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Abstract 20 

Number concentrations, size distributions, and mixing states of aerosols are essential 21 

parameters for accurate estimations of aerosol direct and indirect effects.  In this study, 22 

we develop an aerosol module, designated the Aerosol Two-dimensional bin module for 23 

foRmation and Aging Simulation (ATRAS), that can explicitly represent these parameters 24 

by considering new particle formation (NPF), black carbon (BC) aging, and secondary 25 

organic aerosol (SOA) processes.  A two-dimensional bin representation is used for 26 

particles with dry diameters from 40 nm to 10 µm to resolve both aerosol sizes (12 bins) 27 

and BC mixing states (10 bins) for a total of 120 bins.  The particles with diameters 28 

between 1 and 40 nm are resolved using additional 8 size bins to calculate NPF.  The 29 

ATRAS module is implemented in the WRF-chem model and applied to examine the 30 

sensitivity of simulated mass, number, size distributions, and optical and radiative 31 

parameters of aerosols to NPF, BC aging and SOA processes over East Asia during the 32 

spring of 2009.  The BC absorption enhancement by coating materials is about 50% over 33 

East Asia during the spring, and the contribution of SOA processes to the absorption 34 

enhancement is estimated to be 10 – 20% over northern East Asia and 20 – 35% over 35 

southern East Asia.  A clear north-south contrast is also found between the impacts of 36 

NPF and SOA processes on cloud condensation nuclei (CCN) concentrations: NPF 37 

increases CCN concentrations at higher supersaturations (smaller particles) over northern 38 

East Asia, whereas SOA increases CCN concentrations at lower supersaturations (larger 39 

particles) over southern East Asia.  The application of ATRAS in East Asia also shows 40 

that the impact of each process on each optical and radiative parameter depends strongly 41 

on the process and the parameter in question.  The module can be used in the future as 42 
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a benchmark model to evaluate the accuracy of simpler aerosol models and examine 43 

interactions between NPF, BC aging, and SOA processes under different meteorological 44 

conditions and emissions.   45 

  46 
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1. Introduction 47 

Atmospheric aerosols play an important role in Earth’s climate system by 48 

scattering and absorbing solar radiation (direct effects) and by modifying the 49 

microphysical properties of clouds and precipitation (indirect effects).  Estimates of 50 

these direct and indirect effects remain highly uncertain, and they are one of the largest 51 

uncertainties in predicting climate change (Ramanathan et al., 2001; Lohmann and 52 

Feichter, 2005; Bond et al., 2013; IPCC, 2013).   53 

Accurate estimations of these effects by a model require good representations of 54 

aerosol number concentrations, size distributions, and mixing states because these 55 

parameters are essential for calculating aerosol absorption and scattering coefficients and 56 

for calculating the number concentrations of cloud droplets activated from aerosols 57 

(Jacobson, 2000; Ghan et al., 2011; Reddington et al., 2011).  However, many of the 58 

existing three-dimensional aerosol models do not represent these aerosol parameters 59 

sufficiently.  These models predict mass concentrations but diagnose size distributions, 60 

number concentrations, or both by assuming variable or predetermined lognormal size 61 

distributions.  A model that can predict aerosol number concentrations, size distributions, 62 

and mixing states should be useful for reducing the uncertainties in the estimates of 63 

aerosol contributions to climate change.  64 

Various physical and chemical processes play important roles in controlling the 65 

number concentrations, size distributions, and mixing states of aerosols in the atmosphere.  66 

New particle formation (NPF), which is the formation of ultrafine particles (~1 nm in 67 

diameter) and their subsequent growth, is considered to have a large impact on aerosol 68 

number concentrations and cloud condensation nuclei (CCN) concentrations and 69 
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ultimately on cloud droplet number concentrations and the indirect effects of aerosols 70 

(Kulmala et al., 2000, 2004, 2007; Spracklen et al., 2006, 2008, 2010; Merikanto et al., 71 

2009, Makkonen et al., 2009, 2012).  Aging processes (i.e., condensation, coagulation, 72 

and photochemical oxidation) of black carbon (BC) particles enhance their absorption 73 

efficiency and CCN activity, and they increase the heating rate of the atmosphere and the 74 

wet scavenging efficiency of BC and modify the microphysical properties of clouds 75 

(Jacobson, 2000, 2001; Bond et al., 2006, 2013; Stier et al., 2006; Moteki et al., 2007).  76 

Resolving externally-mixed BC, internally-mixed BC, and BC-free particles is essential 77 

for accurately estimating BC radiative and cloud microphysical effects (Oshima et al., 78 

2009; Aquila et al., 2011; Matsui et al., 2013a).  Organic aerosol (OA) formation, which 79 

has been severely underestimated in many existing three-dimensional aerosol models 80 

(Heald et al., 2005, 2011; Matsui et al., 2009a; Spracklen et al., 2011), is also important 81 

in terms of the mass concentration and CCN activity of aerosols (Kanakidou et al., 2005; 82 

Zhang et al., 2007; Hallquist et al., 2009).   83 

In our previous studies, we developed modules for NPF, BC aging, and 84 

secondary OA (SOA) processes individually using the Weather Research and Forecasting 85 

and Chemistry (WRF-chem) model (Matsui et al., 2011, 2013a, 2013b, 2014).  These 86 

modules succeeded in explaining important aerosol properties related to number 87 

concentrations, size distributions, and mixing states of aerosols in the atmosphere.  Our 88 

NPF-resolved aerosol module (Matsui et al., 2011) can calculate condensational growth 89 

and coagulation sink of nucleated particles with 20 aerosol size bins from 1 nm to 10 µm 90 

in diameter, and the module reproduced the timing of NPF events in the Beijing region of 91 

China.  Our BC mixing state resolved aerosol module (Matsui et al., 2013a) calculates 92 
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BC aging processes using a two-dimensional aerosol bin representation (12 × 10 bins) 93 

that resolves both aerosol sizes (from 40 nm to 10 µm in diameter) and BC mixing states 94 

(pure-BC particles, BC-free particles, and 8 different internally-mixed BC particles).  95 

This module reproduced the features of the BC mixing state observed by a single-particle 96 

soot photometer (SP2) during the Aerosol Radiative Forcing in East Asia (A-FORCE) 97 

aircraft campaign, and it was used to evaluate the impact of the treatment of BC mixing 98 

state on radiative and microphysical properties of BC over the East Asian region.  Our 99 

SOA scheme (Matsui et al., 2014), which is based on the volatility basis-set approach 100 

(Donahue et al., 2006; Jimenez et al., 2009), reproduced mass concentrations and 101 

temporal variations of OA over East Asia reasonably well.   102 

Our previous studies showed the improvement of model performance for NPF, 103 

BC aging, and SOA processes by using a detailed aerosol model.  A detailed model is 104 

useful, particularly when detailed aerosol parameters are compared between 105 

measurements and model simulations because it is conceptually better (e.g., Korhola et 106 

al., 2014) and uses less assumption than a simple model.  With the development of more 107 

advanced observational techniques, we need more detailed and sophisticated 108 

representations in aerosol models for comparisons.  109 

In this study, we develop an aerosol module that can calculate NPF, BC aging, 110 

and SOA processes simultaneously.  The module, designated the Aerosol Two-111 

dimensional bin module for foRmation and Aging Simulation (ATRAS), is implemented 112 

in the WRF-chem model.  Few three-dimensional aerosol models can calculate NPF, BC 113 

aging, and SOA processes simultaneously (Yu et al., 2012).  To our knowledge, ATRAS 114 

can calculate these processes simultaneously with the most detailed treatment of BC aging 115 
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processes.  Here, we describe the ATRAS module (Sect. 2) and present the first results 116 

of its application over East Asia to examine the sensitivity of mass, number, size 117 

distributions, and optical and radiative parameters of aerosols to NPF, BC aging, and SOA 118 

processes (Sect. 3).  119 

 120 

2. The two-dimensional bin module: ATRAS 121 

The ATRAS module is developed using the framework of the WRF-chem model 122 

(version 3.4) (Grell et al., 2005; Skamarock et al., 2008), and it is used in combination 123 

with the Model for Simulating Aerosol Interactions and Chemistry (MOSAIC) aerosol 124 

module (Fast et al., 2006; Zaveri et al., 2008) (hereafter referred to as WRF-125 

chem/ATRAS-MOSAIC).  We used the WRF-chem/MOSAIC model in our previous 126 

studies (Matsui et al., 2009b, 2010, 2011, 2013a, 2013b, 2014).   127 

The ATRAS module uses 128 aerosol bins in total (Fig. 1).  A two-dimensional 128 

bin representation is used for particles with dry diameters from 40 nm to 10 µm to resolve 129 

both aerosol sizes and BC mixing states.  As in our BC mixing state-resolved aerosol 130 

module (Matsui et al., 2013a), the aerosol sizes from 40 nm to 10 µm are divided into 12 131 

bins, and the BC mixing state is divided into 10 bins using the fraction of the BC mass to 132 

the total aerosol mass concentrations under dry conditions.  Within this size range, the 133 

module can resolve pure-BC particles (BC mass fraction > 0.99), BC-free particles (BC 134 

mass fraction = 0), and 8 different internally-mixed BC particles (BC mass fractions of 0 135 

– 0.1, 0.1 – 0.2, 0.2 – 0.35, 0.35 – 0.5, 0.5 – 0.65, 0.65 – 0.8, 0.8 – 0.9, and 0.9 – 0.99).  136 

The particles from 1 to 40 nm are resolved using 8 size bins to calculate NPF.  Particles 137 

in this size range are assumed to be BC free.  The module therefore uses 128 bins (12 × 138 
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10 + 8 bins) to represent aerosol sizes, BC mixing states, and NPF processes.  Mass 139 

concentrations of sulfate, nitrate, ammonium, BC, OA (sum of primary and secondary), 140 

dust, sodium, chloride, and aerosol water and number concentrations are traced in each 141 

aerosol bin.  Aerosols in the aerosol-phase (interstitial) and the cloud-phase are treated 142 

separately using additional 128 bins for cloud-phase (activated) aerosols (in total 256 bins 143 

are used to represent aerosols).  144 

Primary aerosol emissions (BC and OA in this study) are treated as pure-BC or 145 

BC-free particles from 40 nm to 10 µm.  The uncertainty of mixing state treatment in 146 

emissions is described by Matsui et al. (2013a).  Gas-phase chemistry is calculated by 147 

the SAPRC-99 mechanism (Carter, 2000) with modification for SOA precursors (Matsui 148 

et al., 2014).  The particle formation (nucleation) rate at 1 nm is estimated by activation-149 

type (e.g., Kulmala et al., 2006) or kinetic nucleation (e.g., Kuang et al., 2008) in the 150 

boundary layer and by a binary (H2SO4-water) homogeneous nucleation (Wexler et al., 151 

1994) in the free troposphere, as described by Matsui et al. (2011).  In this study, we use 152 

the activation-type nucleation (nucleation rate at 1 nm is proportional to H2SO4 153 

concentrations) with a constant rate coefficient of 2 × 10 -7 s-1, which was adopted in our 154 

previous studies (Matsui et al., 2011, 2013c).  Condensation and evaporation are 155 

calculated by the MOSAIC module (Zaveri et al., 2005a, 2005b, 2008).  Aqueous-phase 156 

chemistry is calculated by the scheme developed by Fahey and Pandis (2001).  The shift 157 

of bins due to condensation, evaporation, and aqueous-phase chemistry is calculated by a 158 

two-moment (mass and number) advection scheme (Simmel and Wurzler, 2006) for 159 

aerosol size bins and the moving center approach (Jacobson, 1997) for mixing state bins, 160 

as described by Matsui et al. (2013a).  Brownian coagulation within two-dimensional 161 
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bins is calculated using the method of Matsui et al. (2013a), which is based on the semi-162 

implicit method of Jacobson et al. (1994).   163 

SOA processes are calculated by the volatility basis-set scheme with 164 

photochemical multigenerational oxidation of organic vapors by OH radicals (Matsui et 165 

al., 2014), which is similar in many respects to Shrivastava et al. (2011).  This scheme 166 

uses 9 volatility classes to represent semi-volatile and intermediate volatility organic 167 

compounds (S/IVOCs).  We consider the formation of first-generation oxidized VOCs 168 

(OVOCs) from 9 lumped VOCs; alkanes (ALK4 and ALK5), olefins (OLE1 and OLE2), 169 

aromatics (ARO1 and ARO2), isoprene (ISOP), monoterpene (TERP), and sesquiterpene 170 

(SESQ).  The mass yield of OVOCs from each lumped VOC is calculated with a NOx-171 

dependent 4-product basis fit (Tsimpidi et al., 2010).  S/IVOCs and OVOCs are oxidized 172 

to the volatility class with an order of magnitude lower effective saturation concentrations 173 

by OH radicals at a rate constant of 1 × 10-11 cm3 molecule-1 s-1.  Size-resolved OA 174 

condensation and evaporation are calculated using the method of Koo et al. (2003) by 175 

assuming gas-particle equilibrium partitioning (Schell et al., 2001).  Dry deposition and 176 

wet deposition of both gaseous and aerosol species are calculated using the method 177 

adopted in the original WRF-chem/MOSAIC model (Easter et al., 2004).  Aerosol 178 

activation to cloud droplets is calculated on the basis of the method described by Abdul-179 

Razzak and Ghan (2000) through the calculation of volume-averaged hygroscopicity and 180 

critical supersaturation for each aerosol bin (Matsui et al., 2011, 2013a).  The values of 181 

hygroscopicity (κ) for each aerosol species are given by Matsui et al. (2011).  A κ value 182 

of 0.14 is assumed for all the OA species used in the volatility basis-set scheme (Matsui 183 

et al., 2014).  In Table 1, the schemes and the representation used in ATRAS-MOSAIC 184 
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are summarized and compared with those of the original WRF-chem/MOSAIC model.  185 

More details of the WRF-chem/MOSAIC model and the MOSAIC module are described 186 

by Fast et al. (2006) and Zaveri et al. (2008), respectively.  More details of the NPF, BC 187 

aging, and SOA schemes are described by Matsui et al. (2011, 2013a, 2013b, 2014).   188 

 189 

3. Application of ATRAS-MOSAIC to East Asia 190 

3.1.  Simulation settings 191 

Our previous WRF-chem simulations were conducted over East Asia during the 192 

A-FORCE aircraft campaign (21 March – 26 April 2009) (Matsui et al., 2013a, 2013b, 193 

2014).  In these studies, aerosol mass and number concentrations and their spatial and 194 

temporal variations were evaluated using both aircraft and surface measurements.  In 195 

this study, the ATRAS-MOSAIC model is applied to this region and period.  Statistics 196 

are calculated for the period from 24 March to 26 April 2009 (34 days).   197 

The simulation domain consists of an outer domain with a horizontal grid 198 

spacing of 360 km and an inner domain with a horizontal grid spacing of 120 km; there 199 

are 13 vertical layers up to 100 hPa (Fig. 2a).  Because the ATRAS-MOSAIC module is 200 

computationally expensive, a relatively coarse grid resolution is used.  However, our 201 

previous simulations using the same resolution reasonably well reproduced 202 

meteorological fields associated with synoptic-scale meteorological variations and 203 

resulting aerosol transport and variation processes during the A-FORCE period (Matsui 204 

et al., 2013a).  The results for the inner domain are described in this paper.  We use the 205 

National Centers for Environmental Prediction Final Operational Global Analysis data 206 

for initial and boundary conditions and for nudging (free troposphere only) of 207 
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meteorological fields.  The meteorological schemes adopted in this study are similar to 208 

those used by Matsui et al. (2009, 2014).   209 

In this study, aerosol optical and radiative parameters (shown in section 3.4) are 210 

calculated offline using the method of Matsui et al. (2013a).  Local aerosol optical 211 

properties are calculated using the Mie theory algorithm developed by Bohren and 212 

Huffman (1998).  The shell-core treatment (BHCOAT) is used for internally mixed BC 213 

particles, while the code for well-mixed particles (BHMIE) is applied to pure BC and BC-214 

free particles (Matsui et al., 2013a).  The enhancement of BC absorption (the lens effect) 215 

by coating material (other than BC) is calculated in the BHCOAT.  Radiative feedback 216 

of aerosols to meteorological parameters (e.g., temperature) is not considered in this study.  217 

Aerosol indirect effect is considered to calculate aerosol activation and removal processes 218 

theoretically.  This treatment influences cloud microphysics and distribution, but we do 219 

not focus on these changes in this study.  Radiative calculations are performed for clear-220 

sky conditions (section 3.4). 221 

Emission inventories are also similar to those of Matsui et al. (2014): the 222 

anthropogenic and volcanic emissions of Streets et al. (2003), biomass burning emissions 223 

of the Global Fire Emissions Database version 3 (GFED3) (van der Werf et al., 2010), 224 

and the online biogenic emissions of the Model of Emissions of Gases and Aerosols from 225 

Nature version 2 (MEGAN2) (Guenther et al., 2006).  A number median diameter of 50 226 

nm and a standard deviation (σ) of 2.0 are assumed as the size distribution of primary 227 

aerosol emissions (Matsui et al., 2013a).  Emissions of coarse particles are not 228 

considered in this study.  229 

We conduct nine model simulations (Table 2).  The M10_SN simulation, which 230 
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is the most detailed simulation with BC aging (M) with 10 BC mass fractions, SOA (S), 231 

and NPF (N), is used as the benchmark simulation in this study.  The M08_SN, M06_SN, 232 

M04_SN, and M01_SN simulations are runs with different numbers of BC mixing state 233 

bins and include NPF and SOA.  BC mixing state bins are divided into BC mass 234 

fractions of 0, 0 – 0.1, 0.1 – 0.2, 0.2 – 0.5, 0.5 – 0.8, 0.8 – 0.9, 0.9 – 0.99, and 0.99 – 1.0 235 

in the M08_SN simulation; 0, 0 – 0.2, 0.2 – 0.5, 0.5 – 0.8, 0.8 – 0.99, and 0.99 – 1.0 in 236 

the M06_SN simulation; and 0, 0 – 0.8, 0.8 – 0.99, 0.99 – 1.0 in the M04_SN simulation.  237 

These simulations are compared with the M10_SN simulation to examine the sensitivity 238 

of the mass and number concentrations and optical and radiative parameters of aerosols 239 

to the number of BC mixing state bins.  The M10_N simulation (OA is from primary 240 

emissions only) is compared with the M10_SN simulation to examine the impact of SOA 241 

processes on BC mixing states.  The M01_N, M01_S, and M01 simulations are 242 

conducted to determine the impact of NPF and SOA processes on aerosol properties.  243 

The M10_SN and M01 simulations are compared to understand the overall effects of NPF, 244 

BC aging, and SOA processes on aerosol properties.  The M01_S simulation is nearly 245 

the same as the base simulation described by Matsui et al. (2014), except for the number 246 

of aerosol size bins (8 size bins for the simulation described in Matsui et al. (2014) versus 247 

12 size bins in M01_S).  The CPU time required for the M10_SN simulation is about 36 248 

hours per simulation day in our application (SGI ICE X (Intel Xeon E5-2670 2.6GHz, 249 

SUSE Linux Enterprise Server 11SP1, Intel Composer XE 12)). Compared with the 250 

original 8-bin MOSAIC simulation, the computational costs are 14, 3.5, and 1.7 times 251 

greater in the M10_SN, M01_SN, and M01 simulations, respectively. 252 

 253 
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3.2. Comparison with measurements  254 

We showed detailed validation results for various aerosol parameters obtained 255 

by surface and aircraft measurements (Fig. 2b) in our previous studies (Matsui et al., 256 

2013a, 2013b, 2014).  Although the simulation setups in this study are not exactly the 257 

same as those in our previous studies (e.g., grid spacing, gas-phase chemistry mechanism, 258 

and amounts and size distributions of emissions), similar or better model performances 259 

are obtained for the following aerosol parameters in the benchmark M10_SN simulation 260 

(Fig. 3 and Fig. S1-S3): BC, sulfate, and OA mass concentrations at Fukue (32.75°N, 261 

128.68°E) and Hedo (26.87°N, 128.25°E) in Japan (outflow region from the Asian 262 

continent) (Matsui et al., 2013a, 2014); mass and number concentrations of BC and 263 

scattering aerosols (other than BC) and their vertical profiles, BC mixing states (the shell-264 

to-core diameter ratio at a BC core diameter of 200 nm), and aerosol number 265 

concentrations (> 10 nm) in the boundary layer during the A-FORCE campaign (Matsui 266 

et al., 2013a, 2013b).  We note that the model performance improved for the shell-to-267 

core diameter ratio during the A-FORCE campaign by considering SOA processes (Fig. 268 

3).  Details of the measurements during A-FORCE are given elsewhere (Moteki and 269 

Kondo, 2007, 2010; Kondo et al., 2011; Oshima et al., 2012; Moteki et al., 2012; 270 

Takegawa et al., 2013; Takami et al., 2005, 2007; Kanaya et al., 2013).  271 

 272 

3.3.  Aerosol mass and number concentrations and size distributions 273 

The spatial distributions of period-averaged concentrations of PM2.5 (particulate 274 

matter smaller than 2.5 µm in diameter) in the M10_SN and M01 simulations at an 275 

altitude of about 1 km (sigma level of 0.895) are shown in Fig. 4a,b, and statistics are 276 
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shown in Table 3.  Period-averaged values are calculated using the data at 12:00 local 277 

time (03:00 UTC) during the simulation periods (24 March – 26 April).  The conclusions 278 

obtained in this section do not change even when using the data at night (00:00 local time) 279 

(not shown).  The period- and domain-averaged PM2.5 concentrations are 15.1 and 12.1 280 

µg m-3 in the M10_SN and M01 simulations, respectively.  The higher PM2.5 281 

concentrations in the M10_SN simulation (about 25% higher) are mostly due to SOA 282 

processes considering that the PM2.5 concentrations are different between the simulations 283 

with and without SOA processes (Table 3).  The treatment of BC mixing state and NPF 284 

has a negligible impact on the period-averaged PM2.5 in our simulations.  As emissions 285 

of coarse particles are not considered in this study (Sect. 3.1), most of PM2.5 is PM1 in 286 

our simulation: the period- and domain-averaged PM1 concentrations are 14.7 µg m-3 in 287 

the M10_SN simulation.  288 

BC mass concentrations are influenced by the treatment of the BC mixing state 289 

(Table 3).  BC mass concentration in the M10_SN simulation is higher than that in the 290 

M01_SN simulation because pure BC is explicitly resolved in the M10_SN simulation, 291 

whereas all BC is treated as internally-mixed particles in the M01_SN simulation, 292 

resulting in a higher wet removal efficiency (Matsui et al., 2013a).  BC concentrations 293 

in the M08_SN and M06_SN simulations are nearly the same as those in the benchmark 294 

M10_SN simulation.  These two simulations can explain more than 90% of the total 295 

effect of BC mixing state (Table 3).  The percentage is calculated from the difference in 296 

the BC mass concentrations between the M08_SN (or M06_SN) and M01_SN 297 

simulations relative to the difference between the M10_SN and M01_SN simulations.  298 

BC concentration in the M04_SN simulation is also generally consistent with that in the 299 
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benchmark simulation: the M04_simulation can explain about 70% of the total effect of 300 

the BC mixing state.  These results suggest that the simulations with 4 or more mixing 301 

state bins can explain the actual BC mixing state effect reasonably well in terms of the 302 

BC mass concentrations in the boundary layer.  The treatments of NPF and SOA have a 303 

negligible impact on the period-averaged BC mass concentrations in our simulations. 304 

OA mass concentrations differ substantially (by a factor of 3) between the 305 

simulations with and without SOA processes.  The period- and domain-averaged OA 306 

concentrations are about 4.3 and 1.5 µg m-3 in the simulations with and without SOA 307 

processes, respectively (Table 3).   308 

The CCN concentrations for two given supersaturations of 1.0% (CCN1.0) and 309 

0.1% (CCN0.1) are calculated based on Köhler theory (Matsui et al., 2011).  The spatial 310 

distributions of the period-averaged CCN1.0 for the M10_SN and M01 simulations at an 311 

altitude of about 1 km are shown in Fig. 4c,d.  The CCN1.0 distributions in the M10_SN 312 

(M01) simulations are generally similar to those in the simulations with (without) NPF in 313 

Matsui et al. (2013b), although some model setups differ between Matsui et al. (2013b) 314 

and this study (e.g., grid resolution and gas-chemistry mechanism).  Period- and 315 

domain-averaged CCN1.0 concentrations increase by 18% when both NPF and SOA 316 

processes are included (Table 3).  The spatial distributions of the period-averaged 317 

CCN0.1 are shown in Fig. 4e,f.  The period- and domain-averaged CCN0.1 concentrations 318 

increase by 16% when both NPF and SOA processes are included (Table 3).  The 319 

treatment of BC mixing state is not particularly important for either CCN1.0 or CCN0.1 320 

concentrations.   321 

dCCN is defined as the difference in the CCN concentrations between M01_N 322 
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and M01 (an index of the importance of NPF) or between M01_S and M01 (an index of 323 

the importance of SOA).  There is a clear contrast in the importance between NPF and 324 

SOA processes.  NPF increases CCN1.0 concentrations considerably, whereas SOA 325 

makes only a minor contribution to the increase in CCN1.0 concentrations (Fig. 5a,b).  326 

The increase in CCN1.0 concentrations due to NPF is distributed mainly over the northern 327 

part of the simulation domain (northern and central China, Korea, and Japan; Fig. 5a).  328 

This result is consistent with the results reported by Matsui et al. (2013b), who showed a 329 

clear north-south contrast in the NPF frequency over East Asia (Fig. S4).  In contrast, 330 

SOA is much more important for CCN0.1 concentrations, whereas the impact of NPF on 331 

CCN0.1 concentrations is limited (Fig. 5c,d).  The increase in CCN0.1 concentrations due 332 

to SOA is mainly seen over the southern part of the simulation domain (Southeast Asia 333 

and southern China; Fig. 5d), where SOA concentrations and their ratio to preexisting 334 

aerosols are high (e.g., SOA/BC ratio in Fig. S4).  These results show that NPF is an 335 

important factor for increasing CCN concentrations at higher supersaturations (smaller 336 

particles) over northern East Asia, whereas SOA is an important factor for increasing 337 

CCN concentrations at lower supersaturations (larger particles) over southern East Asia.  338 

This difference might also imply that NPF and SOA processes have spatially different 339 

influences on cloud microphysical properties over East Asia, although we do not focus 340 

on the indirect effects of aerosols in this study.  341 

An increase in BC mass concentrations at an altitude of about 1 km is seen for 342 

particles of around 100 – 500 nm in the accumulation mode when the BC mixing state is 343 

resolved (M10_SN and M04_SN in Fig. 6a).  SOA processes increase OA mass 344 

concentrations of around 100 – 500 nm with a shift to a larger size distribution (Fig. 6b).  345 
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Total (bulk) mass concentrations of inorganic species are not particularly influenced by 346 

NPF, BC aging, or SOA processes (Table 3), but the size distributions of these species are 347 

shifted to larger sizes, mainly due to SOA processes (Fig. 6c).  Number size distribution 348 

is influenced by both NPF and SOA processes (Fig. 6d).  NPF has a large impact on the 349 

number concentrations of particles less than 100 nm in diameter (e.g., comparing the 350 

M01_N and M01 simulations), although condensation is the dominant process in terms 351 

of mass transfer from gas to the aerosol phase (the mass fraction of sulfate between 1 and 352 

40 nm is only 0.07% of total sulfate mass on period and domain average at 1 km).  OA 353 

formation shifts the size distribution to larger sizes (e.g., comparing the M01_S and M01 354 

simulations), with the increase in the number concentrations of particles of around 200 – 355 

400 nm and the decrease in the number concentrations of particles of around 30 – 100 nm.  356 

The combined effects of NPF and SOA are reflected in the benchmark simulation 357 

(M10_SN).   358 

Sensitivity simulations with 4 and 6 NPF bins between 1 and 40 nm show that 359 

they can capture the growth of nucleated particles and absolute number concentrations 360 

and their size distributions less than 40 nm in diameter reasonably well (Fig. S5).  These 361 

results suggest that 4 NPF bins between 1 and 40 nm may be sufficient for future 362 

applications.   363 

We focused on the period-averaged contributions of individual processes in this 364 

section, but their impacts could be much larger locally and temporarily.  For example, 365 

while BC concentration in the M10_SN simulation is about 20% higher than that in the 366 

M01_SN simulation on period- and domain-average, the concentration is more than 40% 367 

higher at particular places and times (Fig. S6).  Even though the impact of a process is 368 
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small on period- and domain-average (the concentration ratio is about 1.0 in Fig. S6), the 369 

process can contribute to an increase or decrease in mass and/or number concentrations 370 

at particular places and times (Fig. S6). 371 

The vertical profiles of CCN and mass concentrations show that the features 372 

obtained at an altitude of about 1 km (layer 4) are seen at all levels (Fig. 7): OA and 373 

CCN0.1 concentrations are higher in the simulations with the OA formation scheme, BC 374 

mass concentrations are higher in the simulations that resolve mixing states, and CCN1.0 375 

concentrations are higher in the simulations with NPF. 376 

 377 

3.4.  Aerosol optical and radiative parameters 378 

Period-averaged optical and radiative parameters are calculated using the data at 379 

12:00 local time during the simulation period (24 March – 26 April).  We focus on 380 

column aerosol optical depth (AOD), column absorption AOD (AAOD), single scattering 381 

albedo (SSA) at 1 km, heating rate by aerosols at 1 km, and change in downward solar 382 

flux by aerosols at the surface.  The statistics are shown in Table 4.   383 

Period- and domain-averaged AOD is increased by 26% by SOA processes 384 

(Table 4).  The impact of NPF and BC aging processes on AOD is negligible in our 385 

simulations.   386 

The treatment of BC mixing state is important for AAOD, SSA, and heating rate.  387 

The column AAOD, the fraction of absorption (1 – SSA) at 1 km, and the heating rate at 388 

1 km are 16%, 50%, and 17% higher, respectively, in the M01 simulation (domain 389 

average) than in the benchmark M10_SN simulation.  The difference in absorption 390 

between the two simulations is attributed to two effects: the M01 simulation has (1) higher 391 
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absorption by coating materials (lens effect) and (2) lower BC mass concentrations due 392 

to efficient wet removal processes (which decreased absorption) than the M10_SN 393 

simulation because the M01 simulation assumes internally mixing for all BC particles.  394 

These effects on absorption partly cancel each other because of their opposite signs (Stier 395 

et al., 2006; Matsui et al., 2013a).  Because the former effect is larger than the latter 396 

effect in this study, the absorption in the M01 simulation is larger than that in the 397 

benchmark simulation.   398 

Column AAOD is high over both northern and southern China (Fig. 8a).  We 399 

calculated the absorption enhancement ratio by the lens effect for the M10_SN and 400 

M10_N simulations (Fig. 8b).  In calculating the AAOD values with the assumption of 401 

externally-mixed BC particles, all of the internally-mixed BC particles are separated into 402 

BC (externally-mixed) and non-BC (BC-free) particles.  The absorption enhancement 403 

ratio is estimated to be about 50 – 60% and 40% in the M10_SN and M10_N simulations, 404 

respectively (Fig. 8b).  Because the absorption enhancement ratio is about 100% in the 405 

M01_SN simulation (not shown), the simulation without BC mixing states (internally-406 

mixed treatment for all particles) overestimates the absorption enhancement by a factor 407 

of 2.  The contribution of SOA processes (the difference in AAOD between M10_SN 408 

and M10_N) to the total absorption enhancement is about 20% over northern East Asia 409 

and about 20 – 40% over southern East Asia (Fig. 8c).  A reason of this latitudinal 410 

dependency is higher OA/BC mass ratio over southern East Asia (Fig. S4). 411 

The difference in SSA between the benchmark and M01 simulations is caused 412 

by both BC aging and SOA processes.  The treatment of BC mixing state increases SSA 413 

by 0.05 over northern China (30 – 45N) (Fig. 9a), where BC concentrations are high (Fig. 414 
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S4).  The treatment of SOA processes is estimated to increase SSA by 0.03 at latitudes 415 

of 30 – 40N, where both BC and OA concentrations are high, mainly due to the 416 

enhancement of the scattering coefficient (Fig. 9b).  417 

The difference in the heating rate by aerosols between the benchmark and M01 418 

simulations is caused by two opposite effects.  The treatment of the BC mixing state 419 

decreases the heating rate by 0.3 K d-1, mainly over northern China (30 – 40N) due to 420 

the reduction of absorption (Fig. 9c).  SOA processes increase the heating rate by 0.1 K 421 

d-1 over central and southern China (20 – 35N, Fig. 9d), where OA concentrations are 422 

high, because SOA processes increase the multiple scattering of radiation and the lens 423 

effect (Fig. 8c), both of which can enhance absorption.  424 

The difference in the downward solar flux at the surface between the benchmark 425 

and M01 simulations is also caused by two opposite effects.  SOA processes decrease 426 

the downward flux at the surface by 15 W m-2, with a maximum decrease over southern 427 

China (20 – 30N, Fig. 9f) where OA concentrations are high.  The treatment of BC 428 

mixing state increases the flux by 5 W m-2, with a maximum increase over central China 429 

(Fig. 9e).  The increase is attributed to reduced absorption in the benchmark simulation 430 

that leads to increased multiple scattering of radiation and downward surface flux.   431 

The spatial distributions of the combined effects of BC aging and SOA differ 432 

markedly between the heating rate and the downward flux.  The cooling effect of the 433 

atmosphere (~1 km) is seen over northern China (30 – 40N) and over the Asian continent 434 

(Fig. 9g), whereas the negative radiative impact at the surface is seen over southern China 435 

(20 – 30N) and over the western Pacific (Fig. 9h).  Because the impact of each process 436 

on each radiative parameter has a large latitudinal dependence (Fig. 9c-f), the total effects 437 
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also have large latitudinal dependences.  Positive and negative impacts are seen for both 438 

the heating rate and the downward flux, although the warming effect at around 25N (Fig. 439 

9g) and the positive downward flux over northern China (Fig. 9h) are not very large.   440 

Aerosol optical and radiative parameters in the M08_SN, M06_SN, and 441 

M04_SN simulations are generally similar to those in the benchmark M10_SN simulation, 442 

although the performance deteriorates as the number of BC mixing state bins is decreased.  443 

The M06_SN and M04_SN simulations can explain 70 – 85% and 65 – 75% of the total 444 

BC mixing state effect (the difference in aerosol optical and radiative parameters between 445 

the M10_SN and M01_SN simulations; Table 4).  These results suggest that the 446 

simulations with 4 or more mixing state bins could generally explain the actual BC mixing 447 

state effect reasonably well in terms of aerosol optical and radiative parameters in the 448 

boundary layer.   449 

The NPF sensitivity of all the optical and radiative parameters examined in this 450 

study is small (Table 4).  However, because NPF increases CCN concentrations (Sect. 451 

3.3), this process may be of great importance in terms of the indirect effects of aerosols.  452 

SOA may also be important in estimating indirect effects because of the large sensitivity 453 

of SOA to CCN concentrations (Sect. 3.3).  A simulation with a higher grid resolution 454 

is necessary to resolve fine-scale clouds and to evaluate indirect effects accurately.  This 455 

type of study will be important in the future, but it is beyond the scope of this study.   456 

The sensitivities of the mass, number, size distribution, and optical and radiative 457 

parameters of aerosols to NPF, BC aging, and SOA processes (discussed in Sect. 3.3 and 458 

3.4) are shown in Fig. 10.  The impact (positive or negative) and the relative importance 459 

of each process markedly differ between the parameters.  We calculated these 460 
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complicated responses for the first time using a detailed aerosol model that could 461 

explicitly and simultaneously represent important physical and chemical processes of 462 

aerosols.  Because these responses have large spatial and temporal dependences, further 463 

applications are needed to understand more thoroughly the importance of individual 464 

aerosol processes.   465 

 466 

4. Summary and conclusions  467 

We developed an aerosol module, Aerosol Two-dimensional bin module for 468 

foRmation and Aging Simulation (ATRAS), and implemented it into the WRF-469 

chem/MOSAIC model.  This module can represent important physical and chemical 470 

processes (NPF, BC aging, and SOA) that control the number concentrations, size 471 

distributions, and mixing states of aerosols in the atmosphere.  ATRAS uses a total of 472 

128 aerosol bins (at maximum).  A two-dimensional bin representation is used for 473 

particles with dry diameters from 40 nm to 10 µm in diameter to resolve both aerosol 474 

sizes and BC mixing states (12 × 10 bins).  Particles with diameters from 1 to 40 nm are 475 

resolved using additional 8 size bins to calculate NPF.   476 

We applied ATRAS-MOSAIC to the East Asian region in the spring of 2009, 477 

where and when aerosol mass and number concentrations and their spatial and temporal 478 

variations were evaluated in detail by both aircraft and surface measurements.  The 479 

performance of ATRAS-MOSAIC was similar to or better than that of our previous WRF-480 

chem/MOSAIC simulations.   481 

We examined the sensitivity of the mass, number, size distributions, and optical 482 

and radiative parameters of aerosols to NPF, BC aging (resolution of BC mixing state), 483 
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and SOA processes by comparing the simulation results with (128 bins) and without (12 484 

bins, assuming internally-mixed particles) these processes.  SOA processes increased 485 

PM2.5 and OA mass concentrations by 25% and 300%, respectively (period- and domain-486 

averaged values in the boundary layer).  BC mass concentrations were increased by 10 487 

– 15% by the treatment of the BC mixing state (Fig. 10).   488 

CCN1.0 and CCN0.1 concentrations in the boundary layer were increased by 18% 489 

and 16%, respectively, by both NPF and SOA processes.  We found a clear north-south 490 

contrast between the impacts of NPF and SOA processes on CCN concentrations.  NPF 491 

increased CCN concentrations at higher supersaturations (smaller particles) over northern 492 

East Asia, whereas SOA increased CCN concentrations at lower supersaturations (larger 493 

particles) over southern East Asia (Fig. 10).  These processes will be important for the 494 

evaluation of the indirect effects of aerosols.   495 

The detailed treatment of BC mixing state reduced the absorption coefficient 496 

because the absorption enhancement (due to the lens effect) was overestimated by a factor 497 

of 2 in the simulation without the treatment of the BC mixing state (i.e., when internally 498 

mixing of BC particles is assumed) (Fig. 10).  The absorption enhancement ratio by the 499 

lens effect was about 60% in our simulation over East Asia.  SOA processes increased 500 

both scattering and absorption coefficients (by the lens effect) (Fig. 10).  The 501 

contribution of SOA processes to the total absorption enhancement was estimated to be 502 

20% over northern East Asia and 20 – 40% over southern East Asia.   503 

BC aging processes decreased the heating rate at 1 km by 0.3 K d-1 and increased 504 

the downward flux at the surface by 5 W m-2, mainly over northern China, where BC 505 

concentrations were high.  SOA processes increased the heating rate at 1 km by 0.1 K d-506 
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1 and decreased the downward flux at the surface by 15 W m-2, mainly over southern 507 

China, where OA concentrations were high.  As a result, the spatial distributions of the 508 

combined effects of BC aging and SOA processes differ substantially between the heating 509 

rate and the downward flux. 510 

Sensitivity simulations showed that the simulations with 4 or more mixing state 511 

bins could generally explain the actual BC mixing state effect reasonably well in terms of 512 

BC mass concentrations and aerosol optical and radiative parameters.  Therefore, 513 

simulations with 4 mixing state bins may be reasonable for global applications by 514 

considering the balance between accuracy and computational cost.  On the other hand, 515 

as the results are improved (approaching to the simulation with 10 mixing state bins) with 516 

increasing the number of mixing state bins, simulations with sufficient number of mixing 517 

state bins may be necessary when we focus on the detailed information of BC mixing 518 

state. 519 

For further improvements of our model, a nucleation parameterization 520 

considering the contribution of organic vapors to nucleation (Metzger et al., 2010) may 521 

be useful.  Low volatile organic vapors, brown carbon, and OA formation in the aerosol 522 

phase will also be key factors for the model improvement of OA formation and its 523 

radiative effect (Liu et al., 2012; Feng et al., 2013).  Including the formation of ice nuclei 524 

is another important step for studies on aerosol-cloud interactions.  Extending BC 525 

mixing state treatments to dust particles may be the key to more realistic simulations of 526 

ice nuclei concentrations and their formation pathways. 527 

ATRAS-MOSAIC has the potential to be a benchmark module for aerosol 528 

microphysical and chemical processes.  The module can be used to understand which 529 
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processes and parameters should be represented in detail and which ones can be simplified 530 

in predicting the mass, number, size distributions, and optical and radiative parameters of 531 

aerosols.  The module can also be used to examine complicated interactions between 532 

aerosol processes, such as the impact of SOA on NPF and on BC aging and removal.  533 

The detailed aerosol model will be a useful tool for understanding the complicated and 534 

nonlinear climatic responses of aerosol processes to the change in meteorological 535 

conditions and emissions of chemical species in the future.   536 

  537 
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Figure captions 849 

Fig. 1.  Aerosol bin representation used in the ATRAS module.  Particles with dry 850 

diameters from 40 nm to 10 µm are placed into two-dimensional bins.  One 851 

dimension is aerosol dry diameter (12 bins from 40 nm to 10 µm), and the other 852 

dimension is the fraction of BC mass relative to total aerosol mass concentration 853 

under dry condition (10 bins; pure-BC particles, BC-free particles, and 8 854 

different internally-mixed BC particles).  The particles with dry diameters from 855 

1 to 40 nm are divided into 8 size bins to calculate NPF.   856 

Fig. 2.  (a) Simulation domain used in this study.  The simulations are conducted from 857 

21 March to 26 April 2009 with horizontal resolutions of 360 km (outer domain, 858 

orange) and 120 km (inner domain).  (b) The locations of surface measurements 859 

at the Fukue and Hedo sites and the flight tracks during the A-FORCE aircraft 860 

campaign, which are used to validate the model simulations in this study.  861 

Fig. 3.  Comparison of the model simulation results with the observed average mass 862 

concentrations of BC (MBC), sulfate (MSO4), and organic aerosols (MOA), the 863 

volume concentration of light scattering particles (VLSP), the shell-to-core 864 

diameter ratio at a BC core diameter of 200 nm (SC ratio), and the number 865 

concentration of Aitken-mode particles (10 – 130 nm) (CN).  The simulated 866 

aerosol concentrations are chosen from the horizontal and vertical grids closest 867 

to each site (for surface measurements at Fukue and Hedo) or flight track (for 868 

aircraft measurements during A-FORCE).   869 

Fig. 4.  The period-averaged PM2.5 (a) M10_SN and (b) M01 runs, CCN concentrations 870 

at supersaturations of 1% (CCN1.0) (c) M10_SN and (d) M01 runs, and CCN 871 
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concentrations at supersaturations of 0.1% (CCN0.1) (e) M10_SN and (f) M01 872 

runs at a sigma level of 0.895 (~1 km).  Period-averaged values are calculated 873 

using the data at 12:00 local time (03:00 UTC) between 24 March and 26 April.  874 

Fig. 5.  The period-averaged dCCN concentrations at a sigma level of 0.895 (~1 km).  875 

dCCN is defined as the difference in the CCN concentration between M01_N 876 

and M01 (left panels, (a) CCN1.0 and (c) CCN0.1) or between M01_S and M01 877 

(right panels, (b) CCN1.0 and (d) CCN0.1).  dCCN between M01_N (M01_S) 878 

and M01 can be used as a measure of the importance of NPF (SOA).   879 

Fig. 6.  The period- and domain-averaged size distributions of (a) BC, (b) OA, and (c) 880 

sulfate mass concentrations and (d) number concentrations at a sigma level of 881 

0.895 (~1 km) in six simulations (the simulations are defined in Table 2).  882 

Fig. 7.  The period- and domain-averaged vertical profiles of (a) CCN1.0, (b) CCN0.1, (c) 883 

BC mass, and (d) OA mass concentrations in six simulations.  884 

Fig. 8.  (a) The period- and domain-averaged column AAOD in the M10_SN simulation.  885 

(b) The latitudinal dependence of mean AAOD values in the M10_SN (black) 886 

and M10_N (red) simulations normalized by the column AAOD calculated by 887 

assuming externally-mixed BC particles (External).  In the External calculation, 888 

all of the internally-mixed BC particles are separated into BC (externally-mixed) 889 

and non-BC (BC-free) particles.  (c) The latitudinal dependence of the 890 

contribution of SOA processes to the absorption enhancement by coating 891 

materials.  The contribution is calculated from two column AAOD differences: 892 

the fraction of the AAOD difference between the M10_SN and M10_N 893 

simulations (M10_SN – M10_N) relative to the AAOD difference between the 894 
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M10_SN simulation and the external calculation (M10_SN – External).   895 

Fig. 9.  The period-averaged impacts of (left panels) BC aging and (right panels) SOA 896 

on SSA at 1 km (a & b), the heating rate by aerosols at 1 km (c & d), and the 897 

change in the downward solar flux by aerosols at the surface (e & f).  The 898 

contributions of BC aging and SOA are estimated from the difference between 899 

the M10_SN and M01_SN simulations and between the M01_SN and M01 900 

simulations, respectively.  In the bottom two panels, the combined effects of 901 

BC aging and SOA (the difference between the M10_SN and M01 simulations) 902 

are also shown for (g) the heating rate by aerosols and (h) the change in the 903 

downward solar flux by aerosols at the surface.  The period-averaged values 904 

are calculated offline using the data at 12:00 local time (03:00 UTC) between 24 905 

March and 26 April. 906 

Fig. 10.  Summary of the sensitivity of the mass and number concentrations and optical 907 

and radiative parameters of aerosols to NPF, BC aging, and SOA.  The red 908 

(blue) lines indicate positive (negative) impacts on individual aerosol parameters 909 

(black boxes).  The impact of NPF is calculated from the difference between 910 

the M01_N and M01 simulations.  The impact of SOA is calculated from the 911 

difference between the M10_SN and M10_N simulations.  The impact of BC 912 

aging is the difference in each parameter between when the BC mixing state is 913 

resolved (the M10_SN simulation) and when the average mixing state is used 914 

(all BC particles are assumed to be internally mixed) (the M01_SN simulation).  915 

The change in BC mass concentrations is due to the change in BC hygroscopicity 916 

(mixing state) and resulting wet removal processes.  The change in absorption 917 
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is mainly due to the change in the lens effect.  The percentages shown in black 918 

boxes are calculated from the difference between the M10_SN and M01 919 

simulations.  920 
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