Volume-to-extinction ratio: An important property of dust
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Abstract. The volume-to-extinction ratio (¢) is an important aerosol property, allowing to relate gravimetric and optical
quantifications, widely used in remote sensing and in climate models. The ( ratio is affected by the microphysical properties of
aerosol particles, including their size, shape and composition. This study presents a synergistic approach combining airborne
in-situ observations and ground-based remote sensing to study this parameterratio during dust events originating in the Middle

5 East and Saharan regions, and examine-its—to_examine its vertical variability and general estimation uncertainty. The data
were collected during the 2021 Cyprus Fall Campaign and the 2022 ASKOS campaign in Cabo Verde. The combination

of observations offered vertically-resolved information on the particle size-distribution and volume-to-extinction ratio. The
findings of this study reveal pronounced differences in the { ratio and effective radius across events and regions, reflecting
variations in dust-mixturesthe degree of mixing with fine particles, as well as some variability with altitude within-the-same

10 eventsdue to varying particle size and shape. During Middle East dust events in Cyprus in fall 2021 the observed average ¢
was the lowest with { = 0.53 +0.24 gm, whilst for a Saharan dust case in Cabo Verde in summer 2022 observations showed

the highest values with ¢ =1.1441.01 um, both values obtained at the dust layer altitude in_some of the reported cases.
The analysis highlights large discrepancies compared to AERONET-derived values and previous literature, especially in the
presence of eearse-super-coarse and giant particles. Scattering computations allowed to evaluate the experimental results and

15 provide insights into the role of particle asphericity. Atmospheric model simulations also showed discrepancies, mainly due
to assumptions that neglect larger particles. These findings suggest that improve-improved dust representation in models is

essential for accurate climate assessment.

1 Introduction

Understanding whether aerosols warm or cool the planet is key to explaining, mitigating, and predicting climate change (IPCC,

20 2021). Many studies over the past decades have explored this question, which is challenging due to the various ways aerosols
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interact with radiative forcing. Firstly, aerosols can interact (directly) with solar and terrestrial radiation, either scattering light
to produce a cooling effect or absorbing it to contribute to warming. Beyond their direct effect on radiation, aerosols also have
an indirect impact by influencing cloud formation by acting as cloud condensation nuclei (CCN) and ice-nucleating particles
(INP), altering cloud properties and precipitation patterns (Albrecht, 1989; Karydis et al., 2017). Adding to the complexity,
natural aerosol emissions, such as dust, are not fixed; they respond dynamically to climate changes, amplifying or dampening
atmospheric feedbacks (Carslaw et al., 2010).
The interaction of aerosols with radiation is dependent on their optical and microphysical properties (e.g. particle size, refractive
index), which vary based on composition, source, and atmospheric processing during transit. For example, sulfate and nitrate
aerosols, typically smaller than 1 pm, primarily scatter radiation due to the low imaginary part of their refractive index
(RI), leading to cooling effects (Robock, 2000; Zaehle et al., 2011). In contrast, black carbon (BC), with particle sizes of
0.1-0.25 pm, are good absorbers of shortwave radiation, contributing to warming and influencing cloud formation as a CCN
(Moteki, 2023; Koch and Del Genio, 2010). Mineral dust, however, exhibits more complex optical behaviour due to its broad
particle size distribution (PSD), spanning from fine to super-coarse and giant modes, and to a variable RI, which depends on
mineralogical composition (Di Biagio et al., 2017; Ryder et al., 2018). Its extinction efficiency is strongly size-dependent,
with studies suggesting that larger particles contribute significantly to the extinction of infrared radiation (Mahowald et al.,
2014; Ryder et al., 2019; Fountoulakis et al., 2024). In addition, dust can act as both CCN, (Karydis et al., 2011; Levin
and Cotton, 2008; Rosenfeld et al., 2001), and ice nuclei (IN) (DeMott et al., 2003, 2015), affecting cloud microphysics and
precipitation processes. Specifically, larger dust particles, although at lower concentrations in the atmosphere, due to their
enhanced deposition, can still act efficiently as CCN (Andreae et al., 2005) or IN (Chen et al., 2021).
Atmospheric models, including numerical weather prediction, dust transport and climate models, are important for understanding
the dust radiative impact (Kok et al., 2023). However, most model predictions typically include dust particles up to 10 um,
missing a substantial quantity of giant particles and leading to poor representation of the dust load and its radiative effect
(Adebiyi and Kok, 2020; O’Sullivan et al., 2020; Drakaki et al., 2022). Given that mineral dust is the most abundant aerosol
type by mass, accurately quantifying it and realistically describing its PSD beecome-correctly becomes even more significant.
The quantity and distribution of dust in the atmosphere are among the parameters considered for various environmental
and economic applications, including climate projections (Kok et al., 2023), air quality assessment (Karanasiou et al., 2012;
Proestakis et al., 2025), and aviation safety (Nickovic et al., 2021; Ryder et al., 2024). Remote sensing technologies such
as spaceborne lidars (e.g., CALIOP; Winker et al., 2009; ATLID; Illingworth et al., 2015) and ground-based lidar (e.g.,
EARLINET; Bosenberg et al., 2003, LALINET; Antufia-Marrero et al., 2017, MPLNET; Welton et al., 2001) and sun photometer
networks (e.g., AERONET; Holben et al., 1998; SKYNET; Nakajima et al., 2007), provide valuable optical measurements of
dust, which when converted into physical quantities like mass concentration, can be utilized in a variety of applications. A
key-parameter-The key variables in this conversion process is the volume-to-extinction ratio and the density, which serves
a dual purpose: it facilitates the estimation of extinction coefficient from mass concentration, an approach commonly used in
atmospheric models (Ghan and Zaveri, 2007), important for assessing radiative effects—and enables the translation of remotely

sensed extinction and aerosol optical depth (AOD) into gravimetric quantities, which are useful for most policy formulations.



60

70

75

80

85 partof the sizespectrun(seee.g.

90

be challenging particularly for mixed aerosol types such as desert dust mixed with other aerosols (e.g. pollutants), where this
relationship becomes more complex. The extinction coef cient can be derived from observations using sun photometers and
lidar, or estimated through atmospheric models. Similarly, the total volume concentration, which is directly related to PSD,
can be measured in-situ using optical particle spectometers (OPSs, also known as optical particle countenst@RES),

Nakajima et al., 2007), offer spectrally resolved AOD and can retrieve ne and coarse mode aerosol properties, including
size-resolved volume concentration. When combined with ground-based lidar observations, these measurements enable th
inversion of lidar-derived optical properties (e.g., Ansmann, 2011; Mamouri and Ansmann, 2014), allowing for simultaneous
retrieval of both columnar and vertically resolved aerosol properties. Sunphotometer-only inversions have inherent limitations,
such as the assumption of a single complex RI for both ne and coarse particles. Furthermore, AERONET's and SKYNET's

retrievals are constrained to a maximum particle radius (15 m for AERONET, 10 m for SKYNET v5), which can lead to

Airborne Validation Experiment in Dust (SAVEX-D) and AERosol Properties — Dust (AER-D) campaigns.
Synergistic algorithms that combine lidar with sunphotometer measurements (e.g. GRASP; Lopatin et al., 2021), overcome

observations acquired from in-situ sensors on board aircraft or Unmanned Aerial Vehicles (UAVS) can provide high vertical-
resolution pro les of aerosol properties for ne, coarse and giant particles (Haywood et al., 2003; Turnbull et al., 2012;
Johnson et al., 2016; Ryder et al., 2015a, 2018; Kezoudi et al., 2021a). Airborne in-situ measurements can directly capture
PSDs at different altitudes, offering a more detailed view of aerosol distribution that may complement ground-based remote
sensing data. These observations are particularly valuable for validating and re ning retrieval methods using lidar and/or sun

The Unmanned Research Laboratory (USRL) (Kezoudi et al., 2021a) of the Cyprus Institute provides UAV-related infrastructure
and a unique capability for conducting synergistic atmospheric observations using miniaturized and conventional sensors. This
mobile facility can perform ights at any chosen location of interest upon authorization, but can also operatesftsrprivate

runway. The private runway is strategically located near the Cyprus Atmospheric Observatory (CAO) in Agia Marina Xyliatou,

which is equipped with ground-based remote sensing observations.
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This study explores the volume-to-extinction ratio of mineral dust using the extinction coef cient derived from lidar measurements
and the PSDs measured in-situ with UAVs. During the Fall Campaign 2021 in Cyprus and the ASKOS Campaign 2022 in
Cabo Verde, synergistic measurements were conducted using UAV-mounted in-situ sensors, lidar, and sun photometers durin
dust episodes. These observations provide a unique dataset for deriving volume-to-extinction ratios across different aeroso
conditions, including Saharan, Middle Eastern, and mixed dust cases. The retrieved ratios are compared with MOPSMAP
scattering calculations (Gasteiger and Wiegner, 2018a) for different refractive indices and shape assumptiasyse(te.

ratios) to link observations to the theory. Additionally, a comparison between the observed and the prede ned used in
the WRF-Chem model input is conducted to evaluate how well the model's prede ned values represent the aerosol load. The
ndings of this study contribute to improved aerosol characterization and enhancement of the reliability of remote sensing-

10based aerosol mass retrievals.

2 Particle microphysical and optical properties, and the volume-to-extinction ratio

Aerosol “quantity” in the atmosphere is often expressed in terms of mass concentration (for example, in units*pbrg/m

by extensive optical properties, e.g. the extinction coef cient (in units of MmWhen the column-integrated quantities are

given, the equivalent formulations will be the mass loading (e.g. in’g)rand the AOD (unitless). Mass is the natural way

to express the quantity of matter, and it can be directly obtained at the Earth's surface from gravimetric measurements or
calculated from observations of the particle size distribution. The extinction and AOD are parameters that affect the aerosol

direct radiative impact. Moreover, these quantities can be observed by remote sensing through lidar, sunphotometer networks
such as AERONET and SKYNET, or passive satellite imagers. The relationship between the gravimetric and the optical

properties of aerosols is essential when using optical observations for the validation, tuning and data assimilation for models
that represent the aerosols in terms of concentration, and vice versa when using remote sensing observations to estimat
gravimetric concentrations.

The conversion factor for extinction-to-mass is called the "speci ¢ extinction" (Haywood et al., 2003; Marenco et al., 2011;
Johnson et al., 2012). This section outlines the theoretical concept that relates aerosol concentration and the aerosol extinctio
to the particle microphysical properties, in order to better understand how these in uence speci c extinction. The specic
extinction depends on two terms: the volume-to-extinction ratio (the focus of this article) and the density (not investigated
here).

For spherical particlegiveranumbersizedistributionn(r);,—the total aerosol concentration (mass per unit volume) can be
expressed as shown in Eq. 1:

s
M=V = % r3n(r)dr; (1)
0

where is the density of the particles, V is the total particle volume per unit volume of air, r is the radius of the particles

particles per volume and unit radius interval. The aerosol extinction coef cient , representing the scattering and absorption
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per unit volume, is expressed as shown in Eq. 2:
2

= Ges  ren(rdr (2)
0

expressed as follows:

R;l Gexe(r)r “n(r)dr

Oext;s = =T
o r2n(r)dr

; 3

where gx(r) is the extinction ef ciency for spherical particles of radius r, as computed with Mie theory (Lorenz, 1890; Mie,
1908; Van de Hulst, 1957). It is important to note that the extinction ef ciency is dependent upon the refractive index and
the ratio between the particle circumference and the wavelength of lighttieesize parameter). For spheres, it is typically

limit (large particles compared to the wavelength). By combining Eq. 1 and 2, the speci ¢ extinction is expressed as the ratio
between and M:

Ket = 1r = — (4)

where is the volume-to-extinction ratio, the focus of this article, has units of length, and can be expressed as follows:

V 4reff-s
= —= - —= 5
SOEXI;S ( )
In EQ. 5 refts is the effective radius, i.e. the ratio between the third and the second moments of the PSD:
R
- ' r3n(r)dr )
offs = o r2n(rdr
For non-spherical particles, the de nitions qfirandTey; can be in general reformulated to:
Rl
_ 3V _ SDO Vp(r)n(r)dr
e = 35 = 7 (7)
4 o Ap(r)n(r)dr
and
R DA 0N
r r)n(r)dr
Go= O RECICE - ®)

o Ap(n(r)dr

following Schumann et al. (2011), wherg(¥) and Ap(r) are the particle volume and particle projected area, respectively,
averaged over different particle orientationg.(q) is the ratio between the cross-section and the projected area of the particle,
and r is a measure of the particle size. The fac%oensures consistency with equation (6) for spherical particles. Several
de nitions are possible for r as outlined in Schumann et al. (2011) (thg.maximum dimension): amongst those, Gasteiger
et al. (2011) retains the projected-area equivalent radiuglso called the geometric cross-section-equivalent radius) and



the volume-equivalent radius rFollowing the latter paper's equation (11)e expression for can be formulated using an

additional parameter , the sphericity:

4 reﬁ.

150 = = : 9
3 Text 9)
with de ned as
p_
_ ] (10)
4 Aﬁ 2

For particles that are not spherical, <1, whereas =1 is in the case of spheres (consistent with the general concept
introduced by Wadell, 1935).

155 The volume-to-extinction ratio is a measure of how the volume of particles relates to their extinction properties, and it
is important for understanding how particle size affects the overall optical properties of aerosol populations. From Eq.9, it
becomes evident that an increasedgin the Mie and geometric optics regimkeads to an increase in the volume-to-extinction
ratio, assuming other factors (such as the extinction ef ciency) remain constant. Figure 1 illustrates the relation described in
eg. 9 for the refractive indices of water, mineral dust and black carbon in the case of different sphericities, at 532nm. The

160 particle number distribution n(r) used here is based on Eq. 18 (Sec. 4.3.3)fer100, =1:5and r o ranging between 0.01
m and 100 m.

Figure 1. Theoretical relation between volume-to-extinction ratio ( ) and effective radigs Jiat 532 nm, for a selected range of refractive
indices (k): water (blue), dust (orange) and black carbon (green) (as in Seinfeld et al., 2006, Di Biagio et al., 2019 and Zhao et al., 2020).

Transparency is changing for changing sphericity = (0.1,0.4,0.7,1) with more intense colour being = 1.

From the plot, it is evident that the relation is not linear but there is an increase in  with increasing effective radius, except

for small effective radii.
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When considering larger particles where- 1, _Eq. 9 is simpli ed as in geometric optid@gx' 2 and becomes:

= —"' - I e (11)

For larger particles, their volume increases more than their ability to scatter and absorb light, and thus the volume-extinction
ratio also increases. In the geometric optics regime the relation between gndsrlinear. In this study, the instruments
observed particles with radii ranging from 0.06 to 30 m, covering a range that includes both the Mie scattering and geometric

optics regimes, considering a wavelength at 532 nm.

1703 Observational datasets and models
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3.1 Campaigns
3.1.1 Fall Campaign

The Cyprus Fall Campaign 2021, conducted from October 18 to Novemb2028, in Orounda, Cyprus, aimed to investigate
the microphysical properties of mineral dust transported over Cyprus through airborne in-situ and ground-based remote sensinc

a wide range of particle sizes. The UAVs also carried the Compact Optical Backscatter Aerosol Detectors (COBALDs, data
not utilized in this paper) and the Giant Particle Collector (GPaC), a miniaturized body impactor designed for UAVs to collect
super-micron particles. Data acquired during these ights allowed to calculate total number concentration and volume size

In addition to these airborne in-situ observations, ground-based remote sensing measurements were conducted at the Cyprt
Atmospheric Observatory (CAO, https://cao.cyi.ac.cy/, last acégs:Itne23rd December2025) of the Cyprus Institute

(CYI) in Nicosia (CAO-NIC) and Agia Marina Xyliatou (CAO-AMX). These included a dual-wavelength polarization lidar
(CE376) capable of detecting altitudes up to 18 km, and sun-photometers (CE318, CE318T) for measuring columnar aerosol
properties like AOD and Angstrém exponent. Together, the airborne and remote sensing measurements provided valuable

insights into the vertical distribution and optical properties of dust transported to Cyprus.
3.1.2 ASKOS Campaign

ASKOS (Marinou et al., 2023), the ground-based component of the Joint Aeolus Tropical Atlantic Campaign (JATAC), a
campaign organized by the European Space Agency (ESA) and the National Aeronautics and Space Administration (NASA),
was implemented by the National Observatory of Athens (NOA) in 2021-2022 in S&o Vicente, Cabo Verde, to provide reference
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measurements for calibrating and validating the aerosol products of the Aeolus satellite mission (Fehr et al., 2023). Additional
scienti ¢ objectives were to study possible dust orientation in the atmosphere (Tsekeri et al., 2025, in preparation), quantify the
dust interactions with water vapour, investigate the mixing and transport of giant particles in the Saharan air layer and boundary

cloud formation and radiation. ASKOS utilized advanced instruments such as the multi-wavelength Raman polarization-water
vapour lidar Pollf¥™ (Engelmann et al., 2016; Baars et al., 2016), the AERONET sun-photometer, the scanning Doppler wind
lidar (HALO), the microwave radiometer, and the 94 GHz cloud radar (FRM4Radar). Aeolus aerosol product Cal/Val was
performed with the ESA reference lidar eVe (Paschou et al., 2021). Reference atmospheric electricity sensors, radiosondes an
radiation measurements were also deployed. Part of the ASKOS/JATAC campaign was the CYI airborne campaign between
08-30 June 2022, with the deployment of airborne in-situ measurements from OPSs on board UAVs, enriching the dataset for

aerosol characterization. Similar to the Fall Campaign 2021, the COBALD and the impactors were also carried by the UAVs.

2053.2 Remote sensing observations

3.2.1 CIMEL CE376 Lidar

The CIMEL CE376 is a compact elastic backscatter lidar developed by CIMEL in France. It is a dual-wavelength polarization
lidar (Papetta et al., 2024) equipped with a laser diode and a frequency-doubled Nd:YAG laser, operating in the near-infrared

the infrared and two for green, co-polar and cross-polar channels. For all the reception channels, the lidar uses photon-counting
acquisition through avalanche photodiode detectors (SPCM-AQRH modules from Excelitas). The system has continuous day
and night operations with a typical maximum detection altitude of around 10 km for the day and 18 km for the night. The signal

is recorded in 2048 successive bins spaced by 15 m in the vertical, corresponding to a recording range up to 30 km (technical

215peci cations: https://www.cimel.fr/solutions/ce376/).

220

225

The CIMEL lidar was installed in September 2021 at CAO-Nicosia, Cyprus and has been running continuously since.
This lidar is part of the ICARE network: Cloud-Aerosol-Water-Radiation Interactions network (ICARE, https://dataviz.icare.
univ-lille.fr/lidar_panel/, last acces&5thdune23rd Decembe025).

3.2.2 Polly" Lidar

Polly*T is a transportable aerosol multiwavelength Raman and polarization lidar type designed for continuous pro ling of
the atmosphere. The instrument setup has steadily improved from single-wavelength systems (Althausen et al., 2009) to multi-
wavelength lidars with near-range and water vapor pro ling capabilities (Engelmann et al., 2016). THE Pddlgloyed at

Mindelo Cabo Verde has the capability to measure particle backscatter and extinction coef cients (with Raman method), and
particle depolarization ratio at all three emitted wavelengths of 355 nm, 532 nm, 1064 nm (Gebauer et al., 2024). Furthermore,

it has a near-range receiver in the UV and the visible wavelengths (elastic and Raman) and water vapor pro ling capabilities
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(407 nm). Additionally, the dual- eld-of-view methodology has been implemented (Jimenez et al., 2020). The depolarization
channels enable the differentiation between spherical and non-spherical aerosol particles through particle depolarization ratic
(PDR) measurements. Various studies demonstrated’Padlypotential for aerosol monitoring in Central Asia (Hofer et al.,

2017, 20204, b) and southernmost South America (Jimenez et al., 2020).

In July 2021, the Pol§" lidar system was deployed in Mindelo, Cabo Verde, as part of the ASKOS campaign (Marinou et al.,
2023), and it has been operating continuously since its installation, becoming a permanent installation. Also, Hisi®olly

part of PollyNET, a network comprising both permanent and campaign-based Polly lidar stations (Baars et al., 2016). The
PollyXT measurements are analysed automatically by the PollyNET Processing Chain (PPC; Klamt et al., 2024) and, among
others, vertically-resolved aerosol optical properties are derived in near-real-time (NRT). Quicklooks of the products can be
found at www.polly.tropos.de. A short description of the instrument and its performance can be found in Gebauer et al. (2025);

Floutsi et al. (2025), which provide comprehensive overviews of the PollyXT system and its operational capabilities.

3.2.3 Sunphotometer

Sun- and sky-scanning spectral radiometers from the AErosol RObotic NETwork (AERONET; Holben et al.1998) were co-
located with the lidars during both campaigns to collect observations of aerosol properties. AOD, which represents the column-
integrated aerosol extinction coef cient and the Angstrém exponent are calculated from direct sun measurements. In addition,
the sunphotometers collect sky radiance measurements in the almucantar geometry, allowing for the retrieval of a large suite
of microphysical and optical properties of aerosol particles, such as volume size distributions and single scattering albedo
(Dubovik and King, 2000). The instruments measure across eight spectral bands, ranging from 340 nm to 1020 nm.

In the Fall Campaign of 2021 in Cyprus, a lunar/sun-sky photometer (CE318T) was colocated with the lidar at CAO-Nicosia,
while another photometer (CE318) was deployed at CAO-AMX, a remote site unaffected by urban pollution near the air eld
of UAV operations. The sunphotometer in Nicosia was used to constrain the lidar ratio for the retrievals of the extinction and
backscatter coef cients (Klett, 1985; Fernald, 1984). The size distributions reported in this paper are derived from the CAO-
AMX sunphotometer. During the ASKOS campaign in Cabo Verde, a lunar/sun-sky photometer (CE318T), was employed for

observations in Mindelo.
3.3 UAV based observations

The Unmanned Systems Research Laboratory (USRL, https://usrl.cyi.ac.cy/, last aétessne23rd December2025) is

part of CARE-C of the Cyprus Institute and offers on-site facilities and related infrastructure for research, development, and
testing of technologies related to UAVs (Unmanned Aerial Vehicles). USRL owns a private air eld at Oround&B58

E33 4%4:199, 327 m above sea level (a.s.l.), with a clear view of the northwestern side of the island (19 km distance from

the sea). The air eld's location is strategically selected to be near the CAO-AMX station. UAV-based sensors provided by third
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3.3.1 Portable Optical Particle Spectrometer (POPS)

The Portable Optical Particle Spectrometer (POPS), is an optical particle codateloped at the NOAA Chemical Sciences
Laboratory-, It is a lightweight OPS (0.8 kg without battery) designed to be deployed as a balloon-borne instrument or on
board UAVs. POPS has a 405-nm diode laser and can measure aerosol number concentration in the diameter range from 0.1
to 3.0 m. The instrument determines particle size based on the intensity of light scattered by individual particles as they pass
through a focused laser beam. The PSD is derived from the number of particles detected in each size bin during a speci ed
period of time (1 second).

Air is drawn into the optical chamber through an inlet, which alters its temperature and, consequently, its relative humidity.
Therefore, drying the sampled air is necessary to maintain particles in a known hydration state and to prevent ooding of the
chamber when the UAV-POPS system is own in humid environments. A dryer is installed at the inlet of the instrument for this
purpose (Gao et al., 2016). Comparisons with reference ground and UAV-based observations showed that POPS can provids
reliable vertical pro les of particle size distribution (Mei et al., 2020). The sampling volume of POPS is based on the sampling

ow, which is approximately 3 cmi=s. Uneertaintyestimatesor POPSareprovidedin-Seetiond-3-2-

3.3.2 Universal Cloud and Aerosol Sounding System (UCASS)

The Universal Cloud and Aerosol Sounding System (UCASS) developed by the University of Hertfordshire, is a lightweight
OPS (230 g) designed for use as a balloon-borne instrument, as a dropsonde, or on board UAVs (Smith et al., 2019). The
UCASS operates a 658 nm laser diode and determines particle size from the intensity of light scattered by individual particles
as they pass through a focused laser beam, assigning them to a number of pre-de ned size bins.

Unlike POPS, UCASS is an open-path instrument, meaning that the scattering experiment takes place directly in the atmosphere
in ambient conditions. This con guration is essential for observing latgetparticles, as inlet systems typically result in
Depending on the con guration mode and the laboratory calibration, UCASS can measure dust in the radius (optical) range
between 0.2 and 39.0 m. Previous studies showed that UCASS airborne particle size distributions and number concentrations
were in close agreement with other reference airborne OPSs, e.g. the Cloud, Aerosol, and Precipitation Spectrometer (CAPS
Kezoudi et al.,2021a). During the ASKOS campaign, two UCASS units were mounted on a xed-wing UAV, one under each
wing. The rst UCASS covered a size range of 0.3-15 m for dust particles, while the second spanned 2-39 m. In the
Fall Campaign, two UCASS units were mounted on the wings, with a size range of 0.3-20 m for both. In this paper, data
from both UCASS units are combined. The sampled air volume in UCASS is speci ed as v = Ax with a sample area of
A=5:0 10 “ m? and x = ut the distance covered by the UAV with a known airspeed u (m=s) during a tirdedertainty

10



3.3.3 Impactors

A modi ed Giant Particle Collector (GPaC;Lieke et al., 2011) adapted for UAV applications was mounted under the wings
of the UAVs. The collection size range of the modi ed impactehich-depends on environmental conditions (air speed,

pressure, and temperat ometers. An adhesive carbon substrate

295 is af xed to the impactor head, housed in a casing that allows exposure only during speci ¢ ight segments (e.g., when
sampling within a dust layer) (Kezoudi et al., 2021a). The impactor substrates are analyzed without further treatment with
a Scanning Electron Microscope (SEM; FEI Quanta 400F, FEI, The Netherlands) with energy-dispersive X-ray uorescence

First, particles are segmented from the background by image analysis using their backscatter electron intensity, yielding size

300 and shape parameters. Second, at the identi ed positions, the particles are analyzed under electron bombardment with EDX

yielding the single-particle composition. For more details on the quanti cation and data analysis scheme, refer to Kandler et al.
(2018).

305 1 in the size range 4-14 m in diameter, falling down to much less than that ( 10%) for smaller particles, and decreasing
progressively to a similar low ef ciency for particles larger than 20 m. Given that the impactors are not used here to determine
the PSD, but rather to determine intensive properties such as the refractive index and the particle shape, this uneven collectiot
ef ciency is deemed as acceptable. From the composition, refractive indices are estimated using the approach described in
Aryasree et al. (2024). During the Fall and ASKOS campaigns, two GPaC samplers were employed on board the UAV, one on

310 each wing, and were set to open at speci c altitude ranges. This paper utilizes the aspect ratios and refractiebindiees

from the samples.
3.3.4 Meteorological parameters

Relative humidity (RH) and air temperature (T) data are recorded during UAV ights. These measurements are obtained with
the HC2-ROPCB sensor (from the Rotronic Company) mounted below the aircraft's wing. A customized 3-D printed probe

315 houses the sensor to protect it from possible shocks and direct solar irradiance while ensuring proper air ow during ight
(Kezoudi et al., 2021a).

3.4 Simulation algorithms
3.4.1 MOPSMAP model

The MOPSMAP algorithm by Gasteiger and Wiegner (2018b) (Modeled Optical Properties of Ensembles of Aerosol Particles),
320 based on Fortran, offers a computationally ef cient approach for optical modeling with complex aerosol shapes. MOPSMAP
considers optical properties of spheres as well as spheroids (prolate or oblate with aspect ratios 1 AR 5) and irregular particle

11



325

330

335

340

345

350

shapes in random orientation over a range of sizes and refractive indices. This paper utilizes the MOPSMAP web interface to
calculate the optical properties of dust by using as input the wavelength (532 nm in this case), refractive indices (based on
impactors and AERONET), shapes (spheroids and spheres), and sizes based on the OPS observations of the PSDs.

3.4.2 WRF-Chem model

The Weather Research and Forecasting regional atmospheric model coupled with chemistry (WRF-Chem) is a fully integrated
meteorology-chemistry-aerosol model developed through a collaborative effort led by NOAA/ESRL. WRF-Chem simulates
the emission, transport, deposition, mixing, and chemical transformation of trace gases and aerosols, as well as aeroso
interactions, photolysis, and their interactions with meteorology (Grell et al., 2005). Additionally, cloud chemistry, aerosol-
cloud interactions, and their feedback processes are incorporated into the model (Fast et al., 2006; Chapman et al., 2009).
This study makes use of the Georgia Tech/Goddard Global Ozone Chemistry Aerosol Radiation and Transport (GOCART)
dust emission scheme to get the simulated emission, transport and deposition of the dust over the sites of interest. GOCART
uses ve particle sizes with radius between 0.1 and 10 m. Aerosol optical properties are calculated using a parameterized
Mie theory (Ghan and Zaveri, 2007), adapted for a size-resolved size distribution (Fast et al., 2006; Barnard et al., 2010). Two
different setups are used in this study to cover the Cyprus and Cabo Verde cases. The rst setup, operateghBy theas
a model domain extending from 7N to 57 N and from 28 W to 78 E, with a horizontal resolution of 20 km. It also
includes the main sources of dust in the Middle East and North Africa. The second setup, operated by NOA, covers a domain
bounded between 1.42N and 39.99 N and stretches from 30.87W to 46.87 E, with a horizontal resolution of 20 km.
Both models use 32 vertical pressure levels.
The CYI set-up was tested for 13 different GOCART schemes, testing various combinations of options (manuscript in preparatiol
Louka E.). These included nudging (applied to constrain meteorological elds), aerosol-radiation feedback (aer_ra_feedback=0
or 1 to toggle feedback), and prognostic dust treatment (progn=0 or 1 to enable or disable dynamic dust evolution). Only
one run was used in this manuscript and had the following settings: aer_ra_feedback=1, progn=1 with nudging of a scale
parameter C= 0.4 g $ m® . This con guration was selected so that dust emissions are treated as active tracers in the
model, undergoing advection, convection, boundary-layer mixing, and deposition, while allowing dust-radiation interactions
to in uence meteorology through direct aerosol effects. The empirical constant C= 02ng°>s follows (Zhao et al., 2010),
who found this value provided realistic AODs over the Sahel, and is consistent with the con guration used for the Eastern
Mediterranean and Middle East region in Georgiou et al. (2022).

Here, the focus is on the relationship between the extinction coef cient and the mass concentration of coarse soil-derived
aerosols. These parameters are used to calculate the modeled volume-to-extinction ratio and compare it with observations

12



355

360

365

370

Table 1. Overview of the selected cases during Fall and ASKOS campaigns. Thetakdeizesummarizeshe date, campaign name, the

and POPS, the effective radiug:r at the dust layer, the volume linear depolarization ratio (VLDR), the aerosol optical depth (AOD) at
stations Agia Marina Xyliatou (AMX), Nicosia (NIC) and Ocean Science Centre Mindelo (OSCM), and the Angstrém exponent. Cases
marked with (*) are used as demonstration cases in the methodology section. The pregenitedalculated according to Eq.6.

UAV based Lidar Sunphotometer
POPS UCASS Max climbed alt | Dust Layer i AOD 500 nm
X . . . Dust layer height Angstrom
Date Campaign Dust Origin | takeoff-landing takeoff-landing POPS//UCASS Feff VLDR | NIC//AMX
(km ASL) 447-870 nm
(UTC) (UTC) (km ASL) (m) or OSCM
25/10/2021 | Fall Campaign, Cyprug Central Saharg 13:09-14:09 14:24-15:30 3.7//4.0 1.29 2552 0.13 0.20//0.16 1.174//11.102
27/10/2021 | Fall Campaign, Cyprug Central Saharg 11:42-12:32 10:48-11:36/13:11-13:59 3.9//4.2/4.0 1.50 2.1-44 0.13 0.29//0.28 0.768//0.638
14/11/2021 | Fall Campaign, Cyprug Middle East 13:56-14:39 12:30-13:50/14:42-15:3% 3.2//4.4/1.8 1.60 1.4-35 0.18 0.28//0.24 0.904//0.816
15/11/2021*| Fall Campaign, Cyprug Middle East 13:46-14:32 12:37-13:33/14:38-15:36¢ 3.2//4.4/1.5 1.58 1.4-3.4 0.17 0.31//0.25 1.013//0.998
18/11/2021 | Fall Campaign, Cyprusg Mixed 13:12-13:58 14:21-15:11 3.8//14.5 151 1.4-3.1 0.12 0.37//0.34 1.127//1.104
24/06/2022* | ASKOS, Cabo Verde | West Sahara | 15:38-16:51 18:18-19:17 4.9//14.9 3.45 1.6-4.3 0.23 0.47 0.115
TOT_DUST
(12)

sm = EXTCOF55

4 Methodology
4.1 Case selection

From the two campaigns, some cases are selected where observations were available from OPSs on board UAVs, lidar, an
sunphotometers. The rst criterion for selection was the availability of these multi-instrument datasets, as they are the basis
for applying the described methodology. Additionally, the focus is on cloud-free days to ensure reliable extinction retrievals
from the lidar and accurate size distribution retrievals from AERONET. A nal criterion was to select cases with a signi cant
amount of particles (AOD > 0.2) and large particles (edyist-dominated cases), to ensure that the observations were made
during a well-developed dust event. The cases that meet these criteria are presented in Table 1. Back trajectory analysis using th
HYSPLIT model (Stein et al., 2015) revealed the origin of the air masses at the dust layer altitude ranges. Only one case from the

and UAV observations using both POPS and UCASS signi cantly limited the number of available cases for applying the
methodology. Furthermore, in some cases that met these criteria, changes in the aerosol layer formation between the UCASS
and POPS ights prevented the observations from being meaningfully combined.

Two selected case studies are used to demonstrate the methodology: (i) 15th November 2021 from the Fall Campaign
in Cyprus and (ii) 24th June 2022 from the ASKOS campaign in Cabo Verde (cases with (*) on Table 1) to examine the
application of the method for different dust load and origin. As seen in Table 1, the depolarization, AOD, Anggtiiment,

rese and vertical depth of the two cases differ signi cantly, with the second case showing higher AOD and VLDR values
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and extending over a larger vertical depth. The larggr observed on 24 June 2024 is not unexpected, as this case from
Cabo Verde is located directly along the path of long-range transported dust over the Atlantic carried by the Saharan Air
Layer (SAL) v i

extend vertlcally upto apprOX|mater 5 km (Karyampudi et al., 1999; Prospero et al., 2014; Tsamalis et al., 2013). On the other
hand,on November 15 202151 higher Angstrém exponent in combination with the lower effective radius and VLDR values

According to HYSPLIT backward trajectory analyses, for the 24 June 2022 event the sampled air masses onglnated from Mali
and Mauritania and traveled for approximately 2-3 days before arriving at Cabo Verde. In contrast, for the 15 November 2021
event, the air masses originated from the Middle East, passing over Irag, Saudi Arabia, Jordan, and Israel, before reaching
Cyprus after about 3—4 days of transport. The backtrajectories for these two cases can be seen in the Appendix A.

4.2 Remote sensing
4.2.1 Lidar observations

Figure 2 shows the 532-nm volume linear depolarization ratio (VLDR) pro les time series for the two demonstration cases. The
times of the UAV ights (indicated by the white dashédeshoxes), of the available size distributions from AERONET (black
lines), and of the selected lidar pro les (red box) are also shown in the same gure. It should be noted that the lidar pro les
selected for analysis correspond to the times closer to the OPS observations and have no clouds in the pro le. Comparing the
time series of the two cases, the dust layer on 15th November 2021 appears more vertically homogeneous, extending from the
ground up to approximately 3 km. In contrast, the case on 24th June 2022 exhibits a more complex vertical structure, with
multiple aerosol layers at different altitudes, and the most VLDR-intense layer located between approximately 3—4 km. The
cloud-free lidar pro les within the red box were averaged over time to produce one pro le seen in Fig. 3.

The Fernald—Klett method (Fernald, 1984; Klett, 1985) was used to derive the aerosol extinction coef cient pro les from the

lidar measurements (note that Raman data from P%Ilwere not available during the daytime). The retrieval was constrained
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Figure 2. VLDR pro les for 15th November 2021 (a) and 24th June 2022 (b). Vertical lines indicate the timestamps of available PSDs from

and“darSIgnal :\:I:ve r?: repeateditdlﬁerenttlmeSdurmgthesameda ’::anq::the standarddewatlon was.com pUtedThISLR

410 The extinction coef cient and VLDR pro les as well as the particle depolarization ratio (PLDR) for the two cases are shown
in Fig. 3, which help con rm the altitudes of the dust layers listed in Table 1. As mentioned before, the 24th June 2022 presents
higher extinction coef cients, PLDR and VLDR for the particles than the 15th November. These extinction pro les are used
further in the analysis for the calculations of theatiratio. The VLDR and PLDR is shown here for qualitative purposes (i.e.
aerosol typing)utitis, buttheyare not further used in the data analysis.

415 4.2.2 AERONET

The columnar volume size distributiog\% (in m 3=m?2), where “log” refers to the natural logarithm (as throughout the
remainder of this paper), is retrieved from AERONET at 22 logarithmically equidistant discrete points, denctefdras r
radius, within the size range 0:05 m 1 15 m. For this analysis, level 1.5 data were used (cloud-screened and instrument-

controlledpnéie-. To ensure higher retrieval accuracy, only PSDs withyerrorefHessthans%areinetuded(to-ensurdeow

420 sky-radiancetting._error(sky error,i.e.,thenormalizedroot-mean-square discrepancy between measuredhedel-tted-sky

upbetweerD.1 m to 7.0 m while uncertainties rise up to 100% f&xrgersizesparticleshbeyondthesesizes( 0.1 _m_and.

425 7. m) (Dubovik and King, 2000; Dubovik et al., 2002). Figure 4 providesexamplesf-the column-averaged PSDs from the

15



430

Figure 3. Three-hour averaged extinction coef cient, VLDR and PLDR pro les for 15th November 2021 (a) and 24th June 2022 (b). The

following reference altitudes () were used for the Klett inversions: (a)erz= 3-44 kma.s.l. and LR = 3® . sr; for (b), zer = 5.8 kma.s.|.

dust with other aerosols, which also aligns with the higher Angstrém exponent for that case. The PSD from June 24, 2022, is
dominated by coarse-mode particles, which, considering also the lidar observations, are non-spherical dominated.

When multiple size distributions are available within the time interval considered, an average distribution is computed and
used in the analysis to reduce variability and enhance data reliability.
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Figure 4. AERONET column-averaged volume size distributions (colored lines) for 15th November 2021 (a) and 24th June 2022 (b). The
average size distribution (black line) and its standard deviation (grey shaded area) are shown for the case with more than one size distributior

in the considered time interval.

435 4.3 OPS observations

The rst step when using the OPS observations is the data Itering. First, cloud screening is applied by discarding all
observations for which the relative humidity exceeds 90% and the particle counts per second at each bin are above a threshol
given by the manufacturer (UCASS: 1000 counts/s and POPS: 5000 counts/s). Additionally, to ensure optimal particle sampling

for UCASS, only observations when the aircraft ew at an airspeed between 4 and 16 m/s are accepted. The values not passing

440

445

outlined above. In one case, the main reason for excluding data was the airspeed being outside the acceptable range (Novemb
15, 2021), while in the other, it was due to high humidity (June 24, 2022). In both cases, the Itered data points were less than

450 20% of the total data.

455 layersobservedor the samedatein Fig. 3.
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470

Figure 5. Temperature (green) and humidity (blue) pro les measured during the UAV ights on 15th November 2021 (a) and 24th June 2022
(b) during ascent (dark blue and green) and descent (light blue and green). Red marked points indicate the discarded observations due to th
RH criterion (<90%) and the yellow points the discarded observations due to the airspeed threshold (>4, <16 m/s). The dashed line marks
the 90% humidity threshold.

4.3.1 Concentration calculations and PSD

The next step is to calculate the number concentration pro les from the count measurements of the two OPSs. To ensure
consistency between the sensors, the observations are resampled into 10-meter deep layers, providing uniform pro le resolution
The ascent and descent pro les for each OPS (POPS, UCASS-1 and UCASS-2) are combined by calculating the average of
the two pro lesfor each 10-m segment. The particle concentratiog Xt a given altitude z and each size bin of radids

counts;

No (2) = vol

(13)

where counts; represents the count of particles within tHetin and vol is the sampling volume of the instrument at altitude
z. The sampling volume varies for each instrument, with distinct values for POPS and UCASS as described in Sections 3.3.1
and 3.3.2. The total concentration at each altitude can then be calculated by summing up all the bins as:

18



X
Ne(z)=  N¢(2) (14)
i=0

Figure 6 illustrates the total concentration pro les averaged between ascent and descent for the two case studies (15th
November 2021 and 24th June 2022), with the standard deviation shown with the shaded regions. The concentration pro les

475 here.

480

485

Figure 6. Number concentration pro les for 15th November 2021 (a) and 24th June 2022 (b). The grey shaded area indicates the standard

deviation in concentration between ascent and descent pro les.

Using the number concentration;Nz), the particle volume size distribution (PSD) can be expressed as follows:

V(ri;z) = %rf N (2) (15)

The volume-weighted distributioﬁ% can be calculated by scaling:Nr; z) by dlog(r i) that represents the logarithmic

bin width. Figure 7 shows the volume and number particle size distributions for the two case studies, for different altitude

plotted as circles and triangles, respectively.
The PSDs differ signi cantly between the two cases. On 15th November 2021, both ne and coarse modes are pronounced
as was seen also in Fig. 4, with concentrations halgegfewer coarse particles above 2.5 km. In contrast, the volume PSDs
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495

on 24th June 2022 are dominated by the coarse mode fraction, with minimal contribution from ner particles. Interestingly,
for this case, particles with radii larger than 10 m are observed by the OPSs up to 4 km above ground level. This giant
mode contribution~as-had also beenobserved during previous airborne campaigns, inclucbayEX-B-in-CabeVerde

To create a comprehensive PSD, measurements from the three sensors (POPS and 2 UCASS) are combined by merging &

size bins and tting a lognormal distribution.

Figure 7. Volume and number particle size distributions for 15th November 2021 (a,c) and 24th June 2022 (b,d) at different altitudes from
ground level. Circle points indicate the measurements by POPS, whilst triangles are the measurements from UCASS. The maximum altitude
reached by the UAV was 3 km and 4.5 km a.g.l. on 15th November 2021 and 24th June 2022, respectively.

4.3.2 Uncertainties associated with OPS observations

The uncertainty of OPS observations includes two components: statistical (counting) uncertainty and uncertainty in the estimatic
of the sample volume.

Statistical uncertainty arises from the number of particles counted during a given sampling period. It depends on both
the sampling duration and the particle number concentration in each size bin and can be described using Poisson statistics
N="RN= " couns.
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For open-path instruments such as UCASS, the sample volume is estimated as vol = Avt, where A is the sampling area
(A=50 10 7 m?), v is the aircraft speed (typically 10-12 m/s, measured via pitot tube), and t is the sampling time. The

relative uncertainty in particle number concentration is then given by:

s
N ¢ 1 2 A 2 v 2
= P A Yy 16
N¢ ucass counts A v (16)

where% and~- represent relative uncertainties in area and speed, which are approximately 2% and 5% respectively.

For POPS, the sample volume is determined by the ow rate of the internal pump: vol = Qt, where the ow rate Q is
approximately 2.9 ciis, as recorded by the instrument. This ow is monitored using a laminar ow element (LFE) and a
differential pressure (DP) sensor. The LFE-DP system has an associated uncertainty of approximately 5% (Gao et al., 2016).
Considering these, the relative uncertainty of particle number concentration for POPS is:

s
2 2
N . 1 Q
= 97 + — 17
Nc pops counts Q (17)

Considering eq. 16 and 17 for counts=10, the relative uncertainties are dominated by the statistical components and are ir

both cases 32%. From the equations, it is obvious that the relative uncertainties will approach a minimum value ( 5%)

two instruments (Smith et al., 2019; Gao et al., 2016). In addition, the UQAfSused in this studyvaseatibratecwere
umentatiorat the ACTRISfaeilitiesin-Pragueusinghe ibrati i

partof theinst

RI (m=1:52+0:002i) is provided by the manufacturer, while POPS is calibrated using polystyrene latex (PSL) spheres and
dioctyl sebacate (DOS), with refractive indices of m = 1:615+0:001i for PSLs and m = 1:45+0Qi for DOS (Gao et al., 2016).
In order to correct for the Rl in the case of POPS, Mie scattering calculations are performed, and the correction is 4% on the

diameter for dust Rl (m = 1:52 + 0:002i). For POPS size bins below 1.22 m, this results in a diameter correction of less than
0.05 m, and up to 0.1 m for bins above 1.22 m. Given the small magnitude of this correction and its impact on the volume
concentration, it is not applied to the POPS data and can be considered negligible. In addition to these calibration-related
uncertainties, a previous study by Kezoudi et al. (2024 at

Raman lidar observations in layers with high particle number concentratiiibutedto-coincidencandecountingeffectsfor
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in the UAV-based particle size distributions used in this study.

4.3.3 Leg-Nermallognormal ts

Lognormal ts are widely used as they tend to provide the best representation for most airborne particle size distributions
and they smooth out sensor noise. Their simplicity and ability to combine various modes to describe PSDs shapes make
them a standard choice in aerosol research and related elds (Pohlker et al., 2023; Boucher, 2015; Kulmala et al., 2012). The
lognormal distribution is characterized by the geometric mean radjusng the geometric standard deviation , which allow
for the representation of both single-modal and multi-modal size distributions (Heintzenberg, 1994).

In this study, a bi-modal lognormal t is applied to describe the PSDs. Using two lognormal modes, the observations of the
chosen ight dates (Table 1) were tted at 500 m averaged vertical layers.

For a multi-modal distribution, with coarse and ne modes, the following lognormal model is used:

dan X N; (logRp logR 4;i)?

= P— ex
dlogR, _, "2log ; " 2(log 1)?

(18)

where N is the total number concentration of particles, of modeg; s the geometric mean radius of the mode, ant
the geometric standard deviation of the mode.
The tting process accounted for all the data from the two UCASS and the POPS instruments to provide a combined
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Figure 8. Number and volume size distributions for 15th November 2021 (a,c) and 24th June 2022 (b,d) at layers 1.5-2 km and 2-2.5 km

4.4 Comparison of PSDs

Given the differences in how the PSDs from AERONET and UAV-based measurements are expressed, it is essential to convert
them to comparable units for a meaningful comparison. The AERONET PSD is column-integrated, expressed in units of
m 3=m?2. In contrast, the PSDs acquired from OPSs on board UAVs are vertically resolved and expressed in units of
m 3=m 3, re ecting the volume concentrations at speci c altitudes.

One way to compare these different PSDs is to create column-integrated PSDs from the UAV observations. The column-

integrated PSDs are calculated as:

av() B0V (1:2) i
dlogr - dlogr

(19)

col
Zmin

Figure 9 compares the AERONET and column-integrated OPS PBbD#hetwo cases 5thNovemberR021and24th June
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deviation is observed at the ne mode particles <0.2 m where AERONET exhibits more ne particles than the UAV-based

observationsa-theseconccasepn

.i.rjlg"c'rumentaxlgndgt'gtistica:l,as SeE

measurement@sdiscussed in Sec. 4.3.2

inhomogeneitiegan producediscrepanciepetweenin-situ and column-basedetrievalsof optical properties,as was also
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595 5.1 Observed volume-to-extinction ratio
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Using the formulation presented in Sect. 2, Eq. 9, the pro le of the ratio (volume-to-extinction ratio) is derived by combining
the extinction coef cient pro le acquired from the lidar measurements, with volume concentration at different heights obtained
by integrating the OPS-derived PSDs. Ansmann et al. (2012) provides an overview of the volume-to-extinction conversion
factor (), based on observations (airborne, AERONET and lidar) (Johnson and Osborne, 2011; Osborne et al., 2008; Weinzierl
et al., 2009; Muller et al., 2012) and models during Saharan dust events (Hess et al., 1998; Barnaba and Gobbi, 2004). In tha
study typically ranges from 0.6 to 1.3 m. A subsequent study by Ansmann et al. (2019b) shows values based on long-

term AERONET climatologies collected at desert stations around the globe. Notably, the Limassol (Cyprus) and Sal (Cabo
Verde) stations reported of 0:64 0:08 m and 0:64 0:07 m, respectively.

The observed values for the two demonstration cases alongside the range of values reported in the literature are presentec

does not represent a pure dust event. Conversely, for the 24th June 2022 case, the observed average between 1.6—4.3 km a.s
and therefore considering the total dust layer depth, =1:14 1:01 ,which is similar to the values recorded before in the
literature for Western Saharan cases. However, in the 1.6—3.5 km a.s.l. sublayer, where larger particles were more prevalen

The dash-dotted and dashed lines in Fig. 10 present the AERONET-derived values for total and coarse aerosol fractions
on the respective days (calculated with the method given in Ansmann et al., 2012). For 15th November 2021, the observed
values agree more closely with the AERONET-derived for total aerosols, which is consistent with the agreement of the
PSDs provided by AERONET and OPSS in Fig. 9. In contrast, for the 24 June 2022 case, both AERONET-derived values
underestimate the observed values by approximately 41% within the 1.6—-4.3 km a.s.l. range, with the discrepancy increasing
to as much as 150% between 1.5-3.5 km a.s.l., where larger particles were more dominant. This discrepancy aligns with
the PSD comparison in Fig. 9, indicating that AERONET may underestimate coarse particles (due to the 15 m limitation)
and overestimate ne ones, which in turn affects the volume-to-extinction ratio (see Eq. 9). This highlights the potential
inaccuracies of using column-averaged values from AERONET without correcting for these size-dependent discrepancies.
The coarse/ ne mode imbalance observed on 24th June 2022, characterized by a signi cantly higher proportion of coarse

e6pmrticles, is the reason for the elevated values.
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Figure 10. Observed ratio (blue line) compared to MOPSMAP derived calculations for different spheroidal aspect ratios (markers) for

asdiscussedn Sections4.2.1and4.3.2. The gray shaded area indicates the range of values provided in the literature. The dashed line

experimental aspect ratio distributions (lognormal) have =1.45, =0.6 and =1.44, =0.6 for 15th November 2021 (a) and 24th June
2022 (b) respectively. ThisanterKandlerAR distribution has =1.45, =0.7

The MOPSMAP-based calculations of , also shown in Fig. 10, are derived using the tted lognormal PSDs described in
Sect. 4.3.3, and refractive indices obtained from AERONET (for the real part) and SEM analysis of impactor samples collected
during the ights (Kandler et al., 2009, 2018) (for the imaginary part) and a number of arbitrary values for the sphericity. The
refractive indices used in the calculations were k = 1.52+0.002j and k = 1.52+0.003j for the cases 15th November 2021 and
24th June 2022, respectively (which are in both cases close to the climatological RI values for dust from Ryder et al., 2019).
The MOPSMAP calculations were also performed for different Rls (real part: 1.52-1.53 and imaginary part: 0.0017-0.0056)
with almost no dependency, which was expected due to the existence of coarser particles (geometric optics). Fine particles
were modeled as spheres, while coarse particles were modeled as prolate spheroids with different aspect ratios: (i) aspect rati
distribution derived from the impactor samples (using SEM analysis), with and the center and width of the aspect ratio
distribution, (ii) aspect ratio distribution from Kandler et al. (2007) ("Kandler AR distr" herein), (iii) spherical particles, and
(iv) spheroids with an aspect ratio of 5. AR =5, is an extreme value only used for comparison purposes. It must be noted that

the experimental AR distributions for the two cases were very close to the distribution from Kandler et al. (2007); = 1.45,
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=0.6 and = 1.44, =0.6 for 15th November 2021 and 24th June 2022, and = 1.45, =0.7 for the Kandler distribution. At
low aspect ratios the choice between oblate and prolate had negligible in uence on the results.

The MOPSMAP-derived values generally follow the observed pro les, though some differences remain. On November 15,
2021, using the aspect ratio distribution derived from SEM analysis of impactor samples (orange hexagons), the calculations
follow well most of the observed pro le, except in the 1-1.5 km a.s.l. layer, which is close to the overlap region of the lidar.
The results using the Kandler AR distribution (green triangles) and spherical particles (red circles) provide similar values. For
June 24, 2022, the observations up to 3 km, and above the marine boundary layer, align better with more spherical spheroids,
even though differences are large at some altitudes e.g. 2.3 km and 3.3 km a.s.l. In the upper layers (above 3.5 km a.s.l.),
spheroids with an aspect ratio of 5 show a better agreement with observations.

.................. but underestimat¢he observed. This

In Fig. 11 the observed relationship between values and for the dates seen in Table 1 is plotted over the theoretical
values (blue lines), calculated using Eq. 9, wheke i§ calculated using Mie theory algorithm with refractive of k = 1.52+0.003]
(derived from SEM analysis of impactor samples). The theoretical lines are shown for different values of sphericity . The
color of the points corresponds to the altitude of the observation, whereas observations within dust layers are marked as stars.
For the Central Saharan dust case of 25th October, 2021 (Fig. 11, green box; (a)) the observations lie between the theoretica
lines of sphericity with between 0.1 and 1 with some outliers with high values at lower altitudes ( 0.65 km a.s.l.). The
observations at the dust layer{-3kil-3kma.s.l.) are close to the values provided in the literature for dust particles, which
is expected since the latter were mainly derived from Saharan dust cases. Similarly, for the second central Saharan case on th
27th October 2021 (Fig. 11, green box; (d)), the few data in the dust layer ( 2.5 km a.s.l.) are within the values provided in
the literature and closer to the 0.4 sphericity line.

The observations from Middle East dust on 14th and 15th of November, 2021 (Fig. 11, black box; (b,e)), exhibit comparable
characteristics and lie between the theoretical curves with sphericity between 0.1 and 0.4. The same pattern is observed fo
both cases with andd; values decreasing for increasing altitude.

November 18, 2021 covers a wider range gf rand values compared to the other cases. The measurements also span a
wide range of potential sphericity, from 0.1 to 1. The color of the data points indicates that the airmasses were well mixed
(vertically), as there is no clear dependence of agg with altitude. It was seen from Table;that the Angstrém exponent
presented the highest values during this day compared to the other cases, suggesting the presence of ner particles in siz
(something that is also con rmed by the PSDs derived from OPS measurements for this date). This is likely due to the mixing

of anthropogenic pollution with dust. Bimenyimana et al. (2025) has shown that the Middle East region is the main hotspot for
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