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Abstract: This study investigates the spatial distribution of optical and microphysical dust properties
in Europe and possible differences between the Saharan and Saudi Arabian deserts’ dust particles
based on the AERONET network. Data were collected within the period from 2001 to 2018 from
16 different stations. Pure dust conditions were identified. The Saudi Arabian lidar ratio (at 440 nm)
was determined to be 53 ± 7 sr, much lower than the Saharan lidar ratio at the same wavelength,
which was found to be 66 ± 10 sr. Particle depolarization ratio values at 440 nm were similar for
both regions. Although our findings are consistent with earlier studies based on AERONET products,
they do not agree with lidar observations. We found significantly larger lidar ratios at 440 nm
both for Arabian dust (difference of 15 sr) and Saharan dust (difference of 13 sr) compared to lidar
observations. These differences are smaller at 532 nm. Differences at both 440 and 532 nm between
AERONET and lidar observations were on the order of 5 sr for Arabian dust and even smaller (order
of 2 sr) for Saharan dust.
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1. Introduction

Atmospheric particles have an impact on global climate variability both directly and
indirectly by scattering and absorbing radiation as well as by influencing cloud formation
and weather uncertainties [1,2].

According to estimates, mineral dust constitutes about one-third of the globe’s aerosol
loading, thus aerosol optical depth (AOD), and represents one of the most prominent
aerosol types [3]. Mineral dust has an impact on the dynamics and chemistry of the
atmosphere, along with air quality, public health, and visibility [4,5]. Mineral dust has a
wide range of size, optical, and microphysical properties, which directly affect the impacts
listed above. Therefore, rather than using a global average, those features need to be
understood and evaluated on a regional scale. The primary source of mineral dust in the
atmosphere is Northern Africa. This region is being examined in our research since earlier
published data indicated a kind of distinction between dust from different deserts [6].

Different aerosol types can be classified using aerosol properties derived from re-
mote sensing measurements. Using active aerosol remote sensing, the classification of
mineral dust particles in the atmosphere could be accomplished using the extinction-to-
backscatter (lidar) ratio (Sp

λ) and particle linear depolarization ratio (δp
λ) as measured by

polarization-sensitive Raman or high spectral resolution lidar [7–10]. The lidar ratio pro-
vides information on the size and absorption of aerosol particles, while the particle linear
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depolarization ratio is an indicator of particle shape. Higher linear depolarization values
indicate more spherical particles.

Furthermore, particle types can be classified using properties derived from passive
aerosol remote sensing measurements. Those are used to distinguish aerosols based on their
aerosol optical depth (AOD) and their spectral dependence, which can be described by the
Ångström exponent [11,12]. These factors, along with the fine mode fraction (FMF) of the
aerosol size distribution and single-scattering albedo (SSA) [13], allow the quantification of
aerosol size and aerosol loading as well as the estimation of light-absorbing properties.

Aerosol robotic network [14] is a network of ground-based sun photometers (CIMEL
spectral radiometers) that measure sun and sky radiance at a number of preset wavelengths
in the visible and near-infrared spectra in order to determine the properties of atmospheric
aerosols. It consists of hundreds of sites all over the globe, providing long-term aerosol
datasets with quality assurance and uniform calibration. Single scattering albedo (SSA),
fine-mode fraction (FMF), complex refractive index, spectral aerosol optical depth (AOD),
and particle size distribution are some of the properties that are included in those datasets.
Version 3 of the AERONET retrieval provides us with the lidar ratio and particle linear
depolarization ratio as standard inversion products.

In this study, we compare the pure mineral dust from the Sahara Desert and Saudi
Arabia’s (Arabian Peninsula) desert using all the aforementioned properties derived from
the AERONET version 3 inversion product.

The AERONET stations used in this research are presented in Section 2, along with
a description of our methodology. In Section 3, we present and discuss our results. In
Section 4, a summary and conclusions of this study are given.

2. Materials and Methods
2.1. Theoretical Background of Parameters Used

The extinction-to-backscatter (lidar) ratio can be measured directly from the particle
backscatter coefficient β

p
λ and the particle extinction coefficient ap

λ, using polarization-
sensitive Raman and high spectral-resolution lidars.

Sp
λ =

ap
λ

β
p
λ

(1)

Regarding the particle linear depolarization ratio, cautious calibration of the lidar
receiver measurement is required, as is measurement of the return signal in the plane of
polarization perpendicular to that of transmitted polarized laser light [15,16].

δ
p
λ =

β
p,⊥
λ

β
p,‖
λ

(2)

This parameter is sensitive to particle shape [17]. Nonspherical particles are repre-
sented by values of δ between 0.30 and 0.35 (pure mineral dust, volcanic ash), while values
near zero denote the presence of spherical particles. Direct solar radiation and sky radiation
are both measured by AERONET sun/sky radiometers. Automatic analysis of the collected
data is performed using the AERONET inversion algorithm [18]. The retrieved aerosol
products are available from the AERONET database [19] https://aeronet.gsfc.nasa.gov/
(accessed on 19 December 2022). The spectral particle linear depolarization ratios and
lidar ratios were added to the list of standard inversion products, which also includes the
single-scattering albedo, the particle size distribution, and the complex refractive index of
the observed particles.

For each observation, the Müller scattering matrix’s [20] elements F11, λ (r, n) and
F22, λ (r, n) are calculated using the inferred particle size distribution and refractive index
n = nr + i·ni from the AERONET inversion product. When incident light is unpolarized,
the element F11, λ (r, n) is proportionate to the flux of scattered light, whereas F22, λ (r, n) is

https://aeronet.gsfc.nasa.gov/
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highly dependent on the angular and spectral distribution of the radiative intensity [20].
From the element F11, λ (r, n) at the scattering angle of 180◦ and the simultaneously inferred
single-scattering albedo (ωλ), the lidar ratio can be computed as:

Sp
λ =

4π

ωλF11, λ
(
r, n, 180◦

) (3)

The particle linear depolarization ratio is calculated by the elements F11, λ (r, n) and
F22, λ (r, n) at a scattering angle of 180◦ as:

δ
p
λ =

1−
F22,λ

(
r, n, 180

◦)
F11, λ

(
r, n, 180◦

)
1 +

F22,λ
(
r, n, 180

◦)
F11,λ

(
r, n, 180◦

) (4)

2.2. Location and Data Selection

To explore the differences between Saharan and Saudi Arabian desert particles, we
selected 16 AERONET sites. Six of them are representative of the Arabian desert: SEDE
BOKER (30.855◦ N, 34.782◦ E), Eilat (29.503◦ N, 34.917◦ E), KAUST_Campus (22.305◦ N,
39.103◦ E), Solar_Village (24.907◦ N, 46.397◦ E), Mezaira (23.105◦ N, 53.755◦ E), and Mas-
dar_Institute (24.442◦ N, 54.617◦ E). As for the Saharan desert, the following stations
were selected to serve as an effective representation of the extent of this desert: Saada
(31.626◦ N, 8.156◦ W), Oujda (34.653◦ N, 1.898◦ W), Blida (36.508◦ N, 2.881◦ E), IER_Cinzana
(13.278◦ N, 5.934◦ W), Agoufou (15.345◦ N, 1.479◦ W), Banizoumbou (13.547◦ N, 2.665◦ E),
Zinder_Airport (13.777◦ N, 8.990◦ E), Tamanrasset_INM (22.790◦ N, 5.530◦ E), El_Farafra
(27.058◦ N, 27.990◦ E), and Cairo_EMA_2 (30.081◦ N, 31.290◦ E). In order to achieve the
most accurate results, the sites were selected depending on their location and time availabil-
ity. We consider all version 3 level 2.0 observations that were available in December 2022.
AERONET inversions are only performed for observations with an AOD larger than 0.4 at
440 (Dubovik et al., 2006). To ensure that the resulting values are an accurate representation
of pure dust conditions (i.e., undiluted dust plumes), the AERONET inversion products
that are accessible for the stations mentioned above have been filtered. In this study, we
set as thresholds an AOD greater than or equal to 0.4 at 440 nm [18] and a 440/870 nm
Ångström exponent (Å440/870) value less than 0.2 [21] to retain high accuracy and minimize
interference of non-dust aerosols, despite the fact that fine mode dust might also be elimi-
nated. The Saharan desert has a higher percentage of pure dust cases out of all observations
than the Arabian desert has.

3. Results

The results of our research based on AERONET version 3 products for pure mineral
dust are displayed in Table 1. The linear depolarization ratio, the lidar ratio, the complex
refractive index, and the single-scattering albedo are listed in this table along with their
medians, means, and standard deviations at four wavelengths for each region under study.
Additionally, it provides information on the number of pure dust cases that are currently
available, the mean and median values of Å(440/870), fine mode fraction, and coarse-mode
effective radius found for the Arabian and Saharan deserts.
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Table 1. Mean values, standard deviation, and range of values of the AERONET-derived δ, S,
refractive index (n= nr + ini) and the single scattering albedo (ω) at 440, 675, 870, and 1020 nm,
together with the number of pure dust cases (N), as well as the Ångström exponent (440–870 nm),
fine-mode fraction (FMF), and coarse-mode effective radius (rc) for Saharan and Saudi Arabian desert
dust particles.

Arabian
Mean ± STD

Arabian
Range

Saharan
Mean ± STD

Saharan
Range

N 2251 6026
Å440/870 0.11± 0.06 0.06–0.2 0.11± 0.06 0.06–0.2

FMF 0.07± 0.02 0.02–0.19 0.07± 0.02 0.01–0.2
rc (µm) 1.78± 0.15 1.35–2.91 1.80± 0.18 1.34–3.65

δ440 (%) 22.3± 2.5 5–30 23.8± 3.0 1–30
δ675 (%) 26.5± 1.9 6–30 28.2± 2.2 1–30
δ870 (%) 28.7± 2.2 7–30 30.5± 2.4 1–40
δ1020 (%) 30.0± 2.5 5–30 31.8± 2.7 1–40

S440 (sr) 53± 7 19–148 66± 10 14–169
S675 (sr) 39± 4 15–63 47± 7 16–81
S870 (sr) 41± 5 18–65 50± 7 19–86
S1020 (sr) 44± 6 19–72 53± 8 20–93

nr, 440 1.52± 0.04 1.40–1.60 1.48± 0.05 1.34–1.60
nr, 675 1.52± 0.03 1.43–1.60 1.48± 0.04 1.37–1.60
nr, 870 1.50± 0.03 1.41–1.60 1.46± 0.04 1.35–1.60
nr, 1020 1.49± 0.04 1.39–1.60 1.45± 0.04 1.33–1.60

ni, 440 0.0033± 0.0008 0.001–0.015 0.0038± 0.0013 0.0007–0.033
ni, 675 0.0008± 0.0004 0.0005–0.004 0.0010± 0.0008 0.0005–0.011
ni, 870 0.0008± 0.0005 0.0005–0.007 0.0010± 0.0009 0.0005–0.014
ni, 1020 0.0009± 0.0007 0.0005–0.006 0.0011± 0.0012 0.0005–0.017

ω440 0.91± 0.02 0.75–0.96 0.90± 0.02 0.69–0.98
ω675 0.98± 0.01 0.91–0.99 0.98± 0.02 0.84–0.99
ω870 0.98± 0.01 0.92–0.99 0.98± 0.02 0.84–0.99
ω1020 0.98± 0.01 0.92–0.99 0.98± 0.02 0.82–0.99

While the Ångstrom exponent and FMF values are comparable between the two areas,
the coarse-mode effective radius varies slightly between them, with the Saharan desert
region having a slightly higher value than the Arabian region. These outcomes are a result
of our selection of coarse-mode aerosol data.

The mean and median values of the lidar ratio demonstrate an interesting contrast,
with Saharan values being significantly greater than Arabian values. More specifically,
spectral lidar ratio mean values range from 41 to 53 sr for the Arabian desert and from 47
to 66 sr for the Saharan desert. Those differences are attributed to the different chemical
composition of the dust particles in the aforementioned areas [22].

In accordance with spectral linear depolarization values, the Saharan desert has mean
values that are slightly higher than the Arabian Peninsula’s. These mean values range from
22.3% to 30.0% and 23.8% to 31.8%, respectively, for the two deserts. The values of spectral
δ vary between 5 and 30% for Arabian dust and between 1 and 40% for Saharan dust. The
maximum of the δ distribution decreases as the wavelength decreases and is highest for
the Saharan dust.

There are also discrepancies in the real-part mean and median values of the complex
refractive index, nr, with the Saharan desert possessing lower values than the Arabian
Peninsula. Their respective mean spectral values vary between 1.45 and 1.48, as well as
between 1.49 and 1.52, but do not show clear wavelength dependence.

The imaginary part, ni, mean and median values of the refractive index vary as
well, with the Saharan desert’s values being higher than the Arabian desert’s, indicating
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that Saharan dust is more absorbing than Arabian dust. Their mean spectral values vary
between 0.0010 and 0.0038, along with 0.0008 and 0.0033, respectively.

4. Conclusions

In this study, we investigated the particle linear depolarization ratio δ and the par-
ticle lidar ratio S as provided in the recently released version 3 of the AERONET inver-
sion. To select observations of pure mineral dust conditions, only AERONET with a
440/870 Ångström exponent (Å440/870) value less than 0.2 and AOD greater than or equal
to 0.4 at 440 nm were selected. The AERONET stations considered here were chosen
according to their location and are assumed to represent observations of mineral dust from
the Saharan and Arabian Peninsulas.

The mean depolarization ratio value, δ, is slightly larger for the Saharan dust compared
to the Arabian dust for all wavelengths. The larger the wavelength, the larger the difference.
Spectral lidar ratio mean values range from 41 to 53 sr for the Arabian desert and from
50 to 66 sr for the Saharan desert. The differences are attributed to the different chemical
compositions of the dust particles in the two deserts.

In Figure 1, we present the results of lidar ratio (a) and depolarization ratio (b) for
this study (asterisk) compared to an earlier lidar study [23] (square) and sunphotometer
AERONET study [6] (triangle) both in the Saharan (red) and Arabian (blue) regions. Our
findings are consistent with earlier studies based on AERONET products [6]. Specifically,
differences in lidar ratio values of only 1 to 3 sr are found between this study and in [6].
Also, we observe the same spectral dependence. For the depolarization ratio, we found
slightly larger values of the order of 2% for Arabian dust, while for Saharan dust, the values
are almost the same.
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Figure 1. Spectral wavelength dependence of lidar ratio and depolarization ratio based on this
study (asterisk) for Saharan (red) and Arabian dust (blue). For comparison, lidar [23] (square) and
sunphotometer [6] (triangle)-based results have also been included.

However, sunphotometer products of lidar ratio and depolarization ratio do not agree
with lidar observations [23]. We found significantly larger lidar ratios at 440 nm both for
Arabian dust (difference of 15 sr) and Saharan dust (difference of 13 sr) compared to lidar
observations. These differences are smaller at 532 nm. Differences at both 440 and 532 nm
between AERONET and lidar observations were on the order of 5% for Arabian dust and
even smaller (order of 2%) for Saharan dust. We cannot currently understand and explain
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the reason for the discrepancy between sunphotometer AERONET products and lidar
products, especially for lidar ratio values.
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