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Abstract 24 

The transport and removal processes of aerosol particles, as well as their potential 25 

impacts on clouds and climate, are strongly dependent on the particle sizes. Recent 26 

advances in computational capabilities enable us to develop sectional aerosol 27 

schemes for general circulation models and chemical transport models. The 28 

sectional aerosol modeling framework provides a capacity to explicitly simulate the 29 

variations in size distributions due to microphysical processes such as nucleation 30 

and coagulation, based on the mechanisms suggested from laboratory studies and 31 

field observations. Here, we develop a two-moment sectional aerosol scheme for 32 

Spectral Radiation-Transport Model for Aerosol Species (SPRINTARS-bin) for use in 33 

NICAM (Nonhydrostatic ICosahedral Atmospheric Model) as an alternative to the 34 

original mass-based (single-moment) SPRINTARS-orig aerosol module. NICAM-35 

SPRINTARS is a seamless multiscale model that has been used for regional-to-36 

global simulations of different resolutions based on the same model framework. In 37 

this study, we performed global simulations with NICAM-SPRINTARS-bin at typical 38 

climate model resolution (∆x~230km) with nudging to a meteorological re-analysis. 39 

We compared our results with equivalent simulations for the original model (NICAM-40 

SPRINTARS-orig) and observations including 500nm aerosol optical depth and 440-41 

870nm Angstrom Exponent in AErosol RObotic NETwork (AERONET) 42 

measurements, particle number concentrations measured at Global Atmospheric 43 

Watch (GAW)  sites and size-resolved number concentrations measured at 44 

European Supersites for Atmospheric Aerosol Research (EUSAAR) and German 45 

Ultrafine Aerosol Network (GUAN) sites. We found that compared to NICAM-46 

SPRINTARS-orig, NICAM-SPRINTARS-bin demonstrates the long-range transport 47 

of ultra-fine particles to high latitudes and predicts higher Angstrom Exponent and 48 

total number concentrations that better agrees with observations. The latter 49 

underscores the importance of resolving the microphysical processes that determine 50 

concentrations of ultra-fine aerosol particles and explicitly represent size-dependent 51 

deposition in predicting these properties. However, number concentrations of coarse 52 

particles are still underestimated by both the original mass-based and the new 53 

microphysical schemes. Further efforts are needed to understand the reasons for the 54 

differences with the observed size distributions, including testing different emission 55 

and secondary organic aerosol production schemes, incorporating inter-species 56 
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coagulation and black carbon aging, as well as performing simulations with higher 57 

spatial resolutions. 58 

Keywords NICAM-SPRINTARS; aerosol; microphysics; sectional scheme; 59 

60 
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1 Introduction 61 

Atmospheric aerosols perturb the global energy budget directly by scattering and 62 

absorbing incoming shortwave radiation (Haywood & Boucher, 2000) and indirectly 63 

through interactions with clouds (Lohmann & Feichter, 2005; Fan et al., 2016). The 64 

magnitudes of both aerosol-radiation and aerosol-cloud radiative effects are strongly 65 

dependent on the size distributions of aerosol particles. For example, the mass 66 

scattering efficiency of visible light usually has a maximum in the accumulation mode 67 

(with particle diameters between 0.1 and 1 μm) of the aerosol population. Aerosols 68 

can also act as cloud condensation nuclei (CCN), forming cloud droplets and 69 

affecting the albedo and lifetime of clouds (Boucher et al., 2013). Due to the weaker 70 

Kelvin effect and stronger solute effect, larger particles exhibit lower critical 71 

supersaturations and are more likely to be activated. The number concentration of 72 

CCN is usually defined as the number of particles with a dry diameter greater than 73 

50 or 100 nm (e.g., Asmi et al., 2011), although the exact threshold diameter also 74 

depends on the aerosol hygroscopicity, supersaturation of the ambient air, and 75 

updraft velocity. 76 

To the first approximation, the size distributions of aerosols can be represented 77 

by multiple log-normal distributions, each “mode” representing a different source of 78 

particles (see Whitby, 1978). However, changes in dust size distributions caused by 79 

preferential deposition during transport have been observed (Maring et al., 2003; 80 

Van Der Does et al., 2016), illustrating the limitations in constraining the particle size 81 

distributions using fixed modal radii and widths even for particles from the same 82 

emission source. 83 
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In global aerosol models, the aerosol size distributions are mostly represented by 84 

two different approaches: the modal approach and the sectional approach. The 85 

modal approach can be further divided into 1-moment and 2-moment schemes 86 

(Textor et al., 2006; Mann et al., 2014). The 1-moment modal scheme (often referred 87 

to as the bulk approach) tracks only the aerosol mass concentrations, with the size 88 

distributions being prescribed for each of several aerosol types. In contrast, in the 2-89 

moment modal scheme (e.g., GLOMAP-mode: Mann et al., 2010), both the aerosol 90 

mass and number are transported among several size classes. This allows the size 91 

distributions to vary both spatially and temporally through the effect of aerosol 92 

microphysical processes, including coagulation and condensation.  93 

The sectional approach models the particle size distributions explicitly, 94 

discretizing them into several size bins (sections). The evolution of size distributions 95 

is then driven by the size-dependent properties of each size bin, such as the terminal 96 

velocities and collision efficiencies. Different size resolutions are chosen in different 97 

sectional global aerosol microphysics models, ranging from 10 bins (Bergman et al., 98 

2012) and 12 bins (Gong & Barrie, 2003) to higher resolutions of 20 bins (Spracklen 99 

et al., 2005) and 30 bins (Adams & Seinfeld, 2002). At the expense of requiring a 100 

larger investment of computation times,  the sectional schemes produce more 101 

realistic simulations compared to the modal approach (Zhang et al., 2002; 102 

Weisenstein et al., 2007), and the sectional aerosol models with a large number of 103 

bins are often considered as the “true value” for tuning the modal scheme (e.g., 104 

Mann et al., 2012). The sectional approach can be considered as representing the 105 

size distribution explicitly. It allows to fully resolve the size dependence of aerosol 106 

emission and removal processes and in the representations of microphysical 107 

processes such as nucleation, condensation, and coagulation. New theories or 108 
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mechanisms are proposed to explain the field observations (e.g., new particle 109 

formation events, severe haze events, and size distributions of primary aerosols), 110 

and a size-resolving scheme is the essential building block to incorporate the new 111 

knowledge realistically from experimental and field studies into the aerosol model. 112 

Several sectional aerosol modules have been developed and applied in chemical 113 

transport models (CTMs) and general circulation models (GCMs). They included 114 

CAM (Gong et al., 2003), GLOMAP-bin (Spracklen et al., 2005), APM (Yu & Luo, 115 

2009), TOMAS (Adams & Seinfeld, 2002; Lee & Adams, 2012), and SALSA (Kokkola 116 

et al., 2008, 2018; Bergman et al., 2012). Higher-dimensional sectional schemes 117 

have also been developed. For instance, ATRAS uses a two-dimensional sectional 118 

scheme to resolve both the particle size and aerosol mixing state (Matsui et al., 2014; 119 

Matsui, 2017; Matsui & Mahowald, 2017). Ching et al. (2016) developed a three-120 

dimensional sectional representation scheme (MOSAIC-mix) to additionally resolve 121 

the hygroscopicity.  122 

The aerosol transport model SPRINTARS (Takemura et al., 2000) uses a hybrid 123 

approach. More specifically, sulfate and carbonaceous aerosols are treated using 124 

the bulk scheme, whereas mineral dust and sea spray are simulated using the 125 

sectional approach, with the size distributions represented using 10 and 4 bins, 126 

respectively. The SPRINTARS model has been implemented in the Nonhydrostatic 127 

ICosahedral Atmospheric Model (NICAM, Satoh et al., 2014). It has been used for 128 

multiscale global simulations, including those with the finest horizontal resolution of 129 

870 m (Miyamoto et al., 2013). This aerosol-coupled version of NICAM, called 130 

NICAM-SPRINTARS (Suzuki et al., 2008), includes both aerosol-cloud and aerosol-131 

radiation interactions and has been used for simulations with global-to-regional 132 

scales and low-to-high resolutions. For example, Dai et al. (2018) ran the model as a 133 
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GCM with a horizontal resolution of 223 km and evaluated the climatology of the dust 134 

cycle. Goto et al. (2019) used NICAM-SPRINTARS for regional simulations, with the 135 

highest resolution of 11 km over Japan. The model has successfully captured the 136 

aerosol plume from Siberian wildfires as observed by two geostationary satellites 137 

(Himawari-8 and COMS). Goto et al. (2018) performed month-long global high-138 

resolution (~10 km) simulations in different seasons, and the simulated global 139 

distributions of aerosol optical depth were comparable to those observed by MODIS 140 

and AERONET. 141 

In this study, we describe a two-moment sectional scheme for SPRINTARS, 142 

coded such that a variable number of size bins can be specified for each aerosol 143 

type. In this case, aerosol microphysical processes are coupled to radiative transfer 144 

and cloud processes, with subsequent dynamical processes, within the framework of 145 

NICAM. Simulations are performed at a typical climate model’s resolution of ~200 km, 146 

but as NICAM-SPRINTARS is a seamless global-to-regional model, the same size-147 

resolving aerosol model can also be used with higher resolutions in future studies. In 148 

the following sections, we first introduce NICAM-SPRINTARS and the settings used 149 

for the simulations in this study (Section 2), followed by the descriptions of the 150 

aerosol microphysical scheme SPRINTARS-bin and its implementation into NICAM 151 

as NICAM-SPRINTARS-bin (Section 3). Results from year-2006 nudged simulations 152 

with NICAM-SPRINTARS-bin simulations are compared to observations, and an 153 

equivalent NICAM-SPRINTARS-orig run in Section 4. In Section 5, we discuss the 154 

ways to improve the model-observation discrepancies and the possibilities enabled 155 

by using the size-resolving scheme in NICAM-SPRINTARS.  156 

 157 
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2 Model descriptions and experiment settings 158 

2.1 Global cloud-resolving model NICAM 159 

As the first global cloud-resolving model (Satoh et al., 2008, 2019), NICAM is 160 

based on a non-hydrostatic dynamic core (Tomita & Satoh, 2004). It has been used 161 

for global simulations with flexible horizontal resolutions varying from conventional 162 

climate model resolutions  (e.g., Dai et al., 2018; Goto et al., 2018) to grid spacings 163 

of kilometer-scale (Tomita et al., 2005; Miura et al., 2007; Suzuki et al., 2008) or 164 

smaller than one kilometer (Miyamoto et al., 2013). In the high-resolution 165 

experiments, NICAM resolves deep convection and considers cloud microphysical 166 

models without the use of cumulus parameterizations that have led to fundamental 167 

uncertainties in conventional GCMs (Stevens & Bony, 2013). By resolving the 168 

multiscale cloud structures, NICAM has been used for studies of tropical cyclones 169 

and Madden Julian Oscillations (Miura et al., 2007). It can also be used as a regional 170 

model with a stretch-grid system (Uchida et al., 2016) and a limited-domain grid 171 

configuration (Uchida et al., 2017), in which the target area is resolved by higher 172 

resolutions with a relatively low computational cost. The same model has also been 173 

used to conduct long-term simulations for climate studies (e.g., Kodama et al., 2015).  174 

To validate the size-resolved model and consistently compare its results with the 175 

original NICAM-SPRINTARS model, we performed simulations with a horizontal grid 176 

resolution of 223 km and a time step of 20 minutes. A large-scale condensation 177 

scheme is used for cloud formation processes. As Dai et al. (2018) indicated the 178 

importance of meteorological nudging on aerosol transport simulations, we nudged 179 

the model with temperatures and wind speeds in 6-hour intervals with the NCEP 180 

Final (FNL) Operational Global Analysis data (NOAA/NCEP, 2000). The simulations 181 

were performed from July 2005 to December 2006, with the first six months regarded 182 
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as a spin-up period due to the zero aerosol concentrations assumed initially. The 183 

year 2006 was chosen for simulations in alignment with the other size-resolved 184 

model simulations evaluated in an AeroCom paper (Mann et al., 2014) as well as in 185 

previous NICAM-SPRINTARS simulations (Suzuki et al., 2008; Dai et al., 2018). Two 186 

experiments have been performed with identical settings, except that one of them 187 

uses the original SPRINTARS model, and the other employs the size-resolved model 188 

developed in this study. Hereafter, we denote the original model as SPRINTARS-orig, 189 

the size-resolving model as SPRINTARS-bin, and use SPRINTARS when referring 190 

to the SPRINTARS model in general. 191 

2.2 Aerosol model SPRINTARS 192 

The aerosol model SPRINTARS treats the emission, vertical mixing, wet and dry 193 

depositions of aerosols, while the aerosol tracer transport is handled by the host 194 

model. SPRINTARS was originally developed for use in a conventional GCM: the 195 

Model for Interdisciplinary Research on Climate (MIROC). To simulate aerosols with 196 

higher resolution, Suzuki et al. (2008) implemented SPRINTARS into NICAM and 197 

simulated the effect of aerosols on warm clouds using a horizontal grid spacing of 7 198 

km globally. The global simulation was able to reproduce the aerosol-dependencies 199 

of liquid water path and vertical growth of cloud droplets as observed by satellites. 200 

To date, NICAM-SPRINTARS has been used for global simulations with horizontal 201 

resolutions ranging from 10 to 230 km (Suzuki et al., 2008; Goto et al., 2018, 2020; 202 

Sato et al., 2018) as well as regional simulations with a resolution of ~10 km over 203 

Japan (Goto et al., 2015, 2019).   204 

SPRINTARS considers four aerosol types, the total aerosols consisting of an 205 

external mixture of sea salt, soil dust, sulfate, and carbonaceous aerosols. In 206 
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SPRINTARS-orig, the particle size distribution is represented using the sectional or 207 

modal approach depending on the aerosol type as follows. 208 

Sea salt and soil dust are coarse particles emitted from natural sources, and their 209 

emission strengths are calculated online based primarily on local wind speed 210 

(Section 3.3). The mixing ratios of salt and dust are tracked by 4 and 10 size bins, 211 

respectively. Each bin represents a population of particles with the same predefined 212 

diameter, and the deposition fluxes are calculated according to the particle size.  213 

Sulfate aerosol (ammonium sulfate) is produced from the oxidation of SO2 and 214 

dimethylsulfide (DMS) with O3, H2O2, and OH radicals (Takemura et al., 2000). The 215 

particle number distribution is assumed to follow a log-normal distribution with a dry 216 

mode diameter of 139 nm (d’Almeida et al., 1991). Hygroscopic growth of particles is 217 

considered when calculating the terminal velocities and mass extinction coefficients. 218 

Similarly, the size distributions of carbonaceous aerosols are assumed log-normal, 219 

with different mode diameters and standard deviations depending on the sub-types. 220 

These include black carbon (BC), organic carbon (OC), and biogenic secondary 221 

organic aerosols (BSOA). The mode diameters and standard deviations follow the 222 

values used in Goto et al. (2020) and are listed in Table 1.  223 

In the simulations, we used the year 2010 emission inventories of HTAP-v2.2 224 

(Janssens-Maenhout et al., 2015) for anthropogenic emissions of SO2, OC, and BC. 225 

For emissions from biomass burning, the average emissions from 2005 to 2014 of 226 

the Global Fire Emissions Database (GFED, https://www.globalfiredata.org/) are 227 

used. The year 2000-2009 averages of the AeroCom-HC (Diehl et al., 2012) are 228 

used for volcanic SO2 emissions. The emission inventories of isoprene and terpene 229 
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from the Global Emissions InitiAtive (GEIA) are used as the sources of secondary 230 

organic aerosols.  231 

The emission fluxes of DMS are calculated online as a function of downward 232 

surface solar flux (Bates et al., 1987). The same three-dimensional profiles of 233 

oxidants (O3, H2O2, and OH radicals) as in Takemura et al. (2005) are used, which 234 

are generated from a climate run targeted for the 2000s using a global chemical 235 

transport model (CHASER) coupled to MIROC (Sudo et al., 2002). 236 

3 Sectional aerosol microphysical module: SPRINTARS-bin 237 

The sectional version of SPRINTARS introduced in this study (SPRINTARS-bin) 238 

is built upon the current framework of SPRINTARS-orig. The size distributions of all 239 

aerosol types are discretized into a flexible number of size bins, and aerosol 240 

microphysical processes are simulated with consideration of aerosol sizes. Here, 241 

only the size-dependent components of each process are described, and readers 242 

may refer to Takemura et al. (2000) for detailed descriptions and formulation of 243 

SPRINTARS. 244 

3.1 Definitions of size bins 245 

In SPRINTARS-bin, each external mixture of aerosol species is divided into 246 

several size bins. The number of bins and the overall size range of the size 247 

distributions are flexible so that they can be adjusted depending on the 248 

computational resources available (see Table S1 for the computational times using a 249 

range of bin numbers). In this study, the number of bins for each size distribution is 250 

set to 20, which is well above the minimum numbers obtained from sensitivity tests in 251 

other sectional models (e.g., Foret et al., 2006; Gong et al., 2003; Lee and Adams, 252 
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2012). The size ranges of dust and salt are the same as in the SPRINTARS-orig, 253 

whereas the diameters of sulfate and carbonaceous aerosols span over 3 nm - 10 254 

µm and 80 nm - 5 µm ranges, respectively (Table 1).  255 

The boundaries of size bins are equally spaced in the logarithmic scale, and the 256 

initial bin center of each size bin is defined as the mid-point of the boundaries. The 257 

“bin center” represents the dry diameter of all particles that belong to the size 258 

category and is used for the online calculation of size-dependent properties. Bin 259 

centers are modified according to the moving center scheme (Jacobson, 1997a) to 260 

represent the particle growth due to microphysics, including condensation and 261 

coagulation.  262 

3.2 Hygroscopic growth 263 

For hygroscopic aerosols (sulfate, sea salt, and OC), the wet diameters (𝑑𝑤𝑒𝑡) 264 

are calculated from the dry particle diameters (𝑑𝑑𝑟𝑦) using the following empirical 265 

power-law relation to estimate the growth factor, fitted using the values reported in 266 

d’Almeida et al. (1991) : 267 

𝑑𝑤𝑒𝑡 =   {
𝑑𝑑𝑟𝑦                                       , 𝑅𝐻 < 𝑅𝐻𝑐

𝑑𝑑𝑟𝑦 ∗ 𝑐𝑔𝑓(1 − 𝑅𝐻)𝛾𝑔𝑓    , 𝑅𝐻 ≥ 𝑅𝐻𝑐
    (1) 268 

Here 𝑅𝐻  and 𝑅𝐻𝑐  are the ambient and crystallization relative humidity, 269 

respectively. Moreover, 𝑐𝑔𝑓 and 𝛾𝑔𝑓 are the growth factor parameters (see Table S2 270 

in supplementary material). The wet volumes are used for the calculation of 271 

coagulation between particles, as well as computing the aerosol properties, including 272 

terminal velocities, collision efficiencies with raindrops, and mass extinction 273 

efficiencies. 274 
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3.3 Source functions 275 

SPRINTARS-bin adopts the same emission flux calculation schemes for sea salt 276 

and soil dust as in SPRINTARS-orig (Takemura et al., 2000). The emission flux of 277 

sea salt depends on the wind speed at 10 m above the surface, whereas the 278 

emission flux of soil dust is a function of wind speed and soil moisture. The freshly 279 

emitted particles are assumed to follow a given size distribution, namely the source 280 

function. Many source functions have been proposed based on in situ 281 

measurements or laboratory experiments (e.g., Alfaro & Gomes, 2001; Kok, 2011a, 282 

2011b; Schulz et al., 1998 for soil dust; Gong, 2003; Monahan et al., 1986 for sea 283 

salt). In both the original and sectional models, the source function proposed in 284 

Monahan et al. (1986) is used for sea salt, while the interpolation of results in 285 

d’Almeida & Schütz (1983) is used as the source function of soil dust. It should be 286 

noted that the choice of source functions affects the aerosol properties and can be 287 

an important source of model uncertainties. The source functions used in this study 288 

are selected for consistency in comparison with SPRINTARS-orig, although the 289 

sensitivity to different source functions should be investigated in future studies. 290 

Emission strengths of carbonaceous aerosols are determined by the emission 291 

inventories. Unlike dust and sea salt, source function parameterizations are not 292 

proposed for primary carbonaceous aerosols, and the initial size distributions are 293 

assumed to follow the same log-normal distributions as in SPRINTARS-orig (Table 294 

1). After emission, the size distributions are modified by the subsequent differential 295 

removal processes. In principle, the size distribution of BSOA should be computed 296 

by explicitly simulating the aerosol dynamical processes (Section 3.4). BSOA 297 

precursor gases are oxidized in the atmosphere, forming low-volatility species that 298 

condense on existing particles such as sulfate and BC. However, the current 299 
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SPRINTARS model does not resolve the chemical evolutions of organic volatile 300 

gases and does not consider internal mixtures of different aerosol types (e.g., 301 

sulfate-OC mixtures). In SPRINTARS-bin, a simple approach is taken by specifying 302 

constant fractions of the isoprene and terpene emission fluxes to form pure organic 303 

particles immediately after the emission. The initial size distribution of these BSOA 304 

particles is assumed to follow the log-normal distribution with the same mode 305 

diameter and standard deviation as in SPRINTARS-orig (Table 1).  306 

3.4 Aerosol dynamics 307 

In SPRINTARS, the production of sulfuric acid is calculated from the major 308 

oxidation pathways of the emitted SO2 and DMS. The sulfuric acid is then combined 309 

with atmospheric ammonia to form ammonium sulfate. SPRINTARS-orig assumes 310 

that all produced sulfates are particles forming immediately at the assumed size 311 

distribution. In contrast, SPRINTARS-bin explicitly considers the gas-to-particle 312 

conversion and subsequent particle growth processes of ammonium sulfate, i.e., 313 

new particle formation (nucleation and post-nucleation growth), 314 

condensation/evaporation, and coagulation. 315 

The first step to convert gas to particles is the nucleation of stabilized clusters. 316 

The model calculates the nucleation rates and diameters based on the binary 317 

homogenous nucleation theory. Given the gas-phase sulfuric acid concentrations, 318 

temperature, and relative humidity, the nucleation rates and critical cluster diameters 319 

are calculated using a recently developed parameterization scheme (Määttänen et 320 

al., 2018), which can be considered as an updated and generalized version of the 321 

binary nucleation parameterizations commonly used in other sectional models 322 

(Kulmala et al., 1998; Vehkamäki et al., 2002). The parameterization scheme also 323 
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provides the calculation of ion-induced nucleation, but it is not considered in this 324 

study due to the lack of information on atmospheric ions in the current model. The 325 

nucleation rates in the first layer are calculated using activation-type nucleation 326 

theory (Kulmala et al., 2006) because the binary nucleation theory often does not 327 

reproduce the observed nucleation rates in the boundary layer. The theory is 328 

proposed based on atmospheric observations and suggests an empirical formula 329 

that relates the nucleation rates of 1 nm clusters to the gas phase sulfuric acid 330 

concentrations. 331 

The typical diameters of freshly nucleated particles are around 1 nm, while the 332 

detection limits of the instruments used in most field measurements are larger than 3 333 

nm. To reduce the computational cost of the post-nucleation growth to detectable 334 

sizes, the “apparent” formation rate is calculated from the “real” nucleation rate by 335 

comparing the condensation growth rate with the scavenging rate due to coagulation 336 

with background aerosols (Kerminen & Kulmala, 2002; Lehtinen et al., 2007). Self-337 

coagulation of the freshly nucleated particles is calculated using the scheme 338 

proposed by Anttila et al. (2010). 339 

The coagulation kernel is calculated as the sum of kernels resulting from the 340 

following processes (Jacobson, 2005): Brownian diffusion and convective Brownian 341 

diffusion enhancement, gravitational collection, turbulent inertial motion, and 342 

turbulent shear. The semi-implicit coagulation scheme (Jacobson et al., 1994) is 343 

used to solve the coagulation of particles larger than 3 nm in the same-size 344 

distribution. As different types of aerosols are treated as external mixtures in 345 

SPRINTARS, only the coagulation among internally mixed particles is taken into 346 

account.  347 
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The condensational growth of aerosol particles is solved using the analytical 348 

predictor of condensation (APC) scheme (Jacobson, 1997b), which serves as a non-349 

iterative and unconditionally stable solution to the growth equation. For simplicity, 350 

only one type of condensing species (sulfuric acid) is considered, and the water 351 

content in sulfate particles is calculated according to the hygroscopic growth relation 352 

(Section 3.2). The vapor pressure of sulfuric acid is calculated from the ambient 353 

temperature. Marti et al. (1997) suggested that the presence of even a few 354 

ammonium ions can effectively stabilize the sulfuric acid clusters and lower the vapor 355 

pressures. In SPRINTARS-bin, we assume the ubiquitous presence of ammonium 356 

ions in the atmosphere and use the relation from Marti et al. (1997) to calculate 357 

vapor pressure. 358 

3.5 Deposition 359 

The overall deposition flux is the sum of mass fluxes due to wet deposition, dry 360 

deposition, and gravitational settling. The differential deposition fluxes of different 361 

size bins are mainly driven by the terminal velocities, which depend on the particle 362 

size, temperature as well as air density. The terminal velocities are then used to 363 

calculate the rates of dry deposition, gravitational settling as well as sub-cloud 364 

scavenging processes. 365 

a. Wet deposition 366 

Wet removal of aerosols can be divided into two parts: sub-cloud and in-cloud 367 

scavenging. The re-emission of aerosols from the evaporation of raindrops is also 368 

considered. The number concentration of particles scavenged due to collision with 369 

raindrops (Δ𝑁𝑎𝑟) is calculated from equation (A5) in Takemura et al., (2000): 370 
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Δ𝑁𝑎𝑟 = 𝐸𝜋(𝑟𝑟 + 𝑟𝑎)2(𝑣𝑟 − 𝑣𝑎)𝑁𝑟𝑁𝑎                     (2) 371 

where E is the collision efficiency between aerosol particles and raindrops. Here 𝑟, 𝑣, 372 

and 𝑁  stand for the radii, terminal velocities, and number concentrations, 373 

respectively, while subscripts 𝑟  and 𝑎  correspond to raindrops and aerosols. The 374 

raindrop radius is assumed to be 0.5 mm. In principle, the collision efficiency can 375 

also be calculated online, given the aerosol size and raindrop size spectrum. 376 

However, detailed microphysics of clouds and precipitation are not explicitly 377 

represented in this study. Therefore, to a first approximation, the collision efficiency 378 

of each size bin is assumed to be constant during the simulation.  379 

In-cloud scavenging is the removal of aerosols from cloud water by precipitation. 380 

Aerosols can also be re-emitted from the evaporated raindrops. The key quantity to 381 

determine is the amount of aerosols in the precipitation. The ratios of aerosols 382 

dissolved in water are defined as the in-cloud coefficients 𝐶𝑖𝑛. In SPRINTARS-orig, 383 

 𝐶𝑖𝑛 for sulfate and sea salt are assumed to be 0.8, OC to be 0.4, dust and BC to be 384 

0.1 (the “SIMPLE” scheme). When aerosol-cloud interactions are concerned,  𝐶𝑖𝑛 can 385 

also be calculated online using the activation schemes (Abdul-Razzak et al., 1998; 386 

Abdul-Razzak & Ghan, 2000). Regardless of the scheme, a bulk  𝐶𝑖𝑛  value is 387 

obtained for each aerosol type, and the same mass fraction is removed for any size 388 

(Fig. 1).  389 

On the other hand, in-cloud scavenging in SPRINTARS-bin is size-dependent. 390 

The size distribution is divided into two parts according to the activation diameter 𝑑𝑎𝑐𝑡.  391 

Only the particles with a diameter larger than  𝑑𝑎𝑐𝑡 are subject to in-cloud scavenging. 392 

The activation diameter can be inferred from the assumed  𝐶𝑖𝑛  in the “SIMPLE” 393 

scheme, or calculated using the activation scheme (the “ABDUL02” scheme). It was 394 
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developed for sectional representation (Abdul-Razzak & Ghan, 2002) and can be 395 

integrated into the scheme developed for multiple aerosol types (Abdul-Razzak & 396 

Ghan, 2000).  397 

The purpose of this study is to investigate the fundamental behavior of different 398 

size representations. Therefore, the same constant in-cloud coefficients are used for 399 

both SPRINTARS-orig and SPRINTARS-bin models to minimize the possible 400 

feedback due to aerosol-cloud interactions. To diagnose CCN properties of the 401 

simulated size distributions under the meteorological conditions, the values 𝐶𝑖𝑛 and 402 

 𝑑𝑎𝑐𝑡 are calculated from the aerosol size distributions and meteorological conditions 403 

using the “ABDUL02” scheme (discussed in Section 5) but not used in the 404 

simulations. 405 

b. Dry deposition 406 

Both SPRINTARS-orig and SPRINTARS-bin models use the same scheme for 407 

calculating the dry deposition fluxes (Takemura et al., 2000). The overall dry 408 

deposition velocity is dependent on the aerodynamical resistance and quasi-laminar 409 

resistance. The aerodynamical resistance is provided by the host model (NICAM), 410 

whereas the values of quasi-laminar resistance are fixed for sulfate and 411 

carbonaceous aerosols in SPRINTARS-orig. In SPRINTARS-bin, the latter is 412 

calculated online as a function of terminal velocities and friction velocities provided 413 

by NICAM. For gravitational settling, the mass fluxes are proportional to the terminal 414 

velocities. 415 

 416 

 417 



19 
 

3.6 Optical properties 418 

To evaluate the single-wavelength aerosol optical thickness, the optical 419 

parameters, including the mass extinction coefficients and mass absorption 420 

coefficients, are calculated from Mie theory. The refractive indices (Table S3) used 421 

for calculations are set to values used by other SPRINTARS simulations (Takemura 422 

et al., 2003; Goto et al., 2011, 2015). In SPRINTARS-orig, the parameters are 423 

averaged over the prescribed size distribution. The same approach is also used to 424 

calculate the optical properties for each size bin of dust and sea salt. In 425 

SPRINTARS-bin, the parameters of each size bin are calculated exactly at the bin 426 

center, assuming all particles in the size bin have the same diameter. As a result, the 427 

aerosol optical properties can be analyzed in relation to the predicted variations in 428 

size distributions (Fig. 2). 429 

4 Results 430 

Here we present results from NICAM-SPRINTARS-orig, NICAM-SPRINTARS-bin, 431 

and NCEP-reanalysis-nudged simulations representative of the year 2006 432 

(emissions and meteorology). We focus on the global distributions of aerosols, 433 

including the mass and number concentrations, as well as optical properties. We 434 

then compare the results with in situ and remote sensing aerosol measurements to 435 

validate the simulation results against observations.  436 

4.1 Spatial distributions of aerosols 437 

a. Mass concentrations 438 

Global maps of the annual-mean surface mass concentrations of each aerosol 439 

type are shown in Fig. 3 for NICAM-SPRINTARS-orig and NICAM-SPRINTARS-bin, 440 
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and the zonally-averaged vertical mass concentrations are shown in Fig. 4. In 441 

general, different representations of aerosol size distributions do not lead to 442 

significant differences in surface mass concentrations. This is not surprising because 443 

the same emission inventories or schemes are used, and the meteorological 444 

variables are nudged. The observed differences may be attributed to the sensitivities 445 

of removal fluxes to the underlying size distributions.   446 

The largest aerosol burden at the surface is contributed by soil dust, with the 447 

highest surface concentrations over the Sahara desert and East Asia (Figs. 3a and 448 

3b). The distributions are similar for both simulations. The emission of dust from 449 

deserts in the northern hemisphere explains the peak observed in the zonal-mean 450 

vertical profiles (Figs. 4a and 4b). The emitted soil dust is lifted to the troposphere, 451 

and the highest concentrations are found above 0.8 km from the surface. Values 452 

higher than 0.5 µg m-3 can be found at the upper troposphere (~10 km).  A small 453 

peak can also be observed near the 20S due to dust emitted from deserts in 454 

Argentina, South Africa, and Australia. The highest values are found at heights over 455 

0.5 km. The overall patterns of the vertical profiles predicted by the two models are 456 

similar, but NICAM-SPRINTARS-bin predicts a slightly stronger vertical transport 457 

(Fig. 4b). 458 

Sea salt is abundant in the Pacific and Atlantic oceans, but high concentrations 459 

are also found in the Arctic (Figs. 3c and 3d) because of the extremely high wind 460 

speed (> 14 m s-1) predicted in the region. The overall patterns of the results are 461 

similar, but NICAM-SPRINTARS-bin produces higher surface concentrations. The 462 

similarities of results from the two models suggest that an increase in the number of 463 

size bins does not exert a critical influence on mass concentrations with the same 464 
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source functions. The vertical transport of sea salt is weaker than that of soil dust, 465 

with the highest concentrations of sea salt found at the boundary layer. 466 

The highest concentrations of sulfate aerosols are found over China, the Middle 467 

East and, eastern North America (Figs. 3e and 3f) due to anthropogenic emissions. 468 

Although both models show similar peaks in these regions, the two models show 469 

different characteristics of aerosol transport. In NICAM-SPRINTARS-orig, the 470 

extents of poleward transport are similar in the two hemispheres. Concentrations 471 

below 0.05 µg m-3 are predicted at latitudes above around 60o (northern hemisphere) 472 

and 45o (southern hemisphere). In contrast, NICAM-SPRINTARS-bin shows a 473 

stronger transport of sulfate mass in the northern hemisphere than in the southern 474 

hemisphere. Concentrations above 0.1 µg m-3 are simulated in the Arctic region, 475 

whereas concentrations lower than 0.05 µg m-3 are predicted in the sub-tropical 476 

oceans in the southern hemisphere. Different model behaviors are also identified in 477 

vertical profiles of the meridional mean (Figs. 4e and 4f). This can be attributed to 478 

different terminal velocities of particles in different size bins, which are not resolved 479 

in NICAM-SPRINTARS-orig. With the lower terminal velocities and longer lifetimes, 480 

smaller particles can be transported to the upper levels and regions away from 481 

sources. 482 

The surface concentrations of BC and OC are shown in Figs. 3g-j. Both 483 

subtypes of carbonaceous aerosols are abundant in South Africa due to biomass 484 

burning and over Asia due to primary carbon emissions from industrial sources or 485 

isoprene emissions from vegetation. The surface mass concentrations of BC are 486 

also substantial over the United States, whereas the OC concentrations are 487 

relatively high over the northern part of South America. Only small differences are 488 

observed when comparing the results of the two models.  489 
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In contrast to the prescribed size distribution in NICAM-SPRINTARS-orig, the 490 

sizes of sulfate in NICAM-SPRINTARS-bin are determined by aerosol microphysics 491 

(Section 3.4), with additional effects due to transport, chemistry, and removal 492 

processes. All four of these types of processes can cause substantially different size 493 

distributions. For carbonaceous aerosols, the initial size distributions are assumed to 494 

be the same as in NICAM-SPRINTARS-orig, and the size-dependent deposition 495 

processes may not largely alter the size distributions, resulting in overall similar 496 

patterns of surface concentrations and vertical mass profiles.  497 

b. Number concentrations 498 

The number concentration is an important quantity for aerosols. It is often 499 

measured in the field and serves as the primary aerosol metric for the strength of 500 

aerosol-cloud interactions. Figures 5 and 6 show the surface and zonal-mean 501 

vertical profiles of number concentrations of different aerosol types, respectively. 502 

Given similar surface mass concentrations between the two models for all aerosol 503 

types in Fig. 3, the contrasting patterns of surface number concentrations predicted 504 

by the two models are attributed to different underlying size distributions. The 505 

surface number concentrations shown are divided into four size classes according to 506 

the dry diameters: 3-30 nm, 30-50 nm, 50-100 nm, and above 100 nm. The number 507 

concentration in each size class is calculated by considering the bin centers for the 508 

aerosol types represented in size bins. For sulfate and carbonaceous aerosols in 509 

NICAM-SPRINTARS-orig, the number concentrations are calculated from assumed 510 

log-normal number size distributions at fixed dry mode diameters and standard 511 

deviations.  512 
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NICAM-SPRINTARS-orig predicts that most of the aerosol particles have dry 513 

diameters above 50 nm (Figs. 5e and 5g), which can be explained assuming that dry 514 

mode diameters of these aerosols are larger than 100 nm (Table 1). While the total 515 

surface mass burden is mostly contributed by soil dust (Figs. 3a and 3b), the highest 516 

values in number concentrations can be found in regions where sulfate aerosol is 517 

abundant (Fig. 3c). As the mode diameters and thus the size distributions are fixed in 518 

SPRINTARS-orig, the number concentrations are mostly determined by the sulfate 519 

mass concentrations.  520 

In NICAM-SPRINTARS-bin, high values of number concentrations are found 521 

over the regions where fine mode aerosols are abundant. For example, values of 522 

over 1000 cm-3 are found over East Asia and South Asia, where industrial emission 523 

of sulfate and carbonaceous aerosols are substantial. The peaks found over central 524 

Africa can be attributed to the OC and BC emitted from biomass burning. High 525 

number concentrations exceeding 5000 cm-3 are found over eastern North America 526 

due to the abundance of sulfate aerosol. Over South America, the number 527 

concentrations exhibit a peak in Columbia and Brazil due to the abundance of 528 

organic carbon, particularly BSOA originated from isoprene.  529 

Long-range transport mostly occurs for the finest particles. Particles with 530 

diameters smaller than 30 nm are transported to distant oceans, leading to 531 

concentrations in the range of 100 to 500 cm-3 found over most of the oceans. The 532 

number concentrations of particles in these regions are lower for coarser particles. 533 

The number concentrations of particles with diameters between 30 to 50 nm over the 534 

southern Pacific Ocean are below 100 cm-3 (Figure 5d), and the upper limit further 535 

decreases to 50 cm-3 for particles with diameters greater than 50 nm (Figures 5f and 536 

5h). Number concentrations higher than 100 cm-3 are predicted over the central part 537 
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of the Pacific Ocean, which is distant from the continents, but the values are mostly 538 

lower than 50 cm-3 for larger particles (Figure 5h).  539 

The finest particles are also transported to high latitudes. The number 540 

concentrations above 100 cm-3 of particle diameter below 30 nm are found over the 541 

Arctic and above 50 cm-3 over Antarctica. The values in the Arctic are substantially 542 

higher than those in Antarctica owing to the proximity of the sulfate sources region. 543 

The number concentrations in Antarctica decrease to about 10 cm-3 for particles with 544 

diameters between 50 to 100 nm. In contrast, the particle number concentrations 545 

simulated by NICAM-SPRINTARS-orig in these regions are always below 10 cm-3 for 546 

any size categories. 547 

To investigate the zonal-means at different altitudes (Fig. 6), the size class above 548 

100 nm is further divided into three classes: 100-700 nm, 700-1000 nm, and above 549 

1000 nm (1 μm). The results of both models show that the number concentrations of 550 

particles with diameters larger than 700 nm are substantially lower than those 551 

between 100 to 700 nm.  Consistent with number concentrations, the surface mass 552 

in NICAM-SPRINTARS-orig shows peak values in the 50-100 nm and 100-700 nm 553 

size classes, and the vertical profile patterns in these size classes are similar to that 554 

of sulfate mass concentrations (Fig. 4e). In contrast, NICAM-SPRINTARS-bin 555 

predicts the highest number concentrations in the 3-30 nm size class. High number 556 

concentrations are found over the tropics at above 12 km, with values greater than 557 

500 cm-3. The relatively low mass concentrations and high number concentrations 558 

indicate the small particle sizes. This may be attributed to low temperatures in the 559 

upper troposphere that may inhibit coagulation, which is a major sink of fine particles 560 

and a source of larger particles. For coarser particles (700-1000 nm and above 1000 561 

nm, Figs. 6e and 6f), the vertical profiles are similar for both size classes, in contrast 562 
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to the much lower concentration in the 700-1000 nm class simulated in NICAM-563 

SPRINTARS-orig. 564 

c. Optical properties 565 

The aerosol optical depths (AOD) and Angstrom Exponent (AE) simulated by the 566 

models are presented in Fig. 7. Similar to the surface mass concentrations (Fig. 3), 567 

the spatial patterns of AOD simulated by both models do not show large differences 568 

as AOD mainly reflects the aerosol burden. The patterns mostly follow the 569 

distributions of soil dust, which contributes to the largest mass burdens among all 570 

aerosol types. However, it can be observed that AODs in the Middle East and 571 

northern China are slightly lower in NICAM-SPRINTARS-bin. These regions are 572 

usually associated with the abundance of sulfate aerosols (sulfate AOD). As shown 573 

in Fig. 4, NICAM-SPRINTARS-bin predicts similar sulfate masses in the whole 574 

column, so the differences in sulfate AOD is not due to lower mass burden. As 575 

SPRINTARS-bin considers the size-dependencies of the optical properties (Fig. 2), 576 

the lower AODs indicate that the simulated size distribution peak at particle sizes 577 

with weaker interactions with radiation. As discussed in Section 5.2, this may be 578 

associated with the internal mixing processes with other aerosol types not simulated 579 

in the current model. 580 

The Angstrom Exponent in the model is calculated using the following equation: 581 

𝐴𝐸 = − log (
𝐴𝑂𝐷1

𝐴𝑂𝐷2

) / log (
1

2
)   (3) 582 

where 𝐴𝑂𝐷𝑖
 is the AOD at the wavelength of 𝑖. In this study, 1 and 2 are chosen 583 

to be 870 and 440 nm, respectively. AE reflects the spectral dependence of the 584 

optical depth on wavelengths and is used as a quantity to evaluate the particle sizes, 585 
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as the extinction efficiencies of fine particles are more sensitive to the wavelengths in 586 

this range.  587 

Comparing the AE simulated by the two models, NICAM-SPRINTARS-bin 588 

generally predicts higher values, which are consistent with the smaller particle sizes 589 

as discussed in Section 4.1b. Values above 1.8 are simulated over the northern 590 

parts of Russia and North America and can be explained by the transport of the 591 

finest particles to these regions (Fig. 5b). The distributions of AOD and AE will be 592 

discussed in more detail in Section 4.2d in comparison with observations from 593 

MODIS. 594 

4.2 Comparisons with measurements 595 

a. Comparisons of surface mass concentrations with IMPROVE 596 

We compared the annually-averaged surface mass concentrations (Fig. 3) with 597 

the year 2006 data from the IMPROVE program (United States Interagency 598 

Monitoring of Protected Visual Environment; http://vista.cira.colostate.edu/improve). 599 

All stations are located in North America, and only the masses of fine particles 600 

(diameter < 2.5 µm) are considered. Figure 8 shows the scatter plots of the model 601 

results against IMPROVE measurements for four aerosol types: sea salt, sulfate, BC, 602 

and OC. As listed in Table 2, the model-observation correlations for sea salt are 0.68 603 

and 0.70 for NICAM-SPRINTARS-orig and NICAM-SPRINTARS-bin, respectively. At 604 

the same time, the scatter plot (Fig. 8a) suggests that the surface sea salt masses 605 

are overestimated at 165 (NICAM-SPRINTARS-orig) and 169 (NICAM-SPRINTARS-606 

bin) of the 170 stations, and NICAM-SPRINTARS-bin generally predicts higher 607 

values. This may be attributed to the fact that the emission of sea salt is sensitive to 608 

the wind speed that is not well resolved in the low horizontal resolution used in this 609 
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study. On the other hand, the surface sulfate mass concentrations at the stations 610 

exhibit reasonable correlation coefficients (0.73 and 0.65 for NICAM-SPRINTARS-611 

orig and NICAM-SPRINTARS-bin) but tend to be underestimated in both models (Fig. 612 

8b). The correlation coefficients for BC (0.45) and OC (0.53) are lower. Both models 613 

underestimate the surface masses, and NICAM-SPRINTARS-bin predicts a smaller 614 

bias than NICAM-SPRINTARS-orig. Overall, both models reproduce the variations in 615 

surface mass concentrations in North America fairly well. 616 

b. Surface number concentrations with GAW 617 

Following the previous model evaluation for global aerosol microphysics models 618 

(Bergman et al., 2012; Mann et al., 2014), we compared the simulated surface 619 

number concentrations with observations at 12 stations of GAW (Global Atmosphere 620 

Watch; https://community.wmo.int/activity-areas/gaw) that have a long measurement 621 

time series from Condensation Nucleus Counter (CNC) deployed at the station (for 622 

at least 15 years). Figure 9 shows the annual averages of the models plotted against 623 

the annual mean of the multi-year measurements with error bars showing the 624 

interannual variability. The total number concentrations from the models are 625 

calculated as the total number of particles above the threshold diameter specified by 626 

the particular CNC used at each station. It should be noted that the logarithmic scale 627 

is used for plotting and computing the statistics as the particle concentrations vary 628 

across several orders of magnitude. 629 

The results indicate that NICAM-SPRINTARS-orig underestimates the total 630 

number concentrations at most of the stations: the values are underestimated by 631 

more than one order of magnitude at half of the stations. This can be attributed to the 632 

limitations of NICAM-SPRINTARS-orig in predicting the number concentration of fine 633 
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particles, which usually dominates the total number concentrations. On the other 634 

hand, NICAM-SPRINTARS-bin tends to predict higher number concentrations of fine 635 

particles relative to coarse particles (Fig. 5). The model can reproduce the observed 636 

values within one order of magnitude at 11 out of the 12 stations. Figure 10 637 

compares the monthly averages of number concentrations observed at GAW 638 

stations and simulated by the models. It is evident that NICAM-SPRINTARS-bin 639 

predicts values closer to observations at most of the stations, with NICAM-640 

SPRINTARS-orig underestimating the number concentrations by more than an order 641 

of magnitude at several stations (e.g., Barrow, South Pole). The seasonal variations 642 

are also fairly well captured by NICAM-SPRINTARS-bin at some of the stations (e.g., 643 

Pallas, Neumayer). The size-resolving capacity of NICAM-SPRINTARS-bin thus 644 

greatly improves over the strong underprediction of total number concentrations 645 

predicted by NICAM-SPRINTARS-orig. 646 

c.  Size-resolved number concentrations in Europe (EUSAAR) 647 

The EUSAAR (European Supersites for Atmospheric Aerosol Research; 648 

http://www.eusaar.net/) project provides harmonized aerosol measurement data from 649 

European field monitoring stations (Philippin et al., 2009). Asmi et al. (2011)  650 

analyzed the measured size-resolved number concentrations during 2008-09 and 651 

provided a convenient dataset for comparisons with models. In this study, we 652 

compare the model results with the surface number concentrations (Fig. 11) in three 653 

size classes defined by the dry diameter: between 30 and 50 nm (N30-50), larger 654 

than 50 nm (N50), and larger than 100 nm (N100). For the finest particles (N30-50), 655 

NICAM-SPRINTARS-orig underestimates the annually-averaged number 656 

concentrations at all stations: the values of 23 out of the 24 stations are lower than 657 

10-1 of the observed values. On the other hand, NICAM-SPRINTARS-bin produces 658 
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values closer to those observed, with values at 22 out of 24 stations within one order 659 

of magnitude of the observations (Fig. 11a). For the coarser particles (N50 and 660 

N100), the number concentrations simulated by both models are closer to 661 

observations than N30-50. The number concentrations of N50 predicted by NICAM-662 

SPRINTARS-orig and NICAM-SPRINTARS-bin are within one order of magnitude of 663 

the observed values at 9 and 19 stations, but most of the values are underestimated. 664 

For N100, both models underestimate the number concentrations at all stations. The 665 

underestimated number concentrations of coarse particles may imply fewer potential 666 

CCN predicted in both models given the relevance of coarse particles to CCN 667 

(Andreae & Rosenfeld, 2008). 668 

d.  Optical properties: AOD and AE 669 

To investigate the column-integrated optical properties of aerosols, we compare 670 

the model-simulated AOD and AE with two observational datasets from remote-671 

sensing measurements: AERONET and MODIS. AERONET (AErosol RObotic 672 

NETwork) routinely provides quality-assured retrievals of AOD and AE from ground-673 

based sky radiance measurements (Holben et al., 1998) and is often used for 674 

validation or calibration of satellite-retrieved aerosol products. We use the Level 2 675 

daily average product to calculate the annual averages for the 144 stations with 676 

more than 100 days of valid data in the year 2006. To evaluate the global distribution 677 

of aerosol properties, we also calculate the annual average at each grid point using 678 

the Collection 6.1 Level 3 monthly products of AOD and AE (Platnick et al., 2015) 679 

measured by MODIS (Moderate Resolution Imaging Spectroradiometer). Wei et al. 680 

(2019) evaluated the performance of MODIS/Terra and MODIS/Aqua Collection 6.1 681 

monthly AOD and found that neither instrument consistently outperforms the other 682 

over land. To increase the reliability of the comparisons to the satellite aerosol 683 
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measurements, we compared the model results to the mean of the aerosol optical 684 

depths values from the two instruments. 685 

The AODs predicted by both models at the AERONET stations are similar at 686 

most of the stations (Fig. 12a). The AODs predicted by NICAM-SPRINTARS-bin at 687 

over 93% of the stations are within 0.5 to 2 times of the values predicted by NICAM-688 

SPRINTARS-orig. This is consistent with the similar mass concentrations simulated 689 

in the models (Figs. 3 and 4). The different AODs can also be attributed to 690 

differences in underlying size distributions and the ways to calculate extinction 691 

coefficients. The aerosol masses at most of the stations are dominated by soil dust.  692 

It is also treated with the sectional method in SPRINTARS-orig, which explains why 693 

the two models produce similar values of AOD. Both models give high correlations 694 

with the AERONET-observed values and small negative bias, with a higher 695 

correlation simulated by NICAM-SPRINTARS-orig (0.65 vs. 0.64) but smaller bias by 696 

NICAM-SPRINTARS-bin (-0.16 vs. -0.04).  697 

On the other hand, the Angstrom Exponent (AE) simulated at the stations exhibit 698 

very different behaviors in the two models. NICAM-SPRINTARS-orig underestimates 699 

the AE at most of the stations, and the correlation coefficient is 0.29. The 700 

underestimation of AE by NICAM-SPRINTARS-orig is also reported in a previous 701 

study (Dai et al., 2014). This suggests that SPRINTARS-orig tends to overestimate 702 

the particle sizes, as the finest particles are removed at the same rate as the larger 703 

ones in the bulk scheme. The correlation coefficient increased to 0.45 by resolving 704 

the size and aerosol microphysics in NICAM-SPRINTARS-bin. The annual averages 705 

of AE still tend to be underestimated but to a smaller extent. Overall, NICAM-706 

SPRINTARS-bin gives better agreement for this size-relevant metric. 707 
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The annual means of AOD and AE observed by MODIS are shown in Figs. 7a 708 

and 7d. High AOD (~0.6) are observed over North Africa, accompanied by low AE 709 

(<0.6). This can be explained by the emission of coarse soil dust particles from the 710 

Sahara desert. Similar results in this region are also reproduced by both NICAM-711 

SPRINTARS-orig and NICAM-SPRINTARS-bin. The soil dust is transported across 712 

the Atlantic Ocean, creating a low AE belt near the equator. Both models predict the 713 

westward transport of soil dust, but the belt is not apparent over the ocean. In 714 

MODIS, the high AOD region extends westward and reaches the Caribbean Sea, but 715 

those simulated by both models are shifted northward. Biomass burning in Central 716 

Africa explains the AOD peak (~0.5) as well as the high AE (>1.5) in the southern 717 

part of Africa, as observed by MODIS. The models also simulate the AOD peak in 718 

central Africa, but AE in the southern part of Africa is lower than the values observed 719 

by MODIS.  720 

The high AOD values over China observed by MODIS are suggested to be 721 

contributed by both soil dust from deserts and anthropogenic emissions from 722 

industrial areas (Luo et al., 2014). The high AE (above 1.2) observed in this region 723 

suggests that it is dominated by fine particles, including sulfate and carbonaceous 724 

aerosols. Both models simulate the AOD peak in China, but the AE is 725 

underestimated, and the values are similar to those over the Sahara Desert. The 726 

model-predicted AOD peaks are dominated by the presence of soil dust, and the 727 

contributions of aerosols from anthropogenic emissions are not well captured by the 728 

models.   729 

In general, both models predict lower AOD in the industrial regions. For example, 730 

AOD and AE peaks are observed over the Middle East, India, and near Brazil by 731 

MODIS, but the models tend to underestimate the peak values, with NICAM-732 
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SPRINTARS-bin predicting lower values. The AE is also underestimated, but 733 

NICAM-SPRINTARS-bin gives values that are closer to the observations. The 734 

model-observation discrepancy may be explained by the limitations of the coarse 735 

grid resolution in mapping the emission inventories. The underestimation may also 736 

be partly attributed to the missing contribution of nitrate-containing aerosols, as 737 

suggested in previous studies using the SPRINTARS model (Dai et al., 2018; Park et 738 

al., 2018). The aging of BC by the condensation and coagulation by non-BC species 739 

are not simulated in the model, which may also lead to underestimated AOD at 740 

regions away from the BC sources. 741 

The MODIS analysis suggests that the AOD over most of the oceans is lower 742 

than 0.2, but peaks with values up to 0.4 are simulated by the models. This may 743 

indicate that the sea salt burden may be overestimated, as positive bias is found in 744 

the sea salt mass concentrations at the IMPROVE stations. Values higher than 0.4 745 

are observed by MODIS over the East China Sea, Sea of Japan, and the Sea of 746 

Okhotsk. The models also reproduce this high AOD region and suggest that the 747 

major contribution is from soil dust transported from China. The observed AE is 748 

about 0.9-1.2 in these regions, and NICAM-SPRINTARS-bin simulates closer values 749 

to observations compared to NICAM-SPRINTARS-orig. At high-latitude regions, 750 

including Russia and Canada, NICAM-SPRINTARS-bin predicts very high values of 751 

AE (>1.8) due to the long-range transport of fine particles, which is not observed by 752 

MODIS.  753 

5 Discussions 754 

In general, the results from NICAM-SPRINTARS-bin are in reasonable 755 

agreement with the benchmark in situ and remote sensing aerosol observations that 756 
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have been used to evaluate global aerosol microphysics models (e.g., Mann et al., 757 

2014). In particular, the comparisons show that NICAM-SPRINTARS-bin improves 758 

the prediction of quantities that are more relevant to aerosol sizes, including the 759 

number concentration and Angstrom Exponent. It implies that the underlying size 760 

distributions are better captured by NICAM-SPRINTARS-bin. The size information 761 

from the size-resolving models may also be useful for other physical processes, such 762 

as the total surface area for chemical reactions in the chemistry module, the size-763 

dependent optical properties for the radiation scheme, and the number concentration 764 

of CCN for cloud microphysics. 765 

We acknowledge that the use of a size-resolving aerosol model alone is not 766 

sufficient to produce size distributions as observed in the field. The introduction of a 767 

size-resolving scheme in this study should be viewed as a framework that enables 768 

the implementations and testing of different parameters of aerosol properties and 769 

microphysics schemes suggested from observations and experiments. Thus, it is 770 

important to discuss potential factors that may affect the predicted size distributions 771 

and thus should be considered in future studies.  772 

5.1 Choices of model parameters and emission schemes 773 

This study focuses on the sensitivity of SPRINTARS to the size representation 774 

scheme and the introduction of aerosol dynamical processes. For consistency 775 

between the two versions of the model, assumptions in SPRINTARS-orig are also 776 

made in SPRINTARS-bin when possible, but these assumptions may not be 777 

optimized to produce the most realistic aerosol size distributions. For example, the 778 

size ranges of dust and salt are set between 0.2 to 20 µm, implying that the finer 779 

particles are not captured, and the long-range transport of these aerosols may be 780 
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underestimated. Also, we followed the same emission schemes for salt and dust as 781 

in SPRINTARS-orig, but there are many other schemes proposed. Grythe et al. 782 

(2014) evaluated 21 different salt source functions and found significant variabilities 783 

in sea salt burdens. They also suggested that the dependency on sea surface 784 

temperature should be considered, which may explain the unexpected peak of sea 785 

salt mass in the Arctic region simulated in both models. For soil dust, several source 786 

functions are also proposed based on measurements as well as experimental 787 

studies, and the sensitivities to the source functions should also be investigated. 788 

5.2  Aerosol mixing state 789 

In both SPRINTARS-orig and SPRINTARS-bin, the major aerosol types are 790 

represented as external mixtures, which involve simulating particles as consisting of 791 

one particular type of aerosol. In the ambient atmosphere, however, aerosols usually 792 

exist as internal mixtures of different chemical compositions, for example, from the 793 

condensation of sulfuric acid and organics. In order to focus on the effect of size 794 

representations, and for a fair comparison with the existing non-microphysical 795 

scheme, we did not introduce new internal mixture components to SPRINTARS-bin 796 

in this study. We note that the skill score compared to the observations is likely 797 

affected by the externally mixed simplification. 798 

In particular, the simulated sulfate aerosol sizes may deviate from the observed 799 

size distributions due to the mixed-type coagulation and other growth processes that 800 

are not implemented in the model. Limited by the external mixture assumption, the 801 

coagulation between particles of different aerosol types is not considered. 802 

Scavenging by larger particles is an important sink of the finest sulfate particles, and 803 

the absence of this effect in these simulations affects the particle number 804 
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concentrations predicted by NICAM-SPRINTARS-bin. Coagulation with larger sulfate 805 

particles is, however, resolved in the simulations here and found to contribute to 806 

more than 50% of the total global sink of sulfate particles with diameters smaller than 807 

10 nm, and more than 30% for those with diameters between 10 and 30 nm. The 808 

coagulation of sulfate with other aerosol types would lead to faster removal of fine 809 

particles and the formation of larger particles of higher extinction efficiencies. 810 

Besides, the growth processes of sulfate involving other chemical components are 811 

not considered in the current model. For example, SOA may condense on the 812 

existing sulfate particles, forming larger particles. These missing processes may 813 

explain the relatively low AOD values found in industrial regions, where both sulfate 814 

and carbonaceous aerosols dominate. The simplified mixing state will likely have led 815 

to an overpredicted atmospheric lifetime of fine sulfate particles, resulting in a high 816 

number concentrations and Angstrom Exponent at locations distant from the sources. 817 

This may explain the overestimated total number concentrations predicted at certain 818 

GAW stations (e.g., Bondville and Pallas, Figure 10), as well as the high Angstrom 819 

Exponent, predicted in the high-latitude region (Figure 7).  820 

Another potential source of error from the externally mixed approach is in the BC 821 

mixing state, which is always 100% black carbon (pure soot) in the current model. 822 

Freshly emitted BC particles mostly contain elemental carbon, so they are 823 

hydrophobic. In reality, emitted BC particles are gradually coated with other non-BC 824 

species, including sulfate and SOA, through coagulation and condensation, as well 825 

as photochemical oxidation processes. The internal mixing with non-BC material 826 

increases the absorption efficiencies (lensing effect) as well as the hygroscopicities. 827 

Bond et al. (2006) suggested that the absorption of aged aerosols is 50% higher 828 

than fresh aerosols, although their results also suggested that the estimate of 829 
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absorption enhancement also depends on the assumed mixing rules and geometries. 830 

Since the mixing of BC with sulfate and OC is not considered in the current model, 831 

the absorption enhancement due to BC aging is not captured, and the AOD 832 

contributed by BC is likely to be underestimated when the BC particles are far from 833 

the source regions. Thus, the BC mixing state should be considered a priority to 834 

include in the onward development of SPRINTARS-bin. 835 

5.3 Model resolution 836 

An advantage of the microphysical model being developed in NICAM-837 

SPRINTARS, is that the model can be seamlessly run for a wide range of different 838 

grid resolutions. However, minimizing model-observation discrepancies is not the 839 

purpose of this study, so we used the relatively coarse grid resolution for climate 840 

simulations and have demonstrated that NICAM-SPRINTARS-bin can still produce 841 

reasonable results over the globe at this resolution. It is expected that the low 842 

resolution of the grid limits the accuracies in reproducing the observations because 843 

the meteorological fields only represent the mean state of regions of hundreds of 844 

square kilometers the local terrains are not well resolved. Consequently, the aerosol 845 

transport may not reflect the actual transport at measurement stations. In addition, 846 

errors are introduced when the emission inventories are mapped on a coarser grid, 847 

including the emission strengths and locations. These effects tend to dilute the 848 

chemistry and aerosol processes, affecting the spatial distributions of aerosols and 849 

also the size distributions of sulfate particles. For example, larger particles are likely 850 

to be produced under higher gaseous sulfate concentrations (due to stronger growth).  851 

In the cloud-resolving experiments of NICAM-SPRINTARS, cloud processes can 852 

be explicitly simulated without the use of cumulus parameterizations. The more 853 

realistic simulation of cloud structure and precipitation without changing the source 854 
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code makes NICAM-SPRINTARS suitable for the investigation of aerosol-cloud 855 

interactions over multiple scales. The influence of aerosol concentrations and size 856 

distributions on cloud systems has been recognized (e.g., Tao et al., 2007; Ekman et 857 

al., 2011). It is also suggested that the size representations affect the accuracy in 858 

modeling aerosol-cloud interactions (Zhang et al., 2002). However, size-resolving 859 

aerosol schemes have been rarely used in cloud-resolving simulations (e.g., Ekman 860 

et al., 2006). It is expected that high-resolution experiments using NICAM-861 

SPRINTARS-bin introduced here provide new opportunities to understand aerosol-862 

cloud interactions from a global perspective. 863 

5.4 Aerosol-cloud interactions 864 

To investigate the potential impact on aerosol-cloud interactions by the size-865 

resolving model, we calculate the activation diameters (minimum diameter of 866 

aerosols to be activated) of different aerosol types using the schemes proposed in 867 

Abdul-Razzak and Ghan (2000, 2002). The scheme has been proposed for the use 868 

of multiple aerosol populations represented by size bins and considers the 869 

supersaturation, updraft velocities, aerosol hygroscopicity as well as the size 870 

distributions of all aerosols simulated in the model. These online-calculated 871 

activation diameters are not used in calculating in-cloud scavenging and cloud 872 

activation processes (Section 3.5a), and thus should be regarded as an initial 873 

investigation of size dependencies and variabilities of the CCN properties in global 874 

model simulations.  875 

As shown in Fig. 13, the activation diameters are highly variable, which is not 876 

likely to be captured by SPRINTARS-orig. At low altitudes, the activation diameters 877 

are mainly within the smallest size bins, and the whole aerosol populations are likely 878 
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to be activated. The activation diameters tend to increase with increasing altitude for 879 

the activation diameters of sulfate and OC, for instance, mostly above 200 nm at 7 880 

km (Figs 13c and 13d). Thus, it is expected that SPRINTARS-bin can better capture 881 

the effect of aerosols on cloud microphysics when used in high-resolution 882 

simulations. It should be noted that the activation diameters calculated here are only 883 

an estimation because the updraft velocities are not well resolved in this low-884 

resolution experiment. By combining the size distributions and the resolved updraft 885 

velocities provided by the cloud-resolving NICAM model, the number concentrations 886 

of CCN being activated can be better estimated. The more accurate calculation of 887 

CCN activation also affects the size distributions of aerosols due to in-cloud 888 

scavenging and recycling processes (Ekman et al., 2011). Such consideration of 889 

recycling of aerosols from cloud evaporation is possible only when a detailed cloud 890 

microphysics scheme is used. 891 

 892 

6 Summary 893 

We implemented a full sectional microphysics scheme (SPRINTARS-bin) into the 894 

aerosol model SPRINTARS and evaluated its predictions within climate-resolution 895 

simulations in the global model NICAM. To investigate the fundamental differences 896 

in the model behaviors, assumptions in the original SPRINTARS model 897 

(SPRINTARS-orig) are followed when possible. As the same emission inventories or 898 

emission schemes are used, and the wind fields are nudged to a meteorological re-899 

analysis, the overall aerosol burden does not differ substantially between the two 900 

models, resulting in similar distributions of surface mass concentrations and aerosol 901 

optical depth.  902 
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In SPRINTARS-orig, size distributions of soil dust and sea salt are represented 903 

by 10 and 4 size bins, respectively, whereas 20 bins are used to resolve the size 904 

distribution of each aerosol component in SPRINTARS-bin. Therefore, different 905 

behaviors between the two models are principally attributed to the size distribution 906 

resolution of these two types of coarse particles. For carbonaceous aerosols, the 907 

initial size distribution in SPRINTARS-bin is assumed to be the same as the 908 

prescribed log-normal distribution in SPRINTARS-orig, so that the differences are 909 

mostly due to size-dependencies of the deposition processes. The overall picture for 910 

these three aerosol types is not greatly changed, although NICAM-SPRINTARS-bin 911 

predicts vertical transport to slightly higher levels. In the microphysical approach of 912 

SPRINTARS-bin, the size distribution of sulfate is entirely determined from aerosol 913 

microphysical processes (e.g., nucleation, coagulation, and condensation). As a 914 

result, the two models demonstrate different sulfate transport within NICAM due to 915 

the different size representations of sulfate particles. Particularly, NICAM-916 

SPRINTARS-bin simulated a stronger transport of finest particles to regions remote 917 

from sources of pollution. 918 

The largest differences between the two models are seen in the more size-919 

relevant quantities: number concentrations and Angstrom Exponent (AE). The 920 

number concentrations are highly sensitive to the presence of ultra-fine aerosol 921 

particles. As NICAM-SPRINTARS-orig does not resolve the size distributions of 922 

sulfate and carbonaceous aerosols, the number concentrations at GAW and 923 

EUSAAR stations are strongly underestimated. By contrast, NICAM-SPRINTARS-bin 924 

resolves new particle formation and coagulation and predicts much higher number 925 

concentrations as the finest particles are resolved. These fine particles are 926 

transported to the Arctic and Antarctica. Comparison with observations demonstrates 927 
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that NICAM-SPRINTARS-bin improves the estimation of total number concentrations 928 

at GAW stations, number concentrations of fine particles at EUSAAR stations, as 929 

well as the AE values closer to the observations in AERONET. However, the 930 

performance in predicting the number concentrations of coarse particles, which have 931 

a higher potential to act as CCN in warm clouds, is not greatly improved.  932 

Although the simulations are run at a climate-scale resolution and with model 933 

parameters that have not yet been optimized, the results are generally in good 934 

agreement with different observations. The model-observation differences highlight 935 

the need for sensitivity experiments to test different schemes and parameter settings 936 

within uncertainties to seek more realistic simulations of aerosol size distributions. 937 

The evaluation suggests that internally-mixed aerosol components and BC aging 938 

should also be included. SPRINTARS-bin provides a framework to incorporate 939 

improved size-dependent representations of aerosol processes, including more 940 

sophisticated emission mechanisms and source functions, cloud activation schemes, 941 

and aerosol nucleation schemes. The size information is also expected to improve 942 

our knowledge in understanding and quantifying the interactions of aerosols with 943 

radiation and clouds.  944 

Supplement 945 

Supplementary Table S1 shows the computation time ratios and total AOD root-946 

mean-square deviation for a set of 1-week long simulations using NICAM-947 

SPRINTARS-orig and NICAM-SPRINTARS-bin with different numbers of bins. 948 

Supplementary Tables S2 and S3 shows the growth factor parameters and refractive 949 

indices used in the simulations, respectively. 950 

 951 
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 1317 

Fig. 1   Representations of in-cloud scavenging scheme in SPRINTARS-orig and 1318 

SPRINTARS-bin, given the same in-cloud mass fraction. In SPRINTARS-orig, the in-1319 

cloud mass fractions do not depend on the aerosol sizes. In SPRINTARS-bin, the 1320 

largest particles are preferentially assumed to be in-cloud as they are more likely to 1321 

become CCNs. 1322 

 1323 

 1324 
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 1326 

 1327 
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 1328 

Fig. 2   Mass extinction coefficients of sulfate, as used in SPRINTARS-orig (dashed 1329 

line) and SPRINTARS-bin (solid line). Different colors represent the values at 1330 

different relative humidity. Black lines indicate the particle size distributions. In 1331 

SPRINTARS-orig, a bulk mass extinction coefficient is calculated based on the 1332 

assumed size distribution (dash-dot line), whereas in SPRINTARS-bin, each size bin 1333 

exhibits different mass extinction coefficients, so the optical properties can be 1334 

captured when the size distribution differs from the assumed one (e.g., dotted line). 1335 
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 1337 

Fig. 3   Spatial distributions of the annually-averaged surface mass concentrations 1338 

(µg m-3) of each aerosol type.  1339 

 1340 
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 1341 

Fig. 4   Annually-average, the zonal-mean vertical profile of the mass concentrations 1342 

(µg m-3) of each aerosol type predicted by the original and sectional models.  1343 
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 1344 

Fig. 5   Annually-averages of the surface number concentrations (cm-3) of total 1345 

aerosols, divided into 4 size classes, each representing the total number of particles 1346 

with dry diameters (a)& (b) between 3 to 30 nm; (c) & (d) between 30 to 50 nm; (e) & 1347 

(f) between 50 to 100 nm; (g) & (h) larger than 100 nm. 1348 
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 1354 

Fig. 6   Annually-averaged, the zonal-mean vertical profile of number concentrations 1355 

(cm-3) of particles with dry diameters (a) between 3 to 30 nm, (b) between 30 to 50 1356 

nm, (c) between 50 to 100 nm, (d) between 100 to 700 nm, (e) between 700 to 1000 1357 

nm, and (f) larger than 1000 nm. 1358 
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 1362 

Fig. 7   Distributions of annually-averaged (a-c) aerosol optical depth (AOD) and (d-f) 1363 

Angstrom Exponent (AE), observed by (a & d) MODIS and predicted by (b & e) 1364 

NICAM-SPRINTARS-orig and (c & f) NICAM-SPRINTARS-bin. 1365 

 1366 

 1367 
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 1369 

Fig. 8   Scatter plots of the annual averages of surface mass concentrations of (a) 1370 

sea salt, (b) sulfate, (c) elemental carbon (black carbon), and (d) OC at the 1371 

IMPROVE stations. Simulations results by NICAM-SPRINTARS-orig and NICAM-1372 

SPRINTARS-bin are represented by red and green dots, respectively. Only fine 1373 

particles (diameter < 2.5 µm) are considered. 1374 
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 1376 

Fig. 9   Scatter plot of the annual averages of the total number concentrations at 1377 

GAW stations. The dotted lines indicate the range of model-observation values 1378 

within one order of magnitude. 1379 
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 1381 

Fig. 10   Monthly averages of the total number concentrations at each of the GAW 1382 

stations. Blue markers represent the multi-year averages, with the vertical bars 1383 

indicating one standard deviation. Red and green lines show the results by the 1384 

original and sectional model.  1385 
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 1387 

Fig. 11   Scatter plots of the annual averages of number concentrations of particles 1388 

with dry diameters (a) between 30 and 50 nm (N30-50), (b) larger than 50 nm (N50) 1389 

and (c) larger than 100 nm (N100), against the measured values at EUSAAR 1390 

stations during 2008-2009. 1391 
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 1393 

Fig. 12   Scatter plots of annual averages of AOD (550 nm for model results; 500 nm 1394 

for AERONET) and Angstrom Exponent (440 nm and 870 nm) predicted by both 1395 

models against the observed values at AERONET stations. Red and green markers 1396 

represent the values by NICAM-SPRINTARS-orig and NICAM-SPRINTARS-bin, 1397 

respectively. 1398 
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 1407 

Fig. 13   Histogram of the activation diameters of different aerosol types at certain 1408 

heights, calculated using a combined scheme of Abdul-Razzak & Ghan, 2000 & 1409 

2002. A total of 23,652,000 valid points are considered in each histogram, covering 1410 

the daily 1ox1o output. The results of black carbon are not presented due to the large 1411 

uncertainties in hygroscopicity. 1412 
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Table 1   Size representations in SPRINTARS-orig and SPRINTARS-bin. The modal 1421 

diameters refer to the dry mode diameters of the assumed number distributions. Modal 1422 

diameters and size ranges are expressed in µm. 1423 

 SPRINTARS-orig SPRINTARS-bin 

 Modal 

diameter 

Modal width Range Bin number Range Bin 

number 

Sea 

salt 

- - 0.2-20 4 0.2-20 20 

Dust - - 0.2-20 10 0.2-20 20 

Sulfate 0.139 2.03 - - 0.003-10 20 

 

Carbonaceous aerosols 

OC 0.2 1.8 - - 

0.08-5.0 20 BC 0.1076 1.53 - - 

BSOA 0.16 1.8 - - 

 1424 
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Table 2   Correlation and bias (averaged relative error) of the model estimates against 1426 

ground-based measurements. IMPROVE: Surface mass concentrations; GAW: Total 1427 

number concentrations; EUSAAR: Number concentrations (num. conc.) in size classes; 1428 

AERONET: AOD and Angstrom Exponent. The correlation and bias of number 1429 

concentrations are calculated in logarithmic scale. 1430 

 NICAM-SPRINTARS-orig NICAM-SPRINTARS-bin 

 Correlation Bias Correlation Bias 

     

IMPROVE     

Sea salt (fine) 0.68 5.79 0.69 14.2 

Sulfate 0.73 -0.22 0.65 -0.29 

Elemental carbon 0.45 -0.33 0.45 -0.15 

Organic carbon 0.53 -0.01 0.53 -0.16 

     

GAW     

Total number concentration 0.84 -0.45 0.71 0.04 

     

EUSAAR     

Num. conc. (30nm ≤ d < 50nm) 0.26 -0.79 -0.01 -0.13 

Num. conc. (d ≥ 50nm) 0.46 -0.34 0.15 -0.22 

Num. conc. (d ≥ 100nm) 0.50 -0.34 0.23 -0.32 

     

AERONET     

Aerosol optical depth 0.65 -0.16 0.64 -0.05 

Angstrom Exponent 0.29 -0.50 0.45 -0.10 

 1431 

 1432 


