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ABSTRACT

Mineral dust from the Sahara desert can travel long distances at high altitudes, perturbing
the energy budget of the atmosphere. Charging of dust has been observed to occur near
the surface through triboelectric charging during dust lofting, potentially affecting particle
coagulation, fall speeds, and the lofting process itself. Apart from near-surface studies, meas-
urements at elevated dust layers, where charge may play a role in particle long-range trans-
port, are rare. This study presents new observations from an uncrewed aircraft system (UAS)
of type MASC-3, through an elevated Saharan dust layer over Cyprus on 6 April 2022. The
dust layer ranged from 1500 to 2500 meters above sea level (a.s.l), with maximum particle
number concentrations (PNC) of 80-100 cm~3, primarily consisting of particles up to 2.5 pm
in size. Measurements showed elevated charge within the dust layer, with magnitude pro-
portional to PNC. It was concluded that there was a small influence of aircraft charge on
the measurements, which was handled by developing a PNC-based correction factor.
Corrected charge within the dust layer ranged from 0.2 to 3 pC m~3, with most of the
charge at the upper and lower dust layer boundaries. The magnitude and location of the
charge was consistent with predictions of ion-particle attachment. This suggests that most
of the measured charge did not originate from the lofting process, but dust particles were
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charged on site through ion-particle attachment processes.

GRAPHICAL ABSTRACT
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1. Introduction

A major source of mineral dust is North Africa, and
specifically the Sahara desert (Stuut, Smalley, and
O’Hara-Dhand 2009). Its predominant channel of
transport across all seasons of the year is the
Mediterranean sea (Israelevich et al. 2012), but it
occasionally follows a curved path around the east
side of the Atlantic. The amount of dust transported
north from the Sahara is in the order of magnitude of
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Corrected space charge [pC-m~*]

hundreds of thousands of tons (Varga, [jjvéri, and
Kovacs 2014), with a wide array of environmental
effects (Goudie and Middleton 2001). For instance, its
interaction with incoming radiation through absorp-
tion and scattering can disturb the atmospheric energy
budget and influence the total heating or cooling of
the atmosphere (Carlson and Benjamin 1980). This
radiative effect of dust loading has been extensively
studied as it frequently affects the whole of the

CONTACT Vasileios Savvakis @ vasileios.savvakis@uni-tuebingen.de @ Department of Geosciences, University of Tlibingen, Schnarrenbergstrale 94-96,

72076 Tiibingen, Germany.
© 2024 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the

posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://crossmark.crossref.org/dialog/?doi=10.1080/02786826.2024.2372399&domain=pdf&date_stamp=2024-07-11
http://orcid.org/0000-0001-9568-1766
http://orcid.org/0000-0002-1833-1102
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com
https://doi.org/10.1080/02786826.2024.2372399

2 V. SAVVAKIS ET AL.

Mediterranean basin, and especially central and east-
ern parts (Soupiona et al. 2020).

Electrification of dust particles is known to result
from the process of triboelectrification (Kamra 1972),
whereby particles collide with each other, exchanging
charge. Triboelectrification of dust occurs readily dur-
ing dust lofting, including dust storms (Rudge 1913)
and dust devils ((Franzese et al. 2018). The separation
of positive and negative charge gives rise to large elec-
tric fields (E-fields) in the order of kV m™! (Williams
et al. 2009; Katz et al. 2018). This can affect processes
such as lofting of particles from the ground (Esposito
et al. 2016), as well as the propagation of electromag-
netic waves during dust storms (Zhou, Shu He, and
Jing Zheng 2005). Dust electrification studies have
typically been conducted from the surface using elec-
tric field mills in dense dust storm events (Yair et al.
2016; Zhang, Bo, and Zheng 2017; Katz et al. 2018).
Such ground based instrumentation has also been
used to characterize charging in advected elevated
layers of Saharan dust transported over long distances
(Silva et al. 2016; Harrison et al. 2018; Daskalopoulou
et al. 2021).

In comparison to surface observations, measure-
ments of the electrical properties of dust above the
surface are few. Gringel and Muhleisen (1978) meas-
ured a conductivity decrease by a factor of two, asso-
ciated within a Saharan dust layer from a balloon
platform, whilst Nicoll, Harrison, and Ulanowski
(2010) used a balloon borne space charge sensor and
aerosol number concentration counter to detect
weakly charged Saharan dust over the Cape Verde
Isles. A similar space charge sensor has more recently
been flown by Mallios et al. (2023) through dust
events, alongside a miniature electric field mill, also
from a balloon platform. Another study with a minia-
turized optical sensor on a balloon platform during a
Saharan dust event in Minorca island (Spain) during
the summer of 2013, also obliquely indicated dust par-
ticle charge due to the sensitivity of the employed
instrument to electromagnetic field alterations
(Renard et al. 2018).

Although there have been abundant measurements
of dust particle concentrations and sizes from crewed
aircraft and wuncrewed aircraft systems (UASs)
(Haywood et al. 2001; Tanré et al. 2003; Johnson and
Osborne 2011; Granados-Munoz et al. 2016; Schrod
et al. 2017; Mamali et al. 2018; Ryder et al. 2019),
dust particle charge measurements from aircraft are
exceptionally rare in literature. This is likely due to
the triboelectric charging effect of the dust on the
body of aircraft, which generates large E-fields and

overwhelms the measurement of dust particle charge
(Lekas 2019). Previous laboratory research has been
performed on the charge acquired by aircraft due to
dust (Perala 2009), finding values of 5-10 pA m™2 of
charging rate per effective area, at speeds of 180
m s~! (640 km per hour, typical cruising speed for a
large jet aircraft). A dependence of charge on the
speed of the aircraft, area of the aircraft body
impacted by dust, and the dust particle concentration
was found.

For the study presented here, we employed a UAS
with a wing span of 4 m, i.e, an order of magnitude
smaller than a typical crewed aircraft (e.g., a BAE-
146), flying at a cruising speed approximately 6-10
times slower than crewed aircraft and with signifi-
cantly less weight. Therefore, although some charging
of the aircraft body is expected whilst flying through
dust, it is likely to be many orders of magnitude less
than on a crewed aircraft. The effect of aircraft charge
on the measurements is discussed and accounted for
in Section 3.3.

Although dust electrification has been known about
since the measurements of Rudge (1913) there has
been a drive in recent decades to understand the
mechanisms of dust electrification and to better quan-
tify the variability of the charge carried by dust par-
ticles, e.g., in Zhang and Zhou (2020). This is partly
in response to potential impacts of dust electrification
on a number of atmospheric processes important for
climate. These include vertical alignment (polariza-
tion) of dust particles in high altitude dust layers in
the atmospheric E-field (Ulanowski et al. 2007),
known as the “Venetian blind effect,” which may alter
the cross-sectional area covered by particles and
decreases optical depth, something that is not cur-
rently accounted for in remote-sensing retrievals of
aerosols or sun photometers (Ulanowski et al. 2008).
It has also been hypothesized that in elevated dust
layers, the atmospheric E-field may also act as a coun-
terbalance to the gravitational force for aerosol par-
ticles in the coarser modes, thus allowing large aerosol
particles to stay aloft and be transported over longer
distances. Dust transport models often underestimate
the transport range of coarse particles (Ginoux et al.
2001; Maring et al. 2003; Van Der Does et al. 2018),
and the existence of coarse/giant mode particles trans-
ported over distances longer than what predicted by
conventional theory, has been reported in studies
using measurements from balloons (Renard et al
2018) as well as crewed aircraft (Ryder et al. 2013;
Marenco et al. 2018; Adebiyi and Kok 2020;
O’Sullivan et al. 2020). The lack of particle charge and



E-field observations in elevated dust layers has so far
been a barrier to progress in this area, and it is there-
fore important to acquire more direct measurements
through Saharan dust layers. Capturing vertically
extended space charge and aerosol concentrations,
could contribute to better understanding the afore-
mentioned effects and how to incorporate them in
currently used models.

This work aims to address these objectives by pre-
senting new, simultaneous aerosol concentration and
charge measurements from a fixed wing UAS, specif-
ically the Multipurpose Airborne Sensor Carrier
(MASC-3) (Mauz et al. 2019; Rautenberg et al. 2019),
during a Saharan dust event that occurred over
Cyprus in April, 2022. This has been the first attempt
of using a UAS equipped with a scientific payload for
both space charge and aerosol particles, as well as
meteorological (wind vector, temperature, humidity)
and turbulent quantities like the turbulent kinetic
energy (TKE), to perform vertical profiles within a
Saharan dust layer and investigate their relationship.
Details of the aircraft and instrumentation are dis-
cussed in Section 2. Section 3.1 discusses the transport
of the dust, based on a 48-h back trajectory simulation
prior to the day of measurements, spectral images
from satellites and remote-sensing instrumentation at
the vicinity of the aircraft flights. Measurements of
meteorological, aerosol and charge vertical profiles
through the dust layer are shown in Section 3.2 and a
method to account for charge acquired on the aircraft
body discussed in Section 3.3, along with vertical pro-
files of corrected charge. A description of the theoret-
ical model to estimate the expected dust charge at the
given conditions, is explained in Section 3.4. The dis-
cussion and conclusions then follow in Sections 4
and 5.

2. Materials and methods
2.1. UAS instrumentation

A fixed-wing, uncrewed aircraft of type MASC-3
(Mauz et al. 2019; Rautenberg et al. 2019), was
employed for the flights described in our study. The
UAS has a maximum take-off weight of 8kg, endur-
ance of 1.5h, and a wingspan of 4m. During flight
missions, a speed of about 18.5 m s™! is kept constant
by the autopilot system (PixHawk 2.1 Cube Orange).
A 1.5kg sensor system at the nose of the aircraft pro-
vides high resolution data of meteorological and tur-
bulent variables (air temperature, humidity, 3-D wind
vector, TKE), which are stored onboard the platform
at a frequency of 100 Hz. The autopilot also allows for
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accurate, pre-planned, automatic flight missions. The
aircraft’s location, attitude parameters and meteoro-
logical measurements are transmitted with 1Hz fre-
quency in real time to portable computers on ground
stations during each flight. Full specifications of the
MASC-3 with its standard payload are described in
detail in Rautenberg et al. (2019). Furthermore, com-
putation of TKE using the MASC-3, is explained in
Platis et al. (2016); Zum Berge et al. (2021); Schon
et al. (2022).

For aerosol particle measurements, the UAS has an
aerodynamically shaped pod installed on one wing
(referred to as OPC-Pod), which is based on the com-
mercially available optical particle counter (OPC) of
type N3 (Alphasense, United Kingdom). The N3 is a
lightweight instrument (=~ 105g) that covers an aero-
sol size range from 0.35 to 40 um in diameter, distrib-
uted among 24 discrete channels based on scattering
from a 658nm laser beam, with scattering angles of
32—88 and operating at a sampling frequency of
1Hz. For the OPC-N3, particle spherical shape with a
complex refractive index of n =1.5-i+4 0j and dens-
ity of 1.65 g cm™>, are internally assumed. The sensor
has been modified to accommodate measurements at
the cruising speed of the aircraft, specifically by
removing its parent fan and designing the OPC-Pod
so that it maintains passive aspiration, caused by pres-
sure differences at its inlet and an exhaust point at its
top (Mashni et al. 2023). A validation study including
detailed description of the OPC-Pod’s operation and
components, showed the sensor’s reliability for oper-
ation on the MASC-3 after comparison with a refer-
ence station on the ground, airflow experiments in a
wind tunnel and experimental flights during and after
the Saharan dust layer in Cyprus (Schon et al. 2024).
Data from the MASC-3 were further compared with
additional flights of the UCASS system (Smith et al.
2019; Kezoudi et al. 2021b), on a UAS of type
Skywalker operated by the Cyprus Institute. The two
airborne platforms measured similar PNC absolute
values (35—40 cm™ at a size range up to 31 um) and
at the same altitude ranges.

Space charge is measured using small charge sen-
sors in a similarly shaped pod (referred to as the
Charge-Pod), attached on the other wing of the air-
craft. These sensors consist of a spherical metal elec-
trode connected to an electrometer, which is sensitive
to displacement currents produced by changes in the
electric field (Nicoll and Harrison 2009). The electric
current between the sensor and the surrounding air is
calculated from the voltage output of the sensor.
Space charge is then calculated by a conversion
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formula that uses the calculated current, the sensor
effective area, and the ascent rate of the aircraft. A
comprehensive description of this procedure and the
components of the charge sensor itself can be found
in Nicoll and Harrison (2009). The operation of the
Charge-Pod on the MASC-3, with validation flights
including data correction for the aircraft movement,
and vertical profiles in the atmospheric boundary
layer (ABL), is presented in Schon et al. (2022).

2.2. Location and flight pattern

During a Saharan dust event passing over the Eastern
Mediterranean, MASC-3 flights were performed near
Orounda, Cyprus on the 6 April 2022. The base of
operations was the private airfield at the Unmanned
Systems Research Laboratory (USRL - coordinates:
35.095N, 33.081 E) of the Cyprus Institute. The site
has a wide runway, which is ideal for take-off and
landing procedures with a fixed-wing aircraft like the
MASC-3, and the surrounding area consists of low-
level grassland with no obstacles, further ensuring the
safety of all flight procedures (Kezoudi et al. 2021a).
The area was affected by Saharan dust from late after-
noon of 5 April, and persisted on 6 April. Aerosol
levels notably decreased two days later, as the dust
shifted eastwards.

Vertical profiling with the MASC-3 consisted of a
2km zigzag pattern during both ascent and descent of
the aircraft, with an ascent/descent rate of 1.5 m s™'.
To avoid the effect of aircraft turns (which adversely
influences the charge measurements), data from only
the first half of each flight section are retained for
analysis, as in Schon et al. (2022), essentially omitting
measurements during the turning procedures of the
aircraft. A total of eight flights were carried out dur-
ing the Cyprus campaign, of which two are presented
here as representative of the dust event, each up to an
altitude of 2800 m above sea level (a.s.l). Flight 1 took
place on 6 April, at 08:29-09:32 UTC, and flight 2 at
11:54-12:53 UTC (add three hours for local EEST).

2.3. Additional dust observations

Apart from the in-situ measurements collected with
the MASC-3, a number of other tools are used for the
characterization and evolution of the dust event two
days before and during the time of the flight opera-
tions. Back trajectories were retrieved from the
Hybrid Single Particle Lagrangian Integrated
Trajectory (HYSPLIT) model, by the National Oceanic
Atmospheric Administration (NOAA) (Stein et al.

2015), to identify the origin of the airmasses observed
above Cyprus during the times of measurements.
Additionally, optical data were retrieved from the
Spinning Enhanced Visible and Infrared Imager
(SEVIRI), a radiometer on the Meteosat Second
Generation (MSG) satellite Meteostat-8 (Indian Ocean
Data Coverage — IODC) (Aminou 2002), which is
operated by the European Organization for the
Exploitation of Meteorological Satellites
(EUMETSAT).

Further identification of the elevated dust was
achieved by using the SEVIRI Dust RGB (red-green-
blue) thermal infrared satellite imagery product
(Lensky and Rosenfeld 2008; Martinez, Ruiz, and
Cuevas 2009). With the SEVIRI Dust RGB, dust
events are identifiable by their bright pink color, e.g.,
as in Brindley et al. (2012). Due to the high time reso-
lution of SEVIRI imagery (15min) this enables dust
plumes to be manually traced backwards in time to
identify their sources. The starting point and progres-
sion of the dust plume was inspected, covering a time
period from the early morning of 4 April, until the
late evening of 5 April, when it first arrived in
Cyprus. For 6 April, dust presence was evaluated
based on aerosol optical depth (AOD) data from two
ground-based sun photometers, one located in Nicosia
(approximately 30km away from the USRL airfield)
and the other in Agia Marina Xyliatou (5.5km south
of the USRL airfield), that operate within the frame-
work of the AErosol RObotic NETwork (AERONET)
(Holben et al. 1998), which has also been used for
Saharan dust analysis before (Smirnov et al. 1998).

Vertical extent during the dust transport from the
Sahara was investigated by using 532 nm wavelength
total attenuated backscatter vertical profiles and from
the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) LiDAR instrument related to the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) (Winker et al. 2010). The
CALIOP also provided aerosol classification version
3.41 of the aerosol subtyping algorithm product by
the National Aeronautics and Space Administration
(NASA) (Kim et al. 2018). A CE376 (CIMEL, France)
LiDAR instrument (Papetta et al. 2023), measuring at
two wavelengths (404 and 832nm) at the premises of
the Cyprus Institute and collocated with one of the
sun photometers (coordinates: 35.141N, 33.381 E,
181 m a.s.l), provided depolarization ratio, extinction
and backscatter coefficient profiles up to 3200 m a.s.l,
derived through a backward Klett-Fernald inversion
algorithm (Klett 1981; Fernald 1984). These profiles of
the dust from the CE376 were then correlated to the



flight measurements with the MASC-3 at similar
altitudes.

3. Results
3.1. Dust outbreak evolution

Figure 1 shows a 48-h back trajectory of the air mass
that was present at the location of the measurements
in Cyprus, at noon on 6 April 2022. As Saharan dust
often resides in the free troposphere and above the
ABL, three different starting points were selected:
2500, 3500, and 4000m. The air masses traveled
across the Mediterranean at approximately these alti-
tudes, before slightly sinking on the morning of the 6
April 2022. Originating from central and northwest
Algeria, as well as central central Morocco, this air
mass was sampled thoroughly by the MASC-3. By
profiling up to an altitude of almost 3000 m a.s, it
effectively probed the air masses presented by the light
green and blue lines in Figure 1.

A similar picture is acquired when looking at
images from the SEVIRI Dust RGB (Figure 2). The
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Figure 1. Single 48-h back trajectory of the sampled air mass
during the day of measurements, from the HYSPLIT GDAS
model (ending date time at 12:00 UTC on 6 April 2022). Three
initial altitudes in m a.s.l (2500 — green, 3500 - red, and 4000
- blue line) and destination at the USRL in Orounda, Cyprus.
Each colored line represents the path of the air mass with a
starting altitude shown on the right and final altitude on the
left, with the latter attached to a star that corresponds to the
measurement location on the map. The back trajectories were
similar for either flight, thus only one is shown here.
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dust source area includes north west Algeria and
Libya, and first indications of dust uplift appear
already during noon of 4 April 2022, marked by black
circles. In the evening of the same day (4 April,
17:00 UTC), uplift continued and the transport was
initiated toward the north east direction and through
the Mediterranean. Transport of dust continued
throughout the night, when dust moved further north
toward upper level clouds. As the plumes merged and
spread spatially, they moved further east alongside
cloud formations, which are also visible in the darker
colored areas of Figure 2. During the morning of
5 April 2022 at 08:00 UTC, dust was widespread and
co-located with the cloud. At 18:00 UTC, the homoge-
neously distributed thick dust layer first arrives in
Cyprus and the surroundings. The satellite data for
6 April show dust that was widespread over the whole
of the eastern Mediterranean, indicating a homoge-
neous distribution.

As seen in Figure 3 during the day of measure-
ments (6 April), the total attenuated backscatter at
532nm from CALIPSO shows higher values up to an
altitude of approximately 3000 m a.s.l, which is around
2 km™ sr! (yellow areas in Figure 3a) while also
reaching a maximum of 3.5—4 km™" sr™! (orange/red
areas in Figure 3a) above and around Cyprus.
According to Figure 3a, increased aerosol concentra-
tions were widespread over the eastern Mediterranean.
These aerosols consisted almost purely of dust, as
noted from Figure 3b, which has yellow (i.e., identi-
fied dust cloud) areas predominantly present in the
measurement area, indicated with the vertical white
line in Figure 3. Elevated aerosol optical depth (AOD)
levels were also recorded by the AERONET photom-
eter in Nicosia, reaching 0.45 to 0.55 (from 08:00 to
15:00 UTC) for wavelengths between 340 and 870 nm,
as well as the photometer in Agia Marina Xyliatou,
which recorded values of 0.38—-0.42 for the same
wavelengths in the early morning (values retrieved
from AERONET, but not shown). This rise of AOD,
which was significantly higher compared to what
would be expected on a dust-free day, correlates with
the evident existence of dust in the area for 6 April.

3.2. Vertical profiling

Figure 4 shows vertical profiles retrieved by the
CE376 LiDAR instrument observations in Nicosia, on
6 April 2022, at 10:00 UTC, during the time when
MASC-3 was performing its first flight. As the overlap
region of this LIDAR is 1200 m, the vertical extent of
the profiles covers a range from that altitude up to
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Figure 2. Images from the SEVIRI Dust RGB product on the Meteostat-8 satellite, covering two days prior to the measurement
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flights with the MASC-3 in Cyprus, on 6 April 2022. The images are color coded, specifically: magenta indicates dust clouds, black
indicates cirrus clouds, dark red indicates ice clouds (more details on the image description can be found at EUMETSAT's website:
https://www.eumetsat.int/). The black circled areas in each image depict the first appearance and uplift of dust (upper left) on
4 April, its transport with clouds to the east through the Mediterranean (upper right and bottom left), and its arrival in Cyprus on

the evening of 5 April (bottom right).

3000m asl. These profiles display the volume
depolarization ratio at 532nm (VDR) (Figure 4a) and
the calculated backscatter (Figure 4b) and extinction
profiles (Figure 4c). Two local maxima can be identi-
fied in the extinction and backscatter coefficients’ ver-
tical structure, a minor one at 1750 m a.s.l. (extinction
coefficient at 260 Mm™!, backscatter coefficient at 7.5
Mm™ sr7!), and a more pronounced one between
2300 and 2500m a.s.l. (extinction coefficient at 430
Mm™!, backscatter coefficient at 12 Mm™' sr7l).
VDR remained around 20% up to 2700 m a.s.], a level
of depolarization that is indicative of mineral dust
particles and has been examined in previous studies,
e.g., by Tesche et al. (2011). All three indicators
decreased above that altitude, being close to zero at
3000m a.sl. This illustrates the presence of the
Saharan dust layer with two peaks between 1750 and
2500 m a.s.l, from the CE376 measurements.

Results from the vertical profiling performed by the
MASC-3 on 6 April, are shown in Figures 5 and 6.
During the two flights, the UAS collected data for
potential temperature and water vapor mixing ratio,
horizontal wind and TKE, aerosol particle number
concentrations (PNC) between 0.4 and 40 um from
the OPC-Pod and voltage output from the
Charge-Pod.

In Figure 5a and e, a shallow ABL can be observed
for both flights in the potential temperature (up to
700 m in flight 1, and 900 m in flight 2) and mixing

ratio profiles. Considering the elevation of 327m at
the measurement location (Kezoudi et al. 2021a), the
ABL height was at a lower altitude than normal for
the middle of a spring convective day (usually above
1000m). These two profiles suggest a stable tropo-
sphere with a shallow ABL, as shown in Figure 5a and
e. Mixing ratio varied between 2 and 8 g kg™' (or, a
maximum of 40% relative humidity throughout the
whole vertical extent). Overall, the ABL was quite dry
(5-8 g kg™!) but the overlying layer was even drier
(2-3 g kg™") for flight 1 and up to 4 g kg™ for flight
2. The wind speed at ground level varied between 6
and 8 m s™! during the morning and 9-10 m s7!
during the afternoon flight, reaching 12.5-14 m s™! at
higher altitudes. Higher amounts of TKE, calculated
as explained in the Appendix of Schon et al. (2022),
inside the ABL reached 0.4 —0.85 m? s™2, while above
it, the turbulence was, as expected, quite lower (below
0.2 m? s7%). Additionally, small jumps of TKE could
be identified at the boundaries of the different particle
population layers (for instance in flight 1, at 2000 m
a.s] and at the upper dust layer edge between 2500
and 2600m a.sl) where TKE doubled, reaching
0.18 m? s72.

The Saharan dust layer can be identified from the
MASC-3 data by the increased particle concentrations
above 1500 m a.s.l in the PNC profiles (Figure 5c and
g). A similar structure was observed by the CE376
LiDAR in Nicosia, which also captured two distinct
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Figure 3. (a) Total attenuated backscatter at 532 nm and (b) aerosol subtype characterization, from the CALIPSO satellite, taken on
6 April at 12:24 UTC. Each plot has coordinates on the horizontal axis that cover a geographical strip that extends from North East
Africa to Norway, Scandinavia (in this coordinate range, the measurement location is at: 35.095N, 33.081 E). The satellite’s overpass
was still 5-7° west of Cyprus. In (a), the backscatter is color coded with the index on the side, and in (b), aerosol subtypes are
also color coded and each type is denoted with a number and stated under the horizontal axis. Specifically, NA: not applicable, 1:
clean marine, 2: dust, 3: polluted continental, 4: clean continental, 5: polluted dust, 6: smoke.

peaks in backscatter and extinction coefficient in the = of 1500m a.sl, which is also supported by vertical
same altitude range (Figures 4 and 5c compared). changes in mixing ratio and potential temperature
During both flights of the MASC-3, the air layer con-  (Figures 5a and e), TKE (Figures 5b and f) and from
taining Saharan dust extends roughly from an altitude  the CE376  profile of VDR (Figure 4). PNC levels
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Figure 4. Volume depolarization ratio, extinction and backscatter coefficients at 532 nm wavelength, measured from the CE376
LiDAR operating in Nicosia. The profiles were captured on 6 April at 1000 UTC, at the time of the first flight of the MASC-3.
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Figure 5. Vertical profiles from the two MASC-3 flights on 6 April (flight 1 at noon, flight 2 in the afternoon), showing meteoro-
logical parameters, aerosol particle number concentrations and charge sensor readings in voltages. Each row indicates a different
flight. Specifically: (a) potential temperature and mixing ratio, (b) wind speed and TKE, (c) PNC (raw data and 20s moving aver-
aged) from 0.4 to 40 pum, and (d) charge sensor voltage as a black line, and a 10s moving average as a red line. On the bottom
row, the plots show the same parameters for the second flight, from (e) to (h). Only the ascent through the extent of the Saharan
dust layer is shown in the figure.

showed maxima of 80 — 100 cm™ within the Saharan  layer, indicating a well defined top to the dust layer at
dust layer and lower values of 40-50 cm™ within the =~ 2500m a.s, which is consistent between the two
ABL. There is a sharp drop in PNC above the dust  flights and the LiDAR  profiles.  Previous
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Figure 6. Aerosol particles and calculated space charge for the two flights. (a) Raw bin counts from the OPC-Pod (adding up aero-
sol numbers up to 1, 2.5 um as well as the total size range of the sensor, i.e., 0.4-40 um), (b) non-averaged PNC data in green,
with a 20s moving average as a black line, and (c) measured space charge from the Charge-Pod. On the bottom row, the plots
show the same parameters for the second flight, from (d) to (f). Only the ascent is shown in the plots.

measurements of a different Saharan dust event with a
balloon-borne OPC over Cyprus captured a layer
from 3000 to 5000 m a.s.l, with peaks in PNC concen-
tration at 50 cm™ in a size range from 0.6 to 13.9 pm
(Kezoudi et al. 2021b). With the MASC-3, the dust
plume was located at lower altitudes and higher PNC
levels were measured, but also over a wider size
spectrum.

The raw voltage from the charge sensor is shown
in black in Figure 5d and h, demonstrating a large
amount of charge in the ABL (i.e., below the tempera-
ture inversion), due to the interplay between higher
turbulence levels and aerosol particles, that causes
space charge dispersion across its extent. This is also
consistent with previous measurements from the same
sensor (Nicoll et al. 2018; Schon et al. 2022). Above
the shallow ABL, the charge sensor voltage output is
roughly constant (2.63*0.01 V) with height until it
enters the dust layer, where a small
(2.70£0.01 V) in voltage is evident.

More detailed analysis of the MASC-3 aerosol and
charge data is presented in Figure 6. Figures 6a and d
show a breakdown of PNC vertical profiles for flights 1

increase

and 2 for particles according to their measured diameters
(<1 pm <2.5 pm and all diameters up to 40 um). The
measured dust mainly consisted of particles in the sub-
micron and micron range (with the majority being <2.5
pm in diameter), while concentrations decreased for larger
sizes. The vertical distributions also indicate some of the
larger particles inside the dust layer rather than below it,
as seen from difference between the peaks in the 2.5 pm
and total bin counts of Figure 6a and d. It is noteworthy
to mention that the refractive index of Saharan dust is dif-
ferent than the one configured by the manufacturer of the
OPC-N3, and this would affect the size bin boundaries
(but not the absolute PNC values shown in Figure 6) of
the sensor, as detailed in similar studies including optical
measurement instruments, e.g., by Ryder et al. (2013);
Renard et al. (2016). To account for this, and assuming a
refractive index for Saharan dust being ngyy = 1.53 - i +
0.0015j (Johnson and Osborne 2011), the theoretical scat-
tering cross section was calculated for two refractive indi-
ces (one assumed by the OPC-N3 and one of Saharan
dust) considering the wavelength of the laser beam inside
the instrument and integrated over its scattering angles,
based on the formula explained in Jaenicke and Hanusch
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(1993); Hagan and Kroll (2020). Then, correction factors
for each bin boundary of the OPC-N3 were calculated
based on the procedure explained in the Appendix of
Nurowska et al. (2022), and these factors varied between
0.93 and 1.13 for sizes up to 10 pm and increased for
larger sizes to about 1.5—1.6 at the OPC’s upper size
boundary limits. In essence, these kind of correction fac-
tors indicate that the refractive index difference between
the internally assumed specifications of the OPC-N3 and
Saharan dust would mostly affect particles in the larger/
giant mode, where the OPC-N3 most likely understates
the size, but the diameters before and after the correction
are comparable in the smaller scales.

To convert the raw voltage measured by the charge
sensor (and shown in Figures 5d and g) to space charge,
the procedure described in Schon et al. (2022) was fol-
lowed. This involves applying a correction for the roll
velocity of the MASC-3 aircraft to the raw voltages,
converting this to a current, and calculating the space
charge using the the sensor effective area and the ascent
rate of the aircraft (Nicoll and Harrison 2016; Schon
et al. 2022). As per Schon et al. (2022), only the absolute
values of space charge are discussed here. The calcu-
lated space charge values from the Charge-Pod are
shown in Figures 6¢ and f. Generally, in conditions of a
cloud or a dust layer, charge is expected to accumulate
at the points of sharp change in conductivity, essentialy
at the horizontal boundaries of the given layer, some-
thing that has been observed experimentally (Harrison
et al. 2020), and also elaborated in Section 3.4 of this
study. Our measurements demonstrate a clear, but
small, increase in the space charge (up to 5 pC m™)
within the dust layer in both flights, with the maximum
in the space charge being located at the height of the
largest particle concentration. Closer examination
reveals a very close correlation between the space
charge and PNC. As would be expected from existing
literature on crewed aircraft flights through dust or ice
cloud layers, some charging of the aircraft body is
expected within the dust layer (Lekas et al. 2014), which
would be expected to be proportional to the PNC
(Perala 2009). Although we cannot be certain that the
origin of this high correlation is due to aircraft charg-
ing, and not charge on the dust particles themselves, we
investigate the effect of potential aircraft charging on
the space charge measurement in the next section.

3.3. Accounting for aircraft charge

Within the Saharan dust layer (from 1500 to 2500 m
a.sl), Figure 6 shows a strong correlation between
PNC and measured charge. This indicates evidence of

charging of the aircraft from interaction with the dust
particles within the dust layer. The magnitude of the
space charge within the dust layer (<5 pC m™) also
illustrates this is a small effect, and many orders of
magnitude smaller than what would be expected for
crewed aircraft (Lekas 2019).

This is partly due to the design of the MASC-3
Charge-Pod, where the charge sensors are mounted in
front of the pods, with the electrodes approximately
20 cm ahead of the leading edge of the wing (Figure 2
in Schon et al. 2022). The front of the Charge-Pod is
also wrapped with conductive copper foil to reduce
buildup of charge on the aircraft surface. Laboratory
(Perala 2009) and modeling studies (Lekas et al. 2014)
of the expected charge accumulation on crewed air-
craft through dust layers suggests a dependence of the
charge on the area of the aircraft impacted by
the dust, which is minimized for MASC-3 due to the
small surface area of the UAS, and the placement and
design of the Charge-Pods.

Laboratory tests (Perala 2009) also demonstrate a
dependence of charging on aircraft speed (typically
600 — 700 km hr™! cruising speed for crewed aircraft).
For the MASC-3 flights the true air speed was an
order of magnitude less than for crewed aircraft, and
approximately constant (20 —20.4 m s7!, ie, 72—74
km hr™') during the vertical profiles in flight 1 and 2.
Therefore, the influence of changes in aircraft speed
on charge accumulation are considered negligible in
the flights described here. The main factor in control-
ling charge on the surface of the MASC-3 is expected
to be the dust particle density, which has been found
to scale linearly with aircraft charge (Perala 2009).

Figure 7 investigates the relationship between the
dust particle number concentration (PNC) and the
measured space charge within the dust layer, demon-
strating a linear relationship between the two parame-
ters (correlation coefficient * = 0.91 in flight 1, and
0.75 for flight 2). This linearity is stronger in flight 1
than flight 2, possibly due to increased turbulence
from the more convective conditions during the after-
noon than during morning (as also shown from the
small, but still relatively higher TKE values in the dust
layer of Figure 5e, compared to Figure 5b). Since the
focus of the measurements is to investigate the ambi-
ent dust particle charge, not the charge induced by
the aircraft, a correction factor is developed based on
the linearity between dust particle concentration and
measured charge, for the dust layer only (and shown
in Figure 7).

Considering PNC as the independent variable, the
fitted line that results from a linear regression through
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Figure 7. Scatterplot between measured particle concentrations and corresponding measured charge magnitude, covering the
dust layer vertically during the MASC-3 flights. A linear fitted equation is also depicted as a red line, with the slope and intercept

coefficients in the form of a line equation.

the least squares method is described by the well
known equation:

(1)

For our measurements, p.q is the measured
charge and PNC is the measured dust concentration.
For each flight, the slope and intercept are calculated
from the linear regression and stated in Figure 7.
Once the linear model is fitted to the data through
Equation (1), it is used to correct the measured charge
values based on the difference between the measured
charge from the UAS, and predicted values from the
linear regression. This difference is obtained by sub-
tracting the predicted charge values from the meas-
ured charge (i.e., the residual), which is what we
consider as the remaining dust charge variability after
the aircraft charging has been removed:

Ppred = slope - PNC + intercept

Pcorr = Pmeas — Ppred (2)
Figures 8a and c¢ show the measured charge (gray),
plotted alongside the corrected charge (black).

Application of the correction factor removes the similar-
ity between the charge and PNC (shown in green), but
the corrected charge values are now smaller in magni-
tude (reaching a maximum of 1 pC m™ in flight 1 and
3 pC m~? in flight 2). In both flights, the largest charge
is observed at the horizontal edges of the dust layer, the
source of which is investigated in the following section.

3.4. Modeling dust layer charge

The two main mechanisms thought to be responsible
for dust particle charging are triboelectrification and
attachment of ions to particles (Mallios et al. 2021).
To accurately predict the charge expected in a dust

layer, a detailed model including both of these proc-
esses is required, as has been done in Mallios,
Daskalopoulou, and Amiridis (2022). However, the
development of such a model is outside the scope of
the present work. Instead, here the expected charge in
the dust layer is estimated only by employing ion-
attachment considerations in one dimension (i.e., ver-
tically), and then used as a basis for comparison with
the corrected space charge. Ion generation occurs in
the lower atmosphere due to ionization from Galactic
Cosmic Rays (GCRs) and surface radioactivity
(Bazilevskaya et al. 2008), with ions driven vertically
due to the global electric circuit (GEC). This produces
a vertical electric current flow J, which provides a
constant supply of ions into the dust layer.
Attachment of the small ions to the much larger dust
particles causes the particles to charge, but also
reduces the electrical conductivity of the air o (where
“clean” particle free air has a high conductivity, and
particle laden air has a low conductivity”).
Conductivity is calculated according to:

c=e- (nip, +np) 3)

where e is the elementary charge (1 e =1.6-107" C),
n+ and P+ are the positive and negative ion number
concentrations and ion mobilities, respectively. In the
case where dust particles are present, ion concentra-
tions are calculated from the ion-balance equation,
modified to include the aerosol effect on ion reduction
(Hoppel 1986; Harrison and Carslaw 2003):

dn

a1
where ¢ is the ion production rate, o is the ion-ion
recombination coefficient, f is the ion-particle

—an® — pnZ (4)
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Figure 8. PNC, measured and modeled space charge, with the addition of corrected charge data, for the two flights. (a) 20s
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PNC = 500 cm~3 of 0.2 pum radius), and corrected charge (black points) on double horizontal axes. On the bottom row, the plots
show the same parameters for flight 2, from (c) to (d). Only the ascent is shown in the plots.

attachment coefficient, and Z is the dust concentra-
tion. For Equation (4), the following values were
assumed: o =1.6-1072 m3 s7!, p=1.7-10"* m?
V™! s, g=4 cm™ s7!. It should be noted that in
these basic calculations, these quantities are assumed
to be constant with height, as the vertical variation
is minimal over the depth of the dust layer (1.4 km).
The ion production rate value of g =4 cm™ s7! is
estimated from the model of Usoskin and Kovaltsov
(2006) at the altitude of the middle of the dust layer
(2.2km). The ion-particle attachment coefficients
p were calculated for neutral particles with the

measured mean particle diameters from the UAS
flights. A more accurate approach would calculate
p for bipolar charged particles, as well as consider
how f changes as particles gain and lose charge,
but this is outside the scope of the present work.
To calculate the space charge p, we employ Gauss’

law in 1-D:
d /1
p= gofcd—z <g>

where z is the height ordinate and &, is the permittiv-
ity of free space. In this form, Equation (5) has been

(5)



shown to be a valid approximation for estimating
charge in stratified layer clouds (Nicoll and Harrison
2011), and for charged layers in thunderstorms
(Stolzenburg and Marshall 1994). The approach has
been further implemented in more recent studies as
well for the same purpose (Nicoll and Harrison 2016;
Harrison, Nicoll, and Aplin 2017). Thus, since p
depends on the vertical gradient in conductivity
do/dz we expect that space charge will exist at the
upper and lower horizontal boundaries of the dust
layer, where there is a substantial gradient in the dust
particle concentration, and therefore conductivity, e.g.,
as in Zhou and Tinsley (2007); Nicoll and Harrison
(2016). To estimate the space charge in flights 1 and
2, the conductivity is first calculated from Equations
(3) and (4), using the measured PNC and sizes from
the OPC-Pod. Space charge is then calculated from
the derived vertical gradient in conductivity with
Equation (5) (using interpolation spines to emphasize
the dominant regions of charge). The resulting vertical
profiles from the two flights are shown in Figure 8. A
range of background values for the clean air aerosol
concentration and radius (i.e., away from the plume,
and smaller than the detection limit of the OPC) has
been used to give an idea of the potential variability
due to this factor (but this only affects the magnitude
of the charge, not the location).

Figure 8 shows an expected layer of charge at the
upper edge of the dust layer in both flights (due to
the substantial vertical gradient in PNC and therefore
o), with several smaller charge layers in the lower
regions of the dust layer. The vertical gradient in PNC
is much less pronounced at the dust layer base than
at the top, leading to a much less defined charge layer
at the base. The black points in Figure 8 show the
corrected space charge from the MASC-3 (i.e., with
the effect of aircraft charge removed). Comparison
between this and the modeled charge demonstrates
close agreement between the location of the predicted
and corrected space charge at the upper dust layer
edge for both flights (albeit with a difference in the
magnitude of the charge, with the corrected charge
twice as large in flight 1, and three times as large in
flight 2). For flight 1, the location of the lower charge
layers is similar between the modeled and corrected
profiles, but the magnitude of the lowest charge layer
is larger than predicted, and also larger than the
uppermost charge layer. For flight 2 there is more of
a discrepancy between the location of the modeled
and corrected space charge for the lower charge
layers. This could be due to the lower correlation
between particle number concentration and measured
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charge (as shown in Figure 7b), which may lead to an
incomplete correction factor being applied to account
for the aircraft charge.

4. Discussion
4.1. Vertical charge profiles

The airborne measurements from MASC-3 reported
here demonstrated a weakly charged (0.2-3 pC m™)
layer of aerosols at an altitude of 1500 —2500m a.s.l.
The back trajectories discussed in Section 3.1 demon-
strate that the aerosols were identified as dust particles
originating from Algeria, with an initial transit time of
48h. Although small, the observed magnitude of charge
within the layer is consistent with other observations of
charged dust particles in elevated layers above the sur-
face. For example, using a similar sensor to the one
reported in this paper but flown on balloons, Harrison
et al. (2018) observed space charge up to +10 pC m™>
in a Saharan dust layer between 2 and 3km altitude
over the UK. Nicoll, Harrison, and Ulanowski (2010)
reported space charge from 5 to 25 pC m™ during
balloon flights through high altitude Saharan dust
layers over the Cape Verde Isles, and Silva et al
reported charges in the base of elevated Saharan dust
layers (derived from near surface E-field measure-
ments) up to 10 and 34 pC m™ at two locations dur-
ing the same event in Portugal (Silva et al. 2016).

The magnitude of charge in elevated dust layers
which have been transported far from their source
region is generally orders of magnitude smaller than
that observed in dust events close to the lofting
region, e.g., in Yair et al. (2016), which is likely due
to differences in the charge generation mechanisms.
The similarity (both in location and order of magni-
tude) between the modeled and observed charge
reported here supports the concept that one of the
mechanisms by which particles in elevated dust layers
can become charged is through ion-particle attach-
ment, in a similar manner to stratiform water clouds
(Zhou and Tinsley 2007). This supports the theoretical
findings of Mallios, Daskalopoulou, and Amiridis
(2022), whose calculations found that ion-particle
attachment charging dominated over triboelectric
charging in a modeled elevated dust layer. The obser-
vations of Nicoll, Harrison, and Ulanowski (2010) also
showed a well defined charge layer at the upper hori-
zontal boundary of the dust layer, as was found for
the MASC-3 measurements reported here and dis-
cussed in Section 3.4. It should be noted that Gauss’
law in the form of Equation (5) may still not fully
apply in asymmetrical layers, or layers of small
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horizontal extent, where the E-field may not be solely
in the vertical direction (Baumgaertner et al. 2014),
and could lead to estimation uncertainties. However,
the motivations explained in Section 3.4, combined
with the results from our measurements and previous
literature, illustrate how the approach is still reason-
able to employ. The location of the lower charge
layers away from the upper dust layer edge correlates
with some of the locations where there are vertical
gradients in PNC (and therefore conductivity), but it
is also possible that charge generated on the edges of
the dust layer can be mixed turbulently into the bulk
of the layer. There is some support for this in that the
both MASC-3 flights show slightly larger TKE at the
top of the dust layer, which may act to transport
charge down from the upper edge toward the middle
of the layer, but this is not conclusive. Since only a
basic approximation of ion-particle attachment charg-
ing is included here, this is likely also to be a source
of the discrepancy between the modeled and meas-
ured charge within the dust layer and a more detailed
modeling approach, such as that in Mallios,
Daskalopoulou, and Amiridis (2022), may produce a
better agreement between the two.

The long time (48 h) between the dust lofting stage
and charge measurement period suggests that any ini-
tial charge on the particles, such as that generated
through triboelectrification, would have decayed (e.g.,
based on the ion-balance equation and measured
aerosol concentration and size, the relaxation time is
on the order of several minutes). It is possible that fur-
ther particle-particle collisional charging may have
occurred during the dust transit phase, but at the time
of the MASC-3 flight it is unlikely that substantial
charge was generated due to the relatively small PNC
and low likelihood of collisions. We therefore conclude
that the majority of the charge observed in the dust
layer was due to charge generation from ion-
particle attachment, as per Mallios, Daskalopoulou, and
Amiridis (2022). There is unlikely to be any effect of
such small levels of charge on the motion of the dust
particles, or particle alignment (Ulanowski et al. 2007)
in this particular layer, but it is likely that layers with
larger particle number concentrations, and sharper par-
ticle/clear air edges will become more highly charged
through the ion-particle attachment layer charging
mechanism supported by the observations reported
here. Our observations are also in agreement with the
modeling study by Mallios, Daskalopoulou, and
Amiridis (2022), who surmised that these small charges
suggest that the electrical forces on the particles would
be an order of magnitude smaller than the gravitational

force and therefore, large particles at least, would be
unlikely to be held aloft by electrical influences in this
particular dust layer.

4.2. Aircraft charge correction limitations

As discussed in detail in Section 3.3, the high correl-
ation between the PNC and measured charge led to
the conclusion that at least some of the voltage change
measured by the charge sensor was due to accumula-
tion of charge on the body of the aircraft. Previous
studies, e.g., by Perala (2009) have suggested that this
is due to triboelectrification of the aircraft body from
interaction with the dust particles, and is independent
of particle charge. Our assessment of the limited lit-
erature around dust electrification of aircraft, e.g.,
Perala (2009); Lekas (2019), is that quantifying dust
particle charge from aircraft measurements has not
fully been possible in the past with crewed aircraft,
due to the large charge of the aircraft itself dominat-
ing the E-field measurements.

By using a UAS like the MASC-3, which has a
smaller surface area and flies at much slower speeds,
the density of dust particles intercepted by the aircraft
is much lower than for a crewed aircraft. In addition,
the careful placement of the sensor pods (mounted in
front of the wings) on the MASC-3, coated in con-
ductive foil, minimizes the effect of charge on the air-
craft body on the charge measurement. Therefore, we
suspect that the measurements reported here are the
first successful measurements of dust charge during
an aircraft flight. Limitations in the aircraft charge
correction factor derived in Section 3.3 do, however,
exist, such as the assumption that the aircraft charge
is linearly dependent on PNC, and any error in the
correction factor will couple through to the final value
for the corrected space charge. However, the similar-
ity, both in the location and order of magnitude,
between the modeled and corrected space charge
(shown in Figure 8) suggests that these errors are
minor and the aircraft correction factor is sensible.

5. Conclusions

This study reports rare, simultaneous in-situ observa-
tions of vertical aerosol and charge profiles made
through an elevated layer of Saharan dust passing
over Cyprus, using a UAS of type MASC-3 on 6 April
2022. Back trajectory simulations and satellite imagery
showed the dust layer’s origins over Algeria approxi-
mately 48h before the UAS flights. Vertical profiles
(during the morning and afternoon) showed the dust
layer at altitudes between 1500 and 2500m, with



particle number concentration peaks between 80 and
100 cm™ (97% of particles less than 2.5 um in size).
Elevated values of charge were observed within the
dust layer, and found to be highly linearly correlated
with the particle number concentration, suggesting a
small influence of aircraft surface charge on the
charge measurements. A correction factor (based on
linear regression between the measured charge and
particle number concentration) was developed and
applied to the charge data, resulting in corrected
charge values of 1.5-3 pC m™ inside the dust layer.
The largest magnitude of charge (from both flights)
was found to be associated with the horizontal edges
of the dust layer, in the region where a sharp bound-
ary between particle laden and clear air was identified.
A comparison was made between the charge predicted
from particle-ion attachment through the dust layer
and the observed corrected charge, and close agree-
ment found for the location and magnitude of the
charge from both flights. This suggests that by the
time of the UAS measurements (48 h from the source
region), any residual charge on the dust particles
which was generated from triboelectrification during
the lofting phase had decayed, with the observed
charge likely being generated from attachment with
ions in the dust layer. These measurements demon-
strate for the first time that with careful design and
placement of sensors, fixed wing UAS can be used for
dust particle charge measurements, and this has not
been possible previously on crewed aircrafts, which
are subject to much higher levels of aircraft surface
charging. Although the estimated corrected charge
here is small, and unlikely to affect the behavior of
large aerosols in this particular dust layer, these rare
measurements provide valuable insight into the mag-
nitude of charge and charging mechanisms expected
in elevated layers of dust far from their source
regions.
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