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Observationally constrained regional variations of shortwave
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Abstract. The composition of soil dust aerosols derives from the mineral abundances in the parent soils that vary across
dust source regions. Nonetheless, Earth System Models (ESMs) have traditionally represented mineral dust as a globally
homogeneous species. The growing interest in modeling dust mineralogy, facilitated by the recognized sensitivity of the dust
climate impacts to composition, has motivated state-of-the-art ESMs to incorporate the mineral speciation of dust along with
its effect upon the dust direct radiative effect (DRE). In this work, we enable the NASA Goddard Institute for Space Studies
ModelE2.1 to calculate the shortwave (SW) DRE by-accounting for the regionally varying soil mineralogy. Mineral-radiation
interaction at solar wavelengths is calculated according to two alternative coupling schemes: 1) external mixing of three mineral
components that are optically distinguished, one of which contains embedded iron oxides; 2) a single internal mixture of all
dust minerals with a dynamic fraction of iron oxides that varies regionally and temporally. We link dust absorption to the
fractional mass of iron oxides based on recent chamber measurements using natural dust aerosol samples. We show that
coupled mineralogy overall enhances the scattering by dust, and thus the global cooling, compared to our control run with
globally uniform composition. According to the external mixing scheme, the SW DRE at the top of atmosphere (TOA) changes
from —0.25 to —0.30W - m~2, corresponding to a change in the net DRE, including the longwave effect, from —0.08 to
—0.12W -m~2. The cooling increase is accentuated when the internal mixing scheme is configured: SW DRE at TOA becomes
—0.34W -m~2 (with a net DRE of —0.15W -m~2). The varying composition modifies the regional distribution of single
scattering albedo (SSA), whose variations in specific regions can be remarkable (above 0.03) and significantly modify the
regional SW DRE. Evaluation against the AErosol RObotic NETwork (AERONET) shows that explicit representation of soil
mineralogy and its regional variations reduces the low bias of model dust SSA, while improving the range of variability across

stations and calendar months. Despite these improvements, the moderate spatio-temporal correlation with AERONET reveals

remaining modeling challenges and the need for more accurate measurements of mineral fractions in soils.
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1 Introduction

Dust aerosols are wind-blown soil particles that alter the atmospheric energy and hydrologic cycles by perturbing solar and
thermal radiative fluxes (Miller et al., 2014). Estimates of the dust direct radiative effect (DRE) are still largely uncertain,
mainly due to poorly constrained dust absorption (Samset et al., 2018). The single scattering albedo (SSA) indicates the frac-
tion of radiative energy extinguished by aerosols through scattering with respect to total extinction, due to both scattering and
absorption, and therefore inversely measures the intrinsic aerosol absorptive power. The SSA is a function of the particle size
distribution (PSD), complex refractive index (CRI) and shape (Hansen and Travis, 1974; Mishchenko et al., 2002). Despite
substantial regional variations in soil composition (Claquin et al., 1999; Journet et al., 2014), nearly all Earth System Models
(ESMs) assume a globally homogeneous composition for dust aerosols, thus attributing only to PSD the spatio-temporal vari-
ations of dust SSA, while neglecting the contribution of the CRI that varies according to the relative abundance of different
minerals. In particular, iron oxides like hematite and goethite strongly absorb radiation at ultra-violet (UV) and visible (VIS)
wavelengths (Di Biagio et al., 2019; Moosmiiller et al., 2012), which largely impacts the imaginary part of the CRI (IRI). In
addition to underestimating the SSA variations in space and time, this neglect of composition variations has contributed to a
range of assessments of the dust DRE, as climate models usually employ dust CRIs derived from measurements in specific
regions that are assumed to be globally representative (Miller et al., 2006; Colarco et al., 2014). Ferexample;-twe-Two different
absorption regimes for dust produced a DRE of opposite sign at the top of atmosphere (TOA) in West Africa, with consequent
hydrologic and thermodynamic effects (Miller et al., 2004; Strong et al., 2015). This indeterminacy has consequences for un-
derstanding the dust effect upon the present-day climate along with past climates like the African Humid Period (Miller et al.,
2014; Pausata et al., 2016). One path forward is to explicitly represent the contribution of regionally varying soil composition
in the calculation of dust optical properties and the DRE (Scanza et al., 2015; Li et al., 2021).

Sokolik and Toon (1999) described an early calculation of the dust DRE based on mineral composition. They compiled
the CRI for several climatically relevant minerals (such as quartz, phyllosilicates and the-iron-oxide-hematite) and calculated
the resulting CRI of a dust particle that was an amalgam of those minerals with prescribed proportions. They showed that
absorption at solar wavelengths is dominated by hematite, an iron oxide that is often present in trace amounts ;-accreted
within other minerals. This conclusion was corroborated by Balkanski et al. (2007), who calculated that dust particles contain-
ing 1.5% of hematite by volume in an internal mixture, including quartz, calcite and phyllosilicates, were in best agreement
with AERONET retrievals retrievals from the AErosol RObotic NETwork (AERONET; Holben et al., 1998). Both studies de-
rived the CRI of the amalgam from the CRIs of the individual minerals through a mixing rule. Commonly used rulesrange
from-empirical-{e-g—, such as the volume-weighted mean Vi

strueture-of the-particle;such-asforexample(VM), Maxwell Garnett (MG) and Bruggeman (BG)(Markel;-2016), are in general
lication (Liu and Daum, 2008; Markel, 2016). The

characterized by limited validity conditions that may challenge their a

use of any single mixing rule is only approximate, given the %
{Markel; 2016)-along-with-the-variety and complexity of observed dust particle morphology (Scheuvens and Kandler, 2014).
Moreover, estimates of hematite IRI at solar wavelengths that can be found in literature vary widely —thus-indicating-high
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Zhang et al., 2015)

mineral mixtures containing hematite by means of a mixing rule.
However, measurements suggest that the derivation of the particle IRI in terms of its constituent minerals can be simplified

, which represents a strong uncertainty in calculating the IRI of

in some wavelength ranges. Moosmiiller et al. (2012) showed that dust SSA at two solar wavelengths decreased in proportion
to the fractional mass of iron within a collection of aerosolized soil samples. Di Biagio et al. (2019, hereafter DB19) revisited
this relation by aerosolizing nineteen natural soil samples collected from dust source regions worldwide, and related retrievals
of dust IRI at UV, VIS and near-infrared (NIR) wavelengths to the abundance of iron oxides in the dust aerosol samples. These

experimental results suggest an innovative method for calculating the particle-dust IRI at solar wavelengths as a function of the

mass fraction of iron oxides that would circumvent the need for a theoretical rele-approximating-the-physical-arrangement-of

minerals-within-a-dust-partielemixing rule and an assumed IRI for iron oxides. The approach would complement the method
by Scanza et al. (2015, hereafter SZ15) and Li et al. (2021), who followed Sokolik and Toon (1999) and Balkanski et al. (2007)

by invoking an explicit mixing rule.

In this work, we update the NASA GISS-Goddard Institute for Space Studies (GISS) ModelE2.1 (Kelley et al., 2020) to
calculate dust optical properties in the UV-VIS band, along with the DRE in the shortwave (SW) spectral region, by-accounting
for the spatially and temporally varying mineral composition of dust aerosols that is calculated by the model (Perlwitz et al.,
2015a). Our approach is based on the empirical relationrrelationships between the fractional mass of iron oxides and the dust IRI
retrieved by DB19. We implement two schemes for assigning minerals to radiatively active dust types, allowing us to test the
sensitivity of our results to the mixing state of minerals, which is otherwise constrained by few measurements. We assess the ef-
fect of varying composition upon the model calculation of dust optical depth (DOD), SSA and DRE. We also evaluate the model
DOD and SSA against observations and retrievals from the-AEresol-RObotic NETwork(AERONET; Holben-et-al51998)
AERONET. This evaluation is challenged by the presence of other aerosol species that are also detected by AERONET. In
particular, sea salt (present mainly in coastal areas) may contribute to the coarse mode, and above all, black carbon (BC) and
brown carbon (BrC) affect the absorption by the aerosol mixture even in small proportions. Hence, we filter AERONET scenes
to identify hourly measurements where dust is the dominant component by applying multiple conditions based on both the size
and the absorption features of different aerosol species at solar wavelengths. Our approaches aim to minimize uncertainties
in the modeling of dust optical properties for mineral mixtures as well as in the comparison with AERONET dust-filtered
measurements.

In Section 2, after a description of ModelE2.1 (Section 2.1), we present our methodology for coupling radiation calculations
to dust mineral composition (Section 2.2); we then illustrate our filtering technique to select dusty scenes from AERONET
(Section 2.3). In Section 3, we present the effect of composition variations upon model dust optical properties (DOD and SSA)
and DRE (Section 3.1), and the comparison between model and AERONET (Section 3.2). Finally, in Section 4, we discuss the
main-remaining sources of uncertainty in our modeling method and comparison with observations.
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2 Methods
2.1 Atmospheric Model

The NASA GISS ModelE is a modular model that can simulate many components of the Earth System and their interaction
through energy and mass fluxes, including the atmosphere and ocean circulation, atmospheric chemistry and aerosols (Schmidt
et al., 2014; Kelley et al., 2020). The ModelE2.1 version is the first GISS contribution to the Coupled Model Intercomparison
Project Phase 6 (CMIP6) i Kelley et al., 2020; Miller et al., 2021; Nazarenko et al., 2022

. In this work, we use an upgraded version of ModelE2.1, including minor bug fixes and the new coupling between minerals
and radiation (Section 2.2). We run global simulations with the atmospheric model (i.e. with preseribed-oceansocean surface
temperature and sea ice prescribed from observations) setting a horizontal resolution of 2.0° latitude by 2.5° longitude and
forty vertical layers extending to 0.1~ Pa. Interactive dust minerals are calculated using the One-Moment Aerosol (OMA)
module, a mass-based scheme for externally mixed aeresets-constituents that can simulate a full set of aerosols including sul-
fate, nitrate, ammonium, black carbon, organic carbon, secondary organic aerosol, sea salt and dust (Bauer et al., 2020). In
our experimental setup, ozone and aerosols other than dust are prescribed from simulations of the CMIP6 historical period
(18560-20441850-2014) with the ModelE2.1 version of the OMA module (Bauer et al., 2020).

The general calculation of dust emission, transport and deposition in ModelE2.1 is described in Miller et al. (2006);

individual-mineral-tracers—were-implemented-by Perlwitzet-al-(2015a). Mineral dust is emitted when the model wind speed

exceeds a threshold-thathas-a-slobally-uniform minimum-value-globally uniform threshold of 8m-s—! for eompletely-dry-soils
sand-dry soils that increases with the local soil wetnessthat-can-vary-with-time. Dust sources correspond to regions with sparse
vegetation and an abundance of easily erodible soil particles, identified by topographic depressions (Ginoux et al., 2001). Ia-the

mineral-version-of-the-dustmodute;-The global magnitude of dust emission is uncertain due to a scarcity of direct observations
and the limited spatial and temporal resolution of the model wind speed that has a non-linear influence upon emission. Typicall
models adjust the relation between grid-box wind and emitted mass using a globally invariant calibration factor so that the total

BEF Kok 201 teoreconstruet-the-model is in optimal agreement with a range of observations (e.g Cakmur et al., 2006

. Here, our calibrated emission yields a global model DOD near 0.02 that is within the observationally constrained range

estimated by Ridley et al. (2016) (Section 3.1.1). Our global calibration factor is identical in all our experiments, so that

differences in DOD and mass load among the experiments are the result of a varying radiative feedback upon the surface

wind speed and emission (e.g. Miller et al., 2004; Pérez et al., 2006; Heinold et al., 2007; Ahn et al., 2007).




120 Dust particles are emitted and transported within one clay and four silt size bins ranging from 0.1 to 32 m in diameter
(Table B2). To allow a more precise representation of the dust-radiation interaction at UV-VIS wavelengths, the clay bin (from
0.1 to 2 pm in diameter) is split into four sub-bins for radiation calculations using constant proportions. In ModelE2. 1, aerosol
removal occurs through dry processes (i.e. the combined effect of gravitational settling and turbulent surface deposition) along.
with wet deposition. The latter is the result of below-cloud scavenging by impaction that depends upon aerosol size but is

125 otherwise identical for all acrosol species (Koch et al., 1999). In addition, soluble aerosols are removed through nucleation
of droplets within clouds. Dust particles are largely insoluble at emission, but during atmospheric transport their solubility
increases through the formation of sulfate or nitrate coatings on the particle surface (e.g. Usher et al., 2003). Bauer and Koch (2005)
found that a constant solubility of 0.5 yielded a similar global dust load compared to a model version where the formation of
sulfate coatings on dust particles was explicitly calculated. Relying on these results, we also assume a globally uniform dust

130 B e e RN TR ed B e o R o s e e R T HHorm efmtted—1ma 9 ONS—oO otatd

s-solubility of 0.5; however, we do not account

for the hygroscopic growth of the dust particles in the radiative calculations.
Tracers for individual minerals were implemented by Perlwitz et al. (2015a). The mineral version of ModelE2.1 (Fable-B2)

135

transports eight minerals listed in Table 1.

Table 1. Mass densities of transported minerals (pm:n) as prescribed in ModelE2.1 (Perlwitz et al., 2015a). For iron oxide tracers in pure
crystalline form, the arithmetic mean between hematite (5.260 g - em™3) and goethite (4.280¢ - em™3) is used. The density of each mineral

accreted with iron oxides is calculated from the densities of the single minerals according to their fraction in the particle.

Mineral Pmin [g-em™?]
Mlite 2.795
Kaolinite 2.630
Smectite 2.350
Calcite 2.710
Quartz 2.655
Feldspar 2.680
Gypsum 2.312
Iron oxides 4.770

Hematite, as prescribed by Claquin et al. (1999), is interpreted
140 as a proxy for a broader class of iron oxides including goethite. Most iron oxides are observed as trace abundances accreted

within other minerals (Formenti et al., 2008). ModelE2.1 represents these accretions as an internal mixture of iron oxides with



each of the remaining seven minerals (the latter referred to as ‘host” minerals), creating seven additional transported dust types
for a total of fifteen (Perlwitz et al., 2015a). We refer to each of the seven host minerals accreted with iron oxides (the latter

contributing a fixed 5% of the particle mass) as ‘aceretionsaccretion’. The accretion of a small fraction of iron oxides within

145 another mineral allows them to travel farther, as in pure form they would settle more rapidly due to their larger density (Table

D).

150

155

total emitted dust flux is partitioned among the
rescribed size-distributed mass fractions of individual minerals that vary with the local properties of the parent soil but are

constant in time, We use the Mean Mineralogical Table (MMT) of Claquin et al. (1999) which provides mineral fractions as a

160  function of the re

local soil type for clay- and silt-sized particles. A global atlas of soil texture gives the fractional soil mass in each of these
two size categories. Additionally, since both the MMT and soil texture data refer to disturbed soils, where soil aggregates
were broken by wet sieving during measurement, we reconstruct the dust aggregates that were potentially emitted from the
undisturbed soil according to the Brittle Fragmentation Theory (BET; Kok, 2011). Our reconstruction, the Aerosol Mineral
165  Fraction (AMF) method described by Perlwitz et al. (2015a), redistributes minerals from clay to silt sizes (diameters below

; B2). The exception is quartz, which we assume is durable and resists disintegration during wet

and above 2 um, respectivel

sieving. One result of this reconstruction is the presence of phyllosilicates at silt sizes, consistent with aerosol observations
(Perlwitz et al., 2015b). Moreover, we combine BFT (valid for diameters up to roughly 20 wm) with measurements during
a dust event at Tinfou (Morocco; Kandler et al., 2009) to prescribe the globally uniform emitted fractions of clay mass and
170 total silt, whose diameters extend to 32 ym in our model (Table B2). Our method, therefore, also results in enhanced emitted

the size-resolved concentration measurements of individual minerals from Kandler et al. (2009)

fractions of coarse dust particles. Finall

are used to distribute the mineral fractions across the four silt size bins transported by ModelE2.1 (Table B2), which implies
that those fractions vary with the local soil mineral composition.




175

180

185

190

195

200

205

2.2 Coupling of dust mineralogy to radiation calculations

We demonstrate the effect of spatial and temporal variations in mineral composition upon the dust optical properties (DOD,
SSA) in the UV-VIS band, along with the SW DRE, by comparing two mineral experiments (‘EXT’ and ‘INT”) that account for
the content of iron oxides, to a control run (‘HOM”) that instead prescribes globally homogeneous composition. The contrast
between the EXT and INT experiments reveals the sensitivity of our results to two alternative mineral-radiation coupling
schemes. For each of the three experiments, we calculate a climatology from a thirty year simulation (1991-2020), setting one
year of spin-up, with greenhouse gas concentrations and prescribed atmospheric composition of the year 2000.

We calculate the CRIs used in the mineral experiments by merging the dust IRI retrievals from DB19 with the collection of
CRIs of individual minerals from SZ15. DB19 measured SW scattering and absorption spectra, volume size distribution and
bulk mineral composition of nineteen dust aerosol samples generated frem-by injecting parent soil samples and-injeeted-within
a laboratory chamber. They then retrieved the CRI of the dust aerosols at seven SW wavelengths, and observed an increasing
relation of the retrieved IRI to the content of iron oxides in each aerosol sample (Section 2.2.3). Due to their experimental
setup, DB19 retrieved one CRI for each sample, thus implicitly representing dust particles as identical internal mixtures of
all minerals, with uniform composition across sizes but varying among samples. (AERONET similarly assumes an internal
mixture of constituents that is identical at all sizes and for all particles in the column.) This description is more consistent with
our INT coupling scheme (except for the variation in composition with size that we assume), whereas in the EXT scheme we
assume that iron oxides are internally mixed with only a (varying) fraction of host minerals (Section 2.2.1).

In Sections from 2.2.1 to 2.2.4, we describe our strategy for modeling radiatively active mineral components and calculating
the corresponding CRIs. In Appendix B1, we report the CRIs used in all our experiments (Table B1) and describe in detail our

computation of dust optical properties in the SW spectrum, with and without accounting for varying mineral composition.
2.2.1 Mixing configurations for minerals

To relate mineral composition to radiation parsimoniously, we redistribute the fifteen mineral tracers to a smaller number of
radiatively active aerosol components, according to two alternative coupling schemes. In our first scheme (EXT), we use the
mineral combinations calculated by ModelE2.1 (Section 2.1). For each size bin, we assemble the mass of the fifteen mineral
tracers into three components: 1) iron oxides by themselves (‘free’ or ‘crystalline’ iron oxides), 2) the remaining seven host
minerals together and 3) the seven accretions of iron oxides within each host mineral together. We then assign a different
(globally uniform) CRI to each of the three mass components, by assuming a simplified optical model: the host minerals are
considered as a globally uniform amalgam (‘host mixture’), while the accretions as an internal mixture of the host amalgam and
a fixed mass fraction of iron oxides (‘static accretion’). It follows that the EXT scheme does not assume a ‘pure’ external mixing
of all minerals;-instead; instead, it assumes external mixing of two internal mixtures (one of which contains embedded iron
oxides) plus free iron oxides. In Figure 1, we show a schematic cartoon of the mixing state of minerals in both our coupling
schemes. Because the mass fraction of iron oxides in the static accretion is fixed at 5% (Section 2.1), in the EXT scheme

mineral-induced variations of dust optical properties in space and time result solely from the varying proportion of the three
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components. The reduction of the fifteen mineral tracers to three radiative types is a simplification based on the observation
that iron oxides dominate dust absorption at UV-VIS wavelengths (Sokolik and Toon, 1999; Zhang et al., 2015), while the IRIs
of the seven host minerals are much smaller (Scanza et al., 2015).

In the second coupling scheme (INT), we assume that all minerals (including iron oxides) are part of a single size-resolved
internal mixture. We refer to this mixture as a ‘dynamic accretion’, in contrast with the static accretion of our model-derived
EXT scheme, because the particle composition in each bin and the associated CRI vary locally according to the constantly
changing proportion of iron oxides at any grid box and time step (Figure 1). While our model explicitly calculates how iron
oxides are distributed into particles, there are few observations to test our default configuration. Thus, this second scheme tests
the sensitivity of the dust SW DRE to the assumed mixing state of iron oxides with the other minerals.

Both the EXT and INT coupling schemes relate the CRI to mineral composition in only the UV-VIS band of the radiation
module of ModelE2.1 (0.30 —0.77 um), where in contrast we assume globally homogeneous composition in the HOM scheme
(see below). Slightly more than half of total insolation at TOA is within this band, where recent measurements from DB19
show that most SW absorption by dust occurs (Section 2.2.3). In the remaining five NIR bands of the SW spectrum (covering
wavelengths from 0.77 to 4 um), we use unspeciated dust optical properties that are identical in all our experiments. We
calculate the default homogeneous properties using a globally uniform CRI prescribed by smoothly joining the IRI retrieved by
Sinyuk et al. (2003) at UV-VIS wavelengths with values reported by Volz (1973) at wavelengths longer than 2.5 ym, extending
into the longwave (LW) bands. Similarly, for the RRlreal refractive index (RRI), values from Patterson et al. (1977) at UV-VIS
wavelengths are smoothly joined to the values from Volz (1973) in the LW spectrum. In the control experiment (HOM), we
use the default CRI for all minerals also in the UV-VIS band, thus prescribing homogeneous composition. In this work, we do
not update the calculation of dust optical properties in the LW bands, and use the default properties of the model that explicitly
only account for dust absorption. To represent the effect of LW scattering, the extinction is increased by 30 % (Miller et al.,

2006). Moreover, in all the optical calculations conducted in this work we assume spherical shape for dust particles.
2.2.2 Complex refractive index of host mixture

In the EXT scheme, we need the CRI for the radiative component consisting of host minerals (host mixture), which we also
use as the CRI for the either static (EXT) or dynamic (INT) accretion in the limit of vanishing iron oxides. SZ15 showed that

at-among CRIs of individual
host minerals are of secondary importance compared to their contrast with the iron oxide CRI at solar wavelengths. Thus, we

differences in-the

derive a globally uniform CRI for the host amalgam, neglecting the regional variations in the soil fractions of host minerals.
We apply a mixing rule to the individual CRIs of the seven host minerals (taken from SZ15; Figure 2) according to the mass
fractions of the same minerals in eighteen dust aerosol samples measured by DB19 (reported in the supplement of Di Biagio
et al., 2017). (We exclude the ‘Taklimakan’ sample of DB19 because measurements of iron oxides were not reported for this

sample.)
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Figure 1. Schematic cartoon of the mixing state of minerals, assumed for epticatradiative calculations, in the coupling schemes with external
(EXT) and internal (INT) mixing configuration. The EXT scheme assumes external mixing of three mineral components, whose size-resolved
proportions vary in space and time: 1) a homogeneous amalgam of non iron-oxide minerals (host mixture), 2) a two-component mixture of
the host amalgam and a fixed 5% mass fraction of iron oxides (static accretion), and 3) free iron oxides. In the INT scheme, the fifteen
mineral tracers are re-arranged to form a single size-resolved internal mixture of the host amalgam with a mass fraction of iron oxides that
varies at each grid box and time step (indicated as z %). The acronyms for minerals indicate: illite (‘ill’), kaolinite (‘kao’), smectite (‘sme’),

calcite (‘cal’), quartz (‘qua’), feldspar (‘fel’), gypsum (‘gyp’) and iron oxides (‘iox’).

Homogenization theories such as the MG (Maxwell Garnett) and the BG (Bruggeman) methods (Markel,2616)-are-consistent

with-Maxwell’selectromagnetism-equationsare among the common mixing rules for calculating the CRI of particles composed
of different constituents. MG assumes the particle to be composed of a homogeneous host material filled with small inclusions

of contrasting composition, but its application is challenged by the requirement that the total volume fraction of the inclusions
must be much lower than the host volume fraction (Markel, 2016). BG generalizes MG to a particle morphology in which
the inclusions virtually occupy the entire particle volume (and the host disappears), but for combinations-of-more-thantwe
mixtures of several minerals numerical methods are required for calculating the physical solution (Markel, 2016). Given these
diffieultieslimitations, we calculate the CRI of the host mixture using the empirieal-VM (volume-weighted mean) rule, which
prescribes the real and imaginary parts of the composite CRI in proportion to the volume fractions of each mineral. The VM

rule can be derived as a linear approximation to the Lorentz-Lorenz mixing rule for the case of a quasi-homogeneous mixture

of different components with similar refractive indices (Liu and Daum, 2008). In a first approximation, this condition applies to

our host mixture that is composed of minerals with relatively similar refractive indices. While VM predicts greater absorption
compared to MG or BG when the inclusion is highly absorbing, this bias is less important for the amalgam of host minerals

whose absorption is small compared to that-ef-iron oxides.
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Figure 2. Real (n; A) and imaginary (k; B) indices of single minerals at visible wavelengths () as collected by Scanza et al. (2015): illite
(“il), kaolinite (‘kao’), smectite (‘sme’), calcite (‘cal’), quartz (‘qua’), feldspar (‘fel’), hematite (‘hem’) and gypsum (‘gyp’).

To obtain the CRI of the host mixture, we first calculate mineral volume fractions from the mass fractions in the DB19
aerosol samples, using the mass density of individual host minerals as prescribed in ModelE2.1 (Table 1). We then apply the
VM rule to each sample and calculate the mean across all samples. We perform this calculation at the seven solar wavelengths
of DB19 (Figure-30.370, 0.470, 0.520, 0.590, 0.660, 0.880 and 0.950 um) after interpolating the mineral CRIs from SZ15 at
these wavelengths. Importantly, we find a very good agreement between our calculated host mixture IRI and the IRI retrieved
by DB19 in the samples with iron oxide fractions approaching to zero. For example, in the Bodélé sample, whose measured
mass fraction of iron oxides is only 0.7 %, DB19 retrieved an IRI of 0.0007 and 0.0004 at 0.470 and 0.590 pim, respectively.
At the same wavelengths, our VM calculation for the host mixture gives 0.00077 and 0.00035, respectively. This agreement
(within the experimental errors of DB19) gives us confidence in our independent derivation of the IRI for the host mixture and

allows us to use it as the base for the calculation of the accretion IRI.

10
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2.2.3 Complex refractive index of accretions

We model our static and dynamic accretions as two-component particles consisting of the host mixture plus a small fraction
of iron oxides. We calculate the IRI of these accreted particles using the IRI for-of the host amalgam (derived-above)-plus
a perturbation that is proportional to the either fixed (static accretion) or varying (dynamic accretion) mass fraction of iron
oxides. This approach is suggested by the empirical retation—relations of dust IRI to the content of iron oxides measured by
DB19, and allows us to circumvent choosing an approximate theoretical mixing rule along with a hematite IRI from the large
range reported in the literature (e.g. Zhang et al., 2015)along-with-a-—single-mixingruleto-approximate-the-widevariety-of

t=}

At each measurement wavelength of DB19, we perform a third-order polynomial fit to their IRI retrievals versus the mass
fraction of iron oxides in their samples (Figure 3). The polynomial fit is constructed to match the host mixture IRI (Section
2.2.2) in the limit of vanishing iron oxide mass fraction, while reducing the low bias of a linear fit at larger fractions. We define
a suitable fitting function as the third-order Maclaurin expansion of an exponential function in the mass fraction of iron oxides

(Mjor):

2 3
0w p p
kacc = khoseplmwi ~ khos(]- +p1mioz + ém?o:c + glm?ox% (1)

where k.. and kp,s indicate the IRI of the accretion and host amalgam, respectively, and p; is the best fit parameter defining
the fitting function. DB19 also reported relationships of dust IRI with respect to the separate mass fractions of hematite,
goethite or total iron (including iron from non-iron oxide minerals like phyllosilicates). We use the total iron oxide mass as the
independent variable, because DB19 found a more robust relationship using hematite and goethite together rather than these
minerals separately. As already stated (Section 2.1), while only hematite is prescribed in the soil mineralogy of Claquin et al.
(1999) and implemented in ModelE2.1 (Perlwitz et al., 2015a), we assume, as a first approximation, that hematite is a proxy
for both iron oxides.

Perturbations of RRI due to iron oxides are less critical to our results, as dust absorption and DRE are mostly sensitive to
the IRI. Moreover, given that typical fractions of accreted iron oxides are small, different mixing rules for RRI would result
in similar RRI for the accretion. For example, the absolute difference in RRI is < 0.005 between VM and MG for iron oxide
mass fractions < 6 % (Figure A1-B). Given this insensitivity, we apply a simple two-component VM rule for the accretion RRI

(ngce), using the hematite RRI from SZ15 for iron oxides (1;44):

Nace = Nhos + (nioz - nhos)vioxa (2)

where np,,s indicates the RRI of the host amalgam, and v;,, is the either static (EXT) or dynamic (INT) volume fraction of

accreted iron oxides.
2.2.4 Complex refractive index of free iron oxides

In the EXT scheme, we also assign a CRI to the radiative component comprised of crystalline or free iron oxides. As the RRI,

we use the hematite value from SZ15, as already mentioned in Section 2.2.3. Given the large range of literature values (e.g.
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Figure 3. Polynomial fits (FIT) of dust imaginary indices (kq..) retrieved by Di Biagio et al. (2019) (DB19) versus the mass fraction of iron

oxides in the dust aerosol samples (102 ), including both hematite and goethite. The fits are calculated at the seven shortwave wavelengths (\)

of DB19: 0.370, 0.470, 0.520, 0.590, 0.660, 0.880 and 0.950 m (the last wavelength is not shown here). The intercepts of the polynomial

fitting function are set to the imaginary index of the host mixture (Section 2.2.2).
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Zhang et al., 2015), we choose instead to derive a new IRI consistent with the measurements of DB19 through an inverse
calculation. This inversion requires a mixing rule to relate the retrieved IRI of composite particles to that of embedded iron
oxides. Because free iron oxides make only a small contribution to the total dust extinction in the EXT scheme (Section 3.1.2),
the specific CRI that we assign to this component is nearly irrelevant to our results. Therefore, we defer our derivation of the
iron oxide IRI to Appendix A. Nonetheless, in Figure 4 we compare our calculated IRI, reflecting the presence of both hematite

and goethite in the DB19 samples, to literature values for hematite and goethite. Our estimate is roughly intermediate between

—a— This work (iox) —e— LG88 (hem) o BC93 (hem)
o QEB85 (hem) —e— 5715 (hem) -v¢ BC93 (goe)
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Figure 4. Imaginary index (k) of iron oxides (‘iox’) calculated in this work and literature values for hematite (‘hem’) and goethite (‘goe’)
at visible wavelengths (\). The references are Querry (1985) (QE85), Longtin et al. (1988) (LG88), Scanza et al. (2015) (SZ15), Bedidi and
Cervelle (1993) (BC93).

hematite and goethite IRIs measured by Bedidi and Cervelle (1993) that, to our best knowledge, is the only work reporting

goethite IRI at VIS wavelengths. Other estimates of the IRI for hematite alone are much higher than our values, especially
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towards short-VIS wavelengths. This discrepancy may be due to different measurement techniques and samples as well as the

presence of goethite in the DB19 samples.
2.3 Filtering dust events in AERONET

In order to evaluate our model calculations, we filter hourly AERONET data (Version 3; Sinyuk et al., 2020) to identify scenes
where dust is the dominant aerosol and generate monthly climatologies of aerosol optical depth (AOD) and SSA (among other
inversion variables) over the 2000-2020 period at the four wavelengths of the Almueantar-almucantar scan (0.440, 0.675,
0.870, 1.020 um). One of the quality assurance criteria applied to produce the Level 2.0 inversion product (Holben et al., 2006)
is a threshold for AOD at 0.440 pm: 7449 > 0.4, which assures a relatively small error of the inversion variables but excludes
the bulk of data in many stations (Li et al., 2014). We generate two observational data sets to compare different variables:
for SSA we use Level 2.0 data, whereas for DOD we apply to Level 1.5 data all of the high-quality Level 2.0 criteria except
the threshold for AOD at 0.440 ym. These two data sets include a different number of stations and available months, and are
indicated hereafter as AeroTAU4 (7449 > 0.4) and AeroTAUO (7440 > 0).

Our approach for filtering dust measurements uses both size-and-the-the size and spectral absorption features of the com-
mon tropospheric aerosol species, and aims to improve the widely used technique based only on the differences in size
among species. The volume size distribution of mineral dust typically presents a pronounced coarse mode (particle diameter:
d—=>12pmdiameters above ~ 1.2 m) especially near dust sources (Dubovik et al., 2002), whereas the fine mode is mainly
populated by other species such as BC, BrC, non-absorbing organics, sulfates and nitrates. We therefore first reduce the con-
tribution of fine species by imposing a maximum for the fine-volume fraction (FVF): vy, < 0.1. Separating dust from fine
species is a fundamental first step but a pronounced coarse mode may also indicate sea salt, especially in coastal stations (note
that in the AeroTAU4 data set, the threshold for AOD at 0.440 pm should filter out most scenes dominated by coarse sea salt,
whose load does not generate often 7449 > 0.15; Dubovik et al., 2002). Moreover, small amounts of highly absorbing carbona-
ceous species may contaminate the measurements, obscuring absorption by dust. To address these issues, in addition to the size
filter, we use the known spectral absorption features of the different aerosol species at solar wavelengths.

Dubovik et al. (2002) showed that the aerosol mixtures observed by AERONET photometers typically exhibit decreasing
or nearly constant SSA at UV-VIS wavelengths. In the case of mix