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Abstract. Uncertainties in the mineral dust’s direct radiative effect arise from the variability in its optical properties. The optical
properties can also be influenced by mixing processes with anthropogenic aerosols, such as black carbon or fine particles (called
"pollution” in this study). We aimed to investigate the effect of mixing pollution with mineral dust aerosols from different
source regions on the intensive aerosol optical properties. Thus, the AﬁgstféﬂcrgggArQLnNexponents of scattering and absorption
(i.e., their wavelength dependence), the single scattering albedo, and the asymmetry parameter were determined from direct
optical measurements performed during the A-LIFE aircraft field experiment over the Eastern Mediterranean. This location
provided access to Arabian and Saharan dust layers mixed with pollution. Our findings indicated significant changes in all the
intensive aerosol optical properties with increasing pollution content within mineral dust layers. Interestingly, the differences
between Arabian and Saharan dust’s intensive aerosol optical properties were negligible. We discussed the implications of
these results for identifying mineral dust events and for their direct radiative effect. First, the mixing with pollution masked
the mineral dust signal, suggesting that caution is needed when using the Aﬁg&&éﬁ%ﬁponents for identifying mineral
dust events. However, the Angstrémngstrom exponents can help estimate the amount of pollution once a mineral dust event is
confirmed. Second, our measurements of the asymmetry parameter and single scattering albedo changed from pure to polluted
mineral dust layers (e.g., at 525 nm, the median values decreased from 0.67 to 0.56 and from 0.96 to 0.89, respectively). These
changes have opposing effects on the short-wave direct radiative effect efficiency (i.e., the direct radiative effect per unit of
aerosol optical depth) and may partly cancel out each other. Nevertheless, the impact of mixing with pollution on the mineral
dust’s direct radiative effect efficiency can differ depending on the surface albedo. In conclusion, accurate quantification of the
pollution content within mineral dust layers is crucial. The pollution significantly impacts mineral dust event identification, its

optical properties, and the local direct radiative effect.
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1 Introduction

Large amounts of mineral dust particles are emitted into the atmosphere by winds blowing over arid regions worldwide (Choo-
bari et al., 2014). Once in the atmosphere, they can form layers at high altitudes and travel long distances (Weinzierl et al.,
2017; Adebiyi et al., 2023). Mineral dust particles interact directly with solar and terrestrial radiation via scattering and ab-
sorption, as well as indirectly by altering the cloud properties. Consequently, mineral dust particles affect the Earth’s energy
budget and its climate system. The direct radiative effect of mineral dust is still uncertain due to significant uncertainties in its
microphysical and optical properties (Kok et al., 2017; Li et al., 2021). This uncertainty contributes significantly to the overall
uncertainty of the effective radiative effect of mineral dust (Kok et al., 2023).

The properties of mineral dust layers may be modified through aging and mixing processes (Riemer et al., 2019). For
example, the mineral dust size distribution can change (e.g., Weinzierl et al., 2011) or the mineral dust layer can mix (e.g.,
Petzold et al., 2011; Denjean et al., 2016) with anthropogenic aerosol such as black carbon or fine particles (which we will
refer to as "pollution” in this study). Especially, black carbon particles, emitted from fossil and biomass fuel combustion,
exhibit a higher absorption efficiency and different spectral behavior than mineral dust particles (Bond et al., 2013; Caponi
et al., 2017). Hence, black carbon particles within mineral dust layers can play a critical role in enhancing the mineral dust
absorption propertiesand-, resulting in a relatively greater impact on atmospheric heating compared to low altitudes black
carbon particles, since their residence time at higher altitudes is longer (Seinfeld et al., 2004).

The aerosol direct radiative effect depends on the aerosol optical properties, in particular the particle extinction coefficient
Ocp (the sum of the particle scattering and absorption coefficients), the asymmetry parameter g (i.e., the cosine-weighted
average of the angular distribution of the scattered light, Andrews et al., 2006), and the single scattering albedo SSA (the
fraction of the extinct light that is scattered). These aerosol optical properties are generally derived from remote sensing
retrievals (e.g., Granados-Mufioz et al., 2019) or from in-situ measurements of the particle size distribution via optical modeling
(e.g., Kok et al., 2017). These methods require assumptions about aerosol types, refractive indices, and mixing states.

Direct in-situ measurements of the particle scattering and absorption coefficients in the visible spectrum can be used to
calculate intensive aerosol optical properties that allow a better understanding of the optical signature and the direct radiative
effect of aerosol mixtures. These intensive aerosol optical properties include the wavelength dependence of the particle scat-
tering and absorption coefficients and of the single scattering albedo, known as the scattering, absorption and single scattering
albedo Aﬂgs&émgggtvrgmexponents (SAE, AAE, and SSAAE), which provide near-real-time information on the aerosol types
that impact the aerosol optical properties (e.g., Costabile et al., 2013; Cazorla et al., 2013; Cappa et al., 2016). Additionally,
the asymmetry parameter (g) and the single scattering albedo (SSA) are crucial for determining the intrinsic short-wave direct
radiative effect of the aerosol mixture (e.g., Sherman et al., 2015).

These intensive aerosol optical properties are sensitive to different aerosol characteristics. The SAE is primarily related to
the particle size (;\ngstrijm, 1929), with SAE< 1 found for the predominance of coarse aerosol particles and SAE> 2 for the
predominance of fine particles (e.g., Schuster et al., 2006; Gyawali et al., 2012). The AAE is mainly linked to the particle
composition (e.g., Liu et al., 2018), with AAE ~ 1 for pure black carbon particles, since it absorbs efficiently through the
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complete solar spectrum (e.g., Bond, 2001). Higher AAE values correspond to absorbing aerosol particles whose absorption
increases with decreasing wavelength, such as mineral dust and organic matter (called brown carbon) aerosols (e.g., Petzold
et al., 2009; Sandradewi et al., 2008; Russell et al., 2010; Valentini et al., 2020). The single scattering albedo Aﬂgﬁféfﬂ
ngstrom exponent (SSAAE) is sensitive to both aerosol size and composition. Thus, it has been proposed as an additional
parameter indicating the presence of mineral dust particles (Collaud Coen et al., 2004). The asymmetry parameter g indicates
the asymmetry of the angular distribution of scattered light, varying from 1 in the extreme case of light scattered exclusively
in the forward direction to 0 for symmetric scattering. For atmospheric aerosol particles, g is typically in the range of about
0.4 to 0.8 and decreases with decreasing particle size (e.g., Horvath et al., 2018; Pandolfi et al., 2018). The SSA equals 1 if
only purely scattering aerosols (e.g., sulfate) are present and decreases as more absorbing aerosols are present. Therefore, g
considers the effect of particle sizes, and the SSA takes into account the effect of aerosol absorption on the direct radiative
effect.

Several intensive field experiments, including airborne and ground-based measurements, were performed to study the
properties of mineral dust. The main focus has been on the properties of pure mineral dust layers close to the source
region and after transport
.g., Formenti et al., 2003, 2011a; Ryder et al., 2013; Denjean et al., 2016; Weinzierl et al., 2017; Adebiyi et al., 2023). The

most comprehensive field experiment on the properties of Saharan dust was the Saharan Mineral Dust experiment (SAMUM).
The first part of the field campaign (SAMUM-1, Heintzenberg, 2009) studied the properties of pure mineral dust in Morocco,
whereas SAMUM-2 investigated far-transported, aged dust and as well as its mixture with marine, urban and biomass-burning
aerosols, pointing out the importance of further studies on mixtures of aerosols (Ansmann et al., 2011).

Meanwhile, several studies investigated the feasibility of using the Aﬁgsﬁémpgggggexponents (SAE, AAE, and SSAAE)
to detect mineral dust events in near-real-time using ground based in-situ measurements (e.g., Collaud Coen et al., 2004;
Valenzuela et al., 2015; Ealo et al., 2016). They found out that the presence of mixtures sy-may mask the signal of mineral
dust particles and only strong mineral dust events can be detected. Therefore, for detecting mineral dust events at a-speeifie
emplacementspecific places, the intensive aerosol optical properties need to be evaluated and calibrated with previous sensitiv-
ity tests (Ealo et al., 2016).

Studies on mineral dust-pollution mixtures are sparse and conducted mainly in Asia (e.g., Clarke et al., 2004; Seinfeld
et al., 2004; Yang et al., 2009), but few field campaigns were also conducted in Western Africa (Petzold et al., 2011; Denjean
et al., 2020), and in the western Mediterranean (Mallet et al., 2016; Denjean et al., 2016). Large variability in the obtained
results from different studies indicate that internal (Clarke et al., 2004; Quinn et al., 2004) or external (Shi et al., 2003; Song
et al., 2005) mixtures of black carbon and mineral dust may significantly change the optical properties of mineral dust layers.
Additionally, different source regions may be affected differently by the mixing with pollution. Petzold et al. (2011) showed that
the pollution plume from the city of Dakar had a significant influence on the particle size distribution and absorption properties
of mineral dust particles, whereas the absorption Angstrémngstrom exponent was still dominated by the mineral dust fraction.
In Casablanca, a different scenario was observed with an AAE value of ~ 1 despite the high mineral dust concentrations Petzold

et al. (2009). In Asia, Seinfeld et al. (2004) found that carbonaceous components in the mineral dust layers changed the SSA
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from 0.97 to 0.85 at 550 nm. Similarly, in West Africa, Denjean et al. (2020) measured enhanced aerosol light absorption in
mineral dust layers due to mixing with pollution, leading to a decrease in SSA deereasingfrom 0.92 to 0.81. On the contrary, in
the western Mediterranean, Denjean et al. (2016) observed moderately absorbing mineral dust layers with SSA values between
0.90 and 1.00 at 530 nm, indicating that the Saharan dust optical properties were not significantly affected by mixing with
pollution. In proximity to Arabian and Saharan dust source regions, Kim et al. (2011) investigated aerosol optical properties
based on AERONET observation, finding no systematic difference in the optical properties of pure Arabian and Saharan dust.
Nevertheless, their analysis suggests that the optical properties of mineral dust mixtures may be affected differently depending
on the source regions.

In conclusion, mixtures of black carbon and mineral dust may significantly change the optical properties of min-
eral dust layers. These changes can have consequences on identifying mineral dust layers by using the Angstrém
ngstrom exponents (SAE, AAE, and SSAAE) (e.g., Collaud Coen et al., 2004; Valenzuela et al., 2015; Ealo et al,,
2016) and on the direct radiative effect by influencing g and SSA (e.g., Seinfeld et al., 2004; Denjean et al., 2020).

However, the—mixing—of—polution—with—optical properties of mineral dust from various source regions may alse
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on—mineral—dust—optical—properties—of —be_affected differently by mixing with pollution fer—different—souree—regions
(Seinfeld et al., 2004; Denjean et al., 2016; Kok et al., 2023) and this influence needs to be further investigated.

In April 2017, the A-LIFE (Absorbing aerosol layers in a changing climate: aging, lifetime and dynamics, https://www.a-
life.at) aircraft field experiment investigated the aerosol properties in the Eastern Mediterranean (Weinzierl et al., in preparation,
2024). The region is an atmospheric crossroad and a pollution hot spot (Zittis et al., 2022), where aerosols of different origins
(natural vs anthropogenic) co-exist, including mineral dust from the two nearby deserts (the Arabian Peninsula and the Saharan
desert) and local and transported pollution (e.g., Dayan et al., 2017). We focus on the intensive aerosol optical properties
measured airborne during the A-LIFE field experiment.

The main goal of this paper is to analyze how the mixing of mineral dust and pollution impacts the mineral-dust’s-intensive
optical properties of mineral dust and whether these impacts vary depending on the mineral-dust’s-seurce-region-source region
of mineral dust. Specifically, we aim to investigate how mineral dust-pollution mixtures affect existing aerosol classification
schemes and modify the direct radiative effect of the mineral dust. Thus, we investigate intensive aerosol optical properties
that are relevant for the identification of aerosol types, i.e., the scattering, absorption, and single scattering albedo Angstrén
ngstrom exponents (SAE, AAE, SSAAE);-and-, We also study intensive aerosol optical properties that are relevant for the
understanding of the aerosol radiative effect, i.e., the asymmetry parameter and the single scattering albedo (g and SSA). In
addition, we tsed-use a simple formula by Haywood and Shine (1995) to estimate the change in the short-wave direct radiative

effect efficiency (SW DREE) at the top of the atmosphere due to increasing pollution content in the mineral dust layer.
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2 Methodology

To investigate the influence of mixing mineral dust and pollution on the intensive aerosol optical properties, we analyzed data
collected in spring 2017 on board the DLR Falcon 20 E-5 aircraft during the field experiment of the ERC-funded A-LIFE
project (Absorbing aerosol layers in a changing climate: aging, lifetime and dynamics, https://www.a-life.at). The particle
scattering and absorption coefficients measured directly in Arabian and Saharan dust layers were used to derive intensive
aerosol optical properties, including the scattering, absorption and single scattering albedo Aﬁgsffeﬂ%gggtvrg\nml exponents (SAE,
AAE, and SSAAE), the single scattering albedo (SSA), the asymmetry parameter (g), and the short-wave direct radiative effect
efficiency (SW DREE). Since data with different relative contribution of mineral dust and black carbon are available, we used
the microphysical properties to quantify the pollution content within mineral dust layers. Thus, we investigated the relationships
between each intensive aerosol optical property and the aerosol microphysical properties. Additionally, we investigated the
differences in these relationships for two different source regions of mineral dust (namely, the Arabian Peninsula and the
Saharan desert). The following seetions-sub-sections describe the A-LIFE aircraft field experiment, the instrumentation relevant

for this study and how the data were analyzed.
2.1 The A-LIFE aircraft field experiment in the Eastern Mediterranean

The A-LIFE aircraft field experiment conducted ground-based and airborne measurements with the aim to investigate the
properties of absorbing aerosol mixtures, with a focus on mineral dust-black carbon mixtures. The airborne measurements
were carried out on board of the Deutsches Zentrum fiir Luft- und Raumfahrt (DLR) research aircraft Falcon 20-E5, and the
aircraft was based at the Paphos airport in €yprussouth-west of Cyprus (34.7°N, 32.5°E). This location allowed access to the
Eastern Mediterranean region and to mineral dust layers originating from the two nearby deserts, the Arabian Peninsula in the
Middle East and the Saharan desert in Northern Africa as well as to anthropogenic pollution (Weinzierl et al., in preparation,
2024).

Figure 1 shows the flight paths of the 22 research flights. Apart from the two test flights in Central Europe and the transfer
flights from the DLR airport to the Paphos aircraft base in Cyprus, most of the flights were conducted over the Eastern Mediter-
ranean, close to Cyprus, but also in the area of Crete and Malta. The background of Fig—Figure 1 is a natural color satellite
image from April 27, 2017, showing the influence of the regional aerosol loading by mineral dust from the nearby-deserts;two

nearby deserts. Mineral dust from the Arabian Peninsula and-the-Saharan-desertimpact the eastern parts of the Mediterranean
basin, while mineral dust from the Sahara desert influences the central part of the Mediterranean basin.

During the field experiment, several outbreaks of Arabian and Saharan dust occurred and the elevated mineral dust layers
were also mixed with local and transported anthropogenic pollution, allowing the investigation of mineral dust-pollution mix-
tures. A detailed description of the field experiment and the meteorological conditions influencing the measurements can be

found in the A-LIFE overview paper (Weinzierl et al., in preparation, 2024).



The A-LIFE field experiment in April 2017
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Figure 1. The A-LIFE field experiment in April 2017. The red line indicates the flight path of the 22 research flights performed during the
A-LIFE field experiment onboard of the Deutsches Zentrum Luft- und Raumfahrt (DLR) research aircraft Falcon 20 E-5. The background
is a natural color satellite image (26.9°N-50.1°N, 0.0°E-44.5°E) from 27 April 2017. (Source: “NASA-Worldview""NASA-Worldview",

https://worldview.earthdata.nasa.gov/, last accessed 16 January 2024.)
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2.2 Instrumentation

For the A-LIFE field experiment, the DLR aircraft Falcon 20 E-5 was equipped with several-comprehensive in-situ aerosol
instrumentsinstrumentation, a wind lidar, and impactors for subsequent chemical analysis of the filter samplesamples. Most
in-situ aerosol instruments were deployed in the Falcon aircraft cabin behind an aerosol inlet and transport system (in-cabin).
The cut-off diameter of the Falcon aerosol sampling system ranges between 2.4 um to 6.4 um, as characterized in detail in
Sehoberletal+(2623)Schoberl et al. (2024). A list of the in-cabin and wing-mounted instruments is available in the supple-
mental material of (Sehberl-et-al5-2023)(Schoberl et al., 2024).

Instrumentation relevant for this study includes an in-cabin polar integrating nephelometer (Aurora 4000 polar nephelome-
ter, Ecotech, Australia) and an in-cabin Tricolor Absorption Photometer (TAP, Brechtel Manufacturing Inc., Hayward, USA),
which measured the aerosol scattering and absorption coefficients at three wavelengths, respectively. An in-cabin Single Parti-
cle Soot Photometer (SP2, Droplet Measurement Technologies Inc. (DMT), Longmont, CO, USA) measured the mass and size
of individual refractory black carbon particles and provides the mass concentration of refractory black carbon.

The particle size distribution was determined from a combination of instruments with overlapping size ranges: The total
number concentration of particles was measured with an in-cabin condensation particle counter (TSI CPC, model 3760a, TSI
Inc.). Size resolved-particle number concentration was measured with an in-cabin optical particle counter (SkyOPC, model
1.129, GRIMM Aerosol Technik, Ainring, Germany), and two wing-mounted optical spectrometers, the Ultra-High Sensitivity
Aerosol Spectrometer-Airborne (UHSAS-A, DMT), and the Cloud and Aerosol Spectrometer (UNIVIE CAS), which is part
of University of Vienna’s second-generation Cloud, Aerosol, and Precipitation Spectrometer (UNIVIE CAPS, DMT).

In-situ aerosol samples were collected in the Falcon aircraft cabin on Transmission Electron Microscope (TEM) grids and
boron substrates using a Micro Inertial Impactor (MINI), sampling particles with aerodynamic diameters above and below

and elemental composition of individual particles, with a projected area diameter

ranging from 0.5 to 3.0 um, was analyzed using a Environmental Scanning Electron Microscope (FEI ESEM Quanta 400 FEG,
Eindhoven, The Netherlands) coupled with an X-Max 150 energy-dispersive X-ray spectroscopy (EDX) detector (Oxford).
For selected samples, the mixing state of particles with projected area diameter smaller than 0.5 um _was obtained using a
Transmission Electron Microscope (CM20 TEM, Philips, Eindhoven, The Netherlands).

2.3 Data analysis

For consistent analysis of the A-LIFE data set, flight time series were divided into 262 sequences, corresponding to
flying periods at constant altitude, in the same air mass, and out of clouds (Murphy-etal;2004;Dollneretal;2023)
(Murphy et al., 2004; Dollner et al., 2024). All data were averaged along these sequences and converted to standard tempera-
ture and pressure conditions (STP, 273.15 K; 1013.25 hPa). Data analysis for each instrument is described in the following

sections.
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2.3.1 Directly measured aerosol optical properties

This work focuses on understanding the aerosol optical properties measured directly on board the Falcon research aircraft
during A-LIFE by the Aurora 4000 polar nephelometer and the TAP, both installed in-cabin. Therefore, the measured aerosol
optical properties are the optical properties of the aerosol passing through the Falcon sampling system(Schoberl et al., 2024)
. Details on the operation and data analysis of the Aurora 4000 nephelometer and the TAP are reported in the supplementary

information (Sections S1 and S2).
Aurora 4000, «
Sp,A

lar sectors (from « to 180°, with v = 0°,20°,50°,90° ) at three wavelengths €\): blue (450 nm), green (525 nm), and red

The Aurora 4000 polar nephelometer measured the in-cabin particle scattering coefficients (o, ) of four angu-

(635 nm). Several calibrations with particle-free air and CO, were performed, and the data were corrected following Ander-

Aurora 4000, 0°

DA for angular

son and Ogren (1998). The total particle scattering coefficients (o, 1) were obtained by correcting o
truncation and illumination as indicated in Teri et al. (2022). The overall uncertainty on o, » was calculated to be within
~ 13 — 30% for sequence averages considered in this work.

The TAP measured the in-cabin particle absorption coefficient (oap7 ») at three different wavelengths: blue (465 nm),
green (520 nm), and red (640 nm). o, » Was corrected for filter loading and scattering effects with the Virkkuta(20140)-
Virkkula et al. (2005); Virkkula (2010) correction scheme for the widely used glass fiber Pallflex E70-2075W filters. Accord-
ing to Davies et al. (2019), we assumed an uncertainty on oy, » of 40% for all three wavelengths.

To ensure the accuracy of the data we performed calibrations and data quality controls as reported in the supplementary in-
formation (Section S2). In particular, a strong correlation (R? > 0.92 for all three wavelengths) was found between the particle
absorption coefficient and the mass concentration of refractory black carbon (Figure S1 in the supplementary information). The
slopes obtained from the linear regression analysis (19.4, 15.9, and 10 m2g~! for the blue, green, and red wavelength, respec-
tively) are consistent with the literature values of the black carbon mass absorption coefficient (e.g., Ohata et al., 2021). The
slightly higher values obtained from our measurements and the observed wavelength dependence are consistent with the pres-
ence of the additional contribution of mineral dust absorption. This comparison indicates good quality of the aerosol absorption

coefficient measurements.
2.3.2 Intensive aerosol optical properties calculated from direct measurements

Our investigation focused on the intensive aerosol optical properties derived from the Aurora 4000 polar nephelometer and TAP
measurements. In particular, we calculated intensive aerosol optical properties that have extensively been used in literature (e.g.,
Cappa et al., 2016) to distinguish between different aerosol types such as the scattering, absorption and single scattering albedo
Aﬂgstfémwnggtvrgvrggxponent (SAE, AAE, SSAE), and intensive aerosol optical properties that are important for understanding
and estimating the aerosol direct radiative effect (e.g., Haywood and Shine, 1995; Sherman et al., 2015), such as the asymmetry
parameter (g) and the single scattering albedo (SSA), as well as the short-wave direct radiative effect efficiency (SW DREE).

An overview of the optical properties used in this study is given in table Al in appendix.
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The scattering Aﬁg&&éﬂ%ggMexponent (SAE), which represents the wavelength dependence of the particle scattering
coefficient (Angstrém, 1929), was calculated by using the total particle scattering coefficients o, » measured by the Aurora
4000 polar nephelometer at blue and red wavelengths (i.e., Ag = 450; nm and Ag = 635;nm), as:

. IOg(USP’/\B /USP,AR )
log(AB/AR)

The absorption Aﬁg&&@ﬁ%ggg@g& exponent (AAE), which represent the wavelength dependence of the particle absorption

SAEx; /x\ = (D

coefficient, was calculated by using the particle absorption coefficients o, » measured by the TAP at blue and red wavelengths
(i.e., Ag = 465;nm and A\g = 640;nm), as:

. log(aﬂp,)\B /O-HP»AR)
IOg()\B/AR)

The single scattering albedo Angstrém-ngstrom exponent (SSAAE), which represent the wavelength dependence of the

AAE), /3 = 2

single scattering albedo, was calculated according to Moosmiiller and Chakrabarty (2011) as:
SSAAE), /», = SAEy;/ar — EAEy; )z, 3)

where EAE is the extinction Angstrémngstrom exponent calculated at blue and red wavelengths of the Aurora 4000 polar
nephelometer (i.e., Ag = 450;nm and Ag = 635;1m) by using a formula analogous to Eq. 1. The extinction coefficient o, x
was calculated as the sum of oy, » and oy, » measured by the Aurora 4000 polar nephelometer and by the TAP, respectively.

We did not apply any correction for the small difference in the wavelengths of the two instruments, since the centroid
wavelengths differ less than the full width at half maximum (FWHM) specified by the manufacturer, and we assumed the
correction to be negligible.

The asymmetry parameter g, which is the cosine-weighted average of the angular distribution of scattered light (Andrews
et al., 2006), was calculated at wavelength A using the particle scattering coefficients measured by the Aurora 4000 polar
nephelometer at different angular sectors (02" **% @ with o = 0°,20°,50°,90°) following the method developed by Miiller

Sp,A
et al. (2012):
N—1

Aurora 4000, o, Aurora 4000, oy 41 (O tan
Z ( sp,A ! “Tpa h )COb( 2 +1)
gy = — " 1.7752 — 0.6599 @
Aurora 4000, a., Aurora 4000, avp 41
Z ( sp,A - Jsp,A )

The first part of the function is analogous to the definition of the asymmetry parameter. The parameters were found by compar-
ison with the result from scattering theory considering different aerosol types including different size-sizes and shapes (Miiller
et al., 2012).

The single scattering albedo (SSA), which is the fraction of the extineted-tight-thatis-seatteredlight extinction that is due
to scattering, was calculated at wavelength A using the total particle scattering coefficient measured by the Aurora 4000 polar

nephelometer o, » and the particle absorption coefficient oy,  measure-measured by the TAP, as:

Osp,\

SSAy = — PA
O—sp,)\ + Uap,)\

&)
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The asymmetry parameter (g) and the single scattering albedo (SSA) are key parameters for understanding the

aerosol direct radiative effect. We used the g and SSA values measured during A-LIFE for a first estimation of the

aerosol direct radiative effect. We used a simple formula derived by Haywood-and-Shine-(1995);-Charlsen-et-al-(1991H)-

Charlson et al. (1991); Haywood and Shine (1995) for calculating the short-wave aerosol direct radiative effect efficiency (SW
DREE) at top-of-atmosphere for an optically thin, partially absorbing atmosphere.!

The SW DREE is the short-wave direct radiative effect (SW DRE) per unit aerosol optical depth (AOD) and is to the first
order independent of AOD:

SW DREE = SW DRE/AOD = — DSy Tym(1 — A.)BSSA[(1 — R;)? — (2R, /SSAB)(1 — SSA)] (6)

where D is the fractional day length, S is the solar constant, T}, is the atmospheric transmission, A, is the cloud fraction, R
is the spectrally averaged surface albedo, SSA is the particle single scattering albedo, and 3 is the particle average upscatter
fraction, i.e. the fraction of the incident solar radiation that is scattered upward to space. 3 can be obtained from g by using the
relationship 3 = —0.2936¢> + 0.2556¢% — 0.4489¢g + 0.5053 (Wiscombe and Grams, 1976).

For the non-aerosol-related parameters we used D = 0.50, So = 1370 Wm™2, Ty = 0.76, A, = 0.60, and R, = 0.15 as
suggested by Haywood and Shine (1995). Since the values of g) and SSA) calculated via equations 4 and 5 are the values
measured for the aerosol passing through the Falcon sampling system, they are representative for the in cabin NSDs. We
applied a correction factor to obtain the values of g and SSA representative for the ambient NSDS (g ambient and SSA ) ambient)-
We used g ambient a0d SSA ) ambient at the green wavelength A = 525 nm to calculate the SW DREE. A detailed description of
the method used to extend the optical properties is in the supplementary information (Section S3).

Although the values obtained from this simplified formula have large uncertainties compared to more advanced radiative
transfer calculations, as reported by Yu-etal+(2006)-and—Wendisch-et-al-«200H)-Wendisch et al. (2001) and Yu et al. (20006),
its functional relationship though the SW DREE dependence on SSA and ¢ remain valid. If all others parameters are kept
constants, this equation can be used to compare the intrinsic radiative effect efficiency of aerosol at the TOA, as widely done
in literature (e.g., Sheridan and Ogren, 1999; Virkkula et al., 2011; Sherman et al., 2015; Shen et al., 2018; Hu et al., 2023).

!Other publications (e.g., Sherman et al., 2015) refer to this quantity as the short-wave direct radiative forcing efficiency (SW DRFE) adopting the same

terminology used by the original authors (Haywoed-and-Shine; +995:-Charlson-etal+994H)(Charlson et al., 1991; Haywood and Shine, 1995). However, the

term ,,Radiative Forcing™ is defined as the TOA net radiative flux change due to the change in a climate change driver relative to a pre-industrial reference
period (e.g., the year 1750 in the IPCC report ARS). Thus, we used the term ,,Radiative Effect”, defined as the TOA net radiative flux change resulting from

the presence of an atmospheric component.

10
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2.3.3 Aerosol microphysical properties

In this work, we use the microphysical aerosol properties measured during A-LIFE on board of the Falcon research aircraft.
An overview of the microphysical properties used for the analysis of this study is given in the table A2 in the appendix.

The mass concentration of refractory black carbon (M;pc) and the mixing state of rBC was measured by the SP2 installed
in the cabin of the DLR Falcon research aircraft. The SP2 calibration was performed with fullerene soot as recommended by
Schwarz et al. (2010) and the detection range for rBC particles was 70 —980 nm mass equivalent diameter, assuming void-free
spheres with a bulk density of 1.8 g/cm?® (Moteki et al., 2010) for rBC particles. Although the uncertainty of the calibration fit
was found to be about 10 %, we assumed an M,gc uncertainty of 25 % as recommended by Schwarz et al. (2008). Additionally,

rBC particles with a heavy coating were identified by comparing the delay time between the incandescent light signals and the

scattering light signal.
The number concentration of coarse mode aerosol (Ngoarse) as well as the coarse mode size distribution was measured in

the nominal size range 0.5 — 50 um by the wing-mounted UNIVIE CAS. Details of the calibration and data analysis for this
instrument are provided in Pellreretal+2023)-Dollner et al. (2024) and Spanu et al. (2020).

For each A-LIFE flight sequence, the particle number size distribution of-the-aeresol-particles-measured-behind-representing
the size range passing through the inlet system (in-cabin NSD) was derived from a combination of measurements with TSI

CPC, UHSAS-A, and SkyOPC and parameterized with a combination of three log-normal distributions. The size distribution
of the ambient aerosol (ambient NSD) additionally includes measurements from the UNIVIE CAS and covers the size range
from 10 nm to 50 um. For details see Table A2 in the appendix.

Mass concentrations for various size ranges were derived from these two sets of NSDs by assuming particles with a spher-
ical shape and density based on the modeled aerosol composition. In particular, we calculated the mass concentration of
sub—pm particles (Mgyp-,m), the mass concentration of super—pm particles passing through the inlet system (Muper- jum in-cabin)»
and the mass concentration of super—pm particles including the measurements of the wing-mounted CAS instrument
(Muper-pim ambient)-

Single particle chemistry-analysis-was condueted using-a The chemical composition of single particles was obtained from the
offline analysis of insitu samples collected during the A-LIFE research flights. Particles with projected area diameter ranging
from 0.5 to 3 jum were analyzed using the environmental scanning electron microscope eetpled-with-(ESEM), obtaining their
morphology and elemental composition. Particles with projected area diameter smaller than 0.5 yum were analyzed using the
transmission electron microscope (TEM), obtaining the mixing state of particles for a few selected samples. The composition
and mixing state of aerosol particles during A-LIFE is discussed in section 2.3.6. The composition of individual mineral

dust particles with projected area diameter ranging from 0.5 to 3 um was derived using the ESEM coupled with the energy-
dispersive X-ray spectroscopy (SEM-EDXOen-in-situ—samples—ecoleeted-in-the Faleon-aireraft-cabin-behind-the-aerosol-inle
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roach (Di Biagio et al., 2019; Aryasree et al., 2024
. Details and results of this analysis are provided in section S4 of the supplementary information.

dust optical properties for each sample were derived using an empirical a

2.3.4 A-LIFE aerosol classification

Fo-investigate During the A-LIFE field experiment, all research flights followed a similar pattern: first, the Falcon aircraft
climbed to high altitude to probe the structure of the atmosphere with a wind lidar, and then the aircraft descended to
lower altitudes with a step profile, followed by further stepwise ascents and descents. With this approach, 262 measurement
sequences on constant altitude outside of clouds were defined. For the investigation of the aerosol properties of different

aerosol types, an-aeroseo asstheation—ot—a 62-Hight-sequences—was—determined different-acrosol-typeswere—derived

inine in-si e s-the 262 flight sequences were classified into four main aerosol types, each with three
the A-LIFE classification

the A-LIFE classification scheme (Weinzierl et al., in preparation, 2024). First

3

e-particles measured
with UNIVIE CAS and on model results from Lagrangian dispersion model FLEXPART which was run in backward

mode (Stohl et al., 1998; Seibert and Frank, 2004; Pisso et al., 2019) with emission data from the Copernicus Atmo-

spheric Monitoring Service

CAMS:; Morcrette et al., 2009; CAMS, 2019). Mineral dust layers are further classified as Saharan or Arabian dust dependin

on the origin of the measu

majority of
the mineral dust mass modeled with FLEXPART. This classification results in 174 sequences with and 88 sequences without

a major contribution of mineral dustin

tor. Sequences
without major mineral dust contribution are separated into mixtures with enhanced and low coarse mode contribution based
on observations of the UNIVIE CAS instrument. Additional distinctions to all four main types (Saharan dust, Arabian dust,
mixture with coarse mode, and mixture with low/no_coarse mode), are made to study the aerosol properties for different
pollution content. The mass concentration of refractory black carbon (Mpc), as measured by the SP2, is chosen as a proxy
for pollution;-and-the-, The degree of pollution is established based on the ratio between the coarse mode aerosol number
concentration (Neoarse), as measured by the UNIVIE CAS, and M;gc. Thus, based on the pollution degree Neoarse/Minc, €ach

sequence is assigned to a pollution sub-type (pure, moderately-polluted, polluted). The A-LIFE aerosol classification seheme

was validated by comparison with the results-ef single-particle-chemistry-analysissingle particle chemical composition obtained

from the offline analysis of in-situ samples collected during th A-LIFE research flights. Details about the A-LIFE aerosol
classification can be found in Weinzierl et al. (in preparation, 2024).
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2.3.5 Statistical analysis approach

For this study, the A-LIFE data-set was restricted to sequences in the Eastern Mediterranean with major mineral dust contribu-
tion according to the A-LIFE aerosol classification and with available intensive aerosol optical properties. Thus, we investigated
could investigate the intensive aerosol optical properties for a total of 87 sequences, among which 37, 40, and 10 sequences are

classified as pure mineral dust, moderately-polluted mineral dust, and polluted mineral dust, respectively.

To-evaluate The sequences classified as Saharan dust and Arabian dust are not evenly distributed among subgroups: 35(2),
sequences are classified as pure Saharan (Arabian) dust and pure Arabian dust, 32(8) as moderately-polluted Saharan (Arabian)
dust and moderately-polluted Arabian dust, and 10 as polluted Arabian dust, while no sequence classified as polluted Saharan
dust was available. Due to the uneven distribution of available sequences among the three sub-groups from the A-LIFE
J%@&WW%R change rate of Mﬁ%ﬁﬁmﬂ%ﬁqﬂﬁm@@ﬂ%&x
with increasing pollutlon content withi
For this continuum variable, we chose a mass ratio which is a dimensionless quantity. Since the mass concentration of refrac-

tory black carbon (M;pc) is a tracer for pollution, we used the ratio between M;pc and the mass of super-pm aerosol particles

as a measure of the pollution contribution in-term-ef-mass-within the mineral dust layer. We used the mass of super-pm aerosol
particles that pass the aerosol inlet system (Miyper-uim in-cabin) Tor-analysis-of-the-changerate-of-the-measured-intensive-aerosol
optical-properties-because the intensive aerosol optical properties are-were also measured inside the aircraft cabin. For the
analysis of change rates of the intensive aerosol optical properties representative for the "full” ambient NSDs (i.€., gx ambient:
SSA )\ ambient; and SW DREE, see section S3 in the supplementary information), we used the mass of super-m aerosol particles
in the diameter size range 1 — 50 pm (Muper-jim ambient)-

Figure 2 shows the relationship between the pollution content in terms of mass and the A-LIFE aerosol classification scheme.
Sequences classified as pure mineral dust have low values of M,pc/ Muper-jim in-cabin (se€ panel (a)) and Mipc/Msuper-jim ambient

(see panel (b)). In contrast, both rationsratios have higher values for sequences classified as moderately-polluted and polluted

mineral dust. Thus, the pollution content increases as these ratios increase.

The-inerease-ofthe-A _higher pollution content also indicates—an-inerease-in-the-corresponds to an higher relative mass
contribution of fine mode aerosols (sub-pm particles). Figure 3 shows the comparison between the mass of the sub—um
aerosols (Mgyp-um) and Mipc in panel (a) and between their contribution relative to the mass of super—j:m aerosol on a log-log

scale in panel (b). Mgyp-um is almost 2-two orders of magnitude larger than Mpc indicating the presence of a large number of
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small particles other than black carbon;-e-g—-. These sub-pm particles can be other anthropogenic particles, such as sulfate,
nitrates, organies—Furthermore;-their-mass-coneentration-increases-with-inereasing-or organics, as suggested by the relatively
high correlation (r = 0.59) between the mass concentration of particles and Mpc. Fhe-high-corretation-coefficients(r==0-59
and-However, a fraction of these sub-um particles likely also includes mineral dust (see also left panel of Figure 5). The
slope of the linear regression line for pure mineral dust is significantly higher than those for moderately-polluted and polluted
mineral dust. The correlation coefficients for each sub-type are also higher: r = 6:89)-indicate the equivalence of investigating
for polluted mineral dust, compared to the grouped value. This difference can be due to the impact of sub-pum mineral dust

articles, which influence the M. ,.m /M, pc ratio more in the case of pure mineral dust than in the polluted case.

Nevertheless, the high correlation coefficient between the ratios Myp-;m /MSuper pum in-cabin and Mipc /MSuper 4 in-cabin T©
r = 0.89) indicates the equivalence of choosing one

of these two ratios as a measure of the pollution contribution in terms of mass within the mineral dust layer. Due to the

skewed distribution of the data, a log transformation is performed and logyo(Mpc/ Muper-pum incabin) —Fhelog-transformation

—is used to evaluate the change rate of aerosol properties for increasin

ollution content within the mineral dust layer.

. 0.030 vy g

8 ——— 2 3e-03

£ E

€ 0.010 E

5 3 1e-03
= 0.003 =

2 8 3e-04

= =

0.001
} @ 16-04 ®)
Pure Moderately-polluted Polluted Pure Moderately-polluted Polluted
mineral dust mineral dust mineral dust mineral dust mineral dust mineral dust

Figure 2. Box-plot of the pollution contribution in terms of mass for the three sub-types: pure dust (brown), moderately-polluted dust

(green), and polluted dust (blue) according to the A-LIFE aerosol classification. Panel (a) shows the pollution contribution in terms of

mass for aerosol particles passing the Falcon aerosol sampling system (Mgc /Miuper-pum in-cabin)- Panel (b) shows the pollution contribution in

terms of mass for the ambient NSD. The plots show results for 87 sequences, among which 37, 40, and 10 are classified as pure mineral dust,

moderately-polluted mineral dust, and polluted mineral dust, respectively. The boxes indicate the interquartile range (IQR 25" — 75", the

horizontal lines the median, the whiskers the largest value that is not greater than 1.5 - /() R, and data points outside this range are shown as

single dots.
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Figure 3. Mass of sub-um particles and mass of refractory black carbon. Panel (a) shows the comparison between the mass
of sub-um particles (Mup..m) and the mass of refractory black carbon (M;gc). Panel (b) shows the comparison on a log-log scale

aircraft (Schoberl et al., 2024). The plots show results for 87 sequences, among which 37, 40, and 10 are classified as pure mineral dust,
moderately-polluted mineral dust, and polluted mineral dust, respectively, following the A-LIFE aerosol classification as indicated by the

color code. Pearson’s correlation coefficients r and correlation lines are provided on each panel, in black considering all the points and
following the color code when considering the pollution sub-types individually.
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2.3.6 Composition and mixing state of aerosol particles during the A-LIFE field experiment

Not only the pollution content within a mineral dust layer can affect its optical properties, but also the mixing state of the
aerosol (internal versus external mixture) might have an influence. For example, the absorption of BC particles is enhanced

when a coating is present on them (e.g. Liu et al., 2015). In addition, the use of a simplified mixing state in model simulations

can lead to significant uncertainties in the derived optical properties (Yao etal., 2022). Thus, the particle morphology and
elemental composition were investigated using electron microscopy techniques.

Figure 4 shows examples of images of different aerosol particle types collected during the A-LIFE field experiment for three
randomly-selected samples, collected in pure, moderately-polluted, and polluted mineral dust. The images were obtained with
the transmission electron microscope (TEM) for particles with projected area diameter smaller than 0.5 um (on the left) and
with the environmental scanning electron microscope (ESEM) for particles with projected area diameters ranging from 0.5 to

but also

3 um (on the right). TEM images reveal individual and mixed particles, i.e., sulfate, soot and mineral dust particles

soot with a sulfate coating in core-shell structures, while ESEM images primarily show mineral dust particles.
Figure 5 shows a quantitative analysis of the different particle types and mixing states for the same three samples shown in
Figure 4. The two graphs report values obtained for projected area diameter smaller than 0.5 um and in the range 0.5 — 3 pm,
respectively. In the larger diameter range, mineral dust is the predominant particle type observed in all three samples. This
result is consistent with observations from other samples collected during the A-LIFE field experiment. Additionally, the
analysis revealed that between 2 and 10% of the collected mineral dust particles were found in internal mixtures with sulfate.
Previous studies conducted in Saharan dust near-source and outflow regions (Usher et al., 2002; Kandler et al., 2011, 2020),
demonstrated that internal mixtures of mineral dust with sulfate particles are frequently observed in polluted environments and
they are often due to heterogeneous reactions. In the smaller diameter range, mineral dust particles mixed with soot, sulfate, or
other components were less than 17, and the particle composition varied notably across the three samples. The pure mineral
dust sample contained over 80% of mineral dust particles, with minor amounts of soot and sulfate particles. In contrast, the
polluted mineral dust sample had over 60% of soot particles, and around 3% in a core-shell structure of soot coated with
sulfate. The moderately-polluted sample contained approximately 70% spherical sulfate particles, along with around 20% of
soot particles coated with sulfate in a core-shell structure. The core-shell particle amounts observed in transmission electron
microscope images align with SP2 results. Figure 6 shows the fraction of rBC particles with a heavy coating across the 87
sequences considered in this study. The coated fraction is less than ~ 5% in half of the sequences and below ~ 20% in all,
making the three samples representative of rBC mixing states across all sequences.

We would like to emphasize that the particle morphology and mixing state information based on TEM and ESEM analysis in
this study is limited to three samples. The impact of particle mixing state on the aerosol optical properties should be investigated
in a future study with additional data on particle mixing state.

3
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Transmission Electron Microscopy (TEM) Environmental Scanning Electron Microscopy (ESEM)
Projected area diameter < 0.5 pm Projected area diameter: 0.5 - 3um

|_500nm_| m |
Sulfate Core-shell mixture Core-shell mixture
of soot with sulfate of soot with sulfate

Mixture of mineral Mineral dust Mixture of mineral Mineral dust
dust with sulfate dust with soot and soot Mineral dust particles

- Panet-ta)-Examples of images of different aerosol particle
types and their mixing state from three randomly-selected samples, collected during measurements in pure, moderately-polluted
and polluted mineral dust. The figure shows the-comparison-between-the-mass-images of sub-ptm-particles (Msar-r)-collected during the
ﬂgm%m%mwmm%mn alog-logseale-between-the contribution-of particle-size-in
AMsut=pm /M super-rrtecabt Mrsc/Mrswperpmrimaavmleft), where Msaperarincanin 15
and with the mass-ofsuper—pm-environmental scanning electron microscope for particles passing-through-the-aerosetintetof-with projected
area diameter in the PERFaleon-aireraft(Schéberl-etal;2023)—Pearson’s-correlation-—eoefficients+ are-providedrange 0.5 — 3.0um (on

Figure 4. Ma
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Figure 5. Chemical composition and mixing state of particles. The graphs show the relative number abundance of various aerosol particle

types and their mixing state for the same three samples shown in Figure 4. The graph on the left shows the observations with the transmission

electron microscope (TEM) for particles with a projected area diameter smaller than 0.5 um, and the graph on the right shows the observations

with the environmental scanning electron microscope (ESEM) for particles with a projected area diameter in the range 0.5 — 3 um. The

number of particles (n) analyzed for each sample is provided above the corresponding bar. Note that "Silicate" in the left panel is a subset of

mineral dust in the right panel.
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Figure 6. Coated fraction of rBC particles derived from SP2 measurements. The plot shows results for 87 sequences, among which 37,

40, and 10 are classified as pure, moderately-polluted, and polluted mineral dust, respectively, following the A-LIFE aerosol classification as
indicated by the color code.
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3 Results

To evaluate the impact of mixing pollution and mineral dust from different source regions on the intensive aerosol op-

tical properties, we investigated the intensive aerosol optical properties of sequences measured in-cabin of the Falcon

aircraft classified as pure, moderately-polluted, and polluted mineral dustby—the—A-EHE—aerosol—classification—scheme

Weinzierl-et-alinpreparation; 2024). Table 1 shows the summary statistics for the intensive aerosol optical properties (SAE,

AAE, SSAAE, g, and SSA) for pure, moderately polluted, and polluted mineral dust sequences. The intensive aerosol optical

roperties of pure and polluted mineral dust show significantly different values, as confirmed by the analysis of variance 2&

However, moderately-polluted mineral dust presents a more complex picture. It exhibits significant differences from the other
two groups in SAE, ¢ at all wavelengths, and SSA at the red wavelength. Nevertheless, it shows no significant differences from

olluted mineral dust in AAE and SSA at blue and green wavelengths, nor from pure mineral dust in SSAAE.
In addition, we investigated the relationship between the intensive aerosol optical properties and M gc /Msuper_um in-cabins

which expresses the pollution contribution in terms of mass in the mineral dust layer. Figure 3-7 shows each intensive aerosol
optical property (SAE, AAE, SSAAE, g, SSA, and SW DREE) as a function of the pollution contribution in terms of mass
M/ Muper-pum in-cabin 01 @ log-scale. The relationships between the intensive aerosol optical properties and

log(M;pc /Msuper-pim in-cabin) are close to linear. Least-square linear regression analysis was performed for all mineral dust
sequences and for the mineral dust from the two source regions (the Arabian Peninsula and the Saharan desert) individually.
Results for the linear regression analysis are reported in Table 2.

The Aﬂgstfeﬂﬂrgggt\gg\rpv exponents (SAE, AAE, and SSAAE), which are intensive aerosol optical properties often used for
identifying aerosol types, change significantly with increasing pollution contribution in terms-ef-mass-in-the mineral dust layer.
The relationships between each Aﬂg&&éﬂﬁrqggtzggnmexponent and the pollution contribution in-terms-of-mass-are statistically
significant, as indicated by the p—values well below the threshold of 0.05. For a unit increase of log,y(Mmc/ Muper-pum in-cabin ) »
SAE increases by 1.33 = 0.09, AAE decreases by 2.0 + 0.3, and SSAAE increases by +0.08 £ 0.01. The determination coef-
ficient R? values suggest that the pollution contribution in-terms-ef-mass-accounts for 72% of the variability in SAE, while it
explains 43%, and 30% of the variability in AAE, and SSAAE, respectively.

The asymmetry parameter and single scattering albedo (g and SSA) also change significantly (p < 0.001) with increasing
pollution contribution in terms-ef-massin-the mineral dust layer. When log;o(M;sc /Msuper_ Jum in-cabin) 1NCIEases by a unit, g,
decreases by 0.08 £ 0.01 and SSA ), decreases by 0.079 £ 0.006. The pollution contribution in-terms-of-mass-is responsible
for 49% and 67% of the variability in g and SSA, respectively. Median values of g and SSA measured at the wavelength Ag
change from 0.67 to 0.56 and from 0.96 to = 0.89, respectively, from pure mineral dust to polluted mineral dust.

For the intensive aerosol optical properties representative for the ambient NSD (see Figure B1 and Table Bl in the
appendix), the effect of increasing the pollution contribution is also significant, as indicated by the p-value < 0.001.

When log o (M:sc/Miuper-um in-cabin) inCreases by a unit, gx; .. decreases by 0.05+£0.01 and SSA); ambien: decreases by

2Statistical tests were conducted using R (R Core Team, 2021) and following the methodology outlined in Bevans (2023) to assess significant differences

between group means (analysis of variance, ANOVA), and locate specific differences (Tukey’s HSD, Honestly Significant Difference, post-hoc test).
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0.044 £ 0.007. From pure mineral dust to polluted mineral dust, the median value of SSA ), ambient change from 0.93 to 0.89;
the median value of gy ... change from 0.71 to 0.56.

These results suggest that also the direct radiative effect of mineral dust layers might be affected by the increase of pollution
content. For the first estimation of this impact, the short-wavelength direct radiative effect efficiency (SW DREE) was calcu-
lated for our data. However, the result of the linear regression analysis between SW DREE and the pollution contribution
terms-of-mass-indicates that the relationship is not statistically significant (p > 0.05). The SW DREE increases only slightly by
0.7+ 0.9Wm=2A0D~! for a unit increase of log(M:pc /Msuper_Hm ambient)- Thus, our data do not provide enough evidence
to conclude that the SW DREE changes with increasing pollution content en-a-global-average-when considering the global

average surface albedo.
The results for the mineral dust from the two source regions (the Arabian Peninsula and the Saharan desert) are similar. The

slopes and intercepts obtained from the linear regression analysis are in agreement within the error bars for almost all intensive
aerosol optical properties. Thus, the change rate of the intensive aerosol optical properties (SAE, AAE, SSAAE, g, and the SW
DREE) for increasing pollution contribution in terms of mass agree within error bars for the mineral dust from the two different
source regions. Small differences are found for the SSA. Indeed, the intercept is 0.77 £ 0.02 and 0.71 4= 0.02 for Arabian and
Saharan dust, respectively. For a unit increase of log,(M;sc/ Muper-pum in-cabin )» SSA decreases by 0.068 £ 0.009 for Arabian
dust and by 0.087 = 0.008 for Saharan dust.
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Table 1. Summary statistics (median and four percentiles) for each aerosol type of the intensive aerosol optical properties measured inside
the cabin of the Falcon research aircraft behind an aerosol sampling system during A-LIFE for 87 measurement sequences among which

37, 40, and 10 are classified as pure, moderately-polluted, and polluted mineral dust by the A-LIFE aerosol classification scheme. For gy

data were only available for 66 sequences, among which 29, 29, and 8 are classified as pure, moderately-polluted, and polluted mineral dust,

SAE}\B/AR AAE)‘B//\R SSAAE)\B/)\R 9rp 96 9rr SSA)\B SSA)\G SSA)\R
median -0.02 3.50 -0.10 0.68 0.67 0.69 0.95 0.96 0.98
3rd -0.58 0.82 -0.18 0.62 0.63 0.65 0.92 0.94 0.95
Pure mineral dust 25th -0.17 2.48 -0.11 0.66 0.65 0.67 0.95 0.95 0.98
75th 0.16 4.22 -0.07 0.69 0.69 0.70 0.96 0.97 0.99
97th 0.48 7.04 -0.01 0.74 0.72 0.75 0.98 0.98 1.00
median 0.58 1.92 -0.08 0.61 0.63 0.64 0.91 0.91 0.94
3rd -0.14 0.68 -0.16 0.56 0.56 0.52 0.86 0.84 0.85
Moderately-polluted N
) Id 25¢ 0.30 1.52 -0.11 0.59 0.59 0.61 0.89 0.89 0.91
mineral dust
75th 0.97 2.36 -0.05 0.64 0.65 0.66 0.93 0.93 0.96
97'h 2.18 2.79 0.11 0.67 0.70 0.69 0.95 0.95 0.97
median 1.73 1.70 0.01 0.56 0.56 0.54 0.89 0.89 0.88
3rd 1.29 1.48 -0.05 049 0.50 0.50 0.86 0.84 0.85
Polluted mineral dust 25th 1.57 1.65 -0.00 0.55 054 052 0.88 0.87 0.88
75th 1.89 1.75 0.02 0.57 0.57 0.56 0.90 0.89 0.90
97th 2.02 2.16 0.08 0.58 0.59 0.58 0.95 0.94 0.95
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Figure 7. 1- Intensive aerosol

optical properties of mixtures of pollution and mineral dust from different source origins. Each panel shows a different intensive optical
property as a function of the pollution contribution in terms of mass (M;sc /Msupgr,um in-cabin ) Panel: (a) shews-the-wavelength dependence

of the scattering coefficient at A = 450, and 635 nm (SAE); ), panel-(b) shows-the-wavelength dependence of the absorption coefficient
at A = 465, and 640 nm (AAE), /), panet(c) shows-the-wavelength dependence of the single scattering albedo (SSAAE,, /), paneH(d)
shews-the-asymmetry parameter (g) at A\ = 525 nm, panel-(e) shews-the-single scattering albedo (SSA) at A = 525 nm, and panel(f) shows
the-short-wave direct radiative effect efficiency (SW DREE) calculated with a simplified formula (Haywood and Shine, 1995), the measured
values of g and SSA at A = 525 nm and global average parameters. g and SSA were extended to the ambient particle size distribution (see
section S3 in the supplementary information). Thus, the SW DREE is plotted as function of Migc /Muper-yim ambient)s Where Muper- jum ambient 1

the mass of the ambient super—um particles.

Only—sequences—eclassified—as—mineral-The plots show results for 67(20) Saharan (Arabian) dust by—the-A-EIFE-aerosol-classifieation
sequences. Results for and SW DREE are shewnbased on base22on 49(17) Saharan (Arabian) dust sequences. The color code indi-

cates the mineral dust type. Least squares regression results, including regression line and equation, determination coefficient and p—value,

are shown in the corresponding mineral dust type color.



derived from 87 sequences classified as mineral dust (67 Saharan, 20 Arabian dust sequences. the-polution-contribution-in-terms-of-mass

1 Super-fzm in-cabin

data used te-perform-for the linearregresston-analysis are plotted-shown in Figure 7.

Result for g, and SW DREE are based on 66 sequences (49 Saharan, 17 Arabian dust sequences). Data-The

SAEx,/xp | AAEr /2, | SSAAE,,/xj, Irg SSAx SW DREE

slope +1.33 (£ 0.09) | -2.0(£0.3) | +0.08 (£ 0.01) | -0.08 (£ 0.01) | -0.079 (£ 0.006) | +0.7 (£ 0.9)

intercept +3.7(£0.2) | -23(£0.6) | +0.12(£0.03) | +0.45 (£ 0.02) +0.74 (£ 0.01) -16 (£ 3)

All R? 0.72 0.43 0.3 0.49 0.67 0.01
significance p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p=04

slope +1.4(£0.1) | -23(£04) | +0.10(£0.02) | -0.06 (£0.01) | -0.068 (£ 0.009) +1(£1)

intercept +4.0(£0.3) | -24(£0.8) | 40.16 (£ 0.05) | +0.45 (£ 0.03) +0.77 (£ 0.02) -16 (£ 4)

Arabian dust R? 0.84 0.68 0.53 0.58 0.75 0.02
significance p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p=10.56

slope +1.2(£0.1) | -22(£0.3) | +0.07 (£0.02) | -0.07 (£ 0.01) | -0.087 (£ 0.008) +1(£1)

intercept +3.4(£0.3) | -27(£0.9) | +0.09(£ 0.04) | +0.48 (£ 0.03) +0.71 (£ 0.02) -14 (£ 4)

Saharan dust R? 0.63 0.38 0.19 0.41 0.65 0.02
significance p<0.001 p <0.001 p < 0.001 p < 0.001 p < 0.001 p=0.28
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4 Discussion
4.1 Comparison of mineral dust’s optical properties from Arabian and Saharan source regions

Differences in the optical properties of mineral dust particles from different source regions can arise due to differences in
the mineralogical compositions (Sokolik and Toon, 1999; Di Biagio et al., 2019), but also due to differences in the mixing
processes with pollution (Kok et al., 2023; Denjean et al., 2016; Seinfeld et al., 2004). We investigated the differences in
mineral dust layers’ intensive aerosol optical properties (SAE, AAE, SSAAE, g, SSA, and SW DREE) from two different
source regions (the Arabian Peninsula and the Saharan desert) in the Eastern Mediterranean. We found that the intensive
aerosol optical properties change significantly with the increase of pollution content within the mineral dust layer. On the
contrary, the differences between Arabian and Saharan dust are mostly not significant (see Figure 7) for all intensive aerosol
optical properties except for the SSA, where minor differences are found. These results suggest that there is no major intrinsic
difference in the mineral dust from Arabian and Saharan dust source regions that causes a significant difference in the intensive
aerosol optical properties.

Our findings align with observations of other in-situ aerosol properties measured during the A-LIFE field experiment such as
the single particle chemistry analysis and the particle volume size distributions, and are also consistent with previous research.
For instance, Kim et al. (2011) analyzed the mineral dust optical properties using sun photometers at 14 AERONET sites. Their
study found no systematic difference in the Aﬂgsfféﬂtr}g\s/tvrgglvgxponent, single scattering albedo and asymmetry parameter
for pure mineral dust layers from the Arabian and Saharan source regions.

Single particle chemistry analysis of mineral dust particles reveals comparable features with only slight variations between
Arabian and Saharan dust samples (see Figure S3 and S4 in the supplementary information). Both exhibit a high percentage
(~ 60 — 62%) of silicate-like particles, while Saharan dust samples contain more clay-like minerals (Illite and Kaolinite), and
Arabian dust samples show higher carbonate content. These observations align with previous Saharan dust studies (Kandler
et al., 2009; Formenti et al., 2011b). Limited studies on Arabian dust (Attiya and Jones, 2020; Engelbrecht et al., 2009, 2016)
reveal significant variability in mineralogy across the Arabian Peninsula. Thus, identifying specific characteristics of Arabian
dust remains challenging, but studies consistently note higher carbonate and lower clay content compared to Saharan dust.

Our observations suggest that Saharan dust particles were slightly more absorbing than Arabian dust particles over the
Eastern Mediterranean. The linear regression analysis intercepts for directly measured SSA were 0.77 £ 0.02 and 0.71 4= 0.02
for Arabian and Saharan dust, respectively (see Figure 7(f)). This outcome aligns with the small difference found in the
amount of iron oxides and hydroxides obtained from single particle chemistry analysis. Saharan dust contains about 3% these
compounds, whereas Arabian dust samples exhibit roughly half that amount. This difference results in minor variations in the
imaginary part of the refractive index, as shown in Figure S5 (supplementary information). For instance, the imaginary part
of the refractive index, at the green wavelength 520 nm, has a value of 0.006 for Saharan dust and of 0.005 for Arabian dust.
Consequently, the calculated SSA values of mineral dust particles indicate a 4% increase for Arabian dust compared to Saharan

dust.
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Nevertheless;the-The observed imaginary refractive index values are higher than those of Saharan dust measured in other
locations, such as over the Northwest Sahara or the Atlantic (Kandleretal; 20412007 —Thus,—the—observed-differenee

On the contrary, differences between Arabian and Saharan dust were observed in the lidar ratio by several past studies (e.g,

Schuster et al., 2012; Mamouri et al., 2016; Nisantzi et al., 2015), as well as during the A-LIFE field experiment (GroB et al.,
2024). Higher values are reported for the lidar ratio of Saharan dust compared to the one of Arabian dust. The lidar ratio is an
important intensive aerosol optical property in the framework of aerosol typing effort. It is obtained as the ratio of the extinction
coefficient and the back-scattering coefficient at 180° measured by a lidar, and it is sensitive to the particle composition, particle
size distribution, and particle shape. According to Grof} et al. (2013), the lidar ratio decreases with increasing particle size and
increases with increasing light absorption. In addition, the lidar ratio decreases with increasing real part of the refractive index
(Gasteiger et al., 2011).

The reason for the differences in Arabian and Saharan dust’s lidar ratio is unknown. Most of the authors attribute the lidar
ratio difference to the different geochemical characteristics of the source region soil, with different ilite-illite concentrations for
the two source regions, which influence the real part of the refractive index (e.g., Schuster et al., 2012; Filioglou et al., 2020).
However, the lidar ratio can be influenced for various reasons. For example, Hu et al. (2020) pointed out that the lidar ratios can
also be influenced by the presence of coarse-mode and giant (d> 40um) particles, for example, when measured close to the
source region. Nisantzi et al. (2015) acknowledges that the retrieval of the mineral dust lidar ratio may be affected by pollution
if present in the boundary layer or mixed into the mineral dust layer.

Understanding the reason for the differences in the lidar ratios of Arabian and Saharan dust is out of the scope of this
paper. However, we highlight that care is needed when retrieving the optical properties of pure mineral dust because they
may contain mixtures of other components, such as black carbon or other small anthropogenic particles. In particular, when
analyzing the differences between different dust types, evaluating the pollution content and comparing only measurements

with similar pollution content is essential. While the pollution significantly-changes-the-content has shown a significant effect
on the mineral dust intensive optical properties, we-ecan-net-conctade-the-samefor-the mineral dust from-Arabtan-and-Saharan
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dust-seureeregionssource region (the Arabian Peninsula or the Saharan desert ) does not appear to significantly affect these
properties.

4.2 TImplications for the identification of aerosol types

The scattering, absorption and single scattering albedo Aﬁgs&eﬂfpgg@ggl exponents (SAE, AAE, and SSAAE) are sensitive
to different aerosol characteristics. Thus, different aerosol classification schemes deploying these properties exist in literature
(e.g., Russell et al., 2010; Lee et al., 2012; Costabile et al., 2013; Cazorla et al., 2013; Cappa et al., 2016). Most of these studies
agree that high SAE values suggest the presence of fine mode aerosols (e.g., BC, sulfates, or nitrates) and low SAE values
indicate large aerosols (e.g., sea salt and mineral dust). Furthermore, and-they indicate that AAE values around 1 are associated
with BC and higher AAE values suggest the presence of mineral dust and/or brown carbon. In addition, negative SSAAE
values have been associated with mineral dust outbreaks (e.g., Collaud Coen et al., 2004). However, different studies report
slightly different threshold values for different aerosol types, likely due to differences in the particle size distribution measured
at different sites and with different techniques and to different wavelength pairs used to calculate the intensive aerosol optical
properties. Different classification schemes and the respective threshold values are reviewed in Schmeisser et al. (2017) and
Valentini et al. (2020).

We compared our measurements with the classification scheme proposed by Cappa et al. (2016). Figure 8 shows
the classification matrix (AAE vs. SAE) for the sequences classified as mineral dust by the A-LIFE elassification

scheme—{(Weinzietl-et-alin-preparation; 2024)aerosol classification scheme. In the upper panel, the points are color-coded
by the SSAAE. In the lower panel, the color indicates the aerosol type according to the A-LIFE elassification—scheme

For pure mineral dust sequences, our measurements align with observations of previous studies. Measured median values
for pure mineral dust sequences are —0.02, 3.50, and —0.10 for SAE, AAE, and SSAAE, respectively (see Table 1). Most
sequences classified as pure mineral dust fall in the "Dust dominated region" of the AAE vs. SAE plot according to the
classification scheme proposed by Cappa et al. (2016) (SAE < 0.5, and AAE > 2). In addition, all pure mineral dust cases have
SSAAE < 0, consistently with values reported by Collaud Coen et al. (2004) and Kaskaoutis et al. (2021).

However, our results show that the Aﬁgs&émp/g\sgplgexponents change significantly for increasing pollution content within
the mineral dust layer (Figure 7 and Table 2). Median values for polluted mineral dust sequences are 1.73, 1.70, and 0.01
for SAE, AAE, and SSAAE, respectively (see Table 1). These values are more similar to values measured for anthropogenic
2012, SAE=0.8 — 1.8, AAE = 1.0 — 1.5). Indeed,
polluted mineral dust sequences are mainly in the "Mixed BC/BrC region" of the AAE vs. SAE aceordingly-according to the

aerosols ., Lee et al.,

Cappa et al. (2016) classification scheme (Figure 8). Moderately-polluted mineral dust sequences have SAE, AAE, and SSAAE
values with a larger variability. Thus, these sequences fall in different regions according to the Cappa et al. (2016) classification
scheme, including "Dust dominated", "Mixed Dust/BC/BrC", and "BC dominated" regions. Thus, mineral dust can be present

for several combinations of the optical properties SAE, AAE, and SSAAE.
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This result indicates that the Angstrémngstrom exponents (SAE, AAE, and SSAAE) should not be used as indieators—to
reveal-sole indicators to detect the presence of mineral dust in case of mixing with pollution, because the optical properties
shift towards values associated with anthropogenic aerosols as the presence of pollution increases within the mineral dust layer.
A few authors already pointed out that the presence of pollution may mask the mineral dust signal (Esteve et al., 2012; Ealo
et al., 2016; Pandolfi et al., 2018). Therefore, independent methods are needed to identify mineral dust events in mixtures with
pollution.

Once the presence of mineral dust is already elucidated, the Aﬂg&&émqgvsg@vnwxponents (SAE, AAE, and SSAAE) can be
useful parameters to estimate the amount of pollution mixed into the mineral dust layer. Indeed, a relationship between all the
three Aﬁg&&éﬁﬂrmgnlexponents (SAE, AAE, and SSAAE) and the pollution contribution in terms of mass exists (Figure 7,
Table 2). Therefore, the Angstrém-ngstrom exponents (SAE, AAE, and SSAAE) can be used to select cases where non-dust
aerosols have a minimal impact on the aerosol optical properties and study the properties of pure mineral dust. For exam-
. Kim et al. (2011), and Tian et al. (2018) used SAE and or AAE to select pure mineral dust cases and study other optical and
microphysical properties. In addition, among the three Aﬂgﬁémr%exponents (SAE, AAE, and SSAAE), the pollution

ple,

contribution in terms of mass seems to better account for the variability in SAE (72%), while for AAE and SSAAE, the pollu-
tion contribution in terms of mass explains 43% and 30% of the variability (see Table 2). This result suggests that SAE might
be the most reliable intensive aerosol optical property for estimating the amount of pollution in a mineral dust layer. However,

it is crucial to confirm the presence of mineral dust using additional, independent methods.
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Figure 8. Aerosol classification schemes using intensive aerosol optical properties. Both panels show the absorption vs. scattering
Aﬂgﬁ&ém%exponent matrix (AAEy, /x, Vs. SAEy; /a,) overlaid with the Cappa et al. (2016) aerosol classification scheme: aerosol
types are reported in black, and the thresholds are indicated with dashed black lines. In the upper panel, the color code indicates the single

scattering albedo Aﬁgﬁ&éﬂg&%mxponent (SSAAE); /»z)- In the lower panel, the color indicates the aerosol types following the A-LIFE

aerosol classification scheme.
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4.3 Asymmetry parameter and single scattering albedo of pure mineral dust layers

The asymmetry parameter (g) and the single scattering albedo (SSA) are key intensive aerosol optical properties to understand
the direct radiative effect of mineral dust. The large variability of these optical properties for mineral dust in the atmosphere
may be due to differences in the mineralogical composition and mixture with other aerosol types. Still, it can also arise from
differences in the measurement methods or retrieval technique and the measured particle diameter size range.

For pure mineral dust layers, the values of g and SSA measured during A-LIFE are mainly consistent with literature values
measured during different field campaigns. We consider the values of g and SSA measured in the aircraft cabin representative
of the in-cabin NSDs, as well as the values obtained extending these values to the ambient NSDs (10 nm - 50 um), which are
thus representative of the ambient NSD.

Figures 9 shew-shows the spectral values of g for sequences classified as pure mineral dust directly measured in-cabin of
the Falcon aircraft and extended to the ambient NSD, as well as, values from other field campaigns. Values of g from our mea-
surements are in the range of values from other measurement campaigns, and a better agreement is shown for values extended
to the ambient NSD (Figure 9). The value of g at the green wavelength (525 nm) extended to the ambient size distribution
(10 nm — 50 pum) is in excellent agreement with the value (g = 0.71 £ 0.03) measured directly with a polar nephelometer by
Horvath et al. (2018) in Sierra Nevada (Spain). Values of g for pure mineral dust obtained from other aircraft measurements
performed close to Saharan dust source regions (e.g., Formenti et al., 2011a; Ryder et al., 2018; Denjean et al., 2020) or after
transport through the Mediterranean (Denjean et al., 2016) agree with our measurements values extended to the ambient NSD.
These studies calculated the intensive optical properties through an inversion closure study combining the particle number size
distribution s-in various size ranges, as indicated in Figures 9 and 10, with direct measurements of the optical properties and
the Mie theory.

Figure 10 shows the spectral single scattering albedo (SSA) for pure mineral dust layers in this work in comparison with
the results of other studies. Our measurements of SSA are consistent with the most values from other measurement campaigns
using inversion closure study (e.g., Formenti et al., 2011a; Ryder et al., 2018; Denjean et al., 2016), but also from direct
measurements (e.g., Schladitz et al., 2009; Miiller et al., 2011). However, most mean values from other campaigns fall within
the range between the values for our in-cabin and ambient SSA values. For example, the SSA at A = 525 nm changes from a
value measured in-cabin of 0.96 £ 0.02 to a value representative for the ambient NSD of 0.93 £ 0.03 (see Tables 1 and B1).
Ryder et al. (2013) reported optical properties measured inside the aircraft cabin and mie-simulated from the number particle
size distribution in the range 0.1 — 930 pm, and show that the direct measurements overestimate the SSA by up to 0.11 due to
inlet efficiencies. Ryder et al. (2018) showed comparable outcomes, suggesting that the variability in the observed SSA values
may be also due to discrepancies in the measured diameter size range of different studies.

The values reported by Denjean et al. (2020) deviate significantly from our measurements but still are within the variability
range. Their intensive aerosol optical properties were derived from an optical closure study combining size distributions and
optical properties measured for an aerosol particle passing through a PMj5 isokinetic inlet. This difference might be due also to

the unidentified presence of pollution mixed with the mineral dust.
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Differences in the observed intensive aerosol optical properties (g and SSA) of pure mineral dust layers may be due to
variations in the measured particle diameter size range, distinct measurement or retrieval techniques, and different methods

used to classify pure mineral dust layers.

0.9
0.81 This study (in-cabin NSD)
This study (ambient NSD, 0.01-50 pm)
-l Horvath et al., 2018 (full size distr.)
0.7+

—>< Formenti et al., 2011a (0.3 - 9 pm)
- Denjean et al., 2016 (0.03-20 pm)
0.61 —- Ryder et al., 2018 (0.1-100 um)
-4~ Denjean et al., 2020 (0.1-5 um)
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Figure 9. Spectral asymmetry parameter (g) for pure mineral dust layers. Data from this study are reported in brown. Empty circles
indicate values measured in-cabin of the Falcon aircraft with the Aurora 4000 polar nephelometer, while full circles indicate values extended
to the full-size distribution. Error bars indicate the variability obtained as the 3"¢ and 97" percentiles. For comparison, values issued from
the AMMA (Formenti et al., 2011a), CHARMEX/ADRIMED (Denjean et al., 2016), AER-D (Ryder et al., 2018), and DACCIWA (Denjean
et al., 2020) field campaigns, as well as direct measurements performed with a polar nephelometer in Sierra Nevada (Spain) by Horvath et al.
(2018) are shown. The measured diameter size range for each field experiment is given in the legend. Error bars correspond to the range of

variability reported in the publications from which data are taken.

30



1.00 This study (in-cabin NSD)
1 ®- This study (ambient NSD, 0.01-50 pm)
0.951 ‘ Schladitz et al., 2009 (PM10)
‘ % Miiller et al., 2011 (PM10)
< 0.907 - Formenti et al., 2011a (0.3 - 9 um)
8 52 Denjean et al., 2016 (0.03-20 um)
0.85; = Ryder et al., 2013 (in-cabin)
- Ryder et al., 2013 (0.1-930 pm)
0.801 ~<> Ryder et al., 2018 (in-cabin)
—— Ryder et al., 2018 (0.1-100 um)
0.751 -A- Denjean et al., 2020 (0.1-5 um)

450 500 550 600 650
A (nm)

Figure 10. Spectral single scattering albedo (SSA) for pure mineral dust layers. Data from this study are reported in brown. Empty
circles indicate values measured in-cabin of the falcon aircraft with the Aurora 4000 polar nephelometer and TAP, while full circles indicate
values extended to the full-size distribution. Error bars indicate the variability obtained as the 3"¢ and 97*" percentiles. For comparison, values
issued from the SAMUM (Schladitz et al., 2009), SAMUM-2 (Miiller et al., 2011), AMMA (Formenti et al., 2011a), CHARMEX/ADRIMED
(Denjean et al., 2016), Fennec 2011 (Ryder et al., 2013), AER-D (Ryder et al., 2018) and DACCIWA (Denjean et al., 2020) field campaigns
are shown. The measured diameter size range for each field experiment is given in the legend. Error bars correspond to the range of variability

reported in the publications from which data are taken.
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4.4 TImplications for the direct radiative effect

The asymmetry parameter (g) and the single scattering albedo (SSA) are two intensive aerosol optical properties essential for
estimating the aerosol direct radiative effect. While the asymmetry parameter considers-the-effeet-of-is affected by the particle
size, the single scattering albedo eonsiders-reflects the particle absorption’s effect.

Our results show that both properties g and SSA decrease significantly for increasing pollution content within the mineral
dust layer (Figure 7). g median values change from 0.67 to 0.56 for pure to polluted mineral dust at 525 nm, while SSA median
values change from 0.96 to 0.89 (Table 1). Similar results were obtained, for example, by Seinfeld et al. (2004) in Asia and
by Denjean et al. (2020) in West Africa. However, slightly different numbers can be due to the different diameter size ranges
measured and the different methods to identify the presence of pollution.

Since the changes in g and SSA are significant with increasing pollution within a mineral dust layer, the direct radiative
effect efficiency may also be significantly affected. Indeed, a decrease in g indicates that less light is scattered in the forward
direction, less energy reaches the Earth’s surface, and thus the surface cooling effect may be enhanced compared to a pure
mineral dust layer with the same aerosol optical depth (AOD). Conversely, a decrease in SSA indicates that more energy is
absorbed in the aerosol layer. Thus, the surface cooling effect may be reduced (or the atmospheric warming effect may be
enhanced) compared to a pure mineral dust layer with the same AOD. These two opposing effects are due to the reduced
particle size and the increased black carbon concentration associated with the increased pollution in the mineral dust layer.
Indeed, the pollution includes not only only black carbon particles, but also fine mode anthropogenic particles (see Figure 3).

The simple formula, developed by Charlson et al. (1991) and Haywood and Shine (1995), can be used to evaluate the impact
of the mixing of pollution and mineral dust on the short-wave direct radiative effect efficiency (SW DREE) at the top of the
atmosphere by investigating which of the two opposing effect (decrease in particle size vs. decrease in absorption) dominates
in our measurements.

Several studies highlighted the limitation of this formula (e.g., Yu et al., 2006). First, the aerosol properties are assumed

for a single wavelength {e-gconsidered representative of the visible range of the solar spectrum (i.e., 525 nm )representative
of-the-entire-solar-speetrumin our case). Second, multiple scattering effects are neglected, and this formula is adequate only

for thin atmospheres (Haywood and Shine, 1995). Third, the vertical profile of constituents is not considered. Fourth, the
dependence on the solar zenith angle is not considered. Wendisch et al. (2001) showed that these simplifications caused large
uncertainties, especially neglecting the multiple scattering. Hassan et al. (2015) compared this equation with the output of
a more sophisticated model and found it erroneous for all-sky radiative effect but adequate for cloud-free conditions. Thus,
despite the large uncertainties, the functional relationship between the SW DREE, g and SSA remains valid. In conclusion,
the Haywood and Shine (1995) formula can be used to compare the intrinsic forcing efficiency of different aerosols, as used
for example by Sherman et al. (2015). Therefore, we focus not on the absolute number obtained with this formula but on its
change rate for increasing pollution within the mineral dust layer. We believe that important conclusions might be drawn by
considering the slopes of the relationship between the SW DREE and the pollution contribution in terms of mass in a mineral

dust layer.
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On-When considering a global average surface albedo, the pollution increase in a mineral dust layer does not seem to affect
the short-wave direct radiative effect of the aerosol layer. Our results (Table 2) show that the SW DREE, calculated considering
global average surface albedo and cloud fraction (Ry = 0.15 and A, = 0.60 ), increases by 0.7(i0.9)I/Vm_2AOD_1 per unit
change of log; o (Msc/Miuper-pum ambient). This change is not statistically significant given the wide confidence interval and the
high p—value of 0.4. This result suggests that the direct radiative effect of a mineral dust layer with more pollution content does
not change significantly compared to a pure mineral dust layer with the same AOD because the decreased size and increased
absorption counteract each other.

However, the direct radiative effect of a mineral dust layer can strongly differ depending on the underlying surface albedo
and also on the fraction of sky covered by clouds. The simple formula from Haywood and Shine (1995) (Eq. 6) allows to
calculate the SW DREE taking into account fer-variation of the surface albedo R, and of the cloud fraction A.. For the latter,
only the case of clouds above the aerosol layer , i.e., no aerosol effect when the sky is covered by clouds, is considered.

We considered different surface albedo and cloud fraction values associated with different regions aceerdingly-according to
the Copernicus Climate Change Service (C3S), to asses the local change of the SW DREE due to the increase of pollution in
a mineral dust layer. Figure 11 shows how the SW DREE changes for increasing pollution content into the mineral dust layer
for different surface albedos (R, = 0.03,0.15,0.28,0.68 for ocean, global average, desert, and snow, respectively) in the case
of cloud-free conditions A, = 0. Figure 12 shows how the SW DREE changes for increasing pollution content into the mineral
dust layer for different regions with a specific surface albedo and cloud fraction values.

When the mineral dust layer is above a surface with high surface albedo, as a desert or snow, the SW DREE increases
for increasing pollution content. Thus, the cooling effect decreases (or the warming effect increases) for increasing pollution
content compared to the case of a pure mineral dust layer. The results of the linear regression analysis between the SW DREE
and the pollution contribution in terms of mass log,,(Mac /Msuper_um ambient) Shows that the relationship between the two
variables is statistically significant for cases with high surface albedo (Rs > 0.23), as indicated by the p—values below the
threshold of 0.05.

When the mineral dust layer is above a surface with low surface albedo, as the ocean, the SW DREE decreases slightly for
increasing pollution content. Thus, the cooling effect may increase for increasing pollution compared to the case of a pure
mineral dust layer. However, the relationship is not statistically significant, as indicated by the p—values above the threshold of
0.05, and also by the wide confidence interval of the regression parameters. Thus, our data do not provide enough evidence to
conclude that the SW DREE changes with increasing pollution content within the mineral dust layer. However, the relationship
may become significant if more pollution is present in the mineral dust layer.

The presence of clouds de-does not modify the significance of the relationship, it changes the magnitude of the SW DREE
and of the slope (Figure 12). Regions close to the Eastern Mediterranean that have high surface albedo are the Saharan desert
and the Arabian Peninsula. These regions have a relatively low cloud fraction (A, = 0.21), which lead-leads to an increase
by +6(+2)Wm~2A0D~! of the SW DREE per unit increase of log;(M;pc/Msuper-um ambient)- Turkey has several mountain
chains which surface albedo present a strong annual cycle due to changes in vegetation and snow coverage. We considered

in particular the Eastern part of Turkey of the Aras mountains. The annual average surface albedo of 0.23 and the cloud
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fraction of 0.52 leads to absolute numbers of the SW DREE similar to the one of the Saharan desert and the Arabian Peninsula
and slope +3(+1)Wm~2A0D~!. During winter when the mountains are covered by snow the SW DREE increases by
4—8(i1)Wm_2AOD_1 per unit increase of log;o(Msc/ Muper-pum ambient)- This slope is considerably smaller than the value
of +24(+4)Wm~2A0OD~" obtained without considering the effect of clouds (Figure 11). Regions with low surface albedo of
interest for our measurements are the Mediterranean sea and the territory of Greece. The SW DREE in these regions changes
by —2(£2)Wm 2A0D~" and —1(£1)Wm2AOD~*, respectively, per unit change of log,(M;sc/Msuper-pum ambient)-
These results suggest that for regions with a high surface albedo, quantifying the pollution within a mineral dust layer is
very important to correctly estimate the local direct radiative effect of the mineral dust layer. Further studies are needed on the
impact of mixing pollution and mineral dust, especially above surfaces with low surface albedo. In addition, the limitations
and uncertainties of the SW DREE relationships do not allow fer-further considerations. The generalization of these results

requires calculations with a more sophisticated radiative transfer model, which is beyond the scope of this study..
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Figure 11. Change in the short-wave Direct Radiative Effect Efficiency (SW DREE) for increasing pollution in the mineral dust layer
for different surface albedos in cloud-free conditions. The left panel shows the short-wave Direct Radiative effect Efficiency (SW DREE),
calculated using a simplified formula (Haywood and Shine, 1995), the measured values of g and SSA at A = 525 nm and global average
parameters as in Sherman et al. (2015), as a function of the pollution contribution in terms of mass (M;c /Msuper-jum ambient)- Msuper-pim ambient
is the mass of the ambient super—um particles, since the values of g and SSA used to calculate the SW DREE were extended to the
ambient particle size distribution (see section S3 in the supplementary information). Different colors indicate the SW DREE calculated for
different surface albedos (). The calculations are done for cloud-free conditions (Ac = 0). LeastRespective least squares regression results,
including regression line and equation, determination coefficient and p—value, are shown in the corresponding color. The right panel shows

the slope obtained for each linear regression as a function of the surface albedo.
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Figure 12. Change in the short-wave Direct Radiative Effect Efficiency (SW DREE) for increasing pollution in the mineral dust layer
for different regions. The left panel shows the short-wave Direct Radiative Effect Efficiency (SW DREE), calculated using a simplified
formula (Haywood and Shine, 1995), the measured values of g and SSA at A = 525 nm and global average parameters as in Sherman
et al. (2015), as a function of the pollution contribution in terms of mass (M;sc /Muper-jum ambient)- Msuper-pum ambient 1S the mass of the ambient
super—um particles, since the values of g and SSA used to calculate the SW DREE were extended to the ambient particle size distribution
(see section S3 in the supplementary information). Different colors indicate the SW DREE calculated for different regions by considering
different surface albedo (R;) and cloud fraction (A.) combinations. Annual average R, and A. were identified for each region using data
from the Copernicus Climate Change Service (C3S): R, = 0.03 and A. = 0.33 for the Mediterranean sea, Rs = 0.06 and A. = 0.48 for
Greece, Ry = 0.28 and A. = 0.21 for Saharan desert and Arabian Peninsula, Rs = 0.23 and A, = 0.52 for Eastern Turkey and R = 0.68
and A = 0.68 for Eastern Turkey when covered by snow. Least-Respective least squares regression results, including regression line and
equation, determination coefficient and p—value, are shown in the corresponding color. The right panel shows the slope obtained for each

linear regression as a function of the surface albedo.

35



695

700

705

710

715

720

725

5 Conclusions

During the A-LIFE aircraft field experiment in April 2017, we measured the properties of mineral dust and mineral dust-
pollution mixtures in the Eastern Mediterranean. In this study, we analyzed the intensive aerosol optical properties directly
measured during A-LIFE with an Aurora 4000 polar nephelometer and a Tricolor Absorption Photometer, such as the scat-
tering, absorption and single scattering albedo Aﬂgﬁ&éﬁ%ggggg& exponent (SAE, AAE, and SSAAE), and the asymmetry
parameter and the single scattering albedo (g and SSA). We investigated how these intensive aerosol optical properties change
when mineral dust layers are mixed with anthropogenic aerosols/pollution in different quantities. In addition, we compared
these results for mineral dust from the two source regions that affect the Eastern Mediterranean: the Arabian peninsula and the
Saharan desert.

Our data show that all intensive aerosol optical properties (SAE, AAE, SSAAE, g, and SSA) change significantly with
increasing pollution in the mineral dust layer, while the differences between the optical properties of mineral dust from the two
different source regions are not significant. The values of the intensive aerosol optical properties of Saharan and Arabian dust
are similar (within error bars) when comparing data with similar pollution content.

These findings have different implications (i) for the retrieval of mineral dust properties, (ii) for the identification of mineral
dust episodes in the atmosphere, and (iii) for the direct radiative effect of mineral dust layers when mixed with pollution.

We highlight that care is needed when retrieving the optical properties of mineral dust because mineral dust layers often
contain mixtures of other aerosol components. In particular, when analyzing the differences between mineral dust from different
source regions, evaluating the pollution content and comparing only measurements with similar pollution content is essential.

The presence of pollution masks the mineral dust signal because the Angstrémngstrom exponents (SAE, AAE, and SSAAE)
are significantly affected by the presence of pollution. As a result, the identification of mineral dust cases using the Aﬂg%fem
ngstrom exponents fails in peHuted-mixtures—case of mixtures with pollution particles. Once the presence of mineral dust
has been established by independent methods, the Aﬁg&&éﬁ%mexponents may be helpful in estimating the amount of
pollution mixed into the mineral dust layer. Thus, the Angstsém ngstrom exponents can be used to select cases where non-dust
aerosols have a minimal effect on the optical properties of mineral dust. Among the Aﬁﬁ&émMexponents (SAE, AAE,
and SSAAE), SAE is the best parameter for estimating the amount of pollution mixed into a mineral dust layer.

Climate-relevant intensive aerosol optical properties (g and SSA) measured in pure mineral dust layers are in agreement
with values reported by previous studies. However, differences in the values measured in the Falcon aircraft cabin and values
extended to the ambient particle number size distribution point out that differences in the observed intensive aerosol optical
properties in various studies may also be attributed to the discrepancies in the measured particle diameter size range.

The pollution in a mineral dust layer significantly impacts the climate-relevant intensive aerosol optical properties. The
asymmetry parameter and the single scattering albedo (¢ and SSA) decrease significantly for increasing pollution content,
(e.g., from pure mineral dust to polluted mineral dust median measured values decreased from 0-67to-0-56-and-from-0-96-to
0:890.67 (0.63 — 0.72) to 0.56 (0.50 — 0.59) and from 0.96 (0.94 —0.98) to 0.89 (0.84 — 0.94), respectively, at 525 nm). We

would like to remind that an increase in pollution indicates not only an increase of black carbon particles, but also an increase
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of other fine mode anthropogenic aerosol particles, although we quantified the pollution using the refractory black carbon mass.
Thus, the changes in g and SSA have two opposite impacts on the short-wave direct radiative effect of the mineral dust layer.
The decrease of g, due to a decrease in the particle size, leads to an increase in the cooling effect at the top of the atmosphere.
The decrease of SSA, due to increased absorption, leads to a decrease in the cooling effect at the top of the atmosphere (or
increase in the warming effect).

Based on a simple calculation of the short-wave direct radiative effect efficiency (SW DREE), these two effects are expected
to counteract each other er-over a global average surface albedo. However, the SW DREE can have a significant change for
increasing pollution content if the calculation is done considering different surface albedos. For instance, if the mineral dust
layer is above a surface with high surface albedo, such as desert or snow, the increase in pollution leads to a reduction of the
cooling effect (or an increase of the warming effect). On the contrary, if the mineral dust layer is above a surface with low
surface albedo, such as the ocean, an increase in pollution may result in an increase of the cooling effect. Thus, in this case,
the effect of decreasing particle size is more significant than the effect of increased absorption. However, it is important to note
that this latter effect was not statistically significant in our data.

Further studies on the impact of mixing pollution and mineral dust are required to generalize these results. A more sophis-
ticated radiative transfer model may be used to assess the impact of mixing pollution and mineral dust on the direct radiative
effect efficiency. Additionally, particles in the mineral dust layer can be found in different mixing states. For example, mineral
dust and rBC particles can be found in mixtures with sulfate, while internal mixtures between mineral dust and rBC seem
rare. Thus, future studies should also focus on investigating the impact of different mixing states of aerosol particles on the
measured optical properties.

In conclusion, we would like to emphasize that an accurate quantification of the pollution content mixed in mineral dust
layers is necessary because the presence of pollution has major consequences ir-on the identification of mineral dust episodes

and the retrieval of mineral dust optical properties and its direct radiative effect.
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Appendix A: Summary of aerosol properties used in this study

Table A1. Summary of optical aerosol properties used for the analysis of this study.

Symbol Quantity Size range Method
;;'f'fra 4000, particle in-cabin* Measured by the Ecotech Aurora 4000 polar nephelometer at three wave-
scattering coefficient lengths (A = 450,525,635 nm) and for four angular sectors (o — 180°, with
a=0,20,50,90°).
Osp,A Total particle in-cabin* Measured by the Ecotech Aurora 4000 polar nephelometer at three wave-
scattering coefficient lengths (A = 450,525,635 nm), for the angular sector 0 — 180°, and cor-
rected for angular truncation and illumination as indicated in Teri et al. (2022).
Oap, A Particle in-cabin*® Measured by the Tricolor Absorption Photometer (TAP, Brechtel Manufac-
absorption coefficient turing Inc., Hayward, USA) at three wavelengths (A = 465,520,640 nm).
SAE,, 5,  Scattering  Angstrtom  in-cabin® SAE,, /xg = —10g(0sp, 25 /T, xe ) /10g(AB/AR),
exponent with the blue and red wavelengths of the Aurora 4000 polar nephelometer
(Ap = 450 nm and Agr = 635 nm).
AAE,, ), Absorption Angstrtsm  in-cabin® AAEy, /xg = —10g(0up,rg /Tap. 2 ) /10g(AB/AR),
exponent with the blue and red wavelengths of the TAP (Ap =465 nm and Ar =
640 nm).
SSAAE,, /. Single scattering albedo  in-cabin* SSAAEj, /xg = —10g(SSAx; /SSAx:)/log(As/Ar),
Angstrém exponent where SSA is the single scattering albedo.
g Asymmetry parameter  in-cabin* Calculated using the Miiller et al. (2012) approximation using a;:';"a 4000, o
SSA Single scattering albedo  in-cabin* SSAx = 0.2/ (Op,x + Tap,r)s
where ) is the blue, green, or red wavelength of the Aurora 4000 polar neph-
elometer and of the TAP for oy, and o, x, respectively.
G ,ambient Asymmetry parameter 10nm—50pum  Obtained by extending to the ambient NSD the value of g measured in the
of the ambient NSD Falcon aircraft cabin (see section S3 in the supplementary information).
SSAX ambient  Single scattering albedo 10 nm—50 um  Obtained by extending to the ambient NSD the value of SSA measured in the
of the ambient NSD Falcon aircraft cabin (see section S3 in the supplementary information).
SW DREE  Short-wave direct ra- 10nm—50um Calculated using a simplified formula derived by Haywood and Shine (1995):

diative effect efficiency

SW DREE = SW DRE/AOD =

= —DSoTum(1 — Ac)BSSA[(1 — Ry)? — (2Rs/SSAB)(1 — SSA)]

where D = 0.50 is the fractional day length, Sp = 1370Wm ™2 is the so-
lar constant, Tym = 0.76 is the atmospheric transmission, A. = 0.60 is the
cloud fraction, Rs = 0.15 is the spectrally averaged surface albedo, SSA is
the single scattering albedo, and [ is the average upscatter fraction, and can
be obtained from g via a parametrization from (Wiscombe and Grams, 1976).

SSA and g are the measured values at 525 nm of the ambient NSD.

*Size range of aerosol particles passing through the Falcon sampling system. The Falcon inlet and sampling system has a cut-off diameter

(i.e., the diameter at which 50% of the particles pass the inlet and the sampling system) between 2.4 um and 6.4 um for flight altitudes

between 2 and 8 km depending on the particle’s density (see Table 2 and Figure 6 in Schoberl et al., 2024).
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Table A2. Summary of microphysical aerosol properties used for the analysis of this study.

Symbol Quantity Size range Method
Msc Mass concentration 70 — 980 nm Measured by a Single Particle Soot Photometer (SP2, DMT).
of refractory black
carbon
Neoarse Number concen- 0.5 — 50 ym Measured by a optical particle counter, the wing-mounted Cloud and
tration of ambient Aerosol Spectrometer (CAS) which is part of University of Vienna’s second-
coarse mode aerosol generation Cloud, Aerosol, and Precipitation spectrometer (UNIVIE CAPS,
DMT)
Modeled aerosol ~Modeled mass con- 100 nm—10pum  Obtained by combining source-receptor sensitivities calculated with the La-
mass concentra- centration of indi- grangian Particle dispersion model FLEXPART (Stohl et al., 1998; Seibert
tion and compo-  vidual aerosol types and Frank, 2004; Pisso et al., 2019) with emission data from the Coperni-
sition along the flight path cus Atmospheric Monitoring Service (CAMS; CAMS, 2019; Morcrette et al.,
2009). For details, see section 2.3.4.
In-cabin NSD Particle number in-cabin* Obtained by combining measurements of the in-cabin condensation particle
size distribution counter (CPC, model TSI 3760a, TSI Inc.; in this study referred to as as
representing the TSI CPC), the wing-mounted active sampling Ultra-High Sensitivity Aerosol

size range passing
through the Falcon
and

aerosol inlet

transport system

Spectrometer-Airborne (UHSAS-A, DMT), and the in-cabin optical particle
counter (SkyOPC, model 1.129, GRIMM Aerosol Technik). Measured in-
cabin NSDs were parameterized with a combination of three log-normal dis-
tributions. Refractive indices used for the derivation of geometrical particle

size from OPC measurements are chosen according to the modeled aerosol

composition.

Ambient NSD Ambient parti- 10nm —50pm  Obtained by combining measurements of the in-cabin condensation particle
cle number size counter (TSI CPC), the wing-mounted UHSAS-A, the in-cabin SkyOPC, and
distribution the wing-mounted CAS component of the Vienna CAPS. Measured ambient

NSDs were parameterized with a combination of three log-normal distribu-
tions. Refractive indices are chosen according to the modeled aerosol compo-
sition.

Miub-pum Mass concentration 100 nm —1um  Calculated from the the in-cabin NSD, assuming particles with a spherical
of sub—pum particles shape and density based on the modeled aerosol composition.

Miuper-pim in-cabin Mass concentration d>1pm Calculated from the in-cabin NSD, assuming particles with a spherical shape
of super—pum parti- in-cabin* and density based on the modeled aerosol composition.
cles passing through
the Falcon aerosol
inlet and transport
system

M uper-pim ambient Mass concentration 1—50 um Calculated from the ambient NSD, assuming particles with a spherical shape

of super—pm parti-

cles

and density based on the modeled aerosol composition.

*Size range of aerosol particles passing through the Falcon sampling system. The Falcon inlet and sampling system has a cut-off diameter

(i.e., the diameter at which 50% of the particles pass the inlet and the sampling system) between 2.4 ym and 6.4 um for flight altitudes

between 2 and 8 km depending on the particle’s density (see Table 2 and Figure 6 in Schoberl et al., 2024).
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Appendix B: Asymmetry parameter and single scattering albedo representative for the ambient NSD
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Flgure B1.

- Intensive aerosol optical properties
, and SSA) representative for the ambient NSD (0.01 — 50 ym). Each panel shows a different intensive optical property as a function

of the pollution contribution in terms of mass (Mc/Misuper-pim ambient )- Panel (a) shows the asymmetry parameter (g) at A = 525 nm, and
panel (b) shows the single scattering albedo (SSA) at A = 525 nm, Least squares regression results, including regression line and equation,
determination coefficient and p-value, are shown in black. Color and shape codes indicate the aerosol types following the A-LIFE aerosol
classification scheme. The figure reports results for 87 sequences. among which 37, 40, and 10 are classified as pure, moderately-polluted,
and polluted mineral dust, respectively. Results for g5 were only available for 66 sequences, among which 29, 29, and 8 are classified as

ure, moderately-polluted, and polluted mineral dust, respectively.
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Table B1. Summary statistics for each aerosol type of of gx ambient and SSA X ambient at three wavelengths (Ap = 450 nm, Ag = 525 nm,
Ap = 635 nm) representative for the ambient NSD (0.01 — 50 um) measured out-cabin of the Falcon aircraft during A-LIFE for sequences
classified as mineral dust by the A-LIFE aerosol classification schemeWeinziert-et-al-(inpreparation; 2624). The table reports results for 87
sequences, among which 37, 40, and 10 are classified as pure, moderately-polluted, and polluted mineral dust, respectively. Results for g

9\ g ,ambient 9 ,ambient 9\ R ,ambient SSA)\B ,ambient SSA)\G ,ambient SSA)\R ,ambient
median 0.72 0.71 0.72 0.91 0.93 0.95
3md 0.67 0.68 0.69 0.89 0.90 0.92
Pure mineral dust 25th 0.70 0.70 0.71 0.90 0.92 0.95
75th 0.74 0.72 0.76 0.92 0.93 0.96
97th 0.79 0.77 0.79 0.94 0.95 0.97
median 0.68 0.70 0.71 0.88 0.89 0.92
3rd 0.61 0.64 0.60 0.84 0.83 0.84
Moderately-polluted n
25¢ 0.66 0.66 0.68 0.87 0.88 0.90
mineral dust N
75¢ 0.71 0.72 0.73 0.91 0.91 0.93
g7tk 0.74 0.76 0.75 0.93 0.94 0.96
median 0.56 0.56 0.54 0.89 0.89 0.88
3rd 0.49 0.50 0.50 0.86 0.84 0.85
Polluted mineral dust 25t 0.55 0.54 0.52 0.88 0.87 0.88
75t 0.57 0.57 0.56 0.90 0.89 0.90
97th 0.58 0.59 0.58 0.95 0.94 0.95
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Data availability. The data used to obtain the results of this manuscript will be made publicly available in the University of Vienna data
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