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Abstract Mineral dust is a key player in the Earth system that affects the weather and climate through
absorbing and scattering the radiation. Such effects strongly depend on the optical properties of the
particles that are in turn affected by the particle shape. For simplicity, dust particles are usually assumed to
be spherical. But this assumption can lead to large errors in modeling and remote sensing applications.
This study investigates the impact of dust particle shape on its direct radiative effect in a next-generation
atmospheric modeling system ICON-ART (ICOsahedral Nonhydrostatic weather and climate model with
Aerosols and Reactive Trace gases) to verify if accounting for nonsphericity enhances the
model-observation agreement. Two sets of numerical experiments are conducted by changing the optical
shape of the particles: one assuming spherical particles and the other one assuming a mixture of 35
randomly oriented triaxial ellipsoids. The simulations are compared to MISR (Multiangle Imaging
Spectroradiometer), AERONET (Aerosol Robotic Network), and CALIPSO (Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation) observations (with focus on North Africa). The results show that
consideration of particle nonsphericity increases the dust AOD (Aerosol Optical Depth) at 550 nm by up to
28% and leads to slight enhancement of the agreement between modeled and measured AOD. However,
the model performance varies significantly when focusing on specific regions in North Africa. These
differences stem from the uncertainties associated with particle size distribution and emission
mechanisms in the model configuration. Regarding the attenuated backscatter, the simulated profile
assuming nonsphericity differs by a factor of 2 to 5 from the experiment assuming spherical dust and is in a
better agreement with the CALIPSO observations.

1. Introduction
Mineral dust is the most dominant atmospheric aerosol by mass (IPCC, 2013; Textor et al., 2006), which is
emitted mainly through wind erosion of the low-vegetated land surfaces in arid and semiarid regions (Shao,
2008). Dust particles influence the weather and climate directly through absorbing and scattering the radi-
ation and thereby perturb the Earth's energy balance (direct effect; IPCC, 2013). They also pose indirect
effects on the Earth system by modifying the cloud properties and ecosystems (IPCC, 2013). The magnitude
of these effects varies with the abundance of the dust particles in the atmosphere and their physicochemi-
cal properties such as size distribution, composition, and shape (Mahowald et al., 2014; Shao et al., 2011).
Despite of the significant progress made by individual studies, there are still open questions with respect to
dust emission/removal processes as well as the size distribution and, consequently, its atmospheric burden
(Ansmann et al., 2017; Cakmur et al., 2006; Kok et al., 2017; Shao et al., 2011). Besides, the optical properties
of dust constitute a major source of uncertainty in atmospheric models (Tegen, 2003).

The optical properties of dust not only depend on the size and composition (Kandler et al., 2007) but also vary
significantly with the shape of the particles (Nousiainen & Kandler, 2015). Mineral dust particles are known
as exclusively nonspherical particles with irregular shapes and surface heterogeneity (Reid, 2003; Wagner
et al., 2012; Wiegner et al., 2009). Several studies have shown that modeling the dust optical properties
based on the spherical model, a usual simplification to circumvent modeling and computational difficulties,
leads to large errors in modeling and remote sensing applications (Dubovik et al., 2002; Kahn et al., 1997;
Kalashnikova & Sokolik, 2004; Kok et al., 2017; Nousiainen, 2009). To overcome this limitation, several
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nonspherical particle models and the relevant computational techniques have been developed and deployed
to analyze and reproduce the experimental data (see Nousiainen & Kandler, 2015, and references therein).

Among all models ranging from simplified homogeneous to complex anisotropic and inhomogeneous par-
ticles, triaxial ellipsoids can closely reproduce the laboratory-measured scattering properties of dust and
are therefore recommended for further applications (Dubovik et al., 2006; Meng et al., 2010; Merikallio et
al., 2013; Nousiainen & Kandler, 2015). As a pioneer study, Dubovik et al. (2002) applied the randomly
oriented polydisperse spheroids (ellipsoids with rotational symmetry) to angular and spectral radiation
measurements from the Aerosol Robotic Network (AERONET). They demonstrated a significant improve-
ment in dust-particle phase functions, size distributions, and refractive indices in comparison to Mie-based
retrievals. Later, it was shown that utilizing mixtures of spheroids improves the fitting of measured spec-
tral and angular dependencies of intensity and polarization observed by AERONET ground-based Sun/sky
radiometers (Dubovik et al., 2006). In radiative transfer models, it has been shown that accounting for ellip-
soid dust shapes can lead to changes in top of atmosphere fluxes of up to 30% (Yi et al., 2011). In general
circulation models, the role of nonspherical dust shape has been controversial. For instance, Raisanen et al.
(2013) suggested that the dust nonsphericity has a minor impact on radiative fluxes and heating rates, hence
a generally negligible climate effect. On the other hand, Colarco et al. (2014) reported that for the spheroid
dust particles, the effects are more pronounced with changes by 20% and 10% in shortwave and longwave
atmospheric heating, respectively. Based on this work, Nowottnick et al. (2015) suggested that the particles
shape should be considered in the evaluation of aerosol types in global models. Beside radiation, particle
shape affects the dust terminal velocity and, thus, its mass concentration and size distribution. However,
Ginoux (2003) showed that such effects are rather negligible in global modeling.

Several experimental and remote sensing studies have shown that any reasonable distribution of nonspher-
ical particles is superior compared to the spherical particles used by Mie theory when it comes to optical
properties of mineral dust (see Nousiainen, 2009, and references therein). Especially, the dust nonsphericity
is extensively studied and applied in lidar investigations (e.g., Ansmann et al., 2017; Gaststeiger et al., 2011;
Jeong et al., 2016; Kemppinen et al., 2015). However, dealing with nonsphericity is not a completely resolved
issue in dust forecast models as most models are still based on the Mie theory. In particular, it is not yet clear
if accounting for dust nonsphericity enhances the agreement between the modeled and observed scattering
in terms of magnitude (e.g., optical depth) and angular distribution (e.g., attenuated backscatter [ABS]). This
matter becomes crucial in the data assimilation applications, where model and observation (e.g., satelite,
lidar, and ceilometer) should rely on similar physical assumptions concerning the aerosol optical proper-
ties. The current study aims to address this issue through investigating the impact of particle shape on the
optical depth and ABS simulated by an online-coupled forecasting system. The analysis focuses on North
Africa as the most significant dust source globally (Textor et al., 2006). It also accounts for the major source
of dust outbreaks reaching Europe. Section 2 describes the tools, methods, and assumptions employed to
model the dust radiative effect as well as the observations of dust optical depth and ABS used to evaluate the
modeling results. The results are discussed in section 3, and the conclusions are given in section 4. It should
be noted that this study focuses on the effect of nonsphericity on model-observation comparison and thus
does not analyze the effects of particle shape on radiative fluxes and heating rates.

2. Methodology
2.1. Modeling System
This study employs the ICOsahedral Nonhydrostatic weather and climate model with Aerosols and Reactive
Trace gases (ICON-ART). ICON is a nonhydrostatic modeling system that solves the full three-dimensional
nonhydrostatic and compressible Navier-Stokes equations on an icosahedral grid (Zängl et al., 2015). ICON
is a multiscale unified numerical weather prediction and climate modeling system that could be used for
seamless simulations of various processes across local to global scales. The ART module is an extension of
ICON to account for emission, transport, and physicochemical processing of the aerosols and trace gases
(Rieger et al., 2015). Zängl et al. (2015) and Rieger et al. (2015) provide detailed technical descriptions of
ICON and ICON-ART, respectively.

ART uses a modal aerosol microphysics model (Rieger et al., 2015). The size distribution of mineral dust at
emission is represented by three log-normal modes with mass median diameters of 1.5, 6.7, and 14.2 μm and
standard deviation of 1.7, 1.6, and 1.5 for modes A, B, and C, respectively. The dust emission scheme is based
on Vogel et al. (2006). It is further improved by Rieger et al. (2017) to consider (1) the global availability of soil
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properties (size distribution and residual soil moisture), (2) the soil dispersion state, and (3) a tile approach
used to account for soil type heterogeneity at coarse resolutions. The partitioning of the emitted dust in
different modes depends on wind velocity (Vogel et al., 2006). The dust removal processes include dry (by
gravitational settling and turbulent diffusion) and wet deposition (due to washout). Detailed information
about the dust cycle in ICON-ART is given in Vogel et al. (2006), Gasch et al. (2017), and Rieger et al. (2017).
It should be noted that this study considers the effect of nonsphericity only on dust optical properties. This
means the impacts of nonsphericity on dust emission, transport, and removal processes are beyond the scope
of this work.

ICON makes use of the Rapid Radiative Transfer Model (RRTM; Mlawer et al., 1997) as the standard radi-
ation scheme for numerical weather prediction. To account for the dust radiative effect, ART calculates
the local radiative transfer parameters based on the optical properties and the prognostic mass concentra-
tion of dust at every grid point and for every level. These are subsequently used as the input parameters
for the RRTM scheme (Gasch et al., 2017). This approach ensures full coupling and feedback between
dust processes, radiation, and the atmospheric state (Shao et al., 2011). Furthermore, in this study the dust
composition is assumed to be spatially invariant.

Measurements of Aerosol Optical Depth (AOD) and ABS represent the intensity and backward distribution
of the scattering by aerosols, respectively (Petty, 2006). To allow a direct comparison between the measure-
ments and modeling results, two forward operators are implemented in ICON-ART to diagnose the AOD
and ABS at different wavelengths. These forward operators take the prognosed particle mass concentration
and multiply it by the mass extinction and backscatter coefficients that are calculated as explained in the
following section.

2.2. Calculation of Dust Optical Properties
Two sets of aerosol optical properties are calculated off-line for each dust mode in ICON-ART. The first
set includes the mass extinction coefficient, single scattering albedo, and asymmetry parameter at 30 wave-
length bands in the range of 0.2 to 100 μm required by the RRTM scheme to account for the radiative
feedback of the dust. The second set includes the mass extinction coefficient (at 550 nm) and the backscat-
ter coefficient (at 532 and 1,064 nm) required for the forward operators to calculate the AOD and ABS,
respectively.

The calculation of the optical properties is based on the wavelength-dependent refractive indices of dust
used by Rieger et al. (2017), which is in good agreement (difference <5% in the shortwave) with the recent
dust refractive index databases for North Africa (Stegmann & Yang, 2017). For spherical particles, the results
of the Mie calculations conducted by Gasch et al. (2017) are used. The optical properties of nonspherical
particles are based on the database of single scattering properties of randomly oriented triaxial ellipsoids
compiled by Meng et al. (2010). This database is developed using the T-Matrix method (Mishchenko et al.,
1996) for spheroids. It also uses the Discrete Dipole Approximation and Improved Geometric Optics Method
for triaxial ellipsoids without rotational symmetry and also for spheroids with extreme aspect ratio (see
Meng et al., 2010, for more details). This database has limitations in accurately simulating the backscatter
(Meng et al., 2010). Databases that assume irregularly shaped particles and inhomogeneous distribution of
chemical components (e.g., Gaststeiger et al., 2011; Kemppinen et al., 2015; Jeong et al., 2016) seem more
accurate in this case. However, such databases have limited range of size parameter (measure of particle
radius: wavelength ratio). This means that they are appropriate for the forward operator of ABS (diagnostic
calculations) but do not cover the wide size parameter range required for RRTM input parameters (prognos-
tic calculations). Therefore, to have consistent shape assumptions in prognostic and diagnostic calculations
in the model, the Meng et al. (2010) database is used for both parts in this study.

The extinction efficiency qext, the scattering efficiency qsca, and the first element (P11) of the scattering matrix
P(𝜃) are taken from Meng et al. (2010) for given wavelength 𝜆, particle shape, and refractive index. The mass
extinction coefficient (𝜎ext) and backscatter coefficient (𝛽) for particle radius r (or volume-equivalent radius
for nonspherical particles) are calculated as follows (Petty, 2006):

𝜎ext =
∫ rmax

rmin
𝜋r2qext(r)n(r)dr

∫ rmax
rmin

4
3
𝜌𝜋r3n(r)dr

, (1)
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Figure 1. Mass extinction coefficient (𝜎ext) in square meters per gram (top panel), single-scattering albedo (𝜔; middle
panel), and asymmetry parameter (g; lower panel) of the dust particles in fine (left panel) and coarse (right panel)
modes as a function of wavelength (𝜆). Cyan lines represent 35 different ellipsoids with the average shown by the thick
blue line. Black line stands for spherical particles (Mie theory).

𝛽 =
∫ rmax

rmin
𝜋r2qsca(r)

P11(r,𝜋)
4𝜋

n(r)dr

∫ rmax
rmin

4
3
𝜌𝜋r3n(r)dr

, (2)

where n(r) = dN∕dr is the particle number density per radius interval and 𝜌 is the density of dust. 𝛽 is used
together with the two-way transmittance to calculate the ABS as 𝛽 ′ = 𝛽 × exp(−2𝜏) where 𝜏 is the optical
depth. In other words, to calculate the mass extinction and backscatter coefficients, 𝜎ext and 𝛽 are integrated
over each log-normal mode, respectively. This procedure is applied to all nonspherical particles in Meng
et al. (2010) database that includes 35 ellipsoids with and without rotational symmetry having axis ratios
of 1.1 to 3.3 (in agreement with range proposed by Kandler et al., 2007). Then, the average of each optical
parameter is calculated and implemented in ICON-ART. This implies the assumption that the shapes have
equal weight percents (approximately 3 wt%) in each mode to avoid bias to one particular shape or axis ratio.
This assumption is in agreement with the experimental studies that report no significant trend in the aspect
ratio and shape as function of particle size (Scheuvens & Kandler, 2014).

The results are shown in Figures 1 and 2 and are compared with the results for volume-equivalent spheres.
Figure 1 indicates that in the visible band, nonspherical dust tends to have higher extinction (top panel) and
scattering (middle panel) than spherical dust, which is in agreement with previous works (Colarco et al.,
2014; Dubovik et al., 2002). It also shows that the extinction coefficient is highly sensitive to the choice of
shape and aspect ratio. Thus, using only one shape or aspect ratio might lead to significant overestimation
of AOD. Figure 2 shows the phase function at 1,064 nm. Note that in equation (2), the values of P11(𝜋) are
used to calculate the backscatter coefficient for different modes. It could be seen that the P11(𝜋) values for
the fine mode (mode A) do not change significantly with shape. But in the coarser modes, the differences
in P11(𝜋) are up to the order of 102.

Dubovik et al. (2006) proposed a mixture of spheroids with shape distribution to represent the dust non-
sphericity. The phase function for this distribution (Dubovik et al., 2006) is computed based on Meng 2010
data and shown in Figure 2 (dashed green line). It could be seen that the overall difference between equally
weighted ellipsoids mixture (this study) and the spheroid mixture based on shape distribution of Dubovik et
al. (2006) is negligible. Besides, the P11(𝜋) differs by 5–20% between the ellipsoid and spheroid mixtures that
could be neglected too considering the uncertainties associated with both databases (Dubovik et al., 2006;
Meng et al., 2010).
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Journal of Geophysical Research: Atmospheres 10.1029/2018JD030228

Figure 2. Scattering phase function at wavelengths 532 and 1,064 nm for SPH (blue) and NSP (red) particles in all size
modes. Dashed green line is based on the spheroid shape distribution proposed by Dubovik et al. (2006). SPH =
spherical; NSP = nonspherical.

It should be noted that in this study shape refers to optical shape and not geometric shape. In other words,
the objective is to reproduce the optical behavior of dust particles by a generic combination of nonspherical
shapes without considering the geometric shapes of particles observed in particular dust samples.

2.3. Modeling Experiment Setup
The simulations are carried out on a global R2B06 grid with an effective horizontal grid spacing of 40 km and
90 vertical levels. A series of daily forecasts with lead times up to 72 hr is computed for the time period of 15
June 2017 to 31 August 2017. The first 2 weeks are regarded as spin-up time; hence, the evaluation focuses
on July and August 2017. The forecasts are initialized daily at 00 UTC based on the initial meteorological
conditions taken from a daily analysis provided by the German Weather Service (DWD). The initial mineral
dust distributions, however, are taken from the previous forecast run.

The model configuration only treats dust as prognostic aerosol and uses climatology for other aerosols. Prog-
nostic dust-cloud interactions are not taken into account. Furthermore, the linear scaling parameter Cwhite
(Rieger et al., 2017), which adjusts the dust emission flux, was tuned with regard to the applied horizon-
tal resolution, yielding a value of Cwhite = 0.3. To assess the impact of particle nonsphericity on diagnosed
AOD and ABS, two experiments are carried out. The reference experiment (referred to as SPH) is based on
the optical properties of the spherical particles, while the second experiment (referred to as NSP) uses the
optical properties for nonspherical shapes, as explained in section 2.2.

The prognostic mineral dust-radiation interactions are activated for both experiments. This implies that
the differences between experiments (in diagnosed AOD and ABS) are induced by the changes in optical
properties as well as the changes in mineral dust concentrations due to the nonlinear feedback mechanisms
in each experiment (e.g., for reduction in dust emission due to modified atmospheric conditions). This effect
is quantified and considered in the analysis presented below.

2.4. Observation Data
Three observational data sets are used to evaluate the model simulations (Table 1) that do not use Mie theory
as a priori in the retrieval algorithm. The spatial distributions of AOD are taken from the Multiangle Imaging
Spectroradiometer (MISR) level 2 and mapped to the spatial resolution of 0.5◦ (Kahn et al., 2010). MISR
provides the nonspherical AOD fraction that could be attributed to dust with high confidence (Guo et al.,
2013; Kahn et al., 2009; Kalashnikova & Kahn, 2006). In addition, the total coarse-mode AOD (version 3,
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Table 1
Observational Data Sets Used to Evaluate the Model Simulations in This Study

Sensor/platform Data products Scope of use Reference
MISR AOD (total and nonspherical) Spatial distribution Kahn et al. (2010)
CALIPSO ABS Vertical profiles Winker et al. (2013)
AERONET Coarse-mode AOD Temporal variation Dubovik et al. (2002)

Note. MISR = Multiangle Imaging Spectroradiometer; AOD = Aerosol Optical Depth; CALIPSO =
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation; AERONET = Aerosol Robotic Net-
work; ABS = Attenuated Backscatter.

level 1.5) from ground-based AERONET is used to evaluate temporal variations of the simulated AOD. The
coarse mode AOD is also dominated by mineral dust (O'Neill et al., 2003). The AOD retrieval in this data set
is based on the spectral deconvolution algorithm described in O'Neill et al. (2003). Six AERONET sites in the
study region are considered, including two inland sites in North Africa (Tamanrasset and Banizoumbou),
two coastal sites in North Africa (Dakar and Tizi-Ouzou), one island site in Mediterranean sea (Lampedusa),
and one inland site in Europe (Zaragoza).

The vertical profiles of the aerosols are taken from the Cloud-Aerosol Lidar with Orthogonal Polarization
sensor onboard of Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite
(Winker et al., 2009). The lidar backscatter profiles are calibrated and range registered to identify the cloud
and aerosol layers and also to retrieve aerosol extinction coefficients and ABS at 1,064 nm (Winker et al.,
2013). Here the L1B data of the release version 3.40 are used.

All the model-data comparisons are performed with matching the sampling time (for both satellite overpass
and AERONET) and also considering the missing data. This approach reduces the artifacts in the observed
differences between model and data. It should be noted that the goal of the comparison is not to obtain an
exact match with a specific datum but rather to enhance the ability to reproduce the overall variations and
features, given the uncertainties in both model and observations.

Figure 3. Mean monthly Aerosol Optical Depth at 550 nm for July 2017 calculated from modeling experiments and
MISR products. Box A shows the area where MISR nonspherical Aerosol Optical Depth has lower uncertainty. Boxes B
and C include major dust source areas in northern and southern Sahara, respectively. These boxes are further analyzed
in Figure 4. Circles show the Aerosol Robotic Network stations that are analyzed in section 3.2. ICON-ART =
ICOsahedral Nonhydrostatic weather and climate model with Aerosols and Reactive Trace gases; MISR = Multiangle
Imaging Spectroradiometer; SPH = spherical; NSP = nonspherical.

HOSHYARIPOUR ET AL. 7169
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Figure 4. Effect of shape on ICOsahedral Nonhydrostatic weather and climate model with Aerosols and Reactive Trace gases and MISR AOD 550 comparison
within the marked areas in Figure 3 for July 2017. MISR nonspherical AOD and MISR total AOD are used in upper and lower panels, respectively. Left, middle,
and right panels correspond to boxes A, B, and C in Figure 3, respectively. MISR = Multiangle Imaging Spectroradiometer; AOD = Aerosol Optical Depth; SPH
= spherical; NSP = nonspherical.

3. Results and Discussion
3.1. Spatial Distribution of AOD
To allow a detailed analysis, three regions are considered within the study area (boxes A–C in Figure 3).
Box A focuses on the dust plumes over the Atlantic ocean where satellite products are more reliable (Kahn
& Gaitley, 2015, see below for more explanations). Boxes B and C include the major dust source regions
in northern and southern Sahara that contribute mainly to the dust events reaching Europe and Atlantic,
respectively (Ginoux et al., 2012). These boxes also include some of the AERONET stations considered in
this study (circles in Figure 3).

Figure 3 shows the monthly mean AOD at 550 nm calculated from the modeling experiments and the MISR
products. In general, the NSP experiment shows higher AOD compared to SPH experiment as the extinction
coefficients of the nonspherical particles at 550 nm are 15–28% larger than those of equivalent spheres (see
Figure 1). This is mainly caused by the greater surface-to-volume ratio of nonspherical dust, relative to that of
an equal-volume sphere. Both experiments, however, show larger AOD values than the MISR nonspherical
AOD. MISR has limitations in the aerosol type retrieval, not only due to limited information in the observed
radiances but also due to limitations in the retrieval algorithm. With respect to the observations, at low
AOD, or when the surface is very bright, there is little or no information about particle type in the radiances,
even if AOD can be retrieved (Kahn & Gaitley, 2015). Regarding the retrieval algorithm, there is a lack of
appropriate optical models for the coarse mode mineral dust (Kahn et al., 2010). Both of these limitations
become very important over North Africa where the surface is bright and the coarse mode is dominant.
This is also visible if one compares the nonspherical AOD with the total AOD of MISR in Figure 3. Indeed,
MISR attributes less than 50% of the AOD to nonspherical particles (dust) over the major dust sources in
North Africa. This is not the case over the Atlantic (box A in Figure 3) where the dark surface and medium
mode dust are dominant (although sea salt contributes to the total AOD). As a result, over the ocean, the
MISR nonspherical AOD could be attributed to dust with more certainty compared to the over-land products
(Kahn & Gaitley, 2015). Considering this, the NSP experiment in Figure 3 better reproduces the intensity and
extension of the plume over the North Atlantic. This area is further analyzed in Figure 4 (box A; upper panel,
left) where the modeled AOD and the MISR nonspherical AOD are compared. Indeed, the enhancement
of regression coefficient (R) is negligible, whereas the mean bias (MB) is halved in NSP experiment. Thus,
there is an enhanced agreement between the NSP experiment and MISR nonspherical AOD in this area.
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Figure 5. Three-hourly AOD of July 2017 at six AERONET stations shown in Figure 3. Results are obtained from
modeling experiments (SPH blue and NSP red) for AOD at 550 nm and AERONET coarse mode measurements at 500
nm. AOD = Aerosol Optical Depth; AERONET = Aerosol Robotic Network; SPH = spherical; NSP = nonspherical.

Two major dust source regions in northern and southern Sahara (boxes B and C in Figure 3) are also analyzed
in Figure 4. Given the uncertainties of MISR nonspherical AOD over Sahara discussed above, it is difficult
to make a robust interpretation of the boxes B and C in the upper panel of Figure 3. Nevertheless, if one
compares, although with caution, both SPH and NSP experiments with MISR total AOD (boxes B and C
in the lower panel of Figure 4), it seems that the model generally underestimates the AOD over the source
regions. There is a better agreement between the model results and MISR observations (total AOD) in the
northern Sahara (box B) than those in the south (box C). This might have implications for the sites located

Figure 6. Normalized volume distribution of the emitted dust in
ICON-ART (black line) and as the theoretical model of Kok (2011). Dots
show the in situ measured dust particle size distribution at emission. Shown
are measurements from Gill72 (Gillette et al., 1972), Gill74a (Gillette, 1974),
Gill74b (Gillette et al., 1974), Sow2009 (Sow et al., 2009), Shao2011 (Shao et
al., 2011), Frat2 (Fratini et al., 2007), and Ros14 (Rosenberg et al., 2014).
Adopted from Kok et al. (2017). ICON-ART = ICOsahedral Nonhydrostatic
weather and climate model with Aerosols and Reactive Trace gases.

downwind these source areas and, thus, is further investigated using the
AERONET data in the following section.

3.2. Temporal Variation of AOD
Data from AERONET stations are used to evaluate the temporal vari-
ation of AOD. Figure 5 compares the 3-hourly AOD from model and
observations. In general, the impact of the nonsphericity on the tempo-
ral variation of the AOD seems to be negligible (correlation coefficient
R does not change between experiments) although the absolute values
of AOD increase in the NSP experiment, which leads to a reduction
of the mean bias. The increased AOD indicates the higher extinction
of NSP due the greater surface-to-volume ratio compared to that of an
equal-volume sphere. Besides, it could be seen that close to the source
regions in southern Sahara (Tamanrasset and Banizoumbou in Figure 5),
there is less agreement between model and observations compared to
the station in the north (Tizi-Ouzou) and also distant sites from the
dust sources (Zaragoza and Lampedusa in Figure 5). Dakar shows the
least model-observation correlation mainly because the dust particles at
this site are mainly originated from the sources in southern Sahara that
are underestimated in the model. Thus, the AOD peaks could not be
captured. Moreover, sea salt contribution to the AERONET AOD might
become significant at this site during the low dust periods. This can
explain the discrepancies at this particular site during both low and high
AOD periods.
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Figure 7. Attenuated Backscatter (at 532 and 1,064 nm) profiles on 6 July 2017 from CALIPSO and modeling
experiments. The bottom panel shows the CALIPSO overpass and the aerosol subtypes adopted from CALIPSO website.
CALIPSO = Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation; SPH = spherical; NSP = nonspherical.

The result presented in Figure 5 are in agreement with those shown in previous section and Figures 3 and
4. To understand the reason of the discrepancy between modeled and observed AOD, one should consider
the fact that AOD is a linear function of particle mass concentration and mass extinction coefficient at
different size modes. In the midvisible wavelengths, the fine mode has significantly higher extinction coef-
ficient than the coarse mode (a factor of 12–15 according to Figure 1). Thus, underestimation of the fine
mode close to source regions can lead to significantly lower AOD in the model. This seems to be the case in
ICON-ART according to Figure 6 where the normalized volume size distribution of the emitted dust parti-
cles in ICON-ART is compared with the dust emission flux measurements and theoretical data (Kok, 2011;
Kok et al., 2017). The normalization follows the work of Kok, (2011, equation 6 therein) that is based on
particle size distribution parameters and the brittle fragmentation theory. The in situ measurement data are
also analyzed and homogenized by Kok et al. (2017) to represent the globally averaged dust size distribution
at emission. Figure 6 suggests that, in ICON-ART, there is an underestimation of fine and overestimation
of coarse mode particles. This explains the discrepancy between the modeled and observed AOD close to
source regions in North Africa shown in Figures 3–5.

The underestimation of AOD in the source regions can also partly stem from underestimation of the dust
emission flux in these areas. For instance, dust storms caused by convective systems and cold pools sub-
stantially contribute to emissions in southern Sahara, where convective organization is supported by shear
underneath a midlevel jet (see, e.g., Knippertz, 2014, and references therein). These frequent events are not
resolved in the model configuration used in this study. This can lead to significant underestimation of dust
emission flux and airborne mass concentrations (Gasch et al., 2017) and might partly explain the significant
underestimation of the dust episodes (AOD ≥ 0.8) in Figure 5.

There are two key sources of uncertainty in the model-AERONET comparison. First, in coastal areas, the
contribution of sea-salt particles to AOD might become important. As the model simulates the dust AOD
only, some of the discrepancy during low-dust periods (e.g., at Dakar in Figure 5) might be due to this point.
Second, fine dust particles contribute to the total extinction too. Thus, the AERONET coarse mode AOD
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Figure 8. Attenuated Backscatter (at 532 and 1,064 nm) profiles on 30 August 2017 from CALIPSO and modeling
experiments. The bottom panel shows the CALIPSO overpass and the aerosol subtypes adopted from CALIPSO
website. CALIPSO = Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation.

might underestimate the dust AOD especially in the distant sites where fine mode is more dominant (e.g.,
at Lampedusa in Figure 5).

Accounting for nonsphericity halves the modeled AOD biases but does not significantly improve the
model-observation agreement with respect to temporal variability. It seems that the particle size distribution
and emission fluxes are more important than the particle shape when it comes to the temporal variations of
AOD, especially in the source regions. Nevertheless, improving the dust size distribution and emissions in
the modeling system is beyond the scope of this work.

3.3. Vertical Profiles of ABS
Beside the extinction efficiency, particle shape also affects the angular distribution of the scattering. To inves-
tigate this effect, vertical profiles of ABS from the model and CALIPSO observations on 6 July 2017 and 30
August 2017 are shown in Figures 7 and 8, respectively. CALIPSO data are resampled at the same resolution
as the model to facilitate the direct comparison. According to the aerosol subtype plots, dust is the domi-
nant aerosol species on both dates. Based on the CALIPSO data on 6 July 2017, dust layer lays below 6 km
between the latitudes of 10◦ and 30◦ N. This layer is very well captured in the NSP experiment. Both hori-
zontal and vertical distributions of the dust layer as well as the intensity of the ABS signal are in a very good
agreement with CALIPSO measurements at both 532- and 1,064-nm channels. However, the SPH overes-
timates the intensity of the observed ABS signal by a factor of 2 to 5 especially close to surface. This is in
agreement with the range suggested in lidar studies (Amiridis et al., 2013; Ansmann et al., 2017; Mueller et
al., 2007). The same interpretation applies for Figure 8 (30 August 2017), which shows that the dust layer in
CALIPSO observation on 30 August 2017 lays below 5 km between the latitudes of 18◦ and 28◦ N.

The discrepancy between SPH experiment and observation is more pronounced at 532-nm channel where
the ABS is overestimated by factor of 5. This is in agreement with Figure 2 where P11(𝜋) (and thus, the
backscatter coefficient) of the spherical particles is by up to 2 orders of magnitude larger than the nonspher-
ical ones in all size modes. At 1,064 nm, on the other hand, only coarse modes (B and C) show higher P11(𝜋)
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Figure 9. Monthly mean of the third day forecast time for 2-m temperature and 10-m wind speed. All parameters are
averaged over July 2017. SPH = spherical; NSP = nonspherical.

values (2 orders of magnitude). Therefore, accounting for nonsphericity leads to significant improvement
of the ABS. At 532 nm, the improvements are independent of the size distribution, while at 1,064 nm, the
signal enhancements are more pronounced where coarse mode dust is dominant.

3.4. Effect of Dust-Radiative Feedback
As mentioned earlier, a critical aspect of changing the optical properties in the model is that the feedback
of radiation to meteorology changes too. In other words, the simulations have different meteorology due to
differences in dust radiative forcing. Figure 9 shows the monthly mean of 10-m wind and 2-m temperature in
both simulations as well as the differences. Despite of the noise in the southern and northern parts (because
of the complex interactions of radiation, clouds, and dynamics), there is a discernible signal over the dust
source regions between 10◦ N and 35◦ N. The enhanced extinction of nonspherical particles leads to lower
temperature and wind in this area. The differences between two simulations are below 1% and 2% for 10-m
wind in meters per second and 2-m temperature in degrees Celsius, respectively. These differences affect
the dust emission and removal processes and, thus, its airborne mass concentrations. For instance, ±1%
change in the wind velocity implies dust emission change by ±3% (as dust emission depends on the third
order of wind velocity). This means that the observed differences in the AOD of NSP and SPH experiments
are partly related to changes in the extinction coefficient (effect of shape) and partly due to the changes in
the dust mass concentration (effect of feedback). To quantify these effects, we assume that any non-zero
difference between the mass concentrations implies the contribution of the feedback to AOD differences.
When the differences in the dust mass concentration between experiments are below 2%, the differences in
AOD are due to the shape only. Based on this assumption, the monthly average of the differences in AOD
and the effect of shape on these differences are calculated and shown in Figures 10a and 10b, respectively.
Figure 10b shows that more than 90% of the differences in AOD over source regions are related to shape
and not feedback. Indeed, in the majority of the areas, where the feedback's contribution is more than 10%,
the differences in AOD (Figure 10a) are insignificant. Hence, the analysis and results presented in previous
sections are marginally affected by the feedback mechanisms. Based on Figures 10c and 10d, it seems that
the coarse mode is mainly affected by the feedbacks on emission and removal processes. This could have
implications for the radiative impact of the coarse dust on climate (Kok et al., 2017). However, detailed
analysis of these mechanisms is beyond the scope of this work.
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Figure 10. (a) The difference between AOD in NSP and SPH experiments; (b) effect of shape (through extinction
coefficient) on changes in AOD; (c) the difference in the mass concentration of fine mode; and (d) the difference in the
mass concentration of coarse mode. Note that except AOD, all other values are shown in percent. All parameters are
averaged over July 2017. AOD = Aerosol Optical Depth; SPH = spherical; NSP = nonspherical.

4. Summary and Conclusion
This study investigates the impacts of the particle shape on intensity and angular distribution of the light
scattering by mineral dust in a dust forecast system and how it affects the model-observation comparison.
The optical properties of nonspherical mineral dust particles are calculated assuming a mixture of 35 triaxial
ellipsoids and implemented in the online-coupled forecast system ICON-ART. Two numerical experiments
are conducted using the optical properties of nonspherical (NSP) and spherical (SPH) particles. The mod-
eling results are evaluated against the AOD observations from MISR and AERONET as well as the ABS
measurements from CALIPSO.

The model satisfactorily reproduces the spatial distribution of AOD over North Africa. Accounting for non-
sphericity can slightly enhance the agreement between modeled and observed AOD by reducing the model
bias, but the overall AOD values (in both NSP and SPH experiments) are lower than MISR observations over
North Africa. A similar discrepancy appears in comparison of the model with AERONET observations close
to source regions. This stems mainly from two uncertainties in the ICON-ART modeling system: (1) the
underestimation of fine mode in the size distribution of the emitted dust and (2) lack of dust emission due
to unresolved processes, such as convective systems and cold pools (in particular, over southern Sahara).
These two factors eventually lead to underestimation of AOD especially close to the sources in southern
Sahara. Thus, for AOD variations, the roles of particle size distribution and emission flux seem to be more
important than that of the nonspherical shape.

Vertical profiles of the ABS from model and CALIPSO data are compared during two dust event. Results
show that the NSP experiment better reproduces the observed signal. Thus, accounting for nonsphericity
improves the agreement between model and observations in case of ABS. Here the particle shape seems to
be more important than the size distribution. Hence, the model-observation comparison in case of AOD
will only slightly improve by implementation of nonsphericity. On the other hand, its implementation will
substantially enhance the model-observation comparison in case of ABS and, thus, should be considered in
data assimilation applications.

While the fine mode plays the key role in AOD, the coarse mode is the major player when it comes to ABS.
Hence, to improve the agreement between model and observations, representation of both particle shape and
size distribution should be improved in the model. The important role of particle size distribution in opti-
cal properties of mineral dust is highlighted in several studies (e.g., Huneeus et al., 2011; Maher et al., 2010;
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Mahowald et al., 2014, and references therein). It has been shown that a modified representation of mineral
dust size distribution in models leads to improvements in the modeled dust cycle and direct effects on the
radiative balance (Albani et al., 2014). Therefore, next studies should investigate the sensitivity of the dust
cycle and direct effects in ICON-ART modeling system to particle size distribution. It was also briefly men-
tioned that the modified radiative feedback changes the atmospheric state when particle nonsphericity is
considered. Although the implications of these differences are negligible for this work, a detailed study of
their effects on atmospheric dynamics and meteorological fields is required.
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