument. Autonomous, long-term, and continuous 388 

observations are conducted. The basic parameters derived from these observations are 389 

AOT and single scattering albedo (SSA) data in ultraviolet/visible/near-infrared regions and 390 

the Ångström exponent (α) values of aerosols. The descriptions, data, site info, and list of 391 

publications of SKYNET can be found at http://atmos3.cr.chiba-u.jp/skynet/ (last access: 392 

October 17, 2018). We used the AOT and SSA data obtained at 500 nm and the α data 393 

obtained from four main Japanese stations, i.e., Chiba, Kasuga, Hedo, and Miyako, for the 394 

model validation in this study. Note that SSA data are only used for the model validation 395 

when the AOT is greater than 0.3 to exclude data with low reliability. 396 

AD-Net, the Asian dust and aerosol lidar observation network, is a lidar network used for 397 

the continuous observation of vertical distributions of Asian dust and other aerosols in East 398 

Asia. The standard lidar system in AD-Net is a two-wavelength (1064 and 532 nm) 399 

polarization-sensitive (532 nm) Mie-scattering lidar (Sugimoto et al., 2008: Shimizu et al., 400 

2016). The attenuated backscattering coefficients at 1064 and 532 nm and the volume 401 

depolarization ratio at 532 nm are available at time intervals of 15 minutes. The extinction 402 

coefficients for non-spherical (referred to as dust) and spherical aerosols are also derived 403 

using the backscattering and depolarization ratio (Sugimoto et al., 2003; Shimizu et al., 404 

2004). The descriptions, data, site info, and list of publications of AD-Net can be found at 405 

http://www-lidar.nies.go.jp/AD-Net/ (last access: October 17, 2018). Currently, there are 13 406 
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stations in Japan and seven stations in Korea, Mongolia, and Thailand. We used the dust, 407 

spherical and total (dust + spherical) extinction coefficients at 532 nm obtained at the four 408 

Japanese stations of Tsukuba, Matsue, Fukue, and Hedo for the model validation in this 409 

study. 410 

 411 

4. Results and discussion 412 

4.1  Comparison with observed chemistry and aerosol size data 413 

Figures 4 - 11 show the time series of simulated and observed data. Note that in all of the 414 

time series figures in this manuscript, the lines overlapping from back to front emphasize 415 

both the observation data and the 5-category simulation data, which is a standard setup of 416 

NHM-Chem; from back to front these include the black line (observation), red line (with or 417 

without symbols) (the bulk method), blue line (with or without symbols) (the 3-category 418 

method), green line (with or without symbols) (the 5-category method), and black symbols 419 

(observation, again). Additionally, note that in order to compare them with the observation 420 

data at a site, the mean simulated values of the four nearest grid points, inversely weighted 421 

by the squares of their distances to the site, were used. The statistical measures of all 422 

simulated and observed components compared in this study, such as the median 423 

simulation to observation ratios (Sim:Obs), correlation coefficients (R), root mean square 424 

errors (RMSE), and fractions of simulated values within a factor of two of the observed 425 

values (Fa2), are listed in Table 4. 426 

Fig. 4 
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 427 

a. Surface bulk mass concentrations and physical properties 428 

Figure 4 shows the daily mean simulated and observed surface concentrations of O3, 429 

NOx, SO2, PM10 and the PM2.5 to PM10 ratios at Rishiri, Oki, and Hedo for the year 2006. 430 

Rishiri is the northernmost (45°N) station and Hedo is the southernmost (27°N) station of 431 

the Japanese EANET stations, and their seasonal variations are different. Oki is located in 432 

the middle and western part of the Japan Archipelago and is thus often affected by the 433 

long-range transport of contaminated air masses from continental East Asia. In Fig. 4 and 434 

Table 4, the differences between the three aerosol options are minor for gases, whereas 435 

there are some differences in the aerosol components. The time variations and quantities of 436 

O3 are well predicted (Sim:Obs ~ 0.95, R ~ 0.6), except from January to April at Rishiri, 437 

where they are underestimated by approximately 10 ppbv (hereinafter simply denoted as 438 

ppb), probably due to the underestimation of northern boundary concentrations. Both the 439 

simulated and observed O3 concentrations at Hedo dropped below 20 ppb in the summer 440 

seasons, when clean Pacific air masses were transported. The O3 concentrations at Rishiri 441 

and Oki were also lower in summer, when the transport of continental air masses was less 442 

influential. The O3 concentrations at the three sites were higher in the spring; this occurred 443 

because in the spring, the long-range transport of continental air, intrusion of high-O3 air 444 

from the upper troposphere, and photochemical production are all active. Even though the 445 

quantities of simulated NOx agreed with those that were observed (Sim:Obs ~ 1.1), there 446 

Table 4
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were sometimes significant differences, as can be seen in Fig. 4. Because NOx is a primary 447 

species and thus local emissions, such as vehicle exhaust, can affect its observed 448 

concentrations, it is difficult to simulate NOx with such a crude grid resolution of Δx = 30 km 449 

(R ~ 0.4). In addition, NOx chemistry is highly nonlinear, as it is involved in the NOx-VOC 450 

cycle in the production chemistry of tropospheric O3. Because SO2 is also a primary 451 

species but its reactions are less nonlinear than those of NOx, and because there are fewer 452 

local emissions than NOx at the Japanese EANET stations, the observed peaks over time 453 

were well reproduced by the simulation (R ~ 0.6). The quantities of SO2 were overestimated 454 

(Sim:Obs ~ 3) due mainly to the overestimation of volcanic plumes from the summer to the 455 

autumn at the sites. The time variations and quantities of PM10 were well predicted 456 

(Sim:Obs ~ 1.1, R ~ 0.6). However, there were sometimes significant discrepancies, 457 

especially during the high-concentration episodes in the spring, such as those observed in 458 

May at Rishiri, April at Oki, and March and April at Hedo, due to the difficulties associated 459 

with predicting natural aerosol emissions. These peaks were associated with the transport 460 

of Asian mineral dust. The model performance of Asian dust prediction will be presented 461 

later in Sect. 4.3b and Fig. 13. The model performance of PM2.5 (Sim:Obs ~ 1.1, R ~ 0.6) 462 

was the same as that of PM10. The quantities of the simulated PM2.5/PM10 ratios (an 463 

indicator of the successful simulation of aerosol size) agreed with those that were observed 464 

(Sim:Obs ~ 0.8 – 0.9), but their R values were low (0.15-0.3). Thus, the simulated size 465 

distribution still requires further improvement. The observed PM2.5/PM10 ratio at Oki 466 
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dropped in the spring due to the transport of Asian dust, and this trend was reproduced by 467 

the simulations.  468 

 469 

b. Surface aerosol chemical and physical properties at downwind site (Hedo) 470 

Figure 5 shows the simulated and observed chemical components measured by Q-AMS 471 

(daily, PM1) and the FP method (2-weekly, total) and their ratios at Hedo in the year 2006. 472 

Ideally, the ratio of PM1 to the total should not exceed 1, but it sometimes exceeded 1 473 

(reaching up to greater than 1.5), which could be regarded as reflecting the uncertainty in 474 

these observations. The differences between the three aerosol options were minor for 475 

SO4
2- and OM and larger for NH4

+ and NO3
-, mainly because the partitioning of the 476 

gas-submicron-supermicron categories of SO4
2- and OM were similar between the three 477 

methods (i.e., most of them existed in the submicron categories), whereas the partitioning 478 

of NH4
+ and NO3

- in the bulk method significantly differed from those of the other two 479 

non-equilibrium methods.  480 

The simulated PM1-SO4
2- was underestimated (Sim:Obs ~ 0.4), especially from January 481 

to March. During this period, the Q-AMS-measured PM1-SO4
2- was larger than the 482 

FP-measured T (total; gas plus aerosol)-SO4
2- by approximately 20-50%. Still, the 483 

simulated T-SO4
2- was underestimated compared to the observations in January and those 484 

from March to May. The simulated SO4
2- values agreed very well with the FP data from 485 

June to December. In fact, the overall simulation of T-SO4
2- was successful (Sim:Obs 0.9 – 486 

Fig. 5 



 24

1.2, R > 0.7) based on its comparison with the FP data obtained at the seven Japanese 487 

EANET stations (Table 4 and Fig. 7). The underestimation of SO4
2- from January to May 488 

was found only at Hedo, although the reason for this has not been identified. Both the 489 

simulated and observed median values of the PM1/Total ratio of SO4
2- were 0.75 and 0.85, 490 

respectively (Table 4), indicating that the dominant proportions of SO4
2- existed in 491 

submicron particles. The simulated ratios were higher in the summer. The simulated 492 

PM1/Total ratio of SO4
2- in the bulk method reflects the size distribution of SUB, namely, the 493 

PM1/TSP ratio, because all sulfuric acid is assumed to be partitioned into SUB. Therefore, 494 

the higher ratio observed in the summer indicates the smaller size of SUB in the summer. 495 

However, because the bulk method does not explicitly simulate aerosol microphysics, the 496 

seasonal variations observed in the bulk method were not discussed. On the other hand, 497 

the non-equilibrium methods treat aerosol microphysics and the internal mixtures of SO4
2- 498 

with coarse mode particles, and the PM1/Total ratio was mainly due to the partitioning 499 

between the submicron and supermicron categories (COR, DU, and SS). These ratios were 500 

lower from January to April and in November due to mixing with both sea-salt and mineral 501 

dust particles, whereas these ratios were lower in June and July due to mixing with sea-salt 502 

particles. The observed trend appeared opposite to those simulated (higher from January 503 

to March and June and July), but the observed trend seems difficult to be discussed due to 504 

the uncertainty in the observations (Q-AMS-PM1-SO4
2- exceeded FP-total-SO4

2-) in this 505 

study period.  506 



 25

Because NH4
+ is a major counter ion of SO4

2- in submicron particles, similar trends were 507 

also found for the simulated PM1-NH4
+ and T-NH4

+: the underestimation of PM1-NH4
+ was 508 

observed at Hedo (Sim:Obs ~ 0.5 for the non-equilibrium methods) with low R values (~0.4), 509 

while good agreement was observed for T-NH4
+ at the seven Japanese EANET stations 510 

(Sim:Obs ~ 0.8, R ~ 0.6). The significant underestimation of PM1-NH4
+ was only found in 511 

the bulk method (Sim:Obs = 0.24) because the gas-phase fraction was overestimated due 512 

to the assumption of instantaneous gas-aerosol partitioning. This can be explained by the 513 

following equations: 514 

NH4NO3(p)    NH3(g) + HNO3(g) (4) 

HNO3(g)     XNO3 (p) (5) 

where (p) and (g) denote the particulate (or aerosol) and gas phases, respectively. X 515 

indicates the crustal ions, such as Na+, Ca2+, Mg2+, and K+, in sea-salt and mineral dust 516 

particles. Over the ocean, during its transport from the Asian Continent to Hedo, a 517 

semi-volatile form of NH4
+, NH4NO3 (Eq. 4), gradually evaporates as the reaction of nitric 518 

acid gas with sea-salt and mineral dust particles (Eq. 5) slowly proceeds. However, the 519 

instantaneous partitioning assumption in the bulk method caused the overestimation of the 520 

evaporation of NH4NO3 and thus the underestimation of NH4
+.  521 

Similar to PM1-SO4
2- and PM1-NH4

+, the simulated PM1-NO3
- was underestimated 522 

(Sim:Obs ~ 0.5; Table 4) by the non-equilibrium methods, while it was overestimated by 523 

twice its actual value using the bulk method. On the other hand, the non-equilibrium 524 
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methods overestimated T-NO3
- at Hedo, while the simulation produced by the bulk method 525 

agreed well (see Fig. 5). The simulated T-NO3
- values obtained at the seven Japanese 526 

EANET stations using the three methods were all overestimated, but those produced by the 527 

bulk method were better (Sim:Obs ~ 3.0 for the non-equilibrium methods and ~2.0 for the 528 

bulk method). Even though the bulk method successfully reproduced T-NO3
- at Hedo, the 529 

comparison of the PM1/Total ratio proved that the bulk method was physically inconsistent 530 

(i.e., it was overestimated from January to April). The observed daily NOy and HNO3 at 531 

Hedo were compared with the simulated values, as shown in Supplement 1. Because the 532 

FP data are 2-weekly, the higher-frequency NOy and HNO3 data provide additional 533 

information about the model validations, i.e., the gas-aerosol partitioning of T-NO3
- and the 534 

analysis of each transport event. The daily variations in NOy were generally well 535 

reproduced by the simulations. The magnitudes of the overestimations of the simulated 536 

NOy values were consistent with the FP T-NO3
-: Sim:Obs ~ 2.0 for the non-equilibrium 537 

methods and ~1.5 for the bulk method. For both the NOy and FP T-NO3
-, the simulated 538 

quantities of the three methods agreed well with the observations from March to July, 539 

whereas those simulated by the non-equilibrium methods were significantly overestimated 540 

and those of the bulk method were reasonable. For HNO3, the non-equilibrium method 541 

yielded underestimates from February to April, whereas it yielded reasonable results from 542 

August to November. On the other hand, the bulk method yielded reasonable results from 543 

February to April, while it yielded overestimates from August to November. The agreements 544 
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and discrepancies between the simulations and observations are discussed in Sect 4.4e, 545 

although the reasons for these discrepancies have not yet been identified. The reason for 546 

the difference between the bulk method and the non-equilibrium methods at Hedo can be 547 

explained as follows. The PM1-NO3 of the bulk method was larger than that of the 548 

non-equilibrium method at Hedo because all of the NH4NO3 exists in SUB in the bulk 549 

method, whereas it exists in the coarse mode particles for the non-equilibrium methods (Fig. 550 

1). The HNO3 of the bulk method was larger than that of the other two at Hedo because 551 

only sea-salt is a counterpart of the coarse mode category, whereas sea-salt and dust can 552 

hold NO3
- in the aerosol phase in the non-equilibrium methods. The higher gas-phase 553 

fraction caused the lower T-NO3
- concentrations in leeward air because the dry deposition 554 

velocity of HNO3 is much faster than that of NO3
- aerosols (both in the fine and the coarse 555 

mode) over a smooth surface, such as the ocean (e.g., Kajino et al., 2008; Kajino and Ueda, 556 

2011). Consequently, the simulated T-NO3
- and NOy of the bulk method were smaller than 557 

those of the other two methods.  558 

The simulated PM1-OM showed a similar trend as PM1-SO4
2- (Sim:Obs ~ 0.5, R < 0.5) 559 

because for both SO4
2- and OM, most of their masses are partitioned into the submicron 560 

categories.  561 

 562 

c. Surface aerosol chemical and physical properties at upwind site (Qingdao) 563 

Figure 6 shows the daily concentrations of the chemical components of PM2.5 and PM10 564 Fig. 6 
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at Qingdao in April 2006. In the same manner as the PM1/Total ratio analysis, chemical and 565 

physical parameters can be efficiently validated by analyzing the PM2.5/PM10 ratio. This 566 

analysis can exclude the influence of semi-volatile gases such as NO3
- and NH4

+, which 567 

cannot be excluded for the PM1/Total analysis as the long-duration FP was used in EANET. 568 

PM2.5 cannot exclude natural aerosols, such as sea-salt and mineral dust, as some of their 569 

proportions can be included in PM2.5. However, this analysis was still useful for evaluating 570 

the simulated size distribution of sea-salt and a mixing type (i.e., sea-salt / non-sea-salt 571 

partitioning) of NO3
-, as presented in Kajino and Kondo (2011). In Kajino and Kondo (2011), 572 

the observed and simulated PM2.5/PM10 ratios of SO4
2-, NH4

+, NO3
-, and Na+ at Gosan site 573 

on Jeju Island, Korea, in March – April 2005 were 0.93 and 0.95, 0.89 and 0.85, 0.66 and 574 

0.66, and 0.43 and 0.52, respectively. These data indicated that at Gosan, SO4
2- and NH4

+ 575 

existed in submicron particles, whereas NO3
- existed in both submicron and sea-salt 576 

particles, because the PM2.5/PM10 of NO3
- was larger than that of Na+. Gosan is located in a 577 

downwind area, but Hedo is located further downwind. Fifty-three percent of the simulated 578 

NO3
- mixed with sea-salt at Gosan in spring, whereas this value was 98% at Hedo (Kajino 579 

et al., 2012a). Qingdao is located closer to its source regions than Gosan and Hedo, and 580 

thus the simulated NO3
- mixed with sea-salt by the 5-category method at Qingdao was 581 

lower than 10% in spring, as shown later in Fig. 12. The mixing type of NO3
- varied 582 

substantially in different seasons, but the NO3
- mixed with sea-salt was generally lower than 583 

20% throughout the year and reached up to 40% in some cases at Qingdao.  584 
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The observed daily variations were generally well reproduced by the simulations. As 585 

shown in Fig. 6, the simulation results of the three methods were similar to each other for 586 

SO4
2-, but the NH4

+ and NO3
- values of the bulk method were different from those of the 587 

other two. For the size distribution of natural aerosols, such as sea-salt and mineral dust 588 

particles, the PM2.5/PM10 ratios of Na+ and nss-Ca2+ of the 3-category method were 589 

different from those of the 5-category and bulk methods because the 3-category method 590 

cannot treat external mixtures of COR, namely, sea-salt and mineral dust. The completely 591 

internal mixture assumption of the COR of the 3-category method yielded an unrealistic 592 

size distribution between those of SS and DU: the PM2.5/PM10 ratios of Na+ and nss-Ca2+ of 593 

the 3-category method were approximately 0.2, which were in between but neither the 594 

PM2.5/PM10 values of Na+ (0.3) nor nss-Ca2+ (0.1) of the 5-category and bulk methods. Note 595 

that the observed PM2.5/PM10 ratios of nss-Ca2+ (0.5-0.6) were as large as those of the 596 

observed Na+ (0.5-0.6) and significantly larger than the simulated nss-Ca2+ (0.1-0.2). The 597 

observed nss-Ca2+ ratio is not shown here because Eq. 2, which is used to derive nss-Ca2+, 598 

is only applicable to the Asian mineral dust events. During such dust events, the PM2.5/PM10 599 

mass ratio was approximately 0.1 in Japan (indicated as a dashed line in the lowest right 600 

panel of Fig. 6); thus, it cannot be larger (i.e., smaller in size) at Qingdao located in the 601 

upwind region of Japan. Additionally, the quantity of the daily observed nss-Ca2+ was below 602 

2 μg m-3, whereas it could have exceeded 30 μg m-3 during the Asian dust event 603 

(estimated by PM10 = 500 μg m-3 with 6 wt% Ca2+). Although the current nss-Ca2+ analysis 604 
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was not applicable to the observation period at Qingdao, its PM2.5/PM10 ratio was used to 605 

show how that of the 3-category method differed from those of the 5-category and bulk 606 

methods. The simulated PM2.5/PM10 ratios of Cl- were larger than those of Na+ because the 607 

condensation of HNO3 and H2SO4 to sea-salt particles expels HCl, which reacts with NH3 to 608 

form NH4Cl and condenses onto submicron particles. This reaction was too fast for the bulk 609 

method, in which instantaneous equilibrium was assumed. Consequently, the PM2.5/PM10 610 

ratio of Cl- of the bulk method (~0.7) was significantly larger than that of Na+ of the bulk 611 

method (~0.3). The PM2.5/PM10 ratio of Cl- of the 5-category method (~0.4) was slightly 612 

larger than that of Na+ of the bulk method (~0.3). However, this reaction was not inferred 613 

from observations: the observed PM2.5/PM10 ratios of Na+ and Cl- were not significantly 614 

different. It is indicated that the sea-salt particles collected at Tianheng Island in Qingdao 615 

were mostly fresh, whereas the simulated 30 × 30 km mean values were more aged (i.e, 616 

reacted more with HNO3 and H2SO4). 617 

The simulated PM10-NO3
- values were significantly overestimated, while those of 618 

PM2.5-NO3
- were reasonable for the 5-category method (i.e., the observed and simulated 619 

PM2.5/PM10 ratios were ~0.7 and ~0.5, respectively). This trend is probably due to the 620 

overestimation of the sea-salt concentration and their size distributions (the observed and 621 

simulated PM2.5/PM10 ratios of Na+ were ~0.6 and ~0.35, respectively). It is hard to 622 

reproduce the observed sea-salt concentrations at a near-coastal site using a model with 623 

such a crude horizontal resolution. If the model could successfully simulate both the 624 
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quantity of sea-salt concentrations and their size distributions, both the simulated quantity 625 

and size distributions of NO3
- could be reasonable. The size distribution of sea-salt particles 626 

was successfully simulated by Kajino and Kondo (2011), while their size is overestimated in 627 

the current study. There are two reasons for this: (1) the observed PM2.5/PM10 was larger at 628 

Qingdao (~0.6) than it was at Gosan (0.43). This ratio could vary with RH, as seen from the 629 

differences in Figs 3a and 3b, but this difference could also be regarded as reflecting the 630 

uncertainties in observations. (2) The sea-salt size during emission was larger in the 631 

current study than it was in Kajino and Kondo (2011) because the smallest mode of the 632 

Clarke et al. (2006) sea-salt emission scheme was regarded as water-insoluble organics 633 

and thus was not considered to reflect sea-salt in the study, whereas all of the three modes 634 

were regarded as sea-salt in Kajino and Kondo (2011). Therefore, the simulated 635 

PM2.5/PM10 ratio of Na+ at Qingdao was approximately 0.35, which was significantly lower 636 

than that observed in the previous study (0.52) and further alienated the simulated ratio 637 

(0.52 to 0.35) from the observed ratio (0.43 to 0.6). Certainly, improvements of the sea-salt 638 

emission flux and its size distribution are needed; these improvements will also benefit the 639 

predictability of both the concentration and size distribution of NO3
-.  640 

 641 

d. Surface concentration and wet deposition of chemical compounds 642 

Figure 7 illustrates the chemical components of the wet deposition amounts and surface 643 

air concentrations at two Japanese EANET stations, i.e., one at a near-coastal station (NC) 644 

Fig. 7 
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(Oki) and another at a far-from-the-coast station (FC) (Yusuhara). The EANET NC stations 645 

are defined as less than 1 km from the coast (Kajino et al., 2012b). Again, the 646 

concentrations were 2-weekly FP data, and only total (gas plus aerosol) concentrations 647 

were used for comparisons. The precipitation amounts were well predicted at Oki, whereas 648 

some discrepancies were found at Yusuhara (i.e., underestimations in August and 649 

September). Oki is located on an island and Yusuhara is a mountain site. It was impossible 650 

to reproduce terrain-induced wind and precipitation in mountains using the 30-km model. 651 

The concentrations of nss-SO4
2- and NH4

+ were well predicted at both Oki and Yusuhara. 652 

The wet deposition amounts of the two species were also well predicted at Oki, but some 653 

discrepancies were found at Yusuhara. As discussed before, the NO3
- concentrations were 654 

overestimated, while their deposition amounts were reasonable. This fact is extensively 655 

discussed in Sect. 4.4e. The Na+ concentration (sea-salt origin) was well predicted at Oki, 656 

while it was overestimated at Yusuhara. The significant underestimation of wet deposition 657 

at Oki was due to the presence of short-lived large sea-salt particles (LSPs; diameter > 10 658 

μm, traveling horizontal distance 1 – 10 km), which is not considered in the simulation as 659 

elaborated in Sect. 3.4 of Kajino et al. (2012b). While the wet-only precipitation sampler can 660 

collect any size of the droplets during precipitation events, the aerosol sample cannot: 661 

LSPs have too large a gravitational velocity (> approximately 1 cm s-1) to enter the bottom 662 

of the FP with the average flow rate of 0.2 cm s-1. Therefore, the significant underestimation 663 

of Na+ only occurred in wet deposition at NC stations (i.e., less than 1 km from the coast) 664 
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and was not found in wet deposition at FC stations nor found in concentrations at both NC 665 

and FC stations.  666 

The simulated wet deposition of Na+ at Yusuhara agreed fairly well with the observation. 667 

The seasonal variation of simulated nss-Ca2+ (mineral dust origin) agreed well with 668 

observations at Oki and Yusuhara, large in the spring, except significant overestimation in 669 

late April at Oki.  670 

The simulated and observed daily mean concentrations of NO2, SO2, and PM10 and the 671 

half-monthly mean wet depositions of the ionic components in the three EANET stations in 672 

China are shown in Supplement 2. Because the FP data were not available in the Chinese 673 

EANET stations, it was not possible to perform the detailed analysis, as was done with the 674 

Japanese EANET data; thus, the reason for the discrepancies between the simulations and 675 

observations was not determined. There were significant discrepancies in the surface air 676 

concentrations between some seasons and locations, while the simulations quantitatively 677 

agreed with the observations for other seasons and locations. Precipitation was generally 678 

underestimated by the model at the three stations, as were the wet deposition amounts of 679 

the chemical components. Note that the underestimation of nss-SO4
2- wet deposition at the 680 

Chinese stations was more than that observed at the Japanese stations. In contrast to the 681 

Japanese stations, the wet deposition of nss-Ca2+ was extremely underestimated by the 682 

simulation. There are two possible reasons for this: the underestimation of the wet 683 

deposition of mineral dust or the underestimation of the air concentration. However, it is 684 
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hard to identify the reason because surface air concentration data were not available.  685 

 686 

4.2  Comparisons with observed optical data 687 

The comparisons of daily mean aerosol optical properties are illustrated in Figs. 8 and 9, 688 

which exhibit the AOT, SSA, and α at the four SKYNET stations and the near-surface 689 

extinction coefficients together with their spherical and dust components at the four AD-Net 690 

stations in Japan, respectively. Because sky radiometer data are only available for 691 

clear-sky days, only sunny grids of the model results were used for comparisons. A sunny 692 

grid was defined as a grid in which the hydrometeor mixing ratios at all vertical levels were 693 

lower than 10-6 kg/kg. To exclude SSA data with low reliability, SSA data were selected only 694 

for AOT > 0.3. Near-surface extinction coefficients were defined as the median values of 695 

data below 300 m AGL, but the simulated values of the lowest model grid were used for 696 

comparisons. The Mie theory calculation was performed to derive the optical properties at 697 

wavelengths of 500 nm and 1020 nm by using simulated log-normal size distribution 698 

parameters and chemical compositions. The simulated α values were derived from AOT 699 

values at 500 nm and 1020 nm. The simulated optical properties at 500 nm were compared 700 

with the sky radiometer data at 500 nm and lidar data at 532 nm.  701 

As shown in Fig. 8 and Table 4, the simulated AOT was underestimated by 702 

approximately 50-60%. In the simulation, no quantitative enhancements were observed in 703 

spring to summer, such as from March to June in Chiba, April to June in Kasuga, and 704 

Fig. 8 

Fig. 9 
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February to April in Hedo and Miyako. Because the simulated surface PM10 concentration 705 

was found to be reasonable (Sim:Obs ~1.1), there are two possible reasons for this trend: 706 

the overestimation of MEF and/or the underestimation of aerosol loading in the upper air. 707 

As shown in Fig. 9 and Table 4, the observed daily variations of the total extinction 708 

coefficient and its spherical component were generally well reproduced by the model but 709 

underestimated. Because the total extinction coefficient was underestimated (Sim:Obs 710 

~0.5), the simulated MEF could have been generally overestimated by the model, which 711 

may have contributed to the underestimation of AOT. The discrepancy between the 712 

observed and simulated RH could cause substantial errors in the prediction of MEF and 713 

thus AOD especially at higher RH conditions. The evaluation of the simulated vertical 714 

profiles of aerosols is certainly required to identify the reason for the underestimation of 715 

AOT, and this will be done in our next paper. 716 

The simulated SSA data were slightly lower than those observed and their correlations 717 

were very low. Since there are so many factors, such as size distributions, relative 718 

abundance of compositions, vertical profiles, and mixing state, affecting the performance of 719 

SSA, it is hard to identify the reason for the low correlations. There seems a hope that the 720 

scores of the 5-category method are slightly higher than the other methods (i.e., Sim:Obs, 721 

R, and RMSE in Table 4), possibly indicating the merit of the separation of BC and dust 722 

from ACM and COR of the 3-category method. The simulated SSA data were high in the 723 

summer (Fig. 8), due to the decreased transport of BC and mineral dust under the influence 724 
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of the Pacific High. Also, the observed summertime SSA data were slightly higher than 725 

those in the other seasons, although the seasonal difference was not statistically 726 

significant.  727 

The simulated α values differed between the aerosol representations, but all of the 728 

simulations underestimated the observed α  values (i.e., they overestimated larger 729 

particles). The simulated α values of the bulk and 5-category methods, in which external 730 

mixtures of sea-salt and dust are considered, were approximately twice that of the 731 

3-category method. Because mineral dust particles are generally larger than sea-salt 732 

particles, the internal mixture assumption of sea-salt and dust in one category COR of the 733 

3-category method resulted in artificially larger size of sea-salt and smaller size of dust, with 734 

compared to the separate treatment, SS and DU, of the bulk and 5-category methods. Here, 735 

the aerosol size of the 3-category method was generally larger than those of the other two 736 

methods, indicating that the increase in sea-salt size due to the internal-mixture assumption 737 

may result in the worst underestimation of α among the three methods.  738 

The dust extinction coefficient was significantly underestimated by the models (Sim:Obs 739 

~0.2-0.3). It is noted here that because the mineral dust transport events are sporadic, the 740 

median of observed dust extinction coefficients for the entire simulation period substantially 741 

contains data with lower signal-to-noise ratios during no dust transport periods. The 742 

quantitative comparison of the simulated and observed dust extinction coefficients should 743 

be made for the selected periods of the mineral dust transport, as presented later in Sect. 744 
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4.3b.  745 

 746 

4.3  Chemical, physical, and optical properties of aerosols 747 

a. Evaluation of consistency 748 

Figure 10 summarizes the simulated and observed median values, with their 10 – 90 749 

percentiles, for the consistent measures proposed in this study. Figs. 10a and 10b (mass 750 

size ratios) evaluate the simulated consistency of physical properties, namely, the aerosol 751 

size, the relative abundance of submicron and coarse mode particles for four seasons, i.e., 752 

spring (MAM; March, April and May), summer (JJA; June, July, and August), autumn (SON; 753 

September, October, and November), and winter (DJF, December, January, and February). 754 

A successful simulation of the mass size ratio supports the simulated mass contributions of 755 

these categories, as shown in Fig. 11. Figs. 10c and 10d (chemical component size ratios) 756 

evaluate the simulated consistency in chemical and physical properties. A successful 757 

simulation supports the mixing type of chemical components, as shown in Fig. 12. In 758 

addition, because chemical component size ratio data were obtained both at an upwind 759 

region near the emission source (Qingdao, Fig. 10d) and a downwind receptor region 760 

(Hedo, Fig. 10c), it was also possible to evaluate changes in the mixing types of chemical 761 

components during their long-range transport.  762 

As shown in Fig. 4, there was a clear seasonal variation in the observed PM2.5/PM10 ratio 763 

at Oki, which was high in the summer and lower in the other seasons; in contrast, there 764 

Fig. 10

Fig. 11

Fig. 12
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were no clear variations in the simulations. (As previously mentioned, the simulated 765 

PM2.5/PM10 ratio dropped in the spring due to the transport of Asian dust.) The 766 

overestimation of Na+ and NO3
- at Oki in the summer (Fig. 7) resulted in the 767 

underestimation of the simulated PM2.5/PM10 at Oki in the summer. The simulated 768 

PM2.5/PM10 of the bulk method is larger than those of the other two methods because the 769 

overestimation of simulated NO3
- by the bulk method was less pronounced. There were no 770 

significant seasonal variations at Rishiri in either the observations or simulations. Although 771 

there were some differences between the observations and simulations, most of the values 772 

fell between 0.4 and 0.6 for both the observations and simulations. As presented in Fig. 11, 773 

almost all of the simulated PM1 mass consisted of submicron categories, such as ACM, 774 

AGR, or SUB. On the other hand, some proportions of the PM2.5 mass were influenced by 775 

coarse mode categories, such as SS, DU, or COR, because the PM2.5/PM10 values of 776 

sea-salt and Asian mineral dust were approximately 0.5 and 0.1, respectively. Therefore, 777 

the SS category mass contributes to both PM2.5 and PM10, whereas the DU category mass 778 

contributes more to PM10.  779 

As shown in Figs. 10c and 10d, there is a clear difference between the PM1/total ratios of 780 

SO4
2-/NH4

+ (0.6 – 0.8) and NO3
- (<0.1) for both the observations and simulations at Hedo. 781 

On the other hand, the observed PM2.5/PM10 ratio of NO3
- (~0.7) at Qingdao was not very 782 

different from those of SO4
2- and NH4

+ (0.8 – 0.9). This observation supports the simulated 783 

mixing types shown in Fig. 12. Almost all of the simulated SO4
2- mixed with submicron 784 
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categories, such as ACM, AGR, and SUB, at both Qingdao and Hedo throughout the year. 785 

The slight enhancement of SO4
2- was observed in ATK in the summer at Hedo because the 786 

air was so clean that new particle formation would be more pronounced. Most of the 787 

simulated T-NH4
+ mixed with submicron categories as well. A few percent of the simulated 788 

SO4
2- and NH4

+ also mixed with supermicron categories due to condensation and 789 

coagulation in the non-equilibrium methods; however, they were zero percent in the bulk 790 

method because such mixture was not considered. The simulated gas-phase fractions of 791 

T-NH4
+ were similar at Qingdao and larger in the summer. Because the air is clean in the 792 

summer at Hedo, the concentrations of SO4
2- and T-NO3

-, as counterparts of NH3 gas, were 793 

relatively low.  794 

The seasonal variations and differences in the locations of the mixing type of NO3
- were 795 

very interesting. At Qingdao, T-NO3
- mixed with submicron categories in the cold seasons, 796 

mixed with coarse mode categories (especially DU) from April to October, and existed as 797 

HNO3 gas in the summer due to high temperatures. In contrast, as described in Sect. 4.1, 798 

almost all T-NO3
- mixed with supermicron categories, such as SS, DU, and COR, at Hedo. 799 

The underestimation of the simulated PM2.5/PM10 of NO3
- at Qingdao was due to the 800 

overestimation of coarse mode aerosols, as indicated by the overestimation of simulated 801 

Na+ and nss-Ca2+ (Fig. 6) together with its size distribution (PM2.5/PM10 of Na+, Figs. 6 and 802 

10d). The simulated PM2.5/PM10 values of the Na+ and Cl- of the 3-category method were 803 

significantly lower than those of the other two methods and the observations (Fig. 10d). 804 
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This is because of the complete internal-mixture assumption of sea-salt and dust particles 805 

in the 3-category method, i.e., mixing with larger dust particles increases the sea-salt size. 806 

 807 

b. Mineral dust 808 

In 2006, massive Asian dust transport events occurred in April. The observed hourly 809 

PM10 concentrations amounted to approximately 800 and 400 μg m-3 at Oki and Hedo, 810 

respectively. Their simulated physical, optical, and chemical consistency was evaluated, 811 

especially focusing on the mineral dust transport events in April 2006. Figs. 13a and 13b 812 

show the evaluations of the physical and optical consistency of the simulations, MEF and 813 

size distribution during the transport events at Oki/Matsue and Hedo. The dust extinction 814 

coefficient was not derived in the 3-category method because sea-salt significantly 815 

contributed to the extinction coefficient of the COR category. While the SKYNET, AD-Net, 816 

and EANET stations at Hedo are located in the same area, the EANET Oki and AD-Net 817 

Matsue stations are distant. The distance between Oki Island and Matsue city on the 818 

mainland of Japan is approximately 50 – 60 km (there are two grids between the grids 819 

nearest the two sites). Still, the distance between these two sites should be small compared 820 

to the long-range transport of Asian dust and thus sufficient for the time-integrated analysis 821 

presented in Figs. 13a and 13b. The hourly data of the relevant parameters are shown in 822 

Figs. 13c – 13h. The Asian dust transport events were defined as having PM10 > 300 μg m-3 823 

and a dust extinction coefficient of > 0.1 km-1 at Oki and PM10 > 150 μg m-3 and a dust 824 

Fig. 13
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extinction coefficient of > 0.06 km-1 at Hedo. The observed MEF of mineral dust was 1000 – 825 

3000 μg m-3 km, which was consistent with those in previous studies (e.g., Sugimoto et al., 826 

2011; Shimizu et al., 2011). The simulated time variations of PM10 and dust extinction 827 

coefficients generally agreed well with those observed at both sites. However, the simulated 828 

peaks in PM10 at Oki on April 8 were significantly underestimated compared to observations. 829 

Because the simulated mass to dust extinction ratio at Matsue was overestimated in both 830 

the 5-category and bulk methods, the simulated dust extinction coefficient was substantially 831 

underestimated at Matsue. Both the simulated PM10 and dust extinction coefficient at Hedo 832 

agreed well with the observations during the dust transport events on April 20 and April 833 

24-26. Variations in the MEF could originate from its differences in emission sources and/or 834 

changes during long-range transport. The model assumes constant size distributions of 835 

dust during emission, which only differs between each land use category but remains 836 

unchanged for different soil textures and their sizes and meteorological parameters, such 837 

as wind speed or soil moisture together with its hysteresis. Therefore, discrepancies in the 838 

dust size distribution during emission could be a large source of uncertainty if there were 839 

significant spatiotemporal variations in the dust size distribution in nature. An error 840 

estimation for the log-normal size distribution assumption should also be made. The 841 

log-normal assumption itself is reasonable because the observed size distributions of Asian 842 

dust were well-approximated by the log-normal function (Kobayashi et al., 2007). However, 843 

it has not been well established that the Moment Dynamics Equations (MDEs), which use 844 
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M0, M2, and M3, can provide physically consistent changes in log-normal size parameters 845 

for all deposition processes. Because the FP measurements of surface air concentrations 846 

of nss-Ca2+ were made biweekly, it is difficult to evaluate the consistency of the chemistry of 847 

the mineral dust, as each transport event only lasts for several hours to a few days. Still, the 848 

simulated and observed nss-Ca2+ to PM10 ratios generally agreed at the Japanese EANET 849 

stations in April 2006. The significant overestimation of the simulated nss-Ca2+ at Oki from 850 

the end of April to early May (Fig. 7) was consistent with the significant overestimation of 851 

PM10 during the dust event from April 30 – May 1 (Fig. 4).  852 

 853 

4.4  Consistency of surface concentration and deposition together with chemical 854 

transformation 855 

a. Evaluation of consistency 856 

Figure 14 illustrates the simulated consistency of surface concentration and deposition 857 

of chemical species, such as nss-originated sulfur oxides (nss-S), oxidized nitrogen (Oxid. 858 

N), reduced nitrogen (Red. N), sea-salt-originated Na+ (Na) and mineral dust-originated 859 

nss-Ca2+ (nss-Ca). T- and W- indicate total (gas plus aerosol) and wet deposition, 860 

respectively. The vertical dashed lines separate the EANET stations based on their 861 

characteristics: 1-5: near-coast stations in Japan, 6-7: far-from-the-coast stations in Japan, 862 

8-10: far-from-the-coast stations in China. The horizontal dashed lines indicate the criteria 863 

of the statistical measures classifying the simulation results as acceptable, i.e., R > 0.5, Fa2 864 

Fig. 14
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> 0.5, and Sim:Obs > 0.5 and < 2. The green bars indicate the surface concentrations of 865 

primary precursor gases, such as SO2 and NOx; the red bars indicate the surface 866 

concentrations of major aerosol components (including gases for semi-volatile components, 867 

such as NO3
- and NH4

+); and the blue bars indicate the wet deposition of the components. 868 

Note that the simulated wet depositions of SO2 were regarded as wet depositions of SO4
2- 869 

and compared with those that were observed because those precursor gases are assumed 870 

to be oxidized by oxidants such as O3 and H2O2 that are dissolved in precipitation samples 871 

when they are measured. There is a significant contribution of dissolved SO2 to the wet 872 

deposition of SO4
2- in the simulations. In contrast, however, the simulated wet deposition of 873 

NOx was not included in that of NO3
- due to the low effective Henry’s law constants of NO 874 

and NO2. 875 

If all of the concentration and deposition data were generally overestimated (or 876 

underestimated), the emission flux could be overestimated (or underestimated). If it is not 877 

the case (and is most of the case in the study), for example, the concentrations were 878 

overestimated whereas the deposition was underestimated, inconsistency in the emission 879 

is not the sole reason for the discrepancy, and thus inconsistency in the modeled transport, 880 

transformation, and deposition processes should contribute to the discrepancy. Only after 881 

the inconsistencies in the modeled processes are resolved and the degrees of 882 

overestimation (or underestimation) of all of the concentration and deposition data become 883 

generally equal, inconsistency in the emission flux can be evaluated. The transport process 884 
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can be generally evaluated by R. The transformation and deposition processes can be 885 

generally evaluated by the relative magnitudes of Sim:Obs between concentrations of 886 

primary and secondary components and between the concentration and the deposition, 887 

respectively.  888 

Before the consistency of the concentration and the deposition is discussed, the model 889 

performance of precipitation is briefly mentioned. Although the simulated precipitation 890 

generally agreed well with the observations (i.e., the Sim:Obs values at all stations fell 891 

within a reasonable range), there are some discrepancies. The model performance was not 892 

very good at station 4 (Ogasawara), as it falls near the model boundary. The simulated 893 

quantities were generally underestimated, which was probably due to the crude grid 894 

resolution, while they were overestimated at stations 2 (Sado) and 3 (Oki).  895 

 896 

b. Sulfur and reduced nitrogen 897 

The simulated SO2 was generally overestimated at the Japanese stations, whereas the 898 

simulated surface air concentrations and wet deposition of nss-SO4
2- agreed well with the 899 

observations. The model performance of reduced nitrogen was the best among all 900 

components (i.e., the Sim:Obs values at all stations fell within a reasonable range), 901 

whereas the Sim:Obs values of concentrations were generally larger than those of wet 902 

deposition. Although the model performance of sulfur is better than those of the other 903 

components (except reduced nitrogen), the cause of this discrepancy needs to be 904 
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investigated because sulfur plays a key role in altering both the environment and climate.  905 

 906 

c. Sea-salt 907 

The discrepancy between the Sim:Obs values of Na+ and W-Na+ appears to be due to 908 

the significant underestimation of the wet scavenging of sea-salt particles in the simulation. 909 

Although this could be true, there are other plausible reasons for this discrepancy. The 910 

simulated sea-salt concentrations at the FC stations in Japan are due to the crude grid 911 

resolution resulting in the excess of transport from the ocean to mountain sites (6. Happo 912 

and 7. Yusuhara). The significant underestimation of W-Na+ is due to the LSPs in 913 

observations, as discussed above and in Kajino et al. (2012b). Even though the Japanese 914 

EANET stations are characterized as remote sites, the NC stations are located near the 915 

coast on the island and are thus characterized as the source region for sea-salt. It is 916 

basically difficult to evaluate the simulated sea-salt concentrations at both the Japanese NC 917 

and FC stations with the current coarse grid resolution. The simulated W-Na+ values for the 918 

Japanese and Chinese FC stations were reasonable.  919 

 920 

d. Mineral dust 921 

Similar to sea-salt, the discrepancy between the Sim:Obs values of nss-Ca2+ and 922 

W-nss-Ca2+ appears to be due to the significant underestimation of the wet scavenging of 923 

mineral dust particles (more specifically, due probably to underestimation of the 924 
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theoretical-based below-cloud scavenging efficiency) in the simulation; this may be true. 925 

Note that it is not necessary for the nss-Ca2+ analysis to successfully extract the Asian dust 926 

contribution in the observation, especially in the wet deposition at the NC stations, because 927 

of the huge contribution of Na+ from the LSPs. As partly shown in Figs. 3 and 7, the 928 

significant overestimation of the nss-Ca2+ concentration was due to the significant 929 

overestimation of the single transport event from late April to early May. Still, without the 930 

transport event, the trend was the same: the Sim:Obs of nss-Ca2+ is larger than that of 931 

W-nss-Ca2+. In terms of the in-cloud scavenging of dust, the 3-category method is 932 

supposed to be the most efficient, as all of the dust particles are assumed to be internally 933 

mixed with sea-salt; the next most efficient method is the 5-category method, as dust 934 

particles can become hygroscopic during transport; and the lowest-efficiency method is the 935 

bulk method, as dust is assumed to be inert. Nevertheless, as shown in Table 4, the 936 

differences in the W-nss-Ca2+ values between the three methods were very small, which 937 

indicates the simulated in-cloud scavenging of dust is much weaker than the simulated 938 

below-cloud scavenging.  939 

 940 

e. Oxidized nitrogen 941 

The analysis of oxidized nitrogen is the most difficult to perform among the components 942 

because NOx is highly reactive and involved in the O3 formation reaction, which is highly 943 

nonlinear; additionally, T-NO3
- existed in the gas-phase, submicron and coarse mode 944 
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particles. Therefore, the reason for this discrepancy is hard to be identified. The simulated 945 

surface concentration of T-NO3
- was significantly overestimated, whereas the simulated 946 

surface concentration of NOx and the wet deposition of W-NO3
- were reasonable or 947 

somewhat underestimated (Fig. 14). As discussed before, the overestimation of T-NO3
- was 948 

probably due to the overestimation of T-NO3
- mixed with coarse mode particles, especially 949 

dust (see Fig. 10d). As shown in Table 4, the overestimation is smaller for the bulk method 950 

(Sim:Obs = 2.0) compared to the other two methods (Sim:Obs ~ 3.0), as the bulk method 951 

assumes that NO3
- only reacted with sea-salt. The underestimation of the simulated wet 952 

scavenging of dust, as previously indicated, could also partly contribute to the 953 

underestimation of the wet scavenging of T-NO3
-. As the dry deposition velocity of HNO3 954 

gas is very fast compared to that of aerosols, the evaporation of NH4NO3 over the ocean 955 

leads to the rapid loss of near-surface HNO3. However, because the coarse mode NO3
- 956 

particles, such as NaNO3 and Ca(NO3)2, are non-volatile, the overestimation of coarse 957 

mode NO3
- can cause the underestimation of the dry deposition loss of T-NO3

- during its 958 

transport over the ocean. Previous studies that used CMAQ suggested that using the 959 

simulated aerosol NO3
- overestimated in Japan and the dry deposition of HNO3 multiplied 960 

by five significantly improved the aerosol NO3
- concentration (e.g., Shimadera et al., 2014; 961 

Morino et al., 2015). Certainly, as they mentioned, this multiplication has no theoretical 962 

support, but it indicated that the dry deposition velocity of T-NO3
-, either in the gas or 963 

aerosol phases, could be underestimated. Recently, a series of flux measurements in a 964 
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Japanese forest indicated that the evaporation of NH4NO3 in the forest canopy significantly 965 

enhanced the dry deposition velocity of aerosol NO3
- (e.g., Honjo et al., 2016). This 966 

evaporation process of NH4NO3 inside the canopy has not been included in our dry 967 

deposition parameterization, which could contribute to the overestimation of the simulated 968 

surface T-NO3
- concentration. 969 

 970 

5. Conclusion 971 

5.1  Summary 972 

Model evaluation of a regional-scale meteorology – chemistry model (NHM-Chem) was 973 

presented in terms of the consistent predictions of the chemical, physical, and optical 974 

properties of aerosols. The consistencies of the surface concentration and deposition 975 

together with chemical transformation were also evaluated and discussed. These 976 

consistency evaluations are essentially important so as to prevent misleading 977 

interpretations of the discrepancies between the model and observations. Improving the 978 

model based on misleading interpretations will alienate the model results even further from 979 

reality. Currently, three optional methods are available: the 5-category non-equilibrium 980 

(Aitken, soot-free accumulation, accumulation internally mixed with soot, dust, and 981 

sea-salt), 3-category non-equilibrium (Aitken, accumulation, and coarse), and bulk 982 

equilibrium (submicron, dust, and sea-salt) methods. These three methods are suitable for 983 

the predictions of regional climate, air quality, and operational forecasts, respectively. The 984 
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differences in the simulation results due to the selection of aerosol category methods were 985 

also presented. 986 

The consistency analysis revealed that the simulated mass, size, and deposition of SO4
2- 987 

and NH4
+ agreed well with the observations, whereas those of coarse mode particles, such 988 

as sea-salt and dust, needed improvement. The simulated wet scavenging rate of coarse 989 

mode particles could be underestimated, probably due to the underestimation of 990 

below-cloud scavenging. The coarse mode particles significantly alter the states of NO3
- 991 

(i.e., gas, submicron, or supermicron) and thus alter its concentration and deposition. There 992 

were larger discrepancies in the mass, size, and deposition of NO3
-. The prediction of NO3

- 993 

could be partly improved by improving the prediction of coarse mode particles. The 994 

simulated PM1/total ratio of NO3
- at Hedo agreed well with observations, whereas the 995 

simulated PM2.5/PM10 ratio of NO3
- at Qingdao was significantly underestimated compared 996 

to observations. The simulated states of NO3
- were significantly different at Qingdao on the 997 

Asian continent and at Hedo in the further downwind region over the ocean. More 998 

observational data are required to validate the state and size distribution of NO3
- in order to 999 

identify the reasons for the discrepancies in NO3
- prediction. Whereas the simulated 1000 

surface mass concentration (PM10 and PM2.5) agreed well with observations, the simulated 1001 

AOT was significantly underestimated compared to observations (Sim:Obs ~ 0.4). This is 1002 

probably due to the underestimation of vertically integrated mass (not evaluated in the 1003 

study) and/or the overestimation of the MEF (Sim:Obs of near-surface extinction 1004 
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coefficients ~ 0.5). The simulated dust extinction coefficient was significantly 1005 

underestimated (Sim:Obs ~ 0.2), while the simulation of the spherical extinction coefficient 1006 

was much better (Sim:Obs ~ 0.6). The simulated MEF of mineral dust at Oki and Hedo 1007 

during the Asian dust event in April 2006 generally agreed with the observations. There 1008 

could be another reason for the significant underestimation of the simulated dust extinction 1009 

coefficient.  1010 

 1011 

5.2 Future perspectives 1012 

The next step is to validate the simulated vertical profiles of components using in situ 1013 

(sonde and aircraft) and remote sensing (lidar) observation data and to validate the 1014 

simulated size distribution using high-size-resolution observation data. The downscaling of 1015 

the simulation with a grid resolution of several km is also a near-future step to compare the 1016 

simulation results with data obtained at urban and rural sites (such as Tokyo and Tsukuba) 1017 

or mountain sites (such as Yusuhara, Happo, and Mt. Fuji).  1018 

Wet scavenging is a major process determining the lifetimes of aerosols, but the process 1019 

is highly complex and there are still large uncertainties in the prediction of wet deposition. 1020 

Thus, improving the modeling of wet scavenging is required in the distant future. For 1021 

below-cloud scavenging, theoretical scavenging rates are still known to be 1 – 2 orders of 1022 

magnitude smaller than experimental rates (Wang et al., 2010; Zhang et al., 2013). The 1023 

accumulation of knowledge in this field is thus necessary. For in-cloud scavenging, there is 1024 
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an inherent limitation of the offline coupling model preventing its rigorous simulation. An 1025 

online and seamless meteorology – chemistry coupling is needed to improve the in-cloud 1026 

scavenging process. Otherwise, parameter tuning must be done to improve the simulation. 1027 

However, this is still difficult because the contributions of in-cloud and below-cloud 1028 

scavenging to the observed wet deposition are unknown. Without this knowledge, 1029 

parameters tuning based on the total wet deposition amount, with unrealistic 1030 

in-cloud/below-cloud contributions, will enhance discrepancies in the air concentrations 1031 

below the clouds or vertical redistribution due to cloud processes. The simulated 1032 

in-cloud/below-cloud contributions were compared with those observed in Kajino and 1033 

Aikawa (2015), but the observed contributions were obtained based on a rough assumption. 1034 

The development of a robust measurement technique, which can separately quantify the 1035 

in-cloud and below-cloud scavenging contributions to the wet deposition amount, is thus 1036 

necessary. Use of the vertical profiles obtained by the aircraft measurements (e.g., Oshima 1037 

et al., 2012; Kondo et al., 2016) will also contribute to the reduction of uncertainties in the 1038 

wet scavenging process.  1039 

The prediction of Asian dust transport was difficult, as it was emitted from heterogeneous 1040 

land surfaces. We can improve the simulation by adjusting the emission flux constant or by 1041 

using a satellite-observed snow cover instead of a predicted one. Data assimilation is a 1042 

powerful way to improve the model performance, as was done by Yumimoto et al. (2008) 1043 

and Sekiyama et al. (2010). However, without consistency in the mass - extinction 1044 
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relationship, parameter adjustment or data assimilation will not improve the total 1045 

performance of the model. If we do not focus on the emission and transport mechanism of 1046 

mineral dust but instead focus on the production of secondary pollutants due to 1047 

heterogeneous reactions on mineral dust surfaces, the grid nudging of mineral dust toward 1048 

the global aerosol reanalysis JRAero (Yumimoto et al., 2017) is a solution. 1049 

The emission inventory database should contain uncertainty. It is hard to estimate this 1050 

uncertainty by using the forward model and several points of observation data used in the 1051 

study. Although the detected species are still limited, satellite observation is a powerful tool 1052 

to estimate the uncertainty in the emission inventory and improve it (e.g. Yumimoto et al., 1053 

2015). The multi-inventory analysis is also a useful way.  1054 

 1055 

A. R&D information – current status and ongoing development  1056 

The simulation results obtained with the offline-coupling version were presented in this 1057 

paper. The online coupling version is currently available, but it uses a simpler 1058 

representation of the aerosol category (similar to the current bulk equilibrium method, but 1059 

without SS and DU categories). The development of online coupling with the three aerosol 1060 

methods presented in this paper is currently ongoing. The chemistry to meteorology 1061 

feedback process has not been included and will be implemented in the near future. There 1062 

are other options in addition to the three aerosol methods, including polycyclic aromatic 1063 

hydrocarbons and persistent organic compounds (Inomata et al., 2012; 2017), 1064 



 53

radionuclides (Sekiyama et al., 2015; 2017; Kajino et al., 2018b), and transition metals 1065 

(manuscript in preparation). The current organic chemistry model is known to significantly 1066 

underestimate the SOA formation. Volatility Based Set (Donahue et al., 2006) approach will 1067 

be implemented.  1068 

 1069 

B. Operational use at Japan Meteorological Agency 1070 

Since March 2015, the operational O3 prediction using NHM-Chem with ∆x = 20 km, 1071 

using the boundary conditions predicted by MRI-CCM2, has been carried out by the JMA 1072 

(Ikegami et al., 2015; WMO 2016). MRI-CCM2 was previously used for the operational 1073 

forecast after February 2010. The data assimilation of the observed surface O3 1074 

concentration of the Atmospheric Environmental Regional Observation System (AEROS) of 1075 

the Ministry of Environment, Japan (MoEJ) to the simulated O3 in the planetary boundary 1076 

layer by the observational nudging method has been implemented to the operational cycle 1077 

since March 2017 (Ikegami et al., 2017). The forecast cycle is once every day. The 1078 

simulation starts every morning at 4:00 Japan standard time (JST) using the initial 1079 

conditions of 21:00 JST on the previous day. The simulation is performed for a total of 72 1080 

hours, with data assimilation in the first 6 hours (21:00 – 3:00 JST). In the morning around 1081 

11:00 JST, JMA reports the photochemical smog bulletins 1082 

(http://www.jma.go.jp/jma/kishou/know/kurashi/smog.html, last access: October 17, 2018) 1083 

for the current day and the next day to the prefectural governments and informs the 1084 
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bulletins to people through the JMA webpage (http://www.jma.go.jp/jp/kishojoho/, last 1085 

access: October 17, 2018), when the oxidant level is expected to be high. The bulletins are 1086 

produced by the forecasters referring the predicted O3 with the statistical guidance (a bias 1087 

correction based on the model validation in the past five years from 2009 to 2013, Ikegami 1088 

et al., 2015). The statistical guidance is made based on the three levels of surface O3 1089 

concentration (0: <80 ppb, 1: 80-120 ppb, 2: >120 ppb). This system was also used for a 1090 

case study of high surface O3 episodes, such as the intrusion of stratospheric ozone to the 1091 

post-cold frontal zones of a cyclone (Kamada et al., 2016).  1092 

The guidance shows better performance from April to June when the long-range 1093 

transport is dominant, rather than in July and August when the domestic contribution is 1094 

larger. To improve the model performance especially in summer, the downscaling of 1095 

NHM-Chem is planned to reach ∆x = 5 km, and the meteorological model will be updated 1096 

from NHM to asuca in the next several years. The global aerosol transport model 1097 

MASINGAR mk-2 is currently used for the operational forecast of Asian mineral dust 1098 

(Tanaka and Ogi, 2017). NHM-Chem with ∆x = 20 km is planned to use for Asian dust 1099 

prediction, with the boundary conditions predicted by MASINGAR mk-2, in the future.  1100 

 1101 

C. Terms of use 1102 

The NHM-Chem model is now open to the science community. Potential users can check 1103 

out the source code, user’s manual, analysis tools, and sets of boundary conditions after 1104 
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the acceptance of the letter submitted to JMA. The format of the letter and its terms of use 1105 

can be found at http://www.mri-jma.go.jp/Dep/ap/nhmchem_model/application.html (last 1106 

access: October 18, 2018). Unfortunately this website is only in Japanese. Thus additionally, 1107 

for foreign nationals, all materials are available upon request to the corresponding author.  1108 

 1109 

Supplement 1110 

Supplement 1 shows the time series of the simulated and observed daily mean surface 1111 

air concentrations of NOy and HNO3 at Hedo. Supplement 2 provides the time series of the 1112 

simulated and observed daily mean concentrations of NO2, SO2, and PM10 and the 1113 

half-monthly mean wet deposition of nss-SO4
2-, NH4

+, NO3
-, Na+, and nss-Ca2+ and 1114 

precipitation amount at the Chinese EANET stations of (from left to right) Xiamen, Zhuhai, 1115 

and Chongqing.  1116 

 1117 

Acknowledgments 1118 

This work was mainly supported by the Fundamental Research Budget of MRI (C3) and 1119 

the Integrated Research Program for Advancing Climate Models (TOUGOU Program) of 1120 

the Ministry of Education, Culture, Sports, Science, and Technology Japan (MEXT). This 1121 

work was also supported by the Environmental Research and Technology Development 1122 

Fund (5-1605, S-12, and 2-1703) of the Environmental Restoration and Conservation 1123 

Agency (ERCA) and by the Japanese Society for the Promotion of Sciences (JSPS) 1124 



 56

KAKENHI Grant Number JP15H02811, JP16H04051, JP16H01772, JP15K16121, 1125 

JP16KK0018, JP26701004, and JP18H03363) and in part by a grant for the Global 1126 

Environmental Research Coordination System, from the Ministry of Environment, Japan 1127 

(MOEJ). The authors feel obliged to thank Dr. Toshinori AOYAGI of the JMA, Prof. Mitsuo 1128 

OHIZUMI of Meteorological College, and Drs. Hiroaki NAOE, Masashi NIWANO, and 1129 

Masaya NOSAKA of the MRI for their useful comments on model developments. The 1130 

authors feel obliged to thank Drs. Rei KUDO and Hiroshi ISHIMOTO of the MRI, Dr. Nobuo 1131 

SUGIMOTO of NIES, Prof. Hiroshi KOBAYASHI of the University of Yamanashi, Drs. Keiichi 1132 

SATO and Akie YUBA of the Asia Center for Air Pollution Research, Prof. Hiroshi BANDOW 1133 

of Osaka Prefecture University, Prof. Tamio TAKAMURA of Chiba University, Dr. Pradeep 1134 

KHATRI of Tohoku University, Prof. Michihiro MOCHIDA of Nagoya University, Prof. Tomoki 1135 

NAKAYAMA of Nagasaki University, Prof. Atsushi MATSUKI of Kanazawa University, and 1136 

Mr. Shohei Suzuki of University of Tsukuba for their useful comments on the model 1137 

evaluations using observation datasets. The authors feel obliged to thank the Kagoshima 1138 

Meteorological Office and Aso Volcano Disaster Prevention Council for providing the 1139 

volcanic SO2 emission measurement data of Mt. Sakurajima and Mt. Aso, respectively. 1140 

1141 



 57

References 1142 

 1143 

Andres R. J. and A. D. Kasgnoc, 1998: A time-averaged inventory of subaerial volcanic 1144 

sulfur emissions. J. Geophys. Res., 103(D19), 25,251-25,261.  1145 

Bey, I., D. J. Jacob, R. M. Yantosca, J. A. Logan, B. Field, A. M. Fiore, Q. Li, H. Liu, L. J. 1146 

Mickley, and M. Schultz, 2001: Global modeling of tropospheric chemistry with 1147 

assimilated meteorology: Model description and evaluation. J. Geophys. Res., 106, 1148 

23,073-23,096. 1149 

Boucher, O., et al., 2013: Clouds and aerosols. In: Stocker, T.F. (Ed.), Climate Change 1150 

2013: the Physical Science Basis, Working Group I Contribution to the Fifth Assessment 1151 

Report of the Intergovernmental Panel on Climate Change. Cambridge Univ. Press, New 1152 

York, pp. 571-657. 1153 

Burns, D. A., J. A. Lynch, B. J. Cosby, M. E. Fenn, J. S. Baron, US EPA Clean Air Markets 1154 

Div., 2011: National Acid Precipitation Assessment Program Report to Congress 2011: 1155 

An integrated assessment, National Science and Technology Council, Washington, DC, 1156 

114 pp. 1157 

Byun, D., and K. Schere, 2006: Review of the governing equations, computational 1158 

algorithms, and other components of the Models-3 Community Multiscale Air Quality 1159 

(CMAQ) modeling system. Appl. Mech. Rev., 59, 51-77. 1160 

Carmichael G. R., L. K. Peters, and R. D. Saylor, 1991: The STEM-II regional scale acid 1161 



 58

deposition and photochemical oxidant model, I, An overview of model development and 1162 

applications. Atmos. Environ., 25A, 2077-2090.  1163 

Carmichael G. R., T. Sakurai, D. Streets, Y. Hozumi, H. Ueda, S. U. Park, C. Fung, Z. Han, 1164 

M. Kajino, M. Engardt, C. Bennet, H. Hayami, K. Sartelet, T. Holloway, Z. Wang, A. 1165 

Kannari, J. Fu, K. Matsuda, N. Thongboonchoo, and M. Amann, 2008: MICS-Asia II: The 1166 

model intercomparison study for Asia Phase II methodology and overview of findings. 1167 

Atmos. Environ., 42, 3468-3490.  1168 

Chapman, E. G., W. I. Gustafson Jr., R. C. Easter, J. C. Barnard, S. J. Ghan, M. S. Pekour, 1169 

and J. D. Fast, 2009: Coupling aerosol-cloud-radiative processes in the WRF-Chem 1170 

model: Investigating the radiative impact of elevated point sources. Atmos. Chem. Phys., 1171 

9, 945-964.  1172 

Chatani, S., Y. Morino, H. Shimadera, H. Hayami, Y. Mori, K. Sasaki, M. Kajino, T. Yokoi, T. 1173 

Morikawa, T. Ohara, 2014: Multi-model analyses of dominant factors influencing 1174 

elemental carbon in Tokyo Metropolitan Area of Japan. Aerosol and Air Quality Research, 1175 

14, 396-405.  1176 

Chatani, S., K. Yamaji, T. Sakurai, S. Itahashi, H. Shimadera, K. Kitayama, and H. Hayami, 1177 

2018: Overview of Model Inter-Comparison in Japan’s Study for Reference Air Quality 1178 

Modeling (J-STREAM). Atmosphere, 9(1), 19, 14 pp.  1179 

Ching, J. and M. Kajino, 2018: Aerosol mixing state matters for particles deposition in 1180 

human respiratory system, Sci. Rep., 8:8864, 11 pp.  1181 



 59

Clarke, A. D., S. R. Owens, and J. Zhou, 2006: An ultrafine sea-salt flux from breaking 1182 

waves: Implications for cloud condensation nuclei in the remote marine atmosphere. J. 1183 

Geophys. Res., 111, D06202, 14 pp.  1184 

Cohen, A. J., et al. (2004), Urban air pollution, in Comparative Quantification of Health 1185 

Risks: Global and Regional Burden of Disease Attributable to Selected Major Risk 1186 

Factors, 1st ed., edited by M. Ezzati et al., Vol. 2, pp. 1353-1453, World Health 1187 

Organization, Geneva. 1188 

Curtis, J. H., N. Riemer, and M. West, 2017: A single-column particle-resolved model for 1189 

simulating the vertical distribution of aerosol mixing state: WRF-PartMC-MOSAIC-SCM 1190 

v1.0. Geosci. Model. Dev., 10, 4057-4079.  1191 

Deushi, M. and K. Shibata, 2011: Development of an MRI Chemistry-Climate Model ver.2 1192 

for the study of tropospheric and stratospheric chemistry. Papers in Meteor. Geophys., 62, 1193 

1-46. 1194 

Donahue, N. M., A. L. Robinson, C. O. Stanier, and S. N. Pandis, 2006: Coupled 1195 

partitioning, dilution, and chemical aging of semivolatile organics. Environ. Sci. Technol., 1196 

40, 2635-2643. 1197 

Emmons, L. K., S. Walters, P. G. Hess, J.-F. Lamarque, G. G. Pfister, D. Fillmore, C. Granier, 1198 

A. Guenther, D. Kinnison, T. Laepple, J. Orlando, X. Tie, G. Tyndall, C. Wiedinmyer, S. L. 1199 

Baughcum, and S. Kloster, 2010. Description and evaluation of the Model for Ozone and 1200 

Related chemical Tracers, version 4 (MOZART-4). Geosci. Model Dev., 3, 43-67.  1201 



 60

Giglio, L., J. T. Randerson, G. R. van der Werf, P. S. Kasibhatla, G. J. Collatz, D. C. Morton, 1202 

and R. S. DeFries,2010: Assessing variability and long-term trends in burned area by 1203 

merging multiple satellite fire products. Biogeosciences, 7, 1171-1186. 1204 

Glassmeier, F., A. Possner, B. Vogel, H. Vogel, and U. Lohmann, 2017: A comparison of two 1205 

chemistry and aerosol schemes on the regional scale and the resulting impact on 1206 

radiative properties and liquid- and ice-phase aerosol-cloud interactions, Atmos. Chem. 1207 

Phys., 17, 8651-8680.  1208 

Goto, D., T. Dai, M. Satoh, H. Tomita, J. Uchida, S. Misawa, T. Inoue, H. Tsuruta, K. Ueda, 1209 

C. F. S. Ng, A. Takami, N. Sugimoto, A. Shimizu, T. Ohara, and T. Nakajima, 2015a: 1210 

Application of a global nonhydrostatic model with a stretched-grid system to regional 1211 

aerosol simulations around Japan, Geosci. Model Dev., 8, 235-259.  1212 

Goto, D., T. Nakajima, T. Dai, T. Takemura, M. Kajino, H. Matsui, A. Takami, S. Hatakeyama, 1213 

N. Sugimoto, A. Shimizu, and T. Ohara, 2015b: An evaluation of simulated particulate 1214 

sulfate over East Asia through global model intercomparison. J. Geophys. Res., 120, 1215 

6247-6270.  1216 

Grell, G. A., S. E. Peckham, R. Schmitz, S. A. McKeen, G. Frost, W. C. Skamarock, B. Eder, 1217 

2005: Fully coupled “online” chemistry within the WRF model. Atmos. Environ., 39, 1218 

6957-6975. 1219 

Guenther, A., T. Karl, P. Harley, C. Wiedinmyer, P. I. Palmer, and C. Geron, 2006: Estimates 1220 

of global terrestrial isoprene emissions using MEGAN (Model of Emissions of Gases and 1221 



 61

Aerosols from Nature). Atmos. Chem. Phys., 6 , 3181-3210. 1222 

Han, Z., H. Ueda, H., K. Matsuda, R. Zhang, K. Arao, Y. Kanai, and H. Hasome, 2004: 1223 

Model study on particle size segregation and deposition during Asian dust events in 1224 

March 2002. J. Geophys. Res., 109, D19205, 22 pp.  1225 

Hess, M., P. Koepke, and I. Schult, 1998: Optical properties of aerosols and clouds: the 1226 

software package OPAC. B. Am. Meteorol. Soc., 79(5), 831-844. 1227 

Honjo, T., A. Takahashi, K. Matsuda, 2016: Deposition velocity of sulfate and nitrate in 1228 

PM2.5 above a forest in suburban Tokyo using relaxed eddy accumulation. J. Jpn. Soc. 1229 

Atmos. Environ., 51(6), 257-265. (in Japanese).  1230 

Ikegami, M., A. Kamada, S. Nakatsuka, 2015: Chapter 7 Air pollution meteorology forecast 1231 

model, Ryouteki-Yohou-Gijutsu-Shiryou, 20, 133-140 (in Japanese), available at 1232 

http://www.jma.go.jp/jma/kishou/books/yohkens/yohkens.html (last access: April 4, 2018) 1233 

Ikegami, M., A. Kamada, M. Kajino, and M. Deushi, 2017: Observational data assimilation 1234 

of surface O3 to the Japan Meteorological Agency’s regional air pollution meteorology 1235 

forecast model. Sokkou-Jihou, 84, 109-128 (in Japanese).  1236 

Inomata, Y., M. Kajino, K. Sato, T. Ohara, J.-I. Kurokawa, H. Ueda, N. Tang, K. Hayakawa, T. 1237 

Ohizumi, and H. Akimoto, 2012: Emission and atmospheric transport of particulate PAHs 1238 

in Northeast Asia. Environ. Sci. Technol., 46, 4941-4949.  1239 

Inomata, Y., M. Kajino, K. Sato, J.-I. Kurokawa, N. Tang, T. Ohara, K. Hayakawa, and H. 1240 

Ueda, 2017: Source-receptor relationship analysis of the atmospheric deposition of PAHs 1241 



 62

subject to long-range transport in Northeast Asia. Environ. Sci. Technol., 51, 7972-7981.  1242 

Jacobson, M. Z., Y. J. Kaufman, and Y. Rudich, 2007: Examining feedbacks of aerosols to 1243 

urban climate with a model that treats 3-D clouds with aerosol inclusions, J. Geophys. 1244 

Res., 112, D24205.  1245 

Jacobson, M. Z. and D. L. Ginnebaugh, 2010: Global-through-urban nested 1246 

three-dimensional simulation of air pollution with a 13,600-reaction photochemical 1247 

mechanism, J. Geophys. Res., 115, D14304.  1248 

JMA, 2014: The next generation non-hydrostatic model asuca. Suuchi Yohoka Hokoku 1249 

Bessatsu (Additonal Volume to Report of Numerical Prediction Division) 60, 151 pp. (in 1250 

Japanese) 1251 

Kajino, M., H. Ueda, and S. Nakayama, 2008: Secondary acidification: Changes in 1252 

gas-aerosol partitioning of semivolatile nitric acid and enhancement of its deposition due 1253 

to increased emission and concentration of SOx. J. Geophys. Res., 113, D03302, 11 pp. 1254 

Kajino, M. and Y. Kondo, 2011: EMTACS: Development and regional-scale simulation of a 1255 

size, chemical, mixing type, and soot shape resolved atmospheric particle model. J. 1256 

Geophys. Res., 116, D02303, 28 pp.  1257 

Kajino, M. and H. Ueda, 2011: Chapter 2. Secondary acidification, Monitoring, Control and 1258 

Effects of Air Pollution, Ed. Andrzej G. Chmielewski, InTech Open Access Publisher, 1259 

15-38.  1260 

Kajino, M., Y. Inomata, K. Sato, H. Ueda, Z. Han, J. An, G. Katata, M. Deushi, T. Maki, N. 1261 



 63

Oshima, J. Kurokawa, T. Ohara, A. Takami, and S. Hatakeyama, 2012a: Development of 1262 

the RAQM2 aerosol chemical transport model and predictions of the Northeast Asian 1263 

aerosol mass, size, chemistry, and mixing type. Atmos. Chem. Phys., 12, 11833-11856. 1264 

Kajino, M., M. Deushi, T. Maki, N. Oshima, Y. Inomata, K. Sato, T. Ohizumi, and H. Ueda, 1265 

2012b: Modeling wet deposition and concentration of inorganics over Northeast Asia with 1266 

MRI-PM/c. Geosci. Model Dev., 5, 1363-1375. 1267 

Kajino, M., R. C. Easter, and S. J. Ghan, 2013a: Modal Bin Hybrid Model: A surface area 1268 

consistent, triple-moment sectional method for use in process-oriented modeling of 1269 

atmospheric aerosols. J. Geophys. Res., 118, 11,011-10,040.  1270 

Kajino, M., K. Sato, Y. Inomata, and H. Ueda, 2013b: Source-receptor relationships of 1271 

nitrate in Northeast Asia and influence of sea salt on the long-range transport of nitrate. 1272 

Atmos. Environ., 79, 67-78.  1273 

Kajino, M., Y. Igarashi, Y. Fujitani, 2014: Which is more efficiently deposited in the human 1274 

respiratory tract through inhalation, fresh soot or aged soot? Sensitivity of regions 1275 

depositions to size distribution and hygroscopicity of aerosols. J. Jpn. Sco. Atmos. 1276 

Environ., 49(2), 101-108 (in Japanese).  1277 

Kajino, M. and M. Aikawa, 2015: A model validation study of the washout/rainout 1278 

contribution of sulfate and nitrate in wet deposition compared with precipitation chemistry 1279 

data in Japan. Atmos. Environ., 117, 124-134.  1280 

Kajino, M., H. Ueda, Z. Han, R. Kudo, Y. Inomata, and H. Kaku, 2017: Synergy between air 1281 



 64

pollution and urban meteorological changes through aerosol-radiation-diffusion feedback 1282 

– A case study of Beijing in January 2013. Atmos. Environ., 171, 98-110.  1283 

Kajino, M., M. Deushi, T. T. Sekiyama, N. Oshima, K. Yumimoto, T. Y. Tanaka, J. Ching, A. 1284 

Hashimoto, T. Yamamoto, M. Ikegami, A. Kamada, M. Miyashita, Y. Inomata, S. Shima, H. 1285 

Ueda, T. Maki, and M. Mikami, 2018a: NHM-Chem, the Japan Meteorological Agency’s 1286 

regional meteorology – chemistry model (v1.0): model description and aerosol 1287 

representations, Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2018-128, in 1288 

review.  1289 

Kajino, M., T. T. Sekiyama, Y. Igarashi, G. Katata, K. Adachi, Y. Zaizen, M. Sawada, M. 1290 

Mikami, H. Tsuruta, M. Ebita, and T. Nakajima, 2018b: Deposition and dispersion of 1291 

radio-cesium released due to the Fukushima nuclear accident: Sensitivity to 1292 

meteorological models and physical modules, J. Geophys. Res., in review. 1293 

Kamada, A., H. Naoe, M. Ikegami, M. Deushi, M. Kajino, and T. Maki, 2016: High 1294 

concentration event of photochemical oxidant in Hokuriku region with heavy rain caused 1295 

by Baiu front: a study of dry intrusion of stratospheric ozone. J. Jpn. Soc. Atmos. Environ., 1296 

51(2), 144-152 (in Japanese).  1297 

Kobayashi, H., K. Arao, T. Murayama, K. Iokibe, R. Koga, and M. Shiobata, 2007: 1298 

High-resolution measurement of size distributions of Asian dust using a coulter multisizer. 1299 

J. Atmos. Ocean. Tech., 24, 194-205.  1300 

Kobayashi, S., Y. Ota, Y. Harada, A. Ebita, M. Moriya, H. Onda, K. Onogi, H. Kamahori, C. 1301 



 65

Kobayashi, H. Endo, K. Miyaoka, and K. Takahashi, 2015: The JRA-55 Reanalysis: 1302 

General specifications and basic characteristics. J. Meteor. Soc. Japan, 93, 5-48.  1303 

Koike, M., N. Takegawa, N. Moteki, Y. Kondo, H. Nakamura, K. Kita, H. Matsui, N. Oshima, 1304 

M. Kajino, and T. Y. Nakajima, 2012: Measurements of regional-scale aerosol impacts on 1305 

cloud microphysics over the East China Sea: Possible influences of warm sea surface 1306 

temperature over the Kuroshio ocean current. J. Geophys. Res., 117, D17205, 21 pp.  1307 

Kondo, Y., N. Moteki, N. Oshima, S. Ohata, M. Koike, Y. Shibano, N. Takegawa, and K. Kita, 1308 

2016: Effects of wet deposition on the abundance and size distribution of black carbon in 1309 

East Asia, J. Geophys. Res., 121, 4691-4712.  1310 

Kurokawa, J., T. Ohara, T. Morikawa, S. Hanayama, G. Janssens-Maenhout, T. Fukui, K. 1311 

Kawashima, and H. Akimoto, 2013: Emissions of air pollutants and greenhouse gases 1312 

over Asian regions during 2000-2008: Regional Emission inventory in ASia (REAS) 1313 

version 2. Atmos. Chem. Phys., 13, 11019-11058.  1314 

Li, M., Q. Zhang, Q., J.-I. Kurokawa, J.-H. Woo, K. He, Z. Lu, T. Ohara, Y. Song, D. G. 1315 

Streets, G. R. Carmichael, Y. Cheng, C. Hong, H. Huo, X. Jiang, S. Kang, F. Liu, H. Su, 1316 

and B. Zheng, 2017: MIX: a mosaic Asian anthropogenic emission inventory under the 1317 

international collaboration framework of the MICS-Asia and HTAP, Atmos. Chem. Phys., 1318 

17, 935-963.  1319 

Li, Z., F. Nui, J. Fan, Y. Liu, D. Rosenfeld and Y. Ding, 2011: Long-term impacts of aerosols 1320 

on the vertical development of clouds and precipitation, Nature Geosciences, 4, 888-894. 1321 



 66

Liu, X., R. C. Easter, S. J. Ghan, R. Zaveri, P. Rasch, X. Shi, J.-F. Lamarque, A. Gettelman, 1322 

H. Morrison, F. Vitt, A. Conley, S. Park, R. Naele, C. Hannay, A. M. L. Ekman, P. Hess, N. 1323 

Mahowald, W. Collins, M. J. Iacono, C. S. Bretherton, M. G. Flanner, and D. Mitchell, 1324 

2012: Toward a minimal representation of aerosols in climate models: description and 1325 

evaluation in the Community Atmosphere Model CAM5. Geosci. Model Dev., 5, 709-739.  1326 

Matsui, H., 2017: Development of a global aerosol model using a two-dimensional sectional 1327 

method: 1. Model design. J. Adv. Model. Earth Syst., 9, 1921-1947.  1328 

Morino, Y., T. Nagashima, S. Sugata, K. Sato, K. Tanabe, T. Noguchi, A. Takami, H. 1329 

Tanimioto, and T. Ohara, 2015: Verification of chemical transport models for PM2.5 1330 

chemical composition using simultaneous measurement data over Japan. Aerosol Air 1331 

Qual. Res., 15, 2009-2023.  1332 

Nakajima, T., S. C. Yoon, V. Ramanathan, G. Y. Shi, T. Takemura, A. Higurashi, T. Takamura, 1333 

K. Aoki, B. J. Sohn, S. W. Kim, H. Tsuruta, N. Sugimoto, A. Shimizu, H. Tanimoto, Y. 1334 

Sawa, N. H. Lin, C. T. Lee, D. Goto, and N. Schutgens, 2007: Overview of the 1335 

Atmospheric Brown Cloud East Asian Regional Experiment 2005 and a study of the 1336 

aerosol direct radiative forcing in east Asia. J. Geophys. Res., 112, D24S91, 23 pp. 1337 

Nakano, M., T. Kato, S. Hayashi, S. Kanada, Y. Yamada, K. Kurihara, 2012: Development 1338 

of a 5-km-Mesh Cloud-System-Resolving Regional Climate Model at the Meteorological 1339 

Research Institute. J. Meteorol. Soc. Jpn., 90A, 339-350.  1340 

Neale, R. B., et al., 2012: Description of the NCAR Community Atmosphere Model (CAM 1341 



 67

5.0). NCAR Tech. Note, NCAR/TN-486+STR, 244 pp. Natl. Cent. for Atmos. Res., 1342 

Boulder, Colo. 1343 

Oshima, N., Y. Kondo, N. Moteki, N. Takegawa, M. Koike, K. Kita, H. Matsui, M. Kajino, H. 1344 

Nakamura, J.S. Jung, and Y. J. Kim, 2012: Wet removal of black carbon in Asian outflow: 1345 

Aerosol Radiative Forcing in East Asia (A-FORCE) aircraft campaign, J. Geophys. Res., 1346 

117, D03204, 24 pp.  1347 

Oshima, N., M. Koike, Y. Kondo, H. Nakamura, N. Moteki, H. Matsui, N. Takegawa, and K. 1348 

Kita, 2013: Vertical transport mechanisms of black carbon over East Asia in spring during 1349 

the A-FORCE aircraft campaign, J. Geophys. Res. Atmos., 118, 13,175-13,198.  1350 

Rosenfeld, D., U. Lohmann, G. B. Raga, C. D. O’Dowd, M. Kulmala, S. Fuzzi, A. Reissell, M. 1351 

O. Andreae, 2008: Flood or drought: How do aerosols affect precipitation? Science, 321, 1352 

1309-1313. 1353 

Saito, K., T. Fujita, Y. Yamada, J. Ishida, Y. Kumagai, K. Aranami, S. Ohmori, R. Nagasawa, 1354 

S. Kumagai, C. Muroi, T. Kato, H. Eito, and Y. Yamazaki, 2006: The operational JMA 1355 

nonhydrostatic mesoscale model. Mon. Wea. Rev., 134, 1266-1298. 1356 

Saito, K., J. Ishida, K. Aranami, T. Hara, T. Segawa, M. Narita, and Y. Honda, 2007: 1357 

Nonhydrostatic atmospheric models operational development at JMA. J. Meteor. Soc. 1358 

Japan, 85B, 271-304. 1359 

Sekiyama, T. T., T. Y. Tanaka, A. Shimizu, and T. Miyoshi, 2010: Data assimilation of 1360 

CALIPSO aerosol observations. Atmos. Chem. Phys., 10, 39-49.  1361 



 68

Sekiyama, T. T., M. Kunii, M. Kajino, and T. Shimbori, 2015: Horizontal resolution 1362 

dependence of atmospheric simulations of the Fukushima nuclear accident using 15-km, 1363 

3-km, and 500-m Grid Models. J. Meteor. Soc. Japan, 93, 49-64.  1364 

Sekiyama, T. T., M. Kajino, and M. Kunii, 2017: The impacts of surface wind data 1365 

assimilation on the predictability of near-surface plume advection in the case of the 1366 

Fukushima nuclear accident. J. Meteor. Soc. Japan, 95(6), 447-454.  1367 

Shimadera, H., H. Hayami, S. Chatani, Y. Morino, Y. Mori, T. Morikawa, K. Yamaji, and T. 1368 

Ohara, 2014: Sensitivity analyses of factors influencing CMAQ performance for fine 1369 

particulate nitrate. J. Air Waste Manage. Assoc., 64, 374-387.  1370 

Shimizu, A., N. Sugimoto, I. Matsui, K. Arao, I. Uno, T. Murayama, N. Kagawa, K. Aoki, A. 1371 

Uchiyama, and A. Yamazaki, 2004: Continuous observations of Asian dust and other 1372 

aerosols by polarization lidar in China and Japan during ACE-Asia. J. Geophys. Res., 1373 

109, D19S17. 1374 

Shimizu, A., N. Sugimoto, I. Matsui, I. Mori, M. Nishikawa, and M. Kido, 2011: Relationship 1375 

between lidar-derived dust extinction coefficients and mass concentrations in Japan. 1376 

SOLA, 7A, 1-4.  1377 

Shimizu, A., T. Nishizawa, Y. Jin, S.-W. Kim, Z. Wang, D. Batdorj, and N. Sugimoto, 2016: 1378 

Evolution of a lidar network for tropospheric aerosol detection in East Asia, Optical 1379 

Engineering, 56(3), 031219, 12 pp.  1380 

Skamarock, W. C., Klemp, J. B., Dudhia, J., Gill, D. O., Barker, D. M., Duda, M. G., Huang, 1381 



 69

X. Y., Wang, W., and Powers, J. G., 2008: A description of the advanced research WRF 1382 

version 3. Tech. Note, NCAR/TN~475+STR, 125 pp., Natl. Cent. for Atmos. Res., 1383 

Boulder, Colo. 1384 

Song, C. H. and G. R. Carmichael, 2001: A three-dimensional modeling investigation of the 1385 

evolution processes of dust and sea-salt particles in east Asia. J. Geophys. Res., 1386 

106(D16), 18,131-18,154.  1387 

Stevens, B., 2013: Uncertain then, irrelevant now, Nature, 503, 47-48. 1388 

Stevens, B. and G. Feingold, 2009: Untangling aerosol effects on clouds and precipitation in 1389 

a buffered system, Nature, 461, 607-613.  1390 

Stier, P., J. Feichter, S. Kinne, S. Kloster, E. Vignati, J. Wilson, L. Ganzeveld, I. Tegen, M. 1391 

Werner, Y. Balkanski, M. Schulz, O. Boucher, A. Minikin, and A. Petzold, 2005: The 1392 

aerosol-climate model ECHAM5-HAM, Atmos. Chem. Phys., 5, 1125-1156.  1393 

Sudo, K., M. Takahashi, J. Kurokawa, and H. Akimoto, 2002: CHASER: A global chemical 1394 

model of the troposphere 1. Model description. J. Geophys. Res., 107, D17, 4339.  1395 

Sugimoto, N., I. Uno, M. Nishikawa, A. Shimizu, I. Matsui, X. Dong, Y. Chen, and H. Quan, 1396 

2003: Record Heavy Asian Dust in Beijing in 2002: Observations and Model Analysis of 1397 

Recent Events. Geophys. Res. Lett., 30(12), 1640.  1398 

Sugimoto, N., I. Matsui, A. Shimizu, T. Nishizawa, Y. Hara, C. Xie, I. Uno, K. Yumimoto, Z. 1399 

Wang, S.-C. Yoon, 2008: Lidar network observations of troposheric aerosols. SPIE, Vol. 1400 

7153. 1401 



 70

Sugimoto, N., Y. Hara, A. Shimizu, K. Yumimoto, I. Uno, and M. Nishikawa, 2011: 1402 

Comparison of surface observations and a regional dust transport model assimilated with 1403 

lidar network data in Asian dust event of March 29 to April 2, 2007. SOLA, 7A, 13-16. 1404 

Takami, A., W. Wang, D. Tang, and S. Hatakeyama, 2006: Measurement of gas and aerosol 1405 

for two weeks in northern China during the winter-spring period of 2000, 2001 and 2002. 1406 

Atmos. Environ., 82, 688-697.  1407 

Takami, A., T. Miyoshi, A. Shimono, N. Kaneyasu, S. Kato, Y. Kajii, and S. Hatakeyama, 1408 

2007: Transport of anthropogenic aerosols from Asia and subsequent chemical 1409 

transformation, J. Geophys. Res., 112, D22S31, 11 pp. 1410 

Takamura, T., and T. Nakajima, 2004: Overview of SKYNET and its activities. Opt. Pura Apl. 1411 

37, 3303-3308.  1412 

Takemura, T., T. Nozawa, S. Emori, T. Y. Nakajima, and T. Nakajima, 2005: Simulation of 1413 

climate response to aerosol direct and indirect effects with aerosol transport-radiation 1414 

model, J. Geophys. Res., 110, D02202.  1415 

Takiguchi, Y., A. Takami, Y. Sadanaga, X. Lun, A. Shimizu, I. Matsui, N. Sugimoto, W. Wang, 1416 

H. Bandow, and S. Hatakeyama, 2008: Transport and transformation of total reactive 1417 

nitrogen over the East China Sea, J. Geophys. Res., 113, D10306, 12 pp.  1418 

Tanaka, T. Y., K. Orito, T. T. Sekiyama, K. Shibata, M. Chiba, and H. Tanaka, 2003: 1419 

MASINGAR, a global tropospheric aerosol chemical transport model coupled with 1420 

MRI/JMA98 GCM: Model description. Pap. Meteor. Geophys., 53(4), 119-138.  1421 



 71

Tanaka, T. Y. and Ogi, A., 2017: Update of Japan Meteorological Agency’s global mineral 1422 

dust operational forecast model. Sokkou-Jihou, 84, 109-128 (in Japanese).  1423 

Tang, Y., G. R. Carmichael, J. H. Seinfeld, D. Dabdub, R. J. Weber, B. Huebert, A. D. Clarke, 1424 

S. A. Guazzotti, D. A. Sodeman, K. A. Prather, I. Uno, J.-H. Woo, J. J. Yienger, D. G. 1425 

Streets, P. K. Quinn, J. E. Johnson, C.-H. Song, V. H. Grassian, A. Sandu, R. W. Talbot, 1426 

and J. E. Dibb, 2004: Three-dimensional simulations of inorganic aerosol distributions in 1427 

east Asia during spring 2001. J. Geophys. Res., 109, D19S23, 32 pp. 1428 

Trivitayanurak, W., R. J. Adams, D. V. Spracklen, and K. S. Carslaw, 2008: Tropospheric 1429 

aerosol microphysics simulation with assimilated meteorology: model description and 1430 

intermodal comparison. Atmos. Chem. Phys., 8, 3149-3168.  1431 

Twomey, S., 1977: Influence of pollution on shortwave albedo of clouds. J. Atmos. Sci., 34, 1432 

1149-1152. 1433 

Uno, I., G. R. Carmichael, D. G. Streets, Y. Tang, J. J. Yienger, S. Satake, Z. Wang, J.-H. 1434 

Woo, S. Guttikunda, M. Uematsu, K. Matsumoto, H. Tanimoto, K. Yoshioka, and T. Iida, 1435 

2003: Regional chemical weather forecasting system CFORS: Model descriptions and 1436 

analysis of surface observations at Japanese island stations during the ACE-Asia 1437 

experiment, J. Geophys. Res., 108, D23, 8868.  1438 

Uno, I., K. Osada, K. Yumimoto, Z. Wang, S. Itahashi, X. Pan, Y. Hara, Y. Kanaya, S. 1439 

Yamamoto, and T. D. Fairlie, 2017: Seasonal variation of fine- and coarse-mode nitrates 1440 

and related aerosols over East Asia: synergetic observations and chemical transport 1441 



 72

model analysis. Atmos. Chem. Phys., 17(23), 14,181-14,197. 1442 

Vogel, B., H. Vogel, D. Bäumer, M. Bangert, K. Lundgren, R. Rinke, and T. Stanelle, 2009: 1443 

The comprehensive model system COSMO-ART – Radiative impact of aerosol on the 1444 

state of the atmosphere on the regional scale, Atmos. Chem. Phys., 9, 8661-8680.  1445 

Wang, X., L. Zhang, and M. D. Moran, 2010: Uncertainty assessment of current 1446 

size-resolved parameterizations for below-cloud particle scavenging by rain. Atmos. 1447 

Chem. Phys., 10, 5685-5705. 1448 

WHO, 2001: IARC monographs on the evaluation of carcinogenic risks to humans, Ionizing 1449 

radiation, part 2: Some internally deposited radionuclides, Vol. 78, 595 pp. 1450 

WMO, 2016: WMO Technical Progress Reports on the Global Data-Processing and 1451 

Forecastin System (GDPFS) and Numerical Weather Prediction (NWP) research, Japan 1452 

Meteorological Agency, 66 p., available at 1453 

http://www.jma.go.jp/jma/jma-eng/jma-center/nwp/report/2016_Japan.pdf (last access: 1454 

April 3, 2018).  1455 

Wong, D. C, J. Pleim, R. Mathur, F. Binkowski, T. Otte, R. Gilliam, G. Pouliot, A. Xiu, J. O. 1456 

Young, and D. Kang, 2012: WRF-CMAQ two-way coupled system with aerosol feedback: 1457 

software development and preliminary results. Geosci. Model Dev., 5, 299-312.  1458 

Yumimoto, K., I. Uno, N. Sugimoto, A. Shimizu, Z. Liu, and D. M. Winker, 2008: Adjoint 1459 

inversion modeling of Asian dust emission using lidar observations. Atmos. Chem. Phys., 1460 

8, 2869-2884. 1461 



 73

Yumimoto, K., I. Uno, S. Itahashi, M. Kuribayashi, and K. Miyazaki, 2015: Application of 1462 

inversion technique to quick update of anthropogenic NOx emission with satellite 1463 

observations and chemical transport model. J. Jpn. Soc. Atmos. Environ., 50(5), 199-206 1464 

(in Japanese). 1465 

Yumimoto, K., T. Y. Tanaka, N. Oshima, and T. Maki, 2017: JRAero: the Japanese 1466 

Reanalysis for Aerosol v1.0. Geosci. Model Dev., 10, 3225-3253.  1467 

Yoshimura, H., and S. Yukimoto, 2008: Development of a Simple Coulper (Scup) for Earth 1468 

System Modeling. Papers in Meteor. Geophys., 59, 19-29. 1469 

Zaveri, R. A., J. C. Barnard, R. C. Easter, N. Riemer, and M. West, 2010: Particle-resolved 1470 

simulation of aerosol size, composition, mixing state, and the associated optical and 1471 

cloud condensation nuclei activation properties in an evolving urban plume. J. Geophys. 1472 

Res., 115, D17210.  1473 

Zhang, K., D. O’Donnell, J. Kazil, P. Stier, S. Kinne, U. Lohmann, S. Ferrachat, B. Croft, J. 1474 

Quaas, H. Wan, S. Rast, and J. Feichter, 2012a: The global aerosol-climate model 1475 

ECHAM-HAM, version 2: sensitivity to improvements in process representations. Atmos. 1476 

Chem Phys. 12, 8911-8949.  1477 

Zhang, K., P. J. Rasch, M. A. Taylor, H. Wan, R. Leung, P.-L. Ma, J.-C. Golaz, J. Wolfe, W. 1478 

Lin, B. Singh, S. Burrows, J.-H. Yoon, H. Wang, Y. Qian, Q. Tang, P. Caldwell, and S. Xie, 1479 

2018: Impact of numerical choices on water conservation in the E3SM Atmosphere 1480 

Model Version 1 (EAM V1). Geosci. Model Dev., 11, 1971-1988.  1481 



 74

Zhang, L., X. Wang, M. D. Moran, and J. Feng, 2013: Review and uncertainty assessment 1482 

of size-resolved scavenging coefficient formulations for below-cloud snow scavenging of 1483 

atmospheric aerosols. Atmos. Chem. Phys., 13, 10005-10025.  1484 

Zhang, Y., P. Karamchandani, T. Glotfelty, D. G. Streets, G. Grell, A. Nenes, F. Yu, and R. 1485 

Bennartz, 2012b: Development and initial application of the global-through-urban 1486 

weather research and forecasting model with chemistry (GU-WRF/Chem), J. Geophys. 1487 

Res., 117, D20206.  1488 

1489 



 75

List of Figures 1490 

 1491 

 1492 

Fig. 1.  Schematic illustrations of gas-aerosol-cloud dynamic processes considered in (a) 1493 

5-category (for climate research), (b) 3-category (for air quality research, a global 1494 

standard), and (c) bulk equilibrium categories (for operational forecast). ATK (Aitken 1495 

mode), ACM (soot-free accumulation mode, 5-category; accumulation mode, 3-category), 1496 

AGR (accumulation mode, mixed with soot aggregate) DU (mixture with dust; both 1497 

mineral and anthropogenic dust), SS (mixture with sea-salt), COR (coarse mode), SUB 1498 

(submicron), CLD (cloud), ICE (cloud ice), RNW (rain), SNW (snow), GRW (graupel) 1499 

(identical to Fig. 1 of Kajino et al., 2018a) 1500 



 76

 1501 

 1502 

Fig. 2.  Model domain showing terrestrial elevation (m) and observation sites. The pink 1503 

triangles numbered 1 – 7 show the Japanese EANET sites, except 5. Hedo (CHAAMS) is 1504 

marked as the yellow star, where the SKYNET and AD-Net Hedo sites are located on the 1505 

same premises. The pink triangles numbered 8 – 10 show the Chinese EANET sites, 1506 

where automated measurements were conducted. The blue circles numbered 11 – 16 1507 

indicate the SKYNET or AD-Net sites in Japan. The green square is the Qingdao site in 1508 

China. 1509 
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 1510 

 1511 

Fig. 3.  (a) PM2.5 to total mass ratio at RH=0%; (b) same as (a) but with RH=95%. (c) PM10 1512 

to total mass ratio at RH=0%; (d) Ångström exponent; (e) ratio of mass concentration to 1513 

extinction coefficient of mineral dust; and (f) number to dry mass ratio. Acronyms of the 1514 

size parameters on the axes are listed in Table 3. ρp = 2 g cm-3 and κ = 0.3 are assumed 1515 

for drawing (a) to (c) and (f). For the calculation of (d), the Ångström exponent is derived 1516 

from the extinction coefficients at the wavelengths of 500 and 1020 nm, and the internal 1517 

mixture of sulfate, organics, and water at the same volume mixing ratio (=1/3) is assumed 1518 

with particle densities of ρp = 1.83, 1.77, and 1 g cm-3 and refractive indices of 1519 

water-soluble aerosols, water-insoluble aerosols, and fog droplets obtained from the 1520 

Optical Properties of Aerosols and Clouds (OPAC) database (Hess et al., 1998), 1521 

respectively. (e) is calculated at the wavelength of 500 nm with ρp = 2.6 g cm-3 and the 1522 

refractive index of OPAC mineral dust. 1523 
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 1524 

Fig. 4.  The simulated (red: bulk, blue: 3-category, green: 5-category) and observed 1525 

(black) daily mean surface concentrations of (top to bottom) O3, NOx, SO2, PM10, and the 1526 

PM2.5 to PM10 ratio at Japanese EANET stations of (from left to right) Rishiri, Oki, and 1527 

Hedo in the year 2006.  1528 

 1529 

 1530 

Fig. 5.  The simulated (red: bulk, blue: 3-category, green: 5-category) and observed 1531 

(black) (left to right) daily PM1, 2-weekly total (gas + aerosol), and 2-weekly PM1 to total 1532 

ratio of (top to bottom) nss-SO4
2-, NH4

+, NO3
-, and OM at Hedo in the year 2006. 1533 
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 1534 

Fig. 6.  The simulated (red: bulk, blue: 3-category, green: 5-category) and observed 1535 

(black) (left to right) daily PM2.5, PM10, and PM2.5 to PM10 ratio of (top to bottom) 1536 

nss-SO4
2-, NH4

+, NO3
-, Na+, Cl- and nss-Ca2+ at Qingdao in April 2006. 1537 
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 1538 

Fig. 7.  The simulated (red: bulk, blue: 3-category, green: 5-category) and observed 1539 

(black) (left to right) half-monthly mean wet deposition and precipitation at Oki, 2-weekly 1540 

mean surface total (gas + aerosol) air concentration at Oki, half-monthly mean wet 1541 

deposition and precipitation at Yusuhara, and 2-weekly mean surface total air 1542 

concentration at Yusuhara of (top to bottom) nss-SO4
2-, NH4

+, NO3
-, Na+, and nss-Ca2+ in 1543 

the year 2006. 1544 

 1545 

Fig. 8.  The simulated (red: bulk, blue: 3-category, green: 5-category) and observed 1546 

(black) (left to right) daily mean AOT (at 500 nm), SSA (at 500 nm), and Ångström 1547 

exponent (at 500 and 1020 nm) at the four SKYNET stations of (top to bottom) Chiba, 1548 

Kasuga, Hedo, and Miyako in the year 2006.  1549 
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 1550 

 1551 

Fig. 9.  The simulated (red: bulk, blue: 3-category, green: 5-category) and observed 1552 

(black) (left to right) daily mean total extinction coefficient and spherical and 1553 

non-spherical (or dust) components of the extinction coefficient at the four AD-Net 1554 

stations of (top to bottom) Tuskuba, Matsue, Fukue, and Hedo in the year 2006. Note 1555 

that simulations are surface air concentrations, whereas observations are median values 1556 

below 300 m AGL. The simulated extinction coefficients at 500 nm are compared with 1557 

those observed at 532 nm. 1558 

 1559 

 1560 

Fig. 10.  Seasonal or periodical median (circles) with 10 – 90 percentiles (bars) of 1561 

simulated (red: bulk, blue: 3-category, green: 5-category) and observed (gray) PM2.5 to 1562 

PM10 mass ratios at (a) Oki and (b) Rishiri, (c) PM1 to total (gas plus aerosol) chemical 1563 

composition ratios at Hedo in the year 2006, and (d) PM2.5 to PM10 chemical composition 1564 

ratios at Qingdao in April 2006. 1565 
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 1566 

 1567 

Fig. 11.  10-day mean mass contributions of categories to (top to bottom) PM10, PM2.5, and 1568 

PM1 at Rishiri, and PM10, PM2.5, and PM1 at Oki in the year 2006, for (left to right) the 1569 

5-category, 3-category, and bulk methods. 1570 
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 1571 

Fig. 12.  10-day mean mixing types of (i.e., mass contributions of gas and aerosol 1572 

categories to) (top to bottom) SO4
2- at Qingdao and Hedo, NH4

+ at Qingdao and Hedo, 1573 

and NO3
- at Qingdao and Hedo in the year 2006, for (left to right) the 5-category, 1574 

3-category, and bulk methods. 1575 

 1576 



 84

 1577 

 1578 

Fig. 13.  (a, b) Temporal median (circles) with 10 – 90 percentiles (bars) of the simulated 1579 

(red: bulk, blue: 3-category, green: 5-category) and observed (gray) (a) PM10 mass to 1580 

dust extinction ratio at Oki/Matsue and Hedo (μg m-3 km) and (b) PM2.5 to PM10 ratio at 1581 

Oki and Ångström exponent at Hedo during the dust events in April 2006. (c-h) The 1582 

simulated (red: bulk, blue: 3-category, green: 5-category) and observed (black) hourly 1583 

mean PM10 mass concentration at (c) Oki and (d) Hedo, non-spherical (or dust) 1584 

extinction coefficient at (e) Matsue and (f) Hedo, (g) PM2.5 to PM10 ratio at Oki, and (h) 1585 

Ångström exponent at Hedo in April 2006. Note that both the simulations and 1586 

observations are surface air conditions, except for lidar observations (dust extinction), 1587 

which are median values below 300 m AGL.  1588 
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 1589 

 1590 

Fig. 14.  Comparison of statistical results at the ten EANET stations (1-7 Japan, 8-10 1591 

China, 1-5 near-coast, 6-10 far from coast) between the observations and 5-category 1592 

method simulation. (left to right) R, FA2, and Sim:Obs medians for gas (green), aerosol 1593 

(red) and wet deposition amounts (blue) of (top to bottom) non-sea-salt-originated sulfur 1594 

oxides (nss-S), oxidized nitrogen (Oxid. N), reduced nitrogen (Red. N), sodium (Na), 1595 

nss-origin calcium (nss-Ca), and amounts of precipitation. T- and W- indicate total (gas 1596 

plus aerosol) and wet deposition, respectively. Horizontal dashed lines indicate 0.5 for R 1597 

and FA2 and the factor-of-2 envelope for Sim:Obs. 1598 

 1599 
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List of Tables 1602 

 1603 

Table 1.  List of 3-D models used to predict atmospheric trace components 1604 

Name G/Ra FBb PCc AMd ARe References 
CAM5 G Y Y Y C/M Neale et al. (2012), Liu et al., (2012), Matsui (2017) 
CFORS R N N N E Uno et al. (2003) 
CHASER G Y Y Y I Sudo et al. (2002) 
CMAQ R Y Y Y I Byun and Schere (2006), Wong et al. (2012) 
COSMO-ART R Y Y Y C Vogel et al. (2009), Glassmeier et al. (2017) 
ECHAM5-HAM G Y N Y C Stier et al. (2005), Zhang et al. (2012a) 
EAM V1 G Y Y Y C Zhang et al. (2018) 
EMTACS/RAQM2 R/G N Y Y C Kajino and Kondo (2011), Kajino et al. (2012b) 
GATOR-GCMOM G/R Y Y Y C Jacobson et al. (2007), Jacobson and Ginnebaugh (2010) 
GEOS-Chem G/R N Y Y I Bey et al. (2001), Trivitayanurak et al. (2008) 
MASINGAR G Y N N E Tanaka et al., (2003), Tanaka and Ogi (2017) 
MOZART4 G N Y N I Emmons et al. (2010) 
MRI-CCM2 G Y Y N - Deushi and Shibata (2011) 
NICAM-Chem G/R Y Y N E/I Goto et al. (2015a) 
PartMC/MOSAICf R N Y Y M Zaveri et al. (2010), Curtis et al. (2017) 
SPRINTARS 
STEM 

G 
R 

Y 
N 

N 
Y 

N 
Y 

E 
I 

Takemura et al. (2005) 
Carmichael et al. (1991), Tang et al. (2004) 

WRF-Chem R/G Y Y Y I Grell et al. (2005), Chapman et al. (2009), Zhang et al. (2012b)
NHM-Chem Rg Nh Y Y C This study 

aGlobal (G) or regional (R) models 1605 
bChemistry to meteorology feedback processes (Y: Yes, N: No) 1606 
cInline photochemistry (Y: Yes, N: No) 1607 
dAerosol microphysics (Y: Yes, N: No) 1608 
eAerosol representations (M: Mixing state resolving, C: Category approach, E: External mixture assumption, I: 1609 

Internal mixture assumption).  1610 
fCurrently 1-D, but 3-D implementation is ongoing. 1611 
gNHM does not support global simulation, but global meteorological fields of analysis data or simulated by 1612 

global-WRF can be used to drive offline NHM-Chem.  1613 
hThe feedback process implementation is ongoing. 1614 

 1615 

 1616 

1617 
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Table 2. Description of the observation sites used in the study. Each station is depicted in Fig. 2.  1618 

 Longitude 
(E) 

Latitude
(N) 

Altitude 
(m a.s.l) 

Characteristics X Y Zh 
(m) 

Landmas
k 
(-) 

1. Rishiri 141°12′ 45°07′ 40 Remote island 166 118 24.9 1.00 
2. Sado 138°24′ 38°14′ 136 Remote island 166 92 46.4 0.88 
3. Oki 133°11′ 36°17′ 90 Remote island 153 81 12.1 0.10 
4. Ogasawara 142°13′ 27°05′ 230 Remote island 190 57 0.93 0.01 
5. Hedo (CHAAMS) 128°15′ 26°52′ 60 Remote island 145 44 20.3 0.10 
6. Happo 137°47′ 36°41′ 1,850 Remote mountain 166 86 1,057 1.00 
7. Yusuhara 132°56′ 33°22′ 790 Remote mountain 155 71 514 1.00 
8. Xiamen (Hongwen) 118°08′ 24°28′ 50 Urban 111 32 117 0.74 
9. Zhuhai (Xiang Zhou) 113°34′ 22°16′ 40 Urban 95 23 25.8 0.56 
10. Chonqing 

(Jinyunshan) 
106°22′ 29°49′ 800 Rural 73 53 366 1.00 

11. Chiba 140.10° 36.63° 21 Urban 173 84 18.5 0.55 
12. Tsukuba 140.13° 36.06° 24 Urban 173 86 36.7 1.00 
13. Matsue 133.01° 35.48° 6 Urban 153 78 109.6 0.66 
14. Kasuga 130.47° 33.52° 30 Urban 147 70 84.2 0.53 
15. Fukue 128.68° 32.75° 75 Remote island 142 66 4.9 0.05 
16. Miyako 125.33° 24.74° 50 Remote island 136 35 3.5 0.09 
17. Qingdao 121° 36.5° 50 Rural island 118 77 33.4 0.46 

X, Y: nearest model grid number; Zh: topography height of the model grid; Landmask: land area coverage of 1619 

the model grid. 1620 

 1621 

Table 3. Acronyms of aerosol size parameters and their relationships 1622 

Acronym Description Relationship 

σg Geometric standard deviation  

Dg,n,dry Number-equivalent geometric mean dry diameter  

Dg,m,dry Mass-equivalent geometric mean dry diameter = Dg,n,dry × exp (3×ln(σg)
2) 

Dg,m,aero,dry Aerodynamic Dg,m,dry 
= Dg,m,dry × dryp,ρ  b 

Dg,m Mass-equivalent geometric mean diametera  

Dg,n,aero Aerodynamic Dg,n 
= Dg,n × pρ b 

Dg,m,aero Aerodynamic Dg,m 
= Dg,m × pρ  b 

aWhen wet, or ambient 1623 

bFor spheres 1624 

1625 
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Table 4. Statistical analysis used for comparing all available observation and simulation 1626 

data of the stations as listed in Table 2 and depicted in Fig. 2 for the 5-category, 1627 

3-category and bulk methods.  1628 

Variable Na 

Obs. 

Unit Sim:Obsc Rd RMSEe Fa2f 
Med.b 

        5-ctg 3-ctg blk 5-ctg 3-ctg blk 5-ctg 3-ctg blk 5-ctg 3-ctg blk 

NOx 
g 3334 1.3 ppbv 1.08 1.06 1.11 0.40 0.40 0.40 5.64 5.58 5.66 0.49 0.49 0.49

PM1-NO3
-
 
g 209 0.09 μg m-3 0.52 0.53 2.13 0.28 0.24 0.33 0.14 0.15 0.51 0.46 0.47 0.31

T-NO3
-
 
h 267 1.29 μg m-3 2.77 3.09 2.02 0.63 0.62 0.60 3.76 4.57 2.36 0.27 0.22 0.48

W-NO3
- i 322 0.91 mmol m-2 0.80 0.79 0.81 0.70 0.69 0.65 1.25 1.27 1.30 0.58 0.56 0.57

SO2 
g 4354 0.39 ppbv 2.98 3.00 2.88 0.62 0.62 0.62 7.02 7.03 7.00 0.37 0.36 0.37

PM1-SO4
2- g 209 4.18 μg m-3 0.40 0.36 0.52 0.23 0.23 0.30 4.90 4.88 4.47 0.37 0.34 0.43

T-SO4
2- h 267 3.13 μg m-3 0.96 0.90 1.21 0.73 0.72 0.75 1.96 1.92 2.11 0.77 0.78 0.78

W-SO4
2- i 322 0.91 mmol m-2 0.88 0.88 0.84 0.59 0.58 0.59 1.97 1.97 1.97 0.52 0.52 0.52

PM1-NH4
+ g 209 0.9 μg m-3 0.56 0.49 0.24 0.43 0.45 0.41 1.01 1.02 1.23 0.50 0.46 0.11

T-NH4
+ h 261 1.08 μg m-3 1.51 1.52 1.41 0.78 0.78 0.79 1.34 1.37 1.27 0.69 0.68 0.61

W-NH4
+ i 322 0.89 mmol m-2 0.77 0.79 0.82 0.58 0.58 0.57 2.39 2.40 2.42 0.51 0.52 0.50

Na+ h 267 1.24 μg m-3 1.67 1.64 1.61 0.29 0.29 0.27 2.52 2.50 2.59 0.38 0.38 0.40

W-Na+ i 322 2.07 mmol m-2 0.37 0.37 0.35 0.26 0.26 0.28 49.0 49.0 49.0 0.28 0.29 0.31

Nss-Ca2+ h 267 0.08 μg m-3 4.11 4.21 4.34 0.58 0.59 0.59 0.79 0.83 0.79 0.25 0.24 0.24

W-Nss-Ca2+ i 322 0.2 mmol m-2 0.60 0.61 0.59 0.23 0.23 0.23 1.90 1.90 1.91 0.36 0.36 0.34

PM2.5 
g 695 8.83 μg m-3 1.06 1.21 1.06 0.59 0.57 0.64 8.69 10.1 9.28 0.81 0.81 0.77

PM10 
g 4625 22.4 μg m-3 1.11 1.15 1.00 0.58 0.57 0.58 29.7 30.4 29.4 0.69 0.69 0.68

AOT 
j 566 0.3 - 0.42 0.47 0.39 0.38 0.39 0.41 0.33 0.32 0.33 0.44 0.48 0.44

SSA j 355 0.96 - 0.95 0.91 0.89 0.22 -0.06 -0.05 0.07 0.11 0.13 1.00 1.00 1.00 

Ång. Exp. j 566 1.13 - 0.31 0.19 0.48 0.02 0.03 -0.04 0.94 0.99 0.88 0.33 0.21 0.51

Ext_D k 4146 0.02 km-1 0.28  n.a. 0.16 0.25  n.a. 0.25 0.04 n.a. 0.04 0.26  n.a. 0.19

Ext_S l 4254 0.11 km-1 0.61 0.68 0.58 0.34 0.33 0.33 0.12 0.12 0.13 0.55 0.58 0.51

Ext_T m 4146 0.14 km-1 0.56 0.56 0.52 0.33 0.33 0.33 0.14 0.14 0.14 0.55 0.55 0.49

PM2.5/PM10 
g 673 0.57 - 0.83 0.87 0.92 0.18 0.15 0.31 0.21 0.20 0.19 0.9 0.91 0.94

PM1/T-NH4
+ n 19 0.71 - 0.86 0.80 0.50 0.49 0.48 0.44 0.29 0.30 0.46 0.79 0.79 0.37

PM1/T-NO3
- n 19 0.05 - 0.51 0.48 1.01 0.14 0.09 0.47 0.03 0.03 0.07 0.47 0.47 0.63

PM1/T-SO4
2+ n 19 0.85 - 0.89 0.89 0.86 -0.53 -0.48 -0.16 0.44 0.42 0.42 0.79 0.79 0.84

O3 
g 3496 42.7 ppb 0.96 0.95 0.97 0.62 0.61 0.61 13.5 13.5 13.6 0.92 0.92 0.91
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PM1-OM g 209 1.33 μg m-3 0.54 0.53 0.47 0.46 0.46 0.46 1.32 1.34 1.36 0.47 0.43 0.44

NOy 
g 292 0.79 ppb 1.89 1.95 1.57 0.37 0.38 0.45 1.41 1.49 0.99 0.53 0.52 0.61

HNO3 
g 292 0.11 ppb 0.49 0.42 0.69 0.25 0.05 0.35 0.25 0.29 0.50 0.26 0.22 0.20

aNumber of available data 1629 

bMedian of observation data 1630 

cSimulation to observation median ratio 1631 

dCorrelation coefficient 1632 

eRoot mean square error 1633 

fFraction of simulated values within a factor of two of the observed values 1634 

gDaily mean surface air concentration 1635 

h2-weekly mean surface air concentration of total (gas + aerosol) component 1636 

iHalf-monthly cumulative wet deposition amount 1637 

jDaily mean column amount 1638 

kDaily mean median values below 300 m of extinction coefficient for dust (non-spherical) particles 1639 

lDaily mean median values below 300 m of extinction coefficient for spherical particles  1640 

mDaily mean median values below 300 m of extinction coefficient  1641 

n2-weekly mean PM1 to total (gas + aerosol) ratio of component   1642 

 1643 

 1644 


