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A B S T R A C T

We assessed the impact of the microphysical parameterization of natural and anthropogenic
aerosols on simulated short-wave radiative effects due to Aerosol-Radiation Interaction (ARI).
Layer radiative properties (optical depth, single scattering albedo and asymmetry factor) of dry
mineral dust, organic carbon and a black carbon-sulfate mixture have been calculated with a T-
matrix code in the short-wave spectral region, after perturbing relevant particle microphysical
properties (size distribution, refractive index, mixing state). For each aerosol species, an idealized
atmospheric layer and three events of increasing intensity have been set. Then, short-wave direct
radiative effects (clear-sky) have been simulated at the top-of-atmosphere (TOA) and at surface
(SFC) using the radiative transfer model RRTMG_SW (widely used in atmospheric models), se-
parately for each aerosol species. We observed considerably variable impacts of the particle
microphysical perturbations on the layer radiative properties for mineral dust and organic
carbon, mainly due to the different sizes of the two species. For the black carbon-sulfate mixture,
the single scattering albedo has been found to be much lower in the internal mixing case.
Regarding the direct radiative effects, we observed perturbation-induced variability ranges
(evaluated against the base net fluxes in absence of aerosols) always within the perturbation
range set for the particle microphysical properties ±( 20% → 40%). This work, therefore, quanti-
tatively demonstrates that small uncertainties on the aerosol microphysical parameterization
propagate on the simulated direct radiative effects mainly with a loss of strength. Considerable
perturbation-induced absolute variations of the direct radiative effects have been found (above
all for large aerosol amounts), which could significantly affect the model assessments of the ARI
radiative effects and therefore meteorological forecasts and climate predictions.

1. Introduction

Atmospheric aerosols can redistribute the radiative energy in the atmosphere through scattering and absorption of electro-
magnetic radiation (Boucher et al., 2013). The Aerosol-Radiation Interaction (ARI), as one of the several climate forcing agents, still
contributes to dominate the significant uncertainty affecting the anthropogenic contribution to the climate change (Myhre et al.,
2013b), even if its parameterization in atmospheric models has strongly improved in the last two decades (Myhre et al., 2013a). Also
the role of the natural aerosols in affecting the Earth's radiative balance through ARI is poorly constrained (Rap et al., 2013). The ARI
features are mainly defined by the characterization of the aerosol optical properties. Yu et al. (2006) reviewed several measurement-
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based assessments of ARI radiative effects (from ground-based networks, satellite remote sensing and intensive field experiments),
supported by chemical transport model simulations. They pointed out that still large uncertainties in the estimates of the ARI
radiative effects exist and deduced that errors in the estimation of the aerosol optical properties can have a tremendous impact on the
assessments of the ARI radiative effects.

The aerosol optical properties for model simulations are calculated with optical codes starting from particle microphysical
properties, such as size distribution, refractive index, mixing state, mass density, shape and hygroscopicity. Hence, different particle
microphysical assumptions can affect the calculation of the optical properties and therefore the model assessments of the ARI ra-
diative effects. In the last two decades, many sensitivity studies of simulated radiative fluxes to aerosol microphysical and optical
properties have been done. However, in most works the analysis has been mainly carried out on single aerosol species, either mineral
dust (Liao & Seinfeld, 1998; Tegen & Lacis, 1996), carbonaceous aerosols (Bauer, Menon, Koch, Bond, & Tsigaridis, 2010), sulfate
(Nemesure, Wagener, & Schwartz, 1995) or black carbon-sulfate mixture (Lesins, Chylek, & Lohmann, 2002). Moreover, different
microphysical parameters with very different experiment setups (perturbations considered, simulation configurations, analysis
methods, etc.) have been investigated. Hence, even if all these works agree that the microphysical assumptions can have relevant
impacts on the ARI radiative effect simulations, it appears to be difficult to find results relative to different properties or species that
are directly comparable.

In this paper we present a systematic and detailed study on the propagation of particle microphysical perturbations, applied to
several microphysical parameters of natural and anthropogenic aerosol species, on the optical and radiative simulations usually
required by the ARI implementation in weather and climate models. Our analysis, therefore, has been carried out at two levels: (i)
impact of the particle microphysical perturbations on layer radiative properties and (ii) consequent impact on short-wave direct
radiative effects, at the top-of-atmosphere (TOA) and at surface (SFC). Since our work mainly aimed to provide results suitable for
atmospheric model simulations, we used aerosol databases and numerical tools widely used in the weather and climate modeling
community. Four important global aerosol species that are usually considered in aerosol models have been separately investigated:
mineral dust and organic carbon, in order to study particles with different sizes (producing results suitable in a certain degree for
other species with similar sizes), and black carbon and sulfate, in order to include in the analysis the particle mixing state. All the
particles have been considered spherical, homogeneous and in dry conditions. Local perturbations have been applied to the size
distribution and refractive index parameters for mineral dust and organic carbon. The perturbation range ±( 20%) has been set to
represent, in a first approximation, uncertainties affecting the aerosol microphysical parameters. Our main objective, however, was
not to accurately represent realistic experimental uncertainties but to consider a homogeneous (and reasonable) perturbation range
for all the species and microphysical properties. On the other hand, for the black carbon-sulfate mixture two different mixing states
(internal and external) have been considered. Starting from these perturbed microphysical assumptions, layer optical depth, single
scattering albedo and asymmetry factor have been calculated for all the species and their perturbation-induced relative spreads
evaluated in all the short-wave region.

Following Liao and Seinfeld (1998), we then performed one-column radiative transfer simulations with and without activating
idealized aerosol layers (short-wave and clear-sky conditions) in order to separately calculate direct radiative effects (at the TOA and
at SFC) under perturbations of different properties and aerosol species. Again, we did not aim to simulate realistic direct radiative
effects (for which mass transport simulations with integrated meteorology-chemistry models are needed) but to focus the analysis on
the radiative sensitivity to the particle microphysical perturbations. Three increasing values of mass concentration for each species
have been set in the homogeneous layers in order to simulate aerosol events of increasing intensity. In order to provide results
suitable for general atmospheric scenarios (for example different meteorological and geographical assumptions), the perturbation-
induced variability ranges of the direct radiative effects have been evaluated against the base net fluxes in absence of aerosols.

This work represents the second part of the paper Obiso, Pandolfi, Ealo, and Jorba (2017), in which we analyzed the sensitivity of
mass scattering cross sections of three important aerosol species (mineral dust, organic carbon and sulfate) to perturbed micro-
physical properties (size distribution, refractive index, mass density and shape) and derived constraints on these microphysical
properties from a comparison between simulated and observed aerosol scattering properties. This paper is organized as follows: in
Section 2, a detailed description of the numerical tools used is given; in Section 3, the setup details for all the simulations are
explained; in Sections 4 and 5, the results of the experiment are presented (separately for each aerosol species) and discussed,
respectively; in Section 6, the conclusions about the work are presented.

2. Methodology

The study presented in this paper required the use of an optical code and a radiative transfer model suitable for applications in
weather and climate models. An optical code is able to calculate scattering and absorption of radiation either by a mono-disperse
(only one size) or poly-disperse particles (different distributed sizes), starting from their microphysical properties. A radiative transfer
model performs computations of radiative fluxes given an atmospheric structure, gas and aerosol profiles and optical properties. In
this section we briefly describe the numerical tools used in this work.

2.1. T-matrix code

The T-matrix method is a powerful exact technique for computing light scattering by non-spherical particles
(Mishchenko & Travis, 1998). The incident and the scattered electromagnetic fields are expanded in series of vector spherical wave
functions, with the relation between the expansion coefficients established through the T-matrix (Mishchenko, Videen, Babenko,
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Khlebtsov, &Wriedt, 2004). The T-Matrix is determined only by the particle microphysical properties (size parameter, aspect ratio,
refractive index) and for a given incident field it allows calculating the scattered field, the scattering matrix and the optical cross
sections (Mishchenko & Travis, 1998).

For our experiment the T-matrix code by Mishchenko, Travis, and Lacis (2002) has been used. It allows calculating integrated
optical properties of poly-disperse, randomly oriented, rotationally symmetric, homogeneous particles. In particular, spectral ex-
tinction efficiency Q( )λ

ext , single scattering albedo ω( )λ and asymmetry factor g( )λ (optical properties of interest for the radiative flux
simulations) are calculated as follows (Mishchenko, Travis, & Lacis, 2002):
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where Q r( )λ
ext , ω r( )λ and g r( )λ are the optical properties of a single particle of radius r and f r( ) is the normalized particle number size

distribution (log-normal in our case). The single-particle single scattering albedo is defined as the ratio of scattering Q( )λ
sca to ex-

tinction efficiency:
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and represents a measure of the fractional amount of scattered energy with respect to the total extinct energy (always ≤ω 1)λ . The
single-particle asymmetry factor is defined as the first moment of the scattering phase function P( )λ :

∫=g r
π

P Θ cosΘdΩ( ) 1
4

( ) ,λ π λ4 (3)

where Θ is the scattering angle. It gives a measure of the scattered energy in the forward direction with respect to the total scattered
energy < ≤g(0 1 for scattering mainly in the forward direction and =g 0 for isotropic scattering) (Mishchenko, Travis, & Lacis,
2002).

For “standard” particle microphysical parameters (not too extreme sizes or aspect ratios), the T-matrix code is able to produce
very accurate results (five and more exact decimal places). Moreover, it has an automatic built-in convergence test which provides a
very good estimate of the absolute accuracy of the computations (Mishchenko & Travis, 1998).

2.2. RRTMG_SW model

The RRTMG_SW (Iacono et al., 2008) is a 1-D rapid and accurate radiative transfer model suitable for global circulation models
and mesoscale/regional models (Iacono, 2011). It is based on the RRTM_SW (Clough et al., 2005), an adaptation to short-wave of the
RRTM (Rapid Radiative Transfer Model) by Mlawer, Taubman, Brown, Iacono, and Clough (1997). The RRTM utilizes the k-corre-
lated method (Fu & Liou, 1992), an approximation technique to perform accelerated calculation of radiative fluxes with an extreme
reduction of the number of operations. Given a homogeneous layer and a spectral band (conveniently defined to take into account the
most important spectrally active gaseous species), the radiative transfer operations are carried out using a small set of absorption
coefficients (taken from the LBLRTM model (Clough & Iacono, 1995; Clough, Iacono, &Moncet, 1992)) representative of all the band.
This is possible thanks to a mapping of the absorption coefficients from the wavenumber space onto a cumulative probability space,
defined by the variable g (fraction of absorption coefficients smaller than a certain value). In this new space the absorption coeffi-
cients have a regular increasing trend and so a mean value can be specified for each segment (g-point) of this smoothly varying
function (Mlawer, Taubman, Brown, Iacono, & Clough, 1997). Respect to the RRTM_SW, the RRTMG_SW includes some new features
in order to work as a callable routine of weather and climate models, such as a reduced number of g-points, a Montecarlo method
(McICA (Barker, Pincus, &Morcrette, 2003)) to represent sub-grid cloud variability, new aerosol input flags and a new faster two-
stream algorithm for multiple scattering radiative transfer (Oreopoulos & Barker, 1999). Many two-stream methods are available in
literature, derived with slight different approximations (Meador &Weaver, 1980), but all are based on reducing the general radiative
transfer equations for the spectral radiance to the following couple of differential equations for spectral diffuse upward ↑F( )dif λ, and
downward ↓F( )dif λ, fluxes (replacing the solar source term with a thermal emission term would give the equations for long-wave)
(Jacobson, 2005):
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in which = −F τ F τ μ( ) exp( / )dir λ s λ s, , is the direct flux, that is what remains of the solar flux at the TOA F( )s λ, after the atmospheric
extinction, with μs being the cosine of the solar zenith angle SZA( ), and the γi are in general functions of single scattering albedo,
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asymmetry factor and SZA, determined by the particular two-stream approximation used (Meador &Weaver, 1980). In particular, γ1
takes into account layer extinction and forward scattering of the diffuse fluxes (so includes a loss and a gain term), γ2 the backward
scattering of the diffuse fluxes (gain term) and γ3 the backward scattering of the direct flux (gain term), being − γ(1 )3 the forward
scattering term.

For our experiment we used the RRTMG_SW in the stand-alone version. The model divides the short-wave region
< <λ(0, 200 12, 195 mμ ) in fourteen spectral bands, reported in Table 1, and allows considering the presence of aerosol layers in

atmosphere by requiring as inputs layer optical depth, single scattering albedo and asymmetry factor for each of these spectral bands.
The RRTMG_SW has been designed to be run in atmospheric model simulations and so to perform rapid calculations in order to save
computation time. Obviously, these characteristics (and all the underlying approximations) cause the calculation precision to be
slightly lower than that of more complex line-by-line or 3-D radiative transfer models available in literature. However, the
RRTMG_SW has an accuracy of ∼ 0, 3% (clear-sky) compared to the RRTM_SW, the RRTM_SW of ∼ 0, 3% (clear-sky) compared to the
LBLRTM (direct plus diffuse fluxes) and the LBLRTM of ∼ 0, 5% compared to observations (Iacono et al., 2008). Hence, the
RRTMG_SW retains a good total accuracy of ∼ 1% with respect to observations. Moreover, the RRTMG_SW is used in many important
models (a list of global and regional model applications is reported in Iacono (2011)) and therefore it has been considered an
appropriate tool for our sensitivity study.

3. Experiment setup

This section presents the experiment setup in three parts: (i) definition of aerosol reference and perturbed microphysical prop-
erties, (ii) calculation of aerosol optical and layer radiative properties, (iii) simulation of direct radiative effects at the TOA and at
SFC.

3.1. Reference aerosol species and microphysical perturbations

Four important global aerosol species have been studied in this work: mineral dust, organic carbon, black carbon and sulfate. The
following particle microphysical properties have been considered to characterize the reference aerosol species: size distribution
(geometric radius r [μm]g and standard deviation σg [unitless]), refractive index (real nr and imaginary ni parts [unitless]) and mass
density ρ kg m( [ / ])3 . All the aerosol species have always been considered spherical, homogeneous and in dry conditions (no relative
humidity effects on the particle optical properties have been analyzed). We defined the reference microphysical properties following
the aerosol parameterization used in the NMMB-MONARCH model (formerly known as NMMB/BSC-CTM) (Badia et al., 2017; Di
Tomaso, Schutgens, Jorba, & Pérez García-Pando, 2017; Jorba et al., 2012; Pérez et al., 2011; Spada, Jorba, Pérez García-Pando,
Janjic, & Baldasano, 2013), which in turn is based on the OPAC database (Hess, Köpke, & Schult, 1998) but with some modifications.
Mineral dust has been associated with the mineral (accumulation mode) OPAC component (MIAM), except for geometric radius,
taken from Shettle (1984), and mass density, taken from Nickovic, Kallos, Papadopoulos, and Kakaliagou (2001) (the NMMB-
MONARCH model considers different values of dust mass density for sub-micron and super-micron bins; so for our bulk mineral dust
we derived a weighted mean of the original values). The dust imaginary refractive index values used (taken from OPAC) are com-
patible in the visible range with the mean of the experimental estimates reported in Sokolik, Andronova, and Johnson (1993).
Organic carbon has been associated with the water-soluble OPAC component (WASO), except for standard deviation, taken from Chin
et al. (2002), and imaginary refractive index. Organic carbon is a complex species, since the definition includes organic particles with
very different absorbing capabilities (biogenic and anthropogenic organic matter, brown carbon from biomass burnings, etc.). Hence,
we modified the OPAC imaginary refractive index values in the visible range in order to make them more compatible with the mean
of the experimental estimates reported in Liu et al. (2015). Finally, black carbon has been associated with the soot OPAC component
(SOOT) and sulfate with the sulfate-droplets OPAC component (SUSO).

Table 1
Wavelength intervals λ(Δ ) of the RRTMG_SW spectral bands.

Band Number (b) λΔ m(μ )

1 −0, 200 0, 263
2 −0, 263 0, 345
3 −0, 345 0, 442
4 −0, 442 0, 625
5 −0, 625 0, 778
6 −0, 778 1, 242
7 −1, 242 1, 299
8 −1, 299 1, 626
9 −1, 626 1, 942
10 −1, 942 2, 151
11 −2, 151 2, 500
12 −2, 500 3, 077
13 −3, 077 3, 846
14 −3, 846 12, 195
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In order to generate variability in the aerosol microphysical parameterization for the sensitivity study, we perturbed all the
reference parameters of the relevant microphysical properties (always in this work marked with ‘*’). For mineral dust and organic
carbon we multiplied the reference parameters of size distribution (r*g and σ*g separately) and refractive index (n *r and n *i separately)
for perturbation factors: m (i.e. minus), r (i.e. reference) and p (i.e. plus). The values = = =m r p( 0, 8; 1, 0; 1, 2) have been selected
for all the parameters. It is important to note that the two microphysical properties have been perturbed separately, so when the size
distribution was perturbed the reference refractive index values were used and vice versa. Also, for each microphysical property the
two parameters have been perturbed independently but allowing the composite perturbations (in order to expand the perturbation
space, as suggested by Zhao et al. (2013)). So nine perturbation cases for each property have been derived. Mass density and shape
have not been directly perturbed in this work because in Obiso, Pandolfi, Ealo, and Jorba (2017) they have been found in most cases
to be less important than size distribution and refractive index in affecting the aerosol scattering properties. On the other hand, black
carbon and sulfate have been considered as a mixture in two different mixing states: external em( ) and internal im( ). For the em case,
the single species reference microphysical properties have been used to separately calculate the spectral optical properties of black
carbon and sulfate. These properties have been then coupled a posteriori to derive the layer radiative properties of the externally
mixed species, as explained in Section 3.2. For the im case, we supposed at first that all the sulfate mass condenses on the black carbon
particles with a constant volume ratio (R) (in the following equations bc and su indicate black carbon and sulfate, respectively):

=
+

R V
V

.bc

bc su (5)

Then, we imposed the conservation of the sulfate mass concentration:

∫ − =+V V ρ N f r dr M( ) ( ) ,bc su bc su bc bc su (6)

where, in addition to the known symbols, N is the number concentration and M the mass concentration of the particles. Finally, from
Eqs. (5) and (6), we derived the following formula for R:

=
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R
ρ M

ρ M ρ M
.su bc

su bc bc su (7)

The value =R 0, 357 has been calculated after setting the mass concentrations for black carbon and sulfate (see Section 3.2). Once
derived the volume ratio, the microphysical properties of the internally mixed species have been calculated as follows:
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Hence, the internally mixed particles have been modeled as homogeneous particles with mean refractive index and mass density (so
well-mixed particles). The size distribution has been derived by shifting that of black carbon according to the fixed volume ratio, in
order to take into account the size increase due to the internal mixing with sulfate. Moreover, with this procedure the total mass
concentration of the two species results conserved while the number concentration of the internally mixed species equals that of black
carbon.

In Table 2 reference and perturbed size distribution and refractive index values (also due to the different mixing states) for all the
species considered are reported. The perturbation cases for mineral dust and organic carbon are named starting from the perturbation
factors m, r and p defined above: the first factor refers to rg and nr while the second one to σg and ni, for size distribution and refractive
index, respectively. The rr cases (i.e. the reference cases) for the two properties are the same case, which we named ref in order to
avoid confusion. Regarding the black carbon-sulfate mixture, the external mixing case em( ) has been considered as the reference case
in the sensitivity analysis while the internal mixing case im( ) as the perturbation case. A log-normal size distribution, over a size range
PM10 (starting from m0, 001μ ), has been considered for all the species. For each couple of size distribution parameters, the corre-
sponding effective radius r( )eff is also reported (for poly-disperse particles reff can be considered as the representative size of the
ensemble (Hansen & Travis, 1974)), which is defined as the projected-area-weighted mean radius (Mishchenko, Travis, & Lacis, 2002)
and can be easily calculated as follows (Lesins, Chylek, & Lohmann, 2002):

= ⎛
⎝

⎞
⎠

r r σexp 5
2

ln .eff g g
2

(9)

As already mentioned, the mass density has not been directly perturbed in this work but it affects the aerodynamic diameter involved
in the definition of the PM10 size range (DeCarlo, Slowik, Worsnop, Davidovits, & Jimenez, 2004).

3.2. Aerosol optical and layer radiative properties

Spectral extinction efficiency, single scattering albedo and asymmetry factor of mineral dust, organic carbon (for all the per-
turbation cases), black carbon, sulfate and the internally mixed species have been calculated with the T-matrix code (Eqs. (1)),
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providing as inputs all the microphysical properties defined in Section 3.1. The calculations have been performed at all the wave-
lengths of the OPAC spectrum (at which the refractive indices were available) covering the spectral bands of the RRTMG_SW.
Following Liao and Seinfeld (1998), we then derived the band optical properties by averaging the spectral optical properties within
the RRTMG_SW spectral bands using the solar flux S( )λ as weight function at each wavelength:

=
∑

∑

=
∑

∑

=
∑
∑

Q
Q S

S

ω
ω S

S
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g S

S
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,

,
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λ λ λ

λ λ
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λ λ λ

λ λ (10)

in which the sums are defined over all the wavelengths falling within each RRTMG_SW spectral band (indexed by b).
Once the band optical properties have been calculated, we derived the correspondent layer radiative properties to be given as

inputs to the RRTMG_SW, namely layer optical depth τ( )b , single scattering albedo and asymmetry factor, for all the species. For single

Table 2
Reference and perturbed microphysical properties for mineral dust, organic carbon and the black carbon-sulfate mixture: geometric radius r( )g and
standard deviation σ( )g , real n( )r and imaginary n( )i refractive indices. For simplicity, only the refractive index values at =λ 0, 550 μm have been reported.
The reference mass densities ρ( ) used for the species considered are (in kg m/ )3 : 2, 506·103 (mineral dust), 1, 800·103 (organic carbon), 1, 000·103 (black carbon)
and 1, 700·103 (sulfate). For the internally mixed species a value of 1, 450·103 has been derived from the last of Eqs. (8). The perturbation case acronyms have
been defined in Section 3.1.

Size Distribution Refractive Index

Perturbation Cases Parameters Mineral Dust Organic Carbon Parameters Mineral Dust Organic Carbon

ref r*g m(μ ) −2, 986·10 1 −2, 120·10 2

σ*g 2, 000 2, 200 n *r 1, 530 1, 530

r*eff m(μ ) −9, 205·10 1 −1, 003·10 1 n *i −5, 500·10 3 −6, 000·10 3

mm rg m(μ ) −2, 389·10 1 −1, 696·10 2

σg 1, 600 1, 760 nr 1, 224 1, 224
reff m(μ ) −4, 150·10 1 −3, 771·10 2 ni −4, 400·10 3 −4, 800·10 3

mr rg m(μ ) −2, 389·10 1 −1, 696·10 2

σg 2, 000 2, 200 nr 1, 224 1, 224
reff m(μ ) −7, 617·10 1 −8, 024·10 2 ni −5, 500·10 3 −6, 000·10 3

mp rg m(μ ) −2, 389·10 1 −1, 696·10 2

σg 2, 400 2, 640 nr 1, 224 1, 224
reff m(μ ) 1, 150 −1, 782·10 1 ni −6, 600·10 3 −7, 200·10 3

rm rg m(μ ) −2, 986·10 1 −2, 120·10 2

σg 1, 600 1, 760 nr 1, 530 1, 530
reff m(μ ) −5, 187·10 1 −4, 713·10 2 ni −4, 400·10 3 −4, 800·10 3

rp rg m(μ ) −2, 986·10 1 −2, 120·10 2

σg 2, 400 2, 640 nr 1, 530 1, 530
reff m(μ ) 1, 293 −2, 219·10 1 ni −6, 600·10 3 −7, 200·10 3

pm rg m(μ ) −3, 583·10 1 −2, 544·10 2

σg 1, 600 1, 760 nr 1, 836 1, 836
reff m(μ ) −6, 221·10 1 −5, 656·10 2 ni −4, 400·10 3 −4, 800·10 3

pr rg m(μ ) −3, 583·10 1 −2, 544·10 2

σg 2, 000 2, 200 nr 1, 836 1, 836
reff m(μ ) 1, 061 −1, 204·10 1 ni −5, 500·10 3 −6, 000·10 3

pp rg m(μ ) −3, 583·10 1 −2, 544·10 2

σg 2, 400 2, 640 nr 1, 836 1, 836
reff m(μ ) 1, 406 −2, 650·10 1 ni −6, 600·10 3 −7, 200·10 3

Mixing state cases Parameters Black Carbon Sulfate Parameters Black Carbon Sulfate

em r*g m(μ ) −1, 180·10 2 −6, 950·10 2

σ*g 2, 000 2, 030 n *r 1, 750 1, 430

r*eff m(μ ) −3, 922·10 2 −2, 433·10 1 n *i −4, 400·10 1 −1, 000·10 8

im rg m(μ ) −1, 664·10 2

σg 2, 000 nr 1, 544
reff m(μ ) −5, 530·10 2 ni −1, 570·10 1
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and internally mixed species, layer single scattering albedo and asymmetry factor (intensive properties) coincide with the corre-
spondent band optical properties above defined while the layer optical depth has been calculated with the following formula
(Tegen & Lacis, 1996):

=τ
Q
ρr

M Z
3
4

Δ ,b
b
ext

eff (11)

in which, in addition to the already presented symbols, >ZΔ 0 is the atmospheric layer thickness. The layer radiative properties of
the externally mixed species have been calculated starting from that of black carbon and sulfate (using the same weighted means of
Eqs. (1)), as follows:

= +
= +
= +

τ τ τ
ω τ ω τ ω τ

g ω τ g ω τ g ω τ
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, , , , , , (12)

Eq. (11) for layer optical depth obviously requires assumptions on layer thickness and mass concentration. Following Liao and
Seinfeld (1998), we supposed the aerosols located in two idealized homogeneous layers, with different heights and thicknesses, one
for mineral dust and one for the anthropogenic species. This configuration with idealized layers has been tested against a more
complex and realistic configuration with aerosol profiles covering several layers: in the context of our analysis the two configurations
have been found to give substantially the same results and so the more simple configuration with idealized layers has been preferred.
Within the layers, we then set three increasing mass concentrations for each species, aiming to simulate aerosol events of increasing
intensity: weak, strong and extreme. In literature there is no well defined methodology to identify the strength of aerosol events but
many researchers have used the aerosol optical depth (good measure of the aerosol load in the entire atmospheric column) for this
purpose (Gkikas, Hatzianastassiou, &Mihalopoulos, 2009). Following this approach, mass concentrations able to produce opportune
layer optical depths defining the three aerosol events have been set. Only optical depths relative to the 4th spectral band

−(0, 442 0, 625 μm) have been used to define the events because this band includes the central wavelength of the visible range
(0, 550 μm), usually considered for aerosol optical depth model estimate comparisons (Kinne et al., 2006). However, the spectral
variability of the optical depth, not used for the event definition, has been considered in the optical analysis. The extreme event values
have been selected in order to simulate very intense outbreaks registered over the Mediterranean basin for mineral dust =τ( 3, 0)4

(Cachorro et al., 2008; Pérez, Nickovic, Pejanovic, Baldasano, & Özsoy, 2006), and heavily polluted urban areas (as for example
Chinese mega cities) for the anthropogenic aerosols =τ( 1, 0)4 (Chan & Yao, 2008; Xia et al., 2006). The strong event values, simply
defined as half of the extreme values, have been selected to simulate important dust outbreaks in the Mediterranean and moderately
polluted urban areas, respectively. Finally, the weak event values aimed to approximately simulate events of ordinary intensity, as for
example could be produced by the climatological aerosol background far from sources =τ( 0, 14 for all the species). In Table 3 layer
thicknesses, mass concentrations and corresponding layer optical depths defining the three events for all the species considered are
reported. It is important to note that for mineral dust and organic carbon this event definition refers to the reference species. In the
perturbed simulations the mass concentrations are conserved while the layer optical depths change according to the variability of
optical and microphysical properties. Moreover, in the case of the black carbon-sulfate mixture, the three events have been defined
separately for black carbon and sulfate: the conserved mass concentration of the mixture, for both external and internal mixing cases,
is simply given by the sum of the two single species mass concentrations while the layer optical depth changes depending on the
mixing state.

For all the species, we evaluated the particle microphysical perturbation impact on the layer radiative properties (generically
indicated with x) through the relative spreads Δ( ), that is to say the ratios of the perturbation-induced spreads of the mean layer
radiative properties (maximum < >+x minus minimum < >−x ) to the mean reference properties (marked with ‘*’):

= < > − < >+ −
Δ x x

x*
.x (13)

All the means have been calculated over the RRTMG_SW spectral bands using the band solar flux as weight function. Note that the
bands ≤ ≤b3 6 (approximately visible-NIR bands, see Table 1) contain more than 75% of the total flux. The definition used for the
relative spreads has been found to be the most appropriate in terms of quantitative correlations to describe the effective impact of the

Table 3
Layer thicknesses z(Δ ), mass concentrations (M) and corresponding layer optical depths τ( )4 , relative to the 4th spectral band −(0, 442 0, 625 mμ ), set to define the
three aerosol events for mineral dust, organic carbon and the black carbon-sulfate mixture.

Parameters Aerosol Events Mineral Dust Organic Carbon Black Carbon Sulfate
zΔ (m) – −3700 4500 −0 1100 −0 1100 −0 1100

M kg m( / )3 weak −1, 472·10 7 −0, 304·10 7 −0, 092·10 7 −0, 282·10 7

strong −1, 472·15·10 7 −0, 304·5·10 7 −0, 092·5·10 7 −0, 282·5·10 7

extreme −1, 472·30·10 7 −0, 304·10·10 7 −0, 092·10·10 7 −0, 282·10·10 7

τ4 weak 0, 1 0, 1 0, 1 0, 1
strong 1, 5 0, 5 0, 5 0, 5
extreme 3, 0 1, 0 1, 0 1, 0
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perturbed layer radiative properties on the direct radiative effect simulations (among other tested definitions). Note that the relative
spreads in general do not depend on the aerosol event intensity, since the optical depth is directly proportional to the mass con-
centration (the same for reference and perturbed layer radiative properties) and single scattering albedo and asymmetry factor are
intensive properties. For the black carbon-sulfate mixture, the relative spreads between the internal mixing case (perturbation case)
and the external mixing case (reference case) have been calculated.

3.3. Aerosol direct radiative effects

The RRTMG_SW has been configured to simulate radiative fluxes during summer, at mid-latitudes and over land. For this purpose,
we set a “Standard Mid-Latitude Summer Atmosphere” structure (with 51 vertical layers) as input file for the code and the summer
solstice day (21 of June) as simulation date (this affects the scaling of the solar flux depending on the Sun-Earth distance). The
radiative fluxes, and consequently the direct radiative effects, are highly sensitive to the geophysical context selected for the si-
mulations (mainly to the SZA). For this reason, in order to provide results suitable for general atmospheric scenarios, in this work we
analyzed only relative variations of the direct radiative effects, meaning variations always evaluated against base net radiative fluxes
(simulated in absence of aerosols, see below). However, the SZA has been found to have a relevant impact also on the relative
variations of the direct radiative effects. Hence, we performed simulations for four different SZA °(20 , °40 , °60 and °80 ) therefore
providing results ranging between extreme cases (not always coinciding with extreme SZA values). For each SZA we set a different
surface albedo, following Briegleb, Minnis, Ramanathan, and Harrison (1986). At first, we selected four surface types suitable for
mid-latitude lands, each one composed of a primary (I) and a secondary (II) component with different relative contributions (per-
centages within parentheses):

1. I: cultivated ground (80%) - II: tall grassland (20%);
2. I: grassland (80%) - II: shrubland (20%);
3. I: shrubland (80%) - II: grassland (20%);
4. I: woodland (80%) - II: grassland (20%).

Then, after averaging the broadband albedo values for the four surface types reported in Briegleb, Minnis, Ramanathan, and Harrison
(1986) (spectrally integrated albedos weighted by the solar flux: considering broadband albedos instead of spectrally variable albedos
has been found to have a negligible impact of ≲ 5% on our results), we derived the albedos (A) for different SZA with the following
formula (the already defined μs is the cosine of the SZA) (Briegleb, Minnis, Ramanathan, & Harrison, 1986):

= +
+

A μ A d
dμ

( ) (1 )
(1 2 )

,s
s

60
(14)

where A60 is the reference surface albedo at = °SZA 60 and d is an empirical correction factor =d( 0, 4 for all the surface types
selected (Briegleb, Minnis, Ramanathan, & Harrison, 1986)). The surface albedos used in this work (derived through the described
procedure) are reported in Table 4. Moreover, the surface has been assumed Lambertian (isotropic reflected radiation) and the clear-
sky option has been selected (no cloud layers) for all the simulations. The aerosol layers have been activated separately for mineral
dust, organic carbon and the black carbon-sulfate mixture with all the properties and assumptions described in Sections 3.1 and 3.2.

From the RRTMG_SW outputs, we used the integrated (summed over all the spectral bands) net radiative fluxes at the TOA
= −↓ ↑F F F( )toa toa toa and at SFC = −↓ ↑F F F( )sfc sfc sfc to calculate the short-wave direct radiative effects (E) as the instantaneous net flux

variations arising from activating and deactivating the aerosol layers (a and 0 mean with and without aerosols, respectively):

= − = −
= −

↑ ↑E F F F F
E F F

,
.

toa toa
a

toa toa toa
a

sfc sfc
a

sfc

0 0

0
(15)

Negative direct radiative effects indicate higher upward fluxes at the TOA and lower downward fluxes at SFC with aerosols, hence
cooling in both cases and vice versa. Always in this work “lower” and “higher” direct radiative effects refer to their intensity,
independently of their sign. Hence, negative and positive effects increase when they become more negative and more positive,
respectively, and vice versa. For each aerosol species, we then calculated the relative variability ranges of the direct radiative effects

Table 4
Broadband surface albedos (A) for all the
solar zenith angles SZA( ) set for the radia-
tive flux simulations (from Briegleb,
Minnis, Ramanathan, and Harrison (1986)).

SZA A (%)

°20 15, 1
°40 16, 4
°60 18, 9
°80 23, 3

V. Obiso, O. Jorba Journal of Aerosol Science 115 (2018) 46–61

53



Γ( ), at the TOA and at SFC, as the ratios of their perturbation-induced variability ranges (maximum +E minus minimum −E : taken
always positive) to the net fluxes in absence of aerosols:

=
−

=
−

+ −

+ −

Γ
E E

F

Γ
E E

F

| |
,

| |
.

toa
toa toa

toa

sfc
sfc sfc

sfc

0

0
(16)

This definition has been adopted in order to evaluate the perturbation-induced variability ranges taking into account the geophysical
context in which the direct radiative effects are simulated (measured by the base net fluxes simulated in absence of aerosols) and so to
provide results suitable for general atmospheric scenarios. For the black carbon-sulfate mixture, the relative variability ranges
produced by considering internal mixing (perturbation case) or external mixing (reference case) have been calculated.

4. Results

We carried out the result analysis at two levels: (i) impact of particle microphysical perturbations on layer radiative properties Δ( )
and (ii) consequent impact on direct radiative effects Γ( ). In this section the results are presented separately for mineral dust, organic
carbon and the black carbon-sulfate mixture. Note that only the figures of direct radiative effects for = °SZA 60 are shown (the results
for all the SZA are presented in the tables).

4.1. Mineral dust

The size distribution perturbations have a remarkable impact on τb =Δ( 152, 3%)τ and negligible impacts on gb and ωb =Δ( 9, 8%g ;
=Δ 7, 5%)ω . As shown in Fig. 1-a, increasing the particle size r( )eff causes the spectral maximum of τb (scattering maximum

(Hansen & Travis, 1974): for reference mineral dust occurring for < <λ0, 778 1, 242 μm) to shift towards longer wavelengths and to
decrease in intensity (due to its inverse dependence on reff : see Eq. (11)). The opposite occurs for decreasing reff (this obvious
statement is omitted for the other perturbed microphysical parameters and layer radiative properties in the rest of the current
analysis). Consequently, in more than half of the short-wave region considered (approximately for <λ 2, 151 μm) τb decreases with
increasing reff while the opposite occurs in the other bands. In all the dominant spectral bands ≤ ≤ → < <b λ(3 6 0, 345 1, 242 μm:
bands containing more than 75% of the solar flux) τb is very highly perturbed: the highest absolute spreads are ∼ (0, 20; 3, 03; 6, 07)
(between pp and mm, for < <λ0, 442 0, 625 μm) in weak, strong and extreme events, respectively. Due to the shift of the scattering
spectral maximum, ωb (Fig. 1-b) decreases in the first bands and increases in the last bands with increasing reff (more evidently for

<λ 0, 625 and for >λ 2, 500 μm, respectively, where the absorption of the reference dust is important with respect to the scattering).

Fig. 1. Layer optical depth τ( )b , single scattering albedo ω( )b and asymmetry factor g( )b , in function of the spectral bands (b), produced by perturbations of size

distribution (a, b, c) and refractive index (d, e, f) for mineral dust. The optical depth is plotted only in the weak event, since it is enough to scale the y-axis values (by
the factors within parentheses in the y-axis label) to obtain the values in strong and extreme events, respectively. The wavelength values reported at the top of the
subplots (in mμ ) represent division wavelengths between different spectral bands and are a subset of that for all the spectral bands reported in Table 1. The
perturbation case acronyms in the legend are explained in Section 3.1.
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However, in almost all the dominant bands ωb is slightly affected by the perturbations: the highest absolute spread is ∼ 0, 16 (between
pp and mm, for < <λ0, 345 0, 442 μm). Finally, gb (Fig. 1-c) increases with increasing reff in almost all the bands (more evidently for

<λ 0, 625 and >λ 1, 299 μm) because larger particles scatter more in the forward direction. However, in almost all the dominant
bands gb is nearly unaffected by the perturbations: the highest absolute spread is ∼ 0, 12 (between mm and pp, for

< <λ0, 345 0, 442 μm).
The direct radiative effects simulated under size distribution perturbations stay negative and increase in intensity with decreasing

reff coherently with the behavior of τb (with more sensitivity to σg than to r )g , both at the TOA (Fig. 2-a) and at SFC (Fig. 2-b) and in all
the three events (in agreement with Liao and Seinfeld (1998)). These features remain for all the SZA but for = °SZA 20 the rp and pp
cases produce very small positive direct radiative effects < W m( 1 / )2 in the weak event. The perturbation-induced variability of the
direct radiative effects can be remarkable, both at the TOA and at SFC: the highest absolute ranges are ∼(17; 142; 189 W m/ )2 at the
TOA (between pp and mm) and ∼(20; 222; 280 W m/ )2 at SFC (between pp and mm), in weak, strong and extreme events, respectively
(considering all the SZA). The corresponding relative variability ranges (Table 5) are in general larger at SFC <Γ( 33, 9%) than at the
TOA <Γ( 19, 0%). Note that from their definition it is quite obvious that the relative variability ranges increase with the aerosol event
intensity and so this information is omitted in the rest of this analysis.

The refractive index perturbations have significant impacts on gb and τb =Δ( 40, 1%g ; =Δ 22, 0%)τ and a negligible impact on ωb
=Δ( 3, 8%)ω . As shown in Fig. 1-d, increasing the real refractive index causes the spectral maximum of τb to shift towards longer

wavelengths and to increase in intensity, while perturbing the imaginary refractive index does not have any significant impact on τb
(more or less an enhanced absorption balances a reduced scattering and vice versa). Consequently, in the first bands (approximately
for <λ 0, 625 μm) τb remains almost unaffected by the perturbations while it increases with increasing nr in the other bands. Only in
two dominant spectral bands =b( 5, 6), therefore, τb is moderately perturbed: the highest absolute spreads are ∼(0, 03; 0, 42; 0, 84)
(between mp and rm, for < <λ0, 778 1, 242 μm) in weak, strong and extreme events, respectively. The shift of the scattering spectral
maximum causes ωb (Fig. 1-e) to decrease in the first bands and to increase in the last bands with increasing nr (more evidently for

<λ 0, 625 and for >λ 1, 942 μm, respectively), while a larger ni reduces ωb in all the bands, as expected. However, in all the

Fig. 2. Direct radiative effects (E) at the TOA and at SFC, in the three events (for = °SZA 60 ), produced by perturbations of size distribution (a, b) and refractive index
(c, d) for mineral dust. The perturbation case acronyms in the legend are explained in Section 3.1.

Table 5
Relative variability ranges of direct radiative effects Γ( ) at the TOA and at SFC, in the three events, for size distribution and refractive index perturbations for mineral
dust. The two values within parentheses indicate the Γ variability due to the different SZA used for the radiative simulations (minimum and maximum of Γ not
necessarily corresponding to extreme SZA). The values of the base net fluxes in absence of aerosols for the four different SZA are (in W m/ )2 : (1067, 972; 824, 009),
(856, 087; 645, 481), (538, 988; 384, 598) and (171, 938; 101, 287), at (TOA; SFC) and for = °SZA 20 , °40 , °60 , °80 , respectively.

Mineral Dust Perturbations: Size Distribution Refractive Index

Parameters Aerosol Events TOA SFC TOA SFC

Γ (%) weak (1, 0; 7, 8) (2, 2; 10, 7) (0, 8; 5, 8) (1, 6; 7, 8)
strong (13, 3; 16, 9) (15, 7; 27, 7) (10, 2; 16, 0) (18, 8; 25, 5)
extreme (16, 5; 19, 0) (16, 2; 33, 9) (15, 5; 18, 8) (20, 2; 33, 0)
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dominant bands ωb is nearly unaffected by the perturbations: the highest absolute spread is ∼ 0, 10 (between pp and mm, for
< <λ0, 345 0, 442 μm). Finally, gb (Fig. 1-f) decreases in all the bands with increasing nr (more evidently for < <λ0, 345 3, 846 μm)

since a higher real part enhances reflection and refraction by the particles and consequently the backward scattering
(Hansen & Travis, 1974), while perturbing ni leaves unaffected gb. In all the dominant bands gb is considerably affected by the
perturbations: the highest absolute spread is of ∼ 0, 33 (between pm and mp, for < <λ0, 778 1, 242 μm).

The direct radiative effects simulated under refractive index perturbations stay negative and increase in intensity with increasing
nr and decreasing ni at the TOA (Fig. 2-c) and with increasing both nr and ni at SFC (Fig. 2-d) (with more sensitivity to nr than to n )i ,
in all the three events (in agreement with Liao and Seinfeld (1998) regarding n )i . These features remain for all the SZA but for

< °SZA 60 the simulations with reduced nr mm( , mr and mp) produce in some cases positive direct radiative effects at the TOA
(always preserving the same mutual quantitative relations). The perturbation-induced variability of the direct radiative effects again
can be relevant, both at the TOA and at SFC: the highest absolute ranges are ∼(11; 109; 165 W m/ )2 at the TOA (between mp and pm)
and ∼(13; 173; 272 W m/ )2 at SFC (between mm and pp), in weak, strong and extreme events, respectively (considering all the SZA).
The corresponding relative variability ranges (Table 5) are in general more extended at SFC <Γ( 33, 0%) than at the TOA

<Γ( 18, 8%).

4.2. Organic carbon

The size distribution perturbations have significant impacts on τb, gb and ωb =Δ( 84, 1%τ ; =Δ 78, 9%g ; =Δ 35, 8%)ω . As shown in
Fig. 3-a, increasing the reff causes the spectral maximum of τb to shift towards longer wavelengths and to decrease in intensity (as for
mineral dust but with the scattering maximum of the reference species occurring at shorter wavelengths than those considered in this
work). Consequently, in the first bands (approximately for <λ 0, 625 μm) τb at first increases with increasing reff but then starts to
decrease (the maximum drop becomes dominant on its getting closer to the first bands), while it keeps increasing in the other bands.
In all the dominant spectral bands τb is considerably perturbed: the highest absolute spreads are ∼ (0, 11; 0, 55; 1, 09) (between mm
and pr , for < <λ0, 345 0, 442 μm) in weak, strong and extreme events, respectively. Due to the shift of the scattering spectral
maximum, ωb (Fig. 3-b) increases in almost all the bands with increasing reff (more evidently for >λ 0, 625 mμ , where the absorption
is dominant with respect to the scattering by very small particles). However, only in two dominant bands =b( 5, 6) ωb is strongly
affected by the perturbations: the highest absolute spread is ∼ 0, 42 (between mm and rp, for < <λ0, 778 1, 242 μm). Finally, gb
(Fig. 3-c) increases in all the bands with increasing reff , as expected. In all the dominant bands gb is significantly affected by the
perturbations: the highest absolute spread is ∼ 0, 49 (between mm and pp, for < <λ0, 778 1, 242 μm).

The direct radiative effects simulated under size distribution perturbations stay negative and at first increase in intensity with
increasing reff starting then to decrease following the same behavior of τb, both at the TOA (Fig. 4-a) and at SFC (Fig. 4-b), in all the
three events. These features remain for all the SZA but for = °SZA 80 the mp case generates the most intense negative direct radiative
effect at SFC instead of pr . The perturbation-induced variability of the direct radiative effects is moderate, both at the TOA and at
SFC: the highest absolute ranges are ∼(6; 24; 38W m/ )2 at the TOA (between mm and pr) and ∼(8; 35; 65W m/ )2 at SFC (between mm
and pr), in weak, strong and extreme events, respectively (considering all the SZA). The corresponding relative variability ranges
(Table 6) are in general more important at SFC <Γ( 20, 3%) than at the TOA <Γ( 10, 8%).

Fig. 3. Same as Fig. 1 but for organic carbon.
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The refractive index perturbations have a remarkable impact on τb =Δ( 137, 7%)τ and significant impacts on ωb and gb
=Δ( 32, 1%ω ; =Δ 29, 3%)g . As shown in Fig. 3-d, increasing the real refractive index causes the spectral maximum of τb to shift

towards longer wavelengths and to increase in intensity, while perturbing the imaginary refractive index does not show any sig-
nificant impact on τb. Consequently, in almost all the bands (more evidently for <λ 1, 626 μm) τb increases with increasing nr . In all
the dominant spectral bands τb is very highly perturbed: the highest absolute spreads are ∼(0, 19; 0, 95; 1, 90) (between mm and pm,
for < <λ0, 345 0, 442 μm) in weak, strong and extreme events, respectively. The shift of the scattering spectral maximum causes ωb

(Fig. 3-e) to increase in all the bands with increasing nr (more evidently for >λ 0, 625 μm as for the increasing r )eff , while a larger ni
reduces ωb in all the bands, as expected (with a minor impact than that of n )r . Only in two dominant bands =b( 5, 6), however, ωb is
strongly affected by the perturbations: the highest absolute spread is ∼ 0, 32 (between mp and pm, for < <λ0, 778 1, 242 μm).
Finally, gb (Fig. 3-f) decreases in almost all the bands with increasing nr (more evidently for <λ 1, 626 mμ and except for >λ 2, 151

mμ : in the limit →πr λ2 / 0eff , gb deviates more rapidly for larger values of nr from its zero value for Rayleigh scattering
(Hansen & Travis, 1974)), while perturbing ni has a negligible impact on gb. In all the dominant bands gb is moderately affected by the
perturbations: the highest absolute spread is of ∼ 0, 26 (between pm and mm, for < <λ0, 345 0, 442 μm).

The direct radiative effects simulated under refractive index perturbations stay negative and increase in intensity with increasing
nr and decreasing ni at the TOA (Fig. 4-c) and with increasing both nr and ni at SFC (Fig. 4-d) (with much more sensitivity to nr than to
n )i , in all the three events. These features remain for all the SZA but for < °SZA 60 the simulations with reduced nr produce in some
cases positive direct radiative effects at the TOA. The perturbation-induced variability of the direct radiative effects can be con-
siderable, both at the TOA and at SFC: the highest absolute ranges are ∼(16; 65; 116 W m/ )2 at the TOA (between mp and pm) and
∼(19; 90; 168 W m/ )2 at SFC (between mm and pp), in weak, strong and extreme events, respectively (considering all the SZA). The
corresponding relative variability ranges (Table 6) are in general more important at SFC <Γ( 30, 1%) than at the TOA <Γ( 19, 3%).

4.3. Black carbon-sulfate mixture

The mixing state perturbation has relevant impacts on ωb, gb and τb =Δ( 49, 2%ω ; =Δ 37, 7%g ; =Δ 18, 4%)τ . Changing the mixing
state means perturbing both size distribution and refractive index and so it is very difficult to isolate the effects of these perturbations
on the layer radiative properties. However, the internally mixed species seems to behave like a smaller and more absorbing species

Fig. 4. Same as Fig. 2 but for organic carbon.

Table 6
Same as Table 5 but for organic carbon.

Organic Carbon Perturbations: Size Distribution Refractive Index

Parameters Aerosol Events TOA SFC TOA SFC

Γ (%) weak (0,3; 2,9) (0,7; 5,9) (1,3;6,0) (2,2; 11,0)
strong (1,6;8,5) (3, 9; 16, 9) (6, 0; 15, 4) (10, 9; 26, 2)
extreme (3, 1; 10, 8) (7, 9; 20, 3) (10, 9; 19, 3) (20, 4; 30, 1)
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than the externally mixed species (regarding the scattering it is very difficult to infer information). As shown in Fig. 5-a, indeed, in the
internal mixing case the spectral maximum of τb seems to shift towards shorter wavelengths and tends to grow. Consequently, τb in the
internal mixing case is higher in the first two bands <λ( 0, 345 μm) and slightly lower in the other bands (more evidently for

< <λ0, 345 1, 942 μm) (in agreement with Lesins, Chylek, and Lohmann (2002)). In all the dominant spectral bands, therefore, τb is
weakly perturbed: the highest absolute spreads between internal and external mixing cases are ∼ (0, 04; 0, 20; 0, 39) (for

< <λ0, 625 0, 778 μm) in weak, strong and extreme events, respectively. The internally mixed species also has a lower ωb (Fig. 5-b) in
all the bands (more evidently for < <λ0, 263 2, 500 μm) (in agreement with Lesins, Chylek, and Lohmann (2002)). In all the
dominant bands ωb is strongly affected by the perturbations: the highest absolute spread between internal and external mixing cases is
∼ 0, 34 (for < <λ0, 778 1, 242 μm). Finally, also gb (Fig. 5-c) in the internal mixing case is lower in almost all the bands (ap-
proximately for >λ 0, 345 μm). In all the dominant bands also gb is highly affected by the perturbations: the highest absolute spread
between internal and external mixing cases is ∼ 0, 28 (for < <λ0, 778 1, 242 μm). Following the explanations given for mineral dust
and organic carbon, the described variations of the layer radiative properties could be interpreted as results of the combined effects of
decreasing the size and increasing the absorption of the particles.

The direct radiative effects simulated under different mixing states are always positive at the TOA (Fig. 6-a) (due to the strong
absorption of black carbon) and negative at SFC (Fig. 6-b). The im case generates more intense direct radiative effects, that is more
positive at the TOA and more negative at SFC. These features remain for all the SZA. The perturbation-induced variability of the
direct radiative effects is quite low, both at the TOA and at SFC: the highest absolute ranges are ∼ W m(7; 19; 22 / )2 at the TOA and
∼ W m(12; 34; 31 / )2 at SFC, in weak, strong and extreme events, respectively (considering all the SZA). The corresponding relative
variability ranges (Table 7) are slightly more important at SFC <Γ( 6, 2%) than at the TOA <Γ( 5, 7%).

5. Discussion

Regarding the impact of the particle microphysical perturbations on the layer radiative properties, a very different behavior
between mineral dust and organic carbon has been observed. For mineral dust, τb is more sensitive to the size distribution while gb to
the refractive index ω( b is weakly affected by both the properties). For organic carbon, instead, τb is more sensitive to the refractive
index while gb to the size distribution ω( b is more or less equally affected by the two properties). These differences seem to be caused
mainly by the very different mean sizes of the two species. The maximum of the aerosol scattering efficiency, indeed, approximately
occurs for ∼λ reff and changes its spectral position depending on the particle microphysical properties (both size distribution and
refractive index) (Hansen & Travis, 1974). Clearly the effects of the particle microphysical perturbations on the layer radiative
properties strongly depend on the original spectral position of the scattering maximum (as can be inferred from Figs. 1 and 3). Even if
the layer radiative properties of organic carbon seem to be more sensitive (higher relative spreads) than that of mineral dust to the
particle microphysical properties (at least in the short-wave region considered in this work), note that the relative spreads of the two

Fig. 5. Same as Fig. 1 but for the black carbon-sulfate mixture. Note that in this case only the mixing state is perturbed.

Fig. 6. Same as Fig. 2 but for the black carbon-sulfate mixture. Note that in this case only the mixing state is perturbed.
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aerosol species are not directly comparable, because even if generated by the same particle microphysical perturbations they refer to
different reference layer radiative properties. Regarding the black carbon-sulfate mixture, ωb and gb seem to be more sensitive than τb
to the mixing state. The internal mixing between black carbon and sulfate reduces the number of particles in the layer (the sulfate
particles disappear but the total mass is conserved) but makes the black carbon particles larger (higher geometric cross section) and
with a slightly reduced imaginary refractive index (from −4, 400·10 1 it becomes −1, 570·10 1, at =λ 0, 550 μm). This causes the total
extinction to remain approximately the same, the total absorption to increase and the forward scattering to decrease.

Also the perturbation-induced variations of the direct radiative effects show different features for mineral dust and organic
carbon, coherently with the perturbation impacts on the layer radiative properties. For mineral dust, despite the highly different
impact on τb, size distribution and refractive index perturbations produce more or less comparable relative variability ranges, both at
the TOA and at SFC and in all the three events. This could be explained considering that the refractive index perturbations have a
significant impact on gb in dominant spectral bands (in which also ωg is very high). In general, an increasing gb causes the direct
radiative effects to become less negative (or more positive) both at the TOA and at SFC. This causes the relative variability ranges
produced by the refractive index perturbations to be enhanced since the simulations with increasing τb have decreasing gb (and vice
versa) in the dominant bands. For organic carbon, instead, the refractive index perturbations produce higher relative variability
ranges than the size distribution perturbations, both at the TOA and at SFC and in the three aerosol events. This is firstly caused by the
higher impact on τb of the refractive index perturbations. However, also the impacts on gb seem to have again a role, given that the gb
spreads are produced in dominant spectral bands (with also high ωb values) for both size distribution and refractive index pertur-
bations. As for mineral dust, indeed, the impact on gb of the refractive index perturbations enhances the relative variability ranges
(decreasing gb for simulations with increasing τ )b . The opposite occurs for the size distribution perturbations because now the si-
mulations with increasing τb have also increasing gb and this limits the extents of the relative variability ranges. The ωb spreads are
more pronounced in not dominant spectral bands for both size distribution and refractive index perturbations and also have ap-
proximately the same features for the two properties. However, in general an increasing ωb causes the direct radiative effects to
become more negative (or less positive) at the TOA and less negative at SFC. Hence, in both cases the perturbation impact on ωb

causes the relative variability ranges to be slightly enhanced at the TOA and reduced at SFC (simulations with increasing τb have also
increasing ω )b . Regarding the black carbon-sulfate mixture, despite the lower τb in the dominant spectral bands, the internally mixed
species generates more intense direct radiative effects both at the TOA (more positive) and at SFC (more negative). The strong impact
of the mixing state on ωb, indeed, causes the internally mixed particles to be much more absorbing and so to overbalance the small τb
reduction (the diffuse fluxes are strongly depleted). The relative variability ranges, however, remain small both at the TOA and at SFC
and in all the three events. This is due to both the low impact of the mixing state on τb and to the balancing effect of the ωb

perturbation-induced variation. Note that at SFC the relative variability ranges in the extreme events are lower than in the strong
event. This is probably due to the strong depletion of the diffuse fluxes caused by the very low ωb of the mixture (due to the presence
of black carbon), which in the extreme event limits the perturbation-induced variations of the direct radiative effects (above all at
SFC).

6. Conclusions

In this work, we carried out a systematic and detailed study on the propagation of particle microphysical perturbations on the
optical and radiative simulations usually required by the ARI implementation in weather and climate models. Our analysis has been
carried out at two levels: (i) impact of particle microphysical perturbations on layer radiative properties and (ii) consequent impact
on short-wave direct radiative effects, at the TOA and at SFC. We set a simple idealized experiment, carried out with numerical tools
widely used in the atmosphere modeling community, in order to isolate and analyze the radiative sensitivity to the particle mi-
crophysical parameterization in weather and climate models.

We found consistent results with Liao and Seinfeld (1998) regarding the sign of the direct radiative effect variations induced by
local perturbations of size distribution and imaginary refractive index of mineral dust, both at the TOA and at SFC. Moreover, we
found results in agreement with Lesins, Chylek, and Lohmann (2002) regarding the variations of optical depth and single scattering
albedo due to a different mixing state between black carbon and sulfate (in particular the enhanced absorption in the internal mixing
case) but an opposite result regarding the asymmetry factor: Lesins, Chylek, and Lohmann (2002) found a higher value at

=λ 0, 550 μm in the internal mixing case while in this work we found a lower value in almost all the spectral bands for the internally
mixed species. This different result can be explained by the opposite assumptions made to parameterize the homogeneous internal
mixing between the two species. Lesins, Chylek, and Lohmann (2002) considered, indeed, a coagulation of a smaller mode (black
carbon) into a larger mode (sulfate), which caused the internally mixed species to be larger than both the single species (and so to

Table 7
Same as Table 5 but for the black carbon-sulfate mixture.

Black Carbon-Sulfate Mixture Perturbation: Mixing State

Parameters Aerosol Events TOA SFC

Γ (%) weak (0,6; 2,9) (1,4; 3,0)
strong (1,7; 5,5) (4,1; 6,2)
extreme (1,9; 5,7) (3,8; 4,9)
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have a higher g at =λ 0, 550 μm than the externally mixed species). In this work, instead, we considered a condensation of the sulfate
particles (larger species) on the black carbon particles (smaller species), which caused the internally mixed species to act as a smaller
species than the externally mixed one (and so to have a lower gb in almost all the bands).

In general, we found that the size distribution perturbations can produce more important relative variability ranges of direct
radiative effects (considering the highest values produced by the variable SZA) for mineral dust than for organic carbon, while the
refractive index perturbations produce almost comparable relative variability ranges for the two aerosol species, both at the TOA and
at SFC and in all the three aerosol events. Changing the mixing state of the black carbon-sulfate mixture produces in general minor
relative variability ranges. Looking at all the particle microphysical perturbations for all the aerosol species considered, we found the
following relative variability ranges: <Γ 7, 8% and <Γ 11, 0% in the weak event, <Γ 16, 9% and <Γ 27, 7% in the strong event,

<Γ 19, 3% and <Γ 33, 9% in the extreme event, at the TOA and at SFC, respectively. The highest relative variability range at the TOA
=Γ( 19, 3%) is produced by the refractive index perturbations of organic carbon while at SFC =Γ( 33, 9%) by the size distribution

perturbations of mineral dust, in the extreme event. However, the relative variability ranges never exceed the perturbation range
applied to the particle microphysical properties ± →( 20% 40%), not even in the extreme event. This result can be considered as a
quantitative measure of the propagation of the particle microphysical perturbations on the optical and radiative simulations usually
performed in weather and climate models: local perturbations within a certain range on the particle microphysical properties produce
variability ranges of direct radiative effects always within the perturbation range applied, if evaluated against the base net radiative fluxes in
absence of aerosols. In other words, small uncertainties on the aerosol microphysical parameterization propagate on the simulated
direct radiative effects mainly with a loss of strength. To conclude, the perturbation-induced absolute variations of the direct ra-
diative effects have been found to be large, above all in strong and extreme events, and so potentially capable of significantly affecting
the meteorological variables in weather and climate simulations. Hence, this work confirms and highlights the importance of im-
proving the aerosol microphysical parameterization in atmospheric models, in order to achieve better model assessments of the ARI
radiative effects and therefore better meteorological forecasts and climate predictions.
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