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Abstract Many chemical transport models treat mineral dust as spherical. Solar backscatter retrievals of
trace gases (e.g., OMI and TROPOMI) implicitly treat mineral dust as spherical. The impact of the morphology
of mineral dust particles is studied to assess its implications for global chemical transport model (GEOS-Chem)
simulations and solar backscatter trace gas retrievals at ultraviolet and visible (UV-Vis) wavelengths. We
investigate how the morphology of mineral dust particles affects the simulated dust aerosol optical depth;
surface area, reaction, and diffusion parameters for heterogeneous chemistry; phase function, and scattering
weights for air mass factor (AMF) calculations used in solar backscatter retrievals. We use a mixture of various
aspect ratios of spheroids to model the dust optical properties and a combination of shape and porosity to model
the surface area, reaction, and diffusion parameters. We find that assuming spherical particles can introduce
size-dependent and wavelength-dependent errors of up to 14% in simulated dust extinction efficiency with
corresponding error in simulated dust optical depth typically within 5%. We find that use of spheroids rather
than spheres increases forward scattered radiance and decreases backward scattering that in turn decrease the
sensitivity of solar backscatter retrievals of NO, to aerosols by factors of 2.0-2.5. We develop and apply a
theoretical framework based on porosity and surface fractal dimension with corresponding increase in the
reactive uptake coefficient driven by increased surface area and species reactivity. Differences are large enough
to warrant consideration of dust non-sphericity for chemical transport models and UV-Vis trace gas retrievals.

Plain Language Summary Mineral dust is often treated as spherical in chemical transport and trace
gas retrieval models. In this study, we investigate how dust shape affects gas-particle and radiation-particle
interactions. We examine the impact of dust shape on optical properties and trace gas retrievals at ultraviolet and
visible wavelengths. We find that treating dust as nonspherical in trace gas retrievals of nitrogen dioxide
decreases the retrieval sensitivity to dust. We also examine the impact of dust shape on heterogeneous chemistry
by developing and applying a theoretical model. We find that dust pores change particle surface area
significantly and subsequently, reaction and diffusion parameters. Overall, this study signifies the importance of
accounting for nonsphericity in chemical transport and trace gas retrieval models.

1. Introduction

Mineral dust is the most abundant aerosol by mass in the atmosphere and one of the key constituents of atmo-
spheric aerosols (Formenti et al., 2003; Kok et al., 2017, 2018). These particles have complex morphology (shape
and surface characteristics) which affects retrievals (Mishchenko et al., 1997; Wang et al., 2003). Dust
morphology also affects the heterogeneous chemistry of trace gases in the atmosphere by providing surfaces for
trace gas adsorption and reaction (Jacob, 2000). Many significant advances have been made for accurate rep-
resentation of the shape of dust particles in aerosol remote sensing applications (Dubovik et al., 2002; Kahn
et al., 1997; Kalashnikova et al., 2005; Liu et al., 1999). However, representation of dust non-sphericity in
chemical transport models (CTMs) is rare. CTMs require dust representation to interpret satellite observations of
aerosol optical depth to assess aerosol radiative effects (Ginoux et al., 2001, 2004), for air quality assessment (van
Donkelaar et al., 2006), and to interpret field observations of trace gases and aerosols which are affected by
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heterogeneous reactions with mineral dust (Fairlie et al., 2010; Zhai et al., 2023). Atmospheric optical properties
from CTMs are relied upon to calculate scattering weights and averaging kernels for trace gas retrievals from solar
backscatter measurement in ultraviolet and visible (UV-Vis) wavelengths (Eskes & Boersma, 2003; Palmer
et al., 2001) including accounting for aerosol effects (Cooper et al., 2019; J.-T. Lin et al., 2015). In this paper, we
examine how the shape and surface characteristics of dust particles affect the modeling of aerosol optical depth;
surface area for heterogeneous chemistry, reaction and diffusion parameters; and UV-Vis trace gas retrievals.

Dust particles are generally nonspherical without a typical shape as apparent from dust scanning electron mi-
croscopy images (Gao & Anderson, 2001; Okada et al., 2001; Reid et al., 2003). The simplest mathematical
geometry used to model dust shape is a sphere which can be described by a single degree of freedom (radius).
However, multiple studies have shown that spheres do not produce accurate results for dust optical properties and
therefore, radiative transfer calculations (Kahnert & Kylling, 2004; Kalashnikova & Sokolik, 2002, 2004;
Mishchenko et al., 1997). The most widely applied shape to model nonsphericity of dust particles is the spheroidal
geometry; mathematically described by two degrees of freedom (aspect ratio and radius). Mishchenko
et al. (1997) examined the benefits of using spheroids to model the phase function of nonspherical dust particles
and found that a mixture of randomly oriented, polydisperse, and homogeneous spheroids with different axis
ratios could reproduce measured phase functions. Although subsequent studies assumed more complex and
realistic shapes to simulate the optical properties (Bi et al., 2010; Kalashnikova & Sokolik, 2002; P. Yang
et al., 2000), such simulations are only applicable for a small size range of dust aerosols. Nonetheless, the exact
particle shape used to reproduce the scattering properties is unimportant (Bohren & Singham, 1991; Mishchenko
et al., 1997) because bulk scattering results are averaged over different shapes and orientations of individual
particles.

The reaction uptake coefficient, which is a fundamental parameter to represent heterogeneous chemistry in
chemical transport models (Dentener et al., 1996; Jacob, 2000) depends on the surface characteristics. Huang
et al. (2015) found that the porosity of dust particles affects reactive uptake coefficients significantly. Porosity
both increases the dust surface area while decreasing the mass transfer rate (diffusion rate) of the gaseous species
to the internal surface of the mineral dust, thus limiting the internal surface area available for reaction. We attempt
to model these changes analytically to demonstrate the effects of surface heterogeneity on dust chemistry.

Dust shape may have implications for trace gas (e.g., NO,, SO,, HCHO) retrievals from solar backscattered
measurements in the UV-Vis part of electromagnetic spectrum using satellite instruments such as OMI (Levelt
et al., 2006), TROPOMI (Veefkind et al., 2012), GEMS (Kim et al., 2020) and TEMPO (Zoogman et al., 2017).
The retrieval algorithms use an air mass factor (AMF) that includes a radiative transfer calculation of the
vertically resolved sensitivity to the trace gas of interest, to convert line of sight slant column density to vertical
column density (Eskes & Boersma, 2003; Palmer et al., 2001). Aerosol effects on AMF calculations can be
summarized into four categories: enhancement effect (increase AMF), reflectance effect (increase AMF),
shielding effect (decreases AMF) and absorption effect (decreases AMF) (Cooper et al., 2019). Operational
retrievals such as DOMINO (Boersma et al., 2011) and OMNO, (Bucsela et al., 2006) often implicitly treat
aerosols as spheres using Mie scattering computations. Research algorithms have explicitly treated aerosols
effects using specific aerosol types, but included mineral dust as spherical (Jung et al., 2019; J.-T. Lin et al., 2014,
2015; Martin et al., 2003). The effect of mineral dust shape warrants investigation due to its effects on the light
path.

The overall objectives of this study are to: (a) Study the impacts of applying the spheroidal model for dust shape
on calculations of aerosol optical depth in a widely used chemical transport model (GEOS-Chem); (b) Study the
implications of applying a spheroidal model for dust shape on UV-Vis trace gas retrievals, and (c) Investigate the
impacts of both shape and surface irregularities on heterogeneous chemistry by studying the change in the surface
area, reaction and diffusion parameters. We adopt the following strategy to develop an approach that links the
impact of the morphology of mineral dust particles to their optical properties, aerosol optical depth and AMF; and
to surface area, and reaction and diffusion parameters. First, we calculate optical properties of spherical and
spheroidal particles and their relative difference using 7-matrix and Mie theory (Mishchenko et al., 2002). A new
lookup table is made for the optical properties of spheroidal dust and applied in a global chemical transport model
(GEOS-Chem) to estimate the change in aerosol optical depth. Then, we calculate the change in the scattering
weights using the Unified Linearized Vector Radiative Transfer Model (UNL-VRTM) (Xu & Wang, 2019) which
uses the VLIDORT (Linearized vector discrete ordinate radiative transfer) algorithm (Spurr, 2006) to solve
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radiative transfer equations. We ignore the effects of surface irregularities on the optical properties as these effects
are averaged out when considering polydispersity, random orientations and different aspect ratios (Li et al., 2004;
Zubko et al., 2007). Finally, we simulate the change in the surface area of spherical and spheroidal dust particles
using GEOS-Chem, and study of the impacts of surface irregularities on surface area, and reaction and diffusion
parameters using a theoretical framework developed here.

2. Dust in GEOS-Chem

We use the GEOS-Chem model version 12.7.2 to simulate the global distribution of dust parameters affecting
AOD and surface area. GEOS-Chem is a three-dimensional chemical transport model first described by Bey
etal. (2001) that is driven by assimilated meteorological data from the Goddard Earth Observing System (GEOS).
We use GEOS-FP meteorological fields for the year 2016 with a horizontal resolution of 4° (latitude) X 5°
(longitude) and 72 vertical layers between the surface and 0.01 hPa. The spin-up time for these simulations is
1 month. The standard dust mobilization scheme in GEOS-Chem is the dust entrainment and deposition (DEAD)
scheme supplemented by a source function from Ginoux et al. (2001) as described by Fairlie et al. (2007) and
updated by Meng et al. (2021).

The total mass of dust in GEOS-Chem is divided into four independently transported size bins with size ranges
0.1-1, 1-1.8, 1.8-3 and 3-6 pm with effective radii (r.¢) of 0.75, 1.5, 2.5, and 4 pm respectively following Tegen
and Lacis (1996) and Ginoux et al. (2001). The mass fraction emitted in each bin is 0.077, 0.192, 0.349 and 0.382.
The smallest bin is further subdivided into 4 size bins with effective radii 0.15, 0.25, 0.4, 0.8 pm to calculate
optical properties, heterogeneous chemistry and photochemistry; each bin has the mass fraction of 0.007, 0.033,
0.249 and 0.711 as described by Zhang et al. (2013). The current look-up table which contains optical properties
of dust particles is based on Mie theory using a standard gamma size distribution function following Tegen and
Lacis (1996) as originally implemented in GEOS-Chem by Martin et al. (2003). In the following section, we
update this look-up table for nonspherical particles with a log-normal size distribution.

3. Optical Tables Needed for Chemical Transport Models Depend on Dust Shape

We use Mie theory and the T-matrix method (Mishchenko et al., 2002) to calculate the optical properties of
spherical and spheroidal dust, respectively at 12 wavelengths (1) between 300 and 1,020 nm. The T-matrix
method also known as the Extended Boundary Condition Method is based on an integral formulation of the
scattering problem. The coefficients of the vector spherical harmonics used to expand the incident and scattered
field can be related using a transition matrix (or 7-matrix) because of the linearity of the Maxwell equations and
boundary conditions. A fundamental feature of the 7T-matrix approach is that 7-matrix elements only depend on
the physical and geometric characteristics of the scattering particles (shape, size parameter, refractive index and
on the orientation of the particle with respect to the reference frame) and are independent of the incident and
scattering fields (propagation direction and polarization state). Although, the inability of the T-matrix code to
calculate the optical properties for larger size parameters (X = @ > 35) with extreme aspect ratios (<0.45 for
oblate spheroids) limits our calculations to fewer aspect ratios for large size parameters, we perform calculations
for the aspect ratios at which the solution does converge as listed in Table A1l of Appendix A along with the size
parameter range.

The size distribution for dust particles is treated as log-normal and expressed as

—(Inr—1n rg)z]

2In’o,

)= e 1)

where r is radius, r, is the geometric mean radius, o, is the geometric standard deviation, and C is a constant that
can be evaluated using the normalization condition (2).

frmuxn(r) dr=1 )

min

SINGH ET AL. 3 of 30

85U017 SUOWILLIOD AIERID 3|qeal|dde aup Aq peusenob a1e ssppie VO ‘8sn Jo s 10 AiqiauluQ A3|IAN UO (SUONIPUOD-PUR-SWLB)W0Y A 1M Alelq Ul UO//SdNY) SUONIPUOD PUe SWiB 1 8y} 89S *[202/60/62] U0 Akeid1T8uljuo A8|IM ‘Ov.E00S NEZ0Z/620T OT/I0p/i0d" Ao im Aseid i puljuo'sgndnfie//sdny wo.j pepeojumod ‘0T ‘%202 ‘99vZereT



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Advances in Modeling Earth Systems 10.1029/2023MS003746

In Equation 1, r is the radius for spherical particles and equivalent volume radius for spheroidal particles. The
corresponding effective radii r.¢ (Hansen & Travis, 1974) are expressed for the 6 bins as

rmax

Voff = 5 77,'}’3 n(r) dr (3)

Tmin

where

<G> = f ‘ 7 n(r) dr 4)

‘min

<G> is the geometric projected area. Here we develop a method to compute the value of <G> for spheroidal
particles. The projected area for a spheroid having a random orientation is given by Bi and Yang (2014).

na® Y . _ .
Aprolate = T[l +E sin 1(e)], e=\1—-y2if a<c 5)

ma’ 1-e -1 5 .
Aoblale=7 1+ p tanh (e) ,e=\1—-y if a>c (6)

where e is eccentricity; y = £ is aspect ratio; a and c are semi-axes of the spheroid. If a = ¢, the spheroid will be

transformed into a sphere as eccentricity e is zero. A represents projected area averaged over random orientations.

To calculate the average projected area per particle for a given size range and size distribution, we replace 7> in
Equation 4 with the projected area of a spheroid A

rmax
<G>sphcroid = / A I’l(}’) dr (7)

Tmin
We have treated r as a volume equivalent radius in size distribution function for spheroidal particles which can be
derived as

1 = —gea’; ®)

thus,
rmar ©

Using the above expressions, we derive the following relation between the geometric projected area of a sphere
and the geometric projected area of an equal volume spheroid for

<G>prolate

= T hin o] =
<G> ghere ‘zyg[”esm (")] =f) (10)

<Goopue _ L[}, 1=
<G>sphere 2}/j

tanh“(e)] =f(y) (11)

Equations 10 and 11 imply that the ratio of projected areas of spheroidal to spherical particles is a function of
aspect ratio only. The term on the right side of the equation is the sphericity factor, which is the same for the ratio
of the surface area of spheroidal and spherical shape particles for equal volumes (Ginoux, 2003).

We calculate the projected area of spheroidal particles from Equations 10 and 11. We used an equiprobable
mixture of prolate and oblate spheroids with 26 aspect ratios ranging from 1.2 to 2.4 with a step size of 0.1 with a
median aspect ratio of 1.8 following the approach of Mishchenko et al. (1997). The chosen aspect ratio is in
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reasonable agreement with laboratory measurements of particle shape conducted by Nakajima et al. (1989) and
Okada et al. (1987) which found that the mode aspect ratio of soil particles and desert dust aerosol was about 1.7.
We calculate the sphericity factor and projected areas of the spheroids for these 26 aspect ratios. We use these
projected areas to calculate the mean extinction efficiency Q. of the spheroidal dust particles and in turn aerosol
optical depth (z) as a function of GEOS-Chem mass loading (M)

3M. Qexi
== ext 12
’ 4 P. Feff ( )
where P is particle mass density which is treated as 2,500 kg/m? for submicron particles and 2,650 kg/m? for
particles greater than 1 pm following Ginoux et al. (2001).

Figure 1 shows for seven size bins, the extinction efficiency versus size parameter for spherical and spheroidal
particles and their difference. The extinction efficiency for spheroids is similar to that for spheres, with a steep
increase in extinction efficiency for small size parameter (<3), a resonance peak when the particle radii approach
the wavelength of radiance, and an asymptotic approach to the value of 2 for large size parameters (>10).
However, differences between spheroidal and spherical particles are apparent for size parameters less than 10.
The extinction efficiency for spheroidal particles exhibits a broader and shallower resonance peak than for
spherical particles, reflecting the broader distribution of aspect ratios for spheroidal particles. In addition,
spherical particles exhibit a damped oscillatory pattern in the extinction efficiency, a typical signature for particles
with small effective variance (Appendix A). This pattern disappears for spheroidal particle over a distribution of
aspect ratios. Thus, the difference between extinction efficiencies of spheroidal and spherical particles exhibits
oscillatory behavior.

Figure 2 shows the corresponding relative differences of extinction efficiencies versus wavelength for the 7 size
bins. The relative differences approach 14% at wavelengths and particle sizes similar to each other which occurs
near the resonance peak in extinction efficiency. Most of the difference appears in submicron size bins, which
comprise an important fraction of the total aerosol optical depth (Figure B1). We also explore the relative dif-
ference of absorption efficiencies versus wavelength using single scattering albedo (Figure A1l). Positive relative
differences appear in the submicron size bins with maximum of 11% and negative differences appear at super
micron sizes with maximum amplitude of —6%. Non-spherical particles tend to absorb more than spherical
particles as size increases. We update the look-up table of dust optical properties in GEOS-Chem to represent
spheroidal particles as given in Appendix C.

We simulate the aerosol optical depth using the updated look-up table in GEOS-Chem for the year 2017. We focus
on 7 at 550 nm for 0.15 pm radius and 800 nm for 0.8 pm radius which correspond to the largest differences in the
extinction efficiency. We find that total global dust aerosol optical depth decreases by 1.65% at 550 nm and
increases by 4.05% at 800 nm with larger differences for some sizes at specific wavelengths. The weaker
sensitivity to particle morphology of total dust z compared with 7 at specific wavelengths reflects the contribution
from multiple sizes with variable sensitivity to particle morphology at a specific wavelength. These findings are
consistent with Mishchenko et al. (1997). Overall, the impact of the shape on simulated 7 is typically within 5%
(Figure B2). We also compare GEOS-Chem simulated total AOD at 550 nm with AERONET (Figure B3). The
spheroid model does not introduce significant changes in the comparison as AOD (r* remains unchanged) is more
strongly influenced by other factors. Nonetheless, wavelength-specific differences could have implications for
comparisons of simulated = with observations at specific wavelengths such as examined in the next section.

4. Dust Shape, Intensity and Scattering Weights

We use the Unified Linearized Vector Radiative Transfer Model (UNL-VRTM) (Xu & Wang, 2019) to study the
impact of particle morphology on scattered radiance and on the scattering weights for AMF calculations. UNL-
VRTM uses the VLIDORT algorithm (Spurr, 2006) as the radiative transfer equation solver. The required inputs
for the model consist of atmospheric extinction, single scattering albedo, moments of the phase function, solar
zenith angle, solar azimuth angle, and viewing azimuth angle. We use a Lambertian surface with surface
reflectance 0.15 at 440 nm for Riyadh, Saudi Arabia (latitude = 24.71°N, longitude = 46.67°E) provided by
TROPOMI surface LER (Lambertian-equivalent reflectivity) and DLER (Directional dependent Lambertian
reflectivity) database (https://www.temis.nl/surface/albedo/tropomi_ler.php, last accessed 1 December 2022).
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Figure 1. Extinction efficiency (Q,,,) versus effective size parameter (x.g) for spheroids (top), extinction efficiency versus
size parameter for spheres (middle), change in extinction efficiency versus size parameter (bottom). Each colored line
represents an effective radius (r ) for the given size range and bold points denote the size parameter (x ¢ = 277r,/4). The
spectral refractive indices are tabled in Appendix C following Sinyuk et al. (2003).
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We assume a Rayleigh atmosphere with dust uniformly distributed up to 4 km altitude with optical thickness of
0.3. The input irradiance is 2.03 x 10’ mW/m?/nm.

We use the following (Equation 13 for downwelling and Equation 14 for upwelling) to calculate the scattering
angle O from the given set of the sensor zenith angles (0), relative azimuth angles (A¢) and solar zenith angle (6,
(Liou, 2002).

cos (®) = cos 0 X cos Oy + sin @ X sin 6y X cos (A¢p) (13)

cos (7 — ®) = cos 6 X cos 6y + sin O X sin 6y X cos (A¢p) (14)

Solar and viewing zenith angles vary from —90° to 90° and solar and viewing azimuth angles are defined
clockwise with range [0, 360].

To calculate the specific intensity change, we first examine the phase function of spherical as well as spheroidal
dust particles. Numerous studies have shown the impact of the shape of particles on the phase function (Dubovik
et al., 2006; Kalashnikova & Sokolik, 2002, 2004; Mishchenko et al., 2002). Figure 3 shows the phase function of
spherical dust particles (blue curve) and averaged phase function of spheroidal dust particles (red curve) at

3 —— Sphere . —— Sphere
20 —— Spheroid 90 —— Spheroid

1809

270° (@ 270° 0

Figure 3. Phase function of spheres (blue) and ensemble average phase function of spheroidal dust particles (red) for
(@) roge = 0.15 pm at 350 nm (b) r.g = 0.4 pm at 440 nm. Gray circles indicate the logarithm of phase function (in sr™").
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Table 1
Relative Differences in the Radiance (L) of Spherical and Spheroid Shape Dust Particles Calculated at Various Scattering Angles
Scattering angles Viewing zenith angles Relative azimuth angles Radiance (sphere) Radiance (spheroid) Relative difference (%)
0.00 30.00 0.00 428.25 503.52 17.58
14.87 15.00 0.00 177.36 192.48 8.53
18.45 15.00 30.00 127.39 137.36 7.83
39.48 15.00 120.00 51.94 50.19 —3.37
51.31 30.00 120.00 50.27 45.72 —9.05
120.00 30.00 360.00 56.53 57.82 2.28
130.50 60.00 240.00 72.18 73.88 2.36
150.00 60.00 180.00 84.90 81.06 —4.52
165.12 30.00 210.00 71.30 65.89 —7.59
180.00 30.00 180.00 90.31 71.23 —21.13

Note. All angles are in deg. and units of radiance are mWm st~ nm™"'. The relative difference is calculated as (

(Lsphcrmd _Lsphcrc) * 100

Lophere

). The first five rows represent the

downwelling diffuse spectral radiance at the bottom of the atmosphere and the last five rows show the upwelling diffuse spectral radiance measured at the top of the

atmosphere.

wavelength 350 and 440 nm for 7. 0.15 and 0.4 pm, respectively. These wavelengths are the center of HCHO
(350 nm) and NO, (440 nm) fitting windows used to determine a slant column abundance. Using spheroids versus
spheres for both forward scattering and backscattering for 0.15 pm at 350 nm (x4 = 2.69) are within 3%. For
0.4 pm at 440 nm (x.¢ = 5.70), spheroids induce a large (8%—21%) decrease in the backscattered radiance (around
scattering angle 160—180°) and a small increase in both forward and side scattering (around scattering angle 120°—
140°). Thus, the spherical model overestimates the backscattered radiance and underestimates the side and
forward scattered radiance for 0.4 pm at 440 nm. The large sensitivity of backscattering of spheroidal compared to
spherical particles is associated with dependence on the change in phase relation (Ap) of scattered wavelets from
individual dipoles on the scattering angle (Ap « (1—cos®), thus high sensitivity at 180°) and distance between the
dipoles (Bohren & Singham, 1991). As shape changes, the relative distance among the dipoles changes which
affects backscattering.

To estimate the differences in the radiance due to the shape of the dust particles, we input single scattering albedo,
the moments of the phase function, and cumulative dust optical depth of 0.3 of the spherical as well as spheroidal
shape dust particles in the model. We focus on 7. of 0.4 pm at 440 nm where there is a large and distinct dif-
ference in the phase function between spherical and spheroidal particles (Figure 3b). Table 1 shows results for a
solar zenith angle of 30,

The strong radiance at 0° scattering angle increases by 17.6% when changing from spheres to spheroids corre-
sponding to the enhancement of forward scattering. At 180° scattering angle, there is an overestimation of 21.1%
in the spectral radiance if spheres are used to represent the dust particles. Also apparent is the overestimation of
scattered radiance at scattering angle between 20° and 90° and underestimation of side scattering at angles be-
tween 90° and 140°.

We use UNL-VRTM to calculate the Jacobian of the intensity field which is an important parameter for the AMF
calculation. The AMF is a function of scattering weights (w(z)) and shape factor (S(z)) (Palmer et al., 2001) as
described by the following relation

(o]

AMF = AMFG/ w(z) S(z) dz (15)
0

where,

N BV
W= TAMEG ot

(16)
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Figure 4. Scattering weights for the atmosphere below 10 km with dust (7,4, = 0.3) uniformly distributed up to 4 km for 4
different viewing geometries. Scattering weights are calculated for wavelength (1) of 440 nm, surface pressure (P,) of
939 hPa and Lambertian surface reflectance (R) of 0.15.

a(z) n(z)
Jo a@)n(z)dz

AMF; = sec 0, + sec 6, (18)

S(z) = 17)

AMF; is the geometric AMF defined for a non-scattering atmosphere, a simple function of solar zenith angle 6,

01(;;,13 is the local derivative of the backscattering intensity (Iz) with respect to

layer optical depth z; and is equal to the % a(z) and n(z) are the absorption cross-section and number density

and satellite viewing zenith angle 6,

of the absorbing air molecules, respectively. The Jacobian is defined as r,j—ﬁ.

We calculate the scattering weights for 7. of 0.4 pm at 440 nm (x.¢ = 5.70), a wavelength in the NO, absorption
band (423451 nm). Figure 4 shows scattering weights distribution with respect to height from surface for Riyadh,
Saudi Arabia (Monthly mean P, = 939 hPa) to 10 km for the month of July 2016 for different optical geometries
with 8, =15°30°and 8, =15°,30°,45° for both spherical and spheroidal dust particles. The black line indicates the
scattering weight profile calculated without dust (no dust). This signifies the importance of molecular scattering
and how scattering weights deviate in the presence of aerosols (both spherical and non-spherical). Increasing €, and
0, decreases scattering weights for clear sky implying the increased path length and attenuation due to scattering.
The presence of a spherical dust layer (blue line) increases scattering weights near the top of the layer and above due
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Figure 5. GEOS-Chem simulated monthly mean vertical shape factor (S) (solid green line) for NO, as a function of height z
over Riyadh, Saudi Arabia. The blue, red and black lines represent the product w(z)S(z), for spherical, spheroidal dust and
clear sky (No dust), respectively. Values of air mass factor (AMF) calculated assuming spherical and spheroidal dust are also
shown along with geometrical AMF (AMF;) and clear sky AMF. Values in parentheses are the aerosol correction.

to increased backscattering by the aerosol below, while decreasing scattering weights below due to shielding
(Cooperetal.,2019). Changing from spherical to spheroidal particles diminishes both effects by increasing forward
scattering. The change in scattering weights also depends upon scattering angle (®). For equivalent 8, and 6,, the
backscattering angle is 180° and spherical dust offers large backscattering which in turn, increases the shielding
effect. Increasing both 8, and 6, increase the path length for the line of sight and hence, scattering weights decrease.
However, for different 6, and 6, there is less backscattering relative to ® = 180° hence, a smaller shielding effect
and greater scattering weights. The average effect on scattering weights at the surface of spheroidal dustis a quarter
to half that of spherical dust depending on geometry.

We use GEOS-Chem simulated monthly mean mixing ratio to generate an example shape factor over Riyadh.
Figure 5 shows the NO, shape factor over Riyadh for July 2016 along with the product w(z)S(z) for both
spheroidal and spherical dust for four geometries. The product w(z)S(z) provides a measure of NO, signal
observed in a fitting spectral window. The AMFg,,.;q increases with increasing 6, and 6, relative to AMF;.....
We define an aerosol correction as the change in the AMF due to aerosol effects relative to the AMF without
aerosols. Thus, for clear sky, the aerosol correction is 0. The values in the parentheses in Figure 5 represent the
aerosol correction. The aerosol correction for spherical dust is about 2.0-2.5 times that for spheroidal dust.
Explicit aerosol correction using spherical dust (Jung et al., 2019; J.-T. Lin et al., 2014, 2015; Martin et al., 2003)
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16{ 4 or implicit aerosol correction treating dust as Mie scattering clouds (Boersma
L Oblate spheroid Prolate spheroid etal., 2011; Bucsela et al., 2006) will overestimate the effect of acrosols as on
\ the AMF.
s12{ 3 <
% L] i e We also investigated the impact of small surface reflectance (5%), a typical
o 4 4 value for the vegetative surfaces at 440 nm, on scattering weights. As ex-
\
$ 8 . /’. pected, the scattering weights and hence, AMF decrease for each viewing
é L] o geometry for spherical dust, spheroidal dust and clear sky when compared
b \\ ',/ with above results (Appendix D). The overall conclusion remains that ac-
< 4 4 ’ counting for non-sphericity for dust reduces the need to correct for its effects
- on UV-Vis trace gas retrievals.
b\“\ _
0 K.
0.5 1.0 1.5 2.0 2.5 5. Dust Shape, Roughness, and Heterogeneous Chemistry

Figure 6. Change in the surface area of spheroidal shape dust particles from
spherical shape as a function of aspect ratio.

Aspect ra.tio(y)

The surface area of an aerosol is a key parameter in estimating the chemical
loss of gas to it. We first estimate the change in surface area of a dust particle
when deviating from spherical to spheroidal shape before examining effects
of surface roughness, and heterogeneous uptake. The approach follows that
used in Section 3. Since the surface area of a randomly oriented spheroidal particle is 4 times the projected area,
the expression for the ratio of geometric surface areas has the same form as the ratio of geometric projected areas
as described in Equations 10 and 11.

14
e

<S>prolate _ 1

=—|1+
(S >sphere 2}’5 [

sin”!@)] = 1) (19)

<S>sphere - 2}’%

Sobtae _ 1 [1 + ! —eez tanh_l(e)] =f() (20)

Figure 6 shows the change in the surface area of spheroidal dust particles at different aspect ratios. At extreme
aspect ratios (0.42 for oblate spheroid and 2.4 for prolate spheroid), the increase in surface area is about 16% for
oblate spheroid and about 12% for prolate spheroid.

We simulate the total surface area concentration for the size range 0.1-6.0 pm by assuming the dust particles as
either spherical or spheroidal using expressions Equtaions 19 and 20. Figure 7 shows the surface area of dust
particles (a) when a spheroidal shape is assumed and (b) the difference when deviating from spherical shape. The
surface area calculated for spheroid particles is averaged over the 26 aspect ratios. The distribution of the dust
surface area follows that of dust mass with enhancements over arid regions. The spheroidal surface area is about
6% greater than the spherical surface area.

However, dust particles are highly irregular asymmetric particles with a rough surface of microscale structures
such as pores, cavities, and capillaries (collectively referred to as pores hereafter). The pores are thought to have a

le-7 le-8

IS
N
o

w
g
o

-
o

=
=)
(cm2cm™3)

A Surface area

[

N
Total surface area of
spheroid dust (cm2cm~3)
e
w

Figure 7. (a) GEOS-chem simulated annual mean total surface area of dust particles in the troposphere for 2017 assuming a spheroidal shape for dust and (b) absolute
difference in surface area when deviating from spherical shape (spheroid minus sphere).
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slit or wedge-shape with open ends resulting from overlapping of the stacked layer structure of lamellae
(Rutherford et al., 1997). Given the challenges of fully representing the complexity of pores, we follow the
approach of Marcolli (2014) who uses cylindrical pores to develop conceptual understanding of the vapor
condensation in dust pores with extension it to the conical pores (Marcolli, 2020). Other work (David et al., 2019)
used cylindrical pores to examine the role of pore condensation and freezing for the ice formation in the atmo-
sphere below water saturation. Therefore, we treat the surface pores as cylindrical structures and assess the
surface area change and its effects on heterogeneous chemistry when deviating from smooth to rough particles.
We extend the results to conical pores in Appendix G.

It has been shown that the cumulative size distribution of the pores in the porous medium follows a fractal scaling
law (Majumdar & Bhushan, 1990; S. Yang et al., 2014; Yu & Cheng, 2002).

Dy
N(L>p) = (’%) @1

where N is the number of pores, L is the length scale, p denotes the radius of the pore base, and p,,,,, denotes the
maximum pore base radius, D, is the surface fractal dimension for dust particles which is within 2-3 (Laaksonen
etal,, 2016). D, = 2 represents a completely smooth particle and D, = 3 represents a particle surface completely
occupied by pores. Differentiating Equation 21 with respect to p gives the number of pores whose sizes lie within
the range from p to p + dp

—dN = D s p PV dp (22)

The negative sign indicates that pore number decreases with their increasing size as implied by Equation 21. Now,
the change in the surface area due to change in number of pores can be calculated as

dSmugh = dSsmooth + (_dN) 2”ph

d(Srough - Ssmooth) = (_dN) 2”/)]1 (23)

where £ is the height of the cylindrical cavity. Substituting Equation 22 into Equation 23 and integrating from p,;,,
t0 Praxe yields

D
(Srough - Ssmoolh) = ”prznax <D ! 2) Zﬁ (an72 - 1) (24)
=

Upon rearranging and using S,,,,o5, = 4777, Equation 24 can be written as

Srough 1 Prmax 2 Df D=2
Zrough _  (Pmax 2 (a2t — 1)+ 1 25
Sumoott 4( r ) D, -2 P« )+ (25)

where, r is the radius of a spherical particle and equivalent volume radius of a spheroid. Equation 25 gives the
relationship between surface area change due to surface roughness, surface fractal dimension and the geometrical
parameters (@ = (Pax/Pmin) a0d f = (h/p)) used to model the surface roughness. All terms on the right side of
Equation 25 are positive which reflects the increase in surface area of the dust particles due to the increasing
surface roughness. Although representative values are unavailable on the geometrical parameter a and f, the
surface porosity can be used to constrain these parameters. Surface porosity (¢) is a ratio of the total pore volume
to the volume of a particle. Using this definition, we obtain

_ [EdN)mp*h 3 pa\2 o Dy 1
R P )/’(3_Df)<1‘as—uf) 20

We define another parameter € which represents the fractional surface area occupied by the cross-sectional area of
pores.
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4zr? 4\ r

[CN L (pm? (D 2)(0}%—2 1 @7)
=

The right sides of Equations 26 and 27 are obtained by substituting the value of (—dN) from Equation 22 and
integrating. Comparing Equations 25 and 27, yields

SI’OU
I e 41 (28)

N smooth

Again, there is a lack of information on e. But € can be related to ¢ using K such that K = &/¢. Therefore, we have

S
Zrough 28K + 1 (29)

S smooth

We assume that f is statistically a constant such that height /# and radius p follows same fractal law. Therefore,
from Equation 21, we have

Pmax _ hmax

p h

pmax p
— == 30
: (30)

A

hmax

We assume that i, << r where i,

to 0.25 r centered around 0.20 r for subsequent analysis. We incorporate the uncertainty in surface area calcu-

is maximum height of a cylindrical cavity in the particle. We use &,,,,, = 0.15

max

lation by doing so. We examine the validity of this assumption in Appendix E. From Equation 30, we derive the
following relationship

FPmax _ 777 31

Substituting this relation into Equation 26, yields

LT

The expression for K can be obtained by dividing Equation 27 with Equation 26 and with the help of relation
Equation 23 and for 4,,,, = 0.20r, yields
5(3—-Dy D
4 33
3<Df - 2)( )( ) &Y

We eliminate f from Equation 29 using Equation 32 and substitute the expression for K from Equation 33 to

calculate the surface area change with respect to the porosity. We use D, = 2.43, for calcite and Dy = 2.66 for
quartz dust particles obtained by Laaksonen et al. (2016). Huang et al. (2015) observed that most dust pores are
mesopores (2-50 nm). So, we take a = 15, 20, 25 to represent the implied ratio. We verify if these values satisfy
the normalization condition in Appendix E. Huang et al. (2015) provide total pore volume obtained experi-
mentally for three different types of mineral dust: Asian mineral dust, Tengger desert dust and Arizona test dust of
0.020, 0.016, 0.023 cm>/g respectively. The specific volume of the mineral dust is 0.38 cm*/g for the bulk density
of mineral dust of 2.65 g/cm3. The resultant porosities obtained for the three different mineral dust types are
0.053, 0.04 and 0.06. So, we fix the upper limit of porosity to 6%.

The top row of Figure 8 shows the change in surface area due to roughness elements. The surface area of rough
particles is increased with respect to smooth particles by about 17%—-82% (20%—78% for conical pores with same
volume as cylindrical pores (Appendix G, Figure G1)) depending on the porosity of the particle, surface fractal
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Df=2.43 (calcite) Df=2.66 (quartz)
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¢(unitless) ¢(unitless)

Figure 8. (top) Surface area change due to the presence of roughness elements (pores) for a dust particle as a function of
porosity. (bottom) Ratio of rate constant of rough particles (kmugh) to the rate constant of smooth particles (k. )asa
function of porosity. The ratio is calculated for # = 0.28. Colors indicate the ratio of maximum to minimum pore radius (a).
Solid lines represent 4, = 0.20 r. Error bars represent the variation in dependent variables when £, varies from 0.15 to
025 r.

smooth

dimension and ratio of maximum to minimum pore radius (a). Error bars indicate the change in surface area when
Ray s varied from 0.15 to 0.25 r.

max

We next examine how particle roughness affects the diffusion coefficient and heterogeneous uptake. The first
order heterogeneous loss rate for a gas molecule with mean molecular speed v, mean free path ¢ and gas phase
diffusion coefficient D, on a spherical aerosol of radius r is given by

k= (L + A sp, =) (34)
=|— _ ) = —0
D, uy s =3%%

where y is the reactive uptake coefficient and defined as the probability that a molecule impacting the particle
surface undergoes irreversible reaction (Jacob, 2000). r can be defined as the effective radius for the aerosol size
distribution, and for spheroids r can be equivalent volume radius. S is the surface area of the aerosol particle per
unit volume of air. The rate constant k may be limited by either free molecule collision (4/vy term in Equation 34)
or by diffusion (+/D, term).

For pores, the diffusion coefficient or effective diffusivity (Aris, 1989) is given by

¢ 2
D, = EDks Dy = 3Pave? (35

where y is tortuosity of the particle, D, is the Knudsen diffusion coefficient that accounts for diffusion into the
pores with size less than mean free path, and p,,, is average pore radius which can be defined as the ratio of total
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pore volume to the total pore surface area. Typically, y is 1-4 for mineral dust (Huang et al., 2015). Equation 35
can be written as

ko P T ave (36)

The average pore diameter (2p,,,) for mesopores with aforementioned cumulative size distribution function is
typically at least 10 times smaller than the mean free path of the molecules and with given ranges of porosity and
tortuosity, D, /D, ~ O0(107%). Thus, resistance to the diffusion mass transfer into the pores is high compared to gas
phase diffusion. This means that not all the internal surface area will participate in the reaction. The hindrance of
gas diffusion to the pores reduces the internal surface area available for the reaction by a factor # known as
effectiveness factor (Huang et al., 2015) (Appendix E), which is the fraction of internal surface area participating
in the reaction. The heterogeneous loss rate (k) of a gas molecule over rough surfaces k.., can, therefore, be
modeled by adding pores to smooth particles and then, correcting for pore diffusion. Thus, ke, can be expressed
as function of the rate constant for spherical smooth particles kg, commonly used in the models.

ksmooth _ krough (37)

Ssmoolh Sextemal + nSinternal

which can be expressed as

Ssmoolh - -/(_dN)”p2+
ksmnoth/ssmooth = kmugh/ (38)

n( f (—dN)2mp*B + / (—dN)ﬂP2>

combining terms yields

kSmOO
ﬁ = rough/(ssmooth +@np+n—1) f (—dN)ﬂ'p2> (39)

Using the definition of porosity, Equation 39 reduces to following form.

m=1+(2nﬁ+n—l)K¢ (40)

smooth

Equation 40 can be used calculate the ratio of the rate constant of the rough particle for a given 5. Figure 8
(bottom) shows the rate constant change versus porosity for an example acidic uptake of SO, (7 = 0.28) by the
surface of Asian mineral dust (Huang et al., 2015), mainly composed of quartz and calcite (Liu et al., 2022). The
rate constant for A, = 0.20 r changes by a factor of 1.02-0.82 (initial slight increase and then decrease)
depending on the porosity, the surface fractal dimension and ratio of maximum to minimum pore radius ().

Decreasing h,,,, from 0.20 to 0.15 r results in small . This suggests a decrease in the availability of internal

max

surface area which results in a lower value of k..o as implied by Equation 37. Using conical pores with

hmax = 0.60 r changes the rate constant by a factor of 1.01-0.81 (Appendix G, Figure G1)).

The initial increase in ke, (Figure 8 (bottom)) suggests an increase in the internal surface area available for
reaction at a given effectiveness factor (7). The decrease in ko, at subsequent porosities suggests that decrease
in external surface area outweighs the increase in available internal surface area dictated by #. This prompts an

examination of the behaviour of Equation 37 for the limits of 5. As n — 0, k..., decreases with porosity as

oug]
Sexternal decreases because of addition of pores (Figure F1). 7 — 0 describes the limit in which all reactions occur
on the surface of the particle which can only be possible if the chemical species is extremely reactive. In such case,
the characteristic reaction time scale is very small compared to characteristic diffusion time scale which results in

large Thiele modulus (Appendix E) and hence, low effectiveness factor. However, as # approaches unity

SINGH ET AL.

15 of 30

85U017 SUOWILLIOD AIERID 3|qeal|dde aup Aq peusenob a1e ssppie VO ‘8sn Jo s 10 AiqiauluQ A3|IAN UO (SUONIPUOD-PUR-SWLB)W0Y A 1M Alelq Ul UO//SdNY) SUONIPUOD PUe SWiB 1 8y} 89S *[202/60/62] U0 Akeid1T8uljuo A8|IM ‘Ov.E00S NEZ0Z/620T OT/I0p/i0d" Ao im Aseid i puljuo'sgndnfie//sdny wo.j pepeojumod ‘0T ‘%202 ‘99vZereT



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Advances in Modeling Earth Systems 10.1029/2023MS003746

D¢=2.43 (calcite) D¢=2.66 (quartz)
—+— a=15
—— a=20
—+ 0=25 2.25

N
o N

[E
- )
Xcl Xmeasured
=N
~ o
(6, L=

X () Xmeasured

Loy

>
=
u
=)

—
N
=
N
Ul

=
[

1.00

0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06
@(unitless) @(unitless)

Figure 9. Ratio of corrected uptake coefficient (y,) to the measured uptake coefficient (y,,..cureq) @S @ function of porosity.
The ratio is calculated for n = 0.28. Colors indicate the ratio of maximum to minimum pore radius (). Solid lines represent
hax = 0.20 r. Error bars represent the variation in dependent variables when £, ,, varies from 0.15 to 0.25 r.

‘max ‘max

(represents the limit case of a non-reactive species filling all pores), k,,op, increases with porosity as more surface
is available for reaction (Figure F2). This suggests a presence of critical # where

Ssmooth = Sexternal + ”crilsimema] (41)
which, upon simplification, gives

1
Nerit = zﬂ +1 (42)
Figure F3 shows the rate constant change versus # for smooth particles corrected for pore diffusion. Varying n
from O to 1 spans the range of possible chemical interactions with dust particles in the atmosphere. The points
where curves intersect the dashed line represent the critical 7. At these points, k,op starts increasing with respect
to k

smooth*

The theoretical model developed until now explains how the surface area and rate constant change when adding
pores to a smooth particle keeping the reactive uptake coefficient constant. However, in experimental studies
(Hanisch & Crowley, 2001; Huang et al., 2015) where dust is already considered porous or rough, one needs to
study the behavior of the reactive uptake coefficient (y) used in rate constant formulation (34). The reactive uptake
coefficient (y) is calculated based on the entire surface area of a real particle with pores and should be corrected
for the pore diffusion. To do so, Equation 37 can be modified to the following form.

X measuredsrough =X (Sexternal + nSinternal) (43)

Here, y,. is uptake coefficient corrected for the internal surface area available for reaction. By applying a similar
mathematical approach as Equations 37-40 and 43 can be further reduced to

X measured _ (Ssmooth (Zﬂﬁ +n— 1) K¢) (44)

Xe B Srough (2ﬁ¢K + 1)

Figure 9 shows the reactive uptake coefficient change versus porosity for acidic uptake of SO, (7 = 0.28) by the
rough surface (particle with pores) of Asian mineral dust (Huang et al., 2015). The corrected reactive uptake for
hmax = 0.20 7 is increased by a factor of about 1.2-2.2 depending on the porosity, the surface fractal dimension
and ratio of maximum to minimum pore radius (@). The corrected reactive uptake for conical pores with
hax = 0.60 r is increased by factor of about 1.2-2.2 (Appendix G, Figure G2). Correcting for pore diffusion in a
real particle always reduces the available internal surface area for reaction.
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We extend the above result for SO, to span the range of possible chemical interactions with dust particles in the
atmosphere (Appendix F, Figure F4). Figure F4 shows the reactive uptake coefficient change with respect to
effectiveness factor with ¢» = 0.05. The ratio of corrected reactive uptake coefficient to measured reactive uptake
coefficient decreases with effectiveness factor. For non-reactive species (1 = 1), the ratio is always unity. For
highly reactive species (1 nearly equal to zero), the ratio depends on surface fractal dimension (D) and ratio of
maximum to minimum pore radius (@). The maximum ratio is about 3.4 for D, = 2.66 and a = 25 (calculated for
hmax = 0.20 7). The value of  for an example species is 0.03 (Hanisch & Crowley, 2001) for HNO; yields a range
of corrected uptake 1.9-3.1 (for 5% porosity).

Limitations: The theoretical model used here is based on cylindrical and conical pore shape following recent
practice (David et al., 2019; Marcolli, 2014, 2020) despite expectation that real dust contains slit or wedge-shaped
pores with open ends (Rutherford et al., 1997). Future work should explore ways to mathematically incorporate
wedge shape pores. Another limitation arises from g being treated as statistically constant. The depth of the pore
(h) may follow different scaling laws with different fractal dimension in natural settings. It should also be noted
that the current theoretical framework is for pure dust. A chemical coating of condensed gases on the aged dust
surface may affect porosity, surface area, and the reactive uptake coefficient. Pan et al. (2017) observed that
depolarization ratio of aged dust over Beijing decreases implying that dust particles tend to become spherical
(termed as quasi-spherical) in a polluted environment, therefore affecting the surface area. The uptake coefficient
of the aged dust may also depend on hygroscopicity of the coated dust. The weakly hygroscopic nature of some
coatings such as CaSO, can limit further uptake of water-soluble gases whereas, more hygroscopic coating such
as Ca(NOs;), can promote the formation of hydration layer and enhance of the reactive uptake of acidic gases
(Fairlie et al., 2010; Heim et al., 2020). Future work is needed to further examine these processes in chemical
transport models.

6. Summary and Conclusion

Mineral dust is often treated as spherical in chemical transport models and in solar backscatter retrievals of
trace gases. Although the effects of dust shape upon aerosol retrievals have been extensively examined,
knowledge gaps remain of their effects upon chemical transport model simulations and trace gas retrievals. We
investigate the effects of dust morphology on aerosol optical properties and aerosol surface area, diffusion and
reaction parameters used in chemical transport models, and radiance and scattering weights for AMF calcu-
lations in solar backscatter retrievals. Spheroids with different aspect ratios are used to model the dust phase
function with an equiprobable mixture of prolate and oblate spheroids. We find that the extinction efficiency
can differ significantly (>10%) when using spheroidal shapes to model submicron dust. The aggregate change
in optical depth across submicron size dust particles is within 5% which may be important for some
applications.

To our knowledge, all prior studies of the effects of aerosols on UV-Vis solar backscatter retrievals of trace
gases have treated dust as spherical. We first examined scattered radiance and find an 18% increase in forward
scattering and a 21% decrease in backscattering when using spheroidal rather than spherical dust. We find that
the increased forward scattering from spheroidal rather than spherical dust increases the transmission of the
solar beam into the dust layer, thus leading to an increase in scattering weights near the surface due to more
“clear sky” like behavior. The effect of aerosols on scattering weights and AMF of NO, is thus weaker by
roughly factors of 2.0-2.5 for variety of test scenarios over the dusty region of Riyadh when using spheroidal
rather than spherical dust.

We examined knowledge gaps of dust non-sphericity upon surface area for heterogeneous chemistry in
chemical transport models. We begin with surface area calculations by treating dust as spheroidal particles. The
surface area increase introduced by spheroidal rather than spherical particles is about 6% when averaged over
various aspect ratios. We subsequently examined the effect of dust surface roughness on surface area. We
derived a novel equation that relates surface area change due to surface roughness to the surface fractal
dimension and porosity. We found that surface roughness could increase surface area by factors of 1.2-1.8 with
pronounced sensitivity to fractal dimension and dust porosity which in turn, affects the rate constant. We found
that species reactivity plays an important role in determining the rate constant for rough particles along with
surface area. In addition, we studied the impact of surface roughness on gaseous reactive uptake and diffusivity.
We found that corrected reactive uptake is a function of surface area, porosity, and effectiveness factor whereas
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corrected diffusivity is a function of porosity and tortuosity. The uptake coefficient is increased under the
influence of surface roughness and change in surface area. We found that surface area and subsequently,
heterogeneous chemistry is more affected by dust surface irregularities rather than shape of the particles.

Overall, we find sufficient importance of the impact of non-sphericity of dust particles on simulated extinction,
AOD, phase function, radiance and scattering weights to warrant inclusion in chemical transport models and UV-
Vis trace gas retrievals. Future work could consider superspheroids that uses an roundness parameter along with
size and aspect ratio to characterize the shape (W. Lin et al., 2018) or ellipsoids with three degrees of freedom with
different shape distribution function (e.g., Gaussian rather than equiprobable mixture of shapes) to model the
optical parameters of the dust particles. Since T-matrix method has some limitations, machine learning techniques
could be useful in generating look up table of the dust optical properties in future. The effects of dust non-
sphericity on heterogeneous chemistry calculations in chemical transport models is however too uncertain to
confidently represent at this time. Future work should attempt to further constrain the extent of its effect. Super
coarse dust with diameter greater than 10 pm is gaining attention as an important contribution to dust mass (Ryder
et al., 2018; Varga et al., 2021); further development of CTMs is needed to represent this coarse mode (Meng
et al., 2022).

Appendix A
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Figure Al. Relative difference in absorption efficiency ( ) versus wavelength.

Table A1
Aspect Ratios at Which the T-Matrix Code Converges for Different Range of Size Parameters

Size parameter Aspect ratios

0-35 0.41-2.6 (26 aspect ratios)
35-40 0.45-2.2 (24 aspect ratios)
40-50 0.62-2.0 (16 aspect ratios)
50-60 0.71-1.8 (11 aspect ratios)
60-80 0.83-1.4 (4 aspects ratios)

Note. We use 26 aspect ratios ranging from 1.2 to 2.4 (prolate spheroid) with a step size of 0.1 for prolate spheroids and the
inverse of these values for oblate spheroids following the approach of Mishchenko et al. (1997).
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Table A2.
Table A2
Log-Normal Distribution Parameters Used for Different Size Bins
Size range % O'[;, o Vtiﬂ‘
0.1-0.18 0.5 2.2 0.15 0.019
0.18-0.3 0.5 22 0.25 0.017
0.3-0.6 0.09 22 0.40 0.037
0.6-1.0 0.5 22 0.80 0.02
1.0-1.8 4.0 22 1.49 0.02
1.8-3.0 4.0 22 2.49 0.018
3.0-6.0 0.09 2.2 3.72 0.03

S dr n(r) (r — Fegt) 7.

2 . . b, . .. . ) d . .
%Geometric radius; "Geometric standard deviation; “Effective radius; “effective variance = ﬁ
G
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Figure B1. Annual mean (a) total spherical dust AOD (b) sub-micron spherical dust AOD for the year of 2017 simulated at 550 nm.
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Figure B2. Differences (A, Sphere-Spheroid) in monthly mean (a) total dust AOD (b) sub-micron dust AOD for the year of 2017 simulated at 550 nm.
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Figure B3. Comparison between GEOS-Chem simulated annual mean AOD (2017) and AERONET AOD. Blue circles
represent GEOS-Chem simulated total AOD with spherical dust colocated at AERONET sites while pink circles represent
GEOS-Chem simulated total AOD with spheroidal dust colocated at AERONET sites. The solid line represents y = x and
dashed line represents regression line.
Appendix C
We retain the effective radii (Table C1) used for standard gamma distribution in Table C2 and Table C3. The
refractive index used in all the tables is 1.558 + 0.0014i (Sinyuk et al., 2003). o is single scattering albedo, A is
wavelength (in nm), r is effective radius (in pm), Q.,, is extinction efficiency, and n(0-7) are first eight
expansion coefficients of the phase function. Table C4 describes the spectral refractive indices at different
wavelengths.
Table C1
Default Look up Table of the Optical Properties for Spherical Particles at 550 nm Assuming Standard Gamma Distribution in
GEOS-Chem
Default
Test Oext ® 7(0) (1) 7(2) 7(3) (4) 7(5) 7(6) 7(7)
0.15 1.574 0.993 1.000 1.766 1.248 0.460 0.143 0.027 0.003 0.000
0.25 3.624 0.994 1.000 2.101 2473 2.097 1.416 0.769 0.355 0.076
0.40 3.642 0.990 1.000 2.005 2.702 2.636 2.714 2.500 2.179 1.787
0.82 2.623 0.971 1.000 2.142 3.213 3.457 4.381 4.388 4.957 4.747
1.49 2.368 0.953 1.000 2.256 3.339 3.617 4.635 4.902 5.843 6.053
242 2.270 0.930 1.000 2.357 3.499 3.897 4.971 5.373 6.463 6.862
3.72 2.125 0.897 1.000 2.409 3.562 4.009 5.070 5.556 6.708 7.235
Table C2
Revised Look up Table of the Optical Properties for Spherical Particles at 550 nm Assuming Log-Normal Distribution
Revised (spheres)
Tegt Qext [} (0) (1) (2) 7(3) (4) (5) (6) (7)
0.15 1.559 0.993 1.000 1.763 1.243 0.457 0.142 0.026 0.003 0.000
0.25 3.589 0.994 1.000 2.097 2.456 2.070 1.383 0.740 0.339 0.073
0.42 3.385 0.989 1.000 1.949 2.608 2.450 2.505 2217 1.893 1.517
0.80 2.544 0.971 1.000 2.086 3.121 3.284 4.188 4.148 4.722 4.495
1.49 2.268 0.950 1.000 2.229 3.261 3.456 4.380 4.536 5.402 5.553
2.49 2.230 0.927 1.000 2.355 3.480 3.857 4.893 5.279 6.360 6.775
3.72 2.154 0.899 1.000 2412 3.575 4.036 5.111 5.608 6.767 7.295
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Table C3
Revised and Final Look up Table of the Optical Properties for Spheroidal Particles at 550 nm Assuming Log-Normal
Distribution
Revised (spheroids)
Tefy Oext w 7(0) (1) n(2) n(3) 7(4) n(5) w(6) x(7)
0.15 1.382 0.993 1.000 1.763 1.305 0.553 0.193 0.047 0.009 0.001
0.25 3.287 0.994 1.000 2.129 2.432 2.113 1.478 0.822 0.403 0.139
0.42 3.436 0.990 1.000 2.058 2.718 2918 2.885 2.644 2.297 1.874
0.80 2.3717 0.970 1.000 1.910 2.769 3.175 3.591 3.773 4.021 4.123
1.49 2.299 0.948 1.000 2.136 3.177 3.830 4.484 4934 5.483 5.928
2.49 2215 0.922 1.000 2.224 3.338 4.134 4.921 5.547 6.268 6.923
3.72 2.168 0.896 1.000 2.266 3.522 4.354 5.139 5.858 6.746 7.551
Table C4
Spectral Refractive Index of Dust Particles Following Sinyuk et al. (2003)
Wavelength (A) (in nm) Refractive index Wavelength (A) (in nm) Refractive index
300 1.6 + 0.0087 i 600 1.553 + 0.0011 i
350 1.58 + 0.0058 i 675 1.5278 + 0.004597 i
400 1.58 + 0.0036 i 800 1.53 + 0.004 i
440 1.5756 + 0.00276 i 870 1.5301 + 0.004265 i
500 1.564 4+ 0.0018 i 1,000 1.53 + 0.001 i
550 1.558 4+ 0.0014 i 1,020 1.53 4+ 0.00067 i
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Appendix D
Figure DI.
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Figure D1. Scattering weights for the atmosphere below 10 km with dust (74,4, = 0.3) uniformly distributed up to 4 km for 4
different viewing geometries. Scattering weights are calculated for wavelength (1) of 440 nm, surface pressure (P,) of
939 hPa and Lambertian surface reflectance (R) of 0.05.
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Figure D2.
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Figure D2. GEOS- Chem simulated monthly mean vertical shape factor (S) (solid black line) for NO, as a function of height z
over Riyadh, Saudi Arabia. The blue, red and green lines represent the product w(z)S(z), for spherical, spheroidal dust and
clear sky, respectively. Values of air mass factor (AMF) calculated assuming spherical and spheroidal dust are also shown
along with geometrical AMF (AMF,;) and clear sky AMF. Values in parentheses are the aerosol correction.
Appendix E
The left-hand side of Equation 29 can be rewritten as following.
Srough Sextemal Sintemal
= + (E1)
Ssmooth Ssmooth Ssmooth
which can be expressed as
Srough — Ssmooth - /(—dN)ﬂ'p2 + /(_dN) Zﬂpzﬂ + f(—dN)ﬂ'pz (E2)
Ssmooth Ssmoolh Ssmooth
Using the definition of ¢, yields
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S

U — (1 — Kp) + 2B+ 1)K¢ (E3)

ssmooth
The first term of the right-hand side describes the fractional decrease in the external surface area and second term
indicates the fractional increase in the internal surface area when we add pores to a smooth surface. Since
fractional decrease in the external surface area cannot be equal to or less than zero, we obtain a following
condition where,

Kp<1 (E4)
The assumed range of h,,,, satisfies this condition for a given range of Dy, a and ¢.
E1. Pore Distribution Function and Normalization Condition
The fractal scaling law for pore distribution is
P\
ML) = (%) (ES)
p
Differentiating Equation ES with respect to give the number of objects whose sizes lie within the range from p
top +dp
—dN = Dyprisp™ P dp (E6)
From Equation ES, the total number of pores from p,;, t0 p,.x can be obtained by
f) Dy
Nt (L mein) = (M> (E7)
Pmin
Dividing Equation E6 by Equation E5 gives
dN D, _

N = Dipoip”Crdp = f(p) dp (E8)
where f(p) = D fpﬁ{np_(D +1) is the probability density function for pores in the dust particle. This probability
density function should satisfy normalization condition.

Prmax Do Dy
fp)dp = LQﬂ) =1 (E9)
Prin max
or
1\
- (_) 1 (E10)
a
Substituting a = 15, 20, 25 for 2 < D, < 3 satisfy Equation E10. Hence, a = 15, 20, 25 are valid values for
analysis.
E2. Effectiveness Factor
The effectiveness factor can be thought of as a measure of the intraparticle diffusional resistance to the hetero-
geneous reaction taking place on a porous surface. It is a function of another parameter known as the Thiele
modulus (®) (Ramachandran, 2014), that is, the ratio of the characteristic time for diffusion (r2/DC) to the time for
reaction (1/k) and for nonspherical particles, it can be written as
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n=sl =" " 20 (E11)
®|tanh(3®) 3P
k
O=r,|— (E12)
D,
where r is the equivalent volume radius for nonspherical particles. The dependence of ® on rate constant (k)
makes Equation 28 implicit and can be solved iteratively for y, if ¥, casureq 1S known.
Appendix F
Dy=2.43 (calcite) Dy=2.66 (quartz)
1.0 —— a=15 1.0
—+— a=20 0.9
0.9 — a=25
s s 0.8
g 0.8 g
3 £0.7
¥o07 ¥
§0.6
o o
~ 0.6 X5
0.5 0.4
0.4 0.3
0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06
¢(unitiess) ¢(unitless)
Figure F1. Ratio of rate constant for rough particles (k) to the rate constant of smooth particle (kyy,00m) as a function of
porosity. The ratio is calculated for n = 0.03. Colors indicate the ratio of maximum to minimum pore radius (a). Solid lines
represent A, = 0.20 r. The error bars represent the variation in dependent variables when £, varies from 0.1 to 0.2 r.
D¢=2.43 (calcite) Df=2.66 (quartz)
16/ + a=15
—— a=20 1.8
1.5 —+ a=25
§1.4 §16
5 &
¥ X
513 514
<12 <
1.2
1.1
1.0 1.0
0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06
@(unitless) ¢(unitless)
Figure F2. Same as Figure G1 except = 1.0.
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Figure F3. Ratio of rate constant for rough particles (K,

) to the rate constant of smooth particle (k
effectiveness factor #. The ratio is calculated for ¢» = 0.05. Dashed line represents ratio (k,o,qn/k
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points of dashed line with curves represent critical eta (7,;,) values.
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Figure F4. Ratio of corrected uptake coefficient (y,) to the measured uptake coefficient (¥, ,curea) @S @ function of
effectiveness factor (). The ratio is calculated for ¢p = 0.05. Colors indicate the ratio of maximum to minimum pore radius

(a). Solid lines represent &,
0.15t0 0.25 r.

Appendix G

= 0.20r. The error bars represent the variation in dependent variables when &

varies from

max

For conical pores, A,,,, varies from 0.45 to 0.75 r centered around 0.60 r, to keep the volume of conical pores to

the same as for cylindrical pores (Table G1).

Table G1

Key Formulas Describing the Change in Surface Area and Subsequent Chemistry Changes if We Replace Cylindrical

Capillaries With Conical Pores

Change in surface area

Relation between ¢ and

Sroug
oo = (Ve - 1)ko 41
where,

-1 67(;fD;)( =

)

_ 1
e

Change in rate constant

Change in reactive uptake coefficient

o = +<m/1+ﬂ2 —1>1<¢

and critical #,

— 1
Nerie =

R

Srough

T (1 1) kg
(V148 1) kg1
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Figure G1. (top) Surface area change due to the presence of roughness elements (conical shape pores) for a dust particle as a
function of porosity. (bottom) Ratio of rate constant of rough particles (k) to the rate constant of smooth particles
(Kymoom) as a function of porosity. The ratio is calculated for 7 = 0.28. Colors indicate the ratio of maximum to minimum pore
radius (). Solid lines represent 4,,,,, = 0.60 r. Error bars represent the variation in dependent variables when &, varies from
0.45t00.75 r.
D¢=2.43 (calcite) D¢=2.66 (quartz)
il —+ a=15 2.50
| —— a=20
—— a=25 2.25
1.8
3 $2.00
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ol 1.4 O
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0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06
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Figure G2. Ratio of corrected uptake coefficient (y,) to the measured uptake coefficient (¥,,casureq) @S @ function of porosity
for conical pores. The ratio is calculated for # = 0.28. Colors indicate the ratio of maximum to minimum pore radius (@).
Solid lines represent A,,,, = 0.60 r. Error bars represent the variation in dependent variables when &, varies from 0.45 to
0.75 r.
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