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Abstract

The transport and removal processes of aerosol particles, as well as their potential
impacts on clouds and climate, are strongly dependent on the particle sizes. Recent
advances in computational capabilities enable us to develop sectional aerosol
schemes for general circulation models and chemical transport models. The
sectional aerosol modeling framework provides a capacity to explicitly simulate the
variations in size distributions due to microphysical processes such as nucleation
and coagulation, based on the mechanisms suggested from laboratory studies and
field observations. Here, we develop a two-moment sectional aerosol scheme for
Spectral Radiation-Transport Model for Aerosol Species (SPRINTARS-bin) for use in
NICAM (Nonhydrostatic ICosahedral Atmospheric Model) as an alternative to the
original mass-based (single-moment) SPRINTARS-orig aerosol module. NICAM-
SPRINTARS is a seamless multiscale model that has been used for regional-to-
global simulations of different resolutions based on the same model framework. In
this study, we performed global simulations with NICAM-SPRINTARS-bin at typical
climate model resolution (Ax~230km) with nudging to a meteorological re-analysis.
We compared our results with equivalent simulations for the original model (NICAM-
SPRINTARS-orig) and observations including 500nm aerosol optical depth and 440-
870nm Angstrom Exponent in AErosol RObotic NETwork (AERONET)
measurements, particle number concentrations measured at Global Atmospheric
Watch (GAW) sites and size-resolved number concentrations measured at
European Supersites for Atmospheric Aerosol Research (EUSAAR) and German
Ultrafine Aerosol Network (GUAN) sites. We found that compared to NICAM-
SPRINTARS-orig, NICAM-SPRINTARS-bin demonstrates the long-range transport
of ultra-fine particles to high latitudes and predicts higher Angstrom Exponent and
total number concentrations that better agrees with observations. The latter
underscores the importance of resolving the microphysical processes that determine
concentrations of ultra-fine aerosol particles and explicitly represent size-dependent
deposition in predicting these properties. However, number concentrations of coarse
particles are still underestimated by both the original mass-based and the new
microphysical schemes. Further efforts are needed to understand the reasons for the
differences with the observed size distributions, including testing different emission

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

spatial resolutions.
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1 Introduction

Atmospheric aerosols perturb the global energy budget directly by scattering and
absorbing incoming shortwave radiation (Haywood & Boucher, 2000) and indirectly
through interactions with clouds (Lohmann & Feichter, 2005; Fan et al., 2016). The
magnitudes of both aerosol-radiation and aerosol-cloud radiative effects are strongly
dependent on the size distributions of aerosol particles. For example, the mass
scattering efficiency of visible light usually has a maximum in the accumulation mode
(with particle diameters between 0.1 and 1 um) of the aerosol population. Aerosols
can also act as cloud condensation nuclei (CCN), forming cloud droplets and
affecting the albedo and lifetime of clouds (Boucher et al., 2013). Due to the weaker
Kelvin effect and stronger solute effect, larger particles exhibit lower critical
supersaturations and are more likely to be activated. The number concentration of
CCN is usually defined as the number of particles with a dry diameter greater than
50 or 100 nm (e.g., Asmi et al., 2011), although the exact threshold diameter also
depends on the aerosol hygroscopicity, supersaturation of the ambient air, and

updraft velocity.

To the first approximation, the size distributions of aerosols can be represented
by multiple log-normal distributions, each “mode” representing a different source of
particles (see Whitby, 1978). However, changes in dust size distributions caused by
preferential deposition during transport have been observed (Maring et al., 2003;
Van Der Does et al., 2016), illustrating the limitations in constraining the particle size
distributions using fixed modal radii and widths even for particles from the same

emission source.
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In global aerosol models, the aerosol size distributions are mostly represented by
two different approaches: the modal approach and the sectional approach. The
modal approach can be further divided into 1-moment and 2-moment schemes
(Textor et al., 2006; Mann et al., 2014). The 1-moment modal scheme (often referred
to as the bulk approach) tracks only the aerosol mass concentrations, with the size
distributions being prescribed for each of several aerosol types. In contrast, in the 2-
moment modal scheme (e.g., GLOMAP-mode: Mann et al., 2010), both the aerosol
mass and number are transported among several size classes. This allows the size
distributions to vary both spatially and temporally through the effect of aerosol

microphysical processes, including coagulation and condensation.

The sectional approach models the particle size distributions explicitly,
discretizing them into several size bins (sections). The evolution of size distributions
is then driven by the size-dependent properties of each size bin, such as the terminal
velocities and collision efficiencies. Different size resolutions are chosen in different
sectional global aerosol microphysics models, ranging from 10 bins (Bergman et al.,
2012) and 12 bins (Gong & Barrie, 2003) to higher resolutions of 20 bins (Spracklen
et al., 2005) and 30 bins (Adams & Seinfeld, 2002). At the expense of requiring a
larger investment of computation times, the sectional schemes produce more
realistic simulations compared to the modal approach (Zhang et al.,, 2002;
Weisenstein et al., 2007), and the sectional aerosol models with a large number of
bins are often considered as the “true value” for tuning the modal scheme (e.g.,
Mann et al., 2012). The sectional approach can be considered as representing the
size distribution explicitly. It allows to fully resolve the size dependence of aerosol
emission and removal processes and in the representations of microphysical

processes such as nucleation, condensation, and coagulation. New theories or
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mechanisms are proposed to explain the field observations (e.g., new particle
formation events, severe haze events, and size distributions of primary aerosols),
and a size-resolving scheme is the essential building block to incorporate the new

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

Several sectional aerosol modules have been developed and applied in chemical
transport models (CTMs) and general circulation models (GCMs). They included
CAM (Gong et al., 2003), GLOMAP-bin (Spracklen et al., 2005), APM (Yu & Luo,
2009), TOMAS (Adams & Seinfeld, 2002; Lee & Adams, 2012), and SALSA (Kokkola
et al.,, 2008, 2018; Bergman et al., 2012). Higher-dimensional sectional schemes
have also been developed. For instance, ATRAS uses a two-dimensional sectional
scheme to resolve both the particle size and aerosol mixing state (Matsui et al., 2014;
Matsui, 2017; Matsui & Mahowald, 2017). Ching et al. (2016) developed a three-
dimensional sectional representation scheme (MOSAIC-mix) to additionally resolve

the hygroscopicity.

The aerosol transport model SPRINTARS (Takemura et al., 2000) uses a hybrid
approach. More specifically, sulfate and carbonaceous aerosols are treated using
the bulk scheme, whereas mineral dust and sea spray are simulated using the
sectional approach, with the size distributions represented using 10 and 4 bins,
respectively. The SPRINTARS model has been implemented in the Nonhydrostatic
ICosahedral Atmospheric Model (NICAM, Satoh et al., 2014). It has been used for
multiscale global simulations, including those with the finest horizontal resolution of
870 m (Miyamoto et al., 2013). This aerosol-coupled version of NICAM, called
NICAM-SPRINTARS (Suzuki et al., 2008), includes both aerosol-cloud and aerosol-
radiation interactions and has been used for simulations with global-to-regional

scales and low-to-high resolutions. For example, Dai et al. (2018) ran the model as a
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GCM with a horizontal resolution of 223 km and evaluated the climatology of the dust
cycle. Goto et al. (2019) used NICAM-SPRINTARS for regional simulations, with the
highest resolution of 11 km over Japan. The model has successfully captured the
aerosol plume from Siberian wildfires as observed by two geostationary satellites
(Himawari-8 and COMS). Goto et al. (2018) performed month-long global high-
resolution (~10 km) simulations in different seasons, and the simulated global
distributions of aerosol optical depth were comparable to those observed by MODIS

and AERONET.

In this study, we describe a two-moment sectional scheme for SPRINTARS,
coded such that a variable number of size bins can be specified for each aerosol
type. In this case, aerosol microphysical processes are coupled to radiative transfer
and cloud processes, with subsequent dynamical processes, within the framework of
NICAM. Simulations are performed at a typical climate model’s resolution of ~200 km,
but as NICAM-SPRINTARS is a seamless global-to-regional model, the same size-
resolving aerosol model can also be used with higher resolutions in future studies. In
the following sections, we first introduce NICAM-SPRINTARS and the settings used
for the simulations in this study (Section 2), followed by the descriptions of the
aerosol microphysical scheme SPRINTARS-bin and its implementation into NICAM
as NICAM-SPRINTARS-bin (Section 3). Results from year-2006 nudged simulations
with NICAM-SPRINTARS-bin simulations are compared to observations, and an
equivalent NICAM-SPRINTARS-orig run in Section 4. In Section 5, we discuss the
ways to improve the model-observation discrepancies and the possibilities enabled

by using the size-resolving scheme in NICAM-SPRINTARS.
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2 Model descriptions and experiment settings

2.1 Global cloud-resolving model NICAM

As the first global cloud-resolving model (Satoh et al., 2008, 2019), NICAM is
based on a non-hydrostatic dynamic core (Tomita & Satoh, 2004). It has been used
for global simulations with flexible horizontal resolutions varying from conventional
climate model resolutions (e.g., Dai et al., 2018; Goto et al., 2018) to grid spacings
of kilometer-scale (Tomita et al., 2005; Miura et al., 2007; Suzuki et al., 2008) or
smaller than one kilometer (Miyamoto et al., 2013). In the high-resolution
experiments, NICAM resolves deep convection and considers cloud microphysical
models without the use of cumulus parameterizations that have led to fundamental
uncertainties in conventional GCMs (Stevens & Bony, 2013). By resolving the
multiscale cloud structures, NICAM has been used for studies of tropical cyclones
and Madden Julian Oscillations (Miura et al., 2007). It can also be used as a regional
model with a stretch-grid system (Uchida et al., 2016) and a limited-domain grid
configuration (Uchida et al., 2017), in which the target area is resolved by higher
resolutions with a relatively low computational cost. The same model has also been

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

To validate the size-resolved model and consistently compare its results with the
original NICAM-SPRINTARS model, we performed simulations with a horizontal grid
resolution of 223 km and a time step of 20 minutes. A large-scale condensation
scheme is used for cloud formation processes. As Dai et al. (2018) indicated the
importance of meteorological nudging on aerosol transport simulations, we nudged
the model with temperatures and wind speeds in 6-hour intervals with the NCEP
Final (FNL) Operational Global Analysis data (NOAA/NCEP, 2000). The simulations

were performed from July 2005 to December 2006, with the first six months regarded
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as a spin-up period due to the zero aerosol concentrations assumed initially. The
year 2006 was chosen for simulations in alignment with the other size-resolved
model simulations evaluated in an AeroCom paper (Mann et al., 2014) as well as in
previous NICAM-SPRINTARS simulations (Suzuki et al., 2008; Dai et al., 2018). Two
experiments have been performed with identical settings, except that one of them
uses the original SPRINTARS model, and the other employs the size-resolved model
developed in this study. Hereafter, we denote the original model as SPRINTARS-orig,
the size-resolving model as SPRINTARS-bin, and use SPRINTARS when referring

to the SPRINTARS model in general.

2.2 Aerosol model SPRINTARS

The aerosol model SPRINTARS treats the emission, vertical mixing, wet and dry
depositions of aerosols, while the aerosol tracer transport is handled by the host
model. SPRINTARS was originally developed for use in a conventional GCM: the
Model for Interdisciplinary Research on Climate (MIROC). To simulate aerosols with
higher resolution, Suzuki et al. (2008) implemented SPRINTARS into NICAM and
simulated the effect of aerosols on warm clouds using a horizontal grid spacing of 7
km globally. The global simulation was able to reproduce the aerosol-dependencies
of liquid water path and vertical growth of cloud droplets as observed by satellites.
To date, NICAM-SPRINTARS has been used for global simulations with horizontal
resolutions ranging from 10 to 230 km (Suzuki et al., 2008; Goto et al., 2018, 2020;
Sato et al., 2018) as well as regional simulations with a resolution of ~10 km over

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

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

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

modal approach depending on the aerosol type as follows.

Sea salt and soil dust are coarse particles emitted from natural sources, and their
emission strengths are calculated online based primarily on local wind speed
(Section 3.3). The mixing ratios of salt and dust are tracked by 4 and 10 size bins,
respectively. Each bin represents a population of particles with the same predefined

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

Sulfate aerosol (ammonium sulfate) is produced from the oxidation of SO, and
dimethylsulfide (DMS) with O3, H,O,, and OH radicals (Takemura et al., 2000). The
particle number distribution is assumed to follow a log-normal distribution with a dry
mode diameter of 139 nm (d’Almeida et al., 1991). Hygroscopic growth of particles is
considered when calculating the terminal velocities and mass extinction coefficients.
Similarly, the size distributions of carbonaceous aerosols are assumed log-normal,
with different mode diameters and standard deviations depending on the sub-types.
These include black carbon (BC), organic carbon (OC), and biogenic secondary
organic aerosols (BSOA). The mode diameters and standard deviations follow the

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

In the simulations, we used the year 2010 emission inventories of HTAP-v2.2
(Janssens-Maenhout et al., 2015) for anthropogenic emissions of SO,, OC, and BC.
For emissions from biomass burning, the average emissions from 2005 to 2014 of
the Global Fire Emissions Database (GFED, https://www.globalfiredata.org/) are
used. The year 2000-2009 averages of the AeroCom-HC (Diehl et al., 2012) are

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

organic aerosols.

The emission fluxes of DMS are calculated online as a function of downward
surface solar flux (Bates et al., 1987). The same three-dimensional profiles of
oxidants (O3, H,0,, and OH radicals) as in Takemura et al. (2005) are used, which
are generated from a climate run targeted for the 2000s using a global chemical

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

3 Sectional aerosol microphysical module: SPRINTARS-bin

The sectional version of SPRINTARS introduced in this study (SPRINTARS-bin)
is built upon the current framework of SPRINTARS-orig. The size distributions of all
aerosol types are discretized into a flexible number of size bins, and aerosol
microphysical processes are simulated with consideration of aerosol sizes. Here,
only the size-dependent components of each process are described, and readers
may refer to Takemura et al. (2000) for detailed descriptions and formulation of

SPRINTARS.

3.1 Definitions of size bins

In SPRINTARS-bin, each external mixture of aerosol species is divided into
several size bins. The number of bins and the overall size range of the size
distributions are flexible so that they can be adjusted depending on the
computational resources available (see Table S1 for the computational times using a
range of bin numbers). In this study, the number of bins for each size distribution is
set to 20, which is well above the minimum numbers obtained from sensitivity tests in

other sectional models (e.g., Foret et al., 2006; Gong et al., 2003; Lee and Adams,
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2012). The size ranges of dust and salt are the same as in the SPRINTARS-orig,
whereas the diameters of sulfate and carbonaceous aerosols span over 3 nm - 10

pm and 80 nm - 5 um ranges, respectively (Table 1).

The boundaries of size bins are equally spaced in the logarithmic scale, and the
initial bin center of each size bin is defined as the mid-point of the boundaries. The
“bin center” represents the dry diameter of all particles that belong to the size
category and is used for the online calculation of size-dependent properties. Bin
centers are modified according to the moving center scheme (Jacobson, 1997a) to
represent the particle growth due to microphysics, including condensation and

coagulation.
3.2 Hygroscopic growth

For hygroscopic aerosols (sulfate, sea salt, and OC), the wet diameters (d, ;)
are calculated from the dry particle diameters (dg.,) using the following empirical
power-law relation to estimate the growth factor, fitted using the values reported in
d’Almeida et al. (1991) :

i {ddry , RH < RH,

wet = | dgry * cgs(1 — RH)Y9 , RH > RH,

Here RH and RH, are the ambient and crystallization relative humidity,
respectively. Moreover, ¢, and y,¢ are the growth factor parameters (see Table S2
in supplementary material). The wet volumes are used for the calculation of
coagulation between particles, as well as computing the aerosol properties, including

terminal velocities, collision efficiencies with raindrops, and mass extinction

efficiencies.
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3.3 Source functions

SPRINTARS-bin adopts the same emission flux calculation schemes for sea salt
and soil dust as in SPRINTARS-orig (Takemura et al., 2000). The emission flux of
sea salt depends on the wind speed at 10 m above the surface, whereas the
emission flux of soil dust is a function of wind speed and soil moisture. The freshly
emitted particles are assumed to follow a given size distribution, namely the source
function. Many source functions have been proposed based on in situ
measurements or laboratory experiments (e.g., Alfaro & Gomes, 2001; Kok, 2011a,
2011b; Schulz et al., 1998 for soil dust; Gong, 2003; Monahan et al., 1986 for sea
salt). In both the original and sectional models, the source function proposed in
Monahan et al. (1986) is used for sea salt, while the interpolation of results in
d’Almeida & Schitz (1983) is used as the source function of soil dust. It should be
noted that the choice of source functions affects the aerosol properties and can be
an important source of model uncertainties. The source functions used in this study
are selected for consistency in comparison with SPRINTARS-orig, although the

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

Emission strengths of carbonaceous aerosols are determined by the emission
inventories. Unlike dust and sea salt, source function parameterizations are not
proposed for primary carbonaceous aerosols, and the initial size distributions are
assumed to follow the same log-normal distributions as in SPRINTARS-orig (Table
1). After emission, the size distributions are modified by the subsequent differential
removal processes. In principle, the size distribution of BSOA should be computed
by explicitly simulating the aerosol dynamical processes (Section 3.4). BSOA
precursor gases are oxidized in the atmosphere, forming low-volatility species that

condense on existing particles such as sulfate and BC. However, the current
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SPRINTARS model does not resolve the chemical evolutions of organic volatile
gases and does not consider internal mixtures of different aerosol types (e.g.,
sulfate-OC mixtures). In SPRINTARS-bin, a simple approach is taken by specifying
constant fractions of the isoprene and terpene emission fluxes to form pure organic
particles immediately after the emission. The initial size distribution of these BSOA
particles is assumed to follow the log-normal distribution with the same mode

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

3.4 Aerosol dynamics

In SPRINTARS, the production of sulfuric acid is calculated from the major
oxidation pathways of the emitted SO, and DMS. The sulfuric acid is then combined
with atmospheric ammonia to form ammonium sulfate. SPRINTARS-orig assumes
that all produced sulfates are particles forming immediately at the assumed size
distribution. In contrast, SPRINTARS-bin explicitly considers the gas-to-particle
conversion and subsequent particle growth processes of ammonium sulfate, i.e.,
new particle formation (nucleation and post-nucleation growth),

condensation/evaporation, and coagulation.

The first step to convert gas to particles is the nucleation of stabilized clusters.
The model calculates the nucleation rates and diameters based on the binary
homogenous nucleation theory. Given the gas-phase sulfuric acid concentrations,
temperature, and relative humidity, the nucleation rates and critical cluster diameters
are calculated using a recently developed parameterization scheme (Maattanen et
al., 2018), which can be considered as an updated and generalized version of the
binary nucleation parameterizations commonly used in other sectional models

(Kulmala et al., 1998; Vehkaméaki et al., 2002). The parameterization scheme also

14



324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

provides the calculation of ion-induced nucleation, but it is not considered in this
study due to the lack of information on atmospheric ions in the current model. The
nucleation rates in the first layer are calculated using activation-type nucleation
theory (Kulmala et al., 2006) because the binary nucleation theory often does not
reproduce the observed nucleation rates in the boundary layer. The theory is
proposed based on atmospheric observations and suggests an empirical formula
that relates the nucleation rates of 1 nm clusters to the gas phase sulfuric acid

concentrations.

The typical diameters of freshly nucleated particles are around 1 nm, while the
detection limits of the instruments used in most field measurements are larger than 3
nm. To reduce the computational cost of the post-nucleation growth to detectable
sizes, the “apparent” formation rate is calculated from the “real” nucleation rate by
comparing the condensation growth rate with the scavenging rate due to coagulation
with background aerosols (Kerminen & Kulmala, 2002; Lehtinen et al., 2007). Self-
coagulation of the freshly nucleated particles is calculated using the scheme

proposed by Anttila et al. (2010).

The coagulation kernel is calculated as the sum of kernels resulting from the
following processes (Jacobson, 2005): Brownian diffusion and convective Brownian
diffusion enhancement, gravitational collection, turbulent inertial motion, and
turbulent shear. The semi-implicit coagulation scheme (Jacobson et al., 1994) is
used to solve the coagulation of particles larger than 3 nm in the same-size
distribution. As different types of aerosols are treated as external mixtures in
SPRINTARS, only the coagulation among internally mixed particles is taken into

account.
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The condensational growth of aerosol particles is solved using the analytical
predictor of condensation (APC) scheme (Jacobson, 1997b), which serves as a non-
iterative and unconditionally stable solution to the growth equation. For simplicity,
only one type of condensing species (sulfuric acid) is considered, and the water
content in sulfate particles is calculated according to the hygroscopic growth relation
(Section 3.2). The vapor pressure of sulfuric acid is calculated from the ambient
temperature. Marti et al. (1997) suggested that the presence of even a few
ammonium ions can effectively stabilize the sulfuric acid clusters and lower the vapor
pressures. In SPRINTARS-bin, we assume the ubiquitous presence of ammonium
ions in the atmosphere and use the relation from Marti et al. (1997) to calculate

vapor pressure.

3.5 Deposition

The overall deposition flux is the sum of mass fluxes due to wet deposition, dry
deposition, and gravitational settling. The differential deposition fluxes of different
size bins are mainly driven by the terminal velocities, which depend on the patrticle
size, temperature as well as air density. The terminal velocities are then used to
calculate the rates of dry deposition, gravitational settling as well as sub-cloud

scavenging processes.

a. Wet deposition

Wet removal of aerosols can be divided into two parts: sub-cloud and in-cloud
scavenging. The re-emission of aerosols from the evaporation of raindrops is also

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

raindrops (A N,,.) is calculated from equation (A5) in Takemura et al., (2000):
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ANG.T = ET[(TT + ra)z(vr - va)NrNa (2)

where E is the collision efficiency between aerosol particles and raindrops. Here r, v,
and N stand for the radii, terminal velocities, and number concentrations,
respectively, while subscripts r and a correspond to raindrops and aerosols. The
raindrop radius is assumed to be 0.5 mm. In principle, the collision efficiency can
also be calculated online, given the aerosol size and raindrop size spectrum.
However, detailed microphysics of clouds and precipitation are not explicitly
represented in this study. Therefore, to a first approximation, the collision efficiency

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

In-cloud scavenging is the removal of aerosols from cloud water by precipitation.
Aerosols can also be re-emitted from the evaporated raindrops. The key quantity to
determine is the amount of aerosols in the precipitation. The ratios of aerosols
dissolved in water are defined as the in-cloud coefficients C;,,. In SPRINTARS-orig,
C;,, for sulfate and sea salt are assumed to be 0.8, OC to be 0.4, dust and BC to be
0.1 (the “SIMPLE” scheme). When aerosol-cloud interactions are concerned, C;, can
also be calculated online using the activation schemes (Abdul-Razzak et al., 1998;
Abdul-Razzak & Ghan, 2000). Regardless of the scheme, a bulk C;, value is

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

(Fig. 1).

On the other hand, in-cloud scavenging in SPRINTARS-bin is size-dependent.
The size distribution is divided into two parts according to the activation diameter d ;.
Only the particles with a diameter larger than d,.; are subject to in-cloud scavenging.
The activation diameter can be inferred from the assumed C;, in the “SIMPLE”

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

Ghan, 2000).

The purpose of this study is to investigate the fundamental behavior of different
size representations. Therefore, the same constant in-cloud coefficients are used for
both SPRINTARS-orig and SPRINTARS-bin models to minimize the possible
feedback due to aerosol-cloud interactions. To diagnose CCN properties of the
simulated size distributions under the meteorological conditions, the values C;,, and
d,.: are calculated from the aerosol size distributions and meteorological conditions
using the “ABDUL02” scheme (discussed in Section 5) but not used in the

simulations.

b. Dry deposition

Both SPRINTARS-orig and SPRINTARS-bin models use the same scheme for
calculating the dry deposition fluxes (Takemura et al., 2000). The overall dry
deposition velocity is dependent on the aerodynamical resistance and quasi-laminar
resistance. The aerodynamical resistance is provided by the host model (NICAM),
whereas the values of quasi-laminar resistance are fixed for sulfate and
carbonaceous aerosols in SPRINTARS-orig. In SPRINTARS-bin, the latter is
calculated online as a function of terminal velocities and friction velocities provided
by NICAM. For gravitational settling, the mass fluxes are proportional to the terminal

velocities.
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3.6 Optical properties

To evaluate the single-wavelength aerosol optical thickness, the optical
parameters, including the mass extinction coefficients and mass absorption
coefficients, are calculated from Mie theory. The refractive indices (Table S3) used
for calculations are set to values used by other SPRINTARS simulations (Takemura
et al., 2003; Goto et al.,, 2011, 2015). In SPRINTARS-orig, the parameters are
averaged over the prescribed size distribution. The same approach is also used to
calculate the optical properties for each size bin of dust and sea salt. In
SPRINTARS-bin, the parameters of each size bin are calculated exactly at the bin
center, assuming all particles in the size bin have the same diameter. As a result, the
aerosol optical properties can be analyzed in relation to the predicted variations in

size distributions (Fig. 2).

4 Results

Here we present results from NICAM-SPRINTARS-orig, NICAM-SPRINTARS-bin,
and NCEP-reanalysis-nudged simulations representative of the year 2006
(emissions and meteorology). We focus on the global distributions of aerosols,
including the mass and number concentrations, as well as optical properties. We
then compare the results with in situ and remote sensing aerosol measurements to

validate the simulation results against observations.

4.1 Spatial distributions of aerosols

a. Mass concentrations

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

type are shown in Fig. 3 for NICAM-SPRINTARS-orig and NICAM-SPRINTARS-bin,
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and the zonally-averaged vertical mass concentrations are shown in Fig. 4. In
general, different representations of aerosol size distributions do not lead to
significant differences in surface mass concentrations. This is not surprising because
the same emission inventories or schemes are used, and the meteorological
variables are nudged. The observed differences may be attributed to the sensitivities

of removal fluxes to the underlying size distributions.

The largest aerosol burden at the surface is contributed by soil dust, with the
highest surface concentrations over the Sahara desert and East Asia (Figs. 3a and
3b). The distributions are similar for both simulations. The emission of dust from
deserts in the northern hemisphere explains the peak observed in the zonal-mean
vertical profiles (Figs. 4a and 4b). The emitted soil dust is lifted to the troposphere,
and the highest concentrations are found above 0.8 km from the surface. Values
higher than 0.5 pg m™® can be found at the upper troposphere (~10 km). A small
peak can also be observed near the 20S due to dust emitted from deserts in
Argentina, South Africa, and Australia. The highest values are found at heights over
0.5 km. The overall patterns of the vertical profiles predicted by the two models are
similar, but NICAM-SPRINTARS-bin predicts a slightly stronger vertical transport

(Fig. 4b).

Sea salt is abundant in the Pacific and Atlantic oceans, but high concentrations
are also found in the Arctic (Figs. 3c and 3d) because of the extremely high wind
speed (> 14 m s™) predicted in the region. The overall patterns of the results are
similar, but NICAM-SPRINTARS-bin produces higher surface concentrations. The
similarities of results from the two models suggest that an increase in the number of

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

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

The highest concentrations of sulfate aerosols are found over China, the Middle
East and, eastern North America (Figs. 3e and 3f) due to anthropogenic emissions.
Although both models show similar peaks in these regions, the two models show
different characteristics of aerosol transport. In NICAM-SPRINTARS-orig, the
extents of poleward transport are similar in the two hemispheres. Concentrations
below 0.05 pg m™ are predicted at latitudes above around 60° (northern hemisphere)
and 45° (southern hemisphere). In contrast, NICAM-SPRINTARS-bin shows a
stronger transport of sulfate mass in the northern hemisphere than in the southern
hemisphere. Concentrations above 0.1 pg m™ are simulated in the Arctic region,
whereas concentrations lower than 0.05 pug m™ are predicted in the sub-tropical
oceans in the southern hemisphere. Different model behaviors are also identified in
vertical profiles of the meridional mean (Figs. 4e and 4f). This can be attributed to
different terminal velocities of particles in different size bins, which are not resolved
in NICAM-SPRINTARS-orig. With the lower terminal velocities and longer lifetimes,
smaller particles can be transported to the upper levels and regions away from

sources.

The surface concentrations of BC and OC are shown in Figs. 3g-j. Both
subtypes of carbonaceous aerosols are abundant in South Africa due to biomass
burning and over Asia due to primary carbon emissions from industrial sources or
isoprene emissions from vegetation. The surface mass concentrations of BC are
also substantial over the United States, whereas the OC concentrations are
relatively high over the northern part of South America. Only small differences are

observed when comparing the results of the two models.
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In contrast to the prescribed size distribution in NICAM-SPRINTARS-orig, the
sizes of sulfate in NICAM-SPRINTARS-bin are determined by aerosol microphysics
(Section 3.4), with additional effects due to transport, chemistry, and removal
processes. All four of these types of processes can cause substantially different size
distributions. For carbonaceous aerosols, the initial size distributions are assumed to
be the same as in NICAM-SPRINTARS-orig, and the size-dependent deposition
processes may not largely alter the size distributions, resulting in overall similar

patterns of surface concentrations and vertical mass profiles.

b. Number concentrations

The number concentration is an important quantity for aerosols. It is often
measured in the field and serves as the primary aerosol metric for the strength of
aerosol-cloud interactions. Figures 5 and 6 show the surface and zonal-mean
vertical profiles of number concentrations of different aerosol types, respectively.
Given similar surface mass concentrations between the two models for all aerosol
types in Fig. 3, the contrasting patterns of surface number concentrations predicted
by the two models are attributed to different underlying size distributions. The
surface number concentrations shown are divided into four size classes according to
the dry diameters: 3-30 nm, 30-50 nm, 50-100 nm, and above 100 nm. The number
concentration in each size class is calculated by considering the bin centers for the
aerosol types represented in size bins. For sulfate and carbonaceous aerosols in
NICAM-SPRINTARS-orig, the number concentrations are calculated from assumed
log-normal number size distributions at fixed dry mode diameters and standard

deviations.
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NICAM-SPRINTARS-orig predicts that most of the aerosol particles have dry
diameters above 50 nm (Figs. 5e and 5g), which can be explained assuming that dry
mode diameters of these aerosols are larger than 100 nm (Table 1). While the total
surface mass burden is mostly contributed by soil dust (Figs. 3a and 3b), the highest
values in number concentrations can be found in regions where sulfate aerosol is
abundant (Fig. 3c). As the mode diameters and thus the size distributions are fixed in
SPRINTARS-orig, the number concentrations are mostly determined by the sulfate

mass concentrations.

In NICAM-SPRINTARS-bin, high values of number concentrations are found
over the regions where fine mode aerosols are abundant. For example, values of
over 1000 cm™ are found over East Asia and South Asia, where industrial emission
of sulfate and carbonaceous aerosols are substantial. The peaks found over central
Africa can be attributed to the OC and BC emitted from biomass burning. High
number concentrations exceeding 5000 cm™ are found over eastern North America
due to the abundance of sulfate aerosol. Over South America, the number
concentrations exhibit a peak in Columbia and Brazil due to the abundance of

organic carbon, particularly BSOA originated from isoprene.

Long-range transport mostly occurs for the finest particles. Particles with
diameters smaller than 30 nm are transported to distant oceans, leading to
concentrations in the range of 100 to 500 cm™ found over most of the oceans. The
number concentrations of particles in these regions are lower for coarser patrticles.
The number concentrations of particles with diameters between 30 to 50 nm over the
southern Pacific Ocean are below 100 cm™ (Figure 5d), and the upper limit further
decreases to 50 cm™ for particles with diameters greater than 50 nm (Figures 5f and

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

lower than 50 cm™ for larger particles (Figure 5h).

The finest particles are also transported to high latitudes. The number
concentrations above 100 cm™ of particle diameter below 30 nm are found over the
Arctic and above 50 cm™ over Antarctica. The values in the Arctic are substantially
higher than those in Antarctica owing to the proximity of the sulfate sources region.
The number concentrations in Antarctica decrease to about 10 cm™ for particles with
diameters between 50 to 100 nm. In contrast, the particle humber concentrations
simulated by NICAM-SPRINTARS-orig in these regions are always below 10 cm™ for

any size categories.

To investigate the zonal-means at different altitudes (Fig. 6), the size class above
100 nm is further divided into three classes: 100-700 nm, 700-1000 nm, and above
1000 nm (1 um). The results of both models show that the number concentrations of
particles with diameters larger than 700 nm are substantially lower than those
between 100 to 700 nm. Consistent with number concentrations, the surface mass
in NICAM-SPRINTARS-orig shows peak values in the 50-100 nm and 100-700 nm
size classes, and the vertical profile patterns in these size classes are similar to that
of sulfate mass concentrations (Fig. 4e). In contrast, NICAM-SPRINTARS-bin
predicts the highest number concentrations in the 3-30 nm size class. High number
concentrations are found over the tropics at above 12 km, with values greater than
500 cm®. The relatively low mass concentrations and high number concentrations
indicate the small particle sizes. This may be attributed to low temperatures in the
upper troposphere that may inhibit coagulation, which is a major sink of fine particles
and a source of larger patrticles. For coarser particles (700-1000 nm and above 1000

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

SPRINTARS-orig.
c. Optical properties

The aerosol optical depths (AOD) and Angstrom Exponent (AE) simulated by the
models are presented in Fig. 7. Similar to the surface mass concentrations (Fig. 3),
the spatial patterns of AOD simulated by both models do not show large differences
as AOD mainly reflects the aerosol burden. The patterns mostly follow the
distributions of soil dust, which contributes to the largest mass burdens among all
aerosol types. However, it can be observed that AODs in the Middle East and
northern China are slightly lower in NICAM-SPRINTARS-bin. These regions are
usually associated with the abundance of sulfate aerosols (sulfate AOD). As shown
in Fig. 4, NICAM-SPRINTARS-bin predicts similar sulfate masses in the whole
column, so the differences in sulfate AOD is not due to lower mass burden. As
SPRINTARS-bin considers the size-dependencies of the optical properties (Fig. 2),
the lower AODs indicate that the simulated size distribution peak at particle sizes
with weaker interactions with radiation. As discussed in Section 5.2, this may be
associated with the internal mixing processes with other aerosol types not simulated

in the current model.

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

AOD 4,

AE = —log (5222) / og®) (3)

where AOD,, is the AOD at the wavelength of 4;. In this study, 4, and 4, are chosen

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

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

this range.

Comparing the AE simulated by the two models, NICAM-SPRINTARS-bin
generally predicts higher values, which are consistent with the smaller particle sizes
as discussed in Section 4.1b. Values above 1.8 are simulated over the northern
parts of Russia and North America and can be explained by the transport of the
finest particles to these regions (Fig. 5b). The distributions of AOD and AE will be
discussed in more detail in Section 4.2d in comparison with observations from

MODIS.

4.2 Comparisons with measurements

a. Comparisons of surface mass concentrations with IMPROVE

We compared the annually-averaged surface mass concentrations (Fig. 3) with
the year 2006 data from the IMPROVE program (United States Interagency
Monitoring of Protected Visual Environment; http://vista.cira.colostate.edu/improve).
All stations are located in North America, and only the masses of fine particles
(diameter < 2.5 um) are considered. Figure 8 shows the scatter plots of the model
results against IMPROVE measurements for four aerosol types: sea salt, sulfate, BC,
and OC. As listed in Table 2, the model-observation correlations for sea salt are 0.68
and 0.70 for NICAM-SPRINTARS-orig and NICAM-SPRINTARS-bin, respectively. At
the same time, the scatter plot (Fig. 8a) suggests that the surface sea salt masses
are overestimated at 165 (NICAM-SPRINTARS-orig) and 169 (NICAM-SPRINTARS-
bin) of the 170 stations, and NICAM-SPRINTARS-bin generally predicts higher
values. This may be attributed to the fact that the emission of sea salt is sensitive to

the wind speed that is not well resolved in the low horizontal resolution used in this
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study. On the other hand, the surface sulfate mass concentrations at the stations
exhibit reasonable correlation coefficients (0.73 and 0.65 for NICAM-SPRINTARS-
orig and NICAM-SPRINTARS-bin) but tend to be underestimated in both models (Fig.
8b). The correlation coefficients for BC (0.45) and OC (0.53) are lower. Both models
underestimate the surface masses, and NICAM-SPRINTARS-bin predicts a smaller
bias than NICAM-SPRINTARS-orig. Overall, both models reproduce the variations in

surface mass concentrations in North America fairly well.

b. Surface number concentrations with GAW

Following the previous model evaluation for global aerosol microphysics models
(Bergman et al., 2012; Mann et al., 2014), we compared the simulated surface
number concentrations with observations at 12 stations of GAW (Global Atmosphere
Watch; https://community.wmo.int/activity-areas/gaw) that have a long measurement
time series from Condensation Nucleus Counter (CNC) deployed at the station (for
at least 15 years). Figure 9 shows the annual averages of the models plotted against
the annual mean of the multi-year measurements with error bars showing the
interannual variability. The total number concentrations from the models are
calculated as the total number of particles above the threshold diameter specified by
the particular CNC used at each station. It should be noted that the logarithmic scale
is used for plotting and computing the statistics as the particle concentrations vary

across several orders of magnitude.

The results indicate that NICAM-SPRINTARS-orig underestimates the total
number concentrations at most of the stations: the values are underestimated by
more than one order of magnitude at half of the stations. This can be attributed to the

limitations of NICAM-SPRINTARS-orig in predicting the number concentration of fine
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particles, which usually dominates the total number concentrations. On the other
hand, NICAM-SPRINTARS-bin tends to predict higher number concentrations of fine
particles relative to coarse particles (Fig. 5). The model can reproduce the observed
values within one order of magnitude at 11 out of the 12 stations. Figure 10
compares the monthly averages of number concentrations observed at GAW
stations and simulated by the models. It is evident that NICAM-SPRINTARS-bin
predicts values closer to observations at most of the stations, with NICAM-
SPRINTARS-orig underestimating the number concentrations by more than an order
of magnitude at several stations (e.g., Barrow, South Pole). The seasonal variations
are also fairly well captured by NICAM-SPRINTARS-bin at some of the stations (e.g.,
Pallas, Neumayer). The size-resolving capacity of NICAM-SPRINTARS-bin thus
greatly improves over the strong underprediction of total number concentrations

predicted by NICAM-SPRINTARS-orig.
c. Size-resolved number concentrations in Europe (EUSAAR)

The EUSAAR (European Supersites for Atmospheric Aerosol Research;
http://www.eusaar.net/) project provides harmonized aerosol measurement data from
European field monitoring stations (Philippin et al., 2009). Asmi et al. (2011)
analyzed the measured size-resolved number concentrations during 2008-09 and
provided a convenient dataset for comparisons with models. In this study, we
compare the model results with the surface number concentrations (Fig. 11) in three
size classes defined by the dry diameter: between 30 and 50 nm (N30-50), larger
than 50 nm (N50), and larger than 100 nm (N100). For the finest particles (N30-50),
NICAM-SPRINTARS-orig  underestimates the  annually-averaged  number
concentrations at all stations: the values of 23 out of the 24 stations are lower than

10 of the observed values. On the other hand, NICAM-SPRINTARS-bin produces
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values closer to those observed, with values at 22 out of 24 stations within one order
of magnitude of the observations (Fig. 11a). For the coarser particles (N50 and
N100), the number concentrations simulated by both models are closer to
observations than N30-50. The number concentrations of N50 predicted by NICAM-
SPRINTARS-orig and NICAM-SPRINTARS-bin are within one order of magnitude of
the observed values at 9 and 19 stations, but most of the values are underestimated.
For N100, both models underestimate the number concentrations at all stations. The
underestimated number concentrations of coarse particles may imply fewer potential
CCN predicted in both models given the relevance of coarse particles to CCN

(Andreae & Rosenfeld, 2008).

d. Optical properties: AOD and AE

To investigate the column-integrated optical properties of aerosols, we compare
the model-simulated AOD and AE with two observational datasets from remote-
sensing measurements: AERONET and MODIS. AERONET (AErosol RObotic
NETwork) routinely provides quality-assured retrievals of AOD and AE from ground-
based sky radiance measurements (Holben et al.,, 1998) and is often used for
validation or calibration of satellite-retrieved aerosol products. We use the Level 2
daily average product to calculate the annual averages for the 144 stations with
more than 100 days of valid data in the year 2006. To evaluate the global distribution
of aerosol properties, we also calculate the annual average at each grid point using
the Collection 6.1 Level 3 monthly products of AOD and AE (Platnick et al., 2015)
measured by MODIS (Moderate Resolution Imaging Spectroradiometer). Wei et al.
(2019) evaluated the performance of MODIS/Terra and MODIS/Aqua Collection 6.1
monthly AOD and found that neither instrument consistently outperforms the other

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

depths values from the two instruments.

The AODs predicted by both models at the AERONET stations are similar at
most of the stations (Fig. 12a). The AODs predicted by NICAM-SPRINTARS-bin at
over 93% of the stations are within 0.5 to 2 times of the values predicted by NICAM-
SPRINTARS-orig. This is consistent with the similar mass concentrations simulated
in the models (Figs. 3 and 4). The different AODs can also be attributed to
differences in underlying size distributions and the ways to calculate extinction
coefficients. The aerosol masses at most of the stations are dominated by soil dust.
It is also treated with the sectional method in SPRINTARS-orig, which explains why
the two models produce similar values of AOD. Both models give high correlations
with the AERONET-observed values and small negative bias, with a higher
correlation simulated by NICAM-SPRINTARS-orig (0.65 vs. 0.64) but smaller bias by

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

On the other hand, the Angstrom Exponent (AE) simulated at the stations exhibit
very different behaviors in the two models. NICAM-SPRINTARS-orig underestimates
the AE at most of the stations, and the correlation coefficient is 0.29. The
underestimation of AE by NICAM-SPRINTARS-orig is also reported in a previous
study (Dai et al., 2014). This suggests that SPRINTARS-orig tends to overestimate
the particle sizes, as the finest particles are removed at the same rate as the larger
ones in the bulk scheme. The correlation coefficient increased to 0.45 by resolving
the size and aerosol microphysics in NICAM-SPRINTARS-bin. The annual averages
of AE still tend to be underestimated but to a smaller extent. Overall, NICAM-

SPRINTARS-bin gives better agreement for this size-relevant metric.

30



708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

The annual means of AOD and AE observed by MODIS are shown in Figs. 7a
and 7d. High AOD (~0.6) are observed over North Africa, accompanied by low AE
(<0.6). This can be explained by the emission of coarse soil dust particles from the
Sahara desert. Similar results in this region are also reproduced by both NICAM-
SPRINTARS-orig and NICAM-SPRINTARS-bin. The soil dust is transported across
the Atlantic Ocean, creating a low AE belt near the equator. Both models predict the
westward transport of soil dust, but the belt is not apparent over the ocean. In
MODIS, the high AOD region extends westward and reaches the Caribbean Sea, but
those simulated by both models are shifted northward. Biomass burning in Central
Africa explains the AOD peak (~0.5) as well as the high AE (>1.5) in the southern
part of Africa, as observed by MODIS. The models also simulate the AOD peak in
central Africa, but AE in the southern part of Africa is lower than the values observed

by MODIS.

The high AOD values over China observed by MODIS are suggested to be
contributed by both soil dust from deserts and anthropogenic emissions from
industrial areas (Luo et al., 2014). The high AE (above 1.2) observed in this region
suggests that it is dominated by fine particles, including sulfate and carbonaceous
aerosols. Both models simulate the AOD peak in China, but the AE is
underestimated, and the values are similar to those over the Sahara Desert. The
model-predicted AOD peaks are dominated by the presence of soil dust, and the
contributions of aerosols from anthropogenic emissions are not well captured by the

models.

In general, both models predict lower AOD in the industrial regions. For example,
AOD and AE peaks are observed over the Middle East, India, and near Brazil by

MODIS, but the models tend to underestimate the peak values, with NICAM-
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SPRINTARS-bin predicting lower values. The AE is also underestimated, but
NICAM-SPRINTARS-bin gives values that are closer to the observations. The
model-observation discrepancy may be explained by the limitations of the coarse
grid resolution in mapping the emission inventories. The underestimation may also
be partly attributed to the missing contribution of nitrate-containing aerosols, as
suggested in previous studies using the SPRINTARS model (Dai et al., 2018; Park et
al., 2018). The aging of BC by the condensation and coagulation by non-BC species
are not simulated in the model, which may also lead to underestimated AOD at

regions away from the BC sources.

The MODIS analysis suggests that the AOD over most of the oceans is lower
than 0.2, but peaks with values up to 0.4 are simulated by the models. This may
indicate that the sea salt burden may be overestimated, as positive bias is found in
the sea salt mass concentrations at the IMPROVE stations. Values higher than 0.4
are observed by MODIS over the East China Sea, Sea of Japan, and the Sea of
Okhotsk. The models also reproduce this high AOD region and suggest that the
major contribution is from soil dust transported from China. The observed AE is
about 0.9-1.2 in these regions, and NICAM-SPRINTARS-bin simulates closer values
to observations compared to NICAM-SPRINTARS-orig. At high-latitude regions,
including Russia and Canada, NICAM-SPRINTARS-bin predicts very high values of
AE (>1.8) due to the long-range transport of fine particles, which is not observed by

MODIS.

5 Discussions

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

agreement with the benchmark in situ and remote sensing aerosol observations that
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have been used to evaluate global aerosol microphysics models (e.g., Mann et al.,
2014). In particular, the comparisons show that NICAM-SPRINTARS-bin improves
the prediction of quantities that are more relevant to aerosol sizes, including the
number concentration and Angstrom Exponent. It implies that the underlying size
distributions are better captured by NICAM-SPRINTARS-bin. The size information
from the size-resolving models may also be useful for other physical processes, such
as the total surface area for chemical reactions in the chemistry module, the size-
dependent optical properties for the radiation scheme, and the number concentration

of CCN for cloud microphysics.

We acknowledge that the use of a size-resolving aerosol model alone is not
sufficient to produce size distributions as observed in the field. The introduction of a
size-resolving scheme in this study should be viewed as a framework that enables
the implementations and testing of different parameters of aerosol properties and
microphysics schemes suggested from observations and experiments. Thus, it is
important to discuss potential factors that may affect the predicted size distributions

and thus should be considered in future studies.

5.1 Choices of model parameters and emission schemes

This study focuses on the sensitivity of SPRINTARS to the size representation
scheme and the introduction of aerosol dynamical processes. For consistency
between the two versions of the model, assumptions in SPRINTARS-orig are also
made in SPRINTARS-bin when possible, but these assumptions may not be
optimized to produce the most realistic aerosol size distributions. For example, the
size ranges of dust and salt are set between 0.2 to 20 um, implying that the finer

particles are not captured, and the long-range transport of these aerosols may be
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underestimated. Also, we followed the same emission schemes for salt and dust as
in SPRINTARS-orig, but there are many other schemes proposed. Grythe et al.
(2014) evaluated 21 different salt source functions and found significant variabilities
in sea salt burdens. They also suggested that the dependency on sea surface
temperature should be considered, which may explain the unexpected peak of sea
salt mass in the Arctic region simulated in both models. For soil dust, several source
functions are also proposed based on measurements as well as experimental

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

5.2 Aerosol mixing state

In both SPRINTARS-orig and SPRINTARS-bin, the major aerosol types are
represented as external mixtures, which involve simulating particles as consisting of
one particular type of aerosol. In the ambient atmosphere, however, aerosols usually
exist as internal mixtures of different chemical compositions, for example, from the
condensation of sulfuric acid and organics. In order to focus on the effect of size
representations, and for a fair comparison with the existing non-microphysical
scheme, we did not introduce new internal mixture components to SPRINTARS-bin
in this study. We note that the skill score compared to the observations is likely

affected by the externally mixed simplification.

In particular, the simulated sulfate aerosol sizes may deviate from the observed
size distributions due to the mixed-type coagulation and other growth processes that
are not implemented in the model. Limited by the external mixture assumption, the
coagulation between particles of different aerosol types is not considered.
Scavenging by larger particles is an important sink of the finest sulfate particles, and

the absence of this effect in these simulations affects the particle number
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concentrations predicted by NICAM-SPRINTARS-bin. Coagulation with larger sulfate
particles is, however, resolved in the simulations here and found to contribute to
more than 50% of the total global sink of sulfate particles with diameters smaller than
10 nm, and more than 30% for those with diameters between 10 and 30 nm. The
coagulation of sulfate with other aerosol types would lead to faster removal of fine
particles and the formation of larger particles of higher extinction efficiencies.
Besides, the growth processes of sulfate involving other chemical components are
not considered in the current model. For example, SOA may condense on the
existing sulfate particles, forming larger particles. These missing processes may
explain the relatively low AOD values found in industrial regions, where both sulfate
and carbonaceous aerosols dominate. The simplified mixing state will likely have led
to an overpredicted atmospheric lifetime of fine sulfate particles, resulting in a high
number concentrations and Angstrom Exponent at locations distant from the sources.
This may explain the overestimated total number concentrations predicted at certain
GAW stations (e.g., Bondville and Pallas, Figure 10), as well as the high Angstrom

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

Another potential source of error from the externally mixed approach is in the BC
mixing state, which is always 100% black carbon (pure soot) in the current model.
Freshly emitted BC particles mostly contain elemental carbon, so they are
hydrophobic. In reality, emitted BC particles are gradually coated with other non-BC
species, including sulfate and SOA, through coagulation and condensation, as well
as photochemical oxidation processes. The internal mixing with non-BC material
increases the absorption efficiencies (lensing effect) as well as the hygroscopicities.
Bond et al. (2006) suggested that the absorption of aged aerosols is 50% higher

than fresh aerosols, although their results also suggested that the estimate of
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absorption enhancement also depends on the assumed mixing rules and geometries.
Since the mixing of BC with sulfate and OC is not considered in the current model,
the absorption enhancement due to BC aging is not captured, and the AOD
contributed by BC is likely to be underestimated when the BC particles are far from
the source regions. Thus, the BC mixing state should be considered a priority to

include in the onward development of SPRINTARS-bin.

5.3 Model resolution

An advantage of the microphysical model being developed in NICAM-
SPRINTARS, is that the model can be seamlessly run for a wide range of different
grid resolutions. However, minimizing model-observation discrepancies is not the
purpose of this study, so we used the relatively coarse grid resolution for climate
simulations and have demonstrated that NICAM-SPRINTARS-bin can still produce
reasonable results over the globe at this resolution. It is expected that the low
resolution of the grid limits the accuracies in reproducing the observations because
the meteorological fields only represent the mean state of regions of hundreds of
square kilometers the local terrains are not well resolved. Consequently, the aerosol
transport may not reflect the actual transport at measurement stations. In addition,
errors are introduced when the emission inventories are mapped on a coarser grid,
including the emission strengths and locations. These effects tend to dilute the
chemistry and aerosol processes, affecting the spatial distributions of aerosols and
also the size distributions of sulfate particles. For example, larger particles are likely

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

In the cloud-resolving experiments of NICAM-SPRINTARS, cloud processes can
be explicitly simulated without the use of cumulus parameterizations. The more
realistic simulation of cloud structure and precipitation without changing the source
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code makes NICAM-SPRINTARS suitable for the investigation of aerosol-cloud
interactions over multiple scales. The influence of aerosol concentrations and size
distributions on cloud systems has been recognized (e.g., Tao et al., 2007; Ekman et
al., 2011). It is also suggested that the size representations affect the accuracy in
modeling aerosol-cloud interactions (Zhang et al., 2002). However, size-resolving
aerosol schemes have been rarely used in cloud-resolving simulations (e.g., Ekman
et al., 2006). It is expected that high-resolution experiments using NICAM-
SPRINTARS-bin introduced here provide new opportunities to understand aerosol-

cloud interactions from a global perspective.

5.4 Aerosol-cloud interactions

To investigate the potential impact on aerosol-cloud interactions by the size-
resolving model, we calculate the activation diameters (minimum diameter of
aerosols to be activated) of different aerosol types using the schemes proposed in
Abdul-Razzak and Ghan (2000, 2002). The scheme has been proposed for the use
of multiple aerosol populations represented by size bins and considers the
supersaturation, updraft velocities, aerosol hygroscopicity as well as the size
distributions of all aerosols simulated in the model. These online-calculated
activation diameters are not used in calculating in-cloud scavenging and cloud
activation processes (Section 3.5a), and thus should be regarded as an initial
investigation of size dependencies and variabilities of the CCN properties in global

model simulations.

As shown in Fig. 13, the activation diameters are highly variable, which is not
likely to be captured by SPRINTARS-orig. At low altitudes, the activation diameters

are mainly within the smallest size bins, and the whole aerosol populations are likely
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to be activated. The activation diameters tend to increase with increasing altitude for
the activation diameters of sulfate and OC, for instance, mostly above 200 nm at 7
km (Figs 13c and 13d). Thus, it is expected that SPRINTARS-bin can better capture
the effect of aerosols on cloud microphysics when used in high-resolution
simulations. It should be noted that the activation diameters calculated here are only
an estimation because the updraft velocities are not well resolved in this low-
resolution experiment. By combining the size distributions and the resolved updraft
velocities provided by the cloud-resolving NICAM model, the number concentrations
of CCN being activated can be better estimated. The more accurate calculation of
CCN activation also affects the size distributions of aerosols due to in-cloud
scavenging and recycling processes (Ekman et al., 2011). Such consideration of
recycling of aerosols from cloud evaporation is possible only when a detailed cloud

microphysics scheme is used.

6 Summary

We implemented a full sectional microphysics scheme (SPRINTARS-bin) into the
aerosol model SPRINTARS and evaluated its predictions within climate-resolution
simulations in the global model NICAM. To investigate the fundamental differences
in the model behaviors, assumptions in the original SPRINTARS model
(SPRINTARS-orig) are followed when possible. As the same emission inventories or
emission schemes are used, and the wind fields are nudged to a meteorological re-
analysis, the overall aerosol burden does not differ substantially between the two
models, resulting in similar distributions of surface mass concentrations and aerosol

optical depth.

38



903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

In SPRINTARS-orig, size distributions of soil dust and sea salt are represented
by 10 and 4 size bins, respectively, whereas 20 bins are used to resolve the size
distribution of each aerosol component in SPRINTARS-bin. Therefore, different
behaviors between the two models are principally attributed to the size distribution
resolution of these two types of coarse particles. For carbonaceous aerosols, the
initial size distribution in SPRINTARS-bin is assumed to be the same as the
prescribed log-normal distribution in SPRINTARS-orig, so that the differences are
mostly due to size-dependencies of the deposition processes. The overall picture for
these three aerosol types is not greatly changed, although NICAM-SPRINTARS-bin
predicts vertical transport to slightly higher levels. In the microphysical approach of
SPRINTARS-bin, the size distribution of sulfate is entirely determined from aerosol
microphysical processes (e.g., nucleation, coagulation, and condensation). As a
result, the two models demonstrate different sulfate transport within NICAM due to
the different size representations of sulfate particles. Particularly, NICAM-
SPRINTARS-bin simulated a stronger transport of finest particles to regions remote

from sources of pollution.

The largest differences between the two models are seen in the more size-
relevant quantities: number concentrations and Angstrom Exponent (AE). The
number concentrations are highly sensitive to the presence of ultra-fine aerosol
particles. As NICAM-SPRINTARS-orig does not resolve the size distributions of
sulfate and carbonaceous aerosols, the number concentrations at GAW and
EUSAAR stations are strongly underestimated. By contrast, NICAM-SPRINTARS-bin
resolves new particle formation and coagulation and predicts much higher number
concentrations as the finest particles are resolved. These fine particles are

transported to the Arctic and Antarctica. Comparison with observations demonstrates
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that NICAM-SPRINTARS-bin improves the estimation of total number concentrations
at GAW stations, number concentrations of fine particles at EUSAAR stations, as
well as the AE values closer to the observations in AERONET. However, the
performance in predicting the number concentrations of coarse particles, which have

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

Although the simulations are run at a climate-scale resolution and with model
parameters that have not yet been optimized, the results are generally in good
agreement with different observations. The model-observation differences highlight
the need for sensitivity experiments to test different schemes and parameter settings
within uncertainties to seek more realistic simulations of aerosol size distributions.
The evaluation suggests that internally-mixed aerosol components and BC aging
should also be included. SPRINTARS-bin provides a framework to incorporate
improved size-dependent representations of aerosol processes, including more
sophisticated emission mechanisms and source functions, cloud activation schemes,
and aerosol nucleation schemes. The size information is also expected to improve
our knowledge in understanding and quantifying the interactions of aerosols with

radiation and clouds.

Supplement

Supplementary Table S1 shows the computation time ratios and total AOD root-
mean-square deviation for a set of 1-week long simulations using NICAM-
SPRINTARS-orig and NICAM-SPRINTARS-bin with different numbers of bins.
Supplementary Tables S2 and S3 shows the growth factor parameters and refractive

indices used in the simulations, respectively.
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Fig. 8 Scatter plots of the annual averages of surface mass concentrations of (a)

sea salt, (b) sulfate, (c) elemental carbon (black carbon), and (d) OC at the

IMPROVE stations. Simulations results by NICAM-SPRINTARS-orig and NICAM-

SPRINTARS-bin are represented by red and green dots, respectively. Only fine

particles (diameter < 2.5 um) are considered.
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1377  Fig. 9 Scatter plot of the annual averages of the total number concentrations at
1378  GAW stations. The dotted lines indicate the range of model-observation values

1379  within one order of magnitude.
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Fig. 11 Scatter plots of the annual averages of number concentrations of particles
with dry diameters (a) between 30 and 50 nm (N30-50), (b) larger than 50 nm (N50)
and (c) larger than 100 nm (N100), against the measured values at EUSAAR

stations during 2008-20009.
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Fig. 12 Scatter plots of annual averages of AOD (550 nm for model results; 500 nm
for AERONET) and Angstrom Exponent (440 nm and 870 nm) predicted by both
models against the observed values at AERONET stations. Red and green markers
represent the values by NICAM-SPRINTARS-orig and NICAM-SPRINTARS-bin,

respectively.
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Fig. 13 Histogram of the activation diameters of different aerosol types at certain
heights, calculated using a combined scheme of Abdul-Razzak & Ghan, 2000 &
2002. A total of 23,652,000 valid points are considered in each histogram, covering
the daily 1°x1° output. The results of black carbon are not presented due to the large

uncertainties in hygroscopicity.
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Table 1 Size representations in SPRINTARS-orig and SPRINTARS-bin. The modal
diameters refer to the dry mode diameters of the assumed number distributions. Modal

diameters and size ranges are expressed in pm.

SPRINTARS-orig SPRINTARS-bin
Modal Modal width Range Bin number Range Bin
diameter number

Sea - - 0.2-20 4 0.2-20 20
salt
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 - -
BC 0.1076 1.53 - - 0.08-5.0 20
BSOA 0.16 1.8 - -
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1426  Table 2  Correlation and bias (averaged relative error) of the model estimates against
1427  ground-based measurements. IMPROVE: Surface mass concentrations; GAW: Total
1428 number concentrations; EUSAAR: Number concentrations (num. conc.) in size classes;
1429 AERONET: AOD and Angstrom Exponent. The correlation and bias of number

1430  concentrations are calculated in logarithmic scale.

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
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